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Monitoring of the Plasmon Resonance of Gold Nanoparticles in Au/TiO, Catalyst under
Oxidative and Reducing Atmospheres
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Diffuse optical reflectance of Au/TiO, powder catalysts, prepared by the deposition—precipitation method, is
measured in the UV —visible range in controlled atmosphere. An intense optical absorption observed around
550 nm is interpreted by the excitation of plasmon resonances in the 4 nm gold nanoparticles (NPs). The
location, intensity, and width of the absorption can be reproduced theoretically by using a distribution of
shapes of the NPs. The changes of the reflectance upon exposure of the Au/TiO, catalyst to different
atmospheres (O,/He, H,/He, CO/He) are measured in real-time by use of a homemade differential diffuse
reflectance (DDR) spectrometer. The derivative-like DDR spectrum shows that the exposure to oxygen leads
to the adsorption of oxygen species at the surface of the Au NPs. By modeling the DDR spectrum, we analyze
different possible processes that could occur during the oxygen exposure and we find that the main effect is
a charge transfer from gold to the adsorbed oxygen species, combined with a slight flattening of the Au NPs.
The exposure to CO gives a similar but much smaller effect than the one of oxygen. Finally, real-time optical
measurements performed during the exposures to oxygen indicate that two different sets of particles are
probably present in the catalyst, and react with different kinetics, slightly flat three-dimensional NPs and

very flat almost two-dimensional NPs.

1. Introduction

Contrarily to bulk gold which is essentially inert, it has been
demonstrated that supported gold nanoparticles (NPs) can have
remarkable catalytic properties in a wide range of oxidation and
hydrogenation reactions, and especially in the CO oxidation
reaction at low temperature.! The mechanism of this latter
reaction is still unclear.>* While it is largely accepted that CO
adsorbs on the low coordination surface sites of the gold
nanoparticles,* the important issue of the O, activation is still
very much controversial.>~'® It has been proposed that oxygen
could directly react with gold.®'>!* The possible role of the NPs-
support interface, or of the sites at the perimeter of the Au NPs,
has also been pointed out to explain the oxygen activation.”!:15-17
The role of the substrate is indeed very important. Most of the
works report that gold nanoparticles supported on reducible
oxide supports are more active than gold on nonreducible
supports. However, some studies also report catalytic activity
when gold is supported on nonreducible support, which would
mean that oxygen could interact with gold on which CO is
adsorbed. The existence of interaction between molecular
oxygen species and gold particles in Au/TiO, model catalysts
has been proposed'32° and oxidation of surface gold atoms on
gold nanoparticles has been shown.”?!?2 A study by extended
X-ray absorption fine structure spectroscopy (EXAFS)*! revealed
indeed the presence of oxygen atoms in the local environment
of gold atoms of small gold particles, when supported gold
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catalysts were put in air after a reducing treatment. X-ray
absorption near-edge spectroscopy (XANES) studies®!?* re-
vealed charge transfer between gold nanoparticles and adsorbed
CO and oxygen species. Finally, environmental high-resolution
transmission electron microscopy (E-HRTEM), working at 2
mbar, showed that the shape of Au nanoparticles slightly
changes in the presence of a gas, displaying facets under
hydrogen or under vacuum and becoming rounded under
oxygen.'? These results are also strong indications of direct
adsorption of oxygen species on the Au nanoparticles. In contrast
with these results, a very recent ambient-pressure X-ray pho-
toemission spectroscopy (AP-XPS) investigation by Salmeron
et al. showed that Au NPs obtained by evaporation onto the
TiO,(110) surface could not be oxidized at pressures up to 1
Torr of oxygen, except under X-ray radiation.'?

The UV —visible spectroscopy is one of the few “operando”
methods that can be used to in situ investigate the modifications
of the physical or chemical properties of catalysts during
exposure to gases or during catalytical reactions; in contrast
with AP-XPS and E-HRTEM, it can be used at atmospheric
pressure, or even at higher pressure. If oxygen interacts with
Au particles, specific effects are expected, such as change of
particle shape or charge transfer, that should be detected by
optical measurements. We have developed an original experi-
mental method to perform real-time studies of the optical
response of working catalysts during their exposure to gas at
atmospheric pressure. In this study, the catalyst is a powder
consisting of gold nanoparticles supported on TiO, crystallites,
which display large diffuse reflectance spectra, with features
interpreted in terms of the excitation of the plasmon resonance
(PR) of the gold nanoparticles (NPs) by the incident light.
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The purpose of this work is to correlate the changes of diffuse
reflectance, that is, the changes of the optical properties of the
Au/TiO, catalyst when the gas atmosphere is switched for
instance from H, to O, or vice versa with changes in the physical
and chemical properties of the catalyst. To achieve this goal,
the diffuse reflectance spectra are modeled according to various
hypotheses regarding the chemical properties of gold (resulting
from changes in the oxidation state of gold or the possible charge
transfer between Au and adsorbed entities), and the geometrical
properties of the sample such as the shape of the gold particles.
Moreover, the time resolution of this technique, of the order of
one second, enables also kinetic studies during adsorption or
desorption of a gas.

2. Experimental Section

2.1. Au/TiO, Catalyst Preparation and Characterization.
The catalysts were prepared by deposition—precipitation with
urea (DP Urea) as described previously using TiO, (P25,
Degussa, 50 m*/g, 70% anatase, 30% rutile) as support.*?
Typically, a solution of HAuCl, (300 mL, 2 x 1073 M)
corresponding to the desired gold loading (4 wt %, that is, 0.8%
in volume with respect to the volume of TiO,) was prepared
by dissolving the appropriate amount of HAuCl;—3H,0O in
distilled water. Urea was added to the gold solution (Cyye, ~
100 x Cay). The support material (3 g) was added and the
suspension was stirred and heated to 80 °C for 16 h in a dark,
closed reactor. The obtained solid was separated by centrifuga-
tion, washed three times with distilled water (with centrifugation
between each washing) and dried under vacuum at room
temperature for 12 h, resulting in the “as-prepared” samples.
The final catalyst was obtained after activation under air
(calcination) at 500 °C (2 °C/min from RT to 500 °C then 2 h
at the final temperature). It has been previously shown that such
a calcination treatment resulted in the formation of metallic gold
nanoparticles with size below 5 nm supported on the titania
particles.?

TEM analysis was performed using a JEOL 100 CX II
microscope. The histograms of the metal particle sizes were
established from the measurement of 300 particles. The size
limit for the detection of gold particles on these supports is about
1 nm.

2.2. Optical Measurements. Two kinds of optical measure-
ments were done. Before studying the relative changes of the
diffuse reflectance induced by exposure to gas, the determination
of the absolute reflectance of the catalyst is needed. For this
purpose, we first performed absolute diffuse reflectance mea-
surements, by using a commercial spectrophotometer (Cary 5)
equipped with an integrating sphere after calibration with a
PTFE white reference. The powder samples were placed in a
sample holder, whose depth was large enough for the powder
sample to be opaque. Since this apparatus measured the signal
“wavelength after wavelength” by use of a monochromator, it
did not allow us to perform spectral kinetic measurements;
moreover, due to its geometry, the sample was in ambient air
and measurements in a controlled atmosphere were not possible.

Second, in order to monitor in real time the changes of the
diffuse reflectance induced by exposure to gas, we used another
equipment with a simpler geometry, a home-developed dif-
ferential diffuse reflectance spectrometer (DDRS), whose scheme
is shown in Figure 1. The catalyst sample was placed in a home-
built cell with a fused quartz window. A constant gas flow was
maintained (either pure He, or He with fractions of different
gas, that is, H,, O,, and CO). Light impinged the sample from
an optical fiber at an angle of incidence of 45° with respect to
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Figure 1. Scheme of the differential diffuse reflectance spectrometer.

the window of the cell, and the scattered light was collected
with a second optical fiber normal to the window; this
configuration allowed us to eliminate the specular reflection of
the window and to collect only the diffuse light coming from
the powder sample. Given this experimental setup, the measured
quantity is the differential change of the diffuse reflectance
between two states 1 and 2 of the sample, for example, under
two different gaseous atmospheres, and defined as

o= (1)

The spectrometer relied on a CCD camera, which delivered
the reflectance spectra over the whole spectral range in a few
milliseconds, and then integrated the received signal during 0.5
to 2 s to increase the signal/noise ratio. This enabled us to follow
the change of reflectance of the sample in real time, during
exposure to gas, and to investigate the kinetics of gas-induced
changes (adsorption, reaction, etc.). As it will be seen by the
experimental results presented below, this differential technique
is extremely sensitive and allows one to detect very small
changes of the catalyst. To avoid spurious effects coming from
possible photochemical properties of TiO, when illuminated by
ultraviolet light, we used a high-pass filter to eliminate light
with wavelength below 390 nm, which corresponds to the
absorption edge of TiO,. All the measurements were performed
at room temperature and at atmospheric pressure. The flow rate
of the ultrapure gases (99.999%) introduced in the cell was fixed
to a total value of 25 mL/min with the following values: (i)
pure He, 25 mL/min; (ii) O, in He:, 2.5 and 22.5 mL/min,
respectively; H, in He, 5 and 20 mL/min; CO in He, 1 and 24
mL/min.

3. Results

3.1. Transmission Electron Microscopy (TEM) Results.
Former studies?® showed that Au™ precursor present in Au/TiO,
samples after deposition-precipitation is reduced to Au® after
calcination at 500 °C. Figure 2A shows a transmission electron
micrograph (TEM) of the calcined Au/TiO, catalyst measured
in high vacuum. The light gray large particles with an average
size around 20—30 nm, are the TiO, crystallites, while the dark
gray small particles are the gold nanoparticles (Au NPs). The
size histogram of the gold particles in Figure 2B shows a
Gaussian-like distribution. The average size of the NPs is 4 nm
and the standard deviation is around 1.4 nm. Moreover, it can
be seen in the micrograph that some NPs appear to be somehow
flattened (circled on the figure), but the resolution and the
statistics are not good enough to give a quantitative determi-
nation of the proportion of flattened particles and the extent of
flattening. Nevertheless, this is in agreement with former high-
resolution TEM studies of Au/TiO, samples prepared by the
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Figure 2. (A) Transmission electron micrograph of the Au/TiO,
catalyst (110 nm x 130 nm). (B) Distribution of size of the Au NPs.

same method, which showed flattened particles with a truncated
cuboctahedron shape.?®

3.2. Absolute Diffuse Reflectance Measurements. Since the
main purpose of this article is to relate the changes of diffuse
reflectance, measured on the sample during gas adsorption, with
the physical and chemical modifications of the catalyst, we first
characterized the catalyst without any gas adsorption to correlate
the physicochemical and geometrical properties of its constitu-
ents to the absolute diffuse reflectance. The calcined Au/TiO,
catalyst under a H,/He gas mixture at room temperature is
expected to be constituted by metallic Au® particles supported
on the TiO, grains. On the contrary, when the catalyst is placed
in air (or in O,/He), it is expected to end up in a somehow
“oxidized” state with possible changes in particle morphology.
However, as explained above, the absolute diffuse reflectance
measurements could only be performed with the sample
maintained in air. Consequently, we first present the measure-
ment in air. Then, by using the differential diffuse reflectance
measurements, we derive the absolute diffuse reflectance of the
sample in H,, that is, in its reduced state. Finally, we develop
a theoretical model to relate the diffuse reflectance with the
morphological parameters describing the catalyst that enables
us to obtain the distribution of shapes of the Au NPs. As
discussed below, the distribution of size shown in Figure 2B
has very little influence on the optical properties of the Au NPs.

a. Au/TiO; Exposed to Air. The absolute diffuse reflectance
spectra of both the calcined TiO, and Au/TiO, samples were
first recorded in air by using the Cary spectrophotometer
equipped with the integrating sphere (Figure 3). The reflectance
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Figure 3. Experimental absolute diffuse reflectance. (a) Black empty
triangles, TiO, powder in air; (b) Red-filled dots, Au/TiO, powder in
air; (c) blue empty dots, Au/TiO, powder in hydrogen.

measured on the TiO, powder (curve a) is very high between
400 and 800 nm with no spectral features; this indicates that
the TiO, particles scatter light very efficiently with extremely
small absorption in this spectral range. Below 400 nm, the
reflectance drastically drops, because of the rise of the intrinsic
absorption of TiO,, due to interband transitions in rutile and
anatase grains induced by light. In comparison, the diffuse
reflectance of Au/TiO, (curve b) drops remarkably in all the
spectral range. This strong decrease in the diffuse reflectance
spectrum of the sample is therefore related to the optical
absorption of light by the Au NPs and can be attributed to the
excitation of the plasmon resonance (PR) in the Au nanoparticles.

To see more clearly this absorption, we used in the following
the simple two-flux approximation of radiation transfer theory,
that is, the Kubelka—Munk theory.?’?® The radiation transfer
theory is based essentially on flux conservation and, in the two-
flux approximation, one considers that the diffuse field travels,
on the average, only in the two opposite directions perpendicular
to the interfaces of a slab-shaped sample. In this approximation,
there are two phenomenological parameters, usually denoted
by S and K, which are measures of the strengths of the scattering
and of the absorption of the constituent particles within an
element of volume, respectively. It is generally accepted that
the two-flux approximation is valid for systems where scattering
is large and absorption is low. In the case of thick-enough
samples (that is, opaque), which is our case, the relationship
between the diffuse reflectance R and the phenomenological
parameters K and S becomes a function of only one parameter,
K/S, and it is given by

_ K _ Ky
R=1+ (1+S) 1

K_(-R’
S 2R
)

where R is the diffuse reflectance. From the reflectance
measurements of TiO, and of Au/TiO; exposed to air (cf. Figure
3), the K/S ratios are derived by use of eq 2 and the spectra are
drawn in Figure 4.%° For the TiO, sample (without Au NPs,
spectrum a), the absorption due to the interband transitions starts
at wavelength below 400 nm. For Au/TiO, (spectrum b), the
strong absorption centered at 570 nm and with a width of about
200 nm is typical of the plasmon resonance (PR) in the Au
nanoparticles whose location and shape depend generally on
the size, on the shape of the Au nanoparticles, and on their
environment. 3!
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Figure 4. Experimental K/S derived from the diffuse reflectance spectra
of Figure 3. (a) Black empty triangles, TiO, powder in air; (b) red-
filled dots, Au/TiO, powder in air; (c) blue empty dots, Au/TiO, powder
in hydrogen.

b. Au/TiO, Exposed to H,. As mentioned above, the
experimental setup used above did not enable us to perform
direct measurement of absolute diffuse reflectance of the samples
under controlled atmosphere and, for instance, under H,
(Ru,).-We solved this problem as follows. After the determination
of the absolute diffuse reflectance R,;; of Au/TiO, exposed to
air, as shown above, we performed the differential measurement
(Ro, — Ru,)/(Ry,) with the home-developed cell in our DDRS
apparatus (see next section and Figure 6); from these measure-
ments, and assuming that the diffuse reflectance of the sample
is identical in air and in controlled O, atmosphere, we obtained
Ry,. The validity of this procedure is because the light reflected
diffusely by the powder is quasi isotropic; hence no relevant
differences in differential measurements are expected when the
diffused light is collected by use of the integrating sphere of
the CARY, or by use of the output fiber of the DDRS. The
so-obtained absolute reflectance spectrum Ry, is drawn in Figure
3 (spectrum c) and displays only very small differences with
respect to the spectrum measured in air. The corresponding
spectrum K/S for hydrogen environment is also drawn in Figure
4 (spectrum c). Compared to the one obtained in air (spectrum
¢), the PR is blue shifted with its maximum located at 550 nm
and a smaller width of about 180 nm, but displays a slightly
higher tail, that is, a higher absorption, for long wavelengths.
In contrast, in the case of the pure TiO, sample no change is
observed when the sample is exposed to H;, instead of air (not
reported in the figure).

¢. Determination of the Distribution of Shapes of the Au
NPs. To our knowledge, no calculation of the plasmon absorp-
tion spectrum has been attempted for supported gold particles
with different realistic faceted shapes. In a recent publication,
Gonzalez et al.*> have shown that in the case of unsupported
elongated prisms, the absorption band is dominated by a long
wavelength resonance along the long axis, which is similar both
in location and in width to the one of a prolate spheroid. In our
case, we deal with flat particles. Thus, we can expect that the
resonance at long wavelength that appears in the absorption
spectrum of a flat spheroid could represent properly the main
features of the absorption spectrum of flat-faceted particles.
Moreover, since we most likely have a distribution of shapes,
the exact location of this long wavelength resonance will not
be critical. We now proceed to the determination of the
distribution of shapes of the reduced Au NPs. To do this, we
first regard the NPs as supported oblate spheroids with the
revolution axis perpendicular to the surface of the TiO, substrate,
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and then we fit the absolute diffuse reflectance spectrum of the
sample in hydrogen (Figures 3 and 4, spectra c). This result
will be the basis of the analysis of the diffuse differential
reflectance spectra presented in the next paragraph, where we
will propose modifications of the so-determined morphological
properties and/or of the electronic properties of the catalyst when
the sample is exposed to other gases.

In this paragraph, we first derive the formulas to relate the
absolute diffuse reflectance Ry, of the reduced sample, to the
composition and morphological parameters of the catalyst.
Second, we determine the distribution of shapes of the Au NPs
that enables us to fit the experimental data. For gold particles
much smaller than the wavelength of light, which is the case
here since they have an average size of 4 nm, it is well-known
that the plasmon resonance is of dipolar-type and does not
depend on the size.*% In the case of spherical particles, the
resonance is obtained for Re (exu/en) = —2, where €4, and &,
are the complex dielectric functions of gold and of the
embedding medium, respectively, and Re denotes the real part.
Using the dielectric function of bulk gold,” the resonance is
located at Apg = 506 nm for Au nanospheres isolated in a gas
(with &, = 1). The absorption peak shifts to longer wavelength
(red shift) when the surrounding medium is a nonabsorbing
dielectric medium with an index of refraction larger than 1 (e.g.,
Apr = 523 nm for water With nyger = (Ewaer)’> = 1.33, Apr =
535 nm for glass with ngs = (Eg1ass)> = 1.50, and Apr = 633
nm for anatase with nguse = (Eanatase)’> = 2.4). For supported
gold particles, the situation is intermediate between isolated
particles and embedded ones, and the interaction with the
substrate also induces a red shift of the absorption resonance,*
together with the excitation of additional multipolar resonances.**
On the other hand, possible quantum size effect leading to the
spill out of the free electron distribution at the surface might
be important for particles smaller than 4 nm.*>*'#> Such effect
can give a blue shift of the resonance, as large as AA = 40 nm
for particles as small as 2 nm. In addition, if the supported Au
NPs are not spherical, which seems to be the case for some of
them in the present sample, at least under high vacuum (Figure
2), the absorption resonance is expected to be split into several
resonances (three dipolar resonances for an ellipsoidal shape,
two for a spheroidal shape, and several multipolar resonances
for nonellipsoidal shapes).*® Because of the large width of the
gold plasmon resonance band, these splittings should appear as
a shift and a broadening of the resonance. The observed
resonance in K/S (curve c of Figure 4 and drawn again in Figure
5A) is red shifted and much broader than the one of a single
Au sphere supported on TiO,, whose width is about 100 nm
(theoretical curve (1°) drawn in Figure 5A with dashed line).
This broadening of the PR can originate from both intrinsic and
extrinsic (that is, inhomogeneous) broadenings. The intrinsic
broadening in a single particle can have several causes, the
decrease of the mean free path of the conduction electrons due
to the scattering from the surface, the splitting of the dipolar
plasmon resonance, and the excitation of multipolar resonances.
The inhomogeneous broadening is due to a collection of particles
with different shapes, displaying resonances at different positions.

To reproduce the experimental spectrum, we calculated the
KJS curves for different shapes of the oblate spheroidal particles
supported on the TiO,. Since both TiO, grains and Au NPs can
absorb and scatter light, the quantities K and S can be written
as

K=Ky +Kpo, and S=S,,+ S, ()
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Figure 5. (A) (c) Experimental K/S derived from the diffuse reflectance
spectrum of Au/TiO, under hydrogen (black dots). Numbered color
curves: calculated K/S for different shapes, (1) f=1; (2) f= 0.45; (3)
f=0.3;4) f=0.2; (5 f=0.15; (1") dashed line; enlarged K/S for a
sphere f = 1. (d) (continuous blue line) Calculated K/S for a distribution
of shapes of Au NPs. (B) Histogram of the distribution of shape of
gold NPs (aspect ratio f).

If we assume independent absorption and scattering by the Au
and TiO, particles, K and S are proportional to the number of
particles and can be expressed as*’

Kp = 2Npcgbs (4)

3
Sp = TNChll = 8) )

where p = Au or TiO,, N, is the total number of Au or TiO,
particles per unit volume (number densities). Ch, is the
absorption cross-section of the gold NPs (respectively TiO,
grains), and the factor 2 in eq 4 comes from averaging over the
trajectories. Ck., is the scattering cross-section of the Au NPs
or TiO, grains. Here g is an anisotropy factor defined as the
average value of the cosine of the scattering angle; for the case
of very small particles, the scattering is symmetric with respect
to the forward and back scattered directions, thus g reduces to
Zero.

Since the Au and TiO, particles are small with respect to the
incident wavelength, one can use the quasi-static approximation
(which neglects the retardation effects) to calculate the cross
sections, Ch, and C%,. In the case of TiO, grains that display
some variety in sizes and rather rounded shapes, the averaging
of the cross-section in all orientations has been approximated
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by using the cross-section of spheres with an average radius.
On the contrary, the plasmon resonance of the Au NPs is
strongly dependent on their shape, and as indicated above, they
have been considered as oblate spheroids with the revolution
axis perpendicular to the surface of the TiO, substrate, which
is an adequate model for small metal nanoparticles grown on a
substrate.***7 Consequently, their shape depends on only one
parameter, the aspect ratio defined by f = cas/aa, where ca, is
the half-revolution axis and a,, the half axis of the two other
degenerate directions (f = cay/aa, = 1 for a sphere, f = can/an,
< 1 for a flat (oblate) spheroid and f = caaa, > 1 for an
elongated (prolate) spheroid). The absorption and scattering
cross sections can be written as a function of the polarizabilities
o of the particles

) 27n,,

Chs = 1 Ima, (6)
, 8’ nfn )
Ci. = r lag,| (7)

where A is the wavelength of light in vacuum and n,, is the
index of refraction of the embedding medium, given by n,, =
(em)"?. In the present case, both the TiO, particles and the Au
NPs supported on TiO, are in gas, whose dielectric function &,
is equal to 1. The TiO, particles are approximated as spheres,
and in SI units, the polarizability reads as

(®)

where ario, is the radius of the TiO, spheres and &, = 1. The
titanium dioxide used in this study contains different proportions
of rutile and anatase, which can be estimated to be around 30
and 70% respectively (see Experimental Section), both with an
anisotropic uniaxial crystalline structure, therefore both with
ordinary and extraordinary indices of refraction. Since the
particles of anatase and of rutile are randomly oriented in the
sample, we used in the following an average value (both in
orientation and composition) of the dielectric functions of
Ti02.48’49

The polarizability along one of the three principal perpen-

dicular axes i of an unsupported ellipsoidal gold particle is given
by33,5(L52

€Au - gm
m T (Ean — €L

l

©)

P 2 1
aAu - 4'77:aAucAu§8

where L; is the depolarization factor along direction i. For gold
particles supported on larger particles of TiO, (Figure 2A), the
interaction of the polarized gold ellipsoids with the substrate
can be described within the quasistatic image model* in terms
of image charges within a planar substrate. Since the image
charges are highly localized and lie very close to the interface,
it has been shown previously that their highly inhomogeneous
field induces back multipolar charge distributions in the par-
ticle.* All this causes a small red shift of the dipolar resonance
and induces additional weak multipolar resonances besides the
main dipolar one.?>#52-5 [t has been shown that the treatment
of this problem using a multipolar expansion in spheroidal
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coordinates leads to a very fast numerical convergence; the so-
called spheroidal dipolar approximation, which corresponds to
keep up only the dipolar term in the multipolar expansion in
spheroidal coordinates, already gives satisfying results.’>*® With
this approximation, eq 9 can still be used, but with modified
depolarization factors L™ given in ref 53, which account for
the interaction with the substrate, and differ for electric fields
parallel and perpendicular to the substrate.. Using this approach,
we calculate the modified polarizabilities &, for the supported
Au NPs. Since the gold particles are randomly oriented, we
performed an orientational average by taking the mean of the
polarizability over the three perpendicular directions, x, y and
Z,

~ Aver

|
Ay = g((lAu + &), + &) (10)

where 7 is the direction perpendicular to the surface of the TiO,
substrate.

The dielectric function of gold, €4, used in eq 9 has been
taken from ref 37 but was modified with respect to bulk gold
to take into account the electron scattering at the surface of small
gold particles whose size is smaller than the electron mean free
path in bulk ., equal to 12.8 nm.>” One can write’’™’

2
mod bulk p
g () =&y, (W) + ————— —
A A o + ity "
2
—— (1D
w(w + it )

where

2\172
Ne ) (12)

9v=(eu—m

is the Drude plasma frequency of the “free” or conduction s-p
electrons in gold, that is, the value of the plasma frequency
that does not take into account the screening due to the “bound”
electrons, that is, the effect of the interband transitions. Here N
is the density of conduction electrons, e is their charge, and m
is their effective mass, and we are using SI units. For gold,
hQ, =9.04 eV.%7 704 denotes the relaxation time of the free
electrons in the Au NPs. It differs from its value 7y, in gold
bulk, because of the scattering of the conduction electrons at
the surface of the NP, which reduces their mean free path /04
(= URermiTmod)- FOr Au nanospheres, the following expression is
often used***°

-1_; -1, A
l =lLu T R (13)

mod

where R is the radius of the spheres and A is a phenomenological
parameter, whose value ranges between about 0.1 and 1.5,
depending on the theories describing the PR in a particle, and
on the experiments. In our case of oblate spheroids, the best
fitting of the experimental curve was obtained for A = 0.4. For
the value of R, we used the average of the half-axes 2/3a,, +
1/3cau, Where ay, is taken equal to 2 nm, which corresponds
approximately to the average value observed in Figure 2 ( 2 au,
=4 nm).
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The combination of eqs 1—13 allows us to obtain the
theoretical K/S curves for given shapes of Au particles. The
number densities Nrio, and N, that appear in eqs 4 and 5 are
equal to the filling fractions Xrio, and X, of each constituent
in the powder (mixture of TiO, grains, of Au NPs and of gas),
divided by the average volume of the corresponding particles,
4/3 7 amio,® and 4/3 7T aa,® cau, respectively. A combination of
eqs 4 to 9 shows that K/S is proportional to the ratio of the
filling fractions Xa./Xrtio, , (equal to 0.8%, see Experimental
Section), divided by the volume of the TiO, grains; it does not
depend on the size of the Au NPs, or on the compactness of
the powder. The only indirect dependence on the size of the
Au NPs is through the relaxation time in the dielectric function
of gold (eq 11). The radius arip, of the TiO, grains is here an
adjustable parameter which allowed us to fit the intensity of
the experimental K/S curve. The best fit corresponds to ario, =
39 nm. It is larger than the average size of individual TiO,
particles seen in the TEM picture of Figure 2A (2ario, = 20—30
nm), which can be explained by some agglomeration of TiO,
crystals, leading to an increase of its diffusion power. It is worth
pointing out that in the visible range, the absorption of titanium
dioxide is much smaller than the one of the Au NPs, that is,
Krtio, < Ka, (eq 3). Moreover, as the Au NPs are about ten
times smaller than the TiO, grains, and as scattering S varies
as the sixth power of the linear size (eqs 7 and 8), light scattered
by the Au NPs is negligible with respect to that scattered by
TiO,, that is, Stio, > Sa.. Moreover, Stio, can be shown to have,
in the visible range, almost no spectral dependence. Conse-
quently, the measured K/S corresponds essentially to the
absorption by the Au NPs.

The curves numbered from 1 to 5 in Figure 5A are the
simulations of the K/S spectra for a catalyst, which would be
constituted by NPs with a single shape, that is, a single aspect
ratio f. The total amount of Au used to calculate the K/S curves
of every aspect ratio has been taken equal to the actual amount,
and every curve has been divided by a factor of 6, for the clarity
of the figure. All the calculated plasmon resonance bands are
narrower than the experimental one (Figure 5A, curve c). In
the case of spheres (f = 1), the calculated K/S spectrum shows
a bandwidth smaller by a factor of about 2 to 3 than the
experimental one (Figure 5A, curves 1 and 17). For flatter
particles, the resonance band shifts to longer wavelengths then
broadens and increases in intensity. This increase comes partly
from parameter S, dominated as indicated above by the scattering
of TiO,, which varies as 1/2* (egs 5 and 7). Thus, the variation
of K/S as A* leads in our DDRS measurements to a higher
sensitivity to the flat Au particles displaying a resonance at long
wavelengths, than to the round particles with resonance at short
wavelengths. None of the calculated curves reported in Figure
5A fits the experimental spectrum. Consequently, a distribution
of particle shapes has to be taken into account. Rather than using
an analytical distribution (like a Gaussian distribution, or a log-
normal distribution), which does not necessary provide a
satisfying description of the real sample, an ad-hoc shape
distribution was determined to fit the experimental spectrum;
such a procedure has been recently successfully proposed in
the case of Au nanorods.®® For all aspect ratios f, we used ax,
= 2 nm and cx, = faa,, and the corresponding number densities
Nau(f) were fitted in order that the final result (curve d)
reproduces well the experimental curve (c). Figure 5B reports
the so-determined shape distribution. The particle shapes lie
between spheres (f = 1) and oblate spheroids with an aspect
ratio f = 0.15, with a maximum centered at f = 0.5 and an
average aspect ratio f = 0.55. A shoulder in the distribution is
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visible around f = 0.2, which could indicate the existence of a
family of very flat particles, as discussed below. It has to be
outlined that other distributions of shapes, although not very
different from the present one but with the same shoulder around
f = 0.2, enables us to fit satisfactorily the experimental K/S.
The reason is double. First, the resonance is broad whatever
the shape, thus the resonances of particles of different shapes
overlap each with the others; second, for f > 0.6, the position
of the resonance is almost unchanged and centered between 520
and 535 nm. One can see in Figure 5A that the calculated curve
is in excellent agreement with the experimental one for
wavelengths above 530 nm. The tail of the resonance observed
at long wavelengths is explained by the existence of a relatively
small number of very flat particles (f < 0.2). Comparing
calculated spectra 1 to 5, it can be seen that the spectrum that
gives the maximum of absorbance at the shortest wavelengths
is the one corresponding to spherical particles (f = 1). The
intensity of the measured signal below 530 nm, likely due also
to plasmon resonances, cannot be fitted within the present model.
The explanation is likely related to the actual profile of the
electron distribution at the particle surface. Within the so-called
jellium model based on the density functional theory, which
gives a realistic description of the surface plasmons in metals,®!
it has been shown that the spill out of the free-electron
distribution at the surface of the NPs can lead to a blue shift of
the PR as large as 40 nm to smaller wavelengths in the case of
Au NPs with radii smaller than 2 nm.* This effect is not
included in the present calculation. Although it could be
accounted for by an ad-hoc number of particles with a dielectric
function different from the one of Au bulk, it will not be
considered in our approach based on a classical model. The
important issue here was not to get an exact description of the
shape distribution set of Au NPs in the studied catalyst, but
rather to use this description to determine the effect of the
exposure to oxygen or to CO on the optical response of the
catalyst.

4. Relative Change of Diffuse Reflectance Induced by
Oxygen Exposure

4.1. Experimental Results. In the second set of experiments
the relative changes of diffuse reflectance were investigated upon
exposure of Au/TiO; to different gases. All the measurements
were performed at room temperature and atmospheric pressure
by use of our homemade optical setup described in Figure 1.
Figure 6 shows the differential diffuse reflectance spectrum
(DDRS) of Au/TiO, and TiO, after gas switching from H, to
O, and is defined by

The DDR spectrum of TiO, without Au (curve b) is flat and
shows no structure whereas that of Au/TiO, (curve a) presents
an intense signal as large as 20%, which is therefore related to
the Au NPs.

In this figure, one can see that AR/R has a derivative-like
shape with a slightly positive maximum around 520 nm, a
negative minimum around 640 nm, and an inflection point
around 550 nm. It is worth reminding that negative values of
AR/R correspond to an increased light absorption in the catalyst,
and positive values to a decreased absorption. The negative peak
at 640 nm should therefore correspond to an increase of the
absorption caused by the excitation of the plasmon resonance
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Figure 6. Differential diffuse reflectance spectrum AR/R measured
after exposing to oxygen the Au/TiO, catalyst previously exposed to
hydrogen (curve a). The horizontal line (curve b) is the result of the
same measurement performed on a TiO, sample without Au NPs.

021 0.2 +

(B)
0.1 01 +
x 07 0 4
© 1
<
0.1 014+ !
I 1
02 1 1 g
.2 1 1 02+ 1
Hzi 0O, ! H: ' O, Hz1 O,
03 ey P by 03 L
0 50 100 150 200 250 300 350 60 62 64 66 68 70
Time (sec) Time (sec)

Figure 7. (A) Kinetics of the change in the DDR signal of Au/TiO,
at two wavelengths, 650 nm (blue) and 800 nm (red); (B) Zoom between
times 60 and 70 s at the first introduction of oxygen.

of the Au NPs in the presence of oxygen. At first sight, the
general shape of the DDR spectrum can be explained by the
shift of the plasmon resonance maximum from 550 nm for Au
NPs in H; to 575 nm in O,, as seen also in Figure 3 and Figure
4 (curve b). The DDR spectrum induced by the modification of
the diffuse reflectance of the sample upon O, atmosphere is
stable and remains unchanged when the cell is flushed with pure
He; the change is perfectly reversible and the DDRS comes
back to a null spectrum when the cell is filled again with
hydrogen. This can be seen clearly in Figure 7, which shows
the kinetic evolution of the signal at two wavelengths, 650 and
800 nm, as a function of exposure to the different gases. The
Au/TiO, sample was first exposed to hydrogen. Immediately
after removal of hydrogen and introduction of oxygen, the DDR
signal appears within a time scale of a few seconds after which
curve a in Figure 6 is obtained. Subsequently, there is almost
no change as long as the sample is maintained in oxygen
atmosphere. When oxygen is removed and replaced by hydro-
gen, the signal comes back to its initial value, although less
rapidly than during the switch from H, to O, (the kinetics will
be discussed below).

4.2. Theoretical Results. The issue is now to determine the
mechanism that causes this reversible modification of the optical
response of the catalyst, when it is exposed to oxygen. Several
hypotheses can be proposed, (a) adsorption of oxygen on the
TiO, grains, modifying the dielectric function of TiO,; (b)
formation of an oxide layer around the Au NPs; (c) adsorption
of oxygen entities on the Au NPs with charge transfer from
Au, yielding a change in the Drude plasma frequency Q,; (d)
adsorption of oxygen entities on the Au NPs with change in
the scattering of the “free” s-p electrons at the Au NP surface,
yielding a modification of the Drude relaxation time 7; and (e)
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change of shape of the Au NPs. In the following, each
hypothesis will be examined, and the corresponding DDRS
calculated and compared with the experimental spectrum.

a. Change of the Dielectric Function of TiO,. It has been
proposed that in the reaction of CO oxidation over Au/TiO,,
the surface of TiO, could be involved in the activation of
oxygen, which would imply that a certain amount of oxygen
would be adsorbed. Such effects can be taken into account by
a change Aeryip, of the dielectric function of TiO,, used in eq 8,
which gives the polarizability of the TiO, grains. However, as
this polarizability appears at the second power in the final
calculation (eq 7), this leads to a negligible second order effect.
We actually checked that a change as large as 10% in the
dielectric function of TiO, leads to a featureless spectrum with
an intensity five times smaller than the observed DDRS. In
conclusion, even if oxygen adsorbs on TiO,, the effect would
be too small to explain the spectral behavior of the experimental
spectrum.

b. Formation of an Oxide Layer on Gold Nanoparticles.
We examined the hypothesis of the formation of a thin layer of
gold oxide on the Au NPs surface. Formation of surface oxide
has been previously reported for gold surfaces exposed to atomic
oxygen or oxygen plasma.?>%>% For instance, Au(core)/
Au,05(shell) structures with oxide shell thicknesses of about
0.7 nm were obtained when gold clusters were exposed to
atomic oxygen.®? In previous XAS studies performed on Au/
TiO, and Au/Al,O; catalysts, only Au particles smaller than
about 3 nm were found reactive to air, leading to oxidation of
about 10% of the Au atoms, whereas larger particles did not
seemed to be oxidized.®?! On the other hand, few investigations
have been performed on the optical properties of gold oxides.
In an ellipsometric study of the formation of an anodic oxide
layer on Au substrate with a positive applied electrochemical
potential,® the thickness of the layer of oxide was experimen-
tally determined equal to 0.33 nm and its complex index of
refraction at 4 = 632 nm was found equal to n,, = 3.3 + 1.35i.
For comparison, the value for gold at the same wavelength is
nay = 0.17 + 3.4i. This layer of gold oxide was identified as
AuO oxide, which transformed into thicker film of Au,O; for
more positive potentials. The use of this so-determined index
of refraction for Au oxide will provide us the main trends of
the effect of an actual oxide layer formed around the Au NPs.
Using the shape distribution determined above (Section 3.2.c
and Figure 5), we can describe the Au particles as core—shell
oblate spheroidal particles, whose external Au layer (of thickness
tau» chosen equal to the value of a compact (111) monolayer of
gold, that is, 0.236 nm) is replaced by a Au oxide layer (of
thickness tger = 0.33 nm, with dielectric function egen = n6x2).
The geometrical parameters of the Au core and of the Au oxide
shell are therefore ap, — ta, and cay — faw, and day + Lgenl — fau
and cay t fgen — faus respectively. Four effects are involved
here. The volume of the metallic gold in the core is smaller
than that in the nonoxidized particle, thus the intensity of the
plasmon resonance should be lower; the metallic Au core for
each oblate spheroidal particle becomes flatter (ca/aa, ratio
decreases), which should induce a red shift; the Au core is
surrounded by a thin dielectric layer of oxide and not by gas,
which should also induce a red shift, together with a damping
of the plasmon resonance due to the imaginary part of the index
of refraction of the Au oxide; the reduction of the core size
induces also a reduction of the mean free path of the Au free
electrons, therefore a reduction of the Drude relaxation time
and a damping of the resonance.
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The polarizability of a core—shell spheroid in vacuum along
direction i with core and shell dielectric functions &y and &gpep
and a thickness tg, for the shell is given by*?

o = Viegen = €emp)[Espen T (Ecore — Egpen)
(L™ — gL?heH)] + Eegen(Eeore — Egpen)}/
legmen T Eeore = Ege L™ — EL?heu)][gemb +
(Egpen — 8emb)L?heH] + EL?he“gshell(gcore — ega)) (14

where V is the total volume of the particle, L' and L™ are
the depolarization factors of the inner and outer spheroids,
respectively, and & is the ratio between the volume of the inner
spheroid (the core) and V

(aAu - tAu)z(CAu - tAu)
&= 3 (15)
(@py T Lopen = 14) (Cay T Lopen — Tau)

In the present case, we used the spheroidal dipolar ap-
proximation that describes the interaction of a spheroid with
an uncoated substrate,® by replacing the depolarization factors
used in eq 15 by the effective depolarization factors L;"*¢ given
in ref 53. We performed the calculation with two different values
of the dielectric function of the gold oxide layer, egqen = oy’
where n,, = 3.3 +1.35i is the value reported above in ref 64,
and &g = 1, which corresponds to an external layer of gold
oxide without optical response. For the core, we used the same
e as above (eq 11).%° Figure 8A compares the calculated
spectra for ege; = 1 (curve b) and &g = 70> (curve c) with
the experimental spectrum a. When &g, is taken equal to 1,
the broad and intense positive maximum around 530 nm in the
DDR spectrum is due to an increase of the reflectance, therefore
to a global decrease of the absorption resulting from the lower
amount of metallic gold in each particle. The negative values
above 600 nm are due to a shift of the plasmon resonance toward
longer wavelengths coming from the flattening of the metallic
part of the particles. With &gy = noy’, spectrum c exhibits the
same trend and the above-mentioned effects are even larger; in
this case, the shift to longer wavelengths is due both to the
flattening of the gold core and to the dielectric function of the
shell. In both cases, the calculated effect is too large and does
not reproduce the experimental results. Moreover, the experi-
mental minimum around 640 nm is absent (except in the dashed
blue curve (b") for &g, = 1, that will be discussed below). Other
values of &g, have been tested, either real or complex, but all
of them gave results quite different from the experimental
spectrum. Consequently, the poor agreement between the
calculated spectra and the experimental one allows us to rule
out the hypothesis of the formation of an actual oxide layer on
gold NPs. It is worth stressing the extreme sensitivity of the
DDRS technique. The calculation shows that, even a slight
modification of the gold particles, that is, the formation of one
monolayer of oxide at the surface of the Au NPs, leads to a
huge effect. To get a calculated spectrum with the same intensity
as the measured one (but with a different shape), it would be
necessary to have an oxide thickness equal to 0.04 nm, which
has no physical meaning.

Despite the limitation of this simple calculation, it gives the
main trend of the effect of the formation of an oxide gold layer
around the Au NPs. Such an effect is clearly to be rejected.
However, it does not exclude the adsorption of oxygen species,



9016 J. Phys. Chem. C, Vol. 114, No. 19, 2010

0.8

0.6 1
0.4
0.2 1

0

ARR

0.2 1
0.4 1

-0.6 1

0.8

400 450 500 550 600 650 700 750 800
Wavelength (nm)

ARR

0.2 1+

-0.3 s P
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 8. (A) (a) Experimental AR/R spectrum of Au/TiO, (same as
in Figure 6); (b) blue line, calculations performed with the oxide shell
model, for &g,y = 1; (c) red line, calculations performed with the oxide
shell model, for egqen = no’. (b’) and (c¢’), dashed lines, similar
calculations after removal of the plasmon resonance of the very flat
NPs (see Section 4.2.d). (B) (a), Experimental AR/R spectrum (same
as in Figure 6); (b) calculations performed by changing the Drude
parameter 7 (using A = 0.6 instead of A = 0.4); (b") dashed line, similar
calculations after removal of the plasmon resonance of the very flat
NPs (see Section 4.2.d).

which would modify only very slightly the optical response of
the outer layer of Au. Such effects are examined in the next
sections.

c. Change of the Relaxation Time of the Drude Electrons
in the Au NPs. It has been shown that the interaction of metal
particles with adsorbed molecules, or with molecules of the
embedding medium or of the support that are in contact with
the particles, can induce a damping of the plasmon resonance,
which is called the “chemical interface damping”.* It has been
explained by the temporary transfer of hot electrons of the
plasmon excitation to “affinity levels” of the molecules bound
to the Au NPs. Residence times of these electrons (1074 s) are
large enough to disturb the phase coherence of the collective
excitation, and therefore to broaden the plasmon resonance.>
This effect can be described by an increase of the factor A in
eq 13, which is related to the proportion of electrons scattered
at the NP surface. The increase of A from 0.4 for Au NPs in
hydrogen (see above) to 0.6 for Au NPs in oxygen, leads to
curve b in Figure 8B. Its shape is still far from the experimental
one, and results from the additional damping and broadening
of the plasmon resonance, leading to a lower absorption around
the maximum at 550 nm in K/S, that is, positive values in the
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DDR spectrum, but to a stronger absorption at longer wave-
lengths in K/S, that is, negative values in the DDR spectrum.
The use of larger A values gives spectra of the same shape as
curve b with larger positive and negative values. The dashed
curve b” will be discussed below. The disagreement with the
experiment leads us to conclude that even if some chemical
interface damping occurs because of the adsorption of oxygen
this cannot be the main effect.

d. Charge Transfer from the Au NPs. Previous studies
showed that exposure of supported gold catalysts to O, is
expected to induce a transfer of electrons from the surface Au
atoms to the oxygen species.”!® This can be taken into account
in a simple way by considering that the density N of the Au
free s-p electrons, involved in the plasmon resonance of the
particles, is reduced. After eq 12, the Drude plasma frequency
is therefore modified and reads

mod __ (N _ A]v)e2 2 _ AN\112
s IEL IR R

where AN is the decrease of the free electron density N due to
the charge transfer. This induces a modification of the Au
dielectric function, given by eq 11, where €2, in the last term is
replaced by Q,™9, and induces consequently a red shift of the
surface plasmon in the particle.

We start again with the shape distribution determined in
Section 3.2.c (Figure 5B), with the particles described by the
parameters a,, = 2 nm and ca, = faa,. The number of surface
atoms in a particle depends on its aspect ratio f; the ratio of
surface to bulk atoms increases as f decreases. Considering that
the charge transfer is proportional to the number of surface
atoms, its effect will be therefore more important for the flatter
particles (small f). The best agreement with the experiment is
obtained for an average charge transfer equal to 0.13 electron
per surface atom. For instance, for a spherical particle of radius
dx, = 2 nm, the values obtained are AN/N = 4.6% and th“’d
= 8.83 eV, instead of A2, = 9.04 eV for gold bulk, and for an
oblate spheroid with f = 0.4, AN/N = 9.7% and th‘"d =8.59
eV. The result of the calculation is spectrum b in Figure 9A.
Both the maximum around 500 nm and the fast decrease of the
experimental differential reflectance between 500 and 600 nm
are correctly reproduced, although the calculated spectrum still
displays positive values at short wavelengths. The discrepancy
above 650 nm will be discussed below. It is worth mentioning
that another approach, the two-layer model, has been very
successful for interpreting differential reflectance spectra mea-
sured on noble metal surface in electrolytes;®’ because of the
charging of the surface by the applied bias, the surface layer
was considered to have a different density of electrons, while
the bulk remained unchanged. In our case of Au NPs, we
checked this approach by using the core—shell model described
above (eq 14), where the internal dielectric function is the one
of bulk gold, and the external Au monolayer has a modified
dielectric function with a reduced density of free electrons, given
by a fixed charge transfer for every surface Au atom. The
obtained results are very similar to the previous ones in Figure
9A and are not presented here. Our results can be compared to
recent optical transmission experiments performed on sensors
made of TiO, semiconductor thin films, doped with 10 nm Au
NPs and prepared by sol—gel technique. A similar but smaller
shift of the plasmon resonance was obtained when the film was
exposed to H, or to CO in air at the temperature of 360 °C.%
Although this system and the experimental conditions are quite
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Figure 9. (A) (a) Experimental AR/R spectrum of Au/TiO, (same as in Figure 6); (b) calculation with charge transfer. ct = 0.13 electron per atom;
(b"), dashed line, similar calculations after removal of the plasmon resonance of the very flat NPs (see Section 4.2.d). (B) (a) Experimental AR/R
spectrum (same as in Figure 6); (b) red line, calculation with flattening of NPs, factor x = 0.9; (c) blue line, calculation with rounding of NPs, factor
x = 1.1; (b",¢) dashed lines, similar calculations after removal of the plasmon resonance of the very flat NPs. (C) (a) Experimental AR/R spectrum
(same as in Figure 6); (b) combination of charge transfer (ct = 0.05) and of change of shape (x = 0.92); (b") dashed line, similar calculations after

removal of the plasmon resonance of the very flat NPs.

different from ours, it is worth noticing that the authors
interpreted also their data in terms of charge transfer from the
Au NPs, leading also to a decrease of the bulk plasmon
frequency, therefore a red shift of the plasmon resonance.
However, the corresponding theoretical curves were not shown
in ref 68 and the amount of charge transfer was not evaluated.

At this point, we have to discuss the experimental minimum
around 650 nm and the positive slope for longer wavelengths
(curve a in Figure 9A), leading even to positive DDR signal
above 750 nm, which have not been reproduced by any of the
previous calculations. The absolute K/S spectra measured in
hydrogen and drawn in Figure 4 (curve c) shows a long
absorption tail at long wavelengths, in addition to the resonance
centered at 550 nm. The exposure of the catalyst to oxygen
results in a red shift of the main resonance in K/S and an increase
of the intensity of absorption, as well as a decrease of the
absorption tail above 700 nm (curve b in Figure 4). In additional
experiments not presented here, the diffuse reflectance of the
catalyst has been monitored during the reduction of the ‘“as-
prepared” Au/TiO, sample and the progressive formation of the
Au NPs in an hydrogen atmosphere. It showed that the PR
develops in the following two steps: the first one is the main
absorption around 550 nm, and the second one is the tail at
longer wavelengths. This observation may indicate that the long
and short wavelength plasmon resonances could be related to
two kinds of Au NPs: one set of three-dimension particles as
seen in the TEM pictures (Figure 2) leading to the PR at 550
nm, and a second set of possibly very flat particles, whose PR
are located at longer wavelength. According to Figure 5A, the
absorption around and above 700 nm would correspond to flat

particles with aspect ratios f smaller than 0.15. For NPs with
dimension 2a,, = 4 nm, this gives a short dimension 2cs, =
2fax, < 0.6 nm, that is, about 3 monolayers or smaller. The
presence of such very flat particles cannot be observed in our
TEM pictures, and they are usually very difficult to be observed
in TEM micrographs. A recent study using aberration-corrected
scanning transmission electron microscopy, that is, a much more
sophisticated TEM than ours, revealed the presence of 0.5 nm
wide bilayer clusters in iron oxide-supported gold catalysts with
about 10 atoms, which are presented as the actual active Au
NPs for the oxidation in CO.%

The issue of the minimal size of the Au nanoparticles or
clusters at which surface plasmon appears is the matter of active
research.”%7> The distinction between molecular-like optical
absorption in very small clusters (a few tens of atoms), which
involves intraband sp—sp transitions, and plasmon absorption
in larger particles (more than 100 atoms), which involves
collective motion of the sp electrons, is not clear. For instance,
ligand-coated Au clusters with 25 atoms have been shown to
display an asymmetric absorption centered at 700 nm with a
tail up to 900 nm due to the sp—sp intraband transition of the
13 atoms (Au,3) of the core of the cluster.”! Similar absorption
centered around 700 nm has been reported for coated Aujs
clusters.”? In luminescence studies of gold clusters with 5 to 31
atoms, the free electrons are involved in a so-called “proto-
plasmonic” intraband absorption, presented as “the small-size
limit of the plasmon absorption within bulk metals”, and whose
maximum absorption depends on the number of atoms.”
Although the results obtained on ligand-stabilized Au clusters
in solution cannot be directly transposed to the case of gold
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particles on TiO,, it is possible that the long wavelength
absorption observed here could be related to the presence of
such supported Au clusters. In the following, if for the sake of
brevity we continue to attribute this absorption at long wave-
length to flatter particles, one has to keep in mind that it could
be also arise from sp—sp intraband transitions in very small
Au clusters. The important point is that the presently observed
long wavelength absorption could be understood as the optical
fingerprint of such Au clusters or of such Au very flat and small
particles.

The kinetic experiments show that the short wavelength
absorption and the long wavelength one evolve differently with
respect to the exposure to oxygen, as illustrated in Figure 7,
where the DDR signal evolution is drawn as a function of time
at two different wavelengths, Ay, = 650 and Ay, = 800 nm.
Amin corresponds to the minimum of the DDR spectrum and is
related to the modification (mainly red shift) of the short-
wavelength absorption resonance centered at 550 nm of the 3D
particles, while A, is related to the long-wavelength resonance
of the “flattest” particles. The zoom in Figure 7B shows that
after the introduction of oxygen, the signal at A, immediately
develops whereas the one at Ay, is delayed for a couple of
seconds. On the contrary, when oxygen is replaced by hydrogen
(at time = 150 sec), the A, signal is restored rapidly within a
few seconds, while several tens of seconds are needed for the
Amax signal. This indicates that the long wavelength resonance
is more sensitive to the presence of oxygen and is easily damped
but less easily restored.

Whatever the origin of the long wavelength resonance is, it
is expected to be very sensitive to any effect due to the exposure
to oxygen (charge transfer, change of shape, change in the
bondings between atoms), and it could even be totally sup-
pressed. To address this possible extreme sensitivity to oxygen
of the long wavelength plasmon resonance in the very flat NPs
or in the clusters, we took into account in the calculation based
on the distribution of shapes, the suppression of the PR of the
“flattest” NPs (f < 0.15), induced by the exposure of the catalyst
to oxygen. The result of this additional effect for the DDR
spectrum is drawn in dashed line (curve b”) in Figure 9A, within
the analysis in term of charge transfer. The agreement with the
experimental spectrum is now more satisfying in the whole
spectral range despite some discrepancies and in particular the
calculated positive values below 500 nm. Both the shape and
the intensity of the experimental curve (a) are correctly
reproduced. This very high sensitivity to oxygen of the “flattest”
particles is in agreement with the observations made by Bondzie
and coauthors, who studied the adsorption of O, on ultrathin
gold particles supported on TiO,(110) and reported that the
oxygen adsorption strength increases for the thinnest Au
islands.”"™ We also checked the effect of removing the PR of
the “flattest” particles in the two previously proposed analyses,
namely the formation of an oxide layer (dashed curves b” and
¢’ in Figure 8A) and the modification of the relaxation time of
the Drude electrons (dashed curve b’) in Figure 8B. The results
are not improved, and we can again rule out the corresponding
hypotheses on the effect of oxygen.

e. Change of Shape of the Au NPs Induced by Oxygen
Adsorption. Tt has been shown recently by environmental
transmission electron microscopy in low pressure of gas that
the shape of the Au particles could change slightly in the
presence of a gas, becoming rounded up under oxygen and
displaying facets under hydrogen.'? This observation reveals the
mobility of some surface atoms of the gold nanoparticles. As
mentioned in Section 3.2, we do not explore in the present
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approach the optical response of supported faceted particles,
first because such calculations have not yet been reported in
literature, and second because the distribution of shapes of such
particles and their changes in shape would require a large
number of adjustable parameters. In the analytical procedure
we use, the change in shape of the spheroidal Au NPs induced
by the exposure to oxygen can be taken into account by a simple
parameter, giving the main trends of the change of the optical
response of the system. We can consider either a flattening of
all the particles, that is, a decrease of the aspect ratio f, or on
the contrary an increase of f. From the previously determined
shape distribution (Figure 5B), we replaced each aspect ratio f
by xf, with x < 1 for a flattening of the NPs, and x > 1 for the
opposite. Figure 9B shows the results obtained for x = 0.9 (curve
b) and x = 1.1 (curve c). With an increased aspect ratio f;, the
calculated spectrum is completely opposite to the experimental
one. On the contrary, the agreement is rather good for a
flattening of the NPs. It must be noticed that negative values
are obtained at short wavelengths, as observed in the experiment.
Using in addition the same approach as in the previous section,
that is, the suppression of the PR for the “flattest” particles with
aspect ratio f smaller that 0.15, this leads to a qualitative good
agreement with the experimental spectrum in the whole spectral
range (curve b’ in Figure 9B).

4.3. Discussion of the Different Models. The calculations
have first shown that the absolute optical spectrum (curve ¢ in
Figure 5A) could not be fitted by considering a single particle
shape, but required the use of a distribution of shapes based,
for example, on oblate spheroidal shapes with various aspect
ratios f (Figure 5B). This is an important fact that cannot be
easily approachable by electron microscopy. The second
important information is given by the kinetics experiment of
switching gas, O,/H, (Figure 7), which revealed that the
“flattest” Au particles are more sensitive to gas exchange. Indeed
the kinetics of change of the DDR signal is faster at A = 800
nm than at 650 nm. Concerning the DDRS measurements
(Figures 8 and 9), the results of the calculations using different
models to reproduce the effect of adsorption of oxygen show
that several of them can be excluded:

(i) A modification of the TiO, substrate has no visible effect
on the DDR spectrum.

(i) The presence of an oxide layer surrounding the Au NPs
can be excluded, as the calculated curves have a very different
shape than the experimental one.

(iii) The modification of the relaxation time of the Drude
electrons resulting from interaction with adsorbed oxygen
(“chemical interface damping”) cannot explain alone the
experimental results, although it can have some influence.

On the other hand, the calculations show that the suppression
(or at least a very strong damping) of the PR of the “flattest”
particles, which is located at long wavelengths, is likely
occurring. Nevertheless, the two models that reproduce properly
the experimental observation are the one involving charge
transfer between Au particles and oxygen and the one leading
to flattening of the particles in the presence of oxygen. In the
former case, the calculated spectrum exhibits positive values at
short wavelengths (curve b’ in Figure 9A), which are not
observed experimentally (curve a). In the latter one, the shape
of the spectrum at short wavelengths (curve b” in Figure 9B)
with the positive maximum at 520 nm is not well reproduced
(curve a). It is clear that both models are not exclusive; the
change of shape of the particles (their flattening) is a strong
evidence of direct adsorption of oxygen species on the Au NPs
in agreement with environmental TEM.'? This adsorption is
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expected to be accompanied by charge transfer. Combining both
models, that is, change of shape and charge transfer, leads to a
very good agreement with experiment, except for wavelengths
above 750 nm (curve b’ in Figure 9C); the best fitting has been
obtained with the parameters x = 0.92 and ct = 0.05 electron
and when the PR for the “flattest” particles (f < 0.15) has been
removed.

These results show very conclusively that the adsorption of
oxygen species on the Au NPs supported on TiO, induces a
charge transfer from gold to oxygen, accompanied most likely
by a flattening of the NPs. They show also that the flattest Au
NPs (or Au clusters) are highly reactive to oxygen. However,
these results do not bring information either on the activation
of oxygen (resulting in possible dissociation of molecular
oxygen or formation of O,* species, that is, with a weakened
0O—0 bond), or about the adsorption sites of the oxygen species
(on the Au particles or at the interface between Au NPs particles
and the substrate). The oxygen active species involved in the
catalytic oxidation of carbon monoxide could be molecularly
adsorbed O, or atomically adsorbed oxygen. The latter hypoth-
esis implies the dissociation of O, on the catalyst. Atomic
oxygen has been demonstrated as reactive in CO oxidation.”*7°
However, the dissociation of O, on gold surfaces is not
documented in the literature. Only a limited number of works
reported the molecular adsorption of oxygen on model gold
surface and gold nanoparticles*'**"7-78 but some theoretical
works indicate that low coordination sites (steps, edges, corners)
of gold nanoparticles are suitable for molecular adsorption of
oxygen.” ™ The reactivity of CO and O, on anionic gold clusters
Au,~ showed that the CO oxidation mechanism on these small
gold clusters involves dioxygen species (superoxo O, or peroxo
0,27)%3¢ rather than atomic oxygen and that the oxygen
adsorption takes place via the charge transfer from the gold
clusters to the antibonding 7z* orbitals of 0,.%4% Our interpreta-
tion in term of charge transfer from gold to the oxygen species
which could be adsorbed at the surface of the Au NPs is in
agreement with these works. It is also in agreement with
experimental observations by use of XANES experiments. In a
XANES study on Au/TiO, catalyst prepared in the same way
but with Au particles with smaller average size than in the
present paper, some of us found that the smallest particles are
the more “reactive” toward oxygen.'** More precisely, evidence
was reported for “activated gold—oxygen complexes” at the
surface of 1.7 nm Au NPs. It was suggested that the effect of
these complexes could be a “depletion of the Au d-band in
otherwise essentially metallic gold clusters. In the present
approach, we consider a depletion of the sp conduction electrons
with unchanged d-bands. It is possible that both effects occur,
but that XANES mainly probes the changes of the Au d-bands,
while the plasmon resonance mainly probes the changes in the
sp conduction band. It can be also noticed that the counting of
electrons in the different bands is not an easy issue, because of
the non-negligible hybridization of the s, p, and d electrons in
bulk Au as well in Au NPs; for instance, it has been shown
from NEXAFS experiments and from calculations that some
electron transfer occurs from the d-bands and the s-bands to
the p-bands, and that the intensity of this transfer depends on
the size of the Au NPs.%’

5. Relative Change of the Diffuse Reflectance Induced by
CO Exposure and by CO/O, Exposure

We also investigated the exposure of the Au/TiO, catalyst to
CO. CO seems to have an effect very similar to the one of
hydrogen, since switching gas from CO to O, gives spectra with
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Figure 10. (a) Black dots, experimental differential diffuse reflectance
spectrum AR/R of Au/TiO, measured after exposing to CO the catalyst
previously exposed to hydrogen; (b) continuous red line: combination
of charge transfer with ct = 0.002 and of flattening of Au NPs with x
= 0.9975.

the same shape as the one drawn in Figure 6 (not shown here).
In fact, effect of H, and of CO are not exactly the same; when
switching from H, to CO, a small but visible effect is obtained
(spectrum drawn with black dots in Figure 10). The shape of
the spectrum with CO resembles the one with O, (spectrum a
in Figure 6), but its intensity is 40 times smaller (for this reason,
it is noisy). Comparison with the calculations presented in
Figures 8 and 9 shows that the interpretation is likely the same
as in the case of exposure to oxygen. Figure 10 reports the best
result of calculation (red continuous curve), when considering
a combination of the charge transfer and the flattening of the
particles with the following parameters ct = 0.002 and x =
0.9975. As done previously in the case of exposure to oxygen,
the resonance of the “flattest” particles has been reduced (but
in the present case not completely suppressed); the intensity of
the PR for the particles defined by f < 0.16 has been reduced
by 7%, while the intensity of the PR for the particles defined
by f = 0.12 was reduced by 57%. It permits us to correctly
reproduce the positive increase of the DDR signal above 700
nm. The theoretical curve reproduces very well the experimental
spectrum. These results agree with previous studies. The
adsorption of CO on the low-coordination sites of gold
nanoparticles is indeed well documented in the literature.!
A charge transfer from the gold nanoparticles to the adsorbed
CO molecule was also found in the XANES studies previously
reported”'” and was assigned to electron back-donation into the
antibonding orbitals of CO, although the charge transfer between
the d-band of gold and CO was stronger than with oxygen.
Again, the electronic levels examined through UV —visible (sp
bands) are different than those examined in XANES (d-band),
and the hybridization between s, p, and d electrons prevents a
straight comparison between these results.

6. Conclusion

The optical properties of Au/TiO, powder catalyst were
investigated by means of diffuse reflectance spectroscopy. The
observed intense absorption band centered at 550 nm is shown
to be due to the excitation by light of plasmon resonances in
the Au nanoparticles supported on the TiO, nanocrystals. Using
an adequate model for describing the diffuse reflectance spectra,
the shape and location of the absorption band could be
interpreted by the distribution of shapes of Au NPs with a 4
nm average size. Most of the particles are three-dimensional
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flat particles and can be modeled as oblate spheroids with an
average aspect ratio centered around 0.5. The change of diffuse
reflectance upon exposure to O, was real-time monitored by
use of a highly sensitive homemade spectrometer. The dif-
ferential diffuse reflectance spectra display derivative-like shapes
due to the modification of the plasmon resonance of the NPs
induced by the exposure to oxygen. Using this approximation
for the oblate spheroidal shape of the Au NPs, several models
based on reasonable hypotheses were examined in order to
reproduce the experimental data. They enabled us to conclude
that oxygen actually adsorbs on the Au NPs supported on the
TiO, substrate, without formation of gold oxide. This adsorption
induces a small charge transfer from gold to the oxygen species
(about 0.05 electron per Au surface atom) as well as a slight
flattening of the particles (around 8% decrease of the average
aspect ratio). The exposure of the catalyst to CO, beforehand
placed in hydrogen, leads to a similar but much smaller effect.
A detailed analysis of the differential diffuse reflectance spectra
and of the kinetics of their change upon exposure to the gases
revealed the probable presence of two sets of nanoparticles, a
majority that are flattened tridimensional NPs, and a minority
that react more extensively with oxygen, and are either very
flat, almost two-dimensional, NPs with an aspect ratio lower
than 0.2 or clusters with a small number of atoms.
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