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Au cluster-incorporated TiO, nanosheets with exposed (001) facets
were designed and fabricated using a facile self-assembly strategy.
The glutathione-protected Au clusters act as both a co-catalyst and
a photosensitizer and significantly enhance the light absorption
efficiency and photocatalytic hydrogen production simultaneously.

Conversion of solar energy into storable fuels via photocatalytic
technology is considered as a feasible approach to tackle the
rising energy crisis with minimal environmental impact.'™°
For instance, harvesting hydrogen gas as a clean energy source
through photocatalytic water splitting is one of the most
promising strategies."'*® Inspired by Fujishima and Honda’s
first discovery of photoelectrochemical water splitting on a TiO,
photoanode," significant efforts have been devoted to taking
TiO,-based photocatalysts to the next level, owing to their
low cost and remarkable stability.’°>® With proven catalytic
activity, TiO, is the model material in photocatalysis and
photoelectrochemistry.”” ° Yang et al®' first reported TiO,
nanosheets with exposed (001) facets that show superior photo-
reactivity, and further studies uncovered that its photocatalytic
performance is improved by the high surface energy and efficient
chemisorption capacity.*”** Although the extensive utilization of
TiO, in practical applications is limited by its wide band gap,
different strategies have been adopted to tailor its absorption edge
into the visible-light region to overcome the limitations.*>™*"
Inorganic sensitization, owing to its convenience and flexibility,
is a common and effective technique to tailor the light absorption
capability of wide-band gap materials.

Novel metal clusters protected by thiolate ligands have been
used as a new-type photosensitizer to enhance the photocatalytic
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performance of the wide bandgap semiconductors, by broadening
their photo-absorption range.**** Compared to conventional bulk
Au nanoparticles, Au clusters composed of a precise number of
metal atoms in the core show more favorable physico-chemical
properties, including strong electron energy quantization induced
by the ultra-small cluster size, tunable band-gap, and controllable
catalytic properties.*>*® In particular, recent studies unveiled that
photo-generated electrons in glutathione-protected Au (Au-GSH)
clusters can be transferred to adjacent TiO, under simulated solar
light or visible light irradiation.*”** The Au-GSH clusters generally
exhibit nonmetallic properties with energy quantization mani-
fested in their HOMO-LUMO gap due to the small scale at the
nanometer level, in which electrons can be transferred from the
HOMO to the LUMO and the generated electron-hole pairs can
participate in certain photocatalytic reaction processes.*>*° Liu’s
investigation®® showed that the Au GSH-cluster-TiO, composites
have excellent visible-light activity for the degradation of RhB and
reduction of Cr(vi). In addition, the electronic property and energy
level of Au GSH-clusters can be easily designed and tuned by
altering the size distribution, ligand selection and cluster
composition.>'”** Therefore, optimized Au clusters can be applied
as a promising photosensitizer to accelerate the development
progress of photocatalysis and photoelectrochemistry. In this
work, the heterostructure of Au GSH-clusters and TiO, nanosheets
with exposed (001) facets has been proposed to study the enhance-
ment mechanisms in photocatalytic hydrogen evolution, and a
clear and consensual understanding is necessary to disclose the
differences between TiO, with exposed (001) facets and TiO, with
exposed (101) facets after Au clusters are introduced.

With these motivations, Au-cluster/TiO, nanosheets with an
exposed (001) facet (Au/TiO,-001) heterostructure were designed
and constructed by a facile self-assembly strategy, where the
specially-made Au clusters can be uniformly dispersed onto TiO,
surface. The XRD patterns of the TiO,-001 and Au/TiO,-001
nanosheets are presented in Fig. S1 (see ESIt). As expected,
the characteristic diffraction peaks of anatase TiO, (JCPDS no.
21-1272) can be clearly observed for the TiO,-001 nanosheets.>?
Meanwhile, the Au/TiO,-001 nanosheets display only the
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Fig.1 TEM and HRTEM images of (a and b) TiO, nanosheets and (c and d)
Au/TiO,-001 nanosheets.

characteristic diffraction peaks of anatase TiO,, in which
no additional diffraction peak ascribed to Au can be observed.
This result is attributed to the low loading amount or high
dispersion of Au clusters on the surface of TiO, nanosheets.
The micro-structure and morphologies of the TiO,-001 and
Au/TiO,-001 nanosheets were further investigated by trans-
mission electron microscopy (TEM) measurement, as displayed
in Fig. 1. Obviously, the TEM and HRTEM images of TiO,
nanosheets with exposed (001) facets are clearly displayed in
Fig. 1a and b. The uniform TiO, nanosheets have an average
side length of ca. 40 nm. Meanwhile, the lattice fringes with a
d-spacing of about 0.235 nm can be obtained, which is indexed
towards the {001} direction of the vertical TiO, nanosheets.>*
Compared with nude TiO, nanosheets, many nanodots with
sizes in the range of 1.6 + 0.5 nm on the surface of TiO,
nanosheets can be distinctly observed in Fig. S3 (ESIt). Further-
more, a magnified HRTEM image of Au/TiO,-001 nanosheets is
shown in Fig. 1d, in which an interplanar spacing of 0.23 nm
that is in good agreement with the {111} crystal plane of face-
centered cubic gold can be clearly observed.”® Simultaneously,
the corresponding energy-dispersive spectroscopy (EDS) of
Au/TiO,-001 nanosheets further confirms the existence of Au
clusters as demonstrated by the fluorescence signal in Fig. S2
(ESIT). In addition, according to the EDS parameters of the
Au/Ti0O,-001 sample listed in Table S1 (ESIt), the Ti/Au atomic
ratio is 0.019, and thus the loading amount of Au can be
calculated as 4.8 wt%. Au clusters are rather crowded in this
test area. Overall, the above results distinctly demonstrate that
heterostructures between Au clusters and TiO, nanosheets are
successfully constructed using this facile strategy.
Interestingly, the optical absorption properties of TiO,-001
and Au/TiO,-001 nanosheets display considerable variation due
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Fig. 2 (a) UV-vis DRS spectra of TiO,-001 and Au/TiO,-001 nanosheets.

The inset graph shows the plots of [Ah1]Y2 versus photon energy (hu). (b) The

subtracted DRS spectrum between TiO,-001 and Au/TiO,-001 nanosheets.

to the introduction of Au-GSH clusters, as depicted in Fig. 2.
Therein, TiO,-001 nanosheets show a typical absorption band
gap of anatase TiO,, and its absorption band edge is around
390 nm, which is in good agreement with the band-gap energy
of ca. 3.1 eV in the inset graph.”” However, compared to nude
TiO,-001 nanosheets, Au/TiO,-001 nanosheets corresponding
to the band-gap energy of ca. 2.7 eV display a gratifying visible-
light absorption region from 400 nm to 800 nm, owing to the
formation of the heterostructure between TiO, and Au-GSH
clusters. It is mainly because of the Au-GSH clusters exhibiting
a non-metallic semiconductor property of photosensitizer to
extend the absorption edge of TiO, into the visible light region
and improve the light absorption capacity. As shown in Fig. 2b,
the subtracted DRS spectrum between nude TiO,-001 and
Au/Ti0,-001 nanosheets further demonstrates the function of
Au-GSH clusters, which can be excited via the HOMO-LUMO gap
to inject photo-generated electrons into TiO,.** Furthermore, in
order to compare the differences between the photosensitization
effect of Au-GSH clusters and surface plasmon resonance effect,
the DRS spectrum of Au particles/TiO,-001 prepared via a
photodeposition method is presented in Fig. S4 (ESIT). It depicts
an evident surface plasmon resonance peak due to a larger size
of Au particles obtained via this strategy. When the size of
the metal nanoparticles is reduced to around 2 nm or less,
their optical absorption cross section becomes very small and
plasmonic effects become negligible.**>*~>® Therefore, it can be
seen that the visible light absorption of Au/TiO,-001 is enhanced
by the photosensitization effect of the Au-GSH clusters, instead
of its surface plasmon resonance effect.

The surface composition and chemical bonding state of Au,
Ti and O elements are investigated by X-ray photoelectron
spectroscopy (XPS) analysis. Fig. 3a presents the XPS survey
spectra of TiO,-001 and Au/TiO,-001 nanosheets, indicating
that the Au/TiO,-001 sample contains Ti, O and Au elements.
The high resolution XPS spectra for Ti 2p, Au 4f and O 1s are
presented in Fig. 3b, ¢ and d, respectively. The binding energy
of Ti 2p3/, in TiO,-001 nanosheets is ca. 458.9 eV, which is
assigned to the intrinsic Ti*" oxidation state in TiO,.>® Never-
theless, after Au clusters are introduced, the binding energy of
Ti 2p appears slightly shifted towards the negative binding
energy direction. In addition, the O 1s XPS spectrum presents
two characteristic peaks, as shown in Fig. 3d. The peak at low
binding energy belongs to lattice oxygen in the Au/TiO,-001
nanosheets, while the other peak pertains to surface hydroxyls.
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Simultaneously, the binding energy of O 1s also appears shifted
to the negative direction after introduction of the Au clusters.
This phenomenon suggests that there is an intimate interfacial
interaction between TiO,-001 nanosheets and Au clusters.*® In
the meantime, the existence of Au clusters is further affirmed
by the high resolution XPS spectrum for Au 4f, as presented
in Fig. 3c, which appears with two core peaks at ca. 87.8 and
84.1 eV in the Au/TiO,-001 nanosheets, belonging to the Au 4f;,
and Au 4f;, peaks of metallic Au® species, respectively.®® These
results clearly confirm that the Au clusters are successfully
introduced on TiO,-001 nanosheets.

The photocatalytic hydrogen evolution is selected as a model
reaction to evaluate the photocatalytic performance of TiO,-101,
Au/TiO,-101, TiO,-001 and Au/TiO,-001 samples under visible
light or simulated solar light irradiation, as depicted in Fig. 4. In
order to evaluate the advantages of TiO,-001 and Au/TiO,-001
nanosheets, the TiO,-101 and Au/TiO,-101 samples are chosen
as reference samples. It can be found that TiO,-101 and TiO,-001
samples show a low and similar photocatalytic activity under
simulated solar light irradiation, as displayed in Fig. 4a. Never-
theless, after coupling with Au clusters, the Au/TiO,-101 and
Au/TiO,-001 samples display a sharp improvement in photo-
catalytic hydrogen production, indicative of the co-catalyst prop-
erty of Au clusters. This figure also reveals that the H, evolution
rates of the Au/TiO,-101 and Au/TiO,-001 samples are as high
as 178 and 338 umol g ' h™", respectively. In the other words,
the photocatalytic hydrogen production rate of Au/TiO,-001
nanosheets is almost double that of the Au/TiO,-101 sample.
This is because TiO, with exposed (001) facets has higher surface
energy, which is more beneficial to the dissociative adsorption of
reactant molecules, in comparison with thermodynamically
stable (101) facets.**®" In addition, these as-prepared samples
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Fig. 4 The photocatalytic activity of hydrogen production rate for TiO5-
101, Au/TiO,-101, TiO,-001 and Au/TiO,-001 samples under (a) simulated
solar light or (b) visible light (4 > 420 nm) irradiation.

were further examined under visible light irradiation, as shown
in Fig. 4b. As expected, Au/TiO,-001 nanosheets show a higher
hydrogen evolution rate than that of the Au/TiO,-101 sample
under visible light irradiation, which agrees with the former
changing regularity under simulated solar light irradiation. As a
contrast, TiO,-101 and TiO,-001 samples are disabled to catalyze
the hydrogen production under visible light irradiation, which is
attributed to the wide band gap of pure TiO,. The Au/TiO,-101
and Au/TiO,-001 samples are endowed with photocatalytic
hydrogen generation ability under visible-light via forming a
heterostructure between TiO, and Au clusters. Furthermore, it
can be concluded that the glutathione-protected Au clusters not
only act as an efficient co-catalyst, but also take on the function
of a photosensitizer. Furthermore, in order to explore the merit
of Au clusters/TiO,-001, the Au particles/TiO,-001 sample was
chosen as a reference material to investigate its photocatalytic
hydrogen production, as shown in Fig. S5 (ESIT). The Au particles/
TiO,-001 sample exhibited a weak photocatalytic performance under
visible light irradiation, suggesting that Au-clusters/TiO,-001
nanosheets possessed great potential in the field of photocatalytic
water splitting. Moreover, the results of cycling experiments show
that Au/TiO,-001 nanosheets have high catalytic activity and stability,
as indicated in Fig. S6 (ESIt). The photocatalytic performance of
Au/TiO,-001 nanosheets can continuously produce hydrogen, with
no obvious activity loss after three cycles, attesting to the excellent
stability. In order to further investigate the situation of the photo-
catalyst after the photocatalytic reaction, the SEM and TEM mea-
surements were carried out. No significant changes can be observed
from the SEM graph (Fig. S7, ESIT), which is due to the small size of
the TiO, nanosheets and Au clusters. But in Fig. S8 (ESI{) the TEM
image of the Au/TiO,-001 sample after photocatalytic reaction reveals
that the Au clusters got larger after the photocatalytic reaction,
suggesting that Au/TiO,-001 nanosheets undergo a certain change
during the photocatalytic reaction process.

In order to fully elucidate the role of Au clusters in our visual
light photocatalytic hydrogen production, the transient photo-
current response curves of TiO,-101, Au/TiO,-101, TiO,-001
and Au/TiO,-001 samples are displayed in Fig. S9 (ESIf).
The photocurrent response measurement can be employed to
elucidate the mechanism, in which the generation and transfer
of photoexcited charge carriers in the photocatalytic process
can be indirectly monitored by the photo-generated current.””

This journal is © The Royal Society of Chemistry 2020
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Among them, the TiO,-101 and TiO,-001 samples show a lower
photocurrent response, suggesting a poor generation and transfer
efficiency of photoexcited electron-hole pairs, which is consistent
with the photocatalytic activity for hydrogen production. In contrast,
the Au/TiO,-001 and Au/TiO,-101 samples present a stronger visible
light response. This can be ascribed to the integration of the Au-GSH
clusters, which intensifies the visible light absorption of nude TiO,.
In addition, Au/TiO,-001 nanosheets display the highest photocur-
rent density, far more than that of the Au/TiO,-101 sample, indicat-
ing that the Au/TiO,-001 nanosheets own a much higher separation
and transfer efficiency of the photo-excited electron-hole pairs. As
mentioned above, the Au/TiO,-001 nanosheets possess higher
photocatalytic activity due to more efficient separation and transfer
efficiency of the photo-generated charge carriers. It clearly demon-
strates that the glutathione-protected Au clusters present the proper-
ties of a co-catalyst and a photosensitizer in TiO, nanosheets, and
the as-obtained Au/TiO,-001 is a promising photocatalytic material
in comparison to the Au/TiO,-101 sample. Hence, a visible-light-
induced photocatalytic reaction mechanism can be proposed in
Fig. 5. Given the optical absorption and semiconductor property of
the glutathione-protected Au clusters, the Au clusters can be inspired
to generate electron-hole pairs under visible light irradiation. In
addition, the photoexcited process for the glutathione-protected Au
clusters has been clearly demonstrated by many precursors.*®*®>®
Consequently, the photo-generated electrons can be rapidly injected
into the conduction band (CB) position of the TiO, nanosheets
owing to the appropriate LUMO potential of Au clusters, in which
these electrons can participate in the hydrogen evolution reaction to
reduce H" into H,. Meanwhile, the holes on the HOMO of the Au
cluster react with the sacrificial agent (EDTA-2Na) to produce related
oxidation products.

Conclusions

In this work, TiO, nanosheets with exposed (001) facets were
fabricated with Au clusters by a facile self-assembly strategy.
These catalysts display a noteworthy H, generation rate as high
as 338 umol g ' h™" under simulated solar light irradiation,
which is far more than that of TiO,-001 nanosheets and the
Au/TiO,-101 sample. Its high efficiency and stable performance
reveal that the Au/TiO,-001 material is an efficient and potential

This journal is © The Royal Society of Chemistry 2020
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photocatalyst for hydrogen evolution. More significantly, the
visible light photocatalytic activity also reflects that Au clusters
are a promising photosensitizer. The in-depth understanding of
the glutathione-protected Au clusters and the different proper-
ties between the TiO,-001 and TiO,-101 materials makes a
contribution to exploitation of the glorious photocatalytic water
splitting system and provides a strategy to delicately design and
fabricate composite materials.
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