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Photocatalysts with a wide optical response range and high oxidation ability are essential for their
application in air pollution control. In this study, mesoporous SnO,/NCDs/ZnSn(OH)s (NCDs = N-doped
carbon quantum dots) Z-scheme nanohybrids were synthesized for the first time using an in situ
strategy. The ternary Z-scheme catalysts showed significantly enhanced visible and near-infrared light-
driven photocatalytic activities for nitric oxide (NO) removal (37%), while the toxic nitrogen dioxide (NO5)
intermediate was suppressed completely. The Z-schematic transfer mechanism was confirmed through
characterizing the intrinsic properties of the as-prepared sample. The NCDs, as an electron transport

bridge, improve both the broad-spectrum light-harvesting ability and the rapid separation of
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nanohybrid can generate more reactive oxygen-containing radicals during the photocatalytic reaction,

DOI: 10.1035/c5ta03504d owing to its ability to supply sufficient free surface OH. This study provides insights into the
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1. Introduction

Photocatalysis is a promising and economically feasible tech-
nology to control air pollution.** Previous studies showed that
photocatalysis can effectively remove NOx, which are among the
precursors for secondary aerosol and acid rain formation.?
However, the efficiency of photocatalytic NOx removal is
strongly affected by the optical absorption range, charge sepa-
ration efficiency, and redox capacity of photocatalysts.* Further,
it is difficult for a single-component photocatalyst to resolve all
these problems. For example, metal/nonmetal doping can
extend the visible light absorption range of TiO,, but this may
not guarantee significant improvement of photocatalytic
activity because the efficiency of a photocatalyst is also affected
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heterogeneous photocatalytic Z-scheme reaction mechanism.

by charge separation and redox ability.>® Therefore, it is
necessary to explore nanohybrids with an appropriate wide
optical absorption range with high interfacial charge transfer
rate and strong redox capability, in order to achieve photo-
catalytic NOx removal.

ZnSn(OH)s (ZHS), a non-toxic perovskite hydroxide having
a face-centered-cubic crystal structure filled with OH groups on
the surface, has high photocatalytic activity under UV light
irradiation.”® It is widely applied in gas sensors,® antibacterial
materials’ and lithium-ion batteries."" It is also used as a pho-
tocatalyst for pollutant removal, showing higher conversion and
mineralization for benzene, phenol and dyes.”>™ Recently,
various heterojunction photocatalysts such as Au/ZHS,'* ZHS-
GOY and BiOI/ZHS" have been constructed to improve the
optical absorption and enhance the quantum yield of ZHS. Most
of them employed two-step synthesis strategies for preparing
the ZHS-based heterojunction structures. However, this
approach could not easily achieve uniform structure and it also
increased the resistance against interfacial electron transport. It
was reported that an in situ strategy for fabricating the o-Bi, O3/
(BiO),CO; heterojunction with well-defined morphologies can
simultaneously extend the light absorption to the visible region
and promote quick charge-carrier migration driven by the
strong innate electric field at the hetero-interface.” This
strategy can efficiently lower the interfacial transfer barrier for
electron migration. Thus, constructing heterojunction struc-
tures with homogeneous distribution of components by an in
situ strategy is an effective way to prepare new nanohybrid

This journal is © The Royal Society of Chemistry 2019
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materials with excellent properties. In this regard, the SnO,
semiconductor, as an appropriate cocatalyst with a narrow-
band-gap semiconductor, can act as a favorable candidate for
building homogeneous nanostructures on ZHS nanocubes.
Most importantly, a synergistic effect between SnO, and ZHS
facilitating the formation of active oxygen radicals accounts for
the high performance of benzene degradation under UV irra-
diation.” However, even with so many structural and perfor-
mance advantages, both the solar energy conversion efficiency
and the quantum efficiency of pure ZHS or binary SnO,/ZHS
nanocomposites are still low for practical applications due to
the sluggish transfer of photo-generated carriers and the
weakened redox abilities of electrons and holes.

Using Z-scheme-type photocatalysts is a highly effective
approach to promote charge separation and enhance the
reduction/oxidation abilities on different active sites.****
Previous studies have revealed that Z-scheme composites can
retain photogenerated charges with stronger redox capability
separately on semiconductors, in order to thoroughly oxidize
pollutants.”*** Ga-LTCA/Au/BiVO, sheets were reported as
a promising photocatalyst for Z-scheme water splitting.>* The
noble metal layer as the mediator is crucial for efficient charge
transfer between the BiVO, and LTCA, eventually enhancing the
water-splitting activity. Instead of precious metals, a similar
function can be achieved in the Z-scheme system by N-doped
carbon quantum dots (NCDs). As a nontoxic and low-cost
carbon species, NCDs have excellent electron transfer and
storage properties and unique up-conversion fluorescence
ability.”>*® Combining NCDs with rutile TiO, to form TiO,/NCDs
composites can allow the photogenerated electrons to transfer
more efficiently to the conduction band (CB) of TiO, and
convert into other reactive oxidative species.*® The up-
conversion fluorescence properties of NCDs and efficient
charge separation led to their enhanced photocatalytic perfor-
mance.”®*” So, NCDs are a suitable candidate for constructing Z-
scheme-type structures.

Motivated by the above considerations, in this work we
report a Z-scheme mesoporous SnO,/NCDs/ZHS ternary nano-
hybrid prepared through a rational design and in situ self-
assembly synthesis. The morphology, composition, and
optical and electrochemical properties of the prepared photo-
catalysts were analyzed comprehensively. The wide light-
absorption range and the spatial distribution characteristics
of surface electrons were modulated by the SnO,/NCDs/ZHS
ternary nanohybrid photocatalyst. The results indicated that
the mesoporous SnO,/NCDs/ZHS Z-scheme nanohybrids dis-
played excellent activity and stability for photocatalytic removal
of NO under visible and near-infrared light (VIS-NIR) irradia-
tion. In addition, the experimentally proven specific structural
characteristics and strong redox ability led to the complete
inhibition of toxic NO, intermediates.

2. Experimental section
2.1 Synthesis of SnO,/NCDs/ZnSn(OH) nanohybrids

All chemicals were of analytical grade and used directly without
further purification. The ternary nanohybrid SnO,/NCDs/
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ZnSn(OH) (SnO,/NCDs/ZHS) was produced by a simple in situ
solvothermal method (Scheme S17). SnCl,-5H,0 (98%, Sigma-
Aldrich, 0.7 g) and NaOH (96.0%, Sinopharm Chemical
Reagent Co., Ltd., 0.4 g) were first dissolved in 15 mL deionized
water and stirred for 30 min. Then, (CH;COO),Zn-2H,0 (98%,
Sigma-Aldrich, 0.4 g) was dispersed in 20 mL ethanol under
ultrasound for 30 min, and the resultant mixture was added
dropwise into the first solution. The mixture was kept stirring
for 7 h and the pH was maintained at 6.1 using sodium
hydroxide solution (2 M). Subsequently, 0.6 mL (volume ratio:
1.7%) of fresh NCDs solution was added into the above solution,
stirred for 1 h, and then transferred to a 50 mL Teflon-lined
stainless steel autoclave and maintained at 160 °C for 12 h.
The resulting composite was washed with ethanol and water
three times, and dried at 60 °C for 12 h to obtain the SnO,/
NCDs/ZHS sample.

All reference samples were prepared by a similar sol-
vothermal method. To obtain the pure ZHS, the mixture pH was
adjusted to 13.1 using sodium hydroxide solution (5 M). The
NCDs/ZnSn(OH)s (NCDs/ZHS) was synthesized by adding
0.6 mL (volume ratios: 1.7%) of fresh NCD solution and the
solution pH was kept at 13.1. The SnO,/ZnSn(OH)s (SnO,/ZHS)
sample was synthesized by maintaining the mixture pH at 6.1
with the same solvothermal method but without the NCD
precursor.

2.2 Characterization

Crystallographic information was obtained from X-ray diffrac-
tion (XRD; PANalytical, X'pert, Netherlands) patterns using Cu
Ko (A = 1.5406 A) radiation. Raman spectra were recorded on
a Laser Confocal Micro-Raman Spectrometer (LabRAM HR800,
France). UV-Vis diffuse reflectance spectra were recorded using
a Varian Cary 100 Scan UV-Visible system (DRS, Agilent Corp.,
USA) using Ba,SO, reflection as a reference. The sample
morphology and structure were characterized by high-resolution
transmission electron microscopy (TEM, JEOL JEM-3010, Japan).
The surface chemical states were investigated by X-ray photo-
electron spectroscopy (XPS, Thermo Escalab 250Xi, USA) using
a 532 nm YAG laser as the excitation source. Photoluminescence
(PL) spectra were recorded with a fluorescence spectrophotom-
eter (FLS-980, Edinburgh Instrument Ltd., England). The Bru-
nauer-Emmett-Teller surface area and pore structure of the as-
prepared samples were obtained from the adsorption branch of
the isotherms and Barrett-Joyner-Halenda formula at 77 K (BET,
Gemini VII 2390, Micromeritics Instrument Corp., Norcross, GA,
USA). The light source-monochromator-lock-in surface photo-
voltage spectroscopy (SPS) detection system consists of a mono-
chromatic light source with a 500 W xenon lamp through
a triple-prism monochromator (Hilger and Watt, D300), an
amplifier (Brookdeal, 9503-SC) with a light chopper, a photovol-
taic cell and a computer. All the SPS tests were performed at
room temperature with an ITO electrode film. A JES-FA200
instrument was used to record electron spin resonance (ESR)
signals to detect free radicals in the sample, after mixing the as-
prepared samples with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) solution.
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2.3 In situ DRIFTS investigation of photocatalytic NO
oxidation intermediates

The diffuse reflectance infrared spectrum (DRIFTS) was recor-
ded on a VERTEX 70 FTIR spectrometer (Bruker, Germany)
equipped with an in situ diffuse reflectance cell (Harrick), light
source, pretreatment equipment and a high-sensitivity mercury
cadmium telluride (MCT) detector cooled by liquid N, (Scheme
S27). The samples were purged with high-purity He for 1 h at
150 °C to clean the catalyst surface and cooled to room
temperature (30 °C) for background measurement. Then, the
reaction gas containing 30 mL min~" NO (100 ppm) and 30
mL min~ ' O, was fed into the reaction chamber. The adsorption
and photocatalytic reaction of NO on the catalysts were carried
out for 30 min both under dark conditions and under irradia-
tion using a visible light source (=420 nm).

3. Results and discussion

3.1 Surface structure, chemical composition and
morphology of the ternary nanohybrid

Fig. 1a shows the XRD patterns of as-synthesized samples,
revealing the presence of cubic phase ZHS (JCPDS no 20-1455)
in all samples. Additionally, the high purity of ZHS was
confirmed by Raman spectra (Fig. S11).>® As shown in the inset
of Fig. 1a, the XRD patterns of SnO,/ZHS and SnO,/NCDs/ZHS
display some weak and broad diffraction peaks at 26 = 26.1°,
indexed to the tetragonal SnO, (JCPDS no 77-449) (Fig. S2a and
bt).” Compared with pristine ZHS, no obvious XRD diffraction
peaks of NCDs can be found in the pattern of any samples.
However, a new peak at 1598 cm™ ' appeared in the ternary
SnO,/NCDs/ZHS nanohybrid, confirming that the NCDs were
fabricated on the surface.” These results demonstrated the
successful loading of SnO, nanoparticles and NCDs on the
surface of ZHS nanocubes. Meanwhile, the surface of SnO,/
NCDs/ZHS was found to be rich in O-H moieties (Fig. S37),
which was conducive to the production of highly reactive oxygen
radicals.”

The surface chemical compositions of the SnO,/NCDs/ZHS
nanohybrids were probed by XPS measurements, which
revealed the presence of C, N, O, Sn and Zn (Fig. S41). The high-
resolution spectra of C 1s, located at 284.6 eV, were used to
correct the instrument error (Fig. S5t). As shown in Fig. S6a and
b, distinct binding energy drifts were observed in the SnO,/
NCDs/ZHS nanohybrid, which could be attributed to the
formation of a contact interface in the ternary composite,
instead of a simple physical mixture. The same phenomenon
was observed in the spectra of O 1s (Fig. S77). Notably, the main
peak of the N 1s band was clearly observed in the XPS spectrum
for SnO,/NCDs/ZHS, which indicated the existence of NCDs on
the surface of the catalyst (Fig. 1b).?® Table S11 summarizes the
atomic concentrations of elements in the investigated catalysts.
The atomic ratio between SnO, and N in SnO,/NCDs/ZHS was
evaluated as 12% and 3.7%, respectively. These results illus-
trated the co-existence of SnO, and NCDs on the surface of ZHS
and the interfacial interaction in the SnO,/NCDs/ZHS
nanohybrid.
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The pristine ZHS particles have a nanocube structure with an
edge length of 60-100 nm. They have rich internal pores with
high porosity and a dense top surface (Fig. 1c and S8t). The
lattice fringe of 0.39 nm corresponds to the (200) plane of ZHS.
Notably, the nanocube structure of pristine ZHS was mostly
retained in SnO,/NCDs/ZHS in terms of the particle size and
shape, but the surface became rough in the latter (Fig. 1d). In
Sn0O,/NCDs/ZHS, some obvious SnO, nanoparticles and NCDs
were coated on the surface of ZHS (Fig. 1e). From analyzing the
relative crystal lattice space, the edge of ZHS (Fig. 1f) has
a lattice space of 0.33 nm, which can be attributed to the (101)
plane of SnO, nanocrystals.*® Then, on the surfaces of ZHS and
SnO,, the crystal lattice space of 0.209 nm corresponded to the
(010) plane of NCDs (Fig. 1g and h).”® The inset of Fig. 1h shows
a series of bright spots accompanied by a series of diffraction
rings in the selected area electron diffraction (SAED) pattern,
which illustrates the polycrystalline nature of the SnO,/NCDs/
ZHS ternary nanohybrid. Overall, these results demonstrate
the co-existence and intimate contact of SnO, and NCDs on the
ZHS substrate, which greatly facilitates electron transfer.

The dispersion of NCDs and SnO, on the catalyst was evalu-
ated by energy dispersive spectroscopy (EDS). The results indi-
cate homogeneous coverage of SnO, nanoparticles and NCDs on
the surface of ZHS (Fig. 2a—f), which is consistent with the above
TEM analyses. The inset table shows that the atomic ratio (%) of
Zn/Sn was 23.22/28.09 < 1, which proved the formation of a trace
amount of SnO, nanoparticles on the surface of ZHS (Fig. 2g).
Furthermore, the atomic ratio of N was 7.94%, corresponding to
the numerous NCDs dispersed in the SnO,/NCDs/ZHS ternary
nanohybrids, which increases the number of catalytically active
sites via the close interfacial interaction.

BET measurements were carried out to investigate the
physical properties of the ZHS and SnO,/NCDs/ZHS samples
(Fig. S97). As shown in Table S1,} pristine ZHS exhibited a BET
surface area of 172.7 m*> g~ ', whereas that of SnO,/NCDs/ZHS
was 105.6 m*> g~ ', defining a slit-like mesoporous structure
with an average pore diameter around 2.5 nm (Fig. S9b+t).** The
decreased BET surface area in the SnO,/NCDs/ZHS is attributed
to the jamming of partial pores by the numerous SnO, and
NCDs hybridized in situ on the surface of ZHS. Therefore, the
ZHS with a high BET surface area and mesoporous structure
provided more surface adsorption sites and promoted mass
transfer by the in situ loading of NCDs and SnO,, on the surface
of the mesoporous ZHS nanocube architecture (Scheme S17).

3.2 Evaluation of photocatalytic activity under VIS-NIR
irradiation

The efficiency evolution of NO conversion and toxic interme-
diate NO, formation over ZHS, SnO,/ZHS, NCDs/ZHS and SnO,/
NCDs/ZHS samples was evaluated under visible-light irradia-
tion. As shown in Fig. 3a, UV activation of pristine ZHS and
SnO,/ZHS showed rather poor performances for NO removal
under visible-light irradiation. After surface modification with
NCDs, for the first 10 min NCDs/ZHS presented 23% NO
conversion which decreased to 16% at 30 min, revealing that
most of the photoinduced electrons on the NCDs recombined

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD patterns of the as-prepared samples; (b) high-resolution XPS spectra of N 1s in NCDs and SnO,/NCDs/ZHS ternary nanohybrids;
(c) TEM images of pristine ZHS; (d—h) TEM images and the corresponding selected area electron diffraction (SAED) patterns of the SnO,/NCDs/

ZHS sample.

with the holes. Surprisingly, the NO conversion by the SnO,/
NCDs/ZHS ternary nanohybrid under visible light was almost
constant over the 30 min irradiation, and the value (37%) was
apparently higher than the efficiency under simulated solar
light irradiation (Fig. S107). Meanwhile, the production of toxic
intermediate NO, and catalyst deactivation were effectively
suppressed. As expected, the constructed SnO,/NCDs/ZHS
ternary nanohybrid showed significantly increased NO
removal efficiency, above that of any single component or the
binary counterparts.

Fig. 3b illustrates the durability of the SnO,/NCDs/ZHS
sample during use. After 10 recycles, there was no distinct
decrease of activity even after long and continued irradiation
(375 min), while the selectivity for NO, was largely maintained
(Fig. S11%). The thermal stability and composition structure

This journal is © The Royal Society of Chemistry 2019

were also preserved after the 375 min stability tests with
successive runs (Fig. S12-S147). This superior performance of
the SnO,/NCDs/ZHS photocatalyst was attributed to the
persistently high selectivity of NO conversion to nitrate rather
than to the toxic by-product NO,.

Moreover, photocatalytic activities of various samples for NO
removal were investigated under UV, blue, green, red, and NIR
lights (spectral composition of the light sources is shown in
Fig. 3c). Fig. 3d illustrates the samples’ capacity for destroying
NO under lights of different wavelengths, with all samples kept
in the dark and irradiated for 20 min. Firstly, there was no
obvious activity from ZHS and SnO,/ZHS under VIS-NIR irra-
diation. Secondly, 13, 35, and 43 ppb of NO decomposed over
NCDs/ZHS under the excitation of green, blue, and UV light,
respectively. The visible-light induced activity of NCDs/ZHS was

J. Mater. Chem. A, 2019, 7, 15782-15793 | 15785
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Fig. 2 (a) TEM image; (b—f) elemental mapping images of Zn, Sn, O and N; and (g) the corresponding EDS spectrum of SnO,/NCDs/ZHS

nanohybrids.

mainly assigned to the excellent visible absorption of NCDs.**
Under NIR light, 39 ppb of NO was decomposed by the SnO,/
NCDs/ZHS ternary nanohybrid. This high NIR light-induced
activity should be attributed to the synergetic effect of the
SnO, cocatalyst and NCD up-conversion effect, since no corre-
sponding performance was observed for either single compo-
nent or the binary counterparts. Moreover, the photocatalytic
activity of different samples at different wavelengths was
investigated (Fig. 3e). It was shown that the synergistic effects
and the stronger interfacial interaction in the SnO,/NCDs/ZHS
ternary nanohybrid improved the broad-spectrum light
absorption and redox ability, resulting in remarkably enhanced
photocatalytic activity.

3.3 Optical and photoelectrochemical properties

To explain the superior performance of the SnO,/NCDs/ZHS
ternary nanohybrid under VIS-NIR irradiation, the structure-
activity relationship and oxygen activation mechanism were
investigated in detail. Firstly, UV-Vis diffuse reflectance spectra

15786 | J. Mater. Chem. A, 2019, 7, 1578215793

(DRS) were analyzed to study the light absorption of as-prepared
photocatalysts. As shown in Fig. 4a, the absorption of pristine
ZHS and the SnO,/ZHS binary composite was located in the UV
region (200-350 nm),” indicating that UV activation of these
samples offers no performance advantage under visible-light
irradiation, which agrees with the results of NO removal
(Fig. 3a). Notably, the optical absorption of the SnO,/NCDs/ZHS
ternary nanohybrid dramatically increased in the VIS-NIR
region after surface modification with NCDs. There are two
absorption peaks centered at 240 and 350 nm, and they are
ascribed to the —-7* transition of the C=C bond and the n-w*
transition of the C=O0 bond, respectively.*> Meanwhile, the
expansion of absorption to 400-800 nm indirectly explains the
resonance absorption peak of NCDs.* This result revealed that
the introduction of NCDs obviously promotes the light
absorption of SnO,/NCDs/ZHS nanohybrids.

The effect of introducing NCDs on the optical properties was
also investigated by using a fluorescence spectrophotometer.
Fig. 4b shows that NCDs exhibited distinct up-conversion
fluorescence properties, with PL emission located at around

—~
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Fig. 3 (a) Time profiles of photocatalytic NO removal and the relative change of NO, over different photocatalysts under visible light (A = 420
nm) irradiation; (b) stability of the SnO,/NCDs/ZHS photocatalyst in 10 reaction cycles under visible light irradiation; (c) spectral composition of
the different light sources; time dependence of NO removal activity (d) and the corresponding NO conversion ability (e) of ZHS, SnO,/ZHS,
NCDs/ZHS and SnO,/NCDs/ZHS samples irradiated at different wavelengths.

UV (300-400 nm) and Vis (400-650 nm) regions after excitation In Fig. 5a, the pristine ZHS and the NCDs/ZHS composite
at 550-850 nm.** This phenomenon shows that the introduced showed no apparent surface photovoltage response, while SnO,/
NCDs can convert light of long wavelengths to short wave- ZHS had a distinct response (8.5 pA) in the UV range (300-375
lengths (even to UV light), resulting in efficient absorption of nm).*® For the SnO,/NCDs/ZHS nanohybrid, the strongest
the fluorescence emitted from NCDs to produce charge carriers response (26 pA) was obtained at 300-500 nm, suggesting more
in the SnO,/NCDs/ZHS ternary nanohybrid. photo-induced charge transfer to the surface of the semi-

To investigate the charge transfer efficiency, the surface conductor.*® This means that the charge separation of the SnO,/
photovoltage spectroscopy (SPS) analysis was used to reflect the NCDs/ZHS ternary nanohybrid was improved by the introduc-
carrier separation and transfer behavior under light irradiation. tion of the SnO, cocatalyst and NCDs.
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Fig.4 (a) UV-vis diffuse reflectance spectra of ZHS, SnO,/ZHS, NCDs/ZHS and SnO,/NCDs/ZHS samples; (b) fluorescence spectra of NCDs with
excitation of different wavelengths from 550 to 850 nm.
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Fig. 5 Surface photovoltage spectroscopy, (b) transient photocurrent responses, (c) EIS Nyquist plots of ZHS, SnO,/ZHS, NCDs/ZHS and SnO,/
NCDs/ZHS samples, and (d) photoluminescence spectra (inset: transient fluorescence decay spectra).

The transient photocurrent and electrochemical impedance
spectra (EIS) of SnO,/NCDs/ZHS nanohybrid nanocubes were
also measured and compared to those of pure samples and
binary counterparts. Fig. 5b shows that pristine ZHS and SnO,/
ZHS had a poor response, indicating a very low efficiency of
photovoltaic conversion under visible-light irradiation. NCDs/
ZHS exhibited a higher photocurrent density (0.22 pA cm™?),
ascribed to the absorption of low-energy photons by NCDs.>® In
comparison, the SnO,/NCDs/ZHS nanohybrid exhibited the
highest photocurrent response (0.34 pA cm™?) under visible-
light irradiation, showing that the introduction of the SnO,
cocatalyst synergistically promotes the separation and transfer
of more electron-hole pairs on the interface.’” Similar results
were obtained by EIS (Fig. 5¢), i.e., the smallest Nyquist circle
radius of SnO,/NCDs/ZHS revealed its lowest charge transfer
barrier and excellent charge transfer efficiency.*®

To further investigate the charge transfer dynamics of SnO,/
NCDs/ZHS nanohybrids, photoluminescence spectra (PL) were
recorded. As shown in Fig. 5d, a broad and strong PL peak
appeared at around 380-650 nm, which was attributed to the
recombination process of self-trapped excitation.”® Compared
with pristine ZHS, the PL intensity of SnO,/NCDs/ZHS increased
distinctly, indicating that additional new recombination
centers were created after surface modification with the SnO,
cocatalyst and NCDs. However, the nanosecond-level time-
resolved fluorescence decay spectra (inset in Fig. 5d) revealed

15788 | J. Mater. Chem. A, 2019, 7, 15782-15793

that the lifetime of photogenerated carriers over SnO,/NCDs/
ZHS (t = 0.82 ns) was longer than that of the pristine ZHS (t
= 0.78 ns), which implied that the influence of new recombi-
nation centers on the carrier lifetime can be ignored. As already
proved by the above-mentioned consistent results from tran-
sient photocurrent, EIS, and SPS, the overall efficiency of pho-
togenerated carrier separation and transfer was distinctly
enhanced over the ternary SnO,/NCDs/ZHS nanohybrids. These
phenomena implied that the interface formed in the SnO,/
NCDs/ZHS ternary nanohybrid was favorable for effective
electron-transfer quenching for SnO, in the excited state due to
the Z-scheme mechanism. Thus, NCDs as an electron transport
medium can rapidly capture and transfer electrons from photo-
excited SnO, to ZHS. Holes and electrons accumulate in the
valence band (VB) of SnO, and in the conduction band (CB) of
ZHS, respectively. This results in the maximum redox capacity
in the SnO,/NCDs/ZHS nanohybrid.**** To prove the effect of
the interfacial interaction on the electron transfer route,
a mechanically mixed sample was prepared that contained ZHS/
SnO, (Sn0,, 12%) and 1.7 vol% NCDs, similar in composition to
the SnO,/NCDs/ZHS components. The photocatalytic activity of
the physically mixed samples was much lower (5%) than that of
the SnO,/NCDs/ZHS Z-scheme nanohybrid (37%) under iden-
tical conditions, indicating that the high interfacial contact
efficiency played an important role in the photocatalytic prop-
erties (Fig. S15t).

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta03504d

Published on 04 June 2019. Downloaded by Xian Jiaotong University on 8/21/2019 7:49:32 AM.

Paper

Based on all the above results, we propose a hypothetical
charge transfer route for the Z-scheme-type photocatalyst of the
SnO,/NCDs/ZHS ternary nanohybrid, as evidenced by transient
photocurrent, EIS, PL and SPS results.* Appropriate amounts of
SnO, cocatalyst and the “bridge” of NCDs can synergistically
facilitate the spatial separation and migration of interfacial
photoinduced electrons, thus effectively improving the photo-
catalytic performance.

3.4 ROS identification and separation/transfer pathways of
charge carriers

In order to elucidate the mechanism of reactive radical
production, the generation of free hydroxyl ("OH) and super-
oxide ("0, ") radicals from pristine ZHS, NCDs/SnO,, NCDs/ZHS

o

Intensity (a.u.)
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and SnO,/NCDs/ZHS samples was measured under visible-light
irradiation.”” As elucidated in Fig. 6a, signals assigned to ‘OH
and 'O, radicals were clearly observed in the SnO,/NCDs/ZHS
Z-scheme system and their intensities increased with irradia-
tion time, while no apparent signals were detected for pristine
ZHS under identical conditions (Fig. S167). As a result, the main
reactive oxygen species (ROS) for the SnO,/NCDs/ZHS Z-scheme
nanohybrid were "OH and "O, radicals during the photo-
catalytic reaction, guaranteeing high selectivity of the photo-
catalyst. However, in Fig. S177 under the same conditions, the
DMPO-"OH signals were detected only for NCDs/SnO, but not
for NCDs/ZHS. Meanwhile, apparent signals of O,  radicals
only appeared for NCDs/ZHS under visible-light irradiation. The
significant difference in ROS generation implies that the
construction of the SnO,/NCDs/ZHS ternary Z-scheme
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Fig. 6 (a) Room-temperature ESR spectra of SNnO,/NCDs/ZHS nanohybrids for “O,~ and “OH during 12 min VIS-light irradiation, using DMPO as
the spin trapping agent; (b) Mott—Schottky plots of as-prepared ZHS and SnO, in 0.5 M Na,SO4 aqueous solution (pH = 7.0); the energy level
diagram and charge transfer route of SnO,/ZHS (c), NCDs/ZHS (d), NCDs/SnO, (e) and SnO,/NCDs/ZHS (f).
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nanohybrid changed the transfer pathway of photoelectrons
and maximized the redox capacity under VIS-NIR irradiation.

To further confirm our hypothesis, the energy level diagram
was both calculated and measured. From the UV-Vis diffuse
reflectance spectra of as-prepared samples (Fig. S187), the Tauc
plots of as-prepared ZHS, SnO, and NCDs/SnO,/ZHS are shown
in Fig. S19.1 Then the optical band gaps were estimated as
5.68 eV for ZHS and 3.27 eV for Sn0O,.* Mott-Schottky (M-S)
plotting was also used to obtain the CB position of the semi-
conductor. Fig. 6b shows that the flat band potentials are —0.68
and —0.36 V vs. Ag/AgCl at pH 7.** Thus, the respective CB
positions of ZHS and SnO, were estimated to be —0.48 and
—0.16 V through the Nernst equation.** Combined with the
bandgap results, the VB tops of ZHS and SnO, were calculated to
be 5.20 and 3.11 V, respectively, suggesting that the band gap
energies only allow ZHS and SnO, to be excited under UV light
(Fig. 6¢).** As shown in Fig. 4a and b, the introduction of NCDs
triggered the DRS of the SnO,/NCDs/ZHS ternary nanohybrid,
with a good overlap with the emission peaks in the PL spectrum.
This phenomenon indicated that SnO,/NCDs/ZHS could effi-
ciently absorb the fluorescence emitted from NCDs, allowing
the excitation of SnO, under VIS-NIR illumination to produce
ROS (Fig. 6d and S20%). Moreover, NCDs as light-trapping
centers can effectively absorb low-energy photons to produce
photoinduced electrons, which can rapidly transfer to the CB of
ZHS to generate ‘O, radicals (Fig. 6e and S17b¥).>* The NCD
amount loaded in each sample was evaluated by the elemental
analysis (Table S2 and Fig. S211). The results showed that the
activities of NCDs/ZHS nanocomposites with different amounts
of NCD precursor inserted are similar (Fig. S221). The higher
activity in SnO,/NCDs/ZHS was due to the Z-scheme mecha-
nism. This behavior indicated that the loading of NCDs and the
SnO, cocatalyst in the SnO,/NCDs/ZHS ternary nanohybrid can
enhance the quantum efficiency and redox ability to improve
the photocatalytic activity (Fig. S23 and S247).

Firstly, the strong signals of "OH radicals are attributed to
the restructured holes in the VB of the SnO, cocatalyst. The
holes can oxidize OH ™ into "OH radicals that can in turn oxidize
the target pollutants of NO. However, the CB edge of SnO, is
located at —0.16 V (vs. NHE), which is more positive than the
redox potential of O,/°O,~ (—0.33 V vs. NHE).* Thus, O, cannot
be directly reduced to 'O, by the SnO, cocatalyst. The useless
electrons in the CB of SnO, are transferred to NCDs and
recombine with holes to improve the charge separation, which
enhances the efficient mass of electrons and holes. Meanwhile,
the NCDs can absorb VIS-NIR light and generate photoinduced
electrons that can rapidly transfer to ZHS. The CB edge of ZHS is
concentrated near —0.48 V (vs. NHE), a potential that is more
negative than the redox potential of O,/°O,, resulting in the
generation of "0, radicals to remove NO. On the basis of these
results, a likely charge transfer route of ternary SnO,/NCDs/ZHS
Z-scheme nanohybrids is proposed and shown in Fig. 6f. This
high-efficiency spatial charge transfer via the Z-scheme mech-
anism gains the maximum redox ability for the nanohybrids by
increasing the effective mass of electrons on ZHS and that of
holes on SnO,, resulting in efficient and sustainable generation
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of 'OH and 'O, . As a result, the solar light utilization efficiency
and photocatalytic performance can be effectively improved.

3.5 Analysis of intermediates and the photocatalytic NO
oxidation mechanism

To understand the pathway of photocatalytic NO removal, in situ
DRIFTS was employed to check the possible reaction interme-
diates and products on the photocatalyst surface in a special
reaction cell (Fig. 7a and Scheme S21). IR spectra were recorded
during the adsorption process in the dark and photocatalytic
reaction under visible light irradiation. Nitro compounds were
adsorbed on the surface of the mesoporous SnO,/NCDs/ZHS
nanohybrid, as shown in Fig. S25.1 Major absorption bands of
SnO,/NCDs/ZHS are concentrated at monodentate nitrates
(1540, 1288 and 1060-1010 cm ')¥*® and bidentate nitrites
(1392 and 1125 cm ™ *)* and (1250 and 1085 cm ™ *).*” Compared
with ZHS and binary SnO,/ZHS (Fig. S26 and S27t), new
absorption bands appeared at 1800 to 1600 cm ™', and were
assigned to the typical combination band associated with NO
and free nitrate.”® Thus, the SnO,/NCDs/ZHS Z-scheme nano-
hybrid has more active sites due to the loading of NCDs
(Fig. S28t). Constructing the ternary SnO,/NCDs/ZHS nano-
hybrid promotes the formation of new active centers to facilitate
the adsorption and activation of NO, effectively promoting its
conversion to the final products.

Once visible light was applied to initiate the photocatalytic
reaction, a set of obvious bands can be observed in the IR
spectra (Fig. 7b). First, the band at 3720 cm™ ' was assigned to
the surface free OH resulting from ZHS after visible-light illu-
mination, and these free OH can migrate to the surface of
Sn0,.*” The surface structure and other information on SnO,/
NCDs/ZHS further illustrated the characteristic surface parts
rich in O-H, which favored the production of highly reactive
oxygen radicals to accelerate oxygen activation (Fig. S3t).” This
implies that mesoporous ZHS can supply a sufficient amount of
free surface OH to SnO, for the generation of hydroxyl radicals
(Fig. 6a). Second, a new absorption band appeared at
2208 cm ™}, and can be ascribed to electrons from the adsorbed
NO being trapped by the photogenerated holes and then con-
verted into NO'.>*2 The production of free NO' ions enhanced
the activation and conversion of NO on the SnO,/NCDs/ZHS Z-
scheme nanohybrids. Finally, the activated NO was immediately
transformed into other nitrogen species. The accumulated
monodentate nitrates (1500-1440 and 1040-1010 cm ™ *)**** and
bidentate nitrites (1340-1330 and 1120-1060 cm™')**® imme-
diately appeared and their amounts gradually increased after
30 min illumination. Sharp bands at 1750 and 1240 cm™" were
assigned to bidentate nitrates.>”*® Notably, with increase in IR
absorbance intensity of NO,™ and NO;~ species, the cumulative
final products increase, illustrating the efficient and sustainable
generation of ‘OH and ‘O, radicals to remove NO. Both "OH
and ‘O, radicals were involved in the photocatalytic oxidation
reactions realized by the Z-scheme mechanism (Fig. 6f).
However, the intensities of NO* free ions and surface free OH
have no clear rise along with the increase of irradiation and
reaction time. This phenomenon demonstrates that the

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Schematic illustration of the reaction cell for the in situ DRIFTS study; (b) in situ IR spectra of the SnO,/NCDs/ZHS Z-scheme pho-
tocatalyst during photocatalytic NO oxidation under visible light irradiation; (c) pathway of photocatalytic NO transformation and the reaction
mechanism on the surface of the SnO,/NCDs/ZHS Z-scheme nanohybrid under VIS-NIR irradiation.

intermediate of NO" and active species of surface free OH can be
continuously produced and consumed during the photo-
catalytic reaction. This phenomenon demonstrated that dilute
NO can be activated and converted to stable final products of
nitrite/nitrate radicals (NO — NO' — NO, /NO;”) by the
abundant photo-generated reactive species (Fig. 7c). The accu-
mulated amounts of NO,~ and NO;~ on the surfaces of the
SnO,/NCDs/ZHS were determined by the ion chromatography
(IC) method (Fig. S297). The amount of NO; ™ is higher than the
generation of NO, . This phenomenon shows that most of the
NO was completely oxidized to NO; . These results provide
accurate evidence of major NO transformation over SnO,/NCDs/
ZHS. Based on these results, a mechanism of photocatalytic NO
oxidization by the SnO,/NCDs/ZHS Z-scheme nanohybrid was
proposed and is shown in eqn (1)-(4). This work provides deep
insight into the mechanism of spatial charge transfer in con-
structing Z-scheme composites, and demonstrates the
maximum redox capacity of the composite in transforming NO
to harmless final products while restraining the production of
toxic intermediates via wide-spectrum VIS-NIR photocatalysis.

NO + ‘OH —» NO* + OH™ (1)

NO™* + 2°0H+ 20H™ — NO;  + 2H,0 (2)

This journal is © The Royal Society of Chemistry 2019

NO* + ‘0O, +e~ — NO;~ (3)

NO*"+OH +e — NO, + H,0 (4)

4. Conclusions

In summary, we have successfully developed a facile in situ
solvothermal method to construct a ternary SnO,/NCDs/ZHS Z-
scheme nanohybrid. The prepared material showed VIS-NIR
absorption due to the highly dispersed NCDs with the up-
conversion effect, resulting in two distinctive excitation routes
for the photoinduced electrons. The formed structure facilitates
the synergetic transfer of photoinduced carriers in the SnO,/
NCDs/ZHS ternary nanohybrid via a Z-scheme-type mecha-
nism, eliminating the charge transfer barrier and increasing the
efficient mass of electrons and holes. The constructed ternary
Sn0O,/NCDs/ZHS Z-scheme nanohybrid facilitated the redox
interaction to accelerate oxygen activation and maximized the
redox capacity of the nanohybrids, resulting in a remarkable
enhancement in NO removal efficiency and high NO, selectivity
under VIS-NIR irradiation. Cycling experiments and in situ
DRIFTS results also confirmed the reusability and stability of
the prepared photocatalysts for removing NO from gases and
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illustrated the reaction pathway. Overall, the SnO,/NCDs/ZHS Z-
scheme photocatalyst can efficiently transform NO into harm-
less final products and suppress toxic intermediates. More
generally, this work indicates an effective strategy to design
photocatalytic nanomaterials with strong redox capacity, high
selectivity and wide-range absorption for environmental
remediation.
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