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INTRODUCTION 

Relevance of the work. Transition metal oxides have been widely studied due 
to their good electrocatalytic activity for many types of electrode reactions such as 
oxygen or hydrogen evolution, oxygen reduction and organic electrosynthesis. 
Particular attention is paid to the search of efficient and low-cost electrocatalysts 
suitable for the implementation of the water photo-splitting process. In this regard, 
zinc oxide (ZnO) is a material of prime choice. It is widely used in various industrial 
applications, such as catalysts, rubber and concrete additives, photovoltaics, 
pigments, gas sensors and mixed oxide varistors; however, its use in aqueous 
photoelectrochemical systems is hindered by rather fast photocorrosion. In order to 
overcome this drawback, recent research efforts have been systematically focused on 
the improvement of ZnO stability and catalytic properties by mixing it with 3d 
transition metal oxides. Mixed metal oxides exhibit a novel set of physicochemical 
properties that are completely different from those of individual metal oxides. 
Experimental evidence shows that the bulk Zn−Co oxides exhibit enhanced 
adsorptive, catalytic, optical and magnetic properties. However there is a lack of 
information concerning the use of mixed Zn−Co oxides in aqueous 
photoelectrochemical systems. Another approach to enhancing the performance of 
ZnO is a modification of its surface with an oxygen evolving catalyst (OEC). 
Recently, inorganic cobalt-phosphate complex (termed Co−Pi) has emerged as a 
particularly promising OEC based on earth-abundant elements.  

Aim of the work. To synthesize zinc oxide and zinc-cobalt oxide coatings on 
stainless steel and electroconductive glass, to investigate their structure and 
electrochemical properties.     

In order to achieve the goal we had to solve the following tasks: 
1. To form nanostructured ZnO coatings on stainless steel by using 

electrophoretic deposition and to evaluate the influence of synthesis 
conditions on their photoactivity. 

2. To synthesize ZnO coatings on stainless steel by using the electrochemical 
deposition method and to characterize them. 

3. To prepare mixed Zn−Co oxide coatings on stainless steel and conductive 
glass, to evaluate their structure, morphology, optical properties and 
photoelectrochemical activity in aqueous solutions.  

4. To evaluate the influence of the oxygen-evolving Co–Pi catalyst on the 
photoelectrochemical activity of the prepared coatings. 

Scientific novelty of the dissertation. The structure and the photoactivity of 
electrophoretically and electrochemically deposited ZnO coatings on stainless steel 
were compared. Structural, morphological and photoelectrochemical properties of 
mixed Zn−Co oxide coatings on stainless steel and conductive glass were explored 
in detail. The influence of Co–Pi catalyst on the photoelectrochemical activity of the 
prepared coatings in phosphate buffer solutions was also evaluated.    

Practical significance of the dissertation. The results presented in the 
dissertation expand the knowledge in the field of semiconductor 
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photoelectrocatalytic systems and facilitate the real life application of semiconductor 
photoelectrocatalytic systems for the water anodic oxidation. It was demonstrated 
that mixed Zn-Co oxide coatings on FTO substrate serve the objective fairly well 
and thus are highly promising materials. 

Approval and publication of research results. Results of the research are 
presented in 11 publications: 3 of them are presented in journals listed in the 
Thomson Reuters

TM Web of Science publication database with a citation index; 1 
article was published in a reviewed periodical scientific journal included into the list 
of other databases; 7 articles were printed in proceedings of conferences. 

Structure and content of the dissertation. The dissertation consists of an 
introduction and chapters covering a review of scholarly writings pertaining to the 
topic of the  thesis, the applied materials and methods, the results of the research and 
their discussion, conclusions, a list of references and a list publications on the topic 
of the dissertation. The list of references includes 164 bibliographic sources. The 
main results are discussed on 93 pages and illustrated in 12 tables and 63 figures. 

Statements presented for the defense: 
1. Photoactivity of nanostructured ZnO coatings on stainless steel under UV 

irradiation depends on their annealing temperature and the amount of ZnO. 
2. Electrochemically deposited n-type Zn-Co oxide coatings are characterized by 

high photoelectrochemical activity in aqueous solutions and are promising 
materials for water anodic oxidation. 

3. Co–Pi catalyst significantly increases the electrocatalytic activity of the ZnO 
coating in the phosphate buffer solution; however it does not enhance the 
properties of mixed Zn-Co oxide coatings. 
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1. LITERATURE REVIEW 

1.1. Basics of photocatalysis  

Photocatalytic reaction is usually defined as a chemical reaction induced by 
absorption of light quanta by a solid semiconducting material (termed 
“photocatalyst”) [1]. The photocatalyst acts catalytically and remains chemically 
unchanged during the reaction under photoirradiation. The main difference between 
thermal catalysis and photocatalysis is that thermal catalysts are activated by heat 
while photocatalysts are activated by photons of the appropriate energy. In 
numerous papers it has been reported that the activation energy of the photocatalytic 
reaction is very small compared to that of the thermal catalytic reaction. For the first 
time, the term ‘photocatalysis’ was introduced by Karl Hauffe (Heterogeneous 

Photocatalysis; joint research with W. Doerfler) in 1964 as a result of his 
investigation of CO oxidation using ZnO under UV irradiation. 

Photocatalytic reactions are classified into two major categories: homogenous 
and heterogeneous. In recent years, heterogenous photocatalysis has been studied 
more intensively because of its potential use for such environmental and energy-
related processes as mild or total oxidations, dehydrogenation, metal deposition, 
water detoxification/decomposition, gaseous pollutant removal, etc. Heterogeneous 
photocatalysis can be carried out in various media: in the gas phase, pure organic 
liquids or aqueous solutions. 

The principle of photocatalysis is explained in terms of the electronic structure 
of semiconducting materials using the band model. According to this model, the 
electronic structure of semiconductors (e.g. ZnO, ZnS, TiO2, SrTiO3, CdS, etc.) is 
represented by a valence band (VB) filled with electrons and a vacant conduction 
band (CB). The energy difference between the lowest energy level of the CB and the 
highest energy of the VB is known as the band-gap energy (Eg). Photocatalysis over 
a semiconductor is initiated as a result of the absorption of a photon with the energy 
equal to, or greater than, the band-gap of the semiconductor producing electron-hole 
pairs. Holes and photoelectrons that are formed in the semiconductor particle under 
irradiation exhibit strong oxidation-reduction properties. These charge carriers can 
not only take place in the oxidation-reduction reaction with the surface compounds 
but also can oxidize or reduce the semiconductor itself.  

For example, the irradiation of such semiconductor particles as ZnS generates 
ecb¯  and hvb

+ as described previously. A competition reaction often occurs among 
water, oxygen, organic molecules and trace metals which may be present in the 
system. As a result, various radical species are formed in aqueous solutions. It is 
commonly accepted that there are two routes through which •OH radicals can be 
formed. The reaction of the valence-band “holes” (hvb

+) with either adsorbed H2O or 
with adsorbed OH¯  ions on the ZnS (or ZnO, TiO2) particle takes place [2, 3]: 

( ) +•+ ++→+ HHOZnSOHhZnS
adsads2vb  (1.1) 

( ) •−+ +→+
adsads

HOZnSHOhZnS vb   (1.2) 
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In general, such donor (D) molecules as H2O will adsorb and react with a hole 
in the valence-band whereas the acceptor (A), for instance, O2, will also be adsorbed 
and react with the electron in the conduction band (ecb¯  ) as shown in equations 1.3 
and 1.4. 

( ) ++ +→+
ads

DZnSDhZnS adsvb   (1.3) 

( ) −+→+
ads

AZnSA eZnS ads
-

cb   (1.4) 

Oxygen can trap conduction-band electrons thus forming superoxide ion
−•

2
O  

as demonstrated in equation (1.5). These superoxide ions can react with hydrogen 

ions (formed by splitting water) with •
2HO as the initial product of the reaction:  

( ) +−••+− +→+→++ HOHOZnSHOeZnS
222adscb   (1.5) 

Hydroxide peroxide can be formed from a •
2HO radical via the following 

reaction: 

( ) 22cb OHHHOeZnS
2

→++ +•−  (1.6) 

Cleavage of H2O2 by one of the ensuing reactions (equations 1.7, 1.8 and 1.9) 
may yield an HO• radical.  

•→+ 2HOhυOH 22   (1.7) 

−•−• ++→+ HOOHOOOH 222 2
 (1.8) 

( ) ZnSHOHOeZnSOH cb22 ++→+ −•−   (1.9) 

1.2. Photocatalytic materials 

A wide range of semiconductors may be used for photocatalysis including 
TiO2, ZnO, ZnS, MgO, WO3, Fe2O3, CdS and a number of others. The ideal 
photocatalyst should possess the following characteristics [4]: 

• high sensitivity suitability towards the visible or near-UV spectral region; 
• suitable conduction and valence band positions determining the oxidation-

reduction properties of photoelectrons and holes; 
• efficient charge transport in the semiconductor; 
• biological and chemical stability in the reaction medium under irradiation 

and in the dark;  
• low cost and lack of toxicity. 

The first requirement is determined by the band gap of the material. The 
minimum band gap necessary for the photo-splitting of water is estimated to be 1.23 
eV [5]. However, taking into account the thermodynamic losses and the 
overpotentials that are required to ensure sufficiently fast reaction kinetics, it is 
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estimated that the band gap should be at least 1.9 eV. This corresponds to the 
absorption of light with a wavelength shorter than 650 nm. It was suggested that the 
optimum band gap is 2.03 eV which should ensure the maximum solar-to-hydrogen 
efficiency up to 16.8%.  

In order to drive the photocatalytic processes in aqueous solutions, the band 
edges of the semiconductor should straddle the water reduction and oxidation 
potentials (Fig. 1.1.). Only a few materials are known to fulfill this requirement. In 
addition, some of them (Cu2O, CdS) are unstable in water under UV-Vis irradiation 
due to the photocorrosion. Others, like SrTiO3 or KTaO3, are characterized by the 
large band gap energy. It means that these materials are active only in the region of 
UV irradiation.  

Chemical and biological stability, low cost and non-toxicity of photocatalytic 
materials are parameters of paramount importance from the practical point of view.  
The photostability of a semiconductor is determined by the standard potential for 
anodic decomposition relative to the oxidation potential of water (Figure 1.1.). Most 
metal oxide semiconductors are kinetically stable against photocorrosion whereas 
most chalcogenide semiconductors are unstable and require sacrificial reagents [6].  

The third requirement concerning an efficient charge transport is determined 
by the electronic band structure of the semiconducting material. In some 
semiconductors this requirement is easily fulfilled (TiO2, ZnO, WO3) while in others 
(the most important example is α-Fe2O3) the charge transport is slow and causes low 
overall efficiency.  

 
Fig. 1.1. Band-gap positions of some semiconductor photocatalysts in absolute and SHE 

scales relative to the energy levels of various redox couples in water [6] 

Photocatalysts are activated with light in a number of competing processes that 
schematically are presented in Figure 1.2. Steps (1) and (2) show electronic 
processes of e¯  and h+ active centers on the photocatalyst surface. These processes 
have to compete with deactivation processes (3) and (4) leading to e¯  and h+ 
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recombination. The increase of the distance toward the surface of the active centers 
of photogenerated electrons and holes also increases the probability of their 
recombination. The increase in the photocatalyst surface enhances the catalyst 
activity because the number of active centres depends on the surface area. In order to 
hinder the recombination process and to increase the photocatalytic activity, it is 
important that the semiconductor particles must be small and well-crystallized. 

 
Fig. 1.2. Schematic diagram showing the charge carrier dynamic upon irradiation of a 
semiconductor: 1 – electron transport to the surface, 2 – hole transport to the surface,  

3 – surface recombination, 4 – bulk recombination, 5 – electron transfer to an acceptor 
molecule, 6 – hole trapping by a donor molecule [7] 

Photocatalytic activity can be improved by covering the surface of the catalyst 
with co-catalysts [8] capturing conduction-band electrons or valence-band holes and 
thereby reducing the likelihood of electron–hole recombination. It permits to transfer 
electrons and holes to the surface of water molecules, thus reducing the activation 
energy for the reduction/oxidation of water. Examples of active oxygen evolution 
catalysts are iridium and ruthenium oxides, cobalt-based compounds whereas the 
most efficient hydrogen evolution catalysts are known to be Pt, Rh, ruthenium or 
nickel oxides [5].  

1.3. Photoelectrochemical water splitting 

Water is oxidized to oxygen (oxygen evolution reaction, OER) and reduced to 
hydrogen (hydrogen evolution reaction, HER). The reversible cell potential for this 
reaction is 1.23 V (vs. SHE). The overall water splitting reaction is a 
thermodynamically uphill reaction  with a large positive change in Gibbs free energy 
(∆G0 = +237 kJ⋅ mol-1, equal to 1.23 eV) involving multiple electron transfer 
processes  [9]. The photon energy is used to overcome the large positive change in 
the Gibbs free energy for water splitting by generating electrons and holes that can 
respectively reduce and oxidize the water molecules adsorbed on photocatalysts.  

 In order to achieve overall water splitting, a number of thermodynamic 
conditions are required to be fulfilled [10] such as: the bottom of the conduction 
band of the photocatalyst must be located at a more negative potential than the 
proton reduction potential (2H+/H2=0 V vs. the standard hydrogen electrode (SHE) 
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at pH 0)  whereas the top level of the valence band  has to be more positive than the 
redox potential of O2/H2O (+1.23 V vs. SHE at pH 0). Therefore, the band gap 
should be wider than 1.23 eV. It should be emphasized that the semiconductor 
reducing ability increases when the bottom of the conduction band becomes more 
negative and the ability to oxidize increases when the upper level of the valence 
band is pushed towards a more positive potential.  

The water splitting reaction (2H2O → 2H2 + O2) is composed of two half-
reactions: the hydrogen evolution and oxygen evolution reactions (HER and OER, 
respectively) [11]: 

HER                        2H+ + 2e− + → H2 (acidic)  (1.10) 

                                2H2O + 2e− → H2 + 2HO−  (basic)   (1.11) 

OER                        2H2O → 4H+ + HO− + O2 + 4e−  (acidic)  (1.12) 

                                4HO− → 2H2O + O2 + 4e−  (basic)  (1.13) 

It can be concluded that light-driven water splitting is a three-stage process 
that is initiated when a photo-semiconductor absorbs light photons with energies 
greater than its band gap energy (Eg) [8]. Firstly, such absorption creates excited 
photo-electrons in the conduction band (CB) and holes in the valence band (VB) of 
the semiconductor. Secondly, the charge separation ensues, and the migration of 
photogenerated electron–hole pairs from the bulk of the semiconductor towards the 
reaction sites on the photocatalyst surface occurs. Finally, as a result of the chemical 
reactions taking place on the surface, water molecules release oxygen and hydrogen.  

Two systems can be envisaged for the realization of photoelectrochemical 
water splitting [8, 10, 12]: 

1. A photoelectrochemical cell constituted of two electrodes immersed in 
aqueous solutions, one of which is a photocatalyst sensitive to light (Fig. 1.3.). 

 
Fig. 1.3. Photoelectrochemical cell for water splitting [5] 
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2. Solid photocatalysts are in the form of particles suspended in an aqueous 
solution. In the solution, each particle acts as a microphotoelectrode performing both 
the oxidation and reduction reactions of water on its surface (Fig.1.4.). Up to now, 
the efficiency benchmark for photoelectrochemical devices is a monolithic 
photoelectrochemical cell composed mainly of GaAs and GaInP2 compounds [12]. 
An impressive solar-to-hydrogen efficiency of 12.4% was achieved with this cell; 
however, high costs and the very poor stability in the aqueous solution of the used 
semiconducting materials hinder their practical application. 

 
Fig. 1.4. Processes taking place during the photocatalytic reaction in a powdered 

system [10]  

Particulate photocatalytic systems exhibit disadvantages compared to 
photoelectrochemical cells, specifically, (1) the separation of charge carriers is not 
as efficient as it is the case with photoelectrode systems, and (2) there are difficulties 
associated with the effective separation of the stoichiometric mixture of oxygen and 
hydrogen so that the reverse reaction could be avoided [8]. Also, while using the 
photocatalyst, it is important to be aware of the stability, mobility and lifetime of 
charge carriers, the crystallinity of the powder (area, size, and porosity), etc. 
However, the advantage of particulate photocatalytic systems is that they are slightly 
cheaper and less complex.  

Tafel plots have been long known to fit the experimental data obtained in 
studies of the activation overpotential such as the evolution of hydrogen and oxygen 
at various electrodes. Thus the passage of the net current causes the potential to 
deviate from its equilibrium value called the activation overpotential η [13]. For 
many electrochemical reactions, Tafel plots describe the interrelationship between 
the reaction rate (given in terms of the current density j measured in A⋅ cm-2) and the 
electrode overpotential η  [13]: 

( )















 −
−







−=
RT

zF

RT

zF
jj

ηαηα 1
expexp0 ; (1.14) 

 j0 − the exchange current density, α − transfer coefficients, η − overpotential.  
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η is the surface or activation overpotential defined as the deviation of the 

electrode potential away from its equilibrium potential, i.e., eqEE −=η . The first 

term on the right side denotes the anodic reaction rate, and the second term gives the 
rate of the cathodic reaction, i.e., anodic currents (forward reaction dominating) are 
positive, whereas cathodic currents are negative [13]. 

This overpotential is caused by slow kinetics in the electron transfer reaction 
and must be distinguished from the concentration of oxidized and reduced species. 
For large positive or large negative overpotentials (where η >50 to100 mV), one of 
the exponential terms will dominate over the other. The resulting relationship can be 
rewritten in the general form [13]:  

jba ln+=η  (1.15) 

This equation is known as the Tafel equation, and constants a and b are 
defined as the Tafel slope. 

For the cathodic reaction:  

;ln 0j
zF

RT
a

α
=

 
,

zF

RT
b

α
−=

  
(1.16)

 

For the anodic reaction: 

;ln
)1( 0j
zF

RT
a

α−
−=

 
.

)1( zF

RT
b

α−
=

 
(1.17) 

From the equations it is evident that overpotential η and lnj should exhibit 
linear dependence. It was discovered that these values are linear when η  > 50 mV. 

The most widely accepted representation to show the relationships between 
material fundamental properties and electroactivity is the so-called volcano plot. The 
volcano plot provides a graphical representation of the dependence of the exchange 
current density on the strength of the bond between the catalyst surface and 
hydrogen.  

In alkaline media, the overpotentials required to achieve a set current density 
were measured for the transition metals [14] (Fig. 1.5.) . A plot of such data against 
the periodic group gives a similar volcano relation with Pt, Pd, and Ni as the most 
active pure metals. Hence conclusions can be drawn that the HER (hydrogen 
evolution reaction) mechanism for a given metal is the same in both acidic and basic 
media. 
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Fig. 1.5. The volcano relation based on potentials [14] 

Stefano Trasatti suggested  a  volcano curve  for  OER  catalysts using the 
relationship  between the OER overpotential  and  the strength of  the  metal-oxygen 
bonds  in the  surface oxide [15]. The volcano plot is derived on the grounds of 
correlating the overpotential at a fixed current density to the enthalpy of a lower to-
higher oxide transition (Fig. 1.6.). Oxides to the left of the volcano plot maximum 
show that the required overpotential increases as the strength of the oxide-
intermediate interaction increases. Oxides to the right are easily oxidized. Hence 
these oxides exhibit a high coverage of the absorbed intermediate thus increasing the 
overpotential for oxygen evolution [15]. 

 
Fig. 1.6. OER volcano plot from Trasatti [15]. Filled circles: in acidic media. Empty 

circles: in alkaline media 

RuO2 and IrO2 possess the lowest overpotentials and optimized bond strengths, 
which means that oxygen atoms are easily adsorbed/desorbed on their surface. 
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Materials to the left of the volcano plot maximum feature a relatively weak metal-
oxygen bond whereas materials to the right, for instance, Co3O4 and Fe3O4, are 
easily oxidized and strongly bound with oxygen. Hence the desorption of gaseous 
oxygen is kinetically limited. Trasatti establishes that oxygen evolution can only 
proceed when the electrode potential is higher than the potential of the metal/metal 
oxide couple. 

A number of scientists have recently been focusing on the oxygen evolution 
reaction (OER) and the research of new OER catalysts. Electrocatalysts for OER are 
usually the noble metals (e.g. Pt, Au, Ir, Rh, Ru, Ag) whose oxides tend to be more 
active than the metals themselves. Pt is a relatively poor electrocatalyst for oxygen 
evolution. This is caused by the formation of a poorly conductive platinum 
monooxide layer during the OER.  For example, Ru and Ir form conductive metallic 
oxides and thus have been used as OER electrocatalysts. Ru oxide is the best 
catalyst for oxygen evolution. Yet it is thermodynamically unstable due to a possible 
formation of higher valency Ru oxides. That is why Ru oxide forms corrosion 
products at high anodic potentials. Ir oxide exhibits strong resistance to corrosion 
during oxygen evolution but exhibits lower activity than Ru [14]. For the electrode 
stability, other metal oxides, e.g. ZnO, TiO2, SnO2, etc., are used as stable anodes for 
OER [16, 17]. The oxides of the first row transition metals, Ni and Co in particular, 
exhibit the desirable electrocatalytic activity for the OER. Co, Ni, Mn and Fe-based 
complex oxides and crystal structures improve the OER activity and stability in 
alkaline media [11, 17].   

Recently, nanostructural catalysts have been studied for the OER. Lee et al. 
reported that rutile RuO2 and Iridium (IV) oxide IrO2 nanoparticles (~ 6 nm) show 
high intrinsic specific activity as well as OER mass activity in both acidic and 
alkaline media [18]. Esswein et al. reported the acitvity dependence on the size of 
cubic nanoparticles of Co3O4 in oxygen evolution reaction in alkaline media. An 
increase in the surface area of the catalyst due to the controlled particle size 
increases the OER activity [19]. Nocera et al. observed that Co-phosphate (Co–Pi) 
bulk catalysts electrodeposited in a cobalt nitrate/phosphate buffer solution 
demonstrates highly promising water oxidation activity in the neutral and mildly 
basic pH regimes [20, 21]. Thus Co–Pi possesses a self-repair mechanism involving 
the dissolution/redeposition of the Co ion during the oxygen evolution. The Co-
phosphate layer can be deposited on such semiconductor materials as ZnO [16, 22], 
TiO2 [23], WO3 [24] or mixed oxide films [17] and are extremely promising 
materials for photelectrochemical water splitting. The Co–Pi catalyst layer can be 
formed in two fundamental ways: 

• Electrochemically. Electrochemical deposition in 1 M phosphate buffer 
(pH=7) containing 0.5 mM Co2+ at 1.1 V constant potential [17, 21]; 

• Photochemically. Prepared photoanode is immersed in 0.1 M of phosphate 
buffer (pH=7) solution containing 0.5 mM Co2+ and is illuminated with an UV 
radiation source [16, 20]. 

Nocera and Surendranath [17] suggested a pathway for the OER by Co–Pi as 
shown in Figure 1.7. 



19 

(1.18) 

Fig. 1.7. Pathway for OER by Co–Pi. A Proton-coupled electron transfer (PCET) 
equilibrium proceeded by a turnover-limiting O—O bond forming step is consistent with the 
electrokinetic and spectroscopic data. The curved lines denote a phosphate, an OHx terminal 

or bridging ligands [17]. 

Furthermore, Ni-borate catalysts deposited from the nickel/borate buffer 
solution were reported [25]. Nocera et al. suggests that these catalysts deposited on 
conducting substrates such as indium tin oxide (ITO) and fluorine-doped tin oxide 
(FTO) may be used under mild conditions and at current densities with a non-
concentrated solar photovoltaic cell. 

1.4. Zinc oxide properties, synthesis and application 

1.4.1.  Properties and application 

Zinc oxide (ZnO) is well-known as an n-type semiconducting material with a 
room temperature band gap of ~3.37 eV and exciton binding energy of 60 meV [26]. 
It crystallizes predominantly in the hexagonal wurtzite-type structure: the Zn atoms 
are tetrahedrally coordinated to four O atoms where the Zn d electrons hybridize 
with the O p electrons. This material is characterized by specific optical, electrical 
and thermal properties that are very attractive for diverse industrial applications 
(catalysts, rubber and concrete additives, photovoltaics, pigments, chemical and gas 
sensors, mixed-oxide varistors, etc.) [26-30]. Some physical properties are outlined 
in Table 1.1. [26]: 

Table 1.1. ZnO physical properties 

Physical properties Units 

Density 5.65–5.68 g cm−3 
Refractive index 1.95–2.1 
Melting point 2248 K 
Heat capacity at 298 K  40.26 J⋅mol−1⋅K−1 
Heat capacity at 373 K  44.37 J⋅mol−1⋅K−1 
Thermal conductivity 25.2 W⋅m−1⋅K−1 
Crystal structure hexagonal, wurtzite 
Mohs hardness 4–4.5 

 
Therefore, ZnO and related materials can be potentially used in such 

photocatalytic processes as oxidation of organic compounds or water splitting into 
hydrogen and oxygen. In order to increase the photocatalytic efficiency of ZnO 
particles, they can be deposited on electroconductive substrates and biased positively 
by applying an external voltage. In this way, the rate of photoelectron and hole 
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recombination is significantly reduced; consequently, the rate of the surface 
reactions is increased. 

1.4.2. Synthesis 

ZnO possesses a highly beneficial feature as it can be grown at relatively low 
temperatures (to be more specific, below 773 K) and can be obtained in variously 
sized and shaped particles such as granular, needle-shaped, flower-shaped, nano-
rods, wires, sheets, plates, rings, tubes, etc. [10]. ZnO synthesis may be roughly 
divided into two groups: bulk industrial production methods and laboratory 
methods. 

1.4.2.1. Industrial Production 

Nowadays, zinc oxide manufacturers mainly use residues and secondary zinc. 
Worldwide, ZnO is mostly produced industrially by pyrometallurgical methods 
(e.g., the indirect process (French), the direct process (American), or spray 
pyrolysis) or by hydrometallurgical methods [30]. Each of the above mentioned 
processes results in the production of ZnO grades with relatively different properties 
required for different applications. The formal specifications of the major types of 
ZnO available industrially are listed in Table 1.2. [29]. 

 Table 1.2. Typical properties of various grades of zinc oxide according to 
ASTM D4295-89a 

Property 
ASTM 
method 

American 
(direct) 

type 

French (indirect) type Secondary types 

Class 
1 

Class 
2 

Class 
3 

Chemical 
Metallurgical 
Class 

1 
Class 

2 
ZnO (%) D3280 99.0 99.5 99.5 99.5 95.0 99.0 99.0 
Pb (%) D4075 0.10 0.002 0.002 0.002 0.10 0.10 0.10 
Cd (%) D4075 0.05 0.005 0.005 0.005 0.05 0.05 0.05 
S (%) D3280 0.15 0.02 0.02 0.02 0.15 0.02 0.02 
Heat loss 
at 378 K 
(%) 

D280 0.25 0.03 0.025 0.025 0.50 0.25 0.25 

Sieve 
residue, 45 
µm (%) 

D4315 0.10 0.05 0.05 0.05 0.10 0.25 0.25 

Surface 
area  
m2 ⋅g−1 
 

D3037 3.5 9.0 5.0 3.5 40.0 5.0 
 

3.5 
 

Manufactu
ring 
process 

- 

Pyrometal-
lurgical 

reduction 
of ZnO 

Combustion of pure Zn 
Wet 

chemical 
reactions 

Combustion of 
Zn dross and 

scrap 

 a2005, Standard Classification for Rubber Compounding Materials – Zinc Oxide; copyright 
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428 
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1.4.2.2. Laboratory methods 

ZnO can be deposited by using a number of methods, specifically: chemical 
vapour deposition [31-34], radio frequency magnetron sputtering [29, 35], molecular 
beam epitaxy, sol-gel, hydrothermal synthesis, electrophoretic and electrochemical 
deposition [29, 30, 36-43].  

1. Chemical vapour deposition (CVD) technology produces high-quality 
films and is also applicable in large-scale production. This technique is widely used 
in the fabrication of epitaxial films for various GaN-based optoelectronic devices, 
and it might be expected to serve for future applications of ZnO. CVD has several 
modifications depending on what kind of precursors is used. When metalorganic 
precursors are used, the technique is called MOCVD [31], metalorganic vapour-
phase epitaxy (MOVPE) or OMVPE. When hydride or halide precursors are used, 
the techniques are named CVD and VPE respectively. The reactions take place in a 
reactor where the required temperature profile is created in the gas flow direction. 
ZnO may be obtained from: 

a. halide (VPE). H2 is used as the carrier gas at a pressure of < 133 Pa and the 
flow rate of 40 ml ⋅ min-1. ZnO powder is obtained at a temperature of 1043 
K. The ZnO coatings obtained by using this method possess excellent crystal, 
electrical, and luminescence properties [32]. 
b. hydride (CVD). O2 is used as the carrier gas; the sources of Zn and O are 
Zn chloride (ZnCl2) or Zn iodide (ZnI2) while the substrate is sapphire (0001). 
The reaction takes place in the standard atmospheric pressure at the room 
temperature [33]. When the iodide system is used, ZnO layers exhibit superior 
optical and structural properties. The main advantage of this method is the 
prominently high growth rate. 
c. OMVPE/MOVPE is used as a stable metalorganic source of zinc 
acetylacetonate in combination with oxygen and sapphire substrate in the 
standard atmospheric pressure. This yields high-quality ZnO films [34]. 
Otherwise, iso-propanol (i-PrOH), tertiary butanol (t-BuOH), acetone, N2O 
and NO2 may be used as O2 precursor(s). 
2. The earliest ZnO investigations saw sputtering (including direct current 

sputtering, radio frequency magnetron sputtering and reactive sputtering) as one of 
the most popular techniques. The structure and the optical properties of the ZnO 
coatings deposited by using radio frequency magnetron sputtering (RFMS) have 
been one of the major research topics. The structure and properties of films depend 
on the sputtering variables (the substrate temperature, the radio frequency power, 
the gas pressure and the composition) and on the substrates (specifically, sapphire, 
diamond, glass, Si substrates, etc.) that are used for variable device applications 
[29]. The major advantages of RFMS include the low cost, simplicity, low 
operating temperature as well as the reasonable quality of the film. In the process 
of using RFMS, usually the growth is carried out in an ambient of O2/Ar+O2 with 
the ratios ranging from 0 to 1 and the pressure of 10−3–10−2 Torr. O2 is used as the 
reactive gas while Ar serves as the sputtering enhancement gas. The synthesis 
temperature ranges from the room temperature to 673 K. Sapphire substrates are 
the most commonly used type because they possess a similar lattice structure and 
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are easily available [35]. While using this technique, high-quality ZnO film is 
obtained. It may thus be used for piezoelectricical devices. 

3. When coatings deposited by using molecular beam epitaxy (MBE), thin 
semiconductor heterostructures are obtained. The main advantage of MBE is the 
precise control over the growth parameters and in situ diagnostic capabilities. The 
disadvantages of MBE include the high price of the source and the expensiveness of 
the maintenance as well as the plasma source degradation because of the high 
reactivity of oxygen radicals, the increasing contamination of the film by source 
materials because of the sputtering source parts, etc. The typical growth rate 
is ≤ 1µmh−1; the most commonly employed source materials include metallic Zn and 
O2; the most popular substrates are the a-plane sapphire and GaN templates. For 
high-quality ZnO films, the growth temperature is in the range of 623–1023 K, and 
growth rate is in the range of 0.3–0.7 mmh−1 [44, 45]. 

4. The usage of the sol-gel technique offers the possibility of preparing a 
small as well as large-area coating of ZnO thin films at a low cost for technological 
applications. Its core advantages include simplicity, reliability, repeatability, 
relatively mild conditions of synthesis and the low cost of the technique. The sol-gel 
synthesis may be performed from a colloidal sol, and a powder from the colloidal 
sol is transformed into a gel. By using various solvents (ethanol, propan-2-ol, 
monoethanolamine, etc.) and starting materials (Zn(CH3COO)2·2H2O, zinc 2-
ethylhexanoate, etc.) various structures of ZnO can be obtained. Recently, Yue et al. 
prepared high-filling uniform ordered ZnO nanotubes into the ultrathin porous 
anodic aluminum oxide (AAO) membrane. The main advantage – the integration of 
the ultrathin AAO membranes with the sol-gel technique – may be used as a 
template for the growth of nanostructures [46]. 

5. Hydrothermal synthesis is a simpler and more environmentally friendly 
technique because neither organic solvents nor additional processing of the product 
(grinding and calcination) are used. The advantages of this method are as follows: 
synthesis is possible at low temperatures, the purity of the obtained material is high, 
the product is well crystallized with crystals of various shapes and dimensions being 
obtained (the product depends on the composition of the starting mixture, the 
temperature and the pressure). The reagents of the synthesis are zinc acetate, zinc 
acetate dehydrate, nitrate, and chloride, etc. A suitable hydroxide (NaOH, LiOH, 
KOH, and NH3⋅H2O) may or may not be used. The requirements for the synthesis 
are as follows: an autoclave or a microwave reactor, the temperature in the range of 
373 – 673 K while the duration ranges from 1 hour to several days. When 
microwave reactors are employed for heating the solutions, the loss of energy 
required for heating the entire vessel is avoided. Schneider et al. used microwave 
reactors and obtained ZnO by heating zinc acetylacetonate and a zinc oxime 
complex in various alkoxyethanols (methoxy-, ethoxy- and butoxyethanol) [47]. It 
was shown that the morphology and aggregation of ZnO particles strongly depends 
on the employed precursor. 

6. The electrophoretic deposition (EPD) is a cost-competitive technique for 
obtaining highly uniform films with the thickness from ranging within the 
nanometer-to-micrometer scale by altering the applied voltage and the deposition 
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time. The main advantages of the EPD method are as follows [48, 49]: it can be 
applied to any available solid material in the form of fine powder, rapid film 
deposition, low cost, simple instrumentation, minor restriction on the shape of 
substrates, good potential for the conservation of materials. EPD has been reported 
to be a highly beneficial technique for the preparation of nanostructured ZnO films 
[49-61]. Both aqueous and non-aqueous ZnO suspensions have been used for the 
coating of various substrates (transparent conductive oxide glass, anodic alumina 
membranes, steel and nickel). Methanol, ethanol, propanol, isopropyl alcohol, etc. 
were used as solvents. Chen at el. deposited homogenous and smooth nanostructured 
ZnO coating on ITO-PEN (plastic substrate) film at room temperature [56]. Such a 
film is used for the photoanode of a dye-sensitized solar cell. 

7. When compared to other methods, electrochemical deposition (ECD) has 
several advantages and is widely used in industry for the surface protection against 
corrosion and for the synthesis of various catalysts. The most important advantages 
of ECD are its low cost, the possibility of large-scale operations, the low 
temperature processing and the direct control over the resulting film thickness [62, 
63]. The final morphology and texture of the electrodeposited material depend on 
the electrolyte composition, temperature, electrode potential or current density as 
well as on the duration of the electrodeposition process and the nature of the 
electrode substrate [64]. Very thin layers with specific composition, morphology and 
good adhesion between the deposited film and the substrate of a complex shape can 
be prepared by using electrochemical techniques. However, this method of 
deposition also has several drawbacks: oxide coatings are generally amorphous; 
therefore they should be additionally thermally treated whereas the obtained 
coatings are not homogenous, either. 

Recently, the importance of several electrochemical methods in the synthesis 
of various semiconductor nanostructures was reviewed by Wu et al. [63]. Peulon and 
Lincot were the first to demonstrate that the direct electrodeposition of ZnO films of 
good quality from aqueous solutions is possible [65]. This work has received great 
interest; hence intensive research is being carried out in this field.  

Conventional electrolyte baths for the electrodeposition of bare zinc oxide 
films typically contain chlorides, nitrates or, rarely, acetates. The presence of various 
organic molecules (e.g., glucose, fructose, citric acid, tartrate, polyelectrolytes, etc.) 
in the electrodeposition bath is known to highly influence the structure, morphology 
and properties of zinc (hydr)oxide films. Usually, ZnO electrochemical deposition 
takes place in a three-electrode electrochemical cell: silver chloride or calomel 
electrode are used as the reference electrode; the counter electrode is a platinum wire 
or plate, a graphite rod or a zinc plate; the working electrode commonly uses glass 
plates coated with ITO (SnO2 doped with In), FTO (SnO2 doped with F) or, rarely, 
stainless steel; the deposition conditions are galvanostatic or potentiostatic; specific 
temperature; various deposition times. ZnO coatings deposited at room or ≤ 333 K 
temperature are unstable whereas low quality though stable and high quality 
coatings are obtained only at higher (> 333 K) temperatures; especially, annealing at 
673 K or 873 K temperatures increases the quality of coatings. 

ZnO deposition conditions from various electrolytes: 



24 

• 0.1 or 0.05 M Zn(NO3)2 electrolyte. ZnO coatings are deposited under 
potentiostatic (deposition potential ˗0.9 ÷ ˗1.2 V, duration time 5 min till 1h, 
temperature 293 – 353 K) and galvanostatic (current density 1, 5, 10, 20 
mA⋅cm–2, temperature 293 – 353 K, duration time 3 min till 4h) conditions 
[66-72]. 
• 5 mM ZnCl2 electrolyte. ZnO coatings are deposited under potentiostatic 
(deposition potential ˗0.6 ÷ ˗1.4 V, duration time 10 min till 1h, temperature 
293 – 353 K) and galvanostatic (current density 0.05, 0.1, 0.15, 0.32 mA⋅cm–2, 
temperature 293 – 353 K, duration time 30 min till 1h) conditions [73-83]. 
• 0.05 M Zn(CH3COO)2 electrolyte. ZnO coatings are deposited under 
potentiostatic (deposition potential ˗0.9, ˗1.0 and -1.1 V, duration time 10 min 
till 1h, temperature 333 K) conditions [84]. 

 Depending on the obtained electrochemically deposited ZnO structure, such 
coatings can be used in piezoelectric and optoelectronic devices, energy storage 
applications, solar cells and functional materials applicable for water photo-splitting, 
etc. 

1.5. Zinc–cobalt oxide films 

Oxides have been widely studied due to their good electrocatalytic activity for 
many electrode reactions such as oxygen evolution, oxygen reduction, hydrogen 
formation and organic electrosynthesis [15]. Mixed metal oxides have a general 
formula AB2O4, in which the A-site is tetrahedrally coordinated and usually 
occupied by divalent cations (Mg, Mn, Ni, Zn) whereas the B-site is octahedrally 
coordinated and occupied by trivalent cations (Al, Cr, Co, Fe). Mixed metal oxides 
show a novel set of physicochemical properties that are completely changed from 
those of the individual metal oxides. Particularly, cobalt (hydr)oxide is one of the 
most promising electroactive materials for high-performance electrochemical 
capacitors [85]. ZnO is an important n-type semiconducting material possessing a 
wide band gap (3.37 eV) and is used in various industrial applications, such as 
catalysts, rubber and concrete additives, photovoltaics, pigments, gas sensors and 
mixed-oxide varistors [27]. Recent research has been focused on the improvement of 
ZnO optical, ferromagnetic and catalytic properties by doping 3d transition metal 
ions into a metal oxide lattice, mixing two or more metal oxides while applying such 
chemical or physical methods as plasma exchanged (PECVD) [86] chemical vapour 
deposition (CVD) [87], co-precipitation method [88], atomic layer deposition [89], 
low-temperature mechanosynthesis [90], low-temperature solid-state pyrolitic 
reaction [91], template-free one-pot solvothermal reaction [92], spray pyrolysis [93, 
94], electrophoretic deposition [95, 96], hydrothermal synthesis [97, 98], liquid 
ceramic method [99], pulsed laser deposition [100, 101], magnetron sputtering [102, 
103], molecular beam epitaxy [104, 105], sol-gel [106, 107] and electrochemical 
deposition [108-111]. For example, spinel structure ZnCo2O4 is a promising catalyst 
for CO and H2 mixture oxidation. ZnxCo3-xO4 is a solid solution that, at low 
temperatures, is an excellent H2S absorbent [108, 112].  

Only a few works, however, are available in the field of the electrodeposition 
of mixed Zn-Co oxide films. El-Manouni and Tortosa [108] reported the effect of 
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annealing in the atmospheric air at 673 K on the structural and optical properties of 
Zn1-xCoxO thin films (1% ≤ x ≤ 17%) grown by cathodic electrodeposition technique 
on ITO substrate. It was concluded that thermal annealing improves the crystal 
quality and produces an increase of the intensity of the Co2+ related absorption bands 
thus revealing that a higher amount of Co atoms are occupying Zn sites. Cao et al. 
[109] performed ferromagnetism analysis of Zn-Co oxide films synthesized while 
using electrodeposition. After the plasma treatment, the series of Zn-Co oxide 
samples exhibited ferromagnetism at room temperature, and the origination of 
ferromagnetism was thought to be due to the mediation through the p-d exchange 
interactions between holes and Co atoms. Jaramillo and McFarland [110] prepared a 
library of 120 samples containing 27 different compositions (0 ≤ x ≤ 0.068) of Zn1-

xCoxO films by employing automated serial electrochemical synthesis. They 
discovered that all the researched films exhibited the wurtzite structure while Co2+ 

was observed to be a substitutional dopant. Its moderate concentrations (~2−5 mol 
%) led to a large increase in the photocurrent obtained using visible-illumination, 
with Zn0.956Co0.044O exhibiting four times the photocurrent of pure ZnO. Wang et al. 
[111] also studied the ferromagnetism of as-prepared Co-doped ZnO films by using 
electrochemical deposition. The results showed that ZnO had the wurtzite structure 
when doped up to 5% with cobalt, and the doped samples showed a ferromagnetic 
behaviour at room temperature. Kim et al. [113] prepared spinel-type ZnCo2O4 and 
Co3O4 thin films as electrocatalysts for the oxygen evolution reaction (OER). It was 
determined that ZnCo2O4 electrodes are stable and can be a more economical and 
environmentally benign replacement for Co3O4 as an OER catalyst. 

To the best of our knowledge, there is no scholarly literature data concerning 
electrochemical deposition of mixed Zn-Co oxides on stainless steel and 
electroconductive glass substrates obtained while using the acetate electrolysis bath. 
Stainless steel can serve as a practical scalable substrate that can be manufactured of 
any shape and size. Our interest in Zn-Co oxide coatings deposition stems from the 
search for new functional materials suitable for water photo-splitting and energy 
storage applications. Thus the aim of the present thesis was to synthesize cobalt-zinc 
oxide coatings on the stainless steel and electroconductive glass substrates with 
enhanced electrochemical performance and to evaluate the scope of their further use 
in aqueous electrochemical systems. 
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2.  MATERIALS AND METHODS 

2.1. Materials 

All reagents used in the experiments were chemically or analytically pure 
commercial reagents. 

2.1.1. Formation of ZnO coatings by electrophoretic deposition 

Zinc acetate dihydrate (Zn(CH3COO)2 ⋅ 2H2O, > 97% purity) obtained from 
Reachim (Russia) served as the precursor for the synthesis of bare ZnO powder. 0.5 
g of the precursor was placed in a porcelain  crucible, covered by an aluminum lid, 
and heat-treated at 673 K for 1 hour in atmospheric air  [114]. 

AISI 304 type stainless steel plates 0.5 mm thick were used as an 
electroconductive support. According to the manufacturer, the composition of 
stainless steel is as follows (wt. %): C, 0.08; Cr, 18–20; Ni, 8–10.5; Mn, 2.0; Si, 1.0; 
P, 0.045; S, 0.03; Fe, the balance. 

The suspension for the electrophoretic deposition (EPD) was prepared by 
dispersing 2 g of the prepared ZnO powder in 100 mL of methanol (CH3OH, 
Lachema, Czech Republic, 99.5% purity). A homogenous suspension was achieved 
under vigorous stirring for 10 min. Two stainless steel plates (5 x 1 cm each) were 
immersed into the prepared suspension of ZnO. The distance between the anode and 
the cathode was 2 cm. EPD synthesis was performed under constant voltage (10–
40 V) and was controlled using a DC power supply B5-49 (MNIPI Inc., Russia). 
The deposition time varied in the range of 0.5 – 40 min. The formation of ZnO 
coatings took place on the cathode. In order to achieve better adhesion of ZnO 
particles on the stainless steel substrate, all the samples were thermally treated at 
673 K for 1 hour in the atmospheric air. 

2.1.2.  Synthesis of ZnO coatings by electrodeposition 

Zinc oxide coatings on stainless steel were prepared by electrochemical 
deposition under galvanostatic conditions. The synthesis was performed by using 
0.05 M Zn(CH3COO)2 + 0.1 M KNO3 + 0.001 M HNO3 electrolyte (initial pH 5.8). 
In order to form ZnO coatings on the steel substrate, the current density was varied 
in the range of 0.10 – 1.5 mA⋅cm–2. AISI 304 stainless 0.5 mm thick steel plates 
were used as a support. Only freshly prepared solutions were used for the synthesis. 
All the prepared solutions were not deaerated during the experimental runs. The 
electrochemical deposition was carried out at 293 – 343 K for 2 – 30 min. The as-
deposited samples were thoroughly washed with distilled water and dried to the 
constant weight at room temperature. The prepared samples were thermally treated 
under the atmospheric air conditions at 673 K for 1 h. 

The experiment results showed that the most uniform and stable coatings were 
prepared under the following experimental conditions: the cathodic current density 
of 1 mA⋅cm–2, the electrolysis duration of 10 min, and the electrolyte temperature of 
343 K.  
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2.1.3.  Electrodeposition of mixed Zn-Co oxide coatings 

The coatings (throughout the paper they are denoted as ZnCoO) were prepared 
by using electrochemical deposition under potentiostatic conditions as shown in 
Table 2.1. AISI 304 type stainless steel (5 x 1 cm each) and TEC 15 glass plates (3.5 
x 1 cm each) were used as the working electrode substrates. TEC 15 represents 
fluorine tin oxide (FTO) coated glass plates with the nominal FTO film thickness of 
<200 nm. Initially, glass substrates were cleaned for 10 min in acetone, then for 10 s 
in 0.1 M sodium hydroxide, next, for 10 s in concentrated sulphuric acid and finally 
rinsed in distilled water following the procedure described in [113]. Zinc acetate 
(Zn(CH3COO)2 ⋅ 2H2O, > 97% purity), cobalt acetate (Co(CH3COO)2 ⋅ 4H2O, 97% 
purity) and potassium nitrate (KNO3, > 99% purity) were obtained from Reachim 
(Russia) and used as received. Only freshly prepared solutions were used for the 
synthesis. Solutions were not deaerated during the experimental runs. The 
electrochemical deposition was carried out at 293 or 343 K temperature under slow 
stirring. The electrolysis time was varied in the range of 1 – 20 min.  

 The as-deposited samples were thoroughly washed with distilled water and 
dried to the constant weight at room temperature. The as-prepared samples were 
thermally treated under the atmospheric air at 673 K for 1 h. In addition, the coatings 
of bare zinc oxide and cobalt hydroxide were electrodeposited on AISI 304 stainless 
steel and TEC 15 glass under similar experimental conditions (Table 2.1), except for 
the electrolysis potential for Co(OH)2 deposition. The most stable Co(OH)2 coatings 
were found to be formed at –0.9 V. 

Table 2.1. Composition of electrolyte bath used for the synthesis of mixed Zn-
Co oxide coatings at –1.15 V  

Sample 

notation 

Concentration of electrolyte bath 

components, M pH 

Zn(CH3COO)2 Co(CH3COO)2 KNO3 
ZnCoO1 0.04 0.01 

0.1 

6.6 
ZnCoO2 0.03 0.02 6.6 
ZnCoO3 0.02 0.03 6.7 
ZnCoO4 0.01 0.04 6.7 

ZnO 0.05 - 6.4 
Co(OH)2

a - 0.05 7.2 
a electrodeposition potential –0.9 V 

 
2.2. Analytical techniques 

2.2.1. Structural characterization  

2.2.1.1. Differential scanning calorimetry and thermogravimetry (DSC–TG) 
analysis was performed on a Netzsch STA 409 PC Luxx (Netzsch GmbH, Germany) 
simultaneous thermal analyzer. Analytical parameters: the rate of temperature 
increase was 15° · min-1; the temperature range was set at 303 – 773 K; blank Pt / Rh 
crucible was used; the heating was carried out in the atmospheric air. 
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2.2.1.2. Fourier transform infrared (FT-IR) spectra were obtained on a Perkin 

Elmer FT-IR Spectrum X System while using KBr pellets. 1 mg of the substance was 
mixed with 200 mg of KBr, and these pellets were pressed in vacuum environment. 
The scanning range was 400–4000 cm–1 whereas the resolution was 1 cm−1. 

2.2.1.3. Micro-Raman spectroscopy was performed with Raman Nicolet 

Almega XR Spectrometer, Thermo Scientific. A 532 nm laser (10 mW 
power, 0.6 µm spot size, 15 seconds scan time with 4 scans per point) and a CCD 
detector were used. 

2.2.1.4. Scanning electron microscopy (SEM) images for the coatings on AISI 
304 stainless steel were acquired by using the Hitachi S-4800 scanning electron 
microscope (Hitachi High Technologies America Inc., Schaumberg) equipped with a 
cold field emitter operating at 2 kV accelerating voltage and a working distance of 
10 mm. Samples were imaged without any conductive coating. No specific sample 
preparation was performed before imaging. 

The surface morphology and the composition of coatings on TEC 15 glass and 
ZnO powder were investigated with a Qanta FEG 200 (FEI) high resolution 
scanning electron microscope (SEM). The images were obtained at 20 – 30 kV, the 
pressure in the chamber was set at 80 Pa, up to ×150 000 magnification was 
employed depending on the sample. The samples were imaged without any 
conductive coating. SEM was equipped with Bruker XFlash® 4030 detector (Bruker 
AXS) for high resolution energy dispersive X-ray spectroscopy (EDX). 

2.2.1.5. X-ray powder diffraction (XRD) data were collected with DRON-6 
(Bourevestnik Inc., Russia) powder diffractometer equipped with Bragg-Brentano 
geometry and using Ni-filtered CuKα radiation and graphite monochromator for 
coatings deposited on AISI 304 steel.  For the thin coatings deposited on TEC 15 
glass, XRD analysis was performed on a D8 Advance diffractometer (Bruker AXS 
GmbH, Karlsruhe, Germany) operating at the tube voltage of 40 kV and the tube 
current of 40 mA. Freshly prepared samples were mounted on low background 
quartz sample holders. The X-ray beam was filtered with a Ni 0.02 mm filter in 
order to select the CuKα wavelength. Diffraction patterns were recorded in a Bragg-
Brentano geometry by using a fast counting detector Bruker LynxEye based on the 
silicon strip technology. The specimens were scanned over the range 2θ = 3 – 70° at 
a scanning speed of 6° · min-1 by using the coupled two theta/theta scan type. The 
crystallite size Dhkl was calculated from the line broadening using the Scherrer’s 
equation [115]: 

 ;
cosθB

λk
D

hkl

hkl ⋅
⋅

=  (2.1) 

where λ is the wavelength of the CuKα radiation (1.54056 ⋅ 10–10 m), θ is Bragg 
diffraction angle, Bhkl is the full width at the half-maximum intensity of the 
characteristic reflection peak (2θ = 31.66o, 34.38o, 36.26o for ZnO while 2θ = 36.86o 
for Co3O4). k here is the constant (the value of 0.94 was used in this study). 

2.2.1.6. A custom-designed Kratos Axis Ultra X-ray photoelectron 

spectroscopy (XPS) system was used to determine the elemental composition of the 
obtained coatings. As it outlined in [116]: the surface analysis chamber was 
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equipped with monochromatic radiation at 1486.6 eV from an aluminum Kα source 
using a 500 mm Rowland circle silicon single crystal monochromator. The X-ray 
gun was operated by using a 15 mA emission current at an accelerating voltage of 
15 kV.  Low energy electrons were used for charge compensation to neutralize the 
sample.  Survey scans were collected by employing the following instrument 
parameters: the energy scan range of 1200 to −5 eV; the pass energy of 160 eV; the 
step size of 1 eV; the dwell time of 200 ms and the X-ray spot size of 700 ⋅ 300 µm. 
High resolution spectra were acquired in the region of interest by using the 
following experimental parameters: the 20-to-40 eV energy window; the pass energy 
of 20 eV; the step size of 0.1 eV and the dwell time of 1000 ms. One sweep mode 
was used to acquire all the regions. The absolute energy scale was calibrated to the 
Cu 2p2/3 peak binding energy of 932.6 eV by using an etched copper plate. All the 
spectra were calibrated by using C1s peak at 285.0 eV. A Shirley-type background 
was subtracted from each spectrum to account for inelastically scattered electrons 
contributing to the broad background. CasaXPS software was employed for 
processing the XPS data. Transmission corrected relative sensitivity factor (RSF) 
values from the Kratos library were used for elemental quantification. An error 
margin of ±0.2 eV is reported for all the peak binding energies. 

2.2.1.7. The reflectance spectra of the samples were recorded on a Lambda 35 
UV–Vis spectrophotometer (Perkin Elmer Instruments Co. Ltd., USA) equipped 
with a 50-mm machined Spectralon® integrating sphere. A BaSO4 disc was 
employed as a reference, i.e. as a white standard. The scan ranged from 200 to 
800 nm. Optical band-gaps were calculated from the reflectance spectra by using the 
relation [117]: 

;
24.1
λ

=gE          (2.2) 

where Eg is the band-gap energy in eV, and λ is the absorption edge in µm.  
2.2.1.8. Atomic absorption spectroscopy (AAS) analysis was performed with a 

Perkin Elmer 403 spectrometer. The radiation source was a hollow cathode lamp. 
The atomization was carried out in a flame by using the acetylene-air mixture. The 
coatings were scraped and dissolved in 50 mL of 0.1 M HNO3. The content of zinc 
and cobalt in the coatings was determined by measuring the absorption at 213.86 
and 240.73 nm, respectively. 

The pH was measured by using a 673 M pH meter. 

2.2.2. Photoelectrochemical techniques 

2.2.2.1. The electrochemical measurements were performed by computer-
controlled Autolab PGSTAT12 (Ecochemie, The Netherlands) 
potentiostat/galvanostat using a standard three electrode cell (volume 100 mL). The 
GPES 4.9 software was used for the collection and treatment of the experimental 
data. All the potentials are referred to the Ag, AgCl KCl(sat) reference electrode. 
Throughout the thesis, all the potentials are referred to this electrode. The cathodic 
compartment housed a platinum wire (geometric area about 15 cm2) as a counter 
electrode. The working electrode was AISI 304 stainless steel or electrically 
conductive glass TEC 15. 
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2.2.2.2. The photoelectrochemical activity of the prepared electrodes was 
investigated by employing photovoltammetry measurement methods. A 
photoelectrochemical quartz cell was employed (Fig. 2.1). 0.1 M Na2SO4 (> 99%, 
Reachim, Russia), 0.1 M NaOH (> 98%, Reachim, Russia) or phosphate buffer 
solutions were used as the supporting electrolytes. A phosphate buffer of pH 7 was 
prepared by using the following procedure: 61.5 ml of K2HPO4 (> 98 %, Reachim, 
Russia) and 38.5 ml KH2PO4 (> 98 %, Reachim, Russia) of 1 M stock solutions 
were combined and then diluted to obtain 1 litre solution; distilled water was added. 
A phosphate buffer of pH 11.5 was prepared by using the following procedure: 100 
ml of 0.05 M K2HPO4 (> 98 %, Reachim, Russia) and 22.2 ml 0.1 M NaOH (> 98 
%, Reachim, Russia) stock solutions were combined and then diluted to 200 mL 
with the addition of distilled water. Solutions were not stirred during all the 
photoelectrochemical activity measurements. 

In the case of the stainless steel substrate, the back side of the working 
electrode was insulated with epoxy resin in order to eliminate its contribution to the 
dark current. The coated area of the electrode was carefully positioned in the path of 
the UV irradiation. A General Electric F8W/BLB lamp (λmax = 366 nm, the average 
power density being 1.8 mW⋅cm–2 [118]) was placed at a distance of 2 cm from the 
working electrode and was used as an UV radiation source.  

The incident photon-to-current efficiency (IPCE) value of the photoelectrode 
was calculated by using the following relation [119]: 

 ,
λ

1240
100(%)IPCE

P

jph

⋅

⋅
=   (2.3)  

where jph is the photocurrent density in mA⋅cm-2, λ is the wavelength of the 
incident light in nanometers (the value used in this study was 366 nm),  and P is the 
incident light intensity in mW⋅cm-2. 

 
 

Fig. 2.1. Experimental set-up for photoelectrochemical measurements: 
1– photoelectrochemical quartz cell; 2 – reference electrode; 3 – working electrode; 

4 – platinum wire as a counter electrode; 5 – electromagnetic stirrer; 6 – UV irradiation 
lamp; 7 – potentiostat/galvanostat 



31 

2.2.2.3. Photochemical deposition of Co-Pi catalyst. Experimental runs were 
performed by using  the photochemical reactor shown in Figure 2.2. The prepared 
photoanode (ZnO on stainless steel) was immersed in 50 mL of mixture containing 
0.1 M phosphate buffer (pH 7) and 0.5 mM cobalt nitrate (Co(NO3)2·6H2O, > 99 %, 
Chempur, Poland). The mixture was vigorously stirred at 298 K and was irradiated 
with a 400 W HPA 400/30S (Philips, The Netherlands) high pressure metal halogen 
lamp up to 40 min. The lamp was held at 2 cm from the reactor. An emission 
spectrum of this lamp is characterized by its high radiation intensities in the 300 – 
400 nm wavelength range (the maximum intensity of the lamp radiation is 9.03·1018 
photons⋅s-1) [118]. 

The photocurrent of the coatings modified with Co-Pi were measured in a 
three-electrode setup (Fig. 2.2) by using 0.1 M potassium phosphate electrolyte (pH 
11.5). A pH 11.5 medium was chosen because the ZnO electrode is chemically and 
photochemically the most stable at pH ∼12 [16]. 

 
Fig. 2.2. Scheme of the photochemical reactor: 1 – quartz cell (thermostated);  

2 – electromagnetic stirrer; 3 – UV lamp; 4 – thermostat; 5 – ZnO coating on steel 

2.2.2.4. Pseudocapacity measurements. To evaluate the specific capacitance of 
the coatings, all the cyclic scans were repeated at least ten times. The anodic charge 
value of the 10th cycle was used in calculations. The capacitive behaviour of the 
electrodes was estimated by referring to the cyclic voltammetry (CV). 0.1 M NaOH 
solution was used as a supporting electrolyte. The specific capacitance (C) based on 
CV was calculated as follows [120]:  

mE

Q
C

⋅
=
∆

;          (2.4) 

where Q is the anodic charge in coulombs, ∆E is the potential range in volts 
and m is the mass of the active material measured in grams. 

2.2.3. Statistical analysis of experimental data 

The processing of the experimental data was performed by Microsoft® Excel 
2010 and OriginLab Corporation® OriginPro 8.5 software. 
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3. RESULTS AND DISCUSSION 

3.1. Structure and photoelectrochemical activity of ZnO coatings on stainless steel 

The research of scholarly writings showed that the nature of the starting 
material and synthesis conditions are important for the ZnO photocatalyst activity. 
Depending on the ZnO treatment conditions the coatings of various structures, 
morphology, composition and photoactivity may be obtained. To the best of our 
knowledge, there is no published data concerning the electrophoretic deposition of 
ZnO on the stainless steel substrate when using thermally decomposed zinc acetate 
dehydrate. Due to the reasons outlined above, the initial stage of the thesis was to 
prepare ZnO coatings on stainless steel by using the EPD method and to determine 
their photoelectrochemical activity in aqueous solution(s). 

3.1.1. ZnO coatings prepared by electrophoretic deposition 

3.1.1.1. Structural characterization 
 
The synthesis of bare ZnO powder was carried out according to the procedure 

described in Section 2.2.1. Thermogravimetric (TG) and differential scanning 
calorimetry (DSC) analyses were performed in order to determine the thermal 
effects during the decomposition of zinc acetate in the atmospheric air (Fig. 3.1).  

The first mass loss of 14.19 % prior to reaching the temperature of up to 400 K 
was accompanied by an endothermic peak at 373 K. This corresponds to the 
theoretical value of the thermal dehydration of two water molecules (16.41%) [114, 
121]: 

Zn(CH3COO)2 ⋅ 2H2O (s) → Zn(CH3COO)2 (s) + 2H2O (g). 

 After dehydration, the mass loss was 43.15 % and it can be assigned to the 
decomposition of anhydrous Zn(CH3COO)2 into ZnO. The endothermic peak value 
at 519 K is close to the melting point of anhydrous zinc acetate and has a shoulder at 
527 K. Consequently, it is suggested [114] that two different compounds coexisted 
in the specimen when heated at rapid heating rate conditions. During the 
decomposition of zinc acetate, anhydrous zinc acetate is believed to oligomerize on 
sublimation and to form basic zinc acetate, ZnO4(CH3COO)6, which is a favourable 
precursor for the formation of ZnO coatings [114, 121]: 

4Zn(CH3COO)2 (s) → Zn4O(CH3COO)6 (s) + (CH3CO)2O (g); 

Zn4O(CH3COO)6 (s) → 4 ZnO (s) + 3 CH3COCH3 (g) + 3 CO2 (g). 

The total mass loss reaches 57.34 %, and ZnO was found to be the main 
residue.  

The DSC curve indicated one exothermic peak at 620 K with a shoulder at 
585 K; thus it may be related to the removal of residual organics (acetate, CO2) [114, 
121].  
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Fig. 3.1. TG-DSC pattern of zinc acetate 

XRD analysis reveals the diffraction peaks at 2θ = 31.78°, 34.44° and 36.24° 
(Fig. 3.2) which correspond to the well-crystallized wurtzite-type ZnO (PDF 04-
004-4120). According to the Scherrer’s equation (2.1), the average ZnO crystallite 
size was calculated to be 35.3 nm. 

 
Fig. 3.2. XRD pattern of ZnO obtained by thermal decomposition of zinc acetate 

dihydrate at 673 K 

ZnO powder was also investigated by infrared absorption analysis (Figure 
3.3). The large absorption band centered at 3447 cm–1 can be assigned to the 
stretches of hydroxy groups. The peaks observed at 2945, 2355, 1589, 1340 can be 
attributed to the impurities derived from the industrial production of zinc acetate 
dihydrate. The peak observed at 2945 cm-1 represents the C–H bond thus indicating 
aliphatic hydrocarbon asymmetrical stretching [122]. The other distinct peak at the 
wave number of 2355 cm–1 indicates –COO. 1589 cm–1 can be attributed to the 
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asymmetrical stretching vibrations of the acetate ions and is associated with the C=O 
bond. Other peaks at 1340 cm–1 show the presence of CH3 groups [123]. The band at 
880 cm–1 corresponds to the carbonate ion vibration. A broad band centered at 
495 cm–1 corresponds to the characteristic stretching of the Zn–O bond, and it can be 
used for the identification of zinc (white pigment) in the IR spectra of real paint 
sample layers [124]. 

 

Fig. 3.3. FT-IR spectrum of ZnO obtained by thermal decomposition of zinc acetate 
dihydrate at 673 K 

Figure 3.4 presents the morphological characteristics of the prepared ZnO 
powder. It is seen that the flower-like structure is formed, which consists of a variety 
of building blocks, mainly rods. These results are in agreement with those presented 
in [114]. 

 
Fig. 3.4. SEM images of ZnO obtained by thermal decomposition of zinc acetate dihydrate at 

673 K at various magnifications: (a) × 20 000, (b) × 50 000 

The formation of ZnO coatings on AISI 304 type stainless steel substrate was 
implemented by electrophoretic deposition according to the procedure outlined in 
Section 2.1.1. The preliminary experimental runs revealed that the most uniform and 
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stable ZnO coatings are obtained when the applied potential between electrodes is 
30 V. Figure 3.5 shows the experimental results of the deposited ZnO weight as a 
function of electrophoresis time. It is prominent that the amount of the deposited 
ZnO increases almost linearly with the increase in deposition time. Moreover, it was 
observed that the rate of ZnO deposit formation increases together with the increase 
in the applied voltage. However, it is well documented [125] that the quick 
formation of particulate coatings on the electrode can result in poorer deposit quality 
as the accumulation rate of the particles greatly influences their packing behaviour 
in coatings. 

 
Fig. 3.5. The amount of immobilized ZnO as a function of electrophoretic deposition 

time t 
 

3.1.1.2. Photoelectrochemical characterization of ZnO coatings 

Photocatalytic measurements were carried out by using the experimental set-
up showed in Figure 2.1. The photoelectrochemical behavior of ZnO electrode (30V, 
deposition time 20 min) was determined from the current-potential curves obtained 
in 0.1 M Na2SO4 solutions both in the dark and under UV irradiation (Fig. 3.6). The 
potential was swept from –0.3 V to + 1.0 V at 10 mV⋅s–1. It is evident that the UV 
irradiation caused a significant increase in the observed current. Such a behaviour is 
characteristic of n-type semiconducting materials and is related to photogenerated 
electron diffusion through the catalyst coating towards the cathode [126]. The 
observed anodic photocurrent can be related to the generation of hydroxyl radicals 
(HO•) and other oxidation products (e. g., H2O2) at the surface of the ZnO electrode. 
The presence of HO• radicals at the interface of the ZnO/aqueous solution was 
confirmed with the help of the radical-trapping technique. Hydrogen peroxide is 
formed as a result of the interaction of generated hydroxyl radicals [127]: 

ZnO+ hν → e– + h+ (3.1) 

h+ + HO– →HO• (3.2) 



36 

h+ + H2O → H+ + HO• (3.3) 

e– + O2 → O2
•–  (3.4) 

O2
– + H+ → HO2

•  (3.5) 

2 HO2
• → O2

•– + H2O2 (3.6) 

H2O2 + O2
•–→HO• + HO– + O2  (3.7) 

The rate of hydrogen peroxide formation in aerated ZnO aqueous suspensions 
is highly dependent on the presence of various organic and inorganic species [127]. 
It should be emphasized that at the same time the photodissolution (photocorrosion) 
of ZnO takes place to some extent due to the self-oxidation through photohole 
generation [128]. 

 
Fig. 3.6. (a) characteristic voltammograms in the dark (2) and under UV illumination 

(1) of the ZnO electrode. The potential scan rate v = 10 mV⋅s–1, 0.1 M Na2SO4; the 
supporting electrolyte at 291 K. (b) plot of the photocurrent density, jph, with respect to the 

applied potential, E 

The time dependence of the electrode potential and the current density in the 
dark and under UV irradiation for the ZnO electrode is presented in Figure 3.7. 
When the light was switched on, the observed potential jumped to –0.24 V. The 
observed decrease in the potential can be explained by the fact that the photoholes 
react rapidly with water molecules while the photoelectrons accumulate on the 
surface of ZnO particles and charge them negatively. Under UV irradiation, the 
observed current jumped to about 87 µA ⋅ cm-2 (Fig. 3.7 b). When the light was 
switched off, the current of the ZnO electrode decreased and equalled its initial 
value. 
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Fig. 3.7. Variation of the open circuit potential (a) and the current density at +0.6 V (b) for 

ZnO electrode in 0.1 M Na2SO4 solution in the dark and under UV illumination 

The results presented in Table 3.1 confirmed that the photoelectrochemical 
activity of the prepared electrodes is dependent on the amount of immobilized ZnO. 
The incident photon-to-current efficiency (IPCE) value of a photoelectrode was 
evaluated by using equation 2.3. Photocurrent densities are calculated for the +0.6 V 
potential because at higher potential values the current increase may be associated 
with stainless steel dissolution and oxygen evolution [129].  

The obtained results show that the 1.03 mg⋅cm–2 loading of ZnO gives the 
largest photocurrent and, consequently, the highest IPCE value. At a higher ZnO 
loading the photocurrent tends to decrease. Such dependence is a result of the 
interplay of various parameters, for instance, the intensity of incident irradiation and 
the interconnection of ZnO particles in the coating. It is known [130] that there is an 
optimal layer of thickness if the potentially highest IPCE values are required to be 
reached. At higher oxide loadings, only the part of the semiconductor layer can be 
efficiently irradiated with UV light. It means that the nonactive layers of the 
semiconductor can exist near the surface of the electrode. This layer can act as a 
recombination zone for the photogenerated charge carriers.  

It should be pointed out that in this thesis efforts were made in order to 
optimize the thickness of the ZnO coatings in terms of their photoactivity. It was 
discovered that the highest photocurrent (up to 100 µA⋅cm-2) can be generated in a 
case of thin coatings (~0.18 µm). However, the formation of very thin uniform and 
reproducible coatings when using electrophoretic deposition presents some technical 
difficulties. In addition, electrochemical measurements revealed that the 
photostability of such ZnO coatings is rather poor. For these reasons, the next step of 
this work was the synthesis of ZnO coatings by using electrochemical deposition. 
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Table 3.1. Influence of the amount of ZnO on the photoelectrochemical 
activity of the prepared electrodes 

Deposition 

time, min 

Amount of 

the deposited 

ZnO, 

mg⋅⋅⋅⋅cm
-2

 

Average 

thickness of 

the ZnO layer, 

µµµµm 

Photocurrent 

density jph at 

+ 0.6 V, 

µµµµA⋅⋅⋅⋅cm
-2

 

IPCE, % 

10 0.77 0.41 41.5 7.8 
15 0.81 0.45 43.0 8.1 
20 1.03 0.57 77.9 14.6 
25 1.34 0.70 43.1 8.1 
30 1.53 0.82 46.4 8.7 

3.1.2.  ZnO coatings prepared by electrodeposition 

3.1.2.1. Voltammetric behaviour of stainless steel in zinc(II) acetate electrolyte 

ZnO thin coatings were synthesized according to the procedure outlined in 
Section 2.1.2.  

The voltammetric behaviour of AISI 304 type stainless steel electrode in 0.05 
M Zn(CH3COO)2, 0.1 M KNO3 and 0.001 M HNO3 electrolyte is shown in Figure 
3.8. Sweeping negatively from an initial potential of –0.28 V, a reductive peak 
(labelled C1) is observed. 

 
Fig. 3.8. Voltammetric behaviour of AISI 304 type steel in 0.05 M Zn(CH3COO)2 + 0.1 M 

KNO3 + 0.001 M HNO3 electrolyte at 293 K and various potential scan rates (mV⋅s–1):  
1 – 50; 2 – 25; 3 – 10 

The increase in the cathodic current was observed at a negative potential of –
0.65 V. This peak can be related to the reduction of nitrate ions and the formation of 
hydroxide ions [64]: 

( ) ( ) ( ) ( )aq2OHaqNO2elOHaqNO 223
−−−− +→++  ;      (3.8) 
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A further increase in the observed currents at a negative potential of –0.98 V 
can be mainly associated with water decomposition releasing molecular hydrogen 
and hydroxide ions: 

( ) ( ) ( )aq2OHgH2elO2H 22
−− +→+ ;            (3.9) 

As a result of these processes, the pH of the electrolyte close to the electrode 
increases. In addition, a part of the ions can be supplied through hydrolysis as 
follows [131]: 

( ) ( ) ( ) ( )aqOHlCOOHCHl OHaqCOOCH 323
−+→+

−

;     (3.10) 

Hydroxide ions formed via electrochemical reduction are expected to react 
with Zn(II) ions present in the electrolyte. Thus zinc oxide gets deposited on the 
electrodes according to the reaction (3.1): 

( ) ( ) ( ) ( ) ( )lOHsZnOsZn(OH)aq2OHaqZn 22
2 +→→+ −+ ;     (3.11) 

This is a highly generalized mechanism of cathodic electrodeposition of ZnO 
coatings while using nitrate solutions. Other processes – such as the deposition of 
metallic zinc – can take place and play an important role in the nucleation [132-134]. 

It can be assumed that zinc oxide electrodeposition in the nitrate bath follows 
an EC (electrochemical reaction followed by an irreversible chemical reaction) 
mechanism. As stated in [64], the relative importance of (3.8) and (3.9) reactions in 
the electrogeneration of a base is not well-established. Some experimental evidence 
shows that hydrogen evolution reactions are as important as nitrate reduction 
reactions in the process of electrodeposition of (hydro)oxides [64]. 

When the potential was reversed at –1.2 V and scanned towards the positive 
values, an increase of the anodic current was observed at the potentials above –0.3 V 

 
Fig. 3.9. Voltammetric behaviour of AISI 304 type steel electrode in 0.05 M 

Zn(CH3COO)2 + 0.1 M KNO3 + 0.001 M HNO3 electrolyte at 50 mV⋅s–1 scan rate and 
various temperatures 
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It was observed that the peak A1 increases with an increase of electrolyte 
temperature (Figure 3.9) and this can be mainly associated with the oxidation of 
unidentified electrodeposited compounds. 

The increase of the anodic current at the potentials above 0.8 V (A2 peak) can 
be related to the evolution of oxygen and the oxidation of the stainless steel 
substrate. It was shown [129] that the transpassive dissolution of stainless steel 
occurs due to the release of soluble Cr(VI) and Fe(III) species into the electrolyte. 

In order to form zinc oxide coatings, the galvanostatic method was used. The 
current density of electrodeposition was varied in the range of 0.10 – 1.5 mA⋅cm–2 
and the duration of electrolysis from 2 to 30 min. The characteristic 
chronopotentiograms are shown in Figure 3.10. It is evident that ZnO nucleation 
time decreases with the increase in the current density. The minimum time for ZnO 
nucleation is when the current density is 1 mA⋅cm–2; therefore, the ZnO layer on the 
electrode is deposited faster and becomes more even. The ZnO coatings deposited at 
higher current densities are thicker, uneven and they peel off. 

 
Fig. 3.10. Voltammetric chronopotentiograms at 343 K and different current densities 

(mA⋅cm–2): 1 – 0.10; 2 – 0.25; 3 – 0.50; 4 – 0.75; 5 – 1 

Preliminary electrolysis experiments revealed that the most stable coatings are 
obtained at 1 mA⋅cm–2. At higher current densities, the rapid thickening and flaking 
of the deposits was observed. Thus during the following experiments we used the 
zinc oxide electrode prepared under the experimentally determined optimal 
conditions: the cathodic current density set at 1 mA⋅cm–2, the electrolysis duration of 
10 min, the electrolyte temperature of 343 K, the amount of the coating of 0.4 
mg⋅cm–2, and the layer thickness equalling 0.7 µm. 

The electrolyte temperature influence on the ZnO coating deposition process is 
shown in Figure 3.11. The experimental data clearly shows that the deposition is 
highly accelerated upon the increase in the electrolyte temperature. 



41 

 

Fig. 3. 11. Voltammetric chronopotentiograms at 1 mA⋅cm–2 current density and 
various temperatures (K): 1 – 293; 2 – 303; 3 – 313; 4 – 323; 5 – 333; 6 – 343  

3.1.2.2. Structural characterization 

XRD analysis of samples deposited at 343 K showed three peaks at 2θ = 
31.66, 34.38 and 36.26° thus suggesting the crystalline ZnO structure (Fig. 3.12). 
The strong low-angle reflection peak at 2θ≈7° can be associated with the acetate 
group (PDF 00-056-0569) intercalated into zinc oxide structure. 

After the heat-treatment at 673 K for 1 h, the XRD analysis reveals diffraction 
peaks corresponding to the well-crystallized ZnO. According to the Scherrer’s 
equation (2.1), the average ZnO crystallite size was calculated to be 29 nm. 

 
Fig. 3.12. XRD pattern of AISI 304 stainless steel (1), as-deposited (2) and heat-treated at 

673 K (3) ZnO electrode. Abbreviations:  
SS – stainless steel, ZAc – Zn(CH3COO)2,    – ZnO 
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SEM images of as-deposited and heat-treated zinc oxide coatings are shown in 
Fig. 3.13. The as-deposited (Fig. 3.13 a) ZnO coating is lamellar. 

It is evident that the annealing at 673 K for 1 h considerably changes the 
surface structure to granular (Fig. 3.13 b). The diameters of grains are between 
30 nm and 110 nm. 

 
Fig. 3.13. Representative SEM images of as-deposited (a) and heat-treated at 673 K (b) ZnO 

coatings 

The incorporation of acetate ions into as-prepared zinc oxide coatings is 
confirmed by infrared absorption analysis as well (Fig. 3.14.). It demonstrates the IR 
absorption not only in the low (600–400 cm–1) wave number region as it would be 
expected for pure ZnO [131] but also in the intermediate (1600–800 cm–1) and high 
(3300–3700 cm–1) wave number region as well due to vibrations of impurity ions. 
The large absorption band centered at 3476 cm–1 can be assigned to the stretches of 
hydroxy groups. 

 
Fig. 3.14. FT-IR spectra of as-deposited ZnO obtained using 0.05 M Zn(CH3COO)2 + 

0.1 M KNO3 + 0.001 M HNO3 electrolyte at various electrochemical deposition temperatures 
(K): 1 – 303, 2 – 313, 3 – 323, 4 – 333, 5 – 343 
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The peaks observed at 1555 cm–1 and 1396 cm–1 can be attributed to the 
asymmetrical and symmetrical stretching vibrations of the acetate ions, respectively. 
Other peaks at 1337, 1019 and 677 cm–1 show the presence of CH3 groups [123]. A 
broad band centered at 472 cm–1 corresponds to the characteristic stretching 
frequency of the Zn–O bond and it can be used for the identification of the zinc 
white pigment in the IR spectra of real paint sample layers [124]. The obtained 
experimental results show that this characteristic band becomes more intense with 
the increase in the heat-treatment temperature of the as-deposited sample (Fig. 
3.15.). 

 
Fig. 3.15. FT-IR pattern of ZnO heat-treated at 673 K for 1 h  

 

3.1.2.3. Photoelectrochemical characterization 

The photoelectrochemical behaviour of the ZnO electrode was determined 
from the current-potential curves obtained in 0.1 M Na2SO4 solutions both in the 
dark and under UV irradiation (Fig. 3.16.).The potential was swept from –0.3 V to 
+1.0 V at 10 mV⋅s–1.  
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Fig. 3.16. Characteristic voltammograms in the dark (1) and under UV illumination (2) 

of the ZnO electrode deposited at 343 K.  The potential scan rate v = 10 mV⋅s–1, 0.1 M 
Na2SO4 solution at 293 K  

Experimental data showed (Fig. 3.17 a) that at potentials higher than + 0.5 V 
the photocurrent reached its maximum value. The maximum current reflects the 
photoelectrochemical activity of ZnO that is caused by such multiple factors as the 
catalyst structure, the particle size and shape and the electrical conductivity [126]. 
An external electric field improves the transfer of the photogenerated electrons in 
the ZnO nano-layer coatings. The limiting photocurrent is reached when the electron 
transfer rate in the coating is close to the rate of the reactions of the photogenerated 
holes on the ZnO surface. Photocurrent has a tendency to decrease in higher than 
+ 0.65 V potential region and this can be associated with the degradation of the ZnO 
coatings.  

 
Fig. 3.17.  (a) plot of the photocurrent density, jph with respect to the applied potential, E. (b) 

plot of the square of the photocurrent density, jph
2
, with respect to the applied potential, E 
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For an n-type semiconductor, the photocurrent is due to the diffusion or the 
migration of the charge carriers depending on whether the semiconductor coating is 
particulate or continuous, respectively. In the case of thick and continuous coating, a 
depletion layer can be developed upon a contact with the electrolyte thus facilitating 
the separation of the photogenerated holes and electrons. According to Gartner-
Butler model [135], the presence of the depletion layer can be determined by 
plotting the square of the photocurrent density, jph

2 with respect to the applied 
potential E. Figure 3.17 b shows that the plots jph

2 versus E are linear in the rising 
parts of the photovoltammograms thus confirming the formation of the depletion 
layer in the prepared coatings. 

Based on the photocurrent measurements, the incident photon-to-current 
efficiency (IPCE) (equation 2.3) values of the ZnO photoelectrode were calculated 
and shown in Figure 3.18. It was found that these values are comparable to those for 
Degussa P25 TiO2 electrode data measured under identical experimental conditions 
[118]. For as-deposited ZnO coatings, IPCE is at 1.95 % while for heat-treated 
coatings it is ∼2 times higher (3.9 %). However, the values are lower if compared to 
those obtained for electrophoretically prepared ZnO coatings (Table 3.1). 

 
Fig. 3.18. The incident photon-to-current efficiency (IPCE) values for ZnO in the 

0.1 M Na2SO4 electrolyte 

The time dependence of the electrode current in the dark and under UV 
irradiation for the ZnO electrode is presented in Figure 3.19. In the case of as-
deposited ZnO sample when the light was switched on, the observed current jumped 
to about +0.04 A and reached a steady-state value. 
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Fig. 3.19. Chronoamperometry curves of the ZnO electrode (1) and the ZnO electrode 
heat-treated at 673 K for 1 hour (2) in 0.1 M Na2SO4 solution in the dark and under UV 

illumination 

When the light was switched off, the current of the ZnO decreased and 
returned to its initial value. The presented results show that the photocurrents 
increase upon the heat-treatment at 673 K.  

The results presented in Figure 3.20 demonstrate that the steady state 
photocurrent increases with the increase in methanol concentration. It was stated 
[136] that the increase in the observed photocurrent is due to the interaction of the 
formed compounds and their partially-degraded intermediates with the oxide surface 
which does not inhibit the photohole capture process.  

 
Fig. 3.20. Chronoamperometry curves of the ZnO electrode deposited at 343 K in the 

dark and under UV illumination in 0.1 M Na2SO4 solution and various methanol 
concentrations (mM): 1 – 0; 2 – 1; 3 – 2; 4 – 3 
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In order to establish the mechanism of the photoelectrochemical oxidation of 
the water-dissolved pollutants, a kinetic model was developed [137]. It was 
demonstrated that methanol oxidation mainly proceeds through an indirect hole 
transfer mechanism via surface-bound hydroxyl radicals followed by the so-called 
current-doubling effect [138]: 

HO• + CH3OH → CH2
•OH + H2O;            (3.12) 

The radicals react further, according to the reaction: 

CH2
•OH → CH2O + H+ + e–,    (3.13) 

 It is generally assumed [138, 139] that methanol molecules interact weakly 
with the oxide surface; they are not specifically adsorbed and do not compete with 
water molecules to be adsorbed on the oxide surface. On the contrary, strong and 
specific adsorption seems to be a necessary precondition for the direct hole 
mechanism [138]. 

During the (3.5, 3.6) reaction, one molecule of formaldehyde (CH2O) and one 
electrone are formed. This means that one absorbed light quantum can initiate the 
formation of a pair of electrons, i.e., quantum efficiency is equal to two. However, 
such theoretical quantum efficiency is rarely achieved in practice due to the presence 
of impurities, crystal defects, etc. In addition, free HO• radicals react with methanol 
molecules. Then, CH3O

• can be formed: 

HO• + CH3OH → CH3O
• + H2O.   (3.14) 

It is considered that the CH3O
• radical does not affect the phenomenon of 

current doubling because it tends to dimerize: 

2 CH3O
• → CH3O–OCH3.   (3.15) 

3.1.3. Influence of Co–Pi catalyst on photoelectrochemical properties of ZnO 

The literature research revealed (Sections 1.3) that the photoelectrochemical 
performance of oxide semiconductors can be enhanced by coupling them with a 
cobalt-based oxygen-evolving catalyst (termed Co–Pi) in phosphate electrolytes. 
That is why in the present thesis the influence of the Co–Pi catalyst on the 
photoelectrochemical activity of the prepared ZnO electrodes was tested. Both 
electrophoretically and electrochemically deposited ZnO coatings on AISI 304 steel 
were used as a support for the Co–Pi catalyst. The photoelectrochemical 
characterization of ZnO/Co–Pi coatings was carried out by using pH 11.5 phosphate 
solutions also taking into account the fact that ZnO was established to be the most 
photochemically stable substance in this pH [16]. 

The Co–Pi catalyst was deposited photochemically by immersing the ZnO 
electrode in the 0.1 M phosphate buffer (pH 7) with 0.5 mM cobalt nitrate and by 
irradiating the sample with UV light for various periods of time. The proposed 
mechanism [16, 20] demonstrated that the photogenerated holes possess sufficient 
overpotential to oxidize Co2+ to Co3+ ions in order to form the Co–Pi catalyst. During 
the process of photodeposition, the generated photoelectrons are consumed by the 
reduction of water or by the dissolved oxygen. 
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The linear sweep voltammetry in the dark and under UV irradiation was used 
to evaluate the influence of the Co–Pi catalyst on the photoelectrochemical 
performance of the ZnO coatings. The obtained experimental results are summarized 
in Figure 3.21. It was established that the presence of the Co–Pi catalyst on the 
surface of ZnO results in the decrease of photogenerated currents if compared to 
bare ZnO. It is suggested [16, 20, 22] that Co2+/Co3+ ions can act as recombination 
centers for the photogenerated charge carriers thus reducing the overall performance 
of electrodes. 

It should be pointed out that, similarly to the WO3/Co–Pi electrode [140], 
ZnO/Co–Pi showed an enhanced electrocatalytic activity in the dark, which 
increased with the increase in Co–Pi photodeposition time. However, the highest 
activity of the Co–Pi catalyst can be achieved at a potential which is more positive 
than 1 V. Under these conditions, the dissolution of stainless steel takes place, and 
for this reason, more stable ZnO/Co–Pi support, for example, electroconductive 
glass should be employed. 

 

 
Fig. 3.21. Influence of the Co–Pi photodeposition time t on the photogenerated current 

of electrophoretically (a) and electrochemically (b) deposited ZnO coatings. E = +0.2 V, 
pH 11.5 phosphate electrolyte 

3.2. Activity and structure of ZnCoO catalysts on AISI 304 stainless steel 

3.2.1. Voltammetric behaviour of stainless steel in deposition electrolytes 

Synthesis of mixed Zn-Co oxide coatings was carried out according to the 
procedure presented in Section 2.1.3. 

Characteristic voltammetric behaviour of AISI 304 type stainless steel 
electrode in 0.1 M KNO3 supporting electrolyte containing zinc and cobalt acetates 
is shown in Figure 3.22. It is similar to the pattern presented in Figures 3.8 and 3.9 
and can be interpreted in terms of processes described by equations (3.8 – 3.11).  
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Fig. 3.22. Cyclic voltammograms of stainless steel in various electrolytes used for the 

synthesis for ZnO (a), ZnCoO1 (b), ZnCoO2 (c), ZnCoO3 (d), ZnCoO4 (e), Co(OH)2 (f) 
coatings at 343 K. The potential scan rate is 50 mV⋅s–1 
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In this case additionally the formation of cobalt (hydr)oxide takes place 
according to the reaction: 

( ) ( ) ( )sCo(OH)aq2OHaqCo 2
2 →+ −+  (3.16) 

When the potential was reversed at –1.2 V and scanned towards the positive 
values, an increase in the anodic current was observed at the potentials above 0.6 V. 
The peak A1 at +0.8 V can be mainly associated with the oxidation of the 
electrodeposited compounds while the increase of the anodic current at the potentials 
above 0.9 V can be related to the evolution of oxygen and the oxidation of the 
stainless steel substrate. 

3.2.2. Structural characterization  

Atomic absorption spectroscopy revealed the varying ratio of Zn:Co in ZnCoO 
coatings (Table 3.2). It was discovered that with the increase in the cobalt 
concentration in the electrolyte bath, its amount in the prepared coatings increases as 
well. 

Table 3.2 Ratio Zn:Co in the starting electrolyte and in the solid ZnCoO 
coating as measured by AAS 

Sample 

notation 

Ratio Zn:Co 

in ZnCoO coating 

Ratio Zn:Co in the starting 

electrolyte 

ZnCoO1 1:0.21 1:0.25 
ZnCoO2 1:0.44 1:0.67 
ZnCoO3 0.80:1 0.67:1 
ZnCoO4 0.28:1 0.25:1 

 
SEM images of as-deposited and heat-treated zinc-cobalt oxide coatings are 

shown in Figure 3.23.  
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Fig. 3.23. Representative SEM images of as-deposited and heat-treated at 673 K for 1 h 

various coatings: a, b – ZnO; c, d – ZnCoO1; e, f – ZnCoO2; g, h – ZnCoO3; i, j – ZnCoO4;  
k – Co(OH)2; l – Co3O4 
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The as-deposited (Fig. 3.23 a, c, e, g, i, k) coatings are lamellar, possibly with 
intercalated acetate ions. It is seen that the annealing at 673 K for 1 h considerably 
changed only the ZnO coating surface to the granular structure (Fig. 3.23 b) whereas 
ZnCoO or Co3O4 coatings (Fig. 3.23 d, f, h, j, l) retained the same porous lamellar 
morphology. 

XRD analysis of as-deposited samples of bare zinc oxide showed three peaks 
at 2θ of 31.66, 34.38 and 36.26° thus suggesting a crystalline ZnO structure 
(Fig.3.24. 3a; curve 1) (PDF 04-004-4120). The strong low-angle reflection peak at 
2θ of 6.65° can be associated with the acetate groups intercalated into the zinc oxide 
structure [115, 131] (PDF 00-056-0569). After the heat-treatment at 673 K for 1 h, 
the XRD analysis revealed diffraction peaks corresponding to the well-crystallized 
ZnO (Fig. 3.24. 3b, curve 1). According to the Scherrer’s equation (2.1), the average 
ZnO crystallite size was calculated to be 30 nm. The presence of cobalt acetate in 
the electrolyte bath leads to poorly crystallized deposits of zinc-cobalt hydroxides 
(Fig. 3.24. 3a, curves 2 and 3). The crystallinity of the samples is greatly improved 
upon the heat-treatment at 673 K (Fig. 3.24. 3b, curves 2 and 3). 

 
Fig. 3.24. XRD patterns of as-deposited (a) and heat-treated (b) coatings: 1 – ZnO;  

2 – ZnCoO1; 3 – ZnCoO3; 4 – Co(OH)2/Co3O4. Abbreviations: CAc – Co(CH3COO)2;  
SS – stainless steel; ZAc – Zn(CH3COO)2; – Co(OH)2;    – Co3O4;       – ZnO 

The XRD pattern of as-prepared cobalt hydroxide reveals diffraction peaks at 
19.66, 33.16 and 59.28° corresponding to cobalt hydroxide (Fig. 3.23, 3a, curve 4). 
The small number of reflection peaks is an indication of poorly ordered samples for 
Co(OH)2 and ZnCoO3. On the basis of the obtained results it can be assumed that 
the hydroxide synthesized here is of a mixed phase showing reflections 
characteristic of both α- and β-modifications. The strong low-angle reflection peak 
at 9.76° can be found with d-spacing of 9.05 Å. This can be associated with acetate 
groups intercalated (PDF 00-056-0568) into the hydrotalcite-like α-cobalt hydroxide 
structure (PDF 00-002-0925). This value is intermediate if compared to those 
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reported in scholarly literature for acetate intercalated α-cobalt hydroxide, 
specifically, 8.36 Å in [141] and 12.65 Å in [142].  

The presence of a diffraction peak at 19.66° (Fig. 3.24. 3a, 4) can be related to 
the formation of β-modification (PDF 00-030-0443). The diffraction peaks at 33.16 
and 59.28° exhibit an asymmetry on the higher angle side. This feature indicates the 
presence of turbostratic materials in which the stacked layers are randomly oriented 
relative to the principal crystallographic axis [120]. The corresponding XRD pattern 
of thermally treated samples (Fig. 3.24. 3b, curve 4) reveals diffraction peaks which 
can be readily attributed to the cubic phase of Co3O4 (PDF 01-078-5634)[143]. 
According to the Scherrer’s equation, the average Co3O4 crystallite size was 
calculated to be 29 nm. The instrumental broadening was not considered for the 
calculation of crystallite size.   

The Raman analysis for Co rich samples shows peaks at 191, 479, 514, 604 
and 674 cm–1. This is typical of spinel structure compounds with the Co2+(Co2

3+O4) 
configuration in Co3O4 [143]. This shows that the bulk structure within the analysis 
volume of the Raman signal (~1 mm) is comprised of the oxide phase whereas 
~3nm surface layers, as obtained from the XPS analysis, are comprised of Co(OH)2. 
As-deposited ZnO (Fig. 3.25, 4a, curve 1) exhibits peaks at 410, 439 and 666 cm–1 
due to the ZnO. Peaks at 330, 410 and 439 cm–1 are typical of wurtzite ZnO [144]. 
Peaks at 945 and 1046 cm–1 can be assigned to other impurities present in the 
sample, presumably due to the hydrocarbons, as evidenced from the FT-IR data.  

 
Fig. 3.25. Raman spectra of as-deposited (a) and heat-treated at 673 K (b) coatings: 1 – ZnO; 

2 – ZnCoO1; 3 – ZnCoO2; 4 – ZnCoO3; 5 – ZnCoO4; 6 – Co(OH)2/ Co3O4 

In as-deposited ZnCoO (Fig. 3.25, 4a; curves 2 – 4), a broad region between 
650 and 690 cm–1 is due to the octahedral oxygen motion [145]. It is lower in energy 
than the peak of pure Co3O4 due to the local disorder in the spinel crystal lattice with 
the substitution of the Zn atom [145]. Broad features centered around 514 and 
475 cm–1 are due to the combined vibrations of tetrahedral and octahedral oxygen 
ion motions in ZnCoO4 [146]. The weakening of these bands is much faster in 
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heated samples where they are already absent in ZnCoO1 (Fig. 3.25, 4b; curve 2) 
and are related to the decreasing concentration of the Co octahedral unit. The broad 
peak at 520 cm–1 present in ZnCoO1 and only slightly discernible in ZnCoO1 (Fig. 
3.25. 4a, curve 2) is due to the modes related to shallow donor defects bound to the 
tetrahedral Co sites or due to the internal d-d* transition in Co2+ [145].  

Overall, the Raman data shows a gradual transition of the lattice substituted 
ZnO into a crystalline Co3O4 with the peak at 674 cm–1 diminishing in intensity in 
ZnCoO4, when compared to the pure cobalt oxide phase. Since it is associated with 
the octahedrally coordinated Co3+, some interstitial substitution can be present, 
consistent with the fact that the peak at 674 cm–1 is lower in intensity before, rather 
than after the heat treatment. Collectively, the Raman data shows that the spinel 
crystal structure is obtained, especially in the cases involving heat-treated higher Co 
concentrations (Fig. 3.25, 4b; curve 5). 

The experimental results of the FT-IR analysis are presented in Figure 3.26. 
and summarized in Table 3.3. 

Table 3.3 The results of FT-IR analysis 

Wave number, cm
-1

 Assignments 
Literature 

as-deposited samples 

3303 – 3347 ν H–O (–OH) [123] 
1556 – 1579 νas COO– ( CH3COOH) [123] 
1375 – 1399 νs COO– ( CH3COOH) [123] 
1337 – 1345 δas C–H (–CH3) [123] 
1019 – 1024 δs C–H (–CH3) [123] 

662 Co–O (Co(OH)2) [147] 
462 Zn–O [124] 

Wave number, cm
-1

 Assignments 
Literature 

heat-treated samples 

2800 – 3600 ν H–O (–OH)  [123] 
574 Co–O (Co3O4)  [147] 
666 Co–O (Co(OH)2)  [147] 
432 Zn–O  [124] 

 
As-deposited ZnCoO coatings reveal (Fig. 3.26. 5a, curves 2–4) the high 

intensity absorption peak at 667 cm–1 which corresponds to Co–O bond [147] where 
Co2+ ions are situated in tetrahedral position. The obtained experimental results 
show that this characteristic band becomes more intense with the decrease of zinc 
concentration. It can be concluded that the asymmetrical and symmetrical stretching 
vibrations of the acetate ions intensity decreases when the coatings are heat-treated. 
With an increase of the cobalt concentration peaks at 666 cm–1, the intensity 
increases as well. 
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Fig. 3.26. FT-IR spectra of as-deposited (a) and heat-treated at 673K (b) coatings: 1 – ZnO;  

2 – ZnCoO1; 3 – ZnCoO2; 4 – ZnCoO3; 5 – ZnCoO4; 6 – Co(OH)2/Co3O4 

A new peak at 574 cm–1 appears and gradually becomes more prominent. This 
peak described above is associated with Co3+ ions situated in the octahedral position 
in the spinel-type Co3O4 crystal lattice (Fig. 3.26.5, b, curves 2–4). The notable 
disappearance of the peaks in the -CH3 bending and -COOH stretching region 
between 1200 and 1600 cm–1 is due to the elimination of the organic residue during 
the thermal treatment. 

In order to analyze the surface composition of the samples, XPS analysis was 
performed, and the obtained high resolution spectra of Zn2p, Co2p, O1s and valence 
band regions are shown in Figures 3.27. and 3.28. for the as-deposited and heat-
treated at 673 K samples, respectively. 

Two distinct doublets are present in the Zn2p region between the samples. 
First, in the as-deposited samples (Fig. 3.27 a), only one doublet is present with the 
Zn2p1/2 at 1045 eV and Zn2p3/2 peak at 1021.9 eV due to the Zn2+-O bonds. The 
second component of the Zn2p3/2 peak at 1021.0 eV was only apparent in heat-
treated ZnCoO samples shown in Figure 3.28 a. The presence of the second 
component is only clear when comparing the Zn2p3/2 peak FWHM of as-deposited 
and heat-treated samples at 1.72 and 2.45 eV, respectively. The peak at 1021 eV 
may be caused by the metallic Zn bonds formed via heating. Alternatively, bonds 
involving Zn and Co metals due to their substoichiometric spinel composition can be 
formed at high temperatures. 
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Fig. 3.27. XPS spectra of  Zn2p (a), Co2p (b), O1s (c) and valence band (d) of  

as-deposited coatings: 1 – ZnO; 2 – ZnCoO1; 3 – ZnCoO2; 4 – ZnCoO3; 5 – ZnCoO4; 
6 – Co(OH)2 

Figure 3.27 b shows peaks at 797.5 and 780.4 eV for as-deposited samples 
assigned to Co2p1/2 and Co 2p3/2 lines of Co(OH)2 [148]. Co(OH)2 can be formed in 
humid environment on the top of the sample surface and be detected due to the small 
electron inelastic mean free path employed in the XPS analysis. The peaks at 786.0 
and 804.0 eV in Fig. 3.27 b are due to the plasmon excitations. Figure 3.28 b shows 
two strong asymmetric peaks due to the spin-orbit splitting with the binding energies 
of 795.5 eV and 779.8 eV for the Co2p1/2 and Co 2p3/2 lines thus confirming the Co2+ 
and Co3+ oxidation states of Co3O4 for heat-treated samples. 
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Fig. 3.28.  The XPS spectra of Zn2p (a), Co2p (b), O1s (c) and the valence band (d) of 

the coatings heat-treated at 673 K: 1 – ZnO; 2 – ZnCoO1; 3 – ZnCoO2; 4 – ZnCoO3; 5 – 
ZnCoO4; 6 – Co3O4 

O1s regions in the as-deposited samples yielded a peak at 531.6 eV due to the 
surface hydroxyl groups of Co(OH)2 and Zn(OH)2. The heat-treated samples 
presented a peak at 530.0 eV due to the metal-oxygen bonds in ZnO and Co3O4 
mixture as well as the 531.6 eV peak, typical for metal hydroxides [149, 150]. Some 
coatings exhibited a shoulder at 533.3 eV due to the adsorbed or trapped water 
molecules [116]. 

Finally, valence band regions shown for ZnO, Co3O4 and ZnCoO1 throughout 
the ZnCoO4 samples before and after the heating showed a prominent gradual shift 
of the valence band edge towards the vacuum level. This can be used as a measure 
of the valence band maximum position [151]. In Zn-rich samples, the peak at 
10.5 eV is due to the Zn3d bands whereas that at ~5eV is due to O2p bands [152]. 
An increase in the peak intensity at ~2eV in Co-rich samples is due to the complex 
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structure assigned to Co3+ and Co2+ ion valence bands [153]. This is consistent with 
the fact that the Co3O4 band gap is much smaller than that of ZnO (1.5 to 2.5 versus 
3.2 eV, respectively) [153]. It is important to observe that even at low cobalt 
amounts, the band gap transition and the corresponding electronic properties will be 
dominated by the cobalt oxide frontier crystalline bands. 

Elemental quantification performed by using XPS spectra is shown in Table 
3.4. 

Table 3.4 The results of XPS elemental analysis 

Sample 

Co:Zn O:Zn Co:Zn O:Zn 

as-deposited 

samples 

heat-treated 

samples 

ZnCoO1 0.16 2.40 0.15 1.34 
ZnCoO2 0.35 3.11 0.33 1.77 
ZnCoO3 0.41 4.90 0.41 1.88 
ZnCoO4 1.77 11.73 1.70 4.40 

 
It can be seen that the amount of Co increases in the as-deposited as well as 

heat-treated samples parallelly with the increase of the corresponding oxygen 
amount. While the Co:Zn ratio is almost the same in both as-deposited and heat-
treated samples, the O:Zn ratio is much higher in the as-deposited samples. This is 
due to the adsorbed hydroxyl and carbonate groups on the surface which are 
degassed upon annealing. 

3.2.3. Electrochemical characterization 

The photoelectrochemical behaviour of the zinc-cobalt oxide electrode was 
determined from the current-potential curves obtained in 0.1 M Na2SO4 or 0.1 M 
NaOH solutions both in the dark and under UV irradiation. During these 
experimental runs, the electrode potential was swept from – 0.3 V to + 0.8 V at 
10 mV⋅s–1 scan rate. The Zn-Co oxide coatings were polarized in the 0.1 M NaOH 
solution because they are more stable in the alkaline media; water anodic oxidation 
in the alkaline media is a much faster process than in the neutral media. From the 
data provided in Figures 3.29 and 3.30 it is evident that UV illumination caused an 
increase in the observed currents. The increase in the observed currents in the 0.1 M 
Na2SO4 electrolyte is associated with the AISI 304 stainless steel dissolution and the 
oxygen evolution. As in the case of the 0.1 M NaOH electrolyte, the increase in the 
observed currents is for the same reason as Na2SO4, only the electrolyte is alkaline 
and the oxygen evolution starts earlier, specifically, at above 0.45 V. Also, ZnO and 
Zn-Co oxide coatings are stable at alkaline electrolyte. The annealing of the ZnO 
coatings at 673 K significantly improved the photoelectrochemical performance of 
the electrode. 
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Fig. 3.29.  Characteristic voltammograms in the dark and under UV illumination of 
ZnO electrodes in 0.1 M Na2SO4 electrolyte at 10 mV⋅s–1 potential scan rate 

It can be stated that the observed currents both in the dark and under UV 
illumination are ≈ 10 times stronger in NaOH solution than in Na2SO4. 

 
Fig. 3.30. Characteristic voltammograms in the dark and under UV illumination of 
ZnO electrodes in 0.1 M NaOH electrolyte at 10 mV⋅s–1 potential scan rate 

Therefore, photoelectrochemical behaviour of ZnO and mixed Zn-Co oxide 
coatings in alkaline 0.1 M NaOH (pH=13.1) electrolyte were measured. The results 
presented in Figure 3.31. highlight the dependence of the photocurrent density as a 
function of the applied bias for various Zn-Co oxide electrodes heat-treated at 
673 K. The measurements demonstrate that the onset potential for the photocurrent 
of as-deposited ZnO is about 0.5 V. In the case of ZnCoO1 coatings, the 
photocurrent onset potential was shifted by approximately 0.2 V; however, the 
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presence of cobalt oxide results in the decrease of the observed photocurrents. At a 
higher cobalt content, the photoactivity of ZnCoO coatings is suppressed.  

 
Fig. 3.31. The photocurrent density (jph) with respect to the applied potential for 

various electrodes in 0.1 M NaOH electrolyte at 10 mV⋅s–1 potential scan rate 

In order to investigate the pseudocapacitive properties of the prepared Zn-Co 
oxide coatings, a set of electrochemical measurements was carried out by using 0.1 
M NaOH solution in the dark. Figures 3.32. and 3.33. show the cyclic voltammetric 
curves of the as-deposited and heat-treated ZnCoO electrodes, respectively. 

 
Fig. 3.32. 10th cycle of cyclic voltammograms of the as-deposited catalysts in 0.1 M 

NaOH electrolyte: 1 – ZnO, 2 – ZnCoO1, 3 – ZnCoO2, 4 – ZnCoO3, 5 – ZnCoO4, 6 – 
Co(OH)2. The potential scan rate is at 50 mV⋅s–1 
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Fig. 3.33. 10th cycle of cyclic voltammograms of heat-treated catalysts in the 0.1 M 

NaOH electrolyte: 1 – ZnO; 2 – ZnCoO1; 3 – ZnCoO2; 4 – ZnCoO3; 5 – ZnCoO4; 6 – 
Co3O4. The potential scan rate is at 50 mV⋅s–1 

By using equation (2.4), the values of specific capacitance were calculated. 
The results are summarized in Table 3.5. The experiment results revealed that bare 
ZnO is characterized by very low specific capacitance. The presence of cobalt 
(hydr)oxide significantly improves the pseudocapacitive properties.  

Table 3.5 Pseudocapacity values for various coatings 

Sample 
Specific capacitance, F ⋅⋅⋅⋅ g-1

 

as-deposited heat-treated 

ZnO 0.5 0.3 

ZnCoO1 0.8 0.2 

ZnCoO2 3 0.3 

ZnCoO3 60 18 

ZnCoO4 194 21 
Co(OH)2/ 

Co3O4 
119 87 

 
It can thus be assumed that the energy storage mechanism of the prepared 

mixed oxide coatings mainly originates from faradaic redox reactions assigned to the 
Co(OH)2/CoOOH redox couple [120, 154]: 

−− ++→+ eOHCoOOHOHCo(OH) 22 ;           (3.16) 

−− +→++ OHCo(OH)eOHCoOOH 22 ;  (3.17) 

It was observed that sweeping the potential in anodic area results in all the 
ZnCoO coatings becoming darker; this especially concerns ZnCoO3 and ZnCoO4, 
which become black. This shows a probable formation of CoOOH, as reported 
previously [155]. 
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According to the experimental results, the as-deposited coatings are 
characterized by higher pseudocapacity if compared to heat-treated coatings. In 
addition, it was determined that with the increase in the cobalt content in the 
prepared coatings, their pseudocapacity increases as well. However, bare Co(OH)2 
coatings were found to have a lower specific capacitance in comparison with the 
researched ZnCoO4 sample. This can be explained by the fact that the 
pseudocapacity is strongly influenced by the electrode layer structure, the amount of 
electroactive material and the electron and ion transfer rates within the layer [156]. 
In summary, it can be concluded that as-deposited coatings are characterized by a 
higher surface area and a larger amount of electroactive material. 

3.3. ZnCoO coatings on TEC15 type glass 

3.3.1. Characterization of bare zinc and cobalt oxides 

The coatings were prepared according to the procedure presented in Section 
2.1.3. In order to test the influence of electrolysis bath temperature on structure and 
properties of the coatings, they were electrodeposited at 293 and 343 K.   

XRD analysis of as-deposited samples at 293 K and 343 K of bare ZnO 
showed zinc acetate group peaks at 2θ of 6.75° (Fig. 3.34. (a) curve 1), and  6.5°, 
13.35°, 20.05° (Fig. 3.35. (a) curve 1). The strongest diffraction peak at 2 θ = 6.5° – 
6.75°corresponds to an interlayer d-spacing of zinc acetate (the 001 diffraction of 
layered structure); the peaks at 13.35° and 20.05° can be attributed to the second and 
third order diffraction of (00l) plane of Zn(OH)x(CH3COO)y ⋅ zH2O (PDF 00-056-
0569), respectively [157]. After the heat-treatment at 673 K and 873 K for 1 h there 
is no acetate groups intercalated into zinc oxide structure (Fig. 3.34. and 3.35. (a) 
curve 2 and 3). In     as-deposited at 293 K bare ZnO XRD spectra is seen only one 
characteristic peak at 2θ of 33.45° and two peaks that has low intensity at 2θ of 
61.61°, 65.58°(Fig. 3.34. (a) curve 1). Whereas in as-deposited at 343 K ZnO XRD 
spectra is seen three characteristic peaks at 2θ of  31.76°, 34.40°, 36.25° and four 
lower intensity peaks at 2θ of 56.62°, 62.85°, 65.55°, 68.0°(Fig. 3.35. (a) curve 1) 
and it can be stated that under these conditions ZnO (PDF 04-004-4120) is well-
crystallized and  is in wurtzite structure. It can be concluded that ZnO as-deposited 
at 343 K is high-quality wurtzite than ZnO as-deposited at 293 K. The heat-
treatment increases the intensity of the peaks especially heat-treatment at 873 K 
improves coatings quality and crystalinitty. According to the Scherrer’s equation the 
average ZnO crystallite size was calculated and is showed in Table 3.6. It is seen 
that annealing increases crystallite size except for as-deposited at 343 K and heat-
treated at 873 K ZnO coating.   
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Table 3.6 The average ZnO crystallite size calculated according to the Scherrer’s 
equation  

Sample  Crystallite size, nm 

ZnO as-deposited at 293 K 7.2 
ZnO as-deposited at 293 K and heat-treated at 673 K 27.6 
ZnO as-deposited at 293 K and heat-treated at 873 K 35.7 

ZnO as-deposited at 343 K 40.3 
ZnO as-deposited at 343 K and heat-treated at 673 K 45.8 
ZnO as-deposited at 343 K and heat-treated at 873 K  30.0 
 
The incorporation of acetate impurities in as-prepared ZnO coatings is 

confirmed by infrared absorption analysis as well (Fig. 3.34 and 3.35; curves 2 and 
3). It is noticeable that the peaks at 1556–1560 cm–1 and 1385–1398 cm–1 are of 
lower intensity while the peaks at 677 cm–1, 1018 cm–1 and 1339 cm–1 disappear 
when the coatings are heat-treated, especially at 873 K temperature. As well as in 
the case above, the heat-treatment reduces the intensity of hydroxy groups’ peaks at 
3439–3445 cm–1 and increases the intensity of the Zn–O group stretch at 472 cm–1. 
Besides, the as-deposited at 293 K ZnO coating IR absorption of the Zn–O group is 
of lower intensity than as-deposited at 343 K ZnO which is more clearly visible 
(Fig. 3.34 and 3.35; curve 1). 

The optical characterization of the prepared ZnO coatings was carried out by 
UV-vis diffuse reflectance spectroscopy (UV-vis DRS). All the spectra were taken 
in the range of 200 – 800 nm. Figures 3.34 c and 3.35 c show the diffuse reflectance 
spectra R as a function of the wavelength for various ZnO samples. The absorption 
in the UV region for as-deposited sample can be attributed to the presence of 
impurities as it is confirmed by XRD and FTIR analysis. The band gap of the heat-
treated ZnO samples was estimated from diffuse reflectance spectra by plotting the 
square of the modified Kubelka–Munk function as a function of energy. The 
Kubelka–Munk function F(R) is expressed by the relation [158] 

 
( )

R

R
F(R)

2
1 2−

=   (3.18) 

where R is the magnitude of reflectance. 
In order to calculate the band gap, the slope of the F(R)

2 curve is extrapolated 
until it intersects the energy axis at F(R)

2 = 0. 
The band gap energies are determined to be in the range of 3.31 – 3.35 eV. 

Similar values were obtained by taking the absorption edge and using (2.2) equation. 
The calculated values of the band gap of the heat-treated ZnO samples are 
summarized in Table 3.7. These results are in good agreement with the data of 
previously described researches [159].  
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Fig. 3.34. XRD (a), FT-IR (b), UV-vis DRS  spectra (c) and the DRS results according 

to the K.-M. function (d) of ZnO coatings: 1 – as-deposited at 293 K; 2 – heat-treated at 
673 K for 1h; 3 – heat-treated at 873 K for 1 h. 

Abbreviations: ZAc – Zn(CH3COO)2;   – ZnO 

Table 3.7 ZnO coatings bang-gap energy values calculated from 2.2 equation 

Sample Absorption 

edge λλλλ, nm 

Eg, eV 

ZnO as-deposited at 293 K and heat-treated at 673 K 375 3.31 
ZnO as-deposited at 293 K and heat-treated at 873 K 370 3.35 

ZnO as-deposited at 343 K 340 3.65 
ZnO as-deposited at 343 K and heat-treated at 673 K 371 3.34 
ZnO as-deposited at 343 K and heat-treated at 873 K 370 3.35 
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It is generally accepted that the estimation of Eg when using Kubelka–Munk 
plot is more accurate (than that calculated from 3.11 equation) and is shown for as-
deposited at 293 and 343 K ZnO coatings that are heat-treated at 673 k for 1 h (Fig. 
3.34–3.35 d). 

  

  
Fig. 3.35. XRD (a), FT-IR (b), UV-vis DRS spectra (c) and DRS results according to 

K.-M. function (d) of ZnO coatings: 1 – as-deposited at 343 K;  
2 – heat-treated at 673 K for 1h; 3 – heat-treated at 873 K for 1 h.  

Abbreviations: ZAc – Zn(CH3COO)2;   – ZnO 

Figure 3.36. (a) shows the SEM image of the as-deposited at 343 K and heat-
treated at 873 K ZnO coating. It is to be noticed that thin nanosheet structures 
growing vertically on the substrate are obtained. The obtained EDS elemental map is 
shown in Figure 3.36. (b). The O and Zn exhibit the same spatial distribution in the 
elemental map. This indicates a relatively uniform distribution of the elements in the 
synthesized products and demonstrates that the ZnO coating is homogenous. 
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Fig. 3.36. SEM image at × 5000 magnification (a) and EDS map (b) of as-deposited 

343 K and heat-treated at 873 K ZnO  

Figure 3.37 presents the results of photovoltammetry characterization of ZnO 
coatings in the phosphate buffer solution (pH 11.5) because it positively affected the 
alkaline media for the water anodic oxidation and for the ZnO film stability. The 
obtained results confirm that the heat-treatment highly improves the 
photoelectrochemical activity of the as-deposited specimens. It is to note that the 
coatings electrodeposited at 343 K are characterized by higher photoactivity (more 
than 3 times) if compared to those prepared at 293 K. TEC 15 glass absorbs shorter 
than 300 nm light. Only negligible photocurrent was found to be generated by the 
SnO2 layer under experimental conditions used in this thesis. 

 

 
Fig. 3.37. Influence of heat-treatment on the generated current in the phosphate buffer 

solution (pH 11.5) of ZnO electrodeposited at 293 K (a) and 343 K (b): 1 – as-deposited;  
2 – heat-treated at 673 K; 3 – heat-treated at 873 K 
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The results of the XRD analysis for Co coatings at 343 K with or without heat-
treatment are shown in Figure 3.38 (a). The diffraction peaks in the as-deposited at 
343 K sample (Fig. 3.38.(a); curve1) at 2θ of 33.06° and 59.06° are indexed to       
α-Co(OH)2 (PDF 00-002-0925) and at 2θ of 19.66° related to β-modification (PDF 
00-030-0443). After the heat treatment at 673 K and 873 K, more diffraction peaks 
were revealed: 2θ at 19.08°, 31.44°, 36.86°, 44.80°, 61.86° and 65.50° (Fig. 3.38. (a) 
curves 2 – 3). All the diffraction peaks in Figure 3.39. (a) 2 and 3 spectra are 
attributed to the spinel Co3O4 phase (PDF 01-078-5634) thus indicating that the 
crystalline Co3O4 was formed after the annealing treatment [160]. 

As-deposited at 343 K Co3O4 FT-IR spectra as well as in the case of ZnO, the 
data shows that acetate impurities stemming from the precursor are incorporated in 
the as-prepared coating structure (Fig. 3.38. (b); curve 1). After annealing at 673 K 
and 873 K (Fig. 3.38. (b); curves 2 – 3), the bands of the cobalt acetate precursor 
almost completely disappear (1 peak at 1385 cm−1 belonging to νsCOO- remains 
only) while two very strong peaks centered at 661 and 565 cm−1 characteristic of 
spinel Co3O4 are noticed. This is consistent with the XRD results. Heat-treatment at 
873 K for 1 hour increases the Co3O4 peak intensity; therefore the cubic Co3O4 
coating deposited under these conditions is of high-quality and well-crystallized.  

The results of UV-vis diffuse reflectance spectroscopy (Fig. 3.39) also support 
the assumption that the as-deposited cobalt hydroxide is composed of both α and β 
phases. The presence of α phase is confirmed by the occurrence of the absorption 
band at around 490 nm [161]. The strong absorption peaks centered at 592 and 638 
nm can be assigned to the presence of the β phase [161].  

  
Fig. 3.38. XRD (a) and FT-IR (b) spectra of cobalt (hydr)oxide coatings: 1 – as-deposited at 

343 K; 2 – heat-treated at 673 K for 1h; 3 – heat-treated at 873 K for 1 h.  
Abbreviations:   –Co3O4; – Co(OH)2 
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Fig. 3.39. UV-vis diffuse reflectance spectra of as-deposited cobalt hydroxide  

Figure 3.40. (a) shows the SEM image of the as-deposited at 343 K and heat-
treated at 873 K Co3O4 coating. The Co3O4 coating is formed from uniform cross-
linked nanowalls standing vertically relative to the substrate. The EDS elemental 
map is shown in Figure 3.40. (b). The O and Co exhibit the same spatial distribution 
in the elemental map. As well as in the case of ZnO, it can be concluded that the 
Co3O4 coating is uniform and homogenous. 

  
Fig. 3.40. SEM image at × 5000 magnification (a) and EDS map (b) of Co3O4 heat-treated at 

873 K 

3.3.2. Structure and properties of mixed Zn-Co oxide coatings  

3.3.2.1. Structural and morphological characterization 
Summarized XRD analysis results are described in Sections 3.2.1 and 3.3.1. 

On the grounds of the processed data it can be concluded that as-deposited at 293 K 
and 343 K Zn-Co oxide coatings contain intercalated impurities from zinc (PDF 00-
056-0569) and cobalt (PDF 00-056-0568) acetates precursors (Fig. 3.41; curve 1). 
The heat-treatment at 673 K and 873 K eliminated the impurity peaks, increased the 
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product peak intensity and improved the quality of the coatings. On the grounds of 
the experimental results it can be stated that ZnO-ZnCo2O4 structure is formed in 
ZnCoO1, ZnCoO2 and ZnCoO3 coatings (Fig. 3.41. (a), (b), (c) curves 2 – 3) [162]. 
ZnCo2O4 structure (PDF 00-001-1149) is formed when zinc and cobalt concentration 
in the initial ZnCoO4 solution is 0.01 and 0.04 M (Fig. 3.41. (d); curves 2 – 3) [162, 
163]. 

 

  

  
Fig. 3.41. XRD spectra of ZnCoO1 (a), ZnCoO2 (b), ZnCoO3 (c) and ZnCoO4 (d) coatings: 
1 – as deposited at 343 K; 2 – heat-treated at 673 K for 1h; 3 – heat-treated at 873 K for 1 h. 

Abbreviations: CAc – Co(CH3COO)2; ZAc – Zn(CH3COO)2;   –Co3O4;  – ZnO 
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FT-IR analysis confirmed that as-deposited at 293 K and 343 K Zn-Co oxide 
coatings structures contain intercalated impurities from the zinc and cobalt acetate 
precursors (Fig. 3.42.; curve 1) whereas the heat-treatment improves the quality of 
the coatings. Also, ZnO-ZnCo2O4 and ZnCo2O4 structure is confirmed by FT-IR 
analysis as well. In Figure 3.42., (a), (b), (c) FT-IR 2 and 3 spectra two peaks are 
seen at 455 cm-1 characteristic to ZnO and at 675 cm-1 characteristic to Co3O4. This 
indicates ZnO-ZnCo2O4 structure [162]. Figure 3.42. (d) presents curves 2 and 3 
featuring characteristic spectra for the ZnCo2O4 structure [162, 163]. 

 

 
Fig. 3.42. FT-IR spectra of ZnCoO1 (a), ZnCoO2 (b), ZnCoO3 (c) and ZnCoO4 (d) 

coatings: 1 – as deposited at 343 K; 2 – heat-treated at 673 K for 1h; 3 – heat-treated at 873 
K for 1 h 

 
 
 



71 

The results of UV-vis diffuse reflectance spectroscopy of as-deposited Zn-Co 
oxide coatings are presented in Figure 3.43. The absorption peak at ~319 nm for 
ZnCoO1 sample can be related to the presence of various impurities (e.g., acetate or 
nitrate) inserted into the coatings during the electrodeposition. In the visible region, 
the appearance of absorption peaks at around 488, 586 and 641 nm can be attributed 
to the transitions of Co2+ ions (3d7) in tetrahedral coordination [164]. It is observed 
that the intensity of these peaks is increased with the increase of the cobalt content in 
the coatings. 

 

Fig. 3.43. UV-vis diffuse reflectance spectra of the coatings as-deposited at 343 K:  
1 – ZnCoO1, 2 – ZnCoO2, 3 – ZnCoO3, 4 – ZnCoO4  

Figure 3.44 presents the SEM images of as-deposited 343 K and heat-treated at 
873 K Zn-Co oxide coatings. It shows that the ZnCoO1 coating is formed from 
tightly packed vertically oriented nanosheets. However, the cobalt concentration 
increase in the deposition electrolyte changes the structure of the coating: for 
ZnCoO1, ZnCoO2, ZnCoO3 coatings on vertically oriented ZnO nanosheets, 
ZnCo2O4 clusters are formed whereas for the ZnCoO4 coating, only ZnCo2O4 

clusters are found. This data also is confirmed by XRD analysis (Fig. 3.41) and EDS 
mapping (Fig. 3.45). 
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Fig. 3.44. SEM images at × 5000 magnification of coatings deposited at 343 K and 
heat-treated at 873 K: 1 – ZnCoO1, 2 – ZnCoO2, 3 – ZnCoO3, 4 – ZnCoO4 

EDS spectra were used to evaluate the uniformity of the element distribution 
in mixed Zn-Co coatings. Figure3.45. shows the distribution of O, Zn, and Co, 
respectively. It is evident that both Co (on the surface) and Zn (in the inner layer of 
the coating) elements are distributed uniformly thus confirming that Co3O4 and ZnO 
are well-distributed in the nanocomposites, which will be beneficial for the charged 
carrier transfer between ZnO and Co3O4. 
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Fig. 3.45. EDS maps of coatings deposited at 343 K and heat-treated at 873 K:  
1 – ZnCoO1, 2 – ZnCoO2, 3 – ZnCoO3, 4 – ZnCoO4 

3.3.2.2. Electrochemical properties 

The effect of the Zn/Co ratio on the photoelectrochemical properties of the 
prepared coatings was studied by measuring the current–potential characteristics 
under UV irradiation and in the dark. The photovoltammetry results showed that 
only as-deposited Zn-Co oxides are photoelectrochemically active (Fig. 3.46). The 
annealing of the coatings had a detrimental effect on their photoactivity, and the 
specimens heat-treated at 873 K were found to generate only negligible 
photocurrents (the results are not presented more explicitly here for the sake of 
brevity). The photocurrents are diminishing as the content of cobalt in the coatings is 
increasing. The strongest photocurrents are generated by ZnCoO1 coatings (up to 
200 µA·cm-2 at 1 V potential). On the contrary, in the case of ZnCoO4 catalyst, the 
photoactivity is suppressed. In addition, the onset potential for the photocurrent is 
shifted to the positive direction if compared to bare ZnO coatings. These results 
suggest that the cobalt additive promotes the recombination of charge carriers 
reducing the observed photocurrents. 
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Fig. 3.46. Dependence of the photocurrent density jph on the applied potential E for as-
deposited at 343 K mixed Zn-Co oxide in the phosphate buffer solution (pH 11.5): 

1 – ZnCoO1, 2 – ZnCoO2, 3 – ZnCoO3, 4 – ZnCoO4. 

In order to test the electrochemical performance of the coatings during the 
oxygen evolution reaction, the current-potential data was collected by conducting 
controlled potential electrolysis in the phosphate buffer solution (pH 11.5) with the 
application of various potentials. The electrolyte solution was continuously stirred, 
and the steady-state currents were measured at the applied potential which was being 
altered in 50 mV steps (Fig. 3.47.). After each measurement, the electrode was 
allowed to reach equilibrium with the electrolyte solution for at least 5 min at the 
open circuit potential. Only Zn-Co oxide samples thermally-treated at 873 K were 
used in the experiments due to their superior activity and stability. The collected 
current-potential data was used for the construction of Tafel plots (Fig. 3.49). The 
overpotential η was calculated according to the following equation: 

η = Eappl – 0.35, (3.19) 

where Eappl is the applied potential (V) measured against Ag, AgCl KCl(sat) 
reference electrode; 0.35 is the value of of the equilibrium potential against 
Ag, AgCl KCl(sat) reference electrode for water oxidation at pH 11.5. 

As it was pointed out in the review of the relevant scholarly writings (Section 
1.3), the Tafel equation maintains fundamental importance in electrochemical 
kinetics for the formulation of quantitative relation between the current and the 
applied potential. The Tafel slope b is an indicative parameter of the electrode 
reaction mechanism.  

The results presented in Figure 3.48 show that the increase in the cobalt 
content in the coatings results in the increase of their electrocatalytic activity due to 
the well-known electrocatalytic properties of cobalt oxides [16]. For example, the 
steady-state current for ZnCoO4 coating was found to be more than two times 
stronger if compared to the ZnCoO1 coating. In addition, the ZnCoO4 coating is 
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more active than Co3O4 which is known as an active electrocatalyst for water 
oxidation.  

 
Fig. 3.47. Characteristic chronoamperograms obtained during the controlled potential 
electrolysis in the phosphate buffer solution (pH 11.5) using ZnCoO1 coating 

 

Fig. 3.48. Controlled potential electrolysis at 1.15 V of various coatings in the 
phosphate buffer solution (pH 11.5): 1 – ZnCoO1; 2 – ZnCoO2; 3 – ZnCoO3; 4 – Co3O4;  

5 – ZnCoO4. All the coatings were heat-treated at 873 K for 1 h 

Figure 3.49 presents the dependence of the overpotential as a function of 
logarithm of the current density for various electrodes. In all cases, an abrupt change 
of the Tafel slope is observed at overpotential values higher than 0.5 V. The switch 
of the Tafel slope can be considered as an indication of the change of the reaction 
mechanism. The following mechanism has been proposed for oxygen evolution 
reaction on oxide electrode materials [14]: 
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 X + H2O → X–OH + H+ + e− (3.20) 

 X–OH → X–O + H+ + e− (3.21) 

 2X–O → 2X + O2 (3.22) 

where X is the surface active site. 
The first step is the discharge of either water (in an acid) or hydroxide (in a 

base); equation 3.20 corresponds to a Tafel slope of 120 mV. The second step 
involves electrochemical oxidation (eq. 3.21, 60 mV). Finally, oxygen is liberated 
from the reaction of two highly oxidized surface sites (eq. 3.22, 40 mV). Usually, 
two different Tafel slope values can be observed as a function of overpotential, 
namely, a lower slope (typically 40-60 mV) at low overpotentials, and a higher one 
(120 mV) at high overpotentials. 

 

Fig. 3.49. Tafel plots for ZnCoO1 (a), ZnCoO2 (b), ZnCoO3 (c) and ZnCoO4 (d) 
coatings. The supporting electrolyte: 0.1 M phosphate buffer (pH 11.5). All the coatings 

were electrodeposited at 343 K and heat-treated at 873 K for 1 h 
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3.3.3. Influence of Co-Pi catalyst on electrochemical properties of ZnO and ZnCoO 

coatings 

The results presented in Figures 3.48 and 3.49 revealed that the prepared 
ZnCoO coatings on TEC 15 glass are active electrocatalysts in the oxygen evolution 
reaction. On the other hand, the review of scholarly literature shows that the cobalt-
phosphate (Co–Pi) compound is a very promising electrocatalyst of oxygen 
evolution. Taking into account these facts, the next step of this paper was the 
synthesis of ZnO/Co–Pi and ZnCoO/Co–Pi coatings.  

Co–Pi catalyst was photochemically deposited according to the procedure 
presented in Section 2.2.2.3. ZnO and ZnCoO coatings heat-treated at 873 K were 
used as supports of the Co–Pi catalyst. SEM micrograph shows that the coating 
maintains a vertically orientated nanowall structure (Fig. 3.50. (a)). The Zn and    
Co–Pi structures exhibit the same spatial distribution in the elemental map, and    
Co–Pi profoundly interferes in the ZnO structure (Fig. 3.50. (b)). 

  

Fig. 3.50. SEM image at × 5000 magnification (a) and EDS map (b) of ZnO/ Co–Pi coating  

Energy-dispersive X-ray analysis (EDX) identified that zinc, cobalt and 
oxygen are the main elemental components of the prepared coating (Fig. 3.51, Table 
3.8.). In addition, phosphorus, carbon and potassium were also detected in the 
sample.  

Table 3.8. Results of EDX characterization of ZnO/Co–Pi coating 

Element Quantity (at. %) 

Carbon 1.01 
Phosphorus 1.32 
Potassium 3.22 

Cobalt 12.68 
Zinc 31.44 

Oxygen 50.33 
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Fig. 3.51. Representative EDX spectrum of ZnO/Co–Pi catalyst 

The voltammograms (Fig. 3.52) and the Tafel plots (Fig. 3.53) for the prepared 
ZnO/Co–Pi anodes confirmed that the presence of oxygen evolution catalyst greatly 
improves the activity of bare ZnO. The onset of the oxygen evolution reaction is 
shifted by about 0.3 V if compared to the ZnO anode. These results are in agreement 
with those presented in [22, 140]. 

 

Fig. 3.52. Influence of the duration of photochemical deposition of Co–Pi on the 
electrochemical activity of ZnO in the phosphate buffer solution (pH 11.5) in the dark:  

1 – 0 min; 2 – 5 min; 3 – 10 min. The potential scan rate is 10 mV ⋅ s–1 
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Fig. 3.53.  Tafel plots for ZnO/Co–Pi coatings in the 0.1 M phosphate buffer (pH 11.5). 
The duration of the Co–Pi catalyst deposition (min): 1 – 5; 2 – 10 

To the contrary, it was determined that the modification of mixed Zn-Co oxides 
with the Co–Pi catalyst does not lead to the enhancement of the observed currents. 
For example, in the case of ZnCoO1 catalyst, it was established that the increase in 
the Co–Pi amount results in the decrease of electroactivity (Fig. 3.54). Further 
studies including the detailed investigation of the contact ZnCo2O4/Co–Pi are needed 
in order to elucidate the observed phenomena. 

 

Fig. 3.54. Tafel plots for ZnCoO1/Co–Pi coatings in the 0.1 M phosphate buffer (pH 
11.5). The duration of the Co–Pi catalyst deposition (min): 1 – 10 min; 2 – 5 min  
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CONCLUSIONS 

1. Nanostructured ZnO coatings on AISI 304 stainless steel were formed by 
electrophoretic deposition. It was revealed that the highest stability and 
photoactivity in the 0.1 M Na2SO4 solution is characteristic for the coatings 
synthesized under the following conditions: the electrophoresis potential of 30 
V, the deposition time of 10 min and the amount of immobilized ZnO is 
1.03 mg⋅cm-2. 

2. The electrochemical reduction of zinc(II) acetate on AISI 304 stainless steel 
results in the deposition of the wurtzite-type lamellar ZnO with the 
intercalated acetate ions. The heat-treatment at 673 K changes the ZnO 
coating morphology to the granular type and increases the photoactivity in the 
0.1 M Na2SO4 electrolyte. It was confirmed that the presence of methanol 
increases the observed photocurrents. 

3. It was determined that the potentiostatically deposited Zn-Co oxide coatings 
consist mainly of the lamellar ZnO and α-Co(OH)2. After the heat-treatment 
at 673 K, Co3O4 and ZnCo2O4 spinel phases were identified to be formed. 

4. The photoelectrochemical properties of the mixed Zn-Co oxide coatings 
depend on the Zn:Co ratio: the increase in the cobalt concentration decreases 
the observed photocurrents; yet it increases the specific capacitance. 

5. The photoelectrochemical activity of the ZnO, Co3O4 and Zn-Co oxide 
coatings on the TEC 15 glass substrate for anodic water oxidation in 0.1 M 
phosphate buffer was compared. It was discovered that the highest 
electrocatalytic activity is exhibited by Zn-Co oxide samples at a ratio of 
Zn:Co = 0,28:1.  

6. It was established that the increase in the amount of the Co−Pi catalyst 
decreases the observed photocurrent of the ZnO coatings; however it 
simultaneously increases the electrocatalytic activity of the anodic water 
oxidation. The Co−Pi catalyst exerts a small effect on the activity of mixed 
Zn−Co oxide coatings.  
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