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a  b  s  t  r  a  c  t

The  aim  of  this  work  is to study  the behavior  of  Cu and  Ni catalysts  supported  on praseodymium-doped
ceria  (PDC)  for  the  WGS  reaction.  Samples  were  prepared  by impregnation  of  several  PDC  supports
(praseodymium  content  in the  range  0–50  wt%)  synthesized  by the  urea  thermal  decomposition  method.
Bare  support  and  catalysts  were  characterized  by  BET,  XRD,  oxygen  storage  capacity  and  TPR. The  activity
tests  were  carried  out in  an  atmospheric  fixed  bed  reactor,  using  a CO/H2O/H2/N2 mixture  as  the  feed
eywords:
O removal
ydrogen
eria support
raseodymium

stream.  Doping  of  ceria  with  small  loading  of  Pr  increases  the  surface  reducibility  and  the  oxygen  storage
capacity  of  ceria.  Nickel  catalysts  are  more  active  than  copper  ones.  In both  cases,  catalysts  supported  on
PDC with  5 Pr wt%  are  more  active  than  samples  supported  on  pure  ceria.  Methanation,  which  is  likely
to  occur  on  Ni  catalysts,  is  moderated  in  samples  supported  on  praseodymium-doped  ceria.

© 2013 Elsevier B.V. All rights reserved.

u-Ni catalysts

. Introduction

Although water-gas shift (WGS) reaction has been extensively
sed in large chemical and petrochemical plants for more than 40
ears, in the last years non-traditional applications of hydrogen
such as electric power generation in fuel cells) have given rise to
ew research efforts pointed to find active and stable catalysts for
he WGS  reaction.

Fuel cells for mobile sources (PEMFC) require that the inlet gas
as a CO concentration lower than 20 ppm. Otherwise, the Pt-based
node is poisoned and the cell efficiency abruptly drops. Typically,

 CO concentration of 6–8% is obtained at the outlet of the reformer
nit when hydrogen is produced from a carbon containing raw
aterial. Hence, a purification process must be carried out in order

o reduce CO levels to cell requirements. So far, the most tech-
ologically feasible purification train consists of a water-gas shift
onverter, reducing CO from 8% to 1%, and a latter step of remain-
ng CO elimination, until 20 ppm is reached. According to Zalc and
öffler [1], the WGS  reactor is expected to have the largest volume
ince the intrinsic activity of WGS  catalysts is low.

Traditionally, WGS  reaction has been performed in two  steps:

he first, at high temperatures (HTWGS) using catalysts based in Fe
nd Cr; the second, at low temperatures (LTWGS), employing Cu-
n-Al catalysts. This renewed interest in the study of WGS  reaction
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has resulted in several works focused on finding alternative cata-
lysts. Among these works, several authors taking into account the
redox properties and the oxygen storage capacity of ceria, propose
ceria-supported noble metal catalysts [2–4] or less expensive ceria-
supported base metal catalysts [5–8]. More recently, it has been
reported that redox and catalytic properties could be enhanced by
doping the support with rare earths, especially La or Pr [9–11]. The
aim of this work is to study the behavior of copper and nickel cata-
lysts supported on praseodymium-doped ceria (PDC) for the WGS
reaction. Transition metals were chosen based on some previous
results indicating that Cu and Ni supported on pure ceria were
active catalysts for CO oxidation by O2 [12,13].

2. Experimental

CeO2 and Pr-doped CeO2 (PDC) tested in this work were
obtained by thermal treatment of a precursor synthesized by the
urea thermal decomposition method [14]. Precursors were pre-
pared by aging cerium–praseodymium solutions (Ce(NO3)3·6H2O
and Pr(NO3)3·6H2O), mixed with urea, at 90 ◦C. During precipita-
tion aliquots of solution were extracted and analyzed by MS-ICP in
order to check the content of Ce and Pr.

Samples have been named CePrX, where X is the nominal molar
percentage ratio of [Pr] to total cations ([Ce] + [Pr]) and varies
between 0 (pure ceria) and 50. The calcination of these precursors

was carried out in air at 450 ◦C for 5 h.

Catalysts were prepared by incipient impregnation of ceria-
based supports, obtained as previously described, with the
corresponding metal salts: Cu(NO3)2·3H2O or Ni(NO3)2·6H2O. After

dx.doi.org/10.1016/j.apcata.2013.04.013
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcata.2013.04.013&domain=pdf
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Pr4+ (0.096 nm) [10,20]. The crystallite sizes, which were estimated
by Scherrer’s equation and presented in Table 1, are similar for all
samples. However, the average number of crystallites by particle,
6 E. Poggio-Fraccari et al. / Applied Cata

he impregnation procedure, catalysts were dried in a stove at 70 ◦C
or 24 h and subsequently calcined following the same thermal
reatment procedure as the CePrX supports. All the catalysts pre-
ented in this work were prepared with metal contents of ca. 18 wt%
f Cu, Ni or the same total content of metal in case of bimetallic
atalyst. These bimetallic samples were synthesized with a con-
tant total metal loading of 18 wt.% with two copper to nickel molar
atios, (Cu:Ni 1:1 named Cu-Ni(1–1)/CePr15 and Cu:Ni 1:3 named
u-Ni(1–3)/CePr15). All solids were dissolved in acidic solutions in
rder to extract the metal and further analyze these solutions by
S-ICP. BET values were obtained with a Micromeritics ASAP2020

nstrument.
The samples were characterized by powder X-ray diffraction

XRD) using the graphite-filtered Cu K� radiation (� = 1.5406 Å).
Temperature-programmed reduction experiments were per-

ormed in a Micromeritics Auto Chem II 2920 instrument equipped
ith TCD detector an coupled to a Pfeiffer vacuum mass spec-

rometer; an H2/Ar stream (4% H2, 50 cm3/min) was passed over
0 mg of the catalytic samples (120 mg  in the case of bare sup-
orts) while operation temperature was raised from RT to 400 ◦C
1000 ◦C for supports) using a rate of 10 ◦C/min. Prior to TPR tests
he samples were treated at 450 ◦C for 1 h under air flow to clean
he surface.

Oxygen storage capacity (OSC) measurements were performed
y injecting alternating pulses of CO and Air at 400 ◦C using the
icromeritics Auto Chem II 2920 apparatus described before, and

ollowing the CO, CO2 and O2 signals by mass spectrometry [15].
Activity tests were conducted in a fixed bed glass reactor using

20 mg  of catalyst and a total inlet flow of 150 cm3/min; in the case
f bare supports, tests were performed with 240 mg  and a flow of
5 cm3/min. Feed stream contains CO (8%), H2O (24%), H2 (45%) and
2 as balance. The catalytic performance was evaluated at several

emperatures in the range 250–450 ◦C. Before each analysis, solids
ere reduced during 0.5 h with an H2 stream (50% of H2 in N2) at

he higher temperature of reaction. At the reactor outlet, analysis
f non-converted CO and gaseous products was performed by a
ewlett Packard HP 6890 gas chromatograph equipped with a TCD
etector. Reported values of CO conversion correspond to steady
tate values.

. Results and discussion

.1. Characterization and WGS  activity of ceria and
raseodymium-doped ceria (PDC) supports

.1.1. Precipitation and composition of supports
During precipitation, the fractions of Ce and Pr in solution were

ollowed by extracting small quantities of solutions and analyz-
ng the content of both elements. As an example, Fig. 1 shows the
esults for CePr15 sample. It can be observed that after 9 h all cations
ave precipitated. The composition of the solids obtained after 24 h
f precipitation were studied. All samples were dissolved into acidic
olutions and analyzed by MS-ICP. The composition of the solids is
lose to the nominal value for low Pr content but is lower for higher
r content, Table 1.

.1.2. Surface area
Table 1 displays BET results of CePrX supports. As it can be seen,

urface areas of samples with praseodymium content up to 15 wt%
re similar to that of pure ceria. On the contrary, a marked diminu-
ion of surface area can be noticed in sample CePr50. Using BET
esults, Table 1 presents an estimation of the particle size assuming

pherical shape according to the following equation [16]

BET = 6
�SBET

(1)
Fig. 1. Ce and Pr fraction in solution during precipitation of CePr15 sample.

where DBET is the particle size, SBET is the BET surface area of sam-
ples and � = 7.2 g/cm3 represents the theoretical density of CeO2
(for PDC we  use the same value since the atomic weights of Pr and
Ce are very similar and, therefore, lattice contraction or expansion
is expected to be negligible).

3.1.3. X-ray diffraction
XRD patterns of pure and doped ceria samples (Fig. 2) present

the characteristic reflections of solids with fluorite-type structure,
corresponding to the planes (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2),
(4 0 0), (3 3 1), (4 2 0), (4 2 2) and (5 1 1) [17].

There is no evidence of pure praseodymium phase segrega-
tion by this technique. A detailed analysis of the position of the
XRD peaks would provide additional information about the struc-
ture of the ceria-based supports, as the position of the peak (1 1 1)
shifts to higher or lower angles due to contraction or expansion of
the unit cell [18,19]. Nevertheless, in the case of our CePrX sam-
ples, the position of the peak (1 1 1) does not significantly change
because the Ce4+ ionic radius (0.097 nm) is very similar to that of
Fig. 2. X-ray diffraction patterns of PDC supports.
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Table 1
Chemical analysis, BET and XRD results of PDC supports.

Sample Content of Pr (%)a SBET (m2/g) DBET (nm)b DXRD (nm) (DBET/DXRD)3

CePr0 – 110.1 7.6 8.1 0.8
CePr5  4.7 100.2 8.3 8.4 1
CePr15  13.0 89.4 9.3 7.4 2
CePr50  39.0 19.4 43.0 6.4 303

e
f
T
a

3

P
fi
t
t
t

t
C
l
C
r
t
a
r
p
v
i
t
a
i
h
r

3

t
T

a Calculated by results of MS-ICP.
b Calculated by Eq. (1).

stimated by the ratio (DBET/DXRD)3, is much higher for CePr50 than
or the other supports, as it can be seen in the last column of Table 1.
his result indicates that the decrease in BET values is related to an
gglomeration of the crystallites.

.1.4. Temperature programmed reduction
Fig. 3 shows the H2-TPR profiles of the CeO2-based supports.

ure CeO2 exhibits two reduction events (“bimodal curve”). The
rst signal located at ca. 470 ◦C (� peak) was assigned to the reduc-
ion of the most reducible surface oxygen atoms, while the high
emperature signal (� peak at ca. 830 ◦C) corresponds to the reduc-
ion of the bulk oxygen atoms [17].

For CePrX samples, the temperature of maximum H2 consump-
ion in � peaks is very similar to that of pure ceria except for sample
ePr50 where the position of � peak shifts approximately 70 ◦C to

ower temperatures. In addition, as Pr content increases, profiles of
ePrX samples show differences in both the � and � regions with
espect to pure ceria. First, the H2 consumption at higher tempera-
ures (� peak ca. 800 ◦C) notably decreases in agreement with other
uthors [20,21]. For all the samples (including CePr0), one or more
eduction events take place at temperatures lower than that of �
eak. Nevertheless, these features below 350 ◦C become notably
isible for samples CePr15 and CePr50 with respect to CePr0. Thus,
t can be concluded that CePrX samples are more reducible than
he pure CeO2 in this temperature range [20]. Furthermore, the net
mount of hydrogen consumed in these low temperature peaks
ncreases as praseodymium content also increases. This behavior
as associated with the reduction of Pr4+ to Pr3+ at the surface
egion [22,23].
.1.5. WGS  activity and OSC measurements
The catalytic activity of the PDC supports is shown in Fig. 4 in

erms of the rate of WGS  reaction per catalyst mass unit at 450 ◦C.
he activity of the samples increases when a small amount of

Fig. 3. TPR profiles of PDC supports.
praseodymium is added to ceria support. It has been proposed that
WGS  reaction proceeds via a co-operative redox mechanism over
catalysts supported on oxides which are active for oxygen transport
and storage [24]. In this sense, Fig. 4 also shows that the activity
data are in good agreement with the oxygen storage capacity of the
samples. Therefore, the enhanced activity is explained by the bet-
ter oxygen mobility in the oxides. Similar results were obtained for
ternary oxides Ce–Pr–Zr by Cao et al. [25], in which a correlation
between OSC and H2/CO ratio (by WGS  reaction) was observed. It
must be noted that the support with the highest Pr content (CePr50)
shows the lowest activity and OSC, and this sample has a very low
surface area. Rossignol et al. [19] have explained the correlation
between OSC and BET values through a theoretical calculation of
the OSC considering only geometric parameters, i.e. a ratio between
surface area and a square lattice parameter for the samples.

3.2. Reducibility and catalytic activity of Cu and Ni catalysts
supported on PDC

3.2.1. Temperature programmed reduction
Fig. 5a and b shows the TPR profiles of Cu and Ni catalysts,

respectively. Comparing these profiles with those of Fig. 3, it can be
seen that Cu catalysts show completely different reduction profiles
with respect to that of the bare supports. In fact, low temperature
(150–250 ◦C) peaks are not observed on PDC supports as it can be
seen in copper catalysts (Fig. 5a).

In similar experimental conditions, pure CuO profile exhibits
a single reduction peak centered at ca. 320 ◦C [26]; this temper-
ature is markedly higher than the temperatures of the reduction
events of any of the copper catalysts. Therefore, the reducibility of
copper is significantly promoted in Cu catalysts supported in PDC.
From the comparison between different profiles, it can be noted an
increase of the temperature at which reduction events take place
for samples with Pr content higher than 5%. In general, catalysts
show more than one reduction event, suggesting the presence of
different copper species and/or partial reduction of the support;
particularly, samples supported on CePr0 and CePr5 present reduc-
tion peaks at very low temperatures (even lower than 150 ◦C). As

it is reported in the next section, these samples are also the most
active catalysts for WGS  reaction. Concerning Ni catalysts, reduc-
tion temperatures observed in Fig. 5b for PDC-supported catalysts

Fig. 4. WGS  activity and oxygen storage capacity of PDC supports.
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ig. 5. TPR profiles of catalysts supported on PDC: (a) copper catalysts; (b) nickel
atalysts.

re lower than the reduction temperature found for pure NiO in
imilar conditions (400 ◦C), as reported by Chary et al. [27].

Table 2 shows the total amount of water produced in the reduc-
ion processes at low temperatures (range of temperatures showed
n Fig. 5) and the theoretical amount of H2O that would be produced
ue to the complete reduction of CuO to Cu0 or NiO to Ni0 in each

ample, as calculated from the Cu or Ni contents determined by
CP. As it can be seen, H2O production estimated from TPR con-
umption peaks is higher than the corresponding stoichiometric
alues in the case of copper catalysts, suggesting some reduction

able 2
2O production from TPR experiments with stoichiometric amount of H2O pro-
uced from the reduction processes Cu2+ → Cu0 or Ni2+ → Ni0 and OSC results as
onsumption of CO per gram of catalysts.

Sample TPR H2O
production (�mol)

Theoretical H2O
production (�mol)

OSC (�mol
CO/g)

Cu/CePr0 90.2 67.9 256
Cu/CePr5 84.1 67.9 208
Cu/CePr15 98.8 67.9 292
Cu/CePr50 159.2 67.9 298
Ni/CePr0 67.6 72.3 136
Ni/CePr5 67.6 72.3 110
Ni/CePr15 76.1 72.3 179
Ni/CePr50 109.6 72.3 70
Cu-Ni(1–3)/CePr15 62.6 69.5 236
Cu-Ni(1–1)/CePr15 59.4 70.6 213
Fig. 6. TPR profiles of copper-nickel and monometallic catalysts supported on
CePr15.

of the Ce and/or Pr ions. This behavior is not observed for nickel
catalysts except for the sample with higher Pr content, Ni/CePr50.
As it can be seen in Fig. 3, the reduction of CePr50 starts at a lower
temperature compared to the other supports (ca. 250 ◦C). Fig. 5b
shows that the most important reduction event of Ni/CePr50 cata-
lyst also occurs close to this temperature. Therefore, data reported
in Table 2 suggest that Ce and Pr reduction probably takes place to
some extent in the case of Ni/CePr50 sample. A peak fitting of the
profiles was performed in order to identify the temperature of the
different reduction events. In the case of Cu catalysts, three peaks
were found for each sample. Several authors attribute the events
at low temperature to the reduction of dispersed copper entities
strongly interacting with ceria; the high temperature events were
assigned to the reduction of copper species with poor interaction
with the support [28–30] and to a partial (superficial) reduction of
the support (Table 2). Nickel catalysts have shown a very broad pro-
file related to the reduction of different nickel species. According
to some authors [27,31], high temperature events were assigned
to species with stronger interaction with the support; however,
reduction peaks at high temperatures have also been ascribed to the
reduction of free NiO particles or clusters on the support [24,32].

In the case of bimetallic catalysts two  well separated peaks
were found in the profiles shown in Fig. 6, one at low temperature
(150–200 ◦C) and the other at higher temperatures (250–300 ◦C). As
it can be seen, the first peak in bimetallic catalysts takes place in the
same temperature range than the main event in Cu/PDC catalysts;
nevertheless, the second peak in bimetallic samples has its maxi-
mum  at lower temperatures compared to Ni/PDC catalysts. These
might imply that although the reducibility of copper is not affected
in bimetallic samples, metallic copper catalyzes the reduction of
NiO. This effect has also been observed by Lin at al [33] for their
copper-nickel catalysts supported over ceria-lanthana.

3.2.2. Oxygen storage capacity measurements
The OSC results reported are the average of five reduc-

tion/oxidation cycles. All the values shown in Table 2 were higher
than those obtained for the supports (Fig. 4) indicating a promoting
effect of both metals over the OSC of bare supports [34]. In agree-
ment with other authors [35], copper containing samples have
more labile oxygen (higher OSC) than nickel catalysts, and bimetal-

lic samples show intermediate values. In Section 3.1.5 the highest
oxygen storage capacity was found for a support with a low Pr con-
tent (CePr5), while the results for copper containing catalysts do not
show the same trend. The higher OSC value found for Cu/CePr50
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Table 3
Crystallite sizes of copper particles in fresh and used catalysts.

Sample Crystallite size (nm)

CuO Cu0

Cu/CePr5 26.0 –
Cu/CePr5 (used) – 29.2
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Cu/CePr50 19.1 –
Cu/CePr50 (used) – 35.1

ith respect to Cu/CePr5 could be explained by a better copper
ispersion in the former, as it is shown by the CuO crystallite size
eported in Table 3, which were estimated using XRD patterns of
ig. 7.

.2.3. WGS  activity
Fig. 8a and bshows the WGS  light-off curves for the copper and

ickel based catalysts tested in this work. As it can be seen, Ni-
ontaining catalysts (Fig. 8b) are more active than the samples
ontaining copper (Fig. 8a), especially at high temperatures. More-
ver, it can be seen that the slope in the light–off curves of the
i-containing catalysts are more sharply than the slope of the cop-
er catalysts. As a consequence, copper catalysts seem to be similar
o Ni-containing catalysts at low CO conversions and low temper-
tures, but, when the reaction temperature is increased, higher CO
onversions are obtained with Ni-containing catalysts.

In both cases, for copper and nickel catalysts, the better catalytic
erformances are found on samples supported on PDC with low Pr
ontent.

The best copper catalyst was the sample supported on CePr5, in
oincidence with the highest activity of CePr5 mixed oxide among
he supports. In addition, WGS  activity correlates well with the OSC
or the bare supports in Fig. 4, but this is not the case for Cu catalysts;
or example, Cu/CePr50 sample presents the highest OSC value in
able 2, but its WGS  activity is markedly lower than that of Cu/CePr5
atalyst.

XRD patterns of fresh and used Cu/CePr5 and Cu/CePr50 cat-
lysts are presented in Fig. 8, together with XRD patterns of the
upports. Peaks corresponding to CuO are found in both fresh
amples and metallic copper signals are observed in both samples

0
fter being tested in the WGS  reaction. The presence of Cu in the
xhausted samples is expected due to the reduction treatment
erformed before each catalytic run. However, it can be seen in
able 3 that the growth of copper crystallites clearly depends on Pr

Fig. 7. XRD patterns of fresh and used Cu catalysts over CePr5 and CePr50.
Fig. 8. CO conversion in WGS  reaction as a function of the operation temperature
for catalysts supported on PDC: (a) copper catalysts; (b) nickel catalysts; (c) copper-
nickel catalysts.

content. In effect, the presence of water in the feed stream during
WGS runs provokes textural changes, being this effect much more
pronounced in the case of Cu/CePr50 sample. This last result could
explain the low catalytic activity of Cu/CePr50 sample in spite of
its high OSC value.

To confirm this observation, WGS  runs with different water con-
tent in the feed were performed. CO conversions obtained with
Cu/CePr5 and Cu/CePr50 samples are reported in Table 4. For both
catalysts, CO conversion increases as water concentration in the
feed also increases which verifies a positive reaction order with
respect to water already reported by other authors for similar cat-
alysts [6]. Nevertheless, this effect is much less marked in the case
of Cu/CePr50 catalyst, indicating the negative effect of water on the
structure of this sample.

Methanation reactions could take place on these catalysts,

reducing the amount of hydrogen produced. For the copper cata-
lysts analyzed, not even traces of methane were detected at the
reactor outlet in any experience [12]. On the contrary, Table 5

Table 4
Results of water-gas shift runs with different feed water content.

Sample CO conversion (%) at
450 ◦C with CO:H2O

CO conversion (%) at
400 ◦C with CO:H2O

1:1 1:3 1:1 1:3

Cu/CePr5 35 56 28 41
Cu/CePr50 24 40 19 26
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Table 5
Selectivity of Ni catalysts at different temperatures.

Sample Selectivity (molCO2/molCH4)

450 ◦C 350 ◦C

Ni/CePr0 0.5 0.6
Ni/CePr5 0.9 0.8
Ni/CePr15 0.8 0.7
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[
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[

[

Ni/CePr50 1.1 0.9
Cu-Ni(1–3)/CePr15 0.5 1.7
Cu-Ni(1–1)/CePr15 2.5 3.0

hows that methanation reactions are important on nickel cata-
ysts. Praseodymium doping enhances the selectivity towards WGS
eaction since the Ni catalyst supported on pure ceria presents the
ore significant value of methane production.
Taking into account this fact, we prepared bimetallic catalysts

f copper and nickel and tested them in the WGS  reaction with
he objective of obtaining both good activity and an acceptable
electivity. These catalysts were prepared over the CePr15 support
ince Ni/CePr15 sample has showed the highest activity but a poor
electivity.

Fig. 8c reports CO conversion for bimetallic catalysts and those
btained with monometallic copper or nickel catalysts for the sake
f comparison. It can be seen that bimetallic samples exhibit better
onversion than copper catalyst but lower conversion than nickel
atalyst. Selectivity values reported in Table 5 indicate a higher
electivity for Cu-Ni(1–1)/CePr15 sample, while the selectivity of
u-Ni(1–3)/CePr15 sample is similar to that of monometallic Ni
atalyst. The replacement of Ni by Cu over the support keeps an
cceptable WGS  activity without promoting methanation. In par-
icular, Table 5 indicates that sample Cu-Ni(1–1)/CePr15 allows
educing CO concentration from 8% in the feed to approximately 1%
ith selectivity close to 3, i.e. virtually without net H2 lose during

he reaction.

. Conclusions

Copper and nickel catalysts supported on praseodymium-doped
eria (PDC) were prepared, characterized and evaluated for the

GS  reaction in the 250–450 ◦C temperature range. Concerning
are supports, doping with small loadings of Pr (5 Pr wt.%) increases
he reducibility and the oxygen storage capacity of ceria. Nickel cat-
lysts show to be more active than copper catalysts, particularly
t high temperatures. Under our operation conditions, Ni catalysts
upported on CePr0, CePr5 and CePr15 supports are able to achieve
quilibrium CO conversions for temperatures higher than 350 ◦C.
u and Ni catalysts supported on PDC with 5 Pr wt% are more
ctive than samples supported on pure ceria. Methanation is likely

o take place over Ni-containing catalysts, but this tendency to CO
nd CO2 methanation is partially reduced in catalysts supported
n praseodymium-doped ceria and bimetallic catalysts. In fact, the
atalyst with a Cu-Ni 1–1 molar ratio supported on PDC with 15 wt%

[
[
[
[

: General 460– 461 (2013) 15– 20

Pr has shown a CO conversion of 85% (less than 1% mol/mol of CO in
the exhaust of the reactor) and a CO2/CH4 selectivity close to 3/1 in
a temperature range of 350–450 ◦C, according to the main objective
of this work.
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