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ABSTRACT: Electrochemical partial oxidation of methane to methanol is a promising approach to the transformation of
stranded methane resources into a high-value, easy-to-transport fuel or chemical. Transition metal oxides are potential
electrocatalysts for this transformation. However, a comprehensive and systematic study of the dependence of methane
activation rates and methanol selectivity on catalyst morphology and experimental operating parameters has not been re-
alized. Here we describe an electrochemical method for the deposition of a family of thin-film transition metal (oxy)hy-
droxides as catalysts for the partial oxidation of methane. CoO,, NiO,, MnO, and CuOj are discovered to be active for the
partial oxidation of methane to methanol. Taking CoOy as a prototypical methane partial oxidation electrocatalyst, we
systematically study the dependence of activity and methanol selectivity on catalyst film thickness, overpotential, temper-
ature and electrochemical cell hydrodynamics. Optimal conditions of low catalyst film thickness, intermediate overpoten-
tials, intermediate temperatures, and fast methanol transport are identified to favor methanol selectivity. Through a com-
bination of control experiments and DFT calculations, we show that the oxidized form of the as-deposited (oxy)hydroxide
catalyst films are active for the thermal oxidation of methane to methanol even without the application of a bias potential,
demonstrating that high valence transition metal oxides are intrinsically active for the activation and oxidation of methane
to methanol at ambient temperatures. Calculations uncover that electrocatalytic oxidation enables to reach an optimum
potential window in which methane activation forming methanol and methanol desorption are both thermodynamically

favorable, methanol desorption being favored by competitive adsorption with hydroxide anion.

INTRODUCTION

The direct partial oxidation of methane to methanol is one
of the grand challenges in the area of catalysis and energy.'
Methane is the major constituent of associated petroleum
gas which is routinely flared at remote oil fields where its
collection and use are unprofitable. The energy losses as-
sociated with flaring are roughly equivalent to the natural
gas demand of Central and South America resulting in sig-
nificant economic losses, while the associated greenhouse
gas (GHG) emissions result in adverse effects on the cli-
mate and environment.”? In 2021 alone, gas flaring was re-
sponsible for the emission of 361 million metric tons
(MMT) of CO,, 39 MMT of CO, equivalent in non-com-
busted methane, and other GHGs and pollutants. There
are large environmental and economic incentives to de-
velop technologies for the decentralized transformation of
methane into easy-to-transport liquid methanol as these
would reduce GHG emissions,"* increase global carbon uti-
lization, and expand the global methanol production ca-
pacity. Methanol current annual global demand is close to
100 MMT and is further projected to rise at a compound
annual growth rate of over 5% to double by 2030.” This in-
crease in methanol demand is primarily due to expansion
of consumption by the automotive and olefin industries.

Therefore, new and efficient technologies for the produc-
tion of methanol from methane at medium and small
scales® could offer a paradigm shift by connecting directly
stranded carbon and energy resources to the base chemi-
cals and energy markets.

The direct transformation of methane to methanol in re-
mote locations requires selective catalysts capable of oper-
ating at near-ambient temperatures inside a modular de-
vice.”™ Although various catalytic systems have been stud-
ied for more than 100 years,”™ these have never reached
commercialization due to low yields and poor selectivity.
The main challenge in developing a selective and efficient
catalyst for the direct partial oxidation of methane to
methanol originates from the difficulty to simultaneously
control the kinetics for i) the regeneration of the catalytic
active site, ii) the transport, activation and hydroxylation
of methane, and iii) the desorption and removal of the pro-
duced methanol (Figure 1). Traditional catalytic systems
require high temperatures or use strong oxidizing agents
to regenerate the catalytic site and overcome the barrier
for methane C-H bond activation. Under these reaction
conditions, it is difficult to prevent overoxidation of meth-
anol to CO and CO,. Particularly, the oxygen atom in the
produced methanol binds strongly to the metal site and re-
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Figure 1. Schematic representation of the most important steps in direct methane to methanol oxidation. The simplified reaction
energy diagram includes: the regeneration of the active site by an oxidizing agent or electron collector, the activation and hydrox-
ylation of methane through two hypothetic reaction pathways (ionic in red trace and radical in blue trace), and the endothermic
solvent-assisted desorption of methanol along the competing methanol overoxidation. Parasitic decomposition of the regenerated
catalytic site and non-catalytic oxidation of methanol are not shown for simplicity.

quires the use of a solvent (i.e. H,O in Figure 1) to desorb
methanol and stabilize the reduced catalyst center.® Slow
methanol desorption makes the product complex prone to
overoxidation and introduces additional layers of complex-
ity.”"® Because of the multiple steps that need to be simul-
taneously controlled during the direct transformation of
methane to methanol, developing selective and efficient
catalysts” for this transformation has become one of the
most remarkable challenges in synthetic catalysis.

Enzymatic systems, on the other hand, offer clues on how
to selectively catalyze this transformation. Methane
monooxygenase, for example, catalyzes the transformation
of methane directly to methanol with exceptional selectiv-
ity under ambient conditions. This is achieved through the
exquisite control on the transport of oxygen, methane, pro-
tons and electrons to the transition iron(IV)-oxo complex
in the active center.” ** Conformational changes prevent
consecutive oxidation and back diffusion and are responsi-
ble for the isolation of the active site and the exceptionally
high selectivity for methanol.”

Electrocatalysis offers a precise control over the surface ox-
idative power via the applied potential and is a promising
approach to control kinetics and impart product selectivity
in the oxidation of methane to methanol just as in the en-
zymatic system." Electrocatalysts can also replicate many of
the mechanistic features in methane monooxygenases
through the rational design and control of the electrostatic
interactions between catalytic sites on the electrode sur-
face, and the reactants and products penetrating the rela-
tively immobile solvated ions that make up the coordina-
tion environment at the electric double layer. Advanced
methane to methanol electrocatalyst should i) bring me-
thane into the active site in the appropriate orientation to

lower activation energy barriers and accelerate the rates of
transformation, ii) regenerate metal-oxo species on elec-
trode surfaces directly from water and remove electrons at
slow rates relative to methanol desorption and overoxida-
tion, and iii) have an electrode architecture with a high
density of active sites connected to fast methanol transport
and collection networks.

Over the last decade, the use of transition metal oxides as
catalyst for the electrochemical partial oxidation of me-
thane to methanol has drawn significant interest. Mustain
and co-workers, for example, have shown that binary tran-
sition metal oxides of NiO/ZrO, catalyze the electrochem-
ical oxidation of methane in carbonate electrolytes.” ™
Park and co-workers also utilized a chemical precipitation
method to prepare Co,0,/ZrO, nanocomposites and Co,O,
powder/ZrO, nanotubes that show activity for the produc-
tion of higher alcohols such as 1-propanol and 2-propa-
nol.® ** In these works, the introduction of zirconia to
unary transition metal oxides has been suggested to be in-
dispensable in order to promote methane partial oxidation
in the presence of the carbonate ions. The challenge in
these works utilizing particle catalysts is, however, that zir-
conia has multiple additional effects on transport which
are poorly understood and must be deconvoluted. For ex-
ample, the introduction of the catalytically inert, non-con-
ductive zirconium oxide leads to different catalyst mor-
phologies and spatial distributions of the active phase of
the catalyst. These differences should be expected to affect
selectivity as these modify the residence time of the meth-
anol intermediate near the oxide surface and thus modify
the probability for methanol overoxidation.” The require-
ment to use carbonate as mild oxidant is also not fully un-
derstood. Porous hollow fiber NiO/Ni anodes and iron-
nickel hydroxide nanosheets have also been reported to



produce methanol and ethanol as methane electrochemi-
cal oxidation products in aqueous hydroxide solutions
where carbonate is not present in significant amounts.”**°
CO, generated by the overoxidation of methane is likely to
react with the highly alkaline environment to form car-
bonate in solution, but whether this carbonate can in turn
become the major oxidant is not clear. It must also be
noted that the faradaic efficiencies (FEs) in some of these
systems exceed 100% (Table S1) implying that chemical re-
actions between methane and stoichiometric oxidants in
the oxide catalyst or the electrolyte contribute to methane
oxidation and could be responsible in part for the produc-
tion of oxygenates. The production of methanol and other
carbon products could also be the result of the degradation
of carbon conductive materials and binders added in the
preparation of the catalyst inks in some of these systems.
To date, the intrinsic mechanisms for the activation of me-
thane and the formation of methanol are largely unknown
and are likely obscured by the lack of consistency across
the existing literature with regards to the electrochemical
setups used, the morphology of the catalysts, the composi-
tion of the electrolytes, the analytical tools used for prod-
uct quantification, as well as the standards used for the re-
porting of activity, selectivity, and faradaic efficiency.

Recently, Prajapati et al. demonstrated a comprehensive
work that avoids the use of carbon conductive materials or
binders and utilizes the surface oxides formed on metals
upon electrochemical oxidation to show that four types of
different transition metal oxides (TiO,, IrO,, PbO,, and
PtO,) are active for the electrochemical methane oxidation
reaction to CO, at oxidative potentials positive of 1.1 V vs
SHE. A bimetallic Cu,O; on TiO, catalyst was reported,
where Cu was proposed to modify the reaction barrier for
the key intermediates and facilitate the desorption of
CH,OH showing faradaic efficiencies for methanol of up to
6%.> Although these electrocatalysts have been shown to
activate methane, none of the unary metal oxides was re-
ported to produce methanol. Potential-dependent theoret-
ical studies have suggested that methane oxidation on ox-
idized transition metal surfaces proceeds favorably at oxi-
dative potentials where oxygen evolution also occurs.>>
The mechanism for the formation of methanol and the fac-
tors controlling its selectivity, however, are not well under-
stood.

In order to gain a better understanding of the underlying
mechanisms for methane partial oxidation, we have sys-
tematically approached this reaction through the break-
down of the three competing rates in the oxidation of me-
thane to methanol (Figure 1), namely, we have attempted
to determine to the best of our abilities i) the rate of cata-
lytic site regeneration and oxygen evolution; ii) the rate of
methane transport, activation and hydroxylation; and iii)
the rate of desorption and removal of the produced meth-
anol. We have done this through the combination of high
sensitivity product quantification tools, the use of ad-
vanced electrochemical reactors with well-characterized
transport properties, and the design of experiments tai-
lored to systematically decouple the multiple convoluted
steps summarized in Figure 1. These experiments are com-
bined to first-principle atomistic simulations to provide
mechanistic understanding.

As a first step, we have decided to circumvent the use of
catalyst inks. Here, we have used a one-step electrodeposi-
tion method for the preparation of transition metal
(oxy)hydroxides as electrocatalysts. The oxidative electro-
deposition method utilized here is self-limiting in growth
and allows the deposition of largely amorphous, thin-film
conductive metal (oxy)hydroxide films of known activity
for water oxidation, well-defined charge transport mecha-
nisms and measurable charge transport resistance.>* Upon
testing of these materials, we discover that CoO,, NiO,,
CuO, and MnO, prepared via electrodeposition are active
for the methane partial oxidation to methanol. In this
work, we show that the detection and quantification of
methanol and other oxidation products depends on the
electrochemical cells used and the conditions for the col-
lection of liquid and gas samples as reaction-transport ki-
netics control methanol product selectivity. Through the
utilization of an advanced gas-tight cell with a rotating cyl-
inder electrode, unique conditions of hydrodynamics for
the partial oxidation of methane are realized, elucidating
the importance of the control on both kinetics and mass
transfer for each of the steps involved in the reaction. Cal-
culations show an optimum potential window for selective
methane oxidation into methanol.

EXPERIMENTAL SECTION

Electrocatalyst materials and preparation. Sodium ac-
etate (NaOAc, anhydrous, =99%), Cobalt(Il) chloride
(CoCl2, anhydrous, >98%) and manganese(II) chloride
(MnCl2, tetrahydrate, 97%) were purchased from Sigma-
Aldrich. Nickel(IT) acetate (NiOAc, tetrahydrate, 98%),
iron(II) chloride (FeClz, tetrahydrate, 99%), and copper(II)
acetate (Cu(CH3COO)2, anhydrous, 99%) were purchased
from Fisher Scientific. Millipore deionized water (18.2 MQ
cm) was used to prepare all of the electrodeposition baths.
The concentrations of precursors used in electrodeposi-
tions of the different catalysts and specific pH are compiled
in Table Sz. Sodium acetate (0.1 M NaOAc) was used in all
of the electrodeposition baths as supporting electrolyte.
The pH of the baths was adjusted using either 0.1 M acetic
acid solution or 0.1 M sodium hydroxide solution. All of the
electrodeposition experiments were carried out under at-
mospheric conditions unless mentioned otherwise.

Catalyst electrodeposition. An Autolab PGSTAT302N
potentiostat/galvanostat was used for electrodeposition of
the different transition metal oxides in a three-electrode
setup with a titanium cylinder substrate (active geometric
area = 3 cm®) as the working electrode, a graphite foil as the
counter electrode, and an Ag/AgCl as the reference elec-
trode. Prior to use, the surface of the titanium cylinder
electrode was polished using an alumina slurry suspension
of 0.05 um grain size on a microcloth polishing pad (Bueh-
ler), rinsed thoroughly with Millipore deionized water (18.2
MQ cm), and sonicated in deionized water for 10-15
minutes. Prior to electrodeposition, the titanium cylinder
electrode was immersed in 2.5 M hydrochloric acid for 6o
minutes to remove surface oxides. The titanium cylinders
were then rinsed in deionized water and dried under Ar
flow. In the electrodeposition process, all the applied po-
tentials were measured against the Ag/AgCl reference elec-
trode. Except for copper, electrodeposition of all the other
catalysts was performed by 5 or 100 cycles of consecutive



linear sweep voltammetry (LSV) within a specific potential
window from 0.8 to 1.1V vs Ag/AgCl at a scan rate of 10 mV
s™. The deposition of most metal oxides was done using ox-
idative potentials (M**(aq) — MOOH(s) + e + 3H") where
the transition metal deposits on the surface of the elec-
trode directly as an (oxy)hydroxide. As the oxidative elec-
trodeposition proceeds, the oxygen evolution rate in-
creases lowering the local pH and leading to the dissolu-
tion of the electrodeposited film. To suppress catalyst dis-
solution, the most positive potential during the LSV depo-
sition was decreased by 50 mV after the 40™ and 70™ LSV.
Copper, on the other hand was deposited under constant
applied potential (-0.18 V vs Ag/AgCl) for 5 min via reduc-
tive deposition of the catalyst (2Cu® + 2e” + H,O — Cu,0
+ 2H"). The potential vs current curves for the oxidative
electrodeposition experiments and time vs current data for
the copper deposition are shown in Figure S1.

Electrochemical rotation cell setup for methane par-
tial oxidation experiments. A gas-tight rotating cylinder
electrode (RCE) cell recently reported by us * was used
for all the methane partial oxidation studies in this work.
In the RCE cell, a follower magnet inside the cap traces a
driver magnet outside the cell via magnetic coupling that
allows for the rigorous control of the mass transport in the
cell (Figure 2). The cell’s cap carries the electrical connec-
tions and is designed to reduce the headspace above the
electrolyte in the working electrode compartment. The cap
for the working electrode compartment has three threaded
ports to accommodate leak-free gas fittings (Swagelok).
One of these ports is connected to a glass frit for the feed-
ing of the CH, into the working electrode compartment,
bringing in the gas feed and bubbling it directly into the
electrolyte ensuring a high surface area for contact be-
tween the gas and the electrolyte and the consequent sat-
uration of the liquid with dissolved methane. A second
port serves as the gas outlet which transfers gaseous prod-
ucts out to the gas chromatogram (GC) connected to the
RCE cell for the on-line detection and quantification of
gaseous products. The last threaded port is used to draw
out liquid aliquots for further quantification of liquid prod-
ucts via nuclear magnetic resonance (NMR). This port is
also used to measure the electrolyte temperature at inter-
vals during an experiment. In all experiments involving
methane partial oxidation, methane is also bubbled in the
counter electrode compartment. This is to keep similar gas
environments in both cell compartments thus suppressing
dissolved gas crossover. Hex screws that go through the en-
tire lower compartments and nuts are used to compress
and seal the cell. A cooling block with a heat-exchange area
of 16 cm” is positioned below the bottom of the RCE work-
ing electrode chamber for temperature control. Liquid
products accumulate in the cell over time and thus aliquots
are drawn out at intervals of 20 minutes for analysis using
a 500 MHz NMR.

Reactor kinetics. In methane partial oxidation experi-
ments, we measure reactor kinetics and not reaction kinet-
ics. The reactor kinetics in the RCE cell cannot be classified
as either being of a batch, semi-batch or flow type. On one
hand, a flow type reactor assumes low back mixing so that
concentration gradients are a function of position along
the flow path and it also assumes that these concentrations

are not a function of time. Despite the continuous flow of
gas in the RCE cell, liquid products accumulate in the elec-
trolyte while some gas products are stripped away (i.e. O,)
and others of acidic nature such as CO, are absorbed in the
alkaline electrolyte in the form of carbonates. A batch type
reactor, on the other hand, assumes that the concentration
is not a function of position but only a function of time.
Our reactor system has a 3-dimmensional distribution of
reactants, products and charge carriers that fluctuate as a
function of time (vide infra). Therefore, the reaction kinet-
ics in our reaction system are those of a gastight rotating
cylinder electrode cell with accumulation of products and
intermediates in the liquid phase of the cell. We have re-
cently reported a detailed analysis of the hydrodynamics in
these systems and how these affect reactor kinetics in Jang
et al.”” and Richard et al.®® At the electrode/electrolyte in-
terface, the reactor kinetics are better described by a con-
tinuously-stirred tank reactor (CSTR) approximation that
captures the accumulation of products and their residence
time near the surface of the electrode as well as the high
local conversion of methane as external mass transport
limits the supply of methane to the surface of the catalyst.
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Figure 2. Schematic of the gas-tight electrochemical cell with
arotating cylinder electrode. Adapted with permission.”” Cop-
yright 2022 Wiley.

Electrochemical measurements. Prior to setting up of
the cell, transition metal (oxy)hydroxides were freshly
electrodeposited on a titanium cylinder electrode and
rinsed thoroughly with deionized water. A three-electrode
gas-tight rotation cell setup was used in all electrocatalytic
measurements with the cylinder as the working electrode,
a 5.8 cm® platinum foil (Pt, 0.1 mm thick, 99.99% metal ba-
sis, Alfa Aesar) as the counter electrode, a Ag/AgCl/1 M
electrode (CH Instruments, Inc.) as the reference elec-
trode, and a solution of 0.1 M potassium carbonate at a pH
of 11.68-11.72 (K,CO;, Sigma Aldrich, 99.995% trace metals
basis) as the electrolyte. After assembling the cell, the cir-
culating bath was used to control and equilibrate the elec-
trolyte temperature inside the working electrode compart-
ment. Before electrochemical measurements, high purity
argon gas (Ar, Airgas 99.999%) as the inert gas or methane



gas (CH,, Airgas 99.999%) as the reactant was flowed at a
rate of 20 scem for 30 Minutes in both the working and
counter electrode compartments to prepare the gas satu-
rated environments for electrochemical testing. These gas
flow rates were maintained throughout the entirety of the
electrochemical measurements. In control experiments
used to understand the role of carbonate ions, instead of a
0.1 M potassium carbonate solution, a 01 M KClO4
(299.99% trace metal basis, Sigma-Aldrich) electrolyte ad-
justed to a pH of 11.8 was used.

In the electrochemical measurements, the uncompensated
resistance was determined from the system response at the
high frequency (f > 100 kHz) during electrochemical im-
pedance spectroscopy (EIS) measurements. The potential
drop across the resistance of the solution from the refer-
ence electrode to the cylinder electrode was accordingly
corrected. The electrochemical response of the various cat-
alysts was determined by cyclic voltammetry at the scan
rate of 10 mV s™. The long-term electrochemical oxidation
of methane was conducted in the RCE cell using chrono-
amperometry. The overall duration of chronoamperometry
was 120 minutes for the electrochemical partial oxidation
of methane and multiple gas and liquid samples were taken
to quantify products. The specific time of sampling is dis-
cussed and shown in the following results and discussion
section. Some of the most relevant electrochemical exper-
iments and control experiments were run by duplicate or
triplicate to generate statistically significant results. Exper-
iments that were carried only once are shown without
standard deviation bars in this manuscript.

Physical characterization. Morphology and microstruc-
ture analysis of the catalyst on the cylinder electrode was
carried out using scanning electron microscopy (SEM,
JEOL JSM 6700 F). X-ray photoelectron spectroscopy (XPS)
measurements were obtained using a Kratos Axis Ultra
DLD spectrometer with a monochromatic Al Ka X-ray
source (A = 1486.6 eV) to determine element composition
of the different electrodeposited catalysts as well as their
oxidation state before and after testing.

Product detection and quantification. A gas chromato-
graph (GC) (8610C, SRI Instruments) was used for the de-
tection and quantification of gas products. In methane par-
tial oxidation experiments, the gas environment in the
headspace of the cell was allowed to equilibrate and the
first injection to the GC was made 20 minutes after the be-
ginning of chronoamperometry measurements. Following
injections were made at a 20-minute interval. Each GC run
consisted of 14 minutes of running time and 6 minutes of
cool-down between samples. Therefore, the gas product
was sampled after 20, 40, 60, 80, 100, and 120 minutes after
the beginning of the electrolysis, and each injection was
used to calculate the Faradaic efficiency towards oxygen
and CO and COz2 products when generated. The detection
limit for the detection of oxygen, CO and COx2 gases is 250,
1and 2 pA cm™, respectively.

Nuclear magnetic resonance spectroscopy (1D 'H NMR 500
MHz with cryoprobe, Bruker) was used for the detection
and quantification of liquid products. During the methane
partial oxidation experiments, liquid aliquots were also
collected at 20 minutes intervals (at o, 20, 40, 60, 80, 100,
and 120 minutes of electrolysis). Phenol (299.5%, Sigma-

Aldrich) and dimethyl sulfoxide (DMSO, 299.9%, Sigma-
Aldrich) were used as the internal standard for the quanti-
fication of liquid products. The internal standard was pre-
pared by making a 52.5 mM of phenol and 2.1 mM of DMSO
solution in deuterium oxide (D20, 99.9%, EMD Millipore).
Calibration of the NMR signals was done by calculating the
ratio of the integration value of the signals for the different
protons and the external standards for standard solutions
containing known concentrations of each product. To
quantify methanol partial oxidation products, all samples
were prepared by pipetting 35 pL of the internal standard
and 700 pL of the liquid aliquot into a new NMR tube.
From the resulting 1D 'H NMR spectra, the signal areas
were normalized by that of DMSO, and the normalized sig-
nal areas were compared to the standard curve to calculate
concentrations of liquid products during the partial me-
thane oxidation reaction. The calibration curve for metha-
nol is shown in Figure Sz as an example of the calibration
curves obtained. Similar calibration curves were obtained
for acetate and other potential products including formate,
ethanol and propanol. The limit of quantification for meth-
anol is 2.5 uM and is defined as the concentration at which
the signal to noise (S/N) ratio is 10 while the limit of detec-
tion is 0.83 uM defined as the concentration at which the
S/N ratio is 3.3. 128 scans were used for the acquisition of
each NMR spectra.

THEORETICAL SECTION

The Vienna ab initio simulation package (VASP), version
5.4.4,°°3° with the PBE GGA functional, * was used to im-
plement periodic density functional theory (DFT) for all
calculations. The projector augmented plane-wave (PAW)
method was used to describe the electron-nuclei interac-
tion. Oxide catalyst surface were modelled with periodic
slabs, with supercell vectors of size 5.75 A and a 4x4x1
Monkhorst-Pack grid was used for the k-point sampling of
the first Brillouin zone. The cut-off energy for the plane
wave was set at 600 eV, and the energy convergence
threshold for the self-consistent-field (SCF) cycles was set
at 10 eV per cell. Dispersion interactions were included
according to the dDsC correction.*™*

Since B-CoOOH (R3m space group) was found to be the
cobalt oxide phase that was most active under alkaline pH
and oxidative circumstances, preliminary bulk full relaxa-
tion was conducted on this compound.* *** According to
Bajdich et al.,* the reference surface slab was taken as a 2x2
supercell of the primitive surface cell cut from bulk -
CoOOH in the most active (10-14) direction. Surface de-
fects on CoOOH could potentially play a role in catalytic
activity, however, we did not consider them in our study
as, in the absence of experimental information, this would
require a comprehensive and involved systematic investi-
gation, and our focus is on the dominant active site for me-
thane transformation which is the 10-14 surface of CoOOH.
Convergence in the adsorption energies and recovery of
the bulk magnetic ordering of the center layers was ob-
tained with a minimum thickness of four Co oxide layers
and 30 A of vacuum. To complete their octahedral coordi-
nation shell, each surface Co atom was liganded with one
hydroxyl group, which would be expected in electrochem-
ical conditions under liquid water.* ¥ All model slabs



show two identical surface and present an inversion sym-
metry to cancel any dipole moment in the perpendicular
direction. Only the outer atoms were allowed to relax dur-
ing the surface geometry relaxations; the inside atoms (in
a 2 A large intermediate layer) and cell parameters re-
mained fixed at the values established for the bulk f-
CoOOH. These relaxations were continued until the resid-
ual forces were less than 0.02 eV A™. A Fermi smearing of
0.026 €V, or 298 K in temperature, was used to calculate
the electronic occupancies. To better describe the elec-
tronic structure of this high electronic correlation material,
a model Hubbard Hamiltonian (designated + U) was in-
cluded in the calculations. On the basis of previous works,
the formalism proposed by Dudarev et al.*® was used,
along with the U-J value of 3.52 eV for the cobalt 3d elec-
trons. "™

Accounting for solvation effects was achieved by exploiting
an implicit solvation model as implemented by Hennig and
co-workers under the name VASPsol.*> The influence of
the electrochemical potential was included using the sur-
face-charging method, with an implicit modelling of the
electrolyte based on the linearized Poisson-Boltzmann
(PB) equation.””* In contrast to the initial surface charging
approach, which relies on a homogeneous background
charge,” this electrolyte distribution balances the surface
charge without the need for any correction terms. Hajar et
al. have provided a more thorough explanation of the com-
pared methods.”

Because we are dealing with a grand canonical description
of the electrons from the surface charging methods, the en-
ergies reported in this work are free energies. The influence
of the change in zero-point energy (ZPE) was found to be
small in other works.*” ¥ Therefore, considering the num-
ber of intermediates, the influence of ZPE was not com-
puted here.

RESULTS

The results section of this manuscript is organized in the
chronological order in which we approached the research
of methane oxidation catalysts. First, we determine the
maximum methane oxidation rates achievable in our RCE
cell based on the well-defined transport properties of our
system. We also establish what are the maximum partial
current densities for methanol and accordingly, the quan-
tification limit of the analytical tools needed to measure
methanol production in our cell. Second, we describe the
deposition and physical characterization of the thin-film
transition metal (oxy)hydroxides. Third, we describe the
catalytic activity of transition metal (oxy)hydroxides for
the partial electrochemical oxidation of methane and the
results obtained during the systematic interrogation of
these materials to separate the transport, electrochemical
and thermochemical contributions to the experimental
performance. Finally, we present our DFT study of the re-
action mechanism and potential dependence, and show
that there is an optimal window of potential for selective
methanol oxidation.

Determination of maximum methanol production
rates. In our RCE cell, the film transfer coefficient for any
molecule or ion can be calculated from the Sherwood num-
ber Shgcp which is given by the relation in Equation 1”7 %

where Re and Sc are the Reynolds and Schmidt numbers,
respectively. The average deviation from the experimen-
tally measured Sh number with the general correlation in
Equation (1) is +7.7% for Re>500. At lower Re numbers for
the RCE system, the background convection by the bub-
bling of the gas dominates mass transport to the surface of
the electrode.”

Shpep = #’"w = 0.204Repc;%°Sc033 (1)

At a temperature of 17 °C utilized in most of the experi-
ments in this work, the concentration of methane in solu-
tion at an overhead pressure of 1 atm of CH, is 1.6 mM.
When the cylinder electrode is rotated between 100 and
800 rpm (corresponding to Shg.r numbers for methane of
87 and 295), the mass transport limited flowrates of me-
thane to the surface of the electrode Jy4 ma are between
1.9 and 6.3 x10° mol cm™ s™ (Figure 3, top panel). At these
methane transport rates, the maximum partial current
densities for the partial oxidation of methane to methanol
Jcuzon, max» assuming a two electron oxidation process,
ranges between 0.36 and 1.22 mA cm™ (Figure 3, middle
panel). The low partial current densities are to be expected
as mass transport to the electrode is limited by external
mass transport of methane from the bulk of the electrolyte,
and because methane is one of the less soluble gases in wa-
ter.
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Figure 3. Mass transport limited methane partial oxidation
JcHa, max With the corresponding maximum partial current
densities for methanol jcy30p, max and the maximum metha-
nol concentration change in the electrolyte between liquid
samples collected every 20 minutes ACcy3op, 20 min-




In the RCE cell, a compromise is made between obtaining
high partial current densities for methane to methanol ox-
idation and decoupling transport effects from intrinsic ki-
netics. Because the cylinder electrode active area is 3 cm®
and the volume of electrolyte in the cathode compartment
is 84 mL, the maximum change in concentration of meth-
anol that can be measured over a liquid sampling interval
of 20 minutes AC¢y30py, 20 min 1S Detween 54 and 270 uM
(Figure 3, bottom panel) for electrodes rotated at speeds
between o and 8oo rpm, respectively. This would imply
that all methane reaching the electrode is transformed se-
lectively to methanol, which is not typically observed. The
500 MHz NMR utilized for methanol quantification has a
limit of detection of 0.8 uM and thus is sensitive enough to
quantify methanol products in our experimental setup.
Other techniques such as HPLC, have quantification limits
in the order of 1 mM* and cannot be used to detect meth-
anol in our system. The use of HPLC for methanol quanti-
fication in our system would require an order of magnitude
larger electrode area to electrolyte volume ratio.

Electrodeposited transition metal (oxy)hydroxides.
Unary transition metal (oxy)hydroxides of CoO,, CuO,,
NiO,, FeO,, and MnO, were prepared by electrodeposition
as described in the experimental section.>* Scanning elec-
tron microscopy (SEM) was used to characterize the mor-
phology and microstructure of different transition metal
(oxy)hydroxides on the surface of the titanium substrate
(Figure S3) before and after electrochemical oxidation of
methane for 2 hours. The titanium substrate showed a rel-
atively flat surface after mechanical polishing and immer-
sion in the HCl solution to remove the surface oxide. Elec-
trodeposited cobalt (oxy)hydroxide shows the typical
dense film morphology observed for electrodeposited co-
balt oxides.>* Cracking of the films is observed upon drying
and the pulling of vacuum for electron microscopy. After
electrochemical testing over 2 hours, some of the cobalt
oxide film was lost (Figure S3b). The electrodeposited cop-
per oxide (Figure S3c) showed angular particles before ox-
idation with edges and corners closely packed on the sur-
face of the titanium substrate. The copper oxide film after
2 hours of testing appeared less densely packed while the
particle edges were still well defined. Nickel (oxy)hydrox-
ide (Figure S3d) exhibited a porous film morphology
formed by small nanoplates. This nanoplate morphology
was maintained after methane partial oxidation and is sim-
ilar to those obtained during electrodeposition of other
nickel (oxy)hydroxides.>* Manganese (oxy)hydroxide (Fig-
ure S3e) showed larger nanoplates compared to the nickel
oxide catalyst. The MnO, film also showed cracks upon
drying but maintains the nanoplate morphology. Iron
(oxy)hydroxide (Figure S3f) showed a porous structure in a
dense film similar to NiO, before oxidation, while its po-
rous microstructure could not be entirely resolved after ox-
idation. In general, the oxidatively electrodeposited transi-
tion metal (oxy)hydroxide films can be characterized as
porous thin films while CuO, is dense and nonporous. The
slight changes in morphology between before and after
testing are in line with changes observed for thin film tran-
sition metal oxides used for electrochemical water oxida-
tion, where some of the catalyst film is lost via dissolution
under the local acidic environments.>*>* The thickness of

the catalyst films varies between a few nanometers for the
films deposited with only 5 LSVs to a few hundred nanome-
ters for the films deposited with 100 LSVs. The maximum
catalyst loading achieved by oxidative electrodeposition is
of less than 100 ug per cm” as determined by electrochem-
ical quartz crystal microbalance measurements.>*

The chemical compositions of the titanium substrate and
the different transition metal oxides (CoO,, CuO,, NiO,,
MnO,, and FeO,) were determined using ex situ XPS (Fig-
ure S4). The titanium substrate signal is non-existent or
very small compared to the XPS signal from the various
metal (oxy)hydroxides indicating the conformal deposi-
tion of the catalysts over the cylinder geometry in the form
of unary metal (oxy)hydroxides. The XPS signal from all
the catalyst deposited via oxidative electrodeposition re-
main unchanged after testing indicating that the electro-
deposited form of the (oxy)hydroxides is identical to that
active for water and methane oxidation (Figure Ss5). Only
CuO, changes before and after testing as this catalyst is de-
posited via reductive electrodeposition. The titanium sub-
strate showed signals of both metallic titanium and TiO,.
The Co 2p signal from the as-deposited and after testing
CoO, catalyst corresponds to that of cobalt in CoOOH. The
acetate to cobalt ratio before and after testing does not
change significantly and is in a ratio of 1 to 0.6-0.7 (Figure
S5). The Ni 2p;, signal from the as-deposited and after test-
ing NiO, electrocatalyst has a Binding energy of 856 eV cor-
responding to high oxidations states of +3. The presence of
oxide and hydroxide signals in the O 1s region indicate that
the NiO, is better described as a NiOOH. The layered
nickel (oxy)hydroxide accumulates acetate in the inter-
layer spacing and the Ni to acetate ratio is of 1 to 0.6 in the
as-prepared material and decreases to 1 to 0.3 after pro-
longed testing for methane partial oxidation. The high
binding energy of the Mn 2p signal (642.5 eV) in the MnOy
catalyst indicates the high valence oxidation state of the
Mn atom and remains similar before and after testing. The
acetate content in the MnO, catalyst is lower than in the
other electrodeposited oxides and has a ratio of Mn to ac-
etate of 1to 0.3 before testing and decreases to 1 to 0.15 after
prolonged methane electrochemical oxidation. After test-
ing, K 2p signals are evident for the MnO, and CuO, sam-
ples despite washing of the electrode with abundant deion-
ized water. The FeO, catalyst is deposited in the form of
FeOOH with an Fe to acetate ratio of 1 to 0.2. This ratio
remains constant even after testing for methane oxidation.
The Cu 2p signal of the as-deposited CuO, catalyst corre-
sponds to that of Cu,O while that after testing corresponds
to CuO. The resting oxidation states of the metal (oxy)hy-
droxides after testing are thus +2 for CuOj, +2/+3 for NiO,,
+2/+3 for the CoO,, +3 for the FeO,, and +3 for the MnO,.
The open circuit potential for the catalyst films after me-
thane oxidation is between 0.6 and 0.7 V vs SHE.

Electrocatalytic performances for partial methane ox-
idation. The electrocatalytic activities of different transi-
tion metal oxides for the electrochemical partial oxidation
of methane were studied in 0.1 M K,CO;. Figure S6 and Sy
shows the potential vs current response of the (oxy)hy-
droxides electrodeposited by 100 and 5 LSV cycles, respec-
tively. Under high catalyst loading (100 LSV cycles), CoO,



was found to be the most active among these electrocata-
lysts. CuO, was the second most active electrocatalyst. Alt-
hough NiO,, MnOj, and FeO, are less active, their electro-
catalytic performances are still higher than the titanium
cylinder electrode substrate. The low activity of the MnO,
and FeOj catalysts might be due to the high catalyst load-
ings and high film thickness which results in a non-con-
ductive film.>* > When lower catalyst loadings (5 LSV cy-
cles) were used, CoO, was still the most active catalyst (Fig-
ure S7) although the current densities are more than an or-
der of magnitude lower compared to the film deposited us-
ing 100 LSV cycles. At lower loading FeO, becomes the se-
cond most active electrocatalyst at high overpotentials
with an activity similar to that of the NiO, catalyst. MnO,,
on the other hand, shows a highly resistive behavior while
drawing oxidative currents already at less positive poten-
tials compared to the other transition metal (oxy)hydrox-
ides. All the electrocatalysts show higher current densities
than the titanium substrate. No efforts have been made
here in normalizing activity to the electrochemical surface
area (ECSA), as the ECSA cannot be determined in a relia-
ble manner on the titanium cylinder substrate. The cur-
rent-potential response of the various transition metal
(oxy)hydroxide films does not change significantly under
an Ar or CH, atmosphere although the open circuit poten-
tials become a few millivolts less positive when the gas at-
mosphere is changed from Ar to CH,. Figure S8 shows a
representative current-potential response for a CoO, film
under a CH, and Ar atmosphere.

Product analysis of electrochemical methane oxida-
tion reaction. Product analysis using NMR shows metha-
nol and acetate are the major products during the electro-
chemical partial oxidation of methane on the various tran-
sition metal (oxy)hydroxides at a potential of 1.06 V vs SHE
(Figure 4). By collecting and analyzing samples at 20-min
intervals, we have observed fluctuations in the concentra-
tion of the liquid products over time. These fluctuations
reveal the dynamic nature of partial oxidation studies in
the RCE cell as the produced methanol accumulates in the
bulk of the electrolyte and can be further oxidized over
time.

Two different thickness of the various transition metals
were tested. Catalysts deposited using more linear sweep
cycles result in lower methanol and acetate concentrations
at the same applied potential. Methanol production for
films prepared by 100 LSV cycles of the different oxides are
shown in Figure Sg. Among all the electrocatalysts tested,
Co0O,, NiO,, MnO,, and CuOj are found to be active to pro-
duce methanol and acetate while FeO, produces O, and
the titanium substrate (TiOy) is largely inactive. Although
the FeO, catalyst can generate reactive oxygen species and
evolve oxygen, the catalyst either does not activate me-
thane or oxidizes it completely to CO, which cannot be
measured accurately in our system due to the dissolution
of CO, in the alkaline carbonate electrolyte and the ubig-
uitous CO, background signal from the CO, and carbonate
buffer equilibrium observed in the GC. Measurement of
the electrolyte pH before and after testing shows a de-
crease in pH of between 0.08 and 0.1 pH units when me-
thane is the reactive gas for all the transition metals includ-
ing FeO,. This pH drop is not observed when Ar is flowed

through the cell in control electrolysis experiments even
when the current densities are similar. The decrease in pH
in the Ar control electrolysis experiments is below o0.01 pH
units and within the pH meter experimental error. This
suggest that methane is indeed oxidized on all the transi-
tion metal oxides under the applied potential of 1.06 V vs
SHE although no significant amounts of methanol are ob-
served for the FeO, film. We have not made any attempts
to quantify CO, from the decrease in pH in the electrolyte.
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Figure 4. Production distributions of methanol and acetate on
different transition metal oxides, TiO,, MnO,, FeO,, CoO,,
NiO,, and CuO,, for electrochemical methane oxidation reac-
tion at multiple reaction times (20 minutes intervals) within
two-hours experiments using chronoamperometry performed
at 1.06 V vs SHE under rotational speed: 8oo rpm, catalyst
loading: 5 cycles of linear sweep voltammetry, and tempera-
ture: 17°C.

Interestingly, at the beginning of the methane partial oxi-
dation experiments (t=0 min), methanol and acetate are al-
ready detected although at low concentrations indicating
that the production of methanol and acetate is thermody-
namically favorable even before the application of oxida-
tive potentials due to the likely participation of thermal re-
actions between the methane and the electrodeposited
metal (oxy)hydroxide. Figure 5 shows the 'H NMR spectra
as a function of time for two experiments carried out at two
different potentials for a CoO, catalyst. Before the start of
the chronoamperometry experiments, a similar amount of
acetate and methanol can be observed in both experi-
ments. These products come from the chemical reaction of
methane with the electrodeposited film. At a less negative
applied potential of 0.8 V vs SHE (Figure 5a), the methanol
concentration remains low and fluctuates over time alt-
hough the changes in concentration are not significant



while the acetate concentration increases over the first 60
minutes of the experiment and then decreases to reach
again a second maximum at the end of the experiment.

At higher applied potentials of 1.06 V vs SHE (Figure 5b),
the acetate concentration remained low over the duration
of the experiment while the methanol concentration in-
creased and also reached a maximum at 60 min. The meth-
anol concentration then decreased almost to the initial val-
ues and then increased again for the last sample at 120 min.
The generation of methanol and further oxidation makes
the determination of faradaic efficiencies difficult as the
net rates of methanol formation cannot be measured.
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Figure 5. NMR spectra for liquid products of electrochemical
partial oxidation of methane on electrodeposited CoO, taken
at 20-minute interval (a) under an applied potential: 0.8 V vs.
SHE, rotational speed: 800 rpm, catalyst loading: 100 LSV, and
temperature: 17°C and (b) under an applied potential: 1.06 V
vs. SHE, rotational speed: 8oorpm, catalyst loading: 5 LSV, and
temperature: 17°C.

Control experiments to separate thermal from elec-
trochemical contributions and potential contamina-
tion. Our first reaction after observing methanol and ace-
tate before the application of any electrochemical bias was
to check for potential sample contaminations. Seeing also
methanol and acetate across most of the oxides tested
prompted us to run additional control experiments. The
electrodeposition bath for the oxides contained acetate so
we set out to determine whether the acetate observed
could come from the deposition bath and if that was the
case, what concentrations could be expected. To quantify
acetate carried over from the electrodeposition bath to the
catalytic experiments, we dissolved three different freshly
prepared cobalt oxide films (deposited using 100 LSVs)
each in 2 mL of 2 M HCl and diluted the resulting solution
with electrolyte until reaching the same volume as that

used in the working electrode compartment of the RCE
cell. We then proceeded to carry out NMR the same as any
of the other samples. Figure Si0a shows the result of the
NMR quantification for the three dissolved CoOj films. In-
deed, concentration as high as 4 uM of acetate can be as-
signed to acetate trapped in the CoO, catalyst film during
electrodeposition. Importantly, no methanol was observed
in the dissolved films indicating that the methanol ob-
served before the start of the experiments comes from the
reaction of methane with the catalyst film and is not due
to any potential contamination arising from the liquid
product quantification process. For comparison, depend-
ing on the applied potential, acetate concentrations as high
as 17 uM were observed in the methane partial oxidation
experiments for the CoO, electrocatalysts deposited by 100
LSV (Figure 6a). These are concentrations almost 4 times
higher than those that could be assigned to the acetate
from the electrodeposition bath. NMR samples were also
collected for constant potential experiments under Ar flow
(Figures S10b and S1oc) as a function of time. Traces of ac-
etate were observed for the Ar control experiments in
agreement with the acetate concentrations expected to
come from the catalyst electrodeposition bath while meth-
anol was not observed. Figure Siob shows a representative
NMR spectra for control experiments run under an Ar at-
mosphere at an applied potential of 0.86 V vs SHE. The ab-
sence of the methanol signal in the NMR spectra confirms
that methanol is only produced when methane is present
in the system. Control experiments under Ar were run in
triplicate and the average concentration of acetate as a
function of time was averaged and plotted in Figure Sioc.
Concentrations of acetate below 5 uM at the beginning of
the experiment and over the two hours of experiment un-
der Ar flow can thus be assigned to acetate from the elec-
trodeposition bath.

Since methanol is not generated in experiments carried out
without the use of methane, we proceeded to understand
the origin of the methanol observed at the start of each ex-
periment before the application of potential. Indeed, ther-
mal reaction of methane with surface oxides has been sug-
gested as the rate limiting step in methane activation even
for electrochemical based reactions with minimal applied
potential dependence.” The large number of reports that
imply faradaic efficiencies for methane partial oxidation
above 100% also lead us to think that methane can be
chemically reacting with activated oxide sites in the cata-
lyst film. To determine whether this is unique to our oxi-
dative electrodeposited catalysts, we ended the linear
sweeps used during electrodeposition not at the most pos-
itive potential of 1.1 V vs Ag/AgCl but at the less anodic po-
tential of 0.8 V vs Ag/AgCl where the electrodeposited
films are at a less oxidized state. It is well known that the
transition metal oxides of cobalt, copper, iron, manganese,
nickel and titanium are electrochromic and that these elec-
trochemically oxidized materials can store high oxidation
states over long periods of time. In effect, when the elec-
trodeposition of the film was ended at the less oxidative
potential of 0.8 V vs Ag/AgCl, these films did not show sig-
nificant methane oxidation products in control experi-
ments with no applied potential (Figure Sua). Concentra-
tions of methanol of just up to 5.6 uM were observed. In



comparison, when the electrodeposition of the film was
ended at 1.1 V vs Ag/AgCl, methanol concentration of up to
22 uM where observed for experiments with no applied po-
tential (Figure Sub). Importantly, the fluctuations in con-
centrations over time were also observed with methanol
disappearing after 80 minutes of experiment without any
applied potential. This indicates that the electrodeposited
films store high oxidation states and that these states are
trapped for periods of times long enough for the film to be
washed with deionized water and dried after electrodepo-
sition and left on the bench of the lab under an air envi-
ronment until the start of the methane oxidation experi-
ments in the RCE cell. Indeed, these oxidation states are
long lived and active enough to drive thermochemical me-
thane oxidation upon being put in contact with the dis-
solved methane. It is also likely that the only mechanism
for the reduction of the high valence oxidation states in the
electrodeposited films is by reacting with methane. For
comparison, Figure Siic shows three similar CoO, catalysts
tested at an applied potential of1.06 V vs SHE. Under these
conditions, concentrations of up to 53 uM are observed in
one of the experiments while in the other two experiments
the maximum methanol concentrations were 43 and 45
uM. Therefore, up to half of the methanol produced can be
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assigned to the thermal oxidation of methane by high oxi-
dation states in the as-prepared CoO, catalyst. We hypoth-
esize that this is not unique to our catalysts and could ex-
plain the Faradaic efficiencies of over 100% for methane
electrochemical oxidation observed in other systems. Non-
electrochemical transformation of methane to methanol
under open circuit conditions at temperatures of 300 °C or
higher have been previously reported to proceed via redox
cycles on transition metal oxides where methane is oxi-
dized by active oxygen species formed on the catalyst sur-
face.® The contribution of non-electrochemical methane
oxidation processes, however, is rarely considered as a pos-
sibility in ambient temperature electrochemical cells.

In order to gain a better fundamental insight of the elec-
trochemical and thermal steps involved in the partial oxi-
dation of methane, the effects of various factors including
applied potential, operating temperature, catalyst loading,
electrolyte compositions, and rotational speed on metha-
nol selectivity were systematically studied. Since cobalt ox-
ide (CoOy) is a well-known catalyst with methane partial
oxidation activity, well-characterized redox properties,
and active oxygen species,” > we have selected it as a pro-
totypical electrocatalyst to understand mass, charge and
heat transport phenomena involved in methane partial ox-
idation.
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Figure 6. Production distributions of methanol and acetate on cobalt oxides, CoOx, for the electrochemical partial oxidation of
methane at multiple reaction times (20 minutes intervals) within two-hours experiments using chronoamperometry performed at
different applied potentials: 0.8, 0.86, 0.96, 1.06, 1.16, and 1.26 V vs SHE under rotational speed: 8oorpms, temperature: 17°C with
(a) catalyst loading: 5 cycles of linear sweep voltammetry and (b) catalyst loading: 100 cycles of linear sweep voltammetry.

Catalyst loading (porosity). In our setup, the amount of
electrodeposited transition metal (oxy)hydroxides can be
controlled by changing the number of electrodeposition

cycles.* The loadings of the catalytic film as well as its mor-
phology and conductivity is expected to affect the degree
of electrochemical oxidation of methane and its overoxida-
tion. Higher porosity is expected to increase the tortuosity



for the transport of methanol out of the catalyst film. Two
different catalyst loadings (deposited by 5 and 100 LSVs)
were used to explore the relationship between methanol
selectivity and mass and charge transport phenomena
within the catalyst film.

Low catalyst loadings corresponding to thinner catalyst
films require applied potentials of at least 0.96 V vs SHE to
activate methane and accumulate methanol in the RCE cell
at concentrations of at least 10uM (Figure 6b). At less oxi-
dative potentials (0.8~0.86 V), only trace amounts of meth-
anol and acetate are detected. The detection of appreciable
amounts of methanol only occur at potentials of 0.96 to 1.16
V vs SHE, and more positive potentials lead to the overox-
idation of methanol. In comparison, the thicker catalyst
film obtained through the deposition of the CoO, film with
100 LSV required more modest potentials (0.8~0.86 V vs
SHE) to activate and oxidize methane (Figure 6a). As the
potential was biased to more oxidative windows, the con-
centration of methanol and acetate substantially decreased
until methanol is only present at trace amounts. The onset
for the oxygen evolution reaction also requires lower over-
potentials for the thicker films in agreement with the OER
literature where cobalt has been shown to be active across
the bulk phase of the catalyst film.”” >® Therefore, thicker
catalyst films or more catalyst loadings lead to both faster
methane activation at low overpotentials as well as higher
methanol overoxidation at high overpotentials. Higher
overoxidation of methanol at potentials of 1.06 V vs SHE
for the thicker film compared to the thinner film is due to
the highly porous structures and thus the longer paths for
methanol to exit the thicker catalyst layer. The trapping of
bubbles on the catalyst films was not observed at the po-
tentials tested. In any future application, an optimal point
between applied potential and catalyst thickness must be
determined for porous transition metal (oxy)hydroxides if
these are to be used as catalyst for the methane to metha-
nol transformation.

Applied potential. The driving force for the partial oxida-
tion of methane and the overoxidation of methanol
changes as the applied potential is increased. At low ap-
plied potentials of around 0.8 V vs SHE, acetate is prefer-
entially accumulated in the electrochemical cell for the
thicker CoO, films (Figure 6a). This indicates that although
the activation of methane occurs readily, the activated me-
thane intermediate likely reacts with the carbonate or the
CO, generated from the complete oxidation of methane to
produce acetate. At potentials higher than 0.86 V vs SHE,
the selectivity changes to methanol reaching a maximum
accumulation of methanol at intermediate overpotentials.
Higher overpotentials lead to the complete oxidation of
methanol as corroborated by the decrease in the pH at the
end of the experiments while the pH does not change in
experiments under Ar flow. Higher applied potentials in-
deed modify the density of high valence oxidation states
available for catalysis which are also needed to conduct
charges in the porous transition metal (oxy)hydroxide
films. Therefore, electrochemical partial oxidation of me-
thane to methanol should be more favorable at relatively
intermediate overpotentials where enough of the higher
oxidation states of the catalysts are present on the surface

of the catalyst but before the oxygen evolution reaction be-
comes dominant at high overpotentials.

Electrolyte composition. An emerging question is
whether carbonate ions fulfill the role of mild oxidants and
oxygen atom donors during the oxidation of methane. To
determine if carbonate ions are indeed needed for the oxi-
dation of methane to acetate and methanol, control exper-
iments were carried out in a potassium perchlorate elec-
trolyte with pH adjusted to that of the carbonate electro-
lytes (pH=11.8). Figure S12 shows the product distributions
at two potentials for a 100 LSV CoO, film. The production
of acetate and methanol is similar as those in experiments
with the carbonate electrolyte. Therefore, is safe to con-
clude that carbonate ions are not the predominant oxygen
donor sources during methane electrochemical partial ox-
idation in transition metal (oxy)hydroxides and are not in-
volved in the reaction mechanism.

Rotation speed. The RCE cell allows the study of electro-
catalytic reactions under well characterized mass
transport. The effect of the rotation of the electrode in the
methane partial oxidation rates has also been considered
here. By tuning the rotation of the electrode, mass
transport can be systematically changed to modify the
thickness of the boundary layer for the transfer of reactants
and intermediates in and out of the electrocatalytic sur-
face.

As shown in Figure 7a, the highest concentrations of meth-
anol during the two-hours experiments at rotation speeds
of 0, 100, 400, and 800 rpms are 33, 42, 46, and 55 pM, re-
spectively. Lower rotation speeds or static electrodes are
limited by mass transport of methane to the electrode sur-
face which leads to the accumulation of lower concentra-
tions of methanol in the cell. However, the concentration
of the methanol accumulated in the cell remains rather
constant and does not fluctuate as much as for higher ro-
tation speeds. The electrolyte volume in the working elec-
trode compartment is 84 mL while the electrode area is just
3 cm®. Under low rotation speeds, the methanol accumu-
lated is not forced to pass by the electrode surface prevent-
ing its further oxidation. On the other hand, while higher
rotation speed contributes to higher methanol concentra-
tions by ameliorating the mass transport of methane to the
electrode, it also contributes to the faster further oxidation
of methanol resulting in large fluctuations in the methanol
concentrations observed as a function of time. The rather
constant concentration of methanol observed at low rota-
tions speeds is what would be expected in a system with
two consecutive reactions where the methanol is the reac-
tion intermediate. At some time, the rate of methanol pro-
duction should match that of methanol overoxidation and
reach a steady-state concentration. This makes the cyclic
nature of the concentration of methanol at higher rota-
tions speeds difficult to rationalize. An important metric
can still be obtained by measuring the maximum change in
methanol concentration in the 20 minutes sampling inter-
val as the maximum mass transport limited rate of metha-
nol production in the RCE cell under the different rota-
tions is well characterized as shown in Figure 3. At rota-
tions speeds of 100 rpm, equivalent to a Shycg ¢4 value of
87, changes in concentration of as much as 28 uM of meth-



anol are observed in the 20-minutes interval between sam-
ples which approaches half of the maximum methanol pro-
duction rate possible, indicating that close to 50% of the
methane reaching the surface of the electrode is trans-
formed effectively to methanol (Fig. 7b).
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Figure 7. (a) Production distributions on cobalt oxides, CoOx,
for electrochemical partial oxidation of methane at multiple
reaction times (20 minutes intervals) within two-hours exper-
iments using chronoamperometry performed at 1.06 V vs SHE
under different rotational speed: o, 100, 400, and 8oorpms,
catalyst loading: 5 LSV, and temperature: 17°C. Current vs po-
tential curves are shown in Figure Si4. (b) Experimental versus
maximum theoretical methanol accumulation rates (red dot-
ted line) in the RCE cell.

At this time, the reason for the fluctuation of the methanol
and acetate concentrations as a function of time is not
clear. Methanol is never observed in the cathode compart-
ment so we disregard the possibility for time dependent
transport or crossover of methane-derived species back
and forth between the anode and the cathode compart-
ments (Figure S13). Only trace amounts of acetate below
the limit of quantification are observed in the cathode
compartment as these charged species can be transported
through the anion conductive membrane. Acetate, how-
ever, is the minority charge carrier in the alkaline electro-
lyte. Computer fluid dynamics of the electrolyte in the RCE
cell indicate the formation of different convection zones in

the cell.® As expected, the energy introduced through the
rotation of the electrode is mostly dissipated within the hy-
drodynamic boundary layer of a few hundred micrometers
around the rotating cylinder electrode. Over time, this en-
ergy is transferred to the bulk of the electrolyte increasing
the convection in the cell. Convective patterns are dis-
rupted by the bubbling of methane inside the electrolyte
and by the interactions between the electrolyte and the
walls of the cell. The dissipation of mechanical energy in
the cell can indeed be reflected in the periodicity of the
changes in the concentration of products but at this time
these relations are purely speculative. Further multi-scale
modeling of the reactor is expected to shine light into the
relation between electrode rotation and product accumu-
lation. We highlight that understanding of mass transport
is of the outmost importance for the study of methane to
methanol systems. The study of the direct oxidation of me-
thane to methanol has been comprehensively investigated
over the past decade; however, little research has taken
mass transfer effects into account.
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Figure 8. Temperature dependence of the production distri-
butions of methanol and acetate on cobalt oxides, CoO,, for
electrochemical partial oxidation of methane. Samples are col-
lected at 20 minutes intervals within a two-hours experiment.
Chronoamperometry is performed at 1.06 V vs SHE under ro-
tational speed of 8oorpms, catalyst loading: 5 cycles of linear
sweep voltammetry, and different temperature: 7,17, and 27°C.
Current vs potential responses at various temperatures are
shown in Figure S15.

Operating temperature. The rate-limiting step in me-
thane electrochemical oxidation can be the regeneration of
the catalytic site, the transport of methane to the catalyst
surface, the thermal activation of the C-H bond and its hy-
droxylation, or the desorption and removal of the metha-
nol (Figure 1). Any of these processes is expected to be a
function of temperature as higher temperatures can in-
crease charge hoping in conductive oxides, the diffusion
coefficient of methane in liquids, as well as increase the
rates of methane activation and the endothermic desorp-
tion of methanol. Higher temperatures can also increase
the rate of methanol overoxidation and thus temperature
can be expected to have a complex effect on methane elec-
trocatalysis. Figure 8 shows the dependence of the product



distribution during the methane partial oxidation as a
function of temperature. Three different temperatures
were studied ranging from 7 to 27°C to try and understand
the role of thermal processes in the activation of methane
and the overoxidation of methanol. Linear sweep voltam-
metry of the CoO, catalyst at the different temperatures are
shown in Figure Si5. Higher temperatures correlate with
higher current densities. At a lower operating temperature
(7°C), the accumulation of methanol in the cell is lower po-
tentially due to slower kinetics for methane oxidation as
mass transport of methane to the surface at 8oo rpm is not
limiting. At lower temperature less thermal energy is avail-
able to overcome the activation barrier for C-H activation.
At higher temperatures, the solubility of methane in the
electrolyte decreases and could result in mass transport
limitations although the diffusion coefficient for methane
increases and the kinetics for both methane activation and
methanol overoxidation could also increase. At tempera-
tures of 17 and 27°C we indeed observed higher accumula-
tion of the methanol and acetate products with higher con-
centrations reached at the intermediate temperature of
17°C. Moderate temperatures could be optimal for the
transformation of methane to methanol to facilitate me-
thane activation while limiting methanol overoxidation.
The issue of the decrease in solubility of methane at higher
temperatures can be circumvented either through the use
of gas diffusion electrodes® or the application of higher
partial pressures of methane.

Reaction mechanism via DFT calculation. To under-
stand the mechanism during the electrocatalytic methane
oxidation process, DFT simulations were performed. The
reaction mechanism and thermodynamic analysis are
shown in Figure 9. The focus is on the main reaction path-
way for methane to methanol and CO,, while the side re-
action dealing with acetate formation was not explored as
it is the major product only in a very narrow potential win-
dow for the thicker CoOy film. Understanding the Cobalt
oxide stability in reaction conditions is the first step in this
process. CoOOH is the most stable phase for Cobalt oxide
that is observed in the potential range of U = 0.5 to 1.5 V vs
SHE at highly alkaline pH.* ** Therefore, we consider that
the catalyst is CoOOH as soon as the potential reaches 0.5
V vs SHE. Experimentally, the formation of CoOOOH was
achieved by activating the surface by performing CV meas-
urement and reaching potentials more positive than 0.5V
vs SHE. The open circuit potential for CoO, films after dep-
osition and electrochemical activation were indeed be-
tween 0.55 and 0.75 V vs SHE depending on the final po-
tential applied during the activation cycle. The open circuit
potentials also change upon the switch of the atmosphere
from argon to methane. The activated surface then can
perform partial oxidation of methane via the electrochem-
ical reaction between methane and high oxidation states of
the catalyst, even without an applied potential.
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Figure 9. Reaction mechanism and reaction energy diagram at (a) U = 0.5 V vs SHE (b) U = 1.1 V vs SHE. The top panel shows the
most favorable reactions at certain electrochemical potential windows. In the red box the CoOOH formation takes place starting
from 0.5 V vs SHE.** The yellow box shows methanol production in the potential range of 0.5 - 1V vs SHE after which the most
favorable reaction would be the overoxidation of methane to CO, competing with the oxygen evolution reaction starting from U

=13 V vs SHE. The reaction diagrams are evaluated at pH = 12.

Understanding the thermodynamic branching between
various reaction mechanisms when the electrochemical
potential is modified then becomes the primary objective
of this section of the work. As CoOOOH is only stable in the
potential range of 0.5 - 1.5 V vs SHE at alkaline pH we have

studied the various reactions in the same potential range.
From our calculations, three main reaction mechanism are
at play, the predominant one depending on the potential,
as shown in Figure 9:



(a) Selective methane oxidation to methanol.

*OH + CH, + OH™ — CH;0H + H,0 + e~ (2)
*CH50H + OH™ - CH;0H + "OH + e~ 3)
*CH30H + OH™ - *OCH; + H,0 + e~ (4)

In the initial potential window of 0.5 - 1 V vs SHE, where
methanol formation is favored, the first reaction step is to
activate the C—H bond of methane, and this happens elec-
trochemically on the hydroxyl group of the CoOOH sur-
face (Equation 2). Here, surface adsorbed species are la-
beled with an asterisk (). Figure g (yellow zone) shows the
reaction diagram of methane oxidation to methanol. At 0.5
V vs SHE (Figure 9a), we observe the electrochemical me-
thane activation to be thermodynamically favorable (-0.43
eV). This step (Equation 2) combines electrochemical acti-
vation of the C-H bond of methane with OH™ and con-
certed rebinding of the CH; fragment with a surface ad-
sorbed OH (*OH). The formed adsorbed *CH;OH on the
surface has two options (1) the CH;OH group on the sur-
face can desorb and the hydroxyl group on the surface can
be replenished electrochemically by hydroxyl ion to give
back the initial catalyst (CoOOH), represented in Equation
3. (2) the *CH,;OH can further oxidize to *OCH, (Equation
4). We have studied both possibilities and observe that the
selectivity between the two reaction is potential depend-
ent. At lower overpotential (< 1V vs SHE), electrochemical
desorption of methanol is thermodynamically favorable
(Figure 9a). As we move toward more positive potential (>
1 V vs SHE), the methanol oxidation to *OCH; becomes
more favorable. This can be seen on Figure gb, where the
potential (1.1 V) is just above 1 V, and the *OCH; species
(AGags= -1.59 €V) is becoming more stable than desorbed
methanol and hydroxylated CoOOOH surface site (-1.55 eV).
Increase in potential causes the H on the methanol at-
tached to the surface to become more acidic, which then
reacts with a OH" in the solution to produce *OCH, and
water, which actively encourages the oxidation of *CH,OH.
At 1V vs. SHE, the thermodynamic favorability of the two
reactions switches. Thus, thermodynamics informs us that
CoOOH behaves as an excellent catalyst for the selective
oxidation of methane into methanol at an intermediate
window of potential (0.5 -1V versus SHE), which is in good
agreement with our experimental observations.

(b) Methane overoxidation to CO,,.
*OCHs + OH™ - *OCH, + H,0 + e~ (5)

*OCH, — -+ —» €0, evolution

As already mentioned above, if we go towards a sufficiently
large overpotential, the surface methanol is overoxidized
to *OCH, (above 1V vs SHE, Figure g blue zone), *OCH,
then oxidizes to *OCH,, a step again thermodynamically
favorable (Equation 5). These are the first steps toward the

overoxidation of methane to CO, which is captured as car-
bonate in the alkaline electrolyte. The other favorable oxi-
dation steps after *OCH, were not explicitly calculated
here.

(c) Oxygen evolution reaction

*OH+O0H - "0+ H,0+e" (6)
04+ 0H - "00H + e~ (7)
*00H 4+ OH™ - "+ 0,4+ H,0 + e~ (8)
OH  + "> "OH +e” (9)

Finally, at sufficiently large overpotentials, we will observe
the oxygen revolution reaction which would be directly
competing with methane overoxidation to CO,. The reac-
tion mechanism for OER in alkaline conditions is given in
the Equations 6-9. OER reaction on CoOOH has been ex-
tensively studied in the literature.** We find that the OER
occurs at a potential on 1.28 V vs SHE in pH = 12 with the
rate determining step (RDS) as the desorption of O, (Equa-
tion 8). This matches very well with what has already been
reported by Curutchet et al.¥

The competition between the OER process and the me-
thane oxidation reaction for the active site is an essential
element to consider in the reaction condition. Methane ac-
tivation can interfere with OER intermediates at two dif-
ferent reaction stages. First, as seen above, surface *OH can
be used to form *OHCH, (Equation 2), preventing their
conversion into *O (Equation 6). Second, *O intermediates
might interact with methane and OH" to form *OCH,
(Equation 10), preventing the formation of *OOH (through
Equation 7).

*O0+CH,+0H™ - "OCH;+ H,0+ e~ (10)

Both reactions occur at high overpotentials and are ther-
modynamically favorable. For example, Equation 2 will
have a AG of -0.8 eV at a potential of 1.3 V vs SHE, but
Equation 6 will have a AG of -0.15 eV. Similarly, equation
10 will have a AG of -1.4eV at the same potential but equa-
tion 7 will only have a AG of -0.1 V. In any scenario, the
two competing reactions mentioned above will have a sig-
nificant impact on OER but have no impact on the for-
mation of methanol at moderate overpotentials.

RESULTS AND DISCUSSION

From a thermodynamic perspective, the electrochemical
partial oxidation of methane to methanol in alkaline elec-
trolytes (Equation 11) requires a relatively low oxidative po-
tential of only 0.18 V vs SHE at pH 14 compared to the ox-
ygen evolution reaction (OER, Equation 12) which requires
an additional 0.22V. Despite methane partial oxidation to
methanol being thermodynamically accessible in an elec-
trochemical cell, this reaction is kinetically difficult and re-
quires an adequate catalyst to reduce activation energy and
a large overpotential to drive measurable partial current



densities. Driving large enough currents often requires bi-
asing the electrode to oxidative potentials at which oxygen
evolution also takes place despite this reaction also being
kinetically slow.

CH,+20H™ = CH;0H + H,0 + 2¢” E° = 0.18V  (11)

20H™ = 0.50, + H,0 + 2e~ E° =040V (12)

At very high oxidative potentials, the oxygen evolution re-
action outcompetes the methane oxidation reaction and
oxygen or CO, are predominantly formed.” An often ig-
nored fact is that high overpotentials are also needed to
transport charges on porous oxide electrodes as these ma-
terials are electrically insulating and become conductive
only when the population of high oxidation states in the
catalyst film is high.>* ° This means that we cannot expect
to see methane activation until transition metal (oxy)hy-
droxides become oxidized and conductive.

The first point is to form on the catalyst surface the right
oxidation number at the considered transition metal for
electronic conductivity and methane oxidation. Figure 10
shows the ranges of applied potentials vs SHE at which
electrodeposited transition metal (oxy)hydroxides** ® be-
come conductive by changing the valence state from +2 to
+3 for the Co, Ni, Fe, and Mn (oxy)hydroxides in 1 M KOH.
At potentials positive of the water oxidation potential (0.4
V vs SHE in pH 14), many of these metal (oxy)hydroxides
enter higher oxidation states and become active for both
the methane partial oxidation reaction and the oxygen evo-
lution reaction requiring somewhere between 250 and 500
mV overpotential to sustain meaningful oxidative cur-
rents.>*

From a purely experimental perspective, the potential win-
dow between 0.5 and 1.0 V vs SHE is thus optimal to enable
any of the transition metal (oxy)hydroxides to be conduc-
tive while accessing a large population of metal-oxo sites
on the surface of the catalysts to activate and oxidize me-
thane. It must be noted, however, that the redox potentials
in Figure 10 and the rates of water oxidation are a function
of pH and will change in a different manner for each metal
(oxy)hydroxide relative to the o V vs SHE.*> That is, the on-
set of conductivity and the population of high oxidation
states on the surface of the catalyst during operation is a
complex function of the potential and the local pH. Based
on previous theoretical works for the activation of me-
thane,” ** and on the DFT results on CoOOH presented
here, we hypothesize that indeed various transition metal
oxides are active for the transformation of methane to
methanol at ambient and moderate temperatures provided
four conditions are met: 1) enough methane is supplied to
the catalyst surface, 2) the transition metal oxide is con-
ductive without the need of large overpotentials where
OER could become dominant, 3) the potential is low
enough so that methanol can be preferentially desorbed
versus the formation of methoxy and further oxidation,

and 4) the catalyst architecture and the transport proper-
ties of the cell allow methanol to be transported away from
the electrode before it can be further oxidized. Indeed, our
DFT calculations on CoOOH show for a potential below ~1
V, desorption of methanol coupled with adsorption of OH"
on the Co site is thermodynamically favored versus further
oxidation to methoxy, so that electrocatalytic oxidation
with the control of the potential could open a possibility of
selective formation of methanol. Moving to gas phase hu-
midified membrane electrode assemblies could be a viable
approach to electrochemical methane-to-methanol trans-
formation systems provided the four conditions above of
high methane transport, high metal oxide catalyst conduc-
tivity, fast methanol desorption relative to overoxidation,
and fast methanol product collection are met.*’
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Figure 10. Redox potentials experimentally measured for oxi-
datively electrodeposited transition metal (oxy)hydroxide in 1
M KOH.

We have shown here that partial oxidation of methane pro-
ceeds via the chemical reaction between methane and high
oxidation states of the catalyst, even without an applied
potential beyond the one needed to maintain the oxidation
state of the catalytic site. Faradaic efficiency may then no
longer be a good descriptor for selectivity in the partial ox-
idation of methane to methanol. We consider the follow-
ing steps for the partial oxidation of methane on metal-oxo
sites. At intermediate overpotentials (0.5 - 1 V vs SHE), the
methane is activated electrochemically by dissociation of a
C-H bond via reaction with a hydroxyl anion and concerted
rebinding with a hydroxyl located on the surface of the
electrode to form adsorbed methanol (Equation 2). Meth-
anol can desorb from the site, and this reaction is made
exothermic by a concerted electrochemical adsorption of
OH'. At larger overpotentials (1 -1.3 V), the hydroxyl group
attached to the methanol on the surface becomes acidic
leading to the formation of methoxy which subsequently
overoxidizes to CO, which is captured as carbonate in the
alkaline electrolyte. At even higher overpotentials (>1.3 V),
the oxygen evolution process becomes a competitive reac-
tion as well.



According to thermodynamics of the reactions, methane
overoxidation to CO, by methoxy formation would be pref-
erable over OER. A significantly greater methane concen-
tration might result in a drop in OER and an increase in
overoxidation since both processes utilize the same active
site. However, at moderate methane concentration not all
active sites would be occupied/deactivated by methoxy,
hence we would observe significant OER on the CoOOH
surface at large overpotentials.

CONCLUSIONS

In summary, we have demonstrated the use of electro-
chemical methods for the deposition of a family of thin-
film transition metal (oxy)hydroxides, which is a simple,
clean, and efficient strategy for the fabrication of elec-
trodes for the partial oxidation of methane to methanol in
a carbonate electrolyte. CoO,, NiO,, MnO, and CuO, are
active for the partial oxidation of methane to methanol
while FeO, oxidized methane entirely to CO, in the poten-
tials tested. Taking CoO, as a prototypical methane partial
oxidation electrocatalyst, the dependence of activity and
methanol selectivity on catalyst loading (porosity), applied
potential, temperature, and cell hydrodynamics were sys-
tematically investigated. Higher catalyst loading with
thicker films lead to more significant overoxidation of
methanol due to the highly porous structures and thus the
longer paths for methanol to exit the catalyst layer. Acetate
is a side-product at low overpotentials (0.8 V vs SHE) while
methanol is the favored product at medium overpotentials
(0.86~1.06 V vs SHE). This very interesting potential re-
gime where selective oxidation of methane to methanol is
seen is confirmed and explained by our DFT simulations.
We find an optimum potential window in which methane
activation forming methanol and methanol desorption are
both thermodynamically favorable on fully hydroxylated
CoOOH. Methanol desorption from the site is favored due
to the stabilizing concerted electrochemical adsorption of
a OH’ from the solution. The selectivity is hence explained
by competitive adsorption with hydroxide anion, which ex-
pels the methanol from the site, and by the transport of
methanol away from the electrode. High overpotentials
(above 116 V vs SHE) result in the overoxidation of the pro-
duced methanol to CO,, since electrooxidation of metha-
nol to methoxy becomes more favorable than its desorp-
tion, and the production of oxygen through OER. Similar
mechanisms for the production of methanol could be at
play on other unary transition metal (oxy)hydroxides and
need to be systematically studied through a combination
of experiments under well-defined transport conditions
and DFT simulations.

The temperature also plays an essential role in both me-
thane activation and overoxidation of the produced meth-
anol. High temperatures result in lower selectivity for
methanol likely to the increase in the rates of thermal steps
for both methane activation and methanol overoxidation,
as well as the increase in the OER activity and the decrease
in solubility of methane in the electrolyte. Higher rotation
speeds of the cylinder electrode increase turbulence in the
cell and decrease the cycling time of the accumulation and
overoxidation of methanol in the electrochemical cell.

More importantly, catalyst loading (porosity) and electro-
lyte convection are both correlated with the effect of mass
transfer, implying the importance of understanding mass
transport of the relevant species in partial oxidation stud-
ies of methane.

Through the use of the gas-tight rotating cylinder elec-
trode cell, unique conditions of hydrodynamics for the par-
tial oxidation of methane show the importance of the con-
trol on both kinetics and mass transfer of each step during
the reaction. Consequently, this work demonstrates elec-
trodeposition as a viable strategy for catalyst fabrication
and may pave the way for efficient strategies of catalyst
preparation for further studies of the electrochemical par-
tial oxidation of methane under ambient conditions as well
as well-defined conditions of mass, heat, and charge
transport.

The transition metal (oxy)hydroxide catalysts reported
here should enable the decentralized production of me-
thane to methanol utilizing electrochemical units engi-
neered for optimal methane delivery to the electrode sur-
face as well as rapid methanol product removal and collec-
tion. Modular electrochemical devices with advanced elec-
trode architectures for methane and methanol transport
can one day enable the efficient and decentralized partial
oxidation of methane to methanol at ambient tempera-
tures. In this work we have provided a first understanding
of how to tackle the design of these devices.
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