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Activity and selectivity of a nanostructured CuO/ZrO, catalyst in the
steam reforming of methanol
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Steam reforming of methanol for production of hydrogen can be carried out over copper based catalyst. In the work presented
here, the catalytic properties of a CuO/ZrO, catalyst (8.5 wt%) synthesised by a templating technique were investigated with
respect to activity, long term stability, CO formation, and response to oxygen addition to the feed. The results were obtained using
a fixed bed reactor and compared to a commercial methanol synthesis catalyst CuO/ZnO/Al,O;. It is shown that, depending on the
time on stream, the temporary addition of oxygen to the feed has a beneficial effect on the activity of the CuO/ZrO,; catalyst. After
activation, the CuO/ZrO, catalyst is found to be more active (per copper mass) than the CuO/ZnO/Al,O3 system, more stable
during time on stream (measured up to 250 h), and to produce less CO. Structural characterisation by means of X-ray powder
diffraction (XRD) and X-ray absorption spectroscopy (XAS) reveals that the catalyst (as prepared) consists of crystalline,
tetragonal zirconia with small domain sizes (about 60 A) and small/disordered crystallites of CuO.
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1. Introduction

Using methanol as a hydrogen source for fuel-cell
applications is a favourable solutions to supply
hydrogen on board in comparison to other hydrocar-
bon fuels, because of the following reasons: low
temperature (250 °C) in steam reforming of methanol
(SRM), high hydrogen to carbon ratio, low CO
formation, and zero emission of NO,, SO, A
comparative study of different fuels for on-board
hydrogen production for fuel-cell-powered automo-
biles has been carried out by Brown [1]. Possible
processes for hydrogen production from methanol are
decomposition, steam reforming, partial oxidation,
and combined reforming (also called oxidative steam
reforming) of methanol [2-5]. A higher hydrogen yield
is obtained in steam reforming compared to partial
oxidation and oxidative steam reforming. The pro-
duction of CO in SRM using a commercial CuO/ZnO/
Al,O5 catalyst is significantly lower compared to the
CO production during decomposition of methanol [6],
but somewhat higher than in oxidative steam reform-
ing [2,4]. Commercial copper based catalysts with the
composition CuO/ZnO/Al,0O; are used for methanol
synthesis. Thus, several studies on the use of this type
of industrial catalyst for SRM have been published
recently [2,4,6,7]. Two main problems using this
catalyst system are the poor long term stability and
the formation of CO as a byproduct. CO poisons the
Pt electrode of a fuel cell, even at a very low
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concentration [8,9]. A number of copper based cata-
lysts promoted with different metal oxides Cu/Zn
[4,10-14], Cu/Cr [4,10,13,15], Cu/Mn [10,16], Cu/Zr
[4,13,15,17] have been investigated recently. Here, we
present a study on the catalytic properties of a novel
Cu0O/ZrO, catalyst. In order to improve the activity,
long term stability, and reduced CO formation, a
catalyst consisting of copper supported on ZrO, was
synthesised using a polymer templating technique. The
morphology and porosity of zirconia can be readily
controlled by the templating procedure, resulting in a
nanostructured material with high surface area. The
small copper particles formed during reduction of the
catalyst stay well separated by the ZrO, support,
preventing sintering and loss of copper surface area
with time on stream. The catalytic activity was
determined in a fixed bed reactor using gas chroma-
tography to measure the concentration of gases and
liquids in the product stream. A commercial CuO/
ZnO/Al1,03 catalyst (about 50 wt% Cu) was employed
for comparison.

2. Experiment
2.1. Catalyst preparation

For the preparation of the catalyst a templating
procedure was applied. At first, a porous polymer gel
was formed by radical polymerisation of organic mono-
mers in a highly concentrated surfactant solution [18—
21]. Subsequently, the gel was used as the template in a
sol—gel nanocoating process [22,23].
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2.1.1. Materials

The surfactant Tween 60 © (T60, polyoxyethyl-
ene(20) sorbitan monostearate), the organic monomers
acrylamide (AA), glycidylmethacrylate (GMA) and
ethylene glycol dimethacrylate (EGDMA) as well as
the radical initiator potassium persulfate (KPS) were
purchased from Aldrich. Zirconium(IV) propoxide
(ZrP, 70% in 1-propanol) and copper(Il) acetylaceto-
nate (CuAcac,) were also obtained from Aldrich. All
chemicals were used as received. The water employed
during the preparation was prepared in a three-stage
Millipore purification system (Milli-Q Plus 185) result-
ing in a resistivity higher than 18 MQ cm.

2.1.2. Polymer gel preparation

For the preparation of the polymer gel 25 g of the
structure directing surfactant, T60, were dissolved in
50.00 mL of water. The monomers (6.25 g AA and
6.25 g GMA) were added to this homogeneous solution.
Upon addition of 2.51 g of EGDMA as a crosslinker,
the solution became turbid. The initiator (0.63 g KPS)
was dissolved in the prepared mixture, which was then
poured into test tubes. Polymerisation was carried out at
60 °C. After 16 h the resulting gel was taken out of the
test tubes and cut into disks. The surfactant was
removed by soxhlet extraction (ethanol, 2 days) and
subsequent washing with water. Finally, the gel was
transferred into 2-propanol.

2.1.3. Sol-gel nanocoating

20.0 g ZrP and 2.0 g CuAcac, were stirred over night.
The resulting dark blue solution was nearly saturated
with the copper salt. The polymer gels were initially
soaked in this solution over night and then in a
hydrolysis solution for 24 h. The hydrolysis solution
was prepared from equal volumes of water and
2-propanol and saturated with CuAcac, by stirring it
with an excess of the salt for several hours; the
undissolved salt was removed by decanting the super-
saturated solution. After drying, the polymer gel was
removed from the metal oxide by heating the hybrid
material over 2h up to 500 °C under a nitrogen
atmosphere; then the gas was switched to oxygen and
the temperature was maintained for 10 h.

2.2. Structural characterisation

The X-ray diffraction (XRD) measurements were
performed on a STOE STADI P diffractometer (CuKo;
radiation, curved Ge monochromator) in transmission
geometry with a curved position sensitive detector.
X-ray absorption spectroscopy (XAS) data were col-
lected at beamline X1 at the Hamburg Synchrotron
Radiation Laboratory HASYLAB. The spectra were
taken at the CuK edge in transmission mode using a
Si(111) double crystal monochromator. 10 mg of sample
were mixed with 30 mg of hexagonal boron nitride (BN)

and pressed with a force of one ton into a 5 mm in
diameter self-supporting pellet. X-ray absorption fine
structure (XAFS) analysis was performed using the
software package WinXAS v2.3 [24]. Background sub-
traction and normalisation were carried out by fitting
linear polynomials to the pre-edge and the post-edge
region of an absorption spectrum, respectively. The
extended X-ray absorption fine structure (EXAFS) y(k)
was extracted by using cubic splines to obtain a smooth
atomic background, mO(k). The radial distribution
function FT(y(k)) was calculated by Fourier transform-
ing the k’-weighted experimental y(k) function, multi-
plied by a Bessel window, into the R space. EXAFS data
analysis was performed using theoretical backscattering
phases and amplitudes calculated with the ab-initio
multiple-scattering code FEFF7. [25] EXAFS refine-
ments were performed in R space to magnitude and
imaginary part of a Fourier transformed k*-weighted
experimental y(k). Structural parameters determined by
a least-squares EXAFS refinement of a Keggin model
structure to the experimental spectra are (i) one EO shift
for oxygen and copper backscatterer, (ii) Debye—Waller
factors for single-scattering paths, (iii) distances of
single-scattering paths. Coordination numbers (CN)
and S7 were kept invariant in the refinement.

2.3. Kinetic studies

2.3.1. Reactor setup

SRM was performed at atmospheric pressure in a
tubular stainless steel reactor (10 mm i.d.). The reactor
was placed in an aluminium heating block equipped
with six cartridge heaters with 125 watt each. The
temperature of the reactor was regulated by PID
controler of the cartridge heaters. Two thermocouples
of type J (Fe versus. (Cu + 43%Ni)), one in the
aluminium block, the other one in the catalyst bed,
were used.

2.3.2. Catalytic measurements

For SRM the catalyst powder was first diluted with
five times its weight of hexagonal BN and then the
mixture was pressed using a cylinder stamp with a
diameter of 29 mm. One gram of the mixture was put
into the cylinder stamp and was pressed at 200 bar for
4 min, the pressing was repeated three times for each
pellet. The pellet was then crushed into smaller particles
that were sieved to obtain a fraction with defined
particle size. The catalyst was supported by a stainless
steel fixed fine mesh grid. For flow conditioning, inert
Pyrex beads of the catalyst’s size (0.85-1.0 mm) were
placed on top and below the catalyst bed. A commercial
Cu0O/ZnO/Al,O5 catalyst from Siid-Chemie (approxi-
mately 50 wt% Cu) [16] was used as a reference catalyst.
The reactants, water and methanol, were introduced
into the reactor in a molar ratio of 1 and at a liquid flow
rate of 0.07 mL/min by means of an HPLC pump. Prior
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to the activity measurements, the catalyst was activated
at 250 °C in the reaction mixture. Non-condensable
product gases were separated from unreacted water and
methanol by passing the exhaust gases through a series
of cold traps. The dry effluent gases which contain
hydrogen, carbon dioxide and carbon monoxide were
analysed using a 25 m x 0.53 mm CarboPLOT P7
columm in a Varian GC 3800 equipped with a thermal
conductivity detector. Helium was used as carrier gas.
The composition of the condensed mixture (unconverted
methanol and water) was analysed by a second gas
chromatograph (Intersmat IGC 120 mL) using a
50 m x 0.53 mm fused Silica PLOT CP-Wax 58
(FFAP).

3. Results and discussion
3.1. Catalyst characterisation

3.1.1. X-ray diffraction

The XRD pattern of an ““as prepared” sample mixed
with 50 wt% corundum as internal standard is shown in
figure 1. All XRD lines detected correspond to tetra-
gonal (or cubic) zirconia, ZrO,. The fact that ZrO,
crystallises as a high temperature polymorph instead of
the room temperature thermodynamically stable mono-
clinic form could be explained by either copper doping
or particle size effects. The latter explanation is adopted
here because our EXAFS analysis yields no evidence for
copper incorporation into the zirconia lattice (see
below). The XRD lines are significantly broadened due
to small crystallite sizes, making it difficult to assess the
degree of tetragonality. Assuming a narrow and uniform
distribution, the average crystallite size can be estimated
to be in the order of ~60 A based on the Scherrer
formula. By comparison of the peak intensities with the
internal standard, the crystallinity of ZrO, is close to
100%, thus excluding a significant fraction of X-ray

amorphous zirconia. Furthermore, the XRD pattern
exhibits no peaks belonging to monoclinic ZrO,. Due to
the low copper content of the sample, an extremely weak
CuO 111 peak is the only detectable sign of a copper
containing phase. Upon reduction of the sample in 2%
hydrogen at 250 °C, the XRD pattern changes slightly.
In addition to the ZrO, peaks, the strongest reflection of
metallic copper (Cu 111) becomes detectable.

3.1.2. X-ray absorption spectroscopy

The CuK edge spectrum of the calcined catalyst
resembles that of copper(Il) oxide CuO, but exhibits a
pronounced reduction in amplitude (figure 2). An EX-
AFS refinement of a CuO model structure to the
experimental spectrum resulted in a very good agree-
ment between theoretical and experimental data, con-
firming that the copper containing phase of the catalyst
is indeed CuO (figure 3). Furthermore, the quality of the
fit allows us to exclude the presence of significant
amounts of other copper phases, including copper
incorporated into the ZrO, structure. The considerable
amplitude reduction of the experimental spectrum was
accounted for by a small Debye temperature (corre-
sponding to large Debye—Waller factors) for the CuO
model structure. Since the spectrum was taken at room
temperature, this indicates a significant amount of
disorder in the CuO structure and/or very small particle
sizes. The EXAFS analysis of the reduced Cu/ZrO,
sample shows that the reduction of CuO to Cu is
complete within the limit of detection, again yielding no
indication for copper doping of the zirconia structure. A
more detailed structural study on this catalyst system
will be presented elsewhere [A. Szizybalski, in prepara-
tion].

3.2. Catalytic measurements

In order to activate the catalyst, the initially present
copper(Il) oxide has to be reduced to metallic copper.
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Figure 1. X-ray diffraction pattern of the CuO/ZrO, catalyst mixed with 50 wt% corundum as internal standard.
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Figure 2. CuK-edge X-ray absorption spectra and radial distribution functions of the calcined catalyst (CuO/ZrO,) and two reference samples
(Cu,0, CuO).
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Figure 3. EXAFS fit of a CuO structure model to the experimental
fourier transformed y(k) of CuO/ZrO,.

Possible treatments would be: (i) direct reduction by the
methanol-water feedstock with methanol as the reducing
agent or (i) previous reduction in diluted hydrogen (e.g.
2%-5% H, in N,). The influence of the different

Methanol conversion

reduction treatments of the catalyst on the activity in
methanol steam reforming has been studied by Idem
and Bakhshi [26]. It was demonstrated that all Cu—Al
catalysts without promoter and catalysts containing the
optimum promoter (Mn, Cr, Zn) achieved higher
methanol conversion when reduced in a methanol-water
mixture than those initially reduced in a H, atmosphere.
In our present work, reduction of the catalysts with
methanol-water vapour at 250 °C was used for all
experiments. The catalyst activity was evaluated in terms
of methanol conversion (vol%). In order to evaluate the
activity and selectivity behaviour of the Cu/ZrO,
catalyst, a commercial Cu/ZnO/Al,O; methanol synthe-
sis catalyst (Stiid-Chemie, approximately 50 wt% Cu)
was examined at the same reaction conditions.

3.2.1. Activation behaviour

Figure 4 shows that the activity of the CuO/ZrO,
catalyst can be increased significantly by temporary
addition of oxygen to the feed (50 mL/min for 5 min).
However, it is also apparent that the timing of the
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Figure 4. Activation of Cu/ZrO, catalyst by introducing O, into the feed. Reaction conditions: methanol/water molar ratio 1, 7= 250 °C, flow
rate of methanol/water mixture = 0.07 mL/min, mass of catalyst = 150 mg.
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oxygen addition is an important factor. Initially, the
catalyst is only slightly active after reduction in the feed.
There is a slight increase in activity with time on stream.
Oxygen additions during the first few hours have no
apparent influence. In contrast, a drastic increase in
activity is initiated by introducing oxygen after a longer
time on stream. This sudden activity jump is followed by
an approximately exponential decrease that ends at a
higher activity level than before the oxygen addition.
Another addition of oxygen several hours later causes
only a small activity spike but no long term enhance-
ment.

Because the beneficial effect of oxygen addition seems
to depend on long time on stream, a similar experiment
was performed on a larger time scale (more than 500 h,
figure 5). It seems that the necessary time intervals
between ‘‘successful” oxygen treatments increase con-
tinuously. The last oxygen addition, applied about 200 h
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Figure 5. Activation of Cu/ZrO, catalyst by introducing O, into the
feed. Reaction conditions: methanol/water molar ratio 1, 7= 250 °C,
flow rate of methanol/water mixture = 0.07 mL/min, mass of catalyst =
300 mg.

1,0 ;

0,8

0,6

0,4 1

Methanol conversion

0,2

after the previous last (very effective) addition, resulted
in no further improvement. We concluded that the
catalyst had reached its final and stable activity.
Consequently, all further experiments on Cu/ZrO,
described in the following sections were performed with
the catalyst in this final state.

In order to study whether the catalyst activation is a
reversible process or not, the reactor was cooled down
to room temperature and opened at the end of one
experiment, exposing the catalyst to air. Several days
later, the reactor was closed again and reaction
conditions were applied. After a short start-up time
(re-reduction in the feed), the methanol conversion
returned to about the same value as before the cool-
down. This indicates that the activation procedure is an
irreversible process.

It seems likely that the activation via oxygen treat-
ment includes the formation of structural defects, which
results in an increased catalytic activity. In a previous
study [27], we were able to show that the activity of the
CuO/ZnO catalyst system depends strongly on defects in
the copper metal bulk structure, such as strain induced
by the Cu/ZnO interface, or zinc dissolved in copper due
to the preparation conditions. Structure—activity corre-
lations for the Cu/ZrO, catalyst described here, partic-
ularly bulk structural changes during the oxygen
treatment, are described elsewhere [A. Szizybalski, in
preparation)].

3.2.2. Catalytic activity

The contact time was varied by changing the liquid
flow rate of the methanol water mixture between 0.02
and 0.2 mL/min. Figure 6 shows the methanol conver-
sion as a function of W¢y/Fy,, with W, indicating the
mass of copper and F,, the flow rate of methanol. The
CuO/ZrO, catalyst is found to be more active than the
commercial CuO/Zn0O/Al,O5 catalyst. Another compar-
ison of the activity of CuO/Zn0O/Al,O; and CuO/ZrO,/
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Figure 6. Comparison of activity between CuO/ZrO, catalyst and CuO/ZnO/Al,O3 catalyst. Methanol conversion versus Wc¢,/F,, ratio
(Wcy: mass of copper).
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Al,O3 catalysts has been carried out by Menon and
co-workers [4]. Varying the copper loading from 3 to
12 wt%, they found that the CuO/ZrO,/Al,05 catalysts
were significantly less active than the corresponding
Cu0O/ZnO/Al,O5 catalysts. This discrepancy between
our result and those reported by Menon and co-workers
can be attributed to (i) the difference in the preparation
methods of the CuO/ZrO, catalysts (polymer templating
technique versus wet impregnation [28]) and (ii) the
activation procedure described above.

3.2.3. Stability of the catalyst

One of the main problems using a CuO/Zn0O/Al,0O3
catalyst in SRM is the deactivation with time on stream.
The experiment presented in figure 7 shows the meth-
anol conversion as a function of time on stream for both
Cu0O/Zr0O, and CuO/Zn0O/Al,05. In order to compare
the stability of both catalysts, the measurement was
performed at similar reaction conditions, i.e. dilution of
the catalyst with inert material and loading of the
catalyst in the reactor. The deactivation of the catalysts
with time on stream can be divided into two sections, (i)
0-100 h, the methanol conversion is decreasing non-
linearly, (ii) >100 h linear behaviour. The decrease of
the activity in the first section is more rapid than that at
time on stream larger than 100 h. At the initial period
(0100 h), the deactivation of the CuO/ZrO, catalyst
looks similar to that of the CuO/ZnO/Al,O3 catalyst.
However, after more than 150 h, the methanol conver-
sion is decreasing steadily for the CuO/ZnO/Al,O3
catalyst, while it appears to be constant for the CuO/
ZrO, catalyst. The initial exponential decay of activity
observed for both catalysts agrees with observations
made by Loffler et al. on CuO/ZnO/Al,O5/graphite [29].
The authors studied the deactivation of several com-
mercial water—gas shift catalysts in the methanol steam
reforming reaction over more than 2000 h time on
stream. Two simplified models for the deactivation rate
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were derived, based on (i) deactivation by metal
sintering, and (ii)) deactivation by feed poisoning,
respectively. With the time dependence of the two
models being significantly different (decreasing versus
increasing rate of deactivation), the exponential decay
observed for several catalysts was attributed to metal
sintering. Following this interpretation, the smaller
extent of deactivation of our CuO/ZrO, catalyst com-
pared to commercial CuO/ZnO /Al,O;5 seen in figure 7
indicates that the copper particles in the zirconia catalyst
are less prone to sintering.

3.2.4. CO formation

The presence of CO in the product stream of SRM is
a crucial problem for the use of the resulting hydrogen
gas in a fuel cell, because adsorption of CO on the Pt
electrode will deteriorate the polymer electrolyte fuel-
cell performance [30]. In a previous report, we have
shown that during the SRM over a commercial CuO/
ZnO/Al,05 catalyst, CO is formed as a consecutive
product by the reverse water-gas shift reaction [31]. In
addition, we were able to propose practical solutions for
minimising the formation of CO. Figure 8 shows the CO
production as a function of W, /F, ratio for the CuO/
ZrO, catalyst. The CO concentration, measured as
volume content in the dry product stream, increases
monotonically with increasing W.,./F, ratio for all
temperatures. The S-shape of the curves indicates that
CO, again, is formed as a consecutive product. There-
fore, the reaction pathway of CO formation may be the
same for copper based catalysts independent of the
support type or synthesis method. Figure 8 also shows
that the CO concentration increases with higher reaction
temperatures at constant contact time. When the CO
concentration is plotted as a function of the methanol
conversion, an exponential increase is obtained in the
observed temperature range (figure 9). In figure 10, the
same representation is used to compare the CuO/ZrO,
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Figure 7. Deactivation experiment with CuO/ZrO, catalyst and

Cu0O/Zn0O/Al,O5 catalyst at comparable reaction conditions.
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Figure 8. CO concentration as a function of W, /Fy, ratio. Mass of the catalyst (CuO/ZrO,) = 300 mg.
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Figure 9. CO concentration as a function of methanol conversion. Mass of the catalyst (CuO/ZrO,) = 300 mg.
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catalyst with CuO/ZnO/Al,05 at 250 °C. It can be seen
that CuO/ZrO, produces significantly less CO than the
commercial catalyst at high conversions.

4. Conclusion

The catalytic properties of a novel CuO/ZrO, catalyst
in the methanol steam reforming process were investi-
gated at a temperature range from 250 to 300 °C at
atmospheric pressure. The XRD and XAS results
revealed that the CuO/ZrO, sample consists of small
and/or disordered CuO particles and small particles of
crystalline, tetragonal ZrO,. The CuO/ZrO, catalyst can
be activated by introducing oxygen (50 mL/min) for a
short time (5 min) into the feed at reaction condition.
The data obtained from contact time variation reveals
that CO is produced as a consecutive product, as already
has been demonstrated for CuO/ZnO/Al,O3. The new
CuO/ZrO, catalyst, which was prepared by a polymer
template sol-gel method, exhibits the following
enhanced catalytic properties in comparison to the
commercial CuO/Zn0O/Al,O; catalyst: (i) higher activity
in terms of methanol conversion as a function of
Weu/Fm, (1) increased long term stability (i.e., less
deactivation), probably because the macroporous zirco-
nia support is more effective than ZnO/ALLO; in
preventing copper particle sintering, and (iii) reduced
CO formation, especially significant at high methanol
conversion. Our work shows clearly that a knowledge-
based preparation of heterogencous catalysts is feasible
permitting the rational design of materials exhibiting an
improved catalytic performance. Elucidating structure—
activity relationships is a necessary prerequisite for a
rational catalyst design, however, detailed knowledge
about appropriate preparation and treatment conditions
resulting in the right target structure of the heteroge-
neous catalyst is equally important.
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