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Three copper containing catalysts supported on ceria and mixed oxides of ceria with zirconia and titania
were prepared by co-precipitation method and their catalytic activity was tested for water gas shift
(WGS) reaction. High surface area (>100 m?/g) mixed oxides were obtained following the present

Keywords: method of preparation. The catalysts were characterized by XRD, H,-temperature programmed reduction
Water gas shift (TPR), UV-vis and XPS. Catalytic activity was evaluated for water gas shift reaction in the 200-400 °C
Copper temperature range. The gas hourly space velocity was varied from 5000 to 25,000 h~! for better

Cer@a . . evaluation and comparison of their performance. The effect of CO, in the feed gas mixture on the WGS
E:;:'f;:acsga activity of these catalysts was also studied. Among the three catalysts studied, CuO-CeO,-ZrO, mixed
oxide shows better activity, implying the influence of support. Characterization of the catalysts after WGS

Co-precipitation

reaction was also carried out in order to investigate structure-property correlation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are expected to
play crucial role in the future success of hydrogen economy [1-5].
Currently, hydrogen generation is carried out in large-scale
stationary units, either through steam reforming or autothermal
reforming of hydrocarbons [6], particularly natural gas or naphtha.
However, there is hardly any distribution and storage network to
supply the hydrogen for distributed production of back-up electric
power using the more efficient fuel cells. Hence, there is a need to
generate hydrogen locally in a distributed way, so that it can be fed
to PEM fuel cells. The reformate gas that comes out of a steam or
autothermal reformer mostly contains a very high content of
carbon monoxide, which varies in the range 8-15 vol.% depending
on the operating conditions. These hydrogen rich feeds containing
high concentration of CO cannot be directly used by PEMFC as CO
can poison the Pt anode catalyst, through irreversible adsorption at
low temperatures of operation. Hence, similar to present industrial
practice, CO content has to be brought down by reacting it with
water in presence of an active catalyst, called water gas shift (WGS)
reaction. This step while reducing the CO content, enriches the
hydrogen in the reformate [7,8]. Followed by this step, pure
hydrogen is produced by pressure swing adsorption. Alternately, a
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preferential oxidation step helps to remove the low content of CO
to trace levels in the gas stream to make it eligible as fuel for PEM
fuel cells.

The WGS is usually carried out in two stages, a high
temperature shift (HTS) carried out in 350-400 °C zone to bring
CO in the range of 2-3 vol.% followed by low temperature shift
(LTS) carried out in the 180-200 °C temperature zone to bring
down the CO to very low levels up to 0.3 vol.% [9,10]. The WGS
reaction, which converts CO to H, + CO, by reaction with water, is
exothermic as given below:

CO + H,0 & H, +C0O,; AH= —41.1kJ/mole

Since, the WGS reaction is thermodynamic equilibrium
controlled; it is favoured at low temperatures. On the other hand,
kinetically, the catalysts are not so active to attain the equilibrium
at low temperatures. Commercial high temperature (350-400 °C)
shift reactors contain Fe,03-Cr,05 oxide-based catalysts while LTS
is usually a mixed oxide of CuO-ZnO-Al,0s, active at lower
temperatures (180-200 °C) [11]. Both the catalysts can handle very
low space velocities in the range of 2000-4000 h~!, depending on
the inlet CO content. Moreover, the HTS catalyst has to be operated
carefully to avoid formation of Cr(VI), while the LTS catalysts have
limited use in small scale and mobile applications as they are
extremely pyrophoric upon exposure to air during the frequent
shut-off and switch-on procedures involved in such cases [12].
Hence, there is a need for developing a non-pyrophoric and stable
catalyst that can give required activity at high space velocities,
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leading to compact shift reactors. Additionally, instead of two shift
stages, if a mid temperature shift catalyst can be found that brings
down the CO content to <1 vol.%, it will help reduce the size of the
fuel processor further. To address this problem, we have taken up a
study to prepare Cu-based catalysts supported on various ceria-
based mixed oxides that should work at high space velocities.

It was reported that ceria (CeO,) is an active ingredient for
obtaining better water gas shift catalysts due to its ability to
undergo rapid reduction/oxidation cycles. The high activity of ceria
in redox reactions can be related to its ability to exist in different
oxidation states (+3 and +4), the ease with which the oxidation
states are changed, its high oxygen storage capacity (OSC) and
reducibility [13-16]. As a result of this versatility, CeO, is ideal to
be used as a support for transition metal catalysts [17-19]. Indeed,
CuO supported on ceria is a well-studied system for CO and
methane oxidations, and for preferential oxidation of CO in
presence of hydrogen [20-22]. However, ceria is prone to sintering
under reaction conditions. Whereas, doping with stable cations
such as Zr** was reported to enhance the structural stability of
ceria towards sintering [23,24].

The present study deals with the synthesis, characterization
and WGS activity of copper on ceria, ceria-zirconia and ceria-
titania supports. It attempts to rationalize their catalytic behaviour
based on structure-property correlations.

2. Experimental
2.1. Catalyst preparation

Three copper-based mixed oxides, CuO-CeO,, CuO-Ce0,-Zr0O,
and Cu0-Ce0,-TiO, were prepared by co-precipitation using dilute
solutions to yield high surface area oxides. Appropriate quantities
of 0.1 M aqueous solutions of Cu (NOs),-6H,0, Ce(NOs3)s3-6H,0,
ZrO(NO3),/K,TiO(C204),-2H,0 were stirred in a round bottom flask
and to this solution, KOH was added dropwise to precipitate the
corresponding hydroxides. During the precipitation, it was heated
at 80 °C under constant stirring while maintaining the pH of the
precipitate in 9.5-10 range. Followed by this, the precipitate was
aged for 12 h, filtered and washed with distilled water till the pH
reached 7.5. The precipitate was dried in an oven at 100 °C for 12 h,
crushed and calcined in air in a muffle furnace at 500 °C for 4 h.

2.2. Catalyst characterization

The BET surface area (Sggr), of the mixed oxide samples was
measured by nitrogen sorption at —196 °C using a NOVA-1200
adsorption unit. The catalyst samples were evacuated at 300 °C for
3 h before measuring N, adsorption isotherms. The isotherms were
analyzed in a conventional manner in the region of the relative
pressure, p/po = 0.05-0.3. Powder X-ray diffraction patterns were
collected on a PANalytical X'pert Pro duel goniometer diffract-
ometer equipped with an X'celerator solid-state detector. Nickel
filtered Cu Ko (1.5418 A) radiation was used and the data
collection was carried out using a flat holder in Bragg-Brentano
geometry (10-90°; 0.2°/min). The mean crystallite sizes of the
oxides were calculated by applying Debye-Scherrer equation using
the FWHM values of the most intense peaks. Unit cell parameters
and crystallite sizes were calculated using X'pert suite of programs.

Diffuse reflectance UV-vis spectra were recorded in the 200-
800 nm range at room temperature in reflectance mode using a
PerkinElmer spectrometer. The reflectance spectra were converted
into the Kubelka-Munk function, F(R) that is proportional to the
absorption coefficient for low values of FR). Temperature
programmed reduction (TPR) profiles were obtained using
Micromeritics Autochem 2910 catalyst characterization system,

equipped with a TCD detector. Freshly calcined samples were
pretreated in high purity (99.98%) argon (Ar, 20 ml/min) at 500 °C
for 2 h. Followed by cooling to ambient temperature, Ar gas flow
was replaced with 5% H, in Ar and the catalyst was heated to 800 °C
at a heating rate of 10 °C/min. The flow rate of H,/Ar mixture was
kept at 30 ml/min for all the studies. The water produced during
the reduction step was condensed and collected in a cold trap
immersed in slurry of iso-propanol and liquid nitrogen. X-ray
photoemission spectra (XPS) were acquired on a VG Microtech
Multilab ESCA 3000 spectrometer using a non-monochromatized
Mg Ka (1253.6 eV) and Al Ko (1486.6 eV) X-ray sources.

2.3. Evaluation of catalytic activity

Evaluation of catalytic activity was carried out in a down flow,
fixed bed SS316 reactor with 11 mm i.d. (BTRS Jr, Autoclave
engineers). All the catalytic tests were carried out at atmospheric
pressure in the temperature range of 150-400 °C. About 0.5 cm? of
the catalyst in the particle size range of 35-50 mesh was loaded in
to the tubular reactor that has a thermo well placed in the center of
the catalyst bed. The temperature of the catalyst bed is
continuously monitored with the help of a Cr-Al thermocouple.
All the catalysts were activated in the flow of dry air at 400 °C
followed by cooling to the reaction temperature in nitrogen
atmosphere. The catalyst was reduced in 20 vol.% H, in N, gas
mixture while raising the temperature from 50 to 200 °C with a
ramp rate of 3 °C/min. Two synthetic feed gas mixtures, one
without CO, (40% Hy + 10% CO + 50% N5) and the other containing
CO, (40% H, +10% CO+15% CO5 +35% N;) was passed using a
thermal mass flow controller at a specified flow rate
(GHSV = 5000-25,000 h~!), along with the required amount of
H,0 (40% by volume). The water was charged by a high-pressure
Isco syringe pump 500D. The product gas mixture was cooled using
a chilled water condenser and the dry gas mixture was analyzed
online using a Chemito-1000 GC equipped with TCD detector and a
Spherocarb packed column (1/8 in. diameter, 8 ft length) that gives
base line separation of various gas components present in the
stream. A calibrated gas mixture of known composition was used
for quantification.

3. Results and discussion

Copper supported on CeO, is reported to be highly active for low
temperature CO oxidation. Recently, this system has been
exploited for WGS reaction [25,26]. The physical and chemical
state of the copper species plays an important role here. A recent
study revealed that active metal with partial ionic character
present in the interface of nano particles and the support influence
the activity of the catalyst [27-29]. The effect of particle size of the
active metals on catalytic activity is also well studied. Higher
loading of CuO on oxide supports can lead to bigger particles and
hence lowering of the activity. Moreover, pyrophoricity also
increases with copper loading. Hence, we have chosen an optimum
loading of 10 wt.% for the current study. Usually, impregnation
methods are employed for metal loading on the surface of the
supports. However, to facilitate possible stabilization of Cu in ionic
form, we have resorted to co-precipitation method which would
lead to composite oxides. In this method, a simultaneous
precipitation of component hydroxides in the precursor may aid
in the surface incorporation of Cu® ions. Hence, 10% CuO-Ce0O, was
prepared by co-precipitation method. To study the effects of
doping, 10% CuO-CeO,-ZrO, and 10% Cu0O-Ce0O,-TiO, were
synthesized by the same method. These samples will be referred
to as CuCe, CuCeZr and CuCeTi hereafter. For comparison, pure
ceria was also prepared following the same procedure as used for
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Table 1
Physico-chemical characteristics of the catalysts before and after WGS reaction

Crystallite size

Catalyst composition Sper (mM?/g)

(nm)
Fresh Spent Fresh Spent
10% CuO + 90% CeO, 104 87 7.3 7.4
10% CuO + 45% CeO; + 45% ZrO, 171 97 4.2 4.6
10% CuO + 45% CeO, + 45% TiO, 139 63 3.0 3.0

the other materials. Phase analysis and crystallite size estimation
were carried out by powder X-ray diffraction and the results are
given in Table 1 and the patterns are shown in Fig. 1.

The XRD pattern of pure ceria showed that it corresponds to the
fluorite structure (JCPDS 34-0394). The pattern could be indexed
based on the reported data as belonging to cubic system with
a=5.4118 A (Fm-3m). Incorporation of Cu did not affect the
structure significantly and could be indexed with cell parameter,
a=5.40 A. However, copper is present as CuO as shown by the
discernible peaks in the 20 range 34-42°. The crystallite size of this
CuO phase could be calculated using Debye-Scherrer equation to
be >20 nm. However, the overall surface area is high and the ceria
particle size was around 8 nm. This shows that the CuO phase
exists outside the bulk ceria as big crystallites. However, in the
zirconia and titania doped systems, CuO peaks were absent which
is expected for low metal loading which in turn leads to very small
crystallites highly dispersed in the support matrix. This also points
to a possible size of <3 nm for the CuO particles. The small size of
CuO clusters can promote more interactions with the support and
hence enhance Cu®* ions in the metal-support interface during
reduction. The cell parameter of the fluorite ceria was affected by
doping with zirconia and titania (a=5.32A) indicating the
formation of a solid solution. This is further corroborated by the
absence of any individual zirconia or titania phase peaks. More-
over, the crystallinity of the ceria phase decreased by doping with
zirconia; the effect being more pronounced with titania. It is quite
possible that at the percentage substitution used in this study,
zirconia leads to better structural stability than titania.

The chemical state in which the copper oxide phase exists in all
the three catalysts was followed by X-ray photoelectron spectro-
scopy and UV-vis spectroscopy. The results showed the presence

[
5
z
Pnd
‘@
g b
=

a

20()

Fig. 1. XRD patterns of fresh (a) CuO-CeO,; (b) CuO-Ce0,-ZrO,; (c) CuO-Ce0,-TiO,
samples.
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Fig. 2. Cu 2p core level XPS spectra of (a) CuO-CeO,; (b) CuO-Ce0,-Zr0O,; (c) CuO-
Ce0,-TiO, samples.

of Cu®* [30] as evident from the main peak in the 934.0-933.7 eV
range (Fig. 2). The satellite peaks point to the presence of d°
configuration as in Cu®*. Presence of reduced copper species is
usually manifested in the intensity ratios of the main peaks and the
satellite peaks. In the above compounds, the area under the
satellite peaks was found to be >0.55 indicating that the copper
exists as Cu?*. The Ce 3d region of CuCe showed a typical CeO,
spectrum with two main peaks at 916.7 and 882 eV with the
corresponding satellites. However, doping with ZrO, and TiO,
seems to lead to a much broader spectrum with reduced satellite
peak intensities. There is no evidence of the presence of Ce in lower
oxidation states.

UV-vis spectra (Fig. 3) show the presence of broad peaks in the
region of 210-270 nm corresponding to the charge transfer bands.
This band indicates the O, — Cu?* ligand to metal charge transfer
(LMCT) transition [31]. The interesting factor here is the intensity
variation between the samples. The LMCT band corresponding to
CuCeZr was found to be more intense than the other two samples.
This might indicate a better interaction of Cu?" species with the
oxide support in case of CuCeZr.

The physical properties of the catalysts like reducibility, metal-
support interactions, etc. are found to have profound effect on their
WGS activity. The WGS activity tests on these catalysts show that
this indeed is the case. We found discernible differences in the
behaviour of CuCeTi and the other two copper catalysts. First the
CO conversion was followed in the absence of CO, (Fig. 4). The CuCe
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Fig. 3. UV-vis spectra of (a) CuO-CeO,; (b) CuO-Ce0,-Zr0,; (c) CuO-Ce0,-TiO,.
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Fig. 5. CO conversion in presence of CO, in the feed gas mixture. (v%) Equilibrium
conversion; (A) CuO-CeO,; (@) CuO-Ce0,-Zr0,; (%) CuO-Ce0,-TiO,.

and CuCeZr catalysts achieved the theoretical equilibrium con-
version at 350 °C reaching a conversion of 90%. Whereas, on CuCeTi
catalyst, the maximum CO conversion that could be attained was
only 83% at 350 °C. However, in real conditions, the CO, co-existing
in the reformed gas greatly influences the CO conversion in the
water gas shift reaction. As water gas shift is a reversible reaction,
the CO, in the gas mixture should influence the CO conversion to a
large extent. Hence, activity tests were carried out under
equilibrium conditions under which the differences between
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Fig. 6. CO conversion as a function of space velocity in the absence of CO, in feed.
(M) CuO-CeO,; (@) CuO-Ce0,-Zr0;; (A ) CuO-Ce0,-TiO-.
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Fig. 7. CO conversion as a function of space velocity with CO, containing feed. (H)
CuO-Ce0;y; (@) CuO-Ce0,-ZrO,; (A) CuO-Ce0,-TiO,.

CuCeZr and the other two catalysts becoming more pronounced.
Fig. 5 shows the effect of CO, in the feed gas. The CO conversion
decreases to 43 and 78% respectively in case of CuCeTi and CuCe,
these values are far away from equilibrium conversions. However,
the CuCeZr catalyst still gives equilibrium conversion of CO at
350°C. A similar effect is also seen when space velocity is
increased. Figs. 6 and 7 show the effect of space velocity on WGS
activity at 350 °Cin the absence and presence of CO, in the feed gas
mixture respectively. The tests were performed at space velocities
varying between 5000 and 25,000 h~ . The CuCe and CuCeZr show
reasonably good CO conversion even at higher space velocities and
the conversion falls gradually as the space velocity is increased.
But, in the case of CuO-Ce0,-TiO, catalyst, the CO conversion
decreased very rapidly as the space velocity is increased. The fact
that the activity was affected by the introduction of CO, thereby
affecting the equilibrium prompted us to study the reverse water
gas shift (RWGS) activity of the TiO, doped catalyst. This reaction
was carried out with equilibrium concentrations of H, and CO,.
Interestingly, the catalyst did not exhibit any RWGS activity.

As mentioned earlier, the differences in WGS activity exhibited
by catalysts based on different supports can only be attributed to
the effect of the doping oxides on the catalyst characteristics like
reducibility of copper species. This was studied by TPR measure-
ments. Each Cu-based sample showed characteristic behaviour as
shown in Fig. 8. TPR studies were carried out in the temperature
range 50-900 °C. In the case of CuCe catalyst, two reduction peaks
were seen at 150 and 184 °C. These can be attributed to the
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Fig. 8. TPR profiles of (a) CuO-CeO,, (b) CuO-Ce0,-ZrO, and (c) CuO-Ce0,-TiO,
(inset, TPR profile of pure CuO).
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Fig. 9. XRD patterns of spent catalysts (a) CuO-CeO,; (b) CuO-Ce0,-Zr0O,; (c) CuO-
Ce0,-TiO,.

reduction of highly dispersed copper in close interaction with CeO,
matrix and the bulk like copper oxide or its clusters which are
relatively difficult to reduce, respectively [32]. Though CuO may be
reduced in two steps, Cu?>* — Cu'* and Cu'* — Cu® literature
reports suggest that Cu?* is reduced in a single step. The hydrogen
consumption of HT peak was several times higher than that of LT
peak indicating that the latter reduction step consumes more
hydrogen, as it may have contribution from reduction of CeO,,
along with Cu?* reduction, as a result of spillover effect
[21,27,33,34]. When compared to the profile of crystalline CuO,
the reduction peaks are shifted much to lower temperatures. This
is due to the effect of the support on the reducibility of CuO and
also the presence of well-dispersed Cu?* ions [35]. However, in the
case of CuCeZr, the reduction starts at slightly lower temperature
(143 °C) evidencing an enhanced reducibility with the addition of
ZrO,. Interestingly, in the case of CuCeTi, the profile was very
different from that of other two catalysts, showing three reduction
peaks. Moreover, overall reduction temperatures also increased by
more than 20 °C. Hence unlike ZrO,, addition of TiO, to CeO, seems
to have a negative effect on the overall reducibility of the catalyst.

The catalytic behaviour can also be better understood by
characterization of the spent catalysts. As given in Table 1, the
surface areas of all the three catalysts were reduced after the WGS
reaction. Contrary to the expectations, the doped oxides under-
went more sintering. However, this effect is not very pronounced
in crystallite sizes which remained more or less same after the
reaction. The reaction condition under which WGS is carried out is
highly reducing. Hence, a reduction of the CuO phase to metallic Cu
in situ is expected, in spite of water being present in the stream.
However, Cu being highly pyrophoric, on exposure to air, Cu
metallic phase is completely oxidized back to the CuO phase.
Instead of a direct observation of metallic Cu, we focused on the
CuO phase before and after WGS reaction. The ~20 nm CuO
particles in CuCe catalyst, after WGS reaction, became much more
dispersed (Fig. 9). Hence we can envisage the formation of highly
dispersed active metallic Cu under the reducing ambience of the
reaction. The CuCeZr and CuCeTi catalysts, however, showed an
opposite behaviour. The CuO particles were very small (<3 nm)
and highly dispersed in the oxide matrix to begin with and after the
reaction, the phase could be clearly seen in XRD spectra. In the case
of CuCeZr, the particle size of the re-oxidized CuO is more than that

in CuCeTi; both are albeit highly dispersed. Hence, it is quite
possible that the active sites in all the three catalysts have more or
less the same physical characteristics during the reaction.

4. Conclusions

The activity of Cu-based catalysts with different supports has
been investigated using synthetic gas mixture that mimics the
realistic conditions of WGS reaction. Among the catalysts
reported, CuO-Ce0,-ZrO, and CuO-CeO, composites showed
better performance when compared to CuO-CeO,-TiO,. Even
though doping is expected to increase the stability, in case of TiO,
doping, it was observed from XRD studies, that the crystallinity of
Cu0-Ce0,-TiO; is not enhanced; on the contrary, it had an adverse
effect. However, presence of CuO phase of similar characteristics
in the spent catalysts indicates that it is possible that the active
copper metallic phases in all the catalysts were also similar during
the reaction. The observed differences between the catalytic
behaviour, hence, could only be attributed to the difference in
interaction of CuO phase with the different supports used. As
evidenced from TPR studies, reducibility may play an important
role in enhancing the activity.
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