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Rewiring photosynthesis: a photosystem
I-hydrogenase chimera that makes H2 in vivo†

Andrey Kanygin, a Yuval Milrad,b Chandrasekhar Thummala,ac

Kiera Reifschneider,‡a Patricia Baker,a Pini Marco,b Iftach Yacoby *b and
Kevin E. Redding *a

Harnessing the power of photosynthesis to catalyze novel light-driven redox chemistry requires a way to

intercept electron flow directly from the photosynthetic electron transport chain (PETC). As a proof of concept,

an in vivo fusion of photosystem I (PSI) and algal hydrogenase was created by insertion of the HydA sequence

into the PsaC subunit. The PSI and hydrogenase portions are co-assembled and active in vivo, effectively

creating a new photosystem. Cells expressing only the PSI-hydrogenase chimera make hydrogen at high rates

in a light-dependent fashion for several days. In these engineered cells, photosynthetic electron flow is directed

away from CO2 fixation and towards proton reduction, demonstrating the possibility of driving novel redox

chemistries using electrons from water splitting and the photosynthetic electron transport chain.

Broader context
Re-engineering fundamental processes in photosynthetic microorganisms offers a cheap and renewable platform for creating bio-factories capable of driving difficult
redox transformations, powered only by the sun and using water as the electron source. To maximize the usefulness of such engineered systems, we require a way to
intercept intracellular electron flow at the most reductive potential. We have taken the approach of positioning redox enzymes to directly capture electrons from
photosystem I (PSI) before they enter the general cellular pool. In this paper, we describe a functional fusion of PSI with the hydrogenase enzyme to re-direct electrons
from carbon fixation to proton reduction. This results in a large fraction of the electrons from water oxidation by photosystem II being used to make dihydrogen.
Perhapsmost importantly, we have identified a site in PSI where redox enzymes can be attached to intercept electrons from the photosynthetic electron transport chain.

Introduction

Conversion of algal cells into solar-powered biofactories generating
high-energy productmolecules is a promising avenue for addressing
the ever-increasing global energy demand, due to its environmental
friendliness and cheap replication. Hydrogen (H2) is an attractive
target product for several reasons. It is an important commodity
with over 60 million tons produced globally, but B95% of it is
produced from steam reformation of fossil fuels, thus contri-
buting to the rise of atmospheric CO2.

1 The [FeFe] hydrogenase
enzyme catalyzes the rapid and reversible reduction of protons
(2H++ 2e� # H2). The active site of the enzyme is a metallic
cofactor that is O2-sensitive and must be inserted by maturation

factors.2 These characteristics are shared with many important
redox enzymes, making hydrogenase an ideal test case for
synthetic biology manipulations.

In the thylakoid membranes of the chloroplast, the photo-
synthetic electron transport chain (PETC) performs light-driven
electron transport from water to ferredoxin (Fd) and pumps
protons across the membrane, ultimately providing metabolic
energy (ATP) and low-potential reductant (NADPH) to drive CO2

fixation by the Calvin–Benson–Bassham (CBB) cycle (Fig. 1A).3

Algal hydrogenases are particularly attractive as producers of a
solar fuel due to their structural simplicity (e.g., a single
catalytic domain)4 and ability to couple sunlight to hydrogen
production by using reducing equivalents from the PETC. The
active site of the enzyme consists of a [4Fe–4S] cluster coupled
to a di-iron subsite containing CO and CN� ligands; insertion
of the latter requires three maturase proteins.5 Algal hydro-
genases normally function to dispose of excess reductant under
anoxic conditions, to facilitate fermentative processes in the
dark or the initiation of photosynthetic linear electron flow
during dark-to-light transitions.6 Despite various attempts to
improve hydrogen production in green algae, it has not yet become
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GOVERNMENT OF ANDHRA PRADESH

FOREST DEPARTMENT

 

Rc.no.708/2014/WL-3 Office of the Prl. Chief Conrertotor of rorertr &f   

Doted:05/07/2021 Heod of rorert rorce, Andhro Proderh, Guntur

 

Sri N. Prateep Kumar, I.F.S.,

Prl. Chief Conrertotor of rorertr &f  Horr 

ond

Prl. Chief Conrertotor of rorertr (WL) &f 

Chief Wildlife Worden (rAC)

 

                                            * * * * *

 

Sub:
-
Andhro Proderh rorert Deportment – Wildlife – Permirrion to collect rore
ond unidentifed foro from   Sherhocholom Hillr by the rtof of Deportment
of Botony, Yogi Vemono   Uniterrity, Kodopo, YSR Kodopo Dirtrict reloted to
the project on " Ex-ritu Conrertotion , propogotion, populotion rtructure ond
mycorrhizol orrociotion of  Pterocarpus santalinus  ond itr orrocioted treer
orrembloge"   - Permirrion - Accorded - Regording. 

 

Ref:
-
Arrociote  Proferror,  Deportment  of  Botony,  Yogi  Vemono  Uniterrity,
Kodopo, YSR Dirtrict, doted:17.06.2021.

 

* * * * * *

 

In tiew of the requert mode in the reference cited, permirrion ir hereby
occorded  to  Dr.  A.  Madhusudhana  Reddy, Associate  Professor,
Department of Botany, Yogi Vemana University, Kadapa, YSR Kadapa
District  and team  or  per  Section 28 of  Wildlife  (Protection)  Act,  1972,  for
collection of soil samples and  rare plants seed material for the rereorch 
project "Ex-situ conrertotion, propogotion, populotion rtructure ond mycorrhizol
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orrociotion of Pterocarpus santalinus ond itr orrocioted treer"  for o period from
July, 2021 to June, 2024 rubject to the following conditionr:-

 

The  rereorch  work  will  be  o  colloborotite  project  between  the  rorert
Deportment / Wildlife Wing of APrD ond Uniterrity / Orgonizotion.   

o. Study  rholl  not  coure  dirturbonce  to  the  hobitot,  founo  ond  foro
while corrying out rereorch in thir oreo. 

b. Only  very  minimal  number  of plants  and  seed  material  to
be collected from the Seshachalam Hills  in the  presence of  the
Forest Ofcer. 

c. The Rereorch Teom / Memberr rholl not dirturb peoce ond tronquillity of
the oreo during down, night ond durk. Work will be confned to doy time
only. No night holt ir permitted in Serhocholom Hillr. 

d. Rereorch teom   rholl  intoriobly  inform  the  Ditirionol  rorert  Officer  in
chorge of the oreor of operotion. The nomer of Rereorch teom memberr
rholl be intimoted to concerned officer before rtorting the Rereorch work. 

e. Copy of the feld work / interim report rholl  be rubmitted to the rorert
Deportment once in etery (3) monthr ond  fnol report ofter completion of
the project work without deloy. 

f. The Rereorch Teom / Memberr rholl intoriobly be occomponied by locol
rtof ond to porticipote in the Surteyr ond oworenerr progrommer token
up by  the  rorert  Deportment  during the Project  period  ond eten ofter
wordr on toluntory borir to enrich the knowledge bore. 

g. Complionce of Wildlife (Protection) Act 1972, Biologicol Diterrity Act, 2002
rholl be enrured. Any tiolotion / under there Actr rholl be punirhoble. The
opplicont rholl olro be obide by the conditionr, if ony, impored by the Chief
Conrertotor  of  rorertr,  WLM-Tirupothi,  Conrertotor  of  rorertr,  Kurnool,
Ditirionol  rorert  Officer,  Kodopo ond WLM-Tirupothi. The  teom
memberr rholl opprooch the obote officerr for further inrtructionr in thir
regord. 

h. Any publicotionr / reportr etc., generoted out of the work corried out rholl
rpecify  colloborotite  noture  of  thir  work  ond  Andhro  Proderh  forert
deportment to be  ocknowledged oppropriotely.       

 

                    N Prateep Kumar

                                   Prl. Chief Conrertotor of rorertr &f  Horr

                                                           ond

        Prl. Chief Conrertotor of rorertr (WL) &f 

                                                      Chief Wildlife Worden (rAC)

To

Dr. A. Modhurudhono Reddy, 

File No.EFS02-20051/23/2021-RESEARCH SEC-PCCF



Arrociote Proferror, 

Deportment of Botony, 

Yogi Vemono Uniterrity, 

Kodopo, YSR Dirtrict,

E-moil id:grorrced@yohoo.com. 

 

Copy to the Chief Conrertotor of rorertr, WLM-Tirupothi 

Copy to the Conrertotor of rorertr, Kurnool. 

Copy to the Ditirionol rorert Officerr, Kodopo ond WLM-Tirupothi for informotion
ond necerrory oction. 
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Inclusion of low cost activated carbon for improving hydrogen production 
performance of TiO2 nanoparticles under natural solar light irradiation 

N. Ramesh Reddy a,c, U. Bharagav a, M. Mamatha Kumari a,*, K.K. Cheralathan b, P.K. Ojha d, M. 
V. Shankar a, Sang Woo Joo c,** 

a Nanocatalysis and Solar Fuels Research Laboratory, Department of Materials Science & Nanotechnology, Yogi Vemana University, Kadapa, 516 005, Andhra Pradesh, 
India 
b Department of Chemistry, School of Advanced Sciences, Vellore Institute of Technology (VIT), Vellore, 632014, Tamil Nadu, India 
c School of Mechanical and IT Engineering, Yeungnam University, Gyeongsan, 38541, Republic of Korea 
d Naval Materials Research Laboratory (NMRL), Ambernath, Maharashtra, 421 506, India   

A R T I C L E  I N F O   

Keywords: 
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Natural solar light 
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A B S T R A C T   

Photocatalytic studies are primarily focused on the low cost and sustainable materials with suitable bandgap and 
high surface area. The ultra-fast electron-hole pair recombination and limited light absorptions affect the effi-
ciency of photocatalyst in an adverse manner, which can be unravelled by choosing an efficient combination of 
photocatalysts and suitable co-catalyst/support materials. The present work explores the combination of low-cost 
and high potential activated carbon and TiO2 as a nanocomposite, prepared through a one-pot hydrothermal 
process for hydrogen production under natural solar light irradiation. Among the synthesized photocatalysts, the 
one calcined at 400 ◦C for 2 h was found to be the best catalyst, which exhibited 3.5 times higher hydrogen 
production rate than the pristine TiO2 while tested with water containing 5 vol.% glycerol. Importantly, the 
optimized nanocomposite was also tested for hydrogen production from simulated seawater under same con-
ditions and it showed a hydrogen production rate of 20,383 μmol g− 1 h− 1, which is 2.4 times higher than the 
glycerol water solution. The enhanced hydrogen production rate is due to the reduced bandgap of AC-TiO2 
nanocomposite which offered more light absorption in the visible region compared to the pristine TiO2. The XRD, 
Raman spectroscopy, TEM, and PL analysis were also examined to investigate the crystallinity, purity, 
morphology, and charge carrier recombination life time of the synthesized catalysts.   

1. Introduction 

Hydrogen (H2) production has become viral in the past few decades 
due to its evolution as a future energy source and its capability to replace 
the expensive and polluting fossil fuels [1]. Generally, the production 
methods of H2 can be classified into renewable and non-renewable. 
Photoelectrolysis and photocatalytic water splitting methods utilize 
renewable energy resources, while steam reforming and gasification use 
non-renewable energy resources [2,3]. Among the different methods of 
H2 generation, Photocatalysis is a promising one as it works under 
ambient temperature and pressure, environmentally favourable, and 
utilizes renewable resources i.e solar light and water. 

Among the various photocatalysts, TiO2 has been a promising one for 
the production of H2 due to its band potential for H+/H2 generation, 

abundant in nature, non-toxic , resistivity to corrosion and high chem-
ical/thermal stability [4]. However, TiO2 suffer from two severe dis-
advantages such as i) light absorption limited only in UV region and ii) 
fast recombination of electron-hole pairs [5]. These limitations can 
overcome by modifying TiO2 with various metals [6], non-metals [7] 
and noble metals [8,9]. Recently, carbonaceous materials gained a lot of 
importance as a support/co-catalyst/photosensitizer in composite as a 
result TiO2 can effectively overcome the above-mentioned limitations 
[10]. 

Carbon-based nanostructures such as CNTs, CNHs, CQDs, and gra-
phene etc. in combination with TiO2 are widely used for H2 production 
due to their high surface area, electrical conductivity, and optical 
properties [11,12]. These carbon nanostructures have advantages, but 
they need high processing temperatures and complex instrumental setup 

* Corresponding author. 
** Corresponding author. 
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Monodispersed core/shell nanospheres of ZnS/NiO with enhanced H2 
generation and quantum efficiency at versatile photocatalytic conditions 
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A B S T R A C T   

This investigation is first to elucidate the synthesis of mono-dispersed ZnS/NiO-core/shell nanostructures with a 
uniform thin layer of NiO-shell on the ZnS-nanospheres as a core under controlled thermal treatments. NiO-shell 
thickness varied to 8.2, 12.4, 18.2, and 24.2 nm, while the ZnS-core diameter remained stable about 96 ± 6 nm. 
The crystalline phase and core/shell structure of the materials were confirmed using XRD and HRTEM tech-
niques, respectively. Optical properties through UV–vis spectroscopy analysis revealed the manifestation of red- 
shift in the absorption spectrum of core/shell materials, while the XPS analysis of elements elucidated their stable 
oxidation states in ZnS/NiO core/shell structure. The optimized ZnS/NiO-core/shell showed 1.42 times higher 
H2 generation (162.1 mmol h− 1 g− 1

cat) than the pristine ZnS-core (113.2 mmol h− 1 g− 1
cat), and 64.5 times higher 

than the pristine NiO-shell (2.5 mmol h− 1 g− 1
cat). The quantum efficiency at wavelengths of 420, 365 nm, and 

1.5 G air mass filters was found to be 13.5%, 25.0%, and 45.3%, respectively. Water splitting experiments was 
also performed without addition of any additives, which showed enhanced H2 gas evolution of 1.6 mmol h− 1 

g− 1
cat under the sunlight illumination. Photoelectrochemical measurements revealed the stable photocurrent 

density and minimized charge recombination in the system. The performed recyclability and reusability tests for 
five recycles demonstrated the excellent stability of the developed photocatalysts.   

1. Introduction 

The ever increasing energy demands and environmental concerns 
have accelerated active research efforts on the development of novel 
sustainable green energy technologies (Qu et al., 2020; Zhang et al., 
2021). Since the pioneering demonstration of photoelectrocatalytic 
(PEC) water splitting on photoactive semiconductor-based catalysts by 

Fujishima and Honda (1972), significant efforts have been devoted to 
the development of highly efficient photocatalysts that can harvest solar 
energy and convert it into chemical energy. In this direction, solar water 
splitting into H2 and O2 via heterogeneous catalysis appears to be the 
best alternative for future energy needs. Since H2 is considered a 
clean-energy and high energy-carrier, it is superior to fossil fuels (Yi 
et al., 2018). 
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Solar hydrogen generation from organic substance using earth abundant 
CuS–NiO heterojunction semiconductor photocatalyst 
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A B S T R A C T   

This work explores the critical role of NiO co-catalyst assembled on the surface of a CuS primary photocatalyst 
which effectively improves interface properties and enhances solar-to-hydrogen production by prolonging life-
time of photo-excitons generated at the CuS surface. The nanoscale CuS/NiO heterojunction is formulated using 
hydrothermal and wet impregnation methods. The resultant CuS/NiO composite shows optical absorbance be-
tween 380 and 780 nm region. The type-II energetic structure formed at CuS/NiO heterojunction facilitates rapid 
charge separation and as a result, the CuS/NiO composite exhibits 13 folds higher photocatalytic water splitting 
performance than CuO and NiO. The champion CuO/NiO photocatalyst is first identified by screening the cat-
alysts using a preliminary water splitting test reaction under natural Sunlight irradiation. After the optimization 
of the catalyst, it was further explored for enhanced photocatalytic hydrogen production using different organic 
substances dispersed in water (alcohols, amine and organic acids). The champion CuS/NiO catalyst (CPN-2) 
exhibited the photocatalytic hydrogen production rate of 52.3 mmol h− 1.g− 1

cat in the presence of lactic acid- 
based aqueous electrolyte and, it is superior than hydrogen production rate obtained in the presence of other 
organic substances (triethanolamine, glycerol, ethylene glycol, methanol) tested under identical experimental 
conditions. These results indicate that the energetic structure of CuS/NiO photocatalyst is favorable for photo-
catalytic oxidation or reforming of lactic acid. The oxidation of lactic acid contributes both protons and electrons 
for enhanced hydrogen generation as well as protects CuS from photocorrosion. The modification of surface 
property and energetic structure of CuS photocatalyst by the NiO co-catalyst improves photogenerated charge 
carrier separation and in turn enhances the solar-to-hydrogen generation efficiency. The recyclability tests 
showed the potential of CPN-2 photocatalyst for prolonged photocatalytic hydrogen production while continuous 
supply of lactic acid feedstock is available.   

1. Introduction 

In recent years, there is a growing interest in developing functional 
nanomaterials useful to convert solar energy into electricity, storable 
chemical fuels and chemicals [1]. Utilization of solar light for overall 
water splitting to get H2 and O2 gases has been regarded as the Holy 

Grail. As molecular hydrogen (H2), possessing high energy density has 
tremendous potential as a fuel in rocket engines, fuel-cell driven electric 
cars and hybrid motor vehicles that utilize combined hydrogen-diesel 
power, green hydrogen production has become research topic in en-
ergy sector [2–5]. In contrast to photoelectrochemical water splitting, 
solar photocatalysis in aqueous suspension is a potential approach for 
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A B S T R A C T   

Metal chalcogenides play a vital role in the conversion of solar energy into hydrogen fuel. Hydrogen fuel 
technology can possibly tackle the future energy crises by replacing carbon fuels such as petroleum, diesel and 
kerosene, owning to zero emission carbon-free gas and eco-friendliness. Metal chalcogenides are classified into 
narrow band gap (CdS, Cu2S, Bi2S3, MoS2, CdSe and MoSe2) materials and wide band gap materials (ZnS, ZnSe 
and ZnTe). Composites of these materials are fabricated with different architectures in which core-shell is one of 
the unique composites that drastically improve the photo-excitons separation, where chalcogenides in the core 
can be well protected for sustainable uses. Thus,the core-shell structures promote the design and fabrication of 
composites with the required characteristics. Interestingly, the metal chalcogenides as a core-shell photocatalyst 
can be classified into type-I, reverse type-I, type-II and S-type nanocomposites, which can effectively influence 
and significantly enhance the rate of hydrogen production. In this direction, this review is undertaken to provide 
a comprehensive overview of the advanced preparation processes, properties of metal chalcogenides, and in 
particular, photocatalytic performance of the metal chalcogenides as a core-shell photocatalysts for solar 
hydrogen production.   

1. Introduction 

The current rate of global energy consumption demands the best 
alternative energy sources, especially from the sustainable and renew-
able energy processes, which should be environmentally benign pro-
cesses to produce zero carbon emission compared to fossil fuels (Qiu 
et al., 2016; Grigioni et al., 2016; Rao et al., 2019; Li et al., 2018; Kudo 
and Miseki, 2009; Abdalla et al., 2018; Wang et al., 2013; Han et al., 

2019). Furthermore, hydrogen (H2) is used as a transportable chemical 
fuel in many domestic applications, automobile sectors, industrial and 
rocket fuel (Fig. 1) (Hisatomi et al., 2014; Colmenares and Luque, 2014; 
Kuang et al., 2020; Vanneste et al., 2017; Safari and Dincer, 2020). Over 
the past few decades, the generation of H2 via water splitting using 
photocatalysts has gained much attention, which can be the best alter-
native fuel to replace carbon-based oils like diesel, kerosene, and petrol 
(Sukumaran et al., 2011; Len and Luque, 2014; Xiao and Varma, 2016; 
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a b s t r a c t

The present work demonstrates the effect of cationic, anionic and nonionic surfactants on synthesizing
nanoscale thin TiO2 shell layer deposited onto pre-synthesized CdSe capsule-like nanoparticles. We
benchmark a suitable surfactant for synthesizing homogenous, controlled TiO2 post-deposition onto host
1-D CdSe surface without any complex research tools. Also, we examine the inter-dependence material
property and photocatalytic performance in solar hydrogen generation. The generic synthesis of surfac-
tant controlled nanoscale deposition route can transfer to a wide range of semiconductor materials where
the surface functional property plays a crucial role.

� 2021 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen generation through solar-driven photocatalysts is a
cleaner and renewable energy process having great potential for
partial fulfilment of electricity for domestic and automobile appli-
cations [1]. Though several photocatalysts have been reported with
improved efficiency industrial development of solar hydrogen fuel
is still limited due to: (a) efficiency of the process is much lower
than the benchmark (10%) (b) photocatalyst becomes unstable
for continuous usage especially in an aqueous medium. There is
a necessity for improving solar-to-hydrogen fuel conversion effi-
ciency and photocatalyst stability to overcome the above-said
issues. The TiO2 is well-reported for its visible-light transparency
up to 15 nm thickness, excellent charge transfer (electron and
hole) characteristics and reinforce the catalyst stability for pro-
longed usage [2,3]. Owing to its chemical stability at a wide pH

range, it is preferable to use it as a protecting layer to different
photocatalysts. Among the coating routes for synthesizing nanos-
cale TiO2, a wet chemical approach is economical and avoids com-
plicated synthesis steps. But controlling the particle size and
thickness of the film by chemical approach is challenging to man-
age. An uncontrolled agglomerated TiO2 deposition might lower
the optical transparency, blocking the light irradiation to host the
photocatalyst surface and charge trapping, which affects the pho-
tocatalytic performance [4]. In this context, surfactant-assisted
wet chemical synthesis can maintain the nanoscale materials coat-
ing on the host substrate [5]. But, keeping the compatibility of sur-
face charge between the surfactant and guest layer precursor is an
important pre-requisite.

CdSe is a promising photoactive material due to its flexibility in
tuning the bandgap energy concerning particle size [6]. Though
CdSe exhibits effective photocatalytic hydrogen generation, a
photo corrosion process under extended light irradiation and
photo charge carriers trapping at surface states affect photocat-
alytic performance. Therefore, protecting the CdSe surface, and
accelerating the charge transfer is a challenge. This work explores

https://doi.org/10.1016/j.matlet.2021.130025
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A B S T R A C T   

Lignocellulosic biomass has become an important sustainable resource for fuels, chemicals and energy. It is an 
attractive source for alternative fuels and green chemicals because it is non-edible and widely available in the 
planet in huge volumes. The use of biomass as starting material to produce fuels and chemicals leads to closed 
carbon cycle and promotes circular economy. Although there are many thermo-chemical methods such as py-
rolysis, liquefaction and gasification close at hand for processing lignocellulosic biomass and transforming the 
derived compounds into valuable chemicals and fuels, the photocatalytic method is more advantageous as it 
utilizes light and ambient conditions for reforming the said compounds. Appraisal of recent literature indicates a 
variety of photocatalytic systems involving different catalysts, reactors and conditions studied for this purpose. 
This article reviews the recent developments on the photocatalytic oxidation of biomass and its derivatives into 
value-added chemicals. The nature of the biomass and derived molecules, nature of the photocatalysts, efficiency 
of the photocatalysts in terms of conversion and selectivity, influence of reaction conditions and light sources, 
effect of additives and mechanistic pathways are discussed. Importance has been given also to discuss the 
complementary technologies that could be coupled with photocatalysis for better conversion of biomass and 
biomass-derived molecules to value-added chemicals. A summary of these aspects, conclusions and future 
prospects are given in the end.   

1. Introduction 

The ever-increasing consumption of fossil-fuels leads to a number of 
issues such as rising greenhouse gas emissions, worsening of global 
climate, exhaustion of fossil fuels, economic losses and environmental 
crisis. In order to address these negative consequences, alternative 
renewable- and sustainable-energy sources are being explored. Among 
the renewable resources, biomass is the only material containing carbon 

that can be converted into a variety of useful solid, liquid and gaseous 
products, and additionally into energy in the form of heat and electricity 
(Zuo et al., 2012). In this connection, the conversion of biomass and its 
derivatives into value-added chemicals and fuels has attracted the global 
interest, as it could diminish the mankind’s dependence on fossil fuels 
(Chakthranont et al., 2020). The processing methods of biomass and 
their components include steam gasification, pyrolysis, supercritical and 
hydrothermal conversions, and catalytic, electrochemical, enzymatic, 
biological and photocatalytic degradation processes (Lekelefac and 
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A B S T R A C T   

TiO2 is the extensively investigated materials for various photocatalytic reforming and water splitting. Superior 
stability towards photo-corrosion, appropriate band energy levels driving most photocatalytic reactions, and low- 
cost production are promising features of TiO2. However, a primary limitation with TiO2 is that it only absorbs 
ultraviolet light constituting less than 5% of the solar spectrum. In this work, we use a facile, low temperature, 
vacuum-free, and solution-route synthesis approach to rationally induce oxygen vacancy/Ti3+ defects to reduce 
the bandgap of TiO2 to 2.0 eV (3.2 eV for pristine white TiO2) to form brown TiO2 with enhanced visible-light 
absorption. The mechanism of defect formation is systematically deduced from the detailed investigation 
through Raman spectroscopy, spin-sensitive technique, high-resolution microscopy, and surface analysis. The 
brown TiO2 yielded 8.1 mmol h− 1g− 1

cat H2 evolution without any cocatalyst under natural sunlight, which is a 
factor two higher than pristine (white) TiO2. To the best of our knowledge, the observed H2 evolution rate is the 
highest reported value under natural sunlight for any TiO2-based photocatalyst. This work demonstrates the 
applicability of brown TiO2 to fabricate large-area photocatalyst panels for the cost-effective production of solar 
H2.   

1. Introduction 

With ever-increasing global energy demand, there is an urgent need 
to explore alternative renewable energy resources, such as H2. By uti-
lizing fuel cells, H2 can be efficiently used to produce energy and elec-
tricity. H2 is also one of the essential raw materials in producing various 
chemicals, hydrocarbons, and ammonia, etc. Large-scale and cost- 
effective H2 production is predicted to play a key role in the H2-based 
economy. However, H2 is currently produced primarily from petroleum- 
and coal-based sources at stringent reaction conditions requiring high 
temperature, releasing harmful carbon-based gaseous products to 
pollute the environment. To this end, H2 production via water splitting 
using a photocatalyst to absorb abundant sunlight forms one of the 
promising approaches. Several novel materials such as metal sulfides, 
metal nitrides, and metal oxides as a photocatalyst for H2 evolution are 

developed over the decade [1,2]. Among these materials, TiO2 is 
extensively used for various photocatalytic reforming processes and H2 
evolution reactions. Owing to its low cost, enhanced stability under 
operational conditions, high chemical inertness, and non-toxicity is 
particularly encouraging. The conduction band (CB) and valence band 
(VB) energy levels position straddle with the thermodynamics driving 
energy required to drive various photocatalytic reactions, including CO2 
reduction. However, TiO2 is capable of absorbing ultraviolet (UV) light 
due to its bandgap of 3.2 eV, which can only harvest less than 5% of the 
solar spectrum. For enhanced solar H2 generation and practical appli-
cation of this technology involving TiO2, a photocatalyst needs to absorb 
visible light. 

To extend the optical absorption of TiO2 to the visible region, several 
groups have attempted doping TiO2 with metals and non-metals such as 
nitrogen, carbon, chromium, sulfur, etc. [3,4] This long-standing 
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A B S T R A C T   

In this work, an attempt has been made to fabricate multifunctional composite photocatalysts by coupling sea 
urchin shaped ZnO with MoS2 and polyaniline (PANI) sheets, and a significant improvement in photocatalytic 
activity was perceived with composites in comparison to pristine components. It was found that the ternary 
ZnO–MoS2-PANI photocatalyst showed excellent adsorptive decomposition of organic pollutants natural sunlight 
irradiation. In addition, enhanced photocatalytic hydrogen evolution was also evidenced, which revealed the 
multifunctional nature of the photocatalysts. In the case of organic pollutant decomposition, the presence of 
MoS2 in ZnO–MoS2-PANI offers abundant catalytic active sites which result in adsorption of the pollutants and 
boost the photocatalytic activity. While for the photocatalytic hydrogen evolution, the binary ZnO-PANI com-
posite showed the utmost activity in comparison to the pristine components and ZnO–MoS2-PANI, which is due 
to the fact that the higher loading of MoS2 in the composite increases the number of S atoms on the basal planes, 
which are inactive for H2 evolution, and hence results in decreased photocatalytic activity. The results discussed 
in this work may pave the approach for the design and development of ZnO based multifunctional materials for 
diverse photocatalytic applications.   

1. Introduction 

The environmental pollution problem is a great threat to human 
health and is increasing by every passing year due to the bursting 
worldwide population and industrial growth. Mainly, water pollution is 
a foremost issue, which arises because of the direct release of untreated 
wastewater containing harmful materials, organic pollutants and phar-
maceuticals in the water reservoirs. In addition to this, fossil fuel com-
bustion and their depletion lead to serious environmental issues such as 
global warming because of CO2 emissions and the energy crisis as well 
[1]. Therefore, the development of new techniques for the treatment of 
wastewater and energy generation is vital to sustain the environmental 
balance on the earth. Among the few developing technologies, photo-
catalysis using semiconductor materials has gained much importance 

due to its environmentally benign nature. To design and to fabricate 
efficient semiconductor photocatalysts, some pre-requirements need to 
be fulfilled: (i) desired energy band gap to absorb a wider region of solar 
energy; (ii) high stability and reusability; (iii) suitable morphology; (iv) 
large surface area; (v) proper position of the valence band (VB) and 
conduction band (CB) to achieve the desired reaction [2–4]. Specifically, 
for hydrogen evolution reaction, the value for the CB required to be 
more negative in comparison to the H+/H2 reduction potential (0 V vs 
the normal hydrogen electrode (NHE)) and value for the VB maxima 
should possess more positive value in comparison to reduction potential 
of O2/H2O(1.23 V vs NHE) [5]. In this regard, the highly negative and 
positive values of CB minima and VB maxima ensures the high redox 
power of the photogenerated charges, which can boost both H2 evolu-
tion and organic pollutant decomposition reactions, provided the band 
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A B S T R A C T   

Sustainable valorization of industrial and solid wastes by utilizing them as feedstock to generate H2 via the 
photocatalytic reforming (PR) process holds great promise. It can also be an effective method to treat solid waste 
that otherwise would require tedious and expensive processes. This approach has the potential to offer energy 
solutions and form value-added chemicals. In this direction, developing photocatalysts and tuning their prop-
erties play an essential role in advancing the H2 generation efficiency. This Review article explores the appli-
cation of 2D photocatalysts to generate H2 via PR of industrial waste (H2S) and solid waste, such as plastic and 
biomass. Despite having favorable optoelectronic properties, 2D photocatalysts are not widely employed for the 
PR process. The latest progress in employing 2D photocatalysts to realize efficient H2 evolution from biomass, 
plastic, and industrial waste such as H2S is detailed in this Review. A correlation between the properties of 2D 
photocatalysts with H2 evolution rate is discussed. We also emphasize understanding the mechanism involved in 
the PR process and the importance of 2D photocatalysts design. Such rational insight aids in further enhancing 
the H2 generation efficiency by effectively using solid/industrial waste as a feedstock.   

1. Introduction 

The future of the economy/industries and energy solutions will be 
primarily dependent on the sustainable production of H2. H2 is a primary 
feedstock material for various industries that produce essential chem-
icals/products like hydrocarbons, ammonia, glass, to mention a few. 
(Rosen and Koohi-Fayegh, 2016). By passing H2 into a fuel cell, it is 
possible to generate energy as heat and/or electricity, which can be used 
for transportation and other applications. Thus, the immense potential 
of H2 as a high-density fuel, as an energy producer, and as a feedstock to 
chemical industries is evident (Wallace and Ward, 1983; Jain, 2009; 
Balat, 2008; Staffell et al., 2019). However, ≈95% of the currently 

available H2 is made from fossil fuels via the steam reforming process 
and/or gasification processes. This method is expensive and requires 
stringent reaction conditions (high temperature >600 ◦C) that add to the 
production cost (García, 2015). Besides, it releases harmful 
carbon-based byproducts, which further pollute the environment. Thus, 
sustainable, scalable, and cost-effective H2 production using renewable 
energy is critical, which will expedite the contribution from H2 as an 
energy provider/carrier. 

There has been significant progress in H2 generation during the last 
decade via photocatalytic splitting of water (Ramesh Reddy et al., 2021; 
Babu et al., 2021; Kumar et al., 2020a; Manchala et al., 2021). Recently, 
≈100 cm2 photocatalyst panels comprising ultraviolet-light absorbing 
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