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Figure 1 (Color online) Schematic illustration of noble metal Pt"/Pd™/Rh™-mediated eCH,OR******]. (a) Electrochemical catalyst regeneration
strategy; (b) electrochemical methane-to-methanol conversion strategy using platinum salts; (¢c) CH,OR mechanism involving Pd™ and Pd™
intermediates; (d) Rh™" catalyzed CH,OR for methanol production via Si nanowire array for cyclic catalytic strategy

1 TEPELT S AR, AL R REAS 7E 22 <
WS T CHL I A AL, 2T T AR Y KGR AR e
P RIS, RN K 300 2 1 A0 R AR B A 7 A A B e A
PR T 5 P (0 R0 4 A £ 3 T BT A TR B, A 4
FhR R R, AT R S 9K L 45 2 A A A R
FHLE, FRULSN 8 E e = 1722000015, tesh, Abit
FEUESE T %K & 88 JF (ORR) I R 1E M L AEfS =
PR = A T A R A B PR3, BRAR T RO R
(e B B, O B AR AL T — B iy fk
PRk, RIERHPIT R T — %ﬂFPt%#%ﬁ*vﬁﬁE’J

FLTIO K ZeAEAL ] (Pt/r-TiO, NRs), FFHEFE T TiO.JE
AR e CH,ORYE FHFLE. BFGT R, 4Kk
LRI TIONRENS 1 35 2 THE AL R, AHAL TIEF TIO. N
KIBRL, TIO AR HA R A R AL, B
TR N S S AL o A, NI s T
TR EE. HPtSTIO, NRsE A, REMSIIM A ITIO,
S PR BIPLE, ARG R TAS A0,

A AR A S, RIS, IO, 3R 1 125 7Rl LLKE H
St E AN «CH,. FEIRAIN RN 5, PU AT RERS =2k
EE-OH [ H1 5, [Hi15CH,AEMS 8% 4B AL T A 29k
i R CO,, M4 R F B . IEAb, &40 A 41
TiO A4 T B FHTIO R B AL S A Ak R e 1,
AL R G) K AR ARAE, HISYENL S PHETIO
WIs R, AR T R EPE. X ey S Py
TiO, NRsl HEA EEME . Mkt & e
eCH,ORf#ALF.

SR, 524 @ i il & 7 AR TH RO AR,
B, BEEAE R AR EE AR b A AT
PECTH) Mustain AT R HE T NIO-ZrO, Y BHAR FL
AT, ABRTRER 7 VA HHL A I3 1) L TR R (B12(a)), HifRt
W 2 B e F e i) Ak 2= A B P NTOH Tl
MHELCHY AT, BRFRERVE T A CH % Ak e AR R A 1
S WS RM, BRIRER BT (COs* /HCO; )& 1E I ™=
HE SRR ER BS 7 (COL.27/HCO, D), MR E AL RE



Anode/NiO-ZrO,

MS Gm————

(©) efarai ki

.e,‘\ 1,‘(w e
LY " @

RE (Ag/AgCI)ClH‘

€

WE (NIO@NiHF)

Solar cell
(potentiostat)

B 2 (M%) ARk 22 3E 542 JB e CHLORMEAL FI 1T, (a) T NIO-ZrO, B A AL ) i e CHLOR AR i A 2 141, ST rhs 4R B2 45 (b) Iz
MR (o) INIO/NifAL e CHLOR/R M, 1Bebeii(d))5 ()M RERAISEMIEE; () NIO/NIFTEMIEE; (g) CuO/CeO,iRA S Y AL

eCH, ORI /R R )

Figure 2 (Color online) (a) Schematic illustrations of liquid-phase battery system for eCH4OR based on NiO-ZrO, anode catalyst'*'); schematic
illustration of eCH4OR based on hollow nickel-based fibers (b), and NiO/Ni catalyst on nickel foam (c)*; SEM images of nickel foam before (d) and
after (e) calcination; (f) TEM image of NiO/Ni; (g) CuO/CeO, oxide anode catalyzed eCH4OR system!*
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Figure 3 (Color online) Optimization of the eCH4OR system for methanol production. (a) Schematic diagram of eCH4OR for methanol production in

ionic liquids™”; (b) proposed strategy for electrothermal CHy activation to methanol via several redox cycles

[50]
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Figure 4 (Color online) Schematic diagram of eCH4OR for methanol production based on solid-state electrolytes. (a, b) Schematic diagram of a
proton exchange membrane eCH4OR system™™; (c) schematic diagram of eCH4OR for methanol production in an anion exchange membrane fuel cell

system using Pt/C, Pd/C, and Ni/C catalysts™'!
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Methane as the primary component of natural gas is characterized by abundant reserves, low cost, and high energy density.
However, its strong C—H bonds render CH, activation and functionalization exceedingly challenging, thus, the activation
and subsequent functionalization of CHy is a demanding task. The selective oxidation of methane is therefore often hailed
as the “holy grail reaction” in the fields of catalysis and chemical engineering. The activation of the C—H bonds of methane
requires harsh conditions, including high temperatures and pressures. Such extreme conditions not only demand substantial
energy inputs, but also increase the risk of overoxidation of the desired products resulting in the formation of undesired
byproducts and thus reducing the overall selectivity and efficiency of the process. Consequently, the selective conversion of
methane into high-value-added chemicals under mild conditions remains a longstanding goal and a formidable challenge.
Addressing this challenge is critical to ensure the sustainable and economically viable utilization of methane as a chemical
feedstock.

Methanol is among the most important liquid-phase products of methane oxidation owing to its high energy density and
use as an important chemical feedstock in various industrial applications. Liquid methanol offers significant advantages
over gaseous hydrocarbons, especially in terms of transportation and storage, making it an ideal target product for selective
methane oxidation. The use of renewable energy sources such as light energy (solar power) and electrical energy to drive
the low-temperature catalytic conversion of methane has attracted increasing attention in recent years. In particular,
renewable electrical energy shows great promise owing to its abundance and environmental sustainability. Electrical
energy can be harnessed to selectively activate the C—H bonds of methane via electrocatalytic processes. This approach
overcomes the reaction barriers associated with mild conditions and avoids harsh conditions such as high temperature and
pressure, thereby mitigating the problem of over-oxidation. Unlike light energy, which can be intermittent and difficult to
control, electrical energy can be supplied continuously, enabling precise control over methane activation and conversion.
Additionally, the regeneration and recovery of electrocatalysts are typically more convenient than those of photocatalysts,
which further improves the longevity and economic viability of the electrocatalytic process. Electrocatalytic methane
oxidation (eCH4OR) has therefore emerged as a promising platform for efficient methane utilization under mild and
sustainable conditions.

Significant progress has been achieved in the development and application of eCH,OR for methanol production, thus,
this review discusses various strategies for eCH4OR across various systems. We systematically introduce recent research
that advances our understanding of the mechanisms of methane oxidation using transition metals in liquid-phase systems
and examine the optimization of the reaction conditions of such systems. Furthermore, we highlight the role of solid-state
electrolyte systems in facilitating efficient electron transfer and improving the overall efficiency of the electrocatalytic
process. This comprehensive review of these advances aims to identify the key factors that influence the performance of
eCH4OR systems and highlight the innovative approaches developed to overcome existing challenges associated with such
systems. Finally, the review highlights the current challenges facing eCH4OR, including issues related to catalyst stability,
selectivity, and scalability as well as the need for a deeper understanding of the catalytic reaction mechanisms at the
molecular level. Addressing these challenges will facilitate the further development of novel and efficient electrocatalysts
and electrocatalytic systems tailored for methanol production via eCH,OR. The insights provided in this review offer
valuable research directions that will enable future studies to unlock the full potential of methane as a versatile and
sustainable chemical feedstock.

methane, selective oxidation, methanol production, electrocatalysis
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