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ABSTRACT

This thesis is a comparative study of nickel oxide based thin films for use as
a counter electrode in a variable transmittance electrochromic device. Coatings
have been prepared using anodic electrodeposition, colloidal precipitation and
radio frequency (r.f.) sputtering. Systematic studies of the effect of deposition
process parameters on optical and electrochromic properties of such films have
been undertaken. Optimum conditions for the deposition of coatings deposited
by colloidal and anodic deposition have been determined. A novel process for
the colloidal deposition of electrochromic a—Ni(OH)Z coatings using a simple one
dip process is reported. Also the electrochromic properties of coatings
anodically deposited from aqueous solutions containing NiSO, and NH,OH were
improved by the addition of the non-ionic surfactant polyoxyethylene sorbitan

monolaurate.

Spectroscopic and electrochemical analytical techniques were used to identify
the chemical composition of the coloured and bleached states. It was found
using Fourier transform infra-red spectrophotometry (FTIR) that coatings
deposited by anodic and colloidal deposition contained B-Ni(OH), and a-Ni(OH)2
respectively in the as-deposited and transparent states. For coatings
deposited by both techniques B8 or v-NIiOOH was detected in the coloured state
using FTIR. Using Raman spectroscopy, v-NiOOH was detected in the coloured
state for coatings deposited by anodic deposition from solutions containing
the additive polyoxyethylene sorbitan monolaurate. B-Ni(OH)z was also detected
in the transparent state of r.f. sputtered coatings that were electrochemically
cycled in 1M KOH(aq). Using cyclic voltammetry the oxidation of nickel
hydroxide to the oxyhydroxide was detected during colouration for coatings
produced using anodic electrodeposition, colloidal precipitation and r.f .

sputtering (after cycling sputtered films for 1 hour in 1M KOH(aq)). This



information has been compared for films prepared using the different
deposition techniques to enable the respective colouration mechanisms to be

elucidated.

Prototype electrochromic devices have been constructed and their
performances assessed. It can be concluded that nickel oxide based coatings
can be used as suitable counter electrodes for hydrated electrochromic

devices.
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Near-infra-red
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Physical vapour deposition (for example
sputtering).
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with sputtering).

Saturated Calomel electrode

Surface enhanced Raman spectroscopy
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Visible
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Area of solid/solution interface (m%
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(see V)

Equilibrium, or reversible voltage (v) (see
V)

Standard potential (V) (see V)
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x 107" joule.

Farad C mol’l.

Free energy per unit volume of solid (J md).
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Freeaenergy per unit volume of solution
(J m7).
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Peak current density (A cmd), sometimes
superscripted with A and C indicating peak
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see K).
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transfer couple.
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r*

T(X)

Vapour pressure of the adsorbate at the
temperature of the experiment (Nm-2).

logy[1/H'] where H' is the hydrogen ion
concentration.

Gas constant (JK'1 mol*)

Integrated solar reflectance for the
coloured state.

Integrated solar reflectance for the
bleached state.

Integrated visible reflectance for the
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Integrated visible reflectance for the
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Reflectance at wavelength )

Ionic radius or radius of curvature (m).
Critical radius of nucleus (m).
Spreading coefficient

Second (measure of time), or the spin
number.

Conquctivity of solution, where S = siemens
= Q.

Geometric factor associated with activation
barrier against nucleation.

Temperature (K)

Torr, unit of pressure used in the research
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Transmittance at wavelength )

A measure2 o{:‘ the transfer of thermal energy,
units Wm“K*; or Hubbard U = I -~ A, where I
is the ionisation energy and A is the
electron affinity (see ionisation energy and
electron affinity).

Volt, the difference of potential between
two points on a conducting wire carrying a
constant current of one ampere when the
power dissipated between these two points is
one watt.
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Yi
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YL6
YsL
Y56
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Yssl
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Yssb

AG,

AG

Freedricksz transition,the voltage at which
liquid crystal molecules align (see V).

Monolayer capacity U& g'1 at standard
temperature and pressure)

Volume of solid, or, volume of the spherical
cap (m’).

Volume of solution (m%.

Watt, equal to 1 joule per second, or
bandwidth.

Distance perpendicular from an electrode
(cm).

Phase of nickel hydroxide

Cathodic transfer coefficient
(dimensionless).

Phase of nickel hydroxide or oxyhydroxide
Phase of nickel oxyhydroxide
Substrate/film interface free energy (Jm?’)
Film free surface enerqgy (Jm4)

Liquid-gas interfacial tension (JmJ)
Solid-liquid interfacial tension (JmJ)
Solid-gas interfacial tension (JmJ)
Substrate free surface energy (JmJ)

Solid/solution interfac131 free energy (or
interfacial tension) (Jm’

Substrate/solution interfac13l free energy
(or interfacial tension) (Jm’

Solid/substrate interfachl free energy (or
interfacial tension) (Jm’

Ligand field splitting parameter

Excess free energy associated with formation
of a sqhere of material of radius r

(J mol’

Free energy increase due to spreadln? (for
example a liquid on a surface) (Jmol”



AG,
AG*
AG’khet
AH|

AH,

Change in volume free energy (Jmﬁ).

Maximum excess free energy associated with
the formation of a nucleus of critical
radius r* (see r*) (J mol™").

Excess free energy associ?ted with
heterogeneous nucleation (J mol™").

Heat of liquefaction . of second and
subsequent layers (J mol™’).

Heat of adsorption of the first layer
(J mol™).

Contact angle (usually measured in degrees)
Wavelength (nm-see nm)

Wavelength at which the material becomes
infra-red reflecting (nm - see nm).

Micron 1 x 107 metre

Electronic conductivity Sem’!

Ionic conductivity Sem’!

Integrated solar transmittance for the
coloured state.

Integrated solar transmittance for the
coloured state.

Integrated visible transmittance for the
bleached state.

Integrated visible transmittance for the
coloured state.

Sweep rate (usually Vsd), or, equilibrium
volume of adsorbed gas per unit mass of
absorbent at pressure P (see P).

Volume of the gas required to cover unit
mass of thi absorbent with a complete
monolayer (m’ g ') at standard temperature
and pressure).

Sheet resistance (since ps = pY/R = p/h
(see figure 1) and the units of p are Q.cm
then the unit of sheet resistance is Q,
however, in the literature Q/0 is
extensively used).



Figure 1 Geometry defining the sheet resistivity of
a film of thickness h
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CHAPTER 1
INTRODUCTION
ELECTROCHROMIC NICKEL OXIDE FOR

ADVANCED GLAZING APPLICATIONS

1.1 ELECTROCHROMISM

The flow of solar radiation into buildings can be dynamically controlled using
switchable or 'smart' windows (1.1, 1.2). By allering the optical properties of
these systems the solar radiation entering a building can be modulated. This

can be achieved in at least two ways:

(i) by the application of an electric ficld across a window coating as

in electrochromic or liquid crystal systems (active control), or

(ii) through the use of thermochromic or photochromic systems which
exhibit a change in optical properties when exposed to the solar

spectrum (passive control) (1.2).

The concept of the switchable window emerged from the twofold concern for
energy efficiency and privacy control (1.3). Although the energy benefits
afforded by electrochromic devices are controversial (sece Chapter 2 for
further discussion), savings in energy may be gained when these devices are

used in conjunction with other systems of control (1.4).

Other chromogenic materials such as thermochromic (1.5, 1.6), photochromic
(1.7) and liquid crystal-based (1.8) systems, are also suitable for switchable

glazings. Thermochromic materials exhibit temperature dependent optical



properties (1.5, 1.6). Photochromic materials show light intensity dependent
optical properties (1.7). Liquid crystals materials exhibit field induced
alteration of optical properties (1.8). These and other chromogenic materials

are discussed in detail in Chapter 2.

During the 1960's, liquid crystal and electrochromic devices competed as

systems for display technologies (1.1). Liquid crystal devices were selected for
their superior switching speeds and interest in electrochromic materials
diminished (1.2). Nevertheless, electrochromic systems have important
advantages over liquid crystal devices, particularly for glazing applications
(1.2). They possess optical memory (1.5) and have low power requirements (1.6)

rendering them more suitable for switchable window systems (1.2).

Electrochromism is defined as the ability of a material to alter its colour when
an electric field is applied (1.9). The flow of current through the material
results in its' oxidation or reduction. This chemical change produces the
observed colouration (1.9). The charge carriers responsible for the flow of
current are ions, for example, OH, H’, Li*, Na’. K'. Consequently

electrochromism only occurs in devices, i.e. an electrochemical cell (1.9).

1.2 ELECTROCHROMIC DEVICES

Although many electrochromic window (ECW) device configurations are possible,
most devices consist of an electrochromic material coated on to a transparent
conductor. This conductor is in contact with a liquid or solid electrolyte and
a counter electrode completes the cell (see figures 1.1a-1.1¢) (1.10-1.14, 1.47,
1.48). The counter electrode is usually an electrochromic material in contact

with another transparent (or otherwise) conductor (1.10-1.14). Devices



incorporating this type of structure are known as complementary devices (see

figure 1.1b).

An alternative configuration utilises an ion storage layer as the counter
electrode instead of the electrochromic layer (see figure 1l.le) (1.10-1.14).
Other devices do not employ ion storage layers or electrochromic materials as
the counter electrode but function by reversible redox of particular chemical

species on conductors such as Sn:In203 (ITO) (1.2).

Lamination is required for ECW devices containing liquid or polymeric
electrolytes. (see figures 1.1a, 1.1d and 1l.1le). This prevents the leakage of
electrolyte material and interaction with the external atmosphere. However,
interactions with certain components of the atmosphere are necessary for the

functioning of some solid state devices (1.51).

Electrochromic mirrors (1.1d) are already a successful product (for example,
that marketed by the company, 'Gentex'). The only difference between this
device and an ECW, is that the electrical connection to tungsten trioxide is
achieved with an aluminium electrode. The aluminium coating reflects light

when the W03 is in the transmissive state (1.50).

Essentially, all electrochromic devices are reversible electrochemical cells
consisting of electronic conductors coated with electrochromic materials
separated by an jon conducting and electron blocking electrolyte. At the
electronic conductors, electron transfer occurs. Oxidation and reduction occur

in the electrochromic materials.
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1.3 ROLE OF THE TRANSPARENT CONDUCTOR

The principle role of a conductor is to act as a blocking electrode to ion
movement. It also facilitates electron transport between the electrode and the
respective electrochromic media. A metal coating (>400 A) could be used as the
conductor. However, this would render devices reflective in the transmissive
state. Although this effect is utilised in electrochromic mirrors (see figure
1.1), it is of no practical use in ECW applications which demands the utilisation
of conductors that are transparent in the visible part of the electromagnetic
spectrum. However, a thin layer of a metal (about 200 A) could be used. Thin
metal coatings, known as hot heat mirrors, are composed of metals that have
high infra-red reflectance, such as Au, Ag, Cu, Al or In (1.39). However, such
coatings are impractical for ECW applications because they limit the possibility

of solar gain in the winter months.

During the winter months solar gain is desirable for energy efficiency. For
this reason semiconductor oxides, such as, tin oxide doped with antimony
(1.40), indium oxide (1.41), indium oxide doped with tin (1.42) and tin oxide
doped with fluorine (1.39), are used in ECW devices. These semiconductors
have high free charge carrier concentrations and wide band gaps so that they
transmit light in the range 0.30pm to 1.50 pm (1.39). The optical window of 0.30
to 1.50 pm facilitates the transmission of the solar spectrum through the ECw
device. The penetrating solar radiation irradiates the area behind the window.
Absorption by objects in the building occurs. This energy is then re-emitted
in the thermal infra-red. Some of this radiation would be lost through an
uncoated window. However, windows coated with a transparent conductive
oxide (TCO) such as ITO are transparent in the visible part of the

electromagnetic spectrum, are reflective in the thermal infra-red. Thermal




losses can therefore be minimised by utilising these transparent coatings in
ECW systems. During the summer months however, solar gain is undesirable.
One of the purposes of the ECW device is therefore to modulate the near-
infra-red (NIR) radiation between 0.8 to 1.5 pm to account for seasonal

variations in temperature.

For visual effect, the response time of ECW devices should be as fast as
possible. The response time of solid state devices can be decreased by using
a transparent conductor with low sheet resistance. Generally, the higher the
sheet resistance of a transparent conductor the slower the response time of
the device (see figure 1.2) (1.43). The response time for a 2 x 2 metre device
is dramatically shorter for ITO having a sheet resistance of 1 Q than it is for

ITO with a sheet resistance of 10 Q (see figure 1.2).

1.4 FUNCTION OF THE ELECTROLYTE

The electrolyte acts as an electron blocking media and as an ion transfer
media. The type of electrolyte used is dependent on its' compatibility with the
electrochromic media used in the device (1.15). It is important that ion
conductors exhibit cyclic stability, high ionic conductivity, ultaviolet stability,
ease of deposition, and stability to atmospheric conditions (1.51, 1.57).
Electrolytes may be cationic or anionic the selection of which is determined by
the colouration mechanism of the electrochromic materials in the device (1.44).
Mismatch between the electrolyte and the electrochromic material can result in
devices that either do not function at all or exhibit poor durability to cycling
and ultraviolet stability.
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ITO having sheet resistances of 12 and 10 Q.

1.5 CATHODIC AND ANODIC ELECTROCHROMIC MATERIALS

Electronic materials may be anodic or cathodic compounds. These are
substances that colour due to charge (electron) extraction and injection
respectively (1.9). Many materials exhibit electrochromism {see table 1.1 (1.9)).
They can be solids such as metal oxides (amorphous or crystalline), polymers,
or liquids. As previously stated (see section 1.4), knowledge of the mechanism
of colouration in electrochromic compounds is important for solid state device

design (1.15).



Table 1.1 Crystallinity and colouration type of some electrochromic materials

Material State Colouration
Tungsten trioxide Crystal and amorphous Cathodic
Molybdenum trioxide Crystal and amorphous Cathodic
Vanadium pentoxide Crystal Cathodic
Nickel oxide Amorphous Anodic
Iridium oxide Amorphous Anodic
Polyaniline Amorphous polymer Anodic
Prussian blue Amorphous or Anodic
solution
1.5.1 Mechanism of colouration for the cathodic

material, tungsten trioxide

For the cathodic material, tungsten trioxide (bronsted acid), colouration occurs
by simultaneous cation and electron insertion to form a bronze (see equation
1.1) Bleaching occurs by the reverse process (1.16).

WO, + XM+ xe - M WO, 1.1

where M can be H', Li*, Na' or K' (1.26)



1.5.2 Mechanisms of colouration for the anodic

materials, nickel oxide and nickel

hydroxide

There is considerable dispute about the colouration mechanism of nickel oxide
based coatings. The nature of the controversy is the chemical identity of the
electroactive species present in the bleached and coloured states and the

ion(s) necessary for colouration (1.17).

Nickel oxide based coatings are prepared using a variety of techniques that
result in variations in the basic structure and density of the films. For
example, the coatings may be crystalline, amorphous or mixed (1.17). Total or
partial conversion to the hydroxide may occur after cycling in alkaline
solutions (1.17, 1.28). Cycling of the material in aprotic solutions containing
ions such as lithium may lead to the formation of a nickelate (1.18). Coatings
may be sensilive to, or modified by, the analysis technique and the in-situ
and ex-situ properties of the coatings may differ significantly (1.17). Finally,
surface morphology, density and porosity may influence which ions are

desorbed and adsorbed (1.17).

There are at least seven suggestions for the colouration mechanism of nickel
oxide based coatings (see equations 1.2-1.8), Some researchers support a
hydroxyl reaction first observed in studies on nickel hydroxide battery
electrodes (1.19-1.21). In this mechanism, nickel hydroxide is present in the
bleached state. However, in some nickel oxide based systems nickel hydroxide

is not detected in the bleached state (1.27)

Ni(OH)2 + OH « NiOOH + H20 + e 1.2



Other researchers claim that the colouration process is due to the reversible
transfer of a proton between the electrode and the electrolyte (1.22). However,
since the electrolyte normally used with NiO is 1M KOH which has a pH value

of 14, this is unlikely (1.17, 1.18, 1.21, 1.30, 1.31, 1.45, 1.46).

Ni(OH); =  NiOOH + H' + € 1.3

A modification to the reaction given in equation 1.2 is the oxidation of nickel

hydroxide beyond the trivalent state to the quadravalent (1.17, 1.23, 1.24).

Ni(OH), + 0.33K' + 20H = 0.33K(NiOy)5 + 2H,0 + 1.67 e 1.4

Other research indicates that colouration may occur due to hydroxy! insertion

into nickel oxide films with low density (1.25).

NiO + OH = NiOOH + e’ 1.5

In aqueous electrolytes, it is more likely that the nickel oxide represented in

equation 1.5 is hydrated (1.17).

NiO.H,0 + OH =« NiOOH.H,0 + e 1.6

The mechanism is further complicated by the phases of nickel hydroxide and

nickel oxyhydroxide (1.58).

10



B-Ni(OH), = B-NiQOH + H' + & 1.7
[

~
~
~
~
~
~

a-Ni(OH), =~ ~_y-NiOOH + H + ¢

-

Finally, certain forms of sputtered NiO may colour by cation extraction (1.18,
1.26, 1.57). This type of nickel oxide is deposited at low powers (100 W) and

high pressures 6 x 107 torr (T) (1.18) (see equation 1.8).
MNi| 0 = M Nij 0+ zM' + ze 1.8
where M may be Li', Na' or K’

1.5.2.1 Analytical techniques used
to determine the mechanism

of colouration

In order to identify the mechanism responsible for colouration two approaches

have been adopted:

(i) the characterisation of the materials present in the reduced and oxidised
forms of nickel oxide based systems (nickel oxide, nickelates, nickel hydroxide

and oxyhydroxide or mixtures thereof), and
(ii) the characterisation of the ion responsible for colouration.

Nickel oxide based coatings have been examined using many techniques. The
aim of these investigations has been to identify the materials present in the

reduced, oxidised and intermediate states. Techniques reported in the research

11



literature, include, Raman spectroscopy (1.52, 1.53, 1.59-1.63), infra-red
spectroscopy (1.17, 1.21, 1.58, 1.60, 1.64), ultraviolet/visible near-infra-red
(1.17, 1.18, 1.28, 1.30, 1.52), X-ray diffraction (1.17, 1.54), impedance
spectroscopy (1.55, 1.67), cyclic voltammetry (1.17, 1.52, 1.55), XPS (1.17),

auger (1.17), ion backscattering (1.17) and ESCA (1.17, 1.18). These analyses

are discussed in Chapter 2.

Techniques used to identify the ion responsible for colouration include,
nuclear reaction analysis (1.29, 1.60), lithium jon bombardment (1.18), crystal
balance (1.27, 1.65, 1.66), impedance (1.68), ion selective membranes (1.17) and
aprotic solutions (1.17, 1.26, 1.56) have also been used to identify the ion(s)
involved in the colouration process. The various interpretations of the

colouration mechanism are discussed in Chapter 2.

1.6 ELECTROCHROMIC NICKEL OXIDE BASED COATINGS

Although the focus of attention in electrochromic materials research has been
the cathodic compound tungsten trioxide (1.29 1.69-1.76), it exhibits a blue
colouration in electrochromic devices which renders it unsuitable for
architectural glazings. For this application a neutral bronze shading is

preferred (1.17).

An alternative is the anodic compound iridium oxide which can exhibit a
neutral bronze colouration. However, because iridium is a rare metal (the
principal source is meteoritic material), the cost is prohibitive. Furthermore,

it only exhibits a small degree of colouration (dynamic range) (1.32).

A more suitable alternative is nickel oxide. Electrochromic oxides of nickel can

12



exhibit a grey/bronze (1.28, 1.30, 1.31, 1.32) or a brown/bronze colouration
(1.17). Other reasons for the current interest in nickel oxide are that it
exhibits reversible electrochromism, full colouration and bleaching below the
oxygen and hydrogen evolution potentials, low photochromism, open circuit
memory and large dynamic ranges (1.17). Furthermore, it can be deposited
using a variety of techniques including, r.f. sputtering (1.18, 1.33),
evaporation (1.34), colloidal precipitation (1.4, 1.21, 1.35, 1.36), solgel (1.37),
anodic (1.17, 1.21) and cathodic electrodeposition (1.38), chemical vapour
deposition (1.76) and pyrolytic deposition (1.77). Electrochromic nickel oxide
is usually referred to in the literature as hydrated nickel oxide. This is
partially because nickel oxide usually contains some water, but mainly this
refers directly to the hydroxide (1.17). Nickel hydroxide is not the same

chemical compound as nickel oxide.

1.7 SUMMARY OF THIS THESIS

Nickel oxide based coatings are currently being considered as an anodic
material for all solid state device applications. It is not certain which
deposition method will be used to produce NiO coatings for large area device
applications. This thesis is a comparative study of nickel oxide based coatings
deposited using colloidal and anodic electrodeposition. The electrochromic
properties of these coatings are compared with NiO films deposited using

sputter deposition reported elsewhere (1.18, 1.33).

The subjects of the literature review (Chapter 2) are advanced glazings and
chromogenic materials. Chapter 3 contains the experimental results of anodic

electrodeposition of B-Ni(OH)z electrodes. Experiments conducted on colloidal

precipitation of a—Ni(OH)2 are presented in Chapter 4. The experiments on the

13



cyclic stability of r.f. sputtered NiO in IM KOH are discussed in Chapter 5.
Details of the electrochromic devices constructed in this study are explained
in Chapter 6. The results of this thesis, the conclusions reached and areas for
future work are discussed in Chapter 7. Details of the experimental techniques
used throughout this study are described in Appendix 1. Patents applications

were submitted during the course of this study (1.45, 1.46).

1.8 ACHIEVEMENTS OF THE THESIS

The initial aim of this study was to deposit electrochromic nickel oxide based
coatings using the electrochemical technique, anodic electrodeposition (1.17).
During this investigation it was found that colloidal precipitation occurred
from the electrodeposition solution and that the precipitation process produced
coatings that exhibited similar electrochemical and optical properties to
coatings that were electrodeposited (1.21). This method of depositing
electrochromic coatings from one solution of NH4OH and NiSO, has not

previously been reported in the literature (1.21, 1.45).

It was established that colloidal precipitation occurred without the application
of an electric field. However, coatings that were electrodeposited from
solutions that contained the same concentrations of reactants reported in the

literature, exhibited poor electrochromic and mechanical properties (1.21).

The addition of detergent improved the mechanical and electrochromic
properties of electrodeposited coatings (1.21). This was also not previously
reported in the literature for anodically deposited electrochromic coatings. The
as-deposited state of coatings produced by colloidal and anodic

electrodeposition were analyzed by Fourier transform spectrophotometry. Using

14



this technique B-Ni(OH)2 was detected in electrodeposited coatings, whereas for
colloidally produced films, a—Ni(OH)2 was identified. In the coloured state B-
NiOOH or ¢-NiOOH was detected for anodic coatings deposited from stable
solutions (1.21) and colloidally deposited coatings. Using Raman analysis it was
confirmed that the phase of the oxyhydroxide was y-NiOOH for anodically

deposited films.

Films produced by colloidal precipitation and anodic electrodeposition were
very sensitive to surface contamination. An electrochromic biosensor was

conceived from this observation (1.45).

Electrochromic devices were fabricated using polyvinylalcohol (PVA), water and
a base as an electrolyte. The device with the fastest response contained NiO
as an anode and MnO as a cathode. However devices were also fabricated that
only contained NiO, hydrated PVA and an ITO counter electrode.

A number of areas for further work were highlighted by this study:

(i) The ion responsible for colouration of coatings deposited by

colloidal, anodic and sputter deposition should be identified

(ii) A quantitative method for determining the durability of coatings

produced using these techniques should be developed.

(iii)  Electrochemical measurements should be performed in

environments other than aqueous.

(iv) Electrochemical measurements and deposition should be performed

in inert atmospheres (such as N, or Ar).

15



(v) The temperature of deposition should be controlled using a

thermostatically controlled system.

(vi) The use of buffered deposition solutions should be investigated

to facilitate the deposition of uniform coatings.

(vii) A Coulomb meter should be used during electrochemical

measurements to improve the accuracy of charge measurements.

This research will accelerate the production of an all-solid state ECW devices.

16
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CHAPTER 2
ADVANCED GLAZINGS AND

CHROMOGENIC MATERIALS REVIEW

2.1 INTRODUCTION

Over the last two decades the energy crisis has deepened. In response,
governments world-wide have established energy saving policies to restrict
the waste of energy. Energy saving strategies involving heating, air
conditioning and lighting systems are now routine in industry and the home

environment.

However, even if energy inefficiency caused by human wastage could be
reduced to a minimum, energy losses would still occur due to the poor thermal
efficiency of buildings. Approximately 50% of the energy in the UK is used in
commercial and residential buildings (2.1). About 70% of this energy is used
in space and water heating (2.2). Due to the poor thermal efficiency of

buildings a considerable portion of this energy is wasted (see figure 2.1).

2.2 ENERGY EFFICIENCY

It is possible to considerably reduce heat losses (hence reducing expenditure),

by adopting energy saving strategies. Energy efficiency in buildings can be

achieved through active and passive solar collection, and thermal insulation.
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Figure 2.1 Thermal losses of 'between-the-wars' building.

e Active solar energy collection

A way of reducing costs is to actively collect solar energy (2.4). This involves
the use of mechanical and electrical equipment to collect and distribute

thermal energy throughout buildings.

2.2.2 Passive solar energy collection

The 'passive' approach involves the use of conventional building elements for
solar energy collection, heal storage and heat distribution (2.5). The processes
of heal transfer occur naturally by convection, conduction and radiation. It
is also possible for a building to have a distinct energy advantage by simply
orientating the building in the correct direction. In the northern hemisphere
buildings with a south facing aspect have energy benefits over buildings with

other orientations (2.6).
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2.2.3 Insulation

Insulating materials can be used to reduce radiative, convective and
conductive heat losses (2.7). Insulators can be used to lag areas containing
or transporting heated water (except radiators) and to insulate lofts and
cavity walls. Draught excluders around windows and doors prevent loss by

convection.
2.3 THERMAL LOSSES THROUGH GLAZINGS

Thermal losses through single glazed windows account for 10% of the total
heat lost from buildings (see figure 2.1). The thermal insulation of a window
can be improved by using double glazing. 'U' values can be reduced from

about 5.6 wmk! to 3.0 wm®k'\. This can result in a net gain in heat in all

but the coldest winter months of December and January (2.8).

Heavy curtains, blinds and other insulating shutters can be used to reduce
the 'U' value by decreasing heat losses to 2 wm k! (2.9). 1t is also possible
to reduce heat losses without totally blocking visible radiation from entering
the building (which is a source of passive solar heating). This can be
achieved by gas-filling the double glazing with a greenhouse gas, or by the
use of triple glazing or heat mirror coatings. The use of low E coatings (heat

1. There is,

mirrors) alone reduces the 'U' value of single glazing to 4.2 wm K
however, an accompanying reduction of 15% transmittance, but this is
compensated for by the improved 'U' value (2.9). Double glazed units are now

standard issue in new buildings (see table 2.1 for 'U' values).
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Table 2.1 Performance of

coated glass

Unit Uncoated Coated Uncoated Coated
Type 'U' value 'U' value Light Light
Wm'zK'1 Wm'ZK'l Transmittance Transmittance
Single 5.6 4.2 88% 70-75%
glazing
Double 3.0 2.0 80% 62-68%
glazing 1.6
* The 'U' value for a double glazed unit with a gas-filled cavity.

A double glazed unit with an air space of 12 mm has a 'U' value is 3 wm KL,
The deposition of a heat mirror on the internal surface of the glass (to avoid
weathering of the heat mirror), reduces the heat losses to 2 Wm'zk'l.

Introduction of krypton or carbon dioxide into the air gap in the double

glazing further decreases the 'U' value to 1.6 wm K} (see table 2.1 (2.9)).

2.3.1 Transparent insulation materials

There are several media that exhibit transparency and good insulating
properties. These are monolithic and granular aerogels (2.10), geometric media
(2.11) and evacuated systems (2.12). Unfortunately, some of these systems

exhibit angular optical dependence.
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2.3.1.1 Monolithic and  granular

aerogels

Aerogels are insulating materials that can be used as glazings or to obtain
solar gain when placed next to walls. They consist of micron sized capillaries
or grains usually in glass (2.10). A major drawback of these systems is that
they exhibit angular optical scattering. Consequently, optical transparency is
impaired. Another problem with aerogels is that materials currently under
investigation change colour due to water adsorption. This could be overcome
by using appropriate sealing compounds but this would add to the price of

the finished product.

2.3.1.2 Geometric media

These systems usually consist of fine capillaries fabricated from transparent
plastic tubes (2.11). A honeycomb structure is formed by welding these tubes
together. The purpose of this arrangement is to guide light, this occurs
because the tubes have a higher refractive index than the air. The tubes also
prevent air turbulence and consequently, available solar energy can be
directed towards an aperture or surface and losses due to convective air

currents can be reduced.

Geometric media can be positioned in front of selective solar absorbers.
Undesirable solar gain in the summer can be reduced by simply placing a
blind in front of geometric media. Radiation is no longer incident on the
absorber when the blind is closed. In the near future switchable glazings may

replace the conventional shutter type system.
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2.3.1.3 Evacuated glazings

These systems consist of dewar type arrangements minus the mirror surface,
i.e. an evacuated gap sandwiched between two glass substrates. The spacing
gap usually consists of solder glass (2.12). Large area evacuated glazings may
be difficult to manufacture and the vacuum in the gap separating the panes

of glass may be hard to guarantee for a specified lifetime.

2.4 WINDOW DESIGN

Although the thermal properties of windows can be tailored, individual
windows cannot be manufactured to be appropriate in all seasons. This is
particularly important in temperate climates, for example, in Japan (winter 0 -
summer 37°C). In the winter it is necessary to have solar gain by transmitting
from the visible to the near infra-red and reflecting thermal wavelength
radiation back into the building. In the summer months, however, it is
necessary to reflect all radiation away from the building to the lower limit of
the visible electromagnetic spectrum (800 nm). This cannot be achieved with

a static heat mirror coating in a double glazed system.

An attractive solution to this problem is a heat mirror that could be adjusted
dynamically. This could be achieved mechanically by using hot heat mirror
inserts in the summer (although this would be impractical for large area
glazings). Transparent venetian shutters coated with hot heat mirrors could
be incorporated into double glazed windows (coated with cold heat mirrors).
These devices would however, be prone to the failures inherent in mechanical
devices. Currently external shutters are employed to reduce the incident solar

intensity. Unfortunately, architects are reluctant to install such devices
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because of the possibility of legal action if a component of the shutter should
fall off, damaging property or injuring passers-by. The simplest shading
system is, of course, curtains but these do not offer the possibility of 'grey
scale' dynamic control. Furthermore, since they are usually situated inside

buildings they are not as thermally efficient as external shading devices.

A more desirable system would be a glazing that could be switched between
transmissive and non-transmissive states by the application of an electric field
or otherwise, i.e. a 'smart' window. Smart windows contain spectrally selective

materials to control solar radiation.

2.5 SPECTRALLY SELECTIVE MATERIALS

There are at least six types of spectrally selective materials: solar absorbers
(2.13), angular selective coatings (2.14), light transport systems (2.15) and
holographic media (2.16), heat mirrors (2.17) and switchable coatings (2.18).
These materials have selective optical properties that affect the solar
spectrum. Consequently, it is necessary to investigate the nature of the solar
spectrum in detail before examining the various spectrally selective materials.
The plot shown in figure (2.2) is a plot of the solar spectral distribution for
air mass 2 compared with the emissive spectra for a blackbody at several
different temperatures (2.19). A blackbody is a system that absorbs all
radiation that is incident upon it. It is not only a perfect absorber, it is also
a perfect emitter. At a certain temperature a black body will absorb all the
radiation incident upon it while also emitting the maximum thermal radiant
energy at each frequency for a body at that temperature. Therefore, a
blackbody that is at a fixed temperature radiates a characteristic spectrum.

This is the radiancy distribution.
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Figure 2.2 AM2 solar distribution and blackbody radiation versus wavelength.

The sun is a blackbody radiator with an effective temperature of 5800 K. Most
of the solar radiation is in the ultraviolet (UV), visible (VIS) and near-infra-
red (NIR). In the atmosphere, absorption and scattering of this radiation
occurs due to air molecules, water, and dust, and more recently atmospheric
pollutants. Because of this absorption the terrestrial solar spectrum is

confined to the range 0.29 ym to 2.50 pm.
2.5.1 Solar_absorbers

Due to the cnergy crisis that commenced in the early 1970's, research on
absorbers has concentrated on the application of solar collectors for
conversion of solar radiation into electrical power. However, absorbers can be

used in conjunction with more conventional systems in space heating (2.20).
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Mass wall collectors utilise selective absorbers (2.21). Selective absorbers have
high solar absorbtance in the 0.30 pm - 3.00 pm region but a low infra-red
emittance (high infra-red reflectance) in the 3.00 pm - 100.00 pm region (see
figure 2.3). The transition Ac wavelength at which the material becomes infra-

red reflecting depends on the operating temperature of the coating. At higher
temperatures the wavelength maximum of the blackbody spectrum shifts to

shorter wavelengths (Wien's displacement law).

Mass wall collectors usually consist of a single diffusing glazing that is in
front of a wall. Sandwiched between the wall and the glazing is an absorbing
foil (2.22). Most selective absorbers consist of low emissivity (highly reflective
in the infra-red) substrates coated with selectively absorbing or transmitting
films. These coatings can be deposited using a variety of techniques, such as
chemical vapour deposition, electrodeposition, chemical oxidation, vacuum

evaporation and r.f. sputtering.

Examples of selective absorbers are electrochemically oxidised nickel-plated
coatings, black chrome on steel, or copper oxide on copper. Several companies
now manufacture these coatings under a variety of trade names including,
Skysorb, Cusorb, Sunstrip and Maxorb. There are also commercially available

solar absorbing paints such as Solariselect.

Thermal efficiencies of walls painted with matt black paint and walls covered
with strips of self adhesive Maxorb foil have been measured (2.22). The
efficiencies were calculated by determining the net energy capture of both

systems.
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Figure 2.3 Reflectance versus wavelength for black nickel and black chrome

and idecalized coaling.

In winter conditions (January 1984) with low cloud cover (bright) the
efficicncies were 29.9% and 19.3% for selective and matt black coatings on
walls, respectively. The corresponding efficiencies during overcast weather in
February werce 14.6% and 8.8% respectively. These results indicate that Maxorb
greatly enhanced the net energy capture of the wall both in bright and
overcast conditions and was more cfficient than materials such as matt black
paint. At night recradiation is reduced due to the low emissivity of the
selective coatings (see figure 2.3 for reflectance curves of black nickel and
chrome and an idealized coating). However, it is beyond the scope of this

thesis to present a complete review of selective absorbers (2.23-2.26).

2.5.2 Angular selective lransmittance coatings

This type of coaling can consist of a columnar structured film (2.14). The
columnar structure in this case is not perpendicular to the substrate material,
instead il is inclined al a cerlain angle. This gives rise to angular dependent

light transmission. For Lhe control of solar energy the angular transmittance
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is dependent on the zenith of the sun. This effect may be used to control
solar throughput due to seasonal and daily variations in the position of the

sun.

2.5.3 Light transport and holographic media

Light can be guided by a variety of means. Perhaps the most familiar light
guides are optical fibres (2.15). Other systems such as holographic gratings
can also be used (2.16). These systems may be used for directing sunlight
away from expensive antique articles or to guide light to areas that would
normally be inaccessible to direct sunlight. Major problems associated with
stability of holographic grating are water absorption (dichromated gelatin),

ultaviolet degradation and temperature changes.

2.5.4 Heat mirror coatings

Heat mirror coatings are already a commercially successful product,
manufactured by companies such as Asahi Glass (Japan). They can be
produced by a variety of techniques such as sputtering, evaporation or
pyrolytic deposition. Heat mirrors may be 'hot' or 'cold' the use of which is

dependent on the climate in the area of application.

2.5.4.1 Hot heat mirrors

These coatings are used in countries with hot climates. This type of mirror
reflects all solar radiation with wavelengths longer than 0.70 pm, typically up
to 100pm (2.17). This still means that the window is transparent in the visible

portion of the electromagnetic spectrum 0.40 pm - 0.70 pm (see figure 2.4).
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This type of coating reduces air conditioning costs by limiting the solar

throughput into the building area behind the window.

2.5.4.2 Cold heat mirrors

Although hot heat mirrors are used in countries with tropical climates they
are not applicable in temperate climates. This is because they reflect the NIR
preventing solar gain in the winter. For this application a coating is required
that transmits a larger proportion of the NIR (see figure 2.5). These coatings
maximise the solar throughput into the dwelling whilst reflecting the thermal

infra-red back into the dwelling thereby reducing heating costs (2.17).

2.5.4.3 Composition of heat mirror

coatings

The optical properties of heat mirrors can be tailored by materials selection.
Hot heat mirrors consist of metals that have high infra-red reflectance, such
as Au, Ag, Cu, Al or In (2.17). Other systems use multilayer coatings such as
TiOz—Au—TiOZ (2.27) and A1203—Cu-A1203 (2.28). Cold heat mirrors for passive
solar gain consist of semiconductor oxides such as tin oxide doped with
antimony (2.29), indium oxide (2.30) indium oxide doped with tin (2.31) and tin
oxide doped with fluorine (2.17). As mentioned in section 1.3, these
semiconductors have wide band gaps (3.75eV) and high free charge carrier
concentrations. Unfortunately, it is beyond the scope of this thesis to present
a complete review of the research that has been performed on these materials

(2.32-2.34).
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2.5.5 Switchable coatings

Perhaps the most promising area of research in solar energy control is that
of switchable glazings (2.18, 2.35-2.39, 2.136). This is because most devices
discussed so far do not exhibit the type of dynamic control possessed by
switchable glazings. The only systems currently available for this purpose are
mechanical shutters such as blinds and curtains. For such devices to operate

at their maximum efficiency they have to be situated outside windows.

Consequently, switchable windows are now being considered as highly
attractive options for the control of solar radiation through windows
particularly in cooling dominated climates (2.18). However, the energy benefits
of some types of smart glazings are controversial. This is because devices that
exhibit colouration such as electrochromic windows (ECW) absorb radiation
(2.18, 2.41). Absorbed radiation is reradiated at thermal wavelengths. For ECW
devices alone, it will be difficult to obtain cooling benefits in the summer
months. However, ECW devices will be used in combination with heat mirrors
to remove unwanted thermal radiation from the device (2.40, 2.41). The classes
of materials that are now under consideration are thermochromics (2.42),
photochromics (2.43), liquid crystals (2.44) and electrochromics (2.45).
Thermochromic and photochromic materials are passive systems. Devices that
contain liquid crystal or electrochromic materials are active devices requiring

the application of an electric field.
2.6 CHROMOGENIC MATERIALS
Chromogenic materials are used to control the transport of electromagnetic

radiation. There are four main classes of chromogenic materials: photochromic,

thermochromic, electrochromic and liquid crystal based systems.
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2.6.1 Photochromic materials

Photochromic systems exhibit a reversible change in their optical properties
as a function of light intensity. The phenomenon of photochromism was
discovered by the scientific community at the beginning of the last century.
However the change in colour of dyed fabrics and pigments upon exposure to
light has been known to artists for many centuries. Many materials, both
organic and inorganic, exhibit photochromism (2.46). Photochromism in organic
materials is caused by homolytic and heterolytic cleavage, cis-trans
isomerisation and tautomerisation. A disadvantage of organic materials is the
build up of fatigue products during colour bleach cycles and the stability to
ultraviolet radiation. For these reasons the focus of research has been
directed towards inorganic photochromic glasses (2.47, 2.48). These materials
exhibit high resistance to fatigue during the colour/bleach cycling process.
The property of photochromism is used in ophthalmic glasses (2.49). Other
applications that are now being researched are holographic television displays
(2.50), optical switches (2.51) waveguides (2.52) and smart window applications

(2.18).

2.6.2 Thermochromic materials

The study of thermochromics dates from the latter half of the last century.
Thermochromic coatings show a reversible change in their optical properties
as a function of ambient temperature. The effect of thermochromism can be
caused by several mechanisms, most of which are due to equilibria between
different molecular species or isomers. Examples of these phenomena are cis-
trans isomerism and crystal phase transition (such as in polymeric liquid

crystals). Thermochromism is known in organic (2.53) and inorganic materials
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(2.54). The focus of attention in this area of research has been on oxides that
exhibit a semiconducting to metallic transition at certain critical temperatures
(2.55). The materials that have been at the focus of attention in this area
since 1959 are the oxides of vanadium (2.56). However other materials are now
being evaluated such as polymeric liquid crystals (2.57), cloud gels (2.58) and
inorganic fibre/liquid composites (2.59) that can exhibit thermochromism via

the Christiansen effect (2.60).

2.6.3 Electrochromic materials

Electrochromic compounds exhibit a reversible change in their optical
properties as a function of an applied electric field. The mechanism of this
change is the insertion of small ions. The process can be reversed by
subsequently removing these ions from the electrochromic material. An
advantage of these types of materials is the open circuit memory they exhibit
once electrically switched to a particular optical density. This has energy
saving benefits since the electric field only has to be applied when a change
in optical state is required. Colour changes due to the insertion of sodium
ions into tungsten bronzes were reported in 1951 (2.61). Electrochromics were
originally researched as candidate materials for display technology. However,
the slow switching speeds and poor cyclic durability of these materials led to
liquid crystals being used instead. Recently, however, the potential usefulness
of electrochromic materials has been realised (2.62). There is scope for further
research in this area due to the many organic and inorganic compounds that
exl}ibit electrochromism (2.63). A variety of electrolytes, inorganic as well as

organic, can be used in electrochromic devices (2.63).

There are many applications for electrochromic materials (2.63). These include
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rewritable media (2.64), biosensors (2.64), gas sensors (2.64), displays (2.62),

rear view mirrors and smart window technology (2.65).

2.6.4 Liquid crystal based systems

Liquid crystal based devices show reversible optical changes as a function of
applied voltage. The optical properties of a liquid crystal can be altered by
applying an electric field via conductive substrates which are transparent in
smart window applications. The change in optical properties occurs because of
the birefringent nature of liquid crystal molecules (2.66). When the liquid
crystal molecules reorientate due to a change in the electric field intensity the
refractive index of the media changes abruptly (typical switching speeds vary
from 1 second to 1 x 10'3 s). This change in optical properties is known as the
Freedricksz transition (2.67) and occurs at a critical voltage Vc (2.68).
Unfortunately most liquid crystal (nematics and cholesterics) systems do not
exhibit open circuit memory, so when the electric field is removed the optical
properties of the system return to that of the unpowered state (2.69).
However, recently ferroelectric smectic c liquid crystal systems have been
developed that show open circuit memory (2.69). This type of liquid crystal is

now being researched for applications such as LCD television screens (2.69).

Several liquid crystal based systems have been developed. One system
contains a mixture of dichroic dye molecules with liquid crystal molecules
(2.70). The dye molecules acquire the same orientation as the liquid crystal
molecules due to mechanical forces. This is known as the guest host effect.
Optical modulation is achieved by applying an electric field. This effectively
rotates the plane of the dye molecule parallel to the molecular director so that

it is parallel with the applied electric field. Another system involves
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dispersing a liquid crystal such as a nematic in a medium such as a polymer.
The liquid crystal molecules occupy microcavities within the polymer. When an
electric field is applied the liquid crystal molecules align with respect to the
field. The system is designed such that the refractive index of the aligned
molecules perpendicular to the substrate is equal to that of the polymer. This
arrangement allows light to be transmitted through the medium in a specular
manner. In the unpowered state the refractive index of the liquid crystal
molecular axis is different to the polymer in the direction of the incoming
wavefront and consequently light is scattered. The variable specular optical
transmittance ('grey scale') that can be obtained with this device is due to
the different sizes of cavities within the system. Consequently, each cavity
has its own critical switching wvoltage, Vc. As the voltage is gradually
increased all the liquid crystal molecules align. This is known as the

Christiansen effect (2.60).

Recently devices have been constructed that include dye molecules dispersed
with liquid crystal molecules in a polymer. These not only scatter light but
can also be used as switchable absorbers. Clearly the next stage of
development will be to include smectic ¢ liquid crystal molecules with a dye
within a polymer (2.25-2.29). This system would exhibit optical bistability, open

circuit memory and modulation of near infra-red radiation.

Although the applications of liquid crystal technology are enormous, perhaps
the most important is their use in birefringent displays, phase gratings and
switchable lenses, dyed fluorescent or dichroic guest host displays, chiral
temperature stage colour devices, nonlinear optics, high resolution laser
storage, new erasable rewriteable materials for projection masks, copiers,

memories, data storage and smart windows (2.57, 2.65).
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2.6.5 Alternative chromogenic materials and effects

Many other chromogenic effects could be utilised to control solar radiation.
Perhaps the most familiar are crystals, such as copper sulphate, that alter
their colour with respect to water content. Upon hydration the material
exhibits an intense blue colour (in the solid state). However, in the
dehydrated form the material is white. This occurs because of the loss of aqua
ligands. The type and number of ligand substitution dictates the colour of
compounds. Reversibility of this effect is dictated by the lability of the
complex used. Difficulties with this system may be those of inserting ligands
into the material and reversible extraction. Another potentially very useful
chromogenic effect is that of barochromism, observed in materials such as
samarium sulphide (2.71). The change in optical properties is caused by
changes in pressure. Another possibility would be to use magnetic field

dependent optical properties.

Electrochromic and liquid crystal materials exhibit changes in optical
properties with respect to an applied electric field. There are other
possibilities for modulating the optical properties of a material by the
application of an electric field. It may be possible to use reversible
electroplating (2.72). The major advantage of such a coating would be that it
could be used as a variable reflector. Another possibility is the Kerr or
Pockel's effect (2.73). The Kerr effect is the field induced double refraction
observed in some gases and liquids. The Pockel's effect is seen in
noncentrosymmetric piezoelectric media. Both effects can be used to modulate
polarised light when used with crossed polars. Another related property is the
magneto optical modulation known as the Faraday effect (2.73). The Faraday
effect is the rotation of the plane of polarised light under the application of

a magnetic field.
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Unfortunately, it would be difficult if not impractical to use any of these
effects in large area devices (2.65). This is because all of the aforementioned
effects would require sophisticated operating systems would be very expensive
to construct or require high operating voltages. However it may be possible
to incorporate some of these effects into other devices. For example liquid
crystals are sensitive to pressure and exhibit changes in optical properties

with respect to a magnetic field.

2.7 DEVICE REQUIREMENTS

Optical modulators that are based on electrochromic materials or liquid crystals
require transparent conductors so that the optical properties of these
materials can be adjusted. The transparent conductive materials can be indium
tin oxide (2.74) or a thin layer of a noble metal such as gold or silver (2.75).
It is also possible to use grid wire structures as transparent conductors
(2.75). Electrochromic devices also require transparent ion conductors. For
multilayer devices it is necessary to employ anti-reflection coatings (2.76).
This is because at each coating in a multilayer some light will be reflected and

some absorbed hence the total transmittance is reduced.

2.8 APPLICATIONS OF CHROMOGENIC MATERIALS

Materials that alter their optical properties reversibly as a function of
temperature, electric field, magnetic field or light intensity can be used for
a variety of applications. If they exhibit field induced and temperature
dependent optical properties they become even more useful. Examples of this
type of behaviour are liquid crystals and electrochromics. Most liquid crystals

show a change in optical properties as a function of applied magnetic field,

44



electric field and temperature. The major application investigated in this thesis

is electrochromic smart glazings.

2.8.1 Smart windows

2.8.1.1 Characteristic features

Large area chromogenic coatings on glass may be used to control solar
transmittance (0.3 pm - 3 pm) through windows. Smart windows can be used

for architectural, automotive, display and aerospace applications.

Most chromogenic materials are variable absorbers. Unfortunately, materials
that absorb radiation also reradiate radiation. This follows from the law of the

conservation of energy and can be represented by equation 2.1.

A () = E (a) (2.1)
A (A) + R (Q) +T (1) =1 (2.2)
where,
A(p) = Absorbance at wavelength )
R(A) = Reflectance at wavelength )
T(y) = Transmittance at wavelength )
E(p) = Emittance at wavelength }

However, some chromogenic materials, such as electrochromic tungsten trioxide
and thermochromic vanadium dioxide, can exhibit variable reflectance in the
infra-red (3 pm - 100 pm), and consequently variable thermal emittances (see
equation 2.2). A change in the visible optical properties of smart windows
renders them useful for privacy control. For the device to be ef‘f‘eétive this

must occur over the range 0.4 pm - 0.8 um.
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Most chromogenic materials are intensely coloured in the coloured state.
Tungsten trioxide is profoundly blue in the reduced state aithough this colour
can vary with respect to stoichiometry, morphology, additives, etc. Coatings
or devices that exhibit intense colouration would lead to a change in the
colour balance of areas located behind windows. Therefore, a material that is
grey in the coloured state would be most desirable for glazing applications.
This is possible with thermochromic vanadium dioxide (2.56) and electrochromic
nickel oxide based coatings (2.104, 2.113, 2.114, 2.131). However, even though
high optical densities can be achieved with the desired colouration properties
they are not suitable for privacy control because there is a degree of
transparency in the coloured state. For some applications (such as bathrooms
etc.) a material exhibiting the Christiansen effect may be suitable (2.60). It is
very difficult to see through such a material in the unpowered state because

of light scattering.

For chromogenic materials such as liquid crystals and electrochromics the
application of an electric field is required to produce a change in optical
properties. This involves the use of energy. However, smart window technology
may lead to a reduction of cooling and heating costs (in cooling dominated
climates). The energy savings gained could be gauged by the power required
to switch the device, and energy used for space lighting behind the window,
offset against the savings gained by reduction in air conditioning cooling
costs (summer months). The net energy saved would also be affected by the
heat reradiated through the window due to absorption according to equation
2.1. However, smart windows that are now being researched will initially be
used in conjunction with heat mirror coatings (separate from the ECW device)

to reflect thermal radiation out of the building (2.41).
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Although the majority of chromogenic materials can be used to modulate the
solar spectrum, some only have limited application because they do not
completely satisfy consumer requirements. The modulation range that is
desirable for the control of the solar spectrum is 0.3 - 2.5 pm. Only liquid
crystal, thermochromics and electrochromics satisfy this criteria. A major
advantage of liquid crystal and electrochromic systems is the ability to
dynamically control transmittance by altering the intensity of the applied
electric field. Therefore these systems can also be used for privacy control.
It may also be feasible to switch thermochromic materials using an electrical
heater. Another important requirement is that devices should display
reflectance modulation. Currently the only systems that display large
reflectance modulations are thermochromics. Reflectance modulation is also
possible with electrochromic devices but this is usually only of the order of

20%.

Other selection criteria are based on safety and voltage regulations that vary
from country to country. Liquid crystal devices are scattering in the off state
and usually require a relatively high switching voltage (>50 V). Therefore the
failed state would be opaque. This would be a disadvantage during power
cuts. Electrochromic devices usually operate at relatively lower voltages

(-1 - + 2 V). During power cuts simple short circuit would render devices

transparent.

A device based on electrochromic materials is currently the most attractive
option for smart window applications because they have the advantage of large
dynamic ranges, reflectance modulation (albeit small), open circuit memory, low
voltage requirements and the ability to modulate the solar spectrum in the

range 0.3 - 2.5pm.
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2.9 ELECTROCHROMIC MATERIALS

2.9.1 Electronic generation of colour

There are two limiting cases for the generation of colour in electrochromic
materials (2.77). In the first case the addition or removal of electrons leads
to the creation of what are classically known as a colour centres. These
behave as localised chromophores and extend over a few atoms or molecules.
This type of chemical process occurs in certain organic dyes and metal
complex ions such as wht to w. Finally electrons can be removed or added to
a crystalline or extended amorphous band structure. These of course are only
the limiting cases and in reality possible intermediate cases may involve
intervalence transfer, small polarons and large polaron models. Another type
of intermediate may be that of the initial state being localized but the final

state delocalized over a band structure.

2.9.2 Intercalation of ions

Intercalation reactions are solid state chemical reactions in which a chemical
species, usually an ion, penetrates a host material. This chemical species then
becomes a guest within the host structure. The intercalation of ions within a
structure can lead to structural stresses within the host material, particularly
if a change in lattice parameter occurs due to the chemical species reacting
with the host material. This can lead to delamination or fracturing of the
material (2.77). Therefore, the ideal host material should have a large internal
free volume, exhibit minimal bond formation and breaking and the 'guest
species should be a small ion. Tungsten trioxide satisfies these criteria. For
this reason the focus of attention in the area of electrochromic materials has

been w0, (2.36, 2.62, 2.77, 2.79).
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2.10 ELECTROCHROMISM OF CONDUCTING POLYMERS

There has been considerable interest in the last few decades in conducting
polymers (2.80). Some organic polymers exhibit conductivities greater than
copper. The most widely researched conducting polymers are polyacetylene
(2.81), polypyrolle (2.82), polythiophene (2.83) and polyaniline (2.84). Most
polymers can be easily shaped and formed (some are thermoplastic) and are

therefore very attractive for industrial applications.

However, conducting polymers, such as, polypyrolle and polyacetylene, are not
stable to oxidation (from the air) or pollutants such as S0, and 0y (sulphur
dioxide and ozone). Furthermore photochemical chain scission of polymer chains
and other photochemical reactions can occur in ultraviolet light. Several
techniques have emerged to solve these problems. Oxidation can be reduced
by using lamination, addition of stabilisers or by copolymerization (polypyrolle
with polyethylene). Stability to uultraviolet light can be improved by the

addition of stabilisers (2.85).

Some conducting polymers exhibit electrochromism (see table 2.2). This is
because the doping of polymers leads to a geometrically relaxed state (2.86).
This is a localized effect over a few monomer units. The result is a new
electronic structure. The valence and conduction bands split to form new
levels within the band gap. This can produce two states: polaron and
bipolaron. In the polaron model three new absorption bands occur whereas in
the bipolaron model, there are two new levels (2.86). These transitions occur
from the valence band to the various proposed levels within the bandgap. It

is these levels that are ultimately responsible for the optical absorption.
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Semiconducting materials are usually manufactured by doping of materials such
as silicon with phosphorous. Initially it was thought that the same process
occurred in polyacetylene, where iodine is added to increase the conductivity
of the material. It was soon realised that the process was that of
oxidation/reduction (2.86). Thus doping and undoping of materials can occur
by electrochemical oxidation and reduction. Because oxidation/reduction
processes can occur in conducting polymers they are potentially useful

electrochromic materials.

Table 2.2 Bandgap, colouration and conductivity of electrochromic polymers

(2.51)
Polymer Bandgap Colours Conductivity
Eg (eV) (Scm'l)
Polyaniline 3.5 Green in oxidised 1-100
state transparent
in neutral state
Polypyrolle 3.2 Brown in oxidised 1-100
state yellow in
neutral state
Polythiophene 2.2 Blue in oxidised 1-100
state yellow in
neutral state
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2.10.1 Electrochromism of polyaniline

Polyaniline is an anodic electrochromic material. Colouration occurs due to
proton extraction (2.86). This leads to the delocalisation of charge across the
molecular chain. The degree of protonation of the chain decreases with respect
to increasing positive potential until the structure consists of quinodiimine

and aromatic species.
2.11 TUNGSTEN TRIOXIDE

The electrochromic behaviour of tungsten trioxide was first identified by Deb
(2.78). The nature of the celectronic colouration of tungsten trioxide is
dependent on the degree of crystallinity. In amorphous tungsten trioxide the
colour centre is localized over only a few atoms due to the reduction of W6+
to Ws* however, in crystalline material, delocalization of electrons occurs. The
evidence for this is the high infra-red reflectance of crystalline material in
the coloured state. Rapid switching is characteristic in amorphous material
whereas slow switching occurs in crystalline material suggesting different
applications for amorphous and crystalline materials. Amorphous tungsten
trioxide is suitable for display technology, whereas crystalline material is more
suited to advanced glazing applications because of the high reflectivity in the
coloured state (2.77). As previously discussed, reflectance modulation is

preferred to absorption modulation because of the reradiation of heat.

2.11.1 Electronic structure

One model used to predict the behaviour of tungsten bronzes assumes that the

material is a solid solution of M,W0, (where M = Li, Na, K) in WO, (2.77). Using
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this model it is predicted that tungsten trioxide has filled valence bands
involving tungsten sigma orbitals (6s, 6p and two 5d sigma orbitals) and
oxygen sigma orbitals (2s and 2po). The remaining three 5dn orbitals on the
tungsten and 2pn orbitals on oxygen form a conduction band that is

unpopulated in W03. However, this band accepts the donated electrons when

M, is inserted, as Mx* + xe  (where x is an integer). The states arising from
the ns orbitals associated with M are much higher than the conduction d-pn
conduction band. Clearly, for small wvalues of x the bronzes exhibit
semiconducting properties. However, for higher values of x the bronzes become

more metallic in behaviour and can be best understood by applying the free

electron model proposed by Drude (2.77).

2.11.2 Thin films of wO,

It is possible to modulate the transmittance of electromagnetic radiation
through WO, by the injection and extraction of cations. There are two modes
by which the transmittance can be modulated: absorption and reflectance.
Reflectance and absorption modulation is achieved in crystalline and amorphous
materials, respectively (2.77, 2.79). The first alternative is undesirable
because it leads to energy being absorbed by the window and consequently
reradiated. Reflectance modulation is more desirable because unwanted

radiation can be reflected away from the building (2.79).

2.12 NICKEL OXIDE

2.12.1 Chemical properties of nickel oxide

Nickel (3d84s2) exhibits two oxidation states, +2 and +3. In the first transition
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series the +3 state becomes more unstable with respect to increasing atomic
number (2.123). For nickel only the +2 state is important in aqueous solution.
The only compound of any importance in the +3 state is nickel oxyhydroxide
(2.123). Although the colour of stoichiometric bulk nickel oxide is usually given
as green, other colours ranging from green to metallic are reported (2.53,

2.124). These differences may be due either to impurities or non-stoichiometry.

Nickel hydroxide, referred to in the literature as hydrous nickel oxide also
exhibits electrochromism (2.91). This material can be made chemically by
reacting a Niz* salt with an alkaline metal hydroxide solution (2.123). Nickel
hydroxide has alpha and beta phases: a-nickel hydroxide has a turbostatic
structure that contains hydrogen bonded water; B-nickel hydroxide contains
non-hydrogen bonded O-H. Conversion of a- and B-nickel hydroxide to NiO
occurs at 150 °C and 200 °C respectively (2.94). Transformations between alpha
and beta phases can occur hydrothermally or in alkaline solutions (2.104).
However, conversion of bulk NiO to Ni(OH), is extremely difficult and does not
occur even after boiling in water. However, electrochemical conversion of NiO
thin films (deposited by PVD processes) with defects to B-nickel hydroxide is
reported by some researchers (2.104, 2.118). Nickel oxide and nickel hydroxide

are two different chemical species.

2.12.2 Crystal structures of nickel oxide and

nickel hydroxide

The crystal structure of nickel oxide is similar to that of sodium chloride
(NaCl). It has been shown that at ordinary temperatures (298k) the structure

of nickel oxide is slightly distorted from the ideal cubic NaCl structure (2.87).

The ratio of ionic sizes in NaCl is, r(Na')/r(Cl') = 0.53. For nickel oxide the
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ratio is smaller, r(Ni%)/r(0%) = 0.49. Evidently, nickel oxide can gain stability
by squeezing slightly inwards along the three-fold axis. The resultant
rhombohedral angle becomes a=60°4.2'. The structure of nickel hydroxide is

similar to that of cadmium iodide (2.92).

2.12.3 The electronic structure of nickel oxide

o

According to the band theory of solids, as Ni“’ ions are brought together, the

3d orbitals overlap to form a 3d band capable of holding 10 electrons (2.53).
However, only 8 electrons are available. Therefore, this band can only be
partially filled. So nickel oxide should be a good conductor of electricity.

However, the reverse is true: pure stoichiometric nickel oxide is an excellent
insulator. Band theory cannot be used to predict the electrical behaviour of

nickel oxide but six other models have been proposed.
2.12.3.1 The antiferromagnetic model

Nickel oxide is an antiferromagnetic material (2.87, 2.89). An electron moving
through this structure cannot progress from one site to the next without
transporting its spin. Therefore, it would be prevented from moving by the
antiferromagnetic superstructure. Using this model, it is possible to predict
that the 3d band would be split into two sub bands each of which would hold
electrons of a particular spin. However, when nickel oxide is heated above the
Neel temperature it does not become a better conductor, as predicted by this

model.

2.12.3.2 Crystal and ligand field

model

Each Ni* ion is surrounded octahedrally by six 0% ions. The field of the

ligands splits the levels into a lower set of three (dxy' d,. d,,) and an upper

ya
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set of two (dzx. df_yz). The three lower orbitals are completely filled with six
electrons, there are still two left and these do not fill the upper set. When
energy bands are split by the crystal field, the upper onc is only partly
filled in nickel oxide. This model also predicts that nickel oxide should be a

good conductor (2.89).
2.12.3.3 Hubbard model

Another explanation for the break down of band theory when applied to
materials such as NijO, is that electrons become localised due to mutual
repulsion (2.156, 2.157). In the Hubbard model it is assumed that the most

important effects originate from repulsion between electrons in the same atom.

According to band theory, an array of atoms that possess a single valence s
orbital should give rise to a band of crystal orbitals each delocalised
throughout the array. However, if the overlap between orbitals is very small,
the ground state consists of one electron delocalised on each atom. This is
because of the extra repulsion thal arises if an electron is transferred from
one atom to another. The energy required to move one electron from an atom
in this array is simply the ionisation energy, I. However, the atom accepting
this ionised electron will have a particular electron affinity, 'A'. Therefore, the
electron affinity must be subtracted from the ionisation energy 1, yielding the
energy required to move an electron from one atom to another. This value is

known as the 'Hubbard U' (see equation 2.3).
U=1-A 2.3

The 'Hubbard U' can be interpreted as the repulsion energy between two
clectrons on the same atom. If the overlap between orbitals of different atoms
is small, the effect of electron repulsion is to make the half filled band
insulating. The ionisation energy 'I' (required to remove an electron from an
atom) and electron affinity 'A' (due to the addition of an electron to a half

filled orbital) can be depicted as lower and upper energy levels respectively

55



(see figure 2.6). The gap 'U' separaling these two energy levels is known as
the Mott-Hubbard splitting (as in cquation 2.3). The lower and upper levcls
are each occupied by one electron per alom. These levels are also known as
sub bands (2.156, 2.157). As the interatomic overlap increases, the breadth of
cach of these sub bands increases. Eventually the band width 'W' is equal lo
the Mott-Hubbard splitting 'U' (see figure 2.6). Beyond this point there is no
energy gap and the array initially considered essentially becomes melallic.
Therefore, il can be deduced thal band theory can be successfully applied if

w > U.

Figure 2.6 Hubbard sub-bands as a function of bandwidth.
2.12.3.1 The Motl model

The Mott model has been used to predict semiconductor to metallic Llype
behaviour in malerials such as VO, (2.55). The insulating behaviour of nickel
oxide can be predicted using Mott thecory. In this model, the lattice is
considered Lo consist of a cubic array of one-electron atoms of lattice constant
'a'. Mott modelled the free carrier concentration as the lattice constant was
varied. "I‘his was confirmed experimentally by subjecling matlerials to
hydrostatic pressurce. Molt argued that for large values of 'a' the array is an

insulator. This occurs because transporting an electron to another site that
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has opposite spin requires activation energy to overcome coulombic repulsion.
Therefore electrons remain localized to their respective atomic sites and the
system remains an insulator (2.89, 2.90). However, for very small values of 'a’,
neighbouring orbitals overlap and this causes delocalised structures and

metallic type behaviour.
2.12.3.5 d-d transition model

The d-d model can also be used to interpret the insulating behaviour of NiO.
However, recently it has been proposed that the insulating behaviour of nickel

oxide is because NiO is an ordinary band insulator, the optical bandgap is due

to 3d® to 3d°L transition (2.137).

2.12.3.6 Comparison of the electronic
properties of nickel oxide

and titanium monoxide

Another way to interpret the electronic behaviour of NiO is to compare the

electrical properties of Ni0O and titanium monoxide. In this comparison it is

considered that the cause of the very low conductivity (1 x 1()14 o ! cm'l) of

NiO is because of the lack of overlap between the 'd’' orbitals of Ni atoms

™ species, therefore

(2.158). The t (dy, d,,,

dyz) levels are fully occupied in Nij
these electrons are not delocalised. However, the €, (dziand d{_ya.) levels are
singly occupied in Niz’, but unfortunately these orbitals point directly to the
oxide ions in the lattice thus restricting metal-metal e orbital overiap. Because
of the intervening oxide ions, Lhe eg orbitals are unable to overlap. Thus the

i

(’g orbitals remain localised on individual Ni‘’ atoms (see figure 2.7).
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Figure 2.7 (a) TiO structure parallel to a unit cell face excluding the oxide

ions. Overlap of dxy (and d dyz) leads to a t2g band. (b) Structurc of NiO

Xz’

showing the dxz_ 2 (and dzz) pointing directly toward the oxide ions and

¥
therefore unable to form an eg band.

Titanium monoxide has a conductivity approaching that of a metal

(1 x 108 ¢! cm'l) because the 'd' orbitals of the metal atoms overlap. In this
case the tZg (dxy' dxz' dyz) orbitals are only partially filled, therefore, such

orbitals can participate in bonding (see figure 2.7).

In electrochromic materials research insulating nickel oxide is not used. This

is because it is necessary to have a certain degree of electron mobility in
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order to inject and extract charge. For this reason nickel oxide with
incorporated defects is used. This can be produced by using physical vapour
deposition such as electron beam evaporation (2.118), or r.f. sputter deposition

(2.104, 2.100, 2.113, 2.114).

One of the causes of defects in nickel oxide is nickel metal ion vacancies. In
order for nickel oxide to remain stable when it contains vacancies it is
necessary for other nickel ions in the structure to increase their oxidation
state from 2+ to 3+. This means that the bulk material itself is semiconducting,
'p' type where the majority carriers are holes. This semiconducting nature
facilitates the transfer of electrons throughout the structure (via the

movement of holes) during the application of an electric field.

The electrical conductivity due to defects in NiO plays an important role in
the colouration mechanism. During anion injection or cation extraction it is
necessary to remove electrons from nickel oxide or nickel hydroxide to a
conductor (TCO or otherwise). Nickel oxide and nickel hydroxide are both 'p'

type semiconductors.

2.12.4 Colouration mechanism(s) of nickel oxide

and nickel hydroxide coatings

The controversies regarding the colouration mechanism were previously
discussed in Chapter 1. The contentious issues are the chemical identity of the
bleached and coloured states and the jon(s) responsible for colouration.
Analyses have been performed to ascertain the chemical species present in the
coloured and bleached states. These investigations have been conducted on NiO
produced using different deposition techniques. Other experiments have been

executed to identify the ion that causes electrochromism in NiO based coatings.
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This is not only of academic interest but has crucial implications on device

design.

Classification of the analytical techniques used to identify the mechanism of
colouration of nickel oxide based coatings is difficult. This is because most of
the analytical methods have been used to prove more than one mechanism.
Other problems are that, analyses have been performed on coatings produced
using different deposition techniques and conditions, electrochemical
experiments have been performed in various electrolytes and different post-
deposition treatments have been applied prior to analysis. Whilst some
researchers agree on the ion responsible for colouration, they disagree about
the chemical identity of the coloured and bleached states. However, three main
mechanisms of colouration are reported in the literature. These are,
electrochromism due to metal cation (2.104, 2.112, 2.124, 2.126, 2.127), proton
(2.110) and hydroxide ion (2.111, 2.125, 2.129, 2.130) insertion. Cation insertion
can be further reduced to cation insertion in hydrated (2.124) and anhydrous

electrolytes (2.115, 2.116).
2.12.4.1 Electrochromism of nickel
oxide based coatings by

cation insertion

There are two mechanisms that involve cation insertion into nickel oxide based

coatings (see equations 2.4 and 2.5).
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BLEACHED COLOURED
Ni(OH), + 0.33M' + 20H «  0.33M(NiO,); + 2H,0 + 1.67 € 2.4

M NiI-XO -M

y Nip,O + zM' ze’ 2.5

y

where, M can be Li*, Na' or K'.

Some researchers support injection of M (see equation 2.4) during the
anodization of electrochemically deposited nickel hydroxide coatings (2.104,
2.126, 2.127). Quartz crystal microbalance has been employed to add credence
to this claim (2.112, 2.124). The argument here is that greater changes in mass
occur upon anodization of Ni0 based coatings in electrolytes containing cations
of higher atomic masses than lower atomic masses (2.124). However, other
researchers (using Q.C.M.) have reported that OH injection occurs during the
anodic cycle and that the injection of this ion is responsible for the observed

change in mass (2.111).

A possible source of error arising in the argument of cation insertion during
the anodic cycle is the assumption that water is desorbed from the coating
during colouration (2.112, 2.125). This has not been proved experimentally.
However, desorption of water is implied in equation 2.10. In the case of water
being retained within the coating (perhaps necessary for self-bleaching) the

mechanism portrayed in equation 2.6 may be more accurate.

BLEACHED COLOURED

Ni(OH), + OH e NiOOH.H,0 + e 2.6

61



Other researchers support cation insertion during the cathodic cycle (2.113-
2.116). The theory in this case, is that the oxidation state of Ni is reduced
to that of Niz* by the insertion of cations (Li*, Na', K'). During this reduction
process the coating becomes transparent. Upon colouration (oxidation for NiO),

metal cations such as Li! are ejected.

For sputtered NiO coatings, it has been reported that bleaching can occur by
lithium fon injection (see equation 2.4) from a lithium gun (2.113). However, it
is also known that oxidised sputtered NiO coatings bleach when heated (2.89,
2.113). Bombardment of coatings with ijons can lead to an increase in
substrate temperature. The temperature of the substrate was not reported in
the literature. Furthermore, it is not clear from the literature if coatings were
previously cycled in 1M KOH (or LiOH) prior to bombardment with Li+ (2.113).
Infra-red analyses of sputtered coatings reported in the literature did not
reveal the presence of bonded or non-bonded 0O-H (2.114). However, these
measurements were performed using a low globar voltage and number of scans.
Also it is difficult to detect water (bonded or non-bonded) in coatings thinner

than 700 A (using a low globar voltage and number of scans).

This notwithstanding, correlation was obtained between the amount of lithium
jons injected and changes in optical density. SIMS analysis also confirmed the
presence of lithium in coatings. The concentration was greater in the bleached
state (2.113). This appears to be evidence for lithium ion bleaching of

coatings.

Bleaching by lithium ion insertion using electrochemical methods has been
reported in the literature (2.111, 2.116). However, the concentration of water

in the electrolyte was not reported (2.115, 2.116). Nor were these studies
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supported by infra-red spectrophotometric investigations of the bleached and
coloured states. Analysis may have confirmed the absence of O-H within the
coating thus adding further credence to the M' argument for sputtered

coatings in anhydrous electrolytes (2.115, 2.116).

If the organic electrolytes used in some studies (2.113, 2.115, 2.116) contain
no water, then initial bleaching may occur by lithium ion insertion. If lithium
ion insertion occurs then there may be two environments - hydrated and
anhydrous (2.125). In the hydrated environment, nickel oxide based coatings
exhibit electrochromism due to hydroxide or hydrogen ion insertion and
extraction. In the anhydrous environment, Ni0O may exhibit electrochromic
activity due to cation insertion and extraction (2.113, 2.115, 2.116). Since,
however, the actual water concentrations in the anhydrous electrolytes are
currently unknown, this argument is difficult to substantiate (2.113, 2.115,

2.116).

Studies on nickel oxide electrodes in anhydrous electrolytes, has confirmed
that Li+ can be included within NiO coatings. Lithium ion intercalation
improves the cyclic stability of NiO and B-Ni(OH), coatings and increases the
oxygen overvoltage by impeding the formation of 0,. The improved durability
of such materials may be due to the ability of lithium to retain water (2.108).
A disadvantage of lithium ion injection is that some forms of nickel hydroxide

(a-Ni(OH)Z) are poisoned by lithium (2.94).
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2.12.4.2 Electrochromism of nickel
oxide based coatings by

proton insertion

In this case colouration of electrochemically deposited nickel hydroxide occurs

by proton extraction (see equation 2.7).

BLEACHED COLOURED
Ni(OH), « NiOOH + H + ¢ 2.7

Nuclear reaction analysis has been used to measure the amount of hydrogen
present in NiO based coatings in the bleached and coloured states (2.110,
2.125). This was achieved by bombarding coatings with 7 MeV EIN ions.

Nuclear reactions within the coatings produce 1 C (see equation 2.8).
BN+l o Reoxytpe 2.8

Some researchers claim to have detected more hydrogen in the bleached state
than in the coloured state (2.110), others claim that there is no difference
(2.117). However, even if there is less hydrogen in the coloured state this
does not necessarily imply that the coating colours by hydrogen ion
extraction. If water is desorbed during the oxidation (by OH) of nickel
hydroxide then the same result would be observed. Furthermore, water
desorption or absorption may have occurred during the experiment (2.93).
Other experimental evidence that is cited for proton insertion is cyclic

voltammetry (2.103-2.106, 2.108, 2.109). However, some researchers claim that

cyclic voltammetry can be used to prove OH™ insertion (2.96, 2.107).
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2.12.4.3 Electrochromism of nickel
oxide based coatings by

hydroxide ion insertion

Insertion of hydroxide ions into evaporated nickel oxide based coatings is
reported in the literature (2.111). Essentially there are two mechanisms
involving colouration by OH insertion, the oxidation of NiO to NiOOH (2.111,
2.129, 2.125) and the oxidation of electrochemically deposited Ni(OH), to NiOOH
by hydroxide ion insertion (see equations 2.9, 2.10) (2.98, 2.118, 2.130).

BLEACHED COLOURED
NiO + OH « NiOOH + € 29
Ni(OH), + OH™ e NiOOH + H, O + e 2.10

Raman analysis has been used extensively to analyze nickel oxide based
coatings in order to identify the colouration mechanism (2.92, 2.93, 2.125,
2.126). However, the precise chemical identity of the coloured and bleached

states are controversial. There are at least two interpretations:

(i) Bleached : NiO, Coloured : NiOOH (2.125, 2.126, 2.129).

(ii) Bleached : unassigned state, Coloured : y-NiOOH (2.92).

Some researchers claim that B8-nickel hydroxide is present in the bleached

state (2.92, 2.94-2.96, 2.98). Finally, some researchers assert that y-NiOOH is

irreversible (2.94) whereas others report that it is reversible (2.92).
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It is claimed by some researchers that Raman spectroscopy may not be
suitable for analyzing materials with low crystallinity (2.95). This is an issue
because nickel oxide coatings in the as-deposited state usually exhibit low
degrees of crystallinity. It has also been reported that Raman spectroscopy
is not suitable for analyzing O-H stretches in weak Raman diffusers such as
Ni(OH)z. However, other researchers believe that this technique is suitable for
coatings with very low structural order (2.125). It has also been reported that
surface enhanced Raman spectroscopy (S.E.R.S) can be used to detect the
presence of B-Ni(OH), in NiO electrodes deposited by anodic oxidation of nickel

(2.128). Other researchers report that B—Ni(OH)2 is not detected in the bleached

state (2.129).

Infra-red analysis of most nickel oxide based coatings deposited, using a
variety of techniques has revealed the presence of a- or f-nickel hydroxide
in the transparent state (2.92, 2.94-2.96, 2.98). For the coloured state 8- or v

nickel oxyhydroxide has been Iidentified (2.96). Some researchers have
identified the presence of water in coatings of nickel oxide using in situ FTIR

(2.96, 2.97). A characteristic feature of the infra-red spectrum of a-nickel
hydroxide is a broad O-H stretch centred around 3400 cm'’! (2.96). For 8-
Ni(OH)2 the stretch is much sharper and centred at around 3647 cm'l (2.96,
2,98, 2.118, 2.128). Other absorbance bands reported in the literature for B-
Ni(OH)2 are the in-plane § OH deformation (540 cm'l) and out-of plane Y OH
deformation (350 cm'l) and finally the y Ni-O stretching vibration (450 cm'l).

For a-Ni(OH)2 these bands are shifted to longer wavenumbers (2.96).

The phases of the oxyhydroxide cannot be identified using infra-red
techniques. However, a nickel-oxygen stretch at around 580 cm'1 is attributed

by some researchers to the Ni-O stretch of B- and y-nickel oxyhydroxide
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(2.96). In order to distinguish between the phases of NiQOH it is necessary to
use Raman spectroscopy (2.92). Although some researchers claim this technique
is not suitable for discriminating between the phases of NiOOH (2.125).

Another issue is the composition depth profile of nickel oxide coatings. Nickel
oxide coatings have been analyzed using angular spectrophometric FTIR. Using
this technique some researchers have reported a layered structure of a- and

B—Ni(OH)2 for the bleached state (2.96).

The penetration depth of an electromagnetic wave through a multilayer coating
can be altered by adjusting the angle of incidence of the impinging EM wave.
wWhen such a wave enters a material that has two layers of different refractive
indices, it is totally internally reflected at a critical angle. When this occurs
an evanescent wave is set up which decays exponentially with respect to path
length in the reflecting phase. Thus, by varying the angle of incidence it is
possible to analyze different depths of a coating of nickel oxide. The
characteristic broad stretch centred at 3400 cm'l of a-Ni(OH)z can be resolved
in the spectra obtained at smaller angles of incidence. In the Ni-O stretch
region the same pattern was observed. The phase detected near the surface
of the conductor was predominantly a-Ni(OH)Z. whereas mainly [J-Ni(OH)2 was
detected at the surface (at high angles of incidence) adjacent to the

electrolyte (2.96).

Quartz crystal microbalance (Q.C.M) analysis has been performed on nickel
oxide based coatings (2.112, 2.124). An increase in mass with respect to charge
extracted is observed for evaporated NiO coatings in organic solvents (2.112).
This change in mass is ascribed to the injection of hydroxide ions (when the
nickel oxide is anodic). Other researchers also report a gain in mass of NiQ
when anodised in solutions of alkaline bases. In this case, the change in mass
is ascribed to cation insertion into NiO. This involves the injection of
positively charged ijons into an anode by jon exchange (2.124).
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Researchers who claim to have observed an increase in mass during anodic
cycles have also observed a simultaneous change in the infra-red properties
of such coatings. This change indicates that there is an increase in the free
hydroxide stretch during colouration (2.112). This is the clearest evidence so
far for hydroxide ion injection from organic electrolytes (containing water)

into an evaporated coating of NiO.

Further evidence for OH injection into NiO was obtained using radiochemical
techniques. Hydroxide ions containing B were inserted into NiO. After

colouration radioactively labelled ]80 was detected in the NiO (2.130).

2.12.5 Other analyses of nickel oxide based
coatings
2.125.1 X-ray diffraction

X-ray diffraction (XRD) has been performed on coatings of nickel oxide
produced by sputtering and NiOOH has been detecled in the coloured state
(2.99). The major problem associated with analyzing nickel oxide based coatings
is that nickel oxide and nickel hydroxide are usually deposited in the
amorphous form (2.100). Although the degree of crystallinity of as deposited
nickel oxide can be improved by heating, the annealing temperatures used lead
to decomposition of nickel hydroxide as shown in equation 2.11 (2.99, 2.101,
2.102). Thus, although nickel oxide has been detected in the bleached state of

nickel oxide based coatings it may not be the electroactive species (2.100).

(a,B8) Ni(OH), Heat(al50°C, 8 200°C) = NiO + H,0 2.11
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Therefore, annealing of nickel oxide coatings prior to XRD analyses is not a
satisfactory technique for elucidating the identity of the as-deposited material

or electroactive species.

2.12.5.2 Impedance spectroscopy

This technique is becoming increasingly popular in electrochromic materials
research. Nickel oxide has been analyzed using this technique. The conclusions
of most studies are that the coloured state is a better conductor than the
bleached state (2.103), the colouration process is diffusion controlled (2.105)
and the rate of diffusion changes with respect to colouration (2.103). The
internal diffusion coefficient of protons has been reported for nickel
hydroxide coatings (2.138). The proton diffusion coefficient for the fully

2

bleached state was 6.4 x 10'll cm s'l, whereas for the fully coloured state it

was 3.4 x 10'8 cm2 s']. This implies that NiOOH facilitates the conduction of

protons.

2.12.5.3 Cyclic voltammetry

Cyclic voltammetry is another technique that has been used by researchers
to analyze nickel oxide based coatings (2.96, 2.103-2.109). Anodic, cathodic and
oxygen evolution peaks are reported in most papers on nickel oxide based
coatings in which cyclic voltammetry was used (2.96, 2.97, 2.103-2.109). The
voltages (relative to S.C.E.) at which the anodic and cathodic peaks occur are
420 mV and 250 mV respectively (2.96). Most researchers use cycling rates of
< = 10 mVs! to analyze nickel oxide based coatings (2.103-2.108). At these
cycling rates nickel oxide based coatings exhibit reversible colouration and

bleaching (2.106). Both anodic and cathodic peaks are observed. However, in
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most cases (for nickel oxide based coatings) if this cycling rate is exceeded

then colouration and bleaching are not observed. Some researchers report that
nickel oxide based coatings exhibit faradaic upto 150 mvs’! (2.97). llowever,
other researchers report that the Faradaic anodic peak is missing at scanning
rates faster than 10 mVs'1 (2.106). This may be because mass transport of
hydroxide ions (or hydrogen ions) is dominant over electron transport. In
other words the diffusion rate of hydroxide or hydrogen ions into or out of

nickel oxide, is not fast enough to offset a faster scanning rate.

The maximum scanning rate possible, may be a function of porosity. The
absence of a discussion about the e!ectrochemical reversibility of nickel oxide
at different scanning rates in the literature, is probably due to the prevailing
belief that is often quoted, that nickel oxide based electrodes are reversible
(2.97). Although most nickel oxide based coatings do not exhibit classical
-1

reversibility at cycling rates faster that 10 mVs {particularly

electrochemically and chemically deposited coatings), this does not imply that
nickel oxide based coatings exhibit irreversible electrochromism, rather it may
imply that the colouration process is diffusion controlled (2.103). If the
magnitude of dv/dt (where v is wvoltage and t is time) is too high then
hydroxide ions (or hydrogen ions) will not have time to penetrate (or desorb

from) the coating.

2.12.54 X-ray photoelectron

spectroscopy (XPS)

This technique has been used to evaluate the oxidation state of nickel within
electrochemically deposited nickel oxide based coatings in the bleached state.

The volume concentration of oxygen was measured within the coatings. Most
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studies have confirmed the presence of nickel oxide and double oxygen 1s
peaks have been observed in some samples. A possible interpretation of this
data is the presence of hydroxyl groups. Experiments have also been
performed on cycled coatings (1M KOH). Different peaks were found in these
experiments. The interpretation of this data was that the peaks corresponded

to the chemical species Ni?‘O3 and Ni(OH)2 (2.97).

2.12.5.5 Auger spectroscopy

Auger spectroscopy has also confirmed the presence of nickel oxide in
electrochemically deposited material. Using this technique some researchers
claim to have detected a surface overlayer comprising of highly oxidised
nickel. Underneath this layer it is also claimed that nickel hydroxide has been
detected. However, it is difficult to prove these claims since this technique
only reveals information about elemental composition. Furthermore, there is no
evidence for the presence of water or hydrogen in any of the spectra in the

literature (2.97).

2.12.5.6 Ion backscattering

spectrometry (IBS)

The analysis of nickel oxide based samples using IBS only revealed the
presence of nickel oxide in electrochemically produced material (2.97). This
technique is usually used to perform elemental analysis and is unsuitable for

determining molecular structure.
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2.12.5.7 Optical properties of nickel

oxide based coatings

Some nickel oxide based coatings exhibit a brown/bronze colour upon
colouration that some researchers believe is suitable for advanced glazing
applications such as smart windows (2.97). Other researchers report that a
neutral colouration is preferable. This is possible to achieve with nickel oxide
based coatings (2.104, 2.112, 2.113). Typical optical spectra of a nickel oxide
based coating prepared by anodic electrodeposition, in the bleached and
coloured states are shown in figure 2.8. This nickel oxide system exhibits a
brown/bronze colour upon colouration (2.97). Examples of nickel oxide based
systems that exhibit a neutral grey upon colouration (2.104, 2.112, 2.113, 2.130)
(see figures 2.9, 2.10). These types of nickel oxide based coatings can be

deposited by sputtering (2.104, 2.112, 2.113) and evaporation (2.131).

The optical properties of NiO oxide based coatings are very sensitive to
deposition conditions (2.114). Furthermore, films deposited using different
techniques exhibit wvery different optical characteristics. When coatings
deposited by anodic electrodeposition are oxidised they exhibit a brown/bronze
colouration (see figure 2.8). This is because in the visible part of the
spectrum the transmittance is not uniform, i.e. there is non-uniform
absorbance across the visible part of the electromagnetic spectrum (see figure

2.8).

Coatings deposited by sputtering exhibit uniform absorbance across the visible
part of the electromagnetic spectrum and therefore the colour of the coating
is grey (see figure 2.9) (2.104, 2.113, 2.114). This type of spectrum is
characteristic of NiO deposited at low powers (100 W) and high pressures (6

X 10'2 T) by sputtering (deposition rate > 0.1 As'l). Other researchers have

72



produced coatings by electron beam evaporatlion thal exhibil grey colouration

(see figure 2.10).

2.12.6 Summary of analyses performed to

determine the colouration mechanism(s)

of nickel oxide and nickel hydroxide

electrodes

Analyses have been performed on nickel oxide based coatings produced by a
variety of deposition techniques. The density of NiOx and Ni(OH)2 is dependent
on deposition technique. It is likely that at lcast one of the reasons why
different colouration mechanisms have been reported is due to the different
densities of as-deposited coatings. Other properties of coatings that will
differ are chemical composition and hence point of zero charge, surface
morphology, and porosity (2.97). Coatings with the highest density are
produced by sputter coating wherecas those deposited using colloidal
precipitation are the least dense. It is also evident that coatings deposited by
simple chemical or electrochemical methods will be composed of hydroxides of
nickel (2.98) or non-stoichiometric oxides of nickel (2.125). Coatings of nickel
oxide deposited by PVD (physical vapour deposition) contain defects which are
chemically active and must play an important role in the electrochromism of

nickel oxide coatings (2.93).
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Figure 2.8 Anodically deposited nickel oxide based material: (a) in the bleached

state, and (b) in the coloured state.
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Figure 2.10 Evaporated nickel oxide coating: (a) in the bleached state, and (b)

in the coloured state.
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It has been reported that some forms of sputtered NiO may bleach by lithium
ion bombardment (2.113). However, nickel oxide based coalings are sensitive
to heating and further research is necessary Lo confirm the substrate
temperature during lithium ion bombardment (2.114). Other researchers have
reported electrochemical bleaching due to lithium ion injection (2.115, 2.116).
However, as previously mentioned the water concenlralions in the anhydrous
electrolytes used in these studies are not quoted (2.113, 2.115, 2.116). It is
difficult to substantiate the claim that only lithium ions are involved in the
electrochromic process without precise knowledge of the concentration of

water,

This notwithstanding, good correlation was obtained between the amount of
lithium ions injected and changes in optical density for both lithium
bombardment and electrochemical injection (2.113). Also SIMS analysis revealed
that the concentration of lithium ions was higher for the bleached state than
the coloured state in coatings that were bombarded (2.113) and

electrochemically switched (2.115, 2.116).

Some researchers claim that cations are absorbed during colouration and that
insertion of cations with higher atomic masses causes a greater change in
mass (as measured using Q.C.M.) during the anodic cycle than those of lower
atomic masses (2.124, 2.125). However, other researchers claim to have detected
OH™ during colouration using Q.C.M. supported by infra-red studies (in organic

electrolytes containing water) (2.111).

It has been reported that nickel hydroxide can be oxidised by the loss of a
hydrogen ion to the electrolyte. This is based on the NRA analysis performed

by Svensson et. al.(2.110). Unfortunately, NRA analyses performed by other
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researchers have shown no change in the hydrogen content of coatings in the
bleached and coloured states (2.117). Other evidence for colouration due to
hydrogen ion extraction is cyclic voltammelry (2.103-2.106, 2.108, 2.109).
However, some researchers use cyclic vollammetry as supportive evidence for
the oxidation of nickel oxide based coatings by hydroxide ion injection (2.96,

2.107).

Finally, some researchers support oxidation due to hydroxide ion injection
(2.98, 2.111, 2.118, 2.125, 2,129, 2.130). The major proof for this is Q.C.M,
(2.111) Raman (2.125, 2.129) infra-red studies (2.96, 2.98, 2.118) and
radiochemical analysis using 180 (2.130). However, researchers disagree about
the chemical composition of the bleached state and the phases of material
present in the coloured state. As previously mentioned some researchers using
Raman have identified NiO (2.125, 2.129) in the bleached state whereas others
using infra-red (2.98) and S.E.R.S (2.128) have found B-Ni(Ol),. The phase of
the coloured state is also controversial. Some researchers claim that it is B-
NiOOH (2.94), whereas others that it is y~NIiOOH (2.92). Hydroxide ion injection
has been identified in aqueous and organic environments for nickel oxide
deposited using P.V.D processes (2.111) and anodic deposition (2.125, 2.129).
Furthermore, conversion of NiO to B-Ni(OH), in alkaline electrolytes has been
reported in the literature for both sputtered (2.104) and evaporated coatings
(2.118). The electrochromic properties of such coatings are enhanced by the
formation of B—Ni(OH)2 within the coating (2.104). Other researchers report that

Ni(OH)2 is not the electroactive species present in NiQ coatings (2.125, 2.129).

It is not possible to report a global mechanism for the electrochromism of NiO
based coatings at this stage. This is because researchers have clearly

analyzed chemically and physically different as-deposited nickel oxide based
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coatings. However, some conclusions can be drawn with regard to what may
be observed for certain types of coatings and their electrochemical behaviour

in aqueous and organic electrolytes.

Chemically or electrochemically deposited coatings from solutions where a- or
B-Ni(OH)2 is precipitated, will be composed of, or contain, a- or B—Ni(OH)Z
(2.98). Q.C.M nuclear analyses have not yet been reported on coatings
deposited from NiSO4 and NH,OH. For this reason il cannot be stated
emphatically that these types of coatings undergo colouration due to hydroxide
ion injection. However, NiOOH has been identified in the coloured state of
coatings deposited by anodic electrodeposition from solutions containing NiSO4
and NH,0H (2.98). Unfortunately researchers disagreec about the phase of this
chemical species. Some researchers have reported that it is y-NiOOH (2.92)

whereas others claim it is B-NiOOH (2.94).

NiO coatings deposited by P.V.D processes generally contain defects (2.93).
After the first few electrochemical cycles in aqueous environments nickel oxide
may be oxidised to nickel oxyhydroxide by either hydroxide ion injection
(2.118) or proton extraction (2.104). Some researchers claim that repetitive
cycling of NiO coatings in IM KOH leads to the formation of B-Ni(OH), in
sputtered (2.104) and evaporated coatings (2.118). Whereas, other researchers

deny that this process occurs (2.125).

Another possibility is the bleaching of nickel oxide (deposited by P.V.D) by
cation injection in anhydrous electrolytes (2.115, 2.116). Lithium ion bleaching
can also be achieved using a lithium gun (2.113). This may imply that in
anhydrous environments NiO bleaches by cation insertion (2.115, 2.116).
However in organic electrolytes containing traces of water, nickel oxide may

undergo electrochromism by hydroxide or hydrogen ion injection (2.125).
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2.13 ELECTRODEPOSITION OF NICKEL OXIDE BASED COATINGS

2.13.1 Anodic and cathodic deposition

Two techniques have been used to electrodeposit nickel oxide based coatings:
cathodic (2.107) and anodic (2.132) deposition. The terms anodic and cathodic
refer to the polarity of the substrate electrode when the deposition of nickel
oxide based systems occur. Nickel oxide based films have been electrodeposited
by anodic and cathodic deposition from electrolytes with different

compositions.

2.13.1.1 Electrolytes for anodic

deposition

The electrolytes reported in the literature for the anodic deposition of nickel

oxide based electrodes are:

(i) 0.100 M NiSO4. 6H,0 and 0.100 M NH,OH (2.132),

(ii) 0.100 M NiSO4. 6H20. 0.100 M CZHSNaOZ and 0.001 M KOH (2.105),
(iii) 7.000 M H,S0,, anodic oxidation of nickel (2.133),

(iv) 0.450 M Ni(N03)2 . 6H20 and 1.750 M NaOH (1.132).

(v) 0.005 M NiC12 and 0.005 K3Fe(CN)6 and 0.500 M KCl followed by

substrate immersion in 1 M KOH (1.106).

Although electrochromic nickel oxide based coatings can be anodically
deposited from all these solutions, not all of these electrolytes can be used to
deposit films that are homogeneous and mechanically stable. The optical

uniformity of samples produced from electrolytes (ii), (iii) and (v) is very
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poor, rendering these electrolytes unsuitable for the fabricalion of hydrated
layers in electrochromic devices. Electrolyte (i) has been used by several
researchers and produces uniform, reversible and mechanically stable films
(2.132). Electrolyte (ii) can also be used to produce reversible and
mechanically stable electrochromic films, however there is less uniformity in
the electrodeposit (2.105). The electrolyte in (iv) can be used to produce
uniform films but the electrolyte is not as stable as the electrolyte in (i)
(2.132). Anodic deposition of nickel oxide based malerial (2.132, 2.98) was used

in this study using electrolyte (i) (2.132).

2.13.1.2 Electrolytes for cathodic

deposition

The electrolyte used in the literature for cathodic electrochemical deposition

is:

(v) 0.01 M Ni(NOy), (unbuffered) (1.107).

Essentially, this technique involves the cathodization of an indium tin oxide
coated glass substrate in a nickel nitrate solution (v). The critical parameters
of this method are the current density and the concentration of ions in the
electrolyte. The current density quoted in the literature is 0.04 mA cm’™
(1.125). If this current density or the concentrations in (iv) and (v) are
exceeded then a non-uniform film is the result. It is also necessary to clean
the films in 5 M KOH by applying an electric field to the indium tin oxide film.
The field is periodically reversed whilst the film is in contact with a KOH

solution. Films produced from this electrolyte by cathodization do not exhibit

good long term reversibility (2.125).
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2.13.2 Summary of electrochemical deposition

methods

Film uniformity and durability to electrochemical cycling is important in most
electrochromic devices such as smart window technology where the anticipated
minimum number of electrochemical cycles is 1 x 105. Nickel oxide based
coatings deposited from electrolytes (ii), (iii), (iv), {v) are not suitable for
electrochromic device application. This is because films produced from these
solutions are either non-uniform ((ii), (iii)), or not stable to electrochemical
cycling ((iv), (v)). Some researchers claim that using clectrolyte (i) the above
criteria can be met (2.132), although this is disputed elsewhere (2.98, 2.125).
However, the mode of electrodeposition chosen for this study was anodic

deposition using electrolyte (i), 0.1 M NiSO,. GHZO and 0.1 M NH,0OH (2.132).

2.13.3 Mechanism of Electrodeposition

2.13.3.1 Anodic deposition from
nickel sulphate and

ammonium hydroxide

According to the literature, anodic deposition of nickel hydroxide from a
solution containing 0.1 M NiSO, and 0.1 M NH,0H proceeds by the deposition of
the metal followed by the anodic oxidation of the metal to nickel hydroxide or
nickel oxide (2.132). However, other researchers have reported that
electrochromic coatings can be produced f(rom such solutions without an

applied electric field (2.98)
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The mechanism of deposition for anodization using 0.1 M NiSO,.6H,0 and 0.1 M
NH,OH may involve electrophoresis (2.133). At lower concentrations of Nll40H
with respect to NiSO,, a mixture of anodization (in this case the oxidation of
a metallic surface) and electrophoresis may occur. The mechanism for
electroless deposition is colloidal precipitation (2.98). This is simple
precipitation from a solution onto a substrate followed by film growth due to
added material. Electrophoresis is the movement of a charged surface plus
attached material (i.e. dissolved or suspended material) relative to stationary
liquid by an applied electric field. On arrival at the electrode, deposition can
occur. Electrophoresis is used in biology Lo separale proleins that have
charges. Such species exhibit different degrees of migration when subjected

to an applied field (2.134).

Colloidal precipitation can occur from lyophobic sols (solvent-hating sols) that
are unstable. The definition of lyophobic sols is controversial (2.135). Strictly
speaking the term is a misnomer since it implies that colloid particles do not
have an affinity for water. This cannot be the case. If it were so it would be
impossible to form a dispersion in the first place. However, most of the
properties of nickel hydroxide colloids are similar to those ascribed to the
term 'lyophobic sol'. The unstable nature of this solution is graphically
portrayed in plates 3.1 and 3.2. This is due in part, to the low solubility of
nickel hydroxide and because of the concentration of the electrolyte. The
concentration of the electrolyte is usually increased if precipitation is desired.
Precipitation can be reduced by decreasing the concentration of the
electrolyte. However, the deposition rate is lowered in colloidal and anodic

deposition.
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2.13.3.2 Anodic oxidation of nickel in

sulphuric acid

The mechanism for the formation of nickel oxide in this process is the
oxidation of nickel. This can be achieved by anodizing nickel in an acidic

oxidising agent (2.133).

2.13.3.3 Cathodic deposition from

nickel nitrate

Precipitation of nickel hydroxide onto an electrode surface occurs in response
to the rise in pH (see equations 2.12, 2.13) which accompanies the

electrochemical reduction of the nitrate ion (2.107)

NO; + 7 HO + 8e- w NH,' + 10 OH 2.12
10 OH + 5 Ni 5 Ni(OH), 2.13
2.13.4 Coprecipitation of metal ions

The coprecipitation of metal ions has been reported for cathodic precipitation
of nickel oxide based electrodes from nickel nitrate solutions. Various metal ion
species have been added to deposition electrolytes such as Cdz*. Ces’. sz*,

% lead to considerable

co”, Y*, Fe¥. The incorporation of Y*, Ce¥ and La
improvement in the degradation of the electrochromic response of nickel oxide
based coatings. The reasons for this improvement are not clear (2.119). It is
significant that all the ions that improve the electrochromic response are in
the oxidation state of 3+. This may lead to an increase in the amount of water

included in the coating (2.108, 2.119). It is also likely that the electrochromic
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response is improved by the inclusion of ions that create a mixed oxidation
state hydroxide or oxide. The mixed oxidation state may improve the
electrochromic properties of the coating by facilitating electron transfer

and/or the trapping of hydroxide ions at defect sites (2.93).

2.14 ULTRAVIOLET-VISIBLE SPECTRA OF  TRANSITION METAL
COMPLEXES

The electronic excitation of transition metal complexes usually occurs in the
ultraviolet to visible part of the spectrum 10,000 - 50,000 cm'1 (Ipm - 0.2pm).

Electromagnetic radiation of this range of the spectrum may be absorbed for

a variety of reasons. These can be classified as follows:
(i) Ligand spectra

(ii) Counter ion spectra

(iii) Charge transfer spectra

(iv) Ligand field spectra

2.14.1 Ligand spectra

Many ligands such as water exhibit absorption bands that are normally
observed in the ultraviolet. These absorption bands also appear in the spectra
of complexes that incorporate such ligands, but they are shifted from their

original positions (2.139).
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2.14.2 Counter jon spectra

In order to preserve charge neutrality a complex ion musl be associated with
a counter ion. The absorption spectra of the counter ion must be known in

order to interpret the spectra for the entire system (2,139).

2.14.3 Charge transfer spectra

when a transition occurs between metal and ligand orbitals, a charge transfer
spectra is observed. Some complex ions such as Mn04' exhibil intense
absorption in the visible part of the electromagnelic spectrum because of
charge transfer (2.139). In the case of Mn04' this process occurs by ligand to

metal charge transfer (by reduction of the metal).

2.14.4 Ligand field spectra

This type of spectra originate from transitions between the 'd' orbitals of a
metal species that have been split from their original degenerate state due to

the ligand field effect (2.139).
In this study the causes of ligand field spectra are reviewed. Excellent

reviews of ligand, counter ion and charge transfer spectra can be found

elsewhere (2.139).
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2.14.5 Ligand field spectra (terms and Russel-

Saunders states)

Various processes can give rise to the spectra of transition metal complexes.
The models discussed so far are usually applied to complexes in which only
single electron transfer occurs. Such models can be used to explain the
spectra of d] complexes such as [Ti(HZOB)]3", but when more than one 'd’
electron (such as in Niz') is present the interactions betwcen the quantum

numbers of the individual 'd' electrons must also be considered (2.140).

Four, one-electron quantum numbers can be assigned Lo an clectron in an ion.
These are designated n (the principal quantum number), 1 (the azimuthal or
orbital angular momentum quantum number), m, (the magnetic orbital quantum
number), and s (the spin quantum number). In a d2 ion the interactions that

can occur between electrons are of three types:
(i) Spin-spin coupling

(ii) Orbit-orbit coupling

(iii) Spin-orbit coupling

In comparison to the other coupling mechanisms, in spin-orbit coupling only
the coupling between the spin and orbit of individual electrons is considered.
This is because the coupling between the spin of one electron and the orbital
momentum of another is so small that it is ignored. According to the Russel-
Saunders scheme (2.140) it is assumed that:

spin-spin coupling > orbit-orbit coupling > spin-orbit coupling
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This rule can be applied to elements of the first transition series and
including Zn, thereafter a phenomena known as jj coupling must be
applied (2.140). However, since the transition metal species considered in this

study is Ni, jj coupling will not be considered further.

2.14.5.1 Spin-spin coupling

For a system of electrons, the resultant spin quantum can be determined from

equation 2.14 (2.140):

S = (sl + sz),(s1 + Sy = 1aeenes (sl - sz) 2.14

where, s = + 1/2 and S is the total spin quantum number.

2.14.5.2 Orbit-orbit coupling

The orbital angular momentum of two electrons can be represented by ll and
lz (see equation 2.15). The total orbital angular momentum number can be

determined by adding l; and 1, vectorially (2.141):

L= (I + 1)1 + 1 -1} - 1y 2.15

In the same manner that 1 defines an orbital (i.e. for an s orbital, 1 = 0), L
defines a quantum number or energy for a system of electrons. Using this

scheme the following term letters can be derived (2.141):

L 0 1 2 3 4 5 6
Term letter S P D F G H I
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2,14.5.3 Spin-orbit coupling

By coupling the resultant spin and orbital momenta of a system of electrons,
the total orbital angular momentum number J can be determined (see equation

2.16)
J=(L+S)(L+S-1)..0L-~-°9) 2.16

where, the terms L and S are those previously described (see equations 2.14
and 2.15). Whilst terms of different L values have appreciably disparate
energies, for given values of L and S several levels may reside closely
together. The number of these levels is known as the multiplicity (see

equation 2.17).
Multiplicity = 2S5 + 1 2.17

where, S was previously described in equation 2.14. The terms singlet, doublet

and triplet arise when the multiplicity is 1, 2 and 3 respectively (2.142).‘

All of this information can be summarised in one symbol known as the term

symbol (see equation 2.18).
Term symbol = (ZS’”LJ. 2.18

In the case of da. the values for L are 4, 3, 2, 1 and 0 (using equation 2.15).
These values yield the terms letters G, F, D, P and S and multiplicities of 1
and 3 (using equation 2.17). However, not all of these terms are allowed

because they are in contravention of the Pauli exclusion principle (2.142). For

dB (and d2) the allowed terms are JF. 3F‘. ]G, ]D, lS. The lowest energy term is
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determined by applying Hund's rules. The following general canon can be

applied (2.142):

(i) The most stable state is the one possessing the maximum

multiplicity.

(ii) If a group of terms has the same multiplicity the one with the

largest value of L has the lowest energy.

2.14.6 Racah parameters B and C

The energy separation between the various terms previously described can be
expressed in terms of two electron repulsion parameters known as the Racah
parameters B and C (2.143). In the first transition series only the d electrons
are considered. Therefore, the energy differences between states of disparate
multiplicities are given by multiples of B and C. lons of the first transition
series have a C/B ratio of approximately 4, B = 1000 cm’l, These parameters

are determined experimentally from the spectra of complex ions (2.144).

2.14.7 Selection rules for d-d transitions

2.14.7.1 Spin-forbidden transitions

Transitions in which there is a change in the number of unpaired electron
spins are known as spin-forbidden (2.145-2.149). Therefore, for optical
absorption to occur AS=0. It can be deduced that transitions are forbidden

when AS £ 0.
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2.14.7.2 Orbitally-forbidden (Laporte

rule) transitions

The transition of electrons between states of the same parity are forbidden
by the Laporte selection rule (2.145-2.149). This means that d-d and p-p
electron transitions in the same quantum shell are forbidden but s-p and p-d
electron redistribution are allowed. If this rule and the spin-forbidden
selection rule were strictly applied then transition metal complex ions would

not exhibit strong absorption. In fact, when both of these rules apply as in

the case of an* (ds) the absorption intensity is very weak.

The five d orbitals of a given shell are degenerate in a free atom. However,
in a d metal complex, if a deviation of the spherical environment of the ion
occurs then these orbitals are no longer degenerate, electrons can absorb
energy and transitions can occur between energy levels (see figure 2.11). In
this case, the restriction of the Laporte rule no longer applies because if a
deviation of the spherical environment occurs then the complex is no longer
centrosymmetric. Deviation from symmetry may occur due to the asymmetric
vibration of ligands. An electron transition that is ‘'allowed' by the vibration
of a molecule is known as a vibronic transition. In solids such as NiO,
asymmetric vibration of ligands occurs due to phonon (lattice vibration)

2+

interactions with the spherical environment surrounding Ni“. This can lead to

d-d electron transitions in solids.

For an octahedral complex (such as [Ni(HZO)s]z') the five d orbitals of the
central atom are split into two sets, a triply degenerate set known as tzg and
a doubly degenerate set labelled eg. The three 128 orbitals lie below the eg
orbitals. The separation in energy between these orbitals is known as the
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ligand-field splitting parameter (Ao - for octahedral symmetry). Because the
separation is not large, transitions can occur between these two sets of
orbitals, typically in the visible part of the electromagnetic spectrum.

Finally, spin-forbidden transitions can be relaxed somewhat by spin-orbit

coupling.

VIERONIC TRAMSITIONS IN NMICKEL I} COMPLEXES

Nickel ion position
hetore vibration

Nickel ian positinn after
vibration

Ligand position before
vihratinn

Ligand position after
vihration

Lapaorte forbidden

Figure 2.11 Vibronic transitions in nickel IT complexes.
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2.14.8 Effect of ligand fields on the absorption

spectra of complex metal ions

The orbit-orbit coupling terms described are for free ions and define the total
orbital angular momentum number. In order to interpret the absorption spectra
of complex metal ions, it is necessary to consider the effect of weak and
strong ligand fields on these ions. In a weak field environment, it is assumed
that the crystal field perturbation is small compared to the inter-electronic
repulsion forces but larger than the spin-orbit coupling forces. In this case
the orbit-orbit coupling terms arising from the free ion are derived first and
then the effect of the crystal field on these terms is considered. In a strong
field environment, electron pairing may occur. In this case the effect of the
inter-electronic repulsions is less than that of the crystal field. For the
purposes of this study only the effect of a weak field environment is
considered. In such an environment the terms arising in octahedral and

tetrahedral fields can be derived (see table 2.1) (2.150).
2.14.8.1 Spectra of dﬂ ions

The ground state of the da ion configuration is 3F, the higher energy terms

are 3P, lG, Ip and Is (see equation 2.18). In an octahedral field these terms are

split to give those shown in table 2.3 (2.151). Spin-allowed transitions can
occur between terms derived from 3F and 3P. Three transitions occur from the
ground term (JAZg)' These transitions are observed in hexa-aquonickel (II) and

hexa-aminenickel (II) complexes (see table 2.4 and figure 2.12 for hexa-aquo

nickel II (2.152)).
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Table 2.3 Terms arising due to weak field ligands in octahedral

and tetrahedral environments

Free-ion term Terms arising in cubic fields
S A
P T
D E + T2
F Ay + T + T2
G Aj+E+T +T,

Key: A = singlet state
E = doublet state
T = Triplet
Subscript 1 = symmetrical w.r.t C, axis rotation (that is

perpendicular to the principal axis).
Subscript 2 = not symmetrical w.r.t C2 axis rotation (that is

perpendicular to the principal axis).

Table 2.4 Electronic spectra of hexa-aquonickel (II) and hexa-aminenickel (II)

complexes.
3 3 3 3 3 3
cm’! cm’! cm’!
[Ni(H,0),]% 8500 13,800 25,300
[Ni(NHa)B]Z* 10,750 17,500 28,200

Key: g = gerade
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NilH,0)g1%*

Absorption
Arb.Units

30000 20000 10000
‘Wavenumber (cm™)

Figure 2.12 Electronic spectra of (Ni(HzO)s)z' (da).
Ligand field spectra are exhibited by solids Lthat possess localised 'd' electrons
(2.153-2.155). These are usually similar to those exhibited by isolated complex

jons in solution. Relevant to this study is the similarity between the spectrum

of [Ni(H,0)]" and that of NIO (see figure 2.13).

(@ NiO

(b NilH,0)"

Absorption
Arb. Units

1 2 3 4
Photon energy (eV)

Figure 2.13 Optical absorption of (a) NiO
and (b) [Ni(H,0)]%.
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2.15 FACTORS AFFECTING THIN FILM GROWTH

The major processes involved in the deposition of thin films are:

(i) Surface wetting

(ii) Nucleation

(iii) Crystal growth

(iv) Mode of crystal growth

The formation of precipitates in solutions involves two distlinct processes
(2.159). These are nucleation and crystal growth. It is the relative rates of

these processes that determines the particle sizes of precipitates in solution.

The driving force for nucleation and crystal growth is supersaturation (2.159).
This is achieved when the solubility product (Ksp) of the precipitaling material
is exceeded (in the case of NI(OH), Ky is 2 x 101 at 298 K) (2.160). The
initial rate of nucleation is dependent on the degree of supersaturation before
phase separation occurs. The rate of crystal growth is dependent on the

following factors:

(i) The amount of available material.

(ii) The viscosity of the medium. This affects the rate of diffusion of
material necessary for the propagation of crystal growth.

(iii) The ease with which additional material can be incorporated
into the crystal lattice of the particle.

(iv) Adsorption of impurities on the particle surface. These act as
growth inhibitors (habit modification).

(v) Solution temperature.
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A distinction can also be made between two types of nucleation in solutions,
these are homogeneous and heterogenous (2.161-2.163). Homogeneous nuclealion
occurs in the solution, whereas heterogenous nucleation usually occurs on

surfaces such mould walls or particles of dirt.

2.15.1 Homogeneous nucleation

When molecules cluster together to form a small solid sphere from a solution
of free energy G], the free energy of this system changes to G, (see equation
2.19).
_ § sl
Gy = VG + VG + Agyg 2.18.
where, VS = Volume of solid
V= Volume of solution
Gsv= Free energy per unit volume of solid
GSlv= Free energy per unit volume of solution
Ass1= Area of solid/solution interface
Yssl = Solid/solution interfacial free energy
The formation of a solid results in a change in free energy (see equation 2.20)
AG = _VSAGV + ASSIYSSI 2.20.

also, AG, = ¢, - G 2.21.
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where, Y] = solid/solution interfacial free energy
AGv = Change in volume free energy

The excess free energy AG, (see equation 2.22) associated with the formation
of a solid particle can be minimised by the correct choice of particle shape.
If Yssl (see equation 2.20) is isotropic then this shape is that of a sphere of

radius r.

2.22
AGI=—%nr3AGv+4nr27“1

From equation 2.22 and figure 2.14 it can be seen that the interfacial free

2, whereas the increase in volume free

energy increase is proportional to r
energy is proportional to r'3. Therefore, the creation of small particles of a
solid always leads to an increase in free energy. For a given degree of
supersaturation (o) there is a certain critical radius r* that is associated
with a maximum excess free energy. If r < r* the system can lower it's free
energy by dissolution of the solid. However, if r > r* the free energy of the
system decreases as the solid grows (see figure 2.14). By differentiating
equation 2.22 the critical radius for nucleation r* and the maximum excess free

energy (AG*) associated with a nucleus of radius r* can be found (see

equations 2.23 and 2.24).

2Ysa1 2.23

™=3c
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16"Y291 2.24

AG*=
3(AG,)?
AG“
interfacial
energy cr?
AG*®
/'*
AG,
Volume 3
free enerqy ccr AT

Figure 2.14 The free energy change associated with homogeneous nucleation

of a sphere of radius r.

From equations 2.23 and 2.24 it can be shown that by decreasing the
interfacial energy term yg)» the excess energy AG* can be reduced. This can
be achieved if nucleation occurs on a surface (heterogeneous nucleation).

2.15.2 Heterogeneous nucleation

The total interfacial free energy can be minimised if the as-formed nucleus (or
embryo) has the shape of a spherical cap with a wetting angle 8 given by the
condition that the interfacial tensions Ysbsl® Yssh and Yss) balance in the plane

of the surface where nucleation occurs (see equation 2.25 and figure 2.15),
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Ysbsl=yssbysslcose

where, Ysbs] = Substrate/solution interfacial tension
Yssb = Solid/substrate interfacial tension
Yssl = Solid/solution interfacial tension
Y ssl

Solution

Y sbsl »

777 S S

Substrate

Y 'ssh r

Figure 2.15 Heterogeneous nucleation of a spherical cap on a

substrate surface.

The formation of such an embryo is associated with an excess free energy

AGhet (see equation 2.26).

AGpp = ~VEAGy + Aggygg + Agpyssh ~ Assh¥sbsl 2.26
where,
VS = Volume of the spherical cap
A = Interfacial area of solid /solution

ssl

interface
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ASsb = Interfacial area of solid and substrate

Yl = Interfacial free energy of solid /solution
interface
Y = Interfacial free energy of solid/

substrate interface
Yshsl = Interfacial free energy of substrate/

solution interface.

The major difference between equations 2.20 and equation 2.26 is that there

are now three interfacial free energy terms to consider. The first two terms

Aslessl and Asstssb are positive and arise from interfaces created during the

nucleation process.

AG
AG':uom
AG‘.Fwet .
e r
AGhet
4G hom

Figure 2.16 The free energy change associated with homogencous and

heterogenous nucleation of a sphere of radius r.
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However, the third term arises from the destruction of the substrate/liquid

interface, this results in a negative energy contribution. Therefore, the excess
free energy AG*llet becomes more negative if the interfacial free energy

between substrate and solution increases. It can also be shown that:

AGbaﬁ‘{%ﬂr3AGV+4nrzy”1}sﬁ 2.27

where, S0, also known as the geometric factor is:

S0=(2+c080) (1-cos)? 2.28

By differentiating equation 2.27 it can be shown that:

AP 2.29
Ix=—222 .
**aq,
and,
3
Ag+= 16TY55158 2.30
3AG?
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Now, since SO <= 1, the activation barrier against heterogeneous nucleation

(AG*het) is smaller than AG*hon by S6.

2.15.3 Surface wetting

In the previous analysis it was assumed that substrates are perfectly clean

i.e. no adsorbed contaminants such as grease or gases. Contaminants trapped
between nuclei and substrates raise the values of y. ., and AG, and ultimately
decrease the rate of nucleation. Contamination can be reduced by cleaning the
surface of substrates with surfactants, heating under ultra high vacuum (1
X 10'10 T) and ultraviolet treatment. These procedures can improve the wetting

of surfaces (2.164).

2.15.4 Contact angles and wetting

A surface becomes wetted when one fluid is displaced by another on the
surface of a substrate. The following treatment is restricted to wetting in
which a gas is displaced by a liquid at the surface of a solid. Three types of
wetting can be identified (2.165):

(i) Spreading wetting

(ii) Adhesional wetting

(ilii) Immersional wetting
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2.15.4.1 Spreading wetting

This phenomena occurs when a liquid already in contact with a solid spreads
SO0 as to increase the solid-liquid and liquid-glass interfacial areas. The

spreading coefficient (S) can be determined from equations 2.31 and 2.32.

where, AGS is the free energy increase due to spreading and A is the

interfacial area between the solid and the liquid.

S=Ygo= (Yor*Y1rs)

when S is positive or zero, the liquid spreads spontaneously over the surface
of the solid. However, when S is negative, the liquid remains as a drop having

a particular contact angle 0 (see figure 2.17).
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Yic = Liquid-gas interfacial tension
Yy, < Solid-liquid interfacial tension
Ysg = Solid-gas interfacial tension

Figure 2.17 Contact angle between solid-liquid-gas interface.

2.15.4.2 Adhesional wetting

Wetting of this type occurs when a liquid, not originally in contact with a
solid, makes contact and adheres to it. A difference between this type of
wetting and spreading wetting is that the liquid gas interfacial area
decreases. The work of adhesion, that is, the work required to separate a unit

area of the solid liquid interface is given by the Dupre equation (2.166) and:

Ag, 2.33

Wa=Yss*Yre~Ysr
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combining equation 2.34 with Young's equation (2.196) the following equation

is obtained:

W,=Y,;(1+cosB) 2.35

When the contact angle is zero, cosé = 1 and W, = 2y.. Therefore, zero contact

angle occurs when the forces between the solid and liquid are equal or
greater than those between liquid and liquid. A finite contact angle results

when the liquid adheres less to the solid than itself.
2.15.4.3 Immersional wetting
In immersional wetting a solid completely immersed in a liquid. Therefore, the

interfacial area of contact between solid and liquid remains constant. The free

energy of immersion for a solid in a liquid is given by the following equation,

-AGi=Yg Y5

and,

-AG;=y,.cosb

If Yo > vy then 68 < 90° and spontaneous immersional wetting occurs.
However, if Ysg < Y, then 6 > 90°, work must be performed to immerse the

solid in a liquid.
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2.15.5 Complete wetting of a surface

In terms of liquid/solid contact complete wetting occurs when a liquid spreads
so as to completely cover the surface of a solid (2.167). Incomplete wetting
occurs when a contact angle forms between a solid and a liquid. Therefore a
condition for complete wetting is that the contact angle between a liquid and
a solid should be zero. As previously mentioned it is also important that there

should be no contaminants on the surface of the solid.

2.15.6 Growth of a pure solid

The mode of solid (or film) propagation is dependent on the nature of the
surface state of the solid (2.168). There are basically two types of solid

surface states:

(i) Atomically flat
(ii) Atomically rough

Atomically rough surfaces propagate by a continuous growth process, while

flat interfaces migrate by a lateral growth process.

2,15.6.1 Continuous growth

This process occurs on solids that have atomically rough surfaces (see figure
2.18). The interface at the solid liquid interface is disordered and atoms

arriving at random positions on the solid surface do not significantly disrupt

the equilibrium configuration at the interface.
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Figure 2.18 (a) Atomically rough, and (b) smooth surfaces in contact with

liquids.

2.15.6.2 Lateral growth

The propagation method for atomically flat surfaces is that of lateral growth
(2.169). In the case of a molecule leaving the liquid Lo attach lo the solid
surface it can readily be seen that the inlerfacial energy will increase.
Therefore the probability is low that this molecule will remain on Lhe surface.
It is more probable that it will return (o the liquid. llowever, for molecules
that attach to ledges, the interfacial energy is lower and there is no change
in the interfacial energy for those molecules that altach lo ledges Lhat have

Jjogs (see figure 2.19).

2.15.7 Non-equilibrium features at the film growth interface

Ledges and jogs are non-equilibrium features of the interface so growth is
dependent on the supply of ledges and jogs. There are three ways that such

features can be supplied:

(i) repeated surface nucleation
(ii) by spiral growth

(iii) from twin boundaries
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Figure 2.19 Atomically smooth solid liquid interfaces with molecules represented

by cubes: (a) addition of a single molecule to a smooth surface, (b) addition

to a ledge and, (c) addition to a jog on a ledge.
2.35.7:1 Surface nucleation

Previously it was shown that a molecule that attaches to a smooth atomic
surface would be unstable and return to the solution. llowever, if a number
of molecules come together they form a disk shaped layer as shown in figure

2.20. It is possible for this arrangement to become stable and continue to grow

(2.170).
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Figure 2.20 Ledge creation via surface nucleation.

Once this disk has nucleated, growth proceeds very rapidly. However, when
the disk has grown and covers the entire surface nucleation must occur on
the newly formed surface before further growth can occur.

2.15.7.2 Spiral growth

If a solid contains dislocations then the problem of creating new interfacial

steps is avoided. In this treatment the presence of a screw dislocation will be

considered (see figure 2.21).

108



4

A
0
4

ST oS oRTSL AT
e A e
P9 0e D Y,
T YOO 0. i Wt Ve Ve ey

(a)

4
3
2
1

(b) :

Figure 2.21 (a) A screw dislocation terminating in the solid liquid interface

and, (b) propagation of growth due to the addition of material to the spiral.

The addition of molecules to the ledge causes the ledge to rotate about the
point where the dislocation emerges, therefore the ledge never runs out of
interface. If molecules add at an equal rate at all points on the step the
angular velocity of the step, initially is the greatest nearer the core of the
dislocation (2.171). Therefore, as growth proceeds Lhe ledge develops into a

spiral as shown in figure 2.21 (b).
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2.15.7.3 Growth from twin

Intersections

Another permanent source of steps can be generated by the presence of twin
boundaries. During crystal growth of materials that exhibit faceting, it is
normal to obtain more than one crystal. A twin occurs when two crystals form.
In the case of a twin, the interfacial facets intersect at the grain boundary
between the two crystals. This can act as a permanent source of new steps

in a similar manner to that of the spiral growth mechanism (2.171).

2.15.8 Deposition of uniform thin films from

colloidal hydrosols

In order to achieve uniform thin film deposition from colloidal hydrosols it is

necessary to control the following parameters:

(i) pH

(ii) Degree of supersaturation

(iii) Surface roughness of substrates
(iv) Contact angle

(v) Mode of growth

2,15.8.1 Effect of pH

The wetting properties of colloidal hydrosols on surfaces such as polythene
(a hydrophobic material) are affected by pH of the colloidal hydrosol (2.172).
These surfaces can be coated with uniform hydrated oxides at certain pH

values (i.e. when the colloidal hydrosol is wetting).
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2.15.8.2 Degree of supersaturation

A certain amount of supersaturation is vital for nucleation and crystal growth
propagation. However, if the degree of supersaturation is too high, coarse
filterable precipitates are formed that can lead to the deposition of non-
uniform coatings (2.173). Therefore, to control film uniformity, the degree of

supersaturation must also be controlled.

2.15.8.3 Surface roughness

Film uniformity is also affected by the substrate surface roughness. If the
substrate material is very rough, when nucleation and film growth proceeds
the defects on the surface are propagated as the film grows. Therefore, the

surface of the coating generally is a replica of the substrate surface (2.174).

2.15.8.4 Contact angle

The wetting of a surface can be determined from the contact angle. The major
factors affecting the wetting angle are surface contaminants, surface
roughness and method of film preparation. Insufficient non-uniform surface
wetting can affect the rate of nucleation and lead to non-uniform film growth

(2.175).

2.15.8.5 Cleanliness of the substrate

This can be improved by scrubbing the surface of the substrate with nonionic
or jonic surfactants. During this process the surface of substrates should be

copiously flushed with deionised water. Once the substrate has been rinsed
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thoroughly in deionised water it can then be dried in an inert atmosphere
such as N2 at 0% relative humidity. Further improvementis in surface
cleanliness can be achieved by exposure Lo ultraviolet light and ozone followed

by heating the substrate at an appropriate temperature under ultra high

vacuum (1 x 10710 Torr) (2.176).

2.15.8.6 Effect of surface roughness

on contact angle

If the contact angle between a liquid and a substrate is < 90°, the liquid will
penetrate the surface of the solid and fill up most of the pores and hollows
at the surface of the solid, thus forming a plane surface that is part solid
and part liquid. In this case the contact angle 0 decreases. If, however, the
contact angle 6 is> 90°, then the liquid does not penetrate the pores and
hollows at the surface of the solid. In this case the liquid can be regarded
as resting on part solid and part air. Under these circumstances because the
adhesional forces between the liquid and the entrapped air are weak the

contact angle increases (2.177).

2.15.8.7 Effect of substrate
deposition conditions on

contact angle

The substrate preparation method can affect the contact angle, if the
substrate materials that have crystallised in contact with water usually have
lower contact angles than those that have been prepared in air. This is
because the surface of substrates crystallised in an atmosphere containing

water may have water molecules trapped at the surface of the substrate. In

112



this case the entrapment of traces of water in the surface layers serves to

lower the contact angle (2.177).

2.15.9 Modes of growth

A film spreads across or uniformly wets a surface when

Yr ¥ ¥i < ¥s 2.38
Yt = Film free surface energy
Yi = Substrate/film interface free energy
Ys = Substrate free surface energy

wWhen film spreading occurs, the total free surface energy is lower for the
wetted surface (hence the importance of cleaning) than the bare surface alone.
This leads to smooth uniform growth, atomic layer by atomic layer. This is
sometimes referred to as the Frank-Van der Merwe growth mode (see figure
2.22 (a)). In order for this mode of growth to occur the bonding between the

film and substrate must be strong enough to reduce y; in equation 2.38. If the

bonding between the film and substrate is weak then,

Yi = ¥s * ¥ 2.39

and no spreading occurs. Instead 3D island lormation occurs. This type of
growth is known as Volmer-Weber (see figure 2.22 (b)). Another mode of
growth involves the deposition of a few uniform layers as in the Frank-Van
der Merwe mechanism, however after the deposition of the first few uniform

layers the growth mechanism resorts to that of 3D island formation, this type
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of film growth is known as Stranski-Krastanov (figure 2.22 (c)). Three
dimensional growlh of coatings is usually undesirable because it leads lo

rough non-uniform coatings (2.178).

)

Figure 2.22 Modes of film growth: (a) Frank-Van der Merwe, (b) Volmer-weber

and, (c) Stranski-Krastanov.
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2.16 INFRA-RED REFLECTANCE MEASUREMENTS OF NICKEL OXIDE BASED

COATINGS

2.16.1 Selection _rules for the spectroscopy of

Ni(OH),

For the purposes of this analysis the infra-red spectrum of B—Ni(()ll)2 will be
considered. In order to analyze the speclrum of B-Ni(OH), coalings it is
necessary to establish the structural relationship belween B—Ni(()ll)z. the basic
nickel hydroxide phase, and the spectroscopic unit cell. Within a single layer
of the I.'}—Ni(OH)2 structure the symmetry operations combine to yicld a space
group of I):m:j (2.92). The structure of B-Ni(Oll)2 is similar to that of C(112 .
where the Cdz' fon can be replaced by Niz' and the 17 ion by hydroxy! ions.
A unit cell of Ni(OII)2 contains metal ions that arc bonded to the hydroxyl ions
of the same layer. These are also in contact with hydroxyl ions in adjacent
layers. Therefore each hydroxyl ion forms threc bonds to a nickel ion of its
own layer and is in contact with three hydroxyl ions in an adjacent layer.

This unit cell has the factor group of C3v (see figure 2.23).

O w

oL

Figure 2.23 Unit cell of nickel hydroxide.



The hydroxyl ions in this unit cell are not direclly bonded to hydroxyl ions
in adjacent layers. The infra-red spectrum of B—Ni(()ll)2 has a sharp band at
3630 cm’!' that is Indicative of free O-II slretches. Therefore, il can be
concluded that there is no significant hydrogen bonding in the structure. The

unit cell for B—NI(OH)2 can therefore be reduced to that shown in figure 2.24

H

|

Figure 2.24 Unit cell for B-Ni(OH)2

This system also has the C:lv factor group. The vibration modes of B-Ni(OH)2

can be predicted from a knowledge of the symmelry clements of this unit cell

(see figure 2.24). The symmetry elements of Lhis cell are described in the

charactler table 2.5.

Table 2.5 Symmetry elements of the B-Ni(Oll), cell

¢, E 20, 30,

AL 1 1 z xlryl 7t
AZ 1 1 -1 Rz
Ay 2 -1 0 (k) (RRY) (-yhxy) (xeyz)
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Yielding the reducible representations, XR

Cy, E 2Cy 3o,
XpAll 15 0 3
XpTRANS 3 0 1
XgROT 3 0 -1
FAI.L = 4A1 + A2 + S5E

Fpr = A2 +E

FTRANS = Al + E

However;

Pur = Tvip * Toor * Traans

2.40

2.41

2.42

2.43

2.44

It can therefore be deduced that there are six infra-red and Raman active

modes of vibration for Ni(OH)2 that can be predicted for B8-Ni(OH), that are not

all mutually exclusive (see table 2.6). These bands are reported in the

literature (2.92).
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Table 2.6 Mode assignments of Raman and Infra-red bands of B-Ni(OH),

Frequency cm’! Activity Symmetry Type Assignments
3630 Infra-red Al Asymmetric vy
3580 Infra-red A Symmetric
Raman Loy
553 Infra-red E Deformation
Oon
450 Infra-red A Vxig
Raman
350 Infra-red E OH libration
318 Raman E Ni-OH lattice
2.16.1.1 Surface selection rule for

reflectance measurements

In a reflectance measurement the electric field that oscillates normal to a metal
(or TCO for infra-red reflectance) surface is considerably larger than the field
oscillating parallel to the surface which is negligible. Therefore, it can be
deduced that the electric field that is normal to the surface can interact with
surface species that have vibrating dipoles normal to the surface (of a metal
or TCO), giving rise to absorption bands, whereas an electric field oscillating
parallel to the surface produces absorption bands of negligible intensity. This

is one of the two effects that constitutes the surface selection rule.

A vibrating dipole of surface species is accompanied by an image dipole within
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a metal (or TCO). The surface selection rule is also derived from the image
dipole. A dipole vibrating normal to the surface gives rise to an image dipole
that is parallel to the dipole of the surface species, whereas the dipole
vibrating parallel to the metal surface generates an image that is antiparallel.
The surface selection rule is often used to determine the orientation of species

on metal surfaces (2.179)

2.17 CYCLIC VOLTAMMETRY

This is an electrochemical analytical technique thal is based on the analysis
of current-voltage curves. First of all a working electrode is polarized with
a triangular voltage. If the applied potential is negative then reduction can
occur. The working electrode then passes through an intermediate range, the
voltage becomes positive and the elecirode is reoxidised. Therefore, for a
quasi-reversible reaction both reduction and oxidation peaks occur (the full
nature of reversible systems is discussed in section 2.17.1). If the reaction is
completely irreversible then only one peak occurs (although in some cases this
may be due to a fast following chemical reaction). The position of the peak
potentials of cathodic and anodic peaks as functions of the rate of change of
voltage reveals information about the reversibility of a particular system, and

details concerning the mechanism of specific electrochemical process (2.180)

2.17.1 Reversible systems

In order to predict what a reversible voltammogram should be like it is
necessary to consider a simple reversible chemical process such as that

depicted in equation 2.45 where O and R are electroactive species (2.181).
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O+ne =R

In equation 2.45 it is assumed that only O is originally present in solution. If
a very slow scanning rate is applied to the system depicted in equation 2.45,
the voltammogram will be similar to that shown in figure 2.25 (a steady slate
response). However, as the scanning rate is raiscd, the height of the peaks
increases. In order to explain this phenomena il is neccessary to consider the

shape of the concentration profiles of O as a function of applied potential.

-1

increasing potential
scan rate

steady state response

1

i
+0.1 0 -0.1 202 K

Figure 2.25 A series of linear sweep vollammograms for the reduction of the

species O using several different scan rates.

Under steady state conditions the concentrations of species at a certain

distance from the electrode are maintained uniform by natural convection.



This, notwithstanding, within the region next to the electrode (Nernst diffusion
layer) the concentration gradients are linear. For a reversible reaction the

ratio of CO"/CR“ is given by the Nernst equation (see equation 2.46).

+ e [,O — .
Ea E L ga

where, Ee = Equilibrium, or reversible voltage (V)
Ed= Standard Potential (V)
R = Gas constant (JK'1 mol'l)
T = Temperature (K)
n = Number of electrons involved in overall
reaction
F = Farad (C mol'))

C)'= Concentration of species O at the
electrode (if x is the distance from the
electrode then in this case x = 0)

CR0= Concentration of species R at the
electrode (if x is the distance from the

electrode then in this case x = 0)

Therefore as the potential is made more negative the concentration of the
reactant at the surface of the electrode decreases. If the sweep rate is
increased, the diffusion layer does not have the time to relax to its
equilibrium state. The surface concentration of O decreases from the bulk
value (in order to satisfy the Nernst equation) as soon as the potential at
which O is reduced is achieved, a current can flow in an external circuit that

is proportional to the value of the concentration gradient at the electrode
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surface. However, at the same time the electrode potential is continuing to
change, the surface concentration of O is further reduced until it reaches
zero. When (Co)x 20 reaches zero the concentration gradient starts to decrease
due to relaxation. Hence the current flowing must also decrease. Overall this
behaviour leads to a peak shaped current response. It can also be shown that
the concentration gradients at the surface of electrodes and the current
flowing in the external circuit will increase with sweep rates as a result of

the shorter time scale of the experiment (less relaxation).

At slow sweep rates the current should trace the forward curve when the
electric field is reversed. However, this is not the case for faster sweep rates.
In this case there is a sufficient concentration of R present near the electrode
surface and in fact R continues to form until the potential reaches Eee. As the
potential approaches Eee, the R present near the electrode starts to be
reoxidised back to O (in order to satisfy the Nernst equation). Therefore, a
reverse current flows. As the electrode potential changes, R eventually
reaches 0. Using the same arguments that were employed for the forward
cycle it can also be shown that a current peak will occur on the reverse

cycle.

To be completely rigorous it is necessary to solve Ficks' second law for O and

R in order to determine the exact form of the cyclic voltammogram.

LC:Q=DLC'O. 2.47
8t 7O gx?
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8C, _ 82C,

8t R ax?
DR = Diffusion coefficient of the species R
DO = Diffusion coefficient of the species O

O is initially present and assuming that Dy = Dy = D, the initial

conditions are:

t=0 x>0
t>0 X > o
t>0 x =0

Using a sweep rate of y

0<t<) E

t>2 E

EI_Ut

©
C0=C0 and G =0
sc, _8c,

—_+D =0
b 3x | 8x

Co _ nF o 0
(—C—,;)x.o—exp{RT(E Ee®)}

8C

— = o
I=nFD( 5% ) xo

.48

boundary

where E, is the initial potential and ), the time at which the sweep rate is

reversed.
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t = time (s)

X = distance perpendicular from the
electrode (cm).

E = Potential versus a reference electrode
(V)

It can also be shown that the peak current (Ip);

1 1

Ip=—0.4463nF(g—§,) 2¢5p %y

where,
D = Diffusion coefficient (cm2 s'l)
Com = Concentration of species O in the bulk of
solution (mol cm's)
I = Peak current density (A cm'z)

This is known as the Randles - Sevcik equation. At 298 K, this reduces to:

3 1
I,=-(2.69x10%)n2CoD *v

[N
N
n
(o]

2.1

where, I is the peak current density (A cm'z) D is in cm’s’

p
v is in vs! and CO' is in mol cm'a. It can be deduced from equation 2.50, that
the peak current is proportional to the concentration of electroactive species

and to the square roots of the sweep rate and diffusion coefficient.
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There are several tests that can be performed to asses if an electrochemical

system is reversible.

1 AE, = EpA - Epc = 59/n mV

| Ep - Ep/2 | = 59/n mV
Y
Ip o 01/2

Ep independent of y

U AW N

At potentials beyond Ep, 10 et

where,
AEp = Peak potential (V)
Ep/2 = Half peak potential (V)
EpA = Peak anodic potential (V)
EpC = Peak cathodic potential (V)
I = Current density (A cm'z)
2.17.2 Irreversible systems

In the case of reversible electrochemical systems, the rate of electron transfer
is faster than that of mass transport (2.182). In this case, Nernst equilibrium
is always maintained at the surface of the electrode. However, when the rate
of electron transport is deficient such that surface equilibrium is not
maintained, then the shape of the cyclogram changes. At low potential sweep
rates the rate of electron transfer is greater than that of mass transfer. In
this case a reversible cyclic voltammogram is recorded. As the sweep rate is
increased, the rate of mass transport increases and becomes comparable to the
rate of electron of electron transfer. Perhaps the most noticeable effect of this

is the increase in peak separation.
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Irreversible cyclic voltammograms can be described mathematically in the same

manner as reversible cyclic voltammograms:

Ef=K- 2.3RT logv 2.51

P 2a.n.F

where,
o FD
k=Ee®- BT _(0.78-2:3010g¢ Cg“ )) 2.52
o n,F 2.00 k©2RT
where,
a, = Cathodic transfer coefficient
(dimensionless).
n, = Number of electrons involved before and
including the rate determining step.
ke = Standard rate constant for an electron

transfer couple.

It can be shown that for an irreversible system, Epc shifts by 30/acna mV for
each decade change in y at 298 K. This peak shifts in a negative direction as
v increases. The shape factor | Ep - Ep/2 | is also different for an irreversible

system and is given by:

48
|Ey-E,, |= an 2.53
[.3
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where, the units are mV at 298 K.

Perhaps the most obvious difference between irreversible and reversible cyclic
voltammograms is the absence of a reverse peak in the former case. However,
in some cases this could be due to a fast following chemical reaction.
Therefore, other diagnostic tests must be performed to ascertain if the cyclic

voltammogram is irreversible.
For totally irreversible systems at 298 K:

1 No reverse peak

c 12
2 I} « v

3 EpC shifts 30/acn(1 mV for each decade increase in y

4 | Ep - Ep/2 | = 48/acna mV.

It is also possible for a system that is reversible at lower scanning rates to

change from reversible to quasi-reversible and finally irreversible behaviour

1/2

simply from a plot of I, as a function of y"/*.

P
Diagnostic tests for quasi reversible systems:

172

1 | Ip | increases with y but is not proportional.
AqgC _ ; - -
2 | Ip /Ip | = 1 provided a = q = 0.5
3 A Ep is greater than 59/n mV and increases with increasing y
4 EC shifts negatively with increasing y

P
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2.18 SPECIATION IN SOLUTION

In an aqueous solution, metal ions are surrounded by a solvation sheath of
coordinated water molecules (2.183). When a different ligand (such as NH;,)
reacts with a metal ion, stepwise replacement of the coordinated water
molecules by these ligands occurs (see equation 2.54). If the equilibrium lies
to the right then a complex is formed (of course a complex was already

present on the left hand side of equation 2.54).
[M(HZO)n] + L & [M(HZO)n-l L] + HZO 2.54

The stepwise replacement of water by other ligands is usually represented in

a more convenient manner (see equation 2.55).

M+ L - ML 2.55

An equilibrium constant can be ascribed to this equation (see equation 2.56)

= (ML] 2.56
ST

For further stepwise replacement of other water molecules by ligands the

following equations can be written (see equations 2.57 -2.60):

M+L « ML 2.57
ML + L = ML, 2.58
MLy + L = ML3 2.59
MLy + L« ML, 2.60
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For complexcs such as [Ni(l-lz())slz', Lthis stepwise replacement may continue until
all six water molecules have been replaced by other ligands. In a solulion
containing NiSO; and NH; (NIl ionizes to form NH,OH, K = 1.8 x 1()'5). the actual
speciation in solultion will be strongly dependent on pll and the concentration
of ions in solution particularly the concentration of N, Similar behaviour is
also observed for solutions containing [Cu(llz())slz' and NH, (2.184). A graphic
example of speciation in a solution containing [Cu(llz())ﬁlz' and NII3 is shown in
figure 2.26 (2.184). As the ammonia concentration increases, the proportion of
copper in the various complex ions increases Lo a maximum and Lhen
decreases. 1L is also evident that certain complex ions predominate within a
given ammonia concentralion range and that the ranges of cach complex
ovcrlap. Only atl very high and very low concentrations of ammonia is a single

specics present.

1
2t CulNH33*
']

uiNHyIE "

0600

0.400

Froction Cu2* contoining species

:
~] -7

o
N
]
(o]

/

et

]

o]
-60 -50 -40 =30 -20 ~-10 o] 1.0
log(NH3)

Figure 2.26 Complex ions present in aqueous solutions containing various
. + - . . . .
proportions of C112 and Nlla. The number of NIl ligands in the complex ion is

indicated in the three centre curves.
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For further stepwise replacement of water molecules by ligands the following
equations can be written (see equations 2.61-2.63):

_ [ML,] 2.61
2" TML] (L)

Koo ML) 2.62
* [ML,] [L)

Ko ML 2.63
4" [ML,] (L]

Further equations can be derived for complexes such as | Ni(HZO)S]z'.

The magnitude of the equilibrium constants K, - K, for equations 2.60-2.61
usually decreases in the order K, > Ky > Ky > K > K,. These equilibrium
constants are also known as formation or stability constants. For a particular
reaction the overall stability constant (8) may be used (see equation 2.64 and

table 2.7)

p=— 2.64
¢ ML)

where, B, is also given by equation 2.65

'_3‘-_-1(11(2](31(4 2.65
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The siability consianis for various compicxes arce shown in iabic 2.7 (2.i85)

M L logk, logK, logK; logKy logKs logKs logf
Cu®*  NH, 417 353 288  2.05 12.6
Ni** NI, 2.80 2.24 1.73 1.19 0.75 0.03 8.7
Ag' NH, 3.14 3.82 7.0
Hg?* CN- 18.00 1670 383 298 a1.5
llg" 1- 12.87 10.95 3.67 2.37 299
Cu** en 10.55 9.05 19.6
Ni?* en 7.45 6.23 4.34 18.0

Z.i6.1 Effcect ol clectrudeposition deposition on

the metal ion ligand sheath

The celectrocrystallisation of materials involves several distinel processes some

of which were previously discussed in 2,15 (2.186). These are:

1 Diffusion of ions in solution to the surface of the electrode.
2 Electron transfer
3 Formation of ad-atoms duc to partial or complete loss of solvation

sheath (ligands).
14 Ad-alom surface diffusion.

5 Ad-atom aggregation leading to the formation of critical nuclei on

smoolh surfaces.

6 Ad-atom incorporation at lattice sites.
7 Evolution of crystallographic and morphological attributes of
deposits.
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These processes are shown in figure 2.27 (2.187)

Ef@ ion

l bulk diffusion

elcctron surface growth /\
lransfer diffusion & m

ad-atom cluster growth centres

Figure 2.27 Processes involved in the electrocrystallisation of a metal on a

substrate.

Of relevance to this study is the possibility of inclusion of ligands (such as
Nlla) within electrocrystallised coatings. In the ideal case, all of the ligands
should be removed from the metal ion immedijately after the formation of an
ad-atom on the surface of a substrate or growing film. Unfortunately in some
cases this does not occur and the ad-alom relains a partial solvation sheath.
This can occur when charge transfer is not complete and a ncutral atom is not
produced (2.188). In this case, at least part of the solvation sphere remains
(see figure 2.28). llowever, after surface migration has occurred to a suitable
lattice site, further loss of the solvation sheath occurs making this type of
ad-atom indistinguishable from others. It is likely that the same phenomena
occurs in colloidal precipitation of materials such as Ni(OH), since ecssentially
Nitt is reduced by OIl'. It is conceivable, particularly during the deposition of

hydroxides and oxides that some solvent inclusion occurs in the same manner
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that gas entrapment occurs during physical vapour deposition techniques (in

the case of this study NHj, 11,0 and polyoxycthylene sorbitan monolauratce)

(2.189).

solvated
metal ion

metal
ad-atom

77T

Figure 2.28 Formation of an ad-atom duc to the reduction of a solvated mectal

ion in solution. Some ad-atoms retain a partial solvalion sheath.

2.18.2 Equilibrium constant

At equilibrium, the product of the concentrations of the products divided by
the product of the concentration of the reactants is cqual to a constant. This
constant is known as the equilibrium constant. The numerical value of the
equilibrium constant is affected by state variables such as temperature and
pressure (2.190). In this study the most important stale variable was

temperature since thin films were mainly deposited from solutions.
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2.19 ROLE OF BUFFERS IN SOLUTIONS

A buffer can be defined as an aqueous solution in which the pH changes only
slightly when small quantities of a strong acid or base are added (2.191). A
Buffer usually contains a weak acid and a salt of that acid or alternatively a
weak base plus a salt of that base. These solutions have the ability to react
with both strong and acids and strong bases. For example if a small quantity
of hydrochloric acid is added to a solution containing acetic acid and sodium
acetate, the acetate ions (that are basic) react with the hydrogen ions to form
more hydrogen acetate molecules (see equation 2.66). During the course of this

reaction the pH does not change appreciably (2.192).
+ - ,
H + CyH409 - HC,.H;0, 2.66
Alternatively, if hydrogen ions are removed by the addition of a base such as

sodium hydroxide (forming water) the molecular hydrogen acetate ionizes to

form more hydrogen ions (see equation 2.67)

HCZI{SO2 - H+ C,H,0, 2.67
2.20 MEASUREMENT OF SURFACE AREA
The theory proposed by Braunauer, Emmect and Teller known as the BET
theory is a modification of Langmuir treatment (2.193). It differs from the
Langmuir treatment in that it allows multilayer physical adsorption. BET theory

can be represented by equation 2.68. This equation is usually applied to non -

porous adsorbents.
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where,

AH;

AH,

Of particular importance is the monolayer capacity, Vl, since il can be used

P 1 c-1 P

v(P*-P) V¢ U, p*

+

Equilibrium gas pressure al fixed
adsorbent temperature.

Vapour pressure of the adsorbate at the
temperature of the experiment.
Equilibrium volume of adsorbed gas per
unit mass of absorbent at pressure P.
Volume of the gas required to cover unit
mass of the absorbent with a complete
monolayer.

exp [(AH, - AH,)/RT]

Heat of liquefaction of second and
subsequent layers.

Heat of adsorption of the first layer.

.68

for calculating the surface area of an adsorbent if the effective area occupied

by each adsorbate molecule is known. This equation can be modified for
porous adsorbents (electrochromic materials are usually porous). If the

adsorption is limited to n molecular layers (where n is also related to the pore

size), the equation becomes:

13¢
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__VaCX 1-(n-1)x"+nx ™V 2.69
(1-x)  1+(c-1) x-cx ‘D)

where, x is P/P' (2.194)

2.21 MASS TRANSPORT IN ELECTROLYTES

In electrochemical systems there generally three modes of mass transport

these are:

(i) Diffusion

(ii) Migration

(iii) Convection

2.21.1 Diffusion

Diffusion is the movement of a species such as an ion down a concentration
gradient. This occurs whenever there is a chemical change at a surface (such
as an electrode surface). In the case of an electrochemical reaction, an
electrode converts a certain specles (0) to a product (R). Close to the
electrode there is a boundary layer (up to 107 thick). Tnside this layer the
concentrations of O and R are a function of distance from the eclectrode
surface. Since O in this case is being converted to R, the concentration of O
is lower in this boundary layer than it is in the bulk, the opposite is true for
R. Therefore, O diffuses towards the electrode, whereas R diffuses away from

it (2.195).
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2.21.2 Migration

This form of mass transport occurs due to the movement of charged species
in a potential gradient (2.195). The movement of charged species in an
electrolyte is the mechanism for how charge passes through the electrolyte.
When a potential difference is applied to an electrolyte (via electrodes) the
passage of current through the external circuit must be balanced by the
passage of ions in solution (movement of cations to the cathode and anions to
the anode). However, this may not necessarily be the most important form of
mass transport since the forces causing migration are electrostatic. Therefore,
the charge can be carried by any ionic species in solution (this is a problem

particularly if there is a large concentration of inert electrolyte in solution).

2.21.3 Convection

Mass transport can also occur by convection. Convection in solutions is
usually caused by the movement of species by mechanical forces. This form of
mass transport can be eliminated, at least on a short time scale (<10 seconds)
by carrying out electrolysis in a thermostatically controlled bath in the
absence of stirring or agitation. For industrial applications the electrolyte is
agitated or flowed through the cell. These are forms of forced convection that

have a large influence on current density (2.195).
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2.22 ELECTROCHROMIC DEVICES

Solid state device structure was discussed in Chapter 1. Many combinations
of electrochromic materials and ion storage layers are possible. To summarise
there are many possible electrochromic device configurations, the majority of

which are derived from 5 basic systems:

(i) S/TCO/Anodic EC/Metal oxide electrolyte/cathodic EC/TCO

(ii) S/TCO/Cathodic EC/Metal oxide electrolyte/Ion storage/EC/TCO
(iili) S/TCO/Anodic EC/Liquid electrolyte/cathodic EC/TCO/S

(iv) S/TCO/Anodic EC/Polymeric electrolyte/cathodic EC/TCO/S

(v) S/Al/Anodic EC/Metal oxide electrolyte/cathodic EC/TCO/S

where, S = substrate, TCO = Transparent conductor, Al = Aluminium

The choice of device structure is dependent on application. For example,
structures (i) and (ii) are suitable for architectural applications (where high
cyclic and ultraviolet durability are required), whereas, device structures (iii)
and (iv) may be selected if cheap highly transparent and non-coloured
ultraviolet filters can be fabricated. The system depicted in (v) is suitable for

rear view mirrors as a switchable anti-dazzle device.

An important aspect of solid state device design is the selection of a suitable
electrolytes. This is because W03 dissolves in basic electrolytes and NiOx
dissolves in acidic media (2.120). Another problem associated with selecting a
suitable electrolyte is the physical form of the electrolyte. A liquid electrolyte
would be ideal because of the high mobility of ions. However such electrolytes

would be unsuitable for large area applications duc to the hydrostatic
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pressure that liquids exert (2.121). A problem that would be experienced with
liquid electrolytes particularly aqueous ones would be gaseous evolution
during the electrochemical processes of oxidation and reduction (hydrogen and

oxygen during cathodic and anodic processes respectively).

For large area applications and where good ultraviolet stability is required,
research has focused on solid state inorganic electrolytes such as Ta,0.H,0,
LiNbO3 and polymeric electrolytes such as polyethylene oxide and
polypropylene oxide doped with alkali salts such as LiCF4S04 (2.122). These
materials contain the necessary ion(s) to colour and bleach both cathodic and
anodic electrochromic materials. It is beyond the scope of this thesis to

present all of the metal oxides currently under investigation.

The choice of electrolyte is dependent on a number of factors. Perhaps the

most important are:

(i) ion(s) necessary for colouring the electrochromic media (2.120).
(ii) stability to ultraviolet radiation.

(iii) stability to changes in atmospheric conditions (2.122).

As well as selecting suitable ions for colouration it is necessary to minimise
the mechanical damage that these ions cause to electrochromic materials under
the application of an electric field (2.77, 2.103). This can be achieved for
some electrochromic materials such as WOy by using electrolytes that contain
small ions such as Li+ (2.77). Most ceramic materials exhibit good stability to
ultraviolet radiation, however materials such as polymers generally do not

(2.122).
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The following characteristics are important for all solid state electrolytes

(2.120, 2.122) that are used in electrochromic devices:

(i)  High ion conductivity preferably higher than 107 Sem’' (2.122) at
room temperature. Ideally for fast switching speeds the ionic
conductivity should be higher than 10 sem™ (2.120, 2.122).

(ii) The transference number should be as close to unity as possible i.e.

-+
1]

o; /0 2.70

= 1

where, 0 = 0, + O; is the total conductivity and 0, is the
electronic conductivity and o; is the ionic conductivity.

(iif) From (ii) it can be deduced that the electrical resistivity of the
electrolyte should be high (i.e. grealer than 1012 Q cm at room
temperature).

(iv) The ion conductor should be chemically compatible with all
electrochromic materials used in the device (2.120).

(v) Electrolytes should be easy to fabricate, have high mechanical

strength and optical transmittance properties (i.e. they should not

be coloured).

A large number of conducting solids exhibit transport properties for cations
such as H', Li*, Na' and Ag+ (2.120). Anions can also be the conducting species.
For electrolytes that contain ions such as, F, CI', Br, I' and OH', only F’
containing electrolytes exhibit high conductivity at room temperature. This is
in part due to the high electronegativity of fluorine and consequently a small

ion radius, therefore the mobility of ions is high. However, it is inconceivable
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that any material would be electrochemically durable to the injection or

extraction of F .

A major problem associated with the manufacture of electrochromic windows is
production costs. Currently the costs associated with making a five layer
device may be prohibitive for most companies, particularly if a further step
of lamination is required. The production process would probably involve the
PVD deposition of a transparent conductor followed by the deposition of
electrochromic material, electrolyte, counterelectrode and another transparent
conductor. Alternatively electrolytes could be spin coated on to an
electrochromic material. The device could then be assembled by simply placing

the substrate with electrochromic material and electrolyte in contact with a

suitable counter electrode.
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CHAPTER 3
ANODIC DEPOSITION OF NICKEL OXIDE BASED COATINGS

3.1 DEPOSITION FROM STABLE AND UNSTABLE SOLUTIONS

3.1.1 Deposition from unstable solutions

Initially, as reported in the literature (3.1), nickel oxide based coatings were
deposited from unstable electrolytes containing 0.100 M NiSO4 and 0.100 M
NH,OH. The term, 'unstable solution' is used to describe solutions from which
voluminous precipitation of Ni(OH)2 occurs. This is defined in equation 3.1 and
portrayed in plates 3.1 - 3.2. The precipitation of material in an electroplating
solution may be undesirable because precipitates may be included in the as-
deposited film. The inclusion of large precipitates can lead to coatings

possessing poor mechanical properties such as durability and adhesion (3.2).
NiSO, + 2NH,OH = Ni(OH), + (NH,),S0, 3.1

Coatings produced from unstable solutions had poor electrochromic properties
such as poor reversibility and low dynamic ranges and displayed inadequate
uniformity and adhesion (3.1). As solutions aged coatings that were deposited
at various intervals during the solution ageing interval showed progressively
poorer electrochromic properties. A systematic study in which solution
concentrations, ageing and deposition times were the variables, was conducted

in order to improve the electrochromic properties of coatings.
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3.1.2 Deposition from stable solutions

A stable solution was prepared by the addition of a solution stabiliser (such
as a detergent) to an unstable solution. The term 'stable solution' refers to
a solution that has a reasonable shelf life before voluminous precipitation
occurs (3.3). The shelf life of coating solutions is important for industrial
applications because aged solutions produce different coatings to those that
are freshly prepared. A familiar example is the settling of pigment particles
from paint oils. Coatings prepared from freshly prepared paint differ
substantially from paint that has been allowed to settle and has not been

stirred prior to coating.

Most of the deposition solutions used in this study were colloids. These are
thermodynamically unstable. Precipitation eventually occurs even with the
addition of solution stabilisers in such solutions (3.4). However, it was only
necessary that the period of solution stability exceed the deposition time
required to produce coatings with good electrochromic properties. In this
study solutions were stabilised for 24 hours without voluminous precipitation
occurring. Films with identical optical properties were produced after the
solution had aged for several hours (3.20). For unstable systems this could
only be accomplished by simultaneously immersing more than one substrate

into a solution that contained 0.100 M NiSO, and 0.100M NH,OH (3.1).

Coatings produced from stable solutions had good electrochromic properties
such as good reversibility and large dynamic ranges, and displayed superior
uniformity and adhesion when compared with films deposited from unstable
solutions. A systematic study in which deposition time, solution ageing and
concentrations were the variables, was conducted in order to improve the

electrochromic properties of the coatings.
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3.2 EXPERIMENTAL

3.2.1 Summary of experimental

This section describing experimental procedures is divided into two parts, the
deposition of nickel oxide based coatings from unstable and stable solutions.
In these sections systematic studies are described in which the wvariables

were:

(i) Solution concentration

. NiSOl and NHOH for unstable solutions
. NiSOl » NHOH and stabilising agent for stable solutions
(ii)  Solution ageing

(iii) Deposition time

3.2.2 Anodic electrodeposition of nickel oxide based

coatings

Initially, nickel oxide based coatings were deposited anodically using the same
deposition parameters and electrolyte described in the literature (3.1). The
electroplating solution used was 0.100 M nickel sulphate and 0.100 M ammonium
hydroxide. Coatings produced using this method exhibited very poor
electrochromic properties, such as residual colouration after bleaching and
non-uniform colouration. As the study progressed, the concentrations of NiSO4
and NH4OH were altered and solutions stabilisers were added to the deposition
solution to improve the mechanical and electrochromic properties of the

coatings. The volume of the electrochemical working solutions used in this

study was 250 cm’. All solutions were magnetically stirred for 4 minutes prior
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to deposition. A scanning potentiostat (Princeton Applied Research Model 362)
was used to electrodeposit anodically the coatings. Platinum and saturated
(KCl) calomel electrodes were used as the counter and reference electrodes
respectively. The deposition substrates were either fluorine or indium doped
tin oxide coated glass (sheet resistance of 40 Q). Substrate cleaning was very
important. Initially substrates were cleaned ultrasonically in a bath containing
10% Decon 90 for 20 minutes followed by rinsing with distilled water and
drying in a N, jet. It was later found that a vast improvement in coating
adhesion could be achieved by wetting the surface with a film of water prior

to deposition.

Nickel hydroxide based films were deposited by cycling between +1500 mV and
- 500 mV at 20mvs’|. Various thicknesses of nickel oxide based material were
deposited by cycling for different periods of time. Post deposition treatment
consisted of washing with distilled water followed by drying in a nitrogen jet.
Prior to colouration the films were bleached at a negative potential of - 500
mV in 1 M potassium hydroxide for two minutes. Solar and visible optical
properties were measured at -500 mV and +750 mV corresponding to the
bleached and coloured states, respectively. These potentials were applied for
two minutes. The working area of electrochromic films that was used was 50
X 50 mm* The charge extracted was measured using a chart recorder
connected to the current monitor of the scanning potentiostat. Solar and
visible optical properties of the films were measured using a Beckman
ultraviolet/visible/near-infra-red spectrophotometer. The infra-red reflectance
of the films was measured for the range 2500nm to 25000nm at different
applied voltages using a Bruker IFS25 Fourier transform infra-red

spectrophotometer. To confirm the chemical identity of the bleached and
coloured states, Raman, cyclic voltammetry and X-ray diffraction analyses were

performed on selected films.
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3e2eo ] Solution mixing method

The solution volume used throughout this study was 250 (tmg. Separate
solutions of NiSO, and NH,OH were prepared. The required concentration of
\HS()1 was dissolved in 50 cm’ of distilled water and the appropriate
concentration of NH40H was made up to 200 Cm3 with distilled water (see plates
3.3 and 3.4). When solution stabilisers (such as the detergent polyoxyethylene
sorbitan monolaurate) were used, they were added to the solution containing
NH,OH. The mixture was then stirred using a magnetic stirrer to ensure
thorough mixing of NH,OH with the detergent. The solution containing NH,OH
(and when appropriate, the detergent polyoxyethylene sorbitan monolaurate)
was then poured into the solution containing Nifé()4 such that the total solution
volume was 250 cm’. This was then magnetically stirred as described in 3.2.2.

The solution ageing time commenced when the first drop of the NH,0OH solution

made contact with the NiS()1 solution.

Plate 3.3 From left to right: solutions of NiSO,, NH,OH + polyoxyethylene

sorbitan monolaurate.
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Plate 3.4 Mixing of NiSO, solution with NHi()H and polyoxyethylene sorbitan

monolaurate solution.

3.2.2.2 Reproducibility of experimental data for
coatings deposited by anodic and

deposition

Five types of analysis were performed on coatings that were deposited in this

study. These were:

(i) Ultraviolet-visible-near-infra-red spectroscopy
(ii) Fourier transform spectroscopy

(iii) Raman spectroscopy

(iv)  Cyclic Voltammetry

(v) X-ray diffraction
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In this study the major technique used to analyze coatings was ultraviolet-
visible-near-infra-red spectroscopy (Beckman spectrophotometer 3470). The
error incurred in performing measurements using this technique for all
coatings deposited during this study was + 1%. After depositing many coatings
using identical deposition conditions and post deposition treatments, it was
found that the reproducibility of data points was good. This is illustrated in
figure 3.1 where the error incurred during the measurements was within + 1%.
However, the reproducibility of all the measurements in this study was not
determined. It is recognised that measurement errors occurred during the
course of experiments, therefore the best curve or straight line has been

drawn between data points. These curves and straight lines are only drawn

as a visual aid to the eye.

At the end of this experimental, ten identical coatings were anodically
deposited using the optimised conditions found for stabilised solutions (see
section 3.2.6.4 and 3.2.6.5) the dynamic range was 81.6 t 0.5% to 22.8 + 0.7%
(solar transmittance). These errors are smaller than those incurred in using

the ultraviolet~visible-near-infra-red spectrophotometer (¢ 1%).

The reproducibility of Fourier transform spectrophotometry and Raman
spectroscopy for all the coatings produced in this study was good. Essentially
the same bands and peak heights were found for the as-deposited, bleached
and coloured states, for coatings produced using identical deposition
parameters . Cyclic voltammogram reproducibility was also good, oxidation and
reduction peaks were located in same positions (at the appropriate scanning
rates) for coatings produced using identical deposition conditions.
Unfortunately, no X-ray diffraction peaks could be found for any of the
samples deposited using the deposition techniques utilised in this study,
therefore, it is inappropriate to discuss the errors involved in this
measurement.
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3.2.3 Experimental for deposition of nickel oxide based

material from unstable solutions

3.2.3.1 Solar and visible optical properties as a
function of equimolar concentration of

NiSO y and NH 4OH

Films were anodically deposited on to ITO coated glass substrates from
solutions that contained a range of equimolar amounts of nickel sulphate and
ammonium hydroxide. The deposition voltages and cycling rates were those
stated in 3.2.2 and remained constant throughout the experiment. The
concentration range was 0.024 M to 0.800 M for the equimolar study. The scan
rate was 20 mVs'l, the deposition voltages were +1.500 V and -0.500 V and the
deposition time was 30 minutes. The coatings with the best electrochromic and
mechanical properties were deposited from solutions containing 0.024 M NiSO,
and 0.024 M NH,OH. Following the results of this experiment, another study was
planned where the variable was deposition time. The deposition solution

contained 0.024 M NiSO,1 and 0.024 M NH40H. The aim was to determine if the

thickness of the coating affected the bleaching properties of the coating.

3.2.3.2 Solar and visible optical properties as a

function of NHpH concentration

The concentration of nickel sulphate was kept constant (0.100 M) whilst the
concentration of ammonium hydroxide was varied between 0.048 M up to
0.480 M. The scan rate was 20 mVs'l, the deposition voltages were +1.500 V and

-0.500 V and the deposition time was 30 minutes.
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3.2.3.3 Solar and visible optical properties as a

function of NiSOl concentration

The concentration range for nickel sulphate was 0.024 M to 0.800 M and a
concentration of 0.100 M ammonium hydroxide was used. The scan rate was 20
mV s and the deposition voltages were +1.500 V and -0.500 V and the

deposition time was 30 minutes.

3.2.3.4 Solar and visible optical properties as a
function of deposition time from solutions

containing 0.024 M Ni504 and 0.024 NHOH.

In this experiment the deposition time was altered for equimolar concentrations
(0.024 M) of nickel sulphate and ammonium hydroxide. The scan rate was 20
mVs°l. the deposition voltages were +1.500 V and -0.500 V and the deposition

time was 30 minutes.

3.2.4 Results for deposition from unstable solutions

3.2.4.1 Equimolar concentrations of nickel

sulphate and ammonium hydroxide.

Coatings were deposited from solutions containing equimolar ratios of nickel
sulphate and ammonium hydroxide in the range 0.024 M to 0.800 M. The
deposition time was 30 minutes. The curves shown in figure 3.1 have several
important features. There is a minima in the coloured solar transmittance (tg)
curve for films that were anodically deposited from solutions containing

0.100 M (equimolar concentrations) of nickel sulphate and ammonium hydroxide.
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There was, however, a minima in the bleached solar transmittance (ty) curve
for anodically deposited films that coincided with the minima in the coloured
solar transmittance curve. The films with the best electrochromic properties
were anodically deposited from solutions that contained 0.024 M of nickel
sulphate and 0.024 M ammonium hydroxide. The solar transmittance of the
coloured (tsc) and bleached (tsb) states were 0.30 and 0.70 respectively.

Solution stability was not observed over the range of concentrations used.

A further experiment was conducted where the concentration of NiSO4 and
NH,OH was 0.100 M. In this experiment deposition time was adjusted. However,
it was not possible to produce coatings that had good dynamic ranges by
simply adjusting the deposition period (see figure 3.2), but this experiment
clearly revealed that the bleaching properties of the coatings were related to

the deposition time, and hence thickness.

Of particular interest are the minima in the coloured transmittance curves that
occur in the same concentration range for material deposited by colloidal and
anodic deposition. However, the bleached solar transmittance of coatings
deposited by colloidal deposition were constant over this concentration range
whereas those deposited by anodic deposition exhibited minima in the same
range as the coloured transmittance curves for both anodic and colloidal
coatings (see figure 3.1). The reduction in the dynamic range at this point for

anodic coatings (despite the low coloured tsc) may be due to a difference in

structure or diffusion channel dimensions. Unfortunately, these coatings were

amorphous so it was not possible to detect this change.

178



a———“"“"“—~u——-__.-_§\§\\\
0.55- / o
0.45- n\\\\\_a
0.35-

oz a\o\/a/r——-—‘———°

0.15 1 . +
0,024 0064 0.144 0.224 0.304 0.384
Concentration of NiSO, , NH,0H {Molar/Molar)

Solar transmittance

Figure 3.1 The dependence of the solar transmittance of the bleached and coloured states as a function of
equimolar concentrations of nickel sulphate and ammonium hydroxide, for anodised and colloidally precipitated
filas (anodic coating,[s bleached = [; I coloured = : colloidal coating, 1 bleached = x: { coloured = +).

These curves and lines are only a visual aid to the eye,

0.85¢

0.75
0.65¢ \
o

W
g
;:E- 0.55f o
Z T~ o
a
& 0.45(
=
9
=]
w
0.35|
o
0.25|- \
1 1 n 1 9 )
015 L
0 5 10 15 20 25 30 k-3
Time { mins)

Figure 3.2 Solar transmittance of the bleached and coloured states as a function of deposition tise. The
concentration of nickel sulphate was 0.100 M and the asmonius hydroxide concentration was 0.100 N
(Is bleached = ¢; 1g coloured = ). These curves are only a visual aid to the eye.

179



3.2.4.2 Influence of  ammonium hydroxide

concentration

In the next series of depositions, films were produced by anodic deposition
from solutions where the nickel sulphate concentration was constant at 0.1 M
and the concentration of ammonium hydroxide varied between 0.048 M to 0.480
M. The deposition time was 30 minutes. As the ammonium hydroxide
concentration was increased from 0.048 M to 0.480 M, the bleached solar
transmittance for anodic deposition decreased and reached a lower value at
0.290 M ammonium hydroxide (see figure 3.3). The value of the bleached solar

transmittance was 0.18.
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Figure 3.3 The dependence of solar transmittance for the bleached state on the concentration of asmmonius
hydroxide. The concentration of nickel sulphate was 0.100 N ((s bleached = ). These curves are only 3 visual

aid to the eye.
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3.2.4.3 Influence of nickel sulphate

concentration

Films were anodically deposited from solutions containing 0.100 M ammonium
hydroxide, whilst the nickel sulphate concentration was varied in the range
0.100 M to 0.800 M. As the nickel sulphate concentration increased, the
coloured solar transmittance increased (see figure 3.4), The blcached solar
transmittance increased slightly for the same concentration range. Il was
observed that at 0.320 M nickel sulphate, precipitation stopped. However, films
deposited from solutions that containing higher concentrations of nickel
sulphate were not mechanically stable to electrochemical oxidation and

reduction.
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Figure 3.4 Solar transmittance of the bleached state as a function of nickel sulphate concentration. The
concentration of ammonium hydroxide was constant at 0.100 M (Is bleached = [J; ly coloured = Q). These curves

are only a visual aid to the eye.
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3.2.4.4 Influence of deposition time

The influence of deposition time for anodically deposited films was investigated
by producing films from solutions containing 0.024 M nickel sulphate and
ammonium hydroxide. The deposition time was varied. Films were deposited
from electrolytes containing equimolar concentrations of nickel sulphate and
ammonium hydroxide (0.024 M). The deposition time was varied between 5 and
40 minutes. As the deposition time increased, the solar transmittance decreased
for the coloured and bleached states (see figure 3.5). After 40 minutes the
solar transmittance of the coloured state was 0.26. Unfortunately, the solar
transmittance of the bleached state was lower than 0.70. Films produced using

these deposition parameters were not homogeneous.
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Figure 3.5 The influence of deposition time on the solar transmittance of the bleached and coloured states.
Equimolar concentrations of nickel sulphate and ammonius hydroxide, 0.024 M were used (1, bleached - [; I

coloured = (). These curves and lines are only a visval aid to the eye.
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In the coloured state the films had a mottled appearance and in the bleached
state, areas of the film retained some residual colouration. It was observed
during the deposition process that agglomerates of precipitate formed on the
surface of the substrate as deposition was occurring. These precipitates may
have interfered with mass transport to the conductive substrate, thus leading

to non uniformities in the film.

3.2.4.5 Summary of results for coatings

deposited from unstable solutions

The best coatings deposited from unstable solutions exhibited solar
transmittances of 0.30 and 0.70 in the coloured and bleached states
respectively. The solution concentrations were 0.024 M NiSO, and 0.024 NH,OH.
Although this dynamic range is comparable with literature values (3.1), the
optical homogeneity of the bleached and coloured states was poor even in the
best films. The adhesion of films deposited from unstable solutions was also
poor. Typically most coatings failed the 'Sellotape' test. The durability of
coatings to repetitive cycling between the bleached and coloured states (- 500
mV - +750 mV at 20 mVs'l) in 1M KOH was not satisfactory. Usually, films

started to disintegrate after the tenth cycle and some coatings after only one

cycle.
3.2.5 Experimental for deposition from stable solutions
3.2.5.1 Solar and visible optical properties as a

function of detergent concentration

Films were anodically deposited on to ITO coated glass substrates from
solutions that contained 0.024 M NiSO, and 0.024 M NH,0H for the range of 5 -
40% detergent (poly oxyethylene sorbitan monolaurate). The scan rate was 20
mVs! and the deposition voltages were +1,500 V and -0.500 V and the
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deposition time was 30 minutes. The coloured solar transmittances of these
coatings were very high (>0.60). The experiment was repeated for different
concentrations of ammonium hydroxide for the range 0.024 M to 0.072 M of

ammonium hydroxide.

3.2.5.2 Solar and visible optical properties as a

function of NH40H concentration

In the previous experiment, it was found that by increasing the concentration
of NH,OH in the deposition solution, coatings with superior electrochromic

properties were produced. The concentration of nickel sulphate was kept
constant at 0.024 M whilst the concentration of ammonium hydroxide was varied
between 0.024 M and 0.480 M. The scan rate was 20 mVs'l. deposition voltages
were +1.500 V and -0.500 V. The deposition time was 30 minutes. The lowest
solar transmittance of 0.22 was observed for coatings deposited at a

concentration of 0.100 M of NH40H.

3.2.5.3 Solar and visible optical properties as a

function of deposition time

Nickel oxide based coatings were deposited as a function of deposition time for
the range 10 to 60 minutes from solutions containing 0.024 M of NiSO4. 0.072
M NH,OH and 40% detergent by volume. The scan rate was 20 mvs’! and the
deposition voltages were +1.500 V and -0.500 V. This experiment was repeated
using 0.1 M ammonium hydroxide. It was found that films with greater dynamic
ranges could be produced from these solutions, 0.22 and 0.82 in the coloured

and bleached states respectively.
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3.2.54 Deposition from stable solutions

There appeared to be a relationship between the stability of the deposition
solution and the mechanical and electrochromic properties of coatings. It was
therefore decided to add solution stabilisers to electrolytes containing nickel
sulphate and ammonium hydroxide. Initially, various solution stabilisers were
used. These included anionic and cationic detergents, gelatin, polyvinylalcohol
and polyethyleneglycol. However these materials either enhanced precipitation,
produced films with poor adhesion or chelated the nickel from the solution to
such an extent that it was difficult to achieve deposition at all. The most
successful stabilising agent was gelatin. However, it was difficult to remove
gelatin from the coating after the deposition had taken place. This was
because the concentrations of gelatin required to stabilise the solution were
so high that the solution gelled and solidified during deposition. Coatings were
deposited at higher temperatures (80 °C - where the solution of gelatin and
water was a liquid) from solutions that contained gelatin but these were less
uniform than those deposited at lower temperatures (25 °C). Loss of uniformity
was due to the formation of agglomerates (enhanced precipitation) that was
enhanced by the increase in Brownian motion conferred by the higher
temperatures of the solutions. A major disadvantage of using gelatin is that
the chemical nature of gelatin is poorly understood and therefore, the
composition of the material can vary considerably from batch to batch. So,
even if the other problems associated with gelatin could be overcome it may

be difficult to obtain reproducible results.

Eventually a suitable solution stabiliser was identified. This was selected from
a class of materials known as non-ionic detergents. The non-ionic detergent

used was polyoxyethylene sorbitan monolaurate. This was chosen because it
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did not interfere with the ions in the solution as an ionic detergent may have
done. Also this detergent did not chelate the nickel ions too strongly (it was
not possible to electroplate from solutions that contained detergents with
phosphate stabilisers). Films with superior electrochromic and mechanical
properties were made from solutions that contained >10% by wvolume of
polyoxyethylene sorbitan monolaurate. Whilst the adhesion was not as good as
sputtered films, the uniformity and optical homogeneity in the coloured state

was of comparable quality.

The most important features of coatings deposited from stable solutions was
the lack of residual colouration in the bleached state and the anti-reflection
properties of the films. The combination of these factors raised the value for
the bleached solar transmittance from 0.70 (as deposited from unstable
solutions) to 0.82, whilst the coloured solar transmittance was 0.22, Coatings
were deposited from solutions containing different concentrations of nickel
sulphate, ammonium hydroxide and detergent, and using different deposition
and solution ageing times. It was found that the ideal concentrations of NiSO4,
NH,OH and polyoxyethylene sorbitan monolaurate were 0.024 M, 0.100 M and 40%
(by volume) respectively. The maximum deposition time used was 2 hours. The
scan rate and deposition potentials were the same as those indicated in the
experimental. An ageing study was also performed on a solution containing
detergent. It was found that coatings with identical properties could be
deposited from the same solution even after the solution had aged for several
hours. This was difficult to achieve from unstable solutions (this could only
be accomplished if more than one substrate was introduced into the deposition

solution at the same time).
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3.2.6 Results for deposition from stable solutions

3.2.6.1 Deposition from stable solutions

The major problem associated with film deposition from unstable solutions was
the formation of large agglomerates that ruined the visual appearance of the
bleached and the coloured states of the films. As the deposition time increased
the value of the bleached state deteriorated (see figure 3.2 and 3.5). Ideally
an electrochromic film should exhibit a dynamic range of 0.20 - 0.80 in the
coloured and bleached states respectively. This could not be achieved using
the deposition parameters mentioned in section 3.2.3. The problem of
agglomeration was solved by using a stabilising agent. The stabilising agent
used was the non-ionic detergent, polyoxyethylene sorbitan monolaurate (3.6).
This was chosen because the addition of various concentrations of cationic and
anionic detergents to unstable solutions containing nickel sulphate and
ammonium hydroxide enhanced precipitation. In theory the addition of a
cationic detergent should have led to colloid stability due to the adsorption
of anions onto the surface of the colloid particles (3.7) and to particles
acquiring a higher negative charge and hence, greater mutual electrostatic
repulsion (3.8). In turn, enhanced mutual repulsion reduces the tendency of
individual particles to coalesce to produce larger particles. In the event, the
addition of cationic detergents (such as cetyl trimethyl ammonium bromide and
cetyltridecyl ammonium hydroxide) led to voluminous precipitation (enhanced
precipitation) for a range of concentrations (1 - 40 %). It was also noticed
that the deposition rate decreased as the concentration of detergent (for
anionic and cationic detergents) increased. The addition of ionic detergents
may have caused the precipitate to gel (3.9). This usually decreases the

deposition rate. The interaction of detergents with colloids and substrates is
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very complex. It has been shown that some detergent's enhance the deposition
rate and uniformity whereas other detergents lower the deposition rate whilst

improving uniformity (3.2).

The concentration of nickel sulphate used in stable solutions (containing
detergents) was 0.024 M. This concentration of nickel sulphate was selected
because in previous experiments solutions that contained this concentration
produced the films with the largest dynamic range and the highest value for
the bleached solar transmittance (figure 3.1). The curves in figure 3.6
indijcated that the coloured solar transmittance had an average value of 0.70
for equimolar concentrations of nickel sulphate and ammonium hydroxide (0.024

M).
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Figure 3.6 Solar and visible transmittance of the bleached and coloured states as a function of added
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Therefore, the concentration of ammonium hydroxide was increased. According
to the results (sce figures 3.7 and figure 3.8), the concentration of ammonium
hydroxide had to be higher to produce films with good coloured clectrochromic
properties. Correspondingly, it was necessary o use more than 20% of

detergent to produce homogencous films with high bleached solar

transmittances.
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Figure 3.7 The dependence of solar transmittance for the bleached and coloured states on the concentration of

detergent. The concentration of mickel sulphate was 0.024 M, the concentration of asmoniva hydroxide was
0.048 M, and the deposition time was 30 minutes (Is bleached = [; I coloured = ). These curves and lines are

only a visual aid to the eye.
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Figure 3.8 Solar transmittance of the bleached and colourcd states versus the concentration of detergent.

The concentration of nickel sulphate was 0.024 M, the concentration of ameonium hydroxide was 0.044 N, and the
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eye.

3.2.6.2 Influence of  ammonium hydroxide

concentration

Films were deposited from solutions where the ammonium hydroxide
concentration was varied between 0.048 M and 0.144 M. The nickel sulphate
concentration was constant at 0.100 M. The deposition time was 30 minutes, As
the ammonium hydroxide concentration was increased, the coloured solar
transmittance values decreased until a minimum value was reached at 0.100 M
ammonium hydroxide (see figure 3.9). The bleached curve goes through a
maxima at this point. As the ammonium hydroxide concentration increased the
coloured solar transmittance decreased. The same trend was observed for films

that were deposited for 60 minutes (see figure 3.10).
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Figure 3.10 The dependence of solar transmittance of the bleached and coloured states on ammonium hydroxide

concentration. The concentralion of nickel sulphate was 0.024 M, the detergent concentration was constanl at
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3.2.6.3 Influence of detergent concentration

The next series of films were deposited by anodic deposition from stable
solutions (3.11). The solution stabiliser used was the non-ionogenic detergent
polyoxyethylene sorbitan monolaurate (Sigma Chemicals). Films were deposited
from solutions containing different concentrations of detergent (from 5 - 40
% by volume) and 0.024 M of nickel sulphate and 0.072 M ammonium hydroxide.
The addition of the non-ionic detergent improved the solar transmittance of
the bleached state to 0.80 for most concentrations of detergent whilst the

solar transmittance of the coloured state was approximately 0.30 (figure 3.11).
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Figure 3.11 Solar transmittance of the bleached and coloured states versus detergent concentration. The

concentration of nickel sulphate was 0.024 M, the ammoniua hydroxide concentration was 0.072 M, and the
deposition time vas 60 minutes. The scan rate was 20 avs ! (ls bleached = [; l coloured = (). These curves are

only a visual aid to the eye.
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3.2.6.4 Influence of deposition time

For constant concentration of nickel sulphate (0.024 M), ammonium hydroxide
(0.072 M) and detergent (40%), the deposition time was varied (10 - 60
minutes). The curves in figure 3.12 show that the bleached slate remained
constant at 0.80 (within experimental error +/- 1%), whilst the coloured solar
transmittance became progressively lower (0.22 at 60 minutes deposition time).
It was not possible to produce reversible electrochromic films from solutions
containing 0.024 M of nickel sulphate and 0.072 M of ammonium hydroxide

without using detergent (see figure 3.13).
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Figure 3.12 Solar transmittance of the bleached and coloured stales as a function of deposition time. The
concentration of nickel sulphate was 0.024 M, the concentration of ammonium hydroxide was 0,072 ¥, and the
detergent concentration was constant at 40%. The scan rale was 20 |Vs'I (ls bleached = [; I coloured = Q).

These curves and lines are only a visval aid to the eye.
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3.2.6.5 Coatings deposited from stable solutions

The electrochromic properties of the films were improved by the addition of
detergent. The transmittance spectra for the range 300 nm to 2500 nm for the
best film produced from stable solutions are presented in figure 3.14. The
solar transmittance in coloured state was 0.22, with a correspondingly very
high solar transmittance of 0.82 in the bleached state. The films were
homogeneous in the bleached and coloured states and bleached instantaneously
without any residual colouration. For all films produced from stable solutions
anti-reflection properties were observed (see figure 3.15). The shelf life of
stable solutions was superior to that of unstable solutions (see figures 3.23 -

3.24).
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Figure 3.15 Solar transmittance and reflectance for the bleached and coloured states and IT0-coated glass
substrate as a function of wavelength. The concentration of nickel sulphate vas 0.024 M and the concentration
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3.3  ANALYSIS OF NICKEL OXIDE BASED FILMS

3.3.1 Fourier transform infra-red spectrophotometry

Fourier transform infra-red spectrophotometry was used to characterise
coatings deposited from stable and unstable solutions in the range of 4000 cm'1
- 400 cm’, In the O-H stretch region, spectra of coatings deposited from both

l

stable and unstable solutions show a sharp hydroxy band at 3647 cm™ and a

broad band at around 3360 cm'1 (3.10, 3.11), (see figure 3.16). Spectra obtained
from films deposited using different deposition times show an increasing peak
height at 3647 cm”! with respect to increasing deposition time (film thickness).
This implied that this hydroxy stretch was not only due to surface hydroxy
groups but also hydroxy groups within the film. Furthermore, as coatings
were progressively coloured, the hydroxy stretch at 3647 cm’! became smaller
until at + 500 mV it disappeared (see figure 3.17). As the stretch at 3647 cm’!
decreased, a stretch at 564 cm’! appeared. The influence of film thickness in
the range 400 A to 2400 A for the coloured state is shown in figure 3.18. As
the coating thickness increased the infra-red reflectance decreased. By
comparison to standard spectra, B-nickel hydroxide has a sharp band at 3630
cm’! and the broad band at 3400 cm’! is characteristic of a-nickel hydroxide
in transmittance (3.10). The broad 3400 cm’! band observed in a-nickel
hydroxide is indicative of hydrogen bonded water in the film structure (3.21),
The sharp band at 3647 cm’ is similar to that reported elsewhere (3.10-3.12).
The deposition of a very thick film from a stable solution led to the
identification of a band in the coloured state at 564 cm .. Also a broad band

was observed in the -OH region (see figure 3.19). The infra-red peak around

564 cm-1 is characteristic of both y- and B-nickel oxyhydroxide (3.10).
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Figure 3.16 The dependence of infra-red reflectance on deposition Lime for the bleached slate. The deposition

time for samples was: (a) 20 mins; (b) 30 ains; (c) 40 mins; and (d) 60 mins. The concentration of nickel

sulphate was 0.024 M, the concentration of ammonium hydroxide was 0,072 M and the detergent concentration was
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Figure 3.17 Infra-red reflectance versus applied voltage. The applied voltages were: (a) - 500 aV; (b} + 420

aV; (c) + 440mV; (d) + 500 aV. The concentration of nickel sulphate was 0,024 M, the concentration of ammoniua

hydroxide was 0.072 M and the detergent concentration was constant at 403.

197



1000

07.5)

62.5,

50,04

73

Reflectance %X

i P A Il A 4

0 L
&000 3600 |, 2800 2000 %00 1200 800 400

Wavenumber - ca’!

Figure 3.18 Infra-red reflectance as a function of deposition time for the coloured state. The deposition time

for samples was: (a) 20
was 0.024 M, the concen

at 0%,

1.0

0.7

Rellectance

o
2

o
g

pins; (b) 30 mins; (c) 40 mins; and, (d) 60 mins. The concentration of nickel sulphate

tration of asmonium hydroxide was 0.072 ¥ and the detergent concentration was constant

0.0 Il A I . A 1 32 1 J
4000 3600 2600 2000 %00 1200 800 400

Wovenumber {em™')

Figure 3.19 Infra-red reflectance: (a) bleached state; and, (b) colourcd state as a function of wavelength.

The concentration of ni

ckel sulphate was 0.024 N, the concentration of amaoniuve hydroxide was 0.096 .

198



3.3.2 Cyclic voltammetry

Films that were deposited from stable solutions were analyzed using cyclic
voltammetry (films deposited from non stable solutions were not mechanically
stable to cycling for more than a few cycles). Voltages were measured relative
to the saturated calomel electrode. The oxygen evolution, colouration (anodic)
and bleaching (cathodic) peaks can be observed in the cyclogram (figure 3.20)
(3.12, 3.13). The maxima of the anodic peak occurs at +420 mV that is the same
potential at which the hydroxy stretch starts to disappear in the spectral data
(see figure 3.17). It was also noticed that as the scanning rate was increased
the anodic peak became smaller until at 10 mVs'1 the colouration anodic peak

was no longer present (see figure 3.20).
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Figure 3.20 Electrocyclogras of anodised fila specified as d in ligure 3.16:

(a)-1 a¥s™; (b)-2 s (c)-5 Vs (d)-10 as™; and, (e)-20 avs”.
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3.3.3 Raman spectroscopy

Raman spectroscopy was used to analyze coatings that were anodically
deposited from stable and non stable solutions. Spectra were obtained for the
bleached (-500 mV) and coloured (+750 mV) states. No peaks were found that
corresponded to a- or B-nickel hydroxide. However, for coatings that were

1

deposited from stable solutions, peaks were detected at 545 cm " and 489 cm'1

(see figure 3.22), that correspond to y-nickel oxyhydroxide, in the coloured
state. This was surprising because, according to the literature, this phase is
irreversible and cannot be electrochemically reduced back to the bleached
state (3.10). As has been previously indicated in this study, the most
reversible electrodeposited coatings were produced from stable solutions. The
ability to reduce electrochemically y-nickel oxyhydroxide has also been
reported by other researchers (3.10). Furthermore coatings of B-nickel
oxyhydroxide deposited by the oxidation of alkaline nickel (II) solutions with
chlorine, bromine and persulphate ions, are irreversible (cannot be
electrochemically reduced) (3.16). The lack of evidence of B-Ni(OH)2 in the
bleached state may have been because these coatings were amorphous.
However, for the bleached state of the coating measured using infra-red

spectroscopy the stretch at 3647 cm'l was clearly identified (see figure 3.19).

3.3.4 X-ray diffraction

Analysis was performed on coatings deposited from stable and unstable
solutions for the concentration ranges in this study. Unfortunately, none of
the coatings deposited in this study exhibited XRD peaks (see figures 3.21).
This implies that anodically deposited coatings from both stable and unstable

solutions were amorphous. Furthermore, films that were annealed at 200 and
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300°C also exhibited no peaks other than those corresponding to the ITO

underlayer. However, had peaks been found, thecy would have been those of

nickel oxide rather than B-nickel hydroxide. This is because B-nickel

hydroxide decomposes to nickel oxide and water at 200°C (18), and is
thermodynamically unstable at room temperature, 25°C (19).
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3.21 X-ray diffraction of coatings deposited from stable solutions: (a) in the coloured state; (b} in the

bleached state; (c) from unstable solutions in the coloured state; and, {d) from unstable solutions in the

bleached state.
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3.3.5 Colouration efficiency

The method of calculation chosen in this study was that of the optical density
of 1cm2 of coating divided by the charge injected through this area (see

equation 3.3 ).

~ tBleached 3.2
Ob=lo9- = Toured
AOD 3.3
C.E.=——
Q

There was very little difference in the colouration efficiency of coatings
deposited from stable and optimised unstable solutions. The solar colouration
2 C-I
l

efficiency (ty) for coatings deposited from stable solutions was 29 cm
whereas for films deposited from unstable solutions (optimised) it was 25 cm
C'l. The visible colouration efficiency was also not significantly different for
coatings deposited from stable and optimised unstable solutions. Coatings
deposited from solutions containing the same concentrations as used in the
literature had colouration efficiencies of 14 cm’ C'\. This was due to the low

value of solar transmittance for the bleached state.
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3.4 SUMMARY OF ANODIC DEPOSITION AND CHARACTERISATION OF

NICKEL OXIDE BASED COATINGS

Coatings of nickel oxide based material produced using a deposition solution
reported in the literature, exhibited poor electrochromic and mechanical
properties (3.1, 3.5). Voluminous precipitation of nickel hydroxide material
occurs from this solution (3.5). By adjusting the solution concentration, the
electrochromic and mechanical properties of coatings were improved. The
optimised concentrations for unstable solutions were 0.024 M of NiSO, and
0.024M NH,OH. Unfortunately, these coatings exhibited residual colouration and

poor mechanical properties. The solar transmittances for the bleached and

coloured states were 0.30 and 0.70 respectively.

The key problem identified in the first stage of the experimental was the
voluminous precipitation of nickel hydroxide. This obviously had an effect on
the electrochromic properties of the as-deposited coatings. For this reason, an
experiment was conducted where no electric field was applied to the TCO.
Colloidal precipitation occurred on to the TCO (and everything else in contact
with the solution). It was found that these coatings were electrochromic. At
this stage it was apparent that some precipitation was necessary to produce
electrochromic coatings. However, it was also reasoned that if the precipitation
could be controlled then coatings with different, perhaps superior properties,
could be fabricated. Precipitation was controlled by using the non-ionogenic
detergent polyoxyethylene sorbitan monolaurate, although the use of a buffer
may have the same effect. The optimised solar transmittances in the bleached
and coloured states were 0.82 to 0.22 respectively. These coatings were

deposited from solutions that contained 0.024 M of NiSO4 and 0.072 M of NH40H.

Using FTIR spectrophotometry, B-nickel hydroxide was detected in the
bleached state of all coatings deposited by anodic deposition. In the coloured
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state, the NiO stretch of NiOOH was observed. Using Raman analysis, y-NiOOH
was detected in the coloured state of coatings produced from stable solutions.
XRD of anodically deposited coatings did not reveal the presence of (a,B)-
nickel hydroxide or nickel oxide in the bleached state. Finally, (B.y)—nickel

oxyhydroxide was not detected in the coloured state.

The colouration efficiency of optimised coatings deposited from
stable solutions was 29 cmz c’l. For optimised coatings deposited from unstable
solutions the value was 25 cm’ C. These values are superior to the

colouration efficiency of 14 em’ ¢! obtained for coatings produced from

solutions reported in the literature (3.1).

Finally, the shelf life of stabilised solutions was longer than that of unstable
solutions (see figures 3.23 and 3.24). The maximum precipitation free time
achieved was 24 hours. Solutions with greater stabilities can be prepared but

the deposition time to produce coatings with large dynamic ranges increases.
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Figure 3.23 The influence of solution ageing time on the solar optical properties of the bleached and coloured
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deposition time was 15 minutes and the scan rate was 20 |Vs'1. Electric field vas applied prior to substrate

immersion (tS bleached = ; I coloured = ). These curves and lines are only a visual aid to the eye.

100
S sol = - =}
w]
4
<
-
$—
— B6OL
X
0
Z
«
v 4
~ 40}
<
J A A, PaN
o O 2o
@ zol
0 S , ,
0 100 200 300 400

SOLUTION AGEING TIME (MINS)

Figure 3.24 Solar optical properties of coatings deposited using a 60 minute deposition time from stabilised

solution as a function of time. Deposition solution containing 0.016 M of NiSO,, 0.073 ¥ of NH,0H and 40%
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CHAPTER 4
COLLOIDAL PRECIPITATION
OF NICKEL OXIDE BASED MATERIAL

4.1 INTRODUCTION

The fabrication of multilayer electrochromic devices is costly, therefore, low
cost routes for the manufacture of such systems have become the focus of
attention in electrochromic research (4.1). A one-dip process for producing
nickel hydroxide coatings would be cost-effective. Several techniques have
been reported that can be used to deposit nickel oxide or materials that can
be converted to nickel oxide by the application of heat (to burn off organic
materials) followed by electrochemical cycling to convert the as-deposited
material to nickel hydroxide are reported in the literature (4.2-4.4). The
deposition of nickel hydroxide by colloidal precipitation using a one-step

process from a solution containing NiSO; and NH,OH is discussed in this study.

This study was carried out in order:

(i) to establish whether the deposition of nickel oxide
based material occurred without a potential difference

applied across the substrate and counter electrode,

(ii) to determine the effect of colloidal precipitation on

anodic electrodeposition, and

(iii) to identify the mechanism of electrodeposition.
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4.2 EXPERIMENTAL

Films of nickel oxide based material were deposited on to indium doped tin
oxide substrates from unstable solutions containing nickel sulphate and
ammonium hydroxide. Substrates were cleaned for 15 minutes in 10% by volume
of Decon (alkaline, nonionic and anionic surfactant) in an ultrasonic bath. The
substrates were then washed thoroughly with distilled water and dried at
25°C. The solution volume was 250 cm3. All solutions were stirred for 5 minutes
before deposition. The temperature during deposition varied between 18°C to
25°C. It was found that variations of temperature within this range did not
critically affect film properties. Deposition was achieved by simple immersion
of the indium tin oxide coated substrates into deposition solutions as shown

in plate 4.1.
First of all films were deposited from rapidly precipitating solutions containing

0.050 M nickel sulphate and 0.100 M ammonium hydroxide. These concentrations

were chosen according to the ratios indicated in equation 4.1.

The deposition time selected was 15 minutes. Coatings of nickel oxide based
material were produced by increasing the deposition time. However, these

coatings were mechanically unstable to electrochemical cycling.
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late 4.1 Technique for deposition by colloidal precipitation from unstable

solutions.

Plate 4.2 Beaker previously containing deposition solution oxidised

using sodium hypochlorite (45 seconds).



late 4.3 Beaker previously containing deposition solution oxidised using a

sodium hypochlorite solution after 2 minutes 40 seconds.

Films were deposited from aged solutions for constant deposition times and for
different deposition times from identical solutions aged for 5 minutes. The
precipitate from the solution was analyzed using Fourier transform infra-red

spectrophotometry to establish whether the chemical identity of the precipitate

was the same as the coatings.

This was followed by an experiment in which equimolar concentrations of
nickel sulphate and ammonium hydroxide were used to deposit nickel oxide
based films for the range 0.024 M to 0.400 M. This experiment was carried out
in order to compare the optical results from this study with those obtained
in the anodic electrodeposition study. A further experiment was performed to
find the concentration of ammonium hydroxide at which the maximum deposition

rate occurred. In this experiment the concentration of nickel sulphate was
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kept constant whilst the ammonium hydroxide concentration was varied in the

range 0.024 M to 0.400 M.

4.3 RESULTS FOR COLLOIDALLY PRECIPITATED FILMS

4.3.1 The effect of various deposition parameters on the

electrochromic _properties of nickel oxide based

coatings

4.3.1.1 Influence of solution ageing time

The ageing of solutions containing 0.050 M NiSO‘1 and 0.100 M NH40H caused a
decrease in optical density as shown in figure 4.1. It can also be shown that,
as the solution ages, the anti-reflection properties of the coating reduce for
the bleached state (figure 4.2). Therefore, in order to produce films of similar
electrochromic properties it is necessary to deposit films from solutions
containing the same concentrations of NiSO4 and NH4OH and aged for identical
periods of time. Alternatively, several substrates could be dipped into one
solution. The thickest film (1000 A) was deposited from a solution containing
0.100 M NiSO4 and 0.100 NH40H aged for 5 minutes (the deposition time was 15
minutes). The solar transmittance values for the coloured and bleached states
were 0.43 and 0.77 respectively. Films deposited for 15 minutes exhibited
excellent adhesion (films did not detach from the surface of the substrate
during a 'Sellotape' test) and were mechanically stable to electrochemical

cycling (< 500 cycles).
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Figure 4.1 The influence of solution ageing onoptical density for coatings deposited from solutions containing

0.050M NiSO4 and 0.100 M NH40H. The deposition time was 15 minutes. This curve is only drawn as a visual aid
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Figure 4.2 Solar transwittance for the bleached and coloured states as a function of solution ageing for filns

deposited from solutions containing 0.050 ¥ NiSO4 and 0.100 ¥ NH,OH. The deposition time was 15 minutes (1g

bleached - ; I coloured = (). These curves are only drawn as an aid to the eye,
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4.3.1.2 Influence of deposition time

As the deposition time increased, the coloured solar transmittance of the
coatings decreased (see figure 4.3). Coating thickness was increased by
extending the deposition time. This improved the solar transmittance value for
the coloured state. However, the transmittance of the bleached state also
decreased. This was also found for electroplated films deposited from unstable
solutions. The mechanical stability of these coatings to electrochemical cycling
also degenerated with respect to coating thickness. Deterioration of the
mechanical properties and optical homogeneity of the films occurred after the
deposition time of 15 minutes. However, films that were deposited for 120
minutes exhibited solar transmittances of 0.22 and 0.68 in the coloured and
bleached states respectively. This was significantly larger than the dynamic
range found for films anodically deposited from unstable solutions (see
Chapter 3) although the mechanical stability of these coatings to

electrochemical cycling was poor.

4.3.1.3 Influence of equimolar concentrations of

Nl'SOl and NHOH.

The optimum concentration range for equimolar concentrations was 0.100 M
nickel sulphate and ammonium hydroxide (see figure 4.4). For the coloured
state the solar transmittance was 0.65 and 0.80 for the bleached state. The
deposition time was 30 minutes for each sample. Since the degree of
flocculation increased with respect to the increasing pH of the solution (apart
from high pH when the precipitate dissolves), a further experiment was
carried out to determine the effect of the pH of deposition solutions on the

electrochromic properties of nickel oxide based coatings.
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Figure 4.4 Solar transmittance values for the bleached and coloured states as a function of equimolar

concentrations from solutions containing NiS0, and NH,OH. The deposition time was 15 minutes (1 bleached -

0 1 coloured = ().These curves and lines are only-drawn as an aid to the eye.
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4.3.1.4 Influence of the concentration of

ammonium hydroxide

The coloured solar transmittance of films decreased with increasing pH until
a minima was reached at pH 9 (the concentration of NH,OH was 0.192 M) as
shown in figure 4.5. The solar transmittance of the coloured and bleached
states was 0.48 and 0.82 respectively (see figure 4.6). This result was not
entirely unexpected since to obtain the maximum yield of Ni(OH)2 from reacting
Ni¢t with OH™ according to equation 4.2, it would be necessary to react 1 mole
of Niz" with 2 moles of OH'. The pH of the solution is also important because
Ni(OH)2 is soluble in solutions of low and high pH. In concentrated ammonia,

Ni(OH), dissolves due to the formation of amine complexes.
Ni’+ + 20H = Ni(OH), 4.2

4.3.1.5 Influence of detergent concentration

The addition of polyoxyethylene sorbitan monolaurate to solutions containing
0.050 M NiSO4 and 0.100 M NH,OH reduced the dynamic range of coatings (see
figure 4.7). It was also observed that the uniformity and adhesion of coatings

improved as the detergent concentration increased to 10%.
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4.3.2 Analyses performed on colloidally deposited coatings
4.3.2.1 Fourier transform infra-red
spectrophotomeotry

Fourier transform infra-red spectrophotometry was used (o characterisc

colloidally deposited coatings in the range of 4000 em’! - 400 em™. 1n the 0O-H
stretch region, a broad band at around 3400 cm’! was detected similar to that
reported elsewhere (4.8). This implies that the coatings were composed of

a—Ni(OH)Z. Therefore, the colloidally deposited material is a different phase of
Ni(OH), compared to that deposited by anodic deposition (compare figures 3.19

and 4.8).
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Figure 4.8 FTIR of a colloidally deposited coating: (a) in the bleached state; and, (b} in the coloured stale.

Coating thickness = 1400 A,

4.3.2.2 Raman spectroscopy

None of the phases of nickel hydroxide or nickel oxyhydroxide were detected
in colloidally deposited coatings produced from stable or unstable solutions.
However B- or a-nickel hydroxide was detected in the bleached state for a
crystallite on the surface of a nickel hydroxide coating deposited from a
unstable solution. Peaks were located at 239, 452, 557 and 981 cm’! (see figure

4.10). These peaks were not present for crystallites in the coloured state. The
|

characteristic peaks of B-nickel hydroxide occur at 318, 448 and 3580 cm’',
whereas, for a-nickel hydroxide the peaks are 317, 451, 710, 988, 1045, 3581
and 3688 cm’! (3.14). Unless the peak at 981 cm-1 corresponds to included
sulphate (nitrate inclusion has been reported elsewhere (3.14)) within the
precipitate, it is likely that the crystallites on the surface are composed of a-
nickel hydroxide. However, (x-Ni(OH)2 was detected in colloidally produced

coatings by FTIR spectroscopy.
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Figure 4.9 Raman spectroscopy of nickel hydroxide coatings produced by colloidal deposition: (a) in the

bleached state; and, (b} in the coloured state.

221



4.3.2.3 Colouration efficiency

Coatings deposited from unstable solutions exhibited a colouration efficiency
of 29 cm2 C'[. This is similar to that exhibited by coatings deposited by anodic
electrodeposition and is reported in the literature for nickel oxide based

coatings deposited using a variety of techniques (4.17).
4.3.2.4 X-ray diffraction

Films produced by colloidal deposition did not exhibit any discernable degree

of crystallinity. Coatings were also produced using concentrated Ni(NO;), and

NH,OH. There were no discernable peaks in the X-ray spectra.

4.3.2.5 Cyclic voltammetry

Cyclic voltammetry of nickel hydroxide coatings deposited by colloidal
precipitation was not significantly different to that of coatings deposited by
anodic electrodeposition (the anodic colouration peak occured at +0.420V). This
confirms that coatings deposited by colloidal deposition were similar to those

deposited by anodic electrodeposition (see figure 4.10).
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Figure 4.10 Cyclic voltammetry of a coating produced by colloidal deposition: (a) 1 mVs'I; (b} 20 sl
1.4 SUMMARY OF COLLOIDAL PRECIPITATION STUDY

The rate of precipitation of nickel hydroxide from solutions containing 0.100
M nickel sulphate and 0.100 M ammonium hydroxide (4.5), indicates that film
growth occurs in the absence of an applied electric field (see plates 3.1, 3.2).
In this study, experiments were conducted that established thatl colloidal
precipitation occurs on to conductive substrates in the absence of an applied
clectric field when solutions containing 0.100 M NiSO, and 0.100 M NH,0H arc
aged (4.5). Coatings were produced as a function of solution ageing time.
Solution ageing time commenced when the first drop of ammonium hydroxide

solution made contact with the nickel sulphate solution.
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This study demonstrated that coatings of nickel hydroxide could be produced
from solutions containing 0.100 M NiSO, and 0.100 M NH,OH without the
application of an electric field (4.18). Therefore, it is likely that colloidal
precipitation interfered with anodic deposition (see Chapter 3). This study
confirmed that coatings of nickel hydroxide can be deposited by applying a
positive potential to the substrate. Using this technique the deposition rate
was higher than that for colloidal precipitation. Deposition did not occur when
a negative potential was applied. This may indicate that the colloidal particles
in such solutions are negatively charged. It was concluded that the mode of
film deposition from solutions containing 0.100 M NiSO, and 0.100 M NH,0OH was

partially caused by electrophoresis when the substrate was anodised.

The most uniform and mechanically stable coatings deposited by colloidal
deposition from unstable solutions exhibited a solar transmittance range of 0.41
- 0.76 for the coloured and bleached states respectively. It was not possible
to deposit films with larger dynamic ranges that were mechanically stable from
unstable solutions (using the concentration ranges, and reagents used in this
study). However, coatings deposited from solutions containing detergents

exhibited solar transmittances of 0.30 and 0.70 in the coloured and bleached

states respectively (4.19).

Coatings produced from solutions containing 0.100 M nickel sulphate and
0.100 M ammonium hydroxide were analyzed using a Fourier transform

spectrophotometer. A hydrogen bonded O-H stretch was found at around 3400
cm’! corresponding to a-Ni(OH)Z. This indicates that anodic and colloidally
deposited coatings were similar in that they both contained Ni(OH), albeit of

a different phase.
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Essentially, the difference between cx—Ni(OH)2 and B-Ni(OH)2 is the bonding of
OH in Ni(OH), films. a-Ni(OH), has a turbostratic structurc where parallel
equidistant layers of nickel hydroxide are separated by layers of water
molecules. The OH species of nickel hydroxide can hydrogen bond to

interplanar water molecules. B-Ni(OH), has a brucite structure where OH can

only bond to nickel atoms (4.7).

For the coloured state a peak was detected at 564 cm-1. This was also
observed for anodically deposited coatings and is further evidence that anodic

and- colloidal coatings were very similar.

The ultraviolet/visible/near-infra-red spectra of material deposited by colloidal
precipitation was very similar to that deposited by anodic electrodeposition in

both the coloured and bleached states (see figure 4.12).
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Figure 4.11 Comparison of the spectra of coatings produced in the coloured state (+750 v for 2 minutes): (a)

by anodic deposition; and, (b) by colloidal deposition (coating thickness = 1000 A).

225



Raman spectroscopy revealed the presence of a- or B—Ni(OH)2 in the bleached
state for microcrystals on the surface of coatings. No phases of Ni(OH)2 were
detected in the coating itself. No phases of nickel oxyhydroxide were detected

for the coloured state either in the coating or microcrystals on the surface.

X-ray diffraction studies of as-deposited and annealed coatings did not reveal
the presence of any phases of nickel hydroxide. Coatings were also
electrochemically oxidised to the coloured state. None of the phases of nickel

oxyhydroxide were detected.
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CHAPTER 5
ANALYSES PERFORMED ON R.F. SPUTTERED
NICKEL OXIDE COATINGS

5.1 INTRODUCTION

Radio frequency (r.f.) sputtered NiO coatings (deposited at 6 x 10% T and 100
W) exhibit different electrochromic properties to coatings deposited using
chemical and electrochemical methods (5.1). Specifically, the oxidised state is
stable to the atmosphere, the coloured state is grey, and in the as-deposited
state (prior to cycling in iIM KOH) there is no evidence for hydrogen bonded
or free O-H (5.2). However, after cycling in IM KOH it was found that there
were many similarities between r.f. sputtered coatings and electrochemically

prepared nickel hydroxide electrodes.

Generally nickel oxide and nickel oxhydroxide coatings bleach when heated
(5.2, 5.3). This is due to loss of oxygen from NiOx (where x > 1). This leads to
a reduction in the concentration of Ni** in the NiO matrix {5.3). It has been
reported that NiO deposited by a variety of physical vapour deposition (P.V.D,)
processes can be transformed to B-Ni(OH)2 when electrochemically cycled in

1 M KOH (5.4, 5.5). This transformation is usually accompanied by a
simultaneous improvement in the electrochemical and electrochromic response
(5.4). Furthermore, changes in the colour of the oxidised state of sputtered
NiO (neutral to coloured), are clearly evident in the visible spectra presented

by some researchers (5.2, 5.4).
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5.2 EXPERIMENTAL

5.2.1 Cycling of r.f. sputtered NiO coatings in 1M KOH

Coatings of 'grey' nickel oxide, previously deposited at Oxford Brookes
University, were analyzed using ultraviolet/visible/near-infra-red
spectrophotometry, cyclic voltammetry, FTIR spectroscopy, XRD and Raman
spectroscopy (5.2). Films were cycled in 1 M KOH (-1.5 - +1V and -0.5 -
+0.5V). Changes were observed in voltammograms and in the FTIR spectra as
reported elsewhere (5.4, 5.5). The chromaticity coordinates of r.f. sputtered

coatings changed after cycling.
5.3  RESULTS OF ANALYSES PERFORMED ON R.F. SPUTTERED NiO

The cyclogram of nickel oxide deposited using r.f. sputtering changed with
respect to the number of cycles in 1 M KOH. Specifically, the magnitudes of
the anodic and cathodic peaks altered upon cycling (see figures 5.1 and 5.2),
Also, an anodic peak was identified at 420 mV (see figure 5.3) as was found
for anodically and colloidally deposited coatings. Modifications in cyclograms
were accompanied by changes in the infra-red properties of these coatings.
This indicated that gradually the material was being transformed into B—Ni(OH)2
(5.4, 5.5). The free O-H stretch at 3647 cm'1 gradually became sharper as the
sample was cycled (see figure 5.4). After 12 hours cycling, a well defined OH
peak was detected at 3647 cm-1 (5.5). However, even after only one hour an
OH peak could be resolved (see figure 5.3). A clear change in the chromaticity
of 'grey' sputtered NiO coatings was observed when they were cycled in 1M
KOH (see table 5.1). The FTIR spectra of the reduced and oxidised forms of
sputtered nickel oxide were very similar to those of anodic and colloidally
deposited nickel hydroxide (compare figures 3.19, 4.9 and 5.4). Specifically,
after oxidation the OH peak reduced in height.
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Figure 5.2 Cyclic voltammograms (-0.5V - +0.5V) of a sputtered Ni0 coating as a function of cycling time in

1M KOH: (a) for 1 hour; and, (b) for 12 hours.
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Figure 5.6 Ultraviolet/visible/near-infra-red transmittance as a function of wavelength: (2} in the bleached

state; and, (b) in the coloured state.
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XRD analyses revealed that the coatings were amorphous in the as-deposited,

cycled, coloured and bleached states. Unfortunately, this form of NiO was not
Raman active so no peaks were detected. The colouration efficiency was 31 cm2
C'l. this was measured after 1 hour cycling in 1 M KOH. The Ultraviolet
/visible/near-infra-red spectra of sputtered NiO (figure 5.5) were very similar

to that reported elsewhere (5.4).

Table 5.1 Chromaticity coordinates x, y and z, for r.f. sputtered film (500 A

in the as-deposited, bleached and coloured states (uncorrected for substrate

influence).
NiO condition s y Z
As-deposited 0.32 0.33 0.35
Bleached 0.30 0.31 0.39
Coloured (after 0.32 0.33 0.35

1 hour cycling)

Coloured (after 0.37 0.33 0.30
12 hours

cycling)
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5.4 SUMMARY OF R.F. SPUTTERED NICKEL OXIDE ANALYSES

Various analyses were performed on sputtered NiO coatings. These were FTIR,
cyclic voltammetry, chromaticity measurements, XRD, Raman and colouration
efficiency and ultraviolet/visible/near-infra-red spectrophotometry. It can be
deduced from these results that there is a change in the chemical composition
of r.f. sputtered NiO during cycling in 1 M KOH, as reported elsewhere (5.4,
5.5). Unfortunately, infra-red measurements could not be supported by the
appropriate Raman activity. As was the case in colloidal and anodic
electrodeposition, nothing was detected using XRD, indicating that r.f.

sputtered coatings had a low degree of crystallinity.
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CHAPTER 6
ELECTROCHROMIC DEVICES
CONTAINING NICKEL OXIDE AND
NICKEL HYDROXIDE ELECTRODES

6.1 INTRODUCTION

Solid state electrochromic window (ECW) technology is being intensively
researched by leading glass companies such as Asahi Glass (6.1, 6.11). These
systems may reduce heating and cooling costs (6.2). This is a major selling
point of double glazing and other advanced glazing products. However, other
characteristics of ECW technology could be more appealing to potential
customers such as privacy, shading (from glare), protection of furnishings
from photochemical processes, and novelty value. In order for ECW devices to
become products rather than just a research interest, it will be necessary to
solve fundamental materials problems, such as, fracturing of component
coatings, chemical and physical incompatibility of coatings, degradation of

optical response and fatigue reactions.

The major goal of research on electrochromic materials, such as, nickel oxide
and tungsten trioxide, is the fabrication of all-solid state devices (6.3).
However, these materials are unstable to electrochemical cycling (6.5). During
electrochemical oxidation and reduction Ni0 and WO, undergo film dissolution
and delamination (6.5). This leads to a reduction in electrochromic activity
(6.5). It is likely that the modes of degradation in solid state devices are
similar to those observed in coatings of NiO and WO,. Nickel oxide is a ceramic
material and as such exhibits good mechanical properties under compression

but poor mechanical properties under tension (low fracture strength) (6.4).
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Fracturing of NiO, which leads to delamination from the transparent conductor,
is reported in the literature (6.5). Stress due to ion insertion also occurs in
tungsten trioxide, but can be reduced by using comparatively small cations
such as Li' (6.6). Delamination of electrodes must lead to poorer transfer of

charge between electrochromic materials and conductive substrates (6.5).

It is evident from the spectra of solid state devices that the majority use
electrolytes that contain water (6.5). Water contains the ions necessary for the
colouration of WO, and Ni0 (H' and OH respectively). Hence other modes of
degradation may be the loss of water from the electrolyte by absorption into
sealant compounds. Another may be removal of water from the electrochromic

materials by the electrolyte.

The devices constructed in this study were rudimentary, but exhibited
reversible electrochromism. They consisted of combinations of electrochromic
materials and electrolytes. The best devices were capable of being cycled
about 100 times (between the fully coloured and bleached states) before the
coating ceased to exhibit reversible electrochromism. All devices constructed
in this study failed in the coloured state. The mode of failure appeared to be
due to fracture and delamination of the electrochromic materials. This chapter
describes the experimental details for the construction of electrochromic

devices that contained Ni(OH)z. NiO, MnO, and organic polymeric electrolyte

coatings.
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6.2 EXPERIMENTAL

6.2.1 Electrochromic coating preparation

Nickel hydroxide and nickel oxide coatings were deposited using the
techniques described in Chapters 3 and 5. The active electrochromic area used
in all devices was 50 x 50 mm‘ As described in the literature, counter
electrode materials such as MnO were prepared using anodic deposition (6.7).

Deposition of MnO was achieved by cycling ITO coated glass substrates

between the potentials of -500 mV to +800 mV at 20 mvs! in solutions

containing 0.1 M MnSO4 and 0.1 M NH4OH. The thickness of the coating was
dependent on the number of electrochemical cycles. It was difficult to prepare
homogenous electrodes of MnO using the technique reported in the literature
(6.11), because coatings fractured during cleaning (with distilled water after
deposition). More stable coatings were deposited from solutions containing a
detergent (polyoxyethylene sorbitan monolaurate). Even using the modified
technique, coatings of MnO were prone to failure after a few cycles (usually
a maximum of 20 cycles in 1 M KOH). R.f. sputtered coatings were prepared
using the optimised parameters discussed in Chapter 5. Anodically-deposited
coatings were produced from solutions that contained 0.024 M of NiSO, and
0.072 M of NH,0H with 40% by mass of polyoxyethylene sorbitan monolaurate.
The scanning rate used on the potentiostat was 20 mVs'l and the deposition

potentials were -500 mV and +1500 mV. The deposition time was 1 hour.

Devices containing colloidally produced material were not fabricated, because

colloidally deposited coatings exhibited low durability.
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6.2.2 Electrolyte preparation

There are two types of solid state electrolytes: inorganic and organic. The
focus of attention in the field of inorganic electrolytes is Ta205 (6.8). This
material can be made by a variety of deposition processes (6.8). The most
widely studied polymeric electrolyte is polyethylene oxide (6.9). Polymeric
electrolytes can be prepared by using several techniques. These involve
solvent casting or polymerisation of the monomer by the application of heat
or ultraviolet radiation. Solvent casting was chosen in this study because it

was the simplest technique.

Polymeric electrolytes were prepared from solutions containing various
polymers and ionic species. These included gelatin, polyvinyl alcohol, polyvinyl
acetate and amberlite resin (an ion exchange resin used in chromatography).
These polymers were host materials which have the ability to retain water and
ionic species such as tertiary amines and quaternary aromatic amines. Amines
were chosen because of the high pH that such bases exhibit in solution (up
to pH 12). An electrolyte with a high pH is suitable for NiO because NiOOH is
stable in alkaline media (6.5). Also from the literature OH may be involved in
the colouration mechanism (6.5). Acidic electrolytes are not suitable for Ni(OH)Z
and NiO, because both are soluble in these solutions. To achieve a high pH
with alkyl amines, molecules with longer chain lengths are required because
the +I effect increases with chain length (6.10). An increasing +I, has the
effect of pushing out the electron density of the lone pair on the nitrogen
atom of the amine group, making the amine more basic (6.10). However,
increasing the length of the alkyl chain also makes the amine more insoluble
(in H,0). Primary and secondary alkyl amines were not investigated because

of the long chain lengths that are required to achieve the same pH as tertiary
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and aromatic quaternary amines. This leads to the selection of tertiary alkyl
and aromatic amines. Unfortunately quaternary ammonium hydroxides were
thermally unstable (< 60 °C). Water soluble polymers such as polyvinylalcohol
(average molecular weight 14000) were selected because of the water content
of the polymer and the affinity of the polymer for water. Tertiary amine bases
were dissolved in solvated (H,0) polyvinylalcohol. The amine increased the pH
of the electrolyte. Ion exchange media, commonly used in chromatography was
used as an electrolyte. The form of this material (coloured amberlite spheres
of diameter 0.05 mm), was not suitable for optical transparency.
Chromatography resins such as amberlite are insoluble in most solvents, so it
was not possible to solvent-cast a coating of amberlite. However, further
research should be conducted on ion exchange media such as amberlite resins.
This is because such media are highly suitable for the transfer of ions in ECW

devices.

The solid state electrolytes used in this study were, polyvinylalcohol, gelatin,
and amines such as triethylamine and trimethylbenzylamine. Gelatin exhibited
the worst cyclic stability, this may have been due to NiOOH (coloured state)
oxidising the alcohol groups in the gelatin to carboxylate groups. The alcohol
group in polyvinylalcohol is in a secondary alcohol environment so oxidation
does not proceed to the carboxylate group. This means that the alcohol group
can only feasibly be oxidised to that of a carbonyl group. It is also possible
that a photochemical process occurs in gelatin electrolytes leading to the

degradation of devices.

Polyvinylalcohol coatings containing amines, were made by dissolving

polyvinylalcohol in distilled water. This was achieved by heating to 60°C whilst

magnetically stirring a mixture of 10g of polyvinylalcohol in 100 cm3 of
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distilled water. Once the polyvinylalcohol had dissolved it was allowed to cool
to room temperature before the amine (triethylamine 0.25 moles) was added and
then magnetically stirred. The electrolyte layer was formed by transferring
some of the polymer/amine mixture by pipette (previously warmed to prevent
solidification of the mixture in the pipette) to the surface of a nickel oxide or
nickel hydroxide coating. A spacer consisting of a 60 pum

polytetrafluoroethylene (PTFE) tape was used to separate the Ni0O based
coating from the counter electrode that was either MnO coated ITO or ITO.
Once the NiO based coating was covered (apart from the ITO connecting
terminal) with the polymer/amine mixture, the counter electrode was placed in
contact with the polymer/amine electrolyte. Once the electrolyte had set rigid
(usually 30 minutes) the device was electrochemically switched between the
transparent and coloured states using a stabilised Farnel power supply.
Colouration and bleaching times were two minutes. The colouration potential
was +1.50 V and the bleaching potential was -1.00 V with all devices (damage
occurs to the ITO above these potentials). The ultraviolet/visible/near-infra-
red properties were measured using a Beckman 5270 spectrophotometer. The
infra-red properties of these devices could not be measured due to the

reflecting properties of the transparent conductors.

6.2.3 Device construction

Four types of devices were constructed. These contained:
) ITO/anodically deposited Ni(OH),/PVA:(C,H;);N/ITO,
ii) ITO/R.f.sputtered NiO/PVA:(CyH;);N/ITO,

iii)  ITO/R.f.sputtered NiO/PVA:(C,H;),;N/MnO/ITO,

iv) ITO/R.f.sputtered NiO/ PVA:CGH5N+( CH,),0H/ ITO.
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6.2.3.1 ITO/Anodically  deposited
Ni(OH), /PVA:(CHg) N/ITO.

In this device a sputtered coating was placed in contact with polyvinylalcohol
'doped' with triethylamine. The counter electrode used was ITO coated glass.

The layer of electrolyte, determined from the PTFE spacer, was 60 pm thick.

6.2.3.2 ITO/R.f.sputtered NiO/PVA:

(CH) N/ITO.

In this device an anodically deposited Ni(OH)2 coating was placed in contact
with polyvinylalcohol 'doped’ with triethylamine. The counterelectrode used was
ITO. The layer of electrolyte, determined from the PTFE spacer, was 60 pm
thick.

6.2.3.3 ITO/R.f.sputtered/NiO/PVA:
(CH,) N/MnO/ITO.

In this device a sputtered nickel oxide coating was placed in contact with
polyvinylalcohol 'doped' with triethylamine. The counterelectrode used was
MnO, deposited on to ITO coated glass. The layer of electrolyte, determined

from the PTFE spacer, was 60 pm thick.

6.2.3.4 ITO/R.f.sputtered NiO/PVA:
C{HN' (CHy) OH/ITO

In this device a r.f. sputtered Ni0 coating was placed in contact with
polyvinylalcohol 'doped' with trimethylbenzylamine. The counterelectrode used
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was ITO. The layer of electrolyte, determined from the PTFE spacer, was 60

pm thick.
6.3 RESULTS

6.3.1 Solar and visible optical properties.

The solar and visible transmittance for each device was measured in the
bleached and coloured states for the first electrochemical cycle. The values
are shown in table 6.1. The coloured solar transmittance was measured after

the device had been coloured for two minutes at +1.5V and bleached using -

1.5V.
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Table 6.1 Optical

properties of solid state devices

Device

Structure

Composition of device

SC

Tsh

ve

Tib

ITO/Anodically deposited
Ni(OH)Z/PVA:(C2H5)3N/ITO
60 pm thick electrolyte

2000 A thick Ni(OH),

0.43

0.53

0.53

0.70

ii

ITO/R.f.sputtered
NiO/PVA:(C,H;);N/ITO
60 pm thick electrolyte
500 A thick NiO

0.48

0.68

0.51

0.78

iii

ITO/R.f. sputtered
NiO/PVA:(C;H;);N/MnO/ITO
60 pm thick electrolyte
300 A thick NiO

0.43

0.53

0.48

0.61

iv

ITO/R.f. sputtered
NiO/PVA:CgH.N'(CH,),0H/ITO
60 um thick electrolyte

200 A thick NiO

0.48

0.60

0.50

0.63
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Table 6.2 Chromaticity coordinates for solid state devices

Device X, Y, Z, X Y, Z,
i 0.336 0.346 0.318 0.320 0.334 0.346
ii 0.323 0.337 0.340 0.309 0.323 0.368
iii 0.331 0.340 0.329 0.331 0.340 0.329
iv 0.325 0.335 0.340 0.310 0.322 0.368
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6.3.2 Summary of results

All of the solid state devices made in this study exhibited reversible
electrochromism. However, the dynamic range of some of the devices was
greater than others. The highest bleached solar transmittance obtained was
0.68. This device used ITO as a counter electrode. However, the kinetics of
this system were slow. The device that used MnO as a counter electrode
exhibited faster kinetics. Although colouration and bleaching (for a 50 x 50
mm* device) was faster in devices that contained MnO, the overall dynamic
range reduced due to MnO exhibiting a yellow colouration (since MnO is an
anodic material) upon bleaching of the NiO. Cell (ii) (table 6.1) exhibited the
best dynamic range for solar and visible transmittance Degradation occurred
in most of the devices after 100 cycles. However, cell (iv) (table 6.1) showed
superior durability. Although this device was cycled considerably more times
than other devices (200 times), nonreversible browning of the ITO counter
electrode occurred indicating that this type of cell structure is not suitable
for advanced glazing applications. The cell shown in (iv) (table 6.1) contained
an electrode of r.f. sputtered NiO that was only 200 A thick. To obtain a
superior optical density a thicker coating would be necessary. Devices that

contained Ni0 and Ni(OH), coatings exhibited similar durabilities. However, the

device with the largest dynamic range contained r.f. sputtered NiO.
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Figure 6.1 (i)ITO/Ancdically deposited Ni(OH)z /PVA:(CZH5)3N/IT0.(a) bleached state; and (b} coloured state.
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Figure 6.2 (ii) ITO/R.f.sputtered NiQ/PVA: (Colfc)N/IT0: (a) bleached state; and, (b) coloured state.
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Figure 6.3 (iii} ITO/R.{. sputtered/NiO/PVA:(CZH5)3N/Mn0/IT0: {a) bleached state; and, (b) coloured state.
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Figure 6.4 (iv)ITO/R.f.Sputtered NiO/PVA:CsH5N+(CH3)30H/IT0 (a) bleached state; and, (b) coloured state.
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CHAPTER 7
DISCUSSION AND CONCLUSIONS

7.1 DISCUSSION

7.1.1 Anodically deposited nickel oxide based coatings

Coatings produced using the deposition solution (0.1 M NiSO4 and 0.1 NH40H)
reported in the literature exhibited residual colouration, poor uniformity, low
cyclic durability (optical and mechanical) and small dynamic range (7.1).
Unfortunately there was no ideal concentration range of NiSO4 and NH,OH from
which nickel hydroxide with good electrochromic and mechanical properties
could be deposited. The major problem identified in this study was voluminous
precipitation of a-Ni(OH), during deposition. In this study precipitation was
reduced by the addition of a non-ionic surfactant to the deposition solution.
and subsequently, nickel hydroxide electrodes with good electrochromic and

mechanical properties were produced (7.2, 7.3).

The addition of the detergent prevented agglomerate formation (7.2-7.4). The
stabilisation (i.e. the reduction in the rate of agglomeration) of colloidal
lyophobic suspensions by the addition of nonionic surfactants can be explained
by two theories - the 'mixing mechanism' (7.5, 7.6) and the 'denting

mechanism' (7.6-7.9).
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7.1.1.1 Mixing mechanism for the stabilisation of

colloidal systems

In this theory, the repulsive and attractive forces between two colloidal
particles with adsorbed layers of detergent molecules are considered as
particles are brought together (7.5). When the interparticle distance (the
distance between the surfaces of these particles) is less than twice the
thickness of the adsorption layer, mixing of the adsorption layers occurs.
Repulsion occurs between the two particles if there is a net increase in free
energy due to the mixing of the adsorbed layers. However, colloidal particles
are attracted to one another by Van de Waal forces. If the repulsive force is
greater than the attractive force then the particles are repelled from each
another. Colloid stabilisation is the result of many particles repelling each
other. This theory is applicable when the concentration of detergent in the

adsorbed layer is low.

7.1.1.2 Denting mechanism for the stabilisation

of colloidal systems

A fundamental requirement of this theory is that there should be a high
concentration of detergent in the adsorbed layers. Consequently when colloidal
particles approach each other they undergo elastic collisions rather than the
mixing of adsorption layers. The stabilisation of colloidal systems in this case

is due to many such particles undergoing elastic collisions (7.7-7.9).
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7.1.1.3 Solvent exclusion during close approach

of colloidal particles

An effect that is not taken into account in the denting and mixing mechanisms
is the squeezing out of solvent molecules (i.e. molecules other than detergent,
for example, water) when particles with adsorbed layers of detergent molecules
approach each other (7.5). There is an enthalpy change involved in this

process that needs to be considered in both mechanisms.

7.1.1.4 Application of the denting and mixing
mechanisms to the stabilisation of Ni(OH) 7
colloids with polyoxyethylene sorbitan

monolaurate

High concentrations of detergent (>10%) were required to stabilise nickel
hydroxide colloids. At higher concentrations of detergent, the concentration
of detergent molecules adsorbed on to colloid particles increases. Thus the

theory which most adequately explains the stabilisation of Ni(OH), with

polyoxyethylene sorbitan monolaurate is the denting mechanism.

7.1.2 Colloidal precipitation of nickel oxide based coatings

Colloidal deposition of nickel oxide based coatings is reported in the literature
(7.3, 7.21, 7.22, 7.43, 7.46). One method involves the dipping of a suitable
substrate into a solution containing a nickel salt (for example, nickel sulphate)
followed by dipping into potassium hydroxide (7.22). Nickel hydroxide is
precipitated when the adsorbed Ni* comes into contact with an alkaline

environment. In order to make thicker layers, the process is repeated until
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the desired coating thickness is achieved. Another technique involves dipping
a substrate into one solution containing nickel sulphate and potassium
hydroxide (7.21). This technique was also used in this study. However, it was
found that the rate of film growth and the electrochromic properties of
coatings deposited using these technique were poor. The one-step method
developed in this study for depositing nickel oxide based coatings not
involving firing and/or post deposition cycling, produces films with good

electrochromic properties (7.2, 7.3).
7.1.2.1 Colloidal precipitation and electrophoresis

Nickel oxide based coatings were deposited without the application of an
electric field from solutions containing nickel sulphate and ammonium
hydroxide. This implies that deposition by colloidal precipitation occurred
during electrodeposition. Deposition of colloidal particles during

electrodeposition is known as electrophoresis (7.24). Field-assisted deposition
of particles was verified by anodising a substrate. The potential applied was
+750mV in a solution containing 0.100 M of NiSO, and 0.100 M of NH,OH. After
5 minutes a film 1000 A was produced with a Tge of 0.30 and a Ty of 0.75.
When a substrate was cathodised in a solution containing the same
concentrations of ions and identical ageing time, no deposition occurred. This
was a significant experiment because it not onls; proved that the colloidal
particles were negatively charged, it also confirmed that electrophoresis
occurred from the deposition solution reported in the literature (7.1)

containing 0.100 M N1804 and 0.100 M NH,0OH (such deposition also occurs from

solutions that contain detergent).

Film growth is dependent on the precipitation of nickel oxide based material.
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The addition of detergents to solutions containing NiSO4 and NH,0OH merely
slowed down the rate of precipitation. Completely stable solutions are of no
practical value for colloidal precipitation. Nevertheless the addition of small
quantities (approx. 3%) of nonionic detergents to solutions containing nickel
sulphate and ammonium hydroxide facilitated the deposition of uniform films

with good electrochromic properties (7.3).

Film growth rate was dependent on the concentration of reactants. Coating
deposition rate was the greatest when the rate of precipitation reached a
maximum. Although thicker films were deposited when the rate of precipitation
increased, the as-deposited films were non-uniform with poor mechanical
properties, However, it was possible to achieve a visible transmittance value

of 0.03 Ty in the coloured state (0.22 tsc). By adjusting the rate of

precipitation, coating uniformity was improved. This was achieved by

controlling the concentration of reactants and by the introduction of the

detergent, polyethylene sorbitan monolaurate.

7.1.3 Nickel oxide based coatings r.f. sputtered at low

power (100 W) and high pressures (6 x10°°T)

Coatings sputter deposited at high pressures (6 x 10'2 T) and low powers (100
W) were analyzed. Coatings deposited under these conditions were examined.
The electrochromic properties of these coatings were very different to nickel
oxide based electrodes produced using chemical and electrochemical methods.
(7.2). The sputter deposited coatings exhibited good durabilities, large dynamic
ranges and good cyclic stabilities in the oxidised state (7.10). The durability
of films deposited by sputtering was far superior to that of anodically or

colloidally deposited coatings when cycled in 1 M KOH (7.36).



7.1.4 Ultraviolet/visible/near-infra-red spectrophotometry

of nickel oxide based coatings

7.1.4.1 Ultraviolet/visible/near-infra-red
spectrophotometry of anodically
deposited nickel oxide based coatings

The optical and electrochromic properties of anodically deposited films were
dependent upon the stability of the deposition solution. Coatings produced
from unstable solutions (0.100 M NiSO4, 0.100 M NH,0H) exhibited low solar
transmittance in the coloured (0.22 tsc) and bleached (< 0.60 T,) states. After
optimising the solution concentrations coatings exhibited coloured and bleached
solar transmittance of 0.30 and 0.70 respectively. Unfortunately, these films
did not show homogeneous optical properties upon colouration: residual

colouration occurred in certain areas of the coatings upon bleaching.

Coatings deposited from stable solutions exhibited excellent bleaching
characteristics. The solar transmittance of the bleached state was higher than
0.80. The average value for the coloured solar transmittance for the deposition
time of 60 minutes was 0.25. The best values for the solar transmittance of the
coloured and bleached states were 0.22 and 0.82, respectively. Anti-reflection
properties were also noticed for films deposited from stable solutions. Coatings
produced from stable and unstable solutions exhibited a brown bronze upon
colouration similar to those r.f. sputtered at low pressures and high powers
(7.10). For thin films <400 A a grey colouration was observed similar to that
of films that had been r.f. sputtered at high pressures and low powers (7.10).
This phenomena was also exhibited by coatings produced using colloidal

deposition.
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7.1.4.2 Ultraviolet/visible/near-infra-red
spectrophotometry of nickel oxide based
coatings produced by colloidal deposition

The ultraviolet/visible/near-infra-red spectra of colloidally deposited coatings
and electroplated coatings were very similar in the bleached and coloured
states for films of comparable thickness (1000 A). It is also evident that in the
bleached state anodically and colloidally deposited coatings absorb less infra-
red radiation than r.f. sputtered coatings. Colloidally deposited coatings
thicker than 400 A in the coloured state were brown in colour. Coatings

thinner than this exhibited grey colouration.

7.1.4.3 Ultraviolet/visible/near-infra-red
spectrophotometry of nickel oxide based
coatings produced by r.f. sputtering

The spectral response of material deposited by r.f. diode sputter deposition
was very different to that of coatings produced by either colloidal or anodic
deposition, the major differences being that in the oxidised state the observed
colour was grey and near-infra-red modulation was possible (7.10). For
colloidally and anodically deposited nickel hydroxide the majority of the optical
modulation occurs in the visible part of the electromagnetic spectrum. Sputter
deposited coatings colour in a neutral manner but have the disadvantage of
absorbing radiation uniformly from 300 to 2500 nm. This means that the
coating becomes hotter (thermally) in the coloured state than anodically or
colloidally deposited nickel hydroxide electrodes when exposed to the solar

spectrum.
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chromaticity (7.29). Interestingly, this also coincided with an increase in the
free OH peak height, optical dynamic range and the area enclosed within
cyclograms. This confirms that the grey colouration is not stable to cycling
in an aqueous alkaline environment (7.10). However, the transformation from

NiO to Ni(OH), has been reported previously for both r.f. sputtered (7.29) and

evaporated (7.31) coatings.

7.1.5 Fourier transform infra-red spectrophotometry of

nickel oxide based coatings

Not all of the infra-red absorbance peaks reported in the literature for nickel
hydroxide were identified in this study. Specifically;

(i) Symmetric yy at 3580 cm’!

(i) Deformation &y at 553 cm’!

(i) yNiO at 450 cm’

(iv) OH libration at 350 cm™!

The symmetric vy at 3580 cm’! was probably not detected in the nickel
hydroxide stretches in this study due to the resolution of the FTIR
instrument. Another reason may be that it was masked by the broad stretch
centred at around due to intercalated water or a-Ni(OH),. The deformation &y
at 553 cm’! may have been missed due to this process occurring parallel to the
surface of the TCO, in which case the absorbance due the deformation &y
would have been low. yNiO at 450 cm'l for nickel hydroxide was probably not
detected due to the higher noise levels incurred in the measurements at
these wave numbers (see figures 3.16 - 3.18). Finally the OH libration at 350
cm'1 could not have been detected because it was beyond the range of the

FTIR used in this study.



7.1.5.1 Fourier transform spectrophotometry of
anodically deposited nickel oxide based

coatings

Results from Fourier transform infra-red spectroscopy show that in the O-H

1

stretch region of the spectra a sharp hydroxy band occurs at 3647 cm® and

a broad band occurs at around 3360 cm'l (7.11, 7.12). Films deposited using
different deposition times, show an increasing peak height at 3647 cm'1 with
respect to increasing film thickness. When coatings were oxidised the hydroxy
stretch 3647 cm'l diminished until it disappeared at > + 440 mV. The
standard spectra for B-nickel hydroxide has a sharp band at 3630 cm'l (7.11).
This type of band is usually observed in materials that have free OH (7.11,
7.12). The other phase a-nickel hydroxide has a broad band at 3400 cm’!
indicating the presence of hydrogen bonded water in the film structure (7.11,
7.12). The sharp band at 3647 cm'1 is similar to that reported elsewhere (7.11-
7.13). The deposition of a thicker film (3300 A) led to the identification of a
band in the coloured state at 564 cm -1 and a very broad band in the O-H
region (see figure 3.22). The infra-red peak around 580 cm'I is characteristic
of both y and B-oxyhydroxide (7.11). It is significant that the LO phonon (at

around 560 cm'l) that is normally observed for nickel oxide coatings was not

observed in the bleached state.

7.1.5.2 Fourier transform spectrophotometry of

colloidally deposited nickel oxide based

coatings

Fourier transform infra-red spectrophotometry analysis of the precipitate and
coatings produced from solutions containing 0.100 M nickel sulphate and 0.100

M ammonium hydroxide revealed that the precipitate and coatings were in fact
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composed of a-nickel hydroxide (7.2). The phase of nickel hydroxide was
dependent on deposition conditions and post treatment (7.18). The spectra for
the precipitate and a film produced from the same solution were identical. The
characteristic stretch at 3400 cm'1 corresponding to a-nickel hydroxide was
observed in both cases (7.15). As was observed for coloured electroplated

1 in the coloured

films, colloidally precipitated films exhibited a peak at 564 cm’
state. Therefore, this study indicates that electroplated and colloidally
deposited coatings were very similar and that 8- and a-nickel hydroxide were
present in the bleached states of anodically and colloidally produced coatings
respectively, and y or B-nickel oxyhydroxide was present in the coloured

state. In contrast the characteristic stretch at 3647 cm'l of B-nickel hydroxide

was detected in the bleached state for r.f. sputtered films.

7.1.5.3 Fourier transform spectrophotometry of

r.f. sputtered nickel oxide based

coatings

The non-hydrogen bonded O-H stretch at 3647 cm’! (7.2, 7.11, 7.15) was -
detected in all of the r.f. sputtered films thicker than 300 A, in the bleached
state that had been cycled for 1 hour in 1 M KOH. This implies that B-Ni(OH)2
was present in the r.f. sputtered films after cycling in 1M KOH. The O-H
stretch was not detected in the as-deposited film but was detected after the
films were cycled. This stretch became sharper after 12 hours cycling between
-1.500 V and +1.000 V (figure 5.3). It was also observed that this chemical
process occurred at lower potentials (-500 mV to +500 mV). The height of the
peak at 3647 cm’! became larger as the number of cycles increased (figure
5.3). Another feature of this peak is that it became narrower with cycling.

From these facts it can be deduced that the as-deposited material was
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gradually converted to B-Ni(OH)z. Conversion probably occurred by NiO being
converted to NiOOH (see equation 7.1). The NiOOH may then be further
converted to Ni(OH)z by gaining a proton from water (see equation 7.2). Water
will also be present in coatings due to the material being in contact with an
aqueous environment (In this research coatings were in contact with a 1M KOH

solution).

NiO + OH « NiOOH + €’ 7.1
NiOOH + H,0 + € « Ni(OH), + OH 7.2
20H - HZO + 1/202 + 2e 7.3

Hydroxide ions that penetrate through the coating and discharge at the ITO
surface may react to form water and oxygen. (see equation 7.3). This
electrochemical process may be the mechanism for the inclusion of HZO in r.f.
sputtered coatings. This process will also occur when the coatings are oxidised
in organic electrolytes (because it is extremely difficult to remove the last
traces of water from such systems). However, it is likely that the change in
colour from grey to brown that occurs upon electrochemically cycling r.f,
sputtered Ni0O in aqueous electrolytes such as KOH (or the dissolution of

coatings in KCl(aq)) can be delayed by using an organic electrolyte (with a low

water content).

The stretch at 564 cm’! corresponding to the nickel oxygen stretch (7.14) or
LO phonon of hydrogen bonded linkages (7.35) of a or B-NiOOH was not

detected in the coloured state. However, from the anodic studies it was noticed

263



that this stretch was only detected in the thicker films (3300 A). The
deposition of coatings (at low powers and high pressures) of this thickness
was not feasible using the R.F. Polaron coater (20 hour deposition time)

available at Oxford Brookes University (as of 1992).

7.1.6 Raman spectroscopy of nickel oxide based coatings

7.1.6.1 Raman spectroscopy  of  anodically
deposited nickel based coatings

Raman spectroscopy did not reveal the presence of either a or B-nickel
hydroxide in the bleached state. y-nickel oxyhydroxide was found in the
coloured state for coatings deposited from stable solutions. This was
unexpected, since some researchers have reported that this phase is
electrochemically irreversible (7.15). However, other researchers have
confirmed the reversibility of this phase (7.11). Unfortunately, some
researchers claim that it is not possible to discriminate between the two
phases of the oxyhydroxide using Raman spectroscopy (7.16). The lack of
evidence of either a or B nickel hydroxide in the bleached state may be due

to nickel hydroxide being a poor Raman diffuser (low Raman activity).

7.1.6.2 Raman spectrophotometry of colloidally

deposited nickel oxide based coatings

Coatings of nickel hydroxide produced by colloidal precipitation did not exhibit
any Raman bands. Coatings of various thicknesses up to 3600 A were examined.
However, a- or B-nickel hydroxide was detected in a crystallite on the surface

of a colloidally precipitated coating. After colouration the spectra of the
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crystallites on the surface had no peaks. Furthermore, the Raman spectra was
the same as the coating. Because colloidally deposited coatings are produced
by material precipitating from solution, it is likely that the substance present
in the bleached state was a and/or B-nickel hydroxide. Using FTIR, an
unambiguous O-H stretch corresponding to a-nickel hydroxide was detected.
The absence of Raman bands for thicker nickel hydroxide coatings (3600 A)
may indicate that this technique was unsuitable for analyzing a material such
as a-nickel hydroxide that is a weak Raman diffuser (7.16). Furthermore this
result may reveal why some researchers have failed to detect nickel hydroxide
in nickel oxide host matrices wusing Raman Spectroscopy (7.25).
Notwithstanding, other researchers (7.26) have identified B-Ni(OH)2 in
anodically prepared Ni0 using S.E.R.S. (Surface Enhanced Raman

Spectroscopy).

7.1.6.3 Raman spectroscopy of r.f. sputtered

nickel oxide based coatings

Raman bands were not detected for r.f. sputtered nickel oxide based coatings
in the as-deposited, bleached and coloured states. However, the coatings
analysed were only 500 A thick. Therefore, this experiment should be repeated

using thicker coatings.

7.1.7 Cyclic voltammetry of nickel oxide based coatings
7.1.7.1 Reversibility of nickel oxide based
electrodes

The diagnostic tests for determining the reversibility of electrochemical

systems were discussed in chapter 2,2.17. During the course of this study the
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transfer coefficients a, and a, and, n, the number of electrons transferred

¢
during electrochemical processes were not evaluated. In order to accurately

determine the number of electrons transferred during a particular reaction it
is preferable that a coulomb meter be used to measure the charge. Therefore
some of the diagnostic tests in referred to in 2.17 cannot be used to
determine the reversibility of nickel oxide based electrodes. However, some of
the diagnostic tests can be performed to ascertain the reversibility of the

nickel oxide electrodes produced in this study, these are;

(i) Ep versus yp

(ii) Presence of reverse peaks

(i) |I,| versus y!/

(iv) ratio of |1“p/1C
12

pl

(v) Icp versus y

(vi) Shift of E°p

Clearly, the nickel oxide based electrodes examined in this study were not
completely reversible because Ep is dependent on y. However reverse peaks
were observed during electrochemical cycling (see figure 3.20). In an
irreversible system no reverse peak is observed. However sometimes a fast
following chemical reaction can sometimes lead to the absence of a reverse
peak, and therefore does not necessarily imply that the process is
irreversible. For the coatings produced in this study the ratio of ,IAP/ICpl #
1, but this does not mean that the system irreversible. |Ip| does increase
with 01/ 2 but is not proportional to ul/ t which would indicate that the nickel
oxide based electrodes examined in this study are quasi-reversible. Ecp also
shifts negatively with increasing y, this would also imply quasi-reversibility.
However, a plot of Icp is proportional to Ul/ 2. This would imply that the process

is irreversible.
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However, the data collated in this study was only gathered over two decades
of scanning rates. Therefore to have accurately determined whether the nickel
oxide based electrodes were electrochemically irreversible, or quasi-reversible,

further data should have been collected at other scanning rates (ie 0.1 mV s'l,

100 mvs ™! and 1000 mVs'l). The plots of Ip versus y and Icp versus y may have
exhibited some divergence at lower and higher scanning rates from those
observed during this experimental. However, based on the negative shift of Ecp
w.r.t. y, the presence of reverse peaks and that colouration and bleaching are

exhibited at slower scanning rates, the coatings may be quasi-reversible.

7.1.7.2 Cyclic voltammetry of anodically
deposited nickel oxide based coatings

Nickel oxide based electrodes deposited from stable solutions were analyzed
using cyclic voltammetry (films deposited from unstable solutions were not
mechanically stable to cycling for more than a few cycles). Voltages were
measured relative to a saturated calomel electrode (5 M KCl). The curves in
figure 3.23 show the oxygen evolution peak and the colouration (anodic) and
bleaching (cathodic) peaks (7.12 - 7.14). The maxima of the anodic peak
occurred at +420 mV (relative to SCE 1-2 mVs'l). This is the same potential at
which the hydroxy stretch started to disappear in the spectral data shown in
figure 3.20. It was also noticed that as the scanning rate was increased the
anodic peak became smaller until, at 10 mvs'!' the colouration anodic peak was
no longer present (figure 3.20). At this scan rate, mass transfer of ions to
and from the nickel hydroxide electrode was dominant over electron transfer.

Coatings did not exhibit colouration and bleaching at scanning rates faster

than 10 mvs™.



7.1.7.3 Cyclic voltammetry of nickel oxide based

coatings produced by colloidal deposition

Cyclic voltammetry of colloidally deposited nickel hydroxide was essentially the
same as that recorded for anodically deposited nickel hydroxide. The Faradaic
anodic peak occurred at +420 mV (relative to SCE at 1-2 mVs'l). Coatings did
not exhibit colouration and bleaching at cycling rates faster than 10 mV s'l.

This is further evidence for the similarity between anodically and colloidally

deposited coatings.

7.1.7.4 Cyclic voltammetry of r.f. sputtered NiO

based coatings

Cyclic voltammetry of r.f. sputtered coatings revealed an overloop In the
cathodic quadrant when coatings were cycled between -1.5V to +1V. This is
indicative of deposition, phase change or possibly intercalation of K+ (with
hydration sphere). Therefore, coatings were cycled between -500 mv to +500
mv. Using this potential range an overloop was not observed. For coatings
cycled between both potential ranges, an increase in the area enclosed within
the cyclogram was observed. Some researchers claim that this is due to an
increase in the porosity of NiO (7.27). However, the change in the cyclogram
coincided with an increase in the height of the free OH peak. Furthermore, as
the coating was cycled the optical dynamic range increased. This is reported
in the literature for similar coatings (7.10, 7.29). One possible interpretation
of this is that NiO is partially converted to the hydroxide when cycled in an
alkaline media (7.29, 7.31). An alternative explanation supported by other
researchers, is that metal cations are inserted during cycling (7.30). The

increase in the dynamic range (and hence charge stored) is related to a
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greater concentration of metal cations being inserted (7.30). At low cycling
rates (1-2 mVs'l) the anodic peak corresponding to colouration occurred at

+420 mV. Finally coatings did not exhibit colouration and bleaching at cycling

rates faster than 10 mvs'.

7.1.8 Mechanical properties of nickel oxide based coatings

produced by anodic, colloidal and r.f. diode sputter

deposition

The mechanical properties of materials anodically deposited from stabilised
solutions were superior to those that were deposited from unstable solutions.
Nickel hydroxide deposited from unstable solutions generally disintegrated
after a few cycles whereas those that were deposited from stable solutions
exhibited various degrees of mechanical stability. Some coatings that were
deposited from stable solutions were stable for at least 100 cycles (-500 mV
to +750 mV at 20 mVs 'l) with no visible damage. Failure may have been due
to microscopic flaws in the coating or substrate material or may have been
due to change in lattice parameter that occurs during the oxidation of nickel
hydroxide to nickel oxyhydroxide. The latter may be responsible for the
delamination of NiO from the TCO coated glass. In order to improve or at least
characterise the mechanical stability of nickel oxide and nickel hydroxide
coatings, this mode of film failure should be subject to further research,
although this type of failure is inevitable in ceramic materials such as nickel

oxide that have low fracture strengths (7.37).

Coatings deposited by colloidal deposition exhibited very poor durability akin
to that observed for coatings anodically deposited from unstable solutions,
whereas those deposited by r.f. diode sputter deposition exhibited excellent
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mechanical durability when cycled in 1M KOH(aq) (> 1000 cycles). The superior
mechanical properties of r.f. sputtered NiO may be due to the fact that it is
only partially hydrated, and the adhesion of sputter coated films to substrate
material such as ITO is usually superior to that of coatings deposited by

anodic or colloidal deposition.

7.1.9 XRD of anodic, colloidally and r.f. diode sputter

deposited nickel oxide based cvatings

The presence of nickel hydroxide, nickel oxyhydroxide or nickel oxide was not
detecled in coatings produced by anodic, colloidal and r.f. diode sputter
deposition. This indicates Lhal all of the coalings produced in this study had
a very low degree of crystallinity, i.e. they were amorphous. To improve Lhe
degree of cryslallinity coatings were also heated (200 - 300 °C). Unfortunately,
this had no affecl on the cryslallinity of the sample. However, in future
studies small angle XRD could be used. This method is suitable for analyzing
materials with low degrees of crystallinity. An alternative approach may be to
improve the crystallinily by hydrothermal treatment (7.18), altering the nature
of the deposition solution or TEM studies for r.f. diode sputllered NIO (7.10).

7.1.10 Colouration efficiency of nickel oxide based coatings

7.1.10.1 Colouration efficiency of anodically
deposited nickel oxide based coatings

The colouration efficfency (C.E.) of coatings produced from unstable solutions
was 14 cm2 C'l. This low value can be attributed to the residual colouration

that these coatings exhibited (some coatings would not bleach). For coatings
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deposited from optimised unstable solutions the value of C.E increased to

25 cm2 C'l. The colouration efficiency of anodically deposited nickel oxide based
coatings from stable solutions was 29 cm® ¢l The average of the literature
values for the colouration efficiency (solar) of nickel oxide based coatings is

30 cm? ¢! (7.18 - 7.20).

7.1.10.2 Colouration efficiency of colloidally

deposited nickel oxide based coatings

Coatings deposited from unstable solutions exhibited a colouration efficiency
of 29 cm2 C'l. This is similar to that exhibited by coatings deposited by anodic
electrodeposition and reported elsewhere for nickel oxide based coatings

deposited using a variety of techniques (7.18 - 7-20).

7.1.10.3 Colouration efficiency of r.f. sputtered

NIi0O based coatings

The C.E. of r.f. sputtered Ni0O was 31 cm2 C'l after cycling for 1 hour in
KOH(aq). This was not significantly different to coatings produced by anodic
and colloidal precipitation. Whilst colouration efficiency was not measured as
a function of cycling time, other researchers report that the dynamic range
of these types of coatings increases with respect to the number of cycles in

KOH(aq) (7.10, 7.30).
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Tebie 7.1 Optimum optical and colouration efficiency properties of nickel oxide based coatings

Deposition Technique e | tsb| tvel| b R « R sb va va Coloured Chromaticity Bleached Chromaticity LI Composition

¥ethod

a’ ¢
BL Col

State State

Anodic Unstabie Solution | 0.17 | 0.50 | 0.07 | 0.44 } 0.15 0.10 | 0.16 | 0.06 | 0.417 | 0.365 | 0.219 | 0.3%8 | 0.335 | 0.325 14 B Ni(OH) NiOOH
Bor¥
Electro-
Unstable Solution | 0.26 | 0.70 | 0.09 | 0.86 | 0.17 0.07 | 0.16 0.06 | 0.409 | 0.361 0.230 | 0.312 0. 326 0. 362 5 | PNi(OH) > NiOOH
deposition parzr
Optimised
Stable Solution 0.22 | 0.82 | 0.03 ) 0.9t | 0.04 § 0.05 | 0.02 | 0.03 - — — 0.312 { 0.322 0. 367 29 B Ni(oH) 2 NiOOH
g
Colloidal Unstable 0.48 1 0.82{ 0.28 0. 82 0.15 0.07 0.18 0.06 0. 345 0.329 0. 326 0.314 0. 320 0. 356 23 SXNI(OH) > NiOOH
. . Bor¥
Deposition Solution
RF Diode 1 hr cycling 1¥ 0.30 | 0.70 | — - 0.24 0.16 - — 0.320 | 0.330 | 0.330 [ 0.300 0.310 0.390 3 Nic&Ni(OH)z ?
1
Sputtering KOH e
Ley: C.B. = Colonration efficiency

BL = Bleached
Col = Coloured
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7.1.10.4 Effect of surface roughness on

colouration efficiency

In this study the surface roughness of coatings was not measured. The
surface roughness of coatings may have had an effect on the colouration
efficiency (especially since the coatings were deposited using different
techniques). The current density due an electrocatalytic process is affected
by the real surface area, i.e. the surface roughness (7.64). This is in contrast
to electrochemical processes that are dependent on mass transport controlled
reactions where the current is independent of surface roughness, provided
the surface roughness is smaller than the diffusion layer thickness (= 1 x 107

cm). The surface roughness of coatings could have been measured using

optical interferometry or by stylus profiling.

7.1.11 Solid state devices

All of the solid state devices produced in this study exhibited reversible
electrochromism. The major differences in these devices were in chromaticity,
the range of optical modulation and kinetics. The only ECW that exhibited a
neutral colouration in the coloured state, utilised MnO as a counter electrode.
This device also exhibited the fastest kinetics. Typically, colouration and

2

bleaching occurred in less than 10 seconds (for a 50 x 50 mm’ area). However,

the dynamic range of this device was small - only 10% in the solar spectrum
and 12% in the visible spectrum (see Table 6.1, device structure (iii) -
ITO\R.f.sputtered NIO\PVA:(C,H:)N\ITO). This was probably because the r.f.
sputtered NiO coating was only 300 A thick. The device with the largest
dynamic range is the system represented in (ii) in Table 6.1 (ITO\R.f.
sputtered NiO\PVA:(C,H;);N\ITO). However, the kinetics of this system were
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slower than that of device (iii). Full colouration and bleaching for this device
took 5 minutes. The potentials applied for colouration and bleaching were,
+1.00 V and -1.00 V respectively. For all ECW's constructed in this study the
kinetics were faster on the first few cycles. With successive cycles the time
required for full bleaching and colouration increased for all devices. As
previously mentioned the systems characterised in this study were analyzed

in the first electrochemical cycle.

Infra-red characterisation of the electrochromic device was not possible (using

conventional techniques) due to the presence of the transparent conductors.

7.2  CONCLUSIONS

7.2.1 Chemical identity of the as-deposited coloured and

bleached states of anodically and colloidally deposited

coatings

The chemical identity of the electroactive centre in as-deposited nickel oxide
based coatings is controversial. Furthermore, the compounds present in the
as-deposited, bleached and coloured states and the ion(s) responsible for

colouration remain the subject of debate (7.25-7.32, 7.47-7.49).

The most important finding of this thesis was that coatings deposited by
anodic deposition were predominantly B-nickel hydroxide, whereas those
produced by colloidal deposition contained mainly a-Ni(OH),. Upon colouration,
bands corresponding to B- or y-nickel oxyhydroxide were detected using FTIR
spectrophotometry for both anodic and colloidally deposited films. Using Raman

spectroscopy for coatings anodically deposited from stable solutions the phase
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y-NiOOH was identified. This was evidence for nickel hydroxide being oxidised
to nickel oxyhydroxide. Further evidence that the bleached and coloured
states of anodically and oolloidally deposited coatings were Ni(OH)Z and NiOOH
respectively, is the occurrence of the Faradaic anodic peak at +420 mV, This
is the same as the literature value for the oxidation of Ni(OH), to NiOOH (7.38,

7.41). The ion responsible for colouration was not identified in this study.
However, from the data collected, it can be concluded that the mechanisms of
colouration for anodically and colloidally deposited coatings are best described

by equations 7.4 and 7.5.
Ni(OH)2 + OH « NIiOOH + H,0 + e 7.4

Ni(OH); NiOOH + H' + ¢ 7.5

Nickel oxyhydroxide was not detected for r.f. diode sputtered coatings in the
coloured state, therefore only the left hand side of equations 7.4 and 7.5

can be applied for these coatings.

7.2.2 Chemical identity of r.f. diode sputtered coatings in

the as-deposited, bleached and coloured states

NiO based r.f. diode sputtered NiO exhibited a change in colour of the oxidised
state from grey to brown after cycling in alkaline aqueous media (1M KOH). As
the colour of the coatings changed, the area enclosed within the cyclogram
also increased. Whereas, in the bleached state, the OH peak height at 3647 cm’!
increased (7.31) as the number of cycles increased. As the coating was cycled

the dynamic range became larger as reported elsewhere (7.29).
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One interpretation of the observations made is that electroactive Ni(OH)Z is
generated within NiO during cycling (7.29, 7.31). Another is that the
production of nickel hydroxide is just a side reaction, the observed
electrochromism being due to metal cation intercalation or deintercalation
(7.30). The cause of the improved electrochromic properties would be higher
concentrations of metal cations stored in the electrode (7.30).

NiO has a cubic structure in which a nickel cation is surrounded octahedrally
by 6 oxygen anions (MeOs). During electrochemical cycling it is conceivable
that OH', H,0, M' (where, M = H, Li, Na, K, etc.) penetrate the coatings and
interact with these octahedral units. Furthermore, it is also possible that some
nickel is dissolved into the electrolyte. Hydrogen bonding between water and
oxygen atoms of these octahedral species will occur when water is intercalated
into the coatings. The formation of hydroxides is also possible due to the
interaction of OH with central metal cations. Whether fons penetrate from the
electrolyte into the film or nickel diffuses into the electrolyte, the coating
becomes more porous exposing a greater internal surface area of possible
electrochromic sites and/or NiO to the electrolyte. Furthermore, the interfacial
capacitance increases as a result of the increased porosity at the

electrode/electrolyte interface.

7.2.3 Choice of deposition method for the fabrication of

ECW_ devices

A question raised by this thesis is, which deposition method produces NiO or
Ni(OH)2 suitable for electrochromic glazing applications? Clearly all of the

coating methods in this study have their advantages and disadvantages.
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Colloidal deposition is a relatively inexpensive method of producing large area
uniform coatings that exhibit a satisfactory electrochromic response (tg 40 Tgp

.76). However they are not mechanically stable to electrochemical cycling.

Nickel hydroxide electrodes with superior mechanical durability and larger
dynamic ranges can be deposited by anodic electrodeposition. The coatings
with the best electrochromic and mechanical properties exhibited dynamic
ranges of t., .22 and Toy .82. This is more than adequate for an electrochromic
device. The near-infra-red modulation of these coatings is interesting. As
previously stated (section 2.8.1), electrochromic coatings heat up when exposed
to solar radiation. Whilst approximately 55% of the solar spectrum is in the
near infra-red, these coatings do not absorb strongly in this region of the
electromagnetic spectrum. Most absorption occurs in the visible part of the
spectrum. However, if ECW systems are used in conjunction with other
advanced glazings such as heat mirrors, low absorption in the near infra-red
may be disadvantageous. It may in fact be desirable to absorb as much of the
near infra-red as possible (since a cold heat mirror may be used to reflect
the infra-red radiation). This radiation would be re-radiated at thermal

wavelengths and then would be reflected by a suitable heat mirror,

The coatings with the best durability were produced using sputter deposition
(7.10). R.f. sputtered NiO electrodes also exhibited large modulations in the
near infra-red. This type of coating could be used in conjunction with a heat
mirror (this heat mirror would not be in direct physical contact with the
ECW). The change in optical response (grey to brown) may not occur in an
organic electrolyte. This possibility was not researched in this thesis.

Although superior dynamic ranges can be achieved with nickel hydroxide

277



electrodes, they do not at the moment exhibit the excellent durability of r.f.

sputtered NiO.

A major disadvantage of r.f. diode sputtered coatings for device applications
is the slow deposition rate (about 0.1A s'l). However, the slow rate of
deposition gives the superior optical properties and durability of these
coatings. The current focus of attention by researchers of electrochromic
materials, is evaporated NiO. Some researchers have reported that this material
exhibits excellent electrochromic properties, and does not contain the
hydroxide (8.28). However, there is evidence for non-hydrogen bonded OH in

as-deposited evaporated NiO (7.39). This indicates that this material is a

hydrated form of NiO.

7.2.4 Analyses of solid state devices

The solid state devices constructed in this study were rudimentary and
exhibited low cyclic stabilities. However, the reversible electrochromism
exhibited by these systems showed that nickel oxide based coatings and nickel
hydroxide electrodes could be used in solid state devices. The device with the
fastest switching kinetics used MnO as a counter electrode. The visible optical
modulation was very similar for all of the devices tested in this study. Devices
containing r.f. sputtered NiO as the anodic layer exhibited the highest solar
transmittance modulation. There was little difference in the durability of
devices apart from those that contained MnO. In this case rapid delamination
of the MnO occurred. The poor durability of these devices may have been due
to the use of a polymeric electrolyte, the reduction of ITO, or some other as
yet undetermined process. Clearly the cyclic, thermal and ultraviolet
durability of devices containing NiO and nickel hydroxide electrodes is a

subject for future research.



7.3 FUTURE WORK

7.3.1 Colouration mechanism(s) of NiOx and Ni(OH)2

The colouration mechanism of nickel oxide based coatings and nickel hydroxide
electrodes is controversial (7.2, 7.10-7.16, 7.25, 7.47-7.50) However, a- and B-
nickel hydroxide were detected in the bleached states of colloidally and
anodically deposited coatings respectively. There was evidence for either @3-
or y-nickel oxyhydroxide in the coloured state of ocolloidally deposited
coatings, whereas for anodically produced coatings from stable solutions only
y-nickel oxyhydroxide was found. For r.f. sputtered films B-NI(OH)Z was
detected in the bleached state after cycling in 1M KOH(aq), but the oxyhdroxide
was not detected in the coloured state.

The ion responsible for colouration was not identified for any of the coatings
fabricated in this study. From the literature it can be deduced that the most
suitable techniques for this task will be impedance (7.49) Q.C.M. (7.39) and
nuclear analyses (7.54-7.55). It is necessary to establish if hydroxy ions
penetrate and/or protons (or other cations Li*, Na', k') are removed from
coatings during oxidation (7.49). This is important because if nickel oxide
based coatings require OH to undergo oxidation, hydrated electrolytes will be
required for devices containing such coatings. If this is not the case then

non-hydrated electrolytes may be used.

Recent research indicates that the colouration mechanism(s) for NiO in
anhydrous environments (7.32, 7.42) may be different to those in aqueous
(7.19, 7.29, 7.31). Unfortunately, researchers who claim to use anhydrous
systems do not state the water content of the electrolytes used in their

studies (7.30, 7.32, 7.42).



7.3.2 Development of anodically deposited nickel hydroxide

Since the electrochromic properties of anodically deposited nickel hydroxide
have been optimised in this study, the focus of attention should now be to
improve the adhesion and mechanical stability of films deposited using this
technique (7.52, 7.53). A quantitative technique of assessing the adhesion of
films to substrates is required. Qualitative methods already exist for assessing
adhesion such as the 'Sellotape' and finger nail test, but only indicate if the
film is good or bad. Working on this basis it would be difficult to detect a
trend in improving adhesion with respect to a particular deposition parameter.
It has been found in this study that films with poor adhesion tend to
disintegrate after a few cycles. An electrochemical and/or weight loss with
respect to the number of electrochemical cycles in an electrolyte of known
concentration should be performed. This may yield quantitative information
about the adhesion of films to substrates. It was noticed during this study
that the area enclosed within the cyclogram reduced drastically prior to
delamination of coatings. Finally, in situ measurement of film growth during
deposition may yield useful information with respect to modifying film

properties (7.62).

7.3.3 Development of colloidally deposited nickel hydroxide

Colloidal precipitation from one solution is an extremely attractive method for
manufacturing nickel hydroxide electrodes. Unfortunately the mechanical
stability of coatings to electrochemical cycling that exhibit good electrochromic
responses (T, 0.22 - ty 0.77) is not as good as r.f. sputtered nickel oxide
electrodes. However, this may be improved by the use of a suitable detergent.
Uniform coatings of carbon black can be deposited using colloidal precipitation

by using the correct detergent (7.40).



The variety of different solution stabilisers that could be used in conjunction
with solutions of nickel sulphate and ammonium hydroxide is enormous. In
essence, solution stabilisers are added to deposition solutions to produce films
that are more uniform than those that are deposited from solutions that do not
contain solution stabilisers. The advantage of using stabilisers such as
detergents is that they actually effect the way that crystal growth takes place
(habit modification) this in turn leads to a reduction in the rate of formation
of agglomeration without significantly affecting the deposition rate of films.
This is important because another way of reducing the rate of agglomeration
would be to simply decrease the concentration of reactants in the solution.
This was the first approach of this study but only films with poor
electrochromic properties and mechanical adhesion could be made using this
technique. This was because although the rate of precipitation was decreased
by simply decreasing the concentration of reactants, large agglomerates still
formed. Agglomerates that formed on the surface of electrodes (diameter> 1mm)
could clearly be seen on the surface of films on removal from the deposition
baths. Such agglomerates could also be observed on the walls of the beakers
containing the deposition solutions. After washing the films with distilled
water, areas of the electrode where agglomerates had been present did not

colour as strongly when the coating was switched to the coloured state.

The cationic and anionic detergents used in this study could not be used to
stabilise solutions of nickel sulphate and ammonium hydroxide and produce
uniform films. However, other researchers in the field of thin film deposition
from stabilised colloidal systems have reported that colloidal deposition can be
enhanced (with film uniformity) without losing solution stability by the

selection of a suitable detergent.
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The axioms defining which detergent will enhance colloidal deposition whilst
maintaining film uniformity are not stated in the literature. This
notwithstanding, it is possible to define some of the qualities that such a
detergent should have. Increasing the chain length of the alkyl chain
generally improves stabilisation of a colloidal system. However, after a certain
chain length is reached there is no advantage in further increasing the chain
length (number of carbon atoms in the chain). In fact in some cases this leads
to colloid instability due to the increased Van de Wwaal forces between colloid
particles and detergent or interpenetration of the double layer of charge on

the colloidal particles by the detergent alkyl chain.

The type of detergent used can also have an effect on the deposition rate and
the homogeneity of the deposit. Since colloidal particles are generally charged
the stability of the colloid can also be affected by anionic detergents. If the
detergent molecule has the same charge as the colloidal particles then the
colloid is generally stabilised. The addition of a detergent with an opposite
charge destabilises the system and precipitation results. However, at high
concentrations, charge reversal on the colloid particles occurs and the colloid

becomes stable again.

The deposition of particles on to surfaces depends on the degree of wetting
which increases with pH and detergent concentration. So theoretically the rate
of deposition could be increased by increasing the pH up to a point. However,
increasing the pH too high in some cases leads to the re-dissolving of
precipitates. There are, however, other factors to consider. By increasing the
pH the physical nature of the precipitates themselves actually change. At low
pH values, a solution of nickel sulphate and ammonium hydroxide is usually

defined as a sol. A solution containing nickel sulphate and ammonium
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hydroxide at higher pH values tends to form precipitates that gel. The
gelation of precipitates reduces the rate of film growth because the
precipitates crosslink and form a gel. The rate of growth of this gel is faster
than the rate of growth of the coating because of the cross linking that
occurs between precipitates. At moderate pH values (pH 9) the rate of film
growth reaches a maximum. So by increasing the wetting at this point by
adding a suitable detergent theoretically the ideal conditions for film growth

should be achieved.

To summarise, the interaction of detergent molecules with colloidal particles
and substrates is very complex. It is very difficult to predict what effect a
particular detergent will have on a particular colloidal system. However, it is
likely that the stability of colloidal systems will be dependent on the
detergent chain length, charge and interaction with the colloidal particles and

substrate.

7.3.4 Development of r.f. sputtered nickel oxide coatings

Coatings deposited using r.f. diode sputtering at high pressures and low
powers exhibited different electrochromic properties to those produced using
low pressures and higher powers (7.10). Of particular interest was the
stability of the ooloured state with respect to exposure to air. Coatings
produced by colloidal and anodic deposition did not exhibit the same stability
as sputter deposited electrodes. Future studies should concentrate on
establishing the chemical and physical reasons for the stability of the coloured
state. One of the main reasons for the stability of the coloured state may be
the density of the film. If the coating is too dense then the formation of water

within the structure is unlikely. Consequently nickel oxyhydroxide (a strong
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oxidising agent) which forms upon the electrochemical oxidation of nickel oxide
(with defects) or the hydroxide will be stable for longer periods of time. The
concentration of water in coatings deposited by sputter deposition should be
determined. This could be achieved by using FTIR. It is very likely that poor
stability of the colour of the oxidised state with respect to electrochemical
cycling is due to the formation of water within r.f. sputtered coatings. R.f.
sputtered nickel oxide can be electrochemically oxidised and reduced in
organic electrolytes such as DMF containing potassium triflouromethy!
sulphonate. Solvents such as DMF (dimethylformamide) can have reduced water
content (compared with aqueous electrolytes). So coatings could be analyzed
in such environments to investigate the hypothesis that the change in the
coloured state is due to water formation within the coating. If water is formed
in coatings due to cycling in aqueous electrolytes then a solution to the
problem may be to analyze r.f. sputtered nickel oxide coatings in non-aqueous
electrolytes. The possibility also exists that a device may be fabricated that
contains nickel oxide in an anhydrous environment (7.33). Whilst the switching
speeds of these devices are very slow (7.34), fast switching speeds are not
necessary for the control of solar energy, although for privacy control and
product marketing a faster response is desirable. Finally, coatings that are
currently deposited using r.f. diode sputtering require some sort of post
deposition electrochemical treatment to exhibit electrochromic properties.
Therefore, by modifying the deposition conditions it may be possible to deposit
r.f. diode sputtered material that does not require electrochemical cycling in

1M KOH,,

7.3.5 Development of ECW devices

The number of materials that could be used in ECW devices i{s enormous

(7.56-7.61). However, there are certain materials and chemical properties that
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the component coatings should have. The transparent conductor should have
a very low sheet resistance, ideally less than 1Q to improve uniformity of
colouration and switching speeds. The electrolyte must contain the ions
necessary for colouration and ion mobility should be as high as possible. If
organic materials are eventually selected as electrolytes, stability studies will
be necessary to analyze solar degradation of the electrolyte and the effect of
oxidation and reduction of organic material, due to the direct contact between
electrolyte and electrochromic material. The choice of electrolyte will be
dependent to a certain extent on the types of electrochromic materials used
in the devices. It is highly likely that the electrochromic materials that will
be used in future ECW's will be inorganic, because organic electrochromics

have thus far proven to be too unstable for device applications.

The optical properties of coatings and devices produced in this study were
not measured as function of cycling. Future research should concentrate on
the characterisation of optical and electrochemical properties of devices as

they are cycled. Thermal durability and photochemical properties should also

be examined.
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APPENDIX 1
EXPERIMENTAL TECHNIQUES
DEPOSITION AND CHARACTERISATION OF
NICKEL OXIDE BASED COATINGS

1.1 INTRODUCTION

The coating techniques used in this study were anodic, colloidal and rf
sputter deposition. Precise experimental details are discussed in Chapters 3,
4, 5 respectively. However, basic techniques and circuit diagrams are
presented in this appendix. Films produced by r.f. diode sputtering were

deposited using the optimum conditions previously reported (1.8).

The optical properties of the coatings produced in this study were
characterised using ultraviolet/visible/near-infra-red and Fourier transform
infra-red (FTIR) spectrophotometry and the electrochemical properties were
analyzed using cyclic voltammetry. Cyclic voltammetry was performed using a
Princeton 362 scanning potentiostat/galvanostat. Current flowing through the
cell was monitored using the current monitor. The potential difference across
the cell was measured using the voltage monitor. Voltage and current outputs
were connected to a chart recorder (to measure cyclic voltammograms) that
was calibrated using a Gould 0S300 oscilloscope. Sheet resistance was
measured using a four point probe. X-ray diffraction (XRD) analysis was
performed using a Phillips apparatus. Raman analysis was executed using a
Raman microprobe. Film thickness was determined using a Talysurf Mk5
instrument. All solutions of ammonia were titrated before solution mixing and

the indicator used in the titration was methyl red.
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B Use of scanning potentiostat/galvanostat

A scanning potentiostat/galvanostat applies a constant (scanning) voltage in
the potentiostat mode or a constant current in the galvanostat mode. Current
flows between the working and counter electrode. Flow of current through the
reference electrode is avoided (1.1). Various scanning rates can be selected
using a triangular waveform. The constant \r()li;)ﬂ(‘ and current modes are

controlled using operational amplifiers (see figure 1.1 a and b)

Plate 1.1 Princeton scanning potentiostat/galvanostat 362



1.2.1.1 Calibration

Calibration of the scanning potentiostat was achieved by using the procedure
detailed in the operating and service manual. The voltage was calibrated using

a Gould 0S300 oscilloscope (this particular apparatus was a calibrated scope).

1.2.1.2 Electrochemical oxidation and

reduction of coatings

Oxidation and reduction of coatings was performed using the scanning
potentiostat in the 'control E' mode. This was done using the initial potential
control without the scanning facility. The current range mode was 10 mA. A
circuit diagram is shown in figure 1.1. Unless otherwise stated all coatings
were electrochemically oxidised and reduced in 1 M KOH solutions that had

previously been degased using nitrogen.

¢
l' i
ref

A simple potentiostat A simple galvanostat

Figure 1.1  (a) Circuit diagram of cell and scanning potentiostat

(b) Circuit diagram of cell and galvanostat,



1.2.1.3 Size of working electrode

The dimensions of the working electrodes used in this study were usually 50
x 80 mmz. The active area for electroplating was normally 50 x 50 mmz. These
dimensions were also used to measure the optical properties of the coloured
and bleached states. Cyclic voltammetry was performed using smaller

2

dimensions. The working area in this case was 0.5 cm’. This was because

polarisation effects are reduced by having a working electrode smaller than
the counter electrode. However, during the course of the experimental, it was
found that the same features occurred in the cyclogram at the same voltages
no matter what size electrode was used (although the current response was
different). The change from NiOx to B-Ni(OH), in sputtered material occurred
no matter what electrode size was used (the working electrode size was

constant throughout the study unless otherwise stated).
1.2.1.4 Cell dimensions

The distance between the working electrode and the counter and reference
electrodes was 3.0 +/- 0.1 cm (see plate 1.2). There was no difference in the
electrochromic properties when the distance between the working, counter and
reference electrodes was altered. The distance between the working electrode
and the counter and reference electrodes was used in electroplating and

during the measurement of electrochromic properties.



Plate 1.2 Cell dimensions

1.3 pH MEASUREMENTS

The pH of solutions was measured using a pH probe. Before pH measurements
were made, dissolved oxygen was removed by purging with N,. This was not
performed in solutions that contained detergent due to foaming. However,
before the addition of detergent, oxygen was removed from solutions

containing NiSO; by using Nj.



1.4 SURFACE PROFILOMETRY

The thickness of thin films was evaluated using a Talysurf MK5 apparatus The
accuracy of the measurements was +/- 50 A. This method was chosen in
preference to weight analysis because weight analysis requires a knowledge
of the density of the coatings. Due to the uncertainty in the literature over
the identity of material deposited by chemical and physical techniques it was
not possible to determine the thickness of coatings with greater accuracy than

that obtained with the Talysurf.
1.5 TITRATION OF SOLUTIONS

All solutions of ammonia were titrated before use to determine the precise
molarity of these solutions. This was achieved by titrating against a strong
acid HCl. The molarity of the acid used was 1M (standard BDH Chemicals).
Methyl red was used as an indicator. The indicator became straw coloured at
the end point. All solutions of ammonia were kept in volumetric stoppered

containers to prevent loss of ammonia due to evaporation.
1.6 ULTRAVIOLET /VISIBLE/NEAR-INFRA-RED SPECTROPHOTOMETRY

All coatings were analyzed using a Beckman 3470 spectrophotometer (see plate
1.3) in the as-deposited, bleached