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The utilization of photochemical reactions to convert CO, and epoxides into valuable cyclic organic
carbonates is a highly sought-after process in various industries. The development of a high-
performance photocatalyst for this cycloaddition of CO, presents a significant challenge, particularly in
the context of sustainability initiatives. To effectively harness light energy for CO, value-added
processes, we have engineered a SnO,-decorated perovskite-type ZnSn(OH)g photocatalyst. Through
analysis using UV-Vis and Mott—-Schottky plots, we have gained insights into the electronic structure of
the materials, including adsorption, band gap, and band position. The incorporation of SnO, into the
ZnSn(OH)g cube has significantly improved charge transfer, as demonstrated by photocurrent and
Nyquist measurement. This molecular framework lays the foundation for the high photocatalytic
performance and stability exhibited by SnO,/ZnSn(OH)e in facilitating the cycloaddition of CO, and
various epoxides to produce cyclic carbonates. The SnO,/ZnSn(OH)e catalyst demonstrates high
performance, achieving an impressive yield of =95% and reaction activity of 4750.0 pmol g~* h™! with
high values of green chemistry metrics (AE = 100%, RME = 92.98%, PMI = 5.99 and E factor = 4.99).
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electron—hole scavenger tests has provided a deeper understanding of the reaction mechanism under
DOI: 10.1035/d55u00783¢ light irradiation. Additionally, the materials have demonstrated good stability, highlighting their potential

rsc.li/rscsus in sustainable processes.

Sustainability spotlight

Most of the current processes for the transformation of CO, into value added chemicals have various limitations from an experimental point of view such as (i)
requiring extreme temperature or pressure with a lengthy reaction time; (ii) use of hazardous catalysts; (iii) use of non-ecofriendly solvents. In this work, we have
carried out the photocatalytic conversion of CO, and epoxides into valuable cyclic organic carbonates using the SnO,/ZnSn(OH), material at ambient
temperature and pressure. The catalysts were synthesized using a commercial microwave reactor with a short reaction time of 2 min. The catalysts have
a number of beneficial qualities like simpler separation and recyclability. Utilising light is a sustainable, affordable, adaptable, and energy-efficient process. The
Sn0,/ZnSn(OH)s catalyst demonstrates exceptional performance, achieving an impressive yield of ~95%, and a reaction activity of 4750.0 pmol g ' h™" for the
photocatalytic cycloaddition of CO, using an eco-friendly solvent (PEG 600), SnO,/ZnSn(OH)s and TBAB cocatalyst. Our synthesized catalyst also provides high
values of green chemistry metrics (AE = 100%, RME = 92.98%, PMI = 5.99 and E factor = 4.99). Furthermore, the catalyst's reusability was assessed, showing
that it maintained photocatalytic activity for up to six consecutive cycles, highlighting its potential for reuse.

1. Introduction cyclic f:arbonates."'5 Photoch.emical C.OZ fixation presents

a sustainable and energy-efficient substitute for conventional
The transformation of carbon dioxide (CO,) into valuable thermal or catalytic techniques, utilizing light as a driving force
chemical products has attracted significant attention as to activate CO,.”'* The use of light for driving CO, conversion
a promising approach and crucial area of research, offering notonly provides a mild reaction environment but also enables
potential solutions to mitigate climate change and utilize this selective transformations that are difficult to achieve under
abundant carbon source.”* One of the most promising path- conventional conditions.”™** The photocatalytic CO, cycload-
ways involves the photochemical reaction of CO, with epoxides, ~dition process is highly sought after due to its 100% CO, utili-
which shows great potential for the eco-friendly production of zation and significant economic benefits.'*> One example of its
effectiveness is the conversion of styrene oxide to styrene
carbonate by simply adding CO,. The resulting cyclic organic
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polycarbonate precursors,”” and electrolytes for secondary
batteries.”® However, the challenge lies in the poor electron-
withdrawing capacity and strong steric hindrance of the
phenyl group in styrene oxide, making the cycloaddition of CO,
difficult.” Developing effective catalysts for CO, fixation to
high-value compounds is therefore a worthwhile but chal-
lenging endeavor. Various catalysts have been developed for the
CO, cycloaddition process, such as semiconductors,**>* single-
atom catalysts,** organocatalysts,”**” MOF-based catalysts,*®
semiconductor quantum dots,**** and nanoclusters**> which
facilitate the activation of CO, and epoxide substrates under
light irradiation. Studies have explored various strategies to
optimize reaction conditions, such as the use of co-catalysts,
solvent-free conditions, and solar-driven processes, to improve
yields and selectivity.**** Unfortunately, many of these catalysts
require harsh conditions, leading to laborious post-reaction
treatment, environmental issues, and increased energy
consumption. As a result, there is a pressing need for the green
and sustainable synthesis of CO, cycloaddition catalysts.
Researchers are turning their attention to the photocatalytic
CO, cycloaddition reaction with epoxides due to its sustainable
process and environmentally friendly nature.*

Semiconductor heterojunctions play a crucial role in the
advancement of new photocatalysts.**** These heterojunctions
are created at the interface between two materials with different
semiconductor band gaps, usually composed of distinct semi-
conductor compounds.®® The distinct properties found at these
interfaces, including customized band alignments, effective
charge carrier transport, and decreased recombination rates,
allow for the development of high-performance materials.
Through precise engineering of these interfaces, significant
progress has been made in the fields of photovoltaics and
photocatalysis.*® The key to achieving optimal performance in
semiconductor heterojunctions lies in the careful selection of
materials, the precise control of interface quality, and the
understanding of charge transfer mechanisms at the junction.
With the development of new materials, such as perovskites and
two-dimensional materials, and advancements in fabrication
techniques, the scope of semiconductor heterojunctions
continues to expand.**** In particular, metal oxide/hydroxide
heterojunction materials have shown promise in a wide range
of applications due to their tunable electronic properties and
efficient carrier dynamics.** Among the emerging material
systems, the SnO,/ZnSn(OH)s heterojunction has shown
considerable promise because of its unique electronic proper-
ties, stability, and efficient charge separation capabilities.***
SnO, (tin oxide) is widely recognized for its high conductivity,
optical transparency, and suitability as an electron transport
material in solar cells and photocatalysts,*”** while ZnSn(OH)s
offers a distinct advantage due to its mixed-valence structure
and tunable band gap.* The combination of these two mate-
rials into a heterojunction structure can significantly enhance
the performance of devices such as photocatalysts for water
splitting, sensors, and field-effect transistors. Recently, Chen
and his colleagues synthesized a small quantity of SnO,-deco-
rated ZnSn(OH)e, which proved to be an extremely efficient
photocatalyst for the decomposition of gaseous benzene.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Their study aimed to uncover the synergistic effect between
SnO, and ZnSn(OH)s.

In this study, we demonstrate the inclusion of SnO, into
ZnSn(OH)e, resulting in the high conversion of CO, gas to
organic carbonate. The presence of SnO, on ZnSn(OH)s plays
a crucial role in reducing charge recombination. The SnO,/
ZnSn(OH), catalyst demonstrates high performance, achieving
an impressive yield of =95% and a reaction activity of 4750.0
umol g~ ' h™" with AQY 722.89 x 10°°.

2. Results and discussion

2.1 Morphology, phase and structural analysis

Cuboid-shaped hydroxystannate [ZnSn(OH)s]
successfully synthesized using a microwave-assisted synthetic
route without the need for a template. The synthetic process
included zinc nitrate hexahydrate, tin(wv) chloride, sodium
hydroxide, and deionized water. This innovative method facili-
tated the efficient production of zinc hydroxystannate cuboids
in an aqueous solution, leading to a remarkably short reaction
time of just 2 minutes. Furthermore, the SnO,-decorated zinc
hydroxystannate [SnO,/ZnSn(OH)s] was synthesized by utilizing
zinc hydroxystannate cubes and tin(v) chloride through
a microwave-assisted synthetic route. The specific procedures
for these reactions are outlined in Scheme 1 and the Experi-
mental section.

Fig. 1a, b and ¢, d shows the SEM pictures of ZnSn(OH)s and
Sn0,/ZnSn(OH)s materials respectively. Fig. 1a and b displays
a SEM image of cuboid-shaped materials ranging in size from
0.5 to 1.7 pm in length, 0.5 to 1.6 pm in width, and 0.4 to 1.4 pm
in height. The surface morphology of materials remains
consistent across the entire product. But the SnO,/ZnSn(OH)s
material shows a cuboid shape with small-size nanoparticles on
the surfaces. Furthermore, the SnO, particles on the surface of
the ZnSn(OH)e cuboid are examined through high-resolution
transmission electron microscopy (TEM) analysis, as depicted
in Fig. 2. The powder XRD features obtained from ZnSn(OH)s

zinc was

—_—
SnCl4
2 Min

ZnSn(OH)s SnOx/ZnSn(OH)s

,.

Zn0Og

SnOG

" ZnSn(OH)g

Scheme 1 (a) The microwave synthetic route had been used to
produce cuboid shaped zinc hydroxystannate [ZnSn(OH)g] and SnO,
decorated ZnSn(OH)g materials. (b) The crystal structure of ZnSn(OH)g
showing ZnOg octahedra corner (green) and SnOg octahedra (light
blue) and the unit cell of [ZnSN(OH)g].
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Fig.1 Low and high magnification SEM images of (a and b) ZnSn(OH)g and (c and d) SNO,/ZnSn(OH)s microcubes, and (e) their corresponding
powder XRD pattern; (i) ZnSn(OH)g and (ii) SNO,/ZnSN(OH)e. All the peaks are indexed to the pure cubic phase and lattice parameter a = 7.80 A,
the space group of Pn3 (201). (f) Transmission FT-IR spectra of (i) ZnSn(OH)e and (i) SNO,/ZnSn(OH)s materials.

and SnO,/ZnSn(OH), (Fig. 1e) clearly indicate the crystalline
nature of these cuboids. But there were no additional peaks for
the SnO, phase or for other phases in SnO,/ZnSn(OH)e. This
indicates that the SnO, nanoparticles are amorphous in nature.
Both the materials displayed primary peaks at 19.93, 22.99,
32.70, 36.68, 38.59, 40.32, 46.91, 52.80, and 58.17° corre-
sponding to the (111), (200), (220), (310), (311), (222), (400),
(420), and (422) planes, respectively, of the zinc hydroxystannate
phase.** These diffraction peaks are matched to a pure cubic
phase with lattice parameter a = b = ¢ = 7.800 A and the space
group of Pn3 (JCPDS no. 96-901-2079). The distinct diffraction
patterns observed in the as-prepared samples clearly indicate
that the sample is crystalline in nature and possesses high
purity. The material [ZnSn(OH)s] synthesized using microwave
radiation was crystalline in nature and composed of ZnOg
octahedra and SnOg octahedra (JCPDS no. 96-901-2079).
Additionally, FT-IR spectroscopy measurements were con-
ducted to analyze the bonding environment of the materials.>***
The FT-IR spectra in Fig. 1f show the molecular vibrations
between Zn, Sn, O and H. Fig. 1f shows the FT-IR spectra of the

1546 | RSC Sustainability, 2026, 4, 1544-1556

ZnSn(OH)e material. The bands of absorption are detected at
3210, 1628, 1172, 1104, 777, and 536 cm '. These bands
demonstrate strong correlation with the ZnSn(OH), material
previously reported.”** The infrared spectrum displays
a prominent, narrow band at approximately 3210 cm ™", indi-
cating the presence of O-H stretching vibration. The small band
at 1628 cm ™' is ascribed to the adsorbed water molecules on the
materials. The sharp band at 1172 cm™ " may arise due to the
Sn-OH bending vibrations.*® The sharp band at 1108 cm "
arises due to the out-of-plane deformation vibration of Zn-OH,
while the stretching vibrations of Sn-O-Sn are observed at
536 cm™ " and 777 em™ .52

Fig. 2 and S1 show high-resolution transmission electron
microscopy (HR TEM) images of ZnSn(OH)s and SnO,/
ZnSn(OH), materials at different magnifications. In Fig. 2a, the
high-resolution TEM image shows that ZnSn(OH); is a cuboid-
shaped particle with a length of 0.7 um. Fig. 2b and c also
show a similar texture at high magnifications for the ZnSn(OH),
material. Even after the loading of SnO,, the particle's cuboid
shape remains intact, with small SnO,. nanoparticles deposited

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution TEM images of (a—c) ZnSn(OH)g and (d—f) SNO,/ZnSn(OH)g microcubes at different magnifications.

on the surfaces (Fig. 2d). The surface SnO, is more clearly visible
in the highly magnified images in Fig. 2e and f. Furthermore,
the presence of SnO, on the surface of the ZnSn(OH), material
was established by elemental mapping (Fig. S1).

2.2 Surface analysis

To investigate the surface chemical composition of the
ZnSn(OH)e microcubes, X-ray photoelectron spectroscopy (XPS)
analysis was performed. For the ZnSn(OH)s and SnO,/
ZnSn(OH), materials, the survey profile, high-resolution XPS
spectra of Zn 2p core level, Sn 3d core level and O 1s core level
are shown in Fig. S2 and 3. The survey profile of ZnSn(OH)s and
SnO,/ZnSn(OH) microcubes across the 0-1200 eV region is
depicted in Fig. S2 showing the presence of Zn, Sn and O
elements. For ZnSn(OH)s, the high-resolution Zn 2p spectrum
(Fig. 3a) displayed two broad peaks at 1021.74 eV for Zn 2ps),
and 1044.84 eV for Zn 2p,,.**** The spin-orbit splitting of
23.1 eV is indicative of the Zn>" oxidation state in the ZnSn(OH)g
microcubes.*>*® The high-resolution Sn 3d spectrum (Fig. 3b)
displayed peaks at 486.73 eV for Sn 3ds,, and 495.29 eV for Sn
3d;,,.**** The spin-orbit splitting of 8.56 eV is indicative of the
Sn** oxidation state in the ZnSn(OH)s microcubes.> The Zn 2p
peak (Fig. 3d) and Sn 3d peak (Fig. 3e) in SnO,/ZnSn(OH)s
demonstrate similar observation to ZnSn(OH)s. The O 1s peak
in ZnSn(OH)s microcubes displays asymmetry and a noticeable
shoulder, which can be further divided into three distinct
Gaussian-Lorentzian components (Fig. 3¢). The main peak of O
1s at 531.45 eV is related to oxygen components (e.g., OH) within
ZnSn(OH)e, adsorbed water nearly at 533.14 eV and the other

© 2026 The Author(s). Published by the Royal Society of Chemistry

one at around 530.01 eV is assigned to oxygen in metal oxides
(e.g., Sn-0-Zn).** Upon SnO, loading on ZnSn(OH), the pop-
ulation of Sn-O-Zn and Sn-O-Sn increases compared to Sn/Zn-
OH which was reflected in the O 1s spectra (Fig. 3f) of SnO,/
ZnSn(OH)e. The elemental composition of the ZnSn(OH)s
surface was analyzed using XPS peak areas to determine the
semi-quantitative atomic percentages due to its surface sensi-
tivity (~10 nm). The ZnSn(OH)s microcubes were found to
contain 10.40% Zn, 13.08% Sn, and 76.52% O. The SnO,/
ZnSn(OH)s microcubes were found to contain 9.61% Zn,
19.75% Sn, and 70.63% O. To further verify the composition, we
conducted elemental mapping and energy-dispersive X-ray
spectroscopy (EDX) analysis (surface-sensitive ~1-3 um). The
elemental mapping and EDX spectrum of Zn, Sn, and O are
presented in Fig. 4 and S3, revealing the presence of Zn, Sn, and
O throughout the microcubes. The elemental compositions of
ZnSn(OH)e using EDX are 13.37% Zn, 11.45% Sn, and 75.18% O.
After loading SnO, onto the ZnSn(OH)s surface, the composi-
tion changed to 10.41% Zn, 8.34% Sn, and 81.25% O. Both XPS
and EDX show similar results of the ZnSn(OH)s composition,
which align with theoretical values.

Significant discrepancy between the EDS and XPS data for
ZnSn(OH), (e.g., Sn/Zn ratio) is expected due to their different
sampling depths and surface-sensitivities. But both semi-
quantitative analyses show similar results (e.g., Sn/Zn ratio)
and the calculations in Fig. S3 show that the amount of Sn and
O increased in the SnO,/ZnSn(OH)s material with respect to
ZnSn(OH)e. Additionally, we conducted measurements of the
surface properties, oxygen vacancies, and defects, utilizing
electron spin resonance (ESR) techniques. The ESR spectra

RSC Sustainability, 2026, 4, 1544-1556 | 1547
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Fig. 3 High-resolution XPS analysis of the ZnSn(OH)g and SNO,/ZnSn(OH)g microcubes showing (a and d) core level Zn 2p, (b and e) Sn 3d and (c
and f) O 1s regions independently. The black dots are the experimental data, and the red line is the sum of the deconvoluted components,

respectively.

provide compelling evidence of a higher concentration of
oxygen vacancies (OVs) in SnO,/ZnSn(OH)s compared to
ZnSn(OH)e, with a g-value of 2.04 (Fig. S4).*7°® Under light
illumination, SnO,/ZnSn(OH), exhibits a significantly higher
peak intensity, indicating a greater ease of electron formation
upon photoirradiation.*® This observation highlights its supe-
rior ability to generate photoinduced electrons, which positively
influences its photoactivity.

2.3 Electronic structure and electrochemical study

Fig. 5a reveals that the ZnSn(OH)s microcubes exhibit strong
ultraviolet light absorption at approximately 215 and 250 nm,

with a band gap energy of 3.98 eV (as shown in the inset of
Fig. 5a).*® On the other hand, the SnO,/ZnSn(OH)s microcubes
demonstrate strong ultraviolet light absorption around 215 and
254 nm, with a slightly lower band gap energy of 3.90 eV (as
depicted in the inset of Fig. 5a). A comparison between
ZnSn(OH)s and SnO,/ZnSn(OH), reveals that the adsorption
spectra of the latter shifts to longer wavelengths due to the
deposition of SnO, on the surface ZnSn(OH), cubes, resulting in
a lower band gap energy. In Fig. S5 and 5b, the electrochemical
Mott-Schottky plots of ZnSn(OH)s and SnO,/ZnSn(OH)s mate-
rials are presented, respectively. Both plots exhibit n-type
responses, and the flat band potential of the conduction band
(CB) of ZnSn(OH)e and SnO,/ZnSn(OH)e was calculated from

Fig. 4 Dark-field STEM image of (a) ZnSn(OH)g microcubes (scale bar 900 nm) and elemental mapping of (b) Zn (yellow), (c) Sn (cyan), and (d) O
(red). Dark-field STEM image of (e) SNO,/ZnSn(OH)e microcubes (scale bar 400 nm) and elemental mapping of (f) Zn (cyan), (g) Sn (yellow), and (h)

O (magenta).
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Fig. 5 (a) UV-Vis DRS spectra and corresponding Tauc plot (inset) used to estimate the bandgap of ZnSn(OH)g and SNO,/ZNSn(OH)e. (b) Mott—

Schottky plots of SnO,/ZnSn(OH)g in different frequencies. (c) Electronic band structure of ZnSn(OH)g and SNO,/ZNSN(OH)e. (d) Photocurrent
responses of ZnSn(OH)e and SNO,/ZnNSn(OH)e. (e) EIS Nyquist plots for ZnSn(OH)e microcubes in the presence and absence of light (inset
equivalent circuit) and (f) EIS Nyquist plots for SnO,/ZnSn(OH)g in the presence and absence of light (300 watt Xe lamp) (inset equivalent circuit).

the intercepts on the horizontal axis. The flat band potential of
ZnSn(OH)e was determined to be —0.577 V (0.0182 V vs. RHE),
while for SnO,/ZnSn(OH)e, it was found to be —0.582 V vs. Ag/
AgCl (0.0132 V vs. RHE).*® Based on the results presented
above, the band energy structures of ZnSn(OH)s and SnO,/
ZnSn(OH)s are proposed, as depicted in Fig. 5c. The highest
conduction band potential of both ZnSn(OH)s and SnO,/
ZnSn(OH), materials shows a positive value close to the H'/H,
potential. To investigate the rates of charge transfer and the
efficiency of separating photogenerated electrons and holes,
transient photocurrent response and impedance spectroscopic
(EIS) measurements were conducted. The transient photocur-
rent density of ZnSn(OH)e and SnO, decorated ZnSn(OH)s is
shown in Fig. 5d. Typically, the intensity of the photocurrent
response is directly linked to the efficiency of separating
photogenerated electrons and holes. This finding confirms that
Sn0,/ZnSn(OH), effectively inhibits the recombination of
charge pairs better than ZnSn(OH)s, which aligns with the
results obtained from the EIS analysis. The results indicate that
the presence of SnO, on the surface of ZnSn(OH)s forms
a heterojunction and effectively reduces recombination rates.
This phenomenon is visually represented in Fig. 5e and f, where
it can be observed that ZnSn(OH)s and SnO,/ZnSn(OH), display
a smaller semicircular radius on the Nyquist curve when
exposed to light as opposed to darkness. This reduction in
radius suggests a decrease in interfacial charge transfer resis-
tance under light conditions, which is highly beneficial for
facilitating electron and hole transfer processes. Furthermore,
the steady-state photoluminescence (PL) spectrum was utilized
to assess the separation efficiency of the photogenerated
carriers (see Fig. $6).°”*° Notably, the fluorescence intensity of
SnO,/ZnSn(OH)s was found to be lower than that of ZnSn(OH)e.
This observation indicates that the incorporation of SnO,

© 2026 The Author(s). Published by the Royal Society of Chemistry

effectively mitigates the recombination of photogenerated
carriers, likely due to the presence of oxygen vacancies and
defects.’”* The impedance spectra were meticulously analyzed
using the equivalent Randles circuit Ry + Q,/R,, with R, repre-
senting electrolytic resistance, R, representing charge transfer
resistance, and Q, representing constant phase elements.® The
values of Ry, Q, and R, under both light and dark conditions are
detailed in Table S1. The charge transfer resistance (R,) value of
ZnSn(OH)e under light conditions is 644.3 Q, which is signifi-
cantly lower than the value observed in the dark, which was
1155.0 Q. Additionally, the loading of SnO, on ZnSn(OH)s
resulted in further reduction in charge transfer resistance under
both dark and light conditions. The R, value of SnO,/ZnSn(OH)s
under light conditions is 464.1 Q, which is significantly lower
than the value observed in the dark, which was 746.0 Q. To
evaluate charge separation and interfacial charge transfer
resistance under photocatalytic reaction conditions (i.e., under
254 nm light), we conducted photocurrent generation and EIS
Nyquist measurements. The findings are summarized in Fig. S7
and Table S1. The results demonstrate that SnO,-coated
ZnSn(OH), exhibits a higher photocurrent density compared to
ZnSn(OH)e. Notably, both ZnSn(OH)s and SnO,/ZnSn(OH)s
show a reduced semicircular radius on the Nyquist plot when
illuminated with 254 nm light, in contrast to measurements
taken in darkness. This reduction in radius indicates a decrease
in interfacial charge transfer resistance under light conditions,
which significantly facilitates the transfer processes of electrons
and holes.

2.4 Photocatalytic activity

The optical and electrochemical properties observed in SnO,/
ZnSn(OH)e have inspired us to further explore its potential as
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Table 1 Optimization studies for photocatalytic cycloaddition of CO, and styrene oxide by SnO,/ZnSn(OH)s microcubes under different

conditions
o)
o) AE(%)= 100, RME(%) = 0.93, 0/<
PMI = 5.99, E factor = 4.99 O
SnOx/ZnSn(OH)g
+ COZ
254 nm light ,TBAB, RT
Yield Rate Activity
Entry Variation from the standard conditions Time (h) (%) (umol h™) (umol h™* g™h) AQY? x 10°
1 Standard conditions” 12 93.0 232.5 4650.0 722.89
2 No SnO,/ZnSn(OH)s (no catalyst, TBAB only) 12 19.0 47.5 950.0 147.69
3 No light (dark) 12 15.6 39.0 780.0 121.26
4 No CO, (Ar) 12 0.00 0.0 0.0 0.00
5 No TBAB 12 0.00 0.0 0.0 0.00
6 ZnSn(OH)e 12 74.0 185 3700.0 575.20
7 ZnO 12 53.0 132.5 2650.0 411.97
8 SnoO, 12 29.0 72.5 1450.0 225.42
9 Acetonitrile 12 53.0 132.5 2650.0 411.97
10 DMF 12 18.0 45.0 900.0 139.91
11 Ethylene glycol 12 22.0 55.0 1100.0 171.01
12 PEG 600 12 93.0 232.5 4650.0 722.89
13 Ethanol 12 39.0 97.5 1950.0 303.15
14 H,0 + ethanol 12 59.0 147.5 2950.0 458.61
15 H,0 12 8.0 20.0 400.0 62.18
16 Without solvent 12 73.0 182.5 3650.0 567.43
17 White light* 12 19.0 47.5 950.0 —
18 Simulated solar light (<420 nm)? 06 24.0 120.0 2400.0 —

“ Standard conditions: SnO,/ZnSn(OH), catalyst (50 mg), styrene oxide (3 mmol), PEG 600 (2 mL), 1 atm CO, balloon, TBAB (0.3 mmol), 8 watt UV
light (254 nm), room temperature, 12 h (PEG - polyethylene glycol). > Apparent quantum yield. ¢ The standard reaction was carried out in white light
(50 W). ¥ simulated solar light (using a 420 nm cut-off filter). AE, RME, PMI and E factor are green chemistry metrics.

a heterogeneous photocatalyst for the CO, cycloaddition reac-
tion. The CO, cycloaddition reaction with styrene oxide was
chosen as a representative model for our initial optimization
experiments. Remarkably, this reaction resulted in 93% yield of
the desired product, styrene carbonate, when employing SnO,/
ZnSn(OH); as the photocatalyst, TBAB as the co-catalyst, a 1 atm
CO, balloon as the source of CO,, and PEG 600 as the solvent, all
under the influence of 8 watt UV light (254 nm) at room
temperature (Table 1, entry 1). The 8 watt UV light (254 nm) was
chosen based on the catalyst's absorption edge (Fig. 5a). The
optimization conditions and time courses of the reaction are
detailed in Table 1. Furthermore, the product of the reaction
was thoroughly characterized using 'H and '*C NMR
spectroscopy.

After 6 h of reaction time, 72% formation of the product was
observed through 'H NMR analysis (see the SI, Fig. S8 and S9).
This percentage steadily increased as the reaction time pro-
gressed, ultimately reaching complete conversion after 12 h of
irradiation. The isolated yield was an impressive 93% (see SI,
Fig. S8 and $10). In order to comprehend the significance of the
Sn0,/ZnSn(OH), photocatalyst in this cycloaddition process,
a control experiment was carried out without the presence of

1550 | RSC Sustainability, 2026, 4, 1544-1556

SnO,/ZnSn(OH), (Table 1, entry 2). The NMR analysis (see SI,
Fig. S11) of the reaction mixture revealed a decreased conver-
sion of the reactant to the product, indicating the crucial role of
Sn0,/ZnSn(OH)s in facilitating this cycloaddition reaction.
Without light, the catalyst yields 15.6% (see Table 1, entry 3, SI,
Fig. S12), implying that it contains both acidic and basic sites.
Similarly, control experiments were conducted in the absence of
CO, (Table 1, entry 4), and TBAB (Table 1, entry 5), resulting in
no detectable product formation. Additionally, a time-resolved
light-on/light-off experiment was carried out (see the SI,
Fig. S13), which conclusively demonstrated that the reaction
only occurred when the light was on. The rate of the reaction
displayed a first-order dependence on the epoxide (Fig. S14).
This observation strongly suggests that the reaction follows
a photocatalytic pathway.

Various catalysts, such as ZnSn(OH)s (Table 1, entry 6,
Fig. S15), ZnO (Table 1, entry 7, Fig. S16), and SnO, (Table 1,
entry 8, Fig. S17), were tested instead of SnO,/ZnSn(OH)e.
However, these alternatives resulted in poor product formation.
The activity of the catalyst was compared with several reported
catalysts and results are shown in Table S2.°%%* The reaction was
also conducted in various solvent systems (Table 1, entry 9-15),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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revealing that PEG 600 is the most effective solvent for this
cycloaddition reaction. Wu et al. demonstrated that PEGs with
varying molecular weights significantly influenced the
outcomes of the cycloaddition reaction between CO, and
propylene oxide.*®* Their findings indicate that the yield of
propylene carbonate decreases markedly as the PEG chain
length increases from PEG 200 to PEG 1000, likely due to mass-
transport limitations. The reaction was also carried out without
the use of any solvent, resulting in a yield of 73% (Table 1, entry
16). The reaction was also carried out with white light (50 W)
and simulated solar light (using a 420 nm cut-off filter),
resulting in a poor conversion of styrene oxide to cyclic
carbonate (Table 1, entries 17 and 18). These results show the
wide band gap limitation of the catalyst. In addition to opti-
mizing the process, we have also calculated the rate (umol h™1),
activity (umol h™* g™"), and apparent quantum yield which are
detailed in Table 1. Different quantities of SnO,/ZnSn(OH)s
were evaluated, with the results depicted in Fig. 6a and Table S3
(entry 1-5). Furthermore, the catalyst's reusability was assessed,
showing that it maintained photocatalytic activity for up to six
consecutive cycles (Fig. 6b), highlighting its potential for reuse.
The compound SnO,/ZnSn(OH)s can be effortlessly isolated
from the reaction mixture through centrifugation and can be
directly utilized in subsequent runs without the need for any
additional treatment or reactivation process. The recycled SnO,/
ZnSn(OH), maintained its initial structure and crystallinity, as
evidenced by the unchanged FT-IR, powder XRD, SEM, Nyquist
and XPS analysis results (see the SI, Fig. S18, S19 and Table S4).
FT-IR and XRD analyses demonstrate good structural stability.
Additionally, XPS analysis conducted before and after the
reaction reveals that the oxidation states of the metals remain
unchanged. This suggests the good stability of the SnO,/
ZnSn(OH)s photocatalyst.

After optimizing the conditions, the potential of the SnO,/
ZnSn(OH)s photocatalyst for synthesizing cyclic organic
carbonates was investigated by testing various sources of
epoxides. The results, as displayed in Table 2, demonstrate that
with the addition of a small amount of the SnO,/ZnSn(OH)s
catalyst, a range of epoxy substrates successfully produced the
desired products with high isolated yields ranging from 87% to
95% (Table 2, entries 1-6). The reaction exhibited high
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compatibility with both aromatic and aliphatic epoxides. The
results presented here showcase the promising potential of the
SnO,/ZnSn(OH), photocatalyst for practical applications.

Literature indicates that researchers have delved into the
mechanism of the CO, cycloaddition reaction. Several groups
have proposed that epoxides are oxidized by photogenerated
holes to form epoxides’", while CO, is reduced by photogene-
rated electrons to CO," . These species then combine in the
presence of a halide co-catalyst to create an organic carbonate.®*
However, other researchers have suggested that epoxides are
actually reduced to epoxides’™ and that CO, is neither reduced
nor oxidized in this process.®

In order to gain a comprehensive understanding of the CO,
cycloaddition reaction mechanism involved in this photo-
catalysis process, a series of meticulously controlled experi-
ments were carried out and carefully monitored using "H NMR
analysis. The reactions were executed under the most optimized
conditions, in the presence of AgNO; (electron scavenger), KI
(hole scavenger), Na,C,0, (hole scavenger), and 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) (radical scavenger) (see Table S5 and
Fig. 7a for details). The presence of either AgNO; or Na,C,0,
resulted in a decrease in product formation (see Fig. S20 and
S21). This suggests that both reductive electrons and oxidative
holes play a role in the photocatalytic process. Additionally, the
presence of DMPO led to a significant decrease in the yield of
the desired product by 35%, indicating that the reaction follows
a radical pathway (see Fig. S22). The anomalous behavior
observed when using KI as a hole scavenger will be discussed
later.

The results from linear sweep voltammetry (LSV) curves in
the potential range —0.4 to —1.2 V vs. RHE indicate that SnO,/
ZnSn(OH)e exhibited a higher current response under CO, in
the presence of light compared to under an argon atmosphere
(see Fig. 7b). This suggests that the catalyst has the capability
for CO, reduction and the current density increases due to CO,
to CO,"~ conversion.®>* Subsequently, the cyclic voltammetry
(CV) of SnO,/ZnSn(OH)s was examined in argon saturated and
CO, saturated 0.5 M Na,SO, electrolyte at a scan rate of 10 mV
s~' in the dark (see Fig. 7¢).”” The results from linear sweep
voltammetry (LSV) curves in the potential range 0.6 to 1.6 V vs.
RHE indicate that SnO,/ZnSn(OH), exhibited a higher current

100{g — ] 100{p
80+ 80+
& 60- 60
= <
2 401 2 40
201 20+
o+E : olb A B A BB ELE

10 30 50 70 90
Dosage of Catalyst (mg)

Fig. 6
conditions as shown in Table 1, entry 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry

1 2 3 4 5 6
No of Recycles

(@) Amount of SnO,/ZnSn(OH)e variation and (b) recyclability of SnO,/ZnSn(OH)s. The reactions were performed under standard
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Table 2  SnO,/ZnSn(OH)e catalyzed CO, cycloaddition reaction with different epoxides to cyclic organic carbonates®

Entry Reactant Product Time (h) Yield (%) (SD) AQY x 10°

o} 0
0//<
o
1 12 94.00 (1) 730.66
(0] (o)
0
2 o o\< 12 94.66 (0.33) 735.79
0
O\/A //<
3 \//\/ 12 94.50 (0.25) 734.55
o}
4 /\/O\/A \/£/< 12 91.50 (0.375) 711.23
0 (0}
5 Cl\/A 0% 12 89.33 (2.33) 694.36
O
0 //<
(o)
6 /A /{\/ 12 87.00 (1) 676.25

¢ Reaction conditions: SnO,/ZnSn(OH), catalyst (50 mg), epoxide (3 mmol), PEG 600 (2 mL), 1 atm CO,, TBAB (0.3 mmol), 8 watt UV light (254 nm),
room temperature, 12 h. SD-standard deviation, reactions were performed three times.

response in the presence of styrene oxide (see Fig. 7g). This
suggests that the epoxides are oxidized to form epoxides™
Recently, Zhang and co-workers identified the epoxide'" radical
generation for CO, cycloaddition reaction by ESR analysis, with
TEMPO, DMPO, and MNP as spin trapping agents.®® Fig. 7d
presents the ESR spectrum of the SnO,/ZnSn(OH)s microcubes,
revealing an anisotropic one-line pattern with a g-value of 2.04.
Upon the introduction of CO, (DMPO-CO, ", ay = 14.1 & 14.0,
see Fig. 7e) or styrene oxide (DMPO-epoxyalkyl radical, ay =
14.1 & 13.9, see Fig. 7f) into the SnO,/ZnSn(OH)s and DMPO
system under 254 nm light irradiation, the signal attenuation
transformed into a sharp, isotropic three-line pattern charac-
teristic of a nitroxide radical (Fig. S23). This observation indi-
cates an increased separation and transfer of photogenerated
electrons and holes from SnO,/ZnSn(OH), to the reactants (CO,
and styrene oxide) when exposed to light. Furthermore, the role
of the co-catalyst was examined (Fig. 7h). TBAB only can

1552 | RSC Sustainability, 2026, 4, 1544-1556

perform the reaction with a low yield (Table 1, entry 2).
However, on addition of KI as a hole scavenger (i.e., TBAB & KI
both are present, Fig. S24) in the reaction, the yield of the
product increased. But when Na,C,0, was used as the hole
scavenger in the reaction, the yield of the product decreased.
This implies that a halide has a relevant role in the reaction. So,
we used KI, KBr, and TBAI instead of TBAB, the reaction showed
99, 37 and 87% yields respectively (see Fig. S25-527). This
implies that iodide shows better performance than bromide in
the reaction. We also performed the reaction with KI only
(without the catalyst); 50% conversion was observed in the 'H
NMR analysis (see Fig. S28). This suggests that KI as the catalyst
has the capability for styrene oxide conversion. A similar
observation was reported in the literature.*>”°

According to our controlled experiments, electrochemical
studies, and previous literature, a reaction mechanism is
proposed, as shown in Fig. 7i. Styrene oxide was adsorbed onto

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrolyte at a scan rate of 10 mV s™1. (c) CV curves of SnO,/ZnSn(OH)g in the argon saturated and CO, saturated 0.5 M Na,SO, electrolyte at
a scan rate of 10 mV s, ESR spectrum of (d) SnO,/ZnSn(OH)e material, (e) SNO,/ZnNSn(OH)g with DMPO added under a CO, atmosphere in the
presence of 254 nm UV light and (f) SnO,/ZnSn(OH)g with DMPO added under styrene oxide in the presence of 254 nm UV light. (g) LSV curves of
Sn0,/ZnSn(OH)g in the absence and presence of styrene oxide 0.1 M [NBu,l[PF¢] CH5CN solution at a scan rate of 10 mV s ™. (h) Effect of different

co-catalysts. (i) Proposed reaction mechanism.

the Zn/Sn species of the SnO,/ZnSn(OH)s catalyst through
oxygen atoms, while CO, was adsorbed at Lewis basic sites.
When exposed to light, SnO,/ZnSn(OH)s produced photogene-
rated electrons and holes. The photogenerated holes then
oxidized styrene oxide, creating carbon-centered radicals with
a positive charge. Following this, Br~ ions in TBAB attacked the
less hindered carbon atom in styrene oxide through a nucleo-
philic attack, resulting in ring-opening and the formation of
a bromopropoxy intermediate (I). At the same time, photog-
enerated electrons reduced CO, to CO,"~ species, which then
combined with the bromopropoxy intermediate (I) to form
intermediate (II). Ultimately, the intramolecular cyclization of
intermediate (II) led to the creation of styrene carbonate, reg-
enerating the SnO,/ZnSn(OH), catalyst and TBAB in the process.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3. Conclusion

We have successfully developed a SnO,-decorated ZnSn(OH)s
catalyst for use in photocatalytic CO, cycloaddition reactions.
The presence of SnO, on the surface of ZnSn(OH)s makes it an
ideal photocatalyst, as evidenced by high charge separation
demonstrated through photocurrent density and Nyquist anal-
ysis. The SnO,/ZnSn(OH), catalyst exhibited outstanding cata-
Iytic performance, achieving approximately 93% conversion
and a reaction rate of 4650 umol ¢ ' h™! in CO, cycloaddition
reactions with styrene oxide under light irradiation. This
performance was approximately 1.3, 1.8 and 2.1 times higher
than that of the ZnSn(OH)s, ZnO and SnO, catalyst respectively.
The catalyst also demonstrated high yields (87-95%) when
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tested with various substrates. Furthermore, the catalyst
showed good recyclability, making it a promising option for
sustainable catalytic processes.

4. Experimental section

4.1 Synthesis of zinc hydroxystannate microcubes
[ZnSn(OH)g]

Cuboid shaped zinc hydroxystannate was synthesized by
a microwave assisted technique without any template. In
a standard synthesis procedure, 1 mmol of Zn(NOs),-6H,0 was
dissolved in 20 mL of water and stirred for a few minutes. In
a separate beaker, 1 mmol of SnCl,-5H,0 was dissolved in
20 mL of water. The second solution was then slowly added to
the first solution. The pH of the solution was adjusted to 8 by
the dropwise addition of 1 (N) NaOH. The resultant mixture was
stirred for 45 minutes at room temperature. After that the
solution mixture was transferred into a polypropylene bottle
and placed in a microwave reactor. The microwave power
(Commercial Panasonic Microwave, model number NN-
CT644M, level P100, 900 W) was set to 900 watt for 2 minutes
(1 atm, temperature 100 °C). After the reaction, the bottle was
allowed to cool to room temperature and the precipitate was
collected by centrifugation. The sample was washed several
times using water and ethanol.

4.2 Synthesis of SnO,, decorated ZnSn(OH)s microcubes
[SnO,/ZnSn(OH);)

100 mg as-synthesized ZnSn(OH)s powder was dispersed in
35 mL water and sonicated for 10 minutes. Then 10 mg SnCl,-
-5H,0 was dissolved in 5 mL water. The solution was added to
the former solution. The pH of the solution was adjusted to 8
with 2 (N) NaOH followed by sonication and stirring. The well-
mixed solution was then transferred into a 50 mL polypropylene
bottle and placed in a microwave reactor at 900 watt for 2
minutes (1 atm, temperature 100 °C). The final product was
collected by centrifugation and washed with ethanol.

4.3 Catalytic activity

Herein, SnO,/ZnSn(OH)s microcube catalysts were prepared and
employed in the photocatalytic cycloaddition reaction of CO, and
different epoxides at ambient pressure and room temperature. The
catalytic experiments were conducted using a CO, balloon as the
source of CO,. In the catalytic reaction, a round bottom flask was
used to combine 3 mmol of styrene oxide, 2 mL of PEG 600 solvent,
and 0.3 mmol of TBAB. Subsequently, 50 mg of the SnO,/
ZnSn(OH), catalyst was introduced into the solution, which was
then sealed with a silicone rubber septum. CO, was purged into
the solution using the CO, balloon connected with a stainless steel
needle. The solution was stirred under a light illumination of
254 nm UV light (8 watt, Genei Make) at room temperature. The
reaction progress was monitored using TLC. Once the reaction was
complete, the catalyst was recovered and the product was obtained
using a mixture of ethyl acetate and water. The products were then
separated using column chromatography. The optimization of the
reaction and different substrate scope results are listed in Tables 1,
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2 and $3-S5. The products were analyzed using 'H and *C NMR
spectroscopy, as depicted in the SI file.
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