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ABSTRACT: Electrochemical conversion of glycerol offers a promising route
to synthesize value-added glycerol oxidation products (GOPs) from an
abundant biomass-based resource. While noble metals provide a low
overpotential for the glycerol electrooxidation reaction (GEOR) and high
selectivity toward three-carbon (C3) GOPs, their efficiency and cost can be
improved by incorporating non-noble metals. Here, we introduce an effective
strategy to enhance the performance of Pd nanoparticles for the GEOR by
alloying them with Ni. The resulting PdNi nanoparticles show a significant
increase in both specific activity (by almost 60%) and mass activity (by almost
35%) during the GEOR at 40 °C. Additionally, they exhibit higher resistance
to deactivation compared to pure Pd. Analysis of the GOPs reveals that the
addition of Ni into Pd does not compromise the selectivity, with glycerate
remaining at around 60% of the product fraction and the other major product
being lactate at around 30%. Density functional theory calculations confirm the reaction pathways and the basis for the higher
activity of PdNi. This study demonstrates a significant increase in the GEOR catalytic performance while maintaining the selectivity
for C3 GOPs, using a more cost-effective nanocatalyst.
KEYWORDS: alkaline, electrocatalysis, density functional theory, HPLC, value-added products

■ INTRODUCTION
In recent years, biodiesel has emerged as a promising biofuel
derived from vegetable oils, animal fat, and their residues.1,2 The
production of biodiesel generates glycerol (Gly) as a significant
byproduct, accounting for approximately 10 wt % of the
biodiesel produced.3 The global growth of the biodiesel industry
has resulted in a surplus of Gly, causing its market price to
decline.4,5 Consequently, there is growing interest in converting
this excess Gly into commercially valuable chemicals. One
promising approach for Gly valorization is through the Gly
electrooxidation reaction (GEOR), which enables the simulta-
neous production of valuable chemicals on the anode from Gly
and hydrogen on the cathode with lower energy requirements
than conventional water electrolysis.5

Non-noble and noble metal-based bimetallic and trimetallic
electrocatalysts have shown remarkable results for the GEOR by
achieving higher activity than the monometallic counter-
parts.6−10 Among these, Pd-based nanocatalysts exhibit great
potential for the GEOR due to their outstanding performance in
alkaline environments, similar cost and abundance to Pt,11 and
lower susceptibility to CO poisoning.12 Although in the
monometallic form, non-noble transition metals such as Ni
require a significantly higher potential than Pd to electrochemi-
cally oxidize Gly;13 the addition of such metals to noble metals
can significantly enhance the catalytic activity and stability for

the GEOR.11,14−16 Further approaches to improve the catalytic
performance of nanomaterials include tuning their morphology
and increasing the surface area by introducing porosity or
reducing the particle size.17 The use of PdNi nanocatalysts
extends beyond the GEOR to the electrooxidation of other
biomass derivatives and organic molecules such as formic
acid,18,19 ethylene glycol,20 carbohydrazide,21 ethanol,22−25 and
methanol.26−28 Aside from nanocatalysts, electrodeposited
PdNi films have also been studied for the electrooxidation of
lactic29 and gluconic acids.30

The role of Ni in PdNi catalysts in enhancing the
electrooxidation of alcohols has been mainly studied for
ethanol25,31,32 and methanol.27 For ethanol oxidation, the
presence of Ni significantly increased the current density
compared to pure Pd when Ni served as the surface layer of
sputtered PdNi catalysts, in contrast to when it was placed at the
sublayer.32 These findings were supported by density functional
theory (DFT) calculations, which assessed the impact of varying
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the percentage of surface Ni on a PdNi catalyst with (111)
facets.23 These studies highlight the importance of the structural
design of PdNi catalysts. For methanol oxidation, a combined
experimental and DFT study revealed that increased Ni
concentrations in PdNi nanocatalysts, and specifically
Pd0.5Ni0.5 (at. %), led to higher selectivity toward CO2
formation, suppressed CO poisoning, and improved activity
for methanol electrooxidation.27

For the GEOR, Pd0.5Ni0.5 (at. %) nanoparticles (NPs) have
shown a higher current density than Pd NPs,11 which aligns with
the general consensus that Pd0.5Ni0.5 (at. %) represents the
optimal Pd/Ni atomic ratio for Pd-rich catalysts.14,15 Never-
theless, there is still much to explore regarding the formation of
glycerol oxidation products (GOPs) using PdNi electrocatalysts.
In alkaline media, Pd-based catalysts typically yield products
such as glyceric acid/glycerate (GLA), tartronic acid/tartronate
(TTA), oxalic acid/oxalate (OA), glycolic acid/glycolate (GA),
and formic acid/formate (FA).7 However, there are limited
reports quantifying GOPs produced by PdNi catalysts.33 FA,
GA, and OA, formed through C−C bond cleavage, are believed
to occur at high oxidation potentials,34 but adsorbed CO has
been observed at potentials below the onset of the GEOR on Pd
and PdNi nanocatalysts, indicating C−C bond cleavage from a
dissociative Gly adsorption step at low potentials.11 Both
scenarios are undesirable because the three carbon (C3) GOPs
GLA, LA, and TTA are more valuable due to their uses in
important industries such as biomedical (GLA and TTA) and
pharmaceuticals (LA),35 making the mitigation of C−C bond
cleavage a primary aim in GEOR developments.

While the typical synthesis of PdNi nanocatalysts involves
methods such as coprecipitation, sputtering, electrodeposition,
and others, the alloying process can be challenging due to the
need for high temperatures, particular additives and reductants,
pH adjusters, and multistep synthetic procedures.36−38 Herein,
we report the catalytic performance for the GEOR in alkaline
media of sub-10 nm Pd and PdNi NPs, obtained via a modified
one-step metal reduction synthesis in organic medium39 and
characterized by transmission electron microscopy (TEM) and
powder X-ray diffraction (PXRD). The Pd and PdNi NPs were
deposited onto carbon paper electrodes (Pd/C and PdNi/C,
respectively), and their electrocatalytic activity was studied by

cyclic voltammetry (CV) and iR-corrected polarization curves
(ICPCs). Galvanostatic electrolysis was employed to generate
GOPs, and the product distribution was determined via high-
performance liquid chromatography (HPLC), with 90% of the
product fractions containing C3 GOPs. DFT calculations
confirmed similar reaction pathways for GEOR on Pd(111)
and PdNi(111). PdNi/C outperformed Pd/C in terms of both
mass and specific activity while exhibiting minimal differences in
the distribution of the GOPs. Our study demonstrates the
promising performance of PdNi NPs in GEOR by maintaining
selectivity for C3 products similar to that of Pd while enhancing
the electrocatalytic activity and reducing the overall catalyst cost
through a reduction in the required amount of Pd.

■ EXPERIMENTAL SECTION
Materials and Reagents. Palladium(II) acetylacetonate (Pd-

(acac)2, Sigma-Aldrich, 99%), nickel(II) acetylacetonate (Ni(acac)2,
Combi-Blocks Inc., 98%), oleylamine (OAm, Sigma-Aldrich, technical
grade, 70%), borane tert-butylamine (BTB, Alfa Aesar, 97%), 1-
octadecene (ODA, Sigma-Aldrich, for synthesis), acetone (Honeywell,
≥99.5%), and ethanol (absolute, VWR Chemicals, ≥99.7%) were used
for the catalyst synthesis. For the GEOR experiments, the carbon fiber
paper (H23, thickness 210 μm, Freudenberg) was cut into 1 cm2 pieces
before hydrophilic treatment. Analytical-grade sodium hydroxide
(NaOH, Merck) and Gly (Merck) were both purchased from VWR
(Radnor, PA, USA). The ultrapure water (18 MΩ) used to prepare all
solutions was obtained with a Millipore DirectQ3 purification system
from Millipore (Burlington, MA, USA).
Electrochemical Instrumentation. A Princeton Applied Re-

search PAR273A potentiostat/galvanostat from AMETEK (Minneap-
olis, MN, USA) was used for electrochemical measurements. To record
ICPCs, a current interrupt method was used through the PAR273A in
connection with a National Instruments (NI) cDAQ-9178 chassis and a
NI9223 voltage digitalizer (Austin, TX, USA), as reported previously.40

A Hg/HgO reference electrode (RE) (RE-A6P, BioLogic, 1.0 M
NaOH) was used for all of the measurements.
Synthesis of Pd and PdNi Electrocatalysts. Pd and PdNi NPs

were synthesized via the reduction of Pd(acac)2 and coreduction of
Pd(acac)2 and Ni(acac)2, respectively, in an organic medium with OAm
serving as a surfactant, BTB as a reducing agent, and ODE as a solvent
(see Scheme 1).
Synthesis of Pd Nanoparticles. Pd NPs were synthesized using a

modified previously reported procedure.39 A metal-precursor mixture

Scheme 1. Schematic Representation of the Pd and PdNi Nanoparticle Synthesis
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containing 150 mg of Pd(acac)2 (ca. 0.5 mmol) in 30 mL of OAm in a
50 mL round-bottomed flask equipped with a rubber septum was
flushed with argon gas for 30 min to remove excess oxygen. After that,
the mixture was heated to 90 °C under magnetic stirring (800 rpm) and
an argon atmosphere until it became homogeneous. Next, a reductant-
solvent mixture of 600 mg of BTB and 6 mL of OAm, preheated at 60
°C, was quickly injected into the metal-precursor mixture with a
syringe. The resulting reaction mixture was allowed to react for 1 h
under the same stirring rate and argon stream. The resulting solution
was washed by centrifugation four times with an acetone/ethanol
mixture (7:3) at 12,000 rpm for 15 min, followed by final redispersion
in 1 mL of ethanol and vacuum drying at 60 °C for 24 h.
Synthesis of PdNi Nanoparticles. PdNi NPs were synthesized

using a modified previously reported procedure.39 A reductant-solvent
mixture containing 400 mg of BTB, 6 mL of OAm, and 14 mL of ODE
in a 50 mL round-bottomed flask equipped with a rubber septum was
flushed with argon gas for 30 min to remove excess oxygen. After that,
the mixture was heated to 90 °C under magnetic stirring (800 rpm) and
an argon atmosphere until it became homogeneous. Next, a metal-
precursor mixture of 38.08 mg of Pd(acac)2 (0.125 mmol) and 128.46
mg of Ni(acac)2 (0.300 mmol) in 6 mL of OAm, preheated at 60 °C,
was quickly injected into the reductant-solvent mixture with a syringe.
The resulting reaction mixture was allowed to react for 1 h under the
same stirring rate and argon stream. Finally, the resulting solution was
washed, redispersed, and dried similarly to that of the Pd NPs.

The excess Ni precursor introduced in solution is due to the
tendency of Pd to be reduced much more readily than Ni. Therefore, to
incorporate the desired amount of Ni into the PdNi bimetallic catalyst,
a higher Ni content than Pd is required. Since the main goal was to
study the performance of PdNi NPs with a Pd/Ni ratio of 1:1, the
synthetic procedure was not further optimized to compensate for the
losses. The optimization can therefore be a basis for future work and
synthetic strategy improvement. Additionally, if the remaining Ni was
simply discarded, it would decrease the cost-effectiveness and greenness
of the catalyst synthesis process; however, the remaining Ni could easily
be recovered as pure Ni through electrodeposition or another reduction
process.
Characterization of Electrocatalysts. TEM imaging and energy-

dispersive X-ray spectroscopy (EDS) were carried out on a JEOL JEM-
2100F microscope operating at an acceleration voltage of 200 kV. TEM
samples were prepared by depositing ∼20 μL of NP dispersion in
ethanol on a 300-mesh ultrathin Lacey carbon-supported gold grid and
allowing the solvent to evaporate. PXRD was performed on a Bruker D8
DISCOVER diffractometer using a Cu Kα X-ray source (λCuKα1 =
1.540598 Å and λCuKα2 = 1.544426 Å), equipped with an LYNXEYE
XE-T detector. The diffractograms were collected within the 2θ range
of 10−90° with a step size of 0.01° and scan rate of 0.375°/min.
Electrode Fabrication.The carbon paper working electrode (WE)

served as the substrate for drop casting the catalyst ink, following
pretreatment by ultrasonication in 3 M HCl, ultrapure water, and
ethanol for 15, 10, and 5 min, respectively. It was then dried at 100 °C
for 1 h to remove any contaminants and improve hydrophilicity. The
catalyst ink was composed of 5 mg of the catalyst (either Pd or PdNi
NPs), 5 mg of the Vulcan XC-72 carbon powder, 40 μL of 5% Nafion
solution, 240 μL of isopropanol, and 720 μL of ultrapure water,
resulting in a catalyst particle concentration of 5 mg mL−1. The catalyst
ink was stirred overnight before being drop cast. The drop-casting
process involved placing the carbon paper approximately 1.5 cm above
a hot plate set at 60 °C. Subsequently, 50 μL of the catalyst ink was
drop-cast onto one side of the carbon paper and allowed to dry for 10
min. After drying, the carbon paper was then flipped and an additional
50 μL of the catalyst ink was applied to the other side. After a 10 min
drying period, the electrode was removed from the heat and left to dry
in air overnight. In total, 0.5 mg of the catalysts were applied to the
carbon paper, leading to a Pd mass of 0.5 mg for Pd/C and 0.299 mg of
Pd and 0.201 mg of Ni for PdNi/C. The mass of Pd and Ni was
determined by eqs S1 and S2, respectively.
Calculations of ECSA. A three-electrode cell (Figure S1) was used

to calculate the Pd-based ECSA of Pd/C and PdNi/C by measuring the
charge transferred by the reduction of a monolayer of PdO. In this

setup, both anodic and cathodic chambers consisted of an N2-purged
1.0 M NaOH, Gly-free solution at 25 °C with a Nafion (212)
membrane dividing the cell. The Nafion membrane was used to
mitigate the crossover of GOPs from the anode chamber into the
cathode chamber to prevent the possibility of the Pt cathode reducing
the formed GOPs. Therefore, the ions passing through the Nafion
membrane are most likely Na+ ions. The catalytic electrode served as
the WE, a Pt grid served as the counter electrode (CE) in a 1 M NaOH
solution, and the RE was Hg/HgO (1 M NaOH). It has been previously
established that a monolayer of PdO is formed in 1 M NaOH at
approximately 1.25 V vs RHE,41 also corroborated in acidic
conditions.42,43 Hence, CV between 0.265 and 1.250 V vs RHE at a
sweep rate of 50 mV s−1 was initially applied for 20 cycles under solution
stirring to stabilize the catalysts.

Then, the solution was held stagnant, and two cyclic voltammograms
were recorded within the same potential window and sweep rate. The
second cycle was used for ECSA calculation by determining the
associated charge of the PdO reduction peak and using eq 1

Q
S

ECSA
(C)

(C/cm )
area of PdO reduction peak

405 C/cm2 2= =
(1)

where Q is the charge passed during the reduction of PdO to Pd, and S is
the characteristic charge density (405 μC cm−2) of the reduction of a
monolayer of PdO to Pd.43

The ECSA measurements are indicative of the catalysts that were
used for the GEOR measurements. Hence, the normalization of the
current shown for the Pd and PdNi NPs by the ECSA for the GEOR
measurements was done with catalysts that had already been through
cycling to the point where the current response was stable.
GEOR Electrochemical Measurements. All GEOR experiments

were undertaken in a divided three-electrode cell (Figure S1), with the
anode and cathode compartments separated by using a Nafion 212
membrane (VWR). The Pd/C and PdNi/C electrocatalysts were the
WEs, a Pt grid was the CE, and the RE was Hg/HgO (1 M NaOH). The
WE potential was converted to the reversible hydrogen electrode
(RHE) scale using eq 2

E E E (0.0591 pH)RHE Hg/HgO
Ref

Hg/HgO
M= + + × (2)

where ERHE is the calculated potential of the electrode in V vs RHE,
EHg/HgO

Ref is 0.120 V vs SHE at 25 °C (determined from laboratory

measurement), EHg/HgO
M is the measured or controlled potential during

the experiments when using Hg/HgO (1 M NaOH), and the pH is 14
as the supporting electrolyte was 1 M NaOH. The respective solutions
studied consisted of 0.10 and 0.50 M Gly in 1.0 M NaOH, purged with
nitrogen before experiments. The electrochemical measurements were
conducted at 25 and 40 °C, with a stirring bar at 200 rpm. The RE was
kept at ambient temperature using a Luggin capillary. The activity of the
catalysts for GEOR was mainly determined via ICPCs, which were
conducted from low to high current densities. Steady-state galvano-
static measurements were used for GOP analysis.
Product Analysis by HPLC. HPLC analyses were performed with

an Agilent 1260 Infinity II isocratic pump, multisampler, and
multicolumn thermostat with a 1290 Infinity II refractive index
detector. The analytical columns, in series, included a Bio-Rad guard
column with a standard cartridge holder and a Micro-Guard cation H+

cartridge (4.6 × 30 mm), Bio-Rad Aminex HPX-87H column (7.8 ×
300 mm), and Shodex SUGAR SH1011 column (8 × 300 mm). All
columns were kept at 30 °C. To achieve optimal peak separation and
ensure accurate results in the analysis of GOPs, two mobile phases were
used: 1 mM H2SO4 and 8 mM H2SO4 at a flow rate of 0.25 mL min−1.
The analysis time for each sample was 85 min. All standards for GOPs
were calibrated from 0.1 to 10 mM with linear regression R2 values
greater than 0.99. Samples were taken in 100 μL aliquots and diluted
with 100 μL of ultrapure water. Chromatograms for each standard
analyzed can be seen in Figures S2 and S3.
First-Principles Calculations. The slab models of the catalytic

surfaces (Figure S4) were constructed using the atomic simulation
environment (ASE).44 The calculations were carried out on a (4 × 4 ×
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4) slab with a vacuum of 20 Å to avoid interactions between periodic
images (Figure S4). The structures were optimized to energy and atom
force convergence criteria of 10−5 eV and 0.01 eV·Å−1, respectively.
Spin-polarized calculations were carried out, and the most stable spin
state for all systems is reported in this work. DFT calculations were
carried out using the Vienna Ab initio Simulation Package (VASP).45

The exchange and correlation functional was approximated as the
Bayesian error estimation functional, with an additional nonlocal
correction term (BEEF-vdW).46 Potential determining steps (PDSs)
were determined following our previous studies.47,48 As observed in
Figures S5−S10, the GEOR was simulated considering three
elementary pathways: (1) proton removal, (2) hydrolysis, and (3)
hydrogen rearrangement. The DFT total energies were corrected using
zero-point energies (ZPEs) and thermal contributions. The harmonic
approximation was employed for the vibrational frequency calculations
for all of the adsorbates and molecules. Henry’s law was used to link the
gas-phase pressure to the aqueous concentration using the NIST-

JANAF tables.49 To account for the electrode/electrolyte interface,
implicit water solvation was used as implemented in VASP.50 The
electrochemical environment was modeled based on a computational
hydrogen electrode.51 Further information regarding the computa-
tional methodology is provided in the Supporting Information.

■ RESULTS AND DISCUSSION
Characterization of theNanoparticles. Figure 1a,c shows

the TEM images and size distribution histograms of the well-
defined Pd and PdNi NPs, respectively. The NPs were
monodispersed with a mean particle diameter of 5.9 ± 0.7 nm
for Pd and 2.98 ± 0.22 nm for PdNi. The Pd/Ni atomic ratio was
nearly 1:1 (Pd0.45Ni0.55) as determined by TEM−EDS. HRTEM
images of single Pd and PdNi NPs are shown in Figure 1b,d,
respectively. The d-spacings measured from the lattice fringes,
and averaged over 10 individual particles, were 0.227 and 0.225

Figure 1. TEM and HRTEM images of (a,b) Pd NPs and (c,d) PdNi NPs. The insets of images (a,b) show particle size distributions of the
corresponding catalysts. (e) PXRD patterns of Pd and PdNi NPs.

Figure 2. (a) CV in 1.0 M NaOH for Pd/C and PdNi/C. (b) LSV in 1.0 M NaOH and 0.50 M Gly for Pd/C and PdNi/C along with the CV from (a).
(c) LSV from (b) normalized by ECSA. (d) LSV from (b) normalized by the mass of Pd in the Pd/C and PdNi/C catalysts. All sweeps were conducted
at 25 °C and a sweep rate of 50 mV s−1.
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nm for Pd and PdNi NPs, respectively, which is close to the
lattice spacing for Pd(111) (0.223 nm) and agrees well with d111
≈ 0.22 nm from the corresponding X-ray diffractograms (Figure
1e). The PXRD pattern of Pd NPs shows characteristic
diffraction peaks that can be assigned to the (111), (200),
(220), and (311) planes, which matched with face-centered
cubic Pd (JCPDS 04-015-9339). The PXRD pattern of PdNi
NPs exhibits the same features but with peaks widening due to a
smaller particle size and a slight shift by ∼0.5° toward the higher
2θ values. The small peaks in the PXRD diffractogram of the
PdNi alloy at 74, 76, and 78° are artifacts and not diffraction
peaks.

The crystallite sizes were estimated based on the (111) peaks
using the Scherrer equation and were found to be 4.71 nm for Pd
and 2.46 nm for PdNi NPs, which is slightly smaller than the
TEM measurements indicating some polycrystallinity.39 The
characterization demonstrates that the synthesized Pd and PdNi
NPs were predominantly composed of Pd(111) and PdNi(111)
facets. Additionally, the lattice parameter of PdNi NPs, aPdNi =
3.88 Å, was smaller than that of Pd, aPd = 3.93 Å, indicating a
lattice contraction due to successful alloying by incorporating Ni
into the Pd lattice.52−54

Electrochemical Characterization. The ECSA of the Pd/
C and PdNi/C catalysts was calculated through CV measure-
ments in 1.0 M NaOH (Figure 2a). In the potential window of
0.5 to 1.0 V vs RHE, the cathodic peak is assigned to the
reduction of PdO to Pd. The charge associated with this peak for
Pd/C led to an ECSA of 68 ± 10 cm2, slightly more than double
that of PdNi/C (29 ± 7 cm2). The total physical surface area for
the PdNi NPs was estimated to be about 2.3 times larger than
that of the Pd NPs by considering the mass loading, atomic
composition, and morphology, assuming spherical NPs. Given
these calculations, the ratio of the available Pd at the surface for
Pd NPs to PdNi NPs should be approximately 1:1 using the
atomic ratios determined by TEM−EDS. However, the ECSA of
PdNi/C is less than half of that of Pd/C. There are two possible
reasons that this might be the case.

The first is that the PdNi NPs may have a PdNi alloy
composition gradient from the core to the surface with a more
Pd-rich core and a more Ni-enriched surface. The second is that
the smaller PdNi NPs have a higher packing density due to them
being half the size of the Pd NPs, as it has been reported that the
smaller the NPs, the higher the packing density.55 This
phenomenon for NPs has been widely reported in the
literature.56−58 However, the PdNi particles in the present
study are very small (2.5−3.5 nm), and it is unlikely that there is

much segregation in composition when comparing the center
and rim of the particles. Additionally, the PXRD pattern for the
PdNi alloy in Figure 1e also shows symmetric peaks without
shoulders. Therefore, the Pd/Ni ratios determined through
TEM−EDS are likely representative of the surface composition,
and the decreased ECSA may be a result of the decreased
physical surface area due to the packing density of the PdNi NPs.
Additionally, based on our previous work on PdNi electro-
catalysts for the GEOR,16,33 the chemical state of Pd and Ni in
the PdNi/C catalyst is likely to be elemental Pd and
predominantly Ni(OH)2, respectively.

To ascertain the electrochemical response of the GEOR for
Pd/C and PdNi/C, linear sweep voltammetry (LSV) was
recorded in 1.0 M NaOH and 0.50 M Gly (Figure 2b). The
addition of Gly resulted in a significant increase in the anodic
current, i.e., the GEOR, with an onset potential of approximately
0.6 V vs RHE for both catalysts. Although the LSV for Pd/C in
Figure 2b reaches a higher current (mA) than PdNi/C at the
most positive potential, when normalized by the ECSA of the
active Pd sites and the mass of Pd in the catalysts, the PdNi/C
has higher performance (specific activity: Pd/C = 1.3 mA cm−2;
PdNi/C = 2.2 mA cm−2, mass activity: Pd/C = 170 mA mgPd

−1;
PdNi/C = 211 mA mgPd

−1). These comparisons can be seen in
Figure 2c,d for specific activity and mass activity, respectively.
However, given the notable iR-drop observed in the LSV, the
performance of both electrocatalysts was comparatively
evaluated through ICPCs.

To determine the most suitable anolyte for the GEOR, ICPCs
for PdNi/C were recorded using two different Gly concen-
trations, 0.10 and 0.50 M, in a supporting electrolyte of 1.0 M
NaOH, see Figure 3. The ICPCs showed a similar trend; as the
current is increased, the corresponding potential also increases
up until a specific current level is reached, at which point it
sharply spikes. This spike represents the deactivation of the
catalyst for the GEOR, which occurs due to the oxidation of the
active Pd sites.16,59 The current and corresponding potentials
preceding this spike are denoted as the critical current icr (or
critical current density jcr

ECSA for specific activity, or critical
current when normalized by mass jcr

mass for mass activity) and the
critical potential Ecr, respectively. For 0.50 M Gly solution, the
icr, jcr

ECSA, and jcr
mass are all approximately double compared to 0.10

M Gly, demonstrating that the higher Gly concentration results
in enhanced overall performance for the GEOR. However,
despite the fivefold increase in Gly concentration, this did not
translate into a fivefold increase in activity. Notably, the PdNi/C
catalyst also reached a higher Ecr in the solution with a higher Gly

Figure 3. ICPCs for PdNi/C at 40 °C in a supporting electrolyte of 1.0 M NaOH with Gly concentrations of 0.10 M (blue triangles) and 0.50 M (red
circles). (a) No normalization, i.e., current; (b) specific activity, i.e., normalized by ECSA; and (c) mass activity, i.e., normalized by the mass of Pd in
the PdNi/C catalyst.
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concentration, indicating that catalyst deactivation occurred at a
higher potential. Since the 0.50 M Gly solution resulted in icr,
jcr
ECSA, jcr

mass, and Ecr values higher than those of the 0.10 M
solution, the former was chosen to compare the performance of
Pd/C and PdNi/C at 40 °C.

The comparative ICPCs presented in Figure 4a reveal that the
Pd/C catalyst achieves a higher icr of 199 mA compared to
PdNi/C, which exhibits a icr of 159 mA. This higher icr is
expected since Pd/C has a higher mass of Pd and a larger ECSA
than PdNi/C, so the overall current is naturally higher,
considering that the GEOR occurs on Pd sites. However,
when the data are normalized by ECSA in Figure 4b, PdNi/C
emerges as the superior catalyst by active sites for the GEOR.
PdNi/C reaches a jcr

ECSA of 4.4 mA cm−2 compared to that of 2.8
mA cm−2 for Pd/C. This represents a 57% increase in specific
activity by the PdNi/C catalyst. The significant increase in
specific activity for PdNi/C was not equivalently repeated in
terms of mass activity. However, the mass activity of PdNi/C
shown in Figure 4c reaches a jcr

mass of 531 mA mgPd
−1 which is 34%

higher than that of Pd/C at 397 mA mgPd
−1. Given that the

active surface of PdNi/C contains a smaller portion of available
Pd than Pd/C, as discussed earlier, these results show that
PdNi/C is inherently a more active catalyst for the GEOR,
clearly demonstrating the positive role of Ni, at an approximate
1:1 Pd/Ni ratio. Furthermore, since the cost of Pd, at the time of
writing, is nearly 2000 times higher than Ni,60,61 by substituting
approximately 40% of Pd, by mass, with Ni in the form of PdNi, a
higher jcr

mass can be reached at around two-thirds of the cost.
Hence, the addition of Ni to Pd NPs enables a superior catalyst
at a lower price. In Figure 4a−c, the Ecr is consistently higher for
PdNi/C than for Pd/C in all three cases, indicating that Pd/C
deactivates more readily at a potential lower than that of PdNi/
C. This further emphasizes the advantage and superiority of the
PdNi/C catalyst.

Since it is well known that for the GEOR, Ni oxidizes Gly at
significantly higher potentials than Pd, the Ni present in the
PdNi/C catalyst is likely only aiding in the activity of the Pd sites
for the GEOR. Indeed, significant work has been done to show
that the GEOR on Ni occurs as a result of the oxidation state
change in Ni from Ni2+ to Ni3+ in the forms of Ni(OH)2 and
NiOOH, respectively.62 The oxidation state change occurs
around 1.4 V vs RHE, and therefore studies on Ni for the GEOR
regularly show the onset potential being around the mentioned
voltage. Hence, the GEOR onset potential for Ni compared to
Pd is around 700 mV higher.16 Additionally, an increased onset
potential and utilization of monometallic catalysts such as non-
noble transition metals like Ni reportedly result in a significant

C−C cleavage in highly alkaline conditions and, consequently,
decreased yields of highly valued C3 GOPs are reported.63 This
is not the case from the HPLC GOP analysis presented in this
study (vide infra).

The reason for the superior performance when noble metals
are combined with non-noble metals is a topic of debate in the
literature. The two main themes are the bifunctional mechanism
and electronic effect. For the bifunctional mechanism, the
addition of an oxophilic metal such as Ni to a noble metal
catalyst enhances the catalytic activity by providing an increased
amount of proximal hydroxide species adjacent to the GEOR
active sites.11,15,64 The enhanced activity is then a result of either
the increased hydroxide species providing a more oxidative
environment, participating in the GEOR or aiding the oxidative
removal of inhibiting COad intermediates. For the electronic
effect, the addition of non-noble transition metals to the lattice
of noble metals such as Pt and Pd decreases the binding energy
for inhibiting species such as CO27 and OH,65 and it can increase
the number of available surface electrons66 and lower glycerol
adsorption energy;66 the result being easier desorption of
intermediates and, therefore, increased active sites during the
GEOR as well as less C−C bond cleavage. From the perspective
of this study, it is difficult to discern definitively which process
explains the increased performance of PdNi/C over Pd/C, but
both processes seem plausible. However, the study conducted
on PtNi by Luo et al.65 provides a detailed body of evidence
pertaining to the role of Ni in enhancing the catalytic activity of
Pt being a result of the electronic effect.

Note that in the present study, we have avoided kinetic
analyses from the Tafel slope as calculating Tafel slopes from the
ICPCs for the GEOR is problematic, as the reaction mechanism
may vary along the polarization curve. Hence, the calculation of
such slopes may be misleading and may not give true indications
of a single reaction-limiting step.
Glycerol Oxidation Product Analysis. To analyze the

GOPs generated by the PdNi/C and Pd/C catalysts,
galvanostatic measurements were conducted in 0.50 M Gly in
1.0 M NaOH solutions to a final charge of 18C (Figures S11 and
S12). Although long-term stability is an important aspect of
electrocatalytic systems, the goal of this study was to synthesize
the (111) crystal facet catalysts and directly compare their
activity and product distribution experimentally and computa-
tionally close to the GEOR onset potential. That is why, for the
experimental determination of the GOPs, a small volume of
solution was used, and only 18C were passed such that a
readable concentration of products could be determined in a
short period of time. Further work on these catalysts in a larger

Figure 4. ICPCs for Pd/C (black squares) and PdNi/C (red circles) at 40 °C in a 1.0 M NaOH and 0.50 M Gly solution. (a) No normalization, i.e.,
current; (b) specific activity, i.e., normalized by ECSA; and (c) mass activity, i.e., normalized by the mass of Pd in the Pd/C and PdNi/C catalysts.
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volume cell setup, in which the catalysts can be used for
extended periods to assess the stability, is important to be
pursued. However, given that the NPs are somewhat spherical, it
would be challenging to detect changes to the morphology or
structure of such small particles (6 nm for Pd and 3 nm for
PdNi).

The product analysis resulting from the galvanostatic
measurements is presented as product fractions of the sum of
the overall GOP concentrations in Table 1 and Figure 5 as a

function of measured potential. A result of the experiments
being performed galvanostatically is that the average potential
during the experiments slightly differs between runs. Therefore,
the measured potential for each experiment was corrected for
the iR-drop in the electrochemical cell, and then the average
potential, in addition to the standard deviation (SD), was
calculated over the entire run. For repeat experiments, the same
process was adopted, then a second average and SD were
determined for the combined number of experiments. The
average and SD of the WE potential are reported in Table 1,
which shows that the potentials for the comparison of PdNi/C
to Pd/C are not exactly the same but are within the SD. The
potentials analyzed were chosen to be close to the GEOR onset
because the catalysts become less selective, and C−C bond
cleavage is more likely at higher potentials. The GOP
concentrations determined by HPLC analysis were normalized
by the charge passed and then converted to a fraction.

The product fractions listed in Table 1 show that an increased
potential for both PdNi/C and Pd/C results in lower product
fractions for GLA and LA. Overall, the two main products, GLA
and LA, are formed in similar proportions as a function of
potential for both PdNi/C and Pd/C. Additionally, to
demonstrate C−C cleavage at higher potentials, one experiment
was done at 0.983 V vs RHE for PdNi/C leading to a larger
product fraction of FA. Figure 5 graphically illustrates the data
presented in Table 1 and shows that, remarkably, there is very
little difference in the product fraction distribution of the GOPs
for Pd/C and PdNi/C with there being a maximum of 3 and 5%
differences between the product fractions for GLA and LA,
respectively, observed at similar potentials. The Gly conversion
% shown in Table 1 is quite low due to the high concentration of
Gly in solution and relatively short electrolysis times evaluated,
which were done to minimize the chemical reactions that can
occur in alkaline solution.

Figure 5 shows a decrease in the selectivity for GLA as the
potential increases, for both PdNi/C and Pd/C. At the lowest
examined potentials of 0.688 V vs RHE for PdNi/C and 0.672 V
vs RHE for Pd/C, the product selectivity to GLA was the
highest, with product fractions of 64 and 61%, respectively. This
suggests that the closer the anodic potentials are to the GEOR
onset potential and likewise to the PDS potential calculated by
DFT (vide infra), the higher the selectivity toward the formation
of GLA. At higher potentials, comparing PdNi/C and Pd/C at
0.721 V vs RHE and 0.734 V vs RHE, respectively, the GLA
product fraction was 60 and 62% for PdNi/C and Pd/C,
respectively. Therefore, under the current experimental
conditions, the reaction pathway is not significantly altered by
the addition of Ni to Pd. Hence, the PdNi/C demonstrates
improved electrochemical performance for the GEOR com-
pared to Pd/C, as discussed earlier, without compromising the
selectivity for the predominant GLA product.

The second most abundant product was LA. Figure 5
demonstrates that PdNi/C had a slightly higher selectivity to
lactate than Pd/C. However, the overall similar product
fractions for the two catalysts further illustrate that the reaction
pathways are not significantly altered by alloying Ni with Pd. At
the highest potential studied for PdNi/C, 0.983 V vs RHE, the
product fractions for GLA and LA were the lowest, and there was
an increased selectivity to FA compared to lower potentials. This
decrease in selectivity for C3 GOPs at higher potentials has also
been reported previously.67,68 The same increase in the FA
product fraction at a higher potential also occurred for Pd/C at
0.832 V vs RHE when compared to lower potentials.
Interestingly, there was a lower FA product fraction for PdNi/
C at 0.846 V vs RHE than for Pd/C at 0.832 V vs RHE,
suggesting a lower affinity for C−C bond cleavage.

Table 1. Product Fractions of GOPs and Glycerol Conversion from Galvanostatic Experiments Using Pd/C and PdNi/C in 0.50
M Gly and 1.0 M NaOHa

electrocatalyst, V vs RHE product fraction average ± standard deviation (%) Gly conversion (%)

(number of experiments) GLA LA TTA FA GA OA AA

PdNi/C, 0.983 ± 0.003 V (1) 56 27 3.8 9.9 0.9 2.3 0 2.4
PdNi/C, 0.846 ± 0.021 V (3) 58 ± 4 29 ± 2 5.3 ± 0.6 1.1 ± 1.2 2.2 ± 1.7 3.6 ± 0.6 0.6 ± 0.4 1.4 ± 0.5
PdNi/C, 0.721 ± 0.015 V (2) 60 ± 1 30 ± 1 6.6 ± 0.1 0.5 ± 0.5 0 ± 0 2.1 ± 0.4 0.6 ± 0.6 1.3 ± 0.6
PdNi/C, 0.688 ± 0.029 V (2) 61 ± 4 30 ± 4 5.5 ± 2.0 1.8 ± 1.8 0 ± 0 1.2 ± 0.5 0.5 ± 0.5 1.6 ± 0.0
Pd/C, 0.832 ± 0.049 V (2) 60 ± 0 24 ± 0 5.9 ± 0.1 5.6 ± 1.0 2.1 ± 2.1 1.8 ± 0.4 1.0 ± 1.0 1.6 ± 0.1
Pd/C, 0.734 ± 0.020 V (3) 62 ± 2 26 ± 2 6.3 ± 0.5 2.0 ± 1.5 1.4 ± 0.6 1.4 ± 0.8 1.6 ± 1.2 1.9 ± 0.2
Pd/C, 0.672 ± 0.022 V (4) 64 ± 2 24 ± 3 8.3 ± 1.3 0.6 ± 0.5 0.5 ± 0.4 2.8 ± 0.9 0.5 ± 0.4 2.3 ± 0.4

a18C passed for each measurement.

Figure 5. Product fractions analyzed by HPLC for (a) PdNi/C and (b)
Pd/C catalysts at varying potentials.
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In comparison to the present study, reports on Pt69 and
PtNi65,70 in alkaline media have shown varied results as to the
main product generated during the GEOR. On a Pt RDE, Melle
et al.69 showed that for supporting electrolytes of LiOH, NaOH,
and KOH, LA and GLA are generated in approximately even
amounts close to the GEOR onset potential, but for NaOH, LA
formation dominates at higher potentials. For PtNi, Luo et al.65

reported that close to the onset potential for the GEOR (0.5 V vs
RHE), Pt/C and Pt1.2Ni1 supported on carbon paper (ratio of
Pt/Ni in at. %) had similar selectivity with approximately 40% of
the products assigned to GLA and the remaining 60% being
TTA. The authors noted that only low quantities of LA were
formed. Furthermore, at a higher potential (0.7 V vs RHE), the
selectivity toward GLA dropped considerably for both Pt/C and
Pt1.2Ni1 to around 20%, whereas in the present study, an increase
of around 200 mV from the lowest studied potential shows no
such decline in the product fraction of GLA. In contrast to Luo
et al.,65 for Pt and Pt67Ni33 supported by graphene nanosheets
under an applied potential close to the GEOR onset, Zhou et
al.70 reported GA to be the dominant product in both cases with
around 40% selectivity. Additionally, the authors found GD and
GLA present in both cases but with Pt having higher selectivity
toward GD and Pt67Ni33 favoring GLA, whereas in the present
study with PdNi, GD was not detected, and GA was a minor
product.

In summary, the general trends from the product analysis
indicate that PdNi/C maintains the selectivity for GLA and
exhibits slightly higher selectivity for LA when compared to Pd/
C. The selectivity toward GLA decreases only slightly at higher
potentials for both Pd/C and PdNi/C. Despite the increased
specific activity for the PdNi/C catalyst compared to Pd/C, it is

remarkable that the product selectivity is consistently main-
tained at various potentials. The similar GEOR pathways for the
two catalysts were confirmed through DFT calculations.
Density Functional Theory Calculations. Figure 6 shows

the computed PDS for GEOR to form common liquid products.
All reactions are labeled from 1 to 6. The oxidation of the
secondary hydroxyl group on Gly can undergo either pathway 1,
forming dihydroxyacetone (DHA) or hydroxypyruvic acid
(HPA) as the major product (Gly−DHA−HPA); or pathway
6, forming DHA or LA as the major product (Gly−DHA−LA).
The oxidation of the primary hydroxyl group on Gly follows
pathway 2, forming glyceraldehyde (GD) or GLA as the major
oxidation product (Gly−GD−GLA).

The Pd and PdNi surfaces require smaller PDS values (Pd:
0.66 eV, PdNi: 0.39 eV) in pathway 1 to form GLA and pathway
6 to form LA (Pd: 0.58 eV, PdNi: 0.36 eV) than following
pathway 2 to form HPA (Pd: 0.66 eV, PdNi: 0.39 eV). Table 2
summarizes the PDS required to form the GOPs starting from

Figure 6. Representation of the calculated Gly electrooxidation pathway of Pd(111) and PdNi(111) catalysts in alkaline solution with PDS values (in
eV) of each oxidation step. The oxidation pathway of each intermediate is shown using different colors as follows: (1) Gly−DHA (black), (1′) DHA−
HPA (black), (2) Gly−GD (blue), (2′) GD−GLA (blue), (3) GLA−GA (red), (3′) GA−FA (red), (4) GLA−TTA (magenta), (4′) TTA−MLA
(magenta), (5) GA−OA (gray), and (6) DHA−LA (green). Here, PDS represents the minimum potential required to overcome the energy barrier of
the reactions illustrated in Figures S5−S10.

Table 2. Calculated PDS Values to Obtain the Liquid
Products Are Given in Figure 6a

products reaction Ci Pd PdNi

glycerate Gly−GD−GLA C3 0.69 0.39
lactate Gly−DHA−LA C3 0.58 0.36
tartronate Gly−GD−GLA−TTA C3 0.66 0.46
formate Gly−GD−GLA−GA−FA C1 0.69 0.46
glycolate Gly−GD−GLA−GA C2 0.69 0.38
oxalate Gly−GD−GLA−GA−OA C2 0.68 0.41

aAll PDS values are in eV.
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the Gly molecule. The PDSs of GLA and LA are the lowest
values, which justifies the higher product fraction of both species
obtained by HPLC. For a close-packed Pd structure (Pd(111)),
Valter et al.71,72 found, using DFT calculations, that the first
deprotonation step leading to the adsorption of Gly to Pd favors
adsorption by the secondary carbon and that after two
deprotonation steps, Gly was bound by both primary and
secondary carbon. The authors noted that while this form of
adsorption should give either GD or DHA, in experimental
studies, the GD pathway was more commonly reported with the
subsequent oxidation step, in alkaline conditions, forming GLA.
Additionally, the authors found that the first adsorption/
deprotonation step for Pt(111) mirrored that of Pd(111) but
that the second adsorption step likely favored both primary
carbons bound to Pt. This may be a reason for the difference in
the product distribution observed in the present study compared
to that of Pt and PtNi studies in alkaline media discussed earlier.

The experimental product fraction of LA was considerably
lower than that of GLA, which can be explained by two main
reasons: (i) LA formation involves a series of chemical steps
including C−O cleavage (Figure S10), which are not affected by
the applied potential and (ii) the interconversion of GD and
DHA leads to the LA route as the minor pathway. For (ii), DHA
is unstable under alkaline conditions and can be converted into
GD or pyruvaldehyde (PV), resulting in either GLA or LA
formation, respectively. These conversions are more likely than
HPA formation from DHA since the PDS for HPA formation is
higher,73−75 as shown in Figure 6 for reaction (1′). Although the
formation of LA from PV is a known reaction,76 and the DFT
calculations show that PV and LA formation from DHA has a
common intermediate (Figure S13), the formation of GD from
DHA has been shown to have a higher rate constant than PV
formation at elevated temperatures in alkaline conditions.77

Therefore, it is likely that there is a mix of LA, PV, and GD
chemically produced after any electrochemical DHA formation
but with a preference for the interconversion of DHA to GD.
Hence, GLA formation can be achieved electrochemically from
GD in greater proportions than the chemical formation of LA
mentioned in (i).

Table 2 presents data showing that, for all of the GOPs
experimentally detected, PdNi has a lower PDS than Pd. This
observation aligns with the experimental findings, indicating that
PdNi/C catalysts exhibit superior electrocatalytic activity
compared to Pd/C while maintaining selectivity toward valuable
GOPs, such as GLA and LA.

■ CONCLUSIONS
The addition of Ni to Pd to create PdNi NPs has proven to be an
effective strategy for improving the performance of the GEOR
under alkaline conditions. The novelty of the present study
involves the successfully tuned synthesis of pure Pd and alloyed
Pd0.45Ni0.55 (at. %) NPs, which are very close to the desired pure
Pd(111) and PdNi(111) and resulted in nanocatalysts of a
certain morphology and composition that were further
investigated as promising materials for the GEOR supported
by the DFT modeling. Catalyst fabrication procedures usually
focus on the composition or morphology; meanwhile, we
attempted to fix both aspects. PdNi/C exhibited significantly
enhanced specific and mass activity compared to Pd/C, as
analyzed by ICPCs. Generally, reports in the literature will show
either specific activity or mass activity, but in our study, PdNi
was the superior catalyst in both cases. Additionally, PdNi/C
was able to operate at potentials higher than those of Pd/C

before deactivation by PdO formation. The DFT calculations for
the formation of all experimentally detected GOPs consistently
indicated lower PDS values for PdNi than Pd, thereby
supporting the electrochemical findings. Both PdNi/C and
Pd/C displayed high selectivity toward GLA and LA, with
product fractions of around 60 and 30%, respectively. At
increased potentials, the selectivity for GLA and LA decreased
but remained above 50 and 20%, respectively, with PdNi/C
exhibiting slightly higher selectivity for LA than Pd/C. This
study combines experimental and computational approaches to
unambiguously establish that bimetallic PdNi NPs are
promising electrocatalysts for the GEOR, significantly improv-
ing the activity compared to monometallic Pd while maintaining
the selectivity for valuable GOPs. The number of studies
including the quantitative analysis of GOPs using HPLC for
PdNi catalysts, especially coupled with DFT calculations, is
limited in the literature; hence, the findings of the present study
provide new insights for the field.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.3c02789.

Experimental methods used for the electrochemical
measurements, HPLC standards, description of computa-
tional details, and experimental results of galvanostatic
measurements (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Jai White − Department of Chemical Engineering, KTH Royal

Institute of Technology, Stockholm SE-100 44, Sweden;
orcid.org/0000-0002-9181-9825; Email: jaiw@kth.se

Egon Campos dos Santos − FYSIKUM, AlbaNova University
Center, Stockholm University, Stockholm SE-106 91, Sweden;
Present Address: Departamento de Fiśica dos Materials e
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