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WE: D= REUER B-FOBIRE N ERL, @i BNR BUES & T AB A A (NC) fiEkA 44 CuCo AL
CuCo/NC, i#jf XRD. SEM, EDS, CO,-TPD, H,-TPR., N, W¢ff-I5ifft. XPS Fl Raman J(iExt Hipk4T T RAE
I T8 R S W 48 4R 98 T CuCo/NC ik CO, A G CBEMTERE, FT n(Cu) : n(Co). MR .
V(HL)/(COy) . 253 NI I XF SR s, 0 THEAL S M ATLEE 2525380, B-SRRIDRG R 2 ke Dt SRR I fin
ME#ET Cu, Co 7E NC FMAIAHNE. B n(Cu) : n(Co)=2 : 1 HIFAIHEILF] Cu,Co/NC BA AR HL R TR
(48.07 m%g ). TERIVILEE 200 °C. V(H,)/V(CO,)=3. 25 12000 mL/(geh). JE 1 2.0 MPa BSEF, CO, %%
B3R H 9.3%, LEEEEETEN 18.0%; 1£ 80 h HIREMEMNA T, CO, HAbHRN 7.8%~9.3%, LEEBEFIEFRE
16.6%~18.0%, CuCo/NC iR M N FEE (MEhE N, 45844 N) BES A COo, W bma . MkEEH K T FE,
Cu’, Cu", MEE N FIf7 88 N HFEGE CO, M HTIL, Co—N fl LIA AL 2 CO ByNE, 152055 i)
&*CH,0, fRiFisEbK.
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Preparation of CuCo catalyst supported by nitrogen-doped
carbon material and its catalytic performance for CO,
hydrogenation to ethanol
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(1. College of Chemistry and Chemical Engineering, Northwest Normal University, Lanzhou 730070, Gansu, China;
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Abstract: CuCo/NC supported by nitrogen-doped carbon material (NC) was prepared by assisted
impregnation method using melamine and f-cyclodextrin as raw materials, and characterized by XRD,
SEM, EDS, CO,-TPD, H,-TPR, N, adsorption-desorption, XPS as well as Raman spectroscopy. The
catalytic performance of CuCo/NC for hydrogenation of CO, to ethanol was evaluated in a fixed bed reactor,
with the influence of n(Cu) : n(Co), reaction temperature, V(H,)/V(CO,), space velocity and reaction
pressure on the reaction analyzed, and the catalytic reaction mechanism speculated. The results showed that
the addition of f-cyclodextrin and ethylene diamine tetra-acetic acid promoted the dispersion of Cu and Co
on NC surface, and the catalyst Cu,Co;/NC prepared by n(Cu) : n(Co)=2 : 1 had the largest specific
surface area (48.07 m%/g). Under the conditions of reaction temperature 200 °C, V(H,)/V(CO,)=3 , air
velocity 12000 mL/(ge-h) and pressure 2.0 MPa, the CO, conversion rate was 9.3% and the ethanol
selectivity was 18.0%, and in the stability test for 80 h, the CO, conversion rate was 7.8%~9.3%, and the

i BEHEE: 2024-10-09; EAHEHI: 2024-11-21; DOI: 10.13550/j.jxhg.20240764
EEWH: ERAKFFAIETHE (22268039 ); HINA TS ATTRITE (23YFFA0075)
EBEN: B (1994—), B, i+, E-mail: 343003568@qq.com, BEEA: & T« (1970—), %, ##%, E-mail: zhafei@

nwnu.edu.cn,



511

BHD, & BBAERAE G S CuCo AL M # LMtk CO, A& L Z Btk RE

* 2503 -

ethanol selectivity remained at 16.6%~18.0%. Different N environments (pyridinic N, graphitic N) on

CuCo/NC surface could coordinate the process of CO, activated hydrogenation and carbon chain growth.

Cu’, Cu’, pyridinic N and graphitic N codetermined the adsorption and activation of CO,. The action of

Co—N could effectively promote the hydrogenation of non-dissociated CO, obtain the active intermediate

*CH,0, and promote the growth of carbon chain.

Key words. CuCo alloy; CO, hydrogenation; ethanol; cyclodextrin; melamine; catalysis technology
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Co B THIEAEM, KRR Mg /D RAE TR, i
B CoO U 78 AR L A 4 Bk Anag SR 2

AR SO FH = R IR AR, A g-3A
WS M Z WU 2 /2 (EDTA ), R4 BhiR ok
il % CuCo/NC #EAL . %%¢ Cu 5 Co YR 1L
XF N TEREAH R T A EIE RS, LA Cu,Co,/NC( H:
i, x Ffly N Cu s Co W BLAYER L ) X CO, W Fff
FE AR B2, A B HLA B9 IR DA Ak
FILE B R T 0 IR B G, o 4 s 4R 1Y
MEAEM, B Co—N—C, {2 2By Az 12324,
PRI A% Cu,Co,/NC HEfL CO, &l £ B i
PERREm . LIS CO, Mtk iefe, SClif %<
WU HE, SR AVEIE CO, A7 LR T 1L,
i H 25 E AR B fEL.
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FULI9790 B A (A1, Wi tmsr s e A A BR A
3 TM-0914S R Pi & 27 24 Ty gy b, AU 5T 29 28 SR

1.2 ELFIHHE
K p-PRAAS A1 EDTA i Bhi2 it kil & CuCo/

AR AT PR A NC fERF], a5 s B WA 1.
%
B-ININE ‘
/ .
< -
7J<:—3167J<Z,E§ )

R - REHH ﬁ BiF6h

EDTA ﬁ
@ Co(NO,),*6H,0
© Cu(NO;),*3H,0

5 °C/minFt % M,
W) 850 °C —
, ) )~ Him2h ‘

El 1 Bkl CuCo/NC 1Yt R E
Fig. 1 Schematic diagram of preparation process of CuCo/NC by impregnation method

FZ B8 n(Cu) @ n(Co)=2 : 1, 43 WIFREL 482 ¢
( 10 mmol ) Cu(NOs),*3H,0 F12.91 g ( 10 mmol)
Co(NO3),*6H,0, 4 HAL[F#f#AE 30 mL V(TEK &
B 2 VOK)=1 2 1 IREERIF, SRIEMA 2.90 ¢
EDTA, i3 2 h 5, FEILA 11.00 g g-FREIKE F 1.40 g
=REM, T 60 CIRGHFE 6 h, B, I8, &
JE K BEUFERLE 70 °CTF TR, BT Sy,
N, S5 850 °CHEERE 2 h, il #5155 6.30 g B (4 [H {4
iR n(Cu) : n(Co)=2 : 1 BYHELLFT CuCo/NC, N
Cu,Co,/NC,

K H CuyCoy/NC I B il £ 7 L ML B, 43 5]
W n(Cu) :n(Co)=3:1, 1:1,1:2,1:3, V4
# Cu(NOs),*3H,0 Hl Co(NOs),*6H,0 i Fi e, 145
i) CuCo/NC 43 @it & CuzCoy/NC . Cu;Coy/NC .
Cu,Coy/NC. Cu;Cos/NC.

K F AL PUUE Ik il 48 To B AR ) CuCo, AR
n(Cu) : n(Co)=2 : 1, 4 il# 482 g (20 mmol )
Cu(NO;),*3H,0 F12.91 g (10 mmol ) Co(NOs),*6H,0,
WARAE 30 mL R EjFoKh, 1538 Cu/Co &)@k H
m(NaHCO3) : m(Na,COs)=1 : 4 [IRA EhvAw( Hr,
NaHCO; T BN 100 g/L ) 77 Cu/Co 4 J@EhiAii
% pH=8.0, SRJ57E 80 °C FEIZIFE 4h, FBEIE2h
Jritig, B IEYHEIAZE 70 CR TS, BT 59
P, N, U 850 °CHBE 2 h, il #4551 5.20 g
8 [ Ak R To gk AR 1L 7] CuCo, 12 CuCo-single.
1.3 ELFIARAE

XRD Mi: #AF Cu, EHHE 40 kV, FHIH

60 mA , K, 283K 0.1542 nm, 3#53# % 8 (°)/min,
T 5°~80°, SEM M. FEMBI4, (R Ik
M (LEI) B, TAEHJ 20 pA, P E
5.0 kV, Hy-TPR IR : ¥f 15 mg #6452 A G2,
WA Hy R4 5%09 Hy/Ar 1RG0, 5 THEE
10 °C/min, B HERIZ R EREE, HHMS
WA EF (TCD) fFEE . CO,-TPD Mk
15 mg FESL R A A9, A He <, 500 °CTF
JKAEPRS, 3@ A 30 mL/min [ CO,, 7E 80 °C FI
B 30 min J5, FRFFTHEECR 10 °C/min, KR E T
ERERE, H TCD &l CO, HFEE . N, M-
MBI SR SRS, L Ny AR, 7
77.15 K X} 0.0800 g A& 74T N, W5z B6F- it B il 2 )
IR, 0 RERE S Y H 2 1w AN FLAR 20 A . Raman 13K .
Wk WK 532 nm, Raman VL 100~3500 cm ™!,
XPS Mk : Al K, WEFZ IR (hv=1486.68 eV ), LI
C 15 (284.6 eV ) AFMEXTEIHATIIE . TAEHE
14.8 kV, JT22H3% 11 mA, HEZJF 8x107' Pa,
14 {ELFIERITEMN

ol FH v 8 R 2 o 2 B AL 7R A A CO, i
SV W S PR RESEAT PR, 2 R R A TR
B2 fim. B 0.3 g LRI AE A3 (SME
10 mm, N 9 mm, FK 64.3 mm), SN AL
FEH N 20 mL/min A9 N, 25044 F 300 °Cififk 2 h,
FEIR V(H,) : V(COy) = V(Ny)=3:1: 1, BI&mR
Fb [ V(H)/V(CO,) ) =3 3l AW #, 458 il A o
60 mL/min, FEF£F525# 12000 mL/(geh). S IR
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JE 200 °C. JE /7 2.0 MPa FaEfT LN o S 4 Ay
YA GC ¥t s Mr &1 CB-624 B41EHE (30 mx
0.32 mmx15 pm ) Al TDX-1 JHFTH: (3 m*x3 mm ) 43
BERRN Y, RALEIRE 120 °C, kR 40 °C,
TCD J& B 120 °C, S kM@Ekail#s (FID) 200 °C,
TAEHJE A 80 mA . 3o [ FRIH — 3k A i 7~ H
2, RAEC (1), (2) 5 COo, F#fb® (%) F™
PR (% ):
CO, #: 4% /%=[n(CO,,in)—n(CO,,out)]/

n(CO,,in) X 100 (1)
FEINHEREE 1 % = Mxmo (2)
> (4 14x X;)

K. n(CO,in). n(CO,0ut)sr K CO, Mkl &
SV JE CO, B4t , mols A; 774 i B (A I I AR
A KA P I BT AR X R R A
JE 40

16 % 55 | Fe A AL 7R A SRRl L, 18128 N J
25 mL/min, @3t V(H,)/V(CO,) (1. 2. 3, 4).,
253 (12000 mL/(geh) Jo SN (180, 200,
220, 240, 260, 280 °C). JE /1 (1.0, 1.5, 2.0,
2.5 MPa), FZEARFRESMXT CO, Hefb 2™
Vi SRR

Z 4% Cu,yCoy/NC TEHAESRME T 80 h R E T

Ny
QO 9
08
o= o

11

12 12 12

1—3KI; 2—Fii it 3—HmPuEm; 4—K % s—ii

BEARIRRAS s 6— BRI NI 5 7T—hEVRIE; 8—HEREIT; 9—#k

TR 10—Z KGR IR ;s 11— 12—k
El 2 b RIPERE TN e s B A

Fig.2 Schematic diagram of catalyst activity evaluation device

2 H#HR5E

2.1 CuCo/NC BIR1E
2.1.1 XRD #= Raman %-#7

3y CuCo/NC Fil CuCo-single i XRD i &l
% Raman 3% &,

MK 3a T LLE HY, CuCo/NC 7E 20=43.7°.50.9°
74.7°40 AT ETIEFE ] CuCo/NC 1 Cu, Co B4
SERE , HE 20=26.4°40 () T 0 S A7 BB B AT 12200

a | ) Cu,Co,/NC

1 Cu,Coy/NC
1 Cu;Coy/NC
PN—

L Cu,Coy/NC
A a——

A CU1C03/NC
y S———

—— CuCo JCPDS No. 50-1452
—— GC JCPDS No. 65-6212

1
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20/¢%)

CuCo-single

CuO JCPDS No. 48-1548
—— CoO JCPDS No. 43-1004

i L
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26/(°)
. 1309 1579 __ Cu,Co/NC
DI Gl _ Cu,Co/NC

— Cu;Co/NC
I/I=1.17 M
il W\W\/J\/\W\A
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Raman{yi#/cm™!

I/l=1.2

II~1.16

3 CuCo/NC (a) Fll CuCo-single (b) AY XRD #£/& ;
CuCo/NC i Raman 3£& (¢)

Fig. 3 XRD patterns of CuCo/NC (a) and CuCo-single (b);
Raman spectra of CuCo/NC (c)

ANJA] n(Cu) = n(Co)ZHL LA CuCo/NC FAfiT v
B SR FE AR T, B n(Cu)  n(Co) A&
BEEHRPERN R, CuyCo/NC A7 BRI 16 45
SR, [N BARGRN CuCo A&, TRER H
T & B AR BRI 43 WU 5 .

M 3b W LLFEH, CuCo-single 7 260=36.5°,
43.4°, 61.5°, 73.7°, T7.5°MJIE N CoO MIHFMEIE,
20=38.9°, 48.7°, 58.3°, 66.2°, 68.2°AbJI& K CuO
MRFIENE . R WA BARAETERS , R AH [ AR P iR
T, Cu. Co RESILM CuCo &4, TMiELIALY
I X AETE

N 3¢ AT LA Hh , D HE A i ks e e 18 AR ik 0
T2 WA Ak R e T B B (1300~1400 cm ' ); G
R I T AR 4 R B RR IR, SR A Ak
FEEEAR R (1550~1650 cm '), D 1§55 G WERISREE (1)
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W (In/lg) 385 FHFAG A 856 Rk 1 480 25 67 B b
o, HAEME, RUIASSHhERE. EZiLn
FREME .CuyCoy/NC 1Y In/Ig=1.29, 41 . Cu,Co;/NC
(Ip/Ig=1.16) Fl Cu3Co\/NC (Ip/lg=1.17 ) E.AH T 5
BB, Pl REEA B Z AT T PP

2.1.2  SEM #= EDS 4#1

&l 4 3 CuCo/NC il CuCo-single [} SEM &l , %
1 24 CuCo/NC f) EDS i #5#s

MK da~e TTLIE H, 24 n(Cu) : n(Co)=3 : 1 i,
Cu;Co/NC JESUMRE , Z5F9 5 (& 4a ), IXOZHH,
Cu B BEAZIMAIEM . M#&E n(Cu) : n(Co)Mk 3 : 1
WE2:1(E4b) f1:1 (Kl 4c), HHCusdl@
) 220l A D T 7 A A 751 3 T 3R g LT 328 T T
FiZ& n(Cu) : n(Co)M 1 = 1 ZkSEdi/hE 1 2( 1K 4d)
13 (&l 4e), Co Ivamsrgaem, ks
AR, (B IFBA XIS A KK, 1l CuCo-
single B4R EMWHI AR (Bl 4f),

MNFE 1 "JLIEH, Cu;Co/NC., Cu,Co,/NC,
Cu;Co/NC £ EDS WX n(Cu) : n(Co)sr il
2.87 :1.00, 1.87 : 1.00, 0.97 : 1.00, SFIB(E (3 :
1.2: 1,1 1)8 KT ; M CuCoy/NC, Cu;Cos/NC
£ EDS iR AY n(Cu) : n(Co)s3 %M 1.00 : 1.54,
1.00 : 2.45, 5SM (1:2,1:3) ZHEHEK, X
SRR, B R AR PR S 208 S JC AR S b
A EN, i, AT£REET5% NAH

VI ESEN, B2 e R AEMEN THEZM N
XA S T 2 T P AR B T B

Bk,

a—Cu3Co0,/NC; b—Cu,C0;/NC; ¢—Cu;Co;/NC; d—Cu;Co0,/NC;
e—Cu,Co;3/NC; f—CuCo-single
Kl 4 CuCo/NC F1 CuCo-single #J SEM [
Fig. 4 SEM images of CuCo/NC and CuCo-single

F 1 PR EDS il

Table 1 EDS data of the samples

Bt 43K/ %
CuCo/NC n(Cu) : n(Co) 2 n(Cu) : n(Co)

C N Cu Co
Cu;Coy/NC 66.7 6.2 19.2 6.2 2.87 : 1.00 3:1
Cu,Coy/NC 52.2 7.6 26.6 13.2 1.87 : 1.00 2:1
Cu;Coy/NC 69.7 6.9 12.4 11.9 0.97 : 1.00 1:1
Cu;Coy/NC 72.4 6.2 7.9 12.0 1.00 : 1.54 1:2
Cu;Co3/NC 72.1 6.4 6.2 15.2 1.00 : 2.45 1:3
2.13  wRERFILEY A M 2 ATLIEH, CuyCoi/NC BATFORAY LR

% 2 i CuCo/NC fil CuCo-single f¥) BET illjiz
EAE O

2 FESLY BET ShAT45 R
Table 2 BET analysis results of samples

B HRmB/(m'g)  FLAEB/(cm’/g)  FL4E/nm
Cu3Co;/NC 34.14 0.036 3.08
Cu,Coi/NC 48.07 0.037 3.06
Cu;Co;/NC 32.97 0.028 3.89
Cu;Co,/NC 35.17 0.028 3.39
Cu;Cos/NC 36.05 0.034 4.27
CuCo-single 12.15 0.016 1.48

TN (48.07 m*/g ), HiAth 4 Flt CuCo/NC Ay b 1Hi FL
(32.97~36.05 m*/g) ZHIA K, XZEK K, Cu, Co
XPHEACFNER AT — 2 W ZIAE R, B Co XHiEfLFIER
T SZ ML/, Co AXS & s ARfLRT, X L 3R TH FRRE
AR K. 1 Cu BRI B L3, 1E M7
PRy, B YL AT DU AR BRSO, DI
LB IERENE
2.1.4 XPS 5#r

& 5 3 Cu;Coy/NC., Cu,Coy/NC., Cu;Coy/NC Y
XPS %A .
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a—XPS 4% ; b—N ls F 43 XPS %Kl ; c—Cu 2p #4# XPS
& d—Co 2p H /3 Bk XPS i [4

K5 CusCo/NC. Cu,Co/NC, Cu;Coy/NC iy XPS i
Fig. 5 XPS spectra of Cu3;Co;/NC, Cu,Coy/NC, Cu;Co;/NC

M sa mTRLVE W, 3 AL =2 Cu. Co.
N. O, CILEHM,

M 5o 0T LUE Y A0 50 2 T ZAE AR E N
FMAHEN, BiE n(Cu) @ n(Co)UEhn, MLEE N AHXT
BT o MERE N R A N (RIS AT DU i CO,
W bt A% AL . Cu,Co /NC 1 T45 4 RE 399.40 eV ()&

£ JE—N (M—N) AT, BT Co—N M4 A e
BAK, #5r N 5 Co MEAEH ™4 Co—N, XMkt
H A REFRREE, Wik, Cuy,Col/NC HZH) Co—N
X} CO £[*CH,0 WAL AT HEVER , iX tu i CO
) BB KA R

ME 5c FTLLE H, 455 HE 952.4 eV R Cu2p,
T . 454 RE 932.8 F1 935.4 eV ALIG 43 5 4 hif
Cu’ Fl Cu**, Cu,Coy/NC TELS B E 933.5 eV AL
FR CuMfE S, XATREZEH T Cu0 MFFFE. TF5E
TP HE Cu,0 fhifi 5 & CO, Bl CO My,
I, CuyCoy/NC HATELFH CO, iELMERE

ME 5d ATLLE H, 45468 785.0 A1 797.9 eV 4b
[ 53 S XF R Co 2psp, Ml Co 2py, HOATT ST,
CuyCoy/NC 7E 787.6 eV AbH B T, X B RE
WL Cu.Co & RBIL LT AR Co—N 2514,
AFIF CO, T hmEERY
2.1.5 CO,-TPD #= H,-TPR & #7

& 6 & CuCo/NC ) CO,-TPD #ll H,-TPR %A .

a

Cu,Co,/CN

Cu,Co,/CN

Cu;Co,/CN

Cu,Co,/CN

Cu,Co,s/CN
_ e T ]

100 200 300 400 500 600 700
BEE/IC

b 1

CuCo/CN .
Cu,Co/CN | |

Cu;Co/CN ! :
Cu,Coy/CN ! ;
Uy C03/ CN H E

100 200 300 400 500 600 700
R EE/°C

6 CuCo/NC f§ CO,-TPD (a) il H,-TPR (b) 3%
Fig. 6 CO,-TPD (a) and H,-TPR (b) spectra of CuCo/NC

MK 6a W LIAH, 5 FF CuCo/NC 7E 70~250 °C
B AL S A A G, 7R 350~550 °CAb
W) 3 B R AN AR RN ASE 5, 9 9 P RO g W 1 . CuCo/NC
HEALFIZRTA CO, M f KB/ IMKIR A CusCoy/
NC>Cu,Co;/NC>Cu;Co/NC>Cu;Cos/NC>Cu,Co,/NC,
X5 N 1s 1 XPS i rhnfb e N F & 128 iy — 2,
FB] CuCo/NC FmMEIE N FIA 5 N 19 & & — e
JE LIRGE T CO, W 518 L rERERY . N BB 24 e 1
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SR (37 2 1 ) B T LB 11 235 1 R 3R (OH) 1) 0  RERRE - PR 40
T, ARG A, MR 85 2 W0 2 R 2 ol e il
MIEL 6b TT AT, 480 CAEATAEAE | Ak S5, i < s
% n(Cu) : n(Co)HGIN, W5 7] 35 25 15 7 A% 3, g 40 " ﬁ
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Fig. 7 Effects of temperature (a), V(H,)/V(CO,) (b), space
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