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X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) are employed for a comparative study of the
surface composition and electronic structure of an Au/TiO, catalyst in the as-
prepared state and after using it in the reaction of CO oxidation at room tem-
perature. As found, the reaction-induced changes in the morphology of Au
nanoparticles related to their agglomeration are accompanied by modifica-
tion of the electronic state of the catalyst via an enhanced electron transfer to
the gold atoms that shows up as an additional negative shift of the Au 4f
spectrum and its distortion. The catalytic reaction of CO oxidation results in
the loss of hydroxyl groups and accumulation on the support surface of vari-
ous carbon-containing species with the leading formation of carbonate and
bicarbonate groups, which increases with time on stream. The role of these
factors in deactivation of the catalyst is discussed.

3a IOomoMOrol PeHTI'eHiBChKOI (oToeneKTpoHHOI cneKTpockomii (PPEC) ta
YacompoJiTHOI BTOpUMHHO-ioHHOI Mac-cmekTpomerpii (HII-BIMC) mposememno
MOPiBHAJbHE JOCJHIIKEeHHA CKJIaIy IIOBePXHi I e IeKTPOHHOI CTPYKTYPH KaTa-
aizaropa Au/TiO, y cBisKOTIPUTOTOBAHOMY CTaHi Ta ITicaA HOTO BUKOPUCTAHHSA
y peakIiii okucuenua CO 3a KimuaTHOI TemnepaTypu. BeranoBiaewno, 1o iHgy-
KOBaHi KaTaJiTUYHOIO peaKIlielo 3MiHu y Mopdosorii HaHoOyacTUHOK Au, AKi
CIpUYNHEHI IXHBOIO arjoMeparlie€ro, CyIpOBOAKYBaJuCcsa MoAU(DpiKyBaHHAM
€JIEKTPOHHOT'O CTaHy KaTajisaTopa 3aBAAKU MOCUJIEHOMY IIEPEHECEHHIO eJIEK-
TPOHIB Ha aTOMH 30JI0Ta, II[0 MPOABJIAIOCHT AK JONATKOBUII HeI'aTUBHUU 3CYB
P®E-cnexkTpa Au 4f i iioro ciorsopenns. KarajxiTuuna peakilis OKHMCHEHHS
CO npusBoaua 10 BTPATH MAPOKCUIBHUX IPYI Ta HAKOIUYEHHS Ha ITOBEPXHi
MiAKJIaOKW Pi3HUX BYTJIEIeBMiCHUX (DYHKIIOHAJLHUX TPYN 3 IEePEeBaAKHUM
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dopmyBaHHAM KapOOHATIB i OikapOoOHATIB, IKe IIOCUJIIOBAJIOCA 3 YACOM peaK-
11ii. OGTOoBOPIOETHCA POJIb [IUX YNHHUKIB y JeaKTHBAIlil KaTaJizaTopa.

C MmOMOIIBI0 PEHTIeHOBCKOM (hoTosseKTPoHHOM crmeKTpockonuu (PPIC) u
BPEMSAIPOJIETHON BTOPUYHO-MOHHOI Macc-crnekTpomerpuu (BII-BIIMC) mpo-
BeJIeHO CPABHUTEJIHHOE HCCJIeJOBAHNE COCTAaBA ITOBEPXHOCTH U 3JEKTPOHHOM
cTpyKTYpHI KaTanudatopa Au/TiO, B cBeKeIpUTroTOBJIEHHOM COCTOAHUU U T10-
cJie ero MCHOJb30BaHUA B peaKnuu okuciaeHuda CO mpu KOMHaATHOM TeMIiepa-
Type. YCTaHOBJIEHO, UTO MHAYIIMPOBAHHbIE KaTAIUTUUECKON peaKkIiueil nsme-
HeHus B Mopdosioruy HaHOUaCTUIl AU, BRI3BaHHBIE UX arjioMepaliuei, compo-
BOKIAINCh MoamGUKAIMEN 3JeKTPOHHOTO COCTOSHUSA KaTajausaTopa IIyTEéM
YCUJIEHHOTO IIePeHOCa SJIEKTPOHOB HA aTOMBI 30JI0TA, UTO IPOSBJIAIOCH B BUIE
IOTOJIHUTEJIBHOTO OTPHUIlAaTeJbHOTO caBura P®I-cunexTpa Au 4f u ero mcka-
sKeuus. Karaautuueckasa peaknusa okuciaenus CO mpuBoauia K morepe T'u-
POKCUJBHBIX TPYIN M HAKOIJIEHHWIO Ha ITOBEPXHOCTU IOMJIOMKKU PA3TUUYHBIX
yraepoacoep:Kamux QYHKIIMOHATBHBIX I'PYII C MPEUMYIIECTBeHHBIM (op-
MUPOBaHMEM KapOOHATOB 1 OMKapOOHATOB, KOTOPOE YCUINBAJIOCH C TEUEHUEM
BpemMeHU peaknuu. OOCy:KIaeTcs POJb 3TUX (PAaKTOPOB B JeaKTUBAIUM KaTa-
JusaTopa.
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1.INTRODUCTION

Gold nanoclusters supported on various metal oxides have been exten-
sively studied, since they exhibit high catalytic activity for various
types of reactions of industrial interest. In particular, performance of
the most active titania-supported gold catalysts, Au/TiO,, in low-
temperature CO oxidation has received considerable attention that
stems from a variety of potential practical applications [1]. Numerous
experimental methods have been applied in the search for the active
site in the CO oxidation over supported gold catalysts, in determining
the influence of various parameters on the surface composition and
physicochemical state of the catalysts. In particular, X-ray photoelec-
tron spectroscopy (XPS) has been widely used, mainly because changes
in the chemical and electronic state of small metal clusters can be rou-
tinely monitored, using this technique.

Appreciation of the chemical and physical changes that can occur
during catalytic reaction is very important for understanding the per-
formance of catalysts and the causes of their deactivation. In this re-
gard, in situ XPS can especially be helpful due to its potential to iden-
tify mechanistically essential transient species under reaction condi-
tions [2]. On the other hand, post-reaction ex situ XPS characteriza-
tion of Au catalysts, or analysis of the ‘quenched’ states, proved to be
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useful for ascertaining the reaction effect on the oxidation state and
electronic structure of gold nanoparticles. Park and Lee [3] were prob-
ably the first who compared the Au 4f XP spectra of calcined Au/Fe,O4
and Au/Al,O; catalysts before and after reaction of CO oxidation at
313 K performed under the dry and wet conditions. As was established,
during the reaction in the dry condition the oxidized gold phases
(Au,0; in Au/Fe, 03, Au(OH); and Au,0; in Au/Al,0;3), which coexisted
in the as-prepared catalysts along with Au’, were reduced almost com-
pletely to metallic Au, however after the reaction in the wet condition
about 40% of the oxidic gold remained. The gradual reduction of Au™
species to metallic gold in an Au/Fe,0; catalyst was also observed in
work [4], whereas in an Au/CeO, catalyst the Au™ ions were reduced
under CO oxidation reaction conditions to Au" species [5].

The data on the chemical and electronic state of gold nanoparticles
in different catalysts used in the CO oxidation as determined by the Au
4f binding energy are rather contradictory, although they clearly indi-
cate that formation and modification of the particles’ electronic state
strongly depend on the nature of support. For the Au/TiO, system, in
which gold was in a metallic state, the reaction of CO oxidation was ob-
served to cause an appreciable shift of the Au® 4f peak to lower binding
energies as compared to the fresh catalyst [6, 7]. A similar negative
shift of the Au 4f and Au 4d lines was also reported for an Au/Al,O,
catalyst used in the CO oxidation [8]. Conversely, in works [7, 9] no
significant shift of the Au 4f line was detected for Au/Al,0; and
Au/TiO, catalysts after CO oxidation. Also, the position of the Au 4f
line was noted to remain practically unaffected in the used Au/ZrO,[7,
10]and Au/MnO,[11] catalysts.

The aim of the present work was to systematically study the influ-
ence of reaction of CO oxidation at room temperature on the surface
composition, chemical state and electronic structure of two Au/TiO,
catalysts prepared by using different routes and, accordingly, to revis-
it the reported Au 4f core-level shifts. For this purpose, we employed
XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS)
which are known to be most suitable analytical techniques for charac-
terization of physical-chemical state of the surface of materials and
provide valuable complementary information.

2. EXPERIMENTAL

The Au/TiO, catalyst was prepared by deposition—precipitation (DP)
technique. In the first series, titania was obtained by precipitation of
titanium oxalate Ti(C,0,); from titanium tetraisopropoxide
Ti(OC(CH,);), using a 1.5-fold excess of oxalic acid dihydrate in ace-
tone. The dried precipitate was subsequently decomposed under (O, +
+10% Ar) ambient at 525°C during 4 h to form TiO,. XRD confirmed



600 S. P. CHENAKIN, N. KRUSE, M. A. VASYLYEV, and I. N. MAKEEVA

titania to be present as anatase. Deposition—precipitation of Au on the
as-prepared TiO, support occurred from an aqueous solution of
HAuCl,, the precipitating agent being urea H,NCONH,. The precipi-
tate was subsequently subjected to temperature-programmed oxida-
tion (3°C/min, 10% O, in Ar) followed by calcination at 300°C for 2 h.
We denote this sample ‘DP1’.

In the second series, the Au/TiO, catalyst ‘DP2’ was prepared in the
same way as DP1 but the oxalate route to TiO, was modified, namely,
to test the possible catalytic influence of Mg, precipitation of Ti(C,0,),
was performed at a reduced oxalic acid excess but with adding
MgNO;-6H,0 to the solution in the amount which should provide dop-
ing of TiO, with 0.04% wt. Mg. In both catalysts, DP1 and DP2, the
resulting Au loading was about 1.5% wt. According to TEM measure-
ments, the average diameter of Au nanoparticles was 3.0-3.9 nm. The
Brunauer—Emmet—Teller (BET) surface area of the Au/TiO, catalysts
was =100 m?/g. Note that the catalysts DP1 and DP2 were prepared in
a sodium-free environment.

Catalytic CO oxidation tests over Au/TiO, catalysts were performed
at room temperature in a 2% CO+2% O, (Ar balance) gas mixture,
with the flux being 50—100 ml/min. The duration of catalytic reaction
test was 60 min for DP1 and 151 min for DP2.

The surface physicochemical state of the catalysts was studied in a
combined XPS/ToF-SIMS instrument at a base pressure of 5.2:107*°
mbar. For XPS, a non-monochromatic MgK,-radiation was used at an
operating power of 15 kVx10 mA. Prior to analysis, the samples were
outgassed for 100 h in a preparation chamber at a base pressure of
6-10° mbar. Photoelectron core-level spectra were acquired with a
hemispherical analyzer in the constant-pass-energy mode at E,=50 eV
with a 0.05 eV energy step. The overall resolution of the spectrometer
in this operating mode was 0.96 eV. Au 4f core-level spectra recorded
from a pure sputter-cleaned Au foil were used as a reference for bulk
metallic gold, and the spectrometer was calibrated against the Au 4f,,
line set at 84.0 eV. To minimize X-ray damage of the catalyst [12], ac-
quisition of core-level spectra was started immediately after exposing
the sample to the operating X-ray source and the exposure was kept as
low as possible. After subtraction of the Shirley-type background, the
core-level spectra were decomposed into their components with mixed
Gaussian—Lorentzian lines by a non-linear least squares curve-fitting
procedure, using a public software package XPSPEAK 4.1. Deconvo-
luted peak areas and standard sensitivity factors [13] 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.

Static ToF-SIMS analysis of the catalyst was carried out with a puls-
ing (7.7 kHz) beam of 5 keV Ar' ions, using a reflection analyzer. Posi-
tive secondary ions were registered in the mass range up to m/z=400
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with a mass resolution of m/Am =1230 at 51 a.m.u.

XPS-SIMS measurements were carried out for the as-prepared cal-
cined Au/TiO, catalyst (hereinafter referred to as ‘Fresh’) and for the
same catalyst after its using in reaction of CO oxidation (denoted
‘Used’). Both samples, the fresh and the used catalyst, were loaded on
the sample holder and analyzed sequentially, under the same experi-
mental conditions. The measurements were performed for two samples
of each catalyst (DP1 and DP2) and the data were reproducible.

3. RESULTS AND DISCUSSION

The sample DP1 demonstrated the highest catalytic activity and good
stability during the time of the test, with the CO to CO, conversion be-
ing about 88% . The catalytic activity of DP2 was somewhat lower but
also rather stable; with increasing reaction time up to 151 min the CO
to CO, conversion gradually decreased from 81 to 79% (Fig. 1).

Figure 2 shows characteristic XPS core-level spectra for an Au/TiO,
catalyst. According to the deconvolution results, the Ti 2p spectrum of
all catalysts is dominated by species with a binding energy (BE) of the
Ti 2p;,, photoelectrons of 458.7 eV related to the Ti*" oxidation state.
Besides, a small contribution (=3—-4% ) of reduced species Ti®**, which
appears at a BE of < 2.5 eV below the Ti*" peak, is detected. The asym-
metrical O 1s spectra can be deconvoluted into three components. The
major component at BE =530 eV is obviously related to O* species,
while two minor components at =531.2 and =532.2 eV may be attribut-
ed to the presence of the surface hydroxyl groups OH on TiO, support
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Fig. 1. CO-to-CO, conversion at room temperature as a function of reaction
time over Au/TiO, catalysts prepared by the deposition—precipitation routes
DP1 (curve 1) and DP2 (curve 2). See text for details of preparation.
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Fig. 2. Ti 2p, O 1s, C 1s and Au 4f XPS core level spectra for an Au/TiO, cata-
lyst. The presented Au 4f spectra correspond to pure Au foil (1), fresh (2) and
used Au/TiO, catalyst (3). The binding energy scale is corrected for surface
charging effect. Chemical species derived from deconvolution of the spectra
are indicated.

(and/or subsurface low-coordinated oxygen ions O") and adsorbed wa-
ter molecules, respectively. Interpretation of the O 1s peak structure
for Au/TiO, catalysts and TiO, was recently discussed in detail else-
where [12]. The C 1s spectrum of the Au/TiO, catalysts is dominated by
C—H/C—C species at BE =284.8 eV resulting from contamination of the
surface by hydrocarbons (adventitious carbon). The minor components
at 286.4 eV and 288.9 eV correspond to C—O and O=C—-O species, re-
spectively [14]. The position of the Ti 2p;,,, O 1s and C 1s peaks did not
change after using the catalysts in the reaction of CO oxidation.
Fitting the Au 4f spectra of the Au/TiO, catalysts shows gold nano-
particles to be exclusively in a single metallic state. As can be seen in
Fig. 2, the Au 4f spectrum of fresh catalyst is shifted with respect to
the spectrum of Au foil toward lower binding energies. In fresh DP1
and DP2 catalysts, the Au 4f;, BE corrected for charging effect turned
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out to be lower than that in bulk Au by 0.36 +0.02 eV and 0.31+0.02
eV, respectively, implying that Au clusters are electronically different
from bulk Au. A similar negative shift of the Au 4f line was also ob-
served for World Gold Council standard Au/TiO, catalyst and was dis-
cussed in detail in the previous work [12]. The negative shift of the Au
4f BE indicates a charge transfer from TiO, to Au atoms making them
somewhat negatively charged [15]. The strong interaction of the inter-
facial Au atoms with reduced Ti*" species of the support, yielding Au®
electronic state of gold atoms, is considered [16] to be crucial for acti-
vation of O,. According to ab initio calculations, the extra negative
charge on the anionic Au clusters as compared to the neutral clusters
can enhance not only O, adsorption but also the strength of coadsorp-
tion of CO and O,, which leads to a lower reaction barrier in the oxida-
tion step and, consequently, to a higher catalytic activity [17].

The reaction of CO oxidation carried out over Au/TiO, catalysts has
caused significant changes in the electronic state of Au nanoparticles,
both after short (1 h, DP1) and long (2.5 h, DP2) time on stream. In-
deed, as can be seen from Fig. 2 and 3, a, after catalytic reaction a fur-
ther decrease of the Au 4f BE in the used catalyst occurred as compared
with the fresh one, with the total negative shift with respect to the
bulk Au amounting to 0.45+0.05eV for DP1 and 0.41+0.03 eV for
DP2. This observation is in agreement with other works [6, 7, 18] re-
porting a similar shift of the Au 4f spectrum toward lower binding en-
ergies for Au/TiO, catalysts used in the CO oxidation reaction. The ad-
ditional negative shift of the Au 4f line in the used catalyst may result
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Fig. 3. The shift of the Au 4f;,, binding energy in Au/TiO, catalyst with re-
spect to that in bulk Au (a), the ratio of intensities of the Au 4f;, and 4f;,,
spin orbit peaks (b) and the Au surface atomic concentration (c) derived from
XP spectra of DP1 and DP2 catalysts in the fresh state and after using in the
reaction of CO oxidation.
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from reaction-induced enhancement of charge transfer to the gold at-
oms (or stronger interaction of Au nanoparticles with the support)
and/or interaction of CO with Au nanoparticles giving rise to for-
mation of stable Au®>—CO species [19].

Other parameters of the Au 4f spectrum also suffered transfor-
mation. Due to spin-orbit coupling effects, the 4f photoemission from
Auisin fact split between two peaks with different BE, Au 4f;,, and Au
4f5,5, which correspond to final states with total angular momentum
J,=L+S=T7/2and J_=L-S=5/2, respectively. The relative intensi-
ties of the two peaks reflect the degeneracy of the final spin states and
are described by the ratio (2J, + 1)/(2J_+ 1). In the fresh Au/TiO, cata-
lysts, the Au 4f;,-to-4f;,, area ratio for the two spin-orbit peaks was
close to a theoretical value of 4/3 and was higher than that measured
for the bulk Au (1.26 £0.02) (Fig. 3, b). After catalytic reaction the
4f;9:4f5,, peak area ratio noticeably decreased (by 13.5% for DP1 and
17.2% for DP2). This redistribution of intensity of the spin orbit
peaks in the used catalyst observed for the first time indicates the
change in the probability of transition to a degenerate spin state dur-
ing photoionization, which may be caused by reaction-induced modifi-
cation of the structural and electronic state of Au atoms.

In the fresh Au/TiO, catalysts, the surface gold content evaluated
from XPS data was 0.42—-0.44 at.% . Small variations in the concentra-
tion of Au on the surface of DP1 and DP2 at the same Au loading may
result from different dispersion of supported Au nanoparticles. After
catalytic reaction the surface Au concentration in the catalysts de-
creased to 0.3 at.%, i.e. by about 30% as compared with the fresh sam-
ple (Fig. 3, ¢). Respectively, the Au/Ti atomic ratio, which character-
izes dispersion of Au nanoparticles, decreased after catalytic test from
0.013 to 0.009. Such a noticeable ‘apparent’ decrease in the Au con-
tent, which was also observed in works [6, 10], indicates a decrease in
the Au coverage associated with agglomeration and 3D-growth of Au
nanoparticles occurring effectively during both short and long reac-
tion time. Note, however, that this reaction-induced agglomeration
process, which manifested itself in a 30% decrease of the Au coverage,
did not lead to an appreciable deactivation of the catalysts (Fig. 1).

The reaction-induced agglomeration, or sintering, of Au nanoparti-
cles was observed in a number of works. According to high-resolution
TEM measurements, the reaction of CO oxidation over the Au/TiO,
catalyst at 30°C for =33 h [9] or at 200°C for =6 h [18] caused the in-
crease in the average gold particle size by about 50% and 76% , respec-
tively. In Au/Al,O, catalyst, after 7 h of CO oxidation at room temper-
ature, the mean width of the gold particles increased from 2.3 to
3.2 nm [8], mainly due to aggregation of smaller Au nanoparticles. Re-
cent in situ studies using scanning tunnel microscopy [20] revealed
that sintering of Au nanoparticles supported on TiO4(110) began im-
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mediately upon the introduction of a CO/0,=1/1 gas mixture and pro-
ceeded via Ostwald ripening. After 2 h of CO oxidation at room tem-
perature, the number density of the Au particles decreased by =57%
and then decreased slowly thereafter. It was established that the acti-
vation energy of sintering for Au particles correlates with the activa-
tion energy of CO oxidation and is consistent with a reaction-induced
mechanism. Thus, we can conclude that the large amount of energy re-
leased during the exothermic CO oxidation reaction [8] occurring on
the surface of the Au/TiO, catalyst could be enough to promote chang-
es in the morphology and electronic structure of gold nanoparticles
and local alterations in the support after several hours on stream.

The CO oxidation-induced decrease in the Au surface coverage ob-
served with XPS correlates with an appreciable decrease in the surface
content of Na and K impurities detected by SIMS (cf. Figs. 3, ¢ and
4, a), which, due to its high sensitivity, allows detection of alkali ele-
ments at a very low level. This may be related to the interaction and
association of alkali atoms with Au nanoparticles forming active cen-
tres Au>Na®, Au>K*. Note that the relative emission of NaTiO" and
KTiO" secondary ions characterizing interaction of alkali atoms with
the TiO, support somewhat increased after reaction (Fig. 4, b) in ac-
cordance with a decrease in the Au particle surface coverage.

Figure 5 compares the atomic concentration of different oxygen
species, 0", OH™ and H,0, derived from the O 1s spectra (Fig. 2) on the
surface of the fresh and used DP1 and DP2 catalysts. In DP1, the con-
tent of the lattice oxygen O?” in the support slightly increased after re-
action (by =2.1%), whereas in DP2 it decreased by =3.2% (Fig. 5, a).
Accordingly, the O?*/Ti atomic ratio changed from 2.03+0.08 to
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Fig. 4. The emission of Na*, K" (a), NaTiO*, KTiO" (b), TiOH" and C* secondary
ions normalized by emission of Ti* ions from fresh and used DP2 catalyst.



606 S. P. CHENAKIN, N. KRUSE, M. A. VASYLYEV, and I. N. MAKEEVA

260 oDP1 =7 oDP1 BN ODP1
. - -
= EDP2 e mDP2 a mDP2
5501 -] a
g 3 £
5-.
£ 401 g g4
(S} (S}
© D 4 5
2 g g
& 301 &~ . 31
(] ~ ~
o = 3 ]
=] 17} 17}
@ 90- ? o
] Q 2 )
9 = &
8 101 2 g
=) o' 1 o
4 i S
© Fresh Used oo Fresh Used mo Fresh Used
a b c

Fig. 5. The concentration of 0*" (a), OH™ (b) and H,O species on the surface of
fresh and used DP1 and DP2 Au/TiO, catalysts derived from the O 1s XP
spectra.

2.11£0.05 in DP1 and from 2.08 £0.02 to 2.04 £0.03 in DP2. Con-
sistent alterations occurred also in the Ti 2p spectra (Fig. 2). In DP1,
the fraction of reduced Ti*" species decreased as a result of the catalytic
reaction from 4.4 to 3.8%, whereas in DP2 the Ti®" fraction increased
from 4.5 to 5.8%. Such variations of the O /Ti atomic ratio and the
Ti®" fraction in DP1 and DP2 imply that, depending on duration of the
test, the catalytic reaction can cause either some additional oxidation
of the support or, on the contrary, some reduction of TiO, due to par-
ticipation of the lattice oxygen in the reaction of CO oxidation, i.e. the
processes of reduction-oxidation of the support during the course of
reaction appear to be alternating.

Emission of characteristic molecular secondary ions such as TiOH",
TiOH,, TiO,H', Ti,OH}, OH' and H,0" observed by SIMS and occur-
rence of the O 1s components at =531 eV and =532 eV in XPS (Fig. 2)
for the Au/TiO, catalyst indicate the presence of hydroxyl groups and
adsorbed water on the support surface. The hydroxylation and hydra-
tion of the catalyst surface may originate from using the oxalic acid
dihydrate C,0,(OH),-2H,0 for precipitation of titanium oxalate or/and
from adsorption of water and formation of hydroxyl groups on the sur-
face of the calcined catalysts in atmosphere.

As can be seen in Figure 5, b, the content of OH™ groups in fresh cat-
alyst DP1 is larger than in DP2. This is consistent with a smaller
0% /Ti*" atomic ratio in DP1 as mentioned above and may indicate a
partial substitution of oxygen atoms in the lattice of TiO, by hydroxyl
groups. The higher level of the initial surface hydroxylation in fresh
DP1 may be favourable for attaining a higher catalytic activity as
compared with DP2 (Fig. 1). Indeed, as has recently been shown [21],
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the activity of supported Au catalysts in CO oxidation increases with
increasing the extent of support hydroxylation. The important role of
surface hydroxyls in the enhancement of activity of the Au/TiO, cata-
lyst was assigned [22] to a significant charge transfer at the interface
of the Au nanoparticle and TiO, that resulted in reducing the CO oxida-
tion reaction barrier. The hydroxyl group adsorbed on the support and
bonded to an Au cation or to a highly coordinatively unsaturated me-
tallic Au atom at the periphery of Au nanoparticle was also considered
[1, 23, 24] to be a part of the active site involved in CO oxidation.

The surface content of the hydroxyl-related component OH™ in DP1
and DP2 catalysts derived from the O 1s spectra decreased after reac-
tion by about 17% and 12%, respectively (Fig. 5, b). The XPS data are
supported by SIMS measurements, which display a noticeable decrease
in the emission of OH" and TiOH" ions after using the catalyst in the
reaction (Fig. 4, c). These results are in accordance with in situ Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) ob-
servations of the loss of OH groups from the support during the reac-
tion of CO oxidation over Au/TiO, catalyst [18, 25]. As distinct from
the hydroxyls, the amount of adsorbed water estimated from the O 1s
spectra did not change much after the reaction (Fig. 5, c).

The loss of hydroxyl groups in the used catalysts is consistent with a
mechanism [23, 24], which is based on the active site model mentioned
above. According to this mechanism, CO adsorbed on metallic Au is in-
serted into an Au—OH bond to form a hydroxycarbonyl (-CO + OH —
— OCOH"). The hydroxycarbonyl is oxidized to a bicarbonate HCO;,
which is then decomposed into Au—OH and CO,. In addition to decom-
posing to CO,, the bicarbonate intermediate also reacts by a parallel
pathway of deprotonation with substrate hydroxyl to form a carbonate
(HCO; + OH — CO%" + H,0). The carbonate on the catalyst surface can
also be formed by the reaction of hydroxycarbonyl with surface hy-
droxyl groups (OCOH +OH — CO; +H,0) [19], whereas the reaction
of adsorbed CO with bridging hydroxyl groups can fuel formation of
relatively inactive formate species HCOO™ [18]. Thus, the hydroxyls
participate in the reaction and are consumed accordingly to produce
formates/carbonates, i.e. the support is depleted of OH groups during
the reaction. The formation of various carbon-containing species on
the catalyst surface was evidenced by both XPS and SIMS measure-
ments as described below.

In fresh catalysts DP1 and DP2, the respective surface concentra-
tions of carbon-containing species C—C, C—O and O—C=0 derived from
C 1s spectra (Fig. 2) were about the same, and after the reaction of CO
oxidation, they all increased. Accordingly, an increase in the total sur-
face carbon content after using the catalysts in the reaction was de-
tected in both XPS (as represented by the full C 1s peak area in Fig. 6)
and SIMS (as represented by the C"/Ti" ion peaks ratio in Fig. 4, ¢). The
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Fig. 6. The relative change of the surface concentration of various carbon-
containing species caused by the reaction of CO oxidation, (C,..q — Ctresn)/Ctreshs
derived from the C 1s XP spectra of DP1 and DP2 catalysts.

relative change of the surface concentration of carbon-containing spe-
cies induced by the CO oxidation, (Csq— Ciresn)/Crresns OF €ffect of the
reaction, is plotted in Fig. 6 for DP1 and DP2. As can be seen, the reac-
tion-induced additional formation of various carbon species in both
catalysts is enhanced in the series C—C < C—0 < O—C=0, with the largest
augmentation being observed for the carboxylate group O—-C=0 (by
=18% for DP1 and =58% for DP2). It is noteworthy that with increas-
ing time on stream the concentrations of all the carbon species and the
total carbon content appreciably increase (cf. reaction effects for DP1
and DP2in Fig. 6).

Furthermore, emission of molecular ions TiC*, TiCO*, TiCOH",
TiCO;, TiCO,H", TiCO;, and TiCO;H" observed from fresh catalysts
indicates the presence already in the initial state of various functional
groups such as carbonyl (—C=0), hydroxy (—C—OH) or formyl (H-C=0),
carboxylate (0O—C=0), hydroxycarbonyl (O=C—OH) or formate (O—
CH=0), carbonate (00—C=0), and bicarbonate (O0-C—OH). Apparent-
ly, these species were formed on the support surface as a result of in-
teraction of atmospheric CO, and moisture with TiO, [19, 26] which is
corroborated by nearly the same intensity of emission of these ions
from the fresh Au/TiO, catalyst and pure TiO, (Fig. 7). Using the cata-
lyst in the reaction of CO oxidation gave rise to a noticeable increase in
the ion emission of all the carbon-containing species (Fig. 7) that evi-
dences their accumulation on the support surface. The enhanced emis-
sion of TiCO; and TiCO,H" ions from the used catalyst (Fig. 7) may in-
dicate a higher population of carboxylate and hydroxycarbonyl/forma-
te moieties on the catalyst surface as compared to other species. On the
other hand, the largest relative change of the emission after the cata-
lytic reaction was observed for TiCO; and TiCO;H' ions (=98% and
=136%, respectively), which implies the preferential formation of
carbonate and bicarbonate groups. These results are consistent with
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XPS data (Fig. 6) and agree with DRIFTS measurements showing for-
mation and build-up of carbonates, carboxylates, hydroxycarbon-
yls/formates, and bicarbonates on Au/TiO, during CO oxidation [6, 9,
18, 19, 25]. The point whether the carbonates reside on the gold [19],
on the support [9, 18, 27], on the Au—-TiO, border [6], or on both the Au
and the support [28] is still in debate. Our SIMS data demonstrating an
intense emission of molecular ions TiCO;, TiCO,H', TiCO;, and Ti-
CO;H" from the used catalyst suggest that these carbonate-like species
are not intermediates in the reaction mechanism but strongly bound to
the catalyst and most likely reside on the titania support.

The loss of activity with time on stream is a crucial factor that could
hamper the industrial development of gold-based catalysts. Deactiva-
tion of the catalyst was suggested to occur due to reduction of oxidized
gold species (which were claimed to be the most active sites for CO oxi-
dation) to metallic gold [3, 4], sintering of Au nanoparticles (irreversi-
ble) [6, 15, 18], dehydroxylation of the support during the reaction
(assuming that OH groups were involved in the oxidation pathway)
[28, 24], and accumulation of carbonate-like species (carbonate CO§’ R
formate HCO, and carboxylate O—C=0 groups) at the active sites [6, 9,
19, 25, 27, 28]. In our work, some sintering, dehydroxylation and
build-up of surface carbonate-like species occurred in the catalyst
(DP1) already after 1 h on stream, although no deactivation was ob-
served (Fig. 1, curve 1). On the other hand, the catalyst DP2, which is
characterized by a significantly larger extent of the surface carboniza-
tion after 2.5 h on stream (Fig. 6) at nearly the same levels of sintering
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(Fig. 3, ¢) and dehydroxylation (Fig. 5, b), did demonstrate some de-
cline of activity (Fig. 1). This indicates the decisive role in deactivation
of carbonate-like species, which gradually accumulate during the reac-
tion, covering the surface and acting as catalyst poison. A partial re-
generation of activity may occur via reaction of carbonates with ad-
sorbed H,0 and/or of formates with activated oxygen to form thermal-
ly less stable bicarbonates with their subsequent decomposition (—CO; +
+H,0 -—-CO;H + OH, HCO; + 0°—>-CO;H, -CO;H— CO, + OH) [24, 25].

4. CONCLUSIONS

Using the Au/TiO, catalyst in the reaction of CO oxidation at room
temperature for 1-2.5 h on stream gives rise to a number of changes in
the morphological and electronic state of Au nanoparticles and chemi-
cal composition of the support. As has been observed, the catalytic re-
action causes some agglomeration, or sintering, of Au nanoparticles
and enhances electron transfer to the gold atoms making them more
negatively charged. The reaction-induced modification of the struc-
tural and electronic state of Au atoms results in the redistribution of
intensity of the Au 4f spin orbit peaks in the used catalyst. The reac-
tion of CO oxidation is accompanied by the loss of hydroxyl groups and
the noticeable accumulation of various carbon-containing species on
the support surface with the preferential formation of carbonate and
bicarbonate groups. These moieties appear to block the active sites and
thus play a key role in the gradual deactivation of the catalyst.

A partial financial support of this work from the National Academy
of Sciences of Ukraine in the framework of the Fundamental Research
Program ‘Fundamental Problems of Nanostructural Systems, Nano-
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