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Herein, we report Sns04 and SnzO4 nanoflake/graphene for photocatalytic hydrogen generation from H,O
and H,S under natural “sunlight” irradiation. The SnzO4/graphene composites were prepared by a simple
hydrothermal method at relatively low temperatures (150 °C). The incorporation of graphene in SnzO,4
exhibits remarkable improvement in solar light absorption, with improved photoinduced charge
separation due to formation of the heterostructure. The highest photocatalytic hydrogen production rate
for the SnzO4/graphene nanoheterostructure was observed as 4687 umol ht g*l from H,O and 7887
pumol h™ g~ from H,S under natural sunlight. The observed hydrogen evolution is much higher than
that for pure SnzO4 (5.7 times that from H,O, and 2.2 times from H,S). The improved photocatalytic
activity is due to the presence of graphene, which acts as an electron collector and transporter in the
heterostructure. More significantly, the SnzO4 nanoflakes are uniformly and parallel grown on the
graphene surface, which accelerates the fast transport of electrons due to the short diffusion distance.
Such a unique morphology for the SnsO,4 along with the graphene provides more adsorption sites, which
are effective for photocatalytic reactions under solar light. This work suggests an effective strategy
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1. Introduction

Sunlight absorption and the ability to tune the optical band gap
of materials is considered a plausible means to convert solar
energy into fuel. The sunlight-driven production of hydrogen
from water and H,S occurs by breaking of a chemical bond,
which is similar to what occurs in the natural photosynthesis
process. The solar to chemical energy conversion (hydrogen
evolution reaction (HER): 2H' + 2e~ — H,), requires a large
positive Gibb's free energy, AG = 237 k] mol " for H,O splitting,
whereas H,S splitting requires a free energy of AG =
33 kJ mol . Thus less energy is required for H,S splitting.
Semiconductors with a narrow band gap have the potential
to absorb maximum solar light."> However, the requirements of

a functional photocatalytic system mean that the
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performance of energy-conversion devices.

semiconductors must satisfy multiscale integrated approaches,
wherein the catalyst should have enhanced solar light absorp-
tion capability, effective band edge position, efficient charge
separation of electron-hole pairs, excellent chemical stability,
low overpotential for water reduction, etc.

The first report using TiO, for electrochemical hydrogen
generation from water was by Fujishima and Honda in 1970.%
Similar to TiO,, extensive research has been conducted to
develop efficient photocatalysts for the HER, such as Nb,Os,*
Fe,03,° WO3,° ZnO,” etc. However, the photocatalytic efficiency
of these semiconductors was not adequate for industrial goals
due to their high resistance, inappropriate band gap, and rapid
charge carrier recombination rate.

In the past few decades a strategy has been developed to
extend the absorption onset of pure TiO, towards longer
wavelengths. This includes oxynitrides and the addition of
noble metal nanoparticles on passive oxide semiconductors (Pt,
Au, Ag, etc.). Further, the multiphoton excitation method, using
heterojunction formation by combining two low band gap
semiconductors, is used to enhance photocatalytic activity, as
the photogenerated electrons can be scavenged, which ulti-
mately increases the electron-hole separation efficiency.*™*°
Recently, the nonstoichiometric n-type SnzO, has been
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considered as an attractive semiconductor due to its unique
band gap and band edge potential.

Currently, global fossil fuel consumption drives strong
growth in energy demand from modern civilization worldwide,
posing serious challenges for the scientific community in the
21st century.">> Among all the potential solutions being
considered, splitting hydrogen (H,) from H,O and H,S using
solar light is one of the promising candidates for green energy,
owing to the large energy density, nonpolluting nature, low cost,
and low carbon emission."** Hydrogen sulfide (H,S) is a toxic
gas produced in large quantities from natural gas and oil
refineries, hot springs, etc. The concentration of H,S from
natural gas increases daily in the atmosphere (8.6%), which
seriously affects oxygen utilization and central nervous
systems.” In this context, a semiconductor is used as an active
photocatalyst for H, generation from splitting water and H,S
under sunlight."*"” In the past, semiconductor-based photo-
catalysts have been intensively studied due to their excellent
stability under solar-active photocatalysts, and also examined as
attractive candidates for water purification under solar light.'®
The major inherent drawback of Sn;0, is its rapid charge carrier
recombination rate under solar light." Constructing hetero-
structures between Sn;O, and other semiconductors, with
appropriate positioning of conductance and valence bands, is
an effective strategy to reduce the charge carrier recombination
rate.”

Over the last few years, two-dimensional (2D) graphene has
received much attention owing to its 2D, ultra-thin thickness,
and some unusual physicochemical and optoelectronic prop-
erties compared with bulk materials. Graphene is a flat mono-
layer of sp” carbon atoms strongly packed into a 2D honeycomb
lattice. Formation of a heterostructure of a metal oxide semi-
conductor with graphene is a promising approach to reduce the
electron-hole pair recombination rate and increase the number
of active sites for photocatalytic reactions.*>*

Two-dimensional graphene has a large surface area, good
flexibility, and excellent electrical conductivity, which captures
electrons and reduces charge carrier recombination. The
attractive features of graphene provide stability to Sn;0,4, which
enhances hydrogen generation. Recently, Yu et al, have
demonstrated the solvothermal synthesis of Sn;O,/reduced
graphene oxide (rGO) for excellent hydrogen generation under
solar light.>* To the best of our knowledge, very limited reports
are available on Sn;O,/graphene composites for hydrogen
generation under solar light.

Herein, we report an Sn;O,/graphene nanoheterostructure
prepared by a facile hydrothermal route. Structural, optical and
morphological studies of the Sn;O,/graphene composites were
performed and are discussed. The resulting triclinic Sn;O,4 has
been demonstrated as a solar light-active photocatalyst for
photocatalytic hydrogen generation under solar light. This work
shows that the formation of a heterostructure between Sn;O,
nanoflakes and graphene extends the absorption into the
visible region, and the nanocrystalline nature enhances
hydrogen generation from H,0 and H,S.
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2. Experimental section

Stannous chloride (SnCl,-2H,0, 99%, Fisher Scientific), 0.4 g of
sodium hydroxide (NaOH, 99% SD Fine-Chem Ltd, India), and
graphene used for the preparation of the catalysts were of
analytical grade (SD Fine-Chem) and used without further
purification.

2.1 Synthesis of Sn;0,/graphene

In a typical synthesis, the reagents were dissolved in distilled
water. The detailed synthesis process was as follows. Stannous
chloride (0.1 M, SnCl,-2H,0, 99%, Fisher Scientific) and
sodium hydroxide (1 M, NaOH, 99% SD Fine-Chem) were dis-
solved in 100 mL of distilled water and stirred for 20 min. The
white solution was then transferred to a 120 mL Teflon auto-
clave and kept at 150 °C for 24 h. After washing several times
with distilled water and, finally, with absolute ethanol, the faint
yellow powder was obtained. This pure Sn;O, sample was
marked as Sng-0. For the preparation of Snz;O,/graphene
nanostructures, the addition of graphene oxide (GO) (graphene
oxide (10%) used as received) was performed in situ at
different wt%, namely, 1, 2, 3, and 4 wt%, and the resultant
products were labeled as Sng-1, Sng-2, Sng-3, and Sng-4,
respectively.

2.2 Photocatalytic study

2.2.1 Photocatalytic hydrogen generation from water. The
photochemical reaction was carried in a 70 mL total volume,
airtight cylindrical quartz reactor with a cooling jacket for water
circulation. All the reactions were carried out at ambient
conditions under natural sunlight on sunny days (March to
May) between 10 am and 3 pm at Pune, Maharashtra State,
India. The intensity of the solar light was measured by using
a digital lux meter. The measured average intensity of solar light
reaching the surface of the earth was 145 000 lux. In a typical
photocatalytic experiment, 15 mg of the photocatalyst was
dispersed in 25 mL total volume containing 20% methanol (v/v)
in an aqueous solution. The 45 mL of free space of the photo-
reactor was made airtight with a rubber septum, followed by
ultrasonication for 5 min for uniform dispersion of the catalyst.
The solution mixture was then purged with ultra-high purity
nitrogen gas (UHP 99.999%) to remove all the gases in the
headspace of the reactor and dissolved oxygen from the reaction
mixture. Before and after irradiation with solar light, the gas in
the free space of the reactor was analyzed using gas chroma-
tography (GC). The generated gas was analyzed immediately
using GC with a specific time interval.

2.2.2 Photocatalytic hydrogen generation from H,S. The
hydrogen generation was performed in a cylindrical quartz
photochemical thermostatic reactor by introducing 0.5 g of
Sn;0,/graphene. The reactor was filled with 700 mL of 0.5 M
aqueous KOH and purged with argon for 30 min. Hydrogen
sulfide was bubbled through the solution for 1 h at a rate of 2.5
mL min~" at 299 K. Sn;O4/graphene photocatalyst was intro-
duced as a suspension into a cylindrical quartz reactor and
irradiated with sunlight with constant stirring with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a continuous flow of H,S (2.5 mL min'). The excess H,S was
trapped in a 10% NaOH solution. The amount of H, gas evolved
was measured using a graduated gas burette and analyzed using
a gas chromatograph equipped with a thermal conductivity
detector (TCD) and Porapak-Q packed column with N, as carrier
gas.

2.3 Sample characterization

The phase formation and crystallite size of all synthesized
samples were estimated via X-ray diffraction (XRD-D8, Advance,
Bruker-AXS) with Ni-filtered Cu-Ko radiation (2 = 1.5418 A).
Optical properties of the bare and Au-loaded samples were
studied by UV-visible-diffuse reflectance spectrometry (DRS)
(UV 2600 spectrometer, Lambda-950, PerkinElmer) in the
spectral range 200-800 nm. The surface morphology was char-
acterized using field emission scanning electron microscopy
(FESEM; Hitachi, S-4800 II) and field emission transmission
electron microscopy (FETEM; JEM-2000 FS). Image processing
and interplanar distance (d) evaluations were performed with
the help of micrograph Gatan software. Surface characterization
of all Sn;O,/graphene samples was carried out using X-ray
photoelectron spectroscopy (XPS, ESCA-3000, VG Scientific
Ltd) at a pressure > 1 X 107° torr. The general scan, C 1s, Sn 3d,
and O 1s core-level spectra were recorded with non-
monochromatized Mg-Ka. radiation (photon energy 1253.6 eV).
Baseline correction and peak fitting for all the samples was
performed using the software package XPS peak-41. The core-
level binding energies were aligned with respect to the C 1s
binding energy of 285 eV. The collected gas sample was
analyzed using a GC system (Shimadzu GC-2014) with
a Portapak-Q packed column coupled with a TCD detector and
UHP N, as carrier gas.

3. Results and discussion
3.1 Structural study

The Sn;0, and Sn;0,/graphene composites were prepared by
a facile one-step solvothermal method at 150 °C. The phase
purity and crystallinity of the as-synthesized materials were
determined by the X-ray diffraction patterns shown in Fig. 1(a).
The diffraction peaks at 26 values of 23.9°, 26.5°, 32.1°, 37.03°,
49.7°, and 51.56° correspond to the (1 01),(111),(210), (13 0),
(311),and (1 3 2) lattice planes of triclinic Sn;O, (JCPDS no. 16-
0737) with lattice constants a = 4.85 A, b = 5.87 Aand ¢ = 8.20 A,
respectively.” It can be seen that there are no diffraction peaks
of impurity phases, indicating the successful formation of
Sn;0,. However, no diffraction peaks of graphene were
observed in the XRD analysis, which may be due to the low
concentration of graphene in the Sn;O,/graphene composites.

The presence of graphene was analyzed using a Raman
study. Furthermore, structural features and chemical bonding
between Sn;0, and graphene were also investigated by Raman
spectroscopy. The Raman spectra for pure Sn;O, and Sn;O,/
graphene are shown in Fig. 1(b). The high crystalline nature of
the sample is evidenced by two sharp symmetric peaks observed

at wavenumbers 120 and 167.8 cm ', due to the Sn-Sn
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Fig. 1 (a) XRD patterns of pure SnsO,4 (Sng-0), 1% graphene/Snz04
(Sng-1), 2% graphene/Snz0,4 (Sng-2), 3% graphene/Snz0O,4 (Sng-3) and
4% graphene/SnzO4 (Sng-4). (b) Raman shifts of pure SnzO4 (Sng-0)
and 3% graphene/Snz0, (Sng-3).

stretching vibration and phonon modes detected in the triclinic
Sn;0, structure.>® The strong peak observed at a wavenumber of
630 cm ' is ascribed to the Sn-O stretching vibration.
Furthermore, Fig. 1(b) shows a peak positioned at 632 cm™" for
Sn-0, and two additional strong peaks are observed at 1348 and
1600 cm ™, derived from the D and G bands of graphene.?”?
Thus, the Raman study gives additional support to the existence
of the triclinic Sn;O,/graphene structure suggested by the XRD
study.

3.2 FESEM study

The morphological features of the as-prepared Sn;O, and
Sn;0,/graphene composites were studied using FESEM, as
shown in Fig. 2. The FESEM images show spherical micro balls
of pure Sn;0,. These micro balls are self-assembled with each
other. The high-magnification FESEM images of Sn;O,/gra-
phene (Fig. 2(c and d)) show Sn;0, flakes of 15 nm thickness,

Fig. 2 FESEM images of pure SnzO4 (a and b) and SnzO,4/graphene
(Sng-3) (c and d).

RSC Adv, 2021, 11, 29877-29886 | 29879
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which are grown on the graphene sheets. The ultra-thin 2D
nanoflakes of Sn;O,/graphene intercalate with each other and
form an array-like structure.

3.3 FETEM study

FETEM analysis was performed to determine the coexistence of
graphene and Sn;0,, as shown in Fig. 3. Fig. 3(a and b) shows
that the Sn;O,/graphene particles are 3D nanostructures having
parallel and horizontal thin nanoflakes. The selected area
electron diffraction (SAED) image insets of Fig. 3(a and b) show
the points in the diffraction image of the marked (1 1 1) plane,
with the index the same as for the single crystalline triclinic
Sn;0,. As shown in Fig. 3(c and d) the lattice fringe spacing
values of 0.329 nm, matching with the HR-TEM image, were
indexed to the (1 1 1) crystallographic plane of triclinic SnzO,4. In
addition, in Fig. 3(d) the graphene sheets can be seen. Further
elemental mapping and energy dispersive X-ray analysis (EDAX)
support the presence of Sn, O and C. Fig. 3(e) shows the EDAX
spectra in which the atomic percentage of Sn, O, and C in Sn;0,/
graphene composites were observed to be 28.44, 30.26 and
41.30%, respectively (Table 1). The elemental mapping study
from scanning transmission electron microscopy (STEM) shows
the presence of Sn, O, C. From the STEM, it can also be
concluded that graphene was homogeneously dispersed in the
Sn;0, crystal, which indicates the formation of nanoflakes of
high quality.

In the preparation of Sn;O, graphene, the reaction between
precursor salt solutions and aqueous NaOH solution estab-
lished the formation of Sn,(OH),Cls and 2Cl™ nuclei under
hydrothermal conditions (Scheme 1). The Sn,(OH),Cls reacts

ull Scale 3731 cts Cursor: 0.000 L\

Fig. 3 (a) FETEM images of pure SnzO4 (a and c¢) and SnzO4/graphene
(Sng-3) (b and d) at low and high magnification and the corresponding
SAED patterns, and EDAX of Sng-3. (e) STEM image of Sng-3 (3%) and
EDS mapping: color map of mixture, Sn, O and C. Table 1 shows the
elemental composition of the Sng-3 sample.
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Table 1 Elemental composition of the Sng-3 sample
Element Weight% Atomic%
C (K) 11.39 41.30
0 (K) 11.12 30.26
Sn (L) 77.50 28.44
Totals 100.00

with NaOH at 150 °C under hydrothermal conditions and forms
Sn®" cations. Further, Sn®** cations are adsorbed onto the
surface of the graphene sheets by coulombic forces of attrac-
tion. Due to prolonged heating at 150 °C under hydrothermal
conditions, oxidation occurs and the formation of SnO takes
place. The oxidation increases the coordination number of the
Sn atoms by altering the density of the samples. Moreover, in
situ SnzO, nuclei grow in parallel on the surface of the gra-
phene. During this process, graphene (C,H,(OH),) is reduced
and releases -H and -OH ions. After the formation of Sn;O,
these nanoparticles become sandwiched between the layers of
the graphene sheets. The as-synthesized Sn;O,/graphene

composites were used for photocatalytic hydrogen

generation.>*
The overall reaction is as follows.*

4SnCl, + 20H™ — Sny(OH),Cle + 2C1™ (1)

Sny(OH),Clg + 60H™ + 60H™ + graphene — 4Sn*Clg + 6HCI +

nH,0 + rGO (2)

48n** + 60H™ + rGO — 4SnO + rGO + nH,0 (3)

6Sn0 + 20, + rGO — 2Sn304/rGO (4)

3.4 Optical properties

The light absorption properties of the as-synthesized materials
were analyzed by UV-visible DRS spectroscopy. Fig. 4 shows the

———————
Mixed on Stirrer

@ 'ﬁ"?\z ’

Sn(OH),Cl; / GO
Hydrothermal
“ SnCl,+NaOH treatment
150, 24h
‘ Graphene ®
i< Sm(OH),Clg S 2io®
o
‘m ) Sn,O,

Sn;0/graphene

Scheme 1 Schematic representation of the formation mechanism of
the SnzO4/graphene nanostructure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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UV-DRS spectra of pristine Sn;O, and Sn;O,/graphene
composites. The pure Sn;O, shows absorption at a wavelength
of 430 nm. After incorporation of graphene the absorption edge
is slightly extended to the visible region. Furthermore, a definite
color change is observed, from pure yellow Sn;O, to French grey
for all the composites, after incorporation of graphene. The
linear increase in absorption for the composites at a higher
wavelength (>430 nm) is attributed to the intrinsic black-
colored graphene. The band gap for Sn;O, was calculated as
2.9 eV, i.e. absorption at 430 nm, which is further extended to
the visible region due to graphene in the Sn;O,/graphene
nanoheterostructure, which was calculated to be 2.5 eV, ie.
absorption at 490 nm.** This is attributed to the strong elec-
tronic interaction between graphene and Sn;0,, similar to that
in TiO,/graphene composites.** The main purpose of graphene
is to increase the effective charge separation so that more effi-
cient utilization of light can be obtained. Overall, the UV study
showed that the introduction of graphene engineers the energy
band structure of Sn;O,/graphene composites by interfacial
interaction.

A photoluminescence (PL) study was employed to investigate
recombination, trapping, migration, and transfer of charge
carriers under visible light irradiation.

Fig. 5 shows the PL spectra of the as-synthesized pure Sn;0,4
and the Sn;O,-decorated graphene nanoheterostructures. As
can be seen from Fig. 5, the strong emission peak located at
510 nm is attributed to the intrinsic luminescence of Sn;0,.>*
Furthermore, it was observed that pure Sn;0,4 and 1%, 2%, and
4% graphene showed lower PL intensity compared with the 3%
graphene-decorated Sn;O,, but the main emission peak of the
materials did not change significantly. The lowered PL intensity
of graphene/Sn;0, in comparison with Sn;0, is ascribed to the
photogenerated electrons from Sn;O, being transferred into the
carbon atoms of graphene, and therefore rapid charge recom-
bination in the Sng-3 sample causes this to be reduced.* In
addition, the Sng-3 sample was more active for surface oxygen

—Sng-0
—Sng-1
1.2 ——Sng-2
— Sng-3
- — Sng-4
E ]
5084
8
c
8
O 044
8
<
0.0 4
300 400 500 600 700
Wavelength (nm)

Fig. 4 UV-DRS spectra of pure SnzO4 (Sng-0), 1% graphene/SnzO4
(Sng-1), 2% graphene/SnzO4 (Sng-2), 3% graphene/Snz0O4 (Sng-3) and
4% graphene/Snz04 (Sng-4).
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Fig. 5 PL spectra of pure SnzO4 (Sng-0), 1% graphene/SnzO4 (Sng-1),
2% graphene/SnzO4 (Sng-2), 3% graphene/SnzO,4 (Sng-3) and 4%
graphene/Snz0O4 (Sng-4).

vacancies and defects. At the same time, decoration of Sn;O, on
graphene is comparatively uniform, which might be helpful for
fast electron transport. However, in the case of Sng-4, due to the
high percentage of graphene, there is shielding of surface
oxygen vacancies. Overall, the optimum concentration of gra-
phene provides more charge carrier separation.

3.5 XPS study

The Sn;O, and Sn;0,/graphene composites were analyzed by
XPS spectra in a contrast manner to further confirm successful
formation of the Sn;0,/graphene nanoheterostructures and to
determine the elemental composition and valence states of Sn,
O, and C. The Sn 3d, O 1s, and C 1s high-resolution XPS spectra
provide more detailed information on the chemical state of
these elements and are shown in Fig. 6(a-d).

Fig. 6(a) shows the doublet spectra for Sn 3d, split into 3ds/,
and 3d;), states at binding energies of 486.5, 495 and 487,
495.4 eV, for the Sng-0 and Sng-3 samples, respectively.*® The
slight shift in binding energy suggests that charge transfer takes
place between the Sn;O,/graphene composites. The peaks
located at binding energies 531 and 531.6 for O 1s are ascribed
to the lattice oxygen and oxygen bound to the tin atom (Sn-O-
Sn) in the Sng-0 and Sng-3 samples, respectively.?” The chemical
state of Sn in Sn;O, and Sn;O,4/graphene is the same, which
means the residual O in graphene does not affect the chemical
state of the Sn. The above results clearly show that the as-
synthesized samples have a high oxygen vacancy. Further-
more, Fig. 6(d) shows that the C 1s spectrum of sample Sng-3 is
split into four different peaks, at binding energies of 284.4,
285.14, 286.13, and 289.1 eV, which are due to C-C/C=C, C-0,
C=0, and O-C=O0 bonds, respectively.****

The above discussion indicates that Sn;O, and Sn;0,/gra-
phene have the same binding energies except for the peak
intensity of C 1s located in the Sn;O,/graphene composites,
which introduces the strength of the Sng-3 sample. From the

RSC Adv., 2021, 11, 29877-29886 | 29881
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Fig. 6 XPS spectra of the as-prepared SnzOj/graphene nano-
structure: (a) Sn 3d, (b) O 1s (Sng-0), (c) O 1s (Sng-3), and (d) C 1s (Sng-
3) samples.

above results, it is clear that Sn;0, nanoparticles are distributed
uniformly on the surface of the graphene sheets. Overall, the
FETEM and UV-DRS results suggest that Sn;O, was hybridized
with graphene by successful formation of nanocomposites,
providing synergistic interaction between Sn;O, and graphene.

3.6 Photocatalytic study

3.6.1 Photocatalytic H, evolution from H,O splitting. The
photocatalytic hydrogen generation activities of the as-
synthesized Sn;O, and Sn;O./graphene composites were
studied under irradiation with natural sunlight. Fig. 7 shows
the graph of the hydrogen evolution rate from water as a func-
tion of irradiation time. As shown in Fig. 7, the amount of

—a—Sng 0
—e—Sng 1
—4—Sng 2
—»—Sng 3
—+—Sng 4

:

2

Amount of H, evolved (umol/g)

0 1 T 1 1 1 1 L T
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Fig. 7 Photocatalytic hydrogen production from water-splitting

reaction using pure SnszO4 (Sng-0), 1% graphene/SnszO4 (Sng-1), 2%

graphene/SnsO4 (Sng-2), 3% graphene/SnzO4 (Sng-3) and 4% gra-

phene/Snz04 (Sng-4) samples.
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hydrogen increases linearly with irradiation time for 4 h, for
both Sn;0, and Sn;0,/graphene composites.

The pure Sn;O, nanoflakes show a hydrogen evolution rate
of 815 umol h™* g~', whereas the Sn;O4/graphene composite
shows a much higher rate of 4687 umol h™" g%, which is 5.7
times higher than that of pure Sn;O, for a water-splitting
reaction. Previously, J. Tang et al.*® reported that methanol
suppresses oxygen (O,) evolution through the formation of free
radicals, and also reduces charge carrier recombination by
reacting irreversibly with photogenerated holes, which results
in higher hydrogen yield. The basic photocatalytic mechanism
was discussed in our previous study.** The surface of semi-
conducting materials, when exposed to visible light equal to or
greater than the band gap energy, generates electrons in the
conductance band (CB) and holes in the valence band (VB) by
excitation from the VB to the CB. The holes from the VB oxidize
methanol and produce radicals as well as protons (H'). The
electrons from the CB reduce H' ions to form molecular
hydrogen.* The generation of electron-hole pairs into semi-
conductors and their migration on the reaction surface with
aqueous methanol for water splitting is described as follows.

Semiconductor e~ + h* (5)
Oxidation: CH;OH + h* — CH,OH + H" (6)
Oxidation: CH,OH + h* - HCHO + H* 7)

Oxidation: H,O + h* — OH + H* (8)
Reduction: H" + 2¢~ — H, 9)

3.6.2 Photocatalytic H, evolution from H,S splitting. Over
the last few years, graphene has been extensively studied as
a supporting material for metal oxide/sulfide semiconductors,
due to its unique electronic properties with large specific
surface area, transparency, and excellent strength.*>** It is well
known that graphene alone cannot produce hydrogen/oxygen
under natural sunlight or generate electrons and holes, but
graphene captures electrons and reduces the charge carrier
recombination rate. However, composites of graphene with
oxides/sulfides or nanoparticle-decorated graphene produce an
excellent hydrogen generation rate. In the presence of dopant,
cocatalyst, or the formation of defects in GO, photocatalytic
hydrogen generation improves. Pristine Sn;O, is a visible light-
active catalyst, but rapid charge recombination and poor
stability do not give significant hydrogen generation. Yu et al.>*
reported that Sn;O, and its graphene composites showed
enhanced H, generation under sunlight.

Fig. 8 shows the plot of H, generation against time from H,S
with Sn;O,/graphene composites. The linearity of the graph
shows a steady hydrogen generation rate using sunlight. The
maximum hydrogen generation for the water-splitting reaction,
i.e. 4687 pmol h™' g™, with a quantum efficiency of 3%, was
attained using the Sn;O,/graphene (Sng-3) sample, whereas
samples Sng-0, Sng-1, Sng-2, and Sng-4 show a rate of 815, 1384,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Photocatalytic hydrogen production from H,S splitting reaction
using pure SnzO4 (Sng-0), 1% graphene/SnzO4 (Sng-1), 2% graphene/
Snz04 (Sng-2), 3% graphene/Snz04 (Sng-3), and 4% graphene/SnzO4
(Sng-4).

1808, and 2890 umol h™" g~* (Table 2). Considering the good
photocatalytic performance of Sn;O,/graphene composites, we
explored the evolution of H, from splitting of waste H,S using
the Sn;0,4/graphene photocatalyst under visible light irradia-
tion. For H,S splitting, the highest hydrogen evolution was
obtained with sample Sng-3, i.e. 7887 umol h™* ¢~ *, and for Sng-
0, Sng-1, Sng-2, and Sng-4 the rates of hydrogen evolution were
3530, 4663, 5409, and 7061 umol h™" g™, respectively (Table 2).
A similar trend was observed for both H,O and H,S splitting
reactions, but the rate of hydrogen evolution for the H,S split-
ting reaction is higher compared with that for H,O and this is
due to the lower AG value (33 k] mol ") for the reaction. The
detailed mechanism of H,S splitting has already been discussed
in our previous work.**

The mechanism of evolution of hydrogen gas via H,S split-
ting was discussed in our previous article in detail.*® In 0.5 M
KOH solutions, the weak diprotic acid, H,S, dissociates and
maintains equilibrium with hydrogen disulfide (HS™) ions. The
Sn;0,/graphene semiconductors absorb light and generate
electron-hole (e /h*) pairs. The valence band hole (hyg') is
photogenerated after band gap excitation of the Sn;O,/gra-
phene powder oxidizes the HS™ ion to the disulfide ion (S,>),
liberating a proton from the HS™ ion. The conduction band
electron (ecg ) from the Sn;0,/graphene photocatalyst reduces
the protons to produce molecular hydrogen.*”

Table 2 Photocatalytic hydrogen evolution via water and H,S splitting

View Article Online
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H,S + OH < HS + H,O (10)
H,S + OH™ < $* + H,0 (11)
Photocatalyst — ecg™ + hyg" (12)
28* + 2hypt — S,2° (13)
2HS™ + 2hyg" — S,* + 2H" (14)
2H" + 2ecy” — H, (15)

According to the literature, graphene is an electron acceptor
owing to its - interactions and good electrical junctions due
to its 2D planar structure. Here, 2D planar graphene is wrapped
up in the Sn;O, nanoflakes and can capture electrons and
reduce charge carrier recombination. More electrons are avail-
able in Sn;0,/graphene for photoreduction of water, resulting
in enhanced photocatalytic activity. Previously, Upadhyay et al.*’
reported that the interfacial interaction depends on the
synthesis method, with the in situ growth approach being more
attractive and efficient than other methods. The optimized
quantity of graphene plays a crucial role in obtaining enhanced
catalytic activity using Sn;O,/graphene composites. As dis-
cussed earlier, the maximum hydrogen generation, ie. 4687
pumol h™* ¢~ was obtained using the Sng-3 sample for H,O
splitting, and 7887 pmol h™" g~ " was obtained for H,S splitting.
The improved photocatalytic activity can be ascribed to the
following. (1) The pristine Sn;O, has a sufficient response
towards sunlight but the formation of composites with Sn;O,
supports enhanced photocatalytic activity. (2) The electrons are
transferred from carbon atoms of graphene, i.e. the flat struc-
ture of graphene can transfer electrons freely, as well as from
outer graphene sheets to inner sheets, and therefore the charge
carrier recombination rate is reduced. (3) The strong hybrid-
ization interaction between graphene and Sn;O, (by the
formation of C-O bonds) can reduce activation of the surface
oxygen atom of Sn;O, and leads to excellent stability. Further-
more, due to hybridization, the absorption is extended towards
longer wavelengths, thus there is enhanced absorption in the
visible region and so utilizing maximum sunlight for the pho-
tocatalytic process. (4) These advanced 2D materials mean that
hybridization of Sn;0, and GO-derived graphene can effectively
transfer the merits of Sn;O0, and GO to obtain excellent photo-
catalytic activity. (5) More significantly, the unique features of
Sn;0,4/graphene composites provide a large surface area,

Sample
Sr. no code H, evolution rate from water (umol h™* g™ ) H, evolution rate from H,S (umol h™* g™ 1)
1 Sng-0 815 3530
2 Sng-1 1384 4663
3 Sng-2 1808 5409
4 Sng-3 4687 7887
5 Sng-4 2890 7061

© 2021 The Author(s). Published by the Royal Society of Chemistry
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smaller particle diameter, and faster transfer of charge carriers
from the inside to the surface, which hampers the probability of
charge recombination and also allows more active adsorption
sites for a redox reaction to start (Scheme 2). Furthermore, the
presence of graphene resists the growth of Sn;0,, therefore the
optimum quantity of graphene (3%) is dispersed on a large
surface of graphene. These combined factors are responsible for
the enhanced hydrogen generation. However, it was also seen
that increase in the concentration of graphene in Sn;0, reduces
the photocatalytic activity for the Sng-4 Snz;O,/graphene
composite. Previously, Zhang et al*® reported that a higher
percentage of graphene causes a shielding effect, which
decreases active sites on the photocatalyst surface resulting in
high charge carrier recombination rates, i.e. at higher absorp-
tion light scatters through excess graphene in the photosystem,
resulting in lower excitation efficiency of Sn;O,. In addition,
from the above study, it is concluded that the Sn;0,4/graphene
provides more electrons and holes to the surface of the photo-
catalyst and is tracked into the graphene sheets, reducing the
recombination rate. The optimum quantity of graphene (3%
graphene) loaded on Sn;O, suppresses the recombination of
photogenerated electrons and holes.

4. Conclusions

A series of Sn;0,4/graphene composites have been successfully
prepared by a simple one-step hydrothermal route. The
morphological study shows the as-synthesized composites were
a uniform size and the average diameter varies from one to
several micrometers. The optical properties of Sn;O4/graphene
show enhanced absorption in the visible region. The photo-
catalytic activity of the catalysts (Sn;O,/graphene) towards
hydrogen generation, from water and H,S under solar light,
have been demonstrated. The Snz;O,/graphene composites
exhibit higher photocatalytic activity compared with bare

[~y
;". s"' )\qf' .r‘
.)s.)s.d‘\.a’

b ' ’
2 N oS '.\i’ ~ “’.“)\" S

s./'w/' \./ ~ - \.f‘s."’\.r's.

~’/ CH;OH , ] .3
\./s./.\‘/‘\.f \./.\.I\.l’

Scheme 2 Schematic representation of the photocatalytic mecha-
nism of the SnzO4/graphene nanostructure.
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Sn;04. The optimum quantity of graphene (3% graphene-
decorated Snz;O,) shows an enhanced H, generation rate,
namely 4687 umol h™" g™, for water splitting, and 7887 pmol
h™" g™ for H,S splitting, under natural sunlight. The enhanced
photocatalytic activity could be ascribed to the extended
absorbance via multiple reflections, and synergy between Sn;0,
and graphene reducing the charge carrier recombination effi-
ciently. In addition, this work presents new insights for the
development of graphene with oxide composite photocatalysts,
and promotes their utilization for hydrogen energy generation.
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