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Novel Porous Melamine Foam Loaded with MnCe for Highly Selective
Electrocatalytic CO, to Formic Acid
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Abstract A previously unreported CO2 reduction electrocatalyst consisting of MnCe as the active site and melamine foam
(MS) as the carrier precursor is proposed. The MS were prepared into carbonized melamine foam (CMS) and graphene oxide-
activated melamine foam (GOMS) by activation, respectively. And Mn and Ce were impregnated on the above substrates to
synthesize MnCe-CMS and MnCe-GOMS catalysts for the electrocatalytic CO2 reduction to formic acid. It was found that
MnCe-MS (MnCe-CMS and MnCe-GOMS) had a wide potential range (—0.2~—3 V vs. RHE) and better formic acid pro-
duction ability. Among them, the Faraday efficiency of formic acid (FEr) on MnCe-CMS was 63.04% at —0.4 V, and the
yield rate of formic acid (¥r) was 470.89 pgeh 'scm 2 at —3.0 V. MnCe-GOMS showed better electrocatalytic activity, with
a FEr of 75.72% at —0.6 V (when the ¥i=661.99 pgeh 'scm 2), and optimal Yt of 746.9 pgeh 'scm 2 at —0.8 V. In addi-
tion, no other products (e.g., acetic acid, methanol, ethanol, CO, methane) were detected during the reaction, suggesting that
MnCe-MS has a good formic acid selectivity. Compared with the MnCe-CC, which are based on the commonly used carbon
cloth (CC) as a carrier, the Yt of MnCe-CMS and MnCe-GOMS were increased to 2.3 and 2.8 times, and the FEr were in-
creased to 2.3 and 2.5 times, respectively, at the optimal potential of MnCe-CC of —0.4 V. This is attributed to the rich pore
structure and large electrochemical surface area of the MS material, which can easily form carbon defects during the prepara-
tion, thus favoring the adsorption of CO2. Moreover, under the joint action of Mn and Ce, it effectively promotes electron
transport, inhibits the competition reaction of hydrogen precipitation, and forms oxygen vacancies, which is conducive to the
adsorption, activation and conversion of COz, thus promoting the formation of formic acid.

Keywords electrocatalytic COz reduction reaction; formic acid; Mn; Ce; melamine foam; graphene oxide activation; high
temperature carbonization

* E-mail: txiaolong@126.com; ahnuhkgao@163.com
Received December 11, 2023; published March 5, 2024.
Project supported by the Fundamental Research Funds for Central Universities (No. FRF-EYIT-23-07).
rh e R IR AR 45 %% (No. FRF-EYIT-23-07) % Bh i H .

396  http://sioc-journal.cn © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2024, 82, 396—408



F F R

1 5|8

B 5 A BRES TF 1) KOs R R AL A A RE I I =
RETR fa AN A BRAR I 45 1) 5 H 25708, CO» 1Al RS N4
BRI AR R R COr BRI AL AL EOR (R AR, Ok
AR, A INER, AR E T CO etk
ML 2 AR KL, SEELREIR AR P2 AR
CO, W RINEE H bR, FITE RO i, Hd,
HLE{L CO, & J5 [ M (Electrocatalytic CO, reduction re-
action, CORR)FZA H T~ H 2% B 1 . FRBE e A 1 =
AT 5 H At T P AR BRI (K P e BXURE ) 25 A 1 T R PR A
PR, BN A — Rl B T ) SR g e,

TEAMINE R AR R, CO, W REHE FEIE
JR AR B ek BE R SR AR i es), ok, H
TR Nl 3R =), AR T HoAh 2 T3 =
TLREA, B EA AR, tAh, FERRIE MR
TIERZ —, ) Z T Tkt B a5y — g A
AL R, BB CO, F=HERIEL D L& nI 1T 1.
CO.RR 7 St T ML fE AL 7, DAL T R 1% v 00 5
CO, My LA sy 4l CORR 403 ) 3 4k
wiki 81, FE A ) 2 T i 2 43 A A AR A R S 0 2L,
AR L A TR AR PR 0 40 LT AR R AR s AR R 3 1)
FIROR R, 787 RIETETEH D WEAGAE Y, AR =L
L ML W, SRR EE.

WSS — O IRIGE. ALK, Pd. Pt &5t
4 Ja 1) 18 P A e 7R ER T R ARG ) e LS B B s PR R,
fE CO.RR 7= R 7 T B A R (1t Bl SR, BT &
st HMA, BRE eI, 4K, Sny Bis In. Cu.
Ce. Ni. Mn. Co %53k & @M R A HAR A F i iR oE
PRI A K IR BT aE ) FEAE A R 10, Hodr ) BT Ce £
AL ERTEERS . MERMEERTER, RARE
P ERREE L L B ARIT M TN A, R —
5E [ FLE 1L CO,RR ¥ /7. Li 25'7E BiOs 492K i (NS) L
BI% Ce KL T MRk CO, 77 HER, HFLIZ K FL1R(DFT)
TFEAEH Ce MIBAAERIT OCHO* H [AIA I R AT
B, R EF SE A O T R 2 R AT SR S I HL
AP Ce FAEALTTIFR ) Ced ¥R BE T LA A S L 1)
WRE, (21t CO, MIMRBRUZL. BeAb, SRIF) iz M KER
1) Mn 4% H T HL 4L CO,RRI3] Zhang S50 1o 71
InoS; 4K B35 4% M, 39007 CO, W B 75 = AR B 52
BEs A/ TARR, AR T IR TR, BRK T COp i
LR HCOO*fIRE 22, WIRHIARL B MFRILE] 86%. 5
TG RIAR L, 4R R I H AU 1) CO, 3 S5 1
e, XA 4EM B R m LR IR o ILHEZs ),
MR RE B BRI 2, IF ol e R i e R Atk
WA IORL SR A0, Be Ak, it gl NG JE . RiDhEe
oy GG FI N FEE 2 A S o] DL B IR bR
SRR E e Re. DR, A SBmEH T CO, Bk 2%
AR 5 Hs),

Acta Chim. Sinica 2024, 82, 396—408

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

HLAL T BT AR & @I IARM B E A Al
FERM L. SR I EM R UE R (NF) . WL (CF))
BT BA 24 R FHRMEMR S, dZiEH
T HLfE AL H O R AR AR S, AR T K
FRA P2, BA (CC) BRACERET 4R T B R 4T
1) 5 B R R AR S s AR 1 S R SR R
12 HhIE T A U7 (B IS I L 2 T RRURA I
RERRG] T T MR RE ) AR, = R ERIEER
MS) BB HAMK. HEER. LR WHEERLL
A RSN S, S mEpAER CMS A AT LUE
FIRAR M REAL, 81T DASR At BA oK /N FLAN =
R EFFZEE R0, Hal, SA Bk LE
CO, M B U9 48 3& Ji S B (ORR)2Y | &1 & Ak [ B
(HER)2U, HigE B 25 25122, SRS AL 234 b, W] I,
MS J&—Fi G 10 COL W B 34 i 11 FEA 25 JEC A e

RNERTOHT Y = R TR AR IR 7138 Mn. Ce M8}
4L CO.RR F= IR IIVERE, AN FLAEAN [F) AR [k
=R FAIL(CMS). A A B TE N =R R (GOMS).
CC. NF. CF]L41# Mn. Ce #1k}, Xf LA HT#4 K =
FERTERE . S5 RS, BRALVERE Kl fb 22 . 45 51
FH, MnCe-GOMS 1 MnCe-CMS 4k 7k T MS #5345 1)
FLIB L5 RS LR AN @ 45 2 T bk ik
Bl 55, LA& Mn. Ce FE[FEIVEFH TREE CO, W Bt 595
1, DR AA B H A5 v P PR R A 7 3 R RV 55 280%, IE
B = RE MR B A H T M COy I 5= R %
7.

2 GRS
2.1 H{EK CO TR~ HER M RE

TES ARG B TAE B Bl N, s SR 1 Ao
HATIE AL (CAYINK, 7 #rm =P, & 1 BoR, AF
R (= REE(CMS. GOMS). B#A[(CC). MK (NF).
JARA(CF)) 712, MnCe #4RH TAF H A7 78 Fl X AR K.
N E FIAMENY CORR TERE, 78 AH G RIS
FEL YL P R AR A R R e, — R B R R A AR
(LSV) 12k F Haii A8 4b 2 A5 A7 B0 L R L R (3 1), 1]
PLE H, MnCe-MS MR TAE AL G Fli KT PL4: &
AR NEIR AR, Kt MnCe-GOMS Al MnCe-CMS
MR B STE I TER, mE 2.

B wPRHR =, B T R A I 0 1 )
(BAHH I 1R R OB, SAHT I —S A0 ).
la {27R, MnCe-CC fH A7 F 5 0 i A7 i kv el
(0~—1 VYWNKHRRAFEZE (YT 80 pgeh 'eem 2
MnCe-NF 7E—04~—0.7 V Ju[E N Y:7E 326~543 pge
h™'ecm 2 [A], MnCe-CF £ 0~—0.2 V JGHE MK Y; {E
360~490 ugeh 'scm 2 [H], L% MnCe-NF F1 MnCe-CF
SRR NSRS EON AT YR 3, (R EARTL
R ARAR ) B RV s 55 ROR(FEs, Beidi 9 11.67%, & 1b).

http://sioc-journal.cn 397



o F 5 R

F 1 TR SR MnCe bEHL IR CO, I ™ HFRA P g

Table 1 Performance of different carrier-loaded MnCe materials for electrocatalytic CO, reduction to formic acid

. exit potential . . . Maximum yield rate/ .
Catalysts Onset potential (V vs. RHE) Selection of experimental sites (V vs. RHE) o, Optimum FE¢/%
(V vs. RHE) (ugeh 'ecm °)
—0.2, —04, —0,5, —0.6, —0.8, —1.0,
MnCe-GOMS —0.06 —2.99 20 —25 746.92 (—0.8 V) 75.72 (—0.6 V)
MnCe-CMS  —0.13 —3.1 —02, —04, —1.0, —2.0, —3.0 470.89 (—3.0V) 63.04(—0.4V)
MnCe-CC 0.58 —1.06 0.0, —0.2, —0.4, —0.8, —1.0 78.69 (—0.4 V) 64.14 (0 V)
MnCe-CF 0.65 —0.23 0.0, —0.1, —0.2 489.62 (—0.2V) 11.67(0V)
MnCe-NF 0.43 —0.74 —04, —0.5, —0.6, —0.7 542.69 (—0.4V) 4147 (—0.4V)
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Figure 1 (a) Yield and (b) Faraday efficiency of formic acid on different carriers loaded with MnCe materials
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B2 (a, d) MnCe-GOMS. (b, e) MnCe-CMS Fii(c, f) MnCe-CC TEAR R AL T 1) SEM B; (g~k) MnCe-GOMS f# 4455 = C. N. Mn. Ce. O

i1 EDS E&

Figure 2 SEM images of (a, d) MnCe-GOMS, (b, e) MnCe-CMS, and (c, f) MnCe-CC at different magnifications; (g~k) EDS images of C, N, Mn, Ce,

and O on MnCe-GOMS catalysts
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Figure 3 (a) XRD and (b) Raman spectra of MnCe-GOMS, MnCe-CMS and MnCe-CC
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Figure 4  Solid-state infrared (FTIR) spectra of MnCe-GOMS,
MnCe-CMS and MnCe-CC
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Table 2 CO, adsorption sites and the percentage of each fraction of MnCe-CMS and MnCe-GOMS.

Weak adsorption Medium adsorption Strong adsorption
Adsorption site types 1# 2# 34 A# S# Amount
(30~180 C) (180~350 ‘C)  (350~430 C) (400~600 C) (600~800 C)

Area 34.45 14.98 3.10 35.42 95.67 183.62
MnCe-CMS

Proportion% 18.76 8.16 1.69 19.29 52.10 100

Area 9.28 28.01 94.40 101.29 24.48 248.18
MnCe-GOMS

Proportion% 3.60 10.88 36.67 39.34 9.51 100
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T, 73RN V) (882.30+0.2 eV). V, (884.70£0.2 V).
V3 (887.60+0.2 eV). V4 (898.40+0.2 V)l U, (901.10
+0.2eV). U3 (903.70+0.2 V). U; (907.60£0.2 eV).
Us (916.701+0.2 eV), HAF vV Hl U 73 5483E Ce 1 3dsp
H 33, P21 o vy R U, HJE T Ce*™, Hoar 6 i
BT Ce* 140, FKHBH Ce¥ Al Ce* W HE T/ AE T
MEIRE, 5 XRD 70 Hr—3. % T CO.RR it#%, clxl
MPOE D IR 2 — & COL oy TAEMEAL TR T R I, 2R )5
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FE—ANHETEHR COy W B RV CeO, REWIE
(110) T 7= A2 H A KT L RE US4, JF B SN
Ce’’, Bk Ce*"/Cet Ll R /NBE AR R A SN ZEN
KNS A=A FIF CO, W ARG, LR RE CO,
FERTR R T 3 — 5 98 JF. MnCe-GOMS #1 I Ce?™
/Ce* i K, 23 HJ& MnCe-CMS . MnCe-CC Y 2.24 1.
2.68 1%, 1] MnCe-GOMS HHEI A A& k.

=ML MnCe-CC FH& B, ABITS
F221 %FF MnCe-CMS, MnCe-GOMS [{fk & & K1
P, XATEERB A GO R H RS, C 1s R ER 4N
3 ANIE(E 6c), AR C=C (284.75£0.2 eV).
C-N/C-0 (285.5740.2 V). C(O)OH (288.9310.2 eV)22.
EAERERRZ, AFET 538K, MnCe-GOMS
HEL— o TR RN, XN iZKkEH T GO; BT GO
A 1 n-n B, BFREY, GO RS 5 CO, TR n-n SL41,
fRHE CO E AL b Ak, PAMS MR R 2 A
—EMNF&E, FERET MS F1# C-N NIcHh. HHf
TR, BRIE COL AR & R T H B 41 [ A 5 AH
HAEHA, FtMS &R E eI A7 ] LAERE CO, 7E
AL T b P A R 1501,

O 1s WER] A7) N =AU (18 6d), 737 ) - B 48
0. (531.6~532.4 eV). fit& % Op (528.6~530.5 eV)FIK
BRIR 35 B SR IR & A 2 ] O, (532.6~534.3 eV)#4,
SRR RN B B 22 FRAR K, MnCe-CC 1 O, J1
240, 1 MnCe-GOMS 1 MnCe-CMS ' O, %1% =,
PEHED O, Tk H T MS A7 1E R s iR 25 25
PP MnCe-MS #1 %L Op B 2 H A, H & MnCe-
GOMS ' Op FA, ¥l Mn. Ce &JBFEALSHI L ELIK.
bR, MS ErffES C. N BT IR 420 & Bk,
XA C 1s 63 ) C-N/C-O I & B AR IE. W 4R
AR TR AT K, X A R 28 8 AR 7 o L,
MnCe-GOMS H ] O, 7 tL K, 948.62%. it FH MnCe-
GOMS H A A T RETE %, IR EE CO, [ B 53
b, X5 Ce'/Ce*' ELAE 1 73 A —FKL.

IR TR, Mn. Ce I R BB AL |, IF
5 MS #kZ AR IER. AXTT MnCe-CC,
MnCe-MS #EHH; 5 7& MnCe-GOMS)H Mn*". Ce**. O,
SN S a T L M B AL SR R g ), R it
HEMI TR/ A RS A S S CO, 15 B, AT,
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3 Cls,Nls, 0 1s,Mn2p, Ce 3d JLR B A M A W T AR I EL A1

Table 3 Fitted peak areas and ratios for each valence state of C 1s, N 1s, O 1s, Mn 2p, Ce 3d elements

Element content/%

Atomic ratio/%

Catalysts
C N 0 Mn Ce Mn**/Mn Ce*'/Ce 0,/0 0y/0
MnCe-CC 60.10 0.37 3033 3.60 5.57 30.75 9.30 46.81 53.19
MnCe-CMS 38.00 1.20 46.55  8.67 5.58 32.29 11.09 37.69 26.81
MnCe-GOMS 55.87 4.49 33.22  4.68 4.49 40.45 24.92 48.62 11.76
(a) Mn®* Mn?* (b) U, Va

Intensity/a.u.

MnCe-GOMS

660 655 650 645 640
Binding energy/eV

—
o
~

Intensity/a.u.

MnCe-CMS

- satellite
1

e
MnCe-GOMS

Binding energy/eV

296 292 288 284 280

Intensity/a.u.

MnCe-GOMS 1

920 910 900 890 880
Binding energy/eV

—
Q.
~
O
o

Intensity/a.u.

—

MnCe-GOMS

538 536 534 532 530 528 526
Binding energy/eV

B 6 MnCe-GOMS. MnCe-CMS Fl MnCe-CC ff] XPS [&: (a) Mn 2p; (b) Ce 3d; (c) C 1s; (d) O 1s
Figure 6 XPS spectra of MnCe-GOMS, MnCe-CMS and MnCe-CC: (a) Mn 2p; (b) Ce 3d; (c) C 1s; (d) O 1s

A 5L 2 B Mn 1] PLBFE COL 35 1L HCOO* [ RE 22, M
MAREE CO, ] R L 10, iRk Ce® Al iR BE 1)
0, ¥ MnCe-GOMS R} b5 e % FE A S A0,
A DU BT S R TR i v O, (E3E CO,
IR B, KK R CO, TS Ak 57 B1251. th4h, MS Hh &
N B B8 H AR — (Rt COL TEARL R TH R B, L
PRI P9 TE S SEATL IR AT AR5 33— 20 (R IE B,
24 BAFEHREMIRER
241 AR E(CV)F & 2R Z(LSV) K

Xt MnCe-GOMS. MnCe-CMS. MnCe-CC =i
PHEHEMIA COy AU N HIPEIMR 22(CV) i & R4 2k
PEAR 2 (LSV)HIZE (& 7a. 7b). WTLAE i, MnCe-GOMS
(—15.6 mAscm 2)H! MnCe-CMS (—15.4 mA<cm 2)fE4L,
) L P R R A 2%, R I R, ARPR
W L4 5HE /N T MnCe-CC (—18.2 mAecm 2), i
B MnCe-CC E A S 4 (1) L FA5 368 /). 7E MnCe-MS fi
1E7H, MnCe-GOMS ] CV 14145 TH AR K FLJAT 2 P ot Fi
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JEARAL R 0% KT MnCe-CMS, 15t B MnCe-GOMS )
RHEK, RO A A 2E T RE. BT LA E A AP AR A
4 MnCe-CC>MnCe-GOMS >MnCe-CMS. X &K H
TRAT R 5 I AT e S5 A R T T IR e . R
MnCe-CC WAL APERER LT, HIL ViRoRH 53,

43 AAE N A1 CO M3 A1 0.1 mol/L KHCOs iAW
M€ T MnCe-GOMS K] CV F1 LSV #H£k(E 7c. 7d). ]
DLE H, EMFSMINEERER T, COy [+
WEHERT Ny AR FRHBRERE, H CO, R TR
BRI PR R B, R MnCe-GOMS #4£HE CO,
AT AR SR, W CO, 25 TR R M,
MR T S 5.

242 wALFEEHE @AR(ECSA)M X

FALA 25 SR T RN SORETE A AR e, i 7R Rk
$L5 X 0] LA R R R 3T CV IRK, TR 202
A E(Ca), ZAE BB T ECSAPY, 11 8 Bk,

BE 5 A 20 mV/s 303 120 mV/s, CV 2k
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Bl 7 MnCe-GOMS. MnCe-CMS % MnCe-CC [Fj(a) CV H1ZEH(b) LSV HffiZk; MnCe-GOMS 45l 75 N, Fl CO, 244 R I(c) CV F(d) LSV ifizk
Figure 7 (a) CV and (b) LSV curves of MnCe-GOMS, MnCe-CMS, and MnCe-CC; (c) CV and (d) LSV curves of MnCe-GOMS in N, and CO,, respec-
tively

@)« (b)s 30
§ 30 3
< < 20
‘?E 201 /\ ".’E
= /‘/ S 401
L 104 20 mV-s™ R
2 2
i @ 0
g 9 5
© ©
g 104 120 mV-s™ 5 7101
5 5
O 20 : ; . O 20 ; ; .
0.67 0.72 0.77 0.82 0.87 0.67 0.72 0.77 0.82 0.87
Potential/V (vs. RHE) Potential/V (vs. RHE)
C) & d
( )qE 0. (d) @ MnCecCC
53 -~ 201@ MnCe-CMS
g g MnCe-GOMS 2
S 201 <
1 E
> o
5 0 £
° N
= =
[ <
S -20
O T T T T T T T T T
0.67 0.72 0.77 0.82 0.87 20 40 60 80 100 120
Potential/V (vs. RHE) Scan rate/(mV-s™)

B8 (a~c)MnCe-CC. MnCe-CMS } MnCe-GOMS #4K}E B & 124 0.69~0.85 V [l AN[FF13#(20~120 mV/s) F ) CV H#i£k; (d) ECSA iH5
SR, RRER SHEENEERR

Figure 8 (a~c) CV curves of MnCe-CC, MnCe-CMS and MnCe-GOMS in the voltage window of 0.69~0.85 V with different sweep rates (20~120
mV/s); (d) linear relationship between current density and sweep rates (ECSA)
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TAREAE I k. & 8d rhiliid v H iR s 2 5
R R LT R G EIRIE, B Cy fH, R
FLAL 2 R T AR K /N K 224 MnCe-GOMS >MnCe-CMS >
MnCe-CC, X5 Yyt FEHEAARF. XIAKET MS #Hifk
F 5 SR ML, AR T AR 735 8, B
B 22 HTE PR 55, B BRI AL R 1 H B
A GO JGit— 23K 7P, FW MnCe-GOMS (1]
HAL 2BV TR, AR 2, NI B B =i 1 Ve & FE:.
243 WALF LI (EIS) M X

Bk T ECSA MlRAL, XM BT T Hfk F [P ik
(EIS)Zr#r. =R R EIS (B 9)E R w5k Es 4
ARSI A B 26305, —Fml B 4 5 i i Bl an 1] 9 i
71N, L R ) BT YA PR T R R R R B 2 T P B
Ry WHEHE C. ERHEHBA C UL HEIE
R%3. EIS IR 5 ALBR 158 SRR BRI R/, FHid
MnCe-CC [N B IR/, SR Em. 456 T =205
M, HLTALEBE 18T () MnCe-CC ) FE: AR, 15
HIHLRE S 2 (W H T R A BN, TAHXT T MnCe-CMS
MEL, MnCe-GOMS AR T/, i#E— 2 iER] MnCe-
GOMS #RHEA H /N FH TR BE i ) S L, R T COy
SN R A

8000 ~
Rct c2 [* ]
60001, Mnce-coms °
& @ MnCe-CMS ©
= @ MnCecCc °
£ 4000 ® O
G [+ ] o
S/ o <~ 300
N C) E °®
I [} & 200 °a° »2
2000 > <
100 o?
/ 200 300 400 500
04 Z'I(Q-cm™?)
0 2000 4000 6000 8000
Z'I(Q-cm™)

B9 MnCe-GOMS. MnCe-CMS & MnCe-CC ] EIS #H£k
Figure 9 EIS curves of MnCe-GOMS, MnCe-CMS and MnCe-CC

244 REFH) N FHR

1438 2 0 Ak % L3l 77 %% % R I Butler-
Volmer Ax(3)H, 5 He HL L2 FE (i) 1T LA SR A 1A FLAR
SR P 248 5% s BT, BRIV LAV () B T 2RISR L
. A%38E REFAWN a, BRI )53 3l S W AR FELA X6
I JR TS AL BE AR AL S B TS AL BE 2. o R, R
W R BLRES 5y, AR HAE 52 2 b ok A sg . DRt id sl Ak
T SN 0 EE T Al 38 R R H k), T DA BE 5 { b
LA ] AR AR R PR R . A0 T RSP o HE. R
o Co* N COL MR FE, B 32.93 mmol/L (H1 25 C F/KK)
PR A AL B0). F RO R J3 ) v o ORI SR 4L,
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AL E A ATA IR T 350 I 298.15 K. tHE RN
) Tafel &5 b W1z(4).

i= l‘O(e*an/RT_ e*/}Fﬂ/RT) (3)
b=2.3RToF 4)
K'=io/(nFCy") (%)
@ MnCe-CC
-0.44 o MnCo.OMS

MnCe-GOMS

Potential/V (vs. RHE)
, ! S )
[e ]

02 0.4 06 0.8
Log (J/(mA-cm?))

B 10 MnCe-GOMS. MnCe-CMS /& MnCe-CC [f] Tafel ik
Figure 10 Tafel curves of MnCe-GOMS, MnCe-CMS and MnCe-CC

T AR RGO [E E REE, EE E AL S X
B LR ) 5% 245 3] Tafel HIZR(1 10), R15 b {EA 4
{E(F 4). MnCe-GOMS F1 MnCe-CMS %51 b M
AL 2 e SR 2652 (R T FL R B, S BUR I T3 FE AR
B, T EHE S BEACREE. M T MnCe-CMS,
MnCe-GOMS 1] b H I, KA EAERP BT,
R EE PR 1) S B3l 77 2284, Ryt — 20 LR = AN il &
FPE R, H3E(5)iHE MnCe-CC. MnCe-CMS. MnCe-
GOMS 1) K° {5, 43HIA 7.0X10°6 1.23X10 % 9.1 X
10°° cmes™ !, iHH MnCe-MS #48LEEF|F MR M. R
F Butler-Volmer 77 F2 AT, 133 o fH(FK 4). fEIXA
SriTH, FRRANR PGS RE, FORIX RS2 1A
e e BLAE A7 LA AT DA 2, R ZLEE e AFnRT T
&4 MnCe-GOMS. MnCe-CMS K MnCe-CC )15

Table 4 Kinetic fitting parameters for MnCe-GOMS, MnCe-CMS and
MnCe-CC

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Parameters MnCe-CC MnCe-CMS MnCe-GOMS
b/(mVedec ) —396 —1750 —1169
io/(mAecm?) 0.042 0.783 0.575
k(cmes™") 7.0X107° 1.23X107° 9.1X10°¢

o —0.149 —0.034 —0.051

2.5 MnCe-MS $jm REIER CO, ~HERITIE

WRYE ERRALS BALZE T, R 5 B4 T AR
JEAM BN E AR MnCe fEALFIRITERE. XFELH HI 10 &)
TR KB AT R JRAT R, MS AR HE FLARE D 5 AR} A g
et sy, wRiikae b, MS B s LR A KR TR
R, AHT CO MM &Rl iy 21ttt
ge b, XA C. N JTTRAMM =4A FEMMEL 5
W RE S BRI, RS ERTR
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TERALAAER, f23E CO» MM o1k SIE R, SEEGIF
B 7 MnCe-MS #PRFEA U 1 R A 7= 8 % S 2
(B 11a); tbAk, X T H ) CoO/RGO@NF
(65.20%, —0.76 V)I'IHI Sn/GO (60.00%, —1.05 V)isal,
MnCe-GOMS (75.72%, —0.6 V)t JEI H H kb 5534
KIRH. WEFFAEHIE, MnCe-MS M BHE B A (K%
RN G HAFVE RIS, A SEIASR Tl AL KA A= 7=
%u%ﬂﬁﬁ.

SRIM, TEWIHISEIRH, 1M RN A7 AR AR 2 MR 1A
i, ﬁn@llb BT hJE, USRS, TR
FAWMPER 40%; X HE A2 K H 5@ 1215175 (MnCe-CMS
S MnCe-GOMS M RH il £ T2 12a)F: 851 240
O3 SN AR R 2R S I T I i JiE Sl ek ) 4%
K RGE S BRRIESE R & A GRE . fEE. R

#5 AFEE LI MaCe MEHVEREXS L

RE IR E SR RS M, A R MS AR
KRAE B AL CORR FH IR FE 5 M.

CO, 7£ MnCe-GOMS 4k 571 _E i J5 oA R ) 7~ i 1S
WiE 12 fios. g5a LB #r, COL WP 7E MS AR T
KPR, TEM BRI ER G . A0 & & N ]
ERF, 12 CO, MW B S id A2 i+ CO,™ Bi*OCHO
KEERAA, MRS ¢ &k HIEFE NFR. £1X
MRS, Mn (23 CO WM fRiF T4, PRI T
CO, IHAL A COOHBS, HCOO* ! fg 22, 43 il Al BEARE
BEERAZ 1. 2 BYEEAT; T Ce @i B E S ML, 12
i CO, IR BEAIE AL, BhAb, WU RA, Ce HIAAER]
PLBE M *OCHO H A (1) B e« 4 42 B4 LA 3 X6
*OCHO MWL PR sE f1, F B s R *H 1IaE22, M
M40 HER Se4¢ & B2 AT REAE3E ORI A% 2 (13t

Table 5 Performance comparison of MnCe materials loaded on different substrates

Catalysts Carrier Advantages Disadvantages Potentiostatic properties
MnCe-CMS . High FE, high yield and .. . . .
Melamine foam (MS) Low conductivity and poor stability Wider potential range (—0.2~—3 V)
MnCe-GOMS low cost
MnCe-CC Carbon cloth (CC) Higher FE Low yield Narrower potential range (0~—1 V)
MnCe-CF High conductivity and ~ Low FE, severe HER competitive response and .
Metal foams i . . Narrow potential range (<—0.7 V)
MnCe-NF higher yield poor reproducibility
@ Y; /(ug-h™!-cm?) (b) 1200
800 ]
L1000 €
600 S
o =
400 800 g
& 600 \g
20 40 ‘30 80 100 r =
ECSA =  siguuut FE/% ©
5 La00 &
g
10 o]
MnCe-GOMS 200 5
1% MnCe-CMS " o
20 MnCe-CC 0 3600 7200 10800 14400 18000
Inand (MA-c™?) Time/s

B 11 (a) MnCe-GOMS. MnCe-CMS & MnCe-CC H:FEX H; (b) MnCe-GOMS M BHE —1.0 V 4MIn L & T s e Mk
Figure 11 (a) Comparison of MnCe-GOMS, MnCe-CMS and MnCe-CC materials; (b) stability test of MnCe-GOMS at —1.0 V

(a)

o= Mn, Ce
_oc :—.
yo' Impregnanon
po®
o™

GOMS MnCe-GOMS
’bo,, =k Mn, Ce
’?a,,o 70 °C
Impregnatlon
MnCe-CMS

v
S

Pathway 1 Pathway 2

C:@ 0:@ H:0

B 12 (a) MnCe-GOMS 1 MnCe-CMS [ £31L F2; (b) MnCe-GOMS HiLf#E4L CO, i JFAE i H iR & I
Figure 12 (a) Preparation of MnCe-GOMS and MnCe-CMS; (b) schematic diagram of electrocatalytic CO, reduction to formic acid by MnCe-GOMS
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7. *COy FI*OCHO Al Hi T 4 73 1l Xk I 74 2 S I it
1o, B SR R R a6l

Az 1:
COx+e —*COy~ (6)
*CO," +H'—*COOH (7)
*COOH+H ' +e¢ —~HCOOH (8)
A% 2:
CO,+H'+e —*0OCHO 9)
*OCHO+H'+e¢ —~HCOOH (10)
3 H#Hip

K F 167 B (IR HEAE AN R R R Bl 46 7 MinCe A48}
(MnCe-GOMS. MnCe-CMS F1 MnCe-CC). EEDHrR
B, MS A I R FLBR AR () FLES 4, A3 Bh T4k
FI4r B 5 8, Rk CO, MR EAL M 5, A
CORR HEAEH K[ 45 1A]. MnCe-MS #14} b i 2 i
MBRGRFE . A B R E R, AHT COx Wi 5
WAk, K, % MnCe-CC, MnCe-CMS #1 MnCe-
GOMS I H B =y 1 IR A2 P2 T % (Yr fE— 0.4V vs.
RHE 75l $& = 2] 230 2.8 £if) 1EH B RCR(FE: 77 4
H2.30 2.5 ) S R B AL(—0.2~3 V). HH,
MnCe-CMS [{J# Kk FE: N 63.04% (—0.4 V), fE VN
470.89 pgeh 'eem 2 (—3.0 V). M4F, MnCe-GOMS
GO WA, #t— 2 Mn. Ce HIZ0HEL. 1 KBRERI
R, R CO, FIL B 51k, PRI, MnCe-GOMS
[F] CO.RR M REfAE, Y REIAE] 746.9 pgeh 'scm 2 (—0.8
V), s FESN 75.72% (—0.6 V). fEIX M FEd, Mn £
BRI A&, Ce MMITTETES R LA T AL,
FLFEHE COL FIWRLF 1o Ak 564k, AT HEZ) R A Bk
SRLIE AR ORI AR (G, R EE. ZRE.
—S AR W), 28] MnCe-MS EL A 5 i) H R i 3%
PE. Bz, ATFFRRH T Mo AL B =0 MnCe-
MS #EHH T B COL 7 7 FTR.

4 SLIRERSY

41 M

B R N bral, LRRidt—Paith. = RF %
HEAR(MS). BRAT(CC). JHFER(NF). JEIESI(CF). LR
B EERTRET. RHEREN. RHEREN. IKERER. 30% (w)il
AEE B E 24D, IR B FTH T, A S8
H Z wi k.
4.2 ELFEIE

IR B ERBR AN 25 B8 T /K AE-E 75 264 5% NF.
CEHEATTRANTE. STZKE NF.CFE.CC Z N\ #5547 # MnCe
R PHAEATE 1 h, B E 12 h G TS
BTGk 400 CH5kE 3 h, 53] MnCe-NF. MnCe-
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CF 11 MnCe-CC fE1L71).

7E N2 UK, MS ZEE U 400 Coirfk 3 h 15
CMS. ¥ CMS BIRE 2 cmX 2.5 cmX 1 em K/), [6] CMS
{0 5 mL MnCe R A4 A8 HR AN, #5884 h R
MEE Ny 5K, B 400 CHREkE 3 h, #1453
MnCe-CMS #1 k.

K Hummers il 2 S8 A0 A 52445 (GO)ST., FREX S g
AR 3 g FHBRANIEVKIB SR T2 120 mL ¥
HoSOs 145t HE 0.5 h, 212 20 g KMnOs, #i#: 3 h J5
35 CKIBARELBERE 0.5 h, AN 600 mL 517K, Fif
FEFZE 95 CHEPERM 1 hy JEEIRHTEE 60 CEINA
15 mL 30% (w) H0., 55 REIR, IREGVBIEAL R
Sem I, HEE TR EOEFME H 15mL
GO (3 g/L)HF] 3 emX 5 emX 1 ecm B MS L& 4
h, 50 CHETF#l4 GOMS; %l 15 mL ) MnCe Fi A
i LR BHALAN, 70 “C /K 4 h, HET-#53] MnCe-GOMS.
4.3 Y

COL B JR AT REH CO. CH. %, L&A H
FID A& %8 () S A (3 GC-4000A WI5E; WA= 7] g
B, RS, HPHR. RS eaR Le-
20AT MisE, FEE. 8BS G GC-2014C 2.
4.4 HELEMRE
441 MIKEA4H4

FrA AL 2RI TE = R R T AT, SR
N Ag/AgCl HIR, ST HMAET AR, KA 30 mL % 4]
M “H B S0t H AR AR R IR RLAS A%, PRI 20 mL
1] 0.1 mol/L KHCO; Hif# ¥, BHH% AN FH ) = A fa) 2%
Nafion 117 JiiF 22, = NG A TAR AR Ak
1 cm?, A FTSE LA 30 scem (mL/min) 138 2 R 45 [m] s
A N, 3% CO, S A& 15 min.

442 wAzIH

H4 H A FEL AL 2 3 Sy A 6T T A v SR R (HER) A
(Eq. 11), 1 0.1 mol/L KHCO; [1] pH=8, E°xgaeci=
0.1976 V vs. RHE.

E(vs. RHE)=E(vs. Ag/AgCl)+ E°agaeci+0.0591 X pH
=E(vs. Ag/AgCl)+0.6704 (11)
443 kBEHHXEFE

FERAI T B R O AL I R b, S VA (i
WU R TR0 IO 1) B (). TR HRA 22 AR Sl o] DL B 2
B A R R R (Q). R T A AT LA
3R H H R IVEBL S UK (FEy):

FEs=N¢/Nt X 100%=aenNa/Q X 100% (12)
A, Ne oW H br RS SEBRiE FE R & Ne ORI A
PSR, o NRNFERBETH, ERFRER 2 B
T Na=6.022 X 1053(BiT R4S 2 5 45); e=1.6X107"7 C
(T HLE).

Acta Chim. Sinica 2024, 82, 396—408



F F R

4.5 FEMIFEIE

i 37 B S 6 H - 24U GeminiSEMS00 W2 #4
BHO O &5 F AR (SEM), I Hilid X SR Reis b
(EDS)ill e Ju R A tE L. [ ZERE Cu Ka (A=1.5406
A)EE ST 1) Rigaku Ultima TV X 5528 A7 SO A & 1)
RIZERJ(XRD), PL 10 (°)/min FFIIEERLE 20 N 100~
80°HHYE FEl 2 a1l . I AL E T Cu Ko §£61 Thermo
Scientific K-Alpha {X#8EATRIM X G260 M T Re ik
(XPS), LA Cls I&(BE=284.8 eV) NhriEHEATFRE. 141
18 LI 225 8 27 A0 (FT-IR) S 385 AR RS it A 4Lk, s P
KBr AR A FMEPRES. f 2 6k 8 e 484
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