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Methane, the main component in natural gas, is widely utilized for energy consumption and production of
important chemicals. However, existing industrial processes for (direct or indirect) production of chemicals
from methane are capital-, energy-, and carbon-intensive. Alternatively, electrochemical partial oxidation
of methane to high-value fuels and feedstocks is gaining momentum globally due to its modular design,
adaptability with intermittent renewable energy, and operation in a wide range of temperatures and
pressures. As the prices of renewable electricity continue to drop, the electrochemical pathway for
methane valorization can potentially compete with century-old conventional processes if the target
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performance metrics can be achieved at scale. Herein, we review the recent advances in
electrochemical partial oxidation of methane to high-value fuels and feedstocks, with a focus on
mechanistic understanding and reaction engineering, i.e., the eﬀect of temperature, pressure, electrolyte,
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pH and reactor design. We conclude with some perspectives on the future development of this key
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research front.
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According to the U.S. Energy Information Administration,
natural gas has the highest production growth among fossil
fuels in the United States.1 With the declining cost of natural
gas due to the widespread use of hydraulic fracturing, specically in North America, its main component, methane (92%), is
gaining global traction. Apart from its traditional role in power
production, cooking, and heating, it is an essential building
block for synthesizing a wide range of chemicals via one-step or
multi-step processes. For example, methane is the major feedstock for the steam methane reforming (SMR) process for
industrial syngas or hydrogen production, which is an essential
chemical precursor for numerous industrial processes,
including Fischer–Tropsch, Haber–Bosch process, etc.2
However, the SMR process involves high temperature and
pressure and is energy-intensive with large amounts of associated carbon emissions. Furthermore, to reap economic benets
at scale, these processes need to operate at a large scale with
a typical plant size of 2000 to 3000 metric tons per day (MTD).
Consequently, this process requires billions of dollars of capital
investment and several years for commissioning. These challenges limit the application of such technologies for small-scale
and highly distributed production of high-value chemicals from
methane oxidation. Furthermore, it is a common practice to
directly vent or are methane from many oil and petroleum
plants due to the absence of any economically viable technology
to valorize methane. This leads to a vast waste of energy and
negative impact on our environment, with the negative
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Illustration of the diﬃculty in obtaining high selectivity towards
target products. Adapted with permission from ref. 10.

Fig. 2

Fig. 1 Comparison of the prices of diﬀerent oxygenates to that of
methane in 2020.1,4–6

environmental impact of methane being 25 times greater than
that of CO2 over a hundred-year period. Consequently, smallscale and modular production of high-value fuels or feedstocks
from methane at lower capital costs in comparison to traditional large-scale plants would be attractive to a broader range
of investors, including small businesses, entrepreneurs, and
project developers. Fig. 1 shows the comparison of the market
prices of methane and some of the potential high-value products that could be generated from the partial oxidation of
methane. Oxygenated chemicals have numerous industrial
applications. For example, methanol can be converted to
olens, the building blocks of many daily basis plastic products.3 Considering the liquid phase of the oxygenated products,
these compounds can easily be transported by leveraging the
existing infrastructure; thus, the challenges (i.e., liquefaction
cost and leakage of methane) associated with the transportation
of methane or syngas could be eliminated.
However, it has been proven to be extremely diﬃcult to
partially oxidize methane to oxygenated products due to the
following two reasons. Firstly, the non-polar structure of
methane requires high activation energy for C–H bond dissociation (439.3 kJ mol1).7 Secondly, once this high activation
energy is provided for C–H bond dissociation, the target
oxygenates, which are intermediate products, are easily activated and form thermodynamically more favorable COx products (Fig. 2).8–10 Consequently, the primary step towards direct
methane conversion is to seek catalysts that can selectively
activate the C–H bond and prevent further oxidation to COx.11
This has motivated a lot of researchers to design processes
and catalysts that facilitate the partial oxidation of methane to
oxygenated products (Fig. 3). Nonetheless, most of these
methods are still in their infancy and none have provided
a practical pathway for partial methane oxidation to date.12 For
example, catalytic processes, which are considered the most
promising approach for large scale implementation due to their
direct single-step conversion feature, have shown limited eﬃciency and a low yield of oxygenated products.13 On the other
hand, plasma technology, which has a simple and cost-eﬀective

15576 | J. Mater. Chem. A, 2020, 8, 15575–15590

Possible approaches studied in the literature for partial oxidation of methane to oxygenates.12

Fig. 3

reactor design and operates under ambient conditions, suﬀers
from low energy eﬃciency and lack of knowledge on surface
reactions in the presence of plasma.14–16 Supercritical water
technologies have the potential to eﬃciently oxidize methane to
oxygenated products, but selective methane oxidation to
oxygenated products is limited and reactor design is complex,
which hinders large scale applications.12 Membrane technology
requires high pressure to drive the reaction and eﬃcient

Table 1 Standard electrode potential for possible methane oxidation
reactions. Data are adapted from ref. 10 and 19 shown by a and b,
respectively

Reaction

E (V) vs. RHE

CH4(g) + H2O(l) / CH3OH + 2H+(a) + 2e
CH4(g) + H2O(l) / HCHO(a) + 4H+(a) + 4e
CH4(g) + H2O(l) / HCOOH(a) + 6H+(a) + 6e
CH4(g) + H2O(l) / CO(g) + 6H+(a) + 6e
CH4(g) + 2H2O(l) / 2CO2(g) + 8H+(a) + 8e
2CH4(g) / C2H6(g) + 2H+(a) + 2e
2CH4(g) / C2H4(g) + 4H+(a) + 4e
2H2O(l) / O2(g) + 4H+(a) + 4e

0.58a
0.46a
0.26a
0.26a
0.17a
0.35a
0.44a
1.23b
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A summary of the reported studies on the electrochemical partial oxidation of methane under mild and severe conditionsa

Reaction
condition

Table 2
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membranes are costly.12,17 Photocatalytic processes are potentially attractive methods to activate methane due to their
simplicity and ease of operation.11 In this method, the energy
required for methane activation can be obtained under mild
conditions by photochemical reactions where, ultraviolet and
visible light provide the required energy to form electrons and
holes on the surface of the photocatalyst. These electrons and
holes subsequently form electrophilic oxygen species that can
dissociate the C–H bond in methane.11,12 The majority of reported products in photocatalytic methane oxidation gas-phase
systems are H2, CO2, and C2H6. The formation of C2H6 is
a result of non-oxidative coupling of methyl radicals generated
at the surface of the photocatalyst. The partially oxygenated
products such as methanol are not dominant in a solutionbased system due to overoxidation by highly active oxygen
species generated on the photocatalyst surface. Therefore,
a highly selective and eﬃcient photocatalyst to satisfy the
industrial demand is yet to be developed.11
Overall, although these technologies have brought new
dimensions to partial oxidation of methane to oxygenates, they
remain in their infancy and distant from commercialization.
Future directions must focus on ways to increase the selectivity
and product yield for easy scale-up of small-scale distributed
plants.
With the continuous drop in renewable electricity price,
electrochemical processes have emerged as a promising alternative for partial oxidation of methane to oxygenates. Considering their modular design, the electrochemical routes oﬀer
a facile decentralized process that can be implemented for
highly distributed small to large scale applications to directly
convert methane to valuable oxygenates. The electrochemical
process can eﬃciently utilize intermittent renewable energy to
signicantly reduce the emission and store intermittent energy
in chemical bonds for daily to seasonal energy storage. Hence, it
represents a more sustainable route to produce oxygenates
under mild reaction conditions. Moreover, the selectivity and
the activity of the electrocatalyst can be adjusted and controlled

Review
simply by changing the voltage. However, despite many
attempts, the reported activity, selectivity, and current density
for partial electrochemical oxidation of methane remain low
and distant from the values needed for commercialization.10,18
Due to the close proximity of the electrode potentials of various
products, selective production of oxygenates is challenging,
which negatively aﬀects the downstream separation cost. Table
1 shows the possible oxidation reactions along with their redox
potentials. It is obvious that CO2 formation will be the bottleneck for partial oxidation of methane owing to its low redox
potential.
This review summarizes diﬀerent reports in the literature on
the partial electrochemical oxidation of methane to determine
the parameters contributing to product yield and selectivity
(Table 2). This understanding sheds light on the path to take for
developing more eﬃcient catalyst materials and reactors for
methane oxidation to value-added chemicals. We note that
there are very limited experimental and theoretical reports and
as a result there is a lack of thorough fundamental understanding in this emerging research front. In the following
sections, we summarize these existing reports by focusing on
two diﬀerent aspects; mechanistic understanding and reaction
engineering. Fig. 4 presents a timeline for the progress in the
eld of methane electrooxidation processes. Throughout this
review, diﬀerent aspects of these reports will be discussed.

2. Mechanistic insight into
electrochemical methane oxidation
Electrochemical oxidation of methane could follow several
diﬀerent pathways resulting in diﬀerent products (Fig. 5).
Oxygenates such as alcohol and formaldehyde are obviously the
target chemical products with high economic values (Fig. 1).
Although several experimental studies have been reported in
the last few decades for electrochemical oxidation of methane,
a limited number of computational reports exist to provide
a clear understanding of the reaction mechanism. Platinum is

Fig. 4 Timeline for the emergence of diﬀerent reports on partial electrochemical oxidation of methane to oxygenated products.
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potential. CO was predicted to be the most stable intermediate
on the Pt surface (Fig. 6), and a scaling relationship between the
activation energy of methane and CO adsorption energy was
established for several transition metals. This analysis showed
that transition metal surfaces with strong CO adsorption energy
have lower energy barriers for CH4 activation, which could
increase the overall reaction rate. However, strong adsorption of
CO to the surface causes poisoning of active sites and results in
low reaction rate. To avoid poisoning and increase the rate of
the experiment, they increased the applied potential which
resulted in favoring CO2 formation. This analysis further elaborated that breaking the scaling relationship between methane
activation and CO adsorption energy is the key to successfully
producing oxygenated products.
Other experimental and computational studies in the literature have proposed reaction mechanisms for the electrochemical oxidation of methane to oxygenates such as methanol
and formaldehyde. These reports can be classied into four
diﬀerent categories depending on the type of oxygen source and
the proposed mechanism, which are discussed in the following
sections. Fig. 7 summarizes the diﬀerent oxygen sources as well
as the catalyst used in each system.

2.1
Proposed pathways for electrocatalytic oxidation of methane
to oxygenated products.
Fig. 5

the most studied catalyst material for complete electrochemical
oxidation of methane to CO2 (Table 1).11,20–22 A combined
computational and experimental study by Boyd et al.,23 on a Pt
surface provided an improved understanding of the reaction
mechanism and the factors determining catalytic activity and
selectivity. Although the focus of this work is not on partial
oxidation of methane to oxygenates, the results can be used to
understand why selectivity is an issue for Pt and other transition
metals. Using density functional theory calculations and
experiments, they showed that the rate-determining step is the
activation of methane with minimal dependence on the applied

Fig. 6

Surface oxygen species

As listed in Table 1, electrochemical oxidation of methane
involves water. Both methane oxidation and water oxidation
take place at the anode of the electrochemical cell. Water
oxidation results in the formation of active oxygen species at the
catalyst surface (R1 and R2).
H2O(l) + * / OH* + (H+ + e)

(R1)

OH* / O* + (H+ + e)

(R2)

A recent computational study by Arnarson et al.19 shows that
the presence of oxygenated species at the surface of the catalyst
improves the facile hydrogen abstraction from methane and
increases the rate of methane oxidation. They examined (110)
surfaces of rutile transition metal oxides and monolayer
MXenes using DFT calculations and showed that the catalyst

Free energy diagram for complete electrochemical oxidation of methane to CO2, adapted from ref. 23.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Various oxygen sources investigated for partial electro-oxidation of methane to oxygenated products including electrocatalysts
used.

materials on which electrochemical water splitting is a bottleneck, present a low rate for the methane oxidation reaction.
Fig. 8a shows the OER activity volcano where the catalyst
materials located at the le leg of this volcano are suitable for
methane oxidation due to the ease of formation of adsorbed
oxygen (O*). They further calculated the rate of methane
oxidation, taking into account the O* availability and showed
that the energy barrier for methanol formation decreases by

Review
increasing the applied potential (Fig. 8b). As a result, the rate of
methanol formation increases at a given temperature. They also
investigated the rate of methanol production versus OER as
a function of the O* binding energy (Fig. 8c) and showed that by
increasing the electrode potential, the OER is facilitated, and
abundant active oxygen species are formed at the surface. This
results in the formation of O2 as the main product and
a decrease in the rate of methanol formation. Therefore,
although OER intermediates can provide the necessary active
oxygen species for the reaction to proceed, they can also act as
a competing reaction at higher potentials. A desirable catalyst
must be able to preserve OER intermediates even at the high
potentials to increase the methane oxidation rate.
In another computational study, Luo et al.24 examined
a variety of metal porphyrins (MN4) (M ¼ Cr, Mn, Fe, Co, Ru, Rh,
Os, and Ir) embedded in graphene for catalyzing electrochemical oxidation of methane to light alkanes and methanol.
This class of material has been reported to be active OER
catalysts in previous studies.25,26 Therefore they can be
employed for the generation of essential surface oxygen to

Fig. 8 (a) Activity volcano plot for the water oxidation reaction. Blue and red circles show the results for rutile transition metal oxides and
MXenes, respectively. (b) Activation barrier for methane activation versus the descriptor EOH  EO. Blue points represent metal oxides, and red
points stand for MXenes. (c) The reaction rates for the OER (black line) and methane oxidation (green line) are plotted at diﬀerent temperatures as
a function of EO and potential. Figures are adapted with permission from Ref. 19.
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activate methane. The other advantage of these materials is that
the active metal centers are isolated which would limit the
access to active oxygens and prevent over oxidation of methane.
The authors also constructed a pourbaix diagram which is
a useful tool to study coverage of active oxygens and oxygenated
products at pH between 0 and 14 and a potential of 0 to 2.5 V.
This analysis showed that continuous oxygenated product
formation requires a careful pH and potential control and even
small changes in potential or pH prevent the oxidation process
or cause overoxidation of the products. Finally, FeN4 and IrN4
were predicted to be active for production of formaldehyde and
methanol, respectively.
Experimental studies are more abundant than computational studies in the eld of electrochemical oxidation of
methane to oxygenates. In 2011, Hibino et al. investigated
transition metal oxide catalysts with particular emphasis on
V2O5.27 They rst used Pt/C as a catalyst for anodes in
a temperature range of 50 to 250  C. They reported no electrochemical oxidation of methane to oxygenates under the open
circuit conditions even at high temperatures. Aer electrochemical reactions, the products generated on the anode side
were examined, and it turned out to be O2 and CO2. As
mentioned above, overoxidation of methane on the Pt surface
also reported in ref. 23 can be attributed to the strong CO
adsorption energy and subsequent CO2 formation (Fig. 6).
Therefore, instead of pure metal catalysts, the authors explored
metal oxides. To improve the reaction yield towards methanol,
they examined diﬀerent metal oxide catalysts and supports
(Mn2O3/WO3, CrO/SnO2, and CoO/V2O5) and showed that
methanol selectivity is increased to 50% over V2O5 supported on
SnO2. The XPS analysis of the catalyst shows the formation of
the V5+/V4+ redox couple on the SnO2 support, which can be the
potential active site for methanol formation. These results
indicated that the formation of active oxygen species is necessary to drive the reaction. V2O5 has also been reported in
another study by Rocha et al.,28 as an active electrocatalyst for
methane oxidation. They showed that addition of 5.6% V2O5 to
a TiO2/RuO2 electrocatalyst doubles the current eﬃciency to
57% at 2.0 V. This report will be further reviewed in Section 3.4.
Therefore, V2O5 appears to be a promising electrocatalyst for
partial oxidation of methane. The computational study by
Arnarson et al. suggests that defects and low coordinated sites
in V2O5 are the active sites.19
The role of active surface oxygen species in both the anode
and cathode of the electrochemical cell has been reported in
a previous experimental report by Hibino et al. where they used
a proton exchange membrane fuel cell to oxidize methane to
methanol (selectivity 6.03%) at the cathode made of Pd–Au/
C.29 They explained that the surface-active oxygen species (*O)
formed by the ORR reaction at the cathode surface promote
methane activation and methanol formation. In a follow-up
study in 2010,30 they repeated the reaction at the anode side by
adding Cu to the Pd–Au/C electrocatalyst. They also used
a micro-electrochemical reactor and sprayed the catalyst on the
proton exchange membrane. Their results showed that by
feeding a mixture of O2, H2O, and CH4 to the cell, Cu increases
the yield of methanol. The obtained selectivity towards

This journal is © The Royal Society of Chemistry 2020
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Solid oxide fuel cell used for electrochemical oxidation of
methane. In this cell, oxygen is reduced at the cathode side and
conducted to the anode in a temperature range of 300–600  C.

Fig. 9

methanol formation in this cell type was 100%, however, the
yield was only 0.003%. Although more information is needed to
study the eﬀect of Cu for such enhancement, the results signify
the eﬀect of cell conguration on the selectivity of methanol
formation.
2.2

Oxygen ions

As discussed in Section 2.1, the formation of active oxygen
species on the surface of the electrode where methane oxidation
takes place could result in facilitating the competing reactions
and ultimately decreasing the selectivity. In this section, we
discuss the proposed ways in the literature to tackle this issue
by producing active oxygen species at the cathode and transferring them through an ion conductive membrane to the
anode for C–H bond activation. This can be achieved by
utilizing solid oxide fuel cells (SOFCs) at temperatures higher
than 600  C. SOFCs are based on the reduction of an O2 molecule on the cathode side and diﬀusion of the generated O2 ions
through an ion conductive solid oxide electrolyte to the
anode.31,32 Fig. 9 schematically shows this idea using a study by
Torabi et al.33 where they used NiO and Li-doped SrTiO3
perovskite as the cathode and anode of a SOFC, respectively in
a temperature range of 300  C to 600  C.
In this study they reached a methanol selectivity of more
than 90% and demonstrated that the presence of oxygen ions
(O2) enhances C–H bond activation for selective production of
oxygenates. They suggested that lattice oxygens (O2) are able to
selectively oxidize methane to methanol whereas intermediate
oxygens (at the catalyst surface) will cause overoxidation. Since
lattice oxygens are responsible for selective oxidation of
methane, the rate of the reaction is mainly governed by the rate
of transferring intermediate oxygen (*O) to lattice oxygen (O2).
Since this approach does not rely on the OER reaction to form
active oxygen species, the rate of oxygen accessibility is not
limited by competing reactions.
2.3

Redox couples

In the mechanisms mentioned above, the presence of an active
oxygen species is essential for the C–H bond dissociation.
However, it is possible to activate methane using metal redox
couples in an acidic medium in a temperature range between
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(a) The 2e redox cycle of methane oxidation. The resultant CH3OSO3H and CH3SO3H species will hydrolyze to generate methanol. (b)
Electrochemical formation of methanol by the PtII/IV redox couple. Reproduced with permission from ref. 21 and 37.
Fig. 10

100  C and 450  C.34–36 This method has the advantage to
eliminate the presence of active surface oxygens. Surendarnath
et al.37 used electrophilic high-valent metal ions such as PdIII for
the oxidation of methane to methanol in a concentrated H2SO4
solution and high methane pressure (Fig. 10a).
In this examined system, a methanol precursor (CH3SO3H) is
rapidly formed by electrochemical activation of methane on
PdIISO4 in strong sulfuric acid. Since this system does not
provide active oxygen species, continuous generation of high
valent metal ions to activate the C–H bond plays a signicant
role in product formation. Under anodic polarization, PdII is reoxidized to generate Pd2III,III species that can activate methane.
The reported turnover frequency for methane functionalization
was as high as 2300 h1 at 140  C. The only drawback of this
process is that separation of the product from the solution with
a strong acid is challenging.
To tackle the problem with reliance on a strong acid, in
a follow-up study, the oxidizing agent was switched to PtIV.21 In
this study, a Pt electrode was used to oxidize PtII to PtIV
(Fig. 10b) where PtIV species form PtIV–CH3, and then were
hydrolyzed to release the oxygenated product, i.e., methanol. As
Pt is known for full oxidation of methane to CO2, it is essential
to protect the produced methanol from further oxidation. To
tackle this issue the authors introduced chlorine ions to the
reaction chamber to avoid further oxidation and to regenerate
the PtII/IV redox couple.

2.4

Other oxygen sources

In thermal and photochemical oxidation of methane to methanol, H2O2 and NO2 have been broadly used as oxygen sources.38–45 However, electrochemical oxidation of methane to
oxygenated products has not been thoroughly explored, and the
reports on other oxygen sources are limited to the application of
carbonate (CO32) and hydroxyl ions (OH).46–48
Spinner et al.49 reported the formation of CH3OH, HCHO,
CO, and HCOO at room temperature using CO32. Carbonate
ions were conducted through an ion conductive electrolyte to
the anode side where methane oxidation occurs. Negatively
charged oxygen coming from CO32 was suggested to activate
the C–H bond. The catalyst reported in this study was a mixture

15582 | J. Mater. Chem. A, 2020, 8, 15575–15590

of NiO and ZrO2 with NiO being used for methane activation50
and ZrO2 for facilitating the adsorption of CO32.51–53
In a similar setup, by Ma et al.48 ZrO2 nanoparticles were
adsorbed on the surface of Co3O4 plates. The ion-conducting
electrolyte was removed and Na2CO3 was added to the solution
as the source of CO32. This method provided faster kinetics
since CO32 ions were already in the electrolyte and trapped on
the ZrO2 surface. The surface of Co3O4 was used for methane
activation. The catalytic superiority of Co3O4 to NiO2 was
conrmed by electrochemical performance analysis. However,
Co3O4 was not able to oxidize methane to oxygenated products
and it turned out that the presence of ZrO2 was necessary. This
work demonstrated fast and mild oxidation of methane to
oxygenated products such as 1-propanol and 2-propanol with
a product eﬃciency of around 60%. A follow up study in 2019
investigated replacing Co3O4 with NiCo2O4. The product eﬃciency in this study was reported to be 60% under ambient
conditions. The high catalytic activity was attributed to the
reducible property of NiCo2O4. Reducible oxides are highly
aﬀected by the reversible oxidation state of the metals. Due to
this property, these types of materials can store and release
oxygen species from their lattice structures.55 The Co–O bond is
relatively weak which makes it possible to form oxygen vacancies even at low temperatures. The excess electrons resulting
from the absence of oxygen can be redistributed on empty
cation sites. This phenomenon increases the lattice oxygen
mobility and enhances catalytic activity for oxidation
reactions.54,56
Hydroxyl radicals have also been used as an oxygen source
for partial electrochemical oxidation of methane using alkaline
anion exchange membrane fuel cells (AAEMFCs) and an ion
conductive membrane to carry OH ions from the cathode to
anode.57 Santos et al.47 reported 20% methane conversion with
methanol and formate products using an AAEMFC with Pt/C,
Pd/C, and Ni/C as anode materials at room temperature. To
identify the reaction path and product stability, infra-red (IR)
measurements were performed during the reaction. The results
for the Pt/C surface indicated that methanol formation
commences at the OCP (0.3 V), and the methanol bands
disappear as the potential approaches 0.0 V, which can be
attributed to the overoxidation of methanol to COO species. On
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the Pd/C surface, however, methanol bands exist at all potentials, although they become quite small around zero potential.
Methane oxidation to COO products was observed even at OCP
on Ni/C with little variation during potential change. This result
indicates that Ni/C is able to activate methane with no applied
potential.
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3.

Reaction engineering

Apart from the electrode material and controlling the oxygen
source, several other variables can aﬀect partial electrochemical
oxidation of methane and the ultimate reaction product. In this
section, we overview studies in the literature based on electrolyte engineering, temperature, pressure, and electrolyzer
conguration. Addressing such parameters have a signicant
impact on energy eﬃciency and product selectivity of the electrochemical methane oxidation reaction. This section summarizes the guidelines from the literature for optimizing the cell
design through tuning the reaction environment as well as
electrode/electrolyte architecture.
3.1

Electrolyte engineering

Although there are several studies based on the use of solidstate electrolytes, ionic liquids, and organic electrolytes, electrochemical oxidation of methane has mostly been examined in
aqueous electrolytes. The presence of liquid electrolyte plays
a signicant role in liquid-phase electrolyzers for facilitating ion
transfer and providing a reaction environment. The kinetics of
methane electrocatalysis at the electrode/electrolyte interface
can be controlled by altering the pH. Electrochemical oxidation
of methane has been demonstrated in alkaline, neutral, and
acidic media. Methane has extremely poor solubility in aqueous
solutions (>22.7 mg L1), which hinders its conversion in the
conventional electrocatalytic systems carried out in acidic,
alkaline or neutral media.11,12,58 A study by Santos et al.47 shows
the successful conversion of methane to methanol (20% at 0.3
V cell voltage) on a Pt/C electrocatalyst using an alkaline anionexchange membrane fuel cell (AAEMFC). This enhancement
was attributed to the suppression of proton availability in the
vicinity of the reaction interface in the alkaline medium, which
facilitates the production of methanol.
Amenomiya et al.50 showed that OH has negligible activity
in abstracting a proton from methane under mild conditions.
As mentioned in the previous section, methane could be
oxidized using a charged oxygen atom in CO32-based electrolytes. This results in improving oxidation kinetics and
increasing reaction enthalpy.49,59,60 Therefore, CO32-based
electrolytes result in overall better performance than OHbased electrolytes for alkaline-based systems.48,49,54 Moreover,
metal oxide catalysts reported for methane oxidation, e.g.,
NiO,49 Co3O4,48 and NiCO2O4,54 are more stable under alkaline
conditions.
Acidic media were reported for the catalytic cycle of methane
oxidation using Pt21 and Pd37 salts and is shown to stabilize
catalyst ions during the catalytic cycle.21 Kim et al.21 employed
the Shilov catalytic system by deploying aqueous Pt salts (PtII/IV)
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in concentrated acid media (0.5 M H2SO4) to avert the stoichiometric use of the expensive PtIV oxidant.61 This approach
led to a steady methane oxidation catalysis with 70% selectivity
for methanol via maintaining the PtII/IV ratio during the PtIIcatalyzed methane oxidation cycle.

3.2

Temperature

Temperature is another determining factor in the electrochemical methane oxidation process. Due to the high activation
energy required for C–H bond activation in methane, the
kinetics of direct electrochemical oxidation under mild conditions is extremely sluggish.48,62 Nevertheless, partial electrochemical oxidation of methane to oxygenates has been vastly
studied at room temperature in liquid-phase electrolytes,21,28,48,54,58,63–65 where an electrochemical cell with solid
electrodes is commonly used and methane is dissolved in the
liquid phase. We show herein that combined temperature, and
potential control could enhance partial electrochemical oxidation of methane, through diﬀerent eﬀects such as increasing
anion/cation mobility, local methane activation, and metal/
oxide interface interactions.
Hibino et al.27 investigated the eﬀect of temperature on
electrochemical methane oxidation to methanol using
a conned fuel cell-type reactor. The reaction was rst conducted over a Pt/C anode fed with a mixture of methane and
water vapor at temperatures between 50 and 250  C. As the
temperature increased, the concentration of methane
decreased, and the current density increased. However, the
major products were O2 and CO2, with a higher temperature
lowering the O2 and increasing the CO2 concentration. As discussed in Section 2.1, they investigated several non-platinum
catalysts and non-carbon supports for methanol production,
where V2O5/SnO2 showed the most signicant results. At 100  C,
the faradaic eﬃciency for methanol production was 61.4%.
Moreover, chronopotentiometry results revealed that the highest methanol production is obtained at potentials around +900
mV. Using several characterization techniques such as TEM,
XRD, and XPS they concluded that the vanadium species were
partially reduced and highly dispersed on the SnO2 support.
They showed that methane is oxidized to methanol using the
active oxygen species generated by the anodic polarization of
water vapor over V4+ sites at potentials around +900 mV.
High-temperature oxygen-ion conducting solid oxide anodes
have shown signicant promise for partial electrochemical
oxidation of methane to carbon monoxide with typical operating
temperatures higher than 500  C.66–70 Oxygen-ion conducting
solid oxides have generally been studied for electrochemical
steam reforming of methane.27,29,62,71–75 The electrode resistance
dramatically decreases as the operating temperature is
increased. Thus, increasing the operating temperature would
signicantly lower the cathode polarization associated with the
reduction of oxygen.62 The rate of ionic transport and catalytic
activity can be dramatically improved by carefully designing
suitable nanostructured electrodes.76 The main drawback of
implementing oxygen-ion-conducting solid oxide electrolytes is
the high activation energy (Ea) associated with oxygen-ion
J. Mater. Chem. A, 2020, 8, 15575–15590 | 15583

View Article Online

Journal of Materials Chemistry A

Review

Published on 02 July 2020. Downloaded by University of Calgary on 12/27/2020 7:29:58 AM.



Fig. 11 Schematic diagram of a metal electrode deposited on (a) Na-

b0 – Al2O3, a Na+ conductor and (b) YSZ, an O2 conductor, showing
the location three-phase boundary (tpb). The classical double layer is
located at the metal-support interface, while the eﬀective double layer
is located at the metal–gas interface. Reproduced with permission
from ref. 83.

conduction. Alternatively, proton conduction in oxides generally
has lower Ea compared to oxygen-ion-conduction.77–81 Hence,
protonic ceramic cells oﬀer an appealing potential for attaining
high-performance at lower temperatures. Proton ceramic electrolytic cells show better performance for resisting coke formation while being used for hydrocarbon fuels. This advantage is
due to the direct removal of protons, which disfavors the undesired Boudouard reaction at the anode.81 A study by Duan et al.81
suggested using a protonic ceramic electrolyte for a fuel cell,
which lowered the required operating temperatures to 250–550

C from $600  C associated with its solid oxide counterpart. The
reaction was used for power generation in which methane was
completely oxidized to CO2.
The metal/oxide interface, which can be formed aer the in situ
growth of metal nanoparticles on a host oxide lattice, improves
both redox and long-term stability by avoiding particle agglomeration caused by the reduction of surface energy. Lu et al.72
showed that the stiﬀ metal/oxide interface enhances the chemical
activation of CO2 and hinders the coke formation during the
electrochemical reforming of CH4/CO2 to produce syngas. A
similar conclusion was reported by Zhu et al.71 in which the in situgrown metal/oxide interface hindered coking and enhanced the
catalyst stability at high temperatures for the electrochemical
oxidation of CH4 to C2H4 in an oxide-ion conducting solid oxide
electrolyte. Moreover, the metal/oxide interfaces at the nanoscale
would accommodate oxygen species of O ions that are required
during the transformation of O2 ions to the active interfaces at
the anode. These active oxygen species also work on activating
CH4; however, the electrochemical pumping of O2 ions from the
cathode to the anode would directly oxidize methane in
conjunction with gaseous selective coupling to produce C2H4 in
the presence of suitable interface catalysts.
A study by Zagoraios et al. exploited the electrochemical
double layer located at the metal–gas interface for methane
oxidation at temperatures up to 460  C.82 Fig. 11 shows the
diﬀerence between the classical double layer and the eﬀective
double layer present in a Na+ conductor and an O2 conductor.
This phenomenon is termed the Electrochemical Promotion of
Catalysis (EPOC), also known as the Non-Faradaic Electrochemical Modication of Catalytic Activity (NEMCA) eﬀect. The
EPOC eﬀect can be used to boost the conductivity of metal or
metal–oxide catalytic lms deposited on solid electrolytes. The
approach can be explained via the formation of an eﬀective
overall neutral double layer created by applying an electrical
current (or potential) on the catalytic surface. In this study, the
anode was the Pd/Co3O4 composite powder deposited on an
yttria-stabilized zirconia (YSZ) solid electrolyte. The results
indicate that presence of the eﬀective double-layer increased the

Fig. 12 The eﬀect of increasing CH4 pressure (0 to 500 psi) on functionalization by an electrogenerated Pd2III,III species. CVs (20 mV s1 scan
rate) of PdSO4 (23 mM) in concentrated H2SO4. Reproduced with permission from ref. 37.
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catalytic rate for Pd/Co3O4 coated on YSZ by 2.5-fold compared
to a Pd lm electrode supported on YSZ. While only CO2 and
H2O were observed as methane combustion products, the
knowledge gained from the EPOC approach can be implemented for future studies on high-temperature partial electrochemical methane oxidation.
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3.3

Pressure

The pressure of methane is another important factor that could
aﬀect both electrolytic performance and integration between up-

Journal of Materials Chemistry A
and downstream operations. The main benet of elevated pressure is to enhance methane solubility in an aqueous system, which
allows for higher oxidation current densities. Moreover, tuning the
partial and absolute pressure of methane aﬀects product selectivity by altering the relative surface coverage, and binding energies of adsorbed oxidants and methane oxidation intermediates.84
Nevertheless, there have been a few studies that introduced pressurized systems for partial electrochemical oxidation of
methane.21,37 O'Reilly et al.,37 reported selective electrophilic
methane mono functionalization—generating methanol precursors i.e., methyl bisulfate (CH3OSO3H) and methane sulfonic acid

Electrochemical cell conﬁgurations used for partial methane oxidation under mild and severe conditions. (a) Single compartment two/
three-electrode liquid cell; (b) gas-diﬀusion electrode gas per liquid cell; (c) glassy carbon electrode, and severe conditions; (d) button cell; (e)
channel cell; (f) co-ionic cell. Reproduced with permission from ref. 21, 85–87.

Fig. 13
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(CH3SO3H)—via electrochemical oxidation of simple PdII salts in
concentrated sulfuric acid solutions at 140  C (Fig. 12). Pressurizing the electrochemical cell with 100 psi of methane raised the
anodic peak at 1.82 V to higher current densities all the way up to
500 psi. Lowering the reaction temperature to 100  C showed the
same behavior of direct proportionality of pressure with current
density. However, the anodic current, beyond 1.5 V, became less
pronounced due to the weakening of the Pd2III,III back-reduction
peak, which implies utilization of the high-valent species during
methane oxidation.

3.4

Electrolyzer congurations

Electrolyzer conguration used for methane oxidation could
signicantly aﬀect the overall performance. Fig. 13 summarizes
the electrochemical cell congurations suggested in the literature for partial oxidation of methane at ambient and high
temperatures. Since the electrochemical oxidation of methane
is still in its early stage, the main focus has been on catalyst
development and optimization through performance testing
using liquid phase two-electrode electrolyzers using a modied
glassy carbon electrode (Fig. 13c).23,54,60 A sealed three-electrode
system was also tested to let the reaction occur for a couple of
hours.48,54 Departing from traditional liquid electrolyzer
congurations, several studies have applied solid oxide electrolyzer conguration that has the advantage to be operated in
continuous mode delivering desirable conversion rates and
selectivities.71,72

Review
The limited solubility of methane restricts achieving high
conversions with elevated current densities. Therefore, Ma
et al.48,54 suggested running long-term electrochemical oxidation of methane in a closed two-electrode system at room
temperature. The electrolyte was bubbled before the electrochemical reaction with methane for 1.5 h to remove dissolved
oxygen and to ll the vacant space in the cell. Methane was
maintained in the gas phase to make sure the consumed
methane in aqueous electrolytes would be compensated by
dissolving in the electrolyte continually. The electrochemical
oxidation was conducted at 2.0 V versus Pt for up to 20 hours.
Their results showed that increasing the reaction time increases
the production rate of propionic acid and acetone by further
oxidizing intermediate products, i.e., 1-propanol, 2-propanol,
and acetaldehyde. Methane conversion was 47.5% aer 20
hours.
Although non-polar organic solvents, e.g., cyclohexane,
benzene, and toluene, increase methane solubility in liquid
electrolytes, these electrolytes are more prone to be oxidized
than methane. Hence, introducing a gas diﬀusion electrode
(GDE) with a porous structure could highly enhance the electrolytic oxidation of methane by having a triple-phase boundary
of gas–liquid–solid. The accommodation of the GDE can
improve the overall performance by eliminating the mass
transport limitation associated with the poor solubility of
methane. Rocha et al.,28,58 investigated the use of GDE conguration for methane oxidation (Fig. 13b). They adopted the
same cell design that was previously reported for oxygen
reduction to hydrogen peroxide with a carbon/PTFE gas

Fig. 14 (a) Scanning electron microscopy (SEM) image of the co-ionic membrane electrode. (b) Percentage of O2 injected and H2 extracted
current density at 700  C. The cathode is swept with a 3/5/92 mixture of H2O/H2/Ar, while the anode is swept with a mixture of 10/90 H2/CH4. (c)
CO and aromatics yield as a function of O2 injected and H2 extracted at 700  C and 1 bar. Reproduced with permission from ref. 86.
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diﬀusion electrode,85 consisting of mixed TiO2/RuO2/V2O5. In
this study, an optimum amount of V2O5, i.e., 5.6%, doubled the
total faradaic eﬃciency to 57% at 2.0 V vs. SCE. They concluded
that adopting a GDE to continuously feed the cell with methane
increases selectivity for methanol even at low current densities.
High-temperature solid oxide electrolysis cells (SOECs) have
great potential for eﬃcient and economical partial oxidation of
methane by integrating thermal catalysis and electrocatalysis,
which facilitates methane oxidation even at ambient pressure.
Unlike conventional thermo-catalytic methane oxidation
processes, the introduction of electricity would allow the
process to be operated at ambient pressure and provide
a driving force for shiing the reaction equilibrium toward the
desired product. High-temperature SOECs, including reversible
fuel cells,88 dry methane fuel cells,62 methane/carbon dioxide
reforming,72 nonoxidative methane dehydroaromatization,86
and methane oxidation to ethylene have been reported with
reasonable performance characteristics.71 The button cell
conguration is the most commonly reported SOEC conguration.62,71–75,81,89 In this conguration, the solid electrolyte is
sandwiched between a porous anode and a porous cathode
(Fig. 13d). In practice, button cells could be designed to be
stacked on top of each other to improve the overall cell
performance. The stack button cell assembly generally consists
of circular cells that are interconnected with commercial ferritic
stainless steel. The temperature gradient is reduced inside
a furnace before entering the stack by preheating both the fuel
stream and the air stream.
Morejudo et al.86 adapted a co-ionic membrane reactor in
which both protons (H+) and oxide ions (O2) are conducted
through the solid electrolyte (Fig. 13f). The electrolyte of the
membrane is composed of acceptor doped BaZrO3. At elevated
temperatures, this doped electrolyte features an ability to take
up protons from steam and exhibiting high conductivity for
both protons and oxide ions.90 The electrochemical co-ionic
membrane was exploited to achieve the nonoxidative methane
dehydroaromatization (MDA: 6CH4 4 C6H6 + 9H2) using shapeselective Mo/zeolite. Fig. 14a shows a scanning electron
microscopy image of the tubular membrane, which consists of
a dense 25 mm-thick BaZr0.7Ce0.2Y0.1O3d (BZCY72) electrolyte
lm coated on top of a porous BZCY72-Ni support. Ni acts as
a cathode, which has suﬃcient catalytic activity for the reduction of steam and H2 evolution. A Cu-based anode was implemented on the electrolyte lm to promote electrochemical
oxidation of H2 (H2 extraction) to protons to suppress the
undesired coke formation. Both hydrogen extraction from the
cathode and injection of oxide ions through the membrane to
the anode increased proportionally with increasing the current
density at 700  C (Fig. 14b). Furthermore, increasing the
magnitude of the imposed co-ionic current increased the
aromatics yield, which surpassed the theoretical equilibrium
yield, i.e., 12.3%. This elevated performance is due to the in situ
H2 extraction that shis the equilibrium towards aromatics
formation. The CO formation also increased parallel to the
aromatics yield with increasing co-ionic currents (Fig. 14c).
They concluded that the use of an electrochemical co-ionic
membrane reactor improves the techno-economic process
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viability, where high carbon eﬃciencies can be achieved (up to
80%).
The use of SOECs was further studied using Multiphysics
modeling by Xu et al.87 They numerically investigated methane
assisted co-electrolysis of CO2 and H2O using a 2D model in
a micro-scale tubular SOEC model that couples the process of
electrochemical reactions in porous electrodes, ionic/electronic
charge transport in electrolyte and electrodes, chemical reactions in channels and porous electrodes, momentum transport
in channels and micro-pores and mass transport in channels
and micro-pores (Fig. 13e). The model reveals that this system
substantially lowers the electrical power consumption for the
co-electrolysis of H2O/CO2 by reducing the equilibrium potential of the SOEC (Fig. 15a). Moreover, increasing the reaction
temperature considerably increases the performance of

Fig. 15 (a) Temperature eﬀect of CH4-SOFEC and SOFC co-electrolysis at 0.7 V and 1.4 V for the CH4-SOFEC and SOEC, respectively.
(b) Performance of the CH4-SOFEC at 1073 K at diﬀerent inlet methane
mole fractions. Reproduced with permission from ref. 87.
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methane-assisted SOECs (CH4-SOFEC). This behavior was
attributed to boosting reaction kinetics of both electrochemical
reactions and methane reforming reactions (Fig. 15b). The
optimum yield of the proposed setup was at 1123 K, with
a current density of 600 A m2.
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4. Summary and perspectives
Continuous price reduction of renewable electricity and natural
gas opens a tremendous opportunity for electrochemical partial
oxidation of methane to high-value oxygenated products. In
contrast to the conventional energy, capital, and carbon-intensive methane conversion technologies (i.e., steam methane
reforming), electrochemical oxidation oﬀers intermittent,
modular, as well as operation in a wide range of temperatures
and pressures for highly distributed production of oxygenated
products. Unfortunately, eﬀort in this key research front is still
lacking, and the technology is still in its infancy and distant
from commercialization.
Due to the high activation energy required for C–H bond
dissociation, selective and partial electro-oxidation of methane
is thermodynamically and kinetically challenging, and the
fundamental understanding of the reaction pathway is yet to be
established. The computational studies using DFT calculations
have revealed that the binding energy of the reaction intermediates is related to the C–H activation barrier. This relationship
has been used to estimate the catalytic activity and explain, for
example, why V2O5 is selective for methanol production or Pt is
active for complete oxidation of methane to CO2. Combined
computational and experimental results show that the oxygen
source plays a major role in methane activation and reaction
product selectivity. Oxygen ions and lattice oxygen atoms are
also reported to result in more eﬃcient electrochemical
conversion of methane. Therefore, the employed electrocatalyst
must eﬃciently produce and deliver these active oxygen species.
This point can be used as a guideline for designing eﬃcient
electrocatalysts. Throughout this contribution we showed some
of the most successful reports that ensure the presence of active
oxygens at a variety of catalyst surfaces. These examples mostly
include metal oxides and particularly reducible oxides which
have high lattice oxygen mobility and are considered as potential candidates for electro-oxidation of methane to value added
products. However, further experimental and computational
studies are required to carefully examine other catalytic systems
and unravel the eﬀect of diﬀerent oxygen sources such as
hydroxyl or peroxyl.
Moreover, it is worth mentioning that partial electro-oxidation of methane is a multiscale problem. Although the catalyst
material and design of active sites are very important, the
various reports in the literature summarized in this review
paper provide good evidence on the importance of reaction
conditions and electrochemical cell design. The situation is very
much similar to the CO2 reduction reaction (CO2RR) which is
comparatively a more mature research eld. The research in
this eld has shown that even a good catalyst such as copper is
not eﬃcient without a proper cell design and reaction conditions and a proper selection of the electrochemical cell,
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electrolyte and reaction conditions is the key to control the
selectivity and activity. The less number of publications in the
eld of partial electro-oxidation of methane makes it diﬃcult to
draw a comprehensive conclusion. However, positive actions
have been taken and there are several reports showing that
selectivity and activity can be controlled by reaction conditions
such as temperature, pressure, electrode, electrolyte, pH,
cations, anions and cell design for similar types of catalyst
material. Moreover, understanding the nature of the double
layer on the electrode–electrolyte interface would allow tackling
the most appropriate reaction environment. Taking this into
consideration, there is a lot of room for improvement in partial
electrochemical oxidation of methane to oxygenates.
We highlight several key challenges that need to be
addressed to achieve breakthroughs in this eld. The rst is the
lack of mechanistic understanding of possible reaction pathways at a molecular level, due to the limited number of studies
dedicated to partial electrochemical oxidation of methane
compared to the more studied complete oxidation of methane.
In situ spectro-electrochemical studies combined with computational modeling would accelerate addressing this issue.
Second, the lack of standard reporting protocols, which oen
results in false-positive and irreproducible ndings appearing
in the literature, misleads the researchers and restrains followup studies. Third, the electrolytic methane conversion must be
accomplished at industrially relevant current densities, i.e.,
>300 mA cm2, a necessary condition for industrial applicability. Therefore, rigorous benchmarking protocols (methane
purication, isotopic labeling and multiple control experiments) are required to detect and quantify the oxidation products and to enable faster development of this key research front
towards practical application. This can be addressed by
departing from traditional H-type cell conguration and
implementing liquid/gas-phase electrolyzers, such as liquid
electrolyzer gas diﬀusion electrodes and membrane assembly
electrodes. Furthermore, although methane electro-oxidation at
a high temperature is well studied using an oxygen-ion conducting electrolyte, research should be directed towards protonconducting electrolytes, which require lower operating
temperatures compared to their solid oxide counterpart.
In the thermochemical oxidation of methane, highly
uniform metal clusters, in particular Cu–oxo, are reported to be
highly active towards partial oxidation of methane. It is generally accepted that incorporation of these clusters into MOFs or
enzymes would generate highly active catalytically active sites
that can selectively oxidize methane.91,92 Despite their
outstanding activity towards the partial oxidation of methane,
the electrocatalytic performance of these materials is not well
studied and the nature of active sites in electrocatalysts for
partial oxidation of methane is yet to be explored.
Lastly, we are condent that there are many promising
economic and environmental advantages of the selective electrochemical oxidation of methane to oxygenated products. Due
to the daily increasing market demand for chemical oxygenates
and concerns about climate change, competitive alternatives for
currently used industrial methods are necessary and require
a high amount of research as well as innovative approaches.
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