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Viability of Au/Ce0O,-ZnO/Al,O3 catalysts for pure
hydrogen production via WGS

Tomas Ramirez Reina*a, Svetlana Ivanova®, Juan José Delgado®, lvan lvanov®,
Vasko Idakiev® , Tatyana Tabakova®, Miguel Angel Centeno® José Antonio
Odriozola®

The production of H, pure enough to use it in fuel cells requires the
development of very efficient catalysts for the WGS reaction. In this
study a series of gold catalysts supported on ZnO-promoted CeO,-
AlL,O; is presented as interesting systems for the purification of H,
streams via WGS. The addition of ZnO remarkably promotes the
activity of a Au/CeO,/Al,0; catalyst. This increase in activity is

Introduction

The experience gained from over a decade of sustained
research, development and demonstration projects confirms that
hydrogen and fuel cell (FC) technologies have a strong potential
to play a decisive role in the new energy system for the coming
years ", Hydrogen is an energy carrier that has to be produced
from hydrogen containing molecules such as hydrocarbons,
ammonia or chemical hydrides . The best short-term option
seems to be the production of hydrogen through the hydrocarbon
reforming. However the reformate is a mixture of hydrogen and
carbon oxides as main products . The presence of insignificants
amounts of CO in hydrogen flows inactivates fuel cell electrodes.
To avoid the poisoning of the fuel cell anode, several fuel
processing steps, including CO removal by means of the water
gas shift (WGS) and CO preferential oxidation reactions (PrOx)
must be applied. The development of efficient catalysts for these
processes is fundamental for the success of the so called
“hydrogen economy”.

Among the studied catalysts, gold-based materials have
been broadly employed for the WGS obtaining hopeful results in
many cases .. The high activity of gold catalysts for this process
is commonly associated to the gold particles size, dispersion and
interaction with the support. All of these aspects can be controlled
by the preparation method . The advantages of gold based
catalysts for the WGS have been recently summarized by Burch
1 In this work the debate about the reaction mechanism is
addressed. Conventionally, two main mechanism are proposed
for the WGS; i) the so-called redox mechanism (or surface
mechanism), where CO adsorbs on gold particles and reacts with
oxygen from the support, which, in turn, is reoxidised by water
and, ii) the associative mechanism, also called formate
mechanism, where formate species are generated from the
interaction of CO with OH from the support. The decomposition of
these intermediates yields to the reaction products, CO; and H..

mainly associated to the enhanced OSC exhibited for the Zn-
containing solids.

Not only high activity but also good stability and resistance towards
start-up/shut-down situations was found making these catalysts a
promising alternative for CO-clean up applications.

In addition Burch proposed an universal mechanism for the WGS
which is consistent with much of the experimental data from the
literature.

As a very relevant remark, it should be mentioned that the
reaction conditions (CO and H>O concentrations, presence or not
of CO; and H; in the feed, etc.) modulate the predominant
mechanism. In addition, as the WGS is a reversible reaction, a
strong inhibition of the catalyst performance is found when the
reaction products (CO, and Hy) are included in the stream.

On the other hand, the choice of the support is particularly
of relevance in order to obtain high performances in this kind of
CO elimination reaction. Ceria has became one of the most
popular and successfully employed support for gold nanoparticles
in the low temperature WGS and in the PrOx reaction during the
last decade * 71, The suitability of cerium oxide for oxidation
catalysis is related to its redox behavior (Ce**/Ce®*) and oxygen
storage/release capacity resulting from the oxygen mobility in its
lattice '®. Under moderate temperatures and reductive conditions,
such as WGS atmosphere, oxygen vacancies can be created in
CeO; leading to the formation of non stoichiometric oxides CeQO,.«
( 0< x < 0.5) . The concentration of these structural defects has
been correlated with the catalytic activity in CO elimination
reactions ['”. Recently, the use of ZnO has been proposed as an
efficient structural defect promoter of cerium oxide . The
epitaxial interaction between both oxides may create preferential
sites for gold deposition in the oxides interphase leading to a high
gold dispersion and improved catalytic activity. Laguna and
coworkers reported that Zn-modified gold catalysts are more
active than the un-promoted Au-CeO, system in the direct CO
oxidation reaction ["". A point to consider is that the WGS reaction
involves the participation of the available oxygen of the support
when the redox mechanism is dominant. In this sense, efficient
catalysts for this process should present high oxygen mobility
facilitating the oxygen transfer reactions. The participation of
oxygen atoms not only from the surface but also from the bulk



together with an enhanced reducibility constitutes an important
skill for an efficient WGS catalyst. Dispersing ceria over a high
surface carrier such as alumina opens up the possibility of having
higher surface/bulk ratio thus likely improving the oxygen mobility.
The use of ZnO as a ceria promoter may contribute to achieve
the mentioned properties.

In this context, the aim of the work is to study the viability of
the ZnO-promoted Au/CeO./Al,O; catalysts the WGS reaction
towards H, clean-up reactions.The correlation of the catalytic
behavior with the physicochemical properties, as for example the
oxygen storage capacity and the UV-vis features is also a subject
of this study and it will be used to justify the suitability of the
presented systems for the CO-free hydrogen production.

Results and Discussion
Results and discussion
Chemical composition and textural properties
Chemical composition and textural properties of the
prepared catalysts are presented in Table 1. All the systems

contain cerium oxide loadings close to the nominal value (15
wt.%). The final amount of zinc

In all catalysts, the gold content is very close to 2 wt%,
which confirms that the gold deposition was performed
successfully, except for the Au/Al and Au/Zn/Al catalysts for
which the gold content is quite lower than the target one. The
smaller gold uptake exhibited for the alumina support agrees with
previous results obtained by Ivanova and collaborators using the
same gold deposition method 2.

Concerning the textural properties, all the samples are
mesoporous materials with pore sizes around 70 A with specific
surface area neighboring that of the primary support (y-Al.O3). No
matter the doping metal oxide or the gold presence, the specific
surface area seems to be governed by the primary support. In
addition the presence of gold increases the surface area in all the
samples respect to their corresponding supports (Table 1). The
increase of the surface area is related to the observed increase of
the pore volume. This effect agrees with the results previously
observed and explicated by Somorjai et al. I'¥ claiming that the
inclusion of gold nanoparticles in the pore structure would lead to
a pore widening and therefore an increase on the specific surface
area.

XRD:
XRD patterns of the prepared supports are shown in Figure
1A. For every sample the XRD pattern shows diffraction lines

oxide in the ceria-doped supports vy v v v W B Ive e v v W

resulted to be approximately 50 % of A vZnOo v ZnO \

the intended value. The loss of ZnO CeC, \‘ﬁj /\}

could be related to the ammonia ~ \/ —_ /\/\/\\d Au/CelAl

treatment employed during the 3 cem 3 ﬁ\/\/\/‘ -

synthesis in order to assure the > \/‘\_f\\C(_eirEAl ; \’J\_\\/\/ N~ AuCezn2/A

) ) % =

complete conversion of the nitrates. g \/\‘\ﬁ\—/\_\ A\ CeznVA g \/\\ — /‘\_’__ AUCEZNUA
Gold deposition did not cause \/\

any remarkable change in the \""—/\J\ o \/\'\ "“/\\___ AwZniAl

catalysts composition. The amount —— A /\\___/——/\g AUA

of cerium and zinc oxides remains . , , , , . . : : : . . .

close to the one obtained for their ~ © 20 % 4 5 6 7 8 R

corresponding support. 2theta —» 2theta —

Figure 1: XRD patterns of the prepared materials: A) supports; B) gold catalysts

Table 1. Chemical composition and main textural properties of the prepared solids corresponding to the
o ceo - ALO A S A o | cubic CeO; fluorite type
ample e0, n 203 u BET verage pore ore volume

Wt.%) Wt.%) Wt.%) Wwt%)  (mg) size (A) (cm’lg) structure (JCPDS# 00-
A 5 ; 100 202 74 05126 004-0593) and to the y-
Ce/Al 14.62 (15) . 85.38 (85) . 186 69 0.4176 Al0; phase (JCPDS#
Zn/Al - 2.96 (15) 97.04 (85) - 184 72 0.4867 0_0'048'0367)' No
signals due to the

Cezn1/Al 15.78 (15) 0.47 (1) 83.75 (84) - 179 64 0.3958 .
CeZn2/Al 14.40 (15 122 84.40 (83 185 68 0.4367 crystalline ZnO - were
ezn 40(15) 2@ 40(83) : found. The slight
Au/Al - - 98.84 (98) 1.16 (2) 217 75 0.5608 quantity of doping oxide,
Au/Ce/Al 14.70 (15) - 83.62 (83) 1.68 (2) 197 69 0.4545 a rather high dispersion
Au/Zn/Al - 2.53 (13) 96.79 (85) 0.69 (2) 213 74 0.5580 or the amorphous
Au/CeZn1/Al 13.84 (15) 0.40 (1) 83.89 (82) 1.87 (2) 192 65 0.4171 character of the ZnO
Au/CeZn2/Al 13.37 (15) 1.05 (2) 83.59 (81) 1.99 (2) 181 68 0.4064 may account for this

 nominal values in parenthesis.
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fact. The calculation of
the ceria partcile size by
Scherrer ecuation
revealed that the introduction of gold and cinc did not
substancially modifies the size of cerium oxide particles which is
always around 5 nm.

The diffraction patterns of the prepared gold catalysts are
shown in Figure 1B. All the systems manifest similar XRD
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diagrams corresponding to the primary support. No signals due to
metallic gold could be detected indicating that gold particles are
small (or at least they are beyond the detection limit of the
equipment, 4 nm) and well dispersed on the support.

TEM

Selected TEM images of the supports and gold catalysts
are shown in Figure 2A and 2B respectively. The white spots
correspond to the presence of heavier elements such as Ce, Zn
and/or Au supported on alumina. In the case of the supports,
cerium oxide and cinc oxide are homogeneously deposited and
well dispersed on the primary alumina support. It is not possible
to distinguish among cinc oxide and ceria in the TEM micrograps
because of the lack of contrast. In general, ceria particle size is
close to 5 nm in good agreement with the XRD data. However
some polycrystalline ceria agglomerations were detected
presenting higher size.

Figure 2A: Selected TEM images of the supports

Regarding the gold catalysts (Figure 2B) no clear differences in
dispersion, size and shape are evidenced among the samples.
The high atomic weight of cerium atoms in the samples makes
the detection of gold particles difficult due to the low mass and
diffraction contrast. However gold nanoparticles are highlighted
as the most brilliant spots in the picture in comparison to the
supports images. Even in this situation it is difficult to evaluate the
gold particle size. Mainly, all the particles studied are
agglomerations of gold and ceria and/or gold-ceria-cinc oxide with
particle sizes ranging from 3 to 5 nm. Unfortunately it is not
possible to measure only gold within the agglomerates but it is
obvious that average gold particle size must be smaller than the

agglomerate one (less than 5 nm) in good agreement with the
XRD data. The later, makes us to consider 4 nm as average gold
particle size for further calculations in the paper.

In addition, EDX spectra (see supporting information) revealed
that gold is mainly associated to ceria and not to the primary
alumina support. This preferential nucleation of gold over cerium
oxide was previously observed by Centeno and collaborators
denoting a strong Au-Ce interaction ™. For the doped sample,
ZnO particles were also detected in intimated contact with the Au-
CeO;, clusters. From here it can be concluded that Au-CeO,-ZnO
interactions must be expected for this catalysts leading to a
metallic synergistic effect that can influence the performance of
the materials.

Au/CeZn2/Al

Au/Ce/Al

Figure 2B: Selected TEM images of the gold catalysts

UV-Vis

UV-vis spectra of the prepared supports are presented in
Figure 3A. Quite relevant information regarding the nature of the
samples can be extracted from the spectra interpretation. First,
related to the doping agent, ZnO, which was not possible to
detect by XRD, appears in the UV-vis experiment. ZnO is a
wideband-gap semiconductor (Eg = 3.37 eV) with a large
excitation binding energy (60 meV) " . The absorption peaked at
340 nm in the Zn/Al sample could be attributed to a well-defined
excitation band of ZnO in agreement with the absorption band
observed for ZnO nanorods in ref. ", The estimation of the ZnO
direct band gap by plotting [(F(R)hv]"? against energy and the
linear part of the curve extrapolated to [(F(R)hv]”2 =0resultsina
value of 3.12 eV very close to that obtained by Ahmed et. al ['®.



The band structure of the ZnO suggests that there are two
types of electronic transitions: the transitions between the filled O
2p orbitals and the empty Zn 4s orbitals with the possibility of
some Zn 4p orbitals "% Furthermore, the average ZnO particle
size can be calculated from the UV-Vis absorption spectra using
a mathematical model proposed in ref. . In this model they
establish the relation between the maximum of the absorption
edge and the particle size. In our case ZnO nanoparticles present
an average particle size of 1.86 nm thus explaining the absence
of XRD peaks related to any ZnO phase. In addition, the broad
band situated at about 350 nm in the UV region accounts for the

Ce, 03 + Oox < 2Ce0O, + Vox

According to the thermodynamic shown in "%, the free energy for
this process is given by AG = -54.310 +8T (J/mol) where AG is
the free Gibbs energy and T is the temperature. Therefore the
formation of oxygen vacancies on the ZnO lattice accounts for the
lower occupation of the ceria valence band. The increase of the
Ce*" species involves a decrease of the cerium oxide particle size
thus changing the surface-to-volume ratio. The change of the
surface-to-volume ratio also affects the ceria reducibility as
explained in ref. " and contribute to the band gap modification.

ceria UV-vis features. This band is due to the charge transfer
from 2p valence band of O to 4f band of Ce** "8l For the
ternary Ce-Zn-Al systems widening and shifting of the

Table 2. Ceria band gap energies for the prepared materials

absorption edge is observed evidencing Ce-Zn interaction in Sample Dlrect(gs};ld gap Indirect band gap (eV)
good agreement with the microscopy results.
Ce/Al 3.04 2.82
Cezn1/Al 3.09 2.92
7 shift on the CeO, A
g _gg/z/:um absorption edge \ CeZn2/Al 3.1 2.95
c Cezn2/Al Au/Ce/Al 237 1.77
5 Au/CeZn1/Al 1.92 1.32
o Au/CeZn2/Al 2.41 1.81
5
=
s The diffuse reflectance spectra of the prepared gold catalysts are
E presented in Figure 3B. For all the samples a broad absorption
> band was found in the range 500-570 nm. This contribution is
assigned to the plasmon resonance of gold nanoparticles. ZnO
800 700 600 500 400 300 absorption edge was shifted towards higher wavelengths due to
<4—— Wavelenght (nm) the Au-Zn contact confirming a modification of ZnO band
structure when gold is present. In addition, a shift on the ceria
—_ 23%’;//’: B absorption edge provoked for the gold deposition was also
;; Au/CeZn1/Al observed. It should be noted that this shift is quite more marked
< AulCeZn2/Al than the one caused for the addition of the promoters (Zn) to the
§ bare Ce/Al support. The later denotes that the Au-Ce interaction
2 is stronger and more relevant than the Ce-Zn interaction in terms
§ of modification of the ceria electronic properties. Furthermore,
2&3 despite the difficulty of the estimation because of the presence of
= the gold plasmon (especifically in the Au/CezZn1/Al sample), a
= contraction of the ceria band gap is detected for the gold samples
X (Table 2). For all the catalysts, both direct and indirect band gaps
T T T T are smaller than that of the parent support. The later evidences a
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Figure 3: UV-Vis spectra of the studied systems: A) supports; B) gold catalysts

For further understanding about this fact, ceria band gap of the
prepared supports was estimated and the results are summarised
in Table 2. The direct band gap for the Ce/Al solid is very close to
the one reported in the literature for a similar system "8, A slight
increase of the band gap is observed for the Zn-promoted
samples evidencing the modification of the ceria electronic
properties due to the presence of ZnO. The occupation of the
ceria valence band is lower when ZnO is present. In other words,
ZnO promotes an electronic deficiency on the ceria band
structure. Laguna and coworkers proposed a mechanism that can
be helpful to explain this fact "% The reaction of lattice oxygen of
Zn0, O,%, with cerium oxide (lll) may lead to the oxidation of
cerium with the formation of oxygen vacancies, V,* , on ZnO
lattice when ceria and zinc oxides are in close contact as follow:

strong electronic metal-support interaction. The decrease in the
ceria band gap could indicate the presence of partially reduced
ceria on the surface of the catalysts, in good agreement with the
results of Acerbi and collaborators ®!. This "electronic metal-
support interaction" (EMSI) influences on the ability of the
catalysts to bond to a number of adsorbates thus modulating the
catalytic activity.

OSCC, OSC and reducibility

Deeper insights of the promoting effect of ZnO addition to
the ceria redox properties was obtained by the calculation of the
oxygen storage complete capacity (OSCC) and the oxygen
storage capacity (OSC) of Ce/Al and CeZn2/Al samples and their
corresponding gold analogues. The OSCC provides information
about the maximum reducibility of the samples while the OSC
informs about the most reactive and most available oxygen atoms.
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The OSCC and OSC are expressed in pmol CO; /g sample from the
CO consumption or CO, formation (after CO pulses). The OSCC
results at different temperatures are presented in Figure 4. As a
general trend, the increase of the temperature increases the
OSCC value. For all the studied temperatures the Zn containing
materials exhibited higher OSCC compared to the un-modified
ones. This result indicates that the inclusion of ZnO in the catalyst
formula promotes the oxygen mobility. In addition, the gold
catalysts presented much higher OSCC than their parent
supports indicating the great increase of the oxygen mobility in
the ceria lattice when gold is present. The result agrees with that
obtained by Bedrane and collaborators 1. The oxygen storage
capacity is widely enhanced by the presence of metal particles in
the surface. They claimed that metal particles may act as
portholes for the subsequent migration and storage of oxygen on
the support .

3500

in the redox process has been also estimated and the results are
summarized in Table 3. The higher the temperature, the higher
the NL for all the studied cases. At the lowest temperature
(150°C) almost no oxygen mobility was observed for the supports.
However the presence of gold induces an increase of the NL
value of about 20 and 40-fold for the Ce/Al and for the CeZn2/Al
respectively. At 250°C and 350°C all the solids presented NL
higher than one indicating the participation of bulk oxygen atoms.
This effect is particularly notable for the Ce-Zn mixed system
where the oxygen mobility is always superior compared to that of
the un-promoted ceria systems, except at 150°C where poor
oxygen mobility was found in both samples. It is worth to note that
for the Au/Ce/Al sample not appreciable increase of the NL was
detected between 250°C and 350°C pointing that a maximum of
oxygen mobility is reached. This restriction was not found for the
Au/CeZn2/Al that displayed very high oxygen mobility at 350°C
with the participation of eight
layers of bulk oxygen. The
results obtained here are

I Au/Ce/Al

B comparable to that presented in

I Ce/Al
[ Cezn2/Al

3000 3000

ref ?? for a CeO, and Ce0»-ZrO;
systems promoted with Pt, Rh
and Ru. Furthermore, the
enhanced reducibility and
oxygen mobility of the gold
catalysts agrees with the above
commented UV-vis data in terms
of electronic metal-support
interaction. In a similar way than
in ref ®, a promoted reducibilty
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Figure 4: OSCC of the prepared materials: A) supports; B) gold catalysts

In order to find out the number of oxygen layers involved in the
process, measurements of the OSC were carried out. For the
OSC theoretical calculations, the number of surface oxygen
atoms and the BET area of each sample (Table 3) were
considered. The calculations have been made following the
methodology proposed by Duprez et. al ??. More precisely it was
considered that i) only oxygen atoms bonded to the cerium ones
participate in the oxygen storage process; ii) the surface is
considered homogeneous iii) only one of the four oxygen atoms is
involved in the storage (CeO,>Ce;03; + “O”); and iv) null gold
metal contribution to the reduction, e.g. the gold metal could not
be reoxidized after the calcinations of the samples. In a similar
way, as observed in the OSCC, the OSC of the Zn-modified

samples is higher than the corresponding un-promoted ceria ones.

Almost no oxygen mobility was detected for the supports at the
lowest examined temperature (150°C). Nevertheless, a
remarkable effect of gold in the reducibility of ceria is observed.
The presence of gold leads to the increase of OSC in the whole
temperature range. It should be noticed that this effect is less
notorious at 350°C indicating that ceria is partially reduced and
the reduction process influences the oxygen mobility.

The number of atomic oxygen layers (NL) that participates

Temperature (°C) —p

of ceria and a rearrangement of
the ceria band structure are
observed due to the precious metal-support interaction.

The stoichiometry of the “reduced” cerium oxide (CeOn) can
be calculated by the following equation:

m = 2- (M x OSCC x 10°®) (1)

Furthermore the reducibility of ceria has been estimated
using equation (2)

Red. (%) = (2-m/2-x) x100 (2)

Being x the stoichiometry obtained for the maximum ceria
reduction, when all the Ce*" ions are transformed to Ce®" leading
to CeO1 5 The results of these calculations are presented in Table
4. For both supports, the m parameter decreases whit the
temperature increase indicating a high degree of ceria reduction.
Indeed the reducibility data clarify that ceria reduction increases
with the temperature. At the lowest temperature tested almost no
reduction of ceria was found for both systems. In good agreement
with the OSC studies, the Zn-promoted sample presented higher
reducibility that the bare Ce/Al solid in the whole temperature
range confirming the promotion of the ceria redox properties by
the presence of ZnO. Complete reduction of ceria was found at
350°C for the CeZn2/Al support.

Table 4. Stoichiometry (m) and reducibility (% Red) of ceria in
the prepared supports
Table 3. Oxygen storage capacity (OSC) and number of oxygen layers (NL) as a Sample Tempoefamfe min % Red
function of the temperature SoAl (15(’:8 ﬁeggm 793
Sample OSCis0c OSCss0c OSCsspec NL 1500c NL 2500¢ NL 3s00¢ ’ ’
Ce/Al 250 1.89 22.56
Ce/Al 15 209 479 0.10 1.36 3.1 CelAl 350 1.79 423
CeZn/Al 13 403 778 0.08 2.72 5.26 Cezn2/Al 150 1.99 2.81
Au/Ce/Al 370 651 672 211 4.1 4.24 CezZn2/Al 250 1.70 60.2 5
Au/CeZn2/Al 594 743 950 4.13 5.20 8.03 CeZn2/Al 350 1.46 100




CO conversion (%) —»
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Dispersing cerium oxide on alumina and adding ZnO as a
promoter results in complete and fast availability of oxygen for the
reaction.

Water Gas Shift behavior:

The catalytic activity of the studied gold catalysts is
presented in Figure 5A. It is worth to mention that the parent
supports of the presented gold catalysts resulted to be hardly
active in the WGS thus underlining the importance of the metallic
phase for achieving good performances. As expected the CO
conversion increases on raising temperature but the shape of the
conversion vs. temperature curve is affected by the catalyst
nature reflecting the influence of the catalysts composition on
their kinetic parameters.
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Figure 5: WGS catalytic study: A) activity test B) long-term stability of
Au/CeZn2/Al under different conditions: 1) 4.5% CO + 30% H,O in N, at 280°C;
2) start-up/shutdown 3) 4.5% CO + 30% H,O in N, at 350°C; 4) start-
up/shutdown 5) 9% CO + 11% CO, + 50% H, + 30% H,O at 350°C.

As can be deduced from the plot, the CO conversion

followed the next activity order:

Au/CeZn2/Al > Au/CeZn1/Al > Au/Ce/Al > »Au/Zn/Al > Au /Al

The result clearly manifests that ceria presence in the
catalyst formulation is totally necessary for the activity in WGS
since the materials without ceria are hardly active in the reaction.
The later agrees with the proposal of Rodriguez’s group for a
gold catalyst in the WGS %, As gold is not capable of developing
any water splitting, the activation of water in a gold based catalyst
obligatorily requires the presence of an “active” support with
structural defects where water can be activated, as for example
cerium oxide. Furthermore, the presence of ZnO enhanced the
catalytic performance of the Au/Ce/Al catalyst. The CO
conversion increased with the amount of ZnO, revealing the
positive effect of this promoter. Indeed we have recently reported
the beneficial effect of the ZnO addition to a CeO,-Al,O3
commercial support for CO oxidation reactions ¥, In this work, it
was demonstrated that the Zn-doped solids show a superior
catalytic activity compared to the bare CeO,-Al;0; due to the
intimate contact of the ZnO and CeO; phases, at which interface
an exchange of the lattice oxygen occurs. The later correlates
with the result obtained from the OSC, OSCC and UV-Vis data in
terms of modification of the ceria electronic properties and
oxygen mobility due to the addition of ZnO to CeO, The superior
availability of the oxygen in the Zn-doped samples potentiates the
redox mechanisms through which the WGS reaction most likely
proceed in these samples. The most active sample reached
98.5% of CO conversion (which is the equilibrium conversion) at
350°C, temperature for which the NL is the maximum and
involves the participation of oxygen from the eighth ceria bulk
layer, which corresponds to the maximum amount of available
oxygen. The enhanced redox properties are associated to
electronics perturbations due to the strong metal-support contact.
As proposed by Campbell this kind of metal particles-support
interactions could explain the excellent catalytic activity 2.

In order to compare with previous result from the literature,
the specific reaction rates expressed as molcoConvened.gAu'1. s'at
250°C and the measured turnover frequency (TOF) in s have
been calculated and they are presented in Table 5. TOF is
calculated as in ref. ¥ with the following equation:

roF = "o M o)
DAu

Where rco is the reaction rate in molcogonvertea MOlas.™ 87,
May is the atomic weight of gold (196.95 g mol") and Da, is gold
dispersion. In all cases, gold dispersion has been estimated to be
32% on the basis of the hemispherical ball model proposed by
Polisset ?! and assuming an average gold particle size of 4 nm,
as discussed above.

From Table 5 it can be understood that the gold-supported
y-alumina catalyst demonstrates poor activity in the WGS
reaction. The Zn-Ce mixed systems presented the highest
reaction rates and TOF values. The most efficient catalyst
(Au/CeZn2/Al) reached reaction rates of 7.18 molcoconverted-Gau - S”
' Moreover this material, exhibited superior activity, in terms of
reaction rates and TOF, compare to similar Au/Ce (4.2
MOlcosonverted-gau™'- 87') and Au/Ce/Al (1.8 Molcoconverted-Gau”'- S™)
catalysts well referenced in the literature ' 281, The obtained
catalytic data correlate with the promotion of ceria redox
properties by the addition of small amounts of ZnO to CeO,. This
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could indicate that the redox mechanism is the one that control
the WGS process. Thus, the higher OSC of the Au/CeZn2/Al
sample results in a higher catalytic performances due to its higher
oxygen mobility.

For a possible industrial application not only the activity but
also the stability of the catalyst is a matter to consider. A long-
term stability test under different reaction conditions and
combining start-up/shut-down cycles of the most active sample
(Au/CeZn2/Al) is presented in Figure 5B. At 280°C the system
losses some activity (5 % of CO conversion) in the first hours of
reaction. However after 7 hours the system reaches the steady
state maintaining high CO conversion (point 1 in the graph). The
first start-up/shut-down operation was applied in this moment
(point 2). The system was cooled under reaction flow till room
temperature and maintained at this temperature (ca. 30°C) during
some hours, which means that liquid water will cover the catalytic
bed.

Table 5. WGSR reaction rates (r) in molcoconvertedGau. . S *10°
and TOF; in s™ *10? measured at 250°C

Catalysts r TOF
Au/Al 1,53 0.92
Au/Ce/Al 6.12 3.69
Au/Zn/Al 3.06 1.80
Au/CezZn1/Al 6.52 3.93
Au/CeZn2/Al 718 4.32

This methodology of start/stop cycles has been proposed by
Farrauto and coworkers and it is considered as one of the most
severe deactivation processes that can be applied on a WGS
catalyst and try to imitate a possible start/stop situation in a real
application *!. Complete recuperation of the CO conversion was
not obtained when the temperature was raised again up to 280°C.
Indeed, after this treatment the CO conversion was 60%, which
represents a loss of activity of about 20%. The catalyst
deactivation is likely due to the formation of stable carbonate
species in the catalysts surface that blocks the active sites for
water splitting thus reducing the activity in the WGS. In fact, the
deactivation due to the formation of these species has been
previously demonstrated using TPD/TPO techniques for a very
similar gold based system % The study of the possible blocking
species is not the subject of this paper. However, in an attempt to
improve the CO conversion, the temperature was raised up to
350°C (point 3 in the figure). After this thermal treatment the
activity remarkable increased. The later means that the
carbonates blocking species can be eliminated and the activity
recovered by increasing the temperature as reported in ref. B9,
After several hours conserving high conversions at 350°C, a
second start/stop cycle was carried out (point 4 in the figure). This
time, the system completely recovered its activity after the
shutdown. This may be due to the instability of the blocking
species at such a high temperature. In any case, this result is
very promising since the Au/CeZn2/Al catalysts is able to keep
high values of CO conversion without any apparent deactivation
and, more importantly, it is able to tolerate the start-up/shut-down
cycles. Finally a realistic reformate gas mixture was considered to
test the resistance of the catalysts in a more aggressive
atmosphere (point 5). As expected, the CO conversion drops
under these conditions. Several reasons may account for this
fact: i) the obvious shift of the equilibrium according to
LeChatelier principle ii) the over-reduction of ceria in a more

reductive environment iii) the suppression of the redox
mechanism. The ability of water to re-oxide the support (which is
a key step on the redox mechanism) is limited in such a reductive
gas mixture. In addition, Goguet and co-workers reported that the
prolonged exposure to elevated amounts of CO; in the presence
of water influences the structure of the gold nanoparticles and
promotes the dewetting of the nanoparticles from the support thus
decreasing the catalytic activity B". Despite the observed
deactivation, it should be underlined that the system exhibited a
very good stability under the realistic post-reforming stream.
Under a model WGS mixture (4.5% CO and 30 % H,O) with
Au/CeZn2/Al catalyst, the equilibrium conversion can be achieved
and 1% of CO will be present in the PrOx inlet.

Conclusions

In the present work a series of Au/CeQO,/Al,O3 catalysts
doped with ZnO is proposed for CO free hydrogen production.
XRD and TEM data confirmed that all the solids are composed by
small gold nanoparticles well dispersed on the support. The
presence of ZnO was evidenced by UV-vis spectroscopy. The
ZnO-doped samples present high activity the for WGS process.
The high activity of this samples compared to the un-promoted
gold-ceria-alumina is mainly related to the superior oxygen
storage capacity and enhanced reducibility obtained when ZnO is
added to the catalyst formulation.

The surface/ bulk ceria oxygen ratio has been demonstrated
and this contribution is higher when ZnO is added to CeO;
leading to a high performance in the studied reactions. Very
good stability was obtained for the Au/CeZn2/Al sample. In
addition, as a very promising result, this sample successfully
tolerate the start-up/shut-down cycles at 350°C which is of crucial
relevance for a real application. Considering findings mentioned
above in combination with the economic feasibility of this novel
catalytic system, it can be concluded that the Au/CezZn/Al
catalysts constitute a promising alternative for the pure hydrogen
production.

Experimental

Catalyst preparation
Support preparation

The supports were synthesized by a conventional co-
precipitation method. The necessary amounts of metal precursor
zinc nitrate (99.9% Aldrich) or cerium nitrate (99.5%, Aldrich)
were impregnated on y-alumina powder (Sasol). The
impregnation was carried out in 50 mL of ethanol and the solvent
was evaporated till obtaining of a dry solid in rotary vapour at
reduced pressure and temperature of 50°C. The obtained solid
was treated with NH; solution (10 mol.L™") during 30 min in order
to assure the full conversion of the nitrates to hydroxides. Finally
it was filtered, dried at 100°C and calcined at 500°C for 4 hours.

Cerium oxide amount was fixed at 15 wt.% and, for the ZnO,
1 and 2 wt.% was intended. For the mixed oxides also 15 wt. % of
Ce02-ZnO mixed oxide was targeted. In the adopted
nomenclature the oxygen is omitted for simplification and the
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dopant (ZnO) contents are expressed as the theoretical loading in
the catalysts. For example, the CeZn2/Al solid contains 15 wt.%
Ce-Zn mixed oxide in which the ZnO loading is 2 wt.%., deposited
on A|203.

Gold deposition

The gold was deposited by the direct anionic exchange method
(DAE), assisted by NHs as described elsewhere ®2. 2x10* M
Aqueous solutions of the gold precursor HAuCls (49.81 %
Johnson Matthey) and support sieved in between 100-200 pym
were used in order to obtain a final Au loading of 2 wt.%. The
solution was heated to 70°C and aged 20 min. After that, it was
cooled down to 40°C and 50 mL of NH3; (30 % Aldrich) ware
added. The slurry was then filtered, washed with water, dried in
an oven at 100°C overnight and calcined in air at 350°C for 4 h.

Similar to the supports, in the adopted nomenclature the real
gold loadings are omitted for simplification and the ZnO contents
are expressed as the theoretical wt.% loading in the catalysts. For
example, the Au/CeZn2/Al solid contains 2 wt.% of Au over 15
wt.% of Ce-Zn mixed oxide on Al,O3; support in which the ZnO
loading is 2 wt.% approximately.

Characterization

The chemical composition of the samples was determined
by X-Ray microfluorescence spectrometry (XRMF) in an EDAX
Eagle lll spectrophotometer with a rhodium source of radiation
working at 40 KV.

The textural properties were studied by N, adsorption-
desorption measurements at liquid nitrogen temperature. The
experiments were carried out on a Micromeritics ASAP 2010
instrument. Before analysis, the samples were degassed for 2 h
at 150° C in vacuum. The Barrett-Joyner-Halenda (BJH) method
was used for determining the pore size distributions, and in every
case the desorption isotherm was used.

X-ray diffraction (XRD) analysis was performed on an X'Pert
Pro PANalytical. Diffraction patterns were recorded with Cu Ka
radiation (40 mA, 45 kV) over a 26-range of 10 to 80° and a
position-sensitive detector using a step size of 0.05° and a step
time of 240 s.

High-Resolution ~ Transmission  Electron  Microscopy
(HRTEM) and High-Angle Annular Dark Field-Scanning
Transmission Electron Microscopy (HAADF-STEM) images were
recorded on a JEOL2010F instrument. The spatial resolution at
Scherzer defocus conditions in HRTEM mode is 0.19 nm, while
the HAADF-STEM studies were performed using an electron
probe of 0.5 nm of diameter and a diffraction camera length of 10
cm. It should be pointed that the chemical composition of the
sample was studied in STEM mode using an Energy-dispersive
X-ray spectrometer (Oxford Instrument, Inca Energy-200).

The UV-Vis spectra were recorded on a Varian
spectrometer model Cary 100, equipped with integrating sphere
and using BaSO, as reference. All the spectra were collected in a
diffuse reflectance mode and transformed to a magnitude
proportional to the extinction coefficient through the Kubelka-
Munk function F(a).

For the Oxygen Storage Complete Capacity (OSCC) 100 mg of
catalyst was loaded into a U-shaped quartz reactor and the
temperature was raised in a He flow (50 mL/min) until 350 °C.
Then, ten O, pulses of 1 mL were injected every 2 min. After that,
the sample is submitted to ten CO pulses of 1 mL each (every 2
min). The sample is then degassed during 10 min in a He flow,
subjected to a new series of oxidizing pulses (ten O, pulses) and
then exposed to five alternating pulses (CO-0,—CO-0,—CO).
The Oxygen Storage Capacity (OSC) is determined by the
amount of CO, formed after the first CO pulse of the alternated
ones. This method is based on the one presented by Duprez et al.
B3 The gas composition at the exit of the reactor was analyzed
by a mass spectrometer PFEIFFER Vacuum PrismaPlus
controlled by the program Quadera®.

Catalytic activity

Water-gas shift reaction was performed in a flow reactor at
atmospheric pressure in the temperature range of 140-350 °C.
The following conditions were applied: catalyst bed volume 0.5
cm?®, space velocity 4000 h™, partial pressure of water vapour
31.1 kPa and the reactant gas mixture containing 4.494 vol.% CO
in argon. The CO and CO; content was analyzed on “URAS-3G”
and “URAS- 2T” (Hartmann &Braun AG) gas analyzers and the
catalytic activity was expressed in % of CO conversion.
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A series of gold catalysts supported on
ZnO-promoted CeO2-Al O3 is presented
as interesting systems for the
purification of H, streams via WGS.

The addition of ZnO remarkably
promotes the activity of a
Au/CeO,/Al;0O; catalyst.
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This increase in activity is mainly
associated to the enhanced OSC
exhibited for the Zn-containing solids.
The prepared catalysts tolerate
start/stop cycles under operation, which
is a very important skill for a possible
industrial application.
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