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Foreword  

This document is a collection of long abstracts for basic research projects that were 
included as either presentations or posters in the recent Principal Investigators’ (PI) 
Meeting of the Materials Chemistry program, sponsored by the Materials Sciences and 
Engineering (MSE) division of Basic Energy Sciences (BES) in the U.S. Department of 
Energy’s (DOE) Office of Science (DOE SC).   The meeting took place August 6-8, 2024, in 
Gaithersburg, MD, as a primarily in-person meeting with a hybrid option for virtual 
participation. The return to in-person meetings following the global COVID-19 pandemic 
ended a four-year period (2020-2024) during which the biennial Materials Chemistry PI 
meeting was either cancelled (2020) or held entirely as a virtual meeting via the internet 
(2021, 2023).  The use of a hybrid format with a virtual option allowed participation in the 
meeting by a few Principal Investigators who were unable to travel to the meeting site, and 
thus nearly all projects currently supported by the BES Materials Chemistry program were 
represented at the 2.5-day meeting.  

This is one of a series of Principal Investigators’ Meetings organized regularly by BES. The 
purpose of the meeting is to bring together all the Principal Investigators with currently 
active projects in the Materials Chemistry program for the multiple purposes of raising 
awareness among PIs of the overall program content and of each other’s research, 
encouraging exchange of ideas, promoting collaboration and stimulating innovation. The 
meeting also provides the DOE Program Managers and MSE/BES management an 
opportunity to get a comprehensive overview of the program on a periodic basis and to 
identify program needs and potential new research directions.  

The Materials Chemistry program supports basic research in the chemical synthesis and 
discovery of new materials. The major programmatic focus is on the discovery, design and 
synthesis of novel functional materials with an emphasis on the use of chemistry for 
synthesis and control of structure, composition, dynamics, and collective properties.  A 
common objective is to elucidate the complex relationships between a material’s 
functional properties and its chemical synthesis, composition, atomic and molecular 
structure, higher-order morphology, and material dynamics in an operational environment.   
A distinctive feature of the program is the emphasis on the discovery, synthesis, and 
characterization of new materials and the manipulation of materials’ structure across a 
range of length scales beyond molecular scale and time scales beyond milliseconds using 
chemistry.  

We would like to thank all the meeting attendees for their active participation and for 
sharing their ideas and new research results. And special thanks to the following session 
moderators for their contributions to productive discussions: Susan Sinnott, Penn State 



University; Xueli (Sherry) Zheng, SLAC National Accelerator Laboratory; Gabriel Veith, Oak 
Ridge National Laboratory; Sarah Tolbert, University of California, Los Angeles; Joe Kolis, 
Clemson University; and May Nyman, Oregon State University. Sincere thanks also go to 
Teresa Crockett of BES/MSE for organizing the meeting and to Jody Crisp (administrative 
lead) and Andrew Fowler (technical lead) and their colleagues at the Oak Ridge Institute for 
Science and Education (ORISE) for their excellent work providing all the logistical support 
for the meeting.  

Christopher Chervin 
Craig Henderson  

Program Managers, Materials Chemistry  
Materials Sciences and Engineering Division  

Basic Energy Sciences, Office of Science  
U.S. Department of Energy 
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Materials and Interfacial Chemistry for Next-Generation Electrical Energy Storage 

 

Sheng Dai, Albina Borisevich, Craig A. Bridges, Lei Cheng, Parans Paranthaman, Bishnu 
Prasad Thapaliya, and Xiao-Guang Sun 

Keywords: Energy storage, Interfacial chemistry, SEI, CEI, Electrode materials 

 

Research Scope 

 The overarching goal of this project is to establish a comprehensive understanding of 
fundamental chemistry principles, with a focus on tailoring the chemical composition, 
functionality, and architecture of electrodes and electrolytes. This knowledge will play a pivotal 
role in achieving stable electrode/electrolyte interfaces and promoting high ionic conduction, thus 
driving advancements in the field of next-generation energy storage. To accomplish this 
overarching goal, the project is organized around three specific aims: 

1. Design Locally Concentrated Ionic Liquid Electrolytes: This involves the strategic 
combination of ionic liquids and molecular solvents to create stable and ionically 
conducting solid electrolyte interphase (SEI) layers. Our aim is to investigate how 
heterogeneous environments created by high concentration ionic-liquid electrolytes can be 
fine-tuned to comprehend the components that stabilize reactive interfaces at both low and 
high voltages. 

2. Control of SEI Formation via Interfacial Synthesis: We will explore the molecular 
construction of interfacial structures through electrochemical functionalization and 
autonomous layer-by-layer synthesis methods, with the ultimate goal of deciphering 
descriptors to tailor the stability of electrode interfaces. 

3. Tailor Interfacial and Ion-Storage Chemistry through Organic Framework Materials: In 
this aspect of the project, we will focus on designing organic framework polymers to 
impact interfacial structures and energy storage mechanisms. Specifically, we will 
investigate the utility of 2D layered organic polymers in controlling these critical aspects. 

Recent Progress  

a) Accomplished stable and uniform SEI and CEI 1-3 

Our project has previously explored two primary avenues for introducing fluorine to the cathode 
surface. The first method involves high-temperature fluorination, a solid-state synthesis approach, 
or direct fluorination using F2 gas for transition metal oxides.4-6 The second approach, termed 
solution-mediated fluorination, utilizes fluorinated solvents or additives.7,8 Leveraging the 
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advantages of fluorine chemistry at battery interfaces, such as forming a robust SEI, aiding in 
oxygen retention within the crystal lattice, enhancing capacity, and improving cycling stability, 
cathode fluorination has garnered significant attention as a unique technique for surface 
functionalization. However, existing fluorination methods have their limitations, including 
challenges in controlling sample morphology and the use of highly reactive fluorinating agents 
such as XeF2 or elemental F2 gas. In the current funding period, we have achieved a breakthrough 
by developing a novel ECF method. This method draws inspiration from emerging electrochemical 
organic synthesis and extends it to solid-state chemistry. ECF offers several advantages over 
conventional fluorination techniques, including rapid reaction kinetics, conformal synthesis, and 
easily controllable parameters, resulting in the creation of an amorphous LiF surface layer on 
electrodes in lithium-ion-containing electrolytes.  

b) Characterizing SEI and electrolytes9,10  

Employing operando small angle neutron scattering (SANS) and ex-situ X-ray photoelectron 
spectroscopy (XPS), we demonstrated that FSI- anion based ionic liquid electrolyte led to the 
formation of more stable SEI at relatively high cell potentials. SEI formed at high cell potentials 
reduce the parasitic reaction at interface during cell operation at much lower potential. Our 
investigation was carried out using SANS while a battery cell was in operation. Notably, our 
experiments revealed that the use of the 0.5 M LiFSI/1-ethyl-3-methylimidazolium 
bis(fluorosulfonyl)imide (EMIm.FSI) electrolyte led to the formation of lithium-rich reduction 
products at relatively high cell potentials, resulting in a more favorable and stable SEI. Both 
operando neutron scattering and ex-situ XPS demonstrated that the FSI- anion could chemically 
react at the open cell voltage (OCV) and could also be electrochemically reduced at relatively high 
cell voltages (approximately 2 V).  

c) Next generation electrode materials11-19  

We have made significant strides in the development of promising anode materials for lithium-ion 
batteries, specifically Wadsley-Roth phased niobates with open and interconnected 
crystallographic shear structures.20,21 To address the inherent low electrical conductivity 
limitations, we have successfully synthesized a novel doped material, Mo1.5W1.5Nb14O44 
(MWNO), through an ionothermal-synthesis-assisted doping strategy.11,12 Neutron powder 
diffraction and aberration-corrected scanning transmission electron microscopy were employed to 
characterize the crystal structure of MWNO, revealing the full occupation of Mo6+-dopant at the 
t1 tetrahedral site. Ultraviolet–visible diffuse reflectance spectroscopy, density functional theory 
(DFT) computation, and electrochemical impedance spectroscopy were further used to 
characterize electronic structures and their correlations to ion transport. We have also expanded 
our research efforts to construct organic electrode architectures.15-19  
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Transforming Critical Materials Separation using Precision Control 

 

Alex Ivanov (ORNL), Ilja Popovs (ORNL), Albina Borisevich (ORNL), De-en Jiang 
(Vanderbilt University), Santa Jansone-Popova (ORNL) 

Keywords: rare-earth separations, lanthanides, X-ray absorption spectroscopy, chemical bonding, 
f-block elements 

Research Scope 

Our current research is focused on the precise manipulation of donor atom distances to the metal 
center in lanthanide complexes through ligand structural modifications, allowing for targeted 
affinity towards specific lanthanides. Our goal is to investigate the fundamental interactions 
between donor atoms and metal ions within the first coordination sphere, and to identify ligand 
design principles and key structural descriptors that influence selectivity across the trivalent 
lanthanide series.  

Recent Progress  

Lanthanide rare-earth metals are ubiquitous in modern technologies1-5, but we know little about 
chemistry of the 61st element, promethium (Pm)6, a lanthanide that is radioactive and inaccessible. 
Despite its importance7,8, Pm has been conspicuously absent from the experimental studies of 
lanthanides, impeding our full comprehension of the so-called lanthanide contraction 
phenomenon: a fundamental aspect of the periodic table that is quoted in general chemistry 
textbooks. In our recent research work, we demonstrate a stable chelation of the 147Pm radionuclide 
(half-life of 2.62 years) in aqueous solution by the newly synthesized organic diglycolamide ligand 
(Figure 1). The resulting homoleptic PmIII complex is studied using synchrotron X-ray absorption 
spectroscopy and quantum chemical calculations to establish the coordination structure and a bond 
distance of promethium. These fundamental insights allow a complete structural investigation of 
a full set of isostructural lanthanide complexes, ultimately capturing the lanthanide contraction in 
solution solely based on experimental observations. Our results show accelerated shortening of 
bonds at the beginning of the lanthanide series, which can be correlated to the separation trends 
shown by diglycolamides9-11. 

In summary, after almost eight decades since the discovery of the element Pm, its coordination 
complex has been synthesized and characterized in solution using modern synchrotron 
spectroscopy tools. The determined Pm–O bond distance of 2.476(16) Å is in line with quantum 
chemical investigations and originates from a σ-type donation of electron density from the ligands 
to the primarily 5d vacant orbitals of Pm. Finally, this previously inaccessible piece of information 
allowed us to complete structural studies of a full lanthanide set of isostructural complexes in 
solution, ultimately establishing and confirming the lanthanide contraction phenomenon solely 

https://www.nature.com/articles/s41586-024-07267-6#ref-CR1
https://www.nature.com/articles/s41586-024-07267-6#ref-CR5
https://www.nature.com/articles/s41586-024-07267-6#ref-CR6
https://www.nature.com/articles/s41586-024-07267-6#ref-CR7
https://www.nature.com/articles/s41586-024-07267-6#ref-CR8
https://www.nature.com/articles/s41586-024-07267-6#ref-CR9
https://www.nature.com/articles/s41586-024-07267-6#ref-CR11
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based on the experimental structural data. These results are expected to contribute to our 
fundamental understanding and prediction of the coordination chemistry of lanthanides and scarce 
f-block elements, with pertinence to emergent rare-earth element separations and 
radiopharmaceutical technologies.  
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Rational Synthesis of Superconductors 

 

Mercouri G. Kanatzidis, Materials Science Division, Argonne National Laboratory  
Duck Young Chung, Materials Science Division, Argonne National Laboratory 
 
Program Scope 

This project focuses on predicting and creating new superconductors and novel quantum materials through 
a comprehensive range of proposed materials using the principles and techniques of solid-state chemistry. 
Our FWP's core endeavor ultimately seeks to address several key scientific questions connected to our 
objectives: (1) will dimensional reduction synthesis methods produce low-dimensional structures with 
desired electronic structures exhibiting tunable electronic correlations?, (2) what chemical principles and 
reaction mechanisms contribute to the formation of heterolayered structures made up of two distinct layers, 
and what is the nature of their interaction?, and (3) can electronically induced symmetry-breaking 
distortions be detected in low-dimensional compounds, and is it possible to prompt them to superconduct 
via external approaches such as doping, alloying, or high pressure? To answer these questions, this FWP 
will apply a powerful new approach that significantly enhances control of the integration of materials 
synthesis, structural probes, electronic spectroscopy, and theoretical analysis. Our synthesis program fuels 
further synergies with experimentalists and theorists at ANL to apply sophisticated techniques such as 
transport, magnetization, heat capacity, x-ray and neutron scattering, and theory to understand the behavior 
of the new materials. 

 Recent Progress  

 New Synthesis Methodology for Improved Material Discovery  
− We demonstrated a new materials design rule for altering reaction pathways and 

composition/dimensionality control, by using a two-component flux where one component serves as 
an effective medium and the other as a tuning knob by varying their ratios. 
− The key innovations and implications in the current work are that: 1) the new chemistry 

demonstrated provides a generic approach for successful exploratory synthesis 2) the method is 
highly efficient for rapid discovery because of only two determining synthetic parameters and 3) 
rational control of dimensionality and building block can be achieved with tunable solubility which 
is highly effective for complex multiple-anion systems. 

− The chemical systems we explored so far include complex heterostructures with intergrown layers 
such as A(Ba)-M-Q(O) (Q = S or Se, A = Na, K, or Rb, M = Cu or Ag), [Sr2Mn1-xO2][Cu2-yLiyQ2], 
[Sr2NiO2][Cu2Se2-xSx], [Ba3Fe2O5][Ag2Se2], Li6[CoSeO2][Cu2Se2], K-Ni-S family by oxidation 
state control such as β-K2Ni3S4, K2Ni2S3, KNi4S2, K4Ni9S11, and tunable direct gap semiconductors, 
Sr(Ag1-xLix)2Se2.1-4 More than 70 new compounds with novel magnetic, metallic and 
semiconducting characteristics were discovered, published in Nature, Nature Synthesis, JACS and 
Angew. Chem. 

 A new rational approach to effectively stacking heterolayered structures 
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− Targeting 2D heterolayers by vertically stacking chemically different layers is a synthesis challenge. 
We can achieve rapid stacking of oxide layers and chalcogenide layers with precise composition 
control.  

− Our contribution to the development of a new synthesis-science framework for novel materials 
especially in the challenging class of heterolayered compounds has the following implications: 1) a 
generic approach for designing novel heterolayered structures 2) highly efficient for rapid discovery 
because of only two determining synthetic parameters (basicity and temperature) and 3) a universal 
crystal growth scheme for 
heterolayers. 

− We designed a new heterolayered 
superconductor and stabilized 
[KPbNi5S2][KNi2S2]. KPbNi5S2 is 
weak antiferromagnetic, while 
KNi2S2 is superconducting below 
Tc = 0.8 K. However, upon 
intercalation, [KPbNi5S2][KNi2S2] 
showed a Tc of 2.4 K. This 3-fold 
increase suggests possible 
interplay between magnetism and 
superconductivity. 
 Exploration of novel intermetallic compounds 

− We applied this new synthetic strategy in Y-Fe-Si system using mixed In/Sn fluxes, observed the 
phase evolution controlled only by the flux ratio (Figure 2). With mixed In/Sn flux, YSi2 layers can 
be inserted to Y4Fe2Si8 and Y5Fe4Si14 ternaries, forming two heterolayered homologous series 
compounds 
[Y4Fe2Si8][nYSi2] 
(Figure 2b and c) and 
[Y5Fe4Si14][nYSi2] 
(Figure 2a), where n = 
0, 1. We have 
discovered over 10 new 
compounds in the RE-
Fe-Si (or Ge) (RE= rare 
earth metals) systems, 
which exhibit a broad 
range of properties 
such superconductivity, 
heavy fermion, 
topological behaviors. 

Future Plans 

1. We will target heterolayers with Ni3+ in Ruddlesden-Popper type oxide layers at higher temperatures 
and then use hydride reduction5,6 to obtain [Sr2Se][Sr2Ni2O4] from [Sr2Se][Sr2Ni2O6] post-
synthetically. We also plan to dope the Sr site with Na or K to form [Sr2-xAxSe][Sr2Ni2O4] (A = Na or 

 
Figure 1: Formation of [KPbNi5S2][KNi2S2].  

 

 
Figure 2. Crystal structures and phase evolution for ternaries of Y-Fe-Si synthesized 
using mixed In/Sn fluxes at 1000 ºC for a) Y9Fe4Si22 in Sn flux, b) YFe1-xSi2 in a flux of 
Sn/In = 1:1, c) heterolayered Y4FeSi8 for longer reaction time of b, and d) YFe2Si2 in In 
flux.  
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K; x = 0-0.6) to obtain samples with Ni oxidation state varying from +1 to +1.3. Such doping will 
allow us to obtain the optimal electron filling level for Ni. In addition, partially replacing Sr with Ba 
in the final sample [AE2Se][AE2Ni2O4] may add the ability to tune the chemical pressure to induce 
changes in their physical properties 

2. We will also perform exploratory synthesis work using mixed metal fluxes to find new 
superconductors and/or quantum material with novel quantum states in the RE-Fe-Si (or Ge) and 
A(AE)-Ag-Se systems. 

3. High-pressure can alter the electronic structure of materials and lead to dramatic changes in the 
properties, such as enhancing electron-phonon coupling such that superconductivity can emerge.8 
The semiconductor candidates for high pressure study include (BaI)2Se2, (SrI)2Se2, BaSe2, SrSe2 and 
BaSe3, all containing Se-Se bonds.  
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New Cooperative Adsorbents and Regeneration Methods for the Efficient Removal of 
Carbon Dioxide from Air  

 

Jeffrey R. Long,1,2 Wibe A. de Jong,1 Hanna M. Breunig,1 Sean D. Lubner1,3 

1Lawrence Berkeley National Laboratory, 2University of California, Berkeley, 3Boston 
University 

Keywords: carbon removal, direct air capture, polyamine, metal−organic framework, solar energy 

Research Scope 

 The direct air capture (DAC) of CO2 is a promising negative emissions technology that 
could help stave off the direct effects of anthropogenic climate change. Because of the ultra-dilute 
concentration of CO2 in air, DAC materials must exhibit high CO2 sorption capacities, rapid 
sorption kinetics, high selectivity and stability to humid and oxygen-rich streams. We have 
discovered that a molecular polyamine demonstrates DAC with record-breaking capacities over 
double that of the next leading sorbent. Our goal is to develop a new class of robust polyamine 
absorbents that, alongside DAC, demonstrate long-term oxidative stability in air and thermal 
stability throughput sorbent regeneration. We are further utilizing such absorbent properties within 
a custom and operationally simple DAC device capable of passive adsorption and solar energy-
driven regeneration with minimal energy consumption and labor participation.  

Recent Progress  

 Phase-Change Polyamine Absorbents. Diamine-appended MOFs of the type diamine–
Mg2(dobpdc) (dobpdc4− = 4,4’-dioxidobiphenyl-3,3’-dicarboxylate) and related frameworks have 
been shown to cooperatively adsorb CO2 from air to form ammonium carbamate chains. The one-
dimensional pores of these MOFs template chain formation, endowing the materials with high 
selectivity and separation capacities for CO2.1-3 However, the gravimetric CO2 separation 
capacities achievable with such materials are fundamentally limited as a result of the supporting 
metal–organic structures. We hypothesized that light-weight molecular polyamines containing a 
rigid core and multiple pendant 
amine groups could absorb CO2 to 
form a hydrogen-bonded three-
dimensional ammonium carba-
mate network. We previously 
reported that the molecular 
triamine  1,3,5-tris(amino-
methyl)benzene (TriH) readily 
captures CO2 via a phase 

 

Figure 1. Single-crystal x-ray diffraction structures of TriH and 
TriHCO2. Upon air exposure, TriH absorbs CO2 to form a porous 
hydrogen-bonded ammonium carbamate network with a structure 
resembling a honeycomb net.  
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transition to yield TriHCO2, a crystalline and porous ammonium carbamate network (Figure 1). In 
situ powder x-ray diffraction and infrared spectroscopy analyses revealed that the phase 
transformation from TriH to TriHCO2 is complete within one hour. Breakthrough analyses reveal 
that TriH exhibits exceptionally high gravimetric CO2 capacities over a wide range of climate-
relevant temperatures (10 to 40 °C) and relative humidities (0% to 80%). TriH demonstrates 
increased gravimetric CO2 capacities at high relative humidities, low temperatures, and high flow 
rates, reaching capacities as high as 8.89 mmol CO2/g TriH, which is the largest gravimetric 
capacity measured to date for any solid adsorbent under DAC conditions. Periodic DFT 
calculations of CO2 chemisorption by TriH under humid conditions revealed that water mediates 
ammonium carbamate hydrogen bond formation, which serves as a thermodynamic driving force 
for CO2 binding. More broadly, these results highlight the prospect of developing a new class of 
tunable molecular polyamines for carbon capture from air. 

Passive Direct Air Capture of CO2. Conventional DAC technologies often include 
significant system complexity and energy costs to overcome slow CO2 diffusion, adsorption 
kinetics, and material regeneration4,5 which contribute to high costs ($500−800/tCO2)6 and high 
energy requirements (7−10 GJ/tCO2).7,8 We recently designed 
and demonstrated an operationally simple, completely 
passive DAC device that is energetically maintained with 
inexpensive and ubiquitous solar energy. Our simple device 
achieves passive DAC by aligning the carbon capture cycle 
with the natural day-night cycle (Figure 2). Sunlight is 
captured and converted into heat for the desired system 
temperature with a compound parabolic concentrator 
without active tracking. Our prototype utilized an amine-
appended MOF for passive DAC system integration, 
capturing 16.4 g CO2/100 g in a 30-day field test without 
human intervention. A complete techno-economic analysis 
of a DAC process using this device predicts a capture 
potential of 10 GtCO2/year at selected location using less than 
1% of global land at a levelized cost as low as $90/tCO2, less 
than the “Carbon Negative Shot” 2030 goal ($100/tCO2) 
established by the U.S. DOE.9 Cost sensitivity suggests that 
adsorbent performance can impact system-level 
performance by as much as 80%. Therefore, future efforts 
will also focus on improving sorbent capture capacity and 
operational durability and testing the device with next-
generation adsorbents.  
 

 

 
Figure 2. Illustration of completely 
passive DAC of CO2 driven only by 
solar energy. At night, natural 
ventilation flows ambient air (CO2-rich) 
into the DAC unit. The CO2 in air is 
taken up by the cooperative adsorbent. 
In the daytime, the captured CO2 is 
desorbed by solar heating and collected 
by solar power-driven equipment. 
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Elucidating the Electrochemically Enhanced Surface Diffusion Mechanism in Materials for 
Clean Energy  

 

Pietro Papa Lopes, Materials Science Division, Argonne National Laboratory  

Keywords: electrochemistry, durability, dissolution, redeposition, surface diffusion  

 

Research Scope 

The process of surface diffusion in electrochemical environments is an important step in 
understanding changes to materials structure and composition, particularly for materials where its 
functional properties are dictated by its surface properties, e.g. electrocatalysts. Despite its 
significance, a deep understanding of the mechanism of surface diffusion in electrochemical 
media, which can be orders of magnitude greater than in gas-phase, remains elusive. This project 
focuses on deriving an understanding of surface diffusion processes in electrochemistry as it relates 
to dissolution and redeposition events at the nanoscale. By establishing the factors contributing to 
the rates of dissolution/redeposition such as surface orientation, adsorbate species, electrode 
potential, pH, nature of ion species, and temperature, we will be able to not only gain insights on 
how to control the rates of surface diffusion, but also how to reconstruct and regenerate materials 
surfaces. To achieve these goals, we employ the use of well-defined materials such as single crystal 
surfaces with selected surface orientation and composition such as Iridium to create well-defined 
interfaces in aqueous-based electrolytes, that serve both as a “blank” canvas for tracking changes 
to surface morphology, as well as to elucidate the role of defects in directing dissolution and 
redeposition events. The findings from this project will help us understand how dissolution and 
redeposition steps contribute to materials degradation rates and mechanisms1, enhancing our 
knowledge about strategies to control, at the materials level, the durability of clean energy systems 
such as fuel cells, electrolyzers, and batteries. 

 Recent Progress  

To understand the process of dissolution and the factors controlling it, we need to establish the 
adsorption processes and the key surface species forming on the electrode surface as a function of 
the electrode potential and pH. We have continued our investigation to extend the study of surface 
speciation and dissolution to cover different pH ranges, namely neutral (pH 7) and alkaline (pH 
13), for Ir(111), Ir(100), and Ir(110) surfaces. Within the potential window between 0 and 1V vs 
RHE we have identified three key adsorption species, namely Hupd (under potential deposition, 
upd), OHad (adsorbed, ad), and Oad. Furthermore, we found that there is an overlap between Hupd 
desorption and OHad adsorption at the same potential, as well as OHad transitioning to Oad, which 
confirms theoretical surface energetic calculations2. Adsorption trends across different surfaces 
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highlight the formation of adsorbate layers at 
different surface sites (atop and interstitial) 
that are allowed in (100) but are not easily 
observed on (111) and (110) surface. Most 
importantly, however, when changing the 
electrolyte pH as shown in Figure 1, there is a 
stark contrast in the adsorption signature 
across all surfaces, particular at neutral pH. It 
is well-known that breaking H-OH bond in 
water is a slow reaction, impacting the rates of 
H2 evolution in alkaline media, for example3,4. 
However, OHad formation in acidic media 
depends upon water bond breaking, while Hupd 
formation in alkaline media also depends on 
water bond breaking which are relatively fast 

processes as suggested by the adsorption signatures in Figure 1. In contrast, the 
adsorption/desorption peaks in neutral pH show a large potential splitting, meaning a large positive 
potential shift for the Hupd desorption and OHad and Oad adsorption, and a large negative potential 
shift for the reverse steps. These results indicate that not only water splitting is a slow process 
controlling the rates of surface species formation, but that H2O-H+ and H2O-OH- adducts help with 
water splitting in more extreme pH environments, a surprising result but that is in line with 
molecular dynamic studies of the hydrogen bond network in aqueous systems5. These bond-
breaking dynamics are further modulated by the nature of the alkali cation, which have been shown 
to influence the adsorption energetics and kinetics6. 

 To further characterize the adsorbate species present at the interface we have deployed the 
use of Shell-Isolated Nanoparticle Enhanced Raman Spectroscopy (SHINERS) over Ir(hkl) 
surface, which can provide unique spectroscopic evidence for the formation of the adsorbate layers 
and sub-layers and their evolution as a function of electrode potential. As shown in Figure 2, there 
is clear evidence for the formation of Ir-H bonds with vibrational 
signature around ~1550 cm-1 and ~2100 cm-1 at 0.04 V, while Ir-
OH can also be observed (peak at ~1100 cm-1) along with Ir-H 
at 0.19 V, confirming the co-adsorption of these species. Further 
work is ongoing to determine the surface speciation when 
transition between metal and metal oxide is occurring, as 
formation of Ir-O-Ir can be seen around 0.9 V will have 
implications to the nature of the Iridium oxide used for O2 
evolution reaction as well as on the dissolution mechanism. 

 

Figure 1. Cyclic voltammograms for: a) Ir(111), 
b) Ir(100), and c) Ir(110) in 0.1 M HClO4 (pH = 1, 
top), KClO4 (pH = 7, middle), and KOH (pH = 13, 
bottom) electrolytes, at 0.05 V s-1. Dashed lines 
highlight the adsorption potential splitting due to 
slower water splitting in neutral media 

Figure 2. SHINERS results of 
surface adsorbate species 
formed on Ir(111) surfaces in 
0.1 M HClO4 electrolyte at 
various electrode potentials. 
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Research Scope 
This project advances the discovery of new principles towards a fundamental understanding of the 
chemistry, physics, and materials science of charged nanostructured and functional polymer and 
soft matter systems, both at equilibrium and far from equilibrium. Our approach relies on the 
synthesis of polymers with precise composition and sequence, as well as the processing these new 
materials through controlled molecular self- and directed self-assembly. Molecular self-assembly, 
with basic tenets derived from biology, is arguably the most promising strategy for imparting 
structure and function to materials at the molecular, meso-, and macro-scale and for developing 
functional soft and biomolecular materials; information encoded into the building blocks 
introduces specific and controllable intra- and intermolecular interactions to drive assembly with 
hierarchical structure. Because the assembly, structure, and dynamics of functional polymer and 
soft matter systems are complicated, a unifying concept and defining strength of our overall project 
is the combination of experiment, autonomous laboratories, theory, computation, and data driven 
approaches to accelerate materials discovery and design. Our effort and progress reported below 
is organized along three interrelated thrusts: Thrust 1: Fundamental Investigation of Water 
Absorption and Ion Transport Mechanisms in Homopolymer and Block Copolymer Electrolytes, 
Thrust 2: High-Throughput Robotic Experimentation and Computation for Designing Mixed 
Conducting Polymers, and Thrust 3: Hybrid Coacervation, Surface Interactions and Their 
Modification with Polyampholytes. Fundamental materials and principles discovered in his project 
will impact a wide array of energy technologies, ranging from fuel cells, electrolyzers, and 
desalination, to energy storage, energy-efficient devices, neuromorphic computing, and 
electrochemical sensors, to antifouling coatings for separation membranes. 
Recent Progress  
For this DOE/BES Materials Chemistry Principal Investigators’ Meeting, we will focus on our 
new research Thrust 2. Our objective is to elucidate the fundamental concepts necessary to achieve 
efficient ion conductivity and electronic charge mobility in solid-state mixed-conducting 
polymers. Our design strategy focuses on three key criteria: 1) balancing segmental dynamic 
mobility for ion transport with ordered π-conjugation for electron/hole transport in a single 
polymer design, 2) achieving dual-continuous pathways for ion and electron transport within one 
assembled microstructure, and 3) rapidly extracting the formulation-structure-properties 
relationships to develop design principles. Preliminary results from each of these areas are 
described below.   
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The influence of click-chemistry for the side-chain 
functionalization on the ionic-conducting 
properties. We developed a synthetic strategy 
suitable for high-throughput design and synthesis 
of mixed conductors. Our study examined the 
impact of linkage chemistry, side chain length, side 
chain polarity, and the position of polar groups on 
ion transport and aggregation in polymerized ionic 
liquids.  We discovered that polymers with click 
chemistry linkages exhibited a 10-fold decrease in 
ionic conductivity at 30℃ due to ionic aggregation 
from changes in side chain polarity (Figure 1a). 
Adding three ethylene glycol groups at various 
positions indicated that ionic conductivity depends 
on overall side chain polarity, not the position of 
the polar group (Figure 1b). This study 
demonstrates click chemistry can be a good 
synthetic tool for high-throughput synthesis and provides insights into ion transport mechanisms 
in polymerized ionic liquids, with potential applications for mixed conductors. 
Nanostructured morphology achieved with conjugated polymer and ionic polymer blends. We 
hypothesize that confinement of mixed-conducting polymers into percolated nanostructures can 
enhance the chain dynamics and enable 
multi-scale conjugated polymer ordering 
which are all desirable for ion transport and 
electronic charge transport in one assembled 
microstructure2, 3. In Figure 2, we used the 
conjugated polymer and ionic polymer phase 
separation method to form such percolated 
nanostructures in mix-conducting polymers 
(Figure 2). In the future, we will investigate how such assembled nanostructured morphology 

influence the ion and electron transport within the materials. 
High-Throughput robotic experimentation platform for mix-
conductors.  To employ the "materials genome" approach for 
extracting design principles of mixed-conducting polymers, we 
are developing a high-throughput robotic experimentation 
platform integrated with machine learning4. This automated 
platform can synthesize, process, and fabricate mixed 
conductors into devices. The electronic and ionic conductivity 
will be measured using electrical impedance spectroscopy (EIS) 
and organic electrochemical transistors (OECT). This approach 
allows us to explore a vast chemical design space for achieving 
mixed conductors with a single polymer design and an 
assembled microstructure. 
 
 

Figure 2. Nanoscale percolated nanostructures in 
blending systems by phase separation.  

Figure 3. Robotic and machine 
learning tools to enable rapid 
exploration.  

Figure 1. (a) Chemical structure and ionic 
conductivity for with/ without click chemistry; (b) 
Chemical structure and Tg normalized 
conductivity for polymers with different side 
chain polarity. 
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Research Scope 

 Our objective is to enable discovery of next-generation durable adsorbents for CO2 direct 
air capture (DAC) by elucidating foundational molecular and physical phenomena and structure-
property-performance relationships underpinning adsorbent degradation and durability. In this 
phase, we focus on oxidative degradation of amine-based adsorbents due to the plethora of 
companies aiming to deploy this technology commercially despite lacking the fundamental 
understanding of the science of durability. Our research highlights the combined impact of 
polymer chemistry and molecular mobility, influenced by the local adsorbed species, on the 
relevant degradation mechanism and kinetic effects observed in the literature. 

Recent Progress  

Oxidative degradation mechanisms. We have developed a comprehensive oxidation reaction 
network for the prototypical aminopolymer used in DAC, poly(ethylenimine), (Figure 1) generally 
applicable to oxidative degradation of other aminopolymers.1 This reaction network consists of 
three major types of events that lead to inactivation or loss of amines: (1) radical propagation, (2) 

alkylhydroperoxide 
decomposition leading to C–C 
bond cleavage and formation of 
amides, and (3) CO2-catalyzed 
C–N bond cleavage and 
formation of imines. The latter 
two types of events lead to 
formation of additional radical 
species that can propagate 

Figure 1. Proposed reaction network for poly(ethylenimine) oxidation, 
illustrating three types of reaction events that control the overall rate of 
aminopolymer degradation and the products formed. 
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through the reaction network or initiate new radicals, similar to the basic autooxidation scheme 
observed for other types of polymers.2 

Our proposed reaction network explains the discrepancy in the impact of CO2 on degradation 
kinetics reported in the literature. Early studies using flue gas concentrations of CO2 suggested 
that CO2 had a protective effect on amines, minimizing sorbent degradation and improving sorbent 
lifetime.3 However, our recent studies have suggested that atmospheric concentrations of CO2 lead 
to accelerated sorbent degradation by shuttling protons and reducing the free energy barrier for C–
N bond cleavage.4 We hypothesized that higher concentrations of CO2—implying larger quantities 
of adsorbed CO2—would reduce polymer mobility, 
leading to slower radical propagation kinetics and overall 
reducing the rate of degradation as observed in prior 
studies. A series of accelerated oxidation experiments 
varying the CO2 concentration and temperature of 
oxidation and ab initio metadynamics simulations of the 
free energy barriers for key reactions at different CO2 
loading confirmed this hypothesis. Figure 2 shows a 
conceptual summary of the CO2-dependent kinetic 
regimes for aminopolymer oxidation. 

Methods for measuring mobility. As demonstrated, 
polymer and amine mobility is a critical factor for 
understanding the oxidative degradation of aminopolymers. Our team has developed experimental 
and computational methods for assessing mobility of aminopolymers confined within nanoporous 
supports, including techniques based on incorporation of an aggregation-induced emission 
fluorescent probe,5, 6 NMR relaxometry,7 and enhanced sampling with grand-canonical Monte 
Carlo simulations using machine learning-derived 
reaction potentials (Figure 3).8 In addition to the study 
described above, these techniques have been used to 
probe the hypothesis that introduction of hydroxyl 
groups into the aminopolymer system improves 
durability due to hydrogen bonding interactions, which 
reduces the mobility of the polymer. We demonstrated 
that hydrogen bonds from the hydroxyl to the amine 
were stronger and persisted significantly longer than 
hydrogen bonds in between amines, and that the 
persistence of these hydrogen bonds led to reduced 
polymer mobility and chain dynamics, presumably 
leading to reduced rate of radical propagation reactions 
and suppressing degradation.9 

Figure 2. Schematic illustration of the kinetic 
dependence of key aminopolymer oxidation-
driving reactions on CO2 loading. 

 

Figure 3. Two-dimensional colormap of solvent 
dynamics around a bound CO2 in liquid 
ammonia, demonstrating the reduction in 
mobility upon CO2 adsorption.  
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Research Scope 

 The overarching goal of the Ames National 
Laboratory materials solid-state nuclear magnetic 
resonance (SSNMR) spectroscopy program is to 
advance the science of nanomaterials by revealing 
the link between material properties and the 
structures of their bulk, interfaces, and defects. 
Nanomaterials will fulfill current and future societal 
needs related to optoelectronic devices, energy 
storage and conversion, quantum information, 
sensing, and separations/purifications. To advance 
the science and applications of nanomaterials, 
analytical techniques capable of probing the 
molecular structure of surfaces, defects, and 
disordered systems are required. Our team develops 
SSNMR methods that exploit dynamic nuclear 
polarization (DNP) or fast magic angle spinning 
(MAS) to enhance NMR sensitivity and resolution, 
enabling atomic-level structure determination. 
Relationships between structure and properties can 
then be formed for semiconductor nanocrystals 
(NC) and disordered 2D materials (Figure 1). We 
also apply DFT calculations to model the structure 
of materials, their NMR signatures, and predict 
properties. 

Recent Progress  

 Synthesis and Structure Determination of Semiconductor Materials. The optoelectronic 
properties of semiconductor NCs and 2D materials are controlled by their bulk structures and their 

Figure 1. (upper) 77Se SSNMR spectra of WSe2, 
ball-milled WSe2 and MoSe2, and MoSe2. Lines 
denote isotropic chemical shifts. The structure of 
the MSe2 (M = W, Mo) sheets is shown to the 
right. (lower) Boron monoxide structural model 
determined from DQ-SQ and TQ-SQ 11B 
homonuclear correlation SSNMR spectra. 
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surface chemistry. For these reasons, we have been developing SSNMR spectroscopy methods to 
determine the atomic structure of semiconductor materials. For example, we have used 1H and 29Si 
SSNMR experiments to create structural models of 2D silicon nanosheets.R1 We used 1H detected 
35Cl solid-state NMR experiments to confirm the presence of terminal Cl atoms on the silicon 
sheets (Figure 1).P1 DFT calculations suggest that chlorine substitution can be used to tune the 
band gap. We have demonstrated solution-phase approaches for synthesis of lead chalcohalides.P2 
Notably, mixed iodide and bromide phases exhibited high stability to moisture and oxygen. 207Pb 
SSNMR spectra demonstrate extensive halide alloying. We demonstrated methods to acquire 77Se 
SSNMR spectroscopy of the 2D transition metal dichalcogenides (TMDC) WSe2 or MoSe2.R3,P3 
77Se SSNMR spectroscopy was used to elucidate the molecular-level alloying within mixed 
TMDC materials prepared by ball-milling (Figure 1).P3 We have used cluster DFT calculations to 
model the structures and NMR spectra of CdSe NC surfaces.P4 These calculations confirm the 
presence of {100} and {111} surface facets on spheroidal CdSe NCs.R4,P4 Fast MAS 15N SSNMR 
experiments were used to show that hybrid organic-inorganic MXene materials feature amido and 
imido ligands bound to the MXene sheets.P5 

 Structural Characterization of Porous 2D Materials. Porous 2D materials have myriad 
applications for gas storage and separation, sensing, and batteries. Boron monoxide (BO) was first 
reported in 1940, yet its structure has remained a mystery despite numerous investigations. We 
have applied 11B NMR experiments to show that BO is made up of turbostratic 2D nanosheets 
composed of interconnected B4O2 rings (Figure 1).P6 This study confirms the existence of a new 
type of boron-based 2D material that could have exciting properties, much like hexagonal boron 
nitride and borophene. We recently demonstrated a general strategy that uses the multi-component 
Ugi reaction to post-synthetically modify any imine-based covalent organic framework (COF) 
material.R5 This strategy was used to introduce diglycolic acid (DGA) groups into COF materials.P7 
13C SSNMR characterization techniques confirmed incorporation of modified linkers in the COF 
materials. The DGA-COF materials exhibited high adsorption capacity for REE ions, with 
reversible binding.   

 Sensitivity-Enhanced SSNMR Spectroscopy. As a cross-cutting thrust, we develop dynamic 
nuclear polarization (DNP) and 1H-detected, fast magic angle spinning (MAS) techniques to 
increase sensitivity and open up the periodic table to SSNMR spectroscopy experiments. We 
recently showed DNP was applicable to TMDC materials. Interestingly, with DNP we were able 
to see distinct 77Se NMR signals attributed to TMDC surfaces.P4 Ball milling of inorganic and 
organic network solids was shown to create stable free radicals, which can potentially be used as 
polarization sources in DNP experiments.P8 We recently demonstrated novel approaches for 1H 
detection of wideline solid-state NMR spectra of spin-3/2 quadrupolar nuclei such as 35Cl, 63Cu and 
81Br.P1, P9 This method has allowed us to study partially Cl-terminated 2D silicon and 
semiconductors nanoparticles.P1, P9 Our group has developed the AMES-Fit software program that 
can automatically fit the multi-field SSNMR spectra of quadrupolar nuclei and increase the 
potential reach of the methods developed within this research program.P10 



27 
 

References 

1. B.J. Ryan, Y. Wang, M.P. Hanrahan, U. Ramesh, R.D. Nelson, C. Nyameky, B.S. Whitehead, C. Huang, J. Wang, 
L.T. Roling, E.A. Smith, A.J. Rossini, M.G. Panthani, Silicene, Silicane, or Siloxene? Characterizing Silicon 
Nanosheets from Deintercalated Calcium Disilicide, Chem. Mater., 32, 795-804 (2020).  

2. A. Volkov, J. Mi, K. Lalit, P. Chatterjee, D. Jing, S.L. Carnahan, Y. Chen, S. Sun, A.J. Rossini, W. Huang, and 
L.M. Stanley, General Strategy for Incorporation of Functional Group Handles into Covalent Organic Frameworks 
via the Ugi Reaction, J. Am. Chem. Soc., 145, 6230-6239 (2023).  

3. E. Gi, Y. Chen, X.R. Wang, S.L. Carnahan, S. Rahman, E. A. Smith, A.J. Rossini, and J. Vela. Chemical-Induced 
Slippage in Bulk WSe2. J. Phys. Chem. Lett., 13, 10924−10928 (2022). 

4. Y. Chen., R.W. Dorn R.W., M.P. Hanrahan, L. Wei, R. Blome-Fernández , A.M. Medina-Gonzalez, M.A.S. 
Adamson, A.H. Flintgruber, J. Vela, A.J. Rossini, Revealing the Surface Structure of CdSe Nanocrystals by 
Dynamic Nuclear Polarization-Enhanced 77Se and 113Cd Solid-State NMR Spectroscopy., J. Am. Chem. Soc., 143, 
8747-8760 (2021).  

Publications  

1. R.W. Dorn, B.J. Ryan, M.V. Dodson, R. Biswas, M.G. Panthani, and A.J. Rossini, Chlorination of Hydrogenated 
Silicon Nanosheets Revealed by Solid-State Nuclear Magnetic Resonance Spectroscopy, Chem. Mater., 35, 539–548 
(2023). 
2. A.N. Roth, Y. Chen, A. Santhiran, J. Opare-Addo, E. Gi, E.A. Smith, A.J. Rossini, and J. Vela. Designing Complex 
Pb3SBrxI4−x Chalcohalides: Tunable Emission Semiconductors Through Halide-Mixing, Chem. Sci., 14, 
12331−12338 (2023). 
3. S.L. Carnahan, E. Gi, M. Wagner, A. Santhiran, E. Amerongen, I.Z. Hlova, O. Dolotko, V.P. Balema, H. Yin, J.Q. 
Geisenhoff, A. Schimpf, J. Vela, A.J. Rossini. Structural Studies of Alloyed and Nanoparticle Transition Metal 
Dichalcogenides by Selenium-77 Solid-State Nuclear Magnetic Resonance Spectroscopy, ChemRxiv, 
doi:10.26434/chemrxiv-2024-rgsrh (2024). 
4. R. Biswas, Y. Chen, J. Vela, A.J. Rossini. Relativistic DFT Calculations of Cadmium and Selenium Solid-State 
NMR Spectra of CdSe Nanocrystal Surfaces, ACS Omega, 8, 44362-44371 (2023). 
5. C. Zhou, D. Wang, F. Lagunas, B.A. Atterberry, M. Lei, H. Hu, Z. Zhou, A.S. Filatov, D.-e. Jiang, A.J. Rossini, 
R.F. Klie, D.V. Talapin. Hybrid organic–inorganic two-dimensional metal carbide MXenes with amido- and imido-
terminated surfaces, Nature Chemistry, 15, 1722–1729 (2023). 
6. F.A. Perras, H. Thomas, P. Heintz, R. Behera, J. Yu, G. Viswanathan, D. Jing, S. A. Southern, K. Kovnir, L. Stanley, 
and W. Huang, The Structure of Boron Monoxide, J. Am. Chem. Soc., 145, 14660–14669 (2023). 
7. P. Chatterjee, A. Volkov, J. Mi, M. Niu, S. Sun, A.J. Rossini, L. Stanley, W. Huang. Efficient Capture and Release 
of the Rare-Earth Element Neodymium in Aqueous Solution by Recyclable Covalent Organic Frameworks, J. Am. 
Chem. Soc., 146, DOI:10.1021/jacs.4c06609 (2024). 
8. S.L. Carnahan, K. Riemersma, I.Z. Hlova, O. Dolotko, S.J. Kmiec, S.N.S. Lamahewage, S.W. Martin, J.F. Wishart, 
T. Dubroca, V.P. Balema, A.J. Rossini. Formation of Stable Radicals by Mechanochemistry and Their Application 
for Magic Angle Spinning Dynamic Nuclear Polarization Solid-State NMR Spectroscopy, J. Phys. Chem. A, 128, 
3635-3645 (2024). 
9. S. Lamahewage, B.A. Atterberry, R. Dorn, E. Gi, M.R. Kimball, J. Vela., J Bluemel, A.J. Rossini. Accelerated 
Acquisition of Wideline Solid-State NMR Spectra of Spin 3/2 Nuclei by Frequency-Stepped Indirect Detection 
Experiments, Phys. Chem. Chem. Phys., 26, 5081-5096 (2024). 
10. F.A. Perras, A.L. Paterson, Automatic Fitting of Multiple-Field Solid-State NMR Spectra, Solid State Nucl. Magn. 
Reson., 131, 101935 (2024). 
  



28 
 

Precision Deconstruction of Polymers by Tailored Ionic Liquids 
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Research Scope 

Condensation polymers comprise ~30% of global plastics production. Although there has been 
some progress on chemically recycling condensation polymers, most condensation polymers are 
not recycled because of the difficulty in depolymerization to pure building blocks in an energy 
efficient manner. New processes and catalysts are needed to lower the energy requirements and 
temperature for deconstruction of condensation polymers. Ionic liquids (ILs) hold great potential 
to address these challenges due to their unique physical and chemical properties, including good 
miscibility with polymers, high thermal stability, low vapor pressure, tailorable functionality, and 
catalytic activity. Thus, the overarching goal of this project is to unravel the fundamental 
principles for precise deconstruction of 
condensation polymers using ionic 
liquids as both solvent and 
organocatalyst while establishing 
approaches for their reconstruction 
(Figure 1). To achieve the overarching 
goal, the following three specific aims 
are pursued. Aim 1: Develop low 
energy depolymerization pathways for 
condensation polymers by tailoring functionality, structure, and composition of ionic liquids as 
solvents and catalysts. Aim 2: Develop design principles for ionic liquid organocatalysts that 
generate well-defined deconstructed intermediates. Aim 3: Understand and control the product 
selectivity in the deconstruction of mixed streams of condensation polymers using designed ILs 
and unravel the pathways for reconstruction. This project is delivering the fundamental knowledge 
to establish the design principles for energy efficient polymer deconstruction and lay a versatile 
platform for polymer reconstruction with tailored composition, topology, and functionality.  

Recent Progress  

We have designed and investigated various IL-based catalysts to understand the impact of 
nucleophilicity and reactivity of ILs on the kinetics of deconstruction (Aim 1).1 We identified a 

 
Figure 1. Deconstruction and reconstruction of 
condensation polymers by tailored ionic liquids 
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critical role of anion and proton in IL-based organocatalyst and developed a highly efficient and 
versatile protic IL/protic ionic salt organocatalyst, TBD:TFA, for selective glycolysis of 
poly(ethylene terephthalate) (PET), poly(carbonate) (PC), poly(urethane) (PU), poly(amide) (PA), 
and their mixed waste streams into valuable monomers (Aim, 2, 3). All electron DFT calculations 
and MD simulations coupled with kinetic experiments revealed the importance of interaction 
energy of TBD:TFA itself and minimized interaction energy to the polymer for its efficient 
deconstruction. The exceptional efficiency of TBD:TFA allowed for selective glycolysis of PET, 
PC, PU, PA, and their variety of mixed waste streams into respective monomers (Figure 2), where 
no other reported catalysts can deconstruct such broad range of condensation polymers. The 
structural stability among carbonate, urethane, ester, and amide functional groups in PC, PU, PET, 
and PA, respectively, provides a distinctively different rate of deconstruction that allows selective 
and sequential deconstruction.  

The resulting solvolysis products using tailored ILs represent new starting points for plastics 
production beyond being used for conventional monomers, and provide valuable building blocks 
for advanced upcycled materials. To demonstrate such an upcycling path, we developed an 
efficient deconstruction of PET into various α,ω-dialkenenyl terephthalates via organocatalyzed 
transesterification by ω-unsaturated alcohols (Aim 2), followed by a demonstration of their 
polymerization into new upcycled polymers using acyclic diene metathesis polymerization under 
mild temperature conditions (Aim 3).2  To deeply understand the fundamental kinetics of these 
transesterification reactions, the reaction kinetics of model compounds were also investigated. 
Combined with DFT calculation, it revealed that the vicinal -OH of the glycol effectively increased 
the concentration of the intermediate during reaction, resulting in acceleration of the overall 
transesterification rate (Aim 1).3 Furthermore, small-angle neutron scattering revealed the chain 
conformation of PET in different solvent conditions through the Kratky plot (Aim 2). We also 
reported a versatile strategy to chemically upcycle PE and PP into fatty acids and surfactant 
products such as soaps and detergents (Aim 3).4 

 

 
Figure 2. Quantitative deconstruction of  PC (black), PU (red), PET (blue), and PA (green) to yield 
BPA, MDA, BHET, and CPL, respectively, and their sequential deconstruction1  
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Lunch time discussion: Use of Neutrons and Neutron Facilities to Understand Materials 
Chemistry of Energy Storage and Conversion 

 

Gabriel M. Veith – Oak Ridge National Laboratory 

Keywords: Neutron scattering, batteries, energy storage 

 

Research Scope 

 This lunch time presentation will discuss the 
use of neutron scattering to investigate physical 
processes important to energy storage.  Neutrons can 
do so much more than diffraction.   Indeed, this 
presentation will focus on the use of small angle and 
ultra small angle neutron scattering to understand 
polymer aggregation and agglomeration during 
materials synthesis.  Figure 1 shows a representation of 
this aggregation and agglomeration for a polyimide 
binder as a function of shear.  The structure of the 
polymer shifts and evolves under shear causing new 
arrangements with significant impact on the resulting 
battery chemistry. Similar changes are expected for 
other polymer materials under shear causing intrinsic changes to polymer structure and dynamics. 

 Additional examples will include the use of neutron reflectivity to probe buried interfaces 
in situ. These interfaces include all solid-state Li-metal/solid electrolytes and interfaces formed 
between polymers and solid electrodes.  The data will demonstrate how the interfaces form, evolve 
and mediate transport during energy storage applications.   

 Finally, quasi-elastic neutron scattering will be used to understand molecular motion and 
the resulting effect of ceramic cathode particles on the transport and energy storage properties of 
next generation solid state batteries.    
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Schematic representation of polymer 
aggregates and their evolution during shear 
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Fundamental Mechanisms Driving Efficiency of CO2 Capture Using Mineral Looping  

 

PI: Juliane Weber1  
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Vitalii Starchenko1, Ke Yuan1  
1 Chemical Sciences Division, Oak Ridge National Laboratory 
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Keywords: Carbon capture, metal oxide, interfacial chemistry, direct air capture  

Research Scope 

The overarching goal of this project is to understand and control the chemical reactions that govern 
hydroxylation and carbonation processes during direct air capture of CO2 using MgO. MgO-based 
mineral looping promises to be a cost-effective ($46-159/tCO2) [1,2] process to remove CO2 from 
the atmosphere at the gigaton scale. Despite previous research on MgO for CO2 adsorption [3], 
there is a lack of understanding of reaction pathways at ambient conditions and in the presence of 
humidity. This FWP is divided into three specific aims focused on major knowledge gaps that 
currently prevent the implementation of MgO-based mineral looping: 1) What are the chemical 
reactions that control the rate and extent of reaction of MgO with CO2 at ambient conditions and 
varying humidity? 2) What are the mechanisms of reaction-induced fracturing during MgO 
hydration? 3) What are the roles of impurities in affecting the hydroxylation, carbonation, and 
oxide regeneration?  

Recent Progress  

We would like to highlight progress over the 
past year in three different areas:  

1) Phase Selection and Carbonation 
Efficiency  

Several types of MgO nanoparticles of varying 
morphology and surface area were obtained or 
synthesized. After heating to 450°C to remove 
adventitious CO2, samples were carbonated at 
1 atm pCO2 at room temperature and reaction 
extent was analyzed using Thermogravimetric 
Analysis with Mass Spectrometry (TGA-MS). 
What we find is that the reaction extent increases with surface area increase until a threshold value 
of 40 m2/g. Both MgO and Mg(OH)2 show comparable carbonation efficiencies.  

Figure 1: Mass loss [%] as measured by TGA-MS 
of MgO with different surface areas (m2/g).  
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In addition, relative humidities were varied and higher carbonation was observed at humidities 
over 40%. By integrating the MS signal from mass 18 (H2O) and mass 44 (CO2), an indication of 
the relative water and CO2 contents in the phases was determined. Increasing water vapor leads to 
increasing CO2 in the product. In summary, elevated humidity (>40% R.H.) increases carbonation 
of MgO and is equal to carbonation efficiency of Mg(OH)2.  

2) Mechanistic Understanding of Reaction-Induced Fracturing  

The transformation from MgO to Mg(OH)2 is accompanied by a 110% volume increase, which 
leads to reaction-induced fracturing. MgO single crystals were reacted in liquid water and vapor 
at temperatures of up to 150°C, showing formation of blisters at major defect lines. In addition, 
the formation of Mg(OH)2 led to fracturing of the single crystal MgO. Our transmission electron 
microscopy observations showed MgO dissolution features which indicate a dissolution-
reprecipitation process. We combined the experimental evidence with phase field modeling [3], 
which shows that changes in surface energies and external conditions may result in a transition 
from a film to a non-uniform coverage. We propose that surface area enhancement via reactive 
fracturing can help to overcome surface passivation.  

3) Increased Carbonation of MgO by Hydration in the Presence of Iron 

We investigated the effect of dissolved iron on the rates and 
extent of MgO hydroxylation and subsequent carbonation 
reactions to determine if this might have a beneficial or 
detrimental effect. Iron is a common component of 
groundwater and the precursor rock to create the MgO and 
expected to be present in a mineral looping process for direct 
air capture. Iron in solution was observed to buffer the pH 
during hydroxylation and in case of low surface area single 
crystals, prevented Mg(OH)2 formation and led to γ-FeOOH 
(lepidocrocite) formation. For powder experiments, Fe-
bearing Mg(OH)2 formation was observed. Subsequent 
carbonation experiments of MgO powders hydrated in the 
presence of dissolved iron (forming (Fe,Mg)OH2) at 1 atm 
pCO2 and 100% relative humidity showed increased 
carbonation. The carbonation product was nesquehonite, 

which has a desirable Mg:CO3 ratio of 1:1. We hypothesize that increased Fe3+ content led to 
vacancy formation increasing the carbonation extent. We are currently working on testing this 
hypothesis using synchrotron-based time resolved XRD.  

In summary, our recent results highlight pathways to increase carbonation of MgO by introducing 
iron during carbonation, increasing surface area of particle to ~40 m2/g using reaction-induced 
fracturing and carbonation at elevated humidity (>40% R.H.).  

Fig. 2: Mass loss [%] determined 
by TGA-MS as function of iron 
concentration during hydroxylation.  
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Research Scope 

The long-term impact of nanocomposites rests upon our ability to modulate their chemistry 
and structures across the atomic-nanoscopic-microscopic-macroscopic hierarchy and the abundant 
interfaces across each length scale. We aim to identify design rules to (1) synergize multi-
component blends’ thermodynamics and system mobility to program kinetic pathways of 
hierarchical nanocomposite synthesis; (2) design and synthesize single component 
nanocomposites (SCCs) by programming polymer entanglements to form pseudo bonds; and (3) 
guided by machine learning, develop efficient polymer chemistry, e.g. topochemical 
polymerization or sulfur fluoride exchange (SuFEx) reaction, for use in functional hybrid 
materials. Programmatically, our team efforts focus on three types of nanocomposites in parallel: 
multi-component supramolecular nanocomposites, SCCs based on polymer-grafted nanoparticles 
(PGNPs), and new dielectrics for high temperature electrostatic energy storage.   

Recent Progress  

1. Mobility-guided synthesis of multi-component supramolecular 
nanocomposites Assembling molecules across the atomic-to-macroscopic structural hierarchy is 
analogous to a multi-step chemical reaction with many parallel and sequential steps. The reaction 
mixture evolves continuously, and we cannot define “reactant” identity, concentration, pair 
interactions and, thus, overall enthalpic contributions. Kinetically, the “reactants” differ in size, 
shape, diffusivity, and diffusion modes. Geometric confinements and repulsive interactions elevate 
energy barriers for interfacial diffusion. When self-assembly proceeds across a nano-to-micro-to-
macro sequence of growth, there is not enough system mobility to organize preformed 
nanostructures. We introduced a new nanomaterial design with two key elements: (1) to utilize the 
ability of entropy-driven assemblies to accommodate variations in reactant composition and pair 
interactions during processing and integration and (2) to match the system mobility with the 
necessary diffusion of the building blocks to form targeted structures. To validate the mobility-
guided nanomaterial synthesis, we synthesized high-performance barrier materials composed of 
>200 stacked nanosheets (>100 nm in sheet thickness) with defect density < 0.056 µm-2 and ~ 98% 
efficiency in controlling the defect type in <30 minutes; as well as technologically relevant barrier 
performance against VOCs, water, and oxygen with programmable lifecycle.  
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2. Program pseudo bonds in SCCs by tailoring polymer 
conformation/entanglements Nanoscale chain entanglements provide a facile route to form 
pseudo bonds beyond covalent ones and secondary interactions and can access composites with 
circular lifecycle. We hypothesize 
that modulating local curvature of 
organic/inorganic interfaces tailors 
the radial and lateral organization of 
the grafted polymers to form pseudo 
bonds.  Here we tested the hypothesis 
by probing how SCCs dissipate 
energy under external stress from the 
microscopic to nanoscopic scale. At 
all length scales, mechanical 
properties of SCCs exhibit a non-
linear dependence of composition that 
can be directly attributed to the 
curvature dependent local chain 
organizations in both radial and lateral directions. The grafted glassy polymers can exhibit 
behaviors of either brittle or ductile materials by modulating local chain organizations and the 
percolation threshold. Present studies clearly demonstrated the feasibility to tailor pseudo bond 
strength and directionality and introduced an emerging framework to engineer functional SCCs.   

3. Develop efficient polymer chemistry for functional composites We integrated 
machine learning with sulfur(VI) fluoride 
exchange (SuFEx) click chemistry to rapidly 
identify and synthesize polysulfates for high-
temperature electrostatic energy storage. We 
show that conjugated, flexible and stable 
sulfate (–O-SO2-O–) linkages in aromatic 
polymers overcome the inverse relationship 
between Tg and bandgap (Eg) and realized 
polymer dielectrics, with concurrent high Tg 
(158–230 oC) and Eg (3.9–4.4 eV) along with 
breakdown strength (≥700 MV/m). We further 
analyzed a library of > 40,000 polysulfates and 
discovered a high Tg polysulfate with record-
high discharged energy density with over 90% 
efficiency at 200 ℃. 

 

 

Figure 1. Rational SCC design based by programming 
polymer entanglements to form pseudo bonds. 
 

Figure 2. Design polysulfates for high-T dielectrics 
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Kinetically Controlled Synthesis of Metastable Nitride Materials 
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Research Scope 

 The goal of this program is to understand selective synthesis of new metastable nitride 
materials with desired structures and useful properties. This program aims to answer the following 
scientific question: “how to synthesize metastable materials by surpassing kinetic energy barriers 
under non-equilibrium conditions?” The hypothesis is that metastable ternary nitrides can be 
obtained by a kinetically controlled synthesis approach through intermediate energy states that are 
related to the metastable product. The approach consists of two kinetically controlled synthesis 
methods: 1) cation-exchange reactions controlled by composition; and 2) crystallographic 
transformation from precursor to product, controlled by structure. Examples of nitride materials 
classes studied in the past two years include multivalent ternary nitrides (e.g., layered ‘rockseline’ 
MgMoN2, cation-ordered wurtzite Zn3WN4, cation-disordered rocksalt CaZrN2, metastable 
wurtzite nitride ferroelectric alloys (e.g., Al1-xScxN, Al1-xBxN), perovskites-structured nitrides 
(e.g., LaWN3), and binary Cu-based phosphides (e.g., Cu3P). The two expected outcomes of this 
program are a fundamental understanding of non-equilibrium kinetically controlled synthesis 
pathways for nitrides and other inorganic materials chemistries, and the discovery of new nitride 
materials that could impact energy applications.  

 Recent Progress  

(1) Multivalent ternary nitride compounds 

The primary focus of this project remains on the kinetically 
controlled synthesis of multivalent ternary nitride materials [1], 
defined as containing two metal cations with a nitrogen anion 
in equal amounts and charge balanced stoichiometry [2]. 
Highlights of recent research accomplishments include: (a) 
Discovery, measurement, and explanation of a hidden synthesis 
pathway to thin films of thermodynamically stable layered 
ternary nitride MgMoN2 (Fig.1), with an extension to layered 
materials with other cation chemistry and stoichiometries (e.g., 
MgTa2N3, MgWN2) – in Nature Synthesis; (b) Bulk low-
temperature synthesis of cation-ordered Zn3WN4 
semiconductor via heterovalent solid-state metathesis from 
Li6WN4 precursor – published in Chemical Science; (c) 

Figure 1. Measured and calculated 
synthesis pathway for MgMoN2: 
from elemental precursors, via a 
metastable disordered 3D state, to 
a stable ordered 2D-layered 
structure. 
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Synthesis of Ternary Nitrides, CaZrN2 and CaHfN2 by metathesis reaction in excess Ca3N2, with 
pathways revealed by in-situ XRD at a synchrotron, and explained by collaborative calculations – 
published in Journal of American Chemical Society; and (d) Bulk and film synthesis pathways to 
ternary MgWN2 and Mg3WN4 in rocksalt, rockseline, h-BN type crystal structures – published and 
highlighted on the cover of Journal of Materials Chemistry C. The follow up research on ScTaN2 
with ‘rockseline’ (layered rocksalt/nickeline) structure is ongoing and will be submitted soon. 
These recent synthesis examples of multivalent ternary nitride, in both bulk powder and thin film 
forms, emphasize generality of the kinetically controlled reaction pathways, and build on our prior 
research in this project [3][4]. 

(2) Metastable nitride wurtzite ferroelectric alloys 

This project also synthesized and characterized metastable nitride alloys with wurtzite structure, 
in collaboration with other programs, such as the NSF DMREF. This research is timely because 
of the discovery of ferroelectric switching in Al1-xScxN wurtzite metastable heterostructural alloys 
[5], with potential applications in energy-efficient nonvolatile memories compatible with Si 
microelectronics [6]. Selected recent published results include: (a) Development of a simultaneous 
nucleation and growth model to describe the anomalously abrupt switching measurement results 
in (Al,Sc)N ferroelectrics – published in Materials Horizons; (b) Using this new model to elucidate 
the effects of the (Al,B)N crystal surface termination on asymmetric polarization reversal as a 
function of time during electrical measurements – published in Journal of the American Ceramic 
Society. This experimental project also collaborated with theoretical scientists to (c) predict new 
material candidates such as MgSiN2 and Mg2PN3, and distil underlying design principles for 
wurtzite-type ferroelectrics – published in Matter, and (d) reveal a new ferroelectric switching 
mechanism in alloys with wurtzite structure, that is individual rather than collective in nature –
published in Science Advances. These results emphasize the relevance of our current and prior 
basic materials chemistry research on (Al,Sc)N ferroelectric [7][8] to energy-related applications. 

(3) Other materials 

In addition to the two directions described above, this project continued some research in 
perovskite-structured nitrides that we discovered earlier [9][10], as well as other pnictide materials 
such as Cu-based phosphides that we studied in prior years [11][12], with a primary focus on their 
property measurements. For example, we (a) demonstrated that structural, optoelectronic and 
magnetic properties of thin film LaWN3 are highly sensitive to cation stoichiometry, with a follow 
up research publication on GdWN3 under review, and (b) showed that Cu3-xP is an intrinsic 
semimetal, resolving a long-standing literature debate whether it is a semiconductor or a metal. 
These examples illustrate the transitivity of the multivalent ternary nitride research to other crystal 
structures and other materials chemistries. 
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Research Scope 

The need for energy dense and cheap long duration grid scale batteries requires new battery 
chemistries. Dual ion batteries are a class of batteries that eschew the use of transition metals and 
can use earth abundant carbons as both anode and cathode. This battery chemistry operates through 
cation intercalation at the anode and anion intercalation at the cathode [1,2]. Furthermore, the 
active species are hosted in the electrolyte (instead of the cathode in Li-ion) [3]. Current 
electrolytes use high salt concentration (to increase capacity) or ionic liquids (to increase the 
electrochemical working window). However, high salt concentration electrolytes still contain 
organic solvents which are vulnerable thermally and detract from the energy density [4]. 
Unfortunately, ionic liquid organic cations suffer from undesired co-intercalation [5,6]. Here, we 
focus on the discovery of novel low melting solvent-less alkali-based molten salt electrolytes for 
next generation batteries. First, we study their physicochemical properties especially the influence 
of anion identity on melting transition and ionic conductivity. Secondly, we explore their influence 
on fundamental electrochemical reactions such as electrodeposition, cation, and anion 
intercalation. Our focus on fundamental understanding of molten salt properties and subsequent 
electrochemical behavior is of great interest for the development of next generation battery 
chemistries and electrochemical processes such as electrocatalysis and beyond.  

Recent Progress  

We have reported in a previous publication (listed below) a low-melting alkali cation-based molten 
salt electrolyte for lithium metal battery applications. We have investigated the electrochemical 
properties of this Li0.3K0.35Cs0.35FSA electrolyte with graphite anodes and cathodes to study its 
behavior in dual-graphite batteries (manuscript in preparation). Cation intercalation studies 
(Figures 1b and 1c) have shown that despite the presence of three different alkali cations in the 
electrolyte, only Li+ appears to intercalate at a cutoff potential of 0.01 V vs. Li/Li+. Furthermore, 
the FSA- anion can also intercalate into graphite cathodes and form a stage-1 graphite intercalation 
compound at an upper cutoff potential of 5.2 V vs Li/Li+ (Fig 2a and 2b). Further work will focus 
on understanding the differences in cation/anion intercalation behavior in small molecule 
electrolytes and molten salt electrolytes to elucidate the role of the solvent in such a process. We 
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are also exploring binary molten salts with a common cation as a dual-ion battery electrolyte to 
study the co-intercalation of multiple anions and how the physicochemical properties can be tuned 
to alter electrolyte performance. These investigations will help unlock a new generation of molten 
salt electrolytes that can enable high-performing dual-ion batteries.  

 
Figure 2. a) Charge-discharge profiles of cation intercalation into a graphite on copper (GrCu) 
anode, b) inductively coupled plasma-mass spectrometry results that quantify the Li+, K+, and 
Cs+ present in intercalated GrCu, c) X-ray diffractograms that show the presence of LiCx 
compounds in GrCu 

 
Figure 3. a) Charge-discharge profiles of anion intercalation into a graphite coated on aluminum 
GrAl) cathode, b) x-ray diffractograms of anion intercalation into GrAl, which show stage-1 
formation at an upper cutoff potential of 5.1 V and 5.2 V vs. Li/Li+ 
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Research Scope 
 

High purity sources of critical metals are of the utmost importance for our national economic 
security and transition to renewable energy. With the wide use of Li-ion batteries for energy 
storage, disposal or recycling of used batteries is becoming an important environmental concern 
and a critical research challenge. The electrode coating of common Li-ion batteries black material 
(LiBBM) is composed of valuable Li, Ni, Mn and Co critical metal containing compounds mixed 
with graphite carbon. While complete leaching of metals can be achieved by using mineral acids; 
the use of large quantities of strong acids can impose many challenges, including neutralization 
and disposal of acids. On the other hand, the use of organic chelating agents like hydroxy-acids 
can significantly improve the leaching and recovery of spent cathode active materials. The current 
work is based on the hypothesis that, sugars can be used in leaching, given that Ni, Mn and Co 
complexes in LiBBM catalyzes in-situ oxidation of sugars to hydroxy-acids and these carboxylic 
acids can selectively chelate and extract critical metals from LiBBM under mild hydrothermal 
conditions. Furthermore, we proposed that, pyrolysis could be used to burn off the hydroxy-acid 
ligands, regenerating the active cathode material. The proposed two step oxidative-leaching 
followed by pyrolysis process is shown in figure 1.   
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Figure 1. Leaching of Li, Ni, Mn and Co from LiBBM using aqueous sugar solutions via in-situ 
generated hydroxy-acids and recovery of lithium nickel manganese cobalt oxide (LiNiaMnbCocOd) 
by pyrolysis of metal-hydroxy acid chelate gel. 

 
Recent Progress 
 

 
 
 

LiBBM was collected from a spent DELL 1525 laptop battery as 
shown in the Figure 2. The spent battery was first discharged by 
immersing in a 10 % aq. sodium chloride solution for 5 days and 
then opened to remove 18650 Li-ion cells. Cathode and anode black 
electrode coatings were gathered by sonication of copper and 
aluminum foil electrodes in hot-water.  
 
Figure 2. a. spent DELL 1525 laptop battery  
 b. 18650 Li-ion cells.  c. LiBBM collected after sonication, 
filtration and drying 
            

https://en.wikipedia.org/wiki/Lithium_nickel_manganese_cobalt_oxide
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Extraction of Li, Ni, Mn and Co from LiBBM with aq. sugar solutions under oxygen 
Li, Ni, Mn and Co metals were hydrothermally extracted with aqueous sugar solutions under 
oxygen and air atmospheres. Glucose, fructose and sucrose were tested as sugars in water at 100-
140 °C, under reflux and in high pressure stainless steel reaction vessels with Teflon sleeves.  
Leaching of metals to aqueous solutions via the oxidation of sugars were tested under a wide range 
of conditions and a selected set of results using glucose and fructose are shown in Table 1. 
 

Sugar Oxidative leaching 
conditions 

Leaching Percentage (w/w) 
%  

Glucose Air, reflux, 100 0C, 48 h 
 

Li = 39 %, Ni = 18 % 
Mn = 16 %, Co = 12 % 

Glucose O2, 75 psi, 140 0C, 6 h 
 

Li = 99 %,Ni = 88 % 
Mn = 86 %,Co = 89 % 

Fructose O2, 75 psi, 140 0C, 6 h 
 

Li = 88 %, Ni = 85 % 
Mn = 82 %,Co = 83 % 

 
Table 1. Hydrothermal extraction of Li, Ni, Mn and Co from LiBBM using sugar solutions  
 
Regeneration of lithium nickel manganese cobalt oxide from leachate solution  
First, the leachate solution was evaporated on a steam bath to form a pink-purple sol-gel of the 
mixed metal-hydroxy acid chelate, which was then dehydrated in an oven. Next, transferred to an 
alumina crucible, pyrolyzed and sintered at 800 °C resulting a black powder as shown in figure 3. 
The regenerated lithium nickel manganese cobalt oxide was analyzed for Li, Ni, Mn and Co using 
ICP-OES and also by XRF and XRD. The Li, Ni, Mn, Co  and O (w/w) % composition of the 
regenerated lithium nickel manganese cobalt oxide is comparable to the empirical formula of 
lithium nickel manganese cobalt oxide in original LiBBM. 
 
 
In conclusion, aqueous 
sugar solutions under a 
high pressure oxygen 
atmosphere can be used to 
leach out Li, Ni, Mn and Co 
from spent Li-ion battery 
coatings through the 
oxidation of sugars. The 
use of glucose and O2 at 75 
psi, 140 °C, 6 h., yielded 
the highest Li, Ni, Mn, and 
Co extraction efficiencies. 
Furthermore, Li, Ni, Mn, 
and Co oxide cathode 
material could be 
regenerated by drying the 
leachate solution to a sol-
gel and pyrolysis at 800 °C. 

 

Figure 3. Regenerated lithium 
nickel manganese cobalt oxide 
(LiNiaMnbCocOd) after pyrolysis  
of chelate in an alumina crucible  
at 800 °C.  
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Research Scope  

We aim to develop a fundamental understanding of the mechanisms occurring within flow 
cell porous electrodes during operation. In the fabrication effort we aim to fabricate porous 
electrodes with systematically varied architectures to understand the effect of microstructure on 
performance. In the characterization effort we aim to utilize operando electrochemical 
fluorescence microscopy in these materials to provide a time-resolved mapping of the state-of-
charge (SOC) and velocity field over three spatial dimensions (“4D imaging”). In the modeling 
effort we aim to understand how electrode microstructure impacts performance by simulating 
reactive flow in the electrode, where the solid surfaces are explicitly modeled. Ultimately, we aim 
to unify these research threads to develop new design principles for porous electrodes. 

Recent Progress  

We developed an electrode fabrication pathway, termed “print-and-plate,” in which a 
graphene nanocomposite ink is extruded through a 30 mm nozzle, then successively plated with 
nickel and gold (Figure 1) to afford sub W sq-1 sheet resistance and high porosity. This fabrication 
approach enables varied lattice architecture to investigate the relationship between structure and 
performance. 1 

 
This is achieved by electrochemical fluorescence microscopy using an anthraquinone disulfonic 
acid (AQDS) negolyte;2 reduction to H2AQDS affords fluorescence,3 enabling direct and real-time 
visualization of concentration fields. A challenge has been conversion of raw fluorescence data 

Figure 1. Print-and-plate electrode fabrication. a) schematic of electrode processing, printed graphene 
nanocomposite (left) is plated in Ni (electroless, center) followed by gold (electroplate, right); a 
representative nanocomposite lattice b) before metal plating and c) after Au electroplating. From [2]. 
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into a quantitative state-of-charge (SOC) 
map: shadowing effects, background 
fluorescence, the spatially-dependent 
optical transfer function, and non-
fluorescent AQDS-H2AQDS dimers 
complicate analysis.4 We have recently 
achieved a major milestone by 
developing and calibrating a 2D image 
processing procedure that converts pixel 
fluorescence to SOC in a commercial 
carbon paper electrode (Figure 2). We 
have applied the same processing 
pathway to print-and-plate electrodes, 
mapping SOC in 3 dimensions via 
confocal fluorescence microscopy 
(Figure 3a). 

Our modeling efforts have extended our 
simulation code from 2D to 3D, 

overcoming numerous technical challenges. We can now simulate at 2.5 mm resolution the entire 
electrode of Figure 3. Importantly, our print-and-plate SOC maps experimentally validate our 
simulations at the level of individual z-slices (Figure 3a-b) and of the total 3D volume, where 
global experimental and simulated average SOC values (0.19 and 0.22, respectively) are in good 
agreement. Additional modeling work has included the development of two techniques to speed 
convergence to steady state: iterative up-sampling and the Nernst model. Using these 
advancements, we are now developing a data-driven, hierarchical approach to a mesoscale model 
for larger systems. After building a library of unit cell geometries, we input their statistical 
properties into a coarse-grained model at the larger scale. 

 

Figure 3. Quantitative 3D SOC mapping in experimental and simulated print-and-plate electrodes. a) slices 
of a confocal z-stack mapping the state of charge through a print-and-plate lattice; b) corresponding slices 
from a simulated electrode of the same dimensions and same conditions; c) volume view of the simulated 
lattice. Flow is in the positive x direction. Figure adapted from [2]. 

Figure 2. Quantitative 2D SOC mapping in a carbon paper 
electrode. a) SOC map at 12 operating conditions (4 
concentrations x 3 voltages) b) Pixel distribution vs. SOC for 
each operating condition. From [1]. 
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Research Scope 

 Silicon solar cells dominate the global photovoltaic market, due to their high efficiencies 
and low manufacturing costs. It has been proposed that the performance and adoption of silicon 
solar cells can be further improved by supplementing conventional single junction cells with 
singlet exciton fission to generate two electrons from each blue and green photon in sunlight1. We 
demonstrate an increase in the power conversion efficiency of crystalline silicon solar cells by 
coupling to singlet exciton fission in tetracene (Tc). The transfer of Tc triplet excitons to silicon is 
mediated by an interfacial layer of zinc phthalocyanine. A thin layer of aluminum oxide is used to 
passivate the silicon solar cell and reduce defect states and losses at the silicon interface. Using a 
shallow junction crystalline silicon microwire solar cell to efficiently extract charge carriers from 
the silicon surface, the peak efficiency of charge generation per photon absorbed in Tc is (138 ± 
6)%, comfortably surpassing the conventional quantum efficiency limit of a silicon solar cell. 
Singlet fission enhanced silicon solar cells can exceed the efficiency of traditional silicon 
technologies while exhibiting the simplicity and practical advantages of a single junction 
architecture. 

Recent Progress  

In 1979, the well-known physical chemist D.L. Dexter proposed an intriguing vision for 
the future of solar energy: the combination of a silicon cell and molecular singlet exciton fission1. 
Unfortunately, Dexter’s proposal had a major weakness. Since 1979, it has proved impossible to 
couple molecular triplet excited states to silicon. The conventional approach (also known as Dexter 
energy transfer) requires simultaneous transfer of an excited state’s electron and hole from the 
donor to the acceptor. But for reasons that remain debated but may be related to silicon’s indirect 
gap, Dexter transfer is apparently ineffective when the acceptor is silicon. 

We have recently overcome this long-standing challenge by demonstrating a new energy 
transfer pathway at silicon interfaces2. Based on our prior studies of oxide interfaces3,4, we 
engineered new material combinations to perform an initial charge transfer to silicon, followed by 
a sequential transfer of the remaining charge carrier. The energy of the intermediate charge-
separated state must lie between the triplet energy and the bandgap of silicon. This is achieved 
with a thin layer of an electron donating material, zinc phthalocyanine (ZnPc). The second 
component of our interface is a thin passivation layer necessary to prevent the transferred charge 
carriers from immediately recombining at the silicon surface, while still enabling carrier tunneling. 
Aluminum oxide (AlOx) is commonly used to passivate silicon solar cells. In this work, we use 
approximately 1-nm-thick layers of AlOx to both passivate the silicon surface and maintain charge 
tunneling across the interface5. 
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The measured external quantum efficiency (EQE) spectra of a Si n+-p microwire (MW) 
device before and after Tc and ZnPc deposition are presented in Fig. 1. After deposition of 
Tc/ZnPc, we see a positive contribution corresponding to the absorption spectrum of Tc, with a 
maximum EQE increase from 81.6% to 87.9% at 520 nm. The measured J-V curves of the devices 
also show that depositing ZnPc and Tc on the n+-p MW devices results in an enhancement in the 
short-circuit current density, with negligible decrease in the open-circuit voltage and fill factors, 
confirming that the role of the molecular materials in this cell architecture is primarily excitonic 
in nature, and other than increased charge injection, decoupled from the operation of the junction 
itself. As expected p+-n MW devices exhibit shadowing in the EQE spectra from absorption of Tc, 
confirming that the device performance enhancements observed in the n+-p devices are not due to 
enhanced antireflective effects. Figure 1C shows fits of Tc absorption to the EQE, yielding a 
sensitization efficiency of ηTc = (138 ± 6)%, where 200% is the maximum theoretical enhancement 
possible for a photocurrent doubling process.  

 
Figure 1. Device External Quantum Efficiencies. (A) Measured external quantum efficiency 
(EQE) spectra of n+-p Si MW cells before and after Tc and ZnPc deposition. (B) Measured EQE 
spectra of p+-n Si MW cells before and after Tc and ZnPc deposition. (C) Simulation fits of the 
percentage difference enhancement after organic deposition (∆EQE/EQE) of the n+-p Si MW cells 
presented in (A). The dotted lines represent simulated differential EQE at different Tc sensitization 
efficiencies (ηTc). The solid line is data for the Tc/ZnPc/n+-p Si MW device shown in (A). (D,E) 
Scanning electron micrographs of the microwire devices and planar cells. Note the Tc morphology 
consisting of <1000nm islands. 

 

In conclusion, we demonstrate efficient coupling between a silicon solar cell and singlet 
exciton fission in Tc, finally realizing the solar cell concept first proposed by D.L. Dexter in 19791. 
Control over the crucial interface between Tc and silicon is established by assuming sequential 
charge transfer mediated by a thin layer of ZnPc. The resulting observation of more than one 
electron per photon in a silicon solar cell provides the foundation for a new solar photovoltaic 
technology capable of accelerating the global adoption of renewable energy.  

d)
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Research Scope 

 Our program is focuses on synthetic and structural work of novel materials, stepping up 
the research efforts in the creation of new crystalline forms of matter for energy production and 
conversion. Specifically, we work on Zintl phases, which in recent years, have established 
themselves as promising candidates for thermoelectric applications. Owing to their narrow 
bandgaps, Zintl phases exhibit reasonably high electrical conductivity, while their complex crystal 
structures and/or presence of heavy elements yield low thermal conductivity. All of the above 
provide for a favorable combination of transport properties, beneficial for high thermoelectric 
performance. From a more fundamental point of view, the structure-property relationships derived 
from our work can be further used for developing a rationale for the synthesis of other new 
compounds, as well as for tuning of properties of existing ones. 

 Recent Progress  

 In the past, while studying ternary and quaternary pnictides with complex structures, we 
have often discovered unreported binary Zintl pnictides, such as Nd3Bi7 and Ba5P4, among 
others.[1,2] Recently, over the course of our studies in various Ba–M–Sb ternary systems,[3-8] 
crystals of the Ba16Sb11 phase were identified. Full crystallographic data for Ba16Sb11 are not 
available in the literature. The existence of the phase was only indicated in a 1997 publication by 
Corbett et al,[9] and the structure was assigned as isotypic with Ca16Sb11 based on powder X-ray 
diffraction. Here we briefly recount the results from the synthesis, structural and symmetry 
analysis from single-crystal X-ray diffraction studies of Ba16Sb11. We provide evidence that the 
structural disorder in this Zintl phase is different compared to the Ca16Sb11 archetype. We also 
identified monoclinic crystals of Ba16Sb11, where the structural disorder is alleviated—the fully 
ordered monoclinic structure is with space group P21, different from the previously assigned one 
with the tetragonal space group P 21m.[9]  

The “16–11” family of compounds can potentially be large, and although the structure of 
the Ca16Sb11 archetype has been known for over 25 years, surprisingly little structural work has 
been published concerning other A16Pn11 members. From a survey of the literature, it appears that 
only two more “16–11” phases, Eu16Pn11 (Pn = Sb, Bi), have been structurally characterized via 
single-crystal X-ray diffraction methods.[10] All three compounds adopt the Ca16Sb11 structure type 
and crystallize in the tetragonal space group P 21m (No. 113). All other “known” members of the 
family are only presumed to be isotypic. On this note, assigning the Ba16Sb11 structure as isotypic 
with Ca16Sb11 can be easily justified from periodic trends, although in this case, the Ba-compound 
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does not mirror the chemistry of the Ca-based compound with the same empirical formula. 
Specifically, the vast majority of the collected single-crystal XRD data can be indexed in a 
tetragonal cell with periodicity constants a ≈ 13.6 Å and c ≈ 12.4 Å, the subsequent solution and 
refinements in space group P 21m, although adequate, show that the crystal structure is much 
more disordered compared to that of Ca16Sb11. For the best crystals, there was clear evidence of 
reflections that could be indexed based on a lower monoclinic symmetry and with unit cell twice 
the size of the tetragonal one. Subsequent structure solutions and refinements indicated that 
working with the space group P21 (No. 4) leads to the same “average” atomic arrangement, where, 
importantly, all crystallographic positions are fully occupied and positional/occupation disorder is 
non-existent. 

 Unlike Ca16Sb11, the monoclinic crystal structure of Ba16Sb11 exhibits no crystallographic 
disorder and perfectly satisfies the Zintl concept as far as the count of valence electrons is 
concerned. There are 32 crystallographically independent Ba sites and 22 Sb sites, all occupying 
general 2a positions. Unsurprisingly, the structural motifs in both monoclinic and tetragonal 
models of the Ba16Sb11 are nearly identical. The monoclinic structure can be viewed as an ordered 
version of the disordered tetragonal one (in lower 
symmetry and twice as large unit cell volume, of 
course). Therefore, the very same structural motifs 
can be distinguished—square prisms and 
antiprisms formed by Ba atoms and centered by Sb 
atoms (Figure 1). They are arranged in columns 
and repeat in the following sequence: 
{[Sb18Ba8]prism–[Sb14Ba8]antiprism–
[Sb11Ba8]antiprism–[Sb5Ba8]prism–[Sb2Ba8]antiprism–
[Sb10Ba8]antiprism} (marked as {ABCDEF}), as 
shown in the figure. The asymmetric unit of 
Ba16Sb11 consists of four such parallel slabs, which 
can be broken into two pairs with two shifted 
antiparallel columns in each described by {ABCDEF}–{FEDCBA}–{DEFABC}–{CBAFED} 
repeats. Relatively short Ba–Ba distances connect these parallel slabs, with the shortest being 
3.717 Å between two pairs of face-sharing antiprisms containing an Sb–Sb bond, making a ladder-
like structural arrangement. There are two Sb–Sb dimers per unit cell (or one per doubled formula 
unit). Therefore, despite the complexity, the monoclinic structure of Ba16Sb11 poses no problem 
for the Zintl concept, which allows us to rationalize it as follows: 2×Ba16Sb11 = (Ba2+)32(Sb3–

)20[Sb2]4–. This charge-balanced way of partitioning the valence electrons hints at intrinsic 
semiconducting behavior, which is also indicated by our electronic structure calculations. 

 

 

Fig. 1 Crystal structure of Ba16Sb11 viewed as 
an array of face-shared prism–antiprisms.  The 
enlarged portion shows two antiprism hosting a 
Sb2 dimer.  Barium atoms are shown in grey, 
and antimony atoms are shown in orange.  
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Research Scope 

The theme of this effort is to understand the fundamental science of carefully-designed polymer 
networks that are crosslinked with topology-conserving dynamic covalent bonds, and their 
promise as a new class of materials for selective ion and liquid separations. We envision that, by 
functionalizing the dynamic crosslinking groups to tune interactions with diffusing species, 
molecular motion is facilitated or controlled by a coupled combination of network rearrangements 
and strand dynamics. The fundamental challenge lies in understanding how the multiple tunable 
length and time scales characteristic of the structure and dynamics of these rubbery, supercooled, 
and glassy matrices can couple to dynamic bond exchange kinetics to greatly amplify differences 
of the activated diffusion constant of related families of molecules and ions. We explore this issue 
via a deeply integrated experiment-simulation-theory effort focused on how controllable 
physicochemical factors such as the network structural relaxation time, ratio of network mesh to 
penetrant size, penetrant shape, dynamic bond kinetics, and specific interactions between 
molecules with polymer strands or crosslinks, determine the absolute and relative magnitudes of 
molecular and ion transport. The work is organized into two complementary and tightly integrated 
efforts: Chemical Control of Local Dynamics in Vitrimers which addresses foundational 
knowledge of how dynamic covalent bonds impact e.g. segmental dynamics, bond exchange 
processes relevant to transport of guest molecules in polymer networks, and Dynamic Bond 
Facilitated Transport in Networks which specifically examines the transport of species that either 
reversibly react/interact or are trapped in crosslinked networks. 

Recent Progress 

A major unresolved question for molecular diffusion in polymers is the influence of heavy 
crosslinking in dense networks that can have mesh sizes approaching that of a molecular penetrant 
such as aromatic fluorescent dyes. Mesh confinement effects are much less explored as a size 
selective sieving mechanism compared to more rigid frameworks1,2 or polymers of intrinsic 
microporosity.3,4 Moreover, crosslinking can dramatically slow down polymer segmental 
relaxation in a crosslink fraction, temperature, and chemistry dependent manner,5 which will 
strongly impact penetrant activated transport in a manner that depends on penetrant size and the 
degree of coupling of its activated hopping motion with polymer segmental dynamics. 
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We investigate aspects of this overarching question by probing molecular diffusion in densely 
crosslinked networks, using an integrated experiment-theory-simulation approach that allows us 
to understand how the molecular details of the penetrant with the surrounding network govern 
penetrant transport.5-10 In one example, our team used a model permanent poly(n-butyl acrylate) 
polymer network to study how penetrant size, temperature, and crosslink fraction can profoundly 
affect penetrant diffusion. Agreement between simulation, theory, and experiment (Fig. 1a) 
indicates that local chemical detail is largely ‘self-averaged’,5 so conclusions drawn from coarse-
grained models are relevant for experiments. The relationship between penetrant transport, mesh 
confinement, penetrant size, polymer Kuhn length, electrostatics, and segmental relaxation was 
subsequently explored in simulation and theory, indicating that confinement effects are of 
secondary importance relative to crosslink-induced slowing down of segmental relaxation and 
activated penetrant hopping.6,7,11 Further investigation using the same models and experimental 
systems demonstrated that molecular shape becomes important for transport in the deeply 
supercooled regime for larger penetrants (Fig. 1b),8 with a competition between the coupling of 
penetrant motion to molecular shape and the presence of strong penetrant-network interactions and 
mesh confinement.9   

 

The local dynamics of vitrimers and the effect on penetrant transport were studied for networks 
composed of precise ethylene linkers and dynamic boronic ester bonds.10,12 First, theory and 
simulation provide molecular-level insight into how dynamic bond exchange influences the 
activated polymer segment relaxation (Fig. 1c).13,14 The timescales for these two processes exhibit 
strong coupling and non-Arrhenius behavior at temperatures approaching Tg, consistent with 
experiments.15 Penetrant diffusion constants were measured where the molecules either do or do 
not participate in bond exchange processes.10,12,16  Initial results indicate that transport of the 
former couples strongly to bond kinetics, and can be impeded by slow bond exchange.13,14  

Figure 1. (a) Apparent dimensionless slopes 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 determined from experiment, simulation, and theory 
penetrant diffusion constant and hopping rate results plotted as log(1 𝐷𝐷𝑝𝑝⁄ ) versus penetrant-segment 
size ratio 𝑑𝑑/𝜎𝜎 for various temperatures (b) Theoretically predicted mean alpha times for the dyes BTBP 
and TBRb of the same volume but different shape studied experimentally (representative models 
shown schematically) as a function of 𝑇𝑇𝑔𝑔(𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)/𝑇𝑇. (c) Comparison of experimental and theoretical 
segmental relaxation times for ethylene vitrimers as a function of 𝑇𝑇g(𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)/𝑇𝑇  for 4 crosslinking 
fractions, along with the corresponding polymer melt prediction.  
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Research Scope 

 Metal-ligand (ML) bonds dictate the properties of metal complexes and 
coordination materials. Subtle differences in the geometries and 
energetics of ligand fields surrounding metal ions govern the optical, 
electronic, magnetic, and catalytic properties and overall stability of the 
resulting complexes.1–3 While enthalpy favors ML bond formation, 
entropy drives their dissociation such that all ML bonds exist to varying 
degrees in dynamic equilibria between bound and unbound states (Fig. 
1). This bond lability impacts the mechanisms of transition metal 
catalysis4–6 and enables the self-healing behavior observed in 
coordination polymers.7–10 Among traditional solid-state materials, the 
earliest examples of ferroelectric phase-change behavior were 
documented to involve a special class of ML phonons,11–13 now termed 
“soft modes”, that drive the phase change by distorting atomic positions 
from one phase to another. In other words, dynamic equilibria of metal-
ligand bonds exist in coordination complexes ranging from small 
molecules to extended solids, and yet dynamic bonding in materials 
bridging the gap between the molecular and solid-state divide remains 
an open frontier.14,15 Metal-organic frameworks (MOFs, Fig. 2), also 

termed 3D porous coordination polymers, are a compositionally tunable class of materials. Their secondary 
building units (SBUs) can be altered to yield either isostructural or entirely new materials. To date, nearly 
100,000 MOFs have been synthesized and over 500,000 structures have been predicted, all of which contain 
ML bonds.16 Considering the fundamental lability of ML bonds, it follows that MOFs and other CPs should 
also exhibit similar behavior to molecules and nonporous solids and that bond lability should strongly 
influence MOF behavior. 

 

Fig. 1: Reversible metal-ligand 
bonds in coordination polymers. 

Fig. 2: Representative MOF materials with example ligands and metal ions.  
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This project identifies signatures of dynamic 
bonding in porous materials and studies its 
influence on electronic, photophysical, and 
magnetic properties. With these insights, 
previously unexplained behavior in porous 
materials can be understood in terms of 
fundamental microscopic principles developed in 
our lab that will also provide design guidelines 
for leveraging dynamic bonding to access new 
energy materials. 

 Recent Progress  

Size reduction offers a synthetic route to tunable 
phase change behavior. Preparing materials as 
nanoparticles causes drastic modulations to 
critical temperatures (Tc), hysteresis widths, and 
the “sharpness” of first-order versus second-
order phase transitions. A microscopic picture of 
the chemistry underlying this size dependence in 
phenomena ranging from melting to 
superconductivity remains debated. As a case 
study with broad implications, our recent studies 
indicate that size-dependent spin crossover 
(SCO) (Fig. 3) in nanocrystals of the MOF 
Fe(1,2,3-triazolate)2 arises from metal-linker 
bonds becoming more labile in smaller particles. 
In comparison to the bulk material, differential 
scanning calorimetry indicates a ~30-40% 
reduction in Tc and ∆H in the smallest particles. 
Variable-temperature vibrational spectroscopy 
reveals a diminished long-range structural 
cooperativity, while X-ray diffraction evidences 
an over three-fold increase in the thermal 

expansion coefficients. This “phonon softening” provides a molecular mechanism for designing 
size-dependent behavior in framework materials and for understanding phase changes in general. 
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Multidimensional Phase Maps for the Accelerated Synthesis and Study of Metastable 
Materials 

Richard L. Brutchey 

Department of Chemistry, University of Southern California, Los Angeles, CA 90089, USA 

Keywords: synthesis science; phase maps; data driven; metastability 

Research Scope 
 The “materials by design” approach successfully identified a vast number of materials with 
wide ranging properties. However, a bottleneck exists in the next step of the process: the Edisonian 
and by-hand nature of materials synthesis. We are addressing this bottleneck by combining our 
long-standing expertise in chimie douce (soft chemistry) methods with multivariate analyses via 
data-driven learning to accelerate predictive phase determination. We are extending 
thermodynamic phase diagrams into multidimensional “phase maps” that capture both 
thermodynamic and kinetic factors. The phase map correlates the effects of statistically significant 
experimental variables (beyond temperature and composition) on phase determination. Our focus 
is two-fold: (i) establishing methods for synthesizing specific thermodynamic phases in complex 
phase diagrams, and (ii) gaining new insights into accessing metastable phases across a variety of 
materials systems. 

Recent Progress 
 Achieving the synthesis of a phase-pure material is traditionally done using the one-
variable-at-a-time (OVAT) approach, where only one variable is changed at a time while all other 
variables are held constant.1,2 This one-dimensional approach is not only time and labor intensive, 
but inefficient in revealing potentially important higher-order interactions between experimental 
variables and their effects on synthetic outcomes. Deep learning techniques can map 
multidimensional variable space, but they require large datasets that are not feasible when novel 
chemistry is being performed and/or done in a low-throughput manner.3,4 Trained classification 
algorithms can handle both sparse data sets and categorical variables, such as phase, making it a 
tractable solution to this problem. 
 Example #1: The Cu-Se phase diagram is complex and contains many different crystal 
structures, in addition to several metastable structures that are not found on the thermodynamic 
phase diagram.5-7 Consequently, being able to rationally navigate this complex phase space poses 
a significant challenge. We demonstrated that chimie douce synthesis methods combined with 
classification algorithms can enable predictive phase navigation. We constructed a surrogate 
model from 80 reactions exploring four variables: C-Se bond strength of a diselenide precursor, 
time, temperature, and solvent composition. The reactions in the surrogate model resulted in 11 
distinct copper selenide phases or phase combinations (Fig. 1a). These data were used to train a 
classification algorithm that predicted phase with a 96% accuracy; the resulting decision tree 
provided chemical insight into how the experimental variables affect phase and prescribed 
synthetic conditions for the isolation of specific phases. For example, the metastable wurtzite-like 
Cu2-xSe polymorph forms at higher temperatures and high volumetric ratios of oleylamine to 
octadecene, which transitions into umangite Cu3Se2 within a small window of slightly lower 
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temperatures and shorter reaction times. The phase map shows the transition into another 
metastable weissite-like Cu2-xSe phase at longer reaction times, with a very small temperature 
difference of 2-3 ˚C separating umangite Cu3Se2 from weissite-like Cu2-xSe (Fig. 1b,c). This 
highlights the power of phase maps; we can isolate two phase-pure metastable materials within a 
complex variable space, where a temperature difference of only a few degrees separates three 
distinct phases. This would be nearly impossible to pinpoint using traditional, Edisonian methods. 
 Example #2: Given our 
ability to synthetically direct phase 
using phase maps, it is now of 
interest to prescriptively define 
other material features within a 
given crystal phase. For example, it 
is important to be able to synthesize 
nanocrystals with a specific size, 
minimized size distribution, and 
well-defined shape for catalytic 
applications.8,9 To accomplish such 
a complex goal, we coupled a 
classifier algorithm with a 
multivariate Bayesian optimization 
to synthesize monodisperse rock 
salt CoO nanocrystals with defined size and shape. Upon compiling data from 72 reactions for the surrogate 
model, 10 unique crystal phases or phase combinations were observed, including the target rock salt CoO 
phase, metastable wurtzite CoO, metallic fcc Co, Co2C, and phase combinations thereof. Within the rock 
salt CoO portion of the phase map, nanocrystal size, polydispersity, and shape purity were then jointly 
optimized via Bayesian optimization (Fig. 2). 
 The reaction conditions at the multiobjective optimum were predicted to produce a product 
with a size of 9.8 ± 4.4 nm and a cuboidal particle morphology. The experimental validation of 
this prediction was performed in triplicate and the averaged results were in good agreement with 
the predicted responses, yielding cuboidal rock salt CoO nanoparticles with a size of 6.6 ± 2.9 nm, 
as assessed by automated TEM image analysis (N = 36,000). This contrasts the CoO nanocrystals 
synthesized under unoptimized conditions, which had an average size of 65 ± 40 nm with nine 
distinct shapes.  

 

Fig. 1 (a) Cu-Se phase map where each color represents a different phase or combination of phases. 
(b) Powder XRD patterns of phases and phase combinations that result in the (c) sub-region of the phase 
map that is bound by the area of lower temperatures and higher volumetric ratios of oleylamine. 

 

Fig. 2 (a) Phase map for the synthesis of rock salt CoO, indicated 
in the green phase space. (b) Bayesian optimization to minimize 
CoO nanocrystal size and predicted size distribution shown 
behind in green. 
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Research Scope 

The main objective of our study is to identify the intrinsic relationship between the role of alkali metal ions 
and electrochemically driven mechanical stability and kinetic properties of battery materials. The overall 
question is, “What is the role of alkali metal ions in the electrochemical and mechanical behavior of cathode 
electrodes? The program investigates structural interfacial instability mechanisms on electrode materials 
for alkali-metal ion batteries. In situ / operando mechanical measurements were conducted to elucidate 
deformation mechanisms in the electrode during cycling in alkali metal ion chemistries.  The mechanical 
measurements were supported by chemical, morphological, and structural characterizations via 
microscopy, diffractometry, and spectroscopy tools. The abstract here reports the progress of the project in 
the last two years.  Our studies investigated structural and interfacial instabilities in electrode materials for 
alkali-metal ion batteries. We also focused on how type-of-alkali-metal ions (Li, Na, and K-ions), the 
transition metals in cathode structure (Ni vs Mn), and higher state-of-(dis)charge impact structural 
instabilities in the electrode.   Operando mechanical tools were coupled with chemical characterization via 
XPS to monitor the role of electrolyte chemistry in the formation of cathode-electrolyte interface layers.  
Furthermore, we studied the chemo-mechanical stability of the binders in the composite electrodes. In 
addition to interfacial and structural characterization, the program investigated the rate-dependent 
mechanical instabilities in the cathode electrodes.   

Recent Progress  

Impact of Transition Metals on Chemo-Mechanical Instabilities in Prussian Blue Analogues (PBAs): PBA 
cathodes suffer from poor cycle life associated with chemo-mechanical instabilities1.  Here, the 
electrochemical performance and associated chemo-mechanical instabilities in potassium nickel 
hexacyanoferrate (KNHCF) -based and potassium manganese hexacyanoferrate (KMHCF) are investigated 
by conducting electrochemical, mechanical, and chemical characterizations.  KMHCF experienced a much 
faster capacity fade than KNHCF when cycled under the same electrochemical conditions.  DIC 
measurements showed that both cathodes undergo similar nominal reversible strain generation.  XPS 
measurements found a richer organic layer compounds on the surface of KMHCF cathodes compared to 
KNHCF ones after cycles. The study was published in Advanced Energy Materials.  

Impact of Alkali-ion Intercalation into Cobalt Oxide Cathode:  Intercalation of larger alkali metal ions is 
expected to cause severe structural instabilities such as plastic deformation and loss in crystallinity. 2  In 
the first two years of the project, we reported the governing mechanism behind the crystalline to amorphous 
phase transformation in iron phosphate cathodes upon intercalation of Na and K-ions by utilizing digital 
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image correlation (DIC) with structural analysis. Shortly, the study indicated that the strain rate, rather than 
the absolute value of strain, plays a critical role in the amorphization of the crystalline electrode. 3 In the 
last two years, in situ DIC tool was coupled with electrochemical techniques to probe deformation 
mechanisms in cobalt oxide cathodes, a layered metal oxide structure, during the intercalation of Li, Na, 
and K ions.  While insertion of Li ions leads to contraction, intercalation of larger Na-ion causes expansions 
in the cathode. In the case of K-ion, the expansions were large enough to cause irreversible damage to the 
electrode. The study points to a way to control mechanical deformations during ion intercalation by utilizing 
their unique interactions with the host structure.  The study was published in ACS Applied Engineering 
Materials.  

Chemo-Mechanical Instabilities in Lithium Cobalt Oxide at Higher State-of-Charge:  The practical charge 
capacity of transition metal oxide cathodes is limited due to severe chemo-mechanical instabilities at higher 
charge voltage and state-of-charge conditions. 4 Here, in-situ stress and strain measurements were 
conducted on the lithium cobalt oxide (LCO) cathode via a multi-beam stress sensor (MOSS) and DIC, 
respectively. The LCO undergoes a compressive stress generation when charged up to 4.2 V, and surface 
fractures on the LCO particles were detected by SEM.  LCO cathode experienced significantly large 
contractions (negative strains) when charged up to 4.65 V, where intergranular crack formation and phase 
transformation were detected on the LCO particles via SEM and XRD, respectively. Overall, the study 
bridges complicated structural deformations with in-situ analysis of mechanical degradations in layer metal 
oxide cathodes charged at higher voltages. We are currently preparing a manuscript for submission.  

Probing the Formation of Cathode-Electrolyte Interphase on Lithium Iron Phosphate Cathodes: The 
formation of cathode-electrolyte interphase (CEI) and its impact on the chemo-mechanical stabilities of 
cathodes are not well understood yet. 5,6 To address this gap, we utilized operando DIC combined with Cyro 
XPS to probe dynamic chemical and mechanical deformations on the LiFePO4 cathodes during cycling in 
Li chemistry.  We investigated the impact of the different anionic salt species (PF6

-, ClO4
-
, and TFSI-) in 

organic liquid electrolytes on the CEI formation mechanisms. Unexpected mechanical deformations were 
detected when cycled in LiPF6-based electrolytes. The formation of fluorinated compounds on the surface 
of the electrode was captured by Cryo XPS on the onset of an increase in impedance and positive strain 
generation during the first charge in LiPF6-electrolytes. The study was published in ACS Applied Material 
and Interphases.  

Mechanical Stability of Binders for Composite Electrodes: Electrode undergoes volumetric expansions 
upon insertion of larger alkali metal ions, such as K-ions. 7  Integrity of the composite electrode relies on 
the flexibility and chemical stability of binders. Here, we investigated the chemo-mechanical properties of 
the PVDF and PEDOT: PSS binders. Strain generation in the composite graphite electrode during the first 
potassiation was associated with intercalation-induced structural changes and the formation of the solid-
electrolyte interphase. DIC measurements showed that PEDOT: PSS/CB binder provides good mechanical 
integrity during potassium intercalation into graphite electrodes, even when the electrode expands 23%.  
This study was published in Advanced Energy Materials.  
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Research Scope: 

The widespread use of thermosets such as epoxy generates immense amounts of waste. Due to 
their irreversible network structure, the recycling of epoxies is considered challenging. 1, 2The goal 
of this project is to develop reversible thermosetting polymers/photothermal nanoparticles 
composites which can be recycled simply using solar light and are suitable for additive 
manufacturing.  To develop sustainable recyclable epoxy, we incorporated Diels–Alder reactions 
in off-the-shelf epoxy reagents to develop a recyclable thermoset which can be reversibly liquified 
at higher temperature and solidified upon cooling.1 We incorporated photothermal nanoparticles 
into the Diels–Alder (DA) modified epoxy, which strongly absorbs solar light to generate heat 
inside the polymer to efficiently drive the DA reactions for solar light enhanced recycling. 2These 
studies have shown strong potential of developing reversible epoxy/photothermal nanoparticles 
composites for the applications of solar light enhanced recycling as well as light mediated additive 
manufacturing. 
Additionally, our studies 
highlight the fundamental 
need to understand 
nanoscale temperature 
distribution in the polymer 
matrix due to photothermal 
heating and its effect on the 
reaction kinetics of Diels–
Alder reactions.  
Recent Progress: 
In the past 3 years, major 
progress was made in two 
main aspects: 1) Varied the 
molecular design of furan 
and maleimide precursors 
to control the 
thermomechanical 
behavior of the reversible epoxy as well as  suppress side reactions to achieve broad range of 
recyclable thermoset elastomers from soft elastomers to hard elastomers.  2) We developed 
photothermal nanoparticles/ reversible epoxy composites which can be successfully recycled using 
solar light. 
 I. Tuning the Chemistry of Epoxy using Diels–Alder Reactions: 
We designed the functionality, molecular architecture, and molecular weights of furan and 
maleimide precursors to control the thermomechanical behavior of the reversible epoxy such as 
viscoelastic moduli, glass transition temperature, and de-gel temperature via the retro-Diels–
Alder.2  (Figure 1 (a)) Most importantly, we found a formulation of thermoreversible epoxy where 

Figure 1: (a) Complex modulus of different reversible epoxy samples. 
The number in sample codes represents the number of furan or 
maleimide functional groups per precursor molecule. FA4 and FA6 has 
branched structure while 4F, 6F, and 10F has a linear backbone with 
grafted furan groups on the backbone. Compared to 2M, 3M has twice 
greater molar mass with flexible aliphatic structure. (b) Tensile 
strengths of pristine and recycled reversible epoxy. 
 



 
 

75 
 

the final product shows competitive mechanical properties to a conventional epoxy but still shows 
flow-like properties at high temperature for reprocessing. We developed a detailed understanding 
of the effect of side reactions such as maleimide homopolymerization which causes irreversible 
crosslinking in the network leading to loss of the recyclability.3 We demonstrated several strategies 
to reduce the effect of the side reaction such as varying the stoichiometric ratio of furan and 
maleimide, incorporating a free radical inhibitor such as hydroquinone, and varying the molecular 
weight and functionality of the maleimide precursors. Notably, by tuning the design of maleimide 
precursors we could recycle thermosets as high as 9 times without compromising its mechanical 
properties significantly. (Figure 1 (b))  
 II. Applications of Photothermal Nanoparticles to Recycle Reversible Epoxy using Solar Light: 
For the first time, we demonstrated a complete cycle of liquifying, reprocessing and reshaping of 
thermosets modified by DA reactions using solar light. 
We incorporated photothermal nanoparticles such as 
carbon black (CB) and refractory plasmonic titanium 
nitride nanoparticles (TiN NPs) into reversible epoxy 
without altering its chemical formulation and 
thermomechanical properties (Figures 2(a) and 2(b)). We 
developed theoretical and experimental understandings to 
optimize the loading and the dispersion of both kinds of 
nanoparticles to maximize their light absorption and 
consequently heat generation. These photothermal 
nanoparticles strongly absorb sunlight to generate heat 
inside the polymer to efficiently drive the reversible 
reactions, facilitating liquification and recycling of 
reversible thermosets using sunlight. (Figure 2(c)).  
Future Work: 
Our future work involves understanding the effect of 
nanoscale temperature distribution due to photothermal 
heating under different light on the reaction kinetics of 
Diels–Alder reactions. This is important for designing 
processing conditions and developing recyclable 
thermosets/photothermal nanoparticles composites 
without compromising the desirable properties of 
thermosets. We aim to pursue the following studies in 
future (i)Combined theoretical and experimental investigation of light induced photothermal 
heating and spatial heat distribution in different reversible epoxy/nanoparticle composite matrix 
with nanoscale resolution. (ii) Understanding the reaction kinetics of Diels–Alder Reactions and 
side Reactions associated with the carefully designed precursors and correlate that with 
photothermal heat generation by nanoparticles. (iii) Study the effect of photothermal nanoparticles 
on additive manufacturing and recycling of the reversible epoxy and understand the mechanical 
properties of the final structure in correlation with their processing conditions and feedstock 
properties.  
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Figure 2. TEM images of (a) DA-
epoxy/0.5 wt.% carbon black and 
(b) DA-epoxy/0.5 wt.% titanium 
nitride. (c) Flexural modulus of 
pristine and recycled samples of 
DA-epoxy, DA-epoxy/TiN and DA-
epoxy/CB samples. Sunlight based 
recycling was under 1000mW/cm2.  
Temperature is 140°C for both heat 
and light-based recycling. 
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Research Scope 

 This project in Materials Chemistry is focused on combining metal-organic frameworks 
(MOFs) and polymers into unique hybrid materials with emergent properties.  This program is 
pursuing two primary avenues in MOF-polymer composites.  The proposed studies will build on 
innovative findings from our research program: 

• In Specific Aim 1, we will expand our pioneering studies on ‘polyMOFs’, a new class of 
porous solids.  polyMOFs are MOF-like materials that are derived from polymeric, rather 
than molecular, organic building blocks.  polyMOFs have unique features and represent a 
molecular level integration of MOFs and polymers.  The experiments proposed in Specific 
Aim 1 represent the next step in the translation of polyMOFs to energy applications. 

• In Specific Aim 2, we will expand on our recent findings in the self-assembly of polymer-
coated MOF nanoparticles.  We have discovered that MOF nanoparticles coated with a 
polymer ‘corona’ can self-assemble into unprecedented freestanding particle monolayers.  
In Specific Aim 2, we seek to expand the generality and test the utility of these fascinating, 
thin film MOF-polymer hybrids. 

This continuing research program satisfies two research goals of the Office of Basic Energy 
Sciences:  (a) the fabrication and characterization of new materials; and (b) the understanding and 
control of chemical reactivity.. 

Recent Progress  

 Progress on our project has taken several interesting avenues, opening up new chemistry 
at the interface metal-organic frameworks (MOFs), polymers, and new materials.  Some of these 
efforts have since spun off into separate programs, while other discoveries are core to the ongoing 
efforts in this project. 

 As part of our core studies on MOF-polymer 
hybrid materials, we have made significant progress 
on new polyMOF and oligoMOF materials, 
understanding their interrelationship, and their 
unique properties.  In the last several years, we have 
published two studies on oligoMOFs, MOF materials 
made from dimeric, trimeric, etc. ligand systems.  In 
particular, we have begun to map out how these 

Figure 1.  OligoMOFs made from 
branched ligands. 
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tethered systems modulate MOF synthesis and structure.1  We have also established that highly 
branched tetrameric and octameric ligand systems can for polyMOFs (Figure 1), demonstrating 
the versatility and vast potential of these systems.2  In still unpublished work, we have shown that 
the tether between ligating groups can be functionalized, provide sites for MOF pore tuning via 
direct modulation or postsynthetic modification (PSM).  A manuscript is presently in preparation 
describing these new findings. 

 Our studies on polymer-coated MOF particles also continues to progress.  We have 
investigated the effect of polymer molecular weight and composition on the formation of self-
assembled MOF monolayers (SAMMs).3  We have also published a tutorial article to aid others in 
the synthesis and study of SAMMs.4 

Perhaps most interesting, we have used organic 
dyes modified with metal ligating groups to study the 
surface of MOFs (Figure 2).5  The surface chemistry of 
MOFs is critically important to our studies on MOF-
polymer hybrids, including those used to form SAMMs.  
However, the surface chemistry of MOFs is quite 
understudied.  The system we have established provides 
an excellent quantitative and qualitative probe of surface 
chemistry that we plan to expand upon in future studies.  

 In a departure from our core efforts, this program seeded our first studies on low-valent 
metal-organic frameworks (LVMOFs).  These materials, constructed from low-valent metals and 
phosphine ligands, defy traditional approaches and thinking in MOF chemistry.  We described the 
first metal-phosphine LVMOFs utilizing unconventional metals for MOFs including Pd(0), Pt(0), 
and Rh(I).  This resulted in two publications, one research article on these new materials6 and a 
mini-review on this emerging topic.7  Not being a core element of our original project, this topic 
has since established funding from the National Science Foundation, where we continue to make 
pioneering discoveries. 

  

Figure 2.  Organic dyes used to 
investigate the surface of MOFs. 
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Research Scope 

Our research emphasizes the design, synthesis, and manipulation of novel heterogeneous two-
dimensional (2D) nanomaterials through chemical, electrochemical, and physical methods. Our 
overarching perspective is that materials synthesis, materials functionality, and materials 
transformation are fundamentally different on the nanoscale and deeply intertwined. We seek to 
utilize the structures and properties of novel 2D nanomaterials for new heterogeneous materials 
synthesis, to create and understand new phenomena arising from the interplay between the 
heterogeneous materials environment and external stimuli. Herein, we build on our previous joint 
work and established synergies between Cui, Hwang, and Zheng to discover and rationally control 
novel 2D nanomaterials, which form a solid foundation for a wide range of applications in novel 
electronics, photonics, and energy applications. Our research represents an exciting class of 2D 
nanomaterials and their manipulation, using nanoscale materials chemistry to create heterogeneous 
2D systems, which greatly impacts a wide range of DOE BES priorities for materials design and 
control. 

Recent Progress  

The quest for materials understanding and control has long propelled scientists to try to tailor new 
materials with novel functionalities1. The advent of two-dimensional (2D) nanomaterials has 
brought new vigor and vitality into this field, presenting a fascinating platform using exfoliable 
and re-stackable layered structures2,3. Simply by continued exploration utilizing these physical 
attributes, surprising new developments continue to emerge, such as Moiré superconductors and 
2D magnets4-7. Building on our extensive collaborations between Cui, Harold, and Zheng, we have 
achieved significant breakthroughs in 2D materials synthesis, functionality, and their 
transformations.  

Specifically, we synthesized novel heterogenous 2D nanomaterials via intercalations, including 
engineering intercalation-based interlayers to achieve three-dimensional superlattice and two-
dimensional monolayer van der Waals magnets. We report a strategy of interlayer engineering of 
the magnetic van der Waals crystal Fe3GeTe2 by intercalating quaternary ammonium cations into 
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Figure 4. Highlighted recent progress in our research. a, van der Waals magnetic superlattice constructed 
by intercalation. b, the twisted Au nanodisks encapsulated in the van der Waals spacing of the bilayer 
MoS2. θm notes the arbitrary rotation angle of the top MoS2 relative to the bottom one. θa notes the twist 
angle of Au relative to the bottom MoS2. c, 2D hydrogen substituted graphdiyne after thermal stimuli. 

 

the van der Waals spacing (Figure 1a). Both three-dimensional (3D) van der Waals superlattice 
and 2D van der Waals monolayer can be formed by using this method based on the amount of 
intercalant.  

To synthesize new atomically thin materials, we utilize the confinement of atoms and molecules 
inside the van der Waals gaps in layered 2D materials. Ultrathin gold nanodiscs are successfully 
synthesized by utilizing the epitaxy between two molybdenum disulfide (MoS2) layers (Figure 
1b). We expanded the concept of epitaxy to a new regime of “twisted epitaxy” by growing 
nanometer thick gold (Au) nanodiscs between two MoS2 substrates with varying mutual crystal 
orientations. In the twisted epitaxy regime, both MoS2 substrate layers interact with intermediate 
Au nanoparticles in an appreciable way and influence their crystallographic orientation and 
registry. Four-dimensional scanning transmission electron microscopy analysis further reveals a 
periodic strain variation (<|±0.5%|) in the Au nanodisks associated with the twisted epitaxy, 
consistent with the Moiré registry of the two MoS2 twisted layers. 

In addition, we studied the response of heterogeneous 2D nanomaterials to external stimuli, such 
as thermal, light, and strain. Our work on exploring structure changes of 2D hydrogen substituted 
graphdiyne (HGDY) after thermal stimuli. We investigated the structural changes and their 
application for HGDY, an emerging 2D carbon-rich material with unique sp/sp2 carbon atoms after 
thermal stimuli (Figure 1c). Specifically, we developed HGDY as the nanoreactor to synthesize 
metastable nanomaterials. Here, we developed an ultrafast high-temperature platform with the help 
of HGDY aerogel. 2D HGDY, sp/sp2 co-hybridized carbon network, provides high-density sites 
for supporting metastable nanomaterials. We designed a hydrogen substituted graphdiyne assisted 
ultra-fast sparking synthesis platform for synthesizing metastable nanomaterials. Our findings are 
of interest in materials chemistry, low-dimensional carbon materials, high-temperature materials 
synthesis and processing, batteries, energy science, and systems. 
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Research Scope 

The overall scope of this project is to perform extensive atomistic molecular dynamics (MD) simulations 
[1-11] to understand the effect of multivalent counterions in the conformation and thermodynamics of 
anionic and cationic polyelectrolyte (PE) brushes and in electroosmotic transport and electrokinetic energy 
generation in nanochannels grafted with such PE brushes. This project scope is divided into five major 
objectives. The first and second objectives are to understand the effect of multivalent counterions in the 
behavior of brushes and brush-supported water molecules and counterions with the PE brushes being 
grafted to a single surface (1st objective) or the inner walls of a nanochannel (2nd objective). The third and 
fourth objectives are to study the electroosmotic (EOS) transport (third objective) and pressure-driven 
transport and electrokinetic energy generation (fourth objective) in multivalent-counterion-screened 
anionic and cationic PE brush grafted nanochannels. The fifth and the final objective is to conduct a 
continuum analysis to model the equilibrium behavior of such brushes and transport in brush-supported 
nanochannels and compare the findings with all-atom MD simulation results.  

Recent Progress  

First, we developed unsupervised clustering-based Machine Learning (ML) methods, which use all-atom 
MD simulation data, for understanding the water-water hydrogen bonding inside the different types of 
counterions (Na+, Li+, Ca2+, and Y3+) screened anionic (poly-acrylic acid or PAA) brush layer [12]. Water-
water interactions are represented as distinct clusters [Figs. 1(a)]: as compared to the clusters representing 
the water-water HBs in the bulk, the edge of the clusters associated with the water-water HBs inside the 
brush layer gets shortened [Fig. 1(b)] [12]. Also, there is an increase in the water-water HB angle for water-
water HBs inside the brush layer [12]. Second, our all-atom simulations of the cationic PMETAC [Poly(2-
(methacryloyloxy)ethyl trimethylammonium chloride] brushes identify distinct water domains (or first 
hydration shells) around the {N(CH3)3}+ and C=O functional groups, as well as around the Cl- counterion 
[13]. For example, we identify there is apolar hydration around the {N(CH3)3}+ group caused by the 
presence of the methyl groups, while the water molecules around the C=O functional group (due to the 
partial negative charge on the oxygen atom) demonstrate hydrophilic behavior [as reflected in the 
corresponding water dipole orientation [Fig. 1(c)] [13]. Furthermore, the Cl- ion is found to be weakly 
attracted to the {N(CH3)3}+ group due to the presence of an intervening water layer between these two 
species: as a consequence, Cl- ion is found to have very large mobility inside the brush layer [Fig. 1(d)] 
[13]. Third, in a separate study, we showed that the extent of binding of different halide counterions on the 
PMETAX brushes vary as I- > Br- > Cl- > F-, i.e., in inverse order as the charge density of these counterions 
[as confirmed by the PMETA-X RDF or radial distribution function, g(r); see Fig. 1(e)] [14]. Such binding 
pattern can be explained by noting that the I- and Br- ions behave as chaotropic ions (i.e., ions that disrupt 
the water structure and therefore makes it more favorable for the ions to be away from the water and bind 

mailto:sidd@umd.edu


 
 

84 
 

to the polymer chains), while the Cl- and F- ions behave as kosmotropic ions (and hence they prefer to 
remain in close association with water, thereby demonstrating less binding to the polymer chains) [14]. 
Also, the specific nature of binding dictates the corresponding water structure around these respective halide 
ions and the polymer functional group and the corresponding mobility of these ions inside the PMETAX 
brush layer [14]. Fourth, as a separate study, we developed a new Machine Learning method (combining 
Gaussian fitting based pre-processing of the all-atom MD simulation derived data and unsupervised 
clustering algorithm) to identify two separate hydration states (one with more structured water and another 
with less structured water) of the {N(CH3)3}+ group of the Cl--ion-screened PMETA brushes [Fig. 1(f)] 
[15]. We further demonstrate that an increase in the grafting density leads to the prevalence of the hydration 
state with less structured water molecules [see Fig. 1(g)] [15]. Finally, we study the electroosmotic (EOS) 
transport in nanochannels grafted with PMETAC brushes and identify a massively non-linear increase in 
the flow strength with applied electric field (2 fold-increase in electric leads to more than 3 fold-increase in 
the flow strength) caused by the corresponding electric-field-driven deformation of the PMETAC brushes 
[see Fig. 1(h)]. 

Figure 1. (a) Distribution of (𝑣𝑣, 𝜇𝜇, 𝑟𝑟) tupule in form of clusters for water inside the PAA brush layer 
(with charge fraction, f=1) obtained using unsupervised clustering algorithm. The clusters representing 
the HBs have been identified in (a). Here H, O and O’ respectively represent the donor hydrogen, 
donor oxygen, and acceptor oxygen of any two water molecules forming hydrogen bond. Also, d(O’-
H), d(O-H), and d(O-O’) respectively represent the acceptor-oxygen-donor-hydrogen distance, donor-
oxygen-donor-hydrogen distance, and donor-oxygen-acceptor-oxygen distance [12]. (b) Distribution 
of (𝑣𝑣, 𝑟𝑟) for water in bulk and for water inside the PAA brush layer with f=0, f=0.25, and f=1. The 
dashed lines indicate the average location (in 𝑣𝑣) of the edge of hydrogen bond cluster for each of the 
four cases [12]. (c) Probability distribution of the orientation angle of the water dipole for the water in 
the three separate domains, namely water around the N atom [of the {N(CH3)3}+ moiety], C=O group, 
and Cl- ion of the PMETA-C brushes [13]. (d) MSD variation of the counterions inside the PMETAC 
brush layer (counterions are Cl- ions) and the PAA brush layer (counterions are Na+ ions). The results 
are shown for the PMETAC brush layer with three different grafting density values, while for the PAA 
brush layer the grafting is σg= 1.67 chains/nm2 (i.e., a grafting density that enables a similar degree of 
confinement for the solvating water as the PMETAC brush layer with a grafting density of σg= 0.25 
chains/nm2). In the inset of (d), the MSD plot for the Na+ ions inside the PAA brush layer have been 
magnified [13]. (e) RDF of {N(CH3)3}+-X (X= I−, Br−, Cl−, and F−) obtained using all-atom MD simulations 
of the PMETA-X brushes in presence of different halide counterions [14]. (f) Data clusters (grafting 
density, σg=0.25 chains/nm3) obtained by employing the unsupervised ML algorithm on PMETA-C 
brushes identifying hydration state with more structured water (red cluster) and less structured water 
(blue cluster) [15]. (g) Variation of the ratio of points of the two clusters with σg [15]. (h) Variation of 
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Research Scope 

Liquid crystal elastomers (LCEs) exhibit a change in structural order in response to external 
stimuli, with applications ranging from soft robotics to elastocaloric devices. The elastocaloric 
effect, in which heat is released in response to applied strain and absorbed upon strain relaxation, 
is of interest for sustainable cooling technologies. Although the elastocaloric effect occurs in shape 
memory alloys1 and non-liquid crystalline elastomers,2,3 LCEs are promising because they undergo 
a mechanotropic transition between the isotropic and nematic phase, coupling latent heat to 
mechanical stimulus. However, currently developed LCEs require a large strain (λ = 2) for a 
relatively small temperature change (ΔT = 3°C),4 which is attributed to phase transition broadening 
arising from internal stress fields5 and network heterogeneity6,7 created during crosslinking. To 
address this limitation, we aim to direct LCE network structure by two design tiers—precise 
oligomer synthesis and controlled crosslinking—and investigate the relationship between LCE 
network structure and elastocaloric performance. 

Recent Progress 

To overcome the inherent dispersity associated with conventional step-growth 
polymerization, we have leveraged an iterative exponential growth (IEG) strategy8,9 to synthesize 
monodisperse oligomers (Fig 1a). Our system relies on mesogenic units with orthogonally 
(de)protectable end groups and a selective copper-mediated alkyne-azide coupling mechanism. 
Additionally, this method grants sequence control, which we have demonstrated through sequence-
defined incorporation of two mesogens (one with a phenyl benzoate core, one modified with a 
methyl substituent). Through this strategy, we demonstrate the ability to obtain long LC oligomers 
of low dispersity, which is expected to diminish dispersity-driven heterogeneities in LCEs. 

Although oligomers containing the non-methylated core exhibit metastable nematic phases 
at high cooling rates,  crystalline order is thermodynamically preferred. Non-methylated 
homooligomers exhibit mesogen-mesogen packing with crystalline order, and their correlations 
on the oligomer lengthscale and hierarchical structures depend on mesogen number. Additionally, 
heterodimers of alternating sequence pack into nanocylinders which assemble into supramolecular 
chiral structures with distinct long-range order. 
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To overcome the limited nematic 
stability of these oligomers, we have observed 
long-lived nematic phases in the methylated 
homooligomers. Additionally, random 
copolymerization of the methylated mesogen 
with a flexible carbon spacer suppresses 
crystallization, compared to either the 
methylated homopolymer and a polymer 
incorporating the flexible spacer in a regular 
sequence (Fig 1b). Thus, we have demonstrated 
two strategies to enhance nematic stability, 
which we anticipate to persist after network 
formation. Toward LCEs based on this 
platform, we are developing the synthesis of 
tetrafunctional macromers from monodisperse 
oligomers with asymmetric end groups, using 
radical-mediated thiol-yne reactions and 
Sonogashira coupling. These macromers will be 
leveraged as the precursors to controlled LCE 
networks. These controlled networks will 
enable us to elucidate the relationship between 
network structure and phase transition 
broadening, allowing us to tailor LCE synthesis 
for improved elastocaloric performance.  

In addition, to design LCEs through 
controlled crosslinking, we have investigated 
conventional LCEs. To elucidate how 
crosslinker concentration (a defect to the 
nematic order) impacts mechanical crosslinking 
and the nematic-to-isotropic transition 
temperature (TNI) in conventional LCEs, we 
leveraged in situ UV-rheology to monitor 
network formation. As crosslinker 
concentration increases, the final storage 
modulus and TNI increase until the 
stoichiometric ratio, beyond which both 
decrease as chain extension becomes more 
prevalent and the crosslinker acts as a diluent 
(Fig 1c).  

 
Figure 1. a) Iterative exponential growth synthesis 
scheme. b) Polarized optical micrographs of 
crystalline methylated polymer and liquid crystalline 
random copolymer of methylated mesogen (blue 
unit) with flexible spacer (yellow unit). c) Change in 
TNI with TATATO crosslinker concentration in 
conventional LCEs. 
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Research Scope 

Clathrates are crystal structures that consist of nanometer-size polyhedral cages encapsulating 
guest atoms or molecules that are not directionally bonded to the framework. These materials have 
a high potential for energy storage and energy conversion technologies, including batteries and 
thermoelectrics. In years two and three of this project, the overarching goal has been to further the 
prediction, synthesis, and characterization of new unconventional inorganic clathrates, exploring 
the chemical space of transition-metal-stabilized III-V and II-VI clathrates, encapsulating alkali 
and alkaline-earth elements as guest ions. The discovery of new intermetallic clathrates relies on 
high-throughput screening by density functional theory and machine learning approaches, which 
guided synthesis with in situ X-ray diffraction characterization. The newly discovered materials 
undergo an extensive characterization of their electronic and thermal transport properties 
leveraging both experimental methods and DFT calculations.  

 Recent Progress  

 The principles of Zintl electron counting [1] and analogy to other recently discovered 
materials guided us to the discovery of two “hidden” pseudo clathrates (Ba2Zn5As6 and Ba2Zn5Sb6) 
that can be synthesized in a relatively narrow temperature range [2]. This discovery prompted us 
to explore more systematically the chemical space of intermetallics in search of new intercalation 
compounds. In this project, we have furthered the development of fast and accurate computational 
tools to perform such a systematic search of stable ternary and quaternary intercalation 
compounds. Even assuming a given crystal structure, e.g. type-I clathrate, and knowing that alkali 
or alkali-earth metals would be incorporated as guests, 
the chemical decoration of the clathrate framework is 
usually not known, and its determination is a large-size 
combinatorial problem that cannot be undertaken with 
brute-force DFT calculations. We have discovered that 
machine learning models based on graph neural 
networks, such as MEGNet and M3GNet [3,4], give the 
correct energy ordering for different chemical 
decorations of given compounds. Hence, we have 
integrated GNN models with a site permutation search with 
simulated annealing (SPS-SA) Monte Carlo algorithm that 
allows us to discover the optimal atomic decoration on 

Figure 1.  Application of the Site-
Permutation Switch with 
Simulated Annealing algorithm to 
the superstructural ordering of the 
Rb8Ga27Sb19 clathrate. 
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fixed crystalline geometries [5]. This algorithm successfully reproduces the observed 
superstructural ordering of A8T27Pn19 clathrates [6]. GNN with SPS-SA was applied to compute 
the energetic stability of chalcogenide clathrates stabilized by noble metals. The electron exact 
composition with alkaline (A) guests is A8M4xE25-5xCh21+x. The stability map (Figure 2) allowed us to 
identify potentially stable compositions, such as Cs8Ag8Hg15S23 for which synthesis was attempted. 
Synthesis resulted in the discovery of new compounds with a close to predicted type-I clathrate 
composition CsAgHg3S4 ≈ Cs6Ag6Hg18S24 (Figure 2 right). As opposed to clathrates, where guests 
are encapsulated in cages, the covalent framework is rearranged such that large 1D channels are 
filled with Cs atoms.  

Based on these predictions, we have also synthesized three polyanionic tellurides, ABa6Cu31Te22 
(A = K, Rb, Cs). These are almost charge-balanced compounds that crystallize in a complex 
structure with a large unit cell (5500 A3) and extremely low thermal conductivity. These crystals 
exhibit partial occupancy Cu sites, which can be accounted for in atomistic models by introducing 
vacancies with the SPS-SA algorithm. We performed a theoretical electronic structure 
characterization of this system and a full thermoelectric investigation. The ultralow thermal 
conductivity of RbBa6Cu31Te22 (k<0.7 Wm-1K-1) across the whole temperature range from 0 to 
600 K and favorable electronic properties make these materials very promising thermoelectrics, 
with an intrinsic 𝑧𝑧𝑧𝑧~0.2  that 
may be improved by doping or 
defect engineering. 

Finally, we have studied the 
ordered and disordered phases 
of Ba8Cu16As30. In situ 
temperature-dependent powder 
X-ray diffraction experiments 
guided synthetic efforts toward 
the synthesis of the ordered 
monoclinic and disordered 
cubic polymorphs with high 
phase purity.  Combined 
theoretical predictions and 
experimental observations of both polymorphs reveal that ordering simultaneously enhances the 
Seebeck coefficient and electronic conductivity by increasing the hole effective mass and reducing 
scattering, overall enhancing the 𝑧𝑧𝑧𝑧 of the ordered phase.  

Figure 2.  Stability map of the A8M4xE25-5xCh21+x family of 
chalcogenide clathrates (left), predicted clathrate composition, 
synthesized sodalite-like crystal with a similar stoichiometry.  
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Molecular Mo Sulfide Clusters for H2-Evolution: Surface Immobilization and Water 
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Research Scope 

The primary thrust in this research project is the establishment of composition-H2 evolving 
activity correlations in well-defined, atomically precise [M3X7L3]+ clusters (X = chalcogen, L = 
monoanionic ligand), which serve as models for the metal dichalcogenide (MX2) class of 
heterogeneous H2-evolving catalysts.1-5 Related objectives include i) a computational elucidation 
of the probable mechanistic pathway for H2-evolution by [M3X4L3]+ clusters; ii) the isolation and 
characterization of species that are relevant as intermediates in the course of H2 catalysis; iii) the 
establishment of key electrochemical parameters (e.g., overpotential) in electrocatalytic H2-
evolution by [M3X4L3]+ clusters; iv) the development of phosphate-substituted dithiocarbamate 
ligands for H2O-solubilization of the cluster catalysts and for immobilization onto metal oxides. 

Recent Progress  

We have synthesized the 
suite of triangular cations 
depicted in Scheme 1 ([3a]+, 
[4a]+, [5a]+, [5b]+, [3c]+, 
[4c]+, [5c]+, [6]+) by 
applying and extending 
known protocols6-8 and have 
thoroughly characterized 
them spectroscopically 
(NMR, UV-vis, Raman, 
MS), analytically, and 
structurally by X-ray 
crystallography. Under a 
common photolysis procedure and with a common I‒ counteranion, we find overall H2 turnover 
numbers rank as [3a]+ > [4a]+ ≈ [6]+ > [5a]+ ≈ [5b]+ ≈ [3c]+ ≈ [4c]+ > [5c]+. The most important 
aspect of composition is the [Mo3S7]4+ core, which, at parity of supporting ligand, is appreciably 
more active than the corresponding compound with [Mo3Se7]4+. With the same inorganic 
[M3X7]4+ core, clusters having the iBu2NCS21‒ supporting ligand are more active for H2 evolution 
than complexes with the iBu2PS21‒ ligand. At parity of chalcogen core composition and 
supporting ligand, the Mo3 cluster is more active than the W3 cluster. Additionally, counteranion 
identity plays an unanticipated role, with [3a]Cl > [3a]I. This observation is attributed to an 

Scheme 1. Syntheses of cluster catalysts undertaken in this work. 
The supporting ligand is designated by the lowercase letter. 
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interfering effect of the I– with some of the e– transfer intermediaries in the course of 
photocatalysis. A report describing this work is in an advanced stage of writing.  

We have observed that clusters of the formulation [M3X4L3]+/[M3X4L4] are also active HER 
catalysts and that they demonstrate immediate activity in contrast to the brief but distinctive 
incubation period 
for [M3X7L3]+ 
clusters that 
implies they are 
precatalysts.9 We 
have begun to 
explore possible 
mechanism(s) for 
the HER catalysis 
by these [Mo3S4]4+ 
clusters 
computationally, 
and a draft 
mechanism based on these findings is shown in Scheme 2. As caveat, we have not, as of yet, 
located any transition states; consequently, these results are preliminary. Nevertheless, what is 
quite evident is that, following one electron reduction of the parent DMF adduct ((a) → (b)), 
protonation is projected to occur at a μ2-sulfide, not Mo. Further one electron reduction and 
protonation are only then expected to yield a Mo hydride. Proton migration across the face of the 
molecule, which appears energetically reasonable, would then presumably occur to give the cis-
Mo(H)(SH) arrangement necessary for H2 evolution (bottom left). Calculations are currently 
underway to examine other potential pathways and, of course, locate transition states for this 
putative mechanism. As part of the effort to characterize, where 
possible, the intermediates in the cycle, we have structurally 
characterized [nBu4N][Mo3S4(S2CNiBu2)4] ((b) in Scheme 2). 

Incorporation of a phosphate/phosphonate group into a ligand 
design is a strategy to improve H2O-solubility in a coordination 
complex. Toward that end, we have synthesized the new 
diethylphosphonate-substituted dithiocarbamate ligand illustrated 
in Figure 1 in its protected disulfide form. Installment of this ligand 
onto the [Mo3S7]4+ core results in a cluster that is freely H2O soluble 
and is, under the standard photolysis system that we’ve 
implemented, our most active H2-evolving system thus far with the 
M3 clusters. 

 

Scheme 2. A putative mechanism for catalyzed H2 by [Mo3S4]4+ clusters. 

Figure 1. Crystal structure image 
(50% ellipsoids) of a H2O-soluble 
dithiocarbamate ligand in its 
protected, disulfide form. 
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Design Exciton and Spin Functionalities in Halide Perovskite Epitaxial Heterostructures 
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Research Scope 

 Two-dimensional (2D) organic-inorganic halide perovskites have emerged as an exciting 
new class of optoelectronic materials, supporting strongly bound excitons with large oscillator 
strength.1-8 The large spin–orbit coupling endowed by the heavy elements such as Pb also leads to 
great potentials for future spintronic and spin-optoelectronic applications.9-13 These unique 
properties have inspired substantial research efforts in exploring exciton and spin properties in 
these materials in recent years. Their unique properties along with highly programmable structures 
make them great candidates for constructing heterostructures to control the dynamics and transport 
of both the charge and spin degrees of freedom. However, the current synthesis and 
characterization methods both lack the necessary precision for controlling the interfaces and 
interactions, hindering the realization of a “materials-by-design” approach for heterostructures 
based on 2D halide perovskites.  

To bridge this research gap, we plan to develop well-controlled and atomically precise 
halide perovskite epitaxial heterostructures as a material platform for long-range exciton and spin 
transport. We will design lateral and vertical heterostructures to form interfacial excitons with long 
lifetimes and many-body interactions favorable for long-range transport. Furthermore, lattice 
symmetry and interfacial strain will be tuned synthetically to suppress spin relaxation and to 
enhance spin transport. The active feedback between materials synthesis and ultrafast microscopy 
measurements will elucidate structure-property relationship to provide guidelines for designing 
perovskite heterostructures for optoelectronic and spintronic applications.  

 Recent Progress  

 Over the past year, we have carried out fundamental research on the synthesis and optical 
characterization of novel 2D halide perovskite and heterostructures.  

In one of our recent works, we discovered a templating method that enables the growth of 
2D perovskite nanowires and heterostructures that exhibit unique optical properties. While 2D 
perovskite has been widely studied, growth of 1D forms of these layered materials has been 
challenging. Notably, the structure of layered perovskites has inspired the use of bulky organic 
spacers with engineered intermolecular interactions. In this regard, we have found organic 
templating molecules that can break the in-plane symmetry of layered perovskites and induce 1D 
growth through secondary bonding interactions. Specifically, these molecules introduce in-plane 
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hydrogen bonding that is compatible with both 
the ionic nature and octahedron spacing of halide 
perovskites. Nanowires of layered perovskites 
could be readily assembled in solution facilitated 
by the formation of 1D H-bonded organic 
network. For example, we designed a molecular 
templating cation BrCA3 and grew nanowires of 
(BrCA3)2PbX4, where BrCA3 is 2-(2-bromo-5-
carboxyphenoxy)ethan-1-aminium and X is 
bromide or iodide (Fig. 1A). Interestingly, the 
carboxylic acid group of BrCA3 inhibited the 

growth of all crystal facets except [110], which led to one-directional growth of the two-
dimensional material. High quality nanowires and epitaxial heterostructures were successfully 
obtained (Fig. 1B and 1C). These nanowires with tailorable lengths and high-quality cavities 
provide an ideal platform to study anisotropic excitonic behaviors, light propagation, and lasing in 
layered perovskites. Our approach highlights the structural tunability of organic-inorganic hybrid 
semiconductors, which also brings unprecedented morphological control to layered materials. 
(Science 2024) 

In another work, we focused on vertical heterostructures of two thin 2D perovskites sheets 
and examined their twist-angle dependent excitonic properties. Moiré superlattices of 2D materials 
have recently emerged as a new platform for studying strongly correlated and topological quantum 
phenomena. 2D organic-inorganic halide perovskites with programmable structures and strongly 
bound excitons are excellent candidates for creating moiré structures featuring square lattices. 
Moiré flat bands have been predicted in twisted 2D perovskites; however, their experimental 
realization is absent owing to a variety of synthetic challenges. In our recent work, we overcome 
these obstacles via a new synthetic pathway and demonstrate moiré superlattices based on twisted 
ultra-thin ligand-free 2D hybrid perovskites. Moiré superlattices are clearly visualized through 
high-resolution transmission electron microscopy (HRTEM) (Fig. 2a). Localization of excitons 
and charge carriers by the moiré potential near a twist angle of 9~11° is observed using both 
transient photoluminescence microscopy and electrical characterizations, which are excellent 
agreements with theoretical calculations (Fig. 
2b). Different from previously reported twisted 
bilayers, moiré interactions in halide 
perovskites are long-range (beyond unit-cell-
thick sheets), which is likely a result of the 
strong ionic interactions. Our findings provide a 
new tunable family of 2D ionic semiconducting 
materials for exploring moiré flat bands at room 
temperature. (Nature Materials 2024) 

Fig. 2. (a) High-resolution TEM image of twisted ligand-
free 2D perovskite bilayers. (b) Illustration of localized 
moiré excitons in a 9° twisted bilayer heterostructure. 

Fig. 1. Molecular templating of 2D perovskite 
nanowire. (A) Molecular structure of BrCA3. (B) 
(BrCA3)2PbBr4 nanowire and (C) (BrCA3)2PbBr4 - 
(BrCA3)2PbI4 heterostructures. Scale bars are 2 µm. 
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Direct Observation of Small Molecules in Smart and Programmable Sponges 
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In this talk, we will explore the fascinating world of metal–organic frameworks (MOFs). MOFs are a class 
of porous, crystalline materials consisting of metal-based nodes and organic ligands. These components 
self-assemble into multi-dimensional lattices, distinguishing MOFs from conventional porous materials 
such as zeolites and activated carbon. The versatility of MOFs stems from the diverse array of molecular 
building blocks that can be used, allowing for a wide range of properties and applications. Our research has 
provided a comprehensive understanding of how the physical architecture and chemical properties of MOFs 
influence their performance in various applications, including storage and separations. One of our recent 
achievements includes the synthesis of the largest SIFSIX-3-Ni single crystals ever grown. This 
breakthrough has enabled us to conduct single-crystal X-ray diffraction analyses, allowing for the direct 
observation of H2O and CO2 dynamics during adsorption and desorption processes. Additionally, we have 
utilized in situ X-ray scattering methods to uncover long-range and local structural transformations 
associated with CO2 adsorption within the framework pores. Our findings reveal a temperature-dependent 
desorption mechanism, further enhancing our understanding of MOF behavior under different conditions. 
These insights are crucial for the development of smart and programmable sponges, paving the way for 
advanced material performance in real-world applications. 
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Research Scope 
 The research scope centers on developing innovative synthetic and structural concepts and 
paradigms to create advanced crystalline-porous-materials’ platforms. Strong efforts are devoted 
to synthesizing new materials with functional architectural design and chemical features. Such 
materials possess multi-modular framework and exceptional tolerance towards isoreticular 
modular replacement, making precise control of materials’ properties possible.1,2 The synthesized 
materials have well-defined pore size and geometry that can be tuned in a large range in both small 
(picometer-level) and large (angstrom-level) increments to target different applications. In addition 
to serving as adsorbents for gas and energy storage (e.g., C2H2),3 they can improve energy 
efficiency in large-scale industrial processes such as hydrocarbon purification and separation (e.g., 
C2H2/CO2, C2H4/C2H6).4 Other applications include carbon capture. The project employs 
innovative synthetic materials-design methods. It combines chemical and solvothermal synthesis, 
crystal growth and crystal structure analysis, with various property (e.g., thermal and chemical 
stability) studies. Sorption properties of various gases by these new materials are systematically 
evaluated to establish composition-structure-property correlations that are used to refine synthetic 
strategy to optimize porous materials for energy-related applications.   
 
Recent Progress  
 Multiple significant progresses have been made. Nine manuscripts have been published in 
the past two years and one is in revision. The following is a brief summary of key achievements 
during this period. 
• Simultaneous Control of Flexibility and Rigidity in Metal–Organic Frameworks 
 Flexi-MOFs are typically limited to low-connected (<9) frameworks. In this work, we have 
developed a platform-wide approach capable of creating a family of high-connected materials 
(collectively called CPM-220) that integrate exceptional framework flexibility with high rigidity. 
We show that the multi-module nature of the pore-space-partitioned pacs (partitioned acs net) 
platform allows us to introduce flexibility as well as to simultaneously impose high rigidity in a 
tunable module-specific fashion. The intermodular synergy has remarkable macro-morphological 
and sub-nanometer structural impacts. CPM-220 sets multiple precedents and benchmarks on the 
pacs platform in both structural and sorption properties. They possess exceptionally high 
benzene/cyclohexane selectivity, unusual C3H6 and C3H8 isotherms, and promising separation 
performance for small gas molecules such as C2H2/CO2. 
• Pore-Space-Partitioned Metal-Organic Frameworks with Isoreticular Cluster Concept 
 Trigonal planar M3(O/OH) trimers are among the most important clusters in inorganic 
chemistry and are the foundational features of multiple high-impact MOF platforms. In this work, 
we introduce a concept called isoreticular cluster series and demonstrate that M3(O/OH), as the 
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first member of a supertrimer series, can be combined with a higher hierarchical member (double-
deck trimer here) to advance isoreticular chemistry. In this work, an isoreticular series of pore-
space-partitioned MOFs called M3M6 pacs made from co-assembly between M3 single-deck trimer 
and M3x2 double-deck trimer have been synthesized. The new pacs materials exhibit high surface 
area and high uptake capacity for CO2 and small hydrocarbons, as well as selective 
adsorption properties relevant to separation of industrially important mixtures such as C2H2/CO2 
and C2H2/C2H4.   
• Integrative Extreme Pore Tightening and Ultrafine Pore Tuning for Dramatic 
Amplification of Gas Selectivity in Pore-Space-Partitioned Metal-Organic Frameworks 
 Ultrafine tuning of MOF structures at sub-angstrom to picometer levels can dramatically 
improve separation selectivity for gas pairs with subtle differences. However, for MOFs with 
large-enough pore size, the effect from ultrafine tuning on sorption properties can be muted. In 
this work, we demonstrate an integrative strategy that couples together extreme pore compression 
with ultrafine pore tuning. Specifically, we use one module (L1) to shrink pore size to extreme 
minimum on the pacs platform while retaining porosity. This is followed by using another module 
(L2) for ultrafine pore turning. This integrative L1-L2 strategy leads to dramatically enhanced 
C2H2/CO2 selectivity from 2.6 to 20.8 and excellent experimental breakthrough performance.  
• Ultrastable Carboxyl-Functionalized Metal-Organic Frameworks for Gas Separation 

Isoreticular chemistry, which enables property optimization by changing compositions 
without changing topology, is a powerful synthetic strategy. One of the biggest challenges facing 
isoreticular chemistry is to extend it to ligands with strongly coordinating substituent groups such 
as unbound -COOH, because competitive interactions between such groups and metal ions can 
derail isoreticular chemistry. In this work, with simultaneous introduction of carboxyl 
functionalization and pore space partition, we have developed a family of carboxyl-functionalized 
materials in diverse compositions from homometallic Cr3+ and Ni2+ to heterometallic Co2+/V3+, 
Ni2+/V3+, Co2+/In3+, Co2+/Ni2+. Cr-MOF remains highly crystalline in boiling water. 
Unprecedentedly, Cr-MOF can withstand the treatment cycle with 10 M NaOH and 12 M HCl, 
allowing reversible inter-conversion between unbound -COOH acid form and -COO- base form. 
These materials exhibit excellent sorption properties such as very high uptake capacity for CO2 
(100.2 cm3/g at 1 bar and 298K) and small hydrocarbon gases (e.g., 142.1 cm3/g for C2H2, 110.5 
cm3/g for C2H4 at 1 bar and 298K), high benzene/cyclohexane selectivity (up to about 40), and 
promising separation performance for gas mixtures such as C2H2/CO2 and C2H2/C2H4. 
• Solvent-free Synthesis of Multi-Module Pore-Space-Partitioned Metal-Organic 
Frameworks for Gas Separation 
 The green syntheses using solvent-free methods are generally limited to simple chemical 
systems with just one inorganic module and one organic module. In this work, we have succeeded 
in developing a solvent-free method to synthesize complex metal-organic framework materials 
with multiple modules. Such multi-module materials are more amenable to compositional and 
geometrical tuning and thus offer more opportunities for property optimization. The synthesis only 
requires simple mixing of reactants and short reaction time. Highly porous and stable materials 
can be made without any energy-costing post-synthetic activation.  
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Research Scope 

 Intermetallic phases offer vast potential for the development of solid state materials, 
combining an ever expanding structural chemistry with a wide range of properties.  The realization 
of these opportunities, however, is limited by the difficulty of controlling their structures and 
evaluating structure-properties relationships.  An important clue to addressing this problem is the 
observation that many complex intermetallics are built from units of different parent structures 
(Figure 1).1-5 Such intergrowth of different parent phases is reminiscent of MAX phases, where 
the fusion of ceramic and metallic domains yields materials that combine the temperature- and 
corrosion-resistance of the former materials type with the machinability of the latter.6  In this 
project, we are combining experiment and theory 
in the development of principles for creating a 
wider family of intermetallic materials built from 
units or modules of parent phases, which might 
bring different functionalities. Toward this end, 
our objectives are to (1) devise and validate a 
theory of modular intermetallic chemistry for 
assessing the compatibility of intermetallic 
structures toward intergrowth with each other and 
the preferred orientations of their domain 
interfaces; (2) synthetically realize 
unprecedented families of modular 
intermetallics, following the predictions of and 
providing feedback to this theoretical framework; 
and (3) evaluate the structure-properties 
relationships and the potential for new 
functionality arising from modularity of the new 
compounds obtained. 

  

 

 

Figure 1. Structures in the Ca-Cu-Cd system, 
illustrating the construction of complex ternary 
arrangements from units of simpler ones.     



 
 

105 
 

Recent Progress  

 A key advance has been our development of the interface nucleus approach to 
understanding and anticipating the stability and preferred domain interface orientations in 
intermetallic intergrowth structures. Drawing on several examples, we noted that parent structure 
units in complex structure can be linked through a shared collection of atoms, which can be 
considered as a continuation of 
either parent.  This shared motif is 
viewed conceptually as a nucleus 
for the formation of the interface 
between the two domains.  Through 
a series of DFT-Chemical Pressure 
(CP) analyses, we demonstrated 
that favorable intergrowths arise 
when the interface nuclei in the two 
parents experience complementary 
CPs (strong with weak, or positive 
with negative) at corresponding 
points (Figure 2).7  In addition, 
interfaces between the domains 
tend to be oriented such that the 
interface normal is aligned with the 
vectors of strongest CP 
complementarity in the interface 
nuclei.   

 These interface nucleus principles are realized in a series of three new Y-Ag-Zn 
compounds we synthesized:  YAg2.79Zn2.80, YAg2.44Zn3.17, and YAg2.71Zn2.71.8 In these structures, 
lamellar domains derived from the CaPd5+x type9 and Mg2Zn11 type10 alternate (Figure 2), joined 
by interface nuclei based on double hexagonal antiprisms familiar from the CaCu5 type.  The same 
interface nucleus also underlies a series of CaCu5-/Laves phase-type intergrowths,11 but with the 
interfaces running through the nucleus in a perpendicular direction.  These differences in the 
preferred intergrowth direction follow simply the directions of maximum CP complementarity.    

 Building on these observations, we developed a metric for interface nucleus 
complementarity (INC) that can be used for screening pairs of structures containing a common 
geometrical motif for their potential to form intergrowths.12  By applying this to a series of CP 
schemes for 15 structure types containing an interface nucleus derived from the σ-phase, we have 
found that the INC metric can be used in the design of new syntheses, and adapted to create an 
iterative process for materials discovery.  Our recent development of a Machine-Learned model 
for CP analysis will allow us to apply this approach on a much larger scale.    

Figure 2. The structure YAg2.44Zn3.17 as a lamellar 
intergrowth of two simpler types stabilized by chemical 
pressure (CP) compatibility at shared geometrical motifs at 
the interfaces. Color maps show the CPs acting between the 
interface nucleus units and their surroundings in the parent 
structures, with red corresponding to strong positive CP and 
blue to strong negative CP.  Reprinted with permission from 
Ref. 8.  Copyright 2024 American Chemical Society.        
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Research Scope 

 This research program aims to understand what design rules govern the phase behavior and 
properties of polymers with complex sequences and architectures, including multiblocks, 
miktoarm stars, and bottlebrush copolymers. Our approach leverages a combination of expertise 
in theory/simulation (Fredrickson) and synthetic polymer chemistry/characterization (Bates). 

 Recent Progress  

 Thermoplastic elastomers (TPEs) are arguably the most industrially successful type of 
block copolymer due to their robust mechanical properties and high elasticity. Over 2 million 
metric tons are produced annually to satisfy multi-billion-dollar market in applications as diverse 
as the automotive industry, coatings, medical devices, pressure sensitive adhesives, and asphalt 
modifiers [1,2]. The prototypical example is a linear ABA triblock copolymer with glassy A and 
rubbery B blocks at service temperatures. Chemical incompatibility drives microphase separation 
on the nanometer length scale into discrete hard domains with a bridging B matrix. To ensure 
elasticity, A blocks must remain discrete, which places an upper limit on their volume fraction fA 
≈ 0.3, beyond which a cylinder-to-gyroid transition renders the material plastic and not elastic.  
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In a recent study [3], we demonstrated that the mechanical properties of ABC triblock 
terpolymers improve molecular bridging and associated elasticity relative to symmetric ABA/CBC 
analogs having similar molecular weights and volume fractions of the B and A/C domains (Figure 
1). Up to 98% recovery over 10 cycles was achieved through essentially full chain bridging 
between discrete hard domains leading to the minimization of mechanically unproductive loops. 
In addition, the unique phase behavior of ABC triblocks also enables the fraction of hard-block 
domains to be higher (fhard = fA + fC ≈ 0.4) while maintaining elasticity, which is traditionally only 
possible with non-linear architectures or highly asymmetric ABA triblock copolymers. These 
advantages of ABC triblock terpolymers provide a tunable platform to create potentially useful 
materials that improve our fundamental understanding of chain conformation and structure–
property relationships in synthetically accessible block copolymers. 

Stabilizing cylindrical phases to higher fA has been shown to produce stiffer and tougher 
elastomers, which can be achieved using the miktoarm star architecture [4]. However, many 
aspects of the self-assembly behavior of miktoarm star polymers are still not well understood [5]. 
For example, in ABn miktoarm star polymers, conformational asymmetry can be achieved through 
either arm-number asymmetry (n > 1) or statistical segment length asymmetry (bA > bB), and it is 
still unclear how these distinct types of conformational asymmetry affect self-assembly when both 
are present. Studying this fundamental question remains technically challenging with traditional 
synthetic techniques that are time-consuming and laborious. In recent work [5], we used self-
consistent field theory (SCFT) simulations to gain insights into the role of conformational 
asymmetry on the equilibrium phase behavior of miktoarm star 
polymers. Our simulations reveal that the aforementioned two 
types of conformational asymmetry sometimes have opposing 
effects on the phase behavior of ABn miktoarm stars. 
Subsequently, guided by these SCFT simulations, we synthesized 
a library of LD3 and LD4 miktoarm stars consisting of poly(rac-
lactide) (L) and poly(dodecyl acrylate) (D) by leveraging the 
synthetically accessible µSTAR platform developed under DOE 
support. We were able to obtain well-ordered Frank–Kasper 
phases such as σ and A15 despite the presence of an inherent 
distribution in the number of D arms that arises from the µSTAR 
technique. Interestingly, we experimentally observed a stable 
A15 mesophase over a wide range of the volume fractions fL, 
which quantitatively agrees with the prediction from SCFT simulations that matched experiments. 
These findings deepen our understanding of the self-assembly of miktoarm star polymers. 

Another polymeric architecture known as bottlebrush copolymers [6] is an intriguing class 
of materials that may behave similarly to miktoarm star polymers in many aspects related to 

Figure 1: ABC triblock 
copolymers have improved 
bridging, reminiscent of 
miktoarm star polymers, 
compared to traditional ABA 
systems. 
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conformational asymmetry but with an easier synthetic strategy. In 
recent work [7], we used a combination of SCFT simulations and 
experiments to systematically investigate the self-assembly behavior of 
conformationally asymmetric A-stat-B statistical bottlebrushes with 
asymmetric statistical segment lengths bA > bB (Figure 2). In particular, 
our SCFT simulations predict the stabilization of the Frank–Kasper A15 
phase with A-rich spheres and B-rich matrix at higher fA compared to 
their linear counterparts at the same bA/bB, which is attributed to the 
additional conformational asymmetry from the bottlebrush 
architecture. Furthermore, as the statistical segment length asymmetry 
increases, order–order phase boundaries shift to larger values of fA. We 
find when A side chains with molecular weights roughly less than 1 
kg/mol are used, the experimental behavior matches the theoretically predicted equilibrium 
behavior well, and the Frank–Kasper A15 phase is stabilized in statistical bottlebrush systems. 
However, when the side chains possess high molecular weights, the complex sphere phases 
become kinetically inaccessible; nonetheless, a stable hexagonally-packed cylinder phase region 
is deflected to fA at least as large as 0.51 when long A and short B chains are used to enhance 
conformational asymmetry from asymmetric statistical segment lengths bA > bB. These results 
reveal unique structure–property relationships that emerge in bottlebrush copolymers, which are 
both synthetically accessible and potentially useful in a variety of contemporary applications. 
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Figure 2: Statistical 
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Permanent Magnets Featuring Heavy Main Group Elements for Magnetic Anisotropy 
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Research Scope 

Permanent magnets underpin a vast range of energy technologies, including wind turbines, electric 
vehicle motors, and regenerative brakes in hybrid 
vehicles. Improving the performance of the magnets 
within these applications will have a tremendous impact 
on energy efficiency, and will lead to the transformative 
advances that meet core DOE needs. To develop a 
fundamentally new class of permanent magnet while 
retaining the properties conferred by rare-earth 
elements, we propose combining the two components of 
a magnetic moment—spin and orbital angular 
momentum—from two separate elements that are 
intimately bonded, thus reconstituting these components 
in a single magnetic moment.  

 Recent Progress  

Characterization of two new permanent magnet 
candidates we created: FeBi2 and MnBi2 

Our discoveries in the Fe–Bi and Mn–Bi systems 
demonstrate the promise of this approach. At pressures of ~30 GPa—which is comparable to the 
pressure found at the core of Mars1—we synthesized the first iron–bismuth binary compound, 
FeBi2,19 which is a very promising candidate for displaying permanent magnetism. In a parallel 
direction, we built upon the promise of MnBi—which was for a brief period in the 1950s the most 
powerful magnet known1,2,3,4,5—by exploring the Mn–Bi system under high pressure. At pressures 
of ~8 GPa, we discovered MnBi2, a new intermetallic compound with the same crystal structure 
as FeBi2. Both compounds bear striking structural similarities to MnBi, exhibiting linear chains of 
transition metal atoms along the c-axis that are each surrounded by bismuth atoms in antiprism 
coordination environments (Figure 4). Theoretical studies carried out on MnBi2 by collaborators 
suggest that it possesses comparable magnetic moments and magnetocrystalline anisotropy to 
MnBi, greatly spurring our desire to experimentally characterize the magnetic properties of both 
FeBi2 and MnBi2.19,20  

 

Figure 1 | Plot of the maximum energy product, 
(BH)max, of various industrially relevant permanent 
magnet materials over the last century. Inset: 
relationship between the importance of selected 
elements to the clean energy initiative and their 
supply risk, highlighting the unfavorable dependence 
on Nd, Dy, taken from DOE Critical Materials 
Strategy.Error! Bookmark not defined.,Error! Bookmark not defined. 
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To elucidate the magnetic properties of these phases, we developed in situ approaches to magnetic 
characterization. In the first approach, we 
harnessed X-ray Magnetic Circular 
Dichroism (XMCD) which is a power 
spectroscopic technique which interrogates 
the magnetism of materials. An additional 
advantage of XMCD is its element specificity 
which eliminates the possibility of 
background signals contributing to the 
observed signal. Our data are necessarily from 
a ferromagnetic Bi material, which eliminates 
the potential for Mn-containing impurities. 
We detected ferromagnetic ordering at 9.4(5) 
GPa and 10 K (Figure 6). Upon switching 
from +6 T to 0 T in 1 T increments, the 
XMCD response did not significantly change, demonstrating MnBi2 exhibits a remnant 
magnetization nearly equal to magnetization at saturation. Further, the hysteretic signal persists to 
300 K. The aggregate of these data indicate MnBi2 is a room-temperature permanent magnet, 
matching theoretical predictions previously executed by the Rondinelli laboratory. One ancillary 
feature of executing the measurement by measuring the magnetization on the bismuth is we 
demonstrate that the bismuth is a component of the total magnetic moment thereby supporting our 
core hypothesis that the orbital moment of bismuth is contributing to the magnetic properties. 

FeBi2 can be interrogated using NV center magnetometry; data indicate it is a room temp magnet. 
We expanded upon our work with in situ measurements to interrogate the magnetism of FeBi2. We 
initiated our measurements of FeBi2 mindful of two distinct possibilities for its physical properties, 
the first, permanent magnetism: FeBi2 features our spin bearing center coupled to the heaviest 
element stable to radioactive decay, thereby suggesting strong potential for permanent magnetism. 
The second, superconductivity, FeBi2 features both a pnictide and iron, suggesting potential for it 
to fall within the alternately named, iron-based superconductors, or pnictide superconductors. 
Optically detected magnetic resonance spectroscopy (ODMR) revealed the magnetic dipoles of 
the FeBi2 in the sample, demonstrating that indeed it is a room temperature magnet. Variable 
temperature and variable field studies used to determine the figures of merit of the FeBi2 phase are 
ongoing. Further, we are currently synthesizing additional samples with larger domains of FeBi2 
which will enable higher precision measurements and enable the detection of the orientation of 
magnetic moment with respect to the crystallographic axes of the compound. 

 

 

 

Figure 2 | Field dependence of the integrated XMCD 
response of the L3 edge of MnBi2 at 9.4(5) GPa at 10 K, 
showing a magnetic hysteresis response with a coercivity of 
~1 T, suggesting MnBi2 is a permanent magnet.  
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Rational Design of Optoelectronic Materials 
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Research Scope: Doping is an attractive way to achieve desirable optical, electronic, spintronic, 
and magnetic properties in semiconductors.  In lead halide perovskites, various foreign metal ions, 
including mono, bi, and trivalent ions, have been introduced to improve their optoelectronic 
properties. [1–3] More specifically, the emission quantum yields and the stability of perovskites 
and their devices, such as LEDs and solar cells, have been dramatically improved by doping. [3–
6] In addition, doping with ferromagnetic ions such as Mn2+ and Ni2+ has led to exciting new 
applications in spintronic, nonlinear optics, and quantum information. [1,2] While it is apparent 
that the dopant ion can bring exceptional properties to perovskites, a fundamental understanding 
of their local environment, such as bonding inside the perovskite host and their coordination, is 
important. Seeking insights into these atomic-level details is not trivial due to the limitations of 
many traditional techniques. In addition, the dopant ions may be randomly distributed in the 
lattice.  Therefore, we proposed employing state-of-the-art X-ray absorption spectroscopy to 
probe the local environment of dopant ions.  XAS is element-specific, which can provide a complete 
picture of the oxidation state, coordination, and bonding environment of the element of interest. 
By linking this atom-level structural information to their property, we can establish a strong 
structure-property relationship.  
In this report, we demonstrate i) exciton diffusion in 2D Mn2+ doped PEA2PbBr6 perovskites. From 
the XRD analyses, we determined that Mn2+ ions are occupying an interstitial position, and the 
transport of excitations is significantly hampered by these dopant ions. ii) By altering the symmetry 
of Sb3+ doped double perovskite using a rigid A-site ion, we produced double perovskite crystals 
owing to the changes in the degeneracy of their Sb3+ excited states.  

Recent Progress  
Exciton diffusion in Mn2+ doped 2D PEA2PbBr6 perovskite crystals: In this project, the exciton 
diffusion in Mn2+ doped 2D PEA2PbBr6 perovskites was investigated by transient PL microscopy 
in collaboration with Prof. Ferry Prins at the University of Madrid. These Mn2+ doped 2D 
perovskites were synthesized using the acid precipitation method, and their crystal structure was 
analyzed using scXRD (Figure 1a) and powder XRD.  From the powder XRD analysis, we 
observed a shift in the characteristic diffraction peak to a lower angle with Mn2+ doping, which is 
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typically observed when 
the dopant ion resides in 
the interstitial position 
(Figure 1b). The 
preliminary EXAFS 
studies support this: the 
coordination around the 
Mn2+ is < 6, and if the Mn2+ 
substitutes Mn2+ sites, one 
would expect the 
coordination of 6 (Figure 
1c). Consequently, the 
exciton diffusion in 
perovskite hosts is 
significantly hampered by 
the Mn2+ doping (Figure 
1d&e). Most importantly, 
the results revealed that the 
distance traveled by the 
exciton to reach the Mn2+ 
states is larger than the estimated value from the actual Mn% obtained by ICP-MS. We attribute 
these to either the inhomogeneous distribution of Mn dopant ions or strong exciton-polaron 
interactions. These studies provided key insights into the exciton dynamics in doped perovskite 
lattices.    
 Effect of structural distortions on the emission characteristic of Sb3+ dopant ions in double 
perovskite hosts: Here, we have developed a highly distorted/asymmetric double perovskite 
system with a triclinic crystal structure in the ground state. We used this distorted system as a host 
and doped with luminescent Sb3+ ions to study the impact of ground state distortions on the excited 
state behavior of Sb3+ ions. Unlike symmetric structures, the distorted hosts can facilitate the 
formation of multiple self-trapped excitons (STEs) in the dopant ions. Consequently, they can alter 
the emission from the dopant ions. Supporting this hypothesis, we observed two distinct emission 
peaks from Sb3+ ions when doped in an asymmetric double perovskite host, whereas, in the 
symmetric lattice, it showed only one peak. This is attributed to the lifting of the degeneracy of A-
band emission owing to the formation of two isolated STEs in the excited state of Sb3+ ions. Such 
a phenomenon was never experimentally demonstrated by any other reports. Preliminary 
computational data also supports this hypothesis. In the excited state, Sb3+ ions showed more 
structural distortion with Sb-X bond elongation along the Z axis and contraction along the XY 
plane, supporting the experimental data. Overall, this work provides insights into how the optical 
properties of a dopant ion are dependent on the symmetry of the host lattice.   
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Figure 5 a) Crystal structure of 2D PEA2PbBr6, b) powder XRD pattern 
with and without Mn doping, and the enlarged region showing the peak 
shift, c) Mn k-edge EXAFS of doped perovskites plotted on R-space 
showing a decrease in the Mn2+coordination, d) diffusivities of excitonic 
emission (420 nm), showing a decrease in diffusivities with Mn2+ doping, 
and e) respective 2D plot of exciton diffusion with space, showing 
narrowing of the diffusion with an increase in Mn doping. 
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Research Scope 

MXenes are a family of two-dimensional transition metal carbides, nitrides, and carbonitrides 
defined by a chemical composition of Mn+1XnTx, that can include a variety of transition metals on 
the M-site, carbon, nitrogen and/or oxygen on the X-site, and surface functional groups denoted 
as Tx. This material family is remarkable for its compositional and structural versatility, as the 
number of layers (n) can range from 1 to 4, and in-plane and out-of-plane M-site ordering can be 
realized in multi-M MXenes.1-3 This research project focuses on obtaining new insights into 
fundamental electronic and magnetic properties of MXenes through control of the M and Tx 
compositions. Here, we aim to develop new synthetic strategies to realize delaminated MXenes 
with controllable and uniform surface terminations. Leveraging these and other synthetic 
approaches, we seek to realize MXenes with long-range magnetic ordering or enhanced magnetic 
responses. We are also investigating how different surface terminations impact intrinsic electronic 
transport through measurements on single-flake devices. 

Recent Progress  

Enhanced magnetic susceptibility in MXenes through dilute 
Co and Ni incorporation: We have developed an approach 
for increasing the magnetic response of Ti3C2Tx MXene 
through the incorporation of Ni and Co atoms.4 The synthesis 
of Co-Ti3C2Tx and Ni-Ti3C2Tx was carried out by mixing 
delaminated Ti3C2Tx aqueous dispersions with CoCl2 and 
NiCl2 salt solutions, respectively. The resultant materials 
show no signs of transition metal or chloride-based secondary 
phases for Co:Ti ratios up to 0.075:1, with nanofocused x-ray 
fluorescence (XRF) mapping confirming a uniform 
distribution of Co through the MXene flakes (Fig. 1). The 
room temperature magnetic susceptibility of the Co- and Ni-
incorporated Ti3C2Tx is enhanced compared to pristine 
Ti3C2Tx by factors of greater than 50 and 10 (Fig. 1). 
Additionally, the conductivity in Co-Ti3C2Tx and Ni-Ti3C2Tx 
remains metallic. We anticipate that this approach can be 
utilized for incorporation of other transition metal elements 
with magnetic activity, with implications for applications 
such as electromagnetic energy absorption. 

 
Fig. 1. (top) XRF results showing a 
uniform distribution of Co within a 
Ti3C2Tx flake. (bottom) Room 
temperature magnetometry results 
showing significantly enhanced 
susceptibility in Co-Ti3C2Tx and Ni-
Ti3C2Tx compared to Ti3C2Tx. Adapted 
from Ref. [4]. 
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Delamination of Ti3C2Cl2 synthesized using molten salt etching: Conventional synthesis routes for 
MXenes lead to mixed and inhomogeneous surface terminations as well as related chemistries, 

which present challenges for 
stabilizing magnetic order, 
enhancing electronic conductivity, 
and mitigating long-term material 
degradation. Lewis acid molten salt 
(LAMS) etching has emerged as an 
alternative synthesis approach that 
enables uniform halogen 
terminations.[5,6] We have 
overcome a significant obstacle to 
wider-utilization of the LAMS 
approach by developing a safe and 
straightforward method for 
delamination of LAMS-
synthesized MXenes using LiCl as 
the delaminating agent (Fig. 2). 
Ti3C2Cl2 films produced using our 
approach exhibit high electrical 
conductivity, are flexible, and are 
stable against degradation even 

when exposed to high humidity.[7] The expansion of this 
approach to other MXenes will dramatically increase the 
range and stability of MXene chemistries available for 
research and applications.     

Quantum transport phenomenon in Ti3C2Tx single flake 
measurements: We have used temperature- and magnetic 
field-dependent electronic transport measurements to 
confirm the presence of weak localization in metallic 
Ti3C2Tx single flakes. Weak localization emerges in metallic 
materials owing to quantum interference effects of 
backscattered electronic wavefunctions. We find that the 
negative magnetoresistance (MR) exhibits a field- and 
angle-dependence in agreement with weak localization (Fig. 
3), and that the MR magnitude correlates with the onset 
temperature for the resistance upturn, indicating the role of 
disorder and defects in magnetotransport. Analysis of the 
field-dependent MR enables us to extract values of phase 
coherence lengths. Our study conclusively demonstrates 
that metallic MXenes can exhibit quantum transport 
phenomena when probed in the single flake limit that 
enables intrinsic electronic behavior to dominate. 

 

 
Fig. 2. (a) Schematic of the delamination process. (b) Optical image 
of a delaminated Ti3C2Cl2 solution. (c) Transmission electron 
micrograph of single-layer Ti3C2Cl2 flakes. (d) In situ measurement 
of electronic resistance as a function of relative humidity. Adapted 
from Ref. [7]. 

 
Fig. 3. (top) Magnetoresistance 
measurements of a multilayer Ti3C2Tx 
single-flake device; (bottom) Angle-
dependent measurements from two 
different samples both showing behavior 
characteristic of weak localization. 
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Research Scope 

This project aims to uncover molecular design rules 
for block copolymer (BCP) assemblies of triply-
periodic network (TPN) phases. While they have 
been a target of “bottom up” approaches to 
nanostructured, hybrid materialsR1,R2, the ability to 
manipulate the tubular network morphology of TPN 
assemblies beyond the double-gyroid (DG) has 
advanced relatively little. This project seeks the 
fundamental knowledge needed for: i) tailorable 
molecular design that achieves non-canonical TPN 
symmetries; and ii) unprecedented control over the 
intra-unit cell morphology of TPN and local network 
node functionality. Collaborative efforts include 
advancing theory of molecule-to-TPN morphology 
map; novel characterization/metrology of sub-
domain morphology; and synthesis of precisely defined and labeled BCP for direct imaging of key 
nano-scale features. 

Recent Progress  

Visualizing and quantifying transformations between TPN crystal phases – Most soft matter 
systems are capable of exhibiting DG as well as double-diamond (DD) intercatenated network 
cubic network phases, but the specific transformation pathways between distinct crystalline 
mesostructures have remained obscureR3-R6. We used slice-and-view scanning-electron 
microscope (SVSEM)R7 tomography to directly image this transformation for an arrested system 
of polystyrene-b-polydimethylsiloxane (PS-PDMS) block copolymersP6. We observed, for the first 
time (Fig. 1), that this transformation remarkably maintains network connectivity and inter-
network cantenation across a finite width gradient zone . This provides the first spatially resolved 
view of the “reaction pathway” between the distinct trihedral “mesoatomic” nodal units of DGP1, 
fusing along two strut directions, to form tetrahedral mesoatoms of the DD. The observation of a 
multi-unit cell transition zone opens up important questions about how this size scale might be 

Fig. 1 – (A) Experimental reconstruction of 
DG to DD transformation in PS-PDMS 
diblocks. (B) Continuous pairwise fusion 
sequence of nodal “mesoatoms” . 
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tailored to even larger (~multi-micron) sizes, raising the possibility of novel classes of graded 
network nanomaterials. 

Thermodynamic landscape of continuous 
transitions between TPN crystals - Motivated 
to understand the observed continuous 
transformation pathway between DG and DD 
network crystals, we developed an extension 
of the medial strong-segregation theory 
(mSST)R8 that computes the free energy of 
BCP networks of essentially arbitrary 
arrangement of nodes and connected struts, 
which is not possible based on current self-
consistent field (SCF) methods. With this 
approach we computed the free energy 
landscapes that characterize the symmetry-
breaking transformation pathway between 
DG and DD, which combines a tetragonal 
strain with a non-affine node-fusion/fission 
along transverse directions and which models 
reaction pathways for the 2 DG → 1 DD mesoatoms observed experimentally. These free energy 
landscapes show that cubic DD is generically an unstable saddle-point that can transform (without 
barrier) to the lower free energy DG, a thermodynamic feature that has been so far invisible to 
prior mean-field studiesR9 of the cubic mean-field states alone. We test this strong segregation 
prediction with SCF-based  “computational rheology” studies of the extensional thermodynamics 
of cubic DD in neat diblock melts, showing DD to be unstable over nearly the entire equilibrium 
window of ordered phases. These results not only shed direct insight into the optimal pathways 
between the two canonical cubic network phases of block copolymers, but also imply that 
formation of widely reported metastable, kinetically-trapped DD states in diblocks requires 
stabilizing factors such blending with additional components or else epitaxially-stabilizing 
surfaces. 

Mapping medial chain packing in networks – Current efforts aim to experimentally map sub-
domain chain packing in DG and DD networks. Prior theory has pointed to a new motif, known as 
medial packingR8,P3,P4, that underlies the optimal entropy arrangements of brush-like domains in 
tubular networks, in which the high-free energy “hotspots” at the core of network domain take 
form of a twisted, web-like surfaceP3. To test this, we synthesized “host” polystyrene-b-polyl(2-
vinyl pyridine (PS-P2VP) diblocks (low SEM contrast) and molecular “tags”, long PS chains with 
short oligomeric PDMS (high SEM contrast). SCF predictions are used to guide synthetic design 
of labeled “tags” and ongoing experimental characterization of hotspot volumes by SVSEM . 
 

Fig. 2 – (A) Continuous tetragonal transformation 
of skelal graphs of cubic DG into cubic DD (B) and 
corresponding chain packing for medialSST model 
of free energy landscape (C) showing generic 
unstable mode of DD relative to DG.  
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Research Scope 

 As proposed, we study the connection between macromolecular chemistry and architecture, 
nanostructure assembly, small-molecule distributions in nanoscale domains, spatial distributions 
of chain/segment motion, and ultimate transport properties. Specifically, the current work relates 
primarily to “Aim 1: Elucidate the relationships between local segmental motion and ion 
mobility…”. We present experimental results on several polymer electrolyte systems and 
highlights of our semi-generic coarse-grained model, in which a few physically intuitive adjustable 
variables are used to capture key experimentally observed quantities, such as glass transition 
temperature (Tg) and cation transference number. 

Recent Progress  

 Poly(oligo-oxyethylene methyl ether methacrylate) (POEM)1,2 is a promising electrolyte 
in part due to its comb-like structure; its poly(ethylene oxide) (PEO) side chains complex with Li+ 
but do not crystallize easily like linear PEO. To better describe such an architecture, we created a 
semi-generic coarse-grained model based on Kremer-Grest model3,4 with angle bending potentials6 
and scaled interactions5 between polymer beads set to match the side chains to PEO and the 
backbone to poly(methyl methacrylate) (PMMA) in terms of their Kuhn lengths and densities, 
along with each homopolymer’s approximate Tg. 

 We also considered, both experimentally and computationally polymer-blend electrolytes, 
which consist of a single-ion-conducting polymer – poly [lithium sulfonyl(trifluoromethane 
sulfonyl)imide methacrylate] (PLiMTFSI) and an ion-conducting POEM. We investigated the 
impact of PLiMTFSI molecular weight (Mn) and ion concentration on the thermal and ion-
conduction behavior. Experimental characterization found that at temperatures well above Tg, ion 
transport could be effectively decoupled from polymer segmental relaxation to realize rapid and 
highly selective ion conduction. Specifically, Li+ conductivities approaching 1 × 10-2 S/cm at 
150 °C and Li+ transference number of ~0.9 were realized in this system. The blend is also 
electrochemically stable with a high limiting current density of 1.8 mA/cm2 at an electrolyte 
thickness of 0.05 cm. We attributed the decoupled ion transport to the packing frustration of the 
glassy PLiMTFSI – sufficient percolating free volume was generated to produce effective ion 
diffusion pathways. Additionally, this decoupling was tunable as the ion transport could be altered 
from being closely coupled to the polymer segmental dynamics (Vogel–Tammann–Fulcher-like) 
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to hopping (Arrhenius-like) by increasing the PLiMTFSI Mn and ion concentration. Simulations 
of these systems applying the updated model discussed below are ongoing. 

 

 Initial work with the updated simulation model considered salt-doped POEM and captured 
the impact of Mn and side chain length on Tg and reproduce the Tg trend for POEM with varying 
side chain length noted in prior experiments. Starting with linear polymers, we compared two 
strategies to parameterize bending potential to match the Kuhn length and density: adjusting the 
bond angle (q) at fixed bending strength (κ = 100) versus adjusting κ (using a much lower value) 
with a fixed bond angle setting of 180°. We found that Mn has a significant impact on Tg, 
corresponding to experimental observations, using the q-adjusted model but not the κ-adjusted 
model, as shown in Figure 1 (a). 

 We then simulated a comb system representing POEM with the q-adjusted model. The 
mapping to the Kuhn scale suggests a size difference such that 1 PMMA bead represents 2 repeat 
units to which 2 smaller PEO beads are attached. Thus, we further added angle potentials between 
the backbone and side chains, which ensures that each PEO is attached at a different point on the 
backbone. Figure 1(b) shows the impact of side chain length on Tg with different bending potential 
strength of MMA-MMA-EO (q0 = 90°) and EO-MMA-EO (q0 = 180°) angle, finding that we can 
reproduce the experimental trend.  

 We also studied the impact of ion-monomer interactions (including using an additional 
Lennard-Jones interaction strength between EO and Li along with a solvation potential, or 
applying Drude oscillators) on the Tg, domain sizes (for block polymer systems), cation 
transference number, and cation mobility distributions. 

 

 

Figure 1. (a) Tg as a function of molecular weight of PEO model with different angle potentials. (b) Tg 
of POEM as shown in (c), with respect to EO side chain length at different bending potential strengths 
for EO-MMA-EO and MMA-MMA-EO angles. (c) Snapshot showing a part of POEM chain. Red and 
blue beads represent PMMA and PEO respectively. 
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Research Scope 

Solid-state sodium-ion batteries (SSSBs) are a 
promising alternative to Li-ion batteries for their 
sustainability, low cost and improved safety, ideal 
for stationary and large-scale energy storage1. 
However, the solid-solid interface within a solid-
state battery poses challenges for 
commercialization.  Furthermore, loss of contact at 
electrode-electrolyte interfaces can drive 
heterogeneous current focusing inside the cell and 
accelerate failure. To overcome this challenge, a 
room-temperature liquid Na-K alloy (NaK) anode 
was proposed.2-4 The ability of a liquid electrode to 
flow helps maintain the electrolyte-anode contact, 
avoids mechanical stress buildup, and suppresses metal 
dendrite growth. However, when serving as the Na 
source for SSSBs, NaK liquid anodes are subject to 
interfacial liquid-solid phase separation, since interfacial 
Na ion flux can drive precipitation of Na (upon Na 
plating) or K metal (upon Na stripping). Such phase 
separation would result in either contact loss or blockage of Na ion pathways, limiting the actual capacity 
of NaK anodes5-6. Currently such interfacial degradation processes are not well-understood because 
characterization of solid-state batteries is extremely challenging due to air sensitivity and complex solid-
state battery configurations. The non-crystalline nature and high mobility of liquid Na-K alloy pose 
additional challenges for conventional characterization techniques.  

Recent Progress  

Over the last year we conducted electrochemistry, diffraction, and x-ray imaging experiments. To probe 
the interfacial stability of NaK liquid anodes upon electrochemical cycling, Na plating-stripping test with 
in-situ EIS was performed on symmetric cells with Na or NaK50@CC anodes (Figure 1). For the 
convenience of description, the discharge process was referred to as the Na plating process and the charging 
process was referred to as the Na stripping process, all relative to one side of the two anodes. The NASICON 
surfaces in contact with NaK liquid were all coated with PEO in this experiment. For this test, the total Na 
plating-stripping capacity was limited to 0.25 mAh/cm2 under a constant current density of 0.05 mA/cm2. 
According to the phase diagram, no bulk phase transformation is expected for the NaK50 anode at this 
capacity. In-situ EIS results for both cells were fitted with the equivalent circuit drawn as the insets of 
Figure 1b and 41, which attributed the major semicircle observed in the EIS of both cells to interfacial 

In-situ EIS test during Na plating-stripping on 
Na and NaK50 working electrodes. a Voltage 
profile of both cells. b In-situ EIS spectra and 
equivalent circuit for the NaK50 cell. c In-situ 
EIS spectra and equivalent circuit for the Na 
cell. d Interfacial resistance evolution as a 
function of capacity for both Na and NaK50 
cells.  
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charge transfer resistance. Over the whole Na plating-stripping process, both the Na and NaK50 anodes 
demonstrated slight increase in the interfacial resistance (Figure 1b and 1c), as quantified in Figure 1d 
based on the equivalent circuit. These results show that under small Na plating-stripping capacity, the 
NaK50 liquid alloy anode maintains the anode-electrolyte interface contact similarly well as Na metal. 

Liquid-solid phase separation in NaK liquid anodes upon electrochemical cycling can be directly 
characterized by non-destructive X-ray computed tomography imaging. In-situ XCT was performed on a 
symmetric NaK50/NASICON/NaK50 cell after Na plating/stripping with a special micro-cell was designed 
for this purpose. A sintered NASICON electrolyte with a 3 mm diameter was polished to ~ 200 µm thick, 
with NaK50@C paste applied on both sides as anodes. The cell was cycled to a stage where one anode is 
Na-stripped and the other is Na-plated then taken to the XCT microscope for 3D imaging. Based on the Na-
K phase diagram, NaK50 alloy is more prone to liquid-solid phase separation upon Na plating. Imaging 
shows that the Na-stripped NaK50 anode is more uniform compared to the Na-plated NaK50 anode side, 
where large areas with different imaging contrasts can be observed. Future experiments plan to examine 
the phase segregation with phase contrast x-ray computed tomography. 
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Research Scope 

 Redox flow batteries are a promising technology in the search to find efficient large-scale 
storage options for the electricity generated by intermittent renewable energy sources such as solar, 
wind, or hydropower. The battery consists of negative (i.e., anolyte) and positive (i.e., catholyte) 
electrolytes separated by an ionically conducting membrane. The charging/discharging efficiency 
and the amount of energy stored in a redox flow battery depends on the properties of the electrolytes. 
Wide-scale utilization of this technology has been limited by the availability and cost of electrolyte 
materials as well as loss of capacity over time, particularly those focused on metal-based redox 
species.1-3 Organic redox flow batteries are promising alternatives due to their high structural 
diversity and synthetic tunability.4-6 This project takes inspiration from Nature by utilizing fungal or 
plant perylenequinones (PQs) that can be biosynthesized via fermentation or in vitro cultures for 
energy storage research to improve the efficiency and storage capacity of redox flow batteries.  

Using the redox active PQs to create new electrolyte materials enables reactions with a higher number of 
electrons (i.e., higher charge) as anolyte, catholyte, or both in a symmetric flow battery. In addition to 
being more efficient, environmentally friendly, and sustainable, the same electrolyte material can be used 
in both positive and negative components of the battery avoiding cross-contamination and offering 
promising features such as low cost, an easy manufacturing process, greater stability, and simple 
recycling post-process which are attractive for the application of large-scale stationary energy storage. 
Pushing the boundaries of what can be accomplished with these Nature optimized molecules, their 
performance is determined in a membrane-
free setup with two immiscible redox 
electrolytes. This approach presents the 
first example of a true symmetric biphasic 
redox flow battery.  

 Recent Progress  

 Our initial studies have been 
focused on hypocrellin B (HB, Figure 1), 
due to its favorable electrochemical and 
chemical behavior as well as its stability 
and accessibility.7 We have investigated 

Figure 1.  (a) Schematic representation of a redox flow battery, 
(b) redox reactions of quinones in protic and aprotic solutions, 
and (c) examples of fungal PQs investigated in our project.  
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the electrochemical behavior of HB in both acetonitrile (MeCN) and 2-methyltetrahydrofuran (2-
MeTHF) along with the counterion dependencies in MeCN using two cations—tetrabutylammonium 
and lithium—and two anions—hexafluorophosphate and tetra(pentafluorophenyl)borate. Our findings 
indicate that while the type of anion has minimal influence on the electrochemical behavior of HB, the 
choice of cation notably affects its 2-electron reduction events. 

Our titration experiments demonstrated significant variations in the binding affinities of HB for cations 
such as lithium across different redox states, i.e., HB, HB•–, and HB2–. Additionally, our preliminary 
findings indicate that the electrochemical behavior 
of HB in the presence of Li+ is more stable on a 
platinum electrode surface as compared to a glassy 
carbon electrode. This stability may be attributed to 
the absence of π–π stacking and van der Waals 
interactions with the electrode surface. 

We also conducted galvanostatic cycling with 
potential limitation (GCPL) of HB in a zero-voltage 
symmetric H-cell, obtaining charge/discharge 
profiles, and performing UV-vis and 
electrochemical analyses of the electrolyte before 
and after cycling (Figure 2). The data confirmed the 
excellent stability and electrochemical reversibility 
of HB. Furthermore, we carried out galvanostatic 
full-cell cycling experiments pairing HB with 
ferrocene or another redox-active organic molecule 
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) 
diammonium salt; ABTS). We evaluated 
permeability through a Nafion 117 cation exchange 
membrane by monitoring UV-vis absorbance of 
crossed-over concentrations in both sides of H-cells 
over time. Our initial findings indicate that larger 
size and the negative sulfonate charge reduce 
crossover. Ferrocene exhibited the most significant 
crossover, whereas HB maintained the lowest crossover among the three redox-active compounds, 
potentially due to its larger size.  

With promising results obtained from the static cell cycling, we recently evaluated the HB performance 
in a zero- voltage symmetric flow cell condition. Throughout the cycling, the cell demonstrated an 
excellent coulombic efficiency and minimal capacity drop. These findings along with other related 
discoveries central to the overall performance of PQs will be presented. 

 

Figure 2. Galvanostatic cycling of 0.9 mM 
Hypocrellin B in acetonitrile with 200 mM of 
[(nBu4)N][PF6] in a symmetric H-Cell. Theoretical 
capacity is 0.69 C. (a) Charge discharge profile; 
(b) Capacity plot; (c) UV-vis spectra before and 
after cycling experiment; (d) CV curves before 
and after cycling experiment. (e) H-cell image 
containing single electron reduced form (blue) 
and neutral form (red) of hypocrellin B (HB, f). 
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Research Scope 

 Chalcogenide-based (aero)gel, also known as chalcogel, represents a distinct category of 
porous, nanoaggregated materials characterized by their highly disordered and amorphous 
structure.1 The predominant structural feature within chalcogel nanoparticles is the presence of a 
polysulfide backbone, which can mimic a sulfur equivalent electrode material for conversion-
based Li-ion sulfide batteries.2 This work explores the use of chalcogels in developing high-
energy-density materials for lithium-ion battery electrodes. We have pioneered a novel 
carbonaceous-metal sulfide gel, "chalcocarbogels," which shows exceptional specific capacity and 
cyclic stability in both Li-ion and Na-ion batteries.3 Our findings highlight the potential of 
chalcogenide-based gels in advancing energy storage technologies. 

Recent Progress  

 Sulfur-based electrodes offer a high theoretical capacity (~1672 mAh·g-1) but face practical 
challenges due to poor cycling stability, low electrical conductivity, and significant dissolution of 
lithium polysulfide intermediates during charge-discharge cycles.4 Recently, we investigated 
chalcogenide-based gels for use as sulfur conversion electrodes in lithium-ion batteries. 
Chalcogels are porous, semiconducting, nanoaggregated polysulfide-rich materials made from 
metal-chalcogenide clusters. The synergy of metal-ion-bound polysulfide chains and high-density 
porosity in these materials offers several advantages for lithium-ion batteries: improved energy 
density, ion diffusion, charge-discharge cycles, electrical conductivity, reduced polysulfide 
dissolution, minimal volume change, and ease of structural rearrangement during cycling. 
 
The prospects of chalcogels, as addressed above, inspired us to design and synthesize sulfur-rich 
chalcogels for use in electrode materials for lithium-sulfide batteries. To this end, we synthesized 
chalcogels in the Mo-S system with diverse compositions and molecular structures of metal sulfide 
anionic clusters, which we refer to Mo2S12, Mo3S13 (Fig. 1) and MoS9 chalcogels. Additionally, we 
incorporated diverse 3d transition metals cations into the Mo-S chalcogel matrix, resulting in 
MxMo2S12, and MxMo3S13. To gain structural insights, we analyzed them through electron 
microscopy and X-ray (including synchrotron X-ray PDF, XANES, and EXAFS) along with 
AIMD simulations. 
 
These chalcogels demonstrated impressive charge-discharge capacity and stability. For instance, 
Li/Mo3S13 half-cells initially delivered 1013 mAh·g-1 and stabilized at 312 mAh·g-1 at a C/3 rate 
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after 140 cycles, showing sustained performance (Fig. 1).5 Such high capacity and stability are 
attributed to the dense 
polysulfide and stable 
Mo-S coordination in 
Mo3S13 chalcogel 
Incorporating 3d 
transition metals 
significantly reduced 
capacity loss and 
improved cyclic 
stability. For example, 
the Mn-incorporated 
Mo3S13 gel showed an 
initial capacity of ~897 
mAh·g-1 and retained 
~571 mAh·g-1 after 100 
cycles for its Li/MnxMo3S13 cell. The higher stability can be attributed to the addition of extra 
metal ions, which help sulfur remain in the electrode through M-S covalent interactions and form 
a local structure with smaller chains of polysulfides. 

 
We also integrate 

graphene oxides into 
metal sulfides to 
synthesize amorphous 
chalcocarbogels, 
resulting in materials 
with remarkably high 
capacity and cyclic 
stability compared to 
pure chalcogels.  For example, Li/MoSx-GO shows an initial specific capacity of ~1215 mAh·g-1 
and maintains ~ ~700 mAhg-1,3 while Li/Fe0.5Mo3S13-GO starts at ~696 mAh·g-1 and remains 
between 300-500 mAh·g-1 after 700 cycles (Fig. 2). This improvement is likely due to the 
formation of C-S bonds, which mitigate sulfur dissolution and increase the conductivity of the 
chalcocarbogel. 

 
Overall, supported by this DOE EPSCoR grant, our research has uncovered new chemistry for 
lightweight, high-capacity, and stable lithium-ion battery electrodes. Future studies will focus on 
exploring their versatile compositions, understanding their local structure, and elucidating their 
charge-discharge properties and chemical reactivity during the electrochemical process.  

 

 
 
 
 

 
Fig. 1: Synthesis and characterization Mo3S13 chalcogels (A-D), and specific 
capacity vs cycle number for Li/Mo3S13 (E) and *Li/MnxMo3S13 cells (F). *Islam 
and Colleagues unpublished work, Jackson State University. 

 
Fig. 2. Specific capacity vs cycle number and EIS (B) of Li/FexMo3S13-GO cell 
(Islam and Colleagues Unpublished work, Jackson State University). 
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Research Scope 

The overarching goal of this project is to understand the structure, bulk phase behavior, and 
physical properties of a new family of polymers — polysulfamides and polysulfamates — with 
potential as chemically recyclable and high-performance materials. Our goal will be accomplished 
using synergistic experimental and computational approaches involving polymer synthesis, 
structure and thermal characterization, molecular modeling, simulations, and machine learning. 
This project leverages our recent advances in polymer synthesis and SuFEx click chemistry 
(Quentin Michaudel), our recent development and use of coarse-grained models for polymers 
exhibiting dominant H-bonding interaction (Arthi Jayaraman), and our expertise in solution and 
solid-state characterization of polymeric materials, including H-bonding systems (Ryan Hayward)  
to obtain a fundamental understanding on this new class of polymers that have the potential to 
serve as sustainable alternatives to analogous commodity polymers.  

The specific aims are: ► Specific Aim 1: To understand hydrogen-bonding driven structural 
ordering of polysulfamides as a function of the molecular structure of the repeat unit. ► Specific 
Aim 2: To develop machine learning models to automate the classification and interpretation of 
the structural characterization results. ► Specific Aim 3: To extend the fundamental studies of 
molecular interactions and chain structure, physical properties, and bulk phase behavior to 
polysulfamates. 

 Recent Progress  

 During this second reporting period the members of the three labs – Jayaraman (Delaware), 
Hayward (Colorado), and Michaudel (Texas A&M) met as one group once every 2 months 
(roughly) and continued the efforts on the synthesis (Michaudel), characterization (Hayward), and 
computational (Jayaraman) tasks listed in the proposal.  

In the Michaudel lab, Avinash Choudhury (2nd year grad. student) has synthesized a 
variety of polysulfamides (5) and N,N’-disubstituted sulfamides (35) to further elucidate the impact 
of the backbone/substituents on crystallinity. Polysulfamides and N,N’-disubstituted sulfamides 
are being thoroughly characterized using powder X-ray diffraction, as well as IR and NMR 
spectroscopies to generalize the trends reported in our previous joint publication with the 
Jayaraman group (Macromolecules 2023, 56, 5033). A collaboration has been initiated with Aaron 
Rossini (Iowa State University) to investigate the hydrogen bonding in these small and 
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macromolecules via 1H{14N} and 15N NMR experiments. 5 different samples have already been 
shipped. These tasks are along the lines of what was proposed for Specific Aim 1. The 
characterization data will be added to the existing training dataset being used for machine learning 
model development in the Jayaraman lab as proposed in Specific Aim 2. In parallel, Kate Doktor 
(5th year grad. student) and Srutashini Das (2nd year grad. student) have been developing methods 
to synthesize polysulfamates as proposed in Specific Aim 3. Two main strategies are being 
explored and conditions are currently being optimized to increase the molar masses of these 
polymers that have never been synthesized before. Thus far, 10 structurally different 
polysulfamates have been synthesized and characterized. The physical properties and recyclability 
profiles of these unknown polymers are currently analyzed.  

 For Specific Aim 1, Jay Shah (a 2nd year grad. student in Jayaraman lab) has been using 
atomistic modeling to improve the (older) coarse-grained (CG) model of polysulfamide developed 
by recent PhD graduate from Jayaraman lab – Zijie Wu (Macromolecules 2023, 56, 5033). Using 
the older and newly improved CG model Shah has also been studying how blending of two types 
of polysulfamides affect the extent of positional and orientational order in the assembled state; this 
tests the hypothesis that blending can be a way to tune the extent of semi-crystallinity. The 
preliminary blends results have been shared with team members in Michaudel lab  to guide their 
experiments under Specific Aim 1. 

 With regards to Specific Aim 2, in Hayward lab, Matthew Ticknor (5th year grad. student) 
has been generating input data sets for training and testing the machine learning model 
development described above using DSC, PLOM, and WAXS  for semi-crystalline polymers with 
systematically varying structures (e.g., degree of crystallinity). Since polysulfamides show 
complex behavior and have not previously been structurally characterized in detail, we have begun 
with poly(L-lactic acid) (PLLA) as a simpler and more well-studied model system to validate our 
methodology.  Lalit Nagidi and Jay Shah in Jayaraman lab have developed new machine learning 
(ML) workflows for a) calculating the percentage of crystallinity from Differential Scanning 
Calorimetry (DSC) curves, b) calculating area of image occupied by crystals in polarized optical 
microscopy (PLOM) images, c) calculating the percentage of crystallinity from Wide Angle X-ray 
Scattering (WAXS) curves, and d) generating WAXS curves from PLOM images. This 
collaborative work between is being prepared into a manuscript for submission by August 2024.  

Ongoing work in Hayward lab is focused on extending the above characterization 
techniques of PLLA to polysulfamides (Specific Aim 1) and polysulfamates (Specific Aim 3) 
being synthesized in Michaudel lab.  
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Research Scope 
The two fields of one-dimensional organic solid-state materials – molecular charge- transfer 
complexes and π-conjugated polymers – have progressed in separate parallel directions in the past 
several decades.1-8 Among the longstanding grand challenges of the former field is the design and 
realization of higher-dimensional organic charge-transfer complexes towards stabilization of the 
metallic state down to low temperatures against Peierls distortions and increase of the critical 
temperature for ambient-pressure superconductivity.2,3 Similarly, a central longstanding 
fundamental challenge in the latter field is the achievement of intrinsic metallic properties in π-
conjugated polymers without doping, and here too Peierls instability of one-dimensional materials 
is the fundamental barrier.6-8 The overall goal of this project is to enable the discovery of new two-
dimensional (2D) organic solid-state materials immune from Peierls instability, by exploring 
rational design and supramolecular synthesis of charge-transfer (CT) complexes composed of π-
conjugated polymer components and investigating the emergent functionalities and collective 
structural, electronic, and optoelectronic properties of the novel supramolecular materials. Beyond 
immunity from Peierls distortions, the proposed new supramolecular materials could eliminate the 
fundamental necessity for doping of π-conjugated polymers as a means of enhancing their 
electrical and optoelectronic properties and the efficiency of organic electronic and energy 
conversion devices. 

Among our approaches are: to design, synthesize and characterize new n-type π-conjugated 
polymers with high-electron affinity and tailored backbone topology suitable to explore the 
fundamental limits of electron-polaron delocalization, stability, and transport as well as the high-
EA components for exploring ground-state electron transfer between π-conjugated polymer 
components;9 and to combine field-effect and bulk charge transport measurements, optical 
spectroscopy, density functional theory (DFT) calculations, and thin-film microstructure 
characterization to quantify and understand effects of degree of polymerization (DP) and electron 
affinity on electron-polaron delocalization, stability, and transport in n-type π-conjugated 
polymers.  
Recent Progress 
Elucidation of Nature of Charge Carriers in n-Doped Conjugated Polymers and Discovery 
of Super-Nernstian Proton-Coupled Electron Transfer (PCET). Little is currently known and 
understood about the nature of charge carriers and the evolution of the electronic structure of n-
type conjugated polymers upon doping or injection of electrons. Questions such as, are bipolarons 
or polaron pairs the main charge carriers when the polymers are heavily doped, or what are the 
optical signatures of the different polaronic species in n-doped conjugated polymers, remain to be 
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explored. We have recently addressed these questions by using a multiredox π-conjugated 
polymer, BBL-P10 (Fig. 1a), a 
derivative of the widely studied n-
type conjugated polymer 

poly(benzimidazo-
benzophenanthroline) (BBL), as 
the model molecular system. We 
have used various in-operando 
characterization techniques to 
elucidate the evolution of charge 
carriers in electrochemically doped 
conjugated polymer, BBL-P, in 
aqueous electrolyte. We found that 
electron-polarons are the charge 

carriers delocalized over a pro-quinoidal backbone when the polymer is doped (i.e. reduced) to a 
low to intermediate doping level (0.1 – 1.0 eru, electron transferred per repeat unit). A higher 
doping level (1.3 eru) results in a mixture of polarons, polaron pairs, and bipolarons, all of which 
reside on a pro-benzoidal polymer structure. At a very high doping level (1.5 eru), only polaron 
pairs remained as the charge carriers.11 

We also found that the electrochemical response of BBL-P can be tuned by varying the pH 
of the electrolyte (Figs. 1b-1k). In particular, the number of observable quasi-reversible reduction 
waves increases from one to three as the pH of the electrolyte is lowered from pH > 3 to pH < 1. 
These results indicate that BBL-P can undergo multiple proton-coupled electron transfer (PCET) 
processes, each of which correspond to different molecular redox sites on the polymer backbone. 
Furthermore, we discovered that BBL-P exhibits a super-Nernstian PCET response, featuring 
two protons per electron transferred as evidenced by the large slopes (-100 to -120 mV/pH) in the 
Pourbaix diagram (Fig. 1l). We similarly found that the parent polymer BBL (Fig. 1a) can also 
exhibit super-Nernstian PCET behavior when electrochemically reduced in aqueous electrolyte, 
although only 1.5 protons per electron transferred is observed. Our further investigation showed 
that the observed super-Nernstian PCET response in BBL-P and BBL originates from their unique 
molecular structures, which feature a series of protonatable redox sites with a gradient of pKa 
values embedded directly in the π-conjugated polymer backbone.11 It is important to highlight that 
this work demonstrates for the first time that a super-Nernstian proton-coupled electron transfer 
behavior can be observed in all-organic materials. Proton-coupled electron transfer (PCET), in 
which a proton is also transferred for every electron transferred, is a fundamental process that lies 
at the heart of many physical and biological systems such as photosynthesis and respiration, DNA 
biosynthesis, enzyme operation, water splitting for fuel cells, nitrogen fixation, chemical-/bio-
sensors, electrochemical devices, etc.12-14  Super-Nernstian PCET response has only previously 
been observed in transition metal oxides and metalloproteins but not in any all-organic material.12 

 
 
 

 

 

 

Fig. 1. (a) Molecular structures of BBL and BBL-P; (b – k) pH-
dependent cyclic voltammograms of BBL-P in aqueous acidic 
electrolyte; and (l) Pourbaix diagram of BBL-P thin film. 
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Research Scope 

 The project aims to elucidate the electrochemical reaction mechanisms of an amorphous mixture 
of lithium salts and an electron source, serving as a cathode for Li-ion batteries (LIBs).1 We refer to such 
electrodes as lithium salt composite (LSC) cathode.2 Our collaborative research focuses on the 
electrochemical reactivity, the charge storage mechanism, and the ion transport properties of the LSC 
cathodes. The project investigates three families of electron sources: transition metal particles, nonmetals, 
and anions of lithium salts.1,3,4 In the fine mixtures of the electron source and lithium salts, the anodic 
charging of electrodes converts the electron source into a compound by incorporating the neighboring 
anions in the solid phase. The first hypothesis of this project is that in a fine mixture, the electron source is 
embedded in the matrix of lithium salts, where their oxidation is charge compensated solely by forming 
bonds with anions in the immediate vicinity. In other words, the fine mixture serves as a pseudocompound. 
In such a pseudocompound, there do not exist primary chemical bonds between the electron source and the 
lithium salts; however, the constituents of this mixture are spatially arranged in such a way that redox 
chemical reactions proceed within this mixture as if it is a homogeneous compound. Our initial results 
obtained in this project have supported this basic hypothesis, which unleashes a tremendous potential to 
discover a great number of new electrodes, considering the assistance the machine learning.5 The second 
hypothesis is that in the pseudocompounds, the disordered distribution of anions allows the enhanced 
diffusion of Li-ions and the agility of anions and even the ions formed by oxidizing the electron source. 
The lack of periodicity of anions distinguishes these composites from the disordered rock-salt electrodes, 
where the oxide anions are ordered.6 The ion agility facilitates the unprecedented utilization of the electron 
source, which is prohibitively difficult to achieve in crystalline compounds.2  

Recent Progress  

In this project, we provide new insights into the active roles of anions regarding the redox reactivity 
of amorphous solid-state materials. Our initial effort was devoted to the reactivity of iron metal  powder—
the most affordable cathode active mass, where we discovered that a solid solution of Li3PO4 and LiF 
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provides a unique anionic environment that induces greater redox reactivity of iron metal powder toward a 
three-electron transfer reaction.2 Under optimal conditions, the LSC electrode of Fe/Li3PO4/LiF exhibits a 
reversible capacity of 368 mAh/g and specific energy of 940 Wh/kg 
(FIG. 1), higher than layered oxide cathode materials.7 Our 
characterization and computation results suggest that not only Li-
ions but iron-ions, phosphate, and fluoride are mobile in the 
conversion reaction between iron and the iron-salt solid solution. 
The agility of all ions enhances the utilization of iron metal and the 
reversibility and reduces polarization.  

  What species can serve as the electron source of the LSC 
cathode? Can anions in the common lithium salts serve as electron 
sources? We hypothesize that a strong binding agent for anions and 
their oxidized species can facilitate reversible redox reactivity of 
anions. To test this hypothesis, we selected Cu2S as a binding agent, 
a naturally occurring conducting mineral. We discovered the 
reversible anionic redox reactivity of carbonate and sulfate ions in the composites of Cu2S/Li2CO3/Li2SO4.8 
Our results show that the interactions between Cu2S nanodomains 
and Li2CO3/Li2SO4 in the amorphous solid-solution matrix 
transform these common lithium salts into cathode active mass of 
LIBs. Spectral studies reveal the reversible valence state change of 
oxygen in carbonate and sulfate upon charging and discharging. The 
experimental and computation results suggest that Cu2S is not the 
primary electron source, but a binding agent to induce the reactivity 
of carbonate and sulfate and facilitate their reaction reversibility by 
preventing gas evolution. Interestingly, the anion solid solution of 
carbonate and sulfate demonstrates a synergistic effect, regarding 
nearly all aspects of electrochemical properties. Under optimal 
conditions, the ternary Cu2S/Li2CO3/Li2SO4 composite exhibits a 
specific capacity of 247 mAh/g, based on the mass of all materials 
in the Cu2S/salt composite, at a voltage of 3.0 V. Our results 
highlight the opportunities of leveraging anions as both charge carriers and redox centers in the next -
generation cathode materials in LIBs.  

There are outstanding questions related to the reactivity, conductivity, and reversibility of these 
lithium-salts-based composite materials. Albeit being composites, their amorphous structures allow them 
to behave more like homogenous compounds relishing properties that were not possible for crystalline 
compounds.  

 

 

 

 

FIG. 1. Charge-discharge 
profiles of the composite of 
Fe/Li3PO4/LiF at 30 mA/g and 
at 60 °C. 

FIG. 2. Initial charge-discharge 
profiles of the composite of 
Cu2S/Li2CO3/Li2SO4 at 30 mA/g. 
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Research Scope 

Synthesis, growth, and investigation of phase-separated donors and acceptors as charged 
sites in polarizable media.  Diblock polymer and molecular surfactants will be designed with 
segments interacting with electroactive molecule and polymer matrix moieties to promote 
dispersion of strongly crystallizable donors and acceptors and formation of nanoscale crystallites 
in polymer matrices.1 Strongly crystallizable donors and acceptors will be used to form crystallites 
in polymer matrices.2  Spectroscopic signatures of crystallite effects on surrounding polymer 
matrix material will be uncovered.  Composite morphologies will be determined by x-ray 
diffraction (XRD).   

Testing the hypothesis that charge storage in aggregates is stabilized by the combined 
contributions of intermolecular interactions and local polarizable surroundings.3  We 
hypothesize that charges in crystallites will be additionally stabilized by the surrounding 
polarizable segments4 separately from any contribution from mixing of frontier orbitals of multiple 
molecules, while a minimally polarizable matrix, e.g. styrene polymers, adds kinetic stabilization.   

Recent Progress  
We investigated composites of polystyrene (PS), poly(4-methylstyrene) (P4MS), and 

poly(4-tert-butylstyrene) (P4TBS) incorporating varying concentrations of the strong electron 
donor dibenzotetrathiafulvalene (DBTTF) (Figure 1) and the weaker donor 2,8-difluoro-5,11-bis 
(triethylsilylethynyl)anthradithiophene (diF-TES-ADT).  At appropriate concentrations, the 
molecules formed small, separated crystallites in the polymer matrices.  Films of these composites 

Figure 1. Materials used for memristor project, laser optical microscopy for P4TBS films with 5 wt% 
(left) and 10 wt% (right) DBTTF, XRD of DBTTF powder and 10 wt% composite, and representative 
memristor I-V traces for P4MS with 10wt% DBTTF OFET, and P4TBS with 10wt% DBTTF.  Ids was 
measured as Vds was scanned starting in increments of -1 V. 25 consecutive curves were measured 
following this protocol, with the red scan first, and no pauses between the acquisition of each curve. 
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were analyzed via laser optical microscopy, x-ray diffraction (XRD), scanning electron 
microscopy (SEM), and energy-dispersive x-ray spectroscopy (EDS) to confirm the presence and 
persistence of the small molecule crystallites.  Crystallite concentration and morphology was 
strongly matrix and molecule concentration dependent. The DBTTF crystallites increased the 
amount of charge stored in the films when they were used as pentacene-based organic field-effect 
transistor (OFET) dielectrics as evidenced by increased threshold voltage shift induced by static 
charging.5,6  Strikingly, a novel and reversible memristor effect7,8 was uncovered by repeatedly 
measuring currents versus source-drain voltages over a range that included positive drain voltages 
and static gate voltages in both accumulation and depletion, outside the normally scanned range 
for p-channel OFETs.  DBTTF greatly increased this effect and stabilized the devices against high 
gate voltages.  P4MS with 10wt% DBTTF OFETs showed a range in maximum current from 20 
nA to 44 µA. 

We also began an investigation of the effects of incorporating crystalline conjugated 
monomers in conjugated polymers where the repeat unit is the same as the monomer, focusing 
specifically on BTTT blended with its polymer PBTTT (Figure 2).  Transient absorbance 

spectroscopy showed 
that the magnitudes 
and lifetimes of 
excited-state features 
for the composite 
crystalline region, 
made apparent by a 
unique BTTT-induced 
XRD peak, were 
greater than those 
measured from the 
amorphous region of 
the same sample, 

reflecting 
modifications in 
polymer electronic 
interactions arising 

from small-molecule impacts on polymer crystalline domains.  Threshold voltage shifting from -
70 V static charging of a pentacene OFET with a styrene polymer trilayer and PBTTT/BTTT as 
the middle layer was increased when BTTT was included with the PBTTT, showing that the 
monomer had charge storage activity that was distinguishable from the polymer alone.  Plotting 
the threshold voltage shift from the static charging against log of BTTT concentration in the 
PBTTT showed close to a square root dependence, raising the interesting possibility that constant 
proportions of the BTTT either hold charge themselves or stabilize charge by serving as 
polarizable near-neighbors, analogous to the kinetics of a dimeric chemical reagent in equilibrium 
with a pair of monomers that act independently in subsequent chemical reactions. 
 

Figure 2. BTTT synthesis and PBTTT structure.  Transient absorbance spectroscopy of off- and on-
crystallite regions of a PBTTT-BTTT composite; color codes are picosecond delay times.  Unique 
XRD peak for a PBTTT-BTTT composite.  OFET multilayer structure and plot of threshold voltage 
shift vs log of % incorporation of BTTT in the PBTTT middle layer. 
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Research Scope 

 This proposal aims to introduce a chemical approach to design and develop kinetically 
trapped polyrotaxane materials with controlled nano-to-macroscale architectures and emergent 
properties. We plan to introduce a variety of stoppers and speed bumps to diverge the threading 
and translocation of CD rings, thus kinetically resolving meta-stable polypseudorotaxanes. 
Covalently crosslinking them will afford new polyrotaxane materials that possess enhanced 
mechanical robustness, as well as mechano-responsiveness. 

 Recent Progress  

 The research team has 
developed a new strategy to 
synthesize crystalline-domain-
reinforced pro-slide-ring 
crosslinkers, exploiting them for 
high throughput synthesis and 
identifying suitable hydrogels for 
direct-ink-writing 3D printing.1 

In this work, a pro-slide-
ring crosslinker formed by double-
threaded PEGs in γ-CDs (Figure), 
in which the γ-CD-included 
segments crystallized as micro-
crystalline domains at high 
concentrations. As such, the pro-
slide-ring crosslinker can react with 
various (meth)acrylate/acrylamide 
monomers for slide-ring network 
formation. More excitingly, its rapid 
gelation and excellent 
viscoelasticity enable high-
throughput synthesis and 3D 
printing. A spectrum of hydrogels 

Figure. Illustration of a crystalline-domain-reinforced double-
threaded slide-ring network that surpasses the elasticity-
toughness trade-off in conventional slide-ring gels. We 
employed 3D-printable modular crosslinkers that feature rigid 
crystalline domains and mobile γ-cyclodextrin slide-ring joints 
to create slide-ring hydrogels. The efficient, high-throughput 
production of these hydrogels, combined with machine 
learning-facilitated structure-property elucidation, has led to 
the identification of superior slide-ring gels suitable for 
3Dprinting and the fabrication of capacitive stress sensors.  
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with various elastic moduli, compressibility, and viscoelasticity were obtained through high-
throughput synthesis. We have identified a group of high elasticity and toughness hydrogels, 
breaking the elasticity-toughness trade-off in conventional slide-ring networks and facilitating 
additional 3D printability. The structure-property relationship of the hydrogels was clarified with 
machine-learning algorithms, providing insights into future material designs. We employed 3D 
printing to construct high-performance capacitive stress sensors, with a significantly enhanced 
sensitivity measured compared to the molded devices. 

To guide experimental exploration of the vast design space of poly(pseudo)rotaxane 
networks, we also developed a multi-scale computational framework to predict the assembly of 
cyclodextrin and polymer axles.2 Our approach employs free energy sampling and atomistic 
simulations to compute the free energy barrier for cyclodextrin threading across different 
functional moieties. Together with the predicted free energy landscapes, a lattice approximation 
for cyclodextrin and polymer diffusion in dilute solutions allows us to construct a kinetic Monte 
Carlo (kMC) model to predict the linear density and intra-chain distribution of cyclodextrin on 
polymer axles with functional moieties installed for tuning the threading kinetics. Because the 
distribution and linear density of cyclodextrin on polymer backbones affect the crystallization in 
poly(pseudo)rotaxane networks, our multi-scale approach lays the foundation for efficient 
predictions of the supramolecular structure of functionalized polyrotaxane.  

Extending the kinetically controlled method, we also developed mechanically robust 3D-
printed polyrotaxane hydrogels by integrating the dynamic covalent network with the 
noncovalently connected polypseudorotaxane network.5 Tensile tests showed that the 
ketoenamine-crosslinked polyrotaxane hydrogels could be stretched to 260% with Young's 
modulus of 214 kPa. When Förster resonance energy transfer pairs were introduced to the 
polyrotaxane network, the hydrogel showed strain-dependent emissions, revealing the micro-
environment changes. Furthermore, we developed a templated synthesis of urethane-crosslinked 
α-CDs with nanotubular structures and 3D-printed architectures, using tetraethoxysilane-based 
telechelic polyethylene glycol as the axle and α-CD as the ring.6 These crosslinked α-CD polymers 
selectively adsorbed lycopene from raw tomato juice and protected it from photo- or thermal 
oxidation.  
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Research Scope: Conversion reactions 
between metal-oxides, metal-hydroxides. 
and metals are a promising means of 
directly electrifying industrial production 
of zinc, iron,1 and other metals. These 
reactions are also proposed for low-cost 
energy storage, particularly for long 
duration (>20 hours), grid-scale batteries.2 This project seeks to understand atom-efficient conversion 
reactions between transition metals and transition metal oxides, with an emphasis on concentrated alkaline 
electrolytes used in commercialized batteries and electrowinning processes. Although the electrochemical 
reduction of iron oxides can in principle occur with a minimal quantity of dissolved products in alkaline 
electrolytes,3 identifying the dominant reduction pathway is made challenging by the complex chemical 
equilibria between solid and dissolved metal oxides and hydroxides and our limited understanding of the 
transport of water and ions in concentrated electrolytes and nanoconfined pores. Our goal is to resolve the 
mechanism of these multi-electron conversion reactions and uncover new design principles for economical, 
energy efficient, and emissions-free electrochemical devices. 

Our research efforts are focused on three key knowledge gaps: (1) We do not yet understand the material 
properties that limit the reaction rate for metal oxide particles reacting at an electrode surface. Aim 1 
investigates the ways that porosity and particle size limit reactivity and transport during metal-oxide to 
metal electrowinning. (2)  Our understanding of cation transport and speciation of dissolved transition 
metals is primarily based on characterization performed in bulk, dilute electrolytes; we do not sufficiently 
understand how solvation and reactivity changes in nanoconfined pores present in solids undergoing 
conversion reactions. Aim 2 is thus focused on developing new techniques capable of measuring the 
solvation environment of cations in alkaline, mesoporous metal oxides. (3) We have limited understanding 
of the reactive intermediates present during conversion of metal oxides/metals. Aim 3 seeks to identify the 
structure and composition of the microenvironment at a reacting metal/metal-oxide interfaces in 
concentrated alkaline electrolytes.  
 
Recent Progress: Aim 1) Our recent efforts have focused on monodisperse iron oxides with tunable 
particle diameter and porosity, prepared using sol-gel methods.4 With this system of particles, we have 

Figure 1 (a) Microscope image of Fe cross section (b) Focused 
ion beam cross section and SEM image of internal porosity of Fe 
film (c) Partial current towards Fe (JFe) vs electrode potential (E) 
for iron film reduction after 30 min in 10 M NaOH at 80 °C 
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identified the material properties controlling the reaction rate during the multi-electron reduction of 
insulating Fe2O3 to metallic Fe (Figure 1). We find that the rate of Fe growth is strongly dependent on the 
internal porosity of reactant Fe2O3 and that sufficiently porous particles support partial current densities 
towards Fe growth in excess of 500 mA cm-2—in the absence of forced convection within the cell (Figure 
1c). A differential half-cell reactor was used to measure growth kinetics as a function of electrode potential 
and electron probe microanalysis was used to resolve the partial current density towards Fe. The limiting 
current towards Fe formation is substantially diminished for highly crystalline Fe2O3 particles (Figure 2), 
which are prepared at a nearly identical distribution of hydrodynamic radii but afford a reduced internal 
surface area.  

These results indicate that the transport of solids through the 
hydrodynamic boundary layer supports current densities for Fe 
growth that are consistent with other forms of industrial 
electrolysis (e.g. alkaline water electrolysis) but the reactivity 
of the particles is controlled by either surface area or nanoscale 
transport of water and supporting ions.  

Aim 2: We have conducted detailed characterization of bulk 
brine dynamics and transport properties. Most recently, our 
efforts have focused on understanding NMR dynamics for ions 
solvated within zeolitic imidazolate frameworks with tunable 
pore sizes and mixed metal/metal-oxide films of varied 
porosity.5 Specifically, we used multinuclear NMR for both 
zinc triazolate and Zn/ZnO wetted pellets, measuring distinct 
dynamics for 7Li based on the solvation environment. This 
validates the general approach of using MOFs and ZIFs as 
tunable analogues to understand cation dynamics in realistic 
metal/metal oxide systems used for energy storage. 

Aim 3: We have combined in-situ Raman and rotating ring-
disk electrode characterization (Figure 3) in 10 M NaOH with ex-
situ TEM characterization of individual Fe2O3 nanoparticles to 
resolve the mechanism of direct oxide reduction in concentrated 
alkaline environments. We find that the reduction proceeds through 
an pseudomorphic reduction to solid ferrous phase,6 followed by 
dissolution and plating of Fe metal within the hydrodynamic 
boundary layer. In-situ Raman reveals the presence of both β-
FeOOH (-0.7 V) and Fe3O4 (-0.8 V) prior to FeO. Onset of dissolved 
Fe2+ is controlled by the morphology of the Fe2O3 particle and no 
significant Fe2+ escapes the boundary layer following the onset of Fe metal formation. A slower, apparent 
solid-state reduction of Fe2O3 is observed for crystalline particles (Figure 2d). This mechanistic 
understanding of Fe2O3 reactivity will support design rules for selecting ores for electrowinning and is of 
fundamental importance for understanding the scalability of electrified pathways for ironmaking.  
 
 

Figure 2 (a) SEM image of Fe2O3 particle 
prepared via sol-gel synthesis. (b) TEM 
image of Fe2O3 particle revealing primary 
particles ~20 nm in diameter. (c) SEM 
image of crystalline Fe2O3 particles (d) 
Elemental map of Fe and FeOx produced 
via electrochemical reduction of 
crystalline Fe2O3 particles on a Cu TEM grid 
in 10 M NaOH at 80 °C.  

Figure 3 Thin-film rotating ring-disk 
electrode measurement for 
measuring dissolved species. 
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Designing Chemical Disorder in Solid-State Superionic Conductors 

Jae Chul Kim, Department of Chemical Engineering & Materials Science, Stevens Institute 
of Technology 

Keywords: Solid electrolyte, Thiophosphates, Li conductors, Noncrystalline, Mechanochemical 

Research Scope 

 The objective of this project is to establish design principles and synthesis guidelines for 
noncrystalline solids that can expand the frontiers of materials chemistry for energy storage. 
Specifically, through the rational design approach we aim to develop thiophosphate-based 
noncrystalline lithium (Li) superionic conductors with high ionic conductivity and excellent 
electrochemical stability for all‐solid‐state battery applications. The uniqueness in our approach is 
to derive the noncrystalline materials from crystalline materials that have the same chemical 
composition. While the lack of structural descriptors makes it difficult to employ traditional 
materials chemistry in noncrystalline materials design,[1] we will test the hypothesis that 
physicochemical properties of crystalline materials (parents) can be inherited in noncrystalline 
materials (children) if chemical and structural disorder are systematically introduced by 
mechanochemical reactions. We will investigate how local configurations and compositions of 
noncrystalline frameworks (e.g., Li coordination, polyanion distribution, and short‐range order) 
dictate macroscopic Li conduction and electrochemical stability with reference to the crystalline 
phases. Our model system is Li3PS4 (LPS) that has multiple crystalline polymorphs with different 
conductivities and can be prepared as the noncrystalline.  

 Recent Progress  

 This is the second year of the five-year project. In the first year, we obtained two different 
polymorphs of LPS (i.e., β- and γ-LPS) as parent phases to produce amorphous LPS children 
mechanochemically. Amorphization of the two phases was partially achieved by planetary ball-
milling, as observed by x-ray diffraction (XRD) and transmission electron microscopy (TEM). In 
this year, we used planetary ball-milling more aggressively. While our initial goal of achieving 
complete amorphization of LPS was yet to be fulfilled, we uncovered an intriguing phenomenon: 
rather than the insufficient driving force for crystalline-to-noncrystalline phase transformations, 
fast recrystallization that can occur during high-energy ball-milling hinders achieving complete 
amorphization. In the process, we found complex interplays between phase stability, local 
structures, and Li transport properties of LPS manipulated by mechanochemical reactions. 

We produced three different LPS for each β- and γ phases: the crystalline, noncrystalline, 
and re-crystalline. The crystalline LPS parent phase was directly obtained by solid-state reactions, 
as previously reported.[2,3] The noncrystalline phases were derived by ball-milling the crystalline 
phases. Subsequent furnace heating after ball-milling led to the re-crystalline phases. We found 
that high-energy, planetary ball-milling was remarkably efficient to drive the crystalline-to-
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noncrystalline phase transformation. A brief mechanochemical activation resulted in significant 
amorphization for both β- and γ-LPS. It is very surprising to observe a substantial degree of 
amorphization after 1-min ball-milling for β-LPS and 10-min ball-milling for γ-LPS, while a small 
amount of crystalline LPS remains in each case. Obtained noncrystalline LPS children phases 
show higher Li conductivity than their parent phases. 

To track the phase ancestry, we heat-treated the noncrystalline children phases to partially 
recrystallize the parent phases. It should be pointed out that the crystallinity of LPS after 
recrystallization, as determined by the full-width-half-maximum of the XRD patterns, is lower 
than the that of the parent phases, suggesting imperfect periodicity and/or mechanical strain 
present in the re-crystalline phases. Li conductivity values of β-LPS are similar before and after 
recrystallization (1 X 10-4 S/cm) and in good agreement with literature.[4] In contrast, re-
crystalline γ-LPS shows substantially improved Li conductivity (4 X 10-4 S/cm), the largest value 
among the known γ-LPS, compared to its parent crystalline γ-LPS (3 X 10-6 S/cm).[4]  

Though not yet conclusive, we speculate that Li conductivity variation in the LPS family 
coincides with short- to mid-range atomic arrangements in LPS. We have adopted a mid-range 
peak area fraction index (MRI) to describe disorderness in a material using the results obtained by 
pair-distribution function (PDF) analysis.[5] This index is expressed by the fraction of the peak 
area within 10 Å over the entire peak area up to 30 Å and scales with the disorderness of the 
material. Figure 1 shows the correlation between the index and ionic conductivity of β- and γ-LPS 
families. The linear distribution of Li conductivity with respect to the mid-range peak area fraction 
index indicates their strong correlation. For re-crystalline γ-LPS, it is highly likely that short-range 
disorder has enabled high Li conductivity. We speculate that implemented short-range disorder 
can unblock Li conduction pathways that are originally 
forbidden in the crystalline parent phases,[4] thereby 
enhancing Li conductivity for the child phases. As the rate of 
recrystallization depends on nucleation and growth kinetics, 
short-range disorder can be systematically implemented by 
controlling recrystallization time and temperature. Our results 
in this project year propose an unconventional, yet 
fundamental relationship between local structure and Li 
conductivity, offering valuable insights into designing solid 
electrolytes for all-solid-state batteries. 

 

 

 

 

Figure 1. Li conductivity vs. MRI 
of LPS phases 
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Multilength-Scale Synthesis of Silicon Materials  

Rebekka S. Klausen, PI, Johns Hopkins University  

Keywords: polymers, silicon, optoelectronic materials, synthesis, catalysis 

Research Scope 

 This proposal describes the impact of atomic- and molecular-level control of skeletal isomerism 
and stereoisomerism on the bulk properties of hierarchical silicon- based materials. Inorganic 
semiconductors, such as those from Group IV or Group III-V of the periodic table, are tetrahedral. In 
contrast, organic semiconductors, both molecular and polymeric, are comprised of π-conjugated building 
blocks that are most commonly planar (1- or 2-D). Interest in non-planar conjugated (macro)molecular 
materials has grown in the last several years, including nanohoops, helicenes, and the PI’s research on 
conjugated polymers inspired by crystalline silicon. Recent advances from the PI’s group on controlling 
relative configuration in stereogenic at Si complex silanes, as well as elucidation of the consequences of 
skeletal isomerism, will now make possible the first studies of the effect of isomerism on materials 
properties. Stereochemistry (the arrangement of atoms in space) is a critical factor in the development of 
non-planar conjugated materials, especially Si-derived, both because of the 3-D structure of tetrahedral 
semiconductors and for the discovery of fundamental knowledge, as the mechanistic principles and 
synthetic methods underlying stereoselective organic synthesis do not translate to silicon. The 
OBJECTIVES of this proposal are to: 

(1) Based on the insight that skeletal connectivity controls conformation-dependent absorbance spectra, we 
will synthesize novel branched and networked (co)polymers to afford extended σ-conjugated pathways. 

(2) We will synthesize stereoregular hybrid σ,π-conjugated polymers via stereochemically- defined 
building blocks, providing the first study of the impact of stereoregularity on bulk properties, with a 
particular focus on semicrystallinity. 

(3) Based on design rules for chemoselective cyclosilane functionalization developed in earlier work, well-
defined silicon building blocks will be covalently elaborated to hierarchically structured materials.  

 Recent Progress  

 This proposal describes the impact of atomic- and molecular-level control of skeletal 
isomerism and stereoisomerism on the bulk properties of hierarchical silicon-based materials. We 
found that isomeric polymers with cyclosilane repeat units absorbed different wavelengths of light, 
arising from differences in main chain conformation.1 This insight led to the ability to tune the 
wavelength of light absorbed by statistical copolymerization of two monomers. We also found that 
reaction of isomeric cyclosilanes with thioethers afforded hybrid materials in which sulfur acted 
to couple sigma- and pi-conjugated fragments.2  

Recent advances3 from the PI’s group make possible the first studies of the effect of silicon-
centered stereoisomerism on materials properties. Stereochemistry (the arrangement of atoms in 
space) is a critical factor in the development of non-planar conjugated materials both because of 
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the 3-D structure of tetrahedral semiconductors and for the discovery of fundamental knowledge, 
as the design rules for stereoselective synthesis are distinct for Si vs C-based stereogenic centers, 
requiring new synthetic strategies.4,5 A lack of general synthetic strategies also means that there is 
little known about the relationship between macromolecular stereochemistry (tacticity) and 
properties in silicon-based materials. Ladder compounds are formed by the consecutive fusion of 
two or more rings. We have now achieved the synthesis of a three-membered ladder cyclosilane 
possessing 4 stereogenic-at-silicon centers, as confirmed by X-ray crystallography. This molecule 
is the most complex molecular silane yet synthesized, consisting of three fused rings, 4 stereogenic 
centers, and 14 connected Si atoms, synthesized with total atomic precision. An isomer has also 
been synthesized and characterized crystallographically.  

Postpolymerization functionalization is a key 
strategy in the diversification of polymeric 
materials for the conferral of tailored properties. 
Poly(cyclosilane)s have an all-silicon backbone 
and a periodic array of hydrido (Si–H) side chains 
potentially suitable for postpolymerization 
functionalization via hydrosilylation. At the same 
time, classical methods for hydrosilylation 

employing Pt- or Pd-based catalysts can result in Si–Si bond scission. We demonstrated borane-
catalyzed hydrosilylation reactions between α-olefins and small molecules and three skeletally 
isomeric poly(cyclosilane) architectures.6 Diastereomeric small molecules (cis or trans isomers) 
afforded the same products, consisting of a mixture of isomers, indicating that hydrosilylation was 
not stereospecific. We investigated chemoselectivity for end group versus internal Si–H groups 
and find that 29Si cross-polarization magic angle spinning (CPMAS) can provide insight on site-
selectivity in the functionalization of a complex poly(cyclosilane). We further showed that 
postpolymerization hydrosilylation, converting oxidatively sensitive Si–H groups to Si–alkyl 
chains, modulates solubility and physical characteristics, optical properties, pyrolytic reactivity, 
and air sensitivity. Attachment of long alkyl chains to the poly(cyclosilane)s resulted in a ca. 20-
nm red-shift in light absorption, without attaching any unsaturation or other chromophore. This 
was attributed to a change in poly(cyclosilane) conformation enhancing sigma-conjugation.  
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Figure 1. Controlling poly(cyclosilane) 
properties by hydrosilylation. 
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Crystal Growth and Quantum Phases of Frustrated Rare Earth Oxides 

Joseph W. Kolis, Department of Chemistry, Clemson University, 

Kate Ross, Department of Physics, Colorado State University 

Keywords: Quantum Materials, Hydrothermal, Single Crystals, Spin Ice 

Research Scope 

This project focuses on the exploration of potential quantum materials made of single crystals of three 
dimensional lattices containing lanthanide ions. Special emphasis is placed on pyrochlore and perovskites 
as they contain multiple axes of trigonal symmetry leading to possible frustration. Single crystals are often 
quite useful since higher structural resolution can be obtained and the crystals can be oriented in external 
magnetic fields. Pyrochlores A2B2O7 (A = lanthanide, B = magnetically silent tetravalent ion, Ti, Ge, Sn, 
Zr, Hf)) are our initial targets because they can act as nonclassical quantum materials like quantum spin 
ices and are 3-D test beds for quantum spin liquids.1 Unfortunately the lanthanide oxides are exceptionally 
refractory and usually require extremely high temperatures to grow single crystals. This commonly leads 
to lattice defects that jeopardize the measurement of quantum states.  Instead we use a unique high 
temperature hydrothermal technique developed in our labs. This leads to decently sized single crystals at 
relatively low temperatures (6-700˚C). It eliminates many of the lattice defects and opens the door to the 
preparation and characterization of quantum materials.2 The primary goal of this project is to test this 
hypothesis and use our technique to prepare samples suitable for measurements that could identify quantum 
behavior. It is our hope that this could open a whole new route to quantum materials. 

In addition to the pyrochlores, the perovskites and the double perovskites are also promising materials with 
potential frustration and quantum properties. In this work we will focus on two preliminary results. One is 
a completely unexpected outcome that stems from an attempt to form double perovskites. We were 
surprised to obtain large high quality single crystals of a broad but poorly studied class of minerals called 
adelites, with the formula AB(EO4)(OH) with quasi 1-D chains and an acentric space group. In our case we 
isolated LnTM(GeO4)(OH) where Ln = La – Sm and TM2+ = Mn, Co, Ni, Zn).3 This large matrix of 
possibilities provides with an excellent opportunity to study the coupling between d- and f-block magnetic 
ions in acentric frustrated systems.  We are also initiating study of the lanthanide ruthenates. This is in the 
very early stages and while starting to prepare ruthenium pyrochlores Ln2Ru2O7, we stumbled upon 
perovskites LnRuO3 (Ln = Pr, Nd, Sm) containing S = ½ Ru3+. Although the results are very preliminary 
they display some very interesting and exciting transport properties.  

Recent Progress 

The lanthanide pyrochlores contain a magnetically silent tetravalent ion at the B site. and we will focus on 
some results using Sn4+ as the B-site ion. Stannate is the only ion that can form stable cubic pyrochlore 
phases Ln2Sn2O7 for all the lanthanides. Ce2Sn2O7 is most challenging from a chemical viewpoint because 
of the tendency of Ce to oxidize and form a disordered fluorite phase. This is an exciting problem because 
the Ce3+ f1 state is predicted be a quantum spin liquid via dipole-octupole coupling.4 Previously reported 
material was prepared by high temperature methods and displayed considerable chemical instability, 
changing color and decomposing over time.5 With effort we were able to make stable crystals that remained 
intact indefinitely (Fig.a). Detailed neutron scattering experiments suggest strongly that the material is not 
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a D-O material but rather an ordered dipolar All-In-All-Out (AIAO) spin ice (Fig. b.).6 Diffuse scattering 
measurements at SNS and ultralow (20 mK) heat capacity measurements at Los Alamos are planned in the 
coming months to attempt to trap the quantum spin liquid.7 These experiments are led by our collaborator, 
Professor Bruce Gaulin at McMaster University. Since the Pr and Nd stannates are also predicted to display 
quantum spin behavior,8 possibly via D-O coupling, we grew single high quality single crystals of them for 
our collaborators at Oak Ridge (Aczel, Ortiz, Paddison and Calder). Early measurement results are very 
promising. For example preliminary INS of Nd2Sn2O7 does appear to display dipole octupole quantum spin 
ice behavior.  

The adelites LnTM (GeO4)(OH)  (Ln = La – Sm and TM2+ = Mn, Co, Ni, Zn) provide a very large matrix 
of spin states to enable the careful study of magnetic coupling in an anisotropic acentric system. We already 
have many crystals and these are under investigation to probe the coupling of d- and f-electron ions in quasi 
1-D environments. Our initial study of “simple” system of LaCo(GeO4)(OH) with no f-electrons, we 
observe at least three magnetic structures with magnetic frustration from intra and interchain coupling 
(Fig.c.).3 They show metamagnetic field dependence with cycloidal magnetic vectors and frustration caused 
by Dzyaloshinski-Moriya coupling. We will use neutron scattering to determine the magnetic structures 
while also systematically building in more magnetic complexity using other lanthanide and d-block ions. 

Finally, we will present some very preliminary results on lanthanide ruthenates with focus on the 
perovskites, especially PrRuO3 and NdRuO3. In both cases we can prepare small crystals that are fully 
ordered and stoichiometric. This is significant because Ru3+ is notoriously unstable in oxide environments. 
Early studies on powders display some very interesting behavior, including a ferromagnetic ordering 
transition at 150K and possible superconducting behavior around 15K.  

 a)        b)        c)  

 

Figure a) large single crystals of Ce2Sn2O7. b) The magnetic phase diagram of Ce2E2O7 with the stannate placed in 
the AIAO region. c) the structure of LaCo(GeO4)(OH) 
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Janus 2D Material Platform Enabled by Atomic-Layer Substitution 

Jing Kong, Massachusetts Institute of Technology 

Keywords: Janus monolayers, atomic-layer substitution, transition metal dichalcogenide 

Research Scope 

 This project aims at using the room-temperature (RT) atomic layer substitution (ALS) 
strategy developed in our previous DOE BES supported research to continue the development of 
a variety of revolutionary 2D Janus materials and structures that have never been obtained before. 
In addition, for the Janus materials/structures that have already been demonstrated by our group, 
there is a great need to characterize their properties and develop their applications. Our proposed 
research can be divided into three areas: (1) For the already developed Mo- and W- based, S- or 
Se- Janus structures, we plan to carry out in depth characterizations and further investigations on 
the conversion process, so that the reaction can be extended to Te- Janus and 1T’ Janus materials; 
(2) We plan to use our ALS method to develop a set of novel Janus structures based on new TMD 
host materials and study their interesting properties; (3) based on our current understanding on the 
ALS process, we propose to extend it to wider range of 2D materials, beyond TMD. 

Recent Progress  

 Under the support of this project, during the past year, we have made the following 
progress:  

1. During the past year, we have explored two different reaction pathways for the Janus 
conversion, this has led to the same Janus material but with opposite dipole orientations, and we 
have found the chalcogen type in the starting material has direct influence on the RT-ALS reaction 
energy barrier and the degree of Janus conversion (Fig. 1). We are currently writing the manuscript 
and plan to submit it in the near future. 

2. We have also worked with Prof. Ju Li (MIT)’s group and Prof. Aaron Lindenberg 
(Stanford)’s group on the characterization of non-linear optical properties of the Janus 1T’ MoSSe 
via high harmonic generation (HHG), THz emission and second harmonic generation 
measurements. It was found that indeed 1T’ MoSSe shows orders of magnitude enhancement in 
THz nonlinearities (e.g., it has > 50 times higher than 2H MoS2 for 18th order harmonic 
generation; and it shows > 20 times higher than 2H MoS2 for terahertz emission). These results 
confirmed our 2021 theoretical prediction and indicated the potential for the 1T’ Janus TMD in 
nonlinear optical applications such as scalable attosecond sources. These results confirmed our 
2021 theoretical prediction and indicated the potential for the 1T’ Janus TMD in nonlinear optical 
applications such as scalable attosecond sources. This work has been published at Nature 
Communications in 2023. 
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3. We have continued our collaborations with Prof. Shengxi Huang’s group on the 

characterizations of MoSSe/MoS2 heterobilayers, and also worked with Prof. Riichiro Saito in 
Tohuku University in Japan on the theoretical understandings on the nonlinear optical responses 
of these heterobilayers optimized by stacking order and strain. From the theoretical calculation, 
we found that the non-linear susceptibility, 𝜒𝜒2, of the AA stacking MoSSe/MoS2 is three times as 
large as AB stacking (AA: 550pm/V; AB: 170pm/V) due to the broken inversion symmetry in AA. 
Further, a relatively large, two-dimensional strain (0.04) that breaks C3v point group symmetry of 
the MoSSe/MoS2, enhances the 𝜒𝜒2 values for both AA (900pm/V) and AB (300pm/V) stacking 
by 1.6 times as large as that without strain. This work has been published in ACS Nano in 2023.  

4. We have been collaborating with Dr. Andrey Krayev in Horiba Scientific to characterize 
these Janus TMD with tip enhanced Raman spectroscopy. We have observed some interesting 
results, and have been trying to understand the phenomena.  

5. During the course of this project, Dr. Nannan Mao, Dr. Tianyi Zhang and Dr. Peng Wu 
(who have been partially supported by this project) have also carried out collaborations within our 
own group or outside our group, with several other publications. Even though these progresses are 
not directly using Janus materials, they are important progresses in the field acknowledging the 
support of this project.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Schematic illustration of the two conversion pathways leading to MoSSe or MoSeS. (b, c) 
Raman (b) and PL (c) spectra of the starting MoS2 monolayer and the resulting Janus MoSSe, and 
starting MoSe2 monolayer and the resulting MoSeS. (d, e) Optical microscope images of the starting 
MoS2 monolayer and the resulting Janus MoSSe, and starting MoSe2 monolayer and the resulting 
MoSeS. (f-h) Distant dependent Raman spectra for the two different paths (f & g) and the degree of 
conversion as a function of distant d, indicating location dependent conversion rate and a lower 
reaction barrier for conversion from MoSe2.  
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Research Scope 

During the implementation period of this project, we created the infrastructure required for 
synthesis and characterization of air sensitive compounds in the Department of Chemistry at 
NCA&T. In collaboration with Goddard’s research group at Caltech, we have been screening a 
number of phosphorus derivatives that could potentially bind CO2. We are also investigating other 
CO2 capture agents such as metal organic frameworks (MOFs) and activated carbons (1, 2). We 
are also investigating the fabrication of mixed matrix membranes by incorporating phosphine 
oxide and silica as fillers to separate CO2 gas from N2, and O2 gas mixtures (3). In parallel, we are 
exploring the effect of various catalysts on electrochemical CO2 reduction using an H-cell (4).  

Recent Progress 
Low pKa Borane Phosphines Capture Carbon Dioxide with Exceptional Strength: DFT 
Predictions Followed by Experimental Validation (Riasati, Musgrave, Yeboah, Prokofjevs, 
Goddard III). 
We report a combined computational-experimental study that discovers new anionic borane-
phosphines (BoPh) for the efficient capture of CO2. We used Quantum Mechanics (QM) to predict 
CO2 binding for BoPh’s with free energies of -12.8 to -24.0 kcal/mol at 300K followed by NMR 
experimental validation in d8-THF solution.  

 

 

 

 

 

 

CO2 Capture using Adsorbents (Mukherjee, Sarkar, Hassan, Kuila) 

We have synthesized amine incorporated hierarchical metal organic framework (MOF) MIL-
101(Cr)/SBA-15, meso/micro-porous composites, with tailored properties for CO2 capture. The 
optimized composite i.e., MIL-101(Cr)/SBA-15/PEI-25 showed improved pseudo-equilibrium 
adsorption capacity of 3.2 mmol/g at 303 K and 1 bar, compared to nascent SBA-15 (0.8 mmol/g) 
and the MOF, i.e., MIL-101(Cr) (1.3 mmol/g). Such adsorption performance can be attributed to 
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the basic sites of the impregnated polyethyleneimine (PEI), unsaturated Cr(III) metal sites, and the 
hierarchical pore structure of the composite which imparts chemical as well physical adsorption 
forces towards CO2 uptake. 

Electrochemical Reduction of CO2 to Value added Products Using a Cu-Pd Bimetallic 
Catalyst (Gupta, Mukherjee, Das, Goddard, Kuila) 

Reduction of CO2 at ambient temperature and pressure via electrochemical routes (eCO2RR) to 
obtain value-added products is a potential approach towards net zero emission. We report here 
experimental development of bimetallic Cu-Pd based catalysts for production of formate, 
methanol, and acetate via eCO2RR, followed by Quantum Mechanical calculations as a function 
of applied potential confirming the experiments.  

Phosphine Oxide-Based Polyimide Membranes for Separation of CO2/CH4 and CO2/N2 
(Chowdhury, Lou, Kuila, Mukherjee). 

We prepared mixed matrix membranes (MMMs) using different weight percentages of phosphine 
oxide-based polysulfone into the polyimide matrix to separate CO2 gas from N2, and CH4. Our 
preliminary results show that the incorporation of phosphine oxide-based polysulfone into the 
polyimide matrix improves the separation efficiency of CO2/CH4 and CO2/N2.  
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Research Scope 

 This project challenges two primary conventions in the field of covalent organic 
frameworks (COFs), an emerging class of crystalline porous solids. The first convention is the 
prevalent reliance on reversible reactions, which severely restricts the inherent chemical stability 
and structural complexity of COFs. The second convention involves traditional solvothermal 
synthesis, known for its tediousness, time consumption, and use of toxic solvents. To overcome 
the first obstacle, our established versatile template directed approach, also known as topochemical 
synthesis, will enable the synthesis of new sp2c-COFs through the irreversible reaction, Heck 
reaction, which is previously considered impractical for COF synthesis. This innovative approach 
has the potential to revolutionize bulk COF synthesis by allowing precise control over synthetic 
pathways and facilitating the development of new porous crystalline materials, which hold vast 
promise for energy applications even under extreme conditions, addressing a significant obstacle 
to the practical use of COFs. To address the second synthetic limitation, we employ a sustainable 
alternative—mechanochemistry—to replace conventional thermal energy. This approach aims to 
establish a transformative toolkit for sustainable, rapid, and scalable COF synthesis. By adopting 
mechanochemistry, we not only address current bottlenecks but also promote green chemistry 
principles, leading to significant advancements in COF chemistry.  

 Recent Progress  

I. Template-directed approach: We have pioneered a versatile template-directed approach for 
the facile preparation of sp2-carbon conjugated covalent organic frameworks (sp2c-COFs) 
through the classic irreversible reaction, Heck reaction. Imine-linked COFs serve as templates 
for the oriented growth of unsubstituted sp2c-COFs,[1] resulting in highly crystalline sp2c-
COFs upon template removal. Solid-state 13C NMR and FTIR analyses confirmed the removal 
of the imine COF template. In addition, the chemical stability of Heck-COF-1 was far superior 
to the imine COF template. This methodology significantly expands the range of sp2c-COFs 
and enhances their utility in energy applications. Notably, Heck-COF-1 demonstrates 
exceptional efficiency in the oxidative hydroxylation of arylboronic acid, achieving a 99% 
yield of phenol within 3 hours under blue light irradiation, outperformed most reported imine 
COFs,[2] benzoxazole COFs,[3] and olefin-linked COFs.[4] We are currently extending the 
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approach to various unsubstituted sp2c-COFs and exploring additional photocatalytic 
applications. More excitingly, this approach can be extended to other types of irrevisble 
reactions, which hold enorous potential to expand the synthetic toolbox for unprecedended 
COFs. 

II. COF mechanochemistry. As the pioneering group dedicated to COF mechanochemistry in 
USA,[5] we have developed a green liquid-assisted mechanochemical synthesis of imine-
linked COFs, which acted as highly efficient adsorbents for static iodine vapor capture. Unlike 
traditional solvothermal methods used for COF synthesis, our approach is characterized by its 
green nature, rapidity, efficiency, and scalability. Beyond bare COF synthesis, we have 
developed a mechanochemical in situ encapsulation strategy that enables the one-step 
synthesis of metal-encapsulated COFs. Remarkably, the obtained Pd/COF showed 
exceptional activity and broad substrate scope for the room temperature Suzuki-Miyaura 
coupling reaction. This mechanochemical in situ encapsulation strategy will open tremendous 
opportunities in developing a wide array of metal/COF hybrids for sustainable catalysis. 
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Research Scope 
Chemically-synthesized colloidal quantum dots (QDs) are promising building blocks for 

making self-assembled crystalline solids that exhibit emergent collective properties (e.g., 
electronic, excitonic, magnonic). QD superlattices (SLs) fabricated by controlling self-assembly 
with near-atomistic precision are an example of heterogeneous, non-ideal, far-from-equilibrium 
mesoscale systems whose collective electronic behavior is critically dependent on various types of 
disorder (spatial and energetic) and the properties of interfaces spanning from the atomic to >10 
μm length scales. However, existing QD SLs are too defective to allow for electronic miniband 
formation and charge carrier delocalization over useful distances.1,2 

The major goals of this project are to fabricate and study QD solids that exhibit electronic 
minibands and to combine miniband transport with novel electronic and magnetic functionality to 
create a new class of materials that bring together the unique, size-dependent physics and solution 
processability of QDs with the excellent charge transport of bulk semiconductors for applications 
in next-generation electronics and optoelectronics. A series of new synthetic techniques will be 
deployed to make QD SLs of unprecendented electronic coupling, structural perfection, and 
energetic order, sufficient to enable minibands to form. Iteration between these synthesis 
innovations, atomic structural characterization by state-of-the-art electron microscopy, 
tomography, and X-ray scattering methods, and band structure and transport measurements will 
provide a dynamic synthesis/structure/property feedback loop for optimizing miniband formation 
and elucidating how miniband and charge carrier characteristics depend on defects and disorder 
across multiple length scales. A main outcome of the project will be the development of highly-
perfect QD SLs that exhibit delocalized miniband charge transport, high mobility and long 
diffusion length, tunable doping, and excellent environmental stability. It will result in the first 
demonstration of emergent miniband transport in a self-assembled material and insights into the 
relationships between miniband width, carrier characteristics, structural defects, and energetic 
disorder. This understanding will facilitate the fabrication of several classes of multi-component 
QD crystals that further enhance the functionality of miniband transport by providing separate 
low-loss transport channels for electrons and holes and magnetic periodicity that engenders three-
dimensional magnonic band gaps and strong magnetotransport and electron-magnon interactions. 
 Recent Progress  

In the first nine months of this new project, we have focused on novel methods to make 
and characterize highly-ordered PbSe QD SLs. We demonstrated that electrospray deposition 
(ESD) yields superior oleate-capped SLs. Oleate-capped SLs are normally prepared by drop 
casting and slowly drying a dispersion of oleate-capped QDs in a volatile nonpolar solvent (e.g., 
hexane) on the surface of liquid ethylene glycol (EG), but the dropcast QD dispersion spreads 
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across the EG surface in a complex, turbulent, and irreproducible fashion, resulting in nonuniform 
films rich in flow defects (QD positional disorder). In contrast, electrospray generates a plume of 
microscale droplets that impinge gently across the entire EG surface to build up a uniform and 
continuous layer of concentrated QD dispersion that slowly dries in place without macroscopic 
liquid flow. We showed that ESD of decane dispersions of oleate-capped PbSe QDs onto the 
surface of EG produces oleate-capped SL films that are largely free from flow defects and 
homogeneous over large areas (~20 cm2). Electron microscopy imaging, grazing incidence small-
angle X-ray scattering, and infrared spectroscopy studies indicate that the ESD films have the same 
superlattice unit cell and surface chemistry as the dropcast films, but the flow defects present in 
the dropcast films are nearly absent in the ESD films. Unlike dropcast films, the ESD films are 
continuous and uniform over the entire EG surface and their thickness can be precisely controlled 
by the sprayed volume. Epitaxially-fused SLs (epi-SLs) made from the ESD films via amine 
injection or photobase triggering showed unprecendented intra-grain structural perfection. ESD 
makes possible the reproducible fabrication of extremely high-quality, high-uniformity, and large-
area QD SLs. Epi-SLs made by ESD have a much lower concentration of intra-grain structural 
defects and are therefore the most promising self-assembled system now available for observing 
the emergence of electronic minibands. The success of the ESD effort puts the project in an 
excellent position to study miniband formation. A manuscript about the ESD films is now in 
preparation. 

We have worked with our collaborators at UC Davis (Prof. Adam Moule and his student 
Ethan Field) to characterize the internal structural defects of (dropcast) epi-SL films as a function 
of film thickness using high-resolution electron tomography carried out at the National Center for 
Electron Microscopy at LBNL. Tomograms for ~10 epi-SL samples of varying film thickness (40-
180 nm) have been reconstructed and we are now in the process of analyzing these massive datasets 
to determine how epi-SL structural defects depend on film thickness. We observe nearly-perfect 
necking connectivity (~99%) in the thicker films, demonstrating that unprecedented coupling order 
and mesoscale atomic coherence is achievable with this materials system.  
We have also started making PbS QDs in order to fabricate layered binary PbSe-PbS epi-SLs as 
described in the proposal. The latest results on the PbSe-PbS QD SLs will be presented. 
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Research Scope 

 The scope of this project is to explore the competition between solid-solution reaction vs. 
solid-state transformation in conversion materials controlled by interfacial kinetics. Conversion 
materials promised high capacity but failed in reversibility due to the solid-state phase 
transformation, while it is interesting to note that lithiation often starts with an “intercalation” 
process. The fundamentals of the competition between conversion vs. intercalation are not clear. 
We plan to comprehensively study which (and how) kinetic factors, play a critical role in the 
competition of the “intercalation” and “conversion” reactions. By developing a pristine material 
platform with thin-film architecture to pursue high reaction homogeneity, we attempt to decouple 
the nucleation, chemical, mechanical effects on controlling the conversion reaction. 

For the case study of conversion 
material FeOF, there is a wide variation 
of the onset of conversion reaction 
across theory and various experimental 
conditions, as shown in Fig 1 [1-3].  One 
of the essential hypotheses motivated 
this proposal is: Can we control 
(promote/suppress) the conversion 
reaction? For example, using the 
lithium conducting surface coating as 
the chemical and mechanical constraints to delay the conversion reactions.  This research will 
facilitate the fundamental knowledge of the energetic competitions between the solid solution 
phases following the “intercalation” process and the phase transformation following the 
“conversion” process, which is also a fundamental question in material science. 

 Recent Progress  

           First, we developed amorphous to highly crystalline FeF3 and FeF2 conversion materials 
through sputtering deposition technique to study the thresholds of conversion reaction depending 
on the crystallinity of the conversion materials.  An amorphous to crystalline transition is observed 
for FeF3 deposited between 250 ~ 400 °C through the technique.  It was found that the densities, 
the lithiation potentials (the onset potentials of conversion reaction) increase with the crystallinity 

Fig. 1 Wide variation in theoretical prediction and experimental 
observations of the onsets of conversion reaction. 
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of the Fe-F based conversion materials. The high-density, crystalline FeF3 exhibits an observed 
higher lithiation potential (Δ of ∼ 0.43 V) than the low-density, amorphous FeF3.  To interpret the 
observed potential difference ΔE = Eamorphous − Ecrystalline ∼ −0.43 V (ΔE < 0) from amorphous to 
crystalline FeF3, it suggests that the difference of chemical potentials for Li accommodation (ΔμLi) 
from amorphous to crystalline ΔμLi = μ Li‑amorphous – μ Li‑crystalline > 0, which means that the Li 
accommodation in the amorphous matrix is more difficult than in the crystalline phase. The 
chemical potential for Li accommodation (μLi) in the amorphous phase is determined by the ionic 
chemical potentials (μLi+) and the electronic chemical potential (μe−) during lithiation in the 
amorphous matrix, that is, μLi = μLi+ + μe−. The plausible explanation  

for the decreased lithiation potential for 
the amorphous phase is the fact that due 
to the size fluctuations in the amorphous 
phase facilitating an easier Li+ 
accommodation (lowering μLi), the loss 
of crystalline periodicity of FeF3 
dominated hinders the accommodation 
of electronic carriers during the 
lithiation process (increasing μLi) [4]. 
Therefore, the figure depicts the 
crystallinity dependent lithiation 
behaviors for FeF3.  

Second, we investigated the nucleation 
effect on the onsets of conversion reaction by applying the seed coating vs. anti-seed coating. We 
prepared coated FeF3 slurry electrodes with 50 nm seed coating (LiF, note: LiF is considered as 
the seed coating is because LiF is one of the products of the conversion reaction of FeF3) or 50 
nm anti-seed coating (LiPON – not the reaction product) and analyzed them using cyclic 
voltammetry.  The CVs reveal that the onset of conversion reaction was promoted with LiF coating 
by ~ + 0.1 V and the onset of conversion reaction was suppressed/delayed with LiPON thin film 
coating by ~ - 0.1 V.  This agrees with our hypothesis that the pre-existing of the seed coating 
before the conversion reaction occurs will reduce the nucleation barrier (energy cost) for the 
formation of the products of the conversion reaction, i.e. promoting the reaction to occur with 
smaller driving force (higher discharging potential) – the conversion reaction is promoted through 
a “heterogenous nucleation” process.  In comparison, the conversion reaction process of FeF3 with 
an anti-seed coating, went through a “homogeneous nucleation” process that costs larger driving 
force to overcome the energy barriers, therefore, delayed the onset of the conversion reaction. 

 

 

 
Fig 2. Relationship of the density and lithiation potential of 

conversion reaction vs. FeF3 thin film’s temperatures. 
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Research Scope 

 Our overarching goal of this project is to develop photoresponsive porous materials that 
can efficiently capture CO2 from the air and can be easily regenerated utilizing visible 
light/sunlight for multiple reversible cycles without sacrificing the overall CO2 adsorption 
capacity of the materials. We will design core-shell MOFs with a photoresponsive “gate” for 
controlled CO2 
capture and 
release (Figure 1). 
Upon saturation of 
CO2, the release of 
CO2 from the 
materials can be 
triggered by visible 
light/sunlight, 
minimizing the 
energy required for materials regeneration. This project is expected to discover new materials 
with high CO2 capacity, excellent CO2 selectivity over N2 and other gases, and outstanding 
hydrolytic stability, which can maintain their structures and CO2 adsorption capacity after 
multiple CO2 capture/release cycles.  

 Recent Progress  

 This award started in August 2023, and we are currently near the end of our first grant year. 
During the past year, we developed synthetic routes for V-shaped linkers that are used to synthesize 
core and shell MOFs. We recruited students from underrepresented groups to our research labs to 
perform the proposed research at California State University, Los Angeles, and Ames National 
Laboratory for summer internships. We have negotiated and acquired a breakthrough analyzer 
coupled with a mass spectrometer, which will be used for studying the CO2 capture capabilities of 
designed materials. This crucial instrument expanded the research capabilities of our minority-
serving institution.  

Figure 1. The proposed concept of using photoresponsive core-shell porous 
materials for reversible CO2 capture and release driven by visible light. 

 



 
 

174 
 

Four V-shaped linkers were synthesized, purified, and confirmed using 1H NMR. These 
linkers are used to construct core MOFs.1-3  The structures of these linkers are outlined in Figure 
2a. Two MOFs were synthesized from two of the linkers using solvothermal reactions, and the 
crystal structure of the MOFs was studied using single-crystal X-ray diffraction, and their phase 
purity was confirmed using powder X-ray diffraction (Figure 2bc). The surface areas of the MOFs 
were probed using 
nitrogen sorption 
experiments at 77 K, 
which were 2,555 m2/g 
and 3,018 m2/g, 
respectively (Figure 
2d). The thermal 
stability of the MOFs 
was studied by 
thermogravimetric 
analysis (TGA). While 
we are still waiting for 
the breakthrough 
analyzer to arrive, we 
conducted single-
component CO2 
adsorption studies for 
the MOFs and found 
two MOFs showed excellent CO2 adsorption and good CO2/N2 selectivity at ambient conditions 
(Figure 2e). Samples were sent to Ames to study the adsorption sites of these materials using in-
situ and ex-situ NMRs. 

The synthetic route was developed and optimized for a photoresponsive linker with 
azoheteroarenes, which was outlined in Scheme 1.4-5 These V-shaped linkers are expected to 
alleviate steric hindrance and facilitate the photoswitching.6 During this reporting period, we 
completed the synthesis of the photoresponsive linker, and scale-up is underway. The 
photoswitching behaviors of this linker under visible light and the construction of shell MOFs 
using this linker are currently being investigated.     

Figure 2. a) The structures of synthesized V-shaped linkers. b) The optical 
image of an obtained MOF. c) Powder X-ray diffraction patterns of two MOFs 
compared to the simulated pattern. d) N2 sorption at 77 K and e) the CO2 
adsorption/desorption isotherms for the two MOFs at 273 K and 296 K up to 1 
bar. 

Scheme 1. The synthetic route for the synthesis of photoresponsive linker 
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Research Scope 

 Direct air capture (DAC) of CO2 is an emerging technology that presents great challenges 
due to the dilute nature of CO2 and the kinetic and energetic underperformance exhibited by 
current thermochemical processes. The objective of this proposed research is to exploit an 
energetically-inexpensive electrostatic charge transfer mechanism for the capture and release of 
CO2 in a reversible and controllable fashion at modified electrode surfaces. Our concept is based 
on harnessing the polarizing effect of an electrode surface to capture CO2. The overarching 
hypothesis of this project is that modulation of the reactivity of surface-confined  CO2 binding 
agents will permit the on-demand capture and release of CO2 for its effective separation from air. 
This approach improves the functionality of CO2 capture media through electrochemical 
methods, creating the opportunity for integration of DAC to renewable energy sources such as 
solar and wind energy. This proposal introduces an alternative and highly selective energy 
transfer mechanism for DAC of CO2 that we hope will dramatically decrease the energetic 
expenditure compared to state-of-the-art thermochemical approaches. This project aligns with 
the mission of DOE-BES to lay the foundations of new energy technologies via exploration of 
basic chemical principles, and it also responds to the Priority Research Directions (PRDs) as 
outlined in the “Carbon Capture: Beyond 2020 Basic Research Needs” including the 
identification of new interfacial processes and chemistries with controllable kinetics and stimuli-
responsive materials under alternative driving forces.  

Recent Progress  

 In our collaboration, we have followed three synergistic directions to address the challenge 
of controllable capture and release of CO2. These three approaches are control via a redox-active 
capture agent, control via non-Faradaic polarization of the electrochemical double layer, and 
control of the pH via photoacids and light.  The first path is built upon prior knowledge of 
interaction of quinones with CO2,1 where a reduced quinone forms an adduct with CO2 and 
reversibly releases it upon oxidation. We have extended this concept by tethering several quinones 
at an electrochemical interface. Our spectroscopic results suggest formation of CO2 adducts at the 
interface. This will give us a handle in understanding the fundamentals of coupling electron 
transfer to CO2 release without the ambiguities arising from solution phase kinetics. In our second 
path, we have measured that the capacitance of an electrochemical double layer changes in the 



 
 

177 
 

presence of CO2.2,3 Additional spectroscopic results, including electrochemical surface plasmon 
resonance (EC-SPR) and Attenuated Total Reflectance (ATR) measurements reveal that CO2 is 
localized in the diffuse layer. Since CO2 changes the capacitance and double layer structure, 
naturally it led us to hypothesize that the reverse is also true, i.e. change in potential should lead 
to double layer structure change and affect the CO2 concentration. Inspired by this hypothesis, we 
have built a CO2 flow cell coupled with a CO2 meter and have demonstrated that applied potential 
can indeed affect the concentration of the outgoing CO2. Our third approach is based on the 
realization that nearly all CO2 capture equilibria are coupled with protons.4,5 Often, the capture 
agent is deprotonated first, enabling the conjugate base to attack and capture CO2. A natural way 
to reverse this process is by adding acid to the solution, which is costly and inefficient. Instead, we 
have used photoacid molecules in the sorb mixture and have used light to acidify the solution. We 
have shown that shining light on the sorb release CO2, and thereby have opened opportunities for 
using sunlight to reverse CO2 equilibria. 
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Research Scope 

Our overarching objective is to improve the ability to capture carbon dioxide (CO2) by 
creating high-performance self-healing (SH) polymers for use in gas separation membranes. This 
study aims to develop long-lasting, high-performance CO2 separation systems by gaining an 
atomistic understanding of the gas transport and SH mechanisms of a group of polyamide ionene 
(PA-ionene) membranes. These membranes are designed to self-heal when damaged and also to 
have high CO2 permeability and selectivity compared to other gases [1]. Our approach involves 
using advanced material synthesis techniques, high-performance atomistic simulations, and 
structural and thermomechanical characterization to fully understand the role of each functional 
group in the membranes’ structural characteristics, as well as their mechanical, thermal, and 
transport properties.  Our long-term goal is to establish a comprehensive framework for general 
high-performance amorphous material advancement for a broader range of applications based on 
the understanding and protocols developed from the materials studied in this project, from initial 
material discovery to industrial-level applications.  

Recent Progress  

We have successfully 
developed PA‐ionene membranes 
incorporating the spirobisindane 
(SBI) group, illustrated in Fig. 1. 
The inclusion of the SBI 
component is anticipated to create 
microporosity in the polymers 
[2], thereby enhancing the 
permeability of CO2 due to a 
higher free fractional volume 
(FFV). Notably, we have also demonstrated the ability to synthesize self-healing ionic polymers 
from polystyrene waste [3]. Our exploration of the different components of this polymer has 
provided insights into their individual roles in its thermomechanical properties.  

First, our experimental findings indicate that the PIM-induced SBI renders the membrane 
brittle and stiff. To address this, we propose the addition of ionic liquids (ILs), such as 1-benzyl-
3-methylimidazolium bistriflimide ([BMIM+][Tf2N-]). Incorporating additional ILs not only 

Figure 6. SR-SBI-PA with high permeability SBI segments (blue) and self-
healing segments (red) with linking groups (purple). 
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accelerates the self-healing process but also generally 
enhances CO2 permeability without compromising its 
selectivity against other gases. Our comprehensive 
investigation into the mechanical and transport 
performance improvements resulting from the 
inclusion of ILs involved atomistic simulations and 
small-angle X-ray spectroscopy (SAXS) to examine 
the structural variations. Both the molecular dynamics 
(MD) simulations and SAXS characterization revealed 
that the added ILs fill up the pores induced by SBI, as 
depicted in Fig. 2. This indicates that the increased 
permeability is likely a result of the stronger affinity of 
ILs with CO2 gas molecules. A hydrogen bond (H-
bond) count between polymer chains, chain-ILs, and 
ILs from MD simulations reveals that IL interactions 
are mostly responsible for the self-healing behavior, 
especially the H-O bonds. Remarkably, the chain 
configuration and interactions remain largely 
unaffected by ILs.  

In addition to the role of ILs in self-healing and thermomechanical properties, we also 
studied the H-bonds between chains by capping the H atoms with methyl groups to eliminate both 
intrachain and interchain H-bonds. Our MD simulations demonstrated that mechanical properties 
such as tensile strength and creep rates decrease with this modification, highlighting the 
significance of H-bonds. 

We also investigated the influence of imidazolium on polymer interactions and their 
affinity with counter ions to understand the energy transfer process. Due to the complex charge 
distribution in zwitterionic systems, classical MD simulations were not sufficient. Thus, a multi-
scale approach engaging density functional tight-binding theories with long-range correction has 
been developed [4]. This method will be extended to investigate the structural dynamics of PIM-
PA-ionenes with Fragment Molecular Orbital methods [5], whose linear-scaling feature allows for 
highly efficient large-scale full quantum-chemical MD simulations [6].  

Additionally, we conducted experimental analyses on the role of linkers. By replacing p-
xylyl groups with polyethylene oxide (PEO) linkages we observed faster membrane healing, 
especially with higher IL concentrations. SAXS of this modified polymer (labeled SR-SBI-PA2) 
indicated the presence of dispersed pores, possibly due to increased chain flexibility. A more 
detailed atomistic study will follow up to provide further insights into this structure. 

Overall, we have addressed the roles of H-bonds, ILs, imidazolium, and linking groups in 
the configuration of polymer structures and their physical properties. Our findings indicate that 
while polymer structures are crucial, they are not the sole determining factor in their thermal and 
mechanical behaviors. In the next phase of our project, we will focus on studying the affinity of 
gas molecules with the polymers to confirm the applicability of these conclusions. 

 

Figure 2 SAXS raw data showing a prominent 
peak in SR-SBI-PA1-neat system at 𝑄𝑄 =
0.16Å−1, which is significantly broadened with 
the addition of ILs. As a comparison, PA systems 
without the PIM are also measured showing no 
peaks below 𝑄𝑄 = 0.5Å−1.  
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Research Scope 

 With the goal of developing next-generation electrical energy storage systems, this project 
aims to develop a fundamental understanding of materials and interfacial chemistry, pertaining to 
sustainable rechargeable battery systems. With a focus on cobalt-free sodium-based batteries, the 
progress described here presents the critical aspects of cell components for a few cell chemistries. 
The project currently focuses on (i) delineating the relationships among surface reactivity and 
particle cracking in layered sodium oxides with advanced electrolytes, (ii) structural modifications 
to mitigate sodium-ion ordering and enhance cycling stability in sodium cathodes, and (iii) solid-
state sodium cells with halide-based composite solid-state electrolytes. 

Recent Progress  

Origin of capacity fade at high-voltages in P2-
type cathodes: P2-type Na2/3Ni1/3Mn2/3O2 
(NM12) is a popular sodium layered oxide 
cathode due to its exceptional air stability and 
high energy density.1 When cycled up to 4.3 V 
vs. Na/Na+, it has an average discharge voltage 
of 3.65 V. Above 4 V, the Ni3+/4+ redox reaction 
coincides with a highly unstable P2 – O2 phase 
transition and a large volume change that results 
in significant particle cracking. Furthermore, 
traditional carbonate electrolytes have poor 
oxidative stability above 4 V that results in 
increased parasitic surface reactions and 
exacerbated capacity fade.  

We were able to systematically delineate the 
capacity fade to be due to different cracking 
modes by synthesizing single crystals (SC), which show that roughly 5% of active material 
becomes isolated within polycrystalline (PC) agglomerates created by the traditional synthesis 
method. We then paired our single-crystal cathodes with a novel “locally saturated electrolyte” 
(LSE), the design of which increases the coordination of propylene carbonate with the NaPF6 salt 
and reduces its reactivity with the NM12 cathode. In Figure 1a-b, we show that surface reactivity 
is the dominant factor in the capacity fade of NM12 above 4 V. This is despite the egregious 

Figure 1. (a) Schematic of methods used to 
compare degradation mechanisms in NM12 
cathode. (b) Cyclability of polycrystalline and single-
crystal cathodes with different electrolytes. (c-d) 
Post-mortem SEM micrographs after 50 cycles in 
baseline and LSE electrolytes for the single-crystal 
cathodes.  
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particle cracking observed when cycled with both the baseline and LSE electrolytes (Figure 1c-
d), which has been traditionally blamed for the rapid capacity fade. Instead, we conclude that the 
primary issue is the increase in exposed and reactive lattice oxygen created by stacking faults 
generated by the P2 – O2 transition.2  

Enhanced solid-solution in NaNiO2: 
O′3-type layered nickel oxides suffer 
from undesired co-operative Jahn-Teller 
distortion stemming from low-spin Ni3+ 
ions and undergo multiple biphasic 
structural transformations during the 
insertion/extraction of large Na+ ions.3 
This instability poses a challenge in 
stabilizing the structural integrity of 
these cathodes. We investigated 
systematically the impact of substituting 
5% divalent Mg2+ or trivalent Al3+ or 
Co3+ ions for Ni3+ to alleviate Na+-ion 
ordering and perturb the Jahn-Teller 
effect, thereby enhancing structural 
stability. Figure 2a illustrates the structure of NaNiO2. Mg2+ substitution reduces the Na+-ion 
migration barrier and thereby the lattice strain. This effect is reflected in a smoother charge-
discharge profile with more than 30 mA h g-1 excess capacity in comparison to undoped NaNiO2 
(Figure 2b).  Operando X-ray diffraction data offer structural insights into the reduced ordering. 
Figure 2c illustrates the irreversible phase transformation of these materials and the emergence of 
a stable and reversible Na0.91NiO2 phase. The incorporation of 5% Mg into NaNiO2 enables a stable 
solid-solution reaction with 96% capacity retention after 100 cycles (Figure 2d).4 

Aluminum oxychloride solid-state electrolytes: The halide class of solid-state electrolytes (SSEs) 
are gaining attention owing to their high electrochemical oxidative stability, allowing them to be 
used in conjunction with high-voltage cathodes. Most halide SSEs employ less-abundant elements 
like In, Y, and Er.5 NaAlCl4 is low cost, but it suffers from a low ionic conductivity of ~ 3 x 10-6 
S cm-1. We have substituted divalent O2- for Cl- in NaAlCl4-2yOy through mechanochemical 
reaction using Na2O, which increases the ionic conductivity by two orders of magnitude to 1.3 x 
10-4 S cm-1. Multiple quantum (MQ) MAS NMR spectroscopy further confirms that the 
oxychloride interface exists as a multiphase layer, as evident from five discrete aluminum sites 
arising from the possible combinations of aluminum tetrahedrally coordinated to oxygen and 
chlorine. Solid-state cells assembled with the resulting electrolyte and layered NaNi0.5Mn0.5O2 
cathode exhibit a high capacity of 124 mA h g-1 with good cycle life.6 

 

Figure 2. (a) Crystal structure with calculated migration 
barriers. (b) The enhanced solid-solution behavior in Mg-
doped NaNiO2. (c) Operando X-ray diffractogram, showing 
a smooth transition of (001) peaks during cycling. (d) 
Electrochemical cycling of doped cathodes (NA = 5% Al; 
NM = 5% Mg, and NC = 5% Co). 
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Research Scope 

 The overarching goal for this project is to develop an enhanced understanding of dynamic 
phenomena in metal-organic frameworks (MOFs), and to harness this knowledge to explain and 
optimize MOF creation and behavior.   

 Recent Progress  

 Solvent exchange is a critical step in MOF activation that involves replacing synthesis 
solvents (such as N,N-dimethylformamide (DMF)) remaining in the pores with volatile solvents 
such as ethanol (EtOH) or methanol (MeOH) that facilitate achieving optimal porosity by 
minimizing structural collapse during guest evacuation.1,2 In certain MOFs, coordinatively 
unsaturated sites (CUS) are obtained via the liberation of solvent molecules bound to the metal 
clusters while preserving the 
MOF structure. The CUS-
bound solvent is more 
challenging to replace than 
pore-filled solvent3 and this has 
been a major focus of our work 
under DOE-BES support. 
During the last project period, 
we deconvoluted exchange 
kinetics of CUS-bound solvent 
and pore-filled solvent in a 
copper paddlewheel MOF using 
in situ 1H NMR and Raman 
spectroscopy.4 Applying the developed methodology, we have now elucidated the metal-
dependent activation conditions of isostructural CUS-MOFs M2(dobdc)5–7 with regard to the 
kinetics and thermodynamics of solvent replacement (Figure 1).  

 To examine solvent exchange rates of M2(dobdc) (M=Mg, Co, Zn), MOF soaked in DMF 
was employed to examine solvent exchange with EtOH and MeOH. The change in DMF 
concentration of the supernatant during solvent exchange was measured via in situ IR 
spectroscopy. The exchange rate followed the order Mg > Co >> Zn for both EtOH and MeOH. 
To elucidate exchange rates at metal centers, solvent exchange of single crystal M2(dobdc) was 

Figure 1. (a) Chemical structure of H4dobdc, (b) secondary building units 
of Mg2(dobdc) composed of magnesium connected with dobdc, (c) 3D 
honeycomb structures linked with infinite chains coordinated with DMF, 
and (d) pentacoordinated metal clusters with 1 vacant site on each metal 
site. 
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observed through in situ Raman spectroscopy. M2(dobdc) does not display a metal-metal stretching 
frequency; instead, that of phenolate CO, which coordinates directly to the metal, was measured 
to monitor the change in metal-solvent interaction indirectly. The relative exchange rates of 
M2(dobdc) are Mg > Co >> Zn for both EtOH and MeOH exchange. Comparing the time to 
reaching equilibrium, MeOH exchange is around 40 times, 60 times, and 3 times faster than EtOH 
exchange for Mg2(dobdc), Co2(dobdc), and Zn2(dobdc), respectively. This indicates that the 
solvent exchange of Zn2(dobdc) is less affected by the exchange solvent, implying that Zn2(dobdc) 
obeys a dissociative substitution mechanism, whereas Mg2(dobdc) and Co2(dobdc) follow an 
associative substitution mechanism. Though the exchange rates of Mg2(dobdc) are too rapid to 
capture any potential induction time in the solvent exchange mechanism, Zn2(dobdc) manifests a 
sigmoidal shape of CUS solvent exchange curve. The sigmoidal curve implies that the solvent 
replacement of M2(dobdc) follows a cooperative binding mechanism, which may arise from a high 
density of CUS subsequently inducing multiple interactions with near neighboring metal sites 
(perpendicular to the channels in Figure 1).  

If it is assumed that the metal-dependent exchange rates in M2(dobdc) are related to the 
solvent binding strength, then DMF would be more strongly bound to Zn than other metals. 
However, it is also possible that the slow exchange at Zn is merely a kinetic phenomenon. To 
differentiate these possibilities, the reverse direction of solvent exchange was explored and the 
reverse exchange rates show the same order as the forward solvent exchange rates: Mg > Co > Zn, 
and also manifest cooperativity. To examine the hypothesis that DMF is most strongly bound to 
Zn, the thermal release of solvents from the CUS was observed via thermogravimetric analysis 
coupled to IR (TGA-IR). The release temperatures indicate DMF coordination strength to 
M2(dobdc) is Mg > Co > Zn, and therefore the slow exchange rates of Zn2(dobdc) cannot be 
attributed to the strong DMF binding affinity to Zn. This trend was similarly observed in the cases 
of the EtOH and MeOH indicating the solvent binding affinity on M2(dobdc) follows the order Mg 
> Co > Zn. To corroborate the experimental ordering observed by TGA, theoretical calculation 
was undertaken. The binding energy of the solvents follows the same pattern for all metals with 
DMF > EtOH > MeOH, as observed in the TGA-IR data. The binding energy of individual solvent 
molecules to Mg2(dobdc) is calculated to be higher than Zn2(dobdc), matching the TGA-IR data 
that Mg2(dobdc) releases solvents at higher temperatures than Zn2(dobdc). Therefore, this clarifies 
that the exchange rates in M2(dobdc), measured by Raman spectroscopy, are not attributed to the 
solvent binding strength to the metal; the solvent exchange process is primarily driven by kinetics, 
while the solvent binding affinity plays a crucial role in solvent removal. Practically, this means 
strongly bound solvent, as is relevant for vacuum activation, does not necessarily imply that 
kinetics of exchange at the metal centers are also slow. This has broad implications for numerous 
applications here CUS-MOFs are employed in separations, gas storage, and catalysis. 
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Research Scope: Multinary chalcogenides underlie numerous high-performance energy 
conversion and electronic devices based on a range of physical processes, including photovoltaic 
(PV), photoelectrochemical, light emission, non-linear optical, thermoelectric, and phase change 
phenomena.1-4 Examples include CuIn1-xGaxSe2 (CIGS) (thin-film PV absorber), Ge2Sb2Te5 
(active phase-change memory and optical disk media), Bi2-xSbxTe3 (thermoelectric devices), and 
AgGaS2 (non-linear optical material). Substantial contemporary research also focuses on 
Cu2ZnSnS4 (CZTS) and related systems, offering prospects of replacing CIGS as an active PV 
absorber with non-toxic and earth-abundant analogs. An earlier program version focused on a 
related emerging class of tunable multinary chalcogenides based on I2-II-IV-X4 stoichiometry (I, 
II, and IV refer to oxidation states of the included metals; X is a chalcogen), to develop underlying 
structural and chemical design rules for these systems and to understand how the resulting crystal 
structures impact properties, particularly those that relate to more effective solar energy 
application. The current program uses a synergistic combination of computational and 
experimental tools to build upon this research, targeting a broader array of structure-property 
relationships. Specific goals for the program include extending the range of chemical systems that 
can be predicted and understood by the design rules developed previously, focusing on using these 
design rules to produce an increased range of relevant property tunability (e.g., bandgap and carrier 
concentration), and extending the program’s property focus to physical phenomena that rely on 
structural distortions and symmetry breaking (e.g., spin control). Accomplishing these goals will 
provide foundational materials chemistry understanding for an important semiconductor family, 
for which important emerging energy-related applications have already been envisioned.  

Recent Progress: Several research directions from the project over the last two years will be 
highlighted. First, to further our understanding of I2-II-IV-X4 chalcogenide semiconductors, and 
to understand the impact of including rare earth (RE) elements in the family, we undertook a hybrid 
DFT level first-principle computational analysis exploring 18 Eu-containing I2-II-IV-X4 (I = Li, 
Cu, Ag; II = Eu; IV = Si, Ge, Sn; X = S, Se) systems. Total energy calculations agree with the 
phase stability predictions of the tolerance factor approach from our group’s previous work 
(Figure 1),5 further confirming its reliability as a tool for the prediction of preferred structures 
among I2-II-IV-X4 compounds. The computational work is augmented by experimental synthesis 
and characterization of one compound among this set, Cu2EuSnSe4 (CETSe), selected because it 
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is predicted to show the strongest promise (i.e., 
suitable band structure) for PV application. X-ray 
diffraction (XRD) for CETSe samples from solid-
state confirms formation in the predicted Ama2 
space group, and refined lattice parameters from a 
Pawley fitting of the XRD data fall within 1% of 
predicted values from computation, affirming the 
power of DFT for structural prediction within this 
family. Using diffuse reflectance spectroscopy, we 
deduced the bandgap for CETSe, ~1.55 eV, 
consistent with computational prediction of 1.53 
eV and well within the ideal range for PV. 
Furthermore, our broader predictive investigation 
of the family revealed several prospective systems 
beyond CETSe for applications from PV to LEDs. 
This work was recently published in Chemistry of 

Materials.6 Ongoing study of CETSe films is underway to investigate optoelectronic properties 
and assess viability for PV application.  

Next, to apply and expand upon the experience gained from I2-II-IV-X4 chalcogenides, we 
investigated an analogous I2-I’-V-X4 chalcogenide family, incorporating a coupled substitution of 
an alkali (I’ = K, Rb, Cs) and a pentavalent transition metal (V = V, Nb, Ta) for the II and IV sites, 
respectively. The non-centrosymmetric nature of existing family members led us to hypothesize 
that incorporation of heavy elements like Ta could result in significant spin-splitting behavior. The 
6 new compounds in this set were found to form analogous layered Ama2 structures to those of 
the 3 known K-based members (Figure 2), and these experimental structures agree with predicted 
structures from DFT relaxation. All 9 compounds show strong absorption with bandgaps ranging 
from 1.2—2.5 eV, suggesting a broad range of potential 
applications, including PV. Our study finds that the 
electronic properties (i.e. bandgap) in this series depend 
primarily upon the identity of the 5+ transition metal ion. 
Critically, our DFT study finds that the heavy element 
(e.g. Ta) containing members exhibit significant spin-
orbit coupling induced splitting at the conduction band 
minimum, consistent with our hypothesis and suggesting 
promise for further study of spin behavior. A manuscript 
is in preparation for this work. We are further 
characterizing spin splitting in spin-coated bournonite 
films using the circularly polarized photogalvanic 
effect. 

Figure 2. Layered structure of Cu2KVSe4, 
exhibited isostructurally across members 
of the I2-I’-V-X4 family. 

Figure 1. Tolerance factor approach as 
applied to predict Eu-containing I2-II-IV-X4 
compounds. Dots represent known structures, 
and triangles represent Eu compounds. 
Triangles are color-coded to indicate the 
predicted structure type according to DFT.  
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Research Scope 

The main objective of this research is to understand long-range charge transport in multi-
metalloporphyrin synthetic polymers. Given their biocompatibility, multifunctionality, 
processibility, and scalability, metalloporphyrin synthetic polymers hold strong promise for a wide 
range of applications.1,2 However, substantial knowledge gaps remain in understanding the self-
assembly behavior and charge-transport mechanisms of synthetic polymers that regulate electron 
and energy flow.3,4 To bridge these gaps, our research team investigates how electron transport 
through metalloporphyrin synthetic polymers depends on their sequence, structure, architecture, 
and redox-active centers. Our work focuses on understanding electron transport in model systems 
such as single molecules while further extending to charge-transport mechanisms in more complex 
systems such as self-assembled biomaterials and nanoparticles. Our research methodology 
integrates cutting-edge computational modeling, organic synthesis, nanoscale structural 
characterization,5 and single-molecule/monolayer charge-transport measurements. Our work aims 
to significantly advance the understanding of long-range electron transport while informing the 
design of biocompatible, manufacturable materials for applications in energy harvesting, 
transduction, and storage. 

Recent Progress  

Our project focuses on advancing the understanding of self-assembly and electron transport 
mechanisms in metalloporphyrin synthetic polymers. We began by focusing on model peptide 
systems based on single-molecule designs. The role of amino acid sequence and secondary 
structure of various peptides on their electron transport behavior was extensively studied using 
single-molecule experiments and computational modeling methods (Figure 1a)6. A small library 
of sequence-defined oligopeptides was designed and synthesized, and the electron-transport 
properties were measured using the scanning tunneling microscope break junction (STM-BJ) 
technique7. Results from STM-BJ experiments were quantitatively analyzed using Gaussian 
mixture modeling (GMM), revealing a surprising bimodal molecular conductance distribution for 
all oligopeptides. Molecular dynamics (MD) simulations and non-equilibrium Green’s function-
density functional theory (NEGF-DFT) calculations were used to understand experimental data, 
showing that an extended peptide sequence (primary structure) leads to a low conductance state, 
whereas a folded conformation (secondary structure) results in a high conductance state. 
Interestingly, principal components analysis (PCA) revealed that specific intramolecular 
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hydrogen-bonding 
between the peptide 
backbone atoms accounts 
for the most significant 
structural variation 
observed in the MD 
simulations. These results 
highlight the critical role 
of molecular 
conformation on electron 
transport in molecules 
such as peptides with 
flexible backbones.  

Extending beyond electron transport in molecules with flexible backbones such as peptides, we 
expanded our work to understand the role of molecular rigidity or shape-persistence on the 
electronic response of charged ladder-type organic molecules. Here, we synthesized and 
characterized the electronic properties of shape-persistent ladder molecules, with our results 
showing that molecular conductance is nearly independent of junction displacement, suggesting 
that shape-persistent molecules provide a stable route for single-molecule electronic properties8. 
This investigation of shape-persistent ladder molecules further illustrates the critical role of 
molecular conformation in controlling electron transport in synthetic materials. 

Building on our understanding of single-molecule electronic properties, we next explored charge 
transport in self-assembled monolayers (SAMs) formed from heme-peptides. We designed four 
sequence-defined heme-binding peptides capable of forming secondary structures (Figure 1b). 
and assembling into well-ordered monolayers. We then quantified the electronic response 
(voltage-current density) across SAMs using liquid metal soft contact electrodes (eutectic gallium 
indium alloy, EGaIn)9. SAM layer properties were characterized using atomic force microscopy 
(AFM) and x-ray photoelectron spectroscopy. Monolayer electronic measurements (EGaIn) 
revealed a staggering >1000-fold increase in current density across the junction upon heme loading 
while maintaining constant film thickness. By systematically varying the amino acid composition 
and heme-binding sequence position, we efficiently achieve enhancements in electron transport.  
Overall, these findings demonstrate the key role of heme in controlling the electronic properties of 
peptides while providing valuable insights into electron transport at protein-metal interfaces. 

We further aimed to understand the self-assembly process of more complex aggregated polymeric 
systems. Here, we studied the structural and self-assembly properties of nanoparticles consisting 
of peptide-containing periodic or random polymers (Figure 1c). Our results show that polymer 
sequence has a dramatic effect on the self-assembly behavior of these materials, with periodic 
repeat sequences giving rise to well-ordered assemblies.10 Moving forward, we aim to understand 
and manipulate energy flow within these self-assembled systems to achieve efficient long-range 
charge transport, which will aid in the development of functional bioelectronic material. 

 

Figure 7.  Our work focuses on understanding the self-assembly and 
electron transport behavior in precisely defined synthetic polymers, 
spanning length scales from individual molecules to assembled 
materials  
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Research Scope 

Sodium metal electrodes hold tremendous potential to enable next-generation electrochemical 
energy storage systems due to their high specific capacity (1166 mAh g-1) and low reduction 
potential (−2.73 V vs. standard hydrogen electrode).1-4 However, developing viable sodium metal 
electrodes is confronted with critical challenges such as dendrite growth, unstable solid electrolyte 
interphase (SEI), and dead metal formation.5-8 While significant focus has been laid on 
understanding the limitations of electrolyte transport and non-uniform metal morphologies, the 
underlying electro-chemo-mechanical coupling and sodium-metal/SEI interactions still need to be 
investigated in detail. To address these knowledge gaps, we develop three interrelated research 
thrusts investigating the origin and evolution of electrochemical-mechanical driven interfacial 
instabilities in sodium metal electrodes. These thrusts examine the (i) mechanistic correlation 
between electrolyte interactions, SEI heterogeneity, and interface evolution, (ii) influence of 
electro-chemo-mechanical coupling on the sodium morphology and failure mechanism, and (iii) 
role of collector support chemistry on the metal microstructure and SEI composition. To 
understand these aspects, a combination of mechanistic modeling, electrochemical experiments, 
and in situ/operando characterization has been performed. 

Recent Progress 

As part of the proposed research, three fundamental areas pertaining to the coupled 
electrochemical-mechanical interactions and 
morphological stability of sodium metal 
electrodes were studied. The first thrust was 
focused on understanding the mechanistic role 
of electrochemical, transport, and 
morphological heterogeneities on sodium-
metal/SEI interactions and the evolution of 
interface instabilities. We investigate how 
SEI-driven heterogeneities can influence 
transport and reaction kinetics at sodium metal 
interfaces, forming current and stress hotspots 
during electrodeposition. The effect of non-
uniform mechanical stresses on the distribution of mechanical overpotential, reaction 

Figure 1. Role of (a) mechanical stress 
distribution and (b) reaction heterogeneity on the (c) 
failure onset at the sodium-metal/SEI interface. 
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heterogeneity, and electrochemical failure has been demonstrated. We develop a comprehensive 
mapping between the morphological, mechanical, and transport characteristics of the SEI, and the 
associated mechanistic regimes governing the onset of interface instability (Figure 1). In addition, 
we reveal that adding fluoroethylene carbonate can induce chemical heterogeneities in the SEI and 
cause accelerated electrochemical failure. Based on this model system, the correlation between the 
SEI characteristics, electrolyte interactions, and sodium morphological evolution has been 
examined. 

The second research thrust examined the interrelation between electrochemical-mechanical 
coupling, electrolyte/SEI interactions, and interface evolution in sodium metal electrodes. The 
influence of external pressure on the dynamic evolution of sodium metal morphology during 
electrodeposition and electrodissolution 
has been captured (Figure 2). We 
investigate how mechanical stress 
profiles affect ionic transport in the 
electrolyte and SEI, and correlate it to 
different morphological patterns such as 
film-type, mossy, and fractal. A 
fundamental relationship has been 
developed between the mechanical 
overpotential, reaction current 
distribution, and the onset of interface 
instability. Further, we reveal the combined influence of external pressure and 
mechanical/transport properties of the electrolyte and SEI on the degree of reaction heterogeneity 
at the sodium metal interface. Under such external pressure conditions, the mechanistic processes 
leading to hotspot formation, SEI failure, and dendrite growth have been delineated. This study 
allows deriving mechanistic design guidelines toward achieving stable sodium-metal/SEI 
interfaces during plating and stripping. 

The third research thrust involved understanding how the sodium metal microstructure and its SEI 
are influenced by the collector support chemistry. By using an intermetallic-coated copper current 
collector as a model sodiophilic support and an unmodified sodiophobic baseline, major 
differences in the electrodeposit morphology, internal porosity, and evolution of the 
crystallographic texture of sodium metal have been demonstrated. We reveal that the SEI 
composition critically depends on the support chemistry and deposition rate through X-ray 
nanotomography, grazing-incidence wide-angle X-ray scattering, and mesoscale modeling. For 
instance, while textured sodium hydride and sodium hydroxide are prevalent for the baseline 
copper current collector, sodium fluoride is dominant for the intermetallic-coated copper current 
collector. The onset of electrochemical instabilities is also correlated to the chemical evolution of 
the SEI and the morphological dynamics of the sodium metal. 

 

Figure 2. Effect of external pressure on the onset of 
interface instability during (a) plating and (b) stripping. 
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Research Scope 

This project seeks to discover new defect tolerant and dopable semiconductors, as these new 
materials are needed for myriad energy-relevant technologies. In this project, the overarching goal 
is to discover new hybrid inorganic-organic semiconductors by understanding how entropy 
manifests and dictates phase behavior. We focus on understanding how materials chemistry, 
through compositional substitution with organic cations or polyanions, influences the creation and 
organization of point defects1 and doping.  These goals are accomplished by the synthesis of 
materials with well-defined compositions, identification of their often-disordered atomistic 
structures,2 interrogation of the electronic properties using microwave conductivity and bulk 
transport,3 and discovery of composition-structure-property relationships. Selective control over 
the concentration and mobility of defects and carriers has potential to enable new and emerging 
technologies requiring next-generation semiconductors.  

 Recent Progress  

This year, we highlight recent progress on 
two subprojects. First, with the goal to influence 
the concentration and organization of point defects, 
we discovered new defect-ordered structures 
relative to the perovskite aristotype through both 
anion and cation substitution. Secondly, we 
identified how alloying on a specific site of the 
perovskite aristotype influences the defect 
thermochemistry, displacements of the ideal 
bonding configurations, and the resulting influence 
on electronic properties. 

In the first subproject, we discovered how 
partial replacement of iodine by the pseudohalide, 
SCN–, leads to the coalescence and ordering of 
vacancy defects in (CH(NH2)2)PbI3 (i.e., FAPbI3) to yield a new homologous series of compounds, 
FAn+1Pbn−1I3n−1.5(SCN)0.5, as summarized in Figure 1.4 Isovalent substitution yields vacancy-
ordered superstructures to accommodate the steric interactions of the larger SCN– polyanion.  For 

Figure 1: Substitution of SCN– for I– with 
specific stoichiometric ratios yields a 
homologous series of compounds with 
ordered of columns of vacancies. 



 
 

198 
 

a low substitution ratio (1 SCN– for 30 I– sites), the compound FA6Pb4I13.5SCN0.5 crystallizes with 
ordered columnar Pb vacancies.5 This specific compound can co-crystalize with FAPbI3 and 
preserve FAPbI3 in the metastable perovskite crystal structure to near ambient conditions (e.g., 
FAPbI3 is only stable as perovskite at elevated temperature). Increasing the amount of SCN– to 
6.7% (1 SCN– for 15 I– sites) yields a layered crystal structures, with the layers representative of 
the corrugated (110) slice through the perovskite aristotype.4  While the substitution of small 
organic cations with larger organic cations (e.g., n-butylammonium for methylammonium) often 
yields layered crystal structures, some large organic cations accomplish similar vacancy-ordered 
structures akin to SCN– substitution.  In this project, we identify a defect-ordered perovskite 
derivative with three-dimensional electronic connectivity and properties comparable to other tin-
based perovskites: (NH3(CH2)7NH3)2Sn3I10. Understanding how cations and anions substitute into 
the perovskite structure is vital to understanding how different device-proven additives play a role 
in the materials chemistry.   

In the second subproject, we reveal how 
composition in perovskite alloys controls the 
defect thermochemistry. Most hybrid inorganic-
organic perovskite-derived devices employ alloyed 
compositions to tune bandgaps and impart 
stability.  However, fundamental materials 
chemistry questions underlying the nature of these 
systems persist. In this project, we have elucidated 
how alloying in (CH3NH3)1–xCsxSnBr3 modifies 
the underlying defect thermochemistry and local 
distortions that dictate the electronic properties, as summarized in Figure 2.6  Microwave 
conductivity experiments across the series of compounds reveals a significant increase in carrier 
density when comparing CH3NH3SnBr3 to CsSnBr3; however, there is a reduction in carrier 
density for the intermediate compositions.  This compositional dependence permits extraction of 
the average enthalpy and non-configurational entropy per defect that yields carriers (e.g., tin 
oxidation compensated by tin vacancies).  Symmetry-adapted displacement mode analysis of pair 
distribution functions obtained from synchrotron X-ray total scattering experiments reveals a 
change in the predominant local displacement mode going from methylammonium-rich to cesium-
rich compositions.  This change in local bonding displacements explains the observed anomalous 
transients in time-resolved microwave conductivity studies thought to arise from carrier 
localization and trapping.  Altogether, this recent progress provides new insight into the entropy-
rich materials chemistry of hybrid inorganic-organic semiconductors that have significant potential 
for chemical tunability and functionality.   

 

 

Figure 2: (CH3NH3)1–xCsxSnBr3 solid solutions 
reveal the defect thermochemistry and defect-
limited carrier mobilities.   
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Research Scope 
 Designing chemical reactions for carbon dioxide removal (CDR) from air, both point-
source (i.e. factory emissions) and direct air capture (DAC) is very important to meet global 
climate goals. Challenges to CDR material performance include selectivity, capacity, capture rate, 
stability, and re-usability under a range of conditions, driving opportunities for innovation. High 
oxidation-state transition metal (TM) and uranyl species (TiIV, V/Nb/TaV, Cr/Mo/WVI and 
UVIO22+) are promising for CO2 chemisorption, as both additives to point-source CDR media, and 
as DAC materials.1-5 These metals drive CO2 hydration at a solid-air or liquid-air interface, directly 
bind carbonate, and lower the regeneration temperature of the sorbent matrix. We have identified 
that metal peroxoanions, or peroxometalates, undergo DAC via chemisorption as solids, 
converting up to three peroxide ligands to carbonate ligands. All aqueous chemisorption reactions 
involving CO2 → CO32- conversion requires the CO2 to cross the 1 nm air-liquid interface. Yet, 
we understand very little about this process. Soluble high oxidation state metal oxoanions can also 
play an important role in probing this interfacial reaction.  

All peroxometalates we have studied in detail (beyond scoping) exhibit increased DAC 
reactivity with increasing counter cation size, a phenomenon that cannot be readily explained by 
thermodynamics, spectroscopy or computation. In this overview presentation, I will describe the 
DAC reaction mechanisms for vanadium and titanium tetraperoxometalates, differentiating the 
roles of the metal and the alkali counter cation. By vibrational SFG (sum frequency generation) 
studies, we have made the first observation of CO2 directly at the air-water interface, exploiting 
VO43- solutions. These studies enable understanding the CO2 → CO32- chemisorption reaction. 
Finally, photogeneration of superoxide from peroxide with concomitant reduction of MV to MIV 
(M=Nb, Ta) is also affected by the alkali counter cation, and I will discuss characterization of these 
materials, plus preliminary assessment of the role of photoactivity for carbon capture.    
 
Recent Progress  
 Peroxometalate DAC. Monitoring DAC of A3V(O2)4 (tetraperoxovanadate, A=K,Rb,Cs) 
enabled isolation of VO(CO3)(O2)23-, revealing the role of vanadium in the DAC mechanism.6 DFT 
shows an activation step of forming and breaking a peroxycarbonate intermediate. The 
peroxovanadates capture 1.5-2 molecules CO2 per metal center, with a capacity of 4.9 mmol CO2/g 
K3V(O2)4 for the K-analogue. We synthesized and structurally characterized A4Ti(O2)4 
(A=Li,Na,K) for the first time (only synthesis reported in 19287), and the K-analogue showed very 
rapid and high capacity (8.17 mmol CO2/g K4Ti(O2)4, fig. 1a). Energy dispersive spectroscopy 
(SEM-EDX) mapping indicated phase separation (Ti-rich and alkali-rich) for the Li and Na 
analogues, but not for the fast-reacting K-analogue fig. 1b). The least reactive Na-analogue shows 
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distinct passivation of Ti-rich particle cores with Na-rich shells (fig. 1c), an indirect indication of 
the importance of the Ti in DAC. While Li is not detectable by EDX, mapping oxygen is used for 

color contrast (fig. 1d), and 
the Li-analogue undergoes 
phase separation with a Ti-
rich surface. The DAC 
reactivity rates and capacity 
of the analogues trends 
K>Li>Na (fig. 1a) providing 
additional evidence of the 
role of high oxidation state 

metals in DAC.  
 Directly observing CO2 at the air-liquid interface. Prior studies have shown the impact 
of high oxidation state metals on point source carbon capture using aqueous monoethanolamine or 
KOH. 1-4 SFG analysis of aqueous VO43- and MoO42- exposed to CO2 atmosphere provide 

opportunity to evaluate 
mechanisms of vanadate-
enhanced CO2 chemisorption. To 
our surprise, 0.1 – 1.0 M K3VO4 
exposed to CO2 gas produced an 
intense peak at the 1 nm air-water 
interface at 2336 cm-1, shifted 
from the CO2 vibrational peak in 

a vacuum (2446 cm-1, fig. 2a). Moreover, upon exposure of the CO2-saturated solution to ambient 
air produced only a 20% decrease in the CO2 signal over 2 hours (fig. 2a). This suggests that the 
CO2 molecules are stably bound to the interface. DFT calculations indicated that bending the CO2 
molecule to ~155° increases the Raman activity (fig. 2b), enabling observation of the peak. This 
also indicates the first step of chemisorption. DFT predicts a 3 vibration at 2340 cm-1, very close 
to the observed peak position. At 2M K3VO4 concentration, the CO2 signal disappears and instead 
chemisorbed carbonate is observed at the interface. We will discuss several hypotheses of the 
concentration dependent CO2 surface association, transitioning to CO32- chemisorption. Fig. 2c 
illustrates one possible role of vanadate in CO2 surface binding and O=C=O bending as a first step 
to chemisorption.   
 Photoactivity We are currently endeavoring to exploit 
photochemistry in order to produce reactive oxygen species that can 
stabilize via DAC. The ultimate goal is to design DAC materials that 
activate via sunlight exposure. A3M(O2)4 (A=K,Rb,Cs; M=Nb,Ta) 
presents an opportunity to explore this hypothesis. These materials 
exposed to ambient light or UV-light turn brown due to reduction of MV 
to MIV, along with formation of superoxides. The UV-vis absorption of 
the pristine materials increases with alkalis size; Cs>Rb>K (fig. 4). The 
Nb/Ta trend is currently unknown, but under investigation. I will present 
the photoreduction behavior of this series of compounds, along with 
possible use in carbon capture.  

Figure 2. CO2 observation at the air-VO4
3-

aq interface. 

 
Figure 1. DAC behavior of Ti(O2)4

4-. 

 
Figure 3. UV-vis 
spectrum of A3Nb(O2)4.  
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Hybrid metal oxocluster-based soft materials: design principles and emergent properties  

May Nyman, Oregon State University 

Keywords: Nb-POMs, UiO-66 MOFs, SAXS, glasses, nerve-agent degradation  

Research Scope 

 Disordered inorganic or hybrid materials is a large family that includes gels, ionic liquids, 
glasses, less ordered versions of crystalline counterparts, and even solutions. These materials, 
especially in comparison to highly-ordered counterparts, offer advantages such as accessible 
surface area and reactivity (i.e. ion exchangers, catalysts, ion conductors), grain-boundary free 
interfaces and membranes, conformal surface coatings, and transparency and/or isotropic optical 
properties. However, disordered/amorphous/solution-based materials are challenging to 
characterize. The discovery and optimization of functional inorganic and hybrid materials often 
relies heavily on structure elucidation from single-crystal X-ray diffraction (SCXRD). With such 
atomic-level information, we can determine what properties we expect a material to possess, and 
enables explanation of an observed phenomenon. SCXRD can also be the starting point to 
understanding amorphous or disordered derivatives of crystalline analogues, as well as solutions.  

We are investigating oxo-clusters as the foundation for disordered/amorphous materials, to 
elucidate atomic-level arrangement of matter and function in both solution and glassy solids. Three 
recent/ongoing studies in this poster presentation include: 1) Niobium-silicate/phosphate gels and 
related crystal structures from Nb-polyoxometalates (POMs), 2) Cluster-derived nerve agent 
(simulant) degradation driven by cluster lability, and 3) Top-down acid dissolution of UiO-66 
metal organic frameworks (MOFs) leading to new cluster-based materials.  

 
 Recent Progress  

 Niobium-silicate/phosphate gels and glasses. Glass is an extremely important material in 
advanced technologies (i.e. next generation microelectronics packaging1), and glass production is 
energy intensive, inspiring soft chemistry approaches to glass formation.2 Niobium oxide is an 

important glass-forming oxide (or glass 
ceramic with nanocrystalline domains) due 
to the high refractive index, mechanical 
strength, and electrical properties.3 Glasses 
with high concentrations of distorted NbO6 
are of particular interest. We have found that 
certain Nb-POMs can undergo disassembly 
in the presence of alkalis (and other ions), 
leading to networks and gels.4-6 We are 
using this platform to devise low 
temperature methods to access niobium-

based glassy materials. By introducing carbon dioxide gas (to decrease pH ‘gently’) to 

 
Figure 1. Overview of niobate glass formation.  
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hexaniobate-silicate/phosphate solutions, glassy materials are obtained, currently with Cs as the 
alkali for enhanced solubility (fig. 1a). By varying the Cs concentration, we can also obtain a 
crystal structure from the Cs-Nb-SiO4 oxide matrix (fig. 1b, 1c), as a baseline for structural 
characterization of the glassy materials (fig. 1d). We are still trying to obtain an analogous 
structure from the Cs-Nb-PO4 system, structurally characterize the glasses using X-ray scattering 
and multinuclear solid-state NMR, and characterize properties including optical and electrical. 
Low temperature dehydration without losing transparency is an additional current challenge.  
 Exploiting cluster lability for nerve agent 
simulant degradation. Nerve agent (simulants) 
fluorophosphates can be neutralized by presumed acid or 
base catalyzed hydrolysis of the P-F bond. The most 
studied acidic and basic materials are respectively Zr-
MOFs7 and Nb-POMs,8 where the former possesses an 
acidic Zr-oxocluster. In a head-to-head comparison of these 
presumed two disparate reaction mechanisms leading to the 
same end-product, we show that bond lability is the most 
important feature of the material substrate for effective 
DFP (diisopropylfluorophosphate) degradation (figure 2). 
The profound effect of the counter cation for the Nb-POMs 
on DFP degradation will also be presented.  

Top down dissolution of UiO-66. UiO-66 MOF 
featuring the MIV6(O,OH)8 node (M=Zr,9 Hf,10 Ce,11 Th,12 
U,13 Np,14 Pu15) and benzenedicarboxylate (BDC) linker 

are amongst the 
most studied hybrid materials. They are purported to be 
stable in strong acid, but we have shown the nodes can 
be completely dissolved in acetic or formic acid (pH 2-
4) as intact hexamers (2M acetic acid) or cluster sub-
fragments including trimers and dimers (respectively 5 
and 10M acetic acid), as determined by SAXS (fig. 3a-c 
for dissolution of Zr-UiO-66). The clusters are separated 
via metathesis of insoluble, protonated BDC. The 
dissolved nodes also crystallize new (or prior-reported) 
cluster-based materials that are representative of the 
dissolved species, analyzed by SAXS. Formate linked 
hexamers obtained from dissolved Zr-UiO-66 and Hf-

UiO-66 are shown in figure 3d, for example.  
 

 

 
Figure 2. Top: Zr and Nb cluster lability 
studied (plus their counterions) using DFP 
degradation as a probe. Bottom: tracking 
various DFP decomposition times.  

 
Figure 3. Examples of solution speciation and  
recrystallization of Zr/Hf UiO-66 nodes. 
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Uncovering intrinsic transport and magnetic properties of two-dimensional electrically conducting 
metal-organic frameworks 
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conductivity, sensing 

Research Scope 

 This research program focuses on two key areas: (1) exploring the impact of band engineering on 
the electronic conductivity of two-dimensional metal-organic frameworks (2D MOFs) and (2) investigating 
the interaction between electronic and ionic conductivities. Band engineering in native MOFs is achieved 
electronically through redox modifications or sterically through modulation of structural parameters, and 
in 2D MOF–polymer composites by aligning bands at the heterojunctions. Electron transport may be 
competitive with ion transport, which can be chemically controlled by modifying ion activity. These 
findings are applied to enhance the performance of capacitors and chemiresistive sensors. 

 Recent Progress  

 The intrinsic transport properties of 
an electronically conductive two-
dimensional metal-organic framework (2D 
MOF) are dependent upon the band 
structure of the material (i.e., caused by in-
plane conjugation and interlayer stacking), 
perturbations caused by heterojunctions, 
and any competing transport via ionic 
conductivity.[Ref 1,2] Recently, we have 
focused on probing the underlying intrinsic 
transport properties by systematically 
modifying 2D MOFs. 

 We have recently been investigating 
the effects of electronic and steric 
modifications on the electronic conductivity of nitrogen-substituted 2D MOFs.[Pub 1,2, Ref 3] In 
particular, we have compared two isoreticular frameworks, Ni3(HIH3-TAT)2 and Ni3(HITBim)2, the latter 
of which possesses an extra nitrogen-atom substitution and does not possess a functionalizable indole 
(Figure 1). We find that Ni3(HIH3-TAT)2 has a bulk conductivity of 44 mS/cm whereas Ni3(HITBim)2 only 
displays 0.5 mS/cm (measured as pressed pellets). The additional N-atom substituents in the aromatic core 
prevent strong in-plane delocalization, causing electronic bands to be flatter (i.e., higher hole/electron 
effective masses) and the band gap to be larger. Currently, we are working towards new 2D MOFs based 
on N-substituted ligands as well as ligands with novel connectivity. 

Figure 1: Molecular structure of , Ni3(HIH3-TAT)2 and 
Ni3(HITBim)2. 
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 We find that the indole moiety of Ni3(HIH3-TAT)2 is susceptible to post-synthetic modification via 
mesylation, and the resultant material exhibits decreased bulk electronic conductivity and higher transport 
activation energies. We attribute these changes to an increase in the interlayer π-π packing distance as 
caused by the bulky mesyl groups. Furthermore, we find that the series of isoreticular frameworks 
Ni3(HIR3-TAT)2 (where R = ethyl, butyl, pentyl) display progressively larger interlayer stacking distances 
relative to Ni3(HIH3-TAT)2. As the stacking distance increases, the orbital overlap between layers 
decreases, and the electronic conductivity decreases.  

 In order to understand the effects of heterojunctions on 2D MOF transport, we have been 
investigating 2D MOF–conductive polymer composites. Recently, we have demonstrated new 
electronically conductive polymers[Pub 3] as well as new methodology for constructing MOF–polymer 
composites.[Pub 4] These methodologies have recently proven their general utility in enhancing 
reversibility and sensitivity response in chemiresistors derived from composites of 2D MOFs, M3HXTP2  
where M = Co, Cu, Ni and X = NH, O, and a conductive polymer based on 3,4-propylenedioxythiophene 
(ProDOT) and 2,1,3-benzothiadiazole (BTD). [Pub 5] Whereas the pristine 2D MOFs exhibit irreversible 
gas sensing and low sensing responses for NO2, the composites exhibit significantly enhanced reversibility 
and sensing response.  

 As these 2D MOFs tend to be 
relatively n-type compared to the 
chosen polymer, there is a hole 
injection from the polymers to the 2D 
MOFs, facilitating desorption kinetics 
of NO2, leading to higher sensing 
reversibility (Figure 2). Such idea is 
further verified by use of the n-type 
polymer, poly{[N,N′-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)−2,6-diyl]-alt-5,5′-
(2,2′-bithiophene)} (N2200), which 
forms composites with 2D MOFs that 
display diminished response and irreversible kinetics. 

 We have recently been examining the interaction between electronic and ionic conductivity for 2D 
MOFs. Traditionally, MOFs have either displayed electronic or ionic conductivity, whereas dual electronic-
ionic conductors remain rare.[Ref 4] Mixed electronic-ionic conductors have been considered to be 
promising for various applications, particularly as electrode materials for energy storage, sensors, and 
electrochemical catalysts [Ref 5]. The absence of dual conductors may be due to only one transport 
mechanism being measurable if the impedance through one mechanism is much smaller than the other. 
Additionally, many of the reported 2D MOFs are neutral species, without mobile counter ions. To gain a 
deeper understanding of the electronic-ionic interactions, we have focused on understanding the design 
principles required to make MOFs ionically conductive.[Pub 6] As well ion transport within the pores of a 
MOF is dissimilar to traditional solid-state ionic and bulk solution ionic conductors, we have studied the 
dynamics and structure of solvent under confinement.[Pub 7] We have recently been able to combine these 
insights by investigating the impact of relative humidity on intrinsic transport within a series of 2D MOFs. 

Figure 2: Hole enrichment and its impact on analyte binding. 
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We have found that in arid conditions, transport is dominated by electrons, however as the water content in 
the pores of the frameworks increases (commensurate with the interlayer stacking distance increasing), the 
electronic conductivity decreases, and the ionic (proton) conductivity increases. The transition between 
transport regimes dramatically affects the chemiresistive sensitivity for analytes including NO2 and NH3. 
We are currently analyzing the interaction between electronic and ionic conductivity in the systems that 
conduct alkali ions, rather than protons. 
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Chemo‐Mechanically Driven In Situ Hierarchical Structure Formation in Mixed 
Conductors 
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Research Scope 

In many energy contexts, active materials must exhibit “hierarchical” function – they 
should perform distinct, yet inter-related tasks at different sites, across disparate length and time 
scales. To support this heterogeneous function, there is a need to understand and direct formation 
of corresponding tailored hierarchical architectures. Particularly, oxide mixed ionic and electronic 
conductors (MIECs) catalyze reactions at their surfaces and selectively transport both ionic and 
electronic species in the bulk1. Ideally, MIECs should adopt hierarchical structures with 1) high 
surface areas, 2) surface compositions exhibiting high catalytic activity, and 3) microstructural 
connectivity in the direction needed for fast mass and charge transport. In practice, however, 
MIECs are typically fabricated at elevated temperatures, leading to coarse, non-directional 
structures with poisoned (chemically segregated) surfaces2.  

This work therefore hypothesized that a new approach – low-temperature vapor-phase 
deposition of non-equilibrium thin films plus stimulated chemo-mechanical actuation – would 
transform homogeneous MIECs into ideal, highly active hierarchical structures in situ. We sought 
to leverage the intrinsic coupling of contraction upon oxidation, plus the contraction inherent in 
crystallization, to direct beneficial structure formation from the atomic scale to the nanoscale3. Key 
questions addressed – leveraging pulsed laser deposition, DOE user facilities (XAS, GIXRD), 
molecular dynamics, impedance spectroscopy, scanning nanobeam diffraction (4D-STEM), and a 
contact-free high-throughput optical approach – included: 1) how are chemical/structural changes 
across multiple length scales linked during transformation, 2) which process variables are most 
significant for directing hierarchical structure evolution and why, and 3) how and why do the ionic 
transport, electronic transport, and surface reactivity change during transformation? 

Recent Progress  

We focused on monitoring, understanding, and controlling the emerging hierarchical 
structure and functional properties in primarily ABO3-d (A=Sr,La,Ba; B=Ti,Ga,Fe,Co,Pr) 
perovskites. In initial work4-8, we observed that mild annealing of amorphous films induced both 
crystallization and oxidation, with consequences for evolving structure across many length scales: 
increases in cation coordination numbers and valences, complex strain evolution leading to pore 
formation/hierarchical microstructures, and alignment of neighboring BOx polyhedra that 
promoted crystal symmetry increases. The consequences were an orders-of-magnitude increase in 
hole concentration, rise in hole mobility, and development of an unusual B-site-rich surface 
composition. These factors gave rise to large increases in electronic conductivity and oxygen 
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surface exchange coefficient (k) during hierarchical transformation. Based on these results, later 
work focused on a) evaluating evolution of ionic conductivity9 and b) examining the role of oxygen 
availability at all stages of the transformation in directing structure and property development7,10-

11. We also advanced a contact-free optical method for monitoring k during crystallization12-14, 
which avoids the problematic contribution of metal current collectors to measured catalytic 
activity, and extended it to spatially resolved measurements of combinatorial film libraries for 
high-throughput analysis of both crystallization kinetics and k.  

We developed a thin-film blocking electrode cell design to isolate changes in ionic vs. 
electronic conductivity during crystallization. By coupling in-
situ synchrotron GIXRD with simultaneous ac impedance 
spectroscopy and dc polarization, we demonstrated that in 
(La,Sr)(Ga,Fe)O3-d the ionic conductivity increases ~2 orders of 
magnitude during crystallization, but the electronic conductivity 
increases much more. Therefore it transforms from a mostly 
ionic conductor into an electronic conductor, with every ratio of 
ionic: electronic conductivity accessible in between. Grain 
boundaries form during crystallization; MD simulations plus 
activation energy measurements demonstrated that these features 
appear to hinder ion migration but not electronic transport, partly 
explaining the transference number evolution. 9  

We examined the role of oxygen availability during 
growth and during annealing on structure and property 
evolution7,10-11. During deposition, oxygen pressure impacted 
initial density, porosity, density change from annealing, and the 
overall cation ratio (studied by XRR and RBS), with intermediate 
growth pressures yielding the best k values. During annealing, 
gas-phase oxygen partial pressure modified the final bond 
lengths and coordination numbers. Most strikingly, high oxygen chemical potential in the films by 
solid-state electrochemical pumping yielded faster crystallite nucleation kinetics, as studied by in-
situ optical analysis and ex-situ correlation mapping in 4D-STEM; pumping also changed 
compositional heterogeneity.  

In summary, the hierarchical structures demonstrated exceptional surface catalytic 
activity4,6 and high ionic and electronic conductivity5,9, opening the door to much lower operating 
temperatures than are possible with conventionally prepared MIECs. Moreover, they served as a 
platform to develop a fundamental understanding of dynamic, evolving MIEC processing-
structure-property relationships, through the amorphous-to-crystalline transformation, guiding 
low-thermal-budget processing and rational design for energy applications. 
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Research Scope 

This project focuses on the development of stimuli-responsive hybrid multifunctional 
materials. We place emphasis on the correlation between (i) the hierarchical structural 
entanglement of Cu2Se, a narrow band gap (NBG), with a range of wider band gap semiconductors 
(WBGS) such as CuMSe2 (M = Al, Ga, In, Fe, Cr) and Cu4TiSe4; and (ii) the interactions between 
native electronic defects within the coexisting phases in the resulting (1-x)Cu2Se/(x)WBGS bulk 
composites.  

Recent Progress 

We demonstrate that the nature 
(type) of native electronic defects in these 
composites as well as their relative density 
can be tuned through alteration of the 
chemistry of the CuMSe2 phase. This 
affords the ability to leverage the partial 
solubility between Cu2Se and CuMSe2 to 
engineer the carrier density and to 
modulate Cu+ ion disorder in the Cu2Se-
matrix, which lead to enhanced 
thermoelectric properties and superior 
electrochemical stability. 4-9 For instance, 
we found that the incorporation of Cr3+ 
into the Cu2Se crystal lattice in (1-
x)Cu2Se/(x)CuCrSe2 composites 
facilitates the stabilization of α-Cu2Se at 
300 K leading to a large reduction in the 
carrier density. Such optimization of the 
carrier density led to a large (63%) 
increase in the thermopower and a drastic 
(46%) reduction in the total thermal 

 
Fig.1: (a) Schematic illustration of the atomic-scale mutual 
integration between Cu2Se (CS) and CuCrSe2 (CCS) domains 
highlighting the generation of extrinsic copper vacancies 
(𝑉𝑉𝐶𝐶𝐶𝐶′ ) and the reduction in the density of intrinsic copper 
interstitials (𝐶𝐶𝐶𝐶𝑖𝑖∙ ) upon partial dissolution of CuCrSe2 into 
the Cu2Se crystal lattice; (b) Temperature dependent ZT; (c) 
Comparison of the average figure of merit (ZTave) for both α-
Cu2Se and β-Cu2Se phases in the (1-x)Cu2Se/(x)CuCrSe2 

composite with x = 0.03 with those of Cu2Se-based materials 
from previous work such as β-Cu2Se, 1 Cu1.98S1/3Se1/3Te1/3, 2 
and Cu1.96Se0.8S0.2. 3 
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conductivity resulting in a significant enhancement of the thermoelectric performance in the entire 
temperature range from 300 K to 773 K. This results in high average ZT values for both α-Cu2Se 
(ZTave = 0.60) and β-Cu2Se (ZTave = 0.97). 10  

We also show that for a given CuMSe2 phase, the degree of interactions between the 
coexisting native electronic defects and their energy distribution within the band gap of the 
resulting hierarchical composites can be controlled by altering the Cu2Se:CuMSe2 phase ratio, 
which also results in the alteration of the degree of structural entanglement of the coexisting 
phases. For instance, we found that the high degree of intermixing between the coexisting phases 

for nearly equimolar 
(1-

x)Cu2Se/(x)CuMSe2 
(M = In, Ga) 
composites, lead to 
the defect 
hybridization as 
probed by a sudden 
unexpected large 
increase in the carrier 
density and electrical 
conductivity. 5, 7, 9, 11 
This ability to 
engineer the energy 
distribution of 
electronic defects in 
semiconductors to 
afford the 
coexistence of 
degenerate and 

nondegenerate 
transport behavior 
within the resulting 
composites, which is 

manifested by unusual temperature dependent electronic transport, can be leveraged for the 
development of more versatile electronic and optoelectronic devices with superior performance. 
For instance, the dependence of the carrier density on temperature associated with the non-
degenerate behavior in such a semiconductor can be leveraged to design electronic devices with 
low noise level that can operate under a wide temperature range. 

 

 

 
Fig. 2: (a) Schematic illustration of the atomic-scale mutual integration between 
Cu2Se (CS) and CuGaSe2 (CGS) domains with coherent interfaces; (b) Energy change 
of the system as a Ga3+ ion migrates across the Cu2Se/CuGaSe2 interface (event 1). 
The large energy difference, ∆E, which is the energy barrier to Ga3+ migration 
indicates poor mutual solubility and the stability of the Cu2Se/CuGaSe2 interface. (b) 
Change in the energy of the system as Ga3+ and Cu+ ions migrate within the Cu2Se 
phase (events 2 and 3). (d) and (e) Isothermal composition dependent electronic 
properties of (1-x)Cu2Se/(x)CuGaSe2 composites 0 ≤ x ≤ 0.6. (d) electrical conductivity 
showing a gradual drop with the increasing CuGaSe2 content for x ≤ 0.45 and a 
surprising increase in the conductivity for x = 0.5; (e) A similar trend is observed for 
the carrier concentration vs CuGaSe2 content suggesting that the change in the 
electrical conductivity is strongly controlled by the dynamics of electronic defects in 
the composites. 
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Research Scope 

 We harness the highly ionizing, penetrating and focusd properties of hard x-rays to drive 
novel chemistry in the hopes of synthesizing novel materials. We had the following objectives 
during our 2 year grant:  
•Experimentally and theoretically investigate the mechanism of high-pressure assistance in X-ray 
induced photochemistry (particularly moderate HP range ≤ 1 GPa) 
•Investigate the X-ray flux density dependence of photochemical reactions at HP and identify a 
lowest value of X-ray flux necessary for their activation  
•Expand our previously developed model of X-ray energy dependence of electronic relaxation 
pathways by studying the L-edge excitation mechanism  
•Establish a difference between structural and chemical transformations of ionic compounds at HP 
induced by monochromatic and white X-rays 
•Examine the role of water molecules in the chemical reactivity of ionic salts subjected to X-ray 
irradiation  
•Study the impact of high temperature on photochemical reaction pathways triggered by X-rays 
•Demonstrate the universality of X-ray induced photochemistry for novel materials design by 
developing novel means of HP doping of wide band gap semiconductors and by investigating the 
main concepts of inner-shell chemistry at HP 
•Examine the difference between cation- vs anion-excitation in initiating decomposition and 
synthesis. (viii)  
•Demonstrate that damage be localized in the immediate vicinity of the target metal in larger 
molecules (e.g. metalloenzymes) for targeting purposes 
 
 Recent Progress  

1. We have demonstrated that the presence of water aids x-ray photochemical 
reactions at high pressure acting as a mediator for electron transfer. 

2. We have created metals by irradiating certain oxalate salts (Ag, Cd, W 
and Sn) demonstrating widely differing cation-based photochemistry [1-
2].  We also have preliminary evidence of irradiating ambient and 
pressurized samples of a metallic salt with a hydrogenator to produce 
metals [3].  This may have serious implications for claims of metallic 
hydrogen [4]. 

3. We have demonstrated x-ray induced intercalation of oxygen in WO3 
likely via oxygen radicals that react to form O2 and are then trapped inside the WO3 lattice. 
This is important because of the ability to study radical reactions in real time in the solid state 
and lower the bandgap of a wide band gap material [5]. 

Xray irradiation of a 
silver salt produced 
five spots of pure Ag  
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4. We have demonstrated that, at least for Au, L-edge excitations results in faster decomposition 
chemistry than K-edge excitations when mixing metal powder with uracil to decompose uracil 
with x-rays. 

5. We have developed a novel means to pressurize samples which will 
aid in situ access and coupling with the pressurized sample.  

6. We have successfully damaged large biological molecules using our 
precision x-ray methods. 
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Research Scope 

Work in our previous NEES EFRC demonstrated that precision 3D solid state battery 
(SSB) structures can achieve high energy-and-power performance.[1]–[4]  Thin film 
microfabrication, the workhorse of electronic products, uniquely enables such structures amid a 
growing set of  thin film processes for battery electrodes[5], [6] and electrolytes[7]–[10]. 
Continuum and multiscale modeling play a complementary role in assessing 3D architectures, 
posing a mesoscale design challenge – spatially, dimensionally, and functionally.   

Challenging scientific questions remain largely unanswered in SSBs, from  battery 
materials properties as a function of state of charge to energy band alignment and transport at 
interfaces, the role of grain boundaries and interfaces, and the coupling of mechanical forces.  3D 
thin film microfabrication provides an opportunity to create new diagnostic devices to quantify 
fundamental electrochemical properties and behavior that are otherwise rather inaccessible. This 
program’s fundamental hypothesis is that 3D thin film synthesis,  microfabrication, and 
modeling can be used to create electrochemical diagnostic platforms that provide new 
scientific and mechanistic insights.  By focusing these platforms on specific scientific 
questions,[11], [12] we anticipate our enhanced understanding will also improve design and 
modeling of materials, architectures, and systems. We concentrate on 3D vertical SSB’s formed 
on high aspect ratio nanoscaffolds[13], [14] and on multilayer stacks of largely planar SSBs. 

 
Recent Progress (selected examples) 

AAO-based SSB architectures.  While nanopore arrays formed in anodic 
Al oxide are excellent architectures for high power/energy SSBs, 
anodization chemistries limit what pore size and spacings are available. 
We have developed a high-anodization-voltage process which expands 
AAO pore diameter from 60nm to 400nm, thereby dramatically increasing 
electrode mass and energy density.  We have also used photolithography 
and etching of small-pore AAO to create pores with diameters in the 
micron range.  We have published a process sequence using 
photolithography to define AAO regions, a scheme for fabricating 
bottomside contacts to the in-pore nanobatteries, and adjustable power 
and energy by choice of geometric dimensions, all supported by continuum/COMSOL modeling. 

Continuum modeling for 3D-SSB architectures. We have completed a fully-coupled electrochemical-
mechanical (ECM) model for our AAO-based 3D-SSB structures, revealing high power effects and 
highlighting where high stresses occur that risk mechanical failure.  Results indicate that stress-induced 

 
Figure 9. AAO-based scaffolds 
for 3D-SSB arrays. 
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diffusion drives a more uniform Li distribution in the electrodes, thereby compensating in part for 
inhomogeneities induced by the 3D structure itself and improving capacity at higher rate. 

SSB components platform.  We have completed our initial work analyzing and applying this platform 
(manuscript submitted).  While fabricating multiple full SSB cells by thin 
film techniques, we generate diagnostic devices comprising subsets of 
materials and interfaces present in the full cells.  We develop models to fit 
the electrochemical impedance spectra (EIS) for the diagnostic device 
behavior and use this to achieve a physically informed EIS full cell model, 
revealing which interfaces and materials limit the SSB behavior and 
providing estimates for permittivity and space charge characteristics at the 
various interfaces. Given the central role of EIS in battery science, we 
believe this approach is a very significant step. 

Lateral diffusion platforms.   Our goal is to create [Li] lateral 
concentration gradients and to follow their evolution under applied fields 
and thermal/mechanical stress, while using spatial diagnostics (XPS, 
Raman, etc) to map [Li] concentrations.  We deploy interdigitated electrode 
structures (IDEs) to measure EIS locally to extract local ionic and electronic conductivity to correlate 
with [Li], thus providing crucial parameters for continuum modeling.  

We earlier created [Li] gradients laterally by providing a Li source at one end of a patterned V2O5 strip.  
Two developments have stimulated other options.  Our discovery of autolithiation of V2O5 during 
LiPON sputtering can employ shadow masking to define separated autolithiated regions of the V2O5 as a 
starting point. We have started collaboration with Celia Polop Jorda et al (Autonomous University of 
Madrid) using the CMAM facility in Madrid for proton-initiated  nuclear reaction analysis and Rutherford 
backscattering as an ideal way for 3D characterization of [Li] in patterned multi-material structures. 

ECM experiments using nano-indenter thin film 
platform. Following on our earlier successes using 
Raman to measure local strain in c-Si and 3D polySi 
structures, we have used nanoindentation to apply 
controlled forces to thin film ECM test platforms such 
that the electrochemical response to stress can be 
obtained. The first embodiment was a lateral battery structure built on a commercial LATP wafer as 
electrolyte. Thin film V2O5 cathode regions coated with Al contacts were deposited on the LATP and 
subjected to uniaxial nanoindenter stress while electrochemistry was monitored with a Li anode coupled 
to the LATP through a PEO layer. The immediate ECM is promising for our goals to determine how the 
coupling depends on LixV2O5 stoichiometry and phase as well as dynamics of charging rates. Response 
range ~0.4 mV/MPa. 

Materials chemistry for SSBs.  We have discovered and will exploit the autolithiation mechanism for 
patterned lithiation of electrode layers.  Following on our development of ALD LiPON, we have taken a 
path to ALD LATP [ Li1-xAxTi2-x(PO4)3 ] to achieve markedly higher ionic conductivity in the electrolye, 
employing supercycling strategies to control low concentration dopants (Al, Ti, Li) crucial for enhanced 
properties.  This has proven successful for ALD Li-Ti-PO4 and is promising for the full LATP material. 

 
Figure 2. ECM 
modeling of 3D-SSB 
stresses 

 
Figure 3. Nanoindenter stress on lateral 
battery V2O5 cathode 
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Research Scops: Porous and crystalline materials, such as Covalent Organic Frameworks (COFs), uniquely 
combine intrinsic porosity and programmable function via a wealth of chemical functionalities. These 
critically determine activity and selectivity in electrochemical reactions crucial to meet the targets of the 
Hydrogen and Carbon Negative Earthshots, such as electrochemical CO2 capture and concentration (e-
CCC), and electrochemical hydrogenation/dehydrogenation of liquid organic hydrogen carriers (e-LOHC). 
To transcend common practices of growth which limit programmable function, the PIs will demonstrate 
vapor-phase pathways using scalable Molecular layer deposition to engineer electrode surfaces coated with 
well-defined thin films that contain molecularly precise functional groups that direct the desired 
transformations. The precision that can be achieved through this process provides an opportunity to go 
beyond “single atom catalysts” (SACs), whose chemical simplicity limits the ability to perform advanced 
electrochemical transformations selectively and efficiently. Growth of these frameworks from the vapor 
phase could result in molecular assemblies at fast rates and simplified processability. The PIs hypothesize 
that fulfilling the promise of these materials demands a cross-cutting combination of predictive and in-situ 
studies of reaction landscapes, to dial in modularity for the desired functionality. This approach will 
accelerate the discovery of new materials with both transformational properties and sustainable routes of 
manufacturing.  

The core mission of the proposal is to overcome the limitations of current classes of COFs by 
understanding, predicting, synthesizing, and controlling their structure and surface chemistry with 
molecular precision and modularity needed to impart transformative electrochemistry for e-CCC and e-
LOHC. The proposed approach can be generalized for other frameworks, such as metal-organic and zeolitic 
imidazolate frameworks. The following goals define our mission: 

1. To identify the landscape of synthesizability of COFs for use in the design and synthesis of 
functional and environmentally benign electrode materials. 

2. To develop methodologies for in-situ monitoring and controlling the growth of thin films of 
complex porous COFs within functional architectures designed for e-CCC and e-LOHC. 

3. To demonstrate a massively parallel optimization basis for establishing nano-to-meso-to-
microscale porosity and local electronic structure to enhance electrocatalytic stability. 

Proposed Research.  

The proposal is organized in three Thrusts: 



 
 

224 
 

Thrust 1:  Synthesis and Characterization of Frameworks 

Objective 1. Identify the parameters that govern precursor order on the surface and define the 
thermodynamics of nucleation.  

Milestone: Create a feedback loop between Thrusts 1 and 3 and narrow the processing parameters for the 
delivery of the selected precursors to the target substrates with the end goal of achieving material order. 

Objective 2. Establish the basic knowledge of reaction dynamics for COF synthesis on the surface. 

Milestone: Create a feedback loop between Thrust 1 and 3 and narrow down the processing parameters 
for reaction engineering. The deposition rate for each pair of precursor/linker will be identified. 

Objective 3. Establish Field-assisted molecular ordering as a means for directing COF growth. 

Milestone: Extend order in the film by using external field bias that regulates the assembly of precursors. 

Objective 4. Establish structure-property relationships. 

Milestone: Resolve the structure of synthesized COFs with a focus on crystal structure, phase 
composition, crystallographic orientation, surface chemistry and electronic properties.  

Thrust 2.  From Design to Function of Frameworks: Translational Impact 

Objective 1.  Establishing and controlling the functionality of frameworks.  

Milestone: Post-synthetic modifications will be established on both planar and 3D substrates for the 
proposed reactions of e-CCC and e-LOHCs. 

Objective 2. Electrochemistry of Post-synthetic modified frameworks. 

Milestone: An integrated suite of complementary ex-situ and operando measurements will be performed 
to efficiently build a comprehensive picture of electrocatalysis process for e-CCC or e-LOHCs. 

Thrust 3 (Crosscut).  Discovery by Design of Frameworks  

Objective 1. Porous Framework Design with Generative AI for Thermodynamic Stability and 
Synthesizability Predictions. 

Milestone: Close the feedback loop between theory and initial experiments with data on reactions of 
known precursors, pore-scale functionality and stability of 2D COFs; compare and contrast the 
thermodynamic stability and synthesizability ranking of closely related COFs. 

Objective 2. Detailed quantum chemistry for active site design and catalytic performance feedback.  

Milestone: Use guidelines to deliver new COFs and validate the predicted reaction dynamics against 
observed dynamic for e-CCC and e-LOHC reactions. 
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Unraveling the Mysteries of the Platinum Group Elements 

Robert W. Schurko (PI, Florida State University and National High Magnetic Field 
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Keywords: solid-state NMR spectroscopy, platinum group elements, 103Rh NMR, 99Ru NMR, 
195Pt NMR, 59Co NMR, 55Mn NMR, 35Cl NMR, relativistic DFT calculations, NBO/NLMO 
analysis 

Research Scope 

 The goals under the scope of this research include: (1) to develop and apply new protocols 
for efficient acquisition of solid-state NMR (ssNMR_ spectra of unreceptive isotopes of the PGEs 
in organometallic and coordination compounds, including candidates such as 99Ru, 103Rh, 105Pd, 
and 195Pt, as well as nuclides in their ligands; (2) to quantify the nature of σ and π metal-ligand 
(M-L) covalent donation bonding in relation to NMR tensors using experimental NMR data and 
first-principles relativistic DFT calculations and subsequent NBO/NLMO analysis; and (3) to use 
this information to identify non-PGE metals as potential replacements. 

Recent Progress  

 We have designed new 
protocols for acquiring ultra-wideline 
(UW) ssNMR spectra1 of two 
extremely unreceptive nuclei: 103Rh (I 
= 1/2)2 and 99Ru (I = 5/2), for which 
there are only cursory studies in the 
literature,3,4 and have applied them to 
inorganic and organometallic Rh (Fig. 
1) and Ru complexes (a publication 
will be forthcoming on 99Ru, Fig. 2).  
We have also explored SSNMR of key 
ligand nuclei (e.g., 35Cl, 13C, 31P) and 
extended our new methods to potential 
replacement metals (e.g., 55Mn and 
59Co UW ssNMR).5  Spectral 
simulations were used to extract the 
chemical shift (CS) and electric field 
gradient (EFG) interaction tensors, 
providing the first sets of 
comprehensive 103Rh and 99Ru ssNMR 
measurements.  We have had recent 

Fig. 1: 1H-103Rh BRAIN-CP NMR spectra acquired at 21.1 
T, along with simulated spectra (black traces). 

Fig. 2. 99Ru WCPMG NMR spectra acquired at 35.2 T 
(ν0 ν0 (99Ru) = 69.013 GHz, with experimental times in hours. 
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success optimizing 1H-103Rh and 1H-99Ru 
broadband adiabatic inversion cross 
polarization (BRAIN-CP) methods6 for 
efficient acquisition of spectra of these 
challenging isotopes.  Finally, using a 
method we devised for indirectly detecting 
the spectra of unreceptive nuclides via 
proximate protons, the 1H-X PROSPR 
(Progressive Saturation of the Proton 
Reservoir) technique, we have been able 
to indirectly detect 103Rh and 55Mn UW 

ssNMR spectra (Fig. 3) with great rapidity in comparison to standard direct detection experiments. 
This is a promising alternative for experiments on unreceptive nuclides of both PGEs and 
replacement metals. 

 Relativistic DFT calculations of the CS and EFG tensors have been carried out, with 
thorough  optimizations revealing the best choices of correlation functional and methodology for 
achieving the best agreement with experiment.  For 103Rh and 99Ru, we found that lattice effects 
must be taken into account (e.g., clusters vs. periodic lattices), relativistic effects must be included 
to the spin-orbit level, and hybrid DFT functionals work the best (i.e., PBE0).  Finally, we have 
completed NBO/NLMO analyses of molecular orbitals (MOs) and their contributions to the NMR 
interaction tensors.  For instance, the differences in the 103Rh CS tensors among systems, along 
with the corresponding contributions from the Rh 
4d shell, π-backbonding MOs from ligands (e.g., 
Rh–CO), and π MOs of cyclopentadienyl rings, 
reveal a rich picture of structure and bonding (Fig. 
4), which we believe is one that will aid in the 
gaining a deeper understanding of M-L covalent 
donation bonding.2  Similar work is published for 
195Pt CS tensors8 and ongoing for 99Ru EFG and 
CS tensors. Much of this work was enabled by a 
publication by one of the PIs, which describes the 
decomposition of contributions to NMR 
interaction tensors using spin-free LMOs.9  

  

Fig. 4: Isosurfaces for dπ∥ M-L bonding MOs in 
Rh(CO)2(acac) and Rh(CO)2Cp*. 

Fig. 3. (A) 1H-55Mn PROSPR spectrum of CpMn(CO)3 (14.1 T)  
and (B) 1H-103Rh PROSPR spectrum of Rh(COD)(acac) (18.8 T). 
Experiment times are shown in green and ideal spectra in red.  
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Research Scope 

 Organic mixed ionic-electronic conducting polymers are emerging as a dominant class of 
materials finding widespread applications ranging from organic electronics and bioelectronics to 
electrochemical energy storage devices, where simultaneous conduction of electrons and ions and 
ion-electron couplings play an important role. While ionic and electronic charge transport demand 
contradictory design rules, the relationships between chemical structure, mesoscale morphology, 
processability, and charge transport behavior are critical to future design rules and are still 
relatively unclear. This project addresses the overarching questions centered around the effect of 
electronic-ionic charge transport behavior at the molecular scale, mesoscale, and macroscale: 1) 
How does molecular designs influence stability and charge carrier conductivity within a mixed 
conductor? 2) How do dielectric environment and local structure affect ion dissociation and ionic 
conduction? 3) How do the electrostatic interactions within a mixed conductor be leveraged for 
processing and the corresponding effect of ion and counter-ion identity on them? 4) How are the 
structure and performance of mixed conductors affected by the method and timescale of 
processing? 

Recent Progress  

We have recently demonstrated that complex 
coacervates formed by electrostatic complexation 
of conjugated polyelectrolytes (CPEs) with 
polymeric ionic liquids (PILs), are promising 
mixed conducting systems with tunable 
nanoscale morphology, enhanced processability 
and stretchability, suitable for application as 
battery binders and stretchable electronics.1–3 
Utilization of such electrostatic complexation 
allows aqueous processing of otherwise difficult 
conjugated polymers, leading to the 
development of novel processing methods, including ionic processability, to reduce the impact of 
industrial solvent usage.4,5 Furthermore, high polymer fraction in these complexes allows the 
formation of conductive thick films and bulk structures. When we examined complexes formed 
from varying frequency of charged repeat units of CPE and PIL, we have seen reduced structural 
disorder in highly charged complexes, thereby enhancing its intrachain conjugation and interchain 
packing (Figure 1).6 In fact, electrical conductivity of any acid-doped complex was found to be 

Figure 1. Role of complexation strength on 
the electronic charge transport properties of 
semiconducting polymer complexes.  
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higher than that of an unblended CPE, reaching highest electrical conductivity of ~ 1 S cm-1 for 
100% charge fraction. 

We have shown that polymer-ion interaction strength play 
a crucial role in striking a balance between salt solvation 
and cation-selective transport in CPEs for battery 
applications.7 In this regard, we have studied a series of 
cationic functionalized polythiophenes where the cationic 
pendant unit was systematically varied (Figure 2). We 
found that cation group size and charge localization play a 
critical role, whereby the more diffusely charged 
imidazolium effectively has the best overall 
performance by affording improved electronic 
conductivity, labile ionic interaction and higher Li+ 
transference than the other cationic pendants studied. 

We have also leveraged ion complexation between 
two polymers with architecturally different backbone 
chemistry using an anionic CPE and a cationic bottlebrush polymer (BPE), resulting in a soft, 
elastic conductive polymer complex.2 With 60% charge fraction in each of CPE and BPE, a much 
lower charge density in BPE and a 5% volume fraction of the conjugated polymer, the electrical 
conductivity of acid doped complexes still reached 3×10–1 S cm-1, indicating maintenance of 
effective electronic coupling of the CPE in complex electrostatic environment. More importantly, 
the complex exhibited significant mechanical properties in their undoped and doped states with 
strain to break close to 450 and 100%, respectively, demonstrating their suitability for bio-
interfacing and stretchable electronics. 

We have demonstrated the mixed conducting ability of complex coacervates by application as a 
dissolution-resistant lithium-ion battery (LIB) binder using LiFePO4 (LFP) electrodes.1,8 In this 
regard, we have examined various polythiophene-based polyelectrolyte complexes, with varying 
side-chain pendants, showing electronic conductivities as high as 0.8 S cm-1, room temperature 
ionic conductivities above 10–4 S cm-1 when swollen with an electrolyte and appreciable dry ionic 
conductivity (≈1 × 10–7 S cm-1).1 As a result, we have observed dramatic reductions in 
overpotential, improved charge transfer kinetics and enhanced performance at high cycling rates 
(70% cathode utilization for complex vs. 1.4% for PVDF, at 6C) compared to the electronically 
and ionically insulating PVDF, which relies on solvent-induced swelling for ion conduction. 
Complex binders also exhibited significant improvements in initial capacity and long-term 
capacity retention attributed to their reduced resistance.8 

 

 

Figure 2. Comparison of ionic conductivity 
and Li+ transference for a series of cationic 
functionalized polythiophenes, where the 
pendant unit is varied from N-
methylimidazolim to trimethyl ammonium 
to ammonium. 
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Lone-Pair Driven Phenomena in Optoelectronic Halide Materials  
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Research Scope 

The impact of lone pairs on the electronic properties of halides, including metal halides such as 
AMX3 perovskites are studied. Lone pair containing compounds display one of three states,1 
corresponding to lone pairs being: (i) active and ordered, (ii) active and disordered, or (iii) silent 
and dynamic. Case (iii) is the most intriguing and least well-controlled state with associated 
anharmonicity that can enhance functionality. The 
following overarching questions are addressed in 
this project: (i) What are the consequences of the 
inverted band structure, with ns2 states in the 
valence band, on optical properties? (ii) Can 
anharmonicity-by-design be deployed in materials 
with “hidden” lone pairs? (iii) Can we disentangle 
the highly interrelated aspects of what drives lone 
pair expression: the nature of the lone pair cation 
itself, other cations in the structure, and the 
anion(s)? (iv) How do lone pairs on the M site 
influence tilting and rotation in all-inorganic AMX3 perovskites? (v) Can lone pair behavior be 
driven and controlled by external stimuli? The lone pair ions of interest are depicted in Figure 1. 
Some accomplishments from this new project are described here.  

Recent Progress  

Hybrid Iodide Perovskites of Divalent Alkaline Earth and Lanthanide Elements Hybrid 
halide perovskites AMIIX3 (where A is an ammonium cation, M is a divalent cation, and X is a 
halide) have been extensively studied but have only been reported for the divalent carbon group 
elements Ge, Sn, and Pb. Through rational design rules and low-temperature solid-state synthesis, 
we have synthesized five new hybrid iodide perovskites centered around divalent alkaline earth 
and lanthanide elements with the general formula AMIII3 (A = methylammonium [MA] with MII = 
Sr, Sm, Eu; and A = formamidinium [FA] with MII = Sr, Eu).2 Significantly, all of our new 
compounds are free of lone pairs, providing opportunities to make direct comparisons to the crystal 
and electronic structures of compositions with lone-pair MII cations [i.e. Pb(II), Sn(II)]. All five 
compositions are isostructural with their APbI3 counterparts but exhibit slightly larger lattice 
parameters, with the MA perovskites crystallizing in the tetragonal I4/mcm space group and the 
FA perovskites crystallizing in the tetragonal P4/mbm space group.  

Figure 1: Lone pair ions of interest. Halide 
compounds –– both hybrid and all-inorganic 
–– that contain these ions are the subject of 
this study.   
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Alloying Sn and Pb Perovskites on Anion and Cation Sites One of the primary methods for 
band gap tuning in metal halide perovskites has been halide (I/Br) mixing. Despite widespread 
usage of this type of chemical substitution in perovskite photovoltaics, there is still little 
understanding of the structural impacts of halide alloying, with the assumption being the formation 
of ideal solid solutions. The FASnI3–xBrx (x = 0 – 3) family of compounds provides the first 
example where the assumption breaks down, as the composition space is broken into two unique 
regimes (x = 0 – 2.9; x = 2.9 – 3) based on their average structure with the former having a 3D and 
the latter having an extended 3D (pseudo 0D) structure. Pair distribution function (PDF) analyses 
further suggest a dynamic 5s2 lone pair expression resulting in increasing levels of off-centering 
of the central Sn as the Br concentration is increased. These antiferroelectric distortions indicate 
that even the x = 0 – 2.9 phase space behaves as a nonideal solid-solution on a more local scale. 
Solid-state NMR confirms the difference in local structure yielding greater insight into the 
chemical nature and local distributions of the FA cation. ramatic quenching of photoluminescence 
is observed, with x ≥ 1.9 compounds having no observable PL. Our detailed studies attribute this 
quenching to structural transitions induced by the distortions of the [SnBr6] octahedra in response 
to stereochemically expressed lone pairs of electrons.3 In a related study, the FA cation in 
(Cs0.17FA0.83)Pb(Br0.2I0.8)3 was substituted by seven alternative cations to achieve a slight blue shift 
in the bandgap, that is typically achieved by increasing bromide content. Among alternative 
cations, dimethylammonium and acetamidinium induced greater blue shifts at 10% concentration 
without forming a new low-dimensional second phase.4 

Polar, Chiral Phase of CsSnBr3 Polar and chiral crystal symmetries confer a variety of potentially 
useful functionalities upon solids by coupling otherwise noninteracting mechanical, electronic, 
optical, and magnetic degrees of freedom. We have described two previously unstudied phases of 
the 3D perovskite, CsSnBr3, which emerge below 85 K due to the expression of Sn(II) lone pairs 
and their interaction with octahedral tilts.5 Phase II (77 K < T < 85 K, space group P21/m) exhibits 
ferroaxial order driven by a noncollinear pattern of lone pair-driven distortions within the plane 
normal to the unique octahedral tilt axis, preserving the inversion symmetry observed at higher 
temperatures. Phase I (T < 77 K, space group P21) additionally exhibits ferroelectric order due to 
distortions along the unique tilt axis, breaking both inversion and mirror symmetries. This polar 
and chiral phase exhibits second harmonic generation from the bulk and a large, intrinsic 
polarization-electrostriction coefficient along the polar axis (Q22 ≈ 1.1 m4 C–1), resulting in acute 
negative thermal expansion (αV = −9×10−5 K−1) through the onset of spontaneous polarization. 
Relativistic electronic structure scenarios compatible with reported photoluminescence 
measurements are discussed. Together, the polar symmetry, small bandgap, large spin-orbit 
splitting of Sn 5p orbitals, and predicted strain sensitivity of the symmetry-breaking distortions 
suggest bulk samples and epitaxial films of CsSnBr3 or its neighboring solid solutions as strong 
candidates for bulk Rashba effects. 
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Research Scope 

The BATTERIES project addresses two crucial goals in basic energy science research: (1) the 
development of novel materials for enhancing stability, catalytic activity, and conductivity of 
lithium-sulfur (Li-S) batteries to meet energy storage demands and (2) the preparation of future 
STEM scientists from underrepresented minority (URM), first-generation college student (FGCS), 
and women subpopulations. Although Li-S batteries theoretically have capacities up to four times 
higher than that of current Li-ion batteries, several challenges related to the dissolution and 
diffusion of polysulfides limit commercialization of Li-S batteries. To overcome these challenges, 
a computation-guided experimental approach to investigate three research thrusts (RTs) is being 
employed: 

1. Control of Metal Organic Framework (MOF) pores to stop polysulfide shuttling caused by 
the dissolution of intermediate lithium polysulfide species in the electrolyte resulting in 
poor battery cell performance, 

2. Determination of potential catalytic effects of conductive MOFs on Li-S electrochemistry, 
and 

3. Quantification of the cycling capability of Li-S batteries containing porous and conductive 
MOFs. 

The outcomes will enable the rational design and control of electrically conductive cathode 
additives and sulfur hosts, as well as ionically conductive interlayers in the Li-S battery. To achieve 
the scientific goals, over one third of students who self-identify as URM, FGCS, and/or female 
will be recruited at the two participating minority serving institutes. The project’s plan for 
Promoting Inclusive and Equitable Research (PIER) includes:  

1. Comprehensive recruitment workshops, 
2. An inclusive environment management for research and training of all participants, and 
3. Mentorship matching for 22 trainees, including student participants and postdoctoral 

scholars, providing the participants with unique career development opportunities. 

The goal is the retention and graduation of more than 90% of the participants, jumpstarting the 
careers of two early career scientists, and serving as a role model on techniques to retain and 
prepare a diverse STEM workforce. 
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Recent Progress  

To address challenges in RT 2 and 3, PI So investigated guest-host interactions within MOFs. 
These are critical to unlocking the power of extrinsically conductive metal–organic frameworks 
(MOFs) for electronics applications. One model system involves studying conjugated acceptor 
7,7,8,8-tetracyanoquinodimethane (TCNQ) guests within isostructural M-MOF-74 (M = Cu, Mn, 
Zn, Mg) hosts, To date, however, none have elucidated the nature of these host–guest complexes 
or proposed conductivity mechanisms in the TCNQ@M-MOF-74 system. Previous studies also 
failed to address additional fundamental questions, such as: to what extent do open d shells of 
metal ions in M-MOF-74 influence charge transfer? What role does conjugation play in TCNQ in 
influencing electrical conductivity? How does oxygen affect the stability of TCNQ? Through what 
charge transport mechanism does TCNQ induce MOF conductivity? We found an air-free 
approach to infiltrate isostructural M-MOF-74 with TCNQ. The TCNQ@M-MOF-74 compounds 
exhibit a striking correlation between their bulk conductivities and the open d shell variants (Cu, 
Mn), arising from TCNQ p-doping of the MOFs.1 Importantly, conjugation of guest molecules is 
required for inducing electrical conductivity in these systems.  
 
To investigate factors affecting RT2, we employed UiO-66 analogues as catalysts. Namely, UiO-
66, UiO-66-NH2, and UiO-66-NO2 were employed as catalysts in oxidative desulfurization (ODS) 
of an organic sulfur-containing compound, dibenzothiophene (DBT). We found that the effects of 
the electronic environment of the organic linker of the MOFs were the most substantial on the 
turnover frequency (TOFs) on the ODS of DBT.2 UiO-66-NO2 exhibits superior activity, followed 
by UiO-66, while UiO-66-NH2 demonstrates the lowest TOFs. The highest catalytic activity of 
UiO-66-NO2 is likely due its nitro group functionalized linker which adds electron-withdrawing 
character. This aids in making the H2O2 complex in the reaction more electrophilic. The formation 
of Zr4+ is a major contributor for ODS, as DBT molecules coordinate to the Lewis-acid metal sites 
on the MOF. Having more electron-withdrawing character on the linker would provide activation 
of more Lewis acid sites and enable more coordination with DBT, resulting in more efficient ODS. 
Students’ experimental data showed that the appearance of an electron-donating group greatly 
hindered catalytic activity, indicating the need for electron-withdrawing character for ODS.  
 
To address goals in PIER 2, PI So, co-PI Dirlam, Meehan, and Wan recruited and trained 2 
postdoctoral scholars, 1 graduate student, and 12 undergraduate students. As of July 2024, we are 
mentoring 68% of our intended trainees for the project. Of these, there are 8 women, 4 are 
underrepresented minorities (URM), and 4 are first-generation college students. Of those trainees, 
1 female URM undergraduate1 and 1 URM and FGCS undergraduate2 coauthored peer-reviewed 
manuscripts as first authors and one female postdoctoral scholar second authored one manuscript.   
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Research Scope 

 There is a great interest in semiconducting polymers for a large variety of energy and 
DOE-relevant applications, including for light harvesting and storage, wearable electronics, 
sensing, self-healing skins, and beyond. Excitons and polarons, i.e. bound electron-hole pairs and 
free charges respectively, play a fundamental role in the operation of devices used in such 
applications as they are the vehicles by which energy and electrical current flow. However, gaining 
a broad, widely applicable understanding of interrelations between intrinsic optoelectronic 
properties and materials design, macromolecular arrangements across multiple length scales, and 
assembly, has been challenging due to the fact that most semiconducting polymers are highly 
heterogeneous systems as a result of their long-chain nature and often high dispersity. Moreover, 
conjugated polymers are often brittle with poor mechanical properties. Currently, the most 
common approach to obtaining mechanically robust semiconductors is blending a brittle 
conjugated polymer in an elastomeric matrix. While successful, this approach dilutes the 
semiconductor, limiting the amount of current that it can carry, and poses formidable processing 
challenges. A more elegant and functional approach would be to design conjugated polymers that 
are intrinsically mechanically robust, a property non-existent in conventional semiconductors 
which are brittle and exhibit low fracture toughness. An important fundamental materials 
chemistry question can thus be raised: Are high mechanical robustness and efficient electronic 
transport mutually exclusive properties of a (single component) polymer semiconductor? 

Recent Progress  

We started the project with the comparison of two rigid-rod polymer semiconductors, 
poly(indacenodithiophene-co-benzothiadiazole), p(IDT-BT), and poly(indacenodithiophene-co-
benzopyrollodione), p(IDT-BPD), to understand the effect charge carrier intrachain delocalization 
has on electronic transport. The two polymers were selected because they are structurally both 
highly disordered (near-amorphous) but they feature charge-carrier mobilities that are orders of 
magnitude different. Quantum chemical calculations show that p(IDT-BPD) has a significantly 
lower barrier to backbone torsion than p(IDT-BT) and is thus more likely to have reduced 
conjugation lengths. We utilize absorption and photoluminescence spectroscopy to characterize 
energetic disorder and show that p(IDT-BPD) has indeed higher energetic disorder. Charge 
modulation spectroscopy (CMS) and model calculations are used to show that polarons are 
substantially delocalized in p(IDT-BT) and occupy near-uniform energetic environments, 
however, mobility-activated hopping barriers are similar in these two materials. Electronic 
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structure calculations show that both intrachain and interchain coupling of monomer units is poor 
enough in p(IDT-BPD) that charge carriers collapse to single IDT units and transport via a through-
space tunneling mechanism. Our work, thus, highlights the remarkable charge transport properties 
of p(IDT-BT) by showing that high mobilities are achievable on device relevant length-scales with 
only 1D carrier delocalization. Guidelines how p(IDT-BT) can be made mechanically tough in 
future are given as well. 
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Research Scope 

In this project we are focused on characterizing the various 
interactions in deep eutectic solvent (DES) electrolytes based on 
metallic salts. Through a combination of measurements, we assess the 
bulk and local dynamics of the ionic species to better understand the 
various interactions and their effect on dynamics and speciation. 
Techniques such as nuclear magnetic resonance (NMR) relaxometry 
as functions of both temperature and frequency allows us to 
qualitatively isolate and identify the various types of motions. 
Additionally, by combining NMR with conductivity, viscosity, and 
density measurements, we can tune these inherent interactions in the 
materials as a means of enhancing dynamics.    

 Recent Progress  

We started with zinc salts (ZnCl2 and ZnBr2) and various hydrogen bond donors (HBD, ethylene 
glycol, choline chloride) and incorporated various ‘probe’ solvents (water, ethylene carbonate 
(EC), propylene carbonate (PC), acetonitrile (AcN)) in varying concentrations. We are especially 
interested in the hydrogen bonding networks of these electrolytes and the effect they have on the 
electrolytes’ ion transport capabilities. Based on our findings of probe molecule and HBD types 
being strong determinants of ionic transport, we have since expanded our scope to include 
additional hydrogen bond acceptors (HBAs), various HBDs and hydrophobic probes solvents. 
Additional focus variables include probe molecule dipole moment and degree of hydrophobicity, 
and the range of conformational dynamics of HBDs.  Our investigation is ongoing with NMR 
relaxometry and diffusometry measurements. We expect these results to provide us more 
understanding of the zinc species types. We are also in the process of incorporating other HBAs 
including organic salts, thereby allowing us selective views of the interactions between the zinc 
species and their solvation spheres.    

 

 

 

Figure 1. Ionic 
conductivity dependence 
on probe solvent type for 
1ChCl:3P12D mixture. 
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Research Scope 

 Our program investigated the kinetics and thermodynamics of molecular mixtures in nano-
confined environments. The nano-confinement can tip the thermodynamic vs. kinetic balance, 
and current understanding and theory can lead to incorrect predictions for such mixtures [1–
4]. This is of particular interest in real-world applications, where gases/vapors are typically 
mixed or contain impurities and are often exposed to humid conditions. Our approach 
integrated intensive in situ characterization, ab initio modeling, and tailored synthesis. Our 
objectives were (i) to disentangle kinetic from thermodynamic effects by a series of sequential 
and simultaneous gas loading experiments; (ii) to identify the interactions between gas 
molecules of the mixture as well as between gas molecules and the host; and (iii) to develop 
nano-porous materials that are stable in reactive humid mixture environments. Due to their 
structural diversity, functional flexibility, and design freedom, metal organic frameworks 
(MOFs) have been the main platform to serve as our nano-confined environments to address 
our objectives. 

Recent Progress  

 One of our most exciting recent successes concerns the separation and purification of C6 
cyclic hydrocarbons (e.g., benzene, cyclohexene, cyclohexane), which represent a critically 
important process, but the current technologies are extremely energy intensive. Developing 
adsorptive separation technique to replace thermally driven distillation processes holds great 
promise to significantly reduce energy consumption. We were able to use a flexible one-
dimensional (1D) coordination polymer as an efficient adsorbent to discriminate ternary C6 
cyclic hydrocarbons via an ideal molecular sieving mechanism [5]. The compound undergoes 
fully reversible structural transformation associated with removal/re-coordination of water 
molecules and between activated and hydrocarbon-loaded forms. It exhibits distinct 
temperature- and adsorbate-dependent adsorption behavior which facilitates the complete 
separation of benzene, cyclohexene and cyclohexane from their binary and ternary mixtures, 
with record-high uptake ratios for C6H6/C6H12 and C6H10/C6H12 in vapor phase and the highest 
binary and ternary selectivities in the liquid phase. A Combination of in situ infrared 
spectroscopic analysis and ab initio calculations provide insight into the host-guest interactions 
that lead to the difference in adsorption energetics and observed preferential adsorption, and 
further identified the changes occurring to specific chemical bonds that account for the overall 
structural transformation. 
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Another main focus of our research was molecular competition and exchange, which are 
common steps occurring in many technological processes such as chemical separation, capture, 
delivery, and release. However, the underlying principle is not fully understood, especially in 
nano-confined environments where the energetics and kinetics of such processes can deviate 
from that on flat surfaces. We unraveled the mechanism of a molecular exchange process by 
studying the displacement of NO by H2O in Ni-MOF-74 in real-time using in situ infrared 
spectroscopy combined with ab initio calculations [6]. We showed that weakly bound H2O 
gradually displaces strongly bound NO on the metal sites by first weakening the M–N bond 
through forming an H-bond and then moving the NO away so that it eventually desorbs. 
Interestingly, we further found that additional water facilitates this exchange by significantly 
lowering the kinetic barrier associated with this process as well as the overall energy of the 
final state. Although our study focuses on Ni-MOF-74, we believe that our finding and 
explanation of unexpected exchange phenomena—where strongly adsorbed molecules are 
apparently easily displaced by much weaker bound H2O—is applicable to a much larger group 
of frameworks and will be helpful in designing and improving MOFs for real-world 
applications where humidity is often present. 
Through a large number of kinetics/thermodynamics studies of moleculular adsorption in 
MOFs, we were fortunate to find a case with fundamental relevance for organometallic 
chemistry. Ferrocene is perhaps the most popular and well-studied organometallic molecule, 
but our understanding of its structure and electronic properties has not changed for more than 
70 years. In particular, all previous attempts of chemically oxidizing pure ferrocene by binding 
directly to the iron center have been unsuccessful, and no significant change in structure or 
magnetism has been reported. Using a MOF host, we were able to fundamentally change the 
electronic and magnetic structure of ferrocene to take on a never-before observed physically 
stretched/bent high-spin Fe(II) state [7], which readily accepts O2 from air, chemically 
oxidizing the iron from Fe(II) to Fe(III). Ferrocene thus becomes an exception to the 18-
electron rule for which it has been the prime example, contrary to seven decades of well-
accepted ferrocene chemistry. Through a careful analysis of the thermodynamics and kinetics 
of the ferrocene state change in the presence of oxygen, we were also able to show that the 
binding of oxygen is reversible, further confirmed through temperature swing experiments. 
Our analysis is based on combining Mößbauer spectroscopy, extended X-ray absorption fine 
structure, in situ infrared, SQUID, thermal gravimetric analysis, and energy dispersive X-ray 
fluorescence spectroscopy measurements with ab initio modeling. 
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Research Scope 
Fast-charging Li-ion batteries, often called pseudocapacitors due to their capacitor-like 
chare/discharge kinetics,are necessary for the continued development and universal adoption 
of electric vehicles and grid-scale energy storage1,2,3. Many battery materials have insertion-
induced first-order phase transitions which, along with long ion diffusion paths, lead to slow 
kinetics. 4,5,6,7,8,9,10,11,12  Suppression of these first-order phase transitions has been correlated 
with fast charging in a number of systems, but the mechanisms behind their suppression remain 
poorly understood.13, 14, 15, 16, 17,18 In recent DOE-supported work, we used operando 
synchrotron X-ray diffraction and electrochemical kinetics studies to investigate how 
nanoscale crystal size and crystallographic disorder can lead to the suppression of first-order 
insertion-induced phase transitions and mitigate their negative kinetic effects.19,20 In 
nanostructured MoS2 and MoO2, changes in phase transition behavior were correlated with 
domain size, disorder, and electrochemical kinetics, overall showing that decreased size and 
increased disorder are independently capable of altering phase transition behavior. We also 
investigate a number of materials that do not undergo intercalation-induced first-order phase 
transitions, including LixTiS2, the nickel-rich cathodes LiNi0.8Co0.1Al0.1O2 (NCA811) and 
LiNi0.8Co0.1Mn0.1O2 (NCM811), and a disordered rocksalt structured V9Mo6O40 (VMO) to 
understand the factors limiting charging speeds in these systems. These materials show 
pseudocapacitive behavior to larger size, with parameters other than first order phase 
transitions dominating the kinetics of Li (de)insertion. 

Recent Progress  
As reported last year, we used MoO2 and MoS2 as model tunnel and layered systems, 
respectively, to investigate how size and disorder can suppress first-order phase 
transitions.Error! Bookmark not defined.,Error! Bookmark not defined. Bulk LixMoO2 undergoes a first-order 
phase transition, shown by a discontinuous jump in peak position during which there is 
coexistence of two phases. As the size of the MoO2 grains decrease, the size of the miscibility 
gap and the extent of two-phase coexistence decrease until finally, in MoO2 nanocrystals, the 
phase transition becomes entirely continuous, solid-solution based. As the miscibility gap 
shrinks, the rate capabilities improve.Error! Bookmark not defined. To understand the role of disorder, 
we turned to the model layer system MoS2 made through the thermal sulfurization of MoO2; 
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here disorder can be controlled through the temperature at which the sulfurization occurs and 
size can be controlled by the size of the starting MoO2.Error! Bookmark not defined. Operando XRD 
shows suppression of the Li+ intercalation-induced 1T-to-triclinic transition in all of the small 

or disordered samples, but not in the 
large crystalline material. 
Electrochemical studies indicate that 
the smaller and more disordered 
samples outperform their larger and 
more crystalline counterparts in rate 
capability and longterm cycling 
stability, indicating that size and 
lattice disorder are both effective 
options for suppressing intercalation-

induced phase transitions and introducing pseudocapacitive behavior. 
Building on our work with MoS2, we have investigating TiS2, which is also layered, but unlike 
MoS2, shows fully solid-solution phase behavior upon Li (de)intercalation. When synthesized 
through the sulfurization of TiO2, TiS2 is capable of extraordinarily fast charging/discharging 
when sulfurized at a high temperature, even though it is relatively large (~500nm) (Fig.3). EDS 
and XPS indicate that the fastest TiS2 is close to being stoichiometrically perfect, while the 
slower nanostructured TiS2 and commercial bulk have S:Ti ratios below 2:1, suggesting a lack 
of defects such as interstitial titanium or sulfur vacancies in the high T material. Structural 
changes in all materials upon Li (de)insertion are identical, indicating that for materials without 
first-order phase transitions, more perfect materials lead to faster lithium ion diffusion and 
retention of pseudocapacitive behavior to larger size. 
Like TiS2, many layered cathodes, including NCA 
and NCM, show solid-solution behavior upon Li 
insertion/extraction.  We have shown that these 
materials can similarly show pseudocapacitive 
behavior at sizes up to a few hundred nm, but not 
all materials are equally fast. To determine what 
factors most affect (de)insertion kinetics, we 
varied the molar excess of Li precursor in the 
synthesis.  Higher Li excess significantly 
improved cation ordering, as measured by X-ray 
diffraction (Fig. 2a), but create surface impurities 
that led to higher charge transfer resistance (Fig. 
2b,d). Despite the increased resistance, 
nanoporous NCA with 7.5% Li excess has much 
enhanced rate capability compared to 5% and 2.5% excess samples (Fig. 2c). This data 
suggests that fast Li diffusion is the most important parameter for determining 

 
Fig. 3: a) Galvanostatic cycling for TiS2 sulfurized at different 
temperatures and for commercial bulk TiS2. b) SEM of 
nanosized TiS2 obtained by sulfurizing TiO2 nanoparticles  

 
Fig. 2: a) XRD b) XPS c) galvanostatic cycling and 
d) EIS measurements for nanoporous NCA 
prepared with different amounts of Li+ excess 



 
 

245 
 

pseudocapacitive behavior, and that some surface limitations can be tolerated in nanoscale 
materials. 
Finally, we examined disordered rocksalt structured VMO and found fast charging and 
pseudocapacitive behavior in both bulk and nanoscale materials, due to the lack of first order 
phase transitions and the unique local architecture of both materials. 
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Research Scope 

 This project involves hypothesis-driven exploratory research on new manifestations of pi-
electronic delocalization relevant to organic electronics via building onto hitherto unused 
structural subunits that invoke different degrees of aromaticity, conjugation, radical character 
and strain.  Our team consists of three interrelated groups specializing in pi-conjugated organic 
electronic systems with unusual properties well beyond the conventional arsenal of organic 
semiconductors with linear conjugation topologies 
present on planar pi-electron backbones.  These 
systems combine unusual bonding patterns, unusual 
curvatures, and unusual charge states in new ways 
that have yet to be tapped for emerging electronics 
applications.  Our objectives for this research 
program are to (1) design and characterize new 
energy materials that access unusual spin states and 
pi-electron delocalization in curved carbon structures 
and (2) examine through-space delocalization as 
encouraged by mechanical bonding of curved 
components. Our specific targets in this research are 
pi-conjugated materials bridged in different ways to 
cycloparaphenylene (CPP) radially-conjugated units 
in order to explore how the combination of radial 
and linear pi-conjugation influences emergent 
optoelectronic properties.  Figure 1 shows two pathways installed during this project.1,2  

 Recent Progress  

 CPPs linked with alkene spacers.  We diversified the linker chemistry to include arylene 
vinylene repeat units (as opposed to arylene ethynylene in Figure 1) because alkyne linkages 
are known to have limited electron delocalization across the polymer backbone, and vinylene 
polymers are known for their emissive properties and high effective conjugation length. 
Additionally, we could further tune the polymer properties through co-polymerization with 
other monomers which allows for the optimization of parameters such as molecular weight and 
thin-film crystallinity. We have successfully observed (via in-situ NMR spectroscopy) the 
presence of the quinodimethane intermediate during the Gilch polymerization of [8]CPP-PPV. 

Figure 1. Linear (top) and disjoint 
(bottom) CPP conjugation pathways. 

 



 
 

248 
 

This is important as it demonstrates for the first time, to our knowledge, a reaction mechanism 
proceeding through the backbone of an [n]CPP and temporarily disrupting aromaticity. 

 Probing carrier transport through linear-radial hybrids.  We prepared disjoint CPP 
molecules flanked with aryl thiol groups to enable interrogation via break-junction STM 
measurements.3  Using this technique, we validated their electrical transport properties.  Our 
preliminary measurements suggest that there are two distinct attachment modes to the disjoint 
molecular wire: one bridging both sulfur contacts, and one connecting through a sulfur and a 
direct CPP carbon contact.  We recently prepared model systems to further elucidate the nature 
of these contacts.  Importantly, the presence of the conduction – even if of a low magnitude – 
sheds further light on the impact of the radial conjugation on defining transport. 

Impacts of tensile strain. The radial pi-system in CPP is quite strained. By investigating the 
frontier orbital patterns of two dozen cases, we established the connection to topological 
insulators by finding that the aromatic ones constitute 
a trivial topological phase, and the quinonoid ones 
constitute a non-trivial topological phase. The 
significance of this insight lead to the discovery of a 
novel way to control the bandgap of pi-conjugated 
polymers by external tensile strain, 𝜀𝜀  (Figure 2).4 
Furthermore, with well-chosen chemical repeat units, 
extremely low bandgaps for pi-onjugated polymers 
have become a possibility.  This will help in design 
of new CPP hybrid materials with unusual electronic 
properties. 

Advanced CPP intermediates.  Our synthetic and 
computational modeling efforts are continuing on several fronts.  CPP synthesis relies on an 
established but lengthy procedure which unfortunately requires starting from scratch whenever 
a new substituent is desired.  We completed the synthesis of several advanced intermediates 
towards universally functionalizable CPP monomers which contain different “masking 
groups” that can be unveiled to yield reactive CPP monomers.  We are also continuing the 
exploration of molecular templating approaches to join two CPP rings non-covalently as a 
starting point for mechanically conjugated polymers.  Computational modeling is also being 
used to identify new arene units for inclusion to the CPP core that might further extend the 
extent of radial conjugation throughout the linear-radial pi-conjugted materials, enhance 
possible open shell radical character throughout these networks,5 or add elements of anti-
aromaticity within the radial pathway. 

 

 

Figure 2. At a critical strain (𝜀𝜀) value 
the HOMO and LUMO cross and the 
bandgap (Eg) becomes very small. The 
correlation with bond length alternation 
(BLA) is essential. 
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Research Scope 

 There are three primary objectives of the proposed program: 
(1) design and synthesize a new platform of PIL copolymers 
with precisely positioned anion-cation (A-C), dipole-dipole (D-
D), dipole-induced dipole (D-ID), and induced dipole-induced 
dipole (ID-ID) interactions; (2) determine the magnitude of 
inter- and intra-chain interactions as a function of the position 
of A-C pair with respect to copolymer backbone and side 
groups; (3) elucidate the origin of molecular processes that 
govern A-C, D-D, D-ID, and ID-ID interactions in the presence 
and absence of alternating current (AC) electric fields (EF).  

 Recent Progress  

 Although there are ubiquitous interactions within polymer chains governed by dipolar or 
ionic forces, their origin and magnitude are not well defined. These interactions, encompassing 
dipole-dipole, dipole-ion, or dipole-induced dipole forces arising from electron distributions 
around covalently bonded atoms, are critical contributors to mechanical strength, electrical 

conductivity, or responsiveness to 
external stimuli, to name just a 
few.1-3 To investigate the impact 
of hydrophobic tail length on PIL 
interactions, a series of 
copolymers were synthesized 
using 1-[(2-

methacryloyloxy)propyl]-3-R-
imidazolium bis(trifluoromethyl-
sulfonyl)imide (Im-R-TFSI) 
monomers with varying alkyl 
chain lengths (R = C1-C4) along 
with 2,2,2-trifluoroethyl 
methacrylate (TFEMA) (Fig. 
2A). These materials were 
prepared for the first time. The 
primary motivation was to 

Fig 1. A-C, D-D, D-ID, and 
ID-ID interactions in a PIL 
copolymer. 

 

Fig. 2. (A) Repeating unit of p(Im-RTFSI/TFEMA) copolymer (R = 
C1 (methyl), C2 (ethyl), C3 (propyl), and C4 (butyl); (B) Pictorial 
representation of HOMO−LUMO energy gaps for highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) in Im-C1, Im-C2, Im-C3, and Im-C4 
monomers. 
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maintain the ionic character of monomers by using specific cation-anion pairs while 
systematically varying hydrophobic tails attached to the cation. The unique discovery was the 
influence of the length of aliphatic side groups on dipolar and ionic interactions. The energy 
density changes on the N(3) atom of the Im ring and the C-H tails adjacent to N(3) increase for 
longer aliphatic tails. At the same time, the LUMO-HOMO energy gaps increase (Fig. 2B). 
These studies showed that the length of C1-C4 tails affects the electron density distribution of 
the cation-anion surroundings. Using 2-dimensional correlation (2D COS) FT-IR 
spectroscopy, dynamics of structural changes were assessed and revealed that longer 
hydrophobic tails (C2-C4) promote stronger dipolar and van der Waals (vdW) interactions than 
shorter tails (C1). 2D FT-IR COS 
measurements identified specific 
changes in inter-chain distances 
reflected by molecular vibrations. This 
behavior was attributed to the flexibility 
and enhanced segmental mobilities of 
longer aliphatic tails. MD simulations 
further confirmed the formation of 
multi-ion pair clusters in longer 
aliphatic tail copolymers, thus 
affecting their electrical responses 
and self-healing capabilities (Fig. 
3). This is also reflected in the energetic contributions of vdW and electrostatic (ES) forces to 
intra- and inter-chain interactions. These data also showed that inter-chain ES energy is 
independent of the length of the aliphatic tails. Even more intriguing was how these groups 
responded to the perturbations; longer aliphatic tails (C2-C4) responded first, followed by the 
cation-anion pairs, whereas short tails (C1) responded last. In summary, two inter-related 
events attributed to the length of the aliphatic tails were identified: (1) dipole-dipole C-H (R) 
⇔ C-H (R) inter-chain interactions of aliphatic tails and (2) the formation of cation-anion 
channels.  Using physical (electrical and mechanical) and controllable chemical perturbations, 
ubiquitous dipole-dipole and cation-anion interactions and their dynamics provide favorable 
environments that impact as conductivity and the ability to recover from external perturbations. 
Further understanding is crucial for identifying the magnitude of these interactions. Ongoing 
efforts are underway to test the hypothesis of how perturbations of dipolar forces in the 
presence of ionic components with variable monomer molar ratios. Also, the way in which the 
perturbation of copolymers by temperature, pressure, and electric fields influences the dipolar 
and ionic interactions is examined. By precisely positioning cations in ILs between the spacer 
and terminal aliphatic ends, these studies also showed how minute chemical changes in 
aliphatic tails covalently bonded to ionic groups induce significant inter- and intra-chain vdW 
and polar forces.   

 

Fig. 3. Pictorial representation of single (p(Im-C1-
TFSI/TFEMA)) and multiple (p(Im-C4-TFSI/TFEMA) 
cation−anion pair channels in the presence of 
dipole−dipole and ion−dipole interactions. 
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Research Scope 

This proposed research aims to develop new synthetic strategies and methods for largely 
pi-extended porphyrins fused with aromatic heterocycles, which are underdeveloped currently.1-4  
The development of new synthetic methods is the key to facilitate the growth of this field. The 
purpose of this proposed project is threefold. First, we will develop concise and versatile synthetic 
methods to fuse heterocycles to porphyrin. Second, we will use these methods to design different 
types of heterocycle-fused porphyrins including porphyrins fused with phenanthroline-based 
heteroacenes, porphyrins fused with 5-, 6- and 7-membered N-heterocycles, and porphyrins fused 
with naphtho-dithiophene, -difuran and -dipyrrole. Third, we will study their optical-, electronic-, 
and photophysical properties using UV-Vis/fluorescence spectroscopy, cyclic voltammetry, 
femtosecond and nanosecond transient absorption spectroscopy, and DFT/TDDFT/NICS 
calculations. The excited-state dynamics including their singlet and triplet states, charge transfer, 
and charge separation will be studied to identify new systems for energy-related applications. We 
will identify specific factors influencing their electronic, optical, and aromatic properties in each 
type of fused system and establish structure-property relationships for future development.  

The proposed aromatic heterocycle incorporated pi-extended systems represent novel 
functional structures in materials science. The synthetic methods developed in this proposal will 
pave the way to open new opportunities in materials science and will significantly expand the 
current scope of this emerging field. The success of this project is expected to provide important 
information on guiding new materials design, leading to new advances in fundamental science. 

 Recent Progress  

We have successfully designed and synthesized a number of novel classes of pi-extended 
porphyrins including benzoimidazo-isoindoles-,5,6 naphthodithiophene-,7 azepine-,8 (pentacene-
6,13-diylidene)dimalononitrile-,9 and cyclooctatetraene-fused porphyrins.10 Unprecedented 
electronic and photophysical propertied have been revealed for these new compounds. For 
examples, azepine-fused porphyrin displayed unusually short fluorescence lifetime (0.7 ns) and 
long phosphorescence lifetime (132 ms), noting that the fluorescence and phosphorescence 
lifetime for conventional free base porphyrins is 9-12 ns and 20-30 ms, respectively. Efficient 
excited state charge transfer (CT) was unveiled in (pentacene-6,13-diylidene)dimalononitrile-
fused porphyrins and cyclooctatetraene-porphyrins. These data suggest unconventional excitation 
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state dynamics, the investigation of which will advance the basic knowledge in photochemistry, 
leading to new opportunities in solar energy related applications. In the past two year, we 
particularly focused on developing and understanding a donor-acceptor molecular system 
involving benzoimidazo-isoindole-fused porphyrins as the donor and C60 as the acceptor, for which 
an exceptionally 
long-lived charge 
separation (CS) state 
(37.4 s) (Figure 1, 
A) was 
established.5,6 The 
exceptionally long-
lived CS state was 
attributed to the 
formation of 3CT 
through spin-orbit 
charge transfer 
intersystem crossing 
(SOCT-ISC), which 
suggest the existence of a new mechanism paradigm for CS and charge combination (CR) 
dynamics/kinetics/thermodynamics. We have also developed porphyrin oligomers including 
dimers and trimers based on benzoimidazo-isoindole-fused porphyrins (Figure 1, B & C). While 
ZnD1-C60 exhibited long-lived CS state (~30-40 ms), ZnFBD1 system displayed efficient singlet-
singlet energy transfer (>95% efficiency).6 Interestingly, no charge separation in ZnFBD1-C60 
system was observed wherein excitation transfer dominated the process. Different scenario 
occurred in the trimer system. Zn-Trimer-1 showed strong exciton coupling and titration of Zn-
rimer-1 with C60 suggested cooperativity of the three porphyrin components, which is in sharp 
contrast to that was observed with ZnD1-C60 system. These results showcase the significant impact 
of heteroatom/heterocycles and the importance of the conjugated π-spacer in governing the energy 
and electron transfer events.11,12 

We have also started a new research direction to develop covalent organic frameworks 
derived from pi-extended porphyrins. Our preliminary studies on donor-acceptor COFs have 
revealed their semiconducting nature with band gaps of 1.54 - 1.63 eV. Exceptionally high optical 
conductivity (1 S/m - 2 S/m (at 1THz)) was obtained for these COFs using temperature resolved 
THz-transmission measurements. These preliminary data promise the great potentials to introduce 
pi-extended porphyrins as building blocks to COFs and other types of polymers. 

 

 

 

Figure 10 Benzoimidazol-isoindole-fused porphyrins. A: Monomer, B: Dimer, C: 
T i  
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Electric field-controlled solid sorbent for direct air capture 
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Keywords: LDH, CO2, capture, plasma, regeneration 

Research Scope 

There is a dire need to reduce atmospheric carbon dioxide (CO2) concentrations due to the known 
link between the recent rise in CO2 concentrations and increasing global temperatures [1]. One 
approach that is being actively pursued to reduce atmospheric CO2 concentrations is direct air 
capture (DAC) [2]; however, this approach is currently cost prohibitive using existing technologies 
due to the challenges of removing dilute amounts of CO2 from air, part of which is attributed to 
the large energy demands of sorbent regeneration. Thus, fundamental research is required to create 
new sorbent materials and explore novel methods of regeneration. 

This project seeks to combat the cost and energy limitations of DAC by developing a novel solid 
sorbent that is actively controlled by an applied electric field during CO2 capture and material 
regeneration. By utilizing abundant, inexpensive materials for synthesis of the Ca-based layered 
double hydroxide (LDH) sorbent, the overall cost is reduced [3], and the use of renewable 
electricity has the potential to significantly reduce energy demands for material regeneration. The 
objectives of this project are to: (i) uncover the fundamental chemical processes controlling CO2 
capture and release on Ca-based LDH from dilute CO2 sources, and the impact of water vapor, (ii) 
explore how low-temperature plasma (LTP)-generated electric fields affect these chemical 
processes, (iii) augment capture behavior by tailoring the chemical composition and associated 
electron density of the LDH, and (iv) determine the viability of electric field-controlled CO2 
release as a means of material regeneration. This project will utilize a synergistic simulation-
experiment approach that exploits the predictive power of atomistic simulations with operando X-
ray and neutron scattering, and spectroscopy techniques. These high-fidelity simulations will 
exploit DOE high performance computing resources, while operando experiments will be 
performed at DOE synchrotron and neutron facilities. These approaches will be complemented by 
findings from plasma diagnostic tools, and downstream gas phase composition from mass 
spectrometry. 

The potential impact of this project centers on the use of high-voltage electric fields generated by 
low-temperature plasmas for enhancing DAC, and thus will contribute to increasing its 
technological feasibility and economic viability. Due to the increase of renewable electricity 
production in the U.S. and associated intermittency, the use of low-temperature plasmas for CO2 
capture provides an ideal solution that will actively utilize excess electrons during peak production 
periods. 
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Recent Progress  

The effect of relative humidity (RH) on CO2 uptake by 
the sorbent has been investigated. Two sorbent 
materials were synthesized, Ca2Fe(OH)6Cl·2H2O and 
Ca2Al(OH)6Cl·2H2O (denoted CaFeCl and CaAlCl 
LDH, respectively) using a recently developed 
environmentally friendly one-pot synthesis method 
[4]. Figure 1 shows inelastic neutron scattering (INS) 
data for CaFeCl sample at different relative humidities 
before and after CO2 exposure. The low (0%) RH 
sample had little uptake of CO2 and showed little 
change in the INS spectrum. By contrast, the high 
(100%) RH sample had large uptake of CO2 (~4 
mmol/g) with the spectrum showing loss of modes 
associated with lattice vibrations and OH units after 11 h of CO2 exposure, resulting in a spectrum 
of amorphous H2O [5]. Subsequent molecular simulations using density functional theory (DFT) 
found the reaction: Ca2Fe(OH)6Cl·2H2O + 2CO2 → 2CaCO3 + 0.5Fe2O3 + HCl + 4.5H2O to be 
exothermic based on the formation energies of each species, with CaCO3 confirmed from X-ray 
diffraction and amorphous Fe2O3 assumed as the Fe species based on X-ray photoelectron 
spectroscopy data. Complementary data using in situ X-ray PDF analysis will shed light on the 
evolution of non-crystalline phases during CO2 capture.  

Following the determination of calcite formation 
occurring in CO2 uptake of LDHs at high RH levels, we 
have also investigated sorption of CO2 on LDH-derived 
mixed metal oxides (MMOs) due to the postulated 
lower binding energy of CO2 being potentially 
preferable for cyclability of a DAC sorbent. MMOs 
form as an amorphous material when an LDH is 
calcined at ~300-500 °C, whereby the LDH first loses 
interlayer water molecules at ~100 °C followed by 
hydroxyl groups at ~275 °C. We have been exploring 
the behavior of LDH-derived MMOs through in situ 
diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) coupled with mass 
spectrometry analysis of gas outflow, and have 
collected complementary X-ray PDF data. Figure 2 shows the change in DRIFTS spectrum from 
a baseline CaFeCl MMO spectrum during exposure to dry CO2. We are currently installing a low-
temperature plasma capability to explore regeneration of the sorbent material. 

 

Figure 1. CO2 dosing CaFeCl LDH at 
different relative humidity (RH) levels. 
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Figure 2. DRIFTS spectrum of net 
changes to CaFeCl MMO sample during 

dry CO2 exposure. 
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Research Scope 

 We aim to reveal the local structures and dynamics that underlie fast proton and hydroxide 
transport in fluorine-free polymers with fully saturated carbon backbones and functional groups 
tethered to the backbone by phenyl or alkyl linkages. We are developing cyclopentene-based 
ROMP and functionalization methods to produce terpolymers with either sulfonic acid or 
quaternary ammonium groups for synergistic comparisons between the proton and hydroxide 
transport mechanisms. Characterization of these terpolymers at known water contents will include 
IR and NMR spectroscopies, electrical impedance spectroscopy, and X-ray scattering. Atomistic 
molecular dynamics simulations will augment our characterization methods with direct 
comparisons.  

Recent Progress  

 Simulations of Hydrated Terpolymers:  We previously showed that a fully sulfonated 
homopolymer (p5PhSH) had excellent proton conductivity when hydrated due to its morphology 
of nanophase separated, continuous hydrophilic domains.1 To improve the mechanical properties 
of these ROMP-synthesized polymers, we explored reducing the level of sulfonation and 
introducing short polyethylene segments. In our recent publication2, we performed atomistic 
molecular dynamics (MD) simulations on 14 terpolymers containing p5PhSA along with two 
hydrophobic units, unsulfonated p5Ph segments and p5 segments, Fig. 1. Eight compositions form 
continuous, percolating hydrophilic domains at a water content of 9 waters per sulfonic acid (filled 
symbols). Water diffusion constants increase linearly with increasing ion content and correlated to 
the morphological characteristics (fractal dimension, interfacial area per sulfonate group, and 
water channel width) of these swollen terpolymers. The simulation results suggest that future 
terpolymer synthesis should focus on polymers with IEC > 2 mmol/g to produce percolated, 
continuous hydrophilic domains. 
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Experiments and Simulations of 
Hydrated Copolymers:  Copolymers of 
p5PhSH and p5Ph were prepared by an in-
depth study exploring the use of acetyl 
sulfate as a soft and homogeneous 
sulfonation method.3 Our all-atom 
molecular dynamics simulations find 
percolated water channels at levels of 
sulfonation Y ≥ 50% and  ≥ 6, and the 
characteristic length scale (d) is in excellent 
agreement with X-ray scattering, Fig. 2.4 
The measured proton conductivity at  ≥ 6 
exceeds 0.10 S/cm when Y ≥ 60%. Fractal 
dimensions from the simulations correlate 
well with water diffusion coefficients 
measured by simulations and by 1H NMR. 
Ongoing work uses IR, NMR and MD 
simulations to understand how the local 
environment impacts conductivity. 

Polymers for Hydroxide Conductivity:  From a 
cyclopentene functionalized with a carboxylic acid, we have 
developed a synthetic route to a precise polyethylene with a 
quaternized ammonium on every 5th carbon, Fig.3.5 This modular 
system allows the installation of commercially available 
trialkylamines (R, R’, R’’) to probe structure and function. Initial all-
atom MD simulations find percolated water channels in both the 
trimethyl and dimethylhexyl compounds at  ≥ 10. 

 

Fig. 1:  Terpolymers 
and ternary phase 
diagram indicating 
the X:Y:Z composition 
simulated at λ = 9. 
The water diffusion 
coefficient correlates 
strongly with IEC.  

Fig. 2:  Chemical structure of copolymers and all 
atom MD simulations showing percolated structures 
at λ ≥ 6. Proton conductivity increases with λ. 

Fig. 3:  New polymers for 
OH- conductivity. 
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Research Scope 

 Our multidisciplinary team endeavors to reduce plastic waste by developing the chemical 
routes to convert polyethylenes (PEs) into a variety of high-value specialty polymers, Fig. 1. Our 
approach to converting PE waste involves (1) maintaining their high degree of polymerization 
throughout the conversion and (2) employing energy‐efficient and environmentally‐friendly 
reactions. Aim 1 seeks homogeneous and heterogeneous catalysts and reaction conditions to 
partially dehydrogenate PE (< 5%) with minimal chain scission. Aim 2 explores a variety of 
synthetic strategies to 
functionalize carbon-carbon 
double bonds. Aim 3 works to 
add chemical functionality 
directly to PE. This extended 
abstract focuses on Aim 2 and 
uses poly(cyclooctene) 
(PCOE) as a model for 
partially de-hydrogenated 
HDPE. 

Recent Progress  

 Thiol-ene Click Reactions. Previously, we 
demonstrated thiol-ene click chemistry as a means for 
attaching alcohol groups onto PCOE to generate a linear 
version of poly(vinyl alcohol) will good adhesive properties.1 
This synthetic route has been expanded to add carboxylic acid2 
and thioacetate functionality.3 The separation between the 
backbone and the carboxylic acid functionality as well as the 
level of functionality were systematically varied to control the 
rubbery moduli. Electrochemical impedance spectroscopy 
experiments revealed distinct polymer relaxations for the 
sulfur linages near the backbone (~ 25 kJ/mol) and the H-
bonding relaxation (~ 6 kJ/mol), Fig. 2.4  

Fig. 1:  Project overview illustrating the range of chemistries. 
  

Fig. 2:  Acid-functionalized PEs 
via thiol-ene click reactions.  
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 Hydrocarboxylation Reaction. A palladium catalyst at moderate conditions effectively 
functionalizes PCOE and the level of carboxylic acid incorporation into the polymer was readily 
controlled by varying the 
reaction time.5 Hydrogenation 
removes the remaining 
unsaturation. Consistent with 
poly(ethylene-co-acrylic acid) copolymers, the level of crystallization and the melting temperature 
decreased with additional acid content.   

Poly(vinyl alcohol)s and Polydiols. In addition to the thiol-ene click chemistry, we have 
developed a variety of chemistries to install alcohol functionality on linear PCOE. Using a two-
step one-pot method involving hydroboration followed by oxidation and then hydrogenation to 
remove unsaturation, we achieved levels of OH functionalization (m) from 0 to 23%.6 With 
increasing -OH content the crystalline structure evolved from orthorhombic to hexagonal packing 
with a peak at Q = 0.6 Å-1 indicating the pseudo precise placement of the -OH groups. Interestingly, 
the measured water contact angle correlates with the -OH content in the amorphous phase, Fig. 3. 
More recently, we have developed synthetic routes to install -OH on adjacent carbons in PCOE 
via epoxidation followed by acid-catalyzed ring-opening (erythro) and via dihydroxylation 
(threo).7 These linear polyethylene diols have distinct crystal structures and fail to co-crystallize. 

N2O Deconstructs and Installs Ketone Functionality on PCOE. N2O, a greenhouse gas 

and a byproduct from nylon monomer synthesis, efficiently deconstructs PCOE while installing 
carbonyl groups.8 By balancing the deconstruction and the ketone functionalization, the ketones could 
be further elaborated 
to produce 
functional polymers. 
The molecular 
weight and ketone content of the macromonomers are controlled with reaction time. Any remaining 
alkenes were readily saturated by hydrogenation. Additionally, the level of ketone functionalization is 
tuned by varying the carbon-carbon double bond content of the starting polymers; this result highlights 
that the reaction could be compatible with partially dehydrogenated PEs even with low levels of 
unsaturation.  

 

Fig. 3:  Linear 
poly(ethylene-
co-vinyl alcohol) 
from PCOE. X-
ray scattering 
as a function of 
-OH content. 
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Research Scope 

The intricate relationship between charge and thermal transport in semiconductors 
underpins numerous energy-related materials and technologies. Thermoelectric (TE) materials 
exemplify the fusion of conflicting factors governing thermal and charge transport across complex 
microstructures. TE materials enable the conversion of waste heat to usable energy, enhancing 
efficiency and impacting energy demand by addressing significant energy loss as heat. However, 
achieving high efficiency in TE energy conversion remains challenging. Despite significant 
progress over the past decade, gaps remain in our understanding of the interplay between charge 
and thermal transport phenomena. This collaborative project aims to address these gaps through 
cutting-edge theory-experiment investigations of two critical challenges that promise to advance 
the science of heat-to-electrical power conversion: 1. Exploring phase stability in high-entropy 
semiconductors (HESs) and investigating how increased configurational entropy affects electron-
phonon coupling and electronic band properties. 2. Investigating discordant atoms in diamondoid 
semiconductors and examining their impact on thermal transport and electronic properties. 

 Recent Progress  

Our initial research effort focuses on HESs formed through extensive multicomponent ion 
mixing in rock-salt chalcogenide compounds. Rock-salt chalcogenide compounds offer diverse 
chemistries and transport behaviors due to adaptable cations and anions in their crystal structures, 
which provides a model system for the investigation on HESs. HESs, with at least five elements 
in near-equimolar amounts, exhibits significant configurational entropy, which stabilizes novel 
solid solutions and results in diverse electronic and thermal transport behaviors. Increased 
configurational entropy is anticipated to reduce thermal conductivity due to heightened scattering, 
aiming to decouple this from electronic mobility to enhance thermoelectric efficiency. To 
understand the nature of HESs, techniques like high-angle annular dark-field imaging, energy 
dispersive spectroscopy, and energy-loss spectroscopy are used to characterize chemical 
homogeneity, while atomic-resolution imaging and 4D scanning/transmission electron microscopy 
enable distinguishing structurally similar phases down to the nanoscale. First-principles density 
functional theory (DFT) calculations investigate the core effects of high entropy alloys, focusing 
on their stability and thermoelectric performance.  

The ongoing research has led to several discoveries on how entropy engineering affects 
crystal symmetry, subsequently modifying electronic band structure and microstructure for 



 
 

266 
 

optimized transport properties. We demonstrated that crystal symmetry breaking induces the 
formation of strained polar domain structure in high-entropy metal chalcogenide PbGeSnSe1.5Te1.5, 
which suppresses lattice thermal conductivity. Entropy-engineering through alloying AgSbSeTe 
enables enhancing crystal symmetry, controlling domain formation and improving valley 
degeneracy, leading to optimized weighted mobility1. This strategy can be extended to general IV-
VI systems with temperature-dependent phase transitions. For instance, alloying LiBiTe2 with 
GeSe introduces disordered occupation and increases configurational entropy. 2 Consequently, 
room-temperature crystal symmetry increased from the Pnma to the R3m space group, resulting in 
a multi-valley energy-converged valence band of L and Σ bands, significantly enhancing the 
thermoelectric figure-of-merit in GeSe-based compounds.  

These research efforts have highlighted that high-entropy semiconductors represent a 
potential class of thermoelectric materials and that their transport properties can be rationally 
modulated. 

Building on these findings, our ongoing and future work will further explore the potential 
of HESs. Considering the enormous composition space associated with HESs, we will utilize high-
throughput DFT to search for new alloys, constructing stability maps for various elemental 
combinations based on the established Open Quantum Materials Database (OQMD). Machine 
learning will be employed to predict compositions, facilitating efficient and large-scale exploration 
of HESs, which will provide suitable candidate systems for further experimental investigations. 
Moreover, we will extend our research efforts to the second proposed theme: investigating the role 
of discordant atoms in diamondoid semiconductors on phonon transport and electronic structures.  
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Research Scope 

 Two-dimensional conjugated metal–organic frameworks (MOFs), which are structurally 
reminiscent of graphene, have attracted significant recent attention due to their potential to host 
unique reactivity and physical phenomena, as well as by the presence of well-defined porosity, 
which enables the rapid transport, storage, and conversion of molecular and ionic guests.1 The 
objective of our work is to expand the functional and structural scope of π–d conjugated metal–
organic materials beyond existing 2D architectures, as well as to better understand their 
fundamental formation mechanisms. To accomplish this broader goal, three complementary 
research directions were undertaken over the past two years: 1) establish synthetic routes to 
dimensionally reduce 2D frameworks to 0D macrocycles; 2) understand how the properties of 
extended frameworks change as their structures are truncated and confined to nanoscale 
dimensions; and 3) understand the formation mechanisms of conjugated metal–organic 
materials. 

 Recent Progress  

 There has been rising interest in down-sizing crystalline porous frameworks to the 
nanoscale, motivated by the inherent processability and mass transport benefits of 
nanomaterials. Over the past two years, we have developed routes to achieve nanoscale 
truncation in an atomically precise manner. By replacing the tritopic ligands used in the 
synthesis of 2D MOFs with ditopic analogues, we have been able to halt in-plane 
polymerization to exclusively obtain discrete macrocycles. Our ditopic ligands can be 
combined with both metal cations as well as organic building blocks to achieve fully 
conjugated macrocycles that resemble fragments of semiconducting MOFs and covalent 
organic frameworks (COFs) (Fig. 1).2,3  

Despite their dramatically truncated structures, our macrocycles preserve many of the desirable 
properties of 2D MOFs and COFs, including π-stacked nanochannels and good out-of-plane 
electrical conductivity. For example, copper macrocycles functionalized with short ethoxy 
side-chains show a pressed pellet conductivity of 10–3 S/cm and a CO2 surface area of ~200 
m2/g.2 
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The molecular nature and nanoscale 
dimensions of macrocycles provide 
significant gains in solution processability, 
surface tunability, and external surface-to-
volume ratio. These distinct advantages can 
be leveraged to introduce new function, 
facilitate device integration, and overcome 
transport limitations. For example, copper 
macrocycles functionalized with long alkyl 
side chains are fully soluble in organic 
solvents, enabling the fabrication of thin-
film field-effect transistor (FET) devices 
via straightforward spin-coating methods 
(Fig. 1c). The macrocycles transport both 
electrons and holes with comparable 
mobilities of 10–3 cm2/V⋅s, a property rarely 
observed in organic materials.  Ongoing 
work is focused on characterizing thin-film 
morphology and macrocycle alignment. 

Aside from their processability, a second 
unique advantage of macrocycles is their 
surface tunability. By altering the side-
chain identity, we have been able to create 

locally hydrophobic, hydrophilic, and hydrogen-bonding environments (Fig. 1d). Subtle 
changes to the macrocycle periphery can lead to profound changes in materials properties and 
crystal morphology.4 For example, the electrical conductivity is highly sensitive to peripheral 
steric bulk, decreasing by three orders of magnitude upon introduction of large neopentyl 
substituents. Perhaps our most unexpected finding was how dramatically the crystal size 
increased upon introduction of hydrogen-bonding interactions in the π-stacking direction. 
Atomic force microscopy (AFM) images of n-butoxy substituted copper macrocycles revealed 
columnar stacks with an average length of only 23(6) nm.2 In contrast, the amide-
functionalized macrocycles crystallize as aggregates of thin microneedles with an average 
length of ∼6(3) μm, more than two orders of magnitude larger.4 Given the structural similarities 
between our macrocycles and 2D MOFs, this finding may have implications in the 
crystallization and growth of 2D frameworks, and work is under way to synthesize stronger 
hydrogen-bonding motifs. Together, our studies have highlighted how macrocyclic 
architectures can introduce new function that is not possible in 2D frameworks, as well as serve 
as model systems to probe out-of-plane charge transport and fundamental formation 
mechanisms. 

Fig. 1. a) Synthesis, (b) self-assembly, (c) 
processability and FET device fabrication, and (d) 
surface tunability of conjugated metal–organic and 
organic macrocycles. 
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Research Scope The overarching goal of this project is to test the hypothesis that interfacial 
properties and cation ordering in intergrown phases play a pivotal role in suppressing detrimental 
host rearrangement during electrochemical cycling. Therefore, strategically designed intergrown 
phases can enhance the structural, electrochemical, and mechanical stability of mixed-phase 
complex sodium metal oxide cathodes for Na-ion storage. Specifically, the Research Objectives 
are to: (1) understand the nucleation and growth of intergrown phases within complex sodium 
metal oxides (CSMOs) through controls over composition, structure, and synthesis approach; (2) 
determine the structural, electrochemical, and mechanical stability of intergrown phase interfaces; 
(3) identify the characteristics of the intergrown phases such as structure, composition, domain 
size, and microstrain and understand their effects on host rearrangement, defect evolution (e.g., 
cation ordering), charge transport and transfer; and (4) obtain a mechanistic understanding toward 
interfacial properties of intergrown phases in mixed-phase CSMOs across different length scales 
through a holistic experimental and theoretical approach.  

Recent Progress  

The Role of Li in Intergrown Na-O3/Li-O’3 
LixNa0.87Ni0.4Fe0.2Mn0.4O2+δ (LSNFM) We previously 
reported the influence of intergrown Na-O3 and Li-O’3 
structures on the electrochemical behavior of Li-
substituted Li0.25Na0.87Ni0.4Fe0.2Mn0.4O2+δ (LSNFM).[1] 
Using neutron and synchrotron X-ray diffraction 
characterization, it is found that the lithium-free material 
adopts the typical O3 structure (Na-O3). As the Li content 
increases, an additional Li-rich, distorted O3 (Li-O’3) 
starts to evolve. Electron microscopy reveals that the Na-
O3 and Li-O’3 phases are intergrown at the nanometer 
scale, which allows for a strong interaction between the 
phases. Examination by x-ray absorption spectroscopy 
(XAS) identifies the oxidation state of the transition metals 
does not change as a function of lithium content, which 

Figure 1. Schematic that represents 
the role of Li doping in the intergrown 
LixNa0.87Ni0.4Fe0.2Mn0.4O2+δ (LS-NFM).  
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implies that the Li and Na within the layered structures predominantly occupy the alkali layers. 
Further, detailed structure modeling of the extended fine structure region of the XAS spectra 
identifies that Ni and Fe are concentrated within the Li-O’3 phase. The application of solid-state 
nuclear magnetic resonance (NMR) reveals an increasing amount of diamagnetic Na species as the 
Li content increases. The electrochemical properties are systematically investigated to determine 
the role of the layered/layered intergrowth as a function of Li content. Operando x-ray diffraction 
identified that the chemomechanical reinforcement of the Na-O3/Li-O’3 intergrowth can suppress 
the phase transformation that occurs on the initial cycle of the undoped material, leading to 
improved short-term stability. However, accelerated side-reaction at higher Li contents is 
identified with high-precision static leakage current measurements. Ex situ nuclear magnetic 
resonance measurements reveal that the instability of the cathode-electrolyte interphase is the 
primary cause of the side reaction. These side reactions ultimately dominate the long-term 
cycling stability of the material, despite the better structural reversibility of the intergrowth 
structure. Atomic layer deposition of alumina is shown to provide substantial improvement in the 
cycling stability, which results from the surface protection provided by the comparatively inert 
coating. In this work, we show that while Li doping can promote and modify the intergrowth 
structure to improve the structural stability during cycling, it results in accelerated parasitic 
side reaction that dominates the long-term cycle stability (Fig. 1). While the low level of Li 
doping provides the best performance among tested materials, further optimization of coatings or 
electrolyte formation for stable interphase, and the total alkali content and Na/Li ratio might 
maintain the stable intergrowth structure and better protect the surface by stabilizing the cathode 
electrolyte interphase (CEI). This class of layered/layered intergrowth electrode materials is a 
promising avenue for the development of high-performance sodium ion batteries. 

Structure-Property Relationship of P2/P3 NaxNi0.25Mn0.75O2 (NM13) A series of 
NaxNi0.25Mn0.75O2 materials were prepared to identify the effect that the sodium content has on the 
P2/P3 intergrowth structure. The structures with Na0.5 (P3-NM13), Na0.6 (P2/P3-NM13), and Na0.7 
(P2-NM13) were all identified by XRD. Over 100 cycles, P2/P3-NM13 maintained a higher 
capacity than P2-NM13 and a greatly enhanced stability compared to P3-NM13. Operando sXRD 
of P2-NM13 demonstrated no phase transformation, while P2/P3-NM13 and P3-NM13 exhibit a 
series of distortions of the P3 phase while the P2 phase is maintained. P3-NM13 suffered from 
poor rate performance while P2-NM13 displayed a stable rate performance. P2/P3-NM13 
exhibited increase rate capabilities than P3-NM13 and maintained a higher capacity than P2-
NM13, even at high current rates (5C). Galvanostatic intermittent titration technique (GITT) found 
that the loss in diffusional capabilities at high- and low-voltages due to P3 structural transitions 
were significantly suppressed in the P2/P3 intergrowth material when compared to the pure P3 
material.  
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Research Scope This proposal aims to elucidate the emerging properties through controlled 
phase transformations in layered sodium transition metal oxide (LSTMO) cathode materials for 
high-energy Na-ion batteries (SIBs). The research objectives are to (1) synthesize P-type Mn-
rich LSTMO (NaxNiyMn1-yO2, x=0.5-0.7, y=0.33 and 0.25) cathodes with controlled phase 
transformations during cycling through heat treatment and Li substitution; (2) quantify cationic 
and oxygen redox reactions through state-of-the-art synchrotron-based soft X-ray spectroscopy; 
(3) track transition metal (TM) interlayer ordering, migration, and Na+/vacancy ordering through 
neutron scattering and advanced analytical electron microscopy; and (4) clarify the fundamental 
mechanism of oxygen redox and develop design strategy for high energy cathode materials.  

Recent Progress  

Controlled phase transformation of Na2/3Ni1/3Mn2/3O2 toward stable cycling of layered 
oxides for sodium ion batteries 

We utilized a simple low-temperature heat treatment method to modulate the charge compensation 
behavior and stabilize the structure of the P2-type Na2/3Ni1/3Mn2/3O2 (NNMO) positive electrodes. 
The O2-phase formed through desodiation is converted to nanostructured P2 phase (H-P2) after a 
short heating procedure, which manifests a unique structure with Ni/Na mixed at the interlayer. 
Strikingly, such a simple treatment process leads to a complete change of the redox behaviors 
across the whole-voltage-range, with negligible chemical state variations in both the cationic and 
anionic activities, sharply contrasting the charge compensation mechanism in original NNMO 
electrodes. This leads to not only inspirations on fundamental viable redox chemistry, but also, the 
material displays minimal lattice displacement and much improved cycling stability. 

Formation of O2-Ni1/3Mn2/3O2 during charging and its thermal stability 
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For the layered P2-type Na2/3Ni1/3Mn2/3O2 
(NNMO), the P2-O2 transition occurs above 4.2 V. 
The Na-free O2-Ni1/3Mn2/3O2 structure is 
metastable as it experiences strong electrostatic 
repulsion between TMs when Na+ ions are 
extracted, which suggests the instability of NNMO 
at high voltage. Although the O2 to P2 phase 
transition can be mitigated through different 

routes, the key to improving the structural stability 
is to suppress the phase transition at high voltage or 
even minimize the lattice changes during the whole 
cycling process. Through a simple heating process 
on the desodiated O2-Ni1/3Mn2/3O2 structure, we 
were able to transform the structure to a 

nanocrystalline P2 phase, which no longer goes through P2-O2 transition in subsequent 
cycles and maintains superb structural stability with minimum lattice variation (Fig. 1). 

The Effect of Heat Treatment on Electrochemical Properties in NNMO Electrodes 

We conducted galvanostatic charge/discharge cycling in the electrodes. A series of plateaus at 
different voltage ranges are observed in pristine NNMO (P-P2) during the first cycle, which 
corresponds to different redox reactions and rearrangement of Na+/vacancy ordering. When the 
electrode is charged above ~4.2 V, the phase transition between P2 and O2 occurs, accompanied 
by anionic redox. The P2–O2 two-phase region contributes around half of the capacity but induces 
large lattice variations, leading to rapid capacity decay. Upon further cycling, the quick decrease 
in the ~4.2 V plateau indicates an irreversible structural transition. In the H-P2 electrode, the ~ 4.2 
V plateau disappears upon charging, implying the first-order P2-O2 phase transition is suppressed 
in the H-P2 structure. Compared to P-P2, the H-P2 samples show significant improvement in long-
term cycling stability. 

The Microscopic Structural Difference of P-P2 and H-P2 

We further elucidate the microscopic structural difference of P-P2 and H-P2 through high-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging. The 
clearly defined bright and dark columns in the P-P2 correspond to atomic columns of Ni-Mn ions 
and Na ions, which are confirmed in the energy dispersive X-ray spectroscopy (EDS) scans. 
Compared to P-P2, weaker bright Z-contrast between adjacent TM atomic layers is observed in H-
P2, indicating increased cation mixing. By examining the corresponding elemental distribution, it 
is identified that Mn is mainly concentrated in the TM layer, while Ni can be found in both TM 
and Na layers. This indicates the Ni migration to the Na layer in the H-P2 sample. 

 

Fig 1. Formation of O2-Ni1/3Mn2/3O2 during 
charging and its thermal stability. A, V-t curve 
of P-P2 and corresponding operando XRD. B, 
Contour plot highlighting the P2-O2 phase 
transition in P-P2. C, XRD patterns of the 
NaxNi1/3Mn2/3O2 at different conditions.  
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Research Scope 

 Heterogenous redox catalysis is a 
cornerstone of industrial chemistry and 
energy science, though much development 
of heterogenous catalysts is achieved 
through serendipity and trial and error. Rare 
insights into the underlying electronic-
structure basis for heterogeneous redox 
catalysis can serve to advance the field 
rapidly by informing design and narrowing 
elemental and structural space to be searched. Among the most important reactions to future energy 
supplies and industrial chemistry is water splitting, which requires catalysts or electrocatalysts that 
operate near the thermodynamic potentials for the hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER). For low-cost first-row transition metal (hydr)oxide catalysts, a unifying 
feature of high-performance catalysts is an unequally populated eg1 electronic state on the metal 
ion, such as MnIII, CoII, and NiIII(Figure).(11) Numerous explanations(1, 3, 5-8) have been offered, 
each of which presumes that the higher the density of these states, the more effective the catalysis.  

We have recently discovered a phenomenon in layered manganese oxide OER catalyst materials 
that demonstrates that this previously held assumption about eg1 states is false: that it is not the 
density of eg1 states, but the periodic distribution of these states that gives the best catalysts. In 
layered catalysts, this is manifest in alternating structures where eg1-rich layers are adjacent to eg1-
poor layers. The alternating presence and absence of these states in adjacent layers yields catalysts 
superior to systems of eg1-rich manganese ions.  

In this proposal we build on this finding and present preliminary results on other metal-based 
systems (Co and Ni) that demonstrate that this is not a phenomenon isolated to manganese, but 
that rather a paradigm across materials. We propose to elucidate the electronic structure basis for 
the activity in these new Co and Ni catalysts by a combined experimental and theoretical 
examination of density of states (DOS) using scanning tunneling spectroscopy (STS) and quantum 

 
Figure. d-orbital splittings demonstrating the partial 
occupation of the eg orbitals (dz2, but not dx2-y2) in 
MnIII,(1-8) CoIII,(1, 9) and NiIII.(10) 
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mechanical calculations (mostly density functional theory, DFT) respectively. We will widen the 
scope of the chemistry to include a newer class of layered materials: the layered double hydroxides 
(LDH) which are already excellent OER catalysts and enhance them by the use of our alternating 
high-low oxidation state layering strategy. We will examine DOS using STS and DFT, and prepare 
few-layer catalysts on electrode substrates (fluorine-doped tin oxide, FTO), and demonstrate the 
electrocatalytic performance of these materials. Finally, we will expand the study to a different 
reaction, HER, using related LDH materials for reduction of protons to H2. These will also be 
studied by DFT, STS, and electrocatalytic evaluation 

 Recent Progress  

We have completed our first suite of measurements on modulated CoII/CoIII, NiII/NiIII, and CoII/NiII 
materials with layer-by-layer modulation and associated control experiments. All three systems 
show an improvement in catalytic activity in the system with alternating layered structures. We 
have submitted a revised manuscript to ACS Catalysis. From the theoretical perspective, a new 
student has successfully reproduced the computations on our MnIII/MnIV system and has completed 
an extensive study on NiII/NiIII NiIII/NiIV and CoII/CoIII system for optimization of computational 
methods for DOS determinations. This has been submitted as a manuscript to Phys. Rev. Mater. 
These methods will also constitute papers to be submitted in the coming year on oxidation state 
modulation of catlysts in KCoO2 and KNiO2 based layered materials. 

Extension and generalization of paradigm to other materials - enhancement of layered double 
hydroxide (LDH) OER catalysts by potential steps. So far we have a suite of data on variable 
compositions of NiFe and CoFe LDH in pure form and as layer-mixed materials. So far, we have 
not identified enhancement of catalysis by layer-by-layer modulation. Computational studies on 
these materials are underway, and we are working to understand the electronic-structure origins of 
this divergent behavior from the layered metal oxide materials. 

We have obtained and cleaned the gold substrates for STM analysis and confirmed their stability 
over time using STM/STS. Next steps are to drop cast bilayers of Co and Ni oxides for the 
measurement of density of states for comparison to those calculated in Objective 1A. 

Two additional papers with ancillary relationship to our proposal—and worked on by our 
students—have been submitted or published. First, a paper on the use of layered manganese 
dioxide (birnessite) and cobalt-dopped birnessite as precatalysts for Fischer Tropsch catalysis has 
been published in ACS Omega. Second, a manuscript on the effect of strain on bandgap in MoS2 
is in preparation for Phys. Rev. Mater. 

 

 

 



 
 

278 
 

References 

1. U. Maitra, B. S. Naidu, A. Govindaraj, C. N. R. Rao, Importance of trivalency and the eg1 configuration in 
the photocatalytic oxidation of water by Mn and Co oxides. Proceedings of the National Academy of 
Sciences 110, 11704-11707 (2013). 

2. Z. Morgan Chan et al., Electrochemical trapping of metastable Mn3+ ions for activation of MnO2 oxygen 
evolution catalysts. Proceedings of the National Academy of Sciences 115, E5261 (2018). 

3. P. F. Smith et al., Coordination Geometry and Oxidation State Requirements of Corner-Sharing MnO6 
Octahedra for Water Oxidation Catalysis: An Investigation of Manganite (γ-MnOOH). ACS Catalysis 6, 
2089-2099 (2016). 

4. Y. Gorlin, T. F. Jaramillo, A Bifunctional Nonprecious Metal Catalyst for Oxygen Reduction and Water 
Oxidation. J. Am. Chem. Soc. 132, 13612-13614 (2010). 

5. C. W. Cady et al., Tuning the Electrocatalytic Water Oxidation Properties of AB2O4 Spinel Nanocrystals: 
A (Li, Mg, Zn) and B (Mn, Co) Site Variants of LiMn2O4. ACS Catalysis 5, 3403-3410 (2015). 

6. D. M. Robinson et al., Photochemical Water Oxidation by Crystalline Polymorphs of Manganese Oxides: 
Structural Requirements for Catalysis. J. Am. Chem. Soc. 135, 3494-3501 (2013). 

7. N. Birkner et al., Energetic basis of catalytic activity of layered nanophase calcium manganese oxides for 
water oxidation. Proceedings of the National Academy of Sciences 110, 8801-8806 (2013). 

8. K. P. Lucht, J. L. Mendoza-Cortes, Birnessite: A Layered Manganese Oxide To Capture Sunlight for 
Water-Splitting Catalysis. Journal of Physical Chemistry C 119, 22838-22846 (2015). 

9. S. Levasseur et al., Oxygen Vacancies and Intermediate Spin Trivalent Cobalt Ions in Lithium-
Overstoichiometric LiCoO2. Chem. Mater. 15, 348-354 (2003). 

10. L.-F. Li, Y.-F. Li, Z.-P. Liu, Oxygen Evolution Activity on NiOOH Catalysts: Four-Coordinated Ni Cation 
as the Active Site and the Hydroperoxide Mechanism. ACS Catalysis 10, 2581-2590 (2020). 

11. E. Fabbri, A. Habereder, K. Waltar, R. Kötz, T. J. Schmidt, Developments and perspectives of oxide-based 
catalysts for the oxygen evolution reaction. Catalysis Science & Technology 4, 3800-3821 (2014). 

 

Publications  

5. R. K. Bhullar, W. Xu, M. J. Zdilla. Hydrocarbon formation from syngas with in-operando monitoring of 
cobalt- and manganese-based (pre)catalysts using X-ray diffraction. ACS Omega 2024, 9, 29917–29927. 

6. R. Ding, D. Maldonado-Lopez, J. Mendoza-Cortes, J. E. Henebry, M. J. Zdilla, Enhanced activity in layered-
metal-oxide-based oxygen evolution catalysts by layer-by-layer modulation of metal ion identity. ACS Catal. 
Under Revision. 

7. R. K. Sah, M. J. Zdilla, E. Borguet., J. P. Perdew. Meta-GGAs vs. Hybrid Functionals for Point Defects: The 
Best of Both Worlds Applied to Layered MnO2, NiO2 and KCoO2. Phys. Rev. Mater. Submitted. 
arXiv:2404.14317  

8. R. K. Sah, J. P. Perdew. Effect of Strain on the Band Gap of Monolayer MoS2. Phys. Rev. Mater. In 
preparation. 

  



 
 

279 
 

Intrinsically Porous Polyoxometalate-Based Frameworks for Critical Metal Recovery 

Zhonghua Peng,1 Praveen Thallapally,2 and Mohammadreza Momenitaheri1 

1University of Missouri-Kansas City, 2Pacific Northwest National Laboratory 

Keywords: donut-shaped polyoxometalates, porous frameworks, adsorbents, critical metal 
recovery 

Research Scope 

The project’s overall objective is to develop polyoxometalate (POM) molecular clusters 
and POM-derived frameworks (POMFs) with precisely controllable pore and chemical 
environments for selective and efficient capture and subsequent electrochemically or 
photochemically triggered release of targeted critical metal ions from saline sources. To limit the 
research scope, the project will explore POMs and POMFs that selectively recover Li+ and two 
rare earth elements (REEs), Ce3+ and Eu3+, representing light and middle REEs, respectively. The 
project combines data science and theoretical and experimental studies to gain a fundamental 
understanding of the interactions between porous POMs/POMFs and metal ions in aqueous saline 
solutions. Since the hydrated ionic sizes of the three targeted critical metal ions are in the 1 to 4 Å 
range,1 the proposed work scope will focus on POM clusters and POM-based frameworks with 
pore sizes smaller than 10 Å. More specifically, two types of POMs with accessible intrinsic pores, 
namely doughnut-shaped POMs (ds-POMs) - the Preyssler anion (PA) {P5W30} family2 and 
the{P8W48} series3 – and their assembled POMFs will be systematically studied both 
experimentally and theoretically on their binding properties with the three metal ions under 
different POM reduction conditions. The specific objectives of the proposed project are 1) 
theoretical exploration that combines data science and molecular modeling to predict the most 
promising ds-POMs and POMFs for each targeted metal ion and to understand the contributing 
factors underlining the binding selectivity, capacity, and kinetics. 2) Experimental preparation and 
structural characterization of ds-POMs predicted by theoretical studies. 3) Design and synthesize 
POM-derived porous frameworks (POMFs) using ds-POMs as the building blocks or POM 
precursors as starting clusters, with or without the incorporation of interpenetrating polymers. 4) 
Physical property studies of the prepared POMs and POMFs, including hydrolytic stability studies 
under different pH, salt (NaCl) concentration and temperature, thermal stability, and 
electrochemistry. 5) Systematic and quantitative adsorption (selectivity, capacity, efficiency, 
adsorption energy, and rate) and desorption (efficiency and rate) studies of ds-POMs and POMFs 
under different extents of POM reductions.    

Recent Progress  

The proposed project encompasses theoretical prediction, materials preparation, and 
adsorption evaluation. During the past year, research efforts have therefore been directed towards 
1) theoretical electronic structure calculations and classical and quantum molecular dynamic 
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simulations of ds-POMs in aqueous solutions, 2) Experimental preparation and structural 
characterization of ds-POMs (including metal-free PA) and POMFs. 3) Physical property studies 
of the prepared POMs and POMFs.  Specific research progress includes:  

1) A highly parallelized general-purpose software platform coined DL_POLY Quantum 2.0 for 
predictive classical and quantum molecular dynamic simulations in condensed phases has been 
developed.4 This open-source software infrastructure, freely available to the scientific 
community, will be used for some of the proposed theoretical studies on structural, 
thermodynamic, dynamical, and spectroscopic properties of different considered POMs and 
POMFs in aqueous solutions of the targeted critical metal ions. 

2) Ab initio molecular dynamic (AIMD) simulations were performed on PA with centrally 
encapsulated Na+-H2O, 14 Na+ ions and 149 water molecules randomly added (using 
PACKMOL5) to the exterior of PA. Our calculated W-OPA (oxygen of PA), Na-OPA, and Na-
OW (oxygen of water) radial distribution functions (RDFs) agree very well with those of the 
experiment,6 validating the level of theory employed. Theoretical simulations to calculate the 
free energy of the adsorption/desorption of the targeted ions on the outside vs. inside of the 
PA’s internal cavity were carried out. Here, bias potentials were added within the context of 
the (well-tempered) meta-dynamics to simulate this adsorption/desorption process and 
calculate the free energy changes along the defined collective variable (CV) coordinates. The 
free energy barrier for exiting the Na+ ion is estimated to be 41.1 kcal/mol, which agrees well 
with the reported value of 39.4 kcal/mol.6  

3) Metal-free PA was synthesized by trapping the cation (Ag+) through precipitation. Specifically, 
the Na+ sitting in the doughnut hole of the parent PA was first exchanged by Ag+ to realize the 
[Ag+-PA]: K14[AgP5W30].7 The counter cations (K+) were then replaced by H+ through an 
acidic resin to give H14[AgP5W30]. The Ag+ in the pore was then captured by Br- as AgBr 
precipitates under hydrothermal conditions. The metal-free PA was confirmed by 31P NMR, 
and efforts are being made to grow single crystals for crystal structure determination. 

4) The parent {P8W48} anion with a molecular formula K28Li5H7[P8W48O184]·xH2O has been 
prepared. The synthesis involved a simple assembly approach using hexalacunary 
tungstophosphate K12[H2P2W12O48] as the building block and reacting it with glacial acetic 
acid, LiOH, and LiCl in DI water at room temperature. Exchanging external metal ions with 
tetrabutylammonium (TBA) cations led to its water-insoluble analog TBA-P8W48. 

5) Using heptamolybdate as the starting cluster, Mo-V-based POMFs have been prepared, which 
are known to possess open channels with a 4 Å aperture diameter.8 We have attempted to 
modify the pore sizes of the resulting POMFs by varying the Mo/V ratios of the starting 
materials. Mo/V feeding ratios of 8:1, 16:3, 4:1, 3:1 and 2:1 have been explored. Increasing 
Mo/V ratios decreased the product yield. Mo/V ratios of 4:1 and 3:1 resulted in Mo-V oxides 
with the orthorhombic structure, while the 2:1 ratio led to the trigonal structure.   
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Research Scope 
1. Task 1 Investigation of the atomic structure, interatomic bonding, and crystalline structure 
of the fresh Li  

Subtask 1.1 Ex situ Cryo-EM characterizing the nuclear structure of Li metal 
Subtask 1.2 Phase diagram study of Li metal through experimental method 

2. Task 2 Investigation of Li metal atomic structure-mechanical behavior correlation during  
electrochemical plating and stripping  
In situ electrochemical atomic force microscopy investigating the mechanical properties of  
the fresh Li metal. 

3. Task 3 Strategies to stabilize the Li metal in sulfide based all solid state batteries through 
coupling mechanical and electrochemical mechanisms  

Subtask 3.1 Investigation of the fresh Li effect on the Li dendrite formation and soft  
short in all solid-state batteries  
Subtask 3.2 Nondestructively visualizing and understanding "Soft Short" and Li creeping  
in All-solid-state Lithium-Metal batteries through neutron imaging  

Recent Progress  
This study investigated the morphology of fresh lithium plating and stripping on different current 
collectors (copper, nickel, and gold) using cryo-EM and SEM-EDX techniques. The research 
found that Ni and Au current collectors promote more uniform Li deposition compared to Cu, 
likely due to their higher work function and more compatible lattice structure. Higher current 
densities (0.25C vs 0.04C) resulted in more irregular and dendritic structures. SEM-EDX mapping 
revealed a significant presence of chlorine on the plated Li surface, forming localized patches or 
clusters. Additionally, the study explored the effect of silver particles and film on lithium 
nucleation and growth using neutron imaging and nano-CT. While neutron imaging showed clear 
lithiation/delithiation processes on the cathode side, nano-CT revealed that Ag particles act as 
nucleation sites for Li deposition, creating a composite Ag-Li anode, whereas Ag film provided a 
more uniform surface for Li deposition. These findings contribute to understanding the complex 
interplay between current collector materials, plating conditions, and Li morphology in battery 
anodes, which is crucial for developing high-performance, stable, and safe Li metal batteries. 

In another study, we investigated Li dynamics in a graphite interlayer, a typical mixed ionic-
electronic conductor (MIEC), using operando neutron imaging and Raman spectroscopy. Our 
findings revealed that intercalation-extrusion-dominated mechanochemical reactions during cell 
assembly transform graphite into a Li-graphite interlayer consisting of solid electrolyte (SE), Li⁰, 
and graphite-intercalation compounds. During charging, Li⁺ preferentially deposited at the Li-
graphite|SE interface. Further plating led to Li⁰-dendrite formation, inducing short circuits and 
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reverse migration of Li⁰, Figure 1. Modeling indicates that the interface has the lowest nucleation 
barrier, governing lithium transport paths. Our study elucidates intricate mechano-chemo 
electrochemical processes in 
mixed conducting interlayers. 
The behavior of Li⁺ and Li⁰ in 
the interlayer is governed by 
multiple competing factors.  

In another work, We used the 
operando neutron imaging and 
X-ray computed tomography 
(XCT) to nondestructively 
visualize Li behaviors within 
ASLMBs. This approach offers 
real-time observations of Li 
evolutions, both pre- and post- 
occurrence of a “soft short”. The 
coordination of 2D neutron 
radiography and 3D neutron 
tomography enables charting of 
the terrain of Li metal 
deformation operando. 
Concurrently, XCT offers a 3D 
insight into the internal structure 
of the battery following a “soft 
short”. Despite the 
manifestation of a “soft short”, the persistence of Faradaic processes is observed. To study the 
elusive “soft short”, phase field modeling was coupled with electrochemistry and solid mechanics 
theory. The research unravels how external pressure curbs dendrite growth, potentially leading to 
dendrite fractures and thus uncovering the origins of both “soft” and “hard” shorts in ASLMBs. [1] 

Future Plans 
Building on our current findings, we propose a comprehensive research plan to further optimize 
Li metal anodes. We will start by developing quantitative image analysis algorithms to precisely 
characterize Li morphology across different conditions. Concurrently, we'll design an in-situ cryo-
EM setup for real-time observation of Li plating/stripping, correlated with electrochemical 
measurements. We'll explore surface modifications of Cu current collectors and investigate alloy 
alternatives to improve Li deposition uniformity. Electrolyte engineering will focus on 
understanding and controlling the Cl-rich SEI formation, including testing new additives. For Ag-
Li composite anodes, we'll optimize Ag particle characteristics and assess long-term cycling 
stability. Additionally, we will perform pressurized DSC and in operando electrochemical AFM 
studies on fresh Li to gain deeper insights into its thermal behavior and surface dynamics.  
 

 

 

Figure 1: (A) Schematic of the operando neutron imaging. (B) 
Normalized neutron radiography image of the ASLMB to identify 
each component based on the neutron attenuation differentiation. 
The inset schematic displays the cell configuration. (C) Quantified 
neutron transmission in the labeled region along the cross section 
of the ASLMB. The inset schematic assigns the neutron 
transmission to different components. (D) Dynamic transmission 
evolution during charging. The green, warm, and cold colors 
represent no obvious changes, enriched Li, and Li depletion, 
respectively, compared to the pristine state. 
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