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ABSTRACT

In this work, alumina-supported platinum catalysts promoted with cobalt were analyzed in
the preferential CO oxidation (PROX) reaction. The addition of Co represents a significant
catalytic improvement with regard to the monometallic Pt catalyst. This improvement
reaches its maximum with a Co/Pt atomic ratio of 1.5. The addition of a higher level of
cobalt decreases the activity probably because it would produce the coverage of the Pt
active sites, thus inhibiting the adsorption of CO. For all the bimetallic catalysts, the
maximum conversion occurs at ca. 130 °C, a value which is within the acceptable working
range for this process. A further temperature increase generates a decrease in the CO
conversion. The studied catalysts presented a slight deactivation after several hours on
stream. The original activity is recovered by submitting the catalysts to a reduction process
at 500 °C. Results are explained in terms of TPR, DRS, EXAFS and XANES characterization of
the catalysts.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

advantages such as high efficiency, low operating tempera-
ture, quick start and mainly, they do not emit pollutants to the
environment [1]. However, these same advantages are

A variety of fuel cells have been developed having a wide field
of application. For power generation both in mobile and sta-
tionary sources, proton exchange membrane fuel cells
(PEMFC) appear as the most important. These cells produce
electricity through an electrochemical reaction, so that their
efficiency is not limited by the Carnot cycle. The anode of the
cell is made of platinum, using hydrogen as fuel. They have

diminished when considering the fuel supply: pure hydrogen
presents problems with its carriage and storage [2], besides, it
has low energy per unit volume compared to other gaseous
fuels and a high power is required to achieve its compression.
A feasible alternative is to produce in situ the hydrogen to feed
the cells.
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Hydrogen can be generated through different processes:
reforming, Water Gas Shift Reaction (WGSR), Kvaerner Pro-
cess, coal gasification and fermentation of organic com-
pounds. The most widely used method of production of
hydrogen is the reforming, which generates a gas mixture
(syngas) composed of variable amounts of carbon monoxide
and hydrogen. The CO present in this stream must be elimi-
nated because, when it is fed together with hydrogen to the
fuel cell, is preferentially adsorbed on the platinum anode
preventing the hydrogen oxidation reaction to occur [3]. Ac-
cording to current standards, the maximum amount of CO
present in the feeding of PEMFC should be between 10 and
100 ppm [4]. The reforming of natural gas, methanol or gaso-
line generates a gas stream containing between 5 and 9% of
CO [5]. After the reforming process, the gas mixture obtained
is submitted to a two-steps WGSR: a first step at high tem-
perature (HTS) between 350 and 600 °C, and a second step at
low temperature (LTS), from 150 to 300 °C [6]. This reaction (Eq.
(1)) allows to further reduce the content of CO to values be-
tween 0.2 and 2%.

kJ

AHzgg = m_ol (1)

The WGSR is effective for the conversion of CO to CO,, but
because of its moderate exothermicity, is thermodynamically
unfavorable at high temperature. An increase in temperature
causes the conversion of CO to decrease [6].

There are several methods to further reduce the content of
CO in H,-rich streams and achieve a mixture that could be fed
to a PEM fuel cell, including: catalytic methanation of CO, se-
lective diffusion using Pd membranes, cryogenic methods,
adsorption through pressure changes and PROX. Selective
diffusion, methanation and PROX are the most promising
methods [4]. The preferential oxidation has as main advan-
tage its low cost and simple implementation without
involving significant loss of hydrogen [7].

The PROX reaction is a gas phase catalytic reaction through
which CO is transformed into CO,, a product that does not
interfere with the normal operation of the PEMFC. The PROX
reaction is represented by Eq. (2):

CO + H,0<CO, + H,

CO + 120, < CO, 2

At the same time, the oxidation of hydrogen (Eq. (3)) must
be avoided:

H, + 120, < H,0 3)

At high temperatures undesired reactions may occur:
Reverse Water Gas Shift Reaction and CO methanation. These
reactions should be avoided because they consume one and
three moles of H, per mole of CO, respectively, representing a
significant loss of H, (Egs. (4) and (5)) [3]:

CO, + H, < CO + H,0 (4)

The main requirements to be fulfilled by the catalysts used
in the PROX reaction are: high activity at low temperature,
achieving conversions higher than 99%, high selectivity to the
CO oxidation reaction and high resistance to deactivation

caused by the presence of CO, and H,0 in the feed stream.
Besides, the high activity should be obtained at temperatures
between the operating temperature of the low temperature
WGSR (150°C-300 °C) and that of the PEMFC (80°C-100 °C) [7,8].

In the early 1960, the U.S. Company Engelhard Corporation,
now belonging to BASF, developed and commercialized the
first catalyst for the removal of CO used in the ammonia
synthesis. This catalyst was supported on alumina and con-
tained between 0.1 and 0.3 wt.% of platinum [9]. Currently, the
catalysts used for the PROX reaction can be separated into
three groups: gold-based catalysts, those containing other
precious noble metals and those based on transition metal
oxides. Although Au catalysts show higher activity and
selectivity than Pt catalysts, especially in the low temperature
range, they suffer deactivation due to sintering during PROX
reaction. Another drawback of gold catalysts is that at high
water content, the CO oxidation reaction is inhibited. Con-
cerning transition metal oxide catalysts, their catalytic activ-
ity is usually superior to that of the noble metal catalysts at
low temperature, but is necessary to improve their stability in
the presence of H,O [3].

Platinum containing catalysts are the systems which have
been more extensively studied. In 1963, Cohn proposed that
alumina-supported Pt catalysts were an effective system for
the conversion of CO in excess hydrogen. According to liter-
ature, this catalyst exhibited its maximum conversion at
temperatures close to 200 °C, with oxygen concentrations just
above the value given by the stoichiometry of the reaction and
without formation of methane. Zeolitic Pt catalysts showed
that they were able to oxidize CO more selectively than
alumina-supported platinum catalyst, but it was necessary to
add an excess of O,, with values of A near 2, A being the oxygen
excess factor. In the presence of H,O and CO,, the following
series of activity is observed for the selective oxidation of CO
with Pt catalysts: Zeolite A > Mordenite > Zeolite X > y Al,Os.
The most interesting catalytic systems for the PROX reaction
are those that combine the noble metal with some easily
reducible second metal [10]. When metal promoters are added
to the Pt/Al,O; catalyst (either as a second metal or as an
oxide), a significant increase is observed in the conversion of
CO to CO,. Among the promoters that have been used to
improve the activity of platinum-supported catalysts it can be
mentioned the following: alkali metals, iron, manganese,
nickel, niobium and cobalt. In our research group, Sn and Ge-
modified bimetallic catalysts have been prepared through
surface-controlled reactions and revealed higher catalytic
activity compared to the conventional monometallic Pt cata-
lysts [11,12].

Among transition metals, cobalt has been described as the
most effective promoter for the PROX reaction. In that sense,
cobalt-modified platinum catalysts have shown good activity
in this reaction due to the synergistic effect between cobalt
and platinum.

In this investigation, it was studied the preferential CO
oxidation in excess H, over alumina-supported Co modified Pt
catalytic systems. We examined the influence of the Co/Pt
ratio on the catalytic performance, in order to find a catalyst
that achieved a CO concentration in the outlet gas that were
within the acceptable limits for feeding a PEMFC. In addition, a
detailed characterization of the catalysts was carried out.
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Besides, in the present paper, we also report on the stability of
the catalysts, demonstrating that they present a more than
acceptable CO conversion in a realistic condition over a
considerable period of time.

Experimental section
Catalyst preparation

A commercial y-Al,03 (Air Products) with a pore volume of
0.63 cm®/g and a surface area of 252 m?/g, was used as support.
The solid was crushed and sieved to obtain particles in the
range 60—100 mesh and before being used, it was submitted to
a calcination process in air at 500 °C for 4 h.

Platinum was added to the support by ion exchange using
an aqueous solution of hexachloroplatinic acid (H,PtClg,
Sigma Aldrich) of concentration such as to provide the cata-
lysts a Pt loading of 1wt. %. The solution and the support were
left in contact for 24 h to enable the ionic exchange between
them and then, the supernatant was removed and the solid
was dried in oven for 3 h at 105 °C. Then, the catalyst was
reduced at 500 °C for 2 h under a H, flow of 20 cm?/min and
subsequently it was repeatedly washed with aqueous
ammonia until the complete removal of chloride. Finally, the
solid was dried in an oven at 105 °C for 2 h. The monometallic
catalyst so obtained is designated 1Pt.

The addition of cobalt to obtain the bimetallic catalysts
was carried out by pore volume impregnation of the reduced
monometallic catalysts (1Pt) with an aqueous solution of
Co(NO3),-6H,0 (Anedra, p.a.). After a contact time of 2 h, the
preparation was dried in oven at 105 °C for 2 h. Table 1 lists all
the bimetallic catalysts prepared and their metal loadings. It
also indicates the atomic ratio between the two metals, which
varied between 0 and 4. For some characterization tests, co-
balt monometallic catalysts, with contents of 0.45 and
1.20 wt.% Co were also prepared.

Catalyst characterization

The analysis by atomic absorption spectrometry of the cata-
lytic materials for platinum and cobalt determination was
conducted in a Varian Spectra A 300 equipment. X-Ray
Diffraction (XRD) patterns of the samples were recorded with
a Philips PW 1050/70 diffractometer using CuKea radiation
(A = 1.54 A) with a Ni filter, a current intensity of 20 mA and a
high voltage supply of 40 kV. The diffractograms were

Table 1 — Nomenclature and composition of the tested
catalysts.

Catalyst Pt (wt.%) Co (wt.%) Co/Pt (at/at)
1Pt 1 0 0

1.5Co 0 0.45 -

4Co 0 1.20 -
1Co1Pt 1 0.30

1.5Co1Pt 1 0.45 1.5
2Co1Pt 1 0.60 2
4Co1Pt 1 1.21 4

recorded for a scanning angle (26) ranging from 5° to 70° at a
scanning speed of 2.00°/min.

Temperature-Programmed Reduction (TPR) experiments
were performed in laboratory constructed equipment. A 50 mg
sample was placed in a 6 mm diameter quartz reactor. In a
first step the sample was purged with Ar for 20 min at 20 °C to
remove impurities and water contained in the catalyst. Then,
the sample was heated from room temperature to 700 °C at a
heating rate of 10 °C/min, while the reactor was fed at a flow
rate of 10 cm®/min of a reductive mixture composed of 5 vol.%
H, in Ar. Hydrogen consumption was monitored using a Shi-
madzu GC-8A gas chromatograph equipped with a thermal
conductivity detector (TCD).

The Diffuse Reflectance (DR) spectra of the calcined sam-
ples were recorded in the range 200—-800 nm at room tem-
perature, using a UV—vis spectrophotometer (Perkin Elmer
LAMBDA 35) equipped with an integration sphere. The y-Al,03
support was used as a reference in all the cases and for dilu-
tion of the calcined samples. The powder samples were
mounted in a quartz cell, which provided a sample thickness
greater than 3 mm and thus guaranteed “infinite” sample
thickness.

X-ray Absorption Spectroscopy (XAS) measurements were
performed at the Laboratorio Nacional de Luz Synchrotron
(Campinas, Brazil) using the XAFS2 beamline. The measure-
ments were performed in the transmission mode using a
Si(111) crystal monochromator in transmission mode and
with three ion chambers as detectors. The third one was used
to measure the corresponding metallic reference simulta-
neously with the sample. Samples were pressed to form a
pellet and sealed in Ar atmosphere in special sample holders
with kapton windows in order to avoid contact with air and
were measured in that condition. The spectra were registered
at room temperature at both the Pt Ls-edge (11.56 keV) and Co
K-edge (7.71 keV). The EXAFS data were extracted from the
measured absorption spectra by standard methods using the
ATHENA software which is part of the IFFEFIT package [13].
The Fourier transformation was calculated using the Hanning
filtering function. EXAFS modeling was carried out using the
ARTEMIS program (IFFEFIT package). Structural parameters
(coordination numbers and bond lengths and their mean
squared disorders) were obtained by a nonlinear least-squares
fit of the theoretical EXAFS signal to the data in R space by
Fourier transforming both the theory and the data. Theoret-
ical scattering path amplitudes and phase shifts for all paths
used in the fits were calculated using the FEFF6 code [14].

Catalytic test (PROX)

The tests carried out to check the catalytic activity of each of
the prepared catalysts were conducted in a glass reactor of
6 mm diameter, placed in an electric furnace at atmospheric
pressure. A thermocouple was placed inside the reactor,
which allowed the actual reaction temperature to be recorded.
Another thermocouple placed on the wall of the furnace
allowed to control the reactor temperature. The reactor outlet
gases were analyzed by two gas chromatographs, one equip-
ped with a thermal conductivity detector (TCD) (Shimadzu
GC-8A) and the other equipped with a flame ionization de-
tector (FID) (Carlo Erba Fractovap 2150 series). Using the FID-
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equipped chromatograph, the concentrations of CO and CO,
were determined after separating them on a Porapak Q 60/
80 mesh packed column (3 m length, 3 mm internal diameter).
Once separated, CO and CO, were submitted to a methanation
process at 450 °C, using an alumina-supported nickel catalyst
and H, as carrier gas. The chromatograph with the TCD
allowed quantifying O,, H, and N,. For each test, 50 mg of
catalyst were used. After loading the reactor, N, was circu-
lated in order to eliminate gases which might be adsorbed on
the surface, especially O,.

Before carrying out the CO selective oxidation reaction is
essential to activate the catalyst. For this purpose, the catalyst
sample was reduced under a H, flow of 60 cm>®/min, increasing
the temperature from room temperature to 500 °C with a
heating rate of 10 °C/min, and keeping the system for
20 min at the maximum temperature. Then, the catalyst was
cooled to room temperature under the same hydrogen flow.
Once this stage was finished, the reactants were admitted to
the reactor. The reactor was fed with a gas mixture (total
flow = 100 mL/min) having the following volumetric compo-
sition: O, = 0.49%, N, = 15.85%, CO = 0.97%, He = 8.71%,
H, = 73.98%. The oxygen concentration is slightly higher than
the stoichiometric value. Activity tests were performed from
room temperature to ca. 300 °C.

Egs (6)—(8) are used to calculate the CO conversion, the O,
conversion and the selectivity to CO:

co Conversion % — [COin =[Ol . 109 (6)
[Co]in
0, Conversion % = % x 100 (7)
0, Selectivity % = 0.5 x [0 —[COlou 109 8
y [
2lin

where [x]in represents the inlet concentration of the x gas and
[X]out represents the concentration of the same gas at the
reactor outlet.

Stability test

With the aim of determining the stability of the catalysts, a
test was conducted using the CoPt 1.5:1 catalyst. The reaction
was started in the manner described in the previous section,
but once the temperature reached a preset value (either 85 °C
or 110 °C), it was kept constant at that value at least for 7 h.

Results and discussion
Catalyst characterization

The XRD spectra of the calcined support and of 4Co and
4Co1Pt catalysts were recorded, and are shown in Fig. 1. The
diffraction patterns consisted mostly of broad peaks of poorly
crystallized y-Al,05. Even though the samples with the high-
est Co loadings were analyzed, cobalt signals could not be
detected. Also, no diffraction peaks were observed for Ptin the
4Co1Pt sample. These results suggest that Pt and Co particles

Intensity (a.u.)

1 1 ! 1

5 10 15 20 25 30 35 40 45 50 55 60 65 70
20

Fig. 1 — X-ray diffraction spectra of (a) y-Al,05 support and
(b) 4Co and (c) 4Co1Pt catalysts.

are either amorphous or are too small to be detected by XRD
methods. Similar results were found by other authors [4].

The patterns obtained in the TPR tests of catalysts are
shown in Fig. 2. A common feature of the TPR corresponding
to Pt-containing catalysts is that the existence of peaks
assigned to the presence of chlorides, which are reduced at
400 °C [15], is discarded since these species were removed by
chemical treatment during the preparation process of the
monometallic catalyst. Regarding the cobalt-containing cata-
lysts, the presence of hydrogen consumption peaks due to the
existence of residual nitrates is also discarded, since the
calcination carried out at 500 °C ensures the decomposition of
nitrates, which takes place at ca. 300 °C [16].

Monometallic 1.5Co and 4Co catalysts presented a single
reduction peak that is centered around 450°C-470 °C. This
peak is usually assigned to the reduction of Cos04 to CoO.
When increasing the cobalt loading, the temperature of this
reduction peak increases, revealing changes in the degree of
interaction between the support and cobalt species. According
to the literature, at temperatures around 600 °C, is possible to
find another peak which corresponds to the reduction of
different types of aluminates and CoO to metallic cobalt [17].

The TPR profile of the 1Pt catalyst showed two peaks: one
centered at 185 °C and the other around 460 °C. The low
temperature peak is assigned to the reduction of either PtO, or
bulk PtOx species interacting with the oxygen atoms of the
support. The presence of these species may be related to the

ption (a.u.)
;

H, Consum
o
~—~
é
S

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 2 — TPR profiles of the studied catalysts: (a) 1.5Co; (b)
4Co; (c) 1Pt; (d) 1Co1Pt; (e) 1.5Co1Pt; (f) 2Co1Pt and (g)
4Co1Pt.
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ability of the alumina to stabilize oxidized Pt particles on its
surface [18]. The second peak can be attributed to highly
dispersed particles with strong interaction with the support
[19,20].

The reduction profiles of all the bimetallic catalysts
exhibited three peaks of hydrogen consumption. The first and
the third peaks, assigned to the reduction of platinum species,
are still observed at the same temperature as in the mono-
metallic 1Pt catalyst. The second peak observed between the
other two, around 350 °C, is assigned to the reduction of cobalt
oxides in intimate interaction with platinum. This peak could
be indicating the formation of a bimetallic Co-Pt phase. In
addition, it is observed that increasing the cobalt loading, this
central peak slightly shifts to lower temperatures, a fact that
could be due either to the influence exerted by platinum,
lowering the temperature at which cobalt species are reduced
or to the decrease in the interaction of the metallic species
with the support [21,22].

Fig. 3 shows the DR spectra in the UV—Vis region for the
bimetallic PtCo studied catalysts. The spectra of two alumina-
supported Co catalysts having two different concentration
levels (1.5Co and 4Co), are also shown. The spectra of the Co
samples calcined at 500 °C are characterized by two bands
with maxima around 580 and 625 nm and a shoulder at
545 nm, characteristic of the presence of Co?" ions in tetra-
hedral coordination, as found in the spinel structure CoAl,0,.
The formation of spinel-type structures involve solid state
reactions with Co®" ions diffusion inwards the holes of the
alumina and their distribution may vary with the cobalt con-
tent. The presence of CoAl,O, species is undesirable because
of the low reducibility that cobalt has in these species,
generating catalysts with low activity [23].

When analyzing the DR spectra of the PtCo bimetallic
catalysts (upper curves) two main features appear: i) the

®)
(e)
(CY)
(©)

g

£

2

|
(b)
(@),

400 500 600 700 800

wavelength (nm)

Fig. 3 — UV-VIS diffuse reflectance spectra of (a) 1.5Co; (b)
4Co; (c) 1Co1Pt; (d) 1.5Co1Pt; (e) 2Co1Pt and (f) 4Co1Pt
samples.

signals of tetrahedrally coordinated Co®* ions (indicative of
the interaction of Co with alumina as CoAl,0,) are no longer
present and ii) a small band at 480 nm appears, that could be
assigned to octahedral Co®* ions. These are indicating that
when Pt has been deposited on alumina before Co, the
migration of Co?" ions into the alumina lattice is inhibited,
thus favoring the interaction between the two metals on the
surface of the catalysts.

Fig. 4 and Table 2 shows the EXAFS fit results obtained at Pt
Ls-edge. The Fourier transform corresponding to the mono-
metallic Pt/Al,0; sample, presents a main peak at 2.74 A
(without phase correction), corresponding to the Pt—Pt dis-
tance, indicating that the Pt atoms are mostly reduced. A
small Pt-O contribution is observed at 2.00 A, which can be
associated to the interaction of Pt atoms with alumina. The Pt-
Pt coordination number is lower than the corresponding to a
platinum foil, due to the dispersion of the metallic phase.

Under the supposition of spherical particles, the average
Pt-Pt coordination number obtained would correspond to
1.8 nm particles [24]. This particle size agrees well with the
value found by TEM when measuring Pt/y-Al,O; catalysts
prepared in our research group and reported previously else-
where [25]. For the bimetallic catalysts, three coordination
shells around Pt atoms are found: one of O atoms, one of Pt
atoms and one of Co atoms; the last one indicates the for-
mation of a CoPt alloy phase. In all bimetallic samples, the
average coordination numbers of each metallic shell are very
similar, showing that the proportion of alloy formed does not
depend on the quantity of cobalt, at least for the studied
atomic ratios. This can be explained taking into account the
limited quantity of available Pt atoms to form the alloy phase.
In the stoichiometric CoPt and Pt;Co alloys, the ratios Np. py/
Npt.co are 0.5 and 2 respectively. The corresponding obtained
ratio in our samples is about 2.5;, consistently with the for-
mation of the Pt3Co alloy. In Pt;Co, the Pt-Co and Pt-Pt dis-
tance is 2.71 A, which is longer than the value fitted from our
results with a difference of 0.09 A at most. For particles in the
nanometric scale it is expected that the distances can be
contracted up to 0.1 A [26—29] thus, being in these samples
within the expected range.

The XANES results at the Co K-edge in the bimetallic cat-
alysts (Fig. 5) shown that the cobalt is mainly in oxidized state,

_x(R) (a.u)

0 1 2 3 4 5
R (A)
Fig. 4 — EXAFS fits of fresh catalysts in R-space at Pt Ls-
edge: (a) 4Co1Pt; (b) 1.5Co1Pt; (c) 1Co1Pt; (d) 1Pt (symbols:
experimental data, solid line: fits).
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Table 2 — Structural parameters obtained from the EXAFS fits at the Pt L;-edge.

Sample Pt-O Pt-Co Pt-Pt

N R(A) DWEF(A?) N R(A) DWE(A?) N R(A) DWEF(A?)
1Pt 0.4, 2.00, 0.012,4 - - - 8.6 2.7535 0.00605
1Co1Pt 0.65 2.06, 0.0075 2.15 263, 0.014, 5.9, 2.6985 0.00805
1.5Co1Pt 0.85 2.05, 0.0105 2.4 2.62; 0.0125 5.4, 2.687, 0.0080¢
4Co1Pt 1.24 2.075 0.0094 2.2¢ 2.645 0.0144 5.8g 2.672¢ 0.0090;

N: Average coordination number. R: Interatomic distance. DWF: Debye—Waller factor.

Normalized Absorption (a.u.)

f
()
()
(€9)
b

(€]

7670 7690 7710 7730 7750 7770 7790
E (eV)

Fig. 5 — Normalized Co K-edge XANES spectra: (a) Co; (b)
CoO; (c) Co304; (d) 1Co1Pt; (e) 1.5Co1Pt; (f) 4ColPt.

and the type of oxide formed is CoO, thus only a small fraction
of atoms would be forming the alloy. As there is only a small
fraction of Co atoms in metallic state, it would be not possible
to form a CoPt alloy in the 1Col1Pt sample without have a
significant amount of segregated metallic Pt, which should be
reflected in the coordination number Np.p;. This reinforces
the hypothesis that the alloy formed is the Pt;Co one.

Based on these results, it is proposed that part of the Pt and
Co atoms form bimetallic particles in which the cobalt elec-
tronic density decreases due to the electron transfer towards
platinum. This is in good agreement with previously dis-
cussed TPR results, which also suggest the formation of
bimetallic Pt—Co particles [4,30] In sum, it is proposed that on
the surface of Pt—Co/Al, 05 catalysts there are clusters formed
mainly by a Pt;Co nano-alloy and CoO particles in intimate
contact.

Catalytic activity

The results of the activity tests in the PROX reaction are
shown in Fig. 6. This figure represents the conversion vs. re-
action temperature for the tests of the PROX reaction carried
out with a feed having a stoichiometric CO/O, ratio and excess
H,. At 50 °C, whatever the catalyst, the reaction reaches a
conversion of 20% at the best. Then, there is a sharp rising for

N ®
S © o© O

(=]

CO Conversion (%)
N W s W &
(=] (=}

=)

(=]

50 100 150 200 250 300
Temperature (°C)

Fig. 6 — Variation of CO conversion as a function of the
reaction temperature for the CO-PROX reaction over the
studied catalysts (for reaction conditions, see the text): (a)
1Pt; (b) 1Co1Pt; (c) 1.5C01Pt; (d) 2Co1Pt; (e) 4Co1Pt.

almost all the catalysts, with a maximum conversion for re-
action temperatures between 100 and 150 °C.

The shape of the curve corresponding to the conversion of
CO as a function of temperature on the 1Pt catalyst, agrees
with that obtained in previous investigations [12]. Oxidation of
CO on this catalyst is a multi-step process obeying a single-
site competitive Langmuir—Hinshelwood mechanism, where
CO, H, and O, compete for the noble metal surface. According
to thermodynamics, CO is more strongly adsorbed on the
noble metal than H, or O,. Therefore at low temperature, CO is
adsorbed on nearly the entire surface of the platinum pre-
venting other species to do so. Then, it can be said that CO
presents an inhibitory effect at low temperatures. With
increasing temperature, up to about 115 °C, CO desorption
starts, leaving free sites where O, and H, can adsorb. Thus, the
reaction starts. A further increase in temperature produces
more CO molecules to desorb, resulting in an increased con-
version of the reactants.

When working at temperatures higher than 100 °C, the
total O, consumption is observed for all catalysts. Due to this
fact and taking into account that the feeding has a CO,/O,
stoichiometric ratio, selectivity and conversion values are
equal at temperatures above 100 °C.

At 220 °C the maximum conversion and selectivity for the
PROX reaction is reached. Beyond this temperature, the
adsorption of H, becomes important and secondary reactions
can take place: the reverse WGS and the oxidation of H, (Egs.
(1) and (3)), both leading to a decrease in CO conversion and
selectivity. Additionally, at these temperatures, some traces of
methane have also been detected.
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Fig. 7 — Effect of the Co/Pt atomic ratio on the CO
conversion measured at 110 °C for the PROX reaction.
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For all the catalysts analyzed in this work it could be
observed a beneficial effect of the addition of cobalt. When
certain transition metal promoters, e.g. cobalt, are added to
platinum catalysts, the kinetics of the PROX reaction is usually
explained by a noncompetitive Langmuir—Hinshelwood
mechanism with two types of active sites. The first type of
active site is the promoter metal, Co. The promoter is in a low
oxidation state and on that type of sites, O, is adsorbed and
dissociates. Thus, Co activates oxygen. The second type of
active sites is provided by Pt: as in the case of unpromoted
catalyst, CO is adsorbed on it (although less strongly due the
electronic modification of platinum) and then reacts with the
dissociated oxygen atoms, leading to the selective oxidation of
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Fig. 10 — Normalized Co K-edge XANES spectra (A) and
Fourier Transform (B) of fresh (a) and used (b) 1.5Co1Pt
catalyst.
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R (A)

Fig. 11 — EXAFS fits of the used (a) and regenerated (b)
1.5Co1Pt catalyst in R-space at Pt L;-edge (filled symbols:
experimental data, solid line: fits).

CO to give CO,. The good or bad performance of a promoter
depends on its ability to dissociate the molecular oxygen
presentin the gas phase and on the amount of active sites that
provides for oxygen adsorption. A good promoter must easily
change from one oxidation state to a different one, allowing
the mobility of the oxygen vacancies [10]. Among the bime-
tallic catalysts studied in this paper, the best activity and
selectivity corresponded to the 1.5Co1Pt catalyst.

To understand the decrease in the activity observed for all
the catalysts at temperatures higher than 200 °C, it should be
taken into account the presence of the aforementioned sec-
ondary reactions: the reaction between H,-O, (which is not
dominant at low temperature due to its high activation energy
and the WGS reaction [7]).

In Fig. 7 the effect of cobalt concentration on the PROX
reaction is observed. Taking into account the results of the
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Table 3 — Results obtained from the EXAFS fits at the Pt L;-edge of the used and regenerated 1.5Co1Pt catalyst.

Sample Pt-O Pt-Co Pt-Pt

1.5Co1Pt N R(A) DWE(A?) N R(A) DWE(A?) N R(A) DWE(A?)
Used 1.3, 2.10, 0.005, 1.9, 2.62, 0.011, 4.0, 2.6795 0.0067
Regenerated 0.5 2.104 0.0085 2.3, 2.62; 0.011, 5.44 2.688¢ 0.00686

N: Average coordination number. R: Interatomic distance. DWF: Debye—Waller factor.

characterizations performed on the catalysts prepared, the
behavior of the bimetallic catalysts could be explained as
follows: when the Co/Pt ratio is lower than 1.5, the CO con-
version is low due to the low concentration of the promoter
and when the Co/Pt ratio is greater than 1.5, the high pro-
portion of Co would be blocking a substantial number of active
sites. Thus, a Co/Pt atomic ratio of 1.5 seems to correspond to a
good balance between an electronically modified Pt (due to the
presence of PtCo in intimate contact, according to TPR results)
that adsorbs CO less strongly than in the absence of Co [10],
and a suitable concentration of Co under the form of CoO
(according to XANES results) that has the ability to dissociate
the molecular oxygen.

Catalytic stability

The 1.5Co1Pt catalyst was submitted to a stability test at a
constant temperature of 85 °C, and the results are displayed in
Fig. 8. It is observed that the conversion of CO is almost con-
stant throughout the 7 h of the test. At higher working tem-
peratures, a certain catalytic deactivation appears (Fig. 9). CO
oxidation studies indicate that the cobalt, which is forming a
bimetallic Co-Pt phase, is oxidized as the reaction proceeds.
During the PROX reaction, this species provides an oxygen
atom to the CO retrieving it from the O, of the gas phase. Then,
one can infer that the loss in activity is due to changes in the
stability of the cobalt oxides formed during the reaction. The
oxides formed would have a higher stability, and therefore,
would be less likely to participate in the selective oxidation of
CO, with the consequent reduction of the activity with time.
This hypothesis was confirmed by XAS measurements of
these samples at the Co K-edge. Fig. 10(A) show a small
increment of the white line at the Co K edge of the catalyst
1.5Co1Pt after the reaction. This is an indication that more
CoO is being form during the reaction. A similar result is
observed in the Fourier transform of the EXAFS spectrum at
the Co K edge (Fig 10B) where a decrease of the contribution
from metallic phase is observed. These results confirm the
hypothesis that the loose of activity is related to the changes
in the stability of the CoO phase formed during the reaction.
Subsequent regeneration tests showed that the activity
could be recovered after a reducing treatment performed at
high temperature (500 °C). After that treatment, the catalyst
recovered almost the same activity that had at the beginning
of the reaction (see Fig. 9). Fig. 11 and Table 3 show the results
of the EXAFS fits at the Pt Ls-edge in the samples used and
regenerated. It is observed that, after regeneration, there is a
decrease of the Pt-O fraction as well as an increment of the Pt-
Co and Pt-Pt coordination numbers, showing an increase of
the quantity of Pt atoms forming the alloy phase. The coor-
dination numbers obtained for the catalyst after regeneration

are very similar to those obtained before the reaction con-
firming that the recovery of the activity is related to the pro-
portion of metallic phases present in the catalyst.

Conclusions

By adding cobalt to a Pt/y-Al,O0; catalyst, a significant
improvement in CO conversion in the PROX reaction is ob-
tained. This improvement could be assigned to the existence
of a strong interaction between cobalt and platinum,
decreasingin this way the Pt-support interaction. Most likely a
new Pt-Co phase with lower reduction temperature and high
synergy is formed. The catalytic performance reaches its
maximum value for a Co/Pt atomic ratio of 1.5. The addition of
Co above this value causes a decrease in activity, since it
would result in a covering of the Pt active sites, preventing the
adsorption of CO.

All the bimetallic catalysts studied showed the maximum
conversion in the range 110—180 °C. This value is within the
range of acceptable temperatures for this process. A further
increase in temperature causes a decrease in the conversion
of CO, either because at such temperatures begin to be
noticeable the reverse WGSR or because the adsorption of CO
is not so strong, and the active sites that are released can be
occupied by H,, which reacts to form water.

The catalyst with the best activity, 1.5C01Pt, did not show a
significant deactivation after several hours of operation at
85 °C. At higher working temperatures, the deactivation was
more pronounced, but the original activity was almost
recovered when submitting the catalysts to a reduction pro-
cess at 500 °C. This fact indicates that there is no sintering of
the metallic phase in the course of the reaction and that the
deactivation is due to the oxidation of cobalt.
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