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Ambient pressure photoelectron spectroscopy (APPES) has been used to study the adsorption of nitric
oxide (NO) and molecular oxygen (O,) over gold-based model catalysts consisting of mono-dispersed
gold nanoparticles with different diameters (2-5 nm) and oxide supports (including polycrystalline silica
and titania thin films). APPES is an in situ technique that makes possible to monitor via XPS chemical
changes occurring on the catalyst surface and to identify adsorbed species under reaction conditions.
In our experiments, no changes were observed on the Au/SiO, samples during exposure to 0.5 Torr of
NO, while adsorbed NO and several N-containing species were detected on Au/TiO, model catalysts under
the same conditions. In addition, shifts in the Ti3p and O 1s peaks in TiO, were observed relative to the Au
4f peak. Similar behavior, although to a lesser extent, was observed on Au/TiO, samples when O, was
used. In both cases, the shifts of the Ti3p and O1s peaks could be attributed to band bending effects
on the TiO, substrate caused by chemisorption of the gases.

Band bending
Model catalysts
Nitric oxide
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1. Introduction

Dispersed gold nanoparticles on oxides display high catalytic
activity in a variety of reactions at room temperature [1-3]. Bulk
gold, on the other hand, is inert in chemical reactions [4]. After
the initial discovery of the enhanced activity of Au nanoparticles,
an increasing number of reports dealing with many different reac-
tions have followed. In order to understand the molecular level
structure and composition of the catalysts under reaction condi-
tions, it is imperative that in situ characterization techniques are
utilized [5,6].

The CO oxidation with NO is an important reaction in catalytic
converters at the exhaust of automobile vehicles. Currently, the
traditional catalysts are based on Pt and Rh metals, with Rh being
the most active metal within the typical temperature range of
automobile exhaust gases [7]. The reduction of NO, by CO at low
temperature (252-369 K) over Au powder was first reported in
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1975 [8]. Ueda and Haruta first reported CO oxidation by NO over
supported Au catalysts [9] prepared by deposition-precipitation,
with mean particle sizes between 3 and 5 nm. Although few Au-
based catalysts have been used as vehicle exhaust catalysts until
now, a catalyst developed by the Anglo-American Research Labora-
tories of South Africa has been shown to have good activity in the
NO, reduction reaction and in CO/hydrocarbon oxidation under
simulated diesel engine conditions (7.5% O,) [10].

Most of the gold-based catalysts tested for oxidation reactions
have been supported on transition metal oxides where the support
can play an important role [11]. In the case of CO oxidation by NO,
the published literature is less extensive. Using Au nanoparticles
inside meso and microporous materials (with broad particle size
distribution, around 2-8 nm), Akolekar et al. [12] studied the
adsorption of CO and NO with infrared spectroscopy, finding vari-
ous CO and NO complexes depending on particle size, loading, cat-
alyst structure, temperature, and pressure. The nature of the NO,
species and their concentration were influenced by the host struc-
ture (mesoporous or microporous materials). Also, the FTIR results
showed that NO, and CO were found in some Au-free supports.

The first step in the CO + NO reaction is the adsorption of the
reactants. There are few references in the literature dealing with
NO adsorption over Au/TiO,. On Au(100) single crystal surfaces,
the adsorption of NO lifts the hexagonal reconstruction, desorbing
between 170 and 230K [13]. On Au(111), NO desorbs at even
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lower temperature (95 K) [14]. In open surfaces, like Au(310), the
desorption maximum for NO occurs at about 120 K while N,O,
formed by NO decomposition on the Au surface, desorbs at 150 K
[15]. These previous results indicate that, while NO adsorbs and
forms dissociation products on Au surfaces, under our room tem-
perature conditions and NO pressures of 0.5 Torr, the steady state
concentration of surface species should be completely negligible.

Several papers in the literature report studies of the interaction
of NO with TiO, using infrared spectroscopy. Ramis and co-workers
studied the adsorption of NO and NO, on TiO,. They identified the
presence of chemisorbed NO (nitrosyl groups) and N,O (from the
reaction with Ti®*). Nitrites and nitrates were also observed after
a long exposure time [16]. Hadjiivanov and Knozinger exposed
TiO, degussa P-25 to NO and studied the species formed by FTIR
[17]. They found nitrates (1650-1550 and 1240-1220 cm™!), NO~
(1170 cm™') and N,03™ (1335 cm™'). When exposed to a mixture
of O, and NO, a strong increase of nitrate related bands was ob-
served, together with the formation of NO* (2206 cm™!). In addi-
tion, species assigned to nitrocomplexes (1520 and 1284 cm™!)
were found. A band at 1950-1800 cm~! was attributed to surface
nitrosyls. NO adsorption over TiO, was also studied by FTIR by
Wu and Chen [18] who found mainly nitrate and nitrite related
absorption bands. Li and co-workers [19] also reported the forma-
tion of nitrates when studying NO and NO-0, co-adsorption over
Pt/TiO, catalysts. NO initially adsorbs on Pt sites as linear NO spe-
cies, which are further oxidized and migrate to the TiO, support to
form various surface nitrates. On TiO, at room temperature, the
authors observed various bands assigned to nitrates with a lesser
intensity compared with the platinum loaded sample, demonstrat-
ing the catalytic effect of Pt in NO oxidation.

Debeila and co-workers studied the interaction of NO with Au/
TiO, at room temperature. Adsorption of NO was dominated by the
formation of dinitrosyl complexes, with bands at 1824 cm™!. Au-
NO species were also detected, with a band at 1796 cm~'. Bands
at 2239 and 2202 cm ™' corresponding to adsorbed N,O were also
identified [20]. When the CO covered surface was exposed to NO,
the carbon monoxide was displaced and the formation of dinitros-
yls enhanced [21].

In our studies, we used ambient pressure photoelectron spec-
troscopy (APPES) to characterize the adsorption of nitric oxide
and molecular oxygen (for reference) over mono-dispersed gold
nanoparticles supported on polycrystalline nanoporous titanium
dioxide and silicon oxide. The XPS data obtained with this tech-
nique provide spectroscopic information about chemical states of
the sample and the adsorbed species under the reaction conditions
[22].

2. Experimental
2.1. Sample preparation

The preparation of the gold nanoparticles was described in a
previous report [23]. Briefly, colloidal nanoparticles with sizes in
the range 2 and 5.5 nm were synthesized by the reduction of gold
(1) chloride hydrate (99.999%) with tetrabutyl ammonium boro-
hydride (TBAB, 98%) in the presence of didodecyldimethylammoni-
um bromide (DDAB, 98%) and dodecylamine (99%), as previously
described by Jana et al. [24]. In a typical synthesis, 0.1 mmol of
HAuCl, were dissolved in 10 ml of a 0.1 M DDAB solution in tolu-
ene. Next, 1 mmol of dodecylamine was added to the solution
and dissolved by sonication. Finally, a solution of 0.3 mmol TBAB
dissolved in 2 ml of 0.1 M DDAB in toluene was rapidly injected
into the gold chloride solution under vigorous stirring in a similar
way as in Refs. [25,26]. After reaction, gold nanoparticles of 2-3 nm
diameters were obtained. Larger particles, up to 5nm, were

obtained by seeded growth from this initial sample. After synthe-
sis, a 0.5 mmol hexadecanethiol solution was added to prevent
aggregation. The mean size and distribution of the gold nanoparti-
cles have been measured using high resolution transmission elec-
tron microscopy, and in all cases, the width of the size
distribution curves was less than 10%, as described in Ref. [23].

For spectroscopy studies, the gold nanoparticles were deposited
on flat substrates using the Langmuir-Blodgett (LB) method
[27,28]. The substrates were either SiO,/Si wafers (native oxide
layer over a silicon wafer) or nanoporous TiO, films over a Si wafer
[29,30]. Before the spectroscopic measurements, the samples were
characterized by scanning electron microscopy (Zeiss Gemini
Ultra-55 Analytical Scanning Electron Microscope) and labora-
tory-based XPS (PHI 5400). To remove the thiols from the Au
nanoparticles, the samples were plasma cleaned in UV/ozone for
60 min. Micrographs of the samples before and after cleaning can
be found in Ref. [23] showing that there is little agglomeration of
the nanoparticles after removing the protective alkylthiol
molecules.

2.2. In situ XPS experiments

All APPES measurements were carried out at the beam line 9.3.2
of the Berkeley Advanced Light Source using a photoemission
spectrometer that is capable of operating at pressures of up to 5 Torr
[31,32]. To ensure that the same depth is being probed in all exper-
iments, the photon energies were selected to ensure the same pho-
toelectron kinetic energy of 300 eV in all spectral regions. So we used
photons of energy 400 eV for the Au4f, 600 eV for C1s, 720 eV for
N1s, and 850 eV for O 1s. After data acquisition of each spectral re-
gion, the Ti 3p peak was also recorded using the same photon energy.
The area of each spectrum was normalized to the integrated inten-
sity of the corresponding Ti3p to correct for the intensity loss due
to the scattering of gas phase molecules at high pressures.

The data analysis involved spectra normalization, Shirley back-
ground subtraction, and curve-fitting with Gaussian-Lorentzian
functions. The Au 4f regions were fitted by doublets with fixed
spectroscopic parameters, such as spin-orbital separation
(3.67 eV) and 4fs,:4f;), branching ratio of 0.75, but with indepen-
dent and variable full width half maximum (fwhm), positions and
intensities as optimized by the fitting program. The O and N 1s re-
gions were fitted by independent peaks with all parameters vari-
able and optimized by the program.

As we have shown recently [33], the binding energy of the gold
nanoparticles on TiO, remains fixed under a variety of conditions
of pressure and temperature, similar to the ones used in the pres-
ent study. For that reason, the energy scales in the XPS curves were
all referenced to the BE of the Au 4f;),, which was set at 84.0 eV,
the same value as for metallic gold. Only under sufficiently high
pressure of oxidizing gases or under X-ray or electron irradiation
does Au become oxidized and a new Au 4f;, peak appears at high-
er binding energy, a process that can be easily detected [34].

3. Results and discussion

XP spectra of mono-dispersed Au nanoparticles (4 nm) sup-
ported on the nanoporous TiO, thin films in the presence of NO
at pressures in the Torr range at room temperature are displayed
in Fig. 1. In all cases, the samples were first heated in vacuum at
110 °C to remove weakly bound species prior to introduction of
NO. When NO was introduced into the system, the peaks broad-
ened with the increasing NO pressure, from 0.99 eV FWHM in
UHV to 1.24 eV under 470 mTorr of NO (Fig. 1a).

Two peaks were observed in the O1s region in UHV, which can
be assigned to the lattice oxygen in TiO, at 531.0 eV, and surface
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Fig. 1. (a) Au 4f XPS spectra of 4-nm mono-dispersed Au nanoparticles supported
on nanoporous TiO, in UHV and under various pressures of NO. (b) Corresponding
0O1s XPS spectra. The binding energy scale was calibrated using the Au 4f;, peak
(84.0 eV). All spectra were taken at room temperature.

hydroxyl groups at 532.6 (Fig. 1b). The hydroxyl groups originate
from background water dissociating at the oxide surface [35].
When 6 mTorr of NO were introduced into the chamber, the two
01s peaks shifted by —0.5 eV, and continued shifting by larger val-
ues as more NO was introduced. At 470 mTorr, the O1s peak had
shifted —1.6 eV. We also observed an increase in intensity and
fwhm of the component at 532.6 eV when the pressure of NO
was 470 mTorr, potentially implying new oxygen containing spe-
cies on the surface, as discussed below.

The binding energy shifts in the O 1s region can be attributed to
band bending in the TiO,, as discussed in a previous work [33].
Nowotny and co-workers studied the effect of oxygen exposure
on polycrystalline undoped TiO, films measuring the changes in
the work function [36]. They found that exposure to molecular
oxygen at ambient pressure increased the work function reversibly
by 0.7 eV due to the adsorption of O, species, which according to
the authors became 05, as indicated in Eq. (1):

0, + Ti*" = Ti*" + 05 (1)

2NO + 2Ti** — 2Ti*" + 0; + N,0 (2)

The charged O, species cause the band bending and the con-
comitant change in work function. Increases in the work function
of TiO, (0.4 eV) due to NO adsorption have also been observed in
UHV studies after exposure to 1077 Torr [37].

In order to check whether the observed peak shifts and broad-
ening occur also when using oxygen, we dosed O, into the cham-
ber. We found that the O1s peaks also shifted to lower binding
energy but less than in the case of NO. The shift was —0.7 eV for
Au/TiO, samples with diameters of 2, 4, and 5 nm under 500 mTorr
0.. In the case of NO, due to its stronger oxidizing character, it can
be easily dissociated on TiO,. When it is adsorbed on Ti**, it can
form N,0 and donate atomic oxygen through the process described
in the equations above. Also, it can be oxidized on the surface of
stoiquiometric TiO, to form NO* and nitrate. Therefore, it is likely
that the change in work function of the TiO, substrate could be
higher in that case.

In Fig. 2, we show the Au 4f and N 1s core level spectra of 4-nm
nanoparticles supported on TiO;, and on SiO; thin films in the pres-
ence of 240 mTorr of NO. On SiO,, only the gas phase peaks from
NO are visible at 405.9 and 407.2 eV. The origin of these two com-
ponents has been described previously by Hosaka and co-workers
[38]. A similar assignation was reported recently by Shimada et al.
using the same instrumental setup as in this work. On TiO,,

Au 4f hv=400ev 240 mTorr NO

N 1s hv =720 eV

84.0 eV

Au/Sio,

L L L L 1 L H
92 90 88 86 84 82 WO
Binding energy (eV)

10 05 200 305
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Fig. 2. Au 4f and N 1s XPS spectra of 4-nm Au nanoparticles deposited on TiO, and
SiO, thin films in the presence of 240 mTorr NO.

however, several peaks due to adsorbed N species are visible. By
reference to published literature values, we assign these species
to atomic N (399.3 eV) [40] and NO3 (405.1 eV) [41]. The peak at
401.9 eV was tentatively assigned to NO dimers or dinitrosyls
species, R-(NO),, intermediates of N,O formation from NO. Those
species were described by Debeila and co-workers when exposing
Au/TiO, samples to NO at room temperature [20]. Nart and Friend
[42] found also the same mechanism when dosing NO to oxidized
Mo(110) and Ertl and co-workers when adsorbing NO over MoS,
[43]. We observe the gas phase peaks now shifted by —1.4eV
relative to the Au/SiO, sample. The shift reflects again the change
in work function of the TiO, due to band bending.

The different NO chemisorption behavior of Au on the two sub-
strates suggest that NO is chemisorbed on the TiO, support only.
This is confirmed by the observation exposing the bare TiO, sup-
port to 240 mTorr of nitric oxide, i.e., the same conditions used
for the Au/TiO, samples; the obtained N1s spectrum is identical
to that on Au/TiO,, as shown in Fig. 3.

The reversibility of the binding energy changes due to the band
bending was tested by desorbing the N-containing species, as
shown in Fig. 4. The spectra at the bottom (a) are obtained after
exposing the 4 nm Au/TiO, sample to 470 mTorr of NO. After evac-
uating the NO gas, the N 1s peaks shifted by 0.4 eV to higher bind-
ing energy, (middle spectra b). Removal of the gas phase decreased
the intensity of the dinitrosyls and NOs adsorbed species. Heating

N 1s hv=720¢eV 240 mTorr NO

N(a)

NO; (No), -

AUITiO,

412 408 404 400 396
Binding energy (eV)
Fig. 3. N1s XPS spectra of the bare TiO, thin film and that with deposited 4-nm Au

nanoparticles in the presence of 240 mTorr NO. All spectra were taken at room
temperature.
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Fig. 4. Au 4f and N 1s XPS spectra of 4 nm Au over TiO, (a) under 470 mTorr NO at room temperature, (b) after evacuating NO and (c) after heating at 200 °C. All spectra were

taken at room temperature.

Table 1
The full width at half maximum (fwhm) of Au 4f peaks in UHV and in NO.

2 nm fwhm (eV) 4 nm fwhm (eV) 5 nm fwhm (eV)

UHV 0.94 0.99 0.94
6 mTorr NO 1.27 1.04 0.96
36 mTorr NO 1.85 1.12 1.05
105 mTorr NO 211 1.18 1.04
240 mTorr NO 217 1.20 1.01
470 mTorr NO 2.18 1.24 1.07

the sample to 200 °C in vacuum (top spectra, c) shifted the N1s
core level and caused the desorption of NO; and most of the dini-
trosyls species. These results indicate that the adsorbed species
containing oxygen and nitrogen are mostly responsible for the
band bending effect, while atomic nitrogen has a minor effect.

We also studied particle size effects by measuring changes in
the Au 4f peaks of nanoparticles of 2 nm, 4 nm, and 5 nm diameter.
As the NO pressure increased the peaks broadened as summarized
in Table 1. Interestingly in UHV, all particles had Au 4f peaks with
similar fwhm (0.94-0.99 eV), regardless of size. The 2-nm sample,
however, exhibited the larger change in fwhm, increasing from
0.94 to 2.18 eV when the pressure increased from ultra-high vac-
uum to 470 mTorr. Substantially smaller increases were observed,
however, for the 4 and 5 nm particles in the same pressure range.
The changes are reversible upon desorption of the NO and its dis-
sociation products as shown in Fig. 4. It is not clear what is the
mechanism driving this broadening. As we have shown, NO ad-
sorbs only on the TiO, support and not on the Au particles
(Fig. 3). Maybe the NO adsorbs on support sites near the Au edges
of the nanoparticles, which are proportionally more abundant in
small particles, modifying their binding energy. Clearly, additional
experiments are needed to understand this potentially significant
result. In situ high resolution imaging by scanning probe or trans-
mission electron microscopy could provide an answer.

4. Conclusions

NO was adsorbed on model Au/TiO, and Au/SiO, catalysts pre-
pared using mono-dispersed gold nanoparticles. Ambient pressure
photoelectron spectroscopy experiments revealed that NO and O,
adsorb only on the TiO, support (within the XPS sensitivity limit

of ~1% of a monolayer) and gives rise to various N-containing spe-
cies. Band bending effects caused by the adsorption of NO and O,
on the TiO, substrate resulted in binding energy shifts of the
Ti3p, O1s, and N1s peaks.

Interesting changes in the width of the Au 4f core level peaks
were observed that depend on particle size. Understanding the ori-
gin of this size dependent broadening may yield clues to the en-
hanced catalytic activity of small Au nanoparticles in CO
oxidation reactions.
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