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Abstract: It has been established that gold, when in nanoparticle (NP) form and in contact with
reducible oxides, can promote oxidation reactions under mild conditions. Here, we report results
from our exploration of the catalytic oxidation of carbon monoxide using catalysts where Au NPs
were combined with thin titanium oxide films deposited on SBA-15 using atomic layer deposition
(ALD). Both orders of deposition, with TiO2 added either before or after Au dispersion, were tested
for two titania film thicknesses amounting to about half and full TiO2 monolayers. The resulting
catalysts were characterized using various techniques, mainly electron microscopy and N2 adsorption–
desorption isotherms, and the kinetics of the oxidation of CO with O2 were followed using infrared
absorption spectroscopy. A synergy between the Au and TiO2 phases as it relates to the bonding and
conversion of CO was identified, the tuning of which could be controlled by varying the synthetic
parameters. The ALD of TiO2 films proved to be an effective way to maximize the Au-TiO2 interface
sites, and with that help with the activation of molecular oxygen.

Keywords: CO oxidation; gold catalysis; titanium oxide; atomic layer deposition; infrared absorption
spectroscopy; adsorption–desorption isotherms; kinetics; metal–oxide interface catalytic sites; reducible
oxide films

1. Introduction

Oxidation reactions are quite prevalent in industrial processes, but their selective
promotion is difficult to achieve; the thermodynamically favored products from the ox-
idation of organic reactants are carbon dioxide and water [1–4]. To avoid full oxidation,
this catalysis needs to be carried out under mild conditions. It turns out that an excellent
candidate for such processes is gold; although bulk Au is typically inert, it has been shown
that in nanoparticle (NP) form Au displays remarkable catalytic behavior [5–10]. In fact,
we have shown in the past that Au-TiO2 yolk–shell catalysts, upon proper pretreatment,
are capable of oxidizing carbon monoxide at cryogenic temperatures [11–14]. Two re-
quirements have been identified as being critical in defining the performance of Au-based
catalysts: (1) the size of the metal NPs, and (2) the nature of the oxide upon which these NPs
are dispersed [15]. Regarding the second point, it is generally believed that the catalytic
sites are at the interface between the metal and the underlying oxide, which needs to be
easily reducible [15–20]. Therefore, it would be highly desirable to be able to tune such an
interface at the molecular level.

We have been exploring a way to do this using atomic layer deposition (ALD), a
method that affords tuning of the thickness of the active oxide film in contact with the
metal NPs at a sub-monolayer level [21–25]. Here, we report results from our initial studies
with catalysts made by combining the deposition of small Au NPs and thin titania films on
a well-defined silica support, namely, on mesoporous SBA-15. The thickness of the titania
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film was kept below or around one monolayer by restricting the number of ALD cycles
used for its deposition in order to also probe the possibility of creating new titania–silica
mixed-oxide surface sites [26–30]. The order in which the Au NPs and TiO2 thin films are
deposited on the SAB-15 support was tested, as indicated schematically in Figure 1. We
show that, indeed, our catalysts are able to promote the oxidation of CO at low temperatures
and using O2 as the oxidant. Moreover, we report that there is a synergy between the metal
and oxide phases that helps to enhance the catalytic activity. The incorporation of ALD as a
way to synthesize oxide-based catalysts provides unique catalytic tunability not easy to
achieve via more conventional means.
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Figure 1. Scheme of the Au + (x ALD-TiO2) catalyst synthesis strategy used in this work, emphasizing
the two options available in terms of the sequence in which the Au nanoparticles and TiO2 films are
added to the SBA-15 (silica) support.

2. Results

The quality of the TiO2 films deposited via ALD was checked first by acquiring N2
adsorption–desorption isotherms to obtain pore size distributions. Given the uniform
pore size in SBA-15, such pore size distributions can be used to assess the uniformity
of the deposited films, as we have shown in the past [26]. Figure 2 summarizes some
key results from this characterization. It was determined that the original SBA-15 pores
exhibit an average diameter of approximately 6.6 nm, with a size distribution peak with a
half-width-at-half-maximum of 0.6 nm. This distribution is not affected in any significant
way by the addition of Au NPs directly on the silica surface (Figure 2, left panel: green
filled circles and long dashed lines). On the other hand, the deposition of the titania films
reduces the size of the pores, as expected [31]. After one TiO2 ALD cycle, the measured
average pore diameters were 6.4 ± 0.3 in both samples where Au deposition was carried out
before or after the titania ALD (Figure 2, left panel: blue open squares and solid lines; right
panel: blue filled squares and short dashed lines, respectively); the corresponding values
after two TiO2 ALD cycles were 5.9 ± 0.3 nm (Figure 2, left panel: red filled diamonds
and short dashed lines; right panel: red open diamonds and solid lines, respectively).
For comparison, the value obtained after performing two TiO2 ALD cycles directly on
SBA-15, without any addition of Au, was 5.9 ± 0.3 nm as well (Figure 2, right panel:
purple open circles and long–short dashed lines). In previous studies, we determined that,
after an initial larger pore size decrease in the first TiO2 ALD cycle, steady film growth
takes place at a linear rate of 1.15 ± 0.15 Å/cycle [31]; this behavior was reproduced here.
For the purposes of this study, two main conclusions can be derived from the new data:
(1) the TiO2 films are quite uniform, as the pore size distribution retains its narrow nature
after the ALD processes (the half-width-at-half-maximum is approximately the same in
all cases, ≤0.6 nm), and (2) the order of the Au NP + TiO2 film addition to the silica
supports does not affect the thickness of the latter. On the basis of the rate of pore diameter
reduction measured versus the number of ALD cycles (expressed in terms of nm/cycle),
the particularly narrow pore size distributions obtained after two ALD TiO2 cycles, and
previous data from our group [26,29,31], we estimate that two ALD cycles yield a TiO2
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coverage close to a monolayer. The amount of TiO2 deposited on the SBA-15 surface, as
estimated using ICP-AES measurements, was approximately 1.00 and 1.65 mmol/g catalyst
after the first and second ALD cycles, respectively [31].
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Figure 2. Pore size distributions, extracted from N2 adsorption–desorption isotherms, for Au + (x
ALD-TiO2)/SBA-15 catalysts as a function of the number of ALD cycles used (1 or 2) and of the order
of the Au NP + TiO2 film addition. Data are also provided for Au/SBA-15 and (2 ALD-TiO2)/SBA-15
samples for reference.

All of the geometrical parameters extracted from the analysis of the N2 adsorption–
desorption isotherms are reported in Figure 3. In addition to the average pore diameters dis-
cussed above, which follow identical sequences regardless of the order of the Au NP + TiO2
film deposition (within our experimental accuracy; Figure 3, right panel), this figure shows
the values calculated for the total area A (left panel) and total pore volume V (center panel).
As expected, both of these parameters decrease monotonically with increasing number of
TiO2 ALD cycles, both in an approximately linear fashion. Some differences are apparent
in this figure between the data for the Au/(x ALD-TiO2)/SBA-15 (where the TiO2 film was
deposited first; blue traces) and (x ALD-TiO2)/Au/SBA-15 (where TiO2 was added after
Au deposition; red traces) samples, especially after one TiO2 ALD cycle, but the deviations
are within our experimental error (see error bars in Figure 3) and are likely not significant.
It is concluded that uniform thin TiO2 films can be deposited on SBA-15 in a controlled
manner via ALD and that the structural characteristics of these films are the same regardless
of whether the Au NPs are deposited before or after the titania film growth. They are
also similar to those already reported for TiO2 ALD on pristine SBA-15: amorphous, and
initially of quite low density, grown via the formation of individual tetrahedral Ti–oxide
units on isolated Si–OH surface groups, with unusually long Ti–O bonds [26,29,31].
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The nature of the Au NPs in our Au + (x ALD-TiO2)/SBA-15 catalysts, namely, the NP
size distributions and dispersion, were assessed using transmission electron microscopy
(TEM). Typical TEM images and NP size distributions for the four main catalysts studied
here, namely for Au/(x ALD-TiO2)/SBA-15 and (x ALD-TiO2)/Au/SBA-15 (x = 1 or
2), are shown in Figure 4. Three main conclusions can be extracted from these images:
(1) the average Au NP diameter of all of the catalysts is slightly larger than 3 nm, and
approximately the same in all samples; (2) the size distributions are reasonably narrow,
with an average standard deviation of less than 1 nm; and (3) the Au NPs appear to be well
dispersed within the pores of the SBA-15 support.
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The kinetics of the oxidation of carbon monoxide with molecular oxygen promoted
by our Au + (x ALD-TiO2)/SBA-15 catalysts were tested using transmission infrared
absorption spectroscopy [32]. Premixed CO + O2 mixtures with preset molecular ratios
were added to our IR cell, which acted as a batch reactor, and IR spectra were acquired
versus time after heating the catalyst and cell to the desired temperature, typically 425 K.
The raw IR spectra recorded for a typical case, for the conversion of 100 Torr CO plus
100 Torr O2 at 425 K promoted by the (2 ALD-TiO2)/Au/SBA-15 catalyst (where the Au
NP deposition was followed by two ALD titania cycles), are shown in Figure 5. Even
though the IR cell is designed so that the IR beam traverses through the solid catalyst,
the IR absorption recorded here is dominated by the gas species; the signals from any
adsorbed species are orders of magnitude weaker, and no attempt was made to extract
that information. What can be seen in the IR traces in Figure 5 are two sets of doublets
around 2050–2240 and 2240–2400 cm−1 corresponding to gas-phase CO and gas-phase
CO2, respectively. It can be clearly observed that the CO signal decreases in intensity with
increasing time, at the expense of the growth of the spectral features associated with CO2.
The respective areas of these two sets of peaks were used to quantify the conversion and to
follow its kinetics.
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Figure 5. IR spectra versus reaction time for the conversion of 100 Torr CO + 100 Torr O2 at 425 K,
promoted by the (2 ALD-TiO2)/Au/SBA-15 catalyst.

The results from such an analysis are illustrated in Figure 6, which displays the data
for the conversion of mixtures of 50 Torr CO + 50 Torr O2 promoted by the Au/(2 ALD-
TiO2)/SBA-15 catalyst (where two cycles of titania ALD were followed by the deposition
of the Au NPs) at four different temperatures (300, 355, 425, and 525 K). The decrease
in CO pressure and the accumulation of CO2 versus reaction time inside our IR cell are
graphed in the left and center panels of the figure, respectively, and the corresponding
reaction rates, estimated via numerical derivation of those plots, are shown in the right
panel. It should be noted that the CO and CO2 pressures were calculated by scaling
the corresponding IR peak areas (when plotted in absorbance units), assuming a linear
dependence between the two parameters (Beer–Lambert law); because in reality a deviation
from such linearity was found in blank studies of IR signal intensity versus CO pressure,
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especially in the high-pressure limit (possibly because of signal saturation in the IR detector),
a measurable systematic deviation from the true pressure values was introduced by our
analysis, with the CO2 production rates consistently appearing to be larger than those of
the CO consumption [33]. Average rates are used in some of our subsequent discussions to
account for this discrepancy, and the differences between the CO and CO2 measurements
were employed to estimate the experimental error bars.
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Figure 7 displays an Arrhenius plot of the initial reaction rates for the CO oxidation
reaction promoted by our Au/(2 ALD-TiO2)/SBA-15 catalyst, estimated from the data in
Figure 6. Both rates for CO consumption (blue filled squares) and CO2 production (red
filled circles) are reported. An apparent activation barrier of Ea = 22.6 ± 0.9 kJ/mol was
estimated from this graph. This value is relatively low when compared to those of other
oxidation reactions, but in the range of what has been reported for CO oxidations promoted
by Au-based catalysts [16,34,35]. For reference, CO conversion with an equivalent Au/SBA-
15 catalyst, without any titania films, was determined to take place at rates below half of
those reported here with the Au + (x ALD-TiO2)/SBA-15 catalysts. ALD-TiO2/SBA-15
exhibited no measurable catalytic activity.

The dependence of the CO oxidation rate on CO and O2 gas partial pressures and on
the nature of the catalysts was probed next. Figure 8 displays the raw kinetic data in terms
of the evolution of the CO (left panel) and CO2 (right) partial pressures versus reaction
time, whereas Figure 9 reports the data in the form of the logarithm of the reaction rates
(CO2 production) versus the logarithm of the CO partial pressure as the reactions proceed.
In both cases, five sets of data are reported, for the 50 Torr CO + 50 Torr O2 (dark blue filled
circles), 50 Torr CO + 150 Torr O2 (purple filled diamonds), and 100 Torr CO + 100 Torr O2
(dark red filled squares) initial mixtures with the Au/(2 ALD-TiO2)/SBA-15 catalyst, as
well as for the 50 Torr CO + 50 Torr O2 (light blue open circles) and 100 Torr CO + 100 Torr
O2 (light red open squares) initial mixtures with the (2 ALD-TiO2)/Au/SBA-15 catalyst. We
first focus on the differences in catalytic activities seen between the two catalysts. It is clear
in the two examples where the same set of initial pressures were used with both catalysts,
namely, for the 50 Torr:50 Torr and 100 Torr:100Torr CO:O2 ratios, that the conversion with
the (2 ALD-TiO2)/Au/SBA-15 catalyst is slower than that with the Au/(2 ALD-TiO2)/SBA-
15 sample. To explain this difference, it is useful to remember that both the TiO2 film
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thicknesses (Figures 2 and 3) and the Au NP size distributions (Figure 4) are similar in both
catalysts; these properties cannot account for the different catalytic activity reported here.
It is possible that in the case where the Au NPs are deposited first, the subsequent TiO2
ALD growth may lead to the partial covering of the metal surface. Alternatively, depositing
the Au NPs on the TiO2 film may lead to a larger metal–oxide perimeter and thus to the
formation of more interfacial sites than if the titania film is added afterward. Future work
will be needed to address this issue.
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It can also be seen from the data in Figures 8 and 9 that the kinetics of the CO oxidation
are complex, since the dependence of the reaction rate on the CO and O2 partial pressures
does not follow a simple rate law. Indeed, Figure 9 highlights how the total reaction order,
extracted from the slope of plots of log[R(CO2)] versus log[P(CO)], displays two regimes,
transitioning from a high value of approximately 4 at the start of the reaction to a number
closer to 1 toward the end of the conversion, as the CO is depleted. These data also clearly
show that the initial rates are highly sensitive to P(CO) but not so much to P(O2). For
instance, with the Au/(2 ALD-TiO2)/SBA-15 catalyst, the initial rate only changes from
4.3 Torr/min to 6.6 Torr/min (a ~50% increase) as the initial O2 pressure is tripled from
50 to 150 Torr (keeping the initial CO pressure the same, at 50 Torr), but it reaches a value
of 11 Torr/min with the 100 Torr:100 Torr CO:O2 mixture. This is consistent with reaction
rate orders of about 1 and ≤0.5 with respect to CO and O2, respectively, and suggests a
rate-limiting step involving the recombination of one CO molecule and one oxygen atom on
the surface of the catalyst (on Au sites, most likely [36,37]). On the other hand, P(O2) seems
to become more important in determining the reaction rate at later stages of the conversion,
as the traces for the 50 Torr:50 Torr and 50 Torr:150 Torr CO:O2 ratios diverge from each
other (with the Au/(2 ALD-TiO2)/SBA-15 catalyst; Figure 9); the values in the latter case
become approximately three times as large of those in the former, consistent with a first
order dependence on P(O2). Concurrently, the effect of P(CO) becomes less noticeable, and
the order of the reaction rate with respect to CO appears to become negative, to the point
where the rates with the 100 Torr:100 Torr CO:O2 mixtures eventually become smaller than
with the 50 Torr:50 Torr CO:O2 combination (with both catalysts). At this point, it can be
said that the uptake of O2 on the catalytic surface sites may be the rate-limiting step, and
that O2 may compete with CO for adsorption sites.

3. Discussion

The focus of this work has been to control the creation of metal–oxide interface sites in
Au-TiO2 catalysts using ALD to tune the thickness of the titania films on a sub-monolayer
scale, and to possibly modify the nature of these sites by alternating the order in which the
Au NPs and the TiO2 films are added to the support (SBA-15, a well-defined mesoporous
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silica material). N2 adsorption–desorption isothermal measurements indicated that neither
the thickness nor the uniformity of the titania films are affected by the presence of the Au
NPs on the surface (Figures 2 and 3), and electron microscopy imaging provided evidence
for the similarity of the Au NP size average and distribution when deposited on the silica
versus titania surfaces (Figure 4). All of this suggests that the deposition order during the
synthesis of the Au + (x ALD-TiO2)/SBA-15 catalysts should not make a difference in terms
of the nature of the resulting catalysts. On the other hand, kinetic data on the oxidation of
carbon monoxide with molecular oxygen clearly indicate that this is not the case.

Indeed, it was determined that CO oxidation is slower on the samples where Au is
deposited first (Figures 8 and 9). In addition, the mechanism of the reaction appears to
evolve and change as the CO conversion to CO2 proceeds. Initially, a high total order for the
reaction rate was estimated to reflect a rate-limiting step where adsorbed CO recombines
with surface atomic oxygen, likely at Au sites [36,37]. As the reaction proceeds, however,
the kinetic behavior is altered and the total reaction order is reduced; the new rate-limiting
step becomes the uptake of molecular O2, quite possibly at the Au-TiO2 interface sites. The
analysis of the kinetic data acquired as a function of the CO + O2 gas mixture composition
suggests that the number of the catalytic sites that activate the O=O bond, at the Au-TiO2
interface, decreases as the reaction proceeds, and that such a step becomes slower than the
recombination of CO + O on the Au surface that controls the rate in the initial stages of
the process. It would appear that, in order to maximize the performance of the catalyst in
terms of long-term stability, it is desirable to increase and sustain the surface coverage of
Au-TiO2 interface sites. By facilitating the activation of O2 and inducing a switch to a CO
oxidation process where the recombination of CO + O adsorbed species is rate-limiting, at
least in the initial stages of the reaction, ALD was shown here to be a promising approach
to accomplish this goal. However, more work is still needed to optimize the synthesis and
improve the stability of the resulting catalysts over the course of oxidation reactions.

What is clear at this stage is that ALD affords the addition of TiO2 to catalyst supports
in a controlled manner, with sub-monolayer thickness control either before or after metal
deposition. The addition of thin films of active oxides such as titania to inert supports in
catalyst preparation, rather than using bulk materials of that active oxide directly, introduces
the capability of creating new surface sites, both in metal–oxide interfaces and within mixed-
oxide thin surface films. It also helps with spectroscopic discrimination between surface
and bulk phases (via XPS, for instance), potentially facilitating the detection of minority
surface sites such as oxygen vacancies (i.e., Ti3+ sites) or metal–oxide synergistic ensembles
(i.e., Au+–O–Ti4+). This flexibility can be extended to other systems and catalytic problems,
and therefore ALD can be viewed as a fairly general synthetic method.

4. Materials and Methods

The catalysts used in this study were prepared via the deposition of both Au NPs and
TiO2 thin films on a commercial SBA-15 silica mesoporous support (Sigma-Aldrich, research
purity). For the Au NP deposition, a variation of a reported procedure [38] was followed,
where 17.2 mg of Au(en)2Cl3 was first added to 15 mL H2O to produce a light-yellow
solution with a pH of approximately 4.5. A 0.2 M NaOH solution was added dropwise to
tune the pH to 10, at which point the color of the solution changed to a more intense yellow.
200 mg SBA-15 was then added, at which point the pH dropped to 6.5; again, 0.2 M NaOH
was used to adjust the pH back to 10. The solution was stirred for 2 h, and the solid was
filtered and washed with H2O. The resulting light-yellow powder was kept in a desiccator
for at least 24 h under a vacuum. The catalyst was calcined at 675 K for 2 h and reduced
at 525 K under a H2 atmosphere for 3 h prior to its use [39]. The theoretical metal (Au)
loading of all samples was 4 wt%.

The TiO2 ALD was carried out in a homemade batch reactor described in more detail
elsewhere [26,28,29,31] by alternating exposures to tetrakis(dimethylamido)Ti(IV) (TDMAT,
Aldrich-Sigma, 99.999% purity on a trace metal basis; heated to 315 K during the ALD
processes) and deionized water at 375 K. Typical cycle times were TDMAT:N2:H2O:N2 =
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20 min:50 min:10 min:50 min. In the samples studied here, either 1 or 2 ALD cycles were
carried out, either before or after Au NP deposition. The resulting samples are labeled in
the text and figures as (x ALD-TiO2)/Au/SBA-15 or Au/(x ALD-TiO2)/SBA-15, depending
on whether the Au was deposited before or after the titania, respectively (Au + (x ALD-
TiO2)/SBA-15 is used generically to refer to both options together); x = 1 or 2 stands for the
number of TiO2 ALD cycles used.

The scanning transmission electron microscopy (STEM) images were acquired using
a Philips Tecnai 12 instrument (120 kV accelerating voltage). N2 adsorption–desorption
isotherms were acquired using a NOVA@2000e gas sorption system, and the resulting
data were analyzed using Nova Win software; pore diameter distributions and total pore
volumes were estimated from the data for the desorption branch using the BJH (Barrett–
Joyner–Halenda) equations [40] for type IV isotherms [41], whereas total surface areas
were calculated using the BET (Brunauer–Emmett–Teller) isotherm formula [42]. The TiO2
and Au loadings were measured using PerkinElmer Optima 7300DV inductively coupled
plasma atomic emission spectroscopy (ICP-AES) apparatus [31].

The in situ transmission infrared spectroscopy (IR) kinetic experiments were per-
formed using a Bruker Tensor 27 Fourier transform infrared (FTIR) spectrometer equipped
with a deuterated triglycine sulfate (DTGS) detector. About 10 mg of the catalyst was
pressed into a self-supporting wafer and loaded inside a homemade quartz cell with NaCl
windows [43]. The pellet was degassed in the cell at 425 K for 2 h under vacuum, after
which the cell was heated to 625 K and filled with 200 mTorr O2. The oxidation pretreatment
was carried out for 1 h, followed by pumping and cell refilling with 200 mTorr H2 for 1 h
to reduce the catalyst; the H2 was then pumped out. This O2/H2 pretreatment cycle was
repeated two more times. Before the CO oxidation experiments, a background IR scan
was carried out while evacuating the cell using a mechanical pump. For the kinetic experi-
ments, the cell was then filled with premixed CO + O2 gas mixtures (with preset CO:O2
molar ratios) to the pressures indicated in the corresponding figures, the temperature was
increased to the desired value, and IR spectra were taken periodically as the oxidation
reaction proceeded.

5. Conclusions

A new approach was tested for the preparation of Au-TiO2-based catalysts where the
thickness of the oxide film was tuned using ALD and the amount and nature of metal–oxide
interface sites were controlled by setting a specific deposition order. It was shown that
the ALD of titania films can be used to deposit as little as half a monolayer of TiO2 in a
uniform and reproducible fashion on silica supports, and that the order of this deposition,
before versus after the growth of Au NPs, does not affect the geometrical characteristics
of either the metal or the oxide phases. The resulting catalysts were shown to promote
the oxidation of CO. The apparent activation barrier for this reaction was estimated to be
Ea = 22.6 ± 0.9 kJ/mol, a value comparable to that obtained with other Au/TiO2 catalysts
where the titanium oxide is in bulk rather than thin film form. The kinetics of the reaction
were shown to be complex, with a total order of the reaction rate that changes as the reaction
proceeds. The data were interpreted as the result of a change in the rate-limiting step within
the reaction mechanism, from an initial CO + O recombination step on the Au surface at
the start to the activation of O2 on metal–oxide interface sites at later times. We speculate
that optimizing the number of available interface sites needed to promote O2 dissociation
may be well achieved using ALD as a way to add the titania (or another reducible oxide)
phase to these catalysts.
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