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Abstract

Methane (CH,) is considered as the main component of natural gas and has been used as fuel and
hydrogen storage tank. Partial oxidation of CH,in the direction of liquid fuel generation is a huge
challenge, because oxygen-containing products are more easily oxidized than CH4. Therefore, the
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control of carriers and free radicals is the key to prevent harmful reactions. This paper mainly
discusses how to design catalysts to overcome the bottleneck in the process of partial oxidation of
CH. electrocatalysis, focusing on the interface charge transfer process, the catalyst surface engi-
neering strategy, the key factors affecting the reaction mechanism and rate-determining steps,
and the reaction conditions to improve the catalytic performance. Finally, this paper can guide the
preparation of catalysts, effectively generate charge carriers and intermediates and mild oxida-
tion behavior to prevent unnecessary reaction paths.
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1. 3]

TESRABEIR G AR, RN & i 2 1 U GE(CHL) A 32 2047 58 4 S A O — S8 0 R(CO,)
FER > A A A B S RIBREAC S 1] [2] [3]. it CHy B Ak P s A S A E L &)
R ANEEPE A, BRI HESEZ MR AEAHS S, BARENATRREREE, K&
AW BAR S AT AR [4]. B, FFRAGERA . . @i CH, BN Tk &0 7852 3
TMIIE. A C-H LA RE, sp’ HGJEI CHy &2 —MREM S T[5]: Hik, —AFE
e R o P ) R Y AR D IR A R AR 9 B R B e b B R F Z8VR T e B T2 (CHa(g) + 0.5
0,(g) — CO(g) + 2 Hy(g): CHy(g) + H,O(v) — CO(g) + 3Hx(g))7E 700°C~1000°C F1 3~25 bar 1 2%4F T TAE,
A PP AR S (Ho) F— S8 Bk (CO), AT AT DU AR B VR 2 BB, 38 W] AR A& i Tk 224
JRAREPIRITTR[6] [7]. N TAE CHy B3 Ay B A MEIME A0 S ATRRE, b2l i 5 /b & 5 S0
BB (BMIE AL 2B A S B a2 k) K28 1 CH, b9 CO, A1 HyO(CHL(g) + 204(g) — COx(g) +
2H,0(v), AHCs = —802.6 kJ-mol ™). 4RI, ANAlBEGf)d, KEr A BN =R, Zid e
ST 58 A EA R ASH] B (I CHL(g) + 0.5 Ox(g) — CH30H(g), AH 5 = —126.4 kJ'mol™'; CHy(g) + 04(g) —
HCHO(g) + HO(v), AH®95=-276 kJ-mol ") [8].

FEL R A PR G 2 A i S8 A A 25 it R R — 0TI 1) R SR BB [9], TR DA S S TR 1) 2% A 3k
7o J3—7J71H, CH, #8738t R v 80 = 220Kk B 10 B AR P ke 838 14 22 DL RO A e 22 3 30 e
TEPEMG. CH, AT HRE H A% a0 I 240 15 B A 5 BE(440 kJ-mol )y G9ARALKIRR sp® JUMTA L. S5 R I AN 5534
fife 5 S BRAN AV I, A TR RIS T e AR ) EE 5 R DR R [10] [11] [12]0 2 & 3 CH, £E PR Ak HoAE XA R4
MIFREEAT R3], T 2R EEMELT, ENSE. SRANY. SREEY. RERETNEE
Sy O R T Ak, VRN T IRIX B s R A 22 A — A, I AL E(HL0) I BE
BT R SR AL BE I R4 B 1 %E(-OH) (E°(OH/OH ) = 1.90~2.70 Vi) [14].

FE LA, AT DA I A0 AR P OB 71151, He b AR AL S S BB T (K 1) 9 T4k
HIbPERE, eSS CH, A% 022 MRS AR FE AR OCH In E[ 16] [17]. fEXXT7T, #EHT7 —FhPERRdL T S8
19 H Bt R AR 2 A (MEA), o B AR AN BE AR A Ak 770 2 23 T BEOPE 73 25 24 BRI 1Y) 1 T FH A THI 18]
IRBAEMEAL T Z A ) AR Y B2 (GDL) K K $g i 1 CH, AU P A% BT BRI [19]. e Ak, dl i i 2) s i

][l
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(15 B PT DLIRE Gl B A, 1% T BRI A AR R PSR TRS B TE T BHAREAG TR, SR BRI CH,
MAREN YR B REER] . FR b, ERNT PR R E5HE 3 aedi ok 5] i v Re S
AR FNER], R 2 Y H R B B B N (201, T, N TR CH, Ak N BRI A 5w AT
FELLRA&M FGEHAL <1V, 100C~250C, HHZEE > 100 mA-cm %), EFEMENEDH 70% [21].

ARSCEER T UE AR FH F A A6 CH HEAT 3 0 S A HIIIE T J S R8T AL LT A L S50
SN g TRECA B R B CH, WG MERUEBEVE IR . 1 A5 HR IR AR P P Job 2 1 F 1 R 28 A 5
[22] [23] [241HINLEL&AR, K T IRIMSIAN A0 A fE Ak P RE SR AL S RO TR T 56 o ASSCI A IR RI &
FRANEATTIIZRAE, T 23 5 T A7) (1 2 1] AR 52 i PR 58 o 1) T Py 6 A T RE (25, DA 5% S ML
HRIE R e DRI R R R

&

©
P L \ Cathode Anode i | s
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Figure 1. Electrocatalysis for the oxidation of CH, [64]
B 1. BECEARRNREREE 4]

2. BB NMENERBAE

CH, HL AL FE AL A B A0 i 2 RO R 3RS0, PR & 28 i B 1Ef FE(M-0*” — M-O + 2 ¢
8 MO, + H,0 — MO,(-OH) + H" + ¢ ; MO,(-OH) — MO,-O + H' + ¢ )= 3E M7 5 S84k CH,o BES HAAK
HALABE N, BB Bk, AR RCREIA B R A R . SRR R RISk
AR CH, BRI R [26]0 245 e S T3k 5 4 J& S A I HE AL ) (40 Co304~ NiO 1 RuO,)H, #1482 B (OER)
se— M EEIRE27] [28] [29]. BB AIKA i CHy A TEF SN 18] 2(a) HLEBL 132 4 8 A
KEAL(O* + Hy,O — "OOH + H' + ¢ )l CH, % 1b(O* + CH, — *O-CH, — *(HO-CHa)) [ 75 i 7 [ g
[20]. @iz N, AR T 2 TE(FOOH — * + 0,+ H + ¢ )M I iE(*(HO-CH;) — *CH;0H — * +
CH;ORE R =1, fEX WA N, Jlid i FHR I (* + HoO — *OH + H' + e )JEAI*OH (*OH
— *O + H" + e ) Bt 20 A O B AR5 P AEUS (O 1E I —Fhiskas M. 24 1 5 fiik OER Inl i, 75 Btttk
FULIS 5 AT BT B B AR T CHy WAL 3540 0 B BRI A LR, V,0s. TiO,. SnO,. PtO, Fll RhO, #fi i
Wz Bk b, ERER 123 Ve IS TEAERTDAIH] OER. &8 f SR H IR B
RS AR AL 2 18 I0vE M M-O AL 5, OB RN E . XF T TiO/RuO, E &KL V,0s G NS T
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N RN ERA2[30]. RuO, 1 Ru* il R HiRh AT AALIR JE X 2 58 AP E R, FER M B =)
PN T S B0 A A RuS IR KB 5 Ru*t (i) CH, + RuO2* — CH3-RuO,” + H (i) CHs- RuO; +
H" — CH;OH + RuO*". H—J51f, %/(Ru®" — Ru*" — Ru’)7E CH,;+2RuO}" — RuO"-0-CH,-O-Ru0” —
HCOOH + 2RuO" [ I J5 B4 4 i RS« SR 1T, 24 V,05 f74ET RuO, B, SURIEAIE R (VI YA e T
Wik AL 65 1) L5 R R R R 0L s DRI, 0o PR R ME 3 I(CH, + V,0,%" — CH-V,0," + H;
CH;-V,0," + H" — CH;0H + V,05°") . i % 4 i B8 1t i) LUAE 38 A A & b i B AR S, 21X Rk &,
A& R AP 4 O VA AR TR F AR, BN BE AR O T AR AR A AS . Wl 2(b) R, AR
R P I 3 eI R S 4% 52 CHL, [ 742 B PY-CH, i &4, 4 oAb 2242 B [PV Cl > (BR[PEYVCle)*
F[PL"Cle]* 4L Shilov IR AAL)E , PE-CH; B A3t — L A bk PEY-CH, IR A H[31]. 4174E H,0
B¢ HCL i, PtV-CH; 25 &40 51 AL B E sl A be . 36T PEC %84k CH, INLEEER 42 5 Bk 244k R AR5 A
BLe WO; FHAR(010)R HI S5 A (19-OH 1] LG Hb S L A= i I, 330 4 BE AR LA IR BEE (] 2(0)) -

o OOy oo v v o
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Figure 2. (a) Comparison of the Gibbs free energy of transition metal oxide catalysts calculated from water oxidation (O* +
H,0 — *OOH + H" + ¢") and CH, activation (O* + CH, — *O-CH, — *(HO-CHj)) [18]. (b) Catalytic cycle of CH, con-
version to methanol or methyl chloride mediated by electrochemically regenerated [Pt"Cl¢]*". Reproduced with permission
[31]. (c) Reaction pathway to form ethylene glycol on the WO; photoanode [32]

& 2. (a) BKEM(O* + H,0— *OOH + H' + e )FIR KA N(0* + CH;— *O-CH, — *(HO-CH,))ItHEH T EEER
WL TINEAET B BREERILLER18] ()@ B FEREPIClL) N SRR L N PR SRR LR,
[31] ()E=F 5 PAR LR AL & Z B2 I RIiR 12 (32]
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3. ESEENT EEECRREEHSCERSESXEY
3.1. B BIREEW

CHy [ HL AL e AL B AT DA R i e A b 3 PR S LR SR, R mT DL el AW/ ol A B 7 T B B
BRI PIRE . — Ok UL, A PERESZ AL PR AR AR (R R ,  TTOAIE B3 30350 S AL RE
RITEVEETERAIAE I FERE . CH, AP A% BORE L 5 DIAE R [33]. HYGE ) s Ak 22 S A mT DL T LA A [F]
AP AN R P01 3). RS AN P B SES E A SRR B s A THIME R B AR e 7R
e CH, ISy EALE BT 57 s B RE =N, ARG, R B R A S L i ¥ vt 77 T A
%5010 14Nk, W AU TE 1A R s ARG, T BB T T AR B S N8R K TR T CHY
MM . IZHAE RGN G) ARSI AR RN, () ERIRIERE, (D) BIRRATRHAR SO, (iv)
REA AR R TT, (v) ORI AT A R T i . 72 DART 4 S b, s LRI IS, S ok
i, FIAE R B2 ) E R G B DL IR AR S AE AR TP [18] [33]-[43]0 AL ETERIR TN T
AL B CH, B0 AL AR B AR 7 1%, IFRF I SRR B U SR AT 1 4538
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Figure 3. Proposed pathways for electrocatalytic oxidation of methaneto oxyge-
nated products
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Figure 4. (a) CH, oxidation products and faradaic efficiency over diverse transition metal oxides in 0.1 M potassium phos-
phate buffer (pH = 7). The result of PtO, was obtained in 1 M KCI (pH = 7) because of inactivity in 0.1 M potassium phos-
phate buffer. (b) Scaling relationship between the measured binding energy of *CH,4 and the Madelung potential of metal in
transition metal oxides. (c) Faradaic efficiency of methanol oxidation to CO, over TiO, with applied potential in the pres-
ence/absence of Cu,O3. Reaction profifile (d) for OER on the undercoordinated metal sites, (¢) for OER on the bridging
oxygen binding site, and (f) for CH4 oxidation on the undercoordinated metal sites in transition metal oxides. (g) Possible
reaction pathways for CH, oxidation and OER in an aqueous electrolyte [47]

B 4. 7£ 0.1 M BERIREE M (pH = 1), (2) BRSNS YIERENE. PO, 7 | M &4i#HpH = 7)hEE, EX
7£ 0.1 M BEERSRZE MR EEME. (b) *CH,NERSTELEENYTEEDERENRERXR. (¢) £ Cu,0;
GHE/AEENBERT, ESCRKMEAEMT, FESEUR_SUBRESERNENER. RE()AFEMERASH
OER, (e) HHERLEAN AR OER, () TEEBENMYHIAEMEBMANRREN. (o) HAKEBRRPIHITHRE
S4LF OER HIFTBE R RIIR1Z[47]

3.2. TEEREMNY

CH, 723130 & J8 Ay L rafifb S Ak i@t CH, BRI B [44] [45], SRJRTEA C-H 8. & 4(a)hy
CH, 75 & Fid 5 42 J@ A A AR B8RS 200 =Y. TEREIR R ZZ P TiO,. 1rO, Al PbO, BA K TE KCl
H 5T PtO, 1) CO, WAL P LAIEE B . IR S22 il Hh PtO, (M5 2 B T BEIR 56 25 78 35 1) Pt #5
FIT8. CH, HPD BRI A CH, 1 DY AR R IE[46 15 A NI 4584 (Dag),  H H-C-H BEMA LN 1207, X5
CH, 5l & S B s A TAE A ¢, Rk, SRBR IR CH, 454 REbd &R 8 4
JaE 1 B A R FELA 2B M3 0] 4(b)) s TiO, IrO, PO, Fl PO, TG ML, A B M CH, 45 A #8(>0.23
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V)M S R AL (<40 V), T ZrO, M1 SnO, WK% 2252 i T H 3 R Z ANE TR, fificg b 12
TiO, E5IA Cuy05, 75 0.35 mA-em” HLIREE T, fil# CH;OH MIVEH S8 2E N 6%, HA*OH i Cu 4
B*CH; 78 TiO,. Cu X CH; 5*OH N H A BARMIAE 22, I B4 CH;OH il AL A HEHEE 4(c)).
4(d)FE] 4(e) 5 BIAATELAL 4 JE AL (1) OER, My 4845 & 47 U OER o AR & B #6482 (*H,0 — *OH + 0.5
H,; *OH — *O + 0.5 H,; O* + H,0 — * + O,+ H,). OER A F|T SnO,. TiO, Ml IrO, FIRBANL & JB A7 £,

1M A F T PO, M4 O sl B 4(DR7R T CHy BMR BIEFR A AN PIREE 1 8 * + CHy— *CH; +
0.5H,; #524: *CH; — *CH,+0.5H,; %53 2: CH* - *CH+0.5H,; %4 4: *CH+H,0 — *CO +
1.5H,; % 520: *CO+H,0 — * + CO,+ Hy)o C-H #iHXT TiO,. 1rO, fl PbO, EA B I 3 1F 5

1M HA UK M-O A7) SnO, M B A 4= I RELR . AR SRk ih 5] LAV (RIC) MIIT % HL A7 (OCP)fii DFT
THREARAL, SOSHLEESE H CH, S8 2 Hh 23 AFE BRI B e AL T AR B CH A1 *CHL O, H TRHA (5] 4(g2)) -

3.3. 4R

R BRI (MXenes) [48] I HLfE1L CH, ALY DFT THE A BRGS0 Fe e M C-H i1k
RS VEFIRT R (U S PR B (R 1) o0 R 2 7 B R . ENABAIER T, O wmiEkim
ST, AR 4B i R A OH 34281 » C-H AR /K S = 2 35 MR 480 (O ) B (B S 36 W B -
HO+* - OH*+H'+e¢; T XM: OH* > O* + H +e ). M T Im S A Bk 22 B AL N BR (Usormo
H i K[AGos-AGos)/e THEE TG A B AL (Usissr  FH(AGoon-AGox)/e 1), O*nJ ATEM AL
HFE. W 5)fias, OER W& Kilifhd; ik, AMK MXenes Fk 1l i £ i 22 00153 515& & CH, %
AT OER. 1§ SR MIBE(AEon+-AEo+) i) C-H BTG (AE, 1s = Eovs-Ecnar) K1 R Y], BA mi126 M 1)
MXenes i[5 C-H BEMBEE(E 5(b)o i MEEIIARRE S C-H S50 R NS M [MA7E S L2 T
FF. HECO, Ml Zr,CO, TG TIE K, 1M Ta,CO,. NbC,0, Hl V,CO, hEaE R O 1k TH5M:, M
MR T CH, LR, S5 —& R4 MXenes #/%, CrHf,CO, fl TaHfCO, fEAEE A FF CH,
P ARAEXT TaHC,0, R FH FLA,  Hp E A (RIAR X B A B e A2 T 284 (B3 U7E 1.4, 1.8
2.4V FI CH;0*%. CO*FI CO*) (8] 5(c)). 7F TaHf,C,0, F, ALY A Bl 56 T 28 142 (1 5(c)
Fi7R), X2 T 5 5 45 % B (PDOS) R4 52 s 4% 108 Y 35 /K 0 J= B (pCOHP) I8 1 B BT S R o 5
TaHf,C,0, 1 d HL T8 /D HE (5d%), HE-O L HE-C 85, Kk, SAMRIERGE A 5(d). £
RIIWT e, WER|4 )8 Pt B R A E b &9, CO Fl CO,, TRER T Pt A C Z 1A) K58 20 H HATE
[49]. 7E Pt-C HRESS (595 [ S PUE 1) L7 LU AE PO (] 5(e)).

KT CH, fEZ 0N HAE AR B AL I 78 SCRRIR 2D [49]-[54] 7E 0.1 M NaySO, [30]H R AP Hi e
H(GDE)HJBIN, 7£ TiOy/RuO, EAM KGN V,0s BN T % CH;OH [#) HLf 25 FE Ak k. VI 44k
I JE A AL P2 A T IR, BRI, % HCHO 1 HCOOH e FRERG N T . Park FI/NHRE T 48 H
Co304/Zr0, YK E AR EHS0]. Cos04 B2 ZrO, YK [521F1 ZrOy/NiCoyO4 YK LE[54] (fifi S ALy 5
Y S N 28 K CH, 3 B N A AW FE5E— 3 h, Cos04/Zr0, YUK E S FHEE i 2 By 32 B[]
1, BZAE 120 5, 7 0.5 M Na,CO; B Jy 1-F1 2- IR N =014 6(a)). HAL 224 B 1B IR 2h
H SR T CHy MBE R BAN-CH; 5 ZBE RIS N AE R Cs P29 R, ZrO, FIAE IR 2 A Bt
BRIRER R EXTHRSEES s, Bl CHy b 575, J5UE Cos04 1) LSV ML A . B ZrO,
T RIIG N, IR FE S RS k) DRI v R A T R R ZrO, 5 CosO4 R AERE EL (1] 6(b))o
I Cos04 KRR N F ZrO, 40K [52]80 ZrO,/NiCo,0, HE B YK L[ 541 R S, #E
—GIEE T CH, ML IERE, OG5 T CH, 4% 5 i 8
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Figure 5. Activation ((a) Free energies of the OH*, O*, and OOH* formation steps in OER as functions of
AEoy+-AEq+. (b) The energy barrier of C-H bond AE,1s; TS means transition state) as a function of AEqy»
-AEg«. (c) Free energy diagram of stable products in methane oxidation at different electrode potentials (1.40,
1.80, and 2.40 Vgyyg). Inset: schematic diagram of the electrocatalytic conversion of CH4 on TaHf,C,0, and blue
arrows mean the energetically favorable route. Band filling of oxygen and carbon adsorbed on (d) TaHf,C,0,
and (e) metal Pt [48]
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Figure 6. (a) Production efficiencies of 1-propanol, 2-propanol, and acetaldehyde with the reaction time for
Z1r0,/C0304. (b) LSV curves of ZrO,/Co;0,4 with a different amount of ZrO, loaded [56]. (¢) Yields of
ethanol and methanol produced over NiO/Ni catalysts with different NiO contents with increasing potential.
(d) Energy profiles for CH, oxidation to CH;OH and C,HsOH at the NiO(200)/Ni(111) interface [51]
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Figure 7. (a) Co-Ni mixed spinel structures consisting of CoNi,O, (left) and Co,NiOy4 (right). (b) LSV curve (upper) and
partial current density for products in 0.5 M Na,SO, and saturated NaCl (lower). (c) In situ EPR spectrum collected using
DMPO as a radical capture reagent in electrocatalysis. (d) Different mechanism of CH,4 oxidation in terms of CIER (upper)
and OER (lower) [64]
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Table 1. Summary of the reported studies on the electrochemical partial oxidation of methane under mild conditions
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