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ELEKTROKIMYASAL DEPOZISYON YONTEMI ILE Ni
KATKILI Cu,0 MALZEMELERININ HAZIRLANMASI
VE FOTOELEKTROTOKATALITIK UYGULAMASI

OZET

Bu tez ¢alismasi, Cu,0 yariiletken malzemelerin fotoelektrokimyasal 6zelliklerine nikel
katkilama miktariin etkisi lizerine sistematik bir ¢alismadir. Katkisiz Cu,O yariiletken
malzemeleri elektrokimyasal yontem kullanilarak hazirlandi. Dogrusal taramali
voltametri  (LSV) teknigi nikeli katkilamak igin kullanmildi.  Malzemelerin
karakterizasyonu enerji dagilimli X-1s1n1 spektroskopisi (EDX), taramali elektron
mikroskopu (SEM), X-ismm1 kirmnimmi  (XRD), mordtesi-goriintir bolge (UV-Vis)
spektroskopisi, LSV ve kronoamperometri (CA) teknikleri kullanilarak gergeklestirildi.
EDX spektrumlari, materyallerin igerdigi elementler hakkinda detaylar sagladi ve
numunelerde bulunan elementlerin sayisal analizini ortaya koydu. Sonuclar Ni katkili
Cu,0 malzemelerinin varhigini gosterir. Tim SEM goriintiilerinde, elektronun yiizeyine
yaklasik olarak ayni boyutta esit olarak dagilan kristaller gozlendi. Cogu Cu,O ve Ni
katkili Cu,O kristal malzeme tek tip bigime sahiptir. XRD sonuglar1 ITO substrat iizerine
biriktirilen Ni katkili Cu,0O malzemelerinin yiiksek kristal yapiya sahip oldugunu gosterir.
Malzemelerin bant araligi enerjisinin Eg = 2,14 eV oldugu belirlendi. Tim
fotoelektrokimyasal ol¢timler, Ni katkili Cu,O malzemelerinin p-tipi dogasina bagh
olarak fotokatodik davranis gosterdi. Bu ¢alisma, 0,0002 M NiSOy ¢ozeltisi kullanarak Ni
katkilanan Cu,0 fotoelektrotlarin incelenen tim Ni katkili Cu,O fotoelektrotlar arasinda
en yiiksek fotoakim ve akim yogunlugu sergiledigini gosterdi. Katkisiz Cu,O ve Ni
katkili Cu,O fotoelektrotlar farkli nikel katkilama miktarlar1 i¢in iyi bir kararlilik
davranig1 gosterdi. Ni katkili Cu,O yariiletken fotoelektrotlari, ileri fotoelektrokimyasal
dedeksiyon, fotoelektrokimya su ayristirma ve diger solar fotovoltaik teknolojilerin genis
bir alan1 i¢in rekabetgi bir aday olarak onerilebilir.

Anahtar Kelimeler: Ni katkili Cu,O, elektrokimyasal depozisyon, Ni katkilama etkisi,
fotoelektrot.
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PREPARATION OF Ni DOPED Cu,0 MATERIALS
VIA ELECTROCHEMICAL DEPOSITION METHOD
AND ITS PHOTOELECTROCATALYTIC APPLICATION

ABSTRACT

This thesis study reports on a systematic study of the influence of the amount of nickel
doping on the photoelectrochemical characteristics of Cu,O semiconductor materials.
Undoped Cu,0O semiconductor materials were prepared by the electrochemical method.
Linear sweep voltammetry (LSV) technique was used to dope nickel. Characterization of
the materials was performed by energy dispersive X-ray spectroscopy (EDX), scanning
electron microscopy (SEM), X-ray diffraction (XRD), ultraviolet-visible (UV-Vis)
spectroscopy, LSV and chronoamperometry (CA) techniques. The EDX spectra provided
details about the elements present in the materials and present the numerical analysis of
the elements present in the samples. The results indicate presence of Ni doped Cu,O
materials. In all SEM images, evenly distributed the crystals of approximately the same
size are observed on the surface of the electrode. Most Cu,O and Ni doped Cu,O
crystalline materials have a uniform shape. XRD results indicate that Ni doped Cu,O
materials deposited over ITO substrate have highly crystalline structure. The band gap
energy of the materials was found to be Eg = 2.14 eV. All the photoelectrochemical
measurements showed a photocathodic behavior due to the p-type nature of the Ni doped
Cu,0O materials. This work showed that the Cu,O photoelectrodes doped with Ni using
0.0002 M NiSO4 solution exhibit the highest photocurrents and the current density
between the investigated all Ni doped Cu,O photoelectrodes. The undoped Cu,O and Ni
doped Cu,0 photoelectrodes exhibited a good stability behavior for different the amounts
of nickel doping. Ni doped Cu,O semiconductor photoelectrodes are suggested as a
competitive candidate for advanced photoelectrochemical detection, maybe for the
extended field of photoelectrochemical water splitting and other solar photovoltaic
technologies.

Keywords: Ni doped Cu,O, electrochemical deposition, effect of doping Ni,
photoelectrode.
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1. INTRODUCTION

1.1. Semiconductors

Semiconductor is the basic building blocks of all modern electronic device and able to
conduct or block electrical current, in order to this ability of semiconductor serve a
significant function in every things from relays to the integrate circuits of computer.
Semiconductors consist of materials whose electronic properties are intermediate among
those of metals and insulators (Schroder 2006). These characteristics are determined by
the structure of the bonding characteristics, electronic energy bands, crystal, and also by
the fact that unlike metals, in which semiconductor has both the positive (hole) and the
negative (electron) electricity carriers which whose densities controlled during the crystal
growth by doping the pure semiconductor with chemical impurities. In classification
solids according their electrical properties, that indicated there are two types (metals and

semiconductors) materials.

overlap

>

Band gap

Flectron energy

metal semiconductor insulator

Figure 1.1. The band gap in semiconductors, insulators, and the overlap in metals



The metals have permanent electron gases permeating the total of the solid and are
limited within the solid. The insulators are materials with reality no free electrons

moving, unable electrical conductivity in order to there is no electron gas (Pillai 2010).

Normally the energy band gap in semiconductors is in the range of 1-4 eV. The band gap
width is determines the conductivity of the material with its optical response. In opposite
to semiconductors, metals are characterized by a high density of electronic states at
energies just above the Fermi level (Memming 2001). In which at the Fermi level
electrons can be thermally excited into these empty states cause the high electrical
conductivity of metals, high excitation energies in intrinsic semiconductors are necessary
to overcome the band gap and to rise electrons from the valence band to the conduction
band leaving behind electron holes. Both positive and negative charge carriers can
contribute to the electrical conductivity. In the case of extrinsic semiconductors, the
carriers charge number depends on the concentration of dopant in the material. The
introduction of acceptor or donor species of electrons in the semiconductor can alter
perceptibly its electronic structure and consequently its Fermi level. Usually, doping is
carried out by the introduction of atoms with a higher or a lower number of valence
electrons, giving rise to an n-type or p-type semiconductor, respectively. Consequently,
majority charge carriers are electrons in the first case and holes in the second case (Soga
et al. 2006).

At recent time, best positional and orientation control was completed as well as the
demonstration of the first pn-junctions based on hetero structured nanowhiskers. This was
followed by significant studies in two separate research laboratories in the mid-1990s. A
new whisker growth mechanism was proposed by William Buhro’s group at Washington
University, where they manufactured I11-V nanowhiskers using a solution-liquid-solid
process (Yang et al. 2010). Meanwhile, Charles Lieber group at Harvard initiated a
research program in the area of inorganic nanorods. Carbide and oxide nanorods were
formed through vapor phase exchange and transport processes in some of these early
studies. These recent works on nano whiskers and nanorods were popularized as
semiconductor nanowires in the following decade. In the late 1990s, the field of
semiconductor nanowires underwent a significant expansion and became one of the most

active research areas within the nano science community (Xia et al. 2003).



1.2. Methods of Producing Semiconductors

There are more efforts have been prepared for the fabrication and control of shape and
size of semiconductor nanostructures, in the past few years, because of their importance
in catalysis, photonics, electronics, sensing, optoelectronics, and utilize nano devices in
potential applications (Alivisatos et al. 2005). The most significantly of semiconductor
nano materials stems are length scale and, equally important, in which these properties
change with their size or shape. This acquired from the fact to novel properties. There are
more methods have been developed to fabricate semiconductor nanostructures (Kumar
and Nann 2006), for instance wet-chemical methods, including solvo
thermal/hydrothermal method (Yu et al. 1998) and capping agent/surfactant assisted soft
synthesis approach (Aldana et al. 2005), sonochemical methods (Zhu et al. 2003),
templating methods (Xu et al. 2005), selfassembly oriented attachment growth (Tang et
al. 2002), chemical vapor deposition (CVD) method (Jiang et al. 2003), electrochemical
deposition methods (Erdogan and Demir 2011). On the other hand, hybrid structures
compose of semiconducting organic slabs and powerfully luminescent semiconductor
nanostructures offer favorable perspectives through highly saturated, tunable optical
properties, in mixture with an easy process-ability from solution and low cost of
precursors, which is of significance for high-tech applications such as hybrid inorganic—
organic light-emitting diodes and solar cells (Coe et al. 2002). In latest years, novel
nanostructures of functional 11-VI semiconductor chalcogenides, using thermal
evaporation method by Wang’s group and Lee’s group in manufactured nanosaws,
nanobelts, nanocombs, nanowires, and nano windmills (Moore et al. 2004 and Jiang et
al. 2006).

1.3. Electrochemical Production Methods and Advantages

Electrochemical deposition is one of the most powerful methods for the production of
thin films. It provides advantages such as the ability to synthesis at low temperature, high
purity in the products and low costs. Also, electro deposition allows the thickness,
stoichiometry, and microstructure of the films to be controlled by adjusting the deposition
parameters. It can be prepared a various materials from this way (Georgieva et al. 2002).

The advantages of this method for designing electrodes for lithium batteries are also well-



documented, particularly for tin alloy-based materials (Beattie et al. 2003). In which
electrochemical deposition method was used to prepare Cu20 films, which recently
shown to react reversibly with Li (Laik et al. 2002), because the composition and
microstructure of the films thus obtained is strongly affected by deposition variables,
which explore the possibility of obtaining Cu2O films of variable morphology over the
same substrate simply by adjusting the deposition parameters. The structural and textural
properties measured by X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(XPS), and scanning electron microscopy (SEM) measurements (Zhou et al. 1998).

Electrodeposition, which is widely used for metal or metallic alloys, for long time,
appeared more later for semiconductors. Electrochemical reaction is a chemical reaction
which occurs at the interface between two conductors which is electrode and electrolyte
of an electrochemical cell system, due to the process of electron transfer between the
electrolyte and the electrode. This is called a redox (reduction-oxidation) reaction.
Oxidation reaction happens on the anode and the reduction reaction happens on the
cathode (Wijesooriyage 2011). So electrochemical deposition is the most important
electrochemical technique that uses to deposit of an element or a compound which is
dissolved in the electrolyte as ions on top of an electrode by reduction reactions. The
deposition of precious metals chemically treating or electrochemically (electrochemical
deposition) has much more important role in the technologies life up to now where these
metals are used. Exactly this is right in the scope of electrodeposition as this method
depends on some different parameters such as temperature, pH and current density is
likely to produce different kinds of deposit structures (Oku et al. 2014).

1.4. Photoelectrochemistry

The photoelectrochemistry of semiconductors (Pleskov et al. 1986) starts in the 19th
century. It is problematic to estimate the first work of photoelectrochemistry, however, it
appears that it was the work realized 170 years ago by Becquerel, in which found that an
electric current is produced when a semiconductor electrode immersed into electrolytic
solution is illuminated (Finn 1980). Several concepts that have served as a principal for
the improvement photoelectrochemistry that related to the photoelectrochemical oxidized

metals and behavior adsorbed layers (Ibl and Vogt 1981). The photoelectrochemistry of



semiconductors, as independent scientific branch, began in the 1950s, when Brattain and
Garrett achieved to establish the relationship between the properties of
photoelectrochemical monocrystalline semiconductors and their normal electronic
structure. At the same time, this discipline began to utilize the basic of the classical

theory of electrochemistry (Brattain and Garrett 1955).

A basis advance in the improvement of this discipline was constituted by the study of
Gerischer (Gerischer and Liibke 1988). Photoelectrochemistry received a considerable
impulse in 1970s when Fujishima and Honda confirmed water decomposition into
oxygen and hydrogen under UV light illumination. Using a cell consisting of a
semiconductor (TiO2) and a metallic electrode (counter-electrode) immersed in an
aqueous electrolyte, to generate chemical energy from used the light energy (Fujishima
and Honda 1972). The fundamental studies to clarify the requirement of electron transfer
through the semiconductor/electrolyte interface. Begging from the initial Gerischer
model, various systems have been studied, such as dispersions of nanoparticles, quantum
dots arrays, hybrid materials, nanocrystalline electrodes, etc. Besides, studies purpose at a
systematic optimization of the physicochemical material properties guideline the
photocatalytic process (Koval and Howard 1992).

It is essential to mention that photo electrochemistry proportionally related to
heterogeneous photocatalysis in solution and extensively studied attributable to its more
direct applications. In photocatalysis oxidation reactions take place (based on the transfer
of photogenerated holes) and reduction reactions occur (involving photogenerated
electrons) simultaneously. The overall reactions depend on a precise balance of these two
processes (Castellar Ramos et al. 2012). In the situation of catalyst particles or particle
agglomerates, while oxidation and reduction processes take place in parallel that balance
is limited to discrete units with electron—hole recombination. Like photocatalyst particles
then could be considered photoelectrochemical cells under short circuit situations (Bard
1979).

A major electrochemistry advantage used for the analysis and manipulation of
photocatalytic reactions is based on the possibility of separating anodic and cathodic

processes at different electrodes and of performing experiments under potentiostatic



control. This provides a very systematic and controlled technique of gaining fundamental
knowledge on processes of relevance for the overall photocatalytic occurrence.

1.5. Copper

Cu is a 3d transition metal and has various interesting chemical and physical properties.
Cu-based materials can rise and undergo a variety of reactions due to Cu’s have wide
range of accessible oxidation states (Cu, Cu (I), Cu (Il), and Cu (IlI)), which enable
reactivity via both one- and two-electron pathways. Because of their properties and
unique characteristics, Cu-based nano catalysts have found various applications in
nanotechnology, including electro catalysis, catalytic organic transformations, and photo
catalysis (Ranu et al. 2012).

The main challenge in the development of catalytic nanoparticles (NPs) is to prepare
nanomaterial’s that are highly active, stable, robust, selective, and inexpensive (Aissa et
al. 2015). In which nanomaterial’s prepared from inexpensive and earth-abundant metals
have attracted greatly attention because of their potential as practical alternatives to the
rare and expensive noble-metal catalysts used in many normal commercial chemical
processes. These metal NPs more demonstration activity dissimilar from that of the
corresponding bulk materials because of their changed sizes and shapes, which give rise
to distinctive quantum properties. In this context, Cu NPs are principally attractive
because of copper’s low cost, high natural abundance and the practical and
straightforward multiple ways of preparing Cu-based nanomaterials (Zhang et al. 2006).
Despite the strong background on the bulk Cu applications in various fields (e.g., optics,
electronics, etc.), the use of Cu NPs is restricted by Cu’s inherent instability under
atmospheric conditions, which makes it prone to oxidation. Many efforts to develop the
methods and supporting materials that increase the stability of Cu NPs by altering their
sensitivity to oxygen, water, and other chemical entities has encouraged the exploration
of alternative Cu-based NPs with more complex structures, such as core/shell Cu NPs or

systems based on copper oxides.



1.6. Copper Oxide

In lastly years, copper-oxide-based materials have found applications in various areas
such as heterogeneous catalysis (Li et al. 2008), gas sensing (Ishihara et al. 1998),
superconducting (Chmaissem et al. 1999), and solar energy conversion (Minami et al.
2004). One economical way of generating advanced Cu-based nanomaterials for catalysis
is to anchor Cu NPs (e.g., Cu, CuO, or Cu20) on supports such as SiOg, iron oxides,
carbon-based materials, or polymers. Additionally, Cu’s high boiling point makes it
compatible with high-temperature and pressure chemical reactions, including continuous
flow reactions, vapor phase reactions, microwave-assisted reactions, and various organic
transformations (Aissa et al. 2015). Such unique properties, conducive for the
development of reactive and selective catalytic systems, have made Cu and its alloys
between the most valuable metals in the past, and will warrant that they remain

imperative in the future.

Copper oxides used in photoelectrochemical (PEC) for hydrogen production from solar-
driven water splitting because they are nontoxic, abundant, and natively p-type also
absorb visible light, although they face challenging issues such as instability in aqueous
phases. In which copper oxides can be produced by different methods such as sputtering
(Pierson et al. 2003), thermal evaporation (Huang et al. 2004), sonochemical methods
(Kumar et al. 2001), thermal relaxation (Deki et al. 1998), and electrodeposition
(Chatterjee et al. 1991). Between these methods, the electrochemical deposition was most
powerful due to low-temperature growth process, can be highly cost effective and it
provides controlled growth, which leads to preferred morphology, structure, also
orientation that exact specific applications. For PEC applications, nanostructures such as
nanowires and nanoparticles are often utilize as an approach to improve PEC
performance due to the greatly increased surface areas (Ahn et al. 2008). It has been a
challenge to grow copper oxide nanostructures on bare substrates. Typically, the growth

of nanowires requires the use of a template and surfactants.

Also cupric oxide (CuO) is considered as one of the metal oxides with has great practical
importance as a p-type semiconductor in electronics and optoelectronic devices; such as

gas sensors (Katti et al. 2003)., nano fluid (Lee et al. 1999), high-TC super conductors



(Zheng et al. 2000), magnetic storage devices (Fan et al. 2003), catalysts (She et al. 2009)
etc. Now a series of plans have been proved to manufacture nanoparticles CuO, such as
colloid thermal synthesis (Son et al. 2009), solid state reaction (Wang et al. 2006), reflux
condensation (Mageshwari et al. 2013), thermal decomposition of precursors (Salavati-
Niasari and Davar 2009), sol-gel (Mallick and Sahu 2012), sonochemical (Vijaya Kumar
et al. 2001) and hydrothermal (Zhang et al. 2006) etc.

1.7. Copper-1-Oxide (Cu20) Properties

Cu20 nanoparticles, as a supper p-type semiconductor with have attracted considerable
attention. And, Cu20 nanoparticles have been widely used in different field’s principle on
their electronic, unique magnetic and optical properties. It is known that the sizes,
structures and shapes which can effects the potential applications are dependent on the
conditions of synthesis and methods (Lu et al. 2006). The synthesis methods of Cu.O
include long-chained alcohol reduction, electro-deposition, sol gel, solution phase and
also chemical reduction (Zoolfakar et al. 2014). Some synthesis methods were more or
less having some shortcomings. For instance, large quantities of organic matter being
used in the long-chained alcohol reduction method are damaging to the environment and
hard to handle, and also the method needs the condition of high temperature. The sol gel,
solution phase are not possible for mass production. Therefore, the most frequently used
method is the chemical reduction, reducing Cu (Il) ions to Cu (I) ions, followed by the

stabilization step for the Cu.O nanoparticles in the solution (Wiley et al. 2004).

1.8. Nickel Properties

Nickel element is silvery-white color, hard, malleable, and ductile metal. It in the
iron group from periodic table, it is an equally good electricity and heat conductor,
bivalent familiar, although it assumes other valences (Andersen et al. 1997). Most nickel
complexes compound are green or blue. Nickel dissolves slowly in dilute acids but, like
iron, when treated with nitric acid becomes passive. Finely divided nickel adsorbs
hydrogen. Nickel naturally rare exists in the environment (Diwan et al. 1992). Nickel is
an essential element in most animal species, and it has been recommended it may be

essential to human nutrition. Nickel is used for nickel alloys, batteries, electroplating,
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industrial plumbing, coins, machinery parts, spark plugs, stainless-steel, nickel-chrome
resistance wires, and catalysts. Nickel carbonyl has severely limited use in nickel refining
(Barbour et al. 2009).

The great use of nickel is in the synthesis of alloys. Nickel alloys are characterized by
ductility, strength, and resistance to heat and corrosion. Approximately 65 % of the nickel
from the Western World consumed, used to make stainless steel, whose composition can
vary but is normally iron with about 18% chromium and 8% nickel. Also 12 % of all the
nickel spends into super alloys. The remaining 23% of consumption is divided among
rechargeable batteries, alloy steels, catalysts and other coinage, chemicals, foundry
plating and products (Chigane and Ishikawal994). Nickel is easy to work, drawn into
wire, resists corrosion even at high temperatures and in order to use in rocket engines and
gas turbines. Nickel-copper alloy like Monel consist of (e.g. 70% nickel, 30% copper
with traces of manganese, iron and silicon), which is not only hard but can resist
corrosion by sea water, so that it is ideal for propeller shaft in desalination plants and
boats (Paulonis et al. 1969).

Most Earth nickel is inaccessible because it is locked away in the planet's iron-nickel
molten core, which is 10 % nickel. The total amount of nickel in the sea dissolved has
been calculated to be around 8 billion tons. Oil and coal contain considerable amounts of
nickel because organic matter has a strong ability to absorb the metal. The nickel content
in some clay and loamy soils can be as high as 450 ppm or as low as 0.2 ppm in soil. The
average is around 20 ppm (Wold et al. 1957). Nickel exists in some beans where it is an
essential component of various enzymes. Additional relatively rich source of nickel is tea
which has 7.6 mg/kg of dried leaves. Most ores from which nickel is extracted are iron-

nickel sulphides, such as pentlandite (Cataldo et al. 1978).

1.9. Nickel Doping

Metal oxide nanostructured production and characterization of materials have been
considered a keystone in modern materials science for both fundamental and
technological reasons (Liang et al. 2014). Furthermore, studying their chemical and

physical properties is of special interest, as compared to the bulk materials, because of
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their widespread applications in various ranges (Humayun et al. 2013). Several transition
metal oxides like Fe3O4, SnOz, CuO revealed to be promising candidates for more
applications. Production of bimetal oxide nanoparticles is a field of great interest between
researchers due to its catalytic activity and transition metal doped synthesis with metal

oxide nanoparticles becomes much more attention in current research (Stengl et al. 2011).

Moreover, semiconductor nanoparticles interest in doping with impurity metal ions is to
explore the possibility of modifying electrical, optical and magnetic properties of the
material. There were some researchers have reported the development in a material’s
characteristics by various dopants, in which addition of nickel to copper oxides
improvement its strength, resistance to corrosion and also durability. The nickel doped
copper oxide nanoparticles catalytic activity (Ni doped CuO NPs) is determined by many
reasons such as time, temperature and preparation of catalyst (Sharma et al. 2014), also
that the optical band gap increases from 3.9 eV to 4.3 eV with the increase in Ni content
in CuO matrix (Basith et al. 2014). In which nickel doped copper oxide synthesized
through hydrothermal method under controlled reaction temperature and pressure. The
authors were able to achieve a variety of morphologies and particle sizes of NPs (Rahdar
et al. 2014).

The dopants concentrations play major roles in the positions of emission bands and
luminescence efficiency of semiconductor nanoparticles, thus affecting their practical
applications. Hence, it is very important to investigate how the concentration of dopant
doped semiconductor nanoparticles affects electrical properties and optical from the
viewpoints of principle physics and applications, in which work on optical and high-
temperature electrical properties of pure and Ni doped CuO nano crystals. The
nanocrystals of CuO and Ni doped CuO were achieved through wet chemical
precipitation route and the elemental composition of the as prepared was verified by EDX

analysis (Firdous et al. 2013).

In this thesis, photoactive materials containing Ni doped Cu.O with high quality and
stability were prepared by using economical, simple and reliable electrodeposition
method based on underpotential deposition (UPD). Linear sweep voltammetry (LSV)

technique was used to dope nickel. Prepared materials were characterized using EDX,
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SEM, XRD, UV-Vis spectroscopy and electrochemical techniques. The
photoelectrocatalytic performances of Ni doped Cu2O photoelectrodes depending on the
amounts of nickel doping were determined and the change in photoelectrocatalytic

activities was studied comparatively.



2. LITERATURE REVIEW

Martinez-Ruiz et al. studied the electronic properties of bulk Cu20O, clean and doped with
Ag, Ni and Zn. By using first principles total energy calculations. In which clean Cu.0
was cubic as calculated ground state structure that was lattice constant a = 4.30 A, and
bulk modulus Bo = 108 GPa are in excellent agreement with experimental values a = 4.27
A, and Bo = 112 GPa. Cu20 is a semiconductor material with a small direct band gap at
the point, in its ground state. Calculated experimental value of ~2.0 eV is larger than the
value of ~0.5 eV, reflecting the problems of local density functional theory calculating
the excited states. It is results in a reduction of the band gap, doping with Ag. This result
is significant, because it implies that the band gap of Cu20 could be engineered by
variable the ratio of Ag in the crystal. P-type semiconductor raised in doping with Ni
with the impurity levels above the valence maximum, while doping with Zn results in a
n-type semiconductor, with impurity levels above the conduction band minimum
(Martinez-Ruiz et al. 2003).

Kikuchi and Tonooka were studied on properties of electrical and structural of Ni doped
Cu20 (Cu20: Ni) films, in which prepared by the pulsed laser deposition (PLD) from
CuO:Ni. With increasing Ni content the mass fraction of Cu.O in the films decreased,
while assigned the remaining fraction to CuO semiconductor by X-ray diffraction
measurements. By increase in the deposition temperature of both Ni doped and undoped
films lead Cu20 fraction of the films became 100%, reduction process from CuO to Cu,O
was depressed by Ni doping and hall measurement indicated the properties of carrier
transport Cu2O:Ni films was a p-type semiconductor. The carriers generated by Cu-
vacancies in Cu20. It detected that the doped Ni atoms enter the in Ni doped Cu.O
semiconductor film and produce the scattering center of the neutral impurity, resulting in

low mobility.
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Kikuchi et al. were study on Ni doped and undoped cuprous oxide (Cu20) films, with the
mobility and density of hole carriers, in which prepared by pulsed laser deposition from
Ni doped and undoped CuO goals, respectively, which measured to examine the
mechanisms of transport and carrier generation in doped films. The carrier density of the
films revealed in temperature dependence of the present of Ni, indicate the activation
energies level of acceptor from the films were 0.22-0.25 eV. The mobility of the films
was changed from 0.58 to 0.0 in temperature dependence when doping with Ni. Result
was an evidenced which hole carriers in Ni doped Cu,O whereas in undoped Cu,O
obtained by Cu vacancies and mainly scattered by neutral impurity scattering centers.
Measurements of the films by X-ray diffraction (XRD) revealed increasing Ni content
cause the decreased mass fraction of Cu.O in the films, while increased CuO. Then
detected the reduction process of CuO to Cu.O was suppressed by the Ni doping
(Kikuchi et al. 2006).

Sieberer et al. were investigate the influence of transition metal substitution in Cu2O on
the basis of ab initio calculations employing density-functional theory GGA+U, used the
super cell approach. In which work effect of substituting Cu by Mn, Fe, Co, and Ni,
assuming both low transition metal concentrations 3.2% in a cubic geometry and higher
transition metal concentrations 9.1% in a trigonal setup. To elements Co and Mn
constants of magnetic exchange up to the fifth nearest adjacent are calculated, assuming
both cases, perfect Mn/Co:Cu20 as well as defects in the host such as single copper and
oxygen vacancies. Results openly illustration the importance of defects in these materials
and thus offer an explanation for different, seemingly reverse, experimental results
(Sieberer et al. 2007).

Ahmed and Gajbhiye were study to port the synthesis and characterization of Cu.O
semiconductor nano rods doped with Mn, Ni and Co transition metal ions and the study
of their magnetic properties. It was used modified polyol method. In which powder X-ray
diffraction patterns clearly indicated them to be poly crystalline single phase material.
Results ferromagnetic behavior was found to be dependent on the doped concentration
and increased consistently with its increment in the material. The presence of the defects
was supported by the room temperature photo luminescence reading which showed that

intensity of the peaks was dependent on the dopant. There was strong correlation among
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the magnitude of the photo luminescence peak and the detected ferromagnetic property in
the doped samples (Ahmed and Gajbhiye 2010).

Ma et al. studied to grown cuprous oxide (Cu20) films by electrodeposition in agueous
solutions of different pH and investigated the influence of bath pH on structural,
morphology, and photoelectrochemical (PEC) properties of Cu20 films. XRD indicated
that all prepared films were polycrystalline Cu20, without creation of competing phases
like CuO and Cu. The Cu.O crystallites formed in the solution with a pH of 8 by film
grown with preferential (200) planes exposed and the films deposited in solution at pH =
(10, 12 and 14) reveal Cu20 crystallites with preferential (111) planes exposed. The Cu20
film grown in the solution at pH = 12 appearances the best PEC performance for
hydrogen generation. The (111) facets of the Cu.O film were stable without corrosion
during the PEC test. A mechanism for the preferred faceting in alkaline solution has been
discussed (Ma et al. 2015).

Wick and Tilley studied to cuprous oxide is a promising material with the ability for low
cost, large-scale solar energy conversion attributed to the abundant nature of copper and
oxygen, proper band gap for absorption of visible light, which effective, few energy
intensity fabrication processes like electrode position. To the photoelectrochemical (PEC)
water splitting, protective over layers have been advanced that importantly extend the
durability of hydrogen-evolving Cu.O-based semiconductor —materials. New
developments from the advancement of protective over layers for stabilizing photo
absorber materials for water splitting are discussed, and it is concluded that the utilize of
protective over layers is a viable strategy for practical water splitting instruments (Wick
and Tilley 2015).

Shyamal et al. worked to improvement of p-Cu2O semiconductor thin films by cathodic
electrode position technique at constant current of 0.1 mA/cm? on Cu, Al, and indium tin
oxide (ITO) substrates in basic CuSO4 solution containing Triton X-100 as the surfactant
at 30-35 °C. In which semiconductors characterizations carry out by used UV-vis
spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman
spectroscopy. Band gap energy of semiconductor determined as ~2.1 eV, while SEM

illustrated that the surface morphology is covered with Cu2O semiconductors. The water
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reduction (H2O — H>) in pH 4.9 aqueous solutions from photoelectrochemical over the
different substrates differ in the order of Cu > Al > ITO. The highest current of 4.6
mA/cm2 has been saved over the Cu substrate however at a low lighting of 35 mW/cm?,
which is significantly greater than the values (2.4 mA/cm? on Au coated FTO or 4.07
mA/cm? on Cu foil substrate at a lighting of 100 mW/cm?) reported in literature (Shyamal
et al. 2015).

Liang et al. studied to fabricate a Cu2O/NiOx composite photocathode by spin coating a
thin film of NiOx on Cu20 photocathode to improve its stability and photocurrent. Results
illustrated that NiOx layer on Cu.O had a trade-off influence on photocathode
performance. The thicker of NiOx film on Cu20, the lower of the photocurrent, but high
stable of the Cu0 electrode. In optimal 240 nm thickness of NiOx layer, the Cu,O/NiOx
composite photocathode extracted excited electrons effectively, and a Hz production rate
of 5.09 uLhcm2 was obtained from a MPEC under continuous light illumination with
0.2 V external bias. By tuning the synergistic effect of bioanode and photocathode,
MPEC could provide a feasible solution on simultaneously organic conversion and

energy restoration from wastewater and solar light (Liang et al. 2016).

Yang et al. worked to prepared Cu.O/CuO bilayered composite by a facile method that
involved an electrodeposition and a subsequent thermal oxidation. Obtained results
Cu20/CuO bilayered composites revealed a surprisingly high activity and more stability
toward PEC HER, expecially at high potentials in alkaline solution. In which the density
photocurrent of HER was 3.15 mAcm 2 at the potential of 0.40 V vs. RHE, which was
one of the two highest reported at the same potential on copper-oxide-based
photocathode. This study reveals the potential of the Cu.O/CuO bilayered composite as

an improving photocathodic material for solar water splitting (Yang et al. 2016).

Shooshtari et al. worked on surface engineering of bulk Cu>O photocathode thorough
employing nano structured materials. To synthesized nanorods of copper oxide with
average lengths of 150 nm by anodization of Cu foil in aqueous electrolyte, followed by
annealing treatment. Some heating processes were examined to get pure Cu20
nanostructures and lastly the moderate. Annealing procedure at 700 °C under gas flow

resulted as pure Cu2O nanostructures, confirmed by XRD analysis. Surface modified
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nanorod/bulk CuO electrode was ready by spin coating of sediments suspension of
anodized drop on bulk Cu20 film fabricated by thermal oxidation method, followed by
final heating process. This novel bulk Cu20 electrode with modified nanostructured
surface can be a good candidate as the electrode of either photoelectrochemical systems
for hydrogen obtained or the photocathode of bulk hetero junction photo voltaic cells
(Shooshtari et al. 2016).

Yang et al. worked to improve photo electrochemical (PEC) stability of cuprous oxide
(Cu20), by using the p-type Cu20 films containing metallic copper inclusions, which are
electrodeposited by controlling the concentration of sodium dodecyl sulfate in the plating
solutions. In which concentration of sodium dodecyl sulfate increase to 1.70 mM. The
deposited Cu2O films change from n-type to p-type semiconductor, until the PEC
stabilities of p-type Cu.O films reach 99.23% without bias and 86.34% with bias, which
are significantly greater than the n-type Cu2O films or the pure p-type Cu.O without
copper inclusions. The crystal morphology, structure, and composition of the Cu,O films
are characterized, and the effect of Cu inclusions on the PEC stability is interpreted

through the energy band diagrams (Yang et al. 2016).

Maijenburg et al. studied the absence or presence of a protective layer of RuO> material.
From principle of instability of p-Cu.O semiconductor thin films deposited on a
platinized Si substrate when used as photocathode in photo electrochemical water
splitting, applied at +0.3 V vs. RHE and at pH 7, p-Cu20 films were found to indicated a
slightly most stable performance as compared to photo electrochemical measurements
reported in the literature at 0 V vs, RHE and under acidic conditions. In addition, when
H20, was added to the electrolyte the stability and the photocurrent induced by the Cu20
semiconductor films significantly improved, which is clarified by yielding oxygen,
efficient scavenging of electrons, and water as performed by gas chromatography (GC).
Results provided in this work rationalize the attachment of an impact H> evolution
catalyst as a means to significantly improve the stability of p-Cu.O semiconductor

electrodes (Maijenburg et al. 2017).

Zhang et al. worked the Si/Cu.O heterojunction nanowire arrays were fabricated by the

in-situ thermal decomposition of Cu(NOs). on silicon nanowires. Which different
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methods has been developed to fabricate like heterojunctions, as the potential
applications of nanostructured Si/Cu20 heterojunction in electronic and photoelectronic
devices, the nanoparticles Cu,O decomposed illustrated that uniformly distributed on the
surfaces of Si nanowires. In which chemical composition, microstructure states of the
products were investigated. Used as photoanodes for photo electrochemical water
splitting, the Si/Cu20 heterojunction nanowire arrays exhibited a maximum photocurrent
density of 4 mA/cm? at 1.23 V vs. RHE and an onset potential of 0.62 V vs. RHE (Zhang
etal. 2017).

Xue et al. studied to prepared smooth and uniform Cu20 thin films and investigated the
influence of Au nuclei layer on the production of these thin films by scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), and the optical absorption (UV—vis/DR) methods. When the electrodeposition is
conducted after sputtering Au nuclei layer on ITO, smooth and uniform Cu20 thin films
without any islands and pinholes are produced. Au nuclei layer provides more surface
area, improves the Cu?* ion migration, and subsequently raised the deposition of Cu.0
nuclei on Au nuclei layer to produce smooth and uniform Cu20 thin films. More ever the
Au nuclei layer plays major role in improving photo electrochemical performance of
Cu20 thin films (Xue et al. 2017).

Du et al. studied to prepared CuO/Cu20 semiconductor photocathodes on fluoride doped
tin oxide (FTO) substrate by simply annealing the electrodeposited Cu.O, in which
characterized by X-ray diffraction (XRD), transmission electron microscope (TEM),
scanning electron microscopy (SEM), UV-vis absorption spectra and X-ray
photoelectron spectroscopy (XPS). Result indicated the heterojunction of CuO/Cu20
semiconductor was formed in the presented the nature of p-type semiconductor during the
annealing process. The photoelectrochemical (PEC) stability and photocurrent density of
the p-type heterostructure CuO/Cu20 semiconductor photocathode was improved greatly
compared with the pure Cu.O semiconductor, which was significantly affected by
temperature and annealing time. The highest stability was obtained via annealing at 650
°C for 15 min (at —0.3 V vs. Ag/AgCl) and highest photo current density of —0.451
mA/cm2, which gave a remarkable improvement than the as-deposited Cu.O

semiconductor (—0.08 mA/cm?). This suggested that the CuO/Cu.O semiconductor
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heterojunction make easy the electron-hole pair separation and enhanced the stability and
photocathode's current (Du et al. 2017).



3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Chemicals

Copper sulphate pentahydrate (CuSO4.5H,0), nickel sulphate (NiSQ,), sodium sulphate
(NaySO,), lactic acid (C3HgOs3), sodium hydroxide (NaOH), sulfuric acid (H,SO,),
ethanol (C;HgO), acetone (C3HgO).

3.1.2. Instruments

Precision balance: Denver Instrument SI-234

PH meter: Orian 3 Star

Ultrasonic mixer: Apple S 60 H

Deionized water device: Human Power 1
Electrochemical analyzer: CHI 6096 E

X-ray diffractometer (XRD): Rigaku Ultima IV
Scanning electron microscope (SEM): JEOL JSM-6510
Energy dispersive dpectrometer (EDX): JEOL JSM-6510
UV-VIS-NIR spectrophotometer: Shimadzu UV-3600
Solar simulator: Solar Light 16S-002

3.1.3. Electrochemical Studies
Electrochemical processes that make up a significant part of the work; analyzed

substance, solvent, electrolyte and an electrode from an electrochemical cell and an

electrochemical device known as potentiostat/galvanostat. We need to pay attention to the
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selection of materials to be used for electrochemical studies. The particulars are

mentioned below.

3.1.3.a. Properties of Solvent

Starting with electrochemical studies, first it is necessary to investigate the chemical and
physical properties of the solvent in detail. The solvents are used at a high degree of
solubility, high electrical conductivity and very high purity. It should have dielectric
constant, and should not enter into reaction. Furthermore, if pure water is used as the
solvent, must be distilled water or higher purity production ultrapure water systems use.

We used GFL 2008 brand deionization system in our studies.

3.1.3.b. Solutions

In our studies, we found that aqueous basic solutions containing 0.02 M CuSQ,4, 0.2 M
Na,SO, and 0.3 M lactic acid solution, such as an environment that prepared by Cu,O
semiconductor materials were used by electrochemical method. The pH of the solutions
was 8.5 that prepared by adjusting with pH meter using NaOH and H,SO,. For nickel
doping, nickel solutions in different concentrations (0.0001, 0.0002, 0.0004, 0.0008,
0.001, 0.002, 0.004 and, 0.008 M) were used. For photoelectrocatalytic measurements,

0.1 M Na,SO, solution was used.

3.1.3.c. Electrochemical Cell

Electrochemical reactions can be performed in cells with two or three electrodes. Both of
the cathode electrodes and anode electrodes are immersed in an electrolyte solution.
Thus, the oxidation/reduction (redox) reactions take place, it’s clear that the reduction
reactions take place in the cathode electrode, and also the oxidation reactions take place
in the anode electrode. In addition, usually the electroactive in cells consisting of three
electrodes dissolving the compound and the electrolyte dissolved in the solution, the
counter and reference electrode (Goodridge and King 1974). Another important factor is

the use of unfractionated cells where the three electrodes are placed in separate
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compartments in electrochemical processes and the opposite, the study, in which the
reference electrode is placed in one compartment as shown in Figure 3.1.
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Figure 3.1. Electrochemical cell

3.1.3.d. Electrodes

In our studies, we used three kinds of electrodes: reference, counter and working
electrodes reference electrode, is one of the electrodes that have a half-cell knowing and
fixed potential, with properties that is independent of its composition of electrolyte
desired. These electrodes are used for potentially controlled electrolysis and voltammetry
techniques; therefore, the reference electrode should be used so as to determine the
potentials (Skoog et al. 1998). As well the reference electrode must be easily prepared,
stable, with a specified current range. It must be having reversely and should not change
over time. Generally, reference electrodes are silver silver chloride (Ag/AgCl) and

saturated calomel reference electrode (SCE) used (Erdogan 2009).

In our studies, Ag/AgCIl and SCE reference electrodes used in the electrochemical
preparation of Ni doped Cu,O photoelectrodes and photoelectrochemical studies,
respectively. Some good properties of Calomel electrode: it’s very easy prepared because
of the ease of preparation of analytical chemists an electrolyte mercury-mercury chloride
reference electrode; mercury and calomel in (Hg.Cl,), potassium chloride (KCI) solution
formed into a platinum wire for external connection. An immersed half-cell is used as
shown in (Figure 3.2). The potential of this half-cell depends on temperature and

potassium chloride concentration of the reference electrode.
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Saturated calomel electrode
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Figure 3.2. Saturated calomel electrode

The potential of saturated calomel electrode is 0.224 V due to faulty potential connection
in case of potential connection to standard hydrogen electrode, liquid connection.
However, when there is no fluid connection, this value is around 0.241 V (URL-1 2015).
Figure 3.3 shows the potential change as a function of temperature. The potential values
of the calomel electrode versus the standard hydrogen electrode (SHE) at 0-100 °C,

Er=0,244 - 0.00072 (T — 25) (3.1)
According this Equation (3.1) the potential change as a function of temperature as shown

in Figure 3.3 at (12-50 K), on the other hand, the potential of the reference electrodes can

change over the time, it should be preserved in a solution.
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Figure 3.3. Change of electrode potential with temperature
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The Ag/AgCI reference electrode was obtained by immersing Ag in an agitated solution
after agglomeration with AgCl in the electrolytic solution (Figure 3.4).
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Figure 3.4. Ag/AgCI reference electrode

The potential of Ag/AgCI electrode is 0,222 V against standard electrode potential SHE.
This value for SCE is 0.268 V. On the other hand, the concentration of KCI affects the
electrode potential for both Ag/AgCl and SCE. For example, when the molar
concentration of KCI for the calomel electrode is taken as 1.0 and 0.1 M, the voltages at
25 ° C are 0.282 and 0.334 V, respectively. Generally, Ag/AgCl electrodes can be used

when working above 60 °C with calomel electrodes.

The working electrode is the most important part of the electrolysis system. By the way,
the counter electrode has no effect on the reaction occurring in the working electrode.
And also the counter electrode is used to complement the circuit and feeds the working
electrode with electrons. For the more, a small current is observed in the counter
electrode due to the non-process electrolyte types in the working electrode. Therefore, the
counter electrode process is not interested. Several uses of platinum wire as counter
electrode are because of its nature inert in electrochemical studies as shown in (Figure
3.5).

The working electrode is the electrode at which the analyte is oxidized or reduced. The
potential between the working electrode and the reference electrode is controlled.

Electrolysis current passes between the working electrode and a counter electrode. The
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working electrode acts as an anode material in which an oxidation reaction takes place
during oxidation in an electrochemical cell, and also cathode material during which the
reduction reaction takes place during reduction. Moreover, the preference of the cathodic
and anodic working electrode is important (Weinberg 1972). For this reason, surface
morphology and activity must be taken into account in the preference of the electrode
material. In our studies, ITO (indium tin oxide) coated glass was used as the working
electrode, platinum wire was used as the counter electrode, and Ag/AgClI and SCE were

used as the reference electrode.

Figure 3.5. Platinum counter electrodes

3.1.3.e. Potentiostat

—> =
Vv
v out
o o
Vi, Control
WE CE RE Amp.

Figure 3.6. Schematic representation of potentiostatic components used in electrochemical studies

Potentiostat is an electronic device that regulates the potential of the working electrode
versus the reference electrode. This is used in potentially controlled electrolysis. The
linearly scanned potential generator, similar to the integration circuits, is the signal source
as shown in Figure 3.6.
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The output signal from the source first comes to the potential control circuit. And also the
electrical resistance is very large (> 10 Q) for a small amount of current flow in the
control circuit containing the reference electrode, this ensures that all of the current from
the source is transferred from the opposing electrode to the working electrode. In
addition, in the potentiostat process, the current measuring circuit is connected to the
working electrode. Moreover, the potential tracer connected to the reference electrode
constantly indicates the potential of the electrode which it is connected. Although, the
control circuit adjusts this current to ensure that the potential between the reference
electrode and the working electrode is equal to the output potential of the linear voltage
generator, the measured potential is the potential between the work and the reference
electrode. Finally, during the test run the working electrode is at the known true potential

and this potential is recorded as a function of time (Erdogan 2009).

Figure 3.7. A photo of the potentiostat system used in our studies

Photoelectrochemical studies were carried out with a CHI electrochemical analyzer (CHI
6096 E Inc., USA) in a three-electrode configuration with, indium tin oxide (ITO) coated
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glass as working electrode, Platinum wire (Pt) as a counter electrode, Ag/AgCl and
standard calomel electrode SCE as the reference electrode. In our studies we used (CHI
6096E USA) type operational potentiostat in our studies (Figure 3.7). It alternating
voltammetry through potentiostat, potentially controlled electrolysis and amperimetric

techniques were used for analysis.

3.2. Methods

3.2.1. Electrochemical Methods

Voltammetry, an electroanalytical method used in electrochemistry, on the condition that
a working electrode is polarized so that information about the analyte can be obtained,
(Skoog et al. 1998), in which the flow is measured in the form of a potential function to
be applied. To provide the voltammeter polarization, the surface area of the working
electrodes is taken to be a few millimeters square, and a few micrometers square
(Heyrovsky 1922). Using mercury electrode as a microelectrode is the most important
difference that separates polarography, a special type of voltammetry, from other
voltammetric techniques. Voltammetry used for many analytical purposes, is widely used
for non-analytical purposes. As an example, in the investigation of adsorption processes
on the surface, examination of the oxidation / reduction processes occurring in various
media, as elucidation of electron transfer mechanisms occurring on chemically modified

electrode surfaces (Erdogan 2009).

Y

Figure 3.8. Cyclic voltammetric technique for conversion the potential vs time
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The cyclic voltammetry is increased in potential linearly as a function of time up to a
certain potential value and returned to its starting potential again as shown in (Figure
3.8).

The graphs of the potential versus current values obtained by using the alternating
voltammetry technique are called voltamograms. Usually, electrochemical information is
given in the form of these graphs (Malachesky 1969). Potential values and currents can
be measured at the same time when the reaction occurs in an electrochemical cell. The
potential of the working electrode is changed between the values determined in the
negative and positive direction based on the potential of the reference electrode by means
of a potentiostat. Electrode potential is scanned in the positive direction and a current is
generated by the presence of molecules or ions in the environment reaching the oxidation
potential. This flow is called the anodic current. If the electrode is to be scanned on a
potentially negative side, a current will be generated due to the reduction of the
electroactive substances when the ions or molecules in the environment reach the
reduction potential, and the generated current is called the cathodic current (Skoog et al.
1998).

For a cyclic electrode response, there must be a voltage difference between the cathodic
peak potential (Epc) and the anodic peak potential (Epa) (0.059/n) V. The formal
potential (E°) of the redox couple examined is equal to the midpoint of these two peak
potentials. For an alternating voltamogram, the ratio of anodic peak current to cathodic

peak current is approximately one (Ipa/ Ipc= 1).

OX + ne” < Red (3.2)

For Equation 3.2, the amount of oxidant on the surface decreases with time, so the current
will fall and the reaction will end. Thus, a selective reaction will be realized by adjusting
potential. The reference electrode is used in addition to the working electrode and the
counter electrode. According to the Nernst equation, as the concentrations of the
electroactive substances change with time, the potential of the working electrode is

always kept constant by using the potentiostat.
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According to the Nernst equation (Equation 3.3) for Equation 3.2, the concentration of
oxidant will decrease over time and will potentially change with time. The oxidant in the
environment, it will remain at fixed value for the potential short-term with the exhaustion
of the whole (Erdogan 2009).

RT [Red] (3.3)
nkF n [O=]

Ecen is the cell potential,

E°cell is the standard cell potential,

R is the universal gas constant: R = 8.314472(15) J K™' mol ™',

n is the number of moles of electrons transferred in the cell reaction or half-reaction,
F is Faraday constant, the number of coulombs per mole of electrons,

F = 9.64853399(24)x10* C mol ",

T is the temperature in kelvins at room temperature (25 °C),

RT/F may be treated like a constant and replaced by 25.693 mV for cells.

3.2.2. UV-VIS Spectroscopy
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Figure 3.9. Schematically representation of double beam spectrometer

Molecular absorption spectroscopy is the method of measuring the absorbance (A) or
permeability (T) of a solution in a cell by using the wavelengths. Absorption in the

ultraviolet and visible region is mainly due to the stimulation of the bonding electrons in
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the molecules. As a result, the wave lengths of the absorption peaks with the types of
bonds in the species studied and are thus used in the quantitative determination of
functional groups in a molecule as well as of compounds carrying functional groups
(URL-2 2015). The components of the double-light-path spectrometry are shown in
Figure 3.9.

The components of the double-light-path spectrometry are shown in Figure 3.9. In the
first the light comes from the light source to a monochromator. And then the light from
the monochromator is sent to the reference and sample cells, separated by two equal
wavelengths. These two light beams sent to the sample cell and reference cell are
detected with two different detectors. Finally, the permeability value of the reference cell
and the permeability value of the sample cell are continuously compared in the signal
readout, and the ratio of the generated signals is read. The spectrophotometer used in our
studies is shown in Figure 3.10.

Figure 3.10. Shimadzu UV-3600 UV-VIS-NIR spectrophotometer used in our studies

3.2.3.SEM

Scanning Electron Microscopy (SEM) is a powerful method for the investigation of
surface structures of Molecules, this technique provides a large depth of field, which
means, and the area of the sample that can be viewed in focus at the same time is actually
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quite large. SEM has also the advantage that the range of magnification is relatively wide
allowing the investigator to easily focus in on an area of interest on a sample that was
initially scanned at a lower magnification. Furthermore, the three-dimensional appearing
images may be more appealing to the human eye than the two-dimensional images
obtained with a transmission electron microscope. Therefore, an investigator may find it
easier to interpret SEM images. Finally, the number of steps involved for preparing
specimens for SEM investigation is lower and thus the entire process is less time
consuming than the preparation of samples for investigation with a transmission electron

microscope.
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Figure 3.11. Schematically representation the main components of SEM column scanning system

Essential components of all SEMs include electron column, scanning system, detector,
display, vacuum system and electronics controls. Infrastructure requirements: rower
supply, vacuum system, cooling system beam condenser, vibration-free floor, room free
of ambient magnetic and electric fields. SEMs always have at least one detector (usually
a secondary electron detector), and also most have additional detectors as shown in
(Figure 3.11). The electron column of the SEM consists of an electron gun and two or

more electromagnetic lenses operating in vacuum. The electron gun generates free
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electrons and accelerates these electrons to energies in the range 1-40 Kev in the SEM.
The purpose of the electron lenses is to create a small focused electron probe on the
sample. Most SEMs can generate an electron beam at the specimen surface with spot size
less than 10 nm in diameter while still carrying sufficient current to form acceptable
image. Typically, the electron beam is defined by probe diameter in the range of 1 nm to
I pm. In order to produce images, the electron beam is focused into a fine probe, which is
scanned across the surface of the sample with the help of scanning coils. Moreover, each
point on the specimen that is struck by the accelerated electrons emits signal in the form
of electromagnetic radiation. Selected portions of this radiation, usually secondary or
backscattered electrons are collected by a detector and the resulting signal is amplified

and displayed on a computer screen or computer monitor.

The SEM has a large depth of field about 30 mm, which allows a large amount of the
sample to be in focus at the same time and produce an image that is a good representation
of the three-dimensional sample. In addition, the combination of higher magnification,
large depth of field, greater resolution, commotional and crystallographic information
makes the SEM one of the most highly used in lab searches area and industry. A SEM
may be equipped with an EDX analysis system to enable it to perform compositional
analysis on specimens. EDX analysis is useful in identifying materials and contaminants,
as well as estimating their relative concentrations on the surface of the specimen
(Stadtlander 2007).

3.2.4. EDX

Energy-dispersive X-ray spectroscopy (EDX) is a type of spectroscopy used by SEM to
provide information on the chemical composition of the sample being examined in the
SEM (Figure 3.12). Compared to other spectroscopic techniques used for the same
purpose, it is quite advantageous. In EDX, when the electron beam transmitted to the
sample interacts with the atoms of the sample, the energy is around 10-20 keV, causing
X-ray photons to spread through the sample. Detection of these emitted photons is carried
out by means of an energy separation spectrometer. EDX is based on the principle that
the produced x-rays are measured as a function of the energy, and the chemical
composition of the sample to be examined is determined according to the properties of
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the X-rays emitted from the sample. The portion of the sample to be analyzed may be the
entire sample, a region, or any point. Thus, chemical analysis of any desired region
during image acquisition can be performed. The energy of x-ray photons generated by
sending an electron beam depends on the characteristics of the sample under
investigation. As the emitted electrons form x-rays in the inner regions rather than the
sample surface, EDX does not give information about the surface properties. In addition,
Also, it is not very useful to use it in EDX analyzes because the X-ray intensity of
elements with low atomic number is low. The fact that the EDX analysis can be
performed at the same time as the acquisition of the SEM image, and the analysis without
making the sample dissolve by any means, is a significant advantage of EDX (URL-3-4
2016). The EDX system used in our studies (JEOL JSM-6510) shown in Figure 3.12.

§ ————

Figure 3.12. The EDX and SEM system we use in our studies (JEOL JSM-6510)

3.2.5. XRD

The X-ray diffraction method is widely used in the determination of crystal structures.
XRD devices have improved significantly after the Fourier Transform revolution. Sharp
wide angle, short time and suitable output devices were analyzing each angle individually
prior to offering a collective value. The ability to collect fingerprint sensitive data in
crystal structures makes XRD very useful and reliable. The XRD Crystal is a technique



33

that can determine the distance between atomic planes. The working principle is based on
the collection of scatter and diffraction data by sending and scanning the x-ray to the
sample to be analyzed. The X-rays are sent to a crystal plane and reflected by the crystal
plane of the atoms, which is an X-ray diffraction phenomenon. This actual reflection is
different from the reflection of the light from a mirror plane. Diffraction is not a
superficial phenomenon. In other words, incoming x-rays reach the plane of the atoms

beneath the crystal surface.

Wavelength fixed X-rays are used in XRD studies. To obtain these x-rays, electrons
emitted by heating a filament, such as tungsten, is accelerated in the field and accelerated
to an electron beam which is energized with high energy. These electrons reach the
anodic electron shells (Skoog et al. 1998). If the electron beam collides with an electron
in the shell near the core, the electron is removed from its position and the atom becomes
unstable due to electron loss. When If the vacant electron fills an electron in the higher
energy crust shell, an energy difference occurs due to this electron transition, and this
energy difference is spread as a photon of X-rays. The XRD device used in our studies is

shown in Figure 3.13.

Figure 3.13. The XRD device (Rigaku Ultima 1V)
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A way in which the rays reflected by the atomic planes collide with the X-ray beam at a
certain angle, known as the Bragg angle, which is equal to the exact multiple of the
wavelength (1), the rays will have the same phase and the diffraction will occur come to a
point. It is shown in Figure 3.14, to obtain the diffraction peak; It is necessary to have a
relation between the angle of attack (0) of the x-rays to the atomic planes, the distance (d)
between the atomic planes and the wavelength A of the incoming X-rays, the difference
between the lengths of the paths that X-rays take it (Erdogan 2009).

X-ray diffraction is a powerful tool to study the crystal structure of semiconductors. XRD
gives information about crystalline phase, quality, orientation, composition, lattice
parameters, defects, stress, and strain of samples. Every crystalline solid has its unique
characteristic X-ray diffraction pattern, which is identified by this unique ‘‘fingerprint’’.
Crystals are regular arrays of atoms and they are arranged in a way that a series of
parallel planes separated from one another by a distance d. Figure 3.14 shows the detail
of the process of x-ray diffraction. If an x-ray beam with a wavelength strikes the sample
with an incident angle, then the scattered ray is determined by Bragg’s law (n = 2dsin).
Where n is an integer, is the wavelength of the beam, d is the spacing between diffracting
planes, and is the incident angle of the beam. The set of d-spacing in a typical x-ray scan
provides a unique characteristic of the samples in question (Amin and Willander 2012).

1~ ACEHB = 2d \in(-)//
: \ .

e : /:/‘

Figure 3.14. Schematic diagram of Bragg's reflection from lattice planes in a crystalline structure with by
development of X-ray diffraction

ACB =AC +CB (3.4)

Sind=AC/d=CB/d (3.5)

AC=CB=dsinf (3.6)



35

The difference between the lengths of the paths of the X-rays is given by Equation 3.7

below.
AC + CB = 2d sinf (3.7
ACB=2d sinf (3.8)

In order for the diffraction to be possible, this path difference must be equal to the

multiple of A or A. Thus Equation 3.8 can be written (Erdogan 2009).

ACB =n\ (3.9)

2d sinf = n\A (3.10)

3.2.6. Photoelectrochemical System

The photoelectrocatalytic performances of these oxides formed on ITO coated glass
electrodes were measured under sunlight, which is represented by a three-electrode
system (Figure 3.15). The photoelectrochemical measurements were recorded under a
beam of AM 1.5G using a Solar Light-16S-002 brand solar simulator with a 150 W
xenon arc lamp. The photocurrent-potential, and photocurrent-time curves were measured

using linear sweep voltammetry and chronoamperometry techniques, respectively.

,Ir Puotentiostat

MNi-CuzDfZnDATO

Figure 3.15. Schematic representation of the instrument used for photoelectrochemical measurements



4. RESULTS AND DISCUSSION

4.1. Electrochemical Studies

In this thesis study, the synthesis of homogeneous Ni doped Cu.O materials with various
compositions using electrochemical technique was reported. The general experimental
strategy employed in this thesis study was the atom-by-atom growth of Cu,O materials
using the UPD of copper element. In principle, UPD, the electrochemical deposition of a
metal onto a substrate at potentials more positive than the Nernst potential, is usually
restricted to the formation of one atomic layer of the deposited metal. The UPD potential
for Cu were determined by cyclic voltammetric measurements. In order to determine a
deposition potential of the Cu2O from the solution, the cyclic voltammetric measurements
of copper were also recorded at the UPD region in the aqueous medium. The results
showed that the bulk copper deposition does not occur until =200 mV. If the potential of
the ITO coated working electrode is kept constant at a more positive potential than —200
mV, Cu and O are supposed to deposit underpotentially at the electrode surface. These
electrodeposited Cu and O react to form the Cu>O material on ITO coated surface. Cu.O
materials deposited on ITO coated glass surface for 15 min. Subsequently Ni element
doped on Cu0/ITO/glass surface with various compositions. For this purpose, nickel
solutions in different concentrations (0.0001, 0.0002, 0.0004, 0.0008, 0.001, 0.002, 0.004
and, 0.008 M) were used. Linear sweep voltammetry technique was used to dope nickel.
The scanning was performed in the —800 to 600 mV potential area at a scan rate of 50
mV/s.

4.2. SEM Studies

Figure 4.1.a shows SEM image of ITO coated glass surface which belongs to working

electrode in this study. Figure 4.1.b shows SEM image obtained after electrodeposition of

Cu20 semiconductor material on ITO coated glass for 15 min. Figure 4.1.c and d are
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SEM images of Cu,O material doped with Ni using 0.0001, and 0.0002 M NiSO4
solution, respectively.

SEI  25kV WDSmm x10,000 1um

Figure 4.1. SEM image of ITO coated glass working electrode (a), SEM image of Cu,O materials
electrodeposited onto ITO coated glass surface (b), SEM images of Cu,O materials doped with Ni using
0.0001 (c) and 0.0002 M NiSO4 solution (d)

Figure 4.2.a, b, c, d, e, and f are SEM images of Cu,O material doped with Ni using
0.0004, 0.0008, 0.001, 0.002, 0.004, and 0.008 M NiSO4 solution, respectively.

In all SEM images, evenly distributed the crystals of approximately the same size are
observed on the surface of the electrode. Most Cu.O and Ni doped Cu2O crystalline
materials have a uniform shape. The conductivity of Ni is higher than Cu20 because of
Ni and Cu20 are is a metal and semiconductor, respectively. Therefore, as the nickel
concentration increases, the resolutions of SEM images increase. This result shows that

the amount of nickel in the structure is increasing.
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Figure 4.2. SEM images of Cu,O materials doped with Ni using 0.0004 (a), 0.0008 (b), 0.001 (c), 0.002 (d),
0.004 (e) and 0.008 M NiSO; solution (f)

4.3. EDX Studies

The qualitative and quantitative chemical compositions of the Ni doped Cu.O
photoelectrodes were determined by the EDX. Figure 4.3 shows a EDX spectrum
obtained after electrodeposition of Cu2O material on ITO coated glass for 15 min. The

EDX spectrum in Figure 4.3 clearly confirms the presence of O, Si, Cu, In, and Sn
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elements. EDX analyses of different regions gave the same results. The quantitative
results were 5.33% O, 7.51% Si, 39.65% Cu, 42.40% In, and 5.10% Sn elements belong
to Cu20 material and the ITO coated glass substrate used in this thesis study. This result
indicates the high purity of the fabricated electrodes. The EDX peak positions were
consistent with Cu2O, and the sharp peaks of EDX indicated that the synthesized
materials had a crystalline structure. The strong intensity and narrow width of the peaks

indicate that the resultant products were highly crystalline in nature.
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Figure 4.3. Typical EDX spectrum of undoped Cu,O electrodeposited on ITO surface. Inset are 1000 times
magnified SEM image of the material and elemental analysis collected from the entire surface

The EDX spectra provide details about the elements present in the materials and present
the numerical analysis of the elements present in the samples. Thus, with the help of
EDX, the doping effect and presence of dopants can be easily determined. Figure 4.4
shows a EDX spectrum of Cu.O material doped with Ni using 0.0001 M NiSO4 solution.
The EDX spectrum in Figure 4.4 clearly confirms the presence of Ni, O, Si, Cu, In, and
Sn elements. This means that nickel entered the structure of the Cu,O material. In here,

copper and nickel elements were only compared. The quantitative results showed 0.246%
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Ni, and 99.754% Cu elements. This result indicates Ni doped Cu.O materials. The EDX

peak positions were consistent with Ni doped Cu.O, and the sharp peaks of EDX

indicated that the synthesized materials had a crystalline structure.
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Figure 4.4. Typical EDX spectrum of Cu,O material doped with Ni using 0.0001 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface

Figure 4.5 and 4.6 show EDX spectra of Cu,O material doped with Ni using 0.0002 and

0.0004 M NiSOg solution, respectively. The quantitative results showed 0.352% Ni, and
99.648% Cu and 0.426% Ni, and 99.574% Cu elements, respectively. This results

indicate Ni doped Cu.O materials. The EDX peak positions were consistent with Ni

doped Cuz0, and the sharp peaks of EDX indicated that the synthesized materials had a

crystalline structure.
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Figure 4.5. Typical EDX spectrum of Cu,O material doped with Ni using 0.0002 M NiSO. solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface
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Figure 4.6. Typical EDX spectrum of Cu,O material doped with Ni using 0.0004 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface
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Figure 4.7. Typical EDX spectrum of Cu,O material doped with Ni using 0.0008 M NiSO. solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface
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Figure 4.8. Typical EDX spectrum of Cu,O material doped with Ni using 0.001 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface
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Figure 4.9. Typical EDX spectrum of Cu,O material doped with Ni using 0.002 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface
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Figure 4.10. Typical EDX spectrum of Cu,O material doped with Ni using 0.004 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the

entire surface



44

Figure 4.7, and 4.8 show a EDX spectrum of Cu>O material doped with Ni using 0.0008,
and 0.001 M NiSOs solution, respectively. The quantitative results showed 0.484% Ni,
and 99.516% Cu and 0.541% Ni, and 99.459% Cu elements, respectively.

Figure 4.9 and 4.10 show a EDX spectrum of Cu20 material doped with Ni using 0.002
and 0.004 M NiSOg solution, respectively. The quantitative results showed 0.643% Ni,
and 99.357% Cu and 0.690% Ni, and 99.310% Cu elements, respectively. This results

indicate Ni doped Cu.O materials.
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Figure 4.11. Typical EDX spectrum of Cu,O material doped with Ni using 0.008 M NiSO, solution. Inset
are 1000 times magnified SEM image of the material and Ni and Cu elemental analysis collected from the
entire surface

Figure 4.11 shows a EDX spectrum of Cu.O material doped with Ni using 0.008 M
NiSQO4 solution. The quantitative result showed a chemical composition consisting of
0.747% Ni, and 99.253% Cu elements. This result indicates Ni doped Cu.O materials.
The EDX peak positions were consistent with Ni doped Cu20, and the sharp peaks of
EDX indicated that the synthesized materials had a crystalline structure. Thus, with the

help of EDX, the nickel doping effect and presence of dopants were determined. The
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amount of Ni in the materials has been found to vary between 0.246 and 0.747 wt.%. As

the nickel concentration increased, the nickel amount of Cu2O materials increased.

4.4. XRD Studies
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Figure 4.12. Typical XRD diffractogram of Cu,O materials doped with Ni using 0.008 M NiSO4 solution

Figure 4.12 is XRD diffractograms of Cu.O materials doped with Ni using 0.008 M
NiSOs solution. The XRD diffractogram of nickel doped copper (1) oxide consists of a
strong diffraction peak at 36.6° arising from (1 1 1) reflections from Cu2O. The weaker
diffractions at 42.5°, 61.7°, and 73.9° corresponds to (2 0 0), (2 2 0), and (3 1 1)
reflections of Cu2O. The other peaks belong to ITO coated glass which belongs to
working electrode in this study. The other XRD diffractograms of Cu.O and Ni doped
Cu20 at different amounts of nickel doping are similar to Figure 4.12. No peaks belong to
elemental nickel or any type of nickel was detected in XRD patterns. Ni presence was not
observed in the XRD pattern because the amount of Ni in the structure is very small.
XRD results indicate that highly crystalline materials of Ni doped Cu.O.
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4.5. Absorbance and Band Gap Studies

Absorbance spectrum of Cu2O materials doped with Ni using 0.008 M NiSO4 solution is
shown in Figure 4.13. In here, one absorption band in the UV-Vis region observed. The
absorption edge measured for photoelectrodes are 580 nm. The fundamental absorption
edges at 580 nm correspond to copper (I) oxide. The other absorbance spectrums of Cu2O
and Ni doped Cu20 materials at different amounts of nickel doping are similar to Figure
4.14.
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Figure 4.13. Absorbance spectrum of Cu,O materials doped with Ni using 0.008 M NiSO4 solution

For all the semiconductors, the widely used method of plotting (a/4v)? versus the energy
hv is adopted to determine the band gap of the materials. The Eg can thus be estimated
from a plot of (ahv)? versus the photon energy Av. The band gap of the materials

electrodeposited onto ITO coated glass was found to be Eg = 2.14 eV.
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4.6. PEC Studies
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Figure 4.14. Linear sweep voltammograms of undoped Cu,O semiconductor photoelectrodes in 0.1 M
Na,SO4
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Figure 4.15. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.0001 M NiSO4
solution in 0.1 M Na,SO4

Figure 4.14-4.22 shows the effect of nickel doping on the light and dark currents of Ni

doped Cu.0 semiconductor photoelectrodes. Figure 4.14 shows linear sweep
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voltammograms of Cu>O semiconductor photoelectrodes electrodeposited for 15 min in
dark and light. This linear sweep voltammogram exhibited a photocathodic behavior due

to the p-type nature of the Cu2O semiconductors.

Figure 4.15 shows linear sweep voltammograms of Cu2O photoelectrodes doped with Ni
using 0.0001 M NiSO4 solution. It also exhibited a photocathodic behavior. The

photocurrents increased with nickel dopping.
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Figure 4.16. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.0002 M NiSO,
solution in 0.1 M Na,SO4

Figure 4.16 exhibits linear sweep voltammograms of Cu,O photoelectrodes doped with
Ni using 0.0002 M NiSO4 solution. As the amount of nickel doping increased, the
photocurrents of Ni doped Cu2O photoelectrodes increased. The Cu,O photoelectrodes
doped with Ni using 0.0002 M NiSO4 solution exhibit the highest photocurrents between

the investigated all the materials.
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Figure 4.17. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.0004 M NiSO,

solution in 0.1 M NaxSO4
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Figure 4.18. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.0008 M NiSO4

solution in 0.1 M Na,SO4
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Figure 4.19. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.001 M NiSQO, solution
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Figure 4.20. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.002 M NiSOj, solution
in 0.1 M Na,SO4
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Figure 4.21. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.004 M NiSQO, solution
in 0.1 M Na;SO4
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Figure 4.22. Linear sweep voltammograms of Cu,O materials doped with Ni using 0.008 M NiSO4 solution
in 0.1 M Na;SO,4

Figure 4.17, 18, 19, 20, 21, and 22 exhibit linear sweep voltammograms of Cu.O
photoelectrodes doped with Ni using 0.0004, 0.0008, 0.001, 0.002, 0.004, 0.008 M NiSQO4
solution, respectively. As the amount of nickel doping increased, the photocurrents of Ni
doped Cu.O photoelectrodes decreased. This may be due to the increased bending of Ni
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doped Cu.O photoelectrodes for the amounts of nickel doping, which may reduce the
effective area for surface reactions leading to lower photocurrents. It also shows that the
material structure turned from a semiconductor character to a metal character. All the
linear sweep voltammograms showed a photocathodic behavior due to the p-type nature

of the Ni doped Cu20 semiconductors.

Figure 4.23 illustrates the current density under sun light for the corresponding copper (I)
oxide and nickel doped copper (1) oxide photoelectrodes. Herein, the effect of amount of
the nickel doping on the photocurrents of Cu.O photoactive semiconductor materials is
exhibited.
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Figure 4.23. Photocurrent responses of undoped and Ni doped Cu,O photoelectrodes under light
illumination in 0.1 M Na,SO.. Current density of the photoelectrodes; (a) undoped Cu,O, Cu,O materials
doped with Ni using 0.0001 (b), 0.0002 (c), 0.0004 (d), 0.0008 (e) 0.001 (f), 0.002 (g), 0.004 (h), and 0.008
M NiSO; solution (i)

Figure 4.23.a shows chronoamperogram of Cu,O semiconductor photoelectrodes
electrodeposited for 15 min under light. Figure 4.23.b, and c exhibit chronoamperograms
of Cu20O photoelectrodes doped with Ni using 0.0001 and 0.0002 M NiSOs solution,

respectively. As the amount of nickel doping increased, the current density of Ni doped
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Cu20 semiconductor photoelectrodes increased. The Cu.O photoelectrodes doped with
Ni using 0.0002 M NiSOs4 solution (Figure 4.23.c) exhibit the highest current density
between the investigated all materials. Figure 4.23.d, e, f, g, h, and i show
chronoamperograms of Cu.O photoelectrodes doped with Ni using 0.0004, 0.0008, 0.001,
0.002, 0.004, and 0.008 M NiSOg solution, respectively. As the amount of nickel doping
increased, the current density of Ni doped Cu,O photoelectrodes decreased. Cu.O
photoelectrodes doped with Ni using 0.0001, 0.0002, 0.0004, and 0.0008 M NiSO4
solution (Figure 4.23.b, ¢, d, e) showed better the current density than undoped Cu.O

semiconductor photoelectrodes (Figure 4.23.a).

The trends for different the amounts of nickel doping in the current density (Figure 4.23)
confirm the observed trends in Figure 4.14-4.22. As shown in Figure 4.23, undoped Cu.0O
and Ni doped Cu.O photoelectrodes exhibit good stability and switching behavior for
different the amounts of nickel doping.



5. CONCLUSIONS AND RECOMMENDATIONS

This thesis study reports on the synthesis of homogeneous Ni doped Cu,O materials with
various compositions using electrochemical technique. The UPD potential for Cu were
determined by cyclic voltammetric measurements. In order to determine a deposition
potential of the Cu.O from the solution, the cyclic voltammetric measurements of copper
were also recorded at the UPD region in the aqueous medium. Cu2O materials deposited
on ITO coated glass surface for 15 min. Subsequently Ni element doped on
Cu20/1TO/glass surface with various compositions. For this purpose, nickel solutions in
different concentrations were used. Linear sweep voltammetry technique was used to

dope nickel.

The EDX spectra provide details about the elements present in the materials and present
the numerical analysis of the elements present in the samples. The EDX spectra confirm
the presence of Ni, O, Si, Cu, In, and Sn elements. This means that nickel entered the
structure of the Cu20 material. The results indicate Ni doped Cu.O materials. The EDX
peak positions were consistent with Ni doped Cu.O, and the sharp peaks of EDX
indicated that the synthesized materials had a crystalline structure. As the nickel

concentration increased, the nickel amount of Cu2O materials increased.

All SEM images, evenly distributed the crystals of approximately the same size are
observed on the surface of the electrode. Most Cu,O and Ni doped Cu.O crystalline
materials have a uniform shape. The conductivity of Ni is higher than Cu.O because of
Ni and Cu20 are is a metal and semiconductor, respectively. Therefore, as the nickel
concentration increases, the resolutions of SEM images increase. This is an indication

that the amount of nickel in the structure is increasing.

The XRD diffractograms of Ni doped copper (I) oxide consists of a strong diffraction
peak arising from (1 1 1) reflections from Cu.O. All the XRD diffractograms of Cu2O
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and Ni doped Cu20O at different amounts of nickel doping are similar. No peaks belong to
elemental nickel or any type of nickel was detected in XRD patterns. Ni presence was not
observed in the XRD pattern because the amount of Ni in the structure is very small.

XRD results indicate that highly crystalline materials of Ni doped Cu20.

In absorbance spectrum of Cu2O and Ni doped Cu.O materials, one absorption band in
the UV-Vis region observed. The absorption edge measured for photoelectrodes are 580
nm. The other absorbance spectrums of Cu,O and Ni doped Cu20 materials at amounts of
nickel doping are similar. The band gap of the materials electrodeposited onto ITO coated
glass was found to be Eg = 2.14 eV.

All the linear sweep voltammograms showed a photocathodic behavior due to the p-type
nature of the Ni doped Cu.O semiconductors. As the amount of nickel doping increased,
the photocurrents of Ni doped Cu20 photoelectrodes decreased. This may be due to the
increased bending of Ni doped Cu2O photoelectrodes for the amounts of nickel doping,
which may reduce the effective area for surface reactions leading to lower photocurrents.
It also shows that the material structure turned from a semiconductor character to a metal
character.

The current density under sun light for the corresponding copper (I) oxide and nickel
doped copper (I) oxide photoelectrodes showed that as the amount of nickel doping
increased, the current density of Ni doped Cu.O semiconductor photoelectrodes
increased. The Cu2O photoelectrodes doped with Ni using 0.0002 M NiSOs solution
exhibit the highest current density between the investigated all materials. Cu.O
photoelectrodes doped with Ni using 0.0001, 0.0002, 0.0004, and 0.0008 M NiSO4
solution showed better the current density than undoped Cu>O photoelectrodes. The
undoped Cu20 and Ni doped Cu20 photoelectrodes exhibit good stability and switching
behavior for different the amounts of nickel doping. Ni doped Cu2O photoelectrodes are
suggested as a competitive candidate for advanced photoelectrochemical detection,
maybe for the extended field of photoelectrochemical water splitting and other solar
photovoltaic technologies.
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