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Efficient Photocatalytic Hydrogen Evolution via
Band Alignment Tailoring: Controllable Transition

from Type-l to Type-Il

Zhongzhou Cheng, Fengmei Wang, Tofik Ahmed Shifa, Chao Jiang, Quanlin Liu, and Jun He*

Considering the sizable band gap and wide spectrum response of tin disulfide
(SnS,), ultrathin SnS, nanosheets are utilized as solar-driven photocatalyst
for water splitting. Designing a heterostructure based on SnS, is believed to
boost their catalytic performance. Unfortunately, it has been quite challenging
to explore a material with suitable band alignment using SnS, nanomaterials
for photocatalytic hydrogen generation. Herein, a new strategy is used to sys-
tematically tailor the band alignment in SnS, based heterostructure to realize
efficient H, production under sunlight. A Type-I to Type-Il band alignment
transition is demonstrated via introducing an interlayer of Ce,S3, a poten-

tial photocatalyst for H, evolution, between SnS; and CeO,. Subsequently,
this heterostructure demonstrates tunability in light absorption, charge
transfer kinetics, and material stability. The optimized heterostructure
(SnS,—Ce,S3—Ce0,) exhibits an incredibly strong light absorption ranging
from deep UV to infrared light. Significantly, it also shows superior hydrogen

electron-hole pairs.l?l To satisfy these two
requirements simultaneously is one of the
biggest challenges. In this regard, com-
pared with the single component photo-
catalysts like TiO,,>%1 ZnO,M and CdS,P!
constructing well-aligned heterostructures
is considered as an effective way to over-
come these problems.®l In general, there
are three types of heterostructures (Type-I,
II, and III) according to the relative posi-
tions of conduction band (CB) and valence
band (VB) in the respective semiconduc-
tors. Usually, straddling types (Type-I) are
formed between many materials. Although
absorption is greatly enhanced in the case
of Type-l, it is associated with significant
rate of recombination which is detrimental

generation with the rate of 240 pumol g~' h™' under the illumination of simu-

lated sunlight with a very good stability.

1. Introduction

Owing to its renewable solar energy source, photocatalytic
hydrogen evolution by water splitting has been considered as a
promising research for clean energy technology in scientific com-
munities.!! The effectiveness in this endeavor is associated with
a great effort of improving the semiconductor’s capabilities via
enabling the absorption of tremendous portion of solar energy
and suppressing the rapid recombination of photogenerated
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for photocatalysis. In the case of Type-I, its
staggered arrangement prolongs the life-
time of photoinduced electrons and holes,
thereby inhibiting the rate of recombina-
tion. The design of Type-II heterostructures
is, therefore, considered as an ideal feature for photocatalysis.
As consequence, shifts from Type-I to Type-II band alignment
greatly widen the horizon of materials’ application in photoca-
talysis. The absorption range can be extended to visible light and
even to infrared light via band alignment transition from Type-I
to Type-II, while retaining such a scheme that prolongs the life-
time of charge carriers and suppresses their recombination.

Due to their high specific surface area, ultrathin 2D mate-
rials”! are widely investigated for photochemical reactions.®!
Currently, considerable progresses that communicated the
features of 2D materials like graphene,”! MoS,,[1% and C;N,/'!
have been made for water splitting. Of particular note is
that, hexagonal tin disulfide (SnS,) attracts the interests of
researchers on account of its fast light response,?l chemical
stability, suitable band gap!"¥! (E, =~ 2.4 eV), as well as its easy
preparation routes. Different morphologies of SnS, nanostruc-
tures have been reported for photocatalytic water splitting and
promising results were exhibited.'*l Thus, it is quite reasonable
to expect boosted performance in water splitting provided that
appropriate material is sought to construct the heterostruc-
ture based on SnS,. In this respect, cerium sulfide (Ce,S;)
(Eg = 2.1 eV) is a promising alternative as it possesses perfect
band edge positions for water splitting as well as for alignment
with SnS,.51 The CB and VB of Ce,S; were reported to be
—0.78 and 1.32 eV, respectively.""] The high negative potential of
CB indicates that the Ce,S; is an ideal visible light photocatalyst
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for the water splitting. However, it is challenging to ensure the
chemical stability of Ce,S; in aqueous solution because of its
hygroscopicity. Thus, it is highly essential to design a route
for establishing a Type-II alignment between SnS, and Ce,S;
despite the chemical instability of Ce,S;.

Herein, we report a two-step strategy for synthesizing such
a heterostructure. Vertically aligned ultrathin SnS, nanosheets
were uniformly grown on carbon fiber (CF) through solvo-
thermal method.'® And then, Ce,S; nanoribbons and CeO,
nanoparticles were successively formed on the surface of
the SnS, nanosheets after immersing the as prepared SnS,
nanosheets in the solution containing cerium nitrate and hexa-
methylenetetramine (HMT) with little addition of thioaceta-
mide for the second step solvothermal reaction. The control
of reaction time (6-24 h) in the second step of hydrothermal
reaction brought different features on the surface of SnS,
nanosheet as corroborated from series of X-ray diffraction
patterns and Raman spectra. Interestingly, a suitable protec-
tive layer of ceria (CeO,) (E, = 3.2 eV) with good chemical sta-
bility is found to protect Ce,S;, in the ultimately synthesized
sandwiched structure of SnS,-Ce,S;—CeO,. The content ratio
of Ce,S; and CeO, can be tuned via controlling the reaction
time. With such reasonably built heterostructure, our system
can realize a wide range of absorption ranging from 250 to
1000 nm. Notably, it shows superior hydrogen generation with
the rate of 240 umol g™' h™! under illumination of simulated
sunlight.

www.small-journal.com

2. Results and Discussion

The morphologies of the material at various reaction steps are
characterized through scanning electron microscope (SEM)
image (Figure la—c) whose insets represent the schematic of
the process undergone. We found reaction time to be crucially
important parameter and the various reaction steps are desig-
nated as T6-T24 based on how long (hour) the hydrothermal
reaction took. As can be seen in Figure 1a (Step 1), the ultrathin
nanosheets of SnS, with a smooth surface appear to be verti-
cally standing nanosheets. The thickness of a single nanosheet
can be estimated as 6 nm based on the observation from atomic
force microscopy image (Figure S1, Supporting Information).
Then, the ultrathin Ce,S; nanoribbons are evenly formed on
the surface of SnS, nanosheets as shown in Figure 1b (Step 2),
which is a critical step for synthesizing the desired ternary hete-
rojunction. As the reaction time prolongs, the as-grown Ce,S;
nanoribbon got covered by CeO, nanoparticles, making a sand-
wiched ternary structure of SnS,-Ce,S;—CeO, system where
in the stability issue of Ce,S; is no longer a problem. A ball
and stick model is depicted in Figure 1d to visualize the crystal
structure of SnS,-Ce,S;—CeO, which demonstrates the way the
components are arranged in the heterostructure. The presence
of Ce,S; brings a very interesting phenomenon. The advent
of two kinds of Type-II heterojunctions (SnS,—Ce;S; and
Ce,S3-Ce0,) can be understood from Figure 1f, which other-
wise would have been a mere of Type-I (SnS, and CeO,) system
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Figure 1. Morphologies and band alighment analysis of diffirent photocatalysts. Preparation process of the ternary heterojunction on carbon fiber (CF)
substrate. Scanning electron microscopy (SEM) images of the a) step 1: SnS, nanosheet, b) step 2: SnS,—Ce,S; structure, and c) step 3: SnS,—Ce,S;—CeO,
system. Scale bars: 500 nm, insets: brief schematic diagrams. d) The structure of the heterojunction. And the band structure of the system, e) a Type-|
structure between SnS, and CeO, without the Ce,Ss, f) Type-Il structures with the Ce,S; as the intermediate layer.
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Figure 2. TEM measurments of the samples. The transmission electron microscopy (TEM) image and high-resolution transmission electron micro-
scopy (HRTEM) images of a,b) the step 1: SnS, nanosheet, c,d) step 2: SnS,—Ce,S; structure, and e—h) step 3: SnS,—Ce,S;—CeO, system. For more

information, please see Figures S2 and S3 in the Supporting Information.

in the absence of Ce,S; (Figure le). Therefore, a shift from
Type-I to Type-II band alignment is realized, thus enhancing
the absorption of visible light and increasing the efficiency of
photocatalytic hydrogen production from water.

The crystallographic features of the components making-
up the heterostructure can be investigated using transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) (Figure 2a-h). The ultrathin
nature of SnS, nanosheets (obtained via Step 1 process) can
be more clearly identified from low-magnification TEM image
(Figure 2a). Moreover, a lattice fringe of 0.276 nm belonging
to the plane (011) of SnS, is evidenced from HRTEM image,
which is shown in Figure 2b. As can be seen in Figure 2c,
there is a distinct feature in SnS,—Ce,S; (obtained via Step 2
process) following the growth of numerous nanoribbons (about
20 nm in diameter) on the nanosheets. Here, the morpholo-
gies of nanoribbons and nanosheets correspond to Ce,S; and
SnS,, respectively. More insight analysis from HRTEM image
(Figure 2d) solidifies the above statement from the corrobora-
tion of lattice fringes in the nanosheet (0.276 nm) which can
be indexed to hexagonal SnS, and that in the nanoribbon area
(0.318 nm) can be indexed to orthorhombic Ce,Se;. After Step 3,
the nanoribbons are decorated with lots of nanoparticles whose
average size is below 5 nm (Figure 2e; Figure S2, Supporting
Information). Different regions are marked as I and II for sub-
sequent characterizations. Selected area electron diffraction
(SAED) rings (Figure 2f) indicate the polycrystalline structure
of the system. The corresponding HRTEM images are demon-
strated in Figure 2g-h and Figure S3 (Supporting Information).
The space fringes of 0.276 nm (Figure 2g) can be indexed to the
plane (011) of hexagonal SnS, and the 0.318 nm to the plane
of (031) orthorhombic Ce,S;, suggesting the existence of SnS,
and Ce,S; entities at this stage as well. It is worth noting that
a clear lattice space fringe of 0.312 nm appears in Figure 2h
which can be indexed to the plane (111) of cubic CeO,. Thus,
successful construction of heterojunctions can be evidenced by
the observation of sharp interfaces between SnS, nanosheets
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and Ce,S; nanoribbons; as well as between Ce,S; nanoribbon
and CeO, nanoparticles. Further crystallographic information
was extracted from X-ray diffraction (XRD) patterns (Figure 3a).
For pure SnS, grown on CF, diffraction peaks that are found
at 26 values of 14.98°, 28.68°, 32.40°, and 50.44° (marked with
the symbol 0) can be indexed to the planes (001), (100), (002),
and (110) of hexagonal SnS, (The International Centre for Dif-
fraction Data, called as ICDD, PDF#75-0367), respectively. The
XRD pattern of pure CeO, (marked with the symbol o) is also
provided for ease of comparison (ICDD, PDF#43-0394). Except
for the peaks of pure CeO,, there are other peaks at 26.28°,
31.60°, 39.22°, 43.38°, and 51.20° (marked with the symbol Q)
for the samples of T6, T15, and T24. This peaks can be assigned
to the orthorhombic Ce,S; phase (ICDD, PDF#43-0799). Inter-
estingly, the relative intensity of the XRD peaks of CeO, and
Ce,S; varies depending on the reaction time, which means that
the change of the relative content of the Ce,S; and CeO, in this
heterostructure is related to how long the hydrothermal reac-
tion is set to proceed.

In order to determine the composition of the system,
Raman spectra were obtained for different samples and the
result is depicted in Figure 2b. The prominent Raman peaks
featuring pristine SnS,, CeO,, and Ce,S; appear at 313 cm™!
(A1gmode),l"71453 cm™ (F,, mode),*®land 225 cm™ (E, mode) ')
respectively. Notably, the variety in intensity of the peaks at
225 and 453 cm™! for T6, T15, and T24 can be related to the
extent of growth for CeO, on the surface of Ce,S;. The sharp
peak observed at 225 cm™! for T6 decreased in intensity with
increase of reaction time and eventually disappeared for the
case of T24. On the contrary, the peak at 453 cm™! is gradu-
ally observed for the corresponding samples, evidencing the
formation of CeO,. Obviously, there is slight shift in the posi-
tion of the peak for SnS, after Ce,S; nanoribbons are grown
on the surface of SnS;, nanosheet. The above results powerfully
confirm that optimum composition of the heterostructure can
be obtained by mere control of the growth time. To further
confirm the components on surface matrix, we conducted
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Figure 3. XRD, Raman, and XPS analysis of different samples. a) X-ray diffraction (XRD) pattern and b) Raman spectra of the different samples.
High-resolution X-ray photoelectron spectroscopy (XPS) spectra of ¢) Sn 3d and d) Ce 3d regions.

X-ray photoelectron spectroscopy (XPS) analysis for different
samples. Accordingly, Figure 3c shows that there are slight
changes on the signals for Sn 3d;;, and 3ds,, with different
course of reaction time. This corroborates the fact that the
chemical state of SnS; is almost kept unaffected besides a light
doping impact. Due to the hybridization of Ce 6s and 5d valence
orbitals, Ce has various oxidation states, in which +3 and +4 are
known to be the two characteristic oxidation states. Figure 3d
shows the high-resolution XPS spectra, along with the satellite
peaks in Ce 3d region which contains primarily Ce** (903.8 eV
for 3d;;, and 885.3 eV for 3ds),) and Ce** (901.2 eV for 3d;),
and 882.7 eV for 3ds;), corresponding to Ce,S; and CeO,,
respectively. Upon critical comparison of Ce 3d region for T6,
T15, and T24, the intensity of the peaks for Ce3* decrease while
that of Ce*" increases with extended reaction time. This further
solidifies the discussion made above for Raman and XRD char-
acterization with respect to the variation in the content of Ce,S3
and CeO,. Thus, the ratio of Ce,S; and CeO, could be tuned by
the reaction time. From the deconvolution of the XPS spectra,
the quantitative content of Ce* and Ce*" varies from 2.65:1 to
0.88:1 (Table S1, Supporting Information). Moreover, the atomic
percentages of the various elements such as Ce, Sn, S, and O were
obtained from the XPS analysis, shown in Table S2 (Supporting
Information). From Tables S1 and S2 (Supporting Information),
the atomic percentages of Sn, Ce**, and Ce*" were obtained. Then
the weight ratios of SnS,, Ce,S3, and CeO, for different samples
were calculated in Table S3 (Supporting Information).

Small 2017, 1702163

1702163 (4 of 7)

The light harvesting capacities of the as-synthesized nano-
materials were investigated through UV/Vis/NIR absorption
spectra, extracted from the diffuse reflectance spectra. As it
is well known, information about the band gap of the photo-
catalyst is crucial for understanding the energetics of the reac-
tions. To this end, we first extracted Kubelka—Munk function
(F(R)) from the diffuse reflectance measurement by using the
following equation to obtain absorption coefficient (c):2

1)

Where, F(R) is the Kubelka—Munk function, R is reflec-
tance, and s is scattering coefficient. For band gap energy (E,)
calculation, the Tauc plots (Figure 4a) were analyzed by extrap-
olating (ohw)? versus photon energy (hv) using the following
equation:21]

ohv = A(hv — E,)n/2 (2)

Where, o is the absorption coefficient, A is a constant.
Here, n depends on the characteristics of the transition in a
semiconductor (direct transition n = 1 and indirect transition
n = 4). In our case, Ce,S;, SnS,, and CeO, all are characterized
by strong absorption of band edges, which indicate the direct
transition semiconductors,*??l and hence we assume n value
of 1 throughout the calculation. In the Tauc plot, the intercept

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Band gaps of various photocatalysts. a) UV/vis/NIR diffusive reflectance absorption spectra (inset) and estimated band gap potential of
synthesized CeO, (3.16 eV), SnS, (2.38 eV), and Ce,S; (2.14 eV). b) UV/vis/NIR diffusive reflectance absorption spectra of the different samples.

of the tangent to the hv axis can provide a good approximation
of the band gap energy. Accordingly, the band gap values of
Ce,S3, SnS,, and CeO, are found to be 2.14, 2.38, and 3.16 eV,
respectively (Figure 4a). Then the top of the VB and the bottom
of the CB of Ce,S3, SnS,, and CeO, can be calculated according
to the empirical equation as follows:")

3)

(4

Where, Eyp is the VB edge potential and Ecp is the CB edge
potential versus normal hydrogen electrode (NHE), X is the
absolute electronegativity (Mulliken electronegativity) of the
semiconductor, equal to the geometric mean of Pearson abso-
lute electronegativity of atoms in semiconductor (Supporting
information, Calculation), E. is the standard hydrogen electrode
potential (E. = 4.5 eV), and E, is the band gap energy of the
semiconductor. Accordingly, the Eyg and Ecp are calculated to
be 2.19 and —0.19 eV for SnS,, 2.75 and —0.41 eV for CeO,, as
well as 1.34 and —0.80 eV for Ce,S;, respectively (Supporting
information, Calculation).

Compared with the absorption spectra of the pristine Ce,Ss,
SnS,, and CeO, (Figure 4a, inset), an incredibly strong absorp-
tion ranging from 250 to 1000 nm is exhibited by the hetero-
structures samples (Figure 4b). The improved visible light
absorption of T6 and T12 and T15 may be attributed to the
ultrathin intermediate layer of Ce,S;. According to the report
by Gu et al.,?’l annealing could lead to a hybridized, hetero-
geneous surface layer as a cost-effective catalytic and protec-
tive interface. It is supposed that the interpenetration of SnS,
nanosheet, Ce,S; nanoribbons, and CeO, nanoparticles caused
by annealing produced doping effect and greatly expanded the
available radiation for photocatalytic water splitting. The energy
band configuration and the process of generating photoinduced
charge carriers in SnS,-Ce,S;-CeO, heterostructures are
clearly depicted in the schematic, as can be seen in Figure 1f.
The presence of Ce,S; gives rise to the construction of Type-II
band structure (between SnS,—Ce,S; and Ce,S;—CeO,), which
would otherwise behave like mere of Type-I band alignment
(between SnS, and CeO,). Thus, the very good performance of

EVB:X—EE+%Eg

Ecp =Ev — Eg
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hydrogen production can be expected, as a result of such Type-
II band alignment.

Photocatalytic water splitting over various catalysts was evalu-
ated by monitoring the H, evolution from aqueous solutions
containing 100 mL deionized water with 10% triethanolamine
(TEOA) sacrificial agents. The measurement was performed
under simulated sunlight at room temperature and the amount
of evolved H, was quantified by gas chromatography (GC) con-
nected with the photocatalytic reactor. Figure 5a shows the time
course of hydrogen evolution through direct photocatalysis with
different samples. Pristine CeO, and SnS, demonstrate a cer-
tain photocatalysis under light illumination. The rate of H, evo-
lution is varied from T6 to T24. It is evident that T15 shows the
best hydrogen evolution rate of about 240 pumol g™! h™!, which
is around 10 times of that of pristine SnS, (24.8 umol g™* h™!).
However, the performance of the T24 (69.0 umol g* h™!) even
becomes less than that of T6 (84.5 wmol g™! h™1). Our charac-
terization results confirmed that the different reaction time can
be associated with the different content of Ce,S; and CeO,. On
one hand, when the reaction time is short, the content of CeO,
becomes too low to entirely cover the surface of Ce,S; nanor-
ibbons, thus leading to an unsatisfactory performance of cata-
lyzing H, evolution. On the other hand, the hindering of light
absorption would occur if excess CeO, nanoparticles cover the
surface of the SnS,—Ce,S; system. Thus, an optimum amount
of CeO, is beneficial for the intended purpose. Furthermore,
the stability of T15 was evaluated. Figure 5b shows the cycling
measurements of H, generation under light illumination for a
continuous 50 h test, the sample exhibits a feasible ability for
water splitting under simulated sunlight.

3. Conclusion

In summary, a SnS,—Ce,S;-CeO, heterostructure was synthe-
sized on CF with a two-step solvothermal method. Impres-
sively, the introduction of Ce,S; made a crucially important
change in the band alignment from Type-I (SnS, and CeO,) to
Type-1I (SnS,—Ce,S; and Ce,;S;—CeO;) wherein the enhanced
absorption of visible light is more pronounced. By controlling
the reaction time, the degree of CeO, coverage on the surface

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Photocatalytic hydrogen production based on various photocatalysts. a) Plots of hydrogen evolution through direct photocatalytic water
splitting for different samples, under simulated sunlight in 100 mL deionized water with 10% TEOA as sacrificial agent. b) Cycling measurements of

hydrogen gas generation of the T15 sample.

of Ce,S; can be optimized. And the T15 sample performed the
best ability for H, evolution with good stability. Our material
combines the advantages of suitable energy band of sulfide and
appreciable chemical stability of oxides making it perform well
in photocatalyzing H, evolution. Given this summative benefit,
we believe that heterostructures built on the same trend can
provide a new prospect for water splitting.

4. Experimental Section

Synthesis of Pristine SnS, Ce,S;, and CeOy SnS, nanosheets were
grown on CF using a solvothermal method. In brief, the CF was cleaned
thoroughly and put into 40 mL ethanolic solution containing 20 mmol L™
(m M) of SnCl, and 60 x 1073 m of thioacetamide (CH3;CSNH,). The
content was then sealed and treated at 75 °C for 6 h. Finally, the CF
was washed and dried to obtain vertically oriented SnS, nanosheets.
The pristine Ce,S; was synthesized by the same method with SnS,, but
using 20 X 107 m of Ce(NOj3); instead of the 20 x 1073 m of SnCl,. The
pristine CeO, was synthesized in water with 20 X 10~ m of Ce(NO;)3 and
80 x 1073 m of HMT at 75 °C for 12 h.

Decoration of Ce,S; and CeO, on SnS, Nanosheets: The as obtained
SnS,/CF nanosheets was immersed in the solution (ethanol and water,
volume ratio, 1:1) with 20 X 107 m of Ce(NO3)3, 80 X 1073 m of HMT,
and 5 x 1073 m of thioacetamide (CH3;CSNH,). The content was then
sealed and treated at 75 °C for 6, 12, 15, 18, and 24 h (Samples T6, T12,
T15, T18, and T24). The process of reaction is speculated as following:
first, the Ce,S; nanoribbons were formed on the surface of the SnS,
nanosheet by the reaction Ce(NOj3); and thioacetamide (providing S~ by
thermal decomposition). With the increase of reaction time, a protective
layer of Ce(OH)s, produced by reaction between Ce(NO;); and HMT
(providing OH™ by thermal decomposition), covered the nanoribbons of
Ce,S;. And then the Ce(OH); turned into CeO, quickly because of the
air in the solution. Next, it was taken out and placed in the center of
Ar saturated tube furnace for annealing at 350 °C for 2 h. Finally, the
sandwiched structure of SnS,—Ce,S;—CeO, was obtained.

Characterization of Materials: SEM images were obtained from a
Hitachi S4800 field-emission scanning electron micro analyzer with an
accelerating voltage of 20 kV. HRTEM images and SAED patterns were
obtained via employing a Tecnai G2 F20 with beam energy of 200 keV.
XRD were obtained from a D/MAX-TTRIII(CBO) system using a Cu-Kor
radiation (A = 1.5418 A). Raman spectroscopy was measured at room
temperature on an inVia Renishaw system at the excitation line of
532 nm. The Raman band of Si at 520 cm™" was used as a reference to
calibrate the spectrometer. The chemical composition of the as-prepared
samples was examined with XPS (ESCALAB250Xi). UV/Vis/NIR spectra
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were recorded on a Lambda 950 spectrophotometer equipped with an
integrating sphere.

Measurement of Photocatalytic H, Evolution: Photocatalytic water
splitting experiments were conducted in a 500 mL cylinder quartz reactor
at ambient temperature. A 300 W xenon lamp (installed with a filter of
AM 1.5) used as a light source. In a typical H, evolution experiment, the
prepared photocatalyst was placed at the bottom of reactor containing
100 mL aqueous solution containing 10% TEOA. Before irradiation,
the system was vacuumed for about 30 min to remove the air inside
and to ensure that the system was under the anaerobic condition.
A certain amount of gas was intermittently sampled and analyzed by
gas chromatography (GC7900, Shimadzu, Japan, TCD, nitrogen as a
carrier gas and 5 A molecular sieve column) by using Ar as a carrier gas.
A base-line was recorded for each test before exposure to xenon lamp.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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