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Abstract Electrocatalytic COz reduction (ECR) into high value-added chemical products has been regarded as an effective
strategy to release environmental crisis caused by high concentration of CO: in the atmosphere, because of its mild operation
conditions and the ability to use renewable energy sources as power. Metal-nitrogen-doped carbon-based nanomaterials have
been demonstrated as excellent catalysts for electrochemical reduction of CO2 due to their high selectivity and low cost.
However, it suffers from the problem of low Faradaic efficiency at high current density, which limits their further applica-
tions. In addition, the silver-based catalysts have good catalytic activity for the electrochemical reduction of CO2 to CO, but
they can only achieve high selectivity under high overpotentials. The synergistic effect in the multi-component system pro-
vides a new idea for the design of efficient electrocatalysts for carbon dioxide reduction. Herein, we first elaborately design
and prepare an ordered macro-/mesoporous nickel-nitrogen-doped carbon (Ni-N-OMMC) supported silver nanoparticles
composite (Ag/Ni-N-OMMC) by the use of silica colloidal crystal as the hard template and triblock copolymer Pluronic F127
as the mesoporous structure-directing agent, and study the electrocatalytic CO2 reduction performance. Due to the confine-
ment effect, the small silver nanoparticles are successfully loaded on the Ni-N-OMMC support by in-situ chemical reduction.
Compared to Ni-N-OMMC, Ag/Ni-N-OMMC exhibits better electrocatalytic activity. The Faradaic efficiency of CO is as
high as 98.7% when the potential is —0.7 V vs. reversible hydrogen electrode (RHE) in 0.1 moleL ! KHCO3 electrolyte.
Moreover, Ag/Ni-N-OMMC has a wide operating voltage range with the Faradaic efficiency of CO over 90% at —0.7~
—1.0 V, and shows a high current density of CO (33.29 mA<cm 2) at —1.0 V. The excellent ECR performance of
Ag/Ni-N-OMMC may be attributed to the synergistic effect between Ag nanoparticles and the Ni-N-OMMC support with
abundant Ni-N: active sites, as well as the high specific surface area and efficient mass/charge transfer provided by the
three-dimensional interconnected ordered macro-/mesoporous structure. This study provides an idea for future design and
preparation of metal-carbon composite electrocatalysts with high activity and selectivity.

Keywords ordered macro-/mesoporous structure; Ni-N-doped carbon; dual-templating synthesis; Ag nanoparticle; electro-
catalytic COz reduction
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KHCO; 1E N, £ H B =Rk R PRSI 7)
Ag/Ni-N-OMMC fHHEIISJE CO, M FITE . ML
F Ni-N-OMMC, Ag/Ni-N-OMMC F I Hi 1t 5 ) ECR 14
&, 7£—1.0 V (vs. RHE)A LR % FE ik 33.29 mA-
em 2, JEE—0.7~—1.0 V (vs. RHE)H#E 5 FAL 15 Il 4
CO VA BB IT 90%.

2 #HER5Te
21 MR

fil#% Ag/Ni-N-OMMC [MiRf2anE 1 Fros. fijsg
Ui, B 5 B EE IS (resol) . XUEZ(DCDA). F127 Fi
Ni(NOs)2*6H,O 7K/ 2, BE AT W= i 3 Si0, & A A
(opa) BEAR IR LR, @ IE 78R S B 2SR R R
MEER). o, opal Al F127 43551 N K FLBAR A LS 11
7, DCDA 1 Ni(NO3),*6H0 1E N A IEAERIE. 7E&S
BRI JS, 2% Si0, opal £ Ni-N-OMMC. /&,
FH A A DO SR IR VT IR Ni-N-OMMC L [1) Ag 25
T, fil#% T Ni-N-OMMC i3 Ag 40KB0RE AR
(Ag/Ni-N-OMMC).

¢ %

resol/F127/DCDA
%\ INi(NO,),/opal

SiO, opal

o
Ni-N-OMMC

o
Ag/Ni-N-OMMC

B 1 Ag/Ni-N-OMMC [l %A%
Figure 1 Schematic of the synthesis of Ag/Ni-N-OMMC

] 2a /& Si0, & A A I B (SEM) B, ZEA
A4 S HE ) SRR R, kiR
5], EARZ149 290 nm. Ni-N-OMMC S 45 #4940 & 2b
iR, EMBIRIN R EAALK, BA =4H)7HE
B RILER, RILZ M fLE %8, B 20 iGN
Ni-N-OMMC B = £ 2R [P OK SEM BIR, KFLFLIEZI R
255 nm, HIELFHIEEH SiO BRIFAR ERRILLE T 12%,
LI 5 AT R FR T v B e B Ak o R R B U
DA K Hi SRR ) IR 48 5 B B,

I 3% B L BT (TEM) JE — 25 B8 FU %R 5 1) P 30 45
#J. B 2¢ A Ni-N-OMMC K TEM E&, "JLLEH, ¥
i B A HESIE I RAL, FLARZ) 255 nm, £ ERLFH
KIAEH T SiO, opal 45, X5 SEM 4 F—2L.
B 2¢ i UM ZAE L B R O A 2 1) TEM BUR. il m]
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DAE H, 7ERFLEE B HSA 7 EARZ) 15 nm 1)
A HL, £H Ni-N-OMMC HA 5 2EH F IR LS
4.

2d N Ag/Ni-N-OMMC & 5+ K TEM B4,
KT LUE t, 3 Ag 29K BTRLIS, Ni-N-OMMC L7} /2
LRI FLIHESE S5 0975 DUE 2 0RBE, 1X 00 Ag il
FL 7 HOF ECR I R WA R0 i AR ke 5 S 22 14k
FABA. 7E Ni-N-OMMC [ FLEE L 7T DL A 3 52 31 <)
¥)—, 5N Ag GOKRBIRL, SERIAZH 6.9 nm
(F S1). 2 #i% 5 B B3 (HR-TEM) AT WL 22 31| Ag itk
() AR 26 SR BE Y 0.23 nm, XFRT Ag BI(111) & (&
2d3HE). PAKFLAFLBE(OMMO) Rl B2 XC-72R 1 A%
A % Ag/lOMMC Hl Ag/XC-72R B, it TEM Bl
(1 S2, S3)MLE4F th, Ag BURLIYI K /N334 7.1 nm 1 8.5
nm. & 2e A Ag/Ni-N-OMMC [HEE /> #T(EDS map-
ping) LR B, WTUUEH Ag. Ni fI N JuE 501
I ATAERRE R b

Mo N WROBR /OB SRR 2R B R T
Ag/Ni-N-OMMC MM 514 (B S4a). Ag/Ni-N-OMMC
(R AEAE TV BRI ER, Ui AR St P AR A FLEE R B30,
JEIT Barrett Joyner Halenda (BJH) /512452 A/ K &5
LN FLAR A0 I e (B S4b), Ag/Ni-N-OMMC
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B2 (a) SiO; opal Fl(b) Ni-N-OMMC (#El: B KA %) 1 SEM F; (c) Ni-N-OMMC (FE: 5 #HOK A 2)M(d) Ag/Ni-N-OMMC 1) TEM FEl (#
[&: Ag 40K IR ¥ HR-TEM &); (e) Ag/Ni-N-OMMC ** C. N. Ni il Ag [t} EDS mapping 7t 22 &l

Figure 2 SEM images of (a) SiO, opal and (b) Ni-N-OMMC (inset: at a higher magnification); TEM images of (c¢) Ni-N-OMMC (inset: at a higher mag-
nification) and (d) Ag/Ni-N-OMMC (inset: HR-TEM image of Ag nanoparticles); (¢) EDS mapping images of C, N, Ni and Ag elements of
Ag/Ni-N-OMMC

IHIZRALAE 15 nm 7245 I FLAR AL Som— A RT3 HE )
g, X5 TEM WEAHFF. F4h, #R4E Brunauer Emmett
Teller (BET)# & 115 15, Ag/Ni-N-OMMC F L& i 2
N 298.4 mieg !, FLAAFA 1.1 cmieg !, R S1ICE T T
A TARE, T RIAE Ni-N-OMMC Fil OMMC
A EARGKRIRL S, BAR LL R T RBAR AR/, (H i
F T Ag/XC-72R (38.9 m?eg 1), TiBH RFLAFLEE MBS
RHRAE T R 2R T BRI TS M AL A, T R4
ECR f%:fE.

3RNEAFERIIT A X FEATH (XRD) K. R
P& Scherrer 77#%, 5 H Ag/Ni-N-OMMC, Ag/OMMC
Fl Ag/XC-72R B &M RH Agkifz 4714 6.6 nm, 6.9 nm
H18.5 nm, X5 TEM 133 1) Ag Riff kA —F (& 2d,
S2~S4). Ak, Ni-N-OMMC ] XRD i {7 23°F1 43°
5 B SICTRANTIN DS DINVAR I WAL, 2 /2 % B & S WA= =
P A a4 A AEAE.

T W Ag/Ni-N-OMMC AL HIAL 2 4 AL
SR, P X H LT R (XPS) R fdk AT 1 4
#r. 1B 4a F1) Ag/Ni-N-OMMC ) XPS B r] &1, £
M EH C. Ny Oy Niv Ag fiffex. K 4b NG
N 1s ] XPS Jtil, /7 AU pyridinic-N (398.2
eV), pyrrolic-N (400.3 eV), Ni-N,(399.1 eV), graphitic-N
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Figure 3 Wide-angle XRD patterns of Ni-N-OMMC, Ag/Ni-N-OMMC,
Ag/OMMC and Ag/XC-72R
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JREAL(—0.47 V), JEHAEWH R HEBTEEN, &AH
MEEIAEF] T 36.93 mAscm 2, T Ni-N-OMMC
(12.99 mAe+cm 2), Ag/OMMC (13.26 mAecm 2)Fll
Ag/XC-72R (11.33 mAecm 2), %4 HE KW
Ag/Ni-N-OMMC EA Bk r) e fEfbim v, B Sa i
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Figure 4 (a) XPS survey spectrum; high-resolution XPS spectra of (b) N 1s, (¢) Ni 2p and (d) Ag 3d of Ag/Ni-N-OMMC
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Figure 5 ECR performances for Ag/Ni-N-OMMC, Ni-N-OMMC, Ag/OMMC and Ag/XC-72R. (a) LSV curves in the CO,-saturated 0.1 moleL™'
KHCO; solution (inset: LSV curves for Ag/Ni-N-OMMC measured in N»- and CO,-saturated 0.1 mol-L ' KHCO; solutions) with 10 mVes '; (b) CO
Faradaic efficiency at different potentials; (¢) CO current density at different potentials; (d) Tafel plots for CO; (e) correlation curves between current den-
sity and sweep speed; (f) durability test of Ag/Ni-N-OMMC at a constant potential of —0.7 V vs. RHE

moleL™! KHCO; ¥ it LSV #h4k, Al E HAHET Ny
M, Ag/Ni-N-OMMC 7E CO 7l HH 3R 30 H B K HL I
SR AR A S AR R A, B EE R AT ECR
L

T SO RN L, BE T ASFERES BCR R
P CO Mg FEME. A G IE] CO Ml Hy, Fxmist
PR("H NMR)AAS I 20 44 7= 4 (B S5). 5 Ni-N-OMMC,
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Ag/OMMC F1 Ag/XC-72R # ., Ag/Ni-N-OMMC F JiL H
B ) CO & #8%:( 5b), #E—0.5 V (vs. RHE) Kl 2]
T CO AR, £ CO MEFIE M Z(FEco)E—0.7 V IA
BT I KME 98.7%, HFHAE—0.7~—1.0 V 5 AT
R4 7E 90%LL_E. Ni-N-OMMC B AR7E—0.7 V £ HLH
IR FEME(FEco=96.3%), 1E&Fif 35 41 e A7 1 385 n bl
K, 7£—1.0 V2T 66.2%. Ag/OMMC 7E %4~ H
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BT I FEco %115 T Ag/XC-72R, VA T/NRiAR ) Ag 44
KR ELA B S 1) CO B, BT S6 N B&AMEAL 1%
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CO EHEME, T Ni-N, iJ A 830 564 ) S HER. & S8
N H B A S, ERKHBE—10 V T,
Ag/Ni-N-OMMC ] Ji» 14 3.6 mAsem 2, i/ CO 4y
FLIR A FE(33.29 mAscm 2). [FIINF, ZE3EANHTIT K 34T
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S2 gl iR AT G CO, Ak A CO 1)
ECR HLMEALTR I MERE. 459K, Ag/Ni-N-OMMC Hif
PEIE R CO, N CO FITERE S5 BILAT AL P RE AR 24 ol
=],

AR, 9T HRFE ECR R ML) EN 11504 78, XA FE
an () Tafel REEBEAT 7IE, WK 5d Fos, EIA RN
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Ag/Ni-N-OMMC H A i@ fsh 5 s, 9 HiZR R
PHLHRAE 118 mVedec !, FEAASLK ECR iIFEHIE
RYTE L IRANVI G BT 5 F2 TE Bi*COOH. Ho [A] {38401,
T B M AR S T A SR, FRA e (G PR
T2 RE i R J2 2 (Can) R TR ARG AL 2 TR PR 3R
HAL(ECSA) (F S9). Wi Se AR, Ag/Ni-N-OMMC ]
Ca {2} 19.60 mFecm 2, KT Ni-N-OMMC (9.96 mF-
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mFeecm ~ %), H1 T ECSA 5 Cq 1E M &1, A 1
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YR SIORL 1) S 0 T AR TS AL 55, 7 ECR i
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Hf CO Hm#EE. /5, f£—0.7 V (vs. RHE) FXf
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HLAE 25 h J5, FIREEICER T 6.7%, CO [ Fiikh:
FRELIN 97%, RIS E AR E . Bl S11
7R T 5000 IR CV fEIT S Ag/Ni N-OMMC F i
) LSV HiZ(HAZTEE 0~—1.0 V). ELBAEIRRT G K
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F g PRI 5 A o %) 70 2 AN A R0 45 1) o R AR B SR 1 AR
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e, BB T A B R RGETE(E S12,
S13).
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2 LA, BATTE VR SRR 72 DA R a7 B Ak 2
W JFEA BT SE A SRR B = 4R P Ni-N B4k
FL/A FL Bk BB Ag 4R oK MR 9 8T B 2 A M KL
(Ag/Ni-N-OMMC). H#i T Ag KPR SEEFEE
Ni-N, iEPEAIH Ni-N-OMMC #0441 22 4.5 Ur IR 1E
DA = 46 7 LI 25 L4 A0 B2 A3k 1) vy b 2 o AR R s 28
) ot =/ WA AR H, 1% E S M EHE 0.1 moleL ™! KHCO; HY
FEVR B H i L IR ] CO, (ECR)VEME. AHELT
Ni-N-OMMC, Ag/OMMC Fil Ag/XC-72R, Z&E &kl A
B BARIARIGIE 5 HEAL(—0.47 V), s CO L 52
2 (FEco, 98.7%), LA J¢ i ) CO HL L % i (33.29
mAecm 2). $AF, ZMEIATE—0.7~—1.0 V (vs. RHE)
1) 58 HLE Y R SR 90% A B[ FEco, FFHEA H M
FIK AR e P, IR e FEUE B T £ 2055 U RIAE F AT 4%
eI ECR &M, A4 G FIH] % =2 ECR
H AR T — P AT S T,

4 SERSY

41 MHRERK

Ag/Ni-N-OMMC & &R Hl % 5 %6 0.04 g
Ni-N-OMMC. 10 mL JH &1 20 mL — £ i1 A F] 50 mL
= ke, EAEEUA, IO 30 Cili. RIETE
SAAET, A 0.0517 g ZBPIEHAR, EL:HEE 2 h
J&, TN 0.25 mL A0 2 DU SRR, 68 30 min.
AR AW AT HEE, F 800 mL LEHEYE, 40 CH
TR R BN B i AR, N T EE, B BL OMMC
H XC-72R A#EAE, HEIFERIITEER T Ag/lOMMC Fl
Ag/XC-72R.
4.2 EALEFFIE

FREL 5 mg AL, IIAZE] 500 uL SRR 460 uL
JKF 40 uL Nafion (w=>5%)RAER T, HAEE/D 1h
DA 350 5 (AL TR 8. SR 5K 200 L fEALF) i 55
BIEIRIIAE 1 emX 1 cm BRAGHTH, HARLFI Gk
4 0.5 mgecm 2.

BT 0 R R 5 b e = AR A &R, ALk
S TAESG N B RAE CHI 1140B, MR%E B 40 S14 Fr
7. ECR [ SLAE 2 Hil i) H Y e Al b 3k A7, AN OB =
F Nafion 117 Jit 7 ER&HF, 5371364 80 mL 0.1 moleL !
KHCO; IEW(CO, M, pH=6.8)/F N HLfEFR, IFHLA Pt
Jr Rl Ag/AgCI(HEFN KCOHE ARt B Al FI 2 L Ha . AR S
JIT A P ) FEL 34 20 A D AR S RT3 & LA L 34 (RHEE),
W AR : Erie = Eagaeci+0.059 X pH+-0.197.

fEFBCE S A 20T A SRS 28 (TCD) Ak 43 Hi
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F F R

F| SP-2100A ARG LK =Wk AT 1ESearill, 251 )
i) CO» (99.9%)F1 < He (99.999%) 1 A 30
mLemin .

PN IERL S BCR(FE) U B W R . FEx=znF/It. 1
o, x AFEY), 40 CO Rl Hy; z A RONL AT 7 B HL 4, X6+
CO F1 Ha, z=2; n NF=WIIH 5 (¥ (mol); FAVEHL 2R &
#5, 96485 Comol 15 1 Fl ¢ Y HLI (mA)FII E] (s).

PR IR B BN R Jo=Jhotal X FEy, Jiota J9 54
L B (mAecm ?)

F4 Tafel 77 #2115 Tafel #2: n=a-+blogJco,
ooy NI HAL, a O Tafel HZe A Az AL BRI AR, b
A Tafel ®#F(mVedec '), Jeo N CO ¥ HLI % [E(mA.
cm ).
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