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ABSTRACT 

This paper describes our research efforts 
towards the preparation of high surface area ceria oxide 
(CeO2) containing catalysts for fuel processing and 
therefore for fuel cells applications. In the present work, 
we present a simple, single step flame synthesis method 
to prepare high surface area ceria based fuel 
reformation catalysts using aqueous solutions of metal 
acetate precursors. The specific surface areas of the 
synthesized powders are in the range of 130 and 
163m2/g. High-resolution transmission electron 
microscopic (TEM) characterization showed that the 
particle sizes for the ceria materials are in the range of 3 
and 10 nm. X-ray diffraction (XRD) and X-ray 
photoelectron spectra show the presence of transition 
metal oxide in the as prepared catalysts.  The catalysts 
also test for water-gas-shift (WGA) reaction. 
 

INTRODUCTION 

The Army’s Transformation demands a more 
responsive, deployable, agile, versatile, lethal, 
survivable, and sustainable force. This transformation 
will result in a Future Force, which will require power 
for highly mobile vehicles, auxiliary power unit (APU), 
unattended ground networked sensors, and individual 
War-fighter. Fuel cell is one of most favorable 
technologies for power and energy source for the 
Army’s Transformation. Polymer electrolyte membrane 
fuel cells (PEMFCs) has received much attention for 
automotive and APU applications. In recently years, 
PEMFC for automotive applications has also been 
tremendously improved. However, a reliable and safe 
hydrogen source is a key barrier for PEMFC technology 
practical applications.  

 
PEMFCs are highly sensitive to carbon 

monoxide (CO), even a trace amount of carbon 
monoxide is poisoning PEMFCs. Carbon monoxide is 
one of a products produced in the hydrocarbon 
reformation. The water-gas shift (WGS) reaction (CO + 
H2O   CO2 + H2) is used to convert carbon  monoxide  

and water to hydrogen and carbon dioxide. The presence of 
a suitable catalyst in the WGS  reaction  can  reduce the 
concentration of CO down to 10 ppm.  
 

Recently it has been reported that transition metal 
supported ceria increases the rate of WGS reaction as 
compared to the commercial WGS catalysts because of the 
high oxygen storage capacity of ceria, mobility of oxygen 
and dispersion of transition metal on the ceria surface. 
Cerium oxide (CeO2)/ceria is an important inorganic 
material having the cubic fluorite type crystal structure (1). 
Ceria either in the pure form or doped with other metals 
(Cu, Ni, etc) / metal ions (Mg2+, La2+, Sc2+, Gd3+, Y3+, Zr4+ 
etc.), potentially has a wide range of vast applications 
including gas sensors (2), electrode materials for solid oxide 
fuel cells (3, 4) oxygen pumps, amperometric oxygen 
monitors and three way catalytic supports for automobile 
exhaust gas treatment (5,6).  

 
Nano-crystalline particles have attracted much 

attention because of their improved physical and chemical 
properties compared to those of bulk materials. Various 
solution-based techniques have been used for the 
preparation of pure ceria and transition metals, rare earth 
metals, or metal ions doped ceria materials, including 
coprecipitation (7, 8), hydrothermal (9-11), microemusion 
(12, 13), sol-gel (14), solution combustion (15) and 
electrochemical methods (16). In addition, solid-state 
reaction, mechano-chemical methods, chemical vapor 
deposition (CVD), sputtering have also been used to make 
ceria-based materials (17-19). These methods are either 
multi step and time-consuming (e.g. solution based 
techniques) or control of the product composition may be 
difficult (e.g. CVD).  

 
In the present paper we report a single step 

alternative route for synthesizing CeO2 based 
nanoparticles. The process involves the pyrolysis of 
aqueous solutions of the metal acetate without addition of 
any extra fuel in a methane oxygen flame. The CeO2 
catalysts also test for WGS reaction. 
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EXPERIMENTAL 
 

The precursors used were cerium acetate 
(Strem Chemicals, 99.9%) as the cerium source, 
copper acetate (Strem Chemicals, >98%) as the copper 
source, nickel acetate (Strem Chemicals, >98%) as the 
nickel source and iron acetate (Sigma-Aldrich 
Chemicals, >99.0%) as the iron source. The precursors 
were dissolved in deionized water to make 0.3 M 
solutions of each. For the transition metal supported 
ceria, a series of solutions have been prepared starting 
from 5, 10, 20, 30 and 40 mole % of transition metal in 
ceria. The solutions were filtered through a membrane 
filter before filling the nebulizer (Gemini Scientific 
Corporatation, Inc.). Liquid precursor feed was then 
atomized with compressed air resulting in a fine spray. 
In the reactor the flame was made by methane, oxygen 
and nitrogen. The flow rate for each gas was methane 
2.20 l/min, oxygen 1.81 l/min and nitrogen 3.7 l/min. 
The flow rate of the precursor solution into the flame 
was 0.5ml/min. After burning the fine spray, the 
particles were collected on a water-cooled surface by 
thermophoresis, which was kept on the top of the 
flame. The distances of the water-cooled surface from 
the burner and the flame were 6.5 cm and 2 cm 
respectively. 

 
The synthesized materials were then 

characterized by powder X-ray diffraction (XRD) 
using CuKα (λ = 1.5408Å) for the phase analysis and 
crystal structure determination. Thermogravimetric 
analysis (TGA) was used to determine the amount of 
unwanted materials such as water and carbononaceous 
compounds in the sample. Atomic bonding was 
analyzed using Fourier transformed infrared 
spectroscopy (FTIR). Brunauer, Emmett and Teller 
(BET) gas absorption method was applied to 
investigate the surface area of the sample. 
Transmission electron microscopy (TEM) was used for 
the particle size analysis and surface morphology of 
the material. X-ray photoelectron spectroscopy (XPS) 
was utilized to determining the oxidation state of the 
transition metal used in the ceria system. 

 
RESULTS AND DISCUSSIONS 

Thermogravimetric analysis (TGA) was 
performed in air at a heating rate of 10ºC/min. The 
TGA curve (Fig. 1) for the pure ceria sample indicates 
that there were two stage of weight loss. The first 
weight loss (between 20 to 200ºC) was due the 
removal of water molecules, which probably come 
from the condensation of water molecule on the water-
cooled surface. The second stage weight loss (between 
300 to 600ºC) resulted from the burning and oxidation 
of carbon compounds (combustion by-product) likely 
from incomplete combustion of the metal acetate 
precursor, which is confirmed by FTIR (Fig. 2). 

Similarly, the TGA of the as prepared Cu/CeO2 
showed the same weight loss behavior with the 
presence of more carbon in the sample. 

 

 
 
 

Figure 2 shows the FTIR spectra in the region 400 
– 4000 cm-1 of as prepared CeO2 sample. The IR 
absorption bands in the region of 2800-2900 cm-1 are 
typical of the C-H stretching mode of hydrocarbons. The 
C=O stretching band at ~1400 cm-1 confirms the 
presence of unburned acetic acid in the final product.  

 

 
 
 

 
Residual water and hydroxyl group are detected 

with a large band at around 3500cm-1, corresponding to 
O-H stretching frequency, and a broad band at around 
1600 cm-1, due to the bending vibrations of associated 
water. Another species of strong bands is located at 
around 1000 cm-1, which may be either associated with 
the formation of carbonate like species (20) or the 
formation of nanocrystalline CeO2-x (21). 

Fig. 1 Thermogravimetric analysis (TGA) of as 
prepared pure CeO2 and 40% Fe/CeO2 powder

Fig. 2 Fourier transformed infrared spectra of 
the as prepared pure ceria 
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The X-ray diffraction (XRD) pattern of 40% Cu 
doped CeO2 is shown in Fig. 3. The diffraction lines 
corresponding to the fluorite type structure and the d 
values agree well with those expected for CeO2. The 
peaks corresponding to Cu or CuO could not be detected 
even with the increase of Cu content. This suggests that 
metallic Cu or Cu2+/Cu+ may not be substituted for Ce4+ 
in CeO2. Increasing the Cu content increases the line 
width compared to the pure CeO2 and the absence of Cu 
or Cu-oxide phase suggest that the metallic Cu or Cu2+ 
/Cu+ ions are dispersed on the surface of CeO2. 
Diffraction patterns of Ni and Fe doped CeO2 prepared 
by the flame synthesis method are similar to those of 
pure CeO2 and Cu doped CeO2.  

 
 

 
 

 
X-ray photoelectron spectra (XPS) of 40% 

Ni/CeO2 in the Ce(3d) and Ni(2p) regions are given in 
Figure 4. The Ce(3d) spectrum with intense satellites 
marked in Figure 4 identifies with Ce4+ in CeO2 (22). 
No significant peak is observed in the Ce(3d) spectrum 
corresponding to Ce3+. The XPS of as prepared 
Ni(2p3/2) shows that Ni is in the +2 oxidation state as 
seen from the Ni+2 (2P2/3) binding energy as well as 
the satellite peaks. The Ni/CeO2 catalyst after the 
water-gas shift treatment shows the zero oxidation 
state of Ni, which indicates the reduction of Ni2+ to Ni 
happens in the reducing atmosphere. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Transmission electron microscopic (TEM) image 
of 40%Cu/CeO2 is shown in Figure 5. The particles are 
spherical in size with particle size in the range of 3-5 nm. 
The absence of big particle suggests that the precursor 
droplets are vaporized completely in the flame. The 
selected area electron diffraction (SAED) pattern is index 
to polycrystalline CeO2 in the fluorite structure and no 
line corresponding to Cu or any of the oxides of Cu is 
detected. This again suggests the dispersion of Cu2+ on 
the CeO2 surface. A particle size and BET surface area 
analysis of pure ceria and M/CeO2 (M=Cu, Ni, Fe) is 
given in Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 5 Transmission electron micrograph and 

the selected area electron diffraction pattern of the as 
prepared Cu/CeO2 powder. 

Fig.  4 X-ray photoelectron spectra of 
the as prepared and WGS treated 40% Ni/CeO2 
powder

Fig. 3 X-ray diffraction spectra of the as 
prepared 40% Cu/CeO2 powder 



 
Table 1 Particle size and the BET surface area of the 
synthesized pure ceria and transition metal supported 
ceria. 

 
 
 
 
 
 

 

 

 

 

 

 

 
WATER-GAS-SHIFT (WGS) REACTION 

EXPERIMENTAL RESULTS 
  

A comparison of the WGS activities on pure 
ceria, 40% Cu-ceria, 40% Ni-ceria and 40% Fe-ceria is 
shown in Fig. 6. The feed gas contains 5% CO and 5% 
H2, and the H2O/CO ratio is 5.  The pressure drops 
were < 10 psig and the conversions were <10% for all 
the reported data.  The water-gas shift activities of Cu-, 
Ni- and Fe-ceria are under H2/CO ratio =1.  Below 
300OC, Cu-ceria has the highest shift activities at a 
given temperature while the Ni-ceria is more active 
than Fe-ceria.  No methane formation is observed in 
any case.  One may argue that the presence of H2 
activates the Cu-ceria by reduction of copper oxides 
into metallic copper. Additional tests are performed to 
identify the active copper species.   The activity results 
of Cu-ceria with CO (Fig. 7) demonstrate that the 
active Cu species is present as prepared.   In order 
words, there is no need to reduce the copper oxides 
with H2 to create the active copper species for WGS 
reaction.  The Cu-ceria is the most active, followed by 
Ni-ceria and Fe-ceria. 
 

Figure 7 also illustrates the WGS activities of 
Cu-ceria under various conditions.  The Cu-loading of 
40% gives higher activities than 15%.   The 15% Cu-
ceria catalyst works at either H2/CO ratio = 1 or 0.  
The H2/CO ratio = 0 refers to 5% CO without H2.  The 
activity is higher in the absence of H2.  Annealing of 
the 40% Cu-ceria at 700 OC for 3 hours reduces its 
surface area.  When we compare the activity of the 
annealed catalyst with that of the as-prepared catalyst, 
700OC annealing increases the WGS activity for 
temperatures less than 250OC.  Annealing at 1100OC 
reduces the activity dramatically. This heat treatment 
decreases the surface area of the catalyst and possibly 

the size of the particles. Although surface area and 
crystallite size are generally believed to be two of the 
major factors for catalytic activities, dopants in Ce 
crystal structure also play critical roles in the WGS 
activity.    
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Fig. 6 Water-gas shift activities of various  
flame-made ceria-based catalysts, (A) Ceria (x), (B) 
40% Cu-ceria (o), (C) 40% Ni-ceria  and (D) 40% Fe-
ceria (□).  All measurements were taken with 5%H2, 
5% CO and H2O/CO ratio =5.   
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Fig. 7 Water-gas activities of various Cu-ceria 
catalysts, (B) 40% Cu with H2/CO ratio =1, (E) 15% 
Cu with H2/CO ratio =1, (F) 15% Cu with H2/CO ratio 
=0, or 5% CO with no H2, (G) 700OC annealed 40% 
Cu with H2/CO ratio =1, and (H) 1100OC annealed 
40% Cu with H2/CO ratio =1.  All measurements were 
taken with H2O/CO ratio =5. 
 
 

The significance of this work is that we have 
developed a non-pyrophoric low temperature WGS 
catalyst for fuel processor.  Our catalysts have three 
important characteristics.  First, there is no need to use 
metal chloride precursors to prepare the catalysts in 
flame synthesis method.  Any residual chloride may 

Material              particle size (nm)      Surface area (m2/g) 
_______________________________________ 
 
Pure CeO2                  3-5                    153 
5%   Cu/CeO2   3-5                     135 
10% Cu/CeO2   3-5                          153 
15% Cu/CeO2   3-5                     128 
30% Cu/CeO2   3-5                        - 
40% Cu/CeO2   3-10                        156 
40% Fe/CeO2   -                      127 
5%   Ni/CeO2   5                      163 
40% NiCeO2   -                      163 
 

B

G

E 

F 

H 



poison the fuel cell catalysts downstream.  Second, all 
the catalysts shown in Figure 6 are not sensitive to air 
(i.e. non-pyrophoric) while commercial typical 
Cu/ZnO/Al2O3 catalysts are air sensitive. In contrast to 
industrial plants, this feature is particularly important 
for fuel processing applications because these 
applications involve frequent on-off cycles during 
which air enters the system.       Using non-pyrophoric 
materials often means a safer system.  Another 
important characteristic is that our catalysts show high 
activities at H2/CO ratio = 1.  Previously, most of the 
water-gas shift catalyst research projects focus on gas 
feed at very low or in absence of hydrogen.  Only 
recently the literature shows interests in the water-gas 
shift catalyst that works at a reasonable hydrogen level 
(relative to CO).  It should be note that hydrogen is the 
main fuel for fuel cell applications, particular polymer 
electrolyte membrane (PEM) fuel cells.  Fuel 
processors break down the hydrocarbon fuel into 
reformate which contains smaller molecules including 
H2, CO and others.  Here we have tailored our 
catalysts at H2/CO =1 which is realistic for catalytic 
partial oxidation of hydrocarbons fuel. 

 

CONCLUSION 
Flame synthesis is an easy, single step 

method for the preparation of pure CeO2 and the 
transition metal doped CeO2 materials starting from 
aqueous solution of metal salts. The process is time 
and possibly cost efficient compared to other wet 
chemical methods. From XPS it is clear that the 
transition metals in the CeO2 are in an oxidized state 
and the metal ions may be on the surface of the CeO2 
lattice. Preliminary results show that the flame made 
transition metals doped CeO2 powders are active for 
the water-gas shift reaction (22). A small amount of 
carbon is present in the as prepared sample, which is 
confirmed by TGA and FTIR. The particle sizes of the 
synthesized materials are in the range of 3-10 nm and 
the BET surface areas are in the range of 127-163 
m2/g. 
 

The flame-made Fe, Ni and Cu/CeO2 
catalysts are evaluated as the water-gas shift catalyst.  
Cu/CeO2 showed highest activities among these flame-
made catalysts.   
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