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ABSTRACT: Electrocatalytic oxidative dehydrogenation (EOD) of aldehydes over copper
(Cu)-based catalysts enables ultralow voltage and simultaneous production of hydrogen gas
(H,) and carboxylic acids. However, Cu suffers from instability at elevated potentials, which
has limited the study of the EOD process. Herein, we present palladium—bismuth bimetallic
catalysts as an alternative to Cu-based catalysts for EOD. Palladium—bismuth was electrode-
posited on carbon cloth using cyclic voltammetry to uniformly disperse the metals. Bipolar
H, was produced by oxidizing glyoxylic acid at the anode via EOD and water splitting at
the cathode with anodic potential between 0.625 and 1.125 V vs reversible hydrogen elec-
trode. When approaching higher potentials, the Faradaic efficiency for the EOD reaction
decreased from 77 to 12% as the electrochemical oxidation of glyoxylic acid became more

M-Bi@CC

favored. Density functional theory calculations suggest that the addition of Bi to Pd helps facilitate the EOD reaction by weakening
CO binding, allowing for Pd-Bi to function as an oxidation catalyst at potentials where Pd electrocatalysts are CO poisoned.
Despite the low Faradaic efficiency at high potentials, this study demonstrates that EOD can occur at more anodic potentials than
reported for Cu-based catalysts, due to the improved oxidative stability of Bi-based catalysts.
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B INTRODUCTION

Hydrogen (H,) can serve as a dense energy carrier within
renewable or other less greenhouse-gas (GHG)-emitting
energy processes.' Furthermore, H, is a crucial reagent in many
industrial processes, including the production of ammonia as a
fertilizer, the utilization of CO, in the reverse water—gas shift
reaction, and the synthesis of hydrocarbon fuels through the
Fischer—Tropsch process.” In response to rising carbon emis-
sions from energy production via fossil fuel consumption, green
H, production using renewable energy has attracted significant
interest to address ongoing GHG emissions.> Current methods
of green H, production primarily rely on water electrolysis, but
the costs remain high (U.S. $3-8/kg) compared to H, from
fossil-fuel production (U.S. $0.5-1.7/kg).* The costs associated
with H, production through water electrolysis are limited by the
high-power requirements driven by the sluggish kinetics and
high thermodynamic potential of the oxygen evolution reaction
(OER) at the anode.’

Traditional electrolyzers are designed to prevent gas crossover
due to pressure imbalances between cathodic H, and anodic O,,
thereby avoiding potentially explosive gas mixtures. The produc-
tion of reactive O, species can also damage electrochemical cell
membranes, leading to hazards and other dangerous operating
conditions.”® More robust membranes, such as some ion-
exchange membranes, can be used to mitigate this issue, but their
use is limited due to the availability of low-cost, easy-to-
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manufacture membrane materials.”® A promising alternative to
address these fundamental limitations is to replace the anodic
reaction with one that exhibits a lower equilibrium potential
and produces higher-value chemicals than O,.” In recent years,
substantial advancements have been made in the development
of paired electrolyzers for H, production. However, most solu-
tions still exhibit high cell voltages with non-noble metal
catalysts.”™'! Moreover, constrained by the mass transport of
reactants in the aqueous phase, the current density is generally
considerably restricted in industrial applications.”'*

The electrocatalytic oxidative dehydrogenation (EOD) of
aldehydes at the anode has emerged as a feasible alternative to
traditional anodic OER in water electrolysis, offering lower
energy requirements while simultaneously producing valuable
chemicals, namely, carboxylic acids and H, gas as a byproduct.'
This approach addresses a significant constraint in green H,
production by employing the thermodynamically favorable oxi-
dation of organic molecules instead of water, thereby reducing
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the cell voltage required for H, evolution and significantly
improving both economic and energy efficiency.'® Glyoxylic
acid is a promising substrate for EOD reactions because it is a
simple molecule with both an aldehyde and a carboxylic acid
functionality. The presence of both functional groups provides
selectivity improvement. The carboxylic acid that exists in the
molecule is already in its highest oxidation state, allowing the
reaction to proceed on the aldehyde functional group.

Copper-based electrodes have been widely used in the electro-
chemical oxidation (ECO) of aldehydes to carboxylic acids.
Extensive studies indicate that the surface characteristics of cop-
per (Cu), including moderate CO* adsorption energy and effec-
tive C—H bond activation, render it an ideal candidate for
facilitating the critical steps in aldehyde electrooxidation.'*'* A
significant disadvantage of Cu is its susceptibility to surface oxida-
tion at high anodic potentials or in elevated pH environments.
This surface oxidation to Cu oxides can lead to poor catalytic
activity and selectivity by shifting the EOD pathway toward
ECO." Recent research has investigated bimetallic systems, in
which the alloying of Cu with other metals enhances selectivity,
stability, and Faradaic efficiency (FE) by modifying the electronic
structure of the catalyst.'®'” Alloying strategies, especially with sil-
ver, have been employed to enhance the durability of Cu while
maintaining high surface roughness and active sites during contin-
uous use.”'® Despite its apparent ultra-low-voltage requirements,
durability concerns with Cu-based catalysts have led to the explo-
ration of alternative selective catalysts for EOD reactions.

As reported by Liu et al,, the mechanistic distinction between
the EOD and ECO pathways can be understood at the level of
individual elementary steps. Both pathways proceed through an
identical initial sequence: The aldehyde (via either the carbonyl
or diol route, denoted generically as R-CHO and R-CH(OH),,
respectively) adsorbs on the metal surface, and the C—H bond
is cleaved to generate an adsorbed carboxylic acid/carboxylate
species, R-COOH¥*, together with a surface-bound hydrogen
atom, H*. Notably, neither pathway bypasses this C—H cleavage
step via direct hydroxyl radical addition; rather, the two mecha-
nisms diverge only downstream of C—H activation, in the subse-
quent fate of the surface H* intermediate. In the EOD pathway,
two adsorbed H* atoms undergo a chemical, nonelectrochemical
Tafel recombination step to desorb directly as H, gas. Because
this recombination step involves no charge transfer, the overall
EOD reaction requires only a single electron transfer per alde-
hyde molecule consumed (RXN 1). In the ECO pathway, by
contrast, the H* is instead oxidized electrochemically via a
reverse-Volmer step (H* — H* + ¢7), releasing a proton to solu-
tion and an electron to the external circuit rather than evolving
H,; this adds a second electron-transfer step, consistent with
the established two-electron stoichiometry of ECO (RXN 2).
This competition between the Tafel and reverse-Volmer steps
is governed by a combination of thermodynamic and kinetic
descriptors rather than by a distinct bond-activation mechanism.
On Pt(111), for example, the C—H cleavage barrier is the lowest
among the metals examined (0.39 eV), which would favor the
Tafel/EOD route; however, the strong binding of CO* on Pt
(~1.63 eV) necessitates a large anodic overpotential (~0.9 V_
RHE) before appreciable oxidation current is observed, and at
this elevated potential, the reverse-Volmer step becomes thermo-
dynamically dominant, favoring ECO instead. On Cu(111), a
moderate C—H cleavage barrier (0.72 eV) combined with inter-
mediate H* binding energy (+0.31 eV) favors the Tafel step at
low potentials, giving rise to the EOD pathway with an onset

as low as ~0.1 V_RHE. On Au(111), H* binds weakly
(4+0.38 eV), which would otherwise favor the Tafel/EOD route,
but sluggish C—H activation (1.54 eV barrier) again necessitates
large overpotentials, shifting the balance toward ECO-like behav-
ior. Taken together, these results indicate that the EOD/ECO
branching point occurs at the post-C—H-cleavage handling of
the surface hydrogen intermediate (Tafel recombination vs
reverse-Volmer oxidation), rather than through a separate
hydroxyl-radical-mediated oxidation mechanism.*

Palladium-bismuth (PdBi) alloy catalysts, while undocu-
mented for EOD, have shown promise in various electrochemical
applications, including selective alcohol oxidation.'®>* This
research, expanding on previous work,>* employs electrodepos-
ited Pd-Bi on a carbon cloth (CC) support (PdBi@CC) while
using glyoxylic acid (GOA) as an aldehyde substrate. The
PdBi@CC catalyst was optimized to increase selectivity for the
EOD of GOA, yielding gaseous hydrogen and oxalate. This study
demonstrates that pairing Bi with Pd and other noble metals
eliminates the need for copper electrocatalysts while also
enabling EOD to occur at higher potentials, beyond those yet
to be explored for this type of reaction. Specifically, EOD was still
observed at applied potentials up to 1.125 vs reversible hydrogen
electrode (RHE). The improved stability of PdBi@CC enabled
continuous operation for 4 h while retaining an FE near
62% for EOD at 0.825 V vs RHE.

H MATERIALS AND METHODS
Chemicals and Materials

CT Plan Carbon cloth (Fuel Cell Store—356 pum—WO0S1011),
sodium(II) tetrachloropalladate (98%, Sigma-Aldrich), bismuth(III)
chloride (97%, TCI America), silver nitrate (Fisher Scientific), chloro-
platinic acid (Sigma-Aldrich), gold(IIl) chloride (Alfa Aesar),
bismuth(III) nitrate (98%, Sigma-Aldrich), hydrochloric acid (Fisher
Scientific), glyoxylic acid (50% solution, Sigma-Aldrich), potassium
hydroxide (85%, Sigma-Aldrich), sulfuric acid (Fisher Scientific), plat-
inum foil (0.025 mm thick, 99.9%), carbon paper (Freudenberg H23,
Fuel Cell Store), Pd/C (60% palladium on Vulcan XC-72R, Fuel
Cell Store), and oxalic acid (OA; Sigma-Aldrich).

Preparation of the Anodic Electrodes

CC was cut into 2.5 cm X 2.5 cm and electrochemically treated to
improve its hydrophilicity.”* The CC was submerged in 0.5 M sulfuric
acid (H,SO,) as the working electrode, while using platinum (Pt) foil
as the counter electrode. The CC was oxidized between 1.55 and
2.05 V vs Ag/AgCl using cyclic voltammetry (CV) over 25 cycles at
a scan rate of 10 mV/s. The CC was washed with deionized (DI) water
to remove any H,SO, left on its surface.

To prepare the PdBi@CC, different electrodeposition solutions that
each contained different ratios of Pd to Bi in their precursors were dis-
solved in 1.5 M HCL. For each solution, the sodium(II) tetrachloropal-
ladate concentration was kept at 4 mM, while the bismuth(III) chloride
concentration was varied to be 0.7, 2.2, 4.3, 6.5, and 8.7 mM, leading to
atomic ratios in the electrodeposition solution of (2:1), (1:1), (1:2),
(1:3), and (1:4), respectively. To perform the electrodeposition, a
CV technique was used on the CC between —0.3 and 0.3 V (Ag/
AgCl) for S cycles at a scan rate of 1 mV/s; this range was chosen
based on the data in Table S2.

To compare PdBi@CC with Pd, 60 wt % Pd on Vulcan was applied
to H23 carbon paper through spray coating. A spray ink with a con-
centration of 4 mg/mL was prepared using a solution comprising
88.5 vol % isopropyl alcohol, 9.8 vol % water, and 1.6 vol % of a
20 wt % Nafion solution. This catalyst ink was sonicated for 5 min
before being sprayed onto a 2 X 2-cm” area of H23 carbon paper.
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During spraying, the electrodes were heated to 100 °C to evaporate
the isopropanol and then left on the heat plate for 10 min after spray-
ing to ensure thorough drying.

To prepare the M-Bi@CC, where M stands for the noble metals
shown in Table S2, the metal to bismuth ratio in the electrodeposition
electrolyte was 1:2, which was the optimal based on the ratios tested
previously. Hence, the bismuth chloride concentration was kept at
4.4 mM, while the concentration of sodium(II) tetrachloropalladate,
chloroplatinic acid, and gold(III) chloride was 4, 3.8, and 2.2 mM,
respectively. The potential was chosen according to the redox poten-
tials shown in Table S2 to control the deposition amount and charge
passed (40 C). The bismuth(III) nitrate and silver nitrate follow the
same method with concentrations of 6.7 and 2.3 mM, respectively,
except that both precursors were dissolved in 1 M nitric acid to prevent
the formation of insoluble silver chloride.

Analytical Methods

Gas-phase analysis was performed using an SRI gas chromatograph
(GC; Multiple Gas Analyzer #5) equipped with both a thermal conduc-
tivity detector and a flame ionization detector to quantify hydrogen gas
(H,). Liquid-phase quantification of glyoxylic acid (GOA), glycolic acid
(GA), and OA was conducted using high-performance liquid chromatog-
raphy (HPLC) with an Agilent Technologies 1260 Infinity II system.
This system was outfitted with a variable wavelength detector and an
Aminex HPX-87H column. All organic liquids were detected at 210 nm.

Even though the oxidation of glyoxylic acid can occur in two ways,
ECO and EOD, the resulting liquid product from both reactions is OA
according to RXN 1 and RXN 2. In addition, an aldehyde (GOA)
undergoes a non-Faradaic reaction called the Cannizzaro reaction,
which produces alcohol (GA) and carboxylic acid (OA) when an alde-
hyde is exposed to an alkaline medium. Given the simplicity of the
competing reactions, the FE of EOD and ECO can be determined
from a liquid product analysis. Through a system of two equations,
the respective efficiencies can be determined (see eqs 1 and 2).
Equation 1 represents a mole balance on the OA remaining within
the post reaction liquid product. By measuring the GA produced during
the reaction, the OA generated through the Cannizzaro reaction can be
accounted for to determine the amount of OA created through the ECO
and EOD pathways. From the amount of OA produced, an FE balance
(eq 2) can be used to determine the FE for the individual reactions
based on the liquid product analysis. Equation 2 assumes that ECO
and EOD dominate and represent all the FE. To validate this assump-
tion, the individual FEs determined using eqs 1 and 2 were compared
to a hybrid method that also utilized GC and HPLC to quantify hydro-
gen gas and the liquid-phase OA to determine the EOD FE.

A GC was used to identify and quantify the hydrogen gas produced
(mol/s). Due to the discrete frequency of GC sampling (every
2.5 min) and the likelihood of overfitting a polynomial, a Riemann
sum was used to estimate the total hydrogen produced during the reac-
tion. From the total amount of hydrogen produced over the course of
the reaction, an average FE for the EOD pathway was calculated. Since
hydrogen is only present in the EOD pathway, measurements of the
OA concentration with HPLC facilitated the determination of the FE
for ECO using a modified version of eq 2 to account for the hydrogen
production. The validity of using eqs 1 and 2 to determine the FE for
EOD is shown in Table S4. The discrepancies between the two
methods likely stem from the inaccuracies that come from discretely
measuring the hydrogen production throughout the reaction. Due to
low error between the quantification methods at potentials above
0.825 V vs RHE, all results are reported using the system of equations
and liquid-phase analysis to ensure the greatest consistency among all
experimental conditions explored. For both methods, after each exper-
iment, 1 mL was taken before and after the electrolysis, and immedi-
ately diluted with 19 mL of 0.1 M sulfuric acid to prevent the
Cannizaro reaction.

NOA,Total~"QA,Canizzaro — "OA,ECO + NOA,EOD (1)

zZgcohoaecoF + ZEophoa,eopF

=100% )
Q Q
where 7 is the number of moles, z is the number of electrons (one for
EOD and two for ECO), F is Faraday constant, and Q is the total
charge passed during the electrolysis.
The EOD reaction is:

1
C,H,0;3 +30H —C,07 +2H,0 + EHZ +e (RXN 1)
The competing ECO reaction is:
C,H,03 +20H — C,H, 04 + H,O +2¢” (RXN 2)

Electrochemical Characterization

All electrochemical tests were performed using a Biologic VSP-300
potentiostat equipped with a +2 A/+30 V booster. The electrolyte
consisted of GOA at different concentrations in 1 M potassium hydrox-
ide (KOH). Electrochemical half-cell measurements were conducted in
a three-electrode H-cell configuration using an Ag/AgCl electrode as
the reference electrode. Potentiostatic electrochemical impedance
spectroscopy was conducted across a frequency spectrum of 200 kHz
to 100 mHz to measure the resistance between the working and refer-
ence electrodes. The resistance value was determined as the x-axis
intercept in the impedance—resistance graph.

Linear sweep voltammetry (LSV) was used to evaluate the perfor-
mance of the electrodes. LSV measurements were performed at a scan
rate of S mV/s, within a potential range of 0—1 V relative to the RHE.

Chronoamperometry (CA) was performed over a range of poten-
tials. A potential of 0.725 V vs RHE and 30-min tests were used for
comparative studies of electrode materials and electrolyte concentra-
tions. Additional CA tests at different potentials, lasting 1 h each, were
performed in a membrane-based semi-batch system to determine the
catalyst’s stability.

Physical Characterization

X-ray diffraction (XRD) patterns were collected on a Siemens DS00
X-ray diffractometer with a Cu Ko radiation source (A = 1.5406 A).
Field-emission scanning electron microscopy (SEM) images were
acquired on FEI Quanta 250. Transmission electron microscopy
(TEM) imaging was acquired on a 200-kV JEOL 2100 TEM. High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS)
mapping were performed using a Thermo Fisher Scientific Talos
F200X S/TEM operated at 200 kV and equipped with a super-X
EDS system. X-ray photoelectron spectroscopy (XPS) data were col-
lected on a Kratos Amicus XPS instrument.

Density Functional Theory Calculations

Density functional theory (DFT) calculations were performed to
examine adsorption and elementary reactions on Pd(111) and
Pd,Bi,/Pd (111) surfaces. The Vienna Ab initio Simulation Package
using the Perdew, Burke, and Ernzerhof exchange—correlation func-
tional within the §eneralized gradient approximation was employed
for all calculations.”>>* An energy cutoff of 450 eV was applied to limit
the plane-wave basis set. The ionic force convergence criterion was set
to 0.05 eV A™' (EDIFFG), while the electronic convergence criterion
was set to 10~ eV (EDIFF). A Fermi smearing width of 0.2
(SIGMA) was used for surface-bound species based on the
Methfessel-Paxton scheme.

The Pd(111) surface was modeled as a five-layer 3 X 3 periodic sur-
face slab, with the top two layers relaxed to allow for surface modifica-
tion and the bottom three layers frozen. The Pd,Bi,/Pd (111) surface
model used the same lattice constants as the Pd(111) unit cell but
replaced three surface Pd atoms with Bi to create a 2:1 Pd:Bi surface
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ratio. The 2:1 Pd:Bi surface ratio is in reasonable agreement with the
SEM-EDS results for the electrodeposited sample of the optimal com-
position identified. A vacuum region of 20 A was used for all surfaces. A
4 X 4 by 1 k-point mesh grid was used for Pd surfaces, and a S X S by
1 k-point mesh grid was used for Pd-Bi surfaces.

Bl RESULTS AND DISCUSSION
Catalyst Synthesis and Characterization

SEM images reveal morphological changes in the CC substrate
before and after Pd deposition. Figures S1 and S2 showed the
CC substrate after Pd deposition (Pd@CC). The Pd catalyst
is uniformly grown on the fiber of CC, exhibiting a
cauliflower-like morphology. Further magnification reveals that
the Pd species appear as closely packed nanoparticles. This hier-
archical structure, composed of nanoscale Pd aggregates, is
expected to substantially increase the electrochemically active
surface area and provide abundant accessible active sites, while
maintaining efficient electron transport through the conductive
CC framework. The morphology and elemental distribution of
the electrodeposited noble metal-Bi catalysts (PdBi, AuBi, AgBi,
and PtBi) on CC were also characterized by SEM-EDS. As
shown in Figures S3—S6. after co-deposition with Bi, the carbon
fibers are uniformly covered with dense metallic deposits. At
higher magnification, the deposited phases exhibit granular
morphology composed of closely packed nanoparticles. The
nanostructures are distributed homogeneously without appar-
ent agglomeration, indicating uniform growth during all the
electrodeposition process. Elemental mapping analysis con-
firmed the presence of noble metals and Bi in all samples, indi-
cating that these elements are homogeneously distributed
throughout the deposited regions, without observable phase
segregation at the microscale.

The morphology of PdBi@CC catalysts with varying Pd:Bi
ratios was also first observed by SEM. As shown in Figure 1,
all samples exhibit a high surface coverage of electrodeposited
PdBi species, indicating efficient and uniform deposition under
the applied conditions. For Pd:Bi electrodeposition ratios rang-
ing from 2:1 to 1:2, the deposited PdBi phase displays a charac-
teristic dendritic morphology. At higher magnification, these
dendritic structures are composed of nanoscale particle clusters,
forming a hierarchical, plant-like architecture with abundant
branch features. Furthermore, when the Bi content in the elec-
trodeposition solution is further increased to Pd:Bi = 1:3 and
1:4, a distinct morphological transition is observed. In addition
to the nanoscale-clustered features, larger aggregations and
micron-scale crystalline blocks begin to appear on the fiber sur-
face. These features suggest the formation of Bi-rich phases and
indicate a deviation from the controlled dendritic growth
observed at lower Bi contents. The emergence of these bulk-
like or faceted particles implies that excessive Bi leads to uncon-
trolled growth and possible phase segregation during electrode-
position. The SEM-EDS spectra (Figure S7) further confirm
the composition variation among different PdBi samples, show-
ing relative changes in Pd and Bi signal intensities consistent
with the designed deposition ratios.

XPS was employed to probe the composition-dependent
evolution of the chemical states and electronic structure of Pd
and Bi in the PdBi@CC catalysts with varying Pd:Bi ratios.
All binding energies were calibrated with the C 1s peak at
284.8 eV. The high-resolution XPS spectrum and fitting curves
of Bi 4f and Pd 3d in PdBi@CC are shown in Figure 2. The two

doublets of Bi 4f spectrum in Figure 2a can be deconvoluted to
two sets of peaks for Bi (III) and Bi (0).>”*° Bi 4f XPS spectra
reveals a distinct composition-dependent evolution in the
chemical state and electronic structure of Bi within the electro-
deposited PdBi catalysts. As the Pd:Bi ratio decreases from 2:1
to 1:2, the Bi (0) 4f, , peak shifts progressively to lower binding
energy from 157.8 to 157.5 eV, indicative of an increasingly pro-
nounced electronic interaction between Pd and Bi and consis-
tent with enhanced charge transfer from Bi to Pd. The
negative shift suggests that Bi is more effectively incorporated
into the Pd lattice as the Bi content increases, reflecting a grad-
ual increase in the degree of alloying. Concurrently, the relative
intensity of Bi(III) increases relative to Bi(0), indicating that a
greater amount of Bi is exposed at or enriched on the catalyst
surface and is therefore more susceptible to surface oxidation
upon air exposure. Notably, the PdBi (1:2) sample exhibits both
the most negatively shifted Bi(0) feature and the highest rela-
tive Bi(III) contribution, suggesting that this composition rep-
resents an optimal state in which Pd-Bi alloying is maximized
while the surface population of Bi species is also most pro-
nounced. Upon further increasing the Bi content in the electro-
deposition solution to PdBi (1:3) and PdBi (1:4), the Bi 4f peak
positions exhibit only minor additional changes, indicating that
the dominant Pd-Bi chemical environment is no longer sub-
stantially modified by increasing the Bi precursor concentration.
This observation is consistent with the inductively coupled
plasma-atomic emission spectrometry (ICP-AES) results
(Table S1), for which the Bi/Pd atomic ratios of the PdBi
(1:2), PdBi (1:3), and PdBi (1:4) samples remain within a rel-
atively narrow range of 0.55, 0.51, and 0.50, respectively, despite
the increasing Bi content in the electrodeposition bath.
Meanwhile, SEM reveals a distinct morphological evolution at
higher Bi precursor concentrations, with larger aggregates and
micron-scale-faceted deposits appearing for the PdBi (1:3)
and PdBi (1:4) samples. Taken together, these results suggest
that further increasing the Bi precursor concentration beyond
the PdBi (1:2) input composition does not lead to appreciable
additional Bi incorporation into the Pd-rich alloy but instead
primarily affects the morphology and growth behavior of the
deposited material, potentially resulting in locally Bi-enriched
or segregated regions. These results collectively indicate that
PdBi (1:2) lies at the boundary between progressive alloy for-
mation and excessive Bi accumulation. The Pd 3d XPS spectra
(Figure 2b) shows two distinct peaks associated with the Pd
3d,, and 3d;,,, which can be deconvoluted into three compo-
nent peaks corresponding to Pd(0), Pd-O,, and Pd (II).*"**
Compared to Bi, the Pd 3d spectra showed no pronounced
composition-dependent shift, indicating that the average chem-
ical environment and electronic state of Pd remain largely
unchanged across the series. Nevertheless, the PdBi (1:2) sam-
ple exhibits the highest relative fraction of Pd(0), suggesting
that metallic Pd is most effectively preserved and stabilized at
this composition.

Further detailed characterization was carried out on the opti-
mal PdBi,,)@CC catalyst. As shown in Figure 3a, SEM images
reveal that the catalyst forms a densely and uniformly distrib-
uted nanostructured layer on the carbon fiber surface. At higher
magnification, the deposited phase exhibits a branched dendritic
morphology with plant-like appearance. Further magnified
TEM observations (Figure 3b,c) showed that this catalyst pos-
sesses a hierarchical architecture; even at the nanoscale, each
branch is still composed of similarly branched subunits,
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Figure 1. SEM images of PdBi@CC catalysts prepared with different Pd:Bi deposition ratios. (a) PdBi (2:1), (b) PdBi (1:1), (c) PdBi (1:2),
(d) PdBi (1:3), and (e) PdBi (1:4), shown at increasing magnifications from left to right, highlighting the evolution of catalyst morphology with
composition.
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Figure 2. High-resolution XPS spectra of PdBi@CC catalysts with different Pd:Bi deposition ratios. (a) Bi 4f and (b) Pd 3d spectra of PdBi (2:1),

PdBi (1:1), PdBi (1:2), PdBi (1:3), and PdBi (1:4).

indicating a multilevel self-similar growth feature. The smallest
dendritic building blocks are shown in Figure 3¢ to consist of
closely packed nanoparticles with sizes of approximately
10 nm. The TEM image in Figure 3d and Figure S8 further
reveals that, within an individual particle, the lattice fringes are
not aligned over a large area. Instead, the presence of lattice
fringes with varying orientations within individual particles indi-
cates the coexistence of multiple nanocrystalline crystallites sep-
arated by grain boundaries. This suggests that the dendritic
structures are formed through the aggregation and coalescence
of primary nanoparticles during electrodeposition rather than
via single-crystal growth. This observation is consistent with
the hierarchical growth mechanism in which nanosized primary
particles assemble into larger structures composed of multiple
crystalline domains.

The crystal structure of PdBi(,, @CC was further investi-
gated by XRD analysis. As shown in Figure 3d, diffraction peaks
located at 38.5° and 43.2° can be attribute to the (111) and
(200) facets of face-centered cubic Pd. Compared with pure
Pd (JCPDF#46-1043), these diffraction peaks exhibit a left shift
in the PdBi catalyst, indicating lattice expansion induced by the
incorporation of Bi atoms into the Pd crystal lattice.*® This lat-
tice expansion was also confirmed by TEM (Figure 3e).
Distinguishable lattice fringes were observed and measured at
several different positions, the lattice spacing of 2.27-2.31 A
was slightly larger than the standard 2.24 A of Pd (111), due
to the incorporation of Bi atoms with a larger lattice spacing
(231 A) in Pd and the formation of PdBi alloy.>**
HAADF-STEM combined with EDS was further employed to
probe the elemental composition at the nanoscale. As shown
in Figure 3f, Pd and Bi signals are uniformly distributed within
one PdBi nanoparticle, suggesting no phase segregation and the

formation of PdBi alloy. Figure S9 showed the comparison of Bi
4f and Pd 3d of PdBi, ,,@CC and Pd@CC. Compared to pure
Pd on CC, the binding energy of the Pd 3d, , and 3d;, peak in
PdBi,,, @CC shifts slightly to higher values, which indicates
that the electronic structure of Pd was modified by Bi atoms
doped into the Pd lattice, resulting in an electron-rich Pd state
due to charge transfer from Bi to Pd.

Postreaction Structural and Compositional
Characterization

To evaluate the structural and compositional evolution of the
PdBi(,,)@CC catalyst after the 4-h stability test, a series of
postreaction characterizations were conducted. SEM images
show that the characteristic morphology of PdBi,,)@CC is
well preserved after the reaction (Figure $10), with no obvious
aggregation, collapse, or large-scale surface reconstruction
observed. Corresponding EDS elemental mapping further con-
firms that Pd and Bi remain uniformly distributed across the
catalyst, indicating that the catalyst maintains its overall struc-
tural integrity and elemental homogeneity at the microscale
(Figure S11). XRD analysis reveals that the main diffraction
peaks of the postreaction sample shift slightly toward higher
20 values compared with those of the fresh -catalyst
(Figure S12), suggesting a reduction in lattice expansion after
catalysis. Meanwhile, the diffraction feature in the 30-35°
region, which can be assigned to Bi,Oj in the fresh sample, dis-
appears after the reaction. This result implies that part of the
oxidized Bi species present before catalysis is no longer retained
in the postreaction catalyst, likely due to oxidation of Bi into the
solution or surface reorganization under electrochemical condi-
tions. This interpretation is further supported by XPS results
(Figure S13), in which the relative intensity of Bi(Ill) is
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Figure 3. Structural characterization of the PdBi(1:2) catalyst. (a) SEM image, (b, c) TEM images at different magnifications, (d) XRD pattern,
(e) TEM image with measured interplanar spacings, and (f) HAADF-STEM image and corresponding elemental mappings of Pd and Bi.

markedly reduced compared with that of Bi(0) after the reac-
tion, confirming a substantial decrease in oxidized Bi species
on the catalyst surface. TEM characterization further shows that
the hierarchical architecture of PdBi,,,,@CC is well preserved
at the nanoscale after catalysis, while distinct changes are
observed in the local surface structure (Figure S14). In the fresh
catalyst, the surface lattice fringes are generally composed of
multiple small domains without large-area uniform orientation,
indicating a polycrystalline and relatively disordered surface
structure. However, the postreaction sample exhibits several
regions with large-area, uniformly oriented lattice fringes, sug-
gesting the emergence of more ordered surface domains after
operation. The measured lattice spacings in these regions are
in the range of 2.52-2.58 A (Figure S15), which is larger than
Pd-rich PdBi alloy phase, suggesting that the reaction induces
the reconstruction of initially disordered and oxidized Bi-
containing surface species, thereby generating a more ordered
Bi-containing surface domain. Overall, the postreaction charac-
terizations suggest that the PdBi@CC catalyst largely remains

structurally robust during the reaction, whereas its surface
evolves toward a more ordered state accompanied by a substan-
tial decrease in oxidized Bi species. Postreaction EDS mapping
showed an increase in the Pd/Bi ratio from 2.22 to 3.00, con-
firming the loss of some oxidized Bi. This may indicate that
the oxidized species were lost to the solution, as it is easier for
them to be lost to the solution than to the metallic form. In
addition, Table S1, ICP data, show that the used catalyst suf-
fered a decrease in the amounts of both Pd and Bi. The decrease
may look small but can significantly affect the catalyst perfor-
mance, as it will be discussed in the next section.

Optimization of the Electrodeposition Method and
Reaction Condition

Here, a CV technique was employed for electrodeposition. The
first approach was to keep the number of cycles constant while
varying the scan rate, and the second approach was to keep the
scan rate constant while altering the number of cycles. Each
method influences the deposition differently: The scan rate
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determines how long the electrode potential stays within the
deposition window per cycle. Lower scan rates allow more time
at potentials where reduction occurs, resulting in greater charge
transfer per cycle and higher mass loading because diffusion and
growth kinetics have more time to proceed. Conversely, higher
scan rates produce the opposite effect.> Number of cycles, on
the other hand, adds an incremental layer of deposit, so the
total deposited mass increases with the number of cycles. This
means fewer cycles favor initial nucleation and produce porous
interconnected structures with high surface area. In contrast,
more cycles promote progressive nucleation and growth on
existing nuclei, resulting in denser, more compact particles,
which can sometimes block the catalyst active sites.>”

The electrodeposition method for this bimetallic Pd—Bi pair-
ing was optimized to achieve the highest oxidative activity. The
PdBi@CC catalyst was deposited using scan rates of 1,2, 3,4, S,
and 10 mV/s for 5 cycles, and the combined ECO and EOD
performance was evaluated using LSV in 0.25 M GOA and
1 M KOH. An atomic Pd-to-Bi ratio of 2:1 was used for initial
optimization of the CV technique. As shown in Figure 4a, the
catalyst deposited at a 1-mV/s scan rate exhibited the highest
current density at virtually all potentials explored. Due to its
enhanced performance toward ECO and EOD, all subsequent
tests were performed at a 1-mV/s scan rate.

Similar to the scan rate, PdBi@CC catalysts were deposited
using a CV technique with 1-6 cycles. Due to enhanced activity
at higher potentials, a cycle count of 5 was determined to pro-
duce a catalyst with the highest overall oxidative activity, as
shown in Figure 4b. After the optimal deposition scan rate
and cycle count were determined, the Pd:Bi atomic ratio was
varied from 3:1 to 1:4 to identify the combination that yielded

the highest activity. A comparison of the catalysts (Figure 4c)
shows that the ratios 2:1, 1:1, and 1:2 all yielded very similar
current densities and LSV profiles. Due to their similarity, the
FE for EOD was assessed using the liquid product after a
30-minute test for each catalyst.

The impact of GOA concentration on activity and EOD FE
for PdBi electrodeposition solution ratios of 2:1, 1:1, 1:2, 1:3,
and 1:4 was explored in an H-type cell. Table SI shows that
the ratios obtained by EDS and ICP-AES differed from those
of the input during electrodeposition. This is because, during
the electrodeposition of two or more metals, the one with the
lower reduction overpotential will deposit faster. In Figure 5,
CA tests were conducted at 0.725 V vs RHE. The PdBi@CC
catalyst with an input ratio of 1:2 showed the highest FE toward
EOD, with the maximum achieved at a GOA concentration of
0.5 M. To better understand how metal concentrations can
affect performance, ICP analysis was conducted and summa-
rized in Table S1. By looking at Table S1 and Figure 5, the opti-
mal performance of PdBi(,,y@CC had an EOD FE nearing
80%, charge of 91 C, and Bi/Pd mass ratio of 1.07. It was also
found that increasing the Bi amount in the electrodeposition
solution beyond the 1:3 input ratio had no effect on the actual
metal ratios in the catalyst. Specifically, this effect is shown by
comparing the metal ratios of PdBij,;@CC and
PdBi(,.,y@CC, which resulted in Bi/Pd ratios of 1.0 and 0.99,
respectively. Both catalysts exhibited higher charge toward
EOD but lower FE than PdBi,,)@CC. By ICP, all three of
these catalysts showed nearly equimolar Pd:Bi ratios, even
though the total metal amount deposited changed in the differ-
ent electrodeposition baths. From this analysis, final Pd and Bi
amounts have to be around 0.84 and 0.91 mg, respectively,
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Figure 4. LSV of (a) PdBiy,,) prepared via different scan rates at 5 cycles, (b) PdBiy,,, prepared using 1 mV/s at different cycles, and (c) preparing

different input atomic ratios at S cycles and 1 mV/s.
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Figure S. The different atomic ratios of Pd:Bi performance at 0.725 V vs RHE at different GOA concentrations

which were determined to be optimal for the catalyst. The
remaining samples, PdBi,,;,@CC and PdBi(,,;,@CC, which
are Pd-rich catalysts with Bi/Pd ratios of 0.50 and 0.75, respec-
tively, showed better performance toward ECO than toward
EOD. Figure S also shows strong GOA concentration depen-
dence; at 0.5 M of GOA, the catalysts were able to promote
EOD while suppressing ECO. At 0.25 and 0.125 M, the FE
and charge toward EOD decreased significantly across all
catalysts.

Electrolysis and Assessment of Quantification Methods

Earlier, the optimal conditions to facilitate EOD of GOA were
at a GOA concentration of 0.5 M in 1 M KOH and using
PdBi(, ,y@CC. To understand how the EOD reaction changes
with applied potential, various CA tests were performed from
0.625 to 1.125 V vs RHE. As mentioned earlier, Cu-based elec-
trodes would not operate at such high potentials due to the for-
mation of Cu,O/CuO, which starts forming at 0.6 V vs RHE or
higher;14 this causes ECO to become favored. However, the
shift toward ECO was not discussed, whether it was due to a
change in the Cu form or the elevated potentials.

Figure 6a shows the performance of PdBi(,,)@CC at the
mentioned potentials, where the EOD FE decreased over time
as ECO began to dominate. This indicates that the EOD here
is mostly potential dependent, with a cutoff of 0.825 V wvs
RHE, where the FE is 55% for EOD and the rest for ECO.
Furthermore, as the potential increased, the charge passed did
not observe any changes between 0.925 and 1.125 V vs RHE.
A comparison of the cutoff potentials for the PdBi(, ,y@CC cat-
alyst and state-of-the-art Cu-based catalysts is shown in
Table S7.

It was mentioned earlier that two methods were used to
determine the EOD products and their efliciencies, using GC
and HPLC. To ensure that both methods would yield the same
results, the tests shown in Figure 6a were analyzed using both
methods. Shown in Table S4, the highest difference between
the two instruments was 5% at the lowest applied potential.
This difference can be explained by the fact that HPLC quan-
tifies the accumulated liquid product from both EOD and
ECO, whereas GC quantifies only H,. Unlike the HPLC, the
GC method used samples every 2.5 min, preventing consistent
measurement of the H, gas being produced. Furthermore, since

the tests were run at constant potential, the current density var-
ied over time, indicating that the gas amount was not constant.

To determine whether Pd is promoting EOD or not, a com-
mercially available Pd/C was prepared as mentioned in the
Materials and Methods section, and the Pd loading was 1 mg
cm 2, as well as electrodeposited Bi on CC. Figure S17 shows
that only Pd foil and 60% Pd on Vulcan (Pd/C) showed activity
toward GOA, while there was less 5 mA cm™ on Bi@CC. In
Figure 6b, Pd itself could not significantly promote EOD, but
as shown in Figure 6c, the performance was more stable than
PdBi(;,)@CC. The drop in performance for the
PdBi(, ,)@CC catalyst can be attributed to oxidized Bi leaching
to the solution, which could worsen performance.

The selectivity of the EOD of furfural with PdBi, ,,@CC
was tested to observe performance with another aldehyde.
Although both contain aldehydes, the furan ring and the alde-
hyde location result in key structural differences. Such ECO
must yield 2-furoic acid and H,, whereas furfuryl alcohol results
from the Cannizzaro reaction. Figure S16 illustrates that EOD is
more favorable when GOA was used as a feedstock rather than
furfural. The difference can be rooted in molecular structure
and how each aldehyde interacts with PdBi surface.
Specifically, GOA is much smaller than furfural and contains a
a-carbonyl, which withdraws electron density, making the alde-
hyde carbon more electrophilic and the C—H bond existing in
the aldehyde group easier to cleave.*® This favors the EOD
mechanism, which relies on C-H activation and dehydrogena-
tion. GOA’s compact size allows faster diffusion and less steric
hindrance, leading to high turnover and the observed high
charge passed.*” Furfural, on the other hand, has a furan ring
which enables stronger m-adsorption on Pd sites. This alters
the preferred binding geometry of the aldehyde group and its
hydrated intermediate, strongly favoring the classical ECO
route while suppressing EOD. The aromatic system can also
lead to slower desorption or mild surface passivation, which
explains the lower overall current/charge passed.”

To further understand the reaction mechanism here, looking
back at the same study by Liu et al., which provides a deep
understanding into ECO and EOD, the reaction mechanism
of GOA to OA or to OA and H, can be described as follows.
The oxidation of glyoxylic acid to OA illustrates a fundamental
mechanistic principle: the EOD and ECO pathways actually
diverge well downstream of the initial C-H bond cleavage.
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Figure 6. Chronoamperometry tests: (a) 30-min electrolysis of PdBi(;,)@CC at different potentials, (b) performance difference between
PdBi(, ,y@CC and Pd/C at 0.825 V vs RHE, and (c) current density profile of that shown in (b)

When glyoxylic acid adsorbs, its aldehyde group undergoes C—
H scission to produce an adsorbed OA intermediate and a
surface-bound hydrogen atom. What happens next with that
hydrogen intermediate determines everything. In the EOD
mechanism, two of these surface hydrogens simply find each
other through Tafel recombination and leave as H, gas a purely
chemical process with no electron transfer involved. This costs
just one electron per glyoxylic acid molecule, and OA emerges
alongside hydrogen gas as an inevitable byproduct. The ECO
pathway takes a different route: instead of recombining, the sur-
face hydrogen gets oxidized electrochemically via the reverse-
Volmer step, expelling a proton and sending an electron back
to the circuit. This pathway consumes two electrons per mole-
cule but cleanly produces OA without H, evolution. Which
pathway wins out depends on the interplay between kinetics
and thermodynamics. Systems with weak hydrogen binding
and facile C—H activation naturally favor the Tafel recombina-
tion route at accessible potentials. But when the system
demands higher overpotentials to overcome kinetic barriers,
the reverse-Volmer oxidation becomes thermodynamically
competitive and often takes over. The key point is that there’s
no hidden third mechanism at play no separate radical pathway
for direct aldehyde oxidation. The branching simply comes
down to what happens to that surface hydrogen after the C—
H bond breaks.

Insights from DFT Calculations

DEFT calculations were used to examine the impact of Bi addition
on the binding of intermediates and surface reaction energies.
Figure 7 shows a representative DFT structure of the Pd,Bi,/
Pd (111) surface described above, with the optimized orientation
of GOA adsorbed in its deprotonated form on the surface.

The addition of Bi to the Pd(111) surface weakens CO
adsorption, allowing oxidation at less anodic potentials than a
pure Pd electrode. On pure Pd(111), hollow binding sites
exhibited an adsorption energy of —2.02 eV. Aldehyde decarbo-
nylation leads to high population of adsorbed CO on Pd

surfaces,***! with oxidation of surface bound CO then limiting

oxidation electrocatalysis until high overpotentials. Pd,-Bi, sur-
face sites showed a significantly weaker CO adsorption energy
of —0.87 V. This reduced binding strength suggests that CO
species are less likely to accumulate on the bimetallic surface,
mitigating CO poisoning and freeing active sites for EOD turn-
over. As a result, the Bi addition to the Pd(111) surface suggests
improved resistance to poisoning, a limited factor in using Pd or
Pt catalysts for low-overpotential oxidation of aldehydes.***
CO poisoning is known to limit electrooxidation of ethylene
glycol on Pd electrodes, with the additional of oxyphilic metals
demonstrated to weaken CO binding to alleviate CO
poisoning.**

The alleviation of CO poisoning is likely the dominate pro-
moting effect of Bi addition to Pd, with the Pd,Bi/Pd(111) sur-
face showing similar CO binding energies to the Cu(111)
surface, in line with Cu electrodes also being effective for low
potential aldehyde oxidation.'* A second possible mechanism
through which Bi-doping promotes aldehyde oxidation is by
increasing the population of adsorbed oxygen or hydroxides.
Bi addition significantly strengthens OH binding to the surface
(Table SS). A Higher population of adsorbed OH promotes
CO oxidation kinetics, and the presence of adsorbed oxygen
has been shown to significantly promote the oxidation of alde-
hydes as well.**

Figure 7. Optimized DFT structure of deprotonated GOA bound to
the Pd2Bi1/Pd(111) surface slab.
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A trade-off for Bi addition is that it makes the surface less
effective at the GOA C—H bond dissociation step. The presence
of Bi significantly decreases the binding strength of glyoxylic
acid (GOA) to the surface. GOA adsorption on pure Pd was
calculated to be —0.42 eV, while on the Bi-doped Pd surface,
the adsorption energy approaches 0 eV, indicating nearly non-
binding behavior. Direct surface-catalyzed C—H bond breaking
from GOA would proceed via a nonelectrochemical dehydroge-
nation step, forming an adsorbed H*. The dehydrogenation
product shows negligible change in dipole moment relative to
the bare surface or the adsorbed GOA state (a change of
0.02 eA on Pd and 0.08 eA on the Bi-containing surface), indi-
cating that electron transfer is not involved in the dehydrogena-
tion step. Prior studies have identified this C—H bond cleavage
to the surface as the rate-determining step (RDS) for glycol oxi-
dation.> The C-H dissociation step is favorable on pure Pd
(~0.36 eV) but becomes unfavorable on Pd-Bi surfaces (rang-
ing from +0.45 to +1.00 eV).

Recent studies have proposed that the active surface adsor-
bate may not be the aldehyde form of GOA, but rather its
gem-diol, formed via the addition of water to the carbonyl in
solution. To assess whether this alternative adsorbate changes
the conclusions drawn above, we have computed the adsorption
and C-H dissociation energetics for the gem-diol on both Pd
and Pd-Bi surfaces. The same difference C—H dissociation reac-
tion energy between the two surfaces is observed as for GOA
C-H dissociation. Bi doping similarly destabilizing the surface-
bound intermediate and raises the barrier for C—H bond cleav-
age to the metal.

H, production in EOD requires C—H bond dissociation, but
it remains unclear if such H, production during EOD occurs

through a surface bound H intermediate. Experimentally, Bi
doping is observed to increase EOD activity while suppressing
ECO. The chemical dehydrogenation to form surface adsorbed
H would presumably lead to a competition between EOD
(occurring through the Tafel step combining two adsorbed H
to form H,) and ECO (occurring through a reverse-Volmer
step desorbing adsorbed H as a proton). It is plausible that
C-H dissociation occurs through a different pathway during
EOD, in which H is transferred to a neighboring co-adsorbate
rather than to the metal surface, although the involvement of
the metal in facilitating C—H dissociation would need to remain,
as this appears to be the main catalytic role. C—H dissociation
could be facilitated by transfer to a co-adsorbate that is not dis-
favored and may even be promoted by the presence of Bi. This
could be an O-containing species for which adsorption is pro-
moted by Bi, as demonstrated by stronger hydroxide adsorp-
tion. We have not considered such facilitated C—H bond
dissociation in this work.

Extended Electrolysis and Stability Tests

In this study, one aim was to run an extended electrolysis with-
out interruption or the need to restart. Figure 8a shows the 1-h
electrolysis of GOA, and when comparing it to the 30-min elec-
trolysis shown in Figure 6a, the EOD did not show a significant
drop in FE. However, when the electrolysis was extended to 4 h,
the EOD FE decreased by almost 31%, while the ECO FE
increased. This drop in FE can be attributed to the loss of Bi
in the catalyst as discussed earlier. Table S6 shows the produc-
tion rate and efficiencies for the first and last 2 h, calculated as
separate cycles.
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Figure 9. (a) LSV of noble metals deposited with Bi and (b) 30-min electrolysis of GOA to OA and H,.
Evaluating Noble Metals Catalysts for the EOD Reaction Pd-Bi to act as an oxidation catalyst at potentials where Pd elec-

trocatalysts become CO poisoned. This work sheds light on
opportunities for further study, including different aldehyde
feedstocks and scalability.

The EOD of GOA was first studied in an H-type cell with var-
ious electrodeposited noble metals along with Bi. LSV was per-
formed with 0.5 M GOA in 1 M potassium hydroxide (KOH).
As shown in Figure 9a, the following trend can be observed:
Pt > Au &~ Pd > Ag. To further assess the catalysts’ selectivity B ASSOCIATED CONTENT

toward EOD, 30 min of CA of GOA with each electrode was © Supporting Information

completed. The potential applied is based on the LSV of each The Supporting Information is available free of charge at
metal and the system’s limitations, as shown in Table S2. The https://pubs.acs.org/doi/10.1021/acselectrochem.6c00281.
PdBi@CC showed the highest selectivity toward EOD among
the noble metals, as shown in Figure 8b. In a previous study,
with Cu as the bimetal and the substrate, Pd was shown to have
the lowest activity toward EOD compared to Pt, Au, and Ag.45
In another study, EOD was studied at ultra-low potential, indi-
cating that the reaction requires such a low potential to be B AUTHOR INFORMATION
driven.'* In Figure 9b and Table S3, Pt was run at a potential
that was lowest among all of the other noble metals and
showed an inferior selectivity toward EOD. Results of different
noble metals shown must not be taken as final, as further
improvements to the catalysts’ structure, loading, morphology,
and dispersion may improve the selectivity toward EOD, espe-

Supplementary data covers additional catalyst characteri-
zation (physical and electrochemical), DFT results, and
calibration curves (PDF)
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