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Finding long-term solutions to meet the growing energy
demands of the human society is one of the greatest challenges
of our age. Photocatalysis, a topic of many decades of attention,
has recently received renewed and more intense interest in
developing innovative solutions towards achieving our sustain-
ability goal. Though immensely inspired by natural photosyn-
thesis, the research on artificial photosynthesis is still in its
early stage, and many technological challenges must be solved
before it can be applied to large-scale.

It has been widely recognized that it is necessary to develop
advanced materials and new molecules assembled preferably
from earth abundant elements as efficient photocatalysts to
accomplish the complex process of solar energy driven water
splitting and carbon dioxide reduction. Nanotechnology
certainly plays a pivotal role in enabling a rational design of the
structures, interfaces and surfaces with controllable features at a
length scale comparable to chemical reactions. In this Thematic
Series, two review articles present an excellent overview of the
significance of nanostructures in visible light photocatalysis in a
timely manner.

Many materials aspects of photocatalysts influence the photo-

catalytic performance, such as the electronic, structural, and
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morphological features of the semiconductors, and the interface
properties between semiconductors and cocatalysts. This
Thematic Series contributes to bringing together the research at
the frontiers of materials science and nanotechnology to address
some of these aspects. It is evidenced from several reports that
structural, compositional and morphological tuning, in particu-
lar for hybrid materials systems such as Ag—-ZnO, VTi/MCM-
41, are important toward achieving higher solar energy conver-
sion efficiencies. In a couple of reports, materials alternative to
conventional metal oxides, for example, reduced graphene
oxide, graphene quantum dots integrated with TiO, nanotube
arrays, and carbon nitride, have been explored to construct

photocatalysts with enhanced performances.

On the other hand, molecular catalysts have an advantage in
design flexibility and structural tunability. A contribution based
on the investigation of molecular bismuth vanadium oxide
cluster exemplifies these characteristics. Besides solar fuel
production, photocatalysis has a long history in water treatment.
In this Thematic Series, there is also a report on the latest devel-
opment in the utilization of mesoporous cerium oxide for
visible light-driven dye degradation. In recent years, the interest
in photocatalytic organic conversion has risen, which is

reflected by a report on photo-epoxidation. And last but not
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least, one of the studies of this Thematic Series aims for a
fundamental understanding of the photophysical process by
optical modeling.

I am grateful to all the authors for their valuable contributions.
Thanks should also be given to the dedicated Beilstein team for
their dependable support.

Rong Xu

Singapore, June 2014

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.5.119

Beilstein J. Nanotechnol. 2014, 5, 1071-1072.

1072


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.5.119

Beilstein Journal
of Nanotechnology

Preparation of NiS/Znln,S4 as a superior
photocatalyst for hydrogen evolution
under visible light irradiation

Liang Wei, Yongjuan Chen, Jialin Zhao and Zhaohui Li"

Full Research Paper

Address:

Research Institute of Photocatalysis, Fujian Provincial Key Laboratory
of Photocatalysis—State Key Laboratory Breeding Base, Fuzhou
University, Fuzhou 350002, P. R. China

Beilstein J. Nanotechnol. 2013, 4, 949-955.
doi:10.3762/bjnano.4.107

Received: 14 October 2013
Accepted: 16 December 2013
Email: Published: 23 December 2013
Zhaohui Li" - zhaohuili1969@yahoo.com

This article is part of the Thematic Series "Photocatalysis".
* Corresponding author

Guest Editor: R. Xu

Keywords:

co-catalyst; hydrogen evolution; NiS; photocatalytic; photocatalysis; © 2013 Wei et al; licensee Beilstein-Institut.

visible light License and terms: see end of document.
Abstract

In this study, NiS/Znln;S4 nanocomposites were successfully prepared via a facile two-step hydrothermal process. The as-prepared
samples were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). Their photocatalytic performance for
hydrogen evolution under visible light irradiation was also investigated. It was found that the photocatalytic hydrogen evolution
activity over hexagonal ZnIn,S, can be significantly increased by loading NiS as a co-catalyst. The formation of a good junction
between Znln;S, and NiS via the two step hydrothermal processes is beneficial for the directional migration of the photo-excited
electrons from Znln,S4 to NiS. The highest photocatalytic hydrogen evolution rate (104.7 pmol/h), which is even higher than that
over Pt/ZnlIn,S4 nanocomposite (77.8 pmol/h), was observed over an optimum NiS loading amount of 0.5 wt %. This work demon-
strates a high potential of the developing of environmental friendly, cheap noble-metal-free co-catalyst for semiconductor-based
photocatalytic hydrogen evolution.

Introduction

Hydrogen is a clean and green fuel. The conversion and store of
solar energy in the form of hydrogen by photocatalytic water
splitting holds great promise to meet the future energy and envi-
ronment requirements [1-3]. Ever since the pioneering work of
a photo-electrochemical cell using Pt-TiO; electrodes for water

splitting by Fujishima and Honda in 1972, great efforts have

been devoted to the development of highly efficient semicon-
ductor photocatalysts for hydrogen production [4]. So far, a
variety of active photocatalysts for hydrogen production,
including metal oxides [5-8], sulfides [9-11], oxynitrides [12-
14], as well as the metal-free semiconductors [15] have already

been developed.
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Among the numerous types of semiconductor systems studied,
metal sulfides have demonstrated promising activities towards
hydrogen evolution from water containing sacrificial reagents
under visible light. ZnIn,S, is a ternary chalcogenide with a
suitable band gap (2.34-2.48 eV) well corresponding to the
visible light absorption. ZnIn,S4 exhibits two distinct poly-
morphs based on cubic and hexagonal lattices [16], which can
be controlled synthesized via a facile hydrothermal method
using different precursors. Previous studies revealed that both
polymorphs of Znln,S, are active for photocatalytic hydrogen
generation under visible light irradiations and show consider-
able chemical stability [17-19]. However, the photocatalytic
hydrogen evolution activity over pure Znln,S4 is low, due to the
poor separation efficiency and migration ability of the photo-
excited charge carriers. A variety of effects have been made to
enhance the photocatalytic performance of ZnIn,S4. For
example, by size control on Znln,S, [20], doping with tran-
sition metals [21] and incorporation of metal sulfides [22] or
RGO [23] into ZnInyS4 nanostructures, the photocatalytic
performance for hydrogen evolution over Znln,S,4 have been

enhanced to a certain degree.

Studies on semiconductor-based photocatalysts revealed that the
deposition of a suitable co-catalyst on the semiconductor photo-
catalysts can play important roles in promoting their photocat-
alytic performance for hydrogen evolution. An appropriate
co-catalyst can suppress the recombination of the photo-gener-
ated charge carriers, lower the overpotential for hydrogen
evolution and also provide redox reaction sites for hydrogen
evolution to avoid back reactions. Due to their negligible over-
potential for hydrogen evolution and excellent kenetics for
driving the hydrogen evolution reaction, noble metals like Pt
[24-26], Rh [27], Au [28,29] and their oxides like RuO, [30],
RhyCrp O3 [31-33] are generally used as the co-catalysts for
photocatalytic hydrogen evolution. However, the precious
metals are expensive and to reduce the cost of renewable
hydrogen evolution, it is necessary to explore alternative

co-catalysts based on inexpensive transition metals.

Our recent studies revealed that MoS,, a good electrocatalyst
for hydrogen evolution [34], can be an effective co-catalyst in
promoting photocatalytic hydrogen evolution over Znln,;S,4 and
MoS,/ZnIn,S,4 show even superior performance for hydrogen
evolution than Pt/ZnIn,S4 [35]. NiS, a p-type semiconductor, is
also reported to be a good electrocatalyst for cathodic hydrogen
evolution in water electrolysis [36]. Although Ni and NiO have
already been used as co-catalysts for hydrogen evolution over
oxide semiconductor photocatalysts, the application of NiS as
co-catalyst for photocatalytic hydrogen evolution is less studied
[37,38]. Only until recently, Xu et al. reported that NiS can be
used as co-catalyst to enhance the photocatalytic hydrogen
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evolution over CdS [39]. It was found that NiS/CdS photocata-
lysts prepared via a simple hydrothermal loading method
showed high photocatalytic activity for hydrogen evolution in
the presence of lactic acid as sacrificial agent and a high
quantum efficiency of 51.3% at 420 nm was obtained in this
system. Later on, several other reports have also reported the
using of NiS as a co-catalyst for photocatalytic hydrogen evolu-
tion [40-42].

Herein, we reported the preparation of NiS/ZnlIn;S4 nanocom-
posites via a two-step hydrothermal method and its application
for photocatalytic hydrogen evolution under visible light irradi-
ation. It was found that NiS can be an effective co-catalyst for
photocatalytic hydrogen evolution over Znln;S4. The
as-prepared NiS/ZnlIn,S,4 nanocomposites showed superior
photocatalytic performance for hydrogen evolution under
visible light irradiation and the activity of NiS/ZnIn,S4 with
optimized amount of NiS is even higher than that of Pt/ZnIn,Sy.
A possible enhancement mechanism based on the co-catalyst
and the formed junction for the improved photocatalytic activity

in the NiS/ZnlIn,S, system was also proposed.

Results and Discussion

Figure 1 shows the XRD patterns of the as-prepared pure
Znln;yS, and sample with loading amount of 0.5 wt % NiS. As
shown in Figure 1, all the samples showed diffraction peaks of
2 Theta values at 21.5°, 27.6°, 30.4°, 39.8°, 47.2°, 52.4° and
55.6°, which are corresponding to the (006), (102), (104), (108),
(110), (116) and (022) crystallographic planes of hexagonal
Znln,S4 (JCPDS, No. 03-065-2023). This suggests that there is
no obvious phase change in Znln,S4 during the hydrothermal
process in the preparation of the NiS/Znln,S,4 nanocomposites.

No characteristic diffraction peaks associated with NiS are
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Figure 1: XRD patterns of (a) pure ZnInySy; (b) 0.5 wt % NiS/ZnInySy4.
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observed in these samples, probably due to the low amount of
NiS loaded and its high dispersion on ZnIn,S,.

Figure 2a shows the TEM image of our previous studies that the
hydrothermally prepared ZnIn,S, sample was composed of
microspheres with dimension in the range of 2—6 um assem-
bled by densely packed petals [16]. However, the TEM image
of the current NiS/ZnlIn,S,4 sample shows that the Znln,S,
microspheres were partially decomposed after the second
hydrothermal process (Figure 2b). Although no characteristic
diffraction peaks corresponding to NiS nanoparticles were
observed in the XRD patterns, the existence of NiS in the
nanocomposite is confirmed by the HRTEM image (Figure 2c).
Clear lattice fringes of 0.32 nm and 0.29 nm, which can be
ascribed to the (102) plane of hexagonal ZnlIn;S,4 and the (300)
plane of rhombohedral NiS respectively, can be observed. As
shown in Figure 2b, the NiS nanoparticle has a diameter of
about 5 nm and directly contact with ZnlIn,Sy. It is believed that
the second hydrothermal treatment during the deposition of NiS
on Znln,S, is important for the formation of a junction between
these two components. The energy-dispersive X-ray spectrom-
etry (EDS) analysis as shown in the inset of Figure 2c also
confirms the existence of Ni.

XPS analyses were carried out to evaluate the surface chemical
composition and electronic state on 0.5 wt % NiS/Znln,S,
sample, and the results are shown in Figure 3. The survey XPS
spectrum, as shown in Figure 3a, confirms the existence of Zn,
In, and S. The high resolution XPS spectra of S 2p region can
be deconvoluted into two peaks at around 161.7 and 162.8 eV,
which can be assigned to S 2p3j» and S 2p; 5 respectively in S2~
(Figure 3b). As compared to the binding energy of Zn 2p
observed over pure Znln,S4 (1020.7 and 1043.6 eV), a higher
binding energy shift is observed over NiS/ZnIn,S, nanocoposite
(1021.8 and 1044.7 eV) (Figure 3c¢). Similar high binding
energy shift is also observed over the high resolution XPS
spectra of In 3d (Figure 3d). Such a shift to high binding energy

suggests a strong interaction between Znln,S,4 and NiS. It is
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believed that when Znln,S, are connected to NiS, the electron
transfer from Znln,S, to the more electronegative NiS may
result in a decrease of the electron density of Zn?" and In3".
Therefore the binding energy of Zn 2p and In 3d shift to a high
binding energy in NiS/Znln,S4 nanocoposite. No peaks in the
Ni 2p region were observed in the XPS spectra of 0.5% NiS/
ZnIn,S4, probably due to the low amount of NiS loaded and its

embed within the Znln,S4 nanostructures.

The UV-visible diffuse reflectance spectra of NiS/Znln,Sy
nanocomposites are displayed in Figure 4. Pure ZnIn,S4 has an
absorption edge at about 540 nm with an energy gap estimated
to be 2.4 eV. Although the loading of NiS onto Znln;S4 does
not obviously change the band gap of Znln,Sy, the resultant
NiS/Znln;S,4 nanocomposites show an enhanced absorption in
the visible light region from 550 to 800 nm, attributable to the
absorption of NiS.

Photocatalytic hydrogen evolution experiments were carried out
over the as-prepared NiS/Znln;S4 nanocomposites in the pres-
ence of NayS/Na,SOs as sacrificial agent under visible light ir-
radiation. Figure 5 shows the amount of hydrogen evolved over
0.2 wt % NiS/ZnIn,S4 nanocomposite and is compared with
that of pure ZnIn,S4 and NiS. Although NiS is a good electro-
catalyst for hydrogen evolution [36], no hydrogen was evolved
when NiS alone was used as the photocatalyst. Pure Znln,Sy
only had a very low activity with the hydrogen evolution at a
rate of 14.1 umol/h. However, the doping of only 0.2 wt % NiS
onto Znln,Sy led to its highly enhanced photocatalytic activity
for hydrogen evolution. The hydrogen evolution rate over
0.2 wt % NiS/Znln,S4 was enhanced to 70.5 pmol/h, about
5 times of that over pure Znln,S4 under similar condition. This
indicates that NiS deposited on the surface on Znln,S4 can
significantly promote the photocatalytic hydrogen evolution
over Znln,Sy.

The effect of the amount of NiS loaded on the photocatalytic

performance for hydrogen evolution over Znln,S4 has also been

Figure 2: TEM images of (a) ZnInySy; (b) NiS/ZnInySy and (c) HRTEM image of NiS/ZnlInySy (inset: EDS).
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Figure 3: XPS spectra of NiS/ZnlIn,S4 and ZnInyS4 (a) survey spectrum and high-resolution spectra for (b) S 2p; (c) Zn 2p and (d) In 3d.
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Figure 4: UV-vis diffraction spectra of the pure ZnIn,S,4 and
0.25 wt %, 0.5 wt %, 1.0 wt %, 2.0 wt % NiS/ZnInyS,.
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Figure 5: Amount of hydrogen evolution over (a) pure ZnlnySy;

(b) 0.2 wt % MoS,/ZnIn,S4; (c) mechanical mixture of NiS + ZnInaSy
and (d) NiS (Reaction conditions: catalyst, 0.05 g; 100 mL H,O
containing 0.43 M NayS and 0.5 M NaySOs3).
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investigated and the results are shown in Figure 6. With
increasing the amount of loaded NiS on ZnIn;Sy, the rate of
hydrogen evolution on 0.25 wt % NiS/ZnIn,S4 was enhanced to
98.2 umol/h, about 7 times as that over pure Znln,Sy. An
optimum NiS loading amount is found at 0.5 wt %, which
exhibits the highest photocatalytic hydrogen evolution rate of
104.7 pmol/h, almost 7.4 times as high as that obtained over the
NiS-free ZnlnyS4. This value is much higher than that observed
over 0.5 wt % Pt/ZnIn,;S4 nanocomposite (77.8 pmol/h). A
further increase in the amount of NiS resulted in a decrease in
the photocatalytic hydrogen evolution rate. Such a decrease in
the activity of samples with a heavy loading of NiS is likely due
to the shading effect of NiS, which can block the absorption of
the incident light by Znln;S,. Therefore, an appropriate loading
amount of NiS is crucial to achieve the optimized photocat-
alytic activity of the Znln,S,4 photocatalyst.
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Figure 6: Photocatalytic hydrogen evolution rate over pure ZnlnSy;
ZnlnyS4 with different amounts of NiS: 0.2 wt %; 0.25 wt %; 0.5 wt %;
1.0 wt %; 2.0 wt % and 0.5 wt % Pt/ZniIn,S,4. (Reaction conditions:
catalyst, 0.05 g; 100 mL H,O containing 0.43 M NayS and 0.5 M
N82303).

NiS/Znln;S4 nanocomposites show high stability during the
photocatalytic hydrogen evolution reaction. A prolonged photo-
catalytic reaction for 15 h over 0.5 wt % NiS/Znln;S, revealed
that no obvious loss of the activity during the whole reaction
period (Figure 7). Besides this, the unchanged XRD pattern of
the photocatalyst after the long time reaction also confirms its
high stability (Figure 8).

Scheme 1 shows the mechanism proposed for the enhanced
photocatalytic hydrogen evolution over NiS/Znln;S4 nanocom-

posite. Although the conduction band edge of Znln;S,

Beilstein J. Nanotechnol. 2013, 4, 949-955.
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Figure 7: Amount of hydrogen evolved over 0.5 wt % NiS/ZnIn,Sy
system in a 15 h photocatalytic reaction. (Reaction conditions: catalyst,
0.05 g; 100 mL H,0O containing 0.43 M NayS and 0.5 M Na,SOs3).
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Figure 8: XRD patterns of 0.5 wt % NiS/ZnIn,S, (a) before and (b)
after photocatalytic hydrogen evolution reaction.

(=1.1 eV) is higher than the reduction potential of H*/H,, the
rate of hydrogen evolution is low over bare ZnIn,Sy due to the
rapid recombination rate of photogenerated charge carriers as
well as the presence of a large hydrogen evolution overpoten-
tial. When NiS is deposited on the surface of Znln,Sy, due to
the less negative conduction band of NiS as compared to that of
hexagonal ZnIn,S, [43], a directional transfer of the photogen-
erated electrons from the conduction band of ZnIn,S4 to NiS is
feasible. Since NiS is a good electrocatalyst for hydrogen evolu-
tion [36], NiS can adsorb H' from water and act as the active
sites for hydrogen evolution. An efficient electron transfer from
the conduction band of Znln;S4 to NiS in which the hydrogen
evolution occurs is crucial for the enhanced hydrogen evolution
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over the NiS/Znln,S4 nanocomposites since controlled experi-
ments performed over a mixture of NiS and ZnIn,S4 shows a
much lower photocatalytic activity under similar condition
(Figure 5d). Therefore, the formation of a good junction
between Znln,S4 and NiS via the two step hydrothermal
processes is important for achieving the highly efficient NiS/
Znln;S, nanocomposites with enhanced photocatalytic

hydrogen evolution activity.

Znin, S,
H,
o
o Ao
_______ Visible N +
light ﬂ ﬁ}is H'Th,
h+

SO, + S,0.%

Scheme 1: Schematic illustration of proposed mechanism for photo-
catalytic hydrogen evolution over NiS/Znln,S4 nanocomposite under
visible light irradiations.

Conclusion

In summary, NiS/ZnIn,S4 nanocomposites were facilely synthe-
sized via a two-step hydrothermal method. The as-prepared
NiS/Znln,S4 nanocomposites showed highly enhanced photo-
catalytic performance for hydrogen evolution under visible light
irradiation. The highest photocatalytic hydrogen evolution rate
(104.7 umol/h), which is even higher than that over Pt/Znln,S4
nanocomposite (77.8 pmol/h), was observed over an optimum
NiS loading amount of 0.5 wt %. This work demonstrates a
high potential of developing the environmental friendly, cheap
non-noble-metal co-catalyst for semiconductor-based photocat-
alytic hydrogen evolution.

Experimental

Preparations. All the reagents are analytical grade and used
without further purifications. Hexagonal Znln,S4 powder was
synthesized according to our previously reported method [16].
In a typical synthesis of 0.5 wt % NiS/Znln,S,4 photocatalyst,
0.2 g ZnIn,Sy, 2.8 mg nickel acetate and 0.9 mg thioacetamide
(TAA) were dispersed in 70 mL of de-ionized water by stirring
and ultra-sonication for 2 h. The resultant solution was trans-
ferred to a 100 mL Teflon liner, sealed in the stainless steel
autoclave and heated at 120 °C for 4 h. After the autoclave was

Beilstein J. Nanotechnol. 2013, 4, 949-955.

cooled to room temperature, the product was collected and
washed with de-ionized water several times before it was dried
at 60 °C to obtain the final product. Samples with different
amount of NiS (0.2, 0.25, 1.0, 2.0 wt %) were prepared by using
different amounts of nickel acetate and TAA precursor during
the hydrothermal treatment at 120 °C, while keeping other
conditions the same.

0.5 wt % Pt/ZnlIn,S,4 was prepared by a photo-deposited method
using H,yPtClg:6H,O as the starting material. Pure NiS was
prepared by hydrothermal using nickel acetate and TAA as
precursors at 120 °C for 4 h.

Characterizations. X-ray diffraction (XRD) patterns were
collected on a Bruker D8 Advance X-ray diffractometer with
Cu Ka radiation. The transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM) images were measured by a JEOL model JEM 2010
EX instrument at an accelerating voltage of 200 kV. The
powder particles were supported on a carbon film coated on a
3 mm diameter fine-mesh copper grid. A suspension in ethanol
was sonicated and a drop was dripped on the support film.
X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI Quantum 2000 XPS system with a mono-
chromatic Al Ka source and a charge neutralizer. All of the
binding energies were referred to the C 1s peak at 284.8 eV of
the surface adventitious carbon. UV—visible diffraction spectra
(UV—vis DRS) of the powders were obtained for the dry pressed
disk samples using a UV—visible spectrophotometer (Cary 500
Scan Spectrophotometers, Varian). BaSO4 was used as a
reflectance standard.

Photocatalytic hydrogen evolution. Photocatalytic hydrogen
evolution experiments were carried out in a closed gas circula-
tion and evacuation system fitted with a top Pyrex window.
50 mg of photocatalyst was dispersed in 100 mL of aqueous
solution containing 0.5 M Na,SO3 and 0.43 M Na,S as sacrifi-
cial reagents. The suspension was irradiated with a 300 W Xe
lamp equipped with a 420 nm cutoff filter to provide the visible
light irradiation. The temperature of the reactant solution was
maintained at room temperature by a flow of cooling water
during the photocatalytic reaction. The amount of hydrogen
evolved was determined with an on-line gas chromatography
equipped with a TCD detector.
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Pt@TiO, core—shell nanostructures were prepared through a hydrothermal method. The dye-sensitization of these Pt@TiO,

core—shell structures allows for a high photocatalytic activity for the generation of hydrogen from proton reduction under visible-

light irradiation. When the dyes and TiO, were co-excited through the combination of two irradiation beams with different wave-

lengths, a synergic effect was observed, which led to a greatly enhanced H, generation yield. This is attributed to the rational spatial

distribution of the three components (dye, TiO,, Pt), and the vectored transport of photogenerated electrons from the dye to the Pt

particles via the TiO, particle bridge.

Introduction

Since Honda and Fujishima reported the effective hydrogen
evolution from water splitting by a TiO, and Pt electrode in a
photoelectrochemical cell in the early 1970s [1], TiO, has
received extensive attention as one of the promising semicon-
ductor photocatalysts, because of its high chemical stability,
low cost and non-toxicity [2-5]. However, it suffers from the
wide band gap (3.2-3.4 e¢V), which restricts the utilization of
visible light, and the high recombination rate of photogenerated
electrons and holes often leads to low quantum yields and a
poor photocatalytic activity [6]. Tremendous efforts have been

made to improve the photocatalytic performance of TiO,. One

typical strategy is prolonging the lifetime of the electron—hole
pair through deposition of noble metal (e.g., Pt) nanoparticles as
co-catalysts that can act as electron-sinks to achieve effective
charge separation on TiO, [7-11]. Dye-sensitization has been
widely used to enable visible light harvesting by wide band gap
semiconductors. Since the seminal work reported by O’Regan
and Griatzel in 1991 [12], various types of dyes have been
explored, and some of them allow for the reduction of protons
into hydrogen gas through visible-light-driven photocatalytic
processes [13-17]. Herein, we use erythrosin B (ErB) sensitized

Pt@TiO, core—shell nanoparticles for the highly-efficient
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photocatalytic generation of hydrogen under visible-light irradi-
ation. In this rational design of the ternary structure, the TiO,
particle acts as a bridge that allows for the effective electron
transfer pathway of excited ErB—TiO,—Pt. Importantly, we
found that when the TiO, bridges are excited simultaneously,
the dye-sensitization-driven H, evolution showed a much
higher efficiency as compared to the situation with no excita-
tion of TiO,. This kind of synergic effect reveals a new direc-
tion for improving the efficiency of composite photocatalysts by
using selective excitation wavelengths.

Results and Discussion

The Pt@TiO, core—shell nanoparticles were prepared trough a
hydrothermal process by using Pt nanoparticles and TiF4 as the
precursor. The crystalline structure was determined by XRD, as
shown in Figure 1. After the hydrothermal reaction, the TiO,
was transformed into anatase phase, which could be well
indexed to the standard anatase TiO, (JCPDS Card No.
83-2243). The three additional diffraction peaks shown in
Figure 1 could be assigned to the face-centered metallic Pt
phase, with the positions at 40.0°, 46.6° and 67.9° representing
the spacing of the (111), (200) and (220) planes, respectively.
This indicates the retaining of the Pt nanoparticle cores after the
hydrothermal reaction. As a control sample, Pt/TiO, was
prepared through the photodeposition of Pt (1% in mole frac-
tion) onto pure TiO, particles that were prepared through the
same hydrothermal method without using Pt nanoparticles. Due
to the low Pt loading, we could only observe a weak diffraction
peak at 40° corresponding to the Pt (111) lattice spacing, which
could indicate successful loading of metallic Pt nanoparticles
onto TiO, particles. The molar ratio of Pt to Ti was estimated to
be about 6.7% according to EDX analysis (Figure S1,
Supporting Information File 1).
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Figure 1: XRD patterns of Pt@TiO, and Pt/TiO, samples.
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The core—shell morphology of the prepared Pt@TiO, nano-
structures was confirmed by TEM and SEM examination. As
shown in Figure 2A and 2B, the core—shell particles appear as
flower-like structures, in which the Pt nanoparticles as the cores
show an average diameter of 30 nm, and the TiO; shell thick-
ness is around 60 nm. The HRTEM image (Figure 2C) indi-
cates lattice distances of 0.228 nm and 0.341 nm, which corres-
pond to the (111) spacing of the core Pt particle and the (101)
spacing of the anatase TiO; shell. The SEM image (Figure 2D)
reveals that these core—shell Pt@TiO2 structures appear like a
large particle with scraggy surfaces and an average diameter of
about 150 nm. These observations confirm that all Pt nanoparti-
cles are well encapsulated by TiO, shells. Nevertheless, we note
that the TiO, shell does not compactly cover all Pt surfaces,
which allows for the proton reduction and H; evolution on the
uncovered surface area of Pt. For the control sample Pt/TiO,,
the TiO; particles were synthesized through a hydrothermal
method that was followed by the photodeposition of Pt nanopar-
ticles, as shown in Figure S2 (Supporting Information File 1).
The TiO, particles are in a solid spherical shape and composed
by nanoparticle aggregation, and the average diameter of
deposited Pt nanoparticles is about 5 nm.

Figure 2: TEM and SEM images of the Pt@TiO, sample. (A) (B) TEM
images of Pt@TiO», (C) HRTEM images of Pt@TiO,, (D) SEM image
of Pt@TiO5.

Figure 3 shows the UV-vis diffuse reflectance spectra of the
Pt@TiO, core—shell nanostructures and the Pt/TiO, control
sample. The absorption from 250 to ca. 380 nm can be attrib-
uted to the band edge absorption of anatase TiO,. The band
gaps of both samples are calculated according to the modified
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Kubelka—Munk function [F(ROO)E]I/2 vs the energy the of
absorbed light, £ [18]. And the plots shown in the inset of
Figure 3 reveal the band gap value as 3.3 eV for Pt@TiO, and
3.2 eV for Pt/TiO,, which indicates that the combination of Pt
nanoparticles with TiO, did not significantly influence the band
gap energy of the TiO, component.

—Pt@TiO,
— PHTIO,

[F(RE]"

30 35 40 45
E(eV)

Absorbance

350 400 450 500 550
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250 300

Figure 3: UV-vis diffuse reflectance spectra of the Pt@TiO, and
Pt/TiO, samples.

The photocatalytic tests were carried out by suspending the
Pt@TiO, sample (5 mg) in an aqueous solution containing
0.2 wt % ErB and 15 wt % triethanolamine (TEOA) that acts as
the electron donor. In this study, we employed two different ir-
radiation wavelengths for the purpose of separating the excita-
tion of TiO; and ErB, which will help us to explore the poten-
tial synergic effect between the two excitations. The primary ir-
radiation with a wavelength of 550 + 20 nm (light A) is to
excite ErB since the main absorbance peak of ErB is located at
about 550 nm. A secondary irradiation with a wavelength of
400 £+ 10 nm (light B) is to excite the defect/impurity states of
TiO,, while ErB exhibit a minimum absorption in this range.

As shown in Figure 4, after the individual irradiation with light
A (550 £ 20 nm) or light B (400 = 10 nm) for 2 h, the ErB-
sensitized Pt@TiO, core—shell structure showed generated Hy
amounts of 4.5 pmol and 5.3 pmol, respectively. However,
when light A and light B are used simultaneously, to our
surprise, the 2 h irradiation led to a H, amount of 15.9 pmol,
which is significantly higher than the sum of the two generated
H, amounts under individual irradiation of light A and B
(9.8 umol). This observation suggests that in the ErB-sensitized
Pt@TiO; core—shell structure, a synergic effect exists between
the excitation of ErB and TiO,, which plays an important role in
the photocatalytic hydrogen generation.

Beilstein J. Nanotechnol. 2014, 5, 360-364.
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Figure 4: The H yield from Pt@TiO, and Pt/TiO, for water splitting
under irridiation with the given for 2 h while using TEOA as the sacrifi-
cial reagent.

The observed synergic effect could be attributed to the electron
transport in TiO; particles. Since the dye-sensitization induces
an electron transfer from the excited ErB to TiO,, these elec-
trons have to be transported through the TiO, particles with a
maximum distance of ca. 60 nm to reach the Pt surface for the
reduction of protons to Hy. When TiO;, is simultaneously
excited by the 400 + 10 nm light, though it is weak, the charge
carrier concentration in TiO; becomes higher, which increases
the conductivity of TiO,. Thereby, the vectored electron
transfer from ErB to the core Pt particle via TiO, bridges
becomes more effective, which leading to enhanced yield of H,.
The principle is depicted in Figure 5, and the energy diagram is
shown in Figure S3 (Supporting Information File 1).

Light A
(550nm)

Figure 5: Schematic illustration of the photocatalytic H, generation by
ErB-sensitized Pt@TiO, core—shell nanostructures under irradiation of
light A (550 + 20 nm) and/or light B (400 + 10 nm).

In comparison, under individual irradiation of light A or light B
for 2 h, the Pt/TiO, sample showed a H; generation of 5.3 umol
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and 1.9 umol, respectively. While the simultaneous irradiation
with light A and B for 2 h led to the generation of 7.9 umol Hj,
which is only slightly higher than the sum of the H, generation
amount under individual irradiation of light A and B (7.2 umol).
This indicates that the synergic effect may also exist in the
Pt-loaded TiO, particles, but with a less significant role as
compared to the Pt@TiO, core—shell structure. This may be
because the post-loaded Pt nanoparticles are randomly distrib-
uted on the outer surfaces of TiO; particles, thus the electron
transfer path from ErB to Pt becomes less oriented through
TiO,. In addition, the Pt nanoparticles would occupy some reac-
tive sites on the TiO, surface, which also reduces the efficiency
of the dye-sensitization.

Conclusion

We have prepared Pt@TiO, core—shell nanostructures through a
one-step hydrothermal method. Upon ErB sensitization, the
Pt@TiO, core—shell photocatalysts exhibit high visible-light
activity for the generation of Hy from proton reduction. Signifi-
cantly, we observed a synergic effect that allows for a greatly
enhanced activity for the H, generation when the ErB and TiO,
are co-excited through the combination of two irradiation beams
at different wavelengths. The enhancement is attributed to the
rational spatial distribution of three components (ErB, TiO,,
Pt), and the vectored transport of photogenerated electrons from
ErB to Pt particles via the TiO, particle bridge. The presented
core—shell structures and the observed synergic effect would
provide a new direction for improving the efficiency of
composite photocatalysts by using selective excitation wave-
lengths.

Experimental

Seed growth of 30 nm Pt nanoparticles: Seed Pt nanoparti-
cles were prepared first. Typically, an aqueous solution of
H,PtClg (3.8 mM, 7 mL) was added into 90 mL deionized (DI)
water and heated to boil under stirring. After that, 2.2 mL
aqueous solution containing 1% trisodium citrate and 0.05%
citrate acid was added, followed by a quick injection of freshly
prepared NaBHy4 solution (0.08%, 1.1 mL). After 10 min, the
solution was cooled down to room temperature, and used as the
solution of seed nanoparticles (=4 nm). For further growth into
16 nm Pt nanoparticles, 1 mL of this Pt seed solution was added
into 29 mL DI water, followed by the addition of 0.09 mL solu-
tion of HyPtClg (0.2 M) and 0.5 mL of a solution containing
1% sodium citrate and 1.25% L-ascorbic acid. The solution was
kept under stirring and heated to boil. After 30 min, the solu-
tion was cooled down to the room temperature and used as the
16 nm Pt seed solution for further growth into 30 nm Pt
nanoparticles. In a typical run, 4 mL of the 16 nm Pt particle
solution was mixed with 26 mL DI water. Then 0.09 mL
solution of HyPtClg (0.2 M) was added, followed by addition
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of 0.5 mL solution containing 1% trisodium citrate and
1.25% L-ascorbic acid. The solution was kept stirring and
heated to boil, and after 30 min of boiling, the solution was
cooled down to room temperature and used the solution of
30 nm Pt nanoparticles.

Preparation of Pt@TiO;, core—shell nanostructures:
The Pt@TiO, core—shell nanostructures were synthesized
through a hydrothermal method. Typically, 15 mL solution
of the as-prepared 30 nm Pt nanoparticles was mixed with
4.5 mL aqueous solution of TiF4 (0.04 M). The mixture was
kept stirring for 10 min, diluted into 80 mL DI water, and
then transferred into a 100 mL Teflon-lined stainless steel auto-
clave, which was treated at 180 °C for 24 h. After that, the prod-
uct was cooled down to room temperature, centrifuged and
washed with deionized water for three times, and dried in a

vacuum oven.

Characterizations: The crystalline phases of the samples were
examined by powder X-ray diffraction (XRD) on a Shimazu
XRD-6000 X-ray diffractometer (Cu Ka radiation) with a scan-
ning speed of 2°/min in the 20 range from 20 to 80°. Diffuse
reflectance UV—vis spectra were acquired on a Lambda
750 UV-vis—NIR spectrophotometer (Perkin Elmer, USA). The
morphology of the Pt@TiO, nanocomposites were investigated
by field emission scanning electron microscopy (SEM, JEOL
JSM-7600F) with energy-dispersive X-ray analysis system and
transmission electron microscopy (TEM, JEOL JEM-2100) at
an accelerating voltage at 200 kV.

Photocatalytic generation of H, with erythrosin B-sensi-
tized Pt@TiO, core—shell particles: In a typical run, 5 mg
Pt@TiO, photocatalyst was dispersed into 10 mL of an aqueous
solution containing triethanolamine (TEOA, 15 wt %) as elec-
tron donor and erythrosin B (0.2 wt %) as the photo-sensitizing
dye. The suspension was sealed in a quartz vessel and purged
with Argon for 30 min to remove the residual oxygen. After
that, the vessel was exposed under a 300 W Xenon lamp
(MAX-302, Asahi Spectra Co. Ltd.) coupled with a band pass
filter (A =400 £ 10 nm or 550 + 20 nm) to evaluate the photo-
catalytic Hy generation yield. The gas products were analyzed
periodically by an Agilent 7890A gas chromatograph (GC) with
a thermal conductivity detector (TCD).

Supporting Information

Supporting Information File 1

Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-41-S1.pdf]
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Abstract

A facile, solvothermal synthesis of mesoporous cerium oxide nanospheres is reported for the purpose of the photocatalytic degrad-
ation of organic dyes and future applications in sustainable energy research. The earth-abundant, relatively affordable, mixed
valence cerium oxide sample, which consists of predominantly Ce;0;, has been characterized by powder X-ray diffraction, X-ray
photoelectron and UV—vis spectroscopy, and transmission electron microscopy. Together with N, sorption experiments, the data
confirms that the new cerium oxide material is mesoporous and absorbs visible light. The photocatalytic degradation of rhodamin B
is investigated with a series of radical scavengers, suggesting that the mechanism of photocatalytic activity under visible-light ir-
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radiation involves predominantly hydroxyl radicals as the active species.
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Introduction

The degradation of organic pollutants by affordable and effec-
tive chemical methods is an acute problem that has been tackled
by advanced oxidation processes [1]. The photocatalytic
production of reactive oxygen species by using semiconductor
technology has emerged as a sustainable and promising route
for such advanced oxidation processes [2-6]. In these photocat-
alytic processes, based on TiO; for example, radiation larger
than the band gap is absorbed to promote an electron from the
valence to the conduction band [2-4]. The resultant strongly
oxidizing, valence band holes (4") and reducing, conduction
band electrons (¢”) are short-lived under ambient conditions and
react with water and air to form reactive oxygen species such as
‘OH, "O0H, H,0,, and O, for example [1,2,4-6]. These reac-
tive oxygen species can subsequently decompose organic pollu-
tants. Recent developments in nanotechnology have enhanced
the performance of photocatalytic and solar energy absorption
processes by providing higher surface areas and more effective
charge separation in semiconductor materials on the nanoscale.
In fact, the commercially available Degussa P25 mixed-phase
TiO; is commonly employed as a benchmark in photocatalysis
for applications ranging from dye-sensitized solar cells to the
oxidative degradation of pollutants [7-11]. Despite being cheap,
chemically robust, and generally non-toxic, TiO, has a wide
band gap of more than 3.0 eV, which means that photocatalytic
processes that use TiO; as the sensitizer can only absorb UV
radiation (=5% of the solar spectrum) [2-4,7,8]. Moreover, the
valence band of TiO; is strongly oxidizing whereas the conduc-
tion band level is only mildly reducing, which results in a low
energy-conversion efficiency since most of the oxidation poten-
tial is wasted thermally. A number of other metal oxide semi-
conductors have been explored for the visible-light driven
photocatalytic degradation of pollutants and microbes, such as
bismuth oxides [5,6] and cerium oxides [12,13]. CeO; specifi-
cally has been applied in a number of sustainable energy appli-
cations lately, including oxidative catalysis, hydrogen storage,
and solar thermal dissociation of water and CO, [14-18].

Cerium oxides with oxygen vacancies represent an underex-
plored area of nanotechnology with the potential to provide
visible-light absorbing photocatalysts [13,19-21]. Cerium is
relatively earth-abundant and the oxides, including Ce,O3 and
Ce701,, are known to have band gaps in the visible region
[13,19-21]. Our team has maintained a keen interest in alter-
native affordable, earth-abundant, visible light absorbing metal
oxides to be used in two-photon ‘Z-schemes’ for dye-sensitized
photoelectrosynthesis cells (DSPECs) [22-24]. To be employed
in DSPECs, high surface areas for dye adsorption and an effi-
cient charge conduction are critical properties [22-24]. As part
of the preliminary investigations into this field, we communi-

cate herein the preparation of high surface area, mesoporous
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cerium oxide nanospheres, which is a mixed phase of Ce;0;
and CeO,, and can absorb visible light to photocatalytically
degrade dyes such as rhodamine B (RhB). The materials charac-
terization of the cerium oxide nanospheres and some mecha-

nistic insights into the photocatalytic process are presented.

Findings

Polycrystalline Ce701, samples have been previously synthe-
sized, but harsh conditions (up to 1030 °C) by reduction of
CeO, with CO were employed [25,26]. Instead, mild, surfac-
tant-free solvothermal conditions were used to prepare meso-
porous cerium oxide with oxygen vacancies. A solution of ceric
ammonium nitrate (CAN) in ethylene glycol and isopropanol as
the solvent and reductant was heated up to 130 °C to yield
mesoporous cerium oxide nanospheres after work-up. The
powder X-ray diffraction (XRD) pattern (Figure 1a) indicates
that the as-prepared cerium oxide material can be indexed to a
superposition of hexagonal Ce;0;, (JCPDS File No. 71-0567)
and cubic CeO, (JCPDS File No. 81-0792) phases [14,26,27].
The peaks cannot be attributed to Ce(OH)3 or Ce,O3 phases
[13,28], and confirm that the material contains a mixed phase.
The considerable broadening of the peaks suggest that the
domain sizes of the nanocrystalites are small, and has been esti-
mated to be 4.8 nm ((211) plane, 26 = 28.3°) by the Scherrer
equation [29].

In order to confirm the valence states of Ce and quantify their
relative ratios in the prepared cerium oxide, X-ray photoelec-
tron spectroscopy (XPS) experiments with monochromatic
Al Ka radiation (hv = 1486.7 eV) were conducted. Unlike
CeO», in which the Ce atoms are all in the oxidation state 4+,
the Ce atoms in Ce;01; consist of both Ce3" and Ce*" valence
states. The wide-scan survey spectrum in Figure 1b only shows
Ce 3d, O 1s, and C 1s signals, and no other signals. The pres-
ence of the C 1s signal is probably from residual organic
solvents or from air. This C 1s signal was used to calibrate the
binding energy of the Ce 3d peaks. The high-resolution spec-
trum of the Ce 3d core states is illustrated in Figure 1c. Neither
Ce*" nor Ce" alone could give a satisfactory fitting to the spec-
trum in Figure lc. Instead, the fitting of the Ce 3d spectrum
required five components derived from both Ce3* and Ce*™.
There are two components (red) from Ce>". The principal peak
is at 886.4 ¢V and a 417 to 4flv (v denotes valence hole) shake-
down peak is at 879.9 eV [30]. The Ce*" component consists of
three peaks (blue). The peaks at 889.3 eV and 883.0 eV are the
principal and 4flv to 4f2v2 shake-down peaks from the 4flv
electronic configuration. The highest binding energy peak at
898.7 eV is from the 4f° electronic configuration [30]. The
binding energy of these peaks is in good agreement with those

found in the literature [19,20,31]. However, by integrating the
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Figure 1: (a) Powder XRD pattern of cerium oxide nanospheres.
(b) Wide-scan XPS survey spectrum. (c) High-resolution XPS spec-
trum of mesoporous cerium oxide (black circles) with the overall fit
(black) and the fits to Ce** (blue) and Ce3* (red).

area under the fitted peaks, the concentration of Ce3tis only
23%, which deviates from the predicted stoichiometric value
(57%). This observation suggests that the Ce;O1; phase is
mixed with some CeO, phase on the surface. The nominal
molecular formula of the material based on the XPS data is
CeOj g9, comprising of around 54% Ce;01, and 46% CeOs.
The mixture of two crystalline forms is also observed in our
XRD measurements and TEM results (vide infra).

The UV-vis diffuse reflectance spectra (subjected to a
Kubelka—Munck transformation) of the cerium oxide nano-
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spheres, CeO, (commercially available 7 nm) nanopowder, and
TiO, (commercially available Degussa P25) nanoparticles are
illustrated in Figure 2a. As expected, the cerium oxide sample
displayed stronger visible light absorption than both commer-
cially available 7 nm CeO, and P25 TiO, nanomaterials. The
estimated band gap from the Tauc plot is approximately 2.7 eV
(Figure 2b), which corresponds to an absorption edge in the
blue region (460 nm). The reduced band gap compared to CeO,
can be attributed to the presence of oxygen vacancies, as previ-
ously reported [32]. The enhanced visible light absorption has
been exploited for driving the photocatalytic degradation of
RhB in aqueous solutions (vide infra).

Mesoporous cerium oxide nanospheres
7 nm CeO, nanopowder

—— P25 TiO, nanopowder

El
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Figure 2: (a) UV-vis diffuse reflectance spectra of cerium oxide nano-
spheres (black), 7 nm CeO; (red) nanopowder, and P25 TiO, (blue).
(b) Tauc plot for cerium oxide to obtain the band gap.

The transmission electron microscopy (TEM) images of the
cerium oxide sample supported the mesoporous nature and
nanosphere morphology of the material (Figure 3a). The ma-
terial has fairly monodisperse nanospheres with diameters of
50-70 nm. Each nanosphere consists of an irregular meso-
porous structure that is an aggregate of small nanocrystalline
domains. The high-resolution TEM images confirm that the
cerium oxide consists of crystalline domains, 4-5 nm in size
(red dotted ring), that can be indexed to Ce701, and CeO,
(Figure 3b). Nitrogen sorption experiments were conducted to

ascertain the average surface area and pore size distribution of
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Figure 3: (a) TEM and (b) HRTEM images of the mesoporous cerium
oxide nanospheres. (c) Nitrogen adsorption—desorption isotherm of the
mesoporous cerium oxide nanospheres.

the material. The nitrogen adsorption—desorption isotherm of
the cerium oxide sample (Figure 3¢) shows a type-II curve and

the surface area of the sample is 93 m? g™ ! as calculated by the
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Brunauer-Emmett-Teller (BET) method. The average pore size
determined by a Barrett—Joyner—Halenda (BJH) analysis is
3 nm, confirming the mesoporous nature of the cerium oxide

sample.

The photocatalytic behavior at visible-light irradiation of the
cerium oxide sample has been probed by the photodegradation
of the suspected carcinogenic dye rhodamine B (RhB). A
colloidal mixture of cerium oxide and RhB has been stirred and
irradiated with AM 1.5 solar intensity light after equilibration in
the dark for 30 min. A standard glass filter has been applied to
transmit only wavelengths larger than 420 nm, to demonstrate
photocatalytic properties under ambient conditions. The UV—vis
spectral changes of the colloidal mixture illustrated in Figure 4
clearly shows the degradation of RhB over time, with the dye
being completely decomposed within 6 h. In comparison, RhB
is only decomposed to 50% or less after irradiation under the
same conditions with the commercially available P25 TiO, and
7 nm CeO, nanopowder. The visible-light photocatalytic de-
gradation of organic compounds with wide band-gap materials,
by a ligand-to-metal charge-transfer mechanism after adsorp-
tion [33], has been reported and may be a contributing factor for
the activity of TiO, and CeO,. In the absence of light, some of
the RhB adsorbs on the cerium oxide (green). The mesoporous
cerium oxide sample is patently a more effective agent for the
photocatalytic degradation of RhB under visible light and
ambient conditions after equilibration, and the activity cannot
be accounted to the presence of CeO, or adsorption alone. Gas
chromatography mass spectrometry (GC—MS) and electrospray
ionisation mass spectrometry (ESI-MS) were used to identify
some of the organic products during the course of the 6 h irradi-
ation (see Supporting Information File 1). These included
N-hydroxylated desethyl rhodamine B, phthalic acid, and even

100

N
*—k\\‘*\.\’
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S
g w T
-
(§]
25+
0 T T T T T
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Figure 4: Comparison of RhB concentrations over time at 554 nm,
after photocatalytic degradation with mesoporous cerium oxide under
light (black) and in the dark with no equilibration (green), 7 nm CeO,
(red), P25 TiO5 (blue), and with no catalyst (grey).
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ring-opened products [6]. The composition of the degradation
products alludes to oxidative decomposition by reactive oxygen

species, such as hydroxyl radicals.

Chemical scavengers were employed to investigate the mecha-
nism of the photocatalytic processes and to identify the major
contributors to the photocatalytic processes. The concentration
of RhB, monitored at 554 nm, was used as the proxy to identify
the active agent in the decomposition of RhB. Control experi-
ments were performed in the absence of scavengers (black line,
Figure 5a). The established scavengers used include sodium
oxalate for 4" (red), CrOs for e~ (green), isopropanol for “OH

(a) 100

25+
0 T T T T ;
0 1 2 3 4 5 6
Time (h)
(b)’; 500
© Before irradiation
;; 400 1 h irradiation
B 3 h irradiation
é 3004 6 h irradiation
£
3
Q 200+
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@
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i o0 . . .
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o
(C) oM OH OH

visible light A" — .OH —> Hi0,—> O,H

Figure 5: (a) Photocatalytic degradation of RhB over time at 554 nm,
in the absence of scavengers (black), and the presence of h* (red),
‘OH (blue), e~ (green), and “OOH/*O,~ scavengers (grey). (b) Growth
of the fluorescence intensity of 2-hydroxyterephthlate as a probe for
hydroxyl radicals. (c) Proposed pathway for photocatalytic RhB de-
gradation.
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(blue), and 1,4-benzoquinone for “"OOH/"O, " (grey, Figure 5a)
[5]. The inhibition of photocatalytic activity is most pronounced
in the presence of the hole scavenger, with impaired activity in
the presence of both “OH and "OOH/*O," scavengers. Interest-
ingly, the electron scavenger does not significantly affect the
photodegradation experiments. The participation of "OH radi-
cals was confirmed with the use of sodium terephthalate as a
fluorescence probe [34]. Over the course of 6 h, the fluores-
cence intensity due to formation of 2-hydroxyterephthalate
grew [35], with a blue shift possibly due to coordination to the
mesoporous cerium oxide nanoparticles (Figure 5b). These
results indicate that the photocatalytic mechanism can be
summarized as depicted in Figure Sc, in which 4", and down-
stream reactive oxygen species ‘OH and "OOH/°O,", are the
active agents for the chemical destruction of RhB. Superoxide
radicals from the reduction of O, or direct reduction by elec-
trons from the cerium oxide appear to play secondary roles in
the photocatalytic destruction of RhB.

Conclusion

In summary, we have presented a facile, solvothermal synthesis
of new mesoporous cerium oxide nanospheres, with isopropanol
and ethylene glycol as the solvents and reducing agents. No
expensive surfactants and templates have been used in the
preparation of the earth-abundant, relatively affordable, mixed
valence cerium oxide. The cerium oxide has been characterized
with a suite of structural, spectroscopic, and electron
microscopy techniques, confirming the high surface area, meso-
porous nature, and visible-light absorption properties of the ma-
terial. The visible-light photocatalytic activity in the degrad-
ation of RhB surpasses that of the commercially available CeO,
and P25 TiO, nanopowders. With a series of radical scavengers,
the mechanism of the photocatalytic activity is proposed to
involve a prominent role of *OH radicals as the active species in
RhB degradation. This new material is a promising candidate as
a robust, earth-abundant, visible-light absorbing metal oxide
scaffold to be used in DSPECs and other sustainable energy

applications.

Supporting Information

The Supporting Information provides details about the
synthesis of the nanospheres as well as additional
experimental data.

Supporting Information File 1

Synthesis procedure, characterization, and dye degradation
studies.

[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-60-S1.pdf]
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Abstract

The light irradiation parameters, including the wavelength spectrum and intensity of light source, can significantly influence a
photocatalytic reaction. This study examines the propylene photo-epoxidation over V-Ti/MCM-41 photocatalyst by using artificial
sunlight (Xe lamp with/without an Air Mass 1.5 Global Filter at 1.6/18.5 mW-cm™2) and ultraviolet light (Mercury Arc lamp with
different filters in the range of 0.1-0.8 mW-cm™2). This is the first report of using artificial sunlight to drive the photo-epoxidation
of propylene. Over V-Ti/MCM-41 photocatalyst, the propylene oxide (PO) formation rate is 193.0 and 112.1 pmol-gey '*h™! with a
PO selectivity of 35.0 and 53.7% under UV light and artificial sunlight, respectively. A normalized light utilization (NLU) index is
defined and found to correlate well with the rate of both PO formation and C3Hg consumption in log—log scale. The light utilization
with a mercury arc lamp is better than with a xenon lamp. The selectivity to PO remains practically unchanged with respect to
NLU, suggesting that the photo-epoxidation occurs through the same mechanism under the conditions tested in this study.

Introduction

It is agreed that light, especially its wavelength spectrum and  light enables the generation of highly reactive species such as
intensity, is a crucial factor for efficient photocatalysis. A  hydroxyl radicals (OHe) and oxy radicals (O¢) [1]. The light
photocatalytic reaction occurs only when the illumination with  intensity in photocatalysis has attracted considerable attention.
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The positive effect of increasing the light intensity on photocat-
alytic reactions is a common phenomenon, which has been
observed in, e.g., the photo-degradation of gaseous formalde-
hyde [2], dye [3-5] and polychlorinated dibenzo-p-dioxins [6],
and the disinfection of Escherichia coli [7-9]. How the light
energy can be effectively utilized in a heterogeneous photo-
catalysis process is under debate, and both the intensity and the
exposure time to light irradiation need to be considered [4,10].
In the photo-decomposition of organic species and the inactiva-
tion of bacteria under ultraviolet sources (UV-A and UV-C),
low-intensity light with long exposure times resulted in a better
light-utilization efficiency than light of high intensity with short
exposure times [10]. In addition, the wavelength of the irradi-
ation is another important factor that can affect the efficiency of
photocatalysis. It is believed that the shorter wavelength of ir-
radiation can promote the electron—hole generation and conse-
quently enhance the efficiency of the catalyst. This has been
observed in the CO, photo-reduction over Ag/TiO, or TiO,
[11], the photo-degradation of 4-chlorophenol over TiO; [12]
and the photo-decomposition of organic contaminants over
CaBi;04 [13]. No previous study discusses that the suitable
wavelength needs to match the absorbance range of the catalyst
and also needs to be energetic enough to generate active
species.

Propylene oxide (PO) is an intermediate chemical widely used
in the chemical industry, and its market size is predicted to have
an average annual growth of 5% [14]. However, the current
commercial processes to produce PO are not environmentally
friendly because of the significant amounts of byproducts
[15,16]. Much effort has been devoted to develop green PO
production processes and photo-epoxidation utilizing light
energy and O, oxidant under mild conditions attracts much
attention. Differently designed photocatalysts were examined
[17-24], and the reaction conditions such as reaction tempera-
ture [18], light irradiation [25,26] and oxygen/propylene ratio
[23,27] were also tested. Yoshida and co-workers reported the
first systematic investigation of the photo-epoxidation of propy-
lene over more than 50 silica-supported metal oxides, in which
TiO,/Si0, was the most effective photocatalyst [20]. Amano et
al. reported that Rb-ion-modified V,05/Si0, was their best
photo-epoxidation catalyst under UV-C light [24]. In our
previous study, V-Ti/MCM-41 photocatalyst showed good PO
yield under UV light [17]. However, the effects of light irradi-
ation on the photo-epoxidation of propylene have not been
systematically examined. Yamashita et al. carried out photo-
epoxidation experiments by using a high-pressure mercury lamp
equipped with 3 UV cut-filters, but they did not discuss the
effect of light wavelengths [28]. Xenon lamps are the most
commonly used light sources in these studies [24,29]. No

previous work, to the best of our knowledge, attempts the
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use of artificial sunlight to drive the photocatalytic epoxidation
[30].

In this study, we compared the photo-epoxidation over V-Ti/
MCM-41 photocatalyst with different wavelengths (365,
320-500 and 250-400 nm) and different light intensities in the
range of 0.1-0.8 mW-cm™2. In addition, artificial sunlight from
a solar simulator with/without an Air Mass 1.5 Global
(AM1.5G) filter was also used to drive the photo-epoxidation
reaction. The performances of photo-epoxidation under
different light sources are compared and discussed.

Results and Discussion

Photocatalyst characterization

Figure 1 compares the absorbance spectrum of the prepared
photocatalyst and the light emission spectrum from a Hg arc
lamp, and a Xe lamp without filter [22] and with AM1.5G filter
[31], respectively. The emission spectrum from the Hg arc lamp
is in the range of 260—650 nm while those spectra from Xe lamp
without filter and with AM1.5G filter are 200-2400 nm and
310-2400 nm (not shown in the range of Figure 1), respective-
ly. The UV—vis absorbance confirms the absorption band of
200-380 nm. The strong absorbance at about 220 nm is attrib-
uted to the charge transfer band of tetra-coordinated titanium in
the framework while the weaker band at 340 nm is attributed to
the charge transfer band of tetra-coordinated vanadium in the
V37 state [32]. The overlap of catalyst absorbance and light
emission spectra, in the wavelength range from 260 to 380 nm,
is the main contribution to the photo-reaction activity.
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Figure 1: The spectrum of: (a) UV-vis absorption of V-Ti/MCM-41,

and emission of (b) 200 W mercury arc lamp, (c) 300 W Xe lamp
(extracted from [22]) and (d) AM1.5G filter [31].

Figure 2 shows the low-angle XRD pattern of V-Ti/MCM-41
photocatalyst. The XRD pattern indicates a mesoporous hexag-
onal lattice with a clear feature of (100). The (110) and (200)
peaks are not well-separated, maybe due to the high calcination
temperature of 823 K [33]. The HRTEM image of V-Ti/MCM-
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41 in Figure 3 reveals a uniform hexagonal structure, which is a
distinctive feature of MCM-41. The pore diameters of catalyst
estimated from TEM was approximately 3 nm.

Intensity (cps)

20 (degrees)

Figure 2: The low-angle XRD pattern of V-Ti/MCM-41.

50 nm

Figure 3: The HRTEM images of V-Ti/MCM-41 photocatalyst.

We previously proposed that the titanium in V-Ti/MCM-41
should be Ti*" with a tetrahedral coordination [17]. The K-edge
XANES of vanadium (Figure 4) suggests its oxidation state to
be V>*. A possible local structure of tetra-coordinated V- and
Ti-oxides in V-Ti/MCM-41 is proposed in the inset of Figure 4.
Both Ti*" and V3" are anchored by three oxygen atoms (each
linked to silicon) and with an exposed (Ti*'—OH) or an exposed
(V3™—027). We expect that the design of V-Ti/MCM-41 can
lead not only to the direct excitation of (Ti—O) moieties by UV
irradiation but also to the indirect excitation through a charge

Beilstein J. Nanotechnol. 2014, 5, 566-576.

transition from (V4+—OL7)* states as proposed in [34,35], which
brings up a high photocatalytic activity [34]. Furthermore,
Amano et al. reported that the lattice oxygen in the excited
triplet state (V4'—Op ")* is considered to exhibit electrophilic
character, which preferably attacks the double bonds in propy-
lene [35]. Hence, the V-Ti/MCM-41 is expected to perform a
selective photocatalytic epoxidation of propylene.
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Figure 4: Summary of the V K-edge characterization of V-Ti/MCM-41
with references by XANES and proposed structures of V-Ti/MCM-41
(inset).

Photocatalytic epoxidation of propylene

There is no activity observed if the experiment is conducted in
the absence of either the photocatalyst or light irradiation.
Evidently, the propylene epoxidation over V-Ti/MCM-41 is
mainly photo-catalysed. Table 1 summarizes the consumption
rate of C3Hg, the formation rate of PO and the product selec-
tivity under different irradiation conditions. These values are
averages obtained on stream within 3—6 h of photoreaction. The
major products included propylene oxide (PO), propionalde-
hyde (PA) and acetaldehyde (AA) while the minor products
were acetone (AC) and ethanol (EtOH).

Artificial sunlight irradiation

Recently, sun-light-driven photocatalysis has received much
attention. In this section, we examined the photo-epoxidation of
propylene over V-Ti/MCM-41 by utilizing UV-visible light
(without an AM1.5G filter) and artificial sunlight (with an
AM1.5G filter). With UV—visible light, the C3;Hg consumption
rate and the PO formation rate with time on stream are shown in
Figure 5a. Within a 6 h test, its performance decreased monoto-
nously with time, but the selectivity of products on stream did
not change as shown in Figure 5b, which indicates PO as the
dominant product with a selectivity of 59.9%. This PO selec-
tivity is significantly higher that of experiments using only UV
light.
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Table 1: Overview of the photocatalytic epoxidation of propylene.2

Beilstein J. Nanotechnol. 2014, 5, 566-576.

entry light sources C3Hg consumption PO formation selectivity (%)

lamp filter intensity [ate A e ip-h  AA EIOH PO PA AC

(mW-cm™2) (Hmolg ) (umol-g™"-h™")

1 200 W Mercury 365 nm 0.1 89.2+22 258 +1.1 389 25 29.0 20.5 9.1
2 Arc 0.2 1454 +1.8 429+0.2 39.5 35 295 199 76
3 320-500 nm 0.1 136.3+1.8 484 +1.1 30.3 ND 355 27.0 7.2
4 0.2 269.3+11.6 1142+7.8 28.9 ND 423 237 51
5 0.4 276.7 £ 10.5 80.6+3.2 427 45 29.1 175 6.8
6 0.6 285.3+3.3 929+1.6 389 44 326 16.9 7.2
7 0.8 340.9+2.7 1084 +1.2 38.8 4.7 31.8 174 7.3
8 250-400 nm 0.2 329.9+93 100.5+2.0 354 23 30.5 236 8.2
9 0.4 4244 +21.0 140.6 £ 6.2 329 24 332 241 74
10 0.8 551.9+24 193.0+1.2 30.7 2.3 35.0 259 6.1
11 300 W Xe AM1.5G 1.6 208.4 +14.3 112.1+8.9 13.0 ND 53.7 23.1 10.3
12 — 18.5 287.3+14.4 172.1+8.9 15.9 ND 599 21.0 3.2

aReaction conditions: 0.01-0.02 g photocatalyst; feed gas C3Hg/Oo/No = 1:1:16 in vol % at GHSV = 6000 h™' and T = 312-323 K. The data were
obtained on stream within a cycle (3—6 h in reaction). AA: acetaldehyde, EtOH: ethanol, PO: propylene oxide, PA: propionaldehyde, AC: acetone, and

ND: not detected.
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Figure 5: Time course of the photo-epoxidation of propylene with
molecular oxygen under UV-visible light irradiation (without an
AM1.5G filter; 18.5 mW-cm™2): (a) C3Hg consumption rate and PO for-
mation rate, (b) Selectivity to products. Lines are presented for guiding
and are not based on a kinetic model.

Figure 6 shows the time-dependent behavior of the photocat-
alytic reaction when using artificial sunlight. With respect to
time on stream, the PO formation rate increased to a peak value
of 151 umol-gey 'h™! after 1 h and then it decayed to
81 pmol-gea !*h™! after 24 h reaction time (Figure 6a). The
product distribution was not significantly changed by the inclu-
sion of the AM1.5 filter. The main product PO still maintained
a selectivity of approximately 60% (Figure 6b). To the best of
our knowledge, this is the first report of using artificial sunlight
to drive the photocatalytic epoxidation of propylene.

Both of UV-visible light and artificial sunlight show a similar
and stable product distribution (Figure 5b and Figure 6b). The
use of AM1.5G filter decreased the photo-activity but similar
trends in PO formation rate and C3Hg consumption rate with
time on stream are also found in Figure 5a and Figure 6a. The
similar product distribution implies that the reaction mecha-
nism was not changed by the presence of the AM1.5G filter.
The filter reduced the light intensity significantly from 18.5 to
1.6 mW-cm™2. Therefore, we believe that the decreased photo-
activity when using the AM1.5 G filter is mainly attributed to
the decreased light intensity.

UV-light irradiation

Among the UV-irradiation experiments shown in Table 1, entry
4 shows a good selectivity to PO (42.3%) while entry 10 shows
excellent performance of both C3Hg consumption rate and PO
formation rate, 551.9 and 193.0 pmol-ge, '*h™!, respectively.
Figure 7 shows that the illumination of shorter wavelengths
(250-400 nm) resulted in a better performance (higher C3Hg
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Figure 6: Time course of the photo-epoxidation of propylene with
molecular oxygen under artificial sunlight (with an AM1.5G filter;

1.6 mW-cm™2): (a) C3Hg consumption rate and PO formation rate.

(b) Selectivity to products. Lines are presented for guiding and are not
based on a kinetic model.

consumption rate and higher PO formation rate) than that with
365 nm or 320-500 nm illumination. In response to intensity,
both C3Hg consumption rate and PO formation rate show an
initial linear increase and then the increase gradually levels off
at strong intensities. The nonlinear behavior can be explained
by either that the effect of light scattering becomes significant
or that the reactions strongly compete with processes involving
electron—hole pair recombination and with those involving the
participation of photo-generated holes in surface photo-reac-
tions at high-intensity illumination [6,36,37]. On the other hand,
the initial linear behavior suggests that the recombination of

electron—hole pairs is negligible at low intensity illumination.

Figure 8 shows the time-dependent behavior of the photocat-
alytic reaction when using different filters with UV light.
The PO selectivity was stable even under UV-C range of
250-400 nm. On the whole, an increase in light intensity
promoted the activity and resulted in increased C3Hg consump-

tion rate.

Beilstein J. Nanotechnol. 2014, 5, 566-576.
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Figure 7: The correlation between UV-light intensity (200 W mercury
arc lamp) and C3Hg consumption rate and PO formation rate. Lines
are presented for guiding and are not based on a kinetic model.

Comparison of artificial sunlight and UV light

irradiation

To understand how photo-epoxidation efficiency changed with
wavelength, we compared the effect of photon absorption based
on the spectra of different lamps and/or filters. Since not all the
light delivered to the photocatalyst can be absorbed, we defined
the normalized light utilization (NLU) of V-Ti/MCM-41 photo-
catalyst as the fraction of light that can possibly activate the
photoreaction by Equation 1.

NLU = intensity of light emitted n

x normalized absorption capability of photocatalyst

The total absorption capability of V-Ti/MCM-41 photocatalyst
was calculated by integrating the normalized UV—vis spectrum
from the lower cut-off wavelength of irradiation light (260 nm
for UV, 200 nm for visible light and 310 nm for artificial light)
to the cut-off absorbance of the catalyst (380 nm). The ratio of
the integrated absorbance over the filtered range of the light
source to the total absorption capacity is defined as the normal-
ized absorption capability. Table 2 shows the calculated NLU of
V-Ti/MCM-41 photocatalyst for visible light, artificial sunlight
and UV light at three filtered wavelength range (365 nm,
320-500 nm and 250-400 nm).

Figure 9 shows that both C3Hg consumption rate and PO forma-
tion rate increased with the calculated NLU, regardless of the
filtered wavelength range. For the UV light source (Figure 9a),
it suggests that the photon flux, i.e., the light intensity, is
equally efficient for the photo-epoxidation of propylene when
the wavelengths of photon were filtered to 365, 350-500, or
250-400 nm range. This also implies that the energy in these
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Figure 8: Time course of the photo-epoxidation of propylene with molecular oxygen under UV light for C3Hg consumption rate and PO selectivity
under different filters conditions: (a) 365 nm, (b) 320-500 nm and 250—400 nm.

three filtered ranges is sufficient to activate oxygen and/or
propylene. The correlation between the rate of PO formation or
of C3Hg consumption versus NLU in the log—log scale can be
expressed by Equation 2 and Equation 3 as the rate expression
for the UV-irradiated photo-epoxidation. The ratio of these two
rate expressions indicates a constant PO selectivity of 40%.

PO formation rate = 240 x NLU®3¢ 2

C;Hgconsumption rate = 600 x NLU-3 (3)

The rate expressions of both PO formation and C3Hg consump-
tion with a Xe lamp were estimated by the data with and
without AM1.5G filter as shown in Figure 9b, and the results
are shown in Equation 4 and Equation 5. These rates are lower
but the PO selectivity is higher than that of using mercury arc
lamp.
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Table 2: A quantitative evaluations of normalized light utilization by V-Ti/MCM-41 photocatalyst.

entry light sources
lamp

1 200 W mercury arc

2

3

4

5

6

7

8

9

10

1" 300 W Xe
12

intensity of light
emitted (MW-cm™2)

filter

0.1
0.2
0.1
0.2
0.4
0.6
0.8
0.2
0.4
0.8
AM1.5G 1.6
— 18.5

365 nm

320-500 nm

250-400 nm

normalized active absorbed  normalized light utilization?

light by catalyst? (a.u.) (MW-cm™2)
0.03 0.003
0.006
0.21 0.021
0.042
0.084
0.126
0.168
1.00 0.200
0.400
0.800
0.29 0.464
1.00 18.500

aThe normalized absorption capability is the ratio between area of irradiation at different wavelength and the area of full UV-vis absorbance spectrum.
PNormalized light utilization was calculated directly by Equation 1.
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Figure 9: The PO formation rate, C3Hg consumption rate and PO
selectivity over V-Ti/MCM-41 versus the normalized light utilization by
V-Ti/MCM-41 photocatalyst over (a) a mercury arc lamp and (b) a
xenon lamp (see Table 2). Lines are presented for guiding and are not

based on a kinetic model.

PO selectivity (%)

PO selectivity (%)

124 x NLU®!! )

PO formation rate =

C;Hgconsumption rate = 219 x NLy!!

)

The different dependency on NLU in these rate equations of PO
formation and C3Hg consumption between UV and UV-visible/
artificial sunlight may be due to the difference in light wave-
length and intensity. Both UV and UV-visible/artificial sunlight
resulted in a nearly constant PO selectivity, regardless of the
filter or the light intensity. Based on this fact, we believe that
the photocatalytic epoxidation of propylene over V-Ti/MCM-41
photocatalyst occurred through the same mechanism regardless
of the absorbed wavelengths within the range of study.

We have compared the C3Hg consumption rate of V-Ti/MCM-
41 when using UV (0.8 mW-cm™2, 250-400 nm), artificial
sunlight (1.6 mW-cm™2 when with AM1.5G filter) and
UV-visible light without AM1.5G filter (18.5 mW-cm2) from
entry 10, 11 and 12, respectively. Although the light intensity
differed strongly when comparing both UV—visible light and
artificial sunlight, the C3Hg consumption rate (551.9, 287.3 and
208.4 pmol gep ! h7!, respectively) did not significantly
change. A possible explanation is that the emission wavelength
of UV light fits better with the spectral absorption of V-Ti/
MCM-41 than the other irradiation types (Figure 1). Wendl et
al. reported a similar observation when they compared the
effects of various lamps [38]. The non-fitting wavelengths of
the visible light source may provide an additional heating to the
catalyst.
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The decay in the photo-activity with time on stream may be due
to fouling caused by strongly adsorbed organic species.
Comparing to UV-irradiation conditions, the selectivity to AA
was lower when using artificial sunlight (Table 1). Takeuchi et
al. reported that products with a carbonyl group such as AA can
casily adsorb on active Ti*" sites [39]. Therefore, the low selec-
tivity to AA might be due to its accumulation on catalyst
surface, which can consequently cause the higher standard error
on the C3Hg consumption rate observed with both UV—visible
light and artificial sunlight. The condensation of AA molecules
may lead to larger and heavier species such as hexa-2,4-dienal
and 3-methylpentanedial [40]. The TGA weight loss curves of
the spent and the fresh V-Ti/MCM-41 are compared in
Figure 10. The weight loss below 400 K is attributed to the
removal of adsorbed water while that above 400 K can be
attributed to burn-off of the remaining organic species [41]. The
different decay rates observed with UV and UV-visible light/
artificial sunlight may come from the different fouling level of
strongly adsorbed organic species.

Current status of photo-epoxidation of

propylene

Table 3 compares the propylene photo-epoxidation perfor-
mance of this study and those reported in the literature. Entries
1-4 show that V,0s/Si0; exhibits visible-light-driven photocat-
alytic activities when using a solar simulator; Rb ion-modified
V;,05/S10; performs well with a high C3Hg consumption rate of
563.5 pmol-gey *h™L. Rubidium ions can effectively modify
isolated VO4 via a mono-oxo terminal oxygen, which is
proposed to improve the PO formation rate [24]. The V-Ti/
MCM-41 used in this study had only half of that C3Hg
consumption rate (entry 5) under light from solar simulator, but
both V-Ti/MCM-41 and Rb-V,05/SiO; had nearly the same PO
formation rate. Although the two experiments were carried out
under different conditions, both demonstrate good performance

Table 3: Comparison of artificial sunlight and other light sources.
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Figure 10: The TGA weight loss curves V-Ti/MCM-41 photocatalyst
using O as the sweep gas: (a) fresh catalyst and (b) catalyst deacti-
vated by the photo-epoxidation of propylene.

of propylene photo-epoxidation. Artificial sunlight has been
successfully used and it showed interesting photo-activity
(112.1 pmol-g., b1 of PO formation rate). In this contribu-
tion, 193.0 pmol-ge, ! h™! (with 0.8 mW-cm ™2 UV in the range
of 250-400 nm) is the highest PO formation rate achieved
among a variety of conditions.

Conclusion

Artificial sunlight has been successfully used to drive the photo-
epoxidation of propylene for the first time, with a PO formation
rate of 112.1 umol-ge, '*h™! and a PO selectivity of 53.7%
over V-Ti/MCM-41. Without AM1.5G filter, UV—visible light
with higher intensity results in higher PO formation rate with a
similar PO selectivity but a faster deactivation rate. UV light
only with different filter (365, 320-500 and 250-400 nm, res-
pectively) and intensity over the ranges of 0.1-0.8 mW-cm 2
are also examined. Among a variety of conditions,

entry photocatalyst lamp reactants C3zHg consumption PO formation PO ref.
rate rate selectivity
(umol-g~*h~") (umol-g™"h™") (%)

1 0.18 wt % V05/SiO, 300 W Xe C3Hg/Oo/He = 2:1:7 141.9 61.0 43.0 [29]

2 0.1 mol % V,05/SiO; (GHSV 8000 h™) 229.7 85.0 37.0 [21]

3 0.1 mol % V,05/HMS 208.1 77.0 37.0

4 Rb ion-modified 563.5 173.0 30.7 [24]

0.5wt% V205/SiO2
53 V-TiIMCM-41 300 W Xe with  C3Hg/O2/No = 1:1:16  208.4 1121 53.7 this
AM1.5G (GHSV 6000 h™) study
o 300 W Xe 287.3 1721 59.9
7° 200 W Hg arc 551.9 193.0 35.0

a300 W Xe lamp equipped with AM1.5G filter (artificial sunlight): 1.6 mW-cm™2; ®P300 W Xe lamp: 18.5 mW-cm™2; ©200 W Hg arc lamp (250-400 nm):
0.8 mW-cm™2. The data is the mean value obtained on stream in 6 h. V-Ti/MCM-41 photocatalyst: V/Ti/Si = 0.05:0.53:46.29, based on ICP-AES.
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193.0 pmol-ge, *h™! was observed as the highest PO forma-
tion rate for propylene photo-epoxidation with a minimal deac-
tivation rate. Data analysis suggests that the rate of PO forma-
tion and of C3Hg consumption under either UV light or
UV-visible light/artificial sunlight can be correlated with NLU
in log—log scale. This indicates a similar reaction mechanism
under UV light and under UV—visible light/artificial sunlight,
which is also supported by the same products observed under

the different light source used in this study.

Experimental
Preparation and characterizations of photo-

catalyst

The procedure of V-Ti/MCM-41 preparation was described in
details previously [17]. Typically, 21.2 g of sodium metasili-
cate monohydrate was dissolved in 100 mL deionized (DI)
water and then combined with an appropriate amount of tita-
nium oxysulfate hydrate and vanadyl sulfate hydrate (dissolved
in 20 mL of 2 M H,SOy) to form a uniform gel. Next, 7.28 g of
cetyltrimethylammonium bromide (CTAB) was dissolved in
25 mL of DI water and added slowly into the mixture. After
stirring for 3 h, the gel mixture was transferred to an autoclave
and heated to 418 K for 36 h. The resulting solid was washed
with DI water after cooling to the room temperature, then dried
at 383 K for 8 h, and calcined at 823 K for 10 h.

A powder X-ray diffractometer (XRD, Xray-M03XHF, Ultima
IV) was used to verify the crystalline structure of the photocata-
lyst. Diffraction peaks were assigned by comparison to known
crystalline phases. The light absorption of the photocatalyst was
characterized by ultraviolet—visible light spectroscopy (Varian
Cary-100). The X-ray absorption near edge spectroscopy
(XANES) of the vanadium K-edge was carried out with
synchrotron radiation at the beam line 16A, National Synchro-
tron Radiation Research Center, Taiwan. The standard metal
foil and V oxides (V,05 and V,03) powders were used as refer-
ences. High resolution transmission electron microscope
(HRTEM) was performed with a JEOL JEM-2100 instrument
operating at 200 kV. Thermal gravimetric analysis (TGA,
PYRIS Diamond TG-DTA, high temperature 115V) was carried
out in the range of 300—773 K. About 30 mg samples were

Beilstein J. Nanotechnol. 2014, 5, 566-576.

placed in an alumina sample holder and heated under air
(20 mL-min~!) with a heating rate of 3 K-min~!. Due to the
small amount of catalyst used for the reaction, the spent is a
mixture of all the photocatalysts after reaction.

Photocatalytic epoxidation of propylene

The apparatus for carrying out the photocatalytic epoxidation of
propylene with a reactant gas mixture of C3Hg/O2/Ny = 1:1:16
at GHSV = 6000 h™! was mentioned in our previous study [17].
Around 0.01-0.02 g of photocatalyst was packed in a photo-
reactor (0.55 cm? in volume) with a quartz window for light
transmission. A hot-plate was used to maintain the temperature
at 323 K for the UV-irradiated reaction while no heating was
provided with artificial sunlight when the temperature of the
photocatalyst bed was typically sustained at 312-315 K. We
demonstrated previously that the photocatalytic propylene epox-
idation was not sensitive to temperature in the range of
312-323 K [20]. The light sources were set up as follows: (1)
UV light: 200 W mercury arc lamp (Exfo S1500) with three
different interference filters, i.e., 365, 320-500, and
250-400 nm. The light intensity, adjustable in the range of
0.1-0.8 mW cm™2, was measured at the quartz window of the
reactor by using a GOLDILUX radiometer/photometer (UV-A
Probe/UV-C Probe). (2) UV-visible light: 300 W xenon lamp
(Newport, USA) was directly used; the influx in the range of
200-380 nm was 18.5 mW-cm 2. (3) Artificial sunlight: A
300 W xenon lamp (Newport, USA) was used with an AM1.5G
filter to simulate the sunlight that has the same power and spec-
tral distribution of the sun at 48.5° zenith angle. The influx in
the range of 310-380 nm with the AM1.5G filter was
1.6 mW-cm™2.

Product analysis

The effluent stream was analyzed with a gas chromatograph
(GC, Young Lin, YL6100) via an on-line 6-port sampling valve
(Valco, with 1 mL loop). The GC was equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD) and the analysis was performed with both molecular
sieve 5 A and Porapak-N columns. The product formation rate,
propylene consumption rate and the product selectivity were
defined according to the following equations.

concentration of product detected on stream x flow rate

specific formation rate of product = - (6)
weight of photocatalyst
specific consumption rate of C;Hg = Zspeciﬁc formation rate of all products (7)
product selectivity = specflﬁc forrnatlor? rate of product <100% ®
specific consumption rate of C;Hg
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Abstract

Background: The hydrothermal method was used as a new approach to prepare a series of Ag-doped Cd( 1Zng ¢S photocatalysts.
The effect of Ag doping on the properties and photocatalytic activity of Cdg 1Zng ¢S was studied for the hydrogen production from
water reduction under visible light irradiation.

Results: Compared to the series prepared by the co-precipitation method, samples prepared by the hydrothermal method performed
with a better photocatalytic activity. The sample with the optimum amount of Ag doping showed the highest hydrogen production
rate of 3.91 mmol/h, which was 1.7 times higher than that of undoped Cdg 1Zng ¢S. With the Ag doping, a red shift in the optical
response was observed, leading to a larger portion of the visible light absorption than that of without doping. In addition to the
larger absorption in the visible-light region, the increase in photocatalytic activity of samples with Ag doping may also come from
the Ag species facilitating electron—hole separation.

Conclusion: This study demonstrated that Ag doping is a promising way to enhance the activity of Cdg ;Zng ¢S photocatalyst.
Introduction
The development of clean and renewable hydrogen energy  most abundant energy. The conversion of solar energy to chem-

through a sustainable production process is still a big issue to be  ical energy by photocatalytic processes, such as photocatalytic

addressed. Solar energy is a very attractive option as it is the  water reduction in the presence of semiconductor photocata-
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lysts, would be an opportunity to produce clean hydrogen
energy. Recently, special attention has been paid to the use of
visible light-driven photocatalysts [1-4]. One of the promising
photocatalysts is Cd;—,Zn,S solid solution [5-8]. The successful
formation of a solid solution of ZnS and CdS resulted in an
absorption shift of ZnS to the visible-light range, while main-
taining the high conduction band energy required for hydrogen
production. However, in order to utilize solar energy in the
future, a further red shift to a range of even longer wavelengths
is still highly desired.

The modification of Cd;—,Zn,S photocatalyst with metal ions,
such as Cu [9-13], Ni [14,15], Sn [16], and Sr [17] has been a
good attempt to increase the visible-light absorption of the
Cd|—;Zn,S photocatalyst. The use of Ag species as a good
dopant for various types of photocatalysts has been also
reported [18-20], including its use to modify Cd;—,Zn,S [21-
23]. Cd{-Zn,S modified by Ag,S was reported to show
activity for hydrogen production from water [21] and hydrogen
sulfide [22]. On the other hand, the properties of Ag*-doped
Cd;-,Zn,S have been investigated by spectroscopic and photo-
chemical studies [23]. It was proposed that the Ag* might act as
a hole trapping site. Since the electron-hole recombination rate
may increase as a result of defect sites created by the doping
element, reducing electron—hole recombination and promoting
interfacial charge transfer should be optimized in order to

improve the efficiency of the photocatalysts.

The most widely used method to prepare Ag-doped Cd;—,Zn,S
is the co-precipitation method [21]. However, the co-precipita-
tion method usually produces materials with low crystallinity.
Since high crystallinity is beneficial for photocatalytic hydrogen
production [1-4], it is worth to further investigate an alternative
method to prepare the Ag-doped Cd;—,Zn,S with high crys-
tallinity. It has been reported that compared to the co-precipita-
tion method, the hydrothermal method produced sulfide photo-
catalysts with better crystallinity, which gave higher activity for
hydrogen production [9,16]. In the present work, the Ag(x)-
doped Cdy 1Zny ¢S samples were prepared by both
hydrothermal and co-precipitation methods. The superior
activity of Ag(x)-doped Cdy 1Zng ¢S prepared by hydrothermal
method is discussed.

Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of
Cdg 1Zng ¢S and Ag(x)-doped Cdy 1Zn ¢S samples prepared by
using the hydrothermal method. The diffraction peaks for all
samples, except for Ag(0.05)-doped Cdy ;Zng ¢S, were in good
agreement with the diffraction peaks of ZnS cubic zinc-blende
phase (JCPDS No. 772100) with major diffraction peaks at 20
of 28.6, 32.5, 47.6 and 56.3°, corresponding to the (111), (200),
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(220) and (311) planes respectively. On the other hand, in add-
ition to the cubic zinc blende phase, the Ag(0.05)-doped
Cdg 1Zng ¢S also showed the presence of small diffraction peaks
of the hexagonal phase at 20 of ca. 27 and 31° (Figure 1d). A
similar phenomenon was also reported when Cu was used as a
dopant [9]. There are no diffraction peaks corresponding to Ag
or other crystal phases. This could be due to the fact that the
content of Ag might be too small to be detected or Ag was well
dispersed in Cdy (Zng ¢S. This result also indicated that no
detectable impurity phases existed in the prepared samples. The
small amount of Ag dopant increased remarkably the intensity
of the diffraction peaks compared to the undoped Cdy 1Zng ¢S
(Figure la,b), which suggests that a small amount of Ag might
induce the crystal growth. However, further increase of the Ag
dopant did not further increase the intensity of the diffraction
peaks. With increasing amount of Ag dopant, the peaks became
slightly broader (Figure 1b—d) since Ag might be clustered and
in turn gave a slightly increased disorder. As the diffraction
peaks were only slightly shifted to higher values of 20 with
increasing amount of Ag, it can be suggested that Ag could be

doped into the lattice without causing much crystal distortion.
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Figure 1: XRD patterns of (a) Cdgy.1Zng ¢S, (b) Ag(0.01)-doped
Cdo.1Zng ¢S, (c) Ag(0.03)-doped Cdg 1Zng ¢S, and (d) Ag(0.05)-doped
Cdp.1Zng ¢S prepared by the hydrothermal method.

The XRD patterns for Cdg 1Zng ¢S and Ag(x)-doped
Cdg.1Zng ¢S samples prepared by the co-precipitation method
are shown in Figure 2. For all samples, only diffraction peaks of
ZnS cubic zinc-blende phase could be observed and no other
phases could be detected. Different from the series prepared by
hydrothermal method, there was no obvious change in the inten-
sities of diffraction peaks after Ag was doped into the
Cdg.1Zng ¢S. Broadening and shifting of the diffraction peaks
were not observed, suggesting that Ag might not be doped
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Figure 2: XRD patterns of (a) Cdgy 1Zng ¢S, (b) Ag(0.01)-doped
Cdp.1Zng ¢S, (c) Ag(0.03)-doped Cdgp.1Zng oS, and (d) Ag(0.05)-doped
Cdp.1Zng ¢S prepared by the co-precipitation method.
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inside but existed on the surface of Cdy Zng¢S. Samples
prepared by the co-precipitation method showed less intense
and broader diffraction peaks than those prepared by the
hydrothermal method, suggesting the less crystallinity and/or
less crystallite size. This result was reasonable since co-precipi-
tation method did not involve crystal growth by heating process.

Figure 3 and Figure 4 show field emission scanning electron
microscopy (FESEM) images of Cdy {Zng ¢S and Ag(x)-doped
Cdg 1Zng ¢S samples prepared by hydrothermal and co-precipi-
tation methods, respectively. For samples prepared by the
hydrothermal method, all samples have a spherical shape with
particle sizes in the range of 20—120 nm that are further
agglomerated into bigger particles with no uniform size. The
samples prepared by the co-precipitation method also have
spherical shapes with slightly lower particle sizes in the range

of 10-70 nm. For all samples, the morphology of Cdy 1Zng ¢S
was not affected by the added Ag.

Figure 3: FESEM images of (a) Cdgy.1Zng ¢S, (b) Ag(0.01)-doped Cdg.1Zng ¢S, (c) Ag(0.03)-doped Cdg 1Zng ¢S (d) Ag(0.05)-doped Cdg 1Zng ¢S

prepared by the hydrothermal method.
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Figure 4: FESEM images of (a) Cdg.1Zng ¢S, (b) Ag(0.01)-doped Cdg.1Zng ¢S, (c) Ag(0.03)-doped Cdg 1Zng ¢S (d) Ag(0.05)-doped Cdg 1Zng oS

prepared by the co-precipitation method.

Figure 5 shows the diffuse reflectance UV—visible (DR UV-vis)
spectra of samples prepared by the hydrothermal method. The
Cdy.1Zng ¢S showed a shoulder peak around 400-500 nm
(Figure 5a), similar to previous studies [9,16]. The addition of
Ag shifted the absorption edge toward longer wavelengths,
suggesting the formation of Ag-doped Cdy 1Zng ¢S samples.
The values of the band gap energy for the samples are listed in
Table 1. The band gap energy was determined by taking the
intersection between the linear tangent line with the x-axis from
a plot of F(%R)hv!/" versus hv, in which F(%R) is the
Kubelka—Munk function, % is Planck’s constant, v is the
frequency of vibration, and » is 1/2 for a direct allowed tran-
sition. As shown in Table 1, the addition of a small amount of
Ag decreased the band gap energy of the Cdy 1Zng ¢S samples
(Table 1, entries 1 and 2). A further increase of Ag did not give
a monotonous decrease in the band gap energy, even though
these samples still showed lower band gap energy than the
Cdg.1Zng ¢S sample (Table 1, entries 3 and 4).

Normalized Kubelka-Munk function

f T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 5: DR UV-visible spectra of (a) Cdg.1Zng oS, (b) Ag(0.01)-
doped Cdg 1Zng oS, (c) Ag(0.03)-doped Cdg 1Zng ¢S (d) Ag(0.05)-
doped Cdp.1Zng oS prepared by the hydrothermal method.
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Table 1: Band gap energy values for Cdg 1Zng ¢S and Ag-doped Cdg 1Zng oS samples.

entry sample

1 Cd0_1Zn0_gS 3.1
2 Ag(0.01)-doped Cdg 1Zng.9S 2.81
3 Ag(0.03)-doped Cdgp 1Zng oS 3.01
4 Ag(0.05)-doped Cdgp 1Zng oS 2.88
5 Cdo.1Zng oS 2.94
6 Ag(0.01)-doped Cdg 1Zng.9S 3.06
7 Ag(0.03)-doped Cdg 1Zng oS 2.99
8 Ag(0.05)-doped Cdg 1Zng.9S 2.66

In addition to the shifted absorption edge and the decreased
band gap energy, Ag doping caused an absorption tail in the
range of 600—800 nm. The absorption in this area has been
assigned to the formation of Ag,S [21,24]. Even though the
Ag,S formation could not be detected by XRD owing to the low
sensitivity, it can be suggested that the added Ag was not
completely doped in the Cdy 1Zng ¢S. The addition of Ag also
caused a new absorption appearing at about 295 nm for
Ag(0.01)-doped Cdg 1Zng oS and Ag(0.03)-doped Cdy 1Zng oS
(Figure 5b,c), corresponding to the presence of Ag metal
nanoparticles [25] that can be formed catalytically through the
reduction of Ag* by the Ag,S as the catalyst [26]. On the other
hand, even though Ag(0.05)-doped Cdy 1Zng ¢S did not show
such an absorption at 295 nm (Figure 5d), its maximum peak
was shifted to longer wavelengths, which might occur due to
the increase in the particle size of the formed Ag metal [26].
Even though the mechanism could not be revealed in this paper,
these results showed that the addition of Ag was not only
simply doped into the Cdy ;Zng ¢S, but also was used to form
other Ag species such as Ag metal and Ag,S. The formation of
the later species was obviously increased with the increase of
the added Ag amount. Various possible formations of Ag
species mentioned above led to the non-monotonous red shift
and non-monotonous decrease in the band gap energy with the
increase of Ag doping.

The absorption spectra of samples synthesized by co-precipita-
tion method are shown in Figure 6. The Cdy. 1Zng ¢S sample
showed a smooth absorption edge around 450 nm (Figure 6a).
The addition of Ag shifted the absorption edge toward longer
wavelengths when the amount of Ag was large (Figure 6d). As
shown in Table 1, a small amount of Ag slightly increased the
band gap energy of Cdy ;Zng ¢S sample (Table 1, entries 5-7),
while a large amount of Ag decreased the band gap energy
(Table 1, entry 8). The increase in Ag doping also gave an
increase in the absorption level above 600 nm due to the forma-
tion of Ag,S [21,24]. The formation of Ag;S on the samples
prepared by the co-precipitation method was found to be larger

band gap energy/eV

preparation method

hydrothermal

co-precipitation

than that on the samples prepared by the hydrothermal method.
Even though the formation of a new absorption below 300 nm
was not as clear as those observed on the samples prepared by
the hydrothermal method, it could be observed that the peak
maximum of Cdy 1Zng ¢S was shifted from 348 to 325-326 nm
(Figure 6b,c), which would be due to formation of Ag metal on
Ag(0.01)-doped Cdy 1Zng ¢S and Ag(0.03)-doped Cdg Zng oS.
A further increase of the amount of added Ag caused the peak
maximum to be shifted from 326 to 339 nm (Figure 6d), owing
to the formation of larger particles of Ag metal, similar to the
samples prepared by hydrothermal method mentioned above.

Normalized Kubelka-Munk function

|
400

Wavelength (nm)

Figure 6: DR UV-visible spectra of (a) Cdg 1Zng oS, (b) Ag(0.01)-
doped Cdp 1Zng oS, (c) Ag(0.03)-doped Cdg 1Zng oS (d) Ag(0.05)-
doped Cd 1Zng ¢S prepared by the co-precipitation method.

The photocatalytic performances of Cdg 1Zng ¢S and Ag(x)-
doped Cdg 1Zng ¢S samples prepared by the hydrothermal
method were examined for hydrogen production under visible-
light irradiation as shown in Figure 7. All samples showed
visible-light activity for hydrogen production. The undoped
Cdg.1Zny ¢9S sample produced hydrogen at a rate of
2.49 mmol/h. The Ag(0.01)-doped Cdy 1Zng ¢S showed an
increased rate of hydrogen production of 3.68 mmol/h.
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However, unfortunately, when the amount of Ag increased, the
activity was not improved. After 5 h of reaction, Ag(0.03)-
doped Cdy ;Zng ¢S and Ag(0.05)-doped Cdy ;Zng ¢S even
showed a lower rate than that obtained from the undoped
Cdg 1Zng ¢S. The enhancement in the photocatalytic activity of
Ag(0.01)-doped Cdg ;Zng ¢S might be attributed to the better
crystallinity, the improved absorption in the visible-light region,
as well as the presence of Ag species. Regarding the latter it has
been proposed that both Ag® and Ag* played an important role
in facilitating the charge separation and suppressing the recom-
bination of photoexcited charge carries [18,19], while the Ag,S
could also act as a hole-transfer catalyst [21,24] for the oxi-
dation of sulfide ions, which in turn promoted the activity. As
shown in the DR UV-vis spectra (Figure 5), the formation of
Ag»S could not be avoided and it increased with the increase of
Ag amount. However, since the activity did not increase but
decreased with the increase of Ag amount, the Ag,S would not
be the main species responsible for the high activity on
Ag(0.01)-doped Cdg.1Zng ¢S. Indeed, the decrease of the
activity of Ag(0.03)-doped Cdy 1Zng ¢S and Ag(0.05)-doped
Cdy.1Zng ¢S showed that the Ag,S might block the incident
light, reduce the reaction sites for oxidation, and thus suppress
the photocatalytic reaction [24].

The stability of the samples prepared by the hydrothermal
method was investigated by reusing the samples for two consec-
utive runs. The photocatalytic activity results for first and
second runs are also shown in Figure 7. The undoped
Cdy.1Zng ¢S showed a lower photocatalytic activity in the
second run due to poor stability. On the other hand, all
Ag-doped Cdg 1Zng ¢S samples showed a relatively stable

Beilstein J. Nanotechnol. 2014, 5, 587-595.

activity. This result suggested that the presence of Ag was
important to maintain the stability of the photocatalysts. Among
the samples, the Ag(0.01)-doped Cdg ;Zng ¢S sample showed
the highest activity for hydrogen production. The rate for
hydrogen production was slightly increased in the second run,
suggesting that the Ag(0.01)-doped Cdg 1Zng ¢S sample might
experience a photochemical activation process. The similar
phenomenon was also reported to occur on CdS/ZnFe,0y4
photocatalyst during the photocatalytic hydrogen production
[27]. In order to understand the possible photochemical acti-
vation process occurred on the Ag(0.01)-doped Cdg 1Zng ¢S
sample, the used sample was characterized by DR UV-visible
spectroscopy. As shown in Figure 8, the absorption peak of the
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Figure 8: DR UV-visible spectra of (a) fresh and (b) used Ag(0.01)-
doped Cdp.1Zng ¢S prepared by the hydrothermal method after second
run.
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Figure 7: Photocatalytic hydrogen evolution on Cdg 1Zng oS (filled circles), Ag(0.01)-doped Cdg 1Zng ¢S (empty triangles), Ag(0.03)-doped
Cdg.1Zng ¢S (empty circles), and Ag(0.05)-doped Cdg 1Zng.9S (empty squares) prepared by the hydrothermal method under visible-light irradiation.
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Ag(0.01)-doped Cdg 1Zng ¢S sample was shifted to lower wave-
lengths centred around 323 nm and the absorption intensity
above 550 nm was decreased after the second run. These
changes showed that the amount of Ag metal on the surface
might be increased via photoreduction during the reaction. As a
result, the photocatalytic activity of the Ag(0.01)-doped
Cd.1Zng ¢S sample increased within the reaction time. The
average hydrogen production rate from both runs was deter-
mined to be 3.91 mmol/h and the value was 1.7 times better
than the average rate observed on the undoped Cdg ;Zng oS.

Figure 9 shows the photocatalytic activities of Cdg Zng ¢S and
Ag(x)-doped Cdg 1Zng ¢S samples prepared by co-precipitation
method. The Ag(0.01)-doped Cdy 1Zng ¢S and Ag(0.03)-doped
Cdg.1Zng ¢S showed a higher activity than the undoped
Cdg.1Zn( ¢S. The highest photocatalytic activity was recorded
for the Ag(0.01)-doped Cdg 1Zng ¢S with a hydrogen produc-
tion rate of 2.19 mmol/h. As for Ag(0.05)-doped Cdg Zng oS,
the activity was higher than that of the undoped compound in
the first 3.5 hours, but the activity decreased over time. The
samples prepared by the co-precipitation method showed less
activity than those prepared by the hydrothermal method, which
might be due to the lower crystallinity as discussed above. The
stability of the samples was also tested for the second run. It
was observed that undoped Cdg 1Zng ¢S and Ag(0.01)-doped
Cdg.1Zng ¢S showed a slightly decreased photocatalytic activity
as compared to activity obtained in the first run. The decrease in
the activity is stronger in Ag(0.03)-doped Cdy [Zng ¢S and
Ag(0.05)-doped Cdy ;Zng ¢S. Both samples showed a lower
activity than the undoped one in the second run. The Ag(x)-
doped Cdy.1Zng ¢S samples prepared by the co-precipitation
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method were found to be less stable than those prepared by the
hydrothermal method that might be due to the formation of
more Ag;S and less doping of Ag.

Conclusion

Two series of Ag-doped Cdy ;Zng ¢S samples were prepared by
hydrothermal and co-precipitation methods, respectively. The
Ag(0.01)-doped Cdy 1Zng ¢S prepared by the hydrothermal
method showed the highest photocatalytic activity and stability
under visible light irradiation with a hydrogen production rate
of 3.91 mmol/h, which was 1.7 times higher than that of the
undoped Cdg. 1Zng¢S. The better photocatalytic activity
observed for the Ag(0.01)-doped Cdg ;Zng ¢S was proposed due
to higher crystallinity, better absorption of visible light, and the
formation of an optimum amount of Ag species, which facili-
tates the electron—hole separation and increase the stability of
the catalyst, and the formation of less Ag,;S, which would
suppress the reaction.

Experimental

Preparation of Ag-doped Cdy 1Zng ¢S. Hydrothermal and
co-precipitation methods were used to prepare the Ag-doped
Cdy.1Zng ¢S samples, which were labeled as Ag(x)-doped
Cdy.1Zng ¢S, with x showed the doping amount of Ag (x =0.01,
0.03, or 0.05 mol). For the hydrothermal method, a series of
Ag(x)-doped Cdg 1Zng ¢S samples was synthesized similarly to
the previous studies [9,16]. In a typical synthesis for Ag(0.01)-
doped Cdg 1Zng ¢S, AgNOj3 (Unilab, 99.9%), Cd(NO3),"4H,0
(Aldrich, 98%), Zn(CH3C0O0),-2H,0 (GCE chemicals, 98%)
and CH3CSNH, (Merck, 99%) with molar ratios of
0.01:0.1:0.9:1 were dissolved in distilled water at room
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Figure 9: Photocatalytic hydrogen evolution on Cdg 1Zng oS (filled circles), Ag(0.01)-doped Cdg 1Zng ¢S (empty triangles), Ag(0.03)-doped
Cdg.1Zng ¢S (empty circles), and Ag(0.05)-doped Cdg 1Zng.9S (empty squares) prepared by the co-precipitation method under visible-light irradiation.
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temperature. The solution was then transferred into an auto-
clave with an inner Teflon lining, sealed and heated in an oven
at 433 K for 8 h. The solution was left to reach room tempera-
ture naturally. The precipitate was separated by using a
centrifuge and washed by using distilled water. The sample was
then dried at room temperature under vacuum conditions. For
the co-precipitation method, the series of Ag(x)-doped
Cdy.1Zng ¢S was prepared similarly to the previous studies
[9,16]. Typically, to synthesize Ag(0.01)-doped Cdy.1Zng oS,
Na,S-xH,0 (QRéc, 98%) solution was added dropwise to an
aqueous solution containing AgNO3 (Unilab, 99.9%),
Cd(NO3),-4H,0 (Aldrich, 98%) and Zn(CH3COO),-2H,0
(GCE chemicals, 98%) with molar ratios of 0.01:0.1:0.9. The
solution was stirred for 12 h at room temperature. The resulting
precipitate was filtered and washed several times with distilled
water. The product then was dried in air at 343 K for 12 h.

Characterizations. XRD patterns were obtained on an X-ray
diffractometer (Bruker Advance D8) using Cu Ka radiation
(40 kV, 40 mA). The morphologies and size of the samples
were observed by using field emission scanning electron
microscopy (FESEM) with JEOL JSM 6701F at an acceler-
ating voltage of 2 kV with platinum coating prior to analysis.
DR UV-vis spectra were recorded at room temperature using a
UV-visible spectrometer (Perkin Elmer Lambda 900). BaSO,4
was used as a reflectance standard.

Photocatalytic testing. As described in the previous studies
[9,16], photocatalytic hydrogen evolution was performed in a
closed side irradiated-Pyrex cell equipped with a water
condenser to maintain the temperature constant during the reac-
tion. A 500 W halogen lamp was used as the visible-light
source. Hydrogen gas evolved was identified by an online
system with thermal conductivity detector (TCD) gas chroma-
tography (GC, Agilent 7890A) using Supelco 13X molecular
sieves and argon carrier gas, which amount was measured by
volumetric method. In all experiments, the powder sample
(0.2 g) was dispersed by magnetic stirring in an aqueous solu-
tion (50 mL) containing 0.25 M Na;SO3 and 0.35 M Naj,S as
the sacrificial agents. Nitrogen gas was flushed through the
reaction cell for 30 min before reaction to remove air. In order
to check the photocatalytic stability, the sample was reused
without washing or drying. Before another 5 h irradiation in the
second run, the reactor containing the tested sample was purged
with nitrogen gas for 30 min to ensure that there was no residual

hydrogen in the reactor.
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We report the synthesis of Ag—ZnO hybrid plasmonic nanostructures with enhanced photocatalytic activity by a facile wet-chem-

ical method. The structural, optical, plasmonic and photocatalytic properties of the Ag—ZnO hybrid nanostructures were studied by

X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), photo-

luminescence (PL) and UV—visible absorption spectroscopy. The effects of citrate concentration and Ag nanoparticle loading on the

photocatalytic activity of Ag—ZnO hybrid nanostructures towards sun-light driven degradation of methylene blue (MB) have been

investigated. Increase in citrate concentration has been found to result in the formation of nanodisk-like structures, due to citrate-

assisted oriented attachment of ZnO nanoparticles. The decor:

ation of ZnO nanostructures with Ag nanoparticles resulted in a

significant enhancement of the photocatalytic degradation efficiency, which has been found to increase with the extent of Ag

nanoparticle loading.

Introduction

The removal of hazardous materials such as dyes and organic
compounds from waste water has attracted ever increasing
attention over the years. Semiconductor photocatalysis is one of
the most important technologies used for the complete mineral-

ization of a wide range of organic dyes and toxic chemicals.

ZnO, a wide band gap semiconductor with large excitonic
binding energy is suitable for diverse applications including UV
lasers [1], field effect transistors [2], dye sensitized solar cells
[3,4], surface enhanced Raman spectroscopy (SERS) [5] and
biomedical applications [6-10]. ZnO nanostructures are
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promising photocatalysts because of their high quantum effi-
ciency, high redox potential, superior physical and chemical
stability, non-toxicity and low cost [11-16]. However, ZnO
nanostructures suffer from drawbacks such as a high
electron—hole recombination rate and the inefficient utilization
of sun light, which limit their photocatalytic activity [17,18].
Several attempts have been made to improve the photocatalytic
efficiency of ZnO by decreasing the rate of recombination of
electrons and holes by surface modification with noble metal
nanoparticles [19-24]. Surface modification of ZnO nanostruc-
tures with noble metal nanoparticles improves the photocat-
alytic efficiency, since the noble metal-ZnO system has two
distinct features. Firstly, noble metal-ZnO contacts result in a
Schottky junction, which creates an internal electric field close
to the interface causing the photogenerated electrons and holes
to move in different directions, which results in a decrease of
their recombination rate [19]. Secondly, noble metal nanoparti-
cles on ZnO exhibit localized surface plasmon resonance
(LSPR) absorption of light which can have significant impact
on semiconductor photocatalysis. The LSPR wavelength of
noble metal nanoparticles can be tuned from near UV to the
visible region by controlling their size, shape, inter-particle
spacing and surrounding medium [25]. In case of ZnO modi-
fied with noble metal nanoparticles, LSPR absorption can lead
to enhanced utilization of UV—visible light as compared to pure
ZnO [26-28]. Silver nanoparticles decorated ZnO nanostruc-
tures of various morphology have shown considerable increase
in the photocatalytic efficiency for the degradation of organic
dyes [19,23,29-34]. Xie et al. [23] have shown that Ag loading
on ZnO nanostructures improves its photostability and enhances
the photocatalytic activity due to increased efficiency for sep-
aration of photogenerated electrons and holes. It has been
shown that Ag—ZnO nanostructures take 80 min for the
complete photocatalytic degradation of 0.2 pM crystal violet
dye under UV irradiation. Liu et al. [30] have studied the effects
of Ag loading on ZnO on the photocatalytic degradation of
rhodamine B (RhB) and showed that the degradation of RhB
over pure Ag nanowires was negligible as compared to ZnO,
the degradation efficiency of which further was increased due to
the decoration with Ag nanoparticles. Deng et al. [19] fabri-
cated Ag nanoparticles decorated ZnO microrods, by photore-
duction of Ag ions onto the surface of the ZnO microrods
prepared through a solvothermal-assisted method, which
showed enhanced sun light active photocatalytic activity. In this
paper, we report the synthesis of Ag—ZnO hybrid plasmonic
nanostructures by a two-step facile wet chemical method
involving the trisodium citrate assisted photoreduction of Ag
ions onto the surface of ZnO nanostructures, prepared by a
facile wet chemical method. The effects of citrate concentration
and Ag nanoparticle loading on the photocatalytic activity of
Ag—Zn0O hybrid plasmonic nanostructures towards sun-light
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driven degradation of methylene blue (MB) dye have been

investigated.

Results and Discussion

Morphology and crystal structure

FESEM images of as-synthesized ZnO and Ag—ZnO samples
with varying citrate concentrations for different [Ag"]/[citrate]
ratios are shown in Figure 1. The presence of aggregates of ZnO
nanoparticles of anisotropic shapes can be seen in the FESEM
image (Figure la) of the pristine ZnO sample. Addition of
citrate at 0.2 mM concentration resulted in an increased aggre-
gation of the nanoparticles, as shown in Figure 1b. As the
citrate concentration is increased to 10 mM, the oriented attach-
ment of the aggregated nanoparticles resulted in complex nano-
structures (Figure 1¢). In Figure 1d we show the FESEM image
of Ag—ZnO sample AZ510, which was prepared by using citrate
a concentration of 20 mM and a AgNOj3 concentration of 2 mM.
It can be clearly seen that as the citrate concentration is
increased to 20 mM, nanodisk-like structures formed due to
oriented attachment of aggregating nanoparticles. It is evident
from the FESEM images that above a threshold concentration
trisodium citrate assists in the oriented attachment of ZnO
nanoparticles and leads to the formation of nanodisk-like struc-
tures, even at room temperature. Cao et al. [35] have studied the
effects of citrate on the morphology of the ZnO nanostructures.
It has been shown that citrate ions bind to the ZnO(0001)
surface through the -COOH and —OH groups and suppress the
growth along the <0001> direction. Thus, growth proceeds
sideways, which leads to the formation of nanodisk-like struc-
tures. Our FESM results showing formation of nanodisk-like
structures at higher citrate concentration go in line with this.

Figure 2 shows the XRD patterns of as-synthesized ZnO and
Ag—Zn0O samples (sample nomenclature shown in Table 1, see
section Experimental) prepared with varying [Agt]/[citrate]
ratios and AgNOj concentrations. The observed peaks can be
well indexed to the hexagonal wurtzite structure of bulk crys-
talline ZnO [JCPDS no. 36-1451] and the face centred cubic
structure of Ag [JCPDS card no. 04-0783]. Appearance of Ag
peaks in the diffraction patterns clearly indicates the formation
of crystalline Ag nanoparticles by photoreduction onto ZnO
nanostructures. No extra peaks related to any impurity or silver
oxides were observed, which confirms that the as-synthesized
products are pure wurtzite ZnO and Ag—ZnO hybrid nanostruc-
tures. The average crystallite size of the ZnO nanoparticles was
estimated to be about 20 nm, while that of Ag nanoparticles
varied from 8 to 20 nm in different as-synthesized Ag—ZnO
samples.

In-depth structural information was further obtained using TEM

studies. From a low-magnification TEM image (Figure 3a) of
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Figure 1: FESEM images of as-synthesized samples (a) PZ, (b) AZ21, (c) AZ410 and (d) AZ510 showing the effect of citrate concentration on the

morphology of the samples.
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Figure 2: XRD patterns of as-synthesized ZnO and Ag-ZnO samples prepared with varying AGNO3 concentrations and different [Ag*]/[citrate] ratios
(a) 1:1, (b) 1:10.

nanoparticles and are formed through aggregation. TEM images
of AZ510 sample revealed the presence of anisotropic nano-
structures decorated with nanoparticles. HRTEM study of these

sample PZ, the presence of ZnO nanostructures of anisotropic
shapes can be clearly seen. Higher magnification images

revealed that these anisotropic nanostructures consist of smaller
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Figure 3: (a) Low-magnification TEM image of ZnO nanostructures in sample PZ. (b) HRTEM image showing lattice fringes. (c¢) STEM-HAADF image
from the same area of TEM image. (d) EDX spectra from a region marked by area 1 in (c) and from area 2 in Figure 4c.

decorating nanoparticles confirmed them to be of Ag. Figure 4b
shows the selected area diffraction (SAD) pattern from a region
marked by a dotted circle. The SAD pattern shows concentric
rings consisting of distinct spots, which is because of the pres-
ence of many small crystals and suggests the crystalline nature
of heterostructures. The SAD pattern further confirms the for-
mation of crystalline hexagonal phase of Ag—ZnO hybrid nano-
structures. The high-resolution TEM image of ZnO nanostruc-
tures in Figure 3b clearly shows lattice fringes and the measured
lattice spacing is 2.8 A. The HRTEM image of of Ag-ZnO
hybrid nanostructures shown in Figure 4b reveals lattice fringes
of 2.3 A and 2.8 A, which correspond to the (111) and (100)
interplanar spacing (d-spacings) of Ag and ZnO, respectively.
Some of the measured d-spacings from the SAD pattern of
Figure 4a are 2.84 A, 2.50 A, 1.49 A, and 1.39 A and these may
be assigned as (100), (101), (103) and (112) interplanar spacing
of hexagonal ZnO (d(100), d(101), d(103) and d(112) of ZnO
are 2.81 A, 2.47 A, 1.47 A, 1.37 A, respectively) [JCPDS
36-1451]. In the SAD pattern there are also spots corres-
ponding to Ag and one of them is marked in Figure 4a.

STEM-HAADF analysis was carried out to investigate the
chemical composition of the Ag—ZnO hybrid nanostructures.
STEM-HAADF analysis provides the Z-contrast image, where
the intensity of scattered electrons is proportional to the square
of the atomic number Z. Figure 3¢ shows the STEM-HAADF
image of ZnO nanostructures in sample PZ. Energy dispersive
X-ray spectroscopy (EDX) data from the regions marked by
area 1 in Figure 3¢ and area 2 in Figure 4c is plotted in
Figure 3d for ZnO and Ag—ZnO. The C and Cu signals in the
EDX spectra are due to carbon-coated copper grid. The drift
corrected EDX line profile was used to obtain the spatial distri-
butions of the atomic contents across the Ag—ZnO nanostruc-
tures. Figure 4d shows the EDX profiles for Zn, O and Ag
across the line marked in Figure 4c.

Figure 5 show the elemental mapping using EFTEM for
obtaining the distributions of Zn, O and Ag atoms in the
Ag—ZnO hybrid nanostructures. Chemical maps from Zn M
(87 eV), O K (532 eV) and Ag N (56 eV) edges were obtained
using the jump-ratio method by acquiring two images (one post-
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Figure 4: (a) Selected area diffraction pattern from Ag—ZnO hybrid nanostructures and in the inset low magnification TEM image of sample AZ510.
(b) HRTEM image showing lattice fringes and in the inset FFT from a region marked by dotted box. (c) STEM-HAADF image from the same area of
the TEM image. (d) EDX line profile from a region marked by line in (c) showing the distribution of different constituent elements across the nanostruc-

tures.

edge and one pre-edge), respectively, to extract the background,
with an energy slit of 8 eV for Zn, 30 eV for O and 2 eV for Ag.
The observed EFTEM images confirmed the decoration of ZnO
nanostructures with Ag nanoparticles.

Optical absorption and photoluminescence

The UV-visible absorption spectra of samples with varying Ag
concentration are shown in Figure 6a. It can be seen that
Ag—7Zn0O samples exhibit two prominent absorption peaks. The
first peak around 375 nm is attributed to the excitonic absorp-
tion peak of ZnO nanostructures. A weak and broad band
around 480 nm has been found to emerge as the Ag concentra-
tion is increased. This band has been found to red shift, broaden
and increase in intensity with increase in the extent of Ag
nanoparticles loading onto ZnO nanostructures. It can be clearly
seen that the sample AZ510 with the highest Ag concentration
(2 mM) and citrate concentration (20 mM) exhibits a very broad
band around 500 nm with much higher intensity as compared to

other samples.

The observed broad bands around 480-500 nm are the charac-
teristic SPR peak of Ag nanoparticles [23] and confirm the for-
mation of Ag nanoparticles by photoreduction onto ZnO nano-
structures. It should be pointed out here that Ag nanoparticles
prepared by citrate-assisted reduction in aqueous solution shows
SPR peaks around 400 nm. It is known that the SPR wave-
length of noble metal nanoparticles can be tuned by tailoring the
size, shape, inter-particle spacing and the surrounding medium
[25]. Deposition of Ag nanoparticles onto ZnO nanostructures
with higher refractive index leads to red shift in SPR. In addi-
tion, reduced inter-particle spacing due to increased Ag loading
is expected to contribute to the observed red shift and signifi-
cant broadening of the SPR peak, due to stronger electromag-
netic coupling within the Ag nanoparticles deposited onto ZnO

nanostructures.
The room-temperature PL spectra of Ag—ZnO samples with

varying Ag concentrations are shown in Figure 6b. The peak at
375 nm is the near band edge emission peak of ZnO [19]. It is
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Figure 5: EFTEM images taken from the same area of a TEM image indicating the locations of different atoms across the nanostructure in sample
AZ510. (a) Unfiltered image. (b) Zero-loss image. (c) Relative thickness map. (d) Chemical map of Zn (pink). (e) Chemical map of O (yellow).
(f) Chemical map of Ag (green).
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Figure 6: (a) UV-visible absorption spectra of samples AZ210, AZ310, AZ410 and AZ510 with varying Ag concentrations and [Ag]/[citrate] ratio of
1:10 and (b) corresponding room temperature PL spectra of these samples.

observed that the intensity of UV emission decreased with an  generated electrons and hence result in the suppression of their
increase in the Ag content of the samples. The decrease of recombination with the holes. Increase in Ag nanoparticle
intensity in UV region clearly indicates that the recombination  loading onto ZnO nanostructures leads to an efficient suppres-
of electrons and holes is suppressed [36]. The Ag nanoparticles sion of recombination of photogenerated electrons and holes,

deposited on the ZnO nanostructures act as sinks for the photo- ~ which, in turn, improves the photocatalytic efficiency.
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Mechanism of citrate assisted growth of
nanodisks

The formation of ZnO nanoparticles from aqueous solutions of
zinc nitrate and KOH involves the following reactions [37]:

Zn** +20H™ — Zn(OH),
Zn(OH), — ZnO+H,0

Zn(OH), +20H™ <> [Zn(OH),]*~
ZnO+H,0+20H™ <> [Zn(OH), >~

The concentration of KOH is an important factor in deciding the
morphology of the ZnO nanostructures that are formed. The ad-
dition of aqueous KOH into Zn salt solution leads to formation
of white precipitates of Zn(OH),, which decompose to form
7ZnO nuclei. Depending on the Zn?" concentration and syn-
thesis conditions, ZnO nuclei grow into nanoparticles. In the
presence of excess OH™ ions (because of a higher KOH concen-
tration) [Zn(OH)4]27 ions form, which help in formation of
aggregates of ZnO nanoparticles. As seen from the FESEM
results (Figure 1), the amount of trisodium citrate has a signifi-
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cant effect on the morphology of the Ag—ZnO nanostructures.
When the concentration of citrate is 1 mM, there is almost no
change in the morphology of the sample as compared to that of
pristine ZnO. However, when the citrate concentration was
increased to 5 mM oriented attachment of the nanoparticles led
to formation of complex shaped nanostructures. With the
further increase of citrate concentration to 20 mM, nanodisk-
like structures formed. Citrate ions with -COOH and —OH
groups preferentially get adsorbed on the (0001) surface and
prevent the accumulation of growth units on the (0001) surface.
Because of this the growth of ZnO crystallites occurs along the
six symmetric directions, producing ZnO nanodisks [38]. Thus
the morphology of ZnO nanostructures can be easily altered by
using trisodium citrate [39]. Detailed studies on the effects of
trisodium citrate on the shape evolution of ZnO nanostructures
will be reported elsewhere.

Photocatalytic studies

Figure 7 shows the UV—visible absorption spectra of 10 uM
MB aqueous solutions with different photocatalysts AZ210,
AZ310, AZ410 and AZ510 following the irradiation with sun
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Figure 7: UV-visible absorption spectra showing the temporal evolution of the degradation of MB upon sun-light irradiation using Ag—ZnO samples
AZ210, AZ310, AZ410 and AZ510, prepared with different AgNO3 concentrations and a [Ag*]/[citrate] ratio of 1: 10, as photocatalysts.
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light for different durations of time. The characteristic absorp-
tion peak of MB at 664 nm is monitored as a function of sun-
light exposure time. From Figure 7, it is clear that Ag-ZnO
samples with higher Ag content lead to more efficient degrad-
ation of MB for the same exposure time. It can also be clearly
seen that the photocatalytic efficiency is highest for AZ510,
which has the maximum Ag nanoparticles loading and
nanodisk-like structures, formed because of the higher citrate

concentration.

The mechanisms underlying the enhanced photocatalytic
activity of Ag—ZnO hybrid plasmonic nanostructures towards
the degradation of MB can be understood as follows: The SPR
of Ag nanoparticles helps in extending the light absorption of
ZnO from near UV to the visible region, leading to an impro-
ved sun-light utilization efficiency. In addition, decoration with
Ag nanoparticles significantly improves the charge separation
in ZnO. When ZnO absorbs photons of energy greater than or
equal to its band gap, electrons are promoted from its valence
band to conduction band, creating an equal number of holes in
the valence band. Since the energy level of conduction band of
ZnO is higher than the Fermi level of Ag—ZnO hybrid structure,
electrons flow from ZnO nanostructures to Ag nanoparticles.
This way Ag nanoparticles act as efficient sinks for the photo-
generated electrons, preventing their recombination with holes.
This process, known as the direct electron transfer from semi-
conductor to the plasmonic nanostructures, is dependent on the
alignment of electronic band structure of the noble metal and
semiconductor. Furthermore, irradiation with sun light leads to
the excitation of MB dye molecules adsorbed onto the ZnO
nanostructures. The photoexcited MB molecules transfer elec-
trons into the conduction band of ZnO [40]. The photogener-
ated electrons created by the above mentioned processes react
with dissolved O, molecules forming superoxide anion radicals,
while holes react with H,O leading to the formation of hydroxyl
radicals, both of which cause the degradation of the MB dye.
These reactions can be summarized as follows [29,30] and are

schematically illustrated in Figure 8.

ZnO+hv—e (CB)+h" (VB)
e +0, - 0,
Ag"+e (CB)— Ag
h" +OH™ — «OH
*OH + organic dye — degradation products

*0, +organic dye— degradation products

Yin et al. [41] prepared nanocomposites with Ag nanoparticle
decorated ZnO nanorods with a core—shell structure by seed-
mediated method. They have shown that Ag-ZnO is a better
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Figure 8: Schematic band diagram of Ag—ZnO hybrid nanostructure
showing the charge redistribution processes that lead to the photocat-
alytic degradation of MB dye.

photocatalyst than ZnO because, firstly, the nanocomposites
have a larger surface area as compared to ZnO, which leads to
enhanced adsorption of dye. Secondly, due to the decoration of
ZnO with Ag nanoparticles, the recombination of electrons and
holes are inhibited. Gao et al. [42] synthesized Ag—ZnO
nanocomposites by a biomolecule assisted hydrothermal
method and studied their photocatalytic properties. They
concluded that Ag nanoparticles improve the separation of elec-
tron and holes by acting as electron sinks. In our case, the
photocatalytic efficiency is highest for sample AZ510, with
nanodisk-like structures having higher surface area, and
maximum Ag nanoparticle loading. The BET surface area of the
pristine sample PZ and the sample AZ510 prepared with the
highest citrate concentration were found out to be 13.5 and
15.9 m%-g~ !, respectively.

Figure 9 shows the kinetics of MB degradation by using
different Ag—ZnO hybrid nanostructures as photocatalysts under
sun-light exposure. Figure 9a,b show the kinetics of MB de-
gradation for photocatalysts with different Ag nanoparticles
loading by using different [Ag"]/[citrate] ratios 1:1 and 1:10. It
can be seen that pristine ZnO nanostructures degraded only
52% of MB following 20 min of sun-light exposure, whereas all
the Ag—ZnO hybrid plasmonic nanostructures led to enhanced
photodegradation for the same exposure time. Among the
various Ag—ZnO photocatalysts used, sample AZ510 exhibited
the highest photocatalytic efficiency of 94% for the same expo-
sure time of 20 min. Figure 9c shows the results of repetitive
tests of the photocatalytic activity of AZ510 sample for four
runs. It can be clearly seen that the efficiency of the photocata-

lyst remains high even after four runs.

The effects of citrate concentration and Ag loading on the
photocatalytic efficiency can be summarized as follows. It can
be clearly seen from that for the same citrate concentration, the
photocatalytic efficiency increases with increasing Ag loading.

Also, for the same Ag concentration, an increase in citrate

646



Beilstein J. Nanotechnol. 2014, 5, 639-650.

| —.—AZ11 —8—AZ210
1.2 (a) o AZ21 12b (b) —e—AZ310
—A—AZ31 ) —A—AZ410
1.0 —¥— Self degradation —y—AZ510
1.0 —<— Self degradation
.
0.8 | 0.8
(=}
Sosl Q06
I3) (8]
0.4 | 0.4
0.2
0.2
0.0
0.0 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Time (minute) Time (minute)
1.0 2" run (C 3 run > ‘4"‘ run
0.8
0.6
20
004
0.2
0.0 i i

0 20 40 60 80 100 120 140 160 180
Time (minute)

Figure 9: (a,b) Kinetics of MB photodegradation by Ag—ZnO hybrid plasmonic nanostructures with different Ag nanoparticle loading for different
[Ag*V/[citrate] concentrations. (c) Repetitive test for AZ510 photocatalyst for four runs.

concentration has been found to result in an increased effi-
ciency of the photodegradation of MB. This clearly indicates
that increase in the photocatalytic efficiency of the synthesized
Ag—ZnO hybrid plasmonic nanostructures is mainly due to
citrate-assisted morphological changes and changes in plas-
monic coupling due to different level of Ag nanoparticle deco-
ration. Beyond a threshold concentration, citrate plays an
important role in changing the morphology of ZnO nanostruc-
tures so that it has a larger surface area as compared to the pris-
tine sample. The sample AZ510, prepared with highest citrate
concentration and with maximum Ag nanoparticles loading,
exhibited higher BET surface area as compared to other
samples. The larger surface area of nanodisk-like structures in
AZS510 facilitates enhanced dye adsorption. In addition, Ag
nanoparticles act as sinks for the photogenerated electrons and
hence suppress the recombination of electrons and holes. The
observed enhanced photocatalytic activity of Ag—ZnO hybrid
plasmonic nanostructures is mainly due to citrate-assisted for-
mation of nanodisks with better photocatalytic efficiency and
improved sun-light utilization due to the plasmonic response of
Ag nanoparticles, which suppress the recombination of

photodegenerated electrons and holes.

Conclusion

We have successfully synthesized the Ag—ZnO plasmonic
nanohybrids with enhanced photocatalytic activity by a facile
wet chemical method. ZnO nanostructures were decorated with
Ag nanoparticles by citrate assisted photoreduction. Higher
citrate concentrations resulted in the formation of nanodisks due
to citrate-assisted oriented attachment of ZnO nanostructures.
The photocatalytic efficiency of ZnO nanostructures has been
found to increase with extent of Ag nanoparticles loading. We
have demonstrated that the photocatalytic activity of ZnO nano-
structures can be significantly enhanced upon decoration with
Ag nanoparticles, which suppress the recombination of
photodegenerated electrons and holes and improve sun-light
utilization due to plasmonic response of Ag nanoparticles.

Experimental

Materials

Zinc nitrate hexahydrate (Zn(NO3)-6H,0, Merck, Germany)
and potassium hydroxide (KOH, SRL, India) were used as the
starting materials for the synthesis of ZnO nanostructures.
Silver nitrate (AgNO3, Spectrochem, India) and trisodium
citrate (Na3CgHs507, CDH, India) were used for the photodepo-
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sition of Ag nanoparticles onto ZnO nanostructures. Methylene
blue (MB, SRL India) was used as dye for photocatalysis
studies. All chemicals were of analytical grade and were used as
received without any further purification.

Synthesis of ZnO nanoparticles

ZnO nanoparticles were prepared by a water-based facile wet
chemical method by slowly adding an aqueous KOH solution to
a Zn(NO3)-6H;0 solution at room temperature under stirring. In
a typical synthesis, 200 mL aqueous solution of 0.1 M
Zn(NOj3)-6H,0 and 100 mL of 2 M KOH solution were
prepared and separately stirred until they became clear. The
KOH solution was then added drop-wise into the Zn salt solu-
tion under continuous stirring so as to reach pH = 12. The mix-
ture with white precipitates was continuously stirred for 2 h and
aged overnight at room temperature. The precipitate was then
filtered out, thoroughly washed with deionized water and then
dried in an oven for 20 h at 80 °C leading to the formation of
ZnO nanoparticles in powder form.

Synthesis of Ag—ZnO hybrid nanostructures

For the synthesis of Ag—ZnO hybrid nanostructures, synthe-
sized ZnO nanoparticles were redispersed in 100 mL of deion-
ized water under sonication. To this aqueous solution, different
concentrations of trisodium citrate ranging from 0.1 to 20 mM
were added and continuously stirred overnight. Silver nitrate of
concentrations varying from 0.1 to 2 mM was added into these
solutions under stirring for 30 min in the dark. The
[Ag*]/[citrate] concentration ratios in these solutions were
chosen to be 1:1 and 1:10 for different AgNO3 concentrations.
Photoreduction of Ag ions was carried out by irradiation of
these suspensions with sun light for 2 h for the photodeposition
of Ag nanoparticles onto the surface of ZnO nanostructures.
The color of the suspensions changed rapidly from white to pale
yellow and in some cases to grey depending on the Ag concen-
tration. The colored precipitates formed were centrifuged, thor-
oughly washed with deionized water and dried in an oven at

Table 1: Sample nomenclature and the estimated photocatalytic efficiency.

sample experimental conditions
AgNO3 concentration (mM)
Pz 0
AZ11 0.1
AZ21 0.2
AZ31 0.5
AZ210 0.2
AZ310 0.5
AZ410 1
AZ510 2

Beilstein J. Nanotechnol. 2014, 5, 639-650.

80 °C for 20 h. The nomenclature of the synthesized samples
obtained with different [Ag*]/[citrate] concentration ratios and

AgNOj3 concentrations are given in Table 1.

Characterization

The structural properties of the synthesized samples were deter-
mined by powder X-ray diffraction (XRD) at room temperature
by using a Panalytical X’pert Pro diffractometer with Cu Ka
radiation (A = 0.1542 nm). Field emission scanning electron
microscopy (FESEM) was used for studying the morphology of
ZnO and Ag-ZnO nanostructures. Transmission electron
microscopy (TEM) investigations were carried out using a FEI,
TECNAI G2 F30, S-TWIN microscope operating at 300 kV.
TEM machine is equipped with an Orius CCD camera from
Gatan Inc., a HAADF detector from Fischione (Model 3000),
an EDS detector from EDAX Inc., and a post-column Imaging
Filter (Quantum SE, Model 963) from Gatan Inc. The sample
was dispersed in ethanol by using an ultrasonic bath, mounted
on a carbon coated Cu grid, dried, and used for TEM measure-
ments. The optical properties of the samples were studied by
UV-visible absorption spectroscopy and photoluminescence
(PL) spectroscopy at room temperature. The powder samples
were dispersed in deionized water by sonication and their
optical properties were studied by UV—visible absorption spec-
troscopy by using a dual beam spectrophotometer HITACHI
U3300 in the wavelength range of 200-800 nm, with deionized
water as the reference medium. PL studies using excitation at
325 nm were carried out on samples coated onto Si substrates.
The surface area of selected samples was determined by N,
adsorption/desorption measurements by using a BET 2375
surface area analyzer.

Photocatalytic measurements

The photocatalytic activity of ZnO nanostructures and Ag—ZnO
hybrid plasmonic nanostructures was evaluated by the degrad-
ation of methylene blue (MB) dye under sun-light irradiation.
For the photocatalytic studies, typically 5 mg of as-synthesized

photocatalytic Efficiency n (%) (t = 20 min)

[Ag*V[citrate] ratio

52.1
66.3
69.7
75.3
73.1
78.7
80.3
94.1

1:1
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ZnO and Ag-ZnO nanostructures were ultrasonically dispersed
in 5 mL deionized water. Aqueous MB solution was added to
the photocatalyst mixture and thoroughly mixed. The reaction
suspensions containing 10 pM MB and different (ZnO,
Ag-ZnO) photocatalysts were irradiated with sun light for
different times (10, 20, 40 min) with intermittent shaking for
uniform mixing of the photocatalysts with the MB solution. The
photocatalysts were removed from the suspensions by centrifu-
gation following the sun light exposure. The concentration of
MB in the resultant solutions were monitored by UV—visible
absorption spectroscopy studies in the wavelength range of
200-800 nm, with deionized water as the reference medium.
The photocatalytic degradation efficiency of the photocatalysts

for MB dye was calculated using the following formula:

n = (C-C)/Cy,

where Cy is the concentration of aqueous MB solution before
addition of any photocatalyst and C is the concentration of MB
in the reaction suspension with photocatalyst following sun-

light exposure for time ¢.
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Silver chromate (AgyCrO4) photocatalysts are prepared by microemulsion, precipitation, and hydrothermal methods, in order to

investigate the effect of preparation methods on the structure and the visible-light photocatalytic activity. It is found that the photo-

catalytic activity of the prepared Ag,CrO4was highly dependent on the preparation methods. The sample prepared by micro-

emulsion method exhibits the highest photocatalytic efficiency on the degradation of methylene blue (MB) under visible-light ir-

radiation. The enhanced photocatalytic activity could be ascribed to the smaller particle size, higher surface area, relatively stronger

light absorption, and blue-shift absorption edge, which result in the adsorption of more MB molecules, a shorter diffusion process

of more photogenerated excitons, and a stronger oxidation ability of the photogenerated holes. Considering the universalities of

microemulsion, precipitation, and hydrothermal methods, this work may also provide a prototype for the comparative study of

semiconductor based photocatalysis for water purification and environmental remediation.

Introduction

Semiconductor photocatalysis has been considered as a poten-
tial solution to the worldwide energy shortage and for counter-
acting environmental degradation [1-5]. Numerous efforts have
been made to develop efficient and stable photocatalysts during
the past decades. TiO; is most widely studied because of its low
cost, non-toxicity, high efficiency and long-time photostability

[6-11]. However, due to its large band gap of about 3.2 eV,

TiO; is only active in the ultraviolet (UV) region that corre-
sponds to 3—4% of the solar light. Therefore, the development
of visible-light-driven photocatalysts has received considerable
attention as visible light (400-800 nm) is abundant in the solar
spectrum [12-16]. Some semiconductors such as BiVOy [17-
19], Biy 03 [20,21], Fe;03 [22-25], and Cu,O [26-28] have been
developed as photocatalysts with visible-light activities.
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Recently, a family of Ag-based salts, including Ag3;POy4
[29,30], Agr,CO3 [31,32], AgVO3 [33,34], AgGaO, [35,36], has
attracted particular interests due to their ability to split water, as
well as decompose organic contaminants both in air and
aqueous solution. However, Ag,CrOy is neglected although it
has been explored as cathode for lithium cells in early
years [37-39]. Actually, the band gap of AgrCrOy4 is narrow
enough (about 1.75 eV) to obtain strong absorption in visible-
light region [40], and thus may enable it to perform excellent
visible-light photocatalytic activity. However, up to now, the
photocatalytic studies on Ag,CrQy4 are still limited with only
few reports [40-42].

So far, several methods have been employed for the prepar-
ation of AgyCrOy crystals, such as precipitation [43], reversed-
micellar [44], hydrothermal [45], sonochemical [41], and
template methods [46]. It is known that the photocatalytic
activity of semiconductor photocatalysts relies heavily on their
structures, which are commonly determined by the preparation
methods [47-49]. Nevertheless, to our knowledge, there is no
comparative study about the effect of the preparation methods
on the structure and photocatalytic performance of Ag,CrOy.
Herein, for the first time, special attention is paid to evaluate the
effect of preparation methods on the structure and visible-light
photocatalytic activity of Ag,CrO,4. Microemulsion, precipita-
tion, and hydrothermal methods are selected for preparing
Ag,CrOy4 photocatalysts, as they are simple, efficient, and
extensively used preparation methods for semiconductor crys-
tals. In this case, the present work can also provide a prototype
for comparative study of other semiconductor photocatalysts.
The performance of the developed Ag,CrOy is evaluated by the
photocatalytic degradation of methylene blue under visible-light
irradiation. The effect of the three preparation methods on the
structure, optical properties and photocatalytic activity are
investigated and discussed.

Results and Discussion
Phase structure and morphology

The X-ray diffraction (XRD) patterns are shown in Figure 1.

All the diffraction peaks for the S-M, S-P, and S-H samples res-
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pectively prepared by microemulsion, precipitation, and
hydrothermal methods can be indexed to the orthorhombic
phase of Agr,CrO4 (JCPDS No. 26-0952). It is noted that the
diffraction peaks of S-H sample exhibit the highest intensity
(Figure 1c), resulting from the improved crystallinity of
Ag,CrO4 promoted by hydrothermal reaction at the high
temperature and pressure conditions [45]. While the crystal
growth in microemulsion is restricted due to the effect of steric
barrier [50,51], it is not surprising that the lowest intensity is
observed for the diffraction peaks of S-M sample (Figure 1a).
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Figure 1: XRD patterns of Ag>,CrO4 samples prepared by different
methods: (a) microemulsion, (b) precipitation, and (c) hydrothermal.

Scanning electron microscope (SEM) images are taken to
directly analyze the structure of the prepared Ag,CrO,4 samples
and particularly the effect of the preparation methods on the
morphology changes. Figure 2 indicates that the S-M sample
has a more homogenous morphology, and the average particle
size is much smaller than those of S-P (ca. 800 nm) and S-H
(ca. 1.2 ym) samples. For an in-depth investigation of the
morphology and particle size of the S-M sample, transmission
electron microscopy (TEM) observation is carried out. As

Figure 2: SEM images of Ag,CrO4 samples obtained from different methods: (a) microemulsion, (b) precipitation, and (c) hydrothermal.
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shown in Figure 3a, the S-M sample is composed of nanoparti-
cles with an average particle size of about 30 nm. The high-
resolution transmission electron microscopy (HRTEM) image
in Figure 3b clearly shows the lattice fringes with d spacings of
0.503 and 0.288 nm, which can be assigned to the (020) and
(220), respectively, crystal planes of orthorhombic Ag,CrOy.
The corresponding fast Fourier transform (FFT) image suggests
a single-crystalline nature. This also indicates that the S-M
sample is well-crystallized, although its XRD pattern exhibits a
relatively lower intensity (Figure la). In our experiment, a
dynamically stable and isotropic W/O reverse microemulsion
system is established by using cyclohexane as oil phase, Triton
X-100 as surfactant, and n-hexanol as co-surfactant, respective-
ly. Hence a more homogeneous morphology and smaller
particle size of AgyCrOy4 can be achieved since the precipita-
tion reaction is restricted in nanosized water droplets, which are
dispersed as liquid entities in a continuous oil media and act as
nanoreactors for the synthesis of nanoparticles [52-55]. Further-
more, Triton X-100 serves as a nonionic surfactant in the W/O
reverse microemulsion system to avoid the introduction of ionic
impurities. These results suggest that the microemulsion method
is superior for preparing Ag,CrO,4 nanoparticles with homoge-
nous distribution, as compared to the precipitation and
hydrothermal methods.

Figure 3: TEM (a) and HRTEM (b) images of AgoCrO,4 sample
prepared by microemulsion method. The inset of (b) is the corres-
ponding FFT image.

Brunauer-Emmett—Teller (BET) surface area

and pore size distributions
Figure 4 shows the nitrogen adsorption—desorption
isotherms and the corresponding pore size distributions of the
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as-prepared Ag,CrOy4 photocatalysts. According to the
Brunauer-Deming—Deming—Teller classification, the isotherms
of all Ag,CrO4 samples are of type IV, indicating the presence
of mesopores (2—50 nm) [56-58]. Moreover, the shapes of the
hysteresis loops are of type H3 at the high relative pressure
range from 0.8 to 1.0, which suggests the formation of large
mesopores and macropores [56]. The pore size distributions
(inset of Figure 4) are very broad, further confirming the pres-
ence of large mesopores and macropores. Considering the
absence of a pore structure inside the individual nanoparticles
on the basis of SEM and TEM results, these pores can be
related to the pores between the aggregated Ag,CrOy4 particles.
The AgyCrO4 samples show decreasing specific surface areas in
the sequence S-M, S-P, and S-H, which are listed in Table 1.
This is because the S-M sample has the smallest particle size,
whereas the S-H sample has the largest particle size. Usually,
photocatalysts with higher specific surface areas are beneficial
for the enhancement of photocatalytic performance by facili-
tating the absorption of pollutants for degradation.
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Figure 4: Nitrogen adsorption-desorption isotherms and corres-
ponding pore size distribution curves (inset) of AgoCrO4 samples
prepared by different methods: (a) microemulsion, (b) precipitation,
and (c) hydrothermal.

UV-vis spectroscopy measurements
A comparison of UV-vis diffuse reflectance spectra (DRS) and
the corresponding colours of the Ag,CrO4 samples are

Table 1: Physical properties and photocatalytic performance of as-prepared samples.

sample preparation method particle size (nm)

S-M microemulsion 30 7.0
S-P precipitation 800 4.0
S-H hydrothermal 1200 0.3

@BET specific surface area.

Sget® (M?g)

band gap (eV) rate constant k (min~1)

1.85 0.033
1.82 0.020
1.76 0.015
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displayed in Figure 5. An enhanced absorption of visible light
in the range of 400-600 nm and 700-900 nm can be observed
for the S-M sample (Figure 5a), as compared to that for the S-P
sample (Figure 5c), which may be attributed to the increased
intensity of the scattered light in the sample with smaller
particle size [59]. Moreover, there is an obvious blue shift of the
absorption edge for the S-M sample, which should be explained
in terms of the small size effect [60,61]. In contrast, a weaker
light absorption and red shift of the absorption edge are
observed for the S-H sample (Figure 5b), because it has the
largest particle size among the three samples. The indirect band
gaps of the Ag,CrO4 samples are calculated according to the
Kubelka—Munk (KM) method by the following equation [62]:

ahv=A(-E,) . M

where a is the absorption coefficient, 4v is the photon energy,
Eg is the indirect band gap, and A is a constant. As shown in the
inset of Figure 5, the calculated band gap energies of the S-M,
S-P and S-H samples are 1.85, 1.82 and 1.76 eV, respectively
(Table 1). In spite of the little difference of the band gaps, it is
clear that all the three Ag,CrO4 samples exhibit an excellent
visible-light response for photocatalytic applications.
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Figure 5: UV-visible diffuse reflectance spectra, the calculated band
gaps (upper right inset) and the corresponding colours (lower left inset)
of AgoCrO4 samples prepared by different methods: (a) micro-
emulsion, (b) precipitation, and (c) hydrothermal.

Calculation

Theoretically, the band structure of the Ag,CrQOy is also calcu-
lated by density function theory (DFT) (Figure 6). As shown in
the band structure plots, the calculated band gap energy of
AgyrCrOy4 is 1.37 eV, which is lower than the experimental
values, which is due to the well-known limitation of DFT calcu-
lation [63,64]. The electronic structure of Ag,CrOy4 indicates
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that the valence band mainly consists of occupied Ag 4d and
O 2p orbitals, and the conduction band mainly comes from the
empty Cr 3d orbital, which means that Cr makes an important
contribution to the bottom of the conduction band. It has been
found that Ag is one of the elements that are able to form a
valence band position higher than the O 2p orbital [65]. It has
been demonstrated that Cr has the potential ability to lower
down the bottom of the conduction band [40,66]. Thereby the
synergistic effect of Ag and Cr elements results in the narrow
band gap of Ag,CrOy4. The calculated results also show that the
top of the valence band is at the G point but the bottom of the
conduction band is near the Z point, which confirms that
AgyCrOy4 has an indirect band gap structure. These results indi-
cate that Ag,CrO,4 can potentially serve as a visible-light-driven
photocatalyst.
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Figure 6: Band structure plots (a) and density of states (b) for
AgoCrOy4.

Photocatalytic activity

We have measured the zeta potential of Ag,CrO4 as —15.8 mV
at pH 6.8, suggesting that it is electronegative in neutral solu-
tions. Since MB is a cationic dye, it can be easily adsorbed on
the surface of Ag,CrO4 through electrostatic interaction. There-
fore, the photocatalytic activity of the as-prepared Ag,CrOg4
samples is evaluated through MB degradation under visible-
light irradiation. Without any photocatalyst, no obvious MB de-
gradation is observed under visible-light irradiation. For com-
parison, P25 (commercial TiO,, Degussa, Germany) is also
used as a reference. Figure 7 shows that all Ag,CrO4 samples
exhibit a much better photocatalytic performance than P25 in
the MB degradation. In particular, the S-M Ag,CrO4 sample
shows the highest activity with a rate constant of 0.033 min ™!,
and MB is almost completely degraded within 90 min. The S-P
and S-H samples exhibit a lower activity with rate constants of
0.020 and 0.012 min!, respectively. P25 is a mixed-phase TiO,
containing 25% rutile, whit a band gap of 3.0 eV, which results
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in a weak visible-light absorption up to about 413 nm. There-
fore, P25 still shows some photocatalytic activity under visible-
light irradiation. But it is not surprising that the rate constant for
P25 is only 0.007 min~! because the other phase anatase (75%)
is not active in the visible region.
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| kp=0.020 min-
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—_ | k¢=10.015 min
o 15
S 157 ky=0.007 min't
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Figure 7: Photocatalytic degradation of MB aqueous solution over
AgoCrO4 samples prepared by (a) microemulsion, (b) precipitation,
and (c) hydrothermal methods, and (d) P25 sample under visible-light
irradiation.

Generally, the photocatalytic degradation of dyes in water is
mainly attributed to the photogenerated holes, and the active
oxygen species, including superoxide radicals (O,"") and
hydroxyl radicals (OH"). In order to understand the possible
mechanism of the photocatalytic degradation of MB over
Ag)CrOy4, we have determined the CB and VB position at the
point of zero charge by a widely accepted approach based on

the following equation [67,68]:

Ecg=1-EC-05E, )

where Ecp is the CB edge potential,  is the absolute electro-
negativity of the semiconductor. EC is the energy of free elec-
trons on the hydrogen scale (ca. 4.5 €V), and E,is the band gap
of the semiconductor. Accordingly, the CB energy level of
AgyCrOy is calculated to be ca. 0.46 eV (vs NHE), which is less
negative than the O,/O," potential; and the VB energy level of
AgyCrOy is calculated to be ca. 2.26 eV (vs NHE), which is less
positive than OH/OH™ potential [69]. As a result, the photogen-
erated electrons on the CB of Ag,CrOy4 are not able to reduce
the adsorbed O, to yield O,"", meanwhile the photogenerated
holes on the VB of Ag,CrOy also can not oxidize H>O to form
OH’" due to their insufficient reduction (for electron) and oxi-
dation ability (for hole). In addition, the energy level of the
lowest unoccupied molecular orbital (LUMO) and the highest
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occupied molecular orbital (HOMO) of MB are reported as
ca. —0.25 and 1.6 eV [70,71], respectively. As such, the direct
decomposition of MB molecules by the photogenerated holes
on the VB of Ag,CrOy is expected, since the VB of Ag,CrOy is
more positive than the HOMO of MB. Therefore, we assume
that the main active species for the photocatalytic degradation
of MB over Ag,CrO4 should be photogenerated holes.

The highest photocatalytic efficiency for the S-M sample is
attributed to several major factors. First, the S-M sample has the
highest surface area. Its photocatalytic efficiency is improved
by adsorbing more MB molecules for a more efficient inter-
action between MB and Ag,CrO4. Second, the smaller particle
size of the S-M sample can shorten the diffusion process of
photogenerated electrons and holes to the surface of Ag,CrOy,
thus reducing the rate of recombination [72]. Third, the
enhanced visible-light absorption in the range of 400—600 nm
for the S-M sample (Figure 5) can allow for a more efficient
utilization of the solar energy to generate more electrons and
holes and to further promote the catalytic process. Finally, the
relatively wider band gap, compared to those of the S-P and
S-H samples, calculated from the obvious blue-shift absorption
edge of the S-M sample (Figure 5) can lead to a higher redox
potential, thereby resulting in a stronger oxidation ability of the
photogenerated holes [73,74]. Overall the results suggest that
the photocatalytic efficiency of the Ag,CrOy4 samples is influ-
enced by the surface area, particle size and optical property,
which originate from the different structure caused by different
preparation methods.

We further explore the photocatalytic stability of the S-M
Ag,CrOy4 sample by a cycling test of photocatalytic
degradation of a MB aqueous solution under visible-light irradi-
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Figure 8: Cycling test of the photocatalytic degradation under visible-
light irradiation of a MB aqueous solution in the presence of the
AgoCrO4 sample prepared by microemulsion method.
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ation. Figure 8 reveals that no obvious decrease of the photocat-
alytic activity was observed after five cycles, suggesting the
excellent photocatalytic stability of the S-M Ag,CrO4 sample in
the reactions.

To investigate the structure of Ag,CrOy after five circles of the
photocatalytic reaction, the corresponding SEM and TEM
images, XRD pattern, and UV—vis diffuse reflectance spectrum
were collected. Figure 9a and Figure 9b show that the overall
morphology and average particle size of Ag,CrO4 were not
changed significantly. However, some homogenously distrib-
uted Ag nanoparticles could be observed on the surface of
AgyrCrOy4 (Figure 9b). The existence of metallic Ag could be
further demonstrated by the XRD pattern (Figure 9c), which
displayed a new peak located at 20 = 38.1° corresponding to the
(111) plane of silver (JCPDS No. 65-2871). The UV-visible
spectrum with the corresponding colour of Ag,CrOy after five
circles of photocatalytic reaction is displayed in Figure 9d. It
was found that the absorbance intensity in the visible-light
region largely increased, which could be ascribed to the dark-
ened colour of AgyCrOy after photocatalysis, resulting from the
silver nanoparticles [32]. These results indicate that Ag,CrOy4
was partially reduced to metallic Ag and formed an
Ag—Ag,CrO4 composite. However, the majority of Ag,CrOg4
was still preserved, and the formed Ag particles may further
promote the photocatalytic activity in terms of surface plasmon
resonance [75,76] and electron-sink effect [30]. Therefore, the
photocatalytic activity of Ag,CrOy4 did not show obvious
decrease after 5-circle reaction.

-~
=
s 8
2z =1.05-
.; S
= s
g =
- $1.004
[Semn} =

<«

0.95 111

400 500 600 700 800 900
Wavelength (nm)

10 20 30 40 50 60
2 Theta (degree)

Figure 9: (a) SEM image, (b) TEM image, (c) XRD pattern, and
(d) UV-visible spectrum of AgoCrOy after five circles of photocatalytic
reaction.

Beilstein J. Nanotechnol. 2014, 5, 658-666.

Conclusion

In summary, a range of Ag,CrOy4 photocatalysts are prepared by
microemulsion, precipitation, and hydrothermal methods. The
preparation methods exhibit a great influence on the structure,
optical properties and photocatalytic activity of the Ag,CrOy
crystals. The sample prepared by microemulsion method has the
smallest particle size, highest surface area, most efficient light
absorption, and a blue-shifted absorption edge. Consequently,
the microemulsion prepared Ag,CrO4photocatalyst shows the
best activity in the photodegradation of a MB aqueous solution,
because of the higher adsorption of MB molecules, shorter
diffusion process of more photogenerated excitons, and stronger
oxidation ability of the photogenerated holes. The current
investigation may provide new insight into the effect of prepar-
ation methods on the structure and photocatalytic activity of
photocatalysts. Future work may focus on the study of the
visible-light photocatalytic mechanism and the stability
promoting methods of AgyCrOy4. Moreover, it is also possible to
investigate the photocatalytic activity of Ag,CrO,4 toward the
degradation of other organic pollutants under visible-light ir-

radiation.

Experimental
Preparation of AgoCrO4 photocatalysts

All chemicals were analytical grade and used without further
purification. Deionized (DI) water was used in all experiments.
The Ag,CrOy4 photocatalysts were prepared by the micro-
emulsion, precipitation, and hydrothermal methods. The
corresponding samples were labeled as S-M, S-P and S-H, res-
pectively, as listed in Table 1. The detailed experimental pro-
cedures for the preparation of the samples are described as

follows:

Sample S-M: Under stirring, cyclohexane (16 mL), Triton
X-100 (5.2 mL) and n-hexanol (3 mL) were mixed at room
temperature. Then K,CrOy4 aqueous solution (0.5 mL, 0.5 M)
was dripped into the mixture under continuous stirring to form a
clarified and transparent W/O reversed-micellar solution, fol-
lowed by the dropwise addition of AgNO3 aqueous solution
(0.5 mL, 0.25 M) and kept for 1 h under stirring. The resultant
suspension was aged for 24 h.

Sample S-P: AgNO3 (1000 mL, 0.5 M) and K»,CrO4 (1000 mL,
0.25 M) aqueous solutions were mixed together under vigorous

stirring. The resultant suspension was then aged for 24 h.

Sample S-H: The sample prepared by precipitation method was
loaded into a Teflon-lined stainless steel autoclave with a
capacity of 100 mL, sealed, heated to and maintained at
160 °C for 16 h, and subsequently cooled to room temperature
naturally.
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All the samples were collected and washed by centri-
fugation—redispersion cycles with ethanol and water, and then
dried at 70 °C for 4 h.

Characterization

The XRD were recorded on an X-ray diffractometer (type
HZG41BPC) with Cu Ka irradiation source at a scan rate (20)
of 0.05°s™ 1. The accelerating voltage and applied current were
40 kV and 80 mA, respectively. The morphology observation
was carried out by SEM (S4800, Hitachi, Japan) at an acceler-
ating voltage of 5 kV. TEM and HRTEM analysis were
conducted by the transmission electron microscopy (JEM-
2100F, JEOL, Japan) at an accelerating voltage of 200 kV. The
DRS were taken with a UV—vis spectrophotometer (UV2550,
Shimadzu, Japan). BaSO4 was used as a reflectance standard.
The nitrogen adsorption and desorption isotherms were
measured by using an ASAP 2020 system (Micromertitics
instruments, USA) after the samples were degassed at 180 °C.
The SggT was determined by a multipoint BET method using
the adsorption data in the relative pressure (P/P() range of
0.05-0.3. The desorption data was used to determine the pore
size distribution through the Barret-Joyner—Halenda (BJH)
method. The nitrogen adsorption volume at P/Py of 0.994 was
used to determine the average pore size. Zeta potential was
measured by electrophoretic light scattering with a zetasizer
(Nano ZS90, Malvern, UK).

Computational details

The DFT calculations were carried out to investigate the band
structure and density of states (DOS) of Ag,CrO4 model by
using the CASTEP Packages on the basis of the plane-wave-
pseudo-potential approach [77,78]. Combined with ultrasoft
pseudo-potentials, the Perdew—Burke—Ernzerhof (PBE) of
generalized gradient approximation (GGA) was applied as the
exchange—correlation function [79,80]. The plane-wave cut-off
energy was set to be 500 eV, the Monkhorst—Pack k-point in the
Brilliouin Zone to be 3 x 5 x 6, and the self-consistent field
(SCF) convergence accuracy to be 1 x 107® eV/atom. For the
geometric optimization, the convergence criteria were set as
follows: 1 x 107> eV/atom for total energy, 0.03 eV/A for
maximum force, 0.05 GPa for maximum stress, and 1 x 1073 A
for maximum displacement. The energy and geometry structure
showed no obvious change when higher cut-off energy and
more k-points were adopted. The electronic structure calcula-

tion was carried out by using the optimized geometric structure.

Measurements of photocatalytic activity

The photocatalytic activity of the as-prepared samples was eval-
uated by the photocatalytic degradation of MB under visible-
light irradiation in water at ambient temperature. The prepared

photocatalysts (50 mg) were firstly dispersed into water in a
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reactor with a diameter of 7.0 cm and then dried at 80 °C for
4 h, giving rise to the formation of Ag,CrOy4 films at the bottom
of the reactor. MB aqueous solution (50 mL, 2.5 x 107> M) was
added into the reactor and kept in the dark for 30 min to ensure
an adsorption—desorption equilibrium prior to irradiation. A
300 W xenon arc lamp coupled with a UV cut-off filter
(A > 400 nm), which was positioned 20 cm away from the
reactor, was used as a visible-light source to drive the photocat-
alytic reaction. The concentration of MB was determined by a
UV-vis spectrophotometer (UV2550, Shimadzu, Japan). After
irradiation for every 15 min, the reaction solution was taken out
to measure the concentration change of MB. As for the MB
aqueous solution with low concentration, its photocatalytic de-
gradation was a pseudo-fist-order reaction and its kinetics was

expressed as [81-83]:

In(Cy/Cy)=k-t 3)

Where £ is the apparent rate constant, Cy and C; are the initial

and reaction concentrations of MB, respectively.
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TiO; nanotube arrays are well-known efficient UV-driven photocatalysts. The incorporation of graphene quantum dots could

extend the photo-response of the nanotubes to the visible-light range. Graphene quantum dot-sensitized TiO, nanotube arrays were

synthesized by covalently coupling these two materials. The product was characterized by Fourier-transform infrared spectrometry

(FTIR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), thermogravi-

metric analysis (TGA) and UV—vis absorption spectroscopy. The product exhibited high photocatalytic performance in the photo-

degradation of methylene blue and enhanced photocurrent under visible light irradiation.

Introduction

Semiconductor-mediated photocatalysis is a promising tech-
nique for the conversion of solar energy as well as degradation
of organic pollutants in air and water [1,2]. Among various
photocatalysts, nanostructured titanium dioxide (TiO,) is the
most widely used because of its high activity, long-term
stability and low production cost [3,4]. However, pure TiO; is
not efficient for solar-driven applications because it requires
UV excitation [5]. Belonging to one-dimensional nanostruc-
tures, TiO, nanotube arrays (TNAs) synthesized by anodic oxi-
dation of titanium had attracted particular interests [6,7].
Comparing with bulk nanoparticles, smooth walls of nanotubes

provide a lower surface state density hence lowering recombi-

nation probability. Random walk of charges is suppressed
because of the one-dimensional nature of the tubes [8]. More-
over, nanotube layers do have higher surface area for more
active reaction sites over the bulk nanoparticle layers [9] and
they were shown to be more efficient in photocatalysis [10].
Since TNAs can be grown directly on a conducting Ti substrate,
they can be used directly as photoanodes for various applica-
tions. The activity of TNAs can be further enhanced by
applying a potential bias [11]. In the recent years, TNAs have
been widely studied for their applications in solar cells [12-14]
or photoreactors [15,16]. Various approaches have been devel-

oped to achieve photoresponse of TiO,-based catalysts towards
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visible light, for example, doping with metal or non-metal
[7,17-20], coupling with other semiconductor materials to form
composite catalysts [4,21-24]. Two-dimensional graphene has
attracted immense attention due to its large specific area, high
intrinsic electron mobility and good electrical conductivity [3].
As an excellent electron acceptor, graphene has been combined
with semiconductor photocatalysts such as TiO, [25], ZnO [26]
and CdS [27] to enhance their photocatalytic activities.
However, graphene sheets are usually micrometer-sized and
they can hardly be introduced into efficient nano-sized photo-
catalysts on a solid support, for example, TNAs.

Zero-dimensional graphene quantum dots (GQDs) are defined
as few-layered graphene with lateral dimensions smaller than
100 nm [28]. Due to quantum confinement and edge effects,
GQDs possess a size-dependent band gap and other interesting
properties [29,30]. In recent years, GQDs have been explored
for their potential applications in bioimaging [31], sensing [32],
photovoltaics [33,34]. Besides, they have been coupled with
TiO, nanoparticles to achieve visible-light-driven photocatal-
ysis [35,36]. Very recently, the combination of GQDs with
CdS-modified TNAs was reported for photoelectrochemical
hydrogen production. However, GQDs did not enhance the
activity of bare TNAs in the study [37]. GQDs have also been
chemically coupled with ZnO nanowires for photoelectrochem-
ical water splitting [38].

In the present work, a composite photocatalyst of graphene
quantum dots and TiO, nanotube arrays (GQDs/TNAs) was
fabricated by the coupling reaction between carboxyl-
containing GQDs and amine-functionalized TNAs (Scheme 1).
The experimental data revealed that sensitization of TNAs with
GQDs not only extended the optical absorption spectrum of
TNAs over the visible range, but also enhanced the photocat-
alytic and photoelectrochemical performances of TNAs under
visible light.

Results and Discussion
Figure 1a shows a TEM image of GQDs with diameters of
about 10 nm. The AFM image and a corresponding height

?Hz
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profile in Figure 1b suggest that the thickness of the GQDs
were between 0.5 and 3 nm, corresponding to one to few layers
of graphene [39]. According to the UV—vis absorption spec-
trum in Figure 1c, GQDs show a broad absorption below
600 nm and a small peak at ca. 340 nm. The result agrees with
typical absorption spectra of GQDs being reported [28].
Figure 1d shows the excitation-dependent emission of GQDs.
This behavior could be explained by the differences in size and
emissive states of GQDs [40]. To provide evidence for the exis-
tence of carboxyl groups in GQDs, Fourier-transform infrared
(FTIR) spectra of GO and GQDs were obtained (Figure S1,
Supporting Information File 1).

FESEM and TEM were used to examine the morphology of the
TNAs. Figure 2 shows typical FESEM images with top (a, c)
and side (b, d) views of the prepared TNAs films. The nanotube
arrays are highly ordered and vertically aligned. Each nanotube
has an inner diameter of approximately 110 nm and a length of
about 18 um. As shown in Figure 2c and Figure 2d, the TNAs
retain the morphology after coupling with GQDs. In Figure 2e,
the hollow structure of nanotubes can be observed clearly. In
Figure 2f, dark spots with diameters of about 10 nm can be
found, suggesting the successful loading of GQDs onto TNAs.

The structures of the products were investigated by using XRD.
Figure 3 shows the XRD pattern of a pure Ti foil, which is
consistent with the standard (JCPDS 44-1294). Figure 3 also
shows that TNAs and GQDs/TNAs exhibit the same diffraction
peaks at 20 of 25.3°, 36.9°, 37.8°, 38.5°, 48.0°, 53.9°, 55.0°,
62.7°, 68.8° and 70.6°. These peaks match very well with
anatase TiO, (JCPDS 21-1272). FTIR spectra were also
obtained to study the chemical structures of the products

(Figure S2, Supporting Information File 1).

Figure 4 shows the UV—vis absorption spectra of the samples.
For pristine TNAs, the absorption edge extends up to about
550 nm instead of a typical value of TiO, (400 nm). This
phenomenon can be explained by the incorporation of nitrogen
into the nanotubes from NH4F during anodization. A subse-
quent annealing at 450 °C resulted in the formation of N 2p

NH, NH,

§'

o TiO,

o EDC, NHS i St
\ _— \ \
o o o "o o o o o o
|| I ' I N I
1 HO-C [ 1
Gaps Tio,

Scheme 1: Reaction scheme for the loading of GQDs onto TNAs via covalent bonding.
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Figure 1: (a) TEM image of GQDs, (b) AFM image of GQDs with corresponding height profile, (c) UV-vis absorption spectrum of GQDs, inset: photos
of GQDs in aqueous solution under ambient light (left) and 365 nm UV light (right), (d) PL spectra of GQDs at different excitation wavelengths.

Figure 2: FESEM images of (a,b) pristine TNAs and (c,d) GQDs/TNAs; TEM images of (e) pristine TNAs and (f) GQDs/TNAs.
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Figure 3: XRD patterns of (a) Ti foil, (b) TNAs and (c) GQDs/TNAs.
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Figure 4: UV-vis absorption spectra of (a) TNAs, (b) amine-functional-
ized TNAs and (c) GQDs/TNAs.

states above the valence band of TiO, and hence in a red shift
of the absorption edge [41]. The absorption spectrum of amine-
functionalized TNAs is similar to that of pristine TNAs. For
GQDs/TNAs, higher absorption intensity at wavelengths from
400 to 600 nm is observed, indicating the visible light response
of TNAs is enhanced by loading GQDs.

The photocatalytic activities of the catalysts were evaluated by
the degradation of MB under visible light irradiation. Figure 5
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Figure 5: Photodegradation of methylene blue for TNAs and
GQDs/TNAs under visible light irradiation.

shows that pristine TNAs have a relatively low activity. The
concentration of MB dropped slowly to about 52 % after 3 h ir-
radiation. The activity of pristine TNAs under visible light can
be explained by nitrogen-doping as described previously. For
GQDs/TNAs, an enhanced activity is achieved. The concentra-
tion of MB dropped to about 31% after 3 h irradiation. For com-
parison, the activity of pure TiO, (P25) was tested under the
same conditions and it was found to be low.

TNAs were stably grown on a conducting Ti substrate, so the
entire foil can be directly used for photoelectrochemical appli-
cations. Photocurrent responses of the catalysts were measured
under visible light irradiation. Figure 6 clearly shows a signifi-
cant enhancement of photocurrent after the loading of GQDs,
indicating the charge separation efficiency of TNAs is greatly
enhanced. The stable current reveals that GQDs are covalently
bonded to TNAs instead of adsorbed onto the surface of TNAs.

The improved photocatalytic performance of GQDs/TNAs over
TNAs can be simply explained by the photosensitization of
TNAs by GQDs [38].
electron—hole pairs are generated by the GQDs. Typically, the
conduction band level of GQDs is higher than that of TiO,
[36,42]. Thus, an interfacial electron transfer from GQDs to
TNAs is possible. Meanwhile, such a directional charge transfer
promotes charge separation and reduces the probability of

Upon visible light irradiation,

charge recombination, then further increases the activity of the

photocatalyst.
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Figure 6: Photocurrent responses of (a) TNAs and (b) GQDs/TNAs
under visible-light irradiation. The potential bias was 0.417 V.

Conclusion

In summary, a visible-light-driven photocatalyst was fabricated
by covalently bonding GQDs onto amine-modified TNAs. The
GQDs/TNAs composite retains the highly ordered nanotube
morphology and well crystallized anatase phase. The high
visible-light photocatalytic activity could be attributed to photo-
sensitization of TNAs by GQDs. This research shows the poten-
tial of GQD-based photocatalysts for visible-light-driven photo-
catalytic and photoelectrochemical applications.

Experimental

Synthesis of TiO, nanotube arrays (TNAs): Highly ordered
TNAs were fabricated by an anodic oxidation approach [43].
Ethylene glycol (99+%) containing 0.5 wt % NHyF and
2.0 wt % deionized (DI) water was used as electrolyte. Ti foil
(2 cm x 3 cm) was used as a working electrode, and a Pt foil
(1 cm x 1 cm) served as a counter electrode. Prior to anodiza-
tion, Ti foils were washed with ethanol, acetone by ultrasonica-
tion to remove contaminants, subsequently rinsed with DI water
and dried in air. At room temperature, anodization is carried out
by immersing a Ti foil in as-prepared electrolyte for 3 h at 60 V.
Afterwards, the sample was removed from the electrochemical
cell, rinsed with DI water, sonicated in ethanol for 2 min to
remove surface debris. A subsequent heating to 450 °C for 1 h

1

with a temperature increasing rate of 1 °C-min~ ' in air was

applied to improve crystallization.

Synthesis of graphene quantum dots (GQDs): GQDs were
synthesized from graphene oxide (GO) by heating with a solu-
tion of hydrogen peroxide and ammonia [44]. 20 mg of GO was
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dispersed into 5 mL of water and sonicated for 10 minutes.
40 mL of H>O; (30%) and 10 mL of NHj3 (28-30%) were
added to the dispersion. The mixture was then stirred at 80 °C
for 24 h followed by centrifugation for 10 minutes to remove
large GO. The supernatant was heated at 60 °C under reduced
pressure to remove H>O,, NH3 and water. The solid GQDs
were re-dispersed into water for further use.

Synthesis of GQDs/TNAs: TNAs were firstly immersed in
0.2 wt % (3-aminopropyl)trimethoxysilane (APTMS) in toluene
for 3 h, rinsed with toluene and dried. The modified TNAs were
then immersed in a beaker containing a solution of GQDs
(1 mg'mL™), ethyl(dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) for 4 h. The foils were then

sonicated in DI water, rinsed with DI water and dried in air.

Characterization: The morphologies of the products were
characterized by transmission electron microscopy (Philips,
CM120) and field-emission scanning electron microscopy (FEI,
Quanta 400 FEG). AFM images were obtained using a tapping
mode with an atomic force microscope (Bruker, Dimension
Icon). UV—vis spectra were recorded on a UV—vis spectrometer
(Varian, Cary 100). The PL measurements were performed
using a fluorescence spectrometer (Hitachi, F-4500). X-ray
diffraction (XRD) patterns were recorded using a diffrac-
tometer (Bruker, D8 Advance) with high-intensity Cu Kal ir-
radiation (A = 1.5406 A). The chemical structures of the prod-
ucts were characterized using a Fourier-transform infrared spec-
trometer (Nicolet, Magna 560). Thermogravimetric analysis
was performed in air using a thermogravimetric analyzer
(Perkin Elmer, TGA 6). The samples were heated from 50 °C to
800 °C at a rate of 10 °C-min” .

Photocatalytic activity measurements: The photocatalytic
activities of catalysts were evaluated by measuring the photo-
degradation of methylene blue (MB). In a typical measurement,
10 mg photocatalyst were mechanically detached from Ti foils
and suspended in 20 mL of 10 ppm aqueous solution of MB.
The solution was stirred in the dark for 12 h to reach the adsorp-
tion/desorption equilibrium. The suspension was then illumi-
nated with a 300 W tungsten halogen lamp with a 400 nm cutoff
filter. Photodegradation of MB was monitored by measuring the
UV-vis absorption of the suspensions at regular time intervals.
The suspension was centrifuged for 2 min to remove the photo-
catalyst before measurement. The peak absorbance of MB at

664 nm was used to determine its concentration.

Photocurrent response measurements: The photo-electro-
chemical measurements were performed in a three-electrode
electrochemical cell by using a CHI 660D electrochemical
workstation. The as-prepared TNAs, Pt foil (1.0 cm x 1.0 cm)
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and Ag/AgCl were the working, counter and reference elec-
trodes. The electrolyte was a 0.1 M Na,;SOy4 aqueous solution.
A 300 W xenon arc lamp was used as the irradiation source and
the average light intensity was about 100 mW-cm™2. The
photocurrent responses under illumination of visible light
(AM 1.5G plus a 400 nm cutoff filter) were analyzed.

Supporting Information

Supporting information features FTIR spectra, TGA
profiles of the samples and UV—vis absorption spectra of
methylene blue.

Supporting Information File 1

Additional figures.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-81-S1.pdf]
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To better utilize the sunlight for efficient solar energy conversion, the research on visible-light active photocatalysts has recently

attracted a lot of interest. The photosensitization of transition metal oxides is a promising approach for achieving effective visible-

light photocatalysis. This review article primarily discusses the recent progress in the realm of a variety of nanostructured photosen-

sitizers such as quantum dots, plasmonic metal nanostructures, and carbon nanostructures for coupling with wide-bandgap tran-

sition metal oxides to design better visible-light active photocatalysts. The underlying mechanisms of the composite photocatalysts,

e.g., the light-induced charge separation and the subsequent visible-light photocatalytic reaction processes in environmental remedi-

ation and solar fuel generation fields, are also introduced. A brief outlook on the nanostructure photosensitization is also given.

Introduction

In response to the decreasing supply of fossil fuels and the envi-
ronmental problems caused by their exploitation, the search for
a renewable and sustainable energy supply has been intensified
in the past decades. Solar energy is clean and abundant, yet its
utilization is still very low. There is a strong need for scientists
to develop a sustainable and cost-effective manner for
harvesting solar energy to satisfy the growing energy demand of
the world with a minimal environmental impact.

Photocatalysis plays an important role for the conversion of

solar energy into chemical fuel, electricity, the decomposition

of organic pollutants etc. All of these photocatalytic reactions
occur on the surface of semiconductors. Basically, the photocat-
alytic process can be mainly divided into three pathways [1-3],
as shown in Figure 1. (1) Firstly, the incident light is absorbed
by the semiconductor material, known as photocatalyst. If the
incident light energy is larger than the bandgap of the photocat-
alyst, it can absorb light energy and further excite the electrons
from the valence band (VB) to the conduction band (CB),
leaving free holes in the VB. (2) The recombination of photo-
generated electrons and holes (charge carriers) has frequently

happened either on the surface or in the bulk of a semicon-
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ductor accompanied with releasing photons or heat. In addition
to this, there is also the possibility for photo-generated elec-
trons and holes to migrate to the surfaces of the semiconductor.
(3) Subsequently, the reduction reactions happen between the
photo-generated electrons and absorbed molecules on the semi-
conductor surface, which play the role of electron scavengers
(A — A"). The holes can generate strong oxidizing agents like
hydroxyl radicals by directly reacting with surface hydroxyl
groups or oxidizing adsorbed molecules (D — D¥). The basic
mechanisms of the photocatalytic process include these reduc-
tion and oxidation reactions as well as some secondary reac-
tions, which forms the driving force of a number of important
photocatalytic applications.

Surface
recombination

Figure 1: Schematic steps for the photocatalytic reactions occuring on
the surface of a semiconductor. Adapted from [3].

Since the discovery of TiO, for photoelectrochemical splitting
of water in 1972 by Fujishima and Honda [4], great efforts have
been directed to the research of the conversion of solar energy,
in the process of which the development and utilization of a
variety of semiconductor photocatalysts have received signifi-
cant attention. Up to now, more than 100 photocatalysts have
been developed [5,6]. However, most of the photocatalysts
under investigation are wide-bandgap transition metal oxides
and only active under ultraviolet (UV) light. To be of practical
use for photocatalysis, the photo-response of the transition
metal oxides would be required to be within the visible
light spectrum. Visible light accounts for around 43% of the
electromagnetic radiation on the planet’s surface compared
to approximately 5% for UV light. Therefore, an appropriate
photocatalyst should function in the visible-light region
(420 nm < A < 800 nm) with a band gap of less than 3 eV. An
effective method used to overcome the limitation of well-devel-
oped UV-active photocatalysts is by photosensitization.

In the past two decades, the emergence of nanomaterials as new

building blocks in the research area of photocatalysis has
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attracted increasing attention. Compared with bulk materials,
nanomaterials often exhibit unusual features such as large
surface areas, diverse morphologies and size-dependent phys-
icochemical properties. Size-dependent properties include an
increased absorption coefficient, increased band-gap energy, a
reduced carrier-scattering rate, and higher reactive sites [7-10],
which sums up to nanomaterials having superior properties in
light harvesting and energy transfer efficiency. Thus, the usage
of nanomaterials as new building blocks has opened a new way
to utilize solar energy for the investigation of photocatalysis.
There is a large array of excellent review articles covering
selected aspects of the design of photocatalysts in the past
years. In this review, we focus on a variety of nanostructures
including quantum dots, plasmonic metal nanostructures and
carbon-based nanostructures used as photosensitizers for
tailoring wide-bandgap transition metal oxides toward visible
light photocatalysts. A systematic overview on different nano-
structured photosensitizers, light-induced charge transfer mech-
anisms and their potential applications is discussed in this
article as well as a brief summary of the development prospects

of this research topic.

Photosensitization of transition metal
oxide

Photosensitization is an effective method to improve the visible-
light photocatalytic ability of wide-bandgap transition metal
oxides. The photosensitized transition metal oxides can realize
visible-light photocatalysis by virtue of a narrow bandgap of
photosensitizers, which is fundamentally different from the
metal or non-metal doped ones. The photosensitizer can be an
organic dye, an inorganic complex, and different nanostruc-
tures. Normally, photosensitizers have a bandgap, which is,
narrower and has a higher CB minimum or lowest unoccupied
molecular orbital (LUMO) in comparison with wide-bandgap
transition metal oxides. Because a photosensitizer normally has
a narrow bandgap, it can absorb the visible sunlight and even
the infrared sunlight to generate electron—hole pairs. Then, if
coupled with a transition metal oxide, the photogenerated elec-
trons can be easily transferred from the CB minimum of the
photosensitizer or LUMO to that of a transition metal oxide.
Thus the efficient charge separation in the metal oxide-photo-
sensitizer nanocomposites facilitates visible light photocatal-
ysis which is important for the photo-degradation of organic
pollutants and the splitting of water for the production of H,
fuel.

In this section, we mainly focus on the different nanostructures
like quantum dots, plasmonic metal nanostructures, and carbon-
based nanostructures used as photosensitizers for transition
metal oxides. Note that various organic dyes such as rhodamine

B, porphyrins, and phthalocyanines have been employed as
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photosensitizers [11-14] and these dyes also play an important
role in the photosensitization of dye-sensitized solar cells
(DSSCs) [15-17], we will not repeatedly discuss this part. In the
past decade, the rapid development of nanotechnology has
provided excellent opportunities for designing a broad range of
photosensitized transition metal oxide systems by using
different nanostructures as the photosensitizers.

Quantum dots as the photosensitizer

Quantum dots are fluorescent nanoparticles with sizes of several
nm, which contain a core of hundreds to thousands of atoms of
group I and VI elements (e.g., CdS, CdSe and CdTe) or group
III and V elements (e.g., InAs and InP). Due to the quantum
confinement effect of the charge carriers, quantum dots have a
unique photoluminescence (PL). In comparison with organic
dyes, quantum dots are characterized by unique optical and
electronic properties such as a higher PL quantum efficiency, a
wide continuous absorption, a narrower PL band, tunable lumi-
nescence depending only on their size, and higher photosta-
bility [8], which qualifies quantum dots as good candidates for

the photosensitization of wide-band transition metal oxides.

CdS is a fascinating material with ideal band gap energy
(Eg = 2.4 eV) for visible light applications. As early as 1987,
Spanhel et al. confirmed that CdS particles can be excited and
efficiently injected electrons to the CB of the attached TiO;
particles under visible light illumination [18]. In the case of
CdS photosensitized TiO,, the energy of visible light cannot
directly excite TiO, particle due to its wide bandgap
(Eg = 3.2 eV). However, because the bandgap of CdS is much
narrower, the same light source may be able to generate elec-
tron—hole pairs and excite the electrons from the VB to the CB
of CdS. Because the CB of CdS is more negative than that of
TiO,, the photogenerated electrons will transfer from the CB of
CdS to the CB of the adjacent TiO,, while the photogenerated
holes stay in the VB of CdS. Consequently, the charge sep-
aration is improved, and the separated electrons and holes are
continually involved in the following reduction and oxidation
reactions. The charges transfer scheme is shown in Figure 2.
Zhang et al. have conducted direct femtosecond measurements
of the electron transfer process from CdS to TiO, and found
that this process could be completed on a time constant of
2 picoseconds, resulting in a significantly slower recombina-
tion of the charge carriers generated upon light absorption in
CdS [19]. Improved charge separation, decreased electron—hole
recombination and enhanced photocatalytic efficiency of such
photosensitized transition metal oxides attracted increasing
development of CdS—metal oxide composite systems [20-26].
For example, Yu and co-workers reported a microemulsion-
mediated solvothermal method for the fabrication of nanosized

CdS-sensitized TiO, nanocrystals [27]. The obtained photocata-
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lysts exhibited a high efficiency for the decomposition of
methylene blue under visible light irradiation, demonstrating the
strong coupling and effective electron transfers between nano-
sized CdS and TiO, nanocrystal. The formation of Ti3* was
observed in the electron paramagnetic resonance (EPR) spec-
trum, which confirms an effective transfer of photogenerated
electrons from the CB of CdS to the CB of TiO,. The same
group also successfully extended this method for the oxidation
of nitric oxide in air under visible light irradiation [28]. The
same configuration of CdS photosensitized TiO, was also used
for the photocatalytic oxidation of ethanol vapour [29] and for
the production of hydrogen from aqueous H,S solution under
visible light [30]. In addition to TiO, nanocrystals, 1D tubular
structure of TiO, nanotubes and 2D layered titanate nanosheets
were also used for the photosensitization. The CdS quantum
dots photosensitized TiO, nanotubes by covalent bonding [21]
or a sonication-assisted sequential chemical bath deposition ap-
proach [31] led to a more efficient separation of photogener-
ated electrons from CdS to TiO, nanotubes, and exhibited a
much enhanced photocurrent generation and photocatalytic effi-
ciency under visible-light irradiation. Kamat et al. compared the
performances of CdS photosensitized ordered arrays of tubular
TiO; architectures with a CdS photosensitized particulate struc-
ture and found a more efficient means of separating
electron—hole pairs on the tubular TiO, architectures, leading to
an improved performance of the CdS photosensitized tubular
TiO; architectures [32]. Figure 3 outlines the electron transport
in these two different architectures. Kim et al. reported a layer-
by-layer self-assembly between positively charged CdS
quantum dots and negatively charged exfoliated titanate
nanosheets to design noble-metal free photocatalysts. The resul-
tant composites exhibited a much higher photocatalytic H;
production activity than pristine titanate and CdS quantum dots
[33]. Such superior photocatalytic properties could be attribut-
able to a combination of a few factors including the depression
of electron—hole recombination, bandgap narrowing, and
increased surface area upon hybridization.

Figure 2: Schematic diagram illustrating the principle of charge
transfer between CdS and TiOa.

698



Beilstein J. Nanotechnol. 2014, 5, 696—710.

Figure 3: Photoinduced charge separation and transport in a) TiO particulate film and b) TiO, nanotube array modified with CdS quantum dots.

Reprinted from [32] copyright (2009), with permission from Wiley.

Due to the rapid development of nanotechnology, a variety of
quantum dots and transition metal oxides with varied morpholo-
gies have been developed in recent years. This subsequently
provides more chances for the fabrication of new classes of
quantum dots photosensitized transition metal oxides. For
instance, the Weller group has conducted a series of research
work on the photosensitization of nanoporous titanium dioxide,
zinc oxide, tin dioxide, niobium oxide, and tantalum oxide by
quantum-sized cadmium sulfide, lead sulfide, silver sulfide,
antimony sulfide, and bismuth sulfide. They found that the
photocurrent quantum yields of these photosensitized transition
metal oxides can be up to nearly 80% and open circuit voltages
up to the 1 V range [24]. Ho et al. revealed that the CdSe-TiO,
coupled system had a much higher photocatalytic activity than
that of pure TiO, and CdSe in the degradation of 4-chloro-
phenol under visible light irradiation [34]. Wang et al. reported
facet ZnO—CdS heterostructures and found that the hydrogen
evolution rate over ZnO disk—CdS nanoparticle heterostruc-
tures is 2.8 times higher than the hydrogen evolution rate of the
ZnO rod—CdS nanoparticle because photoexcited electron—hole
separation is significantly enhanced by polar interfaces [35] and
the greatly prolonged lifetime of photoexcited carriers [36]. We
also investigated the photoelectrochemical behavior of CdS
sensitized TiO, film with {001} facet enriched anatase nano-
crystals [37]. Zhang et al. developed a double-sided CdS and
CdSe quantum dot co-sensitized ZnO nanowire arrayed
photoanode for photoelectrochemical hydrogen generation [38].
As shown in Figure 4, the scheme shows that the quantum dots
of CdS and CdSe on both sides of ITO can be excited and
transfer electrons to the ZnO nanowire array. The CB edges of
CdS and CdSe are higher than that of ZnO (Figure 4b). Due to
this unique configuration and the band alignment between CdS
and CdSe, the co-sensitized ZnO nanowire arrayed photoanode
exhibited almost the entire visible-light absorption and fast elec-
tron transfer from CdSe quantum dots to ZnO nanowires and
thereby the IPCE value can reach 45% at 0 V vs Ag/AgCl, as

demonstrated in Figure 4c [38]. A synergetic effect of nitrogen-
doping and CdSe quantum-dot-sensitization on nanocrystalline
TiO, was also investigated. Interestingly, a significant photo-
electrochemical hydrogen generation enhancement was
observed due to CdSe sensitization and N-doping that can
facilitate hole transport from CdSe to TiO, via oxygen
vacancy states mediated by N-doping [39,40]. There are also a
large number of heterostructures in literature consisting of
quantum dots and transition metal oxides, for instance,
CdS/CdSe co-sensitized TiO, [41], CdTe or CdTe/CdSe
quantum dots on TiO, nanotube arrays [42-44], CdTe quantum
dot monolayer sensitized ZnO nanowire [45], CdS nanoparticle/
ZnO nanowire array [46,47], CdS/ TiO, nanofibers heteroarchi-
tectures [48], ZnO/CdS core/shell nanowire [49], CdS
nanowires decorated with TiO, nanoparticles [50], and their
potential applications for photoelectrochemical water splitting
in order to produce hydrogen [35,38,39,41,45] and the photocat-
alytic reduction of CO, were reported [51]. In addition to
the applications in photocatalysis, quantum dots are often
used as photosensitizer to sensitize the mesoporous TiO,
photoelectrode as the photoanode in quantum dots solar cells.
Because quantum dots solar cells are out of the topic of this
review; readers may refer to recently published reviews on this
topic [52,53].

The quality of heterojunctions between quantum dots and semi-
conductors has an important impact on the overall photoconver-
sion efficiency. There are mainly two methods used to modify
quantum dots on the surface of semiconductor. The first method
is the in situ growth method. The second method is based on the
ex situ assembly of pre-synthesized quantum dots by covalent
bonding, electrostatic force or the external forces such as elec-
trophoresis. If covalent bonding is used, the length of the
bifunctional linker and the surface of the transition metal oxides
or quantum dots all play important roles for the photosensitized

charge injection. Dibbell et al. investigated the influence of
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Figure 4: Schematic diagrams illustrating (a) the architecture and (b) the corresponding energy diagram of double-sided CdS-ZnO-ZnO-CdSe NW
arrayed photoanode. The dashed box highlights the CdS—ZnO and CdSe—ZnO interfaces. (c) Measured IPCE spectra of double-sided NW samples
collected at the incident wavelength range from 310 to 650 nm at a potential of 0 V vs Ag/AgCl. Reprinted from [38] copyright (2010), with permission

from the American Chemical Society.

bifunctional linkers with different lengths between CdS
quantum dots and TiO, nanoparticles on the electron injection
from photoexcited CdS to TiO, [54]. They found the electron
injection yield decreased with increasing chain length of the
linker and interparticle separation. Parkinson et al. compared
the in situ ligand exchange method and the ex situ ligand
exchange method for binding CdSe quantum dots on single
crystal TiO, surface. They revealed that the different ligand
modification methods can strongly affect quantum dots adsorp-
tion and thus photosensitized charge injection [55]. Yang et al.
directly compared the in situ growth method and the ex situ
assembly pre-synthesized quantum dots method and found that
the performance of heterojunctions by the in situ growth
method exhibits a more efficient interfacial charge transfer than
that of electrophoretic deposition [44]. From this comparison, it
can be clearly seen that the in situ growth method can directly
modify quantum dots on the surface of transition metal oxides
without any linker or ligand, which is beneficial for the injec-
tion of excited charges. More importantly, the in situ growth
method can load multilayer of quantum dots on the surface of

transition metal oxides, which can generate many more

photoexcited charges at the same time. However, the short-
coming of this method is the difficulty to control the size of the
quantum dots. Due to the wide size distributions it is hard to
fully utilize the size quantization effects of quantum dots.
Recently, Kamat et al. highlighted a systematic evaluation of
size dependent electron transfer rates in CdSe-TiO, semicon-
ductor heterostructures [56]. Based on femtosecond transient
absorption measurement it was found that the CB of CdSe
quantum dots become more negative and the energy difference
between the CB of CdSe and TiO; is much larger with
decreasing particle size of CdSe quantum dots. Accordingly, the
driving force and the electron transfer rate are significantly
enhanced. There is still a need for the development of a novel
method or a suitable adaptation of present deposition methods
so that not only the size quantization effects of quantum dots
are utilizable, but also an efficient interfacial charge transfer
between quantum dots and semiconductors is improved upon.

The usage of quantum dots as a sensitizer is an effective method

to extend the absorption of wide-bandgap semiconductor to

visible light and even the IR region as well as dramatically
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improves their visible-light photocatalytic abilities. Yet, this
method also has some inherent shortcomings. One drawback is
that most quantum dots are composed of heavy metals like Cd
and Pb, which gives rise to environmental concerns. The other
one is the photoelectrochemical stability of quantum dots.
Although quantum dots combined with a wide-bandgap tran-
sition metal oxide such as ZnO and TiO, can overcome this
stability issues to some extent, quantum dots still face a serious
photocorrosion problem. For example, CdS is unstable due to
serious self-oxidation by the photo-generated holes in the VB.
In order to protect the quantum dots, a sacrificing chemical is
normally required. For example, an aqueous solution of Na,S
and Na,SOj3 is normally used as an electrolyte for photoelectro-
chemical splitting of water. In this mixture, Na,S acts as a hole
scavenger and is oxidized into S, to prevent the photocorro-
sion of quantum dots, and Na,SO3 reduces Sy~ back to S2~ to
ensure repeated usage of S27. An alternative way is the fabrica-
tion of the quantum dots/transition metal oxide core/shell nano-
structures. Ghows et al. reported a fast and easy way for
the fabrication of CdS/TiO; core/shell nanocrystal by micro-
emulsion under ultrasound [57]. Co-axial arrays of CdS/TiO,
core/shell structures were also reported to be fabricated by an
anodic aluminium oxide template [58]. This type of configur-
ation can not only protect the quantum dots from photocorro-
sion, but also increases the contact interface and facilitates the
vectorial electron transfer.

Plasmonic metal nanostructures as the

photosensitizer

Surface plasmon resonance (SPR) is the resonant photon-
induced collective oscillation of valence electrons, which
happens only if the frequency of photons matches the natural
frequency of surface electrons oscillation on certain metallic
nanostructures (e.g., Cu, Ag and Au). This radiation generates
strong localized electromagnetic fields around the metallic
nanostructures and leads to greatly enhanced optical absorption
and scattering occurring at specific wavelengths, which depends
not only on the nature of the metal, but also on the size and
shape of the metallic nanostructures. For example, the plasmon
resonance of silver can be tuned from UV to the visible range
by reducing the size of silver particles in the nanometer range.
Similarly, it is possible to shift the plasmon resonance of gold
from the visible range to infrared wavelength by tuning the
aspect ratio of different gold nanorods. Over the past years, a
new method has emerged, which uses the strong plasmon reso-
nance of plasmonic metal nanostructures for improving the effi-
ciency of the photocatalytic process. Similar to the organic dyes
or quantum dots, the plasmonic metal nanostructures can also
be used as photosensitizer to effectively improve the visible-
light response of transition metal oxides, which yields novel

heterostructures of plasmonic metal photosensitized photocata-
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lysts with a variety of applications including DSSC [59-63],
photocatalytic water splitting [64,65] photoelectrochemical
water splitting [66-72], photocatalytic conversion of CO, with
H,O to hydrocarbon fuels [73], and degradation of organic
molecules [74].

In 2004, Tatsuma et al. reported that nanoporous TiO, films
loaded with gold and silver nanoparticles exhibited anodic
photocurrents in response to visible light irradiation [75]. Based
on this finding, they proposed a charge transfer mechanism to
explain the phenomenon. More specifically, due to the plasmon
resonance effect, gold nanoparticles can be photoexcited to
generate hot electrons, which are injected from the surface of
the gold nanoparticles to the CB of TiO,. Meanwhile, the
compensative electrons can be transferred from a certain type of
donor in the solution to the gold nanoparticles [76]. The
proposed charge transfer mechanism is shown in Figure 5. The
phenomenon of plasmon-enhanced photocatalysis was also
successively discussed by other groups. For example, Primo et
al. reported that 1 wt % gold-supported ceria nanoparticles
generated oxygen from water under visible light (A > 400 nm)
more efficiently than the standard WO3 under UV irradiation
[65]. Ingram et al. employed plasmonic Ag nanocubes as
building blocks to fabricate silver nanocube-N doped TiO;
photoelectrocatalysts for PEC water splitting [67]. An investi-
gation of the relationship between the photocurrent and light

intensity by Ingram et al. revealed that N-doped TiO, exhibited

Potential
(V vs Ag|AgCl)

-1.0

Figure 5: Proposed charge transfer mechanism for the visible-light-
irradiated gold nanoparticle-TiO, system. Reprinted from [76] copy-
right (2005), with permission from American Chemical Society.
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a half-order dependence and silver nanocube-N doped TiO;
displays a first-order dependence. This indicates that the intense
electric fields generated at the silver nanocubes increase the for-
mation rate of electron—hole pairs at the nearby N-doped TiO,
particle surface. More importantly, they also proposed a new
local electric field enhancement mechanism, which is totally
different from the charge transfer mechanism proposed by the
Tatsuma group. Cronin and co-workers shared a viewpoint
similar to that of Ingram et al. and observed enhancements of up
to 66 times in the photocatalytic splitting of water in TiO;
nanotubes with the addition of Au nanoparticles under 633 nm
illumination, but a 4-fold reduction in the photocatalytic activity
under UV radiation [66]. They ascribed the improvement of
visible-light photocatalytic activity to the increase of the elec-
tron—hole pair generation rate by the local electric field
enhancement. After a comparison of these two different mecha-
nisms, the main difference is the origin of the photogenerated
charges. The decision which mechanism takes center stage in
the plasmonic enhancement traced back to the question whether
there is an overlap in the absorption spectra between transition
metal oxides and gold nanoparticles. Due to N-doping and N-
and F-impurities generated in the anodization process, the
N-doped TiO, nanoparticles and TiO, nanotubes have absorp-
tion spectra in the visible range and show an overlap with that
of gold nanoparticles. Therefore, when the composite photocat-
alysts are illuminated under visible light, the N-doped TiO,
nanoparticles and TiO, nanotubes can generate electron—hole
pairs. Meanwhile, an intense local electrical field is also gener-
ated near the surface of the gold nanoparticle due to the irradi-
ating wavelength matching the plasmon resonance frequency of
gold nanoparticles, which increases the formation rate of elec-
tron—hole pairs at the surface of the TiO,. Thus, the amount of
photogenerated charges contributing to the visible-light photo-
catalysis is correspondingly increased. Consequently, the
composite photocatalysts exhibit a much better photocatalytic
performance than N-doped TiO, nanoparticles or TiO,
nanotubes alone. Electromagnetic simulations based on the
finite-difference time-domain method provided the theoretical
support for this local electric field enhancement mechanism. In
contrast to the local electric field enhancement mechanism,
there is no overlap in the absorption between transition metal
oxide and plasmonic metal nanostructures. Moreover, the
source of the photogenerated charges is the plasmonic metal

nanostructures, not the transition metal oxides.

Although two different plasmonic enhancement mechanisms are
proposed, the debate is still ongoing and there are partly contra-
dictory opinions. Therefore, many different techniques and
approaches are adopted to investigate the plasmonic metal
nanostructures—transition metal oxides heterostructures and

unravel the mechanism behind the visible-light activity of plas-
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monic photocatalysts. For example, Furube et al. reported the
direct evidence of plasmon-induced electron transfer from gold
nanoparticles to TiO; by using a femtosecond transient absorp-
tion technique. They found that the electron injection from the
excited gold nanoparticles to TiO, was complete within 50 fs
and the electron injection yield reached 20-50% under 550 nm
excitation [77,78]. Briickner et al. were first to use in situ EPR
spectroscopy for monitoring water reduction over Au-TiO,
photocatalysts. They observed a visible-light driven electron
transfer from the Au nanoparticles to the CB of TiO, [79]. The
results suggest that this electron transfer is a joint action by
either d—sp interband transitions in the lower or SPR transitions
in the higher wavelength range of the visible spectrum. Cushing
et al. designed Au@SiO,@Cu;,0 sandwich core-shell nano-
structures and used transient-absorption and photocatalysis
action spectrum measurement to determine the underlying plas-
monic energy-transfer mechanism [80]. Due to the insulating
SiO, shell the gold core can only transfer the plasmonic energy
to the CuyO shell by resonant energy transfer and the
electron—hole pairs generated by the dipole—dipole interaction

between the gold core and the CuyO semiconductor shell.

Plasmonic metal nanostructures have been incorporated into
different transition metal oxides to enhance the solar-light
harvesting and the energy-conversion efficiency for the photo-
electrochemical water splitting. For example, Zhang and
co-workers have investigated the influence of different sizes of
gold nanoparticles on the performance of the composite
Au/TiO; nanotube photonic crystal (NTPC) photocatalysts [72].
As described in Figure 6, a variable photocurrent density can be
obtained if the TiO, NTPC is modified with different sizes of
gold nanoparticles under visible light illumination (>420 nm).
The gold nanoparticles with a SPR peak located at 556 nm have
the maximum photocurrent density and the IPCE value can
reach around 8%. The authors described the good match
between the plasmonic wavelength of gold nanoparticles and
the photonic bandgap of photonic crystal as the main reason for
Au (556)/TiO, NTPC to display the best photoelectrochemical
performance among three different sizes of Au/TiO, NTPC
photocatalysts. There are also other groups of nanoarchitec-
tures such as silver nanoparticle-WO3 [81], gold nanoparti-
cles—Fe;03 [69,82,83], gold nanoparticle-ZnO nanorods [68],
gold nanorod-TiO, [70,71,84], gold nanoparticles—TiO, nano-
tube [66,72]. For more details, readers may refer to recent
excellent reviews for basic principle and detailed effects of
localized surface plasmons on transition metal oxides [85-87].

In comparison with quantum dots sensitized semiconductors the
usage of plasmonic nanoparticles as photosensitizers is more
stable and environmentally friendlier. The shortcoming of these

plasmonic metals is their high price. This holds true for gold in

702



* TiOy NTPC
m 200 : :
] light — * = Au(556)TiO NT
E off = = Au(590)TiO, NTPC
< 150 r-\_ Au(556)/TiOy NTPC
< /)
z
2
£ 1004 ...
2 EE.
g light}-....._. N—
5 509 on )
<9
g [ ]
E L\ { ' !
A 0_ =—IC " S v 'HIE‘——"“E_
0 100 200 300 400
Time /s

Beilstein J. Nanotechnol. 2014, 5, 696-710.

—o—TiO, NTPC

|—o— Au(556)/TiO, NT
—4— Au(590)/TiO, NTPC 4
| —4— Au(556)/TiO, NTPC

IPCE / %

400 450 500 550 600 650 700

Wavelength / nm

Figure 6: Photoelectrochemical properties of the TiO, NTPC and Au/TiO, NTPC and schematic diagram of SPR charge carrier transfer mechanisms.
(a) Amperometric |-t curves at an applied potential of 1.23 V vs RHE under illumination of visible light with wavelength 2420 nm and 60 s cycles of
light turned on/off. (b) IPCE plots in the range of 400—700 nm at 1.23 V vs RHE. Reprinted from [72] copyright (2013), with permission from American

Chemical Society.

particular. Moreover, the photoconversion efficiency of plas-
monic nanoparticles photosensitized semiconductors is not as
good as that of quantum dots sensitized semiconductors.
Plasmon-enhanced photocatalysis is still in an early research
stage and the underlying mechanism is unclear. Furthermore,
there are contradictory phenomena reported in the literature. For
example, Ingram et al. found that Au-N-TiO, has no enhance-
ment for visible-light PEC water splitting [67], while in most
other cases gold nanoparticles are described as an important
photosensitizer for the production of H, under visible light [70-
72,75,76,88]. The other disputed phenomenon is that some
researchers report on the reduction of the photocurrent after the
gold nanoparticles are in contact with TiO, nanotubes under
UV illumination [66,89], while other researchers did not
observe such a phenomenon [64,72]. There are also some
debates about whether the hot electrons can cross over or
transfer through the potential barrier of the Schottky junction at

the metal-semiconductor interface [68,88].

It is noteworthy that the plasmonic nanostructures can play
different roles under UV and visible light. Under UV light, the
plasmonic nanostructures play the role of a co-catalyst, which
may act as electron sinks to draw them away from the holes and
enhance their lifetimes [64]. Under visible light, the plasmonic
nanostructures enhance the solar-light harvesting and increase
the visible-light energy-conversion efficiency as photosensi-
tizer. It is well-known that the resonant wavelength and SPR
intensity depend not only on the nature of the metal, but also on
the size and shape of the metallic nanostructures. The control of
parameters such as composition, size and shape of plasmonic

nanoparticles facilitates the design of nanostructures interacting

with the entire solar spectrum [85]. Therefore, it is of great
interest to develop novel classes of plasmonic nanostructures
photosensitized transition metal oxides with higher photocon-
version efficiency. Recently, new findings have been published.
For example, Tatsuma et al. found that gold clusters can also be
utilized as “organic dyes” for the conversion of light to current
under visible and/or near-infrared light irradiation [90-92].
These gold clusters with tens of atoms are much smaller than
gold nanoparticles, which caused gold clusters to exhibit no
localized SPR but a molecular orbital. For example, Aujs
nanoclusters are characterized by molecular-like excited-state
properties with well-defined absorption and emission features,
which results in Auys nanoclusters acting as photosensitizer and
exhibiting photoinduced electron-transfer properties. This
finding may pave the way for the photosensitization of semi-
conductors for potential applications in solar cells and photo-
catalysis. Another interesting phenomenon related to plasmonic
metal nanoparticles is that the metal themselve may also be
used as a photocatalyst for photo-oxidation or even water split-
ting.

Carbon nanostructure as the photosensitizer

Carbon nanostructures as one of the important building blocks
has been used in many research fields due to its unique prop-
erties such as good conductivity, chemical stability and high
surface area. Carbon nanotube is a particular carbon nanostruc-
ture and displays a variety of unique properties such as a high
number of active sites for the adsorption of reactants, good
charge carrier separation and possible visible-light excitation by
bandgap modification or sensitization. Consequently, carbon

nanotubes are good candidates for the enhancement of photo-
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catalysis. Usually, carbon nanotubes are used as an electron
sink to improve the charge carrier separation and reduce the
recombinations of electron—hole pairs. This way, the photocat-
alytic activity of the composite carbon nanotube/transition
metal oxides is effectively improved (Figure 7a) [93]. Recently,
it has been found that carbon nanostructure can also be used as
a sensitizer to activate wide-bandgap semiconductors under
visible light. For example, Liao et al. investigated the photocat-
alytic ability of the composite photocatalysts including multi-
walled carbon nanotubes, TiO, and Ni particle. They found that
the rate of H, evolution can reach 38.1 pmol/h under visible
light illumination [94]. In this process, multi-walled carbon
nanotube plays the role of a photosensitizer by enhancing the
visible-light activity of the composite photocatalyst. The photo-
sensitization of carbon nanotubes was also reported for carbon
nanotube—Ti0, composite photocatalysts in the case of the
photocatalytic degradation of phenol under visible light irradi-
ation [95] (Figure 7b). In this photo-excitation process, carbon

Figure 7: Proposed mechanisms for the carbon nanotube-mediated
enhancement of photocatalysis. a) Carbon nanotubes act as electron
sinks to inhibit the recombination of electron—hole pairs. b) Photosensi-
tizing mechanism of carbon nanotubes based on generation of charge
carriers in the carbon nanotubes. c) The carbon nanotubes act as an
impurity by introducing additional energy levels within the transition
metal oxide band gap. Reprinted from [96] copyright (2009), with
permission from Wiley.
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nanotubes are firstly excited by visible light and transfer elec-
trons to the CB of a transition metal oxide for the reduction
reaction to occur. Meanwhile, the positively charged carbon
nanotubes extract electrons from the VB of transition metal
oxide and transfer the holes to the transition metal oxide for the
redox processes. Sigmund and co-workers also proposed a third
mechanism as shown in Figure 7c [96], which is essentially

similar to carbon-doped transition metal oxides.

As a representative carbon nanostructure, graphene is a 2D
network of hexagonally structured sp2-hybridized carbon atoms
[97]. Compared with other carbon nanostructures, graphene
exhibits some outstanding properties, such as a large specific
surface area (2630 m2 g~!), an exceptional conductivity
(106 S cm™1), a fast room temperature mobility of charge
carriers (200000 cm? V™! s71), and an excellent optical trans-
mittance (97.7%) [98]. Very recently, it has been reported that
graphene has the function for the sensitization of semiconduc-
tors based on several experimental and theoretical researches.
For instance, Du et al. used ab initio calculations to demon-
strate that a graphene/titania interface in the ground electronic
state forms a charge-transfer complex due to the large differ-
ence of work functions between graphene and TiO; [99]. Most
interestingly, valence electrons may be directly excited from
graphene into the CB of TiO; under visible light illumination,
so that graphene may be used as a photosensitizer. The authors
also investigated the graphene—g-C3N, interface by hybrid
functional DFT methods and found a band gap (around
70 meV) forming an electron—hole puddle in a g-C3Ny-
supported graphene monolayer [100]. Song and co-workers
observed an enhancement of the photoconversion efficiency up
to 15 times for a TiO, nanotube composite electrode decorated
by graphene oxide (GO) in comparison with pristine TiO, nano-
tube arrays under identical measurement conditions [101]. The
reduced graphene oxide (RGO) can act as a photosensitizer
similar to organic dyes in the ZnS—-RGO nanocomposites,
which subsequently leads to efficient visible-light driven
photoactivity for both the aerobic selective oxidation of alco-
hols and the epoxidation of alkenes under ambient conditions
[102]. The similar photosensitization of graphene was also
demonstrated in a ZnWOQOy/graphene hybrid photocatalysts for
the degradation of methylene blue [103], a RGO-ZnO hetero-
junction for the photoelectrochemical H, production [104], and
GO-TiO, for the photochemical water splitting [105]. The
mechanisms in these research works are very similar. As shown
in Figure 8a, ZnWQ, can absorb UV light to produce photogen-
erated electron—hole pairs, and then the holes transfer from the
VB of ZnWOy to the highest occupied molecular orbital
(HOMO) of graphene because the VB position of ZnWOy is
lower than the HOMO of graphene. Since the CB position of
ZnWOy is lower than the LUMO of graphene, the photogener-
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ated electrons can only stay at the CB of ZnWO, and take part
in the surface reaction to form radicals [103]. For visible light
irradiation, the electrons are firstly excited from HOMO to
LUMO of graphene, and then injected into the CB of ZnWO, to
participate in the reduction reaction on the surface, thus
producing the visible-light activity (Figure 8b) [106]. This
effective separation of photogenerated electron—hole pairs can
effectively reduce the probability of recombination, thus
resulting in an enhanced photocatalytic activity. Apart from
photosensitization, graphene also has other functionalities such
as the role of an electron acceptor and transporter, a cocatalyst,
and a photocatalyst in the field of hydrogen generation. Readers
may refer to a recently published review for more detailed

information [106].
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Figure 8: Schematic drawing illustrating the mechanism of charge
separation and photocatalytic process over ZnWO,/graphene photo-
catalysts under UV light (a) and visible light (b) irradiation. Reprinted
from [103] copyright (2012), with permission from the American Chem-
ical Society.

Carbon nanodots are a new class of carbon nanomaterials and
consist of discrete, quasipherical nanoparticles with sizes below
10 nm [107-110]. Since they have been reported on in 2004 for
the first time [111], carbon dots have gradually become an
important member in the nanocarbon family due to their benign,
abundant and low-cost nature. As carbonaceous quantum dots,
carbon nanodots display PL behavior dependent on their size
and the excitation wavelength. In addition, carbon dots are also
characterized by water solubility, chemical inertness and resis-

tance to photobleaching. Up to now, many methods [112-127]
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are available for the fabrication of carbon nanodots, for
instance, the electrochemical method, the microwave method,
the ultrasonic method, the hydrothermal method. Due to their
easy fabrication methods in addition to their unique properties
carbon nanodots are a versatile material candidate for
bioimaging, sensors, catalysis and photovoltaic devices [107-
110]. There are also some reviews covering the synthetic
methods, physical and chemical properties, and potential appli-
cations of carbon nanodots [107-110], among the latter of which
is their use as a photosensitizer for the visible-light photocatal-
ysis. For example, TiO,/carbon nanodots demonstrate an effi-
cient photodegradation of methyl blue under visible light [112].
The visible-light photocatalytic mechanism for TiO,/carbon
nanodots is schematically shown in Figure 9. When TiO,/
carbon nanodots are illuminated by visible light, the carbon
nanodots can absorb visible light (A > 520 nm) and emit UV
light (325 <A <425 nm) due to the PL upconversion of carbon
nanodots. The UV light emitted by carbon nanodots can further
excite TiO, to generate electron—hole pairs, which will finally
lead to the production of active oxygen radicals for the degrad-
ation of the methyl blue [112]. Besides TiO,/carbon nanodots,
ZnO/carbon nanodots are also reported as superior photocata-
lysts for the degradation of benzene and methanol under visible
light at room temperature [128]. The photocatalytic activities of
ZnO/carbon nanodots are also reported to degrade aqueous
solutions of rhodamine B under visible light irradiation [129].
Similarly, other carbon nanodots based wide-bandgap tran-
sition metal oxides, such as carbon nanodot-TiO, nanotube
[130], carbon nanodot—SrTiO3 film [131], carbon
nanodot-TiO, nanoparticle [114], and carbon nanodot-ZnO
nanorod arrays [132], exhibited a good performance for photo-
electrochemical water splitting or photocatalytic activity in dye
degradation under visible light irradiation due to the photosensi-
tization of carbon nanodots. By virtue of PL upconversion prop-
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Figure 9: Photocatalytic mechanism for TiOo—carbon nanodots under
visible-light illumination. Reprinted from [112] copyright (2010), with
permission from Wiley.
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erties, carbon nanodots can also be used as photosensitizer to
harness near-infrared light to further enhance the photocatalytic
activity of some visible-light active semiconductors. Kang et al.
recently reported that carbon nanodots can effectively harness
the broad spectrum of sunlight to improve the photocatalytic
activities of monoclinic bismuth vanadate (m-BiVOy,) for the
photodegradation of methylene blue [133]. The carbon nanodots
play a twofold role in this photocatalytic process. Firstly,
carbon nanodots function as electron collectors and transporters
to trap electrons and transfer electrons generated from m-BiVOy
nanoparticles (A < 520 nm), which can effectively improve the
charge separation and thus the photocatalytic activity. Secondly,
carbon nanodots can absorb longer wavelength light
(A > 520 nm) and then emit shorter wavelength light (300 to
530 nm) for the excitation of m-BiVOy to further generate elec-
tron—hole pairs for photocatalytic degradation. Due to the
special upconversion property of carbon nanodots, the carbon
nanodots—m-BiVOy4 nanospheres can be used as photocatalysts
under the broad spectrum of sunshine. Based on a similar mech-
anism carbon nanodots can also be combined with Cu,O,
Ag3P0Oy4 or Fe,03 for the photocatalytic degradation of methyl
blue, methyl orange, and toxic gases of benzene and methanol,
respectively [134-136].

The merits of carbon nanostructures, and carbon nanodots in
particular, such as a low cost and non-toxicity, furnishes them
with superior advantages compared to other photosensitizers.
More importantly, their property of feature PL upconversion
can even extend the activity of carbon nanodots based photocat-
alysts to the infrared region. Therefore, the photosensitization of
carbon nanodots is effective not only for wide-bandgap semi-
conductors, but also for visible-light active semiconductors, so
that a broad spectrum of solar energy can be efficiently used for
the photocatalysis. However, it is still required to further
improve the quantum efficiency of carbon nanodots based
photocatalysts.

Conclusion

In this review, recent advances of the nanostructure sensitiza-
tion of transition metal oxides for visible-light photocatalysis
are summarized. Nanostructure sensitization is an effective
method to realize the transformation of UV-active transition
metal oxides into visible-light-responsive photocatalysts.
Thanks to the rapid development of nanotechnology, more
methods are available for the synthesis of shape- and size-
controlled nanostructures and facet-controlled transition metal
oxides [137-139]. These advances provide a rich library for an
improved photocatalyst design. For example, ion-exchangeable
semiconductors, one type of transition metal oxide, have
recently attracted more attention due to their inherent features.

Firstly, the special gallery structures of ion-exchangeable semi-
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conductors render them attractive for non-metal doping. We
investigated a range of non-metal doping such as N, S, I and
even S, N co-doping, in a serial of ion-exchangeable semicon-
ductors [140-144]. It was found that homogeneous doping can
be more easily realized on ion-exchangeable semiconductors
than on bulk crystal semiconductors because the special struc-
ture of the interlayer galleries of ion-exchangeable semiconduc-
tors provides excellent channels for the diffusion of dopant and
finally resulted in a uniform distribution of dopant over the
whole semiconductor materials. The homogeneous doping leads
to a significantly enhanced photocatalytic performance for ion-
exchangeable semiconductors in the visible region. Secondly,
ion-exchangeable layered semiconductors have spatially well-
separated photocatalytic reduction and oxidation reaction sites,
which can effectively decelerate the recombination of the
photogenerated electron—hole pairs and further improve the
photocatalytic ability [145]. The last feature is that an appre-
ciable number of ion-exchangeable semiconductors can be
exfoliated into single-layer two-dimensional (2D) nanosheets by
the intercalation—exfoliation method, as shown in Figure 10.
The thickness of the single-layer 2D nanosheets is less than
1 nm and has extremely high surface areas. Thus, exfoliated 2D
nanosheets not only can be easily used as building blocks for
the fabrication of photocatalysts with good photocatalytic
ability [146], but also offer a nearly infinite surface area in
aqueous solution for the photosensitizers to anchor. The hybrid-
ization of exfoliated nanosheets with nanosized photosensi-
tizers often shows a tunable electronic structure and new phys-
icochemical properties. All these features attribute to a prom-
ising future of nanostructure sensitization in the ion-exchange-
able semiconductor family for photocatalytic applications.
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Figure 10: The schematic procedures for the preparation of nitrogen-
doped Tig 910, nanosheets. TBA*: tetrabutylammonium ion. Reprinted
from [146] copyright (2009), with permission from the Royal Society of
Chemistry.
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The synergistic effect of doping and sensitization is also applied
to certain wide-bandgap transition metal oxides. It is found that
doping with photosensitization can dramatically change the
visible-light absorption and significantly enhance the photocat-
alytic ability. For example, Zhang and co-workers have recently
reported on the synergistic effect of CdSe quantum dot sensiti-
zation and N doping of TiO, nanostructures for photoelectro-
chemical water splitting [39]. In this report, it has been found
that the photocurrent density of CdSe/N-TiO; is much larger
than either TiO; sensitized by CdSe quantum dots or TiO,
doped with N. This also demonstrates the synergistic effect in
the photo-excitation process. The synergistic effect also
happens on composite photocatalysts containing two different
types of photosensitizers. For example, in order to extend the
photocatalytic activity of a semiconductor into a much longer
wavelength, two different quantum dots like CdS/CdSe or
CdSe/CdTe co-sensitized ZnO or TiO, have been reported
[38,41,44]. The synergistic effects of CdSe quantum dots and
carbon nanodots co-sensitized TiO; for the photoelectrochem-
cial hydrogen generation has also been explored [147]. In
this case, carbon nanodots absorb near-infrared photons
(A > 750 nm) and emit visible photons through the upconver-
sion effect to excite CdSe again. The strategy of these studies
may pave the way for the design of near-infrared active photo-
electrochemical systems in the future.

There are also new nanostructures with special features for the
potential application in visible-light photocatalysis. For
example, very recently, Heinz and co-workers found that by
decreasing the thickness of MoS; to a monolayer [148], the
indirect bandgap bulk semiconductor can change into a direct
bandgap. Correspondingly, the monolayer of MoS, exhibits
104 times enhancement of luminescence quantum efficiency
than that of bulk material. This new finding has also been veri-
fied by other research groups [149,150]. Based on this new
finding, one may easily imagine that the monolayer of MoS,
has great potential as a photosensitizer in the near future. In
addition to monolayer MoS,, the nanostructures of gold clus-
ters and carbon nanodots are still in a stage of early develop-
ment, providing numerous challenges and opportunities for
future investigation.

Although visible-light photocatalysis is still in an early phase of
development, the photocatalysts have played effective roles in
many potential applications including solar fuel production,
pollutant decomposition, and water/air purification. In the
course of, we believe that a fundamental understanding of the
photocatalytic process and the rational design of visible-light
photocatalysts with a high conversion efficiency may lead to an
important role of nanostructure photosensitization in visible-

light photocatalysis for efficient solar energy conversion.
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The visible light photooxidative performance of a new high-nuclearity molecular bismuth vanadium oxide cluster,
Hj[{Bi(dmso)3}4V13040], is reported. Photocatalytic activity studies show faster reaction kinetics under anaerobic conditions,
suggesting an oxygen-dependent quenching of the photoexcited cluster species. Further mechanistic analysis shows that the reac-
tion proceeds via the intermediate formation of hydroxyl radicals which act as oxidant. Trapping experiments using ethanol as a
hydroxyl radical scavenger show significantly decreased photocatalytic substrate oxidation in the presence of EtOH. Photocatalytic
performance analyses using monochromatic visible light irradiation show that the quantum efficiency ® for indigo photooxidation
is strongly dependent on the irradiation wavelength, with higher quantum efficiencies being observed at shorter wavelengths
(D395n0m ca. 15%). Recycling tests show that the compound can be employed as homogeneous photooxidation catalyst multiple
times without loss of catalytic activity. High turnover numbers (TON ca. 1200) and turnover frequencies up to TOF ca. 3.44 min™!

are observed, illustrating the practical applicability of the cluster species.

Introduction

The bottom-up self-assembly of molecular photocatalysts is a  metals, mainly vanadium, molybdenum and tungsten [8]. The

well-established method which gives access to materials for
which light absorption, catalytic activity and selectivity can be
tuned by structural and chemical modifications [1-6]. Prime
examples for this approach are molecular metal oxides,
so-called polyoxometalates (POMs) [7,8]. POMs are anionic

metal oxide clusters formed primarily from early transition

cluster assembly proceeds in solution by oligo-condensation
reactions between reactive fragments, often by using templates
to control the final cluster architecture [9,10]. POMs have
attracted wide interest from researchers working in chemistry,
biology, catalysis, molecular electronics and materials science

[8,11-13]. In particular, POMs have been employed as photoox-
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idation catalysts for the oxidation of a wide range of organic
substrates such as alcohols, olefins and others [1-3,14].
However, as POMs often only absorb light in the UV range,
little is known about the visible-light photocatalytic activity of
POMs [5,15]. One means of addressing this challenge is to tune
the cluster structure and reactivity by incorporation of a reac-
tive metal site into the cluster shell [15-19]. Using this ap-
proach, materials for energy conversion and storage [20,21],
homogeneous and heterogeneous catalysis [1,14], biomedical
applications [22-24] and nanostructured functional materials
[17,25,26] have been developed.

We have recently started systematic studies into the tuning of
(photo-)chemical properties of polyoxometalates by selective
cluster functionalization with a range of s-block [27,28],
p-block [29], d-block [30,31] and f-block [32] metals. Using
this approach, we were able to demonstrate that molybdate clus-
ters can be functionalized with single vanadium centres so as to
increase their visible-light photoactivity for selective oxida-
tions of alcohols to aldehydes [5,6,31]. Further, we have
recently shown that chiral, visible-light driven photooxidation
catalysts are accessible in cerium-functionalized vanadate clus-
ters [32]. In previous work with direct relevance to this report,
we showed that POM chemistry can be inspired by solid-state
photocatalysts when the first molecular analogue of bismuth
vanadate (BiVOy) photocatalysts was obtained [33-36].
Bismuth vanadate is one of the best-known solid-state visible
light photocatalysts and is employed in photochemical and
photoelectrochemical visible-light-driven water splitting
systems [37-41].

At the start of our studies, no molecular bismuth vanadium
oxides were known in the literature. We thus developed a syn-
thetic approach to bismuth vanadate clusters based on a
recently-established fragmentation-and-reaggregation strategy,
see Supporting Information File 1. The route gives general

VO3
template

{V3013}
{V,5} triad

[V13040]*
€-Keggin cluster
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access to metal-functionalized, anion-templated vanadium
oxide clusters [5,27-32,42]. Here, this approach was
successfully employed and gave the cluster species
H3[{Bi(dmso)3}4V13040] % ca. 4 DMSO (=1 x ca. 4 DMSO).
1 is formed spontaneously by reaction of Bi(NO3)3-5H,0 and
(n-BuyN)3[H3V1(O5g] in dimethyl sulfoxide (DMSO) and it
was shown that the cluster features both acidic and visible-light
photocatalytic activity [29]. To date, to the best of our knowl-
edge, 1 is the only reported example of a molecular bismuth
vanadium oxide cluster. Briefly, single-crystal X-ray diffrac-
tion showed that the cluster is based on a central ortho-vana-
date template (VO437). Around this template, four so-called
{V3} triads ({V30;3}) are assembled so that each oxygen atom
of the VO43~ template is linked centrally to one triad. This leads
to the formation of a [(VO4)V{203¢]'>~ anion which is the first
example of a purely vanadate-based e-Keggin anion [29,43-45]:
As the vanadate anion has a high, destabilizing negative charge
(15-), it has previously only been proposed as a transient
species with short lifetime using >!'V NMR spectroscopy [46].
In the present case, the anion is electrostatically stabilized by
four bismuth(III) ions which coordinate to binding pockets
formed on the cluster surface, see Scheme 1.

Initial photocatalytic studies using the photooxidation of the dye
patent blue V as a test reaction showed high activity (quantum
efficiency ® > 7%, TOF ca. 5 min~') and high stability under
turnover conditions (TON > 1200) under irradiation with
monochromatic visible light (LED light source, A = 470 nm)
[29].

In the present study, we are focusing on the photooxidative
performance of the cluster at various wavelengths in the visible
region to evaluate cluster application for sunlight-driven oxi-
dation reactions. Further, initial mechanistic catalysis studies
are discussed where reactive intermediates and effects of
oxygen in the reaction mixture are illustrated.

H;[{Bi(dmso),},V,350,,]
(1)

Scheme 1: Self-assembly of the H3[{Bi(dmso)3}4V13040] cluster 1. An ortho-vanadate (VO43") template allows the assembly of four {Vs} triads into an
€-Keggin anion ([V13040]'%"). Electrostatic stabilization of the e-Keggin anion by four Bi(lll) centres gives the final, stable cluster
H3[{Bi(dmso)3}4V13040] (1). The metal-only framework of 1 is illustrated on the right. Colour scheme: V (template): black, V (cluster): grey, O: red;

Bi: orange, S: yellow; C: dark grey.
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Results and Discussion
Photochemical characterization of the

bismuth vanadate cluster 1

UV-vis spectroscopy of 1 shows that the cluster features a
prominent ligand to metal charge-transfer (LMCT) absorption
band centred at A = 335 nm with tailing of the absorption band
up to A = 560 nm, making the cluster attractive for visible light
absorption. When compared with a prototype pure vanadium
oxide cluster such as [H3V10028]37, the increase in extinction
coefficient and the higher visible light absorption are obvious,
see Figure 1.

30000
— 1
- [H3V10028]Z-
T_ 20000
e
(8]
s
w 10000+
0-

300 400 500
Wavelength A / nm

600

Figure 1: UV-vis spectroscopic data for the bismuth vanadium oxide
cluster Hz[{Bi(dmso0)3}4V13040] (1, red line). The compound features a
near-visible LMCT absorption band with 335 = 15940 M~1 cm™. In
contrast, the pure vanadium oxide cluster [H3V19O2g]®~ features
significantly reduced visible-light absorption (black line).

Photooxidative decomposition of the model
pollutant dye indigo

Compound 1 was tested as a homogeneous, visible-light driven
photooxidation catalyst for the oxidative degradation of the
model pollutant dye indigo (hereafter: Ind). To this end,
aliquots of cluster 1 and the dye were mixed in N,N-dimethyl-
formamide (DMF) solution (typical molar ratio [Ind]:[1] = 5:1).
The solutions were subsequently irradiated with monochro-
matic visible light with wavelengths between 395 nm and
505 nm in order to study the photooxidative performance of the

cluster.

Standard photooxidative analyses were performed with an ir-
radiation wavelength of A =430 nm in DMF. In these screening
reactions it was found that 1 performs as an effective visible-
light driven photooxidant for the degradation of indigo, see
Figure 2.
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Figure 2: Photooxidative performance of 1 under anaerobic (blue
triangles) and aerobic (red circles) conditions in the homogeneous
photooxidation of indigo (Ind). Solvent: DMF, light source: monochro-
matic LED (A = 430 nm, Pnominar = 3 W), [1] = 1.0 uM, [Ind]g = 5.0 uM).

Photooxidative activity of 1

In detail, it was found that dye degradation under visible light
irradiation (here: A = 430 nm) is significantly enhanced by the
presence of photocatalyst 1. After #i;radiation = 80 min and under
anaerobic conditions, virtually full dye degradation in the pres-
ence of 1 is observed ([Ind]/[Ind]y < 3%), see Figure 2. In the
absence of any photocatalyst, the dye concentration after an
identical irradiation time is [Ind]/[Ind]( ca. 85%, illustrating the
visible-light photooxidative activity of 1. Initial spectroscopic
and gas chromatographic analyses suggest that dye degradation
is only partial and no full mineralization leading to the forma-
tion of CO or CO, was observed.

Aerobic vs anaerobic photocatalytic activity of 1
When comparing the photooxidative performance of 1 in the
presence and absence of oxygen, it was found that under anaer-
obic conditions (solvent degassed with argon for 10 min prior to
the experiment), enhanced reaction rates are observed. To quan-
tify the different observed kinetics, observed pseudo-first order
rate constants k,p,s were determined for the photooxidation.
Comparison of the rate constants clearly demonstrates that
anaerobic conditions lead to an approximately 20% increase in
reaction rate, suggesting that molecular oxygen interferes with
the photooxidation and acts as a quencher for the photoexcited
cluster 1 [31,47], see Table 1. Our current hypothesis is that 30,
acts as a triplet radical quencher that interacts with the reactive
triplet state of the photoexcited cluster molecule by energy and/
or electron transfer, resulting in an overall reduced photoreac-
tivity of 1 under aerobic conditions [48]. This hypothesis is
currently being investigated using TD-DFT and transient
absorption spectroscopy methods.
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Identification of hydroxyl radicals as intermediates
To gain further insight into the reaction mechanism involved in
the photooxidation of indigo by 1, homogeneous dye degrad-
ation was performed in the presence of ethanol in the reaction
mixture ([EtOH]:[1] = 50:1). Ethanol is a well-known hydroxyl
radical scavenger [49], and the test was performed to demon-
strate that hydroxyl radicals are involved as intermediate
oxidizing species formed upon irradiation of 1 (see Supporting
Information File 1 for proposed mechanism) [5]. If a hydroxyl
radical mechanism was present, a significant drop in indigo
photooxidation activity would be expected in the presence of
EtOH. This behaviour was indeed observed: both under aerobic
and anaerobic conditions, significant decrease of reactivity was
observed. Quantitative analysis using the observed pseudo-first
order rate constant kg gave a decrease in rate constant of ca.
32% (anaerobic) and ca. 44% (aerobic), respectively, see
Table 1 and Figure 3. These significant changes are most likely
due to an effective scavenging of hydroxyl radical intermedi-
ates by ethanol.

- M- Blank

- @~ Aerobic + EtOH

- A- Anaerobic + EtOH
- 4 - Aerobic

[ind] / [Ind], / -
©
o
Y/# | &

e
o

Time / min

Figure 3: Photooxidative performance of 1 depending on the pres-
ence of EtOH under aerobic and anaerobic conditions for the homoge-
neous photooxidation of indigo (Ind). Solvent: DMF (aerobic/
anaerobic), light source: monochromatic LED (A = 430 nm,

Pnominal = 3 W), [EtOH]:[1] = 50:1.

Wavelength-dependent quantum efficiency of 1

In order to gain insight into the wavelength-dependent photoac-
tivity of 1 and to identify the most promising wavelength
regions in the visible range, wavelength-dependent quantum
efficiency studies for the indigo photooxidation by 1 were
performed [50]. As shown in Figure 4, at short wavelengths
(A <400 nm, quantum efficiencies @ ca. 15% are observed; in
the region between A = 400-450 nm, quantum efficiencies drop
to @ ca. 12-6%. At wavelengths A > 450 nm, low quantum effi-
ciencies @ < 3% are observed, see Figure 4. The data suggest

that in the 400—450 nm region, compound 1 might be employed

Beilstein J. Nanotechnol. 2014, 5, 711-716.

Table 1: Kinetic parameters for the photooxidation of indigo by com-
pound 1 under aerobic/anaerobic conditions in the presence and
absence of EtOH as hydroxyl radical scavenger.

Reaction? Kops/h™! Standard deviation a/h™1
aerobic 1.41 0.13
anaerobic 1.68 0.20
aerobic + EtOH 0.79 0.15
anaerobic + EtOH  1.14 0.16
blank reference 0.30 0.12

aConditions: Homogeneous reaction, solvent: DMF, irradiation with
monochromatic LED light source, A = 430 nm; [Ind]g = 5.0 uM,
[1] = 1.0 yM, [EtOH] = 50 uM.

as a homogeneous polyoxometalate photocatalyst with
promising efficiencies for this compound class [5].
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Figure 4: Quantum effiencies ® for the homogeneous photooxidation
of indigo by 1 in the visible range between A = 395-505 nm. Solvent:
DMF (aerobic), molar ratio [Ind]o:[1] = 1:1. light source: monochro-
matic high-power LED, quantum efficiencies were determined using a
custom-built setup [49].

Recyclability of 1

To demonstrate the long-term stability and recyclability of 1,
three consecutive photooxidative indigo decomposition runs
were performed using the same catalyst sample. In the test, a
DMEF solution containing indigo and 1 ([Ind]y:[1] = 5:1) was
irradiated under standard conditions (A = 430 nm) until
complete dye decomposition was observed UV—vis spectros-
copically (run 1). Using the same sample, the initial indigo
concentration was restored by addition of a concentrated indigo
stock solution and the photooxidation was repeated to complete
indigo degradation (run 2). In run 3, the initial indigo concentra-
tion was tripled to demonstrate the photooxidative capacity of

the cluster and full dye degradation was observed upon irradi-
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ation, see Figure 5. The experimental series demonstrates that
the cluster can be employed multiple times and catalyst recy-

cling under photooxidative conditions is indeed possible.

3+ - = -Anaerobic % Run 3
- -» - Blank “""“-o....,,
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Figure 5: Recyclability of 1 as a homogeneous indigo photooxidation
catalyst under anaerobic conditions. Run 1 and run 2 were performed
at [Ind]o:[1] = 5:1, in run 3, the [Ind]y:[1] ratio was increased to 15:1.
Solvent: DMF (anaerobic), light source: monochromatic LED

(A =430 nm, Prominal = 3 W).

Stability of 1 under irradiation

To understand the long-term stability of 1, long-irradiation runs
with high substrate molar ratios up to [Ind]:[1] ca. 1200 were
performed. These experiments showed that the cluster com-
pound is capable of photooxidatively decomposing large
amounts of the dye, thereby illustrating the chemical robustness
of the bismuth vanadium oxide framework. Comparative studies
under aerobic and anaerobic conditions showed that the cluster
can reach similar turnover numbers (TONs) of ca. 1200,
however, higher turnover frequencies for anaerobic conditions
(TOF gnaerobic = 3.44 min~!) were found compared with aerobic
conditions (TOFgerobic = 3.01 min™1). The findings confirm that
under long-term irradiation, the original observation of higher
catalytic activity for 1 under anaerobic conditions still holds
(see Supporting Information File 1).

Conclusion

In summary we report the visible-light photocatalytic activity of
the first molecular bismuth vanadium oxide cluster, by using the
homogeneous photooxidative degradation of the model pollu-
tant indigo as a test reaction. Wavelength-dependent photocat-
alytic activity is reported and high quantum efficiencies of ca.
15% are observed at the UV—vis border. Practical quantum effi-
ciencies >5% are found up to wavelengths of A = 450 nm. Recy-
cling studies show that the cluster can be used multiple times

without significant loss of activity. Further, initial mechanistic

Beilstein J. Nanotechnol. 2014, 5, 711-716.

studies show increased cluster reactivity in the absence of
oxygen which might act as a quencher for the photoexcited
cluster. In addition, we provide initial experimental evidence
that the photooxidative mechanism proceeds via the intermedi-
ate formation of hydroxyl radicals. Cluster stability with high
turnover numbers (ca. 1200) has been demonstrated. Future
work will focus on the applications of the cluster for the selec-
tive photooxidation of organic substrates (alcohols, olefins).
Primary focus will be product selectivity, quantum efficiency as
well as long-term catalytic performance.

Experimental
For experimental, analytical and photocatalytic details, see

Supporting Information File 1.

Supporting Information

Supporting Information File 1

Detailed synthetic, analytic and photocatalytic data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-83-S1.pdf]
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A biomolecule-assisted pyrolysis method has been developed to synthesize sulfur-doped graphitic carbon nitride (CNS) nanosheets.

During the synthesis, sulfur could be introduced as a dopant into the lattice of carbon nitride (CN). Sulfur doping changed the

texture as well as relative band positions of CN. By growing CN on preformed sulfur-doped CN nanosheets, composite CN/CNS

heterojunction nanosheets were constructed, which significantly enhanced the photoelectrochemical performance as compared with

various control counterparts including CN, CNS and physically mixed CN and CNS (CN+CNS). The enhanced photoelectrochem-

ical performance of CN/CNS heterojunction nanosheets could be ascribed to the efficient separation of photoexcited charge carriers

across the heterojunction interface. The strategy of designing and preparing CN/CNS heterojunction photocatalysts in this work can

open up new directions for the construction of all CN-based heterojunction photocatalysts.

Introduction

Over the past few years, graphitic carbon nitride (CN) has
attracted significant research attention in visible-light-driven
photocatalysis because of its unique physical and chemical
properties including chemical and thermal stability, physical
abundance, as well as suitable bandgap energy and band pos-

ition [1-4]. The polymeric nature of CN could facilitate the

tuning of the physical and chemical properties by simply
changing the CN precursors, by varying the pyrolysis condi-
tions and by doping with foreign atoms [5-8]. However, the
photocatalytic performance of CN is still limited because of the
fast charge recombination [6,8-10]. How to efficiently separate

photogenerated charge carriers in CN becomes a critical factor
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in further improving the photocatalytic performance. The
construction of heterojunctions is a simple and effective way to
enhance charge carrier separation, in which the build-in electric
field across the junction could drive electrons and holes moving
towards different parts of the photocatalyst, and thus improving
the lifetime of charge carriers [11]. Numerous CN-based hetero-
junctions have been constructed by coupling CN with various
types of photocatalysts, e.g., oxides and chalcogenides, which
have shown improved photocatalytic performances [12-18].
However, the formation of interfacial defects at the CN/photo-
catalyst heterojunction arising from lattice mismatches would
trap photogenerated electrons or holes, which reduces the bene-
fits of build-in electric field created from the heterojunction. A
smooth transition from one crystal phase to the other in a
heterojunction could minimize the formation of interfacial
defects, thus benefiting the interfacial charge transfer [19]. The
formation of a smooth crystal transition would be expected at
the interface of an all CN-based heterojunction. However, it is
still challenging to synthesize a composite CN photocatalyst
which is solely based on CN with different band structures [20].

Herein, we employ a biomolecule-assisted (L-cysteine) pyrol-
ysis method to synthesize sulfur-doped carbon nitride (CNS)
nanosheets, which can serve as the framework to grow CN to
form an all CN-based heterojunction composite. The formation
of CN/CNS heterojunctions significantly improves the photo-
electrochemical performance, which is attributed to the effi-
cient separation of photoexcited charge carriers across the
heterojunction interface. The strategy of designing and pre-
paring CN/CNS heterojunction photocatalysts in this work can
open up new directions for the construction of all CN-based

heterojunction photocatalysts.

Results and Discussion

Figure 1a and Figure 1b show the FESEM images of
as-prepared CN and CNS. CN is composed of large microm-
eter-sized particles, whereas CNS consists of small pieces of
thin nanosheets, which are loosely connected with each other.
Transmission electron microscopy gives a deeper insight into
the crystal structure and morphology. As shown in Figure 1c
and Figure 1d, in stark contrast with CN, CNS nanosheets are
much smaller and thinner with worm-like nanopores dispersed
on the surface of the nanosheets, owing predominantly to the
drastic decomposition/delamination of CNS at high tempera-
ture. X-ray photoelectron spectroscopy (XPS) measurements
were performed to study the chemical states of CN and CNS.
As shown in the survey spectra in Figure 1e, CN has the typical
Cls and Nls signals, which evidence the successful formation
of CN through thermal decomposition and polymerization of
the amine precursor. Besides Cls and Nls signals, an add-

itional S2p signal is observed in CNS. The atomic concentra-
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tion of sulfur in CNS is determined to be about 0.36 atom %.
The high-resolution S2p spectrum of CNS deconvolutes into
two peaks centered at 163.5 and 168.2 eV, which could be
ascribed to S—(C)3 (tertiary sulfur) and C—S(O)-C (secondary
sulfur), respectively, providing a compelling evidence of sulfur
doping (sulfur is introduced into CN through substituting lattice
nitrogen with sulfur on both tertiary and secondary nitrogen
sites) [21]. The higher intensity for the peak centered at
163.5 eV than for that at 168.2 eV suggests that the replace-
ment of the secondary nitrogen with sulfur in CN is more favor-
able.

The effects of sulfur doping on the optical and energy band
structure were investigated by UV—vis absorption and
Mott—Schottky measurements. Figure 2a shows the UV—vis
diffuse reflectance spectra of CN and CNS. Both CN and CNS
feature a semiconductor-like absorption. The abrupt absorption
onset for CN and CNS at ca. 450 nm is due to the photoexcita-
tion of electrons from the valence band to the conduction band.
The tail absorption in the long wavelength region for CNS
could be attributed to the interband transition induced by
defects through sulfur doping. The bandgap energy (£,) esti-
mated from the (a/v)? versus Av plots are 2.79 and 2.82 eV for
CN and CNS, respectively. Mott—Schottky measurements were
conducted to estimate the relative conduction band position.
From the intersects of the Mott—Schottky plots, the flatband
potential and thus the conduction band edge of CN and CNS are
estimated to be about —1.22 and —1.01 eV vs Ag/AgCl, respect-
ively. Together with the bandgap energy obtained from optical
absorption measurements, the valence band position for CN and
CNS are estimated to be about 1.57 and 1.81 eV vs Ag/AgCl.

Based on the above analysis, it is clear that CN can form a type-
II heterojunction upon CNS with band offsets of 0.24 eV
(1.57 eV/1.81 eV vs Ag/AgCl) and 0.21 eV (-1.22 eV/—1.01 eV
vs Ag/AgCl) at the valence and conduction band, respectively
(Figure 3a). This type-II band alignment means that once CN
and CNS are electronically coupled, a well-matched band struc-
ture for charge separation will be formed. In this case, the
photogenerated electrons are transferred from CN to CNS,
while the photogenerated holes are transferred from CNS to
CN, leading to an improved charge separation. To test our
hypothesis, we designed a strategy to construct CN/CNS
heterostructures. In our method, we firstly grow CNS
nanosheets by using a biomolecule-assisted pyrolysis method,
followed by growing CN on preformed CNS nanosheets to form
a well-mixed CN/CNS heterostructure.

Figure 4a shows the FESEM image of a CN/CNS composite

heterostructure. In comparison with CNS (Figure 1b), the

framework of CNS was well preserved after CN growth, while
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Figure 1: FESEM and TEM images of (a,c) CN, and (b,d) CNS samples. The inset of (b) is an enlarged FESEM image of the CNS sample.
(e,f) Survey XPS spectra and high-resolution S2p XPS spectra of CN and CNS samples.
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Figure 2: (a) Optical absorption spectra of CN and CNS. Inset shows the Tauc plots for bandgap determination, (b) Mott—Schottky plots for CN and
CNS.
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Figure 3: Schematic illustration of (a) electron—hole separation at the CN/CNS heterojunction interface, (b) the structure of CN/CNS heterojunction.

the thickness of nanosheets increased from ca. 30 nm for CNS
to ca. 50 nm for CN/CNS composite. Figure 4b shows the XRD
patterns of CN, CNS and the CN/CNS heterojunction
composite. Two diffraction peaks are clearly visible in all XRD
patterns. The peak centered at 13° could be indexed to the (100)
plane of CN, corresponding to the in-plane structural packing
motif of tristriazine unit. The peak was slightly shifted towards
a higher diffraction angle when sulfur was introduced into the
CN lattice. The calculated hole-to-hole distances in the nitride
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pores of CN and CNS are 0.691 and 0.660 nm, respectively.
The other peak at 27.5° could be assigned to the interlayer
stacking of aromatic units, which is also noted as (002) plane.
Analogous to the (100) peak, the (002) peak shifted from 27.2°
in CN to 27.7° in CNS, indicating a reduction of the inter-plane
distance after sulfur doping. The calculated interlayer distances
of CN and CNS are 0.327 and 0.322 nm, respectively. The
(002) peak of CN/CNS becomes wider than that of CN and
CNS. A further analysis shows that the peak of CN/CNS can be
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Figure 4: (a) FESEM image of CN/CNS heterostructure, (b) XRD and (c) nitrogen adsorption—desorption isotherms and (d) pore size distribution

(insert) of CN, CNS and CN/CNS heterostructure.
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split into two peaks at 27.2° and 27.7°, corresponding to the
(002) peaks of CN and CNS, respectively. The composite peak
of CN/CNS indicates that CN/CNS is a hybrid of CN and CNS,
confirming the formation of a CN/CNS heterostructure.
Nitrogen adsorption—desorption analysis in Figure 4c confirmed
the significant change of the CN texture after sulfur doping. The
specific surface area for CN and CNS are 21 and 118 ecm®>mg™!,
respectively. The surface area of the CN/CNS heterostructure
(about 56 cm?-mg~!) is reduced to about half of that of CNS
due to increased thickness of nanosheets. Figure 4d presents the
pore size distribution of CN, CNS and the CN/CNS heterostruc-
ture. It is clear that sulfur doping significantly increases the
pore volume of micro- (smaller than 10 nm) and meso- (larger
than 100 nm) pores, which could favor the photocatalytic
performance [22].

Figure 5 shows the TEM image of CN/CNS heterostructure. As
shown in Figure Sa, a layered structure made up of a dark
region and a dim region can be clearly distinguished. The dark
and dim region can be ascribed to dense CN and CNS
nanosheets, respectively, based on the high-resolution TEM
(HRTEM) analysis as shown in Figure 5b. Furthermore, it can
be observed that the dense CN layer intimately connects with
the CNS nanosheet to form a heterostructure. The HRTEM
image of CN/CNS as shown in Figure 5b clearly distinguishes
the phases of CN (the dark region) and CNS (the dim region).
The lattice spacing for the dark region and the dim region are
0.328 nm and 0.322 nm respectively, which are consistent with
the XRD results. The HRTEM image gives solid evidence
towards the formation of heterojunction in CN/CNS.

Figure 6a shows the photoluminescence (PL) spectra of CN,
CNS and a CN/CNS heterostructure. In comparison with CN

Beilstein J. Nanotechnol. 2014, 5, 770-777.

and CNS, a substantial reduction in PL intensity was observed
for the hybrid CN/CNS heterostructure, suggesting an efficient
charge carrier separation at the CN/CNS interface. Linear sweep
photovoltammetry measurements were performed to study the
photoelectrochemical performances of CN, CNS and the CN/
CNS heterostructure. As shown in Figure 6b, photocurrent
densities of the samples increase with forward bias voltage,
indicating a typical n-type semiconductor behavior. Among all
samples, the CN/CNS heterostructure demonstrates the highest
photocurrent as compared with the other counterparts including
CN, CNS and physically mixed CN and CNS over the entire
potential profile. It is worth noting that the dark current densi-
ties of the photoelectrodes follow the order of CN/CNS
heterostructure > CNS > CN, indicating the best charge trans-
port properties of CN/CNS photoelectrode, which can be attrib-
uted to the large contact area between the CN/CNS photoelec-
trode and the electrolyte as well as an appropriate band align-
ment of the CN/CNS interface. It has been well-established that
photocurrent is generated because of the diffusion of photogen-
erated electrons to the back contact and the simultaneous
consumption of photogenerated holes by the hole acceptor in
the electrolyte. As such, the superior photocurrent of CN/CNS
heterostructure indicates the more efficient charge carrier sep-
aration and longer lifetime of the free charge carriers. A control
experiment using physically mixed CN and CNS (1:1 in mass,
named as CN+CNS) as photoelectrode was preformed (UV—vis
and J-V curves are shown in Figure Sla and Figure S1b, res-
pectively). Although the absorption of physically mixed CN and
CNS is nearly the same as that of the CN/CNS heterojunction
sample, the photocurrent of CN+CNS is much lower, implying
that the enhanced photoresponse of heterojunction sample
comes from better separation of photogenerated electrons and
holes instead of improved photon absorption. The mechanism

Figure 5: TEM (a) and HRTEM (b) images of a CN/CNS heterostructure.
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Figure 6: (a) Photoluminescence of CN, CNS and CN/CNS in aqueous solution. (b) Current density—voltage (J-V) curves for CN, CNS and CN/CNS
electrodes under simulated sunlight (AM 1.5, 100 mW/cm?). All experiments were performed in 0.2 M Nay,SO, aqueous solution at a scan rate of

10 mV/s. (c) Current density—time (J—t) curves for CN, CNS and CN/CNS electrodes with 0.4 V bias vs Ag/AgCl under simulated sunlight (AM 1.5,
100 mW/cm?) and visible light (A > 420 nm). (d) External quantum efficiency (EQE) of CN, CNS and CN/CNS photoelectrodes.

for photocurrent enhancement was further studied by measuring
the photoresponse under different light source and the EQE
spectra. Figure 6¢ exhibits the photoresponse of CN, CNS and
CN/CNS under different light sources. It can be observed that
the photocurrent can be reproducibly produced under AM 1.5G
simulated sunlight or visible light (A > 420 nm) with the same
trend following the order of CN/CNS heterostructure > CN >
CNS. The low photocurrent density might be due to the poor
contact among CN particles and FTO substrate. Figure 6d
shows the external quantum efficiency (EQE) of CN, CNS and
the CN/CNS heterostructure, which matches well with the
corresponding photocurrent density. It is worth mentioning that
the shape of the three EQE curves are similar with the same cut
off at nearly 470 nm, indicating that the enhanced photocurrent
of CN/CNS heterostructure mainly comes from improved

charge separation at the CN/CNS heterojunction interface.

Conclusion

In conclusion, we have developed a biomolecule-assisted pyrol-
ysis method to synthesize sulfur doped carbon nitride
nanosheets (CNS), which offers an effective way to modify the
texture and energy band positions of carbon nitride (CN). By

growing CN on preformed sulfur-doped CN nanosheets,
composite CN/CNS heterojunction nanosheets were
constructed, which exhibited a significantly enhanced photo-
electrochemical performance as compared with various control
counterparts including CN, CNS and physically mixed CN and
CNS (CN+CNS). The enhanced photoelectrochemical perfor-
mance of CN/CNS heterojunction nanosheets could be ascribed
to the efficient separation of photoexcited charge carriers across
the heterojunction interface. Our approach offers a facile way to
construct an all carbon nitride based heterojunction photocata-
lyst.

Experimental
Materials preparation

Graphitic carbon nitride (CN) was prepared according to a
reported pyrolysis method [23]. Typically, 2 g of melamine
powder was put into an alumina crucible covered with a piece
of titanium sheet, then heated at a heating rate of 2.3 °C/min to
550 °C in a tube furnace and maintained at this temperature for
4 h under flowing argon. To synthesize sulfur-doped carbon
nitride (CNS), 222 mg of L-cysteine was blended with 2 g of

melamine in an agate mortar, wherein L-cysteine acts as the
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sulfur source for sulfur doping. During the pyrolysis process,
the —SH functional group in L-cysteine reacts with the amine
group in melamine to substitute the N atoms and to form the
S—C bond. Following, this mixture was heated to 550 °C at a
heating rate of 2.3 °C/min and maintained at this temperature
for 2 h. The CN/CNS heterojunction was prepared through
thermal condensation of melamine on preformed CNS
nanosheets. Specifically, 1 g of melamine and 1 g of preformed
CNS nanosheets were mixed together and underwent the same
pyrolysis process as that for the preparation of CN. Physical
mixtures of CN and CNS (1:1 mass ratio) were also prepared as
reference.

Characterization

The morphology of the samples was examined by using field
emission scanning electron microscopy (FESEM, JEOL,
JSM6701F) and transmission electron microscopy (TEM, JEOL
3010). The chemical bonding information was studied with
X-ray photoelectron spectroscopy (Kratos AXIS Ultra spec-
trometer) with a monochromatized Al Ka X-ray source
(1486.71 eV). The Brunauer—Emmett—Teller (BET) surface area
of sample was obtained on a nitrogen adsorption apparatus
(Autosorb-6B, Quantachrome Instruments) with all samples
degassed at 150 °C for 16 h prior to the measurement. The
UV-vis diffuse reflectance spectra (DRS) were obtained on a
UV-vis spectrometer (ShimadzuUV2450) using BaSOy4 as
reference. The powder X-ray diffraction (XRD) patterns were
obtained on a Bruker D2 diffractometer (Bruker AXS,
A =0.15418 nm). The chemical states and percentage of sulfur
were measured by using X-ray photoelectron spectroscopy
(XPS) on a VG Escalab 2201 XL and the binding energies were
calibrated by using the C 1s peak at 285.0 eV. The photolumi-
nescence (PL) spectra were recorded using an LP920-KS instru-
ment from Edinburgh Instruments, equipped with a photomulti-
plier tube.

Photoelectrochemical measurements

The photoelectrochemical properties of as-prepared samples
were measured by using an electrochemical workstation (CHI
760E, CH Instrument Inc., USA) in a standard three-electrode
setup with a Pt plate as the counter electrode and an Ag/AgCl as
the reference electrode. In all cases, 0.2 M Na,SO4 aqueous
solution (pH 6.8) was used as the electrolyte. Prior to each
measurement, the electrolyte was deaerated by continuously
purging nitrogen for 30 min. The working electrode was
prepared as the following: briefly, 10 mg of as-prepared sample
was suspended in 1 mL of isopropyl alcohol (IPA). Then, 50 uL
of the colloidal suspension (10 mg/mL) was dropcasted onto
precleaned fluorine-doped tin oxide (FTO) substrate with a
fixed area of 1 cm?. After coating, the film was dried at 70 °C
in ambient atmosphere, followed by annealing at 350 °C for 1 h
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under argon to improve physical and electrical contact. The
light source used for photoelectrochemical measurement was a
300 W xenon lamp (Newport, Oriel, 91160) equipped with an
AM 1.5G filter (Newport, 81094) and a UV-filter (Newport,
FSQ-GG420) (cut off: 420 nm). Prior to each measurement, the
light intensity was determined by a calibrated silicon photo-
diode. The external quantum efficiency (EQE) was measured
under +0.4 V external bias (three-electrode) condition. The
monochromatic light was supplied by a xenon lamp (300 W,
Oriel) illuminating through a monochromator (Newport) with a
bandwidth of 5 nm.
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Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-89-S1.pdf]
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Abstract

A graphene oxide (GO) solution was irradiated by a Xenon lamp to form reduced graphene oxide (RGO). After irradiation, the
epoxy, the carbonyl and the hydroxy groups are gradually removed from GO, resulting in an increase of sp? n-conjugated domains
and defect carbons with holes for the formed RGO. The RGO conductivity increases due to the restoration of sp? m-conjugated
domains. The photocatalytic activity of EY-RGO/Pt for hydrogen evolution was investigated with eosin Y (EY) as a sensitizer of
the RGO and Pt as a co-catalyst. When the irradiation time is increased from 0 to 24 h the activity rises, and then reaches a plateau.
Under optimum conditions (pH 10.0, 5.0 x 107 mol L™! EY, 10 ug mL™! RGO), the maximal apparent quantum yield (AQY) of
EY-RGO24/Pt for hydrogen evolution rises up to 12.9% under visible light irradiation (A > 420 nm), and 23.4% under monochro-
matic light irradiation at 520 nm. Fluorescence spectra and transient absorption decay spectra of the EY-sensitized RGO confirm
that the electron transfer ability of RGO increases with increasing irradiation time. The adsorption quantity of EY on the surface of
RGO enhances, too. The two factors ultimately result in an enhancement of the photocatalytic hydrogen evolution over EY-RGO/Pt
with increasing irradiation time. A possible mechanism is discussed.

Introduction

Hydrogen is an efficient and green energy carrier. Photocat-  graphene-based composite photocatalysts, such as graphene/
alytic water splitting into hydrogen by means of solar energy  TiO, composite and graphene/ZnO composite, have recently
and semiconductor photocatalysts is a environmentally friendly  been reported [5-8]. Kim et al. [8] have reported that two
way to produce storable energy [1-4]. In order to enhance the  graphene/TiO, composites, a nanographene shell on a TiO;

activity of photocatalysts for hydrogen evolution, various core and TiO; nanoparticles on a graphene sheet, exhibit a
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higher photocatalytic H, evolution than TiO, under UV
irradiation. This can be attributed to an efficient electron
transfer from TiO; to graphene [9,10]. Interestingly, single
reduced graphene oxide itself (RGO) shows a higher activity
as a semiconductor under UV irradiation [11,12]. Yeh et al. [12]
reported that RGO sheets with in situ photoreduced
platinum displayed a high activity for hydrogen evolution
from an aqueous methanol solution. However, the RGO
exhibits a very low photocatalytic activity under visible light ir-

radiation.

Eosin Y (EY), a xanthene dye, is a very good sensitizer [13-18].
EY has been used to sensitize various matrixes such as TiO,
[13], Na,Ti,O4(OH); nanotubes [14], g-C3Ny4 [15], and
0-[AISiW 1 (H,0)030]°~ [18], and the sensitized photocatalysts
are characterized by a high activity for H, evolution under
visible light irradiation. Recently, to improve the photocatalytic
activity for hydrogen evolution in the visible light region, EY
has been employed to sensitize RGO, and the sensitized photo-
catalyst displays an increased photoactivity for hydrogen evolu-
tion [19-21]. Mou et al. [19] found that the photocatalytic
activity of EY-RGO for hydrogen evolution was superior to that
of EY-GO. However, the activity of the former was still very
low. Min and Lu [20] demonstrated a successful example of
enhancing H; evolution activity by using RGO as an efficient
electron relay between the photoexcited EY and the loaded Pt
co-catalyst, which shows an AQY of 4.15% under visible light
irradiation. In these works, RGO was obtained by a chemical
reduction of GO with hydrazine or sodium borohydride as a
reductant.

Graphene, an atom-thick two-dimensional (2D) sheet of sp2-
hybrized carbon, has received tremendous research interests
based on its extraordinary electronic, thermal, optical and excel-
lent electron transport properties [21,22]. Graphene can be
easily obtained by reducing graphene oxide (GO), which is a
cheap and scalable preparation method [23-26]. The GO
contains not only hydroxy and epoxy groups in the 2D sheet,
but also carbonyl and carboxyl groups at the edges of the sheet
[27,28]. The oxygen-containing groups in the sheet break the
sp? m-conjugation, leading to the formation of oxidized ali-
phatic six-membered rings with sp3-hybridization in the GO
layer. As a result, the conductivity of GO decreases greatly
compared with that of graphene. Amongst various methods for
the reduction of GO to form RGO, photoreaction (photoreduc-
tion) is “green” without any toxic chemical reagents. Moreover,
it is easy to control the degree of reduction by applying
different UV irradiation times [29-32]. The RGO prepared by
UV irradiation is of high dispersion, can be stored for a long
time without getting aggregated, and exists in the quasi homo-

geneous form [33,34].
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In this work, we prepared RGO starting from an aqueous GO
solution by controlling UV irradiation time. The RGO solution
and its powder were denoted as RGOx and RGOx-p, respective-
ly, where x (in hours) represents the particular UV irradiation
time. The photocatalytic activity of EY-sensitized RGOx was
investigated by using Pt as a co-catalyst and trimethylamine
(TMA) as a sacrificial electron donor. To the best of our knowl-
edge, studies on the effect of irradiation time on the perfor-
mance of RGOx for the dye sensitized H, generation have not
been reported so far. The sensitization activity for hydrogen
evolution under visible light illumination is much higher than
that of EY-RGO/Pt produced by chemical reduction methods in
the literature [19,20]. A possible mechanism is discussed.

Results and Discussion
The effect of irradiation time on the perfor-

mance of RGOx

Figure 1 shows UV—vis spectra of GO and RGOx solution. The
peak at 232 nm is due to the C=C bond in an aromatic ring [35],
whereas the broad shoulder peak at 291 nm can be assigned to
C=0 [36]. The absorption over 291 nm is expected to be caused
by the conjugated fused ring plane [37]. An increase of the ir-
radiation time from 0 to 24 h entails an increase of the absorp-
tion strength of the RGOx solution over 291 nm and a red-shift
of the absorption. The absorption of RGO36 is close to that of
RGO24, indicating that the deoxygenation reaction takes place
slowly at that stage [38]. This can be attributed to an enhance-
ment of m-conjugated sp> domains (restoration of sp2 m-conju-
gated network) by the removal of oxygen-containing groups
whose carbon atoms are sp> hybridized, and a decrease of sp3
domains (see Mechanism section, Scheme 1). The inset of
Figure 1 shows a picture of GO and RGO24. The GO disper-

1.0

GO RGO24

0.8

0.6 1

0.4 1

Absorption (a.u.)

0.2 1

0.0 1
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Figure 1: UV-vis spectra of (a) GO, (b) RGO4, (c) RGO12,
(d) RGO24, and (e) RGO36 solution (20 pg mL™"). The inset is an
image of GO and RGO24.
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sion is yellow—brown and semitransparent, gradually changes to
dark brown after irradiation (not shown here), and finally turns
black and opaque after 24 h of irradiation. This indicates an
increase of the degree of sp? conjugation by a regeneration of
the sp? m-conjugated network [35].

Figure 2A displays ATR-IR spectra of GO-p, RGO4-p and
RGO24-p. The peak intensity at 1626 cm !, which can be
assigned to C=C [39], increases with irradiation time, whereas
the epoxy C—O peak at 993 cm ™! [12] disappears after irradi-
ation of 24 h. These suggest that epoxy C—O-C has been
reduced to produce sp? carbons [40]. Figure 2B shows XPS
spectra of Cls for GO-p, RGO4-p and RGO24-p. The
deconvoluted peaks centered in a binding energy range of
284.8-285.0 eV and 287-287.2 eV are attributed to C-C, C=C,
and C-H bonds, and C-O bonds (C-O-C and C-OH), respect-
ively [30]. The deconvoluted peaks at binding energy of
287.8 eV and 289.0 eV belongs to C=0 and O=C—OH respect-
ively [41]. The peak intensities of epoxy C—O—C and C=0
decrease with increasing irradiation time, which suggests that
most of epoxy C—O—C and C=0 are removed to produce sp?
domains [40]. Clearly, the peak intensities of C—C, C=C, and
C—-H bonds increase. As shown in Table 1, the O/C atomic ratio
decreases from 0.33 in the GO sample to 0.26 after 24 h of
photoreaction. This further indicates the restoration of the sp?
n-conjugated network for RGO after the photoreaction. Due to
restoration of the sp? m-conjugated network in RGOx, its
conductivity is expected to increase [42]. To verify this
enhancement, the electrochemical impedance spectroscopy
(EIS) of GO, RGO4 and RGO24 were measured. Figure 2C
shows the Nyquist diagrams for GO, RGO4 and RGO24. The
semicircles correspond to the charge transfer resistance (Rcr)
[43] and become smaller and smaller after irradiation. This
suggests that their conductivity order is RGO24 > RGO4 > GO,
which is due to the increase of the aromatic ring plane, more
specifically, the increase of sp? m-conjugated domains [44].

The interaction between EY and GO/RGOx

The chemical structure of EY is shown in Figure 3. The
benzoate ring is perpendicular to the xanthenes moiety. The
main interaction between EY and graphene is through n—=n
stacking [19-21] of the xanthene moiety (the fused ring) of EY
with sp? n-conjugated domains of graphene.
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Figure 2: (A) ATR-IR spectra of GO-p, RGO4-p and RGO24-p,
(B) XPS spectra of C1s for GO-p, RGO4-p and RGO24-p, and
(C) Nyquist diagrams of GO, RGO4 and RGO24.

Table 1: Peak area ratios of oxygen-containing bonds to CC bonds and O/C ratio obtained from Figure 2B.

sample AC—O/ACC AC=O/ACC AOCOH/ACC o/C

GO 0.69 0.13 0.05 0.33
RGO4 0.59 0.10 0.07 0.30
RGO24 0.42 0.06 0.08 0.26
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Figure 3: Chemical structure of EY.

Table 2 lists the amount of adsorbed EY on the surface of
RGOx. Before the irradiation, the adsorption amount of EY on
the GO surface is 11.7 pmol g1, After irradiation of GO for 4,
12 and 24 h, the adsorption amount increases to 15.0, 32.7 and
74.3 umol g1, respectively. This is because the sp> domains of
RGOx increase with the reaction time (see Mechanism section,
Scheme 1). As a result, the n—n stacking interaction between EY
and RGO becomes stronger.

To further confirm the interaction between EY and GO/RGOx,
the fluorescence spectra of the mixture of EY and GO or RGOx
were measured, as shown in Figure 4. The inset of Figure 4
displays a strong fluorescence peak of EY (about 6.8 x 103 a.u.)
at 542 nm. This can be attributed to the large visible light
absorption by its conjugated xanthenes structure and the strong
recombination of photo-excited electron—hole pairs. When GO
is added to the EY solution, the fluorescence intensity of EY at
541.6 nm sharply declines to about 2.8 x 10? a.u. The addition
of RGO24 results in a great fluorescence quenching of EY
(Figure 4d,), the emission peak intensity decreases to about
1.4 x 103 a.u., and the fluorescence peak shifts from 541.6 to
540.0 nm. This is because the number of sp? n-conjugated
domains (larger adsorption amount for EY) and the conduc-
tivity of RGOx increase with longer irradiation times, thereby
enhancing the ability for a photo-induced electron transfer from
the excited dye molecules to RGOx. The slight blue shift
suggests that an intermolecular n-m stacking interaction between
RGO24 and EY is stronger than the interaction between GO and
EY [20].

To further confirm the increased ability to transfer electrons
between RGOx and EY, transient absorption decay spectra of
3EY™ at 580 nm in EY-RGOx and EY-GO systems were

Table 2: Adsorbed amount of EY on the surface of GO or RGOx.
sample

amount of adsorbed EY (umol g~")

GO

Beilstein J. Nanotechnol. 2014, 5, 801-811.
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Figure 4: Fluorescence spectra of EY-RGOx in TMA solution. The
inset shows the fluorescence spectrum of EY in TMA solution. Condi-
tions: 30 ug mL™" GO or RGOXx; 1.0 x 1075 mol L™ EY;

7.7 x 102 mol L™ TMA.

measured on a laser flash photolysis spectrometer (Figure 5). It
is well-known that EY molecules are excited to the singlet
excited state ('EY™) which is of short-life, and then produce
long-lived triplet excited states ((EY™) by inter-system crossing
[45,46]. 3EY” has an absorption peak below 580 nm [47]. In the
absence of GO or RGOx, the lifetime of >EY ™ is 103.5 ps, while
in the presence of GO, the lifetime of SEY™ is reduced to
93.5 ps. The addition of RGO4 and RGO24 yields a declined
lifetime of SEY” to 89.4 and 79.6 ps, respectively. This result
confirms that RGOx can transfer the electron of 3EY ™ more
effectively than GO [16]. The ability to transfer electrons in
decreasing order is RGO24 > RGO4 > GO, which is in accor-
dance with the result of the fluorescence spectra.

Photocatalytic H, evolution

Figure 6 shows the photocatalytic Hy evolution of EY-sensi-
tized GO and RGOx under visible light irradiation. The amount
of H, evolution increases with an increase of the irradiation
time from 0 to 24 h, and then keeps almost unchanged. In the
absence of GO or RGOx, the photocatalytic activity of the
EY-Pt system is 21.5 umol, whereas in the absence of EY, no
hydrogen is produced from the RGO24/Pt system. This suggests
that the visible light activity is comes from the EY sensitization.
When GO is added to the EY solution, the photocatalytic

RGO4 RGO12 RGO24

15.0 32.7 74.3
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Figure 5: Transient absorption decay of 3EY” followed at 580 nm for (A) EY, (B) EY-GO, (C) EY-RGO4, and (D) EY-RGO24 under pulse irradiation

of 532 nm. Conditions: 30 pg mL~" GO or RGOXx; 2.0 x 107 mol L™" EY.

activity is 50.1 pmol. When RGO24 is added, the H; evolution
reaches 156.8 umol. The activity increases by a factor of 3.1
compared to the activity of EY-GO/Pt. This result can be attrib-
uted to an enhancement of the adsorption quantity of EY on the
surface of RGOx and the increased electron transfer ability (Ta-
ble 2 and Figures 2,4,5). However, further irradiation of GO
does not lead significant changes of the photocatalytic activity.
This may be attributed to a slow increase of the sp> domains of
RGOx after an irradiation time of over 24 h.

We also investigated the effects of the pH value, EY and
RGO24 concentration on the photocatalytic activity for
hydrogen evolution over EY-RGO24/Pt. Figure 7A shows that
the pH value has a remarkable effect on the photocatalytic
activity in the presence of TMA as a sacrificial donor. The
hydrogen evolution of EY-RGO24/Pt increases with a rise of
the pH from 7.0 to 10.0, and then decreases starting at 11.9
(nature pH). When the pH value of the TMA solution is 7.0, no
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Figure 6: Photocatalytic H, evolution of EY sensitized GO and RGOx.
Conditions: 30 ug mL™" GO or RGOXx; 1.45 x 107 mol L™! EY;

4.6 x 1078 mol L~" HoPtClg; 7.7 x 1072 mol L~! TMA, pH 11.9; irradi-
ation 2 h.
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hydrogen evolution is observed, because TMA (pKp = 4.22) is
completely protonated and TMAH™ cannot act as an effective
electron donor [48]. With the pH value increasing, more and
more TMA species exists in its molecular form. Thus, the
activity increases with the pH value and reaches a maximal
value at pH 10.0. However, over pH 10.0, the activity
decreases. This is caused by the increasing negativity of the
redox potential of H*/H,, which is disadvantageous for an

efficient generation of hydrogen [49].

Figure 7B displays the effect of the concentration of EY
on the photocatalytic activity. The activity increases with
increasing concentrations of EY. The maximal activity is at
5.0 x 107 mol L™! and then decreases with higher concentra-
tions. When the concentration of EY is 2.0 x 107> mol L_l, the
amount of generated hydrogen in 2 h is very low, only
0.7 umol. This may be due to the deceleration of the light
absorption of EY by RGO24, which results in the formation of
few photo-excited electrons at low concentrations of dye. When
the EY concentration increases to 5.0 x 1074 mol L~!, more and
more EY molecules adsorb at RGO24, which can effectively
absorb photons and transfer photo-induced electrons into the sp?
domains of RGO24 for hydrogen evolution. Nevertheless, with
a further increase of the concentration of EY, more and more
free EY molecules are in solution. These free dye molecules
cannot effectively transfer their photo-excited electrons to
RGO. Moreover, excess EY in solution may not only screen the
light absorption of EY-RGO but also produce self-quenching,
which greatly decreases the utilization efficiency of the inci-
dent light [20,50]. Thus, the photocatalytic activity decreases at
1.0 x 10 mol L' EY.

Figure 7C shows the influence of the concentration of RGO24
on the activity of hydrogen evolution. The activity enhances
with an increase of the RGO24 concentration and then declines.
The optimal concentration of RGO24 is 10 ug mL™!, and the
corresponding activity for hydrogen evolution is 290 umol. Its
calculated AQY reaches 12.9%, which is much higher than the
reported AQY of EY-sensitized RGO obtained by sodium boro-
hydride reduction [20]. The activity decreases notably at higher
RGO24 concentrations, which is ascribed to a strong visible
light absorption of RGO24 (Figure 1), which shields the absorp-
tion of EY.

The wavelength dependence of the photocatalytic H, evolution
of EY-RGO24/Pt was investigated. Figure 8 displays the AQY
for EY-RGO24/Pt as a function of the incident light wave-
length. AQY increases with increasing wavelength, the highest
AQY is 23.4% at 520 nm, and then it decreases. This corre-
sponds with the absorption wavelength of EY in TMA solution
(inset of Figure 8).
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Figure 7: (A) The effect of the pH value on the photocatalytic activity
of EY-RGO24/Pt. Conditions: 30 ug mL~' RGO24; 1.45 x 10™* mol L'
EY; 4.6 x 1078 mol L™" H,PtClg; 7.7 x 1072 mol L™ TMA,; irradiation

2 h. (B) The effect of the EY concentration on the photocatalytic Hy
evolution over EY-RGO24/Pt. Conditions: 30 pug mL™! RGO24;

4.6 x 1076 mol L™" HyPtClg; 7.7 x 102 mol L~! TMA, pH 10.0; irradi-
ation 2 h. (C) The effect of the RGO24 concentration on the photocat-
alytic H, evolution over EY-RGO24/Pt. Conditions: 5.0 x 10™* mol L~'
EY; 4.6 x 1078 mol L™! H,PtClg; 7.7 x 1072 mol L™ TMA, pH 10.0; ir-
radiation 2 h.
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Figure 8: AQY of the EY-RGO24/Pt photocatalyst plotted as a func-
tion of the wavelength of the incident light. Conditions: 10 pg mL™"
RG024; 5.0 x 10™* mol L™" EY; 4.6 x 1076 mol L™! H,PtClg;

7.7 x 102 mol L= TMA, pH 10.0; irradiation 2 h. The inset is the
UV-vis absorption spectrum of EY in TMA solution.

Mechanism

When GO is irradiated by UV light, holes h* (in HOMO) and
electrons e~ (in LUMO) are produced in its m-conjugated
domains due to m-n* band excitation [35]. These holes (h™) and
electrons (e7) react with the oxygen-containing groups of GO
sheets, e.g., the epoxy groups. The reactions can be expressed
as follows [51]:

C-0-C (GO) + 2H" + 2¢”

Q)
— C—C (defect carbon) + H,0

C-0-C (GO) + H,0 + 2h*

@

— C (defect carbon) + CO, +2H"

A n-cunjug;;i ;;‘::_ i’n ,,3'}

n-conjugated domain

}7 COOH

Scheme 1: Schematic diagram of the reduction of GO by irradiation.
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Similarly, photoreactions of the hydroxy group of the GO can

be described by the following reactions:

C-OH + H,0 + 3h* - CO, + 3H" 3)

C-OH + H" + ¢

4
— C (defect carbon) + H,O @

For the C=0 and O=C—-OH groups of GO, similar reactions take
place to form defect carbon atoms. In our irradiation system for
GO, due to the presence of O, (see Experimental section), the
solved O, would trap the electrons:

O,+ ¢ =0, 3)

The formed O, is a strong oxidant which can also oxidize the
oxygen-containing groups to form CO; and defect carbon
atoms. However, at a later stage of the reaction, the oxidation
action decreases, as more and more O, is consumed in the

closed reaction system.

The formed defect carbons (radicals) are active, and are
expected to react to form C=C. As shown in Scheme 1, n-conju-
gated domains extend, which is consistent with the results
shown in Figure 1 and Figure 2. At the same time , many holes
in RGOx sheets occur caused by the oxidation of the holes and
0O, produced by the UV excitation. Figure 9A and Figure 9B
show the morphology change of GO before and after the
photoreaction. Before the irradiation, GO are complete sheets
except for a few wrinkles. After the irradiation, many small
holes occur in the RGO24 sheet (Figure 9B), which is consis-
tent with the model shown in Scheme 1. The model is similar to
the one reported in [51].

B rt-conjugat]:i domain

n-conjugated domain

@@ C-OH

:‘t- c-0-C

e C=0
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Figure 9: TEM images of GO (A), RGO24 (B), RGO24 with deposited Pt (C), and HRTEM image of deposited Pt (D). The inset of Figure 9D is the
EDS spectrum.

The ferromagnetic properties [51] of RGO obtained by a
photoreaction and its paramagnetic resonance (EPR) spectra
[38] indicate that there are some radicals or defect carbons at
the zigzag hole edges of the RGO. The defect carbons or radi-
cals are stable due to larger m-conjugated domains, which are
expected to exist for a long time at room temperature [38,52].

When EY adsorbed at RGOx absorbs the visible light, the
excited EY” forms by transferring its HOMO electron to the
LUMO. The formed EY" injects its electron into the RGOx to
produce EY*. The electron can be transferred to the radicals or
defect carbons of RGOx via the n-conjugated domains (higher
conductivity) to form RGOx™ ions. Then, EY™ is transformed
into EY by the electron donor TMA. These processes can be
described by the following reactions.

EY + hv > EY" (6)
EY' + RGOx — RGOx™ + EY* (7
EY"+ TMA - EY + TMAgx ()

The formed RGOx™ can reduce PtClg2~ at the zigzag edges of
the RGOx.

PtCl>” + 4RGOx™ — Pt + RGOx+ 6CI°  (9)

Figure 9C shows the Pt nanoparticles deposited on the surface
of RGO24 by an in situ photoreduction of HyPtClg with EY
sensitization. It clearly displays the uniform Pt aggregated
nanograins with a diameter of 24-30 nm. High-resolution TEM
(Figure 9D) shows that the Pt nanograins consists of small Pt
nanoparticles with a diameter of about 5 nm. The lattice spacing
of 0.226 nm could be indexed to the {111} planes of Pt. After
the Pt deposition, the electron from the excited EY can transfer
to the radicals or defect carbons to form RGOx™ ions,
which would be trapped by the deposited Pt to reduce water into
H;.

2RGOx™ + 2H,0 — 2RGOx + H, + 20H" on Pt (10)

The possible mechanism for the photocatalytic H, evolution in
a EY-RGOx/Pt system is described by Scheme 2.
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RGOx sheet

Scheme 2: Proposed mechanism for the photocatalytic hydrogen
evolution of a EY-RGOXx/Pt system under visible light irradiation.

Conclusion

In summary, RGOx was prepared by a simple photoreaction
through controlling irradiation time. After the irradiation, the
epoxy, carbonyl and hydroxy groups of GO are gradually
removed, sp? m-conjugated domains increase, and the formed
RGO sheets have holes. The conductivity of RGOx and the
adsorption amount of EY on the surface of RGOx increase with
the irradiation time. The two factors lead to the enhancement of
the photocatalytic hydrogen evolution over EY-RGO/Pt with
increasing irradiation time. The maximal apparent quantum
yield of EY-RGO24/Pt for hydrogen evolution is up to 12.9%
under visible light irradiation (A > 420 nm), and 23.4% under
monochromatic light irradiation at 520 nm.

Experimental
Preparation of GO

All the reagents were of analytical grade except EY (bioreagent)
and were used without further purification. Graphite oxide was
synthesized from natural flake graphite powder (Sinopharm
Chemical Reagent Co. Ltd) by the modified Hummers method
[53,54]. In a typical method, natural graphite (2 g), NaNO3
(1 g), and H>SO4 (46 mL) were mixed in an ice bath, then
KMnOy (6 g) was slowly added to this mixture, and was stirred
continuously for 30 min. Then the resulting mixture was heated
to a temperature of 35 °C and was stirred for 2 h. 90 mL of
distilled water was added slowly to the mixture for 20 min.
Then the mixture was rapidly heated to 98 °C and kept stirring
for 15 min. 144 mL of distilled water and 20 mL of H,O, were
added to the mixture. After the reaction, the obtained yellow-
brown dispersion of graphite oxide was washed with 5% HCl
and water until pH 5 and dried in an oven at 60 °C. 0.5 g of
graphite oxide powder was added into 1 L of distilled water,
and the dispersion was treated with ultrasound (KQ-800KDB,
KunShan Ultrasonic Instrument Co. Ltd) for 2 h until the solu-
tion became clear to obtain a graphene oxide (GO) solution.
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Photoreaction of GO

100 mL of GO solution (0.5 mg mL™!) in a sealed Pyrex flask
with a flat window was irradiated with a Xenon lamp (XQ350,
ShangHai LanSheng Electronics Co. Ltd.). The headspace of
the flask is air. The irradiation time was 4, 12, 24 and 36 h, res-
pectively. The obtained reduced graphene oxide solution is
denoted as RGOx, where x represents the reaction time in hours.
In order to characterize the performance of RGOx, its powder
(denoted as RGOx-p) was obtained by centrifuging at
12000 rpm for 30 min and drying at 120 °C.

Characterization methods

An X-ray photoelectron spectrometer (XPS) was used to
analyze GO and RGOx on an ESCALAB250xi equipped with a
Mg Ka X-ray source. The Cls peak set at 284.8 eV was used as
an internal reference for the absolute binding energy. Attenu-
ated total reflection infrared (ATR-IR) spectra were recorded on
a FTIR Nicolet 5700 spectrometer equipped with a ZnSe crystal
horizontal ATR unit. UV—vis absorption spectra were measured
on a Hitachi U-3310 spectrophotometer with distilled water for
reference. The fluorescence spectra were measured on a Hitachi
F-7000 fluorescence spectrophotometer. The transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM)
images were taken on a JEOL JEM-2010 (TEM) equipped with
an energy dispersive spectrometer (EDS).

Electrochemical impedance spectroscopy (EIS) was measured
on an IVIUMSTAT electrochemical workstation (Netherlands).
The electrochemical experiments were performed in a
3-compartment cell with a glassy carbon electrode (diameter
2 mm) as the working electrode, a platinum wire as the counter
electrode, and an Ag/AgCl electrode as the reference electrode.
The electrolyte was a solution of 0.1 M phosphate buffer solu-
tion (PBS, pH 7), 0.1 M KCl, 10 mM K3Fe(CN)g and 10 mM
K4F€(CN)(,.

Adsorption amounts of EY on GO and RGOx were measured as
follows: 6 mL of GO or RGOx solution (0.5 mg mL™!) and
0.5 mL of 1 mM EY were added into trimethylamine (TMA)
solution (93.5 mL, 7.7 x 1072 mol L™!). The mixture was stirred
for 5 h at room temperature in the dark, and then centrifuged at
12000 rpm for 45 min to remove RGOx or GO with EY. The
EY concentration of the supernatant was measured on the spec-
trophotometer. The adsorption amount of EY onto RGOx was
calculated based on the concentration difference (AC) before
and after the mixing.

Transient absorption decay measurements for SEY" were
performed on a LP-920 laser flash photolysis spectrometer
(Edinburgh). The excitation pulses were obtained from the

unfocused second harmonic (532 nm) output of a Nd:YAG laser
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(Brilliant b), the probe light was provided by a Xenon short arc
lamp (450 W). The measured aqueous solution was prepared as
follows: 6 mL of GO or RGOx solution (0.5 mg mL™"), 0.2 mL
of 10 mM EY and distilled water were added to keep the
volume 100 mL, and then the mixtures were stirred for 30 min
at room temperature. The dispersion was transferred to a cuvette
with a cover, and then aerated for 20 min with nitrogen gas
before measurements.

Photocatalytic H, evolution

Photocatalytic H, evolution activity was evaluated in a similar
manner as described in [18]. The photocatalytic reaction was
carried out in a 190 mL Pyrex cell with a side flat window at
room temperature (an efficient irradiation area of ca. 16.9 cm?).
A high pressure Hg lamp (400 W) was used as the light source,
equipped with a cutoff filter (A > 420 nm) to remove radiation
below 420 nm. The IR fraction of the beam was removed by
means of a cool water filter to ensure an illumination with
visible light only. In a typical photocatalytic experiment, 6 mL
of GO or RGOx solution (0.5 mg mL™!), 1.45 mL of 10 mM
EY solution, and 0.24 mL of 1.93 mM H,PtClg aqueous solu-
tion were added to 92.3 mL of TMA solution. Before irradi-
ation, the suspension of the catalyst was bubbled with N, for
30 min to completely remove oxygen. Sampling was operated
intermittently through the septum during experiments. The
amount of photocatalytic hydrogen evolution for 2 h of irradi-
ation was determined on a gas chromatograph (TCD, 13X mole-
cular sieve column, N as gas carrier).

The average photon flux of the incident light determined on an
FGH-1 Ray virtual radiation actinometer (light spectrum:
400-700 nm) was 363 pmol m~2 s~!. The apparent quantum
yield (AQY) was calculated according to the following equa-
tion.

mol of hydrogen evolved <100

AQY [%]=2x S
mol of incident photons

The quantum yields under monochromatic light irradiation were
also measured by using various monochromatic LED lamps
(UVEC-4, Shenzhen LAMPLIC Science Co.Ltd, China) as light
sources. The apparent quantum yields were based on the
amount of produced hydrogen for 2 h irradiation by using
various LED lamps. All other reaction conditions except the
light resources were identical to the conditions of the photocat-
alytic reaction.
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Photovoltaic characteristics of dye-sensitized solar cells (DSSCs) using TiO, nanotube (TNT) arrays as photoanodes were investi-

gated. The TNT arrays were 3.3, 11.5, and 20.6 um long with the pore diameters of 50, 78.6, and 98.7 nm, respectively. The longest

TNT array of 20.6 um in length showed enhanced photovoltaic performances of 3.87% with significantly increased photocurrent

density of 8.26 mA-cm 2. This improvement is attributed to the increased amount of the adsorbed dyes and the improved electron

transport property with an increase in TNT length. The initial charge generation rate was improved from 4 x 102! s7l-em™ to

7 x 102! s7l.em™ in DSSCs based on optical modelling analysis. The modelling analysis of optical processes inside TNT-based

DSSCs using generalized transfer matrix method (GTMM) revealed that the amount of dye and TNT lengths were critical factors

influencing the performance of DSSCs, which is consistent with the experimental results.

Introduction

Owing to its chemical durability, non-toxicity, and abundance,
TiO; has attracted great attention as a good photoelectrode ma-
terial in dye-sensitized solar cells (DSSCs) [1,2]. In particular,
the light harvesting capacity and dye loading, which are the
important parameters affecting the amount of photogenerated
electron charges for DSSCs performance, can be controlled by

the structure and morphology of TiO,. For instance, roughness-

increased surface-structured TiO, photoelectrode layers,
composed of sub-micrometer sized particulate, 2D-structured,
or 1D-structured TiO,, can improve the light harvesting effi-
ciency by promoting light scattering [3-5]. In addition, the elec-
tron transport or recombination rate could be influenced by
physical properties such as porosity, morphology, crystallinity,
and uniformity of the TiO; structure [6-9]. TiO, photoelectrode
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candidate materials with different structures and morphologies
such as mesoporous TiO,, nanorods, nanotubes, nanosheets and
hollow spheres have, therefore, been investigated to improve
the performance of DSSCs by using various synthetic and
modification methods [4-6,10,11].

Compared to the conventional DSSCs, which employ meso-
porous TiO, nanoparticles, vertically well-ordered TNT-based
DSSCs presented an enhanced electron transport by efficiently
reducing the recombination possibility of photogenerated
charge carriers through minimizing the trapping sites that
normally exist in the grain boundaries of randomly oriented
TiO, particulate films [12]. Consequently, this enhanced charge
transport led to an improvement in the efficiency of light energy
conversion. According to Zhu et al., as considering the charge
collection efficiency between TiO, nanoparticle-based and
TNT-based DSSCs with comparable TiO; thickness, the TNT-
based DSSCs showed a 25 % higher charge collection effi-
ciency than the TiO, nanoparticle-based DSSCs. An
outstanding optical effect induced by the well-ordered 1D-struc-
ture of the TNT array contributed to the improvement of the
photovoltaic performance as well [5]. The light that penetrates
into the open channels of the TNT array is scattered into deeper
sites of the nanotubes, generating larger volume of excited elec-
trons, thus enhancing the light harvesting efficiency in DSSCs
[5,13]. Likewise, one of the strategies to improve the photo-
voltaic performance of the DSSCs is to increase the light
harvest by tuning the optical processes in the devices. The
optical processes in the solar cells include electric field inten-
sity, charge generation rate, absorption and reflectance at all the
interfaces formed between structural layers and electrodes in the
devices [14,15]. These optical processes inside the devices can
be modeled trough physical and optical parameters of the
layers. In this work, the optical modeling study will provide
critical insight for the experimental design by understanding the
internal optical processes and parameters within the structure.
Despite the promising optical properties of TNT arrays, the
optical modeling of TNT-based DSSCs has rarely been studied.

~

\—’
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Ti metal substrate
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Thus the experimental work of TNT-based DSSCs coupled with
optical modeling will be a good platform to understand the
photovoltaic performance of the solar cells. The optical
modeling result will provide the important information in
assigning major contributing factors in the improvement of

DSSC performance.

In this work, we present a comprehensive study on the ruthe-
nium-based N719 dye-sensitized solar cells using TNT
photoanodes through experimental work coupled with optical
modeling analysis. The photovoltaic performances and electron
transport properties of the fabricated DSSCs with different
thickness of the TNT photoanodes are investigated. The simpli-
fied standard structures under the experimental condition are
simulated by using a generalized transfer matrix method
(GTMM) [15,16]. The comparison of the experimental results
with the optical modeling results presents how charge genera-
tion and charge transport are associated with the unique
morphological property of 1D-TNT photoanodes when

enhancing the photovoltaic performance.

Results and Discussion
TNT-based N719 dye-sensitized solar cells

Prior to fabricating DSSCs, the anodization condition for TNT
arrays as photoelectrodes was determined. The lengths of TNT
arrays employed in the DSSCs fabrication were 3.3, 11.5, and
20.6 um with different pore diameters of 50, 78.6, and 98.7 nm,
respectively. In Figure 1, TNT-based DSSCs are operated by
harvesting light illuminated from a back side passing through
Pt-deposited FTO glass, and subsequently the penetrated light is
absorbed by dye-sensitized well-ordered TNT arrays.

In Figure 2, the photocurrent density—voltage curves for the
TNT-based N719 DSSCs are shown depending on 3.3, 11.5,
and 20.6 pm long TNT arrays as photoelectrodes. The DSSC
with 3.3 um long TNT arrays shows a short-circuit density (Jgc)
of 1.32 mA-cm™2, an open-circuit voltage (V) of 0.76 V, and a

fill factor (FF) of 0.65, with a solar energy conversion effi-

i Back side light illumination

Cover glass

-— Sealant

+«—FTOglass

Pt metal (deposited)

Dye adsorbed TNT
array containing
electrolyte

Figure 1: Schematic diagram of TNT-based DSSCs under back side light illumination (Inset SEM image indicates well-ordered TNT arrays prepared

by anodization).
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Figure 2: Photocurrent—voltage characteristics of N719-DSSCs fabri-
cated by using 3.3 pm, 11.5 pm, and 20.6 ym TNT arrays under an
AM 1.5 solar simulator (100 mW-cm™2).

ciency of 0.65%. Meanwhile, 11.5 and 20.6 um long TNT
array-based DSSCs exhibited increases in Jg. to 6.02 mA-cm ™2
(FF = 0.62) and 8.26 mA-cm 2 (FF = 0.67), respectively,
whereas their V. values were reduced to 0.72 and 0.70 V, res-
pectively. Consequently, in comparison with the photovoltaic
performances of the 3.3 pm long TNT-based DSSC, these
photovoltaic performances led to enhanced solar energy conver-
sion efficiencies of 2.7% for the 11.5 pm long TNT array-based
DSSC and 3.87% for the 20.6 um long TNT array-based DSSC.
Considering the results in Figure 2 and Table 1, the improved
Jsc with the increase in the lengths of TNT arrays can be attrib-
uted to a larger surface area available for the adsorption of
larger amounts of dye (Table 1), thus leading to the large
amount of photogenerated electrons. Meanwhile, the decreased
Voc with the increase in the tube lengths can be explained by the
electron dilution effect. The intensity of the penetrated light
gradually decreases with an increase in the thickness of an elec-
trode. Therefore, as the tube length increases, the excessive
electron density becomes lower, resulting in a lower V.. The
higher series resistance of a longer tube length also influences

the reduction of photovoltage [17-19].

As seen in Figure 3, under the short-circuit condition, the inci-
dent photon-to-current conversion efficiency (IPCE) measure-

Beilstein J. Nanotechnol. 2014, 5, 895-902.
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Figure 3: IPCE spectrum of the N719-DSSCs fabricated by using
3.3 ym, 11.5 pm, and 20.6 ym TNT arrays.

ment was performed on the samples characterized in Figure 2.
As the primary IPCE peak of N719-dye sensitized devices is
usually observed at a wavelength of approximately
530-550 nm, the IPCE value of the 3.3 um long TNT array was
around 23% in this wavelength range. The increase in tube
lengths to 11.5 and 20.6 um led to the enhancement of the IPCE
values to 57% and 63%, respectively. Below 500 nm the IPCE
values were rapidly decreasing due to the reduced light absorp-
tion by the reflection effect of the electrolyte layer and the Pt
deposited FTO glass in the counter electrode through back side
illumination [20]. The steady increase in IPCE with longer tube
lengths is attributed to the increase in Jg. by the increased
amount of dyes adsorbed on the longer TNT arrays, followed by
a further increase in the overall energy conversion efficiency. In
principle, the IPCE depends on the light harvesting efficiency
(LHE), the efficiency of electron injection from the photoex-
cited dye into the TiO, conduction band (njy;j), and the effi-
ciency of charge collection at contacts (n¢.) (Equation 1).

IPCE = LHE X 1j5; X N )

Herein, the LHE is determined by the amount of adsorbed dye,
which is proportional to the tube length, and the light scattering
effect that depends on film thickness and morphology [5,21,22].

Table 1: Photovoltaic performances of N719-DSSCs using different TNT arrays under an AM 1.5 solar simulator.

TNT length Voc Jsc FF efficiency n dye loading pore volume
(Mm) V) (mA-cm™?) (%) (MM-cm™2) (x 1075 cmd)
3.3 0.76 1.32 0.65 0.65 20 5.94
11.5 0.72 6.02 0.62 2.70 38 12.36
20.6 0.70 8.26 0.67 3.87 59 28.24
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Zhu et al. studied the differences of LHE between TNT-based
DSSCs and TiO; nanoparticle-based DSSCs. With comparable
dye coverage and redox electrolyte composition on the different
TiO; electrodes, the TNT-based DSSCs showed an enhanced
LHE value, which was ascribed to enhanced channeled light
scattering in the TNT array with respect to that in the TiO,
nanoparticulate film [5]. Taking these results into account, the
TNT morphology is beneficial to enhance the photovoltaic
performances in the DSSCs by facilitating light scattering
effects while enabling the manipulation of the tube length to
accommodate for larger amounts of dye.

For the understanding and characterization of the fundamental
photovoltaic parameters of the DSSCs, electrochemical imped-
ance spectroscopy (EIS) offers valuable information. Figure 4
shows the Bode phase plots and the Nyquist plots obtained from
electron transfer at the TiO, and electrolyte interface under a
solar simulator of AM 1.5. Figure 4a shows the negative shift of

—
(a) 70+ 1 1
1 1 L} 3.3 um
60 1 ﬁl ® 115 um
[ il |
5 ‘= A 206 pm
T m ! =
[ 1
o # L
-40 - 1
QE;’ 0 N, n
[ ]
T
= 30+ I‘. ]
© 1 1 @ ]
@ 20 I L
< 1
= 10 - 1 1
0
10 -
T T T T Ty Ty MERERALLY | AERRLRALLY |
10" 10° 10’ 10° 10° 10 10° 10°
Frequency / Hz
(b) -140 = 33um
] e 11.5um
-120 A 20.6um
100 Focak = 16.7 Hz
£ 1 n "
< -80 f,&,k:= 3.94 Hzg . .
-~ 1 | ]
: -
i B .
N _40_‘ | ®  foeax= 7.68 Hz .
-20 - . 00 %%, 'i
O—ﬁ T T T T T
0 50 100 150 200
Z [ ohm

real

Figure 4: Experimental impedances of the N719-DSSCs fabricated
using 3.3 pm, 11.5 ym, and 20.6 ym TNT arrays. (a) Bode phase plots
and (b) Nyquist plots.
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the frequencies of the main peaks with an increase in the
lengths of TNT arrays. The peak frequencies were 16.7, 7.68,
and 3.94 Hz with 3.3, 11.5, and 20.6 pum long TNT-based
DSSCs, respectively. These peak frequencies in the Bode plot
and the large semicircles in the Nyquist plot seen in Figure 4b
are derived from the charge transfer reaction at the dye-sensi-
tized TNT and electrolyte interface, whereas the smaller semi-
circle of the two semicircles in the Nyquist plots is attributed to
the redox reaction at the electrolyte and counter electrode inter-
face. In the meantime, the series resistance values of the DSSCs
using 3.3, 11.5, and 20.6 um long TNT arrays were 5.48, 5.86,
and 6.51 Q, respectively, indicating the series resistance
obtained from EIS analysis is closely related to the thickness of
the TiO, films. It is clear that the series resistance increases
with the increase in the length of the TNT arrays. This is
confirmed by the result that the low V. value observed for the
DSSC, which uses the long TNT array, shown in Figure 2, was
due to the high series resistance. From the EIS results, further-
more, the electron lifetime of the 20.6 um long TNT-based
DSSCs with a lower peak frequency was longer than those of
DSSCs using shorter TNT arrays (3.3 and 11.5 pm in length)
with relatively high peak frequencies (Equation 2). The elonga-
tion of electron lifetime in the longer TNT arrays can be attrib-
uted to an increase in the electron retention time, accompanied
by an increase in electron diffusion length from Equation 3.

1

= peak_ (@)

L=(p-7)"? 3)

where T, fpeak, L, and D represent the electron lifetime in TiO»,
the peak frequency of a large semicircle in Figure 4a, the elec-
tron diffusion length, and the diffusion coefficient, respectively.

Optical modeling of TNT-based dye-sensi-

tized solar cells

The generalized transfer matrix method (GTMM) has been
applied to calculate and analyze the interference effect by multi-
layers in solar cells [15]. The optical modeling using GTMM
provides reliable information about the spatial distribution of
the electric field intensity and the internal light absorption effi-
ciency of the solar cells with mixed coherent and incoherent
multi-layers [16]. The electric field intensity and charge genera-
tion rate as a function of the thickness of multi-layers and light
fraction intensity were calculated based on Equations 4—6
according to Burkhard et al. [15]. For this, the only needed term
of the optical constants is the imaginary part, .

k= ha/4n 4)
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where A is the wavelength of light and a the absorption coeffi-
cient. a is related to the optical density and the transmitted

intensity by,

o = (optical density) ln(lO)/x %)

1[Iy = (6)

where 1/ is the fraction of light that remains after passing
through the film and x is the layer thickness.

Figure 5 shows the calculated electric field intensity of the
DSSCs with different TNT lengths by using GTMM. The elec-
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Figure 5: (a) A schematic diagram of charge separation driven by the
electric field intensity as a function of layer thickness and (b) Electric
field intensity of DSSCs with different TNT lengths calculated by using
GTMM. (The onset values, 30 nm, 90 nm, and 110 nm, are electric
field-valid layer thickness. That is the distance from the Pt layer.)
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tric field formed between active layers of solar cells triggers the
charge separation of electron and hole generated in the solar cell
system. The electric field intensity in Figure 5a shows the
behavior of charge separation occurring at an interface between
multi-layers as a function of the position in the device. The pos-
ition in the device refers to the distance from the first layer (Pt
layer) illuminated by light. Herein, for the modeling analysis,
the configuration of DSSCs was simplified to three main layers:
Pt layer, dye-sensitized TNT layer, and Ti foil, which are in the
order of light contact under back-side light illumination.
Figure 5b shows the electric field intensity of DSSCs when
3.3 um, 11.5 pm, and 20.6 um long TNT arrays are applied as a
photoanode. The illuminating light has a wavelength of 550 nm,
which is a primary light absorption peak of N719 dye, corres-
ponding to the IPCE result in Figure 3. Under the same illumi-
nation of 550 nm wavelength, the magnitude of the electric field
intensity increased with the increase in the lengths of the TNT.
The magnitude of the dye/TNT active region in DSSCs using
20.6 um long TNT arrays was the largest as seen in the blue-
colored integrated area of Figure 5b, where the DSSCs with
20.6 pm long TNT arrays is expected to have the best light
absorption efficiency at the wavelength of 550 nm. In addition,
the valid layer thickness governed by the electric field intensity
in DSSCs is a function of the TNT lengths: they were 30, 90
and 110 nm for 3.3, 11.5 and 20.5 um long TNT arrays, respect-
ively, as determined by the onset points of the position in
device. Considering the fact that the employed TNT arrays are
on the micrometer-scale, the valid layer thickness at the
nanometer-scale indicates the active layer in the DSSCs is
mainly controlled by the adsorbed dye on the TNT array. The
valid layer thickness is likely to be the imaginary thickness of
the adsorbed dye layer in terms of optical modeling although
the adsorbed dye is usually considered as a volume. Therefore,
with the longer TNT array, the larger magnitude of the electric
field intensity and the thicker electric field-valid layer
contribute to the higher light harvesting with an enhanced
charge separation. This is well matched with the Jg. and IPCE
results and this explanation is supported by the modeled results

which will be discussed later.

Figure 6 shows the light intensity fraction of absorption and
reflectance of the TNT-based DSSCs by using GTMM with
3.3 um, 11.5 pm, and 20.6 um long TNT arrays. As indicated in
Figure 6a, the rate of reflection of light is higher than the rate of
absorption of the dye, which indicates that incident light is lost
by reflection. This clearly supports that the IPCE value of
DSSCs with the 3.3 um long TNT array was lower at all inci-
dent wavelengths than those of longer TNT-employed DSSCs
(Figure 3). Additionally, the fluctuating light fraction intensity
result of 3.3 um long TNT-DSSCs presents the active layer
consisting of dye and TNT array did not absorb the penetrating
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light effectively, confirmed by the experimental result of the
lowest Jg. (1.32 mA-em™2). In contrast, with longer TNT
lengths of 11.5 um and 20.6 pm, the reflectance and absorbance
shows significantly reversed changes (Figure 6b and Figure 6¢).
As the light is illuminated into DSSCs using 11.5 pm and
20.6 um long TNT arrays, the reflectance dramatically
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Figure 6: Calculated absorption and reflectance of the DSSCs with
different TNT lengths by using GTMM: (a) 3.3 ym long TNT array,
(b) 11.5 ym long TNT array, and (c) 20.6 ym long TNT array.
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decreases and the absorption significantly increases, while the
magnitude of light fraction intensity of the 20.6 pm long TNT
array is slightly higher than that of the 11.5 um long TNT array.
These light fraction intensity results reflect the charge genera-
tion rate with different TNT lengths in Figure 7.
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Figure 7: Calculated charge generation rate of the DSSCs with
different TNT lengths using GTMM under 1 sun condition

(100 mW-cm~2). Charge generation rate for DSSCs with (a) 30 nm
thick electric field-valid layer of a 3.3 ym long TNT array, (b) 90 nm
thick electric field-valid layer of a 11.5 um long TNT array, and (c) 110
nm thick electric field-valid layer of a 20.6 ym long TNT array.
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While the major contribution of GTMM is to understand the
electric field intensity distribution, it can also be applied for
calculating the amount of generated charges in the photo-active
layer [23]. In all cases, charge generation is mostly in the dye-
sensitized active layer. In Figure 7, the charge generation rate is
calculated in the range of the electric field-valid layer thick-
nesses obtained from Figure 5b. There is an initially high rate of
charge generation which gradually decreases. This is due to an
increase in recombination and a decrease in light absorption
with an increase in thickness of layer. With an increase of the
electric field-valid layer thickness from 30 nm to 110 nm
(Figure 5b), the initial rate of charge generation of
4 x 102! s71-cm™ is boosted up to 7 x 102! s71-cm™. While the
initial charge generation rates of DSSCs using 11.5 um long
TNT arrays and 20.6 um long TNT arrays are comparable, their
slopes in Figure 7b and Figure 7c show different patterns. In
Figure 7c, the generated charge is retained up to 50 nm of pos-
ition in the device before it drops. In contrast, Figure 7b shows
that the generated charge rate rapidly decreases within the range
of the electric field-valid layer of 90 nm. Therefore, compared
to Jge (6.02 mA-cm2) of DSSCs using 11.5 pm long TNT
arrays, the higher Jy (8.26 mA-cm 2) of DSSCs using 20.6 pm
long TNT arrays was attributed to relatively high charge gener-
ation rate [24]. By comparing the calculated charge generation
rates with experimental data such as IPCE and EIS, the
enhancement of photovoltaic performance with higher Jg is
achieved from the improvement of charge generation rate facili-

tated by light harvest, charge separation and electron lifetime.

Conclusion

DSSCs using 1D-TNT photoanodes have been comprehen-
sively studied by optical modeling-assisted characterization.
The photovoltaic performance of DSSCs with longer TNT
lengths was significantly enhanced through an increase in Jj.
The amount of dye and IPCE analysis confirmed the increase in
Jsc was due to the increased light harvest rate, supported by the
charge generation rate calculated from optical modeling using
GTMM. The increase in Jg. was also due to the excellent charge
transport property of 1D-TNT structured photoanodes accompa-
nying effective electron—hole charge separation and longer elec-
tron lifetime, which were confirmed by EIS analysis and the
simulated electric field intensity. Therefore, our characteriza-
tion approach employing optical modeling contributes to a
deeper understanding of the improved light harvesting and
charge transport properties observed in the solar cell devices
using 1D-TNT photoanodes.

Experimental
Fabrication of TNT-based DSSCs

Under the anodization conditions of 60 V with ethylene glycol
containing 0.5 wt % NaF and 5 wt % water, TNT arrays
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(6 x 6 mm?) with different lengths and pores were obtained by
various anodizing durations of 1, 5, and 15 h [25]. The TNT
arrays were immersed in 0.04 M of TiCly at 70 °C for 30 min
followed by rinsing with water. The TiCly treated TNT was
calcined at 450 °C for 3 h and reheated to 450 °C for 30 min if
not immediately used. For N719-DSSCs, the TNT array was
soaked in 0.3 mM N719 (cis-diisothiocyanato-bis(2,2'-
bipyridyl-4,4’-dicarboxylato)ruthenium(IIl) bis(tetrabutylammo-
nium)) dye solution in anhydrous acetonitrile for 18 h. N719
compound was purchased from Sigma-Aldrich. A sandwich-
type DSSC was assembled using the dye-sensitized TNT array
onto the Ti foil (20 x 20 mm?) as a photoelectrode and plat-
inum-deposited fluorine-doped tin oxide (FTO) glass
(20 x 15 mm?, Asahi, R < 8 Q-sq”!) as a counter electrode sep-
arated by a sealant (Surlyn 60 pm thickness, Solaronix). The
electrolyte was a mixture of 0.1 M Lil, 0.6 M 1, 2-dimethyl-3-
propylimidazolium iodide (DMPII), 0.03 M I, and 0.5 M
t-butylpyridine (#-BP) in acetonitrile. The electrolyte was
injected to the cell through a hole (diameter 1 mm) drilled
through the counter electrode with the aid of a vacuum.
The fabricated active area in the single cell was 0.16 cm?
(4 x 4 mm?).

Characterization of TNT-based DSSCs

The photovoltaic performances of the DSSCs were measured
using a Keithley 2400 source measure unit under a calibrated
AM 1.5 solar simulator (Oriel) at 100 mW-cm™2 light intensity.
Incident photon-to-current conversion efficiency (IPCE) spectra
of the devices were measured under a Xe-lamp (Newport
66902) equipped with a monochromator (Newport 74125). The
light illumination was concentrated onto a spot smaller than the
cell area. The short-circuit current response of the devices was
measured in 5 nm steps using a Keithley 2400 source measure
unit. The amount of adsorbed dye concentration was deter-
mined by measuring the absorbance of dye solution desorbed
from the surface of the TNT array in basic solution. In order to
desorb dyes, N719 dye-adsorbed TNT arrays were immersed in
a 0.1 M NaOH in water for about 40 min. The absorbance
measurement was performed using UV—vis spectrophotometer
(Cary 300, Varian). The electrochemical impedance spec-
troscopy (EIS) measurements were performed by illuminating
the DSSCs with a AM 1.5 solar simulator calibrated at
100 mW-cm ™2 at open-circuit conditions between 0.1 Hz and
100 kHz with an AC amplitude of = 10 mV using a Gamry
Reference 600 instrument.

Transfer matrix method analysis for TNT-
based DSSCs

For transfer matrix method analysis for TNT-based DSSCs, the
ellipsometry measurement system was used to get the

optical constants such as refractive index (n) and extinction
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coefficient (k). Prior to the ellipsometry measurement, the indi-
vidual layers inside the DSSCs were prepared on a cleaned Si
wafer of 2.5 x 2.5 cm?. The Si wafer was sequentially cleaned
in acetone, isopropyl alcohol and milli-Q water with 5 min soni-
cation, respectively. The N719 dye and Pt layers were deposited
on the Si wafer using spin coating under the condition of
2000 rpm for 60 s. For the TNT arrays, TNT arrays with three
different lengths (3.3 pm, 11.5 um, and 20.6 pm) were trans-
planted from Ti foil substrate to the Si wafer with 0.04 M TiCly
solution and then calcined at 450 °C for 3 h. The Ti foil was cut
to 2.5 x 2.5 cm?. Optical constants were obtained by using a
VUV-VASE ellipsometer system (J. A. Woollam Co., Inc.).
The transfer matrix program and procedure were adopted from
the literature [15,16].
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Abstract

Photocatalytic hydrogen production from water has been considered to be one of the most promising solar-to-hydrogen conversion
technologies. In the last decade, various functionalized nanostructures were designed to address the primary requirements for an
efficient photocatalytic generation of hydrogen by using solar energy: visible-light activity, chemical stability, appropriate band-
edge characteristics, and potential for low-cost fabrication. Our aim is to present a short review of our recent attempts that center on
the above requirements. We begin with a brief introduction of photocatalysts coupling two or more semiconductors, followed by a
further discussion of the heterostructures with improved matching of both band structures and crystal lattices. We then elaborate on
the heterostructure design of the targeted materials from macroscopic regulation of compositions and phases, to the more precise
control at the nanoscale, i.e., materials with the same compositions but different phases with certain band alignment. We conclude
this review with perspectives on nanostructure design that might direct future research of this technology.

Review

Introduction

The increasing energy demand as well as the serious environ-  factured from hydrocarbons such as fossil fuels, which limits its
mental contamination caused by the usage of fossil fuels give  wide utilization. Therefore, the ability to economically and effi-
rise to the necessity to develop clean alternative fuels. Hydro-  ciently harvest hydrogen from renewable energies is central to
gen, as a pollution-free and storable energy fuel, is a promising  advances in many areas and should be the fundamental research

substitute of fossil fuels. Nowadays hydrogen is mainly manu-  issue [1-4]. Photocatalytic hydrogen production from water by
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using solar energy is one of the most acceptable routes for this
aim, since only abundant water and solar energy are needed for
hydrogen production in the process. If the economic viability
for industrial application is successfully satisfied, it will ulti-
mately solve the energy and environmental problems [5,6].

Since the first report by Fujishima and Honda in 1972 [7], hy-
drogen production from water over semiconducting powders or
films by using solar energy has been extensively studied. Ther-
modynamically, the reaction of producing hydrogen and oxygen
from water splitting has a standard Gibbs free energy (AG) of
237 kJ/mol and is therefore an uphill reaction. Energy input is
therefore indispensible for this reaction to proceed. In principle,
the photocatalytic reaction over semiconductors is triggered by
the direct absorption of a photon by the band gap of semicon-
ductor materials (Figure 1). Upon photon excitation, the photo-
generated charges move to the surface of semiconductor parti-
cles where photocatalytic reactions occur. Consequently, the
efficiency of photocatalytic water splitting is closely affected by
the band structure of the semiconductors [8].

H +e¢ —H

H;O + 2ht—» % 0, + 20"

@ FElectron

Hole

Figure 1: Basic principle for overall water splitting over semiconductor
photocatalysts. Reprinted with permission from [6]. Copyright (2010)
Elsevier.

The band gap of semiconductor photocatalysts must be larger
than the potential of water electrolysis to meet the energetic
requirement for overall water splitting (1.23 eV, corresponding
to an absorption threshold of 1000 nm). In particular, the
bottom level of the conduction band (CB) must be more nega-
tive than the reduction potential of water, while the top level of
the valance band (VB) should be more positive than the oxi-
dation potential of water. In order to utilize the abundant visible
light from the sun, the band gap of photocatalysts has to be less
than 3.0 eV (corresponding to an absorption threshold larger
than 420 nm). Efficient utilization of these huge amounts of
"low energy" photons is crucial to the realization of commer-
cial solar photocatalytic hydrogen production. To this end, band

engineering is necessary to design semiconductor photocata-
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lysts with satisfactory hydrogen production efficiency. In addi-
tion, the photocatalytic efficiency also depends on the fate of
photogenerated hole—electron pairs. To improve the quantum
efficiency (QE) of a photocatalytic process, two sequential
steps, (1) the efficient separation and transfer of the photogener-
ated charge carriers to the target surface reaction sites within
their life time to avoid their recombination in the form of heat
dissipation, and (2) the rapid implementation of reduction and
oxidation reactions by those excited charges, should be
promoted.

Among the various approaches, nanostructure design with well-
tailored band alignment provides a powerful means to the
improvement of the photocatalytic activity. In the process of our
study, we have also paid special attention on the nanoscale
control of the material morphology and construction of func-
tionalized nanostructures to promote charge separation and
prolong the lifetime of the photoexcited charge carriers. Our
discussion is principally organized around this topic, which
constructs the main theme of this review.

Strategies for the development of various

functionalized nanostructures

Nanosized functionalized morphology

As mentioned above, absorption of photons with energy equal
or higher than the band gap of the semiconductor could lead to
photogenerated electrons (¢”) and holes (h™) within conduction
and valence bands, respectively. Generally, the photocatalytic
reaction often occurs at the semiconductor surface. So the
ability to accelerate the migration of photogenerated charges
from the interior of the semiconductor to its surface avoiding
their bulk recombination enables substantial improvement of
photocatalytic efficiency. In this regard, semiconductors with
nanosized functionalized morphology could be a beneficial
choice. Since the first reports on mesoporous silica MCM-41
[9], inorganic oxides with controlled porosity have been exten-
sively investigated. It is known that mesoporous photocatalysts
usually exhibit high specific surface areas that can provide more
surface reactive sites. The nanoscale channel walls of meso-
porous photocatalysts can also facilitate the migration of photo-
generated charges from bulk to surface [10]. It has been
reported that porous semiconductor photocatalysts, such as
TiO; [11], NbyO5 [12] and TayOs5 [10], displayed much better
photocatalytic properties than their bulk counterparts. Mean-
while, when semiconductor nanocrystals are dispersed in the
mesoporous substrate, greatly enhanced photocatalytic prop-
erties can also be achieved. For example, dispersing TiO,
nanoclusters in MCM-41 [13] and MCM-48 [14] resulted in
much higher photocatalytic activities than that of bulk TiO,
under UV light irradiation. Our work was carried out on Ni

modified mesoporous TiO, photocatalysts [15]. It was found
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that Ni ions were highly dispersed in the framework of meso-
porous TiO; resulting in enhanced hydrogen production in
methanol aqueous solution compared to Ni-doped particulate
TiO,. The photocatalytic activity was found to have a close
relationship with the doping amount of Ni ions and the highest
activity was obtained when the amount of Ni doping was 1%.
Here, the enhanced photocatalytic activity was attributed to
doped Ni%" jons which served as shallow trapping sites, prefer-
entially trapping photoexcited holes. The assumption of the role
of Ni?* as shallow trapping sites could be rationalized by
considering that the energy level of Ni2" is located very close to
the valence band edge of TiO; [16]. After trapping a hole, Ni2*
will be oxidized to Ni3*. However, due to the instability of
Ni3*, it will quickly return to Ni?™ again. The shallow trapping
can therefore separate the arrival of photogenerated charges at
the surface, so the recombination at the channel surface of
mesopores could be greatly reduced. However, when the doping
concentration is higher than the optimal level, or for too large
particles, the exited hole can be trapped more than once, and
recombine with the electron excited by another photon. An
optimal dopant concentration is therefore crucial. In another
example, we also synthesized Fe-doped mesoporous Ta,O5 that
showed an enhanced activity compared to the bulk counterpart
[17].

It should be pointed out that TiO; can only respond to UV light,
even metal ion doping can hardly enhance its visible light
activity. Sensitization with dyes or nanocrystals is one possible
approach to extend the light absorption of TiO,. Sreethawong et
al. found that eosin Y-sensitized mesoporous-assembled
Pt/TiO, nanocrystal photocatalysts exhibited enhanced photo-
catalytic hydrogen production under visible light irradiation
[18]. Lee et al. also reported that CdS and CdSe nanocrystals
dispersed on the internal surface of mesoporous TiO; films
could lead to the promoted photocatalytic hydrogen production
under visible light [19]. We have also investigated the visible-
light-driven photocatalytic performance over a nanosized WS,-
sensitized mesoporous TiO, photocatalyst [20]. Compared to
bulk TiO, without mesopores, more WS, can be loaded in the
mesoporous TiO,. Moreover, the mesoporous channels can
prevent the light-induced detachment of WS, nanoparticles
from the substrate during the photocatalytic reaction. These
factors resulted in much higher activity and better stability, as
schematically illustrated in Figure 2. Here the elevation of the
conduction band of nanosized WS; due to quantum confine-
ment effect is considered to be crucial. As the recombination of
photogenerated charges within TiO, could be neglected, the
rate-determining step for photocatalytic reaction is the electron
transfer from TiO; to H" in the solution. Therefore, deposition
of Pt as cocatalyst is indispensable for an efficient hydrogen

evolution.
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Figure 2: lllustration of mesoporous wall on the anti-photocorrosion of
sulfide photocatalyst.

Generally, MCM-41 is not photo-reactive. But it can be acti-
vated by coupling with a semiconductor or doping a tran-
sitional metal. Figure 3 shows the proposed charge separation
mechanism within a representative transitional metal-containing
molecular sieve photocatalyst [21]. In principle, after excitation
by visible light, photogenerated electrons are transferred from
CdS to the Ti-MCM-41 substrate to conduct a reduction reac-
tion. The holes, on the contrary, remain at the CdS to let oxi-
dation reactions occur. We also investigated the effect taken by
transitional metal doping such as Cr or/and Ti incorporation in
MCM-41. Active visible light absorption sites could be gener-
ated in MCM-41 due to transitional metal doping. It was found
that the highly dispersed Cr ions within MCM 41 could be
easily excited by visible light irradiation due to the electron
transfer from 0%~ to Cr®". Such excited states are active for
charge transfer and thus showed a relatively high photocatalyt-
ic activity. Accordingly, the unique arrangement of the local-
ized charges in the ordered mesoporous structure leads to a
significantly prolonged life time of electron—hole pairs
compared to traditional metal ion doped semiconductors.

h
Fe/Ni-MCM-41: [Fe3-O-Ni2*] > [Fe?*-O-Ni**]*

Figure 3: Proposed mechanism for charge transfer in Fe/Ni co-doped
MCM-41. Reprinted with permission from [21]. Copyright (2014)
Elsevier.
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As was found, Cr-Ti-MCM-41 showed much higher activity
than Cr-MCM-41 with similar amount of Cr doping for two
kinds of MCM-41 material. Due to the presence of Ti, the
photocatalytic mechanism of Cr-Ti-MCM-41 is quite different
from that of Cr-MCM-41. For the former material, the Cr—O-Ti
interaction should be responsible [22]. In this case, a second
metal element introduced as a donor can closely link to the first
metal element by forming an oxo bridge, which is supposed to
be robust chromophore induced by metal-to-metal charge-
transfer (MMCT).

Nanosized functionalized surface

A noble-metal cocatalyst, such as Pt, is usually indispensable
for many photocatalysts to achieve high photocatalytic activi-
ties for hydrogen production. It was recently reported that the
valance state of platinum plays an important role in the hydro-
gen production efficiency, and oxidized platinum was demon-
strated to be more efficient than metallic platinum as cocatalyst
for hydrogen production [23,24]. Taking into account the cost
of the designed photocatalyst for commercial purposes, the
development of noble-metal free cocatalysts is still valued.
Alternative cocatalysts such as MoS, have been reported to be
effective to enhance photocatalytic H, evolution on CdS [25].
Low-cost WC was also used as efficient cocatalyst on CdS
because of its low overpotential for hydrogen production and
proper physicochemical properties [26]. The Xu group has
studied the effect of NiS working as a cocatalyst. A simple
hydrothermal method was used to synthesize NiS/CdS photo-
catalysts, which have a remarkably high QE of 51.3% at
420 nm in lactic acid sacrificial solution [27]. Co-loading of
both reduction and oxidation cocatalysts on the semiconductor
was also suggested to be able to enhance the photocatalytic hy-

drogen production [28].

Here, it is assumed that the photocatalytic activity could be
significantly improved if the cocatalysts were loaded especially
on a nanosized functionalized surface. We reported the design
and preparation of a highly efficient Cd 5Zng 5S photocatalyst
decorated with nanosized NiS surface heterojunctions. The hy-
drogen evolution rate over this photocatalyst could reach
1.4 mmol/h, with a QE of 33.9%. This efficiency is much
higher than that of many photocatalysts containing noble
metals. As shown in Figure 4, in the hybrid photocatalyst, the
NiS nanoparticles can serve as electron trapping sites and
extract photogenerated electrons from Cdg 5Zn 5S substrate,
which finally leads to spatially separated photoreduction and
oxidation reactions. NiS plays a similar role as a noble metal,
which can provide active sites for proton reduction, and thus
efficiently enhance the overall photocatalytic activity. Our work
demonstrates that efficient and low cost photocatalytic hydro-

gen production can be achieved through the substitution of
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noble metal cocatalyst with a properly engineered surface

heterojunction [29].

Zn 4s4p .. E(NHE)
Cd 5s5p -~ HH,
>
[0
> ~
(4 o)
[32]
N
Cds K
jv8 %
S3p " CdpsZnosS +
ZnS

Figure 4: Proposed photocatalytic charge separation process over the
band-structure controlled NiS/Cdg 5Zng 5S photocatalyst. Reprinted
from with permission from [29]. Copyright (2010) Elsevier.

In addition to the screening for a noble-metal free cocatalyst,
we have also tried to modify the surface of the photocatalyst,
aiming to form functionalized surface nanostructures. A highly
active and stable CdS photocatalyst was obtained by a two-step
thermal sulfuration method. Nanostep structures formed at the
surface of the CdS photocatalyst, leading to a significantly im-
proved photocatalytic activity compared to CdS prepared by
traditional approaches [30]. The enrichment of Pt around
nanostep regions revealed the preferred migration of photo-
excited electrons there and the reduction H,PtClg precursor to
metallic Pt. Similar nanosteps were also reported by Kudo for
another metal sulfide photocatalyst [31]. Although the mecha-
nism for the formation of nanostep structures could be different,
the important role of the nanostep surface for the enhancement
of photocatalytic performance was also shown.

The surface architecture of composite photocatalysts can
significantly affect the photocatalytic process. For example,
Jang and co-workers reported that bulky CdS decorated with
TiO; nanoparticles was much more active than bulky TiO,
decorated with CdS nanoparticles [32]. We have prepared
CdS/titanate nanotubes (CdS/TNTs) photocatalysts with a
unique morphology by a simple one-step hydrothermal method
[33]. As schematically illustrated in Figure 5, the CdS nanopar-
ticle was intimately enwrapped by the TNTs, resulting in a
remarkably enhanced charge separation efficiency and thereby
photocatalytic hydrogen production activity. The similar
enwrapped structure can also be achieved for Cd 5Zng sS/TNTs
nanocomposites [34]. The QE at 420 nm over the nanocompo-
sites reached 38.1% without loading any cocatalyst. Meanwhile,
except for the greatly reduced toxicity by using Zn?" instead of
Cd%" (Cd content, 4.0 wt %), Cdg 5Zng sS/TNTs also showed a
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good stability for hydrogen production. These factors are
significantly beneficial for their further application in the field

of solar energy conversion.

Figure 5: CdS nanoparticle enwrapped by the surrounding TNTs
showed a significant enhancement of charge separation and therefore
a high activity. Reproduced with permission from [33]. Copyright
(2011) The Royal Society of Chemistry.

Crystal facets engineering

As we know, the surface of a given semiconductor nanocrystal
usually consists of certain crystal facets that occupy specific
coordination numbers and atom ratios, leading to a deviation of
their band structure from their bulk counterpart. Consequently,
some crystal facets have shown higher activity than other facets
for many photocatalyst during a certain photocatalytic reaction
[35-37]. Jang et al. found that ZnO nanoplates with a preferen-
tial exposure of Zn(0001) faces showed high photocatalytic
activity [38]. Wang et al. constructed ZnO—CdS heterostruc-
tures by employing ZnO rods enclosed with well-developed
{1100} and {0001} facets to promote photocatalytic hydrogen
evolution [39]. Pan et al. found that {001}, {101} and {010}
facets of anatase TiO, had different photocatalytic activities.
However, when partially terminated with fluorine, the three
facets had similar photocatalytic activity in Hy evolution [40].
Engineering the morphology of semiconductors to preferably
expose active facets is therefore a promising approach, yet a big
challenge to date. Selecting Cuy WS, as model photocatalyst, we
obtained interesting decahedral morphologies by a one-step
hydrothermal method. The hydrothermal method avoids the
using of toxic H;S gas and simplifies the catalyst preparation
process. Owing to the oriented growth and the presence of a
large percentage of active (001) crystal planes, the photocata-
lyst showed high visible-light activity. The highest activity was
obtained over the Cupy WSy decahedrons that were hydrother-
mally prepared at 200 °C for 72 h, with an QE at 425 nm for
photocatalytic hydrogen production of 11% [41].
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Regarding the stability, oxide photocatalysts would be better
than sulfide and nitride photocatalysts [42]. Regrettably, oxide
semiconductors frequently possess either low conduction band
positions or wide band gaps, which seriously impair their suit-
ability as photocatalysts for hydrogen production [43]. Among
the very few visible-light-responsive photocatalysts, cuprous
oxide (Cu,O) deserves our special attention. Cu,O is a p-type
oxide semiconductor with a direct band gap of 2.0 eV.
Theoretically, its light-to-hydrogen conversion efficiency can
reach 18% [44]. We have thus devoted to the fabrication of
Cu,0 nanocrystals with controlled shape to improve its photo-
catalytic activity for hydrogen production. As shown in
Figure 6, multifaceted Cu,O with controlled crystal facets expo-
sure has been prepared through a facile one-step method. It was
revealed that photogenerated electrons preferred to accumulate
on high-indexed facets, while photogenerated holes tended to
migrate to {100} facets, leading to an efficient spatial charge
separation and thereby enhanced photocatalytic hydrogen
production from reforming of glucose over the Cu,O polyhe-
dron [45]. The origin of the charge separation on different
crystal facets of TiO, has been already theoretically calculated
[40]. A slight band offset was observed in both valance and
conduction band between two different facets, driving the
charge transfer from one facet to another. Our research indi-
cated that a controlled fabrication of different crystal facets with
separated functions, such as separated oxidation and reduction
sites is one of the effective approaches to the enhancement of
the activity of the existing semiconductors.

+oxygen

+CaHaOs
(100) facets

ccncaved

pex etched 111} facets

concaved

[100]

[111]

[104]

Figure 6: Morphological evolution of Cu,0 prepared with different
reaction times, (a) 30 min, (b) 60 min, (c) 90 min and (d) 120 min, all
scale bars are 1 ym. Reprinted with permission from [45]. Copyright
(2014) The Royal Society of Chemistry.

Perovskite ABOj is another group of metal oxide materials
deserving in-depth exploring. Most of metal elements can be
stably located in ABOj structures, and functionalized multicom-
ponent ABO3 materials can thus be prepared by partial substitu-
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tion of cations in A and B sites [46-48]. In this approach, we
have successfully synthesized hexagonal single-crystal
nanosheet-based NaSbO3 and AgSbO3 hierarchical cuboidal
microclusters with exposed {001} facets via a facile and surfac-
tant-free hydrothermal reaction. The light absorption, charge
separation and surface reaction were simultaneously optimized
through the unique structure assembled from nanosheets,
leading to the greatly enhanced photocatalytic activity [49].
Micro- or nanoscale surface-structuring can increase the degree
of horizontal light distribution via light scattering. Otherwise,
the trapped photons would be lost by direct reflection from a
flat surface [50]. As shown in Figure 7, enhanced light absorp-
tion arising from multiple light reflections in the nanosheet-
based hierarchical structure could be achieved over NaSbO3 and
AgSbO3 photocatalysts. Meanwhile, the single-crystal nature
can reduce the crystal defects leading to more efficient charge
separation. The larger surface area provides more active sites
for photocatalytic reaction. The exposed {001} facets as the
reactive surfaces can accelerate the redox reactions. Therefore,
nanosheet-based AgSbO3 photocatalysts showed a 1.8 times
higher initial O, evolution rate than AgSbO3 photocatalysts
without the hierarchical structure under visible-light irradiation.

Besides facet control, microstructure refinements of the crystal
facets, such as distortion of the lattice and configuration of
certain crystal facets, can also promote the charge separation
and facilitate charge transfer. For example, we have investi-
gated the effects of synthesis conditions on the structure and the
photocatalytic property of Znln,Sy4 [51-53]. It was discovered
that the distance of d(001) ZnIn,S4 could be adjusted by
controlling preparation condition. The enlarged d(001) spacing
led to distorted [ZnS4] and [InS4] tetrahedrons within the
ZnlIn;ySy crystal lattice, which in turn, generated an electrostatic
field induced by a change of the dipole moments of the lattice.
Such a built-in electrostatic field is obviously favorable for an

5.0kvV  X2,000 10um

WD 8.1mm
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efficient charge separation and hence leads to enhanced photo-

catalytic activity.

Combined control of band structure and morphology
In principle, a semiconductor photocatalyst should meet at least
two requirements to achieve high visible-light photocatalytic
activity. A high conduction band is necessary to ensure enough
potential for proton reduction. It should also have a narrow
band gap in order to utilize incident light to the largest extent.
Cd—,Zn,S, as the solid solution of CdS and ZnS, has received
lots of attention in recent years, owing to the tunable band struc-
ture and excellent photocatalytic properties for hydrogen
production under visible light without needing noble metal
cocatalysts [54]. However, the band gap of Cd—,Zn,S is not
narrow enough for an efficient utilization of visible light. As
reported by Kudo et al, a donor level above the valence band of
ZnS could be formed when it is doped with Ni2*, which is re-
sponsible for the visible light response of Ni-doped ZnS [55]. It
inspired us to further tune the band structure of Cd;—,Zn,S solid
solution by Ni doping. Ni2*-doped Cd;_,Zn,S microspheres
were prepared in our work. Here, the doped Ni%* is expected to
form a donor level above the valence band of Cd;—,Zn,S and
increase its visible light absorption. At the same time, its high
conduction band can be still maintained. The enhanced photo-
catalytic activity was thus achieved [56]. Moreover, Cd|—,Zn,S
could be also modified by doping with alkali metals. We have
also successfully synthesized Sr and Ba doped Cd;—,Zn,S solid
solution photocatalysts with improved activity [57,58]. The
underlying role of the doping ions might be quite different.
However, the band structure of the solid solution was similarly
affected.

Mesoporous zirconium-—titanium mixed phosphates (ZTP) is
also a photocatalyst of interest as they not only show both
cation- and anion-exchange capacity, but also can split pure

photons

- > Ag

Figure 7: Enhanced light absorption ascribed to multiple light reflections in the nanosheet-based hierarchical structure.
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water for hydrogen production under UV light irradiation [59].
These properties make ZTP an ideal candidate after coupling
with CdS to form visible-light composite photocatalysts. In ad-
dition, due to the adjustable Zr to Ti ratio, the optical properties
of this material can be readily tuned. Employing ZTP as sub-
strate and functional constituent, a novel CdS/mesoporous ZTP
composite photocatalyst was successfully synthesized via the
two-step thermal sulfuration method. We have found that the
prepared composite photocatalyst displayed superior activity
compared to that prepared by direct sulfuration at room or high
temperatures. As shown in Figure 8, the conduction band of
ZTP could be continuously controlled by regulating the Zr/Ti
ratio. At the optimal Ti to Zr ratio of 3, the energy difference
between conduction bands of CdS and ZTP could ensure a large
driving force for fluent electron transfer from CdS to ZTP,
while the electron localized on the ZTP substrate is still suffi-
ciently active for hydrogen evolution. Combination of CdS with
band adjustable mesoporous ZTP could thus inherit the advan-
tage of ZTP in terms of both morphology and band structure.
The QE of this composite photocatalyst at 420 nm was deter-
mined to be 27.2% [60].

In addition, we also prepared flower like Ni-doped Znln,Sy
with plenty of curved nanosheets using hydrothermal method,
as shown in Figure 9. It was found that there existed an optimal
Ni doping concentration, i.e., 0.3 wt %, for the highest hydro-

Driving force for
Charge separation
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gen production efficiency. Only Ni ions occupying crystal
lattice sites of ZnIn,S, were found to be active. A higher Ni
doping is not effective due to the limited solubility of Ni in the
lattice of ZnInyS4 and could be detrimental owing to the
coverage of surface reaction sites. The existence of thin
nanoscale sheets is regarded to be important for its increased
activity. NiZ™ ions were also expected to be shallow trapping
sites, which could enhance the charge separation [61]. Similar
combined control of band structure and morphology were also
carried out by other groups. Kudo and co-workers prepared
layered AGayIn3Sg (A = Cu or Ag) by a solid state method for
photocatalytic hydrogen production. Both CuGa;In3;Sg
(1.91 eV) and AgGa,In3Sg (2.27 eV) showed a quite high
photocatalytic activity [62]. Chen and co-workers synthesized
hierarchical ZnS—In;S;—CuS nanospheres with a nanoporous
structure. A high QE of 22.6% at 420 nm is achieved without
loading cocatalysts due to their high crystallinity, high surface
area and unique microstructure [63].

As the crystal size of the semiconductor is close to the exciton
Bohr radius, its bandgap can be enlarged with a reduced crystal
size due to the quantum confinement effect. Therefore, we have
synthesized Co304 quantum dots (3—4 nm) via a facile reverse
micelle method for the first time. Co304 has been widely
employed as a photocatalyst for oxygen production due to its

nontoxicity, low cost and narrow band gap (2.1 eV). However,

Reduction power for
H, production
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Figure 8: Schematic illustration for the charge separation in CdS/mesoporous ZTP. Reprinted with permission from [60]. Copyright (2007) The

American Chemical Society.
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Figure 9: Photocatalytic mechanism over Ni-doped ZnIn,S,4 with plenty of curved nanosheets. Reprinted with permission from [61]. Copyright (2010),

Springer.

photocatalytic hydrogen production could not be achieved,
because the conduction band edge of bulk Co304 is not nega-
tive enough to reduce H. Compared with bulk Co304, Co304
quantum dots have a wider bandgap. Valence-band XPS spectra
showed that the valance band maxima (VBM) of Co304
quantum dots and bulk Co304 are almost at the same position,
implying that the enlarged bandgap of Co304 quantum dots was
mainly ascribed to the conduction band minimum (CBM)
upshift. Due to the negative shift of the conduction band, Co304
quantum dots can split pure water into O, and H; stoichiometri-
cally under visible light irradiation without any cocatalyst. This
is the first report to date of Co304 photocatalysts capable of
splitting pure water, which provides a new route to the develop-
ment of nanosized photocatalysts for water splitting [64].

From single heterojunction to long range ordered
homojunction

Semiconductor heterostructures can be engineered to combine
functionalities that result from the bulk properties of their
constituent phases with properties that are directly related to the
electronic and atomic character of their interfaces [65]. The

concept has been proven in photovoltaic cells and optoelec-

tronic devices, where junction-type semiconductors show
greatly improved efficiency compared with junction-free semi-
conductors [66]. Depending on the band gaps and the elec-
tronic affinity of semiconductors, semiconductor heterostruc-
tures can be divided into three different cases: type-I, type-II
and type-III band alignment [67]. In a type-II band alignment,
the band offsets in the conduction and valance bands go in the
same direction, resulting in a band bending at the interface
between two semiconductors. Such band bending consequently
induces a built-in field, which drives the vectorial migration of
the photogenerated charges at the interface, leading to a spatial
separation of ¢~ and h™ on different sides of the heterojunction.
Most type-II heterojunctions have been obtained from two
different semiconductors [68,69]. Matching of two semicon-
ductor materials with both their band positions and crystal
lattices is the key challenge of this strategy. Most recently,
successful efforts have been made to fabricate heterojunctions
of different phases of the same material. Bao and co-workers
prepared CdS photocatalysts with different phases for photo-
catalytic hydrogen production [70]. Interestingly, a higher
photocatalytic activity is observed from the composite of hexag-

onal and cubic CdS as compared to single hexagonal or cubic
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CdS. However, the relation of electronic interaction between
different phases with the photocatalytic activities was not
discussed in their study [70]. Li and co-workers have demon-
strated the greatly enhanced photocatalytic overall water split-
ting over an o—f phase junction of Ga;O3 [71]. The improved
photocatalytic activity results from the efficient charge separa-
tion and transfer across the o—f phase junctions of the Ga;0O3

particles.

We have found that spherical twin-containing noble-metal-free
Cdg 5Zn 5S is a superb photocatalyst for hydrogen production,
showing a QE of 43% at 425 nm [72]. However, the low density
of twin planes and the insufficient control of the crystal shape in
these catalysts inspired us to further improve their photocatalyt-
ic efficiency by fabricating more effective junctions. Recently,
we reported a twinned Cd 5Zn 5S anisotropic nanocrystal with
controllable aspect ratios and a high percentage of long-range
ordered twin planes. As shown in Figure 10, the densely distri-
buted rotational twin planes are found to be parallel to each
other and perpendicular to the <111> direction. More interest-
ingly, zinc-blende (ZB) and wurtzite (WZ) segments alter-
natively occur along the <111> direction of the designed ma-
terial, resulting in its unique optical and electrical properties. It
was also shown that type-II staggered band alignment between
WZ and ZB segments resulted in an immense number of homo-
junctions in a specific dimension. Unlike the well-known
heterojunctions, no foreign-atom doping or combination was
required for the formation of these junctions, resulting in the
homogeneity of the materials themselves and thereby enabling
us to engineer the necessary semiconductor band structures

Twin-induced homojunctions
cCBElHl H N, .l H u

Figure 10: lllustration of twin-induced 1D long range ordered homo-
junctions over Cdg 5Zng 5S with alternative zinc-blende (ZB) and
wurtzite (WZ) segments.
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more exactly. Notably, it was possible to raise the QE for the
photocatalytic hydrogen formation to 62% because of the im-
proved efficiency in charge separation [73]. These dense homo-
junctions are clearly superior to the single homojunction formed
by introduction of a thin p-type layer on n-type a-Fe,O3 and
creating a built-in field as reported in [74]. We suggest that our
results have the potential to lead to a new general method for
the synthesis of new, highly active photocatalysts by the appli-

cation of our method to other semiconducting materials.

Conclusion

With the rapid development of creative nanomaterials for new
energy applications [75], the nanostructures have also been
found essential for achieving high efficient photocatalysts and
cocatalysts. The heart of the study is the nanostructure design
from functionalized nanosized morphology and surfaces of rela-
tively larger scale to the precise tuning of crystal facets and
junctions in much smaller scale. In the process of our study, we
firstly attempted the simple combination of two or more semi-
conductors both physically and chemically. Parallel to this
advancement, nanosized functionalized morphology and
surfaces are employed in these hetero-combinations to obtain
enhanced charge generation and separation. We then elaborate
on the combined control of band structure and morphology to
reveal the synergistic effects by coupling two or three kinds of
modifications in one semiconductor. In this case, enhanced
matching of two components in one hybrid photocatalyst, in
terms of morphologic contact, band structure and crystal lattices
could be achieved. Especially, various heterostructure architec-
tures with combined functionality of the constituent phases are
suggested to be promising to address the primary requirements
for an efficient photocatalytic generation of hydrogen by using
solar energy: visible-light activity, chemical stability, appro-
priate band-edge characteristics, and potential for low-cost
fabrication. Finally, we highlight the heterostructure design at a
precise nanoscale control, such as materials of same compos-
ition but different phases and/or from heterojunction to homo-
junction engineering. As has been demonstrated by our twinned
Cdg 5Zn 5S, an ordered homojunction is much effective than a
disordered one. Co-existence of two phases in same semicon-
ducting material in an ordered way, preferably with type-II band
alignment, is therefore recommended to be the most desired
nanostructures enabling photo-chemistry or -electricity conver-
sion. How to construct such nanostructures in a low-cost and

time-efficient way is the challenge ahead.
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Tag(13-0),(n-0)g(1-OEt)6(OEt) 14 (1) was obtained by the controlled hydrolysis of tantalum ethoxide Ta(OEt)s in the presence of
ammonia. Compound 1 is considered as the intermediate building block in the sol—gel polymerization of Ta(OEt)s. Further hydrol-

ysis of compound 1 yielded nanoparticles of TayOs, which were characterized by various techniques such as TGA-DTA-DSC,
UV-vis DRS, XRD, SEM, TEM, particle size analyzer (DLS) and the Brunauer—Emmett-Teller (BET) method. The band gap of
the particles was calculated by using the Tauc plot. The photocatalytic activity of Ta;Os nanoparticles was tested by the degrad-

ation of the organic dye rhodamine B.

Introduction

Metal alkoxides, being excellent precursors in the sol-gel
process for preparation of metal oxides have attained huge
attention of researchers. Several attempts have been made in
order to modify the highly moisture sensitive metal alkoxides
into less sensitive species [1-4] as precursors for metal oxides
with new and better properties. However, due to the fast

kinetics of the hydrolysis and condensation reactions in the

sol-gel route, relatively little information is available
concerning the progressive structural evolution in the transition
metal oxide system in general. But sometimes new species,
metal oxo-alkoxides [5-9], are obtained which have been known
to be the direct molecular precursors for oxide phases in sol—gel
technology. These oxo-species being treated as intermediates

between the metal alkoxides and the metal oxides are very
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significant as they clearly indicate the route for the formation of
oxides through hydrolysis. It is suggested that the hydrolysis of
a metal alkoxide starts with the formation of a hydroxo deriva-
tive, which then forms the oxo derivative in a condensation step
(Equation 1 and Equation 2).

M(OR), +H,O - M(OH)(OR),_; + ROH 0

M(OH)(OR),_; + M(OR), — M,O(OR),, , +ROH (2)

The investigation of the hydrolysis of titanium alkoxides
showed that the reactions were very fast. Therefore the initial
hydroxo compounds were not isolated [10]. Similar results were
obtained for alkoxides of zirconium [11], tin(IV) [12], and
uranium(V) [12]. Condensation can also occur even before
hydrolysis via ether elimination between alkoxy groups leading
to the formation of oxo bridges. The smaller size of p-oxo
ligands coupled with the tendency of metal centers for coordi-
nation expansion, favors the condensation via ether elimination.

Oxo-alkoxides, being less reactive toward hydrolysis and con-
densation, are more stable than the corresponding alkoxides.
They are generally observed for large and electropositive
metals. Oxo-alkoxides are normally made of edge sharing MOg
octahedra. Usually the physical properties of metal oxo-alkox-
ides are decided by the degree of hydrolysis and the nature of
the alkyl group. There is a tendency for lower volatility and
solubility with higher degrees of hydrolysis and, therefore,
oligomerization. Amongst the transition metal oxides, TayOs
has attracted growing interest due to its distinct properties such
as large ion diffusion coefficient and high electrochromic re-
versibility, high dielectric constant, high refractive index, high
chemical stability, large band gap [13-15] and photocatalytic
activity for overall water decomposition and organic pollutant
degradation [16-21].

The present work deals with the study of the controlled hydrol-
ysis of tantalum ethoxide in the presence of ammonia and to
prepare tantalum pentaoxide nanoparticles. In this process the
stable intermediate tantalum oxo-ethoxide with composition
Tag(u3-0)2(n-0)g(n-OEt)g(OEt) 4 (1) was isolated. When 1
was subjected to further hydrolysis it yielded nanoparticles of
tantalum oxide after calcination at 750 °C for four hours. The
photocatalytic activity of Ta,Os nanoparticles was studied over

the degradation of organic dye rhodamine B (RhB).

Results and Discussion

Tantalum penta-ethoxide was dissolved in toluene and with the
aim to examine the effect of hydrolysis in basic medium, wet
ammonia gas was purged into it with continuous stirring. After

1 h at pH 8.0, a white solid was formed which was separated,

Beilstein J. Nanotechnol. 2014, 5, 1082—1090.

re-dissolved in toluene and kept at low temperature for crystal-
lization to give compound 1 as white shiny crystals in two days.
The formation of tantalum oxo-alkoxide can be described as a
result of following reactions (Equation 3 and Equation 4).

4Ta(OEt)s +10H,0 —> Ta, (OEt),o(OH),, + 10EtOH (3)

2Ta4 (OEt)IO (OH)]O —> Tag (OEt)20010 + 10H20 (4)

'H NMR of compound 1 shows many sets for ethoxy groups
suggesting the presence of different types of ethoxy groups such
as cis pairs of terminal OEt ligands, single terminal OEt ligands
and p-OEt groups.

Crystal structure

Compound 1 was found in the monoclinic space group P21/n
with Z = 2. The molecular structure (Figure 1) consists of a
centrosymmetric unit of formula Tag(p3-O),(pn-O)g(p-
OEt)4(OEt)14 (1). Each molecule has two Tajz(p3-O)-(u-
OEt)3(OEt)5 units linked with two Ta(pu-O)4(OEt), moieties by
four p-oxo ligands. All of the tantalum atoms display distorted
octahedral configurations. Six tantalum atoms are bonded to cis
pairs of terminal ethoxy ligands and the other two are bonded to
single ethoxy ligands. The terminal ligands are in trans position
to the p3- and p-oxo atoms. The ethoxy groups are of two types.
Out of the twenty ethoxy groups, fourteen are terminal while six
(08, 09, 012 and O8*, O9*, O12%*) bridge the tantalum atoms.
The tantalum atoms have two environments. Four tantalum
atoms are coordinated to two terminal ethoxy, two bridging eth-
oxy, one p-O and one p3-O ligands while two tantalum atoms

Figure 1: ORTEP representation of the molecular structure of 1 in the
crystal (hydrogen atoms are omitted for clarity).
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are coordinated with two terminal ethoxy and four p-O groups.
The TaOg octahedra are distorted, resulting in O—Ta—O angles,
which differ from those for a regular octahedron. Some bond
lengths and bond angles are presented in Table 1 and Table 2
respectively. Ta—O bond lengths for the terminal ethoxy ligands
are shorter (av. 1.897 A) than the bridging ethoxy ligands (av.
2.153 A). The p-oxo bridges are shorter than the p3-O bond
lengths (approx. 2.0585 A). The p3-oxo atom, O1 is ligated in
pyramidal manner to three tantalum atoms with an average
bond angle of 108.87°. The bond dimensional data are in accor-
dance with previously reported values [5,9]. Full crystallo-
graphic details have been deposited to the Cambridge Crystallo-
graphic Data Centre. Copies of the data can be obtained free of
charge on request from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk/conts/

retrieving.html quoting the deposition number CCDC 951412
for 1.

Table 1: Selected bond lengths.

bond length bond length
O1-Ta1 2.0629(1) O7-Ta1 1.8711
01-Ta2 2.0345(1) 08-Ta1 2.1061(1)
01-Ta4 2.0719(1) 08-Ta4 2.1556(1)
02-Ta2 1.8577 09-Ta1 2.1533(1)
02-Ta3 1.9928 09-Ta2 2.1319(1)
03-Ta3 2.0039(1) 010-Ta2 1.8928
03-Ta4 1.8544(1) 011-Ta2 1.8669
04-Ta3 2.0167(1) 012-Ta2 2.1149(1)
04-Ta1 1.8411 012-Ta4 2.1725(1)
05-Ta3 2.0238(1) 013-Ta3 1.9083
05-Ta4 1.8455 014-Ta3 1.8783(1)
06-Ta1 1.8927(1) 015-Ta4 1.8671

Upon further subjecting to hydrolysis (pH 9.0), compound 1
initially gave a homogeneous gel which was heated to 80 °C
before annealing at 750 °C to obtain TayOs nanoparticles. The
morphology and composition of Ta,O5 nanoparticles are greatly
influenced by the pH value [22]. The agglomeration of nanopar-
ticles is enhanced at low pH due to the fast rate of hydrolysis
and acidic surface of TayOs while at the pH values above 10,
instead of Ta,Os, tantalate salts are formed [22].

Particle size and distribution of TayOs

nanoparticles

In order to study the size and distribution of the nanoparticles
XRD, SEM, TEM and DLS measurements were carried out.
Figure 2 shows the XRD patterns of calcined Ta,O5 nanoparti-
cles. The peaks at 20 values of 23.06, 28.62, 37.02, 46.94,
50.54, 55.72, 58.84, 64.18, and 71.30° revealed the TayO5

Beilstein J. Nanotechnol. 2014, 5, 1082—1090.

Table 2: Selected bond angles.

bond angle bond angle
Ta1-01-Ta2 110.85 09-Ta2-O11 89.83
Ta1-01-Ta4 107.48 09-Ta2-012 87.09
Ta2-01-Ta4 108.28 010-Ta2-0O11 100.04
Ta2-02-Ta3 14486 010-Ta2-012 167.96
Ta3-03-Ta4 145.34  011-Ta2-012 91.4
Ta3-04-Ta1 144.33  02-Ta3-03 90.31
Ta3-05-Ta4 144.09 02-Ta3-04 173.29
Ta1-08-Ta4 102.94 02-Ta3-05 85.31
Ta1-09-Ta2 103.87 02-Ta3-013 96.48
Ta2-012-Ta4 101.83 02-Ta3-014 89.15
01-Ta1-06 99.79 03-Ta3-04 83.84
01-Ta1-07 154.81  03-Ta3-05 84.94
01-Ta1-08 72.52 03-Ta3-013 168.36
01-Ta1-09 71.58 03-Ta3-014 95.05
01-Ta1-04 92.52 04-Ta3-05 90.89
06-Ta1-07 97.78 04-Ta3-013 88.77
06-Ta1-08 170.71  O4-Ta3-014 94.62
06-Ta1-09 87.55 05-Ta3-013 86.2
06-Ta1-04 95.44 05-Ta3-014 174.46
07-Ta1-08 88.03 013-Ta3-014 94.49
07-Ta1-09 91.35 03-Ta4-015 101.71
0O7-Ta1-04 103.66 03-Ta4-O1 91.83
08-Ta1-09 85.07 03-Ta4-05 101.59
08-Ta1-04 90.18 03-Ta4-08 88.23
09-Ta1-04 164.11  03-Ta4-012 161.79
01-Ta2-02 93.37 015-Ta4-0O1 157.42
01-Ta2-09 72.57 015-Ta4-05 101.66
01-Ta2-010  94.28 015-Ta4-08 90.91
01-Ta2-011 157.16  015-Ta4-012 91.7
01-Ta2-012  73.68 01-Ta4-05 93.07
02-Ta2-09 165.72  O1-Ta4-08 71.34
02-Ta2-010  94.45 01-Ta4-012 71.76
02-Ta2-011 103.07 05-Ta4-08 161.98
02-Ta2-012  86.52 05-Ta4-012 87.48
09-Ta2-010  89.2 08-Ta4-012 79.2

phase with an orthorhombic structure. The average crystallite
size calculated from Scherrer formula was found to be 28 nm.

To reveal the morphology SEM image of the calcined TayOs5
nanoparticles is shown in Figure 3. Evidently, TayO5 nanoparti-
cles are irregularly shaped, agglomerated and exhibit a moder-
ately uniform size distribution. The size distribution of the
TayOs5 nanoparticles was studied by DLS (Figure 4) in chloro-
form dispersion. Trioctylphosphine oxide (TOPO) was used as
the surfactant for dispersing the nanoparticles in chloroform. It
was found that the nanoparticles are almost uniformly distrib-
uted. TOPO is reported to fragment bigger nanoparticles or
agglomerates into smaller ones. TOPO molecules attach to the

metal oxide particle surface in such a manner that their
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Figure 2: XRD pattern of Ta,O5 nanoparticles calcined at 750 °C for
4 h.

hydrophobic surfaces point toward the solvent and render
colloidal stability and uniformity of the particles in organic
solvents [23]. The TOPO coated particles suspended in chloro-
form were precipitated by adding excess methanol followed by
centrifuging at 2000 rpm and re-dispersed in chloroform. A
TEM image of the so obtained particles is shown in Figure 5.

Figure 3: SEM image of Ta,O5 nanoparticles calcined at 750 °C for
4h.

Thermal analysis of the prepared TaOs
nanoparticles

Thermogravimetry, differential thermal analysis and differen-
tial scanning calorimetry (TG/DTA/DSC) with a heating rate of
10 °C/min in a static air atmosphere were used to study the
thermal stability of the as-prepared (dried) photocatalyst with

Beilstein J. Nanotechnol. 2014, 5, 1082—1090.
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Figure 4: Size and distribution of TOPO-coated Ta,O5 nanoparticles
in chloroform dispersion.
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Figure 5: TEM image of the TOPO-coated Ta;O5 nanoparticles. The
scale bar corresponds to 200 nm.

a-Al,O3 as the reference. Figure 6 shows the TG/DTA/DSC
curves obtained from the dried gel of TayOs. The TGA graph
shows a weight loss up to a temperature of 200 °C that is essen-
tially attributed to dehydration. The decomposition of organic
substances at 200-400 °C is caused by the decomposition of
organic species inside the mesopores of the sample. Further the
weight loss in the temperature range of 400-650 °C is due to a
phase transition. An exothermic peak centered at 386.7 °C in
the DTA curve supports the statements above. The observation
is also supported by the DSC graph.

Band-gap determination of the TayOs5

nanoparticles
The band gap energy (E,) is a key feature of semiconductors
that determines their applications in optoelectronics. The

1085



Beilstein J. Nanotechnol. 2014, 5, 1082—1090.

1044 __TGA (-10 -10 5
— DSC -5
__ _DTA |5 0
5

10
15
20
25
30
35
40
45 ]
50
L 20 55
60

65

644 2 70
T T T T T T T 75_‘

100 200 300 400 500 600 700 801
Temperature (°C) Bt 77T T T T T T T 1
200 220 240 260 280 300 320 340 360 380 400 420 440

- -
© N (o2
1 h 1
©
[e>)
!

Heat flow (mW)
.2
Weight (%)

Microvolt (uV)

Absorbance

'
w
1

'
(o2
1

Figure 6: Thermogravimetry (TGA), differential thermal analysis (DTA) Wavelength (nm)
and differential scanning calorimetry (DSC) of the as-synthesized

VS B B S Figure 7: Solid state diffuse reflectance UV—vis spectra of Ta;O5

nanoparticles.
nanoparticles were pressed into thick pellets and subject to
diffuse reflectance measurement, which was done with a i
UV-vis spectrophotometer, attached with integrating sphere to 14 1
spatially integrate the radiant flux. The pellets were placed at 12_.
the entrance port of the integrating sphere. The absorption spec- 1
trum of Ta;Os nanoparticles is shown in Figure 7. The 10'_
reflectance data was converted to the absorption coefficient ~ 8-
F(R') values according to the Kubelka—Munk remission func- ‘_E 6:
tion [24-26] (Equation 5), © 1
4
F(R)=(1-R')’ /2R =a/S 5) 2
0 .
where a is the absorption coefficient (cm™!) and S is the disper- 1 2 3 ,2:' 5
sion factor. The absorption coefficient o is related to the inci- hv .

dent photon energy by Equation 6:
Figure 8: Calculation of band gap of Ta,Os nanoparticles by Tauc

n plot.
oa=A(E-E,) )
A is a constant for the given material, £ is the photon energy, £,y 0.05
is the band gap energy and n is a constant of different values, —_ e
1/2, 3/2, 2 and 3, depending on the type of electronic transition, = 0044
i.e., permitted/prohibited-direct or indirect transition. The band &l 0,03 . ’
gap is calculated from a Tauc plot [27-30]. The band gap of the &
TayOs nanoparticles as calculated from the extrapolation of the 6 0.024 . ‘
linear portion of the plot in the a/v!/2 vs hv graph to the S 1 . g
abscissa (Figure 8) was found to be 3.9 eV. 0.01+ _-'.
. 0004 ®

Brunauer—-Emmett—Teller (BET) analysis
The BET surface area of the calcined Ta,O5 nanoparticles was 0.0 0.1 0.2 03 0.4
found to be 38.35 m%/g. The total volume of pores with diam- Relative Pressure (P/P)

eter less than 32 A at P/Py = 0.400214547 was estimated to be

. . Figure 9: BET surface area plot of the calcined Ta,O5 nanoparticles.
0.022 cm?/g (Figure 9 and Figure 10). 9 P 20 P
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Figure 10: Degradation of rhodamine B by UV irradiation at 0.8 mg/mL
catalyst loading.

Photocatalytic experiments

The photocatalytic activity was evaluated by the degradation of
rhodamine B (RhB) under UV radiation for different amounts
of TapOs. In each experiment TayO5 was added to 50 mL water
and sonicated, followed by addition of RhB and exposure to UV
light (A = 365 nm) irradiation at room temperature. To attain an
adsorption—desorption equilibrium, the dispersion was stirred in
the dark for 45 min. Just before the irradiation an aliquot of
3.0 mL was taken and centrifuged. The supernatant was taken
for recording the absorption spectrum at the initial concentra-
tion. After every 15 min, an aliquot of 3.0 mL was taken and the
concentration of RhB was measured through the intensity of
absorption (Figure 11).
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Figure 11: Effect of the concentration of Ta,O5 nanoparticles on the
rate of degradation of rhodamine B.
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Effect of catalyst concentration on the rate of de-
gradation of rhodamine B

Figure 12 shows the degradation of dye for different of the cata-
lyst loadings. It is clear that the optimum (89%) degradation of
the dye was achieved (after 150 minutes) when 0.8 mg/mL of
the photocatalyst was used in the experiment. However, when
the used amounts of photocatalyst were 0.2 mg/mL, 0.5 mg/mL
and 1.1 mg/mL, the degradation of dye occurred up to 55%,
68% and 74%, respectively. The amount of the photocatalyst
was changed in each experiment while keeping the other factors
invariable to study the optimum degradation of dye with respect
to the amount of TayOs. By increasing the amount of TayOs5
from 0.2 mg/mL to 0.8 mg/mL, the photocatalytic degradation
rate was enhanced due to increase in the active sites accessible
for the reaction on the surface of the catalyst. However, when
the amount of catalyst was increased further, the rate of dye de-
gradation was found to be lower. This may be due to the scat-
tering of light from surface of the catalyst leading to the reduc-
tion in light penetration through the solution, which in turn
reduces the rate of formation of radicals. Also, it may be
assumed that the activated molecules get deactivated due to the
collisions with the ground state molecules and thus reduce the
degradation [31].
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Figure 12: Effect of dye concentration on photocatalytic degradation.

Effect of dye concentration on the rate of degrad-
ation of rhodamine B

To study the effect of initial dye concentration on the photocat-
alytic degradation different amounts of rhodamine B were taken
while keeping other factors constant. It was observed that on
increasing the amount of dye from 2.5 ppm to 12.5 ppm the rate
of degradation of the dye increases but a further increase of the
dye concentration decreases the degradation rate (Figure 13).
With the increase in dye concentration the number of dye mole-

cules available for excitation and intersystem crossing
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increases, which ultimately increases the rate of degradation.
However, when the concentration of the dye was increased
beyond a certain limit the excess of the dye serves as a filter for
the light and also it does not allow the photons to reach the cata-
lyst surface due to the reduced path length and, hence, retards
the rate of degradation.
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Figure 13: Effect of dye concentration on photocatalytic degradation.

Effect of the pH value on the rate of degradation of
rhodamine B

Figure 14 shows the effect of the pH value on the rate of de-
gradation of rhodamine B. The pH value was adjusted by using
dilute solutions of HNO3; and NaOH. Degradation of the dye
was studied at pH 4, 7 and 10. It was observed that the rate of
degradation of thodamine B increases with the increase in pH
from 4 to 7. It appears that, when more hydroxy ions (OH") are
available, they combine with the holes (h") of the semicon-
ductor resulting in the production of hydroxyl radicals. These
radicals are responsible for the degradation of dye by oxidative
process. However, a further increase of the pH value provides
excess OH™ ions that get absorbed on the catalyst surface and
obstruct the approach of the dye molecule to the catalyst surface
and slow down the rate of degradation of rhodamine B
(Figure 14). Moreover, the metal oxide particles agglomerate at
acidic pH and hence the surface available for dye absorbance as
well as the photon absorption is reduced.

Effect of calcination temperature

As-synthesized Tay,Os powder was calcined in at 650 °C,
700 °C, 750 °C, and 800 °C. It was observed that Ta,O5 parti-
cles calcined at 750 °C possess best degradation efficiency
(Figure 15). This may be due to increase in crystallinity and
surface area with more active sites for photodegradation process
when temperature is increased from 650 °C to 750 °C. A further
increase in calcination temperature leads to bigger particles due
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Figure 14: Effect of the pH value on the rate of degradation of
rhodamine B.

to agglomeration at higher temperature, which ultimately
reduces the rate of degradation of rhodamine B [32]. At higher
temperature the catalyst is deactivated due to sintering
processes that result in a low surface area and smaller number
of active sites [33].
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Figure 15: Effect of the calcination temperature on the rate of degrad-
ation of rhodamine B.

Conclusion

In summary, herein we report the formation of the tantalum
oxo-ethoxide compound Tag(p3-0),(pu-0)g(p-OEt)s(OEt) 14 (1)
through a sol-gel route in which hydrous ammonia gas was
passed into a solution of tantalum ethoxide in toluene. Ta;Os5
powder was obtained when a complete hydrolysis of 1 was
allowed. After calcination the Ta;O5 nanoparticles were
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employed for the degradation of the common organic dye
rhodamine B. The rate of degradation of the dye highly depends
on the various parameters such as amount of the catalyst, dye

concentration, pH and calcination temperature.

Experimental

All the reactions before the catalyst preparation were carried out
under anhydrous conditions by using Schlenk/vacuum line tech-
niques. Tantalum ethoxide was purchased from Sigma-Aldrich.
Ethanol was dried by standard procedure prior to use. Ammonia
gas was first dried by passing through the columns of silica gel,
fused calcium chloride and aluminum isopropoxide, then it was
passed into the distilled water through a tube with a diameter of
7 mm. 'H NMR spectra were recorded in C¢Dg on a Bruker
Biospin ARX spectrometer with TMS as internal reference.
TGA/DTA/DSC was recorded by using a Diamond TG/DTAN
instrument. X-ray diffraction patterns were recorded on
SEIFERT XRD 3003 PTS Diffractometer System, using Cu Ka
radiation. SEM images was obtained on an EVO MA 15 Zeiss
at 15 kV. DLS measurements were carried out on a Nanotrac
particle analyser. The surface area was calculated by applying
the Brunauer—-Emmett—Teller (BET) method to N, adsorption
measurements on a Micromeritics ASAP 2020 instrument. TEM
pictures were taken on a transmission electron microscope
JEOL JEM-1011.

Preparation of 1: Tantalum ethoxide (100 mg) was dissolved in
dry toluene (20 mL). Ammonia gas (passed through 20 mL
distilled water at a rate of 30 bubbles/minute) was bubbled into
the solution at ambient temperature. After 1 h, a white solid pre-
cipitated. The solid was separated, re-dissolved in toluene and
kept at =30 °C for crystallization to yield compound 1 in 45%
yield (35 mg). 'TH NMR (25 °C) & 1.33 (t, CH3), 1.41 (t, CHz3),
1.49 (t, CH3), 1.58 (t, CHj3), 1.62 (t, CH3), 4.45 (q, CH)), 4.59
(q, CHy), 4.70 (q, CHj), 4.90-5.00, 5.19 (q, CHj), 5.23 (q,
CHy).

Preparation of Ta,O5 nanoparticles: Compound 1 was dissolved
in toluene and ammonia gas was blown into it for 6 h to get a
homogeneous gel. After treating the gel at 80 °C for 3h, a white
solid powder was separated out, which was insoluble in any
organic solvent. The powder was washed with water and
ethanol and dried at 100 °C for 2 h. It was calcined at 750 °C
for 4 h to develop crystallinity.

Photocatalytic activity measurements: Typical amounts
(0.2 mg/mL, 0.5 mg/mL, 0.8 mg/mL and 1.1 mg/mL) of Ta,Os
nanoparticles as photocatalysts were taken in 50 mL of distilled
water and sonicated for 5 min. Then 12.5 ppm of rhodamine B
was added to it. To attain an adsorption—desorption equilibrium

between the dye molecules and the catalyst surface, the solu-

Beilstein J. Nanotechnol. 2014, 5, 1082—1090.

tion was stirred for about 45 min in dark prior to irradiation.
Before exposing to the UV radiation (A = 365 nm), a 3 mL
aliquot was taken, centrifuged and recorded as the zero time
concentration of the dye. This process was repeated after every
15 min of exposure to UV light for recording the absorption of
the remaining dye.

Supporting Information

Supporting Information File 1

CIF data of compound 1.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-121-S1.res]

Acknowledgements

Subia Ambreen (SA) acknowledges University Grant Commis-
sion-Maulana Azad National Fellowship (UGC-MANF) for
financial support. SA acknowledges useful discussions about
the photocatalytic process with Mr. Shiv K. Pandey, MNNIT,
Allahabad. Authors are grateful to Dr. Tamal Ghosh, Depart-
ment of Chemistry, MNNIT, Allahabad, for providing UV—vis
absorption facilities to perform the photocatalytic experiment.
Authors also acknowledge the Department of Physics, MNNIT,
Allahabad, for DRS and CIR-MNNIT, Allahabad, for the SEM
facility.

References

1. Hubert-Pfalzgraf, L. G. Inorg. Chem. Commun. 2003, 6, 102—120.
doi:10.1016/S1387-7003(02)00664-0

2. Pollard, K. D.; Puddephatt, R. J. Chem. Mater. 1999, 11, 1069-1074.
doi:10.1021/cm981047a

3. Bradley, D. C. Chem. Rev. 1989, 89, 1317-1322.
doi:10.1021/cr00096a004

4. Ambreen, S.; Gupta, K.; Singh, S.; Gupta, D. K.; Daniele, S.;
Pandey, N. D.; Pandey, A. Transition Met. Chem. 2013, 38, 835-841.
doi:10.1007/s11243-013-9756-y

5. Yanovsky, A. |.; Turova, N. Y.; Korolev, A. V.; Chebukov, D. E.;
Pisarevsky, A. P.; Struchkova, Yu. T. Russ. Chem. Bull. 1996, 45,
115-121. doi:10.1007/BF01433743

6. Bradley, D. C.; Gaze, R.; Wardlaw, W. J. Chem. Soc. 1957, 469-478.
doi:10.1039/jr9570000469

7. Day, V. W.; Eberspacher, T. A.; Klemperer, W. G.; Park, C. W.;
Rosenberg, F. S. J. Am. Chem. Soc. 1991, 113, 8190-8192.
doi:10.1021/ja00021a068

8. Schmid, R.; Mosset, A.; Galy, J. J. Chem. Soc., Dalton Trans. 1991,
1999-2005. doi:10.1039/DT9910001999

9. Abrahams, |.; Bradley, D. C.; Chudzynska, H.; Motevalli, M.;
O'Shaughnessy, P. J. Chem. Soc., Dalton Trans. 2000, 2685-2691.
doi:10.1039/B001797N

10.Bradley, D. C.; Gaze, R.; Wardlaw, W. J. Chem. Soc. 1955, 721-726.

doi:10.1039/jr9550000721

.Bradley, D. C.; Carter, D. G. Can. J. Chem. 1961, 39, 1434—1443.

doi:10.1139/v61-183

1

-

1089


http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-5-121-S1.res
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-5-121-S1.res
http://dx.doi.org/10.1016%2FS1387-7003%2802%2900664-0
http://dx.doi.org/10.1021%2Fcm981047a
http://dx.doi.org/10.1021%2Fcr00096a004
http://dx.doi.org/10.1007%2Fs11243-013-9756-y
http://dx.doi.org/10.1007%2FBF01433743
http://dx.doi.org/10.1039%2Fjr9570000469
http://dx.doi.org/10.1021%2Fja00021a068
http://dx.doi.org/10.1039%2FDT9910001999
http://dx.doi.org/10.1039%2FB001797N
http://dx.doi.org/10.1039%2Fjr9550000721
http://dx.doi.org/10.1139%2Fv61-183

12.Bradley, D. C.; Holloway, H. Can. J. Chem. 1962, 40, 1176-1182.
doi:10.1139/v62-179

13.Nashed, R.; Hassan, W. M. |.; Ismail, Y.; Allam, N. K.
Phys. Chem. Chem. Phys. 2013, 15, 1352-1357.
doi:10.1039/c2cp43492j

14.Ezhilvalavan, S.; Tseng, T. Y. J. Mater. Sci.: Mater. Electron. 1999, 10,
9-31. doi:10.1023/A:1008970922635

15.Sayama, K.; Arakawa, H. J. Photochem. Photobiol., A: Chem. 1994,
77, 243-247. doi:10.1016/1010-6030(94)80049-9

16.Zou, Z.; Ye, J.; Sayama, K.; Arakawa, H. Nature 2001, 414, 625-627.
doi:10.1038/414625a

17.Takahara, Y.; Kondo, J. N.; Takata, T.; Lu, D.; Domen, K.
Chem. Mater. 2001, 13, 1194—1199. doi:10.1021/cm000572i

18. Kominami, H.; Miyakawa, M.; Murakami, S.; Yasuda, T.; Kohno, M,;
Onoue, S.; Kera, Y.; Ohtani, B. Phys. Chem. Chem. Phys. 2001, 3,
2697-2703. doi:10.1039/b101313k

19.Murase, T.; Irie, H.; Hashimoto, K. J. Phys. Chem. B 2004, 108,
15803-15807. doi:10.1021/jp047874i

20.Yang, X.; Xu, L.; Yu, X; Li, W.; Li, K,; Huo, M.; Guo, Y.
Colloids Surf., A 2008, 320, 61-67. doi:10.1016/j.colsurfa.2008.01.019

21. Sreethawong, T.; Ngamsinlapasathian, S.; Suzuki, Y.; Yoshikawa, S.
J. Mol. Catal. A: Chem. 2005, 235, 1-11.
doi:10.1016/j.molcata.2005.03.021

22.Go6mpel, D.; Tahir, M. N.; Panthofer, M.; Mugnaioli, E.;
Brandscheid, R.; Kolb, U.; Tremel, W. J. Mater. Chem. A 2014, 2,
8033-8040. doi:10.1039/C4TA00183D

23.Pandey, A.; Roy, M. K,; Pandey, A.; Zanella, M.; Sperling, R. A.;
Parak, W. J.; Samaddar, A. B.; Verma, H. C. IEEE Trans. NanoBiosci.
2009, 8, 43-50. doi:10.1109/TNB.2009.2017316

24.Mal¢i¢, V. D.; Mikoc€evi¢, Z. B.; Itri¢, K. Tech. Gaz. - Univ. Osijek 2011,
18, 117-124.

25.Yang, L.; Kruse, B.; Miklavcic, S. J. J. Opt. Soc. Am. A 2004, 21,
1942-1952. doi:10.1364/JOSAA.21.001942

26.Licht, S.; Khaselev, O.; Ramakrishnan, P. A.; Soga, T.; Umeno, M.
J. Phys. Chem. B 1998, 102, 2546—-2554. doi:10.1021/jp9800564

27.Tauc, J.; Grigorovici, R.; Vancu, A. Phys. Status Solidi 1966, 15,
627—637. doi:10.1002/pssb.19660150224

28.Sanchez-Vergara, M. E.; Alonso-Huitron, J. C.; Rodriquez-Gémez, A;
Reider-Burstin, J. N. Molecules 2012, 17, 10000-10013.
doi:10.3390/molecules170910000

29. Murphy, A. B. Sol. Energy Mater. Sol. Cells 2007, 91, 1326—1337.
doi:10.1016/j.solmat.2007.05.005

30. Yakuphanoglu, F.; llican, S.; Caglar, M.; Caglar, Y.
J. Optoelectron. Adv. Mater. 2007, 9, 2180-2185.

31.Byrappa, K.; Subramani, A. K.; Ananda, S.; Rai, K. M. L.; Dinesh, R;;
Yoshimura, M. Bull. Mater. Sci. 2006, 29, 433—438.
doi:10.1007/BF02914073

32.Zhu, Y.; Yu, F.; Man, Y,; Tian, Q.; He, Y.; Wu, N. J. Solid State Chem.
2005, 178, 224-229. doi:10.1016/j.jssc.2004.11.015

33.Sehested, J. J. Catal. 2003, 217, 417-426.
doi:10.1016/S0021-9517(03)00075-7

Beilstein J. Nanotechnol. 2014, 5, 1082—1090.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.5.121

1090


http://dx.doi.org/10.1139%2Fv62-179
http://dx.doi.org/10.1039%2Fc2cp43492j
http://dx.doi.org/10.1023%2FA%3A1008970922635
http://dx.doi.org/10.1016%2F1010-6030%2894%2980049-9
http://dx.doi.org/10.1038%2F414625a
http://dx.doi.org/10.1021%2Fcm000572i
http://dx.doi.org/10.1039%2Fb101313k
http://dx.doi.org/10.1021%2Fjp047874i
http://dx.doi.org/10.1016%2Fj.colsurfa.2008.01.019
http://dx.doi.org/10.1016%2Fj.molcata.2005.03.021
http://dx.doi.org/10.1039%2FC4TA00183D
http://dx.doi.org/10.1109%2FTNB.2009.2017316
http://dx.doi.org/10.1364%2FJOSAA.21.001942
http://dx.doi.org/10.1021%2Fjp9800564
http://dx.doi.org/10.1002%2Fpssb.19660150224
http://dx.doi.org/10.3390%2Fmolecules170910000
http://dx.doi.org/10.1016%2Fj.solmat.2007.05.005
http://dx.doi.org/10.1007%2FBF02914073
http://dx.doi.org/10.1016%2Fj.jssc.2004.11.015
http://dx.doi.org/10.1016%2FS0021-9517%2803%2900075-7
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.5.121

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Enhanced photocatalytic hydrogen evolution by combining
water soluble graphene with cobalt salts

Jing Wang, Ke Feng’, Hui-Hui Zhang, Bin Chen, Zhi-Jun Li, Qing-Yuan Meng,
Li-Ping Zhang, Chen-Ho Tung and Li-Zhu Wu’

Full Research Paper

Address:

Key Laboratory of Photochemical Conversion and Optoelectronic
Materials, Technical Institute of Physics and Chemistry & University of
Chinese Academy of Sciences, the Chinese Academy of Sciences,
Beijing 100190, P. R. China

Email:
Ke Feng” - kefeng@mail.ipc.ac.cn; Li-Zhu Wu" - lzwu@mail.ipc.ac.cn

* Corresponding author
Keywords:

cobalt salts; earth-abundant catalyst; photocatalysis; photocatalytic
hydrogen evolution; water-dispersible sulfonated-graphene

Abstract

Beilstein J. Nanotechnol. 2014, 5, 1167-1174.
doi:10.3762/bjnano.5.128

Received: 07 February 2014

Accepted: 02 July 2014

Published: 29 July 2014

This article is part of the Thematic Series "Photocatalysis".

Guest Editor: R. Xu

© 2014 Wang et al; licensee Beilstein-Institut.
License and terms: see end of document.

There is tremendous effort put in the pursuit for cheap and efficient catalysts for photocatalytic hydrogen evolution systems. Herein,

we report an active catalyst that uses the earth-abundant element cobalt and water-dispersible sulfonated graphene. The photocata-

Iytic hydrogen evolution activity of the catalyst was tested by using triethanolamine (TEOA) as electron donor and eosin Y (EY) as

the photosensitizer under LED irradiation at 525 nm. Hydrogen was produced constantly even after 20 h, and the turnover number
(TON) reached 148 (H,/Co) in 4 h with respect to the initial concentration of the added cobalt salts was shown to be 5.6 times

larger than that without graphene.

Introduction

Photocatalytic hydrogen evolution from water-splitting is a
long-standing goal for researchers since it can help to supply the
growing worldwide energy demand not only environmentally
friendly but also sustainably [1-4]. Platinum, the most efficient
hydrogen evolution co-catalyst, is rare and expensive, which
limits its availability [5]. Hence, developing photocatalytic
systems that rely only on earth-abundant elements are desired
for making hydrogen a competitive alternative energy source. In

recent years, systems based on iron complexes, nickel

complexes or molybdenum complexes have been reported as
promising candidates for catalyzing the hydrogen evolution
[6-15]. Cobalt-based catalysts are particularly attractive cata-
lysts that are easily obtained, environmentally benign and rely
on earth-abundant elements [16]. Molecular cobalt catalysts
[17], such as polypyridyl complexes [18,19], oxime complexes
[20], have been proven to be efficient in the photocatalytic
production of hydrogen, and the turnover number (TON) has
become higher upon introducing more appropriate ligands.
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Besides, cobalt-based heterogeneous structures are also of
interest [21,22]. A hybrid Cop—CdTe artificial catalyst for pho-
tocatalytic hydrogen evolution [23], for example, was simply
constructed in situ from earth-abundant cobalt salts and CdTe
quantum dots.

As a new carbon material with large surface area and excellent
electrical properties, graphene has raised much attention since
2004 [24-33]. Specifically, graphene has been involved in pho-
tocatalytic hydrogen production systems [34], such as TiO,-
(N)RGO-Pt [35-38], g-C3N4-RGO-Pt [39], CdS-RGO-Pt [40-
43], MoS,-NRGO [44,45], EY-RGO-Pt [46] and BiVO4-RGO-
Ru/SrTiO3:Rh [47] (RGO: reduced graphene oxide; EY:
eosin Y). Graphene enhances the catalytic efficiency of hydro-
gen evolution remarkably. By using transient photovoltage and
photocurrent techniques [48-50], the function of graphene was
examined. More recently, our group has demonstrated the effi-
cient forward electron-transfer mediated by graphene in terms
of the unique spectroscopic property of photosensitizer EY [51].
The result stimulated us to explore graphene-based hydrogen

evolution systems with earth-abundant co-catalysts.

In the present work, we report a new water-soluble
graphene—cobalt-based hydrogen evolution system, showing a
5.6 times higher efficiency than that of the same system without
graphene. Herein, sulfonated-graphene (G-SO3), being water-
soluble and partially reduced [52,53], serves as a great platform
[41,51] to support the catalysts. With TEOA (triethanolamine)
as an electron donor, EY as a photosensitizer, Co(TEOA),2" is
formed in situ and adsorbed at the surface or around the G-SO3
when cobalt salts and G-SOj are introduced into the hydrogen
evolution system. Upon irradiation by visible light (525 nm
LEDs as light source) for 4 h, the system is able to produce
hydrogen with a TON up to 148 with the initial concentration of
cobalt salts added. And hydrogen constantly evolves even after
20 h irradiation.

Beilstein J. Nanotechnol. 2014, 5, 1167-1174.

Results and Discussion

Fourier transform infrared spectroscopy (FTIR) is employed to
characterize GO and G-SOj3. As shown in Figure 1, compared to
GO, G-SOj3 has typical absorptions at 1177, 1123 and
1037 cm™!, which are assigned to vg_g and VS-phenyl confirming
the modification of sulfanilic acid on graphene sheets [53].
Meanwhile, peaks attributed to C=0 in carboxylic acid and car-
bonyl moieties (vo=p at 1720 cm 1), C-OH (vc_op at
1365 cm™!) decrease sharply, implying a partial reduction of
GO [54].

X-ray photoelectron spectroscopy (XPS) measurements were
performed to confirm the differences between GO and G-SOs3.
Five different peaks centered at 284.5, 285.9, 286.6, 287.7 and
288.9 eV appear in the Cls deconvolution spectrum of GO,
corresponding to C=C/C—C in aromatic rings, C—OH (hydroxy),
C-0O-C (epoxy), C=0 (carbonyl), and C(O)O (carboxyl)
groups, respectively [55]. For G-SOj3, the peak centered at
284.6 eV becomes narrower, suggesting the partial restoration
of the m-electron network in G-SO3. Other oxygen-containing
carbon peaks, decreased sharply, indicating GO is reduced effi-
ciently.

Further, Raman spectra and X-ray diffraction (XRD) patterns of
GO and G-SOj3 are compared in Figure 2. GO and G-SO3 both
show the characteristic D band and G band at 1350 cm™! and
1597 cm™!, but the enhanced Ip/Ig ratio for G-SOj indicates the
functionalization and reduction of GO. As confirmed by the
XRD patterns, after reduction and functionalization, the
d-spacing becomes wider since the angle 20 shifted to the left
from 8.85° to 6.92°. The decreased intensity, meanwhile, mani-
fests a more disordered structure in G-SO3. As a result, the
obtained G-SOj is both reduced and functionalized, which
guarantees not only its high conductivity for electron transfer,
but also its great dispersibility to act as a platform to anchor
catalysts.

G-S0O3

G-SO;
after Hz
evolution

GO

b)

35003000 2500 2000 1500 1000
Wavenumber / cm™

200 288 286 284 282 290 288 286 284 282

Binding Energy / eV

Figure 1: FTIR (a) and XPS (b) spectra of GO, G-SO3 and G-SO3 after photocatalytic hydrogen evolution
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Figure 2: Raman (a) and XRD (b) spectra of GO (black), G-SO3 (red) and G-SO3 after photocatalytic hydrogen evolution (purple).

The photocatalytic hydrogen evolution was evaluated under ir-
radiation at 525 nm by using TEOA as a sacrificial donor and
EY as a photosensitizer, while cobalt salts and G-SO3 were
added to serve as a catalyst in the reaction system (Figure 3). It
is proposed that Co?" forms a Co(TEOA),2" complex in the
presence of TEOA [56]. No significant amounts of hydrogen
were detected in the absence of either irradiation or the photo-
sensitizer EY, indicating that hydrogen was produced through
the photochemical reaction. Evidently, Co(TEOA),2*"
complexes can function as catalysts to reduce protons to hydro-
gen, similar to the observations of Sun and coworkers [57].
When G-SO3 was introduced, the amount of hydrogen obvi-
ously increased. Because our previous work [51] has demon-
strated that G-SO3 acts as an electron mediator of EY and plat-
inum nanoparticles co-catalyst, we consider that in the current
study the electron transfer process from the EY radical anion
(EY*") to G-SOj3 or in situ formed-Co(TEOA),%" would be
facilitated. Similar to the storage phenomenon observed in
carbon nanotubes, a small fraction of the electrons may get

a)
3.0
-
S
S~
C
S 2.0
]
=
o
>
LLI 1.0
N
T
0 T
without without with with
Co% Graphene GO G-S0;

stored in graphene sheets, thus making graphene an electron
reservoir to continuously provide electrons to the catalytic
center [58-60]. The positive synergetic effect consequently
enhances the photocatalytic activity for hydrogen evolution of
the system. To examine any counter anion effects, we further
used four different kinds of cobalt salts in our photocatalytic
hydrogen evolution system: cobalt chloride, cobalt nitrate,
cobalt perchlorate and cobalt acetate. The amounts of evolved
hydrogen in each system did not differ much, indicating that the
catalytic behavior is independent of the anions used. The results
also manifest the formation of Co(TEOA),2" catalysts in the
systems.

The pH value of the solution greatly influences the hydrogen
evolution process of the system. The system performed well
over a wide range (pH 8-12), reaching a maximal turnover at
pH 10.86 (Supporting Information File 1, Figure S1). However,
when pH value was below 7.2, there was no detectable hydro-
gen produced from the system. This pH-dependency is due to a

111

CoSOs  CoCl, Co(NOs)2 Co(AcO)2 Co(ClO4)2

(=2
~—

N w
? ?

H2 Evolution / mL

Figure 3: Photocatalytic hydrogen evolution with different graphene (a) and cobalt salts (b) at pH 10.86 in H,O after 4 h; sample concentration: Co%*
(2.0 x 107 mol/L), graphene (0.04 mg/mL), EY (4.0 x 10~ mol/L) and TEOA (0.2 mol/L).
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number of factors: in acidic medium, the protonation of TEOA
inevitably results in a poor electron-donating ability and less
Co(TEOA),2" catalyst is formed. In a basic solution, the
graphene dispersion was more stable and the light absorption of
EY is stronger but the concentration of protons is too low.

To optimize the hydrogen evolution system, four sets of experi-
ments were carried out: varying the concentration of CoSOy,
G-SO3, EY and TEOA used while keeping a constant concen-
tration of the other three components at pH 10.86. The results of
these experiments are shown in Figure 4. With the addition of
G-S0O3, even at low concentrations, the amount of hydrogen
evolution showed a remarkable increase and reached a
maximum of 3.31 mL, which is 5.6 times larger than that of the
system without G-SOj3. Further increasing the concentration of
G-SOj resulted in a decrease in the amount of hydrogen gener-
ated. This phenomenon happened in many other reported works,
which can be explained by the light shielding effect of graphene
[61-63]. Varying the concentration of CoSQOy, a similar ten-
dency was observed. The concentration of EY also exercises a
great influence on catalytic performance of the system. The
amount of hydrogen evolution increases with the concentration

5.01

Q
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of EY linearly when the concentration of EY is below 0.4 mM.
After a further increase of the EY concentration to 0.8 mM or
1.6 mM, however, the amount of hydrogen still increases but at
a relatively slower rate. This is because self-quenching and
shield-effects inevitably decrease the ability of EY to act as the
photosensitizer [64]. As for the electron donor TEOA, the
highest hydrogen evolution efficiency was obtained at a concen-
tration of 0.2 M. Figure S2 in Supporting Information File 1
shows the kinetic curve of the photocatalytic hydrogen evolu-
tion under the optimized conditions at pH 10.86 (the concentra-
tion of CoSQy, G-SO3, EY and TEOA are 2.0 x 1074 mol/L,
0.04 mg/mL, 4.0 x 107* mol/L and 0.2 mol/L, respectively).
The total amount of hydrogen evolved under LED irradiation at
525 nm was about 3.31 mL (148 umol) and the TON reached
148 with respect to the initial concentration of cobalt. More
hydrogen was produced from the system after prolonged irradi-
ation times but at a slower rate. The reason for the decreased
rate at longer irradiation times is attributed to the decomposi-
tion of EY. As described in our previous work [51], EY decom-
poses to fluorescein, which has a lower absorption but a higher
stability. To confirm the result in the current study, we carried
out control experiments that used fluorescein as photosensitizer
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02
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Figure 4: Photocatalytic hydrogen evolution as a function of the CoSO4 (a), G-SOj3 (b), EY (c) and TEOA (d) concentration at pH 10.86 in H,O after
4 h; other sample concentration: CoSO4 (2.0 x 1074 mol/L), G-SO3 (0.04 mg/mL), EY (4.0 x 10™* mol/L) and TEOA (0.2 mol/L).
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for hydrogen evolution under the identical condition. As shown
in Supporting Information File 1, Figure S2, the rate of hydro-
gen evolution is the same as that of the EY system after 1 h of

irradiation.

It is worth noting that after irradiation, a black magnetic precip-
itate was observed and adsorbed on the magnetron in both cases
with or without G-SO3. When rinsed with acetone more than
three times, the precipitation was visualized by TEM (transmis-
sion electron microscopy). As shown in Figure 5, in the absence
of G-SO3 nanoparticles aggregated in size of about hundreds
nanometers. Each particle is composed of lots of small nanopar-
ticles of several nanometers in diameter. The lattice fringes in
the HRTEM (high resolution TEM) images suggest a well-
defined crystal structure. The lattice spacing of about 0.191 and
0.203 nm can be assigned to the (101) and (002) planes of
metallic cobalt Co, space group Pg3/mmc (JCPDS card
05-0727). When G-SO3 was added, the TEM images exhibited
much difference. Firstly, nanoparticles were formed but
dispersed on G-SOj sheets instead. Secondly, the sizes of the
nanoparticles were smaller. The HRTEM image also showed
the lattice fringes, and the lattice spacing (0.191 and 0.203 nm)
is consistent with those observed in the system without G-SOs.
This phenomenon indicated that G-SO3 provides a platform to
support cobalt catalysts, and at the same time G-SO3 avoids the
aggregation of the catalyst to some extent. These results are
consistent with the better performance and the higher hydrogen
evolution from the system with G-SO3.

Figure 5: The TEM images nanoparticles after irradiation with (a—c) or
without (d—f) G-SOs3.

As mentioned above, the TEM results showed that cobalt metal
nanoparticles may form during the process in both cases. XPS
and ICP-MS (inductively coupled plasma mass spectrometry)
were used to further investigate the magnetic precipitates
obtained after the hydrogen evolution reaction. XPS spectra of
the precipitates with or without G-SO3 showed the same peak
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pattern and location in the range from 776 to 810 eV, corres-
ponding to the Co 2p orbital (Supporting Information File 1,
Figure S3). The cobalt lines in the spectra, however, were
assigned to cobalt(Il) [65], not to cobalt(0). This is different
from the TEM results and in contrast to the grown cobalt metal
nanoparticles on graphene [66]. ICP-MS measurements were
carried out by using the precipitates obtained from the system,
which gave a cobalt content of 11.1% (with graphene) and
45.0% (without graphene), respectively. Either of these results
was much higher than that calculated from XPS (3.8% and
20.8%). In consideration of the fact that XPS probes only a few
nanometers below the surface, the discrepancy was tentatively
interpreted to be because of Co" complexes around the cobalt
metal particles, which hinder the effective detection of Co metal
in XPS but allows its measurement with ICP-MS. In addition,
FTIR spectra of G-SO3 (Figure la, purple line) showed a
typical C—H stretching vibration at 2918 cm™! after photocata-
lytic hydrogen evolution, which apparently comes from the
catalytic Co'!l(TEOA), species on the surface of G-SO;.

Cyclic voltammetry (CV) spectra were used to investigate the
hydrogen evolution system (Figure 6). And the results showed
that Co(TEOA),2" complex was active for electrocatalytic
hydrogen evolution in 0.2 M K,SO4 and 0.4 M TEOA aqueous
solution. The Co'(TEOA),/Co'(TEOA), reduction band peaked
at about —1.1 V (vs SCE), and is followed by a rapid rise in
current at —1.25 V (vs SCE). This increase of current, accompa-
nied by the evolution of bubbles, can be attributed to the
catalytic generation of hydrogen from the aqueous solution
[67]. In order to verify that Co(TEOA),2" is responsible for the
catalysis, control experiments were performed at room tempera-
ture. When the 0.2 M K»SO4 aqueous solution or 0.2 M K;SO4
and 0.4 M TEOA aqueous solution were studied, no catalytic
current appeared until the potential was over —1.5 V (vs SCE).
When G-SOj3 was added, no new peak emerged, but the
catalytic current intensity increased by about 20%. The observa-
tion implied that in the presence of G-SOj3, electron transfer
processes become faster, which results in a higher activity
toward electrocatalytic hydrogen evolution. Analogously,
G-S03 is important for enhancing the performance of photo-
catalytic hydrogen evolution. For photocatalytic hydrogen
evolution systems, the photosensitizer EY is often reduced by
TEOA to form EY" radical anions. Since the oxidation poten-
tial of EY"™ (—1.05 V vs NHE) [68] is more negative than that
of Col(TEOA),/Co(TEOA), couple, an electron transfer from
EY" to cobalt-center is thermodynamically feasible and initi-
ates the whole hydrogen evolution process.

Taking into consideration all results of the TEM, XPS, ICP-MS

and CV measurements, the photocatalytic process in this work
can be described in Scheme 1. When all the components
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Scheme 1: Schematic illustration of the photocatalytic hydrogen evolu-
tion process.

(TEOA, EY, G-SO3, CoSOy4) were added into the reaction
system, Co'(TEOA), complexes were formed in situ and are at
well-adsorbed or surround the G-SO3. In fact, not all of the
Co(TEOA), complexes were on the surface of G-SO3, because
ICP-MS measurements gave a cobalt content of 11.1%, which
was much lower than the feeding ratio of 22.8%. Upon irradi-
ation, the electrons of the EY™™ radical anion generated from
EY and TEOA, transfer to G-SOj3 or directly to Coll( TEOA), to
initiate the catalytic hydrogen evolution. Since graphene is an
ideal electron acceptor and/or electron reservoir, an efficient
multi-electron transfer toward the catalytic center Coll(TEOA),
takes place. Regarding the reports about photocatalytic hydro-
gen evolution systems based on molecular cobalt complexes in
the literature [20], it could be speculated that in the present
work the reduction of Col!l(TEOA), to Col(TEOA), occurs
firstly. Co'(TEOA),, on the one hand, can be protonated to form
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Co'l(TEOA),H hydride, which reacts with another hydride to
eliminate hydrogen or further protonated to release hydrogen
and Co"(TEOA),, which is subsequently reduced to
Co'[(TEOA), for the next catalytic circulation. On the other
hand, the protonated Coll(TEOA),H can also be reduced
further to yield Co''(TEOA),H hydride, which experienced the
above cycle for hydrogen evolution. Specifically, if the
Co!(TEOA); species is not protonated at low concentrations of
protons in the system, it can be reduced further to Co%(TEOA),
[69]. Since there are ligands around Co®(TEOA),, this
Co%TEOA), species can be protonated to form Col'(TEOA),H
that would either eliminate hydrogen as discussed above or
release ligands to form metallic cobalt. The obtained metallic
cobalt may function as nucleation center anchoring other cobalt-

catalysts.

Conclusion

In summary, we introduce a new water-soluble graphene-
cobalt-based hydrogen evolution system. With TEOA as the
electron donor, EY as the photosensitizer, Co(TEOA),2"
formed in situ from cobalt salts and TEOA on the surface of
G-SOj or around it as the initial catalyst, the effective hydro-
gen evolution system is established. By using 525 nm LEDs as
the light source, this system shows a 5.6 times higher effi-
ciency than that of the same system without G-SOs3, and the
hydrogen can continually evolve even after 20 h. With TEM,
ICP-MS, and XPS measurements the magnetic precipitation
after irradiation is confirmed to be Co metal surrounded by
Co?" species. CV results indicate the redox potential for the
Co'(TEOA),/Co'(TEOA),, manifesting the feasible electron
transfer process thermodynamically. The effects of the pH
value, as well as the concentration of G-SO3, CoSO4 and TEOA
were investigated in detail not only to optimize the catalytic
activity for hydrogen evolution but also to understand the reac-
tion mechanism. The enhanced activity of the photocatalytic
system makes it attractive to design and synthesize new cata-
lysts by using graphene and earth-abundant metal salts for the
photocatalytic Hy production.

Supporting Information

Supporting Information File 1

Experimental part.
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