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1 Introduction

ABSTRACT

In this work, we present a new versatile strategy to prepare noble metal (Au, Ag
and Cu) nanoclusters on TiO, nanosheets in large scales with exposed (001)
facets with controlled size, crystalline interface, and loading amount. By precise
in situ calcination, the metal (M = Au, Ag, and Cu) nanocrystals with controllable
size and better crystalline interface with the TiO, support have been prepared.
The potential application of the as-prepared Au, Ag, and Cu nanoclusters on TiO,
nanosheets as potential heterogeneous catalysts for organic synthesis, such as
catalytic reduction of 4-nitrophenol to 4-aminophenol, has been demonstrated.
After calcination, Au, Ag, and Cu nanocrystals were found to be proficient
cocatalysts for photocatalytic H, evolution, particularly the Au cocatalyst. Based
on precise high-resolution transmission electron microscopy (HRTEM) and
inductively coupled plasma optical emission spectrometry (ICP-OES) analyses,
the flexible control of their size and loading amount as well as their intimate
contact with the TiO, nanosheet enhanced the photocatalytic H, evolution activity
and the sensitivity of the photocurrent response of the film. Furthermore, this
aqueous-directed synthesis of metal nanoclusters on a support will generate
further interest in the field of nanocatalysis.

nanostructures have been widely researched due to
their special electronic structures [nd'%(n+1)s'] and their

Since Goodman et al. reported the sensitive size effects
of titania-supported Au on its CO oxidation activity
[1], noble metals (Au, Ag, and Cu)-based hybrid

Address correspondence to zhangjt@bit.edu.cn

TRINGHNA ) Springer

diverse catalysis applications, such as in heterogeneous
catalysis and photocatalysis [2-5]. As reported by Bell
et al., the performance of these catalysts is sensitive
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to particle size, as their surface structures and electronic
properties vary greatly in the size range of roughly
1-50 nm [6]. In addition to many profound studies on
the catalysis of CO oxidation to CO,, the application
of Au nanoclusters on TiO, supports in the catalytic
synthesis of organic molecules has also been inves-
tigated [7-9]. Furthermore, because of the nanosize-
enabled sensitive electronic and optical properties
of Au nanocrystals, size-controlled Au nanocrystals
grown on TiO, supports have been used as a coca-
talyst to achieve efficient photoinduced electron/hole
separation and electron collection in photocatalysis
[10-12]. Moreover, many investigations have indicated
that the synergistic effects of the regulation of the
metal nanoparticle (NP) size, the surface hetero-
interaction, and the active crystal face exposure of the
metal oxide support are necessary to maximize the
catalyst performance [13-14].

The conversion of solar energy to hydrogen energy
using an efficient photocatalytic material is considered
the most worthwhile and environmentally friendly
process [15-19]. TiO,-based photocatalysis technology
has attracted much attention for the effective utilization
of solar energy in environmental decontamination and
water-splitting for hydrogen generation since Fujishima
and Honda discovered the photocatalytic splitting of
water on TiO, electrodes in 1972 [20]. Recently, high-
purity anatase TiO, single crystals and nanosheets with
a high percentage of reactive {001} facets have been
reported by Yang, Xie et al., with auspicious applica-
tions in photocatalysis [21-24]. However, the quantum
efficiency of TiO, for water-splitting is limited due
to the rapid recombination of the photogenerated
electron-hole pairs [25]. To “carry” the electrons out
to the surface, the noble metal nanocrystals (NCs) on
TiO, nanostructure supports with appropriate size
and hetero-interaction can serve as efficient cocatalysts
for the photocatalysis reaction sites and catalyze the
reactions to promote charge separation and transport
driven by the junctions/interfaces formed between
the cocatalyst and the light-harvesting semiconductor
[26-28]. As a consequence, metal/TiO, composite systems,
such as those in which Pt, Au, Ag, or Cu is the metal,
have been applied to enhance the photocatalytic activity
[29-31]. However, to achieve appropriate electronic
properties on nanocluster surface and efficient electron
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traps and proton reduction sites on cocatalysts for either
noble metal nanoclusters or nanocrystal cocatalysts,
the following are necessary: (1) controllable metal/
TiO, hybrid nanostructures with tunable metal particle
size, (2) strong crystalline contact to provide an intimate
interface, and (3) well-defined TiO, nanocrystals with
active crystal face exposure [32-35]. Due to the potential
applications of noble metal nanostructures with sizes
ranging from cluster to nanocrystal, it is crucial to
develop large-scale facile syntheses that can be used
in diverse catalysis applications. Herein, we choose
TiO, nanosheets with high exposure of active (001)
facets as a support to develop a facile and versatile
strategy for preparing aqueous-phase noble metal (Au,
Ag, Cu)/TiO, hybrid nanostructures with tunable metal
particle size (from nanoclusters to nanocrystals). Via
programmable calcination, metal/TiO, hetero-nanosheets
with stronger crystalline contact are obtained. The
heterocatalysis of 4-nitrophenol reduction and photo-
catalytic H, evolution are then used to demonstrate
the improved catalytic performance of these materials.

2 Experimental
2.1 Chemicals and materials

Analytical-grade commercially available reagents
were used without further purification. Tetrabutyl
titanate ([CH;(CH,);O0],Ti, 98%), hydrofluoric acid (HF,
47%), hydrogen tetrachloroaurate (III) (HAuCl,-4H,O,
99.99%), silver nitrate (AgNO;), copper chloride
(CuCl,2H,O, 99.0%), urea (HNCONH,, 99%), p-
nitrophenol (CgHsNOs), ammonium formate (CHsNO,),
ethylene glycol, and ethyl acetate were procured from
Aladdin. Indium tin oxide conductive glass (ITO
glass, <10 ()-sq.”"), used as a working electrode, was
obtained from Zhuhai Kaivo Electronic Components
Co., Ltd. (China).

2.2 Preparation of TiO, nanosheets with exposed
(001) facets

Anatase TiO, nanosheets were prepared by the
hydrothermal method reported by Han et al. [21]. In
a typical synthesis, 10 mL of tetrabutyl titanate and
1.2 mL of hydrofluoric acid solution were mixed in a
dried 50-mL Teflon autoclave under ambient conditions,
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followed by hydrothermal treatment of the solution at
180 °C for 24 h. After being cooled to room temperature,
the white precipitate was collected by centrifugation,
washed with ethanol and distilled water, and then
dried at 80 “C in an oven for 12 h.

2.3 Aqueous-phase metal nanoclusters/TiO, nano-
sheet synthesis

Metal nanoclusters/TiO, nanosheets were prepared by
a facile liquid-phase method with slight modification
using urea as a basification agent [36]. In a typical
synthesis, the as-synthesized anatase TiO, nanosheets
(200 mg) were dispersed in DI water (20 mL) under
30 min of ultrasonication followed by 15 min of vigorous
stirring. Next, HAuCl,-4H,O (4.2 x 10° M), AgNO;
(7.4 x 10° M), or CuCl,-2H,0 (1.26 x 10°M) was intro-
duced into this suspension, resulting in the deposition
of approximately 1 wt.%—8 wt.% Au, Ag, or Cu metal
NPs on the TiO, nanosheets. Urea was added with
the concentration 100 times higher than that of metal
sources to reduce metal ions. The suspension thermo-
statically heated at 90 °C under vigorous stirring for
2 h. The obtained precipitate was separated from the
precursor solution by centrifugation (9,000 rpm for
10 min) and washed three times to remove residual
ions.

2.4 Preparation of metal NPs/TiO, nanosheets from
metal nanoclusters/TiO, nanosheets

The samples were dried in vacuum at 100 °C for 6 h,
followed by calcination from room temperature to
300 °C at a heating rate of 2 °C-min! for 4 h under an
Ar atmosphere under a 30 mL-min™ flow rate. Finally,
Au/TiO,, Ag/TiO,, and Cu/TiO, photocatalysts were
obtained, being dark purple, reddish brown, and light
grey in color, respectively.

2.5 Catalyst characterization

The compositions and phases of the obtained photo-
catalysts were analyzed using a Bruker D8 Advance
X-ray diffractometer with standard Cu Ka radiation
(A =1.5406 A). The detailed morphology and interfacial
lattices were imaged by low-resolution transmission
electron microscopy (TEM; JEOL JEM 1200EX working
at 100 kV) and high-resolution TEM (HRTEM; FEI
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Tecnai G2 F20 S-Twin working at 200 kV). The exact
noble metal loading of the as-prepared M/TiO, catalysts
was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES; iCAP6300 IRIS
Intrepid II XSP Thermo Fisher Co.) using the following
measurement parameters: plasma power of 1,150 W
and plasma, auxiliary, and cooling gas flow rates of
0.82, 0.7, and 14 L-min™, respectively.

2.6 Experimental setup for the catalytic reduction
of 4-nitrophenol

For each reaction, a mixture of p-nitrophenol (1 mmol),
the as-prepared M/TiO, nanocluster catalyst (40 mg)
in ethylene glycol (20 mL), and ammonium formate
(630 mg) was heated at 120 °C under stirring for 8 h
under a nitrogen atmosphere. The products were
placed into 3-mL vials, and the catalyst was separated
by centrifugation at 12,000 rpm. The products were
identified using gas chromatography (GC)-mass spe-
ctroscopy (MS), and product analysis was conducted
by GC.

2.7 Photocatalytic water-splitting hydrogen pro-
duction test

The photocatalytic activities for water-splitting hydrogen
evolution under solar light irradiation were conducted
using a commercially available measurement system
(Beijing Aulight Technology Co. Ltd., China) consisting
of a closed gas circulation system equipped with a
top-irradiation Pyrex glass reactor. First, 30 mg of the
as-prepared catalyst was suspended in 80 mL of
water containing ethanol (10% of the total volume) as
a sacrificial agent using magnetic stirring in a Pyrex
reaction vessel. The chamber was sealed and degassed
for 30 min. Next, under irradiation by a 300-W xenon
lamp, the suspension was continuously stirred and
maintained at room temperature during the photo-
catalytic reaction by a flow of cooling water. The
evolved gas was quantified by GC (Jing Ke Ruida;
GCSP7800, MS-5 A column, TCD, N, carrier). A
spectroradiometer (LPE; Beijing Wuke Photoelectric
Technology Co. Ltd., China) was used to calculate the
total power of the incident solar light. The calculated
number of incident photons was 6.75 x 10?2 (see S1 in
the Electronic Supplementary Material (ESM) for
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detailed calculation). We note that a proper comparison
between photocatalytic materials should ideally be
done on the basis of apparent quantum yield [37].
Hence, the apparent quantum efficiency (QE) was
measured under the same photocatalytic reaction
conditions according to Eq. (1) [38, 39].

Number of evolved H, molecules x 2

QE (%) = x 100

Number of incident photons

)
2.8 Photocurrent response measurements

A homemade conventional three-electrode electro-
chemical cell with platinum wire as the counter
electrode and a saturated calomel electrode (SCE) as
the reference electrode were used to evaluate the
photocurrent response with and without solar light
irradiation. The working electrodes were prepared by
spreading aqueous slurries of Au/TiO,, Ag/TiO,, Cu/
TiO,, and TiO, nanosheets over ITO glass substrates.
The electrodes were then slowly dried on a warm
plate. The electrolyte used in the cells was 0.2 M
Na,SO, aqueous solution. A 300-W Xe lamp was used
as the light source. The photocurrent signal was
recorded with a CHI660E electrochemistry potentiostat
(Shanghai Chenhua Limited, China) connected to a
personal computer. All electrochemical experiments
were conducted at room temperature.

3 Results and discussion

Gram-scale anatase TiO, nanosheets with rectangular
morphology and a uniform length and thickness of
~40 nm and 6 nm, respectively, (see TEM and SEM
images in Figs. S1 and S2 in the ESM) were successfully
prepared by a solvothermal method. Using anatase
TiO, nanosheets with exposed active (001) facets, we
developed a versatile strategy to deposit Au, Ag,
and Cu nanoclusters (<2 nm) on aqueous-phase TiO,
nanosheets using urea as a basifying and reducing
agent. The loading of the metal nanoclusters reached
up to 8 wt.%. This high loading is due in part to the
fact that TiO, is an amphoteric oxide (isoelectric point
is 6) [40]. Therefore, TiO, surface can adsorb anions in
the presence of urea. Under a suitable reaction tem-
perature (90 °C), the noble metal anions were reduced
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by urea into metal nanoclusters on TiO, nanosheets
with controllable density. As shown in Fig. 1(a), the
Au nanoclusters covered the TiO, nanosheet surface
with controllable loading quantity. The bright-field
HRTEM images in Figs. 1(b), 1(d), and 1(f) and
dark-field HRTEM images in Figs. 1(c) and 1(e) and
Fig. S3(a) in the ESM confirm the uniform loading of
Au, Ag, and Cu nanoclusters (<2 nm), respectively, on
the TiO, nanosheets. By programmable calcination at
300 °C, the as-prepared metal nanoclusters could
grow into NCs through Ostwald ripening (see also
the synthesis scheme in Fig. 2(a)) [41]. As a result, the
crystalline contact with the TiO, surface is improved,
and these materials could act as cocatalysts. The dark-
and bright-field TEM images in Fig. 2(b) and Fig. S3(b)
in the ESM confirm the uniform Au NCs loading on

Figure 1 Metal nanoclusters on a TiO, nanosheet support: (a) low-
resolution TEM image of Au nanoclusters/TiO, hybrid nanosheets,
the inset shows an image of the gram-scale powder. (b) and (c)
Bright- and dark-field HRTEM images, respectively, of Au
nanoclusters/TiO,. (d) and (e) Bright- and dark-field HRTEM
images, respectively, of Ag nanoclusters/TiO,. (f) Bright-field
HRTEM image of Cu nanoclusters/TiO,.
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Figure 2 (a) Schematic diagram showing the calcination of metal nanoclusters to form nanocrystals. (b) Dark-field HRTEM image of
the cocatalyst Au/TiO, hybrid nanostructure after calcination; the inset shows the gram-scale product. (¢) HRTEM image of the
cocatalyst hybrid Au/TiO, showing the close contact and lattice correlations between the Au NCs and anatase TiO, nanosheets. (d) XRD
patterns of the prepared bare anatase TiO, and Au/TiO, nanostructures with Au NCs of different sizes.

the TiO, nanosheets. Moreover, the ICP-OES results
shown in Table S1 (in the ESM) reveal the actual
amounts of noble metal loading on the TiO, support.
The results verify that this aqueous phase synthesis
strategy is a facile route to load metal nanoclusters
on a TiO, support and that subsequent calcination
yields metal NCs/TiO, hetero-composites (Fig. 2(a)).
The average size of the Au NCs was ~9 nm. The color
of the gram-scale powder changed from opaque
violet before the calcination to luminous blue after the
calcination (see inset photographs in Figs. 1(a) and
2(b)), supported the uniform Au NCs/TiO, nanosheets
hetero-composites formation. The indexed lattice
spacings of 0.235 and 0.35 nm, shown in Fig. 2(c), are
in good agreement with the interplanar distance of
the face-centered cubic (fcc) Au (111) and anatase
TiO, (101) planes. The HRTEM image indicated good
crystalline contact between the Au and TiO,. By
controlling the calcination-induced Ostwald ripening,
the Au cocatalyst sizes could be flexibly tuned.
Figure 2(d) shows the XRD patterns of the prepared
Au/TiO, hetero-composites with Au NCs of different

sizes. The XRD peaks of anatase TiO, (JCPDS no.
21-1272) were observed for all catalyst samples, without
any other TiO, phases. The other peaks were all related
to metallic Au (JCPDS no. 04-0784). The increasingly
sharp Au peaks achieved by controlling the Au
cocatalyst size verify the good crystallization of the
Au cocatalyst after calcination. Furthermore, con-
sidering the surface plasmon resonance (SPR) contri-
bution to efficient photocatalysis, this flexible control
of the Au size would be beneficial for ensuring that the
cocatalyst and plasmon enhancement play synergistic
roles.

To demonstrate the versatility of this new strategy,
Cu and Ag cocatalysts on TiO, nanosheets were also
prepared successfully using this calcination-induced
Ostwald ripening process [42]. As shown in Fig. 3,
the low-resolution TEM images of Cu/TiO, (Fig. 3(a))
and Ag/TiO, (Fig. 3(c)) verify the uniform Cu and Ag
NC loading on the TiO, nanosheets with good nano-
sheet morphology retention. The HRTEM images in
Fig. 3(b) (Cu/TiO,) and Fig. 3(d) (Ag/TiO,), with well-
defined indexed lattice spacings, also confirm the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 (a) and (b) Low-resolution TEM and HRTEM images,
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(d) Low-resolution TEM and HRTEM images, respectively, of
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good crystallization and strong interface contact with
the TiO, surface.

The XRD patterns of the as-synthesized hetero-
nanosheets compared in Fig. 3(e) clearly show the Cu
(JCPDS no. 85-1326) and Ag (JCPDS 87-0717) phase,
which is consistent with the HRTEM analysis in
Figs. 3(b) and 3(d). The XRD results prove that the
loading of metal NCs did not disturb the anatase
phase and nanosheet matrix of the TiO, photocatalyst.
The crystal lattice contact between the anatase TiO,
and metal NCs is clearly discernable and indicates
their excellent junction.

The intimate contact is important for obtaining
a true synergetic effect between the cocatalyst and
catalyst to enhance the solar energy to hydrogen
conversion via efficient photogenerated charge transfer
from the semiconductor to metal cocatalysts [43]. The

Nano Res. 2016, 9(6): 1763-1774

comparison of the UV-Vis absorption spectra in
Fig. S5 (in the ESM) demonstrates the enhanced
visible light absorption. As the Au NC size increased,
the SPR-induced visible light absorption increased as
well. When the size of the Au NCs was controlled to
be 5-9 nm (see Fig. S6 in the ESM), the SPR peak at
500-550 nm in Fig. S5(a) (in the ESM) became very
clear. This increase in the visible light absorption is
critical for not only solar light harvesting but also
synergistic plasmon-enhanced charge separation [44—47].
As shown in Fig. S5(b) (in the ESM), upon Ag or Cu
NC loading, the visible light absorption was also
enhanced, although it was not stronger than that of
the as-synthesized Au NCs.

Turning our attention to the synthesized M/TiO,
hybrid nanoclusters, their activities as nanocatalysts
in an organic synthesis reaction have been evaluated.
Figure 4 shows the synthesized nanoclusters assisted
catalytic reduction of 4-nitrophenol into its derivatives,
particularly 4-aminophenol. Based on the mass
spectrometric analysis, the proposed reaction scheme
is depicted in Fig.4(a). When 4-nitrophenol was
reduced in the presence of M/TiO, nanoclusters catalyst
using this procedure, 4-aminophenol was obtained
first, leading to further catalytic reduction, from which
the derivative 4-aminophenyl ethyl ether was also
obtained. 4-Aminophenol was obtained in 60%, 7%,
and 11% yields when using Au/TiO,, Cu/TiO,, and
Ag/TiO, nanocatalyst, respectively (see Fig. 4(b) for
comparison). The amount of 4-nitrophenol started to
decline rapidly within the first hour, and the amount
of product increased rapidly up to 6 h of reaction
time, after which the reaction reached equilibrium
(see Fig. 4(c)). The effect of the nanocluster catalyst is
very clear in Fig. 4(d), in which the reaction yield is
2%-3% without any catalyst and nearly 60% in the
presence of the Au/TiO, hybrid nanocluster catalyst
under the same experimental conditions. Thus, the
highly dispersed metal nanoclusters on the support,
even with very low loading, demonstrated good
heterogeneous catalysis activity.

Motivated by the precise synthesis of M/TiO,
nanosheets at the gram-scale and their enhanced
visible light absorption, their photocatalytic hydrogen
production activities have also been studied. Figure 5
shows the hydrogen production under solar light
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Figure 4 (a) Reaction scheme of 4-nitrophenol reduction assisted by the nanocluster catalyst. (b) Comparison of catalytic reduction
GC yields attained using M/TiO, nanoclusters. (c) Mass spectrometric analysis of the reaction system. (d) GC yield attained using the

Au/TiO, nanocluster catalyst.

in the presence of ethanol as a sacrificial agent. As
shown in Fig. 5(a), the presence of the Ag, Cu, and Au
metal cocatalysts clearly promoted the H,evolution rate
by several-fold to several-hundred-fold. The maximum
activity of the Aug,,/TiO, hetero-nanosheets was
2.9 mmol-g™-h™, which is 320 times higher than that
of the bare TiO, nanosheets. The calculated quantum
efficiency reached 5.18%. The improved photocatalytic
activity of M/TiO, cocatalysts can be attributed to the
SPR enhancement of the electron-hole separation
and collection [48]. Under solar light irradiation, the
energy band alignment between TiO, and noble
metal NPs suggests a rapid electron transfer from the
conduction band of TiO, to the metal NP. In the
meantime, the electric field intensified by SPR of the
metal constituent can significantly increase the light
absorption of the TiO, semiconductor and stimulate
charge separation near the Au-TiO, interface. This
synergetic effect increases the amount of electrons (e-)
on the Au surface for efficient water reduction and
leads to highly efficient H, evolution activity. The
poor H, evolution activity in the case of small size is

mainly attributed to the weak SPR. Calcination increases
the stability and activity of the as-synthesized metal/
TiO, hetero-nanosheets. The catalyst stability and
reproducibility play an important role in its perfor-
mance [49]. Therefore, the photostabilities of the as-
synthesized M/TiO, catalysts were also investigated.
During each 5-h cycle, the photocatalyst was recovered
by centrifugation and re-dispersed in deionized water
followed by the addition of hole scavengers. After
three consecutive cycles, the morphology (Fig. S8 in
the ESM) and activity of the used catalyst was well
retained, and no appreciable catalyst deactivation
was observed, particularly in the case of Au/TiO,, as
shown in Fig. 5(b). However, catalyst aggregation
slightly decreased the hydrogen evolution activity of
Cu/TiO, and Ag/TiO,, as shown in Fig.S9 (in the
ESM). Figure 5(c) compares the H, production rates
of Au/TiO, nanosheets with three different-sized Au
NPs and pure TiO, nanosheets. The different extents
of photoactivity enhancement are due to the different
strengths of the SPR effect. The comparatively weak
H, evolution activity of the Aus,,/TiO, is mainly due

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1770

) 3,150
2,800-
2,450

AufTio,

2,100+

150+
100+

50 AglTiO,

TiO.

H, evolution rate (umol-g™"-h~") @

Cocatalyst
() 700
—— Alg/TiO,
600 A3,/ TiO5
. —— AUgm/TiO,
g 5001 —e= TiO,
= 400-
c
S
S 3001
[<]
]
2. 200+
I
100+
N e
0 1 2 3 4 5

Irradiation time (h)

Nano Res. 2016, 9(6): 1763-1774

—~~
O
~

1st 2nd 3rd
600

400+

200+

H, evolution (umol)

012345012345012345
Time (h) Time (h) Time (h)

—
o
~

16 | =e—curio,
—8=Ag/TiO,

14
12 -
10 -
g |
6
4 ]
5]
0.

0

H, evolution (umol)

2 3
Irradiation time (h)

Figure 5 Hydrogen production activities of the as-prepared metal nanocrystal cocatalysts in the presence of ethanol as a sacrificial
agent. (a) Comparison of the H, evolution activities of the prepared cocatalysts on TiO, nanosheets. (b) Recycled H, production activities
of Au/TiO, cocatalyst with ~9 nm Au. (c) Time evolution of photocatalytic generation of H, evolution amount versus irradiation time for
TiO, and Au/TiO, nanosheets with different-sized Au NPs. (d) Time evolution of the photocatalytic generation of H, evolution amount

versus irradiation time for Ag/TiO, and Cu/TiO, nanosheets.

to the weak SPR and consequent solar light harvesting
of smaller Au particles (5 nm) [50-52]. The hydrogen
evolution rate increased with the Au particle size up
to ~9 nm, but a further increase in the particle size to
13 nm (Fig. S7 in the ESM) decreases the photocatalytic
activity, as shown in Fig. 5(c). The decrease in the
reaction rate for larger Au is most likely due to a
geometric, rather than an electronic, effect. The catalyst
with 13-nm Au NPs resulted in an inadequate number
of spherical particles, which were simply loaded on
the metal oxide support with a lower interface contact
area. In contrast, the Au/TiO; catalyst with 9-nm Au
produced relatively hemispherical NPs in good contact
with the TiO, support, yielding the largest interface
contact area. Additionally, the flexible increase of the
Au cocatalyst sizes by calcination will be helpful for
constructing an intimate interface and ensuring smooth
electron transfer and collection. The photocatalytic H,
evolution rate of the Cu/TiO, and Ag/TiO, nanosheets
could reach 130 and 32 umol-h™-g”, respectively, as

TSINGHUA
UNIVERSITY PRESS

shown in Figs. 5(a) and 5(d).

To verify the promising and efficient photocatalytic
activity of the prepared photocatalysts, we performed
photoelectrochemical characterization of their film
photoelectrodes. Based on their facile centimeter-scale
film deposition on conductive glass (see inset in
Fig. 6(a)), the photocurrent responses of bare TiO,,
Au/TiO,, Cu/TiO,, and Ag/TiO, were examined to
study the charge carrier generation. Figures 6(a) and
6(b) demonstrate the photocurrent response of such
catalysts under periodic on/off conditions when
irradiated with solar light. Figure 6(a) illustrates the
photocurrent response of the Au/TiO, photocatalyst
possessing 9-nm (1) and 5-nm (2) Au NPs. In Fig. 6(b),
the bare anatase TiO,nanosheets coated on ITO glass
exhibit an almost negligible short-circuit photocurrent.
However, the loading of metal NPs, especially in the
case of Au/TiO, nanosheets, markedly increases the
photocurrent, and this increment increased linearly
with the irradiation time, even with a small amount
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Figure 6 (a) Comparison of the photocurrent response of Au/TiO, nanosheet film photoelectrodes with Au NPs of different sizes:
(1) 9nm Au and (2) 5 nm Au. The inset presents a picture of the film-scale photoelectrode. (b) Photocurrent response of (1) Au/TiO,,
(2) Cu/TiO,, (3) Ag/TiO,, and (4) bare TiO, nanosheets in 0.2 M Na,SO,4 aqueous electrolyte under solar light irradiation. (c) Schematic
diagram of the transfer and separation of photogenerated electrons and holes on the surface of TiO,.

of Au NP loading. Together with the plasmonic
absorption centered at 500-550 nm, this finding
indicates that the H, evolution is closely related to
the localized SPR of Au NPs and can be attributed to
the increased light scattering due to the Au NPs [53].
The consistent increasing trend is in strong agreement
with the hydrogen evolution rates observed during
water-splitting. The photocurrent trends further
demonstrate the close correlation between the rate of
solar-energy-to-hydrogen conversion and the photo-
current. Here, the enhanced water-splitting photo-
catalytic activity could be the consequence of the
better charge separation and faster electron transfer
achieved in M/TiO, cocatalysts [54-56], which provides
active catalyst sites for hydrogen generation and acts
as a as good electron scavenger.

This incredible increase is mostly due to the
formation of Schottky barriers along the Au/TiO,-ITO
glass, which accelerates the transfer of photogenerated
electrons from TiO, to Au and finally to ITO [57].
Moreover, a detailed HRTEM analysis of the M/TiO,
interface also confirmed that the lattices of Au and
TiO, are in close contact, and the interfacial portion

of the Au NPs is partially buried in a thin layer of
TiO, nanosheets, indicating that strong contacts have
been established between Au and TiO, during the
calcination process. The close contact between the
lattices of the Au and TiO, nanocrystals reinforced
the Schottky contact. These observations stoutly
suggest strong metal-support interactions during the
calcination process, which lead to the formation of
close Schottky contact at the metal/TiO, interface and
serve as efficient electron traps, inhibiting electron-hole
recombination in photocatalysis [58, 59]. In turn, this
often enhances photocatalytic performance. The holes
in the photoexcited TiO, are quenched by ethanol (the
sacrificial electron donor) [60]. The overall H, evolution
mechanism is presented in Fig. 6(c).

4 Conclusions

In summary, we have successfully prepared M/TiO,
hybrid nanostructures (M = Cu, Ag, and Au) through
a new in situ nanoclusters-to-NCs synthesis. The
uniformly deposited Cu, Ag, and Au NCs with con-
trollable loading amount, size, and crystallization act
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as efficient cocatalysts for active hydrogen evolution
and proficient nanoclusters-on-support catalysts for
organic catalytic reduction synthesis. The enhanced H,
production activity and more sensitive photoresponse
of the as-synthesized photocatalysts confirm that the
metal cocatalysts increase the hydrogen evolution
efficiency. Specifically, the intimate contact between the
metal NCs and TiO, nanosheets provides fast electron
generation and transport by inhibiting electron-hole
pair recombination. A promising quantum efficiency
of 518% could be achieved using the Au/TiO,
photocatalyst. In addition to the efficient cocatalyst
preparation, the uniform loading of noble metal
nanoclusters on transitional metal oxide catalysts
attained using our strategy provides a potential
alternative to new built-up metal nanocluster catalysts.
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