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Electrochemical Promotion of Bimetallic Palladium-Cobalt
Nano-Catalysts for Complete Methane Oxidation
Najmeh Ahledel,[a] Komalpreet Kaur Saini,[a] Martin Couillard,[b] and Elena A. Baranova*[a]

The catalytic activity and electrochemical promotion of catalysis
(EPOC) of the bimetallic Pd� Co nanoparticles (10 nm) deposited
on yttria-stabilized zirconia were investigated for complete
methane oxidation. The reaction was conducted under open-
circuit and under polarization in a temperature range of 320–
400 °C in reducing, stoichiometric, and oxidizing conditions. The
catalytic activity of the catalyst nanoparticles increased to 40%
upon positive polarization in all gaseous compositions. A
comparison of three reaction conditions revealed that the
highest reaction rate increase (enhancement ratio, ρ=1.4)

occurs under reducing conditions. The reaction rate increased
upon anodic polarization, resulting in non-Faradaic electro-
chemical modification of catalytic activity (Λ@1) in reducing
and oxidizing conditions and Faradaic or electrochemical
enhancement (Λ<1) in stoichiometric reaction condition. This
work demonstrates that the formation of different Pd and Co
oxide phases can be accurately controlled by electrochemical
stimuli and, in reducing conditions, result in pseudo-capacitor
behaviour.

1. Introduction

Natural gas attracted attention due to its high energy density
and low environmental impacts compared to other fossil fuels.[1]

However, the lean-burn engines that consume natural gas often
suffer from methane slip.[2] Considering that methane is a
potent greenhouse gas, current regulations emphasize the
need for more efficient, durable, and clean exhaust gas abate-
ment systems for methane.[3,4] Typically, palladium catalysts are
used in stationary and mobile exhaust gas abatement systems.
However, these catalysts have several limitations associated
with their stability and the activation of methane due to aging
and sintering.[5] Furthermore, the high activity of methane
oxidation has been shown to depend on the conversion of
palladium into palladium oxide on the surface of the metallic
Pd or the bulk palladium oxide. Since the exact composition of
the palladium oxide is difficult to evaluate, the oxide is
generally referred to as PdOx instead of the stochiometric PdO.
Adding a less expensive and more abundant non-noble metal
to palladium catalyst is an effective way of modifying the
surface properties of nanoparticles and consequently improving
their catalytic performance.[6] The benefits of adding a second

metal to create a bimetallic catalyst have been reported in
heterogeneous catalysis.[7–9] In particular, transition metals with
partially filled 3d orbital electrons and unique redox properties
have attractive properties as a co-catalyst for Pd.[9] Some metals,
such as Fe, Co, and Sn, can inhibit the sintering of the active
PdO phase, while other metals, such as Ni and Zn, can increase
the thermal stability of PdO compared to a monometallic Pd
catalyst.

Cobalt and cobalt oxides are particularly promising catalysts
for methane oxidation due to an electron donation effect that
results in superior catalytic reactivity.[10] Furthermore, Co-based
compounds (e.g., Co3O4, Co(OH)2, CoOOH, and CoS) are some of
the most well-known inorganic electrochemical capacitors. The
charge storage mechanisms of these electrochemical capacitors
are called pseudo capacitors (also known as redox and faradaic
supercapacitors) and are based on reversible redox reactions at
the surface of electrodes.[11] This surface redox reaction may
affect the catalyst properties, in particular for oxidation
reaction.

The phenomenon referred to as the electrochemical
promotion of catalysis (EPOC) or the non-Faradaic electro-
chemical modification of catalytic activity (NEMCA) was first
reported by Vayenas[12] in 1981. These concepts describe the
change in the rates of catalytic reactions due to the application
of an electric current or potential to the catalyst deposited on
the solid electrolyte.[14–16] The migration of ions from the solid
electrolyte to or from the surface of the catalyst results in
remarkable changes in the catalytic activity and, in some cases,
selectivity. The origin and fundamentals of this phenomenon
are well documented and confirmed through many in-situ and
ex-situ techniques,[14] as well as quantum-mechanical
calculations.[18–23] The EPOC effect is also termed a non-Faradaic
electrochemical modification of catalytic activity (NEMCA) due
to the fact that the observed change in the reaction rate under
polarization is much higher than the rate increase expected
using Faraday’s law.[13,15] This non-Faradaic enhancement is
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denoted by the apparent Faradaic efficiency, Ʌ, which can be
calculated using Equation 1:

L ¼
r � r0
I=nF

(1)

where r0 and r are the open-circuit and the promoted (or
closed-circuit) rates, respectively. The other relevant EPOC
parameter is the enhancement ratio, which is defined as the
proportion of the promoted rate to the open-circuit catalytic
rate:

1 ¼
r
r0 (2)

The application of the EPOC effect to nanostructured
catalysts has attracted significant practical interest in the last
two decades.[22,24–29] The electrochemical promotion of the Pd
catalyst layer for methane oxidation has been
investigated.[29–34,38] Matei et al.[41,42] studied the influence of the
pre-treatment and the addition of ethylene on the methane
oxidation reaction. They aimed to ignite methane oxidation at
lower temperatures to increase the open and closed-circuit
catalytic performance of Pd film. Jimenez-Borja et al.[23] com-
pared the performance of stand-alone Pd films and Pd
supported on CeO2 (Pd/CeO2) at 600 °C. The Pd/CeO2 catalyst
exhibited catalytic activity that was 14 times higher than that of
pure Pd due to the oxygen storage capacity of ceria as well as
subsequent PdO formation. In the case of methane oxidation,
the reaction rate increases upon anodic polarization due to
more oxygen coverage on the catalyst, while negative polar-
ization results in a decrease in the reaction rate or
“poisoning”.[43,44] In another work,[25] the effect of different
catalyst preparation techniques on the catalytic activity of Pd/
CeO2 was investigated. In addition to CeO2, Zagoraios et al.[41]

recently used a nano-dispersed Pd catalyst supported on a
porous Co3O4 commercial powder deposited on yttria-stabilized
zirconia (YSZ) solid electrolyte. They observed higher catalytic
activity and a faster electrochemical response in Pd/Co3O4

compared to unsupported Pd due to the size of the Pd
nanoparticles as well as the presence of Co3O4, which acts as a
“bridge” that allows Oδ� promoter ions to reach the metal
nanoparticles.

Previous EPOC studies for methane oxidation (involving
over 100 other catalytic systems) have been performed on
continuous thin-film catalysts.[30] The electrochemical promotion
of several noble and non-noble mono- and bi-metallic nano-
particles has been reported.[18,26,46–48] Recent work from our
group demonstrated that nanostructured mono-metallic Pd and
bi-metallic Ni9Pd1 nanoparticles can be efficiently electrochemi-
cally promoted.[25,49] They also reported that this behaviour
persisted in the promoted catalyst and that this longer-lasting
persistent promotion (p-EPOC) increased at longer polarization
times.[34] The permanent EPOC effect was also reported in other
studies due to the electrochemical oxidation or reduction of
catalysts during the Pd� PdO transition.[32,38,40] Under oxidizing
conditions, the permanent EPOC effect could be attributed to

the electrochemical oxidation of metallic Pd in the presence of
excess oxygen ions to PdO species, which is the active phase in
methane oxidation reactions.[23]

Bimetallic nano-catalysts and their implementation in solid-
state electrochemical cells for efficient polarization and promo-
tion have been the subject of recent studies.[24,27,50,51] Hajar
et al.[37] compared the performance of a Pd� Ni catalyst to a
monometallic Pd catalyst at 425 °C and 500 °C. They found that
Ni9Pd exhibited a higher degree and more reversible electro-
chemical promotion compared to monometallic Pd nano-
particles when a positive current was applied. Therefore, in this
study, we investigated bi-metallic Pd8Co2 to decrease the
amount of expensive Pd, promote and stabilize Pd by adding
Co and finally investigate EPOC effect. To attain those
objectives, bimetallic Pd8Co23 nanoparticles were synthesized
using the polyol method and deposited on YSZ to investigate
the influence of the EPOC effect on the activity of the catalyst
for the complete methane oxidation reaction at low temper-
atures (320–400 °C) with various gas compositions. First, the
detailed physicochemical characterization of Pd8Co2 was pre-
sented, then the catalytic performance of the catalyst and
kinetics of the reaction under the open-circuit condition were
reported. Lastly, the results of electrochemical studies using
transient under positive and negative applied potential as well
as cyclic voltammetry of Pd8Co2 nanoparticles are discussed.

2. Materials and Methods

2.1. Synthesis and Deposition of the Pd8Co2 Nanoparticle
Catalyst

Bimetallic Pd8Co2 nanoparticles were prepared using a two-step
polyol method.[38] The first step involves the production of Co
nanoparticles by dissolving 0.437 g of cobalt (II) nitrate
hexahydrate salt (Aldrich, 99.999%) in ethylene glycol, followed
by the addition of 0.25 M tetra-methyl ammonium hydroxide
pentahydrate (TMAOH; Sigma Aldrich, 97%) to increase the pH
of the solution to 12. The cobalt solution was then refluxed at
160 °C for 2 hours. The second step involved the preparation of
a separate solution of 133 mg of palladium chloride in 5 mL of
ethylene glycol and 10μL of HCl (35.5–37%). This solution was
then added to the cobalt solution, aiming to form Pd8Co2

nanoparticles with additional Pd particles on the surface. The
mixture was refluxed for an additional 30 min to ensure the
complete reduction of precursor salts, which could be moni-
tored as the colour of the mixture turned black and the pH was
reduced from 12 to 8. After the final solution was cooled to
room temperature, it was washed with ethanol, centrifuged
three times with additional ethanol washes in between, and
dried at room temperature. The resulting Pd8Co2 nanoparticles
were dispersed in isopropanol to make an ink with a
concentration of 0.5 mg/mL. The Pd8Co2 catalyst was analyzed
through the ICP-MS technique, and the measured atomic ratio
of Pd to Co was 77 to 23 of Pd to Co. Therefore, the
nanoparticles are denoted as Pd8Co2. Monometallic palladium
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nanoparticles were prepared following the second step
described above.

2.2. Physicochemical Techniques

The crystalline structure of Pd8Co2 and Pd NPs was examined by
X-ray diffraction (XRD) using a Rigaku Ultima IV multipurpose
diffractometer equipped with an X’Celerator detector for CuKα
radiation. The scan was performed between 20 and 80 degree
2θ with a step of 0.03°/s.

The morphology of deposited catalysts was analyzed using
scanning electron microscopy (SEM) using a PhenomTM
scanning electron microscope (Nanoscience Instruments, Virgin-
ia, USA). The distribution of elements over the catalysts was
studied using an FEI Titan3 80–300 transmission electron
microscopy (TEM) operated at 300 keV fitted with a CEOS
aberration corrector and an Energy Dispersive X-ray spectrom-
eter (EDAX Analyzer, DPP-II). A Gatan Tridiem 866 Image Filter
performed electron energy loss spectroscopy (EELS) and
energy-dispersive X-ray spectroscopy (EDX). High-angle annular
dark-field (HAADF) imaging and energy dispersive X-ray spec-
troscopy (EDS) mapping were performed using the Fischione
detector in a scanning transmission electron microscope
(STEM). The STEM images and the EELS and EDX spectra were
obtained according to the procedure described in.[39]

The XPS spectra were produced with the help of Kratos
AXIS Nova spectrometer equipped with an Al X-ray source using
AlKα radiation at a 1486.69 eV charge neutralizer. The peak fits
for high-resolution spectra are checked using the “Test Peak
Model” program in CasaXPS software. The procedure used for
fitting Co2p is described in.[40] The data were corrected for
energy shifts due to the charging of the sample under the
influence of the X-rays and corrected for the background using
the Shirley (C1s) and Spline Shirley (Co2p, O1s, Pd3d)
algorithms.

2.3. Electrochemical cell and reactor

The solid electrolytes were produced as 18 mm diameter and
2 mm thickness discs made of YSZ stabilized with 8 mol% Y2O3

as reported in more detail elsewhere.[41] On one side of the disc,
the inert gold pseudo-reference (RE) and counter electrodes
(CE) were painted using gold paste coating (TED PELLA Inc.
USA), with the surface area of RE and CE being 0.2 and 1 cm2,
respectively, followed by a heating process in the air at 500 °C.
The catalyst-working electrode (WE) was deposited on the solid
electrolyte disc directly opposite the counter electrode (1 cm2

surface area). Specifically, the catalyst nanoparticle ink was
deposited using 10 μL at a time with subsequent heating at
60 °C for 2 min between deposits to dry the solution until the
1 mg loading of the Pd8Co2 catalyst was achieved. Lastly, a gold
mesh was positioned on the working electrode side of the
electrolyte to serve as a current collector, while the counter and
reference electrodes were connected directly to the gold
wires.[42] The electrical stimuli were applied and measured using

the three gold wires connecting the electrodes to the
potentiostat-galvanostat (Arbin Instruments, MSTAT). The tem-
perature of the reactor was measured and controlled using two
K-type thermocouples (OMEGA®). They were placed in the
vicinity of the electrochemical cell inside the single-chamber
capsule reactor.

Catalytic activity measurements were conducted at atmos-
pheric pressure under continuous flow. The reactant gas
mixture consisted of methane (Messr, 99.99%), oxygen (Linde,
99.90%), and a carrier gas of pure Argon (Messer, 99.99%). The
gases were fed to the reactor through three independent mass
flow controllers (OMEGA, 5500A Series) with a 100 mL/min flow
rate. The produced CO2 gas was analyzed using an infrared gas
analyzer (Horiba, VA-3000). The whole reactor was housed
within a tubular furnace connected to a temperature controller.

3. Results and Discussion

3.1. Physicochemical Properties

The XRD patterns of the as-prepared Pd8Co2 and Pd nano-
particles presented in Figure 1 show three characteristic peaks
for both catalysts at approximately 40, 46, and 67 °2θ. This
revealed that the Pd8Co2 nanoparticles have a face-centred
cubic (fcc) structure identical to that of the Pd crystalline
structure. The (111) reflection has the highest peak among the
three representative peaks. It can also be observed that the
(111) and (220) peaks of the Pd8Co2 catalyst were slightly shifted
towards higher 2θ values compared to their respective Pd
peaks, suggesting the formation of a palladium-cobalt alloy.[43]

Since the atomic size of Pd and Co are similar, the shift in the
peak position is not very significant. However, the crystallites of
Pd8Co2 catalysts were slightly larger compared to the Pd
catalyst. A summary of the characteristics of the XRD peaks and
the calculated crystallite sizes of the two catalysts are presented
in Table S1.

The crystallite size was calculated using the Debye-Scherrer
equation.

D ¼
0:9 nCu

b1
2
cos q (3)

where nCu is the X-ray wavelength, b1=2 is the line broadening
over the full width at half maximum (FWHM) in radians, and θ is
the Bragg angle.

Figure 2 depicts the TEM images of the monometallic Pd
catalyst (Figure 2a) and the Pd8Co2 catalyst (Figure 2b). The
resulting Pd8Co2 and Pd nanoparticles are spherical in shape
with an average particle size range of 5 and 10 nm, which were
agglomerated under the electron beam.

The morphology of the freshly deposited (just prepared)
and used (after reaction) Pd8Co2 catalysts on the YSZ disc as
observed using SEM are presented in Figure 2c and Figure 2d,
respectively. The freshly deposited catalyst has a porous
structure with a high active surface area, and the structure of
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the spent catalyst maintains its high porosity even after
multiple tests and hours of experiments.

The structure and composition of the fresh Pd8Co2 catalyst
were further investigated using ADF STEM-EDS and EELS. The
morphology of the sample and its corresponding EELS

Figure 1. The XRD patterns of monometallic Pd (red) and bimetallic Pd8Co2(blue) nanoparticle catalyst (a) zoom to fcc (111) peak (b).

Figure 2. (a) TEM images of the Pd nanoparticles and (b) Pd8Co2 nanoparticles. SEM images of the Pd layer on the YSZ disc (c) before and (d) after
electrochemical measurements.
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elemental maps are presented in Figure S1. The overall
composition of the catalyst is displayed in Figure S1a. The
colours blue, green, and red represent the distribution of Co, O,
and Pd, respectively, in Figure S1b-d as identified via EELS
mapping and show that the distribution of both Pd and Co in
the catalyst is nearly homogeneous. The presence of oxygen on
the surface of the catalyst could indicate the formation of metal
oxides during catalyst production. However, in some areas, the
blue may represent the existence of a monometallic cobalt
catalyst, which is associated with an amorphous structure, as
confirmed by EDS analysis in area 3 in Figure S2.

The XPS spectra of the fresh sample are presented in
Figure S3, which shows the surface composition of the catalyst.
In particular, Figure S3a) shows the Pd2p region includes two
sets of peaks attributed to metallic Pd and palladium oxide
which indicates a mixture of Pd and PdO on the surface of the
catalyst nanoparticles. In Figure S3b), the Co2p region peaks
indicate the coexistence of two cobalt oxides, CoO and Co3O4. It
should be noted that CoO could be oxidized to Co3O4 during
XPS analysis. Table S2 summarizes the quantitative analysis of
the XPS data associated with the Pd2p and the Co2p regions.

3.2. Catalytic oxidation of methane

The catalytic activity of the Pd8Co2 for complete methane
oxidation reaction was investigated under open-circuit con-
ditions under various gas compositions. Figure 3a shows the
rate of CO2 production as a function of temperature for different
CH4/O2 ratios over the Pd8Co2 nanoparticles deposited on the
YSZ disc. In all cases, the activation of the catalyst starts at
320 °C. More pronounced catalytic activity is observed at higher
partial pressures of oxygen. Under oxidizing conditions (CH4/
O2=2 :6), the CO2 formation rate at 400 °C was almost six times
higher than under stoichiometric conditions (CH4/O2=2 :4). The
kinetics of the catalytic methane oxidation reaction was studied
in steady-state mode by adjusting the partial pressures of
oxygen and methane between 300–350 °C. The partial pressures
of methane and oxygen varied between 0 and 20 kPa, while the
partial pressure of the other reactant was kept at 2 kPa to
determine the order dependence of the catalytic reaction rate.
An increase in the partial pressure of methane (Figure 3c) led to
an increase in the methane oxidation reaction rate. Thus, a
positive-order dependence of the catalytic rate on methane
was obtained, suggesting that methane is weakly bonded to
the surface of the catalyst.

This rate law has been reported for methane oxidation over
conventional Pd-based catalysts.[44] The effect of the partial
pressure of oxygen on the catalytic rate is also presented in
Figure 3b and has an insignificant influence on the reaction
rate. Thus, the catalytic rate has a zero-order dependence with
respect to the partial pressure of oxygen, highlighting the
strong bonding of the oxygen on the surface of the catalyst, as
shown in other studies.[45] The kinetic data suggest that the
reaction exhibits a Langmuir-Hinshelwood mechanism based
on the dissociative chemisorption of O2.

[22] In addition, there are
rules relating the types of electrochemical responses of the

Figure 3. Methane oxidation rate under the open-circuit condition as a
function of temperature (a) Partial pressure of CH4 (b)and Partial pressure of
O2 (c).
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system to polarization and the kinetics of reactions under open-
circuit conditions with respect to the electron acceptor and
electron donor reactants.[13] In this case, based on the reaction
order with respect to CH4 as an electron donor and O2 as an
electron acceptor, the oxidation of methane over Pd8Co2 is
expected to exhibit purely electrophobic behaviour, i. e., the
rate enhancement under anodic polarization.

3.3. Electrochemical promotion of methane oxidation

Electrochemical evaluation experiments over Pd8Co2 nanopar-
ticles were performed with several reactant gas compositions
between 320 and 400 °C. Figure 4 shows a typical transient rate
response and its corresponding current after the application of
a constant positive potential (+0.5 V) between the Pd8Co2

catalyst-working electrode and the counter electrode at 350 °C
under reducing conditions (CH4 :O2=2 :2). In its initial open-
circuit state, the unpromoted catalytic rate, r0, was found to be
2.1×10� 8 molO s� 1. The application of a constant potential
resulted in a reaction rate increase. After 30 min of polarization,
the reaction rate reached 2.5×10� 8 molO s� 1, a 20% increase
compared to its open-circuit rate. The applied potential resulted
in the migration of oxygen ions (O2� ) from the YSZ solid
electrolyte to the Pd8Co2 catalyst electrode. The rate increase
was four times greater than the back-spillover supply of O2� –
which had a rate of I/2F – indicating that each O2� supplied to
the surface of the catalyst allows four chemisorbed O atoms to
react with methane. Therefore, the system exhibits non-Faradaic
behaviour with a corresponding Faradaic efficiency of 4 and an
enhancement rate of 1.2. After the interruption of polarization,
the catalytic rate returns gradually and reversibly to its initial
steady-state value.

Figure 5 presents the comparative transient responses of
catalytic activity over the Pd8Co2 catalyst stoichiometric con-
dition (CH4 :O2= : 4) upon the application of a +0.5 V (Fig-

ure 5a) and a +1 V (Figure 5b) potential at different temper-
atures. The temperature had a positive effect on both the
catalytic rate of the open circuit and the promoted reaction
rate. The magnitude of the enhancement ratio (ρ) and the
Faradaic efficiency (Ʌ) were found to peak at 350 °C because
the solid electrolyte is less conductive at lower temperatures,
while the effective double layer is less stable at elevated
temperatures.

Since the measured Λ values were greater than unity for all
the examined reaction temperatures, it could be concluded that
the catalytic activity enhancement is non-Faradaic, which is

Figure 4. The transient effect of constant applied potentials of (a) +0.5 V and (b) + 1 V on the rate of CO2 formation in 2 kPa of CH4 and 2 kPa of O2 at
different temperatures.

Figure 5. Transient response of the catalytic CO2 formation rate and the
produced current upon applying +0.5 V of potential at 350 °C under
reducing conditions (CH4:O2=2 :2).
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evidence of the EPOC phenomenon. In addition, the reaction
rate value returns to the open-circuit condition after polar-
ization interruption, demonstrating reversible in-situ promotion
of the catalyst.

Similar transient catalytic activity responses were observed
(Figures S4, S5 and S6) in different reaction conditions after the
application of positive potentials, which are summarized in
Figure 6. The resulting reaction rate changes due to cathodic
polarization are significantly less than those observed during
anodic polarization, and no electrochemical promotion was
observed. This behaviour is consistent with the electrophobic
behaviour of the reaction (i. e., the catalytic rate increases with
positive polarization). Since the methane oxidation reaction has
a positive order with respect to CH4 (the electron donor) and
zero order with respect to O2 (the electron acceptor) based on
the kinetic results presented in section 3.2, electrophobic
behaviour was expected according to the axioms of the EPOC
effect. The observed electrophobic behaviour of the system can
be attributed to the fact that, during electrochemical promo-
tion, anodic polarization allows O2� ions to migrate to the
surface of the catalyst, strengthen chemisorbed oxygen as an
electron-acceptor species, and weaken the binding strength of
chemisorbed methane as an electron-donor species.[22] In
addition, during electrochemical promotion, anodic polarization
supplies the O2� ions to the surface of the catalyst, leading to
PdO formation at the three-phase boundary, which is an active
phase for methane oxidation.[25,38] In stoichiometric conditions,
the amount of Ʌ is less than unity, which means the rate
increase is only due to the Faradaic reaction and phase
transformation of Pd to PdOx.

In the context of the partial pressure of oxygen in the gas
mixture, the highest increase in catalytic rate was obtained
under fuel-rich (oxidizing) conditions (Figure 6b), resulting in a
ρ value of 1.44. The higher rates observed under this condition
can be attributed to the lower oxygen coverage on the surface

of the catalyst. In addition, at lower partial pressures of oxygen,
the anodic polarization decreases the binding strength of
oxygen on the catalyst surface. Consequently, more active
adsorbed oxygen species are available to react with methane,
which enhances the rate of oxidation.[49] Furthermore, under
fuel-rich conditions, the desorption of oxygen is more likely due
to the lower chemical potential of oxygen.

The catalyst exhibited a different electrochemical response
at low partial pressures of oxygen (CH4:O2=2 :1) compared to
other gas mixture compositions. Figure 7 represents a typical
transient response of the catalytic rate for the Pd8Co2 catalyst
upon positive polarization of +1.5 V at 320 °C. It can be seen
that the catalytic rate is constant under open-circuit conditions.
Once polarization has commenced, CO2 formation increases
drastically and reaches a peak before decreasing and returning
to its initial steady-state rate after 1.5 hours. Following the
interruption of the applied potential, there was another sharp
rate increase that exhibits the same behaviour as the previous
peak. A similar electrochemical response was reported for Co
and Fe-oxide catalysts in the reverse water gas shift reaction.[28]

In typical EPOC studies, the catalytic rate exhibits smooth
and monotonic changes upon polarization and after potential
interruption. Thus, two sharp peaks could be related to two
processes:1) the electrochemical oxidation of the Pd8Co2

catalyst to a more active cobalt oxide catalyst for methane
oxidation and 2) the formation of a pseudo-capacitor that can
be charged and discharged upon polarization. An investigation
of the corresponding change in current due to the application
of the potential (Figure 7b) reveals a rapid increase in current
immediately after the interruption of polarization, which could
be indicating the discharging of the capacitor; this is likely to be
what triggers the second peak in catalytic rate. Pseudo-
capacitance reactions involve (quasi-) reversible reactions at the
surface of electrodes.[11] Upon charging, ions (O2� ) are adsorbed
onto an electrode; these ions are desorbed from the catalyst

Figure 6. The effect of the applied potential on the maximum values of ρ and Λ under a) reducing reaction condition (CH4 :O2=2 :2), b) stoichiometric
condition (CH4:O2= 2 :4), and c) oxidizing conditions (CH4 :O2=2 :6) at three different temperatures for the Pd8Co2 catalyst
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during discharge, with the electrons transferring through the
external circuit. Pumping O2� ions onto the surface could result
in the phase transformation of cobalt oxide to a higher
oxidation state while also being adsorbed onto the surface of
the catalyst. The former may cause an increase in the catalytic
rate since cobalt oxides have higher catalytic activity than
cobalt,[51] while the latter generates the peak in current after the
interruption of polarization, which functions as an instant in situ
electrochemical polarization, resulting in a drastic catalytic rate
increase.

Cobalt and cobalt oxides have been studied extensively for
methane oxidation. The d orbitals of Co3+ and Co2+ in Co3O4

are unfilled, leading to relatively high C� H activation activity

and, consequently, higher catalytic activity.[51] Zagoraios[35]

reported the superior activity of nano-dispersed Pd supported
on porous Co3O4 compared to pure Pd nanoparticles. Sun
et al.[52] reported on the excellent catalytic properties of PdO-
Co3O4 nanorods due to the synergistic relationship between
PdO and Co3O4, which enhances the redox properties of the
catalyst (i. e., easy oxidation and reduction), leading to greater
methane activation capabilities at low temperatures.

Based on the above reports, it can be assumed that anodic
polarization resulting from the pumping of O2� promoters to
the surface of the catalyst leads to an increase in the reaction
rate (the first peak in Figure 7a) at the same time, it can charge
the catalyst (due to its function as a pseudo-capacitor), which
stores the charge during polarization and produces a current
following the interruption of polarization (the second peak in
Figure 7a). Similar peaks were reported during the polarization
of Co nanoparticles in the reverse water gas shift reaction due
to a change in oxidation state.[50] Thus, the lower activity that
follows after the first peak observed during methane oxidation
could be due to the oxidation of Co to less active cobalt oxides
such as Co2O3 following Co3O4 formation during anodic polar-
ization, which increases the work function of the catalyst during
prolonged anodic polarization.

3.4. Electrochemical characterization of the Pd8Co2 catalyst

To investigate the change in the oxidation state of the Pd8Co2

catalyst, electrochemical measurements, including cyclic vol-
tammetry (CV) and steady-state polarization curves, were
carried out. The resulting CV is presented in Figure S7. The test
was conducted under an inert atmosphere at 400°C between a
range of potentials from � 1.5 V to +1.5 V. Two peaks were
observed during the anodic scan; these corresponded to the
electrooxidation of Co by O2� ions originating from the YSZ,
followed by the evolution of oxygen at higher potentials. In the
reverse scan, two cathodic peaks were observed, indicating the
transition of cobalt oxide to two lower oxidation states.

The graphs in Figure 8a–c show the measured current as a
function of the application of a potential between catalyst
reference electrodes under reducing, stoichiometric, and oxidiz-

Figure 7. Transient effect of constant applied positive potential (+1.5 V) on
the catalytic rate of methane oxidation and corresponding current in
reducing condition (CH4 :O2=2 :1).

Figure 8. Polarization curve with the CH4:O2 gaseous ratio of (a)2 : 1, (b) 2 : 4, (c) 2 : 6, at four different temperatures.
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ing gaseous compositions at four different temperatures. The
data points were collected from stable polarization conditions
during the study of the EPOC effect.

The exchange current density was calculated by extrapolat-
ing the linear ln I vs. V (Tafel) section of the curves. Table S3.
Summarizes the obtained values of io as calculated from the
positive and negative branches, which shows an almost similar
trend of changing exchange current density as a function of
temperature for stoichiometric and oxidizing conditions (Fig-
ure 8 b, c), as was expected. In contrast, at lower partial oxygen
pressures (CH4 :O2=2 :1), the shape of the two was found to be
asymmetrical, suggesting that gaseous compositions with less
oxygen promoted different electrochemical behaviours in the
catalyst. In this case, the magnitude of the current at temper-
atures higher than 320 °C was smaller in the anodic region
compared to the cathodic region, which may be due to the
phase transition of the catalyst to lower oxidation states due to
the application of negative polarization that is less likely in
other reaction conditions in excess of oxygen (CH4 :O2=2 :4,
CH4 :O2=2 :6 and CH4 :O2=2 :2).

Using the exchange current density (i0) obtained from the
electrochemical response of the catalysts at different temper-
atures and the following relationship, equation (4) was used to
calculate the corresponding activation energy.

(4)

Ea is the apparent activation energy (J/mol), R is the gas
constant (8.314 J/molK), T is the temperature (K), and A is the
pre-exponential factor. The Arrhenius plots were produced for
each reaction condition based on the cathodic and anodic
branches of the Tafel plot, which are presented in Figure S8.
The apparent activation energy has a negative value for the
reducing condition, indicating a change in the electrochemical
reaction compared to other reaction conditions.

Conclusions

This work aimed to study the electrochemical promotion of
methane oxidation over Pd8Co2 nanoparticles deposited on a
YSZ solid electrolyte under different gas compositions between
320–400 °C. Catalytic kinetic measurements predicted this
reaction to exhibit electrophobic behaviour, which was consis-
tent with the experimental results of the EPOC effect. The
temperature and partial pressure of the reactant did not have a
significant effect on the ρ and Λ values. However, the catalyst
exhibited a different electrochemical response when the
gaseous mixture had a low partial oxygen pressure (CH4 :O2=

2 :1) compared to other gas compositions similar to that of
pseudo-capacitance reactions. Electrochemical characterization
supported the behaviour observed under this gaseous compo-
sition. Our work demonstrates the importance of studies on
electrochemical phenomena such as the EPOC effect as an in-
situ tool that can provide insights into the oxidation state of
the Pd8Co2 catalyst during methane oxidation as well as the

potential of electrochemical capacitance formation. This study
focused on the electrochemical enhancement of Pd8Co2 within
the temperature range of 320–375 °C. This relatively low-
temperature range is particularly favourable for methane
oxidation, rendering the catalytic system potentially suitable for
addressing methane slip issues in liquefied natural gas (LNG)
engines, including those employed in marine transport or LNG
vehicles. The rate increase could be improved at higher
temperatures since the elevated temperature leads to higher
conductivity of solid electrolytes and accelerates the O2�

migration.
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