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ABSTRACT: Charge transfer from the supports to nanoparticles at the
interface is one of the key factors to determine the catalytic performances of
supported nanoparticles. In this work, we showed in a systematic way that the
charge transfer from semiconductor supports to Au nanoparticle catalysts can
lower the onset temperature toward CO oxidation. For this study, a novel Au/
SiO2/Si composite system synthesized by the helium droplet deposition method
with precisely tuned SiO2 layer thickness was fabricated to control the
magnitude of interfacial charge transfer. With the support of X-ray
photoelectron spectroscopy and numerical simulations, it was demonstrated
that the Schottky barrier formed across the Au/SiO2/Si heterojunction led to a
negative charge accumulation on the surface of Au nanoparticles. In turn, this additional charge can be transferred to the antibonding
orbital of adsorbed O2 molecules to activate the O−O bonds, leading to enhanced CO oxidation. In addition to the charge transfer
mechanism, the role of a strong electric field arising from the formation of the Schottky barrier was also explored to explain the
observed enhancement of catalytic reactivity. Overall, this work highlights an important pathway for systematically tuning metal−
support interactions to accelerate catalytic reactions and designing the next generation of nanocatalysts.

■ INTRODUCTION

Gold nanoparticles (Au NPs) supported on metal oxides have
been widely studied for their high activity in a variety of
important catalytic reactions.1 The literature shows that the
catalytic performance is greatly affected by the type of
supporting materials as the electronic metal−support inter-
action (EMSI) between metal NPs and supports is one of the
key factors in determining the catalytic performances of
supported metal NPs for important chemical reactions,
including CO oxidation and water−gas shift (WGS) and
hydrogenation reactions.2−6 In the case of Au/TiO2 catalysts,
the EMSI could contribute to both improved sintering
resistance of Au NPs and enhancement of interfacial charge
transfer from the support to the Au NPs, which in turn
contributes to an excellent catalytic performance of Au NPs.5

Despite a general consensus on the importance of the EMSI,
there is an ongoing debate on the exact charge state of catalytic
Au NPs during the catalytic reaction, for example, whether
they are positively or negatively charged.7 On one hand, the
cationic gold species are regarded as active sites for CO
oxidation.8,9 On the other hand, some recent publications
pointed out that positively charged gold NPs lead to
deactivation of the catalyst during the CO oxidation.10,11 In
addition, several density functional theory (DFT) studies
suggested that the activation energy toward CO oxidation is
doubled by the positively charged gold clusters.7,11 It is also
known that gold NPs can acquire partial negative charge from

lattice oxygen anions of the oxide support to activate CO
oxidation at room temperature.7 This enhanced electron
transfer could be beneficial to catalytic activity as described
in several publications.12−14 In the case of such semiconductor
supports as ZnO and SiO2/Si, the charge transfer leads to
formation of a Schottky barrier at the metal−support
interface.15−17 However, the role of the electric field arising
from the formation of the Schottky barrier is often overlooked
for its role in catalytic enhancement.18,19 The reason for this
knowledge gap is that creating and studying model systems
that allow fine tuning of the barrier and its associated electric
field is a non-trivial task.
In this work, we have focused on overcoming this challenge

by designing a model system that consists of uniform, finely
dispersed gold NPs supported on a well-controlled oxide
support. The Au NPs were synthesized in a special He
nanodroplet deposition system located at the US Air Force
Research Laboratory. More specifically, the Au NPs were
deposited on oxide-covered Si wafers (SiO2/Si), where the
thickness of insulating layer was tuned by a controlled
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oxidation. This experimental design enabled a precise control
of the interfacial charge transfer within the Au/SiO2/Si
heterojunction. By combining experiments and theoretical
simulations, we discovered that the onset temperature for CO
oxidation was reduced as the Au NPs became more negatively
charged. Our results also highlight that a combination of both
charge transfer and electric field formation at the metal−
support interfaces is a major driving force for the superb
reactivity of nano-sized Au NPs.

■ METHODS

Deposition of NPs by the He Nanodroplet Method.
Helium droplets were generated by supersonic expansion of
He gas (99.9999%, chromatographic grade, Airgas Inc.)
through a Pt nozzle (6.4 μm in diameter) with a stagnation
pressure of 100 bar into a vacuum chamber with a base
pressure of 1 × 10−9 Torr (Figure 1a). The nozzle was cooled
via a closed-cycle He compressor down to 6 K. A 0.05 cm
skimmer, located at 1.7 cm in front of the nozzle, produced a
diverging beam with a solid angle of 0.68 msr. After the
skimmer, the beam was directed through a vacuum chamber
with a base pressure of 1 × 10−9 Torr and equipped with up to
three effusive ovens. At 6 K, helium droplets each containing
∼5 × 107 He atoms were produced and traveled above an
effusive oven loaded with Au (99.99%). The Au atoms
condensed into NPs within the He droplets and were carried
to the substrates (SiO2/Si wafers or TEM grids with SiO2
windows), where the He droplets evaporated, leaving behind
the Au NPs. Prior to the deposition of Au NPs, Si wafers [n-
type with As dopant, (100) orientation] were cleaned in a
hydrofluoric acid solution to remove the native oxide and then
annealed in oxygen by rapid thermal processing (RTP-600S) at
1073 K for various duration of time to form SiO2 layers of
different thicknesses.
Transmission Electron Microscopy Characterizations.

Transmission electron microscopy (TEM) images were
acquired using a JEOL 2100 TEM system at 200 kV. In situ
scanning transmission electron microscopy (STEM) imaging
of Au NPs deposited on SiO2 window TEM grids by the He
droplet method was conducted using a Hitachi 2700 STEM
system equipped with a Gatan in situ heating holder. The
sample was first imaged at room temperature and then
annealed at various temperatures with subsequent STEM
imaging.
TPD and XPS Studies. Temperature-programmed desorp-

tion (TPD) and X-ray photoelectron spectroscopy (XPS)
studies were conducted in a UHV chamber. For the TPD
measurement, the sample was first heated to 473 K to remove
residual gases absorbed on the surface before being cooled to
90 K with liquid N2. Subsequently, with the sample held at 90

K, O2 was dosed at 1 × 10−5 Torr for 15 min, followed by CO
being dosed at 4 × 10−5 Torr for 15 min. The sample was then
heated at a ramping rate of 30 K/min. During the TPD
experiment, desorbed species were detected using a quadru-
pole mass spectrometer (MS). Measurements of catalytically
produced CO2 were based on the signal at m/z = 44. The XPS
data were collected using a hemispherical electron energy
analyzer (SPEC) with X-rays generated from an Al Kα (1486.6
eV) source. Analysis of the XPS spectra was performed using
CasaXPS software. The XPS binding energies were calibrated
using the C 1s peak at 284.8 eV, with Shirley background being
applied to all spectra. The validity of this calibration method
across multiple samples was verified from the XPS spectra of Si
2p, which were contributed by both the Si wafer (Si0) and the
SiO2 layer (Si

+4). As shown in Supporting Information, the Si0

2p peak (99.4 eV) and the Si+4 2p peak (103.5 eV) barely
shifted across all samples, which validated our energy
calibration.

Numerical Simulations of Barrier-Induced Charging
of Au NPs. To evaluate the effect of the SiO2 layer on the
interfacial electric field and transfer, we conducted model-
based numerical simulation using COMSOL Multiphysics
software. Au/SiO2/Si heterojunctions were modeled as
capacitors, with a gold sphere (radius = 1.25 nm) and a flat
silicon slab being considered as two electrodes. The two
electrodes were separated by a flat slab of SiO2 (ε = 3.9).
Applied across the capacitor were biases of 0.48, 0.30, 0.25,
0.09, and 0 V, corresponding to the difference between binding
energy (Eb) of negatively charged nanoparticulates and bulk
Au derived from XPS results. By varying the thickness of the
SiO2 layer, the spatial distributions of electric field and charge
densities were calculated.

■ RESULTS AND DISCUSSION

Previously, numerous studies have been conducted to control
the size of metal NPs using various methods.20−25 However,
there is a consensus that the majority of chemical synthetic
procedures lead to surface contamination that can alter the
catalytic activity of the NP-based catalysts. Alternatively, the
size-selective method provides narrowly distributed and
contamination-free NPs but suffers from a slow deposition
rate. Therefore, employing a surfactant- and ligand-free
approach with high NP yield is essential to fabricate a model
system that allows a systematic exploration of the charge
transfer mechanisms. The Au NPs utilized in this work were
produced by the He nanodroplet method, where the low-
temperature He nanodroplets captured the metallic atoms that
vaporized from the metal effusive oven and then carried the
condensed metallic NPs inside to reach the target substrates.
The He droplets evaporated after landing on substrates, leaving

Figure 1. (a) Scheme of the He droplet deposition system. (b) Model of Au/SiO2/Si heterojunctions. Adapted with permission from The Journal of
Physical Chemistry Letters 2016, 7 (15), 2910-2914. Copyright 2016 American Chemical Society.
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ultra-clean metallic NPs on the substrates. The high deposition
rate (1012 nanoparticles/second)26 is another advantage of this
technique as compared to size-selected deposition. We
previously demonstrated that size-controlled Au NPs deposited
by the He nanodroplet method (Figure 1a) exhibited excellent
stability,27 making such a method a promising approach to
fabricate the desired model system. This work was also the
very first utilization of this method to fabricate catalytically
active surfaces. Additional information about He nanodroplet
deposition is presented in the Methods section. In this study,
ultra-clean Au NPs with a very narrow size distribution were
deposited on composite SiO2/Si wafers, spanning a range of
thicknesses of the SiO2 layer. The resulting Au/SiO2/Si
heterojunctions (Figure 1b) were then utilized for either CO
oxidation or characterization experiments.
Prior to helium nanodroplet deposition of Au NPs, Si wafers

were cleaned in aqueous HF solution to remove the native
oxide, followed by rapid thermal annealing in oxygen to
generate SiO2 layers of a well-defined thickness. Following the
annealing period of time (t) ranging from 0 to 300,
spectroscopic ellipsometry was employed to measure the
thickness (d) of SiO2. The relationship between d and t is
plotted in Figure S1 in the Supporting Information. As a result
of different annealing times of the samples, the measured
thicknesses of the SiO2 layers were 3.4, 4.8, 6.7, 15.1, and 17.9
nm. Thereafter, the sample labeling followed the Au/Si-d
format, where, for example, the sample containing a 3.4 nm-
thick SiO2 layer was labeled Au/Si-3.4.
To visualize the structure of Au/SiO2/Si heterojunctions

using TEM, the cross-sections of the samples were prepared
using a focused ion beam (FIB) lift-out technique. Before the
FIB lift-out, a ZnO layer was deposited on the surface of Au/
SiO2/Si samples by atomic layer deposition (ALD) technique
to protect Au NPs from ion beam damage. The samples were
used for TEM characterization only, while unprotected
samples were used for CO oxidation experiments. The
resulting cross-sectional images of sample Au/Si-3.4 clearly
showed the presence of spherical and crystalline Au NP sitting
on the surface of composite SiO2/Si wafers (Figure 2). The

thickness of the SiO2 interlayer was 3.7 nm, which was in good
agreement with the ellipsometry results. The apparent
embedding of the Au NP into the SiO2 interlayer can be
partially attributed to a sample view angle, where the cross-
section was not perpendicular to the electron beam and
thereby creating a perception of a partial sample encapsulation.
Additional cross-sectional images of samples with different

SiO2 thicknesses are shown in Figure S2 in the Supporting
Information.
The direct characterization of ultra-small Au NPs in Au/Si-d

samples using scanning electron microscope (SEM) was
inaccurate as the small size of Au NPs was beyond the
detection limit of SEM and only particles larger than 4 nm can
could be measured. As a result, utilizing STEM was a better
solution for determining the size distribution and thermal
stability of Au NPs. To confirm reproducibility of Au particle
sizes, the Au NPs were also deposited on SiO2 TEM grids
using the He nanodroplet method to assess variation of particle
sizes. Given that the same He nanodroplet deposition method
was used to deposit Au NPs on both SiO2 TEM grids and Si/
SiO2 substrates, the size and morphology of Au NPs is
expected to be the same irrespective of the SiO2 thickness. To
confirm the stability of the samples under reaction conditions,
in situ sample heating followed by STEM was conducted.
Before heating, the Au NPs deposited on SiO2 TEM grids had
a narrow size distribution (Figure 3a), with the average
diameter of Au NPs being 2.1 ± 0.5 nm. When the
temperature was raised to 673 K, no significant agglomeration
of Au NPs was observed with the average particle size
remaining at 2.1 ± 0.6 nm (Figure 3b). These results
demonstrate an excellent stability of our model system that
is an important pre-requisite for conducting mechanistic
catalytic studies.
To study the effect of SiO2 layer thickness on catalytic

performance, the samples containing variable thicknesses of
Au/SiO2/Si heterojunctions were tested for catalytic CO
oxidation reaction using TPD. Catalytic conversion of CO to
CO2 was followed using a mass spectrometer. The onset
temperature for CO oxidation was used to illustrate the
activation barrier differences between the samples in terms of
CO oxidation.28,29 As summarized in Figure 4, the onset
temperature was strongly correlated with the SiO2 layer
thickness. For example, the onset temperature for sample Au/
Si-17.9 that has the thickest SiO2 layer (17.9 nm) was 376 K.
However, the temperature was reduced to 222 K for the
sample with the thinnest SiO2 layer (Au/Si-3.4). The decrease
in onset temperature, however, was a non-uniform function of
SiO2 thickness. For example, a decrease in SiO2 thickness from
17.9 to 6.7 nm resulted in a rather small onset temperature
drop from 376 to 324 K. For SiO2 layers thinner than 6.7 nm,
the onset temperature decrease was much more dramatic,
going down to 294 and 222 K for samples with 4.8 and 3.4 nm
SiO2 thickness, respectively. These decreases in onset temper-
atures can be explained by decreases in the activation barriers
for CO oxidation. Different presentation of the TPD data can
be found in Figure S3 in Supporting Information.
Additional characterization techniques included XPS, which

showed variation in the chemical state of Au as a function of
SiO2 thickness (Figure 5). As the thickness of SiO2 layers
decreased, the Au 4f5/2 and Au 4f7/2 peaks shifted to lower
binding energy (Eb). More specifically, the Au 4f5/2 peak
shifted from 87.96 to 87.48 eV, while the Au 4f7/2 peak moved
from 84.26 to 83.78 eV. It can be noted that the Au 4f peaks
were less symmetric for samples with thinner SiO2 layers (d <
7 nm). In addition to Au, we have also collected the Si 2p XPS
spectra (Figure S4), which had contribution from both the Si
wafer (Si0) and the SiO2 layer (Si

+4). Because the mean probe
depth of XPS was approximately 10 nm, the Si0 2p peak from
the underlaying Si substrate attenuated with increasing SiO2
thickness and eventually disappeared for the samples

Figure 2. Structure of Au/SiO2/Si heterojunctions, sample Au/Si-3.4.
SiO2 layer were confirmed from the different contrast with the ZnO
layer and Si substrate. Scale bar: 10 nm.
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containing SiO2 layers thicker than 15 nm. For samples
containing SiO2 layers thinner than 7 nm, we observed a new
peak at 89.6 eV that appeared next to the Au 4f5/2 peak (Figure
5). This peak, identified as a Si0 Auger line, disappeared for
samples having SiO2 layers thicker than 7 nm. Literature
analysis indicated that in this energy range, there were two Si0

Auger lines, one was located at 89.6 eV and another positioned
at 87.7 eV, where it overlapped with Au 4f5/2.

30,31 These two
peaks were also observed in the same Eb region for bare SiO2/
Si wafers, with their intensity decreasing with an increase in
thickness of SiO2 layers. Therefore, a combination of these
experimental observations confirms the Auger origin of the
observed peaks (Supporting Information, Figure S5).
A further analysis to account for contribution from Si0 Auger

lines allowed us to isolate the Au 4f5/2 and Au 4f7/2 peaks,

thereby improving the quality of the fitting with a doublet.
When the SiO2 layer was thicker than 15 nm, the Au 4f5/2 and
Au 4f7/2 peaks located at 87.96 and 84.26 eV were close to the
Eb of the bulk Au.

27,32 As the SiO2 layer became thinner, both
peaks shifted toward lower Eb. Figure 6b shows the
dependence of Eb of the Au 4f7/2 shift on SiO2 thickness,
indicating a non-monotonous character of the Eb shift. This
trend indicates a transfer of negative charges from n-Si
substrates to Au NPs, which became more significant for a
thinner SiO2 layer. This charge transfer can be explained by a
difference in Au NPs and n-Si work functions and the role of
the Schottky barrier (Figure 6a). Given that Au has a larger
work function (∼5.3 eV) than n-Si (∼4.2 eV), the n-type
Schottky barrier was formed at the heterojunction, leading to a
build-up of electric potential ΔV across the barrier. The
electric potential can be calculated directly from the shift in Au
4f7/2 binding energy ΔV as a function of SiO2 thickness (Figure
6b). An additional discussion of the Schottky barrier formation
is presented in Supporting Information (Figure S6).

Figure 3. In situ STEM HAADF images of Au NPs supported on SiO2 window along with NPs’ size distributions at (a) room temperature and (b)
673 K. Scale bars: 20 nm.

Figure 4. TPD results of Au/Si-d samples with different thicknesses of
SiO2.

Figure 5. Au 4f XPS spectra of Au/Si-d samples with different
thicknesses of SiO2.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10072
J. Phys. Chem. C 2022, 126, 4836−4844

4839

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10072/suppl_file/jp1c10072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10072/suppl_file/jp1c10072_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10072?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The electric charge on each Au NP can be calculated from
the following expression

= Δ|q C VAu Si (1)

in which CAu|Si is the capacitance of the Au NP/SiO2/Si
heterojunction. To quantitatively evaluate the capacitance and
the charge distribution on Au NPs, we conducted numerical
simulation of the Au/SiO2/Si heterojunction using the finite
element method (FEM). Briefly, the heterojunction was
modeled as a capacitor, where a slab of SiO2 was sandwiched
between spherical Au particles and planar Si electrodes.
Between the two electrodes, a bias ranging from 0 to 0.48 V
was applied to replicate the experimentally determined ΔV.
The numerical simulation based on Gauss’s law gave the
distributions of charge density and electric field. More
specifically, we observed a charge accumulation at the bottom
part of Au NPs, such as the part closest to the Si wafers.

Significantly, more negative charge accumulation was achieved
in the sample with a thinner SiO2 layer (Figure 7a). As a result,
the electric field at the Au/SiO2 interface of Au/Si-3.4 was
much stronger than that at the Au/Si-15.1 interface (Figure
7b,d). Simulation results across the range of SiO2 thicknesses
that included the capacitance (CAu|Si), the charge on Au NPs
(q), and the maximum electric field on the Au NP surface
(Emax) are summarized in Figure 8. As the thickness of SiO2
decreased, CAu|Si increased slightly (Figure 8a). On the other
hand, the electric charge (q) had a much stronger dependence
on SiO2 thickness than that for capacitance due to the ΔV term
in eq 1 (Figure 8b). We calculated that the Au NPs in sample
Au/Si-3.4 had a charge of q = −1.16 × 10−19 C, which meant
that each Au NP carried 0.72 electrons on average. On the
other hand, each Au NP present in sample Au/Si-15.1 would
carry only 0.13 electrons on average, while sample Au/Si-17.9
would carry virtually none. It is important to note that the

Figure 6. (a) Schematic representation of electric potential ΔV between Au and Si wafers for Au/Si-d samples. (b) Shift in Au 4f7/2 Eb and ΔV on
the Au/Si-d samples. (c) Onset temperature of the CO oxidation reaction by TPD on the Au/Si-d samples.

Figure 7. Simulation results of the Au/Si-3.4 (a,b) and Au/Si-15.1 samples (c,d). (a,c) Negative charge distribution at the bottom of the Au NPs;
(b,d) cross-sectional electric field distribution near the Au/SiO2 interface. The scale bars in figures indicate the change density and strength of the
electric field given by the Au NP.
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error bars overlap for samples with SiO2 thickness larger than
15 nm, indicating that the charging effect becomes negligible
for thicker samples. The maximum electric field on the Au NP
surface (Emax) followed a similar dependence on SiO2 thickness
as that for ΔV, reaching about 4.2 V/nm in sample Au/Si-3.4
while dropping to 0.74 V/nm for Au/Si-15.19 (Figure 8c) and
becoming negligible for sample Au/Si-17.9.
In order to understand the role of electron transfer and

electric field in the Au/Si-d system, various mechanisms of CO
oxidation were considered. In the case of Au NPs supported on
reducible oxides, the Mars-van Krevelen-type mechanism
suggests that CO is initially adsorbed at the perimeter of the
Au-oxide interface and then reacts with oxygen in the oxide
lattice, thereby leading to a partially reduced oxide support that
is subsequently reoxidized with molecular oxygen.33,34

However, in our system, the Au NPs were supported on
non-reducible SiO2 interlayers, and therefore, the Mars-van
Krevelen mechanism cannot be invoked to explain the origin of
the catalytic activity. Alternatively, we suggest that CO

oxidation follows the Langmuir−Hinshelwood mechanism,
proposed by Widmann, Remediakis, and others.33,35−37 In this
mechanism, both reactants are adsorbed on the low-
coordinated sites (steps and edges)33,37 of Au NPs, where
CO directly reacts with O2 to form CO2.
Importantly, the dependence of CO oxidation onset

temperature on SiO2 interlayer thickness followed a very
similar trend to that of ΔV, suggesting that negatively charged
Au NPs were more catalytically active toward CO oxidation
than the uncharged ones. However, it is important to highlight
that both negative charge and strong electric field on the Au
NP surface were the key factors for the observed dependence
of catalytic reactivity on SiO2 thickness. In terms of charge
transfer, we estimate that the average of negative charge on
each Au NP is about one electron. Therefore, this charge can
be available for transfer to the antibonding orbital (πg*) of O2
adsorbed on NPs of the Au/Si-3.4 sample, which can lead to
weakening of the O−O bond and turning the O2 molecule into
a superoxide ion O2

− (Figure 9). Previous studies by Hammer
and co-workers demonstrated that a negative charge trans-
ferred from Au to anti-bonding orbitals of O2 stabilized the
adsorbed O2 and activated O2 for CO oxidation.38 On the
other hand, the electron transfer was also beneficial for the CO
chemisorption on Au NPs to facilitate the CO oxidation
reaction. Kai and co-workers demonstrated that the negatively
charged Au NPs supported on TiO2 adsorbed more CO as
compared to Au NPs deposited on Al2O3 support, where the
nonreducible Al2O3 was not donating electrons to Au NPs.39

In the case of electric field enhancement, we suggest that
oxygen molecule polarization by the electric field can be a
significant factor to explain our results. Although the charge
transfer is often cited as the primary reason for improved
catalytic activity of Au particles,40−42 the role of electric field is
an overlooked phenomenon for CO oxidation. In the case of
CO2 and methane, theoretical and experimental work by
Zerbetto et al.43,44 suggested a notable role of strong electric
field for catalytic activity and selectivity enhancement. In our
system, consisting of Au/SiO2/Si heterojunctions, the Emax
remained below the threshold of a direct cleavage of the
adsorbed O2. However, it was strong enough for the substantial
rearrangement of the adsorbed O2 molecular orbitals,
potentially leading to change in the electronic interactions
between O2 and Au NP surfaces, thus creating lower activation
barriers for CO oxidation.44,45 Therefore, it is feasible to
suggest that both electric field and charge transfer can
significantly reduce the kinetic barrier for O−O bond cleavage
and resulting CO oxidation.
It is worth noting that oxygen vacancies play a key role in Au

NP-catalyzed CO oxidation. However, in our case, the SiO2/Si

Figure 8. Summarized simulation results of the Au/Si-d samples. (a)
Capacitance, (b) electric charge on each Au NP, and (c) strength of
the electric field of the Au/Si-d samples. The strength of the electric
field values is collected near the Au/SiO2 interface, and these results
indicate the maximum values of Enorm for the Au/Si-t samples.

Figure 9. (a) Charge transfer effect on the polarization and activation of O2. (b) LUMO structure of O2 absorbed on Au NPs with the charge
transfer effect. The transferred electron is indicated by dashed arrow.
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substrates were fully oxidized by rapid thermal treatment with
O2 at 800 °C. A complete oxidation of the SiO2 interlayer was
confirmed from the Si+4 peak originating from the oxidized
surface and Si0 peaks originating from the underlying substrate,
with no other oxidation states detected by the XPS results
presented in Supporting Information. Given a low defect level
in the fully oxidized and nonreducible nature of SiO2, a
variation in oxygen vacancy concentration and presence of
active sites at the interface between Au NPs and supports are
not expected to contribute to the observed variation in onset
temperatures of our Au/Si-d system as compared to those with
reducible supports.34,46−48 For example, in a classic Au/TiO2
catalyst system, the activation of O2 can benefit from both
increase in charge transfer and increased oxygen vacancies
generated near the Au/TiO2 interface.

49,50 In contrast, here we
suggest that the thickness of SiO2 layers, rather than variation
in oxygen vacancies and active sites at perimeter of Au NPs
and SiO2/Si, is the main factor that tunes both the charge
transfer to Au NPs and the strength of electric field.

■ CONCLUSIONS
We designed a novel Au/SiO2/Si heterojunction with
controllable charge transfer to Au nanoparticles by varying
the thickness of the SiO2 interlayer. This model system allowed
us to explore the charge transfer and electric field effects as the
main factors affecting onset temperature of CO oxidation.
More specifically, ultra-clean and uniform Au nanoparticles
were deposited on low-defect SiO2/Si wafers by the helium
droplet deposition method. Complementary experiments that
included in situ STEM, XPS, and TPD techniques, combined
with theoretical simulations, were employed to systematically
explore and tune negative charge transfer from n-type Si to Au
NPs. Given the reproducible size distribution of Au NPs on
low-defect and nonreducible SiO2 interlayers, the oxidation
mechanism for the Au/Si-d system can be based on Au NP-
mediated reactions, where both reactants are adsorbed on the
Au surface rather than at Au/SiO2 interface. Therefore, various
factors observed on reducible oxides that can influence the
reaction rate, such as concentration of oxygen vacancies and
interfacial active sites, can be considered as minor players in
our system. Our results indicate that electron transfer and
electric field were the primary origins of the enhanced
reactivity. The electron transfer can promote the activation
of O2 to form superoxide O2

− and CO adsorption. In addition,
electric field can modify the electronic interactions between O2
and Au NP surfaces, resulting in lower activation barriers for
CO oxidation. It is likely that both electron transfer and
electric field contributed to lowering the onset temperature of
CO oxidation. As a result, the sample with the thinnest SiO2
interlayer had the lowest onset temperature of 222 K, while the
sample with the thickest SiO2 interlayer had the highest onset
temperature of 376 K. Future experiments, including
atmospheric pressure reactor studies, will be conducted to
understand the intrinsic reactivity of our system under
dynamic reaction conditions. In addition, the planned
experiments will explore charge transfer, electric field-
promoted activation of O2, mechanisms of CO adsorption,
and interrelation between redox electronic properties in the
Au/Si-d system. Our results provide a more sophisticated
picture of the EMSI role in enhancing catalytic performance as
compared to the published literature, thereby giving a more
precise roadmap for a rational design of the next generation of
nanocatalysts.
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