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Abstract

NiO thin films were prepared by electrodeposition technique onto
fluorine-doped tin oxide-coated glass substrates (FTO glass). For these
films, a comparative study for the influence of various cleaning processes,
deposited voltages, and molar concentrations on adhesion, homogeneity,
electrochromic properties, structural properties, and optical properties were
studied. Adhesion and homogeneity properties were studied using
intermediate magnification microscope (x100 and x400). Electrochromic
(coloration efficiency, reversibility, switching time and stability) properties
was investigated using chronoamperometry, cyclic voltametry and
transparency during chronoamperometry. Transparency spectrum in the
range between (200-1000 nm), was also used to investigate some optical
parameters (transparency, film thickness and optical energy band gap). Best
adhesion and homogeneous properties were observed, for films prepared
using dish washing liquid soap followed by successive immersion of
substrates into sonicated isopropanol, aceton and ethanol. These films were
soacked in diluted HCL, before finally rinsed with deionized water and
dried at 100 °C. Highest electrochromic and optical properties was obtained

for NiO films prepared on pre-cleaned FTO/Glass substrate, prepared at -



XV
700 mV, molar concentration of 1 M Ni(NO3),6H,0, and annealed at 300
°C under air. This film shows a poly crystallite structure with grain size of

12 nm as confirmed by XRD measurements.
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Chapter One

Introduction and theoretical background

1.1  Objectives

The objectives of this study are to deposite homogeneous, good
adhesive and high electrochromic performance nickel oxide (NiO) thin
films by electrodeposition technique.

Following parameters are to be optimized to have films with above
intended properties:

a- Different substrate cleaning processes.

b- Deposition of 1M nickel oxide (NiO) thin films at different voltage (-
1000, -800, -700, -600 and -500 mV).

c- Different molar concentration of nickel oxide (1M, 0.8M, 0.5M, 0.3M

and 0.1M) at the same voltage -0.7V.

1.2 Why nickel oxide (NiO) based thin films?

Nickel oxide is ranked in second class after tungsten oxide as one of popular
electrochromic materials. In addition, it could be used as a complementary
electrode with WO3. Because of its high electrochromic efficiency, Nickel
oxide films have many features like cyclic reversibility (highly stable),
durability and coloration. It is useful for smart windows technology and it has
a good dynamic range (low potential operation range) [1].

Nickel oxide is anti ferromagnatic material, and a metal —deficient p-type

semiconductor with a band gap 3.6 eV. The nickel oxide is used in many
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applications like electrochromic display devices, catalysts, gas sensors and
fuel cells [2-8].

Nickel oxide films can be fabricated by many deposition techniques;
thermal evaporation, chemical vapor deposition, spray pyrolysis, sol-gel,
chemical solution deposition, electrochemical deposition and sputtering [9-
18]. All of these methods give different features based on the application of
interest. Therefore, there are many efforts to have films with chemical and
physical properties as required.

In this thesis the electrodeposition method is employed to preparation
nickel oxide films because firstly this process is easy to operate and its
needs simple equipment. Secondly, the control of the deposition rate is

simple by controlling the current or voltage.

1.3 Previous studies

Usha and his group studied the electrochromic properties of NiO thin film that
was prepared by radio frequency (rf) magnetron sputtering technique. They
found that the coloration efficiency, reversibility and optical modulation were
235 cm?/C, 64% and 58%, respectively. They also found the coloration and
bleaching time were 1.25 and 1.1 second, respectively [19].

Velevska and his team prepared (NiO) thin film by chemical bath
deposition. They studied the electrochromic properties for NiO thin film.
They found that the coloration efficiency at 670 nm was 40.6 m?/C and the
response time for coloring and bleaching were 4.00 s and 2.65 s,

respectively [20].
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Brown and his group prepared the NiO thin films on indium tin oxide by
electrodeposition technique. They studied the electrochromic properties of
NiO thin films that were fabricated using two deposition process; the first
process by using the shorter potential limits and the second process by
using wider potential limits. The calculated coloration efficiency for two
deposition processes were 49 cm?/C and 10 cm?/C, respectively [21].
Patel and his group deposited the nickel oxide (NiO) thin films on glass and
ITO glass substrates at room temperature by e-beam evaporation. The
coloration efficiency was 22 cm?/C and 19 cm?/C at 650 nm and 1000 nm
wave lengths, respectively. They found the energy band gap and
transmittance were 3.78 eV and 55% [22].
Patil and his group deposited nickel oxide thin films (NiO) on glass
substrate by sol gel spin coating method. They studied the morphology,
structural, electrical, and optical properties of nickel oxide thin films at
various temperatures from 400 "C to 700 "C for one hour under air. They
found that the NiO has nanocrystalline cubic structure and grain size of 40
— 60 nm. They also observed the electrical conductivity was increased from
10 to 102 Q.cm when annealing temperature was increasing from 400 °C
to 700 "C. The optical properties were decreased from 3.86 eV to 3.47 eV
with increasing temperature from 400 "C to 700 "C [23].
Sonavane and his team prepared nickel oxide on FTO glass by electrode
position method in one step deposition for 20, 30, 40 and 50 minutes. They
studied the effect of thickness of the film on the optical, morphological,

structural and electrochromic properties. They found that the optical
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transmittance decreased when the film thickness was increasing. They also
observed that the films deposited for 20 minutes have the maximum
coloration efficiency (107 cm?/C) and electrochemical stability up to 104
color/bleach cycles [24].
Akaltun and Cayir studied the effect of film thickness on morphological,
optical and structural properties when synthesis nickel oxide thin films at
room temperature on glass substrate by successive ionic layer adsorption
and reaction (SILAR) method. They found that when increasing film
thickness the resistivity changed between 4.1 and 802.1 Q.cm also the surface
and crystalline properties were improved. The values of energy gap were
reduced from 3.71 eV to 3.67 eV depending on thickness of the film [25].
Sen and his team studied electrical and optical properties of nickel oxide
(NiO) doped with various concentrations of zinc (0% to 0.5% to 4%) by sol
gel spin coating method. They found when increasing at 4% dopant
concentration, the resistivity and absorption peak was increased also at
lower dopant concentration. The nickel oxide doped with zinc was a
suitable hole conductor for the device applications of solar cell [26].
Vigneshkumar and his group studied the structural and optical properties of
nickel oxide (NiQO) thin film prepared by spray pyrolysis method. They
found the reflectance and transmittance of the nickel oxide thin film were
7% and 83% respectively at 550 nm wave length. Also they found that the
direct band gap was 3.2 eV [27].
Guziewicz and his team studied the optical and electrical properties of

nickel oxide thin film with various temperatures from 300 °C to 900 °C by
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RF magnetron. They found that nickel oxide thin film depended on the
temperature of substrate and amount of oxygen through sputtering. They
found that when deposited the nickel oxide thin film at room temperature in
the absence of the oxygen, the resistivity was 65 Q.cm and the
transmittance was near 50% in the visible rang. On the other hand, when
oxygen quantity increased in deposition gas mixture the conductivity was
higher but the transmittance was decrease below 6%. Moreover, the
conductivity was lower when the films were deposited at temperatures
above 500 °C [28].

Gowthami and his group prepared nickel oxide thin films by spray method.
They studied the optical properties of nickel oxide at various temperatures
from 350 °C to 450 °C. They found the optical transmittance was decreased,
and the optical band gap was also decreased with increasing substrate
temperature [29].

Saleh prepared nickel oxide thin films on quartz substrates by rapid thermal
oxidation technique at 850 'C and various oxidation time. He studied the
structural properties of nickel oxide thin film, he found that when increased
the oxidation time the grain size was increased. Also he found that all of

the films prepared at various oxidation times display cubic structure [30].

1.4 Chromism

Chromism is a process that has changes in the compounds color by many
external stimuli [31], and it is classified according to these stimuli as

follows: thermochromism (by heat), photochromism (by light),



.
solvatochromism (by solvent polarity), piezochromism (by pressure) and
electrochromism (by electric current), .....ctc.

In our study, electrochromism will be choosed because this chromism type

constitutes with work topic.

1.5 Electrochromism

1.5.1 Electrochromic device (ECDs) and their applications

1.5.1.1 Design and operation of ECDs

The electrochromic devices change the optical properties like reflectance,
absorption and transmission by the control with the charge (insertion or
extraction) [32, 33]. The ECDs are used in many applications such as
electrochromic display devices, mirrors and electrochromic windows
because the obvious property (change the optical property). Also ECD
consists from five layers which are two transparent conducting layers (FTO
or ITO) and electrolyte (ion conductor) that separates between two
electrochromic thin film one of them cathodic coloration and the other

anodic coloration [34, 35].



| Glass
Transparent conductor

EC film (NiO, MnOs...)/ion storage

Electrolyte (LiNbOs...)

EC film (WOs, TiO2...)
Transparent conductor
| Glass

Figure (1.1): Schematic diagram for ECD showing its different layers.

1.5.1.2 Application of ECDs as electrochromic windows (ECWS5s)

There are many examples of electrochromic devices like filters, rear-view
mirrors, EC windows, display and helmets [36]. EC windows and

electrochromic mirrors will be stated below.

a) Electrochromic windows

The electrochromic windows control the amount of solar energy and visible
light that are passing through the windows by two states or two modes as
shown in figure (1.2), where they are bleached state (off state) and colored
state (on state). In bleached state part of solar energy and visible light are
passing through ECW inside the room and the window looks transparent,
as known ITO or FTO films reflect infrared radiation. In color state the
amount of visible light and solar energy passing through the ECW is

reflected and the window looks dark.



Transmittance mode Rellection mode

| || | Incident beam W
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Figure (1.2): Schematic shows states of electrochromic device operation.

b) Electrochromic mirror

As shown in figure (1.3), the EC mirror controls the amount of flashing
light that is emitted from vehicles at night through regulating the amount of

reflections, this feature makes the driver see without discomfort.

normal mirror EC mirror

Figure (1.3): Schematic shows picture format in EC mirror and normal mirror.
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1.6 Back ground on nickel compound

1.6.1 Nickel oxide compound

Nickel is a transition metal since its one of group VIII elements in periodic
table. The transition elements have many features such as ductility,
malleability, and conductivity for heat and electricity. They also have
valence electrons that are existing in more than one shell and used to join
the transition elements with other elements. This often gives many common
oxidation states. Useful alloys are appeared when nickel is added to metals,

this strength, hardness, and corrosion resistance would be increased [37].

1.6.2 Nickel hydroxide Ni(OH):

Nickel hydroxide consists of two known phases that are $-Ni(OH), phase
and the a-Ni(OH), phase. The B structure is layered structure and each
layer has an hexagonal plan configuration of Ni(Il) ions with an oxygen
octahedral coordinate. The distance between layers 4.6 A as shown in

figure (1.4.a) [38-44].

(1.4.a)
T O H iy =31 ZA
H

}a.6A

p-Ni(OH),

Figure (1.4.a): Shows B-Ni(OH)2 phase [45].
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The hydration of the B-Ni(OH), phase is a-Ni(OH), phase where the

molecules of water are intercalated among Ni(OH), layers. This leads to

large distance between layers was 8.0 A as shown in figure (1.4.b) [39-42].

Figure (1.4.b): Shows a-Ni(OH)2 phase [45].

1.6.3 Nickel oxihydroxide NiOOH

Nickel oxihydroxide consists of two phases y-NiOOH and B-NiOOH. The
v-NiOOH is generally represented by the formula AxHy(H20),.NiO, and
have the oxidation state range between 3 and 3.75. Both phases of NiOOH:
B-NiOOH and y-NiOOH look like brown thin film and have inter-sheet
distance 4.7 A for B-NiOOH phase and 7.0 A for y-NiOOH phase [38-41].

=2.80A K, B0
Ni<8H dy =2 80A Ni*i ™ !
x yATN) X }~7.04
yi
il
B-NiOOH y-NiOOH

Figure (1.5): Shows y-NiOOH and B-NiOOH phases [45].
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1.6.4 Mechanism of coloration

From mechanism of coloration, chemical and electrochromic properties
could be investigated for Ni-based thin films through immersing Ni-based
thin film in aqueous electrolyte like (KOH). When immersing NiO particles
in KOH electrolyte. The surface of NiO is converted into nickel hydroxide
Ni(OH),. This was done through redox (reduction/oxidation) reaction.
Bode et al. proposed this reaction through scheme that shows hydrated NiO

electrode immersed in KOH electrolyte [42].

Figure (1.6): Bode scheme for NiO electrode oxidation reduction reaction [42].
The Bode scheme shows transition between Ni(ll) and Ni(lll), it also
displays two redox reactions are B-Ni(OH),/ B-NiOOH (B '/ B ") and a-
Ni(OH),/ y-NiOOH (o/y) [40]. In the redox reaction, 1.3 electrons are
transferred when deals with transformation o/y [46-47].

In the electrochromic mechanism, there are three major reactions (1.1, 1.2

and 1.3) when NiO thin films are studied in aqueous electrolyte. Ni(OH),
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and NiO are transparent but NiOOH is colored in the form of thin film [40,

48, 49-52].
Ni(OH), <> NiOOH + H* + & (1.1)
Ni(OH), +OH- <> NiOOH + H,0 + ¢ (1.2)
NiO+ OH" <> NiOOH + ¢ (1.3)

1.7 Deposition techniques of NiO-based thin films

There are many techniques in order to prepare electrochromic NiO thin
films. The main method is classified into physical, chemical, and

electrochemical techniques.

1.7.1 Physical techniques

Physical deposition techniques are characterized by a process in which the
material goes from a condensed phase to a vapor phase and then back to a
thin film condensed phase. It includes sputtering [53-56], electron beam

evaporation [57], pulse laser deposition [58, 59], and etc.

1.7.2 Chemical techniques

In chemical deposition techniques, a fluid precursor undergoes a chemical
change at a solid surface, leaving a solid layer. some chemical methods for
thin film deposition are chemical bath deposition [60], dip coating in a sol-

gel [61-63], spin coating of a sol-gel solution [64], and etc.



14

1.7.3 Elecrochemical deposition (ECD)

In our work, we have used electrochemical technique to deposit our Ni-
based electrochromic films. The main features of the electrochemical
technique are:

Very low cost of manufacturing.

Large area manufacturing.

Compatibility with substrates variety.

Figure (1.7) shows a three-electrode electrochemical experimental
arrangement for CdS thin film preparation on 1TO/Glass substrate (adopted
as an example). It included a solution containing distilled water, chemical
materials and HCI in order to control PH value. The temperature of solution
was kept under constant stirring during deposition and a constant
temperature oil bath [65]. The platinum plate and pre-cleaned substrate that
has dimensions 1x4 cm? were held by holders and partially immersed in the
chemical solution. The system was well closed under a continuous nitrogen

flow. By an applied potential of a DC stripping, deposition was occurred.



Figure (1.7): Experimental arrangement for film growth in ECD.

1. Potentiostate; 2. Clamp stand; 3. Reference electrode (AgCI/Ag); 4.
Counter Electrode (platinum); 5. Electrolyte; 6. Working electrode; 7.
FTO/Glass substrate; 8. Beaker (60 ml).
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Chapter Two

Experimental Work

2.1 Materials and film preparation

2.1.1 Chemicals and solvents

In its pure form, materials are purchased from different companies:
1- Nickel (1) nitrate hexahydrate [Ni(NO3)..6H.0] was purchased from Aldrich.
2- Potassium hydroxide (KOH) is from Frutarom.
3- Other materials like isopropanol, methanol, ethanol, hydrofluoric acid (HF) and
hydrochloric acid (HCI) are self-packing locally.
4- Highly transparent and conductive in the visible florine-doped tin dioxide on

glass (FTO/ glass) samples were used as substrates.

2.1.2 Substrate cleaning process

FTO/glass substrates that have dimensions of 5x1 cm? were prepared in
order to deposit NiO-depending on electrochromic films. It is necessary to
use pre-cleaned substrates. In order to study the effect of cleaning method
on film uniformity and adhesion, the substrates were cleaning using

different cleaning methods:

a- First method (My):
1-Cleaning (FTO/glass) substrate with dish washing liquid (Fairy dish
washing liquid 2.5 ml in 50 ml tap water) to remove any attachments or

dust.
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2-Washing substrate by tap water, after that washing with deionized water
to remove fairy liquid.
3-Drying (FTO/glass) substrate with pressed air and immersing it in HCI
for two minutes to remove any un-cleaned attaches.
4-Washing with deionized water and drying with pressed air.

5-Dryingthe substrate at 100 °C for five minutes.

b- Second method (My):
Same cleaning procedure as Mj, but we change step 1 in M; by dipping the

substrate in sonicator for ten minutes.

c- Third method (Ms):
Same cleaning steps as (M), but we add a new step (after step 2 in M),
which is immersing air dried substrate in ethanol under sonication for ten

min. using ultrasound sonicator.

d- Fourth method (Ma):
Same as M3 cleaning method, but ethanol is replaced by a ceton in the

sonication step.

e- Fifth method (Ms):
Again as M3 cleaning process, but ethanol is now replaced by isopropanol

in the ultra-sonication step.

f- Sixth method (Me):
Also, this cleaning process is same as M3, but in ultra-sonication step, we

have immersed the substrate in the three solutions (ethanol, a ceton, and
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isopropanol) successively. Each solution was kept under sonication for ten

minutes.

g- Seventh method (My>):
Same cleaning process as Ms. However, HCL is replaced by HF before

finally washed and dried.

2.1.3 Preparation of NiO based films

Electrochromic (NiO) thin film was prepared using electrodeposition
technique followed by annealing at 300 ‘C for one hour under air,
Ni(NO3),.6H,0 with appropriate molar concentration (0.1M, 0.3M, 0.5M,
0.8M and 1M), was added to 25 ml of distilled water and stirred by a

magnet for 20 minutes. This gives a transparent green color.

Table (2.1): Schematic shows weights of the molar concentrations used.

Molar Concentration | Weight (gm)
0.1 M 0.73
0.3 M 2.18
05 M 3.63
0.8 M 5.81
1.0M 1.27

The prepared electrolyte solutions were deposited on the previously

cleaned (FTO/glass) substrate using electrodeposition technique.



20

Figure (2.1): Procedure of NiO-based films deposition by electrodeposition technique.

The steps of electrodeposition operation for (NiO) —based film is appeared
in figure (2.1) and abbreviated as follows:

1. Placing the cleaned (FTO/glass) substrate in to electrolyte solution and connect
it to the working electrode.

2. Depositing the film on the substrate. this is done by filling the electrodeposition
parameters in the potentiostate software before running the experiment. we have
used chronocalorimetry experiment to deposit our film on the substrate. The
parameters filled are the deposition potential and the time duration, which can be
limited by charge magnitude.

3. Drying the slides under air for one day.

4. Annealing at 300 °C into the oven under air for one hour to get (NiO) film.

5. Electrodeposition of Ni-based films was done for under different deposition

potentials (-500, -600, -700, -800, -1000 mV) and different Ni(NOz)2.6H20
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concentrations (0.1, 0.3, 0.5, 0.8, 1.0 M) in the solution to optimize best

parameters for Ni-based electrochromic films.

2.2 Measurements

2.2.1 Cyclic voltammetry (CV)

Cycling voltammetry is an electrochemical technique and performed using
cycling the working electrode potential and measuring the current that

develops in an electrochemical cell.

Cyclic Voltammetry Potential Waveform
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Figure (2.2): Cycling voltammetry waveform.
Figure (2.3), shows three electrodes electrochemical cell used to do the
cyclic voltammetry tests. It usually contains aqueous solution as an
electrolyte. The NiO electrochemical films precipitated on FTO/Glass

substrate were involved in the cell as working electrode (WE). Silver
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chloride/silver (AgCI/Ag) was participated as reference electrode (RE) in

the cell and as a counter electrode (CE), the platinum was involved.

Flectrolyvte i

Figure (2.3): A schematic shows one compartment three electrodes electrochemical
cell.

The measurements of cyclic voltammetry (CV) were prepared at
room temperature in a cell containing 0.5M KOH electrolyte. The
potentials witches between -650 and 650 mV, against Ag/AgCl reference
electrode, at a scan rate of 50 mV/s and ten cycles were registered for every
electrochromic film. The immersed film area in the electrolyte was kept to

be ~ one cm? during all CV measurements.
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2.2.2 Chronoamperometry (CA)

Chronoamperometry is an electrochemical technique where the working
electrode potential is stepped and the resulting current occurring at the

electrode (caused by the potential step) is monitored as a time function.

—  First __Second_

| E | Step Time | Step Time |
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= Time
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Figure (2.4): Potential wave form for chronoamperometry.
Chronoamperometry (CA) measurements for prepared films were done at
room temperature. The potential varied between -0.65 V and 0.65 V,
against Ag/AgCl reference electrode with 20 s for each potential. An area
of one cm? of electrochromic prepared films was immersed in KOH

electrolyte. For each film, twenty CA cycles have been performed.

2.2.3 Transmittance

The transmission of light through prepared NiO films was measured
in a light wave length ranges from 200 to 1000 nm. Also, the light
transmission using single wavelength (630 nm) was also measured. During

CA measurements (coloring and bleaching).


https://en.wikipedia.org/wiki/Working_electrode
https://en.wikipedia.org/wiki/Working_electrode
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2.3 Instruments

1- PGZ402 universal potentiostate
Chronoamperometry (CA), cyclic voltametry (CV) and chronocolumetry

measurement were done by using PGZ402 universal potentiostate device.

Figure (2.5): The photos shows PGZ402 universal potentiostate instrument.

2- Shimadzu UV-3101PC UV-VIS-NIR scanning spectrophotometer

Spectrometer is an instrument study the optical properties (absorbance,
transmittance, and reflectance) to provide us with information that is give
solutions in the analysis of films, coatings, plastic, powders and liquids. In
this thesis used transmittance measurement to calculate energy band gap

and thickness for many films.



Figure (2.6): Shows shimadzu UV-3101PC UV-VIS-NIR scanning spectrophotometer

device.

3- Elma ultra-sonicator

Ultrasonic cleaning is a technology that uses high frequency sound waves
(ultrasonic: above the range of human hearing) to agitate an aqueous or
organic medium (cleaning chemistry) that in turn acts on contaminants
adhering to substrates like metals, glass, plastics, ceramics and rubber
contaminants can be dust, dirt, oil, pigments, grease, flux agents, polishing
compounds, fingerprints, soot wax and mold release agents, biological soil

like blood, and so on.



Figure (2.7): : Elma ultrasonic cleaner.
4- Bifa laboratory furnaces
Bifa laboratory furnaces used to annealed many films at 300 ‘C for one

hour under air.

Figure (2.8): Bifa laboratory furnaces.



27
5- Rikago miniflex 600 X-ray diffractometer.
X-ray diffraction is a strong tool for thin films studying because it gives
many information like crystal structure, lattice constant, sample purity, and
unit cell dimension. When X-rays incident on the surface of crystal, the
crystal is rotated and X-rays are reflecting from many lattice planes and
recorded by radiation detector.
The X-ray diffraction is depending on constructive interference of X-rays
and crystalline sample. The inter action between incident rays and sample
gives constructive interference when conditions satisfy brag's law.
The XRD data was obtain using Rikago miniflex 600 diffractometer as
shown in figure (2.9), which consist of many parts:
1- X-ray tube: the source of X-rays with a wavelength 1.5405 °A.
2- Collimator.
3- The sample and sample holder.
4- Detector: count the number of x-rays scattered by the sample.

5 Signal processor.
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MiniFiax 600
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Figure (2.9): The schematic shows Rikago miniflex 600 diffractometer.
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Chapter Three

Results and Discussion

Nano-particles of Ni-based semiconducting electrochromic thin films have
been prepared by electrochemical deposition technique. The effects of
cleaning processes, different molar concentrations and different deposition
voltages on the prepared films characteristics (optical, electrochromic and
structural) have been studied. The films have been characterized using
different measuring techniques listed below:

1- Cyclic Voltammetry (CV).

2- Chronoamperometry (CA).

3- Optical Transmission Spectra.

4- X-ray analysis.

3.1 Effect of cleaning process: adhesion and uniformity of Ni-based

films

In the deposition of Ni-based thin films on FTO substrate, the important
thing before the deposition of these films were cleaning substrate from any
impurities or dirt to achieve desirable properties of the film like
homogeneous, adhesive and high electrochromic properties.

In thin film technology, adhesion is very important to determining the
durability of deposited thin film. The durability and longevity for thin films

are largely depending on their adhesion to the substrate because this
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determines the removal ease. It is desirable that these films should be
capable of being polished and cleaned.
Wear depends on adhesion extent of thin film to the substrates; if the
adhesion is poor, the film will wear off quite rapidly. Cleaning of the
substrate plays an important role to increase adhesion of the film to
substrate and protect it from wearing off.
As previously described in the experimental part, different cleaning
processes have been tested to study the effect of cleaning on the film
adhesion and characteristic.
For different films, prepared at different cleaning processes (M1, M2, Ms,
M4, Ms, Mg, My), normal and magnified photos were taken to study
homogeneity and adhesion to the substrate.
The photos for films were taken for as prepared films (before annealing
(B)) and for films post annealed, at 300 °C for one hour under air (after
annealing (A)). Normal photos for prepared films (As deposited and post
annealed at 300 °C for one hour under air are shown in (Fig. 3.1).
As may be seen in figure (3.1 a), films deposited on to cleaned substrates
using dish washing liquid alone, or followed by using single solvent
(isopropanol, aceton, or ethanol) treatment and coupled with ultrasonic
machine, are not homogeneous. Some of them showed partially wearing off
of the films. These films are represented by cleaning methods (M1, M, Ms,
M., and Ms) respectively. On the other hand, films deposited on substrates
cleaned by successive ultrasound cleaning in isopropanol, aceton, and

ethanol have higher homogeneity and adhesion to the substrates. After
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annealing of the films (Figure. (3.1 b)), the films deposited on substrates
cleaned by first four methods (M;, M., M3, and M,) were weared off and

only small isolated zones remain on the substrates.

(b)

Figure (3.1): Normal photos for different prepared films at different cleaning process:
a) as deposited films (B: before annealing) and b) films after post annealing at 300 °C
for one hour under air (A: after annealing).

Higher magnified photos for as deposited films before annealing (films B)

obtained using optical microscope are shown in figures (3.2 and 3.3) for
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x100 and x400 magnification, respectively. Figures (3.2 and 3.3) shows
that all films have growth of the type 3D island growth (volmer, weber) in
this growth process, atoms are agglomerate together on the substrate in a

form of separated film islands.

Figure (3.2): Microscope photos (x100 magnification) for as prepared films with
different cleaning processes before annealing (B).

As the growth continues, islands become larger and extends to cover the
substrate with the film material [66]. In this growth method, atoms are
more strongly bound to each other than to the substrate. Films deposited on
substrates, cleaned by M, M,, M3, M4, and Ms shows that formed films

island are not connected together and hence, the films are not fully cover
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the substrates. On the other hand, films deposited on substrates cleaned by
Mg and My show that the films islands are connected together forming
larger regions covers that the substrate better. It is worth notice that the
films deposited substrates cleaned by Mg method have the widest covered,
continuous, and homogeneous regions have the coverage, continuity and
homogeneity. In addition, figure 3.3 (x400 magnified) photos shows that
many cracks exist in the films deposited on substrates cleaned by M1, M,

M3, My, and Ms.

s i

Figure (3.3): Microscope photos (x 400 magnification) for as prepared films with

different cleaning processes before annealing (B).
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High magnification of annealed films (films A) are shown in figures (3.4
and 3.5) for magnification of x100 and x400 respectively. For these images
the films deposited on to substrate cleaned by M;, M,, M3, and M, showed
many cracks and exhibited wearing off phenomena. It is known that
annealing will lead to densification and hence shrinkage of the material
[56]. As previously mentioned, in 3D island growth, film atoms are more
strongly bound to each other than the substrate, shrinkage due to
densification is observed to lead to agglomeration of islands together and
wearing off from substrate. On the other hand, films deposited on other
substrates cleaned by (Ms, and Mg) showed some voids in the films with

densification process and no insulating cracks were observed.

Figure (3.4): Microscope photos (x100 magnification) for films after post annealing at

300 °C for one hour under air with different cleaning processes after annealing (A).



Fig. (3.5): Microscope photos (X400 magnification) for films after post annealing at 300
°C for one hour under air with different cleaning processes.
Film deposited onto substrates cleaned by Mg methode have the least voids
and the highest homogeniouty. The not wearing off the films may be
because of the growth is not pure 3D island. But it is more probably to have
stranski-krastanov type, which is a mix growth between layer by layer
growth followed by 3-D island. In this growth method, atoms are strongly
bound to each other and to the substrate [66]. Hence Ms, and Mg cleaned
substrate have not wearing off of the films and they are well attached to the
substrates. It is also observed that the films prepared by Mg method exhibit

high homogeneity, less cracks, and large coverage area.



37
For films deposited onto substrates prepare by M; method. After annealing,
they show high surface area agglomeration of film material. But
unfortunately, major large crakes are observed. It is believed this film have
same growth type as those cleaned. But, due to the presence of HF acid in
the cleaning process, the substrate was highly etched and probably
damaged. Moreover, as observed by eye, the substrate begins to dissolve
since it is made from glass with thin layer of FTO. HF will affect FTO
conductivity and the glass begins to dissolve even if we have diluted HF

acid [67].

As a conclusion, electrochromic thin films deposited on substrates cleaned

by method Mg showed highest homogeneity, continuity, and adhesion to

the substrate for both before and after annealing of the films. Cleaning
method 6 (Ms) steps are re-described here after:

1- Cleaning (FTO/glass) sample with dish washing liquid (Fairy dish
washing liquid 2.5 ml in 50 ml tap water) to remove any attachments or
dust. Washing (FTO/glass) sample with tap water after that washing in
deionized water to remove fairy liquid.

2- Drying (FTO/glass) sample with pressed air and putting (FTO/glass)
sample in isopropanol on sonicator for ten minutes and washing with
deionized water, then drying (FTO/glass) sample with pressed air and
putting in aceton on sonicator for ten minutes.

3- Washing in deionized water, then drying (FTO/glass) sample with

pressed air and putting in ethanol on sonicator for ten minutes. Washing
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with deionized water, then drying (FTO/glass) sample with pressed air
and putting HCL for two minutes on (FTO/glass) sample.

4- Washing (FTO/glass) sample with deionized water and drying
(FTO/glass) sample with pressed air. Drying (FTO/glass) sample at 100
°C for five minutes.

This substrate cleaning method is used for all coming prepared films to

study different parameter effect on electrodeposited Ni-based film. The

reason for Mg being the best method is that we have used many solutions in
the cleaning process to ensure removal of all contaminants that may exist
on the substrate. Cleaning with dish washing liquid followed by tap water
and deionized water washing (step 1 of Mg) will ensure removal of any dust
attachment and washing liquid. The following of the steps in Mg procedure
(step 2 and 3) will remove and/or dissolve any attached glue, grease,
proteins, oils, and lipids; acetone solvent is a great cleaner to dissolve
almost any glue attachment to substrates. It is also known to be a heavy
duty degreaser. Isopropanol and ethanol are usually used in cleaning to
denaturing proteins and dissolving lipids [67]. HCL then was used in
cleaning process. This will result in a hydrogen —terminated hydrophobic
surface. In addition, acid will make etching for the substrate, which makes
surface rougher, and hence larger number of nuclei in deposition. This in
turn may lead to smaller grain size [68]. The other cleaning methods show
less surface continuity, less homogeneity, and less adhesion due to the fact
that there is still contaminants on surface that disturb uniform growth of the

film and hence less film quality were obtained.
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3.2 Electrodeposition potential optimization for Ni-based electrochromic

thin films.

Ni-based thin films were deposited onto Ms cleaned FTO/Glass substrates
using different electrodeposition potentials. The electrochemical deposition
of the films was performed by using chronocolometry at -500, -600, -700, -
800, and -1000 mV. The deposition continues until a total charge of -5 C
was deposited. The deposition area for the film (immersed area in
deposition solution) was two cm? (2x1 cm?). The concentration of
Ni(NO3),.6H,0 in the aqueous solution was 1M. For each potential three

samples were prepared to perform the different experiments needed.

3.2.1 Ni(OH)electrochromic films

Deposition of the films, using electrodeposition, in the electrochemical cell
will result in having films of nickel hydroxide (Ni(OH),). The reactions
have place during deposition is given by [69]:
NO73 + 7H,0 + 8¢ — NH*;+ 100H" (3.1)
Ni?* + 20H- —» Ni(OH); (3.2)

3.2.1.1 Ni(OH)2 chronoamperometry (CA)

Chronoamperometry measurements were done for as deposited films
before annealing (B-films) and for films after annealed at 300 °C for one
hour under air (A-films). twenty cycles of CA were performed in 0.5M
KOH. The potential was cycled at -650 mV and 650 mV versus Ag/AgCI

reference electrode. Each cycle potential was kept for a duration of 20
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seconds. CA cycles for films before annealing (Ni(OH), B-films) are

shown in (Fig. 3.6).
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Figure (3.6): CA curves during twenty cycles for Ni(OH). films deposited at deferent
deposition potentials. Potential cycled between -650 mV and 650 mV versus Ag/AgCl
reference electrode in 0.5 M KOH electrolyte.

Films deposited at potentials -500, -600, -700, and -1000 mV show a
stability in anodic current density peaks (J,), cathodic current density peaks
(Jo), and graph shape during CA cycles. On other hand, there is no stability

in Ja, Je, and shape for films deposited at -800 mV. CA measurements are
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used to deduce many parameters like anodic charge density (Qa), cathodic
charge density (Q.), coloration time (t;) and bleaching time (tp). Q. and Q.
can be deduced by integration of J, and J. respectively in the current
density Vs. time graph. A schematic figure (3.7.a) shows how to find Q,
and Q. from the integral of J-t graphs according to the following equation:
Q=A]Jdt (3.3)
Coloration time (t;) and bleaching time (tp) can be found from the time
needed to stabilize the J, and J;, respectively, to an essentially constant
value near zero. Figure (3.7.b) shows a schematic explanation for how to
find coloration and bleaching time. For our CA experiments Q,, Q, tc, and
t, which are deduced from cycle twenty are shown in table (3.1). Cycle
twenty is chosen to ensure stabilization of electrochemical oxidation

reduction during CA measurements that are also shown in Fig. (3.7.a).
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Figure (3.7): The shematic explains how to find Qa, Qc, tb and tc values.
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3.2.1.2 Ni(OH). transparency during CA measurements

During CA measurement, transparency measurements have been performed
at light wavelength of 630 nm. Transparency measurements have been
performed to measure the film transparency of light in color (T.) and
bleach (Ty) states during electrochromic process that takes place while CA
measurement are running.

In addition, transparency during CA represents other way to find t; and t.

A schematic which explains how to find T, Ty, tc, and t, is shown in (Fig.

3.8).
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Figure (3.8): The schematic shows how to find Ty and T¢ also t» and t..
The transparency measurements during CA experiments of Ni(OH); films

deposited at different deposition voltages are shown in (Fig. 3.9).
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Figure (3.9): Optical transmittance change at 630 nm wave length
during CA for Ni(OH): thin films deposited at different potentials.
Weak coloration bleaching has been observed, in the figure (Fig. 3.9), for
all the films except those deposited at -600 mV. It is obviously shown that
the coloration bleaching difference for this film (deposited at -600 mV)
have the highest transparency difference. Hence, one could expect that this
film has best electrochromic parameters.

Indeed, the coloration bleaching process during CA measurements takes
place according to the following reaction:

Ni(OH), +OH- <> NiOOH + H,0 + ¢ (3.4)
Where Ni(OH); is transparent but NiOOH is colored.

From transparency measurements of prepared films, T, and T, are found

for cycle twenty and tabulated in table (3.1).
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3.2.1.3 Ni(OH)zelectrochromic parameters

Data collected in table (3.1) were used to calculate different electrochromic
parameters. Reversibility of intercalating charges, is defined as the ratio
between cathodic and anodic charge densities (Qc/Qa,). It is known that the
best reversibility is achieved when having Q./Q. approaching unity with
ideal value of Q./Q, = 1.

Other parameter, which is the contrast ratio (T,/T.), can be deduced. The
highest the contrast ratio, the better electrochromic performance of the
film. Moreover, coloration efficiency (CE) is usually calculated from data
recorded in table (3.1). Coloration efficiency is calculated using the

following formula (described before in chapter one):

AOD Tb
CE = =— 0g —
Qc Qc Tc

(3.5)

Q is the injected charge density to switch the electrochromic film material
from bleach state to color state. In our case Ni-based films (Ni(OH), or
NiQO) have anodic (when connected to anode) coloration characteristics; the
injected charge will be OH(Q.) to change Ni(OH), transparent film to
NiOOH color film. Hence, Q. will be used in above equation (3.5) to
calculate CE.

The calculated parameters reversibility, contrast ratio, and coloration

efficiency are also tabulated in table (3.1).
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Table (3.1): Deduced and calculated electrochromic parameters for
films before annealing (Ni(OH)2) deposited using different deposition

potentials (mV).
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From table (3.1), one can see that the film that gives best electrochromic
parameters (highest contrast ratio (1.59), highest reversibility (0.76), high
coloration efficiency (9.7), and highest coloration difference (Tp-Tc)) was
for the film electrodeposited at -600 mV, as expected before. For higher
deposition voltages, all electrochromic parameters showed less values than
that for -600 mV. In electrodeposition, it is known that the potential highly
affects the film crystallinity, morphology, grain size, adhesion, etc. [70,
71]. Electrodeposited films usually have a potential range for good quality
films. However, at higher potentials, the electric field strength increases
within the cell and this accelerates the ion transport for deposition on
FTO/Glass substrate. The accelerated ion transport results in higher

duration shrinkage, cracking and less adhesion to substrate during
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deposition. It indeed negatively affects the electrochromic parameters at
high potentials. Such behavior may be a reason for instability in CA
measurements for film deposited at -800 mV or higher.

To confirm our results and discussion, linear sweep voltammetry (Fig.
3.10) have been done to deposit Ni(OH), film from Ni(NO3),.6H,0O the
electrodeposition begins to take place at potential value of -300 mV as
shown. However, the current density becomes almost linear between -500
and -700 mV. This indicate the optimal potential range for Ni(OH),
electrodeposition. At potentials values higher than -700 mV, the current
density increases rapidly due higher speed particles at higher electric field
and also oxidation of Ni*? to Ni*3. Increasing the potential at  -800 mV,
the Ni*3 production enhances in a form of NiOOH. However, when the
potential increased up to -1000 mV, the Ni*® (NiOOH) production is
dominated [72, 73].
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Figure (3.10): Linear sweep voltammogram for Ni(NO3)..6H20 solution done at 50

mV/s versus Ag/AgCl reference electrode.

3.2.1.4 Optical parameters

For Ni(OH), thin films deposited at different deposition potentials,
transparency measurements have been performed using light wavelength

ranges from 200-1000 nm (Fig. 11).



48

Transparency for as deposited films (Ni{OH),)

& -
g 40 Wave length (nm})
]
.E i}
= I 5 () Y- B
@
S 20 - —G00MY-B
=
10 - |I| -T00my-B
0 ) —500mY-B
il 200 A0 A0 200 1000 1200 =——1000my-
=10
Wave length {nmj FTO

Figure (3.11): Transparency spectra for Ni(OH). deposited at different deposition
potentials. The inset shows the fringes for film deposited at -600 mV.
Relative to FTO/Glass substrate, almost all films show a high transparency
in the visible and near-infra-red regions, except for that deposited at -1000
mV. This is expected due to the fact that deposited films (Ni(OH),) are in
their bleach transparent coloration state [36, 39-42]. The observed decrease
in transparency (highest decrease for -1000 mV deposited film) as
increasing potential may be due to increase in defect density while
depositing the film, and/or introducing other phase related to Ni** oxidized
state (like NiOOH). The transparency spectra were used to investigate both

thin films thickness and their optical band gap (Ey).

a) Thin film thickness calculations.
The interference fringes observed in the transmittance spectrums were used
to find the Ni-based thin films thickness. When the light hits a thin film

both the bottom and top surfaces of the film reflect light. Therefore, the
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reflected light total amount are based on the sum of two reflections.
Furthermore, because of the wave-such as nature of light, according to
these two reflections phase may constructively or destructively add to each
other. The appeared fringes in the resulting interference form can be used

to determine the film thickness using the following expression [74]:
m

- 2D,/ (n2 — sin26)

(3.6)

where

d = film thickness

m = number of fringes in wave number region used

n = refractive index at different wavelength for different films were
deduced from other works [75-77].

6 = angle of incidence.

D, = wave number region used (i — i; cm?)

Using interference fringes of transparency spectra (Fig. 3.11), the films

thickness for different prepared films are calculated and tabulated in table

(3.2).

Table (3.2): Calculated thickness for Ni(OH). films deposited using

different deposition potentials.

V (mV) Film thickness (nm)
-1000 mV 675
-800 mV 669
-700 mV 698
-600 mV 698
-500 mV 705
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It is clear that the thickness values of the films are close to each other.
Indeed, since the deposition charge was the same for all films (5 C), then it

Is expected that all films must have almost the same thickness.

b) Optical band gap determination
In the strong absorption region, energy band-gap determination must
obviously be considered. Ni-based electrochromic films are transparent in
their bleach state (as prepared). Hence, they are expected to have large
energy band-gaps, in the range of 3 to 4 eV, that correspond to photon
wavelength range of about 300-400 nm (near-ultraviolet region). While
photons are absorbed, they induce electronic transitions from the valence
band to the empty energy states in the conduction band. In this region, one
can evaluate the optical band-gap value by the following relation [78, 79]:
ah v & (h v—Eg)" (3.7)
where hv= (1240/ A (nm)) is the photon energy, a is the absorption
coefficient, # is a constant having the values 2, 1/2, 3, and 3/2 based on
whether the optical transitions are indirect allowed, direct allowed, indirect
forbidden and direct forbidden transition respectively. For the direct
allowed transition, the linear part of the curve has to be extrapolated to
zero, in order to find the Eq value for the graph (ahv)? versus hv. For the
indirect allowed transitions, the drawn curve has to be extrapolated to zero,
to determine the Eq, from the graph (a/v)Y2 versus hv [78, 79]. In the strong
absorption region, the transmission T can be defined by the following
equation [80]:

T « exp(—ad) (3.8)
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The absorption coefficient () could be directly calculated from the film
thickness (d) and its transmission (T). For different films, of given
thickness, deposited on FTO/glass substrate, absorption coefficient (a) was
calculated using transparency spectra (Fig. 3.11) at different wavelengths.
In order to determine the optical band gap (Ey) of Ni-based films from the
graph (ahv)? versus kv that was drown as shown in the (Fig. 3.12). In this

figures direct optical allowed transition was assumed [81].

Eg for Ni(OH), films deposited at different potentials
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E
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é 0.8
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nu;..u'ﬂ bost increasing potential from
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Figure (3.12): The plot of (aE)? as a function of E Ni(OH). deposited using different
deposition potentials.
As shown in figure, the extrapolation of the linear part gives the optical
band gap of each deposited film. The optical band gap for films deposited

at different deposition potentials are recorded in table (3.3).
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Table (3.3): The optical band gap for Ni(OH). films deposited at

different potentials.

Ni(OH). Deposition potential Eq (eV)
-500-B 3.75
-600-B 3.73
-700-B 3.73
-800-B 3.71
-1000-B 3.63

From table (3.3), E; was found to decrease as the deposition potential
increase. Indeed, (as observed in linear sweep voltammogram experiment
(Fig 3.10)) increasing deposition potential from -500 mV to -1000 mV will
increase the current during deposition. Increasing current will cause to have
ionized particles of higher speed. Due to this, higher defect concentration
will present in the film because of higher force produced during momentum
change when particles collides at the substrate surface. Introducing higher
defect concentration in the film will introduce higher concentration of
defect energy states in the energy gap and hence reducing the optical band
gap (due to inter band transition between these states) as observed in the
table (table (3.3)). In addition, higher deposition potential could lead to
deposition of higher grain size particles. As a result, the optical band gap
will decrease due to possible increase in the thin film grain size [23].
Moreover, from figure (3.12) and table (3.3), one can observe that films
deposited at -600 and -700 almost have the same E4. This is because both
potentials have same current density as also shown in the linear sweep
voltammogram experiment. Moreover, all films have an optical band gap
above 3.2 eV, this indicate that Ni(OH), films are transparent in the visible

rang with least transparency for films deposited at -1000 mV (see Fig.
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3.11). The decrease in transparency for films deposited at -1000 mV is due

to higher concentration of defects in the deposited film.

3.2.2 NiO electrochromic films

After electrodeposition of Ni(OH), films, the films were annealed at 300 °C
for one hour under air. Annealing of electrodeposited film will transform
film from Ni(OH), to NiO. It is well known that NiO begins to calcinat at
temperature of 250 'C and higher [ 82].

3.2.2.1 NiO electrochromic parameters

For NiO films, CA and transparency experiments have been done to
investigate different electrochromic and optical properties. CA and
Transparency during CA measurements for NiO films are shown in figures

(3.13 and 3.14), respectively.
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Figure (3.13): CA curves during twenty cycles for NiO films deposited at deferent
deposition potentials. Potential cycled between -650 mV and 650 mV versus Ag/AgCl

reference electrode in 0.5 M KOH electrolyte.
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After annealing
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Figure (3.14): Optical transmittance change at 630 nm wave length during CA for NiO
thin films deposited at different potentials.

The deduced data from these two figures (Fig. 3.13 and 3.14) in addition to
calculated electrochromic parameters are tabulated in table (3.4).

As may observed from table (3.4), best electrochromic properties (highest
contrast ratio (3.5), highest reversibility (0.88), highest coloration
efficiency (14.81), and highest coloration difference (T,-T¢)) was observed
for annealed films electrodeposited at -700 mV. As observed before for
Ni(OH), films, NiO films deposited at -800 mV and higher has not stable

CA measurements and hence worse electrochromic properties.



56
Table (3.4): Deduced and calculated electrochromic parameters for
films after annealing (NiO) deposited using different deposition

potentials (mV).

< o |2 (#2212 (2 |2 |0
3 (3l ls IS (8 (8 |5 |7 |
S |s g |2kl :
3 | 3 =3 -

<

Q

QO

<
-1000A |- |-} | | | F F

-800-A 19.34 [9.22 |63.2 |51.7 |79 [8.8 [1.01 |1.22(9.3

-700-A  136.73 [41.75 |65.1 |18.6 [11.0 [5.9 |0.88 |3.50]14.8

-600-A |27.37 [35.60 [88.8 [54.7 |7.9 [4.90(0.77 [1.62]7.7

-500-A  |24.73 |34.42 186.3 |62.2 |10.8 |6.9 [0.72 |1.39(5.8

Comparing between non-annealed films (Ni(OH); films) and post annealed
films (NiO films), one can clearly see that post annealed films have better
electrochromic parameters. From tables (3.1 and 3.4), at given
electrodeposition potential, table (3.4) generally shows higher contrast ratio
(Tu/Tc), higher charge reversibility (Q./Qa) and higher coloration efficiency
(CE). This enhancement of electrochromic parameters is due to the
annealing of the films at 300 "C which enhances the crystallization of the
film. Films will crystallize from the amorphous Ni(OH), to crystallize NiO
[82]. Crystalline films are known to have higher grain size and less grain
boundary than amorphous. This indeed will enhance ion transport during

electrochromic process. In addition, temperature ensure better homogeneity
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of the film due to enhancing diffusion coefficient of the deposited layer
which give higher adhesion and higher film uniformity. Hence post
annealing enhances electrochromic parameters as observed for annealed
films at 300 "C for one hour under air in comparison with non-annealed
ones [83].

Better ion transport in post annealed films was confirmed by cyclic
voltammogram (CV) measurements (Fig. 3.15), that performed for films
before and after annealing and deposited at -700 mV potential. CV
measurements for prepared films was done in 3-electrode electrochemical

cell. 0.5 M KOH electrolyte was used in the cell with reference Ag/AgCI

electrode.
a) 6-A b) 6-B
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Figure (3.15): Cyclic voltammetry measurments for Ni-based thin films: a) NiO thin
film annealing at 300 "C (A- after annealing) and b) as deposited film Ni(OH). (B:
before annealing).

Ni(OH); or NiO electrochromic film deposited at -700 mV at one molar

concentration was used in the cell as a working electrode. The scan rate of
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the CV is 50 mV/s cycled between -650 mV to 650 mV. Higher anodic
current (J,) and cathodic current (Jc) peaks were observed (Fig. 3.15) for
films post annealed at 300 ‘C for one hour under air. This confirms that
post annealed film (NiO) have higher ionic diffusion coefficient than that
not annealed film (Ni(OH),). The diffusion coefficient has direct relation
with peak currents as shown in the following Randell-Sevcick formula:

ip=2.72 x 10° xn %3 x DY2 xC.xv!/2 (3.9)
where i, is given peak current, D is the diffusion coefficient, n is number of
electrons transferred per atom (assumed to be 1), v is the scan rate and C. is
concentration of active ions in the electrolyte. For as prepared films before
annealing, Ni(OH), films in CV measurements as shown in figure (3.15.a)
have Da of 7.78x10% cm?/s and D, of 1.35x10™ cm?s that were
calculated according to formula (3.9). On the other hand, post annealed
films (NiO films) as shown in figure (3.15.b) have higher diffusion

coefficient with Da of 1.38x10*?cm?/s and D, of 5.4x1013 cm?/s.

3.2.2.2 NiO optical parameters

For NiO prepared thin, the transparency for light wavelength ranges from

200-1000 nm is presented in (Fig. 3.16).
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Transparency for NiO films
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Figure (3.16): Transparency spectra for NiO films prepared at different deposition
potentials.
As shown in figure (3.16), the transparency in the visible and near infrared
of the films was found to have lower transmittance value compared with
FTO/Glass substrate. this is expected since the films had brown color after
annealing at 300 °C. The brown color may be due to transformation of the
film to NiOOH during annealing in air. During annealing, formed NiO
grain surface may thermally oxidized from Ni?* to Ni** forming NiOOH,
which is the electrochromic color state for NiO transparent films [48, 56].
As also observed in figure (3.16), the transparency was found to decrease
with increasing deposition potential. this as previously described due to
increase in defect density introduced in the film when increasing the
deposition potential. The high decrease in visible range transparency, for
films deposited at -700 mV, may be attributed to the high concentration of
the phase NIiOOH on the NiO formed grains surfaces [48]. Higher
concentration of colored NiO grains is due to NiOOH formation at their

grains surfaces will increase the number of NiO grains that may share in



60
the electrochromic reaction. This may be the reason for having the best

electrochromic properties as shown before.

a) NiO thin film thickness calculations.

The transparency measurements have been used to calculate the thickness
of the NiO films (as done previously for Ni(OH), films). The calculated
thickness for different films prepared from different deposition potentials

are presented in table (3.5).

Table (3.5): Calculated thickness for NiO films prepared using

different deposition potentials.

Deposition potential Thickness (nm)
-1000 mV-A 658
-800 mV-A 707
-700 mV-A 679
-600 mV-A 723
-500 mV-A 700

As expected, all films have almost the same thickness since all of them
have same charge deposited on the same area. the slight change in the
thickness may be due to slight difference in their density during annealing

and/or due to calculation error margin.

b) NiO optical band gap determination
For different films, thickness (table 3.5) and absorption coefficient («)
calculated from transparency spectra of figure (3.16) was used to plot (ahv)?

versus /v (Fig. 3.17) assuming direct allowed transition for NiO [81].
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Figure (3.17): The plot of (0E)? as a function of E for NiO films prepared using
different deposition potentials.
The optical band gap (Ey) deduced from extrapolation of linear part of the
plot (Fig. 3.17) are tabulated in table (3.6). The optical band gap for films

deposited at different deposition potentials are recorded in table (3.6).

Table 3.6: The optical band gap for Ni(OH). films deposited at

different potentials.

NiO Deposition potential Eq (V)
-500-A 3.63
-600-A 3.62
-700-A 3.56
-800-A 3.58
-1000-A 3.57

From table (3.6), Eq for all films was found to have a value around 3.6 eV.

The slightly difference in Eg (reduction) for potentials of -700 mV and
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higher may be due to (as discussed before in (3.2.1.4-b)) increase in
particle speed, that introduced defects in the film structure. Moreover, at
higher potentials, NiIOOH formation on the film increases, hence lowering
the Eg (see discussion on linear sweep voltamogram (Fig. 3.10)). Also, all
films have an optical band gap above 3.2 eV indicating that films are

transparent in the visible rang.

3.3 Optimization of nickel nitrate molar concentration for Ni-based

thin films electrodeposition.

Ni-based thin films were deposited, onto cleaned FTO/glass substrates,
using different molar concentration of nickel nitrate hexahydrate
(Ni(NO3)2.6H20) in the preparation solution. The concentrations used were
0.1, 0.3, 0.5, 0.8, and 1M. For all films, a total charge of -5 C were

deposited onto (2x1 cm?) substrate at optimized potential of -700 mV.

3.3.1 Ni(OH): electrochromic films

As quoted before, Ni(OH), thin films, prepared using different molar
concentration of nickel nitrate, can be obtained by electrodeposition
without annealing of the films (B-films). For these films different
experiments have been performed; chronoamperometry (CA), transparency

during CA, and transparency at variable wave length.
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3.3.1.1 Molar concentration effect on Ni(OH). electrochromic

parameters

For Ni(OH), films, CA and transparency experiments have been done to
investigate different electrochromic and optical properties. CA and
Transparency during CA measurements for Ni(OH), films are shown in
figures 3.18 and 3.19, respectively.

For different films prepared from different (Ni(OH),) concentrations,
twenty chronoamperometry cycles (Fig. 3.18) was done of as deposited
films (Ni(OH),) in 0.5 M KOH. The potential was cycled between -650
mV and 650 mV versus Ag/AgCl reference electrode. Each cycle potential
was kept for duration of 20 s. In addition, transparency during CA (Fig.
3.19) was also done for these films. The transparency during CA actualized
at light wavelength of 630 nm because deeper and faster response of NiO

[84].
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Figure (3.18): Twenty CA cycles Ni(OH)2 thin films prepared using different molar
concentrations of Ni(NO3)2.6H.O potential cycled between -650 mV and 650 mV
versus Ag/AgCl reference electrode in 0.5M KOH.

As shown in figure (3.18), films deposited at molar concentrations 0.1, 0.5
and 0.8 M shows unusual anodic current density (J,) behavior. Constant
current was observed at given anodic potential during cycling. This indicate
that the film does not totally covers the substrate. The constant current
indicates that the resistance is constant during charge intercalation. Indeed,
this is due to the resistance of conductive FTO/class substrate which seems

to be in contact with the KOH electrolyte; the Ni(OH), film didn’t totally
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cover the FTO layer. Other films deposited at 1 and 0.3 M generally shows
almost a normal and stable anodic and cathodic current density response
upon charge intercalation. Note that the current density for 1M
concentration becomes more stable as cycle number increase. This is
because the coloration sites sharing the electrochromic reaction are not yet
saturated and become close to saturation upon cycling; stability of current
density indicate that number of charges inserted per unit area is stable,
hence no more area is affected by more or less charge intercalation.

CA measurements, as described in the previous parts, are used to find
anodic charge density (Q.), cathodic charge density (Qc), bleaching time
(t,), and coloration time (t;). The deduced quantities (Qa, Q., t;, and tp) at

cycle 20 are shown in table (3.7) below.

Before annealing
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Figure (3.19): Optical transmittance change at 630 nm wave length of Ni(OH)2 thin

films deposited using different molar concentration of Ni(NO3)2.6H20.
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Transparency during CA (Fig. 3.19) shows a weak coloration bleaching
response for all films. This is due to the fact that these films may not totally
cover the substrate and the conductive substrate shares in the current
densities; shown current density is a result of current transport from the
film and FTO substrate at the solid-liquid interface. Hence poor coloration
bleaching difference is observed. From transparency measurements of
prepared films, T, and Ty, are found for cycle 20 and tabulate in table (3.7).
The data collected in table (3.7) were used to calculate different
electrochromic parameters, reversibility, contrast ratio (T,/T;), and
coloration efficiency (C.E). These calculated parameters are tabulated also
in table (3.7).

Table (3.7): Deduced and calculated electrochromic parameters for films before
annealing (Ni(OH)2) deposited from different Ni(NO3)..6H.O molar

concentrations.
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0.1M-B |7.10 8.10 48.4 140.7 |9.8 |11.0 |0.88 [1.19 |10.6
0.3M-B 841 16,51 |91.2 |858 |69 |7.8 |0.51 |1.06 (3.0
0.5M-B |25.33 |27.27 |73.3 |59.5 |69 |6.9 [0.93 |1.23 |3.6
0.8M-B |5.74 9.79 549 |47.0 |11.8 |11.8 |0.60 |1.17 |11.9
1IM-B  |1.29 6.92 716 |68.2 (2.9 |059 (0.19 [1.05 |16.4

From table (3.7), some calculated electrochromic parameters like

coloration efficiency and reversibility have good high values. But
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unfortunately, T,/T. for all concentrations was found to be around one due
to low coloration bleaching transparency difference. This indicates a poor
electrochromic performance for these films when deposited at -700 mV

before annealing.

3.3.2 Molar concentration effect on NiO electrochromic films

Ni(OH), films prepared from different Ni(NO3),.6H,O were annealed at
300 "C. As mentioned before, annealing Ni(OH), films will transform them

to NiO thin films.

3.3.2.1 NiO Electrochromic properties

CA (Fig. 3.20) and transparency during CA (Fig. 3.21) experiments have
been done for NiO films, prepared using different Ni(NOs3),6H,O molar

concentrations.
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Figure (3.20): Twenty cycles CA curves for NiO films (A-films) prepared using
different molar concentration of Ni(NO3)2.6H20. The potential cycled between -650

mV and 650 mV versus Ag/AgCl reference electrode in 0.5 M KOH electrolyte.
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Figure (3.21): Optical transmittance change at 630 nm wave length during CA for NiO
thin films deposited using different concentrations of Ni(NO3)2.6H0.
Typical CA graphs (Fig 3.20) are observed for all films except the film
prepared from 0.3 M concentration. The film shows a constant current
density upon cycling; after cycle number 5. After cycle numbers, the film
was observed to wear out in the cell. This means the film wears out and the

substrate becomes in contact with the electrolyte.

Transparency during CA (Fig. 3.21) shows, as expected, no coloration
bleaching for film deposited at 0.3M. Also, figure (3.21) shows a poor
coloration bleaching transparency change for films prepared from 0.1 and
0.5M concentrations. On the other hand, film deposited from 0.8 and 1M
concentrations shows a pronounced coloration bleaching transparency
difference. The coloration bleaching transparency difference is observed to

be the highest for films prepared from 1M concentration of



70
Ni(NO3)2.6H2,0. Hence, this film is expected to have best electrochromic
parameters.
Figures (3.20 and 3.21) was used to calculate different electrochromic
parameters using different quantities obtained from these Figures (Qa, Qc,
Ty, and T.). Table (3.8) shows deduced electrochromic parameters from CA
and from transparency during CA in addition to calculated electrochromic
parameters.
Table (3.8): Deduced and calculated electrochromic parameters for films after

annealing (NiO) deposited from different Ni(NOz)..6H>O molar concentrations.

z| © ol 4d A & & 53 A O
= A A Al el 7 22 H M
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0.1 M-A |15.43|18.95 (775 |70.0 8.8 (8.8 |0.81 1.11 |2.9

0.3 M-A |52.00|51.77 |- - 8.8 [7.8 (0.99 - -

0.5 M-A [17.74123.99 |75 68.4 |88 (59 |0.74 1.10 |2.3

0.8 M-A [13.68|15.20 [60.7 |36.6 6.9 (6.9 1|0.90 1.66 |16.1

1 M-A (36.73]41.75 |65.1 |18.6 |10.8 |[5.9 |0.88 3.50 (14.8

As observe from table (3.8), highest coloration efficiency (16.1) and good
reversibility (0.90) were for films deposited from 0.8 M of Ni(NO3),.6H,0.
However, it's contrast ration (T,/T. = 1.66) is low compared to films
prepared from 1M which have a contrast ratio of 3.5. This is due to highest
coloration bleaching transparency difference. On the other hand, coloration
efficiency and reversibility for 1M are close to those of 0.8M. Hence, the
films prepared from 1 M of Ni(NO3),6H,0 are considered to be almost the

best from the electrochromic parameters point of view.



71
Comparing between non-annealed films (Ni(OH);) and post annealed films
(NiO) (table (3.7 and 3.8)) , post annealed films generally show better
electrochromic parameters, especially for films deposited from 0.8 M and
1M of Ni(NO3)2.6H,0 in term of contrast ratio (T,/Tc), highest contrast
ratio at given electrodepostion molarity, table (3.8) in general shows high
charge reversibility (Q./Q.), higher coloration efficiency, and higher
contrast ratio (T,/T.). one can clearly see that post annealed films have in
general best electrochromic parameters. This is due to better diffusion of
the film leading to full coverage to the substrate. Hence no linear current
density was observed (Fig. 3.20) and the current is only from the film
exposed to electrolyte. In addition, better contrast ratio observed, when
increasing molar concentration used in the preparation, may be due to
formation of higher density of NiOOH phase on the NiO grains surfaces

during annealing of the films.

3.3.2.2. Molar concentration effect on NiO optical parameters

As done for previous films, transparency measurements (Fig. 3.22) of NiO
thin films have been performed for light wavelength ranges from 200-1000

nm.
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Transparency for NiO films deposited from different Ni(NO3)2.6H20
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Figure (3.22): Transparency spectra for NiO films prepared from different
Ni(NO3)2.6H20 concentrations.

Figure (3.22) shows that the transparency in the visible and near infrared of
the films which was found to have lower transparency compared with
FTO/Glass substrate. As described before, this is due to brown color arise
thermally formed NiOOH phase [48, 54]. Films prepared from 0.8 and 1M
of Ni(NOs),.6H,0 had the lowest transparency due to higher concentration
of NiOOH phase in these films. Hence, these films had best electrochromic
properties as shown before.

a) Molar concentration effect on NiO thin film thickness calculations
As done before, thickness of the NiO films were calculated from
interference fringes of transparency measurements. The calculated
thickness for different films prepared from different deposition potentials

are presented in table (3.9).
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Table (3.9): Calculated thickness for NiO films prepared using molar
concentration of Ni(NO3)2.6H-0.

Ni(NO3)2.6H-O concentration Thickness (nm)
0.1M 757
0.3M 672
0.5M 672
0.8 M 757
1.0M 679

As for previous films, since all films have same charge deposited on same
area, all films have almost the same thickness. The change in the thickness
is (as quoted before) may be due to difference in their density during
annealing and/or due to calculation error margin.

b) Molar concentration effect on NiO optical band gap determination
Assuming direct allowed transition [81], a plots of (ahv)? versus hv for NiO
thin films (Fig. 3.23) have been done to extrapolate linear part of the plots
and find the films optical band gaps (Eg). Indeed, we have used films
thickness (table 3.9) and transparency measurements (Fig. 3.22) to

calculate absorption coefficient («), as done before.
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E, for NiO films prepared using differentNi(NO;), molar concentrations
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Figure (3.23): The plot of (aE)2 as a function of E for NiO films prepared using
different Ni(NO3)2.6H20 molar concentration.
For films deposited using different Ni(NO3),.6H,O molar concentration,

the deduced E, from the plots (Fig. 3.23) are tabulated in table (3.10).
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Table (3.10): The optical band gap for NiO films deposited at different

potentials.
Ni(NO3)..6H-O concentration Eq (V)
0.1M 3.55
0.3M 3.61
05M 3.58
0.8 M 3.53
1.0M 3.53

From table (3.6), E; was found increase when increasing the
Ni(NOg3)2.6H,O concentration up to 0.3 M. however, Ey decrease for
concentrations of 0.5 M or higher. This change in Eg, again, may be related
to the concentration of NiOOH in the thin film when annealed at 300 °C
and to the grain size that increase with increasing Ni(NO3),.6H,0
concentration. Indeed, as molar concentration increase, the current density
of the electrodeposition increase and hence introducing higher defect
density in addition to higher agglomerated particles with higher size [23].

this results in decreasing the optical band gap as shown in the table above.
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3.3.2.3 Structural properties

XRD diagram for NiO films deposited from different molar
concentration of Ni(NO,),

900 - 0
[ ]
800 - )
¢ ¢ [-NiOOH
[ ] ﬁ-NI(OH)')
700 A i ‘
( a-Ni(OH),
600 -
5
& 500 -
P
£ 400 -
E 1M
300 +
0.8M
200 -
0.5M
UenMisig A Ay AR P g Vgt WE Wik
100 -
WWWNWWWW FTO/gass
0 MW substrate
10 20 30 40 50 60 70 80 a0

26 ()

Figure (3.24): Schematic shows XRD for NiO films deposited from different molar
concentration of Ni(NO3)2.6H20.

XRD measurements (Fig. 24) have been done for annealed (at 300 °C for 1
hour) films prepared from different molar concentration of Ni(NO3),.6H-0.
XRD measurements shows a polymorphous nano structure films. The film
deposited from 0.5 M has no peaks correspond to Ni compounds. This
reveals the amorphous nature of the film. On the other hand, for films
deposited from 0.8 M and 1 M, XRD diagram confirms the existence of the
phases a-Ni(OH), (JCPDS: 38-715), B-Ni(OH), (JCPDS: 14-117), and B-
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NiOOH [85]. Other observed weak peaks are corresponded to the
FTO/glass substrate (the FTO XRD diagram is added to figure 24 as a
reference). As observed for other works [86], both phases of Ni(OH); exist,
since as deposited films reaction produces Ni(OH), phases. After
annealing, part of Ni?* (Ni(OH),) phases will be oxidized to Ni®* (B-
NiOOH) phase as confirmed by XRD diagram above. Also, the observed
XRD results indicates that as the concentration of Ni(NO3),.6H,0 increases
in the deposition solution, the crystallinity enhances; amorphous film for
0.5 M, crystalline film with crystallite size of 2 nm for 0.8 M, and
crystalline film with crystallite size of 12 nm for 1 M. Moreover, the
intensity of the peaks (particularly NiOOH) increases with increasing molar
concentration of Ni(NOz3),.6H,O. This indicate higher concentration of
NiOOH (colored state of NiO) in the film deposited from 1M of
Ni(NOs3)2.6H,0. Indeed, higher coloration sites will lead to higher
coloration of the film in the color state and hence, better electrochromic

parameters under coloration bleaching process.

3.3.2.4 Cycling stability

From previous experiments, done for different deposition potentials and
different Ni(NO3),6H.O molar concentrations, we could optimize best
deposition conditions for best NiO electrochromic film. The best
electrochromic NiO film that was prepared from 1 M of Ni(NO3),.6H-0,
deposited at -700 mV, and finally annealed at 300 °C.
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For this film, CA measurements was done for 400 cycles to evaluate its
stability. CA was done during transparency measurements at light
wavelength of 630 nm. The potential was cycled, versus Ag/AgCl
reference electrode, between -650 and 650 mV in 0.5 M KOH solution. CA
and Transparency during CA for cycles number 2, 200, and 400 are shown

in figure (3.24) and figure (3.25), respectively.
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Figure (3.25): CA curve for cycles 2, 200, and 400 of electrochromic NiO film
prepared at optimal conditions (1 M Ni(NOz)2.6H20, -700 mV deposition potential, and
annealed at 300 °C).

Good CV curves was obtained for the 400 cycles as shown in figure (3.25).
upon cycling the anodic current density peak decrease and the cathodic
current density remained the same but becomes narrower. This indicates
that with increasing cycle number, lower charge densities (see table 3.11) is
intercalated during coloration bleaching process. On the other hand,

transparency during CA (Fig. 3.26) was found to have higher coloration
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bleaching transparency difference. This means an increase in the coloration
sites sharing the electrochromic process upon cycling. This is due to the
fact that electrochromic activity initiating in a thin interface layer covering
the NiO grains grows with cycling till reaching the full depth of the
covering layer [37]. Unfortunately, we didn't reach the full depth because
the calculated electrochromic parameters (table 3.11) is still enhancing

while increasing cycle number and we didn't observe where it decreases.
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Figure (3.26): Optical transmittance change at 630 nm wave length of NiO thin films
with voltages -700 mV after annealing at 300 ‘C for one houre under air at molar
concentration 1M.

The deduced data from these two figures (Fig. 3.25 and 3.26) in addition to

calculate electrochromic parameters are tabulated in table (3.11).
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Table (3.11): Deduced and calculated electrochromic parameters for
cycle number 2, 200, 400 of NiO thin film prepared at optimum
conditions (-700 mV deposition potential, 1M Ni(NOz3)..6H-O, and

annealed at 300 °C).
Cycle Qa Qc Tb Tc Reversibility | CE
Tb/Tc
number | (C/cm?) | (Clcm?) | (%) | (%) (Qc/Qa) (cm?/C)
2 63.18 59 7547 |18.11 | 4.17 0.93 10.50
200 62.83 60.85 75.44 | 13.65 |5.53 0.97 12.20
400 57.70 55.85 72.63 | 10.71 | 6.79 0.97 14.89

As it is observed from table (3.11), best electrochromic properties (highest
contrast ratio (6.79), highest reversibility (0.97), and highest coloration
efficiency (14.89)) was observed at cycle No. 400 for annealed film of 1M

concentration electrodeposited at -700 mV, and 300 “C.

3.4 General conclusions

Deposition of Ni-based thin films on (FTO/glass) substrate was done by
electrodeposition technique. The nickel-based films were prepared by
adding certain molar concentration (from 0.1 M to 1 M) of nickel nitrate
hexahydrate (Ni(NOs),.6H,0) with 25 ml of distilled water. The mixture
were stirred by a magnet for 20 minutes at room temperature. Then the film
was deposited on the FTO/glass substrate by electrodeposition at different
deposition potentials (from -500 mV to -1000 mV). Finally, the deposited

films were heated at 300 “C for one hour under air.
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In order to optimize best preparation conditions for different Ni-based
electrochromic films, different preparation parameters have been studied.
First, we have studied the effect of different cleaning methods on films
homogeneity and adhesion to substrate. After that, effect of different
deposition potentials on optical and electrochromic properties were studied
for as deposited and post annealed films. Then, for as deposited and post
annealed films, we have studied the optical and electrochromic properties
for films prepared using different Ni(NO3),.6H,O molar concentration. In
addition, structural properties using XRD measurements were studied for
post annealed films, prepared from different molar concentrations of
Ni(NO3),2.6H20. Finally, we have done stability measurements up to 400
coloration bleaching cycles for film of optimized preparation conditions.

In order to deposit a homogeneous, and good adhesion films, seven
different cleaning methods of the (FTO/glass) substrate was done. The
sixth cleaning process was found to be the best one of them, since it gave
the best homogeneity and adhesion of NiO thin film with the (FTO/glass)
substrate. The sixth method was cleaning the films using dish washing
liquid soap followed by successive immersion of substrates into sonicated
isopropanol, aceton and ethanol. These films were soacked in diluted HCL,
before finally rinsed with deionized water and dried at 100 °C.

Depending on the best method of cleaning methods (sixth cleaning method)
to (FTO/glass) substrate. The second parameter is to choose the best
potential value of NiO thin films - that have the same thickness - from

different deposition potentials (-500, -600, -700, -800 and -1000 mV) at the
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same molar concentration of 1M. The potential that gave electrochromic
annealed films with higher values of electrochromic parameters (coloration
efficiency (14.8 cm? /C), reversibility (0.88) and contrast ratio (3.50)) was
the -700 mV.

After the best potential (-700 mV) was known, the third parameter is to
find the suitable molar concentration value of Ni(NO3),.6H,0. different
molar concentrations (0.1, 0.3, 0.5, 0.8 and 1 M) were used of in the
preparation solution. The molar concentration of 1 M was selected since
the obtained annealed electrochromic film had the best value of
electrochromic parameters (reversibility (0.88), coloration efficiency (14.8
cm?/C) and contrast ratio (3.5)).

In summary, best electrochromic film that gives highest electrochromic
performance can be obtained by cleaning the substrate using sixth cleaning
method before film deposition. After that depositing the film by
electrodeposition using a potential of -700 mV in a solution that contains 1
M of Ni(NOs),.6H,0. then annealing the film at 300 °C for 1 hour under
air. This film shows a high stability and increasing in the electrochromic
performance up to 400 coloration bleaching cycles. In addition, it shows a
nanocrystal structure of crystallite size of 12 nm as shown from XRD

diagram.
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