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There are significant concerns about global warming and the energy crisis due to the rise in
atmospheric carbon dioxide (CO,) concentration and the depletion of fossil fuels. Converting CO, into
organic molecules using the abundant solar energy would be a quick fix that would address both issues.
Excess CO; is a major contributor to the greenhouse effect, which leads to global warming, extreme
weather patterns, and a host of other environmental challenges. To tackle these problems, scientists are
exploring novel approaches to adsorb CO,, transform it into useful products, and then release it back
into the atmosphere. Semiconductor materials play a crucial role in CO, reduction. Among these
materials, zinc sulfide (ZnS) and doped ZnS have gained significant attention for the potential catalytic
transformation of CO, into useful compounds. The semiconductor properties of ZnS and its derivatives

Received 27th March 2024, make them particularly well-suited for this purpose. The present review provides a summary of the
Accepted 10th May 2024 recent progress in the development of strategies for fabricating ZnS-based heterostructures with
DOI: 10.1039/d4ya00202d functional properties for CO, reduction. The mechanism of CO, conversion was also addressed with

new insights into computational modelling. Lastly, future outlook on the development of catalytic ZnS-
rsc.li/energy-advances based materials for CO, reduction is provided.

1. Introduction

The release of CO, into the environment from different indus-
trial plants and vehicular emissions has been responsible for
serious environmental degradation problems like ozone layer
depletion, climate change, ocean acidification, and global
warming due to the burning and consumption of fossil-based
fuels and chemical compounds over the years." Driven by the
incessant global energy crisis and environmental pollution
concerns, several efforts have been channeled into tackling
these issues by converting CO, into renewable energy sources
(fuels) and value-added chemicals via hydrogenation and -
reforming to obtain CH,, CO, formic acid, olefins and CH;OH Carbon monOdee
(Fig. 1) as promising alternatives to reduce the dependence on Methane

fossil fuels/chemicals.>™ In the transformation reaction, CO, Eth

ane
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can also produce hydrocarbons such as ethane/propane by
dehydrogenation.® In principle, the dangers arising from CO,
emissions are mainly attributed to the global energy imbalance
and the balance can be restored or maintained by consciously
reducing and stabilizing CO, emissions through agricultural
practices, afforestation, and other advanced technologies.”®

Amongst the advanced technologies for CO, conversion/
transformation, the utilization of semiconducting transition
metal oxides (TMOs), such as TiO,, ZnO, ZrO,, Al,O3, etc., has
been extensively explored; unfortunately, the occupied O 2p
orbital in the valence band results in a wider bandgap in metal
oxides, which causes fast electron-hole recombination or slug-
gish hole transfer, and hence TMO utilization remains unsa-
tisfactory for catalytic reactions.”** In addition, the large
effective mass of holes in metal oxides is also unfavorable for
charge separation and transfer.'?

Interestingly, transition metal sulfides (TMSs) are inexpen-
sive earth-abundant elements with low toxicity and typically
ZnS is the most studied TMS semiconductor that has received
great attention for the reduction, conversion or transformation
of CO,. ZnS-based materials are characterized by their good
photo-redox stability for the photocatalytic, electrochemical
and photothermal reduction and transformation of CO, to
value-added chemical products.*?

Although ZnS has a fairly high theoretical photo-exciton
generation efficiency with a large bandgap (~3.7 eV) and fast
recombination of charge carriers, which could limit the cataly-
tic performance of ZnS in certain applications,*"* studies have
established that doping the metal ion with dopants, such as
carbon nitride, metal nanoparticles, graphene, etc.,'*™*® and
generation of sulfur vacancies suppress the charge recombina-
tion and narrow down the bandgap of ZnS." This has led to
development of new hierarchical heterostructures with
improved catalytic functions for the fast and high yield conver-
sion of CO,.2°** Noteworthily, the valence bands of ZnS-based
semiconductors are primarily composed of the S 3p orbital,
which has a lower potential energy than the O 2p orbital, and
therefore, the sulfide-based semiconductors have narrower
bandgaps and suitable redox potentials compared to the
oxide-based semiconducting catalytic materials.>*

This class of compounds also have specific advantages of
promoting the kinetics of photoinduced charges, suitable elec-
tronic structures, adjustable optical properties, convenient
electronic conductivity, prominent catalytic conversion perfor-
mance and satisfactory potential of the conduction band mini-
mum, which satisfies the required reduction potential for
various CO, reduction reactions.>*** Although there are a wide
range of reviews on TMOs and TMSs in the literature, the in-
depth overview critically surveying the performance of ZnS
and doped ZnS nanostructures and hierarchical heterostruc-
tures for CO, transformation and conversion is lacking. In
this review, an up-to-date analysis of the recent progress
in the development of strategies for fabricating ZnS-based
heterostructures with functional properties was performed.
Moreover, specific information on the electrocatalytic, photo-
catalytic, and photothermal catalytic properties of ZnS-based
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heterostructures was provided. Particularly, the mechanistic
pathways showing the transformation of CO, to value-added
products and new insights into computational models for CO,
conversion/transformation were provided. Finally, perspectives
on future development prospects of ZnS-based materials for
CO, reduction catalysis are put forward as an eye-opener
towards designing effective and highly active catalytic systems
for structure-related CO, reduction.

2. Fabrication strategies for ZnS- and
doped ZnS-based heterostructures

ZnS heterostructures have been synthesized in different ways.
Notably, these compounds have been extensively studied and
combined with other materials to form nanocomposites, het-
erostructures or heterojunctions with superior chemical stabi-
lity and strong visible absorption making them suitable
catalysts for the reduction of CO,. Doped ZnS has also been
reported for the reduction of CO,. Doping is a means of tuning
the electronic structure, which involves introducing an addi-
tional energy level with the band gap to alter the energy band
gap. This in turn affects the light absorption of the resulting
doped material. ZnS has been doped with metals, non-metals
and metalloids such as Cd, Zn, Ni, Cu, C and N. Fig. 2
summarizes the different methods that have been used for
fabrication of ZnS and its heterostructures for CO, reduction.

2.1 Hydrothermal and solvothermal strategies

Hydrothermal synthesis is a solution-based method involving
the reaction of the precursor with an aqueous solution in a steel
pressure vessel known as the autoclave at high temperature and

ZnS based
hybrid and
doped ZnS

Self assembly

Fig. 2 The different methods of synthesizing ZnS and its heterostructures
for CO, reduction.
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pressure leading to the formation of nanocrystals.>® In the
autoclave, there is a temperature gradient at the opposite ends
of the growth chamber so that the hotter end dissolves the
precursor and at the cooler end, seed crystals are deposited.
Similar to hydrothermal methods, solvothermal synthesis
employs the same technique but with a non-aqueous solvent.
The advantages of this method are that the high temperature
and pressure will enhance the dissolution of precursors that
will not dissolve ordinarily at the boiling point of water, thus
leading to pyrolysis, and NPs with high crystallinity and mono-
disperse size can be obtained. Some of the disadvantages are
that it is not possible to observe the reaction progress while the
reaction is going on, and hence there could be safety issues in
the course of the reaction, and the autoclave is very expensive.
Notably, ZnS and ternary sulfide, ZnIn,S, (ZIS), have been
studied and have also been combined with other materials to
form nanocomposites and heterostructures using the hydro-
thermal method, leading to the evolution of new compounds
with fine tunable morphologies and interesting properties.>® A
summary of the studies done using the hydrothermal/sol-
vothermal method for the synthesis of doped ZnS and compo-
sites is presented in Table 1. The findings revealed that the
composites and doped ZnS materials showed better optical
properties and performances than the pristine ZnS material.
This has been attributed to the larger surface area, which
provides many active sites for reaction to take place. The better
catalytic performance is driven by the hydrothermal and sol-
vothermal methods, which make use of high temperatures to
produce stable and uniform composites with desirable mor-
phological and optical properties. For instance, the ZnS/
ZnIn,S, heterostructure prepared by the hydrothermal method
had a larger Brunauer-Emmett-Teller (BET) surface area with
layered structure compared with other reported template-free
ZIS samples, which in turn led to strong selectivity for CO,
adsorption due to the availability of more active sites for the
reaction to take place.”” Furthermore, it was found that the
CuZnSnS,/g-C3;N, heterojunction demonstrated a mesoporous
structure with better absorption in the visible region when
compared with the pristine g-C;N, material.*®

2.2 Ultrasonication assisted synthesis

Ultrasonication is the application of sound wave vibrational
energy to facilitate a chemical reaction. The method is based on
the impact of acoustic cavitation, which can be described as the
sequential formation (nucleation), growth (expansion), and
collapse of bubbles in a tiny hot energy spot when the ultra-
sonic power heats the solution, leading to the production
of high temperature and pressure in a few seconds that
drives the chemical reaction to synthesize nanoparticles.*>*®
Ultrasonication-assisted synthesis has the advantage of being
environmental benign as only little energy and time is required
compared to other methods of synthesis. The ultrasonic
method can cause exfoliation revealing morphologies like
nanosheets with exposed active sites for enhanced CO,
reduction. However, there is a limitation of not being able to
scale up the production.
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Self-supported cobalt phthalocyanine (CoPc) anchored on
ZnIn,S, nanoarrays (ZIS-CoPc) used for electrochemical CO,
reduction was synthesized by the ultrasonic treatment.*” ZIS
was prepared by reacting thioacetamide (TAA) with zinc chlor-
ide and indium chloride with the solution adjusted to a pH of 2
and then sonicated at 85 °C for 24 h. The resulting ZIS was
added to cobalt phthalocyanine (which was dissolved in diethy-
lenetriamine) and then placed in a sonicator at 85 °C for 24 h.
XPS of ZIS-CoPc showed a shift to lower binding energy
compared to pure ZnIn,S,, suggesting that there is an inter-
action between ZIS and CoPc, which was further supported by
the ICP ES analysis with Co of about 0.75 wt%. Furthermore,
enhanced photocatalytic performance of the BiFeO;@ZnS
coated membrane, which was fabricated by the ultrasonic
treatment and spraying on the PES membrane, was
observed.”® This enhanced performance was supported by the
SEM analysis, which revealed ZnS as nanosheets that covered
the surface of BiFeO; and the eventual coating on polyether-
sulfone (PES) to form a membrane with a smooth and homo-
genous layer without any defects. In another research,
hexagonal ZIS nanosheets were fabricated by one-pot exfolia-
tion of prepared ZIS in iso-propanol and sonicated for 5 h.*°

2.3 Precipitation method

This method is a simple and convenient way of synthesizing
nanoparticles from aqueous salts by the addition of a
precipitant.’® Commonly used precipitants are hydroxides,
chlorides, carbonates, and oxalates. The resulting precipitates
are then left to age and eventually collected through centrifuga-
tion. The factors affecting the composition, size and shape of
the nanoparticles are the ratio of ions, temperature, type of
salts used, pH and addition of surfactants. Although
this method is cost effective and energy efficient and can
produce nanoparticles on a large scale, it has the following
disadvantages:

o If reactants have significantly different precipitation rates,
this method becomes almost impossible.

e Impurities in the product may also precipitate, which may
be difficult to remove sometimes.

e It necessitates the employment of numerous chemicals
and may result in the generation of non-environmentally
friendly wastes.*®

Typical research utilizing the precipitation method has been
reported. For example, zinc sulfide functionalized with ruthe-
nium nanoparticles was prepared using sodium sulfide (ZnS-A)
or thiourea (ZnS-B) as the source of sulfur. This was followed by
deposition of Ru Nps through impregnation of ZnS powders
with ruthenium(mr) chloride on ZnS.>* The modification of ZnS
with Ru does not influence the electronic band structure
significantly, but it was observed that the specific surface areas
become lower after functionalizing with Ru, which was
explained by the aggregation of NPs, leading to the blocking
of some pores. This method can optimize pH to produce sulfur
vacancies, and is one of the strategies that favors visible light
harvesting as well as creating active sites for the reduction of
CO,.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00202d

View Article Online

Energy Advances

Review

'§80uz0py — §ZD PUE ‘S399YSOURU IPLIIU UOQIEd — NND ‘SUZUIND — SZID ‘OpPINIU U0qIed-rsusuzénd - ND-SIZD ‘OpImu uoqred padop-uadixo — OND ‘seponiedoueu uorsioauoddn — SGNDN

%74 pa1roda1 0N

uor3ax
5% a1qIsia 213 ur uondiosqe Jo uoida1 papualxa — padop IN

(472 wu 009 aaoqe uondiosqe - suz padop-np
OLL %3 £ Y3M DI®SZD Y3M WNWIXew ‘uo3al

paIeljur pue 9[qISIA oY} 03 SPIYS 23pa pueq uondiosqe

54 9L 67'C = DL®SZD 98°C = SZD :(Ad) ded A319us puegq

*“CHN-99-0OIN 03 paredwod

ov sp3uareaem 193u0f Jo sadps uondiosqe sey arsodwon
uo13ax

9T 9[qIsia oy ul uondiosqe padUBYUS pamoys SPD/eSUS/SUZ

6¢ a3ue1 wu 006-00£ 2y3 ur uondiosqe Y3 paoueyuy
82°0T = NND/SZID €1°S = NND :(su) sown

8¢ -9J1[ 'Id 99'T = NND/SZID 78'T = NND :(A3) ded A319us pueg
(wru 00£-00%) d3uel

ouz [euode

payodai JION  -Xay pue Suz d1qnD

IN 03 anp o1 3y

12T = suz padop 01 J1ys IY3I[S & yIm

IN 9°9¢T = SUZ ‘suz ‘opus|q ouIz

A1z3InMm

pa3zodar JoN pue aurereyds

5L, pue

SpD 03 anp odue o)

ur YyIygs e yim suz

7°68 = S¥ouzeopD SpD 03

997 = HN-99 anp S9[3ue Id[[EWS 0}

-010/S¥OuZ°pD PIys 1YSI[S B YIMm SUZ
6’98

= SpD/’sus/suz  sus pue Suz dqn)d

SpD 03

$2 = SSOppSOuz anp so[due Id[eWS 03

Jouaydern 31ys IY3I[S € Y3m SUZ

ZI°€h = NND 9prnu uoqied aryd

/SZID €618 = NND -BIS pue SZID 21qnD

9119359

2INJONIISOIDTUW I[-[BI0D PAJOIUU0IIIUL
- SUZ-VVL pue (wu o¢ ~) sopontedoueu pajedaidde — SUZ-NL

SAN parerawo[33y

adeys ai-a3e1d ren3axiy

Sy9aysoueu DI, U0 SdN SZD

Saqnd “HN-99-0OIN Y3 JO doeJINS 3Y) U0 SN S¥°uz<opn

uoIpayedapod

s309ys auaydeid ym suz jo saiaydsouru [edIydoIeIdlHq

Sja9ysoueN

suz L1

suz padop-IN 91

suz padop-nD st

(OL®SZD)

DAL@®SEOUZOPD F1

“HN-99

-01N/S%0uzeop) €1

SpD/*sus/Suz ¢t

mm.o@Um.oEN

Jouaydern 1T

(NND) *N£D-8

pare[Ax0qIed/SZID 0T

Lg  d1qsia ay3 ur uondiosqe Y31 pamoys sapdwes QUZ-S1ZD pue ayzHunm sa1e30183e S1ZD U0 pasiadsip spoioueu QUZ OUZ-SIZD 6
T€°S0T
wu 008 = SI1ZD/OLL 2OlLL asejeue
9¢  -0c¢ aduer a3 ur uondiosqe 193uons pamoys SI1ZD/OLL 9%'£8 = SIZD PUB SIZD 115N parerowo[33y SIZD/?OLL 8
6°€T ND JO 90BJINnS o3 U0 pasiadsip A[uaad SN
wnnoads Jqisia = §z1D 2ind w SIZD 91 SILZD d1-9s01 sey a31sodwod prigAy ND-SIZD pue (190w
s¢ a3 ur uordax uondiosqe IYSI] IOPIM B PIMOYS ND-SIZD 9¥'8€ = ND/SIZD -121s9y pue ajydern  -eIp WU 0ST-00T) SAN pue sajejdoueu aI[-2501 Sey S1ZD ND-SIZD L
61°C = SIZ/OND 87 = OND :(A9) L1 =SIZ SIZ
v¢ deS A31ous pueq 88°'T = SIZ/OND 18°T = OND :(su) sowunaji| 1d 21nd 0S = SIZ/OND [euoSexay pue OND $1991[SOUBN SIZ/OND 9
SpoIOUERU [BIIYdIE
ce wu 086 = SIZ/SANDN WU 009 = SIZ :23p2 uondiosqy pa3zodar JoN SIZ pue sdNDN -1914 - SIZ pue soonredoueu euodexay 1e[n3al — SANDN SIZ/SANDN S
692°0 = SIZ/TOLL ¢1°T = SIZ :(su) ¥0'TL = SIZ 21M9N1S [eU0Sexay
TE QWD ABOSp ‘SIZ UBY) 9oUBGIOSR 1918a13 B SBY SIZ/°OLL 0676 = SIZ/°OLL SIZ [euodexoH - SIZ pue (WU §6°F JO I9J9WERIP I9UUl UR) S9qNjoueU — QLL SIZ/°OLL ¥
SIZ uey]) 191ea1d 018 = S-SIZ sa1oyds wu 00S-00¥ = uonoun(
1¢ a3po uondiosqe ay) Jo PIYS Pal PUNSIP PIMOYS S-SIZ/OLL /°OLL #°£9 = OLL SIZ pue asejeuy SIZ/°0O1L pue (wr ¢ jo 13ourerp e) adeys [esrroyds - S17 SIZ/°OLL €
8ST
= SIZ/SUZ L'¥81 SIZ Teuode (wu og
0€ €7'C = SIZ 69°C = SIZ/SUZ 15°€ = SUZ :(Ad) ded A31ous pueg =SIZ 9'%¢ = SUZ -XdY pue SuZ 21qnD -0¥) S199ysourU SIZ pue (Wu sg-5¢) saoniedouru Suz SIZ/SUZ T
mvmuﬂmom\r.m
wu €15 10J SUZ 21qNd IIM
6¢ = SIZ/SUZ WU €€ § = S[Z/SUZ-1uedeA S :yadusjosem uondiosqy nq SIZ [eU0SexoH soxaydsomorut a1[-1amo[q SIZ/Suz 1
REN| son1adoid Teondo P\m NEV aseyd A3oroydiomy [elIYRW N
BAIR 20BJINS/ 1AL PozZISayIuAs /S

SPOUIBW 1eWIBYIOAIOS pue |ewIayioipAy ayy Ag pazisayiuAs sainioniysolaiay paseq-suz padop pue -Suz Uo salpnis snoiaald jo Alewwng T ajgel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"/G'6T:80 G20Z-TT-Z0 U0 papeojumod 7202 €2 UO paus!and ®[01uY sseooy usdO

1199

Energy Adv., 2024, 3, 1196-1221

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00202d

Open Access Article. Published on 23 2024. Downloaded on 02-11-2025 08:19:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

In addition, Ni doped ZnS photocatalysts were prepared by
the reaction between sodium sulfide, zinc sulphate and differ-
ent concentrations of nickel sulphate and then left overnight
under stirring.”> The optimized photocatalyst having better
light absorption contains the lowest concentration of Ni
(0.1%). Precipitation followed by annealing was investigated
on Ni-doped ZnS (0.2 mol% Ni) prepared by the reaction
between zinc nitrate, nickel nitrate and sodium sulfide at room
temperature.®® The precipitate was washed and annealed at
500 °C for 2 h under argon and the resulting product was
coupled with Ru-complex catalysts by adsorption. It was found
that there is no significant difference in optical properties
before and after modification of the Ru-complex onto the
semiconductor.

Furthermore, Zn, 5Cd, 5S was prepared by precipitating zinc
chloride and cadmium nitrate with sodium sulfide and then
optimized by acid treatment. The acid treated sample was
found to have enhanced photocatalytic properties, which is
due to the phase transition from the sphalerite to wurtzite
structure, leading to an increase in the amount of sulfur
vacancies after treating with acid.>® The effect of sodium citrate
on the morphology of Cd doped ZnS was investigated.>
Cdy.sZny »S was prepared at 60 °C in an oil bath giving rise to
3D hierarchical flowers and nanoparticles with and without citrate
respectively. The flower has a higher BET value and it showed an
increased photocatalytic performance. Interestingly, a perovskite
oxide, KCa,Nb;0,,, has been combined with different amounts of
ZIS and TAA at 80 °C for 2 h to form a 2D/2D nanosheet
heterojunction (ZIS/KCNO). It was found that the optimized sample
has a lower ZIS content (20%-ZIS/KCNO).”®

2.4 Self-assembly method

Self-assembly is a process in which a disordered system of
preexisting components builds itself into an organized struc-
ture as a result of non-covalent interactions in a spontaneous
manner. The mechanism behind self-assembly is based on
variations in the orientation of particles due to Brownian
motion compared to thermal energy.’®*” Thermal energy
affects the formation of soft materials at the nanoscale when
the intermolecular forces are broken, thus enabling the system
to reach thermodynamic equilibrium, and due to the weakness
of the intermolecular interactions, it is possible to change
variables such as pH or temperature, leading to phase transi-
tions and orderliness. Some of the advantages include: low cost,
simple deposition on a large-area substrate and easy modulation of
energy and surface properties. One of the limitations could be
during its application procedure as it might not be able to with-
stand lots of frictions because it is only a few nm thick. The self-
assembly method allows the production of a thin layer of
nanosheet material, which in turn promotes close contact for the
CO, reduction to take place on the surface of the photocatalyst,
thus enhancing better performance.

Preparation of a ternary heterojunction Z-scheme
Zn,Cd; ,S/Au@g-C;N, (ZCS/Au@CN) involved a hydrothermal
method followed by photodeposition of Au on ZCS and the
eventual ZCS/Au@CN composite was obtained via a dual-plot
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self-assembly method by first exfoliating C;N, powder by ultra-
sonication for 1 h, followed by the addition of the AuNPs to ZCS
nanosphere dispersion and stirring at room temperature
for 24 h.>® Energy-dispersive X-ray spectrometer mapping data
showed that all the elements were present and evenly distrib-
uted, which was also corroborated by XPS analysis; shifts to
lower binding energies indicate chemical interaction between
ZCS and CN. Similarly, a self-assembled photocatalyst was
prepared using a cobalt complex and CulnS,/ZnS quantum
dots by ultrasonic treatment at room temperature for 8 h and
its formation was confirmed by the appearance of characteristic
peaks using FTIR.”® Also, the hybrid photocatalyst TiO,@CdS/
ZnS was obtained via a self-assembly growth method by mixing
hollow titanium dioxide with cadmium nitrate, zinc nitrate and
thiourea with continuous stirring for 10 min after which it was
refluxed at 120 °C for 5 h.*°

2.5 Thermal decomposition method

Thermal decomposition is also known as thermolysis and it is
the application of heat to break the bonds in a compound into
its constituent atoms/ions.®* It could involve the use of solvent
or solventless systems. In solventless systems, a solid precursor
containing metal cations, molecular ions or an organometallic
compound is placed in a furnace with or without a capping
agent and heated beyond its decomposition temperature, while
the one with solvent involves heating precursors in a high
boiling point organic solvent placed in a round bottom flask
usually in the presence of a capping agent. Although the
solventless method reduces the use of toxic chemicals, synthe-
sising a nanomaterial with desired composition, structure,
morphology, or even properties in a predicted way is difficult to
control.®* The use of solvents on the other hand makes it
possible to prepare nanomaterials with different shapes, sizes
and compositions. For instance, magnetite NPs with different
morphologies were obtained by varying the volume of the
solvent; a change from nanocubes to flower like morphology
was observed with increase in solvent concentration.®® The
thermal decomposition is a relatively cheaper method for the
production of high yield and quality materials. One of the
disadvantages is the low dispersibility of the nanomaterials in
aqueous medium for those applications that require water
solubility.®*

N doped porous carbon supported ZnS has been synthesized
by thermolysis of a protein-Zn(u) network formed by the
reaction between different amounts of ZnCl, and bovine serum
albumin (BSA).®® The optimal catalyst prepared from 2.25:1
ZnCl, and BSA exhibit a distinctive porous structure and good
photothermal performance. In another research, it was found
that different temperatures produced different phases of dual
doped ZnS. (CuGa), sZnS, was obtained at 800 °C and CuGas,
at 600 °C in 10 h.®® The metal organic framework (MOF) has
also been thermally decomposed to produce a ZnS@ZnO
heterostructure.®”” The MOF was obtained by the reaction
between 2-methylimidazole, Zn nitrate and sodium sulfide,
which was then subjected to heat treatment at 350 °C for 3 h
to get a porous ZnS@ZnO heterostructure as evident from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption isotherm measurement, which exhibited a typical
type IV plot. It was observed that the use of high temperature in
the thermal decomposition method could lead to the formation
of a porous structure with enhanced surface area needed for the
active reaction.

2.6 Spin coating

It is a common method to prepare uniform and homogeneous
thin films on the substrates using the concept of centripetal
force and surface tension of the solution. It involves dropping a
solution of the material onto the center of the substrate that is
already spinning (dynamic spin coating) or is spun after
deposition (static spin coating).®® The spinning takes a few
seconds at a high speed and during this process, the solvent
evaporates to leave the material on the substrate as a thin film.
The subsequent layer can then be added and the thickness
formed is controlled by the spinning speed, viscosity of solvent and
concentration of the solution. Some of the advantages include low
cost and easy formation of uniform films. Some of the limitations
of this method are: the use of multiple substrates is not possible, as
the size of the substrate increases, the high-speed spinning
becomes difficult, and it wastes solution.®®

Quaternary sulfide of Cu,ZnSnS, (CZTS) was fabricated
through spin coating and annealing in an inert gas
atmosphere.”® Spin coating was conducted at 3000 rpm for
10 s, followed by heating at 280 °C for 20 min in air on a hot
plate and then annealing at 400 °C for 20 min on a hot plate in
a glove box filled with nitrogen gas. All the Raman peaks are
assigned to the pristine CZTS solid solution, indicating the
formation of no other metal sulfide component and this was
supported by the elemental analysis performed using ICP and
XRF. Our research revealed that spin coating has not been fully
explored for the synthesis of ZnS in the application of CO,
reduction; however a few research studies have shown that spin
coating has been used for the fabrication of CdSe@ZnS quan-
tum dot films with enhanced light emitting device (LED)
performance’* and also copper doped ZnS with remarkable
photoluminescence properties.”> These findings suggest that
the spin coating is a viable method that should be explored.

Based on the above findings, the formation of sulfur vacan-
cies enhances the performance of the heterostructures due to
the creation of more active sites or the promotion of hole
separation during photocatalysis. The morphology also plays
an important role in the light harvesting properties of these
nanocomposites/heterostructures. It is worth mentioning that
the optimum performance is also determined by the ratios of
the composition or percentage of dopants used in the prepara-
tion of the nanocomposite as well as the reaction time and
temperature.

3. ZnS- and doped ZnS-based
nanocomposites for CO, conversion

Semiconductor materials like ZnS have inherent advantages in
catalysis, as they possess electronic structures that facilitate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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charge transfer and redox reactions. When exposed to various
forms of energy, such as light or electrical current, ZnS can
generate electron-hole pairs, setting the stage for electroche-
mical, photochemical, or photothermal reactions. This unique
capability positions ZnS and doped ZnS as versatile candidates
for CO, conversion, and they offer several distinct advantages:

¢ Efficient charge separation: the electronic band structure
of ZnS allows for efficient separation of photoexcited charge
carriers, which is crucial for promoting catalytic reactions. The
ability to separate electrons and holes reduces recombination,
enhancing the overall catalytic efficiency.

e Tunable properties: through careful engineering and dop-
ing with specific elements, the electronic and optical properties
of ZnS can be tailored to optimize its performance in different
CO, conversion processes.

e Sustainability: ZnS is an environmentally friendly and non-
toxic material, aligning with the principles of green chemistry.
Its low environmental impact makes it an attractive option for
sustainable CO, reduction technologies.

Researchers are making great progress toward creating
sustainable and effective CO, conversion solutions by utilizing
the intrinsic qualities of these semiconductor materials. These
remedies could play a significant role in lessening the con-
sequences of climate change and promoting future generations
that are more ecologically sensitive.

3.1 Electrocatalytic ZnS-based heterostructures

A simple answer to the energy and environmental crises is the
electrochemical conversion of CO, into compounds with addi-
tional value. CO, reduction has slow reaction kinetics, and so
effective and durable electrocatalysts are crucial for speeding
up this process. Utilizing renewable electricity to reduce CO, to
CO and then create value-added products is a crucial technical
strategy for achieving CO, resource efficiency. There has been a
lot of buzz recently about electrocatalysis based on ZnS hetero-
structures, which could convert CO, into more valuable chemi-
cals. ZnS, a semiconductor material with a suitable bandgap,
offers a promising platform for electrocatalytic CO, reduction.
The electrocatalytic properties of ZnS are primarily attributed to
its electronic structure, which allows for efficient charge trans-
fer and redox reactions.

By adding heteroatoms, functional groups, and adions to
catalysts, it is possible to successfully tune their adsorption
energy and increase their inherent properties for CO,
reduction. Doping ZnS with various elements, such as nitrogen,
sulfur, or transition metals, can further enhance its electro-
catalytic performance. Doping alters the electronic properties
of ZnS, leading to improved charge separation, increased active
sites, and better catalytic selectivity. For example, nitrogen-
doped ZnS has shown excellent CO, reduction activity with
improved faradaic efficiency.

Recent advances in the development of ZnS-based electro-
catalysts have focused on optimizing the morphology, size, and
structure of ZnS nanomaterials to maximize their surface
area and expose more active sites. This can be achieved through
the synthesis of ZnS nanowires, nanoparticles, or other
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nanostructures. The combination of efficient charge transfer
and specific surface design makes ZnS-based electrocatalysts
highly promising for CO, reduction in sustainable energy
applications. According to Song et al.?° ZnS nanoparticles were
affixed to a ZnO surface, resulting in the formation of a stable
ZnS/ZnO interface structure. Compared to a reversible hydro-
gen electrode (RHE), the ZnS/ZnO interface exhibited a signifi-
cant density and a high CO faradaic efficiency and maintained
stability for a duration of 40 h. These properties led to its
notable electrocatalytic CO, reduction performance.

Non-precious metals, such as zinc, copper, and silver, have
been found to be promising catalysts for reducing carbon
dioxide. Their electron-rich characteristics, however, result in
poor performance for CO, reduction and weak adsorption of
reaction intermediates. Consequently, Zn nanosheets covered
with a porous ZnS subnanometer layer, a fundamentally novel
electrocatalyst, have been shown by Li et al.”’ to achieve high
catalytic performance that is on par with noble metallic cata-
lysts. Both theoretical and experimental studies show that the
ZnS subnanometer layer functions similarly to S dopants,
appropriately alters Zn catalyst adsorption, and ultimately
achieves high catalytic activity. In the meantime, the ZnS
subnanometer layer offers long-term durability since, in con-
trast to S doping, it is chemically inert during the reduction of
CO,.

The practical implementation of CO, electroreduction tech-
nology is limited by the absence of high-performance electrode
materials. Zhen et al.”* used the sulfur infiltration approach to
create a ZnS/Zn electrode in an attempt to address this issue.
This technique is a sophisticated surface treatment technology.
A notable advantage of constructing a ZnS/Zn electrode via
sulfur infiltration is the creation of a translation layer connect-
ing the ZnS layer and Zn substrate. This occurs due to the
infiltration of sulfur atoms through the Zn substrate. The ZnS
layer therefore does not exfoliate from the Zn substrate due to
the strong bond that ZnS forms with the Zn substrate. ZnS/Zn
has been investigated as a potential cathode for CO, electro-
reduction in propylene carbonate/tetrabutylammonium per-
chlorate (PC/TBAP) within a membrane electrolysis cell. The
potentiostatic electrolysis current density remains constant at
6.72 mA cm > at a voltage of 2.4 V, and the faradaic efficiency of
CO formation approaches 92%. In comparison to the Zn
electrode, the ZnS/Zn electrode exhibits a greater catalytic
activity. The electrolysis cell with two compartments is illu-
strated in Fig. 3(a). The anode of the cell is a stream of 99.99%
pure graphite rod, which has a length of 15 cm and a diameter
of 5 mm. The cathode is a ZnS/Zn sheet with a diameter of 1
cm. The reference electrode, I3 /I, has 0.1 M tetrabutylammo-
nium iodide (Bu,NI) and 0.05 M iodine (I,). The reference
electrode was calibrated using ferrocene as the internal stan-
dard. To construct the reference electrode, a platinum wire
was dipped into the reference solution. The ionic process (I, +
I" =1;7) produced {0.05 M I;~ and 0.05 M I" }, which are indeed
present in the reference solution. To avoid contamination, a
salt bridge was used to maintain the separation of the catholyte
and reference solution within the cell. Teflon was used to join
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Fig. 3 (a) An organic electrolyte-based two-compartment electrolysis
cell, (b) an infiltration layer schematic and (c) a scanning electron micro-
graph of a ZnS$ electrode.”®

and seal the reference electrode and salt bridge. The ZnS/Zn
electrode produced by the infiltration technique has a three-
layered structure (Fig. 3(b)), with Zn serving as the substrate
and the top layer. A translation layer sits between the two of
them. This transition layer is readily apparent under a scanning
electron microscope (Fig. 3(c)). The translation layer is essential
for correctly attaching ZnS to the substrate. Because the infil-
tration layer sticks to the substrate firmly and is challenging to
remove, the infiltration approach is better than other methods
like electrochemical and deposition. The ZnS/Zn electrode’s
surface morphology was investigated using SEM (Fig. 3(c)).
There are several spherical embossments on the ZnS/Zn elec-
trode surface, each with an average size of 9 mm. Consequently,
a big surface area is possible. By decreasing CO,, a significant
degree of surface roughness contributes to an increase in
current density. Therefore, the infiltration of S element into
the metal substrate is a feasible method for creating the ZnS/Zn
electrode.

3.2 Photocatalytic ZnS-based heterostructures

The photocatalytic CO, reduction process (CO,RR) on a hetero-
geneous catalyst offers a feasible way to produce renewable
carbonaceous fuels at room temperature and pressure using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic diagram of photoexcitation and electron transfer processes. Formation mechanism, crystal structure, and optical properties of the

(0D-2D) ZnS-ZIS composite. (b) Formation process. (c) XRD patterns and (d) UV-vis diffuse reflectance spectra and (inset) Tauc plots with direct fitting
for cubic ZnS, hexagonal ZIS, and the ZnS/ZIS-3 composite.*° (e) Schematic illustration of lattice mismatch and strain effect between cubic ZnS and
hexagonal ZIS phases in ZnS/ZIS-3. (f) Direct Z-scheme of ZnS/ZIS (n—n*) heterojunction in ZnS/ZIS-3.

solar light as the only energy source. It also presents the chance
of reducing CO, emissions. Photophysical and photochemical
processes interact intricately during photocatalytic CO, conver-
sion. Photoexcitation, which starts this conversion, occurs
when photons with energy equivalent to or greater than the
semiconductor’s band gap are absorbed by a photocatalyst.
Electrons are excited from the valence band (VB) to the con-
duction band (CB) as a result of this absorption. In contrast to
the CB, which is the lowest empty band, the VB is the highest
energy band filled with electrons in their ground state. Intra-
band transitions occur between the excited electrons and the
generated holes, as seen in Fig. 4(a). Through radiative or non-

© 2024 The Author(s). Published by the Royal Society of Chemistry

radiative paths, these charge carriers can go to the surface of
the semiconductor or recombine at trap sites. The destiny of
these charge carriers plays a vital role in establishing the
photocatalytic process efficiency. The excited electrons can
reach the semiconductor surface if recombination proceeds
more slowly than surface reactions. In this instance, they
interact with adsorbed species to enable CO, reduction.
Because it reduces CO, and produces useful solar fuels, this
interaction is essential for the photocatalytic conversion pro-
cess. For photocatalytic CO, conversion to be effective, a
balance between charge carrier recombination and surface
reaction participation is therefore essential.
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ZnS heterostructure photocatalysis has become a powerful
tool for utilizing solar energy to propel CO, conversion into
useful compounds and fuels. Because of its appropriate band-
gap, light absorption qualities, and capacity to produce elec-
tron-hole pairs in response to light, zinc sulfide (ZnS) has
outstanding photocatalytic activities. When photons with
energy over ZnS’s bandgap are absorbed, electron-hole pairs
are created and this forms the basis for zinc sulfide’s photo-
catalytic mechanism. The photoexcited electrons can contri-
bute to the reduction of CO, to form compounds based on
carbon. Good photocatalysis depends on ensuring that these
charge carriers are used appropriately for CO, conversion and
are not lost through recombination.

Doping ZnS with elements like nitrogen or metal ions can
enhance its photocatalytic activity by facilitating charge separa-
tion and preventing electron-hole recombination. Moreover,
heterostructures composed of ZnS coupled with other semi-
conductors, such as TiO, or ZnO, can create favorable inter-
faces for charge transfer and promote photocatalytic CO,
reduction. These heterostructures often lead to enhanced cat-
alytic activity due to their synergistic effects.

In order to obtain better performance, recent research has
concentrated on improving the synthesis of ZnS-based photo-
catalysts, regulating their size and shape and customizing their
surface features. According to Koci et al.”® the reactor shape
affects CO, photocatalytic reduction as well. An important part
of the search for sustainable energy solutions is the develop-
ment of ZnS heterostructures, which offer a potential path for
increasing the efficiency of CO, conversion under visible light.

Excellent electron transportability and energy band compat-
ibility are displayed by ZnO and ZnS. The heterostructure of
ZnO-ZnS is investigated using transmission electron micro-
scopy (TEM), energy dispersive spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS). The ZnO-ZnS heterojunction
NW array creation mechanism is a result of a combination of a
substitution reaction and a regular dissolution crystallization
process. Compared to pure ZnO NW arrays, the composites’
heterostructure and the electron transport path from ZnS to
ZnO enable much greater photocatalytic activity. Further
experiment revealed a significant drop in CO,, which was
ascribed to the combined effects of the incorporated Pt NPs
and the ZnO-ZnS heterostructure.

Monodispersed Ni-doped ZnS (ZnS:Ni) nanocrystals in an
aqueous colloidal form are effective visible light-responsive
CO,RR photocatalysts, according to Pang et al?®* The
wavelength-dependent quantum yield suggests that Ni doping
is a key factor in visible light activity. ZnS:Ni (0.1%) colloidal
nanocrystals that have been altered by Cd** show an amazing
5.6% quantum efficiency at 420 nm and a high selectivity of
>95% for HCOOH production.

In their groundbreaking research, Sabbah et al*° have
pioneered the use of direct Z-scheme semiconductor hetero-
structures in photocatalysis for the conversion of CO, into solar
fuels. This approach notably enhances charge carrier separa-
tion and effectively isolates redox processes. The team success-
fully synthesized a ZnS/ZnIn,S, heterostructure, comprising
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hexagonal ZnIn,S, (ZIS) nanosheets and cubic ZnS nanocrys-
tals, through a single-pot hydrothermal method, as depicted in
Fig. 4(b). This heterostructure is characterized by microstrain at
the interface, which generates an electric field conducive to the
Z-scheme mechanism. Remarkably, the ZnS/ZnIn,S, composite
achieves an exceptional photochemical quantum efficiency of
about 0.8% at an optimal Zn:In ratio of approximately 1:0.5.
This efficiency is nearly 200-fold greater than that of pristine
ZnS. The electronic levels and band alignments of this compo-
site were meticulously analyzed using UV-vis and ultraviolet
photoemission spectroscopy. Further insights into the direct
Z-scheme and carrier dynamics were obtained through photo-
luminescence (PL), time-resolved PL, and photo-reduction
experiments. Additionally, the adsorption of CO, and related
intermediate species on the catalyst during the photocatalytic
reaction was investigated using diffuse-reflectance infrared
Fourier transform spectroscopy. This direct
Z-scheme mechanism, facilitated by microstrain, heralds a
new era in the development of CO, reduction photocatalysts,
potentially revolutionizing the field of sustainable energy.
Fig. 4(c) displays the powder XRD patterns of the ZnS, ZIS,
and ZnS/Z1S-3 composite samples that were produced. Using
UV-vis diffusive reflectance spectroscopy, the light-harvesting
capacities of ZnS, ZnS/Z1S-3, and ZIS photocatalysts were deter-
mined, as seen in Fig. 4(d). The absorption edge of ZnS was
approximately 350 nm, whereas that of ZIS was approximately
520-550 nm. The optical response of the composites blue
shifted in comparison to that of virgin ZIS as the ZnS content
rose. The associated colors varied from white to light yellow
and deep yellow, as shown by the approximate direct bandgaps
of 3.51, 2.69, and 2.43 eV for ZnS, ZnS/Z1S-3, and ZIS, respec-
tively, as seen in the Tauc plot in the inset of Fig. 4(d). Notably,
ZnS has a tail from 500 to 350 nm in the UV-vis band. All things
considered, the photocatalytic CO, reduction mechanism of a
ZnS/Z1S-3 direct Z-scheme heterostructure has been demon-
strated, as observed in Fig. 4(e) and (f).

innovative

3.3 Photothermal ZnS-based heterostructures

Photothermal catalysis involving ZnS heterostructures repre-
sents a unique and innovative approach for CO, conversion.
When exposed to the right light wavelengths, zinc sulfide (ZnS)
can effectively produce localized heat due to its significant
absorption of visible and near-infrared light. It is possible to
use this photothermal effect for catalytic CO, reduction.

By converting the absorbed light energy into heat, photo-
thermal catalysis speeds up chemical reactions, such as the
reduction of CO,. By lowering the activation energy of the
process, heat produced by ZnS nanoparticles can encourage
CO, molecules to adsorb and to be activated on the catalytic
surface. Reaction rates and selectivity rise as a result. ZnS can
be further doped with certain elements or combined with other
nanomaterials to improve its photothermal characteristics. The
photothermal response and catalytic activity for CO, conversion
are largely dependent on the dopant selection and composite
structure design.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

Using photothermal catalysis to reduce CO, has a number of
benefits, such as high energy efficiency, adaptability to mild
reaction conditions, and possibility of using sunlight as an
energy source. This strategy creates new opportunities for
energy-efficient and sustainable CO, conversion solutions.
Tang et al.”’ synthesized N-doped porous carbon-supported
ultra-small ZnS (ZnS/NPC-X) as photothermal catalysts for
CO, conversion by pyrolyzing the protein-Zn(u) network.
Fig. 5(a) and (b) shows a schematic representation of the
photothermal action of ZnS/NPC-X. The primary catalyst ZnS/
NPC-2 shows exceptional photothermal catalytic performance
for CO, cycloaddition and methylation processes due to its
hierarchical porous structure, high photothermal efficiency,
and abundant Lewis acid/base sites.

The creative effort of Li et al.”® produced a novel catalyst for
CO, reduction by cleverly adding a stable, discrete subnan-
ometer layer of ZnS on the surface of Zn nanosheets. Thermal
evaporation was used to create S-Zn-S nanosheets (NSs) on a
fluorine-doped tin oxide (FTO) glass substrate in order to
accomplish this alteration. Scanning electron microscopy
(SEM) analysis of the resultant structure shown in Fig. 5(c)
reveals that it is made up of dense arrays of NSs that are
developed on the FTO substrate and have lateral sizes of several
microns. Atomic force microscopy (AFM) analysis, as demon-
strated in Fig. 5(d), reveals that these NSs have an average
thickness of about 4 nm. It is noteworthy that the S-Zn-S NS
catalyst exhibits remarkable stability together with great far-
adaic efficiency. Its performance is comparable to that of noble
metal catalysts and exceeds all previously documented Zn-
based catalysts. The special function of sulfur atoms in the
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S-Zn-S NSs is responsible for this improved performance. By
efficiently altering the Zn nanosheet, these sulfur atoms max-
imize the adsorption of the *COOH intermediate. This change
is essential because it suppresses the competitive hydrogen
evolution reaction while also facilitating CO, reduction. The Zn
nanosheets are symmetrically changed with a ZnS passivation
shell layer (PSL) on both sides, according to the results, which
are described in Fig. 5(e). Compared to conventional elemental
doping, this discrete subnanometer layer method has several
advantages, especially in terms of high catalytic activity and
long-term durability. Additionally, this catalyst’s straightfor-
ward synthesis procedure indicates that it might be used to
improve other inexpensive metal materials, opening the door
for the creation of extremely stable and active CO, reduction
catalysts.

3.4 Structure-performance relationships of ZnS-based
catalysts for CO, reduction

The efficacy of ZnS-based catalysts in CO, reduction processes
is significantly influenced by their structural characteristics,
such as doping, morphology, cocatalysts, and surface area.”®°
Each of these elements plays a crucial role in dictating the
catalyst’s catalytic activity and stability. Introducing heteroa-
toms such as nitrogen into ZnS modifies its electronic proper-
ties and can greatly enhance catalytic performance. Studies,
such as those conducted by Pang et al,** have shown that
nitrogen-doped ZnS offers higher catalytic activity and selectiv-
ity towards CO, reduction compared to its undoped counter-
part. Nitrogen doping creates additional acceptor levels within
the ZnS band structure, enhancing charge separation and
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reducing electron-hole recombination, thereby facilitating
more effective photocatalytic reduction of CO, to carbon mon-
oxide and other hydrocarbons under visible light. The size and
morphology of ZnS nanostructures critically determine their
performance due to the impact on the surface-to-volume ratio.
Li et al® reported that ZnS nanoparticles with diameters
between 5 and 10 nm displayed increased active sites and
stronger CO, adsorption capabilities, leading to superior photo-
catalytic performance. These nanoparticles exhibit quantum
size effects that enhance light absorption and modify electronic
properties, thereby boosting photocatalytic activity. A larger
surface area of ZnS catalysts enhances the dispersion of reac-
tants and intermediates, thereby improving reaction kinetics.
According to Zhou and Guzman®® ZnS nanosheets with exten-
sive surface areas provide improved CO, adsorption, which is
crucial for higher conversion rates during the reduction
process.

4. Mechanism of CO, transformation
using ZnS-based materials

The chemical reduction of greenhouse gases such as CO, into
hydrocarbon-based fuels, for example methanol, is essential
due to the nonrenewable nature of their natural sources, which
include crude oil, coal and natural gas, and these sources of
energy are depleting due to their constant use.®’ Research
interest has grown in the area of reduction of CO, to liquid
fuels using photocatalysts,®*"*> and this is important because of
the benefit of reducing the amount of CO, available globally by
converting it into useful materials. In light of this, the under-
lying mechanism under which the successful reduction of CO,
into useful liquid fuels occurs is worth reviewing.

4.1 Photocatalytic mechanisms of CO, transformation using
ZnS-based materials

In general, when a photocatalyst is exposed to UV light that
comes with incident energy that is greater than its energy gap,
there is a transition of free electrons (e ) from the valence band
(VB) into the conduction band (CB). At this instance, the free e~
are excited into the CB and positively charged holes (h") are
created in the VB. This leads to the accumulation of the
electrons in the CB. The electrons in the CB can take part in
a reduction reaction, whereas the holes can take part in an
oxidation reaction. Similar to photosynthesis, photo-induced
reactions can take place on the surface of the photocatalyst.®
Such interesting reactions that can occur on the surface of the
photocatalyst are as a result of the holes and electrons that are
generated in the process. The electron released can take part in
the dissociation of molecules of water to produce hydrogen gas,
reduce CO, to hydrocarbon fuels and involve in the production
of free oxygen radicals from oxygen molecules with strong
oxidizing ability. The holes, however, can take part in the
oxidation of water to form oxygen molecules and hydroxyl
radicals and can also convert organic pollutants into CO, and
H20'87,88
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Fig. 6 Band structures of the two forms of ZnS: (a) zinc blende and
(b) wurtzite.

Furthermore, the efficiency of a photocatalytic material
mainly depends on the type of material it is made up of. The
energy values of the CB and VB influence the photocatalytic
properties of the photocatalyst, and this in turn can affect the
efficiency of the photocatalyst. Finally, an excellent photocata-
lyst should be environmentally friendly and should have high
photostability.®® The rate of movement of charges within the
photocatalytic material is important since the rate with which
the holes can migrate is slower than that of the electrons by
approximately 2-4 times, making the electron extraction diffi-
cult even when photo-induced electrons are transmitting con-
stantly. As a result, it is believed that removing holes is a critical
stage that influences how successfully O, and H, are liberated.
Fig. 6 shows that ZnS exists in two distinct forms of ZnS with
almost the same band structures and this is evident from their
band gaps. The band gap of wurtzite (WZ) is 3.77 eV and that of
zine blende (ZB) is 3.72 eV.?>°" These band gaps are wide,
which is important because during the photoreaction, the
electrons and holes are rapidly generated.”

However, because ZnS is an inexpensive, environmentally
friendly, and readily available semiconductor, it is known to be
a potential material for photocatalytic reduction of CO,. The
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Fig. 7 Schematic representation of a single photocatalyst.
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issue with ZnS is that its sensitivity to UV radiation is not
compensated for by its inability to detect visible light, resulting
in inefficient utilization of solar energy.®® To add, as a single
semiconductor material, ZnS possesses an intrinsic ability to
rapidly recombine the electrons and holes that are generated
under UV irradiation, and this also reduces its photocatalytic
efficiency. The mechanism by which this occurs is illustrated in
Fig. 7, where a single photocatalyst that is irradiated with light
enables the reduction of CO, to CH;0H by the electrons that
are generated. The holes are, however, involved in the oxidation
of water to oxygen gas.®»®® The electron that is generated
during the excitation process is used to reduce CO, to metha-
nol, while the holes facilitate the generation of oxygen.

Many studies have been conducted to improve the sensitivity
of ZnS to visible light, such as element doping,”*°® vacancy
defect engineering,””*® and decorating with noble metals.”®*°
Since the aforementioned approaches are expensive and diffi-
cult to control, attention has shifted to the formulation of ZnS-
based heterostructures, which tend to possess a much better
photocatalytic ability.®®'° Photocatalysts that are made up of
two or more types of semiconductors are preferable to those
with a single component. This is because they are known to
exhibit a much higher catalytic efficiency and have a broad
absorption range, high photostability and strong redox ability.
This is owing to the interaction between the charges that are
formed during light irradiation; holes in the first semiconduc-
tor interact with the electrons in the second, through a channel
that is usually formed between them. A significant redox ability
of the photocatalyst is observed when the energy gaps of the
two semiconductors are similar. This, however, is due to the
excellent ability of the heterojunction photocatalysts to increase
the spatial separation of electron-hole pairs.'®> A heterojunc-
tion is the contact between two distinct semiconductors
with different band structures, which can result in band

Reduction

Oxidation

(c) Typelll
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alignment."® For example, when ZnS is coupled with WO,
the photocatalytic ability of the coupled system is observed to
be better than those of the individual semiconductors. WO; is a
well-known component of a Z-scheme photocatalyst because it
is active towards UV light."®* It has a wide band gap that lies
between 2.4 and 2.7 eV.'”® Heterojunctions are classified into
three types: type I, type II, and type III. A type I heterojunction,
also known as a straddling band gap heterojunction, occurs
when the energy of the CB of one component, B, is lower than
that of the other component, A, and the energy of the VB of B is
higher than that of A. This is shown schematically in Fig. 8(a).
This arrangement implies that electrons and holes will move
from component A and accumulate in component B under light
irradiation. The electrons and holes that are generated may not
split since the charges are now on B. However, redox reactions
can still occur on the component of the photocatalyst hetero-
structure with the smaller redox potential. If the CB and VB of
semiconductor A are greater than those of semiconductor B, a
type II heterojunction, also known as a staggered band gap
heterojunction, is created. This leads to the migration of
electrons from component A to B and the corresponding
migration of holes from component B to A when irradiated
with light. This results in the spatial separation of electron-
hole charge pairs. Reduction occurs in component B with a
lower reduction potential, while oxidation takes place on A with
a lower oxidation potential (Fig. 8(b)). A type III heterojunction,
also known as a broken band gap heterojunction, occurs when
the CB and VB of component A are higher than B, in so much
that the band gaps of the two components do not align
(Fig. 8(c)). As a consequence, when irradiated with light, the
migration of electrons and holes and the spatial separation of
the electron-hole pair cannot occur. There is yet another type of
photocatalyst known as the direct Z-scheme heterojunction.
It is so called because of the mechanism of migration of

Reduction

Oxidation

(b) Typell

CH,(-0.24 V)
/ A

Oxidation

(d) Direct z-Scheme

Fig. 8 The mechanism of photocatalytic CO, reduction on ZnS/WOs heterojunctions as they respond to light radiation is depicted schematically.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Coupled system under light irradiation

Fig. 9 The mechanism of direct Z-scheme photocatalyst production using oxidative and reductive semiconductors, showing the band structures (a)
before and (b) after coupling. (c) The band structure of a linked system under light irradiation. The Fermi energy level is denoted by the symbol E¢.

electrons, mostly from component B to A, in a path that
resembles letter ‘“Z”, as can be seen in Fig. 8(d). The arrange-
ment of a direct Z-scheme heterojunction appears to be the
same as that of a type II heterojunction.

4.2 Direct Z-scheme and Z-scheme mechanisms of CO,
transformation using ZnS-based materials

To fully understand the mechanism of direct Z-scheme for-
mation, it is important to remember that the development of a
heterojunction between two photocatalysts is linked to their
band structures and Fermi levels. The oxidative photocatalyst
must have a lower Fermi level than the reductive photocatalyst
for this mechanism to work,”* as can be seen in Fig. 9. When
the two photocatalysts are coupled, electrons will migrate from
the reductive photocatalyst to the oxidative photocatalyst so
that the Fermi levels of the two photocatalysts can arrive at
equilibrium.'® As a result of this charge migration, an internal
electric field will develop in such a way that the direction of the
field moves from the reductive photocatalyst to the oxidative
photocatalyst.'®”

Since the direct Z-scheme photocatalyst greatly enhances the
spatial charge separation and provides a better photocatalytic
efficiency than the type-II heterojunction, and the architectures
of the two photocatalysts are similar, some characterization
techniques are needed to differentiate between the two. Such
characterization techniques, which are based on charge migra-
tion, include the photocatalytic CO, reduction, X-ray photoelec-
tron spectroscopy (XPS), and photodecomposition of metal
nanoparticles, among others. Photocatalytic reduction of CO,

1208 | Energy Adv., 2024, 3,1196-1221

into useful fuel products entails a series of steps, with each step
having its own reduction potential (Table 2). If a specific step is
required to get a given product, the photocatalyst must have a
lower reduction potential than the corresponding standard
redox potential for that step of the reaction. The product of
the CO, reduction can give insight into the photocatalyst on
which electrons that are photogenerated reside more.*®

To corroborate this, Murillo-Sierra et al.'®* synthesized a
direct Z-scheme photocatalyst consisting of WO; and ZnS
components and applied it in the conversion of CO, present
in water vapor for the production of propane and propylene.
Maximum production of the hydrocarbons was obtained when
5 wt% WO; was used. This ensured continuous generation of
enough electrons and holes, which are then migrated from the
direct Z-scheme surface to CO, to form the C;-C; hydrocar-
bons. Other ratios that were used are WO3(10%)/ZnS and
WO5(20%)/ZnS, but did not give better results when
compared with the WO3(5%)/ZnS ratio. Furthermore, the inter-
face energy of the WO;(001)/ZnS(111) slab was calculated to be
—0.985 ] m >, an indication of thermodynamically stable

Table 2 The standard redox potential (Eq vs. NHE at pH 7) for CO,
conversion. Adapted from ref. 109-111

Reduction reaction E° (V) vs. NHE at pH = 7

CO, + 2H" + 2¢” —» HCOOH —0.61
CO, + 2H" + 2~ — CO + H,0 —0.53
CO, + 4H" + 4e- - HCHO + H,0 —0.48
CO, + 6H" + 6e” — CH;0H + H,0O —0.38
CO, + 8H" + 8¢~ — CH, + 2H,0 —0.24

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interface. In another experiment, Sabbah et al?° prepared

nanocrystals of ZnS and coupled them with ZnIn,S, nanosheets
to form a heterostructure. The formation of the direct Z scheme
was investigated by testing it in the reduction of CO, to solar
fuel. This was supported by photoluminescence and time-
resolved photoluminescence experiments. Furthermore, Zhou
and Guzman''? also reported the use of colloidal ZnS suspen-
sion for use as a photocatalyst in the conversion of CO, to
formate (HCOO™). This was possible when the incident UV light
was maintained at 345 nm. The energy of electronic excitation
from the VB to the CB was calculated to be 3.59 eV, and the CO,
reduction was reported to occur at a potential of —1.04 V vs.
NHE. The results obtained also showed that the surface carriers
were active below 10 ms for the transfer of electrons and below
215 ms for the loss of holes, demonstrating that the reactive
carriers can be detected within longer time scales than the
range that is usually explored during time-resolved spectro-
scopy. This shows that the colloidal suspension of the ZnS
photocatalyst in the presence of Na,S is very efficient for the
direct reduction of CO, to HCOO™.

For Z-scheme photocatalysts, the electron-hole pairs are
photogenerated sequentially when two photocatalysts are con-
nected in series with a redox mediator and made up of an
electron pair donor/acceptor, as illustrated in Fig. 10.

The first photocatalyst, usually the one that possesses a
higher band gap, absorbs the incident UV light and generates
electrons and holes. Upon light irradiation on a Z-scheme that
is made of a liquid-phase photocatalyst, the electrons on the
oxidative photocatalyst are picked up by the acceptor compo-
nent of the redox mediator and transferred to the donor, as
given in equation (1):

Acceptor + e~ — Donor (1)

The holes on the other hand are picked up by the donor
component of the photocatalyst and are transferred to the
acceptor, as can be seen in equation (2):

Donor + h" — Acceptor (2)

The benefits of the presence of the redox mediator are that
excess charge pairs that are photogenerated are removed by
reacting with the acceptor/donor pair. However, a few draw-
backs abound:

(i) There is a possibility for a back reaction to occur since the
acceptor/donor pair can also react in the opposite direction.

(ii) It can only be used in liquid medium, restricting its use
in other photocatalytic states.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 A schematic of a Z-scheme photocatalyst displaying (a) a liquid-phase Z-scheme and (b) a solid-phase Z-scheme.

It is reported that the inclusion of a redox mediator drasti-
cally improves charge separation and the ability of the ZnS
based photocatalyst to respond to light."**''* For example,
Zhou et al.'™ investigated the formation a Z-scheme photo-
catalyst that is composed of ZnS and NH,-MIL-125(Ti), with
carbon based quantum dots as a redox mediator, using the
electron spin resonance (ESR) method. As a result of the
successful interaction involving the electrons and the LUMO
of NH,-MIL-125(Ti) and the holes in the VB of the ZnS, more
electrons were observed to accumulate in the CB of the ZnS,
as measured using ESR. This confirmed the formation of the
Z-scheme heterostructure. Meanwhile, Yoshino et al''®
prepared three photocatalytic systems of CuGaS, using solid-
state reaction and flux methods. The photocatalyst with the
(CuGa)y 5ZnS, ratio, prepared by the flux method, was demon-
strated to be the most efficient, selective and stable photocata-
lyst for CO, reduction. In order to investigate the formation of
the Z-scheme photocatalyst, the bare (CuGa), sZnS, photocata-
lyst made using reflux was coupled with the CoO,/BiVO,
photocatalyst and used in the reduction of CO,. The two
photocatalysts were connected by reduced graphene oxide
(RGO), a solid-state electron mediator. The integrity of the
Z-scheme photocatalytic system was ensured by X-ray diffrac-
tion (XRD), diffuse reflectance spectroscopy (DRS), atomic
emission spectroscopy (AES) and ESR. They observed that the
light-induced holes on the metal sulfide were continuously
used up by the light-induced electrons on BiVO, through
electron transfer via RGO resulting in steady CO, reduction
by the Z-scheme system. The commonly used redox mediators
in the reduction of CO, by the ZnS Z-scheme heterojunction
photocatalyst are presented in Table 3.

4.3 S-scheme mechanisms of CO, transformation using ZnS-
based materials

The “S-scheme photocatalyst” works in the absence of a redox
mediator. The charges are generated simultaneously by

Table 3 Common redox mediators for CO, conversion by ZnS Z-scheme
heterojunction photocatalysts

Synthesis
Photocatalyst method Redox mediator Ref.
ZnS/Rgo/Bi,S;3 Hydrothermal Reduced graphite oxide 117
ZnS/ZnO Air annealing 7ZnS,0; _,/defect 118
mediated

ZnS/g-C3Ny Hydrothermal Co,Sg/defect mediated 119
ZnS/NH,_MIL- One pot Carbon quantum dots 115
125(Ti)

Energy Adv., 2024, 3,1196-1221 | 1209
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Fig. 11 Diagrammatic representation of the S-scheme mechanism of the
photogenerated charge carrier transfer process, where E denotes the electric
field's direction. Drawn from scholarly sources (Mohamed et al., 2021).

excitation of the two photocatalysts, connected in parallel with
each other. The two semiconductors used have different band
gaps.'?® The schematic representation of the S-scheme is given
in Fig. 11, which shows that the reductive photocatalyst pos-
sesses greater CB and VB positions and a lower Fermi level than
the oxidative photocatalyst. When the two photocatalysts are
coupled, there is an observed spontaneous migration of the
electrons from the reductive photocatalyst to the oxidative
photocatalyst. This automatically creates electron depletion
and accumulation layers.’*! Consequently, the photocatalyst
causes the reduction process to occur by acquiring a positive
charge, while that causing oxidation to occur acquires a nega-
tive charge. At the same time, an internal electric field is
generated that points in the direction of the oxidative photocatalyst.
This enables the photo-induced electrons to migrate from the
oxidative photocatalyst to the reductive photocatalyst. At this point,
the coulombic attraction between the two charges causes the
photogenerated electrons in the CB of the oxidative photocatalyst
and the holes in the VB of the reductive photocatalyst to recombine
at the interface between the two photocatalysts."*>'>* Hence, the
three driving forces that influence the operation of the S-scheme
photocatalyst include internal electric field, band bending, and
coulombic attraction.

The advantages of the S-scheme are the following;

(i) The useless electron-hole pairs are removed through
recombination.

View Article Online
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(ii) The photo-induced electrons in the CB of the reductive
photocatalyst and the holes in the VB of the oxidative photo-
catalyst are used for photocatalytic reactions.

The formation and application of a mesoporous PtZnO/ZnS
S-scheme heterojunction for efficient reduction of CO, to
CH;OH was demonstrated by Mohamed et al. *>* Upon exposure
of the photocatalyst to UV light, the electrons migrated and
populated the CB of both ZnS and ZnO, and the corresponding
holes accumulated on the VB of both ZnS and ZnO. Owing to the
fact that the CB of ZnO is less than that of ZnS, the photogenerated
electrons in ZnS immediately migrate to the platinum nano-
particles (Fig. 11). Some of the S-scheme heterojunctions of ZnS
used in the conversion of CO, are given in Table 4.

5. The stability of ZnS catalysts for CO,
reduction

Zinc sulfide (ZnS), both in its unmodified form and when
doped with various heteroatoms, has shown considerable pro-
mise as a catalyst for CO, reduction.**® However, the practical
application of these catalysts in sustainable energy solutions
critically depends on their stability during operation. Several
degradation mechanisms affect the performance of ZnS cata-
lysts during CO, reduction, including photocorrosion, sintering
of nanoparticles, and poisoning of active sites by reaction
intermediates or environmental contaminants.’*® Photocorro-
sion, in particular, poses a significant challenge, as it leads to
the dissolution of ZnS under illumination, resulting in the loss
of catalytic activity. Moreover, the reactivity of photoexcited
carriers can further degrade the catalyst through reactions with
water or oxygen. Adsorbed water on ZnS surfaces is crucial for
photocorrosion, with even less than 0.1 wt% H,O being suffi-
cient to initiate Zn° formation, as indicated by various studies,
including those concerning UV irradiation effects on aqueous
ZnS suspensions.”*® Photocorrosion often evidenced by the
darkening of ZnS occurs rapidly upon exposure to UV light,
with numerous Zn® nuclei appearing within seconds and caus-
ing a marked decrease in reflectance. The formation of these
nuclei predominantly along structural defects in the crystal
matrix indicates a vulnerability at these sites due to excess
strain energy, enhancing reactivity and water adsorptivity.
Further studies conducted by Weide et al.™*" delineated the
photocorrosion pathway under oxygen-free conditions, reveal-
ing the production of various compounds, including elemental
Zn and S, ZnSO,4, and Zn(OH),, with a significant hydrogen to

Table 4 Some studies on ZnS heterostructures for CO, conversion using S-scheme heterojunctions

Heterojunction Characterization techniques Application Year Ref.
ZnS/ZnO XRD, XPS, EIS Conversion of CO, to CH;0H 2021 124
ZnS/ZnlIn,S, S-scheme H, evolution and CO, reduction 2022 125
ZnlIn,S,/g-C3N, EPR, XPS CO, conversion to CO 2022 126
ZnO/ZnIn,S, FTIR, discrete Fourier transform, ESR, PL, TRPL Conversion of CO, to CO and CH, 2023 127

XRD = X-ray diffraction; XPS = X-ray photoelectron spectroscopy; EIS = electrochemical impedance spectroscopy; EPR = electron paramagnetic
resonance spectroscopy; FTIR = Fourier transform infrared; ESR = electron spin resonance; PL = photoluminescence; and TRPL = time-resolved

photoluminescence

1210 | Energy Adv., 2024, 3, 1196-1221

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00202d

Open Access Article. Published on 23 2024. Downloaded on 02-11-2025 08:19:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

zinc sulfate molar ratio. The initial dissociation into Zn and S
due to UV-generated electron-hole pairs, followed by hydrolysis
of nascent sulfur, forms H,S and H,SO,, indicating that water
molecules slightly dissociate, adsorb, and lower the energy
barrier for these reactions. The valence and conduction band
edge potentials of ZnS suggest that only the reduction of
dissolved zinc ions is thermodynamically feasible under illu-
minated conditions; yet, experimental data suggest that this
needs critical reevaluation as actual band edge potentials could
differ. Notably, the presence of oxygen significantly accelerates
photocorrosion, with ZnSO, being the primary corrosion pro-
duct in oxygenated environments, highlighting the complex
dynamics of photocatalytic reactions involving Zns."**

To mitigate these degradation processes, contemporary
advancements in materials science have introduced ZnS-
based heterostructures and composites. Coating ZnS with
protective layers of inert materials, such as graphene or tita-
nium dioxide, has proven effective in shielding the catalyst
from degradative environmental factors."*® Additionally,
embedding ZnS within metal-organic frameworks (MOFs) or
hybrid polymeric matrices can confer structural stability and
mitigate zinc atom leaching. Alterations to the electronic
properties of ZnS through doping with metals like silver or
copper, or non-metals such as nitrogen, have also enhanced
resistance to photocorrosion and chemical wear."** These dopants
introduce new energy levels within the bandgap of ZnS, facilitating
improved charge separation and transfer, thereby diminishing the
likelihood of side reactions that contribute to catalyst degradation.
Empirical studies and pilot implementations have further eluci-
dated the operational stability of ZnS catalysts under industrial
conditions. Notably, nitrogen-doped ZnS has sustained high cata-
lytic activity over prolonged durations in photoelectrochemical
setups dedicated to CO, reduction.”*® Likewise, ZnS/ZnO hetero-
structures have exhibited commendable stability in continuous
flow reactors, underscoring their potential for scalability in indus-
trial applications."*®

Future research efforts are poised to deepen the under-
standing of factors influencing ZnS catalyst stability. Utilization
of advanced in situ characterization techniques, such as X-ray
diffraction (XRD) and electron microscopy, will allow real-time
monitoring of structural transformations in ZnS catalysts dur-
ing operational deployment. Insights gleaned from these stu-
dies are anticipated to drive the development of next-
generation ZnS catalysts characterized by enhanced stability
and efficacy, thereby facilitating their integration into the
matrix of sustainable energy technologies.

6. Computational models of ZnS and
ZnS heterojunctions

Over the years, computational models based on density func-
tional theory (DFT) have proven to be of immense benefit in the
study of reactions on surfaces, particularly those that hitherto
were unachievable in the laboratory or those whose mechan-
isms were difficult to unravel."*” % 1t is well known that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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competitive hydrogen evolution frequently occurs with photo-
catalytic CO, reduction. For instance, Li et al.® used a combi-
nation of experimental and DFT methodologies to solve the
mystery surrounding the selectivity of H, evolution over CO,
photoreduction utilizing a ZnS nanocatalyst that is made up of
heterojunctions. The approach they used included a combi-
nation of both dynamics (adsorption/desorption of reactants/
products) and thermodynamics (redox potential and change in
Gibbs free energy of significant intermediates). The authors
also demonstrated that the obtained ZnS nanoparticle photo-
catalyst for CO, reduction showed a higher hydrogen evolution
reaction selectivity than the CO, reduction reaction. The DFT
calculations indicated that the adsorption energies of H,O
molecules on the clean surface of ZnS (—0.77 eV) are lower
than those of CO, molecules (—0.54 eV) and that the adsorption
energies of CO molecules (—0.19 eV) are significantly lower
than those of H, molecules. A larger negative number, on the
other hand, indicates that the adsorbate is more easily
adsorbed on a solid surface, because the adsorption energy
value measures the degree of surface adsorption. As a result,
CO is significantly more difficult to desorb from the ZnS
surface than CO,, and H,O is more easily adsorbed on the
ZnS surface than CO,. Furthermore, the successful doping of Ni
into the crystal lattice of ZnS revealed enhanced photocatalytic
ability because the projected density of state (PDOS) revealed
that a new state was created, which extended the range of
absorption to the visible light region.

Some of the important properties of ZnS and ZnS hetero-
structures that are usually calculated are: geometric structure,
band structure, density of state (DOS), molecular orbitals, and
work function."**> For example, Di Liberto et al.'** optimized
the structure of the ZnS(110)/Ti0,(001) heterostructure and got
a lattice vector of a = 5.443 A. The calculated band gap (E,) gave
a value of 4.29 eV, with the relativistic effect pushing the E, to a
higher value by 0.1 eV. The electronic structures of single ZnS
and CdS photocatalysts and the linked Zn,Cd,_,S system were
studied.®® According to the computed band structures, the
energy gaps are 2.115 eV, 1.369 eV, and 1.167 eV, respectively
(Fig. 12). The authors contended that photoinduced electrons
might be transmitted through the d-orbitals of the Pt atom,
resulting in faster charge transfer and separation Kkinetics.
However, the calculated charge density further confirms that
electrons are concentrated on the d-orbital of the Pt metal.

In another study, Yan et al.'*® performed DFT geometry
relaxation using generalized gradient approximation with Per-
dew-Burke-Ernzerhof on the heterostructure of ZnS(110)/
Bi,WO4(100). Some of the electronic properties of the hetero-
structure that were calculated include a good optical sensitivity
band gap value of 2.537 eV. The DOS and projected density of
states (PDOS) showed that the formation of the heterojunction
caused the 3d electrons in Zn to move from the lower level of
the VB to the shallow level. The DFT calculation revealed that
the range of light absorption of the photocatalytic material was
extended to 600 nm. Performing similar DFT calculations,
howbeit with the Vienna A4b initio Simulation Package (VASP),
Pang et al®® demonstrated that the theoretical results obtained

Energy Adv, 2024, 3, 196-1221 | 1211
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Fig. 12 The electronic structures of (A) ZnS, (B) CdS, and (C) Zn,Cd;_,S are shown (the gray, pink, and yellow spheres represent Zn, Cd, and S atoms, respectively).
The work functions of (D) ZnxCd1@xS-Ptl, (E) ZnxCdl@xS-Ptl (Zn), (F) ZnxCdl@xS-Ptl (Cd). (G), (H), and () indicate the DOSs and charge density differences.*>°

corroborate those of the experiment that sulfur vacancies enhance
the CO, reduction reaction. Ni doping of the structure increases the
electronic energy band position (Fig. 13(a) and (b)), sulfur vacancy
formation (increased to 0.76 eV) and the optical absorption proper-
ties. Importantly, they reported that even though doping increased
the electronic properties of the photocatalyst, the CO, reduction
ability was greatly reduced. A summary of some of the electronic
and geometric parameters of the ZnS heterostructures determined
using DFT is given in Table 5.

7. Valuable chemicals/fuels obtainable
from CO, transformation

The conversion of CO, into valuable chemical products is a fast-
growing field that offers a dual benefit of mitigating green-
house gas emissions while producing useful compounds. Zinc
sulfide (ZnS), a semiconductor material, has shown promise as
a photocatalyst, as an electrocatalyst, and as a photothermal
catalyst in the reduction of CO, due to its favorable band gap
and stability under reaction conditions. By using ZnS-based
catalytic systems, several key products can be derived from the
transformation/reduction reaction.

7.1 Methane

Methane (CH,) is one of the simplest hydrocarbons and can be
produced through the hydrogenation of CO, and a primary

1212 | Energy Adv, 2024, 3,1196-1221
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Fig. 13 The electronic band structure and the DOS; differentiated into
total and partial. (a) ZnS that is 2.7% doped with Ni and (b) undoped ZnS.>2

component of natural gas, which offers significant energy
storage  capabilities when produced through CO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated electronic and geometric properties of ZnS heterostructures determined using DFT methods for CO, reduction

Heterostructure DFT functional Pseudopotential Eq4 (eV) Geometric parameters (A) Ref.
ZnS(110)/TiO,(001) PBEO Hay-Watt 4.29 a = 5.431 Zn-S bond length = 2.360 101
ZnS/Si0, PBE-D3 — 3.02 a=5.1 144
Cu-doped ZnS(001) & (010) PBE Ultrasoft 2.17 a=b=3.843; ¢ = 6.299 145
Copper-doped ZnS PBE-D3 GTH & DZVP-MOLOPT-GTH 3.37 — 42

Zn0/ZnS PBE; HSE06 — 2.24 a=5.74; b =5.37; ¢c=24.21 146
ZnS(110)/NiS GGA-PBE — 3.66 a=9.43;b=6.66 147

GTH = Goedecker-Teter-Hutter and HSE06 = Heyd-Scuseria-Ernzerhof.

conversion.'*?

Utilizing ZnS-based catalysts in the photocataly-
tic reduction of CO, to methane presents an attractive method
to harness renewable energy resources and reduce carbon
emissions. The process is driven by the ability of ZnS to
effectively absorb and utilize light, facilitating the necessary
electron-hole separation that reduces CO, in the presence of
hydrogen.'*® Research indicates that ZnS, when doped or
coupled with other suitable materials, can significantly
enhance the photocatalytic activity due to improved charge
carrier separation and extended light absorption.’® This reac-
tion not only addresses environmental concerns but also pro-
vides a renewable route to methane production, which could be
integrated into the existing natural gas infrastructure. Future
advancements in the modification of ZnS catalysts are likely to
focus on increasing efficiency, selectivity, and stability to make
industrial-scale production feasible.

7.2 Ethanol

Ethanol (C,HsOH) is another valuable product derived from the
catalytic conversion of CO,. Ethanol production from CO, using
ZnS-based catalysts involves converting the carbon dioxide
captured from industrial flue gases into a valuable alcohol that
serves both as a fuel and as an industrial solvent.">® The
catalytic reduction process utilizes the semiconductor proper-
ties of ZnS to generate reactive electron-hole pairs under UV
light. These reactive species are instrumental in reducing CO,
to ethanol, potentially in a reaction environment that includes
water vapor or other hydrogen sources.”>" The practical imple-
mentation of this technology in industrial settings could
significantly mitigate CO, emissions by converting them into
ethanol, which can be used in fuel blends, thereby reducing
reliance on fossil fuels. However, challenges such as improving
the yield and selectivity of ethanol and the long-term stability
and recyclability of the ZnS catalysts remain. Research is
ongoing to optimize the reaction conditions and catalyst
design, including the use of nanostructured ZnS or hybrid
systems that may offer better control over the product distribu-
tion and enhance light absorption efficiency.

7.3 Alcohols

The synthesis of higher alcohols (such as methanol, propanol,
and butanol) from CO, via ZnS-catalyzed processes expands the
utility of carbon capture technologies by transforming a green-
house gas into valuable chemical feedstocks. ZnS catalysts
facilitate this conversion by utilizing their photocatalytic, elec-
trocatalytic, and photothermal catalytic properties under the

© 2024 The Author(s). Published by the Royal Society of Chemistry

influence of the external stimuli like light irradiation, electric
field or heat to initiate and drive the reduction of CO,.'*> These
alcohols are integral to various industrial applications, serving
as solvents, fuels, and intermediates in chemical synthesis. The
effectiveness of ZnS in these reactions often hinges on the
surface properties and the electronic structure of the catalyst,
which can be tuned through doping or forming composites
with other materials to enhance selectivity and efficiency.'”?
Advanced research explores the scalability of this approach,
aiming to optimize reaction conditions and catalyst configura-
tions to improve the economic viability of producing higher
alcohols from CO,.

7.4 Olefins

Olefins, such as ethylene and propylene, are critical for the
petrochemical industry, primarily used in the production of
plastics and other polymers.'>* Their synthesis from CO, using
ZnS-based catalysts represents a groundbreaking shift towards
more sustainable chemical processes. The role of ZnS in this
context is to facilitate the reduction of CO,, possibly through
formation of intermediate species such as formic acid or
methanol, which are further dehydrated or dehydrogenated to
form olefins.'>® This process requires precise control over
reaction conditions and catalyst properties to ensure high
selectivity and yield. Enhancements in ZnS catalyst design,
such as surface modification or the incorporation of co-
catalysts, are crucial for improving the reaction kinetics and
stability, thereby making the catalytic production of olefins
from CO, a viable industrial process.

7.5 Formic acid

Formic acid (HCOOH) is another valuable chemical that can be
synthesized from CO, conversion. Formic acid production via
the ZnS-catalyzed reduction of CO, is an environmentally
benign route that converts a potent greenhouse gas into a
valuable chemical used in various industries, including agri-
culture, leather processing, and textile manufacturing.'*® The
reaction leverages the strong reducing power generated by ZnS
under UV light, electric field or heat where the catalyst induces
the selective reduction of CO, to formic acid.®® The efficiency of
this conversion process can be significantly enhanced through
the optimization of catalyst surface area, light absorption
properties, and reaction environment. Developing robust, reu-
sable ZnS catalyst systems that maintain high activity over
prolonged operational periods is key to commercializing this
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technology, with ongoing research focused on catalyst stability
and the minimization of competing reactions.

7.6 Carbon monoxide (CO)

Carbon monoxide, though less desirable due to its toxicity, is a
crucial industrial feedstock in the production of chemicals
such as methanol and certain types of fuels."” Its generation
from CO,, catalyzed by ZnS, involves partial reduction pro-
cesses where specific reaction conditions are meticulously
controlled to optimize yield and selectivity. The photocatalytic
properties of ZnS enable the absorption of light and facilitate
the reduction of CO, to CO at the catalyst surface."*® The
development of this process is significant for synthesizing
hydrocarbons and other chemicals from CO,, providing a
pathway to utilize CO, as a resource rather than treating it
solely as a waste product.'*® Future developments will likely
focus on enhancing the selectivity and efficiency of CO produc-
tion, potentially integrating it with other processes to form a
comprehensive carbon recycling strategy.

8. Conclusion and prospects

Carbon dioxide (CO,) reduction is an imperative endeavor in
the realm of environmental sustainability and combating cli-
mate change. As CO, levels continue to rise in the Earth’s
atmosphere due to industrial and anthropogenic activities, the
need for effective methods to mitigate their impact on the
environment has become increasingly pressing. The major
routes that have been explored for the photocatalyst synthesis
are the hydrothermal and solvothermal methods and it was
found that the temperature and the time of reaction affect the
quality of the sample produced. It will be good to explore other
green methods for synthesizing the nanocomposites, such as
microwave assisted synthesis under ambient conditions. Eval-
uating the performance of ZnS-based catalysts under varying
environmental conditions, such as fluctuations in temperature,
pressure, and CO, concentrations typical of industrial environ-
ments, will be crucial. This will help to identify any discrepan-
cies in performance observed under laboratory conditions
versus actual industrial settings. Furthermore, the economic
and environmental impacts on scaling up ZnS-based catalysts,
including cost analysis, resource availability, and potential
environmental benefits or drawbacks, should be critically ana-
lyzed. This would provide a holistic view of the practical
challenges and opportunities in employing ZnS-based catalysts
in real-world applications, ultimately guiding their develop-
ment towards commercial viability.

Moreover, the catalytic properties and mechanisms of ZnS
heterostructures are being investigated with keen interest as evi-
dent from the available pool of literature. Although ZnS in any of its
forms (WZ or ZB) possesses a high band gap and is highly sensitive
to UV light, its sensitivity to visible light is quite low. As a
consequence, many photocatalytic, electrocatalytic and photother-
mal materials have been employed to synergistically improve the
sensitivity of ZnS heterostructures to external stimuli such as light,
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electrical or heat energy for various applications, including the CO,
reduction reaction. To this end, the understanding of the mode of
operation of these heterostructures lies in the knowledge of the
mechanism of their formation.

To comprehend the mechanistic behavior of the CO, con-
version/transformation and to clarify the function of individual
catalyst components, a combination of reactor experiments,
thorough DFT simulations of a complex reaction network, and
a multi-site first-principles microkinetic model can be
examined."® This model can provide significant information
on a computationally tractable catalyst model with new insights
into the reaction behavior at various sites in the reactor and
along the reactor to easily identify strategies to optimize and
design appropriate reactor conditions without altering the
reaction paths. Moreover, additional information on the rela-
tionships between the catalyst structure and activity is provided
by microkinetic analysis, which is useful for the rational design
of high-tech catalytic materials. Moreover, the properties often
calculated using DFT simulations include geometric properties
(lattice vectors), electronic band structures, energy gaps, energy
values of the molecular orbitals, DOS (total and partial) and
PDOS, which still require much work to be done particularly on
the extension of the simulations to ab initio molecular
dynamics and the calculation of their thermal properties.

The construction of a first principles detailed kinetic model
for ZnS-based catalysts will enable the forecasting of catalytic
performance and product profiles at desired circumstances
through the use of an appropriate computational model, reac-
tion pathways, and thermodynamic consistency analysis.

In conclusion, the transformation of CO, into valuable products
using ZnS-based catalysts not only contributes to carbon recycling
efforts, but also provides pathways to synthesize important
chemical compounds and fuels. The utilization of ZnS-based
catalysts enhances these processes by exploiting their catalytic
properties, which are crucial for achieving high efficiency and
selectivity in the conversion of CO,. ZnS and doped ZnS-based
nanocomposites offer versatile solutions for CO, conversion
through electrocatalysis, photocatalysis, photothermal catalysis,
and other innovative approaches. These materials hold the promise
of addressing the critical challenge of reducing CO, emissions. This
field is evolving rapidly, with ongoing research aimed at optimizing
the performance of ZnS-based catalysts and exploring their novel
applications in sustainable energy systems. The future of CO,
reduction may well rely on the continued development and utiliza-
tion of ZnS and related nanocomposites.
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