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Abstract

The research fields of water purification and renewable energy sources have gained a lot
of interest in the past few decades owing to the growing distress caused by rapid
industrialization and population outburst. This thesis is aimed at developatgrials as
catalysts for applications in water purification and electrochemigarétiuction, which can
take us a step closer to living in a clean and sustainable environment. The thesis is mainly
divided in three sections, the first one gives an overview of the current water scarcity and
pollution issues while addressing the needreating the industrial wastewater in a clean and
efficient manner through photocatalysis. It also sheds light on the existing energy crisis due to
strong dependence on fossil fuels and their impact on the climate while acknowledging
hydrogen as a potentieenewable energy carrier for sufficing the future energy needs of the
planet.

Section 2contains different approaches taken into consideration for addressing the
problem of water pollution caused by the emission of industrial organic pollutzaitdy dyes
and phenols, into natural water streams/reservoirs. The first approach consists of synthesizing
photocatalyst coatings forming heterojunction to tackle the problems of agglomeration of
catalyst and charge recombinati®ulsed Laser DepositigRPLD) was realised as an effective
technique for fabrication of photocatalyst coatings with desired morphologies:2@E@O
hierarchicaltype nanostructured coatings were deposited by PLD for evaluating the
photocatalytic activity towards degradation B dye. The role of morphology, optical
properties and heterojunction between GGreand CoO were studied through andepth
characterization and analysis. In our next work, the strategies of doping and composite
formation were combined as an effectiapproach in reducing the bulk and surface
recombination of photoexcited charg&singsten doped Tiéreduced graphene oxide (rGO)
nanocomposite photocatalysts were synthesized and tested feNifvaghenol (pNP)
degradation. The synthesized photocatalgshibited good photocatalytic activity in
degradation of organic pollutanthtP with superior activity compared to rGO/BiTdiO2 and
W-TiO: respectively Similar studies were performed oeduced graphene oxide (rGD)O2
conposites by arying the GO taliO> concentrationThe synthesizeg@omposite rGOT3
(rGOITiO2 weight ratio of 3displayed the highest photocatalytic actiity degradation of
NP compared to TiQ GO and othecomposits. Experimental measurements were conducted
in order to studyand analyse the synthesized compositesthe final approach, the

photocatalytic activity of metal oxide films exhibiting high surface area were tested under
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concentrated natural sunlight. The PLD synthesizedaulinic nanostructuteii f | eshaper

| i kueg8ten oxide (Wg) coatingsdemonstrated good photocatalytic degradation of MB dye
in solar PDC (parabolic dish concentrategjupunder photeFenton conditions. The coatings
also show stable performance in acidic media thereby broadening the indypgilicdtions.

Section 3deals with electrochemical water splitting, a promising technique for clean and
renewable K and Q production. This sectiomomprises of developingVater Oxidation
Catalysts ( WOCOs) made up of cheap, scal ab
overpotentials for Oxygen Evolution Reactions (OEIRDx and RuOx are considered as a
benchmark for WOC performandae acidic media, however, in recentays,transition mel
oxides based on iron, cobaltd nickelhavegaineda lot ofattentionbecause of their stability
and promising performances as WOC in alkaline meddOx films with different
morphologies were synthesized by PLD to functionalizarsight absorbing photoanodes.

The synthesized porous films demonstrated low overpotentials for OER thereby opening ways
for the application of NiOxas OERco-catalysts in photoanodes for photoelectrochemical
(PEC) echnology.n our final work, mixed meil oxide coatings were fabricated by PLD for
alkaline water oxidation studies. Boron was introduced to study its influence on the
electrochemical activity of the films. The role of Co, Fe and B were individually studied

through detailed characterizationdaglectrochemical studies.
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Chapter 1: Environment and Energy

1.1 Environment

a) Water as a resource

Water is the most important resource humans have on planet earth. Though it is a renewable
source of energy, it is not unlimited. Hence it is a resource which has to be conserved so as to
suffice the needs of the present and the future generatiohshef species. The uses of water
are well known and ranges from the domestic level to the industrial scale. With the current
population approaching 8 billion, more and more food is required which means more water
will be consumed. Agriculture is the pringaconsumer of water and with the increase in growth
of water thirsty meat and vegetables, a significant load has been put on the water resources.

Water resources are the primary sources of water on planet earth. Out of the total water
present, abdud7% is present in oceans in the form of saltwdtey. (1). The remaining 3%
has majority of it frozen in glaciers and polar ice caps, leaving less than 1% freshwater available
on our planet in the form of ground water and other freshwater resourtasdorHence it is
very important to understand how limited freshwater resources are and efforts have to be made

to preserve their purity thereby maintaining the quality of water.

Where is Earth's Water?

Living things
0.26%

Surface/other Atmosphere
Freshwater 2.5% _freshwater 1.2% 3.0%
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ice and
permafrost
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Total global Freshwater Surface water and
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Figure 1: graphical representation of earth's tea distribution[1] .



b) Current issues

Water demantias increased widely in the past few decade®aogedshesupply in many
parts of the wod. A lot of developing and under developed countries are already facing water
crisis and this imbalance is expanding to other developed countries too. This imbalance arises
firstly due to the fact that the existing freshwater resources in the world areverdy e
distributed. Hence, there are some parts of the world which are in deficit and some in surplus.
More than aillion people lack accegs safe drinking wateglmost 3billion have little or no
santation and millions of people die annuaftpm diseses transmitted through unsafe water
[2]. The adversities of water shortage and uneven distribution are felt all over the world.
According to UN reportsabout700 million people worldwide could be displaced by intense
water scarcity by 203[B]. A t hird of t he wo rnemddiesalrdadygg e st
distres44]. Nearly half the global population are already living in potential water scarce areas
at least one month per year and this could increaaeoat4.8 5.7 billion in 2050. About 73%
of the affected peogllive in Asia (69% by 2050p].

Another important factor adding to the changing water levels is the climate cBaiigen
change in the climate pattedmavesignificant impacts on water resourdesheworld because
of the closedependanc®f hydrologic cycleon climate There have been many reports on
melting of ice in the glaciers and snowy regions leading to an increase in the sea level along
with significant damage to thexistingecosystem About 10% of land area on Earth is covered
with glacial ice. Almost 90%f that is in Antarctica, while the remaining 10% is in the
Greenland ice capRapidglacialmelt in Antarctica and Greenland influencks ocean
currents, as massive amountscofd glaciatmelt water enter thevarmer ocean waternd
slow down thedcean cuents.Fig. 2displays the amount of ice loss in Greenland and Antartica

along with the increase in sea levels in recent years.
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Figure 2: (A) Graphical representation of ice loss in Greenland and Antartica in the past
decades and (Braph showing the increase in sea level in recent4{®

c) Wastewater treatment

Wastewater treatment is another aspect which needs to be addressed in order to suffice the
water needs of the planéh both developingas well asdeveloped countriesn increasing
number ofcontaminants are entering t®asupplies from human activity: from traditial
compounds such dseavy metals to emerging ono-pollutants such as endocridesrupters
andnitrosoamineg7,8]. Globally, it is likely that oveB0% of wastewater is released to the
environment without adequate treatment. The opportunities from exploiting wastewater as a
resource are enormous. Safely managed wastewater is an affordable and sustainable source of
water, energy, nutrients and othercoeerable materialSeveral waterelated diseases,
including cholera and schistosomiasis, remain widespread across many developing countries,
where only a very small fraction (in some cases less than 5%) of domestic and urban wastewater
is treated prioto its release into the environmdBl. Water availability is also affected by
pollution. Most problems related to water quality are caused by intensive agriculture, industrial
production, mining and untreated urban runoff and waste\lg By 2050, close to 68 of

t he wor |l do slliveimpities, eompa@ato % in P018 Currently, most cities do
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not have inadequate infrastructure and resources to address wastewater management in an
efficient and sustainable wg¥1]. More than abillion people use a source of drinking water
contaminated with faeces, putting them at risk of contracting cholera, dysentery, typhoid and
polio. The greatest increases in exposure to pollutants are expected to occuranddower
middle ncome countries, primarily because of higher population and economic growth in these
countries, especially those in Africa and the lack of wastewater management $9$tems

Water treatment is one possible solution to tackle tleetiissues and help avoid the
future water crisisConventional methods of water disinfection and decontaminataie
used taaddress many ahese problem<urrently available watdreatment technologies cu
as adsorption by activated carbon oagalationmerely concentrate the pollutants present by
transferring hem to other phaseghey still remain in the active form and are not being
completelyi e | i mi ndé & d o[b2@ & Othierconventionhwater treatment methods
such as sedimentatiaiiltration, chemical and mefwrane technologies involve higiperating
costs and could gerse toxic secondary pollutantsmito the ecosysten{13]. These
concentratedoxic contaminants ard@ighly dangerous and concerns regarding their safe
degradation bring up a secondampblem.For example filters, when full of wasteust be
disposed of, usually by incineration. This procedure emits intatim®spheresubstances
which are harmful to heal#ind environment. A typical amididely used chemical disinfection
process isChlorination The disinfection by-products generate from chlorination are
mutageniand carcinogenic to human hedlid,15] These drawbacks from the current water
treatment methode/hich arefocused onlarge systemsprecludes their use in muaobf the

world.

d) Industrial pollution and photocatalysis

In view to address these problems, development of advancecbktand highly efficient
water treatment technologies to treat the wastewater are desliablpossible reuse of onsite
rural wastewater or the treated municipal wastewater from treatment plants for agricultural and
industrial activities can be a good stepwards wastewater management. Since these
wastewaters constitute one of the largest possible water resources, its reuse will help fight water
shortage as well as water pollution effectiveMore than 100,000 dyeare available
commercially and over 1 midin tonsof organicdyes are produced per year, of which 50% are
textile dyes. In India alon#&he dyendustry produces around 60,000 metric tons of dyes, which
is approximately 6.6% of total colorants used worldwide. The largest consuarganic dyes

are the textile industriesccounting for two third of the total production of dy&6].
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Most of the dyes cause water aaliazation at very low concentrations (even ah@L) and
hencetheir urcontrolled discharge in the natural water resources creates serious ecological
problemdq17]. In addition the dyesanaffect the development of aque@dsystems as well
as disturb thephotosynthesis #igity of the marine flora Their high chemical and photo
resistance creates potential risk human health through their accumulation inftied chain
transport. Citing these reasonghe treatment of wastewaters containing dyes prior their
disposal in the water resources is obligatory, but at the same time a complicated process.

A promising method is the Advanced Oxidation Process (A@)h can be used to purify
wastewater containing organic pollutants, such as organic dyes and pathogens, by the
production of hydroxyl radicals (OHwhich are highly reactive chemical species. The organic
pollutants are completely mineralized by AORlieg to the end products of G@nd inorganic
ions.Among AOPSs, heterogeneous photocatalysis has proved to be of real interest as efficient
tool for degradingprganic contaminant®hotocatalysis is initiated by the photocatalyst (e.qg.
semiconductofliO2, Fig. 3) upon irradiation with photongrom an artifcial light source or
sola light). These photons excitiee electrons (& in thephotocatalyst téhe conduction band
(CB) if the energy of the photons is greatemtliae band gap, leaving behingb@sitive hole
in the valence band (&") [18]. Eq 1 represents the initiation reaction with Ti&s the

photocatalyst.

TiO2+hnY hye* + ecs (1)
The excited electrons that are now in the conduction bassd) (@ill react with oxygen
(O) from the atmosphere producisgperoxide radicals ¢0), seeEq. (2)[19]. While this
reaction is occurring, thexidation of water takes plae¢the positive holghvs™) in the valance
bandgeneratinghydroxyl radicals (OF and hydrogen ions () see Eq. (3)These reactive
species (radicals) in turn oxidize the organic pollufaf}. Eventhough degradation begins
with a parti al degradati on, the term O6photo
photocatalytic oxidatiorby mineralizing the organic pollutant &ssentially C@ H-O and
halide ions
ece' +02Y O (2
hve*+H0Y OH' +H* 3
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Reduction

O,+eg > 0,

Conduction Band_
€cs

\

‘0,” + Pollutant - - - H,0 + CO,

TiO, + hv = h*\z+e's

Band Gap E,

I/ Oxidation

h+VB H,0 + h*,3 > °*OH +H*

Valance Band

*OH + Pollutant - - - H,0 + CO,

Figure 3. A demonstration of photocatalysis reaction with J& thephotocatalys{20] .

e) Direct photolysis of kD>

Direct photolysis of HO- is another way of degrading organic pollutantsereH>O: is
commonly used agsacrificial oxidizing agentAfter its discovery in 1818t was first usedo
reduce odom wastewater treatment plants and soon becaitiely employed in wastewater
treatmen{21]. It is one of the first oxlants tested iphotocatalytic applications and it has been
tested with a large number@fganic compounds in recent yef2]. However, since hydrogen
peroxide itglf is not an excellent oxidant for many organic pollutants, it mustobgbined
with UV light, salts of particular metals or ozone to prodtiee desired degradation results
[22]. Whenexposed to UV light, the #D, molecule udergoes a direct photolysis a@iHT
radicals are produced:

H2O2+ hn'Y 2 OH' (@

Reaction (ajakes place my with photons of wavelength < 280 nm[23]. The hydroxyl
radicals produced can directly panpate in the oxidation of therganicpollutantspresent in
wastewaterHowever, this technique requires large quantity gd+Hand intense UV light for

long durations, making it expensive for industrial applications.

f) Fenton and photd-enton reactions
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AOPOG s s homhRentensreaqgtiorare cost effective and efficient process to remove
organic pollutargin presence of D, and metal cationf24,25] Importantly, foto-Fenton
reaction may proceelly absorptionof visible light which is a big advantage over direct
photolysis of HO2 and photoexcitation of Ti©which requirehigh intensity UV lighf2].

The Fenton reaction (a mixture ok® and Fé" in acidic medium havingowerful
oxidizing properties) is a process in whictfFens are oxidized to BeandH.O: is reduced
to hydroxide ion (OH and hydroxyl radical@HT") in absence of light.

FE*+ H0.Y Fe* + OHT+ OH (b)

The ferric ion produced in Equation (ban in principle be reduced back to ferrous ion by
a second molecule of hydrogen peroxide:

Fe* + H.0:Y Fet + H + HO,' (c)

Theproblem ighat equation (ds much slowerttan the initial step (Equatior) Bndhence
addition of relatively largamounts of F¢ll) may berequired in order to degde the pollutant
of interest[26]. Another important limitation of the Fenton reaction is the foionabf
recalcitrant intermediates that can inhibit complete mineralizafitme organic pollutarj27].
Despite these potential limitations, the conventional Fenton reaction has been widely used for
thetreatment of effluentf28,29].

The irradiation of Fenton reaction systems with UV/Vis light (280 nm) strongly
accelerate the rate of degradation. Thiehavior is dueorincipally to the photochemical
reduction of Felll) back to Fe(ll), for which the overall process can be written as:

Fe*+H0+ hnY Fe + OHT+ H* (d)
This reaction combined with the Fenton reaction (equation b) is called as-H#wtm
reaction.Looking & reaction (d)it is possible to notice twoelefits from it: the generatiasf
Fe’* ions that are essential for the Fenfmocess and thproduction of another hydroxyl
radical that contributeto the mineralization procestthe pollutant. This way it is possible to
havea regeneration of the catalysirried out by light and so, with less amount of*Feith
respect to the Fentqrocess, @omplete degradation of agic molecules can be achieved.
As a consequence of these two effgttte hoto-Fenton process is faster thizue conventional
Fenton procesi27,30]

1.2Energy

a) Global energy sources and trends

15



A cleanand sustainable source of energy is one ohtbstimportantchallengs facing
humanity in the 21stentury. Eergyis neededfor a variety of activities which can be
residential, commercial, transportation and industrial. Humans are heavily depended on energy
consuming utilities like heating, cooling, lighting, driving etc. Compared to the previous ages,
the human population b&xperienced a high growth rate, especialla a®nsequence of the
industrial revolutions. The big innovations irhdé technical toolsallowed a progressive
improvement of thdife expectancy and qualityThe increasinyg energy intensive human
activitiesmultiplied by the growing worlghopulation produced in the last three centuries have
created a lot of stress on the existing eneegpurces. The current use of the primary energy
sources available on our plarageclearly unsustainablé:ig. 4 gives anidea about the Total
Primary Energy Supply (TPES) by fuel in units of Mtoe (Million tonnes of oil equivalent)
which shows more than twold increase in TPES in 40years. This clearly shows the
increasing need of energy in the global economy resultimcieased consumption which in

turn increases the energy demand.

1971 2017
Other
Biofuels Hydro Biofuels e,
11% 2%, 10%

Nuclear
5% S

[ 5519 Mtoe | [13972 Mtoe |

Figure 4: World total primary energy supply liyel [31].

The major sources fahe energy in the world are fossil fuels (Oib& and Natural Gas)
which are consumed withotggard for the consequenc&se depletion athese resources have
already altered theatual habitat, climatic conditions and ecosystems on the planet ngsinti
irreversible damages like melting of ice caps, glaciers and increase in air and water pollution
In 2016, the rate of global energy consumption was in the range of 18[32[\WWDwing to
rapid growth in industrialization in underdeveloped and developing countries, this global value
will continue to rise at a fast rate due to the exponential increment in world population. With

the estimategrojections based on current growth, the global annual energy consumption rate

16



will reach 27 TW by 2050 and almost 50 TW by the end of the cgf@t. More than three
guarters of the total global engg consumed at present comes from burning fossil fuels which
are limited energy resources of the plaheteby facing an immediate threat of depletfg.

5 demonstrates the world energy consumption by energy source indicating the high dependence
on cal, natural gas and liquid fuels for energy. The energy consumption is given in terms of
quadrillion BTU (British Thermal Units) [Lquad BTU = 1.055 *'40].

World energy consumption by energy source
quadrillion Btu

2015

250
petroleum and other liquids

200

150

100

50 nuclear

0« T T Y T T T T T 7 T
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 5: World energyconsumption by all theourceqd34].

The global energy consumption in 2018 increased at nearly twice the average rate of
growth since 2010which is mainy due toa robust global economy amiimate changes
accounting for increased heating and cooliNgtural gasontributed to 45% ofhe rise in
energy consumptioduring this period with maximum requirementthe United Stateand
China.Almost a fifth of the increase in global energy demand came from higher demand for
heating and cooling as average winter and summer temperatures in someaggioashed
or exceeded historical recordshese f i ndings are part of the

latest assessment of global energy consumption and eretaggd CO2Zmissions for 2018
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Figure 6: World consumption statiss by country (in Mtoeas per2018[35].

Fig. 6 shows the world energy consumption statistics (in Mito2P18 on the world map
with measured energy consumption by each country. China and USA lead the world in terms
of energy consumers with more than 2000 Mtoe of energy consumed inVEiti8nore and
more developing countries exhibiting rapid industrialvgsh, the energy consumption is bound
to increase at an alarming rakég. 7 gives the Total Primary Energy Demand (TPED) of the
world and indicates the projections of the ever increasing energy demand in terms of energy
source Coal, oil and natural gaesre the major sources energyand are rapidly depletingn |
the next 4660 years we will run out of both oil and natural gas respectively, while coal will
last only for the next 129 yearshus it is of great concern that we look towards renewable

sourca of energy so as to avoid the disruption of services in the near future.
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Figure 7: Total Primary Energy Demand (TPED) of therld [36].

b) Effects on climate

Fossil fuel depletion is not the only immediate concern at present. The exponential rise in
population coupled with industrialization have brought another severe issue to the podium, i.e.,
climate change. Since more than three quarters of the esatginiered by burning the fossil
fuels (coal, oil and gas), this adds to the increase inl&@ls in the atmosphere along with
other harmful greenhouse gases like methane and nitrous oxide. Ab&utof the
anthropogeniemissions of C@from the beginimg of Industrial Age (1750) have occurred
between 1970 and 2010 signifying the catastrophic impact on the ecosystem. In the same period
the emissions of COfrom fossil fuels combustion and industrial processes contributed to
~78% of the total greenhougases emissions incred8&]. About 40% of theemissions have
remained m the atmosphere whikbe rest was removed from the atmosphere and stored on
land (in plants and soils) and in the ocean. The ocean has absorbed about 30% of the emitted
anthropogenic C@, causing ocean acidificati¢d7]. The global atmospheric concentration of
CHas has increased from a predustrial value of about 71fpb to 1732pb in the early 1990s,
and wasl774 ppb in 2005 while the global atmospherg©Noncentration increased from a
pre-industrial value of about 27Ppb to 319pb in 2005.Many halocarbons (including
hydrofluorocarbonshaveincreased from a neaero preindustrial background concentration,
primarily due to human activitig88]. TheseGreenhouse GaséSHGs)corncentrations in the

atmosphere are unprecedented in atlgmdtst800thousand/earsand without interventions
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will increase more and ome. Fig. 8 demonstrates greenhouse gases emissions by various
economic sectors in 2010ut of the total GHGs emission85% of GHG emissins were
released in the energy supply sector 24% in AFOLU, 21% in industry,iri4€ansport and
6.4%in buildings. When emissions from electricity and heat production are attributed to the
sectors that use the final energy (i.e. indirect emissiongghtres of the industry and buildings
sectors in global BG emissions are increased t&32nd 19%, respectively.

The fifth assessmeméport on climate change, 2014 says that theisued emission of
greenhouse gases will cause ldasting change in all components of the climate system,
increasing the likelihood of severe, pervasive and irreversible impacts for people and
ecosystems. Limiting climate change would require substantial and sustained reductions in
greenhouse gas emissions which, tbge with adaptation, can limit climate change risks.
Increase in land and ocean surface temperatures along with an increase in the sea level are
major issues faced due to globarming. Each of the last three decades has been successively
warmer atthe&r t hés surface than any preceding dec:
2012 was likely the warmest 3@ar period of the last 1400 ysan the Northern Hemisphere.

The globally averaged combined land and ocean surface temperature data as calgaated
linear trend shova warming of 0.85°C ithe periodrom 1880 to 201337].

Greenhouse Gas Emissions by Economic Sectors
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Figure 8: Greenhouse gas emissions by different economic sectpes 29010{39].
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Overthe period 1992 to 2011, the Greenland and Antarctic ice sheets ravéobimg
mass and lgciers have contured to shrink almost worldwidé here is highcertaintythat
permafrost temperatures have increased in most regions since the early 1980sser&spo
increased surface temperature and changing snow cover. The annual mean Aicxie st
decreased over the period 1979 to 2012, with a rate that was very likely in the range 3.5 to
4.1% per decade. Arctic s@z extent has decreased in evagson and in every successive
decade since 1979%0wing to the melting of snow cover and increase in permafrost
temperatures, thglobal mean sea levebse by 0.19 nover the period 1901 to 2010he rate
of sea level rise since the mi@th century has lea larger than the mean rate during the
previoustwo millennia[37]. Fig. 9 shows the global trends regarding issues discussed above
and it is high time humans understand these direct consequences of global warming.
Acidification of the ocean is another adversityiethneeds immediate attention in order to
safeguard the aquatic ecosysteBisce the beginning of the industrial era, oceanic uptake of
CO; has resulte in acidification of the oceanh€ pH of ocean stace water has decreased by
0.1,corresponding to 26% increase in acidity, measured as hydrogen ion concentitias.
it is of primary importance to tackle the issue of global warming at the earliest and move

towards a sustainable carbon neutral ecosystem.

21



(@) Globally averaged combined land and ocean surface temperature anomaly
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Figure 9: global trends displaying the a) averagemgeraturerise on land and ocean

surface b) avera

gesea level rise and) averageGHG concentrationncremen{37].

c) Need for a sustaindd renewable source

A clean renewablsource ofenergycan help get rid of théossil fuel depletion and the

carbon emission problems, however it is extremely unlikely that one particular type of

renewabl e

energy wil |l e Tovmeet thehterawatiochalledge all

ener

renewables need to be exploited. Solar energy, being the most intense and prominent renewable

energy source can be utilized and the developed technology can be optimized to meet the

growing energy demands of the worlsblar energy has a potential of generating upto 23000

TW/yr which is much higher than thmurrentenergy needs of the planet (18TW/yr). If a

fraction of this quantity can be used to somehow convert the CO2 in the atmosphere into fuel

then it could be an effective strategy to tackle both the problems of energy and global warming.
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A promising route comesom the conversion of C£and water into fuel by a clean technology
called artificial photocatalysis. As the name suggests, this process mimics the natural
photosynthesis done by plants in presence of light, &@d HO. There has been a growing
researchnterestin the photochemical and photoelectrochemical reduction ofiC@e past
few decades. The possibility of producing fuels like methane, methanol and carbon monoxide
along withchemicaldike formic acd in solar photoelectrochemical cells ustagbon doxide
and waterhasfascinated scientists all over the wof#D,41] Moreover, there is an active
research Bld which usethese CQ@derived substancas the developmet of fuel cells to
generate electricitgfficiently [42]. There are however many obstacles towards achieving the
reality of CQ reduction with good efficiency which include thermodynamic limits and kinetic
challenges, fabricating a salitle catalyst and designing of a proper fuel c@lrrently,the
multiple electron and protamnansfers necessary to proddgels such as methanemethanol
have not been demonstrated with high efficier@grbon dioxideis shown to beeduced
directlyon metalsurfaceg43], butthe development of stable, efficient azfteap catalysts for
COz reduction is still dess explored domain

For success in CQOeduction it is imperative that the technology developed is clean and
doesndét contribute to carbon emissions. Fuel
in photoelectrochemical setup are one of the best solutions that are realised. Working on
optimizing the catalysts for obtaining good efficiency inL8&xuction with low overpotentials
by electrochemical and photoelectrochemical methods is therefore a booming field. Upon
attaining success, this researdidihas a great potential, since it lcbdisplay the use of liquid
fuels asenergy carriers, overcoming the energy storage [@iJeCO, capture and storage are

another possible strategies to fight global warna@ng move towards a cleaner environment

d) Hydrogen as a fuel and its production

Hydrogen, with its high gravimetric energy density, is another promising route for shifting
the global energy industry towards renewable endBgyng the lightest element on earth,
hydrogen, is ndustrially employed in many sectors like the productioncbhémicals,
semiconductor manufacturing, generator cooling and fertiimeiuction.lt can be stored for
relatively long periods of time and is considered thermally more efficient than gasoline
primarily because it burns better in air and permits the afskigher compression ratio.
Moreover,hydrogen gas is a clean and Aomxic renewable fuel. When it burns, it releases
only watervapouras the byproductto the environmeniGiven itshigh abundancen nature,

less tharl% of the total hydrogen conterd present as molecular gas. Most of the hydrogen
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can befound concentratedh strongly bonded chemical compounds and spritsluction and
extraction becomaedifficult [45]. Currently Hz is mainly produced by the steam reforming of
natural gas, a process whiemitsmassiveamounts of greenhse gase@CO2 and CO)Other
H> production methods like plasma reforming, coal/petroleum gasification and reforming of
industrial off gases/oil refinery also proceed through emission of GH&, it isimportant
to implement cleaner routdsr H> productionusing least amount of energy to make the
hydrogen energy cycle environmentally green.

In recentyears, efforts have been made in developing new methods to gengusiadd
sunlight thereby making the whole process renewatesustainabléhere are several ways
for solar hydrogen production namely, electrochemical/photoelectrochemical water splitting,
biomass reformingand watea electrolysis using solar cel[46]. Amongst these,
photoelectrochemical water splitting using semiconductor catalysineisof the promising
techniquedor producing renewable Hyiven the simple nature of the procedésng withno
harmful gasemissionand high conversioefficiency. B produced by this method is highly
pure and can be stored for later use or transformed directly into electricity using fuel cells.

In this thesis, electrochemical water splitting is discussed which is a process where energy
required for water splitig is supplied externally through electricity (in the case of
photoelectrochemical water splitting, energy is supplied by sunlight). An electrochemical cell
consists of two electrodes namely, anode and cathodeersed in an electrolyte and
connected byraexternal circuit. At least one of the two electrodes is a semiconductor catalyst
and the other electrode is typically a meTdle redox reactions resulting in the production of
H> and Q take place at the electrogééectrolyte interfaceFig. 10 displays a schematic
representation of a simple electrochemical cell for production.cér@ H through water
splitting.

The two half reactions occurring in the electrochemical cell at both the electrodes are

summarized as follows:
At Anode: ¢( /910 0O 1Q
At Cathode: TO 1Q © ¢0

For the electrochemical cell to function effectivalyddrive these two halfeactionsijt is
essential to develogfficient, stable, and econonaity viable hydrogen and oxygen evolution
catalyst447,48]
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Figure 10: A simpleelectrochemical ceflor watersplitting [49].

Thus the research fieldedicated to optimizing and searching new materials as hydrogen
and oxygen evolution electrocatalysts has gained tremendous interest. The electrocatalysts
developed can be used to functionalize solar absorbers for use in a photoelectrochemical cell
thus making the whole process renewable. The producebeihg clean and pure is a very

good source of producing electricity through fuel cells.

e) Fuel cells

A fuel cellis an electrochemical cell which basicatlgmbines hydrogen and oxygen to
produceelectricty giving outwater and heat ats by-product. Since the emissions are-eco
friendly, fuel cells are considered a promising technology for a sustainable ecanbypical
combustiorbased fossil fuel power planperates at about 35% efficienayhile a fuel cell
operates at about 40 to 60% efficiency to produce electvititgh can be increased to 85% if
waste heat is capturgsl0]. Thenoiseless opation withvirtually no moving partmake it even
more appealingsadevice fo thefuture. Hydrogen fuel cellare likely toreplace the intaal
combustion engine completely due to the green nature of the process along with its reliability
Lithium ion batteries that power laptops, cell phones and other electronic devices, deteriorate
with time and use; whereas a fuel cell will continue to genetattricityas long as the fuel is
suppliedthereby having an infinite lifetimelrhe power geeration process in a fuel cell is
analogous to that of a battery, i.e. converting chemical energy to electrical energy. A typical

fuel cell producs relatively small electrical potentials of ab@u? V, hence,d producea
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significantamount of voltagesingle fuel cells are stacked together to form a fuelstattk.A

typical fuel cell consists of three sections namely; anode, cathode and elecTrogye are
various types of fuel cells availabteepending on the electrolyte useshich with its own
advantages, limitations and potential applicatidfig. 11 shows the schematic representation

of a fuel cell. The basic principle remains the same for all the types, the fuel (H2 gas) is injected
through the inlet which dissociates into ions and electrottseainode. The electrons travel
through the external circuit generating electricity whereas the ions pass through the electrolyte.
Both the ions and electrons recombine at the cathode along with O2 giving out H20 as the by
product.The applications of fuecells are vast ranging from electronics, small scale industrial

activities to transportation thereby making this technology widely accepted worldwide.
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Figure 11: A typical fuel celschemati¢51].
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Chapter 2: Experimental techniques and Characterizations

Catalyst aresubstance that increase or decrease the rate of a chemical reaction without
taking part in the reactiotn general, chemical reactions occur faster in presence of a catalyst
becaus®f thelower activation energyeeded for the catdlg reactions to procee@atalysts
are generally ofwo types; homogeneous (reactants and catalyst are in the sameaiphabg
liquid) or heterogeneous (where the reactants and catalysts are in separatd. phases
Heterogeneous catalysiseusuallysolids that act on substrates in ailidjor gaseous reaction
mixture Todayo6s needs for clean energy and bett
nanomaterials to catalyzthe primary issues of energy and environment. Nanostructured
catalyst coatings for el@ochemicalwater spitting into hydrogen and oxygen are studied
extensively. Powder and thin film catalysts fabrication with particular morphologies have
gained a lot of interest for photocatalytic applications in degradation of organic pollutants in
wasewater. This chapter explains the experimental methodolmgglementedto achieve
sustainable catalysts in various forms (pdeve and thin film coatingslt discusses specifically
the Pulsed Laser Deposition (PLD) technique anegebimethod which weredapted for
synthesis of catalyst coatings and powder catalysts in this thesis. The various characterization
techniques used for understanding the material properties, morphologies and composition are

also discussed in this section.

2.1 Experimentaltechniques

a) Sotgel method

Solgel process hadseen extensivelgtudiedfor fabrication ofmetal oxide nanostructures
in the field of engineering and technological applications, especially metal oxides of silicon
(Si) and titanium (Ti) due to the stolled shape and size exhibited by the obtained products.
Several forms of materials such as thin films, nanoparticles, glass and ceramics can be achieved
using solgel method in a cosgffective way[52]. Low temper&ure chemistryhigh surface to
volume ratioand reproducibility of obtaned products are other advantages of usingyebl
method. 8I-gel process havepened up new avenues in bioengineering fields inatudrug
delivery, organ implantation, pharmaceuticals and biomaterial synthesis due to theupdirity
quality of theyields from this process. Thesslvanages have attracted researchansl
industrialsts to utilize this method widely for past few decd883$. Solgel synthesis of metal

oxides can be doe at relatively low temperatureormpared to the solidtate reactions. In
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general, sabel process involves formatioof sol from homogeneously mixed solution,
converting tlem into gel by polycondensatigomrocess and finally heat treating the product
according tothe materialrequired [54]. The formation of crystalline materials such as
nanoparticles othin films and norcrystallinematerials like ceramics, xerosol, aerosol and

glases depends upon the final heat treatratagpg55].

Sol-gel spin coating
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Figure 12 Schematic diagram of sgeltechniqud56]

The experimental set ugpnsists obbtaining sl by either hydrolysis or polymerizat
reactions by adding suitableagents in the precursor solution. The sol can be depostied on
preferred substrates as thims using two techniquesiamely spin coating angdip coding
(Fig. 12). The gelation process dottgough condensation of the sol or addition of polymers
convers this sol to gel. This gel came used to form materials of different types such as
nanopartites, xerogel, glass or ceramabspending upon the further processing steps involved.
Nanoparticles and xerogels can dletained by simple evaporation of solvent. The obtained
xerogel can be formed as ceramics by heat treatment and glassyaaeture induced by
melting techniqueg56]. Thus solgel methodcan be used to obtain different forms of
materials, controlled phase and shape and size aldtied material§s4]. The outcome of
solgel method can be controlled by varying the parameters su¢h) aoncentration of

precursor used, (2) nature of solvent used, (3) pH of the sql@iptype of additives added
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and their concentration, \pre and post heat treatment of the malgr(6) aging of the solution
and (7) nature of gdymer used for condensatigb7]. The particles formed in gel matrix
possess uniform shape and size that enhances the optestjcal, magnetic and other
intrinsic natureof the materials. Low cost, low temperatahemistry, simple experimentset
up and highly controllable synthesis are the major aidgges of this method over other
synthesis procedure. The large surface to voluatie of solgelderived material make#
suitablefor catalytic applications. Apart from this, low temperatahemistry ensures less
defectsto be induced in the materials formed. The purity and higidity yield with good
physicalproperties makes researchers in biomedical and biatatfield to adapt this method

mostlyfor biomedical applicationg8].

b) Pulsed Laser Deposition technig(feLD)

Pulsed Laser Deposition (PLD) is a widely ugdnysical vapour depositiaiechnique to
fabricate mulicomponent stoichiometrfdims, based on the interaction betwedmnigh power
laser beam and a target made up of the material to be depdditedaser bean is directed
towards theaarget with the help of appropriate optics and hits the target surface at an angle of
45° There are hreetypes ofthermodynamic processdisat happen upon the lasmatter
interaction namelygvaporation, normaboiling and phase explosion. The presence and the
relevance of each one depend maiatytheheating rateand on the temperature of the target.
The heating rate is strongigfluenced by the laser energy density and by the pulse duration
[59]. Evaporationdescribes the emissicof target atoms due the transition from the liquid
orsolid phase to the vapor phase whereasabboilinghappensvhen the boiling temperature
is reached, creating bubbles with theterogeneous nucleation (due to impurities and defects
in the materl) process whichthen escape from the liquid surface. Normal boiling is
characterized by slow kinetid89]. On the other hand®®hase explosionccurswhen short
pulses (s duation) and high energy densityat up the target material at a rate-b@*-

10'2 K/s and a temperature of abou®.9Tc (critical temperature) is reached. Strong
homogeneous nughtion occurs in a supeatednmetastable liquid and just below the target
surface. At about 0.9Teapor and liquichanodropletsre ejected from the surfat@ming a
plume of vapor and liquid dropletand eventually get deposited on the substrate as
nanoparticle$59]. Phase exmsion is thus extremely relevant feenoparticles deposition and
for achieving hghly nanostructured thin films.

The ablated material formintpe plasma plumeanovesin theforward direction normal to

thetarget surfacel'he plasma plume by definitios composeaf charged particles (electrons

29



andions) and alsmeutral atoms. The collisions among these particles induce an anisotropic
expansion thatletermines th@lume shape and isfluenced by the pressure present in the
chamberThe vaporized material, containingutrals, ions, electrons etc. in the plasma plume
expandrapidly away from the target surface (velocities typicallyefi@* in vacuum).It is
possible to use a so called reactive lgas O, N2 which can react with the plume species in
order to obtain thdesired film stichiometry, or to use an inegaslike argonto constrainte
expansion of the plume andfluence the dgosition rate, spatiadistribution, topology and
microstructure of the thin filmThe film growth occurs depending on the overall effect of all
the deposition parameters including the laser fluence, deposition temperature, background gas
and pressure et this way NPs assembled coatings are obtained, which are very interesting
for a variety of applications of which catalysis is a prominent ©his technique can be used

to deposit compact as well as porous films, thin or thick.

The PLD technique progles some important advantages:

- High deposition rate

- Large variety of materials can be ablated and deposited.

- Good cantrol of the stoichiometry by varying the deposition parameters.

- Highly directed and confined plume, which minimézthe loss of the mater{gery important

for expensive tayets).

- The depsition process can occur in ambientcontrolled atmosphere.

- The process is very clean and hence suitable for applications which require high purity.

Of course there are alsome disadvantages:

- PLD is a complex and expensive technique.

- Theprofile of the plumas inhomogeneouand hence there &lackof homogeneityn the
depositedilm.

- The deposited films exhibitigh roughness due to droplets and cluskeposition This

characteristic howevaan be an advantage in the catalytic applications.

Experimental setup:

The apparatus for PLD was designed and realised by IdEA laboratory at University of
Trento, Italy Fig 13). Complete description of the PLD apparatan be found if60].

An LPX220i Lambda Physik KrF excimer laser with a wavelength of 248 nm was used as
the energy source, with a maximum pulse energy of 45@ rapetition ratehat can be varied

from 1 Hz t0200 Hz with a maximum average power of 80W and nominal pulse clumaiti
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20ns.The energy per pulse can be tuned by changing the pumping high valtageg the

operation, the system is water cooled in order to dissipatatéreseheat produced
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Figure 13: A schematic 3D view of the laser depositamparatug60].

The laser beam is directedd focused towardbe target via an optical systeronsisting
of a slit, mirror and lendn front of the laser exit window a slit removes all the haloes of the
beamand then deflects the beam ®§ with the help of a dielectric mirroA 400 mm focal
length lens focuses the beam on the target at an angle of 45kerghis mounted on a slide
which permits to vary the position (@bout 15cm) ard consequently the laser fluence can
also be varied

Different films require differenatmospheres and pressufasthe depositionTherefore it
IS necessary to use a vacuum systeat permits a precise regulatiai the atmosphere
composiion in the deposition chambdrme vacuum system of the usgiparatus is coposed
of a coupled system of a rotary pump used atdlemolecular pumBefore the depositions,
the deposition chamber is kept at high vacuum, i.e. abotimt@ir, which prevents presence
of impurities inside the chamber and on the galbstduring the depositioRor obtaining high

vacuum, the chamber is first brought in low vacuum state with the help of the rotary pump.
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The chamber is then connected to the turbomolecular pump through a bypass valve till it
reaches a pressure ofAfba. This is done to preserve the turbomolecular pump from high
flux of air enteringthrough the chamber and damaging the pump. The deposition chamber is
then connected directly to the turbomolecular pump by opening the gate valve to maintain a
pressure of @® mbar in thechamber before deposition. Depending on the deposition
conditions, the required gas is introduced into the chamber through dlovasseter which
receives a feedback pressure signal from a capacipaassure transducer. The target igrset
rotating during the deposition to avoid Roniform ablation of the target material.

2.2 Characterization techniques

Different characterization techniques were used for understanding the material
composition, elemental analysis, crystallinity afildh/particle morphology. This section
discussesome of theechniqueshatwere ugd during this thesis to characterize the produced
materialsnamely Scaning Electron Microscopy, mickl®aman analysis, -Ray Diffraction

and U\-Vis-NIR Spectroscopy.

a) Scanning Electron Microscopy (SEM)

The scanning electron microscope is a powerful instrument that allows to investigate the
microstructuralchaacteristics of solid specimens likeorphology, suace topography and
compositionn the micrometer osubmicrometer range. It can reach a resolution of ab&0t 5
A under optimal conditions, much higher thémat achievable with an opticaticroscope,
which is limited by the wavelengttf visible lightat0.1-0.2 mm

This technique is based on the emission of an electron kdaoh passes through a
focusing lens arrangement and impinges on the saifipganteractiorbetween the constituent
atoms and incident electrons produadarge variety of signaishich in turngiveinformation
about the materimlomposition and morphologyhe electrons can be emittedtwo ways: by
thermionic effect (Tungsterathode and Lanthanum Hexabora#hode are the most common

sources) or by field emission.
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Figure 14: Schematic diagram GEM[61].

The generateelectronbeam is accelerated and focused on the specimen by a series of
electromagnetic lenses aagertures, as shown kig. 14 This way the diamter of the bam
spot is decreasaxhdthe electron beam is focused on a fine spot as small as 1 nm in diameter
on the specimen surfacehe deflection coils are the final lenses which deviate the beam in the
x and y axes to scan in a raster fashion over a rectarsgaaof the sample surfas®hen the
electron beam hits the sample, different signals are generated coming from different kinds of
interactionsThe three prominent signals studied #meemission ofsecondary electrons, the
backscattered electrons and ttharacteristic Xay (only if an X-ray detector is present). These
three signals come from different depthshef sample, as shown kig. 15carrying different
informationabout the object under study. The secondaryrelest(SE) are valence electrons
emitted when an inelastic collision between the elestajrthe beam and the electrarighe
sampl ebs at oms telbweenerged @C /) andldo enly thie alectrons
produced near the surface can escape tr@sampleFor this reason SBring information
about thesurface ofthe sample, in particular the material topography. The tilt angle between
the incident beam and the samplrface influences the number of emitted secondary electrons.

If the specimennclinationwith respecto the electron beam increases, the interactobnme
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increass and consequently theESsignal increases as welh SH (Secondary Electrons

Imaging)this results in higher contrast for the surface topography.
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Figure 15: Interaction volumes for signals generated by SE).

Backscattered electrons (BSESs) are elastically scattered electrons by the nuclei of the
atomsin the specimen. Being scatter@dsti@ally, BSE havenhigh energies with respect to SE
and come from a deeper region of the specinmba.larger interaction volume results in BSE
mode having a lower resolution than SE mddee number oBSESs increase witthe atomic
number Z of the atos) so a material with a highendll appear bright¢r on the image than a
material having a lower Z.

X-Rays are another type of signal arising from inelastic collisions and can be formed by
two distinctly different rechanisms: Bremsstrahlung and fluorescence. In the first case, the
electron beam experiences deceleration in the Coulombic field of the specimen atoms as a
result of which there is a loss of energy by emission-kays. The resultant-rays exhibit a
coninuum spectrum whichareot wuseful for material 6s analy
electron interacts with a tightly bound inrsdrell electron, ejecting the electron deavinga
vacancywhichis fulfilled by an outer shell electron. The energffatience of the transition is
a characteristic value and this excess energy can be released from the atom in one of two ways:
1) Auger process, the difference in shell energies can be transmitted to another outershell

electron, ejecting it from the atom as electron with specific kinetic energy;
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2) Characteristic xay process, the difference in energy is given out as electromagnetic
radiation of characteristic value, in contrast to the bremsstrahlung process, which produces
photons spanning an energy togum.

Energy Dispersive Spectrometer (EDS) is used for measuring the energy of the
characteristic xays and it provides information about the elemental composition of the sample

and concentration of each element.

b) Micro-Raman Spectroscopy

The Ramamnalysis is a spectroscopic technique based on the interaction between light and
matter. The light (usually a laser)interacts with vibrational eneyg states of the
atoms/moleculeander studyFor investigation of small areas of the specimea Jdker beam
is usually passed through an optical microscope which reduces the area to be measured. This
technique is generally referred to as miBaman. In a micrkdikaman spectrometer, the light
is reflected by an optical filter towards the microscope the focused beam impinges on the
specimen under study.

Raman spectroscopy deals with theeractionof light with the atoms/molecules of the
specimen whiclean beeither arelastic oraninelasticinteraction The former indicates than
incidert photon is absorbed and emitted without any Iddaretics energy. This is the pre
dominant process and iknown as Raykigh scattering. The lattemeans that the
absorbefincidentphoton and the one emitted by the atmolecule after the transition hav
different frequency. fiis is due to thesict that the atom/molecule doast return in the same
stable state after the emissias beforelf the final vibrational state of the molecule is more
energetic than the initial state, the inelastically scattph®ton will possesslawer frequency
for the total energy of the system to remain balanced. This shift in frequency is designated as
a Stokes shiftFig. 16). On the contrary fithe final vibrational state is less energetic than the
initial state, then the inelastically scattered photon podsess higher frequengywhichis

designated as an ai8tokes sht.
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Figure 16: A schematic diagram explaining the Rayleigh and Raman scat{éhg

This technique is used to identify the chemical bonding of different materials and provides
information about the vibrational structures of the specjrttencrystallogaphic orientation
of a sample along with marogher applicationg solid state physics

A typical Raman spectroscopy technique consists of a monochromatic light (laser),
illumination system, focusing lenses, an optical filter, detsand computer control software.
The laser beam is irradiated on the specimen and the scattered photons are filtered by a notch
filter which block the elastically scattered photons and transmit the low intensity Raman
scattered photons (around 0.001% tofal intensity). The Raman scattered photons are
dispersed by the grating followed by amplification and ttetected by a CCD detector. To
acquire a largspectrum of the scattered light the grating alignment is variee output signal
is processed sy a specific softwardo display the Raman spectra for the given specimen.

Fig. 17shows aschematic representation Rhmanspectroscopgpparatus.
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Figure 17: Raman spectroscopy apparatshematig63] .

c) X-ray Diffraction (XRD)

The X-ray diffraction is abulk characterization techniquesed to measure the average
spacingbetween differentrystalline planes, etermine the orientatioaf a single crystal or
grain, studythe crystal sticture of an unknown material anceasure the size, shape and
internal stress of small crystalline regio8gce the wavelength ofrays is in the range ofi¢
distance between the atoms in a crystal lattice, a special interference phenomenon of diffraction
can give information about the distance between the atlmiact X-ray wavelengths vary
from about 10 nm to 0.001 nm. Whemn X-ray beam hits an atom,dlelectronsabsorb the
energy of the xays andscillate around their megositions. Since the energy is not sufficient
enough for the electrons to be ejected from the atom, the electrortbemritergy in the form
of x-rays This process is callegk dasticscattering. Ageneric crystal is composed by several
ordered planes of atoms, so a lokafiysare emitted because of the interaction of each atom
with the incomingx-ray beam.An interference patternan beproduced by the superposition
of the enitted waves. This pattern depends on the wavelength and orcitient angle of the
incoming bea. A positive or constructivénterferenceoccurs whenthe path difference
between théwo incident rays is equal to amegermultiple of the wavelengthThis relation
i's cal | edandis rapeesgeitad asg: a w

nl = 2dsing
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Figure 18 schematic explaining-say diffraction [64] .

Fig. 18displays a schematic of-kay diffraction through a crystaA typical XRD pattern
is obtainedby varying the angle of incidence of theay beanmandmeasuringhe intensity of
the emitted radiationA number of peaks are observed in the pattern corresponding to
diffraction from different atomic planes of the material. By identifying the peaks in the
diffraction pattern and comparing with the standard peaks for different crystalline materials it
is possible tadentify the phase of the material under study.

A typical X-ray diffractometer has three basic componentsiyxsource, a sample stage
and an xray detecto(Fig. 19. The angle betweenétplane of the specimen and theident
x-ray beam is idenfied asq and callecasBragg angle. On the other hand, #ggle between
the detector and the projection of the souseamis identified as 2q. The diffractometer
geometry ighereforecalledasq 2q, or BraggBrentano geometryhex-ray source isisualy
fixed and thespecimen is moved ky?/min while thedetectormeasures the output radiation at
20°/min with respect to the source path.

The most common-ray radiation source is the CuaKvith a known wavelength df =

1:5414 A
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Figure 19: Block diagram of a typical-kay diffractomete65] .

d) UV-VISNIR spectroscopy

The optical properties of materials can be studied thrahghJltraviolet-Visible-Near
Infrared spectroscopy, aon-destructive, econoraiand versatile techniquebased on the
electronic transitions induced by tabsorption of incident photofi§6].

Theabsorption spectroscojg/studied inJV (10-200 nm), near U\(200-380 nm), visible
light (380780 nm) and rarely near the #gRectrum(780-3300nm). For our work, we study the
absorption spectra in the range of Blnm, which ishe wavelength range where electronic
transitions due tolsorption occur. For lightdam incidenbn a target materialong with
absorption mechasms, transmission and reflection also occur.

The absorption is possible only if the ptwas have the required energy &ectrorsto have
transitionfrom a lower energy level ta higherenergy level. ie absorption bands are very
narrow and chracteristic for each moleculélowever, a real absorption spectrum shows
broadened ks, because of the superposition of vibrational and rotatoeady level®f the
moleculeon the electronienergy level$66].

In case of molecules, thetal energy is given by the sum of three contributions:

Etotal = Eelectronic +Evibrational +Erotational

The transition between electronic states is cabgéde absorption of visibl®lV light (10-
700nm). The transition betweehe vibratonal states is due to the absorption of infrared
radiation (DOnm1mm) and therotatioral states are typically promotdoy microwave

radiation (1mrlm).

39



When light passes through a sample, the amount of light absorbed is the difference between
the incident radiation (lo) and the transmitted radiation (I). The amount of light abssrbed
expressed as either transmittance or absorbance. Transmittance usually is given in terms of a
fraction of 1 or as percentage and is defined as follows:

T=1lo
Or
%T =1/1o* 100
Absorbance is defined as the negative of log T and is written as,
A=-logT
Or
A =log[lo/1] (1)
The BeerLambertlaw states that thamount of light absorbed by the solutiandirectly
proportional to the molaroncentration of the absorbing spedrethe solution and the optical
length of the solution
| = loe®® (2)
where e is the molar absorption coefficiertthe gtical length of the sample ar@ the
concentrabn. Substituting egn §2in the defiition of the absorbance (eqn 1), tBeer
Lambertlaw becomes
A=€C

Knowing the thicknessand the molar absorption coeféat of the sample under study,
is possible to obtain the concentration of the solutearsttution

A typical UV-VIS-NIR spectrophotometearonsists of a light source, a monochromator, a
beam splitter, two holder(one for the sample and one for the reference), and two photodiode
detectorsig. 20). Light from a source ifocused ont@ monochromatowhich separates the
light emitted by the source into its component wavelengths. To achieve a constant light
intensty over a wide spectrum, two sources are use@uderium arc lamffor the UV region)
and a tungen-halogen lamp (for theisible rangég. The obtained monochromaticdme is then
split into two beams bg beam splitter: this way the light from teeurce reaches both the
sample and the referenc€he light at the end of the two patiss collected by the two

photodiode detectoendthe ratio of the two beams is displayed.
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Figure 20: schematic representation of a XIS NIR spectrophotometd66] .
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Chapter 3: Pulsed laser deposition of CoR©4/CoO hierarchical-
type nanostructured heterojuction forming a Z-scheme for
efficient spatial separation of photoinduced electrothole pairs

and highly active surface area

Preview: Single oxide hierarchical/urchin structures of Fe and Co demonstrated excellent
photocatalytic activity towards degradation of the organic pollutant Methylene
Blue. In view of the enhanced activity, mixed metal oxide hierarchical coatings of
CoFe04/Co0O were synthesized by Pulsed Laser Deposition for application in dye
degradation. The synthesized coatings degraded MB dye completely and exhibited
superior photocatalytic activity compared to®eand CaO4 coatings.The role
of morphology, optial properties and heterojunction between GGk@and CoO
were studied through an-gtepth characterization of the catalyst and photocatalytic
measurements.

My contribution to this work includes the synthesis of Ga&R#C00 coating,
performing photocatalytic measurements along with other characterizations,
interpreting the data/results obtained and preparation of the manuscript for
publication.

The content of this chapter is adopted from;

Y. Popat, M. Orlandi, N. Patel, R. EdIN, Bazzanella, S. Gupta, M. Yadav, S. RilMiK.
Patel and A. Miotello, Applied Surface Science 489 (2019}5584
https://doi.org/10.1016/j.apsusc.2019.05.314

© 2019 Elsevier B.V. All rightseserved.

3.1 Introduction

Recently, a tremendous amount of attention is gained bii&frchicalnanostructures
formed by 1D nanowires and/or 2D nanosheets due to the combination of unique properties of

each nanostructure obtained in a single material. A wide range of applications in various fields
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including nanoelectronics, catalysis, dmwdical, sparations and sensors have been
demonstrated by suchierarchicalstructures owing to theipeculiar properties[67i 69].
Specifically in photocatalysis these nanostructures not only provide high surface area but are
also efficient in light trapping in the gap, formed between nanostructures, having dimension
similar to the wavelength of light. ierarchical structures of several semiconductbased
photocatalysts like Ti®[70], ZnO[71], FeOs [72] and WQ [73] were realized in the past

with improved photocatalytic activity towards water splitting, degradation of water pafiutan
self-cleaning, and air purificatioidowever, the major problem related to the intrinsic property

of semiconductors, the recombination of photogenerated charge carriers, still need to be
addressed in such nanostructures. Thus, focus has been divertedgifglecomponent
materials towards multicomponent based nanostructures. These multicomponent systems
combine various semiconductors, metals, carbon and polymer to form heterojunction in the
nanostructured morpholody4]. The heterojunction formed using multicomponent provides
unique properties and multiple functionalities, which are not observed in -simglponent
structures and can beed for a wide range of applicationsn punctions formed between two
different semiconductors in 1D heterojunction nanowires (NWSs) are very useful for effective
charge separation in photocatalytic reactipf. Metalsemiconductor heterojunotis are

also well suited for such reactions. Multicomponent heterojunctions have been successfully
used in other fields like biosensdi®6], nanoscale photodetectd¥], separatiori78], gene
delivery[79], and catalysi§30].

Multicomponent based 3bierarchial nanostructures formed by low band gagtain
oxides are an optimal solution for three major problems of photocatalysis reactions i.e. low
absorption of visible lightelectronhole recombination processes, and low surface area
[81,82] A variety of nanostructured heterojunctions including &trell, ODquantum dots
over nanoparticles or nanowires or nanosheets, segment NWs, composite of 2D nanosheets etc.
have been synthesized, to date, largely by chemical synthesis techniques. givaugh
advantage of facile method, these routes are able to produce primarily gzasddrsystems
having recycling and recovering issues for photocatalytic reaction along with instability of
nanostructures which deteriorate with time. Therefore, phydegsitiontechniques, such as
Pulsed Laser Deposition (PLD), are very versatile techniques to manufacture nanostructure
based heterojunctions in form of coating stabilized on any substrate which will solve the issue

for reusing.
In terms of photaoatalytic materials, single metal oxidefsCobalt or Fe, like F©3, CaO4
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and CoO have gained a lot of interest due to their natural abundandexmoproperties and
enhanced visible light absorption compared to many other metal oxides altmgosd
photocatalytic activity [83i92]. In our recent work, hierarchical 3D possurchin
nanostructured GO®s a n d-FeOs coating with high photocatalytic activity towards
degradation oMethlyene Blue B) dye was synthesized by pulsed laser deposition (PLD)
[87]. Even though CsDs is the most stable oxide, CoCatalyst formed through nen
equilibrium process such as PLD and mechanical ball milling displagsaoding catalytic
property[88]. Also, these coatings exhibit very good chemical and mechanical stability, which
allowed them to be tested in a continudlosv photoreactor coupled to a solar concentrator,
for the treatmendf real industrial wastewate@3,94]. Latelymore attention is given to ternary
mixed metal oxides based on transition metals (Co, Ni, and Fe) such as cobalt ferrisg©gCoFe
and nickel ferrite (NiFg4) with spnel structure for phocatalysis applicationf95i 97].
These oxides have lower bandgaps-L.£eV) than single metal oxides amalethe capacity

to absorb light in the entire solar spectrum. Their magnetic nature also allows/foe@agry

of photocatalyst[98]. However, neither Co nor Ni ferrite displayed the remarkable
photocatalytic ativity owing to thevery rapidrecombination of the photogenerated electron
hole pair during the reaction. This problem can be mitigated by formation of heterojunctions
by coupling two (or more) different materials leading to an increase in the chargatisepa
and extends the range of visible ligltsorption due to involveent of two semiconducteof
different band gap, thereby improving the photocatalytic response, thieusesearch works
are now focused in forming interfaces between GOkand singé metal oxides or conductors,
primarily due tothe enhancement in visible light absorption and an improvement in
photogerrated charge separatif®0i 104]. MoS/CoFeOs4 nanocomposites fabricated by a
simple hydrothermal method demonstdag@od photocatalytic activity in degttbn of RhB

and congo red dyef99]. Improved photoinduced charge separag due to Zscheme
mechanism, and reduction in aggregation because of thin dh&&ts providing large active
surface area, were the primary reasons for the enhanced photocatalytic activity. Nanocomposite
of CoFeOs nanoparticles incorporated in urcHike TiO2 microspheres synthesized as a smart
material for recglable photocatalysis reactioff€)0] showed superior photocatalytic activity
in degradation of MB dye because of the reduction in recombination ofgam&atedharge
carriers. A CoFg4/g-C3Ns4 magnetically active nanocomposite synthesized by simple
calcination method exhibited good phatalytic activiy towards degradation of MB dye
[101]. Synergistic effecbetween CoF©s and gCsN4 led to the activation of ¥D. thereby
enhancing the photocatalytic activity. Ceaeell structured CoE@s incorporated AgPQu
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nanocomposites prepared by paecipitation approach demonstrated higher degradation
efficiency towads MB and RhB dyeld 02]. The heterojunction structure of &u-CoFeOs
nanocomposite inhibited the recombination of electrons and holes, along with a reduction in
the band gapAmongst the solutions offered by current literature to improve photocatalysis
performance, heterojunctidmased Zscheme designs are promising ones, along with 3D
hierarchical nanostructuringEven after these recent advances on @0Feand its
nanocomposes, implementing these approaches on an industrial scale is still a challenge given
the powder form of the catalyst and the need for separation of the catalyst from the system after
use, although the latter has been mitigated by a separation methodirgxpl® magnetic
nature of CoFg€4 [101,103] Immobilization of the photocatalyst as a coating supported on a
substrate would be an ideal solution to avoid this problem. PLD is @@evgnient technique
in synthesizing such photocatalysts with fine control over the morphology and providing good
adhesion with the substrate.

Given these premises, we report here on the fabrication ohOgE®O coatings by PLD
and forminga Z-schemehetergunction desigrin 3D-hierarchcal urchirlike nanostructures
The coatings prove to be highly efficient both in direct photocatalysis and in-paoton
reaction, with yields higher than similarly structured singletal oxide counterparts (g
and Fe0Os). This finding is discussed on the basis of the structural properties of the material

and the role of the-Acleme design and nanostructuring.
3.2 Experimental

3.2.1 Synthesis

Fe metallic (Alfa Aesar, 325 mesh), Co metallic (Alfa Aesar, 98.5%) and Boric af®¢H
SigmaAldrich, >99.5%) powders were mixed in molar ratio of 1:1:1 and the prepared mixture
was compressed in the form of a disc to be used as a target for thetialepdsnixed oxide
coatings by PLD. A KrF excimer laser (Lambda Physik) with an operating wavelength of 248
nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used for deposition. The fluence
of the laser was always maintained at 3 3fomablation. The PLD apparatus details and the
mechanisms involved in the laser matter interactions are presented in our pasf[8¢{d&g
The PLD chamber was evacuatewito a base pressure oféiibar prior to all the depositions.
Deposition of the coating was carried out in an Ar atmosphere at a pressure of 1 fbat0
The target to substrate distance was fixed at 4.5cm with the substrate positioned panallel to t

target. The coatings were deposited on Si and quartz (for characterization) and glass substrates
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(for photocatalytic activity) maintained at room temperature. Thermal annealing of all the
deposited coatings were carried out in air at 500 °C, 600 °Guf@trates) and 700°C (quartz
only) for 5 h with a heating rate of 5 °C/min in order to obtain the hierarchical tliichin

structures of mixed metal oxides.

3.2.2 Characterization

A Scanning Electron Microscope (SEREG, JSM 7001F, JEOL) with 20ke®lectron
beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET
x3) was used for examining the surface morphologies of all the samples prepared by PLD.
Transmission Electron Microscopy (TEM) and High resolution TEM-{HEM) analyses were
performed with a JEOL 2100F @srrected analytical FEG TEM with an accelerating voltage
of 200 kV equipped with an energlyspersive Xray spectrometer (EDS). Images were
analyzed using Digital Micrograph software from Gatan. Copper gridsrii8sh) with Holy
carbon film were used as substrate to prepare samples for TEM an&ysistural
characterization was performed usingR4y Diffractometer (XRD) with Cu Kradiation { =
1.5414 A) in grazing angle mode with the incident angle ot M&ro-Raman spectroscopy
was performed using a Labram Aramis Je¥won HoribantRaman system equipped with a
He-Ne laser source (632nm). Absorption spectra were obtained wHKIB\NIR absorption
spectrophotometer (Varian Cary 5000 WS-NIR absorptim spectrophotometer). Surface
composition and chemical states of each element present in the sample were analyzed with X
ray Photoelectron Spectroscopy (XPS) wusing a
monochromatic Al K (1486.6 eV) Xray source ad a hemispherical analyzer. Appropriate
electrical charge compensation was required to perform the XPS analysis. XANES
measurements of the coatings at Co antlf-¢edges were performed at the APIE beam
line, in Eletra-Synchrotron, Trieste, ItaljL06]. A total electron yield (TEY) detection system
was used to collect spectra of the samples and a basarpre$4.0'°mbar was maintained

during acquisition of spectra from the samples.

3.2.3Photocatalytic activity

The photocatalytic activity of the synthesized samples was evaluated by studying the
degradation of model MB dye solutions in presence @:+and light. 30ml of MB dye (10
ppm) mixed with 1ml of HO. (1M), as an oxidizing agent, in an agueous solution was used

for degradation by photBenton reaction. The catalyst coatings (prepared on glass slide of area
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2.5cm3 7.5 cm) were dipped in the @e prepared MB dye solution and kept in the dark for

30 mins at constant stirring to establish adsorption equilibrium between the solution and the
catalyst surface. After dark reading, a tungsten lamp (225W) emitting mostly visible light was
used as thedht source. 1ml of MB dye solution was collected after fixed intervals of time
during the reaction to study the amount of degradation by measuring thaslAbsorption
spectra and analyzing the characteristic peak of MB at 664 nm. All the photocatalysis
experiments were performed at room temperatG@: evolution was followed in selected
experiments by an IR sensor (COZIR Wide range 100 or COZIR Wide range 5) placed in
proximity of the solution surface. Note that since the reactor is open, the meadusenwn

guantitative, but can only show a variation in the atmospheric level af CO

3.3Results and Discussion

The asdeposited (AD) coating as well as the coatings annealed at different temperatures in
air were studied by SEM to get insights ongh&ace morphologies and the changes that occur
upon annealingThe AD coating Fig. 21a & 21b) deposited in Ar atmosphere displays
particlelike morphologyfollowing a broad particle size distribution from tens of nanometer to
few micrometemith a film thickness in the range of tens of micromet€hss film thickness
is opti mal and doesnot affect the catalytic
substrate is covered by the matersalch morphology is expected owing to the pleag@#osion
process taking place below the target surface which comes close to the thermodynamic critical
temperature upon irradiating with high laser flueand is independent of the film thickness
The particles constituting the coating surface are ie-sbell structure where different contrast
between core and shell suggests that the core is composed of heavier elements (Fe and Co)
while the covering shell contains lighter elements (mainly B). Irrespective of particle size, the
thickness of the shell ia the range of 206800 nm. The topography of the particles completely
changes upon annealing in air at 3Q0(Fig. 21c & 21d), 600°C (Fig. 21e-21g) and 700C
(Fig.22h) . At 500eC, the shell starts towmkssinte:
(NWs) on the surface of the particles. This indicates initial development of the hierarchical
nanast ructure which on further annealing at 6
spherical particulates to an urchike structure with verticallgrown NWs from surface of the
particulatesKig. 21e & 21f). The length and diameter of the NWs varies from 0.5 to 1 um and
10-30 nm respectively. Another very important feature established from the image is that the

surface coverage density of the NWsumchinlike particle is very high. In addition to urchin
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like particle, some particulates also transform into flelker structure with nanosheets of
thickness 225 nm and widths of 86800 nm Fig. 21g). Although there are only about 10%

of such floweflike particulates, their contribution towards the catalytic activity cannot be
neglectedOn annealing at even higher temperature (700 °C) both the urchin density as well as
the | ength of NWb6s on t he urFg.hRihh Shedbtaimed e as e s
morphology is in well agreement with our previous repf87,107] on the PLD deposited
hierarchical urchidike Fe oxide as well as for Co oxides coatings where the growth
mechanism is thoroughly discussed.
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Figure 21: SEM images of as deposited coating (a & b) and that annealed & 500
(c &d), 600°C (e,f &g) and 700°C (h) in air for 5 h.

The EDS measurement on the overall <coating
thanthat in the target used for deposition, with ratio of 1. This suggests the preferential ablation
of Fe as compared to Co during the PLD deposition. Nevertheless, this ratio is quite different
for particulates with urchitike and flowerlike nanostructurig that are formed after annealing
at 600 e C Thexmagnified EDSormappldian urcHike particles showed Fe/Co
ratio of 0.33 while that for flowelike particles is about 50F{g. 22 and Table ). This
indicates that latter is composed of oRlywhile former containsixture of both metals with

Coin dominating amount.

urm Electran Image 1 : Bum ! Electron Image 1

Figure 22 SEM image of (A) urchitike particle and (B) hierarchical particle with 2D nanosheet
structure, observed on the surfacd”bD depositedoatinganneal ed at 600eC i

As majority of coating surface is covered (90%) with urdhia particles, further
investigations were mainly concentrated on the NWs using TEM. NWs emerging from the
particulate having length from 100 to 700 nmhnatverage thickness of b nm are clearly
visible in TEM imagesKig. 23).
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Source Fe/Co Atomic ratio

SEM Image of Overall Film 1.77+£0.20
SEM Image 227 (Urchin -like) 50.1 £ 0.50
SEM Image 238 (Hierarchical) 0.33+0.04

TEM image of NWs (Fig. 24) 0.31+£0.03

XPS spectra (Fig. 26) 1.06 £0.10

Tablel: Fe/Co atomic ratio measured through SEHBS, TEMEDS and XPS.

Figure 23: TEM images of nanowires extruded from core in urchin structure.
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Several sets of lattice planes are observadagnifying the single NW in HRTEM imagEif
24a,24b, 24d & 24e). A set of three €pacing of 0.14, 0.21 and 0.29 nm are measurédjin

24b where 0.14 nm and 0.29 nm are ascribed to (044) and (022) planes eDCpRase
(JCPDS file: 221086) whereas-dpacing of 0.21nm is common to that of (002) planes of CoO
phase (JCPDS file: 78533) as well as (004) plane of CeBgphase. FasfEourier Transform

(FFT) (Fig. 24c) of this NW can be perfectly indexed to CeBgand CoO phases. Similarly,

in another NW shown ifig. 24d and 24e, the lattice plane spacings are measured as 0.24 nm
and 0.48 nm. A gpacing of 0.48 nm can be attributed to (111) planes of Cnfpdase but

the value of 0.24 nm is again common to (11&npk of CoO phase as well as (222) planes of
CoFeOs phase. FFT of this particular NW also confirms these ph&sp24f). EDAX maps

of individual NW were recorded to observe the distribution of various elemewntsr (panel

of Fig. 24). Both Co and O ra uniformly distributed throughout the wire, however, the
distribution of Fe varies along the length. The Fe/Co ratio of about 0.31 measured on single
NW is in good agreement with the composition of urdtka particle obtained through EDS

in SEM imageThis implies that the concentration of Co is more in the NWs coming from a
secondary Co phase i.e. CoO. Thus, it can be speculated that the phase of NWs is a mixture of
CoFeO4 and CoO phase.
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Figure 24: TEM (a & d) and HRTEM (b &) images of single nanowire of urchin
stucture formed after annealing the coating at 800for 5 h. The FFT converted
electron diffraction patterns (c & f) could be indexedQoFeOs and CoO phases

present in this nanowire. Lower panel shows the elemental mapping for nanowires.

In order to further confirm the phases in the coatings with widtenparticle, XRD was
performed and reported Fig. 25a. The XRD pattern waacquired with a glancing angle of
1.5° to mainly investigate the crystallinity of the particulates on the coating surface. For AD
coating, the peaks centered at 44and 56.2 are assigned to F&@ and CeB phases
respectively. On annealing at 500, the peak at 56.1 completely disappears, while the
intensity of peak at 44°tlecreases. In addition to these peaks, a small peak atdd®.@o
CoFeOsphase (JCPDR22-1086) starts to appear. This CeBgphase grows prominently at
600°C with distinctsignals at 35%and 34.8. A p e a¥eQdis @so visible &t 33%at
this temperature. Al l three peaks are al so
intensity. ThkeOsss aptitipated doube gehesatedJfrom the flovilee
hierarchical structure which contai-ReOpgnly F
based hierarchical structures are obtained upon deposition ogB@+Ebating by PLD and
annealing at 600eC i n ai[X07].®nstheother band, thedsignain o ur
coming from CoFg04is expected to appear from the urchke particles containing both Co
and Fe elements which is also confidmigom HRTEM analysis. Althougkhe crysalline
phase of CoO is not detected in XRD pattern, its existence cannot be neglected considering the
Fe/Co atomic ratio in the NWSs. Thus to confirm the phases on the surface of the nanostructured

particulates, Raman spectroscopy was performed.

TheRaman spectra of AD coating and tHgat ann
25b in the range of 150 to 800 chwhere signature vibrations due to metal oxides are located.
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The broad nature of the peaks in AD coating indicate that metal oxidesostéy in an
amor phous state. Upon annealing at 600eC,
is further deconvoluted into six peaks centered at 184, 290, 470, 534, 615 and’6ghem
main peaks at 470 and 682 tmre assigned toifand Agmode of spinel CoR©4phase as
well as to i and Agmode of CoO phase respectivgl¥8,109] Another intense peak at 615
cmtis attributed to Aymode of vibration of only spinel Cof@sphase while the peaks at 184

and 534 crit are pertinent to gmode of CoO phase only. This confirms that the coating after

t F

annealinga6 00e C in air forms a eMmang Go©iphase inoah s pi r

urchinl i ke structure. Neverthel edgeQsin flowe-like x i st
structure is also observed with a low intensity peak at 290assigned to EFmode of-FeOs

[110]. Confirmation of the oxides phase can also be carried out by identifying the oxidation
state of Fe and Co and its location in the oxide structure using XPS and XANES.
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Figure 25: (a) XRD patterns oés deposited coating and, tremtn ne al ed aC€,amel00 e C,

700eC in air for 5 h. (b) Raman Spectra of

air for 5 h.

Elements such as Co, Fe, B and O along with residual carbon are detected in the elemental
survey scan of XPS. Focus scan of XPS spdetr&e,, Cop, Bisand Qslevel are shown in
Fig. 26. In Feyp level, two peaks attributed to #pand 2p,2level are clearly visible in the
spectra for all coatings. The deconvolution ofidpvels for AD coating displays two peaks at
711.3 and 713.eV assigned to Bestate in FeEOOH and FeBpPhasdq111] respectively, with
corresponding satellite peak at highdf Bf 718 eV. Both these peaks are also visible for
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coating annealed at 500eC b d"of FeDOH phase.éfteat i v e |
anneal ing at 60 GgeRel isagain décdrvau@d intwohpeakspt with

different BE valuegsentered at 710.6 and 712.8 eV due to contribution frothidies located

in octahedral sites and tetrahedral sites respectively, in spinet@gbteasg112]. Theshake

peak at 718 eV for Féions is distinctly evident in the annealed samples. The peak at 710.6

eV is also characteristic of #& n-Fel@; phase. No signal due to #és detected in XPS

spectra. Similar signals for Feat 725.5 eV and correspondisatellite peak at 730.4 eV are

visible in 2p/,2state. In Co 2p XPS spectra, the broad peak 4n I2pel is deconvoluted into

t wo peaks, for AD and 500eC annealed coating
Co?* state in Co(OH)and its correpondig satellite peak, respectivgB6]. Upon annealing

at 600 eC and 700 e C,decdnvyolute tne nmam pdals haang BE of e q u |
780.1, 781.4 eV and 786.2 eV. The firsbtpeaks are ascribed to £ions in octahedral site

and tetrahedral site of spinel CePe[112]. The broad peak at 786.2 eV is the characteristic

shake up peak of Gbcations in octahedral site. The peak at 780.1 eV also corresponds to Co

in CoO phase. Similar to the case of'Fao sign of Cd" is observed in the spectra. The core

level spectrum of B 1s of AD coating is deconvoluted into three peaks cantered at 191.3 eV
(40%), 192.6 eV (15%) and 193.8 eV (45%) which are attributed@s, B-eBQ and HBOs,
respectivel y. Aft er ans:B@ admpletety disappeabsle@dnGto t h e
transformation into mostly FeB(having peak at 192.6 eV which is in majority (66%) as
compared to BOs (34%) at 191.3 eV. Neverthelesthis rato is exactly reversed upon
annealing at 600 eC. Th eOzpprsultslkenhanted ih ofnpaBsone V. ( 6
to FeBQ peak (36%). The content 028z (70%) on the surface further increases by small
amount at anneal i ng peetrof@Jdewretisicongposediof twolp@akse C. T
at 530.7 eV and 532.1 eV assigned to FeOOH/Cof@ht) BO3z/H,BOs species, respectively,

for AD coating. Upon anneal i nQgremainsad&s @i®bue C, t I
the peak at lower BE shifts to 531.1 eV due to the contribution from f€B@ spectra of

O1s level required three peaks for deconvolution of broad peak recorded for coatings annealed

at 600°C and 70CC. The peaks such as 530.1 &31.2 eV and 532.5 eV correspond to the

O in metal oxides (Cok®s, C o O-Fa(s)dFeB® and BO; respectively. The content of
B>Ozincreases at highest annealed temperature oPGQ& confirmed in B 1s spectra. The

abowe XPS results evidently comtir that in AD coating, both the metals are in form of
hydroxide (FeOOH and Co(OkEj)while boron is oxidized (D3) and small amount is bonded

with Fe to form FeB@ On the contrary, the hierarchical nanostructure formed after annealing

at 600°C mostly corsiins CoFgOs, C 0 O- Fax@sdlong/with BOs. Most importantly, no
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sign of either F& or Cc** is identified through XPS, thus discarding the possibility of presence
of other oxide phases, such as®gand CqO4, which is in line with XRD, HRTEM and
Raman results.
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Figure 26: XPS Spectra of Co 2p, Fe 2p, B 1s, and O 1s lewad déposited coating
and that annealed at 500eC, 600eC, and

To gain more insights on the oxidation states and local geometry of Co and Fe, XANES

analysis was carried on the AD coating and annealed coating &€60&ir Fig.27). Fe L23
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edge of AD coating displayed two peaks at 709.4 and 711.2 e¥yregion with nearly equal
intensity. The former peak arises due to the presence’*bt&on located at tetrahedral site
specifically asreported for the FeOOH specifkl3] while latter peak arises due to3Fe
positioned in octahedral site. On annealing at ®)he peak at 709.4 reduces but it is still
present in the form of a distinct shoulder of the peak 711.2 eV whose intensity remains
unchanged. The spiea matches perfectly with that reported for spinel cobalt ferrite where
Fe** cations are present at both octahedral and tetrahedra[lsitgs Similarly for Co lz3

edge, the L region contains a main peak composed of two peaks at 780.3 eV and 781.4 eV
pertinent to C& cations located at tetrahedral and octahedral site for AD cdatldd The
intensity of both these peaks are maintained for the coating annealed’ax. @00ery small
shoulder at 778.6 eV arising from €astate is detected for both the coatings. The formation

of Co**is supposed to be due to long exposure of samples in air before the measurement which
might convert small amount of €oto Co®*. The XANES results likewis confirms that Fe

and Co are present mostly in’Fand C3" state after annealing at 60C leading to the

formation of CoFgOsphase i n maj or it y-sFe(Cspbhasesgwhiehiagaim Co O

match well with the XPS, Raman, XRD and HRTEM results
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Figure 27: XANESSpectra a{a) Fe Lz ;3 edge (b) Co b3 edge,of as deposited
coating and that annealed at 600eC
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The mechanism involved in the formation of urchke and flowerlike hierarchical
particles comprising Cand Fe oxide, respectively, is explained in detail in our previous work
on single metal oxid¢87,107] Here in mixed oxide, the composition and crystal phases
involved during thedrmation of these hierarchical structures is briefly clarified on the basis
of the characterization results obtained above. During PLD, the high laser fluence is mainly
responsible for phase explosion process occurring just below the target surfacesadisctol|
the deposition of particulates of wide range of sizes in the AD coating. These particulates are
in the form of coreshell structure, as observed in SEM images, with heavy elements such as
Fe and Co forming the core which is covered by light elesngmth as B and O bonded hwit
Fe and Co. XPS and XANES shdle presence of only2Bs;, FeBQ, FeOOH and G(OH),
on the surface of AD coating. During annealing, mechanical stress is generated between the
core and shell due to the large difference between thermal expansion coefficient of metals and
metal oxides, borides and hydroxides. In order to release this, stinesshell starts to
disintegrate leading to the emerging of core metal in form of NWs on the surface of particulates
at 500 ecC. On further annealing to 600 eC a
release the stress. The NWs eoeposed of mied phases of Cok®s and CoO, formed by
metal reacting with @in air, as confirmed by the results of XPS, XANES, Raman, XRD,
HRTEM and EDS. As there is a preferential ablation of Fe, smmeeshell particulates contain
only Fe core with R8-0 shell. Inedted these specific particulates release stress to form flower
|l i ke hi er ar c h aAeOssSuch nandtuatuee fohmation isiognsistent with that
obtained for the coating prepared by PLD using Fe a{klas targeand annealed in air for
600 e 0107]. However, majority of hierarchal particulates are composed of uli&kin
structure having NWs of mixed oxides of CeBgand CoO.

As the present synthesized mixed oxide urdike coatings will be applied for

photocatalysis application, is mandatory to investigate themptical properties. UWis
spectra acquired in transmission mode is presente@jirk8&f or coati ng anneal ¢
where urchin structure is well deve&xh The catalyst coating seems to be active in absorbing
visible light in the range from 300 to 800 nm. However, G@kand CoO are the major phases
present in the urchin structure as confirmed by above results, where the former is an indirect
bandgapsai conduct or wi tfH5M&adndthel aft erp Ha2 &@Vdire
of rFl112Z]. Phusethé Tauc peesentation was plotted for analysis of both indirect as
well as direct transitions ifig. 28. The energy gap value of 1.35 eV and 2.37 eV was
measured for indirect and direct transition, respectively. These values are very close to that
reported for tb band gap of CoE@4 and CoO, respectively, thus again confirming the
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presence of both these phases in the ugkennanostructure. Most decisively, this mixed

oxide urchinlike coating seems to be very efficient in absorbing visible light.
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The effectiveness of the synthesized mixed metal oxide uli&leinhierarchical

ng

nanostructure by PLD as a photocatalyst was studied by using it for degradation of model MB

dye through a photéenton reaction involving #D.. The variation in the MB dye

concentration as a function of irradiation time was measured by niogitbe variation in the

characteristic absorption peak at 664 nm. Adsorption is the major prerequisite condition for

any heterogeneous catalytic reaction, thus all the catalyst coatings were kept stirring in the dye

solution under dark for 30 min. The eobf light, HO. and catalyst, in catalytic degradation

was first verified by performing the separate degradation of MB dye, (1) in presence of light
l ight,
combination ofall three (HO>, light and catalyst). The degradation results are presented in
Fig. 2%. In 60 mins, the degradation of MB dye in light is only 19% which increases to 28%

only, (2) with added kD2 a n d

with coat.i

(3)

ng

after inclusion of HO.. Finally adding urchidike mixed oxide coatings along with,8, and

anne

light the degradation reaction is almost completed in 60 mins. This indicates that the catalyst

coating follows photd-enton reaction by generation of é)1eldica|sby dissociation 0H205.

Most importantly, the catalyst coating is also able to aldgi7% of MB dye in absence of

H20.. This suggests that the mixed oxide catalyst coating also works as a pure photocatalyst

which might be able to generate hydroxide radicals from adsorb@dadd the surface.
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Although the involvement of #D2 is very usefly the catalyst coating can however also be
utilized without ROx.

It is of paramount importance to understand the impact of mixed oxides phasesQCoFe
and CoO) in urchin structure on the photocatalytic activity. Thus the performance of
photocataliic degradation of MB dye with single oxide of € urchinl i k e -Fe@d U
flower-like hierarchical nanostructure prepared by same technique is compared with that of
mixed oxides urchiulike coating prepared in the present c&3g.(2%). The completeraalysis
on morphology, structure, composition, phases and chemical states of single oxide coatings
prepared with PLD having mainly identical hierarchical structure is reportedisgussed in
our previous work87,107] In all experiments the weight of the catalyst was constant and the
irradiated geometric area was maintained around 2.5 cm x 7.5 cm respectively. As observed
from Fig. 2%, CoFeO4/CoO mixed oxide urchitike coatingwas able to achieve almost
complete degradation (97%) of MB dye in just 60 mins which is half of the time required by
U-Fe03 (120 mins) and less than half time required by@¢150mins) urchirike coatings.

This evidently proves a significant improvemén photocatalytic activity for the mixed metal
oxide coatings achieved by synergic effect created by the heterojunction between CoO and
CoFeQq4, lower bandgap of Cok®sand high surface area obtained in urelie structure.

The smaller bandgap willmiprove visible light absorption leading to generation of large
number of electromole pairs which will be separated at the heterojunction formed at the
interface of CoO and Cok@s to reduce the recombination problem. On the other hand, the
number of expsed active sites will be enhanced by the high surface area in the-likehin
particle. Although the combination of these three features seems to be very effective in
enhancing the photocatalytic activity, it is very essential to evaluate the contribfisach

one of these features towards efficient degradation reaction.
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Figure 29 (a) Percentage degradation of MB dye after 60 mins in presence of PLD despoited
coating annealed at 60C, H-O- and visible light. (b) ©@mparison of prformanceor CozOa
urchinl i k-Fee;0s higrarchicatlike, and CoFgO4/CoO urchinlike coatings deposited by PLD

and annealed in air at 60€C, for degradation of MB dye in presence eOland visible light.

To investigate the effect of urchlike structure, the photatalytic degradation of MB in
presence of D> was investigated for the mixexkide AD coating and for that annealed at
di fferent temperatures of 400 ¢ig 30)5EQceppfér, 600¢
coating anneal ed coatings 6hovieg cOmparallelactitityhwath tloetcdtadyst
annealed at 700eC displaying the worst actiwv
150 mins mainly due to lack of any urcHike particle and the required phase on the surface.
With annealinga t 400 and 500eC, the coating shows
activity (60% and 64% degraded in 150 min respectively) which is attributed to the start of
formation of urchirlike particle having NWs of very short length as confirmed by SE&gen
(Fig. 21d). Only when the urchinwithwel evel oped NWs are formed a
high photocatalytic degradation of about 97% in just 60 mins. This definitely highlights the
role of urchinlike nanostructure providing the large number divacsites obtained through
high surface area. The coatings anneal ed at
when immersed into the dye solution that indeed caused the peeling of coating in the solution.
It is suspected that at this temperatthie length of NWs are large thus causing the lifting of
urchirtlike particulates from the coating surface. These loosely bond particulates are expected

to be removed during the catalytic reaction, hence delaying the reaction time. However, the
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degradatoc r ate attained with 600eC annealed coaf

like hierarchical structure in enhancing the MB dye degradation.
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Figure 30: Time dependent degradation ratio of MB dye solution in presesog End
visible light (a) using mixedxide coatings, as deposited by PLD and that annealed at
various temperatures 40, 500°C, 600°C and 70C°C in air for 5 h and (b) using catalyst

coating annealed at 60 in presence of isopropanol (IPA) of diffetenolar ratio.

To explore the formation of heterojunction and its effect on photocatalytic activity, it is
necessary to investigate the band edge of both£Qakaed CoO. The band edge of conduction
band (CB) and valence band (VB) reported for CGkén past literaturg118] is locded at
+0.16 eV and +1.44 eV respectively, having band gap of 1.2 eV. For CoO with band gap of 2.4
eV, the CB and VB are located at +0.9 eV and +3.3 eV respec{®®]y The schematic
diagram inFig. 31 shows the band edge position of Cgbgand CoO along with the redox
potential for Q*radical (Q/O2) and OHradical (OH/OH) formation at-0.13 eV and +2.4
eV, respectively. Considerirthe band position of both the semiconductors and the fact that
both are gtype semiconductors it will not form-p type Il junction. Rather it will form a-z
scheme junction which is only formed inppor nn type semiconductor because the
combination of @nd ntype semiconductor will create space charge region to inhibit the charge
carrier Zscheme migratiofiL19]. Thus, during light irradiation, the band gap of C&bzeand
CoO permits both the semiadunctors to absorb visible light to produce electhote pairs.

The excited electrons from CoO will combine with holes of GOk¢0 spatially separate the
electrons in CoRE®; and holes in CoO which further take part in photocatalysis reaction. As
the reax potential of @/OzA(-0.13 eV) is more negative than the CB edge of @okall the
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electrons formed during excitation of CeBe will be utilized to activate kD2, which is a
well-known electron acceptor, to form Atadical. Alternatively, the VB edgof CoO is more
positive than the redox potentials of @BH*formation (2.4 eV), thus the hole accumulated
on CoO will participate in formation of Gadical from the absorbed Otén. According to
proposed mechanism, Akadical is the only active radical that will be formed to oxidize the
MB dye. To confirm this, the scavenger of biddical in form of isopropanol (IPA) was
introduced during the reaction with different IPA®? molar ratios (1, 2 and 4Fig. 3M).

For 8 mins, the amount of MB degradation reduces to 75%, 52% and 25% for(BAvtdlar

ratio of 1, 2 and 4 respectively. At highest concentration of IPA, the catalytic activity drastically
decreases and the obtained amount of degradation is similar tohleategicwith MB + light

after 60 minsFor each HO, molecule two OHradicals are generated, thus at IPADkIratio

of 2, it is expected to be enough to completely stop the reaction becausémh)d]}ded from

H20. will be scavenged by IPA. Yet this is not the case and the degradation amount (52 %) is
decreased by half in 60 mins. This value is consistent with that achieved with using only
catalyst and light without #D> (47 %) Fig. 29). The observation throughiﬁfOH&scavenging
experiment clarifies two phenomena: 1) &#the only active radical formed and is responsible
for the degradation of MB and 2) Gtadicals are not only formed by® activation but also

by oxidation of OHions coming from water motelles adsorbed on the catalyst surface. This
proves our hypothesis that CeBgand CoO forms a-dcheme type heterojunction to reduce
the recombination of electremole pair to produce Oladicals not only in presence ob®b

by photeFenton reaction bwlso by the oxidation of OHons to induce direct photocatalysis

in the absence of #.. The attained direct photocatalysis due to formation -GcZeme
heterojunction between Cof& and CoO was also confirmed by comparing with the results
of single oxde CaO4 urchinl i k e -Fa®s Howdi-like coatings tested without23,. The
degradation of only ¥20% was achieved after 60 mins, thus suggesting that single oxide
Cos0sa n dFe0s are active only in presence os® where the photdenton type reaction
takes placg87,107] This verifies that formation of -Bcheme heterojunction is mostly
accountable for higher photocatalytic activity in mix@dde in comparison to single oxide
urchintlike coating. In addition to the improved photogenerated charge separation at the
heterojunction, the higher amount of visible light absorption owing to lower bandgap of
CoFeO4 will also contribute in enhancingpe¢ photocatalytic activity of mixed oxide urchin

like coatings, though contribution due to this is difficult to quantify.
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Figure 31 Schematic diagram ofscheme junction between CoO

and CoFeO4 p-type semiconductors.

To investigate thenineralization of MB dye to D and CQ, the photocatalytiactivity
of the 600C annealed coating was also done with thee &&hsor mounted on top of the
reaction vessel. The sensor was able to measure thg&®@rated from the photocatalytic
reaction rgealing an increase in the g@vel (measured in ppm) as soon as light is irradiated
on the catalyst surfac&i. 32 thereby giving the direct proof of MB degradation with.CO
as the byproduct.
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Figure 32: CO; evolution during MB degradation by Cofe/CoO urchinlike coatings

deposited byPLD and annealed in air at 60C? in presence of ¥, and visible light.

3.4 Conclusion

Hierarchical urchidike structures of mixednetal oxides were successfulligtained as
coatings by PLD. An isdepth structural characterization revealed GOkend CoO as the
main components, leading to the formation of heterojunctions. Qa0 shows
remarkable photoactivity towards degradation ofdhganic pollutantaccompanied by CO
evolution indicating (qualitatively) conversion to inorganic carbon. Almost total degradation
(97%)is obtained byCoFeO4/CoO0 in half the time with respect to comparable simgéal
oxides (60 min. c¢ o mpefsaedd50vmintfdr CeDs2 The enhamced f o r
photocatalysis performance is attributed to both the widtenstructure, resulting in a large
surfacearea increase, and the formation of-acheme heterojunction between Cgbeand
CoO0. The latter not only improvehargeseparation by spatial separation of photogenerated
electronhole couples, but also activates a direct photocatalysis route for the degradation
reaction. Indeed, while the singheetal oxides show only phetéenton activity, CoF©4/CoO
is considerhly active (47% degradation in 60 min.) also in absence-GbHrhese findings
prove that hierarchical nanostructuring and especialbghtme designs are very powerful
tools to enhance the photocatalysis performance of materials. Their applicationnhere o
immobilized photocatalysts, which can be easily recovered and used again, is particularly
important from an industrial perspective. Additionally, both materials (Fe, Co and B) and
fabrication method (PLD) employede easily scalable, bringing the phattatysis technology
a stepfurther towards industriapplication. In principle, this technique can be also extended
to synthesis of all the ferrites possible in existence as long as the precursors in the form of

metallic powders are available.
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Chapter 4: Tungstendoped TiOx/reduced Graphene Oxide nane
compositephotocatalyst for degradation of phenol: A system to

reduce surface and bulk electrorhole recombination

Preview: One of the major issues Ti@aces as photocatalysis the high bulk and surface
recombination ophoteexcited charges. To tackle this problem, a combined strategy
was adopted by doping T#Qwith tungsten and forming a nanocomposite with
reduced graphene oxide (rgG@ungsten doped Tigreduced graphermide (rGO)
nanocomposite photocatalysts were synthesized and tested fddippaphenol (p
NP) degradation. The synthesized photocatalyst exhibited good photocatalytic
activity in degradation of organic pollutarN® with superior activity compared to
rGO/TiO,, TiO2 and WTIO:2 respectively The effect of doping and composite
formation on the activity of the photocatalyst was investigated in detail.

My contribution to this work includes the synthesis of GO,zlaéd rGJTiO>
compogtes along with the study of their optical properties with -Mg-NIR
spectroscopy. | also performed thieotocatalytic measuremerits GO, TiG; and

rGO/TIO2 samples along with data plotting and interpretation

The content of this chapter is adoptedriro

Manisha Yadav, Asha Yadav, Rohan Fernandes, Yaksh Popat, Michele Gflpadashora,
D.C. Kothari, Antonio Miotello, B.L. Ahujand Nainesh Patel, Journal of Environmental
Managemen203 (2017), 36874

https://doi.org/10.1016/j.jenvman.2017.08.010

© 2017Elsevier Ltd. All rights reserved.

4.1 Introduction

TiO2 has been widely used by many researchers for photocatiafgsd applicationdue
to its welkknown properties suchs nonrtoxicity, chemical stabilityhigh oxidative power,
abundance and low cd420,121] However, TiQ is a wide bandgap aterial absorbing only
UV light of the solar speaim. Further, thenstantaneous recombination potogenerated
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electrons with holes in Tifaffects its catalyti@activity. These are the two major drawbacks
of TiO2 photocatalystsTherefore, much research has bé&mused on bandap engineering
to extend TiO2 absorption ithe visible region. However, i$ necessary that a photocatalyst
mateial should not only be able generate the electrdrole pair undevisible light, but at the
same time the photogenerated electroshould reach the surface aetisites before
recombination with the He in the valence band. In thisgards, many strategies haween
proposed and implementesich as dopingvith metals/normetals[122i 125], loading of
noble metal nanoparticles (NP§)126], sensitizingwith dye molecules and combining with
other semiconduors [127]. Recently, Wdoped TiQ is gaining interest because of its high
catalytic activity and surface acidif$28i 137]138]. Doping TiQ with high valence cations
like tungsten(W®") modifiesthe electronic structure of TiQintroducing energyevelsjust
below the conduction barjd39]. Thus itcan act as an electron trap and can help in increasing
the lifetime ofcharge carriers in the excited state.

However, W doping is only abte reduce the recombinationtime bulk of TiQ; whereas,
the defects which are present on gweface of TiQ act as recombination centers. Thus, surface
recombinatiorshould also be taken into consideration to enhangehthi@catalytic activity by
utilizing the maximum number of chargarriers in separated form. Diftant strategies were
employed inorder to enhance the transport dfioge carriers such as coupling them with a
noble metal[140], another semiconduct¢gi4l] or carbonaceous materigl$42]. Among
these, carbonaoas materials such as activatadbon, CNTSs, fullerene argtaphene are the
most promising because of their high chacgerier nobility and large surface are@tudies
have shown that there are several drawbacks with-TGRT and TiQ-fullerene composites
such as reduced light intensitgaching the surface of the catalysisolubility of CNT in
commonsolvent and polydispatg in CNT length and diametgd43]. On the other hand
graphene and its derivativé&staphene Oxide (GO) and reducgdhphene Oxide (rGO), serve
asexcellent support materials hagilarge surface area, improvexbility of charge carriers,
high thermal conductivity and goazhemicalstability [144]. rGO as compatkto graphenes
hydrophilic due to the existea of oxygen atoms bound to tbarbon scaffold that makéts
easily dispersible in watgi45]. In additon, rGO contains both aromatisp?) and aliphatic
(sp’) domains which further expand the typesirdéraction hat can occur with the surface
[145]. It is reported that coupling Tivith rGO enhances theatalytic activity by transferring
the electrons from Ti@to rGO which suppresses the recombimati of photegenerated
electronsand holeg146i 148]. Mostimportantly, electron transferdm TiO; to rGO is faster
than electronhole recorbination on the surface defectherefore, we employ combined
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strategy to modify Ti@to reduce the comprehensive recomhbimaof charge carriers (on the
surface as well as in the bulk) to enhance itsqdaialytic activity.

Herein, we synthesize rGOAdbped TiQ composite for the fsttime, to the best of our
knowledge. Wdoped TiQ was synthesizelly solgel method and reductiari GO was carried
out with thehelp of TiG in UV light. TiO2 with different concentration of W waynthesized
to optimizeW content.The ratio of GO with respect O, was also varied to determitiee
optimized concentration oGO with TiG; to enhance its activity. The effency of the
compositewas evaluated bgtegrading an organic pollutant-(trophenol) inthe presence of
light. The roleof rGO in separating the chargarriers was studiedith the help of time

resolvedphotoluminescence.

4.2 Experimental methods

4.2.1Synthesis of Tigand Wdoped TiQ

Titanium (IV) nbutoxide (Ti(OGHg)s) and Sodium tungstate dihydrate ¢M&D4.2H.0)
were used as precursors for Ti€hthesisand W doping, respectiiel A solgel method was
used tgorepare TiQand Wdoped TiQ photocatalyst. Briefl, undopedliO2 was prepared by
mixing Ti(OC4Hg)4 with ethanol and stirretbr 1 h. A solution of HO, ethanol and HN®
(catalyst) was stirrefbr 1 h separately for homogemes mixing and it was gradualidded to
the Ti precursor solution. The resultssalution wasfurther stirred for 2 h to obtain a
homogeneous solution. The motatio of Ti(OGHo)4/H20/ethanol/HNQ was kept constant
at 1/3020/0.1. To synthesize Woped TiQ, sodium tungstate was mixedth the acidic
solution before additio of the Ti precursor sotion. The resulting solution was kejor
gelation overnight at rooremperature. After 24 h the finablution was washed with water
and ethanol severahties and kept for drying at 12G for 3 h toremove excess solvent. The
powder was then calcined air at 400 € for 2 h. Five different concemations of W (0.1, 0.25,
0.5, 1and 3 at. %) were used to synthesizaldped TiQ in order toinvestigate the role of W
dopant.

4.2.2Preparation of GO, TigdGO and WTiO2/GO composites

Graphene oxide wasynthesized by a mod#d Hummer'smethod a reported by
Kalambate et a[149]. In atypical synthesis, the commerciallvailable graphite powder was
exfoliated using HSOQs and oxidizel to graphite oxide by reactiawmith strong oxidants such

as KMnQ and NaNQ@. The reaction wathen terminated with #D.. The esultant suspension
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of graphiteoxide was filtered and washed wHICI| and distilled water severamnes and finally
with ethanol. Tle obtained product was driedvacuum. Graphite oxideas then onverted
into graphene oxide bgispersing in distilld water and sonicating for 1 h.

To prepare rGO/Ti@compositesseparate agueous solution&@ andTiO2 powder were
sonicate for 1 h. The suspension of G&as added to the TiO2 suspemsend again stirred
for 1 h forhomogeneous mixing. The resny solution was kept under UNradiation with
constant stirring for 2 h. Under UV light irradiatiorelectrorthole pairs are noduced in
conduction band andalence band of Tigxespectivly. These electrons are able to reduce the
hydroxyl group, epoxgroup and carboxylic functiongroup on the surface of GO sheet. As
aresult, GO is converted to rGgheds, which is also confined from the color change from
brownto black. rGO/WTiO. compositewas also prepared as described above except that W
TiO2 was used instead of T¥OComposites otlifferent weight ratio of GO and TiOwere

synthesized in order wbtain the optimized concentration for component interaction.

4.2.3Characterization techniques

The structural characterization &lf samples was carried out byray Diffraction (XRD)
(Rigaku ultima 1V) using Cu K radiation(I  E5414 A). Theoptical band ga of all the
photocatalysts wadetermined by using a UVis-NIR spectrophotometer (Cary) in diffuse
reflectance mode in the range of 2800 nm. The surface morphology of the samples was
determined by using scannimfectron microscope (SEHEG, JSM 7001F, JEOL). Bright
field, highresolution transmission electramicroscope (HRTEM) images andelected area
electron diffracton (SAED) pattern were recordeding a FEGTEM 300 kV systenfTecnai
G2, F30). The radiativeecombination of the o generated charges was studieatblecting
photoluminescence (PL) emissi spectra using a Fluorescersgectrophotometer (Varian,
Cary Eclipse). The photocatalystas excited at a wavelength of 385 nm (bandgap of )TiO2
The TimeResolved photolumeecence spectroscopy (TRPL) weesried out to determine the
lifetime of the charge carriers using S Chronos BH fluorometer. Fox@tation, a pulsed
diode lase(Hamamatsu) of wavelengtt08 nm with pulse width of 70 psperating with a
peak powenf 100 mW was used. Both PL afiRPL specta were acquired by dispersing 2
mg of photocatalygtowder in a fixed amount of aqueous medium @adsferred into 1 cm
1 cm cuvette for the measurement. Glycogen dispersedhiar was used to measure the
instrumant's response functiomhile the multi exponential curvetting was done using Vinci

Analysis software. The chemical state andate compositiorpresent in the sample were
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studied by Xray Photoelectron Spectroscap§PS) using PHI 5000 & saProbe Il hstrument
with a monochromatic Al kK (1486.6 eV) Xray source and a hemispherical analyzer.
Appropriate electrical charge competisa wasemployed to perform the arysls and the
binding energy waseferenced to the C 1s peak a#dBeV. Raman measurements were
performed on a Horiba LabAmis setup equipped with a H& 633 nm laser as souread a
confocal microscope (100xbjectve) coupled toa 460 mm focal length CCD based
spectrograph equippedth a four interchangeabtgratings turret. The signal wasllected on

an aircooled mulichannel CCD, with a wavenumber accuracgbfcn? in the range 0200
1500 nm. The laser powef 15 mW, was used with the maximum spot size igrb FT-IR
measurements were carried out in trarsson mode at normaicidence in the spectral range
between 4000 and 400 ¢nusing aJASCO FTIR-660 plus spectromat®perated at room
temperatureThe BET surface area of all thengales was measured by adsorptidmitrogen

at 77 K anddesorption atoom temperature.

4.2 .4Photocatalytic activity measurement

The photocatalytic activity ofllathe samples was evaluated plyoto-degradation of p
nitro pheml (p-NP) under 150 W xenolamp having spectrum similao the solar spectrum.
10 mg ofphotocatalyst were dispersed 50 ml of aqueous-plP (10 ppm).Prior to light
irradiation, the solutiowas stirred for 30 min in dado that the catalyst achievessarption
desorption equilibriunwith p-NP. The distance betweemetlight source and theactorwas
kept constant at 47 cm. Aftexéd intervals of time, 1 ml afqueous solution was filtered out
inalcm* 1 cm cuvette. The absorbance of -plP was measured using a WXis
spectrophotometein order to evaluatéhe photocatalytic activityhenormalized intensity of
the absqaption band of pNP at 320 nm wameasured and plotted as a fuantiof irradiation

time. All thephotocatalytic experiments wetlene at room temperature anchattral pH.

4.3 Results and discussion

TiO2 was dopedvith W in different concentrations of 0.1, 0.255, 1 and 3 at.%ig. 33a
shows theXRD patterns of all the WdopedTiO> samples. The peaks observed at of 25.3
37.P, 48.P, 53.8,55.1°, 62.P, 68.8, 70.2, and 75.2in pure TiO2sample correspon the
(101), (004), (200), (105), (2110204), (116), (220), and (21pjanes of the anatase phase
respectively. It is claafrom thediffraction pattern that all the WopedTiO> samples show
pureanatase phase similar to the undopéd., indicating ttat thephase is maintained even

after dopimg. A shift in the peak positiois not expected and is not observed here after W
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doping, as théonic size of T*(0.0605 nm) is similar to the $%/(0.0600 nm)139]. No peak
due to WQwas detected in the XREpectra. As calculated by Scherreostula, the average

crystallitesize of all the samplesag estimated to be in the rang@ 6m,thus confirming the

formation of TiO2 nanoparticles which wdater confrmed by TEManalysis.
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Figure 33: (a) XRD patterns and (b) UVis absorption spectra (taken in diffuse reflectance
mode) of pur&iO. and WdopedTiO> with different doping concentration of W.

The optical properties of T&kandW-dopedTiO2 were measurelly UV-vis spectroscopy
in diffuse refectance mode. The absorptigmectravere taken in the range of 2800 nmas
shown inFig. 33b. There is no major shift in the absorption edged\btlopedTiO2 as
comparedo pureTiO», indicatirg that W does not contribute ieducing thébandgap ofiO>
in the visible region. The reason for this is that W forms impurity energy levels just thedo
conductionband, shifting the bahgap by a very small amount for-tdpedTiO.. In fact, the
band gampf W-dopedTiO- (3.09 eV) shiftanarginally as compared to pufeO: (3.21 eV).

The recombination of photogemed charge carriers is stadiby acquiring the Pépectra

of TiO2 andW-dopedTiO2 (Fig. 348, as itmeasures the radiative recombination of eleetron
hole pairs.The excitation, lying in theegion of steep absorption doésaffect thePL
intensities because the absorption of all\Melopedsamplesare similar and no sigricant
difference is noted in their absorbanthus, the differences in théiL intensities are due to
doping and not due to different excitationi@éncies Fourdistinct peaks are observed at 420,
438, 485 and 526 nm. Theditwo peaks (420 and 438 nm) are dodhte relaxation of self

trappedexcitons generated throughe transition along the bamdiges while the other two
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peaks at 485 and 526 nm are dodheintraband transition within the trapvels or surface
defects due to the oxygen vacandi#s0]. The emission intensity dall the W-dopedTiO>
samples is reduced as compared to thauod TiO2. Among all the concentrations, 2WiO>
(where 1W indicate$ at.% W) displayed the minimuemission intensity indicating maximum
reduction in theadiative recombination of-&" pairs. Thus, WHoping induces better charge
separation of photogeneratetlarge carriers as compared to pure 2TiQo determine the
lifetime of the charge carriers, TRPL spectra were acquffed 84b) for all the Wdoped
TiO2 samplesin the TRPL experiment, the PL iseasured at an integrated vallibe decay
curveis fitted by adouble exponentiayielding an average lifetime of 2.67 ns for pure ZiO
There is a difference in measured lifetimes of defelated PL and exciton relat&l, hence
the average carrier lifetime is displayed for comparisés.per the decay valydt is
demonstrated from 20.5ms order to understanthe time evolutionfrom where the decay
initiates The relaxation time gets increased after W doping ino Bi@ a maximum lifetime
of 3.52 ns is obtainewr 1W- TiO>. The lifetimeof charge carrierdecreases agawith further
increase in theoncentration of W. Several factors caduce radiative recombination, but the
main reasonasdiscussed in previous repoft30,135] is thatW dopant in the form ofv®*
forms a shallow energy levelear the conduction band minima (CBM) which aatsthe
trappirg site for electrons to improvidetime and reduce recombinan. However, the same
trapping sites act as recombination centers at highetal ions doping accding to the
mechanism deeribed in[151,152]
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Figure 34: (a) Photoluminescence emission spectra and (b) -feselved photoluminescence

decay curve of pur€iOz and WdopedTiOz with different doping concentration of W.
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The photocatalytic activity of all VdopedTiO2 photocatalystvas evaluated by conduatin
degradation tests of[dP andmonitoring the corresponding absorption peak as a function of
time. Results are presented kig. 35 The degradation rate dN-TiO. for all atomic
concentrations of W is noticeably increased as compared to undigpecdAmong W-doped
TiO2 samples, 1\W'O2 showed the highest photocigtic activity by degrading 62% of-pIP
as compared to 30% for pure Ti@2 180 min. Activity increasewith the increaseni W
concentration and reachesnaximum at 1%, while decreasing at the highest concentration of
3%. This result is in agreement witretPL and TRPL results discussadabve, in which 1W
TiO2 shows the highest lifetime charge carriers iexcited sates corresponding to the lower
recombination of eand K pairs, which is mainly responsible fothe increase in the
photocatalytic activity in \WHopedTiO.. This isachieved by replacing Tiions with W¢* ions
in the latticeto contribute hats which act as trappingites for electrons. Therefore,
photogenerated holes @02 have more time to travel to tserface to form OMradicals for
degradation of organic pollutantich as fNP. The photocatalytic degradation o\ was
alsoconductedn UV light (Fig. 36). The activity is doubled for 1¥WiO. as compared to pure
TiO2 evenunder UV light thus showing theffectiveness of W ions in charge separation
irrespective ofwavelength of light. At the same time it also demratst that the Wiloping

does not assist in absorptiof visible light unlike othemetal dopants.
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Figure 35. Comparison of photocatalytic degradation effrophenol under light
irradiation in presence of pur€iO, and WdopedTiO. powders withdifferent dopant
concentrations. Plot are in terms of the normalized intensity of the absorption band of

p-NP at 3D nm in U\vis spectra vs irradiation time (lines are drawn to guide the eye).
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Figure 36. Comparison of photocatalytic degradation efgrophenol under UV light
irradiation in presence gbure TiO2, W-dopedTiO2 and rGO/1WTiO, compositgpowders.
Plot are in terms of the normalized intensity of the absorption bandNéf at 320 nm in

UV-vis spectra vs irradiation time (lines are drawn to guide the eye).
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Figure 37: Comparison of photocatalytic degradation efgrophenol under
light irradiation in presence of pur€iO, and rGO/1W TiO, composite
powders withdifferent rGO and 1WTiO, weight ratio.
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Though in WdopedTiO», the recombination process is slovaedvn by etrapping, the most
convenient route to completebvoid the recombination of charges by separating them
spatially.Thus electrons;onfined in the trapposites, have to be transporfeaim TiO2. This
can be realized by couplingWMO> with rGO. Hydrophilic rGO is conducting and acts as an
effective electroracceptor.

The composite of rGOIO can le fabricated in three differemtays: a) by decoratingiO2
particleswith small amounts of rGO (i.& wt %) on the surface. b) by taking equal amount
(1:1) of TiO2 and rGO and c) by decorating rGO 2D sheets with well dispef&éx
nanoparticles (b%). The first systensithe most stlied and reporteth the literature, while
the otler two are rarely investigatedhe first two composite matelsacan be easily
experimentallyeproduced, while synthesis of the last is technically verycditfbecause the
amount ofTiOz is not sufftient to convert all GO into rGO during the synthesis of the
composite. Thus, for the pest study only the first two systemsere adopted with weight
ratiosrGO/IW,TiO2 of 0.1 & 0.01 and 1 & 2aspectively.
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Figure 38 TGA measurement of pure i@nd rGO/1WTiOz photocatalyst.

The photocatalytiactivity of all different weight ratios of rGO/1IWTiO, wasevaluated
for the degradation of-pIP and presented Fig. 37. All the composites showed better activity
as compared to pufBO>. Nevertheless, the lower weighticst (0.1 and 0.01) showed lower
activity as compared to higheright ratios (1 and 2) in theomposite. These results indicate

that using an equaln@ount of IW-TiO> and rGO, produces an ideal cdiah for effective
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interactionbetween rGO andiO., leadirg to better charge transfer. @me otherhand, for
lower weight ratios, rGO is not enough todfective as an electron sink, thus showing inferio
degrad#ion ratein comparison to rGO/1WIiO. with higher weight ratio. Considerinthe
above results, further analysis was focused only on rGOTwith weight @atio of 1:1. A
composite of rGO with pur@diO2 with the same weight ratio was also systhed to
understand the roles of rGO and iiWthe composite. TGA measuremewms performed in
order to confim the 1:1 wt ratimf rGO/1IW-TiO2 and results are reported fing. 38 In pure
TiO2, there is only 5% ofveight loss mainly due to evaporation oater molecule and
hydroxide groups. On the other hand, iGO/1W-TiO2 1:1 ratio theweight loss take place in
three diferent temperature ranges; 1)at temperature (2810 €), the water and OH group
from the surface is removed, 2) In rangé 150250 °C, the weight loss isttributed to
decomposition of epoxyhydroxyl and oxygen containinfunctional groups attachea t
graphene oxide layers, andf8)m 250 to1000 T the weightoss is assigned to burning and
decomposition of Carbon skeletohhe tdal weight loss in rGOAW-TiO; is around 50%

which confrms the 1:1 wt ratio.
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Figure 39: (a) XRD patterns(b) UV-vis absorption spectra (taken in diffuse reflectance

mode) of purdiO, GO, Wdoped TiQ, rGO/TiO, and rGO/1WTiO, composite powders

and(c) UV-vis absorption spectra of rGO/T¥@long with different concentratigrof W
dopedTiO./rGO composites.

Fig. 3% shows the XRD patterns 3102, 1W-TiO2, GO, rGOTiO, and rGO/1WTiO..
Characteristic peaks @hnatase TiO2 at 23,337.7, 48.P, 53.& and 55.2 correponding to
(101), (004), (200)(105) and (211) planes are observed for allTt@ based sample3he
asprepared GO shows a diffraction peak at @¢Onfirming theformation of the graphene
oxide. The intensity of this main peak GO becomes very weak after the reduction of GO
with IW-TiO2 under UV irradiation. This implies that sigréint amount of GO (above 95%)
is reduced to rGO ding the composite synthesis. [deak due to rGO is observed in XRD
patterns due to the promirtgreak of anatas€iO> which lies in the same region off 2ngle.
The optical absorption of rGIO, composites was studied andmpared withTiO> (Fig.
3%). Itis observed that the absorptiedge ofTiO2 is at 400 nm, whereas, the absorption edge
for r~GO/TIO2 and rGO/1WTIO:2 is evidentlyshifted in the visible region. Thus, the composite
is able to harva light in the visible regiorfzig. 39cshows the absorption spectra for rGQ/W
TiO2 composites with different W concentrations. All the composites show nearly the same

absorption profile with thenaximumabsorption edge in the case of rGORAWD, composite.
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Figure 40 XPS spectra of Ti2p, O1s, Cls and W4f levels of pidg GO, W-dopedTiOy,
rGO/TiOz and rGO/1WTiO2 composite powders.

In order to study the interaction between GO and TiB@surface states were analyzed
by XPS for all fve powder sample@=ig. 40. In Ti2p core level, twgpeaks at 458.8 eV and
464.5 eVassigned to Ti2p3/2 and Ti2p1/2 of*Tstates are clearly visible for puféO. and
1W-TiO>. However,introducing GO with both thesBEO: leads to a positive shift in By
Energy (B.E.) by.9 eV to 459.7 eV in 2p3/2 state. Thi®minent shift to higér B.E.clearly
suggests that a large number of electrons transferTromto rGO causes a strong interaction
between them by forming bondBhe decrease in the intensitlyTa2p core level is due to the
coverage of rGO overFiO2 on thesurface. The Clkevel of GO isdeconvoluted into three
peaks \ith two major peaks at 284.8 evid 286.8 eV corresponding te@bond in s@ carbon
and GO-C bond in hydroxyl or epoxy groups. &lsmall peak at 288.2 eV is dieethe GO
bond in GO. In composites withiOo, the signifcantdecrease in the two peaks ofGCand
C=0 indicates the removal afxygen containing group from GO to form rGO, which is
strondy bonded taliO>. In pureTiO2 and1W- TiO,, a broad peak in O1s levsldeconvoluted
into two peaks at B1 &/ (80%) and 531.0 eV (20%ttributed to oxygen connected td*Ti
in TiO2 and hydroxyl groumattached to the surface. Oxygen is present onthenform of
hydroxyl and epoxy groups omhé surface of GO with a peak%82.5 eV. This peak at 532.5
eV reduces to large extent for tkemposite samples (rGO/TiO2 and rGO/ND?2), thus
confirmingthe decrease of oxygen containing group in the composite dbeftormation of
rGO. Importantly, the peak related to OTifO, at 531.0 eV shows a positive ghif 1 eV
similar to Ti2p level ofcomposite. This again confirms theigence of a strong interaction
betweenTiO2 and rGO occurring due to the bang created by thelectron transfer. W in the
case of IWTiOy, is in oxidized stat¢W®") having peaksta85.7 eV and 37.6 eV for W44
and W4, respectively. However, both these kgahift to higher B.E. at 36#&nd 38.5 eV
for the composite whicls attributed to the change eshemicalenvironment on the surface of
TiO2 caused by a large number of electrons transferred Ti@mto rGO. The amount oV
was measured around 0.9 #1(at.% on the surface which t®nsistent with the doping
corcentration (1 at.%) used during synthe3ise pesence of rGO is deteined by Raman
spectroscopy binvestigating sp2 and sp3 hytized carbon atoms. The Ramgpectra of all
the four samples are displayedHig. 41a. PureTiO2 showed vibrational peaks at 145, 396,
515 and 640 cm_gorrespondindo Eg, B1g, A1ig and Bg modes of vibration oénatase Ti@

respectively. However, these peaks shifted to lower wavenumbdey around 510 cm*. This
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red shift is mainly due to thghonon confinement effect causedthg change in the crystal
size.In GO/TiIO2 composites, surfacgrain is developed due to tegong interaction between
TiO2 and GO which affects the crystsike ofTiO2 to create the red shift53]. This is in line

with the XPS result indicating firm bonding between T&d2 GOIn assynthesized GO, two
main peaks are visible at 1365 al®P4 cm' attributedto D and G bands reked to amorphous
disordered structure of sp2 carbamd to the in plane stretchingption of symmetric sp2-C
bonds (inset oFig. 41a). These D and G bands arentered at 1345 and 1583 “¢rfor
GOITiO, respectively, with the red shift suggesting the reduction of GO and rGO in the
presence of TiO2 (inset &fg. 41a) [154]. The intensity ratio ofifls also provides information
about the GQo rGO conversion. The intensity ratio decreases in the case of rGOIQYds
compared to pure GO thus confirming the formation of composites with strong bonding
between Ti and C via 7©-C bondson the surface. Other groufis4i 156] also displayed
similar low values of d/lc for TiO2/rGO composites and attributed them to the strong
interaction betweefMiO2 and GO. In order to confirm the decreasegfid ratio, reduced
graphene oxide was synthesized (insdtigf 41a). The intensity ratio matches very well with
that for rGOTiO2 conposite thus confirming the GO to rGO conversion.
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Figure 41: (a) Raman spectra of puii@O,, W-dopedTiO», rGO/TiO2 and rGO/1IWTIiO>
composite powders. (b) FTIR spectra of GO and rGOT1®¢ composite powders. Inset of
(@) shows the D and G band of GG,O, and rGO/1WTiO, composite powders.

The FTIR spectra of GO and rGO/2WO: is shown inFig. 41b. A broad peak at 3000
3500 cm' corresponds to the stretching of eOH and/or physically adsorbed H20. A decrease
in the intensity in the case of rGO/2WO, was observed and implying a reduction in the water
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content. The bands at 1714 ¢n1625 cmt, 1220 cmt and 1040 cm are attribuéd to GO
stretching of COOH groups,-C, GO-C and GO stretching modes respectivgly35]. The
peak at 1579 crhis caused by the skeletal vibratioh GO [153]. For GO/1WTiO, these
peaks due tamxygen containing functional groups either disappeared completely or the

intensity is significantly decreased implying the reduction of GO to rGO.

Figure 42 SEM Images of (a) pure Ti(b) W-doped TiQ, (c) GO, (d) rGO/Ti@and (e)
rGO/1WTiO2 composite powders

Morphological analysis was performed using SEHW (42 and TEM Fig. 43. 1W-TiO>
showed big crystal like structurgig. 42) composed of small nanoparticles (NPs). As prepared
GO displayed sheet like morgbgy (Fig. 42 which is maintained even after bondifi@2 on
it. TEM images displayed@iO2 NPs in the range of-50 nm for 1WTiO:> (Fig. 43) with an
average size of ~8 nm. This value is in good agreement with that obtained from XRD.
Nevertheless, these NPs are agglomerated to form big crystals. On the other hand, for rGO/
TiO2 and rGO/1WTIiO2, theTiO2 NPs are well dispersed and are foundi&dhonly on rGO
(Fig. 43). No loose NPs was observed in the presence of rGO, thus confirming a good
interaction between rGO affdiO; as indicated by XPS, Raman and FTIR resitsvariation
in the size ofTiO2 NPs wasseen thus confirming formation of macomposite. In HRTEM
images Fig. 43b and ¢, interplanar spacing of 0.35 nm was recorded for NPs assigned to
(101) plane of TiQ for both pure and composite TiOlhe rGOAW-TiO2 coupling can be
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clearly seen fromthe bright field TEM image Hig. 43d) with 1W-TiO2 nanoparticles
embedded in a background of rGO she®fED patterns irrig. 43cillustrates all the distinct
diffraction rings corresponding to Ti@natase phase. For 1WO>, the same diffractiorings

are alsmbserved for GO/1\W1O2 compositébut in diffused form due to tHeO wrapped with
TiO2 (Fig. 43). BET surface area is recorded auinmarized iTable 2 No major variation

in thesurface area was sbrved after the formation &O/TiO2 composite

Figure 43 Bright field TEM image (a) & (d), High resolution TEM image (b) &
(e), and SAED pattern (c) & (f) of 2INO. and rGO/1WTiO. composite powders

respectively.

Sample name Surface area
(m?/gm)
TiO2 80.7+0.2
1W-TiO2 89.7+0.3
rGO/TiO2 82.0+£0.2
rGO/AW-TiO2 91.3+0.3

Table 2 BET surface areaf pure TiQ, W-doped TiQ, rGO/TiG; and rGO/1IWTIO:

composite powders.

The recombination of @nd H pairs plays an important role @ontrolling the efficiency
of the photocatalystFig. 44a shows the PLspectra of GQOViO, and rGO/1WTiO: in
comparison with pur&iO2 and 1WTiO2. The emission intensity of puf@O: is highest among

all the other photocatalysts, indicating the highestiefficy inrecombination of electron and

80



hole pairs. The emission intensiyopped drastically in the case of composite material. The
photocaalyst rGO/IW-TiO2> showns lowest emission intensity asompared to all other
photocatalystslue to an effective separatiohelectron and hole pairs. Thisafly shows that

the electronswhen excited from valence band to the conduction bandlVafiO,, are
immediately transferred 1@ O, resulting in the enhancetarge separation.

Time Resolved PL decay spectraig. 44b) were monitored toquantify the elevant
guenching time scales by excitiigD2 andrGO/TiO> composite with a 405 nm pulsed diode
laser near théoand gap energy. The decay curves were fitted byetpomnentialdecay
functions comprising two time componertts andt 2. Fastdecay component?, is due tole
near band edge relaxationTa©: by free eand H, while the slow decay componett, arises
from the recombination of selfapped excitons. After the electrdmole pair formation and
subsequedrcharge carrier sepdian, incompetition with recombinatiospme of the electrons
and holesare trapped at various defect sitedattice or surface (such axygen vacancies,
surface hydroxygroup and other defects) whitdrm shallow and deep levelgthin the band
gap.These tragcharges quenched to the lumicest sites through trap to tréyopping and
finally producirg the visible luminescence thaentributing to the slow decaypomponent of
the PL curve. Thealues oft 1 andt2 along with their arresponding fraction f1 and {2 the
total decay, for pur@iOz, 1W-TiO2, rGO/TiO2 and rGO/1WTiO: are reported iMable 3.
Although the fraction of both theomponents arsimilar (~50%), by inclusion dfW in TiO2,
thedecay time of both the componsinicreases as compared to th&TiO», and finally results
in a higher effective average lifetimaV®* statesformed just below the CB are mainly
responsible fotrapping ethus reducing and deying the recombination proceas indicated
by PL spectraOn the contrary, byorming a composite with rG@iO2, no change in fast
component was observed but the slow componkdecreases to 4.16 ns fr&r03 ns (pure
TiO2). Most importantlythe fraction of the total decayprresponding to the slow component
reduces signifiantly from 46% to 18% which lowers tlasrerage effective lifetime of the
composite with respect t6iO2. Thus, the faster component relatedrecombination of free
electon and hole dominates the decayve. This result shows that theattons before being
trapped bythe defect sites are transferred to rGO through the channeldbsnike interaction
between TiO, and rGO. A similar decrease in théfetime value was observed in
perovskiteliO> composites due to fast charge extractiomffmerovskite into TiO2157]. For
aTiO2/copolymer andiO2/AgsPOs conmposites, the sameehavior was observed and in both

the cases the efient chargeseparation waesponsible for such a res[l68,159] In the case
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of rGO/1IWTIOg, thet1 andt 2 increase ircomparison to rGAAO> though botithe amounts
are identical. Asndicated above for 1WTiO,, the presence alV®* states trap thelectrons
after the generationrplonging the lifetime for bothnterband and intraband transitions of
exciton. The effective lifetimealue recorded for rtGO/1WIiO: is lower than that of purBiO>
and 1WTIiO2 suggesting efficient charge transfer fran©, to rGO via bonding channels

created at the interface.
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Figure 44: (a) Photoluminescence emission spectra and (b) -féselved photoluminescence
decay curve of pur€iOz, W-dopedTiO2, rGO/TiO, and rGO/1WTiO2 composite powders.

samples _1(ns) _ #ns) fl f2 Average
lifetime
_(ns)
TiO2 5.03 0.65 0.46 0.54 2.49
1W-TiO2 6.07 0.73 0.52 0.48 3.33
GOTiO2 4.16 0.63 0.18 0.82 1.00
GO1W-TiO2 4.44 1.01 0.19 0.81 1.68

Table 3:Average Lifetime values along with fitting parameteiaQd zwith their
corresponding fraction f1 and f2) of the total decay, for pure,TI®+TiO2, rGO/TIC; and
rGO/1IWTIO:

The photocatalytic activityHig. 45 of rGO/TiO2 nanocomposités compared witiiO2
and 1WTiO». The hidnest activity isobserved for rGO/1\WIiO; in degrading (87%) NP in
3 h WhileTiOo, rGOITiO2 and 1WTiO2 show 29%, 42% and 62%, respectivetythe same

period. The photocatgic activity depends mainly aihe surface area, visible light absorption

82



and charge recombinatioiThere is not much difference the surface area among all the
samples, thus it isat the parameter to consider for explainingdifeerences among samples.
Therefore, the observed enhancemerghotocatalytic activity in fNP degradation is due to
the red shifof the absorption edge after coupling W02 with GO and, mosimportantly, to
the enhanced separation of photogenerated cleargers by inhibiting the recombination in
rGO/IWTiO2 samples.
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Figure 45. Comparison of photocatalytic degradation efjprophenol under light
irradiation in presence of pure TiO2,-dbped TiO2, rGO/TiO2 and rGO/1WO2

composite powders.

Upon irradiation of the compits, large numbers of electroase excited in the conduction
band ofTiO> to form excitons. Mosgéxcitons have very short lifetie and thus recombine by
directtransition along the band gap, whlemall amount of electron ahdles travels towards
the surfacedr the photocatalysis aetion.However, during the journeyése photogenerated
charges ar&rapped by defects in the lubr on the surface, where thescombine with little
delay as compared to interband recombinatidmus only negligible amountd electrons
holes are availae for the reaction and represent the rate Imgitstep for the photocatalytic
process. This shows that avoiding recombinationpweih inteband process and defect traps,
is necessary. In the 1MI0,/GO composite, W acts as the trapping site for ei®ns and
reduce the interband recombination of excitons. On the other tlendteraction between

TiO2 and GO creates a channel for faansfer of excited electrons towards the latter before

83



beingrecombined at the defect traps. The work functionG® (-4.4eV),lower than the CB
of TiOz (-4.2eV), also allows injection of electrofrtem TiO> to rGO. So the present system
assists not only itrapping but also spatially separating the electrons ffe@» to avoid
recombination. Enhanced absorptionhe wisible region andffective charge separation are
thus mainly responsible for highghotocatalytic activity. In addition, rGO also plays a role in
creatinga better dispersion dfiO> NPs on the surfacéurther, in order to distinguish the
effect of visible light absorptiorand charge separationiffdrent composites of GO and W
dopedTiO2 were synthesized byarying the concentration of (0.1, 0.25, 0.5, 1, and 3 at.%).
No major variation in iystal structurer visible light absorption as observed as indicated by
XRD pattern and UWis spectraof rGO/W-TiO2 compositesNevertheless, the intensity of
peaks in PL spectraig. 468 diminishes for all the concentrations Bf with minimum
intensityrecorded for rGO/1\WIiO2 compasite. The trad obtained in theomposite is exactly
similar to that for WdopedTiO>. In TRPL (Fig. 4&0), the maximum effective kgtime (1.68
ns) is obtained for rGO/1WWiO2 composite Most importantly, all theomposite samples with
varying Wconcentration showedggiificantdecrease in the fraction siow component due to
immediatecharge transfer to rGO via a chanwetated by the interaction. the case of
rGO/1IWATIO2 composite, theél is comparable to thealues recorded for other concentration
of W, butt2 increasesonsiderably due to the trapping of electron\&" resulting in the

highest overall lifetime among the W doped rG&GiQ- composite.
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Figure 46. (a) Photoluminescence emission spectra and (b) -feéselved photoluminescence

decay curve of rGO/MilopedTiO, composite powders with difnt doping concentration of W.
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The photocatalytic activity for the degradation elip for Wdoped rGOTiO2 composite
is reported inFig. 47. Among all the composites, rGO/1WIiO, shows the tghest
photocatalytic activityrGO/1IW-TiO> composite showed higher activity than plir®. mainly
due to the fast transfer of excited electrons fila@. to GO. On the othdrand,W introduced
in the composite is able to act astrapping site for electron to k& the band gap
recombinationThus implementation of both these features in rGO/MI®. createsa synergic
effect to efficiently separate the chgas and favotransprt to the surface for improved

photocatalytic activity.
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Figure 47: Comparison of photocatalytic degradation efirophenol under light
irradiation in presege of pureTiOz, rGO/TiOz, andrGO/W-dopedTiO. composite powders

with different doping concentration of W.

4 4 Conclusions

Nanccomposite materials made of -Wped TiO2> and rGO graphene have been
synthesized to increase the eifincy of thebareTiO> photocatalyst. Severahlues of W at%
concentrationviave been used but the best redudtge been obtained with 1 at\¥ doping
and weight ratios rGO/1WIiO, of 1:1. UV-Vis, XPS, PLand time resolved PL spectra
establisithat W* in TiO lattice creats impurity level just bew theminimum of conduction
band ofTiO> to give the band gap of W dop@&dD, of 3.09 eV, only marginally lower than
that of pureTiO2. W-doping of TiO2 and electrons tresport through channels createyglthe
TiO2-rGO chemical bonds otribute in a syngetic way toenhance the photocatalytic

efficiencyof the composite materials. particular, the photoexcited electsare trapped by
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the introducedmpurity levels, thus reducing interband recombimatishile the new formed
bonds wih rGO create a chael for fasttransfer of excited electronswards rGO thus
avoiding chargesecombination on the surface defect sitdhe increased photocatalytic
activity is demonstrated in phoettegradation tests @knitrophenol. Theefficiency of 1 at.%
W- TiO2 /rGO results to be 87%s compared to rGAAO (42%), 1W TiO2 (62%), and pure
TiO2 (29%).
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Chapter 5: Effect of Graphene oxide loading on TiQ@.

Morphological, optical, interfacial charge dynamics

Preview: TiO2 is a weltknown photocatalyst studied extensively for photocatalytic
degradation of organic pollutants for water treatment. However, high bulk and
surface recombination of pheexcited charges is a major drawback it faces. rGO
on the other hand, has gathinterest as a supporting material for ZdDe to its
high surface area, superior electron mobility and tunable bandG&apTiO:
composits with different GO loading from low to high G€@oncentration range
were synthesized using photoreduction metfidee developed composites were
tested for photocatalytic degradation of phlirtophenoland demonstrated good
photocatalytic activity. Among all, the weight ratio, rGQTshowed the best
performance. Experimental measurements were conducted in ordedyoastl
analyse the synthesized composites.

My contribution to this work incldes the synthesis Graphene OxidéGO)
and r@)/TiO2 compositesvith different concentrationperforming photocatalytic

measurement®r the samplealong with analysis and plotting of data obtained

The content of this chapter is adopted from;

A. Yadav, M. Yadav, S. Gupta, Y. Popat, A. Gangan, B. Chakraborty, L.M. Ramaniah, R.
Fernandes, A. Miotello, M.R. Press and N. Pa@elrbon 143 (2019), 562.
https://doi.org/10.1016/j.carbon.2018.10.090

© 2018 Elsevier Ltd. All rights reserved.

5.1 Introduction

TiO is one of the most exhaustively studied material as it is a potential candidate for
various applications such gshotocatalyticdegradation of organic pollutanfor water
treatment, H production by photocatalytic bacteria deactivatiatersplitting, gas sensors,
photovoltaic and Li ion batteriegl60i 164]. TiO. gained interest itheseapplications owing
to its low-cost, nortoxic nature, suitable band edge positions, ealpimdance and loAgrm

phote and chemical stability in all pH medigor photocatalytic application, the efficiency of
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TiO2 is limited due toits wide bandgap, wish restricts light absorption within UV range (5%
of sola spectrum), and highulk and surfaceecombination ratesf the produced electron hole
pairs Former limitation can be circumvented by reducing the electronic bandgap of TiO
through meta]165] or nonrmetal dopind166,167] which improvests absorbance in visible
spectrumThe latter issuef bulk recombination can be suppressed using high saldopants
(such as W) that lead to formation of an impurity level just below the conduction band of
TiO2 and acts as a trap site for electron carriers, thereby improving charge carrier [fé&ine

On the other hand, formation leéterojunction of TiQwith other semicoductoss (CsN4, WOs

etc) [169,170] carbonaceous materials (carbon nanotubes, fullerene, graphene, reduced
graphene oxide (rGO) and graphene oxide (GO)) and metal nanoparticles has prowvemto be
effective in decreasing ther$ace recombination rafé@71i 173].

Recently, rGO has gained greatdarest in photocatalytic watéreatment, as a supporting
material for TiQ, owing to its high surface area, superior electron mobility, tuneable bandgap
and easily cAngeable surface propertigs4]. It was found that combining rGO with TiO
leads to improvement in phetoduced charge separation by transfer of excited electrons to
rGO through interface. During the ghesis of compositehe amount of rGO loadingnd
proper coupling at the interfadga rGO-TiO2> compositeplays a key role in decidinghe
photocatalytic performare of the resulting compositeGenerally, past literature on rGDO>
compositesare dividedinto two categories where (1) Ti@article is decorated bg small
amount of rGO and (2) TiOparticles are well dispersed over 2D rGO sheet. To realize the
former strategy, weight ratio between-®.Wwt % of rGO wereused while for lger casenearly
equal amount of rGO ereused. Optimum concentration of rGO is determined in both cases
of rGO-TiO2 compositesDepending uporthe size of TiQ nanoparticles anthe method
adopted fosynthesi®f thecomposite theoptimumconcentration ofGO that shows superior
photocatalytic performance also varieswer amount of rGQactsasan electron sink over
TiO2 particles to reduce recombination process. In this, ¢hsagh light is not shielded by
rGO, the interaction area between pi@nd rGO isat minimum level.lgbal et al.[175]
fabricated rG@TiO2 composite using solvothermal method with GO tozdass ratios of O,

2.5, 5 and 10 wt% and found the mass ratio of 5 wt % as optimum ratio for the photodegradation
of Rhodamine B dye and phenol due to efficient charge transportation and separation at the
interface with enhanced visible light absorptionu let al. [176] also reported rG&iO>
composite and observed that superior photodegradation performance is achieved when amount
of rGO in the composite is #t% compared to pure TigOand 1 and 5 wt% rGdiO:
composites. Similar study by Yu et §lL77] also demonstrated that when GO amount was
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controlled to 1wt % in rGEXiO2 composite, it has shown highest photocatalytic performance
for degradation of methylene blue. Several other reports have also shown that when rGO is
combined with TiQ to obtain composite wh rGO weight ratio in the range of 610 wt%,
then significant improvement towards photocatalytic activity under UV illumination can be
achieved[174,178,179] Using equal amount of rG@nd TiQ provides better scenario for
strong interaction between Ti@nd rGO in form of THO-C bond at interface. Thed®onds
not only provide channel for fast transfer of electohut also createnergy leved within the
band gap of Ti@to improve the visible light absorptioAlthough better digersion of TiQ is
obtained hergprovided byhigher surface area of rGO, however a portion, also releghnt,
light reaching the Ti@ particle is blocked by surface covering of rGO. Even the surface
exposure of TiQto reactant and product of the catalytic reaciis also rduced drastically.
Gao et al[180] reported that GO to TiOweight ratio of 3:2 has the highest degradation rate
towards methylene orange under UV irradiatamtompared to pure Ti£and other weight
ratios (0:1 and 0.1:1). Similarly, a microwaassisteccombustion method was developed to
synthesize GEXiO2 composite with GO to Ti@weight ratios between 0.25.0 [181]. The
weight ratio of 1.5was found to be the bef&ir degradation omethylene orange dye and
beyond this value, absorption and scattering of light takes place by rGO whih tie
significantreduction in photocatalytic activityio avoid the agglomeration, Lee et @I82]
reported that hydrothermally synthesized graphene wrappeglcbi@posite, using GO and
amorphous Ti@ nanoparticles results in formation of-Ti bond, which helps in efficient
photocharge transfer from Ti€o graphene to enhance the photocatalytic performance. It was
noted that graphene wrapping also results in less exposeadti@ sites for photoxidation
of pollutants and thus reducing the photocatalytic performaReeently, Williams et al.
demonstrateda facile and chemical free reduction process of GO via-ddsisted
photoreductiormethod in presence of Tianopartites which also results in formatiaf
rGO-TiO2 compositg183]. This provides a simple method to synthesize uniformly dispersed
TiO2 nanoparticleslecoraed over rGO sheets by just varyitige weight ratioof GO to TiQ.
Though extensive research Haeen carried out in past for both strategiess still unclear
which range of rGO is best suited for photocatalytic activitgo, none of the explairs the
effect of variation of GO loading on the morphological properties, charge dynamics and degree
of functionalization of the resulting composite, which was taken up in this work.

Thus, in the present work, rGOO2 composite is studied im holistic manner by
synthesizing dierent weight ratio of both the ranges nam@l9QL:1,0.01:1, 01:1, 1:1, 3:1
and 10:1For an intimate interaction between piénd rGO, photgeduction technique was
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used for synthesizing the compositéfeEt of weight ratio on the properties of the composite
sampleswere explored using various characterization techniqties.developed composites
were tested for photatalytic degradation of pafditrophenol under Xenon and UV
irradiations.The reasons for the dgher photocatalytic performance of r&d@). composites

were investigated and explained.

5.2 Experimental Methods

5.2.1 Synthesis of THDGO and rGQTiO, nanocomposite

TiO2 nanopatrticles were synthesized by-gel method using Titanium (IV)-hutoxide
(Ti(OC4Ho)4) as a precursom a typical procedure, mixture of Ti(OGHg)4 with ethanol was
preparedo obtain TiQ sol. To this precursor sol, a mixture of ethanol, doubstilled water
(DDW) and HNQ was added slowly and stirred for 2 hours for homogeneous mixing. The
ratio of titanium butoxide/DDW/ethanol/HNQvas maintained at 1/30/20/0 After stirring,
the solution was kepovernightfor gelation at room temperatureThe resulting gel was
thoroughlywashed withtDDWand et han ol foll owed by drying
atmophere. A pale white Tigpowder was obtained which was grinded and calcined at 400
C for 2 hours to obtain crystallinigO> powder.

Synthesis 0G0 wascarried ouby modified Hummers methods discussebly Kalambate
et al.[149]. The ynthesisproceduranvolves oxidation of graphitasinga strong oxidizing
agentlike KMnO4 alongwith NaNGs, which actsas supporting oxidizing ageritg graphite
powderwas exfoliated using 48 ml 98%&I0; in presence of 0.5 g NaN@ t C Onder ice
bath followed by gradual addition of @ KMnOa in small parts. After the addition of KMn)
the solution wasstirredfor 2 hours under water bath at room temperatlire reaction was
terminated by addition &40 ml DDW, followed by 5 ml HO> (30%) solution The obtained
solution was filtered and washedveral times with 10%/v HCI solution, DDW and ethanol
and latedried under vacuunThe dried powder obtained here is GO.

A composite of the synthesized hi@nd GO powders was made by phogduction
method, as reported by Williams et [dl83]. With this method, aqueous solutions of Tend
GO were made separately and ultrasonicated for one hour. The two dispersion solutions were
mixed together and were again ultrasonicated for one hour to obtain homogeneous mixture.
The final mixture was irradiated under UV light for 24 hours under constant stirring at room
temperature to complete the phogaluction process. After the process, black powde
obtained which indicates reduction of GO to rGO. The solution is then filtered and washed
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with water followed by drying under vacuum to obtain r&i@2 composite. By varying the
weight ratio of GO in the aqueous mixture, samples witferent rGO:TiQ weight ratios
(0.0Q1:1,0.01, 01:1, 1:1, 3:1 and 10)Iwere prepared and hereafter are denoted by rGOT
0.001, rGOT0.01, rGOTO0.1, rGOTF1, rGOT-3, rGOT-10, respectivelyFor all the samples,
the weight of TiQ was fixed (100 mg) while that of GO wearied

5.2.2 Materials Characterization

The phasend crystalline structuref all the samples werneentified by X-ray diffraction
(Rigaku Ultima |V) usingi Gud K@ptiealabsosanceo n
of thesynthesizedamples \as determinedising U\-Vis-NIR spectrophotometer (Shimadzu)
in diffused reflectance modiethe wavelength window of 200800 nm. Transmission electron
microscopgTEM, JEM 2100, 200 kVjvasused to determine thmorphology of all samples.
Raman microscopwas used to gain information of the degree of reduction of GO in rGO
TiO2 composites. Raman spectra were recorded on a HOR¥BRAM HR 800 spectrometer
using 532 nnsolid-state laser source with a power of 500RVIR spectroscopy was used to
identify thefunctional groups on GO and rGDO2 compositesising JASCO FAIR-660 plus
spectrometer, operated at room temperatfgay photoelectron spectroscopy (XPS)
measurement was performed using an AXIS Supra (Kratos Analytical) instrument equipped
withamone hr omati ¢ Al -KaWsoyrck b &riilyz6 theesMface Xlectronic states
and composition. The binding ener@BE) positions were referenced to standard C 1s (284.8
eV) peak for all elementXPS andysis was performed using ESCApeftware from Kratos
where the background was corrected using Shirley method. For deconvolution and fitting of
XPS peaks, a combination of 50% Lorentzian and 50% Gaussian distribution functions were
used.Radiative recombination of photogenerated chaageers was determined with the help
of photoluminescence (PL) emission spectra, measured using a Fluorescence
spectrophotometer (Varian, Cary Eclipse) at an excitation wavelength of 385 nm. Time
resolved photoluminescence (TRPL) spectra were obtained) @inISS Chronos BH
fluorometer. The charge carriers were excited to higher energy level using excitation pulse of
wavelength 405 nm with a pulse width of 70 ps obtained from a pulsed diode laser
(Hamamatsu). To obtain PL and TRPL spectra, a homogenespession of 2 mg powder in

appropriate amount of double distilled water was prepared.

5.2.3 Photocatalytic activity measurement
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The photeatalytic measurements for water purification was carried out in-andate
photoreactor assembly. The set upsisis of a toglown assembly of 150 W collimated Xenon
arc lamp (Hamamatsu) and a borosilicate photoreactor (250 ml) provided with constant stirring
system. The distance between source of light and reactor was kept fixed for all the
measurements and wasamsared to be 47 cm. At this distance, the light flux was measured to
be 8.6 mW/crh This distance was also found to be ideal to maintain uniform illumination over
the samples. The whole setup was kept in dark atmosphere to avoid any errors due to stray
lights. For each measurement, 10 mg of photocatalyst was uniformly dispersed in 50 ml p
Nitrophenol (pNP) solution by ultrasonication for 5 mim order to separate the adsorption
of pollutant over catalyst surface frotine photocatalytic degradatiq©84], prior to photo
irradiation, the solution was kept in dark under constant stirring for about 30nnairder to
achieve adsorption/desorption equilibrium between the photocatalyst surface and pollutant in
the solution. Once the equilibrium condition was establislieelsolution was illuminated by
light under constant stirringat room temperaturdduring photacatalytic reaction, after an
interval of 30 minutes, 5ml of the solution was collected quartz cuvetterad absorbance
spectra was recordedsing U\tvis spectraneter (Implen Nano Photometer)A control
experiment was also performed by irradigtihe pollutant solution under the same conditions,
in absence of the photocatalyst. The pkaegradation rate was determined by measuring the
variation in characteristic UWis absorbance peak ofP at 320 nm with irradiation time.
All the samples wertested at least 3 times to establish the consistency of the obtained results.

5.3Results and Discussion

To understand the effect of loadioGOon TiO2 and subsequent formation of r&0-
composite, samples with different weight ratios of GOzl@re synthesized such that it
covers the whole possible range of GO from low (0.001, 0.01, 0.1) to high ratio (1£3g10).
48 displays Xray diffraction pattern of Ti@nanoparticles, GO anithe series of rGOTIO>
nanoomposites with differentweight ratic. XRD pattern of bare GO shows major
di ffraction peak ar oun dcorkesportli6gdtharefldctioasfroom nor p
(002) and (100) planes of GO, respectivelysistent withprevious report§l85,186] XRD
pattern of pure Ti@displaysninedi f f racti on peaks at 25.3 , 3
68. 8 , 70 as@ribedatme dcefletibns Bom(101), (004), (200), (105, (211), (204),
(116), (220 and(215 planes, respectively gfure anatase phaderystal size of  nm was
calculated from the main peakR 6 ) & TiO> for all the samples. In composite, the peaks
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assigned to both materials are observed but with different intensities dependts weight
ratio. From the figure, it is clear that as the weight rafiGO to TiQ decreases, the intensity
of mai n characteristic peak of GO at 11. 26
reductionof GO to rGOwith increagng amount of TiQ. The existenceof both diffraction
peaks at 11. 26 rGOA-t0danddG®T-Bcempaosite cdbll@ bei ascribed to the
absenceof sufficientamount ofTiO2 nanoparticles irthe composite to reduce GO to rGO.
However, wherTiO2 and rGO are in equal auant (GOT-1), merely a broad signal of both
peaks are detectedhich implies that Ti@nanoparticlegre in sufficient quantity toreduce
majority of GO to rGQ during photoreductiobut not fully. The reduction itheintensity of
main characteristicpek at 1 1. 2 6 thedisraptica bf stacketDO2) pkartes af GO.
On further decreasing the amount of GOcimmposite,only the peaks attributed to anatase
TiO» are visible Furthermore, on comparison thie XRD pattern of all thesamples, it i€lear
that TiQ presentin the compositexhibits similar diffraction peakss that of pristine Tig)
suggsting that only GO is reduced rGO, while TiQ phase remains preservéchis result
suggests that GO and rGIO, composite both are present in gy range loading, while GO
is completely reduced to form rGOO2 composite in lower range loading.
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Fig. 48. XRD pattern of GO, Tigand rGOTiO2, nanocomposé with

different weight ratios.

To study themorphological differences between tgexies of rGOATO2 compositesTEM
was usedand the corresponding images are presentddgin49. Fig. 49ashows crumbled
structure of bare GO sheet, confirming successful exfoliation of graphite into GO Rigers.
49b shows that Ti@ nanoparticles are spherical in shape vatmarrow size distribution
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rangingfrom 5-8 nm From the morphological analysis i6OT-0.001(Fig. 49b) andrGOT-

0.1 (Fig. 499, it is revealed that the amount of Bi@anoparticles, as compared to GO, is very
high and hencmost of the particlesan be seen in the form of aggregates rather than uniformly
distributedover the surfac&imilar morphology is observed for rGAI01 (figure not shown).

In the case offGOT-1 (Fig. 49d), although rGO is very well decdeal and coveredy TiO>
nanoparticlesbut still certain degree of agglomeration of Bi@anoparticles is observenh

the surface of rGO shedilowever, the agglomeration is lower as compared to that observed
in smaller rGO concentration ratio. TEM imagdésGOT-3 (Fig. 499 and rGOT10 (Fig. 491)

show uniform and welseparatedliO.> nanoparticles decoratezh rGO sheetsFor lower
concentration loading, though TiOnanoparticles mostly covers rGO, they appears
agglomerated on the surface, while contrary behaviour is observed for the higher concentration
loading. Formation of @omposite with uniform distributiomver rGOand large spacing
between the particles magsult in more exposed active sites of Fi0or photocatalytic
reactiors, in contrast to rGO decorated with agglomerdatidb nanoparticledn addition, even
dispersion is more likely to permit formation of an interface between eachn@i@particle

and GO which creates a channel for fast charge transfer between them. This is a very important

feature to reduce the recombination process during photocatalysis.

Fig. 49: TEM images of (a) GO; (b) rGGU.001; (c) rGOT0.1; (d) rGOTF1,
(e) rGOT3; (f) rGOT-10
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Fig. 50: UV-Visible absorption spectra (in diffused reflectance mode) of pure
TiO2, GO and rGQTiO2 nanocomposés with different weight ratio.

The dfect of variation in weight ratio of rGOiO. composite ontheir optical properties
wasstudied using UWis absorption spectra in diffuseflectance mode. Froraig. 50, it is
evident that TiQ possesses an absorption edge atr8B8%orresponding to a band gap of 3.2
eV [187], consistent for anatase phagen formaion of rGOTiO, compositein lower
concentration rangehere isavery small shift itheabsorption edge with significant increase
in absorbance throughout the visible range. As the weightsdtiGO to TiO- increasego
higher valueabsorption of pbtons in the visible spectruaiso increased his absorption of
visible light is mainly attributed to theontributions fromGO and rGO whose bandgap varies
from 2.2eV to 0.5eV depending on the amount of oxygen containing goouiher surface.
On the oher handaslight red shiftin the absorption edge of TiKXxo 2.9eV is observed for
lower amount of GO. Thiss mainly due to the formation of impurity leggust above the
valence bandwing toTi-O-C bond formation at the interface of hi@nd rGQ as confirmed
by XPSin later section

Raman spectroscopy was used to explore the effects of variation in the rc@eight
ratio on ordere@nd disordered structures of rGO and Jo@ surfaceRaman spectra of GO,
and rGQTIO2 with high weightratio (rGOT-1, 3, and 10) & displayed ifFig. 51in the range
of 900-3000 cm* wavenumber, while that for graphite and lower weight ratio (ré@®D1,
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0.01, & 0.1) is presented Fig. 52 For graphite, peak measured at 1341*@nd 1568 cm

(Fig. 51) corresponds to D and G band, consistent with previous r¢s88s189] D band is
assigned to disordered mode, which may arise due to presencedeffegts, disruption of
hexagonal graphitic lattice, edge defects and dangling bonds. The observed & band
contributed by phonons of 4plane sp C-C bonds. Raman spectra of unoxidized graphite
shows highly itense G band and a weak D b@t8P] suggesting presence of order&dsture.
However, after oxidation of graphjtee. formation of GO, an intense D band centred at 1341
cm! was observed. An increase fielative intensity of Dto G band implies disruption of
symmetric hexagonal lattice due to introduction of oxygen containing groups (epoxy, hydroxyl
& carboxyl). Simultaneous decrease in G band confirms reduction of in pldr@Gpbond

and formation of spbonds in C networkvith oxygen of epoxy or hydroxyl grouglso, a
small shift in G band to highavavenumber 1597 ctindicates theformation of isolated
double bond, whichesonates at higher frequenmympared to G band in graph[t39]. For

low range of GO loadingD and G bandare merely visible due to large quantity of Fi@n

the surface of rGOHig. 52) The relative intensity ol Ig is a good indication fatheamount

of reduction of GO in the composite. Thisble 4 summarizsthe relative ratio ofd/Ig for

all the composite with different weight ratio and Gl@. composite,lp/lg intensity ratio
decreases from 1.11GQ) to 0.73 (GOT-0.1) indicating that level of reduction is enhanced
with amount of TiQ. The 2D band observed at higher wavenumber (~268%) @rsensitive

to the sacking of graphene shedt0]. The peak position of 2D band is located at around
2679 cmt and 2698 cm for single layer and multilayer graphene sheet respectively. The
intensity of 2D peak is also inversely proportiomeaiite number of stackingf graphene sheet.

In the present casthe 2D band is centred betwe2696 and 2700 crhfor rGOT-1, 10 and

GO while only rGOT3 sample showed the peak position at 2683 with highest intensity.
Thus, 3:1 seems to be the optimuatio for interaction between TiO2 and GQ@igh leads to
disintegration of stacking ttorm very few number of layers (233), if not single layer. The
spectra acquired ilwer wavenumber raye (108800 cm?) for all samples are reported in
Fig. 53 Ramanbands observed at 148 ¢n897cm?, 518 cm' and 640crit are assigned to

Ey, Big, Aigand Egmodes of anatase phasepafeTiO2 nanoparticlegFig. 53).
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Sampl es ol U U f
P oe 1(ns 2( ns 1 2 avdg.ns
Ti 0 - 0.37 1.32 0.20 0.79 1.12
rGOT-0.00L Not 0.38 1.38 0.29 0.70 1.08
visible
rGOT-0.1 0.730 0.59 1.36 0.32 0.67 1. 11
rGOT-1 0.770 0.70 2.72 0.11 0. 88 2. 48
rGOT-3 0.860 0.85 2.60 0.14 0.85 2. 35
rGOT-10 0.88) 0.84 1.82 0.23 O0.77 1.60
GO 1. 17 - - - - -

Table 4 Ratio of intensities of D and G band/(k) and average lifetime values along with

fitting

pam dwitkétheie aorsesppnding fractions &nd £) of the total decay,

for pure TiQ, GO and rGQTiO2 nanocomposites with different weight ratio.

Raman spectroscopy of rGOO, composite with weight rati6.001, 0.01and0.1 does not

show any significant shift in wavenumbar TiO> phase. HoweveRaman modesf TiOz in

composites with higher weight ratio (1, 3 and 10) are suppressed dudadw ttencentration

of TiO20on the surface as a result of covering by rGO.
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Fig. 51: Raman spectra of GO and rGOO, nhanocomposites in the higher wavenumber

region.
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Fig. 522 Raman spectra of graphite and rGIBO> (0.1, 0.01 and 0.001) nanocomposites in

the higher wavenumber region.
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Fig. 53: Raman spectra of GO and rGOO-. nanocomposites in the lower wavenumber region.
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FTIR spectra of GO and rGDIO2 composits are illustrated inFig. 54. In graphene
oxide, a broad peak extending from 3700'cta 270&cm™ corresponds to stretching and
vibration of GH bond and intercalated water moleculBise peak at 1614 crhis assignedo
skeletal vbration of C=C bond of uwxidized graphte. Additionally, thepeakscentrecat 1718,
1373, 1226, 1026 ar@b9 cm' are attributed to vibrations and s$tiging of C=C, GOH, G-O-

C and CO (alkoxy) groupsrespectivelyf188,189] This resultconfirms that GO surface is
mainly covered by hydroxyl, epoxy, carbonyl and carliexgroups. Hovever, after formation

of rGO-TiO2 composite, there is significant decrease in the peak corresponding tenoxyg
containing functional groups confirmimgduction of GO to rGO and formation of rGlO>
composite for both the range of loading.

In order to investigate thehemicalnature of bonding and interactionstlag interface
betweerrGO and TiQ after the formation of composjt¥PS analgis of all the samples were
conductedThe spectra of Tif2core level for TiQ and rGOTiO2 composites are shown in
Fig. 55. For pure TiQ(Fig. 55), the two peaks located at 458.5eV and 464.2 eV are assigned
to Ti*" state in TiQ for Ti 2ps2 and Ti 2 levels, respectively. Both these peaks are
maintained forGOT-0.001 Fig. 55) and 0.01 (Figure not shown) where the amount of rGO
is low. However,in otherrGO-TiO2 composits, a positive shift by 1.1 to 1.2 eV wabserved
in both Ti Zuz2 and Ti Zouzlevels (Fig. 55c-f). This shift is attributed to the strong interaction
between rGO and Tiixaused by electron transfer from Bitd rGO leading to the formation
of Ti-O-C bonds. These T0-C bonds are highly beneficibbcause they act as a charfoel
fast transfer of electrairom TiOz to rGO during photocatalytic proced-orrGOT-10, where
amount of rGO is the higheghe signal for Ti is merely detected, thus suggesting complete
coverage of TiQwith rGOand GO
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Fig. 54: FTIR spectra of GO, Tigand rGOTiO2 nanocomposites with different weight ratios.

XPS spectra of Csdllevel (Fig. 56) of GO andthe series ofr GO-TiO> composites are
deconvoluted intenainly threepeaks with BE 284.8 eV, 286i1286.7 eV and 288.2 288.6
eV, corresponding to $phybridized GC bond, GO-C bond and C=0 bondespectively
Comparison between all the composites and GO clearly indicates that after formatien of
composite, peaks located at 286.286.7 eV and 288.P 288.6 eV reducesignificantlydue
to removal ® oxygen functional groups attached on the surface ofiGthepresence of light

andTiO2 and subsequewrbnverson to rGO.
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Fig. 55: XPS spectra of Ti 2p states for P2, (b) rGOT-0.001 (c)rGOT-0.1, (d)
rGOT-1, (e)rGOT-3 and (f)rGOT-10.
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Fig. 56. XPS spectra of C 1s states for (&OT-0.001, (b)rGOT-0.1, (c)rGOT-1, (d)
rGOT-3, (e)rGOT-10and (f) GO.
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Fig. 57: XPS spectra of O 1s states for a2, (b) GO, (cyGOT-0.001 (d)rGOT-0.1, (e)
rGOT-1, (f) rGOT-3 and (g)rGOT-10.

Thecore level of O &spectra ofTiO2, GO and all the composites are presentefign
57. For pureTiO2 nanoparticl€Fig. 57a), the main peak of @scan be deconvotad into two
peakscentred at around 529.8 eV, correspondin@itO-Ti bond[191] and at higher BE 531.0
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eV is attributed to the TOH bond. On the othdrand, in GQ(Fig. 57), single peakocated

at 532.5 eV is assigndd the presence of hydroxyl and epoxy groups on the surface of GO
layer. The intensity othis peakreduces considerably for adle composits except forGOT-
0.001 fig. 57c) andrGOT-0.01 (Figure not shown), wherastnot visible. Thisgainconfirms
that all oxygen containgngroups on the surface of GO aeeluced by introducing Tiand
thedegree of reduction increases wittisreasinghe TiO; concentration. Fothe sample vth
lower weight ratio(rGOT-0.001 and rGOT0.01), the two peaks in Osllevel are exactly
similar to that found in case of pure Bi@n the contrary, focomposites witlother weight
ratiosi.e. rGOT0.1 (Fig. 57), rGOT-1 (Fig. 57¢) and rGOT3 (Fig. 57), the peak attributed
to O in TiQ at 530.9 eV shows a positive shift of 1.1eimilar to Ti 2p level. Thereforeit
again validagésthe presence of strongiding between rGO and TiOcreated by electron
transfer from laer to former. This peak of Tkds completelyabsent in O 4level of highest
weight ratio rGOT10 (Fig. 579), suggesting absence of Ti@nthe surface owingp complete
coverage by GO. Additional pe#ékdetected at 533-233.3eVfor higher concentration range
of GO which is, after dsnvolution,is assigned to FO-C bond formed at interface of TiO
and rGO No signature peak due to-T bond with BE a#460.2 eV and 283.7 eV is seen upon
deconvolutionof Ti 2p and C 1s levdll92,193]respectively, thugliminating the possibility
of Ti-C bond formation at the interface. This shows that;Ti@noparticlesnteract with GO
by forming T+O-C bond withoxygen containingroup on the surface of GO and not directly
with graphene sheethis channel intheform of Ti-O-C is highly useful for electron transfer
during photocatalytic reactioXXPS results indicates that for lower GO loading (rG@DT01
and 0.01) TiO2 is mainly present on the surface of the composite and even if interaction
betweenrGO and TiQ occurs this isnot with the TiQ nanoparticles present on the surface.
On the other hand, for higher GO loading, Ti@anoparticles on the surfacesplay clear
interaction with rGO present in form of-0-C bond. At highest loading (rGGI0), TiG; is
mostly wrapped by the GO sheets.

From the results so far, it is now established that prextaction process helps in
formation of rGGTiO2 composite and a channel is created in the form-@-0 bond for fast
transfer of electrons. This intimate interaction betweer @@ rGO through TO-C bond is
expected to hinder the recombination process in.Ti@investigate the recombination pess
in rGO-TiO2 composites, photoluminescence (PL) studies were carriedPbugpectraFig.
5849 of all the composite samples including Bishowsfour peaks around 420, 438, 485 and
526 nm. he wo peaks at 420 and 438 rare due to relaxation from sdtap stats whereas
other twopeaksat 485 and 526 nm are due to interband transifitsil]. Fromthe PL spectra,

102



it is revealed thaas the rGO:TiQ ratio increases, peak intensity decreamed reaches a
minimum for rGOF10. The reduction in the peak intensity of PL spectrum confirms that
addition of rGO reduces the recombination process in Bydmmediate electron transfer from
TiO2 to rGO via T+O-C bond [194]. To further confirm this result, timeesolved

photoluminescence (TRPIstudies wer@erformed forall the samples
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Fig. 58. (a) Photoluminescence emission spectra and {lmeresolved photoluminescence

decay curve of pure T&k&and rGOTiO2 nanocomposites with different weight ratio.

Fig. 58 shows the TRPL decay curve®asured for an integrated value offBLpristine
TiO2 and rGQTIiO2 composites The decay curves are fitted by twexponential decay
functions comprising two time components,and 3 corresponihg to fast and slow decay
components respectivelihe logarithmicscale does mak#e result look like a stretched
exponentiabut due to the relatively low stretching expon@mk< 0.5), the fitting was done
by bi-exponentiadecay functionsThe fast componerdrises by electron and hole relaxation
near band edge of Tg&ndslow componenbriginates from recombination of excitons which
are selftrapped at various defect sites in lattice or surface (such geoxspcancies, surface
hydroxy group and other defects). The values of these components with the corresponding
fractions are summarized fable 4 along with the average life time value. In pure FiMDe
average lifetime of 1.12 ns is mainly dominatedshyw component with fraction of 79% as
compared to fast component (21%). For lowest GO loading (rG001) the time component
values are nearly same but fraction of slow component decreases to 70% as compared to 79%
of TiO2 which results in slight decrea®f overall lifetime to 1.084 ns. Similar decrease in

average lifetime is also observed for rGOI where the fraction di further decreases to
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67. 8% but t; m@easesatd A2 ns fin cdhparisonTi®, (0.370 ns).TiO:
nanoparticles are iform of agglanerated clusters for lower rati®O loading, where only few
nanoparticles on the outside of cluster interact with GO to formT@&R composite. In these
interactingTiO2 nanoparticlesphotegenerated electrons before being trapped by thectlef
sites are transfezdto rGQ, leading to decrease in fraction of slow component. But majority
of TiO2 nanoparticles are not in contact with rGO, thus the overall lifetime is slightly mwer
closeto that of TiO>. In case of the high range GO loadingginly for rGOF1 and rGOT3,

the average lifetime value is more than doubled than th&iQafowing to the increase i

a n dvallles by more than two times. This increase in lifetime values can be directly linked to
the formation of THO-C bondbetween TiQand rGQ found for only higher ratio GO loading
Each TiQ nanoparticlas well dispersed on 2D sheet forming distinct interfacial channel with
rGO in form of T+tO-C bond. Since conduction band minima of T{&.2 eV) is higher than
the workfunction of rGO {4.4 eV), this TiO-C bond actasachannel to immediately transfer
the electroa from TiOz to rGO after its photgeneration. PL and TRPL results suggest that
interaction between Ti©and rGO is an important factor to reduce recombingbimcess in
rGO-TiO2 composite.

5.3.1 Photocatalytic activity

To investigate the effect olfobadings variation of GO in rGO:TiQ towards their
photocatalytic performangghotodegadation of pNP was carried out. For all measurements,
the amount oTiO2 was kept constant (2.5 mg), so as to ensure that the amount of photocatalyst
is same in all the sampleBig. 5% shows the graph of photocatalytic degradation-dffp
under Xenon light irradiation for pure Ti@nd rGQTiO2 composites.tlis evidenthat rGO
TiO2 composite show better photocatalytic activity as compared to unsupported puge TiO
irrespective of the weight ratio valuene can observe that as the weight ratio is increased, the
photodegradation efficiency increasestil the value becomes 3:1. On further increasing the
amount of GO (rGOJ10), photoactivity starts decreasinthis implies that rGO3 with
GO:TiOz weight ratio of 3:1 portrays the most suitable scenario that assists in improving the

photocatalytic performandgy 3.5 times as compared to pure 7iO
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Fig. 59: Comparison of photocatalytic degradation eNP under (a) Xenon irradiation

and (b) UV light irradiation for pure Tig) GO and rGGTiO2 nanocomposites.

To understand the reasons for better photocatalytic performance efif@omposites,

rGOT-3 in particular, one need to understand the differences in pristin@iddhe composite

samples. Two major modifications take place in the propertie®mposite samples when

compared to pure TiD(a)increase in the absorption of visible light spectrum andgtrease

in therecombination of photogenerated charge carriers. The presence @fiti®bandgap

less than 2.2V is mainly responsible fombsorption of visible light, as confied by UV-

Visible spectroscopyAdditionally, in composite samples, amginal narrowing of Ti@

bandgapwvas also observed, which is due to fimenation of T+O-C level aboveheVB. This

phenomenoralso contribute to the improved utilization of visible spectrunThe reduced

recombination rate is a consequence of the fast electron transfer framioTiGO at the

interface of the composit@ccording to XPS resudf strong interaction between Ti@nd rGO

is develogd at the interface due to thrmation of T+tO-C bonds. Theconduction band

minimum of TiO (-4.2 eV) is higher than the work function of rG&.4 eV) which assists

the fast transfer of electrerfrom TiO. to rGO through interfacial chann& reducethe

recombinatiorrateasalso confirmedy PL and TRRL spectroscopy.

To identify which of the two factors, absorption of visible spectrum or decrease in

recombination rate, is dominant in improving the photocatalytic performance, more

experiments we performed. AsGO isalow bandgap materiait is mainly responsible for

enhancement in absorbanoé visible spectrum in the composite samplds order to

investigatehe possibility thaGO absorbs visible light undeeron lamp antheenhancement
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in rGO:TiO; composite is due to extended absorption in visible region, the-plegradation
tests werearried outunder UV light rradiation, as shown iRig. 5%. In thesemeasuremest
also,theamount of TiQ was kept constant (2.5 mg) to make a famparisonEven under
UV irradiation, rGOTF3 shows the highest activity, similar to that under Xenon irradiation.
This confirms the fact that Tgds the dominant photocatalyst in the composite and visible light
absorption is not the main reason for enhancement in their photocatalytic performance. Thus,
charge separation at the interface is the major factor controlling the photocatalytic performance
in rGO-TiO2 composites. In rGOB, the amount of GO is 3 times that of TiOhis raises a
concern that the observed photocatalytic activity can also have contributions from the excess
amount of GO and not purely due to enhanced charge separatiom&¢tfaee. To shed more
light on this concern, GO powder in an amount equal to thrice the value o{i;-BO7.5 mg)
was tested individually for photbegradation under UV and Xenon light, as showign 59b
and 5% respectivelyOn comparing the actiwitgraphs ofGOT-3 and GO, clear difference
in their photodegradation activity is observedvhich indicates that enhancement in
photoactivity is purely due to the interaction between rGO and&fithe interface, rather than
due to excess amount of GO.

This result also indicates that higher GO loading (r@QT3 and 10) displays
significantly improved photocatalytic activity as compared to lower GO loading (+&Q011,
0.01 and 0.1). TEM and XPS results shows that for higher GO loadingh@i@articles are
well dispersed on the 2D sheet to form distinct interfacial channel with rGO in the form of Ti
O-C bond, for fast electron transfer. This effect is optimum for weight ratio of 3:1 thus leading
to highest degradation rate with minimum recormabion processes. For highest loading
(rGOT-10), slight decrease in the activity is observed which is due to the wrapping of TiO
nanoparticles by excess amount of GO present in the composite as evidenced by the absence
of TiO2 peaks in XPS and Raman spectra of the surface. The surface coverage not only prevents
light to reach on Ti@but also avoids the interaction between J&dtive sites and organic
pollutants leading to reduce activity. In case of lower GO loading, m@&Doparticles are
mostly in aggregate state on the surface out of which only fewer nanoparticles are able to
interact with GO and form TO-C channel for electron transfer. Thus all the above results are
able to clarify the role played by the formation oénfiace between rGO and Ti@nd establish

as the most important factor in rGIO, composite.
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54 Conclusion

rGO-TiO2 compositswith different GO loading from low to (rGOU.001, rGOT0.01 and
rGOT-0.1) to high GO (rGO11, rGOT-3 and rGOT10) concentration rangeere synthesized
using photoreduction method to investigate the effect of GO loading on morphological,
interfacial, stratural, optical and electron transfer dynamics in resultant composite. The

following differences in various properties are listed below.

Techniques High concentration(rGOT-1, 3 Low  concentration (rGOT-0.001,

and10) 0.0land 0.1)
XRD, Incomplete reduction of GO t Complete reduction to rGO.
Raman, rGO due to insufficient amount ¢
FTIR, XPS TiO2 nanopatrticles.
TEM Well dispersed Ti@nanoparticles Agglomerated  clusters of TiC
on rGO sheets. nanoparticles covering over rGO.
XPS Each nanoparticle isstrongly No visible sign of TiO-C bond is

interacting with rGO in form of Fi observed.
O-C bond at interface.

UV-Vis Visible light absorption in whole¢ Slight red shift in the absorption edge
range due to presence of low ba TiOa.
gap rGO and GO.

PL,TRPL The amount of recombinatioc Amount of recombination process

processes significantly reduct lower than TiQ nanoparticles bu
with prolonged carrier lifetime du carrier lifetime slightly decreases.

to fast transfer of electron throu

Ti-O-C channel.

All the above mentioned properties led to higher photocatalytic activity for degradation of
phenol for higher concentration GO loading as compared t@ dsOwell as lower range
composites. Among all, the weight ratio, rGQTshowed the best performance under both
Xenon and UV lamp owing to better dispersion of each nanoparticles which allows to form
strong interaction with rGO creating-O-C channel at ierface.Marginal decrement in
activity at the highest weight ratio of 10:1 is due to excess amount of GO which results in

wrapping ofTiO2 active sites for photo reacti as well as blocking of light.

107



Chapter 6: WOz nanostructures produced by pulsed lage
deposition for solar photocatalytic water remediation

Preview: The increasing interest for addressiplgotocatalyst materials towards an
effedive application under direct sunligh$ an important topic in materials
science. We present here an investigatianafoclinictungsten trioxiderg-WOs)
coatings fabricated by pulsed laser deposition (PLD), with the aim of providing a
nanostructured photocatalysapable ofworking with conentratedsunlight and
exhibiting good stability in acidic environmerihe photocatalytic activity was
evaluatedn both direct photocatalysis and phd&tenton modéor Methylene Blue
(MB) dye degradationunderartificial light andconcentrated sotdight from a
parabolic dish concentrator (PDQO)he results were analysed and demonstrated
good photocatalytic activity under phef@nton conditions with best activity in pH
4. A detailed study is reported ahead.

Being the main authr of this tebe published work, sncontribution inclides
the fabrication of VO3 coatingsperforming photocatalytic measurementthe
lab as well as with the PDC system, material characterization and drafting the

manuscript.

6.1 Introduction

The population growth and the consequent increase of industrial activities have been
directly affecting the environmeadtbehaviolf195,196] Water quality is a matter of important
concern due the observation of the decrease in the number of available potable water sources
[197]. Precautions and strong environmental actions such as forests restructuring and
conservation have been attemptingustain weather equilibrium and water quajit98i 200].

On the dher hand, contaminated water residuals from industrial activities require constant
development of remediation measures as far as new chemical processes are employed
[201,202] Some scientific and technological developments in terms of products still present a
technological gap neglecting the complete lifeleychain and not taking into consideration
proper predictions to the direct and indirect effects that can impact water quality and
consequently the environmg203,204] In terms of contaminated water remediation, for the

last40 years, a field of industrial reseatttéis been employingdvanced oxidation processes
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(AOP) for the removal of recalcitrant agents present in water. AOPs present the properties to
form highly reactive chemical species to convert organic moleculesniotganic carbory
mineralizing them[205]. Solutions in terms of AOPs have rams special attention to
applications employing heteregeous photocatalysis which are capable of generating
oxidizing radicals by light exposurf206,207] Heterogeneous routes are presented as
interesting solutions du# the enhancedpossibility of controling reaction ratesising a
supported catalyst, which can be inserted or removed immediatehg a eaction, thereby
demonstratingadvantageswhen compared to homogeneous routes, which require post
processing treatments for the catalyst rem@la.

The possibility to use semiconductor materials as catalysts have been investigated with
special attentiorfor example, TiQasa catalyst materigll74,208] when empbyed in anatase
form, presents higiphotoactivity in presence of UV light. Its photoexcitation properties show
activation in the range between 36@88 nm[209]. However, the use of artificial light sources
to activate the photocatalytic effésttcommonly mentionedith the counterpoint it this type
of illumination procedure turns the decontamination process economically ineffective
[150,151,210212]. Other materials such as ZnO,.Bg, CdS, GaP, G®s, ZnS are also
presented in the literature with approaches looking for tesilpitity of using the solar light as
the activation sourd&4,87,94,107,211216]. Si nce the | ate 806s, sol
designedo water remediation, initiallgevelopedor the use of mirrors capable of mfting
UV light, by polished anodized aluminum coated with acrylic polymessch turn the
processing expensivi217,218] Engineering configurations for solar mirrors were also
developed, in terms of concentrating and-goncentrating solar systerfizl9]. The use of
commercial silver coated glass mirrors also gained interest as long as the photocatalytic
materialswereable to perform absorption of solar light in the near UV and visible spectrum
[220i 222]. An important number of literaturesport the combined use of both concentrating
and norconcentrating solar systems with advancements over the benchmark commetcial TiO
evidencing improvements towards the activation of photocatalyst reducing the need of artificial
light sources[223/ 229]. Thus, it is of utmost importance to explore different photocatalysts
apart from TiQ for solar applications.

In this context, semiconduct@ with promising possibilities to be employed as
photocatalystcapable of beingctivated by sunlight and explored in a variety of aggpions
in the literature aretungsten (W) and tungsten oxideased material$230i 235]. Their
properties present the possibility to work in the Ad¥rlight range, since the bandgap of
tungsten oxide (Weg) is at 2.6 eV, meaning a photoactivation in tiamge of 474 nm.
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Moreover,Pourbaix diagrams presented for tungsten oxides demonstrate a favorable stable
catalytic activity under acidic pH conditions, which is a general rule in industrial processes
[236].

Important nvestigations were published comprisiog the fedaures possible foWWO3
applications, such as special coating to promote adsorb@3@¢, sensors[238i243],
electrochromic device$244,245] and photoanode$246i 251). It is also observed that
employing tungsten oxide structures as photocatalysts for water remediation can be explored
[2521 257]. Initial researches have pointed out positively the employment of such nsaterial
Furthernore, advances on the employment of fabrication methods such as Pulsed Laser
Deposition (PLD)anlead to noveltiegn terms of controlled crystallinity, film thickness and
morphology along with the possibility of obtainiB® hierarchicahanostructuref258i 262]
by varying the parameters such as the laser fluence, deposition pressure and gas aslsestance.
combined innovation of producing photocatalysts with controlled properties and its use under
natural light sourcean bethealternative to expre water remediationnder solaexposure.

In this work we propose the fabrication by PLD of a monoclinic nanostruciufel e we r
shape | i keo tJocoaisgiththe featuresitewotk Wider near-Wsible light
absorbance, stable ircidic environments and capable of working with a doest solar
concentration apparatus. Tteposition was performdd oxygen atmosphere with the PLD
target made ainetallictungsterpowder pressed with boric acihich served the purpose of a
binding agnt. The deposited samples were later thermally annealed to obtain the monoclinic
WOz phase. The AWOs coatings were tested as photocatalystslégradatiorof Methylene
Blue (MB) as a model pollutant under phdtenton reactions. The validation studies were
performed in lab scale with artificial visible light lamgsd upon optimization were tested for
scaling process insolarparabolic disttoncentrator (PDYdype systenunder natural sunlight

6.2 Experimental
6.2.1 Synthesis

Tungsten metallic (W) andobic acid (HBOs) powders were mixed ian appropriate ratio
and the prepared mixture was compressed in the form of a disc to be used as a target for the
deposition otungsteroxide coatings by PLD. A KrF excimer laser (Lambda Physik) with an
operating wavelength of 248 nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used
for deposition. The fluence of thaser was always maintained at 4/6nt for ablation.The

PLD apparatus details and the mechanisms involved in the laser matter interactions are
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presented in our past repof0,105,263] The PLD chamber was evacuated up to a base
pressure of I®mbar priorto all the depositions. Deposition of the coasimgre carried out

in an oxygen atmosphere @essursof 1.5 x 10 mbar The target to substrate distance was
fixed at 4.5cm with the substrate positioned parallel to the tangethe number of pulsesad
were 10k The coatings were deposited on glass arad @iom tempexture. Thermal annealing

of the deposited coatf) was carried out in air at 600°C foh &ith a heating rate of 5 °C/min.

6.22 Characterization

A Scanning Electron Microscope ESI-FEG, JSM 7001F, JEOL) with 20keV electron
beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET
x3) wasused for examining the surface morphologies of all the samples prepared by PLD.
Structural characterization was perfeed using XRay Diffractometer (XRD) with Cu K
radiation { = 1.5414 A).Micro-Raman spectroscopy was performed using a Labram Aramis
JobinYvon HoribamRaman system equipped with a-Ne laser source (632nm). Absorption
spectra were obtained witdV-VIS-NIR absorption spectrophotometer (Varian Cary 5000
UV-VIS-NIR absorption spectrophotometer)

6.2.3 Photocatalytic activity

The photocatalytic activity of the synthesized samplese evaluated by studying the
degradation of model MB dye solut®m presence of #D; and light. 30ml of MB dye (10
ppm) mixed with 1ml of KO (1M), as an oxidizing agent, in an aqueous solution was used
for degradation by photBenton reaction. The catalyst coatings (prepared on glass slide of area
2.53 7.5 cm) werdlipped in the above prepared MB dye solution and kept in the dark for 30
mins at constant stirring to establish adsorption equilibrium between the solution and the
catalyst surface. After dark reading, a tungsten lamp (225W) emitting mostly visible/dight
used as the light source. 1ml of MB dye solution was collected after fixed intervals of time
during the reaction to study the amount of degradation by measuring théslAbsorption
spectra and analyzing the characteristic peak of MB at 664 nm. Allpkiotocatalysis
experiments were performed at room temperatGf@ evolution was followed in selected
experiments by an IR sensor (COZIR Wide range 5) placed in proximity of the solution surface.
Note that since the reactor is open, the measurement is not quantitative, but can only show a

variation in the atmospheric lelvof CG.
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6.2.4 Solar Concentrator photocatalytic measurements

The solar scalingip experimergtion was performed by studyirtige degradation of MB
dye as model pollutant in the same concentration as the lab experiAtahis.time, instead
of 30 ml, degradation of 2 liters of 10 ppm Miy/e solutionwastested for each of thieur
different stéar experimental conditions: Qoncentrated sunlight + Wi@atalyst + 0.6 ml of
H20. (corresponding to concentration of 0.1M} the oxidizing age for phob-Fenton
reaction, 2)Concentrated sunlight + 0.6 ml ob®, 3) Concentrated sunlight + W@atalyst
and 4)Concentrated sunlight exposuoaly. Regarding HO>, the concentration of D
employed in laboratory experiments was 1M (Molar), in the solaresdgrator experiments,
due to an observation of a dominant process regarding the direct photocatalys bfyH
solar light photons, the concentration was reduced to 0.1M (10 timesTlhes)VQ; catalyst
material was deposited on a glass slide with dimensions of 7.5 x 2.5 cm, the weight of the
catalyst was approximately 4 mg on each glass slide. The glass slides were inserted inside a
guartz glass tube of approximately 150 ml volume that was aséte reactor to be focused
towards the reflected sunlight. The quartz tube was sealed at one end and closed by a three
port lid on theotherend. One port hosts a theroouple for temperature monitoring, and the
other two ports are the inlet and ouft@tthe MB solution circulation. A pumping system was
used to promote the circulation of the solution provided tphragnpumping system with
volume flow rate of 5 L/h. The tubing circuit was polyamide pipes connected to a cooler with
monitored tempetare.

The solar concentrator apparatus setup employed was designed, built and patented by IdEA
group from the University of Tren{@64], the setup has low operation and maintenance costs
and consistsf an automatic tracker (PD@)th 5 m diameter, with the focus located at 2.5 m
distant from the nmrors. It is designed to assemble a maximum of 24 coated silver glass mirrors
in individual segments (each of 0.76 area), providing a concentration factor of up to 870x
on a circular spot of approximately 5.8 drametef[265]. Fig. 60preseis the working scheme
and the solar apparatused in the work. The solar intensity was constantly measured using a
pyrheliometer (Kipp & Zonnen CHP1). In this studg compare the prevalence effects
between the concentrated sunlightl the HO. concentration, only one module of mirror was
mounted on the system. 1 ml of MB dyecirculationsolution was collected every 30 minutes.

All the photocatalysis experiments wegrerformedat controlled temperature range between
20 and 30 °C.
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Figure 60: concentration schenj@4] and solar apparatus for solar water purification used

in this work.

6.3 Results and Discussions

The asdeposited (AD) as well as thN600 coatings were studied by SEM to get gigs
on the surface morphologies and the changes that ocaur apnealingThe AD sampl€Fig
61a and 61b) shows particle like morphology witlvariedparticle size distribution from tens
of nanometer to few micrometefhis kind of morphologyis expected owingo the phase
explosion processvhich comes close to the thermodynamic critical temperature upon
irradiating with high laser fluenc®n the other hand, AN600 samfifég 61c and 61l) shows
the particle like morphology evolve into wagtown flowerlike structures depicting
completely different morphology.

The absorption spectra were acquired for thdegmsited and AN600 (WEPsamplesn
the range of 35600 nm Fig. 62. AN600 (WQ) sample shows a clear absorption edge with
an absorption maxima around 472 nm which is in line with the absorption of 3&@ples
reported in literature.
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Figure 61: SEM images of (a & b) adeposited [AD] samplegc & d) of AN600 samples.
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Figure 62 Absorption spectra for adeposited and AN600 samples.
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Figure 63 a) XRD spectraand b)Raman spectra for ageposited (AD) and AN600 samples.

XRD measurements were also done on thelegwsited (AD) and annealed sample
(AN600) to identifythe crystal structure and the XRD spectra are showigi63a The XRD
pattern for AD coating showssBOs and metallidungsten V) peaks. No other phases were
detectedn the sample therehyaintaining thesamecompositionas that of the PLD target.
On annealing at 600°C, all the displayed peaks are associated to monoclinipha&e
(JCPDS Card No. 43035) with no other phase prese Micro-Raman spectra were acquired
to investigate the presence of tungsten oxide phase and the spectrddposited (AD) and
AN600 samples are shown Fig. 63b. The Micro-Raman spectra of AD coating and the
sampleannealed in air at 60Q are reprtedin the range of 1Mto 1000 cm'. The broad
nature of the peakwith low intensitiesn AD sample indicate thamorphousature of the
film. Upon annealing at 600°C, the peaks are intensified and are well matched with the
monoclinic phase of WO Thepeaks at 716 and 806cdm or r e s p o n-tV-O)roodet he 3 ( ¢
of WO3 while the peaks at 271 and 327 tare due to bending vibratiafO-W-O) [266].

The effectiveness of the synthesizedgstenoxide coating (AN600)as a photocatalyst
was studied by using it for degradation of model MB dye through a {festton reaction
involving H.0O». The variation in the MB dye concentration afuaction of irradiation time
was measured by monitoring the variation in the characteristic absorption peak at 664 nm.
Adsorption is the major prerequisite condition for any heterogeneous catalytic reaction, thus

all the catalyst coatings were kept stigin the dye solution under dark for 30 min.
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The photocatalytidegradation waperformedfor separate degradation of MB dye, (1) in
presence of light only, (2) with added®and | i ght, (3) with coatin
light, and (4) combinain of all three (HO., light and catalyst)Fig. 64]. In 120 mins, the
degradatn of MB dye in light is only 34% which increases t&&after inclusion of kDs..

Finally addingtungsten oxide coatinglong with BO> and light the degradation reaction is
amost completeqabout 96%) in 1@ mins This indicates that the catalyst coating follows
photoFenton reaction by generation of Otradicals by dissociation ofH20,. Most
importantly, the catalyst eting is also able to degrade¥%4€f MB dye in absencef H2Oo.

This suggests that tliengsteroxide catalyst coating also works as a pure photocatalyst which
might be able to generate hydroxide radicals from adsorb®doH the surface. Although the
involvement of HO: is very useful, the catalyst coatingndaowever also be utilized without
H>02. CO: emission measurements were also done for the experiments involving the catalyst
(with and without HO) and the C@emission graphs are reported belivg. 65a & 69).

The added confirmation of pheteenton andohotocatalysis without ¥#D, experiments are
clearly given by the evolution of G@s soon as light is irradiated on the catalyst coating. The
OH’radicals generated in both the cases mineralize the MB dye giving<i®e byproduct.

—w¥— MB only
1.0 4 . —A— MB plus H202
N —@— AN600 MB no H202

—— AN600 MB H202

0.8

0.6

C/Co

0.4

0.2
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0 20 40 60 80 100 120

time (min)

Figure 64: Percentage degradation of MB dye after 120mins in presence of AN600 coating,
H20O2 and visible light.
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Figure 65. CO; evolution during MB degradation by AN6C&nsple (a) in presence wisible
light without HO- (b) in presence of ¥#D. and visible light.

The photocatalytic activity of MB dye was also tested in presence of ¥é@tings
(ANG60O) in different pH FFig. 66). The best activity was seen for pH 4 which is as expected
because photéenton reactions asell as WQ catalyst both have ideal/stable conditions in
the pH range 5.

10 _ —e— ANG0O0 pH 1

. —A— ANGOO pH 7
. —=— ANG600 pH 4

0.8
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0.2 4
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Figure 66. Effect of pH on photocatalytic degradation of MB by AN600 samgdessence
of H>O- and visible light.

In the solar concentrator experimental set@ role of light, HO2and catalyst, in catalytic
degradation wasvaluatedn the same way as in the lab scale photocatalytic degradstion

performing the separate degradation of MB dye, (1) in poesefconcentratedight only, (2)
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with added HO. andconcentratedl i ght , (3) wi th c o adncentrgteda nne al

light, and (4) combination of all three 46k, concentratedight and catalyst)Fig. 67]. In 120
mins, the degradatn of MB dyein light is about 54% which increases t@6after inclusion
of H20».. Finally addingtungsten oxide coatinglong with BO. and light the degradation
occurs significantly higher with about 85% degradation i@ @f#ins This indicates that the
catalyst coang follows photeFenton reaction by generation of é)lddicalsby dissociation
of H20o.

—&— MB only
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Figure 67: Percentage degradation of MB dye after 120nunder concentrated sunligit
presence of AN60fbating and HO:..

6.4 Conclusions

m-WOz3 nanostructuredoatingswere prepared by PLEBr photocatalytic application for
the first time to our knowledgé#LD targets were prepared by a mixture of metallic W and
HsBOs. The asdeposited (AD) samples wetbermaly annealedat 600 T for forming
monoclinic phase ofi f | esvhearp enanaiructaré WOz coating.TheWOsnanostrutured
coatings wer¢ested foiphotocatalytic MB dye degradati@amdthe coatings showed enhanced
photocatalytic degradation of MB dye undphotoFenton conditions. The enhanced
photoactivity can be attributed the surface morphologthat provideshigh surface area

thereby acting as an efficient adsorber thiidws anenhancednteractionbetween the dye
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moleculesand theactive sites for potocatalytic reactionsSolar scalingip experiments were
employed teeliminate the use of an artificial source of light theretaking the whole process
economielly efficient for lowcost industrial applications. The W@oatings showed good
results inthe solar PDC setup under phdtenton conditions thus expanding the outreach of
the synthesized coatings. This waukrisinto a promising possibility for further photocatalytic
studies on W@ coatings fabricated by PLD under concentrated sunlight theredsng

towards the use of free, renewable solar energy.
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Chapter 7. Pulsed laser deposition of nickel oxide films with
improved optical properties to functionalize solar light absorbing
photoanodes and very lowoverpotential for water oxidation
catalysis

Preview: Transition metal oxide coatings of nickel oxide show good electrochemical
activity as photoanodes for Oxygen Evolution Reaction (OER). Pulsed Laser
Deposition (PLD) was used to fabricate nanostructured NiOx coatings of different
morphologies, nantg compact and porouklectrochemical measurements were
performed on both the morphologies along with optical measuretoentaluate
the use as coatalysts on solar absorbers in photoelectrochemical cell (PEC)
detailed study of different film thiclasses, morphologies and-depth
electrochemical measurements are reported in this chapter.

My contribution to this work includes thBulsed Laser Depositionf thin

NiOx coatings and the electrochemical measurements and its

andysiginterpretation

The content of this chapter is adopted from;

Alberto Mazzi, Michele Orlandi, Nicola Bazzanella, Yaksh J. Popat, Luca M@iatigio
Speranzaa and Antonio Miotello, Materials Science in Semiconductor Proceggipg19),
29-34. https://doi.org/10.1016/].mssp.2019.02.036

© 2019 Elsevier LtdAll rights reserved.

7.1 Introduction

NiOx based materials are employed in a variety of applications: mesoporous NiO is widely
used as a photocathode material in-ggasistized solar cells and photoelectrosynthetic cells
[2671 271], the Ni(OHY/NiOOH hydroxide/oxyhydroxide system is fodi in rechargeable
batterieg272], the electrochromic behavior of NiO/Ni(O#INiIOOH thin films is exploited
in smart windows and display273i 276]. Both the hydroxide and the oxyhydroxide are
reported to be good wext oxidation catalysts (WOQ277,278] with an onset overpotential
of about 400 mV in the case of pure nickel oxifi£&,280] The catalytic performance of
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nickel oxide are significantly improved through the incorporation of iron, with an
overpotential of 280 mV at 10 mA chrand a 40 mV/decade Tafel slof@80,281].

The development of cheap, efficient and scalable materials as WOC is crucial in the
technology of electrochemical water splitting and even more fopllegoelectrochemical
version[89]. The oxygen evolution reaction (OER) is indeed a kineticallw gdoocess,
requiring the exchange of four carriers to produce one oxygen molecule. Among inorganic
heterogeneous catalysts, noble metal based materials asandORuQ are currently
considered as a benchmark for WOC performeaincacidic medig282], with as small an
overpotential as 190 mV at 1 noi? for amorphous iridium oxidg283]. On theother hand,
in recent years, amorphous transition metal oxides based on iron, cobalt and nickel gained
increasing attention because of their stability and promising perfeeaas WOC in alkaline
media[277,278,284286]. When WOCs are apptieas cecatalysts for the functionalization
of semiconductebased photoanodes, they need to match additional requirements in order to
effectively improve the photoelectrode performance. Once the thermodynamics of the
photoanode/WOC system are favorablee morphology of the WOC becomes crucial:
porous layers permeable to ions favor the formation of adapunctions[287] and,
depending on the dimensions and roughness, may exhibit high transmittance in the visible
range, due to reducedlextance and/or quantum confinemgz8,289] Both these fdares
generally improvephotoelectrochemical cellPEQ performance, by enhancing charge
separation and reducing neffective light absorption by the WOC layg90].

A nanosized porous morphology would thus allow to obtain high catalytic performance
with a minimal amount of catalyst. This is of crucial importancéhéncase of amorphous
NiOx used as a WOC. In fact, nickel oxide is well known as an anodic electrochromic
material, becoming btk at moderate positive biasifij5].

Pulsed laser depositidi?LD) is a thirlayer fabrication method based on the ablation of
a target material by high fluendaser pulses, followed by deposition of the ablated material
on a substrate. Several key parameters (laser fluence, background atmosphere composition,
pressure, substrate tparature, targeto-substrate distance, number of pulses) can be
adjusted to control structure and morphology of the deposited material at the nanometric scale
[2911 294]. It is worth noting that this can be achieved while keeping the material amorphous,
which is known to greatly enhance catalysis performance in sevetaloreles, among
which NiQG[277]. PLD is thus an ideal instrument to fiene optical and catalytic properties

of materials.
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In this investigation Nickel oxides coatings were deposited through PLD on fluerine
doped tin oxide (FTO) transparent conducting layers. Depositions at 300°C (DEP300) or at
room temperature followed by pedé¢position annealing at 300°C (AN300) led to very
different morphologes, compact and highly porous respectively. The obtained catalyst layers
were characterized through scanning electron microscopy (SEMy Xohotoelectron
spectroscopy (XPS) and Raman spectroscopy. Optical properties were investigated by UV
VIS-NIR spectophotometry and the electrocatalysis performance as WOC was evaluated by

voltammetry and Tafel analysis.
7.2 Materials and Methods

Thin, porous Ni oxide coatings were deposited through PLD on-¢oed glass
electrodes. The substrates were cut as 15x25 mm slides and cleaned by successive ultrasonic
treatments in acetone angh®panol. The PLD process was carried out in a vacuumhdram
by focusing aKrF excimer laser beam (Lambda Physik LP 220i) gouee nickel target
(Sematrade, 99.95%). The laser was operated wvdvalengtiof 248 nm, pulse duration of
20ns, repetition rate of 20 Hz, and laser fluence of 2873 The subshtes were placed at
a distance of 5.5 cm from the target surface, parallel to it. The PLD chamber was evacuated
prior deposition to a background pressure of Ba. Nickel oxides were obtained by applying
an oxygen controlled flux with equilibrium presswf 45 Pa during the deposition process.
Further details of the HL setup are available elsewhg6®]. Films of different thickness
were obtained by changing the number of laser pulses, between 2,000 (2k) and 20,000 (20Kk).
The substrate temperature was either room temperature or 33Mplésndicated as RT
and DEP300, respectively). In the case of deposition at room temperature, in order to obtain
a stable electrochemical response, a-gegbsition treatment at 300°C for 2h in air was
required (AN300).

Scanning electron microscog$EM) analyses were performed with a SEHEG JSM
7001F JEOL microscope, operated at 20 keV electron beam ey PS measurements
were carried out using a Kratos Axis DLD Ultra. Wide scans were acquired binidieg
energy(BE) energy range 1200 eV usinga 160 eV pass energy, while high resolution core
line spectra were performed setting the analyzer pass energy at 20 eV and the energy step at

0.05 eV. Spectra were analyzed using a home€le software based on R platform.

The vibrational modes and stwwange order of the coatings deposited on FTO substrates

were studied via Raman spectroscopy, using a Labram Aramis Yoldn Horiba micre
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Raman apparatus equipped with aMelaser source (632.8 nnihe optical properties and

the electrochromism dfliOx coatings were analyzed with a Varian Cary 5000WJ8-NIR
absorption spectrometérhe electrochemical measurements were performed using a Gamry
potentiostat/galvanostat/ZRA Interface 1000 in a Haleetrode cell configuration. The
experimental sefu included a saturated calomel electrode (SCE, 0.244 V vs. standard
hydrogen electrode SHE) used as reference electrodanadPtas countezlectrode and a

150 ml 1.0 M KOH solution as electrolyte. The geometric area of FTQ/&l&trodes under
analysiswas 1 cm. A conductivecopperbased adherent tape was applied to a bare portion
of FTO to provide a good electric contact with the electrode holder. All the electrochemical
measurements were performed in static solut@yclic voltammetries (CVyverecollected

at 100 mV & while linearsweep voltammetried SV) were collected at a 10 m¥* scan

rate iR drop compensation was applied only for LSEZ&ctrochemical potentials reported

in this paper are relative to the reversible hydrogen electrode )(Riits pH correction,

unless otherwise indicated:

0O (0] ™ T6 T18tLIpP®O

7.3 Results and Discussion

PLD technique is based on the laser ablation of a solid target and on the deposition of the
ablated material on a substrate aftshart flight in vacuum or in a reactive atmosphere. In
the case of the nanosecond laser ablation of metals, material removal occurs through thermal
processes, mainlyaporization and phase explosi¢295,296] In our case, given the
relatively low laser fluencef 2.0 Jcm?, it is reasonable to expect that tigation process
mainly proceeds through vaporizationhe relatively high oxygen pressure in the PLD
process (45 Pa) results in a collisional regime of the ablated md&9ig| which also
combines with oxygen through chemical reactions. The colb$iprocesses are expected to
contribute significantly to nanoparticle (NP) formation in the ablation plume, which are then
deposited on the substrate.

The two synthesis routes, DEP300 and AN300, were designed to provide a different film
morphology,but with the same amount of catalyst. Indeed, in the PLD process, the ablation
yield depends on laser parameters and on the thermophysical quantitiemaje¢henaterial

[298], while the deposition rate is also related to the eventual presence of a gas atmosphere
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and to the geometrical parameters of the experimental setup. The substrate temperature, on
the other hand, mainly affects the cooling process of the ablated high &¢uneenaterial

(vapor and NPs) that strikes the substrate surface. Thus, keeping constant all parameters
except the substrate temperature, the quantity of deposited material will not change. Due to
the higher substrate ngerature in the case of DEP3@@npared to AN300, the
nanostructures that aggregate to the substrate surface undergo a slower cooling process.
Indeed, similarly to our receng¢sults obtained with iron oxid294], AN300 shows a highly

porous morphology, compared to DEP300, since in tier lease the slower cooling allows

some particle mobility and agglomeration.

Top-down SEM images shown Irig. 68 are consistent with this infaretation. We can
see inFig. 68 (b) and (d) that both DEP300 2k and AN300 2k (2k=2,000 laser pulses)
resutedin a complete covering of the FTO layer with nickel oxides. In particular, in the case
of DEP300, the morphology we observe is compatible with an asseiBdoating, while
AN300 shows smaller scale nanostructures with a higher porosity.

The difference in film morphology obtained through the two processes is more evident in
Fig. 69 which shows a crossection view of DEP300 20k (a) and AN300 20k (b)
(20k=20,000 laser pulses) deqesi on flat silicon substrates. While DEP300 appears as a
compacfilm of agglomerated nanoparticles, AN300 shows a foamy structure. Film thickness
in the case of DEP300 20k is estimated between 50 and 100 nm; on the other hand it is hard
to univocally define the thickness of AN300 20k, due to the enhanced porosityapngs
an order of magnitude, we can say that AN300 &03imes more thick compared to DEP300.
Given that the same amount of catalyst was deposited on both electrodes, we assume that
AN300 is 510 timesmacroscopicallyess dense than DEP300, providalgigher catalyst
electrolyte active surface and a better ion permeability.

The shorrange order of the nickel oxides films was studied thrdRenan spectroscopy.

In Fig. 70, we can see the Raman spectra of FTOAMNIi€ctrodes, collected with a®8 nm
wavelength HeNe laser source, focused on the catalyst surface through a 100x confocal
microscope objective. We also compare the spectra with that of a bare FTO surface. We can
see that all the features in the spectra of both DEP300 20k and ANBG@Oe26ompatible

with the Raman response of the underlying FTO layer, proving the largely amorphaes nat

of the catalyst thin films.
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Figure 68: SEM topdown images of Nigxhin films deposited on FTO substrates at
different magnifications: (a) and (I)EP300 2k, (c) and (d) AN300 2k. The jagged
morphology of the underlying FTO layer at a scale of hundreds of nanometers is clear in
(@) and (c). NiQnanoparticles have a typical size 10 nm, with an irregular shape in
the case of AN300

Figure 69: SEM crosssection images of thick catalyst layers deposited on flat silicon slides.
(a) DEP300 20k andh) AN300 20k.
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Figure 70: (Color online) Raman spectra of AN300 20k and
DEP300 20k compared to that of bare FTO. Nickel oxides thin films

show an amgohous phase in both cases.

In Fig. 71, we analyze more in detail the region around 1108, emhnere the main band
of NiO, related to a twqphonon procesR99,300] should emerge. We prove that the peaks
in DEP300 20k and AN300 20k close to 1100cane only due to a FTO band since, when
the FTO spectrum is subtracted, the peak is fully removed. No peaks attributable to nickel
oxide ciystallites were present also in the case of the 2k {860é&%

XPS analysis of DEP300 2knd AN300 2k revealed the presence of either NigQit)
NiOOH as the main phase. The Ng2ppeak observed at 855.5 eV, together with the satellite
peak at 861.0 eV, can be attributed to both Ni(Odh)d NiOOH, within the experimental
errors[302]. Moreover, the peak at 853.9 eV was assigned to the presence of NiO, whose
2pz2 peak should appear at 854.5+0.9[802]. The XPS signals of DEP300 2k and AN300
2k around the Ni 2q» region, together with the complete survey of the XPS spectra are shown
in Fig. 72
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Figure 71: Raman spectra of AN300 20k and DEP300 20k deposited on FTO, compared to
that of a bare FTO substrate. In the inset, the FTO background was subtracted to the NiO
spectra.

In view of the application of nickedxides thinfilms to functionalize water oxidation
photoanodes, we characterized the optical features of our FTOéMi@rodes through UV
VIS-NIR spectrophotometry. Absorbance and transmittance spectra were acquired using a
bare glass/FTO electrode as a reference. The sample backside illuminated, so that light
reflection from the flat glass surface can be assumed to be the same on all Famprés.

(a) shows the absorbance spectra of DEP300 and AN300 from both the 2k and 20k series.
The optical features of the nickel oxide thin films were studied, referring to that of NiO,
Ni(OH)2 and NiOOH[303,304] the posible phases identified through XPS analysis.

Nickel monoxide, NiO, is a chargeansfer insulator, with an optical bandgap of about 4
eV [303,305] NiO is intrinscally prone to structural defects, usually presenting an excess of
oxygen[303], whose amount determines the actual NiO optical feafa88303] Ni(OH)2
is an ntype semiconductor, with an optical bandgap usually measured between 3.6 and 3.9
eV [304]. Finally, NiOOH, is a gtype semiconductor and its optical bandgap is of about 1.7
1.8 eV[304].
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Figure 72: XPSspectra of nickel oxide thin films deposited on silicon slides. Panels (a) and
(b) show the Ni 2pregion of DEP300 2k and AN300 2k, respectively. Plots in (c), (d), (e)
and (f) show the Survey spectra of DEP300 2k, AN300 2k, DEP300 2k after anodieireat

and AN300 2k after anodic treatment.

Through the Tauc analysis of the absorption edge region, we evaluated the optical

bandgap of the Ni oxide thin films for direct transitions. In particular, the quadtity

was plotted as a function ohe photon energy, where is the absorbance, directly

proportional to the absorption coefficient. The linear fit of the Tauc relation allowed us to
evaluate the optical bandgap of DEP300 20k and AN300 20k as 3.6 eV and 3.7 eV,

respectively, with 0.1 eV wertainty. The contribution of NIOOH is probably too low to be

detected. The same analysis on the films from the 2k series gave comparable results, but with

a lower accuracy due to the worse signal to noise ratio.
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Figure 73: (a) Absorption spectra of A8 and DEP300 from both
2k and 20k series. (b) Transmittance spectra of AN300 and DEP300
from 2k and 20k series, after electrochemical measuremedés un

anodic or cathodic biasing.

The absorption measurements were repeated on the same electredesaafé in an
electrochemical cell. The glass/FTO/Ni€ectrodes were operated alternatively at anodic or
cathodic biasing in 1 M KOH solution. First, 30 voltammetry cycles were run in order to
obtain a stable response, in the ramge & V and 1t p& V vs. saturated calomel
electrode (SCE) in the case of anodic or cathodic measurements, respectively. Then a short
chronoamperometry measurement was performed for 5 minutes at 0.7p80v vs. SCE
for anodic or cathodic conditions, respectively, providirgurrent density of the order of 10

mA cni2. These measurements were carried out without appikgmpensation.
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In Fig. 73 (b), we show the transmission spectra of the Ni oxide thin films after anodic or
cathodic measurements described above. Transmittance was calculédd @st and
expressed as a percentage. The spectra obtained from the 20k series allowed us to evaluate the
change in the optical bandgap associated to the electrochromic transition of Ni oxide. Under
anodic biasing, the Ni oxides film becomes colored, absorbing more than 60% or 85% in the
case of DEP300 20k or AN300 20k, respectively (see dasimges with mdeers inFig. 73
(b)). In this condition, the optical bandgap is reduced to 1.6+2.0 eV, indicating oxidation of
Ni(OH). to NiOOH, in agreement with the Bode reaction sch§0é]. The redox process
between the states Niand NF* is reversible, so that under cathodic biasing, the Ni oxide film
becomes bleached, showing a bandgap of 3.5+3.6 eV, attributable to the nickel hydroxide

phase. The results of Taucadysis are summarized rable 5.

‘O (as synthesized), eV ‘O (anodized), eV ‘O (cathodized), eV
DEP300 20k o TP pBO @ T8I C 0P T
AN300 20k o TP p® U TV ¢ o® TP

Table5: Optical bandgap of the Ni oxide thin films obtained from absorption measurements
through the Tauc analysis. The results obtained after anodic and cathodic measurements give

information about the electrochemical processes occurred in the Ni oxidesrthin fil

The same behavior was observed in the electrodes from the 2k series, while the quantitative
evaluation of the optical bandgap waseated by a large error due to the redudidah
thickness, especially in the case of the bleached phase. It is wadr tiatt, while the 20k
series catalysts show a very poor transmittance in the visible range under anodic conditions,
the thinfilms from the 2k series present a transmittance of about 80% or 90% in the whole

visible range in the case of the compact oopsfilm, respectively.
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Figure 74: (a) Cyclic voltammetry curves. (b) Current density versus cycle.

The electrocatalysis performance of the materials towards the OER was evaluated in terms of
overpotentials and Tafel slopes. A set of about 30 anodic CVs was performed to ensure a
stable response of the electrochemical s@figp 74(a) and (b)show CVcurves ancturrent
densityversus cycle number, respectivelipollowed byiR compensated LSVS-(g. 75. A
precatalytic oxidation peak, accompanied by the corresponding reduction process in the
reverse scan, features prominently in the CVsig. 74 (a). This is assigned to the
Ni(OH)2/NiOOH redox coup# [278], in agreement with literaturand confirming XPS

results.

----FTO
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E vs. RHE (V)

150 155 160 165 170 175 1.80
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Figure 75:°Q wcurves of thin catalyst films deposited on FTO. In the inset we
show the Tafel plot. The black, dashed line was obtained with a bare FTO
electrode, as reference.

Overpotentialsd) at two selected currediensity () values (1 and 1&nA cm?) were
extracted from these curves: the first approximates the beginning of the catalytic process and
is useful for literature comparison, while the second is of interest for WOC to be applied in
PECs[282]. Tafel plots are shen in Fig. 75 inset. All data are reported frable 6.

d@J=1mAcm? d@J=10 mAcm? Tafel slope

(mV) (mV) (mV/deadg
AN300 2k ouvup TpOp ¢C T
DEP300 2k gQcCp T pup L W T

Table 6:Selected electrode metrics for DEP300 and AN300 operated as WOC.
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The results of LSV measurements obtained with thicker catalyst films (20k series) are

reported inFig. 76 and the metrics of the two series WOC are summarized ifable 7.

Since the thickefilms are both less active and less transparent, they will not be discussed

further.

With a comparable Tafel slope and slightly better overpotentials, AN300 can be
considered a better WOC compared to DEP300. According to a recent [&3frtiron

incorporation can play a critical role in determining NeBectroactivity. In our case however,

this can le excluded since XPJig. 72 e, f) shows no trace of iron after electrochemical

experiments.

j (mA/cm2)

= = NiOx AN300 20k
= = NiOx DEP300 20k
—— NiOx AN300 2k
—— NiOx DEP300 2k

1.65 1.70 1.75 1.80
E vs. RHE (V)

1.85 1.90

Figure 76: Tafel plotof thick catalyst films (20k series) compared with thin films (2k series)
deposited on FTO. The catalytic performance is not limited by the amount of catalyst and

thicker films show lower currents possibly due to the increased vty nickel oxide film.

d@J=1mAcm? d@J=10 mA cn? Tafel slope

(mV) (mV) (mV/decade)
AN300 20k oQp¢Cp TTPP X p T
DEP300 20k apgp TCXP 0O ™
AN300 2k ouvup TpOp ¢C T
DEP300 2k ocQgp TpYp VW T

Table 7:Comparison of electrode metrics for DEP300 and AN300 from 20k and 2k series,

operated as WOC.
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7.4 Conclusions

The porous structure obtained here exhibits a very high (90%) optical transmittance in the
visible-range, even under anodic conditions, whiahowing good performance as WOC,
with overpotentials and Tafel slopes-par with some of the best results for amorphousxNiO
in recent literatur¢278,285] Both these features are important in view of the application of
NiOx as OER cecatalysts in photoanodes for PEC technology. The high transmittance in
particular provides a solution to the problem of parasitic light absorption, which to date
prevented the effective use of Ni oxides for photoanode functionalization. Thais, th
functionalization of absorber materials to realize such a photoanode will be the natural
extension of this work, as well as the extension to miretal oxide species which are known
to be intrinsically more activ§286,307] PLD proves to be a highly versatile fabrication
technique to control morphology at the nanoscale, thus allowing the tuning of functional
properties which critically depend on it. By varying the substreemperature during
deposition, NiQ morphologies ranging from a compact N&&sembled layer to a porous
coating can easily be obtained, while keeping the material substantially amorphous, an

important feature for several catalysis applications.

133



Chapter 8: Alkaline water oxidation studies on mixed metal oxide

thin films deposited by pulsed laser deposition

Preview: Mixed metal oxide coatings were synthesized by Pulsed Laser Deposition
(PLD) as water oxidation catalysts for OER. Boron was added to the films to
study its influence in the electrochemical performance of the films. The
synthesized coatings exhiéd superior electrochemical activity compared to
single oxide coatings and mixed metal oxide coatings without boron. The role of
boron, iron and cobalt was systematically investigated througtiepith
characterization and electrochemical measurements.

My contribution to this work includes the synthesis aiff the coatings,
performing electrochemical measurements along with other characterizations,

interpreting the data/results obtained and preparation of the final manuscript.

8.1 Introduction

The rajd industrialization coupled with population explosion has put tremendous stress on
the existing energy sources of the planet. Hence, it is important to look for alternate renewable
energy carriers like hydrogen to sustain the current as well as futugy ereds. Currently,
hydrogen production occurs mainly through steam reforming of natural gas, a process leading
to high emission of greenhouse gases along with its fossil fuel dependence. Electrochemical
water splitting has been considered as one ofpttoenising techniques for sustainable
production of H and Q owing to simple nature of the procestong withno harmful gas
emissionand high conversiorefficiency. Oxygen Evolution Reaction (OER), however,
requires darge overpotential to overcome the significant kinetic barrier associated with the
exchange of four electrons and thus shows very slow kinetics. Hence, electrocatalysts are
required in this process to reduce the overpotential and improve the efficiaheyprocess.

Metal oxides are generally more stable for water oxidation reactions compared to metals due
to their resistance in getting oxidized even furff3@8]. Iridium oxide (IrQ) and ruthenium

oxide (RuQ) catalysts are reported to be one of the best OER electrocajafgjtdHowever,

asthey belong to the rare inert group of catalysts and arealy availablg¢310], efforts have

been made to synthesizie@rocatalysts which ar@bundant and made up of cheap scalable
materials. Transition metal oxides of Fe and Co are extensively studiglidimcatalytic and

electrocatalyticwater oxidationrespectively,due totheir earth abundance arndw cost.
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Nanost u ¢ t u rFFe@sthin Ufilms have been investigated as photoanode in
photoelectrochemical water splittif@11]. Iron oxide catalystsatFeOs3) synthesized by
Pulsed Laser Deposition functionalized on ITO surfaces showaddesphotocurrents at
relatively low overpotentials for electrochemical water splittj$2]. Reduced graphene
oxide wrapped ITO@FE©scoreshell nanowire arrayserved as photoanode showed
promising results for making K&s composites for future water splitting applicais [313].

Porous amorphous Fe&s films synthesized by PLD openedp the possibility of
functionalizing solar absorbers with iron oxide thin films as efficient pletgotrocatalysts

[294]. Synthesis of mesoporous £0n via nanocasting routanddifferent nanostructures of

Co oxide by facile hydrothermal methad OxygeriEvolution Catalyst (OECs) demonstrated

the role of morphology in electrochemical water splittjB@4,315] Light and inexpensive
nanostructured GOs4 clusters in mesoporous silica efficiently produced oxygen by
electrochemical water splitting thereby providing an alternative to the noblEBIk@}]. Cobalt

oxide catalysts are generally quite active for OER in the alkaline md8iLn318]. Owing

to the advancements in the electrochemical studies on cobalt and iron based oxides, research
progressed towards electrochemical water spl
iron. CoFeO4 nanoparticles (NPs) synthesized by facile hydrotlaémrethod and attached on

3D carbon fiber papers exhibits efficient, cost effective and durable oxygen evolution along
with its bifunctional electrocatalysis as both OER and HER catf3y$]. Hybrid nanorod

arrays of porous Cok®4/C supported on nickel foam treated with polyaniline exhibited low
overpotentials and high stability as OEC in alkaline medigg9]. CoFeOs nanopatrticles
supported over nitrogesulphur doped 3D rGO displayed similar electrocatalytic activity as
that of RuQ/C catalyst with high durability in alkaline mediyB821]. These recent advances

on Cobalt ferrite (CoR€s) and its composites howew has a drawback. CoFeOs
nanoparticles are generally synthesized by chemical methods and then supported on different
optimized substrates like rGO, which makes it a-stgpsynthesis procedure. To tacklas
problem, it is imperative to have a synthesis/fabrication process which enables the direct
deposition of CoF®4 nanoparticles on different substrates in a single step thereby eliminating
the need for separate synthesfsCoFeOs nanoparticles. Pulsed Laser Deposition (PLD),
gives an immense control over the synthesis of heterogenous catalysts by varying the
deposition parameters like gas pressure, film thickness, fluetceto get different
nanostructured morphologievith good adhesiof83,105,322] Various metal oxide catalis

have been synthesized by PLD as water oxidation cat@y€C) [312,323 325]. 3D
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hierarchical prous/urchin nanostructured €& coating synthesized by using boric acid in the
initial mixture displayed excellent photocatalytic activity towards degradation of MB3dye

Similar approach was used for synthesizing 3D hierarchical iron oxide nanostructures where
boric acid was used as a source of boron and the resultant films degraded MB dye with good
efficiency[107]. Recently published CoFe204/CoO hierarchtgpke nanostructured coating
synthesized with the inclusion of boron exhibited superior photocatalytic activity compared to
the single oxide hierarchical coatings of iron oxide and urtkenC:O4 respectively[326].

In view of the enhanced photocatalysis seen by inclusion of boron, primarily in the outer shell
of the nanoparticles, it would be interesting to study its effect on the electrochemical
performance of the films active as WOC.

In this paper, we synthesineixed metal oxide coatings on FTO substrates as a WOC
oxygen evolution reaction (OER). The coatings were synthesized by PLD with targets
comprising of a mixture of metallic Fe, Co and boric acieB®k). The synthes protocol is
adopted from our past wofB26]. Boron was intentionally included in the initial mixture to
study its influence on the coatings. The synthesized coatings were characterized thoroughly for
in-depth analysisThemixed metal oxideoatingshows excellent electrocatalytic actiwith
a low overpotential of315mV for 10mA/cn? along with a Tafel slope of 31.5 mV/dec,
displayinghigh stabilityand recyclabilityn alkaline medim with almost no deterioratiofhe
electrochemical perfmmance ofmixed metal oxide coatingshow superior electrochemical
activity in OER compared to the single oxide coatings of FeOx and CoOx owing to the
formation of stable active specid$e coatings synthesized in absence of boron show reduced
OER activiy indicating thathe presence of boron enhances the electrochepgdarmance
of the catalyst coatings. The detailed study and analysis on the structural and electrochemical
properties are discussed ahead.

8.2 Experimental

8.2.1 Synthesis

Fe metallic, Co metallic and boric acid:@03) powders were mixed in molar ratio of 1:1:1
and the prepared mixture was compressed in the form of a disc to be used as a target for the
deposition of CoFeOx coatingdy PLD. A KrF excimer laser (Lambdah¥sik) with an
operating wavelength of 248 nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used
for deposition. The fluence of the laser was always maintained at 3fdfablation. The PLD

deposition apparatus details and the mechaniswodvied in the laser matter interactions are
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presented in our past repoj®,327] The PLD chamber vgaevacuated up to a base pressure

of 10% mbar prior to all the depositions. Deposition of the coatings were carried ouAig@m
atmosphere atpressure of 1.5 x 1mbar. The target to substrate distance was fixed at 4.5cm
with the substrate positied parallel to the targeThe coatings were deposited on ETO
borosilicate glass and &t room temperaturand the number of pulseepositedvere 10k.
Thermal annealing of the deposited coatings were carried out in air at 200 °C, 400 °C and 600°C

for 5 h with a heating rate of 5 °C/min.
8.2.2 Characterization

Scanning Electron Microscope (SEMEG, JSM 7001F, JEOL) at 20keV electron beam
energy equipped with energy dispersive spectroscopy analysis (EDS, INCA Pex@FET
were used for examining the surface morphologies of all the samples prepared by PLD.
Transmission Electron Microscopy (TEM) and High resolution TEM-{HEM) analyses were
performed with a JEOL 2100F @srrected analytical FEG TEM with an accelerating voltage
of 200 kV equipped with an energlspersive Xray spectrometer (EDS). Images were
analyzed using Digital Micrograph software from Gatan. Copper grids (300 meshjalyth
carbon film were used as substrate to prepare samples for TEM an&8ysistural
characterization was performed usingR4y Diffractometer (XRDRigaku Miniflex) with Cu
Karadiation { =1.5414A i-of 2dénfi gur ati on, egand&scanraet ep
of 1 deg/minMicro-Raman spectroscopy was performed using a Labram Aramis-Yabm
Horiba mRaman system equipped with a -Ne laser source (632nm). The surface
composition and chemical states of each element present in the samgpbnalgsed with X
ray Photoelectron Spectroscopy (XPS) wusing
monochromatic Al I (1486.6 eV) Xray source and a hemispherical analyser. Appropriate
electrical charge compensation was required to perform the XPS analysis.

8.2.3 Electrochemical measurements

Electrochemical mesairements were performed using a Gamry
potentiostat/Galanostat/ZRA interface 1000 in a threlectrode cell composed of Saturated
Calomel Electrode (SCE, 0.244 V vs. Standard Hydrogen Electrode) as reference, Pt mesh as
counter electrode and 1M KOH solution (pH 14) as electrolyte. Catalysts deposited areFluor
doped Tin Oxide (FTO) glass substrates [dcmere used as working electrodésitially,

Cyclic Voltammetry (CV) scans were performed on the samples to remove the impurities and
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stabilize the current. Linear Sweep Voltammetry (LSV) was carried ontiRitompensation

to reach the current density greater than 10 mA/dine LSV measurements were done at a
scan rate of 10 mV/s while the CV measurements were done at a scan rate of 100 mV/s. Finally,
Chronoamperometry (CA) measurements were performeuakeosamples to check the stability

of the catalysts for water oxidation reactions. Electrochemical impedance spectroscopy (EIS)
was performed in the frequency range of 2 MHz to 10 Hz with an input sinusoidal wave of
amplitude 50 mV. EIS data was fit usinglem Analyst software from Gamry to obtain the
equivalent electrical circuits. Determination of the electrochemical surface area (ESA) was
carried out by calculating the double layer capacitaneg) {@m CV scans in the ne®hmic
potential region 0f0.20 V to 0.10 V (vs Hg/HgO), at increasing scan rates. The graph of
difference in cathodic and anodic current densitie8.86 V was plotted against the respective
scan rates to determine the value 6i.C

8.3 Results and Discussions

The asdepositedAD) as well as the coatings annealed at different temperatures in air were
studied by SEM to get insight on the surface morphologies and the changes that occur on
annealingThe AD sampléFig 778 shows particle like morphology witvariedparticle size
distribution from tens of nanometeradew micrometes. This kind of morphologys expected
owingto the phase explosion procegsich occurs when the target surfac@mes close to the
thermodynamic critical temperature upon irradiatinghwiigh laser fluenceMoreover, the
particles seem to have a ceieell structure with the core made up of heavy elements like Fe
and Co while the shell comprises of lighter elements, mainly boron. ddmsshell
morphologyis preserved even at ZW(Fig. 77b and 400C (Fig. 779. The topography of
the particles completely chamgipon annealing in air at 6@ (Fig. 77d). At 600°C, the shell
disintegrateleading to the formation of small nanowires (NWs)tbe surface of the particles
which leads to completgansformation from spherical particulates to urelike hierarchical
structures with vertically grown nanowires (NWs) from surface of the particulates. The length
and diameter of the NWs vary from 0.5 to 1 um ané8@Q0m, respectivelylhe formation of
these hierarchical nanostructured coatings
previous work[326]. Annealing at 600°C essentially produced two kinds of morphology,
hierarchical (petal like) and urchin likem@wires. As mentioned in chapter 3 in the description
of SEM images, there is about 10% contribution from petal like morpholodygl’7d, the

138



image shown is completely urchiike which is the case for most of the particles wihiig.

21g shows the hierarchical morphology.

Figure 77. SEM images of [a] asleposited (AD), [pPAN200, [c] AN400 and [HAN60O

samples

Micro-Raman spectroscopy was performed on theéegmsited and the annealed samples
in the range of 150 to 800 chiFig. 78a), where signature vibrations due to metal oxides are
located. Tle AD and AN200 coatings display broad Raman spectra indicating that the films
are mostly in the amorphous states O a n n e a | i Ragnanpebks 4184@&rg @ertinent
to F,gmode of CoO phag@09] and290 cm' assigned tEgmo d e -Fe®;phds [110] are
observedThe deconvoluted peaks observed at 453,586 and 658ggnon anneal i ng a
display a red shift to 462, 6Qifd 678 cmt respectivelyThe peaks centered at 462 tand
678 cm' can beassigned to I and Agmode of spinel CoR®4phase as well as tg,Bnd Ag
mode of CoO phada08,109]while the peak at 60 is attributed to Agmode of vibration
of spinel Colex0O4 phase Further confirmation of thegghase werecarried out byXxRD and
XPS.

To identify the phases in th@sdeposited and annealedatings, XRD was performed and

reported inFig. 78b. XRD pattern was acquired to mainly investigate the crystallinity of the
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particulates on the coating surface. For AD coating, the peaksredrat 44.2and44.9 are
assigned tametallic Co and Fe, respectively while the peaks observed at 54a@d 564°
correspond t@-FeOs phase (JCPD34-0072). On annealing at 280 an additional sharp

peak at 47.7is observed, whiclkorresponds to Cok®s phase (JCPD82-1086) This peak
intensifies at 408 along with the appearance of more small peaks corresponding to Co metal
and Fe203 phases, indicating crystallization of the sample due to heating. On further annealing
(AN600 sample), complete crystallization occurs, and more peaks related tgOCpRa®

are observed.
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Figure 78 a) Raman spectra and RD spectra for asleposited and annealed samples.

The elemental survey scan of XPS detects elements such as Co, Fe, B and O along with
residual carborfior all the samplesFocugd scan ofeyp level (Fig 79a) shows existence of
two distinctpeaks attributed to 3pand 2p,2levels for all the coatings. The deconvolution of
2pz2levels for ADand AN200 filmsexhibittwo peaks at 711.4nd712.1 eVwith a satellite
peak at724.5eV, indicating the presence of Fexidation state on the surfacén case of
AN400 and AN600 samples, peak at 710.7 eV corresponding to Gakephaseemerges
along with a peak centered at 712.3 edfresponding to FeB{phasg328]. It must be noted
that ro signal due to Fé is detected in the XPS spectta.Co 2p XPS spectraf AD and
AN200 samplesKig. 7%), the broad peak due to 2devel can bedeconvoluted into three
peaks centred at 780e/, 7820 eV and 788 eV, corresponding to Con Co2+ oxidation
stated329,330] In case of AN40Qthe peak centred at 780.8eV increases in intensity due to
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the formation of Co&04 phasq331]. When annealetiirther b 600°C, thepeak positions do

not change but area under the peak increddes.corelevel spectra of B 181 AD sample

(Fig. 7) shows a single peak centred at B2V corresponding to both-Bs and FeBQ@
phaseq332,333] B 1s spectran AN200 and AN400 samples dendtee same peak On
further annealing at 600°C, the spectra can be deconvoluted to two patded at 191.5 eV

and 192.5 e\ue tosegregabn of FeBQG and BOs phases. The XPS spectra of O(Eg).

79d) for AD and AN200 coatings are mainly composed of a single broad peak at 531.6 eV
corresponding to F&Cc?* and BOs species. On further annealing at 400°C, three peaks are
observed at 529.9eV, 531eV and 532.4eV corresponding to O in metal oxides dhelEED;
phasesrespectively. The dominant peak is of the FeBPecies indicating the maximum
contribution of this pecies at this temperature. Annealing at 600°C results in the same peaks
asin AN400but with reduced FeB§peak concentration and the dominant peak being the one

coming from the metal oxide species
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Figure 79 XPS spectrafa) Fe 2p b) Co 2p c) Bs d) Olslevelsfor asdeposited and
annealed samples

As XPS is a surface sensitive technique, the above results could only identify the surface
oxides and no metallic peaks were detected, asseas from XRD data. The signature of
CoFe204 phase is observed in AN400 and AN600 samples, matching well with XRD results.
Additionally, the phases of FeB@ndB203 are observed, suggesting existence oflnde
species in the films. The XPS results exgood agreement with the Miciaman and XRD
results thereby confirming the main phases present in the coatings.

It was seen that AD and AN200 films do not show distinct formation of {afdase.
Hence, AN 400 and AN600 samples were chosg@etfiorm HRTEM analysis and the results
are shown inFig. 80. AN400 clearly demonstrates the cesbell structure of the particles
which is seen by the dark contrast of the core with the shell surrounding it (layer of light
contrast) Fig. 80a]. The shell is mostly comprised of lighter elements mainly boron with a
thickness typically in the range of few nanometres depending on the particle sispagirnig
of 0.21nm ascribed to (00g)anes of CoFeOs phasg326] is clearly visible inthe HRTEM
image Fig 80b). FastFourier Transform (FFT)lfiset of Fig. 80b) of thisparticlecanalsobe
indexed to CoF®4 phaseFig. 24ashows the HRTEM image of a representative NW from
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the hierarchical urchin like structures of AN600. The surfadh@®NW shows aet of three

d-spacing of 0.14, 0.21 and 0.29 n(kig. 24b), where 0.14 nm and 0.29 nm are ascribed to

(044) and (022) planes of Caola phase (JCPDS file: 22086) whereas-dpacing of 0.21nm

is common to that of (002) planes of CoO ph@€aPDS file: 780533) as well as (004) plane

of CoFeOs phaseFFT (Fig. 249 of this NW can be perfectly indexed to CeBgand CoO

phasesOn the basis of these results, it becomes clear that AN400 is comprised e©LoFe

phase only, along with surfacesidual oxides, while AN600 comprises of Cgbgas well as

CoO phases. Thus, the heat treatment causes crystallization of the sample to fof®: CoFe
phase at 400 C but on heating further, seco

film.

Figure 80: (a) TEMand (h HR-TEMimagesof AN400 sample.

All the films depositedn FTO electrodes were tested for electrochemveaér oxidation
in a threecell configuration. Before measurements, the electrodes were subjected to cyclic
voltammetry cyclesn the potential range 60.24 V to 1.76 V (V vs. SCE) in order tbtain
a stable response and to remove eventual surfaceitieguR-corrected linear polarization
curvesof all the films (asdeposited and annealed) and RuO2 nanopatrticles are sh&ign in
8laand the valuesbtained from these curvase summarized ifable 8. The best results are
obtained for AN400 sample thi an overpotential of 315mV at 10 mA/gmvhich is much
lower than other samples, including RuO2 (370 mV/dec). AN400 also shows the lowest Tafel
slope value of 31.5 mV/dec, while AN600 exhibits the highest Tafel slope of 65.8 mV/dec. To
understand the asons for higher electrochemical performance of AN400 film, various
electrochemical characterizations were performed.

Identification of the insitu formed redox species was done by performing slow CV scans in
the preOER potential regiorfFig. 81c). In the first cycle of anodic scan for AN400, two
oxidation peaks were observed, where the first peak has a shoulder at 1.21 V (vs RHE) while

143



the second peak is at 1.31 V (vs RHE). The occurrence of first peak indicates formatiéh of Co
species in the formof CoOOH on the surface of the film which then gets converted 6 Co
(CoQOy) at further oxidation potentigB15]. In the reverse scan, one can see only one peak
corresponding to reduction of CeQndicating that the formation of CoOOH species is an
irreversible reaction. This is also evident frone tuccessive scan, where only one peak of
CoQ; species is seen, confirming that all the CoOOH is now converted to stable oxide. Similar
phenomenon is also observed for AN200 filang( 81d), but the intensities of oxidation and
reduction peaks are much lew suggesting less formation of active Co oxides. On the other
hand, this oxide formation is not observed for AD as well as AN600 fikigs 81d). This
clearly shows that Cofphase is the active species responsible for facilitating OER and hence

AN400 sample shows the best performance.
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Figure 81 a) LSV curvesvith iR compensation and b) Tafel plots fordeposited, annealed
samples and RuQxc) first two cycles oflewscan CV curves for AN40O spi@ and d)

slowscan CV curves for ateposited andnnealed samples

Sample Overpotentials Tafel slope b (mV/dec)
h Acm) |h (nAR)
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AD 317mV 365mV 41.7+0.2
AN200 296mV 329mV 31.9+0.2
AN400 281mV 315mV 31.5+0.2
AN600 384mV 447mV 65.8+0.3

RuQG 283mV 370mV 88.3+0.2

Table8: Overpotentits (/7 AndTafel slopegb) for asdepositedannealed sampleand RuQ.

The graphs shown iRig. 81a does not represent the intrinsic activity of the films and is
influenced by the contributions from surface area. Electrochemical surface area (ESA) of the
films was estimated indirectly by determining the value of double layer capacitan{eHiG.
82demonstrates the CV curves for all the films at increasing scan rates. From these graphs, the
difference between the cathodic and anodic current densities was calculated and plotted against
respective scan rates, to determine the valuerof & seen irFig. 83 the value of gL and
hence the ESA is the highest for AN600 while that of other films are more or less the same.
This result matches well with the SEM images where AD, AN200 and AN400 films show
similar particulate morphology while AN600 showed fatian of NWs on the surface. Owing
to these NWs, AN600 presents more surface area for adsorption of reactant species from the
electrolyte. However, due to the lack of formation of active oxides on the surface, these reactant
species are not converted toygen. Thus, in spite of higher ESA, AN600 shows poor OER
performance. On the other hand, despite having similar ESA as AN200 and AD films, AN400
shows the highest OER rate which can be attributed to the highest amount of formation of
active oxides amongatl the coatings as evident by the intense oxidation peak observeg in
81d. This presents a possibility to further improve the OER performance of AN40O0 film by
tuning the morphology to obtain higher ESA.
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Figure 82 (a-d) CVcurves for agleposited and annealed samples at increasing scan rates.
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Figure 83 Plot representing the difference in cathodic and anodic current density against

the scan rate to determineCfor as-deposited and annealed samples
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