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Electrochemical Oxidation of Low-Concentration Methane on Pt/Pt
and Pt/CP under Ambient Conditions
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ABSTRACT: Methane is a potent greenhouse gas, and its rapid 012 r CO*—> CO,
conversion at low concentrations under ambient conditions is a 0.1
challenging process where combustion is not an option. Herein, we &
= 0.08
,CO, E

report an electrochemical method to address this problem. It was 0.5% CH, 5 0.06
<O

achieved by applying an oxidation potential to electrochemically \ CO*--e g

activate methane followed by conducting an anodic cyclic -e =~ » =0.04

voltammogram to fully oxidize activated methane to carbon MAe e 0.02 P/Pt
dioxide on platinized Pt mesh (Pt/Pt) and carbon paper (Pt/CP). EEEEEE——— 0 -

This “dynamic potential” oxidation approach enabled methane Pt/Pt or Pt/CP
conversion with low energy consumption, thanks to the low

activation potential. Effects of various experimental conditions

(applied potential, reaction time, and methane concentration) were investigated. Pure methane and methane/nitrogen gas mixtures
containing a series of low concentrations of methane were tested. It was found that methane conversion is independent of its
concentration on both Pt/Pt and Pt/CP. Compared to Pt/Pt electrocatalysis, Pt/CP displayed approximately 10 times higher
catalytic activity, which can be attributed to the stronger binding of intermediate CO* to Pt, leading to easier CO* activation in the
presence of a carbon substrate. Carbon dioxide was the only compound detected during the electro-oxidation phase for Pt/Pt, while
for Pt/CP, carbon dioxide and a small amount of formic acid (after 15 h reaction) were observed. Electrocatalytic conversion of
methane to carbon dioxide on Pt/CP using 0.5% methane was measured, giving a methane conversion rate of 7.5 X 10~ mol L™ s™*

m %, while the methane conversion rate on Pt/Pt with 1% methane was only 8.3 X 10~ mol L™' s™' m™.
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1. INTRODUCTION

Methane (CH,) is a very significant greenhouse gas and is
estimated to contribute 0.5 °C of the total net 1.2 °C warming
above the preindustrial temperature.”” Despite the lower
concentration of atmospheric CH, compared to that of CO,,
CH, is approximately 80 times more powerful than CO, at
trapping heat (over a 20 year period).l Moreover, rising
temperatures have the potential to cause increasing CH,
emissions, worsening global warming.’ CH, has a short
average lifetime (approximately 12 years).” Reducing CH,
emissions and enhancing CH, oxidation under mild conditions
using renewable energy can provide the opportunity to
significantly reduce global warming and improve air quality,
which will give more time to governments and businesses to
deploy all the measures to ease climate change." However,
research on advanced CH, oxidation or, alternatively, CH,
extraction from the atmosphere is growing very slowly
compared to CO, removal, which is one of the hurdles to
advance in the field’ Our primary interest in CH, is the
conversion of low-concentration sources (below the combus-
tion concentration, <~$%), such as that produced from
agriculture, contributing to ~25% of total anthropogenic
emissions.” However, CH, oxidation at low concentration
under ambient conditions is very challen_ging and energy
intensive due to its stable chemical structure.” Converting low-
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concentration CH, to value-added, easily managed, and less
environmentally damaging products (e.g,, CO,) under ambient
conditions, ideally at the source before it enters the
atmosphere, is an extremely valuable environmental target.
Furthermore, there is potential to couple such CH, oxidation
with CO, sequestration, minimizing negative effect on
environment.”” Currently, direct CH, conversion can be
achieved by thermo-, photo-, or electrocatalysis.”""

The earliest report of thermocatalysis involving methane
(coal gas) in oxygen or air on hot fine Pt wire was published by
Davy in 1801."" CH, oxidation/combustion in industry via
thermocatalysis to form syngas requires high temperature
(700—1100 °C) and pressure (typically above 10 bar) to break
the C—H bond."””~"* Addition of expensive oxidants such as
H,0," and N,0"° can reduce the required temperature and
pressure for thermocatalysis.
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CH, conversion via photocatalysis on semiconductor
materials with or even without cocatalysts can be achieved at
room temperature.'’~'” Nevertheless, photocatalytic oxidation
of CH, normally results in low conversion rate and poor
selectivity.'”

Electrocatalysis is a popular alternative CH, conversion
method, thanks to low energy consumption, often high
Faradaic efficiency, and a more controllable reaction.”® The
most studied and commercially available electrochemical
device is the solid oxide fuel cells (SOFCs), which provide
fast kinetics for complete CH, oxidation to CO, and generate
electricity.”"** Nevertheless, SOFCs also require energy input
due to high operating temperature and pressure and a relatively
high concentration of CH, (>30%).>> Therefore, SOFCs are
not sufficient to meet the demand of achieving electrochemical
oxidation of CH, at low concentrations with minimum energy
consumption.

The existing literature addressing the challenges of electro-
catalysis is limited, with few reported studies available
requiring relatively high-concentration CH, or high temper-
ature or complex electrocatalysts. For instance, Kim et al.
employed 50 v/v % CH, with 50 v/v % O, to generate H,O,
electrochemically to partially oxidize CH, to mixed oxygenates
using a treated carbon electrode at 25 °C and 1 bar.”* Natinsky
et al. reported CH, electrochemical partial oxidation to
methanol using an O,-sensitive metalloradical catalyst for a
CH,/air mixture (Pcy,/P,, = 35, P total = 1 bar) as the

reactant at room temperature.”” Sarno et al. conducted
electrochemical oxidation of 10 v/v % CH, to methanol on
a Rh single atom/NiO/V,Oj catalyst at 100 °C.2 To oxidize
much lower concentration of CH,, a few studies used lean CH,
(approximately 0.2%—1% CH,) as the reactant based on
thermal catalysis at relatively high temperature (>100
°C)."3272% Carlsson et al. managed to convert low-
concentration CH, (500 vol ppm) into oxygenates over iron
molybdate via periodic operating conditions; however, high
temperature (>673 K) was required.”” Huang et al. achieved
CH, wet reforming using CH,/H,O at 1:2 ratio catalyzed by
ZrQ,/Cu(111) at near room temperature.30 Despite this
progress, significant effort is required to achieve low-
concentration CH,, under ambient conditions.”

A less explored alternative to direct CH, electrochemical
conversion is combining CH, activation and oxidation. It was
reported that CH, can be activated on the Pt surface under
“dynamic potential” conditions by applying a suitable over-
potential, followed by oxidization to CO, using a more positive
potential under ambient conditions without adding any
oxidants or complicated catalysts.”’ ~>* Pt(100) crystal facets
exhibit the highest catalytic performance;>" and polycrystalline
Pt is also active for CH, oxidation to CO,, providing an easier
approach for atmospheric CH, mitigation. The reaction
mechanism was briefly investigated on a pure Pt electrode by
using pure CH,, but it is not fully understood yet. It is believed
that CH, can be activated by applying suitable adsorption
potential to break C—H bond and form C—H, fragments
capable of further reaction with surface-bound oxygen
species.”” " The CH, activation step, the breakage of the
first C—H bond, has been experimentally demonstrated as the
rate-determining step for CH, reforming.”>*° Based on these
prior art reports, this approach can potentially extend the
electrocatalytic method to Pt particle-coated carbon electrodes
capable of converting atmospheric/low-concentration CH,,

which has not been reported yet to the best of our knowledge.
The use of carbon support can reduce the amount of Pt and
electrode cost. Carbon support with the Pt catalyst can work as
a gas diffusion electrode to improve CH, diffusion and
enhance the catalytic activity. Although CO, is the main
product from this method instead of liquid products, it
provides a few advantages. First, the gas product can be easily
separated from the electrolyte solution. Second, unlike
conventional combustion, no high temperature, pressure, or
CH, concentration is required, reducing energy consumption
and operation cost. Finally, converting atmospheric CH, to
CO, can contribute significantly to easing global warming.””**
It has been estimated that atmospheric CH, concentration
(~1.8 ppm) can be restored back to 750 ppb (preindustrial
concentration) by removing approximately 3 Gt of CH, from
air, generating about 8 Gt additional atmospheric CO,, which
is only equivalent to a few months of current industrial CO,
emission, but overall such CH, conversion would eliminate
approximately 17% of total radiative forcing.”® CO, mitigation
is relatively easier than CH, due to the higher atmospheric
CO, concentration, easier separation of CO,, more active
nature of CO,, and much more CO,-focused research being
carried out.

In this work, we present an experimental study of electro-
oxidation of various concentrations of CH, on platinized Pt
(Pt/Pt) and carbon paper electrodes (Pt/CP) under ambient
conditions (room temperature and atmospheric pressure). The
electrochemical experiments were conducted to determine the
catalytic activity of Pt particles for CH, oxidation on Pt/Pt and
Pt/CP electrodes as functions of potential and time, as well as
CH, concentrations. The acidic medium was chosen for the
electrolyte solution. This is because Pt catalyst degradation in
alkaline medium is severe,”” CH, electrochemical oxidation
activity on Pt is likely to be pH-dependent and, hence, acidic
conditions would provide increased activity over time.>

Using the “dynamic potential” method, the C—H bond was
broken to form a C—H, fragment during activation and
oxidized with surface oxygen species to CO*, which was
further fully oxidized to CO,. Optimal reaction potential and
time were obtained. At low CH, concentrations (0.5 and 1 v/v
%), the conversion rate of CH, to CO, was estimated. It was
observed that Pt/CP exhibited catalytic activity that was
approximately 10 times higher than that of Pt/Pt. CH,
electrochemical oxidation was found to be likely independent
of its concentration on Pt in the presence of inert balance gas
N,(g). This study presents an enhanced understanding of
electrochemical methane oxidation at low concentrations
under ambient conditions using simple electrocatalysts. It
provides a promising and cost-effective approach for the full
utilization of methane in the future.

2. EXPERIMENT AND MATERIALS

2.1. Materials and Equipment. Unless stated otherwise,
Ag/AgCl (3 M KCl) (BASi Inc., USA) was used as a reference
electrode, platinum mesh was used as the counter electrode
(CE), Pt/Pt or Pt/CP was used as the working electrode
(WE), and 0.5 M HCIO, was used as an electrolyte. Carbon
paper (Sigracet 28AA, Fuel Cell Store, USA) was used as the
substrate for the Pt/CP electrodes. H,PtCl; (>99.9% trace
metals basis, Sigma-Aldrich, USA) and HCIO, (70% in water,
Thermo Fisher Scientific, USA) were used without further
purification. Ultrapure water (>18.2 MQ cm at 25 °C) was
used for all aqueous solutions. CH, (99.995%, BOC New
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Zealand) and carbon monoxide (CO) (99.97%, BOC New
Zealand) were used as the reactant gases.

A Gamry Interface SO00E potentiostat was used for all
electrochemical measurements in this work. Scanning electron
microscopy (SEM) was used to characterize the electrode
surface after electrodeposition. X-ray diffraction (XRD) was
used to characterize the chemical structure of Pt on the
electrodes.

Gas chromatography (GC) (SRI Instruments, GC 8610C,
USA) was used to measure the gas composition. SRI GC is
equipped with a methanizer flame ionization detector and
thermal conductivity detector, HayeSep-D, and molecular sieve
columns, while H, is the carrier gas. Standard gases with
known concentrations of CH,, (80 ppm and 2.5% mol balanced
with air, APC Techsafe, New Zealand) and CO, (1% vol
balanced with air, APC Techsafe, New Zealand) were used to
calibrate the GC so that accurate estimates of CH, and CO,
concentrations in the headspace above the electrolytes could
be obtained.

Proton nuclear magnetic resonance ("H NMR) and high-
performance liquid chromatography (HPLC) were used to
detect any liquid oxygenates in the electrolyte generated during
the CH, electrochemical oxidation process.

2.2, Electrode Preparation. Prior to use, Pt mesh was
flame annealed using a butane torch. Carbon paper was
sonicated in acetone, methanol, and isopropanol for 1 min
each prior to use. The WE and CE were platinized following a
modified procedure reported by Boyd et al. to generate Pt
electrodes with high surface area.’” It was achieved via Pt
electrodeposition using chronoamperometry (CA) by applying
—0.3 V for 60 s and —0.25 V for 60 s and repeated for 10 cycles
in 0.5 M HCIO, (purged with N,) containing 10 mM H,PtCl,.
After deposition, the platinized electrodes were rinsed in
ultrapure water and cleaned by cyclic voltammetry (CV)
between —0.3 and 1.2 V at 50 mV s™' until stable CVs were
obtained in 0.5 M HCIO, purged with N,(g). The electro-
chemically active surface area (ECSA) of Pt was estimated
from H-adsorption peaks on the CVs. A similar process was
used to electrodeposit Pt on the carbon paper electrode.

2.3. CH, Electroadsorption and Oxidation Experi-
ments. The experimental setup is shown in Figure 1. The
electrolyte 0.5 M HCIO, was recirculated between the
electrochemical cell and reservoir via peristaltic pumps to
ensure that the electrolyte was saturated with reactant gas
purged via a gas bubbler. CH, electrochemical oxidation was
conducted by applying an activation potential for a fixed time
followed by anodic CV scans under ambient conditions.
During the experiment, the headspace gas in the reservoir was
continuously transferred to the GC. The headspace gas was
sampled 2 min after each CA and CV cycle. Figure 2 shows the
electrochemical cell configuration when Pt/CP was used as the
WE. The reactant gas was purged to Pt/CP via a graphite gas
channel assembled in a stack cell.

The reactant gases include pure CH,, N,, and CH,/N, gas
mixture containing various selected concentrations (0.1, 0.2,
0.5, and 1%) of CH,. Gases were continuously purged at a rate
of 50 mL min~" and controlled by Alicat mass flow controllers.
Control experiments were carried out either in the absence of
CH, (with electrochemistry) or with CH,, present but without
applying a potential. The charge transferred during CA and
from the oxidation peak during the first CV scan after CA was
calculated using Gamry Echem Analyst software. The gas

CH,4 or
CH4/N, gas mixture = ==

Potentiostat

Peristaltic pumps

Figure 1. Schematic illustration of the experiment setup for
conducting CH, electrochemical oxidation and measuring the gas
composition during the experiment.

Potentiostat

Graphite gas channel

CH, or Il
—_—

CH,/N, gas mixture .

RE

Gas outlet to GC .

I

Figure 2. Schematic illustration of the electrochemical cell
configuration using Pt/CP as the WE.

Electrolyte

composition of samples analyzed by GC was estimated by
using PeakSimple software.

Electrochemical oxidation of CO on Pt/Pt and Pt/CP was
carried out in a CO-saturated 0.5 M HCIO, solution. CVs were
recorded at 50 mV s7'.

3. RESULTS AND DISCUSSION

Figure 3 shows the SEM images of a platinized Pt mesh and
carbon paper prepared via electrochemical Pt deposition. The
stable surface was produced by applying electrochemical CV
cycling for consecutive experiments. The SEM images of
unmodified Pt mesh and carbon paper are shown in Figure S1.
Clearly, the images delineate the Pt particles from the
underlying substrates. The surface roughness (and thus the
ECSA) of Pt for electrocatalysis has been increased. With
similar Pt deposition conditions on both substrates, the Pt/Pt
surface is relatively smooth, and the distribution appears
uniform with micrometer-sized Pt particles on the surface.
Spherical Pt particles with high density were observed on
carbon paper, including carbon fibers and graphite flakes.
These features can potentially provide more edge and defect
structures as active sites on carbon paper, potentially making
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Figure 3. SEM images, platinized Pt wire mesh [scale bars (a) 10 and
(b) 1 pm], and platinized carbon paper [scale bars (c) 10 and (d) 1
um).

0.4

—Pt/Pt
—Pt/CP

0.6 . . . .
05 1 1.5
E (V vs Ag/AgCl)

Figure 4. CVs of Pt/Pt and Pt/CP in 0.5 M HCIO, degassed with N.,.
Scan rate = 50 mV s™L.

Pt/CP more active for catalysis than Pt/Pt. Yet, there are areas
where carbon support (black in color) is clearly visible
underneath bright white Pt particles. XRD patterns of Pt/Pt
and Pt/CP were obtained and are shown in Figure S2. It
exhibits typical XRD patterns of a polycrystalline Pt face-
centered cubic phase and Pt on carbon paper support.*>*!
The presence of Pt is also confirmed by the CVs shown in
Figure 4. The CVs were obtained after electrochemical CV
cycling cleaning. Consistent with the literature, typical
polycrystalline Pt electrochemical features were observed,

including H adsorption and desorption, double-layer charging,
oxide formation, and oxide reduction.*” Similar Pt electro-
chemistry features can be observed from both Pt/Pt and Pt/
CP, but the double-layer current on Pt/CP (~0.05 mA cm™2)
is greater than that on Pt/Pt (~0.01 mA cm™*), which is
attributed to the higher resistance from the carbon substrate
still in contact with electrolyte, resulting in a slightly negative
oxide reduction and H adsorption potentials of approximately
50 mV. It was reported that surface physicochemical properties
and the structure of carbon materials play an important role in
the activity of Pt/carbon catalysts. This is because the
interaction between carbon and Pt and perimeter of the Pt/
C contact interface exposed to electrolyte can modify the
physicochemical and electronic structure of Pt and its catalytic
activity as a result.*> The carbon support can alter the galvanic
potential and raise the electron density in the Pt catalyst
particles, which favor the electron transfer at the electrode—
electrolyte interface and thus accelerate the electrochemical
processes.*’

3.1. Electrochemical Oxidation of CH,. The fabricated
electrodes Pt/Pt and Pt/CP were used as the WE for CH,
electrochemical activation and oxidation.

It has been previously reported that CH, oxidation can be
achieved under ambient conditions on Pt through CH,
activation by applying a suitable potential and followed by
CV scans to a more positive potential to remove CH,
oxidation intermediates on the electrode surface. This
“dynamic potential” approach combines a longer (ca. 30
min), relatively low potential activation phase at an applied
potential of E,,, = 0.3 or 0.4 V [versus reversible hydrogen
electrode (RHE)] and a shorter (approximately 1 min) and
more positive oxidation potential with an oxidation peak at E,
= 0.6—0.8 V vs RHE.***

According to Figures 4 and 5, a series of activation potentials
in the non-Faradaic region (~0.1—0.3 V vs Ag/AgCl) where
no redox processes occur can be chosen to find the optimal
activation potential. Additionally, the non-Faradaic region of Pt
may be dependent on the structure, morphologies, and its
electrochemical response, which can lead to slightly different
optimal activation potential for different Pt-based electrodes.
For instance, the non-Faradaic region of the Pt/CP CVs
shifted to a slightly more positive potential compared to Pt/Pt
CVs, resulting in a corresponding shift in the CH, activation
potential, which is discussed in detail in Section 3.2.

A sequence of CA experiments was conducted by applying
an activation potential of 0.15 V for Pt/Pt and 0.3 V for Pt/CP
at different activation times. It was found that the oxidation
peak charge density increases (~5.5 uC cm™ at 2 min) with
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Figure S. (a) CVs of Pt/Pt under N, and CH, after 30 min adsorption at 0.15 V in 0.5 M HCIO,; (b) CVs of Pt/CP under N, and CH, after 30

min adsorption at 0.3 V in 0.5 M HCIO,. Scan rate = 50 mV s™".
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Figure 6. CVs (1st CV scan: black line, 2nd: red, 3rd: green, and 4th: purple) of CO electrochemical oxidation on (a) Pt/Pt and (b) Pt/CP in CO-
saturated 0.5 M HCIO,. Scan rate = 50 mV s~
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Figure 7. Oxidation peak charge density calculated from the first CV scan (50 mV s™") at selected activation potentials (a) Pt/Pt and (b) Pt/CP for
30 min in CH,-saturated 0.5 M HCIO,.
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Figure 8. CVs of CO electrochemical oxidation on Pt/Pt (black line:

1st CV scan; black dashed line: 2nd CV scan) and Pt/CP (red line: L . . oy

1st CV scan; red dashed line: 2nd CV scan) in CO-saturated 0.5 M activation time, and it reaches a plateau (~16 uC cm™)

HCIO,. Scan rate = 50 mV 5. between 30 and 45 min (Figure S3). Considering that the
oxidation peak densities obtained at 30 and 45 min are similar,
30 min duration was chosen in this study for the electro-
chemical activation to reduce energy consumption.

Figure 10. Plot of g vs number of cycles for Pt/CP using 0.5% CH, in
N, as the reactant and applying 0.3 V for 30 min.
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Figure 9. (a) Plot of charge density from the oxidation peak on the first CV scan (scan rate = 50 mV s™") after applying 0.15 V for 30 min on the

Pt/Pt surface; (b) plot of charge density from the oxidation peak on the first CV scan after applying 0.3 V for 30 min on the Pt/CP surface for
CH,/N, gas mixtures with various CH, concentrations.
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Figure 11. (a) CVs of Pt/CP after the 1st cycle (black) and 30 cycles (red); (b) XRD patterns and inlet is the zoom-in from 30 to 100°%; (c,d) SEM
images [scale bar 1 gum] of Pt/CP at a scan rate of 50 mV s™', as prepared and after 30 cycles of electrochemical activation and oxidation in 0.5 M

HCIO, with 0.5% CH, balanced with N,.

Figure S4 shows the current density versus time recorded in
CH,-saturated 0.5 M HCIO, at E,, = 0.15 and 03 V,
respectively, for 30 min for the Pt/Pt {Figure S4a) and Pt/CP
(Figure S4b) electrodes. The current densities were obtained
after subtracting the current density from the control
experiment by using N, in place of CH,. The positive current
corresponds to CH, activation and oxidation to intermediate
species. From the chronoamperometry, the current density did
not decrease after reaching steady state, suggesting that CO
poisoning is not an issue during the 30 min electrochemical
activation process.

Figure S shows the first two CVs obtained directly after CA.
For both electrodes, an oxidation peak at E; of approximately
0.5 V appeared on the first anodic CV scan and disappeared on
the second CV scan. This phenomenon was not observed in
the control experiment under N, in the absence of CH,. The
oxidation peak disappeared on the second CV scan for the Pt/
Pt electrode and decreased for the Pt/CP electrode. Repeated
CV scans were required to eliminate the oxidation peak
completely for the Pt/CP electrode.

The observation for the Pt/Pt electrode is consistent with
previous studies of CH, electrochemical oxidation, indicating
that all intermediate sgecies from activated CH, are oxidized in
the first CV scan.®* The CH, activation and oxidation
mechanisms have been briefly investigated by several groups.
It was reported that CH, decomposes at the Pt surface and
forms *CO with surface oxygen species at a suitable oxidation
potential, which is then oxidized with adsorbed H,O and/or O
to form CO, in the following anodic CV scan.”' ™%

Although most of the studies reported that the electro-
chemical oxidation of CO adsorbed on a smooth electrode is
usually achieved in one CV cycle,*”* this is not the case for
the Pt/CP electrode. We found that repeated CV cycles were
required to eliminate the oxidation peak (at ~0.5 V) at the Pt/
CP electrode, or in other words, to completely oxidize
absorbed CO. There are two possible causes behind this
observation. First, this is attributed to oxidation of CO
adsorbed in different pores of the porous materials in repeated
CVs.* Second, the CO, generated from the previous anodic

44554

CV scan is reduced to CO, and/or more CH, can be adsorbed
to the surface and oxidized by the cathodic CV scan and
reoxidized CO,. Carbon paper is a porous material; therefore,
it is not surprising to observe such diffusion-related
phenomena similar to the one reported for Pt-modified zeolite
by Mojovic et al.*® In addition, compared to the oxidation peak
obtained from the Pt/Pt electrode, the oxidation peak from the
Pt/CP electrode is broader, which is attributed to the existence
of two types of CO* adsorbed species (weakly and strongly
adsorbed CO*) on polycrystalline Pt supported by a carbon
electrode, which was also reported in the literature.”” CO
electrochemical oxidation was conducted on Pt/Pt and Pt/CP,
as shown in Figure 6. Two oxidation peaks at E, = 0.57 and
0.83 V were seen on the first CV scan on Pt/Pt, which are
assigned to the oxidation of adsorbed CO on different facets of
the polycrystalline Pt surface.”® These oxidation peaks almost
completely disappeared in successive CV scans, indicating that
adsorbed CO was almost completely removed in the first CV
cycle. However, only one broad and asymmetric oxidation peak
at E, = 0.89 V was observed on the first CV scan using Pt/CP
as the WE, which disappeared on the second CV scan. A new
oxidation peak at E, = 0.57 V on the second CV scan for Pt/
CP was observed, which gradually decreased in the later CV
scans, yet it did not disappear completely. This oxidation peak
is attributed to the oxidation of the absorbed CO¥*. This
phenomenon is similar to that observed for CH, electro-
chemical oxidation on Pt/CP. It suggests that adsorbed CO*
can be continuously oxidized on porous Pt/CP surface.
Additionally, it indicates that the platinized electrode can
avoid CO* poisoning by applying an anodic CV scan to
oxidize adsorbed CO*. The “dynamic potential” method used
in this study can regenerate the active surface during every
cycle to avoid CO poison.

The adsorbed species on the Pt/Pt surface were quantified
by integrating charge transferred to them based on the
oxidation peak on the first CV scan. The ratio of charge
transferred during activation (Q,) and oxidation peak from the
CV (Q,) is approximately 3, which is consistent with 6
electrons transferred during CA (eq 1) and two electrons

https://doi.org/10.1021/acsomega.4c06665
ACS Omega 2024, 9, 44549—44558


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06665/suppl_file/ao4c06665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06665/suppl_file/ao4c06665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06665/suppl_file/ao4c06665_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06665?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06665?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06665?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06665?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

transferred during oxidation (eq 2).”> Hence, we concluded
that all of the activated CH, is converted to CO,, which was
also confirmed by GC.

CH, + H,0 > CO* + 6H" + 6¢~ (1)

CO* + H,0 — CO, + 2H" + 2e~ (2)

On the other hand, for Pt/CP, the ratio of charge transferred
during the activation and oxidation peak from the CV (Q,/Q,)
is approximately 50, which is an order of magnitude higher
than that on the Pt/Pt electrode. This could be due to a few
factors that are discussed below.

For example, side reactions on both Pt and the carbon
surface, such as trace amount of O, adsorption (O, + 2H,0 +
4e” = 40H7, E = 0.401 V vs standard hydrogen electrode),®
which is close to the CH, adsorption potential, can compete
with CH, adsorption. Activated CH, on the surface can react
with reactive oxygen species generated from oxygen reduction
reaction to form oxygenates instead of CO,.'**>*" To assess
production of any liquid oxygenate generation during the
activation, a large Pt/CP (4 cm X 4 cm) with an ECSA of
~200 cm?® was used as the WE, the electrochemical activation
potential was applied for 15 h, and the electrolyte was used for
H NMR and HPLC measurement. There were no clear peaks
observed in '"H NMR spectra, but there was a small peak
assigned to formic acid (0.5 mM HCOOH from the calibration
curve) identified in HPLC chromatogram (Figure SS),
suggesting that oxygenate was generated from CH, electro-
chemical oxidation on Pt/CP. However, there were no
products detected in the liquid phase after 1 cycle of reaction
using Pt/CP, which is likely due to the extreme low
concentration.

A significant difference was observed in charge density
transfer between the Pt/Pt and Pt/CP electrodes of
approximately 15 and 170 uC cm™?, respectively, during the
oxidation phase, after applying the optimal potentials of 0.15
and 0.3 V, respectively, for the same activation time. The much
higher catalytic activity evidenced by such higher current in the
case of Pt/CP could be partially due to the potential difference.
Although at the same potential of 0.15 V, the Pt/CP charge
transfer density of approximately 120 xC cm™? is still much
higher than that for Pt/Pt. This improved catalytic activity
could be attributed to the carbon support providing higher
pore volume, altering the electronic structure of Pt to enhance
the electron transfer, providing unique perimeter interface
between Pt particles and carbon support and potentially
enhancing the diffusion of CH, to Pt via spillover from the
hydrophobic carbon surface acting as a collector of the CH, for
the Pt active sites.””’

3.2. Electrocatalyst Performance as a Function of
Activation Potential. According to previous studies, the
electrocatalytic activation of CH, depends on applied
potentials. It is also affected by the catalyst morphology and
the nature of electrolyte used. Therefore, a series of feasible
potentials were chosen to activate CH, in this work. The
electrocatalytic efficiency is compared according to the
oxidation peak charge density from the first anodic CV scan
after electrochemical activation. Obtained data show that 0.15
and 0.3 V are the optimal potentials for CH, adsorption on Pt/
Pt and Pt/CP, respectively, for holding the potential for 30
min (Figure 7). Consistent with previous studies that the
applied activation potential and time affect the charge
transferred during the oxidation process (the generation of

oxidation products), it suggests that the CH, activation to
break the first C—H bond in the chronoamperometry process
is likely the rate-determining step.’>**

Overall, Pt/CP exhibited a much higher catalytic activity
than Pt/Pt. The oxidative performance of these materials could
be correlated with the electronic properties of Pt particles
interacting with different supports.”” As reported by Mehdi et
al,, according to studies of vibration frequencies, Mulliken
populations, charge transfer, charge density differences, and
density of states, carbon support enhanced the back-donation
of electrons to CO* via donating electrons to Pt, resulting in
stronger CO* binding to Pt and enhanced CO* activation as
discussed above.” To further understand the role of carbon
support for Pt catalysis, we performed the electrochemical
oxidation of CO catalyzed by Pt/Pt and Pt/CP in a CO-
saturated 0.5 M HCIO, solution as mentioned above. Figure 8
compares the first two CV scans obtained on two of these
electrodes. As discussed in Section 3.1, different oxidation
peaks were observed on the Pt/Pt and Pt/CP electrodes. The
oxidation peak on Pt/CP is approximately 60 mV more
positive than that on Pt/Pt, suggesting that the adsorbed CO*
on the Pt/CP surface is more stable than that on the Pt/Pt
surface.’® In addition, the charge density calculated from the
CO oxidation peak on Pt/CP is 2 times higher than that on
Pt/Pt, suggesting that Pt/CP is more efficient for CO
oxidation. These results support the hypothesis that Pt/CP
can enhance CO conversion and improve CH, activation and
overall oxidation as a result.

This is consistent with previous studies that employing
favorable support materials can provide a synergistic effect of
enhanced electron transfer and stronger metal anchoring,
leading to higher electrocatalytic activities.””

For both electrocatalysts, the catalytic activity gradually
increases by shifting the potential to more positive values but
decreases for both electrocatalysts when the potential is about
100 mV more positive than the optimal potential. This is
attributed to the competing adsorption of H,0/O, molecules
at higher potential and/or the decreased coverage of CO* as it
can directly be oxidized to CO, at higher potential.

3.3. Electro-oxidation of Low-Concentration CH,
Balanced with N,. The experiments discussed in Sections
3.1 and 3.2 deal with pure CH,. However, it is essential to be
able to oxidize CH, at low concentrations under ambient
conditions for practical applications, for instance, lean CH,
from mining, CH, generated from farms, and ultimately,
atmospheric CH,. Hence, we used CH,/N, gas mixtures with
different yet low concentrations of CH, for electro-oxidation
on Pt/Pt and Pt/CP as a model study for further study on
CH,/air gas mixture.

The oxidation charge density obtained from the first CV
scan after applying 0.15 V for 30 min obtained using a CH,/N,
gas mixture with different concentrations of CH, on the Pt/Pt
electrode is shown in Figure 9a. Evidently, there is no
significant difference in oxidation peak charge density as the
CH, concentration changes compared to that of pure CH,.
The same phenomenon is recorded on the Pt/CP electrode
with different concentrations of CH, in N,, as shown in Figure
9b. Pt/CP displayed much higher catalytic performance than
the Pt/Pt surface for a low concentration of CH, in N,. A
similar trend is observed from CA for selected concentration of
CH, during the activation phase. Despite the fact that we
cannot fully eliminate the possibility that the Pt active site is
saturated with CH, at low concentration, it can be seen from
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Figure S3 that the oxidation peak charge density increases with
electrochemical activation time and reaches the plateau at
approximately 2700 s in solution saturated with pure CH,, so
the surface is unlikely saturated with low-concentration CH, at
1800 s. This indicates that the surface coverage with adsorbed
species is independent of CH, concentrations in the CH,/N,
gas mixture at the same potential for the same period.

Abbasi et al. described a similar phenomenon that the
ignition, extinction, and fractional conversion of CH, via
catalytic oxidation on Pt are independent of CH, concen-
tration, which was because Pt is not sensitive to water
produced during thermal oxidation.”® Thus, the reaction rate
may be mainly dependent on the binding affinity between the
catalyst and the intermediates. As shown in Figure 8, Pt/CP
exhibits higher capability of CO adsorption and oxidation,
resulting in higher CH, activation/oxidation performance than
Pt/Pt. Our finding is consistent with the calculation reported
by Boyd et al. that CH, activation can be influenced by the
binding of CO*.*?

Furthermore, N, is effectively an inert gas in our system, and
it will not affect CH, adsorption on Pt active sites. This has
been shown by several studies in which N, has to be activated
to be adsorbed on Pt at room temperature or only at low
temperature.””” It was also reported that N, does not
chemisorb on the nondefective Pt(111) surface, which is the
main phase of Pt observed in the XRD pattern (Figure S1).
Both experimental and theoretical results reported by Tripa et
al. showed that chemisorption of N, on step sites at low
temperature (88 K) and the predicted binding energy of N, on
these sites is very small, and other adsorbates with higher
binding energy displace N,.°” Therefore, N, adsorption is not
expected to compete with CH, adsorption on Pt at room
temperature in this work.

To monitor the products generated from CH, electro-
chemical oxidation, GC was used to measure the composition
of the headspace gas before and after the reaction. As expected,
only CO, was detected by GC in the headspace gas during the
CH, oxidation. Over the course of the experiment, we
observed the expected decrease in CH, concentration and
increase in the CO, concentration.

For the Pt/Pt electrode, 1 v/v % CH, diluted with N, was
used as the reactant in order to reduce the experimental error.
As shown in Figure S6a, a CH, peak was eluted at 0.85 and
4.73 min through two columns, while CO, was detected at
5.03 min. There was approximately 10 ppm of CO, on average
measured from the peak area after 1 cycle of electrochemical
oxidation. This CO, peak area increased by repeating the
electrochemical oxidation for three cycles, as shown in Figure
S6b, and the CO, peak is clearly more pronounced and
estimated to be approximately 30 ppm. The consumption of
CH, can be estimated from the decrease of the CH, peak after
the reaction. For each electrochemical cycle, approximately 10
ppm mol CH, in average was consumed, corresponding to 8.3
X 107 mol L' s™ m™ CH,, with 7.8 X 10 mol L™' s7' m™
CO, generated, giving a conversion rate of approximately 94%
for the Pt/Pt electrode. Two control experiments were carried
out. In the absence of CH,, no detectable change of CH,
concentration and CO, was recorded, as shown in Figure S7.

CO, generation was also detected from CH, oxidation on
Pt/CP by GC. As shown in Figure S8, 0.5% CH, balanced with
N, was used as the reactant for CH, electrochemical oxidation,
and the CO, peak increased after one cycle. It should be noted
that there was some CO, residue in the sealed reactor before

the reaction, and only the difference of peak area for CO, and
CH, before and after the reaction was used for calculation. As
mentioned in Section 2.3, a 0.5% CH,/N, gas mixture was
directly purged to the Pt/CP electrode instead of purging the
electrolyte, with the Pt/CP electrode operating as a gas
diffusion electrode. In this case, the post-reaction CO,
concentration was approximately 5.3 X 10™° mol L™ s7*
m™? per cycle, and CH, concentration decreased by 7.5 X
1078 mol L7! s7! m™2 giving a conversion rate of
approximately 70% to CO,. This is lower conversion to CO,
compared to 1% CH, in N, conversion on the Pt/Pt surface,
which is consistent with the high ratio of Q,/Q, for Pt/CP
discussed in Section 3.1. Although CO, is the only product
detected from the headspace during reaction using GC, more
CH, consumed than CO, generated might be attributed to
CH, partial oxidation to oxygenates in the presence of reactive
oxygen species, as formic acid was detected in the electrolyte
after a long reaction time.

3.4. Stability Test of the Platinized Electrodes for CH,
Electrochemical Oxidation. Pt/CP was reused 30 times to
oxidize 0.5% CH, balanced with N, to test its stability. As
shown in Figure 10, the oxidation peak charge density
remained relatively stable over 30 cycles (CA and CV, each
30 min), suggesting that Pt/CP has reasonably good stability
and, thus, is a promising candidate material as a gas diffusion
electrode for electro-oxidation of low-concentration CH,. The
headspace gas composition change during repeated cycles was
recorded by GC (Figure S9). Decrease of CH, concentration
and increase of CO, concentration were observed.

To further understand the stability of Pt/CP, SEM, XRD,
and CV results were collected and compared. Figure 11a shows
CVs of Pt/CP after the 1st and 30th cycles of CH,
electrochemical oxidation using 0.5% CH, in N, as the
reactant. There are no clear changes in terms of the Pt features
and activated CH, oxidation peak. Meanwhile, X-ray diffracto-
grams (Figure 11b) and SEM images (Figure 1lc,d) were
collected for Pt/CP as prepared and after 30 cycles of CH,
electrochemical oxidation.

There is no clear observed difference in the morphology and
crystal structure for Pt/CP before and after the stability test.
However, for Pt/Pt, the SEM images (Figure S10) show a
smoother surface with some pinholes compared to Pt/Pt as
prepared, suggesting that the surface has experienced mild
restructure and lost some Pt particles during the electro-
chemical reaction. In the case of Pt/CP, there was no clear
change from CVs and XRD. These results suggest that Pt/CP
electrodes are stable for 30 cycles of CH, electrochemical
reactions. Additionally, according to the results shown in
Figures S4, 7, and 8, the current density during 30 min
activation did not decrease, CO can be oxidized via anodic CV
scan, and the surface can be regenerated; CO poisoning is not
an issue of CH, electrochemical oxidation in this study.

4. CONCLUSIONS

Through a combination of various experiments, the electro-
chemical oxidation of pure CH, and low-concentration CH, in
N, balancing gas mixtures on both Pt/Pt and Pt/CP under
ambient conditions has been investigated. The results
indicated that electro-oxidation of CH, on Pt/Pt and Pt/CP
is dependent on the applied potential and time but
independent of the CH, concentrations within the range
studied using N, as the balance gas. Pt/CP tends to exhibit
higher catalytic performance than Pt/Pt, which could be
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attributed to the altered electronic structure due to the
presence of a carbon support and hydrophobic carbon support
surface, which enhances gas diffusion to the active sites. Both
Pt/Pt and Pt/CP can catalyze conversion of low-concentration
CH,. The stability test suggests that Pt/CP is a cost-effective
electrocatalyst with high activity and stability for CH,
activation and oxidation. These observations indicated that it
is possible to reduce the usage of Pt without scarifying the
catalytic activity. It was found that while >90% CH, was
converted to CO, on Pt/Pt, approximately 70% of CH, was
converted to CO, on Pt/CP, and formic acid was detected
after long reaction time. Therefore, future work will be
essential to understand the impact of other reactions during
CH, activation on Pt/CP with a low-concentration CH,/air
gas mixture used as the reactant.
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