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It has given us immense pleasure to be associated with this special issue of SMC bulletin on “Energy Materials”. 
Research on Energy Materials is a topic of enormous importance in the present energy scenario as future energy systems 
must provide a secure, sustainable, and environmentally acceptable energy supply. The need for sustainable and 
environment friendly clean energy system arises primarily due to two reasons. Firstly, in future the world will be facing 
a decline in production of conventional oil due to its limited resources, even though there will be a spurt in demand 
and secondly the serious Greenhouse Gas Emission (GhG) emissions  accompanying their combustion. Thus, there is a 
growing scientific interest on investigations of alternate energy sources viz. solar energy, wind energy, nuclear energy, 
bioenergy as generation of power from these sources involve low carbon dioxide emissions and provide sustainable 
energy solutions.

In the current SMC bulletin we present contributions of studies on materials used in various forms of energy 
harvesting, conversion and storage. Topics ranging from material research on solar cells, bioenergy, Li-air batteries, 
photocatalytic and thermochemical hydrogen generation and thermoelectrics are included. 

The editors sincerely thank all authors from different institutes for sharing their knowledge, expertise and scientific 
data in form of contributed articles in the present form. The articles will be beneficial to all those who are interested in 
materials solutions to the energy problem. 

Guest Editorial

Kaustava Bhattacharyya Atindra Mohan Banerjee
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From the desks of the President and Secretary 

Dear Fellow members and Readers, 
Greetings from the Executive Council of SMC. 

At the outset wish you all a happy & Prosperous New Year - 2016.
Looking back at the activities in 2015, we had a very successful meeting NWMC-2015 (OPT - MAT) to celebrate 

the International Year of Light ( IYL 2015 ) during November 20-21, 2015. We organized a lecture under SMC Lecture 
series by Prof. Dr. Rainer Niewa, Institute for Inorganic Chemistry, University of Stuttgart, Germany titled “Chemistry 
of Ammonothermal Crystal Growth of Nitride Semiconductor Materials” on 7th November. We have published two 
theme based issues of SMC Bulletin on “High Purity Materials” and “Optical Materials”. The present issue, the final 
one this year is based on the theme “Energy Materials”, considering the thirst for new and innovative materials that 
can harness available energy sources. 

As the worldwide debate continues, it is evident that managing energy use wisely in the 21st century will call for 
balancing three essential, but quite different, concerns: Resources, Responsibility and Security. Eventually we must 
devise ways to keep resources and consumption in sustainable equilibrium. The combustion of fossil fuels releases 
carbon dioxide into the atmosphere, and most climate scientists believe that the build-up of those gases is the primary 
cause of global warming in recent decades. Responsible stewardship of our planet demands that we find new ways to 
minimize or eliminate those effects.

Meeting all three of these energy concerns will be a long-term process with unknown outcomes. There is growing 
technical and financial interest in renewable and sustainable sources - such as advanced nuclear power, wind power, 
solar power, and certain biofuels - and in technologies that minimize carbon dioxide emissions and capture the gases in 
storage areas where they cannot reach the atmosphere. Much of the worldwide demand will be in developing nations 
- most notably China and India, which between them contain more than one-third of the planet’s population - creating 
unprecedented competition for limited conventional resources.

Energy from renewable sources and solar power are some of the alternative sources that could meet the increased 
energy demands. If one can find materials that can efficiently harvest even one percent of the solar radiation falling on 
the planet earth will be sufficient to meet all our current and future demands. Developing different approaches and 
materials in harnessing solar power such as semiconducting materials, thin films, dye sensitized solar photovoltaics, 
quantum dots, solar hydrogen production etc remain an active area of research. Microbial fuel cells that can produce 
electrical energy through anaerobic oxidation of renewable organic matter provide an attractive route.  

Development of efficient energy storage systems and materials for rechargeable batteries are also of great relevance in 
terms of energy materials. Mimicking the natural photosynthesis process by artificial molecular systems or nanostructured 
materials and photocatalytic production of hydrogen from water splitting are being explored as future sources. The list 
is long and is not possible to cover all of them in a single issue of the bulletin. Finally, we believe no one can afford to 
remain uninformed about the energy future because we all have a stake in its outcome.

Our Guest Editors, Dr. Kaustav Bhattacharya and Dr. Atindra Banerjee have taken keen interest to bring out articles 
that span some of the relevant areas. We put on record our sincere thanks and appreciation to the Guest Editors as well 
as the contributing authors for the timely publication of the issue. We express our gratitude to each and every members 
of SMC for their unstinted support and cooperation in the growth of the Society. happy reading !!!

Dr. Sisir K Sarkar 
President

Dr. Sisir K Sarkar 
President

Dr. P. A. Hassan 
Secretary

Dr. P. A. Hassan 
Secretary
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Bioenergy: A Review of Microbial Fuel Cells and the Nisargruna 
Biogas Technology

Reemadevi Singh, S. B. Ghosh* and S. P. Kale
Nuclear Agriculture & Biotechnology Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085. 

Email: sbghosh@barc.gov.in

Introduction
The demand for energy, especially for liquid fuels is 

ever increasing. Exponentially increasing use of fossil fuel 
to meet this demand has undeniably damaged the world 
environment to a large extent. The need of the hour is to 
produce energy from renewable resources without a net 
carbon dioxide emission (Lovely, 2006, Davis and higson, 
2007). The advancements in the field of bioenergy i.e. 
renewable energy harnessed from biological sources, have 
great potential to provide relief to this energy conundrum. 
One such advancement is microbial fuel cells (MFCs) that 
convert the energy stored in chemical bonds in organic 
compounds to electrical energy. This is achieved through 
the catalytic reactions by microorganisms. Another 
important possibility is to convert organic compounds, 
including regular nutrient molecules like carbohydrate, 
proteins and fat to methane by anaerobic electron transport 
chain. Methane is a highly combustible molecule and can 
be considered a green energy when it is produced in a 
carbon neutral manner.

History of Microbial Fuel Cell
The concept of Microbial Fuel Cell (MFC) is derived 

from the natural process of cellular respiration. Cellular 
respiration is a collection of metabolic reactions, resulting 
in an overall exothermic redox reaction, which cells use 
to convert nutrients into common energy currency i.e. 
adenosine triphosphate (ATP) that fuels further cellular 
activity. All nutrient molecules (carbohydrates, proteins 
and lipids) while undergoing catabolic reactions, give 
rise to NADh as the major “energy” molecule along with 
small molecules including CO2. Such catabolic processes 
mostly happen in the cytoplasm of all living cells. The 
NADh thus generated can donate its proton to a membrane 
bound proton acceptor which in turn can donate the newly 
acquired proton to the next member in a series of proton 
acceptor-donor combination spanning the width of the 
membrane. As a result of this downhill journey of the 
proton along an energy gradient the proton is released to 
the other side of the membrane creating a proton gradient 
across the membrane. When proton starts leaking from the 
proton rich side of the membrane to the proton deficient 
side through a proton pump, ATP is synthesized as ATP-
synthase enzyme forms a part of the proton pump (Fig.1a). 

The earliest instance of demonstration of the MFC concept 
was by M. C. Potter, botany professor at the University 
of Durham, in 1910 (Ieropoulus, 2005). he generated 
electrical energy from living cultures of Escherichia coli 
and Saccharomyces by using platinum electrodes (Potter, 
1912). This work didn’t receive much attention until it was 
discovered that mediators can be used to greatly enhance 
power output.

A classical MFC in general (Du et al. 2007) consist 
of an anodic and cathodic chamber divided by a proton 
(cation) selective membrane (Fig.1b). Microbes in the anodic 
compartment forms a biofilm on the surface of the electrode 
generating protons and electrons as the organic substrate is 
converted into energy. Microbes use and store this energy 
for their growth. While the electrons are transported from 
the anode to the cathode through an external circuit (wire) 
resulting measurable electric current, protons pass through 
the membrane, enter the cathode compartment and combine 
with oxygen to form water (Logan et al. 2006). A one 
compartment MFC eliminates the need for the cathodic 
chamber by exposing the cathode directly to the air. A 
typical two-compartment MFC has an anodic chamber and 
a cathodic chamber connected by a PEM (Proton exchange 
membrane), or sometimes a salt bridge, to allow protons to 
move across to the cathode while blocking the diffusion of 
oxygen in to the anode (Du et al. 2007).
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The basic underlying challenge is to collect the electrons 
as the bacteria respire in the anodic chamber. Transferring 
electrons directly to the anode is not possible unless the 
species are anodophilic. Majority of the microbes have 
non-conductive lipid membranes, with peptidoglycans 
and lipopolysaccharides that hinder the direct transfer of 
electrons to the anode. Electron mediators accelerate the 
transfer of electrons from bacterial membrane to the anode 
(Davis and higson, 2007). Instead of oxygen, an inorganic 
mediator functions as the terminal electron accepter in the 
microbial electron transport chain. The mediator crosses 
the microbial membrane, captures electrons and exits 
the membrane in a reduced “electron-full” state. These 
electrons are released to the anode and the mediator 
becomes oxidized again in the bulk solution in the anodic 
chamber. Therefore good mediators should be able to 
grab electrons from the electron carriers of the electron 
transport chains, cross the cell membrane easily and 
deposit the electron to the anode (Ieropolus et al, 2005). It 
should also possess a high electrode reaction rate and have 
a good solubility in the anolyte without being toxic to the 
microbes. Some of the  exogenous synthetic mediators that 
have been tried by researchers are dyes and metallorganics 
such as methylene blue (MB), neutral red (NR), thionine,  
meldola’s blue (MelB), 2-hydroxy-1,4 -naphthoquinone 
(hNQ), Fe(III)EDTA and methyl violagen (Park and 
Zeikus, 2000; Tokuji and Kenji, 2003; Veag and Fernandez, 
1987; Allen and Bennetto, 1993; Ieropolus et al., 2005). 
however these compounds are toxic and unstable during 
a prolonged period of usage, making their applications in 
MFCs limited. Some microbes can use naturally occurring 
compounds as mediators, such as microbial metabolites, 
called endogenous mediators.  Endogenous mediators like 
humic acid, anthraquinone and the oxyanions of suplhur 
have the ability to transfer electrons from inside the cell 
membrane to the anode.

Exoelectrogens in Microbial Fuel Cells
Research by B. M. Kim et al in 1999, and Chaudhari 

and Lovely in 2003 provided a major breakthrough in the 
field in the form of mediator less MFCs. Such MFCs use 
exoelectrogens i.e. microbes that can transfer electrons 
directly to the anode. Exoelectrogens form a biofilm 
on the anode surface and transfer electrons directly by 
conductance through the membrane. Shewanella putrefaciens 
(Kim et al., 2002), Geobacteracea sulfurreducens (Bond and 
Lovely, 2003), Geobacter metallireducens (Min et al., 2005) 
and Rhodoferax ferrireducens (Chaudhari and Lovely, 
2003) are some of the exoelectrogens used in the manner 
described above. In case of such anodic exoelectrogens, 
the final electron acceptors can be strong oxidizing agents 
in aqueous solutions or solid conductors. Two commonly 

used acceptors are iron compounds (Fe(III) oxides) and 
manganese compounds (Mn(III/IV) oxides) (hartshore 
R. et al., 2009; Baron D., 2009; Shi L. et al., 2006). Biofilms 
can also form on the cathode surface, affecting electron 
transfer between microbes and electrodes. For Thiobacillus 
ferrooxidans suspended in a catholyte in an MFC system that 
contains microbes in both anodic and cathodic chambers, 
the cathode serves as electron donor to the bacteria in 
cathode chamber. G. metallireducens and G. sulfurreducens 
(Gregory et al., 2004) or certain seawater biofilms 
(Bergel et al., 2005) can act as final electron acceptors by 
grabbing electrons from cathode. Mediator-less MFCs 
are advantageous in wastewater treatment and power 
generation since technologically it is easier to operate and 
the cost of mediators is eliminated. (Ieropolus et al., 2005). 
Marine sediment, soil, wastewater, freshwater sediment 
and activated sludge are rich sources for exoelectrogens 
(Niessen et al., 2006, Zhang et al., 2006). 

The exact process in which cells reduce extracellular 
acceptors varies among exoelectrogens. however, research 
has shown the involvement of an oxidoreductase pathway 
that transports electrons to the surface of the cell membrane 
exposed to the external environment (hartshore R. et al., 
2009). The pathway splits off from the ETC pathway after 
Complex III (cytochrome bc1 complex) is oxidized by 
c-type cytochromes, which moves electron towards the 
extracellular face located in outermost membrane. This 
is in contrast to typical ETC pathway, in which it moves 
towards Complex IV (cytochrome c oxidase). Examples 
of such c-type chromosomes are MtrC and OmcA which 
are found in the outer membrane of proteobacterium 
Shewanella oniedensis MR-1 (hartshore R. et al., 2009; Baron 
D., 2009; Shi L. et al., 2006; Flynn J. et al., 2010; Lovely D., 
2008).

MFC as Bio hydrogen producer
In the present day context of global warming and 

green house effect of many industrial emissions including 
emissions from thermal power stations, hydrogen is 
considered the cleanest fuel possible. While burning in air 
it combines with oxygen and produces water and energy 
without any emission. Calorific value of hydrogen (approx 
28000 KCal/Kg) is much higher than common fuel gasses 
e.g 12000 KCal/Kg of Methane or 11000 KCal/Kg of LPG. 
While electricity cannot be stored effectively for a long 
time, hydrogen can be stored for a long time and can be 
transported through pipeline over a long distance. Because 
of these properties hydrogen is being considered as the 
fuel of future. MFCs can be modified to produce hydrogen 
instead of electricity. In a typical MFC, protons generated by 
the anodic reaction, travel towards the cathode to combine 
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with oxygen to form water. As an alternative concept, the 
migrated protons in the cathodic chamber may combine 
with electrons reaching the cathode and thereby produce 
hydrogen. however, hydrogen generation from the 
protons and the electrons produced by the metabolism of 
microbes in an MFC is thermodynamically unfavorable. To 
overcome this thermodynamic barrier an external potential 
can be applied to increase the cathode potential in an MFC 
circuit  enabling hydrogen production (Liu et al. 2005). In 
this mode, protons and electrons produced by the anodic 
reaction are combined at the cathode to form hydrogen. 
The required external potential for an MFC is theoretically 
110mV, much lower than the 1210mV required for direct 
electrolysis of water at neutral ph because some energy 
comes from the biomass oxidation process in the anodic 
chamber. MFCs can potentially produce about 8-9mol h2/
mol  glucose compared to the typical 4mol h2/mol glucose 
achieved in conventional fermentation (Liu et al.,2005). In 
bio hydrogen production using MFCs, oxygen is no longer 
needed in the cathodic chamber. Since oxygen leak to the 
anodic chamber is not a concern, h2 generation using MFC 
is more efficient.

MFC for waste water treatment 
Municipal wastewater contains a multitude of organic 

compounds that can be used as fuel for MFCs. (habermann 
and Pommer,1991). The amount of power generated by 
MFCs in the wastewater treatment process can reduce the 
electricity needed to halve in a conventional treatment 
process that consumes a lot of electric power while aerating 
activated sludges (Holzman, 2005). Furthermore, organic 
molecules such as acetate, propionate, butyrate can be 
thoroughly broken down to CO2 and h2O. A consortium 
can provide great result as it will be able to degrade variety 
of organics. MFCs using certain microbes have a special 
ability to remove sulfides as required in waste water 
treatment (Rabaey et al., 2006). Continuous flow, single 
compartment membrane-less MFCs are favored for waste 
water treatment due to ease in scale-up in such architecture 
compared to two compartment batch process (Jang et al., 
2004; Moon et al., 2005; he et al., 2005). Sanitary wastes, 
food processing wastewater, swine wastewater and corn 
stover are all great biomass sources for MFCs because they 
are rich in organic matters (Suzukietal.,1978; Liu et al.,2004; 
Oh and Logan, 2005; Minetal., 2005; Zuoetal.,2006).

Use of MFC in Biogas plant

Biogas plant
The anaerobic fermentation of biomass in the presence 

of water produces Biogas. It is a mixture of methane 
(Ch4), carbon dioxide (CO2), hydrogen (h2) and hydrogen 

sulphide (h2S). The chief constituent of biogas is methane 
and the content varies from 50% to 80% depending on the 
feed and techonlogy used for biogas generation.  While 
initiating a biogas plant cattle dung is mixed with an 
equal quantity of water to form slurry. This slurry is then 
fed into the digester through an inlet chamber. When the 
digester is more than half but less than three fourth filled, 
the introduction of slurry is stopped and the plant is left 
undisturbed for about two months. This is the way a 
conventional biogas plant is initiated and anaerobic culture 
is developed in situ. During the first couple of weeks of 
this period the anaerobic bacteria present in the cattle 
dung multiplies and establishes itself in the main digester 
chamber. Subsequently it decomposes  or ferments the 
biomass in the presence of water. As a result of anaerobic 
fermentation, biogas is formed, which starts accumulating 
in the dome of the digester. As more and more biogas 
starts collecting, the pressure exerted by the biogas forces 
the spent slurry into the outlet chamber. This pressure 
induced slurry movement is facilitated by gravitational 
gradient or level difference between the inlet and out outlet 
of the main digester. From the outlet chamber, the spent 
slurry overflows into a series of manure tanks depending 
on the usage pattern of the spent slurry. The spent slurry 
can be manually removed from the manure tank and 
used directly as manure for crop plants or can be allowed 
to dry in a series of manure pits for a future use. The gas 
valve connected to a system of pipelines is opened when a 
supply of biogas is required. After the initial establishment 
of anaerobic culture, to obtain a continuous supply of 
biogas, a functioning plant can be fed continuously with the 
prepared slurry. The maximum amount of cattle manure 
that can be fed into the system is a function of the volume 
of the main digester.

Various examples of MFCs powered by waste used 
in biogas plant

Cow dung, rice washing water, drain water and slurry 
can be used in microbial fuel cells to generate electricity 
(Pranav K Barua., 2010). Wang et al (2009) used domestic 
waste water of concentration of 600mg/L for his two 
chambered mediator less MFC having graphite electrodes. 
The device generated a current density of 0.06 mW/cm2. 
Oh and Logan (2005) used food processing waste water 
for a two chamber MFC, having graphite electrode and 
generated a current density of 0.05 mW/cm2.  Lee et al. 
(2011) made two different MFCs to treat solid waste that 
includes cow manure and was run in the batch mode. One 
was of single compartment type and other one of twin 
compartment type. They produced electricity at rates of 
9.2 and 24.3 mW/kg of dry manure in single compartment 
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type and twin compartment type respectively. Electrodes 
used had 20% platinum catalyst and Nafion 117 was used 
as proton exchange membrane.

It can be concluded that from a biogas plant of higher 
capacity, sufficient amount of electricity can be generated 
which can be used for various small domestic needs. With 
modification in the electrode design and the biogas plant 
design, there is a good prospect of tapping unconventional 
energy source from biogas plant. By including certain 
natural organic waste in the slurry of biogas plant, there 
is possibility of enhancing the voltage output, which 
would add to the economy of biogas plant and increase the 
fertilizer property of exhaust slurry. Studies of the anode 
bio-film community composition of MFC would throw the 
door open for exploration of efficient way of harvesting 
electrical energy from the biogas plant as a new method for 
renewable and sustainable energy production.  The waste 
generated from MFC can further be processed to produce 
manure and white coal.  (Dinesh P. J., Alam J. 2013)

Nisargruna Biogas technology
Nisargruna, a Sanskrit word, which literally means ‘the 

loan of Nature’ is a solid waste management technology 
developed at Bhabha Atomic Research Centre, Mumbai, 
India for treating all sorts of biodegradable wastes 
including kitchen wastes. As opposed to a single anaerobic 
digester based conventional biogas plant, primarily 
meant for cattle dung as described above, Nisargruna 
introduced many concepts and differentiating factors that 
made this biogas technology universally amenable to all 
biodegradable wastes. It has two digesters – an aerobic 
digester is followed by an anaerobic digester. The aerobic 
digestion is carried out by a group of thermophilic bacteria 
and it is enabled by hot water addition using a solar water 
heater. It also has a provision for water recycling. Effluent 
water can be reused for waste processing (Shubhada N., 
Ph.D. thesis 2008).

In Nisargruna biogas process the waste is first 
homogenized in an industrial mixer grinder by addition 
of water at 1:2 ratio w/w. Manual separation of impurities 
like glass, metals and plastics is done prior to grinding 
of waste. Homogenization reduces the particle size of 
material and thus facilitates degradation by bacteria. The 
slurry is then passed on to the aerobic pre-digester tank. 
hot water at 65 °C heated using solar energy, is added 
in the ratio 1:2 to enable thermophilic predigestion and 
also to obtain optimum dilution  and flow ability of the 
slurry and hence achieve easy operation. Wastes with 
small particle size and high moisture content are best 
suited for fermentation. 

Conventional anaerobic digestion process takes place 
in three steps. In the first step hydrolysis and acidification 
takes place. During this step, biopolymers that are mostly 
water-insoluble, such as carbohydrates, proteins and 
lipids are decomposed by extracellular enzymes produced 
by the microorganisms to water soluble monomers [e.g. 
monosaccharides, amino acids, glycerol, fatty acids etc.] 
and thus made accessible to further degradation. The 
products of hydrolysis are converted into mixture of 
volatile fatty acids like acetic acid, formic acid, butyric acid 
and propionic acid, alcohols, hydrogen and carbon dioxide. 
In the second step acetogenesis occurs. In this process the 
anaerobic acetogenic bacteria convert the volatile fatty 
acids other than acetic acid and alcohol into acetic acid, 
hydrogen and carbon dioxide. In the final degradation 
step  or methanogenesis, methanogenic bacteria utilize 
acetic acid, formic acid, CO2   and h2 to produce methane 
rich biogas. 

The above three steps in conversion of biodegradable 
organic material to Ch

4 
and CO

2 
are facilitated by 

three major groups of bacteria. The first group is of the 
fermentative bacteria which break down the complex 
biopolymers into respective soluble monomers through 
hydrolysis by extracellular enzymes. The hydrolyzed 
products are subsequently fermented intracellularly 
to short-chain fatty acids like- acetic acid, formic acid, 
propionic acid and butyric acid. Other products of the 
fermentation process are alcohols, CO

2 
and h

2
. hydrolysis 

of carbohydrates is predominantly done by genera like-
Bacteroides, Butyrivibrio, Ruminicoccus, Acetivibrio Clostridium 
and Fibrobacter. hydrolysis of lipids is carried out more 
efficiently by Clostridium species & Micrococcu. Whiles 
organisms belonging to the genera Bacteroides, Butyrivibrio, 
Clostridium, Fusobacterium, Selenomonas, and Streptococcus in 
the consortium improves proteins hydrolysis. The second 
group of bacteria is the acetogenic bacteria. The short-chain 
fatty acids that are longer than acetate are oxidized by 
the hydrogen producing acetogenic bacteria to h

2
, acetic 

acid and CO
2
. This acetogenesis and dehydrogenation 

is performed by-Syntrophobacter wolinii, a propionate 
decomposer Sytrophomonos wolfei, a butyrate decomposer  
Clostridium formicoaceticum, Acetobacterium woodii and 
Acetivibrio cellulyticus. (Shubhada N., Ph.D. thesis 2008) The 
third and last group consist of, the methanogenic bacteria. 
The end products from the fermenting and the acetogenic 
bacteria (formic acid, acetic acid, CO

2
and h

2
) are converted 

to Ch
4 

and CO
2 

by the methane-producing bacteria 
commonly known as methanogens. The methanogens 
belong to a large and diverse group who are the members 
of domain- Archaebacteria. They are strict anaerobes 
requiring redox potential less than -330mVand form large 
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quantities of methane as the major product of their energy 
metabolism.  Methanogens are commonly found in anoxic 
environments like-sediments of ponds, lakes, rivers and 
sea, geothermal springs, marshy swamps, intestinal tracts 
of animals, landfills, dental caries and sub gingival plaques 
and anaerobic digesters, where electron acceptors such as 
O2, NO3, Fe3+, and SO4

2- are limiting.

In Nisargruna biogas plant, first step of hydrolysis and 
acidification is carried out in aerobic predigester, where the 
optimum preferred temperature is in the range of 400C to 
450C. The predigester has two compartments- predigester 1 
and 2 separated by a baffle wall at the centre. The raw slurry 
first comes to predigester 1 and then flows to predigester 2.  
After 72-96 hours in predigester, the ph of the slurry falls 
down to 4. The slurry then passes into anaerobic digester 
where the step two and three of the degradation process 
take place in the absence of oxygen. 

water content or can also be used directly to farmland as 
a liquid fertilizer.

A Nisargruna biogas plant that can process 1 metric 
ton biodegradable waste daily, can produce 60 to 80 M3 
methane rich  biogas and 80-100 kg manure every day. 
This amount of biogas can replace 1.5-2 domestic LPG 
cylinders. Due to incorporation of aerobic predigestion 
prior to anaerobic one, the hydraulic retention time has 
been brought down to 16-18 days as compared to 30 – 40 
days in single phase conventional anaerobic digestion.

Nisargruna Biogas plant as an MFC
In Nisargruna biogas technology, the predigester 

serves mainly as hydrolysis cum acidification tank for the 
treatment of suspended solids. The second or the main 
digester serves as a methane fermentation tank.  The feed 
that enters the predigester is hydrolyzed under aerobic 
condition and this results in the formation of organic acids 
which then enters into the main digester. The first part of 
the main digester that receives slurry from the predigester, 
is microaerophilic in nature while the rest of the digester 
is totally anaerobic. This microaerophilic zone contains 
those bacteria that thrive on the mixtures of organic acids 
and provide the substrates (h2, CO2, acetic acid) for the 
methanogens to form methane under strict anaerobic 
condition. Nisargruna plant can be modeled to function 
as an MFC by collecting the electrons generated during 
acetogenesis and methanogenesis phase. The anaerobic 
chamber is divided into four compartments by three baffle 
walls. These walls can be covered with electrode material 
to capture electrons during anaerobic fermentation. There 
are various options for anode electrode materials like plain 
carbon cloth, multiwall carbon nanotubes, a graphite fiber 
brush. (Cheng et al., 2006) It could be designed as a one 
chamber MFC where cathode is exposed to air. For two 
chamber MFC, hydrogen ions need to be collected for 
completing the MFC circuit. Nisargruna plant in future 
could also be used to produce bio hydrogen, this could be 
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The output of the process is methane-rich biogas and 
chemically stabilized manure. The methane content can 
vary from 60-80%, remaining being CO2 and moisture. 
This biogas can be directly used as fuel to substitute any 
conventional hydrocarbon or can be fed to a generator to 
produce electricity. Because of aerobic predigestion, most 
of the sulphur content in the waste material gets converted 
to SO2 and escapes in the atmosphere. This results in 
negligible h2S content in the produced biogas and this 
feature of Nisargruna is extremely useful for converting  
biogas to electricity using a generator. A single online 
scrubber is sufficient to take care of this negligible H2S. 
After dewatering, and air-drying, the manure can be used 
as an excellent soil conditioner. The wastewater generated 
is recirculated into the pretreatement unit to adjust the 
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done by incorporating system that can capture hydrogen 
ions.
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Context
Vehicles driven solely by the rechargeable batteries 

are on our roads. But statistically they are insignificant 
compared to the conventional cars driven by gasoline 
engines. While it is well known that the fleet of billion 
cars worldwide is causing irreversible damage to the 
environment and the gasoline-reserve is an unsustainable 
resource, battery cars are non-competitive simply because 
of being a high-cost technology. The immature technology 
of electric vehicles results in a high running cost and 
a shorter range for these vehicles. Batteries in the EVs 
(electric vehicle) play the role of the heart in the human 
body. The current state of the art for the energy-dense 
battery is the Li-ion battery which provides specific energy 
of ~160 Wh/kg compared to that of gasoline ~1700 Wh/
kg (including tank to wheel efficiency).1 The technology of 
Li-ion battery is now about four-decades old and all sorts 
of possibilities for improving its energy and power density 
are well explored. It is now well-accepted in the scientific 
community that in no wild stretch, Li-ion batteries can 
ever meet the requirement of making an electric vehicle 
competitive to the gasoline vehicles.

The concept of Li-air battery provides the crucial hope 
to the scientists that the electric vehicles can be made 
competitive in near future paving the path towards the 
green and sustainable world. It is estimated that Li-air 
batteries can provide very similar energy density to that 

of gasoline.1 The other essential criteria for EV propulsion 
battery are cost, driving range, cycle life and safety. All 
these aspects are yet unknown for this nascent technology. 
It is neither practical, nor fair to compare these secondary 
parameters for Li-air batteries to a century old (gasoline) or 
a few decades old (Li-ion) technology while Li-air batteries 
are still a concept that require many tests and modifications 
to get its matured shape. In the current article, we discuss 
the key challenges to the Li-air technology and the state of 
the art status of the individual components.

A schematic diagram of the Li-air battery is shown 
in Fig. 1. The anode is made of Li-metal. The cathode is 
separated from the anode through the electrolyte solution. 
The cathode is called ‘air-cathode’ because the reactant 
in the cathode reaction is oxygen from air. however to 
provide reaction interfaces between the lithium-ions 
in the electrolytes and the oxygen molecules in the air 
stream, a porous and non-reactive (in principle) structure 
is used. During discharge, Li metal at anode is consumed 
to produce Li+ ions and the resultant electron flows 
through the outer circuit to drive the electric vehicle. The 
Li+ ions move through the electrolyte to get recombined 
with the electron at the cathode through a reaction with 
the atmospheric O2. The cathode reaction between the Li-
ions, free electrons from the outer circuit and O2 crucially 
depends on the composition of the electrolyte. When there 
is no water molecule present in the electrolyte and we 
assume the air to be dry, the following overall reaction is 
assumed to take place:

2Li++O2+2e-  Li2O2                                         (1)

If water is present in the electrolyte, it participates 
in the cathode reaction and the following reaction takes 
place:

2Li++(1/2)O2+h2O+2e-  2LiOh                         (2)

As the voltage, reversibility and products of the 
cathode reaction determine the performance parameters 
of the cell, the above two reactions lead to the major 
classification of the Li-air cell: non-aqueous (also called 
aprotic)  and aqueous (protic). The aqueous or non-aqueous 
electrolytes in the Li-air cells show some unique and some 
common issues to tackle. We will discuss the challenges 
to make the above reactions produce sustainable power in 
the following sections.Fig. 1: A schematic diagram of Li-air battery.
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Non-aqueous chemistry

Cathode

Understanding the cathode reaction
Cathode reaction is the most vital phenomenon in 

an electrochemical cell which dictates the cell voltage, 
capacity, rate capability and reversibility. In case of aprotic 
Li-air cell, this vital phenomenon is far from understood. 

The reaction shown in eq. (1) is the proposed 
reaction for Li-air cells. The reversibility of this reaction 
is established through the success of the reverse reaction 
on charging.2, 3 however, it is an open question whether 
lithium peroxide is the sole discharge product. Under 
slow enough discharge-rate, it has been shown that the 
Li2O2 is reduced further to form Li2O, which increases the 
cathode capacity by a factor of 2 (twice as many Li ions 
consumed per O atom). This secondary reaction is not 
reversible though.4-7  

There is a big voltage gap between the charge and 
discharge curve of a Li-air cell as shown in Fig. 2. The 
voltage gap indicates that the reactions on charging and 
discharging are not the same. 

charge and discharge. The dependence of voltage on the 
catalysts11, 12 also suggests that the chemical kinetics is a 
very important part of the understanding of the cathode. 
Understanding the cathode reactions in detail is the first 
and foremost area which needs to be resolved before the 
technology can progress further.

Finding suitable catalysts
Until 2010, catalysts for Li-air cell have been identified 

based upon the assumption that Li2O2 is the discharge 
product. However, Mizuno et al. showed that the 
discharge products of the carbonate based Li-O2 battery are 
principally lithium carbonates. This shows that the catalysts 
developed for the decomposition of Li2O2 actually catalyse 
decomposition of the lithium carbonates. Porous carbon 
materials, transition metal oxides and both precious and 
non-precious metals were used as the electro-catalysts.13 
The search for suitable catalysts for the Li2O2-reduction 
reaction is an area of active research.

Protecting the cathode from the contaminants
The idea of Li-air cell for the application in EVs is 

so attractive because, it breathes air in and out during 
discharging and charging processes. The active cathode 
material is O2 which needs not be to carried and hence 
the energy density of such cells are so high. however, 
the ambient air contains many other things along with 
oxygen. Ambient air will always contain certain degree 
of CO2 and h2O which leads to formation of Li2CO3 and 
LiOh at cathode. Both these products are insoluble (or 
have very low level of solubility in the electrolyte) making 
them get deposited on the porous cathode structure and 
blocking the air passage channels.  Currently, the controlled 
experiments on Li-air cells assume the supply of pure 
and dry O2

14, 15 which is a challenge in an actual cell. . It 
is therefore important to use a O2-selective membrane 
which blocks the unwanted species from the ambient air. 
For separating out the O2, there might be several layers 
of membranes where different other contaminants are 
filtered. The multilayer porous membranes pose a hurdle 
for the continuous breathing of the cell especially at the 
higher rate.13

Maintaining cathode porosity and cell capacity
Not only the contaminants from air, but also the 

electrolyte composition (especially the organic carbonates) 
causes formation of insoluble products during the 
discharge reaction. 

The insoluble discharge products clog the pores which 
hinders fresh O2 coming into the cell. It has been shown 
that not all pores but the pores of the size 2-50 nm are the 

Fig. 2: Voltage gap during charging and discharging.8 Reproduced with 
permission from American Chemical Society.
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effective pores which determine the capacity of the air-
cathode. Ideally, the microstructure of the porous electrode 
should consist of large channels as major supply line for O2 
and mesoporous alleys of triple junctions of O2, electrolyte 
and carbon-substrate which acts as the reaction sites. 
Moreover the total weight and volume must be minimum 
so that the energy density is maximized. Currently several 
nano-scale structures and graphene based structures 
are being experimented with for the optimum cathode 
structure.16-18

for the EV application, the Li-metal anode was proposed 
along with it.  however, Li-metal anodes form metallic 
dendrites on charging which may short-circuit the cell and 
hence pose a major safety hazard.19, 20 

The use of Li-metal as anode never succeeded for the 
Li-ion batteries for long-life batteries. Nonetheless, the 
discovery of solid lithium super-ionic conductors provides 
a strategy where we can use the mechanical strength of 
the solid electrolyte to stop the growth of the dendrites.21 
There have been several efforts of using certain additives 
in the electrolytes to suppress the dendrite formations. 
however for Li-air batteries these additives and special 
electrolytes are not tested for their stability in an oxygen-
rich environment.  Special design of Li-metal anode with 
mechanical barriers and finding out suitable additives in 
the electrolyte are needed to make Li-metal to work as Li-
air battery anodes for long cycle life.

Controlling SEI layer
Li-metal anodes show poor charge-discharge efficiency. 

The major reason behind it is the irreversible consumption 
of lithium in the SEI (solid-electrolyte interphase) layer that 
forms on the anode through various side reactions with 
the electrolyte.22 Lithium being a low potential electrode, 
the working potential of the cell allow many side reactions 
to happen while a higher potential anode (such as LTO)23 
suffers less from the formation of SEI layer. The SEI layer 
not only consumes lithium but also increases the impedance 
of the cell which causes further loss in coulombic efficiency. 
Therefore, controlling the growth of the SEI layer is key for 
successful use of Li-metal anode in a Li-air cell.

Minimizing excess Li
Due to irreversible consumption of Li-ions in both 

cathode and anode reactions, we need to use excess lithium 
in the anode to replenish the loss and keep the battery 
working for more number of cycles. The excess lithium 
causes big drop in capacity compared to the theoretical 
limit.11 To harness the full potentiality of Li-air cell, the 
excess lithium has to be minimized which is indirectly 
linked with the progress in controlling the SEI layer and 
understanding the cathode reactions.

Electrolyte

Stabilizing the electrolyte
Electrolyte is the critical component of the Li-air 

batteries and poses significant challenges. An ideal 
electrolyte in any cell should be stable with the cathode 
and anode under different potentials. For a cell like Li-air 
which breathes air in each cycle of charge and discharge, 
the electrolyte needs to be non-evaporative as well. The 

Fig. 3: Capacity loss with cycling. The Fig. is reproduced from ref. 8 
with permission from American Chemical Society 




Not only the contaminants from air, but also the electrolyte composition (especially the 

organic carbonates) causes formation of insoluble products during the discharge reaction. 
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The insoluble discharge products clog the pores which hinders fresh O2 coming into the cell. 

It has been shown that not all pores but the pores of the size 2-50 nm are the effective pores 

which determine the capacity of the air-cathode. Ideally, the microstructure of the porous 
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Low cycle life of the current state of the art Li-air batteries is a major concern. The capacity 

drops very sharply within very few cycles as shown in figure 3. The reason behind the 

capacity loss can be multiple. One such reason is the loss of capacity of the cathode due to 

clogging of the pores. The irreversible side reactions also consume available lithium ions. 

The major discharge product, Li2O2 is a solid insulating material in bulk form. If the 

deposition happens as a film on the cathode surface, the product of the initial discharge 

Low cycle life of the current state of the art Li-air 
batteries is a major concern. The capacity drops very 
sharply within very few cycles as shown in Fig. 3. The 
reason behind the capacity loss can be multiple. One such 
reason is the loss of capacity of the cathode due to clogging 
of the pores. The irreversible side reactions also consume 
available lithium ions. The major discharge product, Li2O2 
is a solid insulating material in bulk form. If the deposition 
happens as a film on the cathode surface, the product 
of the initial discharge process would hinder further 
reactions to proceed. Therefore it is important to control 
the microstructure of the discharge process.

Anode

Suppressing dendrite formation
It is well known that for any battery where lithium ions 

are the charge careers, Li-metal anode would provide the 
maximum possible capacity as well as voltage. Therefore, 
when the concept of Li-air battery came into existence for 
the purpose of providing a major capacity leap required 
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electrolyte in Li-air cell is required to be stable with respect 
to oxygen and the discharge products of the cathode 
reaction, i.e, lithium oxides. The surface of the porous 
cathode needs to be wet by the electrolyte to provide the 
triple junction of electrolyte, oxygen and cathode substrate. 
O2 gas needs to be soluble in the electrolyte as well as easily 
diffusible to reach maximum reaction sites as the cathode 
substrate is flooded with the electrolyte. As in case of Li-ion 
cells, lithium ions should get transported very fast through 
the electrolyte to provide reasonable rate capability.

The obvious starting point for finding a suitable 
electrode is using the electrolytes for the Li-ion cells. 
Typically Li-ion electrolytes are based on organic carbonates 
which are susceptible to degradation on discharge of an 
Li-air cell as the major reaction at cathode becomes the 
formation of lithium carbonate.9, 10, 24 This continuous 
degradation of the electrolyte drastically reduces the cycle 
life of the cell. Ethers have been shown to be more stable 
with respect to the cathode and they show better cycling 
stability than the organic carbonates.25, 26 however they 
also show the sign of irreversible O2 consumption leading 
to stability fading.27 

There have been few efforts in using solid electrolytes 
in the Li-air cells.28-31. however, the solid electrolytes with 
fast ionic conduction for Li does not show fast transport for 
O2 as well and it is always difficult to have enough solid-
solid-gas triple junction in a all solid state lithium-air cell. 
The solid electrolytes also makes to difficult to adjust the 
volume change in individual components during charge 
and discharge. however, because of their higher stability, 
solid electrolytes can potentially provide significant 
improvement in the performance of the Li-air cells with 
propoer material engineering.

Among all the issues discussed for the non-aqueous 
Li-air batteries, finding the optimum electrolyte material 
is the key for the progress of the technology and deserves 
the highest attention. 

Aqueous chemistry

Many issues for the aqueous Li-air cells are common to 
what we have already discussed in case of aqueous cells. 
In this section, we will mention the challenges which are 
unique to the aqueous cells. 

Cathode

Understanding the cathode reaction
Like aprotic cells, the gap between charging and 

discharging voltage exists in case of the protic cells which 
indicates that not one single reversible reaction (as in eq. 
2) can explain cathode phenomena. Understanding the 

cathode reaction and the chemical kinetics associated with 
it is essential.

Unlike the aprotic cell, the discharge reaction requires 
breaking of the O-O bond for the O2 reduction into 
LiOh.11 This makes the cathode reaction dependent on 
the catalysts.32-36 The catalysts developed for breaking O-O 
bonds in other reactions need to be tested for the cycle life 
in the aqueous Li-air cells.

Anode

Protecting from water
Lithium metal reacts vigorously with water. In current 

state, the Li metal anode is protected by a LISICON-type 
glass ceramic as shown by Visco et al.37 Without this 
protection the lithium anode cannot work in aqueous 
cells. however, the glass ceramic and Li-metal are not 
stable with each other and some Li+-permeable membrane 
needs to be used between them. The LISICON-aqueous 
electrolyte suffers from degradation in acidic and basic 
condition. The lithium-LISICON combination for anode 
has not been tested for extensive cycling behaviour. The 
addition of multiple protection layers adds to the weight 
and volume of the cell decreasing the energy density. 
Therefore, effective protection for the lithium anode needs 
further attention.

Improving rate capability
The overall rate capability of the aqueous (as well as 

non aqueous) Li-air cells are very poor.13 The rate limiting 
reaction is not yet known. however, it is often conjectured 
that the anode reaction in these cells are slow and it leads 
to poor overall rate capability. For EV application, it is 
essential to improve the rate capability as not the energy 
density only, but the power density also which is crucial 
for such application.

Electrolyte
Handling insolubility of discharge product

In case of aqueous Li-air cells, the electrolyte actively 
participates in the cathode reaction. The chief discharge 
product is LiOh which has very low solubility limit in 
the electrolyte. The saturation happens corresponding to a 
capacity equivalent to a Li-ion cell11, 38defeating the purpose 
of building a Li-air cell. Further progress of the cathode 
reaction leads to precipitation of the LiOh. The solid LiOh 
can block both anode and cathode surfaces to stop further 
reaction. One alternative approach is to employ a flow-cell 
design where electrolyte is continuously replenished to 
avoid the solubility limit is reached. The approach itself 
calls for huge storage for the electrolyte which results in 
drastic reduction in energy density. Therefore, a more 
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elegant method to handle the insolubility of the discharge 
product has to be designed.

Locking the water inside
Water in the electrolyte is not unwanted in the aqueous 

Li-air cells and it is an active component in the cell reaction. 
hence, evaporation of water and removal of the same 
through the air breathing process can lead to significant 
change in the electrolyte composition and hence the cell 
chemistry. It is necessary to device a mechanism to lock the 
water in the electrolyte for long cycle life of the aqueous 
Li-air batteries.

Concluding remarks
For future application in the electric vehicles, Li-air 

technology show enough promise. however, there are 
significant scientific and engineering challenges before 
this technology. The component-wise key issues are 
mentioned in the previous sections as a quick overview. 
Few key works in each area have been referred to 
which will lead to extensive literature on the individual 
research areas. There needs to be extensive research on 
this technology to unearth its real potential towards a 
sustainable world.
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Nanohybrid material composed of metals and 
semiconductors is a subject of great current interest in 
recent years due to their potential application in solar 
energy conversion, sensors and photo catalysis etc.1-5 In 
quantum dot solar cell (QDSC), QDs are used as sensitizer. 
Now due to strong confinement of charge carriers there 
is significant enhancement of electron-hole Colomb 
interaction in QD materials, which leads to multiple exciton 
generation (MEG),6 where a single photon can generate 
more than one exciton (electron-hole pair). however due 
to Auger recombination QD excitons lifetime decreased to 
tens of picoseconds.7

So to design and develop higher efficient QD solar cell 
extraction of charge carriers utmost important for efficient 
Auger recombination. In most of the nano-hybrid systems 
Fermi level of the metal lies below the conduction band of 
the semiconductor, as a result electron transfer from photo-
excited QD to metal NP is thermodynamically viable. Now 
in nanohybrid material photo-excited electron from QD can 
be transferred to metal domain as Fermi level of the metal 
lies below the conduction band of the semiconductor, as a 
result Auger recombination can be minimized drastically. 
The electronic mixing between the electronic states of 
metal and semiconductor takes place very effectively in 
semiconductor-metal nanohybrid material as metal NPs 
are directly grown on the semiconductor surface without 
any spacer8, as a result the inter domain charge transfer can 
take place very efficiently from semiconductor domain to 
metal domain.9-11 

Dissociation of exciton through ultrafast electron and 
hole transfer processes in different QD/molecule systems 
have been extensively reported in literature.12-20 hot hole 
and thermalized hole extraction time was found to be 250 
fs20 and 500fs -1ps15-20 respectively. Most of the reports 
available in literature for dissociation of exciton either by 
electron transfer or by hole extraction. however, not many 
reports are available literature except the report from our 
group21 where both electrons and holes are extracted from 
the photo-excited QD materials in the same time. 

In the present article to demonstrate exciton dissociation 
simultaneously both by electron and hole extraction, 
CdSe{Au} hetero-structure (HS) materials was synthesized 

and consequently sensitized by bromo-pyrogallol red (Br-
PGR) molecule. Charge transfer reaction was monitored in 
CdSe{Au}/Br-PGR tri-composite system with the help of 
time-resolved emission and ultrafast transient absorption 
techniques. Energy level diagram in the tri-composite 
system suggests that photo-excited electron in QD can 
be transferred to gold domain and phto-excited hole can 
be captured by molecular adsorbate (Br-PGR) as both the 
processes are thermodynamically viable. Both electron and 
hole transfer dynamics was demonstrated in ultrafast time 
scale by femto-second transient absorption spectroacopy 
and discussed in detail. 

For synthesizing of Au-CdSe heterostructure freshly 
prepared CdSe QD17 was used. The gold precursor was 
prepared by the mixing of 15 mg AuCl3 (0.05mmol), 50 
mg DDAB - Di Dodecyle Ammonium Bromide (0.1 mmol) 
and 90 mg (0.46 mmol) DDA - Dodecyle Amine in 4 mL 
toluene. The color of the solution becomes dark orange to 
light yellow. Now 20 mg synthesized CdSe is dissolved in 
4 mL toluene under Ar Atmosphere. The gold precursor 
was added dropwise to the CdSe solution for a time period 
of 4 minutes under Ar atmosphere at room temperature. 
Gradually the color of the solution becomes dark brown. 
The DDAB stabilize the QD and DDAB acts as surfactant of 
Au NP. Finally the nanohybrid materials were precipitated 
in methanol. Then the precipitated nanohybrid materials 
were dissolved in chloroform for characterization and 
further use.  

Fig. 1 hRTEM images of Au-CdSe nanohybrid and 
it is clearly seen that Au NP nicely coupled with CdSe 
QD, where size of Au NP can be determined to be 3-3.5 
nm and size of CdSe QD found to be 4-4.5 nm. The TEM 
image clearly shows the homogeneous deposition of Au 
on the surface of CdSe QD with separate lattice images of 
both of them. 

To characterize the CdSe{Au} hetero-structure (HS) 
optical absorption studies have also been carried out in 
chloroform solution and shown in Fig. 1. Fig. 1 a shows 
optical absorption spectra of CdSe QD with two excitonic 
absorption band at 560 nm and 450 nm which can be 
attributed to 1S(e)-1S3/2(h) and 1P(e)-1P3/2(h) transitions 
respectively. On the other hand Fig. 1 b shows the optical 
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from CdSe{Au} hS (Fig. 2b). This quenching of emission 
can be attributed to transfer of electron from photo-excited 
CdSe QD to Au NP as shown in Scheme 1. It is clearly seen 
that Fermi level of Au NP lies below the conduction band 
of CdSe QD which makes the process thermodynamically 
viable. 

Time-resolved luminescence measurements have also 
been carried out to reconfirm of electron transfer process. 
Fig. 2c and 2d shows the luminescence decay trace at 580 
nm after exciting the sample at 406 nm for CdSe QD and 
CdSe{Au} hS respectively. The emission decay trace of 
CdSe QD found to follow bi-exponential decay with τavg = 
11.66 (±0.5) ns. Interestingly emission kinetics for CdSe{Au} 
HS found to decay much faster with τavg = 0.72 (±0.05) ns. 
Now the observed decrease in lifetime can be attributed 
to electron transfer (ET) from CdSe QD to Au NP, then the 
ET rate constant can be determined through the following 
expression: 

KET =1/τCdSe{Au} – 1/τCdSe                            (3)

Using the average lifetime values of 11.66 (±0.5) ns 
(CdSe) and 0.72 (±0.05) ns (CdSe{Au}) the electron transfer 
rate constant can be determined to be 1.39x109

 sec-1. 

Fig. 1: Steady state optical absorption spectra of (a) CdSe quantum dot, 
(b) Au NP and (c) CdSe{Au} HS in chloroform. Inset: HR-TEM picture 
of CdSe{Au} HS material. (In Inset magnified image of Au/CdSe). 
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Figure 1: Steady state optical absorption spectra of (a) CdSe quantum dot, (b) Au NP and (c) 
CdSe{Au} HS in chloroform. Inset: HR-TEM picture of CdSe{Au} HS material. (In Inset 
magnified image of Au/CdSe).  
To characterize the CdSe{Au} hetero-structure (HS) optical absorption studies have also been 
carried out in chloroform solution and shown in Figure 1B. Figure 1 a shows optical absorption 
spectra of CdSe QD with two excitonic absorption band at 560 nm and 450 nm which can be 
attributed to 1S(e)-1S3/2(h) and 1P(e)-1P3/2(h) transitions respectively. On the other hand Figure 
1 b shows the optical absorption due to plasmon band Au NP at 527 nm. Figure 1c shows optical 
absorption spectra of CdSe{Au} HS where Au NP is grown on the surface of CdSe QD. Optical 
absorption studies clearly suggest that there is strong electronic interaction between plasmonic 
band of Au NP and excitonic band of CdSe QD.  
 Steady state and time-resolved emission studies have been carried out for both CdSe QD 
and CdSe{Au} HS to monitor the the excited state properties of the hetero-structure. Figure 2a 
shows the emission spectra of CdSe QD which shows emission band at 580 nm with emission 

absorption due to plasmon band Au NP at 527 nm. Fig. 1c 
shows optical absorption spectra of CdSe{Au} hS where 
Au NP is grown on the surface of CdSe QD. Optical 
absorption studies clearly suggest that there is strong 
electronic interaction between plasmonic band of Au NP 
and excitonic band of CdSe QD. 

Steady state and time-resolved emission studies have 
been carried out for both CdSe QD and CdSe{Au} hS to 
monitor the excited state properties of the hetero-structure. 
Fig. 2a shows the emission spectra of CdSe QD which 
shows emission band at 580 nm with emission quantum 
yield (QY) of  0.34. however no emission was observed 

Fig. 2: Steady state photoluminescence spectra of (a) CdSe quantum dot 
(b) CdSe{Au} HS. Inset: Time resolved luminescence decay trace of (c) 
CdSe quantum dot and (d) CdSe{Au} HS at 580 nm after exciting the 
samples at 406nm. (L is the lamp profile of 406nm laser) 

quantum yield (QY) of  0.34. However no emission was observed from CdSe{Au} HS (Figure 
2b). This quenching of emission can be attributed to transfer of electron from photo-excited 
CdSe QD to Au NP as shown in Scheme 1. It is clearly seen that Fermi level of Au NP lies 
below the conduction band of CdSe QD which makes the process thermodynamically viable.  

500 550 600 650 700
0

100

200

300

400

0 5 10 15
100

101

102

103

b

a

E
m

i I
nt

en
si

ty

Wavelength(nm)

d
c

Delay time (ns)

C
ou

nt
s

 

 

L



Figure 2: Steady state photoluminescence spectra of (a) CdSe quantum dot (b) CdSe{Au} HS. 
Inset: Time resolved luminescence decay trace of (c) CdSe quantum dot and (d) CdSe{Au} HS 
at 580 nm after exciting the samples at 406nm. (L is the lamp profile of 406nm laser)  



Time-resolved luminescence measurements have also been carried out to reconfirm of electron 
transfer process. Figure 2c and 2d shows the luminescence decay trace at 580 nm after exciting 
the sample at 406 nm for CdSe QD and CdSe{Au} HS respectively. The emission decay trace of 
CdSe QD found to follow bi-exponential decay with avg = 11.66 (±0.5) ns. Interestingly 
emission kinetics for CdSe{Au} HS found to decay much faster with avg = 0.72 (±0.05) ns. Now 
the observed decrease in lifetime can be attributed to electron transfer (ET) from CdSe QD to Au 
NP, then the ET rate constant can be determined through the following expression:  

KET =1/ττττCdSe{Au} – 1/ττττCdSe    (3) 
Using the average lifetime values of 11.66 (±0.5) ns (CdSe) and 0.72 (±0.05) ns (CdSe{Au}) the 
electron transfer rate constant can be determined to be 1.39x109

 sec-1.  

Scheme 1: Schemetic diagram showing electron transfer from 
semiconductor domain to the metal domain in CdSe{Au} nanohybrid 
material. 



Scheme 1: Schemetic diagram showing electron transfer from semiconductor domain to the 
metal domain in CdSe{Au} nanohybrid material.  

 
 Time-resolved emission studies suggest that electron transfer process from CdSe QD to 
Au NP is too fast. Therefore, it is not easy to determine correctly the electron transfer time 
constant from time resolved emission study. Hence to determine the electron transfer time 
constant correctly, femtosecond transient absorption spectroscopic measurements have been 
carried by exciting both CdSe QD and specifically CdSe{Au} HS at 400 nm laser light and 
compared the transient data and shown in Figure 3 which show transient spectra at different time 
delay.  
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Figure 3: Transient absorption spectrum of (A) CdSe quantum dot and (B) CdSe{Au} HS in 
chloroform solvent after exciting the samples at 400 nm. 

Broad negative absorption band in both the transient absorption spectra which matches with the 
steady state optical absorption spectra can be attributed to excitonic bleach.  

Time-resolved emission studies suggest that electron 
transfer process from CdSe QD to Au NP is too fast. 
Therefore, it is not easy to determine correctly the electron 
transfer time constant from time resolved emission study. 
hence to determine the electron transfer time constant 
correctly, femtosecond transient absorption spectroscopic 
measurements have been carried by exciting both CdSe 
QD and specifically CdSe{Au} HS at 400 nm laser light and 
compared the transient data and shown in Fig. 3 which 
show transient spectra at different time delay. 
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Broad negative absorption band in both the transient 
absorption spectra which matches with the steady state 
optical absorption spectra can be attributed to excitonic 
bleach. 

The transient bleach spectra of CdSe{Au} hS look quite 
similar to that pure CdSe QD but signature of plasmon 
bleach due to Au NP is completely absent. Earlier Zamkov 
et. al.22 reported suppression of surface plasmon of Au NP 
by the exciton of CdS nanorod in Au/CdS nanohybrid 
system. Interestingly in CdSe{Au} hS system positive 
absorption band appears in the red region of the spectra 
which can be attributed to the appearance of electron in 

the Au NP22, 23 (in Fermi level) from the conduction band 
of CdSe QD which is thermodynamically viable process 
(Scheme 1). To monitor the charge carrier and transfer 
dynamics transient kinetics at different wavelengths for 
both CdSe QD and CdSe{Au} hS have been monitored 
and shown in Fig. 4. The bleach recovery kinetics at 560 
nm for CdSe{Au} hS is much faster as compared to that 
of pure CdSe QD. This faster recovery kinetics in the 
excitonic bleach position of CdSe{Au} hS can be attributed 
to photoinduced electron transfer from the CB of CdSe QD 
to the fermi level of Au. 

The transient kinetics at different wavelengths at 
different systems can be fitted multi-exponentially. 
however it’s interesting to see that in presence of Au NP 
the bleach recovery kinetics drastically changes which can 
be attributed to ultrafast electron transfer from CdSe QD to 
Au NP. Its interesting to see that transient absorption band 
at 600-750 nm region appears only on photo-excitation 
of CdSe{Au} hS not pure CdSe QD. This transient signal 
can be attributed to the trapped of electron in the interface 
zone of metal and semiconductor which are transferred 
from photo-excited CdSe QD to Au NP. The faster decay 
component (1.2 ps) of the positive signal at 650 nm can be 
attributed to trapping of electron in the interface zone.

It is clearly seen in earlier section that on photoexcitation 
of CdSe{Au} HS photo-excited electrons are localized in Au 
NP and holes are localized in the valence band of CdSe QD 
(Scheme 1). To facilitate further charge separation process 
and slow down the charge recombination dynamics a 
molecular adsorbate namely bromo-pyrogallol red (Br-
PGR) can be used whose hOMO levels lies above the 
valence band of CdSe QD (Scheme 2). 

Fig. 3: Transient absorption spectrum of (A) CdSe quantum dot and 
(B) CdSe{Au} HS in chloroform solvent after exciting the samples at 
400 nm.



Scheme 1: Schemetic diagram showing electron transfer from semiconductor domain to the 
metal domain in CdSe{Au} nanohybrid material.  
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Au NP is too fast. Therefore, it is not easy to determine correctly the electron transfer time 
constant from time resolved emission study. Hence to determine the electron transfer time 
constant correctly, femtosecond transient absorption spectroscopic measurements have been 
carried by exciting both CdSe QD and specifically CdSe{Au} HS at 400 nm laser light and 
compared the transient data and shown in Figure 3 which show transient spectra at different time 
delay.  
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Figure 3: Transient absorption spectrum of (A) CdSe quantum dot and (B) CdSe{Au} HS in 
chloroform solvent after exciting the samples at 400 nm. 

Broad negative absorption band in both the transient absorption spectra which matches with the 
steady state optical absorption spectra can be attributed to excitonic bleach.  

Fig. 4: Bleach recovery kinetics at 560 nm for (a) CdSe quantum dot 
and (b) CdSe{Au} HS; and (c) transient absorption kinetics at 650 nm 
for CdSe{Au} HS in chloroform after 400 nm laser excitation. 

The transient bleach spectra of CdSe{Au} HS look quite similar to that pure CdSe QD but 
signature of plasmon bleach due to Au NP is completely absent. Earlier Zamkov et. al.22 reported 
suppression of surface plasmon of Au NP by the exciton of CdS nanorod in Au/CdS nanohybrid 
system. Interestingly in CdSe{Au} HS system positive absorption band appears in the red region 
of the spectra which can be attributed to the appearance of electron in the Au NP22, 23 (in Fermi 
level) from the conduction band of CdSe QD which is thermodynamically viable process 
(Scheme 1). To monitor the charge carrier and transfer dynamics transient kinetics at different 
wavelengths for both CdSe QD and CdSe{Au} HS have been monitored and shown in Figure 4. 
The bleach recovery kinetics at 560 nm for CdSe{Au} HS is much faster as compared to that of 
pure CdSe QD. This faster recovery kinetics in the excitonic bleach position of CdSe{Au} HS 
can be attributed to photoinduced electron transfer from the CB of CdSe QD to the fermi level of 
Au.  
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Figure 4: Bleach recovery kinetics at 560 nm for (a) CdSe quantum dot and (b) CdSe{Au} HS; 
and (c) transient absorption kinetics at 650 nm for CdSe{Au} HS in chloroform after 400 nm 
laser excitation.  

The transient kinetics at different wavelengths at different systems can be fitted multi-
exponentially. However it’s interesting to see that in presence of Au NP the bleach recovery 
kinetics drastically changes which can be attributed to ultrafast electron transfer from CdSe QD 
to Au NP. Its interesting to see that transient absorption band at 600-750 nm region appears only 
on photo-excitation of CdSe{Au} HS not pure CdSe QD. This transient signal can be attributed 
to the trapped of electron in the interface zone of metal and semiconductor which are transferred 
from photo-excited CdSe QD to Au NP. The faster decay component (1.2 ps) of the positive 
signal at 650 nm can be attributed to trapping of electron in the interface zone. 
 It is clearly seen in earlier section that on photoexcitation of CdSe{Au} HS photo-excited 
electrons are localized in Au NP and holes are localized in the valence band of CdSe QD 
(Scheme 1). To facilitate further charge separation process and slow down the charge 
recombination dynamics a molecular adsorbate namely bromo-pyrogallol red (Br-PGR) can be 
whose HOMO leves lies above the valence band of CdSe QD (Scheme 2).  



Fig. 5: Steady state optical absorption spectra of (a) Br-PGR dye (10µM) 
(b) CdSe{Au} HS and (c) Br-PGR sensitize CdSe{Au} HS in chloroform. 
Inset: Molecular structure of Br-PGR. 

Steady state optical absorption studies have been carried out the CdSe{Au} HS sensitizing Br-
PGR dye and shown in Figure 5. It is interesting to see that optical absorption spectra of 
CdSe{Au}/Br-PGR (Figure 5c) is completely different as compared to that of both Br-PGR  
(Figure 5a) and CdSe{Au} HS (Figure 5b). In the composite system a new hump appears in the 
absorption spectra at 620 nm which can be attributed to the formation of charge transfer complex 
between CdSe{Au} HS and BrPGR molecule. 
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Figure 5: Steady state optical absorption spectra of (a) Br-PGR dye (10µM) (b) CdSe{Au} HS 
and (c) Br-PGR sensitize CdSe{Au} HS in chloroform. Inset: Molecular structure of Br-PGR.  

Now to monitor charge separation dynamics in CdSe{Au}/Br-PGR tri-composite system in 
ultrafast time 400 nm laser light was exposed and transient spectra have been recorded at 
different time delay and are shown in Figure 6, which shows a positive absorption band below 
515 nm and a broad bleach in 515-715 nm region with a peak ~ 560 nm and a hump at 630 nm. 
Interestingly transient absorption spectra of the tri-composite materials is completely different as 
compared to both CdSe{Au} HS and Br-PGR. At longer time scale two negative absorption 
bands has been observed at 560 nm and 630 nm which can be attributed to the bleach due to 
excitonic absorption of CdSe QD and charge transfer complex respectively. The charge transfer 
processes in the tri-composite sytem are demonstrated clearly in Scheme 2.  
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Figure 6: The transient absorption spectra CdSe{Au}/Br-PGR tri-composite system at different 
time delay after exciting the samples at 400 nm in chloroform. 
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Steady state optical absorption studies have been 
carried out the CdSe{Au} hS sensitizing Br-PGR dye 
and shown in Fig. 5. It is interesting to see that optical 
absorption spectra of CdSe{Au}/Br-PGR (Fig. 5c) is 
completely different as compared to that of both Br-PGR  
(Fig. 5a) and CdSe{Au} hS (Fig. 5b). In the composite 
system a new hump appears in the absorption spectra 
at 620 nm which can be attributed to the formation of 
charge transfer complex between CdSe{Au} hS and BrPGR 
molecule.

Now to monitor charge separation dynamics in 
CdSe{Au}/Br-PGR tri-composite system in ultrafast time 
400 nm laser light was exposed and transient spectra have 
been recorded at different time delay and are shown in 
Fig. 6, which shows a positive absorption band below 
515 nm and a broad bleach in 515-715 nm region with 
a peak ~ 560 nm and a hump at 630 nm. Interestingly 
transient absorption spectra of the tri-composite materials 
is completely different as compared to both CdSe{Au} hS 
and Br-PGR. At longer time scale two negative absorption 
bands has been observed at 560 nm and 630 nm which can 
be attributed to the bleach due to excitonic absorption of 
CdSe QD and charge transfer complex respectively. The 
charge transfer processes in the tri-composite sytem are 
demonstrated clearly in Scheme 2. 

On photo-excitation of CdSe QD, electrons will be 
excited to the conduction band and holes will be localized 
in the valence band. The photo-excited electrons are 
transferred to Au NP and holes are captured by Br-PGR. 
Again it is clearly seen in Scheme 2 also suggests that photo 

Fig. 6: The transient absorption spectra CdSe{Au}/Br-PGR tri-
composite system at different time delay after exciting the samples at 
400 nm in chloroform.

Steady state optical absorption studies have been carried out the CdSe{Au} HS sensitizing Br-
PGR dye and shown in Figure 5. It is interesting to see that optical absorption spectra of 
CdSe{Au}/Br-PGR (Figure 5c) is completely different as compared to that of both Br-PGR  
(Figure 5a) and CdSe{Au} HS (Figure 5b). In the composite system a new hump appears in the 
absorption spectra at 620 nm which can be attributed to the formation of charge transfer complex 
between CdSe{Au} HS and BrPGR molecule. 
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Figure 5: Steady state optical absorption spectra of (a) Br-PGR dye (10µM) (b) CdSe{Au} HS 
and (c) Br-PGR sensitize CdSe{Au} HS in chloroform. Inset: Molecular structure of Br-PGR.  

Now to monitor charge separation dynamics in CdSe{Au}/Br-PGR tri-composite system in 
ultrafast time 400 nm laser light was exposed and transient spectra have been recorded at 
different time delay and are shown in Figure 6, which shows a positive absorption band below 
515 nm and a broad bleach in 515-715 nm region with a peak ~ 560 nm and a hump at 630 nm. 
Interestingly transient absorption spectra of the tri-composite materials is completely different as 
compared to both CdSe{Au} HS and Br-PGR. At longer time scale two negative absorption 
bands has been observed at 560 nm and 630 nm which can be attributed to the bleach due to 
excitonic absorption of CdSe QD and charge transfer complex respectively. The charge transfer 
processes in the tri-composite sytem are demonstrated clearly in Scheme 2.  
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Figure 6: The transient absorption spectra CdSe{Au}/Br-PGR tri-composite system at different 
time delay after exciting the samples at 400 nm in chloroform. 

Scheme 2: Schematic diagram illustrating the electron and hole transfer 
processes in CdSe{Au}/Br-PGR tri-composite system. It shows photo-
excitation of QD electron and hole are generated where electron is 
transferred to the Fermi level of Au NP and hole is captured by Br-PGR 
molecules. On the otherhand photo-excited Br-PGR injects electron into 
the CB of CdSe QD and finally transferred to AuNP. The dashed line 
indicates the charge recombination reaction between electron in Au NP 
and hole in Br-PGR.

 



Scheme 2: Schematic diagram illustrating the electron and hole transfer processes in 
CdSe{Au}/Br-PGR tri-composite system. It shows photo-excitation of QD electron and hole are 
generated where electron is transferred to the Fermi level of Au NP and hole is captured by Br-
PGR molecules. On the otherhand photo-excited Br-PGR injects electron into the CB of CdSe 
QD and finally transferred to AuNP. The dashed line indicates the charge recombination reaction 
between electron in Au NP and hole in Br-PGR.  

On photo-excitation of CdSe QD, electrons will be excited to the conduction band and holes will 
be localized in the valence band. The photo-excited electrons are transferred to Au NP and holes 
are captured by Br-PGR. Again it is clearly seen in Scheme 2 also suggests that photo excited 
Br-PGR can inject electron into the conduction band of CdSe QD which eventually transferred to 
Au NP. To find  
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Figure 7: Bleach recovery kinetics of (a) CdSe{Au}/Br-PGR tri-composite system and (b) 
CdSe/BrPGR system at 655nm.  

excited Br-PGR can inject electron into the conduction 
band of CdSe QD which eventually transferred to Au 
NP. To find the effect of Au NP on charge recombination 
dynamics of CdSe{Au}/Br-PGR composite bleach recovery 
kinetics has been monitored at bleach due to CT complex 
position and shown in Fig. 7. It’s very clear net charge 
recombination reaction found to be very slow due to 
localization of electron in Au NP and localization of hole 

Fig. 7: Bleach recovery kinetics of (a) CdSe{Au}/Br-PGR  
tri-composite system and (b) CdSe/BrPGR system at 655nm. 
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QD and finally transferred to AuNP. The dashed line indicates the charge recombination reaction 
between electron in Au NP and hole in Br-PGR.  

On photo-excitation of CdSe QD, electrons will be excited to the conduction band and holes will 
be localized in the valence band. The photo-excited electrons are transferred to Au NP and holes 
are captured by Br-PGR. Again it is clearly seen in Scheme 2 also suggests that photo excited 
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Figure 7: Bleach recovery kinetics of (a) CdSe{Au}/Br-PGR tri-composite system and (b) 
CdSe/BrPGR system at 655nm.  
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in Br-PGR (Scheme 2) which are spatially separated and 
charge recombination is extremely slows down. For the 
first time in the literature we are reporting spatial charge 
separation dynamics in metal/semiconductor/molecular 
adsorbate tri-composite system where electron is localized 
in Au NP and hole is localized in molecular adsorbate. 

To reconfirm the above effect photodegradation of o 
Rhodamin-B (Rh-B) dye in presence of Au NP, CdSe QD, 
CdSe{Au}and Au/CdSe/Br-PGR nanohybrid materials 
have been carried out and shown in Fig. 8. It is clearly seen 
that Au/CdSe/Br-PGR tri-composite materials is the best 
material for photo reduction of Rh-B. 

electron injection from photo-excited Br-PGR to the CB 
of CdSe QD. Spectroscopic investigations suggest that on 
photo-excitation CdSe{Au}/Br-PGR tri-composite system 
cascading electron transfer and hole transfer take place 
where all the electrons are localized in Au NP and all the 
holes are localized in Br-PGR.  Electron and hole transfer 
time from photo-excited CdSe QD to Au NP and Br-PGR 
were found to be ~ 270 fs and ~500 fs respectively. Chrage 
recombination reaction between electron in Au NP and 
hole in Br-PGR was found to be very slow due spatial 
separation of charges in CdSe{Au}/Br-PGR tri-composite 
system. Our experimental investigations clearly suggest 
that metal/semiconductor/molecular adsorbate tri-
composite system can be the reality of multiple exciton 
dissociation and finally higher photoconversion efficiency 
in QDSCs. 
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Figure 8: Photodegradation of RhB in presence of Au, CdSe, CdSe{Au} and CdSe{Au}/BrPGR 
at different time after illumination of 350 nm light. The C0 is the initial concentration of Rh B 
and Ct is the concentration after t time. 
 

 In conclusion CdSe{Au} hetero-structure (HS) has been sucessfully synthesized and 
characterized by steady state absorption and emission spectroscopy and HRTEM measurements. 
Surface plasmon of Au NP found to be suppressed in presence of CdSe QD due to strong 
exciton-Plasmon coupling between Au NP and CdSe QD. Photo-excited electron in CdSe QD is 
found to be transferred to the Au NP as monitored by both time-resolved emission and ultrafast 
transient absorption studies. Spectrosopic measurements have been carried out to study charge 
transfer dynamics after sensitizing CdSe{Au} HS with bromo-pyrogallol red (Br-PGR). Steady 
state optical absorption studies have confirmed formation of charge transfer complex between 
CdSe{Au} HS and Br-PGR. Charge separation in CdSe{Au}/Br-PGR tri-composite system 
found to take place in different pathways, like electron transfer from the CB of CdSe QD to Au 
NP, hole transfer from VB of CdSe QD to Br-PGR, electron injection from photo-excited Br-
PGR to the CB of CdSe QD. Spectroscopic investigations suggest that on photo-excitation 

In conclusion CdSe{Au} hetero-structure (hS) has 
been sucessfully synthesized and characterized by 
steady state absorption and emission spectroscopy and 
hRTEM measurements. Surface plasmon of Au NP 
found to be suppressed in presence of CdSe QD due to 
strong exciton-Plasmon coupling between Au NP and 
CdSe QD. Photo-excited electron in CdSe QD is found 
to be transferred to the Au NP as monitored by both 
time-resolved emission and ultrafast transient absorption 
studies. Spectrosopic measurements have been carried 
out to study charge transfer dynamics after sensitizing 
CdSe{Au} hS with bromo-pyrogallol red (Br-PGR). 
Steady state optical absorption studies have confirmed 
formation of charge transfer complex between CdSe{Au} 
hS and Br-PGR. Charge separation in CdSe{Au}/Br-PGR 
tri-composite system found to take place in different 
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1. Introduction
Global energy demand is continuously increasing 

for the past several years and the scientific community 
is mainly working to develop an alternative for the 
depleting fossil fuel reserves to address effectively the 
energy crisis and other environmental issues.1 hydrogen  
seems to a promising solution to overcome this energy 
crisis.2 hydrogen is mainly present in the fossil fuels such 
as natural gas from where it can be mainly produced by 
the steam reforming but this method is mainly restricted 
due to carbon dioxide emission and high cost.3 As 
hydrogen is abundant element and present in nature in 
the form of water,  therefore its production from water 
using solar energy is an area of interest for researchers 
currently and is the best alternative to overcome energy 
crisis.4  J. A. Turner has presented various methods for 
hydrogen production by solar water splitting.5 It has also 
been reported that thermochemical water splitting needs 
very high temperature up to 1000oC.6 Consequently more 
research has been focused on the photoelectrochemical 
(PEC) and photocatalytic water splitting because these 
methods are simple, convenient and reliable for hydrogen 
production.7

For the first time PEC hydrogen production was 
reported in 1972 by Fujishima and honda on a TiO2 anode 
and Pt cathode under ultraviolet (UV) light irradiation.8 
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Abstract
In the pursuit towards efficient and environmentally sustainable energy conversion, artificial photosynthesis, 
involving hydrogen production from solar water splitting, has recently gained significant importance. 
Research in this field is aimed at solving the global energy crisis in an environmentally friendly way by 
using two of the most abundant natural resources, namely sunlight and water. Over the past few years, 
carbon based materials particularly graphene has attracted much attention as an interesting material in 
the field of artificial photosynthesis. Due to the exceptional physical properties, graphene based functional 
materials have made substantial contribution in the generation of clean, renewable and viable form of 
energy from light driven water splitting. This review article provides a comprehensive overview of the 
recent research progress in the field of artificial photosynthesis using graphene-based nanomaterials. It 
begins with a brief introduction to the field and the basic principles of solar water splitting for hydrogen 
generation followed by the properties of graphene and graphene based materials. Then, it presents the 
development of various graphene based nanomaterials for artificial photosynthesis, wherein graphene 
plays different roles including electron acceptor/transporter, cocatalyst, photocatalyst and photosensitizer. 
This review concludes by highlighting the advantages and challenges involved in the use of graphene 
based nanomaterials for solar water splitting. Finally, the future perspectives of research in this field are 
also briefly mentioned.

After this, researchers ‘interest to explore semiconductors 
for hydrogen production has grown significantly and 
great progress has been made in this field in past several 
years.9-11 TiO2 is the most explored semiconductor in water 
splitting due to its non-toxic nature, chemical stability, 
low cost and wide abundance.12 Subsequently, many other 
semiconductor materials were also explored in water 
splitting.13-15  But due to the wide band gap, most of these 
materials are active in the UV-light region which constitutes 
only 5% of the total solar spectrum. During recent years, 
many research groups explored materials having narrow 
band gaps such as metal sulphides (CdS),16 metal oxides 
(SrTiO3),17oxysulphides18 and oxynitrides,19 etc. These 
semiconductors are active in visible light and hence 
proved to be efficient for hydrogen generation as visible 
light constitute about 43% of the total solar spectrum20. In 
addition to this, suitable PEC and photocatalytic cells are 
also constructed for water splitting.21

In last 25 years, the emergence of carbon based 
nanomaterials has opened new ways of harvesting solar 
energy and generation of clean energy in the form of 
hydrogen.4, 22-24 These materials serve as excellent support 
for various semiconductors,25 noble metals26  Graphene 
is one of the most promising carbon-based materials in 
nanotechnology. Ideally graphene is a single layer carbon 
sheet which consists of a two dimensional (2D) network of 
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the sp2 hybridized carbon atoms with hexagonal packed 
lattice structure.27  Graphene also possess the unique 
electronic, optical and mechanical properties such as high 
theoretical specific surface area (2630 m2g-1),28chemical 
stability, high transparency and good thermal conductivity 
(5000 Wm-1K-1).29 Its optical transmittance is about 97.7% 
and possesses superior electron mobility (200000 cm2V-1s-1), 
which makes it an ideal material for photocatalyst support 
and for the construction of PEC electrodes.30 Furthermore, 
graphene based nanomaterials are highly desirable in PEC 
and photocatalytic hydrogen generation because,

1. Single layer graphene sheets provide very good support 
to anchor the metal oxide/sulphide semiconductor 
nanoparticles which result in high performance 
photocatalysts.25, 31, 32

2. Graphene acts as good electron acceptor and transporter 
and hence reduces the recombination of charge carriers 
in semiconductors by accepting the electrons from the 
conduction band of semiconductors and its transfer to 
the reaction site.33

3. Graphene also acts as photocatalyst as band gap of 
reduced graphene oxide (RGO) can be tuned with the 
degree of reduction. Also CB of RGO has energy level 
of – 0.52 eV which is more negative than Eh2/ h2O = 0, 
hence it plays important role in hydrogen evolution 
from water.4

4. Due to high work function, graphene serves as 
promising cocatalyst in hydrogen generation and 
hence it can extract electrons from CB of semiconductor 
to reduce h+ to h2 molecule on its surface.34

In this article, we will briefly discuss the basic principle 
of photoelectrochemical and photocatalytic hydrogen 
generation from water splitting. After that we will focus 
on synthesis and properties of graphene for hydrogen 
generation. Then we will present some graphene based 
binary/ternary systems which specify the role of graphene 
as electron acceptor/transporter, cocatalyst, photocatalyst 
and photosensitizer. Finally a brief summary of concluding 
remarks highlighting the advantages and challenges 
involved in the use of graphene based nanomaterials for 
water splitting will be presented. The future perspectives 
of research in this field are also briefly mentioned at the 
end.

2. Basic Principles of Photoelectrochemical and 
Photocatalytic Hydrogen Generation

Water splitting reaction results in the conversion 
of solar energy to chemical energy and this reaction is 
accompanied by large positive change in the Gibbs free 

energy (ΔG = +ve). Hence overall water splitting reaction 
is an uphill reaction.

h2O (l) → H2(g) + ½ O2 (g)       ΔG = +238 kJ/ mol

Photocatalytic water splitting reaction is quite similar 
to the process of photosynthesis which takes place 
in the green plants and hence it is known as artificial 
photosynthesis. Chemical reaction for both the parallel 
processes can be given as,

CO2 + h2O → Carbohydrates 
+ O2 + Energy

Natural Photosynthesis

h2O → H2 + O2 + Energy  Artificial Photosynthesis

           hydrogen production through solar water splitting 
is widely explored as it has several advantages like raw 
material is easily available and combustion of hydrogen in 
the air produces water hence this method is environment 
friendly. Therefore this photocatalytic water splitting has 
been extensively studied using various semiconductor 
based material and many of the new semiconductor based 
photocatalyst have been discovered recently.

I n  1 9 7 2 ,  F u j i s h i m a  a n d  h o n d a  a c h i e v e d 
photoelectrocatalytic water splitting using TiO2 electrode. 
TiO2 is irradiated with UV light and electrons and holes 
are generated in CB and VB respectively. TiO2 electrode 
act as anode and is connected to Pt cathode through 
external bias. Photogenetared electrons reduce water 
to form h2 on Pt electrode while holes oxidize water to 
form O2 on TiO2 electrode as illustrated in the Fig. 1a.  
After that semiconductor based material with suitable 
band gap has attracted much attention in this field. In 
order to make the utilization of solar energy efficiently 
many photoelectrochemical cells have been developed 
for hydrogen production and it was illustrated that band 
gap and stability plays important role in harvesting solar 
energy.10, 21
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gap energy of the chosen semiconductor material results 
in the formation of electron-hole pairs in conduction band 
(CB) and valence band (VB) respectively. These photo-
generated electron-hole pairs are responsible for the 
reduction and oxidation reactions that is reduction of h+ → 
h2 and oxidation of h2O → O2 in CB and VB respectively 
as illustrated in Fig. 1b.

The most important point in achieving water splitting 
is the position of VB and CB in semiconductor materials. 
The bottom level of CB must be more negative than redox 
potential of h+ → H2 (0V vs NhE), while the top level of VB 
must be more positive than oxidation potential of h2O → 
O2 (1.23 V vs NhE). Therefore 1.23 eV is the minimum band 
gap for water splitting and this band gap correspond to the 
light of 1008 nm wavelength (near IR region). According 
to standard texts/literature9 wavelength and eV related 
to each other as,

Band gap eV =1240/ λ (nm). Hence a suitable band 
gap value plays crucial role in order to make them active 
in visible region of light to generate h2 and O2 by water 
splitting. Band gap of some semiconductor materials are 
summarized in Fig. 2.

The first step involves the absorption of light by 
photocatalyst and generation of electron-hole pairs in the 
CB and VB. Second step involves the charge separation 
and migration of charge carriers to the surface. higher 
crystallinity and smaller size of particles plays a significant 
role in enhancing the photocatalytic activity by decreasing 
the recombination probability of photo-generated charge 
carriers.9 It is well known that higher is the crystallinity, 
lesser is the amount of defects and hence higher is the 
photocatalytic activity .35 Finally the third step involves the 
reduction and oxidation of adsorbed species at the different 
reaction sites that is hydrogen production take place by the 
reduction of h+ ions in CB. hydrogen evolution by water 
splitting is promoted by the presence of cocatalysts such 
as (Pt, Rh, NiO, and RuO2). These co-catalysts are mainly 
helpful to introduce the active sites on the photocatalyst 
surface and hence enhance the process of h2 generation.

3. Synthesis of graphene and graphene based 
nanomaterials

Several chemical and physical methods have been 
developed for the synthesis of graphene and graphene 
based nanocomposites. The most important method for 
the graphene synthesis is hummers method36 which 
include chemical oxidation of graphite flakes to form 
graphene oxide (GO). GO contains carboxyl, epoxides and 
hydroxyl groups supported on the graphene sheet. This 
leads to the loss of electrical conductivity and limits the 
application of GO in many areas.37 however the presence 
of polar functional groups in GO makes it hydrophilic in 
nature and is responsible for its easy dispersal in many 
solvents such as water which is helpful for the formation 
of various composites. The reduction of GO in various 
reducing conditions form reduced graphene Oxide (RGO) 
in which electrical conductivity is revived. This RGO is 
also known as chemical modified graphene or simply 
graphene.38The composite formation of graphene mainly 
with semiconductor material has been reported by various 
methods such as hydrothermal/solvothermal, sol-gel, self-
assembly, precipitation and photo-reduction. Some of these 
methods are elaborated below.

3.1.Hydrothermal/solvothermal method
hydrothermal/solvothermal method involves 

the treatment in a confined volume of Teflon-lined 
autoclave at elevated temperature, wherein high pressure 
is generated. This method is very important for the 
synthesis of inorganic nanocrystals and gives rise to 
highly crystalline nanostructure and also reduces GO 
to RGO. As the name suggests water is main solvent in 
hydrothermal method and major advantage of water 
as solvent is its abundance in nature as well as its 

oxidation reactions that is reduction of H
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As both band gap and wavelength are directly related 
to each other, therefore suitable band gap engineering is 
required to make photocatalyst active in the visible light 
region of spectrum. The overall water splitting reaction 
on the surface of semiconductor material occurs in three 
main steps,

1. Absorption of light

2. Charge separation

3. Redox reactions on the catalyst surface
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nontoxic, noncarcinogenic and nonflammable nature. 
however other solvents like ethanol can be the main 
solvent in solvothermal method. hence this method 
involves very simple and ecofriendly process for the 
synthesis of nanostructures. By controlling some other 
parameters of starting material such as concentration, the 
nanocomposites with various exposed crystal facets can 
be obtained by hydrothermal method. 

3.2. Sol-gel method
Sol-gel method is another widely explored method 

for the synthesis of graphene based nanocomposites. 
This method is used in the in situ preparation of various 
semiconductor materials such as TiO2 on GO sheets. The 
precursor material undergoes a series of reactions, mainly 
controlled hydrolysis and condensation, to form the 
desired photocatalyst. The major advantage of using sol-
gel method is the in situ growth of nanostructures so that 
the various functional groups on the surface of GO sheets 
are available which provide reactive and anchoring sites 
for the growth of nanoparticles and hence the resultant 
photocatalytic materials are chemically bonded with each 
other. 

3.3. Self-assembly
Self-assembly is very important method wherein 

micro and nanostructures assemble spontaneously by 
supramolecular interactions to form larger functional 
units.39 This self-assembly of nanoparticles is very useful 
for various applications. In the surfactant assisted ternary 
self-assembly of metal oxides with functionalized graphene 
sheets, an anionic surfactant gets adsorbed on the surface 
of graphene sheets and helps in dispersion of graphene 
sheets. Then, the surfactant micelles with graphene sheets 
bind with metal cations and hence act as building block 
for self-assembly of metal oxides. Finally metal oxides 
get crystallized between alternating layers of graphene 
to form fine layered nanostructure.36Self-assembly is 
important method for constructing the new class of 
layered nanostructures with stable, ordered and crystalline 
structure. In layer-by-layer self-assembly of functionalized 
graphene nanoplatelets, the electrostatic interactions 
between graphene nanoplatelets are responsible for self-
assembly of graphene sheets. 

3.4. Other methods 
Beside the above mentioned methods, there are also 

other efficient methods for synthesis of graphene-metal 
oxide hybrid nanocomposites such as solution mixing40 UV 
assisted reduction41 microwave irradiation42 etc. 

4. Role of graphene and graphene based nanocomposites 
in watersplitting

4.1. Graphene as photocatalyst
Photocatalyst is a substance which shows the catalytic 

activity using energy from light without undergoing any 
change in itself43. Photocatalytic activity depends on the 
generation of electron-hole pairs in the catalyst under the 
influence of light energy.44 These photogenerated charge 
carriers then generate free radicals such as hydroxyl, 
superoxide, hydroperoxide which migrate to the surface 
of catalyst and undergo secondary reactions.45 Yeh et al46 
demonstrated the graphite oxide as photocatalyst for 
hydrogen generation from water without using any noble 
metal as cocatalyst. They used the moderately oxidized GO 
with a band gap of 2.4-4.3 eV which can absorb visible light. 
Oxidation of graphite introduces many oxygen containing 
functional groups such as carboxyl, epoxides and hydroxyl 
groups on its surface which make GO hydrophilic. Thus 
GO is easily dispersible in water and because of this 
GO have more exposed area in aqueous solutions and 
effectively catalyzes the water splitting reaction. 

The band gap of GO can be tuned with its oxidation 
level. Variation of band gap of GO with oxidation level 
has been illustrated in Fig. 3.  Its electrical conductivity 
decreases with increasing oxidation level means fully 
oxidized GO acts as insulator and as semiconductor when 
it is partially oxidized.47 Conduction band edge of GO is 
mainly formed by the anti-bonding π* orbital which is 
having higher energy level – 0.52 eV. Thus due to more 
negative CB edge value which is needed for hydrogen 
generation, GO can act as photocatalyst. Also the VB 
edge of GO is mainly composed of O 2p orbitals may not 
be the positive enough to oxidize water but it varies with 
reduction degree. It has been observed that band gap of 
GO decreases with the reduction. It is well reported in the 
literatures that for GO with 12.5% of the oxygen atoms, 
top energy level of VB is not high enough to oxidize water 
for O2 evolution but at the same time for GO having 25% 
coverage of oxygen atoms the energy level of CB is high 
enough for O2evolution from water.48, 49 hence by tuning 
the electronic properties of GO, it can act as a promising 
material for h2 generation from water without any co-
catalyst. The possible mechanism of water splitting using 
methanol as scavenger can be summarized as,46

GO + hν → GO (e- + h+)

6 h+ + 6e- → 3 H2

Ch3Oh + 6 Oh- + 6 h+ → CO2 + 5 h2O

Eda et al.50  have investigated the insulator 
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→semiconductor→ semimetal transition in RGO with 
degree of reduction. Further they find that the energy 
gap even approaches zero with the extensive degree 
of reduction. Therefore this possibility of band gap 
engineering of RGO is always the area of interest for its 
implementation in various applications. Yeh et al.51 also 
demonstrated the photoactivity of GO in hydrogen and 
oxygen evolution from water with different oxidation 
levels. They showed that band gap energy of GO increases 
with increasing oxidation level of GO which limits the light 
absorption and responsible for the poor photocatalytic 
activity than GO having narrow band gap energy. It was 
also observed that during the photocatalytic reaction the 
h2 evolution rate was constant but not the O2 evolution 
rate. This is mainly because of the reason that GO band gap 
decreases during the reaction leading to the upward shift 
of VB. Tend and coworkers52  have shown the functionality 
engineering of GO for tuning its band gap by its treatment 
with ammonia and explored its photoactivity in water 
splitting in visible light. Ammonia modified GO (NGO) 
shows the n-type conductivity due to the introduction of 
nitrogen functionality. The band gap of NGO is narrowed 
due to the removal of various epoxy and carboxyl groups 
and it further act as the promising photocatalyst towards 
the h2 and O2 generation from water splitting.

4.2. Graphene as cocatalyst
Cocatalyst is a substance which assists the catalyst 

in a chemical reaction and hence enhances the activity 
of catalyst53. Cocatalysts are generally loaded on the 
surface of semiconductors as a dispersion of nanoparticles 
and accelerate the photocatalytic rate by introducing 
more reaction sites and promoting charge separation in 
semiconductors54. In water splitting reactions, generally 
noble metals (e.g. Pt, Rh) and some metal oxides (e.g. NiO 
) act as cocatalyst and these are loaded on the surface of 
photocatalysts to produce more reactive sites and reduce 
the activation energy for gas evolution. Cocatalyst also 
enhances the charge separation in photocatalytic materials 
because of their high work function. This high work 
function of noble metals and some metal oxides makes the 
transfer of electrons from CB of excited semiconductors 
to cocatalyst and results in the formation of Schottky 
barrier which efficiently decreases the recombination of 
charge carriers.4 hence cocatalysts play crucial role in 
the enhancement of photocatalytic activity by providing 
abundant reaction sites for h2 evolution, increasing 
interfacial charge transfer and reducing the recombination 
probability of photogenerated electron-hole pairs.55 But 
high cost of noble metals limits their use as co-catalyst on 

a large scale. Graphene seems to be best alternative for 
noble metals. Graphene acts as a promising cocatalyst in 
h2 evolution reactions due to its high work function (4.42 
eV)56 and reduction potential of graphene/ graphene  ̄  
is reported to be – 0.08 eV which is more negative than 
reduction potential of h+ → H2.57

Role of graphene as cocatalyst has been illustrated 
by various research groups. Peng et al. 58 reported on 
graphene oxide (GO)-CdS nanocomposites, where GO 
acts as supporting matrix for the CdS nanoparticles which 
are about 10 nm in size. Due to narrow band gap CdS is 
active in visible region and they observed the highest 
h2 production rate of 314 µmol/h for the composition 
having 5 wt% of GO. herein GO functions as excellent 
electron acceptor and transporter from CB of excited CdS 
to reaction sites. Thus graphene reduces the recombination 
rate of photo generated charge carriers and improves the 
interfacial charge transfer process which is ultimately 
responsible for the enhanced activity of photocatalyst. 
General mechanism for this has been illustrated in Fig. 4a. 
A similar binary nanocomposite has been reported by Xiang 
et al.59 consisting of graphene modified TiO2nanosheets. 
This composite shows excellent h2 production rate of 736 
µmol/h with 1wt% of graphene content. here also the 
cocatalytic activity of graphene plays key role in better 
h2 production. Lv et al.34 demonstrated the cocatalytic 
activity of doped graphene (Cu-doped graphene/TiO2 
composites). They found the h2 generation efficiency of 
Cu-graphene cocatalyst is about 5 times higher than pure 
graphene cocatalyst. Recently many reports have been 
published on graphene based ternary composites which 
are used as cocatalysts for solar water splitting. Ye et al.55 
have reported CdS/MoS2/graphene nanocomposites 
which is active in visible light for hydrogen generation. 
They reported the hydrogen evolution rate of 1.8 mmol/h 
in lactic acid solution at 420 nm which is much higher 
than that of Pt/CdS system in same solution. This high h2 

evolution rate was mainly achieved because of the higher 
cocatalytic activity of MoS2/graphene which leads to the 
more number of reaction sites and fast charge transfer. 
Moreover in nanosized MoS2, exposed S atoms have 
strong affinity to H+ ions in solution which are reduced to 
h2 by transferred electrons from CB of CdS. The general 
mechanism for ternary composite has been illustrated in 
Fig. 4b. Similarly Yu et al.60 have reported a noble metal 
free TiO2/ MoS2/graphene system for h2 generation. This 
composite  prepared by two step hydrothermal process and 
observed the hydrogen production rate of 165 µmol/h for 
composition having 0.5 wt% of cocatalyst. Table 1 shows 
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different photocatalyst materials in which graphene act as 
cocatalyst for water splitting. 

4.3. Graphene as photosensitizer
Photosensitizer is a light absorbing substance which 

mediates reactions either in living cells or in chemical 
systems.65 Hence photosensitizer produces chemical 
change in another molecule in a photochemical process. 
So far graphene-semiconductor based composites have 
been widely explored for h2 generation in which mainly 
graphene act as electron acceptor and transporter and 

Table 1. Different photocatalytic materials where graphene act as cocatalyst
Photocatalyst Preparation 

Method
Co-catalyst Graphene 

Content (wt %)
Light Source H2 Evolution 

(µmol/h)
Reference

RGO-TiO2 Microwave 
hydrothermal

Graphene 1 UV-visible (Xe) 736 [59]

GO-CdS Precipitation Graphene 5 Λ≥420 nm (Xe) 314 [58]
GO- TNT hydrothermal Graphene 1 Λ≥420 nm (Xe) 12.1 [61]
RGO- Cu2O Precipitation Graphene ~ Λ≥420 nm (Xe) ~ [62]

Cu/GO-TiO2 Photodeposition 
hydrothermal

Cu-
Graphene

2 Λ≥400 nm (Xe) ~ [34]

RGO-CdS-ZnO Solid State Graphene 1 Visible (Th) 751 [63]
RGO-MoS2-TiO2 hydrothermal MoS2-RGO 5 UV-visible (Xe) 165.3 [60]
RGO-ZnxCd1-xS Coprecipitation-

hydrothermal
Graphene 0.25 Λ=420nm 1824 [57]

GR-MoS2-ZnS hydrothermal GR-MoS2 0.25 Xe lamp 2258 [31]
N/RGO- CdS Solution mixing N-RGO 2 Λ≥400 nm (Xe) 210 [64]

Fig. 4a.Schematic illustrating the cocatalytic activity of GO 
in graphene-semiconductor binary nanocomposite for H2 
generation.

Fig. 4b.Schematic illustrating the cocatalytic activity of GO in graphene-
semiconductor-MoS2 ternary nanocomposite for H2 generation.

hence enhances the life span of photogenerated charge 
carriers which leads to the improved h2 evolution. Besides 
this, graphene can act as excellent photosensitizer for 
semiconductors in nanocomposites.66 Role of graphene as 
photosensitizer have been proved theoretically as well as 
experimentally.66, 67 Xu and coworkers68 have demonstrated 
the role of graphene as photosensitizer by reporting 
graphene-ZnO nanocomposite which is active in visible 
light. Being a wide band gap semiconductor, ZnO is inactive 
in the visible light so they explained the photoactivity of 
this composite on the basis of photosensitizer role of 
graphene. Under the influence of visible light graphene is 



SMC Bulletin Vol. 6 (No. 3) December 2015

26

photoexcited from ground state graphene to excited state 
graphene* to generate electrons which is then injected into 
the CB of ZnO to make this composite active in visible light. 
The authors concluded that for better sensitization there 
should be strong interfacial bonding between the graphene 
and semiconductor, and self-induced photosensitization 
such as organic dye sensitization should be avoided.

The photosensitizer role of graphene has been 
demonstrated in Fig. 5. Du et al.66 reported the graphene/
titania hybrid nanocomposite and explained the interfacial 
charge transfer by using density functional calculations. 
They demonstrated the formation of charge transfer 
complex at interface of graphene and titania due to work 
function difference of both material and on visible light 
irradiation, the electron in the upper VB of graphene 
can be excited to the CB of titania. As TiO2 is inactive 
in visible light the photoactivity is mainly attributed to 
photosensitizer graphene which generate the charge 
carriers which is then transferred to reduce the absorbed 
species on the surface of photocatalyst. Zhang et al.69 also 
explored the photosensitizer role of graphene by reporting 
the nanosized assembly of ZnS on GO sheets and the 
interfacial contact between ZnS and GO. They formulated a 
new photocatalytic mechanism for this visible light driven 
activity of this nanocomposite. As ZnS itself is not band 
gap excited and on visible light irradiation photogenerated 
electron from graphene is transferred to CB of ZnS and 
hence transform a wide band gap semiconductor to visible 
light active photocatalyst. Peng and coworkers70 fabricated 
GO-TiO2 binary nanocomposite by simple hydrothermal 
method and demonstrated the high visible light driven 
h2 evolution from water. herein they claimed graphene 
as photosensitizer and efficient interfacial charge transfer 
is observed on visible light irradiation. hence on the 
basis of all above mentioned reports it can be concluded 
that besides acting as electron reservoir to capture and 
shuttle the electrons, graphene also act as photosenisitizer 
and transform the UV active semiconductors into visible 

light responsive. This photosensitization by graphene has 
opened many new paths in fabricating new graphene-
semiconductor based nanocomposites to explore various 
photocatalytic applications.

5. Concluding Remarks and Outlook
The combination of excellent properties and the easy 

availability of graphene has made it one of the most 
promising material as catalyst for chemical, photochemical 
and electrochemical reactions. There are thousands of 
reports available in literature which are mainly devoted to 
the wide range applications of graphene based composites 
such as in lithium ion batteries71-76, photocatalysts, fuel 
cells77-81, Raman enhancement82-85, drug delivery86-90, 
supercapacitors79, 80, 91-93, sensing applications94-98 and 
photovoltaics99-103. Solar energy harvesting for hydrogen 
evolution from water is one of the attractive and challenging 
field in photocatalysis. Due to the huge specific surface 
area graphene acts as excellent 2D supportive material for 
metals and metal oxides which results in the formation 
of some interesting photocatalysts. Tunable optical and 
electronic properties of graphene have made this a versatile 
material and it can act as cocatalyst, photocatalyst and 
photosensitizer, and even exhibit the property of hydrogen 
evolution by itself. Thus graphene based composites 
have shown promising results in hydrogen generation 
as compared to some conventional catalysts as we have 
described in this review articles.

Despite of all excellent results obtained with 
graphene and graphene based composites in hydrogen 
generation, there are some challenges for improving its 
use in photoelectrocatalytic and photocatalytic hydrogen 
evolution.

First  of  al l  the water  spli t t ing react ion is 
thermodynamically unfavourable reaction as the Gibbs 
free energy is positive for this reaction and hence to make 
this reaction feasible and prevent back reaction of hydrogen 
and oxygen to form water is a big challenge.

Oxidation of graphite flakes introduces various 
functional groups in graphene oxide which disrupt its 
electronic structure by several orders of magnitude as 
compared to pristine graphene. The conductivity is revived 
when graphene oxide is reduced but various defects 
remains. Thus fabrication of a novel graphene composite 
with improved catalytic performance is still a challenge.

The role of graphene as photocatalyst and 
photosensitizer is also complex in mechanistic way, 
because generally it has been reported that the enhanced 
photogenerated charge carriers separation and then 
charge transfer to CB of semiconductor is responsible Fig. 5. Schematic illustrating the photosensitizer role of graphene.
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for the activity of the catalyst but many research groups 
have demonstrated that electron can be transferred from 
upper VB of graphene to semiconductor as graphene can 
act as photosensitizer. Such kind of mechanism is not fully 
understood till date and a detailed study is needed for 
this particularly interesting interfacial charge transfer in 
graphene composites.

hydrogen storage is also a big issue in order to use it 
as fuel in combustion engines.

Although a huge number of photocatalysts have been 
explored for hydrogen generation by solar water splitting, 
but the significant breakthrough in harvesting solar energy 
still needs to achieved.
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Introduction.

In the wake of the intransigent escalation in the 
depletion of non-renewable energy resources the world 
faces today, it is of dire need to find means of generating 
energy from nonpolluting and nonconventional sources.1-8 
The energy crisis issue has often found its answers in 
renewable energy resources such as tidal, solar, wind, 
geothermal and biomass etc. Apart from all these sources 
thermoelectric energy conversion form waste heat will 
play an important role for the future energy management. 
1-5 In 1821, Baltic German scientist Thomas Johann Seebeck 
first discovered that a loop formed by two different metals 
when subjected to a difference in temperature across its two 
junctions can generate an electric potential difference.1-3 
This effect found its place in textbooks in the name of 
Seebeck effect.1-6 This unique property of some materials to 
be able to convert a temperature gradient to a considerable 
potential gradient is a convincing remedy that might take 
us a step forward in reconciling the upset our earth finds 
itself in. These materials are hence called thermoelectric 
materials.1-8

Over the past few years, there has been a steady 
growth in interest of the scientific community in this field 
of research and a library of compounds have proven their 
worth to be promising thermoelectric materials that could 
find their application in appliances and gadgets of the 
future. The efficiency of an intrinsic thermoelectric material 
is related to the well-known Carnot Efficiency by virtue of a 
dimensionless quantity called Thermoelectric Fig. of Merit, 
ZT. The efficiency (η) of this type of materials is given by 
the following relation.1,3,4
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Abstract: 
Thermoelectric is an environment-friendly technology, enables the direct conversion of waste heat to 
electricity and can provide sustainable energy supply as the sources of non-renewable energy are rapidly 
dwindling. In the present paper we discuss the thermoelectric property of n-type AgBi0.5Sb0.5Se2 system, 
which is a lead (Pb) and tellurium (Te)- free compound. We show that aliovalent chlorine can acts as an 
n-type dopant in the present system and increases the electrical conductivity, which results in an increase 
of the power factor (S2σ) at high temperatures. high degree of anharmonicity in the bonding arrangements 
and presence of disordered cation sublattice effectively scatter heat carrying phonon and decreases the 
thermal conductivity. A maximum ZT of 0.45 at 708 K was achieved in n-type AgBi0.5Sb0.5Se1.98Cl0.2 crystalline 
ingot.

where ZT is the thermoelectric Fig. of merit, Thot and Tcold 
the respective temperatures of the hot and cold junctions 
and ΔT the difference between them. The dimensionless 
thermoelectric Fig. of merit (ZT) of thermoelectric materials 
can be expressed in terms of three very fundamental 
materials’ properties as they are called

ZT = σS2T/κtotal

where σ is the electrical conductivity, S the Seebeck 
coefficient, T the absolute temperature and κtotal the total 
thermal conductivity of the material under consideration. 
The quantity σS2, called the power factor together with the 
total thermal conductivity of the material given by κtotal = 
κel  + κlat, where, κel and κlat being the electronic and lattice 
thermal conductivities of a  material respectively.1-8

Thermoelectric devices currently available have a ZTavg 
of 1 and operate at an efficiency of ~ 10 %.2 The only way 
out to make these materials more efficient is to devise a 
way to increase the ZT. The challenge to create high ZT 
thermoelectric materials lies in achieving simultaneously 
high electronic conductivity (σ), high thermopower (S) 
and low thermal conductivity (κ) in the same material.1-6 

This indeed is a challenging task, stemming from the 
fact that the desired material under consideration must 
have thermal conduction properties like glass, electronic 
transport properties like a metal, and a high Seebeck co-
efficient characteristic of semiconductors. In previous 
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years several new concepts have been implemented to 
get control over the carrier and phonon transport in 
the materials. Introduction of resonance levels, 9,10 band 
convergence, 11 quantum confinement effects12 and electron 
energy barrier filtering 13 are some very well applied 
strategies to get control over carrier transport by the 
modification of electronic structure of materials. Lattice 
thermal conductivity (κlat) is independent of the electrical 
transport of the material via Weidemann Franz law, κlat= 
κtotal-LσT; where L is Lorenz number. Thus, different 
approaches also been taken to reduce the κlat.1-4 Some of 
the most effective ways are, solid solution alloying, second 
phase nanostructuring, and the all scale phonon scattering 
approach.7,14-16 By utilizing critical phase transitions or 
intrinsic low thermal conductivity value a high ZT value 
can be achieve in a single phase material.17 

Thermoelectric research gained impetus around the 
last decade of the 20th century. For the power generation 
application purpose some of the well-known systems 
are PbTe,7,14 PbSe,18,19 SnTe,10,20,21,22 SnSe,8 AgSbTe2,23 
AgSbSe2,25,26,27,28,29 AgBiSe2,30,31,32 Cu2Se,33 filled skuttrudite,34 
hausler compounds35. Moreover, Bi2Te3 based materials are 
well-known for their room temperature applications.16,36 
Further research beyond these traditional well-known 
materials has brought into light, a family of I-V-VI2 (where 
I = Cu, Ag, Au or alkali metal; V = As, Sb, Bi; and VI = Se, 
Te) system of semiconductors, which renowned for their 
intrinsically extremely low thermal conductivity finding 
its origin in the strong anharmonicity in the bonding 
patterns.25,37,38 Recent theoretical estimations and further 
calculations have showed that the lone pair on the Group V 
atom in these compounds is present in the stereochemically 
active ns orbital and hence leads to strong lattice 
deformation, thus lowering the thermal conductivity.37,38 
Rosi et al.’s discovery, AgSbTe2 proves to be the first of 
such compounds showing a ZT value of 1.3 at 720 K.23 

Further modifications of the compound have also met with 
success. Interestingly, alloy of AgSbTe2 with GeTe (TAGS) 
39 and PbTe (LAST-m) 15 showed extraordinary ZT values 
of 1.5 at 750 K and 1.8 at 800 K, respectively. however, 
Te compounds prove to be toxic, highly expensive and of 
extremely low price stability owing to the low abundance 
of Te in the earth’s crust.

The next obvious and overwhelmingly attractive 
alternative in terms of choice of materials seems to be Se, 
lying immediately above Te in the Periodic Table. Se being 
less toxic and cheaper with higher price stability as it is 
50 times more abundant in the earth’s crust, analogous 
compounds received attention. AgSbSe2, an intrinsic 
p-type system, belongs to I-V-VI2 class is a very promising 

system. A ZT value more than unity has been reported 
for cation doped AgSbSe2. 25,26,27,28,29  Nanostructuring, 
carrier engineering and bond anharmonicity were found 
to synergistically boost the thermoelectric performance of 
p-type AgSbSe2-ZnSe at 640K to provide a ZT value of 1.1.26 
More recently we have shown that Sb vacancy can also 
increase p-type carrier concentration in AgSbSe2 and boost 
the thermoelectric performance. In recent times, ZT values 
as high as ~1 at temperature around 773 K has also been 
reported in n-type Nb doped and aliovalent anion doped 
bulk AgBiSe2. Solution grown nanocrystalline AgBiSe2 also 
boasts of a promising ZT value with an interesting p-n-p 
type conduction. 

Silver bismuth selenide, AgBiSe2,  an n-type 
semiconductor in bulk phase, known to display 
temperature dependent structural phase transition 
(Fig. 1a). At room temperature AgBiSe2 crystallize in 
a cento-symmetric ordered hexagonal phase (space 
group Pm-31) a= 4.194 Å, c= 19.65 Å).30,32 At 410 K in 
undergoes hexagonal-rhombohedral (R-3m space group 
with lattice constant, a = 7.022 Å) structural and at 580 
K rhombohedral-cubic (space group Fm-3m, a = 5.832 
Å) transition takes place.30,32 The rhombohedral having 
ordered Ag and Bi atoms in distinguishable positions, 
while in the high temperature cubic phase, the Ag and Bi 
atoms are disordered in the lattice site. Due to this high 
degree of disorderness and presence of steroeochemically 
active lone pair of electron in in Bi atom cubic phase 
shows very low thermal conductivity.30 It is also known 
that high symmetry in crystals structure results high band 
degeneracy in the electronic crystal structure and has an 
effect to increase the ZT value.3 Hence, stabilization of 
the high temperature phase cubic phase of AgBiSe2 at 
room temperature is important to increase its working 
temperature range.

13

Figure 1: Room temperature powder XRD (PXRD) pattern of AgBi0.5Sb0.5Se2 with cubic 
AgBiSe2 and AgSbSe2, (b) PXRD pattern of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x= 0.01, 
0.02 and 0.04) samples. 
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Fig. 1: Room temperature powder XRD (PXRD) pattern of AgBi0.5Sb0.5Se2 

with cubic AgBiSe2 and AgSbSe2, (b) PXRD pattern of AgBi0.5Sb0.5Se2 

and AgBi0.5Sb0.5Se2-xClx (x= 0.01, 0.02 and 0.04) samples.



SMC Bulletin Vol. 6 (No. 3) December 2015

32

 The earlier observation has opened up an interest in 
the composition of AgBixSb1-xSe2. AgBixSb1-xSe2 is a solid 
solution of AgBiSe2 and AgSbSe2.32 It has been shown that, 
with incorporation of Sb in Bi position of AgBiSe2, the 
crystal system changes towards cubic structure. In cubic 
AgBixSb1-xSe2 system, Ag, Bi and Sb remains disordered 
in lattice site and similar to AgSbSe2, AgBiSe2, presence of 
5s2 and 6s2 of Sb and Bi respectively lone pair creates high 
degree of anharmonicity in the bonding arrangement.32 
Recently it has been shown p-type solid-solutioned 
homojunction nanoplates of AgBi0.5Sb0.5Se2 shows a very 
promising ZT value of 1.1 at 550 K due to ultralow thermal 
conductivity.32 however, in literature no report discusses 
on the synthesis and thermoelectric property of bulk 
AgBi0.5Sb0.5Se2. 

here, we report synthesis and thermoelectric 
property of high quality bulk crystalline ingots of n-type 
AgBi0.5Sb0.5Se2. The electrical transport is moderate and 
hence the choice of various dopant systems to improve 
the thermoelectric Fig. of merit. We show that Cl acts as 
an effective n-type dopant and increases the electrical 
conductivity, which results in an increase of the power 
factor (S2σ) of AgBi0.5Sb0.5Se2. We could achieve a maximum 
ZT of 0.45 at 708 K in the case of n-type AgBi0.5Sb0.5Se1.98Cl0.2 
crystalline ingot due to high power factor and intrinsically 
low thermal conductivity, which is significantly higher 
than pristine AgBi0.5Sb0.5Se2 (ZT ~0.25 at 708 K).

Experimental section.
Materials. Elemental silver (Ag, 99.999%, metal basis), 

elemental bismuth (Bi, 99.9999%, metal basis), elemental 
antimony (Sb, 99.9999%, metal basis), elemental selenium 
(Se, 99.999%, metal basis), bismuth chloride (BiCl3, 
99.999%), were purchased from Alfa Aesar and used as 
purchased.  

Synthesis. Ingots (~7 g) of pristine AgBi0.5Sb0.5Se2  
and AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) were synthesized by 
mixing appropriate ratios of high-purity starting materials 
of Ag, Bi, Sb BiCl3 and Se in quartz tube. The tubes were 
sealed under high vacuum (~10−5 Torr) and slowly heated 
up to 673 K over 12 h, then heated up to 1123 K in 4 h, 
soaked for 10 h, and subsequently slow cooled to room 
temperature over a period of 12 hrs. For electrical and 
thermal transport measurements the samples were cut 
and polished in bar and disk shape. Bar-shaped sample is 
used for simultaneous electrical conductivity and Seebeck 
coefficient measurement, whereas disk-shaped sample is 
used for thermal conductivity measurement.

Powder X-ray diffraction. Powder X-ray diffraction for 
all the samples were recorded using a laboratory Bruker 

D8 diffractometer with Cu Kα (λ = 1.5406 Å) radiation at 
room temperature. 

Band gap.  To probe optical energy gap, optical diffuse 
reflectance measurements has been performed on finely 
ground powders at room temperature. The spectra were 
recorded over the range of 500 nm to 2500 nm using a 
Perkin Elmer Lambda 900, UV/Vis/NIR spectrometer. 
Absorption (α/Λ) data was calculated from reflectance 
data using Kubelka-Munk equation: α/Λ = (1-R)2/(2R), 
where R is the reflectance and α and Λ are the absorption 
and scattering coefficients, respectively.

Electrical transport. Electrical conductivity and 
Seebeck coefficient were measured simultaneously under 
helium atmosphere from room temperature to ~710 K on 
a ULVAC RIKO ZEM-3 instrument system. The typical 
sample for measurement has a rectangular shape with the 
approximate dimension of 2 mm × 2 mm × 8 mm. heating 
and cooling cycles give repeatable electrical properties for 
a given sample.

Thermal transport. For thermal diffusivity, D 
measurement a Netzsch LFA-457 laser flash instrument 
used for measurement in the range 300-723 K under N2 
atmosphere. Coins with ~8 mm diameter and ~2 mm 
thickness were used for the measurement. Temperature 
dependent heat capacity, Cp, was derived using a standard 
sample (pyroceram) in LFA457. The total thermal 
conductivity, κtotal, was calculated using the formula, κtotal  
= DCpρ, where  ρ  is the density of the sample, measured 
using sample dimension and mass.  The density of the 
pellets is ~98 % of the theoretical density.

14

Figure 2: Optical absorption spectra of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x= 0.01, 
0.02 and 0.04) samples. 
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Fig. 2: Optical absorption spectra of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-

xClx (x= 0.01, 0.02 and 0.04) samples.



33

SMC Bulletin Vol. 6 (No. 3) December 2015

15

Figure 3: Temperature dependent (a) electrical conductivity ( ), (b) Seebeck coefficient (S), 
and (c) power factor ( S2) of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x= 0.01, 0.02 and 0.04) 
samples. 
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Fig. 3: Temperature dependent (a) electrical conductivity (σ), (b) Seebeck coefficient (S), and (c) power factor (σS2) of AgBi0.5Sb0.5Se2 and 
AgBi0.5Sb0.5Se2-xClx (x= 0.01, 0.02 and 0.04) samples.

Results and discussion. 
Room temperature powder XRD pattern of pristine 

AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) 
samples presented in Fig. 1. It has been observed that 
the peaks for AgBi0.5Sb0.5Se2 lie exactly in the middle of 
cubic phase of AgSbSe2 and AgBiSe2, indicates perfect 
solid solution nature of the sample (Fig. 1a). No impurity 
phase being observed for AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) 
samples within the detection limits of powder XRD 
indicates successful substitution of halogen in the Se site 
of AgBi0.5Sb0.5Se2 (Fig. 1b). 

In Fig. 2, we present room temperature optical absorption 
spectra of pristine AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (2-4 
mol%) samples. The spectroscopically measured band 
gap of the pristine AgBi0.5Sb0.5Se2 is ~0.56 eV. The band 
gap for AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) are slightly blue 
shifted compared to that of for pristine sample. The higher 
band gap in chlorine doped samples is due to higher 
electronegativity of the chlorine (Cl = 3.16, in Pauling 
scale) than selenium (2.55, in Pauling scale), which results 
higher ionic character of the metal-halogen bond than the 
metal-selenium bond. Increase of the ionic character in the 
bond results increase of the band gap for AgBi0.5Sb0.5Se2-

xClx (x=2-4 mol%). This result supports the successful 
substitution of chlorine in the Se site of AgBi0.5Sb0.5Se2.

Temperature dependent electronic transport properties 
of pristine AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x=2-4 
mol%) samples have been presented in Fig. 3. In Fig. 3(a), 
we show temperature dependent electrical conductivity 
(σ) of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%). 
An σ value of ~0.4 S/cm has been measured at room 
temperature for pristine AgBi0.5Sb0.5Se2, which increase 
to ~20 S/cm at 708 K. σ value for chlorine doped sample 
is remain almost same at room temperature, however at 

elevated temperature is shows much higher value as that of 
for pristine sample. Typically, AgBi0.5Sb0.5Se1.98Cl0.02 sample 
shows a σ of ~ 40 S/cm at 708 K, Thus, the measured higher 
σ of AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) samples is due to the 
substitution of Cl- ion in Se2-. Overall the results indicate 
that chlorine doping can enhance the electrical conductivity 
of AgBi0.5Sb0.5Se2 by injecting electron in the conduction 
band of AgBi0.5Sb0.5Se2. 

The negative sign of the S indicates n-type conduction 
in all the samples (Fig. 3b). however, the conduction type 
for the nanocrystlline sample is p-type in nature. Formation 
of defects due to solution phase synthesis may be reasons 
for this difference. The S value for pristine AgBi0.5Sb0.5Se2 
is -231 μV/K at room temperature, which increases to a 
value of -408 μV/K at 468 K and reaches to a value of -296 
μV/K at ~710 K. Chlorine doping in AgBi0.5Sb0.5Se2 has a 
significant effect on the temperature dependent seebeck 
coefficient. All the Chlorine doped samples show lower S 
values than that of for pristine AgBi0.5Sb0.5Se2. The decrease 
in the Seebeck coefficient after halogen doping is due to 
increase in the carrier concentration in the system as, S is 
inversely related to the carrier concentration (n), S~n−2/3. 
Typically, AgBi0.5Sb0.5Se1.98Cl0.02 sample shows an S value of 
-140 μV/K at room temperature, which increase to value 
of -313 μV/K at 465 K, then remains almost flat to a value 
of -255 μV/K at 708 K. 

Fig. 3(c) represents the temperature dependent 
power factors (σS2) of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-

xClx (x=2-4 mol%). A maximum σS2 of ~1.8 μW/cmK2 

have been achieved at ~708 K for pristine sample. All 
the chlorine doped samples show higher σS2 at elevated 
temperature than that of for pristine sample. Typically, 
AgBi0.5Sb0.5Se1.98Cl0.02 sample shows a σS2 value of ~2.64 
μW/cmK2 at 708 K. Superior electrical transports in the 
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Figure 4: Temperature dependent (a) thermal diffusivity (D), (b) specific heat (Cp), (c) total 
thermal conductivity ( total) of AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se1.98Cl0.02 samples. 
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Fig. 4: Temperature dependent (a) thermal diffusivity (D), (b) specific heat (Cp), (c) total thermal conductivity (κtotal) of AgBi0.5Sb0.5Se2 and 
AgBi0.5Sb0.5Se1.98Cl0.02 samples.

chlorine doped samples result in the improvement in 
σS2 value.

The total thermal conductivity, κtotal, of AgBi0.5Sb0.5Se2 
and AgBi0.5Sb0.5Se1.98Cl0.02 samples were estimated over 300-
723 K temperature range using the formula, κtotal = DCpρ, 
where D is the thermal diffusivity, Cp is specific heat and 
ρ is density of the sample (Fig. 4). Temperature dependent 
D is measured using laser flash diffusivity technique 
over 300-723 K range (Fig. 4a). Temperature dependent 
Cp, was derived during the diffusivity measurement in a 
LFA 457 instrument (Fig. 4b). At room temperature, a κtotal 
value of ~0.44 Wm−1K −1 was measured for AgBi0.5Sb0.5Se2, 

which remains almost same value all over the measured 
temperature range and shows a value of 0.5 Wm−1K −1 at 
723 K. We have observed similar trend in the temperature 
dependent κtotal for 2 mol% doped sample as well (Fig. 4c). 
however, κtotal value is lower than pristine sample. Creation 
of point defects due to chlorine doping result scattering 
of the heat carrying phonons which deceases the thermal 
conductivity to a further lower value. 

Temperature dependent thermoelectric Fig. of merit, 
ZT, was estimated from the measured electrical and 
thermal transport data in temperature range of 300-
708 K for pristine and AgBi0.5Sb0.5Se1.98Cl0.02 (Fig. 5). A 
peak ZT value ~0.27 at 708 K was achieved for pristine 
AgBi0.5Sb0.5Se2. The ZT value for AgBi0.5Sb0.5Se1.98Cl0.02 
sample follows almost same value as for pristine sample 
at low temperatures. however at high temperature the ZT 
value increases significantly. A peak ZT of ~0.45 at 708 K 
was achieved for AgBi0.5Sb0.5Se1.98Cl0.02.

Conclusions.
In summary, high quality crystalline ingots of n-type 

AgBi0.5Sb0.5Se2 and AgBi0.5Sb0.5Se2-xClx (x=2-4 mol%) 
were grown by simple melting of elemental metal and 
chalcogen followed by cooling to room temperature. 
Carrier concentrations in n-type AgBi0.5Sb0.5Se2 can be tune 
by small amount aliovalent chlorine doing in the Se site to 
enhance the electrical conductivity compared to pristine 
sample. Chlorine aliovalently dope on the Se2- sublattice 
and, from the simple valence electron counting, donates 
one n-type carrier in AgBi0.5Sb0.5Se2, which gives rise to 
improved electronic transport property. high degree of 
anharmonicity in Bi-Se, Sb-Se bond and effective phonon 
scattering by the disordered Ag/Bi lattice give rise to ultra-
low thermal conductivity in the cubic AgBi0.5Sb0.5Se2. A peak 
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Figure 5: Temperature dependent thermoelectric figure of merit (ZT) of AgBi0.5Sb0.5Se2 and 
AgBi0.5Sb0.5Se1.98Cl0.02 samples. 
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Fig. 5: Temperature dependent thermoelectric Fig. of merit (ZT) of 
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ZT of ~0.45 at 708 K was achieved for AgBi0.5Sb0.5Se1.98Cl0.02. 
Further improvement of the performance of AgBi0.5Sb0.5Se2 
could be achieved by either concurrent enhancement of 
Seebeck coefficient and electrical conductivity.
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1. Introduction
Energy is key to social, economic, industrial and 

technological development of any society. There is 
continuous increase in energy demand worldwide due 
to increasing population and rising living standards. The 
need of the hour is research in the field of alternative energy 
sources that are CO2 free.

CO2 free energy systems are important basically due 
to the following two reasons:Firstly, the gap between 
energy demand and available energy sources will increase 
in future because the demand keeps on increasing due to 
increasing population, industrial growth etc but there is 
decline in production of conventional fossil fuels. Second 
reason for the increase in efforts and research for alternate 
energy sources is the concern for the environmental 
problems associated with the combustion of fossil fuels. 
Since fossil fuels are mainly hydrocarbons therefore their 
burning leads to CO2 emission. hence an increase in usage 
of these fossil fuels leads to increase in CO2 emission. These 
increased CO2 levels have huge impact on environment and 
climate since CO2 is a greenhouse gas.

Some of the promising non-polluting renewable energy 
sources are nuclear, solar, wind, geothermal biomass etc.
For some applications like transportation purpose where 
fossil fuels are extensively used, it is highly desirable to 
replace fossil fuels by a more environment friendly energy 
carrier. hydrogen seems to be the most suitable option 
for this purpose due to its favorable properties, like no 
emission of pollutants or greenhouse gases, high energy 
density (140 MJ/kg) among all fuels etc.

In spite of being the most abundant element on Earth, 
hydrogen is not available freely. It is present in the form of 
molecules in combination with other elements. It is present 
in form of water (with oxygen) or organic molecules (with 
carbon and other elements). Many methods are being used 
or can be used for hydrogen production from fossil fuels 
as well as from water. From fossil fuels, hydrogen can 
be produced by methods like steam reforming of natural 
gas or other light hydrocarbons, gasification of coal and 
other heavy hydrocarbons etc. From water it produced 
by methods like electrolysis, thermochemical cycles, 
photochemical methods etc. 
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Presently commercial hydrogen is mainly produced 
from fossil fuels based sources like coal, oil and natural gas 
(~96%) and only small fraction (~4%) comes from water 
electrolysis [1-4]. Main sources of hydrogen are shown 
below in Table 1.

Table 1: Present status of commercial hydrogen 
production from different sources.

Source % Hydrogen production
Coal 18
Oil 30
Natural gas 48
Water Electrolysis 4

It is highly desirable to produce more hydrogen from 
water in an environment friendly manner. hydrogen 
generation from water can be represented as:  

h2O (g) → H2 (g) + 1/2 O2 (g)

But this reaction is highly endothermic (ΔH = 243 
kJmol-1 at 298 K) and very high temperatures (>2500 °C) are 
required for direct thermal decomposition or thermolysis 
of water. Energy required for decomposition can be 
provided by solar, nuclear, wind, electricity or combination 
of these. A large number of methods have been studied 
for producing hydrogen from water like Electrolysis 
(Alkaline electrolysis, PEM electrolysis and high 
temperature electrolysis), Photo-electrolysis (Photolysis), 
Photobiological (Biophotolysis), Photocatalysis, Thermal 
(Thermolysis), Thermochemical and Radiolysis.

Among these methods only electrolysis could be used 
at commercial level until now. But the cost of hydrogen 
production from electrolysis is high. hence there is need as 
well as scope of improvement in efficiency and reduction 
of cost of hydrogen production. Thermochemical cycle is 
one such method which has potential for better efficiency. 
A thermochemical cycles can be defined as:

“A thermochemical cycle decomposes water into 
hydrogen and oxygen through a set of thermally driven 
reactions at much lower temperatures than that required 
for direct thermolysis of water.”

The heat required for a thermochemical cycle can 
be obtained either from a nuclear reactor [1-6], solar 
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concentrator [7,8] or by geothermal energy [9]. A 
thermochemical cycle can be schematically represented 
as shown in Fig 1.
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Fig. 1: A schematic of the concept of thermochemical cycles 

More than 350 thermochemical cycles have been 
proposed and investigated worldwide. The main families 
are based on sulfur and halogens [10]. S-I cycle is one of 
the most studied cycle involving sulfur and iodine. This 
cycle was proposed and pursued by General Atomics in the 
USA, which made significant contributions to the process 
engineering and scaling up of the cycle [11,12]. It has 
potential for high efficiencies for hydrogen production [13]. 
The three reactions involved in S-I cycle are as follows:

Bunsen 
reaction

I2(g) + SO2(g) + 2 h2O(l) → 
2 hI(l) + h2SO4(l)

(120 °C)

h2SO4 
Decomposition

h2SO4(l) → SO2(s) + h2O(g) 
+ 0.5 O2(g)

(830 °C)

hI 
Decomposition

2 HI(s) → I2(s) + h2(s) (450 °C)

Net reaction: h2O →  H2 + 0.5 O2

According to the reaction scheme of S-I thermochemical 
cycle, in Bunsen reaction one mole each of SO2 and I2 react 
in presence of two moles of water to produce two acids 
namely hI and h2SO4. But from operation point of view, 
the conditions for Bunsen reaction are optimized by 
adding extra iodine and water. The excess iodine enhance 
the phase separation of the two acids and shifts Bunsen 
reaction equilibrium forward to produce more acids. Excess 
of water makes the reaction spontaneous and also causes 
the equilibrium to shift forward to produce more acids. 
This modified Bunsen reaction with extra iodine (x moles) 
and extra water (n Moles) can be written as follows.

SO2 + (x+1) I2 + 
(n+2) H2O 

[2 HI + x I2 + 
m H2O]

+ [H2SO4 + 
(n-m) H2O]

HIx Phase H2SO4 Phase

The lower is the water excess n the lower is the 
operating cost and higher is the efficiency. While on the 
other hand lower iodine excess x is advantageous for the 
management of hI section [14]. Norman et al [11] have 

Fig. 1: A schematic of the concept of thermochemical cycles

reported the following optimum composition for the 
Bunsen reaction. 

SO2 + 9 I2 + 16 h2O     (2 hI + 8 I2 + 10 h2O) + (h2SO4 
+ 4 h2O)

In case of S-I cycle,hI phase is containing excess iodine 
and water. Therefore production of hydrogen from this 
phase is highly energy consuming due the following two 
reasons:

(i) The extraction of hI from the hIx mixture is difficult 
because of the presence of an azeotrope in the mixture, 
so simple distillation is not possible.

(ii)  The extraction of hI from the hIx mixture requires very 
large heat exchanges, due to the large heat capacity 
induced by the high water content of the mixture.
hence various options have been tried to improve the 

overall efficiency of the process, like use of phosphoric acid 
for concentration of the hI solution [15], electro-electro 
dialysis concentration method [16,17], reactive distillation 
[18] and use of silica membrane reactor [19]. Reactive 
distillation has an advantage of combining reaction and 
separation in a single step leading to overall shift of 
equilibrium towards production of I2 and h2 [20].

HI Decomposition Reaction: As it can be seen from 
the above reaction scheme, hI decomposition reaction is 
the hydrogen producing step of the S-I cycle. In fact hI 
decomposition reaction is also integral part of some other 
iodine based cycles [21] for example Magnesium Iodine 
cycle [22] and Magnesium-Sulfur-Iodine cycle [23]. This 
reaction can be written as:

2 HI → I2 + h2

hI decomposition reaction has the following 
limitations:

	The decomposition reaction is incomplete (Equilibrium 
conversion is low).

	The decomposition reaction is slow.
Since hydrogen iodide (hI) decomposition is a 

thermodynamically limited reaction with low yields, 
therefore it requires considerable amount of energy for 
separation and recirculation of the unreacted species which 
in turn affects the overall efficiency of the thermochemical 
cycle. Therefore the efficiency of cycle depends on how 
efficiently HI is decomposed into hydrogen and iodine. 
It also requires a suitable catalyst for hI decomposition 
to achieve workable reaction rates by increasing the 
decomposition rate.

A wide range of catalysts have been used and studied 
for hI decomposition reaction. Several research groups 
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from around the globe are working in the field. Pt catalysts 
supported on different supports are the most studied 
sytems like Pt/Carbon [24] ,Pt/Alumina [25], Pt/Ceria 
[26,27] , Pt/Ceria-Zirconia [28] and bimetallic Pt-Ir catalysts 
[29] on carbon.

All the catalysts mentioned above have been employed 
for hI decomposition reaction in vapor phase at higher 
temperatures (T>450°C). Another approach which can 
be followed for hI decomposition is decomposition in 
liquid phase. In this case, dissolution of the I2 formed 
at catalyst surface into the hI solution and continued 
intimate contact between hI and catalyst maintains high 
reactivity levels with generation of gaseous h2 even in 
presence of I2. Very high conversion level as high as 50% 
is reported by O’Keefe et [30]. In the present article, we 
present the work on development of platinum catalysts 
supported of various carbon supports for liquid phase hI 
decomposition reaction. Three different catalysts with 1% 
platinum loading were prepared with different carbon 
supports with different porosity. 

2. Experimental 

2.1 Synthesis of the Catalyst: 
Different methods were used for preparation of 

catalysts. Nonporous carbon support was derived from 
graphitic carbon. Pt/Graphite catalyst supported on 
graphitic carbon was prepared by wet impregnation 
method which includes impregnation of the support 
(Colloidal Graphite) with a noble metal precursor followed 
by its reduction.While porous carbon support was 
prepared by hard templating method using porous silica 
templates. Microporous silica (fumed silica) resulted into 
microporous carbon and the catalyst prepared is named 
as Pt/FS-C, while mesoporous silica (MCM-41) resulted 
into mesoporous carbon and the catalyst is named as Pt/
MCM-C. For preparation of catalysts, porous silica was 
impregnated with carbon source (sucrose) and platinum 
source (hexachloroplatinic acid), followed by carbonization 
by heating at 800 °C for 3 h under N2 atmosphere and 
reduction steps. Reduction in all three cases was carried 
out by heating the samples at 300 °C for 3 h under flowing 
h2-N2 mixture.

2.2 Characterization of the catalyst
The powder X-ray diffraction patterns were recorded 

on Philips analytical diffractometer (using Ni-filtered Cu 
Kα radiation). The BET surface area of the catalysts was 
obtained from physical adsorption of N2 at -196°C, on a 
QuantachromeAutosorb - 1 instrument. The prepared 
sample was characterized for carbon structure and 
hybridization, by spatially resolved Raman scattering 

using micro/macro- Raman spectrometer (LABRAM-1, 
France) using a 488 nm line of an Ar+ ion laser for excitation. 
The scattered Raman signal was collected using a single 
monochromator spectrometer equipped with a Peltier-
cooled CCD detector in the backscattering geometry. The 
surface morphology was studied using JEOL JSM-6360. 
XPS studies for determining oxidation state of platinum 
and nature of carbon was studied using SPECS XPS 
system.

2.3 Activity and Stability of the Catalyst
All three catalysts were evaluated for their catalytic 

activity for liquid phase hI decomposition and noble 
metal leaching employing a reflux type batch reactor as 
shown in Fig. 2. 

Fig.2: Block diagram of the experimental set up used for Hydriodic acid 
decomposition studies
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For evaluation of catalytic activity and stability of the 
catalysts, 250 mg of catalyst was added to 50 ml of 27% 
hydriodic acid solution in 250 ml round bottom flask. The 
round bottom flask was fitted with a glass condenser at its 
top which is connected to two traps. Continuous evolution 
of bubbles is observed and it can be attributed to release of 
either hydrogen or the volatile species like hydriodic acid 
or iodine. The two traps having silver nitrate and starch 
solutions are employed to ensure that the gas coming out 
is neither hI nor I2. The bubbled gas does not result in 
appearance of blue color or yellow precipitate in starch 
and silver nitrate traps, respectively. Therefore, it can be 
inferred that refluxing of these compounds back into the 
reaction vessel is complete and the bubbles pertain only 
to the reaction product, i.e. hydrogen. After reaction, the 
vessel is allowed to cool and condenser washings are 
transferred to reaction bath and total volume was made up 
to 250 ml. After that % hI decomposition was measured 
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by means of titrating h+ and I- ions using acid-base and 
iodometric titrations, respectively. The solution was filtered 
to separate the used catalyst and the eluent. The spent 
catalyst was characterized by XRD, Raman and SEM for 
their physical integrity and the eluent was analyzed using 
ICP-OES for the leached out platinum.

3 Results and Discussion

3.1 Characterization of the catalyst
3.1.1 XRD: The X-ray diffraction measurements were 

recorded in 10-60° 2θ range. Fig. 2 shows XRD patterns 
recorded for the three catalysts. XRD patterns of Pt/Gr 
shows sharp peak at 26.4° matching with JCPDS No. 
26-1079, corresponding graphitic carbon,while the other 
two catalysts have a broad peak centring at 23 ° which 
corresponds to amorphous carbon. Pt/Gr does not 
show any distinct peak at 39.7°, pertaining to platinum 
metal(JCPDS No. 04-0802), while the other two have peaks 
pertaining to platinum metal. The reason for this may be 
that in case of hard templating method the catalysts see 
a high temperature during carbonization step which may 
cause the sintering of platinum particles which is otherwise 
in highly dispersed state in case of Pt/Gr catalyst.

3.1.2 Surface Morphology: Scanning electron 
microscopy was used to study the surface morphology of 
the platinum on carbon catalysts and the change in their 
morphology after using them for the hI decomposition 
reaction. SEM images of the three catalysts are shown 
in Fig. 4.Pt/Gr catalyst show a rough surface with few 
open pores and loose particles over it, similarly Pt/FS-C 
also presents rough surface morphology with some lose 
particles. There are no visible macro pore openings in 
both these case.Pt/MCM-C catalyst shows rough surface 
with lot of trough and crest like features but very few pore 
openings or particles. 




 

Fig.3:XRD patterns of the fresh catalysts 

3.1.3 Raman Spectroscopy: Raman spectroscopy is 
most powerful tool to characterize carbon systems. The 
Raman spectra of graphite carbon exhibit a single peak at 
~1580 cm-1 corresponding to the E2g mode of vibration of 
sp2 hybridized carbon (G band). Appearance of another 
peak at ~1350 cm-1 is inevitably observed for sp3 hybridized 
carbon and some defects present in the carbon texture. This 
peak is known as D band [31]. 

The Raman spectra for the catalysts are shown in Fig. 
5. It clearly shows that Pt/Graphite catalyst exhibits a 
sharp G band corresponding to the sp2 hybridized carbon. 
Appearance of a broad D-band at 1350 cm-1, suggests for 
the presence of sp3 hybridized carbon and some defects 
in the graphite structure either due to interaction with 
the noble metal or break in long range ordering. The 
other two catalysts shows 
less prominent G band 
along with broad D band, 
IG/IDration for these two 
catalysts was calculated 
and found to be equal to 
1, which is expected for 
this type of porous carbon 
as reported in literature 
[32,33].
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Fig.4:SEM images of the three catalyst samples(a)Pt/Gr (b) Pt/FS-C (c) Pt/MCM-C 
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Fig.4: SEM images of the three catalyst samples(a)Pt/Gr (b) Pt/FS-C 
(c) Pt/MCM-C

Fig.5: Raman spectra of the three 
catalyst samples




IG/IDration for these two catalysts was calculated and found to be equal to 1, which is expected 

for this type of porous carbon as reported in literature [32,33]. 

 

Fig.5:Raman spectra of the three catalyst samples 

3.1.4BET Surface area: BET Surface area of the Pt/Gr catalysts were evaluated using N2 

adsorption technique, Pt/Gr catalyst was found to exhibit very little porosity with major 

contribution from intra-particular pores. Pt/FS-C show high surface area with microporous pore 

structure, while Pt/MCM-C show mesoporous pore structure identified by Type IV adsorption 
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contribution from intra-particular pores. Pt/FS-C show 
high surface area with microporous pore structure, while 
Pt/MCM-C show mesoporous pore structure identified by 
Type IV adsorption desorption isotherms with a hysteresis 
loop as shown in Fig 6. The surface area and pore volume 
data for all the samples are given in Table 2. 

Table 2: Surface area and pore volume data  
for different catalysts

Sr. 
No.

Catalyst Surface Area 
(m2g-1)

Pore Volume 
(cm3g-1)

1 Pt/Gr 80.0 0.390
2 Pt/FS-C 720.0 0.395
3 Pt/MCM-C 800.0 2.617

Fig. 6: Adsorption Desorption isotherms for Pt/MCM-C catalyst
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3.2 Catalytic Activity  

Fig. 8: XPS spectra of the 
catalysts in the spectral region 

corresponding to C-1s

to sp2, sp3 and CO (Carbon bonded to oxygen, C-O or 
C=O) types of carbon. Therefore the oxygen present is 
associated with carbon and not platinum. Also presence 
of sp2 hybridized carbon is in confirmation with the results 
of Raman.Carbon must be present in sp2 hybridized state 
for formation of this type of porous structure.

3.2 Catalytic Activity 
The catalysts were evaluated for their activity for 

liquid phase hI decomposition reaction using reflux 
type batch reactor. After reaction the extent of hI 
decomposition was measured by means of change in h+, 
I- and I2 concentrations. The concentration h+ and I- was 
measured by potentiometric titrations using an Automatic 
Potentiometric Titrator, while that of iodine was measured 
by iodometric titration. For h+ ion the solution was titrated 
against standard NaOh solution using a glass electrode, 
the NaOH solution was standardized using KHP. On 
the other hand I- was titrated against standard AgNO3 
solution using an Ag/AgCl electrode, the AgNO3 solution 
was standardized using NaCl. The decrease in H+ and 
I- ion concentration was same and it was in accordance 
with the increase in iodine concentration in the solution. 
This change in concentration was used to calculate the 
percentage conversion.

Catalytic activity of the catalysts for liquid phase hI 
decomposition reaction was evaluated at 120 °C for 2 hr 
reaction and the % conversion values obtained for different 
platinum loading are given in Table 3. From the Table, it 
can be seen that the % conversion increases significantly on 
using a catalyst (blank run gives only 2.9 % conversion).
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Table 3: % Conversion in 2 hours at 120 °C for different 
catalysts

S. No. Catalyst % Conversion
1. Blank 2.9 %
2. Pt/Gr 17.5 %
3. Pt/FS-C 17.0 %
4. Pt/MCM-C 6.5 %

It is clear from the table that Pt/Gr catalyst shows 
highest activity which is comparable to that of mesoporous 
Pt/MCM-C catalyst. The catalytic activity of microporous 
Pt/FS-C is very low as compared to the other two.hence, it 
appears that considering the large size of reactive moiety, 
hI, and the reaction product, I2, the carbon support should 
either be mesoporous or planar.

3.3 Stability of the Catalyst
Stability of a catalyst is an important aspect especially 

in case of harsh reaction conditions. We have evaluated two 
aspects of the stability of the catalysts viz., (i) stability with 
respect to any change in structure and morphology and (ii) 
stability against noble metal leaching. For stability against 
structural and morphological changes, the used catalysts 
were analysed by XRD and SEM.

Fig.9 shows the XRD patterns of different used catalysts. 
The XRD pattern for the used Pt/Gr catalyst remain 
similar to original sample, with peak at ~26.4° 2θ̄ value 

which corresponds 
to  the  graphi t ic 
carbon. There is no 
apparent difference 
in the XRD pattern 
of used catalyst as 
compared to the 
fresh one and also 
peak corresponding 
to platinum is not 
observed,  which 
indicates that the 
Pt nanoparticles are 
not getting sintered.
For Pt/MCM-C and 
Pt/FS-C,  change 
is observed in the 
peak corresponding 
to platinum at ~39.6° 

value. This peak is drastically reduced for both the 
catalysts. Since platinum leaching is very low, therefore this 
reduction in peak intensity must be due to disintegration of 
larger particles into smaller entities and their redistribution 
over the carbon support. 
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Fig. 10:SEM images of the used catalyst samples(a)Pt/Gr (b) Pt/FS-C 
(c) Pt/MCM-C

Fig. 10 shows SEM image of the used catalystsand 
it can be seen that there is no apparent difference in the 
morphology of the used catalysts as compared to fresh 
catalysts, even after using in harsh reaction environment.

The stability of the catalysts against noble metal 
leaching was studied by analyzing the eluent after a typical 
two hour reaction. The ICP AES analysis of the eluents 
showed presence of only few ppm of platinum (39, 39 and 
65 ppm for Pt/Gr (b) Pt/FS-C (c) Pt/MCM-C). Therefore 
0.23%, 0.39% and 0.68% of the original platinum loading 
is getting eluted out into the solution, indicating that the 
catalysts are having good stability against noble metal 
leaching in the harsh reaction environment.

4. Conclusion
Carbon supported platinum catalysts were prepared by 

different methods. These catalysts were found to be stable 
under liquid phase hI decomposition conditions. The 
efficiencies of these materials for HI decomposition reaction 
were found to be dependent on the structural nature of the 
porous carbon and their surface morphologies. 

Catalyst prepared by using graphitic carbon support 
was giving maximum conversion and it was found to 
be stable also. The catalyst prepared using MCM-41 as 
template was found to be nearly equally effective for hI 
decomposition reaction and it was also found to be stable 
under the reported reaction conditions.While the catalyst 
prepared by using fumed silica as template was less active 
as compared to other two catalysts in spite of having high 
surface area. 
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