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ARTICLE INFO ABSTRACT

Keywords: The reaction of PROX over nanosized gold catalysts, supported on ceria doped with FeOy, MnO, and
PROX CoOy, was investigated. The modified ceria supports were synthesized by co-precipitation (CP) and by
Gold mechanochemical activation (MA). The catalysts were characterized by XRD, HRTEM and TPR. When the

Ceria modified with FeOy

MnO. or CoO CP preparation method was applied a deeper insertion of dopant in ceria structure occurs, while with
X X

the MA the formation of separate dopant oxide phases occurs (XRD and HRTEM data). On the basis of
TPR results the most probable oxidative state of dopant ions was suggested. The catalytic test showed
that gold catalysts on MA ceria supports, modified with FeO, and MnOy, can be selected as the most
promising ones for PROX among the studied catalysts. The obtained differences in catalytic behaviour
cannot be related to the effect of gold because using both preparation modes a high dispersion of gold
particles was evidenced by HRTEM. The reason could be searched in the support structure and properties
depending on the dopant nature and on the preparation method. In the case of MA technique, beside gold
on ceria (modified with Fe and Mn), the gold on separate FeO, and MnOy phases could also contribute to
the high PROX activity and selectivity. On the contrary, the presence of Co304 phase could be the reason
for the low catalytic activity and selectivity observed with Co-containing gold catalyst, prepared by MA.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane (PEM) fuel cells, powered by hydro-
gen, offer a new approach to the control of vehicle emissions. To
avoid poisoning the anodes of fuel cells, the level of CO concentra-
tion must be below 10 ppm for Pt anodes and below 100 ppm for
CO-tolerant alloy anodes. One promising solution of the problem
has been the preferential CO oxidation in H; rich stream (PROX) as
a simple and economic method for the removal of CO traces. Var-
ious catalytic systems have been investigated and the efforts have
been focused on choosing catalysts and operating conditions that
minimize the oxidation of hydrogen. In order to avoid the presence
of heat changes, the most convenient temperature for PROX is the
fuel cell operating temperatures (80-100 °C). For this low temper-
ature level, oxide-supported gold catalysts have been suggested as
promising candidates in Ref. [1] and references therein. The rate of
CO oxidation over gold has been found to exceed that of H, oxida-
tion [2-4]. The higher selectivity in PROX at low temperatures of Au
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in comparison to Pt was explained in a theoretical study of Kandoi et
al. [5] showing that over gold a lower barrier for CO oxidation than
that for Hy exists. The activity of gold-containing catalysts is known
to be sensitive to the size of the gold particles, the gold-support
interface and the interactions between the gold and the support,
the preparation conditions, the nature of the support. It is the latter
effect that has attracted most recent attention. The essential role of
the reducible transition metal oxides as carriers is considered not
only as supports for nanosized gold particles but also to provide
large amount of highly mobile oxygen species being able to react
with CO [2,6-8]. Among the supports for gold catalysts being able
to activate and supply oxygen, Fe,03 [6,9-16], MnOy [3,15,17-19]
and Co304 [2,11] have been studied in low temperature CO oxida-
tion in the absence or presence of excess H,. Many PROX studies
have been focused on the gold supported on ceria because of the
high oxygen capacity of CeO, as well as its ability of small gold parti-
cles stabilization [7,11,20-25]. Schubert et al. have established that
Au/CeO5 and, in particular, Au/Fe, 03 represented the best compro-
mise regarding the PROX activity, selectivity and long term stability
under the applied conditions of simulated methanol reformate
[11]. Chang and co-authors have reported that the co-existence
of metallic and oxidized gold species supported on ceria seems
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to be the main reason for the higher activity in CO oxidation of
Au/CeO, with respect to Au/MnOy [26] as well as a high PROX
activity of Au/MnO,-CeO, catalyst due to the synergistic effects
of MnO,-Ce0, composite oxides prepared by impregnation [27].
Tu et al. obtained a significant improvement of selectivity in PROX
over ultrasonically pre-treated Au/MnOy-CeO, catalyst, due to the
suppression of the H, dissociation [28]. PROX over Au/CeO,-C0304
has been studied by Wang et al. [29] and the possible explanation
concerning catalysts’ deactivation was proposed [30]. It is known
that the addition of ions with oxidation state differing from (4+)
to ceria causes the formation of a defective fluorite structure with
increased oxygen mobility [31]. Very recently, PROX over Au on
CeO, doped by Sm, La, and Zn has been studied in Refs. [32,33]. The
results obtained by some of us [34] showed that gold catalysts sup-
ported on modified with rare earths ceria using co-precipitation
method of supports preparation manifested higher activity and
selectivity in PROX compared to those on mechanochemically pre-
pared supports. The most promising catalyst contained yttrium as
a dopant.

In the present study nanosized gold catalysts supported on ceria
doped with MeOy (MeOy = FeOyx, MnOy and CoOy) are investigated.
The modified ceria supports were synthesized by different meth-
ods: co-precipitation (CP) or mechanochemical activation (MA).
Unlike the previously studied gold on ceria modified by rare earths,
the modifying ions are characterized by changeable oxidative state.
The above mentioned literature references have shown that the
chosen reducible dopants are catalytically active and selective in
the reaction of PROX. The paper is focused on the comparison of
the size of gold particles, structure and properties of the supports,
and the catalytic activity and selectivity in the reaction of PROX. The
dependence on the nature of the dopant and the applied prepara-
tion method is commented.

2. Experimental
2.1. Catalyst preparation

Two methods were applied for the preparation of the modified
ceria supports: (i) co-precipitation (the samples were denoted as
CP) from a solution of Ce(NO3)3 and corresponding nitrates of the
dopants (Fe(NOs3)3, Co(NO3), or Mn(NO3);) in appropriate ratio
(the amount of MeOy, was 10wt%) with a solution of K,CO3 at
constant pH=9.0 and temperature=60°C. The resulting precipi-
tates were aged at the same temperature for 1 h, then filtered and
washed until removal of NO3~ ions. The washed precipitates were
dried in vacuum at 80°C and calcined under air at 400°C for 2 h;
(ii) mechanochemical activation (the samples were denoted as MA)
using a freshly prepared vacuum-dried cerium hydroxide and the
oxide of the dopant: Fe;03, Co304 or MnO,. The cerium hydrox-
ide was obtained by precipitation of cerium nitrate with a solution
of K;COs3. A mixture of cerium hydroxide and the corresponding
dopant oxide was subjected to the mechanochemical activation by
milling for 30 min in a mortar and calcination at 400°C for 2h.
Then, before deposition of gold, the modified ceria support was
activated in Ultrasonic UD-20 automatic UV disintegrator under
vigorous stirring.

For comparison undoped ceria was laboratory-made by precipi-
tation of Ce(NO3 )3-6H,0 with K;CO5 (60 °C, pH 9.0). The precipitate
was aged, filtered, washed, dried in vacuum at 80°C and calcined
under air at 400°C for 2 h.

Gold (3 wt%) was added by deposition-precipitation method. It
was loaded as Au(OH); on the corresponding modified ceria sup-
port, preliminary suspended in water, through the precipitation
of HAuCl4-3H,0 with K,CO3 under continuous stirring at constant
pH=7.0 and temperature of 60 °C. After 1 h of ageing, filtering and

careful washing, the precursors were dried under vacuum at 80°C
and calcined in air at 400°C for 2 h. The samples were denoted as
AuCeFe, AuCeMn and AuCeCo, CP or MA, correspondingly. Gold on
undoped ceria was labelled as AuCe.

All syntheses were carried out in a “Contalab” automated lab-
oratory reactor enabling careful control of all the variables (pH,
temperature, stirrer speed, reactant feed flow, etc). “Analytical
grade” chemicals were used for the samples preparation.

2.2. Catalyst characterization

The BET surface area of the samples was determined on a
Micromeritics ‘Flow Sorb 11-2300’ instrument with 30% N,, 70% He
mixture at atmospheric pressure and N, boiling temperature.

The X-ray diffraction measurements were performed using
Siemens D5005 diffractometer (Bruker-AXS), Cu sealed tube oper-
ating at 40kV and 40 mA and scintillation detector. All measured
reflections were subjected to Williamson-Hall Plot analysis [35]
providing reasonable linear fit and the most likely values of ceria
crystallite size and microstrain parameter. The lattice constant of
ceria phase for a measured ceria catalyst was estimated on the basis
of linear extrapolation of its values from 11 observed reflections
versus cosine of the Bragg angle to the value of the cosine equal
to zero. This is a commonly used method to obtain a precise value
of the parameter. For the CP samples this extrapolation cannot be
done due to a high non-linearity of this diagram and significant
scatter of the lattice parameter value obtained from different peaks.
A careful analysis of the patterns allowed to correlate the scatter
with a high strain determined from Williamson-Hall plot and a high
value of Debye-Waller parameter determined from the rate of peak
intensities attenuation with a scattering angle. The lattice constant
scatter has been thus attributed to anisotropic strain. There are
studies available in the literature suggesting the doped ceria sys-
tem to be heavily strained and that associated defects might cluster
in ordered arrangements [36] which can cause further anisotropy.

As microstrain for CP samples causes significant shifts of the
diffraction peak position of unpredictable value, for the determina-
tion of the lattice parameter we propose the following procedure.
For the samples prepared via MA route, where the lattice parame-
ter extrapolation works reasonably well, we accept their result as
the real lattice constant. For the samples prepared via CP route the
highest angle peaks give the minimum scatter of the lattice param-
eter. The extrapolation cannot be reasonably done but these highest
angle parameter values can be compared to the analogous value for
the MA samples. On this basis we determine the difference that we
finally add to the lattice constant determined for the MA sample
arriving at the estimated value for the CP samples. The method is
approximate but can provide values close to real ones provided the
diffractometric errors were similar for all the samples.

High resolution transmission electron microscopy (HRTEM) and
High angle annular dark field (HAADF) observations of the cata-
lysts were performed in a JEM 2010 FasTem analytical microscope
equipped with a Z-contrast annular detector. The histograms of
the metal particle sizes were established from the measurement of
more than 700 particles obtained by Z-contrast and Thermal Diffuse
Scattering (TDS) observations.

TPR measurements were carried out by means of an appara-
tus described elsewhere [37]. A cooling trap (—40 °C) for removing
water formed during reduction was mounted in the gas line prior to
the thermal conductivity detector. H,—Ar mixture (10% H,), dried
over a molecular sieve 5A (—40°C), was used to reduce the sam-
ples at a flow rate of 24mLmin~'. The temperature was linearly
raised at a rate of 15degree min—!. The sample mass used was
0.05g. It was selected by the criterion proposed by Monti and
Baiker [38]. The hydrogen consumption (HC) during the reduc-
tion processes was calculated using preliminary calibration of the
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Fig. 1. X-ray diffraction spectra of gold catalysts supported on modified ceria: (A) prepared by CP method and (B) prepared by MA technique. Close up of the 111 peaks of

gold is presented for AuCeMnMA and AuCeMnCP samples.

detector, performed by reducing different amounts of NiO to Ni°
(NiO—*"analytical grade” of purity, calcined for 2 h at 800 °Cin order
to avoid the nonstoichiometry).

2.3. Catalytic measurements

The catalytic activity and selectivity measurements in PROX
over the studied gold catalysts were carried out using a
quartz glass U-shaped reactor, equipped with a temperature
programmed controller. The total gas inlet was 50 mLmin~!, con-
taining 50% H, +0.3% CO+0.3% O, and He as balance (WHSV of
60,000 mLg-1 h—1). The CO conversion and the selectivity were cal-
culated using an ABB infrared analyzer detector for CO and CO, and
an ABB paramagnetic Magnos206 for the O,. The CO converted was
calculated on the basis of the CO, produced whereas the selectivity
was calculated according to the following equation:

ppm COS™"

=35 o T x 100 (in %)
x (ppm 03" — ppm 03™)

The preliminary test showed that the catalytic activity is a
little higher using oxidative in comparison to the reductive pre-
treatment. By this reason, before the catalytic measurements, the
samples were treated in a flow of O, (5 vol%) in Ar during 30 min at
150°C.

3. Results
3.1. Catalyst characterization

The X-ray diffraction spectra of gold catalysts supported on ceria
doped by FeOx, MnOy or CoOy are shown in Fig. 1: (A) synthesized

Table 1

by CP method and (B) prepared by MA technique. For both kinds of
samples, the CeO, diffraction lines typical of fluorite type structure
can be seen. Double phases were observed with AuCeFeMA and
AuCeCoMA catalysts—in addition to ceria, the lines of oxides of the
corresponding dopants are also visible.

In Table 1 are presented the BET surface area, the lattice param-
eters (lattice constant a and microstrain parameter b) and the
average particle size of ceria determined by XRD. It is seen that
the BET surface area of the studied gold catalysts is of the order
of 82-95m2g1, except the lower value for AuCeCoCP sample.
The values of lattice parameters a show a bigger contraction of
ceria lattice for CP catalysts containing Fe and Co compared to the
corresponding MA ones. The extent of the lattice constant scat-
tering for all peaks is correlated with the strain parameter (the
higher strain—the higher scattering). This is in agreement to the
effect of preparation method. Co-precipitation is leading to deeper
insertion of dopant in ceria structure and formation of oxygen
vacancies, while predominantly surface modification is caused by
mechanochemical mode. Equal a parameters were obtained with
CP and MA catalysts containing Mn. The peak broadening strain b
is also similar for both preparation routes. The explanation could
be connected to the fact that Mn can easily enter the octahedral,
ceria-type oxygen arrangement as in MnO, crystal pyrolusite of the
same stoichiometry as CeO, (the very probable oxidative state of
the predominant part of dopant ions incorporated in CeO, is Mn**
as estimated below for AuCeMnCP by TPR). The addition of Fe and
Co leads to a defective structure of ceria caused by oxygen vacan-
cies formation (anions with oxidative state different from Ce**) and
different ionic radii (Fe-O and Co-O bonds different from Ce-O
one). In the case of Mn insertion by CP, the vacancy formation is
less probable (the same oxidative state of Mn** and Ce**), and the
defects in ceria structure have different characters, only due to the

BET surface area, lattice parameters (a and b) and average size of ceria evaluated by XRD, and average size of gold particles estimated by HRTEM.

Sample Sper (m2g~1) a(A) b Av. size of ceria (nm) Av. size of gold (nm)
AuCe 108 5411 (4) 0.010 113 <52

AuCeFeCP 87 5.394(7) 0.011 9.4 2.8

AuCeFeMA 90 5.404 (7) 0.007 10.1 2.9

AuCeMnCP 82 5394 (3) 0.006 6.3 29

AuCeMnMA 95 5.394 (3) 0.009 10.7 29

AuCeCoCP 54 5378 (3) 0.015 53 -

AuCeCoMA 95 5.408 (3) 0.012 12.6 -

The figures in parentheses represent the error on the last digits from linear regression.

2 As determined in Ref. [34].
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Fig. 2. HRTEM images of gold catalysts: (A) AuCeFeCP; (B) AuCeFeMA; (C) AuCeMnCP and (D) AuCeMnMA.

decreased Mn-0 distance (1.88 A in pyrolusite) compared to Ce-O
one (2.343A). This causes, a visible increase in a Debye-Waller
parameter but does not affect isotropic strain parameter.

Inserts showing close up of the 111 peaks of gold are presented
in the case of diffraction patterns of AuCeMnMA and AuCeMnCP
samples. The evaluation of gold crystallite size for those samples
requires proper background estimation. The inserts present choices
of the background line that clearly reveal two contributing modes:
one broad corresponding via Scherrer formula to crystallites of
2.9 nm size; the other mode corresponds to Au crystallites of 25 nm
(MA sample) and to more than 40 nm (CP sample). Assuming vol-
ume of crystallites contributing to the detected modes as being
proportional to the constituent peak area, the result is: 1 large
crystallite per 20,000 crystallites of 2.9 nm size for the sample MA,
respectively, 1 per 2000 for the sample CP.

In Fig. 2 are illustrated the HRTEM images of Fe- and Mn-
containing gold catalysts, prepared by CP or MA method. The size
distribution of gold particles in these catalysts is displayed in Fig. 3:
(A) AuCeFeCP, (B) AuCeFeMA, (C) AuCeMnCP, and (D) AuCeM-
nMA. Some differences depending on the preparation method
are visible—the number of particles of 2.5nm is the highest
in both CP samples, a relatively higher number of smaller (0.5
and 1.5nm) and higher number of particles (>2.5nm) were reg-
istered with MA samples compared to CP ones. However, the
average size of gold estimated by HAADF images was the same
(2.9 nm) independent on the dopant and the method of preparation
(see Table 1).

As the TEM observation encompassed about 700 crystallites for
asize statistics itis reasonable to believe that the very small fraction
of large crystallites (showed by XRD) in the case of Mn-containing
catalysts could pass unnoticed. The detailed analysis of HRTEM
and Z contrast images showed that, very rarely, big Au particles
can be observed. In AuCeMnCP catalyst the biggest particle was of
about 7 nm (Fig. 4A). A few big particles of 7-10 nm were found in
AuCeMnMA sample (Fig. 4B). In this image, there are also two coa-
lescing gold particles (showed by dashed arrows), the diameter of
the coalesced particle (taking the longest axis) is of about 17 nm.

The analysis of the HRTEM images shows that supplementary
to Ce0,, separate MeOy phases are present in the case of MA sam-
ples. In selected HRTEM images of AuCeFeMA catalyst the existence
of both Fe;03 and Fe30y is illustrated (Fig. 5). The lattice param-
eter measured in zone A corresponds to (111),(222) and (400)
reflections of Fe304 and that measured in zone B corresponds to
(202),(300)and (006) reflections of Fe; 03 as shown in the corre-
sponding Fast Fourier transforms (FFT). AuCeMnMA catalysts also
showed separated phases of MnO, and Mn,03 (Fig. 6). FFT of zone
A shows the (400), (440) and (41 1) reflections of Mn,03 and FFT
of zone B shows the (11 0) reflection of MnO,.

The TPR profiles of studied initial supports and gold catalysts are
presented in Figs. 7-9. Fig. 7 shows the TPR profiles of CeO,-FeOy
supports and the corresponding gold catalysts prepared by CP
and MA method. Two TPR peaks with Tpax at 387 and 590°C are
recorded with CeFeCP support. Concerning AuCeFeCP sample only
one main peak with Tpax at 117°C and some high temperature
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Fig. 3. Size distribution of gold particles for the studied samples: (A) AuCeFeCP; (B) AuCeFeMA; (C) AuCeMnCP and (D) AuCeMnMA.

(HT) peaks with very low intensity are visible. In the TPR pattern of
CeFeMA sample three TPR peaks are presented—with Tpmax at 370,
457 and 563 °C, the HT one being the most intense. By the addi-
tion of gold a HT peak is registered at 532°C, a low temperature
(LT) LT peak at 100-120°C appears and weak peaks at 232 and
350°Care seen as well. It is known that ceria reduction proceeds in
two steps—surface layers reduction connected to a TPR peak with
maximum at about 500°C, followed by bulk reduction at higher
temperatures (above 800°C) [39]. In the presence of gold the ceria
surface layers reduction is significantly facilitated and the first TPR

peak is shifted having Tmax at 120°C [40]. In a previous study of
Au/Fe, 03 catalysts it was shown that the effect of gold consisted in
a considerable lowering of the temperature of the reduction pro-
cess Fe; 03 — Fe304 (Tmax =427 for the bare support and 280°C in
the presence of gold), while the next reduction Fe304 — FeO — Fe
was not influenced (Tmax around 600 °C) [41].

Fig. 8 represents the TPR profiles of CeO,-MnOjy synthesized by
CP or MA preparation technique and corresponding gold catalysts.
Two TPR peaks with Tpax at 298 and 457 °C are registered with
CeMnCP support, while in the spectra of AuCeMnCP catalyst only

Fig. 4. Z contrast images of the samples: (A) AuCeMnCP and (B) AuCeMnMA (the Au particles are shown by arrows and the two coalescing Au particles are illustrated by

dashed arrows).
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Fig. 5. HRTEM image of AuCeFeMA catalyst showing Fe3;04 phase in zone A and Fe, 05 phase in zone B with the corresponding FFT images.

one intense LT TPR peak with T2 =127 °C is present. For CeMnMA
sample the recorded peaks are characterized with Tyax at 290,
442 and 495°C. The gold loading on this supports leads to the
observation of LT TPR peak with Tpax at 85°C and a second less
intense peak at Tmax =292 °C. Two resolved TPR peaks with Trax
at 291 and 419°C were recorded during TPR of bulk MnO, oxide
(not shown in the figure). According to the literature data the
first TPR peak (Tmax at 291°C) is assigned to MnO; — Mn;03
[19,42] or to MnO,/Mn,03 — Mn304 transition [28 and references
there in], while the second one (Tpax at 419°C) is connected
to Mn;03 — MnO [19,42] or to Mn304 — MnO reduction [28 and
references there in].

In Fig. 9 are displayed the TPR patterns in the case of ceria
doped by CoOx—supports and gold catalysts prepared by CP and MA
method. The TPR profile of CeCoCP consists of overlapping peaks

with Tpax within the interval 145-400 °C. The spectrum of the cor-
responding gold catalysts (AuCeCoCP) is also complex, a LT peak
at Tmax = 112 °C appears. For the support prepared by MA method a
complex TPR peak with Tax between 340 and 400 °C and a shoulder
at 298 °C are recorded. The picture is very similar to that of the bulk
Co30,4 spectrum (a main peak with Tyax at 380 °C due to CoO — Co®
and a LT shoulder assigned to Co304 — CoO reduction) shown in the
literature as well as in a previously performed study [43,44].

The TPR profiles are very complex because of the ability of
dopants with different oxidative states being reduced in addition
to ceria. On the bases of only qualitative comparison with pure
oxides the exact correlation between peaks and the correspond-
ing transitions is not possible. The evaluation of kinetic parameters
of reduction characteristic for the individual reduction process is
in force and it may throw more light to the TPR peaks assignment.
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Fig. 6. HRTEM image of AuCeMnMA catalysts showing the presence of Mn,03 phase in zone A and MnO, phase in zone B, with the corresponding FFT images.

Having in mind that the TPR profiles registered up to 650 °C (bulk
ceria reduction started above this temperature) are connected to
the ceria surface reduction and the reduction of dopant oxides, the
evaluation of the most probable oxidative state of dopants on the
bases of the calculated hydrogen consumption (HC) was carried
out. The data for the initial supports are presented in Table 2. The
theoretical value of HC related to ceria can be calculated taking into
consideration that according to the literature data the surface lay-
ers reduction of ceria (which does not affect the fluorite structure)
is limited to 17% [45] or 20% [46]. In the present case (10 wt% of the
dopant oxide) the corresponding amounts of H, for such degrees
of reduction are 0.44 and 0.52mmolg~!, respectively. The stoi-
chiometric HC needed for the reduction of the introduced 10 wt%
Fe,03 to metallic Fe is 1.90mmol g~!. Therefore, the theoretical
amount of HC for all reduction processes is 2.34-2.42 mmolg~!

The experimentally obtain one is 2.27 mmol g~! for CeFeCP sample
and 2.15mmol g~! for CeFeMA one. This means that the Fe3* ions
are the predominant part in the support prepared by CP, while most
probably some higher amount of Fe ions with lower oxidative state

Table 2
Hydrogen consumption (HC) during TPR of initial supports (temperature interval up
to 650°C).

Sample HC (mmolg1)
CeFeCP 2.27
CeFeMA 2.15
CeMnCP 1.60
CeMnMA 1.24
CeCoCP 1.76
CeCoMA 2.14
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exists in the case of MA method. The XPS analyses [47] reveal also
a complex chemical nature of the dopant oxide—by XPS data Fe, 03
and Fe304 phases are coexisting iron phases in both CP and MA cat-
alysts (Fe 2p3j, XPS peaks positioned at BE equal to 712.1+£0.2eV
and 710.7 £ 0.1 eV for Fe,03 and Fe30y, respectively [48,49]).
Following the same procedure for the Mn containing supports,
the theoretical amount of HC is 1.65-1.73 mmol g~! in respect to
ceria surface reduction and MnO; — Mn,03 — MnO transforma-
tion (1.21 mmolg~! HC needed). Comparing to the experimental
values in Table 2, it is seen that with CP support the most proba-
ble oxidative state of dopant ions is Mn**, however with MA one
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Fig. 9. TPR patterns of Co-containing initial supports and gold catalysts.

Table 3
Hydrogen consumption (HC) during TPR of gold catalysts (temperature interval up
to 220°C).

Sample HC (mmolg1)
AuCe 0.46
AuCeFeCP 0.62
AuCeFeMA 0.74
AuCeMnCP 1.67
AuCeMnMA 1.28
AuCeCoCP 0.90
AuCeCoMA 0.94

the oxidative state could not be Mn*" (HC of only 1.24 mmolg~1!).
Taking into consideration the stoichiometric HC for Mn,03 — MnO
reduction (0.93 mmol g~1), the presence of Mn3* ions could be sup-
posed in the case of MA preparation mode. These observations were
confirmed having a very good agreement with the obtained XPS
results [47]—in the Mn-doped sample prepared by CP, only MnO,
was detected (Mn 2ps3;, peak positioned at BE=642.1eV), while
in MA catalysts both MnO, and Mn304 were registered (Mn 2p3),
peaks positioned at BE =642.7 and 641.5 eV, respectively [49]).

Close values of the theoretical (2.10-2.18 mmol g~ ') and exper-
imentally obtained HC (2.14mmolg~!) are found with CeCoMA
support, making the calculations in respect to the reduction of
10 wt% Co304 to metallic Co (stoichiometric HC of 1.66 mmol g~1).
By this reason the presence of Co3* and Co?* ions in a ratio closed
to that in Co304 could be assumed. The confirmation is also the
shape of the TPR profile of CeCoMA sample, which is very similar
to that obtained with bulk Co304 [43,44]. This could mean that a
bigger part of dopant is not incorporated in ceria but exists as a
separate phase. Differently, CoOx dopant cannot be considered as
Co304 (1.76 mmol g1, Table 2) in respect to CP sample. Assuming
the CoO — Co? transformation as a possible reduction process (sto-
ichiometric HC of 1.33 mmolg-1), the theoretical HC for CeCoCP
is 1.77-1.85 mmol g~!. A comparison with the experimental value
of 1.76mmol g1, leads to a suggestion that the most probable
oxidative state of cobalt in the support prepared by CP is Co%"*.
The obtained TPR results about the most probable oxidative state
of dopants were confirmed by XPS [47]—in the AuCeCoCP sample
only Co?* was detected (peak positioned at BE=781.1-781.7 eV),
while in AuCeCoMA Co3* was registered as well (peak positioned
at BE=779.2-779.7 eV [49]).

In Table 3 the HC in the LT interval (up to 220°C) of the stud-
ied gold containing catalysts is presented. The total HC is a result of
reduction processes of dopant oxide and ceria surface layers reduc-
tion. The HC due to the partially positively charged gold could be
neglected. In the case of FeOy as dopant, taking into account the sto-
ichiometric HC for the reduction process Fe;03 — Fe304 (as it was
mentioned above gold does not influence the next reduction steps),
it could be concluded that: in the case of MA catalyst the existed
amount of Fe3* are reduced with HC similar to that for hematite
to magnetite transformation, while in AuCeFeCP catalysts some of
the Fe3* jons incorporated in ceria structure are not included in the
reduction process occurring into this LT interval.

Interesting TPR results are obtained with AuCeMnCP
catalyst—supplementary to ceria surface layers all reduction
processes included Mn** to Mn?* transformation are complete in
the LT interval (one single LT TPR peak). For AuCeMnMA sample
in addition to the reduction including CeO, surface and some
amount of Mn#*, the LT Mn3* — Mn2* formation has to occur pre-
dominantly (the above analysis of TPR data for CeMnMA support
showed that the amount of Mn3* is higher than that of Mn**).

For AuCeCoMA catalyst the HC, which is higher than the needed
one for ceria surface layers reduction, could be connected to the
reduction of Co3* to Co?*. The HC obtained with AuCeCoCP (Table 3)
suggests that in the presence of gold the amount of Co3* is higher



52

110 5
100—-
QO-
80—-
70
60—-
50—-

40

Conversion (%)

30

—a— AuCeFeMA
—3— AuCeFeCP

20

10

0 4

T

T I
100

150 200
T(°C)

T —
0 50

250 300

L. Illieva et al. / Catalysis Today 158 (2010) 44-55

110 5

100 -

= —e— AuCeFeMA

—o— AuCeFeCP

80

70 5
60
50 S

40

Selectivity (%)

30
20
| O*'—_O‘—‘—Q
10—

04

LI

100 150 200
T(°C)

— T
0 50 250 300

Fig. 10. Comparison between MA and CP preparation methods regarding the degree of CO conversion and selectivity over gold catalysts on doped with FeOy ceria.

in comparison to the initial support. Some reduction to Co® occurs
in accordance with results obtained in Ref. [43] and the catalytic
test showed below (methane formation at temperature >150°C for
AuCeCoMA and at temperature >250 °C for AuCeCoCP). It is known
that adding ceria to pure cobalt oxides led to the Co3*/Co?* ratio
increasing [50]. The increase amount of Co3* ions in AuCeCoCP as
compared to the initial support (predominant part is Co?*) could
be explained by the electron transfer, enhanced by the presence of
gold, from Co?* incorporated in ceria, to Ce**.

3.2. Catalytic activity and selectivity

The effect of the preparation method on the catalytic activity
expressed as degree of CO conversion and selectivity toward CO,
is illustrated in Figs. 10-12. In the case of Fe as dopant (Fig. 10)
the gold catalysts prepared by MA exhibited significantly higher
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activity than that prepared by CP. A stable activity close to 100%
in the interval from room temperature up to 150°C was regis-
tered with AuCeFeMA catalyst. Above 75°C the selectivity of MA
catalyst is higher comparing to CP one, being also stable (about
40%) up to 200°C. It is seen in Fig. 11 that the catalytic behaviour
of the two Mn-containing catalysts does not differ significantly.
AuCeMnMA catalyst is highly active compared to AuCeMnCP one
in the interval 100-150°C. At 77 °C (which is of interest for fuel
cell application) the MA catalyst is slightly less active than the CP
one but the observed selectivity was 61%. In the studied tempera-
ture interval the MA preparation mode leads to a higher selectivity
in comparison to CP method. The results of catalytic tests over Co
containing samples are presented in Fig. 12. The behaviour of AuCe-
CoMA is very different comparing to AuCeFeMA and AuCeMnMA
catalysts. In the interval 50-200 °C the PROX activity and selectivity
of AuCeCoMA was significantly lower as compared to the corre-
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Fig. 11. Comparison between MA and CP preparation methods regarding the degree of CO conversion and selectivity over gold catalysts on doped with MnOy ceria.
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Fig. 12. Comparison between MA and CP preparation methods regarding the degree of CO conversion and selectivity over gold catalysts on doped with CoOy ceria. The degree

of O, conversion is given as well (dash lines).

sponding CP catalyst. Only in the case of Co as dopant the methane
formation was detected: at temperature >150°C with AuCeCoMA,
and at temperature >200 °C with AuCeCoCP.

A comparison between AuCeFeMA and AuCeMnMA (both hav-
ing better PROX performance than AuCeCoCP), and AuCe catalyst is
showninFig. 13.In the temperature interval of interest (75-100 °C),
the PROX activity and selectivity is higher over gold on ceria sup-
ports modified by MA method in comparison to gold on ceria.

4. Discussion

The test for catalytic activity and selectivity showed that AuCe-
FeMA and AuCeMnMA can be selected as the most promising ones
for the reaction of PROX among the studied gold catalysts supported
on ceria modified with reducible MeOy. Both the catalytic activ-
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ity and the selectivity over gold supported on mechanochemically
prepared ceria doped by FeOx and MnOy are higher as compared
to gold on undoped ceria. The observed dependence on the prepa-
ration method is the opposite of the previously obtained one with
rare earths (RE) doped ceria supports. In Ref. [34] it has been estab-
lished that the CP technique for the preparation of ceria modified
with RE is more appropriate concerning gold catalysts for PROX
than the MA method. The explanation was searched in the struc-
ture of the ceria support and the assumption of oxygen activation
by chemisorption on surface anion vacancies in the vicinity of the
border with gold particles, e.g. near to the CO molecule adsorbed
on gold. The catalysts prepared by MA on one hand were double
phased—supplementary to the modified ceria the separate phases
of RE;03 oxides, which are not reducible and not active in PROX,
existed. On the other hand the modification by the MA method gives
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Fig. 13. Comparison between catalytic activity and selectivity of AuCeFeMA, AuCeMnMA and AuCe catalysts.
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alarger amount of dopant on the ceria surface, thus causing a distur-
bance of the close contact between gold and ceria. The average size
and the distribution of gold particles with all catalysts containing
RE were very similar. Schubert et al., comparing the CO oxidation
over not reducible (“inert”) and reducible (“active”) supports have
concluded that the size of the gold particles seems to play only a sec-
ondaryrole in the case of such “active” supports [6]. In contradiction
Luengnaruemitchai et al. [20] have reported that the PROX activity
of Au/Ce0, catalyst depends considerably on the size of gold. The
prevailing opinion in the literature is that the mechanism of CO oxi-
dation includes CO activation by adsorption onto Au®. A high gold
dispersion is needed in respect to this CO activation as the smooth
surface of metallic gold does not adsorb CO, which is adsorbed only
on steps, ages and corner sites [51]. The activation of oxygen has
also to occur on gold using non-reducible supports. Very recently
studying PROX over Au/Al,03; Quinet et al. [52] have suggested a
promotion effect of H, on CO oxidation because the simultaneous
presence of O, and H, may stabilize Au-OxHy species, which effi-
ciently react with CO. However in the case of gold on reducible
oxides, the majority of authors share the opinion that the oxy-
gen activation occurs with the participation of supports, depending
on their structure and properties. In the present study the HRTEM
results showed the same average particle size (2.8-2.9 nm) for Fe-
and Mn-containing samples prepared by both CP and MA meth-
ods. The difference in the size distribution of gold particles was
not significant as well. In AuCeMnCP and AuCeMnMA catalysts the
presence of gold particles with bigger size was obtained by XRD
and then it was confirmed after detailed analyses of HRTEM images.
However these Au particles have a very little impact onto the overall
surface of gold. This means that again the differences in catalytic
behaviour cannot be explained by the differences in the state of
gold—the studied modified ceria supports lead to the stabilization
of gold particles with similar low dispersion, responsible for CO
adsorption. Schubert et al. [6] have concluded that for Au/Fe,03
the dominant CO oxidation pathway involves adsorption on the
support of mobile oxygen species in a molecular form, dissociation
at the interface, and reaction on the gold particles and/or at the
interface with CO adsorbed on the gold. The involvement of lat-
tice oxygen of Fe; O3 in CO oxidation has been proposed [16,53,54]
and the importance of oxygen vacancies caused by the change of
the oxidative state of iron has been pointed out [55]. In addition
to modified ceria some amount of separate phases of Fe,03 and
Fe;04 were observed by HRTEM of the catalyst prepared by MA
mode. In accordance, it was established on the basis of TPR results,
that Fe3* is the predominant part of Fe ions in CeFeCP. However,
Fe ions in lower oxidative state exist in CeFeMA, e.g. the presence
of both Fe;03 and Fe304 could be supposed. The very high activity
of AuCeFeMA up to 150°C could be considered as a result of PROX
activities of gold on modified with Fe ceria and gold on FeOy phases.

When Mn-containing ceria support was prepared by MA
method, the presence of MnO, and Mn;03 was evidenced by
HRTEM, TPR and XPS results. According to Wang et al., with respect
to Au/MnOy catalysts, the superior PROX activity of Au/Mn;03 has
been attributed to its unique redox properties and the facile for-
mation of activated oxygen species on the surface [19]. In addition
to gold on modified with Mn ceria, gold on MnOy could also con-
tribute to the PROX activity and selectivity. The high reducibility of
CP catalyst, including the reduction both of ceria surface layers and
Mn#* — Mn?2* transition in the LT interval, could be the reason for
lower selectivity within all studied temperature interval due to the
enhanced H, oxidation. The conversion of CO over AuCeMnMA cat-
alyst was 86% with selectivity of 61% at 77 °C, and 94% conversion
and 39% selectivity at 100°C. The results make the gold catalyst
on doped with MnOy ceria prepared by MA technique promising
ones because of the interest for PROX especially at these fuel cells
operating temperatures.

Unexpectedly, in the case of Co as dopant a very low cat-
alytic activity and selectivity of AuCeCoMA sample in the interval
50-100°C was obtained. A Co304 phase existence was suggested
on the bases of XRD, TPR as well as XPS results. The eventual
explanation could be connected to the assumption that the pre-
dominant part of gold is located on this phase and by this reason the
ceria phase cannot be enough active in PROX. Concerning Au/Co3 04
phase—the intense TPR peak in the TPR pattern of AuCeCoMA sam-
ple as well as the presented in Fig. 12 curve for O, conversion
suggest that the main process in those LT interval is H, oxida-
tion accompanied with Co304 reduction. The CoO formation could
suppress the PROX activity—Wang et al. [30] studying PROX over
Au on prepared by sol-gel CeO,-Co304 have shown the reduction
to CoO as a reason for catalysts deactivation. The methane forma-
tion started over AuCeCoMA catalyst at temperature >150°C can
be explained with the deeper reduction to metallic cobalt. The cat-
alytic behaviour of AuCeCoCP is similar to that of gold on ceria with
CP incorporated Fe or Mn ions; the catalytic activity is lower but the
selectivity is higher compared to that of AuCeFeCP and AuCeMnCP.
It has to be mentioned a methane formation at temperature >200 °C
registered with AuCeCoCP catalyst.

5. Conclusions

On the basis of the obtained results, the gold catalysts on ceria
supports, mechanochemically modified with FeOx and MnOy, can
be selected as the most promising ones for PROX among the studied
catalysts.

The differences in the catalytic behaviour cannot be explained
by differences in gold dispersion (a high dispersion of gold parti-
cles, similar for Fe- and Mn-containing catalysts prepared by CP
or MA methods was established by HRTEM). The support struc-
ture, depending on the dopant nature and on the preparation
technique, determines the redox and catalytic properties. When
co-precipitation method was applied a deeper insertion of dopant
in ceria structure occurs, while the mechanochemical activation
leads to the formation of separate dopant oxide phases (XRD and
HRTEM data). In the case of MA preparation, beside the activity of
gold on ceria (modified with Fe and Mn) there is also activity by
gold on FeOy and MnOy phases, which also contributes to the high
PROX activity and selectivity. Co-containing MA catalyst exhibited
avery low PROX activity. The observed low selectivity could be due
to the H; oxidation (accompanied by Co304 reduction to the inac-
tive Co0) as well as methane formation (with participation of Co
reduced to metallic state).
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