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ABSTRACT: Improvement of hydrogen evolution ability is an
urgent task for developing advanced catalysts. As one of the
promising visible-light photocatalysts, ZnIn,S, suffers from the
ultrafast recombination of photoinduced charges, which limits its
practical application for efficient solar water splitting. Herein, we
reported a two-step method to prepare hierarchical core—shell
carbon nanofiber@ZnlIn,S, composites. One-dimensional carbon
nanofibers were first prepared by electrospinning and carbon-
ization in N,. The subsequent solvothermal process led to the in
situ growth of ZnIn,S, nanosheets on the carbon nanofibers to
fabricate hierarchical structure composites. The hierarchical core—
shell configuration structure can help to form an intimate contact
between the Znln,S, nanosheet shell and the carbon nanofiber
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backbone compared with the equivalent physical mixture and can facilitate the interfacial charge transfer driven by the excitation
of ZnIn,S, under visible-light irradiation. Meanwhile, the ultrathin ZnIn,S, nanosheets were uniformly grown on the surface of
the carbon nanofibers, which can avoid agglomeration of ZnIn,S,. These synergistic effects made this unique hierarchical
structure composite exhibit a significantly higher visible-light photocatalytic activity toward hydrogen evolution reaction
compared with pure ZnIn,S, or a physical mixture of ZnIn,S, and carbon nanofibers in the absence of noble metal cocatalysts.
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1. INTRODUCTION

In recent years, photocatalytic H, production from water
splitting has attracted great attention because it is a clean,
economical, and environmentally friendly strategy to convert
sustainable solar energy into preservable H,.' > Compared with
the conventional wide-band-gap semiconductors, which can
solely absorb the UV light and greatly restrict its practical
applications, metal sulfides have been intensively studied in
photocatalysis because of their suitable band gap and catalytic
functions.*”” In particular, ternary metal sulfide ZnIn,S,, which
is an eco-friendly and chemically stable visible-light-driven
photocatalyst, shows high activity for H, evolution as well as
photocatalytic degradation of contaminants.®~"> However, in a
practical point of view, it should be noted that the
photocatalytic activity of Znln,S, still needs to be further
improved. To further improve the H, evolution performance,
many approaches have been proposed. For the visible-light-
driven photocatalysts with proper band structures, the issue of
photogenerated charge separation is a key factor strongly
affecting the efficiency of the photocatalytic water-splitting
process.' ™' Clearly, in order to increase the utilization rate of
the photogenerated charges and obtain high photocatalytic
water-splitting activities, the photogenerated charges must be
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efficiently separated to avoid bulk/surface charge recombina-
tion and transfer to the separated active sites on the surface of
the photocatalysts.'”>* Recent studies have demonstrated that
the charge separation and photocatalytic hydrogen-production
activities were enhanced by selectively coupling ZnIn,S,
nanomaterials with other semiconductors (TiO,, CdSe, ZnS,
MoS,, NiS, and so on) or noble metals (e.g, pt). 28
Especially, carbon-based materials, such as active carbon,
carbon nanotubes, and graphene, have been widely introduced
due to their excellent conductivity and extraordinary chemical
stability.””>' Among various nanostructured carbon materials,
two-dimensional (2D) layered graphene and one-dimensional
(1D) carbon material (carbon nanotubes and carbon nano-
fiber) have been promising materials. In study, apart from the
random mixture of Znln,S, and other semiconductors, lots of
works have attempted to construct 1D and 2D nanocomposites
by depositing functional inorganic nanomaterials on the carbon
backbone. However, the relatively weak interaction between
inorganic species and the carbon backbone usually leads to the
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dissatisfied uniformity and distribution of the inorganic
component on the surface of the carbon backbone.**™** As a
result, it is still highly desirable to design new strategies to
fabricate well-defined structures by growing low-dimensional
nanostructures of functional materials on the carbon backbone.

In the previous reports, in situ controlled §rowth approaches
were developed to construct composites.> >> This kind of
synthetic method can form effective interfacial contact and
strong interaction between two components in the composite
and lead to an enhanced photogenerated charge transfer and
separation. Recently, the ultrathin structures, such as nano-
sheets, have been confirmed to show significantly improved
photocatalytic activities by growing nanosheets on the
supporter to form hierarchical structure composites basically
due to the large specific surface areas and the enhanced
photogenerated charge carrier transfer from the interior to the
surface of photocatalysts to participate in the photocatalytic
reactions.”*** Significant progress has been made in combining
these advantages. For instance, Lou et al. prepared 1D
hierarchical structures composed of Ni;S, nanosheets on
carbon nanotube backbones to significantly improve super-
capacitors and photocatalytic H,-production performance.*®
Among all the carbon materials, the electrochemical properties
of 1D carbon nanofibers (CNFs) and carbon nanotubes are
similar, but the carbon nanofibers can be easily prepared by
electrospinning technology, more consistent with the require-
ment of a low cost compared to the carbon nanotubes.*” ~** To
the best of our knowledge, there is no investigation focused on
the CNFs@ZnlIn,S, composites for photocatalytic H, produc-
tion.

In this work, we report on a simple technique based on a
combination of electrospinning and solvothermal process to in
situ grow ZnIn,S, nanosheets on the carbon nanofiber
backbone to form hierarchical core—shell CNFs@Znln,S,
composites. First, a 1D carbon nanofiber was prepared by
electrospinning and subsequent calcination under a nitrogen
atmosphere. Then, the as-prepared carbon nanofiber was used
as an excellent supporting matrix for in situ growth of ZnIn,S,
nanosheets. The in situ growth process can help to form
intimate contacts between ZnlIn,S, nanosheets and the carbon
nanofiber backbone compared with the physical mixture, which
helps the interfacial charge transfer driven by the excitation of
ZnIn,S, under visible-light irradiation and reduces the self-
agglomeration. These synergistic effects made this composite
system exhibit a significantly higher visible-light photocatalytic
hydrogen evolution performance than those comprising a single
component or a physical mixture of carbon nanofibers and
Znln,S,.

2. EXPERIMENTAL SECTION

2.1. Preparation of Carbon Nanofibers (CNFs). The precursor
solution (PAN, 8 wt %) was first prepared by mixing the
polyacrylonitrile (PAN, molecular weight = 160000) and solvent
N,N-dimethylformamide (DMF, >99.9%) at 60 °C. The solution was
spun into a nanofiber web through a positively charged capillary using
an electrospinning apparatus at 10 kV. The negative electrode was
connected to a drum winder collecting the nanofiber web. The
electrospun nanofibers were collected as a web on an aluminum foil
wrapped on the metal drum with a rotation speed of 300 rpm. The
electrospun nanofiber web was stabilized in an air atmosphere at 250
°C for 1 h (heating rate was 1 °C min~') and then carbonized at 900
°C for 1 h in nitrogen at a ramp rate of S °C min~", and finally cooled
to room temperature. Thus, carbon nanofibers (CNFs) were obtained.

2.2. Fabrication of Hierarchical Core—Shell CNFs@ZnIn,S,
Composites. In a typical procedure for the synthesis of hierarchical
core—shell CNFs@ZnlIn,S, composites, the carbon nanofiber (the
weight ratios of carbon nanofiber to ZnIn,S, were S, 10, 15, and 20 wt
%) was dispersed into 15 mL of ethanol by ultrasonication for 30 min,
respectively. Subsequently, S mL of glycerol, 0.3820 g of In(NO;);:
4.5H,0, 0.1110 g of Zn(AC),-6H,0, and 0.5272 g of L-cysteine
hydrochloride monohydrate (C;H,NO,S-HCI-H,0) were added into
the above solution under stirring for 20 min. Then, the obtained mixed
solution was transferred to a S0 mL Teflon-lined stainless steel
autoclave, which was heated to 180 °C and maintained for 24 h. After
cooling to the room temperature, the as-synthesized solid products
were rinsed several times using ethanol and dried at 70 °C for 12 h.
For comparison, the blank ZnIn,S, was prepared in the absence of
carbon nanofibers using the same experimental conditions.

In order to determine the detailed content of carbon fibers in the
CNFs@ZnlIn,S, composites, we added a certain amount of CNFs@
ZnIn,S, composites into diluted hydrochloric acid (3 mol L™) and
stirred it overnight to ensure that ZnIn,S, was dissolved completely.
Then, the black suspension was filtered and washed with distilled
water several times. Subsequently, the clear filtrate was diluted and
determined by ICP-AES to get the concentration of Zn** and In*, so
the contents of carbon fibers and ZnIn,S, in the composite can be
calculated, respectively. For the CNFs@ZnlIn,S, composites prepared
using 5, 10, 15, and 20 wt % carbon nanofibers, the detected carbon
fiber content is 5.23, 10.27, 15.35, and 20.47 wt %.

2.3. Characterization. The X-ray diffraction (XRD) of powder
samples was examined by X-ray diffraction (XRD, Bruker D8 Advance
diffractometer) monochromatized Cu Ka radiation (1 = 0.15418 nm).
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images of samples were recorded in a JEOL 2100
microscope with a 200 kV accelerating voltage, along with scanning
electron microscopy (SEM, Hitachi, S-4800). Photoluminescence
(PL) spectra were measured at room temperature using a Fluoromax-4
Spectrophotometer (Horiba Jobin Yvon). The excitation wavelength
was 300 nm, and the emission slit was 1.0 nm. The UV—visible diffuse
reflectance spectra of the samples were obtained using a UV—visible
spectrophotometer (Shimadzu UV-2550). The electrochemical
impedance spectra (EIS) of the thin film made from these as-made
materials were measured via a computer-controlled IM6e impedance
measurement unit (Zahner Elektrik, Germany) in 0.25 M Na,SO; and
0.35 M Na,S aqueous solution under UV light and carried out by
applying sinusoidal perturbations of 10 mV under a bias of —0.8 V, and
the frequency ranges from 0.05 to 100 kHz. Zn** and In**
concentrations of the samples were determined by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Thermo ICAP6300).

2.4. Photocatalytic Hydrogen Production. The photocatalytic
H, evolution from water was conducted in an online photocatalytic
hydrogen production system (AuLight, Beijing, CEL-SPH2N). A
powder sample of the catalyst (0.03 g) was suspended in a mixture of
100 mL of a mixed aqueous solution containing 0.35 M Na,S and 0.25
M Na,SO;. The reaction was carried out by irradiating the suspension
with light from a 300 W Xe lamp (AuLight, CEL-HXF-300, Beijing)
that was equipped with an optical filter (A > 420 nm) to cut off the
light in the ultraviolet region. Prior to the reaction, the mixture was
deaerated by evacuation to remove O, and CO, dissolved in water.
Gas evolution was observed only under photoirradiation, being
analyzed by an online gas chromatograph (SP7800, TCD, molecular
sieve 5 A, N, carrier, Beijing Keruida Limited).

The determination of the apparent quantum efficiency (AQE) for
hydrogen generation was performed using the same closed circulating
system under illumination of a 300 W Xe lamp with a band-pass filter
(420 nm) system. The light intensity was measured using a Si
photodiode (oreal 91105 V). The total light intensity was 1.5 mW
(420 nm). The irradiation area was around 7 cm”. Apparent quantum
efficiency (AQE) was calculated by the following equation.**

2 X the number of evolved H, molecules
X 100%
the number of incident photons (1)

AQE =
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3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. Figure 1 shows the X-
ray diffraction (XRD) patterns of the CNFs@Znln,S,
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Figure 1. XRD patterns of carbon nanofibers (a), ZnIn,S, (b), and
hierarchical core—shell CNFs@ZnIn,S, composites (15 wt % of
CNFs) (c).

hierarchical heterostructures, ZnIn,S,, and pure carbon nano-
fibers. It can be found that the pure ZnIn,S, shows the
diffraction peaks of (002), (006), (102), and (110) crystal
planes at 26 = 6.5, 21.6, 27.8, and 47.2°, which can be indexed
to a hexagonal phase of ZnIn,S, (JCPDS No. 65-2023).5%
From the XRD pattern of the pure carbon nanofibers, it can be
found that the broad peak is centered at around 25°, which is
attributed to the (002) plane of the carbon structure in the
carbon nanofibers.*”** All of the diffraction peaks of the
CNFs@Znln,S, composite can be indexed to the hexagonal
ZnIn,S,. No cubic phase or impurity peaks can be detected
from the XRD measurement. The XRD results revealed that
carbon nanofibers did not affect the crystal phase of ZnIn,S,.
However, no diffraction peaks corresponding to carbon
nanofibers were observed in the XRD pattern of the CNFs@

Znln,S, composite, which was probably caused by its low
crystallinity and low content. As an alternative approach, the
Raman spectrum of the CNFs@Znln,S, composite showed
characteristic peaks that confirmed the appearance of carbon
nanofibers (Figure S1, Supporting Information).

Figure 2A shows the SEM image of the as-prepared carbon
nanofibers. The nanofibers have a diameter of about 150—200
nm and lengths of several tens of micrometers with a relative
smooth surface. In comparison, Figure 2B shows the typical
morphological characterizations of the hierarchical core—shell
CNFs@Znln,S, composites with a diameter of about 400—500
nm. It is easy to observe that the entire surface of the carbon
nanofibers is fully decorated with uniform ZnIn,S, nanosheets,
which are evenly distributed across and connected to each
other, forming a network of relief features on the surface of
each carbon nanofiber. It can be estimated that the thickness of
the ZnIn,S, shell is about 125—175 nm. The TEM image of the
CNFs@Znln,S, composite in Figure 2C shows that ZnIn,S,
has a typical sheetlike structure and grows along the surface of
carbon nanofibers. The corresponding high-resolution TEM
image in Figure 2D shows a fringe spacing of 0.325 nm, which
corresponds to the (102) plane of hexagonal phase ZnIn,S,.>*
Intimate junctions between ZnIn,S, nanosheets and carbon
nanofibers are indeed formed by the growth process. The in
situ growth might provide an advantage in the formation of the
intimate contact between ZnIn,S, and the carbon nanofiber,
which is crucial for forming an effective charge-separation
nanojunction. Meanwhile, the HRTEM image of the CNFs@
ZnIn,S, hierarchical composite (Figure 2D) reveals that the
thickness of ZnIn,S, nanosheets grown on carbon nanofibers is
significantly thin, and the nanosheets tend to bend and their
edges are ragged as a result of minimizing the surface energy.
For comparison, the blank ZnIn,S, prepared in the absence of
carbon nanofibers has a solid global morphology with a
sheetlike surface (Figure S2, Supporting Information). The
results suggest that the presence of carbon nanofibers can
greatly inhibit the restacking of ZnIn,S, during its nucleation

500 nn

Figure 2. (A) SEM image of carbon nanofibers. (B) SEM image of hierarchical core—shell CNFs@ZnlIn,S, composite (15 wt % of CNFs). (C) Low-
magnification TEM image of hierarchical core—shell CNFs@ZnlIn,S, composite (15 wt % of CNFs). (D) HRTEM image of the designated square

part in (C).
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Figure 3. SEM images of the products obtained at different reaction times: 20 min (A), 1 h (B), 3 h (C), and 9 h (D).

and growth. It is reasonable to expect that these ZnIn,S,
nanosheets possess relatively high surface areas due to their
thinner and two-dimensional morphologies.

To investigate the formation process of the hierarchical
core—shell CNFs@ZnIn,S, composites, samples prepared at
different reaction times were collected and investigated by
SEM. Compared to smooth surface of the original carbon
nanofibers (Figure 3A), as shown in Figure 3B, at the early
reaction stage (1 h), the surface of the carbon nanofibers
became coarse and some nanoparticles (Figure 3B) appeared
on the external surface of the carbon nanofibers through the
initial nucleation reaction. It is mainly because the surface of
carbon nanofibers can provide high energy nucleation sites for
the nucleation and growth of ZnIn,S, nanocrystals. When the
reaction time was increased to 3 h, ZnIn,S, nanoparticles
growing on the surface of the carbon nanofibers changed
significantly to ZnIn,S, nanosheets (Figure 3C). By prolonging
the reaction time, the number of the small nanosheets gradually
increased, and finally the surfaces of the carbon nanofibers were
uniformly covered by numerous nanosheets with cross-
connections to each other (9 h, Figure 3D).

According to the results of time-dependent experiments, the
formation process of the hierarchical core—shell CNFs@
Znln,S, composites can be elaborated in Scheme 1. First,
carbon nanofibers were prepared via the electrospinning
process. Then, the as-prepared carbon nanofibers were used
as a supporting matrix to grow ZnlIn,S, nanosheets during the
solvothermal process. For the carbon nanofiber, there are
oxygen functional groups (e.g.,, hydroxyl) on its surface, which
can be proved from the FTIR results in Figure S3 (Supporting
Information). These functional groups act as anchor sites and
can bind with Zn?* and In** metal cations.’®° Meanwhile, the
surface of carbon nanofibers can provide high energy nucleation
sites for the nucleation and growth of ZnIn,S, nanocrystals.
During the solvothermal reaction, the anchored Zn** and In**
metal cations can in situ react with the glycerol to form metal
glycerolate complexes, which then further reacted with S*~ ions
to form ZnlIn,S, nanocrystals.”® Besides, the stacking force
between ZnIn,S, nuclei and basal planes of carbon nanofibers is
also beneficial for the in situ formation of ZnIn,S, nanocrystals

Scheme 1. Schematic Illustration of the Formation Process
of the Hierarchical Core—Shell CNFs@ZnIn,S,
Composites”
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crystals into nanosheets; and (IV) further growth of ZnIn,S,
nanosheets to form CNFs@ZnlIn,S, hierarchical composites.
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occurring on the surface of carbon nanofibers. As the reaction
continued, the secondary nucleation was much more
preferential on the ZnIn,S, nuclei surface than those in the
solution. Subsequently, these nanocrystals then continued to
grow sideways, which led to the formation of ultrathm curled
nanosheets on the carbon nanofibers’ surface.” Finally, the
ZnlIn,S, nanosheets grew larger and more densely along with
the surface of carbon nanofibers (Figure 3C,D) with the
increase of the reaction time.

In photocatalytic study, for the composite photocatalyst
where one component is deposited on the surface of the other
one, it is important to control the coverage because both
complete and sparse coverage of one component on the other
will reduce the catalytic efficiency. In this study, in order to
obtain a more efficient photocatalytic catalyst, we adjusted the
ratio of carbon nanofibers in the hierarchical core—shell
CNFs@ZnlIn,S, composites. When the content of carbon
nanofibers was high, there are small amounts of ZnlIn,S,
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Figure 4. XPS spectra of the as-obtained hierarchical core—shell CNFs@ZnlIn,S, composite (15 wt % of CNFs) and ZnIn,S,: Survey XPS spectra
(A) and high-resolution spectra of S 2p (B), In 3d (C), and Zn 2p (D), respectively.

nanosheets on the surface of the carbon nanofibers (Figure
S4A, Supporting Information), indicating that high coverage of
nanosheets needed a sufficient amount of ZnlIn,S,. Obviously,
without adequate fluffy nanosheets on the surface, the multiple
light reflections and light-harvesting would be reduced in the
composite and thus decrease the quantity of photogenerated
electrons and holes. However, minute carbon nanofibers would
make excess ZnIn,S, nanosheets assemble to form Znln,S,
microspheres (Figure S4B, Supporting Information).

3.2. Spectra Analysis. X-ray photoelectron spectroscopy
(XPS) was used to investigate the chemical states of different
elements in the hierarchical core—shell CNFs@ZnlIn,S,
composite (15 wt % of CNFs). In the composites, the values
of S 2py/, and S 2p;,, peaks (Figure 4B) corresponding to
ZnlIn,S, are also slightly lower than those of pure Znln,S,
(162.6 and 161.6 €V).>' Meanwhile, the In 3d and Zn 2p were
also examined (Figure 4C,D). The binding energies of Zn 2p
(1021.8 and 1044.6 eV) and In 3d (444.9 and 452.4 eV) for the
hierarchical core—shell CNFs@ZnlIn,S, composite are slightly
higher than those of pure ZnIn,S,"> Such a shift to high
binding energy suggests a strong interaction between ZnlIn,S,
and the carbon nanofibers, which was beneficial to the transfer
of photogenerated electrons during the photocatalysis."* It is
believed that, when ZnlIn,S, are connected to carbon
nanofibers, the electron transfer from Znln,S, to the more
electronegative carbon nanofibers may result in a decrease of
the electron density of Zn?* and In**.*® Therefore, the binding
energies of Zn 2p and In 3d shift to a high binding energy in
CNFs@ZnlIn,S, composite.

Figure S shows the diffuse reflectance spectra of the
hierarchical core—shell CNFs@ZnlIn,S, composites with differ-
ent carbon nanofiber contents and pure ZnlIn,S,. As can be
seen, the pure ZnIn,S, shows photoabsorption properties from
the UV light region to the visible-light region. Notably, for the
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Figure 5. UV—vis diffuse reflectance absorption spectra (DRS) of
ZnIn,S, (a) and hierarchical core—shell CNFs@ZnlIn,S, composites
with different carbon nanofiber contents: (b) 5, (c) 10, (d) 15, (e) 20
wt %.

CNFs@Znln,S, hierarchical composites, significant enhance-
ment of light absorption in the visible-light region (>400 nm)
can be seen, which can be mainly attributed to carbon itself
absorbing visible Iight.52 Moreover, with increasing black
carbon nanofiber content, the visible-light absorption also
increased.

As is known, photocatalytic activity is dependent on the
trapping and lifetime of photogenerated electrons and holes in
the semiconductor catalyst. Photoluminescence (PL) emission
spectra are often employed to study surface structure and
excited states, and it can provide useful information about the
efficiency of charge carrier trapping and recombination in
semiconductor particles since the PL emission comes from the
recombination of free charge carriers.>>>* In this study, the PL
spectrum (Figure 6, spectra a) of ZnIn,S, shows a broad peak
around 560 nm, which attributed to the emission of the band-
gap transition with the energy of light approximately equal to
the band-gap energy of ZnIn,S, (S50 nm).>” For the
hierarchical core—shell CNFs@ZnlIn,S, composites, the PL
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Figure 6. Photoluminescence spectra of pristine ZnIn,S, (a) and
hierarchical core—shell CNFs@ZnIn,S, composite (15 wt % of CNFs)

(b).

spectrum (Figure 6, spectrum b) is similar to that of pure
ZnIn,S, However, a significant fluorescence decrease (or
quenching) was observed, indicating a reduced charge
recombination in comparison to Znln,S, alone. The results
of PL spectra proved that the introduction of carbon nanofibers
in the composites can improve the separation of electron—hole
pairs under visible-light irradiation due to their excellent
electron-accepting and electron-transport properties similar to
those of carbon nanotubes, which can provide a convenient way
to direct the flow of photogenerated charge carriers and
increase the life of electron—hole pairs generated by semi-
conductors under light irradiation.

3.3. Electrochemical Impedance Analysis. Electro-
chemical impedance spectroscopy (EIS) is a powerful tool in
studying the charge transfer process occurring in the three-
electrode system,> and the EIS Nyquist plots of the two
samples are shown in Figure 7. As has been reported, the

250
200+ e, o
‘£ 150+ ,,-f \\_
G - \.
N g .
[\'] 1 00 1 -0-0—g \'\
..o- 0;.‘\ .\.
50/ ! LS

0 50 100 150 200 250 300
Z/(ohm)
Figure 7. Nyquist plots of (a) ZnIn,S, and (b) hierarchical core—shell
CNFs@ZnlIn,S, composite (15 wt % of CNFs) electrodes in aqueous
solution containing 0.25 M Na,SO;/0.35 M Na,S under visible-light
irradiation.

intermediate-frequency response is associated with the electron
transport and transfer at the ZnIn,S,/electrode interface.’® The
hierarchical core—shell CNFs@ZnIn,S, composite shows a
smaller semicircle in the middle-frequency region in compar-
ison to the ZnlIn,S, which indicates the fastest interfacial
charge transfer.’”>® Therefore, it can be proved that the
introduction of carbon nanofibers can improve the interfacial
charge transfer and separation in the hierarchical core—shell
CNFs@ZnlIn,S, composite system and thus lower the charge
recombination because of the formation of a junction between
carbon nanofibers and ZnIn,S,. Overall, carbon nanofibers can
act as both a ZnIn,S, nanosheet substrate and an electron
collector and transporter in the composite. This can contribute

to the improvement of the photocatalytic H,-production
activity.

3.4. Photocatalytic H, Evolution Property. The photo-
catalytic performances of the as-prepared hierarchical core—
shell CNFs@ZnlIn,S, composites were monitored for hydrogen
evolution from the aqueous solution containing 0.25 M
Na,50;/0.35 M Na,S as sacrificial reagents under visible-light
irradiation. In order to reveal the possible synergetic effect of
the hybrid structure, the control experiments of photocatalytic
H, production with ZnIn,S, alone and carbon nanofibers alone
have been also performed. As shown in Figure 8A, the bare
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Figure 8. (A) Comparison of the photocatalytic H, evolution rate of
ZnIn,S,, carbon nanofibers (CNFs), and the hierarchical core—shell
CNFs@ZnlIn,S, composites with different carbon nanofiber (CNF)
contents. (B) The proposed photocatalytic H, evolution mechanism
for the hierarchical core—shell CNFs@ZnlIn,S, composites.

Znln,S, shows acceptable H, evolution properties (24 pmol
h™"), which are ascribed to its appropriate band gap and crystal
structure. The carbon nanofibers exhibited no photocatalytic
hydrogen evolution performance under visible-light irradiation.
The result showed that a carbon nanofiber is not a
photocatalyst, but the hierarchical core—shell CNFs@ZnIn,S,
composites exhibited significantly enhanced the photocatalytic
activity, highlighting the usefulness of the combination with 1D
carbon nanofibers in improving the photocatalytic activity of
the ZnIn,S, nanosheets. This excellent H,-production perform-
ance of the hierarchical core—shell CNFs@ZnlIn,S, composites
can be ascribed to several factors. First, fast separation of the
photoinduced electron/hole pairs plays an important role. The
intimate contact and formation of junctions between ZnIn,S,
and carbon nanofibers could offer effective charge separation,
and meanwhile, the 1D geometrical character of carbon
nanofibers in the hierarchical structure composites acts as the
electron acceptor and makes electron transport excellent.** The
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improved charge-separation rate was proved by the results of
PL (Figure 6) and EIS (Figure 7) measurements. Second,
carbon nanofibers may serve as a good photosensitizer, which
would enhance the visible-light absorption for the composite
photocatalyst.*® In addition, the unique hierarchical structure
should also be related to the enhanced photocatalytic activity.
The exposure of a large external surface area of the thin ZnIn,S,
nanosheets attached onto the carbon nanofiber backbone could
also offer much higher catalytic reaction efficiency than the
aggregated Znln,S, microspheres owing to the increased
reaction active sites and the electron-tunneling effect through
the ZnIn,S, thin nanosheets to carbon nanofibers.

The expected working mechanism for photocatalytic H,
evolution over the hierarchical core—shell CNFs@Znln,S,
composites under visible-light irradiation is shown in Figure
8B. Under visible-light irradiation, the photogenerated
electrons are excited from the valence band (VB) to the
conduction band (CB) of ZnIn,S,. Meanwhile, the carbon
nanofibers incorporated into the 1D hierarchical structure act as
the electron acceptor and the photoexcited electrons in the
conduction band of ZnIn,S, can quickly transfer to the carbon
nanofibers and transport freely along the cylindrical nanostruc-
ture, which would ensure efficient charge transfer and at the
same time retard the charge recombination. The remaining
photogenerated electrons are accessible to the adsorbed H*
ions (from water ionization) to produce H,. Meanwhile, the
sacrificial reagent will complement the electrons to the
remaining holes in the valence band of ZnIn,S,. This process
greatly enhanced the separation ability of the photoexcited
electrons and holes. Furthermore, the amount of carbon
nanofibers is an important factor affecting the photocatalytic
activity. When the carbon nanofiber content is low in the
composite, the photocatalytic activity of the composite is
relatively low. It is mainly because the thickness of the ZnIn,S,
shell is relatively thick, and meanwhile, excess Znln,S,
nanosheets assemble to form Znln,S, microspheres, which
would separate from the carbon nanofibers. Therefore, only a
small amount of junctions can form between ZnlIn,S, and the
carbon nanofiber. With the increase of carbon nanofiber
content in the composite, the rate of H, evolution is at first
increased and then decreased. The optimum amount of carbon
nanofibers is ca. 15 wt %. On this condition, the obtained
CNFs@Znln,S, composite has a proper ZnIn,S, shell thickness
and shows the highest H, production (95 pmol h™'). The
apparent quantum efficiency (AQE) of the CNFs@ZnlIn,S,
composite (15 wt % of CNFs) is 25.35% at 420 nm, which is
higher than that (8.15%) of the pure ZnIn,S,. Moreover, the
apparent quantum efficiency (AQE) of the CNFs@ZnlIn,S,
composite is 18.15% and 2.04% at 450 and 500 nm,
respectively. The apparent quantum efficiency decreases with
increasing the incident light wavelength, which is consistent
with the change tendency of the DRS spectrum (Figure $).
While further increasing the carbon nanofiber amount (20 wt
%), the H,-production rate gradually decreased. The reason is
likely due to the shading effect.”>*** Because the thickness of
the ZnIn,S, shell gradually becomes thin, the carbon nanofiber
in the composites should increase the opacity, leading to a
decrease of light absorption passing through the reaction
suspension solution.

Meanwhile, a detailed investigation of the influence of the
coupling effect between ZnlIn,S, and a carbon nanofiber on the
photocatalytic activity was done to give an insight into the
structure—property—performance relationship of such compo-

sites. For comparison, another sample, the physical mixture of
ZnlIn,S, and carbon nanofibers (15 wt %), was also used for H,
evolution under the same condition (Figure SS, Supporting
Information). Apparently, the hierarchical core—shell CNFs@
ZnlIn,S, composites showed considerably enhanced H,
evolution activity. It indicates that the strong coupling effect
between ZnlIn,S, nanosheets and carbon nanofibers is awfully
important for the photogenerated charge transfer. When
ZnIn,S, nanosheets are grown on the surface of carbon
nanofibers, the formed hierarchical composite structure makes
the photogenerated electrons easily transfer to the carbon
nanofiber, leading to efficient separation and prolonged
recombination time of electron—hole pairs, which is confirmed
by the results of PL and EIS measurements (Figures 6 and 7).
Meanwhile, because ZnIn,S, nanosheets are uniformly grown
on the surface of carbon nanofibers, excessive aggregation of
ZnlIn,S, can be avoided, which will increase reaction active sites
and reactant adsorption.57

In addition to photocatalytic activity, for a photocatalyst to
be commercially viable, the stability is another important issue
for their practical applications. As shown in Figure S6
(Supporting Information), the H, evolution performance of
ZnIn,S, showed some reduction after the fourth recycle
experiment. However, the hierarchical core—shell CNFs@
ZnlIn,S, composite showed significant stability for H,
generation by performing the recycle experiments under the
same conditions. It is because the intimate contact between
Znln,S, nanosheets and carbon nanofibers in the hierarchical
core—shell CNFs@ZnlIn,S, composite favors the vectorial
transfer of the photogenerated electrons from the conduction
band of ZnIn,S, to the carbon nanofibers. This space
separation is beneficial in preventing the reduction of In®"
and Zn*', which further increases the stability of ZnIn,S,.**

4. CONCLUSIONS

In summary, hierarchical core—shell CNFs@
ZnlIn,S,composites were synthesized through a facile two-step
approach involving electrospinning and a subsequent solvo-
thermal process. This method affords an effective route to make
ZnIn,S, nanosheets grow well on the surface of carbon
nanofibers with a strong coupling effect. The obtained ZnIn,S,
nanosheets were well dispersed on the surface of carbon
nanofibers. The photocatalytic H, evolution performance of the
as-synthesized hierarchical core—shell CNFs@ZnlIn,S, compo-
site is significantly higher than that of ZnIn,S, alone. The
enhanced photocatalytic H, evolution properties could be
attributed to the synergetic catalytic effect of ZnlIn,S,
nanosheets and carbon nanofibers in the composites. The
strong interaction benefiting from the coupling effect between
carbon nanofibers and Znln,S, nanosheets can effectively
prohibit the recombination of photogenerated electron—hole
pairs. It was expected that the hierarchical core—shell CNFs@
ZnlIn,S, composites could have great potential for practical
application in photocatalysis and photoelectrochemistry.

B ASSOCIATED CONTENT

© Supporting Information

Raman spectrum of the hierarchical core—shell CNFs@ZnlIn,S,
composite, SEM images of ZnIn,S, and the hierarchical core—
shell CNFs@ZnlIn,S, composite products obtained from
different carbon nanofiber contents, the comparison of the
photocatalytic H, evolution rate of the hierarchical core—shell
CNFs@Znln,S, composite (15 wt %, of CNFs) and the
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physical mixture of ZnIn,S; and carbon nanofiber (15 wt %),
and FT-IR spectrum of carbon nanofiber. This material is
available free of charge via the Internet at http://pubs.acs.org.
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