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Abstract

Direct formic acid fuel cells (DFAFCs) have emerged as a promising power source to meet
increased demands for alternative energy sources in the transportation and portable energy storage
sectors. These fuel cells utilize formic acid (FA), a non-toxic and carbon-neutral fuel when
produced from biomass or via CO> reduction. Despite the promise of DFAFCs, the best
monometallic catalysts, platinum and palladium, are poisoned by CO through the indirect
oxidation pathway, and require large overpotentials. By alloying Pt and Pd with other metals, one
can aim to improve both the activity and selectivity of these catalysts. Here, we present a
systematic density functional theory (GGA-PW91) study of FA electro-oxidation (FAO) on the
(111) facet of bimetallic Pt (PtsM) or Pd (Pd3M) catalysts (M = Au, Ag, Cu, Pt, Pd, Ir, Rh, Ru, or
Re) to evaluate the catalytic performance of these surfaces. For each surface, we calculate free
energy diagrams and onset potentials of three key reaction mechanisms: direct oxidation of FA via
carboxyl (COOH), direct oxidation of FA via formate (HCOOQO), and the indirect oxidation of FA
that first forms CO en route to full oxidation to CO>. We then display the trends in the form of
phase diagrams that compare the activity of the calculated surfaces against regions of high activity
using the free energies of adsorbed CO and OH as descriptors, enabling high-throughput screening

and design of improved catalysts, particularly those alloying Pt or Pd with Ir, Ru, or Re.
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Introduction

Although fossil fuels played a critical role in increasing living standards across the globe, rising
greenhouse gas emissions continue to introduce widespread consequences to society and the
environment. We must therefore find new ways to generate energy that utilize sustainable fuel
sources to shift the focus of our energy economy away from fossil fuels. Low-temperature polymer
electrolyte membrane (PEM) fuel cells are a promising alternative-energy production technology
with potential applications in the transportation and mobile power sectors.! Unlike combustion
engines, fuel cells are not limited by Carnot efficiencies® and can utilize a wide array of fuels that

are carbon-neutral or are produced using renewable energy sources.> !

Hydrogen is a popular potential fuel for use in PEM fuel cells because oxidizing hydrogen results
in water as the sole product. However, there is limited technology available to efficiently and safely
transport and store hydrogen, and there would need to be a massive change in infrastructure to
support a hydrogen fuel economy. Such limitations do not exist for liquid fuels, making them a
more attractive alternative to hydrogen. Because many liquid fuels are carbon based, they ideally
should be produced from renewable sources like carbon dioxide'! or biomass.!> Formic acid (FA)
has emerged as a viable potential liquid fuel source due to its facile electro-oxidation kinetics at

room temperature,'*>!* low crossover through Nafion membranes,'

and easy sourcing from
biomass conversion through levulinic acid.'® Additionally, FA has a higher equilibrium cell
voltage (1.40 V) compared to other potential fuels such as hydrogen (1.23 V), dimethyl ether (1.20
V), and methanol (1.21 V).!” For these reasons, DFAFCs have emerged as a promising technology

for generating clean energy for transportable power.

Platinum and palladium are the most widely studied catalysts for formic acid electro-oxidation



(FAO) due to their relatively high activity.!” However, these metals are easily poisoned by CO,
require prohibitively large overpotentials to oxidize FA, and are unstable in acidic conditions
found in DFAFCs.!” One way to address these shortcomings is by alloying Pt and Pd with other
metals. Indeed, DiSalvo and coworkers developed PtBi and PtPb catalysts that have superior
activity towards FAO compared to Pt, PtRu, and Pd catalysts.'®2° Additionally, PtAu?"*? and PtIr*3
catalysts have been shown to have superior activity towards methanol electro-oxidation and FAO.
Because Pd in particular has the highest electrocatalytic activity of any of the transition metals for
FAO, there have been several successful efforts to improve its activity by alloying Pd with Au,?*

Cu,25 Ni,25_27 CO,27 Ru,28 Fe,27 Ti,27 or V.27

Due to the considerable number of possible alloys, experimental efforts in synthesizing new
catalysts for FAO could use guidance from modern electronic structure theoretical modeling?’.
Such screening methods can help identify potentially more active catalysts that can then be
synthesized and further studied experimentally and theoretically to assess their activity, selectivity,
and stability. In this work, we use periodic density functional theory (DFT) calculations to examine
the reactivity of bimetallic catalysts that consist of transition metal solutes (Au, Ag, Cu, Ir, Pd, Pt,
Rh, Ru, and Re) alloyed with Pt or Pd hosts. In this work, we calculate the free energies of key
surface intermediates involved in FAO on the (111) facet of Pt- and Pd-based bimetallic alloys to
study key reactivity trends and identify property targets for promising candidates for new catalysts
for FAO. This study, thus, serves as a logical progression of our previous work on FAO on

monometallic surfaces®, as well as Pt or Pd monolayer catalysts supported on transition metals*®3!.

Methods
DFT calculations

We performed periodic DFT calculations as implemented in the Vienna Ab initio Simulation
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Package (VASP).>>% Core states were represented by projector augmented wave (PAW)

pseudopotentials,>**

and valence states were expanded in a plane wave basis set with a cutoff
energy of 400 eV. We utilized the PW-91 form of the generalized gradient approximation
(GGA).>® Our analysis focuses on the most relevant FAO reaction intermediates on each surface,
namely formate (HCOO*), carboxyl (COOH?¥*), carbon monoxide (CO*), and hydroxyl (OH*) (*
denotes an adsorbed species). These surfaces include the close-packed facets of Au, Ag, Cu, Pd,
Pt, Ir, Rh, Ru, and Re as well as the close-packed facets of P3M alloys (P = Pt or Pd, M = Au, Ag,
Cu, Ir, Pd, Pt, Rh, Ru, or Re, where P # M). Calculated optimized lattice constants for the pure
metals (along with the corresponding experimental values®’) are given in Table S1, while the
calculated values for the lattice constants of these alloys are given in Table S2. The bulk of the
alloys were modeled as a L1, crystal structure (CuzAu prototype), where each solute metal atom
has twelve nearest-neighbor host atoms. Lattice constants for bulk alloys were calculated using a
cubic unit cell with one overall lattice constant. We modeled each surface using a four-layer slab
model where the bottom two layers of the slab were fixed at their bulk lattice constant (see Table
S1) and the top two layers and adsorbates were fully relaxed. All surfaces were modeled with a (2
x 2) unit cell, resulting in a coverage of 4 monolayer (ML) for each adsorbate. Although our
previous work on FAO utilized (3 x 3) unit cells,® we used this smaller unit cell to accommodate
the structure of an ordered Ps;M alloyed surface. Periodic images in the z direction were separated
by ~14 A of vacuum. We modeled the adsorption of reaction intermediates on one side of the
surface and applied the appropriate dipole corrections to the electrostatic potential.**3*° To sample
the surface Brillouin zone, we used an (8 x 8 x 1) Monkhorst-Pack k-point mesh.*® Overall, the
computational methods detailed above avail the results in this work over bulk alloys to direct

comparison to the results of our previous studies on monometallic surfaces® and surfaces with a



monolayer of Pt or Pd atop transition metals®®3!.

Surface segregation in alloys

Studying ordered alloys with a bulk termination reveals important trends in how different transition
metal solutes can modulate the reactivity of Pt or Pd. However, alloyed surfaces can reconstruct,
leading to atoms segregating on the surface of catalysts with and without adsorbates. To capture
the potential effects of surface segregation, we fixed the atoms in the bottom two layers of our
slabs and examined the energetics of every permutation of atoms in the top two layers of the slab
with and without adsorbates. We repeated our calculations for every unique arrangement of the
eight atoms in the top two layers of each unit cell, resulting in seven different structures, as shown
in Figure 1. Each structure is denoted as P3M-xy, where x is the number of solute atoms in the
topmost layer (x =0, 1, or 2) and y differentiates structures with the same x value. For example, a
P3M-2; structure has 2 solute atoms in the top layer of the 2x2 unit cell (50% of the top layer and
0% of the second layer consist of solute atoms) and is the first potential arrangement of atoms that
meet this criteria. Alloyed surfaces that contain the same structure in the top two layers as in the
bulk are denoted as P3M-11. The structure denoted P3M-1, has an Acp hollow site and an fcc hollow
site consisting of the solute metal (blue spheres in Figure 1) on opposite ends of the solute metal
atom (in blue in Figure 1) in the top layer, meaning that the solute atom in the second layer is not
coordinated to a solute atom in the third layer. On the other hand, the structure denoted P3:M-13
has both solute 4cp and fcc hollow sites (in blue in Figure 1) on one side of the solute metal atom
(in blue in Figure 1) in the top layer, meaning that the solute atom in the second layer is coordinated
to the solute atom in the third layer. The P3M-0y alloys have the underlying solute pattern (blue
spheres in Figure 1) such that the fcc solute site is surrounded by 2 Pt or Pd 4¢cp hollow sites (P3M-

01) or by 2 solute scp hollow sites (P3sM-0,). Finally, the P3sM-2; structure displays surface fcc



hollow sites consisting of the solute atom (in blue in Figure 1) surrounded by two Pt or Pd atoms
(in grey in Figure 1) and one solute atom (in blue in Figure 1) in the top layer, while P3M-2,
structure displays surface fcc hollow sites consisting of the solute atom (in blue in Figure 1)
surrounded by two solute atoms (in blue in Figure 1) and one Pt or Pd atom (in grey in Figure 1)

in the top layer.

P3M'11

Bulk Terminated

Figure 1: Top-down views of studied surfaces. Each structure is denoted as PsM-xy, where x is the number
of solute atoms in the topmost layer per unit cell (x =0, 1, or 2) and y differentiates between structures with
the same x value. Note that while the top atom structures may appear similar, the hollow site structures vary
between different models (e.g., the solute atoms in the third layer from the top are coordinated to one solute
atom in the second layer in PsM-0; versus two solute atoms in the second layer in P3sM-0,). Pt or Pd atoms
are shown in grey, and solute atoms (Au, Ag, Cu, Ir, Pd, Pt, Ir, Rh, Ru, and Re) are shown in blue. Dashed
black lines delineate the unit cell.

Modeling FA electro-oxidation

In accordance with our previous work,>***! we study FAO in the context of the following
elementary steps:
HCOOH(g) + * — HCOO* + H' + ¢ )

6



HCOO* — COyx(g)+ * + H" + ¢ )

HCOOH(g) + * — COOH* + H" + ¢ (3)
COOH* — COx(g)+ *+H" +¢ 4)
COOH* + * — CO* + OH* (5)
CO* + OH* — COx(g) +2* +H' + ¢ (6)
COOH* + H" + & — CO* + H,0(g) (7)
H>O(g) +* — OH* + H" + ¢ (8)

These steps form the basis of the three pathways considered in our analysis. The first pathway is
the direct oxidation of FA via formate, which consists of steps (1) and (2). Second, we consider
the direct oxidation of FA via carboxyl, which consists of steps (3) and (4). Finally, we consider
the indirect oxidation of FA via carboxyl, which consists of steps (3) and (5)-(8). Like our previous

research,3%-3!1

our work excludes the indirect oxidation of FA via formate, where CO* would be
produced from formate; this reaction is energetically unfavorable, especially when compared to

how easily CO* can form through carboxyl.*!

To model the effect of an electric potential in our calculations, we utilized the post facto
computational hydrogen electrode (CHE) formalism as developed by Nerskov and coworkers.*?
According to the CHE formalism, hydrogen gas is in equilibrium with protons and electrons at
standard conditions of 298 K, 1 bar H», and all pH values, at a defined potential of 0.00 V with

reference to the reversible hydrogen electrode (RHE) according to the following reaction:
H,(g) © 2(H* +€7),AG = 0at 0.00 Vgyp

All potentials hereafter are relative to the RHE. The applied bias (U) is accounted for by shifting
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the free energy of a proton-electron pair by -|e|U, where |e| is the absolute charge of an electron.
To examine how changing the potential changes our reaction energetics, we calculate the Gibbs

free energy (G) of each reaction intermediate:
G = Eiotq1 + ZPE =TS

where E;,¢q; 18 the total energy of the system (slab + adsorbate) calculated from DFT, ZPE is the
calculated zero-point energy, S is the calculated entropy, and T is the standard temperature of 298

5,6,43 and

K. For consistency with previously published work on methanol electro-oxidation
FAQ,%3%31 all calculated values of G are relative to those of gas-phase CO», Hz, and H>O. Having
calculated the free energies of reaction intermediates, one can calculate the reaction energies of
elementary steps, correcting those elementary steps producing a proton-electron pair (i.e. oxidation
steps) by -le|U, as stated above, thus shifting the reaction energy diagram in response to electrode

potential*?,

After calculating the energetics for each step in our reaction network, we then calculate the activity,

A, of each reaction step:

A = kgTmin; (log %) , where k; = vie_Ea,i/kBT
0

where kp is Boltzmann’s constant, 7 is the absolute temperature (298K in this work), k; is the
forward rate constant of reaction i, v; is the prefactor for reaction 7, and E,,; is the activation barrier
for reaction 7, and ky normalizes the activity of non-activated electron/proton transfer steps to zero.
In this work, we assume that activation barriers for each step are correlated with the corresponding
reaction thermochemistry through Brenstead-Evans-Polanyi relationships.** In other words, the
more endothermic a reaction is, the higher its corresponding activation barrier. Additionally, the

kinetic barriers of proton-electron transfer steps are approximated to their potential-dependent free



energy change (AG), meaning that the activation barrier for a Faradaic step equals AG if AG is
positive and equals zero if AG is zero or negative.*® In the above reaction mechanism step (5) is
the only non-Faradaic step. However, we do not explicitly calculate the barrier for step (5) and
instead take AG as a first approximation for the reaction barrier, in accordance with what we have
done in previous work.®3%*! Based on these assumptions, we simplify our expression for activity
to 4 = mini-AG;). Thus, for a given surface, the more endergonic the most difficult step in a given

pathway is, the less the activity there will be through that pathway.

To analyze each of the three pathways involved in our reaction network, we calculate the onset
potential as the minimum applied potential needed to ensure that all proton-electron transfer steps
in the pathway take place spontaneously (i.e., AG < 0). We therefore define the potential-
determining step as the most endergonic (or least exergonic if all steps are exergonic) step in each

path.
Model limitations

Finally, we note here a few limitations of our computational approach in this work. As with our

83031 'we exclude solvation effects for computational expediency. Solvation would

previous studies
stabilize some adsorbates (e.g. OH*) more than others (e.g. CO*), and the inclusion of explicit
water molecules could change adsorption configurations of some species (e.g. HCOO*), possibly
easing H abstraction from formic acid, formate, or carboxyl*’*’. While this could cause differences
in the calculated onset potentials for the different FAO mechanisms considered here, the calculated
trends among surfaces should remain unchanged, given the expected near-uniformity of solvation
effects across surfaces. This is a reasonable assumption because 1) the water structure atop close-

packed surfaces studied in this work would uniformly assume the hexagonal structure®’, and ii)

the hydrogen bonding between adsorbates and the water bilayer is not surface mediated. For



example, OH* could be stabilized through solvation by up to 0.50 eV on close-packed metallic
surfaces*?. On similar grounds, we exclude dispersion corrections to the adsorption energies of the
reaction intermediates studied here. Not only are these corrections expected to be very similar
across surfaces for a given intermediate, they are also expected to be similar for the equally-sized
intermediates COOH* and HCOO* (as well as for CO* and OH*) on any given surface, thus not
adding additional insight into the preference towards a specific reaction mechanism towards the
overall activity. In addition, while we study surfaces reconstructed through adsorbate-induced
segregation, we report the FAO mechanism on those surfaces excluding the effect of CO coverage.
Including realistic CO coverage would weaken the adsorption of the surface reaction
intermediates, likely raising the onset potentials for the direct mechanisms (which require the
activation of FA into adsorbed intermediates). The high CO coverage would also weaken the
adsorption of CO, though this would not necessarily lead to the lowering of the onset potential of
the indirect mechanism, given that the high CO coverage would also weaken the ability of the
surfaces to activate water into OH. Ultimately, conclusions regarding the reaction pathway that
dominates the reaction flux should come from a detailed microkinetic model that takes into account
realistic coverage of reaction intermediates (including specifically-adsorbed species resulting from

the solvent’s reactivity®') and reaction barriers under electrochemical conditions®>>3,

Results and Discussion

In the following section, we first examine FAO on Pt and Pd. We then discuss trends in the

reactivity of the PtsM and PdsM bimetallic alloys.

Formic Acid Electro-oxidation on Pt and Pd
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Figure 2: Free energy diagrams for FAO on Pt(111) ata) 0.00 V and b) 1.12 V (onset potential of indirect
mechanism when CO¥* is hydrated to form COOH* in reverse of step (7)) and on Pd(111) at ¢) 0.00 V and
d) 1.13 V (onset potential of indirect mechanism when H>O dissociates to form OH* and a proton-electron
pair in step (8)).

Free energy diagrams for FAO on Pt(111) and Pd(111) are shown in Figure 2. Starting with Pt, the
initial deprotonation of FA to form HCOO* (step (1)) or COOH* (step (3)) is endergonic at 0.00
V. The direct oxidation of FA via HCOO* begins at an onset potential of 0.45 V, whereas the
direct oxidation of FA via COOH* begins at an onset potential of 0.02 V. Because the formation
of both intermediates requires the removal of one proton, HCOO* will always be 0.43 eV less
stable than COOH* at all potentials according to the CHE formalism, and COOH* formation will
always be preferred. Once COOH* is formed, it can undergo a further deprotonation step to form

either CO» directly (step (4)) or CO* and H>O(g) (step (7)). At 0.00 V, CO* formation is
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energetically preferred, thus poisoning the catalyst surface. CO* can be removed by increasing the
potential to 1.12 V to initiate the indirect oxidation of FA via the reverse of step (7), at which point
the free energy of COOH* + H' + ¢ is equivalent to that of CO* + H,0. After COOH* forms at

this potential, it can then deprotonate to form CO; (step (4)).

Next, we focus on FAO on Pd. Like Pt, the initial deprotonation of FA to form HCOO* (step (1))
or COOH* (step (3)) is also endergonic at 0.00 V on Pd. The direct oxidation of FA via HCOO*
has an onset potential of 0.37 V, while the direct oxidation of FA via COOH* has an onset potential
of 0.16 V. Like Pt, COOH* is still energetically more stable than HCOO*, but only by 0.20 eV.
When COOH* forms, it can either deprotonate to form CO: (step (4)) or undergo a more
energetically favorable decomposition to form surface-poisoning CO* (step (7)). By increasing
the potential to 1.13 V, H>O can be activated to form OH* and a proton-electron pair (step (8)),

and OH* can then react with CO* to form CO2(g) and a second proton-electron pair (step (6)).

Finally, we briefly discuss in this section the effect of coverage on the energetics of FAO. In our
prior work examining FAO on monometallic catalysts,® we studied all reactants at a 1/9 ML
coverage as opposed to the 1/4 ML coverage considered here. We note that the binding energies
of adsorbates changes by < 0.1 eV between the two coverages, well within expected errors for
GGA,>* but that these differences could cause changes in the calculated onset potentials. For both
Pt and Pd, we found that increasing the coverage from 1/9 ML to 1/4 ML destabilizes formate,
resulting in the onset potential for the direct oxidation via formate increasing by 0.09 V for Pt and
0.11 V for Pd. Conversely, increasing the coverage from 1/9 ML to 1/4 ML stabilizes carboxyl for
both metals, resulting in the onset potential for the direct oxidation via carboxyl pathway
decreasing by 0.03 V for Pt and 0.08 V for Pd. We also consider how changing the coverage

impacts the onset potentials for the indirect pathway via carboxyl. Both the CO* + OH* state and

12



the CO* + H,O are destabilized at 1/4 ML relative to the same states at 1/9 ML on both metals.
Overall, this makes removing CO* through hydration to COOH* (reverse of step (7)) and
generating CO; and a proton-electron pair from CO* and OH* on the surface (step (6)) more facile
at 1/4 ML versus 1/9 ML coverage. Therefore, the onset potential for the indirect pathway via
carboxyl is 0.1 V higher on Pt at 1/9 ML compared to 1/4 ML via hydrating CO* to form COOH*
(reverse of step (7)). If the potential-determining step is activating water to form OH* and a proton-
electron pair (step (8)), as is the case for Pd, then the relative difference between the CO* + OH*
state and the CO* + H,O state will determine whether the onset potential for the indirect pathway
via carboxyl increases or decreases. In the case of Pd, this step is more difficult at 1/4 ML versus
1/9 ML; therefore, the onset potential for the indirect pathway via carboxyl is 0.08 V higher at 1/4

ML versus 1/9 ML.

Although Pt and Pd are the most active monometallic catalysts for FAO, they both have
disadvantages. Because COOH* is more stable than HCOO*, both catalysts will tend to form CO*,
poisoning the catalyst surface; therefore, large overpotentials are needed to remove CO*. By
alloying Pt and Pd with other transition metals, we aim to design new catalysts with fundamentally
enhanced properties compared to Pt and Pd, while reducing the content of these precious metals
in the catalyst. The ideal catalyst should: 1) promote the formation of HCOO* relative to COOH*
to avoid poisoning the catalyst surface with CO* formed from COOH* and 2) destabilize CO*
and/or stabilize OH* so that CO* can be removed at lower onset potentials. In the following
subsection, we analyze the properties of catalysts containing a 3:1 ratio of Pt or Pd alloyed with a
second metal to screen for catalysts that are more active for FAO. The free energy of adsorbates
on each alloyed surface are reported in Table S3 for Pt alloys and Table S4 for Pd alloys. We use

these free energies to calculate the onset potential of the direct oxidation pathway via formate, the
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direct oxidation pathway via carboxyl, and the indirect oxidation pathway via carboxyl, which we
report in Table S5 for Pt alloys and Table S6 for Pd alloys. Additionally, we report the reaction

free energy for each step in the FAO pathway in Table S7 for Pt alloys and Table S8 for Pd alloys.

Bulk-terminated Bimetallic Alloys

In this section, we focus our analysis on bimetallic surfaces. The relative energies of each alloy
surface structure are reported in Table S9 for Pt alloys and Table S10 for Pd alloys. We first

examine the FAO mechanism on each of the surfaces terminated with their bulk structure.

Direct oxidation via formate: As a first step, we examine how the bulk structure of a P;M alloy
with a solute metal M (M = Au, Ag, Cu, Ir, Pd, Pt, Rh, Ru, or Re) in a host metal P (P = Pt or Pd,
where P # M) affects a catalyst’s reactivity towards FAO. In this case, we examine the reaction
free energies for all P3sM-1; systems (see Figure 1 for structure), in which the top two layers of the

alloy slab model have the same structure as the bulk alloy in the bottom two layers.

In the direct oxidation via formate pathway, FA is first oxidized to form HCOO* and a proton-
electron pair (step (1)) before oxidizing again to form CO> and a second proton-electron pair (step
(2)). The bars in Figure 3 show the reaction free energy associated with both steps in this pathway
for each alloy, while the free energy for both steps on pure Pt or Pd are shown with horizontal
lines. From this data, we extract trends in how a solute metal affects the reactivity of Pt or Pd-
based alloys towards FAO. First, alloying Pt or Pd with the noble metals Au, Ag, Cu, Pt (in the
case of Pd-based alloys), or Pd (in the case of Pt-based alloys) destabilizes formate, resulting in a
higher onset potential relative to the pure host metals. Alloying Pt or Pd with the reactive metals

Ir, Rh, Ru, or Re generally stabilizes HCOO* relative to the pure host metals (with the exception
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of Pt3Ir and Pt3Rh, which do not further stabilize HCOO*). Stabilizing HCOO*, however, does
not necessarily lead to a lower onset potential for the direct oxidation via formate pathway. For
example, Pd;Re has an equivalent onset potential to Pd for this pathway, but for a different reason.
Forming HCOO* is far more difficult on Pd than Pd;Re; however, HCOO* is so stabilized on
Pds;Re that removing HCOO* becomes the potential-determining step, as opposed to forming
HCOO* as is the case on Pd. Likewise, removing HCOO* is also the potential-determining step
on Pt3Re, although the onset potential for this pathway is far lower than on Pt or Pd;Re. On the
majority of these alloys, HCOO* binds in a bidentate configuration to both a P and M atom, with
the exception of Pt;Au, Pt3Ag, Pt;Cu, Pt;Pd, Pd3;Au, and Pd;Ag where HCOO* only binds to P

atoms (see Supporting Information Section S1).

a) 1.5- Pt Alloys b) 15- Pd Alloys

-1.5 -1.5
'2.0 T T T T T T T T '2.0 T T T T T T T T
Au Ag Cu Pd Ir Rh Ru Re Au Ag Cu Pt Ir Rh Ru Re
Solute Metal Solute Metal
Il HCOOH(g) — HCOO*
I HCOO* — CO4(g)

Figure 2: AG for direct oxidation via formate pathway on a) Pt-based alloys and a) Pd-based alloys with a
bulk termination. The potential-determining step is indicated with a dashed bar. The blue and green
horizontal lines indicate AG of a reaction step for pure Pt (a) or Pd (b), and the color of the line label
indicates the potential-determining step for pure Pt (a) or pure Pd (b). For each elementary step listed in the
legend, stoichiometry is implicitly balanced with protons and electrons. Metals are arranged according to
the periodic table group in descending order, and within each group, by decreasing atomic number.

Direct oxidation via carboxyl: Next, we discuss how the direct oxidation via the carboxyl pathway
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is affected by alloying Pt or Pd with other transition metals. In this pathway, FA is first oxidized
to form COOH* and a proton-electron pair (step (3)) before oxidizing again to form CO; and a
second proton-electron pair (step (4)). The bars in Figure 4 show the reaction free energy
associated with each step in this pathway for each alloy, and the free energy for each step on pure

Pt or Pd are shown with horizontal lines.

Coinage metals have a similar effect on the initial formation of COOH* as they did on the initial
formation of HCOO*, whereby they increase the free energy of reaction required to generate both
species from FA compared to pure Pt and Pd. We also find that forming COOH* from FA is highly
exothermic on Pt and Pd alloyed with Re, similar to the effect that Re has on HCOO* formation
from FA. Both Pt;Re and Pd;Re show higher onset potentials for the direct oxidation via carboxyl
mechanism though, with the potential-determining step being deprotonating the easily-formed
carboxyl to CO». The trends then diverge between Pt3M and Pd;M alloys for the remaining solute
metals. While, PtsM (M=Ir, Pd, Rh, Ru) all have a higher onset potential for the direct oxidation
via carboxyl mechanism via carboxyl, the opposite is true for the same set of Pd;M alloys. Apart
from Pd3Pt, the free energy of reaction for forming COOH* from FA is actually negative on the
remaining non-coinage metal solutes. Like HCOO*, COOH* only adsorbs on P atoms for alloys
with the coinage metals (Au, Ag, Cu), while it either directly adsorbs on the M atom or adsorbs on
a P atom with the O-end of COOH* coordinated to the M atom for all other alloys (see Supporting

Information Section S1).
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Figure 3: AG for direct oxidation via the carboxyl pathway on a) Pt-based alloys and a) Pd-based alloys
with a bulk termination. The potential-determining step is indicated with a dashed bar. The black and ruby
horizontal lines indicate AG of a reaction step for pure Pt (a) or Pd (b), and the color of the line label
indicates the potential-determining step for pure Pt (a) or pure Pd (b). For each elementary step listed in the
legend, stoichiometry is implicitly balanced with protons and electrons. Metals are arranged according to
the periodic table group in descending order, and within each group, by decreasing atomic number.

Indirect oxidation via carboxyl: Finally, we address the activity of bulk-terminated bimetallic Pt
and Pd catalysts towards FAO through the indirect oxidation via carboxyl pathway. When COOH*
forms, it can dehydrate to form CO* instead of being directly oxidized to form CO(g) (step (7)).
To remove CO* from the surface, it can either undergo a reverse hydration reaction to form
COOH* (reverse of step (7)) (which can then be oxidized to form CO»(g) through the direct
oxidation via carboxyl pathway in step (4)) or water can first be activated to generate OH* (step
(8)) which can then react with CO* to produce CO»(g) and a proton-electron pair (step (6)). In this
way, the indirect oxidation via carboxyl pathway is composed of two sub-pathways, the COOH*
formation pathway and the water activation pathway. Therefore, we can establish the potential-
determining step for the indirect oxidation via carboxyl pathway by comparing the free energy of

reaction for forming COOH* from CO* (i.e., the reverse of step (7)) to the most endergonic
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reaction step between activating water to form OH* (step (8)) and reacting OH* with CO* to form
COx(g) (step (6)). The least endergonic step between the COOH* formation pathway and the water
activation pathway will then be the potential-determining step in the indirect oxidation via
carboxyl pathway. The bars in Figure 5 show the reaction free energy associated with each of these
three steps in this pathway for each alloy, and the free energy for each step on pure Pt or Pd are

shown with horizontal lines.

We begin our analysis by focusing on solute metals alloyed with Pt. As mentioned previously, the
potential-determining step for the indirect oxidation of FA via carboxyl on pure Pt is hydrating
CO* to produce COOH* (reverse of step (7)), because this step is less endergonic than activating
water to form OH*. This mechanistic picture remains the same for Pt alloys with Au, Ag, Cu, Pd,
and Rh. We also note that these are the only solute metals that cause CO* to be destabilized relative
to Pt (see Table S3), which could lead to reduced CO* poisoning. For these surfaces, CO* binds
primarily to Pt atoms on the surface (except for PtsRh; see Supporting Information Section S1).
The mechanistic picture is different for Pt alloys with the reactive metals Ir, Ru, and Re. For Pt3Ir
and Pt3Ru, activating water (step (8)) is easier than forming COOH* from CO* (reverse of step
(7)), resulting in the former being the potential-determining step of the indirect mechanism on
those surfaces. For these surfaces, OH* binds directly to the reactive solute metal on the surface,
leading to OH* being more stable (or equivalently stable for Pt3Ir, see Table S3) than on pure Pt.
OH* is less stabilized on Pt3Ir than it is on Pt3Ru, causing the onset potential for the indirect
mechanism on this latter surface to be less than that on pure Pt. The remaining Pt3;Re surface offers
an interesting case: OH* is significantly stabilized (by 1.22 eV) on this surface compared to Pt;Ru,
which binds OH* stronger than all remaining surfaces excluding PtzRe. This strong stabilization

of OH*, however, does not translate to a lower onset potential for the indirect mechanism since

18



the subsequent removal of the strongly-bound OH* is prohibitive. Hence, the easier pathway to
remove CO* on Pt3;Re is through the back-formation of COOH*(reverse of step (7)). While all
other surfaces that prefer COOH* back-formation to remove CO* do so because of their inability
to activate water due to their poor binding of OH*, Pt;Re does so because Re binds OH* too

strongly.

Pd alloys largely behave like Pd by removing CO* by activating water to OH* before (step (8))
then oxidizing CO* to CO» (step (6)). All Pd alloys (except PdsPt and Pd;Re) remove CO* by
activating water, with PdsIr, Pd3;Rh, and Pd3;Ru showing significantly lowered onset potentials for
the indirect mechanism. OH* is destabilized on Pds;Pt relative to Pd, funneling the indirect
mechanism to COOH* back-formation (reverse of step (7)) on Pd;Pt (with an equal onset potential
for the indirect mechanism to that on pure Pd). On the other hand, and much like the case of Pt;Re,
OH* is significantly stabilized on Pds;Re that its removal becomes highly endergonic, pushing the
indirect mechanism towards the back-formation of COOH* (reverse of step (7)) as the preferred

path for removing CO*.

a) 25- Pt Alloys b) 25, Pd Alloys
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Figure 4: AG for indirect oxidation via the carboxyl pathway a) Pt-based alloys and a) Pd-based alloys
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with a bulk termination. The potential-determining step is indicated with a dashed bar. The purple, red, and
orange horizontal lines indicate AG of a reaction step for pure Pt (a) or Pd (b), and the color of the line label
indicates the potential-determining step for pure (a) Pt or (b) Pd. For each elementary step listed in the
legend, stoichiometry is implicitly balanced with water, protons and electrons. Metals are arranged
according to the periodic table group in descending order, and within each group, by decreasing atomic
number.

Overall reactivity: After analyzing the direct oxidation via formate, the direct oxidation via
carboxyl, and the indirect oxidation via carboxyl pathways in depth individually, we then combine
key information derived for each pathway. Using the free energy of reaction for each step in each
pathway, we calculated the onset potential based on the potential-determining step for each of the
three pathways, shown as three bars for each metal in Figure 6. Thus, we can examine the interplay
between the three pathways and further analyze the balance of these pathways that would lead to
improved catalysts for FAO. Ideally, catalysts for FAO should have: (1) lower onset potentials for
the direct oxidation via formate pathway, (2) higher onset potentials for forming COOH* to avoid
CO* formation, and (3) lower onset potentials for the indirect oxidation via carboxyl pathway to
facilitate removing CO*. Figure 6 offers a compelling testimony to the Sabatier Principle, which
states that improved catalysts should not bind intermediates too weakly or too strongly. Alloys
with Au, Ag, and to a lesser extent, Cu, bind adsorbates too weakly compared to the pure host
metals. On the other hand, alloys with Re bind adsorbates (particularly OH*) too strongly relative
to pure Pt or Pd. Out of all the bulk-terminated alloyed surfaces we studied, only Pt;Ru offers all
three of these benefits. Additionally, Pdslr, Pd3;Rh, Pd;Ru, and Pts:Rh meet two out of the three
conditions (PdsIr, Pd3;Rh, and Pd;Ru all show lower onset potentials for the desired direct oxidation
via formate and the indirect oxidation pathways, but also show lower onset potential for the
undesired oxidation via carboxyl pathway, as compared to Pd; while PtsRh has the desired lower
onset potential for indirect oxidation pathway and has a higher onset potential for the undesired

direct oxidation via carboxyl, but it also shows a higher onset potential for the desired direct
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oxidation via formate mechanism, as compared to Pt). Indeed, many of these alloys have

experimentally been identified as active catalysts for FA, methanol, or ethanol oxidation.!®35-8
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Figure 5: Onset potentials for FAO pathways on bimetallic a) Pt-based and b) Pd-based alloys with a bulk
termination. For each metal alloyed in Pt or Pd, there are three bars: left, middle, right. The bars for each
alloy from left to right indicate the onset potentials for: the direct oxidation via formate pathway, the direct
oxidation via carboxyl pathway, and the indirect oxidation via carboxyl pathway. The color of each bar
indicates the potential-determining step for each pathway according to the legend, where stoichiometry is
implicitly balanced with water, protons and electrons. The color of each bar indicates the potential-
determining step for each pathway according to the legend, where stoichiometry is implicitly balanced with
water, protons and electrons. The horizontal lines correspond to the potential-determining step for each
mechanism as indicated by the text right to each line, colored according to the legend, on pure Pt (a) and
pure Pd (b). Metals are arranged according to the periodic table group in descending order, and within each
group, by decreasing atomic number.

Role of surface segregation

Studying ordered alloys with a bulk termination provides important trends in how different
transition metal solutes can adjust the reactivity of Pt or Pd hosts. However, alloyed surfaces can
reconstruct, leading to one of the two elements within a bimetallic alloy preferentially segregating

to the top layer of the surface either in vacuum or in the presence of adsorbates.>*! To capture the
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effects of surface segregation, we examined every possible configuration of atoms in the top two
layers of the alloys to calculate the energy of each system with and without adsorbates. In the
following sections, we focus on the lowest energy surfaces for both clean surfaces and surfaces
that have experienced metal segregation due to coverage by CO*. The latter choice is motivated
by the fact that most Pt- or Pd-based bimetallic alloys studied here may suffer from (partial) CO
poisoning of their surface, thereby making CO* the most likely cause of adsorbate-induced surface

segregation.

Surface segregation in the absence of adsorbates: We begin our discussion of analyzing FAO by
first focusing on the most stable clean surfaces (i.e. under vacuum) for each bimetallic alloy. The
most stable surfaces under vacuum determined from our calculations for Pt and Pd alloys are listed

in Table S9 and Table S10, respectively.

Alloys containing Au or Ag adopt structures where half of the top layer of the surface contains the
solute metal, and the second layer is composed of entirely Pt or Pd. All other metal solutes prefer
to segregate into the subsurface so that the top layer of the surface is composed of Pt or Pd, and
half of the atoms in the second layer are comprised of solute atoms. These results are in agreement
with previous work on surface segregation in bimetallic systems.®? Additionally, several
experimental studies of bimetallic catalysts showed that PtsM and Pd;M systems often prefer to
form Pt or Pd skins atop a bulk alloy structure for many of the metals addressed in this study.?>-"-%3
After identifying these surfaces as the most stable structures, we repeated our analysis from above
by analyzing the energies of 1/4 ML of adsorbed reaction intermediates on these surfaces. In the
case of alloys containing Au or Ag, the most stable adsorption site is always to Pt or Pd atoms (see

Supporting Information Section S1). Using these energetics, we identified the potential-

determining step as well as the onset potential for each pathway based on the reaction free energies
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for each step. The onset potential for each mechanism on each surface (together with the

corresponding potential-determining steps) are shown in Figure 7 for both Pt and Pd alloys.

a) T Pt Alloys b) 150+ Pd Alloys
(@) (@]
o - o
125 o § N 1.25 o8
2 1.00- 85 2 100. %3
jos = © B
§ 0.75 - : § 0.754 _
(o] (e} O o9
o 050 °o o 0501 29
-— ® Q - @ X
[} - e 3 =
2 025 o & 0254 o
o oo O o3
0.00 - 2 2 0.00- 2 I
ey e

0%+ +— — i 0% —+——
Au Ag Cu Pd Ir Rh Ru Re Au Ag Cu Pt Ir Rh Ru Re
Solute Metal Solute Metal
Left Bar Middle Bar Right Bar
Il HCOOH(g) — HCOO* I HCOOH(g) — COOH* I co* — cooH*

I H0(9) — OH*

Figure 6: Onset potentials for FAO pathways on bimetallic a) Pt-based and b) Pd-based alloys on the most
stable surface reconstruction under vacuum (see Table 1). For each metal alloyed in Pt or Pd, there are three
bars: left, middle, right. The bars for each alloy from left to right indicate the onset potential for the direct
oxidation via formate pathway, the direct oxidation via carboxyl pathway, and the indirect oxidation via
carboxyl pathway. The color of each bar indicates the potential-determining step for each pathway
according to the legend, where stoichiometry is implicitly balanced with water, protons and electrons. The
horizontal lines correspond to the potential-determining step for each mechanism as indicated by the text
right to each line, colored according to the legend, on pure Pt (a) and pure Pd (b). Metals are arranged
according to the periodic table group in descending order, and within each group, by decreasing atomic
number.

We begin our discussion by focusing on Pt alloys. We find that the potential-determining steps for
all three mechanisms on all alloys remain the same as they are on pure Pt. This is intelligible, given
that most Pt:M alloys under vacuum expose only Pt on the surface, except for Pt;Au and Pt3Ag in
which the top layer is 50% Au or Ag with the balance Pt. However, Au and Ag are generally less
reactive than Pt, explaining the inability of Pt3Au-2; and Pt3Ag-2: of changing the nature of the

potential-determining step to one that reflects stronger binding of adsorbate. Nonetheless, the onset
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potential for each pathway shifts for alloys compared to pure Pt. We find that all solute metals
except Ag and Re increase the onset potential of the direct oxidation via formate (compare blue
horizontal line with left bars in Figure 7a), and all solute metals increase the onset potential of the
direct oxidation via carboxyl (compare black horizontal line with middle bars in Figure 7a). Thus,
alloying Pt with Ag or Re results in catalysts that more readily form HCOO* (via step (1)) and less
readily form COOH* (via step (3)) compared to Pt, which are both desirable characteristics in
FAO catalysts. We also find an inherent link between the onset potential of the direct oxidation
via carboxyl and the indirect oxidation via the carboxyl pathway. As the onset potential for forming
COOH* from FA increases, the onset potential to remove CO* by hydrating it to produce COOH*
(reverse of step (7)) decreases. This finding indicates that although COOH* and CO* are
destabilized on Pt alloyed surfaces compared to pure Pt, CO* is always more destabilized than
COOH*. Because adsorbates only bind to Pt atoms (even for Pt3Au and Pt3Ag which display a
mixed, equimolar surface composition of Pt and M), these effects can largely be rationalized by
an electronic effect where solute atoms modify the electronic structure of Pt (see Supporting
Information Section S1). This trend results in several Pt-based bimetallic catalysts that have lower
onset potentials for the indirect oxidation via carboxyl thanks to their generally weaker binding

characteristics, namely Pt3M catalysts with Cu, Ir, Rh, Ru, and Re as solutes.

For Pd bimetallic alloys, we find some similar trends as for Pt bimetallic alloys. For similar reasons
as PtsM alloys, almost all Pd;M alloys share the same potential-determining step for each pathway
with pure Pd; see Figure 7b. The only exception to this trend is Pd3Au, where the potential-
determining step in the indirect oxidation via carboxyl pathway is oxidizing CO* with water to
form COOH* (reverse of step (7)) rather than activating water to form OH* (step (8)). This

indicates a destabilization of OH* on the Pd3Au-2; surface relative to pure Pd, even though OH*
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binds on the Pd-Pd bridge site (see Supporting Information Section S1). Like Pt3M, all Pd alloys
have an increased onset potential for direct oxidation via formate compared to pure Pd except for
alloys containing Ag and Re (compare blue horizontal line with left bars in Figure 7b), although
PdsIr and Pd;Pt destabilize HCOO* by only 0.01 and 0.03 eV, respectively. Furthermore, like
PtsM alloys, all Pd alloys have an increased onset potential for the direct oxidation via the carboxyl
pathway compared to pure Pd (compare black horizontal line with middle bars in Figure 7b). We
also find a link connecting the onset potential for the direct oxidation via formate and the indirect
oxidation via carboxyl. As discussed later in more detail, the free energy of HCOO* scales with
the free energy of OH*, as both species bind to the surface through oxygen. Thus, surfaces that
stabilize HCOO#*, thereby reducing the energy required to form HCOO* from FA, should also
reduce the energy required to activate water and form OH* on the surface to facilitate the removal
of CO*. Based on this analysis, Pd;Ag catalysts and Pd;Re catalysts should both have lower onset
potentials for the direct oxidation via formate and the indirect oxidation via carboxyl compared to
pure Pd since they both stabilize HCOO* and OH*, which are desirable traits for improved FAO
catalysts. Furthermore, the onset potential for the direct oxidation via formate is lower than the
direct oxidation via carboxyl for Pd;Re, meaning that Pd;Re should preferentially form HCOO*
rather than COOH*, providing a desirable, CO*-free potential operating window of 0.13 eV (i.e.
the difference between the onset potential of both direct mechanisms, see Table S6) before COOH*
- and thereby, CO* - are formed. As was the case for Pt alloys, because adsorbates only bind to Pd
atoms on all of the surfaces considered (even on Pd3;Au-2> and Pd3Ag-21 which expose a mixed,
equimolar surface composition of Pd and M), these effects can be rationalized by primarily an

electronic effect where solute atoms modify the electronic structure of Pd.

Based on the above analysis, we would expect that the most stable surfaces under vacuum of Pt3Ag,
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PtsRe, Pd3;Ag and Pd;Re should all promote HCOO* formation and suppress COOH* formation,
enhancing catalytic activity. Additionally, Pt3Cu, Pt3Ir, Pts3Rh, PtsRu, Pt;Re, Pd3;Ag, and Pds;Re

alloys should have a greater ability to remove CO* than pure Pt or Pd.

Before we move on to describe PsM alloys reconstructed by adsorbate (i.e. CO*) induced
segregation, we would like to draw comparisons regarding FAO activity between the skin
morphology observed for most P3sM alloys here under vacuum and the M@P core@shell surfaces
we studied in a previous work>!. Given that P3Au and P;Ag do not show such skin morphology,
they are excluded from this comparison. Since all remaining P3M alloys expose a Pt or Pd
monolayer (i.e. skin), the differences in activity between these surfaces and the M@P core@shell
surfaces previously studied 3! are attributed to the strain and ligand/electronic effects brought about
by having Pt or Pd in the subsurface and the bulk of the P3M alloys, as opposed to only M atoms
in the M@P core@shell structures. We make this comparison at 1/4 ML coverage of adsorbates,
using the data on (2x2) unit cells of the close-packed facets for M@P core@shell surfaces (i.e.
same coverage and facet as presented in this work). We first discuss the direct oxidation via
formate mechanism. Among the core@shell structures, only Re@Pt(0001), Pt@Pd(111), and
Re@Pd(0001) offer lower onset potential for this mechanism (potential-determining step is
HCOO* formation) than pure Pt and Pd, respectively. Therefore, the beneficial effect of stabilizing
formate by alloying Pt or Pd with Re remains intact, irrespective of how this alloying comes in the
form of a core@shell or a skin-segregated P3Re bulk alloy. This beneficial effect of alloying with
Re also extends to the direct oxidation via carboxyl mechanism, which has a higher onset potential
(i.e. carboxyl is destabilized) on the core@shell Re@P(0001) alloys relative to pure Pt and Pd
(carboxyl is however slightly stabilized on Pt@Pd relative to Pd(111)). We have discussed in this

work that the skin-segregated Pds;Re alloy offers a narrow (0.13 V), CO*-free operating window
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between the onset potential of the direct oxidation via formate mechanism and the more anodic
onset potential of the direct oxidation via carboxyl mechanism. This CO*-free operating window
is substantially widened on Re@Pd(0001), to 0.41 V. Further, and unlike the skin-segregated
PtsRe(111), the Re@Pt(0001) core@shell also shows a CO*-free operating window that is 0.2 V-
wide. Finally, the onset potential for the indirect mechanism is calculated to be 0.91, 1.07, 0.92,
and 0.80 eV for the skin-segregated PtsRe(111), the skin-segregated PdsRe(111), the core@shell
Re@Pt(0001), and the core@shell Re@Pd(0001), respectively. The potential-determining step is
CO* hydration to COOH* on either Pt-Re alloy surfaces, while it is water activation to OH* on
either Pd-Re surfaces. While all these onset potentials remain lower than the corresponding values
on Pt(111) or Pd(111), the core@shell Re@Pd(0001) surface excels among these alloyed surfaces.
Overall, we conclude that pseudomorphically depositing Pt or Pd on Re(0001) could make a better
catalyst than alloying Pt or Pd and Re as a bulk alloy, based on a wider CO*-free operating
potential window and better ability to remove CO* on the pseudomorphic Re@P(0001) surfaces,

particularly Re@Pd(0001).

Surface segregation in the presence of adsorbed CO: During catalyst operation, the presence of
adsorbates, such as CO, can lead to metal atoms segregating from the bulk to the surface of the
alloy, resulting in different metal compositions in the topmost layer(s)**!%%. This adsorbate-
induced segregation is generally expected if the newly available adsorption sites stabilize CO
compared to the surface absent segregation. On the other hand, the thermodynamic driving force
for segregation to the surface is resisted by the tendency of the atoms of metals that have higher
surface energy than Pt or Pd to segregate to the subsurface. The compromise between these two
driving forces is what determines the surface composition under CO coverage. To understand the

role that adsorbate-induced surface segregation can play in our bimetallic catalysts, we calculated
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the reaction energetics for FAO on surfaces that are the most energetically stable when CO* is
present, because we expect significant presence of CO* when FAO is taking place on Pt- and Pd-
based alloys. We again note that the FAO activity results shown below do not take into account
explicit coverage of adsorbed CO* species, except for being calculated on (clean) surfaces favored
by high coverage of CO*. Work by van Spronsen et al.%> has shown that dosing PdAg alloys with
CO* causes the alloyed surface to reconstruct and stay in the same state even when CO* pressures
are substantially lowered at room temperature. Therefore, in our analysis, we assume that CO-
induced surface segregation will lead to a relatively stable surface structure that will not
substantially change even if active sites are briefly free or occupied by other intermediates. We do
note that the nature of the active sites could deviate from what we have shown here based on the
combined role of the coverage of intermediates and varying electrochemical conditions, and that
more detailed studies would need to be performed to validate individual systems and conditions.
However, we can still gather trends in how FAO catalysts will behave after the surface has

restructured due to CO* adsorption.

Table 1 lists the surfaces favored under vacuum, and in the presence of 4 ML CO, or /2 ML CO
coverage (as adapted from Tables S9 and S10). For Pt3M surfaces, either coverage of CO fail to
segregate more Pt to the top layer for Pt3Ag, and fail to segregate any Re to the surface of PtsRe.
The presence of CO is capable of segregating Pd, Ir, Rh, and Ru to the surface of their Pt:M alloys,
and 2 ML CO also causes the segregation of a single Cu atom to the surface of Pt3Cu, as well as
a single Au atom to the surface of Pt3Au (note that pulling both Au or Rh atoms or a single Ru to
the top layer is almost isoenergetic to pulling a single Au or Rh atom or pulling no Ru atoms to
the top layer; see Table S9). Both CO adsorbed species avoid coordination with Au, Ag, or Cu in

the surface layer, while they coordinate to both surface Ir atoms, and show mixed Pt-M
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coordination for Pd, Rh, and Ru (notice that no Re manages to segregate to the top layer under CO

coverage).

For Pd alloys, a 2 ML CO coverage causes the segregation of one of the two Au atoms to the
subsurface, leaving a higher composition of Pd in the top layer (while this effect is already attained
at /4 ML coverage for Pd;Ag). The presence of CO also causes a mixed surface composition for
surfaces alloyed with Cu, Pt, Ir, Rh, and Ru, while — like Pt alloys — Pd3Re retained a fully Pd
surface layer. Like Pt alloys, both CO species in the unit cell for /2 ML CO* coverage do not
coordinate to the coinage metals Au, Ag, and Cu, while both CO species coordinate exclusively to
both Ir or Rh atoms in the top layer, and show mixed Pd-M coordination for Pt and Ru. For either
Pt or Pd alloys with Ru, both CO species coordinate to the single Ru atom in the surface layer,
which could have implications for the ability of these surfaces to activate water and remove CO as

we discuss later.

Table 1. Preferred surface structures for PtsM (and Pd;M in parentheses) under vacuum, ¥4 ML, and %2 ML
coverage of CO. Table S9 and Table S10 list the energies of these structures relative to the other structures
studied. All alloy structures reported in this table are visualized in Figure 1, while adsorption structures are
reported in the Supporting Information.

Under Vacuum Yo ML CO Covered | 2 ML CO Covered
Surface Surface
Pt:Au (Pd;Au) Pt3Au-2; (Pd3Au-2,) Pt;Au-2; (Pd3Au-2,) Pt;Au-1, (Pd;Au-1,)
Pt:Ag (Pd;Ag) Pt;Ag-2; (PdsAg-21) Pt;Ag-2; (PdsAg-1,) Pt;Ag-2, (PdsAg-1,)
Pt;Cu (Pd;Cu) Pt;Cu-0; (Pd;Cu-0,) Pt;Cu-0; (Pd;Cu-15) Pt;Cu-1; (Pd;Cu-1»)
Pt;Pd (Pd;Pt) Pt;Pd-0, (Pd;Pt-01) Pt;Pd-2; (Pd;Pt-1,) Pt;Pd-2; (Pd;Pt-1,)
Ptslr (Pdslr) PtsIr-0; (Pd3Ir-0,) Ptslr-13 (PdsIr-13) PtsIr-2, (PdsIr-2,)
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Pt:Rh (Pd;Rh)

Pt;:Rh-0; (Pd3Rh-01)

Pt;:Rh-0; (Pd3Rh-0,)

Pt;Rh-2, (Pd3Rh—22)

Pt;Ru (Pd3Ru)

Pt;Ru-0; (Pd3Ru-01)

Pt;Ru-0, (Pd3Ru-02)

Pt;Ru-1; (Pd3Ru- 1 3)

Pt;Re (PdsRe)

Pt;Re-0, (Pd3Re-0,)

Pt;Re-0, (Pd3Re-0,)

Pt;Re-0, (Pd;Re-0,)

Since the 4 ML CO coverage failed to change the surface composition of several P3sM alloys
relative to clean surfaces, we devote this part to discuss FAO on surfaces favored under /2 ML CO
coverage. Additionally, previous DFT studies of FA vapor-phase decomposition on Pt(111) and
Pd(111) showed a likely coverage of CO of 4/9 ML® and 5/9 ML, respectively; that is,
approximately 2 ML coverage of CO, thus rendering presentation of FAO results on P3M surfaces
most favored under 2 ML coverage of CO potentially relevant. Onset potentials for FAO on P;sM

surfaces most favored under 4 ML coverage of CO are presented in Figure S2.
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Figure 8: Onset potentials for FAO pathways on bimetallic a) Pt-based and b) Pd-based alloy surfaces most
stable under the presence of /2 ML coverage of CO* (see Table 1). For each metal alloyed in Pt or Pd, there
are three bars: left, middle, right. The bars for each alloy from left to right indicate the onset potential for
the direct oxidation via formate pathway, the direct oxidation via carboxyl pathway, and the indirect
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oxidation via carboxyl pathway. The color of each bar indicates the potential-determining step for each
pathway according to the legend, where stoichiometry is implicitly balanced with water, protons and
electrons. The horizontal lines correspond to the potential-determining step for each mechanism as
indicated by the text right to each line, colored according to the legend, on pure Pt (a) and pure Pd (b).
Metals are arranged according to the periodic table group in descending order, and within each group, by
decreasing atomic number.

A comparison of Figure 8 to Figure 7 shows the strong binding characteristics of the surfaces
favored under 2 ML CO coverage (keeping in mind we exclude CO coverage effects when
calculating the adsorption of surface reaction intermediates of the FAO mechanism) relative to
those favored under vacuum. All PtzM surfaces — with the exception of Pts3Re which does not
change surface preference in response to CO* coverage — show lower onset potential for both
direct mechanisms, relative to the surfaces under vacuum. Pt3Au, Pt:Pd, Pts3Ir, Pt3Rh, and Pt;Ru
stabilize COOH* enough to make its removal (rather than its formation) potential-determining,
while Pt3;Rh also stabilizes HCOO* enough to make its removal potential-determining. The strong-
binding characteristics of these surfaces are also manifested in the indirect mechanism. Pt;Ag,
Pt3Pd, Pt3Ir, PtsRh, and Pt;Ru stabilize OH* enough to change the potential-determining step for
the indirect mechanism from COOH* formation from CO* (reverse of step (7)) on the surfaces
favored under vacuum to water activation to form OH* (step (8)) on the surfaces favored under Y2
ML CO coverage. Thus, these are the only surfaces that desirably show lower onset potential for

the indirect mechanism compared to the corresponding surfaces favored under vacuum.

As for Pd;M surfaces, all surfaces — except Pd3Ag and Pd;Re, with the latter not changing surface
preference upon adsorption of /2 ML coverage CO relative to the case under vacuum — exhibit
lower onset potential for both direct mechanisms relative to the corresponding surfaces favored
under vacuum. Moreover, COOH* removal is potential-determining for the direct oxidation via

carboxyl mechanism on Pd3Pt, PdsIr, and Pd3Rh, while HCOO* removal is potential-determining
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for the direct oxidation via formate mechanism on Pdslr, Pd;Rh, and PdsRu. As for the indirect
mechanism, we note two observations: 1) with the exception of Pd3;Ag and Pds;Re (the latter not
changing surface preference relative to the case under vacuum), all surfaces exhibit lower onset
potential for the indirect mechanism relative to the corresponding preferred surfaces under
vacuum, and i1) the potential-determining step shifts to water activation (step (8)) on Pd3Au, and
to CO* and OH* removal to COx(g) via step (6) on Pdslr, Pd3;Rh, and Pd;Ru, indicating the
stronger binding characteristics of these surfaces relative to those preferred under vacuum. The
exception of Pd3Ag in point i) follows the scaling relation between OH* and HCOO*, where a
higher onset potential for the formation of HCOO* is correlated to higher onset potential for the

activation of water to OH*.

Overall, relative to Pt(111) and Pd(111), surfaces preferred under 2 ML CO coverage for PtzAu,
Pt3Cu, Pt3Pd, Pd3Pt, and Pd3;Ru undesirably show lower onset potential for the direct oxidation via
carboxyl mechanism. With the exception of Pd3Au and Pd3Ag, all surfaces show lower onset
potential for the direct oxidation via formate mechanism although this onset potential remains
higher than that for the direct oxidation via carboxyl mechanism, with the notable exception of
PdsRe (same surface as under vacuum) on which the onset potential for HCOO* formation is lower
than that of COOH* formation by 0.13 V. With the exception of Pt3;Au, Pd3Au, and Pd3Ag, all
surfaces show lower onset potential for the indirect mechanism relative to Pt(111) and Pd(111),
with Pt3lr, PtzRh, Pt3Ru, and Pd;Ru showing the lowest onset potentials for the indirect

mechanism.

Finally, we note that these surfaces would show different energetics and mechanistic picture under
consideration of explicit adsorbate coverage. Spectator CO species would weaken the adsorption

of all adsorbates, turning all potential determining steps for the direct mechanisms to those of
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HCOOH activation (step (1) or step (3)), and those for the indirect mechanism to COOH*
formation from CO (reverse of step (7)) in response to the weaker binding exhibited by the covered
surfaces. Furthermore, alloys with oxophilic metals like Ir, Rh, and Ru could exhibit high coverage
of OH*, as has been shown before for ORR®. A high coverage of OH* could ease the removal of
CO*, as has been suggested recently for Pt monolayer on Au(111) single-crystal surfaces®!. A
definitive investigation of the effect of coverage of appropriate reaction intermediates would
include a coverage-consistent microkinetic model under electrochemical conditions, in

conjunction with any possible operando characterization experiments.
Reaction phase diagrams
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Figure 9: Calculated reaction phase diagrams for FAO on bimetallic surfaces at 0.0 V and 0.6 V as a
function of Gco+ and Gon+ (defined relative to gas-phase CO,, H», and H,O) For clarity, we have only
included points for the reactivity on the bulk-terminated surfaces (filled symbols) and a) most stable
surfaces under vacuum (left half-filled symbols) and b) most stable /2 ML CO*-covered surfaces (top half-
filled symbols) (Gco+ and Gon listed for all Pt-based alloys in Table S3 and all Pd-based alloys in Table
S4). The data points for Pt;Ir and PdsIr under 2 ML CO* coverage lie outside the plot range, at (-1.42,
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0.72) and (-1.58, 0.48), respectively. Black points correspond to Pt and Pt alloys, and lilac points correspond
to Pd and Pd alloys. The color scale represents the free energy of the most endergonic step in the FAO
pathway, and color levels are separated by 0.06 eV, corresponding to the energy difference that leads to an
order-of-magnitude difference in reaction rate at 298 K. Regions corresponding to the most endergonic step
are marked on the phase diagrams.

In this section, we combine the insights from our analyses to create phase diagrams that describe
the reactivity of the studied surfaces as a function of key reactivity descriptors. Doing so allows
us to rationally identify characteristics that ideal catalysts for FAO should have. In this case, we
selected the free energy of adsorbed CO* (Gco+) and OH* (Goux) as reactivity descriptors. Doing
so, we take advantage of the linear scaling relations between the free energy of COOH* (Gcoonr)
and Gcox, and between the free energy of HCOO* (Gucoo*) and Gonx (see Figure S2). This result
is not surprising, as we expect that the free energies of species that bind through the same atom
(e.g., carbon or oxygen, in this case) should be connected through linear scaling relationships. We
cannot, however, select only Gco* or Gon= as a descriptor, as the binding free energies of the two
species do not follow as strong linear correlation with one another (see Figure S2). Furthermore,
other studies on the electro-oxidation of oxygen-containing organic molecules such as methanol,>®

dimethyl ether,**% and ethanol/ethylene glycol’® have noted that both Gco* and Gon= are needed

as descriptors for this type of catalysis.

Calculated reaction phase diagrams as a function of Gco* and Gou+ at 0.0 V and 0.6 V are shown
in Figure 9, where the colored contours indicate the free energy of reaction associated with the
potential-determining step, while different sectors of the plot denote the corresponding potential-
determining step. For clarity, we include data points for Gco* and Gon= for bulk-terminated alloys
as well as the most stable alloys under vacuum (Figure 9a) and the most stable alloys in the
presence of /2 ML CO* (Figure 9b).

We first discuss the phase diagram for FAO at 0.0 V. Two pathways dictate the reactivity of the
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studied surfaces at this potential, namely the direct oxidation via formate and the indirect oxidation
via carboxyl pathways. When OH* is bound weakly to the surface, i.e., in regions at the top of the
phase diagram, HCOO* also binds weakly, causing the reaction flux to proceed through the
formation of COOH* and eventually to the indirect oxidation via carboxyl pathway, thus
producing CO* on the surface. In this case, activating water is difficult because OH* is not
sufficiently stable, meaning that reactivity is limited by the ability of the catalyst to react off CO*
to form COOH* which then reacts further to form CO»(g). As OH* is stabilized, i.e., moving
downward on the phase diagram, two distinct regions emerge that correspond to weak and strong

CO* binding.

In the case of strong CO* binding, as the stability of OH* increases, activating water to form OH*
which then reacts with CO* to form COOH* becomes the potential-determining step. By further
increasing the stability of OH* we enter another region in the phase diagram where activating
water is no longer as difficult and removing OH* and CO* to form CO»(g) becomes the potential-

determining step.

On the other hand, when CO* is weakly bound and OH* has an intermediate binding strength,
COOH* formation becomes difficult relative to HCOO* formation. At this point, activating FA to
form HCOO* becomes the potential-determining step. If we further stabilize OH* in this weakly
CO* binding regime, we also stabilize HCOO* such that its removal becomes the new potential -
determining step. The peak in catalytic activity (the aqua region sandwiched between two green
regions at the bottom right of the volcano plot) comes when HCOO* is bound strongly enough

that FA can be activated but weak enough so that it can then be easily removed to form CO,.

At 0.0 V, most of the studied surfaces have similar activities, and most have a potential-

determining step that lies within the indirect oxidation via the carboxyl pathway. However, we
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find that bulk-terminated Pt;Ru, PdsIr, Pd3;Rh, and Pd;Ru show significantly higher activity than
most of the other surfaces. The most stable CO-covered Pt:Pd, Pd;Cu, Pds;Pt, Pd;Rh, Pd;Ru
surfaces also have moderately increased activity compared to Pd. Additionally, we do find that the
most stable clean PtsRe and Pd;Re surfaces are on the border between having CO* reacting to
form COOH* and HCOOH(g) forming HCOO* as the potential -determining step (the most stable
clean surfaces for both alloys are also the most stable surfaces in the presence of HCOO*, COOH*,
and CO¥*). The right side of this border is part of a region of activity where the potential-
determining step is not dictated by removing CO* but rather by activating FA to form HCOO* in
the direct oxidation via formate pathway. While surfaces in this region (e.g. PtsRe and Pd;Re)
would show high selectivity towards the direct oxidation via formate mechanism, they don’t show

high activity due to the weakened binding on their surfaces.

Next, we discuss the phase diagram for FAO at a potential of 0.6 V (an intermediate potential that
is positive enough to show the effect of an applied bias but low enough so Pt""’? or Pd’* does not
form an oxide). As we increase the potential, all faradaic reactions become more exergonic, and
we find regions on the calculated phase diagram with higher activities than at any point on the
corresponding 0.0 V phase diagram. Additionally, a second, local peak in activity arises. As we
increased the applied bias, regions corresponding to the direct oxidation via formate pathway
shrink as COOH* is further stabilized, which also leads to an additional region on the phase
diagram where OH* is stabilized and CO* is destabilized in which activating FA to form COOH*

becomes the potential-determining step.

At the higher potential, the PtsRe-0, and Pd3Re-0, surfaces which we identified as being close to
the region in which the potential-determining step is activating FA to form HCOO* at 0.0 V, are

no longer close to that region at 0.6 V. However, bulk-terminated Pd;Ru remains more active than
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all of the surfaces shown on the phase diagram. To design catalysts that approach the maximum
activity for this reaction at higher potentials, we need to identify catalysts that further stabilize
OH* and destabilize CO* compared to current transition metal alloys. On these surfaces, there
exists a weak correlation between the binding free energy of CO* and the binding free energy of
OH* (Figure S1). This makes it difficult to find new transition-metal catalysts with improved
activity towards FAO but also leaves room for some potential design opportunities. For example,
rationally combining overlayer structures with alloy structures® or moving to new classes of
materials could lead to more active catalysts for FAO which favor the direct oxidation via formate
mechanism through preferentially stabilizing HCOO*. Interestingly, stabilizing HCOO* relative
to COOH™ has also been suggested as a design metric for improved and selective catalysts for CO»
reduction to formate/formic acid (CO2RR), at the expense of hydrogen evolution”®. This similarity
suggests that some of the surfaces proposed here as promising for FAO should be carefully
examined for CO2RR, noting that eventual determination of activity should come through a
detailed investigation of the CO2RR mechanism, as well as that of the competing hydrogen

evolution reaction on specific surfaces of interest.
Conclusions

Alloying Pt or Pd with other transition metals can improve the activity and selectivity of FAO
electrocatalysts. Here, we presented a systematic density functional theory study (GGA-PW91) of
FAO on the (111) facet of bimetallic P3sM alloys (P =Pt or Pd, M = Au, Ag, Cu, Pd, Pt, Ir, Rh, Ru,
or Re, where P # M) to better understand the activity of these surfaces. For each surface, we
calculated free energy diagrams to investigate FAO through CO, OH, carboxyl (COOH), and
formate (HCOO) on the surface. We used this information for each surface to calculate the onset

potential for three key reaction mechanisms: direct oxidation of FA via HCOOQO, direct oxidation
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of FA via COOH, and indirect oxidation of FA via COOH that forms CO. By comparing the onset
potential of the three pathways on Pt or Pd alloyed catalysts, we identified several promising
candidates for improved activity towards FAO. In particular, alloying Pt or Pd with Ir or Ru (which
show a mixed surface layer composition under 2 ML CO* coverage), or Re (which show a pure
Pt or Pd surface layer composition in presence or absence of CO*) may result in far more active
catalysts. These most promising catalysts have lower onset potentials for the direct oxidation via
formate and indirect oxidation via carboxyl pathways and have higher onset potentials for forming
carboxyl, thus making FAO less selective towards CO formation while promoting CO oxidation,

effectively raising the activity of both direct and indirect mechanisms.

Supporting Information

Calculated lattice constants of pure metals and alloys, free energies of all Faradaic steps in all three
FAO mechanisms on all surfaces studied, onset potentials of all three FAO mechanisms on all
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presence of adsorbates for all alloys, scaling relationships used to construct the phase diagrams,
onset potentials and phase diagrams for surfaces favored under 4 ML CO coverage, and most
stable adsorbate structures on all alloy surfaces.
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