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Abstract

CeO, nanocrystals of cubic and rod shape have been synthesized under hydrothermal conditions on controlling the pH, temperature
and duration of reaction. High-resolution transmission electron microscopy indicates that exposed crystal planes are {110} and {100}
for rods but {100} for cubes. These nanocrystals have been used in the preparation of a Rh/CeO, catalyst on an Al,Os support to test
the catalytic activity for ethanol reforming. These catalysts as prepared show good H, selectivity compared to catalysts with irregular
CeO, nanoparticles. The {100}/{110}-dominant surface structures play a crucial role in enhancing ethanol reforming; this reaction

is important for fuel-cell applications.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Ceria (CeO,) possesses many attractive properties that
make it highly promising for diverse applications such as
solid electrolytes or anode materials in solid oxide fuel cells
[1-3], automotive three-way catalysts [4-6], a water-gas-
shift catalyst [7], ultraviolet absorbers [8], oxygen sensors
[9], and catalysts for dehydrogenation of higher alcohols
[10,11]. Under particular experimental conditions CeO,
nanocrystals with a specific shape and a narrow distribu-
tion of size can be prepared in high yield [12-16]. CeO,
nanocrystals exhibit a behavior dependent on shape in
some catalytic processes: for instance, the nanorods and
nanocubes exhibit a greater capacity to store oxygen than
nanoparticles [17]; the rate of oxidation of CO on CeO,
nanorods is greater than on CeO, nanoparticles [18], and
the rate of CO oxidation on gold supported on CeO, nano-
particles is a hundred times higher than that of Au on a
regular CeO, support [19,20]. Theoretical calculations of
both surface energy and catalytic activity indicate that
the {100} and {110} faces are more active than the
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{111} surfaces [21-25], consistent with experimental find-
ings. A means to increase the fraction of reactive {100}
and {110} planes, and thus to decrease the fraction of less
reactive {111} planes in CeO, nanoparticles, is important
for a new generation of CeO,-based catalysts. Among
many catalysts, the Rh/CeO, catalyst exhibits excellent
selectivity for hydrogen and excellent stability for the steam
reforming of ethanol [10,26]. The catalytic properties of a
Rh-ceria catalyst might be greatly influenced by the nature
of the exposed surface. Although much work has been per-
formed on the synthesis and catalytic activity of CeO,
nanocrystals of various shapes [17-19,27], there is no
report treating the effect of CeO, morphology on the cata-
lytic effect in the reforming of ethanol. We report here the
synthesis and characterization of CeO, nanoparticles and
the effect of CeO, morphology on ethanol reforming.

2. Experiments

2.1. Synthesis and characterization of CeQO, nanoparticles
and catalyst

(1) CeO, nanocrystals of rod and cubic shape were syn-
thesized under hydrothermal conditions [17,18]. In general,
Ce(NO;)3 - 6H,0 (0.5 g, 99.9%, Alfa Aesar) was dissolved
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in deionized water (10 mL) to produce a transparent solu-
tion, to which was added NaOH (99%, J.T. Baker) solution
in a fixed amount with rigorous stirring for 10 min. The con-
centration of OH™ was controlled on adding deionized
water. The solution contained some white precipitate, which
was transferred to a Teflon-lined stainless-steel autoclave.
The optimum conditions for the preparation of a nanorod
sample were [OH]=15M, T'= 150 °C, reaction duration
10 h, and then cooling to 23 °C. After that reaction, the solid
products were filtered and rinsed with first deionized water
and then methanol. The major products from the hydrother-
mal synthesis were Ce(OH); rods of length 100-200 nm. The
dried products were calcined at 300 °C to form CeO, nano-
rods. For a nanocube sample, the best conditions were reac-
tion with concentrated NaOH ([OH ]= 15 M) and heating
at 150 °C for 48 h. After that reaction, the solid products
were filtered and rinsed with first deionized water and then
methanol. The major products from the hydrothermal syn-
thesis were CeO, nanocubes with average size 40-50 nm.
The nanoparticles of all CeO, products have a characteristic
light yellow color. The crystallinity, purity, crystal morphol-
ogy and size of CeO, products were analyzed with powder X-
ray diffraction, transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) with energy-dis-
persive spectroscopy (EDS). All CeO, products were
obtained as pure phases in a high yield.

(2) (a) A catalyst with CeO, nanorods/nanocubes was
prepared on impregnating granulated alumina (Al,Os,
300 m?/g, average diameter 1.2 mm) with an aqueous solu-
tion of Rh(NO3)3 - 2H,0 (0.0136 g, 99.9%, Alfa Aesar) and
CeO, nanocrystals (0.2 g), followed by ultrasonic irradia-
tion for 1 h, oven drying at 120 °C for 6 h and finally calci-
nation at 500 °C for 1 h. (b) A catalyst with irregular CeO,
particles was first prepared on impregnating alumina sup-
port (2.000 g) with a known amount of Ce(NOj3); - 6H,O
(0.5 g), followed by oven drying at 60 °C for 6 h and finally
calcination in air at 400 °C for 6 h. The resulting material
was subsequently impregnated with Rh(NOs); - 2H,0
(0.0136 g) using the same conditions as 2a. The Rh content
of all catalysts were 5% mass and the loading of each cat-
alyst was ~0.20 g per 2 g of alumina support. EDS analyses
on Rh/CeO, catalysts revealed all constituent elements.

(3) XRD data were collected on a powder diffractometer
(Bruker D8, Cu Ko, 40kV/40 mA). Semiquantitative
microprobe analysis was performed with a scanning elec-
tron microscope (SEM, Hitachi S4700, Tokyo, Japan)
equipped with an energy-dispersive spectroscopy (EDS)
detector. Data were acquired with an accelerating voltage
15 kV. TEM images were obtained with a microscope (Phi-
lips TECNAI 20). Samples were generally prepared on
depositing a drop of dilute nanoparticle solution in toluene
onto carbon-coated Cu grids.

2.2. Apparatus and product analysis

Tests of catalytic performance were performed with an
apparatus similar to that described elsewhere [28-32]. The

system was equipped with mass-flow controllers for con-
trolling the composition of the carrier gas and an HPLC
pump for injecting the fed liquid (water/ethanol (3/1, mole
ratio)). Reaction gases, supplied from high-pressure gas
cylinders, had ultrahigh purity. Ethanol was analytic grade
(Merck). The liquid was pumped to a steel chamber in
which it was evaporated and in which it could be mixed
(when desired) with an air stream from the mass-flow con-
trollers. The gaseous mixture was fed to the reactor
through silica tubing (inner diameter 4 mm, Ilength
~15 cm). The temperature of the resulting gaseous mixture
was maintained at 200 °C inside a furnace. The reactor was
loaded with catalytic specimens of length up to 1.5cm
(~0.1 g), and having a silica glass-wool seal between the
catalyst and the reactor walls. Two thermocouples were
placed inside the vaporizer and on top of the catalyst to
monitor the temperature profiles. A six-port valve (Valco)
served to direct samples of the effluent to the injection port
of a GC-MS system (Trace Ultra DSQ) equipped with a
PLOT capillary column (30 m x 0.53 mm ID; Carboxen
1010, TCD detector, carrier gas = Ar, internal stan-
dard =N,) to GC and a PLOT column (30 mm x ID
0.53 mm, Supel-Q, carrier gas = He) to a mass spectrome-
ter. A condenser was placed before the latter column to
condense and to remove H,O, unreacted ethanol and other
hydrocarbons from the gaseous stream.

The response factors of the TCD and MS detectors were
determined by means of gaseous streams of known compo-
sition. The H, peak was integrated and compared against a
calibration line produced from pure H, gas (>99.999% pur-
ity) before the experiments. The column oven was set at
45 °C and the TCD temperature was set at 200 °C. Argon
or helium (>99.999% purity) served as carrier gas at a flow
rate 72 mL/min with a split ratio 24. For the MS measure-
ment, the mode of ionization was electron impact; data
were collected in the full-scan mode. All experiments were
performed at atmospheric pressure. In a typical experi-
ment, after a fresh catalyst was placed in the reactor, the
reactant stream with a water/ethanol molar ratio 3/1 was
introduced into the reactor (7= 200 °C), in which it was
heated, vaporized, and mixed with Ar carrier gas and air,
and finally passed through the catalyst. The injection rate
of ethanol was adjusted to control the C/O ratio. The tem-
perature of the catalyst was increased rapidly to ~800 °C,
and the product streams were fed into the GC-MS system.
Freshly made catalysts were used to study the hydrogen
selectivity at various C/O ratios. The overall reaction can
be described as follows [10]

C,H;OH + 2H,0 + 1/20, — 2CO, + 5H,

The catalytic activity was evaluated in terms of hydrogen
selectivity (Sy,), which is defined as the molar ratio of the
product H, (5 mol expected from the above reactions per
mol ethanol) to the hydrogen production per mole of eth-
anol (3 mol H,/mol ethanol). Ethanol and other hydrocar-
bon products were condensed in water and analyzed with a
mass spectrometer. In all cases the results showed that
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most ethanol had reacted. For each catalyst, the reforming
experiments were repeated several times and their results
were reproducible.

3. Results and discussion

Powder XRD patterns for CeO, nanocrystals of rod and
cubic shape are shown in Fig. 1. All diffraction peaks show
broad lines and can be indexed to imply a purely cubic
phase (space group: Fm3m) with lattice parameters
a=>542(1) and 5.40(1) A for rod and cubic samples,
respectively, in satisfactory agreement with a literature
value a = 5.411 (1) A.

The SEM image of CeO, nanorods (Fig. 2a) shows an
average diameter and a length in the ranges 20-30 and
100-200 nm, respectively. The inset of Fig. 2a presents a
TEM image and a SAED pattern of a CeO, nanorod that
reveals an interplanar d-spacing 0.28(1) nm attributed to
(200) and (020) planes, indicating preferred growth in
the direction [1 10]. This result and other TEM images indi-
cate that the CeO, nanorods are enclosed with {110} and
{100} planes, consistent with a previous report on the syn-
thesis of CeO, nanorod [18]. The CeO, nanocubes as
obtained had a regular cubic shape with a mean length
40 nm (Fig. 2b). A TEM lattice image taken from a single
CeO, cube clearly shows interplanar d-spacings 0.27(1) nm,
which is near that of (002) planes of cubic CeO, (inset of
Fig. 2b). This result indicates that the CeO, cubes were
enclosed with {100} planes.

With GC-MS we investigated the effect of CeO, mor-
phology on H, selectivity (Su,) in ethanol reforming; the
setup is according to the literature. [10,29] Three catalysts
using CeO, nanorods (1), nanocubes (2) and irregular par-
ticles (3) were prepared. The effect of the C/O ratio on the
catalytic performance of Rh/CeO, catalysts 1-3 (5% mass)
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Fig. 1. Powder XRD patterns for CeO, nanocrystals of rod and cubic
shapes.

Fig. 2. SEM images of CeO, nanorods (a) and nanocubes (b). The insets
are TEM images and SAED patterns for a single rod and cubic sample,
respectively.
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Fig. 3. Hydrogen selectivity as a function of C/O ratio obtained over Rh/
CeO, catalysts 1-3.
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Fig. 4. Hydrogen selectivity as a function of duration on stream obtained
over Rh/CeO, catalysts 1-3.

is shown in Fig. 3 with the C/O ratio varied from 0.5 to 1.0.
The results indicate that, for catalysts 1 and 2, Sy,

increased gradually on increasing C/O to attain maximum
values 126% and 122% at C/O = 0.7, respectively, which
are larger than the maximum Sy, of catalyst 3
(Su, = 116% at C/O ratio ~0.6). The optimized Sy, for cat-
alyst 3 is consistent with the literature value. [10] Sy, of 1
decreased from 126% to 100% upon altering the C/O ratio
from 0.7 to 1.0, whereas Sy, of 2 decreased sharply from
122% to 60%. The rate of conversion of ethanol is hence
affected by the morphology of nanocrystalline CeO,. The
poor catalytic performance of 3 is attributed to an even dis-
tribution of {111}, {110}, {100} and other surfaces,
which have a smaller concentration of {100} and {110}
facets than for CeO, rods and cubes. The effect of CeO,
morphology on the catalytic performance of Rh/CeO, cat-
alysts might reflect the surface energy and concentration of
active sites on CeO, nanocrystals. These results indicate
that the surface activity of (100) ~ (110) is greater than
for (111) planes of CeO, crystal.

The stability tests were performed with the optimized Sy,
for the C/O ratio of each catalyst; Sy, is plotted as a function
of duration on stream (Fig. 4). The results indicate that all
catalysts suffered a small deactivation during 24 h on stream.

Fig. 5. SEM images of Rh/CeQ, catalysts 1-3 before (a, ¢, and e) and after (b, d, and f) the ethanol-reforming reaction for 24 h.
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For catalyst 1, Sy, varied insignificantly in decreasing
slightly from the initial value 126-120% after 24 h on stream.
In contrast, Sy, of catalyst 2 altered significantly from the
initial value 122% to 100% after 24 h on stream. Sy, of 3,
similar to the literature value [10], was less sensitive to the
duration of reaction and remained constant at 115(1)% dur-
ing 24 h of reaction. These results indicate clearly that CeO,
nanoparticles with a specifically exposed surface affect the
overall catalytic activity under working conditions. Why
the catalyst with cubic CeO, showed the least activity after
24 h of reaction is unclear; one reason might be that the par-
ticle size increased significantly, leading to a decreased sur-
face area so that Sy, alters accordingly. We confirmed this
hypothesis with SEM measurements.

As the CeO, morphology is the key to ethanol reform-
ing, we analyzed the shape of CeO, particles before and
after 24 h of reforming; SEM images of catalysts 1-3
appear in Fig. 5. The morphology of each individual parti-
cle detected before and after ethanol reforming indicates a
significant modification of the size and shape of the CeO,
particle, as deduced from the SEM images. The common
feature of catalysts 1 and 2 was the change of nanocrystal
from clear-edge to smooth-edge particles. Before the
reforming, the surface of Al,O;-supported catalysts was
covered with CeO, nanorods (Fig. 5a) and nanocubes
(Fig. 5b) of uniform shape. The morphology of CeO, nano-
crystals after reforming reveals that the special exposure
surfaces were lost, indicating that the reaction occurred pri-
marily on the CeO, surfaces. In the case of rod nanoparti-
cles, a distortion at the corners of the nanoparticle was
observed. The SEM image shows that the nanocrystals of
rod shape are distorted to form round corners after the
reaction (Fig. 5b). For a catalyst with nanocubes of
CeO,, the cubical shape transformed to a spherical shape,
the sides becoming rounded and the average size of parti-
cles increasing to ~80 nm (Fig. Sc and d). These CeO, par-
ticles became aggregated after reaction for 24 h. The
rounding of the edges and corners of the rod and cubic
nanoparticles might result from a rapid exchange of oxygen
atoms in Ce™3/Ce™ reactions. The particle size of catalyst
3 was increased from ~50 nm to >100 nm after 24 h of eth-
anol reforming (Fig. 5e and f). These results show that
exchange of oxygen with CeO, occurred during the exper-
iment, which produced a subtle change from a clear-edge
single crystal to nearly spherical particles of large size.
After the shape of CeO, nanoparticles altered, S,
decreased accordingly. For a catalyst with more effective
production of hydrogen, a more stable metal-oxide surface
for reforming ethanol is necessary for fuel-cell applications.

4. Conclusion

Rh/CeO, catalysts with CeO, nanocrystals of rod and
cubic shape exhibit satisfactory catalytic activity, and are
thus good candidates for using in ethanol-reforming pro-
cessors for fuel-cell applications. This shape-dependent

property provides an efficient means to investigate other
catalysts consisting of metal oxides of controlled size and
shape. Both rod and cubic samples showed initially a rate
of conversion of H, greater than for an irregular CeO, cat-
alyst, but their activity gradually decreased because of an
altered CeO, morphology. A possible way to maintain
the stability of CeO, nanocrystals is to dope a stable metal,
such as Ti or Zr; additional work in this direction is in
progress.
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