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Construction of Ni/N Co-doped Self-supported Carbon Foam
Electrodes for Electrocatalytic CO, Reduction
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(School of Chemistry and Chemical Engineering , Anhui Key Laboratory of Coal Clean Conversion and
High Valued Utilization, Anhui University of Technology, Maanshan 243002, China)

Abstract A series of nickel/nitrogen co-doped self-supported carbon foam electrodes were prepared by impregna-
tion, curing and carbonization using asphalt as the carbon source and polyurethane foam as the template, and then
characterized by scanning electron microscopy, transmission electron microscopy, N, adsorption-desorption
analysis , Raman spectroscopy and X-ray photoelectron spectroscopy. The results show that the prepared carbon foam
electrodes possess a three-dimensional macroporous skeleton structure. Moreover, their surface is abundant in defect
sites and Ni—N coordination structures. The content of N species can be regulated by varying the carbonization
temperature, thereby enabling the regulation of the content of Ni—N, active sites. The carbon foam electrodes were
directly used as a self-supported electrode for the electroreduction of CO,, and a syngas with a stable and controllable
H,/CO molar ratio could be obtained. The H,/CO molar ratio can be tuned from 1/2 to 2/1 within the potential window
of =0.9~—1.3 V(vs. RHE). In addition, the current density of the carbon foam electrode obtained at the carbonization
temperature of 900 ‘C can be maintained at 5.7 mA/cm” after a sustained reaction for 10 h, and the H,/CO molar ratio
can be maintained at about 1/1.
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FL A b CO, 3 S 78 B AT P AR BRI A= = BORE R Ak 2% fat 1T R L Hh B RO RV 0. i AEske, FLff
Ak CO, IR I 7 TH AT Y LB R J =, fEiE 2 R rh , CO MAE IR ik, B o il 45 . [H
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JEHT S, 238 7 EBE TAEE M EAT. BT, W COE AR R AR, 78 Ak il 25 72
Fh g FDRS 25 ), 40, Nafion FIER MW IR 20 (PVDF) , Kb 45 70 (0 248 25 350 20 1 Ao, fdf =4
SN SR PRAE SEUSCR IR . Bl RN B IR, i fh 50 5 AR R I 2%, S5 fb kR T RS
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TR AR R, 752 HA 5K EE R A AR LA K H A S B SR T (2)
HLAb 22 SOV B TP PR Rl A T 8, TR R A M RE M R S —; (3) LB, 15
BRI AR R RE R TR B 2R, AL IR A i AR5 o 14 03 1 2 i 2 RN e B T R R
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Co,0,@NiO-ZnO YK A HRE, HHA BRI LR TAR | R A v i B8 328 3 | v 30y v Ao 1 i i
RN o B AR R (PG PEAL A . Zhang 52 R A EALY) NiCoO, 8 BN IR B S 8810 — de 1 880, il &%
T HA RS R SE R 5 1 2 A HLL (NiCo0,@rGO/NF ), Hi T NiCoO, 2t 45 6 57 Ji 235 #49 42 41 1 NiCoO,/
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mA/em®) , UEH Co B0 g A Z2 L 3D PR 25 P BB K ML i %% 2 . CoSA/HCNF's Y iy i A6 15 PR U 1
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¥, NH-NiNCF £ AL S b PERE . 7E-1. 0~—1. 4 V vs. RHE BISEHATEEIN, CO MIhisBalcsis
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(CA). M BHEAT AR 53 )22 Z2 AL A5 Fa 1 i B R 8 1 M—N o7 s, CA/N—Ni S BE A 7E It 3 R A b S5 vz
#vrh, GBE1 T 300 mA/em? B Tl HL %% A1 91% () CO TR RICR .
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HAREA BRA 5 LIRS EER (4ERE 95% ), Fifg 2z s pRAE AL BHE A FRA H] 5 JEK 2B | MR . DY &0k IR
(THF) . $HfR (HC1) . EAL8 (KCD) FI#% FR 2 40 (KHCO,) ¥ Ry 43 Hrali, [ 24 52 A AL 2438550 A RS w5
Nafion 117 Jit 7284l , S E AR AR LB F/K(BFHE>15 MQ-cm), FHES 40K &G BRA A
CO,(Z1i99. 999%) , bt Z AL/ Tk A RRA F] ; @A (ZHEE 99. 999%) , F B R UK ety A7
PR AR H (1 emX 1 em) Fl Ag/AgCL R HLMG , Tt BRI A BR A F .

CHI 760 HU B fb 2= TR R, Bl R AAER A R AR GC-2014 BV A 35, H ARG HAF ;
Sigma 300 U4 ## FE 7 G085 (SEM) Al g = (B AL (EDS) , TH[E Zeiss 22wl 5 JEOL-2100 %Y 3% 5 oL - i
BE(TEM) , HASH RS 4t s Ultima TV B X FEZRATHHMU(XRD),, H A2/ W] 5 HR800 i & ik
{X (Raman), ¥ Jobin Yvon /A&l ; ICPS-7500 B v JEH A 45 B TR JFF & SHERE{X (ICP-AES) , HANE
HYAH]; K-Alpha B X S8 6 HLFRETE I (XPS) , 32 [ Thermo Scientific 23 ] .

1.2 SKIEEiE

121 Ni/NZEB L H T3R8 B 08 & Ni/N-CF IR BR AR ] 45 L B2 U0 Scheme 1 P . B
Je, ¥R 4.0 emxd. 0 emx2. 0 em 1R ZBR LR FH TC/K CFER 2 88 FoK G UE T a THRE A .
10 g HEAETMDITE 5 1 g CRENEEAMHRIR A5 )5 , AEHE T 2202 A % 20 mL THF 5 2 mL it
PR BV, TR R BRI 575 1 h 2B R — V. B 0eis T8 1 R BRI A ik
WP, FEAr B B, SPARTERUE T, SRR BT . B TRE B RRR ST BT T e ep
e (FEZS SR T, BA T C/min B BCRTHR 2 350 °C, fHIR 1 h 5 HARBHESR) , HER RS h
WAL AE Ar B R, PLS C/min AR THE 2R R EE (700, 800, 900 F11000 °C), fHIE 2 hii HAREH
ZER ] A, BRI FH 2 mol/L HCL AN 2= B F /KRR Fo 43 ek, TEE 153 NUN HB 243
TR, 388 Ni/N-CF-¢[ Horb e CCOARERRRALIEE , 1=700, 800, 900, 1000]. K533 4 Ni/N H:45 4 7K ik
PIERK AN 2 em ., FEZ009 1.5 em  JEZH 2 mm K5I, 55 Ni/N-CF B % .

Dipping Drying

= i
Carbonizing

i Pitch+THF+Pyrrole+Nickel(IT)
Polyurethane foam Acetylacetonate

Scheme 1 Schematic illustration of the fabrication process for Ni/N-CF

122 HXHBABRMEBEE B AR ERNF & JRIH A SCEEIRR (CF) MAB I H Z i
i (N/CF ) H AR R il 28 7 5 Ni/N-CF HAR T 25 ARl DXORNAE T I f B S TR 7 ) A B A
INABRIEFI AR, BAB2% B SRR AE il A5 B A I AR T
123 #HRERAE A B DA I i BB R A AR SO A, R X SR AT SR
WOLIL R AR 205 (Raman) BFFE ARG SRS H, R X B8Ot FREIE SGRIEM BH T R b &
WA A28, I R R & 55 B IR R 2 S S SR IR sk v Ni A o 1 404, 38 N, IR
AF- 58 RS2 56 AE A A1 L S T AR FLZS A 15 2,
124 @RI R A SRR IR F A SRR F R e 415 IS AR TR AR . SEG7E R Nafion
117 FE 3 B 0% HO RV st A 7, B4 H At 75 80 miL FELA 5 (0. 1 mol/L KHCO, 7K ). X Hi b
AR R EL (1 emX1 em) , S HH A Ag/AgCLU AT KCHAT ) , 1E Ar Al CO, A AT 0. 1 mol/L KHCO, 7K
VR R IR R FEAEA L RE . AR SCRITAT FLAS 2 F BN 3 (1) S JAH X T T 30 S AR B LA
E(vs. RHE) = E (vs.Ag/AgCl) + 0.197 + 0.0591pH (1)
TEE I RSIET , AR S H 28 €O, LA 20 mL/min B3 3@ A % 0. 1 mol/L KHCO, /K%
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W1 30 min, DARR A HUAEAE iR R 023, JRIRE] COMM. RAMEIMA L (CV), LL50 mV/s 144t
SRR NF TAE AR T S A4, M S8 i AR IR IR AR SN, T S FL - FRL AR 2, el 2Ttk T
S Wi R AR SR B AR L SR FHR AR 40 (LSV) , L 20 mV/s $13E %t TAE AR JEAT B F1 6l , 78 CV
P TV A5, AT LSV EHEIA, DI H R AR CO, 388 SRR A G FEL AV RIS [) <40 T L
9 1A X1

FE AN FRL A I3 (1) o 7 315 PR R X T R ARG it o i 7, 30003 P 3 BT B AR PR A S 3R
IS AL AR W A IA R %% (FE) B, BE [R]85 20 min, 7E4F 2 LA (B A A 78S E PR it
B, BHR1E Bk 10 h.

R A BRI S A= 4 . P-4 A i R e A B AR R S0 A S (. el s
R S 2 B = Rt 4 /ANE S 1 - RO 01 Bt b i /DN 7 - e N T R =R 2 ) =R Y €2
FACSRAY b, AR It 2 . ARl 2 0 Fr O B8 B (R EA 5 5 PR AT, AR 0 T R /N A 7
B, COMH, I RERBCRIT A ARUT .

v = DLV 1000, )
RT,I,,,
X a BRI FERERH TH (a, = a,, = 2), F P HH0(96485 C/mol) , Py ke K<
F (101325 N/m?) , v Ry CO 5 H, ¥ BE (mg/m’) , Vi, R CO, MR TR & (20 mL/min) , R Ry PRAR SR & 4K
(8.314 N+m-mol " K™"), T, AW E (298. 15K), 1, A (A).
SRV FE 0 (mA/em?) 50 B TR ER R BT AR A CO A H, R4 L B2, HARAANT
Jeoorn, = Jiow X FEcom, (3)

2 GRS

2.1 Ni/N B R B ERRBRM M EHSHR ST

P 1(A) Sy Ni/N 4870 B SRR RO . BT I R A7 AU B8 RS E 1 , I IR B B4
EAT YOI RN AN R RS B AR, , Ao G Rl A ] R g S 1 BRI R P . X YRR B 45 4
AT T SEM AL 1(B)AI(C) . ATUL, W IRERAT RN B AN = 4E LA 28450 , IR H
A 4 B FLIE AT A2 COL R ) UMY B8 , AT B2 2 ey R AL R v 8 7 15 o 7 i AL
R TR, EA O T B = AR Rk R SR AT PR I S o AR AR B R e e, AR B R A R R

Fig.1 Photograph of Ni/N-CF-900 samples with different sizes and shapes(A) and SEM images(B, C) and
EDS mapping images(D—H) of Ni/N-CF-900
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FEPO NN B2 K Bk 19 EDS RIS [ K 1(D)~(H) J328H, Ni, NFIO R A R im0 4 . KA
TEM X HAOWEE A AT T 098, A PSR A AL B A YL AR B b Ak 52 AR DU () B R 25 4 [ T S1(A)
(B), WASCZHHER ], BAIRGEMEE ; M0 PaE i F RS (HRTEM) B A [ & S1(C)F(D), I
ASCEFEFE T BR , NiN-CF-900 2 TCETEA , R FE T rP A7 AE A S5 i0ih X, HANEERI R IW 4@ Ni

R T ARAG 25 R AR B AL R B FLAE R 8, SR FE N, W2 R - B BRI 038 1 R4 0 ) HE 2 T AR FL AR 43
i B 2(A)BIEEAS, Fra B BET R TR (Syp) Y9/ T 5 mYg, BB bR T UL F 421K
IR, SR SRR AR A TG A AL B DA R e e AR A B RS T . LA A R [ 2(B)
AL, B MR R A A AL, SIS AU AT SRR S 7 BN FAL A T R T
R A3 AR TS, — AR AR Hh EL AR 422 ) F L 25 44 A R g HP g S R P R P ARG 57 s
P FEr 225, (R, $4E T 70 2 19 CO, MBI FAEfig 23 [, R FH XRD I Raman S35 X6 0 AR b4 44 1)
OREEFHEA T T RAF, B 2(C) AR AR ARG XRD 35 &, 75 26° F1 42° 4b 1 T8 16 43 51 X6 157 156 1)
(002)F1(100) fhTA >, TEBAE AR 2R ICETER . HARRA Y Raman Y6355 B A& 2(D) Fiws .
Ni/N-CF-700, Ni/N-CF-800, Ni/N-CF-900 Fl Ni/N-CF-1000 1) I,/I. {843 %1 1. 09, 1.11, 1.26 1. 18,
2B Ni/N 4B 2 IR ke 75 A3 Ko 0 BB 8 50 RN 7 25 44 20, YAk IR B2 MK 700 “CH =5 22 900 “CHi,
I/, WR R A B FAYS 2 YIRS, P4, Wik A S (bR B RG oR , dk
Fea Dt/ .
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Fig. 2 N, adsorption-desorption isotherms(A), pore size distribution(B), XRD patterns(C) and Raman
spectra(D) of Ni/N-CF-f samples

& 3(A) A Ni/N-CF-900 () XPS 4= i 8, B NN LB 24 i iR R A £ C, N, O FINi L& .
BI3(B) AT UL, /& 2 HE % C,, XPS 3% R AT 0145 3 N0, 4350 % 12 3 i C A JE = : C—C(284.6 eV)
C—N(285.6 eV)FIC=0(287.8 eV), IEMI NJLR B ALK . E13(C) R Ni/N-CF-900 [ & 4%
N, XPS ¥ [&, NJCZKTE 398. 3, 399.5, 400. 5 F1401. 3 eV &b 4 S8 43 5% 1% Pyridinic—N, Ni—N,,
Pyrrolic—N Fll Graphitic—N 4 FR[RITE S N Ni/N-CF-900 {7 43 B Ni,, XPS 1% W& 3(D) fii
Horp NG, W25 A BB (855. 8 eV T Ni*(852. 5~853. 0 eV) FINi** (856 eV) Z[i], FHI Ni #yFiik F A4
bR A4S, HARAR ] rh ] BEAFAE BCO A0 Ni—N A5 [, TR I R IA R e S
(AR,
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Fig.3 XPS survey spectrum(A) and high-resolution XPS spectra of C(B), N,,(C) and Ni,,(D) of Ni/N-CF-900
Ni/N-CF H N &5 3t Bl AL 1L A AR fb A 38 i & 4 Bir s . AL 700 “CFHIELZE 900 °C i, N 35 i 28 i 4
Tn, S Ak B 4k 22 T 5 28 1000 CHYF, N5 3

Pyridinic N
RELREAR, OB RICRESG8NY NN
R < [, Ni/N-CF-900 {9 Ni 7 (J§ § | 7 GraphitieN
F 4380 0. 76%) 5 T Ni/N-CF-700 (J5iF 43 %% s -
0. 14%) , Ni/N-CF-800 ( J5i 43 41 0. 33% ) 0 | o ™M
Ni/N-CF-1000 ( J5i 743 % 0. 23%) , X 1541k} El
NI O R (S, RIIRIGRIER 3

Ni/N Py I8 il BA7 SCHEVE T, 900 “C I E 0
S £ 5 Ni & &5 Ni/N-CF #4657 19 38 B IR Ni/N-CF-700 Ni/N-CF-800 Ni/N-CF-900 Ni/N-CF-1000
5. g b, A IR E ARk n] SE LG 44 Fig. 4 Percentage of different N species in Ni/N-CF-¢ samples
AEH Ni—N G VAL S TR TE
2.2 Ni/N##B5 B ZHERABRBIREELIERE

76 H AL it v E 5 7 TR IR Bk FEL AR 9 H A AR s 1 . A&l 5 (A) Hr LSV 2k iz, Ni/N-CF fiEfb
FITE CO, AU By L I 25 P2 B S T JHAE Ar S0 T AL I8 BE L TE IR R X CO, 38 Jst HA AL I
PE . X HAAHEALFIAE CO, S5 T A LSV HiZk & B, Ni/N-CF-900 () H, I 25 B fie K, 26 A ELAT TR S 0
HLfHEAE COL IR JEPERE . Ni/N-CFAEALFIZEA I AL T (SR P e hr S5 R I 1 S2 (WA SCEHFE
SO, Ni/N-CF-900 #1651 1Y CO RN BB SCRTEA [ HL A7 T ¥ B A, 5 LSV i 245 R—2, kY]
BeAb IR BE X B S WU AR 1 F i A R RE BT S50 . [R)IS, XUAR VIR BRI LR BB A IR B A A
13 7 HAEAL COL I JEPEREMN I (1S3, WA SCZRRE B, &R R, IR IRBRA B Hoag B it
CO, IR PERE , AR AL B RIS IR ELA TS R HU AL COLIR JEE T . FIREIREW] , Teizfift
RFEH, Ni—N 7 s A TS MR HA OCHEVE T . AR Ni/N-CF HEAL R A SR 0 880k, T3
TEAN R AL T B Hy/CO BER LG, S5 A0 181 5(B) itz , Ni/N-CF AR ) 28 7 /9 8 iU HL/CO BEIR [l
0.5~2.0, M LB B Tl 28 22l s B IR A 272 it (8 DG SR TRt | R WY o 780 39 Y AR Py sk £k
TS 55 AN e 34T S CO, R S5 ™ v Hy/CO FE R LRI AE . AR HL 35 F , Ni/N-CF 65119 CO
BB A LI 2 B (o) P AR R AN 1] 5 (C) Iz, 2R B Ni/N-CF HE AR 9 CO 843 FEL It 25 P8 it 5 o T U
A FH TGN, 7E 900 “CH A SIS KBS W/ . [RIR, HL 8 4 F U 2 B Gy, ) LR 5(D) 15 YRl A
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Fig. 5 LSV curves of various samples at Ar(dotted line) or CO(solid line)-saturated 0. 1 mol/LL KHCO,
solution(A), dependence of H/CO molar ratio with applied potential of Ni/N-CF catalysts(B),
partial current density of CO(C) and H,(D) versus applied potential

HL B RTINS AN, AF i, o BN IR EEAS TR, 2GS P b Hy/CO BE /R FLRTR], DTS2 B3 2od ik 2 o
T SRS R HL R CO Fefil . T B Ni/N-CF AR ZE i 4 T8 e )4 iSO i e, 35
SCHRARE ) Z R B A AL I S5 CO, il 28 B B AL T EA T T PEREXT LE . AT S4 (A SC I H- (5 8 B
7, R IR T35 2 AR 42 a8 JEAE AL 3% HL/CO BEJR B AT AE 0~3. 5 YE Py i, (B HAR S 1 0. 5~
2. 0DX[A], HAATIREEROR . 5 SCHRARE 1Y 42 8 - A -2 Ak I AH L, Ni/N-CF AR 7E R4 H,/CO BER
Eb 7 A g, AT SE I A e L ) DX R B T, L AT e R A T B R 6 SR HL/CO JEE
IR ELITRAS | R Bl — 2 T

GRS B R AL PR RE R S . K 6(A)FI(B) AT, CO FIlH, f2E Jl R i %
AN AR AT AR AL . SN A-0. 7 V(vs. RHE) K ZE 1.1 V(vs. RHE)R}, CO H1H, )4 il
RGBT, HEAE-1. 1 VAR5 KA . 5 Ni/N-CF-700(9. 72 mmol g -h™) . Ni/N-CF-800(16. 53
mmol* g™ +h™") Fl Ni/N-CF-1000(22. 65 mmol-g™'h™ ) #H Lt , Ni/N-CF-900 HAT 5 K CO A= L % (28. 24
mmol* g™ h™") Al e/ NG H, AR BGHR , FEBH AR I B2 R 900 “CH, Ni/N M8 7% A S Py iRk il 2L A
e AERTHLAE AL CO, IR 5™ COTEME . Ni/N-CF ik CO Az LY Tafel R 41 & 6 (C) FT 7 . Ni/N-CF-900 i
Tafel £} 4 290. 6 mV/dec, /T Ni/N-CF-700(399. 1 mV/dec) . Ni/N-CF-800(346. 5 mV/dec ) #1 Ni/N-CF-
1000(329. 1 mV/dec), 2B Ni/N-CF-900 HA e b i) S5 i 5 )12 4% .

R T HE— X MR F PR RS AR, EAT T AR 2EBE TS I . A0 BT S5 (AR SCEHEE B
B . BEAT MRS AT AR Nyquist 242, FEBTA R0 AL S BE BT HE T, = 00 X R 3 R iy 3 ]
R, Ni/N-CF-900 HAT S A fo i 55 A2 F BHL, BRI W] AR HLAT o8 S i L PG R e, BRIl A
R JEF X B TR R LA SR THE . R 1 % FRE i i s AL 2R TG PE R T L (ECSA ), X BE RRR 2 1)
Ni/N-CF BB 2 B 2B (C,) #4770 BT S6 (WA 75 B ) AT L, Ni/N-CF-900 1) C, {&
R, FHHEARKECSA, XA FFIETEN &5 CO, . K 6(D) A Ni/N-CF-900 f# fk. 7 75
—0.9 V(vs. RHE) W 10 hJ5 1 FE, . FE,, 5 S %5 AR . AL, S 3t 285 B T R FEL 50
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Fig. 6 CO(A) and H,(B) production rates of Ni/N-CF catalysts at different applied potentials, Tafel
plots based on j, for Ni/N-CF catalysts in the CO,-saturated 0. 1 mol/L. KHCO, solution(C)
and long-term stability test of Ni/N-CF-900 at —0. 9 V(vs. RHE) for 10 h(D)

W10 hJG29°8 5. 7 mAlem?®, H/CO BE/RHLZ A 1, TEBIZAEAL R LA R RS E bt . o Tk — 5
HEAL SR R E P, XL 10 h 5 FMEAERIEA T T SEM ZRAE . ANl S7T(WAS SCICRHE 2D i, fiEfk
SO ES F A & A= B B R4 A . h TR Ak e AL 2= A R E P, X L7 10 h 5 i AR
AT T XPS I (B S8, WASCRHFER). Z5REH, Ni/N-CF-900 £ EHY TR ML & A
B AR ML, Ni—N, B0 s Fa e A re , HONi SR 0~+2, FRIAMEALFI T R L2425 oA B e
PE. TR, XFHLAR 10 h 5 B H AR B2 43 6T T ICP-AES st , Hirh4Ror 2 & B rEi R (1 pe/L) LT,
FWEAL ) R TG ALy R & AR IR e g e . RS RRT, NYN-CF — Ak B W A5 546 FITh g
R RR S

3 &

PUREDI T MAR IR . L TBE PN B AR IR | I R R . BB IR R, a2 | [ Ak 45
BRI T8 S BB AL S NN BRI E5 6 1Y H S B IR AR AR . AR A R R ) = 4
BRZERE , NSO A B TR A FLIE , 8 O B AR SEB TN Ni—N I AL S R R L
FEIWE A SRR, BRSNS CO,HLIR J5 R H/CO B /R AR E AT 1A iU 7E-0. 9~—1. 3 V(vs. RHE)
B HL A2 B TP, HL/CO BE SR B AT A 1/2 8 %% % 2/1. Ni/N-CF-900 454 fe W 10 h )5, B B A N
5.7 mA/em®, H,/CO BEIR FLZ) 0 1. A58 A s AEAL CO, 3B JELHI 28 LB mT 2 1 & BRI T8 ik,
G EIRIAB A A SRS AR A SR AL T —Fh B A ms

% #1458 L http://www.cjeu.jlu.edu.cn/CN/10.7503/20240203.
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