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The charge state of Au nanoclusters on oxidized/reduced rutile TiO, (110) surfaces were investigated by

a combination of non-contact atomic force microscopy and Kelvin probe force microscopy at 78 K

under ultra-high vacuum. We found that the Au nanoclusters supported on oxidized/reduced surfaces

had a relatively positive/negative charge state, respectively, compared with the substrate. In addition, the

distance dependence of LCPD verified the contrast observed in the KPFM images. The physical
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background of charge transfer observation can be explained by the model of charge attachment/

detachment from multiple oxygen vacancies/adatoms surrounding Au nanoclusters. These results
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rsc.li/nanoscale-advances condition of the support used.

Introduction

Since the pioneering work of Haruta and Valden,"* a number of
studies have been devoted to the Au/TiO, surface and signifi-
cant progress has been made. The size of Au nanoclusters
crucially affects the catalytic activity of this system. In partic-
ular, Au nanoclusters having sizes between 2 nm and 6 nm
dramatically promote the catalytic reactions.'™ These findings
demonstrate that the supported clusters, in general, may have
unusual properties on this surface. Therefore, many researchers
have been fascinated by this topic and tremendous progress has
been made to investigate this catalytic activity. Particularly, the
presence of these small nanoclusters is believed to play an
important role; several studies have shown that the charge state
of the Au nanoclusters can also dramatically alter the catalytic
reaction.’**® For example, the presence of cationic clusters was
assumed to lower the reaction barrier between CO and molec-
ular oxygen.™ In addition, several works have shown that the Au
nanocluster charge state is strongly influenced by the choice of
the oxide support in this system.'®* Specifically, this means
that the charge state of the Au nanoclusters can be assumed to
be highly sensitive to the nature of the chemical environment of
TiO,.">' Particularly, in the case of a reduced surface, previous
experimental work involving XPS under UHV provided evidence
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suggest that the electronic properties of the Au nanoclusters are dramatically influenced by the

for the electron transfer to the adsorbed Au nanoclusters.”
However, this method averages the characteristics of the
macroscopic region and is difficult to understand at the
microscopic scale. Thus, there is a lack of experimental research
to individually detect the local charge redistribution of the Au
nanoclusters supported on oxidized/reduced TiO, surfaces at
the microscopic scale. Scanning tunneling microscopy (STM)
has been widely used to study the Au nanoclusters on these
surfaces at the atomic scale.>*%'>'® However, STM involves
tunneling currents into the conducting substrate, which can
easily result in unintended switching of the charge state during
the measurements. Recently, atomic force microscopy (AFM), as
a viable alternative, has been used to provide atomic-scale
images of surfaces, characterize atoms and molecules,”** and
manipulate the nanoclusters.>*** In contrast to STM, AFM can
avoid the unintended charge rearrangement due to its force
modulation mechanism."”” Moreover, Kelvin probe force
microscopy (KPFM) due to its atomic scale precision allows us
to directly detect the different charge states within the atomic
scale using the local contact potential difference (LCPD).>*>*
Hence, in this work, AFM and KPFM were used to detect the
different charge states of the Au nanoclusters on rutile TiO,
(110) surfaces depending on oxidation. We found that the Au
nanoclusters supported on the oxidized surface were relatively
positively charged, while the Au nanoclusters supported on the
reduced surface were negatively charged compared to the
substrate. For our charge state studies, the distance dependence
of the LCPD values was recorded on top of the Au nanocluster
and substrate, confirming the contrast observed in the oxidized/
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reduced surfaces in KPFM

measurements.

of exactly different signs

Experimental details

The experiments were carried out using low-temperature ultra-
high vacuum (UHV) atomic force microscopy (AFM). One
common difficulty in this experiment is the pre-request of the r-
TiO, (110) surface, which can easily react with water and an
unknown gas. Because the water molecules are known to
produce a high coverage hydroxyl TiO, (110) surface, which has
significantly different properties compared with the reduced
TiO, (110) surface, clean reduced TiO, (110) is necessary for
comparison with the oxidized surface.”**® Therefore, in this
work, the Au nanocluster was deposited on oxidized/reduced
TiO, (110) at 300 K under ultra-high vacuum (<1.0 x 10"
torr) to avoid the reaction with water molecules and contami-
nation. The reduced TiO, (110) sample was prepared by Ar"
sputtering and annealing at 900 K for several cycles before
depositing the Au nanoclusters. The oxidized surface was
prepared by exposing the sample to oxygen at room temperature
for ~0.5 L before depositing the Au nanoclusters. The obser-
vation chamber was also kept at an ultra-high vacuum condi-
tion (<1.0 x 107" torr) to keep the surface clean during the
entire experimental run. The deflection of the cantilever was
measured using the optical beam deflection method. The AFM
unit was kept at liquid nitrogen temperature (78 K). The AFM
measurements were performed in frequency-modulation (FM)
detection mode. The cantilever was oscillated at its resonance
frequency with a constant oscillation amplitude. We used an
iridium (Ir)-coated Si cantilever (Nano sensors SD-T10L100, f;, =
800 kHz, A = 500-1000 pm). The Ir tips provided more stable
AFM imaging compared to a bare Si tip. The tip was initially
annealed to 600 K and then cleaned by Ar' sputtering to remove
any contamination before performing the experiments. The
atom tracking method was used to compensate the thermal
drift between the tip and surface during the measurements.
KPFM measurements were recorded in the frequency-
modulation mode. An AC bias voltage (V) at the frequency
fac and a DC bias voltage (V) were applied to the sample. Vp¢
was adjusted to compensate the fyc component of the electro-
static force, providing the CPD value (Vcpp). For details, please
refer to our previous works.>*3°

Results and discussion

First, the surfaces were proven to be reduced/oxidized TiO,
(110) surfaces via atomically resolved AFM images. This is
important to exclude the possibility of performing experiments
on high coverage hydroxyl TiO, (110), which would strongly
alter the properties of the Au nanoclusters.>?® Fig. 1(a) and (b)
show large area AFM images of the Au/reduced-TiO, (110)
surface and Au/oxidized-TiO, (110) surface containing
a number of Au nanoclusters on the terrace. The maximum
diameter of the Au nanoclusters from these two images was
determined to be smaller than 6 nm, which was in the range
responsible for high catalytic activity.'® These findings are in
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Fig. 1 (a and b) AFM images of Au nanoclusters adsorbed on the
reduced/oxidized-rutile TiO, (110)-(1 x 1) surfaces. Numerous small
Au nanoclusters were homogeneously distributed on the terraces. (c
and d) Atomically resolved AFM images of reduced/oxidized-rutile
TiO, (110)-(1 x 1) surfaces. O and Ti atom rows on TiO, (110) were
observed as bright and dark by a tip, respectively, in the neutral mode.?”
Imaging parameters: constant Af mode, Vs = 0V, (a) 125 x 130 nm?;
(b) 6.0 x 9.5 nm?; (c) 125 x 130 nm?; (d) 6.0 x 9.5 nm?.

agreement with previous STM studies, which show that Au
nanoclusters nucleate on top of O, or oxygen adatom (O,q).">*®
Fig. 1(c) and (d) show atomically resolved AFM images
measured on top of these surfaces. As shown by Fig. 1(c) and (d),
several bright rows and dark rows are alternately aligned. The
distance between these two rows is 0.65 nm. In addition, we can
see several small dark spots and bright spots on top of the
bright row. In particular, in Fig. 1(d), we can see several large
bright spots on top of the dark row. The rutile TiO, (110) surface
contains two-fold coordinated protruding O atoms and five-fold
coordinated Ti atoms, which are alternately aligned.* Practical
sample preparation under UHV leads to the creation of point
defects such as O, and a few double-OH defects. The oxygen
molecules are known to dissociate and adsorb as O,q on top of
these five-fold coordinated Ti atoms.?®**® Thus, the bright row
and dark row observed in Fig. 1(c) and (d) correspond to the O
row and Ti row. Moreover, the small dark spots and bright spots
are the point defects such as O, and double-OH on these
surfaces. Additionally, the large bright spots observed in
Fig. 1(d) are 0,4.>** In the case of NC-AFM imaging on these
surfaces, it is well known that the image contrast strongly
depends on the chemical construction of the tip apex.*” In
a recent work, three common contrasts (neutral, hole, and
protrusion types) were observed on rutile TiO, (110) surfaces;
especially, the image obtained by the neutral mode tip is
believed to give a contrast resembling the true geometrical
structure and provides an easy way to identify the atomic
species adsorbed on this surface.”” Therefore, the tips used in
Fig. 1(c) and (d) are believed to correspond to a neutral mode
because the contrast of atomically resolved images qualitatively
resembles the true geometric structure. Here, it should be noted
that the neutral mode tip was deliberately prepared by weakly

This journal is © The Royal Society of Chemistry 2020
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poking the tip apex on these surfaces.” The values for the
coverage of O, and OH defects (Fig. 1(c)) are 7.7% ML and 0.5%
ML, respectively, as deduced from the extended AFM data,
which also confirmed that the predominant species was O,. As
shown in Fig. 1(d), the values for the coverage of O, and OH
defects as well as O,q are 2.0% ML, 0.5% ML and 8.5% ML,
respectively, as deduced from the AFM data, which confirms
that the predominant species is O,q. From these results, we
ambiguously conclude that our work is performed on reduced/
oxidized TiO, (110) surfaces, which are significantly covered by
O, or O,gq, respectively.

Next, the charge state of the Au nanoclusters was investi-
gated by using high-resolution KPFM. Fig. 2 shows the topog-
raphy images and LCPD images measured using AFM and
KPFM at identical areas. As shown in Fig. 2(a)-(d), numerous
contrast patterns of the Au nanoclusters on oxidized/reduced
TiO, (110) surfaces are obtained by AFM and KPFM. In order
to comprehensively analyse these images, we studied the line
scans on top the overall Au nanoclusters for each image. The
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Fig. 2 (a and b) AFM images of the Au nanoclusters adsorbed on the
oxidized/reduced-rutile TiO, (110)-(1 x 1) surfaces. Numerous small
Au nanoclusters are homogeneously distributed on the terraces.
Imaging size, both 35 x 35 nm?. (c and d) LCPD images of the Au
nanoclusters adsorbed on the oxidized/reduced-rutile TiO, (110)-(1 x
1) surfaces obtained at an identical area with (a) and (b). Imaging size,
both 35 x 35 nm?. Inset: AFM or LCPD line profiles measured above
several types of adsorbed Au nanoclusters as indicated by different
colors.
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corresponding line scans are depicted under each image. From
the topography images (Fig. 2(a) and (b)), we can see that the
oxidized/reduced-TiO, (110) surfaces contain a number of Au
nanoclusters on their terrace. The diameter of the Au nano-
clusters is about 2-3 nm, which is in the range of high catalysis,
as discussed above. Focusing on the LCPD images (Fig. 2(c) and
(d)), we found that the overall contrast patterns of LCPD ob-
tained on top of the Au nanoclusters in each image were rela-
tively smaller/larger compared with that for the substrate. From
Fig. 2(c) and (d), the smallest/largest LCPD value is found to be
0.75 V/0.83 V and 0.53 V/0.73 V on top of the Au nanoclusters,
respectively. The origin of the overall difference of LCPD on top
of the Au nanocluster is considered to be the difference in local
charge redistribution at the Au nanoclusters.>»*® Given that the
LCPD change is induced by this charge redistribution between
the surface and Au nanoclusters, the Au nanoclusters are
present in a relatively positive/negative charge state on these
surfaces. We expect that this systematic trend of different
charge states of the Au nanoclusters on reduced/oxidized TiO,
(110) surfaces is induced by the accumulation of more/less
electrons in the Au nanoclusters on reduced/oxidized TiO,
(110) surfaces.

To establish a direct link between our experiments and
physical background, we have illustrated a schematic model of
these charge state differences induced by different oxidation
surface states at the atomic scale. As shown in Fig. 3(a), because
the electronegatively O,q4 tends to withdraw the electrons from
the Au nanocluster, the Au nanocluster becomes positively
charged.”®* In contrast, O, tends to supply excess electrons to
the Au nanocluster, due to which the Au nanocluster becomes
negatively charged (Fig. 3(b)). Here, we note that this measured
charge redistribution should depend on both its size and the
amount of vacancies attached to the Au nanocluster.® In
general, it cannot be said that the size of LCPD is always
quantitatively proportional to the amount of charge.””>*
Nevertheless, in Fig. 2(a)-(d) we can find that some of the Au
nanoclusters show relatively large absolute LCPD even though
the size is small, as can be seen for the Au nanoclusters
numbered 1 and 3 inside the images. On the other hand, some
of the Au nanoclusters show relatively small absolute LCPD
even though the size is large, as can be seen for the Au nano-
clusters numbered 2 and 4 inside the images. This is probably

a Positively b
— charged Au
e

Negatively
charged Au

Fig. 3 (a and b) Schematic model of an Au nanocluster on oxidized/
reduced rutile TiO,(110)-(1 x 1) surfaces. O, (white balls): two-fold
coordinated bridge oxygen row; Os. (blue balls): in plane three-fold
coordinated oxygen; Tisc (red balls): rows of five-fold coordinated Ti
atoms; Oy (black dotted circles): oxygen vacancy; Au (gold balls): Au
atoms; O,q (pink ball): oxygen adatom.
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because the charge state of the nanocluster depends not only on
the size of the gold cluster but also on the shape and number of
the surrounding defects and adsorbed oxygen. A comprehensive
study of the size and shape as well as the existence of defects in
the Au nanoclusters might be challenging because it will be
necessary to discuss every condition properly at the atomic
scale. Notably, there is also a macroscopic LCPD contrast on the
background, as shown by the white dotted arrow in Fig. 2(d).
The possible origin of this contrast is considered to be a step
structure, which we previously observed on this surface.*®
However, all of the LCPD line scans shown in Fig. 2 were
measured exactly on top of the Au nanoclusters and overall
showed smaller/larger values only on top of the Au nanoclusters
compared to the surrounding substrate. Therefore, we conclude
that the main contribution to the LCPD contrast observed on
top of the Au nanoclusters significantly reflects the different
charge states of the Au nanoclusters.

To gain more insights into the strong contrast difference
observed in the LCPD images, the system was further investi-
gated by performing KPFM measurements as a function of the
tip sample distance, ensuring that no changes in the tip or
deformation of the Au nanoclusters could occur.?**>***° The
experiment was conducted as follows: the initial positions of the
Au nanoclusters on oxide/reduced TiO, surfaces were confirmed
by AFM imaging. After AFM imaging, the tip was brought above
the Au nanocluster and KPFM feedback was turned on. The tip
was made to vertically approach the top of the Au nanocluster
simultaneously collecting the value of LCPD. We performed
these experiments in every redox condition of an Au nanocluster
and the substrate. It should also be mentioned here that the
spectroscopy data were acquired using ~10 s for high sensi-
tivity. As we can see in Fig. 4(a) and (b), on the oxidized/reduced
surfaces, the LCPD of an Au nanocluster is always smaller/larger
than that of substrate TiO, at a range of measured distances.
The LCPD value measured on top of the Au nanocluster starts to
deviate from that of substrate TiO, at around —0.8 nm in both
cases with monotonic decrease/increase on the oxidized/
reduced surfaces. These observations can be explained by the
averaging effect, wherein the Au nanocluster area that contrib-
utes to the LCPD becomes larger as compared with the TiO,
surface due to the decrease in tip height.”* As the tip moves
closely towards the Au nanocluster, the effect of the
surrounding TiO, became smaller, which explains the deviation
of LCPD at around —0.8 nm. These systematic trends agree with
the observations from Fig. 2(c) and (d); the LCPD values of the
Au nanoclusters are overall smaller/larger than those for
reduced/oxidized TiO, (110) surfaces. In the case of reduced and
oxidized surfaces, a previously performed theoretical work
indicates that the charge transfer happens from the Au nano-
cluster to O, or from oxygen molecules to the Au nanocluster
based on matching electronic potentials between the cluster
and the support.’ In particular, in the case of the reduced
surface, a previous experimental work using XPS under UHV
macroscopically shows the evidence of electron transfer to the
adsorbed Au nanocluster.’* Indeed, the LCPD contrast and
LCPD shift shown in Fig. 2(c), (d), 4(a) and (b) suggest that the
charge redistribution occurring at the interface of metal/oxide
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Fig. 4 (a and b) Distance dependence of KPFM measured on top of
the Au nanoclusters on oxidized/reduced-rutile TiO, (110)-(1 x 1)
surfaces. The blue spectrum shows the LCPD value obtained on top
the Au cluster and red spectrum shows the LCPD value obtained on
top of the TiO, substrate.

results in Au nanoclusters being negatively charged in
reduced conditions and positively charged in oxidized condi-
tions. We believe that the charge redistribution initially creates
an intrinsic dipole between the metal/oxide interface.”” Thus,
the main contribution of the observed increase or decrease in
LCPD may originate from the surface dipole, which is mainly
modulated by the local charge state of the Au nanoclusters on
the surface. The above-mentioned experimental results give
a fundamental insight into our understanding of how reducible
supports influence the Au nanocluster catalytic chemistry.
Moreover, the donation or withdrawal of charge from the Au
nanocluster builds up a dramatic activity difference on the
metal/oxide interface.

Conclusions

In conclusion, a direct observation of the charge state of Au
nanoclusters was achieved on a rutile TiO, (110) surface. We
successfully demonstrated the different charge states using the
AFM and KPFM techniques. A proposed model of charge
transfer from O, and O,q was established to explain the
different charge states of the Au nanocluster on oxidized/
reduced TiO, (110) surfaces. These experimental results show
excellent agreement with previously reported theoretical
results, which involve charge attachment/detachment from
multiple oxygen vacancies/adatoms surrounding the Au nano-
cluster. Our results give additional insights into understanding

This journal is © The Royal Society of Chemistry 2020
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the atomic scale catalysis of an Au nanocluster on TiO, (110)
surfaces.
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