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Abstract: Bimetallic alloy catalysts can achieve a diverse range of reactivity inaccessible to pure metals. Classically,
catalytic promotion in alloy catalysts has been ascribed to atomic scale cooperativity between the metal constituents.
For catalytic reactions that could involve charge transfer to solution, electron flow across a conductive support can be
coupled to ionic flow through solution to permit, in principle, bimetallic promotion even in the complete absence of
atomic level connectivity between metal constituents. We examine this hypothesis in the context of nitrate
hydrogenation, a reaction that is catalyzed almost exclusively by bimetallic catalysts. Using the state-of-the-art
PdCu/C catalyst, we show that the overall nitrate hydrogenation reaction proceeds via the electrochemical coupling
of the hydrogen oxidation and nitrate reduction half-reactions. Studies of each metal in isolation reveal that Pd
exclusively catalyzes the former, while Cu exclusively catalyzes the latter. These findings suggest that nitrate
hydrogenation on PdCu alloys proceeds via galvanic coupling of complementary half-reactions on Pd and Cu,
obviating the need for atomic scale cooperativity. Based on this mechanistic insight, we design two new nitrate
hydrogenation catalysts, RuCu and RuAg, that operate via the same principle with comparable activity to PdCu. This
work enables new strategies for the design of bimetallic catalysis for thermochemical transformations, by pairing
metals with disparate electrochemical reactivity.

INTRODUCTION

Bimetallic catalysts have an enormous range of reactivity spanning aerobic oxidations, selective hydrogenation
of hydrocarbons, small-molecule electrochemical transformations, and cross-coupling reactions.* Uncovering the
origin of enhanced activity and/or selectivity when compared to monometallic counterparts is essential to the rational
design of improved catalysts. Classically, the unique reactivity of bimetallic catalysts has been attributed to either
“ligand/strain” effects or “ensemble” effects.®1? Ligand/strain effects arise from electronic structure perturbations of
one metal on the other, that tune adsorption strengths of intermediates and thereby modulate reactivity.* In contrast,
ensemble effects refer to the population and distribution of metal atoms proximate to the active site. These effects can
alter the adsorption modes of intermediates, introduce spillover of intermediates from one site to another, and
encompass catalyst-support interactions.*? Importantly, all of these classical modes of action in bimetallic catalysis
require intimate, atomic-level contact between the alloy components.

As a poignant example, the above paradigms have been used to rationalize the reactivity of bimetallic catalysts
for nitrate hydrogenation. This reaction, which is of importance in the context of waste-water remediation, has been
found to require bimetallic catalysts to proceed at measurable rates.'® While nitrate can be hydrogenated to a wide
diversity of products including NO, NO2, N2 and ammonia, the initial hydrogenation from nitrate to nitrite is viewed
to be rate limiting.'*'® For this reaction step in particular, monometallic catalysts all show greatly reduced or no
activity. The two metals paired for thermochemical nitrate hydrogenation are typically a noble metal such as Pd or Pt
alongside a “promoter” metal, such as Cu, In, or Sn, with PdCu being the most well-studied and best-performing
pairing.®-2 Various proposals have been offered to explain the enhanced activity compared to monometallic systems
and the respective role of each metal. The prevailing hypotheses include hydrogen spillover from Pd sites to Cu sites,
or Langmuir-Hinshelwood bimolecular recombination at mixed PdCu active sites.*>2425 Both mechanisms align with
the classical picture of bimetallic catalysis, requiring atomic-level contact between the two metals.

In recent years, there has been a growing appreciation that liquid-phase thermochemical catalysis can proceed via
the electrochemical coupling of countervailing half-reactions mediated by the exchange of band-electrons.?-28 This
band-mediated mechanism for liquid-phase thermochemical catalysis was shown to be operative across a range of
aerobic oxidations in monometallic catalyst systems?® and has been applied in the context of H,O, synthesis on a
variety of Pt- and Pd-based catalysts.* This mechanism has also been shown to be operative for aerobic hydroquinone
oxidation at molecular active sites embedded within metallic solids.! Recently, a band-mediated catalytic mechanism
was also suggested for an alloy system conducting aerobic oxidation at AuPd catalyst active sites.®? Here, simple
mixtures of Au/C and Pd/C display activity enhancements for alcohol oxidation, though the electrochemical



mechanism underpinning this reactivity remains ill-defined. Given that many of the constituent metals employed for
thermochemical nitrate hydrogenation also display activity for electrochemical nitrate reduction,®-” we postulated
that band mediated mechanisms may be operative for this reaction class as well, and that electrochemical analysis of
this reaction could shed light on the origin of bimetallic promotion.

Despite the growing appreciation of the role of electrochemical pathways in thermochemical catalysis, to the best
of our knowledge, there remains little insight into how electrochemical reactions partition across bimetallic catalysts.
For example, in one limiting extreme, each individual component of the bimetallic system is capable of carrying out
both half reactions. In this limit, despite an electrochemical coupling mechanism, the aggregate activity of the alloy is
expected to be an ad-mixture of the activities of each individual component. However, in the other limiting extreme,
wherein each alloy component is only able to carry out one of the half reactions, electrical contact, but not atomic
level contact, between alloy components is the sole prerequisite for carrying out the overall reaction. Consequently,
distinguishing between these two limiting cases has important implications for the design of high-performance alloy
catalysts.

Herein, we show that nitrate hydrogenation to nitrite on PdCu/C proceeds via the latter extreme. Using
electrochemical tools, we show that Pd carries out electrochemical hydrogen oxidation to protons and electrons and
has no activity for nitrate reduction. In contrast, we find that Cu is active for nitrate reduction with no activity for
hydrogen oxidation. This complete separation in the functional role of each alloy component offers a new paradigm
for the design of bimetallic catalysts for the net thermochemical reaction by pairing pure metals with electrocatalytic
activity for each complementary half-reaction. Employing this strategy, we identify RuCu/C and RuAg/C as new
alloys for nitrate hydrogenation catalysis with equal or improved performance relative to state-of-the-art PdCu/C.
These results highlight how electrochemical analysis of thermal reactions provides new opportunities for catalyst
discovery.

RESULTS AND DISCUSSION
PdCu/C performs hydrogen oxidation and nitrate reduction over a common range of potentials

To examine whether a band-mediated electrocatalytic mechanism is operative for thermochemical nitrate
hydrogenation to nitrite, we deployed a similar experimental framework to that used in our previous studies of aerobic
oxidation catalysts.?>3* Briefly, we collect voltammetric data for the putative electrochemical half-reactions that
comprise the net thermochemical transformation. By applying a current matching condition to the electrochemical
data for each half-reaction in isolation, we extract a predicted mixed-potential and reaction rate for the net
thermochemical reaction. Comparing these values to those measured under hydrogenation conditions provides a
quantitative measure of whether a band-mediated electrocatalytic mechanism is operative.

Electrochemical measurements and thermochemical reaction data were collected under two electrolyte and pH
conditions. For the majority of experiments, 0.1 M KNO3 + 0.2 M KOH (pH 13) was used to enable faster reaction
rates as well as a simplified product distribution. Experiments yielding key findings were then expanded to 0.1 M
KNOs + 0.5 M phosphate buffer (pH 6.7) to more closely approximate typical experimental conditions probed in the
literature.’® To draw direct comparisons between electrochemical and thermochemical measurements, we fabricated
electrodes suitable for both modes of study. Critically, these electrodes required both high catalyst loading and
efficient gas transport of H to achieve high thermochemical reaction rates of hydrogenation with minimal effects
from H diffusion limitations. Thus, we employed gas-diffusion electrodes (GDEs) with drop-cast catalysts for all
measurements (catalyst synthesis, characterization, electrode fabrication and experimental details in Supplementary
Information). PdCu/C at a 10:90 ratio of Pd:Cu was chosen to begin this investigation because of the extensive body
of research on nitrate hydrogenation with this particularly alloy.161%20

We began by measuring steady-state polarization behavior via linear-sweep voltammetry (LSV) at 2 mV s on a
PdCu/C GDE. These measurements were performed under two conditions: 1) 1 atm H», with no KNO3z and 2) 0.1 M
KNOs under 1 atm Ar. In the presence of H, and the absence of nitrate, we observe the onset of anodic current
beginning at 0 V vs RHE, rising to 5 mA cm2 at ca. 0.3 V vs RHE (Figure 1a, red). In contrast, in the presence of
nitrate and absence of H,, we observe the onset of cathodic current at ca. 0.35 V vs RHE, with 20 mA c¢cm2 observed
at ca. 0.1 V vs RHE (Figure 1a, blue). These data suggest that PdCu/C is capable of catalyzing two distinct half-
reactions depending on the reaction conditions: the hydrogen oxidation reaction (HOR) and the nitrate reduction



reaction (NO3RR). Importantly, the potential range for NO3RR matches that of HOR, with equal and opposite currents
at ca. 0.28 V vs RHE (Figure 1a, vertical dotted line). Subjecting the same PdCu/C GDE to thermochemical catalysis
conditions — with both NO3;~ and H. present — we observe that the open circuit potential (OCP) of the catalyst rapidly
reaches a steady-state value of 0.27 V vs RHE (Figure 1b, Supplementary Figure 20). The same analysis was
conducted with a different formulation of PdCu at 50:50 ratio, yielding a predicted OCP of 0.17 V and a measured
value of 0.18 V (Supplementary Figure 21). Likewise, the same experiment conducted under neutral pH conditions
returns a predicted OCP of 0.03 V and a measured value of 0.03 V (Supplementary Figure 23). The close agreement
between the measured OCP values and those predicted from the independent electrochemical data on each half
reaction supports a mechanistic picture for nitrate hydrogenation that involves the electrochemical coupling of
independent HOR and NO3zRR half-reactions.
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Fig. 1 | (a) Polarization curves collected via LSV at 2 mV/s scan rate of a PdCu/C GDE in 0.2 M KOH. Grey trace
(background) was collected under 1 atm Ar. Blue trace (NO3RR) was collected under 1 atm Ar + 0.1 M KNOs. Red
trace (HOR) was collected under 1 atm H,. Light blue dashed line indicates the potential at which the currents for the
blue and red traces are equal and opposite. All potentials are referenced to RHE. All current densities are normalized
with respect to the geometric surface area of the electrode. (b) OCP value under thermochemical reaction conditions
(1 atm Hz + 0.1 M KNOg), predicted from the polarization curves (green), and measured (blue).

Although this OCP data is highly suggestive of an electrochemical mechanism being operative during nitrate
hydrogenation catalysis, it does not exclude an electrochemical mechanism proceeding in parallel with a classical
thermochemical sequence for nitrate conversion. In this context, an electrochemical mechanism involves electron
transfer between the catalyst and each substrate (H, and NOs ), while a thermochemical mechanism involves



bimolecular recombination of surface-bound NO; and surface H species. While the foregoing OCP measurements
confirm that HOR and NO3RR are operative during hydrogenation, a concurrent thermochemical mechanism would
be invisible to this probe. To quantify the contribution of the electrochemical mechanism to the overall hydrogenation
rate, we compared the rate of nitrate conversion predicted by the polarization data to the observed rate measured during
hydrogenation catalysis.

Performing extended reaction measurements at the OCP, bulk conversion of nitrate to nitrite was achieved via
reaction with H, using a PdCu/C catalyst immobilized on the same electrodes prepared for electrocatalytic
measurements. UV-Vis spectroscopy provides a convenient and reproducible route to quantifying mixed solutions of
nitrate and nitrite (Figure 2a); the method for peak identification and deconvolution of nitrate and nitrite peaks which
allowed us to accurately quantify both species simultaneously is discussed in detail in the Supplementary Methods.
Using this method, nitrate consumption and nitrite generation are both measured during thermochemical catalysis at
the PdCu/C GDE, with nitrite identified as the sole product under these conditions (Figure 2b). This observation
agrees with previous reports of the deactivation of subsequent nitrite hydrogenation under alkaline conditions for this
alloy.33 Based on this product distribution, we can now describe the two coupled half-reactions occurring at the OCP
at PdCu: the two-electron reduction of NOs; ™~ to NO; ~, and the two-electron oxidation of H to H*.
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Fig. 2 | (a) Representative UV-Vis spectra of a filtered reaction solution of 0.1 M KNOs in 0.2 M KOH. Spectra were
collected before and after ~1 hour of nitrate hydrogenation with PdCu/C. Nitrite is observed ca. 370 nm, and nitrate
is observed ca. 300 nm. (b) Measurements of nitrate consumption and nitrite formation at various timepoints during
hydrogenation at PdCu/C GDE. Dashed line included as a visual aid to denote unity.



Armed with this electron stoichiometry, we can predict the thermal hydrogenation rate directly from the
electrochemical polarization data, via the current passed by both half-reactions at the crossover potential (Figure 1a).
After then running the hydrogenation, a thermal rate can be obtained via the disappearance of nitrate or the appearance
of nitrite. Converting this rate to an effective current using the electron stoichiometry, the rate of nitrate conversion
can be directly compared to the value predicted by the electrochemical data. If the major mechanism were invisible to
our electrochemical probes and was thermochemical in nature, we would observe large differences in the measured
and predicted reaction rates. On the other hand, if an electrochemical mechanism plays a significant role in the total
conversion, we would expect agreement between these rates. The polarization studies predict a current of 5.3 mA,
which from the above electron stoichiometry equals 0.027 umol NO3~ s 1. A striking agreement is observed with the
observed hydrogenation rate of 0.026+0.002 umol NO3~ s ™%, which can be converted to an effective current of 5.0+0.4
mA. (Figure 3). The same current matching is reproduced at a PdCu catalyst with a 50:50 ratio of Pd:Cu
(Supplementary Figure 22). These data indicate that nitrate hydrogenation at PdCu/C proceeds primarily via an
electrochemical mechanism.
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Fig. 3 | Comparison of predicted and observed reaction rates (reported in terms of current) for nitrate hydrogenation
to nitrite at PdCu/C. Predicted reaction rate derived from electrochemical data described in Figure 1. Observed reaction
rate determined during hydrogenation at a PdCu/C GDE at open circuitin 0.2 M KOH + 0.1 M KNOj3 under 1 atm H.



Pd and Cu execute orthogonal electrochemical reactivity to hydrogenate nitrate

Critically, the data presented thus far on PdCu alloy catalysts do not contain any mechanistic information on the
individual roles of Pd and Cu in the overall reaction. Initial insight into the role of each metal was obtained by
comparing the OCP across a series of PdCu alloy catalysts of varying metal ratios. PdCu alloys were prepared using
modified literature methods at different Pd/Cu ratios and dropcast onto carbon electrodes (See Supplementary
Information Section 3 for detailed characterization of each PdCu alloy). These alloy-decorated electrodes were
exposed to thermochemical hydrogenation conditions while monitoring their potential at open circuit. Whereas the
10:90 alloy displays an OCP of 0.27 V, this value decreases to 0.18 V for the 50:50 alloy, and decreases further to
0.12 for the 90:10 alloy (Figure 4). This monotonic shift of 150 mV with increasing Pd content evinces a distinct
electrochemical role for each of these metals. If both metals were competent for both half reactions and displayed
similar mixed potentials, we would expect no substantial shift in the overall potential of the alloy as a function of ratio
of metal components. At the opposite extreme, if each metal were only competent for one half reaction, then the OCP
of the alloy should shift monotonically with alloy composition. A negative OCP shift indicates either that the oxidative
half reaction is accelerating or that the reductive half reaction is decelerating, or both (see Supplementary Figure 27
for a schematic diagram). We observe that the OCP shifts negatively as the Pd content increases, indicating that Pd is
preferentially competent for the hydrogen oxidation half reaction relative to Cu and vice versa.
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Fig. 4 | Open-circuit potential measurements for alloys of Pd and Cu at various molar ratios Pd:Cu. Potential was
measured following equilibration to steady-state in 0.2 M KOH + 0.1 M KNOs; with 1 atm H; (thermal hydrogenation
conditions). Transient data is provided in Supplementary Figure 20.
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Fig. 5 | Polarization curves recorded via LSV at 2 mv st in 0.5 M phosphate buffer (pH = 6.7) for both Pd/C and Cu/C
electrodes. Background collected under 1 atm Ar. 0.1 M KNOs trace collected under 1 atm Ar. Electrodes used as
received, at nominal loadings of 0.5 mg cm™2, 60 wt% for Pd/C, and 0.4 mg cm2, 40 wt% for Cu/C.

Based on the preceding observation that each metal is not equally competent for each half reaction, we
investigated the most extreme case in which one alloy component is excluded entirely. As is well documented in the
literature, almost all pure metals are completely inactive for nitrate hydrogenation.*>2® However, based on the
preceding data, we posited that each metal could be competent for one electrochemical half reaction. Indeed,
electrochemical polarization data of the two metals prepared as individual catalysts unambiguously demonstrates the
orthogonal reactivity of Pd and Cu. Pd/C and Cu/C electrodes were examined using the same electrochemical
polarization protocol as employed for PdCu/C (Figure 5). Under Hz, Pd displays onset of anodic catalytic current at
0 V vs RHE corresponding to HOR, rising to 4 mA cm™ at 0.1 V vs RHE (Figure 5a, blue). However, in nitrate
solution, Pd displays no current enhancement relative to the Ar background (Figure 5a, red vs gray). The same
experiments on Cu reveal the opposite reactivity profile, with catalytic current observed in nitrate solution at an onset
potential of 0.2 V, rising to 2 mA cm™2 cathodic current at 0 V vs RHE (Figure 5b, red), but no catalytic current in
the presence of H, alone (Figure 5b, blue vs gray). These data, taken together with the studies above, suggest that in
the PdCu alloy, the role of Pd is to oxidize Hy, and the role of Cu is to reduce NO3 . It is still possible, as has been
suggested previously, that bimetallic active sites also execute this reaction.'® For example, reactive H atoms formed
via H dissociative adsorption at Pd may react with proximate NO3 ~ activated at Cu to achieve the same transformation.
However, these results strongly suggest that there is no necessity for these atomic-level interactions and that their
presence confers no substantial catalytic promotion.



Based on this reaction orthogonality, we predict that nitrate hydrogenation can be catalyzed by Pd and Cu at
entirely separated interfaces, so long as an electronic conduction path is maintained between the two metals. Indeed,
even for Pd/C and Cu/C catalysts that are macroscopically separated by an ion-exchange membrane, shorting the two
catalysts is sufficient to drive net nitrate hydrogenation (Supplementary Figure 24). Incorporating an ammeter, we
observe current flow of ca. 0.5 mA during overall nitrate hydrogenation. By integrating the current flowing in this
galvanic cell, we find that the charge passed matches the expected 2-electron stoichiometry of nitrate reduction to
nitrite (Supplementary Figure 25). Taken together with our findings on PdCu/C, these results suggest that the
predominant mechanism by which nitrate is hydrogenated to nitrite is via galvanic coupling between Pd-catalyzed
HOR and Cu-catalyzed NO3RR.

The foregoing data suggest a revision of the prevailing mechanistic picture of nitrate hydrogenation on Pd/Cu
bimetallic catalysts. Previously invoked ensemble effects such as spillover of H from Pd to Cu or bimetallic
recombination of adsorbed H and surface-bound NOjs at adjacent PdCu active sites are not necessary for nitrate
hydrogenation. Instead, all that is necessary is an electrical pathway for current flow from Pd to Cu and ionic flow of
H* in solution, rather than any atomic-level interaction between the two constituents. We stress that atomic-level
interactions may confer a benefit in certain cases for nitrate hydrogenation catalysts; in particular, we are intrigued by
the possibility that well-ordered intermetallic PdCu catalysts with greater proportions of bimetallic active sites may
operate via a distinct mechanism. Nevertheless, on typical bimetallic catalysts with lesser degrees of order studied
here and in the majority of literature reports, these results strongly support the notion that classical interpretations of
bimetallic catalyst activity are insufficient to describe systems involving electrochemical coupling. In these systems,
even spatially-separated, but electrically connected combinations of metals can execute reactivity inaccessible to either
metal on its own.

Galvanic coupling mechanism guides new catalyst discovery

The observation of a galvanic coupling mechanism for nitrate hydrogenation suggests a rational strategy for
developing new alloy catalysts. In particular, the foregoing data would suggest that pairing any electrocatalyst
competent for HOR with any electrocatalyst competent for NOsRR should furnish an effective alloy catalyst for
overall nitrate hydrogenation.

To identify candidate metals for integration into alloys for nitrate hydrogenation catalyst, we leveraged the
extensive electrochemical studies of HOR and NOsRR across metals. Ag was recently shown to be an effective NOzRR
catalyst® and Pt and Ru are known to display HOR activity.*® Notably, monometallic Ru has also been shown to have
limited activity for nitrate hydrogenation, though much reduced compared to bimetallic catalysts.** In our own hands,
we observe NOsRR activity on Ag but no HOR activity, while Pt and Ru display HOR activity and only nominal
NOsRR activity in accordance with previously reported literature (Supplementary Figure 26). As a result, we
hypothesized that any pairing of Pt or Ru with Cu or Ag would result in a competent nitrate hydrogenation catalyst.
PtCu/C and PtAg/C have been previously reported as nitrate hydrogenation catalysts, and we synthesized and
measured the activity of the latter (Figure 6).1® The hydrogenation activity of PtAg/C along with the respective
electrochemical reactivity of Pt and Ag suggests that this bimetallic catalyst proceeds via the same mechanism we
describe for PdCu/C. In contrast to the Pt- and Pd-based bimetallic catalysts, RuCu/C and RuAg/C have not been
previously reported for nitrate hydrogenation to the best of our knowledge; these alloys have been previously
employed in the hydrolysis of ammonia borane and the hydrogenation of citral.*>43 Here, we find that both of these
alloys have comparable or greater activity for nitrate hydrogenation when compared to the state-of-the-art PdCu/C,
evaluated at equivalent metal loadings (25 wt% of 50:50 Pd/Cu vs 25 wt% of 50:50 metal ratio for the other three
catalysts) (Figure 6). We also observe a shift in product selectivity for these two catalysts, with RuCu/C and RuAg/C
producing predominantly ammonia during alkaline nitrate hydrogenation (Supplementary Table 2). Previous studies
of nitrate and nitrite hydrogenation typically ascribe higher-order reduction (past nitrite) to Pt or Pd rather than Cu.
Thus, in this case, we posit that Ru drives the downstream selectivity to ammonia, given that Cu and Ag do not further
reduce nitrite when coupled with Pd and Pt, respectively. In line with this hypothesis, we find that Ru by itself capably
catalyzes alkaline nitrite reduction (Supplementary Table 3). These findings highlight the use of electrochemical
trends to drive the development of thermochemical nitrate hydrogenation catalysts.
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The foregoing studies establish a blueprint for alloy catalyst design that consists of (a) breaking down a net
thermochemical reaction into its constituent electrochemical half-reactions (b) identifying viable pure metal catalysts
for each half reaction, and (c) combining these pure metals with an electrically conducting support to form new alloy
catalysts for the overall reaction. This strategy for discovering new thermochemical bimetallic hydrogenation
catalysts is generalizable, and is limited only by the scope of the electrochemical activity of the metals in the periodic
table. As opposed to classical trial-and-error approaches for screening the large matrix of metal alloy combinations
and composition ratios for net thermochemical activity, electrochemical analysis of the far smaller matrix of pure
metals for each putative half reaction provides the necessary information for identifying active alloy catalysts for the
overall reaction. Indeed, in this case, the extensive existing electrochemical literature on nitrate reduction and
hydrogen oxidation reactions was sufficient to identify new high activity alloys for nitrate hydrogenation. We note
that thermochemical nitrate hydrogenation has now been studied for three decades, with PdCu arguably remaining the
state-of-the-art catalyst for that entire time.!3164445 Qur electrochemical approach rapidly identified two new alloys
that, to the best of our knowledge, have not been previously reported for this reaction. We stress that synthesizing
these catalysts was not part of a high-throughput materials discovery effort. Instead, we employed the mechanistic
insights described herein combined with known reactivity profiles in electrocatalysis to discover new thermochemical
hydrogenation catalysts. Such an approach may prove even more powerful when applied in oxidative thermal catalysis,
where a wider array of metals (including non-noble metals) are active for the oxygen reduction half-reaction. This
study highlights how electrochemical insights can be used to accelerate the discovery of thermochemical alloy
catalysts.

CONCLUSIONS

In this study, we employ an electrochemical toolkit to examine the mechanism of thermochemical nitrate
hydrogenation, and create a framework for predictive bimetallic catalysis that leads to the discovery of two alloy
catalysts competent for this reaction. Specifically, electrochemical studies suggest that PdCu/C carries out nitrate
hydrogenation via band-mediated coupling of HOR occurring exclusively on Pd and NO3RR occurring exclusively
on Cu. These findings challenge the notion that intimate atomic-level contact between metals is critical to alloy
reactivity and suggest that galvanic coupling may be a key mechanistic contributor. Employing these insights and
leveraging known electrochemical reactivity trends, we rationally designed two new alloy catalysts, both of which
display comparable or enhanced activity relative to the state-of-the-art PdCu/C. Historically, the search for new
bimetallic catalysts for a given reaction involved the exploration of a massive design space of potential choices in
metal constitution, metal-metal ratio, and support.*® Classical approaches to design within these constraints consist of
selecting the primary and dopant metals, followed by high-throughput screening to optimize parameters.*®4” Because
this catalyst test space can easily exceed hundreds or thousands of possible combinations, computational methods
such as response surface methodology and machine learning are often employed to pare down to the most likely
candidate catalysts.*®-5° Within this context, our work provides a complementary workflow for bimetallic catalyst



design: (1) breaking down thermal reactions into electrochemical half-reactions (2) identifying catalyst components
with orthogonal, complementary electrochemical activity (3) pairing these catalyst components to form an active
multi-component catalyst. Thus, our findings advance new electrochemical mechanisms for the catalytic reactivity of
alloys that enable new strategies for catalyst design and optimization for thermochemical redox transformations.
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