Office of Basic Energy Sciences
Materials Sciences and Engineering Division



On the Cover

Top Left: Template-assisted assembly of the anisotropic core-shell microparticles driven
by electrostatic interactions.

Courtesy: Dr. Viadimir Tsukruk, Georgia Institute of Technology

Top Right: Simulation of passivation of a PbS nanoparticle with 2,5-thiophenedicarboxylic
acid.

Courtesy: Dr. Lin-Wang Wang, Lawrence Berkeley National Laboratory

Bottom Left:  Crossed polarized optical texture micrograph of a bent-core chiral mesogen.
Courtesy: Dr. Satyendra Kumar, Kent State University

Bottom Right: Scanning electron micrograph (SEM) image of a flux-grown Yb3;AuGe;In;
single crystal.
Courtesy: Dr. Mercouri Kanatzidis, Northwestern University / Argonne
National Laboratory

This document was produced under contract number DE-AC05-060R23100 between the U.S.
Department of Energy and Oak Ridge Associated Universities.

The research grants and contracts described in this document are supported by the U.S. DOE Office
of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division.



Foreword

This document is a collection of abstracts of the presentations made at the Principal
Investigators’ Meeting of the Materials Chemistry program, sponsored by the Materials Sciences
and Engineering Division (MSED) in the Office of Basic Energy Sciences (BES) of the U. S.
Department of Energy (DOE). The meeting was held on July 15-18, 2012 at the DoubleTree
Hotel, Annapolis, Maryland, and is one of a series of principal investigators’ meetings organized
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 Pls of the overall program content and of each other’s research, encouraging
exchange of ideas, promoting collaboration and stimulating innovation. The meeting also
provides an opportunity for the program manager and MSED/BES management to get a
comprehensive overview of the program on a periodic basis, which provides opportunities to
identify program needs and potential new research directions. The opening session of the
meeting, titled Frontiers of Materials Chemistry, includes a selection of presentations chosen to
illustrate a cross section of the diverse research being conducted in the Materials Chemistry
program. The balance of the meeting agenda is organized in eight sessions around major topical
areas in contemporary materials research that broadly encompass many of the projects in the
current Materials Chemistry portfolio. These include Electronic and Magnetic Materials, Solar
Energy Conversion Materials, Tools and Techniques for Materials Characterization, Materials
Relevant to Fuel Cells, Nanostructured Materials, Materials Behavior at Surfaces and Interfaces,
and Energy Storage Materials. Recent BES workshops and other reports have identified the
concept of “materials by design” as a Grand Challenge goal, defined as the ability to design and
synthesize new materials with specific properties tailored and optimized for use in next-
generation technologies. In support of the materials-by-design objective, the Materials Chemistry
program supports basic research in the discovery, design, and synthesis of materials with an
emphasis on elucidating the complex relationships between a material’s functional properties and
its composition, atomic and molecular structure, and higher-order morphology. Major focus
areas of the program include the discovery, synthesis, and characterization of new materials and
the manipulation of materials’ structure across a range of length scales using chemistry.

I thank all of the meeting attendees, including the invited speakers, for their active
participation and for sharing their ideas and new research results. The assistance of the meeting
chairs, Geri Richmond and Mercouri Kanatzidis, in organizing this meeting is greatly
appreciated. Sincere thanks also go to Teresa Crockett in MSED and Lee-Ann Talley and her
colleagues at the Oak Ridge Institute for Science and Education (ORISE) for their excellent work
providing all the logistical support for the meeting.

Michael Sennett

Program Manager, Materials Chemistry
Materials Sciences and Engineering Division
Office of Basic Energy Sciences

U.S. Department of Energy
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Physical Chemistry of Inorganic Nanostructures

A. Paul Alivisatos, Peidong Yang, Stephen R. Leone
University of California, Lawrence Berkeley National Laboratory

Program Scope — Subtask 1: Physical Chemistry of Semiconductor Nanocrystals

Control of materials on the nanometer scale offers great opportunities to tailor the properties
of energy conversion systems, yet the realization of these goals depends critically on
improvements in our abilities to make complex nanostructures with precision. This program
emphasizes the fundamental science of the synthesis of inorganic nanomaterials as well as the
characterization of physical properties of these materials. The program consists of four subtasks:
Physical Chemistry of Colloidal Nanocrystals, Fundamentals of Inorganic Nanowires,
Microscopy Investigations of Nanostructured Materials, and Model Nanoscale Photo-catalytic
Systems. The goal of the first subtask is to develop the science of colloidal inorganic
nanocrystals with special emphasis on understanding and controlling their synthesis. Recent
work has included highly specific synthesis of nanoheterostructures by cation exchange, post-
synthesis improvement of luminescence efficiency, and synthesis of semiconductor
nanostructures featuring tunable plasmon resonances. Another aspect of this first subtask is the
investigation of fundamental optical, electrical, structural, and thermodynamic properties of
nanocrystals. The Alivisatos lab has recently exploited novel in situ imaging techniques to
achieve unprecedented structural information about nanocrystals and their growth in solution.

Recent Progress

1. High resolution nanocrystal imaging in solution using a graphene liquid cell. A major
challenge in the study of nanocrystals is imaging their behavior and especially their growth in the
solution phase. Previous work from our lab has succeeded in using transmission electron
microscopy (TEM) to image nanocrystals in solution.[ 1] However, the resolution achieved using
a microfabricated liquid cell was limited by the width of both the silicon nitride “window” layer
and the liquid layer. The imaging conditions are further limited by leaking of liquid from the cell
into the TEM vacuum chamber.
We have recently achieved liquid
phase images of unprecedented
resolution by making use of a
liquid cell based on two layers of
graphene. Initial studies were
conducted in the solid state, by
drop casting nanocrystal solutions
onto a layer of graphene and
allowing the solvent to evaporate.
A second layer of graphene was
layered over the first, resulting in
encapsulation of the nanocrystals.

Figure 1. TEM (left) and AFM (right) images of nanocrystals
trapped between two layers of graphene.



Figure 2. (a) Time course of the size evolution and distance between two Pt nanocrystals. (b) Position of the two
nanocrystals over the time observed. (c) Plot of the total length, thickness, and neck diameter of the two
nanocrystals during coalescence. (d) TEM images of the two nanocrystals.

In these proof-of-principle experiments we were able to image the nanocrystals using both TEM
and atomic force microscopy (AFM) (Fig. 1).[2].

By adding the second graphene layer prior to drying of the solvent we were able to
encapsulate ultra-thin layers of nanocrystal solution. These solution pockets were stable upon
exposure of the cell to vacuum, and allow for ultra high resolution TEM imaging.[3] We were
able to resolve lattice fringes and observe crystalline twinning in solution. More impressive, we
were able to monitor nanocrystal growth and coalescence events in real time and to observe the
specific facets involved in coalescence and the evolution of particle crystallinity after
coalescence (Fig. 2). Figure 2C is a plot of the change in length (/, along the center-to-center
direction), thickness (¢, perpendicular to the length), and neck diameter (n) of the coalesced
nanocrystals. Neck growth is accompanied by a decrease in / and 7, which indicates that the
atoms migrate to the neck region, presumably by surface diffusion. After coalescence, the
nanocrystal gradually reorganizes, evolving truncated surfaces. Observations at this high level of
detail promise to yield unprecedented information about the behavior of nanocrystals in solution.

2. Nanocrystal heterostructures by cation exchange. Rapid cation exchange reactions on
nanocrystals have proven to be a highly versatile method for synthesis of otherwise inaccessible
nanocrystal phases and morphologies.[4,5] The process has been shown to leave the anion lattice
unaffected, thus opening up numerous routes to interesting heterostructures.[6] An exciting
aspect of nanocrystal heterostructures is the potential for creating semiconductor heterojunctions
within a single nanocrystal. This potential has been realized in studies of aligned CdS
nanorods.[7] Rod alignment over large areas on a variety of substrates was demonstrated
previously.[8] Given the uniform nature of the resulting film, it was deemed likely that cation
exchange would proceed selectively from the top of the film, yielding an array of aligned
nanorods each containing the same heterojunction. The anticipated affect was indeed observed:
partial cation exchange from CdS to Cu,S yielded a film with aligned rods made up of CdS near
the bottom surface and Cu,S facing solution (Fig. 3, right). The depth profile of the film was
determined using Rutherford backscattering (RBS). Cation exchange could be driven to
completion by addition of excess Cu'. Subsequently, exchange of Cu,S to PbS was demonstrated
using an analogous procedure, with partial or complete exchange achieved by addition of an
appropriate amount of Pb". These aligned films present a unique opportunity for electronic




characterization. One would expect a conventional thin film of
these materials to display electronic rectification. Indeed,
electrical measurements indicate that the films are rectified in
exactly the expected way (Fig. 3, left). While these films are too
thin to act as efficient absorber layers in solar cells, these
experiments demonstrate the great promise of cation exchange in
controlling both the structure and the properties of nanocrystals.

3. Tunable plasmon resonances in semiconductor
nanocrystals. Localized surface plasmon resonances (LSPRs)
typically arise in nanostructures of noble metals resulting in
enhanced and geometrically tunable absorption and scattering
resonances. LSPRs, however, are not limited to nanostructures of
metals and can also be achieved in semiconductor nanocrystals
with appreciable free carrier concentrations. We have
demonstrated well-defined LSPRs arising from p-type carriers in
vacancy-doped semiconductor nanocrystals.[9] Vacancies were
introduced into Cu,S nanocrystals by exposure to O, gas
(ambient air), which induces formation of p-type Cu,S.
Concommitant with this reaction we observe the rise of an
optical absorption peak in the near-infrared region. We confirm
that this peak is due to an LSPR resonance by examining its
position dependence on the refractive index of the nanocrystal
solvent; a characteristic of plasmon resonance. By controlling the
extent of reaction with O, we were able to tune the optical
absorption wavelength of the LSPR. The capability to tune the
plasmon through doping is unique to semiconductor nanocrystals. This added degree of
flexibility may introduce possibilities for application of these nanocrystals to sensing. These
LSPRs are not only observed in the Cu,S system. We recently showed that a known optical
absorption in oxygen-deficient line phases of tungsten oxide, WOs_, is due to an LSPR.[10] As
with Cu,S, the position of the plasmon can be tuned by altering the degree of oxygen defficiency.

Figure 3. Voltage-current plots
for aligned nanocrystal
heterojuntion devices.

Future Plans

1. Cation exchange from II-V to III-V nanocrystals. I1I-V semiconductor nanocrystals such
as InP, InAs, GaP, and GaAs have been vigorously sought due to their great potential for use in
optoelectronic devices (LEDs, solar cells, etc.). However, high quality III-V colloidal
nanocrystals remain synthetically challenging. Cation exchange is a promising method for
generating monodisperse I1I-V nanocrystals. Standard colloidal synthetic strategies have recently
been developed for II-V semiconductor systems such as Cdi;P, and Cds;As, offering a
monodisperse template for cation exchange. We are encouraged by preliminary results indicating
efficient Cd" to In" exchange which preserves sample monodispersity. This strategy will
provide facile access to a wide array of III-V materials of interest for optoelectronic applications.

2. Microfluidic liquid cell fabrication for imaging nanocrystal reactions in-situ. While the
graphene liquid cell described above is a pivotal development in the effort to image nanocrystals
in solution, it is also of great interest to images nanocrystals in dynamic solution conditions; a




goal for which a microfluidic liquid TEM cell would be an important tool. Using anisotropic
etching methods it is possible to fabricate microfluidic silica or silicon nitride channels with
extremely thin walls (~20-100 nm) with a channel diameter on the order of hundreds of
nanometers. We have begun fabrication of this device and plan to use it to inspect nanocrystals
as they undergo reaction such as cation exchange, metal tipping, growth and etching.
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Physical Chemistry of Inorganic Nanostructures

A. Paul Alivisatos, Peidong Yang, Stephen R. Leone
University of California, Lawrence Berkeley National Laboratory

Program Scope — Subtask 2: Fundamentals of Semiconductor Nanowires

Semiconductor nanowires have witnessed an explosion of interest in the last decade due to
advances in synthesis and the unique thermal, optoelectronic, chemical, and mechanical
properties of these materials. The potential applications of single-crystalline nanowires are truly
impressive, including computational technology, communications, spectroscopic sensing,
alternative energy, and the biological sciences. This subtask on “Fundamentals of Semiconductor
Nanowires” can be considered as the fundamental research program with the aim of establishing
and developing the core science and technology for semiconductor nanowires, and with an
emphasis on growth, assembly and fundamental optical and electronic properties
characterization.

Recent Progress
1. Cation exchange chemistry for nanowire heterostructure. The cation exchange reaction in
nanostructures can be very different when compared to bulk solids. Work on colloidal
nanocrystals in subtask 1 of this FWP illustrates how the reaction speed is much faster in
nanostructures due to a larger surface to volume ratio, and therefore novel nanostructures could
be produced'™. Subtask 2 is leveraging this experience to explore cation exchange in nanowires.
We have shown that a Cu,S-CdS core-shell nanowire can be produced by a short (~10s) cation
exchange reaction in CuCl aqueous solution. The resulting Cu,S shell is around 10 nm thick and
coherently attached to CdS. By using a longer reaction time (>30s), the Cu” continues to replace
Cd*" in CdS lattice. However, due to a high lattice mismatch between the core and shell,
increasing the shell thickness is prohibited by high lattice strain. As shown in Figure 1b and Ic,
instead of forming a thicker Cu,S shell, periodic Cu,S inclusion layers are observed inside the
CdS nanowire. To further confirm the superlattice (SL) formation, the CdS was selectively
etched with diluted HCI, and a hollow Cu,S tube with inclusion layers was observed (Figure 1d).
It is well known that CdS-Cu,S form a good
type II junction which is useful for solar cell []
application. Photoluminescence (PL) spectra
clearly  demonstrated the fluorescence
quenching due to effective charge separation
in this heterostructured nanowire (Figure 2a).  [p]
The CdS PL at ~510nm was completely
suppressed and a broad weak emission
centered ~590nm was observed, which may
due to the charge recombination at the CdS -
Cu,S interface. The efficient charge separation
is further supported by fluorescence lifetime Fiﬁ“re 1 Cde to Cu,S Catit‘?n eXChinge rea“?“ g-
: . scheématic o1 nanowire cation €xchange reaction. bD.
measurements (Figure 2b), which clearly TEM image of as formed CdS-Cu,S S% nanowire. c.
show that the decay becomes faster from Cu,S EELS elemental mapping for Cu. d. TEM image of
inclusions. The cation exchange reaction CdS-Cu,S SL nanowire after selectively CdS
provides a facile method for producing high removal by diluted HCL.
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done to further understand the mechanism of ~ §
superlattice formation, as well as the charge &=
transport properties across the CdS-Cu,S £
heterojunction. Also, cation exchange
chemistry will be extended into other
nanowire material systems to realize
functions such as solar cells and light | Figure 2{) Ph;togléléincescsengi spectra (a) and lifgtime
emitting diodes. | | | ?Pdest,:i tfm))v?ma u, nanowire compared to a
2. Conversion chemistry of oxide
nanowires: one atomic layer at a time. Alloys of zinc oxide (ZnO) with indium oxide and other
trivalent metal oxides (IMZO, In, .M,03(Zn0),, M=In, Ga, Fe) have been examined for potential
applications in thermoelectric devices, low-indium transparent conducting oxides, and
photoelectrochemical cells. Previously, we developed a new conversion scheme, by depositing
metal onto ZnO nanowire arrays and annealing at high temperature, which allows for rational
control of nanowire dimensions, density, orientation, and alloy concentration. At 300 K,
InGa03(Zn0), nanowires (IGZO) exhibit a thermal conductivity of
3.3 W m ! K!, which is lower than what has been observed for
I1ZO in the bulk (3.5 Wm ' K, n = 3,4) and ZnO nanowires (~20 W
m ' K) despite very low In and Ga loading. Improved visible
light absorption and chemical stability were also observed for [ZO
and IFZO nanowires. High resolution TEM and STEM on the 1ZO
and IFZO structures have provided great insight into the crystal
structure of this family of compounds. The nanowire platform
allowed us to easily image thin segments of IZO where the
structure was only partially formed, showing that the basal InO,
layer begins at the nanowire surface and is bounded by a partial
dislocation, as seen in Figure 3. These dislocations propagate into | gigure 3. HRSTEM of an
the nanowire by vacancy diffusion, and indium precipitates at the | IFZO nanowire, showing two
defects. In addition, modulating contrast forms between the basal | partial inclusions between two
layers, with an angle that depends on the composition of M. Our | fully formed basal layers.
structural model has been confirmed by DFT calculations. Scale bar is 25 nm.
3. Growth and chemical modification of In,Ga; N
nanowires. Recently, there has been much interest in the
InGaN ternary alloy due to its UV to IR bandgap tunability.
However, the large thermodynamic miscibility gap (0.1<x<0.9)
presents a significant challenge towards the synthesis of the
majority of alloy compositions. Previously, we developed a
method to produce single phase InGaN within the miscibility
gap by using the nanowire geoemetry’. Although initial LED
and photoanode testing proved to be successful, devices were
: limited by the poor internal quantum efficiency (QE) of InGaN
Figure 4. Fluorescence decay . . .
curves of different In,Ga, N | Dnanowires. Therefore, tlme resolved fluorescence studies were
nanowire arrays. used to examine the excited state decay of InGaN nanowires.
Fluorescence lifetimes clearly decrease (Figure 4) with
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increasing indium incorporation, most likely due to carrier localization from statistical
fluctuations in composition. Due to the short fluorescence lifetimes and low QE, we conclude
that InGaN nanowires have a large nonradiative decay rate.

Factors that could contribute to the fast nonradiative decay rate include increased surface
recombination from the nanowire geometry, partial dislocations/point defects, and efficient
Auger recombination pathways in InGaN. Therefore, we examined the effect of thermal
treatments in NH3 gas on these factors. Although no change in partial dislocations was observed
by TEM, all compositions displayed increased photoluminescence intensities after annealing.
Integrated PL intensities show (Figure 5A) the largest increase in QE for the highest indium
compositions. Fluorescence lifetime measurements on annealed InGaN nanowires (Figure 5B)
showed an order of magnitude decrease in lifetime when compared to as made samples.
Therefore, we conclude that perturbations from thermal treatment increase the QE of InGaN
nanowires by increasing the radiative
rate rather than reducing the
nonradiative rate. A similar treatment
could be used for LEDs to maximize
device performance. However, for
applications which require carrier
extraction, it will be necessary to
reduce the nonradiative recombination
rate. Surface passivation and growth
modification will be done in
conjunction with fluorescence lifetime Figure 5. Integrated PL (a) peaks indicated annealing is
measurements to observe the effect of increasing the quantum efficiency. A sharp decrease in
these treatments on the nonradiative fluorescence lifetime (b) was seen for annealed nanowires.

decay rate.

Future Plans

In close collaboration with the Alivisatos and Leone groups, we will continue to develop
novel synthetic chemistry for semiconductor nanowires and their heterostructures. We will
continue to systematically explore the optical and electrical properties of these novel
semiconductor nanowires. In addition, a collection of optical and electrical characterization tools
will be used to probe these nanostructures as function of synthetic conditions with high spatial
resolution. This would include, for example, spatial resolved cathodoluminescence, scanning
confocal optical imaging; single nanowire imaging and spectroscopy, temperature-dependent PL,
quantum efficiency measurements with integrating sphere, ultrafast spectroscopy, X-ray
absorption/emission  spectroscopy, impedance spectroscopy and field-effect transistor
measurement of carrier concentration and mobility.

As part of our continuing efforts on oxide nanowire research, we will pursue reproducible p-
doping in ZnO nanowires. During ZnO nanowire growth, Li impurities can be introduced
through an in situ CVT scheme. As-grown, these Li-doped wires exhibited decreased electrical
properties as measured by single nanowire transconductance. However, on-device annealing at
500°C in O, converts the FET response of the same nanowire to p-type. Single nanowire Seebeck
voltage measurements were performed to corroborate the majority carrier type switching. With
confirmation of p-type conduction in ZnO nanowires, we hope to integrate these nanowires into
ZnO homojunction light emitting diodes and solar cells. However, various storage conditions and



operating temperatures may change the electrical properties of the nanowires due to the relative
instability of the Li acceptor state. By gathering fundamental information about the mechanism
of majority type-conversion and subsequent reversion, chemical methods of surface and dopant
passivation will be designed for long-term stability.

In addition, we will also expand our efforts into transition metal doped TiO; nanowires. TiO;
is a unique material for photocatalysis since it is nontoxic, abundant, stable and photoactive.
However, the wide bandgap of TiO; limits its photocatalytic performance in the visible part of
the solar spectrum. Doping TiO, with transition metals can create localized electronic states
within the TiO, bandgap, which can enhance the material’s optical absorption, Our group has
already developed a very simple molten salt flux method to synthesize transition metal doped
TiO, nanowires in large scales. A variety of transition metals such as Cr, Co, Ni, Fe, Mn, Mo,
Nb, Ta, W, V, Ru, Rh can be incorporated into the TiO, lattice to tune the nanowire optical,
electrical and surface catalytic properties. Further work will be done using x-ray absorption
spectroscopy (Subtask 3) to examine the local coordination environment of the incorporated
transition metal elements, and correlate with their electrochemical or photoelectrochemical
properties.
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Physical Chemistry of Inorganic Nanostructures

A. Paul Alivisatos, Peidong Yang, Stephen R. L.eone
University of California, Lawrence Berkeley National Laboratory

Program Scope - Subtask 3: Microscopy Investigations of Nanostructured Materials

The goal of the third subtask in this program is to develop and use novel spectroscopic
techniques to obtain a detailed understanding of charge carrier dynamics in nanostructured
materials. This work is organized along two lines of inquiry: ultrafast x-ray transient absorption
of excited-state dynamics in semiconductors and single-particle studies of quantum dot blinking
and surface plasmon resonances. A tabletop x-ray transient absorption system combines the
elemental and oxidation state specificity of x-ray absorption with the femtosecond time
resolution of Ti:Sapphire laser amplifiers. This allows the determination of the rates of energy
and charge transfer in multicomponent nanostructures. Single molecule fluorescence microscopy
and time-resolved spectroscopy are applied to study the fluorescence intermittency, or blinking,
of single semiconducting nanostructures. The research seeks to uncover the physical processes
that lead to this blinking, focusing on the role of charge carriers. In addition, blinking is a
sensitive probe of the interactions between single nanostructures and their environment, such as
quantum dots embedded in polymer and inorganic matrices relevant to solar energy conversion.
Finally, far-field scattering measurements are combined with near-field imaging to investigate
the impact of nanostructure shape and environment on localized surface plasmon resonances
(LSPRs).

Recent Progress

1. Transient X-ray Absorption of Semiconductors
Transient absorption spectroscopy in the visible and infrared regions is commonly used to probe
the excited-state dynamics of nanomaterials. However, as nanostructures become more complex,
the broad and often overlapping spectral features make it difficult to differentiate between
competing relaxation mechanisms. X-ray absorption, on the other hand, can map the conduction
band density of states with element- and oxidation-state specificity. This level of detail is
essential for determining the photophysics of multicomponent nanostructures such as the
nanowire superlattices in Subtask 2
and the seeded/cation-exchanged
rods in Subtasks 1 and 4. A new
instrument has been developed that
creates tens-of-fs pulses of extreme
ultraviolet/soft x-ray light from high-
harmonic generation by an intense
800 nm laser pulse (Figure 1). The
spectral range of the system, from 40

to 100 eV, is ideal for studying the Figure 1: Operational transient X-ray absorption apparatus.
shallow-core to valence absorption
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of transition metals and II-VI A B
or III-V semiconductors. For

example, the Sesq3, and

Tesq—4p resonances at 55 and
41 eV, respectively, are well
separated and will provide a
direct  probe of  hole
localization  in  core/shell o
CdSe/CdTe Type-1I quantum ©5 00 05 10 15 20 25 so 3s
dots. The instrument was used e e

to determine the excited-state | Figure 2: (a) Excited-state x-ray absorption of a-Fe,0; after
electronic structure of a-Fe,O3; | excitation at 400 nm. (b) Kinetic traces at 54.5 and 57.5 eV
(hematite), an earth-abundant
photocatalyst for water splitting prepared by Subtask 2. Photoexcitation of the sample at 400 nm
causes the growth of an x-ray absorption feature consistent with a ligand-to-metal charge transfer
(LMCT) state (O*Fe’™ > 0"Fe’"). Some theory suggests a d-d transition at this excitation
energy’, which is not observed here. The transient signal rises in <200 fs and changes shape on a
sub-picosecond timescale as the LMCT state relaxes to a d-d excitation, highlighting the ability
of this technique to probe ultrafast changes in electronic structure.
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2. Single-Particle Studies
Previous work in this subtask suggested that rate fluctuations of the charge trapping process play
an important role in QD blinking." Current work focuses on the role of these fluctuations and
how they relate to distributed kinetics and memory effects in blinking events. A strong
correlation is observed between on-state memory and distributed blinking kinetics, suggesting
that both originate from the same fluctuation-based blinking mechanism. Monte-Carlo
simulations show that introducing an ionization-induced charge trapping process causes a
decrease in the on-state memory and less distributed blinking kinetics. These simulations
reproduce the experimental data, suggesting that the combined effect of two charge trapping
processes (one fluctuation-based and one ionization-based) are responsible for fluorescence
blinking of a single QD.

Blinking is also used as a probe of the nanoparticle-environment interaction. Previous work
in this subtask revealed surprising differences in the trap state distribution for QDs in two
polymer hosts: the semiconducting N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-
4,4’-diamine (TPD) and the insulating poly(methylmethacrylate) (PMMA).> Current work
extends these studies by investigating excitation-intensity dependent behavior. As with QDs on
other conducting surfaces, the fluorescence decay time and quantum yield is reduced in TPD.
However, in contrast to QDs in insulating and other conducting environments, QDs in TPD
exhibit an increase in the probability of long on durations with an increase in power density
(Figure 3a). This trend could be indicative of facile transfer of holes to the QDs from the TPD
valence band.’

In coordination with Subtask 1, fluorescence blinking statistics are used as a probe of the
interaction between CdSe/CdS QDs and a new class of chalcogenidometalate (ChaM) ligands,
specifically Sn2$64' or In28e42'. These ChaM-QD systems are of interest because of the enhanced
carrier mobilities reported for films of ChaM-capped QDs, which were attributed to favorable
energy alignment between the QD and ChaM band structures, as well as the small inter-QD
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spacing within the films. The single nanoparticle studies
currently under way focus on the interaction between the
individual QD and ChaM complexes. Preliminary results
suggest photoexcitation leads to hole trapping on the ChaM
ligand complex. The ChaM-capped QDs are largely non-
fluorescent, spending only 11% of the measurement time in
the on-state, compared to 82% time in the on-state of
organically capped QDs (Figure 3b). Additionally an
increase in the charge trapping rate occurs with decreasing
CdS shell thickness.

Previous work in this subtask on the localized surface
plasmon resonance of rod-in-ring gold nanostructures
showed that conductive coupling between the rod and ring
leads to sharp quadrupolar and octupolar resonances.*
Current work focuses on the effect of the underlying
substrate on the LSPR. A 2 nm titanium layer between the
nanostructure and the glass substrate increases the plasmon
dephasing r.ate, drastically reduces the plgsmon amplitude, Figure 3: (a) Crossover time tau vs,
and red-shifts the resonance peak. This effect can be |  lioc o power density for QDs in
reasonably well simulated by finite-difference time domain | PMMA and TPD. (b) Fluorescence
calculations, which use the bulk dielectric constants of Au | blinking traces for single oleylamine
and Ti to model the nanostructure. However, the observed | and In,Se;"-capped CdSe/CdS QDs
redshift is greater than expected due to interface reactions
and intermetallic diffusion. Titanium is often used as an adhesion layer in electron-beam
lithography, and this damping effect reduces the usefulness of LSPRs for sensing applications.
Vapor-deposited (3-mercaptopropyl) trimethoxysilane performs well as an adhesion layer
without damping the sharp plasmon resonances.

Future Plans

1. Transient X-ray Absorption of Semiconductors. Ultrafast x-ray absorption will be used to
probe the excited-state dynamics of semiconductor thin films and multi-component
nanostructures. The absorption spectrum of the photocatalyst Co3;O4 is composed of several
distinct features attributed to metal-to-metal charge transfer between Co”" and Co®" ions, as well
as LMCT transitions from O to Co*"*". Specific transitions will be excited using a tunable
pump pulse and both the initial excited state electronic structure and the rate of relaxation
through the ladder of excited states will be observed. The elemental specificity of x-ray
absorption will be employed to measure charge separation in Type-II heterostructures such as
PbSe quantum dots embedded in a Sb,S; thin film. This material, synthesized by Subtask 1, is a
promising candidate for all-inorganic photovoltaic devices. By measuring the rate of charge
transfer between the PbSe and Sb,S; as a function of QD size and excitation wavelength,
processes such as hot electron injection and multiple-exciton generation will be investigated.
Transient x-ray absorption of transition metal doped TiO, nanowires (Subtask 2) will reveal the
rate of electron and/or hole localization on the dopant after photoexcitation and enable the
engineering of nanowires with long-lived charge separated states necessary for photocatalysis.
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2. Single-Particle Studies. Future work in this subtask aims to uncover the mechanism for
charge trapping rate fluctuations occurring during the off state.! The source of these fluctuations
may correlate with the nature of the surface ligand coverage. It has been shown theoretically that
some ligand molecules are highly mobile, able to randomly walk across the surface of a quantum
dot altering the trap state energy levels.® Future work will monitor the trapping rate fluctuations
and blinking statistics of QDs with various capping ligand mobilities. In addition to ligand
mobility, ligand-QD binding types are also considered.’” QDs with both covalent and dative
ligand binding will be measured. The ligand exchange procedures necessary for this work will
be done in collaboration with Subtask 1. Electric-field poling of QDs in TPD will also be
investigated to elucidate the details of current-density enhancement in composite photovoltaic
devices.® A modification of surface trap states via nanoscale charge migration would modify the
blinking statistics of an individual QD, whereas macroscale rearrangement of permanent dipoles
in the semiconductor host would alter the polarization of its emission.

Based on the observation of the dramatic effect of a thin Ti underlayer on the LSPR of gold
nanostructures, this line of inquiry will be extended to other substrates of interest. Specifically,
far-field scattering and near-field microscopy will be used to study the coupling of & electrons in
few-layer graphene to the LSPRs of gold disks. The band structure of graphene is sensitive to
both the number of layers and an applied gate Voltage,9 and the interplay of the optical response
and electronic structure of the graphene with the LSPRs will serve as a sensitive probe of the
coupling between the two components.
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Physical Chemistry of Inorganic Nanostructures

A. Paul Alivisatos, Peidong Yang, Stephen R. Leone
University of California, Lawrence Berkeley National Laboratory

Program Scope — Subtask 4: Model Photocatalytic Nanostructires

In this newly established sub-task, we will use the latest advances in nanomaterials
fabrication from subtask 1 to construct model nanoscale systems that can be used to separately
investigate individual key underlying issues in artificial photosynthesis. In a complete first
generation artificial photosynthetic system, the disparate functions of light absorption, charge
separation, photo-voltage generation, and electrochemical water-splitting catalysis must be
combined within a single nanostructured construct.'”> We propose to deploy the most recent
advances in the synthesis of colloidal nanostructures to enable the well defined assembly of
semiconductor, oxide, metallic, and molecular components, specifically designed to test and
develop our knowledge of each of these fundamental processes that underpin efficient artificial
photosynthesis.” The overarching goal of this work will be to create model systems designed to
probe and answer long-standing basic questions in artificial photosynthesis. One goal for
instance will be to specifically create a system to overcome photo-oxidation of a compound
semiconductor light absorber, by creating a rapid alternative productive pathway for hole
consumption, through systematic adjustment of the physical, quantum, and chemical parameters
of the system. Work in this subtask will be tightly integrated with subtask 1 as well as subtask 3.

Recent Progress

Obervations of photocatalysis from single seeded quantum rod systems. We have exploited
nanoscale semiconductor systems as light absorbers with extremely high luminescence quantum
yields before any catalysts are attached to them to perform what we believe are the first single
particle studies of nanoscale semiconductor photocatalysts. We use a hydrogen evolving nanorod
heterostructure photocatalyst* composed of a platinum-tipped cadmium sulfide rod with an
embedded cadmium selenide seed (illustrated in Figure 1). This interesting model system offers a
systematic way of both manipulating and probing charge carriers within the photocatalyst,
providing a useful system to better understand the underlying photophysical and photochemical
phenomena. In such structures holes are three-dimensionally confined to the cadmium selenide
(fast hole localization in the seed), whereas the delocalized electrons are generally transferred to
the metal tip (with an estimated lifetime of 1 ps). Consequently, the electrons are now separated
from the holes over three different components, and by a tunable physical length. Electron
transfer to the Pt results in strong photoluminescence quenching. The quenching of the
photoluminescence by the metal tip is not complete however, and occasionally the electron hole
pair will recombine radiatively. Due to the exceptionally strong original quantum yield of the
non-tipped seeded rods, this residual photoluminescence is sufficient for monitoring, and may be
utilized as an internal inverse probe of catalytic activity. Using far-field optical microscopy we
explore the fluence-dependent photoluminescence from photo-catalysts on the single particle
level. We find that individual catalysts exhibit strong optical nonlinearities that allow direct
determination of the number of charges participating in a catalytic reaction and the rate of photo-
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induced charge transfer. These studies enable new approaches to examining rate limiting
kinetics, through studies in which the luminescence is probed as a function of the incident photon
flux.

Future Plans

(1) Structure: We will design novel multicomponent nano-heterostructures that draw upon
the synthetic advances from subtask 1. Emphasis will be placed on diversity in (1) the atomic
composition of each component, (2) nanocrystal shape and faceting, and (3) the arrangement and
interconnectivity of each component. Compositional control will be achieved using cation/anion
exchange strategies pioneered in our research group. Recent work of this nature is described in
sub-task 1. Shape control will be achieved by making use of standard anisotropic growth
techniques wherein preferential ligation of surfactant molecules to particular crystal facets during
the synthesis to affords directional growth.™® Control over the interconnectivity of each

Figure 1. Characteristic fluence-dependent photoluminescence obtained in gaseous argon from a few dozen of
individual photocatalysts consisting of (A) colloidal CdSe quantum dot embedded asymmetrically within a CdS
quantum rod; (B) with reduction Pt catalyst placed on the opposite end of the rod. (C) The quantum dot size is
held fixed, and the rod length decreases from 60 nm to 40 nm. (D) The rod length is held constant, and the dot
diameter is increased from 2.3 nm to 3.9 nm.
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component will be achieved using seeded growth methods, which furnish heterostructures
wherein the components lie in intimate contact and can be induced to grow preferentially on
specific facets of an anisotropic seed structure, as in the structures discussed in Figure 1. Finally,
ligand exchange reactions on the heterostructures and individual components will be used to
impart water solubility and to display molecular functionality, including charge transfer relays
and molecular catalysts, at the nanocrystal-solution interface.

(2) Energetics: Exciton dissociation and charge carrier migration in colloidal nano-
heterostructures occur along electrochemical potential gradients. As such, a fundamental
objective of the proposed work is to measure the energetic landscape across the composite
nanostructures we synthesize. In addition to measuring the band edge potentials of the
semiconducting components we will determine the potential of zero charge and charging
energies of the metallic catalytic components as well as the redox potentials of molecular surface
moieties. Additionally, the proposed work will distinguish itself from contemporary reports by
striving to operate photocatalytic reactions under conditions of well-defined overall driving force
using reversible electron and hole scavengers. In this fashion, we will be able to draw rigorous
correlations between the energy storage efficiency and quantum efficiency of each water splitting
half reaction.

(3) Kinetics: The kinetic competition between productive fuel-forming and unproductive
recombination pathways defines the quantum efficiency of solar energy storage via artificial
photosynthesis. In order to determine the quantum-yield-limiting competition steps, we will
isolate the rate constants of each charge transfer step (semiconductor to catalyst, catalyst to
solution) at the ensemble level using both steady state (quantum yield) and time resolved
(transient absorption, transient fluorescence) techniques. As nanocrystal systems are invariably
characterized by particle-to-particle inhomogeneity, the kinetics of fuel formation at nano-
heterostructures will be characterized at the single particle, single turnover level using model
turn-on fluorescent molecular probes. For these studies, aspects of both static and dynamic
disorder will be determined for each system.
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Nanostructured Carbon Materials
L. A. Curtiss (PI), S. Vajda, P. Zapol, M. J. Pellin, N. Markovic
Program Scope

The Nanostructured Carbon Materials Program focuses on new frontiers in nanocarbon-based
materials with capability to make and break specific bonds under electrochemical conditions for
the next generation of energy storage and production systems. The new form of diamond referred
to as ultrananocrystalline diamond (UNCD) discovered in this program has many unique
properties due to combining sp> diamond grains with sp’—like carbon grain boundaries in one
material. Among the unique properties of UNCD is its large electrochemical window,
electrochemically inert surface, and increased n-type conductivity via doping that makes it very
attractive as an electrode material. These properties make it ideal to develop as a support for
small metal and metal oxide clusters that we have recently shown to be highly active and
selective for catalytic reactions. We have unique capabilities to synthesize ultrasmall clusters of
specific size and composition. This program uses in situ characterization and computational
capabilities to both understand the electrocatalytic properties of the new nanocarbon composites
as well as to perform screening to help choose optimal candidate clusters for catalysis to be
integrated with the nanocarbon supports. Fundamental understanding of the properties of the
UNCD/cluster hybrids has important implications for energy applications such as in the
production of fuels by reduction of CO, and new energy storage materials. We are exploring the
effects of supports other than carbon to assess their effect and we are using principles from other
types of catalysis such as heterogeneous catalysis to understand the reactions mechanisms.

Recent progress

During the past year we have focused on understanding the stability of clusters on UNCD and
assessing the electrocatalytic properties of these new materials for water oxidation. We have also
initiated investigations of other supports for comparison with the UNCD results. Finally,
computations are being carried out in support of the above experiments, as well exploratory
studies on lithium oxide clusters and CO; electroreduction. Some of the highlights of this work
are given below.

Stability of Co clusters on UNCD. The composition and stability of oxidized cobalt
subnanometer clusters composed of four metal atoms supported on ultrananocrystalline diamond
(UNCD) and alumina surfaces were studied using a combination of grazing-incidence X-ray
absorption near-edge spectroscopy (GIXANES), grazing incidence small angle X-ray scattering
(GISAXS) and density functional calculations. GIXANES data revealed partially oxidized
subnanometer cobalt clusters upon exposure to air, with similarity in the total degree of oxidation
on both supports. The clusters were exposed to elevated temperatures of up to 300 °C and were
found by GISAXS to be agglomeration resistant as shown in Figure 1. DFT calculations of
cluster binding to model surfaces for UNCD indicate that the stability of the cobalt oxide clusters
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on UNCD is the result of electrostatic and dispersive

interactions for the pristine hydrogen- terminated

surfaces and covalent bonding between the cluster and

defect sites on the surfaces. On alumina the origin of

the stability is interactions between the cobalt and

surface oxygens or the cluster oxygen with the surface

aluminum atoms. These properties indicate that

oxidized subnanometer cobalt clusters supported on

UNCD and alumina are suitable candidates hybrid 5 ifg;gs élsligziszoﬁﬂgg g?%‘ﬁggiugo;f;
nanostructures for use as supported catalysts. Coy...; clusters as function of temperature.

Electrocatalysis results for water oxidation. Tests of various size clusters supported on a carbon-

base support, ultrananocrystralline diamond (UNCD) were performed under harsh conditions of

water splitting, with pH reaching 14 and potentials up to 1.8 V. Figure 2 shows the results of

these tests. The current densities shown refer to the current from

the clusters only, after subtracting the contribution of the bare

(i.e. cluster-free) support. The current density measured on the

blank support reached around 0.16 mA/cm” at 1.8 V. The

calculated per second and active site (cluster) turnover of

elementary charges is on the order of 10, which is much higher

than turn-over rates reported for heterogeneous electrocatalyst to

date. Results from repeated cycles hint towards a promising Figure 2. Water splitting (oxygen

stable cluster-diamond hybrid material for wuse under cvolution reaction, OER) ,at pH
. .. . . 14, on metal clusters of three

electrocatalytic conditions. While clusters of sizes #1 and #2 .o (Background  corrected

exhibit very high activity, the current density of sample #3 drops  data, after the subtraction of the

current measured on identical

below the current measured on the blank support under identical .
blank support without clusters)

conditions. We hypothesize that the negative current is caused by

Size #3 clusters blocking the active sites in the support. If this assumption correct, it opens an
avenue to 1) selectively block unwanted reactive sites/defects in the support which would
otherwise cause a deterioration of the support material and 2) use these strongly bond clusters as
anchors for other active particles deposited in subsequent step(s). An analysis of the ex sifu X-
ray data obtained during the last month beam time is under progress, to provide information on
what (if any) permanent changes may have taken place in the composition or morphology of the
clusters or support. Based on several test cycles, which did not indicate a degradation of
performance of this cluster/support combination, we assume that this system did not undergo
considerable change under the applied harsh conditions.

Support studies. In order to better understand and improve the electrocatalysis of precious metal
and oxide clusters made of more abundant metals, we have begun to examine the role of the
support, by examining other support materials. In this regard, for example, Fe,Os3 is an intriguing
counterpoint to UNCD as a support layer. Hematite has some catalytic activity for water
oxidation and has also attracted considerable attention as a photocatalyst for this reaction. Like
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UNCD, hematite shows unique stability under the harsh electrode conditions necessary for
electrocatalysis and is a very promising material for electrochemical water oxidation. Like n-type
UNCD, hematite is also conductive over short distances (<10 nm). It also takes advantage of
more recent atomic layer deposition (ALD) synthetic work that produces high growth rates and a
highly conformal, pinhole free electrode support layer only a few nanometers thick. A recent
paper, using a 20 nm thick Si-modified hematite, reported considerably increased current
densities in OER. [1] Preliminary tests in our lab, with the addition of well defined size-selected
clusters on a ~3ML hematite film show a dramatic increase in turnover rates, of up to two orders
of magnitude on a deposited metal atom basis over the reported Si-modified hematite. While the
results are preliminary, it is already clear that this combination of support and catalyst is quite
interesting and is likely to be among the most active for this reaction.

Computational materials design First-principles calculations have been carried out to evaluate
four metal atom clusters that will be of potential interest in CO; reduction. It is widely believed
that the rate limiting step in CO, reduction is transfer of the first electron to the CO, molecule.
Results were obtained for adsorption of CO, molecule on a series of metal clusters. We have
investigated both linear and bent configurations of CO, on the clusters. As shown in Figure 3,
Cos and Nis clusters have bent adsorbed CO,

molecules with significant binding to the cluster and

electron transfer, which suggests that they are good

candidates for CO, activation. The Cuy and Pty

clusters also produce a bent configuration as the most

stable adsorbed CO, structure. On the other hand,

Iry, Pds and Auy exhibit preference for linear

configuration, without charge transfer, and a small

binding energy. Based on this study, we have

focused on Co4 clusters. In the presence of O, Figure 3. Calculated adsorption energies and
molecules, Co; gets oxidized easily with a  charges for CO, on My clusters.

spontaneous O, dissociation. We have evaluated reactions of Co clusters containing up to 6 O
atoms with CO,. The bare Co4 cluster has the strongest binding to CO,. The most stable
configuration of CO, on COy4 results from dissociation to CO and O with an energy gain of 1.87
eV, as compared to the sum of energies of individual systems. A Co04O; cluster can still
dissociate CO,, but with a lower binding strength 1.56 eV as compared to the bare Coy cluster.
The non-dissociative adsorption has a much smaller binding energy, although there are barriers
to dissociation in each case. Dissociation of CO, on a Co4Q;4 cluster 1s unfavorable and instead
forms a carbonate-like configuration. To make connection of DFT calculations to electrocatalysis
involving CO, reduction as well as water oxidation we will use a formalism that has been
successfully applied to electrocatalytic reactions on metal surfaces with aqueous electrolytes in
previous studies, e.g. [2]. This will result in electrode potentials required for different steps along
the pathway.
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Future Plans

Experimental investigation of size and support effects will be carried out on clusters of various
metals and oxides with the goal to understand these effects on electrocatalytics reactions and
relationship to other types of catalysis. The knowledge will be used to screen for new composite
materials in a close feedback-loop with predictions from theory. This will allow us to exploit the
electrocatalytic properties of multi-component clusters and optimized support compositions.

Computational studies will be continued on the CO, electroreduction and expanded to include
water oxidation on pertinent clusters and supports. In both cases once we have developed
mechanistic understanding, we will perform calculations with different cluster sizes and
compositions to establish trends in electrocatalytic activity, correlate with experimental results,
and screen for optimal clusters.
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Materials and Interfacial Chemistry for Next Generation Electrical Energy Storage
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J. B. Goodenough, A. Manthiram — The University of Texas at Austin, Austin, TX 78712

Program Scope

The overarching goal is to investigate fundamental principles governing energy storage through
integrated synthesis and advanced characterization. Our current research is focused on
fundamental investigation of electrolytes based on ionic liquids and rational synthesis of novel
electrode architectures through Fermi level engineering of anode and cathode redox levels by
employing porous structures and surface modifications as well as advanced operando
characterization techniques including neutron diffraction and scattering. The key scientific
question concerns the relationship between chemical structures and their energy-storage
efficacies.

Recent Progress

Rational Synthesis of Ionic-Liquid Electrolytes

Sulfone-based electrolytes are promising for the development of high-voltage based lithium-ion
batteries as electrolytes with electrochemical windows greater than 5 V. We computed the
electrochemical windows for experimentally tested sulfone electrolytes by different levels of
theory in combination with various solvation models (as shown in Fig. 1). The MP2 method
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Figure 1. Comparison of computed and experimental oxidation potentials for several sulfone solvents (left) and
predicted oxidation potentials for several designed sulfone molecules (right).

combined with the polarizable continuum model is shown to be the most accurate method to
predict oxidation potentials of sulfone-based electrolytes with

mean deviation less than 0.29 V. ot

\,9/,(.,,\/ ok
Ionic liquids have many advantages such as non-volatility, -/ o L:-f] °
high  thermal  stability,  non-flammability, — wide | “§"" | zﬂ
electrochemical window (>5.0V), and also very flexible in ,[ -
structure design. Our primary goal is first understand the -,;°41~..f=m OIS SN
basic relationship between structure and properties of ionic ‘:"ﬂ ® ;,.\f_f,;_,ﬁi )\-f“}
liquids, in order to design new ionic liquids with improved 3 4 5
compatibility with graphite anode for application in lithium
ion batteries. Thus, five room temperature ionic liquids (1—5) | Figure 2. Structure of five C-2
based on C-2 substituted imidazolium cations and | substituted ionic liquids.
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bis(trifluoromethanesulfonyl)imide (TFSI) anion were
synthesized and their physiochemical properties were
systematically investigated and the results will be
presented in detail (Fig.2).

Mesoporous Electrode Architectures

Research on anode materials is to design new
architectures and seek new anode materials with
capacity well beyond graphite’s 372 mAh/g. ORNL
mesoporous carbon-MWNT composite exhibits a
capacity of 120 mAh/g at 20C whereas the capacity of
graphite drops to nearly zero (as shown in Fig. 3). The
enhanced rate capability coupled with the advantages of | Figure 3. Rate performance comparison
soft-templating approach to prepare MC-MWNTSs | between graphite, MC-550, MC-0.1 and
nanocomposites make these materials ideal candidate | MC-0.2

electrodes in Lithium ion batteries. We have also designed and synthesized TiO, with novel
architecture, which combines the features of the TiO,-B polymorph with mesoporous structure
and microsphere morphology. Mesoporous TiO,—B spheres show superior rate performance with
165 mAh/g at 10 cycles, 130 mAh/g at 30 cycles and 115 mAh/g at 60 cycles (as shown in Fig.
4).

Fluorinated Mesoporous Carbons

High surface area mesoporous graphitic
carbons were fluorinated using pure F, at
temperatures below 235 °C forming carbon
fluorides (CFx; x = 0.18-0.75). X-ray
photoelectron spectroscopy results showed
an increase in specific capacity with the
increase in sp’ type carbon in the sample due
to the formation of more reactive sites for Li
storage. In addition, the median potential of
the samples, versus lithium increased from
2.2V to 3.2V by increasing the concentration of C-C bonds. The increase in C-C bonds resulted
in increased electron conduction through the sample thus reducing the materials overpotential.

Figure 4. Rate performance comparison between
mesoporous TiO,-B and TiO, nanopowder.

SEI Observation via In Situ SANS

A novel approach based on small angle neutron scattering (SANS) enables the observation of
electrochemical processes during the cycling of high capacity lithium ion batteries. Better
understanding of processes such as solid-electrolyte interphase (SEI) formation have been of
great interest to overcome performance limitations of batteries for vehicle and grid applications.
Changes in neutron scattering intensity associated with mesopore ordering show the processes of
SEI formation and lithium intercalation (see Fig. 5). Using a lithium-ion half-cell and different
solvent deuteration levels, these results demonstrate that SANS can be employed to better
understand complicated electrochemical processes occurring in rechargeable batteries.
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Cation Ordering and Surface-Segregation in High-
voltage Spinel Cathodes via Neutron Diffraction

Neutron diffraction has been used as part of a
collaborative effort between UT-Austin and ORNL to
better understand the atomic structure of the high-
voltage doped spinel oxides LiMn; sNips—:M;O4 (M =
Cr, Fe, and Ga; 0 < x < 0.08). Spinels synthesized at
900 °C have been investigated systematically before
and after post-annealing at 700 °C. Neutron
diffraction studies reveal that the cation-ordered
domain size tends to increase on annealing at 700 °C.
Time-of-flight secondary-ion mass spectroscopy
(TOF-SIMS) data reveal that the dopant cations M = | gigure 5. The different stages of SEI

Cr, Fe, and Ga segregate preferentially to the surface. | formation (right) are monitored by changes in

The doping with Cr and Fe stabilizes the structure | the SANS intensity recorded during half-cell
with a significant disordering of the cations in the 164 | discharge for different deuteration levels

. . .. left).
sites even after post-annealing at 700 °C, resulting in (left)

high rate-capability due to low charge-transfer resistance and polarization loss.

Future Plans

Explore the transport of lithium ions in novel ionic-liquid electrolytes through classical
molecular dynamics simulations.

Further understand the structure-property relationship of ionic liquids and design new ionic
liquids with good SEI formation ability to be compatibility with graphite.

Understanding the limiting factors in rate performance of anode and cathode materials and
design novel electrode materials with enhanced rate capability.

Further explore the understanding gained from small angle neutron scattering (SANS) on the
electrochemical processes occurring at the surface and in the bulk of both anode and cathode
electrode materials

Continue to work with UT-Austin to develop a more comprehensive picture of next-
generation electrode and electrolyte materials being investigated as a part of this project
Experiment on model systems to better understand the effects of surface modification on
surface chemistry and cycle stability in high voltage electrode materials

Explore the synthesis of Na-intercalation batteries and understand how the surface reactivity
of these materials changes in comparison with their Li analogs.
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“Giant” Nanocrystal Quantum Dots: Controlling Charge Recombination Processes for
High-Efficiency Solid-State Lighting

Dr. Jennifer A. Hollingsworth and Dr. Han Htoon, Materials Physics & Applications
Division: Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los
Alamos, NM

Program Scope

Solid-state lighting (SSL) has the potential to replace less efficient and robust lighting
technologies, such as incandescent and fluorescent lamps. Significant inroads into the
commercial and residential general-lighting markets have been made in recent years as light-
emitting diodes (LEDs) find consumer acceptance. That said, science challenges remain as
underpinning drivers of fundamental research required for disruptive advances in SSL. Existing
technologies (nitride and organic-LEDs) suffer from some combination of flaws: non-optimal
efficiencies and/or manufacturing/materials costs, insufficient access to a full-spectrum ‘color
palette,” inadequate longevity, etc. A fundamental understanding of the processes that impact the
conversion of electricity into light is still needed. As recently observed (DOE/EERE 2011 Joint
Roundtable), nanostructures can serve as platforms for understanding such fundamental
processes, but also as solutions to realizing control over exciton—photon conversion pathways.
In our work, we study and develop a new class of optical nanomaterial — the “giant” nanocrystal
quantum dot (g-NQD). g-NQDs are thick-shell core/shell NQDs that exhibit unique photo-
physical/chemical behavior (non-blinking, non-photobleaching, suppressed non-radiative Auger
recombination, large Stokes shift, surface-independent emission) resulting from effects of a thick
shell, a relatively large per-particle volume, at least partial spatial separation of the excited-state
electron-hole pair, and/or possibly compositional alloying at the core/shell interface. By
judicious nanoscale-heterostructuring, we are able to influence these parameters and, thereby, to
alter the interplay between radiative/nonradiative carrier-recombination processes. Through three
Research Goals, we aim to establish g-NQDs as functional “building blocks” for SSL with
combined attributes of high-efficiency, robustness, low-cost, and color tunability: (1) Establish
quantitative g-NQD “structure-function” relationships for fully predictable/consistent
performance and new g-NQD development, (2) Understand/control exciton (and multi-
exciton)—>photon conversion pathways via strategic manipulation of intrinsic and extrinsic g-
NQD properties, and (3) Demonstrate performance-benchmarking in light-emitting devices.

Recent Progress

Research Goal 1. We recently explored key reaction variables in the Successive Ionic
Layer Adsorption and Reaction (SILAR) synthesis of thick-shell or “giant” NQDs (Fig. 1). In the
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case of conventional thin-shell NQDs (~1-3
monolayers of shell material), the exact
choice and implementation of these
parameters does not significantly impact the
resulting core/shell product. In contrast, we
have now shown that these variables can
dramatically affect structure and function in g- Figure 1. SILAR shell-addition process. Blue text denotes
NQDs, dictating both ensemble quantum yield general ree.lction paramfite.rs and ﬂ.ow, whilfa green t(?(t

. . . shows options for modifying specific reaction conditions.
(QY) and single-NQD blinking properties, as
well as particle shape and crystal structure.' In addition, we addressed the issues of within-batch
and across-batch particle size/shape variability. Initially, we attributed such irreproducibility to
the tendency of CdSe/CdS g-NQDs to flocculate during the shelling process at some “threshold”
shell thickness (“titrated” away by S addition, only to reappear with each addition of Cd). We
considered that the resulting decrease in reaction homogeneity influenced the processes by which
Cd and S ad-atoms interact with the NQD surface (e.g., atom adsorption-desorption and surface
migration). Such processes are critical for obtaining high-quality, crystalline and uniform NQDs.
They are well supported in homogeneous reaction solutions that afford efficient reactant transfer
between the NQD surface and the solvent phase. In contrast, we surmised, such processes in the
case of “partially precipitated” NQDs would be less well supported and more variable,
potentially resulting in particle-size/shape inhomogeneity.
To achieve greater control over the shell addition process at
the atomic level, we varied choice of non-coordinating
solvent, dilution, identity and concentrations of
coordinating ligands (especially 1° vs. 2° amines), and
precursor:NQD ratios.! We were able to tune reaction
parameters to eliminate the aggregation process; however,
in all such cases emission properties suffered dramatically,
and particle shape and/or crystalline phase were completely
altered, suggesting that methods that afforded reduced (not  Figure 2. Non-blinking NQD fraction vs.
eliminated) and late-onset aggregation produced the particle volume for different starting core
highest-qu'ality g-NQDs (structyrally and optically). We ‘ Zzzzs‘iicrl:hr(iilizjn%?z: il;?gsntﬁ?t fall
have now improved QY's (consistently ~50% for ultra-thick
shell g-NQDs), and demonstrated for the first time: complete suppression of blinking in g-NQDs,
a clear structure:function correlation, and, interestingly, that blinking and PL lifetimes trend
explicitly with g-NOD volume (Fig. 2).!

Research Goal 2. To understand the effect of electronic structure — as an ‘intrinsic’
property of core/shell NQDs — on g-NQD properties, we synthesized a range of InP/II-VI
core/shell systems. Surmounting synthetic challenges to handling InP NQDs, the realized
compositions (InP/ZnS, InP/ZnSe, InP/CdS, InP/CdSe) allowed us to achieve extreme color
tunability from the green to the IR (~500-1100 nm) as a function of core size, shell thickness,
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and shell composition, as a result of tuning electronic
structure from type I (co-localized electron and hole) to
quasi-type II (partially spatially separated carriers) to type
II (fully spatially separated carriers). Furthermore, in the
case of InP/CdS, we studied ensemble and single-dot level
optical properties from thin shells to giant shells to
understand carrier recombination processes as a function of
shell thickness. Here, we demonstrated for the first time

suppressed blinking in the near-IR (Fig. 3), as well as Figure 3. (a) Relative bulk bandgap

. . . s alignments of InP and CdS. (b) InP/CdS g-
extremely enhanced biexciton lifetimes, which increased by NQD schematic and TEM image of

~125-fold from nominally 1-shell to 10-shell monolayers InP/CdS g-NQDs after 10 successive shell
(to ~7 ns). The long biexciton lifetimes (comparable to the  depositions. (c) Absorption (dashed) and
prototype CdSe/CdS g-NQDs) are thought to result from PL (solid) spectra of InP and InP/CdS
suppressed non-radiative Auger recombination” and imply NQDS' @ S.'ingle_parﬁde PL: represent-
L . tative emission trace (InP/10CdS) (left)
that InP/CdS g-NQDs should support realization of optical 4 corresponding histogram demonstra-
gain and stimulated emission toward NQD-based lasers. ting the relative frequency of ‘on‘ and ‘off’
Thus, this new system has achieved two of the key states (right; ~all ‘on’).
signatures of “g-NOD functionality:” suppressed blinking and suppressed Auger and represents

an important extension of the approach beyond CdSe/CdS g-NQD:s.

In addition to advances in the area of g-NQD synthesis, we have developed novel
spectroscopic capabilities and provided new insights into the underlying processes governing
carrier recombination processes. In the case of the new InP/CdS system, for example, we have
recently discovered that, in contrast to conventional NQDs, PL intensity fluctuations at the
single-dot level are not correlated with fluctuations in lifetime, with both highly emissive and
low-emissive states exhibiting the characteristic long lifetimes of this type II structure. The
underlying mechanism for this behavior was previously described by us in the context of so-
called “B-type blinking,” which relates decreased emission intensities with hot-electron capture
to NQD-surface traps, rather than NQD charging (or “A type” standard blinking behavior). The
new blinking model (i.e., two types of blinking: “A” and “B”’) was made possible by our
development of a novel single-NQD spectroelectrochemistry technique.’

As Auger recombination (AR) detrimentally impacts NQD emission efficiencies in both
spontaneous and stimulated-emission modes, we have aimed to understand and control this
process. Our preliminary studies revealed that AR in CdSe/CdS g-NQDs is strongly suppressed
compared to conventional core/shell NQDs.? Beyond this ensemble level study, we have also
conducted a series of single-NQD-spectroscopy studies. We have studied PL intensity and
lifetime fluctuations in individual CdSe/CdS NQDs as a function of shell thickness.* We
quantitatively determined the emission efficiency of multiexciton states in these g-NQDs and
studied how this value varied among the nominally identical individual g-NQDs, observing that
some ultra-thick-shell g-NQDs exhibit ~100% biexciton QYs.” More recently, we have explored
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g-NQD photon emission statistics in the presence of a rough silver film® made of nanoflakes. We
demonstrated for the first time that the interaction with localized plasmons can transform the
photon emission statistics of g-NQDs from photon antibunching to strong photon-bunching. The
ability to manipulate this statistical property of a quantum emitter could bring transformational
breakthroughs in its utilization as single and/or entangled photon pair sources.’

Research Goal 3. We have recently demonstrated the unique attributes of g-NQDs as
‘building blocks’ for either direct-charge-injection LEDs or down-conversion devices.*® For the
former, despite the simplicity of our device,® we obtained external electroluminescence quantum
efficiencies nearly 2 orders-of-magnitude higher than comparable conventional-NQD devices
(~0.17%) and luminance of 2000 Cd/m?*. We directly assessed the effect of shell thickness from
4-16 CdS monolayers,® revealing significantly enhanced solid-state performance in the case of
the thickest shells without adverse effects on charge injection. We also incorporated g-NQDs
into down-conversion devices and observed greater stability and a dramatic reduction in self-
reabsorption compared to standard NQDs. Finally, we described the advantages of shell—>core
energy relaxation vs. core—core energy transfer as mechanisms for energy down-conversion.’

Future Plans

To further optimize our ensemble-level g-NQD optical properties and to support our
understanding of structure-function correlations, we will develop new methods for electro-
phoretic fractioning of g-NQD sub-populations, as well as continue to work with collaborators at
Northwestern Un. (Prof. Lauhon) to characterize the g-NQD core/shell interface. We also aim to
answer fundamental questions pertaining to the nature of Auger recombination as g-NQD
physical/electronic structure is tuned, e.g., carriers are alternatively confined such that the
electron resides in the core and the hole extends into the shell. To this end, we remain committed
to developing new g-NQD compositions that encompass a range of electronic/interface
structures. We will also emphasize the influence of plasmonic effects on radiative and non-
radiative processes that determine both exciton and multiexciton carrier recombination pathways,
where plasmon-multiexciton interactions constitute an exciting new direction in the field.
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Project: 12Te NMR and transport properties of complex thermoelectric tellurides

PI’s: EM. LeVinl’z, K. Schmidt-Rohr'?

! _ Division of Materials Sciences and Engineering, Ames Laboratory US DOE, * — Department of
Physics and Astronomy, ° — Department of Chemistry, lowa State University, Ames, IA 50011

Project Scope
The direct conversion of heat to electricity using the Seebeck effect, or of electricity to heat
removal using the Peltier effect, are fundamentally interesting physical phenomena, and
simultaneously attractive and elegant processes for energy conversion. Potential use of
thermoelectric devices in automobiles, power plants, wireless and solar cells systems [1a] requires
intensive study and improvement of fundamental properties of various types of thermoelectric
materials [2a-5a].

Enhancement of the efficiency of thermoelectric devices requires materials with a high figure
of merit ZT = Sz/(pK) where S is the Seebeck coefficient (thermopower), p is the electrical resistivity,
and « is the thermal conductivity; the latter has two contributions, K = Kjat + Kcar, Where Ky and Keqr
are thermal conductivities due to the lattice and free charge carriers, respectively. However, because
Kear and p are coupled via the Wiedemann-Franz law [3a], there is a fundamental limitation that
needs to be overcome by decoupling these parameters using mechanisms such as resonance
scattering [5a], potential barriers [6a], or nanostructuring [2a]. Generally, the enhancement can be
achieved via two approaches: (i) discover a material with quite unique properties, and/or (ii) better
understand and modify well-known thermoelectric materials, e.g. complex tellurides [3a,4a]. We
believe that a detailed understanding of correlations between materials chemistry (composition, local
structure, bonding, lattice distortion) and materials physics (electronic and thermal transport) is
required for significant improvement of thermoelectric properties.

There are two well-known groups of thermoelectric tellurides that exhibit high efficiency,
still attract great attention, and can be used as matrixes for further improvement: PbTe- and GeTe-
based materials. For characterization of thermoelectric materials, we use NMR (DSX-400), two
measuring systems for electrical resistivity and Seebeck coefficient (LSR-3) and thermal
conductivity (XFA-500), and XRD (Scintag SDS-2000). Our long-term goal is to correlate structural
insights from NMR with thermoelectric properties of complex tellurides and other materials, and
develop materials with enhanced thermoelectric efficiency.

In our study we also use capabilities and expertise available at Ames Laboratory US DOE
[Dr. S. L. Bud'ko and Dr. P.L. Canfield (low-temperature magnetic measurements), and Dr. M. J.
Kramer (elemental analysis and electron microscopy)] and at external institutions [Dr. M.G.
Kanatzidis, Argonne National Lab US DOE and Northwestern University (PbTe-based materials),
and Dr. J.P. Heremans, Ohio State University and Revolutionary Materials for Solid State Energy
Conversion Center, Michigan State University (PbTe-based materials)].
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Recent Progress
Two types of complex tellurides were synthesized and studied within the project: (i) PbTe-
and (i1) GeTe-based materials. The first group includes Pb;.(Ag,Sb,)Te [1b,2b], Pb,,Sb,Te and
PbSbyTe; « [3b], Pb;xCriTe [4b], Pb; «S<Te, Pb;«Sn,Te, and Pb; \GeTe alloys where Pb or Te are
replaced with Ag, Sb, S, or Ge. **’Pb and/or '>Te NMR spectra show several signals, which can be
attributed to different chemical environments and concentrations of charge carriers (electrons or
holes) and allow us to better understand complex thermoelectric tellurides.

The second group includes Agy»Sby»GesoxTeso (TAGS) alloys where Ge is replaced by Ag
and Sb. Like GeTe, the alloys have p-type conductivity, which is due to holes generated by Ge vacancies and
can be varied via the Te/Ge ratio. The Hall effect data suggest that the hole concentration in TAGS materials
is very high, p ~ 40x10%° cm™ [7a], which is inconsistent with thermopower data. Using '*Te NMR,
we have discovered that the hole concentration in TAGS is in fact ~6x10% cm'3, similar as in GeTe
[7b]. Fig.1(a) shows '*>Te NMR spin-lattice relaxation time, 7}, vs. saturation recovery time for
GeTe-based materials. 7} varies only between 3.1 and 4.7 ms, indicating that the hole concentration
in these alloys is high and similar (compare 7' for GeTe-based and PbTe: {Ag,Sb} materials). Fig.
1(b) shows the dependence of the carrier concentration in p-type GeTe-based materials obtained
from '*Te NMR (our data [7b]) and from Hall effect (literature data [7a]) vs. {Ag+Sb} content on
the Ge sublattice. The discrepancy can be attributed to a reduction in the Hall effect signal arising
from an n-type component, which results in an artificially high hole concentration.
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FIG. 1. (a) 12Te NMR spin-lattice relaxation time, 7, vs. saturation recovery time for GeTe-based materials;
data for PbTe:{Ag,Sb}sample (LAST-18) with low carrier concentration and long 7; shown for comparison;
(b) carrier concentration in GeTe-based materials obtained from '>Te NMR (filled circles and diamond [7b])
and Hall effect (open circles and squares [7a]) vs. {Ag+Sb} content on Ge sublattice.

We have also synthesized Ags sSbssGes7Teso (TAGS-85) with additions of rare-earth
elements of different sizes and effective magnetic moments (Ce, Gd, Dy, and Yb) on Te or Ge sites,
and studied thermoelectric properties and '>Te NMR parameters. '>>Te NMR and XRD data [5b,6b]
show that rare earth atoms are incorporated into the TAGS lattice [see Fig. 2(a) for TAGS-85 doped
with Dy]. '*Te NMR in GeTe-based materials shows a strong local lattice distortion [see Fig. 2(b)],
which can play an important role for electronic and thermal transport properties of the alloys.
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Magnetic data also confirmed that rare earth atoms are incorporated into the lattice [5b,6b], but
details of the chemical bonding of Ce, Gd, Dy, and Yb with Ge or Te need to be better understood.

FIG 2. (a) '*Te NMR spectra of TAGS-85, TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge, and TAGS-85
+ 2% Dy for Ge [5b]; (b) intensity of the '**Te NMR signal as a function of anisotropy dephasing time in an
experiment probing orientation-dependent interactions of the '* Te nuclei for TAGS-85 doped with Dy [6b]; data
for TAGS-85 doped with Ce or Yb for Te [5b] are shown for comparison.

Fig. 3(a) shows the temperature dependence of the absolute Seebeck coefficient of the initial
and doped TAGS-85 samples, indicating its enhancement due to doping. However, reports of a large
enhancement of thermoelectric efficiency due to doping, which have periodically appeared in
literature, sometimes cannot be confirmed. Fig. 3(b) shows the variation of the absolute Seebeck
coefficient of initial TAGS-85 and doped with Dy vs. the distance from the ingot top at 305 and 700
K, clearly demonstrating enhanced Seebeck coefficient of TAGS-85+Dy alloys along the ingot. The
enhancement may be due to potential barriers [6a] formed by rare earth atoms [6b].
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FIG. 3. (a) Temperature dependence of the absolute Seebeck coefficient and (b) its variation vs. the distance
from the ingot top at 305 and 700 K [6b].

At 730 K, the initial TAGS-85 shows a power factor, PF, and figure of merit, ZT, of PF' =~ 29
uW em™ K2 and ZT < 1.3. For TAGS-85 doped with rare-earth elements PF > 35 uW cm™ K and
ZT > 1.5 [6b]; these parameters are among the best reported for p-type thermoelectric materials.



Future Plans
e Synthesize complex GeTe- and PbTe-based and other thermoelectric materials without and with
small additions of magnetic (4/- and 3d-elements carrying localized magnetic moments) and non-
magnetic dopants.

e Measure '>Te NMR of thermoelectric tellurides to characterize the distribution of dopants, local
symmetry, local bonding, charge-carrier concentrations, inhomogeneities, and the Seebeck
coefficient, electrical resistivity, Hall effect, thermal conductivity, and other relevant properties on
the same samples.

¢ Perform analysis of effects of doping complex tellurides with non-magnetic and magnetic atoms
on spin-lattice relaxation, vacancies, charge-carrier concentration and mobility, carriers and phonon
scattering, and thermoelectric properties; consider a model of potential barriers formed at the atomic
level as a reason for enhancement of thermoelectric efficiency in complex tellurides.

e Establish a better understanding of materials chemistry - materials physics relations in GeTe- and
PbTe-based materials; using this knowledge, design thermoelectric materials with enhanced
efficiency.
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Energy and Fuels from Multi-Functional Electrochemical Interfaces

PIs: Nenad M. Markovic and Vojislav R. Stamenkovic
Materials Science Division Argonne National Laboratory

Program Scope

We propose an interdisciplinary, atomic/molecular level approach, integrating both
experimental- and- computational-based methodologies to design, synthesize, and characterize
electrochemical interfaces for efficient transformation of chemical energy into electricity and/or to
utilize the energy of electrons for the synthesis of chemicals that can be stored and re-used. The
proposal describes a science based approach to developing new materials, and interfaces with
specific focus on the electrocatalytic reactions involving the water cycle (H,+ O, < H,0) and
the carbon cycle (CiH,O, + O, <> xCO,+1/2y H,O). These two cycles are expected to constitute
the core building blocks for an efficient, green and viable energy landscape required for the
design and synthesis of multi-functional electrochemical interfaces with specifically tailored
properties. A two-fold strategy is proposed. The first centers on the design of novel energy-
efficient multi-functional materials with tailored properties, such as metals and metal alloys,
complex oxides, metal-metal oxides and chemically modified electrodes. The second strategy
centers on the understanding and design of multi-functional double layers, a “solution-phase” of
electrochemical interfaces established in the vicinity of catalytic materials. To develop a multi-
scale capability for tailoring electrochemical interfaces, we will rely on the research facilities at
Argonne National Laboratory and a set of unique, state-of-the-art, ex-sifu and in-situ surface-
sensitive probes. The synergy obtained from the combination of experimental and computational
methods, together with the application of knowledge, concepts, and tools developed in this
program, will lead to a new generation of multi-functional interfaces for efficient energy
conversion and fuel production.

Recent Progress

The development of new multi-functional electrochemical interfaces that can solve challenging
problems of clean energy production, storage, and conversion, as well as carbon sequestration is of
paramount importance in the quest to find alternatives to fossil fuel use and to ultimately tackle
environmental concerns. Electrocatalysis — the study of electrode processes where the rate (charge
transfer) of reaction has a strong dependence on the nature of electrochemical interfaces — lies at the
heart of the spectrum of electrochemical transformations relevant for resolving these challenges. The
creation of new electrochemical interfaces has always proceeded hand-in hand with advances in our
ability first to define the nature, arrangement, and transformations of catalyst surface atoms and
hydrated ions in the double layer and the correlation of these interfacial properties with the kinetics
of electron transfer as well as our theories to explain and predict such phenomena. The success of
this approach will be demonstrated further below.

Tailoring Metal-Oxide Materials for Hydrogen Production: Improving the sluggish kinetics

for the electrochemical reduction of water to molecular hydrogen in alkaline environments is the
key to reducing energy losses in water-alkali and chlor-alkali electrolyzers. Working with well
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controlled single crystal surfaces, our group has demonstrated that targeted functionality can be
achieved by bottom up design [1]. A controlled and well
characterized arrangement of nanometer-scale Ni(OH); clusters
on platinum single crystal electrode surfaces manifests a 10-
fold activity increase in catalyzing the hydrogen evolution
reaction (HER) over that obtained on state-of-the-art metal and
metal-oxide catalysts. In a bi-functional effect, the edges of the
Ni(OH); clusters promote the dissociation of water leading to
the production of hydrogen intermediates that then adsorb (Haq)
on the nearby Pt surfaces and recombine into molecular
hydrogen. This process is completely transformational to real Figure 1. Schematic of water
Pt-Ni(OH), nanocatalysts supported on carbon. Again, this dissociation, formation of H,,
work illustrates how fundamental understanding leads quickly mtermediates and subsequent
to innovative new technologies. recombination to H[1].

This work has been recently highlighted on the Office of Science’s webpage of the DOE as
a significant contribution to the research field.

Trends in Activity for the Water Electgrolyzer Reactions: we have used well characterized
M2+606(OH)2_5 /Pt(111) catalyst surfaces (M=Ni,Co,Fe,Mn) to establish clear trends in activity
for the HER and the OER of a complex oxide system where the
conventional methods of comparing high surface area materials
present a lot of uncertainties. We determined, using the OHqg---
M?*® interaction as the primary descriptor, that the activity for the
HER and the OER for these 3d-M hydr(oxy)oxide systems
follows the order Ni>Co>Fe>Mn. The importance of this
interaction (OHad---M2+6) was identified by probing oxophilicity
trends in adsorption of OH’ in the butterfly region and CO

Figure 2. Schematic showing the OXidation reaction in the Hypa region [2]. Although the same
formation of O, and H,0 from descriptor can be effectively used to study both the HER and the
OH- via formation of OH.,. OER on these 3d-M hydr(oxy)oxide systems, the reaction
intermediates [2]. mechanisms were found to be different. While the HER is

controlled by a pure bi-functional mechanism (metal sites to
recombine H,q and “oxides” to dissociate water), the activities for the OER are controlled
exclusively by the oxophilicities of the corresponding 3d-M hydr(oxy)oxides (mono-functional).
The increasing OER activities for the 3d-M systems (always greater than Pt), as a function of the
decreasing strength of the OH,q---M"" interaction, provides us with the necessary toolkit to tune
transition metal oxide catalysts for the OER. We anticipate that by further, descriptor-guided
tuning of these oxides, even greater improvements in alkaline electrocatalyst performance will be
possible by focused design of the elusive ‘active centers’ in catalysis.

Tailoring Stability by Tuning Selectivity: While the methods to improve catalytic activity are
diverse, the methods to improve stability of cathode materials are limited. To overcome this
limitation we designed chemically modified Pt electrodes with a self-assembled monolayer of
calx[4]arene. These molecules effectively block the undesired oxygen reduction reaction while
fully preserving high activity for the hydrogen oxidation reaction. This selectivity is highly
transformational, applicable not only to long range ordered single crystal surfaces [3] but also to
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nanocatalysts [4]. This methodology has many potential
applications in analytical, synthetic, and materials chemistry
as well as in chemical energy conversion and storage.

Future Work

An interdisciplinary, atomic/molecular level approach,

integrating both experimental- and computational-based

methodologies, will be applied to define the landscape for

design of multi-functional interfaces that will resolve many Figure 3. Schematic
challenging problems related to clean energy generation and fuel d¢monsirating selectivity for
production. To fully design and develop these interfaces, with main the HOR and ORR [4]

focus on catalytic materials and the double-layer properties, we will

employ a rigorous, science-based approach, that will involve four major steps: (i) design novel states
of catalytic interfaces by manipulating their electronic and structure properties; (ii) characterize
atomic and electronic properties of such interfaces by developing and using ex-situ and in-situ
surface characterization techniques and state-of-the-art theoretical methods to explore
structure/property relationships; (iii) understand at atomic/molecular level, fundamental principles
that govern efficient bond-making and bond-breaking processes at electrochemical interfaces; and
(iv) optimize the active sites by an iterative process, guided by the fundamental understanding of the
structure-property relationships at complex electrochemical interfaces. Our strategy will allow further
design of multi-functional interfaces that can transform chemical energy into electricity or utilizing
the energy of electrons for the syntheses of chemicals that can be stored and re-used in energy
conversion systems.
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Energy and Fuels from Multi-Functional Electrochemical Interfaces
Subtask: Electrocatalysis at Mesoscale

PIs: Nenad M. Markovic and Vojislav R. Stamenkovic
Materials Science Division Argonne National Laboratory

Program Scope

The main focus of this effort is placed on an interdisciplinary, atomic/molecular level approach,
which integrates experimental-based methodologies to design, synthesize, and characterize
electrochemical interfaces for efficient transformation of chemical energy into electricity and/or to
utilize the energy of electrons for the synthesis of chemicals that can be stored and re-used. The
proposal describes a science based approach to developing new materials, and interfaces with
specific focus on the electrocatalytic reactions involving the water cycle (H,+ O, < H,0) and
the carbon cycle (C,H,0, + O, <> xCO,+1/2y H,0). These two cycles are expected to constitute
the core building blocks for an efficient, green and viable energy landscape required for the
design and synthesis of multi-functional electrochemical interfaces with specifically tailored
properties. A two-fold strategy is proposed. The first centers on the design of novel energy-
efficient multi-functional materials with tailored properties, such as metals and metal alloys,
complex oxides, metal-metal oxides and chemically modified electrodes. The second strategy
centers on the understanding and design of multi-functional double layers, a “solution-phase” of
electrochemical interfaces established in the vicinity of catalytic materials. The knowledge
obtained from the combination of experimental methods, together with the application of novel
concepts developed in this program, will lead to multi-functional interfaces for efficient energy
conversion and fuel production.

Recent Progress

The fundamental understanding of the structure-function relationships can ultimately lead the design
and development of multi-functional electrochemical interfaces that can be utilized for clean energy
production, storage, and conversion. In electrocatalysis — the surface properties such as structure,
composition and associated electronic structure have strong influence on the electrochemical reaction
rates. At the same time, the dependence on nature of interactions at electrified solid-liquid interfaces
and the presence of non-reactive species from electrolyte have also direct influence on catalytic
performance. Ability to control these critical parameters can provide extraordinary potential in fine
tuning of the functional properties of electrochemical interfaces. These parameters can be described
by mesoscale phenomena that control and connect the world of molecules at the interfaces and
tailored extended-, micro-, and/or nano- scale surfaces. The ability to orchestrate mesoscale
properties in order to provide maximal utilization of electrochemical interfaces will be presented in
several examples that point out the most recent progress from our research.

Mesostructured Thin-Films as Electrocatalysts with Tunable Composition and Morphology:
Great expectations are held for technologies such as fuel cells and lithium-air batteries that rely
on electrochemical processes. In both cases, satisfactory energy density can be attained;
however, a major challenge lays in the insufficient activity and durability of materials that are
currently employed as cathode catalysts for electrochemical reduction of oxygen. These
limitations inevitably lead to a lower operating efficiency of the devices, which highlights the
need for development of more active and durable oxygen reduction reaction (ORR) catalysts.

40



In past' we have shown how surface morphology
can greatly affect catalytic properties by utilizing
unique structure-function properties of
nanosegregated extended-surfaces.  Here, we
present that superior catalytic behavior can be
achieved in ultra-thin films by tuning of the thin
film surface structure and inducing
mesostructured morphology.

. Figure 1. STM images: (A) as-deposited nanostructured thin
Molecular Patterning and non-Covalent fim and (B) thermally treated mesostrucutrued thin film with

Interactions Of Mesoscale Surfaces: The large [1 1 1] oriented facets. CyChC voltammetries OfPt(l 1 1), as
—deposited and mesostructured thin films of Pt (solid curves).

successful deployment of advanced energy

conversion systems depends critically on understanding of the fundamental bonding interactions at

electrified metal-liquid interfaces.

. In general, the interface between a metal

tin the ORR

5

e 7 and an electrolyte solution is characterized
g / by the presence of an electric double layer,
z, / formed by an electrical charge on the
“ ‘ \ metal sqrface and an opposing charge in
° the adjacent solution. In aqueous

°

S electrolytes, depending on the nature of

Figure 2. Molecular patterning of mesoscale Pt(111) sEL:I”IV“;gg:by ireversible  the reacting speciesz’3, the supporting
adsorbed cyanide molecules has induced enhancement of more than 200 mV electrolyte, and the metal electrodes, two
forthe ORR types of interactions have traditionally
been considered: (i) direct bond formation between adsorbates and electrodes, involving
chemisorption, electron transfer, and release of the ion hydration shell; and (ii) relatively weak
electrostatic metal-ion forces that may affect the concentration of ions in the vicinity of the electrode
but do not involve direct metal-adsorbate bonding. The range of physical phenomena associated
with these two classes of bonds is unusually broad, ranging from ionic hydration and electron-charge
transfer processes to adsorption and catalysis. The energy of adsorption of reactants/intermediates,
as well as of species from supporting electrolytes, varies strongly from metal to metal, thereby
leading to significant variation in the electrocatalytic reaction rates.

Highly Durable Mesoscale Surfaces: Thermodynamically 8
established segregation trends for alloys can be reversed by @@:@:ﬁﬂ:@@
adsorbates. For instance, in case of Pt-Au alloys strong Pt-O EH}:@W L;@ t ‘ %
interaction drives Pt atoms to remain on the surface and @ @%@‘ ‘ 'l
induces a unique mechanism of stabilization of Pt surface @ (ha @ o
atoms, which is opposed to tendency of Au to be on the
: . ===»  segregation trend of Pt into the bulk

topm(?st 'surface layer.  Inspired 'by this exgmple, other 77 <eqregation trend of Au ono surface
combinations that rely on a negative segregation trend Of —s  driving force that diffuses Pt into the bulk
altered near-surface segregated profiles between transition ™  rivingforceby strong Pt-OH,ginteraction
metals from IB group (Au, Ag, Cu) and catalytically active Fgure 3 lllustration of counterbalance

. . between the two opposing forces: strong
elements (Pt, Pd, Ru, Ir alloyed with Ni, Co, Fe, Cr, Mn etCc.)  interaction between Pt and surface oxides and
including metallic oxides have been examined. Based on the  tendency of Auto segregate over Pt
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fine balance between the segregation forces that originate from the fundamental-thermodynamic
and adsorbate induced segregation, the durability of the miltimetallic system can be tuned for the
OER and ORR. Materials that are promising for metal-air batteries are also studied for the first
time at this fundamental level in the form of bimetallic and multimetallic systems. As a part of
the same effort, well-defined systems are optimized by thin film studies in order to get maximal
output in performance with the minimal content of precious metals.

Future Work

An interdisciplinary, atomic/molecular level experimental-approach will be applied to define the
advanced design of mesoscale multi-functional interfaces that may address challenging problems
related to clean energy generation, storage and fuel production. To fully design and develop
these interfaces, with main focus on catalytic materials, we apply science-based approach that
involve four major steps: (i) design novel states of catalytic interfaces by manipulating their
electronic and structure properties; (ii) characterize atomic and electronic properties to establish
structure/property relationships; (iii) understand at atomic/molecular level, fundamental
principles that govern efficient bond-making and bond-breaking processes at mesoscale
electrochemical interfaces; and (iv) optimize the active sites by an iterative process, guided by
the fundamental wunderstanding of the structure-property relationships at complex
electrochemical interfaces.
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Program Scope

Diamondoids are unique new carbon-based nanomaterials consisting of 1-2 nanometer,
fully hydrogen-terminated diamond particles (Fig 1). Unlike their conjugated counterparts,
graphene or carbon nanotubes, the carbon atoms in diamondoids are sp> hybridized, leading to
unique electronic and mechanical properties. Diamondoids behave much like small molecules,
with atomic-level uniformity, flexible chemical functionalization, and systematic series of sizes,
shapes and chiralities. At the same time diamondoids offer more mechanical and chemical
stability than other small molecules, and vastly superior size and shape control compared to
inorganic nanoparticles.

This program explores and develops diamondoids as a
new class of functional nanomaterials based upon their
unique electronic, mechanical, and structural properties.
This includes diamondoid isolation from petroleum,
chemical functionalization, and molecular assembly, as
well as  electronic, optical and theoretical
characterization. We have currently focused on three
areas of research: synthesis, electronic properties, and
thin film growth. In particular the ability of these
materials to control the flow of electrons and emitted
electron energy at the molecular level is an exciting

direction for mastering energy flow at the nanoscale.
Fig 1. Molecular structures of diamondoids
Recent Progress

Based on the unique high van der Waals, low-entropy nature of the diamondoid
molecules, our team was able to demonstrate extraordinarily sp’ C-C bonds stable at high
temperatures.' The strong van der Waals interactions between diamondoids supplanted some of



the normal C-C bond energy, enabling the bond to extend significantly from the normal 1.54 A
to 1.72 A (Fig 2), and extraordinarily large increase that was stable up to 300°C. Supplanting
some of the normal covalent bond energy for vdW forces may allow design of stable materials
with more highly reactive bonds for catalysts and engineered molecules taking advantage of the
‘weak’ interactions in a way that was not possible without diamondoids.

We also discovered a remarkable application for
diamondoids in X-ray PEEM imaging.
Normally X-PEEM is limited by the chromatic
dispersion (energy spread) of the electrons
emitted by the sample. Only a few facilities
have developed the multi-million dollar
correction equipment necessary to achieve ~25
nm resolution with X-ray excitation. However, a
single monolayer of diamondoids applied by
simply dunking the sample in to a diamondoid
thiol solution improved the X-PEEM resolution
to <10 nm, without the use of any additional
correction equipment (Fig. 3). This opens up the

Fig 2. X-ray structures of three diamondoid
conjugates with long central sp® bonds. Normal C-C
alkane bonds are 1.54A.

ability to do high resolution X-PEEM imaging on standard PEEM microscopes with very simple
sample preparation. Our calculations show this result stems from the remarkable ability of
diamondoids to strongly scatter and relax incident electrons to the diamondoid conduction band.

Previous  research had  shown  that

diamondoids can have exceptionally stable

electron emission.’ Building upon these

results, we sought to create robust diamondoid

enhanced field-emission guns required for

commercial applications and understand its

mechanism.  Toward this goal, we

Fig 3. X-PEEM images of magnetic domains in a ~ demonstrated  covalent  attachment  of
Co/Pd multilayer obtained at an acceleration voltage ~ diamondoids onto silicon and metal oxide
of 10kV with and without a diamondoid monolayer. surfaces and found that the unique
monochromatic electron emission

characteristic of diamondoids is retained for these surfaces. FTIR and XPS confirmed the
presence of a diamondoid monolayer that is stable to ~400°C, sufficient for many gun
applications. Electron field emission from diamondoid functionalized Au wires showed dramatic
work function lowering (Fig 4). A new theoretical model had to be constructed to understand this
phenomenon, which we attribute to localized diamondoid ionization. However, a simple charged
parallel plate model did not fit the experimental data well. We then treated the full electric field
emanating from a heterogeneously charged surface, and calculated the transmission coefficient
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through this electrostatic landscape using the WKB approximation. This model agreed quite well
with the experimental data and provides a model to understand emission from non-uniform
surfaces.

The novel electronic properties of diamondoids also were observed in electronic transport
through the molecules. Significantly reduced tunneling barriers were found for the larger
diamondoids, but not adamantane or diamantane. This facile electron transport stimulated
exploration of a new energy conversion architecture using photo-excited hot electrons to cross
the insulating barrier in a metal-insulator-metal (MIM) structure. This phenomenon opens up
new possibilities for photon to electron conversion for energy scavenging and photodetection.

Our other substantial project was
using diamondoids as seed
particles for bulk diamond
growth. Unlike detonation
diamond seeds, diamondoids are
nitrogen-impurity free and can be
more uniformly distributed at

higher density. With a simple , _ .. .
Fig 4. Field emission geometry and current-voltage emission results

diamondoid seed layer, we were with bare gold (red, blue curves), and diamondoid monolayers (green
able to synthesize small (~5-20  cyrve).

nm) diamond nanoparticles at

high density at low temperatures (~400°C). Growths seeded with other carbon sources, such as
C60 or alkanes, did not show any growth under these conditions, confirming diamondoids are
critical for low temperature diamond growth.

Future Plans

We are focusing on four main thrust directions based on our previous results: robust
monochromatic electron emission, high-density diamond growth, very small diamond
nanoparticles for nitrogen-vacancy (NV) centers, and new diamondoid synthetic constructs, such
as metal-oxide frameworks (MOFs). The rigid structure of the diamondoids may allow for
rational design of new classes of MOFs based on their steric packing and the large vdW forces
observed. These structures could have unique properties such as confined optical absorption
quantum effects, superconductivity, or energy storage capacity. The size of the diamondoids
would restrict the manner in which they can pack, allowing specific structures to be designed by
picking particular diamondoids. Bulk diamond synthesis based on a diamondoid seed layer is a
highly promising way to achieve very high diamond seeding density, thin diamond films, and
NV-centers in diamond nanoparticles. We have shown growth of small diamond particles from
seed diamondoid monolayers, and will extend these efforts to create even smaller nanoparticles
(<5 nm) that are highly coveted for NV magnetic detectors. We plan to implant N into the
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diamond nanoparticles and anneal to create optically active NV centers, and explore their opto-
magnetic properties.

Our results on electron field emission show enormous promise for robust electron
sources, thus we plan on pursuing this avenue and understand the failure mechanisms. This is
critical both for commercial applications for partners such as KLA-Tencor, and for advanced
electron guns such as at the national labs, such as LCLS. From our most recent results, we
believe the diamondoids become positively charged during emission, lowering the surface
workfunction. To improve emission further, a larger fraction of the molecules should become
charged. We will study the field emission properties under direct photo-ionization, which should
provide very high emission current and brightness.
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Gold’s Ability to Bridge Classes of Metal-Rich “Electron Compounds”:
From Polar Intermetallics to Hume-Rothery Phases and Quasicrystals

Gordon J. Miller, John D. Corbett, Qisheng Lin, and Srinivasa Thimmaiah
Ames Laboratory and Iowa State University, Ames, lowa 50011

Program Scope. To address the grand challenge of designing and perfecting the atom-efficient
syntheses of revolutionary forms of matter with tailored properties, e.g., thermoelectric,
magnetocaloric, or catalytic, we focus on the discovery and characterization of complex metal-
rich solids to identify the significant chemical bonding features that stabilize their structures and
influence their properties. Compound classes of interest span Zintl-type, cluster-based, Hume-
Rothery-type, polar intermetallics, quasicrystalline and their approximants, and complex metallic
alloys, among other (often unanticipated) possibilities, and many of these show pseudogaps in
their electronic densities of states (DOS). The valence electron counts at which such pseudogaps
occur are a frequent diagnostic for “stable” structures because this region of the DOS often
separates occupied metal-metal bonding states from corresponding unoccupied antibonding
states. Moreover, identifying pseudogaps in DOS curves often allows chemical tuning by
combining appropriate mixtures of elements, thereby uncovering potentially interesting physical
properties that depend on large changes of the DOS with respect to energy.

Recent exploratory syntheses of Au-rich polar intermetallics have established the substantial
roles for gold in stabilizing new phases that display many fascinating structural motifs and
unprecedented compositions.'? Unlike Au-poor phases, in which Au atoms are often segregated
within polyanionic clusters or networks, Au-rich polar intermetallics contain Au aggregates, such
as condensed Auy tetrahedra, 1-D rods of hexagonal stars, 2-D undulating layers, and 3-D
diamond-like frameworks, all of which have resulted from our broader research portfolio. These
Au fragments are reminiscent of small isolated, charged or neutral gold clusters found in the gas
phase or solutions, e.g., Au, (n = 1-4), Aus, Auji, Ausg, Auy, etc. and of colloidal or
nanocrystalline gold with beautiful shapes. Thus, the availability of various Au fragments in
intermetallics may open new insights to bridging the science from atoms to clusters and to bulk
materials. Also, such Au-rich polar intermetallics may exhibit interesting catalytic properties.
From the viewpoint of metal-metal bonding, the study of Au-rich phases may foster new ideas
for materials that are electronically positioned between electron-poor, polar intermetallics and
the noble-metal Hume-Rothery phases.

Recent Progress. Ongoing productive explorations of diverse, ternary alkali-metal-gold
systems containing the post-transition elements, Zn, Cd, Ga, In, TI, Si, Ge, or Sn, benefit from
strong bonding between Au and these post-transition elements. Large contributions of Au to
bond populations via relativistic effects seem particularly important for stabilizing many novel,
often unprecedented, compositions and structures. The new phases are typically valence
electron-poor with valence electron per atom (e/a) ratios of ~1.4 to ~2.2. Marked differences are
found among (Na, K, Rb, Cs)-Au-Di phases for Di = Cd or Zn; Cd yields a variety of new
structures whereas Zn gives only two with very unusual ordering of Na ions in 1-D tunnel
structures. Contrasting Au—transition metal phases include the open-shell, antiferromagnetically
ordered Y3;MnAus and NdsMn3Au,o. Other (alkali-metal)y ssAu,Ga, and related Zn or In phases
exhibit extensive but different degrees of disorder of the cations within parallel 1D tunnels in the
Au-Ga, etc. frameworks, reminiscent of zeolites. Early impressions of the substitutions of Pt, the
immediate predecessor of Au, in such ternary intermetallics are that the Pt chemistry is quite
different from that of Au.
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Our recent systematic investigations of
alkali metal-Au—Ga systems, and the Na—
Au-Ga case in particular, led to the
discoveries of two new polar intermetallic
phases, Na0‘56Au2Ga2 and Na13Au41,2Ga30.3,
with tunnel-like structural motifs. In general,
alkali metal content of stable phases is
limited to lower than 35 at. % (Fig. 1).
Further explorations near 33 at % Na have Fig. 1. Selected phases identified in the Na-Au-Ga
uncovered an icosahedral quasicrystalline  system, including mixtures studied to elucidate the
phase (Fig. 2) and two, distinct Bergman  existence of icosahedral quasicrystalline phases.
type approximants. These two are: (a) Compositions showing conventional (CB) and stuffed
conventional Bergman-type (CB) structures (SB). Bergmgn type phases are noted in red, and a new

. quasicrystalline phase (QC) in blue.

NaysAu,Gasy., (x = 18.1-19.5), which feature
empty innermost icosahedra, and (b) new stuffed Bergman-type (SB) type structures
NasAu,Gass., (v = 35.2-36.0), which contain Ga-centered innermost icosahedra. Although each
approximant shows a considerable phase width, they do not merge into a continuous solid

solution. The cluster

A o by g Centering and Au/Ga
] ok, coloring correlate with the

o] i | sizes  of  neighboring

f ga T 4 icosahedra, the size ratios

L 0 0 L % between electropositive and

o] . o electronegative components,
] _ and the valence electron
0] : t ., count per atom (e/a values).
P A SRR SRR According to theoretical

Q, (A calculations, the Bergman-

Fig. 2. (Left) Electronic DOS curve of Bergman Na-Au-Ga phases type p ha,ses and, presumably,
emphasizing pseudogaps and their correlation with largest structure factors.  the quasicrystal all belong to
(Right) Zero-level, high-energy precession images of the fivefold reciprocal ~Hume-Rothery electron
planes of the single-grain Na-Au-Ga quasicrystal. phases, with evident

pseudogaps in the DOS
curves that arise from the interactions between Fermi surfaces and Brillouin zones boundaries
corresponding to strong diffraction intensity.

Another class of Hume-Rothery electron phases is the y-brasses, which contain condensed
metal icosahedra and occur in the e/a range of 1.59 to 1.75. To achieve these e/a values, we
find that these structurally robust compounds use both mixed metal and non-stoichiometric site
occupancies. Depending upon composition and e/a values, therefore, y-brasses may exhibit
specific atomic ordering patterns, e.g., cubic 2x2x2 superstructures involving ordered vacancies,
commensurately modulated superstructures, and cubic-rhombohedral distortions. In particular,
ordered vacancies and mixed metal site occupancies significantly influence the occurrence of y-
brass superstructures in Pd-Zn-Al and Pd-Au-Zn systems.
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Efforts to understand the vy-phase
region of the Au-Zn system, i.e., 30 to 42
at.% Zn, reveal that y-AusZng exhibits a
rhombohedral distortion from the cubic
type seen for isoelectronic y-CusZng with
vacancies occurring on two specific sites
and e/a ratios between 1.64 and 1.66. The
electronic DOS curve shows a clear
pseudogap at the Fermi level for
“AusZng” as the representative

composition, an outcome which is
Fig. 3. Different representations of y-AusZng. (a) 26-atom

cluster; (b) Chain of face-shared icosahedra centered by Zn ?OnSIStent. with the Hume-Rothery

and Zn/Au atoms; and (c) 3-D network of Znl-centered Interpretation ofy-brass..

pentagonal dodecahedra, inner icosahedra omitted. The structural chemistry of y-brasses
also depends on atomic size and

electronegativity, as revealed by recent Au substitutions into y-CueAly, and previous work on -
CusZng."  Although replacing Cu with Au does not change e/a values, there are significant
differences in electronegativity and size between Au and Cu. CugAly has two distinct 26-atom
clusters, [CujsAl;z] and [CuxAly]. Cug_ Au,Aly (x < 5) shows specific site occupancies for Au,
linearly increasing lattice constants on increasing Au content, and, again, broad pseudogaps in
the electronic DOS curves near their Fermi levels.

Future Plans. On-going explorations and characterization of novel, even unanticipated metal-
rich phases will continue to employ synthesis, diffraction, and electronic structure calculations
synergistically. Wider-ranging goals include:

(a) To materially expand the fraction of the periodic table for which ternary intermetallic
compound formation has been examined, and from this, to expand our knowledge of
unprecedented intermetallic compositions, structures, and properties. About 61 elements are
stable (semi)metals, and even half of the independent ternary combinations still amount to
over 10" ternary systems! The simplest of searches would seem to still require good control
of stoichiometry and some pains-taking care. The beginnings of broader searches are planned
among alkaline-earth or rare-earth metal-gold—late metal systems. Also, we will explore Li-
rich systems, a relatively poorly studied territory, to provide fundamental knowledge in
understanding and material design for the next generation Li-ion battery anode materials.

(b) To establish chemical guidelines for pseudogaps or full gaps in electronic DOS curves of
metal-rich systems. Electronic pseudogaps, precursors of actual band gaps, are signatures of
special, and often somewhat obscure, electronic effects and special stabilities in the solid
state. Furthermore, they may also presage important physical phenomena, such as greatly
diminished electrical conductivities, possible superconductivity, and potential thermoelectric
behavior, depending on the location of the Fermi level with respect to this pseudogap.
Density functional calculations on certain ‘pregnant’ structural examples may predict
pseudogap locations well enough that subsequent compositional tuning to these points turn
up such phases with different but electronically related structures. Electron-poor phases
around not only quasicrystal, approximant systems but untested phases may be good bets.
Such rigid band predictions more or less across a phase transition seem to be meaningful, at
least among related multiply-endohedral structural examples.
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Nuclear Magnetic Resonance

Dr. Alexander Pines, Senior Scientist,
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

1.0 Program Scope: The Nuclear Magnetic Resonance (NMR) program seeks to enhance the
capabilities of NMR and MRI in the study of the molecular structure, chemistry, and dynamics
of materials on length scales ranging from the nanoscopic to the macroscopic. The program is
comprised of several complementary and interdependent components. The first is the
development of new theoretical methods that treat the interaction of spins with each other and
with other degrees of freedom, yielding new experiments. The second is their development and
demonstration, almost always involving the construction of unique instrumentation, and, in
some cases, micro- and nanofabrication of novel materials and substrates. Finally, we seek to
apply these methods to exemplary problems in physics, chemistry, materials science, and
nanoscience, drawn from the portfolio of possibilities presented by other MSD investigators,
collaborators, and industrial laboratories. It is the unique environment of interdisciplinary
research and large-scale instrumentation capabilities at the Lawrence Berkeley National
Laboratory that cultivates these innovations, their diverse applications, and the rapid transfer of
this technology to industry.

2.0 Recent Progress

2.1 Marriage of Optical Spectroscopy and Magnetic Resonance: While optical spectroscopy
is sensitive enough to detect single molecules, it lacks the chemical sensitivity of NMR;
conversely, NMR is extraordinarily sensitive to chemistry, but typically detects macroscopic
ensembles of nuclei. A major thrust of our research program has been the development of
experiments that marry the two techniques, preserving the sensitivity of optical spectroscopy and
the chemical discrimination of NMR. We accomplish this through engineering systems in which
the optical and magnetic degrees of freedom are coupled. Our recent progress has involved: (a)
the application of new instrumentation based on alkali vapor magnetometers (see 2.2) and
(b) the engineering of novel diamond-based substrates that harbor defects in which optical
and magnetic degrees of freedom are coupled, and their use as NMR detectors.

2.2 Chemical Analysis of Materials by NMR in Low and Zero Magnetic Fields: We have
explored magnetic resonance methodologies using alkali-metal atomic magnetometers, which,
unlike established techniques, do not require high-field magnets or cryogens. We have also
demonstrated magnet-free NMR chemical analysis by J-spectroscopy using a magnetometer
based on a microfabricated chip-scale atomic vapor cell, distinguishing complex organic
molecules. Finally, we have demonstrated optically-detected analogues of Earth’s magnetic
field relaxometry experiments which form the bulk of industrial MRI applications.

2.3 Xenon-based Molecular Sensors: We have invested the physical properties of xenon-based
molecular NMR sensors to enhance their potential for sensitive detection and recognition of
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molecules and materials. By covalently attaching individual sensor molecules to self-
assembling scaffolds, we have dramatically increased the environmental compatibility,
robustness, and sensitivity of these sensors, demonstrating the ability to detect molecules in the
environment at ~700 femtomolar concentration. We have also demonstrated the ability to
produce such sensors in a combinatorial library process.

2.5 Microfabrication & Remote Detection of NMR and MRI: A long-standing goal of our
field has been the development of portable analogues of ubiquitous, laboratory-scale NMR
and MRI instrumentation. In particular, our remote detection technique is an enabling ingredient
in microfabricated, portable NMR. Using remote detection, a method by which a single generic
NMR/MRI detector can give parallel MRI images of any microfluidic geometry without
modification, we have demonstrated that high resolution MRI and NMR is possible on
microfluidic devices. We have applied this technique to the measurement of confined
microfluidic flow in microscopic detail, to packed bed microreactors, and to
chromatographic separations.

2.6 Technology Transfer & Dissemination: Our recent efforts have resulted in one provisional
patent application, five intellectual property disclosures, and the licensing of one invention to a
start-up company. Spin-off research based on DOE-funded technology in this program has
attracted industrial funding. We were awarded an R&D 100 Award in 2011 for “Magnetic
Resonance Microarray Imaging.”

3.0 Future Plans

3.1 Marriage of Optical Spectroscopy and Magnetic Resonance: While continuing to apply
the technology of alkali vapor magnetometers, we will improve the sensitivity and resolution of
solid-state, diamond-based magnetic field sensors for microfluidic applications. We will
accomplish this by optimizing the materials properties of the defect-harboring diamonds,
produced by CVD and ion implantation, and by developing new quantum control and sensing
methodologies. We are also constructing a diamond-based MRI microscope, capable of
chemical imaging materials on small (~100 nm) length scales. This requires our collaboration
with LBNL’s Molecular Foundry to engineer and pattern diamond substrates and probes for
AFM-style microscopes. Finally, using the same coupled magneto-optical substrates, we are
working on methods that will transfer the polarization of optical photons to NMR (spin)
degrees of freedom, enhancing the sensitivity of NMR experiments.

3.2 Chemical Analysis by NMR in Low and Zero Magnetic Fields: Modern NMR is
particularly successful because of correlation experiments in which chemical features are
resolved in many spectral dimensions. We intend to develop multidimensional techniques for
J-based chemical analysis in the absence of a magnetic field, using alkali vapor magnetometers.
This will involve the development of new theory and pulse sequences, and also new
instrumentation capable of executing multiple pulse NMR experiments.



3.3 Xenon-based Molecular Sensors: We are designing sensors to explore a broad range of
chemical, analytical, and materials properties. These include sensors with chemical targeting
groups produced through combinatorial assays, and entirely new sensor platforms with
improved fidelity and resolution, or which operate on magnetic resonance dimensions other
than the chemical shift. We are also pursuing applications of sensors arrays in portable
devices for the non-perturbing analysis of fluids.

3.4 Microfabrication & Remote Detection of NMR and MRI: We are combining remote
detection, optical magnetometry, and NMR molecular sensing, in microfabricated,
micromagnetic devices that serve as platforms for portable chemical analysis. Novel
instrumentation includes the technology for building NMR-based, functionalized microfluidic
devices using soft lithography, and the development of a microfabricated, chip-scale xenon
polarizer that produces hyperpolarized xenon gas. Methodological innovations include our
development of robust techniques for the collection of multidimensional MRI images in reduced
time, using a combination of compressive sampling, static (micromagnetic) position encoding
(similar to an NMR “bar code), and spatial multiplexing (single scan MRI). Finally, we continue
to apply intermediate elements of this portable MRI sensing platform to analytical and materials
problems of interest to the DOE.
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Title: Hydroxide Conductors for Energy Conversion Devices
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Program Scope

There is significant current interest in hydroxide conductors for energy conversion
devices, driven largely by their ability to perform efficiently and durably with non—Pt group
metal (PGM) catalysts, a major concern for current proton exchange membrane (PEM) fuel cells.
This project focuses on the fundamental study of hydroxide conductors for use in anion exchange
membranes (AEMs). Our purpose is to evaluate the potential of anion exchange membranes as
enabling components of next-generation energy conversion devices with a focus on alkaline
membrane fuel cells (AMFCs) and electrolyzers. To date, our work has had a heavy focus on the
chemical stability of covalently tetherable cations (the functional component of AEMs), a critical
concern for requisite durability of target devices.

Beyond non-PGM catalysis, other advantages of AMFCs include increased material
stability at high pH, increased electrocatalytic activity, increased fuel choices, and decreased fuel
crossover rates/potentially improved water management (arising from electro-osmotic drag and
the flux of hydroxide ions in the opposite direction of protons in traditional PEM fuel cells).
Conversely, alkaline systems have been perceived to be limited in terrestrial applications owing
to carbonate formation from CO, in air. Liquid KOH is susceptible to carbonate precipitation,
which prevents ion transport. However, a membrane-based alkaline system would prevent
precipitates from forming, although issues with carbonate displacing hydroxide must be
considered. An additional difficulty with aqueous KOH systems is using a corrosive, liquid
electrolyte as a cell separator and ion conductor. Water management for these systems also can
be more difficult because water is consumed in the cathode reaction.

Our project has focused heavily on fundamental investigation and quantification of
reaction products, mechanisms, and rates for covalently tetherable cations with hydroxide
through accelerated testing methods. Our early efforts in this area determined that traditional
(substituted ammonium) cations had much higher stability than was perceived in the scientific
community.'” In exploring the better-than-anticipated durability of traditional cations, we
established the importance of hydration level and an ylide mechanism on cation degradation.”™
Our approach has been centered on highly coupled experimental and modeling efforts to produce
mechanistic understanding of degradation reactions and rates as a function of chemical
composition; the goal is to use this knowledge to select and design cations of enhanced stability.
The project has also included chemical synthesis, as necessary, because several of the cations
studied are not commercially available.

Recent Progress

Our studies have had a heavy focus on substituted trimethylammonium (TMA") cations
as candidates for use in AEMs. If ammonium cations were acceptable from the standpoint of
durability, they would be ideal cations because they are easily tetherable to a polymer matrix,
have well established (simple, cheap) synthesis routes, and are reasonably strong bases.
Trimethyl substitution is predicated on methyl being the simplest ammonium substituent, due to
its lack of susceptibility to Hofmann elimination (no B-H’s), and concerns about cation size and
hydrophobicity that would make attempts to use other larger groups (i.e., neopentyl, benzyl)
potentially more problematic when applied to multiple sites. Additionally, small cation
substituents have advantages in computational studies, allowing for more simulations and higher
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fidelity to be probed and thus providing a better opportunity to screen different computational
approaches for relevance and obtain better agreement between model and experiment.

Our approach has been to explore specific cation families with systematic substitution to
elucidate key factors that impact reaction mechanisms and rates. Table 1 summarizes the
different cation families explored, the approaches employed, and the rationale for the studies.

Table 1: Summary of cation families investigated

Cation Family Approaches Employed Rationale
Substituted . . o .
TMA" (varying Thorough experimental (wet Systematically probe Hofmann elimination by altering
number of p- and dry), including isotopic and | number of sites available and steric hindrance. Strong
Hs) "¢ computational studies. implications for tethering strategies.
Functionalized Thorough experimental (wet Systematically probe impact of electron
benzvITMA " and dry), including isotopic and | withdrawing/donating groups on stability. Modification of
Y computational studies. the most commonly employed cation.
?ﬁiiu(];;f | Reasonable computational and | Investigation of steric and electronic effects related to alkyl
chain leng ti)” experimental studies. chain length. Strong implications for tethering strategies.
Afivanced Prelmpnary comp}ltatlonal end Guidance on systems to investigate, stability expectations.
cations experimental studies.

The number of [-hydrogen atoms susceptible to Hofmann elimination were
systematically varied for a series of substituted TMA™ cations (ethyl, n-propyl, isobutyl, and
neopentyl abbreviated ETMA®, PTMA", ITMA®, and NTMA", respectively).'”!' Table 2
summarizes our experimental and computational findings.

Table 2: Experimental and computational results for varying number of f-hydrogen atoms

Ylide Hofmann Peak AG* AGH
. #of | Scramb- Elimin- S\2 ea Hofmann
Cation H . . Attack Decay Sn2
B-H’s ling ation ac (°C) (kcal/mol) (keal/mol)
P © +
NMe; | ETMA 3 Yes Yes No 60 17.5 24.7
\/\ @ +
NMez | PTMA 2 Yes Yes No 79 22.9 25.9
@ +
Y\ NMe; | ITMA 1 Yes Yes Yes 74 21.7 257
@ +
>r\NMe3 NTMA® | 0 Yes NA Yes 74 NA 25.0

We found that Hofmann elimination is always preferred when possible but is much less
preferred when B-H’s are replaced with methyl groups. While these trends were expected, we
were initially surprised to find that decomposition of PTMA" (2 B-H’s) occurred at a higher
temperature peak decay temperature than ITMA"™ (1 B-H). Our calculated energy barrier for
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Hofmann elimination mirrored this trend, giving us insight into the energetics of the degradation
reactions. While increased methyl substitution plays a role in inhibiting hydroxide attack and
preventing Hofmann elimination, our model results showed that the increase in energy of the
ground state for the sterically encumbered ITMA" was larger than the increase in TS due to steric
inhibition of hydroxide attack. Thus, increased steric effects actually resulted in a lower energy
barrier for degradation. The ylide barrier for deuterium scrambling in all these samples has been
calculated to be between 18.2 and 18.4 kcal/mol. Isotopic (ylide) scrambling of deuterium is
observed in all cases shown in Table 5. Trimethylamine degradation products from ETMA",
however (unlike all other samples), initially did not show isotopic scrambling but did in samples
degraded over longer times, confirming that our relative energy barriers for Hofmann elimination
versus ylide scrambling were qualitatively reasonable. Additionally, comparisons between
energy barriers calculated for Sn2 attack and Hofmann elimination also seem qualitatively
reasonable when compared to the experimentally observed degradation products.

We have enhanced our understanding significantly of ammonium cations and developed
and applied unique tools to their degradation mechanisms and rates. However, a primary finding
from our studies on substituted TMA" is that strategies employed to date have had only minimal
impact on the reaction barriers observed, with only modest improvements in stability.

Future Plans

We have thoroughly explored the chemical stability of ammonium cations and now have
an increased understanding of their stability, reaction mechanisms and energy barriers.
Unfortunately, we still find ammonium cations to be lacking desired base stability. We have also
identified fundamental gaps in the understanding of the relationship between cations in solution
with those bound in polymers and the electrochemical impact of cations with
bicarbonate/carbonate/hydroxide. Our future work focuses on three areas: (1) advanced cations,
(2) the relationship between the properties of free cations in solution to those in bound polymer
systems, and (3) the electrochemical impacts of ions.

Advanced cations in our proposed work refer to any covalently tetherable cations other
than ammonium. For discussion purposes we classify these cations into non-ammonium N°
centered, P* centered, S* centered, C" centered, and metal tethered (e.g, cobaltocenium,
ruthenium). Non-ammonium N" centered cations include cations in the imidazolium, triazolium,
pyridinium, and pyrazinium families and are often employed as ionic liquids. Polymers with
guanidiniums (C" centered) and phosphoniums (P " centered) cations are also of interest and have
been reported in the literature. A new, potentially promising approach for significantly enhanced
durability of AEMs is the use of metal cations immobilized onto polymers though tethers.
Cobaltocenium tethered to a polymer matrix through functionalization of the cyclopentadienyl
group'? and ruthenium'® in a bis(terpyridine)ruthenium(Il) complex and dicyclopentadiene have
both been demonstrated in polymers appropriate for AEMs. The stability of these cations under
appropriate conditions will be probed along lines our team has commonly employed.

Our work to date has focused on free cations in solution. The impact of the polymer
environment on cation stability has not yet been explored directly by our team or anyone else.
For cations tethered to polymers, conditions can be envisioned in which degradation is
accelerated relative to cations in solution. For example, ylide-based decomposition routes
involving intra- or inter-polymer reactions could result in reaction pathways not available in
solution. Conversely, conditions could also be imagined in which steric hindrance or favorable
interactions of cations with polymer chains or other cations may be beneficial in preventing
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attack. We have performed initial investigations of commercially available ion-exchange
polymers (ion-exchange resins) through headspace analysis. We plan to study defined systems
of polymers for parallel thermal degradation studies to elucidate the relationship between the
properties of free cations in solution to those in bound polymer systems.

Finally, the impacts of ions on catalysis are critical as they may fundamentally limit the
use these materials in any application that has CO, or may impact the cations that may be
employed in AEMs. For this reason it is critical to better understand the mechanisms of how
these ions interact with catalysts and how these interactions impact overpotentials. Our planned
work takes advantage of our unique access to multiple cations and polymers, and our significant
electrochemical testing capabilities.
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Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures.
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Berkeley National Laboratory.

Subtask 1: Mechanical and Physical Properties. PI. Miquel Salmeron

Program Scope

The overall program in this FWP is aimed at molecular level studies of surfaces, focusing on
structure, adsorption, reactions, film growth, and energy transfer across interfaces, to obtain a
fundamental understanding of the mechanisms that govern their physical, chemical, catalytic and
tribological properties. The three subtasks comprised in the program: Mechanical and Physical
Properties (Salmeron), Chemical Properties (Somorjai), and Synthesis and properties of
Nanoparticles (Yang) synergistically complement each other and collaborate by sharing students
and postdocs.

The goal of the first subtask is to study fundamental processes that govern the physical, chemical
and tribological properties of surfaces.
Specifically we study: a) structure and
dynamics of adsorbed layers; b)
mechanisms of energy transfer by excitation
of wvibrational and electronic states of
adsorbed atoms and molecules; c¢) wetting at
the molecular scale; d) friction of clean
surfaces and of surfaces covered with
lubricant layers. Tools used include:
Scanning Tunneling and Atomic Force
Microscopies (STM, AFM), and electron

?nd photon . 'spe.ctroscopies. A very Fig.1. This program develops instrumentation for
important activity is the development of | atomic scale microscopy and electron spectroscopy
instruments to obtain microscopy and studies of surfaces under ambient gases and liquids.

spectroscopy information of surfaces in vacuum and in the presence of gases at ambient
pressures (Fig. 1). These include Variable Temperature and Low Temperature Scanning
Tunneling Microscopy (VT-STM, LT-STM), High Pressure STM (HP-STM) [1], contact and
non-contact atomic force microscopy (AFM, NC-AFM)), Ambient Pressure Photoelectron
Spectroscopy (AP-XPS), and X-ray absorption and emission, spectroscopies (XAS, XES) [2].
The x-ray techniques, initially developed for use at the Advanced Light Source (ALS), have
resulted in the creation of three dedicated beamlines that attract also many users from all over the
world. Two companies now produce and sell the AP-XPS, and 10 synchrotron facilities around
the world have implemented the AP-XPS technology developed in this program.

Recent Progress

Mechanical properties of graphene: Graphene monolayers deposited on Silicon wafers were
found to exhibit surprising friction anisotropy in 3 different domains, with a periodicity of 180
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degrees on each domain (Fig.2). The anisotropy was
shown to arise from ripple distortions of the
graphene sheets along preferential directions (zig-
zag, arm-chair). The ripples disappear after applying
high pressure with the tip or by thermal treatment
(Science, 2011).

Molecular scale wetting: We have shown that the
initial stages of wetting of Ru(0001) and Pd(111) is
determined by the competition between O-metal
bonding and H-bonding between water molecules

Fig.2. Left: AFM image of a graphene flake on
a Si wafer. Center: friction force image
showing three friction domains. Right:
schematic showing the ripples formed in
graphene with axis rotated 120°.

leading to unexpected monolayer structures consisting of hexagonal water domains rotated by
30° relative to one another. Pentagon and heptagon clusters bridge the two types of hexagons.
One domain is in registry with the substrate with the molecules lying flat and forming strong O-

metal bonds with the substrate (Fig.3). In the other
domain the molecules are raised a fraction of an
angstrom, have dangling H-bonds, and are weakly
bound to the substrate. This bonding motif is of
similar nature to the periodic wetting structure

recently reported on Pt(111), and very different
from the conventional "ice-like" bilayer. First-
principles Density Functional Theory simulations
support these conclusions. (PRB 2012).

Chemical reactivity of graphene: In another project
we explored the chemical activity of graphene.
Using STM we found that water reacts efficiently
with the grain boundary defects in graphene on
Ru(0001), where dangling or stressed C bonds are
located. The chemical attack by water splits
graphene into flakes at temperatures as low as 90
K, and intercalates between the graphene and Ru
through the gaps opened in the overlayer (Fig.4).
(JACS, 2012)

Future Plans

We will focus on understanding the molecular scale
mechanism of chemical reactions on surfaces by
investigating the role of specific quantum
excitations of molecules adsorbed on metals using
our LT-STM. Excitations include vibrational modes
(bond stretching, bending) that are coordinates for
chemical reactions and diffusion. In water for

Fig.3. Experimental and calculated STM
images of water Ru(0001). (a) STM image
showing water hexamers rotated by 0° and 30°
relative to the surface lattice, connected by
pentagons and heptagons. (b) DFT optimized
model. (c) Calculated STM image.

Fig.4. a) STM image of a graphene on
Ru(0001); b) Water adsorbs weakly and
diffuses to the grain boundaries; c,d) At 90 K
water breaks C-C bonds at the domain
boundaries and interacalates between Gr and
Ru; e) the periodic Moire structure disappears
in the regions where water intercalates.

example O-H stretching leads to a variety of reactions, including diffusion by coupling to
frustrated translation modes, and to dissociation when multiple quantum modes are excited. We
plan to study molecules important in energy processes including CO, (photosynthesis), NH; (H
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fuels), CHy dissociation, and others. In preliminary experiments we have shown that electric
fields can strongly influence the reactivity of adsorbed molecules. For example NH; dissociation
is strongly affected by E-fields that can be generated by the tip of the STM due to its close
proximity to the surface. Such fields simulate the conditions prevalent in the double layer in
electrochemical systems, which have applications in the field of energy storage in batteries and
fuel cells.

We plan to use our newly finished liquid helium cooled
AFM to study the structure of molecules on insulating
surfaces, including Al,Os, Fe,O3, TiO, and oxygen-
covered metal surfaces. These include H,O, CO,, and
small hydrocarbons. Using non-contact, high resolution
capabilities of the microscope we will study the energy

landscape between the molecules and the tip atoms. In . . .

> - Fig. 5. STM images showing the back
previous work with STM we have shown that molecules | ;14 forth transfer of a water molecule
can be incorporated in the tip and used for imaging and from the Ru(0001) surface to the tip and
force spectroscopy (Fig. 5). back. Dark spots correspond to C atoms.

In the area of friction fundamentals we will study the effect of confined layers (such as the water
between graphene flakes and Ru from the previous example) in the friction properties. Confined
layers provide an ideal laboratory to study lubricants forming molecularly thin layers between
moving surfaces. The high resolution capabilities of AFM will allow us to correlate the atomic
structure of the confining surfaces, and that of the intercalated lubricant film, and the forces
measured while scanning in different crystallographic directions.

In collaboration with the Somorjai and Yang groups (subtasks 2 and 3 of this program) we will
study the influence of high densities of adsorbates on the structure of the surface, both in model
single crystals and nanocrystals. High adsorbate density is the result of thermodynamic
equilibrium in the presence of high pressures (>1 Torr) of reactants. Thanks to the new tools
(HP-STM, AP-XPS) developed in this subtask we demonstrated the reconstruction of Pt crystals
[3] and of Pt-Rh alloy nanocrystals [4] in the presence of CO, H,, and NO (reducing and
oxidizing) at coverages near unity. We plan to expand these first demonstration studies to new
materials and gases that are important in catalysis, energy conversion and storage and CO2
sequestration.
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Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures

Gabor A. Somorjai, Materials Sciences Division, Lawrence Berkeley National Laboratory
Subtask 2: Surface Chemical Properties. PI Gabor A. Somorjai

Program Scope

This subtask focuses on the exploration of the atomic and molecular factors of structure,
bonding, and dynamics that make surfaces chemically reactive. We synthesize and characterize
metal and bimetallic nanoparticles (NPs) in the form of 2D films, or suported in 3D mesoporous
oxides, using a combination of techniques. We use mostly colloid synthesis to produce
nanoparticles. We explore the structure of the surfaces of materials and nanoparticles in the
presence of the reactive gas environments characteristic of industrial catalytic processes. To that
effect we use unique tools developed in this Program, such as sum frequency generation (SFG)
vibrational spectroscopy, HP-STM, AP-XPS and other synchrotron-based techniques (X-ray
absorption) that make possible to investigate surfaces under reaction conditions on atomic and
molecular scales. We investigate solid-liquid and solid-solid interfaces (buried interfaces) as
they adsorb and react with diatomic and organic molecules in dynamic steady state at various
pressures and temperatures. The research has a significant impact in catalytic energy production,
by providing the basic science necessary for the development of better catalysts.

Recent Progress

We have synthesized monodispersed metals (Pt, Rh, Ru, IR) and bimetallic (Pt-Rh, Pt-Ir)
nanoparticles with 2-12 nm size and controlled shape capped with a polymer (PVP) to prevent
their aggregation.' The porous cap allows the reactants and products to enter and exit the metal
NP surface without inhibiting the NP reactivity and disordering the polymer cap by hydrogen
permits detection of the reaction intermediates by SFG without interference by the polymer.
Mesoporous oxides were synthesized (y-Al,Os, TiO,, SiO,) and utilized to fabricate three-
dimensional (3D) nanoparticle deposits, and the Langmuir-Blodgett technique was used to form
2D NP films. Characterization of NP structure, composition and oxidation states was performed
under reaction conditions by SFG and synchrotron-based techniques of AP-XPS, EXAFS,
NEXAFS and by application of TEM, ethylene hydrogenation, chemisorption and STEM/EDAX
before and after reactivity studies. In-situ reaction cells were constructed for studies using
synchrotron techniques at solid-liquid and solid-high pressure

gas interfaces.

In collaboration with the Yang group, we have fabricated a
thermally stable Pt/mesoporous silica core-shell system for
high-temperature  reactions.” The high-temperature-stable
system consists of a Pt metal core coated with a mesoporous
silica shell (Pt@mSiO,) (Fig. 1). The high thermal stability of

Pt@mSiO, nanoparticles enabled high-temperature CO

nanoparticles

Figure 1. The synthesis approach
for mesoporous-silica-coated Pt
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oxidation studies, including ignition behaviour, which was not possible for bare Pt nanoparticles
because of their deformation or aggregation.

We find that the size of the metal nanoparticles controls the selectivity of most multipath
catalytic reactions.” In the case of methylcyclopentane isomerization, the shape of platinum NPs
had large effects on the formation of branched isomers.* For small < 2 nm metal nanoparticles
the higher oxidation states dominated as compared to the metallic state for larger NPs.

In collaboration with Salmeron’s group we found that
stepped platinum (Pt) surfaces can undergo extensive
and reversible restructuring when exposed to carbon
monoxide (CO) and oxygen at pressures above 0.1
torr (Fig. 2). Scanning tunneling microscopy and
photoelectron spectroscopy studies under gaseous
environments near ambient pressure at room
temperature revealed that as the CO or oxygen
surface coverage approaches 100%, the originally flat
terraces of (557) and (332) oriented Pt crystals break
up into nanometer-sized clusters and revert to the
initial morphology after pumping out the CO gas.’
Density functional theory calculations provided a

rationale of the observations whereby the creation of | Figure 2. Reconstruction of a Pt step surface
increased concentrations of low-coordination Pt edge | induced by high pressure exposure to CO at
sites in the formed nanoclusters relieves the strong | room temperature.

CO-CO repulsion in the highly compressed adsorbate
film.

Future Plans

Exposure of metal single crystal surfaces to high pressures > 1 atm causes restructuring of the
surface atoms to optimize the coverage and the concentration of metal-adsorbate and metal-metal
bonds. High pressure restructuring appears to be reversible but is likely to change the surface
reactivity. The concentration of adsorbates dramatically increases at the solid-liquid interface as
compared to the solid-gas interface, which is likely to cause restructuring. We shall be studying
the pressure-induced restructuring using high pressure STM in collaboration with the Salmeron
Group. We shall also use high-pressure-induced restructuring to produce nanosize clusters on
metal surfaces to study the restructuring phenomena on metal NPs created by the high-pressure
restructuring.

Studies of metal NP formation in the 5-30 atom range using Raman spectroscopy will allow
fabrication of monodispersed NPs in this very small NP range that has not been investigated as
yet. This promises to provide NPs with novel atomic and electronic structures and oxidation
states with interesting chemical bonding and reactivities.

In collaboration with the Yang group we shall fabricate oxide and semiconductor nanorods with
metal nanodots at their ends to produce tandem nanocatalysts that exhibit different chemical
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reactivities as we change the oxide (semiconuctor) nanorods and the metal nanodots at their
6
ends.

Construction of a femtosecond broad band laser enabling us to simultaneously monitor the CH
and CO vibrational SFG spectra, thus allowing more accurate characterization of reaction
intermediates.

We will also undertake synthesis and characterization of a variety of metal core-oxide shell NP
structures as they promise high thermal stability and novel chemical reactivity.
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Miquel Salmeron, Gabor Somorjai, Peidong Yang. Materials Science Division, Lawrence
Berkeley National Laboratory.

Subtask 3: Synthesis and Assembly of Metal and Oxide Nanoparticles. PI. Peidong Yang
Program Scope

The application of shape- and size-controlled metal and oxide nanocrystals as catalyst supports
has even greater potential for innovative catalyst design. It is well known that catalysis can be
modulated by using different metal oxide supports, or metal oxide supports with different crystal
surfaces. This subtask will focus on the design and synthesis of size and shape controlled metal
and oxide nanocrystals, and their large scale assembly towards high surface-area catalysts with
well-defined metal-oxide interfaces. On the metal nanocrystal side, we will focus on the
development of synthetic strategies towards size and shape control of the bimetallic systems such
as PtPd, PtRh, PtNi and PtCo. We propose to demonstrate the viability in building the
relationship between catalyst surfaces and their catalytic properties using bimetallic
nanoparticles of well controlled surface composition. The validity of our approach will be
confirmed by a catalytic reaction, CO oxidation, as well as a synchrotron based nanoparticle
characterization technique, extended X-ray absorption fine structure (EXAFS). On the oxide
nanocrystal side, we will develop a

general method to produce ultrathin,

single crystalline oxide nanostructures as

high surface area catalytic supports for

both  gas-phase and solution-phase

catalysis applications.'?

Recent Progress

Platinum (Pt) nanocrystals exhibit strongly
shape- and size-dependent catalytic
properties.”  Optimizing nanocatalyst
morphology has become a prolific area of
investigation. Recently, we developed a
solution-based method for the synthesis of
colloidal Pt nanoparticles. The Pt
nanocubes and nanopolyhedra with
controllable size and shapes have been
synthesized accordingly by controlling the

Fig. 1.Schematic illustrations and corresponding TEM
images of the samples obtained at three representative
reducing rate of metal precursor ions in a stages during the evolution process. a, initial solid
one-pot polyol synthesis_ PtNispolyhedra. b, PtNi intermediates. ¢, final hollow
Pt;Ni frameworks.
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Structural Evolution of Bimetallic Nanocrystals: Following our early studies on pure Pt
nanocrystals, we have discovered a very interesting structural evolution process for Pt-Ni
bimetallic nanostructures. During this process, solid PtNis polyhedra, spontaneously transform
into hollow Pt3Ni frameworks under ambient conditions (Figure 1). The initial PtNi; polyhedra
exhibit single crystallinity and the morphology of rhombic dodecahedron, both of which are
maintained in the final Pt;Ni frameworks which consists of 24 remaining edges and an eroded
interior. This structural evolution process was traced and analyzed, and a mechanism is proposed
to interpret this spontaneous conversion in both composition and morphology. This discovery
represents a new synthetic strategy for hollow nanostructures, and these Pt-Ni bimetallic
nanostructures can potentially serve as catalysts in fuel cells and petroleum refinement.

Metal and metal oxides interface has been
demonstrated to influence both the activity
and selectivity in catalytic reaction. Here we
developed a new concept which the as-
designed metal and metal oxides interface is
utilized as a new class of nanocrystal tandem
catalysts for sequential reactions. Here we
fabricate a nanocrystal bilayer structure
formed by assembling platinum and cerium
oxide nanocube monolayers of less than 10
nm on a silica substrate as shown in figure 2.

Figure 2. Assembly process for the preparation of a
The cubic shape of nanocrystals is ideal for | nanocrystal bilayer tandem catalyst.

assembling metal-metal oxide interfaces with
a large contact area. Figure 2 shows our tactic to achieve the ‘tandem’ bilayer structure with
nanocubes of metal and metal oxide. First, a two-dimensional metal (Pt) nanocube array was

assembled onto a flat metal oxide substrate (SiO,) by using the Langmuir-Blodgett (LB) method
to make the first metal-metal oxide interface. The second metal oxide (CeO;) nanocube LB array
was then assembled on top of the metal nanocube monolayer, which provided the second metal—
metal oxide interface. The capping agents of the nanocrystals were removed by ultraviolet/ozone
treatment to form clean metal-metal oxide interfaces. After removal of the capping agent, the
vertical clefts between the nanocrystals ensured access to both catalytic interfaces and provided a
high surface area in the close-packed array. The two distinct metal-metal oxide interfaces,
CeO,—Pt and Pt-Si0O,, can be used to catalyze two distinct sequential reactions. The CeO,—Pt
interface catalyzed methanol decomposition to produce CO and H,, which were subsequently
used for ethylene hydroformylation catalyzed by the nearby Pt—SiO, interface. Consequently,
propanal was produced selectively from methanol and ethylene on the nanocrystal bilayer
tandem catalyst. This new concept of nanocrystal tandem catalysis represents a powerful
approach towards designing high-performance, multifunctional nanostructured catalysts.
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Future Plans

We plan to expand our current synthetic methods to new metal and oxide nanoparticles to enrich
the choices when we design the catalyst. We will synthesize transition metal nanoparticles and
their alloy particles with controllable size and morphology. For example, cobalt (Co) particle
with nanometer size, especially in 6~7nm, have been demonstrate to be efficient catalyst in
Fischer-Tropsch synthesis.® When the Co nanoparticles were deposited on certain oxide surface
(like CeQ,), it show obvious product selectivity. More long chain alkanes could be obtained by
using this metal and metal oxides interface.®’ So, updating our current synthetic method to
prepare non-noble metal nanocrystals and their alloys with controllable size and shape will be an
important part of our future research plan.

In order to gain more insights about the
interaction between metal and metal oxides
and its impact on catalysis, we plan to design
the new generation of tandem catalysts and
apply the new catalyst in sequential reactions.
Compared with the current generation tandem
catalyst, the next generation tandem catalyst

will have two or more metal components (like | Figure 3. Schematic Illustration of next generation
tandem catalyst.

Pt and Co nanoparticles or PtCo bimetal

nanoparticles). And for the oxide support, only one metal oxide will be applied to couple with
the two metals. In this design, the first metal Pt will be assembled or grew directly on the surface
of CeO, for MeOH decomposition reaction. This reaction will supply hydrogen and carbon
monoxide for the next Fischer—Tropsch synthesis reaction. The Fischer—Tropsch reaction will
happen at the active interface between Co and CeO5 to produce hydrocarbons.® The over reaction
will be from MeOH to hydrocarbons. The advantage of this new generation tandem catalyst is: a),
the reactants are simplified. MeOH is the only reactant during the reaction; b), the catalyst will
show both activity and selectivity. This new generation of tandem catalyst gives us the
possibility to test the tandem catalysis selectivity using the Fischer—Tropsch process as an
example. The hydrocarbon product selectivity could be investigated by GC-MS.

We will continue to collaborate with the Somorjai and Salmeron groups to apply Ambient
Pressure Photoelectron Spectroscopy and X-ray absorption and emission, spectroscopies to
investigate the interface between metal and metal oxides. High and low pressure reactors will be
installed into existing GC instrument in the lab (Somorjai Lab).
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Program Scope

The Directed Energy Interactions with Surfaces program focuses on fundamental studies
of the interaction of directed energy sources such as energetic ions, electrons, and photons with
materials. It has at its core two integrated activities: 1) A fundamental understanding of energetic
ion- and laser-solid interactions, and 2) The development of world-class trace analysis
instrumentation. The interaction of directed energy sources such as energetic ions, electrons, and
photons with surfaces provides the basis for modifying, patterning and analyzing materials. This
program investigates the fundamentals of these complex interactions over a range of conditions
using several unique, world-class methods developed in our laboratory.

Our current research explores of ion-surface interactions and the flux of material ejected
during the sputtering process: 1) Characterizing the sputtered flux from a solid surface in terms
of secondary atoms and molecules, both as neutrals and ions, under varying sputtering
conditions. 2) Optimizing the depth resolution of ion sputtering via a dual-beam sputtering
approach, resulting in a depth resolution of ~2 atomic layers, which is approximately the
physical limit.

Recent Progress

Ion sputtering can be described by a sequence of elastic collisions between point particles
in which the bombarding ion transfers its energy to the target atoms [1], thereby initiating a
series of collision cascades in the near-surface region (up to a few tens of nm for a 25 keV ion).
Cluster ion beams such as Au;’, Bi;' and Cy provide large increases in sputtering yield
compared to monatomic ion sources [2, 3] because they deposit the majority of their energy
within the first few nanometers of the surface [4]. For molecular solids, the total kinetic energy
and energy partitioning across fragmentation pathways are also affected by primary ion
nuclearity.

Photoionization techniques provide insight into the mechanism of energy transfer from
the primary ion to the surface and sub-surface atoms. We used Resonance lonization Mass
Spectrometry (RIMS) to study ion sputtering of uranium oxide [5]. Briefly, a solid is sputtered
using a pulsed (300 ns), energetic (15-25 keV) ion beam and sputtered neutrals are ionized by

Figure 1: Molecule-to-fragment ratio of Figure 2: Total and average energy of the
sputtered flux from U304 for various projectiles. sputtered flux for various projectiles.
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lasers tuned to resonantly excite and ionize uranium [6]. The lasers also ionize UO and UO, at
low efficiency. The molecule-to-fragment (M/F) ratios in the sputtered flux (i.e. UOy/U) for
various primary ions are shown in Figure 1, which shows the extent of fragmentation of UOy to
U decreases with increased mass and nuclearity of the primary ion. The Stopping and Range of
Ions in Matter (SRIM) 2011 software was used to gain insights into ion-atom collisions [7].
SRIM shows that the number of knock-ons increases as a function of primary ion mass and
nuclearity, allowing for more direct transfer of energy to the target atoms. Additionally, the
average knock-on depth becomes shallower as ion mass and nuclearity increase. Although the
total energy imparted to the sputtered flux increases, the energy per sputtered species actually
decreases with increasing primary ion mass and nuclearity (Fig. 2). Although the sputtering yield
increases, the energy is partitioned over a much larger flux, resulting in less fragmentation.

In addition to fundamental studies, we are developing novel approaches and
instrumentation for materials characterization with the goal of maximizing the information
obtained by combining high lateral and depth resolutionimaging mass spectrometry (detecting
secondary ions, SIMS, and post-ionized secondary neutrals, LPI SNMS) with in situ scanning
electron miscroscopy (SEM) and optical profilometry. This multidimensional (multi-D) sample
characterization provides chemical and physical materials characterization in real time.

Figure 3 shows high resolution depth profiles of a nanolayered (~5 nm) MgO/ZnO
sample obtained in SIMS mode on the SARISA instrument at Argonne. A unique dual-beam
arrangement was used in which ion milling was done with Ar" at either 250 or 500 eV impact
energy, and SIMS analysis was performed between milling cycles with a 5 keV Ar' beam. This
is possible because of the unique dual-beam arrangement of the SARISA instrument, which
allows the ion mill to operate at normal incidence so that the impact energy of primary ions can
be precisely controlled and optimized by the target potential. We have recently equipped our ion
mill column with a Wien (velocity) filter in order to avoid surface contamination with
undesirable primary ions coming from ion source. The 250 eV beam is near the sputtering
threshold for these materials, and gives a depth resolution of about two atomic layers (0.4 nm)
which is the physical limit for sputtering-based methods. Because ion milling at ultra-low energy
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Figure 3: Dual-beam depth profiles of MgO/ZnO

layers on a Si substrate obtained by 250 eV or 500 Figure 4: SEM image of a Si calibration wafer
eV Ar” ion milling combined with 5 keV Ar" acquired in the SARISA instrument (FEI 2LE e-
SIMS analysis between milling cycles. gun and RevolutionSEM software).
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does not roughen the irradiated surface, we can use this approach to determine the roughness of
buried interfaces in nanolayered structures using the mixing-roughness-information model of
depth profiling (MRI) [8]. The results of using MRI in conjunction with dual beam sputter depth
profiling were in good agreement with the industry standard method, the X-ray reflectivity
technique, applied to the same samples. This is crucial for studies of ion mixing phenomena in
ion-irradiated nanolayered structures, because it allows us to unambiguously distinguish native
roughness from beam-induced interlayer mixing and diffusion.

In addition to high resolution depth profiling, we have recently enabled in-sifu secondary
electron microscopy in the SARISA instrument (Fig. 4) which allows SEM imaging before,
during, and after irradiation with primary ions. At present the lateral resolution is <100 nm, and
we can perform SEM imaging of surface roughness changes due to ion beam bombardment. We
are now incorporating SEM imaging in the dual-beam sputter depth profiling protocol.

Future Plans

Previous work has shown that M/F ratios decrease with increasing primary ion dose [9].
We speculate that this is a convolution of projectile-dependent molecular fragmentation and ion-
induced preferential sputtering of oxygen from the uranium oxide matrix at high ion doses [10].
In our experiment, the analysis and the reducing beams are the same, but operated under
different sputter conditions (dynamic vs. pulsed). We plan to test our hypothesis with
experiments where the analysis and the reducing beams are different (e.g. H" vs. Ga").

To understand effects such as ion milling on sputtered flux, which in many cases causes
the observed elemental, molecular, and even isotopic ratios to appear to change as a function of
ion dose, we are developing techniques to quantify the sputtered material. This requires
understanding ionization effects such as isotope shifts, hyperfine splitting, Doppler broadening,
Doppler shifts, laser power broadening, and mass-dependent (flight-time) effects. Techniques
such as traditional scanning laser spectroscopy coupled with saturation spectroscopy and
empirical and a priori modeling yield descriptions of laser-atom and laser-molecule interactions
that enable a quantitative analysis of the sputtered flux. Sputtered ion/neutral ratios,
atom/molecule ratios, photo-fragmentation rates, sputtered atom electronic state population
distributions can be quantified to enable a detailed understanding of ion- and laser-surface
interactions. This is important in understanding phenomena such as preferential sputtering of
elements from a solid.

Future instrumental upgrades include integrating an ion nanoprobe into the dual-beam
depth profiling protocol. This new tool will allow us to perform imaging mass spectrometry with
lateral resolution of up to 10 nm, which is the physical limit (collision cascade size) for medium
energy (keV) ion probes. Overall, this work will lead to multi-D characterization of solid
samples with the best lateral and depth resolution possible with this class of tools.

We have also begun developing in-situ optical profilometry in order to measure ion
milling rates in real time during multi-D characterization experiments. Presently, such
measurements are always performed post-mortem, which limits the accuracy by forcing the
assumption of equal sputtering yields for all layers. Our approach is Heterodyne Displacement
Interferometry, which has a typical depth resolution of 0.35 nm. This system will monitor
changes in irradiated surfaces in real time and will be incorporated into the dual-beam depth
profiling protocol. The components are currently installed on an optical bench and are
undergoing assembly and software development.
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Program Scope

Many energy-relevant materials have a complex bulk structure with significant disorder on the 1-
nm scale that prevents full characterization by diffraction or microscopy techniques. Using
nuclear spins as local probes, advanced solid-state nuclear magnetic resonance (NMR) can make
unique contributions to the elucidation of the structure and of structure-property relations in such
complex materials. Our program focuses on NMR characterization of energy-relevant materials,
such as fuel-cell rnernbranes,1 carbon-based electrode materials, as well as thermoelectric
tellurides. In addition, we analyze biological and biomimetic materials, such as plant cell walls®
and biological nanocomposites’. In all these materials, solid-state NMR can determine the
composition,>” local proximities,” nanoparticle thickness,*” and amount of disordered phases'”.
It can yield information on local lattice distortions in crystals, and on segmental and polymer-
chain dynamics in organic materials.'"'> We develop new radio-frequency pulse sequences’ ">
1 and improved spectral simulation methods to increase the structural information provided by
advanced solid-state NMR. Through careful analysis of all available data, we develop new, more
accurate structural models of the molecular™® and nanometer-scale'* structure of the systems
studied. In this abstract, we focus on organic and carbon-based materials, while thermoelectric
tellurides are discussed in a different abstract.

Proton exchange membranes are at the center of Hy-O, fuel cells, providing high H"
conductivity combined with good gas-barrier properties.' Hydrated Nafion, a perfluorinated
polymer with a Teflon backbone and ionic sidechains, has been the benchmark material for low-
temperature proton exchange membranes for decades. We have elucidated its nanometer scale
structure in this program, identifying water channels' stabilized by relatively stiff polymer
backbones'? (Figure 1). Quite recently, a superior proton-exchange membrane material,
Aquivion, was introduced commercially;*' like Nafion, it is a perfluorinated sulfonated polymer
with a (-CF,-), backbone, but with shorter sidechains (Figure 1b,c). For reasons not well
understood, Aquivion shows better performance than Nafion at “high” temperatures (up to
130°C),*! which is attractive for improved catalyst performance.

Figure 1. (a) Schematic of a H,-O, fuel cell with
proton-exchange membrane (PEM). (b, ¢) Chemical
structures of (b) Nafion and (c) Aquivion. (d)
Inverted polymer micelles of hydrated Nafion
stabilized by the stiff backbone'? and forming water
channels that are locally parallel. (e) Resulting
parallel water-channel model of Nafion developed in
this program'.

Organic-inorganic nanocomposites in the skeletons of vertebrates and invertebrates provide
useful combinations of properties, such as considerable stiffness and toughness.”” They are
produced at ambient pressure and temperature, and structured on the nanometer scale, in
processes that we are only beginning to understand and harness for energy-efficient materials
production. Our research has so far focused on the stiff and tough load-bearing material in bone,
which is a nanocomposite of calcium phosphate (apatite) nanocrystals imbedded in a matrix of
the fibrous protein collagen, at a 45:45 volume ratio; water accounts for the remaining 10%. We
have shown that solid-state NMR can characterize many important aspects of this
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nanocomposite, in particular regarding the organic-inorganic interface.

Graphitizable and nongraphitizable carbon-based materials are used in various energy-relevant
applications, for instance as electrodes of batteries* and supercapacitors®. Nongraphitizable
(‘hard’) carbon is produced from organic precursors that char as they pyrolyze,”® producing
irregular spaces between graphene sheets. Since these carbon materials are usually too
disordered for a comprehensive analysis by diffraction techniques,”’®*’ the current picture of their
local structure is rather vague, particularly for materials produced at lower temperatures (500-
700°C). Defects such as cluster edges, flexible linkers, or five- and seven-membered rings are
important for many properties such as adsorption and transport of ions or gases. We are
developing various 13C, 1H, 13C-lH, 13C-13C, 2H, 6/7Li, and *C-'Li NMR techniques for
characterizing structural defects in low-temperature hard-carbon materials.

Recent Progress

’H NMR to probe the water channels in Nafion. We have continued our investigations of the
nanometer-scale structure of hydrated Nafion, the benchmark material for proton exchange
membranes in H,/O; fuel cells. In the framework of the parallel-water-channel model that we
developed in this prograrn,1 we have estimated the straightness (persistence length) of the water
channels in Nafion, through a quantitative analysis of line narrowing and T, relaxation in *H
NMR of D,0 in Nafion.”® In drawn Nafion where scattering shows that the channels are mostly
oriented along the draw direction, a ~1-kHz quadrupolar *H splitting is observed, which means
that the quadrupolar interaction tensor, essentially fixed to the D,O molecule, does not undergo
fully 1sotropic tumbling. The hydration dependence of the spectral splittings and relaxation times
indicates exchange between bound water affected by the anisotropic environment of the channel
surface and free water in the channel core. In unoriented Nafion, the splitting is ~30-fold smaller
than in the drawn material. The observed ~10-fold motional averaging in the undeformed relative
to the drawn film is explained by diffusion of water along coiled channels, which results in
additional motional averaging. Thus, the persistence length of the channels must be much shorter
than the diffusion length <x*>'* =~ 2 pum of water on the 3-ms NMR time scale. The quantitative
analysis of NMR frequency exchange via diffusion along a model channel and between bundles
of channels, using an exchange algorithm suitable for long channels, shows that the persistence
length of the channels in Nafion is between 30 and 80 nm, which is near the lower limit of the
value estimated from small-angle scattering but ~10 times greater than the persistence length of
an individual polymer backbone of Nafion. Further, we have analyzed the hydration dependence
of the polymer-water interfacial area in terms of various structural models, confirming the
validity of the parallel-water-channel model at the typical hydration levels in fuel cells.”

Strongly bound citrate stabilizes the apatite nanocrystals in bone. Nanocrystals of apatitic
calcium phosphate impart the organic-inorganic nanocomposite in bone with favorable
mechanical properties, but the factors preventing crystal growth beyond the favorable thickness
of ~3 nm had not been identified. We have shown® by multinuclear NMR, including *C {*'P}
REDOR, "“C{'H} spectral editing,’ and chemical-shift anisotropy dephasing,'® that the
nanocrystal surfaces in bone are studded with strongly bound citrate molecules, which have no
large-amplitude mobility on the 10-s scale or below, and have characterized the density (0.25
nm™) and geometry of the bound citrate with the three carboxylate groups at distances of 0.3 to
0.45 nm from the apatite surface. This structural analysis was facilitated by multispin simulations
developed in this program.® We were able to exchange the native citrate with “C-labeled
molecules, confirming the peak assignment and enhancing sensitivity 30-fold for detailed
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distance measurements.” Bound citrate is highly conserved, being found in fish, avian, and
mammalian bone, which indicates its critical role in interfering with crystal thickening and
stabilizing the apatite nanocrystals in bone.

Characterization of hard-carbon materials. We are further developing NMR techniques and
expertise for NMR analysis of low-temperature hard-carbon materials. This includes quantifica-
tion of aromaticity,’ of the ratio of nonprotonated to protonated carbons,’ of the typical size of
aromatic clusters by complementary spectroscopic and dipolar-dephasing methods, and of alkyl
residues without overlap from sp” carbons.'® In addition to commercial and standard carbon
materials, we study *C-enriched model materials, for instance made from "*C-enriched glucose.
This enhances sensitivity and spectroscopic possibilities by orders of magnitude.

Future Plans

’H NMR to probe water channel segments in Nafion. As a critical test of the parallel-water
channel model, we are trying to trap D,O within straight channel segments in Nafion and
Aquivion and measure the “H spectrum.”® If the parallel-channel model is correct, the D,O
molecules will sample a uniaxial environment and report this in terms of a small quadrupolar
biaxiality parameter. The asymmetry parameter can be read off directly from the characteristic
features of the spectral pattern. If models of polymer in a hydrated matrix, such as the polymer
ribbon, bundle, or channel-network models are right, (i) the environment of the D,O molecules is
not uniaxial and (ii) the diffusion of water molecules cannot be restricted to a well-defined
region within which it moves freely. The proposed experiments require that the free diffusion
length is smaller than the persistence length (= 40 nm). We are trying to achieve this by blocking
channels with silica nanoparticles grown in situ.

Agquivion vs. Nafion fuel cell membranes: Chain order, dynamics, and crystallites. The me-
chanical properties of Aquivion in the relevant temperature range of 80—130°C are significantly
better than those in Nafion.”! How the reduced length of the side chains produces this change is
not clear. A potential explanation would be kinking of the backbone for favorable interactions
between side groups. Using "°F and '’C NMR, we will compare the local order parameter of
chain segments and large-amplitude rotations of backbone segments around their helical axis, as
well as the sidechain dynamics, in Aquivion with those detected in Nafion,'** as a function of
temperature.

The nanostructure of bone. Various models of bone assume that apatite nanocrystals are con-
centrated in the “gap” regions of the collagen fibrils.**>* This would require the presence of thick
collagen layers in the apatite-poor regions. We will test these models by probing the thickness of
the collagen layers in bone by long-range *C{*'P} NMR; thick layers would produce a nearly
constant intensity at long dephasing times. We will also determine the nanoparticle size
distribution in bone, based on heteronuclear NMR combined with quantitative scattering
analysis. Further, we will try to determine to what extent the surface layer of biological apatite
nanocrystals resembles octacalcium phosphate (OCP), by identifying the NMR and diffraction
characteristics of OCP in nanocrystals. In the end, we should be able to present a well-founded
comprehensive and detailed model of the local structure of the nanocomposite in bone.

BC-enriched carbon materials: Probing curvature of aromatic sheets. We plan to use Bc
CODEX NMR" with "*C spin diffusion® to probe to what extent graphene sheets in '*C-labeled
hard carbon are flat*® or curved®. In the interior of graphene sheets, carbons have a local three-
fold symmetry, which results in a chemical-shift asymmetry or biaxiality parameter of n = 0
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(quasi-uniaxial), as confirmed in naphthalene and coronene (at low temperatures to quench
rotation of the rings). As a result, the chemical-shift tensors of all interior carbons (selected by C-
H dephasing of signals of carbons near the periphery)’ in a flat graphene sheet are parallel, and
spin diffusion among them will not lead to significant exchange in CODEX NMR. Thus,
exchange in CODEX will be the signature of sheet curvature. Graphitizable soft carbon can serve
as a reference material with flat graphene. Our ability to simulate scattering data®> will help us
incorporate the NMR results into a detailed picture of the local structure of hard carbon.
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Program Scope

Multicomponent polymeric materials are widely used in various modern technologies and
will have even broader applications in future technologies, from lightweight materials, to solar
cells and electrical energy storage, to biomedical technologies. Yet, our fundamental
understanding of the processes and interactions that control macroscopic properties in these
materials remains limited. The overarching goal of our program is to develop a fundamental
understanding of how interfacial properties and interactions affect structure, morphology,
dynamics, and macroscopic properties of multicomponent polymeric systems, in both the liquid
and solid states. The proposed research focuses on two research themes. The first seeks to
correlate structure-property relationships in polymer-nanoparticle mixtures to the nanoparticle
structure and interfacial interactions, while the second involves the correlation of molecular
architecture, electrostatic interactions and external fields to the morphology of multiblock
copolymer materials, including both neat block copolymers and those containing discrete
nanoparticles. To fully understand the underlying processes and mechanisms, we pursue a
comprehensive interdisciplinary approach lead by advanced theory and simulations, precise
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synthesis with nano-scale control and state-of-the-art characterization (with special emphasis on
neutron scattering). The fundamental knowledge developed in this program will contribute to the
scientific foundation for the rational design of multicomponent polymer based materials with
superior properties and function that can address many DOE challenges such as organic
photovoltaics, batteries and fuel cell membranes, and stronger light-weight materials that result
in energy savings. This presentation focuses on our research of polymer based nano-composite
materials, and research of multi-block systems will be presented in separate contribution.

Recent Progress

Tuning nanoparticle dispersion by modifying the fundamental interactions between the
polymer and nanoparticle interface was explored in detail using a combination of experiment,
simulation and theory. Theory provided solid foundation for understanding dispersion of
spherical nano-particles in homo-polymers and block co-polymers. Guided by theory and
computational studies, optimum dispersion of single wall carbon nanotubes (SWNTs) and
fullerenes in various polymer matrices with varying composition of electron donating 2-
(dimethylamino)ethyl methacrylate (DMAEMA) or electron accepting acrylonitrile (AN) and
cyanostyrene (CNSt) were prepared and characterized [1,11]. In qualitative agreement with
theory [13], the experimental and computational results establish that chain connectivity is
critical in controlling the accessibility of the functional groups to form intermolecular
interactions.

A microscopic, quantitative, first principles statistical dynamical theory at the level of
intermolecular forces for the violation of the Stokes-Einstein (SE) diffusion law of a spherical
nanoparticle in entangled and unentangled polymer melts has been developed based on a
combination of mode-coupling, Brownian motion and polymer physics ideas [12].

Among many other topics, we also started studies of composites with soft polymeric
nano-particles that according to [R1,R2] exhibit unexpected miscibility and unusual viscoelastic
properties. We developed synthesis strategy that provides grams quantity of polymeric nano-
particles with controllable size, softness and surface roughness, with radius down to ~5nm.
Initial analysis indeed revealed unexpected viscoelastic behavior of composites with these nano-
particles.

Future Plans

The major objectives of our future research in this topic are: (i) Understand the influence
of nanoparticle structure and softness and solvent annealing on the overall morphology and
particle dispersion of the composite material; (i) Unravel the influence of nanoparticles size,
shape and softness on the dynamics, viscoelasticity and ionic conductivity of the composites.

Combining experiment, theory and simulations we will establish the role of nano-
particles softness and surface roughness in their dispersion and viscoelastic properties of
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composites. Understanding anomalous diffusion of nano-particles in entangled polymer melt is
another focus of our experimental, simulations and theoretical studies. We will reveal critical
dimensions of nano-particles relative to the distance between entanglements (‘tube’ diameter)
and to the polymer radius of gyration. Influence of nano-particles size and their interaction with
polymer on segmental and chain dynamics of polymer will be also studied. In addition, we will
analyze role of solvent, its interaction with nano-particles and polymer on the dispersion of nano-
particles and macroscopic properties of composite material.
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Program Scope

Multicomponent polymeric materials are widely used in various modern technologies and
will have even broader applications in future technologies, from lightweight materials, to solar
cells and electrical energy storage to biomedical technologies. Yet, our fundamental
understanding of the processes and interactions that control macroscopic properties in these
materials remains limited. The overarching goal of our program is to develop a fundamental
understanding of how interfacial properties and interactions affect structure, morphology,
dynamics, and macroscopic properties of multicomponent polymeric systems, in both the liquid
and solid states. The proposed research focuses on two research themes. The first seeks to
correlate structure-property relationships in polymer-nanoparticle mixtures to the nanoparticle
structure and interfacial interactions, while the second involves the correlation of molecular
architecture, electrostatic interactions and external fields to the morphology of multiblock
copolymer materials, including both neat block copolymers and those containing discrete
nanoparticles. To fully understand the underlying processes and mechanisms, we pursue a
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comprehensive interdisciplinary approach lead by advanced theory and simulations, precise
synthesis with nano-scale control and state-of-the-art characterization (with special emphasis on
neutron scattering). The fundamental knowledge developed in this program will contribute to the
scientific foundation for the rational design of multicomponent polymer based materials with
superior properties and function that can address many DOE challenges such as organic
photovoltaics, batteries and fuel cell membranes, and stronger light-weight materials that result
in energy savings. This presentation focuses on our research on multi-block copolymer systems.
Research on polymer based nano-composite materials will be presented in separate contribution.

Recent Progress

The bulk morphologies formed by a new class of charged block copolymers, 75 vol %
fluorinated polyisoprene (FPI) — 25 vol% sulfonated polystyrene (PSS) with 50% sulfonation,
were characterized, and the fundamental underlying forces that promote the self-assembly
processes were elucidated. Our work [1] has demonstrated that the addition of charged groups to
one block of a copolymer can effectively modify the morphology phase diagram and create novel
morphologies (hexagonally packs cylinders of the majority FPI phase dispersed in a continuous
phase of PSS. A physical understanding based on the underlying strong electrostatic interactions
between the charged block and counterions was obtained using detailed Monte Carlo and
Molecular Dynamics simulations [1,2]. In solution, diblock copolymers of FPI and PSS form
novel tapered rods and ribbon-like micelles [16].

Recently, we reported the discovery of a new and unusually large piezoelectric response
of block copolymers to electric field [15]. Piezoelectric materials contract or expand when an
electric potential is applied, and this effect is widely used for high precision movement and
positioning, for example in atomic force microscopes or fuel injection in diesel engines. Until
now, non-polar polymers were thought to be unable to exhibit any piezoelectric effect. Our
research shows that, to the contrary, nonpolar polymers can produce piezoelectric responses that
are 10 times larger than the strongest piezoelectric materials known thus far, lead zirconate
titanate ceramics.

Future Plans

The major objectives of our future research in this topic are: (i) Reveal the role of
electrostatic interactions, conformational asymmetry, and external electric field in the formation
of specific structures and morphologies of multi-block polymers and (ii) Develop a strategy for
the design of block copolymer materials with coordinated bulk and surface properties.

We will expand our experimental and theoretical (SCFT) work on PCHD-containing
diblock copolymers to the study of ABC triblock terpolymers containing PCHD blocks. To our
knowledge morphologies of triblock terpolymers incorporating high levels of conformational
asymmetry have not been previously reported. Addition of a third block type (e.g. ABC triblock)
greatly expands the portfolio of ordered phases [R1]. To better control nanophase morphology,
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we will study the influence of electric field on the structure of block copolymers. We have
recently observed by SANS and SAXS several novel, interesting and initially surprising effects
of electric fields on block copolymers.
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Program Scope

Organic/inorganic nanocomposites with structural control over nanoparticle geometry
and inter-particle electronic/optical communication can lead to development of functional hybrid
materials with tailored electrical and optical properties, These materials can potentially impact in
a range of applications for energy harvesting, energy storage, light management and
microelectronic devices. Our goal is to design and synthesize organic and inorganic building
blocks, and guide their assemblies into functional nanocomposite materials by developing a
thorough understanding of the interfacial electronic properties with an ultimate goal to improve
device performance of composite solar cells. This broad-based program takes advantage of local
expertise in the production of inorganic nanocrystals with control over shape and composition
and electroactive organic semiconductor and polymers, in directed hierarchical assemblies of
multi-component systems, and in advanced characterization techniques and theoretical studies to
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces.

Recent Progress

As a multi-faceted program addressing a complicated challenge, our program focuses on
material design and synthesis, structural manipulation of nanocomposites and controlled
optoelectronic communication at the organic/inorganic interfaces. Progresses have been made in
each area through close collaboration among multiple investigators. Details of each subtask are
described in three separate abstracts. The following summary abstract serves the purpose of
global view of the program development and future plan.

Subtask 1. Transport and doping in nanocrystal solids with electronically active
organic ligands (Alivisatos, Fréchet, Liu, Wang): In order to achieve high carrier mobilities in
films, semiconducting nanocrystals rely on short molecular linkers to decrease the tunneling
width for charge carrier transport. Difunctionalized conjugated ligands, including
tetrathiafulvalenetetrathiolate, terthiophenedicarboxylic acid and terthiophenedithiol, were
synthesized and ligand exchanged for monodisperse PbSe nanoparticle, 3-9 nm in size. The
mobilities of the resulting films were measured as a function of nanoparticle size, energy level
alignment between the nanocrystals and ligands, and the anchoring functionalities. The best
devices have reproducibly shown field-effect mobilities achieving 1 cm?/V-s. To the best of our
knowledge, this study is the first example where nanoparticle supercrystals have been assembled
with highly conducting ligands. The results from this work will allow for the rational design of
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highly conductive arrays of self-assembled nanocrystals functionalized with conjugated organic
ligands.

To perform theoretical studies of interparticle transport in such supercrystals, we
developed models describing the nanoparticle-ligand binding and geometry and applied them to
the study of PbS (001) and (111) surfaces passivated by ligands with carboxylic acid (R-COOH)
anchoring groups. We also investigated the carrier transport in a CdSe quantum dot (QD)
supercrystal connected by Sn,S4 molecules. The carrier hopping between QDs can be described
by Marcus theory and the hopping rate depends on the QD size and the molecule-QD attachment
at the atomic level. The calculated carrier mobility agrees well with the experimental
measurements. We plan to adapt this model to PbSe QDs with functionalized with conjugated
ligands.

In addition to interparticle charge transport, we investigated the effect of organic
molecules on nanoparticle doping. By exposing PbS nanocrystal thin films to solutions of known
redox potential, which can be modulated by varying proportions of the oxidized and reduced
forms of decamethylferrocene, the carrier concentration can be systematically, incrementally,
and reversibly increased by two orders of magnitude from their native values (Figure 2).

Subtask 2. Directed Hierarchical Assemblies of Nanocomposites (Alivisatos, Fréchet and
Xu): We developed a supramolecular approach to achieve hierarchical assemblies of
nanospheres and nanorods with high precision. For nanorod-containing nanocomposites, the
energetic contributions from nanorod ligand-polymer interactions, polymer chain deformation
and rod-rod interactions are comparable and can be tailored to disperse nanorods with control
over inter-rod ordering and the alignment of nanorods within BCP microdomains.

Additionally, we studied the phase behavior of supramolecular nanocomposites in thin
films. Different from that observed previously in thin films of coil-coil block copolymers
(BCPs), the entropic contributions from polymer chain conformation upon nanoparticle
incorporation favor the incorporation of nanoparticles in the interior. We have obtained 3-D
nanoparticle assemblies in thin films, i.e. layered nanoparticle sheets with in-plane hexagonal
order and 3-D ordered arrays of single nanoparticle chains. They serve as a model system to
investigate the effect of electronic percolation pathway on the charge mobility of nanoparticle
ensembles.

Subtask 3. Electronic properties at the organic/inorganic interfaces (Salmeron, Cuk,
Wang): We also developed unique ultra-flat electrodes in a transistor geometry (source-drain-
gate) that make the study of transport in monomolecular films possible. The electronic transport
properties of oligomers containing 5 thiophene rings have been studied using conductive AFM.
We showed that the conduction is dominated by hole hopping, occurring preferentially in certain
directions of the unit cell. Calculations confirm the experimental findings.

Future Plans
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Our studies have showed that nanoparticle clusters connected with conductive ligands
can be readily prepared to perform charge transport studies. Our future plans aim at a more
detailed characterization of the designed materials to gain thorough understanding on electronic
communication at the particle/ligand interface and between nanoparticles. We will carry out
photoelectron spectroscopy at the Advanced Light Source to determine the energy level positions
of ligands and nanoparticles., Structural characterization of the spatial organization of
nanoparticles will be performed using conductive AFM, which allows for the study of carrier
pathways in thin films and for the visualization charging/discharging events. Transient electrical
experiments will be performed to study carrier trapping and its dependence on the organic
linkers. We will also study charge transfer between two linked quantum dots using optical
transient absorption spectroscopy. These studies will identify how charge separation occurs in a
coupled quantum dot system.

In parallel, we will investigate the phase behavior of supramolecular nanocomposites
containing organic semiconductors rather than alkyl molecules used in current studies. These
organic semiconductors will be chemically identical or similar to those used to electronically
connect nanoparticles as shown in subtask I and those characterized in subtask III.
Understanding the phase behavior of these supramolecular nanocomposites will provide platform
to interface with existing progress in subtask I and lead to electroactive nanocomposites.

These further studies will be coupled with theory as we plan to calculate the carrier
hopping rates between PbSe quantum dots that are connected by organic linker molecules. We
will investigate the dependence of the hopping rate on the organic molecule lengths and on the
organic ligand and QD energy level alignments. We will carry out GW calculations on the ligand
molecule to correct the band alignment problem in DFT calculations. Based on our calculations,
we will suggest new molecular designs for the inter-QD connections in order to increase the
conductivity of a QD supercrystal. Our realistic surface passivation model will also allow us to
study the source of surface states of quantum dots that give rise to native doping and traps.
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Subtask #1: Transport and Doping in Nanocrystal Solids with Electronically Active
Organic Ligands

Investigators: A. Paul Alivisatos, Jean M. J. Frechet, Yi Liu, Lin-Wang Wang
Program Scope

A nanocrystal solid is fundamentally a composite material, in which the interactions
between semiconducting organic ligands and inorganic nanoparticles control both the charge
transport and Fermi level of the film.! The objective of this program is to provide insight into the
role this organic/inorganic interface plays in determining the charge mobility and free carrier
concentration of the composite film. In our current studies, we aim to control the carrier
concentration in porous nanocrystal thin films via redox buffers and to investigate the impact of
conjugated organic linkers on interparticle charge transport.

In order to achieve high carrier mobilities in films, semiconducting nanocrystals rely on
short molecular linkers to decrease the tunneling width for charge carrier transport. However,
the self-assembly of nanocrystals into superlattices often requires long (> Inm), bulky and
insulating ligands to establish long-range order and controlled quasi-crystallization of
nanoparticles.” In order to maximize film mobility while preserving the long-range order, we aim
to functionalize lead selenide (PbSe) nanoparticles with long (1 — 1.5 nm) conjugated organic
ligands with tailored lengths, HOMO-LUMO levels and binding groups. The charge transport
properties of the resulting thin films can then be determined by incorporating them into field-
effect transistors and measuring charge mobility. Coupled with the experimental data, theoretical
calculations will be performed to investigate the role of ligand conjugation and functionalization
on interparticle charge transfer. The results from this work will allow for the rational design of
highly conductive arrays of self-assembled nanocrystals functionalized with conjugated organic
ligands.

While our studies on conjugated ligands seek
to probe the importance of energetic resonance for
transport, the effects of organic ligands and inclusions

on nanoparticle doping are less well understood. We  [Figure 1: Mechanism and strategy for redox

are currently investing these dynamics of organic- [buffer doping. Equilibrium oxidation of a PbSe
nanocrystal solid by Fc ™ accompanied by PF¢

inorganic charge transfer doping through the use of ounterion infiltration into the film

inexpensive ferrocene-derived organometallic redox
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buffers (Figure 1). This application of redox buffers for controlled doping provides new
opportunities to study the fundamentals of transport and defects in nanocrystal solids and
establishes a new paradigm for the precise control of majority carrier concentration in porous
semiconductor thin films.

Recent Progress

Towards investigating the interparticle charge transport in films, difunctionalized
conjugated ligands, including
tetrathiafulvalenetetrathiolate, terthiophenedicarboxylic
acid and terthiophenedithiol, were synthesized (Figure
2). A library of monodisperse PbSe nanoparticle samples
of sizes between 3 and 9 nm has also been synthesized,
functionalized and systematically tested with the target

Figure 2. Structures of the conjugated ligands.> The mobilities of the resulting films were
ligands for studying charge transport measured as a function of
within the inorganic component. (1) nanoparticle size, (2)

energy level alignment between the nanocrystals and ligands, and
(3) the anchoring functionalities. =~ The best devices have
reproducibly shown field-effect mobilities achieving 1 cm?*V-s,
which is unprecedented for organic ligands of this length scale. We
have developed a procedure to arrive at extended, three-
dimensional ordered arrays of the nanoparticle-ligand combination

. .. . ) Figure 3: TEM micrograph
with the largest mobility as characterized by electron microscopy | of self-assembled PbSe

(Figure 3). To the best of our knowledge, this study is the first | nanocrystals cross-linked

with a conjugated organic

example where nanoparticle supercrystals have been assembled linker. The scale bar is 20nm.

with highly conducting ligands, opening up exciting possibilities

for photovoltaics, thermoelectrics and other applications.‘"5

Supporting our mobility measurements, quantum
mechanical calculations can provide insight into charge transport
mechanism between nanoparticles. To perform the theoretical
studies of interparticle transport in such supercrystals, we must
first develop an accurate model of the nanoparticle-lingand binding
and geometry. We have studied the passivation pattern of PbS
(001) and (111) surfaces by 2,5-thiophenedicarboxylic acid, acetic
acid and oleic acid, all of which have a carboxylic acid (R-COOH)
anchoring group. For the (001) surface, every two surface PbS

Figure 4: Simulation of pairs have one molecule, and one O is attached to one S, while the
passivation of a PbS . .

hanoparticle with 2,5- OH is attached to one Pb atom. For the (111) surface with Pb
thiophenedicarboxylic acid. termination, the R-COOH group will deprotonate. While the two
oxygen atoms in —COO locate at two centers of surface Pb-Pb lines, the hydrogen atom is at the
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center of a Pb-Pb-Pb triangle. We have built a realistic QD model using these surface passivation
parameters (Figure 4).

To provide a realistic model for interparticle charge transport, we investigated the carrier
transport in a CdSe quantum dot (QD) supercrystal connected by a Sn,S4 molecule. We found
that the carrier hopping from one QD to a neighboring QD can be described by Marcus theory.
As a result, hopping rate depends on the QD size and the molecule-QD attachment at the atomic
level. The calculated carrier mobility agrees well with the experimental measurements. We
intend to adapt this model to PbSe QDs with functionalized with conjugated ligands.

In addition to studying the influence of conjugated
ligands on interparticle charge transport, we are investigating
the effect of organic molecules on nanoparticle doping.
Chemical methods for doping nanocrystal solids have thus
far provided poor control over the doping density because
they rely on kinetic or stoichiometric limitations on the
reaction.” We have found that, by exposing PbS nanocrystal
thin films to solutions of known redox potential, which can
be modulated by varying proportions of the oxidized and
reduced forms of decamethylferrocene, the carrier
concentration can be systematically, incrementally, and
reversibly increased by two orders of magnitude from their

native values (Figure 5). Carrier concentrations are measured [Figure 5: Dependence of doping on

using thin-film transistor measurements, and low- ([solution redox potential. Small field
¢ ¢ li 1t ¢ ides band ed it conductivity, o ( ==), linear field-effect
emperature cyclic voltammetry provides band edge positions | .1/ (m) and hole majority carrier

to allow for easy selection of an appropriate redox couple. |density, n;, (=), of PbSe nanocrystal solid

The strength of this redox buffer technique sets the Fermi [films as a function of the potential of the
Fc /Fc  doping solution.

level of the film directly and exerts thermodynamic control,
reaching a unique equilibrium value for each potential.

Future Plans

For the charge transport studies, our future plans aim at a more detailed characterization
of the designed materials to allow for a deeper understanding of the mobility dependence in the
films described above. The characterization methods will include: (1) photoelectron
spectroscopy at the Advanced Light Source beam line to determine the energy level positions of
all ligands and nanoparticles with greater accuracy, (2) grazing-incidence small angle X-ray
scattering experiments to monitor the degree of ordering in self-assembled thin films, (3)
conductive AFM measurements to reveal carrier pathways in thin films and visualize
charging/discharging events, and (4) transient electrical experiments to study carrier trapping and
its dependence on the organic linkers.
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These further studies will be coupled with theory as we plan to calculate the carrier
hopping rates between PbSe quantum dots that are connected by organic linker molecules. We
will investigate the dependence of the hopping rate on the organic molecule lengths and on the
organic ligand and QD energy level alignments. We will carry out GW calculations on the
molecule to correct the band alignment problem in DFT calculations. Based on our calculations,
we will suggest new molecules for the inter-QD connections in order to increase the conductivity
of a QD supercrystal. Our realistic surface passivation model will also allow us to study the
source of surface states of quantum dots that give rise to native doping and traps.

Finally, controlled chemical doping opens new avenues for exploring the fundamentals of
transport and defects in nanocrystal solids. Measuring the effect of varying counterion size,
polarizability, and concentration on transport may shed light on the nature of the Columbic
interactions between free carriers and the dielectric environment of the effective medium.
Additionally, the stability and efficiency of controlled doping experiments can prove to be a
sensitive probe of the extent to which different surface passivation strategies reduce the
concentration of surface defects.
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Program Scope

Organic/inorganic nanocomposites with structural control over nanoparticle displacement
and inter-particle electronic/optical communication can lead to development of functional hybrid
materials with tailored electrical and optical properties; and can potentially impact a range of
applications for energy harvesting, energy storage, light management and microelectronic
devices. The goal of this program is to design and synthesize organic and inorganic building
blocks, guide their assemblies into functional nanocomposite materials through developing a
thorough understanding of the interfacial electronic properties with an ultimate goal to improve
device performance of composite solar cells. This broad-based program takes advantage of local
expertise in the production of inorganic nanocrystals with control over shape and composition
and electroactive organic semiconductor and polymers, the directed hierarchical assemblies in
multi-component systems, the advanced characterization techniques and the theoretical studies to
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces.

As the subtask II of the “Self-Assembly of Organic/Inorganic Nanocomposites” program,
we aim to develop versatile approaches to control hierarchical assemblies of nanoparticles with
single particle precision toward electroactive nanocomposites. Specifically, we focus on
fundamentally understanding the phase behavior of blends of nanoparticles and block
copolymer-based supramolecules in bulk and in thin films to generate 1-, 2- and 3-D ordered
arrays of nanoparticles that are electronically connected. These hierarchically structured
nanocomposites will provide model platform to develop basic understanding in the effects of
electronic percolation pathway on the charge mobility of nanoparticle ensembles and overall
device performance.

Recent Progress

Blends of nanoparticles and block copolymer (BCP) can result in structured
nanocomposites in bulk and in thin films.' However, solubilizing nanoparticles in a polymeric
matrix requires chemical modification of nanoparticle ligands to interact favorably with at least
one BCP block. There is limited control over inter-particle ordering and the nanoparticles tend to
disperse within BCP microdomains, making it difficult to electronically connect nanoparticles
toward electroactive nanocomposites. We developed a supramolecular approach to direct
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nanoparticle assemblies where small molecules are hydrogen bonded to the polymer side chains.
The presence of small molecules effectively mediates the particle-polymer interactions and
decouples the nanoparticle surface chemistry from that of BCP. Small molecules can also be
used to tailor inter-particle ordering within BCP microdomains. Using a supramolecule,
polystyrene-block-poly-4-vinylpyridine (3-pentadecylphenol) (PS-b-P4VP(PDP)), a wide variety
of nanoparticles with native alkyl ligands, such as Au, PbS, PbSe and CdSe, can be assembled.?
Our recent work focused on two areas to develop foundation toward -electroactive
nanocomposites.

Inorganic  nanorods exhibit
unique electronic properties desirable
for composite solar cell. Blending
nanorods with BCP-based

supramolecules also provides a simple Figure 1: (left to right) TEM images showing continuous

route to enhance  macroscopic | nanorod networks, nanorod clusters and highly aligned arrays of
mechanical and electrical properties of | hanorods

nanocomposites. Our studies have shown that in supramolecule/nanorod blends, the energetic
contributions from rod-polymer interaction, polymer chain deformation and rod-rod interactions
are comparable and can be tailored to disperse nanorods with control over inter-rod ordering and
relative alignment of nanorods with respect to the BCP microdomains. As shown in Figure 1, a
wide library of nanorod assemblies including highly aligned arrays of nanorods, continuous
nanorod networks, and nanorod clusters, can be readily accessed. Since the macroscopic
alignment of BCP microdomains can be obtained in bulk and in thin films by the application of
external fields, present studies open up a new route to manipulate macroscopic alignments of
nanorods.

Many nanoparticle-based devices require 3-D
ordered arrays of nanoparticles to be fabricated in thin film
configurations. Hypothetically, if one can directly translate
the assemblies of preformed nanoparticles in bulk into thin
films with high fidelity, the present bottleneck in

nanoparticle-based nanodevices would be overcome. | Figure 2: 3-D  nanoparticle
However, various studies have shown that the assembli?sli“ thliln films: ﬁlgft)_laYTred

. . . . nanoparticle sheets with 1n-plane
thermodynamics and the assembly kinetics governing the hexagonal order and (right)p 3D
phase behavior of BCP-based nanocomposites in thin films | ordered arrays of single nanoparticle

can be quite different from that in bulk. The second aspect chains

of our efforts focused on the phase behavior of supramolecular nanocomposites in thin films.
Different from that observed previously in thin films of coil-coil BCPs, the entropic
contributions from polymer chain conformation upon nanoparticle incorporation favor the
incorporation of nanoparticles in the interior of thin films. Layered nanoparticle sheets with in-
plane hexagonal order and 3-D ordered arrays of single nanoparticle chains can be obtained in
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thin films as shown in Figure 2. Fundamentally, we showed that the mechanisms to obtain 3-D
nanoparticle assemblies in thin films of lamellar and cylindrical nanocomposites are different.
For lamellar nanocomposites, the parallel lamellar nanocomposite thin films may be in a
kinetically trapped state. For cylindrical nanocomposites, however, the nanoparticles act as filler,
localizing in the interstitial regions between cylindrical microdomains to effectively release the
comb block deformation. Energetically, the entropy gain overcomes the differences in the
surface tension between nanoparticle and supramolecule and stabilizes 3-D nanoparticle
assemblies within the film.

Future Plans

Based on these developments, our future work will focus on developing approaches to
electronically connect nanoparticles in structured nanocomposites. First, we will apply ligand
exchange process to remove the native alkyl ligands on the nanoparticle surface in-situ after self-
assembly within the supramolecule thin film framework. This is similar to what has been
routinely performed in the fabricate schottky junction solar cell. Three types of ligands will be
explored. One is short alkyl dithol, such as ethane dithiol (EDT). The second route is to perform
ligand exchange using recently developed inorganic ligands by exposing the nanoparticle
assembly to a (NHy4),S solution.” Preliminary results suggest that the structural integrity of the
nanoparticle assembly was maintained after the ligand removal process. However, the potential
difficulty is that both ligands are shorter than the native alkyl ligands. Ligand exchange may lead
to lateral shrinkage of local particle ensemble and consequently, discontinuities in the electronic
percolation pathway. The third route is to exchange using organic semiconductors developed in
subtask I, where the length of the ligand molecule can be readily tailored to match that of native
alkyl ligands. Preliminary results in subtask I clearly showed that charge mobilities can be
maintained without lateral shrinkage upon ligand exchange using designed organic linker.

Our current approach is based on an alkyl small molecule acting as insulator between
nanoparticles. Systematic studies of blends of nanoparticle and alkyl-containing supramolecules
provide basic foundation to understand parameters governing the phase behavior of
nanocomposites in bulk and in thin films. An important goal of our program is to generate
electroactive nanocomposites for solar cell fabrication. To this end, we substituted the alkyl
molecule with organic semiconductors. We have investigated the supramolecules containing
organic semiconductors to provide guidance toward electroactive nanocomposites. We showed
that the supramolecule containing a quaterthiophene organic semiconductor forms
supramolecular assemblies that act as p-type semiconductors in field-effect transistors. In thin
films, the quaterthiophenes can be readily assembled into microdomains, tens of nanometers in
size, oriented normal to the surface. The supramolecules exhibited the same field-effect
mobilities as that of the quaterthiophene alone (10 cm?/Vs).

We plan to investigate nanocomposites based on these organic semiconductor-containing
supramolecules in bulk and in thin films. Specifically, we aim to develop systematic
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understanding on the crystallization and molecular packing of organic semiconductors on the
nanoparticle assemblies. We will also characterize electronic properties of this new family of
nanocomposites. Since the organic semiconductors can be readily substituted, this modular
supramolecular approach should be applicable to conductive ligands studied in subtask 1. For
each approach, our future efforts will be focused on structural characterization of
nanocomposites upon ligand exchange and studies the electron percolation properties of the NP
arrays as detailed in subtask III.
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Program Scope

Organic/inorganic nanocomposites with structural control over nanoparticle displacement and
inter-particle electronic/optical communication can lead to development of functional hybrid
materials with tailored electrical and optical properties; and can potentially impact a range of
applications for energy harvesting, energy storage, light management and microelectronic
devices. The goal of this program is to design and synthesize organic and inorganic building
blocks, guide their assemblies into functional nanocomposite materials through developing a
thorough understanding of the interfacial electronic properties with an ultimate goal to improve
device performance of composite solar cells. This broad-based program takes advantage of local
expertise in the production of inorganic nanocrystals with control over shape and composition
and electroactive organic semiconductor and polymers, the directed hierarchical assemblies in
multi-component systems, the advanced characterization techniques and the theoretical studies to
investigate the electronic properties of nanomaterials and at the organic/inorganic interfaces. As
subtask III of the organic/inorganic nanocomposite, we focus our efforts on the characterization
of organic films, nanowires and nanoparticles and their function.

Recent Progress

Transport  properties of organic  conductors
(Salmeron). The electronic transport properties of
D5TBA and S5TBA, oligopolymers containing
thiophene rings have been studied using conductive
AFM. These oligomers are models for a class of
thiophene-based polymeric conductors used in BHJ
solar cells and other molecular electronic
applications. Because they crystalize in the Langmuir
trough and can be easily transferred to a substrate
they are ideal models to investigating the effect of
their molecular scale structure on the electrical | Figure 1: AFM images of crystaline
transport. WE characterized them with AFM (lattice islands of DSTBA molecules (schematic on
periodicity), with TEM (unit cell structure and top right). dot are shown. The islands are

) . . . . composed of monocrystaline domains
orientation in different domains), and X-ray | geparated by grain boundaries. A lattice
Absorption Spectroscopy to determine electronic | resolved image (bottom right) and its 2D
levels and angular orientation. I-V spectra with the | Fourier transform reveals the lattice
conductive AFM tip allowed us to determine the onset | Periodicity.
of hole and electron conductivity, due to alignment of
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the HOMO and LUMO levels with the Fermi level at the appropriate bias voltage. We confirmed
that the dominant conduction mechanism is hole hopping. More interestingly we determined that
conduction occurs preferentially in certain directions of the unit cell. The unit cell was revealed
by TEM to contain two molecules with their thiophene planes oriented at an angle and forming a
herringbone structure. In one direction the thiophene planes are parallel to each other and this is
the easy electronic transport direction. Calculations by Lin-Wang Wang helped interpret the
experimental findings.

Charge Transfer between Asymmetrical, Linked Quantum Dots (Cuk). Electronic tunneling
between two quantum dots mimics ionic-like or covalent-like bonds depending on the degree of
inter-dot coupling. As a result of inter-dot coupling and electronic tunneling, a re-distribution of
charge can lead to either isolated charges on each quantum dot (ionic bonds) or delocalization
across both quantum dots (covalent bonds). Coupled quantum dot systems have largely been
studied in integrated, gated silicon devices with possible application for quantum computing.
Previous measurements consist mainly of current-voltage curves of Coulomb blockade and
photon  (microwave) assisted tunneling [2].
However, photo-activated devices involving coupled
quantum dots, anywhere from two to an array,
require knowledge of the kinetics of electron-hole
pair separation and recombination pathways that
cannot be obtained from current measurements. We
plan to investigate two asymmetric quantum dots
coupled through an organic linker using ultrafast
transient  absorption  spectroscopy. The two
asymmetric quantum dots could be, for example, two
differently sized PbSe quantum dots with markedly

Figure 2: Two assymetrically sized PbSe are different band gaps [3] (e.g., 1.2 eV vs. 0.4 eV) or
linked by an organic ligand . Three scenarios quantum dots of two different materials, involving
of charge transfer excited by a light pulse combinations of PbS, PbSe, CdS, and CdSe; they
resonant with the band gap of the smaller will be synthesized by the Alivisatos group. The
quantum dot are shown. relative band alignment will be designed to suppress

resonance energy transfer, ensure that two distinct
spectra can be probed in the near infrared, and create a driving force for tunneling between one
quantum dot and another. Previous experiments reporting optical spectra of linked dimers and
trimers do show the presence of energy transfer in quantum dots of similar size; we hope to
suppress this energy transfer in favor of charge transfer with quantum dots of markedly different
band gaps [4]. The two quantum dots will be linked through an organic ligand with a band gap
whose energy levels straddle that of either quantum dot as shown in Figure 1 or one in which the
HOMO of the ligand aligns with that of the quantum dots, as in the TTF-TT systems grown by
Xu. This organic linker serves as an insulating barrier through which the only avenue for charge
transfer is electronic tunneling for excitation energies below the band gap of the organic ligand.
This configuration replicates the structure of molecules and is the basic building block of more
extensive array systems assembled in Xu’s group.

In the past year, we have set up a time resolved optical and infrared system with capabilities of
pumping and probing between 300nm and 20um at the ultrafast, 100fs time scale. The setup
consists of a Ti:Saphire ultrafast laser system, with 3.5mJ, 100fs, 1kHz pulses pumping an
optical parametric amplifier with output between 300nm and 20um, purchased from Coherent.
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Another 1.5 mJ is used to create light in the VIS and near IR range (500nm-1.4um) in a Non-
collinear Optical Parametric Amplifier (NOPA) that we designed. Depending on the size of the
quantum dots, we will use either the NOPA or OPA to probe their spectrum. Currently, the
pump-probe optics are set up in a non-collinear, crossed geometry for thin film investigations.
However, a collinear setup is in progress to investigate nanoparticles in solution. Discussions
with the Alivisatos group are currently being undertaken to determine the best experimental
geometry. If needed, the lab is equipped with spectrometers covering the full wavelength range;
we are currently in the process of purchasing the appropriate detectors for the mid infrared
regime, which will be relevant for probing the band gaps of the larger quantum dots. Future
Plans (Cuk)

Future plans include designing an optical setup that will be dedicated to the investigations
of linked quantum dots. Our first experiments will involve pumping the linked quantum dots
with a photon of high enough energy to send the electron over the LUMO of the organic ligand.
This will transiently create a charge separated state with an electron on one quantum dot and a
hole on the other. These experiments do not require electron tunneling. The incoming pump
pulse has enough energy to split apart the exciton, stabilizing the charge separated state over a
certain time scale.

The next experiments will involve pumping precisely the band gap one quantum dot and
probing the other, necessitating tunneling pathways. Figure 1 shows examples of different
excitation pathways that could be investigated in the case of two differently sized quantum dots:
(1) Pumping the smaller quantum dot and probing electron transfer to the larger quantum dot (2)
Pumping the smaller quantum dot and probing hole transfer to the larger quantum dot (3)
Pumping the smaller quantum dot and probing the transfer of the exciton to the larger quantum
dot prior to recombination. The charge transfer just described—resulting from pumping either
the high above the LUMO of the organic linker or a single quantum dot—will be accompanied
by nuclear motion leading to “phonon assisted” charge transfer. This nuclear motion includes
phonons in the lattice of the quantum dot as well as motion of the
quantum dots relative to each other and the organic linker. How
electron transfer relates to nuclear motion has been well-
described by Marcus theory in molecules [5]; these
investigations would apply that theory to coupled quantum dots.

Future Plans (Salmeron)

We plan to use our conductive AFM (in contact mode) to
continue our studies of electric transport in polymer assemblies,
but this time containing nanoparticles of CdS and CdSe. The
films will be deposited on source-gate-drain transistor structures.
Also, suing non-contact AFM we plan to map the contact

potential distribution during transport of charge from source to | Fig. 3: Transistor geometry
drain and as a function of gate voltage with the idea of Sg:;;%i;‘l?gr?iﬁ’;ggzic_
determining the charge transfer points. For example, the inorganic films. The example
preliminary result in Fig. 3 shows the potential distribution in our | shows the potential
transistor with the gate biased at 5V. The potential map shows a | distribution measured with
good uniformity across the gap filled with the nanoparticle film. | Kelvinprobe when the gate is

As current flows the potential changes following the path of the | Piasedats V.

current.

103



We plan to improve the development of ultra-flat coplanar electrodes for transport studies of
molecularly thin films of organic conductive molecules (Pub. 4). These will be applied to studies
of oligothiophenes and molecules of n-type character (Dodecyl Triethylamine Peryelene Diimide
as described in subtask I, in collaboration with Yi Liu).

Finally we also plan to use newly developed plasmonic tips at the Molecular Foundry [1], to
perform TERS (tip enhanced Raman) as well as to excite locally (within 10-20 nm) electronic
HOMO-LUMO transitions in conducting polymer films with and without nanoparticles, to study
charge separation and transport in the flat electrode geometry developed in the last cycle of the
program.
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Fundamental Science of High Open Circuit Voltage Excitonic Solar Cells

H. Ade, Dept. of Physics, NCSU, Raleigh, NC27695

Program Scope

We develop [1-3] and use novel soft x-ray methods to characterize bulk-heterojunction
(BHJ) organic photovoltaic (OPVs) devices and relate quantitative measurements about domain
size, purity, interface properties, crystallization and texture, and non-crystalline ordering to
device performance and molecular design. This provides a much more detailed understanding of
device performance than otherwise possible, thus providing rational design paradigms in a field
that has often progressed by Edisonian approaches and use of heuristic principles.

Recent Progress

We focus on the following three main areas (two of
which will be described in detail below): 1) We are in the
process of establishing that molecular ordering near a BHJ
interface 1s an important parameter in OPV performance. This
will add a previously ignored critical parameter to the present,
canonical BHJ paradigm as depicted in Fig. 1. This advance has

been made possible by the development of a novel

characterization method based on scattering of polarized soft x-

rays that is sensitive to crystalline and non-crystalline ordering.  Figure 1. Schematic diagrams
The work has been recently published in Nature Materials [1].  ©f a bulk-heterojunction organic
i1) We have established that there is a high degree of miscibility solar cell, ,represenﬁ,ng the

. present canonical paradigm.

between the donor polymer and the fullerene acceptor in many

common OPV materials systems [4-7]. The degree of miscibility is likely directly related to
device function and needs to be controlled in order to optimize devices. iii)) We quantify the

domain size and purity in a number of high performance OPVs systems and relate these
morphological characteristics to device performance [8-12]. We find that in some cases
excellent performance can be achieved with domain sizes much larger than commonly assumed
necessary and shown as ~10 nm in size in Fig. 1 [11, 13]. Why some systems show such
excellent performance in violation of the canonical assumptions remains to be determined and is
likely related to specific intermolecular interactions.

Resonant scattering with polarized soft x-rays (P-SoXS): Molecular orientation
critically influences many mechanical, chemical, optical and electronic properties of organic
materials. So far, molecular-scale orientational ordering in soft matter could be characterized
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with electron microscopy or x-ray techniques
only if the sample exhibited sufficient
crystallinity. We have shown that the resonant
scattering of polarized soft X-rays by
molecular orbitals is not limited by
crystallinity and that it can be used to probe
molecular orientation in domains as small as
P-SoXS furthermore
anisotropy

10 nm. revealed
scattering arising from the
amorphous domains of an all-polymer organic
solar cell where interfacial interactions pattern
orientational alignment in the matrix phase
(See Fig. 2). The energy and g-dependence of
the scattering anisotropy allows the

identification of the composition and the

degree of orientational order in the domains
without the need to have complementary
information from a real-space method.

Scattering  anisotropy has  been
consistently observed in a large fraction of
OPV systems investigated by us and others,
including many fullerene-based devices. With
very few exceptions, we observe very strong
correlation of high device performance and a
high degree of scattering anisotropy. This is
the case even in systems that have very low
crystallinity. In a particularly instructive
study, fluorine substitution on the backbone
resulted in high device performance and is
correlated with a face-on to edge-on transition
of the polymer at the BHJ interface with the
fullerene. Charge separation, charge transport,
and charge recombination are all affected by
the molecular structure and relative orientation

Figure 2. P-SoXS of P3HT:P(NDI20OD-T2) blend
films. (a,b) Anisotropic scattering patterns obtained
using linear horizontally (a) and vertically (b)
polarized 285.3 eV photons. (¢) Radial scattering
profiles at non-resonant (black) and resonant (green)
energies. Darker lines are averages over the entire
azimuth whereas lighter lines are from 30°sectors
along the azimuth as indicated by white dashes in part
(a). (d) I(y) for q = 0:04nm™ (color-coded circles in a)
and b). (e) Molecular-scale perspective at the blend
interface formed in the phase-separated materials. The
green line represents the interface between material
phases. P(NDI2OD-T2) transition dipole moments
(shown in yellow) determine how the molecules
scatter resonant X-ray photons and in this sample are
aligned radially along the curved interface. This
corresponds to an “edge-on” geometry relative to the
BHI interface.

at the interface. Consequently, molecular orientation near a bulk heterojunction interface has to

be added as an important parameter to the canonical OPV operations diagram shown in Fig. 1. P-
SoXS is the only tool that can probe local, relative, crystalline and non-crystalline molecular
ordering at the nanoscale and the field can now investigate this important aspect of devices.
Improved insight of the structure of the interface will allow improved control of the charge
dynamics. This work is thus directly related to DOE grand challenge #1.
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Miscibility. We have measured with high precision the
miscibility of phenyl-Cg;-butyric acid methyl ester (PCBM) in
the amorphous regions of poly(3-hexylthiophene) (P3HT) as a osf-a) .
function of temperature, polymer grade [6] and supplier [4] “r ke }
(see Fig. 3). We have also shown that there is significant “r
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understand the device structure and performance. Comparative
studies will allow establishing the importance of miscibility as
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considerations are at work: Performance seems to require low
miscibility, good life-time is easier to achieve with high
miscibility. Inherently, spin-cast OPV devices are systems
often far from equilibrium and their reliable fabrication and stabilization far from equilibrium
directly relates to DoE grand challenge #5.

Future Plans

We have build up a set of tools and methods that provide unique information on OPV
systems and are now poised to exploit their capabilities to provide deep insight into OPV
processing methods, impact of molecular design of constituent materials, and device function.
We have established collaborations to synthetic groups (e.g. Wei You at UNC, two groups from
South China University of Technology) and complementary characterization and processing
groups (McGehee, Stingelin, Durrant, McNeil, and Neher). We will systematically characterize
high performance systems (all-polymer and polymer-fullerene based) to learn why they work so
well and how they can be further improved. The deep insight provided will accelerate the
transition from discoveries in the lab to real-world applications.
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SISGR: The Influence of Electrolyte Structure and Electrode Morphology on the
Performance of Ionic-Liquid Based Supercapacitors: A Combined Experimental and
Simulation Study

Dmitry Bedrov,' Yury Gogotsi,2 Wesley Henderson,’ Oleg Borodin*

IDepartment of Materials Science & Engineering, University of Utah, Salt Lake City, UT.

? A.J. Drexel Nanotechnology Institute and Department of Materials Science & Engineering,
Drexel University, Philadelphia, PA.

3 Department of Chemical Engineering, North Carolina State University, Raleigh, NC.
?Electrochemistry Branch, Army Research Laboratory, Adelphi, MD.

Program Scope

The main objective of this project is to obtain fundamental understanding of correlations
between electrolyte structure, electrode morphology and the performance of ionic liquid-based
supercapacitors. The interdisciplinary team of materials scientists and engineers has utilized a
combined simulation and experimental approach and focused the research in three main areas:

a) Obtaining molecular level understanding of factors influencing properties of room temperature
ionic liquid (RTIL) electrolytes at electro active interfaces and in nanostructured electrodes using
theory and molecular dynamics (MD) simulations.

b) Design and characterization of novel RTIL mixtures for application as electrolytes in
supercapacitors. Two methodologies have been explored including the addition of solvent to an
RTIL and salt mixtures. Both approaches permit the fine tuning of select properties such as ionic
conductivity, viscosity, wettability, etc. Further, the mixtures enable the effects of ion solvation
and ion size on the performance (capacitance and charge/discharge rate, lifetime/durability, etc.)
of capacitors with porous electrodes to be explored in depth.

c) Development of novel nanostructured carbon-based electrode materials and testing new
electrolyte/electrode combinations for supercapacitors applications.

Recent Progress

Molecular simulations. Using state-of-the-art simulation methodology allowing
simulating at constant potential difference between electrodes and fully atomistic model,
extensive MD simulations of realistic RTILs at electroactive interfaces have been conducted as a
function of RTIL structure, temperature, and applied potential. Predictions from our simulations
were found to be in excellent agreement with experimental observations as well as confirmed
several predictions of simplified theoretical models for RTIL-based capacitors at flat electrodes.
However, our simulations also showed that atomistic level details of realistic RTILs can
significantly impact the electric double layer structure and result in nontrivial dependencies of
differential capacitance (DC) that are not captured by simplified theoretical models. Moreover,
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we showed that the shape of DC versus the electrode
potential can change qualitatively with the structure of
the electrode surface. For example, whereas the
atomically flat basal plane of graphite in contact with a
RTIL generates camel-shaped DC, the atomically
corrugated prismatic face of graphite with the same
electrolyte complex multi-peak behavior and much
larger DCs at low potentials. We showed that DC
capacitance dramatically depends on the geometry of
surface nanopatterning and which can be used to
significantly increase the energy storage of the capacitor
as illustrated in Figure 1. Molecular simulations of
RTILs and carbon-based electrodes with different size
nanopores showed that at high potential differences

Figure 1. Integral capacitance of RTIL at
graphite  electrodes  with  different
nanopatterned topography as a function
electrode potential.

between electrodes (above 1V) no significant increase in capacitance is observed with reduction

of pore sizes. However, at lower voltages (less than 1V) a substantial increase in capacitance is
observed when pore dimensions are about 7.5 A. (the volcano effect). We also found that
contributions of positive and negative electrodes of the same structure to the total capacitance are
noticeably different, indicating that the structure of each electrode can be optimized
independently depending on the structure of the intercalating counter.

Development and characterization of novel electrolytes. An experimental study has been
completed for mixtures of 13 different solvents (Fig. 2) with the ionic liquid N-methyl-N-
pentylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PY sTFSI). The conductivity of RTILs,

especially at lower temperatures, can be low enough to
preclude their use in commercial electrolyte
applications. The addition of solvent to the RTIL
resulted in a significant decrease in the viscosity and
melting temperature (7;,) and a significant increase in
the conductivity, even with limited amount of solvent.
The link between the structure of the solvent and
variable properties has been examined using MD
simulations. The simulations have been validated using
the experimental property measurements. This work
provides insight into how the solvents interact with the
ions at the molecular-level in the various concentration
regions —  salt-with-solvent (concentrated salt),
intermediate concentration and solvent-with-salt (dilute
salt) — to explain the noted properties.
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Salt mixtures have been systematically explored including: (1) salts with the same anion
(TFSI') and same cations, but the latter have different alkyl chain lengths, (2) salts with the same
anion (TFSI") and different cations, (3) salts with the same cations, but different anions (TFSI,
FST (i.e., N(SOyF),) and BFy") and (4) mixtures of different RTILs with LiTFSI. The motivation
for the first set of mixtures is that the conductivity of neat RTILs increases with decreasing alkyl
chain length, but so does the 7}, of the salts. Mixtures may allow the inclusion of significant
amounts of salt with short alkyl chain length to improve the transport properties. Further, smaller
organic cations may be able to interact more favorably with
high surface area porous carbon electrodes with small
pores. The second set of mixtures examines how the
thermal phase behavior is impacted by different cations
such as  dialkylpyrrolidinium,  piperidinium  and
morpholinium. Anions also have a tremendous impact of
both the properties and charging behavior of electrodes.
Salts with the BF4 anion tend to have exceptional behavior

for capacitor electrolytes (as solvent-salt mixtures), but the
salts also generally have a very high T}, thus precluding IM,_ - B :TFSI (1:1) in TiC-CDC electrodes
their use as neat RTILs. Mixtures of anions may enable the
liquidus range of salt mixtures to be extended to low

0.81 nm CDC

24°C 100°C
1.09 nm CDC

24°C 100°C
temperature, while simultaneously improving capacitor
performance (capacitance, reduced volatility/flammability,
etc.). Finally, the inclusion of limited amounts of smaller
cations (i.e., Li" cations) may be beneficial or detrimental
to the charging behavior of porous electrodes, but little is oo
known about the performance of such electrolytes. The
mixtures composition are being correlated both with
properties and electrode cycling behavior to deconvolute

the factors which govern device performance.

RTIL-based supercapacitors with nanostructured | Figure 3. (a) Cyclic voltammograms
electrodes. We have systematically studied the effect of | of EDLCs with CDC electrodes and
pore/ion size on EDLC performance, particularly on power RTIL, electrolyte.  (b) Capaéltance

. fade in the same as a function of
and temperature range of operation. We have shown that :

. . . . scanning rate and temperature for two
while small pores (close to ion size) can lead to higher | gifferent pore sizes. (c) Capacitance
capacitance, high power or low temperature operation is | fade in CNT electrodes as a function
negatively affected, due to kinetic limitations to ion | ©of scanning rate and temperature.

transport.

Additionally, we have demonstrated that the temperature range of operation can be
expanded through the use of carbons with easily accessible surfaces (i.e. exohedral carbons such
as vertically-aligned CNT forests), and through the use of eutectic RTIL mixtures with
suppressed phase transitions.
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Future Plans

The mechanism by which surface-specific capacitance varies among porous carbons will
be studied through simulation and experiment, with emphasis on the dynamics of the double
layer formation. Simulations and experiments on optimizing each electrode simultaneously will
be explored. Additionally, testing of RTILs on low temperature synthesis, nanoparticle-based
CDC has produced positive results, and we will proceed to study the performance of such
materials, but with higher synthesis temperatures.
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Synthesis and Structural Characterization of Novel Intermetallic Clathrates—Prospective
Materials for Thermoelectric Applications

P.I. Prof. Svilen Bobev, Department of Chemistry and Biochemistry, University of
Delaware, Newark DE 19716

Program scope

The overall objective of the project is to contribute to the development of the
fundamental chemistry and physics of new intermetallic clathrates (open framework materials)
that can find applications in solid-state energy conversion. Such materials are termed
thermoelectric materials and they possess the unique property that a temperature gradient induces
a separation of charge in them. Thermoelectric materials are of great practical importance
because of their potential for widespread applications in power generation or in cooling devices.

Not too long ago, new complex inorganic materials with open framework structures, such
as skutterudites and clathrates (Figure 1) have been suggested to be a breakthrough in the
thermoelectric energy conversion. The basic hypothesis for the thermoelectric properties of such
“host-guest” structures is that the conducting host-framework provides a high Seebeck
coefficient (S) and electrical conductivity (o), while low-lying optical modes, associated with the
vibration of the guest-atoms, hybridize with the acoustic modes.

The proposed interdisciplinary efforts are the initial part of a broader, collaborative
program to investigate the structure-bonding-properties relationships in related intermetallic
compounds. More specifically, our work is aimed at:

1. Comprehensive and systematic investigations of the crystal chemistry and stoichiometry
breadth of new semiconducting clathrates with the type-I1, type-II or type-III structures.

2. Precise determination of the composition with minimum occupancy of the cages, needed
for the thermodynamic stability of the clathrate framework, coupled with investigations
to verify the possibility of “rattling” atoms inside the open-framework structure.

3. Extensive physical property measurements (S, o, k, Ry, Cp, ym). Ultimately, this new
phenomenology will be used as a foundation for the rational tuning of potentially
interesting properties of the newly synthesized materials.

Figure 1
a b c
Polyhedral representation of  Polyhedral representation of the Polyhedral representation of the
the clathrate type-I structure  clathrate type-II structure clathrate type-1I1 structure

Recent progress
Clathrates have open-framework structures, where large polyhedral cages (host) exist;
they are typically filled by suitably-sized metal atoms (guest). The guest atoms inside the host
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lattice are weakly bound to their neighbors, thereby could efficiently scatter phonons, while the
rigid covalent framework can freely conducts electrons. Such structural characteristics provide
unique combination of charge/heat transfer properties, which fit ideally the “phonon glass,
electron crystal” (PGEC) concept [1].

So far, most of the studied intermetallic clathrates are based on group 14 elements, i.e.,
Si, Ge, and Sn, which is understandable since the cage-forming atoms are four-bonded.
Clathrates that are free of group 14 metals are rarely seen. The two known exceptions include
BagCu;¢P30, an orthorhombic superstructure of type-I clathrate that constitutes Cu and P atoms
on the framework [2], and the recently published type-I antimonide clathrates CsgZn;gSbyg and
CsgCd;gSbyg [3]. They have demonstrated the feasibility of forming clathrate compounds with
elements other than group 14, which have greatly stimulated our interest in searching for new
pnictide clathrate compounds. As part of our efforts in this area, we have made the first arsenide
clathrates, AgZn;gsAsys (A = K, Rb, Cs) and CsgCd;gAs,s, which also adopt type-I structure but
with their own subtelties. These examples together have expanded the scope of the chemical
range for exploring clathrates, which may lead to new and improved thermoelectric materials.

Synthesis of the novel arsenide clathrate in high yield proved not an easy task. Although
the antimonide clathrates could be synthesized in high yield by direct fusion of the corresponding
elements [3], similar synthetic route resulted in only traces of 43Zn;gAs;s (4 =K, Rb, Cs) and
CsgCd,gAsyg in the multi-phased reaction products. This adverseness might be due to the
insufficient diffusion of the starting materials since their physical properties are distinctly
different. However, increasing the reaction temperature was also unfavorable since such
reactions yielded KZnsAs;, RbZnsAs;, CsZnsAs;, and CsCdsAs; [4]. In order to avoid the
thermodynamic trap of the latter compounds, a two-step synthetic route, which involved pre-
mixing As and Zn or Cd, had been employed. The almost phase pure arsenide clathrates could
be obtained by annealing the mixtures of the binary precursors and the alkali metals at a
relatively low temperature for a shorter time (Figure 2).

Figure 2. SEM image and powder X-ray diffraction pattern for RbsZn ;34555

The structures of the title compounds have been established by single-crystal X-ray
diffraction. All of the four compounds crystallize with the type I clathrate structure in a
primitive cubic lattice (Pm-3n, No. 223). There are 3 unique crystallographic sites on the open
framework—o6d, 16i, and 24k, occupied by either Zn (or Cd)/As and constituting two types of
polyhedra: the 20-atom pentagonal dodecahedra and the 24-atom tetrakaidecahedra. By sharing
the hexagonal faces, the tetrakaidecahedra form non-intersecting chains that are mutually
perpendicular in the three-dimensional space. The smaller pentagonal dodecahedra are enclosed
by these chains and thereby isolated from each other. Locating at the centers of the pentagonal
dodecahedra and the tetrakaidecahedra are the 2a and 6c¢ sites, respectively, occupied by the
alkali metals. Unlike CsgZn;gSb,g and CsgCd;gSbog in which both 2a and 6c sites are fully
occupied [3], the 2a sites in the title arsenide clathrates all show partial occupancy (Fig. 3).

The Zn/Cd and As atoms are statistically disordered on the three framework sites (64,
16i, 24k) with refined Cd/As ratios as follows: 0.48(1)/0.52, 0.20(1)/0.80, and 0.51(1)/0.49,
respectively. Similar Zn distribution at the Sb-based framework is noted in CsgZn;gSbyg, too [3].
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Comparing the distributions of the substituents in the pnictogen-based clathrates and those in the
tetrel-based clathrates reveals some interesting facts, which are worth of a discussion. In type I
clathrate with general formula AgM, Tt . (A = alkali metal or alkaline earth metal; M = element
from group 12, 13; 7Tt = Si, Ge, Sn), the substituents M usually have strong preference for the 64
site [5]. A Mulliken population analysis on KgSiss reveals that the 6d site has the lowest
Mulliken population and thereby should be most preferred by the more electropositive

(a) (b)

Figure 3 (a) Crystal structure of type-I clathrate; (b) Thermal ellipsoid presentation of two types of cages in
CssCd;gAs s, drawn with 95% probability level.

substituent atoms [5]. The theoretical study on Ga distribution in AgGa;67t30 (4 = Sr, Ba, Tt = Si,
Ge) also indicated its tendency for occupying the 6d site. However, in the case for CsgZn;gSbyg
[3] and CsgCd,3Asys, such a preference is not as profound. As a matter of fact, Zn and Cd prefer
even the 24£ site to the 6d site from the refinements. In addition, pnictogens show an apparent
preference for the 16i site, with about 80% occupancy at this site in both CsgZn;gSbyg and
CsgCdisAsyg. Regardless of the size differences between the two atom pairs Zn/Sb and Cd/As,
Zn and Cd still show similar distributions, which most likely indicates that in the pnictogen-
based clathrates, electronegativity is a more decisive factor in determining the distribution of the
substituents. Analogous to the homoatomic Ga—Ga interactions that are known to be
energetically unfavorable in 43Ga;s7130 [5], density functional calculations on the antimonide
clathrates also suggest that Cd—Cd and Zn—Zn bonds are disadvantageous to the stability of the
clathrate structure [3]. This should be true for the arsenide clathrates, too, considering that the
bond energies of the Cd—As/Zn—As bonds are much stronger.

Figure 4. Schematic presentation of the split of the 16i site on the framework. When the cage is vacant, the atoms
at the 16i site move toward the center of the cage (from M2 to M2' site) in order to compensate for empty space.

As mentioned above, the partial occupancy of the 2a site complicates the structure even
further (Figure 4. In order to compensate for the vacancy in the empty pentagonal dodecahedra,
the 16i site has to be split (noted as M2 and M2' sites, M=Cd/Zn/As). While the M2 site is the
normal position with reasonable distances to the alkali metal, the M2' site exits only when the 2a
site is vacant, thus the very short distance between this position and the alkali metal is not real.
This is the first time the splitting of 161 site being noted due to vacancy of the guest atom,
although similar scenarios do have been reported for the type I cationic clathrate Sny4P 931 (the
P partial occupancy leads to the splitting of the neighboring Sn atoms at the 24£ site); disorder at
the 16i site was also noted in K;B;Si39 (attributed to the size difference between B and Si.
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Future plans

The first arsenide clathrate compounds AgZn;gAsys (4 = K, Rb, Cs) and CsgCd;sAs,g have
been synthesized and characterized. A delicate charge balance is maintained by the subtle
changes in the Cd/As and Zn/As ratios in corresponding to the alkali metal vacancy. More
exploratory work on pnictide clathrates is worthy of pursuing since property measurements have
confirmed these materials to be semiconductor/semimetals. Their bonding characteristics offer
many possibilities for property-tuning, which could prove very useful for the generation of new
ideas and concepts in modern thermoelectrics development.
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Mitigating Breakdown in High Energy Density Perovskite Polymer Nanocomposite
Capacitors

Richard L. Brutchey
Department of Chemistry, University of Southern California, Los Angeles, CA 90089 USA

Program Scope

Current electrical energy storage technologies do not meet the demands of transportation
applications in terms of energy density. For example, the conversion from gasoline-powered
vehicles to all-electric vehicles requires higher energy density pulsed power sources. Such
applications require a new generation of robust dielectric capacitors that have (1) high electrical
energy density (D, where D = 0.5¢"€0Eba’), (2) low dielectric loss, (3) high field endurance, and
(4) increased temperature stability. The most promising solution to this challenge is to utilize
polymer nanocomposites, whereby high permittivity inorganic nanocrystals are integrated into a
polymer matrix. In such an approach, the polymer provides the processibility, light weight, and
high breakdown voltage, while the inorganic filler delivers the desired dielectric characteristics.
The fundamental challenge for these composites lies in aggregation of the inorganic filler at the
percolation threshold, which leads to a precipitous drop in breakdown voltage (the dominant
term in electrical energy density) as the continuous particle network becomes a pathway for
charge carriers. To solve this challenge, and maximize the energy density of the resulting
nanocomposites, our objectives are two-fold:

(1) Develop a low temperature solution-phase synthesis of small perovskite oxide nanocrystals
with tunable properties, such as relative permittivity. An exquisite level of control over such
nanocrystal properties will be accomplished by a thorough understanding of the nanocrystal
structure and ability to tune nanocrystal composition.

(2) Control perovskite oxide surface chemistry such that nanocrystal percolation may be
sterically mitigated in order to maximize the breakdown voltage of a nanocomposite.

The following section will summarize our recent progress (September 1, 2011 — May 1, 2012)
towards addressing the first objective.

Recent Progress

1. Aliovalent doping of perovskite oxide nanocrystals. Owing to their high thermal and
chemical stability and low environmental toxicity, lanthanide-doped perovskite oxides and their
corresponding solid solutions (A,A")(B,B)O3; (A, A" = Ca, Sr, Ba; B, B" = Ti, Zr, Hf) are
attractive candidates for nanostructured dielectrics' and phosphors.?  Lanthanide-doped
perovskite oxide micro and nanocrystals have been previously prepared via solid state reaction,
conventional sol-gel, flame-spray pyrolysis, and hydrothermal synthesis.”® These methods
invariably rely on the use of physical (heat and pressure) and/or chemical (salts, chelating
ligands, or mineralizers) agents to induce crystallization of the perovskite and incorporation of
the lanthanide ions. Physical agents such as heat induce grain growth, while chemical agents can
introduce impurities into the oxide’s bulk and/or surface. From this perspective, the
development of a synthetic approach yielding lanthanide-doped perovskite oxide nanocrystals
under ultrabenign conditions (i.e., room temperature, atmospheric pressure, surfactant- and
mineralizer-free, and near-neutral pH) is critical in order to realize the full potential of this
family of materials in dielectric and light emission applications.
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We recently demonstrated that Eu**-doped BaZrO; can be synthesized under ultrabenign
conditions to yield a red phosphor. In this work, xEu:BaZrO; (x = 0—5 mol%) nanocrystals were
synthesized using a vapor diffusion sol—gel approach developed in our laboratory that relies on
the kinetically controlled delivery of water vapor to an alcohol solution of Eu(acac); (acac =
acetylacetonate) and a bimetallic alkoxide BaZr(OR)s (R = CH,CHCH3(OCHj3)) mixed in the
appropriate stoichiometric ratio.”  Hydrolysis and
condensation of the bimetallic alkoxide occur at room
temperature and yield small 10-20 nm nanocrystals of
pure xEu:BaZrO;. Moreover, near unity doping
efficiencies of Eu®" were achieved using the vapor
diffusion sol-gel route. The excitation and emission
spectra of thermally treated xEu:BaZrO; powders are
both dominated by peaks arising from f—f transitions of
the Eu’" ion, with the major emission peaks resulting
from °Dy — 'F, (611-625 nm) and Dy — 'F
(586-596 nm) transitions. The intensity of the
excitation and emission bands increases upon
increasing the Eu’" concentration and reaches a
maximum for 4 mol%, indicating that concentration
quenching occurs at higher doping levels. The red-to-
orange ratio (i.e., the ratio of the integrated intensity of Fi%}' CIE coordinates of the emission of 4%

5 7 5 7 .. Eu:BaZrO; upon irradiation with near-
the .D 0> 'F> to the "Dy—'F, transition) rea.ChGS ‘a ultraviolet light. The inset shows pictures of
maximum value of 3.4 for 4% Eu:BaZrO;, making this  the nanocrystals suspended in methanol
composition the most attractive candidate for red under natural (left) and ultraviolet (right)
phosphors. The calculated CIE coordinates for this  illumination.
composition are (0.647, 0.353), which corresponds to a
reddish pink color (Fig. 1).

Comparison of these findings with previous syntheses of Eu’"-doped BaZrO; reveals that
quenching of the lanthanide emission is typically observed for doping levels of less than 1 mol%
when solid state reactions are used to crystallize the perovskite phase and incorporate the
lanthanide ions into the host lattice.® Because concentration quenching depends on the spatial
distribution of the activator ions in the host lattice, this finding demonstrates that an intrinsic
advantage of the vapor diffusion sol—gel approach is to yield an apparently more homogeneous
spatial distribution of the lanthanide ions. In addition, a common drawback of previously
synthesized Eu’"-doped BaZrO; micro- and nanocrystals was their low red-to-orange emission
ratio.® In contrast, xEu:BaZrO; nanocrystals synthesized via vapor diffusion sol—-gel exhibit a
marked predominance of the red over the orange emission for all the Eu’" doping levels
explored. It is well-known that the chromaticity of the light emitted by the Eu®* ion is governed
by the local symmetry of the crystallographic site in which it sits.” In the case of xEu:BaZrOs
nanocrystals studied in this work, the strong predominance of the red over the orange emission
suggests that Eu’" ions occupy sites in a noncentrosymmetric lattice position.

2. Structural evolution of BaTiO; nanocrystals synthesized via vapor diffusion sol-gel.
BaTiOj; is one the most technologically relevant eletroceramics. It exhibits a perovskite structure
consisting of BaO;, dodecahedra and TiO¢ octahedra. The structure undergoes three
temperature-dependent phase transitions: rhombohedral (R3m) to orthorhombic (4Amm2) at -90

°C, orthorhombic to tetragonal (P4mm) at 5 °C, and tetragonal to cubic (Pm33 m) at 120 °C;'°
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Fig 2. Lattice constants ¢ and ¢ of the BaTiO; nanocrystals (shown in TEM image) as a function of
intraparticle distance.

the three low temperature phases exhibit ferroelectric character, whereas the high temperature
phase is paraelectric. Understanding how the local symmetry and structural coherence, which
ultimately sustain cooperative properties such as ferroelectricity and relative permittivity, change
upon reducing the grain size is critical from both fundamental and applied standpoints. We
followed the structural evolution of sub-10 nm BaTiO; nanocrystals as they nucleate and grow
from an amorphous metallorganic gel at room temperature (via vapor diffusion sol-gel) using a
series of techniques that probe the atomic structure on different length and time scales.'" This
allows for a comprehensive picture of the evolution of the nanocrystals to be achieved,
particularly regarding their local symmetry and structural coherence, and has extremely
important implications in the ferroelectric and dielectric properties of the nanocrystals.

The structural evolution of sub-10 nm BaTiOs nanocrystals as they assemble from an
amorphous metallorganic gel under ultrabenign conditions was investigated using a series of
techniques that probe the atomic structure on different length and time scales. Upon the slow
diffusion of water vapor into an alcohol solution of a bimetallic alkoxide at room temperature,
hydrolysis and polycondensation occurred and the solution gelled after ~8 h. The continued flow
of water vapor over this gel resulted in the formation of BaTiO3; nuclei within an amorphous
metallorganic matrix at times as early as 12 h, as evidenced by TEM analysis. Gas—liquid rather
than liquid—liquid hydrolysis and the use of a bimetallic alkoxide precursor are the keys to the
formation of crystalline nuclei.'” The resulting 3—6 nm diameter nuclei continued to grow within
the amorphous metallorganic matrix up until a reaction time of 27 h. During this growth stage,
conventional and synchrotron XRD and Raman spectroscopy revealed a gradual increase in
structural coherence and the simultaneous decrease in atomic positional disorder. After 30 h,
discrete 9-nm diameter BaTiO3; nanocrystals were obtained and the amorphous-to-crystalline
phase transition quickly approached completion, as evidenced by TEM analysis.

The room-temperature crystal structure of the final 9-nm nanocrystals appeared cubic to
Rietveld analysis of synchrotron XRD data; however, the presence of noncentrosymmetric
regions arising from the off centering of the titanium atoms was confirmed via Raman
spectroscopy and pair distribution function (PDF) analysis. Both techniques showed an increase
in the coherence of these local off-center displacements upon approaching the completion of the
amorphous-to-crystalline phase transition. Significantly, the local structure of the acentric
regions present in the fully grown nanocrystals after 72 h are best described by a tetragonal
P4mm symmetry. An orthorhombic Amm?2 symmetry also provided an adequate structural
description, demonstrating that the coexistence of both types of local symmetries is plausible.
The coherence length of the local off-center displacements of the titanium atoms was found to be
on the order of 16 A, or about 4 unit cells (Fig. 2). The presence of local dipoles whose average
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magnitude (c¢/a = 1.013 A) is comparable to that observed in bulk suggests that a large amount of
macroscopic polarization can be obtained in these nanocrystals if the long-range coherence of
their ferroelectric coupling is achieved.

Future Plans

(1) Extend our vapor diffusion sol-gel method to make compositionally more complex four
cation Ba,Sr_,Ti,Zr;, O3 nanocrystals and map the synthetic phase space over all composition
ranges. PDF analysis will be used to structurally address why certain compositions exhibit
maximized relative permittivity.

(2) Extend our vapor diffusion sol-gel method to the aliovalent doping of other lanthanide ions
(e.g., Yb) into perovskite oxide nanocrystal hosts for fluorescence and dielectric applications.
High-resolution X-ray diffraction and XANES/EXAFS will be utilized to attempt to address
where the lanthanide ion sits in the perovskite lattice.

(3) Study the effect of steric protection on the mitigation of dielectric breakdown in
BaTiOs/polystyrene nanocomposites.
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New Superconducting Materials
R.J. Cava, Department of Chemistry Princeton University, Princeton NJ 08544

i) Program Scope The scope of the DOE-BES-sponsored Solid State Chemistry program at
Princeton University is to find new superconducting materials and to address the structure-
property correlations in known superconductors and related compounds. Much of our current
work is in the area of superconductivity in intermetallic phosphides and germanides. We are also
working intensively on a new thrust area in our search for new superconductors— ternary early
transition metal subsulfides, which the PI believes may lead to new superconducting materials.
These materials are expected to be conventional superconductors, and, by analogy to early
transition metal intermetallics, may, if they can be found, have useful current-carrying properties.
Finally, we have also worked on vanadium sulfides, which we believe may show
superconductivity due to suppression of antiferromagnetic fluctuations through chemical doping.
We have established fruitful collaborations with scientists at Argonne National Laboratory
(beam line 11BM, APS) and have worked with them on many structural characterizations.

ii) Recent Progress In the past several years we have worked primarily on the determination of a
new kind of bonding-structure-property relationship in superconductor-related phases,
specifically between the magnetic and electronic properties of compounds with the ThCr,Si,
structure and the presence of a molecule-like bond within
the crystal structure. This layered ThCr,Si, “122” structure
type is the most commonly observed ternary intermetallic
o | structure type, and is the basis for the high temperature iron
arsenide superconductors that are of so much recent
% I | interest. Work of theoretical chemist Roald Hoffman on the
| o 1 122 structure type in the 1980s argued for the critical
p importance of the shape of the TX, tetrahedra and X-X
* 1 molecular dimer-like bonding across the A layers in
determining the electronic states at the Fermi level. In the
major thrust of our work in recent years we described the
1 correlations between structure and properties for some
important 122 structure type solid solutions to show the
impact of the X-X bonding on the electronic and magnetic
_ A | properties. This work recently resulted in a major
T 0sr I publication, which traces the surprising appearance of

408l (Ba,_Sr)Ni,Ge,

00 02 04 06 08 1.0
Ba content x

(Ba,_,Sr)Ni,Ge,

10.6F A ferromagnetism in a Co-based 122 system as a result of the
0a breaking of the X-X bond.

There are many aspects of the impact of X-X dimer
5T % 05 o5 10 formation on electronic properties and superconductivity in

Ba content x

the 122 phases to follow up on. We are currently focusing

Fig. 1. Crystallographic Cell data for
the Ba;,Sr,Ni,Ge, solid solution
showing the breaking of the in-plane
Ge-Ge dimer and the formation of the
out of plane Ge-Ge dimer at
composition x = 0.6 where the
symmetry changes.

on determining whether these considerations are relevant to
the properties of materials based on the 4d and 5d transition
metals in addition to the 3d transition metals. We have
indications that the impact of the dimer formation is
dramatic in these compounds as well, even though 4d
orbitals are more extended than 3d orbitals. In the 4d
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systems, many of the compounds involved are superconducting; two specific systems that we are
working on are Ba;,SryRh,Ge, and Sr(Rh;4Pdy),Ge,. Our structural data shows that both
systems display anomalous behavior, which we attribute to the formation or breaking of Ge-Ge
bonds in the crystal structures. This work is not yet complete. Figure 1 shows a related system
that we have been working on this year as well. This is the Ba; SryNi,Ge; system. For these 122
phases, which are based on Ge, which has one electron less than As or P, the tendency for Ge-Ge
bond formation is very strong because the Ge-Ge dimer antibonding band is far above the Fermi
Energy and is therefore usually empty. The result is that for BaNi,Ge, even though the Ge’s are
too far apart to form bonds across the Ba atom layer, as we now expect based on our previous
work on 122 phases, they distort the crystal structure dramatically to form in-plane Ge-Ge bonds
instead. The partial Sr substitution for Ba then brings the Ge’s closer together across the (Ba,Sr)
layer until they become close enough to form an across-the-layer bond, evidenced by the
transition back to the usual 122 tetragonal symmetry structure type. The characterization of these
materials by synchrotron X-ray diffraction at the APS is almost complete, as is characterization
of their magnetic properties. The synthesis of all these phases is extremely challenging.

A major new research thrust in our program in recent
years is based on a group of “subsulfide” compounds discovered
by Hugo Franzen at ISU many years ago. These are designated
as subsulfides because the sulfur content is substantially lower
than is found in normal, more ionic sulfides. They can be
expected to display behavior somewhere between intermetallic
phases and ionic phases, and thus are believed by the PI to be
excellent candidates for superconductivity. Franzen worked on
binaries and pseudo-binaries of early transition metal sulfides
and synthesized them at high temperatures; some of the
compounds, such as Nbg74Tas26Ss, were synthesized by
annealing samples at 1400 °C, while others such as
Nb; 72Ta328S, and Tag 0sNba.92S4 were formed by arc melting pre-
reacted reagents and then annealing around 1350 °C. A few of
the materials his group discovered are TasS, Ta,S, Nb,;Ss,
Fig 2: Crystal structure of the Nb14Ss, Zrp1Ss, Z1r9S,, Nbg74Tas526S4 and Nby 75Ta328S,. Some of
superconductor Nb;.7,Ta; S, these compounds are superconducting; Nb,;Sg, for example, is

superconducting at 3.7 K. In the niobium sulfides the niobium
metal coordinations are capped pentagonal prisms and capped distorted cubes, while in the
tantalum sulfides the coordination is typically Ta pentagonal antiprisms. When tantalum and
niobium sulfides are combined in a pseudoternary niobium-tantalum-sulfide they can have a
third, different type of structure. For example the compound Nb; 7,Ta3 23S, shown in Fig. 2, is a
bee type structure with a mix of Nb and Ta statistically distributed on three different metal sites,
where 2 adjacent layers of atoms out of every 7 are sulfur atoms. This compound is
superconducting at about 4 K.

Based on this lead, we have been looking for new superconductors and new compounds
in the high temperature phases of ternary metal rich subsulfides. We have systematically tried
reactions with combinations of three elements and tested them for superconductivity. One of the
elements is always sulfur, the second an early transition metal (Zr, Nb, Mo, Hf, Ta or W), and
the third either a first row or second row late transition metal. These reactions have so far been
performed at 1:2:1 ratio of varied transition metal to early transition metal to sulfur.
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Combinations that show potential new structures or superconductivity have been explored in
more detail with further reactions. Reactions have been performed at around 1400°C in sealed
tantalum tubes. The samples are being analyzed by X-ray diffraction and tested for
superconductivity. Our work so far has resulted in the discovery of no confirmed new
compounds but many samples have shown the presence of superconductivity with Tcs between 2
and 10 K. We are presently in the process of determining whether this superconductivity arises
from previously known phases or is from previously undiscovered compounds.

Finally, I describe our ongoing work on vanadium sulfides. In recent years, much
attention has been given to itinerant electron magnetic superconductors. Compounds such as
UGe;, RMogSg, RMogSes (R = rare earth), Y9Co7, LaRh,;Si; and YRh,Si, exhibit itinerant
electron magnetism as well as superconductivity. UGe, and Yy¢Co; are ferromagnetic metals
while RMogSs, RMogSes, LaRh,Si; and YRh,Si, are antiferromagnetic (AFM) metals. Many
theorists believe that the superconductivity in these systems can be explained through magnetic
spin fluctuations (SF) mediating the pairing of electrons, especially for layered compounds. The
study of “failed magnets” is a potentially fruitful avenue for finding new superconductors.

Another family of compounds with
layered structures that have weak itinerant
electron antiferromagnetic phases is the V-S
series. The vanadium sulfide family has a
complex phase diagram. Of particular interest
are the phases VS, V3S4, VsSg and VS,. (e.g.
Fig. 3) VS and VS, are metallic paramagnets
while V3S;s and VsSg are metallic
antiferromagnets with Ty’s of 8 K and 32 K,
respectively. VS, also has a charge density
Fig 3: V¢Ss Structure — Monoclinic, SG: C2/m. 4 | wave onset at 305 K. Neither a local moment
unit cells shown. Two of the possible four vanadium model nor a spin fluctuation treatment has
sites in -the metal deficient “igterstitial” layer are | peen able to fully explain the anomalously
unoccupied. The VsSg Structure is related. . .

weak magnetism or the onset of the CDW in
VS,; the data does, however, point to strong electron-electron correlation as being the cause for
these behaviors. We hypothesize that carefully controlling the stoichiometry of crystals grown in
this family may lead to a superconducting state.

In our analysis, we divide the magnetic behavior of V¢Sg and VsSg into two parts: the
itinerant electron part, from the metal full layers, and the localized electron part from the metal
deficient (interstitial) layers. We have worked to correlate changes in the Ty for V¢Sg and VsSg
with the interstitial vanadium content (IVC) through careful synthesis. Through chaning the IVS,
we have been searching for superconductivity near the stoichiometries at which the compounds
undergo a change in electronic state: between V4Sg and VsSg there is a crossover from a CDW
state to a weak AFM state, between VsSg and VSg there is a change in T, from from 32 K to 8
K, and between VSg and VgSg the AFM ordering is destroyed.

Crystals in the range of composition V4g3Sg to Vs44Ss were obtained by vapor transport
in either the VsSg structure or the V4Sg structure. Quantitative X-ray refinements showed that
neither VsSg nor V¢Sg grow stoichiometrically; that is, the IVC is variable. It is possible to
continuously vary the V/S ratio within the two phases, which actually overlap in composition at
certain stoichiometric ranges. The magnetic susceptibility has been measured on the crystals. Ty
is clearly visible in VsSg in the magnetic susceptibility, though it is not easily detected in VSs.
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Tx in the VsSg structure type samples shifts slightly with vanadium content. In order to
investigate the dependence of the magnetic susceptibility of the compounds on the interstitial
vanadium content (IVC), y (T) was fitted to the Curie-Weiss law. The determined effective
magnetic moment per mol interstitial vanadium was calculated: there is a clear relationship
between the IVC and the magnetic moment: as the IVC increases, the compounds become less
magnetic. Previous studies in the V4(Sg-V47Sg range only measured down to 100K, so these
compounds were reported as being paramagnetic. We see that this is not the case however:
magnetic measurements of the V4,Sg samples where x = 0.1, 0.2,...0.9 show a systematic
decrease in Ty with decreasing vanadium content, but Tyx was never destroyed. No
superconductivity has been observed yet. The studies so far conducted have offered insight into
the relationship between the vanadium content and the magnetic properties of the compounds,
however, an investigation into the V-S compounds more than half of the interstitial vanadium
sites occupied is still needed, as a superconducting state may arise on the side of the VsSg solid
solution where Ty is low and the overall magnetism of the compound is weaker than in V5Sg.

iii.) Future plans 1. Complete the work on correlations between superconductivity and dimer
formation in 122 structure germanides and pnictides. 2. Complete the work on vanadium
sulfides. 3. Determine whether ternary early transition-metal - late-transition metal subsulfides
will lead to new conventional superconducting materials. 4. In a new thrust, determine whether
TiNiSi-type AlB, and Fe,P-type phases will lead to new superconducting phases at the
borderline between magnetism and superconductivity.
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Overall Research Goals:

To utilize unconventional metal-organic frameworks (UMOFs) for the separation of

lanthanides as a group from actinides and further separate individual actinides form one another.

Recent Progress:

1.

We have discovered that the selectivities for 3+ and 4+ ions, recorded as Ky values, are
greatly enhanced by synthesizing materials using Na3;POj in place of H3POy in the
synthesis of the mixed ligand phosphonates of Sn(IV) and Zr(IV).

2. The actinides follow the same selectivity sequence as the lanthanides in that the

selectivity sequence is An*" > AnO,*" > An*"/Ln*" >> AnO,".

3. We have developed an new method for synthesizing and stabilizing AmO," with lifetimes

of days to weeks using Na,S,03 and Ca(OCl), as oxidant and stabilizing agents,
respectively.

2Am3* + 38,042 + 4H,0 WDT’ 2AmO,2* + 6S0,2 + 8H*

2AmO,2* + OCI-+ Hy0— = 2AmO," + CIOy + 2H

0-57 0.08 7 Am(V) 717 nm
04 Am(III) 503 nm Am(V)513nm  e=69"
e= 400" = 0.06
0.3 - =
< 0.04 -
0.2 =
C Am(V) 649 nm
01 . 002 T
O T T T T O T T T T
485 535 585 635 685 735 485 535 585 635 685 735
Wavelength (nm) Wavelength (nm)

Figure 1: Absorbance spectrum of Am(III) before oxidation (right) and AmO," after oxidation (right).
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Our ability to work with Np, Pu, Am, and Cm is due to the collaborations with Donald T.
Reed and David T. Hobbs who have graciously allowed Jon Burns to spend time at Los
Alamos National Laboratory-Carlsbad Operations (LANL-CO) and Savannah River
National Laboratory (SRNL), respectively.

Direct separations have been observed for a mixture of AmO,", Nd**, and Eu®" resulting
in separation factors as high as 58 at pH 2 (LANL-CO).

Direct separations have been observed for a mixture of AmO, " and Cm®" resulting in
separation factors as high as 20 at pH 2 (SRNL).

Direct separation have been observed for mixtures of Nd*" and Ni2+, Nd*" and Sr2+, and
Nd*" and Cs" with separation factors as high as 1,000, 2,400, and 800 at pH 2,
respectively.

Future Plans:

1. Determine the ideal pH range for separation of Am from Cm.

2. Develop program for new materials based in aluminum.

3. Develop a chromatographic scheme implementing mixed metal phosphate phosphonates
as the stationary phase.

4. Perform a separation of Am from a mixture of lanthanides in concentration close to the
expected waste stream.

5. Investigate the structure of these UMOFs by means of EXAFS, EXANES, atomic pair
distribution, and positron annihilation studies.

6. Add soft ligands with nitrogen or sulfur functions to the UMOFs for interaction with soft
metal ions and extend the range of separations.

References:

1. Mincher, B. J.; Martin, L. R.; Schmitt, N. C., Tributylphosphate extraction behavior of
bismuthate-oxidized americium. Inorg. Chem. 2008, 47 (15), 6984-6989. Doi
10.1021/1c800667h

2. Magirius, S.; Carnall, W. T.; Kim, J. 1., Radiolytic Oxidation of Am(III) to Am(V) in
NaCl Solutions. Radiochim. Acta 1985, 38 (1), 29-32.

3. Runde, W. H.; Mincher, B. J., Higher Oxidation States of Americium: Preparation,
Characterization and Use for Separations. Chem. Rev. 2011, 111 (9), 5723-5741. Doi
10.1021/Cr100181f

4. Clark, D. L.; Hecker, S. S.; Jarvinen, G. D.; Neu, M. P., Plutonium. In 7he Chemistry of
the Actinide and Transactinide Elements, 4th ed.; Morss, L. R.; Edelstein, N. M.; Fuger,
J., Eds. Springer: Netherlands, 2011; Vol. 2, pp 813-1264.

5. Nash, K. L.; Madic, C.; Mathur, J. N.; Lacquement, J., Actinide Separation Science and

Technology. In The Chemistry of the Actinide and Transactinide Elements, 4th ed.;
128



Morss, L. R.; Edelstein, N. M.; Fuger, J., Eds. Springer: Netherlands, 2011; Vol. 4, pp
2622-2798.

2011 Fuel Cycle Technologies Annual Review Meeting Transaction Report;, Argon
National Laboratory: November 8-10, 2011.

Brunet, E.; Cerro, C.; Juanes, O.; Rodriguez-Ubis, J. C.; Clearfield, A., Hydrogen storage
in highly microporous solids derived from aluminium biphenyldiphosphonate. J. Mater.
Sci. 2008, 43 (3), 1155-1158. Doi 10.1007/S10853-007-2377-0

Publications:

1.

Burns, J. D.; Clearfield, A.; Shehee, T. C.; and Hobbs, D. T., Separation of americium
from curium by oxidation and ion exchange. J. Am. Chem. Soc., submitted.

Burns, J. D.; Borkowski, M.; Clearfield, A.; and Reed, D. T., Separation of oxidized
americium from lanthanides by use of pillared metal(IV) phosphate-phosphonate hybrid
materials. Radiochim. Acta, (2012) in press.

Clearfield, A.; Medvedev, D. G.; Kerlegon, S.; Bosser, T.; Burns, J. D.; Jackson, M.;
Rate of exchange of Cs™ and Sr** for poorly crystalline sodium titanium silicate (CST) in
nuclear waste systems. Solvent Extr lon Exc. (2012) in press.

Burns, J. D.; Clearfield, A.; Borkowski, M.; and Reed, D. T., Pillared metal(IV)
phosphate-phosphonate extraction of actinides. Radiochim. Acta, (2012) DOI:
10.1524/ract.2012.1929.

Kevin, J. Gagnon, Houston P. Perry, Abraham Clearfield, Conventional and
Unconventional Metal-Organic Frameworks Based on Phosphonate Ligands: MOFs and
UMOFs. Chem. Rev. (2012), 112(2), 1034-1054, DOI: 10.1021/cr2002257.

Christopher S. Fewox, Abraham Clearfield and Aaron J. Celestian, In situ X-ray
Diffraction Study of Cesium Exchange in Synthetic Umbite, /norg. Chem., (2011), 50(8),
3596-3604, DOI: 10.1021/ic102546w.

T. Moller, N. Bestaoui, M. Wierzbicki, T. Admas and A. Clearfield, Separation of
lanthanum, hafhium barium and radiotracers yittrium-88, barium-133 for Ra-223
radioisotope generator, Appl. Radiat. Isot., (2011), 69(7), 947-954, DOL:
10.1016/j.apradiso.2011.02.033.

129



Tuning Sorption Properties of Metal-Organic Frameworks via Postsynthetic Covalent
Modification

Seth M. Cohen, Department of Chemistry and Biochemistry, University of California, San
Diego, La Jolla, California, 92093-0358

Program Scope

This continuing proposal in the area of Materials Chemistry describes a systematic
approach to the postsynthetic modification (PSM) of metal-organic framework (MOF) materials.
To further advance the utility of MOFs in the area of gas storage and other applications
(particularly in energy applications), the ability to chemically modify these structures in a
predictable and reliable fashion is essential. Realization of this goal will allow for the
preparation of functionalized MOFs, which will have unparalleled properties, such as controlled
framework flexibility and highly unsaturated metal sites. This continuing research program
fulfills at least two, of the four, stated 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.

This research program will develop new methods to chemically modify MOFs. We will
expand the scope of reactions that can be performed within MOFs by introducing new chemical
‘handles’ within the framework. Our studies focus on the commonly used 1,4-
benzenedicarboxylate (BDC) ligand, and extended analogues, possessing amino-, nitro-, or
bromo-substituents. Other substituents can also be used by application of a new method, termed
postsynthetic deprotection (PSD). Ligands with these chemical handles have been assembled
into a variety of known MOFs, including IRMOF, UMCM, MIL-53, and UiO-66 architectures.
We have also developed bifunctional systems that contain two or more, orthogonal chemical
handles on a single ligand (e.g., a bromo- and amine- group). These allow for control over the
relative orientation of newly introduced functional groups, a feat not previously achieved in PSM
chemistry. Slightly more applied studies will focus specifically on using PSM (or PSD) to
control the selectivity, energetics, and capacity of gas sorption in MOFs. Our findings show that
PSM can be used to control MOF flexibility (‘breathing’), improve heats of binding (for H,), and
facilitate introduction of unsaturated metal centers. Better understanding and control over these
features will be pursued in our ongoing investigations. The overall scope of our program serves
to advance the energy-related applications of MOFs via PSM. Our improved capacity to modify
MOFs in this manner will be important for the synthesis of new materials, altering the physical
properties of these materials, and ultimately the use of these materials in advanced energy
applications.
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Recent Progress

Our recent progress on this project has expanded in several different directions, all of

which provide interesting opportunities for new research directions. Each of these different
directions is concisely summarized below.

As proposed, we have prepared a
series of mixed, bifunctional
metal-organic frameworks that
could be modified in a
postsynthetic manner at two,
orthogonal sites (Figure 1). The
use of differentially ‘tagged’
ligands combined with PSM

provides a facile route to a large Figure 1. Combining two ligands into a single framework

number of functionally diverse allows for orthogonal PSM to be performed, generating many
functionalize materials from a single precursor MOF.

materials. In related work, we
prepared bifunctional BDC

ligands with two, orthogonal functional groups on the same ligand. These ligands were
found to produce MOFs with modulated breathing. PSM studies on these systems are
ongoing.

A new discovery in our
laboratory has been in the area of
the dynamics and stability of
MOFs. We recently reported the
exchange of ligands from an
intact MOF can be exploited as a
means to introduce
functionalized ligands into

MOFs under mild conditions. Figure 2. ATOFMS was used to monitor ligand-exchange
Such exchange reactions in reactions between purportedly inert UiO-66 MOFs.
MOFs have been reported, with
both metals and ligands (with a flurry of recent reports appearing in in the last year).
However, what was surprising about our findings was that ligand exchange occured with the
‘inert” Zr(IV)-based UiO-66 MOFs (Figure 2). In line with our other work, we termed this
process ‘postsynthetic exchange’ (PSE) and showed that it provides access to MOFs that are
not readily prepared by solvothermal methods. In addition to the exploration of this PSE
methodology, we introduced, in collaboration with Prof. Kimberly Prather (U.C. San Diego),
the use of aerosol time-of-flight mass spectrometry (ATOFMS) to monitor these reactions on
MOF particles (micron-sized). ATOFMS was used to analyze the chemical composition of
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microcrystalline MOFs on the single particle level, providing information not available
through bulk analysis. ATOFMS is a powerful method, widely used in environmental
chemistry, but essentially absent in the field of nanomaterials chemistry. PSE is an important
postsynthetic approach to the modification of MOFs, and the ligand exchange revealed by
ATOFMS requires a re-evaluation
of the assumed ‘stability’ of even _ »
the most robust MOFs. - AT P

e In our efforts to develop .
fundamentally new PSM reactions,
we have demonstrated that

tetrazine-based “Click” reactions Figure 3. Tetrazine ‘Click’ reactions were used to
are amenable for MOF functionalize MOFs in a postsynthetic manner.

UMCM-1-HH; AT 1- WAL WACH- 1-LRAL TG

modification (Figure 3). It was
found that the efficacy of this modification procedure was dependent on the topology of the
MOF and, in the case of an isoreticular MOF (IRMOF) system, required the formation of a
mixed-ligand IRMOF with a suitable ratio of BDC and an olefin-tagged BDC derivative. On
the basis of the versatile use of tetrazine “Click” chemistry in bioconjugate chemistry, we

expect that this scheme will prove to be a useful reaction for modifying MOFs.

Future Plans

Our future plans seek to continue our investigations along the several lines of research
described above. Some of these projects are of sufficient scope and interest, they may be spun-
off into independent projects, but that decision will be made as progress on each research subject
continues. Fundamental studies on the PSM induced flexibility of MOFs and the ability to
control selective gas sorption will be continued. In addition, we are collaborating with Prof. F.
Paesani (U.C. San Diego), a new theoretical chemist in our department, on
computational/theoretical studies to help us understand these complex phenomena. Studies on
the gas uptake selectivity and moisture stability of differentially-functionalized UiO-66 MOFs
will continue as well. These studies are being performed in close collaboration with Prof. K.
Walton (Georgia Tech U.). Indeed, a postdoctoral research from the Cohen group (Dr. Min
Kim) made a visit to the Walton group in Spring 2012 to help move this collaborative study
forward.

Most certainly our group will continue to develop of new postsynthetic methods, such as
the tetrazine-derived click chemistry described above. Our group is intent on remaining at the
forefront of developing new synthetic methods for functionalizing MOFs, and this includes the
discovery of new reactions as well as new methodologies such as PSM, PSD, and PSE. All of
these techniques can serve to augment MOF research and produce materials with unprecedented
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properties. The wide adoption of postsynthetic methods by MOF researchers around the world is
evidence of the continued importance of further augmenting these methods.

Finally, our investigations on MOFs containing unsaturated metal centers (introduced by
postsynthetic methods) will be a primary area of future study. Although a common theme in
MOF chemistry, the postsynthetic approaches we have discovered often lead to the introduction
of rather distinct unsaturated metal centers, involving metal-ligand combinations beyond those
commonly reported in other MOF materials. The ability of such materials to enhance gas
sorption, including CO, and H,, is a well-established, but still growing area of research. We
have exciting, new results on the cyclometallation of MOFs, providing a distinct platform for
enhancing gas sorption.
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PI: Mircea Dinca (mdinca@mit.edu)
Institution: Department of Chemistry, Massachusetts Institute of Technology

Program Scope

This project aims to establish microporous metal-organic (MOFs) and covalent-organic
frameworks (COFs) as new classes of high-surface area, crystalline electronic and ionic
conductors. This effort is part of the PI's interest in exploring the physical and chemical
properties of these materials and their non-traditional uses such as gas separation and storage.
With this project, we hope to provide new types of electrode materials, ionic membranes, or
electrocatalysts and to provide fundamentally new platforms for studying processes such as ion
diffusion in monodisperse sub-nanometer pores and electron delocalization and transport in
molecular materials. Our approach to imparting electronic conductivity in MOFs, which are
prototypical insulators, is to employ a series of electroactive organic building blocks containing
chalcogenide atoms and is inspired by similar approaches in conducting organic polymers. Our
approach to obtain ionic conductors from MOFs involves post-synthetic cation metathesis, which
we are establishing as a new synthetic route towards MOFs with predefined structures, but novel
electronic properties.

Recent Progress
Towards ion conductors from MOFs — we found
that post-synthetic cation metathesis can be employed to
access highly sought-after MOF phases that could not be
previously produced by direct synthesis. In particular, we
showed 3d transition-metal analogues of ZnsO(BDC);
(MOF-5; BDC = 1,4-benzenedicarboxylate), one of the
most iconic materials in this class can be directly
substituted with Co’" and Ni*" by post-synthetic ion
exchange. Having established NiyZnsO(BDC); as a
thermodynamic product relative to MOF-5 itself, we also
developed direct synthetic routes for substituted MOF-5
analogues. In doing so, we observed that the maximal Figure 1 Part of the crystal structure of
Ni*" incorporation rate was 25% (one Ni ion per ZnsO :S;f:;;ofgi)gn(tx :Zi) (Oir’ee;:;ed’canifgs}:
cluster) regardless of the synthetic conditions (post- espectively. Hydrogen atoms are omitted for
synthetic metathesis or direct synthesis from the clarity.
respective metal nitrates) or reactant ratio (Figure 1). We
were thus able to establish the partially-substituted MOF-5 structures as kinetically-trapped
intermediates in the molecular energy surface of basic zinc acetate clusters. Furthermore, we
showed that the substituted MOF-5 materials retain identical structures, surface area, and
stability to the parent all-Zn MOF-5 material, and that a very unusual tetrahedral Ni*" ion in an
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all-oxygen (strong) ligand field environment results by
heating the Ni-substituted MOF-5 analogues under high
vacuum. These findings establish post-synthetic ion
metathesis as a new method to access previously
unknown MOF phases (Figure 2).

Important in the context of accessing ion
conductors from MOFs, our findings show that MOFs
that were previously believed rigid, such as MOF-5, are
in fact under dynamic equilibrium with other divalent
metal ions in solution. Moreover, we showed that

Fig. 2 In-situ diffuse-reflectance spectra ] . o P
insertion of Ni involves an octahedral Ni

depicting the octahedral-to-tetrahedral -
transformations of the Ni%* centers within Ni-  intermediate which occupies a tetrahedral Zn™ site

substituted MOF-5. The inset shows optical without otherwise disrupting the MOF structure. This
images of the yellow (Oy) and blue (To) erystals. gygoests that even "rigid" MOFs can accommodate
relatively large distortions without compromising structural integrity, an important aspect of our
future studies where we will attempt to incorporate divalent metal ions in coordination
environments previously occupied by trivalent metals with different ionic radii and coordination
numbers.

Towards electronically-conducting MOFs. Efforts here were focused on the synthesis of
chalcogenide analogues of carboxylic acids and new organic bridging ligands containing
chalcogenide atoms in the backbone. Dithioic acids and thioamides were explored initially and
found to be sensitive to the reaction conditions typically required for MOF synthesis, which led
to oxidation of the reduced sulfur ligands. More recently, employing carboxylate ligands
containing sulfur atoms in the organic backbone we were able to obtain permanently porous
MOFs with BET surface areas of approximately 600 m?/g. Transient microwave spectroscopy in
three of these new materials has revealed high charge mobility values in line with those of good
organic conducting polymers. Further studies of these materials are currently underway.

Future Plans
- 1onic conductors: we will extend our post-synthetic ion metathesis studies to systems
where ion exchange will not only result in intra-framework ion substitution, but will

also leave mobile, uncoordinated monovalent ions such as Li" within the pores of the
targeted materials. With these new materials in hand, we will undertake systematic
ion exchange and ion conductivity studies. By varying the nature of the mobile ion,
pore size, pore polarity, and pore topology, we seek to understand trends in ion
conduction in nanometer and sub-nanometer-sized pores.

- electronic conductors: two distinct pathways will be undertaken here: /) we will
continue the exploration of electroactive, n-stacking ligands as useful synthons for the
construction of high-charge-mobility MOFs. First, we will increase linker size in an
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isoreticular fashion, aiming to increase the pore size and pore volume of our current
materials to allow infiltration of electron acceptor molecules for charge-transfer
interactions. 2) we will continue the characterization of newly synthesized materials
using UV Photoelectron Spectroscopy and terahertz spectroscopy (in a new
collaboration at MIT) and will test their efficacy towards devices such as photovoltaic
cells, owing to their broadband absorption in the visible.
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Brozek, C. K.; Dinca, M. "Lattice-Imposed Geometry in Metal-Organic Frameworks: Lacunary
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3,2110-2113.
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Synthesis, Characterization and Properties of Nanoparticles of Intermetallic Compounds
Frank DiSalvo, Department of Chemistry, Cornell University, Ithaca, NY 14850
Program Scope

Our research program is focused on developing a “universal” method to prepare alloys or
ordered intermetallic compound (binary, ternary and beyond) nanoparticles in order to
understand their structural and electrochemical behavior, as well as their durability in use. An
eventual application to electrochemical catalysis, such as in fuel cells, is hoped for, but our main
focus is on developing methods to synthesize compositionally complex nanoparticle systems and
to understand the kinetics of formation and phase diagrams of compound nanoparticles as a
function of annealing temperature and composition.

We have developed a solution method that allows reduction of mixed metal cations from group
IIT to XIV and are exploring methods of controlled particle growth and specific structures by
thermal processing. We use THF as the solvent, since it is non-reactive with all the metals in
these groups. We have shown that almost all metal cations of interest are moderately to highly
soluble in THF either as binary chlorides (e.g. TiCly, FeCls, ZnCl,, SnCl,, SnCly) or as ternary Li
salts (e.g. Li3CrClg, Li,NiCly or Li6NiCls, Li,PtClg, Li,CuCly). (See Figure 1) We avoid the use
of organic anions or ligands in the reactants, since we find that they often react with, or are
included in, or strongly bound to the surfaces of the nanoparticles. Similarly, almost all
surfactants are avoided, since they often cannot be removed from the nanoparticles without
leaving residues that poison the catalyst.

5 6 7

_ B | C | N
MCI L1 MCI T R P
2 y xS 13 14 15

Al Si P

Alunminum. Silicon Phosphorus

26981538 | 280855 |30.973761
21 22 23 24 25 26 27 28 29 30 31 32 33

Sc Ti A% Cr | Mn Fe Co Ni Cu Zn Ga Ge AsS

Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallinm Germanium Arsenic

44.955910 | 47.867 | 50.9415 | 51.9961 |54.938049| 55845 |58.933200| 58.6934 | 63.546 | 6539 | 69.723 | 72.61 | 74.92160
39 40 41 42 43 44 45 46 47 48 49 50 51

Y Zr | Nb [ Mo [ Tc [ Ru | Rh | Pd | Ag | Cd In Sn | Sb

Yitrium Zirconium Niobium Rhodium Palladium Silver Cadmium Indium Tin Antimony

8890585 | 91224 | 9290638 | 95.94 (98) 10107 |102.90350| 10642 | 107.8652 | 112411 | 114818 | 18710 | 121,760
57 72 73 74 75 76 77 78 79 80 81 82 83

La Hf | Ta W | Re | Os Ir Pt | Au | Hg | TI Pb Bi

Lanthanum Hafnium Tantalum Tungsten Rhenium Osminm Iridium Platinum Gold Mercury Thalliwm Lead Bismuth

138.9055 178.49 180.9479 | 183.84 186.207 190.23 192.217 195,078 |196.96655] 200.59 | 2043833 207.2  |208.98038

Figure 1. Table of THF soluble metal chloride salts. Virtually every metal in the periodic table can
be put in THF solution at useful concentrations (Exceptions: Na — Cs, Mg-Ba, Hg - Pb). When
both MCl and LiyMCl, salts are available and soluble, the latter usually have higher solubility.
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The next challenges were: 1) to keep the nanoparticles from agglomerating in all stages of
processing, 2) to carefully grow the nanoparticle size by heating (annealing), and 3) to transfer
and bind the nanoparticles to an appropriate support.

Recent Progress

The reducing agents used are alkali alkylborohydride salts [1] [2] (ABR3H, with A = Li, Na or K
and R typically ethyl). Here we focus on A = K, and on reactions that produce Pt containing
intermetallics. We emphasize, however, that the method is widely applicable and can be utilized

to prepare nanoparticles of a large variety of intermetallic phases of metals from groups III to
XIV.

A prototypical reaction scheme carried out in THF under air free conditions is:
Li;PtClg + n MCl, + (4 + x) KBR3H = PtM,, |+ (4 + x) KCI | + 2 LiCl + BrRj; + ((4+x)/2) H;

Upon adding the borohydride, a very fast reaction (few seconds) occurs and the two solid
products precipitate together as very small intermetallic nanoparticles (2 nm) trapped in a KCl
matrix (denoted as Np-KClI). Note that LiCl and BRj are quite soluble in THF and are easily
removed by decanting and washing in neat THF. The amount of precipitating KCI can be
considerably increased by adding LiCl to the initial reaction mixture and adding a THF soluble
K" source to the reducing agent. If M is from group III, IV, V or is Cr, the product may contain
some hydrogen (as a hydride) but in the cases we have studied this is removed upon annealing.

Controlled particle growth occurs when the Np-KCl is annealed under vacuum. Annealing also
decreases any heterogeneity in the composition of the nanoparticles. For example, on heating a
KCl matrix of Pt:Fe::3:1 to 600 C, ordered Pt;Ti nanoparticles grow to an average particle size of
5 nm from only 2 nm as prepared at room temperature (Figures 2 through 6). In a similar
manner, we have prepared ordered intermetallic nano-particles of Pt;Co, Pt;Cr, PtFe, PtsFe, PtNi,
Pt;Mo, PtSn, Pt3Sn, Pt;V. It is important to emphasize the key role that the KCI matrix plays in
greatly slowing particle growth and in avoiding significant particle agglomeration.

The next step is to release the PtM product from the KCI matrix and to bind the nanoparticles to
an appropriate support, say carbon black. We developed a simple route to do so. The support is
first suspended in ethylene glycol (EG). When the NpKCl matrix is added, the EG dissolves the
KCI (solubility: 1.5 g KCI/100 g EG). EG is also a weak surfactant that in concentrated form is
sufficient to prevent particle agglomeration, but that can be removed from particles by heating
under vacuum at 150 °C without leaving a residue. EG is labile at room temperature so that
supports with binding sites that have stronger affinity than EG, such as carbon black, will
preferentially bind the nanoparticles (Figure 5). If higher KCl solubility is needed, adding up to
15 mole % water, does not change the outcome of the transfer.

If time allows, some electrochemical observations will be presented and discussed.
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Figure 2. A TEM image of Pt;Fe-15KCl
synthesized at room temperature. 2 nm
nanoparticles are isolated and dispersed on
and/or in the KCI matrix (light colored).

10 nm

Figure 4. A TEM image of Pt;Fe-160KCI
annealed at 600 °C for 12 hours. The
nanoparticles have grown to about 5 nm in size.

Figure 3. A TEM image of Pt;Fe-160KCl
synthesized at room temperature. The
nanoparticles are highly dispersed in the KCl

Figure 5. After thermal annealing a Pt;Fe-80KClI
composite at 600 °C for 12 hours, the Pt;Fe was
transferred to a Vulcan carbon support by
sonicating a mixture of Pt3Fe-80KCl and Vulcan in
ethylene glycol and then washed in H,O.
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Figure 6. pXRD patterns of Pt;Fe-80KCl nanoparticles before (black) and after (red) thermal
annealing at 600 °C for 12 hours. In both cases, samples were washed with H,O to remove KCl, so
that diffraction comes from the particles only. The very broad peaks seen for the room temperature
sample (black) are expected for 2 nm diameter nanoparticles. After annealing, the weak superlattice
peaks expected for the ordered Cu;Au structure type are indicated by an asterisk.
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