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Abstract

Optical characterisation of ozonated
electrochromic nickel vanadium oxide
flexible thin films

Taha Ahmed

Electrochromic nickel vanadium oxide thin-films on flexible substrates
were subjected to cyclic voltammetry in KOH(aq) electrolytes of pH 14
and pH 12, and in LiClO4(PC) at c(Li+)=1.0 mol/L. The films were
subjected to ozonation for a set time interval prior to cycling.
Electrochromic performance during cycling was evaluated through in situ
spectrophotometry at visible wavelengths, along with ex situ spectropho-
tometry in the solar range.
The electrochemical and optical data were evaluated with respect to
electrochromic performance. Ozonation increased colouration efficiency
in all studied electrolytes. Ozonation had a profound effect on the film’s
optical behaviour in LiPC, but only moderate in the aqueous electrolytes.
The results indicate that the electrochromic performance of thin-film
nickel vanadium oxide using Li-based organic electrolytes can be sub-
stantially improved by precharging in ozone atmosphere.
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CHAPTER 1
Introduction

There exists a whole range of materials which optical properties can be changed
in a controlled manner. Such materials are called chromogenic, and are introduced
below. A chromogenic material that changes its optical property in response to an
applied electric potential is termed electrochromic.

This work concerns itself with thin films of nickel vanadium oxide, an elec-
trochromic material, for application in electrochromic devices. Specifically, it stud-
ies the effect of precharging of the film by process of ozonation.

This chapter introduces such terms and concepts, necessary for understanding
the process of electrochromic colouring. The aim of this work is specified in more
detail before the end of the chapter.

1.1 Chromogenics

The term chromogenics is a broad descriptor used for all materials which reversibly
change their optical properties (such as transmittance or reflectance) in response
to an external stimulus. Chromogenic materials may also be described as optical
switching materials, due to their ability to switch optical properties in a region of
the spectrum, e.g., from low to high transmittance, or from low to high reflectance
(or both, thus switching absorptance).

A multitude of chromogenic materials have been discovered, which change
their optical properties in response to different external stimuli (physical effects),
e.g., light (photochromics), temperature (thermochromics), ambient atmospheric
chemistry (gasochromics), magnetism (magnetochromics), and electricity (elec-
trochromics) [10, 49, 65]. Each technology has its advantages and drawbacks.

Not all the mentioned chromogenic technologies offer the same capabilities.
For example, direct user control of the optical switching is difficult using pho-
tochromics; this technology is better suited to an automatic response to changes
in the ambient environment. As such, the photochromic effect is used in self-
darkening sunglass lenses that lower their transmittance in the visible region upon
exposure to UV light (sunny outdoors environment) and revert to a clear state in
the absence of UV light (indoors).

Electrochromics has attracted most of the attention within the chromogenics

1



2 CHAPTER 1. INTRODUCTION

field ever since the late 1960’s when electrochromism of tungsten oxide, WO3,
was discovered by Deb [38].

The advantages of electrochromics over the other chromogenic technologies
are the ability to control the optical switching by a small direct current, the abil-
ity to continuously vary the colouration degree, and the ability to hold at any
colouration degree without supplying additional power (“open circuit memory”).

During the 1980’s much of the research in electrochromics was oriented to-
wards display applications (watches, monitors, etc.) [72], and thus towards re-
flectance modulation. After a short and lost battle against the then emerging liquid
crystal (LCD) technology, research was eventually focused on transmittance mod-
ulation for use as smart windows (for indoor light and glare control) and at the
same time the need for an optically active counter-electrode compatible with WO3
became apparent.

1.1.1 Electrochromism

An electrochromic material is able to reversibly change its optical properties when
a voltage is applied across it [55]. Electrochromism involves electroactive species
(redox reactions), and is ultimately caused by an electron-transfer reaction at an
electrode in a electrochemical cell [99].

Electrochromism is exhibited by a number of materials, both solid-state and in
solution, inorganic and organic [72]. This report focuses on the electrochromism
of inorganic oxide materials, specifically nickel oxide. Additionally, the optical
property investigated is the broadband transmittance and reflectance in the visible
spectrum, with some solar range experiments.

Depending on the mode of the electrochromism, a material is said to be ei-
ther a cathodic or anodic electrochrome. An EC material that colours (darkens,
becomes less transmittive) upon electron insertion is cathodic, and an EC material
that bleaches (clears, becomes more transmittive) upon electron insertion is anodic
[55]. An electrochromic material is thus cycled between bleached and coloured
states by the insertion and extraction of electrons.

Electrochromism is displayed by the oxides of the transition metals, with the
oxides of Cr, Mn, Fe, Co, Ni, Rh, and Ir anodically colouring, while the oxides of
Ti, Nb, Mo, Ta, and W colour cathodically [55]. Vanadium oxide can colour both
anodically and cathodically.

1.2 The electrochromic device

Ever since Deb [38] discovered that tungsten oxide exhibited cathodic electro-
chromism, ceramic electrochromic technology has been based on that oxide. This
study, though, focuses on the electrochromic nickel oxide material. For readers
interested in the electrochromism of tungsten oxide, I may point to excellent books
by Granqvist [55] and Monk et al. [84], and the review article by Niklasson and
Granqvist [87].

To construct an electrochromic device (ECD) the EC material needs to be in-
corporated in an electrical circuit comprising an electrochemical cell, and if the
aim is a transmittance modulating device (such as for glazing), the constituting
layers need to be optically transparent in the visible spectrum.

An ECD is built up of two redox couples [32], which in this specific design (Fig-
ure 1.1) are cathodically colouring WO3 and anodically colouring NiVO, joined by
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Figure 1.1: Schematic drawing of a transmissive electrochromic device (ECD). The
substrate flexible polyester (PET) foil, which is optically transparent in the visible
spectrum. The optically transparent electrode layers (OTE) consist of indium tin
oxide (Sn:In2O3), which is both optically transparent and electrically conductive.
The electrochromic layers are mixed conductors, i.e., they transport both elec-
trons and ions. The ion-conductive electrolyte layer is a polymer-based laminate.
The arrows illustrate the direction of electron and cation flow during colouration
(darkening) of the device.

an ion-conducting electrolytic laminate [13], all sandwiched between two flexible
PET foils coated with an optically transparent electrode. This device design has
been the focus of a lot of attention lately [7, 10, 87], mainly because the flexible
substrate opens up the possibility of using roll-to-roll technology for inexpensive
production [16, 57].

ECDs of this design have been extensively researched and tested, and have
shown good contrast and good stability for thousands of cycles. The device works
by applying a low electrical voltage (about 3 volts) across the microscale ceramic
“sandwich”, which responds by darkening. Depending on the electronic control
circuits attached, the ECD may darken continuously or in discrete stages. Electric-
ity is only needed to change the state of the device, not to sustain a set level of
transmittance (this is because the EC materials have open circuit memory).

If an ECD, constructed as in Figure 1.1, is short-circuited it will revert to its
bleached state, retaining its primary function of light transmittance [99]. And
with suitable electronic control circuits, the ECD bleaches on power loss, and is
thus fail-safe.

From Figure 1.1 it is clear that the function of an ECD is similar to that of a
likewise constructed battery; with the addition that this particular battery changes
its optical transmittance depending on its state of charge. This battery analogy has
been used earlier [10, 13, 32, 54], and only holds at an abstract level.

Just as the electrode capacities of a well designed battery need to match each
other closely for the battery to perform optimally, so should the charge capacities
of the anodic and cathodic EC materials match each other (with different signs).

The closer the electrode capacities of an ECD are matched, the wider the trans-
mittance window [62]. Balancing of the charge capacities of the constituent EC
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layers is done at device assembly, and is termed precharging the constituent lay-
ers. This step in device assembly and production has proven to be crucial for
subsequent device operation [15].

In the following a short description of each layer of the ECD will be given,
including data on health issues pertaining to the contained elements, and also
mineral trading prices where possible. Regarding prices quoted below: please
note that although prices are quoted per kilogram of pure metal in all cases for
easy comparison, trading is usually done in much larger quantities.

1.2.1 Substrate layers

The substrate is a flexible foil of biaxially oriented semicrystalline polyethylene
terephthalate (PET), a polymer resin of the polyester group. The biaxial stretch-
ing steps during production makes the film semicrystalline, which gives the film
excellent dimensional stability and good optical transparency [97].

Residues of the inorganic catalyst used during PET polymerisation are present
in most PET materials [103]. The previously cited reference states that approxi-
mately 90% of all PET production uses antimony trioxide (Sb2O3), a potential car-
cinogen, and that the catalyst does leach from the finished product at detectable
concentrations, but well below WHO guideline concentrations. Regarding PET
for beverage containers, this is still clearly disturbing; regarding PET in ECDs or
similar technologies, it is technically relevant to keep track of possible contami-
nants which may affect the system’s performance. Although any effects from PET
catalysts would seem unlikely, in my opinion.

Other inorganic catalysts are used for PET polymerisation, such as germanium,
titanium or aluminium oxides [3, 48, 111]. Any one of them may eventually
replace antimony trioxide.

1.2.2 Optically transparent electrode layers

The optically transparent electrode is a layer of indium tin oxide (ITO), Sn:In2O3.
Indium mineral deposits are scarce, and indium is mainly extracted as a by-

product from zinc mining [109]. Worldwide annual production of indium is no
more than a thousand tonnes [110], including recycled metal.

Indium prices rose abruptly a few years back with the expansion of the flat-
panel market, and has since fluctuated around $800 per kilogram In (at >99.9%
purity) [110].

The other metal species of ITO is tin, primarily mined as stannate, SnO2. Es-
timated world reserves are 11 million metric tonnes, and worldwide production
(2008) was 333,000 tonnes [29]. Tin prices have fluctuated recently. Over the
last five years (2004–2008) average price was $13 per kg Sn, but 2008 saw a rise
to $22/kg on average [30]. Still much cheaper than indium, though.

ITO is primarily used as transparent electrode in liquid crystal displays and
other flat-panel applications [110].

Due to the high cost of indium, alternative transparent conductors is a hot
field of research. Some proposed alternatives (of which the news has come to
Polacksbacken) are ZnO:Al (AZO) [10, 33], TiO2:Nb [87], single-walled carbon
nanotubes (SWNT) [63, 102, 115], SnO2:F [56], SnO2:Sb [109], and poly(3,4-
ethylene dioxythiophene) (PEDOT) [109]. Of these, AZO stands out, being an
n-type wide band gap semiconductor, with conductivity 10−3 to 10−4 S/cm (com-
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parable to ITO), and possible to sputter deposit [10, 33]. SWNTs are also promis-
ing; researchers have demonstrated a production method from carbon dioxide gas
[88] and scalable and continuous fabrication of SWNTs in a wet process [37], as
well as production of transparent SWNTs for EC applications [63] even on flexi-
ble plastic substrates [102]. Nonetheless, ITO, along with SnO2:F and AZO, are
still the most used and widely studied transparent conductors among the oxides,
according to Granqvist and Hultåker [56].

1.2.3 Anodic EC layer

In this study the anodic electrochrome consists of hydrated nickel vanadium oxide,
Ni1-xVxOyHz .

Nickel is a metal of the iron group in the periodic table. Nickel is abundant,
and the estimated world reserves are 130 million metric tonnes [70].

Prices are stable, with little fluctuation over the last five years. Average traded
price during 2008 was $21 per kg Ni [70].

Nickel is not harmless to the human physiology. Many studies have shown
that both soluble and insoluble forms of nickel damage genetic material [85]. De-
spite that, low levels of nickel is widely present in air, water, food, and consumer
products [85]. Occupational exposure to nickel occurs mainly by inhalation of
dust particles and fumes or by dermal contact [85]. The most commonly reported
adverse health effect associated with nickel exposure is contact dermatitis [1]. A
cell-study by Fletcher et al. [45] indicates that the nickel(II) ion is the active agent
in nickel toxicity, mutagenesis and carcinogenesis, irrespective of the nickel com-
pound to which an organism is exposed. In that sense, soluble nickel compounds
are more toxic than insoluble nickel compounds.

Data on the toxicity of vanadium pentoxide [2], indicates that the main route
of exposure is to the respiratory tract, and even so its main effect is to irritate the
mucus and cause extended coughing. Since V2O5 is present in the nickel oxide
film as a homogeneous solid phase, it is not expected to cause any health issues.

1.2.4 Cathodic EC layer

The cathodic EC layer is commonly a thin film of tungsten trioxide, WO3. It is
usually blue in its coloured state and colourless in its bleached state. Tungsten
oxide for EC applications has been studied extensively, and detailed accounts on
its properties can be found in [55].

This layer usually contributes with the majority of the electrochromic effect in
the device. Tungsten oxide sells for around $20 per kg in the commodities market.

1.2.5 Ion-conducting electrolytic laminate layer

Either one of two kinds of electrolytes are usually employed in ECDs. Laminated
devices commonly employ a polymer, e.g., PMMA (polymethyl methacrylate) dis-
solved in a liquid electrolyte such as LiClO4-propylene carbonate [24]. So called
all-thin-film devices use solid inorganic ion conductors, such as ZrO2 [73].
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1.3 On nickel oxide’s suitability as anodic electrochrome layer

So far, the cathodic EC material of choice has been and remains tungsten oxide.
Any anodic EC material is therefore chosen on the basis of how well it comple-
ments tungsten oxide, optically and electrochemically.

Nickel oxide possesses anodic electrochromic properties [108], which is com-
plementary to the cathodic electrochromism of tungsten oxide.

Among the anodic EC oxides, nickel oxide has shown that it combines mod-
erate cost with excellent optical properties [54], and that it works well electro-
chemically with WO3 [16]. The electroactive phases of the nickel oxide electrode
are nickel hydroxides and oxyhydroxides, which are layered phases that allow for
effective ion intercalation and deintercalation, which in turn leads to high coloura-
tion efficiencies [46].

Furthermore, the brown colour of nickel oxide in the coloured state comple-
ments the blue colour of tungsten oxide, producing a neutral gray colour for the
device in the coloured state [6].

The problem with residual absorption of nickel oxide EC films in the bleached
state (causing unwanted absorption below 400 nm), can be alleviated with the
addition of Mg to the sputtering target, as shown by Avendaño et al. [5].

An important step in electrochromic device design is the precharging (adjust-
ment of the charge capacity) of the nickel oxide layer, performed post-deposition
by UV irradiation in the presence of air (ozonation), as described earlier by Azens
et al. [15, 16]. Precharging increases the amount of nickel oxyhydroxide phase in
the film.

The use of nickel oxide based electrodes is by no means restricted to elec-
trochromics. Nickel hydroxide is used as a cathode material in NiCd and NiMH
batteries [112], and shows promise as a supercapacitor material [76, 78].

1.4 ECD applications

Electrochromic technology is particularly suited for use in building envelopes,
where it allows the inhabitants to maintain contact with the outside environment,
while effectively controlling visible light and heat transfer through the building en-
velope [54], thus effectively reducing the building’s energy cost [16]. EC technol-
ogy in combination with PV (photovoltaic) technology could even make buildings
into net energy producers [107].

A large scale project involves fitting existing building glazing with EC foil [42],
which is a major undertaking, and probably needs government backing to be re-
alised.

In electrochromic windows for architectural glazing the electrochromic five-
layer “sandwich” is usually applied on the inside surface of the outermost glass
pane of the window.

The current cost of electrochromic glass is ten times the cost of regular glass
[17]. Obviously the cost has to decrease before the use of EC glass can be-
come widespread. To my knowledge, three major glassmakers produce EC glass,
namely: Saint-Gobain Sekurit [101], SAGE Electrochromics, Inc. [100], and Pilk-
ington [41, 107]. They all employ inorganic tungsten-based EC electrodes, and
counter electrodes of different materials.

Pilkington has reportedly fitted its Econtrol-Glas® EC glass to the southern
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facade of a bank building in Dresden, Germany [107]. The glass features five tint
levels.

The most widespread application of EC technology to date, is as auto-dimming
rearview mirrors in automobiles, by Gentex Corp. [50]. The mirrors use organic
electrochromes suspended in a layer that effectively modulates the reflectance of
the mirror automatically (by photosensor).

Saint-Gobain Sekurit has produced an electrochromic variable transmittance
glass sunroof for a convertible sports-car, the Ferrari 575M Superamerica, a lux-
ury model produced in just 559 units. The Ferrari Superamerica was the first
production car to include an electrochromic window [44].

There are many more examples of possible EC applications, including but not
limited to: ski goggles [54], visors for MC helmets [54], public information dis-
plays [99] and thermal-exposure indicators for frozen foodstuff [99].

Clearly the most promising applications, both commercially and environmen-
tally, are in building glazings and vehicle windows for light, glare and heat control.

1.5 Aim of this work

The objective of this work was to characterise flexible foil nickel vanadium oxide
[14] optically with regard to ozonation [15], in KOH(aq) of different concentra-
tions and in LiClO4+PC.

Since the purpose of the sputtered thin-film nickel oxide is to function as a
counter electrode in an electrochromic device, there exists a need to activate it
before device assembly.

It is well known that UV irradiation in air oxidises the sputtered film [13, 15].
Theorethical understanding of the ozonation mechanism is quite good, and can
be represented by the papers of Avendaño et al. [9] and Bardé et al. [18].

The usage of ozone as an oxidating agent is widespread, with applications in
the water treatment industry [77, 114], municipal waste management [113], and
even in a new technology called “cold” pasteurisation [92], among many other
uses.

This project aims at studying the electrochromic behaviour of oxidised nickel
oxide thin films. A small, research-scale UV irradiation chamber was used to per-
form the ozonation experiments.

There has been only one previously published study on the ozonation of nickel
vanadium oxide on a flexible PET substrate, namely that of Azens et al. [14].
That study did not include data on electrochemical cycling after ozonation, but
other reports has [15], although they used glass substrates. The work presented
in this report on post-ozonation electrochemical cycling in LiPC complements the
ongoing research by Green et al. [59] on this electrolyte.





CHAPTER 2
Theory

We start by describing the structural chemistry of the involved nickel oxide phases,
which basically is redox intercalation chemistry. Next, general electrochemistry
with an emphasis on cyclic voltammetry is presented, along with the theory gov-
erning electrolytes and electrodes. Section 2.3 deals with ozone and its known
effect on nickel oxide films. The subsequent section presents basic solid state op-
tics. The final section elaborates on the cause of electrochromism.

2.1 Nickel oxides, hydroxides and oxyhydroxides

This section describes the structural chemistry of the electrochromic nickel oxide
film and the phases it contains.

2.1.1 Nickel oxide

Nickel is a 3d transition metal, in the iron group (group VIII) of the periodic table.
Nickel oxide has a cubic unit cell, with space group F m3̄m (225). The cell

parameter has been reported with slightly different values by different authors,
as, 4.1684 Å [28, 116], 4.176± 0.001 Å [86], 4.1762 Å [68], 4.180 Å [27, 106],
4.2 Å [43], 4.24 Å [118], and as 4.27 Å [119]. The variation of the cell parameter
can be attributed to the inherent non-perfect stoichiometry of nickel oxide; the
material will always exhibit some oxygen excess [69]. The oxygen excess produces
Ni2+ vacancies which are compensated by the creation of holes on two Ni2+ sites
[11]. Since there is limited interstitial space to accommodate the excess oxygen
in the bulk crystalline NiO-type structure, the crystal surface becomes enriched
in oxygen, which effectively increases the cell parameter. As a remark, we note
that closely stoichiometric NiO appears green, and that nickel deficient Ni1−xO
appears black since the effect of the excess oxygen is to increase the magnitude of
the continuous background absorption [86].

The chemical formula for nickel oxide should be written Ni1−xO [69], reflect-
ing the material’s p-type semiconducting nature [7]. Nickel oxide has a room-
temperature band gap 3.6–4.0 eV [71, 83, 95] and conductivity 10−13 S/cm [83].

9
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Figure 2.1: Pourbaix diagram for nickel at 25 °C and [Ni(aq)]tot = 10−6 mol/g
in water. The dashed lines indicate water’s thermodynamic stability area. In
a Pourbaix diagram, regions related by non-redox reactions are separated by
vertical lines; e.g., Ni2+(aq)�β-Ni(OH)2 (no change of oxidation states). Re-
gions which are related by redox reactions are separated by horizontal lines, e.g.,
Ni2H(s)�Ni2+(aq). Sloping lines indicate that the reaction is both oxidation state
and pH dependent. The Pourbaix diagram clearly shows that nickel oxides, hy-
droxides and oxyhydroxides are unstable and dissolve in acidic solutions. This
diagram was adapted from Beverskog and Puigdomenech [22].

Nickel oxide forms the bulk of the sputtered phase, and recent papers [25, 87]
have submitted that it participates in the electrochromic reaction by acting as a
“proton reservoir” (Equation 2.1 on page 13).

In a Pourbaix diagram, the regions indicate the conditions of pH and potential
under which a species is thermodynamically stable [104]. A redox reaction is any
reaction wherein a participant species undergoes a change in oxidation state. The
Pourbaix diagram shows that nickel oxide is thermodynamically stable in alkaline
solutions, but unstable in acidic. The same holds true for the nickel hydroxides
and oxyhydroxides. This instability versus acids limits the usability of nickel-based
anodic EC materials, since the most common cathodic EC material, WO3, is ther-
modynamically stable in acidic solutions but unstable in alkaline (the opposite of
nickel oxide) [87]. One way to address this problem was demonstrated by Azens
and Granqvist [13], who applied a thin, dense layer of tungsten oxide on top of
the nickel oxide, thus eliminating its contact with the electrolyte.

As a complement to the Pourbaix diagram, Avendaño et al. [8] reported that
Yoon and Pyun [120] found by IR spectroscopy on electrodeposited samples that
β-Ni(OH)2 was stable at potentials below 0.15 V, that α-Ni(OH)2 was stable for
0.15 < E < 0.27, that β-NiOOH was stable above 0.30 V, and that γ-NiOOH was
stable above 0.34 V (all potentials versus Ag/AgCl and in 1 M KOH). IR spec-
troscopy by Avendaño et al. [8] did not contradict these values. These stability



2.1. NICKEL OXIDE PHASES 11

ranges indicate that α-Ni(OH)2, which is not reported in the Pourbaix diagram
(Figure 2.1) resides between the β-Ni(OH)2 and β-NiOOH regions.

2.1.2 Properties of sputtered nickel oxide

For technical reasons pertaining to the dc magnetron sputtering process, it is
strongly advantageous to use a non-magnetic sputtering target [6, 12, 15, 59].
For that purpose, the widely available non-magnetic alloy Ni0.93V0.07 is used [6, 9,
34, 58, 87].

It has been shown by X-ray spectroscopy that nickel and vanadium form a
mixed-oxide phase in the film [10, 11, 16]; that vanadium is distributed with-
out clustering and substitutes nickel ions [9], and that vanadium is not electro-
chemically active upon colouration [11]. The material changes structure slightly
on vanadium incorporation, mainly expressed by less covalent Ni−O bonding in
nickel vanadium oxide [9]. The major effect of vanadium incorporation into the
film is an increase of the residual absorption in the bleached state (bleached state
transmittance decreases) [6].

Although the amount of vanadium in the sputtering target is fixed, the vana-
dium concentration in the nickel oxide film may vary depending on sputtering con-
ditions. Thus the following chemical formulas have been reported for magnetron
sputtered nickel vanadium oxide films: Ni0.92V0.08O1.43H0.55 [74], Ni0.91V0.09O1.37
[11], and Ni0.90 - 0.95V0.05 - 0.10O1.45 - 1.75 [8]. These values were obtained through
RBS (Rutherford back scattering) experiments.

The cited formulas give V/Ni ratios of 0.087, 0.099, and 0.053–0.11. They give
O/Ni ratios of 1.55, 1.51, and 1.53–1.94. These values are rather high compared
to the more reasonable O/Ni ratio of 1–1.3 observed by Green et al. [59]. In any
case, the point is that the film contains oxygen in excess.

The role of vanadium in the electrochromic process has been studied by several
workers. XPS (X-ray photoelectron spectroscopy) observations by Avendaño et al.
[11] indicate that the vanadium ions stay in the bulk nickel oxide and that the
electrochromically colouring grain surface layer is vanadium free (cf. Figure 2.2).
Thus any vanadium valency changes upon cycling or ozonation are not expected
to play any significant role in the electrochromism of the films [87]. Vanadium
ions substitute nickel ions in the NiO-type structure without any evidence for clus-
tering, as reported by Avendaño et al. [9].

The vanadium does unfortunately increase the optical absorptance of the film
in the bleached state [6], especially at wavelengths below 400 nm. However, it
does not affect the coloured state absorptance.

Several workers have reported that powder X-ray diffraction of nickel oxide-
based thin films detect only cubic nickel oxide, although nickel hydroxide and
oxyhydroxide phases could be identified with surface sensitive X-ray spectroscopy
techniques, such as XPS [16, 87]. The fact that the surface layers adapt their own
structure indicates that their thickness is at least a few monolayers thick [21]. In
addition, Avendaño et al. [11] observed that the coloured Ni2O3 phase exists as a
“bridge” between the cubic NiO and the hexagonal hydroxide and oxyhydroxide
phases, when the film is in its coloured state.
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Figure 2.2: A nickel vanadium oxide crystallite’s radial structure, with the surface,
consisting of oxygen-rich hydroxide and oxyhydroxide phases, marked gray, and
the bulk, consisting mainly of nickel vanadium oxide, shown in a white colour.
The electrochromic reactions occur at the accessible oxygen-rich grain surfaces.
This illustration was adapted from Bouessay et al. [25].

2.1.3 Hydroxides and oxyhydroxides — surface layer species

A common feature shared among all the nickel hydroxides and oxyhydroxides are
the layered structure, with octahedrally coordinated nickel at the center of the
layers and no hydrogen bonding between adjacent layers of OH groups [91].

These layers are stacked up along the c axis, with the O−H bonds parallel to
it. The c parameter equals the interlayer distance, and the a parameter equals the
nickel-nickel distance within a layer.

In the next four subsections, structural characteristics for the two hydroxide
and the two oxyhydroxide phases are described based on literature data.

β-Ni(OH)2 properties

β-Ni(OH)2 has a layered brucite structure [39, 53] and has space group P 3̄m1
(164) with a hexagonal unit cell [18, 39, 91]. Unit cell parameters are a = 3.126 Å
and c = 4.605 Å [39, 91, 105]. Terminal hydroxyl ions are not hydrogen bonded
[123], which indicates the absence of intercalated water molecules.

β-Ni(OH)2 is a p-type semiconductor with a band gap 3.6–3.9 eV [31], and an
electronic conductivity on the order of 10−11 S/cm [87]. Nickel’s oxidation state
lies between 2.0–2.2 [112].

I noted with interest the article by Xing et al. [117], which submitted a BET
surface area 431.7 m2/g for a mesoporous, highly crystalline β-Ni(OH)2. Their
material was not sputtered, but their recorded cyclic voltammograms look very
similar to mine and in addition the same scan rate was used. A surface area of
that magnitude would put this material ahead of many zeolites in terms of internal
surface area.

α-Ni(OH)2 properties

α-Ni(OH)2 belongs to space group P 3̄m1 (164) [18, 39]. Varying cell parameters
have been reported in the literature, the most frequently occuring seems to be a =
5.34 Å, c = 7.60 Å [18, 39, 66]. The layer structure is turbostratic (with random
rotations along the c axis) and supports intercalar water molecules (water which
is hydrogen-bonded to the terminal hydroxyl groups on the layer surfaces) [91].
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The turbostratic layer structure has led some authors to describe the structure as
amorphous [53].

Nickel’s oxidation state lies between 2.0–2.2 [112].

β-NiOOH properties

β-NiOOH has a well-ordered, layered brucite structure [39]. Reported unit cell
parameters vary slightly, with Dittrich et al. [39], Oliva et al. [91], Singh [105]
reporting a ≈ 2.82 Å, while Bardé et al. [18] reports a = 2.41 Å. The inter-
layer distance is reported as c = 4.83 Å [18], c = 4.84 Å [105], c = 4.85 Å
[39, 91], and as c = 4.6 Å [66]. The majority seem to agree on a = 2.82 Å
and c = 4.84 Å, which makes β-NiOOH layers only marginally more separated
than β-Ni(OH)2.The shorter nickel-nickel distance increases orbital hybridisation,
which is reflected in the increased electronic conductivity 10−7 S/cm and the de-
creased band gap 1.7–1.8 eV [31, 87] compared to β-Ni(OH)2.

β-NiOOH is an n-type semiconductor. Nickel’s oxidation state is 3 [18, 112].
IR spectra displayed the characteristic hydrogen-bonded OH band [123], which

points to the presence of intercalated water molecules.

γ-NiOOH properties

γ-NiOOH crystallises poorly in the hexagonal or possibly the rhombohedral system
[39]. Space group is unknown. Unit cell parameters a = 2.82 Å, c = 6.9–7.0 Å
[18, 105]. The wide interlayer space intercalates alkali ions and water molecules
[91]. The oxidation state of nickel is higher than three [75], more precisely ob-
served to lie between 3.5–3.7 [18, 19, 105, 112].

2.1.4 Redox reaction scheme

We have seen that Ni(OH)2 exists as two structural modifications, called α and β.
The α-Ni(OH)2 contains intercalated water in its wide interlayers, and stabilises by
dehydrating to the more stable β-Ni(OH)2 on standing in alkaline solution [120].
In a similar fashion, NiOOH exists as two structural modifications, called β and γ.
The γ-NiOOH can be formed on severe charging (oxidation) in KOH.

Together with the bulk NiO phase (which is bleached), and the coloured Ni2O3
phase, these phases form the system which governs the electrochromic colouration
and bleaching of nickel oxide-based films. Most previous studies on the coloura-
tion mechanism of nickel oxide dealt with cation intercalation; H+ in particular.
Only a few studied lithium ion intercalation [20, 35, 94] and only a few attempts
[9, 18] have so far been made at explaining the mechanism of colouration on
ozone exposure.

In our description of the electrochromic reactions below, I mainly describe
reactions taking place at what is known as steady state conditions. It has been
shown by Bouessay et al. [25] and others which I have not mentioned, that the
electrochromic reaction proceeds through three stages, namely activation, steady
state and degradation. Some authors name the initial stage stabilisation, the in-
tended meaning is the same. Stabilisation occurs during the initial electrochemical
switching cycles, and usually includes the irreversible reaction wherein oxygen-
rich surface species are oxidised to oxyhydroxides [12].
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Figure 2.3: Conversion scheme for nickel hydroxide and oxyhydroxide phases
during electrochemical cycling in KOH, following the scheme originally proposed
by Bode et al. [23], and in similar form by [12, 18, 25, 53, 61, 87, 112]. Inter-
layer distances, d, and nickel oxidation states as reported by Wehrens-Dijksma
and Notten [112]. Left-hand species are bleached (low nickel oxidation state),
and right-hand species are coloured (high nickel oxidation state). Equation 2.1
complements these reactions by including NiO and Ni2O3.

Equation 2.1 [11], shows how the bulk NiO phase can participate in the
(steady state) electrochromic reaction. Bouessay et al. [25] described the NiO
as “a reservoir of electrochemically active phase.”

NiO+α-Ni(OH)2 Ni2O3 + 2H+ + 2e− (2.1)

The electrochemical cycling between β-Ni(OH)2 and β-NiOOH is a heteroge-
neous reaction [91] that takes place by phase boundary movement [96], and not
through diffusion in the homogeneous phase. This is supported by the lack of any
observations of a continuous variation of cell parameters during cycling. The ex-
pansion of the interlayer spacing is caused/triggered by water intercalation [47].
The β-β reaction can be generalised and written as [55]:

β-Ni(OH)2
ox

red
β-NiOx(OH)2−x + xH+ + xe−. (2.2)

x is normally one or very close to one, which makes this a one-electron transfer
process.

The β-β reaction is simple, straight-forward, and easy to grasp conceptually.
And on top of that, it is the reaction employed in all battery nickel hydroxide
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electrodes, since it involves the least amount of shrinkage and expansion on cy-
cling [91]. From the Bode scheme (Figure 2.3) it is clear that this is not the only
possible colouration mechanism.

Indeed, by using GITT (galvanostatic intermittent titration technique) to de-
termine the proton diffusion coefficient during ion insertion and extraction, Aven-
daño et al. [8] showed that the ion extraction involves two phase transitions,
corresponding to a β-Ni(OH)2 � α-Ni(OH)2 transition at −0.1 V vs Ag/AgCl fol-
lowed by a α-Ni(OH)2 � γ-NiOOH transition at 0.23 V vs Ag/AgCl. Colouration
occurred at the second phase transition.

Electrochemical cycling will eventually cause degradation of the film. This is
not hard to understand for α-Ni(OH)2 to γ-NiOOH cycling, where the mechanical
stress alone may cause breaking. For β-Ni(OH)2 to β-NiOOH cycling, Bouessay
et al. [25] suggests that the degradation is caused by process of self-discharge and
partial dissolution of the oxidised phase. The self-discharge results from the spon-
taneous reduction of β-NiOOH to β-Ni(OH)2 at lower potentials, since β-NiOOH
is less thermodynamically stable than β-Ni(OH)2. The oxidised phase may also
partially dissolve into the electrolyte solution, and since the solution volume is
usually large the dissolution reaction is far from equilibrium and recrystallisation
will not occur spontaneously.

Such degradation processes affect the reversibility of the charge capacity. For
example, if part of the oxidised phase is dissolved into solution during the anodic
sweep, and not somehow restituted during the subsequent cathodic sweep, then
the material has essentially lost some of its electroactive phase. This translates
into a reduced charge capacity.

As it happens, no such decrease of the charge capacity occurred [25], although
the degradation processes were still present. This peculiarity has been attributed
to the ability of the bulk NiO phase to form new active phase, e.g., as in Equa-
tion 2.1. In conclusion, it appears that the electrochromic colouration process is
flanked by an ongoing competition between degradation processes and regenera-
tion processes in KOH(aq).

2.2 Electrochemistry

A very broad definition of electrochemistry is given by Crow [36]: “electrochem-
istry is concerned with charges and with their movement and transfer from one
medium to another.” The ultimate unit of charge is that carried by the electron.

Electrochemistry may be divided into different branches, each dealing with
electron transfer across a particular interface (boundary between two media). The
largest branch of electrochemistry is concerned with the exchange of electrons
between electronic conductors (usually termed electrodes) and species in solution
within which that electrode is placed [36]. That description fits the basic elements
of an electrochemical cell.

Actually, an electrochemical cell consists of two electrodes in contact with an
electrolytic solution and joined by an external electrical circuit, which is also the
basic configuration of an ECD. An electrochemical cell may either produce elec-
tricity, and is then termed a galvanic cell, or consume electricity, and is then termed
an electrolytic cell [4].

We will not describe basic electrochemistry in much detail here, but quickly
move on to the technique of cyclic voltammetry. Readers interested in general
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Figure 2.4: In cyclic voltammetry experiments a potential shaped as in the figure
is applied on the working electrode, while the current is measured. The main
characteristics of this symmetric sawtooth waveform (and thus of any CV experi-
ment) is the negative and positive turn-round potentials, Ec

t and Ea
t , and the rate

of change of the potential, ν(the slope of the curve).

electrochemistry may find Electrochemistry by Hamann et al. [60] useful.

2.2.1 Cyclic voltammetry

In this technique, the potential on the working electrode is continuously varied
between an upper and a lower limit as shown in Figure 2.4, with the resulting
current being simultaneously detected and recorded (Figure 2.5). The applied
potential is usually generated with a function generator, integrated into a poten-
tiostat which also detects and records the current [36, 60].

The current is recorded versus applied potential (at the reference electrode),
but since the potential is varied as a linear function of time, the current response
could just as well be reported as current versus time [93].

The area of the working electrode which is immersed into the electrolytic so-
lution is directly proportional to the recorded current. To make all reported cyclic
voltammograms comparable, all CVs are plotted as current density versus poten-
tial. Current density is simply the primary recorded current divided by the im-
mersed electrode surface area.

The integrated area under the CV in the cathodic and anodic half-cycle, corre-
sponds to the cathodic and anodic charge capacity, respectively. The charge capac-
ity is the effective intercalated charge that is reversibly transferred upon cycling
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Figure 2.5: The resulting current from one of my experiments after the application
of a sawtooth potential. The arrows denote the scan direction. From this plot, it
can be seen that any CV consists of two half-cycles, or sweeps. During the reverse
sweep (bottom half) the recorded current is negative and the half-cycle is termed
cathodic. During the forward sweep the recorded current is positive and the half-
cycle is termed anodic. The area covered by the curve in each half-cycle is the
cathodic and anodic charge capacity, respectively. For a reversible reaction they
should be equal.

[12].

Qanodic =

∫ Ea

Ec

jdE ≈
∑

j∆E

Qcathodic =

∫ Ec

Ea

− jdE ≈
∑

− j∆E

(2.3)

2.2.2 Electrolytes

Electrolytes are species giving rise to ions (by dissociation in solution) to a greater
or lesser extent, strong electrolytes being completely ionised and weak electrolytes
only to a lesser extent [36]. When the electrolyte is dissolved in a solvent, the
resultant solution is termed an electrolytic solution, but it is commonly referred to
as just electrolyte, which is not formally correct but the practice is widespread.
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On the choice of electrolytes

Based mainly on the work of Avendaño Soto [12] and unpublished and published
work by Green et al. [59], potassium hydroxide in water (at different concen-
trations) and lithium perchlorate in propylene carbonate were selected, since
KOH(aq) is without dispute the de facto reference electrolytic solution within the
field of electrochromics, and LiClO4(PC) was chosen because it approximates the
behaviour of more complex, organic Li-based electrolytes quite well.

Resistance in an electrolytic solution

Ohm’s law states the fundamental relationship between potential, current and
resistance.

E = iR (2.4)

E is the electric potential (V), i is the current (A), and R is the resistance (Ω).
The resistance of a portion of an electrolyte solution may be defined in the

same way as for a metallic conductor,

R= ρ

�

l

A

�

(2.5)

ρ being the resistivity and l and A the length (cm) and area (cm2) respectively
of the portion of solution studied. G = 1/R is known as the conductance of the
material.

The reciprocal of resistivity ρ, is known as the conductivity κ (S cm−1).

κ=
1

ρ
=

l

RA
(2.6)

By inserting Equation 2.6 into 2.5, we get

R=
�

l

A

��

1

κ

�

(2.7)

from which the so-called cell constant (κcell = κR) can be calculated if the resis-
tance is measured using a standard electrolyte.

Equation 2.7 can be inserted into Ohm’s law, which gives

E = i
�

l

A

��

1

κ

�

. (2.8)

And since we are particularly bright students, we recognize that i/A equals the
quantity known as current density, j. So, we simplify the previous expression and
write

E = j
l

κ
(2.9)

which gives the voltage drop E from the experimentally measured current density
j and the already known specific conductivity of the electrolyte κ.
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Figure 2.6: Specific conductivity of KOH(aq) vs molarity at 25 °C, from six differ-
ent sources. Reproduced from Gilliam et al. [52].

Potassium hydroxide in water

KOH(aq) is a widely used and studied electrolytic solution within the whole field
of electrochemistry.

Thin film nickel oxide-based electrodes have been extensively studied in KOH(aq),
and most of the mechanistic understanding of the electrode processes have been
developed for this electrolyte. From that viewpoint, its inclusion into the experi-
mental matrix was essentially mandatory.

Potassium hydroxide dissolved in water makes a strongly alkaline and protic
electrolytic solution [59]. The alkalinity (high pH) makes the solution corrosive
to glass and other materials, but at the same time very conductive.

The specific conductivity of KOH(aq) (over a molarity range of 0− 12 mol/L
at temperatures between 0–100 °C) has been reviewed by Gilliam et al. [52]. At
25 °C the specific conductivity increases with increasing molarity up to ∼7 M, after
which the specific conductivity decreases again (see Figure 2.6).

At 25 °C, the calculated specific conductivity [52] of KOH(aq) at a concen-
tration 1.0 mol/L is κ = 0.2153 S/cm. At a concentration 1 · 10−2 mol/L it is
κ = 0.00243 S/cm. The specific conductivity shows an almost linear decrease
with concentration within this concentration range (concentration decreased a
factor 100, specific conductivity decreased a factor 89).

Although water as a solvent works fine in the laboratory, it is not a good solvent
for electrochemical devices because of its narrow potential window [26], which
is limited by the hydrogen evolution potential at −0.623 V vs Ag/AgCl and the
oxygen evolution potential at +0.607 V vs Ag/AgCl.
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(a) Solvent (b) Solute

Figure 2.7: Chemical structure of (a) propylene carbonate and (b) lithium per-
chlorate. Propylene carbonate is a dipolar aprotic cyclic ester, and forms a trans-
parent, odourless and colourless liquid at room temperature. Lithium perchlorate
is a white, grainy solid.

Lithium perchlorate in propylene carbonate, LiClO4(PC)

LiClO4(PC), or LiPC for short, consists of LiClO4 electrolyte dissolved in propylene
carbonate (see Figure 2.7). Propylene carbonate is a component of the electrolyte
for lithium batteries [94], either alone or as a mixture with other solvents.

Lithium perchlorate is a strong electrolyte (ionises completely in solution) with
good solubility in both aqueous and organic solvents. It is stable with regards to
both electrochemical oxidation and reduction within wide limits.

Propylene carbonate (PC) is very good at solvating cations due to the partial
negative charge localised at the carbonyl group. The partial positive charge is less
localised. Propylene carbonate decomposes into carbon dioxide and propylene
glycol on reaction with water. PC offers a wide potential window, with oxidation
of PC starting at +4.5 V vs Li/Li+, and reduction of PC below +1 V vs Li/Li+ [94].

Values for the specific conductivity of LiPC were not abundantly available, and
the only relevant data I could find was presented as not too detailed plots. With
that said, these are the values I found. Bohnke et al. [24] reported κ ≈ 0.45 S/m
at 22 °C. Georén and Lindbergh [51] reported κ≈ 0.50 S/m at 25 °C.

2.2.3 Reference electrodes

The electrochemical experiments of this project employed either one of two ref-
erence electrodes, namely the silver-silver chloride electrode for aqueous-based
systems, and the lithium electrode for systems using the LiClO4 electrolyte.

Silver-silver chloride electrode

The Ag/AgCl electrode is a secondary reference electrode (the primary being the
standard hydrogen electrode, SHE) of the second kind [36, 60]. Reference elec-
trodes of the second kind are built up as follows: a metal M is placed in contact
with a sparingly soluble salt of Mz+, all placed in a solution containing a strongly
ionised salt with a common anion [36].

The operation of the silver-silver chloride electrode is dependent upon the
reaction

AgCl(s) Ag+ +Cl− (2.10)

which is the solubility of the virtually insoluble silver chloride salt. We can write
the solubility product Ks,

KAgCl
s = aAg+ · aCl− (2.11)
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(we use activity for stringency, for practical concerns it can be replaced by con-
centration in most cases). We can then write the equilibrium potential of the
silver-silver chlorde half-cell, consisting of Ag|AgCl|Cl−, as

ECl−|AgCl|Ag = E0,Ag+|Ag +
RT

F
ln KAgCl

s −
RT

F
ln aCl− . (2.12)

The terms E0,Ag+|Ag + RT
F

ln KAgCl
s are the same as the standard potential of the

silver-silver chloride electrode,

E0,Cl−|AgCl|Ag = E0,Ag+|Ag +
RT

F
ln KAgCl

s (2.13)

which can be calculated since E0,Ag+|Ag is known (it is +0.7996 V vs SHE) and the
solubility product KAgCl

s has the value 1.78 · 10−10 [60].
That finally gives us the expression

ECl−|AgCl|Ag = E0,Cl−|AgCl|Ag −
RT

F
ln aCl− (2.14)

which shows that the potential of the silver-silver chloride electrode depends on
the solution activity of the chloride anion, and this is controlled by the addi-
tion of an easily soluble salt of the same anion to the electrode solution. The
most commonly used salt is KCl. If for example, a KCl solution of concentra-
tion 1.000 mol/L is used, the equilibrium potential of the Ag/AgCl electrode is
ECl−|AgCl|Ag = 236.8 mV vs SHE at 25 °C [60].

For all experiments in this project, a KCl solution of concentration 3.000 mol/L
was used, lending the equilibrium potential a value of 207.0 mV vs SHE at 25 °C
according to the electrode manufacturer, Metrohm [81].

Lithium electrode

The Li/Li+ electrode is a secondary reference electrode of the first kind. Electrodes
of the first kind consist of a metal M immersed in a solution containing its own
ion Mz+. The solution is common to that of the measurement cell. In our case the
electrolyte solution is non-aqueous (propylene carbonate).

The electrode process is
Li+ + e− Li (2.15)

which has a standard reduction potential of −3.045 V vs SHE [60, page 85].
The equilibrium potential of an electrode of the first kind is a function of the

activity of the cation Mz+ in solution, the potential may be expressed using the
Nernst equation.

ELi+ = E0,Li+ +
RT

F
ln aLi+ (2.16)

2.3 The ozonation process

Ozone is a triatomic homonuclear molecule. Its C2v symmetry renders it polar,
and it is a strong oxidising agent.

Ozone is an allotrope of oxygen, naturally occuring in the “ozone layer” of
the Earth’s stratosphere. Ozone is also present at sea-level in low concentrations,
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which is usually monitored due to its negative effects on human health. In the
Stockholm area the average daily sea-level ozone concentration in June 2009 was
60 µg/m3, well below the Swedish recommended limit of 120 µg/m3 [82]. Sea-
level ozone concentration varies with season and depends on wind and tempera-
ture conditions.

The first attempt to use ozone as an oxidising agent was done by Besson in
1947 [18]. Today ozonation is a very common method, used mainly to cleanse
unwanted compounds by oxidation. Low ozone concentrations (in the industrial
meaning) can be produced by UV irradiation of air in a closed space (UV/O3);
higher ozone concentrations are produced using corona discharge arcs.

Practical electrochromic device operation relies on inserting and extracting a
charge density of the order of 10–20 mC/cm2 between the anodic and cathodic
electrochromic films [15].But during device operation, any amount of charge can
only be extracted from one film if the other film can accomodate it. Usually, the
anodic nickel oxide EC layer, which is in its bleached (i.e., discharged ∗) state after
sputtering, needs to be activated before operation.

Ozonation presents an alternative method for producing oxidised nickel oxide
films. It has been demonstrated that the colouration of the nickel oxide film upon
ozonation corresponds to a well-defined amount of charge density inserted into the
film [13, 15].

On successful precharging of the anodic and cathodic EC layers, an optimally
performing device is achieved, i.e., a device operating with its maximum optical
modulation range and consuming only a small amount of power.

So far, we have described ozone, the process of ozonation, the necessity of
precharging EC layers and why ozonation is a viable route. Now allow me to
present some specifics.

The visible effect of ozonation on nickel oxide film is that it becomes coloured,
just as it would during a colouration half-cycle in an electrochemical cell. It can
thus be inferred that ozonation causes oxidation of Ni2+ to Ni3+. According to
Avendaño et al. [9], ozonation also changes the vanadium oxidation state from
V4+ to V5+ and increases the local distortion around the vanadium ion. This is
oddly interesting, since in another paper, Avendaño et al. [11] found that the
coloured grain surface layer is void of vanadium ions. Could it be that O3 pen-
etrates the nickel oxide grains far enough to react with vanadium? That would
imply that the grain surface itself must be very porous.

Bardé et al. [18] observed that during ozonation of β-Ni(OH)2, the size and
shape of the crystallites was maintained, but their texture became less uniform in
appearance.Ozonation is a solid state process [18].

Colouration on ozone exposure may be described by Equations 2.17 and 2.18
[12], wherein bleached β-Ni(OH)2 and NiO forms coloured β-NiOOH and Ni2O3
on ozonation. I have written the formulas specifically using β designations, be-
cause the work of Bardé et al. [18] showed that the final phase retains the char-
acteristics of the reduced precursor phase on ozonation. Thus α-Ni(OH)2 should

∗Since different definitions of charge and current are used in the literature, a clarifiying note may
be in order. I follow the definition of current as flowing from the positive to the negative terminal of
a battery. Since electrons flow in the opposite direction, our electrode is discharged during reduction,
and charged during oxidation.
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Figure 2.8: Multiple reflections in a thin film layer in air, taking interference effects
into account. The angle of incidence is ϕ0, the thickness of the layer is d. All
angles are shown greatly exaggerated.

become γ-NiOOH on ozonation, and β-Ni(OH)2→ β-NiOOH, as written.

2β-Ni(OH)2
+O3(g)

−O2(g)
2β-NiOOH+H2O (2.17)

β-Ni(OH)2 +NiO
+O3(g)

−O2(g)
Ni2O3 +H2O (2.18)

Reaction formulas describing the formation of ozone inside the ozonation
chamber are presented in Section 3.2.

I have found no sources stating that the UV light has any effect on the nickel
oxide film or any of its constituents.

2.4 Material optics

2.4.1 Optics of a thin film

The absorption in a slab of thickness d decreases with exp(−αd), where αd is
known as the optical density (α is the absorption coefficient of the material). A
film can be considered thin if αd ≤ 1 [73].

Under the Fresnel formalism and by applying Snell’s law of refraction at all
interfaces of the thin film model, we get the following equations for transmittance
and reflectance amplitudes (for the coherent case) [98],

t =
t1 t2 exp(−iδ)

1+ r1r2 exp(−2iδ)
r =

r1 + r2 exp(−2iδ)
1+ r1r2 exp(−2iδ)

δ=−
2π

λ
Nd cosϕ1
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where N is the refractive index of the thin film. As can be seen the layer thickness
d will affect the phase shift δ. t and r are amplitude coefficients, and the square
of their absolute value will give their measurable quantities, T and R [73].

2.4.2 The colouration efficiency

The spectral colouration efficiency (CE) is a measure of how much optical modu-
lation we achieve per charge unit that passes into or out from the electrode. It can
basically be expressed as the change in optical density per electrochemical charge
density passed.

CE=
∆(αd)

Q
(2.19)

Since the optical density depends on the wavelength of observation, the coloura-
tion efficiency is cited at a wavelength of 550 nm, except for spectral CEs, which
present CE across a wavelength range.

CE is defined as positive for cathodic EC materials, and negative for anodic
EC materials (in accordance with IUPAC definitions) [84, p. 54ff]. All CEs in this
report are thus negative.

Now, Equation 2.19 is not particularly useful for actually calculating the CE.
Instead, an expression that states the optical absorptance as a function of experi-
mentally determined transmittance and reflectance values is usually employed.

C E(T, R) =

ln

 

�

1− Rcolour
�2 · Tbleach

�

1− Rbleach
�2 · Tcolour

!

∆Qexch charge
(2.20)

If the changes in the reflectance are small, i.e., if the quota (1−Rcolour)2

(1−Rbleach)2
is close

to unity, it can be neglected altogether and the CE thus calculated as

C E(T ) =
ln
�

Tbleach

Tcolour

�

∆Qexch charge
. (2.21)

This expression was used to calculate all in situ CE values, since ex situ reflectance
data showed that changes in reflectance were indeed small.

Colouration efficiency is a very useful figure of merit for EC materials [32].
Needless to say, CE should be maximised for most efficient device operation.

2.5 Electrochromism

The optical modulation in the nickel oxide film is due to an intervalence charge
transfer reaction [54, 99], specifically the transition Ni2+ Ni3++e– [8, 16]. All
electrochromic colouration is fundamentally a consequence of an electron transfer
reaction [99], which is not surprising at all since the optical properties of any
material is directly connected to its electronic structure.

The colouration efficiency (CE) has empirically been found to correlate well
with the crystallinity of the nickel oxide film in the 300–500 nm wavelength range
[8, 10]. The CE is also affected by several factors, such as grain size, porosity, and
hydrogen and oxygen content of the film [7].
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Avendaño et al. [8] relate grain size, oxygen content, colouration efficiency
and internal surface area in a neat scheme. The essence of it is: small grains with
high oxygen content possess large surface areas and contain large amounts of
active material, i.e., oxygen, which ultimately leads to high colouration efficiency.

Several authors, among them [16, 119, 121], assert the importance of the in-
ternal surface area to the electrochromic reaction. The oxygen-rich nickel hydrox-
ide and oxyhydroxide phases exist in surface sheaths of the nickel oxide grains.
The external surface area is just the area of the grain itself, and the internal sur-
face area, which I have referred to several times, is the area available to a certain
species, such as a proton, in all the cracks, pores, and other regular and irregular
cavities on the surface of the grains. The internal surface area is usually orders of
magnitude larger than the external surface area, especially for porous materials.

A massive amount of experimental evidence indicates that the electrochromic
reaction takes place at the grain boundaries [7, 10, 11, 16, 67, 83].

Upon electrochemical cycling the electrochromic reaction stabilises to reach
the steady state. This stabilisation can take several cycles, during which the film
structure and composition “sets”, mainly by oxidation of nickel oxide to nickel
hydroxide and oxyhydroxide [11]. The activation period is manifested as an either
increasing or decreasing charge capacity (depending on electrolyte) that stabilises
when steady state conditions are reached [57].

The actual number of cycles required for stabilisation depend on several fac-
tors, most importantly film composition and structure and the length and scan rate
of the cyclic voltammetry. For example, Niklasson and Granqvist [87] summarised
that nickel vanadium oxide films required 10–20 cycles for the charge capacity to
stabilise. Green et al. [59], who used cyclic voltammetry parameters identical to
mine, performed optical measurements after cycling for about ten cycles. Yu et al.
[122] noted very little change in the cyclic voltammetry response after the sixth
cycle.





CHAPTER 3
Experimental method

This chapter presents the employed experimental methods. Additional details are
also presented in Supplement A.

We start by describing the properties of the investigated material, the sputtered
nickel vanadium oxide sheet. Second the process of ozonation is detailed. Then
the in situ spectroscopic cylic voltammetric technique, which constituted the major
part of all work, is presented. Finally the methods for ex situ spectroscopic analysis
are given.

3.1 Materials

All films investigated in this study were produced by dc magnetron sputtering
between February and April 2009. The sputter deposition parameters were not
part of this project. The thesis by Avendaño Soto [12] includes details on opti-
mising dc magnetron sputter deposition parameters for nickel oxide-based sheets.
The production number for each sheet that was part of this project is reported in
Table 3.1.

3.1.1 Some specifics on the sputtered product

The product supplied for this study were 33×33 cm2 triple-layer sheets, consisting
of Ni1-xVxOyHz coated on ITO coated on PET. The top layer (NiO) was sensitive
to scraping and abrasion, so all sheets were handled with care and kept between
plastic sheets during preparation.

The substrate layer was made of biaxially oriented semicrystalline PET (polyethy-
lene terephthalate) resin, approximately 175 µm thick. PET films generally pos-
sess good dimensional stability and good optical transparency [97].

The electrically conducting layer (Sn:In2O3, ITO) was approximately 150 nm
thick. It is known that its deposition method influences the electrochemical be-
haviour of the nickel oxide film [79], just as any substrate affects what is coated
onto it.

The nickel vanadium oxide layer is approximately 200 nm thick, and hydrated
in its as-deposited condition. Nickel oxide-based films with similar properties have

27
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Table 3.1: A total of five sheets was used during this project. Some sheets were
used to produce samples of just one size, others were cut into samples for both
optical and electrochemical cycling. All samples (films) of a specific type from
one sheet formed a series. Series were denoted with a running letter, starting
from Z for electrofitted films, and starting from B for films without any electrical
contacts. The reported as-deposited transmittance was measured over more than
10 different samples from each series. The resistance values were measured with
a regular two-probe ohmmeter and so are not very reliable.

Sheet Batch Film dimension Tasd (550 nm), % Ω̄, Ω

N987 Z-series∗ 70× 20 mm —‡ —
N987 B-series 40× 30 mm 61.4± 1.64 —
N1041 Y-series∗ 65× 15 mm 71.0± 1.52 361±57
N1041 C-series 40× 30 mm 69.5 —
N1067 X-series∗ 65× 15 mm 68.9± 1.09 455±60
N1099 W-series∗ 65× 15 mm 69.8± 1.54 342±51
N1167 V-series∗ 65× 15 mm 68.1± 1.67 545±80
‡ No in situ optical experiments for Z-series films.
∗ Samples fitted with electrical contact.

been studied earlier by [6, 7, 10, 14, 15]. The actual transmittance of the film as
deposited depends on the precise deposition conditions. Common for all sputtered
nickel oxide films is that they are hydrated in the as-deposited state [5, 6].

3.1.2 Sample preparation

Every produced sheet was given a production number N#### (see Table 3.1).
To perform electrochemical cycling experiments, a small piece of the sheet was
cut out and fitted with an electrical contact. To perform experiments ex situ, no
electrical contact was required, although it caused no problem if such a contact
was present. So, early on during the project (after the first sheet was produced) I
started cutting every new sheet into smaller pieces directly after production. This
preparatory step was performed in a clean-room.

Figure 3.1 shows some photographs from the film electrode cutting process.
An ideal “cutting” blueprint is drawn in Figure 3.2, which also shows the dimen-
sions of a finished film electrode.

During sample preparation precautions were taken against damaging the films
in any way (see Supplement A.1 for more details).

3.2 Ozonation

Ozonations were performed by UV irradiating the nickel vanadium oxide film in an
ozone photoreactor (model PR-100 of UVP Inc., Upland, USA) operated in air. Hg
lamps provided a nominal irradiation intensity of I = 15 mW/cm2 at λ = 245 nm
and I = 1.5 mW/cm2 at λ = 185 nm. Operation yielded a steady-state ozone
concentration of 50 ppm with air in the photoreactor according to the manufac-
turer’s data sheet. That corresponds to ∼100 mg O3/m

3 (using conversion factor
1 ppm= 2.0 mg/m3, [40]).
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(a) (b)

Figure 3.1: (a) A freshly sputtered sheet held up to the light. A brownish tint,
caused by absorption in the violet band of the visible spectrum, is visible, as well
as a weak reflection of the photographer. (b) Shows part of the same sheet, fit-
ted with electrical contacts and cut into so-called “strips”, which makes two film
electrodes by cutting down their middle.

The formation and degradation of O3(g) inside the photoreactor can be de-
scribed by the reactions of Equation 3.1,

O2(g) + hν→ 2O(g)
O(g) +O2(g)→ O3(g)

O3(g) + hν→ O2(g) +O(g)
(3.1)

where hν is a photon of suitable energy. The first reaction is the rate-limiting step.
Since the ozone concentration inside the photoreactor is high enough to be

harmful, the whole ozonation chamber was placed inside a ventilation hood. On
ozonation completion, any residual ozone inside the chamber was quickly sucked
into the ventilation hood.

Inside the photoreactor six small fans (Panaflo DC brushless, by Matsushita
Electric Japan) were placed along the chamber walls facing each other and the
film. They were controlled from a separate unit, and always operated at 12 V and
0.1 A each, which gave a suitable fan speed.

The distance between the film in its glass tray and the quartz lamp in the
ceiling of the photoreactor was approximately 7 cm.

Films were subjected to ozonation for a time of 20, 40, 60, 90, 120, 180, and
240 seconds and followed by spectral characterisation. One unique film was never
subjected to more than one ozonation.

For electrochemical cycling experiments films were subjected to either interme-
diate ozonation of 40 seconds or long ozonation for 120 seconds, denoted OZ040
and OZ120, respectively. Non-ozonated films were denoted NONOZ or just NOZ.

3.3 Cyclic voltammetry with in situ spectroscopy

All electrochemical measurements were performed on a ECO Chemie Autolab
PGSTAT 10 with a GPES interface, and all cyclic voltammetry experiments used
the scan rate ν= 10 mV/s.

In situ spectroscopy was carried out using an OceanOptics S2000 spectrome-
ter. The light beam, supplied by a LS-1 tungsten halogen light source [89], was
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Figure 3.2: (a) Geometry of a sheet, with cutting-scheme for producing two ar-
eas of 16 strips each, where each strip consists of two films joined at the bottom,
making a total of 64 film electrodes from one 33× 33 cm sputtered sheet. The
margins of the sheet are not used in avoidance of eventual sputtering inhomo-
geneities towards the sheet edges. (b) Dimensions of a prepared Ni1-xVxOyHz
film electrode. Shows the electrical tape (light gray) and soldering (dark gray)
with typical dimensions.

both conducted to and collected from the spectroelectrochemical cell by 200 µm
diameter UV/Vis (200–800 nm) optical fibres (Avantes). The S2000 spectrometer
featured an asymmetric crossed beam Czerny-Turner monochromator and a Sony
ILX511 small-well CCD detector [90].

The spectrometer was set to an integration (exposure) time of 100 ms, fol-
lowed by mathematical signal averaging 15 times to increase the signal-to-noise
ratio. That way good S/N can be achieved despite the higher photon noise of
a small-well CCD compared to a more power-consuming large-well CCD. Flash
delay was set to 50 ms.

The spectral profile transmitted through my lab-bench optical system, gener-
ated by the LS-1 tungsten lamp, transmitted through a fibre optic cable (∼1 m),
air, and through another fibre optic cable to the detector, is shown in Figure 3.4
(in the page margin). Total intensity depended mainly on the proper alignment
of the two focussing lenses at the air/fibre optic interface. At its peak the inten-
sity reached ∼1800 counts. During inert atmosphere in situ experiments the peak
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(a) Empty “tray” (b) Loaded “tray” (c) Ozonation chamber

Figure 3.3: This glass support (a), called the “tray”, was used to hold films in
place during ozonation and to keep the films in position during optical measure-
ments using the OceanOptics S2000 spectrometer. This was necessary, since the
convection inside the ozonation chamber would otherwise have sent the films fly-
ing, and the optical measurements benefited since the plastic substrate otherwise
tended to bend and curve which reduced transmitted intensity. The “tray” was
constructed using glass microscope slides (Thermo Scientific, 75×25 mm) and
regular superglue. This construction was used for all ozonations. (c) shows the
ozonation chamber. Ozonation time was set with an integrated digital timer.

intensity dropped to ∼200 counts, due to large transmission losses through the
glove box fibre optic connectors (inevitable losses, unfortunately).

Figure 3.4: Spectral profile of
the OceanOptics fibre optic sys-
tem.

During an in situ experiment spectral intensity values were recorded simul-
taneously at six wavelengths within the visible range, namely 400 nm, 475 nm,
550 nm, 625 nm, 700 nm, and 775 nm. Measurements were taken at five second
intervals (for most experiments, some featured 1-second intervals) and recorded
on a PC.

Every spectral capture was preceded by a light/dark calibration of the S2000
spectrometer. For electrochemical in situ experiments, the 100% level was taken
as the transmittance of the cell containing the electrolyte solution, and for purely
optical characterisation of films the 100% level was taken as the transmittance of
the air. In all cases the dark level was measured with the detector lens covered
with a tight-fitting rubber cap.

Cyclic voltammetry was done in quiet solution (without stirring). Most CV
experiments were run for 11 cycles, several were run a larger number of cycles
and none less than said number. Precedence has been set by Avendaño et al.
[7], who cycled 10 times before optical measurements using the very same setup
but a slightly wider potential window and by Green et al. [59] who cycled 10
times before optical measurements. Additional support is provided by Avendaño
et al. [11] who stated “excellent electrochromism even from the first voltammetric
cycles.”

An added feature of my experiments is that in situ optical transmittance was
recorded from the start of the first cycle and continuously at six wavelengths simul-
taneously until the end of the experiment.
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Table 3.2: Summary of all electrochemical cycling experiments. The first letter of
the sample designation denotes the series it belongs to, the other two characters
are a running index. Ti is the transmittance at 550 nm, measured in situ at the
start of the first cyclic voltammogram. Open circuit potential (OCP) is reported
vs Ag/AgCl. OCPs are also presented graphically in Figure 4.10. The last col-
umn presents the actual area of the nickel film electrode that was immersed into
the solution. That area was measured after each experiment with millimeter pa-
per. Experimental in situ spectroscopy data for each experiment is presented in
Supplement C.

Sample Electrolyte State Ti/% OCP, V Area/cm2

YO1 KOH-14 NONOZ 75.6 −0.138 6.89
YQ1 KOH-14 NONOZ 78.4 −0.037 6.00
YU2 KOH-14 NONOZ 78.0 −0.155 6.75
YV1 KOH-14 NONOZ 77.3 −0.132 6.90
YW2 KOH-14 NONOZ 76.2 −0.141 6.45
YW1 KOH-14 OZ040 38.1 0.391 6.90
YV2 KOH-14 OZ040 32.9 0.410 6.75
YP1 KOH-14 OZ120 15.3 0.433 5.88
YX1 KOH-14 OZ120 20.7 0.416 6.30
YX2 KOH-14 OZ120 17.3 0.427 6.38
WK1 KOH-12 NONOZ 73.9 −0.038 7.76
WL2 KOH-12 NONOZ 70.3 −0.155 7.68
VG1 KOH-12 OZ040 37.4 0.553 7.50
VG2 KOH-12 OZ040 44.4 0.554 6.95
WJ1 KOH-12 OZ120 8.79 > 0.60 7.76
WK2 KOH-12 OZ120 17.9 0.599 7.69
WM1 LiPC NONOZ 81.7 −0.487 9.09
WM2 LiPC NONOZ 75.9 −0.070 8.37
WN1 LiPC NONOZ 72.4 −0.072 7.50
VD1 LiPC OZ040 48.3 0.537 6.50
VD2 LiPC OZ040 50.8 0.540 7.50
WE2 LiPC OZ120 15.6 0.601 7.14
VY1 LiPC OZ120 44.3 0.568 8.26
VY2 LiPC OZ120 40.1 0.567 7.93
VR2 LiPC OZ120 32.0 0.574 7.05

3.3.1 Ambient atmosphere experimental considerations

Electrochemical measurements were carried out in a three-electrode cell (glass
cuvette) filled with aqueous potassium hydroxide (V ≈ 50 mL) at either pH 14
or pH 12 (strongly alkaline). A platinum foil (∼1.5 cm2) served as the counter
electrode, and a Ag/AgCl electrode as reference (filling solution c(KCl)=3 mol/L).
The Ni1-xVxOyHz/ITO/PET film was placed as working electrode. The typical cell
configuration is shown in Figure 3.6.

The potential sweep limits used were Ec
t = −0.5 V vs Ag/AgCl and Ea

t = 0.6 V
vs Ag/AgCl, and the sweeps were started at the open circuit potential of the cell.
Scan rate was ν= 10 mV/s.
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(a) Ambient atmosphere setup (b) Inert atmosphere setup

Figure 3.5: The electrochemical in situ cell, (a) under ambient atmosphere, and
(b) under inert atmosphere inside an argon-filled over-pressurised glove box.

Table 3.3: Conversion between standard electrode potentials at 25 °C. Values for
the Ag/AgCl (3 mol/L KCl) electrode vs SHE by Metrohm [81] product sheets.
Values for Li/Li+ electrode vs SHE by Hamann et al. [60, page 85].

SHE Ag/AgCl Li/Li+

0 V −0.2070 V 3.045 V
0.2070 V 0 V 3.252 V
−3.045 V −3.252 V 0 V

3.3.2 Inert atmosphere experimental considerations

Electrochemical measurements were carried out in a three-electrode cell glass cu-
vette filled with 1.0 mol/L LiClO4(PC) (V ≈ 50 mL). Two pure lithium (99.9%)
foils served as counter and reference electrodes. The typical cell configuration is
shown in Figure 3.7.

The potential sweep limits used were Ec
t = 2.5 V vs Li/Li+ and Ea

t = 4.0 V vs
Li/Li+, and the sweeps were started at the open circuit potential of the cell. Scan
rate was ν= 10 mV/s.

The cells were assembled and maintained in an inert atmosphere glove box
with a water content less than 10 ppm. Work under inert atmosphere was neces-
sary since lithium metal is reactive towards air and humidity [59], and propylene
carbonate (the solvent) is reactive towards water.

3.3.3 Calculated voltage drops

Due to the finite conductivity of any real electrolyte solution, passage of current
is accompanied with a voltage drop arising from Ohm’s law (Equation 2.4). The
voltage drop is proportional to the current and distance through the electrolyte.

Due to space limitations inside the glass cuvettte, this aspect had to be sacri-
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Figure 3.6: The in situ electrochemical cell used for aqueous electrolytes, drawn
according to scale. Seen along the optical path (at the left) and from above (at
the right). Current and voltage are denoted I and V respectively.

ficed to achieve good in situ spectroscopy conditions.
Nonetheless, the voltage drop was calculated for every electrolyte and elec-

trode configuration used (for electrode configurations, see Figure 3.6 and Fig-
ure 3.7).

Equation 2.9 was used to calculate the voltage drop. The width of the cuvette
(50 mm) was used as the distance l, and the highest recorded current density was
inserted as j. The straight-forward calculation gave that voltage drop (across the
width of the cell) was ∼10 mV for KOH-14, ≈0.1 V for KOH-12, and < 0.1 V for
LiPC.

No corrections have been applied to the reported cyclic voltammograms.
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Figure 3.7: The in situ electrochemical cell used for LiClO4/PC electrolyte, drawn
according to scale. Seen along the optical path (at the left) and from above (at
the right). Current and voltage are denoted I and V respectively. The shown elec-
trolyte level (wavy horizontal line) corresponds to approximately 50 mL, which
was the volume used in all experiments.

3.4 Optical characterisation in the solar wavelength range

Ex situ transmittance and reflectance spectra were collected with a UV-Vis-NIR
Perkin Elmer λ9 spectrophotometer.

The λ9 is a 1980’s era state-of-the-art spectrophotometer, with a rotating-
mirror beam splitter, and a BaSO4 coated integrating sphere. The instrument
employs a deuterium lamp in the 200–320 nm range, and a tungsten lamp up to
2500 nm. Two detectors are also employed; a photo-multiplier tube between 200–
860.8 nm, and a lead sulfide detector between 860.8–2500 nm. The detectors are
located inside the integrating sphere [64].

The discontinuities at 319.2 nm and 860.8 nm, which are visible in several
spectra, are thus artifacts due to the change of lamp and detector in the spec-
trophotometer [64].

Electrochemically cycled films were withdrawn from the electrolyte, rinsed
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(a) Perkin Elmer λ9

(b) Reflection mode (c) Transmission mode

Figure 3.8: (a) Perkin Elmer λ9 spectrophotometer, with the integrating sphere
setup for ?? reflectance measurement and for ?? transmittance measurement.

with deionised water, blown dry with with nitrogen air and thus placed in the
sample compartment of the spectrophotometer. Transmittance was measured at
normal incidence, and reflectance was measured at near-normal incidence, be-
tween 300–2500 nm. The lower limit was set to 300 nm since nickel oxide is
known to absorb strongly below 350 nm, due to its semiconductor band gap [7].

Although the bulk of all optical characterisations were performed on the λ9,
some were performed with a Perkin Elmer λ900. The main difference towards the
λ9 was its faster spectra collection time, on top of a host of other improvements, I
suppose.



CHAPTER 4
Results and discussion

In this chapter the results are divided into two major sections. Ozonated (and non-
ozonated) films who were not subjected to electrochemical cycling form one logi-
cal section, and are presented first since they form the baseline behaviour against
which the films’ behaviour after electrochemical cycling is compared. The second
section, which is the largest, is subdivided into four main parts. First, colouration
effiencies and charge capacities are presented, followed by recorded open circuit
potentials and aggregated in situ spectroscopy data. Section 4.2.1 shows how the
bleached and coloured state in situ transmittance (Tb and Tc) behaved in the stud-
ied electrolytes and under different ozonation states. Section 4.2.2 presents the
results of a long-time (over 700 cycles) experiment in LiPC of an ozonated film.
Finally, in Section 4.2.3 some remarks are made on the films tendency to break
upon cycling in KOH-14.

4.1 Ozonated films characterised optically

Before cycling ozonated NiO-films, the optical response after ozonation needed
to be determined. From previously published results [15] it was clear that nickel
oxide films respond to ozonation by colouring, and that the colouring was not
physically different from that achieved by electrochemical cycling.

Figure 4.1 shows ozonation curves in the visible spectral region for Y-series,
V-series, B-series, and W-series films. Although some differences can be observed
between the series, especially for intermediate ozonation times, the overall repro-
ducibility is good.

When the optical transmittance at 550 nm is extracted from the ozonation
curves, and plotted against ozonation time, we get a nice set of “standard ozona-
tion curves” (Figure 4.2), that show how the transmittance decreases with increas-
ing ozonation time. For large-area nickel oxide films I expect the overall shape of
the curve to be preserved, but unless a higher ozone concentration is employed,
longer ozonation times should be expected.

37
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Figure 4.1: Transmittance of films in the visible after ozonation. Each “band” in
the plots is based on measurements of at least two films.

Figure 4.2: Transmittance at 550 nm after ozonation of B-series, Y-series and
V-series films. The sputtered nickel oxide films’ response to ozonation shows
good reproducibilty across separately sputtered sheets (series). Tabulated in Ta-
ble 4.1.

























































































































