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Abstract

In view of the stringent CO intolerance of the proton-exchange membrane fuel cells (PEMFCs), it is essential to eliminate even trace amounts of
carbon monoxide from the reformate streams. The preferential oxidation (PROX) is considered to be a promising method for CO cleaning up.
Catalytic systems, based on copper supported on ceria-modified organized mesoporous alumina, were investigated for the PROX of CO in
hydrogen-rich gas stream. The catalysts showed an interesting activity in the CO-PROX. The sample with the best catalytic performance was
characterized by N, adsorption—desorption, X-ray photoelectron spectroscopy (XPS), X-ray powder diffraction (XRPD), high-resolution

transmission electron microscopy (HRTEM), temperature-programmed reduction by H, (H,-TPR), and successive re-oxidation (TPO).

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen, in combination with fuel cells, has been
proposed, in the last years, as alternative energy source, for
mobile and stationary applications, in order to substantially
reduce the atmospheric pollution and the global dependency on
fossil fuels [1-3]. In particular, hydrogen fed proton-exchange
membrane fuel cells (PEMFCs) can produce electrical energy
at low temperature with high efficiency and they are therefore
particularly suitable for use on board of motor vehicles [4-7].

Nevertheless, the hydrogen storage, distribution and
transportation are, up to date, still major problems. A solution
can be the on-site hydrogen generation from a suitable gas or
liquid fuel and on board reforming of alcohols (mainly ethanol
and methanol) is considered a technically feasible and
convenient way to produce hydrogen suitable to feed a PEM
fuel cell [8-16].
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Conventional fuel reformers are based on complex multistage
processes, such as steam reforming or oxidative steam reforming
[8-16], where hydrogen-containing compounds (MeOH or
EtOH) react with oxygen and water, producing hydrogen streams
often containing variable amounts of carbon monoxide.

Reforming must be followed by gas conditioning, gas
separation and purification stages because, under the operating
temperatures, PEM fuel cells are extremely sensitive to even
trace amounts (<50 ppm) of CO [17]. An effective route to CO
removal is the preferential oxidation (PROX) of CO to CO, in
the presence of an excess of H, that can reduce the carbon
monoxide concentration in the feed to PEMFC down to few
ppm [18-20].

The main reactions involved are:

desired reaction : CO + %02 —CO, AH = —67.6kcal/mol
(1)

undesired reaction : H, + 10, — H,0 -
AH = —58.6kcal /mol
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The reactions (1) and (2) are irreversible, exothermic and
competitive.

The current catalysts for CO PROX are based on late
transition metals such as Pt [21-30], Rh and Ru [31-38] or
coinage metals Au [39-51] or Cu [52—-62] supported on oxides.
Studies are also reported on nonprecious transition metals such
as Co, Cr, Ni [63,64]. One of the most interesting catalytic
system is represented by the CuO-CeO, association that
resulted more selective and thermally stable than Pt or Au based
catalysts [59-62]. It is not entirely clear how the redox
properties and the metal-ceria interaction affect the catalytic
performance, although the facile Ce(III)-Ce(IV) conversion and
the high oxygen storage capacity on the ceria appear to play
significant roles [65,66].

Moreover, the absence of precious metals in the composition
of these catalysts constitutes a remarkable economic advantage,
in view of their large-scale potential application in fuel cell-
powered vehicles.

The very interesting properties of catalytic systems based on
organized mesoporous oxides are also well known [67-69]. In
this paper, we present our studies on hydrogen purification by
CO-PROX catalyzed by copper supported on ceria-modified
organized mesoporous alumina.

2. Experimental
2.1. Reagents

All the materials used in this paper are Aldrich products and
no further purification was carried out.

2.2. Catalyst preparation

The synthesis procedure, for the preparation of an organized
mesoporous alumina, is a slight modification of that reported
by éejka et al. [70] and is based on the addition of aluminum
tri-sec-butoxide (27.4 g) to a calculate amount of water
(6.2 ml) and stearic acid (10.2 g), previously dissolved in 1-
propanol (200 ml) by sonication, in order to reach the molar
composition of: 1 Al(sec-BuO);: 0.33 C,;H35COOH: 24
C3;H;0H: 3 H,O. The resulting suspension was aged in a
Teflon-lined autoclave for 42h at 100 °C, recovered by
centrifugation, calcined in nitrogen flow at 410 °C, and
subsequently in air at 500 °C. The obtained material is referred
to as AA.

Ce0,/Al,03 was prepared by impregnation of 5 g of the AA
alumina (specific surface area = 338 m” g~') with 10 ml of an
aqueous solution of Ce(NOs3);-6H,O, in order to obtain a
loading of CeO, respectively fixed to 5, 10, and 20 wt%. The
impregnated aluminas were dried overnight, calcined up to
500 °C for 6h in air flow (heating rate 3 °C min~ ") and
subsequently impregnated with 10 ml of an aqueous solution of
Cu(NO3),-3H,O, to give a final Cu load of 5 wt%. The
materials were then dried, calcined up to 500 °C in air flow
(heating rate 3 °C min'), keeping the temperature constant
for 3 h.

2.3. Activity measurements

Catalytic activity tests were carried out in a laboratory flow
apparatus with a fixed bed reactor operating at atmospheric
pressure. The catalyst, with a defined particle size (0.050-
0.110 mm), was introduced into a tubular Pyrex glass reactor
(5 mm i.d.), placed in an aluminum-heating block.

Before the catalytic experiments, the sample (0.100 g) was
heated in situ at 400 °C under flowing air for 1 h. The total flow
rate of the reaction mixture was 30 cm® min~! (W/
F =0.2 gscm ). The feed rate was controlled by mass flow
meter (Brooks). The reaction mixture consisted of 0.6% CO,
0.6% O,, and 30% H, (% vol) in He (purchased from SIAD).
Calibration of the GC was done with a gas mixture containing
1% CO, 1% CO,, 1% O, in He. The gas lines were heated at
100 °C, in order to avoid water condensation after the reactor
outlet. An ice-cooled water condenser was used to trap the
excess of water downstream of the reactor. A HP6890 GC gas
chromatograph equipped with a thermal conductivity detector
was used to analyze the outlet composition. A CP Carboplot P7
column was used, with helium as carrier. Methane formation
was found to be negligible at the reaction temperature in our
experimental conditions. The temperature was varied between
100 and 300 °C, and measurements were conducted till a steady
state was achieved.

The carbon monoxide and oxygen conversions were
calculated based on the CO (Eq. (1)) and O, (Eq. (2))
consumption, respectively:

in out

CO conversion(%) = w x 100 (1)
co
i, ~ i
O, conversion(%) = —*——= x 100 (2)
noz

The CO selectivity towards CO, was estimated from the
oxygen mass balance as follows (Eq. (3)):

out

n
CO selectivity(%) = ————2

. 100 3
205, — ) ©

2.4. Characterization methods

Inductively coupled plasma (ICP) analyses were performed
with a Perkin-Elmer Optima 3100 XL spectrometer.

Nitrogen adsorption—desorption measurements (BET
method) were performed at liquid nitrogen temperature
(— 196 °C) with an ASAP 2010 apparatus of Micromeritics.
The analysis procedure is fully automated and operates with the
static volumetric technique. Before each measurement, the
samples were outgassed first at 130°C for 12h at
5% 107 Torr and then at room temperature for 2h at
0.75 x 107° Torr. The N, isotherms were used to determine
the specific surface areas (SA), using the BET equation, and the
specific pore volume (V5), calculated at P/Py = 0.98. The pore
size distribution was calculated following the BJH model.
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Table 1
Analytical data and textural characteristics of the catalysts

Catalyst Support composition® (wt%) Cu loading” (wt%) SA* m?g™") Ve (em®g™) BJH D,,OI (nm)
ACe5Cu5 5% Ce0O,/Al,05 5 270 0.36 4.8
ACelOCu5 10%Ce0,/Al,05 5 233 0.31 4.8
ACe20Cu5 fresh 20% CeO,/Al,05 5 200 0.26 4.8
ACe20Cu5 used 20% CeO,/Al,03 5 185 0.24 4.8

The data of the ACe20Cu5 sample are reported both for the fresh and the used material.

? Determined by elemental analysis ICP-OES.
" BET specific surface area.

¢ Specific pore volume at P/Py = 0.98.

4 Pore diameter evaluated by BJH method.

X-ray photoelectron spectra were collected using a Physical
Electronics PHI 5700 spectrometer with nonmonochromatic
Mg Ka radiation (300 W, 15 kV, 1253.6 eV) for the analysis of
photoelectronic signals of O 1s, Al 2p, Ce 3d, Cu 2p, and Pd 3d
and with a multichannel detector. Spectra of powdered samples
were recorded with the constant pass energy values at 29.35 eV,
using a 720 wm diameter analysis area. During data processing
of the XPS spectra, binding energy values were referenced to
the C 1s peak (284.8 eV) from the adventitious contamination
layer. The PHI ACCESS ESCA-V6.0 F software package was
used for acquisition and data analysis. A Shirley-type back-
ground was subtracted from the signals. Recorded spectra were
always fitted using Gauss—Lorentz curves, in order to determine
the binding energy of the different element core levels more
accurately. The error in BE was estimated to be ca. 0.1 eV. Short
acquisition time of 10 min was used to examine C 1s, Cu 2p,
and Cu LMM XPS regions in order to avoid, as much as
possible, photoreduction of Cu®* species.

X-ray diffraction patterns were obtained with a Bragg—
Brentano powder diffractometer using Cu Ko radiation
(A=1.54184A) and a graphite monochromator in the
diffracted beam. The samples were disc-shaped pressed
powders. The average dimension of metallic particles was
determined by Scherrer equation.

Transmission electron micrographs were taken on a JEOL-
JEM 3010 high-resolution microscope (point resolution
0.17 nm), equipped with a lanthanum hexaboride (LaByg)
gun, using an accelerating voltage of 300 kV. The images were
taken with a CCD camera (Gatan, mod. 694).

Temperature-programmed reduction experiments were
carried out using a TPR AUTOCHEM 2910 instrument from
Micromeritics. Approximately 0.1 g of freshly calcined catalyst
was placed on top of wool glass in a quartz reactor. In order to
remove contaminants, the powder was pretreated in helium
(20 cm® min~") to 150 °C for 30 min. TPR experiments were
carried out in 10% Hu/Ar (20 cm® min™) increasing the
temperature from 0 to 600 °C (10 °C min~ "), by a temperature
programmable controller. A cryogenic trap consisting of a gel
formed by adding liquid nitrogen to iso-propanol, in a thermos
flask, was used to prevent water from entering the detector. The
TPO experiments were performed following TPR after cooling
the sample in helium to 0 °C. After that, 10% O,/He gas
mixture (20 cm® min~ ') was passed over the sample which was
heated to 600 °C.

3. Results and discussion
3.1. Catalytic activity measurements

The nomenclature used for the catalysts as well as their main
compositional and textural properties are summarized in
Table 1.

3.1.1. Role of the support composition

The effect of the support on the catalytic activity was
evaluated, examining a series of samples with a constant copper
content (5 wt%) and different ceria loadings.

As summarized in Figs. 1 and 2, the increasing amount of
CeO, appears to markedly influence in different way the
activity and the selectivity to CO, of the materials and the effect
depends on the temperature.

At 100 °C, only the catalysts containing more than 5% of
CeO, reach a conversion higher than 50%. Below 150 °C, the
selectivity of CO to CO, appears inversely influenced by the
ceria content (Fig. 2). The selectivity maximum was observed
for all samples at 150 °C (79% for ACe20Cu5 and 85% for
ACel0Cu5 and ACe5Cu5). The selectivity decreases with a
similar trend for all examined samples (Fig. 2) above 150 °C.

The CO conversion values increase with the temperature,
with similar trends, for all three samples, in the 100-200 °C
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Fig. 1. Variation of the CO conversion (%) as a function of the reaction
temperature obtained for the samples with an increasing amount of ceria (5—
10-20%) and a fixed amount of copper (5%).
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Fig. 2. Variation of the CO selectivity towards CO, as a function of the reaction
temperature obtained for the samples with an increasing amount of ceria (5-10—
20%) and a fixed amount of copper (5%).

temperature range. At 150 °C, ACe20Cu5 already shows a
value of 96% and ACel0Cu5 a value of 90%. At 200 °C, the
conversion values of all three samples reach the maximum and
are very similar, with a value of 99% reached by ACe20Cu5.

3.1.2. Preliminary durability test

The ACe20CuS5 catalyst behavior was also submitted to a
preliminary durability test at 200 °C (the temperature at which
it shows the highest conversion). The experiment is graphically
summarized in Fig. 3. The initial conversion value (99.6%)
decreases during the first 4 h and then remains stable at 98%,
for the further 96 h of operation. At the end of the run (96 h), the
catalyst activity was measured also at lower temperatures and
resulted similar to that of the fresh sample.

3.2. Catalyst characterization

The sample that showed the best catalytic performance,
ACe20Cu5, was fully characterized by several techniques.
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Fig. 3. CO conversion (%) as a function of time on stream using the ACe20Cu5
catalyst, with a feed stream of 1% CO and 1% O, in H, (7'=200 °C).
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Fig. 4. Adsorption—desorption isotherms of the fresh and used ACe20Cu5
catalyst.

3.2.1. Nitrogen adsorption—desorption

The N, adsorption—desorption isotherm of the sample before
and after the catalytic reaction, shown in Fig. 4, can be
classified as type IV, with a hysteresis loop typical of
mesoporous materials.

The BET surface area, cumulative pore volume, and pore
diameter distribution of the catalyst prior and after the reaction,
are compiled in Table 1. The specific surface area of the
impregnated material, both fresh and used, is relatively high,
considering that, during the impregnation step, the pore of the
mesoporous alumina can be partially obstructed by metal
particles.

After one cycle of activity, there are not evident changes in
specific surface area, pore volume, and pore size distribution,
that remain almost unchanged, within the experimental error.

The pore size distribution, calculated by the BJH method on
the adsorption branch isotherm, is narrow, characteristic of
uniform pores, the average diameter of which is centered at ca.
4.8 nm, either for the fresh catalyst or the used one.

3.2.2. X-ray photoelectron spectroscopy (XPS)

XPS was used to study the chemical state of the elements
and their relative abundance at catalyst surface. The Ce 3d, and
Cu 2p signals were of particular interest to know the chemical
state of the active phase in the fresh and in the used catalyst
ACe20Cus5.

The core level Ce 3d signal of ceria is typically composed
[71] of six peaks vy, vy, and v, (Ce 3ds/,) and vp, V|, and v}, (Ce
3ds/,) and corresponds to Ce* 3d final states. The low binding
energy doublet v; /v at 888.9 and 907.5 eV originated from the
state Ce(IV)3d “4f '02p°, the doublet vy/vj, at 882.3 and
901.0 eV from the state Ce(IV)3d 4f 202p*, and the doublet
vy /v, at 898.2 and 916.8 eV corresponds to the final state
Ce(IV)3d %47 °02p°. Ce™ oxide species present a doublet u /1,
at 880.5 and 898.8 eV assigned to the final state Ce(III)3d 94f
'02p°, and a doublet u; /u) originated from the final state
Ce(II1)3d %41 202p° at 885.7 and 904.1 eV. The core level Ce 3d
spectra of the studied samples (Fig. 5) show the simultaneous
presence of the redox couple Ce**/Ce** with a B.E. value for
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Fig. 5. Ce 3d photoelectron profile of the sample ACe20Cu3, before and after a
cycle of PROX reaction.

the Ce 3ds,, main photoelectron line at 882.1 eV (vy) for both
the fresh and the used catalyst (v,), but with a shoulder at about
885.5 eV assigned to the presence of Ce" (u;). The intensity of
the Ce 3d signal of the used catalyst is higher than that of the
fresh one, and the intensity of the shoulders corresponding to
the simultaneous presence of Ce>* also increases. Moreover,
the found atomic concentration percentage of Ce is very low.
This low surface concentration of Ce can be explained taking
into account the mesoporous nature of the alumina sample.
The corresponding core level Cu 2p spectra are also
complexes and are shown in Fig. 6. The spectrum for the fresh
catalyst shows a broad Cu 2p;/, signal, centered at 934.6 eV,
that can be decomposed in two peaks, one of lower intensity at
932.8 eV, and the other one, more intense, at 934.7 eV. The
assignment of these peaks is not easy. Many authors have
studied by XPS the CuO—eO, system [20,61,72] and three kinds

Cu2p
ACe20Cu5 used

ACe20Cu5 fresh

970 960 950 940 930

Fig. 6. High-resolved XPS Cu 2p spectra of fresh and used ACe20Cu5.

Table 2
BE values (in eV) and surface Ce/Al, Cu/Al, and Ce/Cu atomic ratios

Sample O 1s Al2p Ce 3ds;, Cu 2psp Ce/Al Cu/Al Cu/Ce

ACe20Cu5 fresh 531.1 74.3 882.1 932.8 (32%) 0.011 0.169 14.71

934.9 (68%)

ACe20Cu5 used 531.1 743 882.1 932.6 (55%) 0.014 0.075 5.35

934.7 (45%)

of copper have been proposed: bulk CuO particles, well
dispersed Cu,O clusters, and isolated ions strongly associated
with the ceria (Cu-O-Ce), where the later type is the main active
site for the PROX reaction. The proposed oxidation state of
copper in the Cu-O-Ce phases at 932.8 eV is Cu'* [60,73-75].

In our case, the presence of a support as y-Al,O3 could give
rise to the formation of a surface stable spinel CuAl,O4. As a
consequence, the two peaks in the Cu 2ps3, signal may be
assigned to two types of copper: Cu®" in CuALO, (peak at
934.7 eV) very near to that reported for this spinel (934.5 eV)
[76] and Cu ions in Cu-O-Ce sites with a binding energy of
932.8 eV, typical of Cu'*. The core level Cu 2ps,, spectrum of
the used catalyst exhibits some interesting modifications, the
intensity of the peak at higher binding energy assigned to
CuAl,O4 decreases with a concomitant decrease in intensity of
its associated shake up satellites, whereas the intensity of the
peak assigned to Cu'™ slightly increases, being now this peak
more intense than that of Cu?*. The increase in intensity of both
Cu'* and Ce™, after catalysis, clearly indicates that both Ce**/
Ce™ and Cu®/Cu'* redox pairs participate in the catalytic
reaction.

Table 2 summarizes the binding energy values for both fresh
and used catalysts. These values are constant indicating that no
chemical changes at the surface were observed.

As expected, the Ce/Al atomic ratio barely varies, but
however, there is a dramatic decrease of the Cu/Al atomic ratio
for the used catalyst, meanly attributed to the decrease of the
atomic concentration percentage of Cu from 5.16% (fresh) to
2.62%(used). This decrease also explains the observed decrease
of the Cu/Ce atomic ratio upon catalysis. Perhaps, during the
catalytic reaction, Cu®* ions migrate toward the inner part of the
pores of the support, forming the spinel CuAl,O,4 and therefore
becoming more difficult to detect by XPS.

3.2.3. Powder X-ray diffraction (XRD)

The XRD patterns of the best performing sample
ACe20Cu5, before and after catalysis, and of that of bare
alumina are presented in Fig. 7.

The presence of broad and diffuse diffraction lines indicates
that the alumina support is a microcrystalline y-Al,O;.

Thermal treatment of the support at 500 °C, after impreg-
nation with Ce(NO3);, led to the formation of small particles of
ceria, with the expected diffraction lines of the fluorite oxide-
type structure. The mean diameter of the crystallites, calculated
from the X-ray line broadening according to the Scherrer
equation, was about 4 nm.

The XRD profile of the fresh catalyst is very similar to
that of the CeO,-Al,O5 (not shown in Fig. 7), with no hint of
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Fig. 7. XRD patterns of the bare alumina support and of ACe20Cu5 sample,
both fresh and used. The positions of cerium oxide characteristic peaks are
added for clarity.

copper-containing phases. It should be noted that the precise
state of this oxide in CuO-CeO, catalysts is still debated in
literature [71,77,78]. Thus, we may suppose that the absence of
copper oxide diffraction lines in this specimen can indicate both
the formation of finely dispersed Cu-O-Ce particles and of the
CuAl,O, spinel-like phase, as suggested by XPS findings, but
not detectable by XRD. After the reaction test, the XRD profile
of the sample remains unchanged.

3.2.4. High-resolution transmission electron microscopy
(HRTEM)

The HRTEM micrograph of the sample ACe20Cu5, before
reaction, is reported in Fig. 8. The inset shows the (11 1)

Fig. 8. TEM images of the sample ACe20Cu5 and, in the inset, a single particle
of ceria.
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Fig. 9. TPR profiles of the alumina AA-supported samples measured in the
temperature range of 0-600 °C: (a) CeO,/AA; (b) CuO/AA; (c) ACe20Cu5.

fringes of a single ceria particle, with an average size of about
4 nm, which is consistent with the size of the CeO, particles
calculated from the XRD pattern.

3.2.5. Temperature programmed reduction-oxidation
(TPR-TPO)

The H, temperature programmed reduction profile of the
CuO-Ce0,-Al,05 containing ACe20Cu5 sample is shown in
Fig. 9, together, for comparison, with those of the systems
Ce0,-Al,05 (CeO, 20%/AA) and CuO-Al, O35 (Cu 5%/AA).

The TPR profile (curve a) of CeO,/AA does not show any
significant reduction peak in the 0—600 °C temperature range.

The profile of ACe20CuS5 catalyst (curve c) seems to consist
of two peaks centered at 176 and 242 °C, respectively. A small
shoulder can be noticed at about 160 °C. Reduction is complete
at about 290 °C.

The TPR of CuO/AA was also carried out (curve b), for
comparison, in the same temperature range: the sharp peak at
275 °C can be attributed to the reduction of Cu** to Cu® of
copper oxide on mesoporous alumina in absence of cerium. The
fact that ceria-supported copper oxide species are reduced at
lower temperatures, compared with copper supported on
alumina, is well known. Indeed, it has been reported that ceria
promotes the reduction of highly dispersed copper oxide
species. Liu and Flytzani-Stephanopoulos [79] observed two
reduction peaks, attributed to CuO strongly interacting with
ceria at 157 °C and CuO particles not interacting with ceria at
ca. 180 °C. Consequently, we can assign the low temperature
peak at 176 °C, in the TPR profile of ACe20CuS5, to the
reduction of highly dispersed copper oxide on mesoporous
alumina strongly interacting with ceria oxide, probably as Cu'*
as is also suggested by XPS. The high temperature peak is
probably due to the reduction of Cu** of the spinel CuAl,O,.

The data from temperature programmed oxidation experi-
ments are shown in Fig. 10. The profile of ACe20Cu5 (curve b)
contains two broad peaks centered at 120 and 180 °C,
respectively. The low-temperature peak can be ascribed to
the oxidation of Cu” to Cu* and the high temperature peak can
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Fig. 10. TPO profiles of the samples: (a) CuO/AA; (b) ACe20Cu5.

be assigned to oxidation of Cu* to Cu®*, as for the profile of
CuO/AA (curve a).

4. Conclusions

The use of a microcrystalline organized mesoporous -
alumina, prepared by template sol-gel synthesis, allows one to
obtain, after impregnation with metal salts and calcination,
active Cu/Ce-based CO PROX catalysts with high surface area
and with a good thermal stability. The synergistic interaction
between Ce and Cu, that improves the reducibility of CuQ,
giving rise to the formation of surface Cu'*, as shown by TPR
and XPS analyses, appears to play a significant role in
determining the catalyst performance. The presence of an
organized system of dimensionally uniform mesopores, where
the active metal system is well distributed, is probably the
reason of the high activity and selectivity, at relatively low
temperature, of these materials.
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