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Research on CuO/Ce0,-Zr0,/SiC Monolithic Catalysts for
Hydrogen Production by Methanol Steam Reforming
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Abstract Hydrogen proton exchange membrane fuel cell is considered as the most cleanest way with high energy efficiency
of hydrogen energy utilization. However, the high storage and transportation cost of hydrogen can always be the important
factors hindering its development. Fortunately, on-site hydrogen production from methanol steam reforming can effectively
solve this problem, which has low reforming temperature and CO content in reforming gas. Monolithic catalyst, a kind of
catalytic material, on which the active components loaded on the formed support are generally honeycombed structures with
multiple parallel channels. Therefore, compared to the traditional beaded catalytic materials, the monolithic catalytic material
has lower pressure drop and higher mass transfer efficiency, which means that the monolithic catalysts have a certain practi-
cal application prospect. Ceria-zirconia solid solution was prepared by the sol-gel method, then a series xCuO/CeO2-ZrO2/SiC
catalysts were prepared by incipient-wetness impregnation method, and demonstrated considerable catalytic activity at high
velocity reaction conditions. The catalyst samples were characterized by X-ray diffraction (XRD), BET specific surface area
test, Ho-temperature programmed reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS) techniques. According to the
results, we proposed that the catalytic performances are mainly effected by the surface area of Cu, the interaction between
active component and support, and the amount of oxygen vacancy. Among those catalysts, 5%CuO/CeO2-ZrO2/SiC had rela-
tively higher copper specific surface area, stronger interaction between CuO and support, more oxygen vacancies, thus
showing better catalytic activity. When the reaction temperature reached 360 °C, with a water/methanol molar ratio of 1.2,
methanol and water total gas hourly space velocity of 4840 h™!, the methanol conversion reached 89.9%, and the H> produc-
tion rate was 1556 Lem 3es”!. When compared with the traditional bead catalyst, monolithic catalyst seems to be more suita-
ble for high space velocity methanol steam reforming reaction, also the SiC support is chemical stable and has favorable
thermal conductivity, which avoiding the device volume increase caused by the additional heating device, thus facilitating the
integration of minitype reactors for hydrogen generation.

Keywords methanol steam reforming; hydrogen; carbon monoxide; solid solution; monolithic catalyst
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Table 1 Comparison table of thermal conductivity

Mk SHAH/(Wem 1K)
SiC 490
afi 4 401
afi g 317
afih 237
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Figure 1 XRD spectra of xCuO/CeO,-ZrO,/SiC catalysts

(a) Ce0,-Zr0y; (b) 2%CuO/Ce0,-Zr0,/SiC; (¢) 5%CuO/Ce0,-Zr0,/SiC; (d)
10%Cu0/Ce0,-Zr0O,/SiC; (e) 20%Cu0/Ce0,-ZrO,/SiC
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AN PSR BRI Cu EEER TR, 124 Cu f7 2 &3 hn 3
—EFEEE I (10%Cu0/Ce0,-Zr0,/SiC fiELF)Cu 2 R4

Acta Chim. Sinica 2021, 79, 513—519



F F R

KK, #EMEA Cu LLRTARFEK. ok, WK 2 Fikn]
LA H, AR Cu b3R5 r= & A xR,
5%Cu0/Ce0,-Zr0,/SiC LTI Cu LR MAA A, X
B P S e, N 1556 Lem 3es ™!, 3X i B A4k 771
Cu MR EAE NS EE RN R —.

2 LKL R A %

Table 2 Physicochemical and hydrogen production rate of catalysts

e TRV AR CullRWMY P
T gy (emleg)  (mg ) (Lem s
a 98.3 0.32 — —
b 98.3 0.31 4.8 631
c 94.6 0.30 58 1556
d 69.5 0.26 5.6 1418
€ 63.2 0.21 5.1 1407

9(a) Ce02-Zr0Oy; (b) 2%Cu0/Ce0,-ZrO,/SiC; (c) 5%Cu0/Ce0,-ZrO,/SiC; (d)
10%CuO/Ce0,-Zr0,/SiC; () 20%CuO/Ce0,-Zr0,/SiC. » Determined by N,O
experiment. ¢ Reaction temperature: 360 ‘C, water and methanol molar ratio:
1.2, GHSV: 4840 h ..
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NTHEF xCuO/CeO,-Zr0y/SiC HEARAE A7 38 JR
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[@] CuO ¥k . PUFf xCuO/CeO,-ZrOo/SiC E A
FEALFI LT PR SR, RIRAIE N o 2R
CuO HIIRJVE; =il 7 B 1) B IR CuO L Ji U,

Intensity/(a.u.)

100 150 200 250
T/'C

Bl 2 xCuO/Ce0,-ZrOy/SiC BEAAEAL I Ho-TPR 5]

Figure 2 H,-TPR spectra of xCuO/Ce0,-ZrO,/SiC catalysts

(a) 2%Cu0/Ce0,-Zr0,/SiC;  (b) 5%CuO/Ce0,-ZrOy/SiC; (¢) 10%CuO/
Ce0,-Zr0,/SiC; (d) 20%Cu0O/Ce0,-Zr0,/SiC

3G TSI IR B AN I AR A b, 25K
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Table 3 Reduction peak positions and area content of CuO

EIDATAS AR & /%
P
ol pIE o U B i
2%Cu0/Ce0,-Zr0,/SiC 137 192 30.2% 69.8%
5%Cu0/Ce0,-ZrO,/SiC 137 194 24.6% 75.4%
10%CuO/Ce0,-ZrO,/SiC 138 197 14.3% 85.7%

20%Cu0/Ce0,-ZrO,/SiC 138 208 9.0% 91.0%

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Figure 3 Ce 3d XPS spectra of xCuO/CeO,-ZrO,/SiC catalysts

(a) 2%Cu0/Ce0,-Zr0,/SiC;  (b) 5%Cu0/Ce0,-Zr0y/SiC; (c) 10%Cu0/
Ce0,-Zr0O,/SiC; (d) 20%CuO/Ce0,-ZrO,/SiC
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Table 4  Fitting results of Cu and Ce XPS curves of catalysts

A7) CER Y% CuHR A%
2%Cu0/Ce0,-Zr0,/SiC 9.9 67.1
5%Cu0/Ce0,-Zr0,/SiC 145 70.5
10%Cu0/Ce0,-Zr0,/SiC 12.3 67.3
20%Cu0/Ce0,-Zr0,/SiC 112 59.2

2.52 Cu?2p #= CuLMM XPS 5 #7

& 4 Y xCuO/Ce0,-Zr0y/SiC FEARMEAL T Cu 2p X
SRR TREIE. & 944 eV B FIRHEIE Sy Cu 2p 1)
TR, ZIEHE T Cu, UIAMATIREFTE Cuo P
Fh, 5 XRD RAELE RATF. T 934 eV T RFAEIE AN
954 eV BT HFAEDE U 43 ST RL Cu 2pspn BEZLAN Cu
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Cu'5{ Cu’. {H Cu" I Cu® B Fh ) UL B SR IEETE
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Bl 4 xCuO/Ce0,-ZrO,/SiC HAAMEALT] Cu 2p XPS
Figure 4 Cu 2p XPS spectra of xCuO/CeO,-ZrO,/SiC catalysts

() 2%Cu0/Ce0,-ZrOy/SiC; (b) 5%Cu0/Ce0,-ZrO/SiC; (¢) 10%CuO/
Ce0,-Zr0,/SiC; (d) 20%Cu0/Ce0,-Zr0,/SiC

& 5 A xCuO/Ce0,-ZrO,/SiC FEAR (AL 57 1) Cu LMM
. EpTR, 915.4~916.7 eV F1911.8~914.2 eV
AR R 45 & REIR T 918.6 eV (Cu® HIMHR B FET-5h
fE), LM AR AR T Cu'. Bk AT, (A
FIMAFAE Cu? Al Cu BiFh Cu#Fh. {H XRD HIFA H I
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TR, ARSI S 2 A B O R,
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BAR Cu' FEIEAMK, (HRRE Cu WFha i ER D,
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Bl 5 xCuO/Ce0,-Zr0O,/SiC FEAMEALTT Cu LMM i &
Figure 5 Cu LMM spectra of xCuO/CeO,-ZrO,/SiC catalysts

() 2%Cu0/Ce0,-Zr0,/SiC;  (b) 5%Cu0/Ce0,-Zr0y/SiC; (c) 10%Cu0/
Ce0,-Zr0,/SiC; (d) 20%Cu0/Ce0,-Zr0,/SiC
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Bl 6 xCuO/CeO,-ZrO,/SiC #{AMEALT Zr 3d XPS 1 [&]

Figure 6 Zr 3d XPS spectra of xCuO/CeO,-ZrO,/SiC catalysts

(@) 2%CuO/Ce0,-ZrO,/SiC; (b) 5%CuO/Ce0,-Zr0,/SiC; (c) 10%CuO/
Ce0,-Zr0,/SiC; (d) 20%CuO/Ce0,-ZrO,/SiC
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Figure 7 O 1s XPS spectra of xCuO/CeO,-ZrO,/SiC catalysts

(@) 2%Cu0/Ce0,-ZrO,/SiC; (b) 5%Cu0/Ce0,-Zr0,/SiC; (c) 10%CuO/
Ce0,-Zr0/SiC; (d) 20%CuO/Ce0,-Zr0,/SiC

2.6 fELFIMEREMIR

8 A xCuO/Ce0,-Zr0,/SiC ML FILE 280~
360 “C il i ¥ BBl A 1 R I /K 28 /0 E B o AL A v M 1,
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1.2 0 1B K &S M2 3 (GHSV) A 4840 h 14T,
AN 89.9%. KA 10%Cu0/Ce0,-ZrO,/SiC
AT, FEEFEAL N 83.8%. FIR N 20%Cu0/
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Figure 8 Correlation between reaction temperature and catalyst perfor-
mance
(a) 2%Cu0/Ce0,-Zr0x/SiC; (b) 5%Cu0/Ce0,-Zr0y/SiC; (¢) 10%CuO/
Ce0,-ZrOy/SiC; (d) 20%CuO/Ce0,-ZrO,/SiC; (e) equilibrium. Reaction con-
dition: HyO/CH;0H=1.2, GHSV=4840 h"!
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—sEoumk. & 9 WA, 10%Cu0/Ce0,-Zr0,/SiC AL 7]
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5%Cu0/Ce0,-Zr0/SiC LT, FERJESH CO BERE
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Figure 9 Correlation between reaction temperature and CO molar con-
tent

() 2%Cu0/Ce0,-Zr0/SiC; (b) 5%Cu0/Ce0,-Zr04/SiC; (c) 10%CuO/
Ce0,-Zr0O,/SiC; (d) 20%CuO/Ce0,-ZrO,/SiC; (e) equilibrium. Reaction con-
dition: H,O/CH;0H=1.2, GHSV=4840 h !

2% 5 4 5%Cu0/Ce0,-ZrO,/SiC BEAA A7) 5 ik b
AL FIERE T L. 45 RE W, A T /EFT#l & 1
5%Cu0/Ce0,-Zr0/SiC AR AL T 1E i 25 3 N A B 4T
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DR 470 sz I 288 AR Q0 s BT s K (17) 26 B AR R 398 K 1) )
NAKBE SR RGN R B4 T HA.

RS AL B A
Table 5 Hydrogen production rate of catalysts

o S vk 2

A e morcmon CHSY/ PR

h (Lem “ss ')
S%Cu0/Ce0,Z10,SIC_ 360 12:1 4840 1556
10%Cuy-Al@MMOP 300 12:1 1760 721
CuO/CeO, RPN 240 121 1760 631
CuZnCeZr™ 240 121 2640 1020
InCeZnOf 400 141 2955 1135
InCeZn00 400 141 2955 476

3 i

KRB %5 T Ce0,-ZrO;, 1AM, IR
REE & T MRE R AT BB E MK M1
xCuO/Ce0>-Zr0-/SiC % A fiE 1k 77 . H 1 5%Cu0/
Ce0,-Zr0»/SiC HERAE AL FIME AL PE BE R LT, 75 NI
N 360 C. KEEMIFRELL N 1.2, FEOKES S
My 4840 h MR, HIEERALEN 89.9%, FAH
RIE 1556 Lem o™ 53 AMEALTITE P ) 3= ZERE A (K]
FON Cu LR WAL 5 #k 2 [a) A AR
DL B R 2 R, Hi 5%Cu0/Ce0,-Zr0,/SiC
WA Cu bR IAECK, HH CuO HEifkz A4
HAEFBR, R R B TERE. Rz Ak,
AR TAL SRR AL, RIZIE JIBE N
DB, R E % R RE. FEHAE SiC %
AR R0 S B 2RI FE R, CuO/Ce0,-ZrOy/
SiC FARMEALTIRERETEA SN I IN#0hs B 41 NN
LA, A6/ T RN A AR [E] B 5k T AR S R,
AT 2% B A 1 7 B BRI R 7).

4 SCIGERS
4.1 ELFIHIZ
411 ¥3 SiICHLeymaE
FELRARES SiC &GN AR B ESR

R TTAT 2 7 A2 72 )R HIAE 5% HNOs I8 2 h, I EH
FIKREIFYETE, 120 C T2 h, 7£500 CLipprh
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it
5B 2 h.

412 Ce0,-ZrO,/SiC HEALH AR b9 ) %

Bc #] 1.6 mol/L Ce(NO3)6H,O #1 0.4 mol/L
Zr(NO3)4*5H,O [VRE VAW, LA 180 r/min (W4 £1# E 7E
30 CHEHIE/KE TN 5%M NHyeH.O ¥, TR
Je, PR3 R FE R I 5% HNO; it TR,
B R HR AR RS L 0. e g Sic
M IR AR IR IS, 30 min JEEUH, "RZ5 SiC FLA %L
WE, TN 120 CHEAE T 6 h, 500 C L ddrhfEe
3 h. EEILEAE, Ce0,-Zr0, RJZ IR IRBUNWEIR, ¥
FREREGGERE S SiIC MREA)IEE 15%+
1%.

4.1.3 CuO/Ce0,-Zr0y/SiC HARMEALF] 49 ) %

B Ce0,-Zr0y/SiC AL 75 B A4 A4 1R 1 2
1.2 mol/L ] Cu(NO3)*3H,0 ¥+ 2 h jEHH, 7
120 CHEAEF T4 6 h, 400 CL b hkEke3 h. EE
I E, HE CuO fEFHECUWO FiEEFEh
Ce0x-ZrOo/SiC AT EAM R & 43t R 2%+
1% 5%+ 1%. 10% * 1%+ 20% =+ 1%, 7> 5l dr % N
x%Cu0/Ce0,-Zr0»/SiC, HH x=2, 5, 10 A 20.

4.2 EEFIMERETEN

fEAGT I BEVEAN 70 52590 = F AT g 1 ] e PR3 B
FHEAT, U1 mL B A TR N T B PR SON B
W, 7£ 280 ‘CTFH Hy IR E 5%H,-Ny & kit
JR 2 h, Y1 Ny M 2 IR 5 R Ny, HZ N
TR FE AT IR, B B/ 0 T vA Ul 25 R T 8 i o AR s 7
B BRI K JG, BN R R AR A IR A R B
1690 BSAH TS, A S A 48 (TCD) 7E e Al

1] P PRt 2 A 8 R = S 2R VAN AR E . Ak
NS

HH 240 2R (X):

Y= FrX(Cco+ Cco)x(32+18w)

x100% (1)
(Fxpx22.4x1000)
PR EE R (Ya):
FrxC,
- 2 2
% 60X Ve x1000 @)

Fr NAROL R BB ESE, mLemin ', F AR E R
BliE, mLemin 'y p A EEAKIE &I, gemL ™
Vea AFTRMEAAVEATR, m; w K5 R 5 ) & L
Cco NEEEJESH CO HHAREE IR EE, %; Coor NEEE
FEAH CO, MR EEIRIKEE, %, Co NEHESH H,
HIPRFRBE SRR BE, Y.
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