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Au@TiO, Core-Shell Composites for the Photocatalytic

Reduction of CO»

Anna Pougin®', Georgios Dodekatos™, Martin Dilla!®, Harun Tuysuz™", Jennifer Strunk®”

Abstract: Au/TiO, catalysts in different geometrical arrangements
were designed to explore the role of morphology and structural
properties for the photocatalytic reduction of CO, with H,O in the
gas-phase. The most active sample was a Au@TiO, core-shell
catalyst with additional Au nanoparticles (NPs) deposited on the
outer surface of the TiO, shell. CH, and CO are the primary carbon-
containing products. Large amounts of H, are additionally formed by
photocatalytic H,O splitting. Shell thickness plays a critical role. The
highest yields were observed with the thickest layer of TiO,,
stressing the importance of the semiconductor for the reaction.
Commercial TiO, with and without Au NPs was less active in the
production of CH, and CO. The enhanced activation of CO, on the
core-shell system is concluded to result from electronic interaction
between the gold core, the titania shell, and the Au NPs on the outer
surface. The improved exposure of Au-TiO; interface contributes to
the beneficial effect.

Introduction

The photocatalytic reduction of CO, holds the potential to solve
future shortages of mobile energy sources, whilst reducing the
concentration of atmospheric CO». Since the first reports on this
reaction forty years have passed,!” but a practical process and
fundamental understanding is still in development./? In 2013, the
yields of the main product, methane, obtained with most TiOz-
based catalysts ranged between 0.1 and 5 umol gea* ™ which
is far away from an industrial application.” One of the promising
approaches to improve the activity of photocatalysts, and to
possibly also gain understanding of the essential mechanistic
steps, is the addition of noble metals, such as Au, to TiO,. From
the field of classical heterogeneous catalysis, since ' the
pioneering work of Haruta et all®! TiO,-supported Au
nanoparticles are instead known for their properties in catalytic
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oxidation reactions. In classical heterogeneous catalysis,
parameters such as the interface between Au and TiO,,™ the
size and shape of Au,®® and the oxidation state of TiO,'® play
a crucial role in the catalytic performance of the prepared
catalyst.

In photocatalysis, modification of TiO, by deposition of noble
metal nanoparticles on the surface is generally applied in order
to enhance charge carrier separation over the Schottky barrier,
and to better catalyze the reaction on the surface by lowering
the activation energy.””’ This results in improved photocatalytic
performances under UV light exposure. In a recent model study,
some authors of the present work could confirm through infrared
spectroscopy the generally accepted concept of photocatalytic
activity enhancement by improved charge separation: For the
photocatalytic 2-propanol oxidation in the gas phase, the role of
gold in Au/TiO, was attributed to the removal of excess
electrons otherwise accumulating in TiO2, and their further
transfer onto the co-reactant oxygen.!®! In a photocatalyst
system in  which Au nanoparticles (NPs) had been
photodeposited on TiO./SBA-15, i.e. on a mesoporous silica
(SBA-15) grafted with titanate (TiOx) species, the facilitation of
an electron transfer reaction from the titania shell around the
gold nanoparticles to gold and from there to the reactants was
demonstrated to be a likely process.! °! Moreover, Au
nanoparticle deposition proved to be a promising method in
order to enable visible light absorption of TiO, due to the
distinguishing properties of this noble metal. For instance,
Dodekatos et al.!l*! and Schiinemann et al.!**! showed that
selective oxidation of glycerol in the agueous phase over TiO,-
or SiOz-supported Au or AuCu nanoparticles can be improved
by the aid of visible light irradiation during the thermally
catalyzed reaction. The visible light was absorbed by the Au
nanoparticles to enhance the catalytic performance. The origin
of the light absorbing properties of the Au nanoparticles can be
rationalized by the localized surface plasmon resonance (LSPR)
effect.*? In a simple mechanistic scheme, the LSPR can be
explained by the collective oscillation of the conduction electrons
on the surface of the metal nanoparticle induced by the
interaction of the electrons with the electromagnetic field of the
impinging light and the restoring Coulomb force of the positive
nuclei of the metal.[**]

Apart from attributing enhanced photocatalytic performance to
improved charge carrier separation and visible light absorption,
different energy transfer mechanisms have been proposed for
metal/semiconductor composites.**® ! LSPR induces strong
electromagnetic fields around the nanoparticle with higher
intensities than the incident electric field for the initialization of
the LSPR. The intensity of the field depends on the geometry
and size of the metal nanoparticle and the extinction coefficient
of its surroundings."*>*® A resonantly enhanced near field in the
surrounding medium arises in direct vicinity to the metal
nanoparticle surface, which can be understood in terms of a
concentrated light flux.*** This may play a key role in
photocatalysis,**¥ potentially also by local heating effects.**? In
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another mechanism, sometimes referred to as “hot electron
transfer”, the charge carriers are assumed to be directly injected
from the metal to the semiconductor, which is similar to the
mechanism described for dye sensitized photocatalysts.[*>*€ |t
is, however, also possible that the surface chemistry of the noble
metals exert a major influence on the catalytic surface
processes, so that the enhancement is brought about
predominantly by catalytic effects, and not by alterations in light
absorption or charge carrier mobility. In any case, it is the nature
of the semiconductor TiO, that determines major properties
concerning the lifetime of the charge carriers. The dependency
of charge carrier diffusion dynamics and TiO, particle size in
AU/TIO, has been studied by Luchao Du et all*”! They
discovered the trend that with bigger TiO, particles the chances
of electron-hole-recombination are decreased due to the longer
diffusion length of electrons, and the catalyst is more efficient in
a size range between 8 and 50 nm.

Many efforts have been devoted to utilizing the plasmonic
properties for photocatalytic CO, reduction.***® For instance,
Hou et all ! reported an enhancement in activity in
photocatalytic CO, reduction over Au/TiO; in comparison to the
bare support and attributed it to a positive influence from the
surface plasmon. Two different mechanisms were assumed to
be in operation, depending on whether the plasmon was excited
with green light or whether the composite was irradiated with UV
light.™ Recently, a study conducted by some of the authors of
the present work, performed under reaction conditions of highest
purity, supports a possible influence of plasmonic effects in
noble metal-modified TiO,. However, such effects were clearly
noticeable only for Ag/TiO», in line with the better overlap of the
absorption spectra of TiO, with the plasmon resonance
absorption of silver compared to that of gold.?” Another study
shows that when neither the wavelength of the plasmon
resonance nor the absorption edge of the metal oxide ‘is hit
exactly, but instead a value in between is chosen, the activity is
maximized.*"

Although many studies have been reported where
nanostructured core-shell materials with (mostly) noble metal
cores and semiconductor shells were used to perform
photocatalytic hydrogen generation from water!??! or pollutant
degradation,! 2 1 such kinds of ‘materials were scarcely
investigated for photocatalytic CO; reduction.’?? It is expected
that the special morphology can influence the photocatalytic
activity of the material. For example, Seh et al. showed that by
changing the morphology of Au/TiO, nanostructures the
photocatalytic performance for hydrogen evolution can be
altered.?®" Janus Au/TiO, nanostructures exhibited an improved
activity compared to analogous core-shell nanostructures.
Nonetheless, the core-shell structured materials were superior to
simple Au/TiO2 nanocomposites, where Au NPs were deposited
on TiO, without any specified morphology. The high activities
were attributed to the plasmonic electric fields caused by the Au
NPs, which were more pronounced for large Au NPs (Janus and
core-shell morphology). Furthermore, a stronger localization of
the electric fields was calculated for the Janus nanostructure,
which was consistent with the improved activity. Hence, the
morphology plays a crucial role for the presented photocatalytic
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applications and encouraged us to investigate Au/TiO;
photocatalysts with core-shell morphology for the CO- reduction.
In this contribution, TiO2-encapsulated Au nanoparticles are
tested in the photocatalytic CO, reduction in the gas-phase
under conditions of highest possible purity. Our reaction
conditions exclude additional product formation from impurities.
The geometry of the Au@TiO,-Au nanospheres consists of
three levels: the Au core (~20 nm), surrounded by a TiO- shell
(Au@TiO;), and additional Au nanoparticles (~3 nm) on the
outer TiO, shell (Au@TiO»-Au). The thickness of the TiO, shell
is varied (20, 11, and 8 nm) to study potential influences of a
shielding of the metal core, and to identify the role of a well-
established semiconductor structure for the photocatalytic
process. All catalysts are prepared in two versions, with and
without the additional Au nanoparticles on the outer surface of
the TiO, shell, to judge upon the influence of exposed and
encapsulated Au nanoparticles. In order to put all findings into
perspective, the best catalysts were tested in an advanced gas
chromatography (GC) system to detect all potential reaction
products. A commercial Au/TiO, catalyst and two home-made
Au/TiO, catalysts without core-shell structure were tested as
references.

Results and Discussion

Structural characterization of the Au/TiO- core-shell samples
Representative TEM images of the samples Au@TiO»-08 and
Au@TiO,-08-Au are displayed in Figure 1. In the image of
sample Au@TiO,-08 (Figure 1 a and b) the TiO;, shell thickness
was measured in certain areas, with an average thickness of ~ 8
nm. The gold cores vary slightly in shape. Pure spheres and
slightly elongated structures are observed. The rough diameter
of the gold cores is ~20 nm, and they are clearly encapsulated
by the TiO, shell. From Figure la and b, it is not possible to
distinguish whether or not any part of the gold surface is still
accessible to the surrounding atmosphere, but the predominant
core-shell structure is unambiguously visible. In the TEM image

Figure 1. Representative TEM images of samples Au@TiO,-08 (a,b) and
Au@TiO,-08-Au (c,d); the average shell thickness of about 8 nm and the
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successful deposition of additional gold nanoparticles on the outside of the
TiO; shell can be clearly identified.

of sample Au@TiO,-08-Au (Figure 1 ¢ and d), the additional
gold nanoparticles on the outer surface are detected. They are
very uniform in size with an approximate diameter of 3 nm, being
considerably smaller than the gold cores. In Figure 1c it can also
be seen that some of the gold cores are not fully encapsulated
but exhibit some Au surface possibly free of titania (e.g. particle
in the center of the image). Representative TEM images of the
other samples can be found in the supporting information
(Figure S1 and S2). It appears that the gold nanoparticles on the
outer shell cannot be distinguished anymore once the TiO, shell
becomes too thick.

The XRD patterns of the Au@TiO, samples are shown in Figure
2. Three reflexes of the gold nanoparticles are observed, which
are located at 38.1° (111), 44.3° (200) and 64.5° (220) 26. The
only crystalline TiO, phase detected in the samples is anatase;
no indication for the presence of rutile or other metastable
phases is evident. Of course, based on XRD data, the presence
or absence of amorphous phases cannot be judged upon.
Relative to the intensity of the most prominent reflection of gold,
the reflections of titania become more pronounced the thicker
the titania shell in the samples is. This is in accordance with the
expectations. The increased reflections may be due to the
increase in the amount of titania in the samples and/or due to an
improved crystallinity of the titania shell. The analogous samples
with additional Au nanoparticles on the TiO, surface show
identical diffraction patterns (not shown).

In the UV-vis measurements shown in Figure 3, a certain
“support effect” of the TiO, shell on the Au core becomes
obvious. Upon increasing the shell thickness the plasmon
resonance absorption of the Au core experiences a red shift.[?*!
While the maximum is observed at 604 nm for the sample
Au@TiO,-08 with the thinnest TiO, shell, it is shifted to 630 and
648 nm for TiO, shells of 11 and 20 nm, respectively. The red
shift in combination with noble metal particle enclosure has
already been studied by Kelly et al.*®
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Figure 2. XRD patterns of the Au@TiO, samples with different shell thickness
(without extra Au deposition on the TiO, shell).

More information on the surface and adsorption properties of the
samples is gathered with diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). Figure 4 shows the full range
spectra of the as made samples after a mild drying procedure in
inert gas. Pretreatment was kept minimal, in order to learn as
much as possible on the initial state of the samples. In the
region between 3800 and 3600 cm™, three different hydroxyl
groups can be distinguished, located at 3736 cm™, 3675 cm™
and 3630 cm™, which are assigned to two different terminal Ti"-
OH groups on anatase (3736, 3675 cm™),?® and a bridging OH
group between two titanium - cations (3630 cm™) 27}
respectively. When additional gold nanoparticles are deposited
on the outer surface, the amount of terminal OH groups seems
to be slightly higher relative to the bridging OH groups. This
appears reasonable, considering that some nearest neighbor Ti
cations may be covered by the deposited gold nanoparticles
instead of by an OH group. Slight changes in the surface
coverage with hydroxyl groups in response to gold deposition
are also a piece of evidence that the outer gold nanoparticles
are actually attached to the titania shell.

In the region of ~1700 to ~1300 cm™ (Figure 4, left) a variety of
(bi)carbonate species is detected on all samples, together with
adsorbed water (~1622 cm™). The presence of (bi)carbonate
species is expected, because the samples have been
synthesized from organic precursors. Upon calcination, the
precursors are oxidized to CO,, which may then readsorb and
may even be incorporated into the structure. Furthermore,
samples have not been dried or cleaned prior to the IR
measurements, so it is likely that physisorption of moisture and
CO;, from ambient air had taken place when samples were
introduced into the DRIFTS sample cell. The CHx impurities
detected on some samples, indicated by bands in the region
between 3000 and 2700 cm™, presumably also originate from
residual precursors. Additional to the expected surface
impurities, linearly bound CO; is observed with a band at ~2346
cm™.1%® The observation of this band is surprising, because such
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Figure 3. UV-vis spectra of Au@TiO, samples (without Au decoration on the
outside of the TiO, shell).
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Figure 4. DRIFT spectra of as made Au@TiO, and Au@TiO,-Au samples
after purging in inert gas; top: full range spectra; bottomt: zoom into hydroxyl
group region.

species are usually only observed during low-temperature
adsorption. The same is true for the very weak band observed at
2052 cm™, which is assigned to CO bound to slightly negatively
charged Au. The band shift to such low wavenumbers may be
explained by the Stark effect or by metal back-donation into
antibonding orbitals of the adsorbed CO.!*! The adsorption of
CO and/or CO; onto TiO, and Au/TiO, is usually known to be
very unstable and it is thus usually performed at low
temperatures of ~60 to 110K!*! and rarely at room
temperature.? The observations are different in the present
work. Figure S3 (Supporting Information) shows that both
species cannot be removed from Au@TiO, samples even with a
heat treatment up to 200 °C. In fact, the band intensity is not
even decreased to the slightest extent. It is thus concluded that
the adsorbed CO and CO, species are not present on the
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surface of the materials, but are, instead, integrated (trapped)
into their bulk structure. This is supported by the lack of any
changes in these bands after the photocatalytic reaction (Figure
S4), which also proves that these species are not consumed
during the photocatalytic process. For a further discussion of the
peculiar bands of “trapped” CO, and CO, please see the
Supporting Information. It is interesting to note that at least some
of the gold present in the samples must be slightly negatively
charged, as evidenced by the position of the stretching vibration
of adsorbed CO (2052 cm™).

Activity tests in photocatalytic CO, reduction

Preliminary photocatalytic tests of all samples in photocatalytic
CO; reduction are displayed in Figure 5. All samples have been
measured under identical batch reaction conditions and have
been thoroughly cleaned photocatalytically prior to the reaction
with CO,. The gas composition in all cases consisted of 1.5%
CO, and ~6000 ppm H,O in ultrapure Helium. In this
measurement series, the used GC system generally allows to
detect methane, methanol and higher hydrocarbons from
concentrations as low as ~1 ppm. H, and CO cannot be
detected with this device.

From all detectable components, methane was the main product
formed on all samples (Figure 5). While traces of ethane were
detected, methanol was never observed. It is very obvious that
sample Au@TiO,-20-Au is much more active than all other
samples used in this study. Considering the activity of all six
samples, it seems to be a general trend that methane
productivity increases with a thicker TiO, shell, and also with
additional gold nanoparticle deposition on the outer TiO, surface.
It is thus straightforward to expect sample Au@TiO,-20-Au to be
the best one, because it features both a fairly thick TiO, shell
and gold nanoparticles on the outer surface.

To put the results into perspective, in-depth studies were
performed with the two most active samples with the thickest
TiO, shell, Au@TiO,-20 and Au@TiO»-20-Au. Measurements
were conducted in an identical set-up, but the gas analysis was
performed with a different GC. This advanced GC analyzes the
gas atmosphere with a barrier discharge ionization detector
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Figure 5. Activity screening for methane formation on all Au@TiO, and
Au@TiO,-Au samples in photocatalytic CO, reduction (1.5%CO,, ~6000 ppm
H,0) over 6 h.
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Figure 6. Results of activity testing in CO, reduction with 6,000 ppm of H,O
and 1.5 % CO, over a course of 6 h, 200 W Hg/Xe lamp with IR filter; (A)
Au@TiO,-20-Au, (B) Au@TiO,-20, (C) AUROIite™, (D) Au/P25.

(BID). With this GC it was possible to quantify not only the
formed amounts of methane and ethane, but also of CO and H».
One GC sampling every 45 min is possible. The produced
amounts were recorded both during the cleaning step and in the
photocatalytic reaction. The results of the initial batch cleaning
procedures are displayed and reported in the supporting
information (Figure S5). After the batch cleaning procedures, the
samples were continuously exposed to cleaning treatment in the
flow mode. Monitoring of desorbing species is not possible
under flow conditions, but after a few hours of flow cleaning, the
reactor is closed off (batch cleaning) and desorbing
contaminants are accumulated for 1 hour before a GC sampling
is performed. This process is repeated until the desorbing
amounts of CO, CH4, and H; were <0.06 pmol/gca:.
Subsequently, the reactor was filled with the CO,-containing gas
mixture (1.5% CO,, 6000 ppm H->O in He), and the product
formation under batch CO, reduction conditions was recorded
with the advanced GC for a period of six hours. Apart from the
two core-shell systems, an industrial AUROlite™ catalyst and
the two homemade Au/TiO, catalysts with conventional
arrangement of gold nanoparticles were also tested (cleaning
was performed identically for all samples; results of the
AUROIite™ catalyst are shown in Figure S5 as an example).

The results of the two Au@TiO, core-shell systems, the
commercial AUROIite™ and the Au/P25 sample are displayed in
Figure 6. The results of the activity test with the home-made
Au/anatase sample and a reference measurement with pure P25
is displayed in the supporting information (Figure S6). Using the
advanced GC for product analysis, it becomes obvious that the
main product from photocatalytic reactions is not derived from
CO:.. Instead, H; is formed in major quantities with all samples.
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Even though all tested catalysts have a different structural
combination of Au in and/or on TiO, with differing nanoparticle
geometries, the product profiles during CO, reduction are
largely similar. H, is formed as overall main product, and CH,4
and CO are the main carbon-containing products.

There are two significant differences between the Au@TiO;
core-shell samples and the commercial Au/TiO, samples. Firstly,
the overall amount of products (related to catalyst mass) is
larger for the core-shell samples, in particular with respect to Hs.
Secondly, the core-shell samples also produce significant
amounts of CO, while this product is almost completely absent
for the Au/TiO, catalysts with conventional geometry. We assign
this to the high CO oxidation activity of the conventional or
commercial Au/TiO, catalysts already at low temperatures. This
is supported by the temporal evolution of CO: While some CO is
formed initially, it disappears again over the course of time; likely
because it is reoxidized to CO,.

Although a different GC is used for the detailed measurements,
the relative trends in methane production of the two different
Au@TiO, core-shell systems are fairly well reproduced. Sample
Au@TiO,-20-Au, with additional gold nanoparticles on the
outside of the shell, is roughly three times as active for the
formation of methane as the sample Au@TiO,-20 without the
additional external gold nanoparticles. With the other GC (Figure
4) this ratio was about 4. There are certain deviations in
absolute numbers. In the first measurement with sample
Au@TiO,-20-Au (Figure 4), the amount of methane formed over
the course of six hours was roughly 6.0 umol/gca. In the
measurement with the GC containing the BID, methane
production within six hours amounted to 5.05 pmol/gca. For
sample Au@TiO,-20, methane production was ~1.5 and 1.8
umol/gca: in the two measurements, respectively. Rather than
being measurement errors, the deviations may be due to a
differing sample orientation towards the incoming light. This has
been confirmed recently for pure TiO2.[**! In summary, the
relative activity of the samples can be considered to be well
reproducible.

Discussion

The structural characterization of the samples by means of TEM
and XRD confirms the core-shell structure of the materials and
the presence of TiO; in the anatase phase. The thickness of the
titania shell has an influence on the plasmon absorption of the
central gold core, which shifts to higher wavelength (lower
energy) with thicker TiO, shell. Although the additional gold
nanoparticles on the outer surface are not detectable by either
XRD or UV-Vis, they are clearly visible in the TEM images for
the Au-TiO,-08-Au sample (Figure 1B). For all samples, the
changes in the hydroxyl group coverage observed by DRIFTS
are an indication for their anchoring to the outer TiO, shell. At
least some of the gold in the samples must be partially
negatively charged, as evidenced by the position of the weak
vibrational band of adsorbed CO, clearly visible for samples
Au@TiO,-11 and Au@TiO,-11-Au.

All samples are active in photocatalytic CO, reduction, with the
yields of CH,4 increasing both with a thicker TiO, shell and with
the addition of the small nanoparticles on the outer shell. In this
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respect, the sample with the thickest shell and the additional
outer nanoparticles (Au@TiO2-20-Au) is by far the most active
sample for the formation of CH,4. This was confirmed by two
separate measurements using two different gas chromatographs
for analysis. In-depth studies of the two most active samples
(Au@TiO2-20 and Au@TiO,-20-Au), conducted using an
advanced GC, reveal that CH,4 is not the overall main product.
Instead, hydrogen is the predominant product on all samples
studied here, with the yields of H, exceeding those of CH, by
roughly an order of magnitude. Hydrogen is also the main
product with the conventional Au/TiO, reference samples, but
for all conventional Au/TiO, samples the yields of CH, are
smaller than those observed for the most active Au@TiO,-Au
sample. Concerning the product distribution, the most striking
difference between the conventional Au/TiO, photocatalysts and
the core-shell photocatalysts is that the latter also form CO,
while this product is hardly observed on the conventional
catalysts. This is attributed to the high activity of the
conventional Au/TiO, catalysts in low-temperature CO oxidation,
the actual target reaction for which this photocatalyst system has
been developed. The new core-shell system is thus beneficial in
two respects: Total yields of valuable products are larger, and
CO is observed as an additional product.

UV-vis measurements show that light absorption is governed
both by the Au nanoparticle in the core and the semiconducting
titania shell (Figure 3). The additional small gold nanoparticles
on the outer surface do not exert a significant influence on light
absorption, because they did not cause a visible change in the
UV-Vis spectra (not shown). Considering only the Au@TiO
samples without additional gold nanoparticles on the outer shell
in a first step, the well-developed structure of the semiconductor
TiO: in the shell is an important parameter for high activity of the
core-shell systems under UV+vis illumination. One reason may
be a better developed crystal structure (less defects) in the
thicker shell. A possible enhancing influence of “hot electron
transfer” from the gold core to the titania shell seems less
relevant, since such a process is expected to occur most likely in
the samples with the thinnest titania shell (8 nm).

A further decoration with Au nanoparticles on the outer TiO,
surface results in a remarkable three- to fourfold increase in
activity for methane formation in the case of the thickest TiO,
shell. This is clear evidence that the nanoparticles on the outer
surface are much more relevant for photocatalytic CO, reduction
than the gold core. Both a plasmonic effect of the small external
nanoparticles, as well as improved catalytic properties due to the
exposed gold surface on the small nanoparticles may cause this
significant increase in activity.

The results of the activity tests with the conventional Au/TiO»
reference samples show that a pure catalytic effect alone cannot
explain the higher activity. The conventional catalysts feature
exposed gold nanoparticles of similar size, but total
photocatalytic activity is lower and product distributions are
altered, in particular with respect to the lack of CO production.
The same observation also rules out plasmonic or structural
effects related to the small size of the nanoparticles on the outer
shell as sole reason for the observed differences. If those were
the decisive factor, the reference samples should behave similar
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to the core-shell samples. A simple effect of a larger amount of
gold in the core-shell samples is also unlikely: The Au/P25
sample with a much higher gold loading compared to the
Au/anatase samples showed the same trends as the other
Au/TiO, reference samples, in which predominantly H, and
almost no CO was formed. Instead, it seems that three aspects
have to work together for the significantly improved
photocatalytic activity for the formation of CH, and CO, namely
(i) a structurally well-developed anatase TiO, shell, (ii) a gold
core and (iii) exposed gold nanoparticles on the outer surface. In
such a system, the combination of Au and TiO, shows
fundamental differences in the (photo)catalytic properties,
evidenced particularly by the inability of the core-shell system to
(re)oxidize CO. Whereas in all conventional Au/TiO, catalysts
the initially formed CO disappears again within the first few
hours of the experiment, the amounts of CO formed with the
core-shell samples roughly equal the produced amounts of CH,.
The different behavior may originate from structural and
electronic factors. Electromagnetic fields caused by light
irradiation of the core-shell metal-semiconductor-metal structure
may be very different from those caused in conventional
AuU/TiO, catalysts. Furthermore, the interface structure may be
rather different in the core-shell system compared to samples
prepared via the colloidal deposition route, in which reduction
and rutilization of the interface has recently been observed.!*?
No mechanistic studies were conducted here, but the roughly
equal amounts of CO and CH, formed photocatalytically may be
indicative for the decomposition of a common intermediate in the
mechanism. One option may be acetaldehyde, suggested
previously as intermediate on bare TiO2.5**" It must be noted
that the mechanism of CH4 formation on TiO, is still under
debate, particularly because some of the proposed elementary
steps are thermodynamically not possible on bare TiO», such as
the formation of the CO, anion radical located at -1.9 eV on the
electrochemical energy scale. In thermal catalysis with a
Au/TiO, system it was found that acetaldehyde strongly
interacts with the perimeter site of Au nanoparticles on TiO,.*¥
If such an interaction also takes place during the photoreaction,
acetaldehyde could be stabilized better with the Au@TiO2-20-Au
catalyst compared to the Au@TiO,-20 catalyst, because the
former has more Au nanoparticle-TiO; interface. According to
Shkrob et al.,®¥ under reaction conditions acetaldehyde breaks
apart and forms CO and CH,4. This would explain the product
distribution observed for Au@TiO,-20-Au and Au@TiO,-20,
where CO and CH4 appear in a ratio close to 1 (Figure 6). The
decomposition of an intermediate such as acetaldehyde might
occur similarly on the conventional Au/TiO, catalysts, such as
AUROQIite™ and Au/P25 (Figure 6), but CO is quickly oxidized to
CO;, and does not show the same time profile as for the
Au@TiO,-Au catalysts. Further insight into this issue may be
obtained in future studies.

The results obtained here also indicate that H», instead, can be
formed photocatalytically under UV+Vis illumination on any
accessible gold surface, regardless whether this surface belongs
to the gold core or to the small nanoparticles on the outer
surface. Since the amounts of H, formed on samples Au@TiO»-
20-Au and Au@TiO;-20 are almost equal, the Au core seems to
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have the dominant effect in both cases. In the reference
samples, both a higher gold loading (as in Au/P25) and a larger
size of the gold nanoparticles (as in Au/anatase) seem to
influence the yields of H, favorably, because in both cases more
H, is obtained compared to the commercial AUROIite™ catalyst.
Within the first 45 min the largest increase in H, formation can
be detected, whereby after that period the formation is slowing
down. Since the formation of all products observed in the
present study occurs by processes consuming only electrons,
this decreasing production rate of H, for all tested samples
(Figure 6) can be explained by the lack of an efficient hole
consuming reaction, that is, the lack of formation of gaseous
dioxygen. As has been described previously for bare TiO 543"
instead of the formation of O, in the gas phase, oxygen-derived
species remain on or in the photocatalyst. The presence of
those species eventually favors the back reaction, that is,
oxidation of the formed hydrocarbons and hydrogen to CO, and
H»O. Further studies on the fate of the holes are in progress and
will be reported at a later time.

Our observations are summed up in Figure 7, which provides a
schematic representation of the mode of action of the whole
core-shell system. Charge carriers are generated by
photoexcitation of the semiconductor, that is, the TiO, shell.
While the hole presumably remains and reacts on or in the TiO;
shell (and is not further considered here), the electron migrates
either to the gold core or to the Au NPs on the outer TiO, shell.
The reduction of CO, to CO and CH,4 likely occurs on the
interface of the Au NPs exposed on the outer TiO, shell. The
formation of hydrogen, on the other hand, can proceed on any
exposed gold surface, both on the outer nanoparticles and the
gold core.

Figure 7. Schematic representation of the mode of action of the core-shell
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Conclusions

In this work Au@TiO2-Au catalysts with core-shell morphology
were found to be superior to conventional Au/TiO, catalysts in
the photocatalytic reduction of CO,. CH4 and CO were the main
carbon-containing products, and significant amounts of H, are
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additionally formed. The sample with the thickest TiO, shell was
most active, indicating a major role of the well-developed
semiconductor structure in the reaction. Plasmonic field effects
or a “hot electron transfer” from the gold core seem to be of
minor importance, but may affect the reactivity of the small gold
nanoparticles on the outer TiO», shell. The improved formation of
carbon-containing products is attributed to an electronic
interaction and a synergetic effect of all three structural features:
(i) the thick TiO, shell, (ii) the gold core, and (iii) the Au NPs on
the outside. In this arrangement, the latter lose their ability to
rapidly oxidize CO at low temperature, so this product is stable
on the core-shell system. CO and CH4 formation in a ~1:1 ratio
may indicate that both products originate from a common
intermediate. H, formation is instead observed to a similar
extent on all samples, indicating that this reaction can proceed
on any accessible gold surface, and no particular geometry is
needed.

Experimental Section

Preparation of Au@TiO

Au@TiO, core-shell systems were synthesized based on a method
reported elsewhere®®, which was modified by our group. Au
nanoparticles used as the core material were prepared by the well-known
Turkevich method via citrate reduction. HAuCl, ¢ 3H,O (108 mg,
0.274 mmol, Sigma-Aldrich, >99.9 %) was dissolved in H,O (180 mL,
millipore Q), heated to 115 °C and kept boiling for 15 min. Subsequently,
sodium citrate dihydrate (180 mg in 5mL H,O, Sigma-Aldrich) was
quickly added into the vortex of the stirred solution. The mixture is boiled
under reflux for 30 min and, subsequently, cooled down. Aqueous
hydroxypropyl cellulose (300 mg dissolved in 15 mL H,O, Sigma-Aldrich)
is added and the solution is stirred overnight. Gold nanoparticles with
mean particle diameters of 20 nm can be obtained by this procedure. The
aqueous gold solution is concentrated via centrifugation (final volume
25 mL) and mixed with isopropanol (90 mL, Sigma-Aldrich, 99.9 %) in a
250 mL round bottom flask. Aqueous NH3 (3 mL, Sigma-Aldrich, 28 —
30 wt.%) is added to the dispersion and stirred vigorously for 15 min.
Titanium  diisopropoxide bis(acetylacetonate) (144 puL in 10 mL
isopropanol for 8 nm shell, Aldrich, 75 wt.% dissolved in isopropanol) is
slowly added into the vortex by a syringe pump and the mixture is further
stirred overnight at RT. The material is washed twice with deionized
water. Subsequently, the purple powder is dried at 90 °C for 1.5 h and
calcined for 1h at 500 °C (heating ramp: 4 °C min). Samples are
denoted as Au@TiO,-X, where X indicates the thickness of the TiO;
shell in nanometers. For the variation of the shell thickness, only the
amount of the titania precursor was varied, while all other synthesis
parameters were kept constant.

Preparation of Au@TiO, decorated with Au nanoparticles

The decoration with Au nanoparticles on top of the Au@TiO core-shell
materials was achieved by a facile deposition-precipitation method with
urea reported by Zanella et al.®® Au@TiO, (20 mg) is dispersed in water
(10 mL, millipore Q) together with urea (0.252 g, Fluka) and the desired
amount of HAUCI, * 3 H,O for a total metal loading of 1 wt% at the outer
TiO, surface. The mixture is then heated up to 90 °C and stirred for 4 h.
The material is washed three times with deionized water and dried for 2 h
at 50 °C under vacuum. The dried samples are then further calcined at
300 °C for 4 h (heating ramp: 2 °C min™). Resulting samples are denoted
as Au@TiO,-X-Au where X indicates the thickness of the TiO, shell in
nanometers. An overview can be found in Table S1.
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Preparation of Au/TiO, reference samples

Gold nanoparticles with an average diameter of 4 nm were deposited on
different commercial TiO, samples using the colloidal deposition method.
The synthesis using the commercial anatase material (~300 m?/g,
Huntsman P&A Germany) is reported in detail in a recent contribution.®?
The synthesis of the Au/P25 catalyst was performed similarly, using
commercial TiO, P25 (~50 m?/g, Evonik Industries). The gold loading on
the anatase support was adjusted to 1 wt%. On the P25 support, the
loading of gold was 7.5 wt%. A commercial catalyst (AUROIlite™, 1.5
wt% Au on TiO,, STREM Chemicals) was tested as reference. An
overview over all samples studied in this contribution can be found in the
supporting information (Table S1 and S2).

Activity Testing in Photocatalytic CO, Reduction

The activity tests were performed in a home-made, metal-sealed,
vacuum-tight photoreactor. A detailed description can be found
elsewhere.l*®! The full spectrum of a 200 W Hg/Xe lamp is used to
irradiate the photocatalyst (UV+Vis), but the IR part is removed by an IR
water filter attached in front of the lamp output lens to prevent heating of
the sample through the beam. The IR filter is cooled by a cryostat
providing a circulation of cold water (5 °C). Water is dosed by saturation
of the gas phase using stainless-steel saturators cooled to 5°C. The
concentration of water vapor in the gas phase at 5°C and ~1500 mbar
pressure is estimated to be ~6000 ppm. For each test 25 mg of the
respective photocatalyst were used. Details concerning the photocatalytic
cleaning procedure and the actual photocatalytic CO, reduction can be
found in Ref. [37] In brief, each catalyst sample was cleaned
photocatalytically in an atmosphere containing only gaseous water and
helium. This removed hydrocarbon impurities and minimized product
formation from carbon sources other than CO,.***") For testing the
activity in photocatalytic CO, reduction, each catalyst was brought in
contact with a reactant gas mixture of 1.5 % of CO, and 0.6 % of H,O
balanced by He. The addition of H,O to the feed gas is enabled by a
metal-sealed double saturator which is kept at 5°C to yield a
concentration of about 0.6 % of H,O (estimated with the Antoine
equation). The reactor was run in the batch mode. The illumination time
was 6 h for each experimental run. Initially, the photoreactor was filled
with the gas mixture to an overall inside pressure of 1.5 bar. Since the
pressure drops by 100 mbar upon each GC sampling, the pressure drops
to ~1.1 bar within the course of the measurement.

Structural Characterization

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
was measured using a Nicolet Protégé 460 spectrometer equipped with
praying mantis mirrors and an in situ cell (Harrick HVC-DRP-2). The
sample was purged with inert gas throughout the measurement and the
temperature was kept at 35 °C. Since TiO; is predominantly hydrophilic,
inert gas purge is carried out for 1 h before the first spectrum is recorded
to remove the majority of physisorbed H,O from the catalyst surface.
UV-vis spectroscopy was performed on a Varian Cary 5 G. The
Au@TiO, materials were suspended in isopropanol prior to
measurement. The suspension was loaded into quartz cuvettes and
measured in transmission mode.

Transmission electron microscopy (TEM) studies were performed on a
Hitachi H- 7100 with 100 kV acceleration voltage. Wide angle XRD
patterns collected at room temperature were recorded on a Stoe
theta/theta diffractometer in Bragg-Brentano geometry (Cu Kaip
radiation). The measured patterns were evaluated qualitatively by
comparison with entries from the ICDD PDF-2 powder pattern database.
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