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Abstract By a combination of FT-NIR Raman spectros-
copy, infrared spectroscopy of CO adsorption under ultra-
high vacuum conditions (UHV-IR) and Raman spectroscopy
in the line scanning mode the formation of a reduced titania
phase in a commercial Au/TiO, catalyst and in freshly pre-
pared Au/anatase catalysts was detected. The reduced phase,
formed at the Au-TiO, interface, can serve as nucleation
point for the formation of stoichiometric rutile. Ti O,,_;
Magnéli phases, structurally resembling the rutile phase,
might be involved in this process. The formation of the
reduced phase and the rutilization process is clearly linked
to the presence of gold nanoparticles and it does not proceed
under similar conditions with the pure titania sample. Phase
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transformations might be both thermally or light induced,
however, the colloidal deposition synthesis of the Au/TiO,
catalysts is clearly ruled out as cause for the formation of
the reduced phase.

Keywords TiO2 - Anatase - Rutile - Gold nanoparticles -
CO oxidation - Raman spectroscopy - UHV-FTIR

1 Introduction

As a non-toxic, abundantly available semiconductor with
band edge positions thermodynamically suitable for over-
all water splitting, TiO, is the single most frequently used
material in photocatalysis [1] At the same time, it has a long
history of application in classical heterogeneous catalysis,
both as catalyst and as support material. In this respect, the
combination with gold nanoparticles as catalyst or cocata-
lyst is very common, for example in low temperature CO
oxidation [2, 3] or for the selective oxidation of alcohols
[4-7]. Since TiO, can commonly exist in different crystal
structures, with anatase and rutile being the two most com-
mon and most studied ones [1], there has been much debate
about the (photo)catalytic properties of either of them. In
photocatalysis usually electron transport [8, 9] the electronic
structure [10], or the properties of the respective facets are
discussed [11-13]. The combination of both anatase and
rutile is of further interest due to the widespread use of the
commercial TiO, material P25, which in its as-made state
consists of a mixture of about 80% anatase and 20% rutile
[14]. In many studies this material has demonstrated supe-
rior performance over the separate crystal modifications,
probably based on charge carrier separation processes and
the associated longer charge carrier lifetime [15, 16].
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With the deposition of noble metals such as gold on the
TiO, surface, the situation becomes even more complicated,
because the resulting metal-metal oxide system displays a
very unique electronic structure [17]. Furthermore, the cata-
lytically active sites could be located on the gold nanoparti-
cles, on the support, or at the metal-semiconductor interface
[3-5]. The question arises as to whether nanoparticles sup-
ported on the different TiO, modifications anatase and rutile
differ in their catalytic behavior, and whether the support
actually remains unchanged after noble metal deposition.
In this respect, temporal changes in gold-titania catalysts
are well-known to occur, and the common recommendation
among researchers is to store those catalysts under the exclu-
sion of light and at low temperatures [18]. The occurrence
of photo- and/or thermally induced processes is thus beyond
doubt, although no consensus on the nature of those pro-
cesses has been reached. Phase transitions to the thermody-
namically stable rutile structure have been proposed to occur
at low temperature and possibly induced by light stimulus
[19-21]. In this respect, the deliberate phase transformation
of anatase to rutile has recently been brought about in Au/
TiO, nanoparticulate films by laser processing [21, 22]. Both
a laser with wavelength in the visible (532 nm) and the UV
range (355 nm) were able to inflict structural changes in Au/
TiO,, but only the UV laser could induce similar changes
in nanoparticulate TiO, alone. The authors in Refs. [21, 22]
concluded that the process was photothermally induced. A
darkening of the sample was observed in their work, pos-
sibly associated with a reduction or distortion of the titania
phase, but the Raman spectra showed no indication for tita-
nia reduction [22].

The active structure of the Au-TiO, interface has often
been hypothesized to be an oxygen-deficient TiO,_, state,
possibly characterized by the presence of oxygen vacancies
[23, 24], or Ti interstitial atoms [25]. If the interface is pre-
sent in a reduced state, strong metal-support interactions
(SMSI) can also be assumed to occur. Recently, such pro-
cesses have been evidenced in an Au/TiO, catalyst used in
CO oxidation, leading to an overgrowth of the gold particles
with a thin titania layer [26]. Previously, such processes had
also been observed in a related system of photodeposited
gold nanoparticles on titania species supported on SBA-15
[27]. However, SMSI effects have been discussed much less
for gold catalysts compared to the original Tauster system
Pt/TiO, [28-30] or Cu/ZnO catalysts [31-33]. Raman spec-
troscopy is generally very well suited for structural studies
of titania, since changes in the phase composition and par-
ticle size are well reflected in the spectra [34]. Studies of
CO adsorption using infrared spectroscopy are desirable to
obtain more information on the (electronic) structure of Au/
TiO,: CO has been found to be an ideal probe molecule to
characterize the adsorbing facet of TiO, [35, 36], size, shape
[37] and charge [38—41] of the Au nanoparticles, the crystal

structure of TiO, [42], and even the Au-TiO, interface [3].
Furthermore, CO oxidation on gold catalysts has been stud-
ied extensively over the past two decades [38], yet mostly
with a focus on the active state of gold but less attention to
the underlying titania phase. In a previous study by some of
the authors of this work [38], both TiO,-supported Au** ions
and Au’ sites were shown to catalyze CO oxidation, with the
former ones acting at very low temperatures and an appar-
ent activation energy of about zero. In this previous work,
mixed-phase P25 was used as support and not further struc-
turally characterized [38]. However, in previous studies of
photooxidation of CO on TiO, single crystal surfaces using
reflection—absorption IR spectroscopy (RAIRS), reaction
cross sections on anatase TiO, (101) have been found to be
an order of magnitude larger than those on rutile TiO, (110),
which has been related to the differences in the lifetime of
excited charge carriers [43, 44].

In this contribution, phase transformations at the Au/TiO,
interface are identified in real catalyst materials, including
a commercial gold catalyst. It is demonstrated that already
in the first Raman spectra of fresh Au/anatase samples pre-
pared by colloidal deposition the Au-TiO, interface has
structurally changed significantly. We were able to iden-
tify the newly formed structure as a reduced TiO,_, phase,
probably of the Magnéli-type Ti,O,,_;. Due to the structural
resemblance between this phase and the rutile structure, it
can serve as a nucleation point for an anatase—rutile phase
transition. This phase transition can be clearly linked to the
presence of gold nanoparticles, because the synthesis pro-
cedure alone or rutile impurities in the support are excluded
as possible causes. Further evidence for the reduction of the
support material, represented by Ti** species, is obtained by
CO adsorption experiments in an ultra-high vacuum infrared
spectroscopy (UHV IR) set-up.

2 Experimental
2.1 Samples and Synthesis

One weight percentage of gold nanoparticles of approx.
4 nm diameter were deposited on commercial anatase TiO,
(specific surface area of ~300 m? g~!; material consists of
almost round nanoparticles with a diameter of 10-20 nm;
Sachtleben Chemie GmbH, now: Huntsman P&A Germany)
and on P25 (specific surface area approximately 50 m* g™';
rutile/anatase =20/80; Evonik Industries AG) by the colloi-
dal deposition method as described in Refs. [45-47]. One
sample was prepared similarly, but not calcined after the col-
loidal synthesis (Au/anatase uncalc.). To investigate the role
of the chemicals used in the synthesis, anatase blank samples
were generated in analogy to the original colloidal deposi-
tion method by exposing anatase to the same chemicals at
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the same concentrations of chloride, NaBH,, and PVA, but
without using HAuCl,. A potential influence of chloride
anions in the auric acid precursor was accounted for by the
addition of the same chloride concentration using NaCl. One
part of this anatase sample was calcined according to the
established method at 250 °C, the other was simply dried to
study a possible influence of the heat treatment on the phase
composition (blank “Au/anatase” calc. and uncalc.) The
commercial AUROIlite™ catalyst was used as reference. It
was provided by STREM Chemicals Inc. and was not treated
apart from being finely ground to powder in a mortar for
about 10 min. The average size of the gold nanoparticles is
in the range of 2-3 nm [4, 48]. Details of the calculation of
the average distance of the gold nanoparticles can be found
in the supplementary information.

2.2 Raman Spectroscopy

Unless otherwise noted, Raman spectra were measured with
a confocal Raman microscope (WITec alpha300 RAS, Ulm,
Germany). The laser radiation was coupled into the micro-
scope by a single mode optical fiber. A 20X objective (Zeiss
EC EPIPLAN, NA =0.4) was used to focus the laser beam
on the sample. The scattered light was collected by the same
objective and was transmitted to the spectrometer via a mul-
timode optical fiber. The optical fibers provide the pinholes
for the confocal setup.

For irradiation of the Au/anatase sample a frequency-dou-
bled Nd: YAG laser (operating at 40 mW) with an excitation
wavelength of 532 nm and a multimode optical output fiber
with a core diameter of 50 um were used. The spectrometer
unit (UHTS300) was equipped with a diffraction grating
(600 grooves per mm) and a back-illuminated electron mul-
tiplying charge-coupled device (1600 x 200 pixels, cooled
to —60 °C) achieving a spectral resolution of 3 cm~!. Line
scans were measured with a total integration time of 15 s
per spectrum.

For the AUROLlite™ sample a single frequency diode
laser with a wavelength of 785 nm (operating at 25 mW)
and a multimode optical output fiber with a core diameter
of 100 um were used. The 785 nm laser was chosen for
this catalyst to suppress fluorescence that overshadowed the
measurements with the 532 nm laser for this compound.
The spectrometer unit consisted of a diffraction grating (300
grooves per mm) and a back-illuminated deep depletion
charge-coupled device camera (1024 X 127 pixels, cooled
to 60 °C). Line scans were acquired with a total integration
time of 0.427 s per spectrum. A complete line scan including
two hundred spectra migrates across a distance of 200 pm.
The starting point of each line scan was picked randomly.
From the first point on the Raman laser analyzed spots with
a distance of 1 pm. The diameter of the laser was estimated
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to be 0.7 pm for 532 nm and 1 pm for the 785 nm laser
((FWHM) Gaussian profile).

Furthermore, Raman spectra without distinct localization
of the laser were recorded on a Thermo Scientific FT-Raman
module for a NEXUS spectrometer with an NIR light source
(1064 nm) operated at a nominal power input of 0.5 W. A
cut-off filter at 2000 cm™! was used to suppress fluorescence
most likely caused by the presence of Au nanoparticles.
Spectra were recorded using 500 scans with a spectral reso-

lution of 4 cm™!.

2.3 UHV-IR Spectroscopy

All spectra were recorded in transmission mode by a Bruker
VERTEX 80v IR spectrometer with a novel UHV sys-
tem (PREVAC) connected to an UHV apparatus which is
described elsewhere [49]. The tested Au/anatase sample was
pretreated by in situ annealing at 500 K for 1 h. For the first
CO dosing the sample was pretreated at 500 K for 60 min in
ultra-high vacuum, then CO was added stepwise to a pres-
sure of 1077-107 mbar in the cell (=first CO dosing), and
evacuated afterwards to 10~ mbar. The second CO dosing
was performed after the sample had been annealed to 300 K
and 107! mbar, then CO was added again stepwise until
a pressure of 10~ mbar had been reached (=second CO
dosing). In the following, O, was dosed to yield an overall
pressure of 107> mbar in the cell.

2.4 XRD Analysis

Diffraction patterns were recorded in reflection geometry
with an Empyrean 6-0 diffractometer (Panalytical, Almelo)
equipped with a copper tube, 0.25° divergent slit, 0.5°
antiscatter slit (incident beam), 7.5 mm high antiscatter slit
(diffracted beam), incident and diffracted beam 0.04 rad sol-
ler slits, and a position sensitive PIXcel-1d detector. The K-f
emission line was suppressed by a Ni Filter. For qualitative
phase analysis the specimens were scanned in the 5°-80° 20
range with a step width of 0.0131° and 250 s collection time
at ambient temperature.

3 Results and Discussion
3.1 AUROIite™ Catalyst

XRD analysis of the commercial AUROIite™ catalyst (See
Fig. S1 in Supplementary Information) showed that the tita-
nia support consists of both anatase and rutile, with a phase
ratio of approximately 80% anatase and 20% rutile, very
similar to commercial TiO, P25. It is very peculiar, though,
that the Raman spectrum of the AUROIite™ catalyst meas-
ured in a conventional FT-Raman spectrometer with NIR
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Fig. 1 Raman spectra recorded on a Thermo Scientific FT-Raman
module for a NEXUS spectrometer: NIR light source (1064 nm), no
distinct localization of the laser possible. The sample name Au/TiO,
denotes the discussed AUROIite™ sample. The spectrum of the gold
catalyst closely resembles the rutile spectrum

laser (1064 nm) resembles much more closely that of a pure
rutile reference sample measured in the same spectrometer
(Fig. 1). The Raman bands of anatase can only be distin-
guished as shoulders. It can be ruled out that the preferen-
tial observation of the rutile phase is caused by the given
measurement conditions: In the mixed-phase material P25
with similar phase composition it is the anatase phase rather
than the rutile phase which can be clearly identified (Fig. 1).
The obvious pronounced differences in the FT-NIR-Raman
spectra of the AUROIlite™ catalyst and P25 despite their
similarity in phase composition can only be rationalized if
either the phase transformation in Au/TiO, occurs under
irradiation with the Raman laser, or if the presence of gold
enhances the signal of rutile selectively, possibly by a sur-
face enhancement effect as used in surface enhanced raman
spectroscopy (SERS). Regardless of which of the two causes
accounts for the better visibility of rutile in the spectrum
of Au/TiO,, it always implies that rutile occurs in proxim-
ity to the gold nanoparticles, because rutile formation does
not occur, and/or is not observed, in pure P25 under similar
measurement conditions.

3.2 Raman Spectra of Catalysts Prepared by Colloidal
Deposition

Initiations of phase transformation processes cannot be stud-
ied in depth when starting from a support that already con-
tains both titania phases. So, for all further studies, Au/TiO,
catalysts with pure anatase support, freshly prepared under

Anatase

Anatase (chem.)
Au/Anatase

. —— Au/Anatase (calc.)

Intensity / a.u.

20 30 40 50 60 70 80
20/°

Fig. 2 XRD patterns of the Au/anatase samples (calcined (blue) and
uncalcined (green), denoted as Au/anatase (calc.) and Au/anatase
respectively), the anatase support chemically treated (denoted as
Anatase (chem.), red), and the bare anatase support (denoted as
Anatase, black)

dark conditions by the colloidal deposition synthesis were
used. For all samples, XRD was used as first indication if
the support remained in the anatase phase. As Fig. 2 shows,
rutile peaks can neither be detected in the pure anatase sup-
port, nor in the blank sample treated according to the col-
loidal deposition synthesis.

The X-ray diffraction pattern of the Au/anatase sample
(Fig. 2), on the contrary, shows small reflections in the
region between 40° and 45° 20. In this 20 region, anatase
does not feature any diffraction peaks (See Fig. S2 in Sup-
plementary Information). However, rutile (See Fig. S2 in
Supplementary Information), brookite and gold [50], as well
as Magnéli-type TiO, phases [51, 52] display diffraction
reflexes between 40° and 45° 20. Crystalline gold should
only have one signal in this region, though, and it is usually
only seen for much higher loadings and larger particles [50].
Due to the absence of any other strong diffraction peaks,
or potentially the overlap with those of anatase, we cannot
assign those small peaks unambiguously to a certain titania
phase by XRD alone. It is clear, however, that the presence
of gold induces structural changes. The new diffraction
peaks appear both in the calcined and the uncalcined sam-
ple, clearly ruling out a decisive effect of the heat treatment
during calcination.

In depth structural characterization was thus performed
with Raman spectroscopy in the line scanning mode. The
full line scan of the Au/anatase sample can be found in
Fig. 3a, and the three consecutive spectra 83, 94 and 85 are
displayed in Fig. 3b. Spectrum 83 resembles the spectrum
of rutile, however, peak positions are shifted with respect to
those of stoichiometric rutile, and the intensity in the range
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Fig. 3 a Two hundred spectra from line scan for the Au/anatase sam-
ple with the 532 nm laser. b Three selected consecutive Raman spec-
tra from the line scan of Au/anatase, 532 nm laser, measured in the
Raman microscope in the line scanning mode

between 100 and 150 cm™" is higher than usually observed
for spectra of rutile. So, due to the stronger signal at very
low Raman shifts the band at 148 cm™! appears relatively
more intense, and it is broadened compared to spectra of
stoichiometric rutile (Fig. 1). A broad Raman peak around
140 cm™! has previously been assigned to Ti,0,,_; Magnéli-
type TiO, phases [52, 53].

Furthermore, it has been shown that the position of the E,
Raman mode of rutile (447 cm”~!in oxidized rutile, Fig. 1) is
shifted to lower wavenumbers the more strongly the TiO, is
reduced [54]. Spectra 83, 84 and 85 can thus be assigned to
a reduced rutile phase, probably even containing contribu-
tions of a Magnéli-type phase. The spectra measured right
after those displayed in Fig. 3b then display the transition to
a more and more stoichiometric rutile structure (See Fig. S2
in Supplementary Information). It can be ruled out that the
spectrum assigned to the reduced phase just originates from
a superposition of the spectra of anatase and rutile phases: In
Figure S3, the observed spectrum of the non-stoichiometric
phase is compared to spectra of pure rutile, pure anatase,
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and a superposition spectrum calculated under the assump-
tion of a 1:1 mixture of both phases. It is obvious that the
band positions and relative band heights do not match with
a simple superposition.

In general, multiple explanations might account for the
observation of the rutile phase, namely (1) rutile impuri-
ties already present in the anatase support that function as
gold anchoring sites, (2) the formation of rutile due to the
colloidal deposition synthesis, unrelated to the presence of
gold, (3) a phase transformation in the samples related to the
presence of the gold nanoparticles, or (4) a phase transfor-
mation due to the irradiation with the Raman laser. The first
two explanations can be clearly ruled out: The XRD pattern
of the pure anatase support (Fig. 2) provides no indication
of the presence of a rutile phase, and neither does the dif-
fraction pattern of the blank “Au/anatase” sample that had
been subjected to the exact same synthesis procedure, but
without the addition of auric acid. It has to be recalled that
a potential influence of chloride anions in the auric acid
precursor was accounted for by the addition of the same
chloride concentration using NaCl. The lack of structural
changes in the blank sample clearly rules out the synthesis
procedure as cause for the formation of the reduced rutile
phase. It might be argued that X-ray diffraction is not sensi-
tive enough to detect the presence of the Magnéli or rutile
phase. Consequently, a line scan with the Raman laser of
the calcined blank “Au/anatase’” sample was performed (See
Fig. S4 in Supplementary Information), but no evidence for
the presence of any crystal phase except for anatase TiO,
was found. This also provides evidence that the Raman laser
alone does not induce the structural changes in the gold-
free samples. We thus conclude that the structural changes
are clearly related to the presence of the gold nanoparticles
and the electronic structure that occurs at such a Schottky
junction. The structural changes in the samples are already
evident in the XRD patterns before calcination (Fig. 2), so
it is not necessary to treat the samples thermally to induce
rutile formation.

While the above discussion already contains valuable
insights into structural changes in Au/TiO, catalysts, we
need to admit that we cannot identify the exact cause for
phase transformation at this point. It is possible that chemi-
cal processes during colloidal synthesis reduce and structur-
ally transform the TiO,, but only if gold is present, i.e. close
to the interface with the gold nanoparticles. Alternatively,
any irradiation with light, i.e. laboratory lighting and/or the
Raman laser, might induce the structural changes. Lastly,
it is also possible that the thermal energy available under
ambient conditions is already sufficient to induce structural
changes at the Au/TiO, interface.

Based on the method used here, we cannot claim to
study separate gold nanoparticles, because the spot size of
the Raman laser is much larger than the diameter of the
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gold nanoparticles. However, it is peculiar that a sequence
of spectra as displayed in Fig. 3b is observed multiple times
in the full line scan (Fig. 3a). In order to estimate how many
gold particles we would expect in the probed region of
the sample, an estimation of the average distance of two
gold nanoparticles was derived based the total gold load-
ing (1 wt%), the gold nanoparticle diameter (4 nm) and the
surface area of the support (300 m%/g). Gold nanoparticles
were assumed to be hemispheres, which has been suggested
as appropriate representation for 2—4 nm sized gold nanopar-
ticles on rutile surfaces [55], also being in agreement with
recent HR-TEM observations on Au/TiO, catalysts [26]. Our
calculation (See Supplementary Information) yielded a dis-
tance of about 100 nm, so on the probed area in one line scan
(200 spots of ~1 pm diameter), we expect to see approxi-
mately 1.6 10* Au nanoparticles. If we neglect mutual cov-
erages of TiO, powder particles by each other, and further
estimate the shape of TiO, nanoparticles as simple cubes,
then possibly only one-sixth of these nanoparticles are on
the top face (~2700 gold nanoparticles). Yet, the strong
increase in spectral intensity, tentatively assigned to a plas-
monic field enhancement effect due to gold, is observed only
four times along the line scan (Fig. 3a). It is well known that
probing the direct surroundings of gold nanoparticles with
SERS requires a size of the nanoparticles of roughly 20 nm,
much larger than the gold nanoparticles used here (~4 nm)
[56]. This might explain the deviations of the expected
number of gold nanoparticles along the line scan and the
appearance of the peculiar spectral features: We assumed
an ideal distribution of gold nanoparticles over the surface,
and an enhancement of spectral intensity was assumed to be
caused by just a single particle. It is possible, though, that
multiple gold nanoparticles need to be present as a cluster
or a larger arrangement to lead to spectral enhancement. In
this respect, larger enhancement effects have been observed
for dimers and trimers of metal colloids [57]. Such a cluster
of gold nanoparticles might appear just a few times along
one line scan.

3.3 Raman Spectra of Commercial Au/TiO, Catalyst

Figure 4b shows selected Raman spectra from the line scan
of the commercial AUROIite™ catalyst, which demonstrate
that phase transformation phenomena also need to be con-
sidered for commercial gold catalysts (for the complete line
scan see Fig. 4a). The non-stoichiometric rutile phase is
also found in this sample (spectra 140 and 149 in Fig. 4b),
however, since the support of this catalyst already contained
TiO, in the rutile structure, it is not possible to determine
whether the non-stoichiometric phase was formed from
anatase or from rutile, and whether additional phase transi-
tions occur. The observation of both anatase and rutile in
the spectra recorded with the 785 nm laser in the Raman
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Fig. 4 a Two hundred spectra from line scan for the AUROlite™
sample with the 785 nm laser. b Selected spectra representing the sig-
nificant changes along the laser movement found on the AUROlite™
sample; spectrum number 140 and 149 resemble the newly found
species of non-stoichiometric TiO, developing into a rutile spectrum
(155) and further into anatase (158, 167). The spectra in between (not
shown) mark transition phases. Spectra measured with 785 nm laser,
measured in the Raman microscope in the line scanning mode

microscope as opposed to the observation of almost only
rutile in the measurement with the 1064 nm laser is most
likely caused by the spatial resolution provided only by the
Raman microscope. However, it might also be influenced
by differences in penetration/escape depth, thermal effects,
and differences in the surface enhancement of the Raman
scattering with the two different lasers.

3.4 UHV-IR Spectroscopy of Au/Anatase

The high reducibility of the Au/anatase sample and the
reduced titania sites that develop at the interface can be
probed very sensitively and under well-defined conditions
employing infrared spectroscopy in ultra-high vacuum.
It is assumed that the probability for phase transforma-
tions induced by irradiation with the probe beam is much
reduced in the case of IR spectroscopy compared to the
irradiation with a laser in the visible range as applied in
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Raman spectroscopy. All UHV-IR spectra were recorded
in transmission mode. A spectrum of the sample cleaned
by in situ annealing at 500 K for 1 h was used as back-
ground for all spectra shown in this contribution.

Figure 5a displays the evolution of bands during the
first dosing experiment of CO (for second CO dosing
see Fig. S5 in Supplementary Information). The band at
2192 cm™! that shifts to 2189 cm™! with increasing CO
pressure represents CO adsorption on coordinatively
unsaturated Ti*" sites [41, 58, 59]. This band is the most
prominent one, which is easy to rationalize since Ti** sites
are the majority surface sites for CO adsorption on the
catalyst. A shift to lower frequencies of the vibration of a
probe molecule is often explained with an electron density
donating substrate where a stronger back donation of the
substrate into the empty ©n” orbital of CO takes place [60].
In single crystal experiments on anatase TiO, the band
has been assigned to CO adsorbed onto Ti** Lewis sites
in (101) and (112) facets in anatase [36]. However, the
band positions for CO adsorbed on coordinatively unsatu-
rated Ti** sites on anatase and rutile are very similar and
depend on the exposed surface facet [59], rendering the
phase identification of the underlying titania impossible
based on this band alone. The band at 2205 cm™" is most
probably assignable to CO on a Ti*" site as well, in which
the Ti-atom has a higher Lewis acidity and a lower (3- or
4-fold) coordination at kinks or steps [36, 58, 61, 62]. The
second most intense band is the one found at 2119 cm™!,
which shifts to 2113 cm™! upon increasing CO partial
pressure. This band can be assigned to CO adsorbed on
three-dimensional Au® particles [36, 39, 63].

Already upon the first dosing of CO to the cleaned sam-
ple at 93 K, the formation of CO, is observed (Fig. 5a), as
evidenced by the vibration band of linearly adsorbed CO,
located at 2349 cm™!. In experiments at higher temperatures
CO, formation in the Au/TiO, system has been explained
previously with a Mars—van Krevelen mechanism, in which
the oxygen atoms of TiO, in close proximity to the gold
nanoparticles are used to oxidize CO [3]. The extraction of
oxygen from the material, accompanied by the formation of
oxygen vacancies, is demonstrated by the vibrational band
of CO bound to oxygen vacancies forming at 2140 cm™!
[64]. This band is slightly growing in intensity by contin-
ued removal of oxygen from the material to supply the oxi-
dation reaction of CO to CO,. The small band evolving at
2230 cm™! has been assigned to CO, interacting with a Au/
TiO, sample through H-bonds (2235 cm”!in Ref. [38]).

The formation of CO, is also accompanied by the appear-
ance of bands characteristic for bidentate carbonate species
in the region between 1700 and 1050 cm™' [64] (See Fig.
S6 in Supplementary Information). Normally, the vibra-
tional signature for such species is found to be at 1330 and
1560 cm™! [64] or 1320 and 1580 cm™! [65]. Here, however,
the strongest bands can be found at 1308 and 1551 cm™ L ie.
shifted by at least nine wavenumbers to lower energy vibra-
tions. It seems likely that the observed shift is indicating a
reduced TiO, phase.

The shift of the bands of CO adsorbed both on Ti*" sites
on TiO, (2192-2189 cm_l) [36-41, 64, 66, 67] and on three-
dimensional Au’ particles (2119-2113 cm'l) [39, 41, 63]
can also be concluded to originate from the reduction of
the material during the oxidation of CO, when oxygen is
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2230 o140 M 71 2140 (
2349 = 2348 2205 X 2270
® o 2112
o blank 2102
——CO1 107 mbar
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-5
——CO08 10 4mbar o119m 2113 blank . 2188
——CO04 10" mbar ——CO 10”° mbar
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-1
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Fig. 5 a UHV IR spectra of Au/anatase sample during first CO dos-
ing at 93 K. b UHV IR spectra of Au/anatase sample in the region
indicative of adsorbed CO, and CO during addition of oxygen. This
experiment was carried out subsequent to the second CO dosing (See
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Fig. S5 in Supporting Information) on the same sample as in (A) after
evacuation to 107 mbar and annealing at 300 K. The spectra were
vertically shifted to facilitate their comparison



Top Catal (2017) 60:1744-1753

1751

extracted from TiO,. While it is known that the shift of the
vibrational modes of adsorbed CO molecules is a function of
surface coverage [68], this shift is of minor influence: Dur-
ing the second CO dosing experiment, where CO oxidation
does not occur until oxygen was added in the gas phase, the
bands indicative of CO adsorption do not shift by more than
three wavenumbers with increasing coverage (See Fig. S5 in
Supplementary Information).

During evacuation of the cell the band for CO adsorption
on Ti*" at 2189 cm™' decreases slightly, while adsorbed CO
moieties with bands at other wavenumbers and the bands of
adsorbed CO, species remain stable (Fig. 5a; See Fig. S6
in Supplementary Information). The evacuation stops the
progression of CO oxidation, which causes a slight back
shift of all bands to the position at lowest CO content. This
slight shift might be caused by a redistribution of adsorbed
CO and/or charges in the support upon removal of a few CO
and CO, molecules from the surface. After evacuation and
a second annealing at 300 K hardly any formation of CO, is
observed during CO dosing (See Fig. S5 in Supplementary
Information). Otherwise, spectra in Figure S5 are identical
to those in Fig. 5a. The two CO dosing experiments thus
confirm that the Au-TiO, interface region is highly reduc-
ible, so that the oxygen can be used to carry out CO oxida-
tion at extremely low temperature. It should be noted that
this is not a catalytic process, but a stoichiometric reaction
with oxygen species at the interface. It would be expected
that during the second CO dosing some of the CO molecules
should preferably bind to coordinatively unsaturated Ti**
sites created in the first dosing experiment. However, it is
likely that the carbonates formed as consequence of CO, for-
mation preferably saturate those electron-rich sites: CO, is
a Lewis acid that preferably adsorbs to Lewis basic sites. In
this respect, the poisoning effect of carbonates in CO oxida-
tion on Au/TiO, is well known, and increased carbonate for-
mation has been observed after reducing pretreatments [69].

After another evacuation procedure oxygen (10~ mbar)
was added to the cell (Fig. 5b). As a result, the band assigned
to CO adsorption on TiO, decreased significantly and shifted
from 2188 to 2175 cm™!, suggesting that this is the active
species for CO, formation under exposure to O,. The reduc-
tion of TiO,, and potentially also the rutile formation, is
again reflected in the band shift: According to Xu et al. [64]
the band at 2188 cm™! is characteristic for CO adsorption
on oxidized, stoichiometric (110) rutile surfaces and the
one at 2175 cm™! (2178 cm™! in Ref. [64]) for adsorption
on reduced (110) rutile. The linearly adsorbed CO, formed
during CO oxidation also indicates TiO, reduction during
CO oxidation, because the wavenumber for the CO, adsorp-
tion is at 2336 cm™! instead of 2349 cm™!. The new band
appearing at 2270 cm™! during CO oxidation with co-dosed
O, is at an unusually high wavenumber for CO adsorption
onto either Au or TiO,. It could be another type of CO,

interacting with Au/TiO, through H-bonds (2256 cm™ in
Ref. [38]). It might also be explained with CO on positively
charged Au [40], since a strong blue-shift is common for CO
on positively charged metals. The presence of Au®* might
indicate that oxygen coordinates to the gold nanoparticles
and removes some electron density, for example for super-
oxide formation [7].

It seems counterintuitive that the characteristic adsorption
of CO on reduced TiO, (2175 cm™!) can be found while oxy-
gen is dosed, in particular when considering that the band
of CO adsorbed at oxygen vacancies (2140 cm™') cannot
be observed anymore. And indeed, in single crystal studies
of CO adsorption on perfect and defective rutile surfaces
the band of CO adsorbed on the reduced surface was sig-
nificantly decreased in intensity when oxygen was dosed
first [55]. The observation of the band of CO adsorbed on
reduced rutile thus must be related to the presence of gold.
Apparently, reoxidation of the surface at low temperatures
in presence of small amounts of oxygen does not take place
when gold is present. The absence of CO bound to oxygen
vacancies might be explained in two different ways: Firstly,
it has to be noted that oxygen vacancies can only be detected
indirectly by the vibration of CO bound to them. So, they
might still be present, but blocked by other species, e.g. car-
bonates, as explained above. Secondly, it is possible that iso-
lated surface oxygen vacancies are refilled by oxygen from
the gas phase, while structurally fully established reduced
phases containing an excess of electrons (i.e. trapped as
Ti** species) in proximity to the gold nanoparticles remain
unaffected. However, the presence of oxygen must make
reduced sites such as Ti’* available for CO adsorption,
whereas they had been unavailable, for example due to cov-
erage with another adsorbate, in absence of oxygen (Figure
S5). CO should preferably bind here, since the interaction
with reduced titania is known to be stronger than with per-
fect surfaces [55, 64]. While we cannot clearly identify the
cause for this liberation of Ti** sites in the present study, it
is suggested that a reorganization of the CO, bound to the
surface might be the reason. In presence of oxygen, much
more linearly adsorbed CO, is observed (Fig. 5b). Possibly,
this change in coordination of the CO,, from carbonate to
linearly adsorbed structure, is caused by a modified charge
distribution on the surface due to the concomitant adsorp-
tion of oxygen. Adsorbed O, as a homoatomic and possibly
symmetric molecule would not be detectable by IR spectros-
copy. The changes in surface coverage and surface charge
distribution then make adsorption sites for CO on Ti** avail-
able. Further studies using electron paramagnetic resonance
(EPR) are in progress to identified possible adsorbed super-
oxide species on Au/TiO,.

Further, it appears likely that CO molecules adsorbed on
such potentially over-reduced larger patches of neighboring
Ti** species cannot be oxidized anymore due to a complete
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lack of reactive oxygen in their proximity. In a related man-
ner it has been reported previously that at very low tempera-
tures as applied here, CO adsorbed on Au is not reactive
because it is so immobile that it cannot migrate to active Ti**
sites near the Au particles [70]. A similar explanation might
also account for CO adsorbed on Ti**, so no reaction of this
species is observed, in spite of the presence of oxygen.

In summary, the observations from UHV-IR support the
conclusions based on Raman spectroscopy, suggesting that
the TiO, phase is extremely easily reducible in presence of
Au nanoparticles. Oxygen species from the support thus
become mobile and reactive, and they can contribute to CO
oxidation at very low temperatures. At the same time, over-
reduced patches of a titania phase are formed near the gold
particles, presumably having rutile structure, that cannot be
fully reoxidized anymore by small amounts of oxygen in
the gas phase at low temperature. CO bound to those sites
is cannot be oxidized because no reactive oxygen is left in
its proximity.

4 Conclusions

In conclusion, the combination of FT-NIR Raman spectros-
copy, infrared spectroscopy of CO adsorption under ultra-
high vacuum conditions (UHV-IR) and Raman spectroscopy
in the line scanning mode allowed identifying an extremely
facilitated reduction of TiO, in the presence of gold nano-
particles. The high reducibility of the interface region ena-
bles the oxygen species to participate in low temperature CO
oxidation. The hindered reoxidation, however, leads to CO
molecules binding to partially reduced TiO, phases without
any active oxygen nearby. Raman spectroscopy revealed that
the reduced phase has rutile structure. Magnéli-type phases
might also be formed. XRD supports the hypothesis that
phase transitions of the formerly pure anatase support to
Magnéli or (reduced) rutile phases occurs whenever gold is
present, potentially thermally initiated and/or photoinduced
at low temperatures. The colloidal deposition synthesis was
clearly ruled out as cause for the structural rearrangement,
which is, instead, clearly linked to the presence of gold
nanoparticles.

Such phase transitions were detected in two unrelated Au/
TiO, samples, a self-prepared one from colloidal deposi-
tion and a commercial Au/TiO, catalyst. The formation of
reduced rutile is observed even if a pure anatase support
material is used. Phase transformations are thus likely to
be detectable in even more materials when characterized
thoroughly. Potentially, previous discussions on the different
behavior of Au-modified rutile or anatase TiO, have to be
revised when a spontaneous reconstruction in proximity to
the gold nanoparticles cannot be excluded. Further studies
based on Raman spectroscopy are in progress to identify the

@ Springer

exact causes of this structural rearrangement at the Au-TiO,
interface and its role in catalysis and photocatalysis.
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