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ABSTRACT: C1 catalysis based on the transformation of methane, carbon monoxide, methanol and carbon dioxide offers great 
potential for the sustainable production of fuels and chemicals in response to the decrease of the energy consumption and plant 
maintenance. While the relatively inert nature of C 

–H and C 

–O bond (e.g., methane and carbon dioxide) and uncontrollable 
coupling of C 

–C bond render the selective activation and controllable transformation of C1 molecules to high-value-added products 
challenging in C1 chemistry. Catalytic conversion of C1 energy molecules under mild conditions enables a better control of the 
selectivity of the desired products, however, which requires highly active catalysts to lower the reaction energy barriers. Besides 
designing efficient catalysts to promote C1 molecules conversion, employing electro-catalysis and photo-catalysis to circumvent 
the thermodynamic limitations is regarded as promising ways for C1 catalysis at low temperatures. Benefiting from the advanced 

technology for catalyst synthesis, reactor design, mechanism understanding, catalytic conversion of C1 molecules under mild 

conditions has made significant progress from 2010 to 2020. In this review, we summarized the typical catalytic processes and 

representative catalysts for transforming methane, carbon monoxide, methanol and carbon dioxide into high value-added chemicals 
with a reaction temperatures below 200 °C driven by thermo-catalysis, electro-catalysis, and photo-catalysis. Besides, a short 
perspective is offered to highlight possible future research directions towards C1 molecules conversion under mild conditions. It 
is expected to provide a useful reference for the readers to design better catalysts and reaction process for mild conversion of C1 

molecules efficiently in future. 

KEYWORDS: C1 catalysis, Active sites, Reaction mechanism, Mild reaction conditions 

 

 

 

 

 

 

 

v  

 

 

 

 

 

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Received: June 18, 2020 
Revised: December 10, 2020 
Accepted: December 14, 2020 
INTRODUCTION 

As abundant and cheap carbon feedstocks, one-carbon (C1)
molecules either exist in nature or can be facilely produced from
natural carbon resources (coal, natural gas, biomass, or organic
wastes), which mainly addressed methane, carbon monoxide,
methanol and carbon dioxide. 1 , 2 In response to the crude
oil depleting and the serious pollution caused by fossil fuel
combustion, transformation of C1 molecules into various high-

alue-added fuels and chemicals plays a more and more important
role in the current supply of energy and chemicals. 3–5 As such, C1
catalysis has been attracting significant interest from academy and
industry and has become one of the most active research fields. 6–9 

To date, C1 catalysis has occupied an extremely important role
in the modern coal chemical industry and the natural gas chemical
industry. The conversion of carbon monoxide via Fischer-

ropsch (F- T) synthesis and water gas shift (WGS) reaction have
successfully realized the practice from fundamental research to
industrial large-scale processes, which serves as an important C1
chemistry platform. Methanol, as a key intermediate, participates
in various chemicals production during C1 molecules utilization
process, such as the methanol-to-olefins (MTO) process and
methanol steam reforming (MSR) process. The fundamental
research about methane and carbon dioxide conversion have
gained an increasing interest over the past decades, which can not
only mitigate the effects of global warming but also turn waste
© 2020 Elsevier Ltd. All rights reserved. 1 
into resources. While these laboratory findings are far from the
requirements of industrial application. 

Besides plenty of well-studied high-temperature systems for
C1 catalysis, catalytic conversion of C1 molecules under mild
conditions attracts much attention in response to the decrease
of the energy consumption and plant maintenance. While the
relatively inert nature of C 

–H and C 

–O bond (e.g., methane
and carbon dioxide) and uncontrollable coupling of C 

–C bond
make it harder to achieve the selective activation and oriented
conversion of C1 molecules to high-value-added products,
particular for these involving C 

–C bond coupling reactions to
form C 2 + 

products. As shown in Table 1 , these four C1 energy
molecules conversion process below 200 °C can be divided into
the thermodynamically favored reactions and unfavored ones
according to the Gibbs free energy. For these thermodynamically
favored reactions, low-temperature reaction conditions enable a
better control of the selectivity of the desired products via slowing
down the consecutive transformation reactions, however, which
requires highly active catalysts to lower the reaction energy bar-
riers. Besides the thermodynamically favored reactions, we find
that some reactions could not occur even the reaction tempera-
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Table 1. Thermodynamical analysis of the representative reactions of the four C1 energy molecules conversion under ambient pressure. 
The blue and orange columns represent the thermodynamically favored reactions and unfavored ones according to the Gibbs free energy, 
respectively. 

C1 molecules Reaction Equations Temperature ( °C) �H (kcal/mol) �G (kcal/mol) 

CH 4 2CH 4 (g) + O 2 (g) = 2CH 3 OH(l) 25 −78.440 −55.316 
2CH 4 (g) + O 2 (g) = 2CH 3 OH(g) 200 −60.782 −49.217 
2CH 4 (g) + O 2 (g) + 2CO(g) = 2CH 3 COOH(l) 25 −142.900 −96.329 
2CH 4 (g) + O 2 (g) + 2CO(g) = 2CH 3 COOH(g) 200 −119.889 −73.024 
2CH 4 (g) + O 2 (g) = C 2 H 4 (g) + 2H 2 O(l) 25 −88.446 −72.864 
2CH 4 (g) + O 2 (g) = C 2 H 4 (g) + 2H 2 O(g) 200 −66.997 −69.675 
2CH 4 (g) = C 2 H 4 (g) + 2H 2 (g) 25 48.184 40.492 
2CH 4 (g) = C 2 H 4 (g) + 2H 2 (g) 200 49.403 35.670 
CH 4 (g) + CO 2 (g) = 2CO(g) + 2H 2 (g) 25 59.040 40.759 
CH 4 (g) + CO 2 (g) = 2CO(g) + 2H 2 (g) 200 60.523 29.629 
CH 4 (g) + CO 2 (g) = CH 3 COOH(l) 25 −3.820 13.304 
CH 4 (g) + CO 2 (g) = CH 3 COOH(g) 200 7.836 21.292 
CH 4 (g) + H 2 O(l) = CH 3 OH(l) + H 2 (g) 25 29.095 29.020 
CH 4 (g) + H 2 O(g) = CH 3 OH(g) + H 2 (g) 200 27.809 28.064 
CH 4 (g) + H 2 O(l) = CO(g) + 3H 2 (g) 25 59.725 35.968 
CH 4 (g) + H 2 O(g) = CO(g) + 3H 2 (g) 200 50.943 24.498 

CO CO(g) + H 2 O(l) = CO 2 (g) + H 2 (g) 25 0.685 −4.790 
CO(g) + H 2 O(g) = CO 2 (g) + H 2 (g) 200 −9.580 −5.131 
CO(g) + 2H 2 (g) = CH 3 OH(l) 25 −30.630 −6.949 
CO(g) + 2H 2 (g) = CH 3 OH(g) 200 −23.134 3.567 
2CO(g) + 4H 2 (g) = C 2 H 6 O(l) + H 2 O(l) 25 −81.675 −32.690 
2CO(g) + 4H 2 (g) = C 2 H 6 O(g) + H 2 O(g) 200 −63.613 −9.775 
2CO(g) + 4H 2 (g) = C 2 H 4 (g) + 2H 2 O(l) 25 −71.266 −31.445 
2CO(g) + 4H 2 (g) = C 2 H 4 (g) + 2H 2 O(g) 200 −52.483 −13.325 

CH 3 OH CH 3 OH(l) + H 2 O(l) = CO 2 (g) + 3H 2 (g) 25 31.315 2.158 
CH 3 OH(g) + H 2 O(g) = CO 2 (g) + 3H 2 (g) 200 13.553 −8.698 
CH 3 OH(l) = CO(g) + 2H 2 (g) 25 30.630 6.949 
CH 3 OH(g) = CO(g) + 2H 2 (g) 200 23.134 −3.567 
2CH 3 OH(l) = C 2 H 4 (g) + 2H 2 O(l) 25 −10.006 −17.548 
2CH 3 OH(g) = C 2 H 4 (g) + 2H 2 O(g) 200 −6.215 −20.458 
2CH 3 OH(l) = C 2 H 6 O 2 (l) + H 2 (g) 25 5.370 2.218 
2CH 3 OH(g) = C 2 H 6 O 2 (g) + H 2 (g) 200 4.625 5.502 

CO 2 CO 2 (g) + H 2 (g) = CO(g) + H 2 O(l) 25 −0.685 4.790 
CO 2 (g) + H 2 (g) = CO(g) + H 2 O(g) 200 9.580 5.131 
CO 2 (g) + 3H 2 (g) = CH 3 OH(l) + H 2 O(l) 25 −31.315 −2.158 
CO 2 (g) + 3H 2 (g) = CH 3 OH(g) + H 2 O(g) 200 −13.553 8.698 
CO 2 (g) + H 2 (g) = HCOOH(l) 25 −7.000 8.353 
CO 2 (g) + H 2 (g) = HCOOH(g) 200 2.895 14.554 
CO 2 (g) + 4H 2 (g) = CH 4 (g) + 2H 2 O(l) 25 −60.410 −31.178 
CO 2 (g) + 4H 2 (g) = CH 4 (g) + 2H 2 O(g) 200 −41.362 −19.366 
2CO 2 (g) + 6H 2 (g) = C 2 H 6 O(l) + 3H 2 O(l) 25 −83.045 −23.109 
2CO 2 (g) + 6H 2 (g) = C 2 H 6 O(g) + 3H 2 O(g) 200 −44.453 0.487 
2CO 2 (g) + 6H 2 (g) = C 2 H 4 (g) + 4H 2 O(l) 25 −72.636 −21.864 
2CO 2 (g) + 6H 2 (g) = C 2 H 4 (g) + 4H 2 O(g) 200 −33.322 −3.063 
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ure increasing from 25 to 200 °C at normal pressures by thermal-
atalysis. Electro-catalysis and photo-catalysis can circumvent the
hermodynamic limitations to achieve the C1 energy molecules
onversion, providing promising ways for C1 catalysis at low
emperatures. For example, methane oxidation by water would
ot take place even the reaction temperature increasing from 25

o 1000 °C, but the electro-catalytic methane oxidation by water
o methanol (CH 4 + H 2 O → CH 3 OH + 2H 

+ + 2e −) can be
riven at 0.58 V vs standard hydrogen electrode (SHE). 10 In
ddition, electrochemical reduction of carbon dioxide or carbon
onoxide to C 2 + 

products has achieved a high current density
pproaching 1A cm 

−2 at room temperature with high Faradic
fficiency (FE), in which the energy efficiency can reach almost
0%. 11 Compared to the thermal-catalytic C1 energy molecules
2 
onversion with higher reaction rate and conversion, electro-
catalysis and photo-catalysis process can achieve a high selectivity
or the desired products under lower reaction temperatures. The
otential applied to the electrode can be adjusted accurately to
ontrol the electrons and protons from electrocatalysis process
o boost C1 energy molecules conversion. The excitation of
hotons with energy of several eV from photocatalysis process
an efficiently activate many inert C1 molecules at room
emperature. Besides the different types of energy input, the
atalysts for electro-catalysis and photo-catalysis should take the
onductivity and semiconducting properties into consideration,
espectively. Benefiting from the advanced technology for cat-
lyst synthesis, reactor design, characterization techniques and
echanism understanding, catalytic conversion of C1 molecules
DOI: 10.1016/j.enchem.2020.100050 
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Scheme 1. The representative reaction processes and catalyst systems for C1 catalysis operated no higher than 200 °C in the last decade. (I) Methane 
conversion, (II) Carbon monoxide conversion, (III) Methanol conversion, (IV) Carbon dioxide conversion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

under mild conditions has made significant progress in the last
decade. 

Herein, we provide a comprehensive overview of C1 catalysis
as a whole in this review from 2010 to 2020, which covers
the catalytic conversion of four C1 molecules (methane, carbon
monoxide, methanol and carbon dioxide). And we mainly focus
on the mild conversion of C1 molecules with a reaction tem-
peratures below 200 °C driven by thermal, electric or photonic
energy in the last decade, which involves the latest developments
on highly efficient catalyst systems and novel reaction processes
( Scheme 1 ). Besides, the challenges faced and future prospects
have also been discussed. 

METHANE CONVERSION 

Methane, as an abundant and relatively inexpensive feedstock,
is expressed to play an important role in chemical industry
and energy industry. 46–48 But the high C 

–H bond strength
( �H C –H 

= 104 kcal/mol) and perfect tetrahedral symmetry
make the activation of methane challenging. 49 , 50 In addition,
the reactivity of target products (e.g., C1 oxygenates) is much
higher than that of methane molecule, easily leading to con-
3 
secutive conversions such as deep oxidation to carbon dioxide
under the reaction conditions. Hence, orientable conversion
of methane to high-value-added products is regarded as one
of the most challenging tasks in C1 chemistry. 51–55 Currently
utilized commercial route for methane conversion is to go
through an methane reforming step to produce syngas (a mixture
of carbon monoxide and hydrogen), and the resulted syngas
can be further transformed to olefins, aromatics as well as
oxygenates by the well-established technology of FT synthesis. 53 

Notably, methane reforming is strongly endothermic and requires
high temperature above 600 °C. 6 , 56 Compared to the indirect
route involving the intermediate syngas production step, direct
conversion of methane is potentially more economical and
environmentally friendly. 57 , 58 Methane pyrolysis, nonoxidative
methane dehydroaromatization, and oxidative coupling methane
are considered as potential avenues for the direct methane
conversion. 49 , 59 , 60 However, the required high temperature leads
to a rapid deactivation of catalyst and low selectivity for desired
products. 46 , 61 Hence, it is highly desirable to develop direct
methane conversion at low temperature. In the aid of hydrogen
peroxide, oxygen, water, ozone, nitrous oxide, partial oxidation of
methane into oxygenates become thermodynamically favorable
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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t low temperatures and thus draw much attention. 13 , 17 , 19 , 62–65 

n addition, the methane coupling with carbon monoxide and
arbon dioxide was proposed to produce acetic acid with
igh atomic economy. 15 , 66–70 Benefiting from the advanced

echnology for precise and controllable material synthesis and
ighly sensitive detection methods, methane conversion under
ild conditions has achieved remarkable progress in many

spects. The representative systems for low-temperature methane
onversion are summarized in Table 2 . 

ethane oxidation by H 2 O 2 
CH 4 (g) + H 2 O 2 (l) = CH 3 OH(l) + H 2 O(l) �H 273 

 

= −62.808 kcal/mol) 
ydrogen peroxide, as a clean and environmental-friendly ox-

dant, was usually employed to oxidize methane to produce
1 oxygenates for fundamental research. In these systems, the

eaction temperature for methane direct oxidation can efficiently
e decreased to 25–95 °C, and the main products are CH 3 OH
nd HCOOH. 

One representative kind of catalysts for methane conversion
sing hydrogen peroxide is the single metal sites or metal
anopar ticles suppor ted on ZSM-5 system. Hutchings et al. 12 , 77 

eported that an iron- and copper-containing zeolite (Cu pro-
oted Fe-ZSM-5) is capable of selectively transforming methane

o methanol with turnover frequencies (TOF) of over 14,000 h 

−1 

n an aqueous medium at 50 °C, and the binuclear iron species
ere identified as the active sites. Tao et al. 71 reported that Pd 1 O 4 

ingle sites anchored on the internal surface of microporous
ilicate (Pd 1 O 4 @ZSM-5) is also active for transforming of

ethane to methanol with a selectivity of 78% −86% in aqueous
olution at the reaction temperature of 50–95 °C. 

In addition, the single metal atoms or metal nanoparticles
upported on the oxides, such as Rh 1 /ZrO 2 , 72 Rh-CeO 2 , 73 

r 1 /TiO 2 
74 and AuPd/TiO 2 

75 catalysts were also demonstrated
ffective for methane conversion to methanol with hydrogen
eroxide as the oxidant at the reaction temperature from 30 to 90
C. The presence of both hydroxyl and methyl radicals during the
eaction process indicated that methane oxidation proceeded via
 radical pathway. 

Besides, the two dimensional materials confined single metal
toms exhibit high activity for methane oxidation by hydrogen
eroxide. Lately, Deng and Bao et al. 18 reported graphene-
onfined single Fe atoms (FeN 4 /GN) can be used as an
fficient non-precious catalyst to convert methane to CH 3 OH,
H 3 OOH, HOCH 2 OOH and HCOOH at room temperature

25 °C) ( Fig. 1 a ). Combined with nuclear magnetic resonance
NMR) and time-of-flight mass spectrometry (TOF-MS), they
or the first time identified HOCH 2 OOH as a C1 oxygenate
roduct from methane oxidation system. By optimizing the
atalyst component, the selectivity of C1-oxygenated products
an reach around 94%. To confirm the detected products indeed
rom methane oxidation, they conducted the control experiments
sing N 2 , CH 4 , and 

13 CH 4 as the reactant gas, and demonstrated
hat C1-oxygenated products came from the oxidation of 13 CH 4 
ather than from the catalyst itself. Combining with electron
aramagnetic resonance experiments and density functional the-
ry (DFT) calculations, they indicated that methane oxidation
roceeded via a methyl radical mechanism and the unique O-
eN 4 –O structure was proposed as the active site. To reveal
he reaction process and mechanism, they developed a set of
perando TOF-MS to track the evolution of liquid products in
eal time. The variation of products with reaction time indicated
4 
hat the generated methyl radical can combine with hydroxyl and
ydroperoxide groups to form CH 3 OH and CH 3 OOH firstly,
nd the CH 3 OH from CH 4 oxidation can be further converted
o produce HOCH 2 OOH and HCOOH ( Fig. 1 b ). The DFT
alculations demonstrated the moderate formation energy of O-
eN 4 –O results in the unique activity for methane conversion
t room temperature compared with other graphene-confined
ransition metals. Subsequently, Wu et al. 77 employed the surface
igging effect to prepare the atomic Ni sites anchored on the
-doped carbon, which could also directly catalyze methane

o methanol at a low temperature of 50 °C. Much work about
ethane oxidation by hydrogen peroxide has sprung up in recent

ears, but the yield of specific products remain sti l l low, and the
conomic value of the products is not as high as that of hydrogen
eroxide. 

ethane oxidation by O 2 
2CH 4 (g) + O 2 (g) = 2CH 3 OH(l) �H 273 

 

= −78.782 kcal/mol) 
ydrogen peroxide have been demonstrated to oxidize methane

o methanol efficiently under mild conditions, but the relatively
igh cost largely hindered its application for an economically
iable methane oxidation process. It is of great significance to
chieve methane oxidation by molecular oxygen under mild
onditions. 

Based on the progress that methane can be converted on
upported gold-palladium nanoparticles with hydrogen peroxide
s an oxidant at 50 °C, 75 Hutchings et al. 79 for the first time
howed that colloidal gold-palladium nanoparticles can oxidize

ethane to methanol with high selectivity (92%) in aqueous
olution at 50 °C by oxygen in the presence of hydrogen peroxide
 Fig. 2 ). The isotopically labeled oxygen indicated that 70% of
he oxygen atoms in methanol came from molecular oxygen, and
he reaction took place immediately without induction period
hen methane coming with hydrogen peroxide and oxygen. An

ncrease of adding hydrogen peroxide resulted in the enhanced
roductivity of total products. For this system, hydrogen peroxide

s indispensable for methane initial activation to produce methyl
adicals. And once the methyl radicals are generated, which can
eact quickly with dissolved oxygen, leading to the incorporation
f > 70% oxygen into the methanol. This research shed light on

he importance of hydroxyl radicals for H abstraction to form
ethyl radicals, and indicate that once methyl radicals can be

enerated, then the methane oxidation by molecular oxygen can
e proceeded. 

Further, employing hydrogen and oxygen to in-situ generated
ydrogen peroxide for selective oxidation of methane were
uccessfully achieved by gold-pal ladium al loy nanoparticles sup-
orted on TiO 2 . The methanol selectivity can reach 67.8% at
0 °C with the hydrogen/oxygen/methane as the reaction gas

n water. 13 But the productivity is lower than that observed in
ethane oxidation by hydrogen peroxide directly, which may

e due to the low concentration of in-situ generated hydrogen
eroxide around the active sites. Given the key intermediate
ydrogen peroxide generated relatively slowly from hydrogen
nd oxygen but readily diffusing away from the active sites, Xiao
nd Wang et al. 20 reported a novel strategy of a molecular fence
o prevent hydrogen peroxide dilution and thereby keeping a
igh local concentration of hydrogen peroxide around the metal
anoparticles to promote methane oxidation ( Fig. 3 a ). They

ndicated that hydrophobic zeolite modification can enhance
ethane oxidation to methanol by in situ generated hydrogen

eroxide at 70 °C. The AuPd alloy nanoparticles were firstly
DOI: 10.1016/j.enchem.2020.100050 
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Table 2. Representative systems for low-temperature methane conversion. 

Systems Oxidants Catalysts 

Reaction 

Temperature 
( °C) Products Active sites Mechanisms 

One-step 

conversion 

H 2 O 2 Cu promoted 
Fe-ZSM-5 

50 CH 3 OH, 
HCOOH, 
CH 3 OOH, CO 2 

Binuclear Fe 
species 

•CH 3 radical 12 

Pd 1 O 4 @ZSM-5 50–95 CH 3 OH, 
HCOOH, 
CH 3 OOH, CO 2 

Single Pd atoms •CH 3 radical 71 

Rh 1 /ZrO 2 70 CH 3 OH, 
CH 3 OOH, CO 2 

Single Rh atoms M-C σ -bond 72 

Rh-CeO 2 50 CH 3 OH, 
CH 3 OOH, CO, 
CO 2 

Single Rh atoms •CH 3 radical 73 

Cr 1 /TiO 2 50 CH 3 OH, 
CH 3 OOH, 
HOCH 2 OOH, 
HCOOH, CO 2 

Single Cr atoms •CH 3 radical 74 

AuPd/TiO 2 30–90 CH 3 OH, 
CH 3 OOH, CO 2 

Supported AuPd 
nanoparticles 

•CH 3 
radical 13 , 75 , 76 

Graphene 
confined FeN 4 

25 CH 3 OH, 
CH 3 OOH, 
HOCH 2 OOH, 
HCOOH, CO 2 

Single Fe atoms •CH 3 radical 18 

Atomic Ni sites 
anchored on the 
N-doped carbon 

50 CH 3 OH, 
CH 3 OOH 

Single Ni atoms •CH 3 radical 77 

MOF MIL-53 
stabilized Fe 
active sites 

50 CH 3 OH, 
CH 3 OOH, 
HCOOH, CO 2 

Dimeric Fe sites •CH 3 radical 78 

O 2 + H 2 O 2 Colloidal 
gold-palladium 

nanoparticles 

50 CH 3 OH, 
CH 3 OOH, 
HCOOH, CO 2 

AuPd colloids •CH 3 radical 79 

RuCu nanosheet 50 CH 3 OH, 
CH 3 OOH, CO, 
CO 2 

RuCu nanosheet •CH 3 radical 80 

CuPdO 2 /CuO 50 CH 3 OH, 
CH 3 OOH, CO, 
CO 2 

Interfaces 
between CuPdO 2 
and CuO 

•CH 3 radical 81 

H 2 + O 2 AuPd/TiO 2 2–70 CH 3 OH, 
CH 3 OOH, CO 2 

AuPd 
nanoparticles 

•CH 3 radical 13 

AuPd@ZSM-5 70 CH 3 OH, 
CH 3 OOH, 
HCOOH 

AuPd 
nanoparticles 

•CH 3 radical 20 

O 2 IrO 2 (110) −123 (under 
ultrahigh 
vacuum) 

CO, CO 2 , H 2 O IrO 2 (110) M-C σ -bond 16 

IrO 2 /CuO 150 CH 3 OH, 
CH 3 CHO, 
CH 3 CH 2 OH 

IrO 2 M-C σ -bond 19 

CeO 2 -Cu 2 O 177 CH 3 OH, CO, 
CO 2 

CeO 2 - 
Cu 2 O/Cu(111) 
interface 

M-C σ -bond 14 , 82 

Ni-CeO 2 177 CH 3 OH, CO, 
CO 2 

Ni-CeO 2 surface M-C σ -bond 83 

Step-wise 
conversion 

∗
H 2 O Cu-MOR 200 CH 3 OH Dicopper Cu (II) 

sites 
M-C σ -bond 17 

O 2 Cu-oxo clusters 
stabilized in 
MOF NU-1000 

150 CH 3 OH, 
CH 3 OCH 3 , CO 2 

Trimeric Cu 
hydroxide 

•CH 3 radical 84 

( continued on next page ) 
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Table 2 ( continued ) 

Systems Oxidants Catalysts Reaction 

Temperature 
( °C) 

Products Active sites Mechanisms 

O 2 /N 2 O Metal (Fe, Cu, 
Co, Ni 
et al.)-exchanged 
zeolites (MOR, 
ZSM-5, SSZ-13, 
SAPO-34 et al.) 

125–200 CH 3 OH Monomeric, 
dimeric, and 
multimeric metal 
species 

•CH 3 radical or 
M-C σ -bond 85 , 86 

Coupling with 

CO/CO 2 

CO + O 2 Rh-ZSM-5 150 CH 3 OH, 
CH 3 COOH, 
CO 2 

Single Rh atoms M-C σ -bond 15 , 70 

CO 2 Zn/H-ZSM-5 250 CH 3 COOH Zinc sites 
confined in 
ZSM-5 

M-C σ -bond 67 

Metal supported 
on Al 2 O 3 
(Metal = Cu, Pt 
and Au) 

30 CH 3 OH, 
HCHO, 
CH 3 CH 2 OH, 
CH 3 COOH, 
Acetone 

Metal surface •CH 3 radical 68 

∗For step-wise conversion, the catalysts were firstly activated by an oxidant at 250–500 °C. 

Fig. 1. Graphene-confined single Fe atoms for methane oxidation by hydrogen peroxide. (a) An high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) image of graphene-confined single Fe atoms. (e) Reaction pathway of methane conversion to CH 3 OH, 
CH 3 OOH, HOCH 2 OOH, and HCOOH. Reproduced with permission. 18 Copyright 2018, Elsevier. 
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xed within aluminosilicate zeolite crystals, and further treated
y organosilanes to enhance the hydrophobic property of the
xternal surface of the zeolite ( Fig. 3 b and c ). Via the processing,
he diffusion of hydrogen, oxygen, and methane to the catalyst
ctive sites was significantly promoted, while the generated hy-
rogen peroxide was localized around the catalyst. Thus the high

ocal concentration of hydrogen peroxide in a zeolite nanoreactor
an considerably enhance efficient oxidation of methane at 17.3%
onversion and a 92% methanol selectivity ( Fig. 3 d ). They
ompared this effect as a hydrophobic sheath to hinder the
iffusion of hydrogen peroxide from the encapsulated AuPd
anoparticles, enhancing the local concentration of hydrogen
eroxide around the catalyst to promote methane oxidation.
he new concept of molecular-fence opens up new horizons for

fficient methane conversion under mild conditions. 
6 
Besides the strategy of using oxygen and hydrogen to in-
situ produce hydrogen peroxide to oxidize methane, the direct

ethane oxidation only by molecular oxygen was also proposed.
urface science study by Liang et al. 16 demonstrated that methane
an be adsorbed at the coordinatively unsaturated Ir center
n IrO 2 (110) to form the σ complex under ultrahigh-vacuum
onditions, leading to a break of the carbon-hydrogen bonds at
emperatures as low as −123 °C to form Ir-CH 3 species. With
n increase of the reaction temperature, the Ir-CH 3 species can
eact with surface oxygen to produce carbon dioxide, carbon

onoxide, et al. ( Fig. 4 a and b ). These results indicated the
rO 2 possessed good activity towards C 

–H bond cleavage of
ethane, which was in accordance with the theoretical prediction

hat IrO 2 exhibited the best activity towards methane activation
mong a series of catalysts, including MOR zeolites, MOFs and
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 2. The activity and reaction mechanism of methane oxidation with oxygen under mild condition by aqueous Au-Pd colloids. (a) The effect of 
different amounts of hydrogen peroxide on the selectivity and total amount of products. (b) Gas chromatography-mass spectrometry of methanol formed 
during methane oxidation by isotopically labeled oxygen. (c) Proposed reaction scheme for methane oxidation in the presence of H 2 O 2 and molecular 
O 2 . Reproduced with permission. 79 Copyright 2017, A A AS. 

Fig. 3. The structure and activity for methane oxidation of AuPd@ZSM-5-C16 catalysts. (a-c) Models and TEM images of AuPd@ZSM-5-C16. (d) 
The productivity of methanol and methane conversion by a series of AuPd based catalysts at 70 °C. Reproduced with permission. 20 Copyright 2020, 
A A AS. 
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Fig. 4. IrO 2 -based catalysts for methane oxidation by oxygen. (a-b) Temperature-programmed reaction spectroscopy of CH 4 , H 2 O, CO, and CO 2 
obtained after adsorbing CH 4 on IrO 2 (110) at 88 K with different CH 4 coverages. Reproduced with permission. 16 Copyright 2017, A A AS. (c) The 
possible reaction pathway of methane conversion on IrO 2 /CuO catalyst to methanol. (d) Methanol yield over different catalysts. The reactions were 
performed with a feedstock of 3 bar CH 4 and 1 bar air, except for IrO 2 /CuO 

∗, which was carried out with a feedstock of 20 bar CH 4 and 1 bar air. 
Reproduced with permission. 19 Copyright 2019, ACS. 
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ther oxides. 87 Besides, Rui et al. 19 synthesized a highly mixed
ybrid IrO 2 /CuO catalyst ( Fig. 4 c ), which can catalyze methane
xidation by air to methanol with a yield of 872 μmol g cat 

−1 in
ater at 150 °C for 3 h ( Fig. 4 d ). The conversion of methane can

each about 2.5% with a methanol selectivity of 95%. In addition,
he catalyst exhibited high stability without obvious activity loss
ven after 5 cycles test. The reaction mechanism may be that IrO 2 
omponent can promote C 

–H bond cleavage through Ir-C σ
ond to form Ir-CH 3 species, which can further react with oxygen
ttached at the neighboring Cu atoms to form methoxyl group.
he presence of water can facilitate methanol production. The

ynergy between IrO 2 and CuO enhance the methane oxidation
y molecular ox ygen, w hich provides a new route to convert
ethane via multi-component catalysts. Latest research by Liu,
odriguez and Senanayake et al. 14 , 82 found that water served

s a promoter in the process of methane oxidation to methanol
y oxygen. Based on the ambient-pressure x-ray photoelectron
pectroscopy, they indicated that CeO 2 /Cu 2 O/Cu(111) surface
as able to activate methane at room temperature, producing C,
H x fragments and CO x species. The addition of water into the

ystem can change the reaction network on the catalyst surface,
ielding only adsorbed CH x fragments. Once the temperature

ncreasing to 177 °C, the adsorbed CH x fragments can react
ith OH from water dissociation to yield methanol. Noting that
8 
ater participated during the methane oxidation to methanol
s the actual O-provider and hindered oxygen activation by
locking the active Ce sites at the CeO 2 –CuO interface. And

he oxygen dominantly promoted to re-oxidize CeO x . Another
ystem also exhibited the similar results that Ni/CeO 2 (111) can
ctivate methane at 27 °C and then the introduction of water can
nhibit the complete dissociation of methane to produce CO x and
romote a direct catalytic cycle for the generation of methanol at
77 °C. 83 These results unveil the significant role of water in the
ethane oxidation to methanol by oxygen, and provides a new

oute to tune the products selectivity for methane conversion. 
The direct methane oxidation by molecular oxygen can also

e achieved by a stepwise process over metal-exchanged zeolites,
nvolving high-temperature activation, low temperature reaction,
nd extraction by water. The metal-exchanged zeolites (such as
u-MOR, Fe-ZSM-5, Cu-ZSM-5, Cu-SSZ-13 and Cu-SAPO-
4) were first activated in oxygen at 450 °C, and then cooled to
25–200 °C and reacts with methane in the absence of oxygen,
hich can inhibit the overoxidation of methanol. Subsequently
ethanol can be extracted by water at 135–200 °C. The methanol

electivity can reach over 70%. The repeated heating and cooling
rocedure largely hindered the applicability of this technique.
ore details about the stepped methane conversion can be found

n the relevant reviews. 65 , 85 
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Fig. 5. The stepwise conversion of methane by water. (a) The reaction process for stepwise conversion of methane. (b) The possible reaction pathway 
of methane oxidation by water. Reproduced with permission. 17 Copyright 2017, A A AS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Methane oxidation by H 2 O 

(CH 4 (g) + H 2 O(l) = CH 3 OH(l) + H 2 (g) �H 273 

K = 29.113 kcal/mol) 
Water was rarely used for methane oxidation in thermal-catalysis
due to its weak oxidation property. Recently, a significant
breakthrough by Bokhoven et al. 17 demonstrated a watery route
for methane oxidation with a methanol productivity of 0.202 mol
per mole Cu at an ultrahigh selectivity of 97% over a copper-
containing zeolite. They reported that water molecules not only
served as a cheap and abundant source of oxygen to partially
oxidize methane to methanol, but also promote the desorption
of the methanol from the active sites. The stepwise reaction
proceeded under the following steps: firstly, the catalyst was
activated in helium or oxygen at 400 °C, followed by a consecutive
exposure to methane and then water at 200 °C, and finally the
methanol was desorbed from the catalyst surface ( Fig. 5 ). The
introduction of water in the stepwise process led to an increase
of the mass spectral signal of hydrogen, water and methanol,
indicating the oxygen atoms from water splitting were inserted
into the C 

–H bond of methane to produce methanol, which
was further verified by the isotopic labeling experiments. In
addition, the time-resolved in situ Fourier transform infrared
spectra indicated that the C 

–H bond cleavage coincided with
methoxy and Brønsted acid site formation. Combined with the
DFT calculations, they identified the Cu 

II oxide acting as the
active centers and the Cu 

I can be reoxidized by water. These
results indicated that water can act as an oxidant for methane
oxidation in place of molecular oxygen. While some debates on
the thermodynamic feasibility, thermal cycling, and the role of
water are sti l l pending. 88 , 89 

Methane coupling with carbon monoxide 

(2CH 4 (g) + O 2 (g) + 2CO(g) = 2CH 3 COOH(l) �H 273 

K = −143.431 kcal/mol) 
Besides the direct oxidation of methane to C1 oxygenates
under mild conditions, the coupling of methane with other C1
9 
molecules to form high-value-added C 2 + 

products is another
appealing research area. The traditional and indirect way to
achieve the methane to acetic acid involves a multi-step process,
including the methane steam reforming, methanol synthesis,
and subsequent methanol carbonylation on homogeneous cata-
lysts. 69 , 90 , 91 The direct carbonylation of methane to acetic acid is
of great significance but remains a great challenge. 

Flytzani-Stephanopoulos et al. 15 reported the mononuclear
rhodium species, anchored on a zeolite (Rh-ZSM-5) can achieve
the direct coupling of methane with oxygen and carbon monoxide
to acetic acid at 150 °C with a yield approaching 22,000 μmol
g cat 

−1 and a selectivity of 60% ( Fig. 6 ). In this process, the main
products were acetic acid and methanol, but they were produced
through independent reaction pathways. The cleavage of C 

–H
bond of methane on the active Rh site led to the formation of Rh-
CH 3 species, which can be further inserted by an oxygen atom
or carbon monoxide to produce Rh-O-CH 3 or Rh-CO 

–CH 3 
species. After hydrolysis, the methanol and acetic acid can be
produced, respectively. The 13 CO isotope-labeling experiments
further evidenced the methyl in methanol and acetic acid is
derived solely from methane, not from carbon monoxide. 

Meanwhile, Tao et al. 70 reported the transformation of
methane to acetic acid and methanol through coupling of
methane, carbon monoxide and oxygen on single-site Rh 1 O 5 
anchored in microporous aluminosilicates. The yield of acetic
acid can reach approximately 80,000 μmol g cat 

−1 at 150 °C
w ith a selectiv ity approaching 70%. The isotope experiments
indicated that the methyl group of acetic acid came from methane
and the carbonyl group from carbon monoxide ( Fig. 7 ), which
was in accordance with the results by Flytzani-Stephanopoulos
et al. A possible reaction pathway was proposed based on the
DFT calculations: firstly, the cleavage of C 

–H bond of methane
occurred on the active site Rh 1 O 5 to form a methyl and hydroxyl
adsorbed on the Rh site. Then, a carbon monoxide can insert
into the Rh-O bond of Rh-O-H, forming a COOH adsorbed
on Rh site, which can couple with the adsorbed methyl to
form acetic acid. Further desorption yielded the first acetic acid
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 

https://doi.org/10.1016/j.enchem.2020.100050


EnergyChem FULL PAPER 

Fig. 6. The structure and activity of methane coupling with carbon monoxide and oxygen on Rh-ZSM-5 catalyst. (a) HAADF-STEM image of Rh- 
ZSM-5 catalyst. (b) The amount of different products and selectivity of acetic acid. (c) Possible reaction pathways of the catalytic conversion of methane 
to methanol and acetic acid on Rh-ZSM-5. Reproduced with permission. 15 Copyright 2017, Springer Nature. 

Fig. 7. Reaction mechanism and pathway of methane oxidation by carbon monoxide and oxygen on Rh 1 O 5 -ZSM-5 catalyst. Reproduced with 
permission. 70 Copyright 2018, Springer Nature. . 
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deserves much attention. 
olecule. The remaining Rh-O oxo group can activate another
ethane to produce methyl and a hydroxyl group adsorbed

n the Rh site. And the second carbon monoxide can insert
nto the Rh-CH 3 bond to form the acetyl group, which can
ouple with the hydroxyl group to form the second acetic acid.
lthough the direct conversion of methane by coupling with
10 
arbon monoxide and oxygen can produce acetic acid under
ild conditions, the low conversion of methane and efficiency of

arbon monoxide make the process far away from the industrial
pplication. Development of efficient catalysts to enhance the
ethane conversion and inhibit the carbon dioxide production
DOI: 10.1016/j.enchem.2020.100050 
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Methane coupling with carbon dioxide 

(CH 4 (g) + CO 2 (g) = CH 3 COOH(l) �H 273 

K = −4.128 kcal/mol) 
Methane and carbon dioxide are not only greenhouse gasses, but
also the representative C1 building blocks. The co-conversion
of them into high-value-added products plays an important role
in the chemical industry. While the inherent stability of both
methane and carbon dioxide render their conversion challenging.
The methane steam reforming with carbon dioxide usually
requires high reaction temperature (above 700 °C) to overcome
the high reaction energy barrier. The direct co-conversion of
methane and carbon dioxide to C 2 + 

products, such as acetic
acid, is an attractive process due to the high atom economy, but
much efforts should be devoted to exploiting efficient catalysts
and process operated under mild reaction conditions. 

Previously, Huang et al. 66 reported the first example of direct
conversion of methane and carbon dioxide to oxygenates via
a two-step reaction process under heterogeneous conditions.
Firstly, the cleavage of C 

–H bond of methane occurred on the
catalyst surface to generate the CH x species, further introduction
of carbon dioxide led to the reaction between CH x and carbon
dioxide to produce acetic acid with a maximum selectivity of 28%
at 250 °C. Beside, Wang et al. 67 employed the solid-state NMR to
study the co-conversion of methane and carbon dioxide to acetic
acid at 250 °C on a bifunctional zeolite catalyst (Zn/H-ZSM-
5). Isotope 13 C-labeling experiments indicated that the methyl
group of acetic acid came from methane and the carbonyl group
from carbon dioxide. The proposed mechanism about the co-
conversion of methane and carbon dioxide on Zn/H-ZSM-5
zeolite was shown in Fig. 8 . Specifically, methane activation was
on the zinc site to form the zinc methyl species (-Zn-CH 3 ) and a
Brønsted proton, while carbon dioxide activation resulted in the
formation of surface carbonate species. And then the insertion
of carbon dioxide into zinc methyl species can produce surface
acetate species (-Zn-OOCCH 3 ), which can further abstract the
Brønsted proton to release acetic acid as products. This research
provides insights into the significant role of zinc and Brønsted
site for methane coupling with carbon dioxide into chemicals
over the bifunctional Zn/H-ZSM-5 catalyst by a spectroscopic
investigation. Exploitation on the efficient catalytic systems for
practical co-conversion of methane and carbon dioxide under
mild conditions requires further study. 

Besides the traditional thermal method for methane coupling
with carbon dioxide, Tu et al. 68 developed a dielectric barrier
discharge reactor to overcome the thermodynamic barrier for
the co-conversion of methane and carbon dioxide at 30 °C and
atmospheric pressure ( Fig. 9 ). The one-step process can enhance
the selectivity of acetic acid approaching 40 %. The production
of acetic acid may go through two possible reaction pathways:
one is the CO derived from carbon dioxide dissociation can react
with a CH 3 radicals derived from the methane dissociation to
form an acetyl radical (CH 3 CO), followed by recombination with
OH to produce acetic acid; the other is the CH 3 radicals derived
from methane dissociation can directly combined with carboxyl
radicals (COOH) to form acetic acid. The plasma-driven catalysis
render the direct co-conversion of methane and carbon dioxide
into acetic acid at low temperature (30 °C), which stimulates the
non-thermal plasmas for the direct transformation of chemically
inert molecules into useful chemicals. 

Besides, the photo-oxidation of methane is a fascinating
approach in the presence of oxygen or water. The photons
with energy of several eV can excite the oxygen or water to
 

11 
form the reactive and electrophilic ox ygen species, w hich can
further initiate the dissociation C 

–H bond of methane, enabling
the methane conversion at room temperature. Kazansky et al. 92 

for the first time realized the photochemically oxidation of
methane by TiO 2 based semiconductor photocatalyst under UV
irradiation. Due to the oxygen species generated from light
excitation possessing high reactivity, the products were mainly
carbon dioxide or carbon monoxide. Recent study by Tang
and Ma et al. 93 reported iron oxide species dispersed on TiO 2 
could transform methane to methanol with H 2 O 2 as oxidant
under ambient conditions and moderate light irradiation (close
to one Sun), in which the methane conversion can achieve
about 15% with an alcohol selectivity over 97%. Lately, Ye
et at. 94 reported Au/ZnO can realize the methane oxidation
to methanol and formaldehyde with a selectivity of 95% by
molecular oxygen under solar light at room temperature. The
efficient C 

–H bond activation to methyl radical and controllable
activation of oxygen to hydroperoxyl radical were identified as the
significant precursors intermediates in the direct photooxidation
of methane to liquid oxygenates. 

Except for the thermal- or photo-catalytic methods for partial
methane oxidation by oxygen under mild conditions, electrocat-
alytic partial oxidation of methane can be achieved at ambient
temperatures on the surface of an electrode, either directly by
its reaction with a surface oxygen site (O 

∗) or indirectly via its
oxidation by free radicals generated at the electrode/electrolyte
interface. The electrocatalytic process can precisely control the
rate of generation of these oxidative species by changing the
applied potential and is a promising approach to control kinetics
and product selectivity for methane oxidation. Although some
advances have been achieved, the low current density and energy
efficiency sti l l struggle to meet the commercial requirement,
which was discussed in the recent reviews. 95 , 96 

CARBON MONOXIDE CONVERSION 

Carbon monoxide, as an important platform molecule in C1
catalysis, which are extensively studied in the commercial
catalytic processes of FT synthesis and WGS reaction. 97–99 

Carbon monoxide reduction 

(2CO(g) + 4H 2 (g) = C 2 H 4 (g) + 2H 2 O(l) �H 273 

K = −71.378 kcal/mol) 
FT synthesis, with a history of more than 90 years, is a classic
route for the transformation of carbon monoxide and hydrogen
into C 2 + 

hydrocarbons, e.g., lower olefins, gasoline, jet fuel or
diesel, which received renewed interest in recent years because
of the shrinking oil resources and the grow ing env ironmental
concerns. Given the process involving the dissociation of carbon
monoxide and hydrogen to form surface CH x species and C 

–C
bond formation via coupling of CH x species on catalyst surface
without confinement, 100 , 101 the selectivity control is one of
the greatest challenge for FT synthesis. 102–104 According to the
most widely accepted Anderson-Schulz-Flory (ASF) distribution
model, the maximum selectivities of C 2 –C 4 (including olefins
and paraffins), C 5 –C 11 (gasoline), C 8 –C 16 (jet fuel) and C 10 –C 20
(diesel) hydrocarbons are evaluated to be 58%, 48%, 41% and
40%, respectively. Much attention has been paid to the Fe, Co
and Ru based catalysts due to their balanced abilities for carbon
monoxide dissociation, hydrogenation and chain growth in FT
synthesis. 105–108 Among them, Ru is the most active metal with
lower reaction temperature and good selectivity for long-chain
hydrocarbons. By contrast, Fe based catalysts are appropriate
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 8. Possible reaction mechanism for methane coupling with carbon dioxide into acetic acid on the bifunctional Zn/H-ZSM-5 zeolite. Reproduced 
with permission. 67 Copyright 2013, American Chemical Society. 

Fig. 9. One-step co-conversion of methane and carbon dioxide by dielectric barrier discharge reactor. (a) Comparison of direct and indirect processes for 
conversion of methane and carbon dioxide. (b) Scheme of the possible reaction pathways for the formation of acetic acid. Reproduced with permission. 68 

Copyright 2017, Wiley-VCH. 
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Table 3. Catalytic performance of aqueous-phase CO conversion with different catalysts. 28 . 

Catalyst Reactant 
Temperature 
( °C) 

FTS activity (mol -CH2- 
mol metal 

−1 h −1 ) 
Selectivity (%) 
CH 4 C 2 –C 4 C 5 + 

Pt-Mo 2 C/C CO 150 – – – –
Pt-Mo 2 C/C CO 200 – – – –
Pt-Mo 2 C/C CO:H 2 = 1:2 150 – – – –
Ru/C CO:H 2 = 1:2 200 9.1 24.1 20.9 55.0 
R uPt-Mo 2 C/C (R u/Pt = 2.5,R u/Mo = 0.3) CO 200 2.2 23.6 29.7 46.7 
Pt-Mo 2 C/ C + Ru/C (Ru/Pt = 2.5, Ru/Mo = 0.3) CO 200 8.7 11.4 20.2 68.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for the production of linear alkanes and oxygenates, which can
be used over a wider range of temperature and H 2 /CO ratios
without generating a large amount of CH 4 . 109 Co based catalyst
are more sensitive to reaction temperature and H 2 /CO ratio,
and exhibit higher activity and selectivity for long-chain alkane,
as well as low CH 4 and CO 2 selectivity. 110 In addition, Fe and
Co based catalysts are more suitable for large-scale industrial
applications due to their low cost. Modulation of the catalyst
compositions and reaction conditions can change the product
distribution, but the transformation of syngas to a specific range
of useful C 2 + 

hydrocarbons sti l l remains a great challenge. 
In order to attain a specific range of products with high

selectivity, innovative reaction routes beyond FT synthesis are
dedicated to breaking the ASF distribution. Recently, Bao and
Pan group has made a significant breakthrough by designing a
novel oxide-zeolite (OX-ZEO) process involves the activation of
CO and C 

–C coupling proceed separately on partially reduced
oxide (ZnCrO x ) surface and in mesoporous SAPO zeolite pores
by a composite catalyst. 111 The C 2 –C 4 olefin selectivity reaches
as high as 80% at a CO conversion of 17% at 400 °C. This
C 2 –C 4 olefins selectivity markedly surpasses the optimized FT
to olefin catalyst based Fe and Co ( ∼60%), and breaks the
limitation predicted by the ASF distribution. 112 Soon afterwards,
Wang group developed a tandem route that couples methanol-
synthesis and methanol-to-olefins reactions by a bifunctional
catalyst ZnO -ZrO 2 /SAPO -34, which can convert syngas to lower
olefins directly with a selectivity of 74% at a 11% CO conversion
at 400 °C. 113 The Zr-Zn binary oxide was proposed to facilitate
the activation of CO to methanol or methoxide, and the SAPO-
34 worked for the selective C 

–C coupling. Controlling the
hydrogenation ability of the bifunctional catalyst can significantly
enhance the C 2 –C 4 olefins selectivity. 

Besides, aqueous-phase FT synthesis process that couples
WGS and FT synthesis was proposed to transform syngas
to liquid fuels under mild conditions, 28 through which the
selectivity towards C 5 + 

hydrocarbons approached 68.4% at 200
°C by the tandem catalyst Pt-Mo 2 C/ C + Ru/C ( Table 3 ). The in-
situ generated hydrogen from water can directly react with carbon
monoxide to produce liquid fuels in the aid of the water solvent,
which presents a promising energy-efficient catalytic route for
carbon monoxide resource utilization under mild conditions. 

Typical reaction conditions: 60 mL water, 3.0 MPa gas,
reaction times were 12 h (150 °C) and 7 h (200 °C), respectively.
The metal ratio in the catalysts was molar ratio. 

Except for the traditional thermal catalytic process, much
progress has been made in the field of light driven FT synthesis, 114 

but the catalytic activities are sti l l not sufficient to demand
serious consideration in practical applications. A recent review
has discussed the research in detail, 115 which will be not dealt with

here. 
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Electroreduction of carbon monoxide is an emerging plat-
form with great promise for effective high-value-added C 2 + 

production, including ethylene, ethanol, acetic acid and n-
propanol. 11 , 29 , 116 Compared to the traditional FT synthesis
route, the electroreduction pathway using electric-potential as
the driving force is a promising approach of circumventing
the harsh conditions (high reaction temperature and high
pressure), being of great economic and environmental interest,
which can reduce carbon monoxide to hydrocarbons by water
under mild conditions without carbon dioxide emission. 117–119 

In addition, the lower reaction temperature can prohibit the
catalyst prone to deactivation caused by particle sintering or coke
deposition. 120 , 121 Cu is the only known elemental electrocatalyst
possessing good activity for carbon monoxide electroreduction
to C 2 + 

products. 22 , 122–125 Staged over several years, the current
density has increased from less than 1 mA cm 

−2 to over 1
A cm 

−2 , which was mainly caused by the upgradation of the
electrolytic cell from H-type reactor to a flow-cell. The gas-
diffusion electrode in the flow-cell enables carbon monoxide
to flow in a gas phase apart from any liquid catholyte. 26 , 126 , 127 

Much work was dedicated to reducing carbon monoxide to C 2 + 

products with high faraday efficiency at high rates, which was
discussed in detail in the following parts. 

H-type (batch-type reactor) 
Research on the electrochemical reduction of carbon monox-
ide is a young field although the hydrogenation of carbon
monoxide in the gas phase thermo-catalytically has been widely
studied. Before 1987, electroreduction of carbon monoxide
did not proceed effectively with the cathodic partial current
density for electroreduction of carbon monoxide not exceeding
5 × 10 

−2 mA cm 

−2 . 117 , 118 , 128 , 129 In 1987, Hori et al. 127 reported
that polycrystalline Cu can electro-reduce carbon monoxide to
hydrocarbons with a current density of 1.1 mA cm 

−2 and a
Faradaic efficiency approaching 23% in 0.1 M KOH at −0.7 V
vs. reversible hydrogen electrode (RHE), which opens up a
new view of carbon monoxide electroreduction in aqueous
medium. But the low current density and Faradaic efficiency
make it far away from applicable implementation. The discovery
of advanced catalytic sites and approach for overcoming the
poor mass transport of carbon monoxide is indeed necessary for
enhancement of the activity and selectivity. With the improved
overall product detection sensitivity, Wang et al. 130 reported that
polycrystalline Cu could reduce carbon monoxide to oxygenates
and hydrocarbons (ethylene and ethanol as the major products)
with Faradaic efficiencies up to 65% at a low overpotential of
−0.63 V vs. RHE. In 2014, Li et al. 22 reported an oxide-derived
coarsened Cu surfaces can reduce carbon monoxide to produce
multi-carbon oxygenates (ethanol, acetate and n -propanol) with
up to 57% Faraday efficiency at modest potentials ( −0.25 to
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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Fig. 10. The morphology structure and performance of Cu-based catalyst for carbon monoxide electroreduction. (a-c) SEM images. (d) Faradaic 
efficiencies for ethanol (EtOH), acetate (AcO 

−), n-propanol ( n -Pr-OH), ethylene (C 2 H 4 ) and ethane (C 2 H 6 ) at different potentials. Reproduced with 
permission. 22 Copyright 2014, Springer Nature. 
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0.5 V vs. RHE). They put forward engineering the grain
oundaries on the catalysts was favor of the activity and selectivity

or carbon monoxide electroreduction to long-chain products
 Fig. 10 ). Afterwards, Feng et al. 123 also demonstrated the
arbon monoxide electroreduction activity is directly correlated
o the density of grain boundaries in Cu nanoparticles. They
repared Cu nanoparticles with different average grain boundary
ensities to quantitative analysis of surface-area-normalized
arbon monoxide reduction current densities with the density
f the grain boundaries. In addition, Raciti et al. 131 indicated

hat the Cu(110) facets with the highest grain boundary density
layed a key role in carbon monoxide reduction to C 2 + 

products.
xcept for the efforts focusing on the increase of surface active

ites for polycrystalline Cu, the electrode structure was designed
o possess high-surface-area with better carbon monoxide ac-
essibility. Wang et al. 132 prepared a three-dimensional (3D)
anostructured oxide-derived Cu catalyst based on commercial
u foams, which can efficiently enhance the current density and

electivity towards carbon monoxide reduction due to its large
urface area facilitating the supply of carbon monoxide to the
ctive sites. 

Besides the optimization of the structure of Cu catalyst,
esearchers also made efforts on the fabrication of cathodic
lectrode structure. Han et al. 124 fabricated Cu nanoparticles-
ased gas diffusion electrodes to render the carbon monoxide
as be directly introduced onto the catalyst surface, which can
nhance the partial current density to 50.8 mA cm 

−2 for carbon
onoxide reduction to ethylene at −15 °C and −0.85 V in 10 M
OH. Recently, Deng et al. 133 worked on the optimization of
ydrophobic property of cathode structure and Cu catalysts to

acilitate carbon monoxide diffusion and C 

–C bond coupling,
chieving a 52.7% Faradaic efficiency of ethylene from carbon
onoxide electroreduction. The control experiments that Cu
 f  

14 
ar ticles suppor ted on the carbon papers with different hy-
rophobicity indicated that the electrocatalytic carbon monoxide
eduction process was greatly affected by the hydrophobicity and
orous structure of the catalyst supports. As shown in Fig. 11 a ,

he hydrophobic carbon fiber with 25% polytetrafluoroethylene
PTFE) treatment can efficiently promote carbon monoxide
ransport at the interface of gas/liquid/solid ( Fig. 11 b ), and the
ptimal Faradaic efficiency of C 2 + 

products can reach 72.5% at
.7 V in 1 M KOH ( Fig. 11 c ). Combined with the in situ X-ray
bsorption near-edge structure spectra of Cu K-edge and DFT
alculations, Cu(100) was proposed as the most preferred plane
or ethylene formation. ( Fig. 11 d ). 

Despite significant progress on the electroreduction of carbon
onoxide based on the H-type reactor, the optimal activity

chieved remains inadequate at less than 100 mA cm 

−2 , far from
he industrial application. The low solubility of carbon monoxide
n the electrolyte largely hinders the transport of carbon monox-
de to the catalyst surface. In addition, the competition between
arbon monoxide reduction and hydrogen evolution inhibits the
aradaic efficiency of carbon monoxide to C 2 + 

products. 

low-cell reactor 
nspired by the application of flow-cell reactor in carbon dioxide
lectroreduction, the flow-cell reactor comes into sight for the
arbon monoxide electroreduction, which allows the gaseous
eactants to be directly fed to the electrode-electrolyte interface
chieving a high rates of carbon monoxide reduction. Firstly,
iao et al. 26 fabricated a three-compartment carbon monoxide
ow electrolyser shown in Fig. 12 a and b, in which the carbon
onoxide gas was directly fed on the Cu catalyst surface and

he triple-phase boundary benefited for the carbon monoxide
ransportation. The well-engineered electrode-electrolyte inter-
ace promoted the carbon monoxide reduction to C 2 + 

products
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 11. The carbon monoxide electroreduction performance and characterization of Cu electrode structure. (a) Faradaic efficiency and geometric 
current density for carbon monoxide electroreduction of Cu nanopar ticles suppor ted on carbon papers with different hydrophobicity. (b) Schematic 
illustration of tripe phase interface for carbon monoxide reduction. (c) Faradaic efficiencies of C 2 + products over Cu particles. (d) The in situ X-ray 
absorption near-edge structure spectra of Cu K-edge. Reproduced with permission. 133 Copyright 2020, Wiley-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with a 91% selectivity at a partial current density of 635 mA cm 

−2

( Fig. 12 c and d ). 
Besides the increase of local carbon monoxide concentra-

tion to enhance the carbon monoxide electroreduction current
density, changing the carbon monoxide concentration can also
regulate the selectivity of carbon monoxide electroreduction
products. Latest research by Sargent and Sinton group 

29 indicated
that an ethylene Faradaic efficiencies of 65% at a partial current
density of 808 mA cm 

−2 were achieved by tuning the local carbon
monoxide concentration at the catalyst-electrolyte interface
( Fig. 13 a ). They performed carbon monoxide electroreduction
in 1 M KOH at various carbon monoxide concentrations and
a fixed potential. Combined with the experiments and DFT
calculations, they indicated that the carbon monoxide coverage
on the catalyst surface influenced the reaction pathways of
ethylene versus oxygenate: lower carbon monoxide coverage
stabilized the ethylene-relevant intermediates whereas higher
carbon monoxide coverage favored oxygenate formation. 

In addition, the alkalinity of the electrolyte also has a great
effect on the Faradaic efficiencies and current density for carbon
monoxide electroreduction. Li et al. 29 indicated that alkalinity
of the electrolyte above 1 M inhibited the ethylene production
but benefited for acetate formation, which was ascribed to a
high alkalinity facilitating ∗C 2 intermediates reacting with the
abundant hydroxide ions to acetate. 

After several years of rapid development, carbon monoxide
electroreduction with high rate performance is now beginning to
15 
take shape. The 40% energetic efficiency for C 2 + 

products can be
maintained at 600 mA cm 

−2 ( Fig. 13 b-c ). The ethylene Faradaic
efficiencies can reach over 65% at a partial current density about
800 mA cm 

−2 , which shows promise for large-scale application of
carbon monoxide electroreduction under mild conditions. 

Combined with the in-situ characterizations and DFT calcu-
lations, much progress has been achieved on the understanding
of active sites, key reaction intermediates and reaction pathways
of Cu catalysts for carbon monoxide electroreduction to C 2 + 

products. As shown in Fig. 14 , the two adsorbed carbon
monoxide molecules can firstly form a dimer CO 

–CO 

∗ species,
which can further adsorb the protons from the electrolyte
to form COHCOH 

∗ species. Then, the dehydration process
occurred to form the CCOH 

∗ species. Further adsorption of
the protons and dehydration lead to the formation of CHC 

∗
species. Afterwards, the proton-electron transfer occurred on the
CHC 

∗ species to form the C 2 H 4 products. Note that the proton-
electron transfer of CHCOH 

∗ splits the pathway to C 2 H 4 from
the pathway to CH 3 CH 2 OH and CH 3 COOH. Via changing
the structure of catalysts, we can adjust the reaction pathway
to selective electroreduction of carbon monoxide to desired
C 2 + 

products. In addition, the formation of the C 2 O 2 
∗ species

is regarded as the most endergonic electrochemical step and
determines the overpotentials of the cathode reaction. Hence,
designing efficient catalysts to lower the formation energy of
C 2 O 2 

∗ species can significantly enhance the activity of carbon
monoxide electroreduction. 
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 12. The scheme of flow-cell reactor and performance of carbon monoxide electroreduction. (a-b) Scheme of the carbon monoxide flow electrolyser 
and tripe-phase boundary for carbon monoxide reduction. (c-d) Partial current density and Faradaic efficiencies of C 2 + products from carbon monoxide 
reduction. Reproduced with permission. 26 Copyright 2018, Springer Nature. 
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ater gas shift reaction 

CO(g) + H 2 O(l) = CO 2 (g) + H 2 (g) �H 273 

 

= 0.917 kcal/mol) 
GS reaction (CO + H 2 O → CO 2 + H 2 ) is an essential process

or hydrogen production through fossil fuel and carbon monox-
de removal in various energy-related chemical industry. 134–136 

he development of efficient low-temperature catalysts for WGS
eaction are vital for their applications in fuel cells. 25 , 137–139 

ompared to the Fe based catalysts operating at high-temperature
f 350–450 °C, Au based catalysts, Cu based catalysts and
t group catalysts are used for the low-temperature WGS

eaction operating at 200–300 °C w ith high activ ity and good
electivity. 140–144 Thompson et al. 21 reported Pt/Mo 2 C catalyst
ossessing much higher WGS rates than oxide-supported Pt
atalysts and commercial Cu-Zn-Al catalyst at 200 °C. They
scribed the higher activity to the high density of active sites
t the perimeter of the Pt particles. Ribeiro et al. 24 screed a
eries of transition metals (Ag, Cu, Pt, Au, Pd and Ni) supported
ver Mo 2 C for WGS at 120 °C, and found that Pt/Mo 2 C
howed the highest activity, 4–8 times higher than those of
he commercial Cu/ZnO/Al 2 O 3 catalyst. Latest research by Ma
t al. 25 reported Au clusters on a α-MoC substrate exhibiting
uperior performance for low temperature WGS reaction, which
s at least one order of magnitude more active than previous
ndings for the WGS reaction below 150 °C ( Table 4 ). As shown

n Fig. 15 , carbon monoxide conversion can reach over 95% at
 c  

16 
20 °C and 98% at 150 °C under the product free gas feed.
ombined with the DFT calculations, they indicated that the
ater dissociated on the α-MoC center to produce OH species,
hich can further reacted with the adsorbed CO at the interface
f Au and α-MoC to form CO 2 and H 2 at low temperature.
ut when changing the reaction gas feed to a full reformate gas
ontaining hydrogen and carbon dioxide, the activity dropped
ignificantly to 62% at 120 °C due to the inhibition by product
f hydrogen and carbon dioxide, corresponding to the Au-
ormalized activity of 0.62 and 2.02 mol CO 

mol Au 
−1 s −1 ,

espectively. Besides the metal supported on Mo x C system for low
emperature WGS reaction, Stephanopoulos et al. 23 found that
he addition of Na or K to Au on KLTL zeolite and mesoporous

CM-41 silica enabled the single site cationic Au-O(OH) x -
pecies stabilized by alkali ions in the form of AuO y (OH) z (Na
r K) x , leading to a high activity for the low temperature WGS
t 150 °C. In addition, Supported Ionic Liquid Phase catalysis
SILP), as one of the most promising approaches, enables a highly
fficient WGS reaction at temperatures between 100 °C and 150
C by homogeneous catalysis. 145 The SILP catalysts consist of a
ransition metal complex, which is homogenously dissolved in a
hin film of ionic liquid (IL). The best activities were observed for
uthenium-based catalysts, especially for systems using RuCl 3 as
recursor. The novel process provides an efficient way for WGS
eaction at low temperature. 

Besides designing novel catalysts in thermal catalysis to de-
rease the reaction temperature, light energy was also employed
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 

https://doi.org/10.1016/j.enchem.2020.100050


EnergyChem FULL PAPER 

Fig. 13. Representative systems for electroreduction of carbon monoxide. (a) The scheme of the reaction pathway for carbon monoxide reduction at 
the catalyst-electrolyte interface with carbon monoxide-deficiency and carbon monoxide-surplus conditions. Reproduced with permission. 29 Copyright 
2019, Springer Nature. (b) C 2 + energetic efficiencies versus the C 2 + partial current densities for representative carbon monoxide electroreduction 
systems and (c) Faradaic efficiencies versus partial current densities for ethy lene. R eproduced with permission. 11 , 133 Copyright 2019, Springer Nature. 
Copyright 2020, Wiley-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to drive the WGS under mild conditions. Ouyang et al. 139 

proposed a solar-driven WGS process instead of traditional
thermal catalysis, in which CuO x /Al 2 O 3 catalyst delivered
excellent catalytic activity (122 μmol g cat 

−1 s −1 of H 2 evolution
and > 95 % of CO conversion) under photothermal condition
with UV-light irradiation. The solar-driven WGS reaction with
a reaction temperature about 285 °C exhibited more than
tw ice activ ity of the thermal catalysis operated at 300 °C.
The authors ascribed this attractive performance of the solar-
driven WGS reaction over CuO x /Al 2 O 3 effect to the combined
photo-thermocatalysis and photocatalysis. In addition, Corma
et al. 151 reported the photocatalytic WGS at ambient temperature
with sunlight and visible light by noble-metal (Au, Pd and Pt)
nanoparticles loaded on TiO 2 or CeO 2 . After 22 h irradiation
with concentrated sunlight, Au/TiO 2 showed the highest activity
at a carbon monoxide conversion of 71%, with H 2 and CO 2 
production rates of 10,506 mmol g cat . −1 and 13,447 mmol g cat . −1 ,
respectively. These results provide a promising way for the
implementation of sunlight-driven, near ambient temperature
WGS process. 

In addition, a new electrochemical WGS concept was pro-
posed by using electrical energy. Oettel and co-workers 152 , 153 
17 
firstly reported an electrochemical membrane reactor, which
combined the electrochemical H 2 pumping and the electro-
chemical CO oxidation in one step. The process was operated
about 150 °C with a current density of 28.1 mA cm 

−2 at
0.55 V versus RHE employing a H 3 PO 4 -doped Poly (2,5-
benzimidazole) membrane as electrolyte and precious PtRu
anode catalyst. Recently, Deng et al. 27 put forward a room-
temperature electrochemical water-gas shift process (EWGS)
for direct production of high purity hydrogen, in which CO
was oxidized on the anode and H 2 was produced from H 2 O
reduction on the cathode. The employment of anion exchange
membrane can separate the cathode and anode, and hinder
cross-contamination of the anodic (CO 2 ) and cathodic (H 2 )
reaction products in the system. Thus a high purity hydrogen
can be achieved without the need of additional separation
process as required in the traditional WGS. Through improving
the hydrophobicity of the catalyst to create solid/liquid/gas
interfaces, the diffusion and adsorption of CO can be facilitated,
leading to an improvement on the anodic reaction activity. The
electrolysis process can be effectively driven at room temperature
(25 °C) and atmospheric pressure with a faradaic efficiency of
approximately 100% ( Fig. 16 ). Through the rational design of the
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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Fig. 14. Schematic representations of CO electroreduction reaction pathways. Reproduced with permission. 133 Copyright 2020, Wiley-VCH. 

Fig. 15. Catalytic performance and reaction mechanism of Au/ α-MoC for low temperature WGS reaction. (a) carbon monoxide conversion on different 
catalysts at various temperatures. (b) The Au-normalized activity of different catalysts under different temperature. Reproduced with permission. 25 

Copyright 2017, A A AS. 

a  

p  

c  

m  

p  

f  

r  

W  

a  

p  

p  

u

node structure and catalyst, the operating voltage for the EWGS
rocess was lowered to almost 0 V vs. RHE. The optimized PtCu
atalyst increased the current density up to 70.0 mA cm 

−2 at a
oderate potential of 0.6 V, which was more than 12 times that of

ristine commercial Pt/C (40 wt.%) catalyst, and remains stable
or even more than 475 h. The rate of hydrogen production can
18 
each 128.2 mmol h 

− 1 g cat. 
−1 . Electrochemically decoupling the

GS redox reaction to separated cathodic reduction reaction and
nodic oxidation reaction in an electrolytic cell and using electric-
otential as the driving force of the process provides a new and
romising platform for hydrogen production via WGS process
nder mild conditions. 
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Table 4. Representative catalytic systems for the low-temperature WGS reaction operating below 300 °C. 

Catalysts 
Reaction temperature 
( °C) Gas feed composition 

Mass specific activity 
( μmol CO 

g cat 
−1 s −1 ) Reference 

(2%)Au/ α-MoC 40 3% CO + 6% H 2 O + 20% 

N 2 in Ar 
1.22 25 

80 5% CO + 10% 

H 2 O + 20% N 2 in Ar 
13.06 

120 10.5% CO + 21% 

H 2 O + 20% N 2 in Ar 
103 

150 167 
200 325 

Au/MoC x 80 3% CO + 10% H 2 O + He 
in He 

5.77 146 

100 18.9 
140 50.0 

Au/ β-Mo 2 C 120 7% CO/22% H 2 O/37% 

H 2 /8.5% CO 2 in Ar 
1.6 24 

Pt/ β-Mo 2 C 120 7% CO + 22% 

H 2 O + 37% H 2 + 8.5% 

CO 2 in Ar 

1.8 24 

Pd/ β-Mo 2 C 120 7% CO + 22% 

H 2 O + 37% H 2 + 8.5% 

CO 2 in Ar 

1.4 24 

Au-Na/MCM41 150 11% CO + 26% 

H 2 O + 26% H 2 + 7% 

CO 2 in He 

0.83 23 

Au/CeFeAl 180 9% CO + 30% 

H 2 O + 50% H 2 + 12% 

CO 2 

1.79 147 

Pt-Na/CNT 200 2% CO/10% H 2 O in He 1.25 148 

Pt-Mo 2 C 200 11% CO + 21% 

H 2 O + 43% H 2 + 6% 

CO 2 in N 2 

100 21 

240 285 
Au/CeO 2 250 11% CO/26% 

H 2 O/26% H 2 /7% CO 2 
in He 

48 149 

Pt/CeO 2 250 11% CO/26% 

H 2 O/26% H 2 /7% CO 2 
in He 

22 149 

Ir 1 /FeO x 300 2% CO/10% H 2 O in He 1.2 150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METHANOL CONVERSION 

Methanol to hydrogen 

(CH 3 OH(l) + H 2 O(l) = CO 2 (g) + 3H 2 (g) �H 273 

K = 31.499 kcal/mol) 
Methanol, as an important raw material, which participate in
many important industrial reactions, such as MSR, methanol
to olefins. 31,32,154,155 MSR has been considered as an important
method for the clean hydrogen production, for which the
suppression of by-products carbon monoxide and improvement
of low temperature activity remain major challenges. 156 It has
been discovered that Cu-based catalysts exhibit high activity for
low temperature MSR, but they suffer from severe deactivation
during the reaction. 157 In contrast, the noble catalysts, such as Pt-
based or Pd- based cat alysts de liver good stability. 35,158 The Pd or
Pt dispersed on Cu/ZnO are the representative heterogeneous
catalysts for the methanol steam reforming. 154 , 159 Iwasa et al. 160 

carried out the methanol steam reforming over various supported
group 8–10 metal catalyst at 220 °C, and reported the highest
performance of PdZn alloy catalyst with a 54.2% conversion and
19 
a 99.2% selectivity of carbon dioxide. In order to achieve a high
rate of hydrogen production from low-temperature MSR process,
bifunctional structures with efficient activation for both the water
and the methanol were proposed as promising catalysts. Recent
study by Ma et al. 33 found that atomically dispersed platinum over
α-MoC can achieve the aqueous-phase reforming of methanol
at 150–190 °C, which exhibited a high TOF about 18,046 mol
of hydrogen per mole of platinum per hour ( Fig. 17 ). The
strong interaction led to an exceptionally high density of electron-
deficient surface Pt sites for both the adsorption or activation
of methanol. And the α-MoC provided highly active sites for
water dissociation, producing abundant surface hydroxyls and
thus accelerating the methanol-reforming reaction at the interface
between Pt 1 and α-MoC. The synergetic effect make the catalyst
possess unprecedented activity and good stability. Notably, the
selectivity of carbon monoxide can be even reduced below 0.1%,
which shows great potential for commercially hydrogen storage. 

Besides the noble-metal catalysts, much attention was at-
tracted by the cheap and more abundant Cu/ZnO systems,
but they require higher reaction temperature than the Pt or Pd
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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Fig. 16. Room-temperature EWGS for direct production of high purity hydrogen (a) Schematic diagram of the EWGS process compared with 
the traditional WGS process. (b) Linear sweep voltammetry polarization curves of the CO oxidation catalyzed by different catalysts. (c) Schematic 
illustration of solid/liquid/gas interfaces on the PTFE-decorated Pt surface. Reproduced with permission. 27 Copyright 2019, Springer Nature. 
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atalysts. 154 Tsang et al. 30 reported a CuZnGaO x catalyst for
he direct methanol steam reforming to hydrogen and carbon
ioxide via a non-syngas route at 150–200 °C. The balance
etween metallic Cu 

0 and Cu 

I was considered important for
he enhancement of activity and selectivity. In contrast to the
raditional multi-step process for methanol to hydrogen, the
on-syngas route can produce high quality hydrogen with a
roductivity of 393.6 mL g cat 

−1 h 

−1 at 150 °C in a single-step
ithout detectable CO (below detection limit of 1 ppm), which

ircumvented the steam reforming to syngas at high temperature,
ater gas shift and carbon monoxide purification. The non-

syngas direct steam reforming route provides a promising option
or high pure hydrogen production from methanol at mild
onditions. 

 

–C coupling (2CH 3 OH(l) = C 2 H 6 O 2 (l) + H 2 (g) �H 273 

 

= 5.267 kcal/mol) 
esides using methanol as a hydrogen carrier, methanol can be
onverted to other valuable chemicals, such as acetic acid and
lefins, which has been extensively studied from fundamental
esearch to industrial applications. 161–164 MTO process was
egarded as a key future technology for transforming coal
20 
r natural gas into the fine chemicals. Since MTO was first
roposed by the Mobil Corporation in 1977, 165 great efforts
ere put into developing the MTO process by systematically

xploring catalyst synthesis, 166–168 reaction mechanism, 169 pro-
ess engineering 170 , 171 , reactor design and commercialization
evelopment. 155 The representative MTO catalysts are acid
eolite-based catalysts, with the reaction operated above 400 °C.
he world’s first MTO unit was constructed and started up by the
alian Institute of Chemical Physics in 2010 in Baotou, China,
hich was considered as a crucial milestone for the production
f lower olefins from coal. A comprehensive summary about
TO technology from fundamentals to commercialization was

eviewed in detail. 155 

Except for the C 

–C coupling of methanol to hydrocarbons
nd oxygenates under high temperatures, the selectively activate
he unreactive C 

–H bond of methanol but stabilize the hydroxyl
roup to form the C 

–C coupling under mild conditions was also
eported. 172 , 173 In 1982, Yanagida et al. firstly used methanol
s the sacrificial electron donors to enhance the photochemical
roduction of hydrogen by ZnS, in which the CH 3 OH was
onverted to ethylene glycol and hydrogen by UV irradiation. 174 

fter that, they further increased the selectivity of ethylene glycol
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 17. Reaction mechanism of Pt 1 / α-MoC for aqueous-phase reforming of methanol. (a) Energy profiles for CH 3 OH dissociation into CO and H 

atoms on different surfaces. (b) Energy profiles for CO 2 formation via the water-gas shift reaction on different surfaces. Reproduced with permission. 33 

Copyright 2017, Springer Nature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

activation. 
to 52% after 60 h irradiation in 1984, and indicated that the first
example of photo-assisted process for carbon-carbon formation
was achieved via free radical intermediates by ZnS semiconductor
particles. 175 Hu et al. then adopted freshly prepared colloidal ZnS
to further enhance the selectivity of ethylene glycol to 95% after
6 h irradiation. Moreover, the •CH 2 OH was confirmed as the
main radical intermediate for the formation of ethylene glycol
by spin trapping experiments. 176 Recent study by Xie et al. 34 

present the first visible-light-driven dehydrogenative coupling
of methanol to ethylene glycol with 90% selectivity, which was
achieved by the catalyst of MoS 2 foam modified CdS nanorod
( Fig. 18 ). Specifically, the cleavage of C 

–H bond in methanol
21 
preferentially occurred on the CdS surface to produce hydrox-
ymethyl radical, which can further coupled with each other to
form ethylene glycol. Meanwhile, MoS 2 foam with sufficient
edge served as hydrogen evolution active sites, can promote the
photocatalytic activity for ethylene glycol formation. In addition,
the intimate contact between MoS 2 and CdS benefited for the
transfer of photogenerated electrons and holes. Consequently, a
16% yield of ethylene glycol after 100 h reaction by a process-
intensified reactor was achieved. The research put forward a
promising way for ethylene glycol production under mild condi-
tions and demonstrate a novel strategy for preferential C 

–H bond
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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Fig. 18. The structure and activity of MoS 2 foam modified CdS catalyst for visible light-driven methanol to ethylene glycol. (a) TEM image of MoS 2 
foam modified CdS catalyst. (b-d) HAADF-STEM images of MoS 2 foam modified CdS catalyst and corresponding elemental mappings. (e) The process- 
intensified mode with ethylene glycol separation in contract to the conventional reaction mode. (f) The yield and selectivity of ethylene glycol under 
different conditions. Reproduced with permission. 34 Copyright 2018, Springer Nature. 

C
(
K

C  

a  

f  

e  

t  

f  

o  

i
T  

a  

t  

a  

p  

a  

D  

s  

h  

n  

c  

p  

d
 

v  

m  

m  

a  

a  

d  

b  

w
T  

c  

c  

t
 

p  

d  

t  

a  
arbon dioxide conversion 

CO 2 (g) + 3H 2 (g) = CH 3 OH(l) + H 2 O(l) �H 273 

 

= −31.499 kcal/mol) 
arbon dioxide is a cheap, nontoxic and abundant C1 feedstock

nd its chemical transformation into value-added chemicals and
uels plays a key role for creating a sustainable low-carbon
conomy in the chemical and energy industry. 177 , 178 However,
he transformation of carbon dioxide usually needs the co-
eeding of a high-energy reactant (e.g., hydrogen) or the supply
f external energy (e.g., electric energy or photo energy) due to

ts thermodynamically stable and kinetically inert property. 179 , 180 

o date, hydrogenation of carbon dioxide by hydrogen is regarded
s the most promising route for the conversion of carbon dioxide
o liquid fuels or value-added chemicals. Benefiting from the
dvanced technology about water electrolysis and solar/wind
ower, the production of renewable hydrogen become possible
nd easy to implement. 181 Recent progress by Li group from
alian Institute of Chemical Physics demonstrated a liquid

unshine pilot project that hydrogenation of carbon dioxide by
ydrogen to methanol, which involves photovoltaic power tech-
ology and water electrolysis for hydrogen ( http://w w w.dicp.cas.
a  

22 
n/xwdt/ttxw/202001/t20200116 _ 5488931.html ). This pilot
roject provides a promising route for the conversion of carbon
ioxide into liquid fuels by solar energy. 

Catalytic hydrogenation of carbon dioxide can produce a
ariety of valuable fuels and chemicals, such as carbon monoxide,
ethanol, formic acid, ethanol, lower olefins, gasoline and aro-
atics, etc. 39 , 41–43 , 189 , 196 , 203 , 213-220 The representative catalysts

nd reaction conditions for the hydrogenation of carbon dioxide
re summarized in Table 5 . The reported catalysts for carbon
ioxide hydrogenation to methanol are mainly focused on Cu-
ased and Pd-based systems, but most of them were only active
hen the reaction temperature was higher than 200 °C. 221–225 

he hydrogenation of carbon dioxide to C 2 + 

products is usually
atalyzed by bifunctional catalysts, which took place through two
ompeting pathways: the modified Fischer-Tropsch synthesis and
he methanol-mediated synthesis. 215 

The high reaction temperature and low yield of targeted
roducts remain the major challenges for carbon dioxide hy-
rogenation. Recently, Zeng group 

41 reported a synergetic in-
eraction to enhance the carbon dioxide hydrogenation catalytic
ctivity below 200 °C. They prepared the isolated monomers Pt
toms and neighboring Pt monomers doping MoS 2 nanosheets
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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Table 5. The representative catalysts for carbon dioxide hydrogenation. 

Main Products Catalysts Reaction Temperature ( °C) Reference 

C1 products (CH 3 OH, HCOOH et al.) Cu/Zn based Cu/plate ZnO/Al 2 O 3 270 182 

Cu@ZnO x 250 183 

Cu/Zn/Al/Y 250 184 

Cu/ZrO2 based Cu/Zn/ZrO 2 220 185 

Cu/Ga 2 O 3 /NC-ZrO 2 250 186 

La-Cu/ZrO 2 220 187 

MOF-based CuZn@UiO-bpy 250 188 

mbpyOH-[I r ]-UiO 85 189 

Pd-based Pd/ZnO-Al 2 O 3 180 190 

Pd/Zn/CNTs 250 191 

Pd/In 2 O 3 300 192 

Au-based Au/ZnO 220–240 193 

Au/ZrO2 220–240 193 

Bi-metallic Pd-Cu/SBA-15 250 194 

Pd-Cu/CeO 2 190–270 195 

PdMn 0.6 @S-1 80 196 

Inter-metallic PdZnAl 250 197 

NiGa/SiO 2 200 198 

CuIn-In 2 O 3 280 199 

Hybrid oxide In 2 O 3 /ZrO 2 300 200 

Cu-ZnO/Al 2 O 3 260 201 

C 2 + products (CH 3 CH 2 OH, C 2 H 4 et al.) Fe-based Fe/ZIF-8 300 202 

Na-Fe 3 O 4 /H-ZSM-5 320 203 

Fe-Zr-Ce-K 320 204 

Cu-based Cu-Zn-Cr oxide/zeolite H-Y 400 205 

FeCu/K/Al 2 O 3 300 206 

Zn-based ZnGa 2 O 4 /SAPO34 450 207 

Fe-Zn-Zr@H-beta 340 208 

Co-based CoAlO x 140 42 

Co-Fe/K/Al 2 O 3 320 209 

In-based In 2 O 3 /HZSM-5 340 210 

In 2 O 3 -ZrO 2 /SAPO-34 400 211 

Cr-based Cr 2 O 3 /H-ZSM-5 350 212 

MOF-based Zr 12 -bpdc-CuCs 85–100 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 19 ). Compared to the isolated monomers Pt atoms
doping MoS 2 , the neighboring Pt monomers doping MoS 2 
exhibited better catalytic performance towards carbon dioxide
hydrogenation with a TOF of 162.5 h 

−1 for 7.5% Pt/MoS 2 at
150 °C. In addition, the activation energy for 7.5% Pt/MoS 2 
was only about half of that for 0.2% Pt/MoS 2 . Combined with
DFT calculations, they indicated that the synergetic interaction
of neighboring Pt monomers can efficiently lower the reaction
barrier and optimize the reaction pathway for carbon dioxide
hydrogenation. 

Metal-organic frameworks (MOFs), as another promising
heterogeneous catalysts or supports/precursors, were reported to
present good activity for carbon dioxide hydrogenation. Wang
et al. 189 indicated that molecular iridium catalysts immobilized
in MOFs can efficiently convert carbon dioxide to formic
acid/formate with a high TOF of 410 h 

−1 under atmospheric
pressure and at 85 °C. 

Besides, the conversion of carbon dioxide to C 2 + 

oxygenates such as ethanol is economically attractive and
scientifical ly chal lenging because of the requirement of
forming C 

–C bonds while retaining some of the C 

–O
bonds ( 2CO 2 (g) + 6H 2 (g) = C 2 H 6 O(l) + 3H 2 O(l)
�H = −83.576 kcal/mol). Xiao group 

42 reported a non-noble
catalysts (CoAlO x ) for selective hydrogenation of carbon dioxide
into ethanol with a selectivity of 92.1% at 140 °C, and the ethanol
23 
time yield can reach 0.444 mmol g −1 h 

−1 . They ascribed the
good activity and extraordinary selectivity to the surface oxides
with co-existence of Co-CoO phases due to their positive effect
on production of ∗CH x for converting formate into acetate
via insertion. The noble Pd-based catalysts, such as Pd-Cu
nanoparticles, was also found to be active for carbon dioxide
to ethanol, which exhibited high selectivity up to 92% with a
TOF of 359 h 

−1 at 200 °C. 39 Recent study by Wang et al. 43

found that carbon dioxide can be hydrogenated to ethanol by
cooperative Cu 

I sites on a Zr 12 cluster of a MOF ( Fig. 20 ). The
Cu- and Cs-functionalized MOF exhibited > 99% selectivity
towards ethanol for carbon dioxide hydrogenation, with a
turnover number (TON) of 4080 in supercritical carbon dioxide
at 85 °C in 10 h or a TON of 490 at 2 MPa of CO 2 /H 2 (1/3)
and 100 °C. The isotope labeling experiments indicated that
the methyl group of methanol can be incorporated into the
ethanol product. Further, they proposed a possible catalytic
c ycle v ia bimetallic oxidative addition. Firstly, the hydrogen
was activated on bimetallic Cu 

I 
2 sites to form (Cu 

2 + - H 

−) 2 ,
and then carbon dioxide was hydrogenated to form methanol
and formyl species. Further, a C 

–C bond coupling occurred on
methanol and formyl species to generate C 2 + 

oxygenates. The
Cu 

I 
2 sites were regenerated by bimetallic reductive elimination

with concomitant formation of methanol, ethanol or water.
During the process, the cooperative nature of the bimetallic Cu 

I 
2 
DOI: 10.1016/j.enchem.2020.100050 
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Fig. 19. Structural characterizations of isolated monomers Pt atoms and neighboring Pt monomers doping MoS 2 nanosheets and their catalytic 
performance for carbon dioxide hydrogenation. (a-c). HAADF-STEM images of isolated Pt monomers in 0.2% Pt/MoS 2 and its corresponding structural 
model. (d-f) HAADF-STEM image of neighboring Pt monomers doping MoS 2 and its corresponding structural model. (g) The activity of a series 
of Pt/MoS 2 for carbon dioxide hydrogenation. (h) Comparison of TOF between 0.2% Pt/MoS 2 and 7.5% Pt/MoS 2 catalysts at different reaction 
temperature. Reproduced with permission. 41 Copyright 2018, Springer Nature. 
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ites not only facilitated hydrogen activation but also the direct
 

–C coupling of methanol and formyl species. Latest research 

226 

y them demonstrated that another Cu-Ru-MOF hybrid by low-
ntensity light to in situ generating and stabilizing Cu 

I species
an selectively hydrogenate carbon dioxide to ethanol with an
ctivity of 9650 μmol g Cu 

−1 h 

−1 under 2 MPa of CO 2 /H 2 (1/3)
t 150 °C. These researches highlight the opportunities in using

OFs as novel catalysts for catalytic hydrogenation of carbon
ioxide to C 2 + 

products. 
Besides, the electrocatalytic and photocatalytic for carbon

ioxide reduction emerged as a promising approach for carbon
ioxide utilization, which can produce a variety of products, in-
luding carbon monoxide, formic acid, methanol, hydrocarbons,
nd alcohols. 36–38,40 The recent progress about the carbon diox-
de electroreduction and photoreduction has been thoroughly
ummarized in the relevant reviews. 227–232 In addition, plasma
atalytic reaction for carbon dioxide splitting and dry reforming
f methane attracts much attention, which has the potential

o enable thermodynamically unfavorable chemical reaction to
ccur at ambient conditions, which has been discussed in detail

n the relevant reviews. 233–236 

CONCLUSIONS AND PERSPECTIVES 

s a promising strategy of reducing the pressure of the depleting
ossil resources as well as alleviating the greenhouse effect, C1
24 
atalysis has recently aroused great concern from academics and
ndustry and become one of the most attractive research fields
n heterogeneous catalysis. This Review highlighted the latest
evelopments of highly efficient catalysts and reaction processes

owards C1 molecules conversion to value-added products under
ild conditions, including methane, carbon monoxide, methanol

nd carbon dioxide. Although significant progress has been made
n the activation of C1 molecules under mild conditions, these
rocesses are sti l l far from the scale of industrialization due to

heir low efficiency. Much efforts are sti l l needed to improve
he reaction activ ity and selectiv ity simultaneously by developing
ovel catalysts and reaction processes. Further studies should
e conducted to reveal the reaction mechanism by operando
haracterization and theoretical calculations. Thus, to narrow
he gap between laboratory findings and industry performance
equirements, the following issues need to be addressed: 

Methane conversion is currently one of the most active
esearch area in C1 catalysis. The surge-like eruption of con-
ned single-atom catalysts stimulated the rapid development of
elective oxidation of methane, but inefficient activation of C 

–H
ond in methane under mild conditions, and low selectivity
f target products have become the greatest bottleneck for

heir application. Selective oxidation of methane using hydrogen
eroxide synthesized in situ from hydrogen and oxygen have
een demonstrated to effectively increase product yields. In
ddition, coupling methane with carbon monoxide and carbon
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 

https://doi.org/10.1016/j.enchem.2020.100050


EnergyChem FULL PAPER 

Fig. 20. Cooperative copper centers in a metal-organic framework for selective conversion of carbon dioxide to ethanol. (b) Comparison of TON 

for different catalysts. (b) Comparisons of ethanol yield and selectivity. (c) Scheme of cooperative copper centers in a metal-organic framework for 
carbon dioxide hydrogenation. (d) Isotope labeling experiments to unveil the source of carbon and hydrogen in ethanol. Reproduced with permission. 43 

Copyright 2019, Springer Nature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dioxide to produce acetic acid are promising system for methane
conversion. However, it is sti l l a long way to improve the activity
and selectivity. Further studies should pay much attention to
the selective oxidation of methane by molecular oxygen even
air as the oxidant. Besides, development of novel catalysts and
reaction process driven by thermal, electric, and photo energy and
integrate the advantages of each approach in one reaction system
to jointly enhance the performance wi l l bring new opportunity
for low temperature methane conversion. 

The conversion of carbon monoxide to hydrocarbons and
multi-carbon oxygenates by electrochemical reduction has
achieved a significant breakthrough. The flow-cell reactor with
well-engineered electrode-electrolyte interface shows promising
potential for scale-up industrial application due to its high C 2 + 

selectivity and current density. To date, an ethylene Faradaic
efficiencies of 65% at a partial current density of 808 mA
cm 

−2 can be achieved by tuning the local carbon monoxide
concentration at the catalyst-electrolyte interface. 29 Future
work may focus on further improving the Cu-based catalyst
stability due to its variability during the reaction. In addition,
enhancing the Faradaic efficiency of single products under lower
concentration electrolyte should be performed to reduce the cost
on products separation and device maintenance. WGS reaction
25 
has been widely applied in industry for hydrogen production and
carbon monoxide removal. Despite remarkable improvements in
decreasing the reaction temperature by Au/ α-MoC 

25 below 100
°C have been achieved, the products of hydrogen and carbon
dioxide inhibited the carbon monoxide conversion significantly.
New efforts towards an improved stability are required to
obtain superior low temperature WGS catalysts. In addition, the
novel concept of EWGS process provide a new avenue for low
temperature WGS, further studies can focus on improving the
current density and developing non-noble catalysts to satisfy the
requirements of industry. 

Methanol can not only serve as a carrier for hydrogen produc-
tion, but also as a key C1 building block to produce C 2 + 

products
via C 

–C coupling. The methanol steam reforming for hydrogen
production involves the methanol and water activation simulta-
neously on the catalysts during the process, in which suppressing
the CO formation and improving low-temperature activity are the
main research targets. Compared with the cheap and abundant
Cu based catalyst, the noble metal catalysts exhibit good low-
temperature performance and thermal stability. The emerging
Pt 1 / α-MoC 

33 catalyst demonstrated an precedented activ ity w ith
low selectivity of carbon monoxide. And CuZnGaO x 

30 system
provides a new non-syngas route for high quality hydrogen pro-
DOI: 10.1016/j.enchem.2020.100050 
EnergyChem 3 , 100050 (2021) 
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uction without carbon monoxide. The long-term stability and
eaction mechanism require further investigation. Light-driven
ehydrogenative coupling of methanol offers atom economic way

o produce ethylene glycol under mild conditions, which can
electively activate the unreactive C 

–H bond of methanol but
tabilize the hydroxyl group. The fascinating system shed light on
he preferential C 

–H bond activation to achieve C 

–C coupling
nder mild conditions. 

The direct conversion of carbon dioxide to methanol, olefins
r hydrocarbons has been widely studied with considerable
rogress. Carbon dioxide hydrogenation to methanol has already
een industrialized in Iceland by the Carbon Recycling Interna-
ional company, and the needed hydrogen was produced by water
lectrolysis using cheap geothermally produced electricity. 213 , 217 

ompared to the C1 products from carbon dioxide hydrogena-
ion, C 2 + 

product synthesis is more fascinating but challenging
ue to the chemical inertness of C 

–O bond and high C 

–C
oupling energy barrier. Several newly reported catalysts, such as
obalt catalysts (CoAlO x ), 42 ordered Pd-Cu nanoparticles, 39 and

OFs stabilized Cu centers 43 are promising catalysts for thermal-
atalytical carbon dioxide hydrogenation to ethanol below 200
C in liquid phase. Further investigation should be paid on the
nhancement of carbon dioxide conversion and reaction rate.
xcept for the thermal catalysis on carbon dioxide hydrogenation,
reat progress has been made in the electrochemical reduction of
arbon dioxide, which delivers an current density greater than 1
 cm 

−2 with C 2 + 

Faradaic efficiency around 65%, showing great
otential for large-scale application. 44 , 45 Future work focused on

he operando characterizations to identify the nature of the active
ites and to understand the reaction mechanism is necessary to
uide the rational design of efficient catalysts for carbon dioxide
onversion. 

For the conversion of inert methane and carbon dioxide under
ild conditions, we usually employ another co-reactant with

elatively higher Gibbs energy to make their conversion more
avorable thermodynamically. In these reaction processes, strong
xidants and reductants were always the good candidates for the
onversion of methane and carbon dioxide, respectively. Hence,
esign of the efficient catalysts to activate the relatively inert
 

–H and C 

–O bond is the key to promote the conversion
f methane and carbon dioxide, in which the high loading of
ingle metal atoms confined in the two dimensional materials
graphene, transition metal sulfide, MXene et al.) are the promis-
ng catalysts. Noting that such single atoms catalysts also deliver
ood activity for WGS and MSR processes. Developing the new
ynthesis methods to achieve the high-loading metal atoms and

acroscopic preparation can significantly accelerate the devel-
pment of C1 catalysis field. In addition, the bifunctional metal
xide/zeolite catalysts show great potential for the hydrogenation
f carbon dioxide and carbon monoxide to light olefins or
romatics, which can significantly break the ASF distribution.
recise identification of the real active sites wi l l benefit the
reparation of the catalysts with well-defined composition and
olecular structure so that undesired carbon dioxide and carbon
onoxide formation can be suppressed during catalytic syngas

onversion and carbon dioxide hydrogenation. 
In conclusion, the highly efficient conversion of C1 molecules

nto high-value-added fuels or chemicals under mild conditions
emains a long-pursued target for C1 catalysis. With the aid of
dvanced operando techniques, researchers wi l l get deep under-
tanding of the nature of active sites and reaction mechanisms. In
ddition, with the development of machine learning approach in
he age of big data, computational approaches in the search for
26 
ew catalysts are less human-intensive and easily parallelizable,
hich wi l l provide important guidance for the design of next-

generation catalysts with compositions and morphologies not
reviously even considered or realized. Hence, researchers now
ave a better chance to design efficient catalysts with high activity
nd selectivity. The prospects of C1 molecules conversion under
ild conditions have never been brighter, and offers great hope

or the safe and renewable use of fossil fuels. 
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