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a b s t r a c t

X-ray photoelectron spectroscopy (XPS) was employed to study the surface composition and electronic
structure of Au/TiO2 catalysts in comparison with TiO2 (anatase) and to reveal time-dependent X-ray
irradiation damage of the samples. The occurrence of Au nano-sized particles on a TiO2 support was found
to result in a slight shift of Ti 2p core-level spectrum and in changes of the valence band and X-ray induced
Auger spectra, compared to TiO2-only. It was shown that for different means of energy referencing the
charge-corrected Au 4f7/2 binding energy in Au/TiO2 catalysts was 0.15–0.45 eV lower than that in pure
bulk Au. Exposure to X-rays of Au/TiO2 catalysts and pure TiO2 caused a reduction of Ti 4+ oxidation state
iO2

PS
-ray induced damage
alence band

and desorption of oxygen from the surface. As a result, the surface chemical composition and electronic
structure of the samples changed with time. The X-ray irradiation affected charge transfer processes in
Au/TiO2 so that the pattern of X-ray induced damage in the Au-based catalyst turned out to be quite
different from that in TiO2, with some characteristics displaying the very opposite features. Decreasing
of the Au 4f7/2 binding energy and concurrent increasing of the fraction of Ti3+ species observed in the

tion o
diatio
beginning of X-ray irradia
vacancies created by irra

. Introduction

X-ray photoelectron spectroscopy (XPS) is being widely used
o provide valuable information on the chemical composition and
lectronic structure of catalyst surfaces. Analysis of these charac-
eristics as a function of preparation and reaction conditions is
ery helpful in understanding and improving the catalysts’ per-
ormance, and in developing new catalytic systems. Lab-size XPS
quipment allows an independent and fast characterization of cat-
lyst materials. The time factor might be rather crucial in screening
rocedures where chemical surface composition can vary as a func-
ion of preparation recipes and catalyst conditioning.

XPS is generally considered to be an essentially non-destructive
echnique. However certain metal salts and organometallic com-
ounds used as catalyst precursors may decompose during XPS
nalysis. For a general introduction into the matter, see ref. [1].

oreover, some metal oxides considered to be important in catal-

sis may suffer X-ray irradiation induced reduction [2,3]. Recently,
e have shown that the XPS analysis of oxide-containing cata-

ysts requires great care inasmuch as considerable damage may
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already be encountered at low X-ray doses [4,5]. No similar study
on Au/TiO2 catalysts seems to be available at present, which is sur-
prising since these catalysts are most active in the low-temperature
CO oxidation and presently define a benchmark system. On the
other hand, XPS has been used quite extensively to determine the
influence of the following: preparation method [6–9]; precipita-
tion pH [10]; drying pretreatment [11]; conditioning [8,9,12,13];
calcination temperature [14–17]; Au loading [12,14,16,17]; Au
cluster size/morphology [18–23]; conditions and time of stor-
age of the catalyst [24,25]; nature of the support [7,8,21,22,26];
titania support morphology [27]; acid-base treatment of the tita-
nia support [24]; loading of TiO2 with MnO2 [10]; incorporation
of impurities [28]; CO adsorption [29]; and catalytic reaction
conditions [6,14,15,26,30,31] on surface composition and gold
chemical and electronic state in the catalyst. X-ray absorption
spectroscopy methods (XANES and EXAFS) are also being widely
employed to characterize the structure and oxidation state of gold
in the Au/TiO2 catalysts under different preparation and reaction
conditions [13,32,33]. Although X-rays were suspected to cause
reduction of cationic gold species in XPS [6] and XAS studies [33],
only Schumacher et al. [11] reported that their XPS spectra were

recorded rather quickly to avoid radiation-induced changes of the
Au/TiO2 catalyst composition, especially for as-prepared and dried
samples. In fact, while characterizing dried Au/TiO2 samples by XPS,
Zanella and Louis [34] have observed a significant X-ray induced
reduction of what they argue to be an Au3+ state in Au/TiO2. Yang et

dx.doi.org/10.1016/j.apcata.2010.05.039
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:nkruse@ulb.ac.be
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l. [13] found that the exposure of an as-prepared Au/TiO2 catalyst
o an X-ray beam in XAS measurements had no noticeable effect;
owever, X-ray irradiation caused a detectable further reduction in
he sample which had previously been partially reduced. Employ-
ng XPS, Dalacu et al. [21] have noted that binding energy and
alf-width of the Au 4f7/2 spectra of Au particles as deposited on
iO2 in a range of concentrations were sensitive to the X-ray irradia-
ion, and that at higher X-ray flux they corresponded to those of the
nnealed Au/SiO2 samples, which was attributed to local heating
f the samples by the irradiation.

The aim of the present work is to provide a comprehensive XPS
haracterization of a supported Au/TiO2 catalyst and to systemat-
cally study the effect of X-rays on the material. To do so, we have
elected the Au/TiO2 World Gold Council (WGC) standard which
s widely used in research in many laboratories. The question for
-ray induced structural and electronic alterations is inherently
elated to a careful analysis of binding energy shifts. We therefore
tarted by addressing this issue first, and discussing the problems
ncountered in setting the binding energy scale. For the purposes
f comparison, the behavior of a reference oxide TiO2 (anatase)
uring extended exposure to X-rays was also investigated. Vari-
us features of the XPS spectra were evaluated to allow the surface
omposition and electronic structure of the samples to be followed
s a function of time of exposure to X-rays.

. Experimental

An Au/TiO2 gold reference catalyst prepared by
eposition–precipitation and provided by the World Gold Council
Lot No. 02-4, sample 23A) was investigated. According to the
ertificate, the Au loading in the Au/TiO2 WGC standard was
.51 wt.% (ICP) and the average Au particle diameter 3.8 nm (TEM).

n the CO oxidation studies performed for the WGC catalyst with
2% CO + 2% O2 (Ar balance) gas mixture at room temperature for
h, a stable CO to CO2 conversion of 91% was obtained.

Commercial TiO2 anatase powder (Rhone-Poulenc-CRA), cal-
ined at 600 ◦C for 2 h, was studied for comparison. Both Au/TiO2
nd TiO2 powder samples were pressed uniformly over an indium
lm on a flat sample holder so as to form a layer suitable for XPS
nalysis, about 0.1 mm thick.

Experiments were performed in a combined XPS–ToF-SIMS

nstrument at a base pressure of 1.4 × 10−9 mbar. A non-

onochromatic Mg K� radiation was used at an operating power
f 15 kV × 10 mA. Prior to analysis, the samples were outgassed for
20 h in a preparation chamber at a base pressure of 5 × 10−10 mbar.
hotoelectron core-level spectra were acquired using a hemispher-

ig. 1. Curve-fitted as-measured (a) Ti 2p, (b) O 1s, (c) C 1s, and (d) Au 4f XP core-level
iO2 anatase (c) and Au 4f spectrum for pure Au foil (d) are also shown. No correction of b
s A: General 391 (2011) 367–376

ical analyzer at a pass-energy of 50 eV with a 0.05 eV energy step.
The overall resolution of the spectrometer in this operating mode
was 0.96 eV measured as a full width at half maximum (FWHM) of
the Ag 3d5/2 line. The spectrometer was calibrated against EB (Au
4f7/2) = 84.0 eV. Spectra were measured at room temperature as a
function of time of exposure to X-rays during continuous irradia-
tion of the samples for 3 h. Acquisition of core-level spectra (in a
sequence: Ti 2p, O 1s, Au 4f, C 1s, O 2s + Ti 3p) was started immedi-
ately after the sample was moved under the running X-ray source.
The first spectrum acquired was defined as the “virgin state” at
“zero-time” X-ray exposure. The acquisition time of the first Ti 2p
spectrum was 44 s. In addition, the O KL23L23 and Ti LMV Auger
lines and valence band spectra were recorded at “zero-time” and at
the end (2.5 h exposure) of the measurements. After subtraction of
the Shirley-type background, the core-level spectra were decom-
posed into their components with mixed Gaussian–Lorentzian lines
by a non-linear least squares curve-fitting procedure, using the
public software package XPSPEAK 4.1. The binding energies (EB)
and FWHM of the peaks were determined from the fitting results.
Deconvoluted peak areas and standard sensitivity factors [35] were
used to evaluate the surface composition of the samples. The carbon
C 1s line at 284.8 eV was taken as a reference for surface-charging
corrections. As a reference for bulk metallic Au, core-level and
valence band spectra were recorded from a pure Au foil, sputter-
cleaned with 500 eV Ar+ ions for 15 min.

XPS measurements as a function of the X-ray irradiation dose
were performed for each sample in two series and the patterns were
found to be reproducible. The release of gaseous components into
the residual atmosphere during X-ray irradiation of the samples
was studied with a quadrupole mass spectrometer (Hiden Ana-
lytical). Ion peaks of m/e = 1, 2, 14, 16, 18, 28, 32, and 44 were
continuously monitored with a time increment of 5 s.

3. Results

3.1. XPS core-level analysis of Au/TiO2 WGC catalyst and TiO2

Fig. 1 shows the Ti 2p, O 1s, C 1s and Au 4f as-measured spectra
of the Au/TiO2 WGC catalyst taken at “zero-time” X-ray exposure.
The Ti 2p, O 1s and C 1s core-level spectra of intact reference oxide
TiO2 are similar to those of Au/TiO2. According to the deconvolution

results, the Ti 2p spectrum of WGC catalyst is dominated by species
in the Ti4+ oxidation state with the presence of a small contribution
of reduced species Ti3+ (Fig. 1(a)), which appears at a binding energy
of ∼2.3 eV below the Ti4+ peak with a fractional amount of ∼3.6%.
The reduced Ti3+ species was also observed in studies with annealed

spectra for Au/TiO2 catalyst. The C 1s spectrum without curve fitting for reference
inding energy scale for charge effects is applied.
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u film on TiO2 [36] and with Au particles on TiO2 [19,29]. In the
i 2p spectrum of the reference TiO2, a reduced species Ti3+ can
e seen at a binding energy of ∼2.1 eV below the Ti4+ peak, and its
ractional amount is about 3.9%.

The O 1s spectrum (Fig. 1(b)) is asymmetrical, with a
ail extending towards higher energies. A similar shape was
reviously observed for the Au/TiO2 catalyst prepared by
eposition–precipitation [12] and magnetron sputtering [24], for
iO2 anatase powder [37,38], anatase single crystal [39] and
anocrystalline film [40], and also for rutile TiO2 [41]. Tentatively,
he O 1s line in TiO2 was considered as being composed of two
41] or three components [39]. While the presence of O2− species
s unequivocal, the assignment of the other components is not
s clear. In the two-component approach, the minor component
orming the high-energy tail (shoulder) and appearing at about
.6–1.9 eV above the major O2− peak of the O 1s line was attributed
ither to the presence of a weakly adsorbed species and/or sub-
urface low-coordinated oxygen ions O− [41]; or, alternatively,
o surface hydroxyl OH and/or carbonate species [12,38,40]. In
he three-component approach, the high-energy tail was assumed
o be caused by two minor species assigned to hydroxyl groups
nd adsorbed water molecules respectively [37–39,42]. It was also
rought to our attention [42] that organic carbon contaminations
ontaining C–O, O–C O groups and –COOH acidic function may fall
lose to OH and H2O peak locations respectively. Components asso-
iated with OH groups may also be influenced by oxygen vacancies
reated by thermal treatment [39] or sputtering [42].

We have analyzed our O 1s spectra in terms of both two- and
hree-component deconvolution and found that the energy separa-
ion between OII (O−, OH species) and OI (O2− species) peaks in the

1s spectrum of the Au/TiO WGC catalyst is relatively high. The
2
wo-component fitting yields a value �EB = 1.77 eV (�EB = 1.63 eV
or a three-component fitting) which is 0.13 eV (0.37 eV) larger than
hat for reference oxide TiO2. This larger energy separation (OII–OI)

ay be related to the structure and phase composition of the sup-

ig. 2. Upper panel: (a) valence band and X-ray induced (b) Ti LMV and (c) O KL23L23 Aug
and of pure bulk Au is presented. For the sake of clarity, the spectra are spaced apart alo
MV and (f) O KL23L23 Auger lines of Au/TiO2 and TiO2. No correction of binding energy sc
A: General 391 (2011) 367–376 369

port. Accordingly, titania (P25 Degussa) used as the support in the
WGC reference catalyst typically comprises 75 ± 5 wt.% anatase and
25 ± 5 wt.% rutile, with the content of the latter being dependent on
the calcination conditions [43]. The different crystalline structure,
crystal size and surface area of the anatase and rutile components
may affect the adsorption of water and the formation of hydroxyl
groups [44]. In fact, for an in-house Au/TiO2 catalyst prepared by
deposition–precipitation of gold onto a home-made anatase pre-
cursor [45], we observed nearly the same separation �EB (OII–OI) in
the O 1s spectrum as for the commercial anatase powder. The oppo-
site trend was observed [24] for Au/TiO2 (P25) catalysts prepared
by magnetron sputtering, for which the separation �EB (OII–OI)
was smaller (1.44–1.59 eV) than that of the original or treated TiO2
(P25) (1.73 eV).

The atomic ratio O2−/Ti4+ = 2.12 in the Au/TiO2 WGC catalyst
appears to be larger than the stoichiometric ratio O2−/Ti4+ = 2.03 in
TiO2, while the ratios Otot/Titot in both samples are about the same
(2.37 and 2.39 respectively), and are close to literature data [12].

The C 1s spectrum of the Au/TiO2 WGC catalyst (Fig. 1(c)) is
dominated by C–H/C–C species and is slightly asymmetrical due
to the contribution of C–O groups (∼7%) [42]. The as-measured C
1s peak position indicates some charging of the sample (compared
to the reference at 284.8 eV). In the WGC catalyst, the C 1s line is
found to be shifted to higher EB by ∼0.27 eV with respect to that in
TiO2-only; besides, its shape turns out to be different from that of
TiO2 (Fig. 1(c)).

Fitting the Au 4f spectrum of the Au/TiO2 WGC catalyst (Fig. 1(d))
shows gold nanoparticles to be in a single metallic state. The
amount of gold on the catalyst is evaluated to be ∼0.78 at.% and
the atomic ratio Au/Ti ∼0.027. For comparison, Fig. 1(d) also shows
the Au 4f spectrum of the pure Au foil. As a result of surface charg-

ing, the as-measured Au 4f spectrum of Au/TiO2 is seen to be
shifted to higher binding energies with respect to that of Au foil.
The charging effects and referencing problem will be considered
later.

er spectra for anatase TiO2 and Au/TiO2 catalyst. For comparison, in (a), the valence
ng the y-axis. Lower panel: the difference spectra between (d) valence bands, (e) Ti
ale for charge effects is applied.
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.2. XPS valence band and Auger spectra of Au/TiO2 WGC catalyst
nd TiO2

The valence band of TiO2 (Fig. 2(a)) with a band gap of ∼3 eV
s characterized by two broad peaks at ∼5.8 and ∼7.6 eV related

ainly to non-bonding and bonding O 2p orbitals respectively.
he parameters of the valence band are consistent with published
ata for anatase [39,40]. As compared to TiO2, the valence band
f the Au/TiO2 WGC catalyst (Fig. 2(a)) reveals the intensity to be
nhanced in regions centered at ∼3 eV and ∼6 eV. This is clearly
een in the difference spectrum (Fig. 2(d): the regions of intensity
nhancement are indicated by arrows). Note that the difference
pectrum bears strong resemblance to the valence band of pure
u foil (Fig. 2(a)), thus proving that the increase of the intensity

n these regions is largely due to the Au 5d bands. A progressive
rowth of intensity at these binding energies corresponding to the
u 5d states was also observed [46] in the valence band of TiO2

1 1 0) upon deposition of increasing amounts of gold.
Fig. 2(b) shows Ti LMV peaks in TiO2 and Au/TiO2 WGC. The

hape of the Ti LMV (L23M23M45) Auger line was shown [47] to
e related to the stoichiometry of titanium oxides and associated
ith the valence band profile (since valence electrons are involved

n the LMV Auger transition). In fact, the shape of the peaks in the
inetic energy region of 411–416 eV closely resembles the intense
art of the valence band ∼5 eV wide. Despite some distinctions in
he valence band profile of TiO2 and Au/TiO2 (Fig. 2(a)) there is no

ifference between the Ti LMV lines for the two samples (Fig. 2(e)).
his may mean that the Au 5d states do not participate in the Ti
MV Auger transitions; the Auger decay seems to involve only Ti
d electronic states of the valence band of Au/TiO2 which are not
ffected by the presence of gold. The O KVV (O KL23L23) Auger tran-

ig. 3. X-ray induced changes in core-level spectra of anatase TiO2 (filled circles) and A
hange of as-measured binding energy of the (b) Ti 2p3/2 (Ti4+ species), (c) O 1s (O2− spec
unction of X-ray exposure.
s A: General 391 (2011) 367–376

sitions also involve electrons from the valence band. In contrast
to Ti LMV, however, the O KVV Auger peaks for TiO2 and Au/TiO2
(Fig. 2(c)) exhibit some dissimilarity. The difference spectrum
(Fig. 2(f)) demonstrates an intensity enhancement in the kinetic
energy region 511–514 eV, which implies that the valence band of
Au/TiO2 has a higher density of non-bonding O 2p states than TiO2
and/or that the Au 5d states partly contribute to the O KVV decay.

Using the O 1s, Ti 2p3/2 peaks and O KVV, Ti LMV Auger
lines, modified Auger parameters ˛′ (=binding energy of pho-
toelectron peak + kinetic energy of Auger peak) for oxygen and
titanium can be determined. In TiO2, we obtain ˛′(O) = 1042.2 eV
and ˛′(Ti) = 872.9 eV which are close to the literature values [48].
In Au/TiO2, ˛′(O) = 1042.1 eV and ˛′(Ti) = 872.6 eV.

3.3. Extended exposure to X-rays: Au/TiO2 WGC catalyst and TiO2

To reveal the influence of extended X-ray irradiation on the
surface physico-chemical state of TiO2 and Au/TiO2, we measured
various XPS characteristics as a function of the time of exposure.
Generally, the quantitative evaluation of the core-level spectra (EB,
FWHM and fraction of a particular component) is dependent on the
way the deconvolution is done (number of used components, type
of constraints). We present only those results which show, qualita-
tively, the same trends, whatever the deconvolution procedure. For
various methods of the spectra deconvolution, the standard devia-
tion of the EB and FWHM values at a given X-ray exposure did not

exceed 0.02 eV and 0.04 eV respectively.

Continuous exposure to X-rays of TiO2 and the Au/TiO2 WGC
catalyst causes the Ti 2p3/2 peak (Ti4+ component) to gradually
broaden. Fig. 3(a) shows that the Ti4+ FWHM increases in both sam-
ples in a similar manner. FWHM of the O 1s peak (O2− species) in

u/TiO2 catalyst (squares): (a) FWHM of the Ti 2p3/2 line (Ti4+ species) and relative
ies), (d) Ti 3p, (e) O 2s (O2− species) and (f) C 1s (C–H species) photoelectrons as a
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he samples experiences negligible changes. During X-ray irradia-
ion the Ti 2p3/2 and O 1s binding energies increase. While the Ti
p3/2 EB changes similarly in both TiO2 and Au/TiO2 (Fig. 3(b)), the
hift of the O2− component in the Au-containing catalyst is notice-
bly smaller than in TiO2 (Fig. 3(c)). It is also worth noting that the
inding energies of the Ti 3p (Fig. 3(d)) and O 2s (Fig. 3(e)) photo-
lectrons in Au/TiO2 vary differently from the EB of the respective
i 2p and O 1s photoelectrons. Finally, Fig. 3(f) shows the X-ray
nduced variation of the C 1s binding energy in TiO2 and WGC cat-
lyst plotted relative to the original C 1s EB value in virgin TiO2
o underline the noticeable initial difference in the C 1s EB of the
wo samples. Several noteworthy features are seen: (i) exposure of
iO2 to X-rays causes a noticeable increase in the binding energy
by about 0.15 eV) at the very beginning of X-ray irradiation; (ii) on
he contrary, the C 1s EB in Au/TiO2 is influenced by X-ray irradia-
ion in a minor way; (iii) the initial C 1s EB in WGC is higher than
hat in TiO2 (see Fig. 1(c)) and this difference is retained over the
hole period of X-ray exposure; (iv) for TiO2, the scatter of Ti 2p3/2

Fig. 3(b)), Ti 3p (Fig. 3(d)), O 1s (Fig. 3(c)) and O 2s (Fig. 3(e)) bind-
ng energies follows the scatter of C 1s EB (Fig. 3(f)), thus indicating
hat charging effects in this sample play a major role.

The binding energies of the Ti4+ and O2− components in TiO2
nd the WGC catalyst were corrected for charging effects using the
1s line in the respective samples. By plotting the change of the
harge-corrected binding energies in the given X-irradiated sam-
le, relative to the corrected EB of this sample in the original state
“zero time exposure”), we can eliminate the substrate dependence
f the C 1s line and thus compare trends for TiO2 and Au/TiO2. As
an be seen in Fig. 4(a), in TiO2 the correct Ti 2p3/2 binding energy

ig. 4. Relative change of the (a) Ti 2p3/2 (Ti4+ species), (b) Ti 3p, (c) O 1s (O2− species), an
s a function of X-ray irradiation time for anatase TiO2 (filled circles) and Au/TiO2 catalys
A: General 391 (2011) 367–376 371

(Ti4+ species) practically does not change during extended X-ray
irradiation. Note that the corrected EB of the Ti 3p photoelectrons
(Fig. 4(b)) originating from deeper layers of TiO2 behaves in the
same way. In Au/TiO2 however, completely different trends are
observed for the corrected binding energies: while EB of Ti 2p3/2
rises monotonically (Fig. 4(a)), the Ti 3p line position is practi-
cally unaffected (Fig. 4(b)). The corrected binding energy of O2−

species derived from the O 1s peak (Fig. 4(c)) demonstrates in both
samples minor changes. The corrected O 2s EB (Fig. 4(d)), however,
changes somewhat differently from the O 1s EB, demonstrating a
slight variation in TiO2 and a stronger monotonic rise in Au/TiO2
(cf. Fig. 4(c)).

A noteworthy feature of the above results is the quite different
variation of the corrected binding energies under X-ray irradiation
in TiO2 and Au/TiO2. To verify the derived trends, it would be rea-
sonable to modify the calibration procedure. Fig. 4 shows that, as
distinct from Ti 2p, O 1s and O 2s, the binding energy of the Ti 3p
photoelectrons remains practically unaffected by enduring X-ray
irradiation in both TiO2 and Au/TiO2. In view of this remarkable
fact, the Ti 3p line appears to be a good reference for correcting
the charge effects in these samples. In Fig. 5(a) and (b) we present
the binding energies of the Ti 2p (Ti4+) and O 1s (O2−) core levels
corrected by referencing the Ti 3p peak to EB = 37.5 eV reported for
TiO2 [49]. One can see that (i) the Ti 2p correct binding energy

in intact Au/TiO2 turns out to be about 0.12 eV lower than that
in TiO2; (ii) during the course of X-ray irradiation the Ti 2p EB in
Au/TiO2 increases monotonically and after 70–90 min of irradiation
approaches the value for TiO2; and (iii) the Ti 2p, O 1s EB in TiO2
and O 1s EB in Au/TiO2 display minor variations under irradiation.

d (d) O 2s binding energies, which were charge-corrected using C 1s reference line,
t (squares). The polynomial trend lines are drawn to guide the eye.



372 N. Kruse, S. Chenakin / Applied Catalysis A: General 391 (2011) 367–376

F charg
( g ene
a e eye

r
w
a
A
t
0
r

F
p

ig. 5. (a) Ti 2p3/2 (Ti4+) and (b) O 1s (O2−) binding energies corrected for surface
squares) as a function of X-ray exposure; (c) relative change of the Au 4f7/2 bindin
nd Ti 3p references. The polynomial trend line is drawn for the Ti 2p EB to guide th

Accordingly, taking the C 1s, Ti 3p and O 1s (at EB = 530 eV
eported for TiO2 [39,41]) lines as a reference for charge correction,
e derived the Au 4f7/2 binding energies in the WGC catalyst, which
re plotted in Fig. 5(c) as a function of X-ray exposure relative to the
u 4f7/2 EB in the intact sample. The corrected Au 4f7/2 EB is seen

o change non-monotonically and exhibits a steep drop of about
.07–0.08 eV (for C 1s and O 1s referencing) at the beginning of X-
ay irradiation followed by a gradual rise later on. A similar decrease

ig. 6. X-ray induced changes in anatase TiO2 (filled circles) and Au/TiO2 catalyst (square
eaks, (c) O2−/Ti4+ atomic ratio, and (d) fraction of high-energy component (O− , OH− spe
ing using Ti 3p reference line for anatase TiO2 (filled circles) and Au/TiO2 catalyst
rgy under X-ray irradiation of Au/TiO2 with the charge correction using C 1s, O 1s
.

in the Au 4f7/2 EB was also observed for the in-house Au/TiO2 cata-
lyst exposed to X-rays for about 30 min. In contrast to the Ti 2p3/2
and O 1s lines (Fig. 3(a)), the FWHM of the Au 4f7/2 peak slightly

decreases under X-ray irradiation (by about 5%) but still remains
above the value for bulk Au (1.12 eV).

Besides changes in the EB and FWHM of the photoelectron
lines, X-ray induced compositional modifications are also observed
(Figs. 6). The fraction of reduced titanium species (Ti3+) originally

s): (a) fraction of reduced Ti3+ species, (b) energy separation between Ti4+ and Ti3+

cies) in the O 1s spectrum as a function of X-ray irradiation time.
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hydroxyl groups. On the other hand, the slowly descending part of
the 16O+ evolution curve seems to be associated with the removal
of lattice oxygen atoms from surface layers. The data indicate that
oxygen desorption from the WGC catalyst is lower than that from
ig. 7. Difference spectra showing changes in (a) valence band, (b) Ti LMV and (c) O K
o virgin samples.

resent in the virgin Au/TiO2 grows rapidly at the beginning of X-
ay irradiation before remaining nearly constant for the rest of the
ime. In the WGC catalyst, the fraction of the Ti3+ species seems
o be steadily larger than in TiO2 (Fig. 6(a)). Note that a similar
ncrease in the Ti3+ fraction during the initial stage of X-ray irra-
iation (0–50 min) was observed in the in-house Au/TiO2 catalyst
s well. A larger energy separation between the Ti4+ and Ti3+ peaks
bserved in the Ti 2p spectra of Au/TiO2 as compared to TiO2 in
he initial stage of X-ray irradiation also implies a higher extent
f reduction of titanium in the former sample (Fig. 6(b)). In both
amples, the O2−/Ti4+ atomic ratio decreases during the ongoing
-ray irradiation and passes through a minimum after irradia-

ion for 60–100 min before recovering (Fig. 6(c)). The fraction of
he high-energy O 1s component (O−, OH species) also changes
on-monotonically, attaining in both samples a maximum after

rradiation for 60–100 min (Fig. 6(d)).
X-rays also cause some alterations in the valence band of the

amples. This becomes obvious in the difference spectra obtained
y subtracting the valence band spectrum of the virgin sample
rom that acquired at the end of the experiment (tirr = 160 min).
ig. 7(a) reveals for TiO2 an intensity enhancement in the bind-
ng energy range of 1–8 eV along with a broad maximum at ∼5 eV.
his seems to be associated with an increasing contribution of O
p non-bonding orbitals in the electronic structure of irradiated
natase. A similar difference spectrum is observed for the WGC
atalyst (Fig. 7(a), Au/TiO2).

The Ti LMV Auger difference spectrum of the irradiated TiO2
ample shows a higher intensity in the kinetic energy region of
10–420 eV (Fig. 7(b)). This implies that Ti LMV transitions benefit
rom the enhanced density of valence band states induced by X-
ays (see Fig. 7(a), TiO2). The irradiation effect in TiO2 is even more
ronounced for the O KVV Auger peak. This is demonstrated by
n intense band centered at ∼512.5 eV in the difference spectrum
Fig. 7(c), TiO2), which seems to be mainly related to non-bonding

2p states. By contrast, no appreciable (or rather faint) irradia-
ion effects are observed for the Ti LMV (Fig. 7(b), Au/TiO2) and O
VV (Fig. 7(c), Au/TiO2) Auger peaks of the WGC catalyst. It should
e noted that the valence band and Auger spectra of the samples
efined as “virgin” are actually taken after ∼12–18 min of X-ray

rradiation. At this point in time some changes in the structure
nd composition have already occurred (Figs. 3–6). Therefore, the
ctual X-ray damage is probably larger than that indicated in the
ifference spectra of Fig. 7.

X-ray irradiation of the samples is also observed to be accom-

anied by gas release. A sharp rise of the background pressure in
he analytical chamber is seen once irradiation begins. According
o Fig. 8(a), the initial pressure jump is stronger for TiO2 than for
he WGC catalyst. Evolution of oxygen from the samples during X-
ay irradiation monitored by a quadrupole mass spectrometer (ion
ger peaks of TiO2 and of Au/TiO2 catalyst after X-ray irradiation for 160 min relative

peak 16O+) is shown in Fig. 8(b). It appears that the initial spike in
the 16O+ emission is caused by the removal of adsorbed oxygen and
Fig. 8. Variation of (a) background pressure in the analytical chamber and of (b)
intensity of oxygen ion peak in the residual gas mass spectrum as a function of time
of exposure to X-rays for anatase TiO2 (circles) and Au/TiO2 catalyst (squares).
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iO2 (Fig. 8(b)). Termination of X-ray irradiation causes an abrupt
rop in the background pressure and in the 16O+ signal (Fig. 8).
o change in the 28CO+ and 44CO2

+ emission intensity caused by
-ray irradiation is observed. Note that any possible effects of sam-
le temperature rise due to the X-rays on the data presented in
ig. 8 can be excluded. Actually, after 80–90 min of X-ray irradiation
he temperature at the surface of the samples, which was moni-
ored with a Ni–NiCr thermocouple pressed into the powder layer,
eached a stable level of only ∼35 ◦C, with the overall temperature
levation amounting to about 10 ◦C.

. Discussion

This paper focuses on two issues considered to be key in eval-
ating XPS data for Au/TiO2 catalysts: (i) the electronic state of
old surface atoms and (ii) the effect of extended X-ray irradia-
ion of samples. We first turn to the XPS-based discussion of the
u oxidation state in Au/TiO2 catalysts for which the correct mea-
urement of the Au 4f7/2 binding energy is of pivotal importance.
enerally, the problem of determining accurate binding energies in
system of nano-sized particles on an insulating support is com-
licated by charging effects and therefore crucially dependent on
eliable referencing.

The most commonly employed technique of energy referencing
n XPS characterization of supported catalysts is the use of the C
s peak attributed to “adventitious” surface carbon. The procedure
ssumes that (i) the differential charging is negligible so that the
ntire spectrum is uniformly shifted by a constant energy due to
ntegral sample charging and (ii) the C 1s line of adventitious car-
on is independent of the chemical heterogeneity of the sample. Yet
here are many factors that can affect the measured C 1s binding
nergy of a carbon contamination layer, e.g., the chemical state of
he carbon, the thickness of the contamination layer, the chemical
nd physical nature of the substrate and so forth [50]. We observe
he C 1s line in the Au/TiO2 WGC catalyst to be shifted to higher
inding energies by ∼0.27 eV relative to that in the reference TiO2
natase and, in addition, to have a different shape. Note that a higher
alue of the C 1s EB in Au/TiO2 as compared to TiO2 is not character-
stic of the WGC catalyst solely. In the in-house Au/TiO2 catalysts
repared by deposition–precipitation of gold onto a home-made
natase precursor [45], the C 1s EB is also larger by 0.15–0.2 eV
han that in TiO2. This means that charging effects in both samples
annot be properly corrected by the same procedure of referencing
o the C 1s line. Besides, because of the low intensity of the C 1s
eak in catalysts, its reliable deconvolution and, accordingly, the
ccurate determination of EB become problematic (cf. error bars in
igs. 4(a), (c) and 5(a), (b)).

Alternatively, binding energies may be referenced to the main
eaks of the support, in particular to the Ti 2p3/2 EB [8,12], O 1s EB
22] or Ti 3p line [51]. It should be noted, however, that the correct
etermination of the Au 4f7/2 binding energy depends on both the
hoice of the proper reference line and on the actual reference value
s well. Besides, in view of the obtained results, a possible depen-
ence of the support core-level binding energy on X-ray irradiation
xposure should be taken into account.

In XPS studies of Au/TiO2 catalysts the C 1s and Ti 2p2/3 EB ref-
rence values are typically taken from literature data. They range
rom 284.5 eV [24] to 285.0 eV [10,15,17,26] for C 1s (with the latter
alue being most frequently used) and from 458.8 eV [8] to 459.2 eV
12] for Ti 2p3/2. In the present work, the reference values are

btained in situ by measuring the C 1s EB = 284.8 eV on air-exposed
olycrystalline Ag and Au 4f7/2 EB = 84.01 eV on sputter-cleaned Au
oil. Using the C 1s peak of aliphatic carbon as a reference, we find for
iO2 the charge-corrected Ti 2p3/2 and O 1s binding energies to be
58.85 eV (Ti4+) and 530.01 eV (O2−), respectively, which are typical
s A: General 391 (2011) 367–376

for titania [39,41,52]. In the Au/TiO2 WGC catalyst, the derived Au
4f7/2 binding energy is 83.55 eV if charge correction is introduced
via the C 1s line in the catalyst; if the C 1s line in TiO2 is considered to
be a proper reference for charge correction, Au 4f7/2 EB = 83.85 eV.
Using the charge-corrected Ti 2p3/2 and O 1s binding energies in
TiO2 as references, one can arrive at values of 83.8 eV and, respec-
tively, 83.72 eV for Au 4f7/2 EB. Finally, taking the Ti 3p EB = 37.5 eV
as a reference, we obtain Au 4f7/2 EB = 83.66 eV. By applying the
same correction procedure to the in-house Au/TiO2 catalyst, which
shows a very similar CO oxidation performance (CO conversion of
88% [45]) as that of the WGC standard, we found the Au 4f7/2 EB
to be in the range 83.6–83.8 eV. Thus, the accurate determination
of the Au 4f7/2 binding energy in Au/TiO2 catalysts is an obvious
problem. Note, however, that for any means of correction the Au
4f7/2 binding energy in Au/TiO2 is in the range of 83.55–83.85 eV
and thus always lower than that in pure Au foil.

A decrease in the Au 4f7/2 binding energy for Au/TiO2 catalysts
relative to that in bulk Au was observed in a number of studies
[8,13–17,24,26–28,30]. The reported negative shifts of the Au 4f7/2
EB are scattered in a wide range from −0.2 to −1.2 eV. Zwijnenburg
et al. [14] explained such a negative shift of the Au 4f7/2 binding
energy by final state effects associated with a reduced screening of
core holes in an assembly of low-coordinated gold surface atoms.
Radnik et al. [8] considered the reduced coordination number of
Au atoms as the main reason of the negative binding energy shift
and related it to the degree of rounding of Au nanoparticles which
is dependent on the particle–support interaction. In addition, the
authors did not exclude the process of electron transfer from the
support to the Au particle as a possible contribution to the decrease
of the Au 4f7/2 EB. Arrii et al. [26] have further developed the idea
that particle–support interactions play a decisive role. They sug-
gested that the shift of the Au 4f7/2 peak towards lower EB can be
better explained by an initial state effect associated with electron
transfer from Ti3+ surface defect states to Au clusters.

Theoretical studies [53,54] have shown that the deposition of Au
nanoparticles on a reduced rutile TiO2 (1 1 0) surface should result
in a strong adsorption of Au on oxygen vacancies (bridging sites)
since the excess electron density in these sites can be donated to
gold atoms. Indeed, for Au nanoclusters deposited on a TiO2 (1 1 0)
surface containing a large concentration of oxygen vacancy defects,
the Au 4f7/2 EB was observed to be lower than that for Au deposited
on TiO2 either stoichiometric [55] or of low defectiveness [46].
Based on these considerations we envisage a similar scenario of
electron transfer from Tiı+ related sites to Au nanoparticles in both
WGC and in-house Au/TiO2 catalysts. The deconvolution of the Ti 2p
spectrum has provided clear evidence for the presence of a certain
concentration of Ti oxidation states lower than +4 (see Fig. 1(a)) in
both Au/TiO2 catalysts. Such states are inevitably associated with
oxygen vacancies. The idea of charge transfer is also supported by
a shift of the Ti 2p peak to lower binding energies in intact Au/TiO2
with respect to that in TiO2 (Fig. 5(a)) and by an enhanced contri-
bution of O 2p non-bonding orbitals to the valence band of Au/TiO2
(Fig. 2(d)). The charge transfer from electron-rich O-vacancies to Au
atoms is also corroborated by a larger EB of the high-energy OII com-
ponent (O−, OH−) in the O 1s spectrum of Au/TiO2 as compared to
TiO2, assuming the OII species to represent mainly low-coordinated
Oı− atoms and oxygen vacancies.

According to density-functional theory calculations [56], the
interaction between gold and a TiO2 surface containing oxygen
vacancies results in a local perturbation of the electronic structure
causing a shift in the density of states as compared to bulk Au or to

Au atoms adsorbed on a perfect TiO2 surface. It is also shown that
in case of adhesion of gold on an oxygen vacancy the electrons are
accumulated between the gold and the two titanium atoms next
to the vacancy, and that the bond is covalent. Such localization of
electrons may bring about a modification of the Ti–O bonds and a
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ecrease in their ionicity that may be responsible for the negative
hift of the correct Ti 2p EB of about 0.12 eV observed in Au/TiO2
elative to that in TiO2 (Fig. 5(a)). Redistribution of the Ti–O bonds
n the presence of Au particles is also indirectly indicated by an
nhanced contribution of the O 2p non-bonding states to the O
VV Auger transition in the Au/TiO2 catalyst as compared to TiO2

Fig. 2(f)).
We now turn to the observation of sample damage during

xtended X-ray exposure. The irradiation of Au/TiO2 and TiO2 pro-
uces multiple-hole states in the valence band of the samples as a
esult of electron–hole pair generation and Auger decay processes
5]. The arising charging of the samples is seen to cause a slight
radual broadening of the Ti 2p peak (Fig. 3(a)) and the shift of
he Ti 2p and O 1s peaks to higher binding energies (Figs. 3(b) and
c)). Multiple holes in the valence band break bonds between Ti
nd O atoms which results in the reduction of the titanium oxida-
ion state (Fig. 6(a)) along with the desorption of oxygen (Fig. 8(b)).
hus structural changes must be encountered which may lead to
ehybridization between O 2p non-bonding orbitals and Ti 3d/4s
tates in titania [57]. As can be seen from Fig. 7(a), the change
n the electronic structure of irradiated TiO2 is clearly evidenced
y an enhanced occupation of the O 2p non-bonding states in the
alence band and their involvement in the O KVV Auger transition
Fig. 7(c), TiO2). Hence X-ray induced structural/chemical modifi-
ations extend at least to the depth sampled by the O 2p electrons.

X-ray induced desorption of oxygen from the samples is accom-
anied by a diminution of the O2−/Ti4+ atomic ratio (Fig. 6(c)). After
-ray irradiation for 60–100 min the relative change of stoichiom-
try of the support in Au/TiO2 appears to be slightly larger than
n TiO2 (∼5.7% and 3%, respectively). The non-monotonic varia-
ion of the O2−/Ti4+ ratio seems to result from the competition
f two processes, namely the ejection of oxygen atoms from sur-
ace layers and the diffusion of oxygen atoms from the bulk into
he defect region. The variation of the fraction of OII species in
iO2 and in Au/TiO2 under X-ray irradiation which is inverse to
he change of the O2−/Ti4+ ratios in these samples (cf. Fig. 6(c) and
d)) implies that these OII species represent mainly the Oı− ions
nd O-vacancies. The opposite variation of the energy separation
etween the Ti4+ and Ti3+ peaks for TiO2 and Au/TiO2 WGC in the

nitial stage of X-ray irradiation (Fig. 6(b)) suggests that damaging
rocesses in the samples develop differently.

The removal of oxygen atoms from the TiO2 surface leav-
ng behind electron-rich vacancies causes charge redistribution
n the system which extends to regions far from the vacancy
ite. This results in substantial alterations in the positions of the
emaining atoms [53] which should affect both the local charge
nd the Madelung energy of a particular atom. The variation of
harge-corrected core-level binding energies in the X-ray irradi-
ted Au/TiO2 WGC catalyst and TiO2 (Figs. 4 and 5) shows that the
harge and atoms redistribution processes proceed in these sam-
les in a different way. In TiO2, X-ray irradiation has practically no
ffect on the binding energy of the components or brings about a
light shift of the Ti 2p (Ti4+ species) and O 1s, O 2s (O2− species)
ines to a lower EB (Figs. 4(d) and 5(a), (b)). On the contrary, the
inding energies of the Ti 2p3/2 and O 2s peaks in Au/TiO2 WGC
teadily increase (Fig. 4).

Note that X-ray irradiation of the Au/TiO2 WGC catalyst for
0–50 min is accompanied by a decrease in the Au 4f7/2 EB (Fig. 5(c))
hich indicates that electrons are donated to Au atoms due to the

eneration of additional reduced Ti3+ species [26,53]. Accordingly,
consistent rise of the Ti3+ fraction in Au/TiO2 in this X-ray expo-
ure range is observed (Fig. 6(a)). Obviously, this charge transfer
nvolves only atoms at the Au–TiO2 interface, so that the charge
tate of Ti atoms in deeper layers remains practically unaffected
see Fig. 4(b), Ti 3p data). Further X-ray irradiation of Au/TiO2 causes
gradual rise of the Au 4f7/2 EB (Fig. 5(c)) which may be explained
A: General 391 (2011) 367–376 375

by a competitive process of electron charge transfer from Au to
fill the photoholes in the valence band and to compensate for the
electron deficiency in the O-vacancy sites at the surface. Addition-
ally, an increase in the Au 4f7/2 EB and a decrease in the Au 4f7/2
FWHM at higher X-ray exposures may also be associated with some
irradiation-induced annealing of Au/TiO2 which would result in the
Au nanoparticles being more spherical and homogeneous in size
distribution [21]. Thus, the drop in the Au 4f7/2 EB and the increase
in the Ti3+ fraction in the Au/TiO2 catalysts provide the direct evi-
dence for the charge transfer from the oxygen vacancies created
in the TiO2 support by X-ray irradiation to Au nanoparticles. This
observation can be compared with a recent XPS study of Au clusters
deposited on stoichiometric and reduced rutile TiO2 (1 1 0) surface
reported by Jiang et al. [23] who revealed that the charge transfer
to Au particles occurs only from the reduced TiO2 surface. The neg-
ative shift of the Au 4f7/2 EB by 0.07 eV measured in this work [23]
and caused by electron transfer to Au clusters strongly corroborates
our findings.

5. Summary

This XPS study has revealed a number of features in the elec-
tronic structure of Au/TiO2 catalysts as compared to TiO2 (anatase).
The valence band of Au/TiO2 shows the presence of Au 5d bands and
an enhanced contribution of the O 2p non-bonding states while it
is otherwise largely TiO2-like. Interaction of Au particles with the
support seems to affect the Ti–O bonds at the surface which results
in a lower Ti 2p binding energy in an intact Au/TiO2 as compared
to that in TiO2. Au nano-sized particles in the catalyst are slightly
negatively charged due to the electron transfer from oxygen vacan-
cies of the support, so that the charge-corrected Au 4f7/2 core-level
binding energy in Au/TiO2 is 0.15–0.45 eV lower than that in pure
bulk Au. The shape and the energy position of the C 1s line in the
Au/TiO2 catalysts are found to be noticeably different from those
in TiO2, and therefore using the C 1s core level for accurate energy
referencing and determining the chemical state of gold particles
in case of Au/TiO2 catalysts appears questionable. Instead, refer-
encing to corrected core-level lines of the support which are not
influenced by X-ray irradiation is preferable.

Exposure of Au/TiO2 catalysts and TiO2 to X-rays gives rise to
Ti–O bond breaking, reduction of the Ti4+ state and desorption of
oxygen from surface layers. As a result, changes in the surface com-
position and electronic structure of the samples develop with time.
This is indicated by an increase in the fraction of Ti3+ species, a
non-monotonic diminution of the O2−/Ti4+ atomic ratio, the mod-
ification of the valence band and the variation of core binding
energies. It is worth noting that the pattern of X-ray induced dam-
age in the Au/TiO2 catalyst is quite different from that in TiO2, with
some characteristics varying in an opposite way. While Ti 2p and
O 1s binding energies in TiO2 remain practically unaffected under
extended X-ray irradiation, in Au/TiO2 a gradual increase in the
Ti 2p binding energy with X-ray exposure is observed. Actually,
calcined Au/TiO2 catalysts and TiO2 turn out to be relatively resis-
tant to X-ray irradiation: the maximum change of the core binding
energy does not exceed 0.12 eV, with stabilization of the Ti 2p and
Au 4f binding energies being attained after 75–95 min of X-ray
irradiation. Though the effects of X-ray irradiation in Au/TiO2 cat-
alysts are rather small, they provide the direct evidence for charge
transfer processes in this system triggered by production of oxygen
vacancies in the support.
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