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Abstract

In the present study, we used Ce(NOs)3:6H,0 and zirconium
precursors to synthesize Ce,Zr; 4O, nanoparticles, nanorods, nanocubes,
and nanotubes through a hydrothermal process.

The PXRD results indicated that Ceg 1271905, Ceq 2210505,
Ceo.25Zr0.7502, CepsZro0,, and CeggZro 10, were single phase. According
to TEM image and SAED pattern, CeqgZro30, nanorods exhibited
preferred growth inthe [ 210.] direction: TEM lattice image indicated

that the CeO, nanocubes were enclosed-within {100} planes. Reducing or
prolonging the reaction time can ehange-the morphology of Ceg¢Zrq10;
nanocubes to nanorods and nanoparticles. Using a small amount of ZrO,

and Ce(NO3)3-6H,0 as precursors, CeO, nanotubes were synthesized

successfully. A TPR result revealed that hydrogen consumed by ceria

nanotubes is 940 ¢ mol Hy/g(ceria). According to a BET analysis, the

surface area is 76.6 m?/g(ceria).

In our catalytic activity experiments for ethanol to hydrogen
conversion, catalysts of 5% wt Ru/ Ce,Zr;.,O,(x = 0.1, 0.2, 0.25, 0.5, 0.8,
0.9) and 5% wt Ru/CeO, nanotubes demonstrated that the hydrogen
selectivity of CeO, nanocubes, CeO, nanotubes, Ceg9Zr(,0,, and
Ceo.2Zro80, were as high as 110% under appropriate conditions. The
results revealed that these materials could be used as catalysts for ethanol

reforming.
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Catalyst Support Temperature (K) Steam/Ethanol molar ratio Ethanol conversion (%) Hydrogen selectivity (%)
Rh (1 wt%) 7-AlL 03 1073 3:1 100 ~95
(2wt%) 100 ~ 96
Ru (1 wt%) 42 ~ 55
(5 wt%) 100 ~ 96
Pt (1 wt%) 60 ~ 65
Pd (1 wt%) 55 ~ 50
Rh (5 wt%) 7-Al203 8.4:1 100% at the beginning Unknown
43% 100h after operation
Rh (3 wt%) MgO 923 8.5:1 99 (10h) 91
Pd (3 wt%) 10 (10h) 70
Ni (21 wt%) 42 (10h) 97
Co (21 wt%) 55 (10h) 92
Ru (1 wt%) CeOy 723 Not known Above 90% 57 (20 min)
25 (100 min)
Rh (1 wt%) 82 (20 min)
56 (80 min)
Rh (2 wt%) CeOs 573 8:1 58.5 59.7
673 100 66.3
723 100 69.1
710> 573 100 57.4
723 100 70.3
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Catalyst Support Temperature (K)  Steam/ethanol  Ethanol Hydrogen
molar ratio conversion (%) selectivity (%)
Ni (20wt%) La>O3 773 3:1 35 70
1073 ~ 100 95
7-AlL O3 973 77 87
1073 100 96
Ni (20.6 wi%) Y>03 523 3:1 819 43.1
Ni (16.1 wt%) 7-Al203 76 44
Ni (15.3 wt%) LarO3 80.7 49.5
Ni (35 wt%) 7-Al O3 773 o:1 100 91
Ni (3.8 wit%) Al,O3 (heat treatment at 823 K) 723 3:1 96.6 6l.5
923 100 89.0
Al>O3 (heat treatment at 973 K) 723 100 0
823 99.2 67.3
923 100 87.4
Ni (10 wt%) 7-AlL O3 923 8:1 100 78.2
MgO 100 82.2
LayO3 100 89.3
ZnO 100 89.1
Co (10 wt%) Zn0O 623 4:1 100 73.4
(75h)
Co (10 wt%), addition with Na
Na (0.06 wt%) Zno 673 13:1 100 72.1
Na (0.23 wi%) 100 73.4
Na (0.78 wt.%) 100 74.2
Co (8 wt%) Al O3 673 3:1 74 60-70
(18 wt%) 99 63-70
(8 wt%) Si0z 89 62-70
(18 wt%) 97 69-72
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catalysts involved

research highlight

MgO; Alz03; V20s5; ZnO; TiOs;
L3.203; CeOz; Sm203;
La203—A1203; CeOz-Alea;
MgO—Aly03

Co/Als03; Co/Lag0s3; Co/SiOg;
Co/MgO; Co/ZrOgy; Co—ZnO;
Co/Ti0sg, Co/V20j5, Co/CeOq;
Co/Sm03; Co/Ce0z—Zr0g; Co/C

ZNi/Lazog; Ni/(LazOg*Alzo:});
Ni/ALO3; Ni/MgO; Ni—Cu/SiOs;
Ni—Cu/y-ALOs: Ni—Cu—K/y-ALOs

Rh/TiOg, Rh/Si0g, Rh/CeOs,
Rh/ZrOg, Rh/Al203; Rh/MgO;
Rh/Al03; Rh/CeOs—Zr0s;
Rh—Au/CeOg; Rh—Pt/CeOsq

Pd/CeOs; Pt/CeOs; Au/CeQs;
Pd/Al;O3; Pt—Pd/CeOs;
CU/NbQO_g*Aleg; Cqui*Al*Zn;
NiO—CeO2—ZrOg; Pd/C;
Rh(2,2-bipyridyl)2)CL; Group VIII
(Fe, Ru, Os) [Rh(bipy)s]Cl

Oxide Catalyst Group
ZnO is the most promising catalyst. At 723 K, ZnO catalyst
converts CoH5OH totally and produces Ho with no CO. Hs yield
is 5.1 mol per mol of reacted CoH5OH.

Co-oxide Catalyst Group
Haga®8 reported Co/Al;03 showed high selectivity by suppressing
the methanation of CO and decomposition of CoH50H. Llorca®%
reported that Co/ZnO as the best for CoH;OH steam reforming.
Co/ZnO catalyst produces 5.51 mol Hs and 1.87 mol COs, which
converts to 92% of stoichiometrical coefficients.

Ni-oxide Catalyst Group
Ni/Al;O5 converted 100% C2HsOH and produced 70 vol % Hy.*3
At a temperature more than 773K and steam to CoHsOH molar
ratio 6:1, Ni/yAl;03 gave 5.2 mol Hy with 91% Hs selectivity.®?
Ni/Al:03 deactivated because of coke formation.
Ni/(LasO3—Als03) showed good activity and stability.*® At
temperatures of =600 °C, CaH50H conversion was 100% and Hs
selectivity 95%, with CH,4 as the only undesirable product.
However, a small deactivation was observed.”™

Rh-oxide Catalyst Group
Rh/CeOy showed good performance for oxidative steam reforming
with 100% activity and produced 5 mol Hy.1# At high Rh loading,
Rh/Al,O3 was promising for CoH;OH steam reforming. Ho yield
was 5.5 mol (very close to the stoichiometric coefficient of 6) 75.76

Other Catalyst Groups
The performance of these catalysts were inferior compared
to the aforementioned catalysts.
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2-1 RH%E S
21 RHRER
IR #a aF A LY ) 23]
1 7 5 A 4% (NH4)2Ce(NOs3)s  99.50%  Alfa Acsar
2 B 4% Ce(NO3); - 6H20  99.50% Alfa Aesar
3 Ftéh CeO, 99.50%  Alfa Aesar
4 H AL NaOH 99% J.T Baker
5 FHBE A Rh(NOs) * 2H,O  99.90% Alfa Aesar
6 [ o = 710 99% Alfa Aesar
7 iR oY Z1(OH )4 99% Alfa Aesar
8 fAL4T RuCls 99.90%  STREM
9 LEF CoIIsOH 99.80% J.T.Baker
10 g2k NH4OH 25% J.T Baker
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(a) Trace La,0, (b) Trace CeO,

15.0kV 15.4mm x100k SE(M)

(c) Trace ZrO(NQOs), (d) No ZrO,

15.0kV 17.4mm =100k SE(M)
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Pore volume (C.C./g)
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#E A H - Bipz CelnyOp 2 B 47 -

Ce, Zr1.,0, HA)
ZrO, particle
Cey12Zr040, particle
Cey,Zry 50, particle
Ceg 25210750, particle

Cey gZry,0, rod

Ceg9Zry10, cube

Y

Ce,2r (Op 1 i d 7 4 5 (%)
ZrOs{particle) 107
Ce.12rp90, (particle) 99.8
Cep 2Zr, 505 (particle) 110.7
Cey 2521 7505 (particle) 90.1
Cep52ry 50, (particle) 90.1
Cey gZry,0, (rod) 101.2
Cep.9Zry 10, (cube) 111.8
CeO, (cube) 110.1
CeO, (rod) 105
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% 43 CensZroz0; i1t b2 B kdF e » = BT B EET b ok

E2

B2 7 ki k R 2 T B2 487

Formula Base (M) Temp (°C) Time (hr) XRD Result Morphology
Cepgllp2,0,  NaOH (15M) 150 48 CeO, rod
CepgZrp20,  NaOH (15M) 150 24 CeO, rod
Cepglrp,0,  NaOH (15M) 150 60 CeO, particle
Cepglly20,  NaOH (12M) 150 48 rod+particle
CegZrp,0,  NaOH (18M) 150 48 rod+particle

# 4-4 CeooZros1Op 1% % Fe -k & PR 2 50 Spde 4718 T2 427 o

Formula Reagent Time (hr) XRD Result Morphology
CepgZry10, Ce(NOj3);:6H,0+ZrO(NO3), 24 CeO, rod
CepgZry10, Ce(NO3);:6H,0+ZrO(NO3), 36 CeO, cube+rod
CepoZrp10, Ce(NO3);:6H50+ZrO(NOg), ». 48 CeO, cube
CepgZry10, Ce(NO3);:6H,0+ZrO(NOs)s, 60 CeO, irregular
CepgZrg10,  Ce(NO3)36H,0+Zr(OH), 24 CeO, particle
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