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Abstract

In the present work, it is demonstrated that a synergistic effect on the CO oxidation reaction can be achieved depending on the cobalt loading and
deposition order of metal precursors employed in the synthesis of Au-Co;0,/Al,0, catalysts by the deposition precipitation with urea method. The
atomic arrangement of Au and Co;0, exerts an important influence on the catalytic activity. Intermediate reaction species in the studied systems
were identified through DRIFTS spectroscopy, which provided insights into the reaction mechanism. The formation of Au® and Au®~ as active sites for

CO oxidation, along with mono- and bidentate bicarbonate ligands as active reaction intermediates, was elucidated.

Introduction

It is generally accepted that the catalytic activity of gold in
CO oxidation depends on its particle size, however, the type of
support, preparation method, previous thermal treatment and
Au-support interaction have also been found to be determin-
ing factors for the catalytic performance.!'*) The reducibility
of the support also influences the adsorption sites of reactive
molecules. When gold is supported on alumina, whose partici-
pation is not considered in the catalytic process, only moder-
ately active catalysts are obtained.” ! However, Au catalysts
supported on reducible transition metal oxides have exhibited
very high activities.*! Grisel and Nieuwenhuys employed MO,/
Al,0; mixed oxides to prepare Au/MO,/Al,O5 catalysts and
tested them in CO and CH, oxidation!®’; these transition metal
oxides showed high CO oxidation activity, as well as in the
selective CO oxidation reaction in the presence of H,.[”) Au/
Co;0, catalysts have been studied for CO oxidation,>*°! and
the Au/Co;0,/Al,O; system, synthesized by Au and Co impreg-
nation, has been used in the oxidation of cyclohexane.!'”) In
this context, the deposition—precipitation (DP) method is more
advantageous than the impregnation or precipitation methods,
for a high percentage of gold species remain on the support sur-
face without CI™ residues on the catalysts, forming small par-
ticles of about 3 nm.['!! To the best of our knowledge, through
the DP method, the effect of the synthesis sequence of metal
precursors on the interaction between Au and Co,0, supported
on a non-reducible support has not been studied. Moreover,
the Au/Co;0,/Al,04 system has not been studied as catalyst
for CO oxidation. Therefore, in the present research work, the
deposition sequence of gold and cobalt precursors on y-Al,O;

was varied to study its influence on the Au-CoO, interaction by
correlating structural and surface properties with the activity in
the CO oxidation reaction.

Materials and methods

Preparation of catalysts

The catalysts were synthesized by the DP method using urea
as precipitating agent. Prior to preparation, y-Al,O; (Aeroxide
Alu C, 85-115 m?g™") was dried at 100°C for 24 h to desorb
any species that might be present on the surface. HAuCl,-3H,0
(Aldrich, 99.999%) and Co(NO;), 6H,O (Aldrich) were
employed as precursors of gold and cobalt, severally. The
synthesis of monometallic catalysts consisted in suspending
v-Al,O5 in a solution of the metal precursor by basifying it (pH
8-9) with the addition and decomposition of urea. Constant
stirring was maintained at 80°C for 16 h. Once this process
was completed, the solid was separated from the solution by
centrifugation, washed with distilled water, stirred, and heated
(at 50°C) until obtaining a solution pH of around 7; then, the
sample was dried in a vacuum oven at 80°C. For deposition
of the metal precursor by sequential DP, a series of catalysts
were synthesized by first depositing Co(NO;),, then the sam-
ple was vacuum dried at 50°C and afterward, the deposition
of the HAuCl, precursor was conducted as described above.
The obtained catalysts were labeled as AuCoy/Al,0O5, where
X denotes the Au:Co molar ratio in each sample. On the other
hand, another series of catalysts was synthesized by first
depositing gold and then cobalt, following the same prepara-
tion methodology; in this case, the samples were labeled as
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CoxAu/Al,O;. The theoretical deposited gold loading was 3 wt.
%, whereas that of cobalt was varied, obtaining Au:Co molar
ratios of 1:1 and 1:3.

Characterization of catalysts

Elemental analysis was carried out by X-Ray energy disper-
sive spectroscopy (EDS) on a JEOL 5900-LV scanning electron
microscope with an Oxford ISIS model EDS detector. Scan-
ning transmission electron microscopy in high-angle annular
dark-field (STEM-HAADF) mode was performed using a
JEOL ARM-200F Cs-corrected electron microscope, operated
at 200 kV and located at Laboratorio Universitario de Micro-
scopia Electronica (LUME, RRID:SCR_024400). Images of
the catalysts thermally treated ex situ at 400°C in air flow for
2 h were acquired to determine the average particle size, set-
ting convergence and collection semi-angles of ~25mrad and
68-260 mrad, respectively. UV—Visible spectroscopy analy-
ses were performed in a CARY 5000 (UV-VIS-NIR) by Agi-
lent Technologies equipped with a Praying Mantis diffuse
reflectance cell and a high temperature reaction chamber. The
synthesized catalysts were thermally treated in situ under air
flow of 50 mL.min"' with a heating ramp of 2°C-min~' from
room temperature to 350°C. Spectra were recorded during
the thermal treatment every 5 min to observe the evolution
of the surface plasmon resonance band (SPR). For the diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT)
analysis, the samples were previously thermally treated in situ
at 300°C under air flow; after cooling and purging the system
with N, a flow rate of 50 mL-min~! of CO was passed through
the samples, analyzing the evolution of the spectra with respect
to time, at room temperature and stabilizing the spectra for
60 min. These tests were carried out in an IR spectrophotometer
(Nicolet Nexus ISS0R FT-IR) equipped with a Praying Mantis
cell for diffuse reflectance spectroscopy and a reaction chamber
(Harrick) for high temperatures.

100+
NPe” 44 A A A A A A A A4
| A—AL— —A—A-A A A A A A
80
70- B i i S S PNPRIPPS
= *
X /"
~ 60-
s |
& 50
g AuCo, , /ALO,
40
8 —A—Co, , AUALO,
O 304 —®—AuU/ALO
O 273 /)
204 +C0/AI203 °/°/°
@-9-9—0—9"
10
o e Ve ) D ;‘ e S, s ¥ A'Jn T
0 50 100 150 200
(a) T(°C)
Figure 1.
WHSV=187.5h".

2 M MRS COMMUNICATIONS - VOLUME XX - ISSUE xx - www.mrs.org/mrc

Catalytic test

CO oxidation catalytic tests were performed in a fixed-bed
reactor, in an in-situ research RIG-150 coupled to an Agilent
Technologies GC-7820A gas chromatograph with FID detector,
using a heating ramp of 2°C min~'. The reactant gas mixture
was CO and O,, both at 1 vol% balanced with N,. A flow rate
of 100 mL min~' and 80 mg of catalyst were used to perform
the catalytic test, which corresponded to a weight hourly space
velocity (WHSV) of 187.5 h™!, defined as the weight of feed
flowing per unit weight of catalyst per hour.

Results and discussion

According to the elemental analysis (see Table 1 in Online
Resource), the percentage of Au and Co deposited on the
support was above 70% of the theoretical one, obtaining
Au:Co ratios of 1:1.18 and 1:2.98 for the AuCo, ;4/Al,0; and
AuCo, ¢¢/Al,05 samples; and Co:Au ratios of 1.25:1 and 3.10:1
for the Co, ,5Au/Al, 05 and Cos ;,Au/Al,O; samples, severally.

Catalytic oxidation of CO
The results of the catalytic CO oxidation tests are shown in
Fig. 1. The Au/Al,O; catalyst exhibited a conversion of 49%
at 0°C, while the Co/Al,O; catalyst showed no activity at tem-
peratures lower than 100°C, reaching 30% of CO conversion
at 200°C. The low catalytic activity of Co/Al,0O5 at low tem-
peratures is attributed to kinetic barriers on the catalyst surface.
Additionally, since Al,0O5 is a non-reducible support, it cannot
participate in oxygen activation through a redox mechanism.
At temperatures higher than 100°C, CO oxidation on cobalt
oxide may be limited by the desorption rate of CO,, as pro-
posed by Bridge et al.l'”l Another plausible explanation is that
water adsorbed on the cobalt surface forms OH groups, which
reduces the activity of preoxidized cobalt catalysts.['*]

When cobalt was incorporated into the Au/Al,O; catalyst
to form bimetallic systems, the catalysts with 1:1 molar ratio,
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Co, ,5Au/Al,O5 and AuCo, 14/Al, 05, showed CO conversions
of 84 and 89% at 0°C, respectively. Then, the effect of the syn-
thesis sequence was not relevant for this preparation method,
since the samples displayed very similar conversion profiles
with slight differences of about 5% in CO conversion. By
increasing the Au:Co molar ratio to 1:3, a different behavior
pattern was observed. The Co; ;,Au/Al,O; sample achieved a
conversion of 76% at 0°C, while by inversing the deposition
sequence of the metal precursors for the AuCo, ¢¢/Al,O5 cata-
lyst, the conversion decreased even below the one of the Au/
Al,Oj catalyst. At 0°C, the CO conversion was 50% and below
200°C, it did not exceed 60%.

In this sense, the catalytic performance decreased with the
increasing Au:Co molar ratio and the effect of the deposition
sequence of the Au and Co metal precursors had notable influ-
ence on these catalysts. In the Co; ,5Au/Al,0; and AuCo, ¢/
Al,O; samples, and to lower extent in the Co; ;,Au/Al,O5 sam-
ple, a promoting effect on the catalytic activity was observed.

It should be noted that the CO conversion profiles as a
function of the reaction temperature are characteristic of gold
catalysts supported on alumina; this behavior, in which the CO
conversion presents an apparent decrease, above 50°C, is due
to the possible loss of active sites. Costello et al.['* demon-
strated that when Al,O, is used, Au"~OH" species are involved
in the CO oxidation reaction. These authors proposed a reac-
tion mechanism involving the insertion of CO into Au™~OH" to
form gold hydroxycarbonyls, Au—(CO;H), that are oxidized to
bicarbonates, which decompose into CO,, releasing the Au-
hydroxyl site to complete the reaction cycle. However, inac-
tive Au—CO;—Al carbonates and H,O can also be formed by
dehydration of Au—(CO;H)+Al-OH, which may explain the
catalyst deactivation.!]

Size and formation of Au and Au-Co
nanoparticles
STEM-HAADF micrographs of bimetallic samples are shown
in Fig. 2. It was observed that by increasing the molar ratio in
the samples where cobalt was first deposited, AuCo, ;s/Al,O;
and AuCo, ¢4/Al,O5 catalysts, the particle size decreased con-
siderably from 4.27 to 2.67 nm, respectively (see histograms
in Fig. 1 in Online Resource). This agrees with the literature,
where it is generally reported that gold nanoparticles deposited
on a reducible oxide are more stable against agglomeration.!']
In the samples where gold was first deposited, Co,Au, the par-
ticle diameter remained around 3.15 nm, which is the same
size obtained for the Au/Al,O; catalyst, see Fig. 1 in Online
Resource. In fact, 70% of the particles showed diameters
between 2 and 3 nm in the AuCo, ¢/Al,O; catalyst, while 63%
of the particles displayed diameters between 3 and 4 nm in
the Coj 1,Au/AL,O; catalyst, which is in contrast with 55% of
the gold nanoparticles that reached diameters between 2.5 and
3.5 nm in the Au/Al,O; sample.

A synergistic effect on the CO oxidation reaction was
observed for the bimetallic samples, suggesting an interaction
between Au and Co;0, in the nanoparticles. To support this

idea, high-magnification HAADF images were acquired for the
AuCo, 14/Al,05 and Cos ,Au/Al,O; catalysts. In both cases,
the particles showed contrast variations within their structure
attributable to differences in composition in these areas. This
fact indicates that the particles consist of Au (higher contrast)
and Co (lower contrast), sharing an interface as highlighted by
the yellow arrows in Figs. 2(e), (i), (j). The AuCo, ;¢/Al,O04
particle in Fig. 2(g) shows a lattice pattern that differs from
that of Au, particularly in the Co-rich area. The fast Fourier
transform (FFT) of the image displayed a [112]-like pattern,
characteristic of a face-centered cubic structure (highlighted
in golden color). The reflections at 142 and 238 pm matched
the (220)14“/(420) Co304 and (1 IT)AM/(ZZ) Co304 planes. The
reflections at 470 pm and 245 pm (indicated by white arrows)
matched the (111) and (311) planes of the Co;0, phase. In the
Cos 1pAUW/ALO4 sample, the contrast difference within the par-
ticle increased due to higher Co content, with particles crystal-
lizing with more irregular shape. The FFT in Fig. 2(k) once
again shows an additional reflection at 248 pm, corresponding
to the {311} planes of the Co;0, phase. To further confirm the
presence of cobalt within the structure of particles, EDS line
scans along single particles were carried out and plotted in
Fig. 2(h), (1). As observed, the particles showed the presence
of cobalt in a minor proportion than gold, with the cobalt signal
appearing in the low-contrast areas of the NP. HAADF imaging
and line scan analysis suggested an interaction between Au and
Co/Co;0, within the particles of the bimetallic samples, which
may explain the promoting effect observed in some bimetallic
samples.

To further analyze the formation of gold nanoparticles in the
AuCo, ¢¢/Al,05 and Cos ;,Au/Al,O5 catalysts, where important
influence of the synthesis sequence on the catalytic behavior
was observed, the evolution of the SPR gold bands were ana-
lyzed during the in-situ thermal treatment under air flow, com-
paring them with their monometallic counterparts, see Fig. 3.
In the bimetallic samples, the appearance of three absorption
bands was observed: two corresponding to Co;0,4 bands that
confirmed the presence of the cobalt oxide spinel, found at 410
and 710 nm due to O*" — Co?" and O*" — Co®" charge trans-
fer,[1718] respectively, and a band at 520 nm characteristic of the
reduction of Au** to form metallic gold nanoparticles. Unlike
the evolution of the Au band in the Au/Al,O; catalyst, where
the formation of a plasmon band was observed from 250°C,
in the AuCo, ¢¢/Al,05 and Co; (Au/Al,O; catalysts, SPR was
detected at 210°C and its intensity increased gradually as the
temperature increased. This difference in the evolution of the
plasmon band may stem from the interaction between Au and
Co;0, in these samples.

Besides, the decrease in the intensity of the absorption
band of gold particles in the AuCo, 4¢/Al,O; catalyst could be
due to the Au—Co interaction in the particles, which has been
associated with plasmon suppression.!'>?%! This interaction
could be due to a partial or total coverage of the gold nano-
particles by Co;0,, which prevented their growth. In fact, the
AuCo, 4¢/Al,O5 catalyst presented both the lowest particle size
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Figure 2. HAADF TEM images of samples (a) AuCo, 1g/Al,O3, (b) Co4 55AU/AlL O3, (C) AuCo, g5/Al,O5, and (d) Cog 1oAU/Al,O4 thermally
treated at 400°C in air. (e), (f) High-magnification images of single AuCo, 14/Al,O5 particles. (g) FFT of image in panel f. Extra reflections
correspond to Coz0, planes formed in the Co-rich side of the particle. The Au symmetry is indicated by the yellow square. (h) EDS line
scan across a single particle showing the presence of Au and Co in its structure. (i), (j) High-magnification images of single Cog 4,Au/Al,O4
particles. A clear interface between high and low contrast is formed by the difference in atomic number between Au and Co, pointed out
by arrows. (k) FFT of image in panel k. The distance of 248 pm corresponds to the {311} planes of Coz0,. (I) EDS line scan across a single

particle showing the presence of Au and Co in its structure.

of 2.67 nm and the lowest catalytic performance, which is in
line with the proposal that gold is at least partially covered by
Co species.

Surface characterization

Surface analysis with DRIFT spectroscopy was performed
to elucidate the possible active sites in the synthesized cata-
lysts and the possible intermediate species. Figure 4 shows
the spectra obtained after saturating the surface by flowing
CO for 60 min at 25°C. The bands at 2167 and 2122 cm ™! are
attributed to adsorbed CO on Au species,?!??! while the band
at 2167 cm™! has also been associated with the adsorption
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of CO on Au™.!23! This last species is related to active sites
for the catalytic oxidation of CO with the formation of
Au™—OH™ (OH™ groups coming from alumina).**?*! However,
this peak has also been observed in Co/Al,O; catalyst DRIFT
spectra, so it is more likely that the band at 2167 cm™! cor-
responds to the contribution of CO in the gas phase. The band
appearing at 2101 cm ™! corresponds to the adsorption of CO
on metallic Au>¥); this adsorption band occurred with similar
intensity for the Au/Al,O;, AuCo, ;5/Al,05 and Cos ,Au/Al,O4
catalysts. According to Boccuzzi et al.l>%], CO is adsorbed on
step-like defects of the metal particles and the higher intensity
of this CO vibrational frequency indicates higher number of
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Figure 3. UV-Vis absorption spectra for (a) Au/Al,O3, (b) Co/Al,O3, (c) AuCo, 4¢/Al,05 and (d) Cog 4,AU/Al,O4 thermally treated in situ under
air atmosphere.
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Figure 4. Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) of the samples with Au:Co molar ratio of (a) 1:1 and (b) 1:3,
thermally treated at 400°C in air.
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Au® active sites. Moreover, it was observed that this band in
the spectra of the AuCo, ¢4/Al,05 and Co, ,5Au/Al,O; catalysts
presented low intensity, indicating lower availability of metallic
gold species which would confirm that gold could be partially
covered by cobalt oxide in the AuCo, 43/Al,O; sample, which
is also in line with their catalytic performance that was lower
than that displayed by the AuCo, ;4/Al,0; and Co; ;(Au/Al,O;
samples.

The band appearing at 2038 cm™ ' along with a shoulder at
1989 cm™! correspond to CO adsorption on Au® 2728 and were
present in the AuCo, 4¢/Al,0 and Co, ,5Au/Al,O; catalysts. In
the AuCo, ;4/Al,O5 and Cos ;,Au/Al,O5 samples, a shift to low
frequencies of these bands occurred at 1989 and 1931 cm™'.
The intensity of these bands was higher for catalysts with
Au:Co molar ratio of 1:1. This band is formed according to the
conversion of CO-Au’ to CO-Au®" sites by redox equilibrium
due to charge transfer. The appearance of these bands between
2038 and 1931 cm ™! indicates different CO—Au® species with
different transferred electron density.?®! These negatively
charged sites on gold nanoparticles may also be due to their
interaction with Co;0,, oxygen vacancies, because CO adsorp-
tion modifies the electron density around the CO—-Au—Co;0,
adsorption sites. Chakarova et al. reported that negatively
charged gold species, exhibiting strong metallic character,
successfully adsorbed the CO molecule, which produced the
weakening of the C—O bond by metal-CO bonding effect and
promoted the formation of carbonates as reaction intermedi-
ates. The above facts could explain the bands in the carbonate
region, between 1700 and 1550 cm™!, observed in the spectra
of the AuCo, ;4/Al,0;, Cos ;(Au/Al, O3 and Au/Al,O; catalysts.

The bands at 1669, 1641, 1612 and 1588 cm™ ! are associated
with the adsorption of bidentate COOH, bi- and monodentate
bicarbonates and bidentate CO on Au,*’! severally; they were
observed with higher intensity with the Au/Al,O5, AuCo, ;¢/
Al,O4 and Co; ,Au/Al,O4 catalysts, but these peaks were
not observed with the AuCo, ¢3/Al,05 and Co, ,5Au/Al,O;
catalysts. On the other hand, the bands with higher intensity
at 1500, 1478 and 1380 cm™' correspond to the adsorption of
HCOO and COOO on either Au or on the support, to either
monodentate carbonate or free carbonate and symmetric stretch
vibrations of different carbonates and of formate species,
respectively;?!*% these adsorbed species were identified on
the catalysts with Au:Co molar ratio of 1:3.

The band at 1641 cm ™! is related to the formation of
Au® species and the adsorption of bidentate bicarbonates;
the presence of this band is also correlated with the catalytic
performance shown by the AuCo, 3/Al,0; catalyst, which
had the highest CO conversion at 0°C. These results agree
with what was reported by Costello et al.,l'*! who proposed
that the presence of these negatively charged gold species
promoted the formation of bicarbonates, which are consid-
ered as reaction intermediates. As for the Cos; ,Au/AlO4
catalyst, the band at 1641 cm ™! appeared with high inten-
sity, however, the bands corresponding to the adsorption of
HCOO and COOO also displayed high intensity, as well as
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in the DRIFT spectra of the AuCo, ¢¢/Al,05 sample, which
could be related to the formation of inactive carbonates. The
foregoing observations are in line with the proposal stating
that a smaller number of gold active sites are available on the
surface of these catalysts with cobalt species as the prevailing
ones. The aforementioned would explain the decrease of the
catalytic performance in the catalysts with Au:Co molar ratio
of 1:3. A schematic representation of the possible catalytic
reaction mechanism taking place over these particles can be
seen in Fig. 2 in the Online Resource.

The effect of the synthesis sequence was mainly observed
through the formation of nanoparticles enriched in either Au
or Co on their surface. This fact suggests that gold availabil-
ity on the catalytic surface varied, exerting a significant influ-
ence on the catalytic activity. This phenomenon promoted
the formation of bicarbonates as reaction intermediates and
inactive carbonates or spectators. The catalysts with larger
particle size, Co; ,(Au/AlL,O; and AuCo, 3/Al,0O;, exhibited
the formation of bidentate bicarbonates.

Conclusions

The CO oxidation conversion shown by the synthesized
catalysts followed the order: AuCo, 4/Al,0;>Co, ,5Au/
Al,05>Co; |(Au/Al,05>Au/Al,05>AuCo, ¢4/Al,05. The
catalytic performance was influenced by the effect of the
deposition sequence of the metal precursors on Al,O5, which
impacted the formation stability of gold nanoparticles. As the
cobalt loading increased in the catalysts where cobalt was
first deposited, the size of the gold nanoparticles decreased,
while in the catalysts where gold was first deposited, the
particle size did not undergo a significant change. Further-
more, the addition of Co;0, promoted the formation of active
sites in Au®~ species. However, when the cobalt loading was
increased, gold particles were, apparently, partially covered
by Co species, decreasing the Au’ and Au®™ species available
on the surface and promoting an increase in the formation
of HCOO and COOO that are considered as spectators in
the reaction mechanism, which implies a decrease in avail-
able active sites and therefore, a decrease in the catalytic
performance.
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