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The direct conversion of methane to methanol is very prom-
ising to achieve a decarbonized future but remains a great
challenge. The electrochemical activation and partial oxidation
of methane to methanol are highly attractive to enable the
direct conversion in a sustainable and decentralized way. In
this review, we present an overview of the main strategies that
have allowed to gain mechanistic insight into the electro-
chemical activation of methane. We discuss the developments
of the direct and indirect electrochemical methane activation
strategies as well as the opportunities and challenges
toward the electrocatalytic conversion of methane to methanol.
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Introduction
Thedirect conversion of greenhouse gases into green fuels
and valuable chemicals is of paramount interest to achieve
a decarbonized future [1,2]. Methane emissions are the
second largest cause of globalwarming (IEA;URL: https://
www.iea.org/articles/global-methane-emissions-from-oil-

and-gas) after CO2 emissions. Although methane emis-
sions represent only 10% of the global greenhouse gas
emissions (US EPA; URL: https://www.epa.gov/
ghgemissions/overview-greenhouse-gases), methane has
a potential climate impact 28 times higher than CO2 in
100-year term (European Commission; URL: https://ec.
europa.eu/energy/topics/oil-gas-and-coal/methane-emissi
ons_en). Thus, policies are being created to reduce the
global annual emissions of methane up to 75% by
2030 (IEA; URL: https://www.iea.org/reports/methane-
www.sciencedirect.com C
emissions-from-oil-and-gas). Nowadays, the energy
sector is one of the principal sources of methane in the
atmosphere. Typically, methane surplus is destined to gas
flaring, contributing to 1% of CO2 annual emissions (The
World Bank, https://www.worldbank.org/en/programs/
gasflaringreduction). It is crucial to find more sustain-
able solutions for the use and conversion of methane to
fulfill the energy demand with a negligible carbon
footprint.

Direct conversion of methane to methanol is one of the

most appealing alternatives to gas flaring. Currently,
methanol is commercially produced via a two-step pro-
cess involving the oxidation of methane to synthesis gas
(syngas), a mixture of CO and H2 [3], followed by its
catalytic reduction to methanol. This process is high
energy consuming and expensive [3]. At present,
methane to methanol plants are economically justified
only at large-scale productions of methanol when
generating at least 2500 metric tons per day [4]. The
possibility to convert directly methane to methanol
would open the opportunity to reduce the energy con-

sumption and costs of production [4]. However, this
process remains a great challenge because of the inert-
ness of methane’s CeH bonds and the difficulty to
selectively oxidize it to methanol [4,5].

In the field of catalysis, methane to methanol conversion
strategies can be divided into five areas: biocatalysis,
homogeneous catalysis, thermal heterogeneous catal-
ysis, photocatalysis, and electrocatalysis, summarized in
Figures 1 and 2. In biocatalysis, methane mono-
oxygenase (MMO) enzyme stands out for its ability to

selectively convert methane to methanol [6,7]. In ho-
mogeneous catalysis, a great part of the work is based on
the use of platinum (Pt) complexes [8,9]. These cata-
lysts are capable to activate the CeH bond in methane
and convert it selectively to methanol or methanol de-
rivatives at mild conditions (~100�Ce200�C) [9].
Inspired by the active centers of the MMO enzyme,
heterogeneous catalysis has traditionally used catalyst
materials based on Cu and Fe [10,11]. These catalysts
can activate methane at mild to high temperature and
pressure conditions. In photocatalysis, the driving force

is the ultraviolet light. Typically, semiconductor mate-
rials are combined with metal or metal oxides that allow
efficient electron transfers and enhance the formation of
radicals [12,13]. Thus, methane is activated by radical
chain reactions [14].
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Figure 1

Simplified schematic representation of different catalytic systems for the methane to methanol reaction. (a) Biocatalysis by a methanotroph bacterium.
(b) Homogeneous catalysis. The green and the red spheres represent the reduced and oxidized versions of the catalyst, respectively. (c) Heteroge-
neous catalysis. (d) Photocatalysis.
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Electrocatalytic approaches for methane to methanol
oxidation are inspired by biological, heterogeneous,
and homogeneous catalytic systems [4]. Here, the
driving force is an electrical potential difference.
Electrochemical strategies are particularly appealing,
as they can operate at low to mild temperatures. Yet,
the reaction is extremely challenging. Methane is
Figure 2

Methane to methanol direct conversion strategies. (a) Direct methane activatio
regenerate on the electrode surface (pink arrows) or by the electrogeneration

Current Opinion in Green and Sustainable Chemistry 2021, 30:100489
highly stable and less reactive than methanol. The
Gibbs free energy (DG) and the electrode potential
(Erev) versus the reversible hydrogen electrode (RHE)
in reactions 1 and 2 show that the oxidation of
methane to methanol is less favorable than the full
oxidation to CO2. However, it is possible to oxidize
selectively methane by tuning the reaction mechanism
n. (b) Indirect methane activation: by using catalytic species capable to
of radical species (red arrows).
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Electrochemical oxidation of methane to methanol Arminio-Ravelo and Escudero-Escribano 3
and enhancing the formation of intermediates that
lead to the formation of methanol rather than CO2 [15,
16]**. Therefore, electrocatalytic approaches focus on
the selection of electrode materials that activate
methane and generate adequate intermediates to
enhance the production of methanol.
CH4þ H2O #CO2 þ 8Hþ þ 8e�
�
DG ¼ � 131:2 kJ mol�1 ; Erev ¼ 0:17 V vs RHE

�
(1)

CH4þ H2O #CH3OHþ 2Hþ þ 2e�
�
DG ¼ � 125:4 kJ mol�1; Erev ¼ 0:65 V vs RHE

�
(2)
The electrochemical oxidation of methane takes place
by direct or indirect electrochemical methane activation
(Figure 2). On the one hand, direct methane activation is

focused on its direct adsorption on the electrode active
sites (Figure 2a); on the other hand, the indirect methane
activation involves the electrochemical generation of
highly reactive species capable to activate methane in
the interface neighborhoods or/and the bulk of the so-
lution (Figure 2b) [5]. Herein, we present a brief
overview of the developments of the electrocatalytic
conversion of methane to methanol at mild to low
temperatures and discuss the strategies toward both the
direct and indirect electrochemical methane activation.
Direct electrochemical methane activation
Direct electrochemical methane to methanol strategies
focus on tuning the electrode surface structure and
composition [15,16**,17]. The materials selected need
to (1) activate methane and (2) stabilize the in-

termediates involved in the formation of methanol to
avoid the formation of CO2 [4,18]. These strategies
offer the opportunity to integrate methane to methanol
conversion in electrochemical devices such as fuel cells
[16]**. This would not only allow the production of
methanol but also the generation of electricity
(Figure 3a). Here, we discuss the advances on the three
main materials used as electrodes for direct methane to
methanol conversion: metallic surfaces, metal oxides/
promoted oxygenated surfaces, and ZrO2 composites.

Metallic surfaces
The use of metallic surfaces for direct methane activa-

tion has emerged as a collateral result of the studies on
the electro-oxidation of hydrocarbons for fuel cell ap-
plications [19,20]. These studies were the base for un-
derstanding the potential dependence of methane
www.sciencedirect.com C
adsorption and activation. Studies on Pt electrodes have
shown that methane adsorption is a slow process and
potential dependent [15,19]. Methane adsorbs at po-
tentials higher than 0.2 V versus RHE and oxidizes to
CO2 around 0.6e0.8 V versus RHE (Figure 3b) [15,19].
Both adsorption and activation potentials are sensitive
to the temperature and electrolyte used [15,19,21].
Kinetic studies show that methane oxidation has an
initial electron transfer step to form adsorbed CH3*

(Reaction 3, the rate-determining step) [15,20],
followed by the formation of CO* and/or COH* (Re-
action 4) before its oxidation to CO2 (Reactions 5e7)
[15,21,22].

CH4þ 2 � / CH�
3 þH� (3)

CH�
3þ H2O #CO� þ 5Hþ þ 5e� (4)

H� þ e�#Hþ þ � (5)

H2O þ � #HO� þ Hþ þ e� (6)

CO� þ HO� þ e�#CO2 þ 2 � þ Hþ þ e� (7)

Recent theoretical calculations suggest that methane is
thermochemically activated on Pt surfaces (Reaction 3)
[15]. This means that the rate of methane activation is

independent of the potential applied but dependent on
the temperature. Methane activation is also sensitive to
the electrode surface structure and composition. It has
been reported that Pt terraces can activate the CeH
bonds, but only on Pt (100) single-crystalline surfaces,
CHx* intermediates can combine with oxygen species
with a low energy barrier [23]**. This shows that direct
electrochemical methane activation presents a strong
structure sensitivity, similar to other electrocatalytic
reactions such as CO2 electroreduction [24]. Moreover,
the electric field on the interface can modify impor-

tantly the efficiency of methane activation, being
urrent Opinion in Green and Sustainable Chemistry 2021, 30:10048
9
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Figure 3

Electrochemical approaches for direct methane activation. (a) Polymer electrolyte membrane fuel cell model for direct methane to methanol conversion
using direct methane activation approaches. (b) Methane activation on metallic (Pt) surface. Adapted with permission from Ref. [15]. Copyright 2019
American Chemical Society. (c) Top: Free energies of various metal oxides for the third step in the OER (Reaction 10) and methane activation step
(Reaction 12). Adapted with permission from Ref. [36]. Copyright 2020 American Chemical Society. Bottom: Scheme of reaction pathway on RhO2 for
methane oxidation. Adapted with permission from Ref. [16]**. (d) Left: Polymer electrolyte membrane fuel cell for direct methane to methanol conversion
using ZrO2 composites and CO3

2 exchange membrane. Right: Mechanism suggested for methane to methanol conversion using CO3
2− as oxidizing

agent. Adapted with permission from Ref. [17]. Further permissions related to the material excerpted should be directed to the ACS.
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Electrochemical oxidation of methane to methanol Arminio-Ravelo and Escudero-Escribano 5
favored on low oxygen content where metallic Pt pre-
dominates [25].

Although it is possible to activate methane electro-
chemically on Pt surfaces, the adsorption rates of
methane tend to be extremely slow compared with the
oxidation to CO2 [15,19e22,23**]. As a consequence,
none of the studies at low temperature has shown

selectivity to methanol thus far. The mechanism on Pt
surfaces suggests that once CH3* is adsorbed, it rather
losses all its hydrogens rather than formingmethoxy-alike
species [15,23]**. Although there is almost nonexisting
literature on other metallic surfaces, in situ Fourier-
Transform Infrared Spectroscopy (FTIR) studies have
revealed that the activation ofmethane on othermetals is
possible [22]. Still, based on theoretical calculations, Pt
shows the highest rates of methane activation [15]. Boyd
et al. noted that, in transition metals, the decrease of the
methane activation barrier strengthens the CO* binding.

They suggest that the best catalysts for methane oxida-
tion are those that diverge from the scaling relationship
between methane activation and CO* formation [15].
Notwithstanding, the challenge is higher for methane to
methanol conversion. Designing and tuning electro-
catalytic surfaces that favor the adsorption and activation
of methane and avoid the formation of the CO* inter-
mediate, linked to the full methane oxidation
[15,23**,25], remains a challenge.

Metal oxides and oxygen-promoted surfaces:
activation through water discharge
The use of metal oxides or oxygen-promoted surfaces to
convert methane to methanol is a promising approach.

The use of metal oxides was inspired by the electro-
oxidation of light alkenes to oxygenated species at po-
tentials close to the oxygen reduction reaction (ORR)/
oxygen evolution reaction (OER). Here, the discharge of
water forms oxygenated active species responsible for
the oxidation process [26,27].

The initial studies on oxygen-promoted surfaces focused
on the production of oxygenated active species through
the ORR mechanism. Pd, Pt, Rh, Au, and PdAu suppor-
ted on carbon were tested as electrodes in a fuel cell

configuration. Only Pd and PdAu succeeded in convert-
ing methane to methanol, but with poor selectivity [26].
Better results were attained through the OER mecha-
nism [28]. Among the initial electrocatalysts tested,
materials composed of V2O5 and/or RuO2 reported the
best conversions and selectivity toward methanol [27e
29]. Interestingly, NiOeV2O5/Rh nanocomposites pre-
sent high selectivity toward methanol production with
current efficiencies of 91% at 100 �C [30]. According to
different studies on these nanocomposites, methane is
activated through the oxygenated active species gener-

ated during the OER (Reactions 8e15) [16**,26,28e
30]. Alternative mechanisms suggest the formation of
www.sciencedirect.com C
redox pairs on the catalyst surface [29]; however, there is
not enough experimental evidence to confirm this.
Recently, Arnarson et al. created a model to identify the
ideal metal oxides for the electrochemical methane to
methanol conversion based on their oxygen binding
energy [16]**. According to their model, methane is
thermochemically activated. This suggests the need for
mild temperatures (>100�C) to ease the activation of

methane through the oxygenated species. The electro-
catalyst needs to bind oxygen weakly or to have it as
radical that serves to oxidize methane. Thus, methane
can only be activated and converted to methanol by the
formation ofO* over the electrocatalyst surface, as shown
in Reactions 9 and 12. Besides, the potential applied to
the electrocatalyst must be high enough to produce *O
and low enough to avoid the formation of *OOH
(Figure 3c) [16**,31].

Oxygen Evolution Reaction:

H2O þ � / HO� þ Hþ þ e� (8)

HO�/ O� þHþ þ e� (9)

H2O þ O�/ HOO� þHþ þ e� (10)

HOO�/ � þO2 þHþ þ e� (11)

Methane to Methanol Reaction:

O� þCH4/
�O,,,CH4 (12)

�O , , ,CH4/
�ðOH , , ,CH3Þ (13)

�ðOH , , , CH3Þ/�CH3OH (14)

�CH3OH / � þ CH3O (15)

On the basis of these calculations, IrO2 and RuO2 are
promising electrocatalysts for this approach. However,
both materials are also well-known electrocatalysts for
the OER, giving a narrow range of potential to convert
methane to methanol without competing with the OER
[16]**. Thus, in theory, it is necessary to work in po-
tentials close to 1.23 V versus RHE, but not higher to
evolve O2.

ZrO2-based composites
Composites based on ZrO2 have been recently used for
the direct methane activation. The composites are made

of a ZrO2 matrix with metal oxide nanoparticles. The
urrent Opinion in Green and Sustainable Chemistry 2021, 30:100489
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Table 1

Different radical-based reactions to convert methane to
methanol.

Ref. Mechanism

[40] 2Cl�ðaqÞ+ 2e�/ Cl2ðgÞ
Cl2ðgÞ+ hn/ 2Cl�ðgÞ
Cl�ðgÞ + CH4ðgÞ/ CH�

3ðgÞ+ HClðgÞ
CH�

3ðgÞ+Cl2ðgÞ/ CH3ClðgÞ
CH3ClðgÞ+OH�

ðaqÞ# CH3OHðlÞ+ Cl�ðaqÞ

[37] O2ðgÞ+2H+
ðaqÞ+2e

�/ H2O2ðlÞ
Fe2+ðaqÞ+H2O2ðlÞ/ HO�

ðaqÞ+OH�
ðaqÞ+Fe

3+
ðaqÞ

HO�
ðaqÞ+ CH4ðgÞ/ CH�

3ðaqÞ+H2OðlÞ
CH�

3ðaqÞ+ O2ðgÞ/ CH2OðlÞ +HO
�
ðaqÞ

CH�
3ðaqÞ+H2OðlÞ/ CH3OHðlÞ+ HO�

ðaqÞ

[41] O2ðgÞ e�/ O��
2ðaqÞ

2O��
2ðaqÞ+2H2OðlÞ# H2O2ðlÞ+ O2ðgÞ+2OH�

ðaqÞ
O��

2ðaqÞ+CH4ðgÞ/ CH�
3ðadÞ+HO

�
2ðaqÞ
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first composite reported was made of ZrO2 and NiO
[17]. This approach was inspired by the idea of using
carbonate (CO3

2�) to activate methane through oxygen

insertion. NiO was selected because of its ability to
activate methane in heterogeneous catalysis and its use
for organic oxidation in alkaline media. The results
showed that the composite was capable to activate and
partially oxidize methane. Interestingly, the catalyst
produced methanol, isopropanol, acetate, acetic acid,
acetone, ethanol, and formic acid. However, all products
were further oxidized in fuel cell experiments
(Figure 3d) [17]. Similar experiments have been re-
ported with ZrO2 composites using Co3O4 [32],
NiCo2O4 [33], and CuO2 [34]*, showing higher cata-

lytic activity toward partial methane oxidation compared
with the composite with NiO. Still, the results showed
the generation of methanol only as an intermediate to
produce higher alcohols and/or carboxylic acids. In
general, it seems that methanol is efficiently produced
in the fuel cell configurations but rapidly oxidized
[17,32,34]*.

Despite the satisfactory performance of this type of
composites, there is a need for further mechanistic un-
derstanding. The reaction pathways suggested are based
on possible oxidation reactions reported in the literature

(Figure 3d) without theoretical nor experimental
studies that support them. Recent theoretical calcula-
tions on this type of materials suggest that methane
activation barrier is decreased, thanks to the high-speed
electronic network formed between the oxygen atoms
between ZrO2 and the metal oxide [34]*. It seems that
the use of CO3

2� as the oxidizing agent is responsible to
produce higher alcohols. Interestingly, some of the
faradaic efficiencies for some of the products reported
are above 100% [32,33,34]*. This suggests that more
Current Opinion in Green and Sustainable Chemistry 2021, 30:100489
than one step of the mechanism or reaction does not
occur by electron transfers at the electrodeeelectrolyte
interface but by redox reactions between species in
solution. In general, the results also evidence the
competition between methane oxidation and the OER
[34*,35]. Yet, it is not clear if they are involved in the
same mechanistic pathway or as parallel reactions.
Indirect electrochemical activation of
methane
Strategies on the indirect electrochemical activation of
methane focus on the generation of species capable to
break or activate the CeH bond [37,38]. In contrast to

direct methane activation strategies, methane is not
activated on the electrode surface. Besides, the elec-
trodes do not act as electrocatalysts but as a source of
electrons for the main active species. This allows to
efficiently decouple methane conversion and methanol
selectivity, as they do not share the same active sites
[39]. Here, we discuss the two main approaches for the
indirect methane to methanol conversion: electro-
chemical generation of active species and electro-
chemical-assisted homogeneous catalysis.

Electrochemical generation of highly active species
In this approach, methane is activated by homogeneous
reactions with highly reactive species, such as radicals.

In electrochemistry, the focus is on the electro-
generation of these species, which are typically
oxygenated species that can react to methane forming
methanol or to derivatives that can be easily converted
to methanol.

The research on this approach traces back to the end of
the 80s and the beginning of the 90s. These works
involve the study of complex systems based on the
formation of Cl�∙ radicals by photochemical reactions
[40], generation of HO� radicals through the Fenton

reaction [37] and formation of superoxide radicals, O2
��,

in highly alkaline media to activate methane [41]
(Table 1). It is important to mention that the mecha-
nisms are based on radical chain reactions, and there-
fore, more than one product was generated. The
experiments succeeded to produce methanol at ambient
temperatures. However, the current efficiency and
selectivity toward methanol were not high enough for
scalable applications. It also seems relevant to limit the
content of O2 in the electrolyte to reduce the formation
of side products such as formaldehyde [37,41]. None-

theless, further understanding of how methane is acti-
vated through these oxygenated radicals is essential to
improve selectivity.

Electrochemical-assisted homogeneous catalysis
This approach was inspired by previous research in ho-
mogeneous catalysis [38]. The idea is to make use of
electrochemistry to overcome some of the common
www.sciencedirect.com
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Figure 4

Electrochemical-assisted homogeneous catalysis for methane to methanol conversion strategies. (a) Proposed mechanism for electrochemical
methane functionalization by a putative Pd2

III,III intermediate. Green and blue arrows indicate faradaic and nonfaradaic reaction pathways, respectively.
Reproduced with permission from Ref. [38]. Copyright 2017 American Chemical Society. (b) Simplified catalytic cycle for electrochemical methane
functionalization by Rh-based catalyst in nonaqueous media and Si nanowires as electrodes. Reproduced with permission from Ref. [45]. Copyright
2019 American Chemical Society. Further permissions related to the material excerpted should be directed to the ACS.
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limitations that present “simple” homogeneous catalytic
systems. The catalysts used are typically transition
metal complexes capable to activate the CeH bond and

convert methane selectively to methanol or methanol
derivatives at mild conditions [9]. The complex used as
catalyst typically is reduced during the methane acti-
vation. To keep the complex active, it is necessary to use
an external agent, the co-catalyst, capable to reoxidize it
(Figure 1b). One big limitation in homogeneous catal-
ysis is to find an adequate co-catalyst that has a redox
potential higher than the one of the catalyst [9,38]. The
higher the redox potential of the co-catalyst, the higher
the number of catalytic cycles the complex can go.
Therefore, an appealing option is to use an electrode as

the “co-catalyst” to provide the potential difference
necessary to regenerate the catalyst [42]* [35,41].

Electrochemical-assisted homogeneous catalysis ap-
proaches have been recently introduced by Sure-
ndranath et al. to selectively oxidize methane to
methanol [38]. The first experiments focused on the
conversion of methane to two methanol derivatives:
methyl bisulfate (CH3OSO3H) and methanesulfonic
acid (CH3SO3H) [38]. PdSO4 was used as a catalyst in
concentrated sulfuric acid at mild temperatures

(~100�C) and high methane pressure (Figure 4a)
[38,43]. Remarkably, the system showed a catalytic
www.sciencedirect.com C
activity 5000 times higher compared with the nonas-
sisted homogeneous catalytic system [38]. A similar
system, but using vanadium (V) oxo dimer as catalyst,

produced CH3OSO3H with a faradaic efficiency of 90%
at ambient conditions [42]*. Other catalytic systems
have gone one step forward and have managed to pro-
duce methanol as a final product [44**,45]. Inspired by
the work with Pt complexes in homogeneous catalysis
[8,46], a mix of PtCl4

2� and PtCl6
2� as catalysts produced

methanol at mild temperatures with a selectivity of 70%
[44]. Some success has also been achieved in
nonaqueous media [45]. The system showed the pos-
sibility of using an Rh complex as catalyst by controlling
the concentration of O2 along Si nanowires as electrodes.

The results showed high selectivity to methanol at
ambient conditions. However, the complexity of the
catalytic system limited the conversion of methane
(Figure 4b) [45].

One of the main advantages of using electrochemical-
assisted homogeneous catalysis is the number of possi-
bilities to activate methane with high selectivity to
methanol. Coupling electrochemistry with homoge-
neous catalysis offers the possibility to avoid competi-
tion with the OER or ORR. This approach allows the

production of methanol without its further oxidation.
Notwithstanding, the use of homogeneous catalysis has
urrent Opinion in Green and Sustainable Chemistry 2021, 30:100489
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8 Special Issue Young Ideas in Green and Sustainable Catalysis
other limitations. Methane to methanol conversion de-
pends on how fast the catalyst defuses to the electrode
to be regenerated [42]*. Besides, it is important to
select adequate catalysts that contain metallic centers
that allow fast electron transfers to avoid high over-
potentials for the regeneration of the catalyst [38].
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