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Abstract

The present work highlights the versatility of a TiO,-Al,O; mixed oxide bearing highly dispersed gold nanoparticles that was
applied in the CO oxidation reaction at room temperature. The TiO,, Al,0;, and TiO,-Al,O5 supports were synthesized by
the sol—gel method, while gold nanoparticles were added by the deposition—precipitation with urea method using a theoretical
Au loading of 2 wt.%. A promotional effect of the TiO,-Al,O5 support on the activity of gold catalysts with respect to TiO,
and Al,O; was observed; Au/Ti0,-Al,05 showed outstanding CO oxidation, being active from 0 °C and stable throughout a
24-h test. As for the alumina content (5, 10, and 15 wt.%) in TiO,, it improved the textural properties by retarding the crystal
growth and anatase—rutile phase transformation of TiO,, suppressing the deposition of carbon on the catalyst surface and
stabilizing the Au nanoparticles even at high temperatures. Gold was highly dispersed with nanoparticle sizes ranging from
1 to 2 nm when H, was used to treat thermally the Au/TiO,-Al,0;, Au/TiO, and Au/Al,O; materials. In addition, the XPS
technique helped elicit that Au® and Au'* boosted their interaction with the TiO,, Al, O3, and TiO,-Al,O5 supports by means
of charge transfer, which resulted in outstanding CO oxidation activity from 0 °C. Likewise, the key factors that control the
peculiar catalytic performance in the CO oxidation reaction are discussed, which represents a step forward in the versatility
behavior of gold catalysts supported on mixed oxide catalysts.
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Introduction

Gold catalysts have been extensively studied in reactions
such as low temperature CO oxidation, water gas shift
(WGS), and preferential oxidation (PROX) (Romero-Sarria
et al. 2008; Boaro et al. 2009; Avgouropoulos et al. 2008),
where the activity of gold-based catalysts is originated by
the intimate contact boundary between small gold particles
and oxide supports (Haruta et al. 1987; Soares et al. 2003).
As for TiO,-Al,0; mixed oxide catalysts, they have been
tested in many important industrial processes, for they have
shown remarkable advantages with respect to the single
metal oxides such as improved high-temperature stability,
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stronger surface acidity (Lewis or Bronsted), and enhanced
textural properties (Tavizén-Pozos et al. 2016; Duan et al.
2009). In this context, the TiO,-Al,0; mixed oxides have
been employed in catalysis processes such as selective
oxidation reactions, NO, catalytic reduction, hydrodesul-
furization (Galindo and de Los Reyes 2007; Reddy et al.
2006; Camposeco et al. 2015); in photocatalysis; and in
self-cleaning processes (Wu et al. 2008; Bakhshayesh et al.
2012). Regarding the modification of TiO, by Al,O; addi-
tion, it was found that enhanced reducibility and dispersion
of noble metals, which has resulted in more active sites for
heterogeneous catalysis, benefitted the catalytic properties with
respect to the single Al,O5 and TiO, supports (Huang et al.
2008). For the addition of noble metals to this mixed oxide, the
sol—gel, deposition—precipitation, and hydrothermal methods
have been used (Galindo and de Los Reyes 2007; Zanella and
Louis 2005; Camposeco et al. 2015). From these options, the
deposition—precipitation with urea method allows the synthesis
of small (1-3 nm) and well-dispersed Au particles without
impurities, and consequently high active catalysts for oxida-
tion reactions, especially at low temperatures. Recently, other
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methods such as the biosynthesis of AuNPs by using plant
extracts have offered an interesting way to obtain gold NPs,
especially because they are nontoxic, simple, greener, and
cost-effective synthesis methods (Hassanisaadi et al. 2021).
However, the gold particle sizes obtained by biosynthesis
are larger than those achieved by depositio—precipitation
with urea, which when deposited on oxides would affect the
catalytic activity by displacing the CO oxidation to higher
reaction temperatures.

It is known that supported gold nanoparticles are active in
the oxidation of carbon monoxide and generally, the activity
depends on the support type, gold particle size, the synthe-
sis method, and to lower extent on the oxide surface area
(Haruta et al. 1987). Among the employed oxides, the TiO,
anatase phase has been widely used because it can stabilize
the size of gold nanoparticles, providing a uniform distribu-
tion (Albonetti et al. 2008). In this way, previous reports
have shown that gold catalysts supported on oxides such
as TiO, and Co;0, exhibit higher activity than those sup-
ported on oxides like Al,O5 and SiO, in the oxidation of
carbon monoxide (Date et al. 2004; Okumura et al. 1998).
Therefore, improvements in the textural, structural, and
catalytic properties of TiO, have been reported for mixed
oxides prepared by the sol-gel method such as TiO,-MgO,
TiO,-AlL, 03, TiO,-Si0O,, and TiO,-In,0;, showing strong
acidities, high specific surface areas, and enhanced catalytic
activities (Bokhimi et al. 1999; Moran-Pineda et al. 2002;
Glez et al. 2009; Lopez et al. 2000). Moreover, it has been
stated in previous works that the Au/y-Al,O; system is a
poor catalyst for CO oxidation (Gavrila et al. 2006). In con-
trast, earlier works have reported that the deposition of gold
on Al,O,/TiO, produced highly stable catalysts, which pre-
served high activity in the CO oxidation (Wenfu et al. 2008).

CO oxidation is one of the most extensively studied reac-
tions, because it is considered an interesting probe reaction
and it is a pivotal reaction for cleaning air and lowering
automotive emissions, issues that have grown exponentially
during the last years (Valange and Védrine 2018). There-
fore, the high activity of gold nanoparticles, with sizes lower
than 5 nm supported on reducible metal oxides (as TiO, or
Ti0O,-Al,05 mixed oxide), in CO oxidation is due to their
ability to dissociate molecular oxygen at low temperatures.
Therefore, in this work, Au/TiO,, Au/y-Al,O5, and Au/
TiO,-Al,O; were prepared with similar gold loadings by the
deposition—precipitation with urea method. Al,O; loadings
of 5, 10, and 15 wt.% were chosen to improve the textural
properties of TiO, in order to increase the specific surface
and dope, at some extent, TiO,.

The aim of this work was to compare the catalytic behav-
ior pattern of Au/Ti0O,-Al,O5 with those displayed by Au
supported on TiO, and y-Al,0O; single oxides in order to
understand the key factors that control the peculiar catalytic
performance in the CO oxidation reaction of gold catalysts

supported on a mixed oxide. The characterization of the
catalysts indicated that the interaction between gold nano-
particles and the support, the dispersion of gold, and the
presence of Au'* and Au’ species improved remarkably the
CO oxidation performance.

Experimental
Preparation of the nanostructured catalysts

TiO,, y-Al,03, and TiO,-Al,O; support nanoparticles
were synthesized by the sol-gel method. The sol-gel tita-
nia and titania—alumina oxides were prepared as follows:
the required quantities of aluminum isopropoxide (Aldrich
99.99%) and 18 mL of titanium isopropoxide (Aldrich 97%)
were simultaneously added to a solution containing 36 mL
of distilled water and 100 mL of 2-propanol (Baker 99%).
Then, the gelling solution was refluxed at 80 °C under con-
stant stirring. The quantities of aluminum isopropoxide per
titanium isopropoxide were calculated to provide 5, 10, and
15 wt.% loadings of alumina in the final TiO,-Al,0; mixed-
oxide. In addition, by using the same procedure, alumina
samples with TiO, contents of 5 and 15 wt.% in the final
mixed oxide, labeled as Al,05;-5TiO, and Al,05-15TiO,,
were prepared by using titanium isopropoxide over alu-
minum isopropoxide as Ti and Al precursors for comparison
purposes during the catalytic test. Additionally, bare sol—gel
TiO, was prepared in the same way. The formation of the
gel was obtained with controlled hydrolysis-condensation
reactions of titanium isopropoxide at 70 °C for 24 h at pH
3 with HNO; and 18 mL of deionized distilled H,O. After-
wards, the samples were evaporated in a rotary evaporator
at 80 °C and then dried in an oven for 16 h at 80 °C. Finally,
the excess of solvent and water was removed by annealing
the materials in static air at 500 °C for 4 h with a heating
program rate of 3 °C/min. As for y-Al,Oj;, it was prepared by
the sol-gel method using aluminum isopropoxide (Aldrich
99.99%) in the presence of 2-propanol (Baker 99%); the
mixture was heated to 70 °C and the pH adjusted to 3 with
HNOsj; then, 18 mL of deionized distilled H,O was added
dropwise to the solution to perform a hydrolysis reaction;
after vigorous stirring for 1 h, the gel was formed. Then,
the solvents were evaporated in a rotary evaporator at 80 °C
and the sample was dried in an oven for 16 h at 80 °C. To
obtain the y-Al,O; sample, the dried sample was calcined
in static air at 500 °C.

Preparation of Au nanoparticles on the TiO,, y-Al,0;,
and TiO,-Al,0; supports

Gold nanoparticles were obtained by the deposition—precipita-
tion with urea (DPU) method. The gold precursor, HAuCl, and
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urea, were dissolved in distilled water. The gold loading was 2
wt.% and the samples were labeled as Au/TiO,, Au/Al,0O5, and
Au/Ti0,-Al,O;. For the preparation of the Au samples, 250 mg
of TiO,, y-Al,O;, or TiO,-Al,0; (dried at 80 °C) was added to
the HAuCl, and urea solution under constant stirring; thereaf-
ter, the suspension temperature was increased up to 80 °C and
stirring was kept constant for 16 h. After the DPU procedure,
all the samples were centrifuged, washed four times with water
at 50 °C and centrifuged and dried under vacuum for 2.5 h at
80 °C; finally, the materials were annealed at 500 °C for 4 h
under either air or hydrogen flow.

Carbon monoxide catalytic oxidation test

In a flow reactor, the CO oxidation reaction was studied at
atmospheric pressure with a light-off test from 20 to 300 °C,
using 40 mg of sample that was first activated in situ with
40 mLemin~! of either air or hydrogen with a heating rate
of 2 °C min~!, between 300 and 500 °C in a tubular reac-
tor (ID=0.001 m; L=0.035 cm) with a porous quartz frit
disk placed in the middle of the tube to support the catalyst,
using a RIG-150 micro reactor system by in situ research
instruments. The feed gas mixture (1 vol. % of CO and 1
vol. % of O, balanced with N,) was introduced with a total
flow rate of 100 mLemin~! and a heating rate of 2 °C min~".
The gases were analyzed with an online gas chromatograph
(7820A, Agilent Technologies) equipped with a FID detec-
tor, HP Plot Q column, and a methanizer; the GC method
conditions used for the analysis were the following: in: Front
inlet N,, out: back detector FID, 35 °C, 9.5636 psi, flow of
1.4 mLemin~!, average velocity of 28.96 cmemin~", holdup
time of 1.726 min, and run time of 5 min.

In situ characterization techniques

CO adsorption was tracked down by FTIR spectroscopy in a
Nicolet 670-FT-IR spectrophotometer equipped with a Pray-
ing Mantis for DRIFT spectroscopy and a temperature reac-
tion chamber by Harrick. In each experiment, approximately
25 mg of sample was packed in the sample holder and pre-
treated in situ under H, flow (30 mLemin~!, heating rate of
2 °Cemin") up to the chosen temperature. After the thermal
treatment, the sample was cooled down to room temperature
under the same gas flow and then purged with N, before the
introduction of 5% of CO in N, (30 mLemin~'). A spec-
trum registered under N, was used as reference; then, several
spectra were recorded under CO flow until the band inten-
sity was stable; afterwards, the temperature was increased
under CO; spectra were obtained at different increasing
temperatures.

@ Springer

Ex situ characterization techniques

X-ray diffraction patterns were acquired at room tempera-
ture with Cu Ka radiation in a Bruker Advance D-8 diffrac-
tometer having a theta—theta configuration and a graphite
secondary-beam monochromator. The data were collected
for scattering angles (20) ranging from 4 to 80° with a step
size of 0.01° for 2 s per point.

Images of the samples were obtained by HR-TEM
analyses, which were performed with a JEOL 2200FS
microscope operating at 200 kV and equipped with a
Schottky-type field emission gun and an ultrahigh reso-
lution pole piece (Cs=0.5 mm, point-to-point resolu-
tion, 0.190 nm). The textural properties were obtained by
means of an ASAP-2000 analyzer from micromeritics.
The specific surface area (SBET) was calculated from the
Brunauer—-Emmett-Teller (BET) equation from N, phys-
isorption at 77 K.

H,-TPR profiles were performed on a RIG-150 unit
under flow of a 10% H,/Ar gas mixture (25 mLemin™")
with a heating rate of 10 °C min™' from room temperature
to 800 °C.

XPS analyses were carried out with a Thermo VG Sci-
entific Escalab 250 spectrometer equipped with a hemi-
spherical electron analyzer and an Al Ka radiation source
(1486.6 eV) powered at 20 kV and 30 mA, respectively.
The binding energy was determined by using carbon C
(1 s) as reference line (284.6 eV). The spectrometer was
operated at pass energy of 23.5 eV, and the base pressure
in the analysis chamber was maintained in the order of
3 x 1078 mbar. Deconvolution peak fitting was done by
using XPSPEAK 41 with Shirley background.

Results and discussion
X-ray diffraction

In order to investigate the structure of the Au/TiO,, Au/
Al, O3, and Au/TiO,-15A1,0; mixed-oxide catalysts, X-ray
diffraction patterns of the as-prepared catalysts are presented
in Fig. 1. The diffraction peaks at 260=19.44° (111), 37.59°
(311), 39.47° (222), 45.84° (400), and 67.00° (440) are
assigned to y-Al, O3, corresponding to the standard (JCPDS
010-0425). Likewise, for the Au/TiO, and Au/TiO,-
15A1,04 catalysts, diffraction peaks at 20=25.37° (101),
37.80° (004), 48.04° (200), 53.89° (105), 62.68° (204),
68.76° (116), 70.30° (220), and 75.02° (215), correspond-
ing to the standards (JCPDS: 21-1272) are assigned to the
TiO, anatase phase. For the Au/TiO, and Au/TiO,-15A1,0,
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Fig.1 X-ray diffraction patterns of the Au/TiO,, Au/TiO,-15Al1,0;,
and Au/Al,O; catalysts treated at 500 °C in H,

catalysts, diffraction peaks ascribed to rutile and brook-
ite were not detected as the main phase of TiO,, suggest-
ing that calcination at 500 °C leads only to the existence
of the TiO, anatase phase. Gold peaks were not observed
according to (JPDCS 04-0784) due to the high dispersion
and low Au loading (2 wt.%) used in the three differ-
ent supports. In contrast, it is apparent that for the Au/
Ti0,-15A1,0;5 catalyst annealed at 500 °C, amorphous
structures are displayed with respect to Au/TiO, cata-
lysts, which showed higher crystallinity; so, the addition
of Al,O; suppressed the transition of anatase to rutile
in agreement with a previous work (Lakshmanan et al.
2014; Moran-Pineda et al. 2002). Also, in Fig. 1, it is
observed that the addition of Al,O; decreased the TiO,
crystallite size, which was corroborated by the Scherrer
equation at 20 =25.37° (101), obtaining for the Au/TiO,
catalyst a crystallite size of 15 nm, while for the Au/
TiO,-15A1,0; mixed-oxide catalyst, it was 7 nm. There-
fore, this result confirms that the presence of alumina on
TiO, allows an improvement on the textural and struc-
tural properties.

H,/TPR

The Au/TiO,, Au/Al,O3, and Au/Ti0,-15A1,0; mixed-
oxide catalysts were analyzed by temperature pro-
grammed reduction as shown in Fig. 2. The Au/Al,O,
catalyst showed one peak related to gold reduction (Au*
to Au®) at 180 °C, suggesting that the reduction took
place in the temperature interval starting at 110 and end-
ing at 220 °C, in agreement with a previous work (Ma
and Dai 2011). In this way, Au/TiO, presented two peaks

Signal (TCD)

T T T T T d T T T T T
100 200 300 400 500 600
Temperature (°C)

Fig.2 H,/TPR profiles for the Au/TiO,, Au/TiO,-15A1,0;, and Au/
Al, O3, catalysts

at 145 and 400 °C; the first intense peak is related to the
reduction of Au®* to Au species, in agreement with an
earlier work (Bouslama et al. 2012). The broad and low
intensity peak at 400 °C indicates the reduction, at least
at some extent, from Ti*" to Ti*" of the support. The Au/
Ti0,-15A1,05 mixed-oxide catalysts displayed the lowest
temperature reduction peak at 95 °C, indicating the reduc-
tion of Au’* to Au’ species, with respect to Au/TiO, and
Au/Al,O;, highlighting that the addition of gold to the
Ti0,-15A1,0; mixed oxide fosters a strong interaction
with regard to the Au/TiO, and Au/Al,O; catalysts (see
Fig. 2); so, in the mixed sample, the reduction of gold
is carried out at lower temperatures and the interaction
between Au and the TiO,-Al,0O support is improved. Ear-
lier research works have found comparable effects after
adding gold to mixed oxides, detecting reduced gold spe-
cies at lower temperatures (Oliveira et al. 2013). The Au/
Ti0,-15A1,05 mixed-oxide catalysts displayed an addi-
tional broad reduction peak with maximum at 540 °C,
which may be associated with the interaction between
TiO, and Al,O;, which modifies the reduction tempera-
ture of Ti** to Ti .

TEM

According to the TEM analysis, the Au/TiO,, Au/A1203,
and Au/TiO,-15A1,0; mixed-oxide catalysts had a narrow
particle size distribution with mean particle sizes of 2.0,
1.8, and 1.6 nm, respectively; see frequency histograms in
Fig. 3A—C. In order to obtain larger gold particles in the
Au/Al,O; catalysts to study the effect of the gold particle
size on the CO oxidation reaction, for the Au/Al,O; catalyst,
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Fig.3 HAADF-STEM images
of the catalysts annealed in

hydrogen at 500 °C: A Au/TiO,, €0 =22
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Al,O; and D Au/Al,05-B cata- ?
lysts, and corresponding parti- 3 404
cle size frequency histograms g
S 30
=]
g
L 20
10 1
0 T E T T E j.
1 2 3 4 5
Au, nanoparticles size (nm)
50
d=1.6
n =50
S
5 - 7
g
g 20
w
101 %
0 W- A m V772 7777 7z
0 1 2 3 4 5
Au, nanoparticles size (nm)
Au/Al203
1.8
50
1 2 3 4 5
Au, nanoparticles size (nm)
Au/Al203-B
40
d=52
n =50
304 7
S
)
S 20 4
=]
g
I
10
1 2 3 4 5 6 7

Au, nanoparticles size (nm)

@ Springer



Environmental Science and Pollution Research (2022) 29:76992-77006

76997

an additional Au/Al,O; sample was prepared following the
procedure previously described in the experimental sec-
tion, but the HAuCl, solution was first put in contact with
0.1 M of NaBH, then mixed with urea and Al,O; to carry
out the DPU method. This sample was labeled as Au/Al,O;-
B. Subsequently, this sample was also thermally treated in
H, at 500 °C. Under these thermal treatment conditions, the
average gold particle size was 5.2 nm, Fig. 3D. Due to the
different particle sizes, the gold dispersion of the catalysts
thermally treated in hydrogen was 60, 63, and 68% for the
Au/TiO,, Au/Al, O3, and Au/TiO,-15A1,0; catalysts, respec-
tively. Likewise, the mean semi-spherical particle size, gold
dispersion, and gold loading of the catalysts are summarized
in Table 1. As for the calculated value of the crystalline
interplanar distance, it was equal to 0.20 nm, which cor-
responds to gold (111) lattice planes (JCPDF 04-0784);
see Fig. 3A and C. The calculated value of the crystalline
interplanar distance was 0.2 nm, which corresponds to gold
(111) and 0.19 nm that is associated with (200) lattice planes
(JCPDF04-0784); see Fig. 3B. Moreover, the lattice image
of the support confirmed that the TiO, anatase crystals were
oriented principally into the (101) interplanar spacing of
0.35 nm; see inset in Fig. 3A.

XPS

The electronic structure and chemical composition of the
Au/TiO,, Au/Al,05, and Au/TiO,-15A1,0; mixed-oxide
catalysts were elicited by XPS analysis. Figure 4 shows the
core-level high resolution XPS spectra of Ti 2p, Al 2p, O 1s,
and Au 4f regions for all the catalysts. For the Au/Al,O4
and Au/TiO,-15A1,0; catalysts, the Al 2p spectrum shows
well-separated oxide and metal peaks at 73.6 and 76.5 eV,
respectively; in addition, a binding energy shift and an out-
standing intensity increase of the Al 2p peak are observed
(Fig. 4) with regard to the Au/Ti0,-15A1,0; mixed-oxide

Table 1 Properties of the Au/TiO,, Au/Al,O;, and Au/TiO,-15A1,0,
mixed-oxide catalysts treated at 500 °C under H, atmosphere and
kinetic data during the CO oxidation reaction

Property Au/TiO, Au/AlL,O; Au/TiO,-15A1,04
Nominal Au content, wt.% 2 2 2
Actual Au content, wt.% 1.85 1.7 1.9
Sper> M7/g 95 205 257
Activation energy Ea, kJ/ 33.6 42.3 31.7
mol
Au particle size, nm 2 1.8 1.6
Au dispersion, % 60 63 68
Rate, molg/mol,, es” 0.0032  0.0014  0.0059
TOF (h™)" 36 14.4 68.4

*Turnover frequency (TOF) and reaction rates were calculated at 5 °C
under kinetic conditions, at CO conversions below 20%

catalysts. The O 1s spectra were deconvoluted as three char-
acteristic species at 530.1, 531.2, and 532.4 eV; the first peak
() is related to lattice oxygen present in TiO, and Al,O5; the
second peak (II) is due to OH groups; and the third small
peak (IIT) stemmed from both organic carbon contaminants
and H,O according to previous studies (Gualteros et al.
2019); furthermore, in all the catalysts, an extra peak (IV)
at 530.6 eV attributed to (Au-O) species, according to previ-
ous works (Masoud et al. 2019), was identified. In Fig. 4, a
slight shift in the O 1s peaks for the Au/TiO,-Al,0; mixed
oxide occurred with regard to the Au/TiO, and Au/Al,O;
catalysts, which may have been due to oxygen atom substitu-
tion in either A1-O-Al or Ti—O-Ti bonds.

Likewise, the Au 4f characteristic peaks are located at
85.8¢eV (Audf s ),) and 82.15 eV (Au 4f ; ) according to the
deconvolution of gold species (Fig. 4), where Au’ (81.5eV)
and Au'* (82.1 eV) are the foremost species present in the
Au/TiO,, Au/Al,O5, and Au/TiO,-15A1,05 mixed-oxide
catalysts (see Table 2); previous studies (Masoud et al. 2019;
Tsai et al. 2009) have shown that the existence of Au'* spe-
cies has a great influence on the CO oxidation as observed in
the Au/Ti0,-15A1,05 catalysts, which displayed the highest
contribution of Au'" species with regard to the Au/TiO,
and Au/Al,O; catalysts; therefore, outstanding CO oxidation
at 0 °C was observed in the mixed-oxide catalysts; see the
catalytic activity section below.

As for the Au/TiO, and Au/TiO,-15A1,05 catalysts, they
showed Ti 2p photoelectron peaks at 458.5 and 464.4 eV corre-
sponding to Ti 2p;, and Ti 2p, ,, respectively, where the position
of Ti 2p peaks was constant for Au/TiO, and Au/TiO,-15A1,05,
indicating that mainly the Ti** oxidation state was found in both
catalysts. Meanwhile, the peaks at 455.6 and 461.4 eV due to
presence of Ti 2p;, and Ti 2p,,, suggest the existence of Ti**
species in the Au/TiO, and Au/TiO,-Al,0; catalysts, in agree-
ment with previous studies (Mendialdua et al. 1995). The inten-
sity of this peak is increased by the Al,O; addition; see Table 2.
This increase can been due to a change in coordination environ-
ment, electronic properties, and bonding geometries (Zhang and
Yates 2012).

CO adsorption

The in situ DRIFTS spectra of CO adsorbed on the Au/TiO,, Au/
AlL)O;, and Au/TiO,-15A1,0; mixed-oxide catalysts are shown
in Fig. 5A-C. According to the literature, CO adsorption has
revealed two bands at~2172 and 2118 cm™'; the band at~2172
was due to CO adsorbed on Ti**-CO acid sites of the TiO, sup-
ports (p), and the second one at~2118 has been assigned to CO
linearly bound to Au®-CO species present in the Au/T 10,, and
Au/TiO,-15A1,0; mixed-oxide catalysts (Saavedra et al. 2018;
Tsai et al. 2009; Yang et al. 2006); see Fig. 5. For the Au/Al,O;
catalyst, the band observed at~2172 is due to CO adsorbed on
the Lewis acid sites of the Al,O5 surface. In the Au/TiO, and

@ Springer



76998 Environmental Science and Pollution Research (2022) 29:76992-77006

Intensity (a.u)
Intensity (a.u)

AU/AlLO, Al2p AU/TiO -15A1 O, Al2p

70 72 74 76 78 80 70 72 74 76 78 80
Binding Energy (eV) Binding Energy (eV)
Au/ALO, Au 4f Au/TiO,-15Al,0, Au 4f AU/TiO,

) =) )

s s s

= = z

= D (72}

5 5 8

= = =

78 80 82 84 86 88 80 82 84 86 88 80 82 84 86 88
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Au/ALO, O1s AU/TIO,-15A1.0, Au/TiO,

= = 5

s s s

= = Z

s (72}

E = = I

v
528 530 532 534 536 530 532 528 530 532 534
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Intensity (a.u)

Tizp,, AU/TIO,-15A10,

Ti2p

Tizp,, AU/TIO,

Intensity (a.u)

456 458 460 462 464 466 468 456 458 460 462 464 466 468

Binding Energy (eV)

Binding Energy (eV)

Fig.4 XPS spectra of the Ti 2p, Au 4f, O 1s, and Al 2p deconvolution for the Au/TiO,, Au/TiO,-15A1,0;, and Au/Al,O; catalysts thermally

treated under H, at 500 °C

Table 2 Deconvolution Catalyst Ad® Ault T+

results for Ti 2p, O 1s, and (% atom) (% atom) (% atom)
Au 4f species of the catalysts

Ti** Oirticop Ono-my  Omanzoy  Owm-o)
(% atom) (% atom) (% atom) (% atom) (% atom)

thermally treated at 500 °C AW/TiO, 89 11 7
Au/Al0, 84 16 —
Au/TiO)-15A1,0; 72 28 11

93 44 23 26
— 47 26 22
88 57 25 8

Au/TiO,-15A1,0; mixed-oxide catalysts, the Au’-CO band  represents active sites produced during the CO adsorption. This
at~2118 diminished in intensity as the temperature increased ~ band, assigned to Au®*-CO species, is related to the symmetric
and a blue shifting wave number at~2090 is observed. Further-  and asymmetric vibrations of gem-dicarbonyl doublet-CO on the
more, an additional band appeared at around~2016 cm™', which ~ positively charged Au'* atom (Guan et al. 2016), suggesting the
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binding formation of Au'*-CO, Au®*-CO, or Au**-CO (Tsai et al.
2009; Yang et al. 2006) on the Au/TiO, and Au/TiO,-15A1,0;
mixed-oxide catalysts. In this way, Fig. 5B shows that for Au/
ALO;, two bands at~2172 and 2118 cm™" are present; the band
at~2172 is associated with CO adsorbed on the AI**-CO acid
sites of the Al,O5 supports, and the second one, noted as a weak
peak at~2118, is assigned to CO linearly bound to Au” species.
The weak band observed at~2020 cm™! is associated to Au'*-CO,
Au®*-CO, and Au**-CO on Aw/ALO; sites (Saavedra et al. 2018);
this band is observed even at 0 °C, disappearing at 100 °C; see
Fig. 5B. In fact, the in situ DRIFTS spectra of CO adsorbed on the
Au/TiO,, Au/ALO;, or Au/TiO,-15A1,0; mixed-oxide catalysts
demonstrate that there is a small fraction of oxidized gold sites
remaining on the surface of the Au/TiO,, Au/Al,O;, and Au/TiO,-
15A1,0; mixed-oxide catalysts, where gold is mainly in the form
of metal Au®; likewise, the Au®* sites were stable upto 100 °Cin
all the samples, which correlates well with the Au”/Au'* species
ratio, as corroborated by the XPS results presented above. The
CO-DRIFTS profile evolution for the Au/TiO,-15A1,0; mixed-
oxide catalyst, as a function of the temperature, was totally differ-
ent with respect to that displayed by the Au/TiO, and Au/Al,O;
catalysts. These CO adsorption outcomes indicate that the gold
particle absorption properties of Au/TiO,-15A1,0; are different
from those in the Aw/TiO, and Au/AL O catalysts. Also, the Au'*
species are present mainly in the Au/Ti0,-15Al1,0; catalyst (XPS
analysis); these results suggest that oxygen can be activated at the
Au'" sites to a higher extent on the Aw/TiO,-AlLO, catalysts and

1875 1950 2025 2100 2175 2250
Wavenumber (cm’1)

increase the CO conversion at low temperatures with regard to
the Au/TiO, and Au/Al,Oj; catalysts. It can be highlighted that
the Au'* species could work as a linkage that interacted with the
TiO,-15A1,0; mixed oxide, giving reactive oxygen for the carbon
monoxide oxidation, in accordance with earlier studies (Traut-
mann and Baerns 1994).

Catalytic activity

Figure 6A shows the light-off CO oxidation curves for the
Au/TiO,, Au/Al,O;, and Au/TiO,-15A1,0; mixed-oxide
catalysts treated at 500 °C under H, atmosphere. The Au/
TiO,-15A1,05 mixed-oxide catalyst exhibited superior cata-
lytic activity with regard to the Au/TiO, and Au/Al,O; cata-
lysts (Fig. 6 and Table 1); the addition of gold nanoparticles
to TiO,-15A1,0; promoted the catalytic oxidation at 0 °C
(86% of conversion), reaching 100% of conversion at 160 °C,
while for Au/TiO,, 46% of conversion was achieved at 0 °C
and 100% of conversion was reached at 170 °C; in the case
of Au/Al,05, 20% of conversion was achieved at 0 °C and
100% of conversion was possible at 200 °C; in this context,
it is worth mentioning the peculiar behavior displayed by the
Au/Al,O; catalyst as a function of the reaction temperature,
which has been related mostly to small gold nanoparticle
sizes, local overheating of catalyst surfaces, local heating,
and heat exchange by the presence of some steady states in
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the catalytic system (Grunwaldt et al. 1999; Gémez-Cortés
et al. 2009; Engel and Ertl 1979), as discussed below.
Figure 6B shows the light-off CO oxidation curves
for the same samples shown in Fig. 6A (Au/TiO,, Au/
Al,O3, and Au/TiO,-15A1,05) but now thermally treated
under H, atmosphere at 300 °C instead of 500 °C. All
the catalysts thermally treated at 300 °C showed lower
activity than the ones thermally treated at 500 °C. The
CO conversion of the Au/TiO, catalysts at 300 °C was
18% at 0 °C, reaching 100% of CO conversion at 250 °C;
for the Au/Al,O; catalyst, the CO conversion at 0 °C was
19%, reaching 100% of CO conversion at 200 °C, while
for the Au/TiO,-15A1,0; catalyst, the CO conversion at
0 °C was 80%, reaching 100% of CO conversion at 150 °C;
it is worth noting that the thermal treatment temperature
had a significant impact on the Au/TiO, catalyst, while
for the Au/Al,0; and Au/TiO,-15A1,05 catalysts, the CO
conversion also decreased, but only by 5% at 0 °C, when
they were treated at 300 °C compared to those treated at
500 °C. Therefore, some works have reported that the cata-
lytic activity in the CO oxidation displayed by supported
gold particles depends on the calcination temperature and
atmosphere used during the thermal treatment, showing
that gold particles deposited on the TiO, anatase support
synthesized by the deposition—precipitation method grow
when the annealing temperature is increased, thus making
the catalysts less active (Salanov and Savchenko 1985).
However, in the here studied catalysts, the highest activ-
ity at 500 °C under hydrogen thermal treatment may be
related to the high dispersion of gold nanoparticles mainly
in the TiO,-15A1,0; support (Table 1). The addition of
Al,0O; to TiO, allows to stabilize the TiO, anatase phase at
500 °C and does not allow the sintering of gold nanoparti-
cles. So, the activation temperature is fundamental in the
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CO oxidation, evidencing that the CO oxidation increases
when the activation temperature increases as follows:
500> 300 °C, (Camposeco and Zanella 2022); see Fig. 6.

Impact of the TiO,-Al,0; composition

A positive catalytic promotion when TiO, is in a higher
proportion than alumina in the Au/TiO,-Al,O; catalysts
was observed; see Fig. 7A. The highest CO conversion
was obtained for the Au/TiO,-15A1,0; catalysts, reaching
a conversion of 86% at 0 °C, followed by the Au/TiO,-
10A1,05 and Au/TiO,-5A1,0; catalysts with CO conver-
sions of 76 and 73% at 0 °C, respectively. As expected,
in the case of the Au/Al,0;-15TiO, and Au/Al,05-5TiO,
catalysts with higher Al,0O; content than TiO, (15% and
5% wt.% of TiO, in the final Al,05-TiO, mixed oxide,
respectively), lower activity than that of the samples with
higher TiO, content was observed. The CO conversions
at 0 °C reached 22 and 13% by the Au/Al,05-15TiO,
and Au/Al,05-5TiO, catalysts, respectively; according
to these results, the addition of small amounts of alu-
mina (5, 10, and 15 wt.%) to TiO, allows to delay the
anatase—rutile transition, stabilizes the gold nanoparticle
size, and reaches higher CO conversion at 0 °C than that
displayed by catalysts with higher Al,0O; amounts. Previ-
ous studies have reported that the phase composition of
the mixed oxide significantly affects the size of the gold
crystallites and stabilizes their growth, thus positively
affecting the catalytic activity (Zanella and Louis 2005).
The combination of Al,O; and TiO, proved effective in
the enhancement of the activity of the gold catalysts and
a higher thermal treatment temperature (500 °C) could
produce even more active catalysts in the CO oxidation
for specific compositions.



Environmental Science and Pollution Research (2022) 29:76992-77006

77001

S
c 9
S 604  0°° »
® °
El
z 9 0099
S 404 [ 0% —o— AulTiO,-15A1,04-500°C
[* ] . o,
o {.J /o/ —9— AulTiO,-10Al,03-500°C
o b —0— AU/TiO,- 5A1,0,-500°C
204 2 2Y3
> A) —9— Au/Aly03-15Ti05-500°C
o —9— Au/Al,045-5Ti05-500°C
T T T T T T T T v T v T v T v
0 50 100 150 200 250 300 350 400
Temperature (°C)
100 VS TIGU U YU UUUUY
* ] o
/
/
_ 801 09999%209940°
S o
< / o
o
S 60 ) /
B °
@ ] 2099 )
2 ) 00000 }0000
8 40 / 9 P
le 0/ 0/0/0
(@] R I s
O 0B —o— Au/Al,0,-500°C-H,
o —a— Au/Al,0,-500°C-Air
1 © —a— Au/AlL,0,-500°C-N,
o ) v T v ) v T v ) v T T T T
0 50 100 150 200 250 300 350 400

Temperature (°C)

100

100 4

[=]
o
[

[=2]
o
1

Y
o
[

CO Conversion (%)

—e— Au/TiO,-15A1,0,-500°C-H,
B) —e— AU/TiO,-15A1,0,-500°C-Air

0 50 100 150 200 250 300 350 400
Temperature (°C)

100-Wwwmm
099° 0°°°°°go
] ; 099
o o°

__ 8049 09
ST
~ J ]
5ol |
= 604
4 P o
e 1]
§ sl 9
o 404 ol
o |y
o ¥

201 —o— AUITIO_-500°C-H,

D) —o— Au/TiO,-500°C-Air
0 T

0 50 100 150 200 250 300 350 400
Temperature (°C)

©
o
1

CO conversion (%)
3 3

a
o
1

E)

H
o

15°C

FERRGRI
AulTiO,-15A1,0 -500°C

o
IS
(-]

12 16 20 24

Time, hours

Fig.7 CO conversions for the A Au/TiO,-Al,0; catalyst with differ-
ent compositions thermally treated at 500 °C under hydrogen; B Au/
TiO,-15A1,0; thermally treated at 500 °C under air or hydrogen; C
Au/Al,O5 thermally treated at 500 °C under air, hydrogen, or nitro-

gen; D) Au/TiO, thermally treated at 500 °C under air or hydrogen,
and E stability tests for Au/TiO,-15Al1,0; thermally treated at 500
under H, atmosphere

@ Springer



77002

Environmental Science and Pollution Research (2022) 29:76992-77006

Effect of pretreatment gas

To observe the influence of the nature of the gas used in the
pretreatment of the catalyst, a thermal treatment with either
air or hydrogen was performed for the Au/TiO,-15A1,0;,
Au/Al,O;, and Au/TiO, catalysts at 500 °C; see Fig. 7B,
C, and D. Earliest studies have reported that materials syn-
thesized by the deposition—precipitation with urea method
produce Au** species that can be reduced in air or hydrogen
to Au’ in different steps (Brijaldo et al., 2014). It is shown
in Fig. 7B, C, and D that the activity of the Au/TiO,, Au/
Al,0O5, and Au/TiO,-15A1,0; catalysts was higher when the
samples were thermally treated in hydrogen instead of in air.
These results confirm that the gas used in the thermal treat-
ment (hydrogen or air) significantly affects the gold particle
size and therefore, the metal dispersion. As for the Au/Al,O5
catalyst, it was also treated with N, (Fig. 7C); in this case,
the peculiar CO conversion behavior as a function of the
temperature was less important. It is worth mentioning that
even if N, is an inert gas, the reduction of gold is expected
when the temperature of the sample is increased (Giorgio
et al., 2004); however, the thermal treatment at high tem-
perature can affect the physiochemical properties of the Au/
Al,O; catalyst. The CO conversion behavior as a function of
the temperature when the Au/Al,O; sample was thermally
treated in hydrogen or air could be associated with the exist-
ence of some steady states in the catalytic system related to
a slow transition from an oxygen enriched surface on Al,O,
increasing the presence of Au-OH groups that together with
Al-OH™ modify the oxidation pathway and also to Au’-Au'*
transitions during the heating of the sample when H, or air
treatment was used, while in the case of a thermal treatment
in N,, almost a typical light-off behavior is observed, result-
ing in the narrowing of the hysteresis curve compared to the
samples thermally treated in H, or air. Figure 7E shows that
Au/TiO,-15A1,0; thermally treated under H, atmosphere at
500 °C displayed an initial decrease in the CO conversion
for the first 2 h of reaction at constant reaction temperature
(15 °C) and then remained stable, showing CO conversion
of 80% after 24 h under reaction conditions.

Hysteresis effect

In heterogeneous catalysis, hysteresis loops are frequently
observed in heating—cooling reaction cycles, which mean
that conversion does not match the heating and cooling
processes. This interesting behavior is observed in the Au/
Al,O5 and Au/TiO,-15A1,05 catalysts, as it can be seen in
Fig. 8, while it is not observed for Au/TiO, sample. There
are many factors that can induce a hysteresis loop such as
changes in particle size and gas composition and impurities
in the catalysts, among others (Yablonskii et al., 1996). In
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our case, it seems to be related to the presence of Al,O; and
gold nanoparticle size.

The results obtained for the Au/Al,O; and Au/TiO,-
15A1,05 catalysts clearly point toward the impact of the gold
nanoparticle size and Al,O5 content on the light-off tempera-
ture and particularly on the hysteresis loops. As observed
in Fig. 8A-D, an inverse hysteresis loop appears when the
gold nanoparticles are smaller than 2 nm as is the case of
the Au/Al,O; and Au/TiO,-15A1,0; catalysts; likewise, with
the increase in particle size and decrease in alumina con-
tent in the catalyst (Au/TiO,-5A1,05), the catalytic activity
increases and the hysteresis effect is almost not observed; see
Fig. 8A. The current study shows that the nanoparticle size
is found between 1.8 and 2 nm when Al,O; (between 5 and
15 wt.%) is added to TiO,. As previously mentioned, Au/
TiO,-Al,05 is more active at 0 °C than the Au/TiO, catalyst.
Therefore, the results obtained in these binary and ternary
catalysts are important for understanding the hysteresis phe-
nomenon because it is not well developed in the literature.
In the present investigation, meaningful experiments were
performed to try to understand the effect of parameters such
as CO/O, ratio, particle size, structure, and nature of the
catalyst on the hysteresis effects. It is observed that the hys-
teresis effect on the CO oxidation employing the Au/TiO,-
Al,Oj catalyst is highly dependent on the gold particle size;
for the catalysts with average particle size of 1.8 nm, a hys-
teresis effect is observed, while for a catalyst with larger par-
ticle size (5.2 nm), almost no hysteresis effect was observed;
see Fig. 9A, which is in good agreement with observations
reported in previous works (Casapu et al., 2016). Besides,
another studied parameter was the inlet gas stoichiometric
ratio (CO to O,), observing that for higher O, concentra-
tion, a very slight hysteresis loop was obtained, while it was
larger and more pronounced for lower oxygen concentrations
as shown in Fig. 9B. The peculiar behavior observed at low
reaction temperatures for the Au/Al,O; catalyst may be due
to the fact that at low temperatures and low O, to CO ratios,
carbon monoxide is heavily adsorbed on the catalyst surface
and prevents the O, adsorption. This means that two states
are predominant, the CO and O, coverage on the surface
of the Au/Al,O; catalysts, while for higher temperatures
or high O, to CO ratios, the Au/Al,O5 catalyst surface is
saturated with oxygen atoms, and therefore, the CO reac-
tion proceeds more rapidly; this result is in agreement with
Newton et al. (2017), concluding that both the particle size
and O, to CO ratio are factors that influence the behavior of
the hysteresis effect in Au/TiO,-Al,05 and above all in the
Au/AlL,O5 catalyst.

Regarding the reaction mechanism, various pathways for
CO oxidation have been reported (Salomons et al., 2006;
Carlsson et al., 2004); however, one of the most accepted
for gold on reducible supports, that can govern the CO oxi-
dation reaction in the catalysts here studied within the low
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Fig. 10 Schematic representa-
tion of the possible mechanism
for CO oxidation over reducible
oxide supports

temperature region, is the one in which the support acts as
the oxygen supplier (Salomons et al., 2006). Figure 10 dis-
plays possible mechanisms on the surface of the catalysts
thermally treated at 500 °C under H, atmosphere, consist-
ing in the adsorption of CO on the surface of gold, and the
participation of a support lattice oxygen atom, resulting in
the formation and desorption of CO, and an oxygen vacancy.
Then, the oxygen vacancy site is wrapped by O, from the
gas phase, which re-oxidizes the surface of the oxide. With
respect to the reaction mechanism on the Au/Al,O; catalyst,
it is still a topic under debate; the most accepted mecha-
nism for the CO oxidation reaction by Au catalysts is the
one involving OH coming from the Al,O; surface (Costello
et al., 2002). The OH content on the surface of Al,0; may
also explain the hysteresis effect observed in Au/Al,O; cata-
lysts as a function of the reaction temperature.

Conclusions

Au/Ti0,-Al,05, Au/TiO,, and Au/Al,O; catalysts with
highly dispersed gold species were synthesized. The Au/
TiO,-15A1,0; mixed oxide showed both the best perfor-
mance in the oxidation of CO and resistance to deactivation
for 24 h at 15 °C, achieving full CO conversion at 160 °C.
Characterization of the catalysts by TEM and XPS revealed
steady and well-dispersed gold particles whose dimensions
oscillated between 1.6 and 2.0 nm, with higher contents of
Au® and Au'" species that seemed to be the main factors for
achieving outstanding CO oxidation activity, allowing the
occurrence of a strong metal-support interaction and featur-
ing scattered gold on TiO,-Al,0;. Likewise, the catalytic
activity displayed by Au/Al,O; was high due to the pres-
ence of remarkably small gold particles (1.8 nm) interact-
ing with the Al,O5 support. The peculiar CO conversion
behavior shown by the catalysts as a function of the reaction
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co,

Metal nanoparticle

temperature became more evident with the samples having
smaller gold nanoparticles and higher Al,O; content in the
mixed catalysts. As for the oxygen vacancies present in the
Au/TiO,-15A1,0, mixed oxide, it seems that they contrib-
ute to upgrade the oxygen mobility and improve the cata-
Iytic activity in CO oxidation reactions. In contrast, gold
particle sizes between 4 and 7 nm in the Au/Al,O; sample
confirmed the assumption that gold on a not reducible oxide
presents weak-metal-support-interaction, for it did not show
hysteresis behavior. In addition, by comparing the three gold
catalytic systems here studied (Au/Ti0,-Al,05, Au/TiO,,
and Au/Al,0O5;) in the CO oxidation, it is concluded that the
interaction between gold nanoparticles and the support is
pivotal to enhance both the catalytic performance and gold
dispersion.
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