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Abstract

As a ternary complex oxide with good physic-chemical stability, Zn,SnOs is a
promising candidate in the photocatalytic application. However, the photocatalytic
activity of ZnoSnO4 needs further to improve due to its wide bandgap (about 3.4 eV)
and intrinsic high recombination rate of photo-generated charge carriers. In this paper,
the positive influence of graphene on the structure and visible photocatalytic activity
of Zn,Sn0Oy4 in oxidation of NO and acetone was systematically investigated based on
the fact that graphene has the property of high electronic conductivity for transporting
and storing electrons. It was found that the presence of graphene not only induces the
formation of SnO>, but also introduces Sn vacancy, which can trigger the visible light
photocatalytic activity. The photocatalyst loaded with 3.0 wt.% of graphene shows the
highest photocatalytic reactivity in oxidation of NO and acetone under visible light
illumination. Graphene can efficiently transfer the photo-produced electrons from the
conduction band of Zn,SnQOs, retarding the recombination of carriers and therefore
enhancing the visible photo-reactivity. A visible-light-responsive photocatalytic
reaction model based on the three-component-photocatalyst SnO>/Zn,SnO4/graphene

was put forward.
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1. Introduction.

Nitrogen oxides (NOx), generally produced from the fossil fuels incineration and
vehicle exhaust emission, are universally acknowledged as pollutants in air, owing to
the fact that this kind of contaminant can bring about various atmospheric
environmental pollutions such as haze, acid rain and photochemical smog[1]. There
are traditional strategies such as selective catalytic reduction (SCR), thermal catalysis,
and adsorption that can be used for controlling the NOx pollution from industrial
emission, however, it is a big challenge to eliminate indoor air NOx with low
concentration of ppb (parts per billion) level [2]. As one of hazardous volatile organic
compounds (VOCs), acetone is also rich in indoor environment. It has been reported
that high exposure to acetone vapor (up to 500 ppm) can incur irritation in eyes and
respiratory system [3]. Additionally, accidental intake of large amounts of acetone can
cause unconsciousness and death [4]. Therefore, it is substantially important to search
an efficient technology to purify these two typical air pollutants. Photocatalysis, as an
effective and environmentally benign technology, is extremely promising for
purifying polluted air under mild conditions [5-8].

Zn>SnOgs, as a ternary complex oxide zinc stannate with high electrical conductivity,
fast electron diffusivity, good physic-chemical stability, is a significant n-type
semiconducting oxide and a promising candidate in the photocatalytic application [9,
10]. However, the photocatalytic activity of ZnSnO4is not high enough to satify the
practical applications not only because it can only be excited by UV light due to its
wide bandgap (around 3.4 e¢V) [11], but also due to its high intrinsic recombination
rate of photo-produced carriers[12]. Hence, tremendous attention have been attracted
to tailor the band structure of Zn,SnO4, endowing it responsive to visible light[13, 14].

However, it still remains a great challenge.
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Recently, some groups have reported non-stoichiometric semiconductor-based
photocatalysts such as vacancy-rich ZnOi4[15], SnO24[16], and TiO2«[13]
nanostructures, which performed improved photocatalytic performance. The
distortion of crystal lattice can introduce a proper platform for retarding the
photo-induced electron-hole recombination, leading to enhanced photocatalytic
efficiency and stability when illuminating with visible light[15].

In recent years, the study of graphene, a two dimensional (2D) material, has
attracted much attention due to its excellent mobility of charge carriers, large specific
surface area, flexible structure, and good electrical and thermal conductivity[17-19].
Graphene has been often used for decoration/modification of semiconductor
photocatalysts such as TiO> [20], Bi2WOg [21] and CdS[22] because it can efficient
reduce the recombination rate of photo-generated electron-hole pairs when coupling
with semiconductors, thereby increasing the photocatalytic performances.

In this paper, a visible-light-resposive three-component all  solid
Sn0»-Zn>SnO4/graphene Z-scheme photocatalyst was prepared by a facile one-pot
hydrothermal methods. In this high efficient Z-scheme photocatalyst, a host of
vacancies were introduced to trigger the wide-bandgap of SnO> and Zn>SnO4 that can
be sensitive to visible light, and reduced graphene oxide (rGO) performed as an
effective electron mediator. To the best of our knowledge, this is the first time to
report the fabrication of vacancy-rich SnO;-ZnoSnQOs/graphene Z-scheme
photocatalyst, which shows high visible light photocatalytic activity in

degradation/minerization of NO and acetone in air.

2. Experimental

2.1 Preparation of SnO2/Zn2SnQO4/graphene composite.



All the chemicals with analytical grade were directly used in this study (Sigma
Aldrich). The water used in this research was deionized by Nano pure filtration
systems to the standard resistivity of 18 MQ-cm. The typical fabrication process of
Zn>SnO4 octahedrons is as follows. Firstly, 1.96 mmol of L-tryptophan were dissolved
in 25 mL of H>O. Then 1.18 mmol of Zn(CH3COO);:2H,O and 0.75 mmol of
SnCls-4H>0O were added to the above solution with strong stir at 60 °C. After stirring
for 30 min, 5 mL of NaOH aqueous solution (1.45 molL™") was dropwise added to the
mixed solution, and the resulted mixture was marked as solution A. Simultaneously,
certain amount (0.00167 g, 0.0050 g and 0.00835 g) of graphene nanoplatelets
(International Laboratory USA, 6-8 nm thick x 25 microns wide) were
ultrasonicated for 60 min to obtained a well dispersed solution, which was marked as
solution B. Afterwards, solution B was dropwise added to solution A under vigorously
stirring. After stirring for 60 min, the slurry was transferred to a stainless 100 mL
Teflon-lined autoclave, which was then hydrothermally treated at 200 °C for 24 h.
Finally, the obtained grey precipitates after centrifugation were washed with
deionized water and absolute ethanol for three times. The nominal mass ratios of
graphene to ZnSnO4 were controlled at 1.0, 3.0, and 5.0%, and the corresponding
Zn>SnOg4/graphene photocatalysts were labelled as ZL-G1, ZL-G3 and ZL-GS,
respectively. For comparison, we also prepared individual Zn,SnO4 octahedrons under
other identical conditions but in the absence of graphene, which were simply marked
as ZL.

2.2 Characterization

X-ray diffractometer (XRD; D/max RA, Japan) was applied to investigate the

crystalline phase structures of the as-obtained photocatalysts. Scanning electron

microscope (SEM; JEOL JSM-6490, Japan) and transmission electron microscopy



(TEM; JEM-2010, Japan) were used to observe the morphological features and
microstructures of the as-synthesized samples. Nitrogen adsorption-desorption
isotherms were attained from a nitrogen adsorption equipment (ASAP 2020, USA),
from which all the photocatalysts were degassed firstly at 150 °C and followed by
investigating the surface areas and pore size distribution of the photocatalysts. FT-IR
spectroscopy in a Nicolet Nexus spectrometer can be used for studying the functional
groups on the sample surface by wrapping the photocatalysts in KBr pellets. X-ray
photoelectron spectroscopy (XPS) with Al Ka X-ray (hv = 1486.6 ¢V) operated at 150
W (Thermo ESCALAB 250, USA) can be used for investigating the surface chemical
composition and the total density of state (DOS) distribution in the valence band (VB).
As an internal standard, the C 1s centered at 284.8 eV can be used for correcting the
skewing of the binding energy because of correlative surface charging. Scan UV-Vis
spectrophotometer (UV-Vis DRS; UV-2450, Shimadzu, Japan) configured with an
integrating sphere assembly by employing BaSOs as the reflectance specimen can be
used for gaining the optical properties of the samples. Fluorescence
spectrophotometer (FS-2500, Japan) with a Xe lamp and an optical filter as a
stimulation source can be utilized to get the information of photoluminescence spectra
(abbreviated to: PL) of the photocatalysts. Fluorescence spectrophotometer
(Edinburgh Instruments, FLSP-920) can be applied to obtain the steady and
time-resolved fluorescence emission spectra of as-prepared samples. Electron
paramagnetic resonance (EPR) spectra were conducted on a Bruker EMX EPR
spectrometer (Billerica, MA).

In a three-electrode system, the photocurrent of photocatalysts were measured with
a electrochemical workstation (CHI 760E, Shanghai). The as-prepared samples were

used as working electrode, Ag/AgCl and Pt wire were used as reference and counter



electrode, respectively. Aqueous Na;SO4 (0.5 M) was used as electrolyte solution. A 3
W LED lamp emitted mainly at 2=420+10 nm was used as the light source. The
working electrode was obtained by doctor-blade approach via using ITO glass
(lecmx1cm) as substrate. The spreading slurries of as-obtained photocatalyst were
fabricated by grinding the mixture containing 50 mg of samples, 30 mg of polyethene
glycol (MW: 20000) and 800 uL of deionized water. Afterwards, the film was
annealed at 250 °C for 30 min. Electrochemical impedance researches of as-prepared
samples were also performed at the open-circuit potential. An ac disturbance of 5 mV
was applied to the working electrode on the frequency in the range of 0.1 Hz to
1000Hz.

Electron spin resonance (ESR) signals of radicals spin-trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) were recorded on a spectrometer (JES
FA200). Specimens for ESR measurement were obtained by mixing the
photocatalysts in a 40 mM DMPO solution tank (methanol dispersion for DMPO-O,*"
and aqueous dispersion for DMPO-*OH) and illuminated with visible light ( A> 400

nm).

2.3 Visible light photocatalytic oxidation of NO.

In a consecutive flow reactor, the photo-oxidation reactivity of the as-obtained
products was tested in terms of the ppb level oxidation of NO at ambient temperature.
The volume of the rectangular reactor constituted stainless steel with quartz glass as
cover was 4.5 L (LxWxH, 30.0 cmx15.0 cmx10.0 cm). Simulated visible light source
was acquired from an LED lamp (A> 400 nm). There with 30 mL of deionized water
was poured into 0.2 g of the as-obtained samples, the mixed solution was subjected to
ultra-sonicate for 30 min. The resulting suspension was sedimentated onto a culture

dish with a diameter of 11.5 cm. The dish with sample was heated at 60 °C for 3 h to
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thoroughly evaporate water and then cooled down to normal temperature. NO gas was
supplied from a compressed gas cylinder having 50 ppm of NO (N> balance) in line
with traceable standards recommended by the National Institute of Stands and
Technology. An air stream produced by a zero-air generator (Advanced Pollution
Instrumentation, A Teledyne Technologies Co., Model 701) can be used for diluting
the initial NO concentration to about 600 ppb. In a gas blender, the gas streams were
totally premixed, the gas flow rate was setting as 1.0 L-min"! by employing a mass
flow controller. When the gas system can reach adsorption-desorption balance,
turning on the lamp. A chemiluminescence NO, analyzer (Advanced Pollution
Instrumentation, A Teledyne Technologies Co., Model T200) can be used for
monitoring the concentrations of NO, NO> and NO, (NO,=NO+NO>) continuously, at
a gas flow rate of 1.0 L-min'. The formula 1 (%) = (1 — C/Co) x 100% was used to
calculate the removal ratio (n) of NO accordingly, where Cp and C are the initial
feeding gas stream and the NO concentration in the outlet steam, respectively.

2.4 Visible light photocatalytic degradation of acetone.

The photo-decomposition of acetone was measured under visible light illumination
(A> 400 nm) at 25 °C by adopting a 15 L reactor. 0.3 g of aqueous ZnSnOg4
suspension was coating onto three cultrue dishes with diameter of 7.0 cm. The dishes
coated with Zn,SnO4 were dried in an oven at 80 °C for 2 h and then placed in the
reactor. Afterwards, 10 pL of acetone was injected into the reactor by using a
microsyringe. The concentrations of carbon dioxide and acetone in the reactor can be
mointorred on line with a Photoacoustic IR Multigas Monitor (INNOVA Air Tech
Instruments, Model 1412). After the adsorption equilibrium, the initial concentration
of acetone can reach 300 ppm, which can maintain constant for around 35 min until

turning on a visible light LED lamp (A> 400 nm). Each set of experiment was



followed for 140 min.

3. Results and discussion
3.1 XRD patterns and microstructures

Powder XRD measurements were performed to confirm the crystal phase of the
photocatalysts and ascertain the effect of graphene on the phase and crystallinity. As
shown in Fig. 1, ZL sample (Fig. 1a) exhibits the representative diffraction peaks of
Zn>SnO4 (JCPDS#24-1470)[9] without any other impurity peaks. After introducing a
small amount of graphene, however, there is a distinct phase transformation from pure
Zn>SnO4 to a mixed ZnSnO4 and rutile-SnO, (JCPDS#41-1445)[12]. When further
increase in the amount of graphene, the diffraction peak intensities of SnO» steady
increase. No characteristic diffraction peaks for graphene are detected, possibly due to
its limited content and relatively low crystallinity[18]. Such features can, undoubtedly,
demonstrate that there exists a significant influence of the interference of graphene on
crystal phase and crystallinity of Zn,SnOs. As reported previously, Zn,SnO4-SnO»
composites can be obtained by re-heating ZnSn(OH)s at high temperature (> 800 °C)
for a long time (> 6h) [12, 23]. In our system, however, Zn,SnO4-SnO> composites
was successfully fabricated by a facile one-pot hydrothermal strategy with the help of
only a small amount of graphene.

The over all reaction on the formation of Zn2SnOys in solution is as follow (eq. 1)
[24]:
2Zn* +Sn*" + 8OH" — ZnaSnO04(s) + H20 (D

Different from in homogeneous solution, after addition of graphene, positively

charged Sn*" prefers to adsorb on the surface of electron-rich graphene. This is

because the ionic radius of Sn*" is close to that of Zn** (0.74 A°)[25]. However, Sn*'



has more positive charges than Zn>". During hydrothermal reaction, SnO: is therefore
produced due to the hydrolysis of the high concentrated Sn** adsorbed on the surface
of graphene (eq. 2).

Sn*" +40H  — SnOx(s) + H.O (2)

Therefore, the presence of graphene facilitates the formation of SnO> during the
preparation of ZnoSnQOg.

The influence of graphene on the morphological structure of the as-obtained
photocatalyst was explored by SEM (Fig. 2) . From Fig. 2a, it can be seen that pristine
Zn>SnO4 particles (ZL sample) exhibit octahedral shape with a sidelength of 0.5-0.8
um. Zn>SnO4 nanoparticles usually form in shapes of octahedrons [25, 26] and cubes
[27], depending on the solution pH, reaction temperature and capping reagent during
hdyrothermal reaction[28]. After introducing 1.0 wt.% of graphene, highly aggregated
octahedrons with sidelengths of 0.3-0.5 um are found to anchor on the surface of
exfoliated graphene (Fig. 2b). This phenomenon gives direct evidence that the
introduction of graphene can cause a smaller particle size of ZnoSnOs4, consistent with
the XRD analytical results (Fig. 1). This is because graphene can act as nucleation
centers during the hydrothermal reaction, which makes an easy nucleation and
therefore prevents the overgrowth of Zn,SnO4 polyhedrons in solution. With increase
in the amount of graphene to 3.0 wt.% and 5.0 wt.%, the aggregation of Zn,SnO4
particles was efficiently prevented, and most of the particles were found to be wraped
by graphene films (Fig. 2¢ and 2d).

Fig. 3a shows the TEM image of sheet-like graphene, reflecting its successful
exfoliation. The polyhedral structures of Zn,SnO4 was further confirmed by their solid
centers (Fig. 3b). From the TEM image of ZL-G3 sample (Fig. 3¢ and 3d), it can be

seen that Zn,SnO4 polyhydrons are strongly anchored on the surface of graphene
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films. The strong interaction between graphene and Zn>SnO4 can faciliate the electron
transferring from the conduction band (CB) of Zn,SnO4 to graphene, enhancing the
photocatalytic activity of ZnoSnO4. The strong interaction between graphene and
Zn>SnO4 was further confirmed by XPS characterization result, which will be shown
below.

3.2. FTIR and XPS analysis

To disclose the chemical states of these specimens and further determine the
presence of graphene in the composites, the FTIR were examined. As we can see from
Fig. S1, the absorption bands located at 584.9, 1076.9 and 1627.0 cm™ are ascribed to
the vibration of M-O or M-O-M (M stands for Sn or Zn) functional groups in SnO;
and Zn,SnO4 [29]. The obvious broad bands at 3427.4 cm’! can be indexed to the
stretching vibration of H>O molecules.

XPS spectra were further used to study the surface chemical states of
Zn>Sn0O4-SnOy/graphene composite. As displayed in Fig. 4, the XPS survey spectra
reveal the existence of Zn, Sn, O elements and a trace amount of C in the samples.
When compared with that of ZL sample (Fig. 4a), the signal of Cls peak for ZL-G3
sample (Fig. 4b) is much stronger, confirming the successful introduction of graphene
into ZL-G3 sample.

In high-resolution XPS spectra of Zn 2p (Fig. 5A), for ZL sample, two prominent
peaks with binding energies of 1021.8 and 1044.9 eV can be observed, which are
assigned to the signals of 2p3» and 2p12 of Zn?** ion[30], respectively. However, for
ZL-G3 sample, the binding energies of Zn 2p3» and 2pi» shift to higher binding
energies of 1022.4 eV and 1045.5 eV, both increased about 0.6 eV. The increased
binding energy indicates a reduced electron density, which could be ascribed to two

possibilities: (i) electron of Zn,Sn04-SnO; transfer to graphene; (ii) the existence of
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defects.

Fig. 5B presents the high resolution XPS spectra of Sn 3d main peak at 486.5 eV
(Sn 3dsp) with a satellite peak at 494.9 eV (Sn 3d3p) [31] for ZL sample. After
incorporation of graphene (3 wt.%, that is, 0.005 g), however, the Sn 3d peak of
Z1.-G3 shifts upwards by 1.0 eV. Moreover, the intensity of two peaks on ZL-G3 was
remarkably populated when compared with that of ZL sample. The upward shifts and
enhanced intensity can be indicative of the formation of SnO» resulted from the
charge reassignment, while, potentially reflecting a certain concentration of Sn defects
in ZL-G3 sample.

In O Is high-resolution XPS spectra (Fig. 5C), a well-formed peak emerging at
530.4 eV and one shoulder appearing at 532.2 eV can be observed for ZL and ZL-G3
samples. The peak at 532.2 eV is assigned to surface O species like the coordination
of O in Sn-O-Zn or -OH in water, while the other one centering at 530.4 eV is
ascribed to the lattice O in Sn-O-Sn[11]. Additionally, the similar intensity and peak
shape as well the same separation between the main and shoulder peaks stronly reveal
that there does not exist any change in the surface chemical status of O atoms.

For the bare graphene in ZL-G3 sample, the C 1s XPS spectrum (Fig. 5D) exhibits
the luxuriant oxygen-containing functional bondings on the surface of ZL-G3, which
proves the oxidation of graphene to graphene oxide to some extent. The partially
oxygenated graphene further confirms the strong interaction between graphene and
Zn>Sn0O4-SnO> composites, consistent with the SEM (Fig. 2) and TEM (Fig. 3)
characterization results.

On the basis of the above discussions, together with features of peak shifts,
therefore, EPR was exerted to confirm the potential presence of defects in the

as-obtained samples. As can be seen from Fig. 6, for ZL sample, no EPR signals can
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be witnessed. Unsurprisingly, after the introduction of graphene, all three Zn>SnO4

samples display an evident EPR resonance signal at g=~1.87, which can be assigned

to Sn defects[32]. Furthermore, the intensity of the EPR signal increases with increase
in the content of graphene, indicating that the introduction of graphene does disturb
the hydrothermal reaction process of the precursors. Actually, Georgakilas et al. found
that graphene nanosheets can function an actuator to lower energies by interactions of
charge-transfer or n-n*[33]. Zhang et al. overthrowed the traditional role of graphene
as electron reservoir and, therefore, found it can work as a macromolecular
photosensitizer to transmute wide band gap ZnS into a visible light material[34].
Nevertheless, to our best knowledge, it has not been reported that introducing the
graphene can induce the formation of defects, and the concentration of defects can be
tailored by simply control the amount of graphene. However, high concentrated
defects may act as the recombination centers, detrimental to the photocatalytic activity
of the photocatalyst.

3.3 Visible light photo-oxidation of NO.

To study the effect of defects on the photocatalytic performance of graphene
modified Zn2SnO4 samples (ZL-G), visible photocatalytic oxidation of NO in ppb
level was performed using ZL alone and ZL-G composite as photocatalyst (Fig. 5A),
respectively. NO is robust and cannot be photo-oxidized under visible light irradiation
without photocatalyst (not shown here). It can be clearly seen that, ZL alone offers
negligible visible light photo-oxidation perforamance for NO removal. Surprisingly,
the NO removal ratio of ZL-G1, ZL-G3 and ZL-G5 three samples are increased to
41.5%, 59.3%, and 32.6%, respectively (Fig. 7A), much higher than that of ZL sample
(only 7.5%).

We also online observated the produced NO> concentration profiles as irradiation
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time (Fig.7B), and found that the instantaneous concentration of NO> shows a similar
trend in terms of the corresponding NO removal. The photocatalytic performance of
ZL-G hybrids can be adjusted by optimizing the weight ratio of graphene to
Zn>Sn0O4-SnO;. Inferior photo-oxidation rate of NO are obtained by ZL-G1 and
ZL-G5 samples with too small or too much graphene. This result can origin from the
fact that, graphene by itself could not straightforwardly exert as visible light material
for photo-oxidation of NO due to its zero band gap[34], and thereby, its excess
existence in ZL-G composites may block physically from Zn2SnOs-SnO> harvesting
light. Remarkably, the superior photocatalytic NO removal ratio of ZL-G
photocatalysts still even outperforms that of other -categories of decent
visible-light-triggered photocatalytic materials such as BiOBr (21.3%)[35], BiOI
(14.9%)[36] and g-C3Ns (12.5%)[37]. In the absence of graphene, however, the
Zn>Sn0O4-SnO; composite shows poor photoreactivity in degradation of MB dye even
under the UV irradiation[27]. This work is different from the pioneering studies on
semiconductors modified with cabon materials such as carbon nanotubes, Cso and
graphene), where carbon materials mainly act as electron sinks. In the present study,
however, we found that graphene can introduce the defects and exert as a possible
visible light photosensitizer, which therefore endows ZL-G photocatalyst with visible
photocatalytic activity.

3.4 Photo-oxidation of acetone under visible light illumination.

As a typical contaminant of volatile organic compounds (VOCs), acetone in air can
cause nervous system disorders. Therefore, we chose acetone as a target pollutant and
photocatalytical degradation of acetone in ppm level was performed under the visible
light irradiation. ZnoSnO4 and SnO, are usually deemed to be hardly responsive

photocatalysts for decomposing acetone under visible light illumination because of
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their wide bang gap. However, in Fig. 8, it was found that the concentration of
acetone gradually declines and the amount of released CO; accumulates under visible
light illumination. Particularly, the content of CO> formation for ZL-G3 sample can
reach around 80 ppm within 140 min. All these results manifest that ZL-G3 could
function as a high efficient visible-light-responsive photocatalytic material for both
NO and acetone oxidation. As far as we know, this is the first example to manifest
Sn0,-Zn>SnO4/graphene with visible light photoreactivity.

3.5 Optical property.

The above-described results afforded solid evidence that ZL-G photocatalysts can
offer eminent photocatalytic performance under visible light irradiation. To account
for the visible light photoreactivity of ZL-G photocatalyst, the UV-vis DRS and PL
spectra were investigated (Fig. 9). Although all the samples show strong absorption in
the UV region (Fig. 9A), an obvious increase in the visible range from 400 to 800 nm
was observed after the addition of graphene. With increasing the content of graphene,
the color of the photocatalyst changes from white (ZL) to darkgray (ZL-G3),
indicating an enhanced light-harvesting ability in visible region. As reported by Zhang
et al., graphene materials can trigger a remarkably strong surface plasmon absorption
even in the near-infrared region[38]. Thus, it is understandable that the presence of
graphene can significantly affect the optical property of ZnoSnO4-SnO; composite.
Meanwhile, as can be seen from Fig. 9B, ZL displays the strongest PL emission in
visible region, reflecting the quick recombination rate of photo-produced carriers. The
PL peaks for ZL-G composites are much smaller when compared with that of ZL
sample. Therefore, we can understand the graphene-induced efficient transportation
and separation of carriers.

3.6 Photocurrent and electrochemical impedance study.
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To further validate the contribution of graphene to the charge carriers separation
efficiency of Zn2SnO4-SnO»/graphene composites, the transient photocurrent test over
five consecutive on/off cycles was performed under visible light illumination (A>400
nm) and was displayed in Fig. 10A. As can be seen that ZL-G3 possesses the highest
photocurrent among all the photocatalysts, indicating it has the fastest charge
separation efficiency and longest charge carriers lifetime. Additionally, Fig. 10C
illustrates the interfacial charge transfer ability for the obtained photocatalysts by EIS
measurements. Obviously, ZL-G3 sample has the smallest semicircle radius, also
showing a smallest charge transfer resistance and highest interfacial charge carriers
transfer efficiency[8]. Therefore, it is safe to believe that the existence of appropriate
graphene in hybrids can expedite the transfer and separation of photo-generated
carriers.

3.7 BET surface areas and pore structure.

Xiong et al. reported that[39], wide band gap semiconductor (BiO),CO; with
hierarchical microspheres showed outstanding visible-light-responsive photocatalytic
activity due to the strong visible light reflecting and scattering effects. Triggered by
this report, to ascertain the possible contribution of specific surface areas and pore
volume to photocatalysis process, nitrogen adsorption-desorption isotherms were
analyzed (Fig. 11). It can be seen that all photocatalysts show similar
adsorption-desorption isotherms and pore structures. The BET surface area of the
photocatalyst slightly but steadily increases from 21.3 to 24.3 m?g™! with increasing in
the amount of graphene (Table 1). Enlarged BET surface area means more active site
can be used for the adsorption and reaction for photocatalytic degradation, enhancing
the photoreactivity.

3.8 Active species for photocatalytic oxidation of NO.
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It was reported that, NO can be removed via photocatalytic oxidation processe due
to the continuous attacks of reactive oxygen species (ROSs) such as ‘O, and -OH
radicals. To shed light on the effect of graphene on the enhanced photoreactivity of
Sn0»-Zn,SnO4/graphene composite, ESR measurement was used to monitor the
possible ROSs[40]. As can be seen from Fig. S2 that, for ZL sample, no obvious ESR
signal can be detected in the dark or under visible light irradiation. While, for ZL-G3
sample, distinct peaks for DMPO--O;" (Fig. 12 A) and DMPO--OH (Fig. 12B) adduct
signals are observed under visible light illumination. Both of the peak intensities for
DMPO--OH and DMPO--O>" radicals steadily increase as irradiation time, which
begin to decrease when the light is turned off. These results firmly demonstrates that
‘02" and -OH radicals are main ROSs that should be responsible for the effective

photo-oxidation of NO (egs. 5-8) and acetone (eq. 9) [41, 42].

NO +-0,~ — NO5° (5)
NO +2:0H — NO; + H,0 (6)
NO; +-OH — NO; +H" (7)
NO + NO» + H,0 — 2HNO (8)
C;H¢O + -0, /-OH — CO; + H20 )

3.9 Proposed photocatalytic reaction mechanism.

From the viewpoint of kinetic and thermodynamic requirements for
photo-oxidation of NO and acetone, it is then necessary to estimate band edge
positions according to the formula of Mulliken assumption[43]. The CB value of
as-obtained photocatalysts can be calculated by the formula: Ecp=X-E¢-1/2E,,
where X stands for the Mulliken electronegativity of the photocatalyst, EC represents
the energy of free lectrons on the hydrogen level (around 4.5 eV) and Eg is the

forbidden gap energy. The calculated CB minimum of Zn,SnO4 and SnO> are -0.22
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and 0.05 eV, and the VB maximum of ZnoSnOs4 and SnO; are 3.18 and 3.25 eV,
respectively.

In principle, ZnoSnO4 and SnO> can not be excited to produce ROSs such as "Oy
and "OH under visible light illumination because of their wide band gap. Therefore, a
Z-Scheme model was proposed to interpretate the reaction mechanism[40]. As
portrayed in scheme 1, the existence of Sn vacancies in Zn,SnOg4 (as confirmed by
XPS and EPR results) renders the formation of some new defect levels in SnO, and
Zn>SnO4, which results in the reduced bandgaps of SnO> and ZnoSnOs4. The Sn
vacancies and the accompanying the introduction of graphene expand the light
absorption from UV to visible light region. Then, the photo-produced electrons in the
CB of SnO; can migrate to the VB of ZnoSnO4, which can further be excited to the
CB of Zn>SnOs. Origining from the strong affinity of electrons to graphene, the
photo-generated electrons in the CB of Zn,SnO4 can easily transfer to graphene,
which are then captured by oxygen, producing * O>". While holes are leaving behind in
the VB of SnO», which are powerful to oxidize surface adsorbed OH/H>O into ‘OH
radicals (2.4 V versus NHE). ESR analysis confirms the production of ‘O, and ‘OH
radicals, which are main ROSs that involves in the oxidation of NO and acetone (egs.
5-9).

3.10 Photochemical stability.

From the viewpoint of practical applications, the stability of the catalysts is of great
importance[44]. Therefore, we evaluated the stability of SnO;-Zn,SnOs/graphene
photocatalyst (ZL-G3 as an example) in photocatalytical removal of NO for several
runs (Fig. 13). Significantly, the photocatalyst still keeps high photocatalytic
performance even after consecutive five cycles without a slight decrease in

photocatalytic activity, which demonstrates that the robust stability of the surface
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vacancies-rich nanocomposite. Such eminent graphene-assisted Z-scheme
Sn0»-Zn>SnO4 heterostructure with high photocatalytic capability and excellent
stability makes it promising to be widely used in purification of polluted gas in a

scale-up.

4. Conclusions

In summary, for the first time, visible-light-responsive photocatalyst
Sn0,-Zn>SnO4/graphene was successfully fabricated by a facile one-pot hydrothermal
reaction strategy. The presence of graphene not only cause the production of SnO, but
also results in the formation of Sn vacancies, which makes it responsive to visible
light. A Z-scheme model was proposed for the photocatalytic oxidation of NO and
acetone over SnO>-Zn>oSnOg4/graphene hybridized photocatalyst, and both O, and
‘OH radicals are identified to be the main ROSs that should be responsible for the
oxidation of NO and acetone. When compared with normal Zn,SnOs which was
prepared in the absence of graphene, Z-scheme SnO;-Zn>SnO4 heterostructures with
vacancies obviously display much higher photocatalytic activity because of the
enlarged BET specific surface area, improved light-harvesting ability and promoted

separation of photo-generated carriers.
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Table 1. Physical property and photocatalytic activity of the photocatalyst.

Pore Peak Degraded
SBET No*
Sample volume diameter acetone
(m’g™) (o)
(cm’g™) (nm) (ppm)
ZL 21.3 0.05 3.47/5.06  11.8 13.9
ZL-Gl 22.0 0.05 3.43/4.62 415 30.00
ZL-G3 23.7 0.04 3.45/5.01 593 33.5
ZL-G5 243 0.05 3.47/510  32.6 30.0

“Removal efficiency of NO.
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Scheme 1. Proposed Z-scheme mechanism for the visible-light-driven photocatalytic

reaction of the three-component-photocatalyst (SnO2/Zn>SnO4/graphene).
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Fig. 2. SEM images of ZL (a), ZL-G1 (b), ZL-G3 (c) and ZL-G5 (d) photocatalysts.
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