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Low CO content hydrogen production from oxidative steam reforming
of ethanol over CuO-CeO2 catalysts at low-temperature
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Abstract
CuO-CeO2 catalysts were prepared by a urea precipitation method for the oxidative steam reforming of ethanol at low-temperature. The
catalytic performance was evaluated and the catalysts were characterized by inductively coupled plasma atomic emission spectroscopy, X-ray
diffraction, temperature-programmed reduction, field emission scanning electron microscopy and thermo-gravimetric analysis. Over CuO-
CeO2 catalysts, H2 with low CO content was produced in the whole tested temperature range of 250–450 ◦C. The non-noble metal catalyst
20CuCe showed higher H2 production rate than 1%Rh/CeO2 catalyst at 300–400 ◦C and the advantage was more obvious after 20 h testing at
400 ◦C. These results further confirmed that CuO-CeO2 catalysts may be suitable candidates for low temperature hydrogen production from
ethanol.
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1. Introduction

Ethanol is an important candidate as a chemical carrier
of hydrogen, the production of which is useful in a series of
fuel cell applications [1–3]. Not only is it less hazardous than
methanol, but it can be produced from a variety of biomass
sources [4–6]. A typical fuel processor is made up of different
processing units such as fuel reformers and CO cleanup re-
actors. CO cleanup is essential for fuel processor, since the
electrodes can only tolerate about 1%–2% CO for phospho-
ric acid fuel cell (PAFC) and less than 10 ppm for proton ex-
change membrane fuel cell (PEMFC) [7]. PEMFC and PAFC
are classified as low-temperature fuel cells, suitable for auto-
motive applications, operating in the ranges of 80–120 ◦C and
180–220 ◦C, respectively. Therefore, if low CO content hy-
drogen can be produced at low temperatures, this can in turn
lower the cost and size of fuel cells by reducing or eliminating
the stacks of CO cleanup processing units.

Typical routes for hydrogen production from ethanol are
shown in the following equations: steam reforming (SR,
Equation 1), partial oxidation (PO, Equation 2), and oxidative
steam reforming (OSR, Equation 3).

C2H5OH+ 3H2O → 2CO2 + 6H2 (1)

C2H5OH+ 1.5O2 → 2CO2 + 3H2 (2)

C2H5OH+(3−2x) H2O+ xO2 → 2CO2 +(6−2x) H2

(0 < x 6 0.5)
(3)

The SR of ethanol provides high hydrogen selectivity,
however, it is a highly endothermic reaction, typically oper-
ating within the temperature range of 450–700 ◦C even with
the help of catalysts [8,9]. The high reforming tempera-
ture also favors the reverse water-gas shift (R-WGS) reac-
tion (CO2+H2→CO+H2O) and thus the generation of CO, the
presence of which degrades the performance of Pt electrodes
in fuel cell systems [7]. In contrast, the PO of ethanol is an
exothermic reaction, the operation temperature of which can
be greatly lowered over suitable catalysts. In this case, how-
ever, its hydrogen selectivity is decreased [1]. The OSR of
ethanol combines both the SR and PO reactions. This means
that high hydrogen selectivity can be achieved at low temper-
atures under OSR conditions with suitable reaction conditions
and choice of catalyst.

Ni, Co, Cu and noble metals are common active compo-
nents which are frequently studied for hydrogen production
by steam reforming [10–13]. Although supported noble metal
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catalysts, specially Rh, have been demonstrated to exhibit
significant activity at low temperatures and high space ve-
locities, the high cost of these metals limits their applica-
tion [13]. CeO2 has been extensively utilized as a support
for OSR of ethanol mainly due to its remarkable oxygen-
storage/release capacity (OSC) and high oxygen mobility, al-
lowing gasification/oxidation of deposited carbon as soon as it
forms, and thus improving the catalyst stability [2,9]. Mean-
while, CeO2 favors ethanol dehydrogenation to acetaldehyde
rather than dehydration to ethylene, which is easily polymer-
izable to coke [14,15]. Furthermore, CuO-CeO2 catalysts
have good activity for the oxidation of CO in a hydrogen-rich
stream [16] and their catalytic performance for hydrogen pro-
duction from SR of ethanol has been reported [13]. Inspired
by all of the above, we employed CuO-CeO2 mixed oxide as
a catalyst for OSR reaction for the first time.

It has been extensively reported that CuO-CeO2 materials
can be prepared by hydrothermal treatments [17,18], a hard
template method [13] and combustion method [19–21]. How-
ever, the former two methods are complicated and the com-
bustion method tends to lead to low surface area. In this
work, CuO-CeO2 catalysts with varying Cu/(Cu+Ce) mole
ratio were prepared by urea co-precipitation, which is a ho-
mogeneous precipitation method, characterized by a highly
uniform increase in pH value of metal salts solution. It is a
convenient method for catalyst preparation that can produce
highly dispersed mixed metal oxides [22]. The H2 yield rate
and product distribution of CuO-CeO2 catalysts under OSR
conditions with high space velocity were tested and compared
with 1%Rh/CeO2 catalyst.

2. Experimental

2.1. Catalyst preparation

CeO2 and CuO-CeO2 mixed oxides catalysts with nom-
inal CuO contents of 10, 20, 30 and 40 mol% were synthe-
sized by a urea precipitation method. Appropriate amounts of
copper (II) nitrate hexahydrate (Cu(NO3)2·3H2O, 99%) and
cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99%) were
dissolved in water together with urea, and the metal ion con-
centration (Cu+Ce) was fixed at 0.5 mol/L. After stirring for
24 h at 90 ◦C, the precipitate was dried at 100 ◦C for 12 h,
and then thermally treated in a furnace at 500 ◦C for 5 h in air.
CuO-CeO2 mixed oxides catalysts were expressed as mCuCe,
where m is the nominal CuO content. For comparison, a
CeO2-supported Rh catalyst was also prepared by an impreg-
nation method, followed by drying at 100 ◦C for 12 h and cal-
cination at 500 ◦C for 3 h in air. Rhodium loading was fixed
at 1 wt% and the precursor was RhCl3·3H2O. This CeO2-
supported Rh catalyst was expressed as 1%Rh/Ce.

2.2. Catalyst characterization

The BET surface area, average pore diameter and total
pore volume of catalysts were determined on Autosorb iQ-

1MP automatic equipment by physical adsorption measure-
ment with N2 at –196 ◦C. Prior to N2 physical sorption, the
samples were degassed.

The chemical composition of the catalyst was determined
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) using an OPTIMA 2000DV spectrometer.

X-ray powder diffraction (XRD) patterns were measured
using a PANalytical X’Pert Pro diffractometer with Cu Kα

(λ = 0.15406 nm) radiation. The data were collected for 2θ
from 10o to 90o at 6 o/min with a step size of 0.026o.

The surface morphologies of fresh and used catalysts
were studied by SU-8020 field emission scanning electron mi-
croscopy (FE-SEM). Powder samples were mounted directly
on aluminum sample holders and placed in SEM chamber
without gold sputter coating.

Hydrogen temperature-programmed reduction (H2-TPR)
measurements were carried out in a conventional set-up
equipped with a thermal conductivity detector (TCD). Sam-
ples (200 mg) were heated from room temperature to 800 ◦C
in a reducing gas mixture (10 vol% H2/He, 50 mL·min−1) at
a ramp rate of 10 ◦C·min−1.

The carbon deposition rates over catalysts during OSR re-
action were measured by thermo-gravimetric analysis (TGA,
STARe system METTLER TOLEDO) method. The aged
catalyst were heated in pure O2 (50 mL·min−1) from 30 to
900 ◦C at a heating rate of 20 ◦C·min−1. Simultaneously, the
weight change of the employed catalyst was measured with
time on-stream.

2.3. Catalytic test

The OSR reaction of ethanol was carried out in a
continuous-flow fixed-bed microreactor made of a quartz tube
of 6 mm in inner diameter with 100±2 mg catalyst (40–
60 mesh, diluted with 300 mg SiO2). A mixture of ethanol
and water was supplied by a syringe pump at a rate of
0.06 mL·min−1. After being sufficiently vaporized by passing
through a preheating zone at 150 ◦C, this mixture was contin-
uously fed into the reactor together with N2 carrier and O2
(EtOH : H2O : O2 = 1 : 3 : 0.5), with a mixed gas flow rate of
350 mL·min−1. The reaction temperature (measured with a
thermocouple located in the middle of the catalyst bed) was
increased in 25 ◦C increments from 250 to 450 ◦C, and each
temperature point was maintained for at least 1 h. The liquid
products were removed by condensation and then the effluent
gases were analyzed on-line at each temperature point using
a gas chromatograph (Shimadzu, GC-2014C) equipped with
two TCDs and one FID. The TCDs detection limits of N2, H2,
CO, CO2 and CH4 products were 200 ppm.

Since this work was carried out at on-board conditions, a
room temperature normal flow rate (Fx) that takes the volume
change into account was considered to calculate H2 yield rate
and product distribution:

Fx =
[X ]×FN2

[N2]
(4)

where, FN2 is the N2 flow rate at room temperature, [N2] is



Journal of Energy Chemistry Vol. 22 No. 6 2013 863

the concentration of N2 (%), and [X] is the concentration of X
(%). H2 formation rate was calculated according to Equation
(5) where FH2 represents the normal flow rate of H2.

RH2 =
FH2

Weight of catalyst
(5)

The distribution of products was calculated according to
the following equation:

Dx =
Fx

FH2 +FCO +FCH4 +FCO2

(6)

CO gas water shift reaction was carried out in the same
microreactor with feed gas compositions of 1% CO and 3%
water (N2 balance) from 250 to 450 ◦C. The mixed gas flow
rate was kept at 350 mL·min−1. In this study, the catalyst sta-
bility test was also carried out at 400 ◦C for 20 h under the
same OSR reaction conditions.

3. Results and discussion

3.1. Characterization of catalysts

The results of BET surface area, elemental analysis (an-
alyzed by ICP-AES) and average crystallite size (analyzed
by XRD) of CuO-CeO2 catalysts (mCuCe, m stands for the
mol% of Cu to Cu+Ce) are summarized in Table 1. The
surface area of ceria decreased from 59 to 44 m2·g−1 after
loading with 1 wt% Rh. The BET results also showed that
mCuCe catalysts had much higher surface area compared with
pure CeO2 and 1%Rh/CeO2 (1%Rh/Ce). Among mCuCe
mixed oxides, 20CuCe catalyst had the largest surface area
(96 m2·g−1). It has been reported that high surface area cor-
responds to high dispersal of CuO in/on CeO2; however, if
the copper content of the composite was much higher than the
dispersion capacity of CeO2, a dramatic decrease of the cat-
alytic activity would occur [13,18]. According to the results
of ICP-AES, the actual Cu concentrations of mCuCe catalysts
by molar percentage were lower than the nominal contents,
being 5.6% for 10CuCe, 12% for 20CuCe, 23% for 30CuCe
and 35% for 40CuCe, respectively; while Rh concentration
of 1%Rh/Ce catalyst was 1.0 wt%. It was clear that the Cu
contents in mCuCe catalysts were much less than the nominal
contents. To explain this phenomenon, 10CuCe and 20CuCe
samples were also prepared using NaOH as a precipitant. The
Cu concentration in this case was 9.8% for 10CuCe and 19.2%
for 20CuCe. The discrepancy can be explained by the fact that
the basicity of urea is much weaker than NaOH, which results
in incomplete precipitation. The average crystallite sizes of
the catalysts were calculated by applying the Scherer equa-
tion to the characteristic (111) peak of CeO2 from XRD re-
sults. Pure CeO2 had a crystallite size of 17.8 nm, which in-
creased to 20.6 nm after loading with Rh, but it decreased con-
siderably to 11.9–14.4 nm in the case of mCuCe catalysts (Cu
concentration = 5.6–35 mol%). These crystallite sizes were in
quantitative agreement with BET surface area results.

Figure 1 presents the XRD patterns of fresh mCuCe,
pure CeO2 and 1%Rh/Ce catalysts. It can be clearly seen

that a fluorite-type structure of ceria with lattice constant
a = 5.411 Å was present in all the samples. For low-
Cu-containing catalysts, such as 10CuCe and 20CuCe, no
reflections indexed to copper oxide phases were found; while
for 30CuCe and 40CuCe, the monoclinic phase of CuO with
lattice constants a = 4.685 Å, b = 3.432 Å and c = 5.132 Å co-
existed with ceria. The weak or absent CuO phase peaks in
XRD patterns may be attributed to the fine dispersion of CuO
particles on the surface of ceria so that the peaks were be-
yond the detection limit of XRD, or the formation of an in-
terfacial solid solution [20,23]. It was reported that if there is
any substitution of Cu2+ ion in Ce4+ site, the lattice param-
eter should decrease, as the ionic radius of Cu2+ (0.76 Å) is
smaller than that of Ce4+ (0.92 Å) and Ce3+ (1.03 Å), thus
shifting the diffraction peaks toward higher 2 theta (it is the
inverse if Ce4+ is replaced by Ce3+) [19,24]. However, going
from pure CeO2 to 1%Rh/Ce or mCuCe materials, the shift
of XRD peaks as shown in Figure 1 was within 0.02o and the
change of lattice parameter a was within 0.005 Å, calculated
from XRD analysis. Considering this limited information, it is
probable that a small portion of Cu formed a Ce-Cu solid so-
lution and the rest existed as CuO. Therefore, the weak or ab-
sent CuO diffraction peaks of mCuCe catalysts can be mainly
ascribed to the well-dispersed small CuO crystallites on the
surface of CeO2.

Table 1. Physical properties of different samples

Surface Average Total Cu/ Average
Catalysts area pore pore volume (Cu+Ce) crystallite

(m2·g−1) diameter (nm) (cm3·g−1) (mol%) size (nm)
CeO2 59 5.4 0.06 – 17.8

1%Rh/Ce 44 6.1 0.05 – 20.6
10CuCe 85 4.9 0.10 5.6 13.6
20CuCe 96 5.4 0.13 12 11.9
30CuCe 84 3.4 0.07 23 13.0
40CuCe 75 4.8 0.09 35 14.4

Figure 1. XRD patterns of CeO2, 1%Rh/Ce and mCuCe samples
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Figure 2 shows SEM images of the catalysts. CeO2

and 1%Rh/Ce catalysts exhibited a similar cracked triangular-
prism-like surface morphology. For 10CuCe, 20CuCe
and 30CuCe catalysts, the SEM images seemed like rod;
while it became very irregular for 40CuCe. It is worth
to be noted that 20CuCe catalyst had much smaller par-
ticular size than the other samples. XRD results (Ta-

ble 1) also indicate that 20CuCe catalyst had the small-
est average crystalline sizes of 11.9 nm. The particular
size seemed to be bigger than crystalline size, because the
former was combined by the letter and SEM offered the
real micrograph like a camera; while average crystalline
size from XRD were estimated from predominant planes by
Scherer equation.

Figure 2. SEM micrographs of CeO2 (a), 1%Rh/Ce (b), 10CuCe (c), 20CuCe (d), 30CuCe (e), 40CuCe (f), 1%Rh/Ce-used (g) and 20CuCe-used (h)
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Figure 3 shows the TPR profiles of mCuCe catalysts,
CeO2 and 1%Rh/Ce were also presented for comparison. The
pure CeO2 had two reduction peaks at about 460 and 820 ◦C
(the high temperature reduction peak is not shown in this
figure), ascribed to the reduction of surface cerium and bulk
cerium, respectively [18,25,26]. After loading with 1 wt% Rh,
the reduction temperatures moved to 105 and 310 ◦C, respec-
tively. mCuCe catalysts mainly showed two reduction peaks
at 158–169 ◦C and 185–190 ◦C, respectively. It is interesting
to note that the temperature interval and overall shape of the
recorded TPR curves of mCuCe catalysts did not differ much
when Cu content was increased. As reported by Djinovic et
al. [13], this feature reveals the presence of finely dispersed
CuO on CeO2, with strong electronic interactions between
both metal oxide phases in all tested samples. The XRD re-
sults had already confirmed the presence of CuO phase when
Cu content was >20 mol%, and the formation of Ce-Cu solid
solution when Cu was <15 mol%. All of the above mean that
CuO and Ce-Cu solid solution coexisted in mCuCe catalysts.
Cu replaced a portion of Ce in the pure ceria supports. There-
fore, mCuCe catalysts can be taken as Ce-Cu solid solution-
supported CuO. Over each sample containing copper, the low
temperature reduction peak can be ascribed to the reduction
of finely dispersed surface copper species strongly interacting
with the support [18]. As a result, the reduction of surface
CuO was affected by the support, while not having a close re-
lationship with Cu content and surface area. The higher tem-
perature peak can be assigned to the reduction of bulk CuO
interacting with the support [21]. In addition, with increasing
levels of Cu doping, the intensities of reduction peaks at high
temperatures increased greatly. These data indicate that CuO
was present in all the mCuCe samples and a portion of Cu en-
tered into the ceria lattice and formed a Ce-Cu solid solution.

Figure 3. H2-TPR profiles of CeO2, 1%Rh/Ce and mCuCe samples

3.2. Catalytic performance

Figure 4 shows the catalytic performance of 1%Rh/Ce

catalyst and mCuCe catalysts. It can be seen from Figure 4(a)
that 20CuCe catalyst had the highest hydrogen formation
rate among various CuCe catalysts, being even higher than
that of 1%Rh/Ce in the temperature range of 300–400 ◦C.
The hydrogen formation rate of mCuCe catalysts increased
with Cu loading; however, when the nominal Cu content was
above 20 mol%, the hydrogen yield rate decreased greatly.
Taking 450 ◦C as an example, the hydrogen formation rate
of mCuCe catalysts normalized by surface area decreased
in the order of 20CuCe (0.102 NL·h−1·m−2)>10CuCe
(0.062 NL·h−1·m−2)>30CuCe (0.049 NL·h−1·m−2)>40CuCe
(0.045 NL·h−1·m−2). Combined with the catalyst character-
ization results, this indicates that increasing Cu content can
greatly increase the hydrogen formation rate per unit surface
area, when nominal Cu content was lower than 20 mol%.
However, excess CuO no longer maintained a fine dispersion
in Ce-Cu solid solution, resulting in a decrease of surface
area and more dramatic decrease of catalytic activity. This
implies that a moderate CuO content and high surface area
tended to guarantee the good catalytic performance in OSR
reaction. The Cu content of the most active mCuCe catalyst
(20CuCe) was 12 mol%. It was also reported by Djinovic
et al. and Delimaris et al. [13,20] that catalytic activity was
obtained at Cu/(Cu+Ce) = 10%–15% for VOC oxidation and
steam reforming of ethanol, respectively.

At 450 ◦C, 1%Rh/Ce catalyst produced the highest H2
formation rate; however, H2 distribution (DH2) in its products
(Figure 4b) was lower than that of mCuCe catalysts at the
same temperature. In addition, CO and CH4 production over
1%Rh/Ce catalyst were more than 5% over the whole tem-
perature range, which lowered H2 percentage. Over mCuCe
catalysts, it is worth noting that CO and CH4 were undetected
(less than 200 ppm). This means that, in the product mixed gas
flow, there was only H2, CO2 and inert gas such as N2 after
removal of residual ethanol and liquid products by conden-
sation. In other words, the hydrogen produced over mCuCe
catalysts was pure enough for direct application to fuel cells,
and needed no additional CO cleanup reactor. Furthermore,
20CuCe had a higher hydrogen yield rate than ceria-supported
noble metal catalyst, so it can be used to lower the catalyst
cost.

The water gas shift (WGS, CO+H2O → CO2+H2) reac-
tion is a very important intermediate reaction for the OSR of
ethanol, which leads to the removing of CO and H2 produc-
tion. To understand the reaction role, 1% CO and 3% water
were fed through 20CuCe and 1%Rh/Ce catalysts in OSR re-
action under the same space velocity. As shown in Figure 5,
CO concentration over both catalysts decreased with tempera-
ture. In the temperature range of 250–425 ◦C, CO concentra-
tion of 20CuCe was higher than that of 1%Rh/Ce. A high
WGS activity contributes to lower CO content. Consider-
ing that CO production was undetected over 20CuCe catalyst,
there might be another CO removing reaction, such as CO ox-
idation (CO+O2→CO2). When 1.5% CO and 1.7% O2 were
fed through 20CuCe catalyst in OSR reaction under the same
space velocity, no CO was detected in the temperature range
of 250–450 ◦C (data not shown).
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Figure 4. Catalytic performances of 1%Rh/Ce and mCuCe catalysts from 250 to 450 ◦C. (a) H2 formation rate on different catalysts; production distribution
on (b) 1%Rh/Ce, (c) 10CuCe, (d) 20CuCe, (e) 30CuCe and (f) 40CuCe

3.3. Stability

The stability of 1%Rh/Ce and 20CuCe was tested for
20 h at 400 ◦C under the same OSR reaction conditions.
Figure 2(g) and 2(h) show SEM micrographs of the used
1%Rh/Ce and used 20CuCe catalysts. An obvious difference
was found between the fresh (Figure 2b) and used 1%Rh/Ce
(Figure 2g) catalysts, which can be explained by the forma-
tion of a lot of analogous carbon compounds on the catalyst
surface during the OSR reaction process [27]. However, the
SEM micrographs did not show a big difference between the

fresh (Figure 2d) and used 20CuCe (Figure 2h) catalysts.

Figure 6 shows TGA results of the used 1%Rh/Ce and
20CuCe catalysts. The mass loss at around 130 ◦C was as-
signed to the desorption of physically and chemically ad-
sorbed H2O [28]. The used 1%Rh/Ce and 20CuCe catalysts
had obvious mass loss at 245 ◦C and 280 ◦C, respectively,
which is corresponding to the burning of deposited coke in
oxygen.

Table 2 compares the ethanol conversion and product
yields of the fresh and used catalysts, the effluent gases
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were analyzed on-line without condensation (carbon mass bal-
ance = 100±5%). After 20 h using, both of 1%Rh/Ce and
20CuCe catalysts showed obvious deactivation. As compared
with 1%Rh/Ce, 20CuCe catalyst yielded more CH3COCH3,
which is a main precursor for coke deposition. It explained
why mass loss of used 20CuCe was the more than that of used

Figure 5. CO concentrations over 20CuCe (•) and 1%Rh/Ce (N) catalysts
and H2 over 20CuCe (◦) and 1%Rh/Ce (▽) catalysts for WGS reaction from
250 ◦C to 450 ◦C

1%Rh/Ce. However, it is noticed that H2 yield of used
20CuCe catalyst was much higher than that of 1%Rh/Ce, in
other words, 20CuCe had better H2 production stability. It
may be the reason that the surface structure of 1%Rh/Ce was
greatly changed after carbon deposition during aging and its
stability was affected; while the deposited coke had less effect
on the surface structure of the used 20CuCe catalyst and its
stability.

Figure 6. TGA curves of used 1%Rh/Ce and 20CuCe catalysts

Table 2. Ethanol conversion and product yields on different catalysts

EtOH Product yield (100 mol/molEtOH)
Catalysts

conversion (%) H2 CO2 CH4 CO CH3CHO CH3COCH3

20CuCe 69.3 144 96.2 0 0 9.1 7.6
20CuCe-used 36.4 76.4 53.4 0 0 4.6 2.6

1%Rh/Ce 80.9 132 50.2 31.2 29.6 17.7 6.4

1%Rh/Ce-used 48.0 20.2 34.2 19.2 16.4 10.4 1.2

4. Conclusions

mCuCe catalysts existed as Cu-Ce solid solution-
supported CuO. Under the OSR reaction conditions, low CO
content (undetectable) H2 was produced over these catalysts.
The outlet gas flow contained only H2, CO2 and inert gas,
hence downstream CO clean-up reactors can be reduced or
eliminated in the fuel cell system. Furthermore, the H2 pro-
duction rate over 20CuCe catalyst was higher than that over
ceria-supported Rh catalyst in the temperature range of 300–
400 ◦C and after using 20 h this advantage was more obvious,
which makes it a good catalyst candidate for H2 production
from ethanol. Increasing CuO content helped enhance the
catalytic activity, but if it exceeded the dispersion capacity of
Ce-Cu solid solution support, the catalytic activity decreased
dramatically.
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