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The need to control — either enhancing or retarding - chemical reactions is ubiquitous across a range of
technologies, including chemical synthesis via catalysis, chemical sensing via adsorption and reaction, chemical
embrittlement in structural materials, and microstructure and precipitate evolution in structural materials. It is
commonly thought that mechanical energies cannot compete with chemical energies, so that “Chemistry” and
“Mechanics” have little overlap. Roughly, chemical energies are on the order of eV while the mechanical energies
are on the order of meV, as loosely estimated by where p is typical mechanical load (~100 MPa) and a typical
misfit volume (~ few A3) for a “reaction” process. However, mechanical energy can be harvested from a large
volume by relaxing elastic strains or, equivalently, be concentrated near a defect such as a crack tip or dislocation,
generating stresses approaching the theoretical material strengths (~10 GPa) and thus provide energies that can
alter chemical reactions. More subtly but of equal importance is the fact that mechanical energy can tip the energy
landscape to drive reactions or diffusive processes preferentially in one “direction”. The role of stress or strain in
influencing reactions appears across a broad range of materials applications such as strained-layer superlattice,
self-organization of quantum dot structures in Si-Ge, dynamic strain aging in Al-Mg alloys, and stress corrosion
cracking. The role of stress in modifying reactions, broadly construed, is thus well-founded within materials
science.

Why is gaining active control over catalytic reactions so important? The application of stress can both tune and
modulate reactions, and therefore may overcome the barrier implied in “Sabatier’s Principle” that is manifested in
the “Volcano Effect”, two widely held concepts in catalysis. Further, self-equilibrating mismatch strains, arising in
core/shell systems or epitaxial monolayers, are subject to relaxation over long times and elevated temperatures,
moving an initially optimal system (achieved by some combination of alloying and applied stress, for instance) away
from optimality. An externally applied stress can correct for slow changes in the catalyst due to structural
relaxation. Such corrections can be accomplished on-the-fly: by measuring the variation of catalytic production rate
as a function of small stress variations, the average stress can continually be adjusted to maximize the production
rate. All of the above issues further suggest that, with stress as an external driving variable, entirely new materials
with greatly enhanced performance and reduced cost are possible, changing the landscape of catalyst design.

With the above background, the major objectives of the MURI effort are:

(i) Develop a scientific basis for controlling chemical reactions using externally applied stress with particular
application to catalytic processes.

(i) Demonstrate the scientific underpinnings of stress controlled catalysis in model experiments (e.g. thin films,
nano-pillars) for select reactions of scientific and technological interest (e.g. oxygen reduction reaction, hydrogen
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evolution reaction, methanation of carbon monoxide).

(iii) Develop novel multiscale simulation methods that bridge the length scales between the density functional
theory and practically used nano-particle catalysts.

(iv) The main outcome of the project is unambiguous demonstration that stress can be used to substantially modify
and control chemical reactions, along with possible engineering paths, via both thin film and bulk metallic glass
nanostructures, for implementing stress control across a wide material space.
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Article Title: Misfit dislocations in multimetallic core-shelled nanoparticles
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Keywords: catalysis, dislocations, gold, iron alloys, lattice constants, metallic thin films, nanoparticles, platinum
alloys

Abstract: Core-shelled multimetallic nanoparticles have unique catalytic properties compared to their single-
element counterparts. Due to the different lattice parameters of the core and shell, the strain field is built up at the
interface between the two phases. As for thin films, a formation of misfit and threading dislocations is an approach
to release interface strain. However, for two-phase nanoparticles especially when their sizes are at nanometer
scale, their dislocation formation in the volume remains to be investigated owing to the large surface-to-volume
ratio. Here, we confirmed the existence of dislocations in the Au-FePt core-shelled nanoparticles of sizes less
than 10?nm. It is suggested that the different atom sizes of the core and the shell materials are likely to be a key
factor to generate and lock dislocations inside the nanoparticles.
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Article Title: Seed-Mediated Synthesis of Core/Shell FePtM/FePt (M = Pd, Au) Nanowires and Their
Electrocatalysis for Oxygen Reduction Reaction
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Abstract: We report a new seed-mediated growth of FePt over 2.5 nm wide FePtM (M = Pd, Au) nanowires
(NWs) into core/shell FePtM/FePt NWs with controlled FePt shell thickness from 0.3 to 1.3 nm. These
FePtM/FePt NWs show shell thickness and core composition-dependent electrocatalytic activity for oxygen
reduction reaction (ORR) in 0.1 M HCIO4. These core/shell FePtM/FePt NWs are generally more active and
durable than the corresponding alloy NWs. Among FePtM/FePt NWs, FePt NWs, FePtPd NWs, and commercial
Pt studied, the FePtPd/FePt NWs (0.8 nm shell) show the specific activity of 3.47 mA-cm-2 and the mass activity
of 1.68 A/mg Pt at 0.5V (vs. Ag/AgCl), superior to all other NWs (less than 1.59 mA/cm2 and 0.82 A/mg Pt for
FePtAu/FePt and FePt) as well as the commercial Pt (0.24 mA/cm2 and 0.141 A/mg Pt). The FePtM/FePt (0.8 nm
shell) NWs are also stable in the ORR condition and show no activity decrease after 5000 potential sweeps
between 0.4 and 0.8 V (vs Ag/AgCl). They are the most efficient na
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Article Title: Multiscale quantum/atomistic coupling using constrained density functional theory
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Abstract: Multiscale coupling of a quantum mechanical (QM) domain to a coarser-scale material description in a
larger surrounding domain should yield forces and energies in the QM domain that are the same as would be
achieved in a QM simulation of the entire system. Here, such a coupling is achieved by using constrained density
functional theory (DFT) in which the quantum mechanical interaction between the domains is captured via a
constraint potential arising from an imposed constraint on the charge density in a boundary region between the
two domains. The implementation of the method, including the construction of the constraint charge density and
the calculation of the constraint potential, is presented. The method is applied to problems in three different metals
(Al, Fe, and Pd) and is validated against periodic DFT calculations. The method reproduces the QM charge
density and magnetic moments of bulk materials, produces a reasonable edge dislocation core structure for Fe,
and also gives acc
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Article Title: Monodisperse MxFe3-xO4 (M=Fe, Cu, Co, Mn) Nanoparticles and Their Electrocatalysis for
Oxygen Reduction Reaction

Authors:
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Abstract: Sub-10 nm nanoparticles (NPs) of M(Il)-substituted magnetite MxFe3—x04 (MxFe1-xO+Fe203) (M =
Mn, Fe, Co, Cu) were synthesized and studied as electrocatalysts for oxygen reduction reaction (ORR) in 0.1 M
KOH solution. Loaded on commercial carbon support, these MxFe3—-xO4 NPs showed the M(ll)-dependent ORR
catalytic activities with MnxFe3—x04 being the most active followed by CoxFe3—x04, CuxFe3—x04, and Fe304.
The ORR activity of the MnxFe3-x04 was further tuned by controlling x and MnFe204 NPs were found to be as
efficient as the commercial Pt in catalyzing ORR. The MnFe204 NPs represent a new class of highly efficient
non-Pt catalyst for ORR in alkaline media.
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Abstract: To further enhance the catalytic activity and durability of nanocatalysts for the oxygen reduction
reaction (ORR), we synthesized a new class of 20 nm x 2 nm ternary alloy FePtM (M = Cu, Ni) nanorods (NRs)
with controlled compositions. Supported on carbon support and treated with acetic acid as well as electrochemical
etching, these FePtM NRs were converted into core/shell FePtM/Pt NRs. These core/shell NRs, especially
FePtCu/Pt NRs, exhibited much improved ORR activity and durability. The Fe10Pt75Cu15 NRs showed a mass
current densities of 1.034 A/mgPt at 512 mV vs Ag/AgCl and 0.222 A/mgPt at 557 mV vs Ag/AgCl, which are
much higher than those for a commercial Pt catalyst (0.138 and 0.035 A/mgPt, respectively). Our controlled
synthesis provides a general approach to core/shell NRs with enhanced catalysis for the ORR or other chemical
reactions.
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Formic Acid
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Abstract: Formic acid (FA, HCOOH) is a common small organic acid with a melting point of 8.4 8C and boiling
point of 100.8 8C. It can undergo a dehydrogenation reaction, HCOOH!H2+ CO2, releasing H2 that will be
important for hydrogen-based energy applications.[1] Traditionally, the dehydrogenation of FA is catalyzed by
metal complexes dissolved in an organic solvent and the catalysis is enhanced by adding an additive, such as
sodium formate or amine adducts.[2] To make more practical catalyst for the dehydrogenation reaction of FA,
heterogeneous catalysts based on metal nanoparticles (NPs) have been developed. These catalysts are generally
more stable but much less active than the homogeneous ones.[3] Recently, bimetallic NP catalysts were found to
be more active than their single component counterparts for the dehydrogenation of FA.[4] For example, AgPd
NPs supported on cerium oxide or AuPd NPs immobilized in a metal-organic framework showed an enhanced FA
dehydrogenation catalysis with the ini
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Article Title: Tuning Nanoparticle Catalysis for the Oxygen Reduction Reaction
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Abstract: Advances in chemical syntheses have led to the formation of various kinds of nanoparticles (NPs) with
more rational control of size, shape, composition, structure and catalysis. This review highlights recent efforts in
the development of Pt and non-Pt based NPs into advanced nanocatalysts for efficient oxygen reduction reaction
(ORR) under fuel-cell reaction conditions. It first outlines the shape controlled synthesis of Pt NPs and their
shape-dependent ORR. Then it summarizes the studies of alloy and core—shell NPs with controlled electronic
(alloying) and strain (geometric) effects for tuning ORR catalysis. It further provides a brief overview of ORR
catalytic enhancement with Pt-based NPs supported on graphene and coated with an ionic liquid. The review
finally introduces some non-Pt NPs as a new generation of catalysts for ORR. The reported new syntheses with
NP parameter-tuning capability should pave the way for future development of highly efficient catalysts for
applications in
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Article Title: Ni/Pd core/shell nanoparticles supported on graphene as a highly active and reusable catalyst for
Suzuki-Miyaura cross-coupling reaction

Authors:
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Abstract: Monodisperse Ni/Pd core/shell nanoparticles (NPs) have been synthesized by sequential reduction of
nickel(ll) acetate and palladium(ll) bromide in oleylamine (OAm) and trioctylphosphine (TOP). The Ni/Pd NPs
have a narrow size distribution with a mean particle size of 10 nm and a standard deviation of 5% with respect to
the particle diameter. Mechanistic studies showed that the presence of TOP was essential to control the reductive
decomposition of Ni-TOP and Pd—TOP, and the formation of Ni/Pd core/shell NPs. Using the current synthetic
protocol, the composition of the Ni/Pd within the core/shell structure can be readily tuned by simply controlling the
initial molar ratio of the Ni and Pd salts. The as-synthesized Ni/Pd core/shell NPs were supported on graphene
(G) and used as catalyst in Suzuki—Miyaura cross-coupling reactions. Among three different kinds of Ni/Pd NPs
tested, the Ni/Pd (Ni/Pd = 3/2) NPs were found to be the most active catalyst for the Suzuki-Miyaura cross-
coupling of
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Article Title: Monodisperse gold—palladium alloy nanoparticles and their composition-controlled catalysis in
formic acid dehydrogenation under mild conditions
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Abstract: Monodisperse 4 nm AuPd alloy nanoparticles with controlled composition were synthesized by co-
reduction of hydrogen tetrachloroaurate(lll) hydrate and palladium(ll) acetylacetonate with a borane-morpholine
complex in oleylamine. These NPs showed high activity (TOF = 230 h(-1)) and stability in catalyzing formic acid
dehydrogenation and hydrogen production in water at 50 °C without any additives.
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Abstract: Pseudomorphic catalytic systems can exhibit enhanced or inhibited activity relative to the pure surface
parent metal, based on a combination of strain and ligand effects. In contrast, mechanically strained and
dealloyed systems can exhibit pure strain effects. Density functional calculations for hydrogen adsorption at
different coverages between 0.25 and 1 monolayer on biaxially strained Pd(111) are carried out to illustrate its
comparison to selected pseudomorphic Pd overlayers (Pd/M). The differing catalytic behavior for the hydrogen
evolution reaction (HER) in separation of the ligand and strain effects present in Pd/M pseudomorphs and the
consequent modification of the binding strengths caused by them individually are estimated. The strain exhibits a
systematic contribution to binding energy changes while the ligand effect can act to either intensify or weaken the
strain effect. In certain systems (e.g., Pd/Ir) the ligand effect is more pronounced than the strain. effect while in o
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Abstract: We report a facile synthesis of monodisperse NiPd alloy nanoparticles (NPs) and their assembly on
graphene (G) to catalyze the tandem dehydrogenation of ammonia borane (AB) and hydrogenation of R-NO2
and/or R-CN to R-NH2 in aqueous methanol solutions at room temperature. The 3.4 nm NiPd alloy NPs were
prepared by coreduction of nickel(ll) acetate and palladium(H) acetlyacetonate by borane-tert-butylamine in
oleylamine and deposition on G via a solution phase self-assembly process. G-NiPd showed composition-
dependent catalysis on the tandem reaction with G-Ni30Pd70 being the most active. A variety of R-NO2 and/or R-
CN derivatives were reduced selectively into R-NH2 via G-Ni30Pd70 catalyzed tandem reaction in 5-30 mm
reaction time with the conversion yields reaching up to 100%. Our study demonstrates a new approach to G-NiPd-
catalyzed dehydrogenation of AB and hydrogenation of R-NO2 and R-CN. The G-NiPd NP catalyst is efficient and
reusable, and the reaction can be performed in an enviro
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Abstract: MPd (M = Co, or Cu) nanoparticles (NPs) were synthesized by borane-amine reduction of metal
acetylacetonates. The size of the MPd NPs was controlled at 3.5 nm and their compositions were tuned by the
molar ratios of the metal precursors. These MPd NPs were active catalysts for electrochemical oxidation of formic
acid and the Cu30Pd70 NPs showed the highest mass activity at 1192.9 A g(Pd)(-1), much higher than 552.6 A g
(Pd)(-1) obtained from the 3.5 nm Pd NPs. Our synthesis provides a facile route to MPd NPs, allowing further
investigation of MPd NP catalysts for electrochemical oxidation and many other chemical reactions.
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Abstract: We report a facile synthesis of monodisperse core/shell 5/1.5 nm Au/CuPt nanoparticles by
coreduction of platinum acetylacetonate and copper acetylacetonate in the presence of 5 nm Au nanoparticles.
The CuPt alloy effect and core/shell interactions make these Au/CuPt nanoparticles a promising catalyst for both
oxygen reduction reaction and methanol oxidation reaction in 0.1 M HCIO4 solution. Their specific (mass)
reduction and oxidation activities reach 2.72 mA/cm(2) (1500 mA/mg (pt)) at 0.9 V and 0.755 mA/cm(2) (441
mA/mg (pt)) at 0.8 V (vs reversible hydrogen electrode), respectively. Our studies show that the existence of the
Au nanoparticle core not only minimizes the Pt usage but also improves the stability of the Au/CuPt catalyst for
fuel cell reactions. The results suggest that the core/shell design is indeed effective for optimizing nanoparticle
catalysis. The same concept may be extended to other multimetallic nanoparticle systems, making it possible to
tune nanoparticle catal
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Abstract: Controlling nanoparticle (NP) surface strain, i.e. compression (or stretch) of surface atoms, is an
important approach to tune NP surface chemistry and to optimize NP catalysis for chemical reactions. Here we
show that surface Pt strain in the core/shell FePt/Pt NPs with Pt in three atomic layers can be rationally tuned via
core structural transition from cubic solid solution [denoted as face centered cubic (fcc)] structure to tetragonal
intermetallic [denoted as face centered tetragonal (fct)] structure. The high activity observed from the fct-FePt/Pt
NPs for oxygen reduction reaction (ORR) is due to the release of the overcompressed Pt strain by the fct-FePt as
suggested by quantum mechanics-molecular mechanics (QM-MM) simulations. The Pt strain effect on ORR can
be further optimized when Fe in FePt is partially replaced by Cu. As a result, the fct-FeCuPt/Pt NPs become the
most efficient catalyst for ORR and are nearly 10 times more active in specific activity than the commercial Pt
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Abstract: A computational strategy to design core/shell nanoparticle catalysts for oxygen reduction reactions
(ORRs) is proposed based on multiscale modeling. Using a quantum mechanics/molecular mechanics (QM/MM)
coupling method, we have studied the ORR on Pt-Cu core/shell nanoparticles with the size ranging from 3 to 8
nm. We have calculated the oxygen adsorption energy on the nanoparticle surface (a descriptor for ORR activity)
as a function of the nanoparticle size and thickness of the Pt shell. We find that the Pt-Cu core/shell nanoparticles
exhibit higher ORR activities than flat Pt(iii) surfaces, consistent with experimental observations. We predict that
the diameter of the core/shell nanoparticles should be larger than 7 nm to reach the peak of ORR activities. By
examining the effects of ligand, quantum confinement, and surface strain, we confirm that the strain plays the
dominant role on ORR activities for the core/shell nanoparticles. A universal relation between the surface strain
and
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Abstract: Based on first-principles calculations, we predict that penta-twinned Cu nanowires (NWs) are superior
to conventional Cu catalysts for CO2 electroreduction. The penta-twinned NWs possess a combination of
ultrahigh mechanical strength, large surface-to-volume ratios and an abundance of undercoordinated adsorption
sites, all desirable for CO2 electroreduction. In particular, we show that the penta-twinned Cu NWs can withstand
elastic strains orders of magnitude higher than their conventional counterpart, and as a result their CO2
electroreduction activities can be significantly enhanced by elastic tensile strains. With a moderate tensile strain,
the bias potential for methane production at a decent current density (2 mA cm?2) can be reduced by 50%. On
the other hand, the competing hydrogen evolution reaction can be suppressed by the tensile strains. The
presence of H at the NW surface is found to have a minor effect on CO2 electroreduction. Finally, we propose to
use graphene as a substr
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Abstract: Monodisperse core/shell FeNiPt/FePt nanowires (4.5 x 20-50 nm) are synthesized by seed-mediated
growth of FePt over the pre-made 2.5 nm wide FeNiPt nanowires. The surface profile of the FeNiPt/FePt
nanowires is tailored by acid and thermal treatment. The FeNiPt/Pt-skin nanowires show higher activities than the
FeNiPt/Pt-skeleton nanowires.
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Abstract: The effect of mechanical strain on the binding energy of adsorbates to late transition metals is believed
to be entirely controlled by electronic factors, with tensile stress inducing stronger binding. Here we show, via
computation, that mechanical strain of late transition metals can modify binding at stepped surfaces opposite to
well-established trends on flat surfaces. The mechanism driving the trend is mechanical, arising from the
relaxation of stored mechanical energy. The mechanical energy change can be larger than, and of opposite sign
than, the energy changes due to electronic effects and leads to a violation of trends predicted by the widely
accepted electronic ‘d-band’ model. This trend has a direct impact on catalytic activity, which is demonstrated
here for methanation, where biaxial tension is predicted to shift the activity of ?nickel significantly, reaching the
peak of the volcano plot and comparable to ?cobalt and ?ruthenium
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Abstract: Magnesium has multiple dislocation and twinning systems with starkly different properties, which make
its plastic deformation strongly anisotropic and highly complex. Existing empirical interatomic potentials fail to
capture the full scope of these properties, making current molecular statics and dynamics simulation results of
limited quantitative and predictive use. Here, based on the work by Kim et al, a new modified embedded-atom
method potential for magnesium is introduced and rigorously validated against existing ab initio, continuum theory
and experimental results. The new potential satisfactorily reproduces all the necessary mechanical properties for
plastic deformation, including the various generalized stacking fault energy surfaces, dislocations core structures,
Peierls stresses, surface energies and basal plane cohesive strength. The capability of this potential to accurately
describe all the important slip systems and fracture behavior makes it valuable for future realistic
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Abstract: We demonstrate experimentally that a part-per-million addition of Sn solutes in Al-Mg-Si alloys can
inhibit natural aging and enhance artificial aging. The mechanism controlling the aging is argued to be vacancy
diffusion, with solutes trapping vacancies at low temperature and releasing them at elevated temperature, which is
supported by a thermodynamic model and first-principles computations of Sn-vacancy binding. This diffusion on
demand solves the long-standing problem of detrimental natural aging in Al-Mg-Si alloys, which is of great
scientific and industrial importance. Moreover, the mechanism of controlled buffering and release of excess
vacancies is generally applicable to modulate diffusion in other metallic systems.
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Abstract: We carry out first-principles simulations to assess the potential of Pd—Cu—Si metallic glasses as
catalysts for oxygen reduction reaction (ORR) using oxygen adsorption energy (EO) as a descriptor. We find that
the substitution of Cu on crystalline Pd(111) surface improves the ORR activity while the substitution of Si on the
surface is in general detrimental to the ORR activity. Compressive strains are found to weaken oxygen binding on
the surface and thus enhance the ORR activity. On the basis of the analysis of EO distribution on the Pd metallic
glasses surfaces, we find that for Si-deficient adsorption sites, the local ORR activity could exceed that on pure Pd
surface, while Si-rich sites exhibit a rather poor ORR activity. The Pd metallic glasses can sustain a much higher
compression than the crystalline counterpart, thus their ORR activity can be improved substantially under a large
compression. It is predicted that low-Si Pd metallic glasses could be excellent ORR catalysts under
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Article Title: A General Method for Multimetallic Platinum Alloy Nanowires as Highly Active and Stable Oxygen
Reduction Catalysts
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Abstract: An unconventional class of high-performance Pt Alloy nanowires: A general method is used to produce
an unconventional class of multimetallic alloy nanowires (NWs). The obtained PtNi NWs exhibit amazingly specific
and mass oxygen reduction reaction (ORR) activities with improvement factors of 51.1 and 34.6 over commercial
Pt/C catalysts, respectively, and are also stable in ORR conditions, making them among the most efficient
electrocatalysts for ORR.
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Abstract: We report a general approach to NiAu alloy nanoparticles (NPs) by co-reduction of Ni(acac)2 (acac =
acetylacetonate) and HAuCl4-3H20 at 220 °C in the presence of oleylamine and oleic acid. Subject to potential
cycling between 0.6 and 1.0 V (vs reversible hydrogen electrode) in 0.5 M H2SO4, the NiAu NPs are transformed
into core/shell NiAu/Au NPs that show much enhanced catalysis for hydrogen evolution reaction (HER) with Ptlike
activity and much robust durability. The firstprinciples calculations suggest that the high activity arises from the
formation of Au sites with low coordination numbers around the shell. Our synthesis is not limited to NiAu but can
be extended to FeAu and CoAu as well, providing a general approach to MAu/Au NPs as a class of new catalyst
superior to Pt for water splitting and hydrogen generation.
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Abstract: Controlling the electronic structure and surface strain of a nanoparticle catalyst has become an
important strategy to tune and to optimize its catalytic efficiency for a chemical reaction. Using density functional
theory (DFT) calculations, we predicted that core/shell M/CuPd (M = Ag, Au) NPs with a 0.8 or 1.2 nm CuPd2
shell have similar but optimal surface strain and composition and may surpass Pt in catalyzing oxygen reduction
reactions. We synthesized monodisperse M/CuPd NPs by the coreduction of palladium acetylacetonate and
copper acetylacetonate in the presence of Ag (or Au) nanoparticles with controlled shell thicknesses of 0.4, 0.75,
and 1.1 nm and CuPd compositions and evaluated their catalysis for the oxygen reduction reaction in 0.1 M KOH
solution. As predicted, our Ag/Cu37Pd63 and Au/Cu40Pd60 catalysts with 0.75 and 1.1 nm shells were more
efficient catalysts than the commercial Pt catalyst (Fuel Cells Store), with their mass activity reaching 0.20 A/mg of
noble metal at ?
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Article Title: Core/Shell Face-Centered Tetragonal FePd/Pd Nanoparticles as an Efficient Non-Pt Catalyst for
the Oxygen Reduction Reaction

Authors:

Keywords: FePd; face-centered tetragonal structure; core/shell nanoparticles; electrocatalysis; oxygen reduction
reaction

Abstract: We report the synthesis of core/shell face-centered tetragonal (fct)-FePd/Pd nanoparticles (NPs) via
reductive annealing of core/shell Pd/Fe304 NPs followed by temperature-controlled Fe etching in acetic acid.
Among three different kinds of core/shell FePd/Pd NPs studied (FePd core at ?8 nm and Pd shell at 0.27, 0.65, or
0.81 nm), the fct-FePd/Pd-0.65 NPs are the most efficient catalyst for the oxygen reduction reaction (ORR) in 0.1
M HCIO4 with Pt-like activity and durability. This enhanced ORR catalysis arises from the desired Pd lattice
compression in the 0.65 nm Pd shell induced by the fct-FePd core. Our study offers a general approach to
enhance Pd catalysis in acid for ORR.
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Abstract: The effect of elastic strain on catalytic activity of platinum (Pt) toward oxygen reduction reaction (ORR)
is investigated through dealloyed Pt—Cu thin films; stress evolution in the dealloyed layer and the mass of the Cu
removed are measured in real-time during electrochemical dealloying of (111)-textured thin-film PtCu (1:1, atomic
ratio) electrodes. In situ stress measurements are made using the cantilever-deflection method, and
nanogravimetric measurements are made using an electrochemical quartz crystal nanobalance. Upon dealloying
via successive voltammetric sweeps between ?0.05 and 1.15 V vs standard hydrogen electrode, compressive
stress develops in the dealloyed Pt layer at the surface of thin-film PtCu electrodes. The dealloyed films also
exhibit enhanced catalytic activity toward ORR compared with polycrystalline Pt. In situ nanogravimetric
measurements reveal that the mass of dealloyed Cu is approximately 210 + 46 ng/cm2, which corresponds to a
dealloyed layer thickness of
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Abstract: Understanding the role of elastic strain in modifying catalytic reaction rates is crucial for catalyst
design, but experimentally, this effect is often coupled with a ligand effect. To isolate the strain effect, we have
successfully investigated the influence of externally applied elastic strain on catalytic activity of metal films
towards the hydrogen evolution reaction (HER). We show that elastic strain tunes the catalytic activity in a
controlled and predictable way. Both theory and experiment show strain controls reactivity in a controlled manner
consistent with the qualitative predictions of the HER volcano plot and the d-band theory: Ni and Pt’s activity were
accelerated by compression, while Cu’s activity was accelerated by tension. By isolating the elastic strain effect
from the ligand effect, this study provides a greater insight into the role of elastic strain in controlling
electrocatalytic activity.
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Article Title: Stable Cobalt Nanoparticles and Their Monolayer Array as an Efficient Electrocatalyst for Oxygen
Evolution Reaction
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Abstract: Monodisperse cobalt (Co) nanoparticles (NPs) were synthesized and stabilized against oxidation via
reductive annealing at 600 °C. The stable Co NPs are active for catalyzing the oxygen evolution reaction (OER) in
0.1 M KOH, producing a current density of 10 mA/cm2 at an overpotential of 0.39 V (1.62 V vs RHE, no iR-
correction). Their catalysis is superior to the commercial Ir catalyst in both activity and stability. These Co NPs are
also assembled into a monolayer array on the working electrode, allowing the detailed study of their intrinsic OER
activity. The Co NPs in the monolayer array show 15 times higher turnover frequency (2.13 s—1) and mass activity
(1949 A/g) than the NPs deposited on conventional carbon black (0.14 s—1 and 126 A/g, respectively) at an
overpotential of 0.4 V. These stable Co NPs are a promising new class of noble-metal-free catalyst for water
splitting.
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Abstract: Fully ordered face-centered tetragonal (fct) FePt nanoparticles (NPs) are synthesized by thermal
annealing of the MgO-coated dumbbell-like FePt-Fe304 NPs followed by acid washing to remove MgO. These
fct-FePt NPs show strong ferromagnetism with room temperature coercivity reaching 33 kOe. They serve as a
robust electrocatalyst for the oxygen reduction reaction (ORR) in 0.1 M HCIO4 and hydrogen evolution reaction
(HER) in 0.5 M H2S04 with much enhanced activity (the most active fct-structured alloy NP catalyst ever
reported) and stability (no obvious Fe loss and NP degradation after 20 000 cycles between 0.6 and 1.0 V (vs
RHE)). Our work demonstrates a reliable approach to FePt NPs with much improved fct-ordering and catalytic
efficiency for ORR and HER.
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Abstract: We report a size-controllable synthesis of monodisperse core/shell Ni/FePt nanoparticles (NPs) via a
seed-mediated growth and their subsequent conversion to Ni/Pt NPs. Preventing surface oxidation of the Ni seeds
is essential for the growth of uniform FePt shells. These Ni/FePt NPs have a thin (?1 nm) FePt shell and can be
converted to Ni/Pt by acetic acid wash to yield active catalysts for oxygen reduction reaction (ORR). Tuning the
core size allows the optimization of their electrocatalytic activity. The specific activity and mass activity of 4.2/0.8
nm core/shell Ni/FePt after acetic acid wash reach 1.95 mA/cm2 and 490 mA/mgPt at 0.9 V (vs reversible
hydrogen electrode), which are much higher than those of benchmark commercial Pt catalyst (0.34 mA/cm2 and
92 mA/mgPt at 0.9 V). Our studies provide a robust approach to monodisperse core/shell NPs with nonprecious
metal core, making it possible to develop advanced NP catalysts with ultralow Pt content for ORR and many other
heterogeneo
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Abstract: Graphene is a two dimensional (2D) planar and hexagonal array of carbon atoms and has been
studied extensively as advanced nanomaterials for important technological applications. This review summarizes
the recent developments in chemistry, materials and energy applications of graphene, doped graphene and their
composites with nanoparticles (NPs). It first highlights the new chemistry used to synthesize high quality
graphene. It then outlines the methodologies developed to dope graphene with heteroatoms to modify and control
graphene properties. It further describes the general approaches to graphene—NP composites via either direct NP
growth onto graphene or self-assembly of the pre-formed NPs on graphene surface. These graphene—NP
composites provide some ideal systems for studying synergistic effects between graphene and NPs on catalysis.
The review focuses on applications of graphene—NP composites in increasing electrochemical energy storage
density and in catalyzing chemical reaction
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Abstract: Surface strains in core—shell nanoparticles modify catalytic activity. Here, a continuum-based strategy
enables accurate surface-strain-based screening and design of core—shell systems using minimal input as a
means to enhance catalytic activity. The approach is validated here for Pt shells on CuxPt(1-x) cores and used to
interpret experimental results on the oxygen reduction reaction in the same system. The analysis shows that
precise control of particle sizes and shell thicknesses is required to achieve peak activity, rationalizing the limited
increases in activity observed in experiments. The method is also applied to core—shell nanorods to demonstrate
its wide applicability.
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Abstract: The influence of strain on catalytic activity has previously been examined directly by calculations and
indirectly by experiments. The origin of the phenomenon has been attributed to strain-induced changes in the
catalyst electronic structure. By employing a Pd-based metallic glass film capable of large elastic strains, we
provide direct experimental evidence for catalytic activity being differently influenced by mechanically applied
uniaxial tensile and compressive strains. We demonstrate the effect on the oxygen reduction reaction with cyclic
voltammetry (CV) curves at different strain levels and compare X-ray photoelectron spectrometry (XPS) results for
unstrained and strained (in uniaxial tension) specimens to confirm valence electron band shifts. The experimental
findings are complemented by electronic structure calculations on single crystal Pd, as well as alloys with Cu and
Si. The CV and XPS shifts observed in the experiments are consistent in both direction and magnitude to th
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Abstract: Electronic structure calculations, such as those employing Kohn—Sham density functional theory or ab
initio wavefunction theories, have allowed for atomistic-level understandings of a wide variety of phenomena and
properties of matter at small scales. However, the computational cost of electronic structure methods drastically
increases with length and time scales, which makes these methods difficult for long time-scale molecular
dynamics simulations or large-sized systems. Machine-learning techniques can provide accurate potentials that
can match the quality of electronic structure calculations, provided sufficient training data. These potentials can
then be used to rapidly simulate large and long time-scale phenomena at similar quality to the parent electronic
structure approach. Machine-learning potentials usually take a bias-free mathematical form and can be readily
developed for a wide variety of systems. Electronic structure calculations have favorable properties—namely that
they
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Abstract: The development of superior non-platinum electrocatalysts for enhancing the electrocatalytic activity
and stability for the oxygen-reduction reaction (ORR) and liquid fuel oxidation reaction is very important for the
commercialization of fuel cells, but still a great challenge. Herein, we demonstrate a new colloidal chemistry
technique for making structurally ordered PdCu-based nanoparticles (NPs) with composition control from PdCu to
PdCuNi and PtCuCo. Under the dual tuning on the composition and intermetallic phase, the ordered PdCuCo NPs
exhibit better activity and much enhanced stability for ORR and ethanol-oxidation reaction (EOR) than those of
disordered PdCuM NPs, the commercial Pt/C and Pd/C catalysts. The density functional theory (DFT) calculations
reveal that the improved ORR activity on the PdCuM NPs stems from the catalytically active hollow sites arising
from the ligand effect and the compressive strain on the Pd surface owing to the smaller atomic size of Cu, Co,
and Ni.
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Abstract: Monodisperse Cu nanoparticles (NPs) assembled on a pyridinic-N rich graphene (p-NG) support show
a Cu NP mass- and size-dependent catalysis for the selective electrochemical reduction of CO2 to ethylene
(C2H4). For the 7 nm Cu NPs assembled on the p-NG with the p-NG/Cu mass ratio of 1:1, the C2H4 formation
Faradaic efficiency and hydrocarbon selectivity reach 19% and 79% respectively at ?0.9 V (vs reversible
hydrogen electrode). The p-NG itself can catalyze the CO2 reduction to formate, but in the composite p-NG-Cu
structure, the pyridinic-N functions as a CO2 and proton absorber, facilitating hydrogenation and carbon—carbon
coupling reactions on Cu for the formation of C2H4. The work demonstrates a new strategy to improve Cu NP
catalytic activity and selectivity for the electrochemical reduction of CO2 for sustainable chemistry and energy
applications.
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Abstract: Using a modified seed-mediated method, we synthesized core/shell Au/FePt nanoparticles (NPs) with
Au sizes of 4, 7, and 9 nm and the FePt shell was controlled to have similar FePt compositions and 0.5, 1, and 2
nm thickness. We studied both core and shell effects on electrochemical and electrocatalytic properties of the
Au/FePt NPs, and found that the Au core did change the redox chemistry of the FePt shell and promoted its
electrochemical oxidation of methanol. The catalytic activity was dependent on the FePt thicknesses, but not
much on the Au core sizes, and the 1 nm FePt shell was found to be the optimal thickness for catalyzing methanol
oxidation in 0.1 M HCIO4 + 0.1 M methanol, offering not only high activity (1.19 mA cm?2 at 0.5 V vs. Ag/AgCl),
but also enhanced stability. Our studies demonstrate a general approach to the design and tuning of shell
catalysis in the core/shell structure to achieve optimal catalysis for important electrochemical reactions.
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Abstract: Despite intense research in past decades, the lack of high-performance catalysts for fuel cell reactions
remains a challenge in realizing fuel cell technologies for transportation applications. Here we report a facile
strategy for synthesizing hierarchical platinum-cobalt nanowires with high-index, platinum-rich facets and ordered
intermetallic structure. These structural features enable unprecedented performance for the oxygen reduction and
alcohol oxidation reactions. The specific/mass activities of the platinum-cobalt nanowires for oxygen reduction
reaction are 39.6/33.7 times higher than commercial Pt/C catalyst, respectively. Density functional theory
simulations reveal that the active threefold hollow sites on the platinum-rich high-index facets provide an
additional factor in enhancing oxygen reduction reaction activities. The nanowires are stable in the
electrochemical conditions and also thermally stable. This work may represent a key step towards scalable
production of high-p
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Abstract: The development of superior non-platinum electrocatalysts for enhancing the electrocatalytic activity
and stability for the oxygen-reduction reaction (ORR) and liquid fuel oxidation reaction is very important for the
commercialization of fuel cells, but still a great challenge. Herein, we demonstrate a new colloidal chemistry
technique for making structurally ordered PdCu-based nanoparticles (NPs) with composition control from PdCu to
PdCuNi and PtCuCo. Under the dual tuning on the composition and intermetallic phase, the ordered PdCuCo NPs
exhibit better activity and much enhanced stability for ORR and ethanol-oxidation reaction (EOR) than those of
disordered PdCuM NPs, the commercial Pt/C and Pd/C catalysts. The density functional theory (DFT) calculations
reveal that the improved ORR activity on the PdCuM NPs stems from the catalytically active hollow sites arising
from the ligand effect and the compressive strain on the Pd surface owing to the smaller atomic size of Cu, Co,
and Ni.
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Abstract: Monodisperse 5?nm AuMn nanoparticles were synthesized by hydride reduction of manganese
acetylacetonate in the presence of Au nanoparticles. The alloy was formed through fast Mn diffusion into the Au
structure. The AuMn nanoparticles were converted to Au-MnO composite particles through air annealing at 170?7°
C. These Au-MnO particles, especially the core/shell Au/MnO nanoparticles, were active for the electrochemical
reduction of H202, with a detection limit reaching 8?nM. This highly sensitive electrochemical sensor based on
the Au/MnO nanoparticles was used to monitor H202 concentrations released from living cells, from which
tumorigenic cells were discovered to release higher levels of H202 than the non-tumorigenic cells.
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Abstract: Elastic strain provides a direct means to tune a material’s electronic structure from both computational
and experimental vantage points and can thus provide insights into surface reactivity via changes induced by
electronic structure shifts. Here we investigate the role of elastic strain on the catalytic activity of tungsten carbide
(WC) in the hydrogen evolution reaction. WC makes an interesting material for such investigations as it is an
inherently promising catalyst that can sustain larger elastic strains (e.g., ?1.4 to 1.4%) than common transition-
metal catalysts, such as Pt or Ni (e.g., 70.4 to 0.4%). On the basis of density functional theory calculations, a
compressive uniaxial strain is expected to cause weakening of the surface—hydrogen interaction of 10—15 meV
per percent strain, while a tensile strain is calculated to strengthen the surface—hydrogen interaction by a similar
magnitude. Sabatier analysis suggests that weakening of the surface-hydrogen interaction would enhanc
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Abstract: In the past two decades, the synthetic development of magnetic nanoparticles (NPs) has been
intensively explored for both fundamental scientific research and technological applications. Different from the
bulk magnet, magnetic NPs exhibit unique magnetism, which enables the tuning of their magnetism by systematic
nanoscale engineering. In this review, we first briefly discuss the fundamental features of magnetic NPs. We then
summarize the synthesis of various magnetic NPs, including magnetic metal, metallic alloy, metal oxide, and
multifunctional NPs. We focus on the organic phase syntheses of magnetic NPs with precise control over their
sizes, shapes, compositions, and structures. Finally we discuss the applications of various magnetic NPs in
sensitive diagnostics and therapeutics, high-density magnetic data recording and energy storage, as well as in
highly efficient catalysis.
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Abstract: Metalnanoparticles(MNPs)areessentialcatalyst componentsinelectrochemicalenergyconversion
andstoragedevices,includingfuelcells,Li-airbatteries andwater-splittingsystems.Synthesesof
monodisperseMNPswithcontrolledsizes,shapes and structuresiskeytofullyharvestingtheir catalyticcapabilities.

Thisreview first outlinesthefundamentalsofthesynthesisofmonodisperse MNPs byorganicsolutionphasereactions.

Itthensummariescommonstrategiesappliedtotailor MNP size,shapeandstructure.
ThereviewfurtherhighlightsrecentadvancesofusingMNPsas efficient
catalyststocatalyzesomerepresentativereactionsthatrelatedtoenergyconversions, including
oxygenreductionreaction,hydrogenevolutionreaction,CO2 reduction reaction,
methanol/formicacidoxidationreaction,andoxygenevolutionreaction.
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3.0 SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS

3.1 Background: Enhanced control of chemical reactions has enormous and broad implications
for energy generation and conversion, chemical synthesis, sensing, and material degradation. The
use of mechanical stress or strain to augment traditional alloying methods provides an avenue both
for fine-tuning reaction specificity and/or selectivity and for active control during processes. The
focus of this MURI effort is to explore the fundamental principles of stress controlled catalysis
through closely coupled experimental and computational investigations.

3.2 MURI objectives:
(1) Develop a scientific basis for controlling chemical reactions using externally applied stress
with particular application to catalytic processes.

(i1)) Demonstrate the scientific underpinnings of stress controlled catalysis in model experiments
(e.g. thin films, nano-pillars) for select reactions of scientific and technological interest (e.g.
oxygen reduction reaction, hydrogen evolution reaction, methanation of carbon monoxide).

(iii) Develop novel multiscale simulation methods that bridge the length scales between the
density functional theory and practically used nano-particle catalysts.

(iv) The main outcome of the project is unambiguous demonstration that stress can be used to
substantially modify and control chemical reactions, along with possible engineering paths,
via both thin film and bulk metallic glass nanostructures, for implementing stress control
across a wide material space.

3.3 Program organization: The MURI effort was organized into four complementary research
thrusts, each of which has computational and experimental investigations.

(1)  Effect of stress on catalysts spanning volcano plot
(i1))  Control of Strain Effects with core/shell nanoparticles
(ii1))  Breaking the conventional rules of catalysis
(iv)  Computational design of catalysts (Reaction: CO, reduction)

N

1 MURI: Stress

controlled catalysis
via engineered
nanostructures



3.4 Summary of highlights

(i)

Conclusive demonstration of the systematic effect of stress on catalytic activity

Summary
+ Developed new in situ experimental

capabilities/approaches to conclusively

demonstrate the systematic effect of stress on

catalysis in a variety of catalysts.

Metallic glasses; HER and ORR catalysts that

span the volcano plot.

« Close interaction between experiments and
theory/computation.

» Provides a quantitatively predictive basis to
design catalyst nanostructures that can exploit
the stress effect for improved performance in
technologically relevant reactions, i.e., elastic
strain is another coordinate in catalyst design
space.

Future outlook

+ Systematic studies that span the full spectrum of
multiaxial stress states

» Applications to more complex (multi-step)
reactions

+ Identify reactions where stress effects can be

large and transformative.

Practical strategies for active straining, i.e., how

to translate the basic science results

demonstrated here into a practically usable

system.
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Summary
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Summary
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Future outlook

Rational design of core-shell nano-particle catalysts
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Traditional computational methods in catalysis that employ
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Breaking the conventional rules in catalysis: can stress help us go beyond the d-band

theory predictions?

Computational Design of Catalysts

The powerful computational modeling tools developed in this
program have applications beyond the context in which they have
been developed. Useful tool for new catalyst design.
Model reaction:CO, reduction.

We find that the generalized coordination number (GCN) is a good

descriptor for CO; reduction on Cu. Using GCN, we can estimate the
theoretical limit of the overpotential on (modified) Cu surfaces.

We predict Ni/Ti and Cu*/Ni NSAs are excellent catalysts for formic
acid production — they have 100% selectivity and very low
overpotentials.

We predict Au/Hf as a selective catalyst for HCOOH without HER.
We predict Ag/Ta as a unique catalyst for CH;OH production with a
relatively high overpotential for HER.

Some of the results of NSAs could be translated to core/shell NPs,
where stress effect could be important. Needs further
investigations.

Experiments guided by the specific computational predictions.
Discover reactions and systems in which stress plays a significant
role.

Free energy (eV)

AW +¢') transferved
B
We predict Ag/Ta as an unigue catalyst that can reduce CO, 1o CH,OH at a relatively low
overpotential (0,67 V vs, RHE) compared with 0,79 ¥ on Cu (211} The overpotential for
HER on AgTa, bowever. is about six times higher than that on Cu (211)

Cu(111) 2v-Cu;0(111)

~ Cu(100)




In the following sections, we expand upon a selected set of accomplishments to underscore
the summary provided above.

3.5 Conclusive demonstration of the effect of strain on catalytic activity; model reaction:
Hydrogen Evolution Reaction (HER)

The electrochemical production of hydrogen is considered one of the key enabling
technologies to transform our energy economy into a more sustainable and carbon-neutral form.
[1, 2]. As a result, the hydrogen evolution reaction, below, has gained prominence [3, 4]:

2H" +2¢ — H2 (1)

We have systematically (both experimentally and computationally) studied the effect of externally
applied elastic strain on the catalytic activity of pure metal films towards HER. HER is ideally
suited for studying the effect of elastic strain as it is well established that the binding energy of H-
---expressed as the free-energy change of hydrogen adsorption (AGn)----is a primary predictor of
the effectiveness of an electrocatalyst for HER, with an ideal catalyst having AGu of about 0 eV.
In this investigation, we choose three metals that span the volcano plot: Ni (left of the peak), Pt
(near the peak) and Cu (right of the peak), which provide a representative set to investigate the
effect of elastic strain and the predictions of the d-band model.[5-7] The metal films are subjected
to externally apply compressive and tensile loading while they are participating in HER.

Experimentally, thin films of the three metals under consideration (Pt, Ni and Cu) were
synthesized by sputtering and/or e-beam evaporation on PMMA (polymethylmethacrylate)
substrates. Elastic strains were applied on the films by subjecting the PMMA substrates to uniaxial
tensile and compressive loading. An electrochemical cell was designed to be integrated with a
universal mechanical testing machine. The activity of the films for HER was studied at each load
value through cyclic voltammetry (CV) in 0.1 M NaOH electrolyte by monitoring the shifts in the
potential at specified values of HER current. Following assembly, the electrochemical cell was
subjected to 30 CV scans at a sweep rate of 50 mV/s to ascertain that a steady state was established.
The PMMA substrates were then subjected to a strain cycle. First, the sample was subjected to
progressively higher compressive loads corresponding to nominal elastic strains (that is, percent
elongation or compression) of 0.1%, 0.2%, 0.3% and 0.4%; the sample was held at each constant
strain while five CV scans were collected.

Simultaneously, we performed density functional theory (DFT) calculations on Pt, Ni, and
Cu(111) surfaces under various loading conditions to more precisely quantify the theoretical
predictions, and further interpret the experimental measurements in terms of changes in the H
binding energy. We assumed the thin metal film experiences the same in-plane response, in terms
of uniaxial strain and Poisson response, as that of the substrate. For the loading configuration
shown, the substrate experiences a strain of € in the axial direction (i.e. loading direction) and a
transverse strain of —vemma * €, where vemma of 0.38 is the Poisson’s ratio of the PMMA. In the
direction normal to the plane, the catalyst was allowed to relax without constraint, as would be
expected in the physical sample. At the atomic scale, each metal surface was constructed using a
2x2 non-orthogonal unit cell with four layers and 20 A vacuum, employing the corresponding
DFT bulk lattice constants, calculated as 4.021 A for Pt, 3.552 A for Ni, and 3.710 A for Cu. The
free energies for H adsorption (AGn) at 298 K are calculated via the computational hydrogen
electrode model as:



AGH(HH) = AEH(BH) + AEZPE —TAS + AGV (2)

where AE, (8y) is the differential hydrogen adsorption energy[6]:
1
AE;(0y) = E(mH x) — E((n — 1)H *) — EEHZ (3)

In the above equations 6 is the H coverage (0.25-1 monolayer, ML). To make a quantitative
connection to the experiments, we define the limiting potential VL as the electrode potential at
which the free energy change of all unit steps in the reaction is less than or equal to zero, i.e., the
reaction becomes downhill in the free energy landscape. It can be seen from Figure 1 that Vv is
given by -(AGy of the most uphill step)/e where e is the charge of an electron. Although the energy
barriers for the unit steps are ignored, the difference between the equilibrium potential and the
limiting potential has often been found to give an indication of the overpotential requirement for
the catalytic reaction. Hence, the change in the limiting potential with strain, i.e., AV = Vi(strained)
- Vi(unstrained), can be compared with the experimentally observed shift in the CV curves with
strain. Figure 1 (d) to (f) plot the computed AV with strain for the three metals (for different
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Figure 1. CV-curve shifts relative to the zero strain level as a function of applied elastic strain for (a) Pt, (b) Ni and
(c) Cu. A positive potential shift denotes a reduction in overpotential and vice versa. Note the qualitative difference
between Cu and the other two metals; compressive strain increases catalytic activity for Pt and Ni whereas the effect
is opposite for Cu, which is on the other side of the volcano peak. The solid lines (gray color) on the experimental
data represent the computational results from the bottom row of figures. The bottom row shows the potential shifts
obtained computationally for (d) Pt(111), (e) Ni(111), and (f) Cu(111) surfaces at different hydrogen coverages as a
function of in-plane predominantly uniaxial strain. Areal strain, e = AA / A0, where AA and A0 are the changed area
under nominal axial strain and the initially physical area of the electrode, respectively. The plots shown are average
responses for straining along perpendicular in-plane directions. Note that the computationally accessible range of
strain values is much larger than what was experimentally accessible.



coverages) in the strain range of -2.5% to 1.5%. We note that the plotted results represent the
average response corresponding to multiple loading directions in the (111) plane. The
computational results within the experimental loading range were superposed on the experimental
data in Figure 1 (a) to (c) as gray solid lines. Despite the simplicity of the computational model,
the agreement with the experimental data is remarkably good in all three cases. In particular the
computations also capture the reversal in the strain effect on HER activity of Cu compared to that
of Pt and Ni. This also suggests that the peak of the volcano plot is correctly placed to the right of
Pt; that is, Pt binds H slightly too strongly.

In summary, we experimentally demonstrated that externally applied elastic strain can
influence the HER activity of Pt, Ni and Cu thin-film catalysts in a predictable way, consistent
with the predictions of the d-band model and with the hydrogen-evolution volcano. By separating
the strain effect from the ligand effect, we demonstrated that the effect of strain on metals on
opposite sides of the volcano peak is reversed, i.e., compressive strain increases the catalytic
activity of metals to the left of the volcano peak and reduces that of the metals to the right. Tensile
strain has the opposite effect. The experimental observations match theoretical calculations
qualitatively and quantitatively.

3.6 Rational Design of Nano-particle Catalysts:

Our earlier work demonstrated that intermetallic FePt in the core/shell structured FePt/Pt
nanoparticles (NPs) can help to enhance Pt catalysis for the oxygen reduction reaction (ORR). To
improve the intermetallic ordering in FePt, we first prepared the dumbbell-like Fe3Os-FePt NPs
with Fe/Pt ratio controlled to close to 1. We then coated the dumbbell NPs with MgO, which is
necessary to stabilize NPs against sintering in high temperature reductive annealing condition.
Once annealed in Ar + 4% H2 at 700°C for >5 h, fully ordered intermetallic FePt NPs were
obtained. The crystal ordering was characterized by X-ray diffraction peaks from the typical
intermetallic FePt structure and by the large room temperature coercivity (>3 T). The MgO coating
was removed by washing the product with 0.1 M HCIlOs solution at room temperature. This
washing also lead to the formation of core/shell FePt/Pt NPs due to the controlled etching of
surface Fe from the NPs. The carbon supported FePt/Pt NPs show much enhanced catalysis for
ORR in 0.1 M HCIO4 at room temperature. However, once tested in the 0.1 M HCIlO4 solution at
60°C, close to real operation temperature of a polymer electrolyte membrane fuel cells fuel cell
(40-80°C), the FePt/Pt catalyst became unstable, and its activity dropped near 50% after 5000
potential cycling between 0.6 and 1.0 V in an Oz-saturated 0.1 M HCIO4 (Figure 2 a&b).
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Figure 2. (a) ORR polarization curves (before and after 5000 potential cycling) of the FePt/Pt NPs prepared
from room temperature acid washing; (b) specific activity changes of the (a) NP core/shell NP catalyst after
potential cycling at different temperatures; (¢) ORR polarization curves (before and after 10000 potential
cycling) of the FePt/Pt NPs prepared as in (a) and annealed at 400°C; (d) mass activity changes of the (c)
core/shell NP catalyst after different potential cycling at 60°C.

Considering that the FePt/Pt structure was formed from room temperature washing with 0.1
M HCIlOs4 solution, we hypothesized that the Pt shell formed under this room temperature condition
might not be defect-free, and this defected surface might not prevent Fe from further Fe etching or
the defected surface might deactivate its catalysis for the ORR at 60°C, leading to the observed
activity drop. To overcome this problem, we chose to further anneal the FePt/Pt NPs at 400°C in
Ar + 4% H2. We expected that this annealing would help to “heal” the defected Pt shell to make it
defect-free and to stabilize the FePt/Pt structure at 60°C. Indeed, after this simple annealing
treatment, we found that the FePt/Pt NPs were both active and stable (Figure 1 c&d). After 5000
potential cycling between 0.6-1.1 V, the activity did not drop - it was actually increased about
10%. After 10000 cycling, the activity dropped only less than 10%. Our data in this group of
experiments proved that 1) Fe is more efficiently stabilized in the fully ordered intermetallic FePt
structure; 2) the intermetallic FePt core helps to compress the surface Pt (2-3 atomic layers) in the
FePt/Pt structure, enhancing the Pt catalysis for the ORR; 3) the higher degree the FePt ordering,
the better the activity and stability of the FePt/Pt structure; 4) proper thermal treatment (400°C in
our test) can help to further smoothen the Pt shell, making the FePt/Pt active and stable at 60°C
for the ORR.
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tuning of electrocatalysis for the
CO2 reduction. We tested our Figure 3. TEM images of (a) 7/0.8 nm, (b) 7/1/8 nm Cu/Sn NPs; (c)

synthesis of Au/Cu and Ag/Cu elemental mapping of a single 7/0.8 nm Cu/Sn NP; (d) photograph of the 7
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our 11}1‘[1211 'Synthetl'c efforts did o, in the presence of (e) 7/1.8 nm and (f) 7/0.8 nm NPs.
not yield high quality core/shell

structure. We switched our focus on core/shell Cu/Sn NPs. Cu is known to be the most active
catalyst for electrochemical reduction of CO2 to CO and hydrocarbons. The issue of Cu catalysis
is its selectivity. Sn is a good catalyst for the CO2 reduction to formic acid. By combing these two
known systems, we may come out with a new catalyst for the CO:2 reduction. Our initial synthesis
tended to yield mixture of Cu and SnO2 NPs. We solved this problem by heating Sn(acac): at
250°C in the presence of 7 nm Cu NPs, trioctylamine and tetradecylphosphonic acid. By
controlling the amount of Sn(acac)2, Sn coating thickness was controlled. For the study, we made
the 0.8 nm and 1.8 nm coating. Figure 3 shows the TEM images of 7/0.8 (Figure 3a), 7/1.8 nm
(Figure 3b) Cu/Sn NPs, elemental mapping of a single 7/0.8 nm NP (Figure 3c), and the photo of
7 nm Cu and 7/0.8 nm Cu/Sn NP dispersions in hexane (Figure 3d). When tested as the catalyst
for the electrochemical reduction of CO2 in 0.5 M KHCOs3 solution, we noticed that the 7/1.8 nm
Cu/Sn functioned similarly to the Sn NPs, forming formate as a major reduction product (Figure
3e). However, for the 7/0.8 nm Cu/Sn NPs, the reduction gave the main product of CO with
formate as a very minor product (Figure 3f). Considering the CO:2 reduction to CO is often
catalyzed by Au or Ag catalyst, the Sn shell effect on the Cu/Sn catalysis for the selective reduction
of COz2 to formate (from the 1.8 nm Sn shell) or CO (from 0.8 nm Sn shell) offers a new strategy
in using core/shell NPs to tune shell catalysis for CO2 reduction. We are working with the theory
group to explain why the Cu/Sn NPs show the specific catalysis as observed.

Looking into next year, we will continue to work on core/shell NP catalyst for electrochemical
reactions. Our focus will be on the electrochemical reduction of oxygen (for fuel cell applications)
and COz (for the formation of a specific hydrocarbon). In addition, we will start to study core/shell
NP catalyst for the COz2 activation in a thermocatalytic condition. We intend to demonstrate that
the core/shell design concept developed in the electrocatalysis can be extended to thermocatalysis
as well.

Multiscale Computational Design of Core/Shell Nanoparticles for Electrocatalysis
Core/shell nanoparticles (NPs) are a class of promising catalysts for electrochemical
reactions, such as oxygen reduction reaction (ORR) [8], hydrogen evolution reaction (HER) [9],



and COz reduction [10], to name but a few. The mismatch between core/shell lattice constants
results in non-uniform surface strain distribution, which can be tuned to modulate catalytic activity
on NPs for a given reaction. It is well known that surface strain on a core/shell NP depends on its
shape, size, shell thickness and chemical composition, thus a prediction of the surface strain as
function of geometric and materials parameters is of crucial importance to the design of core/shell
NPs. As strain is deeply rooted in the field of Mechanics while catalysis is primarily a subject of
Chemistry, we need to combine quantum mechanics with molecular or continuum mechanics to
capture mechano-chemistry that underlies stress-controlled catalysis on core/shell NPs. To this
end, we have developed a multiscale strategy to computationally design core/shell NPs for
electrocatalysis.

It has been established that oxygen adsorption energy on a metal surface, Eo, is a good
descriptor of ORR and the ORR reaction rate r on an active site can be expressed as [11, 12]:

r=f,exp[—|1.8E,(g)+1.96]|/kgT] (1)

where Eo is a function of local strain ¢. The overall ORR rate of a given NP, rnp, is thus the average
of the reaction rates on all active sites:
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Strateg}’ to design Pd-based core/ Sh?ll Figure 5. Logarithm of the reaction rate for (a) ICO and (b)
NPs with the goal to replace commercial OCT NPs, respectively, as a function of Ni concentration in
Pt catalysts for ORR. We focused on the core. (c) Surface strain of pure Pd NPs as a function of

NPs in three different shapes, i.e., NP diameter.

octahedron (OCT), icosahedron (ICO)

and truncated octahedron (TO), as shown in the inset of Fig. 4. The OCT and ICO NPs possess
(111) facets only, while the TO NPs have both (111) and (100) facets. In Fig. 4, we display Eo(¢)
on all relevant facets and edges of the NPs. By comparing the left and right panels - both against
the optimal Eo, we find that the edges of the OCT and ICO NPs have lower ORR activity than the
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Figure 4. Eo(é) on Pd (111), (100) facets and four edges as a
function of strain for NPs. The optimal value of Eo is shown as
a horizontal red line.
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Pd (111) facet, while the edges of the TO NPs have a comparable activity as the Pd (100) facet.
Moreover, all edges can be activated by compressive strains. In particular, Pd (100) facet is more

active than (111) facet for most of the strains.
Interestingly, the two facets have opposite
dependence of Eo on strain: tension enhances
ORR activity on (100) facet while compression
promotes the activity on (111) facet. Since a TO
NP consists of both (111) and (100) facets, we
need to consider their competing effect.

In the following, we focus on NixPdix
and AgxPdix cores for the OCT and ICO NPs
because our MD simulations showed that the
former could supply strong compressions while
the latter could provide tensions on the NP
surface. In Fig. 5, we present the overall ORR
activity (rney on the OCT and ICO NPs with a

=300 K)
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Figure 6. Logarithm of the reaction rate as a function
of Ni or Ag concentration in the core for the TO NP
with a diameter of (a) 6 nm and (b) 8 nm.

diameter of 8 nm at 300 K. The dashed horizontal line indicates rne on the pure Pt TO NPs. We
find that both higher Ni concentration in the core and thinner Pd-shell can increase ORR activity.
More importantly, we predict that the OCT and ICO NPs with 2-layer of Pd-shell and 75% or

higher Ni concentration in the core would result
in higher ORR activity than a pure Pt NP in the
same size and shape. Fig. 5 also highlights the
importance of NP shape on ORR activity. For
example, the OCT and ICO NPs have intrinsic
compressive and tensile strains, respectively as
shown in Fig. 5 (c), which significantly
influence their ORR activity.

Fig. 6 shows the overall ORR activity
(rne) on the TO NPs with a diameter of 6 nm
and 8 nm at 300 K. We find that AgxPdix core
outperforms NixPdix significantly, indicating
that the enhancement on (100) facet due to
tension overrides the retardation on (111) facet
due to compression. Thanks to the presence of
(100) facets, the TO NPs exhibit much higher
ORR activity than the OCT and ICO NPs. For 2
or 3 layers of Pd-shell and 75% or higher Ag
concentration in the core, the TO NPs can be as
active as the pure Pt NPs in the same shape.
Among all NPs examined, we conclude that
Ag/Pd NPs in the TO shape with 2 or 3 layer
Pd-shell have the highest ORR performance.
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that of Cu to supply tension on the surface. ¢y, Ag,oand CusAga NPs.

Using MD simulations, we examined the

maximum concentration of X (X= Ag, Au, Al, Pt and Pd) as core alloy CuX. In Table I, we list
the maximum concentration for each element and the corresponding strain on (111) and (100)
facets.

Table 1 Surface strain on Cu-based core/shell NPs. The core is an alloy of CuX (X= Ag, Pd, Al, Pt and Au).

X Ag Pd Al Pt Au

Max. Concentration 20% 40% 25% 37% 20%
e(111) (%) 24 2.2 2.1 24 2.7
£(100) (%) 6.5 6.1 6.7 5.6 6.5

Based on the MD result, we then choose Cui-xAgx as core materials and compute the overall rate
(rro) for CHa production on the TO NPs using the following equation [15]:

o=t Y ke SO LS g, Loy e (3)
A iie(111) A i,je(100) A k,keedge

Fig. 8 shows that rro increases with Ag concentration in the core. In fact, CusoAgao core can offer

29-fold increase in the reaction rate than pure Cu NPs at T = 300 K. If CH4 is the dominant product

in CO2 reduction, the current density on CusoAg20/Cu NPs would reach 0.7 mA/cm? at 0.55 V and

300 K, much higher than the corresponding value of 0.025 mA/cm? on pure Cu NPs in the same

condition.

3.7 Theory of anomalous effect of uniaxial strain on surface reactions

The general function of a catalyst is to change the rate and selectivity of a chemical reaction
pathway. The rate of an elementary step is largely dictated by the energy levels of the transition
state relative to that of the initial state, as can be estimated with transition-state theory. This, in
turn, dictates the activity of a catalyst [16]. However, catalysts typically do not give individual
control of reaction barriers relative to the endstates [17-19], but rather exhibit highly correlated
behavior. Generally, transition states have been calculated to follow relationships such as
transition-state scaling (TSS). In the TSS, the transition state---or more formally, the saddle point
that represents the highest point along the minimum energy pathway linking initial and final states-
--is considered as an adsorbate, just as are the initial and final states[20, 21]. In this manner, a more
reactive surface binds all adsorbates (transition state, initial state, and final state) more strongly
than a more noble surface, and the TSS can be considered as a special case of the adsorbate scaling
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relations[22]. This can create limitations in catalyst design[17-19] : for example, if one wishes to
reduce a reaction barrier by choosing a more reactive metal that binds adsorbates more tightly,
then the initial state is also bound more tightly and the barrier relative to the initial state is only
marginally changed. This is illustrated in 9.

ok 2
Q Q
G| s & IS
IS TS reactivity

Figure 9. (a) Illustration of transition-state scaling (TSS). If a more reactive catalyst surface is chosen, both the initial
state (IS) and transition state (TS) bind to the surface more strongly in a correlated fashion. One must exploit subtle
differences in the slopes of the response to change the net barrier.

We discovered an important class of exceptions to the rule of transition-state scaling under
conditions of uniaxial loading. When a material is put under tensile strain, the interatomic spacing
of the surface atoms increases, leading to less overlap of the d orbitals and a narrower d-band
width. Because the number of d electrons is unchanged, the fractional filling of the d band remains
constant and the central moment of the d band (the d-band center) shifts upward. By the d-band
theory, this higher central moment leads to a strengthening of adsorbate--surface interactions, and
the net result is that tensile strain leads to stronger binding of reactive intermediates, while
compressive strain leads to weaker binding. However, when individual binding sites are
considered, the picture is more subtle. [23, 24] A general rule of thumb is that the higher the
coordination number of the binding site, the stronger the response to strain. For example, a bridge
(2-fold) site has higher strain susceptibility than does an ontop (1-fold) site, and a three-fold hollow
site has a higher strain susceptibility than a bridge site.

Importantly for the current discussion, when strain is applied in one direction, a Poisson
response is expected in the orthogonal directions. For example, if uniaxial compression is applied
in the x direction, a compensating expansion is observed in the y and z directions which can be
quantified with Poisson's ratio. If the compression is applied in line with the material surface, one
dimension of the contraction also takes place on the surface of the material. This is illustrated in
10 (a) for an fcc(100) surface in which compression is applied in the x direction; in this case, a
Poisson response is observed in the y (shown) and z (not shown) directions. This response can be
substantial: in the case of Ag, the contraction in the y direction is about 39 per cent of the applied
displacement in the x direction (as dictated by Poisson's ratio).
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This results in fundamentally different behavior between the types of sites present in 10. In
a fourfold hollow site (labeled “IS”" in Figure ), a net compression takes place at the binding site,
resulting in an encroachment of the surface metal atoms on the binding site; although the transverse
(y direction) metal atoms move away from the adsorbate the inline metal atoms overwhelm this
effect, and an adsorbate at this site would feel the expected weakening of the surface-adsorbate
bond with the applied compressive load. However, for an atom located at a bridge site (“T'S”), the
local effect is one of tension: the two metal-adsorbate bonds lengthen and the adsorbate would in

—
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applied load

energy
energy

AN

IS TS strain

Figure 10. (a) Schematic of applying uniaxial tension to an fcc(100) surface. (b) Qualitative picture of the energy
level changes of the initial state (IS) and transition state (TS) with the applied loading. (c) When plotted versus
strain, we expect a violation of transition-state scaling.

net feel a weakening of its binding strength to the metal with the applied tensile strain—which is
qualitatively opposite to what is conventionally expected.

This scenario can be a rather powerful exception to transition-state scaling, if the initial
state (IS) is in the fourfold site and the transition state (TS) is at the bridge site. Under compression,
the IS feels a weakening of the surface--adsorbate interaction, resulting in an increase of its energy
as shown in 10 (b). Meanwhile, due to the Poisson response, the TS's surface--adsorbate interaction
is just the opposite: it is strengthened. The implication of this for the reaction pathway is shown in
10 (b) to (c): the net reaction barrier can be expected to decrease much more significantly than if
the IS and TS were correlated as normal. Since reaction rates are exponentially related to changes
in barrier height, even rather small deviations to TSS might be expected to have rather large
impacts on a catalyst's activity and selectivity.

We used electronic structure calculations to quantify such expectations, devising example
reactions in which the IS and FS structures have appropriate site locations to feel the suggested
effect. First, we examined the dimerization of two O adsorbates to form Oz on a Ag(100) surface;
this is a type of reaction that can be of importance in the oxygen evolution reaction. For this
problem, we used planewave density functional theory and the climbing-image nudged elastic
band (CI-NEB) with 5 discrete images along the band to find the minimum energy pathway. At
strain levels of 0% and +3%, we allowed the system to relax in the transverse directions to the
applied load in order to calculate the Poisson ratio self-consistently. The initial state consists of
two O monomers each adsorbed at a fourfold hollow site, where the effect of compression is to
weaken the bonding (i.e., the normal strain effect). However, the reaction pathway leads the dimer
to form over the twofold bridge site, which is experiencing a Poisson-driven response to the applied
uniaxial loading. The result of these CI-NEB calculations is shown in 11, in which we see the net
barrier decreasing as a result of the IS and TS being effected in opposite directions. Specifically,
under compressive loading, the elementary reaction becomes more facile as the IS-surface bond
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weakens and the TS--surface bond strengthens. This anomalous result is an exception to the TSS
relations.
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Figure 11. (a) Schematic of O2 association reaction initial state (IS) and transition state (TS). (b) Result of NEB
calculations showing the response to compressive (C) and tensile (T) strain. (c) Response of IS and TS binding
energies to strain.

As a second type of phenomenon, we examined surface self-diffusion of an adatom on a
symmetric Cu 100 surface under uniaxial strain, as shown in 12. In this case, the most stable site
for an adatom is the fourfold site, which serves as both the IS and final state (FS) for this reaction.
However, although the surface is initially symmetric, we can expect the bridge site relating to
diffusion inline (“I”’) with the strain will behave
very differently than that corresponding to
diffusion transverse (“T”’) to the strain, as the
former feels a net expansion during compressive
load and the latter feels only compression. Again,
we performed CI-NEB to trace the minimum
energy pathway of the elementary reaction, but
this time we performed calculations in the simple
EMT representation, which is well-suited for such
problems. The results are shown in 13. For inline
diffusion, this ends up being a very similar
process to that described for the associative
desorption process described above for diffusion in the direction parallel to the applied load: the
IS feels the conventional response to strain, while the TS feels the reverse response, again
representing an exception to TSS. However, for transverse diffusion, a conventional response
would take place for the TS: that is, the bridge site will be subject to the same qualitative strain
response as the fourfold IS site. Interestingly, this leads to the prediction that the surface diffusion
should be strongly enhanced in the direction of the applied compressive load, and retarded in the
direction orthogonal to this load.

applied load

LISS00 response

Figure 12. Cu monomer diffusion on Cu(100) surface.
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Figure 13. Energy pathway for (a) diffusion along the axis of applied load, and (b) diffusion perpendicular to the axis
of applied load.

3.8 Towards Computational Discovery of Catalysts for CO; Electrochemical Reduction

Surface Coordination Number as Descriptor for CO2 Reduction on Cu

Electroreduction of COz is an attractive technology that recycles COz into renewable fuels
and useful chemicals [25]. Cu is the only metal that is capable of producing significant quantities
of hydrocarbons from CO2. However, high overpotentials (close to 1 V) and poor product
selectivity (16 different products) are two outstanding problems on Cu [26, 27]. In order to
overcome these two problems, surface engineering of Cu has been widely explored [28, 29]. Here,
we propose a descriptor which can characterize the reactivity on possible Cu surface sites and more
importantly predict a
theoretical limit of
overpotential on Cu. This
work provides the roadmap
and theoretical limit to lower
the overpotential on Cu. ‘ 3AI)@(1) ADGTD

It is well known that | g GCN ~3.50 GON - 292
the activity of a surface site is [Ebu:
correlated to its coordination
number (cn), i.e., the number
of its nearest neighbors. EaEEs A i
However, cn itself is not a  Activesite( ) 1%nearest neighbors () 2 nearest neighbors ()
good descriptor for CO> Figére 14. Catalog of active sites and generalized coordination number (GCN)
on Cu.

(211)SE
GN = 5.50

reduction. For example, the
top sites on (110) and (211) step edges have the same (seven) nearest neighbors, but their reactivity
for COz reduction is orders of magnitude different [15]. Here, we propose that a generalized
coordination number (GCN) can be used as a descriptor for CO2 reduction, which is an extension
of cn to include the 2" nearest neighbor contribution of an active site [30]:
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cn(j)
cn

GCN(i) =)’ 4)
i=1 'max
where j is the 1% nearest neighbor of the active site i;
CNmax is the maximum number of j in bulk. To provide
a wide range of possible GCN on Cu, we have
included ten active sites as shown in Figure 14. A set
of linear scaling relations between GCN and the
binding energy of reaction intermediates on the ten
active sites has been established for CO2 — CHa
(Figure 15). The free energy of the reaction
intermediates, therefore, can be calculated as a
function of GCN as well. Based on the free energy-
GCN relations, we can determine the limiting
potential (Ur) for a given reaction step (e.g., CO* +
[H" + e ] — CHO¥*) as a function of GCN:

_ GICHO*]-G[CO*|~G[H +¢ J(U =0Veue) (5)

e

which can be used to construct the volcano plot
(Figure 25). From the volcano plot, we observe that
the overpotential for CH4 production on Cu decreases
with smaller GCN and approaches the volcano top
when GCN equals to 3.1. The theoretical limit of the
overpotential on Cu is thus estimated as 0.62 V,
which is 35% lower than that on (111) surface and
14% lower than that on the (211) step edge. These
findings suggest that there is room to further reduce
overpotential on Cu by modifying its surface

u, =

E, (eV)

U, (V)

GCN

Figure 15. (Top) Binding energies of CO* and
CHO* intermediates as a function of GCN.
(Bottom) Activity volcano plot for CO; reduction
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surface could reach the lowest-possible i
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Figure 16. Reaction pathway and the free energy diagram for the
reduction of CO, to HCOOH on Ni (111).
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Ni and other metal catalysts such as Pt, Fe, and Co with strong binding to CO, are
considered as poor catalysts for CO2 reduction because CO can poison surface [27, 31, 32]. In this
work, we provide theoretical insight into the mechanism of CO2 reduction to formic acid on Ni
(111) surface and explore possible routes to transform Ni into highly active and selective catalyst.

The reaction pathways and free
energy diagram are displayed in Figure S I \cjn\
16 obtained from first-principles = "; f"“"“‘“ A— 5 —
calculations. There are two competing b
electrochemical pathways converting
CO2 to formic acid (HCOOH): via
COOH* (red) and via HCOO* (blue).
On Ni (111), the COOH* pathway is
favored due to its lower overpotential
(0.16 V) comparing to the HCOO*
pathway (0.33 V). Along this preferred
pathway, however, prior to the
production  of  HCOOH,  the 25
intermediate (COOH?*) has to be first ; ” . i, e
reduced to CO* owing to the large free e (,-l".,[-t_,'(_‘;“'cl\.-, con e {,-IJ;J.{-{,';";*|(LI\.-, con

.
energy drop. The produced CO .IS Figure 17. The free energy changes of the reaction intermediates (a)
Strongl}_’ bound t(? the surface and‘lts under biaxial strains and (b) for different NSAs. The data points
desorption requires a very high above the zero line meet the design criteria. The corresponding
overpotential of 1 V (Figure 16). volcano plots are shown in (c) and (d). Schematics for overlayer and

Hence, CO* will poison Ni (111) subsurface NSAs are shown in insets.
surface and as a result, no HCOOH can
be produced.

We propose that CO poisoning can be eliminated by switching off the COOH* (blue)
pathway and, simultaneously, by activating the HCOO* (red) pathway. To turn off the COOH*
pathway on the “designed” catalyst, the limiting potential AG1 for the proton-transfer step: CO2
— COOH* must be higher than AG2 for the step: CO2 — HCOO* and AG3 for the step: HCOO*
— HCOOH, as shown in the free energy diagram. Note that the adsorption of CO2 and HCOOH
is weak and their free energy is calculated as 1.11 and 1.36 eV, respectively [33]. Thus, AG3 is
equal to 0.25 eV - AG2 and the following criteria are required to ensure 100% selectivity
(selectivity criteria):

> By =X
D AD - oY A9
QT S

ST

0.0
(e) (d)
Owverlayer (o)

\ 02F m
= & Subsurface (s)
COO\

o
oY

> ..
.Q&-
W

G[COOH*]-G[HCOO*]>0 (6)

G[COOH*]+G[HCOO*]-2.47 eV >0 (7)

Furthermore, in order to achieve the lowest overpotential along the desirable HCOO* pathway, we

require AG2 = AG3 (activity criterion):

G[HCOO*] = (G[CO,]+G[HCOOH])/2=1.235 eV (8)

Using both criteria, we can computationally design Ni-based catalysts for formic acid production.

More specifically, the designed catalysts should activate the HCOO* pathway by satisfying the

equation (6) and (7), and should meet the criterion (8) as close as possible. According to these

criteria, two possibilities are emerged. The first is to compress pure Ni surface with > 4% biaxial

strain (Figure 17a, c), which could turn Ni into highly selective and active catalyst. The second

route is to form near-surface-alloys (NSAs) on Ni (Figure 27b, d). We predict that NiTi (Ti as

subsurface) and NiCu (Cu as overlayer) NSAs are two promising catalysts for HCOOH production
that have very low overpotentials (< 0.3V) and 100% selectivity.
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