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ABSTRACT: Infrared (IR) studies of Au/TiO, catalyst
particles indicate that charge transfer from van der Waals-
bound donor or acceptor molecules on TiO, to or from Au
occurs via transport of charge carriers in the semiconductor
TiO, support. The Avcg on Au is shown to be proportional to
the polarizability of the TiO, support fully covered with donor
or acceptor molecules, producing a proportional frequency
shift in vco. Charge transfer through TiO, is associated with
the population of electron trap sites in the bandgap of TiO,
and can be independently followed by changes in photo-
luminescence intensity and by shifts in the broad IR
absorbance region for electron trap sites, which is also
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proportional to the polarizability of donors by IR excitation. Density functional theory calculations show that electron transfer
from the donor molecules to TiO, and to supported Au particles produces a negative charge on the Au, whereas the transfer from
the Au particles to the TiO, support into acceptor molecules results in a positive charge on the Au. These changes along with the
magnitudes of the shifts are consistent with the Stark effect. A number of experiments show that the ~3 nm Au particles act as
“molecular voltmeters” in influencing Avcq. Insulator particles, such as SiO,, do not display electron-transfer effects to Au
particles on their surface. These studies are preliminary to doping studies of semiconductor-oxide particles by metal ions which
modify Lewis acid/base oxide properties and possibly strongly modify the electron-transfer and catalytic activity of supported

metal catalyst particles.

1. INTRODUCTION

The electrical charge that results on supported metal
nanoparticle catalysts under reaction conditions is important
as it controls electron transfer and catalytic transformations that
occur at the active sites on the surface of these particles.
Understanding the mechanisms that control charge transfer and
the activation of molecules at specific sites can aid in the design
of more active and selective catalysts. Charge transfer can occur
between adsorbates and different sites on the metal surface as
well as between adsorbates and the support. The charge
transfer that occurs between atomic sites on the surface with
different metal atom coordination numbers provides one of the
most prevalent routes whose mechanisms date back to early
studies of the work function of atomically smooth metal
surfaces compared to atomlcally rough surfaces as developed by
Smoluchowski' and Gomer” and by Lang and Kohn.”

In addition to the local charge distribution among metal sites,
a metal particle residing on a semiconducting oxide support can
also undergo a global charging effect as a result of its electronic
interaction with the semiconductor support.’ As shown in
Figure 1, TiO, is a semiconductor with a bandgap on the order
of 3.1 eV. TiO, is typically a nonstoichiometric oxide with a
slight deficiency of O~ ions. This leads to upward band
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bending at the TiO, surface, and the TiO, is designated as n-
type TiO, as a result of the extra negative charge that resides at
surface oxygen vacancy defects.’ These vacancy defects and the
excess electron charge at the surface are easily observed in STM
studies.’ However, there are also oxygen vacancy-defect
electron trap states in the TiO, bulk which are located above
the Fermi level and slightly below the bottom of the
conduction band (CB) which may be partially filled with
electrons. These defect sites can participate in accepting or
donating electrons to adsorbed donor or acceptor molecules
that bind to TiO,. Adsorbed donor molecules contribute
electrons to TiO, causing bulk defect sites to become more
occupied. In contrast, adsorbed acceptor molecules withdraw
electrons from TiO, thus resulting in the loss of electrons from
these bulk defect sites.” The adsorption of donor molecules
contributes to a lowering of the extent of upward band bending,
while adsorption of an acceptor molecule increases upward
band bending.

Au nanoparticles on TiO, also respond to charging and
discharging of the TiO, bandgap defect states by themselves
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Figure 1. (a and b) Schematic energy levels for TiO, and a Au
nanoparticle in contact with TiO,. Electron donation from the donor
molecule to a TiO, bandgap state is followed by partial electron
transfer to the Au particle. Band bending decreases with charge
injection from the donor molecule to the support. (c) A chemisorbed
CO molecule shifts its g frequency in accordance with the change in
electric field caused by changes in the electron surface density at the
Au particle. The Avco change is driven in negative and positive
directions by donor and acceptor molecules, respectively.

receiving or donating charge to the TiO, support depending on
the occupancy of these bandgap states. The fractional negative
charge on Au nanoparticles will be located at the outer surface
of the Au particles as a result of Gauss’s law.® Changes in the
concentration of electron charges on the Au surface will change
the electric field at the surface of the Au, and the vibrational
spectrum of the chemisorbed CO on Au will therefore shift its
Vco negatively as electron density is added to the Au surface; in
contrast, Vo will shift positively as electron density is removed.
These vy shifts measure the electric field on metals in
accordance with the well-known Stark effect’ often seen for
adsorbates on charged metals.

In Figure 2, electron donation to the bandgap defect states in
TiO,"° will influence the infrared (IR) broadband absorbance
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Figure 2. Adsorption of a donor molecule onto n-type TiO, results in
a reduction in upward band bending and an increase in the population
of the gap states near the bottom of the CB. This is detected by an
enhancement of background absorbance of TiO, in the IR region as a
result of IR excitation from the gap states into continuum CB states.

of the background of the TiO, IR spectrum, and this may be
sensitively observed by transmission IR. An increase (or
decrease) in electron occupancy in the bandgap states causes
an increase (or decrease) in the background absorbance in the
IR spectrum of the catalyst support. Figure 2 shows a schematic
in which electrons are excited by IR photons from the TiO,

1973

bandgap states over a wide frequency range leading to
excitation into the continuum of the TiO, CB states.

The role of the adsorption of donor and acceptor molecules
on TiO, is schematically shown in Figure 3, where the extent of
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Figure 3. Schematic diagram showing the band bending influence of
the adsorption of donor molecules on an n-type TiO, substrate. An
increase in thickness of the PL source region by donor molecule
adsorption causes the PL intensity to increase.

the TiO, bend banding that results from molecule adsorption is
correlated with the intensity of emission of photoluminescence
(PL) from the semiconductor TiO,. The depth region which
contains curved upward band bending leads to a rapid
separation of photoexcited and oppositely moving electrons
and holes, and therefore, prevents PL by electron—hole
recombination. This depth region of band bending is called
the depletion region where activated negative and positive
charge carriers rapidly move away from each other preventing
recombination and PL emission. Photons incident on the TiO,
surface can only produce PL from depths further beneath the
depletion region as shown in the blue area in Figure 3. Hence,
the reduction of both the degree of band bending and the width
of the depletion region by adsorption of a donor molecule will
be accompanied by an enhancement of the PL intensity.'""*
The separate PL measurement of the opposite influence of
electron-donor and electron-acceptor molecules on charge
distribution in TiO, correlates well with the TiO, charging
effects and subsequent electron transfer to Au nanoparticles as
observed by the other spectroscopic methods in Figures 1 and
2. It has been observed that small Au particles readily retard PL
for Au/TiO, catalysts due to metal supported carrier particles
being recombined in Au without photon emission.

This paper examines the small charging effects induced by
physically adsorbed molecules on a semiconducting TiO,
support containing Au nanoparticles. Physically adsorbed
donor or acceptor molecules influence the electronic properties
of the TiO, support, and this influence is rapidly passed to Au
metal nanoparticles by charge-transfer effects. The modified
Stark effect has been measured previously for diatomic
molecules such as chemisorbed CN on Ag electrodes and for
CO on Pt, Au and other transition metal electrodes in
electrolytes.'*™'® The large fields that exist in the electrical
double layer of a few A depth above the metal surface,'® as well
as for chemisorbed CO in vacuum,"*'” and the sign and
magnitude of the Stark shift that appear in these systems have
been correlated to both the sign as well as the magnitude of the
applied electrical field.'>'® The Stark effect has been used
recently, in addition to the field of electrochemistry, in the areas
of nanomaterial antennas, sensors, and plasmonic resonance
studies.'”*° In these studies, linear Stark shifts of CO are used
to gauge the large local electric fields. The experiments reported
here are carried out at temperatures where physical adsorption
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of the adsorbed donor or acceptor molecules occurs only on
the oxide support. Relatively small charge effects on the support
are observed with several independent spectroscopic methods,
along with the associated Stark effect for adsorbed CO on Au.

The sign of the donor or acceptor charging effect measured
on TiO, for the PL and IR behavior agrees in all three
measurements. The agreement between three measurement
methods for measuring the sign and magnitude of charge
transfer from a physisorbed donor or acceptor molecule to the
TiO, support and then to supported Au nanoparticles on TiO,
leaves little doubt that small electron-transfer effects are
spectroscopically measurable on metal/semiconductor catalysts
by multiple spectroscopies.

Other methods, such as surface-enhanced Raman spectros-
copy (SERS) and picosecond laser flash photolysis experi-
ments,*' 7>* have also been used to measure electron transfer in
nanomaterials, where the techniques themselves induce
electron mobility. However, this article describes three unique
methods that measure the electron transfer induced not by the
light source, but by the adsorbed molecules on the surface. This
effect may have a great importance on a catalyst which is not
being exposed to light; a catalyst being exposed to a metal oxide
support which has been chemically modified for enhancement
of catalytic activity.

The studies reported here provide insights as to how changes
in oxide properties that result from changes in its chemical
composition and its Lewis acidity or via adopting mixed (or
doped) semiconducting oxides**” influence the charge transfer
into and out of the catalyst.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Catalysts and Gases. The Au/TiO, catalyst was synthesized
using the precipitation—deposition method provided by Zanella et al®
in order to obtain ~3 nm diameter Au particles of approximately 8 wt
9%.77% The powdered TiO, is Degussa P25 containing a mixture of
~70% anatase and 30% rutile phases acquired from Evonic Industries.
The TiO, average particle size is ~50 nm, and the surface area of the
TiO, is 60 m” g’1.29’30 A high-resolution TEM image of the ~3 nm
Au/TiO, catalyst is shown in Figure SI showing that crystalline Au
particles are present on TiO, surfaces, which also display TiO,
characteristic crystal structure seen by TEM. Au/SiO, catalyst samples
already synthesized using the same method and characterized as
having the same size ~3 nm diameter Au particles were also provided
by Zanella*' CO (99.9% purity, Matheson Tri-Gas), CH, (>99%
purity), C,Hg (99.999% purity, Matheson Tri-Gas), C;Hg (99.999%
purity, Matheson Tri-Gas), and SF¢ (99.8% purity) were all further
purified using a N,(lq) trap attached to a stainless steel high-vacuum
storage and transfer line before introducing each gas into the reaction
cell.

2.2. IR Measurements. The vacuum IR cell employed for these
experiments has a base pressure of 1.0 X 107® Torr and is described in
detail elsewhere.”®** Before every experiment, the Au/TiO, catalyst
was heated to 680 K in O,(g) for 30 min in order to remove any
accumulated hydrocarbon impurities and then cooled down to 105 K.
Approximately 60 mTorr of CO was introduced into the cell to
achieve CO saturation adsorption, and then S min later the CO(g) was
evacuated for 10 min. The catalyst was then systematically heated up
to 200 K in order to desorb CO only from the TiO, support leaving
CO chemisorbed on the Au nanoparticles. After 3 min at 200 K, the
catalyst was cooled down to the desired adsorption temperature used
for the addition of modifier molecules. After 15 min at constant
temperature, the desired donor or acceptor gas was added to the cell in
increments until saturation coverage was observed by FTIR of the
donor or acceptor molecules on the TiO, or SiO, support. The FTIR
spectrum was taken for each increment of gas added with an average of
128 scans at 2 cm™ resolution. Once the catalyst was saturated with
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either the donor or acceptor molecule, an additional spectrum was
obtained every minute for 10 min. Then, the catalyst was heated up in
vacuum (or in partial pressure for CH,) in § K increments starting
from the adsorption temperature in order to remove the adsorbates in
small increments from the support. An IR spectrum was taken for each
of these treatment temperatures as well, showing that CO IR line shifts
and donor/acceptor absorption spectra exhibit reversible behavior in
each case as donor or acceptor molecules are added or removed.

In addition to measuring the vibrational behavior of CO when
influenced by the physisorbed donor or acceptor molecules used to
modify the Au/TiO, catalysts, we employed the IR background shift
(see Figure 2) which extends from about 4000 to ~1000 cm™" when
varied electron transfer to or from the TiO, is caused by addition or
removal of donor or acceptor molecules. It was found that this shift
could be measured most easily by observations of the TiO,
background intensity at 1900 cm™' or over the 1800—2000 cm™
region, where all vibrations of adsorbed species are missing.

2.3. PL Measurements. Photoluminescence measurements were
performed in an IR/PL stainless steel cell under high-vacuum
conditions. The base pressure of the cell was 2.0 X 107 Torr after
bakeout. More detailed information about the IR/PL set up can be
found elsewhere."" For the PL measurements, the 320 + 10 nm (3.88
eV) excitation light was selected from a pulsed Xe source which
focused power measured over time at the sample position of 9.1 X
107 ] s7  em™ (1.5 X 10" photons cm™ s™*). The emitted PL light
was collected by an R928 photomultiplier tube covering the range of
200—900 nm. The PL spectra were plotted employing a scan speed
rate of 500 nm'min~'. To minimize the specular reflection of the
incident light from a CaF, window, all the spectra were collected 15°
off a specular direction of the source light, and a 390 nm cut off filter
was employed.

Before each PL experiment, the TiO, sample was cleaned by heating
in vacuum to 680 K and then introducing 0.8 Torr of O, for 25 min at
680 K to remove all hydrocarbon impurities. After evacuation of O, at
680 K, the sample was cooled down to /—N, temperatures for PL
measurements. During gas adsorption experiments, the excitation light
was blocked by a shutter to avoid any influence of UV light. The
surface was modified by sequential addition of known amounts of gas
into the system. Following surface modification by electron-donor or
electron-acceptor adsorbate molecules the surface was exposed to UV
light for only 67 s to collect the PL spectra, and separate experiments
show that this small UV exposure did not appreciably change the PL
intensity.

2.4. DFT Model and Parameters. First principle density
functional theory (DFT) calculations were carried out to gain insights
into charge transfer between Au nanoparticles and the TiO, support
and the changes in the CO frequency shifts for CO bound to Au/TiO,
that occur upon the adsorption of donor and acceptor molecules on
the TiO, support. A model Au/TiO, catalyst was constructed by
bonding a gold nanorod 3 atomic layers high and 3 atomic layers wide
to the most stable rutile TiO,(110) surface. This supported gold
nanorod model has been used successfully in a number of previous
theoretical studies to mimic the properties and reactivity of Au on
different supports.””****73* The TiO, support was modeled using a (2
X 3) and (4 X 3) surface unit cell comprised of three O—Ti—O
trilayers. A (4 X 3) Au/TiO, structure was used to calculate the effect
of adsorbates on TiO, remote from the Au perimeter, while (2 X 3)
Au/TiO, was used for the rest of calculations. The top half of the TiO,
was fully relaxed whereas the bottom half was held fixed to the bulk
TiO, lattice.

All of the DFT calculations reported herein were carried out using
the Vienna Ab Initio Software Package (VASP)* program with a
plane-wave basis set with cutoff energies of 400 eV and
pseudopotentials constructed in projector augmented-wave (PAW)
framework.>”*® The PW91 gradient approximation (GGA) functional
was used to model the exchange—correlation effects.’® The DFT+U
method was implemented to better describe the on-site Coulomb
interactions in TiO,.*> The value of U was chosen to be 4.0 eV as it
produced an optimal match of band features observed experimen-
tally.*' Spin polarization was included for all calculations. A 10 A
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vacuum gap was used in the z-direction for the Au/TiO, model to
prevent any image—image interactions caused by the periodic
boundary condition. The (2 X 3) and (4 X 3) Au/TiO, surfaces
were sampled with a (2 X 2 X 1) and (1 X 2 X 1) k-point mesh,
respectively.*” Dispersion was included in the calculations to consider
the weak interactions between adsorbates and the Au/TiO, surface.®®
Geometries were considered optimized when the forces on each atom
were <0.03 eV/A. The charge associated with each atom was
subsequently calculated using the Bader analysis.***

3. RESULTS

3.1. IR CO Frequency Shifts using Donor and
Acceptor Adsorbate Molecules on Au/TiO,. The first
experiment is shown in Figure 4a displaying CO adsorbed on
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Figure 4. IR spectra of CO on Au as C;H; (a) increases in coverage
on TiO, to saturation (red curve) at 140 K and (b) decreases in
coverage on TiO, starting at saturation (black curve) and nearing
complete desorption (red curve) after heating in small temperature
intervals up to 160 K. A reversible shift in the broad vq feature is
observed as caused by adsorption and desorption of C;Hg donor
molecules on the TiO, support. The corresponding insets are the IR
C—H stretching spectral region of physisorbed C;Hg on TiO, during
(a) addition at 140 K and (b) removal in the range of 140—160 K.
C;Hj exhibits reversible adsorption/desorption behavior.

Au at 140 K on a Au/TiO, catalyst before the addition of C;H,
donor molecules to TiO, (black curve). The absence of an
absorbance band at 2179 cm™ assigned to CO adsorbed on
TiO, shows that CO is not adsorbed on the support following
CO desorption at 200 K.*”*® The main absorbance band at
~2123 cm™" is assigned to CO on metallic Au® sites and the
shoulder at 2141 cm™" is assigned to CO on Au®* sites 2746748
From the width of the v band, it is likely that a superposition
of CO frequencies exists characteristic of several different types
of Au adsorption sites present on the Au nanoparticles.
Incremental amounts of C;Hg were then added to the Au/TiO,
catalyst at 140 K. Based on C;Hg and other light alkane
temperature-programmed desorption experiments along with
thermodynamic studies on Au (and Pt) single crystals and TiO,
(and V,0;) oxides separately, C;Hg desorbs from Au below
140 K and remains adsorbed on TiO, at the same
temperature.* > After each addition of C;Hg on TiO,, an
IR spectrum was taken as shown in Figure 4a (gray curves).
The major C—H stretch absorbance bands of propane on TiO,
are 2964 cm™' (v,(CH;)), 2944 cm™' (v,,(CH,)), and 2876
ecm™' (v,(CH,)) as shown in the insets of Figure 4.3 Control
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experiments involving only C;Hg were performed on the pure
TiO, catalyst as well, and the same C—H absorbance bands
were observed indicating that the C;Hg molecules were
adsorbed only on the TiO, support. The red curves in both
the CO/Au and C;Hg/TiO, IR regions represent the TiO,
catalyst support saturated with C;Hg in Figure 4a. Saturation of
the catalyst by C;Hg is determined by measuring the integrated
absorbance of the C—H band intensity. Once the C—H bands
stop growing even though more molecules are being added to
the cell, the TiO, support is deemed to be saturated with C;Hg
at 140 K and v shifts are sensitive only to adsorbed C;Hjg. As
seen from the CO/Au IR bands, the frequencies for CO on
both Au® and Au’* sites redshift toward lower frequencies as
C;H; is added to the TiO, support indicating partial electron
transfer from the C;H, to the support and then to the Au.

After C;Hg saturation (black curves in Figure 4b), the
catalyst was heated in vacuum in S K steps (gray curves) until
the majority of the C;Hg/TiO, was removed (red curves). As
shown in Figure 4b, as C;Hg was removed from the TiO,
surface, the CO/Au absorbance band blueshifts back to the
original frequency, ~2123 cm™', observed before C,Hj
adsorption. The reversibility of the CO frequency shifts
suggests no chemical decomposition of the adsorbates and
indicates that a reversible electron transfer occurs to and from
the Au particles, induced by the physisorbed C;Hg donor
molecules on the TiO, support.

Similar experiments were performed using an acceptor
molecule, SF, in order to produce an opposite electron
transfer between Au and the TiO, support. Figure Sa shows the
CO/Au absorbance bands before SF4 adsorption (black curves)
and after incremental additions of SF (gray curves) until SFq
saturation (red curves) occurs at 140 K. The inset in Figure Sa
displays an absorbance band of physisorbed SF4 at 946 cm ™.
Gas phase SF¢ has a similar absorbance band at 948 cm™
indicating only weak SF, van der Waals interactions and
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Figure 5. IR spectra of CO on Au as SFq (a) increases in coverage on
TiO, to saturation (red curve) at 140 K and (b) decreases in coverage
on TiO, starting at saturation (black curve) and nearing complete
desorption (red curve) after heating up to 180 K. A reversible shift in
the broad vco feature is observed as caused by adsorption and
desorption of SF4 acceptor molecules on the TiO, support. The
corresponding insets are the IR spectral region of SF¢ on TiO, during
(a) addition at 140 K and (b) removal in the range of 140—180 K. SF4
exhibits reversible adsorption/desorption behavior.

DOI: 10.1021/ja511982n
J. Am. Chem. Soc. 2015, 137, 1972—1982


http://dx.doi.org/10.1021/ja511982n

Journal of the American Chemical Society

binding to the Au/TiO, catalyst.>* As with C;Hg, SF4-TPD
experiments on Au single crystals and separately on metal
oxides verify that SFs adsorbs only on TiO, under the
experimental conditions employed here.>*® As shown in
Figure Sa, when SF¢ is adsorbed on TiO,, the CO/Au IR
frequency shifts upward toward higher frequencies opposite to
the effect observed when C;Hg adsorbs on TiO,. Furthermore,
when the catalyst is subsequently heated in 5 K increments up
to 180 K starting from SFy saturation (Figure Sb, black curve)
and ending with a clean TiO, surface (Figure Sb, red curve),
the CO/Au IR frequency exhibits reversed redshifts toward
lower frequencies opposite to the blueshift observed for C;Hg
desorption.

In order to prove this IR shift phenomenon is not just
specific to C;Hg and SF4 molecules, similar experiments were
performed using methane, CH,, and ethane, C,Hy donor
molecules. The experimental CO/Au IR frequency differences
before and after molecular adsorption were plotted versus
adsorbate coverage on Au/TiO, as shown in Figure 6a. Each
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Figure 6. IR CO/Au frequency shifts vs adsorbate coverage on TiO,
support for (a) donor molecules CH, (green squares), C,H (blue
squares), and CyH; (black squares) and (b) acceptor molecule SFq
(red squares). The analytically determined errors in the measurements
of Avco,a, are discussed in Section 3.1.

centered maximum frequency of the CO on Au was subtracted
from the frequency of the CO spectrum without donor or
acceptor molecule adsorption to obtain the vibrational shifts.
The CO spectral bands were fit to Lorentzian distribution
functions to obtain the shift error bars shown in Figure 6a,b.
Then, the integrated C—H or S—F absorbance band area for
each spectrum was normalized to full-coverage spectra to yield
the fractional coverage of the donor or acceptor adsorbate on
the support. For CH,, C,Hy, and C;H, adsorbed on Au/TiO,,
the maximum CO/Au IR shifts per monolayer of donor
molecule are negative by ~1.0 cm™" (Figure 6a, green squares),
~2.0 cm™" (Figure 6a, blue squares), and ~2.8 cm™" (Figure 6a,
black squares), respectively. For SF¢ adsorbed on Au/TiO,, the
maximum CO/Au IR shift is positive by ~1.0 cm™" (Figure 6b,
red squares).

The overall absolute frequency shifts for SF4 adsorption and
desorption are smaller than for C;Hg-induced frequency shifts.
The small shifts for SFg compared to C;Hg are most likely due
to the fact that Au/TiO, is an n-type semiconductor with an
overall negative charge present on the surface before SFq
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adsorption. Thus, the negative charge character of the TiO,
surface repels the electronegative SF4 molecules and lowers the
efficiency of electron transfer upon adsorption on TiO,.

In order to further eliminate the possibility of CO IR shifts
being caused by nearby CO interactions with C;Hg or SF4 on
Au sites, identical experiments were done on a Au/SiO, catalyst
(Figure 7). Both the donor molecule, C;H; (Figure 7a), and
the acceptor molecule, SF¢ (Figure 7b), adsorb on SiO,.
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Figure 7. IR spectra of CO on Au/SiO, as (a) C;Hg and (b) SFq
decrease in coverage on SiO, starting at saturation (black curve) and
nearing complete removal (red curve) after heating up to 170 K. The
corresponding insets are the IR spectral region of (a) C;Hg and (b)
SFg on SiO, during removal in the range of 140—170 K. (c) The
absence of IR CO/Au frequency shifts vs donor or acceptor molecule
adsorption on SiO,.

However, neither molecule induced a significant frequency
shift in the CO/Au IR frequencies. For C;Hg and SF, adsorbed
on Au/SiO,, Figure 7c shows that the total CO/Au/SiO, IR
shifts are very small or zero compared to measuring the CO
frequency shifts on Au/TiO, (Figure 6). The absence of
detectable CO/Au IR shifting on Au/SiO, compared to similar
measurements on Au/TiO, shows that the electron-transfer
interaction between Au and the support oxide requires that the
oxide be a semiconductor with an appreciable level of charge
carriers. Insulator covalent oxides, such as SiO,, do not possess
appreciable charge carriers to influence supported Au particles.
Furthermore, the comparison of the results for Au/SiO, with
those on Au/TiO, helps to eliminate the possibility that Avcg
depends on donor/acceptor molecules on Au.

3.2. Electron Transfer to and from Au/TiO, as
Observed from Defect Site Electron Population in the
Energy Gap of TiO.,. It is well-known that defect sites in the
bulk, or on the surface of TiO,, will interact with electron-
donor/acceptor molecules. The charge received or donated
from adsorbed molecules causes a variation in the population of
charge in these defect sites. The defect sites are close to the
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bottom of the CB in TiO,. Therefore, when the sites are filled
with electrons, they participate in the absorption of IR radiation
causing higher levels of electron excitation to occur from the
defect into the TiO, CB. This absorption occurs over a
broadband due to the energy continuum of CB states which
may be occupied by IR excitation of defect-bound electrons,
and a broad background IR absorption from near 1000 to 4000
cm™" is observed. Similar effects have been seen by others on
Ti0,.>”~% This process has been observed also for ZnO°" and
is termed “metallization” as a result of the IR-induced electronic
excitation into the continuum in the CB. Atomic H adsorbed
on TiO, behaves as an electron donor resulting in additional
electron occupancy of the defect states and a growth in the
broad IR absorbance.*”® The IR absorbance due to electronic
population of defect sites in single crystal rutile-TiO,(110) has
recently been attributed, in part, to the excitation of hydrogenic
polaronic states which are associated with a series of sharp
superimposed absorbance bands observed on top of the broad-
band absorbance caused by defect bound electron excitation
into the CB continuum.®* This phenomenon is also observed
for Au/TiO, catalysts during the adsorption of physically
absorbed donor or acceptor molecules on the TiO, support and
is therefore coupled to Stark shifting of CO/Au species.
Figure 8 shows the shift of the background IR spectrum for
Au/TiO, catalysts due to donor molecules as a function of the

3.3. Redistribution of Electronic Charge in TiO,
causing Band Bending by Donor or Acceptor Adsorbate
Molecules — PL Effects. The adsorption of donor or acceptor
molecules on a semiconducting-TiO, surface produces a
dramatic change in the intensity of PL from the surface as a
result of band bending in the surface region.”’]z'é3 TiO, is an
n-type semiconductor where oxygen-vacancy surface defects
result in the buildup of negative charge on the clean surface.
This extra surface negative charge causes the conduction and
valence band edges to bend upward as shown in Figure 3.°
Upward band bending increases the thickness of the depletion
region associated with the curved upward bent bands. In the
depletion region, PL is eliminated since the large motion in
opposite directions of photogenerated electrons and holes
sweeps the surface depletion region free of recombining charges
before charge recombination (and associated PL) can occur.
Hence, enhanced band bending may be detected from the
change in PL intensity when donor or acceptor molecules are
adsorbed."’ When n-type TiO,, with initially upward bent
bands, adsorbs donor molecules, the bands bend downward
resulting in an increase in PL intensity; the opposite band
bending occurs for the adsorption of acceptor molecules on n-
type TiO,.

Figures 9 and 10 show the behavior of the PL spectra and PL
intensity, respectively, from clean powdered TiO, which has
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Figure 8. (a) The background IR absorbance changes measured at
1900 cm™ for C;Hy C,Hy and CH, donor molecules. (b) The
opposite shift occurs for the SFq acceptor molecule. (c) Partial spectra
of the background absorbance over 1800—2000 cm™ for adsorption of
both donor and acceptor molecules.

adsorption coverage of the donor molecules on TiO,. The
broad band responds by moving upward upon electron
donation from the physically adsorbed molecules employed.
This broad shift can be monitored by the motion of the
background absorption as monitored by the changes in the
band at 1900 cm™'. Figure 8a shows the increase in the
background absorbance at 1900 cm™’, when three different
donor molecules (CH,; C,Hy; C3Hg) are systematically and
separately adsorbed. Figure 8b shows the decrease in the
background absorbance when an acceptor molecule (SF) is
adsorbed on TiO,. Figure 8c shows the observed spectral
background over a broader region (1800—2000 cm™') as it
shifts up or down when either donor or acceptor molecules are
adsorbed on the Au/TiO, catalyst.
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Figure 9. PL intensity of a clean TiO, surface upon adsorption of
C;Hg at 140 K. The main peak at ~530 nm of a clean TiO, (black
spectrum) increases upon addition of adsorbed C;H; (gray spectra)
reaching a saturation point (red spectra). The small light peak at 4; =
390 nm is due to a constant light reflection effect which is always
present at a constant level and is disregarded.

then been treated with physically adsorbed C;Hg donor
molecules or with physically adsorbed SF4 acceptor molecules.
Figure 9 shows the change in the PL spectra of a clean TiO,
surface upon adsorption of C;Hg at 140 K. The peak at ~530
nm corresponds to PL emission as a result of electron—hole
recombination in TiO,. The feature at 390 nm originates from
a small portion of the reflected source light from a CaF,
window and is invariant during the experiments. The resulting
increase in PL intensity at ~530 nm for the donor-C;Hg
molecule is consistent with reduction of the surface depletion
region thickness. For acceptor SF¢ molecules, the surface
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bending in n-type TiO,, causing an increase in PL intensity. (b)
Conversely, acceptor-SF¢ molecules enhance upward band bending in
n-type TiO,, causing a decrease in PL intensity.

depletion region grows thicker, causing diminished PL
intensity.

3.4. DFT Calculations of IR CO/Au Frequency Shifts by
Donor and Acceptor Molecules Adsorbed on the TiO,
Support. The adsorption of the CH,, C,Hy and C;Hg donor
molecules onto Ti sites on TiO, at the Au/TiO, perimeter
result in theoretically calculated CO/Au frequency shifts that
are negative by 2, 3, and 5 cm™, respectively (Figure 11b—d).
A detailed analysis of charge density differences before and after
the adsorption of the donor molecules on TiO, shows that the
donor molecules induce an increase of electron density on the
Au particle, resulting in negative charge on Au surface sites. The
charge on the Au site to which CO is adsorbed is —0.02, —0.03,
and —0.04 e for CH,, C,H,, and C;H; adsorption on the TiO,
support, respectively (Figure 11b—d). The CO/Au frequency
shift for the SF¢ acceptor molecule adsorbed onto the TiO,
support at the Au/TiO, interface is positive by 2 cm™" (Figure
11le). The adsorption of SF¢ on TiO, induces a decrease in
electron density on the Au particle, resulting in positive charge
on Au sites. The charge on the Au site to which CO is bound
increases from —0.02 e (CH,) to +0.03 e if SF is adsorbed on
TiO, instead (Figure 11e). The trend of the calculated CO/Au
frequency shift is consistent with all of our experimental
observations for donor and acceptor molecules on TiO,. As
shown in Figure 12, a CH, donor adsorbate located further
away from the Au perimeter induces a smaller IR CO/Au
frequency shift; however, since shifts still occur, the electron
transfer has to occur through the TiO, to the Au instead of
through space from the donor or acceptor on the TiO, directly
to the Au and adsorbed CO molecule. CH, that adsorbed ~6 A
away from the Au perimeter results in a negative Avcg of 1
cm™!, as shown in Figure 12b. The electron density
perturbations caused by all of the donor molecules and by
the SF4 acceptor molecule are observed in the TiO,, and this
charge effect is transmitted through the TiO, to Au and then to
the C—O bond of Au-CO species. The charge on the Au site to
which CO is adsorbed on is —0.01 e in the case of CH, located
~6 A away from the Au. CO molecules that are remote from
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Figure 11. (a) Adsorption of CO on Au supported on TiO, and the
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acceptor adsorption are shown in the second column spatial figures.
Orange and red indicate increasing of electron density, while green and
blue indicate decreasing electron density.
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the figure. Charge differences before and after CH, and C;H;
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and red indicate increasing of electron density, while blue indicates
decreasing electron density.
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the perimeter exhibit similar frequency shifts as those CO
molecules adsorbed near the perimeter. As shown in Figure
12¢, a frequency shift of =5 cm™ is found for CO on top sites
of the Au/TiO, model. This shift is the same as the CO/Au
frequency shift in Figure 11d where CO is adsorbed near the
perimeter. Thus, electrons transferred to or from Au cause a
field effect which is similar over the entire Au outer surface, i.e.,
a Stark effect.

4. DISCUSSION

4.1. Three Spectroscopic Methods for Observing
Charge-Transfer Effects: Au/TiO, Catalysts. Three spec-
troscopic methods have been employed to understand the
redistribution of electrons in a Au/TiO, catalyst due to the
physisorption of donor or acceptor molecules on the TiO,
support. Each method demonstrates that donor and acceptor
molecules differ in the direction of electron transfer which is
induced from TiO, to Au. While electron transfer into the
semiconducting TiO, support is effective, similar donor and
acceptor experiments with insulator SiO, supports are
ineffective in producing electron transfer from the donor or
acceptor molecules. Measurable Avq effects do not occur on
Au/SiO,.

For ~3 nm diameter Au particles bound to a TiO, support,
the redistribution of electrons in the support may be
determined by observing small spectroscopic shifts in the C—
O stretching motion for chemisorbed CO on the Au surface.
The average ~3 nm Au—Au particle separation is at least ~40
A, based on a 0.1S fraction coverage of the TiO, particles as
measured by TEM."* Beyond a Au particle—particle separation
of ~6 A, the interparticle spectroscopic effect for adsorbed CO
involves less than a 1 cm™" shift in the vco. Figure 13 shows a

Molecular Voltmeter

Aveo<0
Q

donor molecule
(only VdW interactions)

TiO,

Figure 13. Schematic representation of the molecular voltmeter for
the measurement of charge transfer from donor molecule to
semiconducting TiO, support and then to a supported Au nano-
particle, using Avco for measurement. The Stark effect is related to
electron donation to or withdrawal from frontier C—O orbitals and
related to the k¢o force constant and the vibrational frequency, vco.

schematic diagram of the electron-transfer effect from a donor
molecule to the TiO, support and then to the contacting Au
nanoparticle containing chemisorbed CO molecules. This

phenomenon is produced by a composite metal/semiconductor
nanomaterial which we term a “molecular voltmeter” as
schematically shown in Figure 13. Electrons transferred to or
from the metal particle cause the CO frequency to shift to
lower frequency (caused by donor molecules) or to higher
frequency (caused by acceptor molecules), in accordance to a
Stark shift.

A second effect related to electron donation or acceptance
from a physisorbed donor or acceptor molecule has been
studied on Au/TiO, catalysts and is schematically shown in
Figure 2. Electron donors on TiO, will fill empty energy levels
high in the bandgap region, which are due to the presence of
empty lattice defect electron trap states. These levels are
slightly below the bottom of the CB, such that the absorption
of IR photons from an IR spectrometer is energetic enough to
excite the trapped electrons to the CB. This excitation can be
observed by means of the IR background rise for TiO, or Au/
TiO, samples. Conversely, electron acceptors adsorbed on the
surface will remove electrons from these bandgap states,
causing a reduction of the IR background intensity. The effect is
seen over much of the IR region because IR excitation occurs
from electron trap states in the bandgap into electron
continuum states in the CB.

In addition to CO/Au frequency shifts and the variation of
the background IR intensity, the donation or acceptance of
electrons to or from a semiconductor such as TiO, may be
visualized through bending of the conduction and valence
bands and the influence of such band bending on PL intensity.
As shown schematically in Figure 3, a donor molecule will
become positive and will result in the decrease of the extent of
upward bending on an n-type TiO, surface, causing the PL
emission region to expand forward nearer to the TiO, surface;
an acceptor adsorbed on n-type TiO, will cause the bands to
bend further upward, as additional negative charge is collected
by the acceptor molecules causing the opposite effect on the
thickness of the PL region and therefore decreasing the
intensity of the PL signal. The change in band bending deduced
by PL intensity is directly connected to the population change
for trapped electrons in the bandgap states.

4.2. Electron Transfer from Adsorbate to TiO,:
Polarizability Correlation. The first step in the electron-
transfer process involves the interaction between the adsorbates
and the TiO, support. The electric field at the TiO, surface
induces electronic polarization created by & polarization of
hydrogen atoms in the donor molecules when near the surface
of TiO,. This magnitude of the adsorbate molecule polarization
in the surface electric field on TiO, is proportional to @, the
polarizability of the absorbate. In Table 1 the Stark shifts of
CO/Au/TiO, influenced by donor molecules of variable
polarizability, o, are compared. It is observed that the Avcg
shift responds in close proportion to the polarizability of the
donor molecules employed on the TiO, surroundings to the Au
particles.

Table 1. Relative Shifts of v¢/,, Compared to Absorbance Background Shifts in TiO, Due to Charge Transfer and to

Polarizability (c)

donor molecule Avcg slope Agonar (A%
CH, —1.11 (+0.1) 2.59
C,H, —2.09 (+0.1) 447
CiH, —2.79 (+0.1) 629

Avgg slope/A3 AIR bkg abs. slope AIR slope/A3
0.43 (+0.04) 0.00425 0.0016 (0.0001)
0.47 (+0.02) 0.00664 0.0015 (£0.0001)
0.44 (+0.02) 0.00875 0.0014 (0.0001)
1979 DOI: 10.1021/ja511982n
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Another change noted in the IR spectra upon the adsorption
of donor adsorbates onto the TiO, support is the increase in
the IR background absorbance as shown in Figure 8. From
previous studies,*®~° this IR background absorbance increase
(AIR) was attributed to electrons accumulating in discrete trap
states just below the CB in TiO,. Upon IR irradiation these
electrons are excited into the CB continuum of states. We
plotted the absorbance rise at 1900 cm™ versus the donor
coverage on TiO, and then calculated the linear slopes with
respect to donor molecule coverage as shown in Figure 8a. The
values are shown in Table 1 along with their corresponding
ratios to donor molecule variable polarizability, a. Table 1
shows that both Avco/A® and ATR/A® are nearly the same for
each different measurement, indicating that a is the driving
force to the changes observed in both sets of spectroscopic
measurements.

4.3. Electron Transfer from TiO, to Au: Behavior
Uniformity of CO/Au IR Band. Once the electrons are
transferred to or from the TiO,, they move to or from the Au
particles. In order to determine if the electron transfer is
localized at the Au/TiO, interface or if the electrons are
delocalized and transfer to the Au particle surface, the
uniformity of the CO/Au IR frequency line shape as the
adsorbates are added has to be determined. Each spectrum was
analyzed using a best Lorenzian fit for the CO/Au IR
absorbance band and the full width at half-maximum
(FWHM) was recorded versus adsorbate coverage (see Figure
S2). In addition, for all the donor and acceptor adsorption and
desorption experiments, the observation of the band shift at 3
levels of cutting the band absorbance (1/4, 1/2, 3/4) shows
clearly that a uniform shift of the overlapping vo lines is
observed and that a general shift of all lines is occurring. The
FW accuracy is consistent with a uniform shift in the whole
CO/Au IR line shape, meaning that slightly different CO
bonding states respond uniformly to electron transfer from
donor molecules to CO/Au.

Deshlahra et al.®® analyzed the uniformity of the CO IR line
shape for their system, which involved an applied dc voltage
from a bias power supply to shift the vco on Pt/TiO,, in a
different way. We followed their formula by subtracting the IR
shifted spectra from the spectrum before donor adsorption (in
our case) and then integrated the sum of the positive and
negative peaks, Aggerencee Lhis value was then divided by the
integrated area of the spectrum before donor adsorption, A
Therefore, the IR CO/metal frequency shift can be quantified
by this ratio as shown in eq 1:

Adifference

A

F —
total (1)
where F is the fractional difference area.> We find F is linear
versus donor coverage as seen in Figure S3 , and the F slopes
for each donor scale proportionally with @y, From this
analysis combined with FW measurements and DFT
calculations shown in Figure 12c, we conclude that electron
transfer into the Au produces a delocalized Gauss distribution
of charge at the Au surface, to within the experimental errors of
this investigation.

4.4, Stark Effect. The shift in the value of vco can be
envisioned as being due to the interaction of the chemisorbed
CO molecule on a Au sphere with the transfer of donated
electrons to the metal and then to the surface of the Au sphere,
following the Gauss distribution of all added charge to the
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metal-sphere surface. The distribution of charge g over the low
radius metal nanoparticle surface causes a high field at the
sphere surface. The normal electric field strength E in vacuum
near to the metal is given by eq 2:

9

2
4reyr

E =
)

where ¢ is the surface electron charge, &, is the permittivity of
free space, and r is the Au nanoparticle radius. Other
measurements for CO adsorbed on a metal and exposed to
various applied electric fields have yielded a Stark tuning rate of
—8.6 x 107 cm™!/(V/m).%® This Stark tuning model yields a
value of Avcg ~6 cm™ per electron distributed on the 3 nm
diameter Au particle surface. Our measurements of Avgg = 1—
3 cm™!/monolayer of the three alkane donor molecules indicate
that the range of Au charge transfer/monolayer of alkane is
from 0.2—1 electron/Au particle. The DFT results reported in
Figure 11 which showed charge transfer from adsorbed alkanes
to TiO, and the subsequent transfer of charge to the Au atoms
at the surface of nanoparticles are in general agreement with the
Stark charge calculated from Avcq. In addition, we found that
the explicit addition and removal of charge to the Au/TiO,
system without donor or acceptor molecules, as is shown in
Figure S4, also agrees closely with the Stark charge.

4.5. Support Effect: TiO, vs SiO,. Our experiments have
shown that semiconductor TiO, is effectively charged by either
donor or acceptor molecules, whereas insulator SiO, is not.
The dielectric constant, «, is 80—100 for TiO,*”*® and only 3.9
for $i0,.%® TiO, therefore contains significant charge carriers
related to defect sites in the bulk, whereas SiO, contains few
charge carriers, making SiO, less affected by charge-transfer
effects from donor or acceptor molecule adsorption, as shown
in Figure 7. TiO, is therefore able to transfer charge to the
surface of the Au nanoparticles, causing Avcq effects, which are
not observed for similar size Au nanoparticles on SiO,. This
observation verifies that CO molecules, adsorbed on Au
nanoparticles, are sensitive “molecular voltmeters,” which
depend on the ability of the underlying semiconductor support
to interact with polarizable molecules. Charge transfer to the
support and hence to Au nanoparticles is observed by Avco
shifts on Au nanoparticle detector sites.

5. CONCLUSIONS

1. IR and PL studies on ~3 nm Au particles on TiO,
indicate that charge transfer from inert donor or acceptor
molecules on semiconducting TiO, results in charging or
discharging of the Au nanoparticles.
Charging of Au nanoparticles can be measured by careful
studies of the frequency shift of adsorbed CO molecules.
The sign and magnitude of the value of Avcy are
consistent with the Stark effect producing a surface
electric field on Au nanoparticles. This is shown by DFT
studies of Au nanoparticle charging and CO frequency
effects and agrees well with the known Stark effect
sensitivity of adsorbed CO. DFT studies further show
that electric field effects from donor or acceptor
molecules to adsorbed CO molecules do not occur
through vacuum but via charge transfer into the oxide
and onto the metal. The Au/TiO, catalysts are termed
“molecular voltmeter” devices.
3. The value of Avcy is proportional to the known
polarizability, @, of three donor molecules, CH,, C,Hy,
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and C;Hg, which adsorb only on the TiO, support by van
der Waals interactions. The opposite effect takes place
for the acceptor molecule, SFs. Donor molecules on
TiO, result in CO redshifts, and acceptor molecules
result in CO blueshifts.

4. Charge transfer from physically adsorbed molecules to
TiO, and then to Au nanoparticles occurs via electron
storage in lattice defect states located in the TiO,
bandgap near the bottom of the CB. The population of
these defect electron trap states can be monitored by
their broad IR excitation into the TiO, continuum. The
magnitude of charge-transfer effects from TiO, into Au
correlates with the occupancy of these defect electron
trap states.

S. PL studies of C;Hg and SF¢ physisorbed molecules on
pure TiO, confirm that these are electron-donor or
-acceptor molecules which adsorb and desorb reversibly.

6. Charge transfer from donor or acceptor molecules on
TiO,, and from TiO, into Au depends upon significant
carrier concentration changes associated with electron
trap states in the TiO, semiconductor substrate. Insulator
substrates (SiO,) do not permit electron-transfer
processes.
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