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ABSTRACT: The heterogeneously catalyzed oxidation of bio-
ethanol offers a promising route to bio-based acetic acid. Here, we
assess an alternative method to support gold nanoparticles, which
aims to improve selectivity to acetic acid through minimizing over-
oxidation to carbon dioxide. The most promising support system is
5 wt % titanium on silica, which combines the high surface area of
silica with the stabilizing effect of titania on the gold particles.
Compared to gold−silica systems, which require a complex
synthesis method, small quantities of titanium promoted the
formation of gold nanoparticles during a simple deposition−
precipitation. Characterization of the catalyst with X-ray
absorption spectroscopy shows that titanium is highly dispersed
in the form of small, possibly dimeric, titanium(IV) structures,
which are isolated and stabilize gold nanoparticles, possibly minimizing sintering effects during synthesis. The size of the gold
particles depends on the pre-treatment of the titanium−silica support before gold deposition, with larger titanium structures hosting
larger gold particles. Acetic acid yield over the titanium−silica-supported gold systems improved by about 1.6 times, compared to
pure titania-supported gold. The high activity of those catalysts suggests that bulk, crystalline titania is not required for the reaction,
encouraging the use of mixed supports to combine their benefits. Those support systems, besides improving selectivity, offer high
surface area and a low-cost filler material, which brings ethanol oxidation one step further to the industry. Additionally, the low
loading of titanium permits studying the reaction mechanisms on the gold−titanium interface with bulk characterization techniques.

■ INTRODUCTION

Using bio-based acetic acid in the polymer industry can
significantly reduce the eco-footprint of various synthetic
materials. One of the most promising routes to bio-based
acetic acid is the heterogeneously catalyzed oxidation of
bioethanol.1,2 A much-researched heterogeneous catalyst for
the partial oxidation is gold-supported on metal oxides.
Christensen et al. was the first to compare the selective
oxidation of ethanol over gold, platinum, and palladium
nanoparticles (NPs) in the aqueous phase.3 Since then, several
gold-based systems, supported upon a variety of inorganic
oxides, were tested for aqueous ethanol oxidation.4−8 The
most frequently reported and best-performing is gold
supported on titania, which at 433 K reached up to a 70%
acetic acid yield.9 Despite the promising acetic acid yields, until
now, the studied catalysts are still far from suitable for large-
scale commercial application. A typical problem encountered
in heterogeneous catalysis by gold particles is the loss of
activity through sintering, i.e., increase of the gold particle size,
just through exposure to heat and light.10 Catalysis by gold is
strongly dependent of the size of the gold particles as decidedly
demonstrated in the oxidation of carbon monoxide.11−13 The

second problem is the over-oxidation of the ethanol to yield
carbon dioxide, which is stronger in the liquid-phase ethanol
oxidation. Rational optimization of the catalyst to promote the
acetic acid formation and suppress over-oxidation pathways
requires a deep understanding of the surface reaction
mechanism, which is, to this day, a matter of debate. The
mechanisms proposed in the literature provide valuable
information but are often ambiguous. Predominantly, they
propose a Langmuir−Hinshelwood reaction mechanism, where
ethanol adsorbs on the gold surface and sequentially reacts
with atomic oxygen or hydroxide to acetic acid via the
intermediate acetaldehyde.7,8,14 These propositions have, in
whole or in part, relied either on theoretical calculations over
ideal, flat gold surfaces that are too dissimilar to a real, active
gold NP on a surface,8,14,15 or they were conducted in strongly
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basic environments, which cannot be simply extrapolated to
the ultimately desired pH-neutral aqueous ethanol oxidation
process.8,15 Moreover, they have sometimes proposed
elemental steps that are energetically unfavorable, such as the
dissociative adsorption of oxygen on gold and titania.7

Recent advances in the understanding of the mechanism of
ethanol oxidation to acetic acid suggested that the only
catalytic step is the oxidative dehydrogenation of the substrate
ethanol.16 A competing reaction is the total oxidation of
ethanol to carbon dioxide, following ethanol adsorption and
C−C bond cleavage. Hence, the catalyst needs to be well-
tuned to increase the selectivity toward the acetaldehyde,
which is non-catalytically oxidized to acetic acid in the liquid
phase instead of carbon dioxide. The selection and
optimization of the catalyst support is one path to reduce
the selectivity toward carbon dioxide. The sensitivity of the
reaction to the support material is clear in the comparison of
Au/TiO2 and Au/MgAl2O4, where the former performs
significantly better despite the similar gold particle size.3,4

The support can influence the adsorption and activation of
reactants on the surface, as well as the formation of gold
particles, i.e., their shape and size.11,17 The adsorption energy
between the gold and the support dictates the catalyst
synthesis method, the gold size after synthesis, and the
resistance to sintering during reaction conditions. The
sintering resistance of the particles depends on their chemical
potential; the higher the chemical potential, the higher the
thermodynamic driving force to sinter.18 Here, the chemical
potential depends on (i) the nature of metal, (ii) the nature of
the support, (iii) the size of the metal particles, and (iv) the
shape of metal particles. Therefore, a decrease in chemical
potential through alteration of the support can help to stabilize
metal particles on the support surface. Titania is the best
support for gold catalysts until now but suffers from
deactivation due to sintering under reaction conditions, and
a relatively high selectivity to carbon dioxide.19 Other supports,
such as ceria, zinc oxide, and alumina, behave in a similar
manner to titania in that they can support small gold particles.
These systems, however, do not yield any improvement in
catalytic performance compared to titania.20 Theoretical
studies of the adhesion energy between the metal and support
underscore these observations and can offer a further guideline
to selecting potential candidates. For instance, the adhesion
energy of silver particles increases in the order MgO ≤ Al2O3
≤ CeO2 ≤ TiO2 ≤ SiO2 ≤ Fe3O4.

18 Extrapolating the above
trend to other noble metals, like gold, suggests silica and Fe3O4
as potential alternatives to titania. The most promising is silica
because of its low cost, high surface area, inertness, chemical
stability, i.e., resistance to redox reactions, and mechanical
stability. Gold supported on silica has shown promising activity
in ethanol oxidation.5 The limitation in this system, however,
lies in the ability to synthesize small gold particles. To avoid
this problem, Sun et al. used gold colloids, which they
immobilized on the support by adjusting the pH of the
solution to 0.5.5 Theoretical studies have shown that pure gold
clusters adsorb only weakly on the silica surfaces via van der
Waals forces. This implies that they will be mobile and will
sinter rapidly under reaction conditions of the study.21

However, the addition of one or more titanium atoms on
the gold cluster results in remarkably large adsorption energies
between the titanium-doped gold cluster and silica.21 The
latter derives from theoretical results, which suggest an alloy of
gold and titanium; however, experimentally, titanium metal

would readily oxidize. Still, titania, which strongly bonds gold
particles and titanium oxide on silica, could offer a similarly
high catalytic activity as gold supported on bulk titania. Here,
we aim to combine the physical properties of silica, notably its
high surface area, with the chemical properties of titania to
synthesize mixed-supported gold catalysts for selective ethanol
oxidation. We synthesized highly dispersed titanium(IV) on
silica by wet impregnation, which we then treated at different
temperatures to understand the effect of the titanium structure
on the gold particle formation. We thoroughly characterized
the structure of titanium on silica with electron microscopy, X-
ray diffraction, and X-ray absorption spectroscopy. Already, the
presence of low loading of titanium (5 wt %) allowed the
formation of small and stable gold particles on the mixed-oxide
support. The systems showed similar catalytic activity as the
bulk-titania-supported gold catalysts and a slightly higher
selectivity to acetic acid. The similarities between the activity
of the titanium−silica and bulk titania support show that the
properties of bulk titania are not the key factor in the catalytic
oxidation of ethanol. As an additional advantage, the titanium−
silica supported gold is better adapted for studying the gold−
titanium interaction with bulk characterization techniques.

■ EXPERIMENTAL SECTION

Catalysts Synthesis. A 1 wt % Au/TiO2 (AUROlite,
Strem, Lot: 26622800) commercial catalyst was used as the
benchmark catalyst, as received, unless otherwise specified. To
minimize the potential for alterations to this benchmark, the
catalyst was stored at about 250 K. Transmission electron
microscopy analysis of the fresh and stored catalyst is
presented in the Supporting Information.
Ti@SiO2 supports (5 wt %) were made by wet impregnation

of fumed silica (99.9%, Alfa Aesar). Before use, silica was
dispersed in small amounts of isopropanol, to form an
agglomerated paste, which was dried at around 300 K in a
vacuum. The dried silica was crushed into powder. This
process transformed the high void, feathery-like fumed silica
into a practicable aggregated powder without altering the
chemical and physical properties of the support. A total of 1.00
± 0.002 g of the silica support was introduced into a flask
containing 100 ± 0.5 mL of isopropanol (99%, Sigma Aldrich).
A total of 0.19 ± 0.005 g titanium(IV) isopropoxide (99.999%,
Aldrich-Fine chemicals) was added to the mixture. The slurry
was stirred at 800 rpm at room temperature. After 3 h, the
solid was separated by vacuum filtration and washed with
isopropanol. The collected paste was dried at 333 K under an
air atmosphere. The dried support was used as is (Ti@SiO2)
or calcined in static air at 473 (Ti@SiO2−200) and 1173 K
(Ti@SiO2−900) for 4 h (5 K/min).
Gold was deposited using a deposition precipitation method

adapted from Zanella et al.22 The gold precursor solution was
made by dissolving 60 ± 0.09 mg hydrogen tetrachloroaurate-
(III) trihydrate (99.99%, ABCR), equivalent of 1.5 wt % Au,
5.0 ± 0.003 g urea (≥99.5%, Fluka), and 42 ± 0.05 mg
magnesium citrate dibasic (99.999%, Roth) in 100 ± 0.5 mL
distilled water. The solution was transferred into a 250 mL
round-bottom flask where 2.0 ± 0.003 g of the support was
added. The slurry was stirred at 800 rpm and heated to 353 K.
After 4 h, the heating was stopped, and the mixture was cooled
by an ice bath. The solid was separated by vacuum filtration
and was washed with distilled water at least three times to
remove the excess chlorine. The collected paste was dried at

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c02939
Ind. Eng. Chem. Res. 2021, 60, 1564−1575

1565

http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c02939/suppl_file/ie0c02939_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02939?ref=pdf


323 K under vacuum for at least 48 h. Finally, the dried
powder was calcined in static air at 473 K (5 K/min) for 4 h.
Characterization. X-ray diffraction (XRD) patterns were

acquired on a PANalytical X’Pert PRO-MPD diffractometer,
operating with Cu Kα radiation. Data were recorded in the
10−70° 2θ range with an angular step size of 0.050° and a
counting time of 2 s per step. The crystal size was evaluated by
fitting the Bragg reflections to Gaussian and Lorentzian
functions using TOPAS 6.23 The full width at half-maximum
(FWHM) was deconvoluted from these fittings, and the
crystallite size was calculated by using the Scherrer equation.24

Scanning transmission electron microscopy (STEM) inves-
tigations were performed on an aberration-corrected STEM
microscope HD-2700CS (Hitachi).25 The microscope was
operated at an acceleration potential of 200 kV (cold field
emitter). In the high-angle annular dark-field STEM (HAADF-
STEM), the image is generated with incoherently scattered
electrons, resulting in an intensity that is a strong function of
the atomic number strongly increasing with the atomic number
(Z-contrast). The images were recorded with frame times
between 20 and 40 s. Further, analytical investigation was
achieved with an energy-dispersive X-ray spectrometer (EDX)
attached to the microscope column.
The specific surface area (SBET) of the as-prepared materials

was measured by nitrogen physisorption at 77 K in a
Micromeritics TriStar unit and determined by the BET
method. Before measurement, the samples were degassed at
423 K in vacuum for 2 h.
The Ti K edge X-ray absorption spectroscopic measure-

ments were performed at the I20-scanning beamline at the
Diamond Light Source (DLS) in Oxfordshire, United
Kingdom. All measurements were made in fluorescence
mode unless otherwise stated. The measurements were
performed with a Si(111) double crystal monochromator
under constant flux (1012 ph/s). Each scan required about 20
min, which recorded at the Ti K edge (4.9664 keV) in partial
fluorescence yield mode using a five-element silicon drift
detector. The recorded spectra were calibrated using gold or
titanium foils. The spectra were normalized, analyzed, and
merged (at least three scans) using Athena XAS Data
Processing 0.9.26.26

Ti K edge EXAFS data was redacted and normalized using
the Athena XAS Data Processing package (version 0.9.26).26

The R-factor was calculated as follows:27
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The reduced chi2 function (×10−6) was calculated as
follows:

∑− −N p N N w X k k1/( )( / ) ( ( ) chi ( ))i i
e

i
t

ind ind
ind

2

(3)

where Nind is the number of independent data points and p is
the number of parameters.28 The number maximum of

independent parameters was calculated based on the Nyquist
theorem:

π= ×N dRdK(2 )/ind (4)

Catalytic Testing. The catalytic testing experiments were
performed in a custom-made trickle-flow reactor (Supporting
Information). Oxygen (PanGas, 99.999%) was supplied from a
mass flow controller by Bronkhorst, calibrated for oxygen flow
at 20 bar. The liquid flow (5 ± 0.3 wt % ethanol solution
(Fluka, >99.8%)) was introduced with a KNAUER AZURA P
4.1S high-pressure liquid chromatography pump, equipped
with a titanium 10 mL pump head. Before entering the reactor,
the reactant stream was preheated at about 393 K. The catalyst
bed (150 ± 0.1 mg catalyst diluted 1:1 with SiC) was fixed
with quartz wool inside a 4 mm inner diameter stainless steel
tube (reactor); The bed was stabilized in the middle of the
heating zone by a hollow stainless-steel rod of ∼1.5 mm outer
diameter, which ensured a constant height and minimum back
pressure (maximum 0.2 bar). An Equilibar U3L Series
precision back-pressure regulator, equipped with a PTFE
glass laminated diaphragm, maintained the pressure of the
system. The back-pressure regulator was controlled by a
Bronkhorst process pressure controller EL-PRESS P-802CV.
The flows, temperature of the heater, and the pressure of the
back-pressure regulator were all recorded and controlled via a
custom-made LabVIEW program. The temperature of the
catalyst bed was recorded on-line with a K-type thermocouple.
The system pressure was also recorded before the reactor with
a Keller Digital Manometer dV-2 PS. The product stream was
cooled down below 280 K by a dry ice-water bath or a cooling
coil. The liquid sample was collected in 2 mL chromatography
vials and sealed. The catalytic testing was performed as
summarized in Table 1 unless otherwise specified. The
reaction conditions were chosen based on our previous study
of the flow system.19

The liquid products were analyzed with an Agilent 7890A
gas chromatography system, equipped with a flame ionization
detector (FID). A total of 0.5 μL of the liquid sample was
injected at 343 K and carried in a 2 mL/min helium flow
through a DB-WAX column. The temperature of the column
was constant at 313 K for 2 min and was then heated at 8 K/
min up to 409 K. The FID was fed by 30 mL/min hydrogen
mixed in 400 mL/min air at 573 K. The signal of each
compound was calibrated, and the calibration line used for
quantification was determined by linear regression.

Table 1. Reaction Conditions of Catalytic Testinga

condition value

initial pressure (bar) 17 ± 1.0
reaction pressure 17 ± 1.0
temperature (K) 423 ± 3
catalyst mass (mg) 150 ± 2
catalyst:dilution ratio 1:1
ethanol concentration (wt %) 5 ± 0.3
oxygen purity (vol.%) 100
liquid flow (mL/min) 0.3
gas flow (mL/min) 5
residence time (min) 5.5
product cooling (K) 288 ± 2

aConditions are kept constant unless otherwise specified.
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The quantification of the compounds was used to determine
the ethanol conversion (X, eq 5), the product selectivity (Si,
eqs 6−9), and acetic acid yield (YAcOH, eq 10) where EtOH is
ethanol, AcOH is acetic acid, MeCHO is acetaldehyde, and
EtOAc is ethyl acetate.

=
−
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100%in out

in
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The selectivity toward carbon dioxide was obtained from the
carbon balance (eq 9) because it is the only expected gaseous
product and the only gaseous carbon-containing product,4

which has also been qualitatively confirmed in our system.19

■ RESULTS
Catalytic Tests. We tested gold supported on titanium-

silica catalysts in the liquid-phase oxidation of ethanol, under
conditions in flow.16 Figure 1 shows the ethanol conversion
(top) and acetic acid yield (bottom) of the catalysts as a
function of reaction temperature. The effect on other
parameters has been studied in detail over gold−titania
systems in a previous work;19 Au/Ti@SiO2 catalysts appear
to follow similar trends, e.g., a zero-order reaction in oxygen
(Supporting Information).
We also tested the commercial Au/TiO2 AUROlite, as one

of the best-performing systems reported for this reaction, to be
used as a benchmark for comparison of our catalysts with
previous works.6,7,9,16,19 Au/TiO2 (orange open symbols)
converts ethanol at about 373 K to a 15% level. At 463 K,
this has reached about 42%. Au/Ti@SiO2 (red solid symbols)
exhibits comparable conversion to Au/TiO2, with a maximum
of conversion of 40% at 453 K. Au/Ti@SiO2-200 (blue-dotted
symbol) shows conversion that starts from about 20% at 393 K
that doubled at 453 K, which is the same as the benchmark.
Au/Ti@SiO2-900 (green times symbol) displays the same
conversion as the benchmark Au/TiO2 catalyst at a low
temperature but is subsequently less effective at higher
temperatures, reaching a maximum of 34% at 453 K. The
catalyst Au/SiO2 (grey plus symbols), which does not contain
titanium, shows very low activity with a maximum, and largely
temperature independent, conversion of 12%, lower than that
of the support Ti@SiO2 (Supporting Information). The

stability of the catalysts was asserted by evaluating the
conversion at each temperature before and after exposure
above 460 K, where no significant changes were observed
(Supporting Information).
However, although the conversions of the Au/Ti@SiO2-

containing samples are similar to those of the benchmark Au/
TiO2, these catalysts are significantly more selective to acetic
acid, resulting in improved yields (Figure 1 bottom). Au/Ti@
SiO2 exhibited yields that started from 0 and reach up to a
maximum 20% at 463 K. The best-performing catalyst was the
Au/Ti@SiO2-200, with yields reaching to 26.4% at 453 K, an
improvement from Au/TiO2 of about 1.3 times. Au/Ti@SiO2-
900 is also slightly more selective than the benchmark Au/
TiO2. The acetic acid yield starts at 5.3% at 393 K and reaches
up to 22.6% at 453 K. Finally, the Au/Ti@SiO2 shows a very
similar yield to acetic acid, almost identical to that of Au/TiO2.
Au/SiO2 did not exhibit high yield to acetic acid, due to the
low conversion levels, despite the presence of some small NPs.

Characterization. The benchmark Au/TiO2 contained 1
wt % gold by the manufacturer. The Au/Ti@SiO2 catalysts
were synthesized with a theoretical loading of about 1.5 wt %,
and due to common losses of gold during such synthesis, we
expect a loading of between 1 to 1.2 wt %.22

Figure 2a shows the XRD patterns of the silica-containing
catalysts. The patterns of the Ti@SiO2 supports exhibit no
crystallinity (Supporting Information). We presented the XRD
patterns of Au/TiO2 in a previous publication.19 All silica-
containing samples exhibit a broad peak at about 23° 2θ,
typical of amorphous silica.29 The only visible reflections are at
about 38.4, 44.6, and 64.8° 2θ, which correspond to metallic
gold (gold reference in blue). The supports that underwent
thermal treatment, i.e., Au/Ti@SiO2-200 and Au/Ti@SiO2-
900, exhibit a small peak at about 35° 2θ, which corresponds to
the typically second-most intense peak of rutile at 36° 2θ,
shifted by 1°. The low intensity of that peak and the absence of

Figure 1. Ethanol conversion (X) and acetic acid yield (Y) of Au/
TiO2, Au/SiO2, and Au/Ti@SiO2-based catalysts over temperature.
Reaction conditions: 18 bar, 5 mL/min O2, 0.3 mL/min 5 wt %
EtOH/H2O, 0.15 g catalyst, 1:1 SiC dilution. The catalyst mass
normalized conversion is available in the Supporting Information.
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any other peaks, a characteristic of rutile, suggest the absence
of a large fraction of crystalline titania in the samples.
We assessed the crystal size of gold in the samples from the

visible reflections at 38.4, 44.6, and 64.8° 2θ using the Scherrer
equation (Figure 2b). Au/SiO2 shows the largest gold crystal
size, with 6.9 and 7.2 nm for two fits, Gaussian and Lorentzian,
respectively. Au/Ti@SiO2 has the smallest gold crystal size, 4.7
nm, confirmed by both fits. The catalysts containing calcined
supports, Au/Ti@SiO2-200 and Au/Ti@SiO2-900, have both
about a 5.5 nm crystal size. Overall, silica impregnated with
titanium allows for the formation of smaller gold crystals.
Figure 3 shows transmission electron microscopy images of

the gold supported on titania and silica, before (left) and after
catalytic testing (right). The bright spots correspond to gold,
and result from the considerable difference in atomic number
between gold, titanium, and silicon, identified by energy-

dispersive X-ray spectroscopy (EDX). The fresh benchmark
catalyst, Au/TiO2 (Figure 3a), exhibits small rounded gold
NPs with a size below 5 nm. After the catalytic testing, the
used Au/TiO2 (Figure 3b) shows a slight increase in the size of
gold NPs; most NPs remain below 5 nm. The fresh Au/SiO2
catalyst (Figure 3c) has on majority very large gold NPs, larger
than 50 nm, which differ from the spherical shape, typical for
NPs. Some agglomerates, formed from the large particles, and
a few small NPs below 10 nm, are also visible. Overall, Au/
SiO2 contains a range of sizes, from a few nanometer NPs to
large agglomerates. The Au/SiO2 catalyst does not exhibit any
visible changes after catalytic testing. Large NPs and
agglomerates are still present, while the few NPs below 10
nm appear resistant to sintering.
Figure 4 shows electron microscopy images of silica before

and after impregnation with titanium. The fumed silica (Figure
4a), was amorphous with small NPs below 10 nm. The support
Ti@SiO2 (Figure 4b), which is silica impregnated with
titanium treated at 300 K in vacuum, does not exhibit any
distinguishable areas enriched in titanium. Figure 4c shows the
EDX spectra from two unique positions of Figure 4b. We
observe two large peaks at about 0.5 and 1.8 keV, which
correspond to oxygen and silicon, respectively. The most
intense peak of titanium is at about 4.6 keV. Comparing the
intensity of the latter with that of silica, we get a ratio of about
0.05 in both positions. The support calcined at 473 K exhibited
similar EDX spectra (Supporting Information). The EDX
spectra show a homogeneous distribution of titanium over
silica, which explains the absence of visible crystalline titania
structures with microscopy.
Figure 5 shows the Ti@SiO2-supported gold catalyst before

(left) and after catalytic testing (right). Gold deposited on the
Ti@SiO2 support treated at 300 K in vacuum, Au/Ti@SiO2
(Figure 5a), exhibits small gold NPs similarly as the benchmark
Au/TiO2 (Figure 3a). The NPs have a rounded shape and
depict an almost uniform size, below 10 nm, and a uniform
distribution on the support. We can distinguish gold as a
separate phase, but the titanium remains structurally
indistinguishable from the silica support, the same as before
gold deposition. There is no evidence of significant changes to
the used catalyst, induced by the catalytic testing (Figure 5b).
However, when the support undergoes thermal treatment
before gold deposition, i.e., calcination at 473 and 1173 K
(Figures 5c,e), the NPs clustered into large agglomerates.
These are of irregular shape and larger than 20 nm. The

Figure 2. (a) XRD patterns of the fresh Au/SiO2 and Au/Ti@SiO2-based catalysts. The provided references are titania rutile (ICSD: 16636),
anatase (ICSD: 9852), and metallic gold (ICSD: 52700). (b) Crystallite size of gold, calculated using the Scherrer equation on the XRD patterns.
The Bragg reflections at ∼38.4, 44.6, and 64.8° 2θ were fitted to Gaussian and Lorentzian functions using TOPAS 6.

Figure 3. HAADF-STEM images of the Au/TiO2 (a, b) and Au/SiO2
catalyst (c, d), before (left) and after reaction (right). Gold appears
brighter than the supports because of the larger atomic number of
gold compared to silicon and titanium. Additional images of Au/TiO2
are available in the Supporting Information.
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individual NPs, however, are round-shaped and smaller than
10 nm, similar to the Au/Ti@SiO2 catalysts. The number of
observable agglomerates increases with the temperature of the
treatment.
We determined the gold particle size distributions from the

electron micrographs. All distributions were fitted with a log-
normal function, typical for NPs; the distributions are available
in the Supporting Information. Table 2 summarizes the
parameters of the distribution. The mode of the particle size
distribution follows the trend from smaller to larger NPs in the
order Au/TiO2 < Au/Ti@SiO2 < Au/SiO2. The fresh Au/
TiO2 exhibits a narrow distribution with only a 0.9 nm2

variance. We observed NPs below 2 nm and only a few larger
than 7 nm. The log-normal fit of 370 particles gives a mode
and mean particle size of 2.2 and 2.6 nm, respectively.
Repetition of microscopy of the sample after about 6 months
in storage gave a mode and mean particle size of 4.1 and 4.9
nm, respectively (Supporting Information). Small gold NPs
sinter during storage and handling under light.10 Hence, we
expect the catalyst during testing to have slightly larger NPs
than the fresh Au/TiO2, which however cannot exceed a mean
particle size of 4.9 nm. Au/Ti@SiO2 contains NPs from 2.5 to
23 nm, which results in a broader distribution than Au/TiO2;
the variance here is 10.9 nm2. The fit of 170 particles gives a
mode and mean particle size of 6.3 and 8.0 nm, respectively.
The particle size is larger than the gold crystal size from fitting
the XRD patterns (Figure 2), which was about 5 nm. The

differences between the size from XRD and microscopy are
because of the difference of the two techniques, as XRD
provides information only of the crystalline gold phase. Au/
SiO2 shows a very broad distribution exceeding 25 nm. The
particle size ranges from 5 nm up to more than 150 nm
(Supporting Information), giving a large variance. The mode
and mean particle size are 15 and 35 nm, respectively. The
catalyst comprising the thermally treated supports, Au/Ti@
SiO2-200 and Au/Ti@SiO2-900, show very similar distribu-
tions, exhibiting NPs from 2 up to above 50 nm, and with
agglomerates not being accounted for by this measure. Au/
Ti@SiO2-200 has a mode and mean particle size of 4.3 and 9.8
nm, while Au/Ti@SiO2-900 has 4.7 and 8.4 nm, respectively.
The distributions of the latter are much broader than the
untreated Au/Ti@SiO2; the variances are 68 and 34 nm2 for
Au/Ti@SiO2-200 and Au/Ti@SiO2-900, respectively.
After catalytic testing at about 460 K, most catalysts exhibit

an increase of the gold particle size. We observed the smallest
changes in the Au/Ti@SiO2 catalyst: The mode increased by
0.3 nm, and the mean particle size slightly decreased by 0.5
nm, within the calculation error, suggesting a very similar
particle size. The distribution of Au/TiO2 after catalytic testing
has shifted to larger particle size. The mode and mean particle
sizes increased by 1.5 and 1.8 nm, which is an increase of
almost two times compared to the fresh samples. The
thermally treated supported catalysts show only a slight
increase of the gold particle size after catalytic testing. The

Figure 4. HAADF-STEM images the silica before (a) and after titanium impregnation (b). (c) EDX spectra of Ti@SiO2 of two positions of the
sample, as shown in image (b).
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modal values of Au/Ti@SiO2-200 and Au/Ti@SiO2-900
increase by 0.7 and 1.2 nm, respectively. Overall, the silica-

based supported catalysts appear most resistant to gold
sintering compared to pure titania. As the catalysts exhibited
relatively stable performance before and after exposure to high
temperature (Supporting Information), we expect that the
sintering occurred during the initial heating and contact with
reactants before reaching a steady state.
Figure 6 shows the EDX spectra of the fresh Au/Ti@SiO2-

900, the catalyst with the largest agglomerate presence, on
various locations of the sample. Positions 1, 5, and 6 are over
small and large gold NPs where the EDX spectra exhibit gold
presence. The gold peak intensity is small in the case of small
NPs, at positions 1 and 6, but very profound at position 5, over
the large gold particle. The gold peak is also present in the
spectrum of position 3, which is in between the gold
agglomerate that contributes to the spectrum. Positions 2
and 4 do not show peaks related to gold. All positions,
independent of gold presence, exhibit silicon and titanium
peaks. The most intense titanium peak appears at positions 3
and 5, near the gold aggregate and across the footprint of a
large gold particle, respectively. The smallest intensity of
titanium is at position 2, where gold is not present.
Figure 7 visualizes the EDX intensities of gold, titanium, and

silica over the Au/Ti@SiO2-900 after catalytic testing. The
analyzed area contains both small, below 10 nm, and large
NPs, above 20 nm. Silicon (red) appears everywhere in the
sample. Titanium (blue) is present sporadically and distributed
rather homogeneously, except in the area that forms a diagonal
line connecting the gold NP, on the top right corner, where
more titanium is present. The titanium-rich area is dense and
larger than 100 nm. The areas, where titanium is sparse,
correspond to the absence of large gold NPs. The location of
large NP therefore coincides with the presence of an excess of
titanium. Hence, a large loading of titanium at a specific
location results from the calcination of the support.
Figure 8a presents the Ti K edge XANES of Au/Ti@SiO2

and of titanium foil and rutile titanium(IV) oxide. The
spectrum of titanium foil has a very different pre-edge
structure, with only one intense feature, at a lower energy,
∼4.967 keV. The spectrum of Au/Ti@SiO2 displays three pre-
edge peaks (features A1 to A3). These features are character-
istics of titanium(IV); they come from the electron transitions
from 1s to 3d orbitals and are like those observed for both
rutile and anatase polymorphs of titania.30 In the spectrum of
crystalline titania, those features have a low intensity because in
an octahedral six-coordinated symmetry, the transitions from
the 1s to the empty d orbitals of the final state are
forbidden.31,32 However, the near-edge features of the Au/
Ti@SiO2 spectrum (features B and C) differ from these in the
spectrum of bulk titania. In the spectrum of Au/Ti@SiO2, the
edge position is at 4.984 keV, as expected for titanium(IV), but
the shoulder (feature B), a characteristic of both rutile and
anatase, is not present. Two features, C1′ and C3′, replaced the
three features C1−C3 of the rutile; C1′ and C3′ are of similar
intensity. The characteristic features of the Ti K edge XANES
suggest neither rutile nor anatase titania.30,33 Instead, the
spectrum resembles those derived from amorphous titania and
mono-dispersed titanium species in titanium silicalites.33−36

The latter explains the absence of crystalline titania peaks in
the XRD patterns (Figure 2).
The pre-edge feature A2 were further investigated since its

position and height are characteristic indicative of the
coordination and symmetry of titanium.37−39 The pre-edge
features of the spectra of Au/Ti@SiO2 and titania rutile were

Figure 5. HAADF-STEM images of the Au/Ti@SiO2-based catalysts
Au/Ti@SiO2 (a, b), Au/Ti@SiO2-200 (c, d), and Au/Ti@SiO2-900
(e, f), before (left) and after reaction (right). Gold appears brighter
than the supports because of the larger atomic number of gold
compared to silicon and titanium. Additional images are available in
the Supporting Information.

Table 2. Summarized Values from the Gold Particle
Lognormal Distributionsa

catalyst N μ σ
mean
(nm)

median
(nm)

mode
(nm)

Au/SiO2 141 3.27 0.75 34.6 26.2 15.0
Au/TiO2 370 0.90 0.30 2.6 2.5 2.2
Au/Ti@SiO2 170 2.00 0.39 8.0 7.4 6.3
Au/Ti@SiO2-200 200 2.01 0.74 9.8 7.4 4.3
Au/Ti@SiO2-900 154 1.93 0.63 8.4 6.9 4.7
Au/SiO2-used 152 3.27 0.54 30.5 26.4 19.7
Au/TiO2-used 153 1.43 0.33 4.4 4.2 3.7
Au/Ti@SiO2-
used

132 1.97 0.29 7.5 7.2 6.6

Au/Ti@SiO2-
200-used

274 2.03 0.65 9.4 7.6 5.0

Au/Ti@SiO2-
200-used

228 2.37 0.77 14.4 10.7 5.9

aParameters: μ ∈ ( −∞, +∞), σ > 0, mean = μ + σ( )exp
2

2
, median =

exp(μ), mode = exp(μ − σ2).
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fitted with a Gaussian function (Supporting Information). The
table in Figure 8b presents the peak position and height of
feature A2. The position of A2 in the spectrum of rutile from
our data is at 4.971 keV, similar to the one reported for rutile,
at 4.972 keV, and to other six-coordinated systems, which vary
from 4.971 to 4.972 keV.39 The height of the peak A2 of our
rutile sample is 0.16, somewhat lower than the typical rutile,
which is 0.22. The position of peak A2 in the spectrum of the
Au/Ti@SiO2 sample is at 4.971 keV, which places it at the
region corresponding to five-coordinated titanium; in such
systems, the position of A2 is between 4.971 and 4.971 keV.39

The normalized height of the A2 of Au/Ti@SiO2 is, however,

0.18, which is characteristic of six-coordinated; even
considering the error from the subtraction of the baseline,
the intensity of this feature is still significantly less than the of
five-coordinated titanium, which is between 0.43 and 0.73. The
position and height of the A2 of Au/Ti@SiO2 suggest that
there is a mixture of titanium coordination, varying from six-
fold to five-fold.39 The titanium coordination of our system
appears not six-coordinated, as typically in rutile and anatase.
We evaluated the EXAFS region of the Ti K edge spectrum

of the Au/Ti@SiO2 catalyst. We fitted the spectrum with
distinct fits, considering different scatterers for the first and
second shell of neighboring atoms. Figure 9 visualizes each

Figure 6. EDX spectra (a) of unique locations on the Au-TISi-900 (b): On a gold NP (position 1), away from gold (position 2) and near large gold
aggregates (positions 3 and 4). The peaks are Si, Au, Ti, and Cu (sample holder).

Figure 7. EDX mapping of the used Au/Ti@SiO2-900.

Figure 8. (a) Ti K edge XANES of the fresh Au/Ti@SiO2 (broken lines), and of the references Ti0 (Ti foil, dotted line) and Ti4+ (TiO2 rutile,
straight line). We measured the sample in fluorescence and the reference samples in transmission mode. (b) Peak position and intensity of A2 pre-
edge feature defined by Gaussian fitting. The fittings are available in the Supporting Information.
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distinct fit (dotted line) with the experimental Ti K edge
spectrum of the Au/Ti@SiO2 catalyst All fits reproduce the
first feature of the data at about 1.8 Å, the shoulder of this
feature, which does not appear in the fit; we found it to be a
function of the apodization function used to generate the
Fourier transfer and therefore an artifact (Supporting
Information). The second pronounced feature in the data at
about 3 Å is best reproduced by the first three fits, which place
titanium in the second shell. When we considered titanium
absent and silicon or gold present in the second scattering
shell, as in the last two fits, the fit cannot reproduce well the
features of the second shell at all. That shows that the titanium
in the Au/Ti@SiO2 is not present as monomers on the silica
surface, or in the silica structure. The third, low intensity
feature at about 3.7 Å could be fitted in two ways: First, as the
result of multiple scattering of the titanium was constrained to
occupy a square planar configuration and second, as the result
of a hypothetical titanium−gold interaction in in the second
shell. The above, overall, suggest that titanium is highly
dispersed, possibly in dimers or trimers, on the surface of the
silica.
Table 3 presents the EXFAS fitted parameters as generated

by Fourier transform. The data suggests 4.7 to 4.9 oxygen
atoms in the first shell, indicating five-coordinated titanium at
about 1.9 Å distance.

■ DISCUSSION

We have synthesized a titanium−silica material, Ti@SiO2, as a
support for gold NPs and tested it in the ethanol oxidation.
Gold NPs below 10 nm were successfully formed only in the
presence of titanium. Pure silica as support resulted in very
large particles and agglomerates, which rendered Au/SiO2
inactive for ethanol oxidation (Figure 1). Hence, the chosen
synthesis, an adaptation of the deposition precipitation with
urea, which is the most efficient deposition precipitation
variation for titania support, is not suitable for silica.22

Theoretical studies suggest that gold clusters bind with small
adsorption energies on silica, which results in mobility and
rapid sintering of the clusters at finite temperatures.21 For the
formation of gold NPs, over less-interactive supports, such as
silica, it is common to use gold colloids, which are then
immobilized on the support.5,40,41

We thoroughly investigated the structures of the Au/Ti@
SiO2 catalyst and the Ti@SiO2 supports to determine the
structure of titanium. Ti K edge XANES shows that the
titanium in the Au/Ti@SiO2 sample (Figure 8a) is present as
titanium(IV). However, the local structure of titanium is not
typical to that of crystalline rutile or anatase. The pre-edge
feature (Figure 8a), a characteristic of the titanium
coordination, has an intensity that corresponds to mixed-
coordinated titanium, either distorted six-coordinated titanium
or a mixture of titanium species of both five- and six-
coordination in the sample. The EXAFS analysis (Table 3),
pinpoint toward the five-coordinated titanium. Similarly,
distortion from the octahedral symmetry was observed in
mono-dispersed titanium on silica, where the symmetry
depends on the surface species.34,35 Hence, determining with
certainty the coordination in our systems is not a simple task
because the intensity of the relevant features falls well-below
the threshold expected from the bulk materials. That may be
because of the non-extended nature of these species
(molecular bonding rather than bands structure) and/or
different degrees of distortion. Electron microscopy indicates
that titanium in the support is evenly and highly dispersed on
the surface (Figures 4 and 6). Overall, the most likely structure
of the titanium species on the silica surface comprises
homogeneously distributed titanium(IV) atoms, possibly

Figure 9. Ti K edge EXAFS in the k-space (a) and R-space (b) of the fresh Au/Ti@SiO2 ex situ (straight line) compared with fitted (broken line)
considering different scatterers. Parameters: Kmin = 3, Kmax = 13, AFAC = 0.9

Table 3. EXAFS of Au/Ti@SiO2 Fitting Results

parameters: Kmin = 3, Kmax = 14, AFAC = 0.8

fit scatterer N R (Å) DW EF R (%) chi

AuSiTi O 4.7 1.89 0.020 4.7 34.5 4.7
Au 1.8 3.06 0.01

OTi O 4.8 1.90 0.021 4.1 32.1 4.27
Ti 1.6 3.06 0.016

AuTi O 4.9 1.89 0.021 4.9 36.8 4.81
Au 1.8 3.06 0.018

SiTi O 4.9 1.88 0.021 5.5 39.7 4.96
Si 1.7 3.02 0.016
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oxidic in nature, which extend up to two shells; essentially,
they are isolated oligomeric structures. For these strongly
bound titanium atoms diffusion is curtailed as is ,
correspondingly, the formation of larger, crystalline structures.
These amorphous structures of the titanium(IV) are very

stable to the conditions used to deposit the gold. However, we
observed some structural changes after thermal treatment of
the support at 1173 K, where larger, EDX visible (Figure 7)
but XRD silent (Figure 2), titanium clusters are observed. Such
a treatment is well-above the temperature required for the
irreversible transition of, for instance, anatase to rutile, the
most thermodynamically stable titania form; bulk anatase starts
transforming to rutile at about 873 K in air.42 Here, the
changes in the titanium structures also influence the gold
particle formation and mobility. EDX mapping showed areas
rich in titanium, where we also observed sintering and
agglomerates of small gold particles. Still, small NPs, below
10 nm, are retained in all Ti@SiO2-supported catalysts, which
renders them catalytically activity, in contrast to Au/SiO2.
The Au/Ti@SiO2-based catalysts showed conversions

similar to the benchmark Au/TiO2 but with improved acetic
acid yield (Figure 1). The best catalyst was the Au/Ti@SiO2-
200, which showed up to a 10% increase in acetic acid yield
compared to Au/TiO2. Such an increase is attributed mainly to
the properties of the titanium−silica support. The main
parameters in catalysis by gold are the gold particle size,
dispersion and loading, and the support.11 The gold particle
size commonly accepted as active is well below 10 nm. In our
system, we observed that catalysts with particles close to 10 nm
mean are highly active, in spite of the presence of gold
agglomerates in TEM. This indicates that the catalytic
properties of the Au/Ti@SiO2-based catalysts may not be as
sensitive to the gold particle size as has been typically observed
for Au/TiO2.

19 Other than the properties of the support and
particle size, no other differences can explain the selectivity
differences between Au/TiO2 and the Au/Ti@SiO2 catalysts.
The small differences in gold loadings, up to maximum 0.2 wt
% are not significant enough to play a detrimental role in the
catalyst activity. The detailed study of Dong et al. has shown
less than 10% additional conversion when increasing the
loading from 1 to 4 wt % and that catalysts with the same
loading exhibit significant differences activity due to different
gold particle sizes.9 Overall, the chemical properties of the Au/
Ti@SiO2 support is the main driving force of improved
selectivity.
At the same time, the catalytic activity does not exhibit any

correlation with the presence of bulk titania. The titanium
species in Au/Ti@SiO2 catalysts locally should retain some of
the properties of titania, which can explain their similarities
with Au/TiO2 in terms of catalytic activity. However, some
properties of bulk titania, such as crystallinity, are not present
in the titania of Au/Ti@SiO2. The high activity of the Au/Ti@
SiO2 catalysts suggests that those bulk properties of titania are,
therefore, not essential to the reaction.
The reported Au/Ti@SiO2 catalysts offer a fresh alternative

to the currently-best-performing titania-supported catalyst.
Using silica as support has the advantage of high surface
area; silica can reach up to an order of magnitude larger surface
area than titania. The addition of low levels, below 5 wt %, of
titanium eliminates the limitations of pure silica-supported
gold, over which gold particles can easily sinter making the
synthesis method more complicated and increasing the
potential for deactivation during reaction. Hence, the here-

reported synthesis allows the formation of a catalyst with a
larger surface area, which can further improve the acetic acid
yield. Additionally, we show here that even a small loading of
titanium favors the formation of small and stable gold particles
that perform similar or even better than gold on titania.

■ CONCLUSIONS

The here-reported synthesis of gold supported on a Ti@SiO2
catalyst resulted in a homogeneously distributed and highly
dispersed titanium(IV) structure on the surface of silica. This
structure is very stable and remains dispersed even after gold
preposition conditions. The presence of these titanium
structures allowed for the formation of stable small gold
particles. However, thermal treatment of the support at 1,173
K before gold deposition does induce mobility of the titanium,
to yield large aggregates of particles, but still not to the degree
where these become XRD visible.
Despite the presence of aggregates and larger particles, the

Ti@SiO2-supported gold catalysts exhibited similar or
improved yields of acetic acid compared to the state-of-the-
art Au/TiO2. The high activity of these catalysts demonstrates
that bulk, crystalline titania is necessary for the catalytic
reaction. The best performing catalyst was gold supported on
Ti@SiO2 calcined at 447 K with a maximum acetic acid yield
of about 26% at 453 K; compared to Au/TiO2, the acetic acid
yield improved by a factor of about 1.8 at each tested
condition. The Ti@SiO2-supported gold catalysts therefore
show considerable potential for high catalytic performance,
while the use of silica can improve the physical properties of
the catalyst, such as surface area and mechanical stability.
As Au/Ti@SiO2 contains only 5 wt % titania homoge-

neously distributed on the silica surface and exhibits similar
catalytic activity as Au/TiO2, it can be used as a model catalyst
for investigating the role of titania−gold interface on the
adsorption of reactants and products. This catalyst formulation
enables for the first time the use of bulk operando
characterization techniques, such X-ray spectroscopy, to
study the structural changes of titanium atoms around the
interface of gold. Accordingly, we are currently conducting a
mechanistic study, aiming to identify the roles of the support
and the adsorption sites of reactants and products.
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