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1. INTRODUCTION

Over the last few years, hydrated nickel oxide or hydroxide has gained interest as an electrochromic
materiall. It has many important features. First it shows a transparent to bronze coloration which is
suitable for a number of architectural, vehicle and aerospace glazing applications. This material is stable in
an alkaline environment and colors and bleaches at potentials below 1.0V and below the oxygen and
hydrogen evolution potentials. It can be deposited by a wide range of processes, including anodic and
cathodic electrodeposition, r.f. and d.c. sputtering, vacuum evaporation, chemical vapor deposition, and
solgel processes. In this work we will discuss films made chiefly by anodic electrodeposition. Some of the
best characteristics are seen in films made by electrodeposition. The properties of films made by other
deposition processes will be discussed in subsequent chapters. Much of the electrochemical knowledge
about hydrated nickel oxide comes from studies of metallic nickel electrodes used in batteries. The study
of hydrated nickel oxide based electrochromic devices is just emerging, and so far very few devices have
been reported2-4. Some of the work by my group on nickel based devices will be outlined later in this
chapter.

There are several challenges related to electrochromic hydrated nickel oxide. First, the electrochromic
reaction for hydrated nickel oxide should be resolved. Only very simplified reactions have been reported.
The significant coloration ions should be verified. So far, there is experimental evidence that the proton is
responsible for coloration. However there is further evidence that hydroxyl ion is important in the
hydroxide to oxyhydroxide reaction. There still remains the question whether other ions such as lithium in
an aprotic environment will color nickel oxide effectively and reversibly. In a subsequent chapter3, data
will be reported on the effect of doping hydrated nickel oxide with a variety of ions, and how ions such as
cerium, lanthanum, lithium and yttrium can be beneficial to durability. Overall, the amorphous and
crystalline structure of the different types of electrochromic hydrated nickel oxide need to be better
characterized. The surface morphology and porosity should also be studied because of their strong
influence on coloration intensity and switching rate. A summary of the current state-of-the-art will be
presented here.

An electrochromic hydrated nickel oxide device can be fabricated by three methods: (1) a laminated
device consisting of an active electrode and ion storage electrode laminated together by a polymer ion
conductor or polyelectrolyte, (2) a solid state device made up of sequentially deposited layers, (3) a
dispersed electrochromic in a solid or semi-solid electrolyte. A schematic example of the laminated
hydrated nickel oxide device is illustrated in Fig. 1. Also, the tin oxide layer shown in this figure could be
another conductive oxide such as InpO3:Sn or ZnO:Al.
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Fig. 1. Generalized schematic of a laminated hydrated nickel oxide electrochromic device (not to scale).
Depicted is ionic and electronic flow during coloration and bleaching.

To produce a practical hydrated nickel oxide electrochromic device, both ion conductors and ion storage
electrodes have to be fabricated. Currently, there is considerable effort to develop suitable layers for
tungsten oxide devices based on protic acid and lithium aprotic electrolytes. Ion storage layers and
electrolytes developed for tungsten oxide devices are not necessarily chemically compatible with the
hydrated nickel oxide. The search for materials compatible with the alkaline environment of hydrated
nickel oxide has begun recently. As a result of this work, I expect to see a variety of hydrated nickel oxide
based devices developed in the future. Much of the following work comes from our own studies on
hydrated nickel oxide. Further detail can be gained from our published work4. 6-8,

2. PREPARATION OF FILMS

To make working electrodes, hydrated nickel oxide is deposited onto fluorine doped tin oxide (SnO»:F)

coated glass substrates. The tin oxide layer serves as a transparent electrical conductor. The substrates
used in this investigation were 3 mm thick, which is thicker than glass normally used for lamination (1.5-2
mm). The tin oxide coating was supplied by the Watkins-Johnson Company (Scotts Valley, CA, USA). It
was made by chemical vapor deposition. Tin doped indium oxide has also been used as a transparent
conductor with some of our films. The tin oxide coating had a sheet resistance of 5-25 ohm/sq. To make
good electrical contact, a wire was attached to the conductive coating with silver epoxy.

The electrochemical working solution used to deposit the hydrated nickel oxide consisted of a mixture of
0.IM NiSOy4- 6H,0O and 0.1M NH4OH at 230C. The solution was magnetically stirred for 5-10 min. A
platinum electrode served as the counter-electrode. A Scanning Potentiostat (Princeton Applied Research,
Model 173), was used to deposit the coatings anodically. A triangular potential from -500 mV to +1500
mV versus SCE (Standard Calomel Electrode) was applied between the tin oxide coated electrode and the
counter-electrode. The sweep rate was 20mV/s. A hydrated nickel oxide film of approximately 120 nm
formed after five cycles. Thickness was determined by scanning profilometry for several samples. In these



studies films of approximately 12, 50 and 120 nm thick were used. Upon formation of the film, the
electrode was removed and rinsed in distilled water.

Other deposition solution compositions were experimented with before the former bath was developed. A
solution consisting of 0.1M NiSOy4- 6H,0, 0.1M C2H3NaO3, and 0.001M KOH under the same operating
conditions made acceptable films but provided less uniformity in the deposit. The nitrate solution used in
cathodic deposition was also experimented with. It consisted of 0.45M Ni(NOgz),- 6H,O, and 1.75M
NaOH. Films produced from this bath gave good uniformity but less cyclic stability than the sulfate baths
in our studies. Variations of the nitrate deposition process have been used by other investigators?.

3. CYCLIC VOLTAMMETRY

Cyclic voltammetry was performed on freshly made hydrated nickel oxide electrodes. The optical
switching characteristics were then studied by cycling the electrode with the potentiostatb. A range of
electrolyte concentrations, 1-0.001M KOH, LiOH, or KCL were used in these experiments. Depending
upon the exact conditions of deposition, the electrode could remain out of solution in its colored state for
several hours before fading. The experimental arrangement for voltammetry is shown schematically in
Fig. 2.
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Fig. 2. Schematic of a liquid cell arrangement for voltammetry and electrochemical studies.

An investigation was made using a periodically increasing triangular potential during the anodic half-
cycle. The electrolyte was 1.0M KOH with a sweep rate of 50 mV/s. The starting potential was -500 mV
in all cases. For the first cycle the anodic limit was +300 mV, and on each subsequent cycle it was
increased 100 mV, ultimately limited to +750 mV. After eight cycles, the electrode was allowed to cycle
between -500 mV and +750 mV, to a total of fifty cycles. However, after the sixth cycle (600 mV anodic
potential), no further change was noted. The data in Fig. 3 show a predominant anodic peak at 390 mV



(SCE) and a single predominant cathodic peak at 190 mV (SCE). Also, an oxygen-evolution peak occurs
at about 550 mV (SCE). Similar results have been noted by other investigators®-12 The electrode response
is similar to that noted for our study of oxidized metallic nickel electrodes®.
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Fig. 3. Increasing anodic potential cyclic voltammogram of a hydrated nickel oxide/SnO3:F/glass
electrode in 1.0M KOH at a sweep rate of S0mV/s. The anodic potential starts with 300 mV, stepping 100
mYV per cycle to 750 mV. The numbers on the figure indicate the cycle number.

The oxidation reaction taking place at the anodic peak is identified as (in simplified form, using the proton
as the active ion)%-11,13-15;

Ni(OH), --> NiOOH + Ht + e, [1]
At the cathodic peak the reduction reaction is determined to be:

NiOOH + Ht + e~ --> Ni(OH), [2]

In Fig. 3, it should be noted that during the third to sixth cycle, there is a slight increase in the cathodic
peak current. This increase during the first few cycles indicates that NiOOH is not completely reduced to
Ni(OH),. The cathodic peak potential did not change during these early cycles, indicating stability of the



film even though the oxygen-evolution potential had been exceeded. Reactions [1] and [2] can be written
with the hydroxyl ion as the active ion too. The distinct phases noted by other investigators for the alpha
and beta forms of Ni(OH), and the alpha and beta forms of NiOOH were not noted here 13-15, A further

discussion of the coloration reaction in the film is in section 4.5.

Potential-scan experiments were carried out with sweep rates of 5-150 mV/s in 1.0M KOH electrolyte.
From these experiments, proton diffusion information for the reaction can be obtained. The results of the
potential scan are shown in Fig. 4.
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Fig. 4. Potential-scan experiment showing voltammetry of a hydrated nickel oxide/SnO»:F/glass electrode
in 1.0M KOH. The sweep rates are given in mV/s in the figure. The numbers on the figure indicate the
cycle number.

By plotting the peak current density versus the square root of the sweep rate, as shown in Figs. 5 and 6, a
linear relationship is found, which implies that the reaction is purely diffusion controlled. Also, impedance
spectroscopy has indicated diffusion controlled behavior during coloring and bleaching16. To determine if
the diffusion of the proton was controlling the reaction, the concentration of hydroxyl ions was varied
from 1.0M to 0.001M with KOH. A supporting electrolyte of KCL was used to keep the electrolyte
conductivity constant. The anodic peak currents for these different electrolyte concentrations are shown in
Fig. 5. From these data, it is noted that the slopes of the curves, which are a function of the diffusion
coefficient of a single ion species, do not depend on the hydroxyl ion concentration (at least for this range



of electrolyte concentrations). Therefore, the proton must be the significant ion in the rate-determining
process for both the anodic and cathodic cycles, at least in the electrolyte concentration range studied.
Other researchers have identified this ion as a proton too?-11:13,15_ Another way to separate the role
protons and hydroxyl ions play in coloration would be to overcoat the nickel oxide electrode with ion
selective membrane and repeat the voltammetry experiments.
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Fig. 5. Anodic peak current density versus (sweep rate)0-3 for the coloration of a hydrated nickel
oxide/SnO»:F/glass electrode in 0.001M to 1.0M KOH.
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Fig. 6. Cathodic peak current density versus (sweep rate)0- for the bleaching of a hydrated nickel
oxide/SnOy:F/glass electrode in 1.0M KOH.



The maximum proton-diffusion coefficient for thick hydrated nickel oxide films (1-1.8 pm) has been
determined by semi-infinite and finite diffusion models!5:17. For those films, the diffusion coefficient was

estimated to be in the range of 10-10to 10-11 cm?/s with a diffusion length of 0.55 um. The films used in
here may be too thin to be applicable to these diffusion models.

Variable electrolyte-concentration experiments using a constant sweep rate were conducted to determine if
a very low concentration of hydroxyl ions influences the proton-reaction mechanism. The range of
electrolyte concentrations was 0.0001M to 1.0M KOH, with KCl added to keep conductivity constant. A
sweep rate of 50 mV/s was used. The results are shown in Figs. 7 and 8.
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Fig. 7. Cyclic voltammetry of a hydrated nickel oxide/SnO3:F/glass electrode in 0.0001-0.05M KOH, at a
sweep rate of 50 mV/s. '

There is an overall trend of anodic and cathodic peak shifting to higher potentials for lower concentrations,
resulting in higher reversible potentials ranging from 2.4-5.22 V (SCE) (Ref 7). This shift has been noted
in KOH and other alkaline electrolytes by other investigators13.18, This result demonstrates that the
concentration of surface hydroxyl groups has a significant impact on the movement of protons diffusing
within the films to the film-electrolyte interface. Also, this experiment shows that generally the

concentration of hydroxyl ions has no significant role in the anodic oxidation of hydrated nickel oxide,
suggesting that the diffusion of the proton is the rate-limiting process.
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Fig. 8. Cyclic voltammetry of a hydrated nickel oxide/SnO7:F/glass electrode in 0.05-1.0M KOH, at a
sweep rate of S0 mV/s .

To further understand the role of surface hydroxyl groups, we compared the electrochemical switching of
hydrated nickel oxide films as they were alternated between neutral and highly alkaline electrolytes. The
beginning experiment used a 1.0M KCl electrolyte which gave no voltammetric response. When the film
was transferred and cycled in 1.0M KOH the oxidation and reduction peaks shown in Fig. 9A appeared.
The film was next removed at a potential above the coloration peak and transferred to 1.0M KCI; a
reduction peak was seen only for the first cycle, as shown in Fig. 9B. This demonstrates that the hydroxyl
ions must be present at the film surface for oxidation to occur. In another experiment, the film electrode
was removed from 1.0M KOH in the bleached state and transferred to 1.0M KCl where 1.0M HCl was
also added. During cycling, no anodic or cathodic peaks were observed, as noted in Fig. 9C. The film was
then cycled in 1.0M KOH and again showed the oxidation/reduction peaks (Fig. 9D) This experiment
indicates that oxidation cannot occur in the absence of hydroxyl ions.

Lithium ions were intercalated into the hydrated nickel oxide to increase its stability to oxygen evolution
during coloration4. The addition of lithium ions alters the chemical binding and electrostatic forces in the
layered lattice of hydrated nickel oxide. The Li* ions in the hydrated nickel oxide crystal lattice prevent
the incorporation of K* ions. The net effect is to increase the oxygen overvoltage by hindering the
recombination of adsorbed oxygen 19. Also, it has been shown that lithium helps to tightly bind water in

the interlayer structure of hydrated nickel oxide 20. These factors provide the hydrated nickel oxide
electrode with greater charge capacity.
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Fig. 9. Sequential cyclic voltammetry of a hydrated nickel oxide/SnOy:F/glass electrode at a sweep rate of
20 mV/s, (A) 1.0M KOH, (B) 1.0M K(l, (C) 1.0M KCI+HCl and (D) 1.0M KOH

Lithium was added to the electrode by cycling in a saturated solution of LiOH, over the range of -500 to
+700 mV (SCE), with a sweep rate of 20 mV/s. Changes in the initial voltammetry profiles for the
lithiation of hydrated nickel oxide are shown in Fig. 10. As the electrode is cycled, both the height of the
anodic current peak and the amount of the anodic charge decrease with the number of successive cycles,
while the corresponding cathodic current peak remains substantially unaltered. Also, the overpotential of
the oxygen gas evolution tends to increase during successive cycles. Another beneficial effect of the
lithium ions is it decreases the breadth of the oxidation and reduction peaks. The largest effect is seen for

the cathodic current peak. This is expected to increase the switching speed from the colored to the
bleached states.



8 T I ] T T T
| Scan Rate: 20 mV/s

T 4r
E
g — Direction of Scan
E 0
(@]

-4 | | | ] 1 |

-400 -200 0 200 400 600
Potential (mV vs. SCE)

Fig. 10,Cyclic voltammetery of a hydrated nickel oxide/SnO2:F/glass electrode in a saturated solution of
LiOH, at a sweep rate of 20 mV/s.

4. CHEMICAL ANALYSIS

Several techniques were used to analyze the hydrated nickel oxide/SnO7:F/glass electrodes. Both the
chemical composition and the structure and morphology of the coating needed to be determined to help
explain the nature of electrochromism in hydrated nickel oxide.

4.1 Ton Backscattering Spectrometry

Ion Backscattering Spectrometry (IBS) was performed on the hydrated nickel oxide film in the bleached
state to determine the chemical composition and thickness6-21.22, For the IBS analysis the Tandetron
accelerator spectrometer at Cornell University, Ithaca, NY, was used. The two samples examined were
prepared under identical conditions. Also, for comparison the substrate was analyzed. In Fig. 11 is a
backscattered spectrum of the hydrated nickel oxide film, showing good depth resolution and signal-to-
noise ratio. The probe beam consisted of 2.14 MeV alpha particles at 60° from normal incidence to the
sample in an vacuum of 5.3x104 Pa (4 x 10-6 torr). The elemental composition was oxygen, 0.78 MeV;
chlorine, 0.93 MeV; nickel, 1.64 MeV; and tin, 1.88 MeV, in agreement with standard values23. In
addition, the compositions of the hydrated nickel oxide film and the conductive layer were determined?? to
be NiOj g with a thickness of 12.5 nm and, Sn Oy g: F, with a thickness of 0.440 um (fluorine was
determined by X-ray photoelectron spectroscopy). Also, chlorine was found as an impurity in these layers.
Another IBS analysis used 3 MeV alpha particles incident at 7° from normal to the sample. The substrate
was found to contain the elements oxygen, 1.07 MeV; and silicon, 1.69 MeV. The film, with the
conductive layer and substrate, was composed of oxygen, 1.07 MeV; silicon, 1.56 MeV; chlorine, 1.89



MeV; nickel, 2.30 MeV; and tin, 2.69 MeV. The chlorine is an impurity in the tin oxide resulting from the
deposition process. The data obtained correlated with standard tabulated values 23.
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Fig. 11. Ton Backscattered spectrum of a hydrated nickel oxide/SnO7:F/glass electrode. A computer
simulated spectrum is shown in dashed lines.

4.2 Auger and X-Ray Photoelectron Spectroscopy

Chemical analysis of the electrode was determined by Auger spectroscopy and X-ray photoelectron
spectroscopy (XPS)0 (also known as ESCA). The Auger measurements were performed on a model 590
PHI scanning Auger microprobe. The XPS measurements were made on a PHI model 548 XPS
spectrometer. Both Auger and XPS gave data consistent with that of backscattering spectrometry. An
Auger depth profile is shown in Fig. 12. Near the surface is a highly oxidized region. Beneath the impurity
region is a layer of nickel hydroxide followed by the interfacial region separating nickel hydroxide and tin
oxide. A survey Auger scan after 15 seconds of sputtering is shown in Fig. 13. This survey details the
nickel impurities to be chlorine, carbon, and nitrogen. Argon was implanted from the sputter beam.

To further probe the hydrated nickel oxide chemistry, XPS was employed. Comparative The XPS binding
energies for nickel and oxygen for the hydrated nickel oxide layer are shown in Table 1. Our data
compares well to known energies for NiO by other investigators24-28, In this study, the binding energy of
the adventitious carbon-1s electron was noted at 284.7 eV. During calibration, adventitious carbon-1s peak
occurred at 284.4 eV. The difference in energy is caused by charging of the sample. The shape and
position of the nickel and oxygen peaks are shown respectively in Figs. 14 and 15. These results indicate
that the state of the hydrated nickel oxide film is nickel oxide, at least under the ultra high vacuum
condition of the XPS analysis. We have seen on occasion a double peak in the oxygen-1s, which could be
interpreted as hydroxyl. In another XPS study on cycled anodically oxidized metal films and evaporated



nickel oxide films, different spectral peaks were found. These peaks were interpreted as Ni(OH)7 and
NipO3 (Ref. 29).
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taken after 15 seconds of sputtering. The sputter rate is 100 nm/min for TayOs5.



Table 1

XPS Binding Energies for Ni, NiO and Ni(OH)2

(All values in eV)*

Material Ni-2psp Satellite Ni-2p;p Satellite O-1s Ref.
This study 854.7 860.7 872.7 878.7 530.5 -
NiO 854.3 861.5 -- - 529.7 24
NiO 854.4 -- - - 529.5 25
NiO 855.0 861.1 873.0 879.8 -- 26
Ni(OH), 856.4 862.2 -- - 531.5 24
Ni(OH), 855.7 - -- - 531.2 27
Ni 852.3 - -- 869.7 28

*All data adjusted for charging and differences in calibration.

4.3 In-situ Fourier Transform Infrared Spectroscopy

To gain a better understanding as to how electrochromic hydrated nickel oxide changes chemically in both
colored and bleached conditions, in-situ spectroscopic techniques were utilized8. Chemical identification
of molecular vibrations of hydrated nickel oxide was achieved by Fourier-Transform Infrared
Spectroscopy (FTIR). An IBM-98 FTIR spectrometer with a custom in-situ electrochemical cell were used
in this study.

After deposition, the film was rinsed in distilled water. Then the electrode was placed in a cell containing
a 1.0M KOH (pH=13.8 at 22 C) electrolyte, where the cell was purged with nitrogen under a vacuum of
1.33 x 10-! Pa (1x10-3 torr). The cyclic potential range was set from -500 to +700mV at a scan rate of 50
mV/s. The spectra of the near and middle-infrared regions in both the bleached and colored states as seen
in Fig. 16 show vibrational stretches of surface hydroxyl groups of nickel hydroxide and fundamental
water and carbon dioxide vibrations. A complete listing of the vibrational peaks is tabulated in some of
our prior workS.
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Fig. 16. In-situ FTIR spectra for electrochromic hydrated nickel oxide show characteristic molecular
vibration regions. Both bleached and colored conditions are shown.

Infrared spectra of hydroxyl groups on the surface of hydrated nickel oxide generally consist of several
absorption bands, with the wavenumber and relative intensity dependent on the type of hydroxide and
degree of dehydroxylation31. Also, there are distinct types of surface hydroxyl groups in hydrated nickel
oxide as a result of the different coordination bonding of oxygen atoms to nickel atoms. These groups are
evident in Fig. 16 for both the bleached and colored modes in the wavenumber regions between 3600-
3800 cm-1. The location of the experimental vibrational stretches are in agreement with those noted by
other investigators, but the peak- by-peak identification of each stretch is dependent on sample preparation
and test conditions30-39,

Fundamental water vibrations are noted in Fig. 16 in the wavenumber regions of 3200-3500 cmr-! and
1600-1700 cm-1. Thus, both spectra indicate lattice water as a part of the nickel oxide's structure in its
bleached and colored states, i.e., water molecules trapped in the crystal lattice by weak coordinate-
covalent bonds to the nickel ions32. Other investigators have noted that the broad band having a center at
3450 cm! and absorption at 1620 cm-! can be attributed to the stretching mode and the bending mode of
the lattice water, respectively35-38:40, Fundamental CO, vibrations (C-O asymmetrical stretch at 2350 cm-
1y are also evident in both conditions (Ref 39,41). The symmetric stretchin g vibration of CO, is inactive in
the infrared because there is no change in the dipole of the molecule4!. The nickel-oxygen vibration Tegion
occurring between 390-525 cm-1 is shown in Fig. 17 for the bleached and colored modes.



Identification of the bleached state shows a broad vibrational stretch occurring in the wavenumber region

of 400-510 cm-1, with the central band at 430 cm-1 and shoulder at 483 cm-!. Comparison of this stretch to
those in the literature does show a correlation30.32,35-39.42.43 The 430 cm-! absorption may be the Ni-OH

bending vibration for Ni(OH), and 483 cm-1 may be the hydroxyl group bending vibration, but the

assignment of our experimental stretch is lower than those reported by others at 500-550 cm-1(Ref. 30-
32,34-39).
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Fig. 17. In-situ FTIR spectra for electrochromic hydrated nickel oxide in the Ni-O vibration region. Both
bleached and colored conditions are shown.

This difference in the vibrational stretch could be caused by differences in preparation and cycling
parameters. These can affect the rate of charge injected or ejected into the electrode, which as a result
causes shifts in the vibrational stretches in the infrared spectrum32. For the colored state, vibrational
stretches again occur in the same wavenumber region of 400-510 cm-1, with a band at 496 and shoulder at
458 cm-1. They are also in agreement with vibrations reported by others30.33.38.42.43 At 496 ¢! the Ni-
O vibration can be identified for NiOOH#2, From these experiments, it is clear that the molecular analysis
of hydrated nickel oxide by FTIR is very complex. These in-situ experiments verify the presence of
hydroxide phases on at least on the surface of the nickel oxide film. Supplemental work with angle-



resolved FTIR spectroelectrochemistry has confirmed a layer structure for hydrated nickel oxide on
metallic nickel.30. A proposed layer structure resulted from their work. A schematic of this layer structure
is shown in Fig. 18.

NiOOH Ho0 Anion

Metal Compact Open Surface
Substrate Layer Layer

Fig. 18. Schematic diagram showing the structure of a hydrated nickel oxide film in the nickel
oxyhydroxide phase (colored condition)(reproduced with permission, Ref. 30). Not shown to scale.

The results of angle-resolved infrared spectroelectrochemistry revealed that on the surface is an open layer
of beta-Ni(OH); and hydroxyl groups with free water, under which are a compact layer of alpha-Ni(OH)»
and bound water layers. As the electrode is oxdized or switched to the colored state the film transforms to
an open surface layer of beta-NiOOH with free water over a compact layer of gamma-NiOOH and bound
water. As further studies are performed we expect to gain a better understanding of the nature of
electrochromism and its relationship to the physical and chemical changes in hydrated nickel oxide.

4.5 Hydrated Nickel Oxide Switching Mechanism

There is considerable discussion about the coloration reaction in hydrated nickel oxide. Another important
issue is identification of the type and nature of the absorption center that is responsible for the coloration
of hydrated nickel oxide. There are at least 4 different interpretations of the coloration reaction for nickel
oxide. The problems encountered with interpretation can be summed up as follows: (1) Many of the films
are prepared by different techniques including d.c, r.f. sputtering, e-beam evaporation, anodic and cathodic
electrodeposition, the basic structures and density of these films differ, the films can be crystalline ,
amorphous or mixed; (2) After films are cycled in hydroxyl containing electrolytes they may partly or
totally convert to a hydroxide; (3) The films may have a layer structure; (4) the films may be sensitive or
be modified by the analysis technique; (5) The in-situ and ex-situ properties of the films may be very



different; (6) the coloration reaction may be a surface and not a bulk phenomenon; (7) surface
morphology, density and porosity greatly influence film properties.

The classic reaction for the conversion and aging of crystalline hydrated nickel oxide battery electrodes is
given as follows:13:14

alpha-Ni(OH) <--> gamma-NiOOH + Ht + e~ [3]
water overcharge
beta-Ni(OH)y <--> beta-NiOOH + Ht + ¢~ 41

Much of our work on electrochromic hydrated nickel oxide and that of other researchers supports a
simplified version of the former reaction4.6-8.44-46,

Ni(OH); <--> NiOOH + HT +e- [5]
In reality this reaction has some intermediate degree of completion following:

xNi(OH)p <--> (1-x)NiOOH + (1-x)H* + (1-x)e”, where 0 <x < 1 [6]
If we consider the redox state of the nickel then the two products become#7:

NixNi(1-x)Ox(OH)2-x) and H(2-x)Ni(1-x)NixO2 [71
@hHEeh @hH @Y

Reaction [3] follows a simple proton mechanism. Studies using nuclear reaction analysis (NRA) have
surported the movement of protons during coloration and bleaching#4-#5. The nuclear reaction involved
was 7 MeV 15N + 1H-->12C* + 4He and 12C* -->12C + 4.43 MeV gamma radiation. The resulting
radiation intensity is proportional to the hydrogen content in the film. The NRA work was done on
samples, prepared by r.f. reactive sputtering from a nickel target, which had been electrochemically
cycled. The estimated hydrogen level change was 2x1022 atoms/cm3 during about 50 mC/cm? charge
extraction; in the bleached condition the hydrogen concentration was 1.2x1022 atoms/cm3. NRA has
shown that elctrochemically deposited films contain more hydrogen than films made by reactive e-beam
evaporation. For samples made by reactive evaporation NRA analysis did not show significant change in
the hydrogen level before and after coloration. These samples had coloration efficiencies (575 nm) of 32
cm?/C (Ref.45). In experimental devices of ITO/hydrated nickel oxide/TapO3/WO3/Al, NRA has
determined that the concentration of hydrogen in the nickel layer decreases during coloration while the
hydrogen concentration increases in the tungsten oxide layer; no exchange of oxygen was noted2. Also,
our studies verified the importance of the presence of hydroxyl and its importance to coloration, although
the proton appears to be the intercalated ion”’. Regarding the bleached hydrated nickel oxide, our current
work on anodic films using transmission electron microscopy (TEM) shows the only crystalline phase
(very fine) to be cubic NiO, although an amorphous phase co-exists with this phase. Micrographs of this
structure are shown in Fig 19. A Phillips 400 microscope operating at 100kV was used for this
investigation. Other TEM studies on the microstructure of nickel oxide coating made by reactive r.f.
sputtering from nickel target have shown cubic NiO with average grain size ranging from 7-17 nm. Some
preferential orientation was noted for the (200) and (220) planes.



(A)

(B)

Fig.19. Transmisssion electron micrographs of electrochromic nickel oxide. Two bright field image shows
a combination of small crystallites corresponding to cubic NiO coexisting with an amorphous phase. (A)
Region showing large crystallites (B) Region showing amorphous character. This sample was made by
anodic deposition.



This has been interpreted as grains with a fiber texture favoring the [001] direction?9. X-ray diffraction
studies on films prepared by r.f sputtering of a NiO target have been performed38. The result showed no
diffraction peaks on film with approximate thickness below 0.6 um. Thicker films with more sample
heating revealed weak peaks corresponding to NipO3 which is probably hydrated in the form NizO3-H,0
and can be rewritten as 2NiOOH For thick films annealed at 300 and 500 C the transformation to cubic
NiO was noted49.

Other researchers support a purely hydroxyl reaction which originates also from studies on nickel battery
electrodes following50.51;

Ni(OH)>+ OH <--> NiOOH + Hp0 +e-. [8]

A correction to this reaction (and also to reaction [3]) has been shown where hydrated nickel oxide
undergoes oxidation beyond the trivalent state to the quadravalent32-34, so the modification of reaction [8]
would be:

Ni(OH); + 0.33K+ + 20H- <--> 0.33 K(NiOg)3 + 2H70 + 1.67 - [9]

where in this case, potassium from the KOH electrolyte is incorporated into the hydrated nickel oxide
lattice. This result is quite important for the improvement of the charge/discharge characteristics of
batteries.

Still another reaction has been proposed involving hydroxyl insertion into nickel oxide for films with low
density33:

NiO + OH <--> NiOOH + e [10]

Reaction [10] assumes hydroxy!l ions are inserted into the nickel oxide and that the nickel oxide does not
transform to Ni(OH);, This reaction is based on results from optical multichannel analysis (OMA) and
Raman spectroscopy>5-56, During OMA it is possible that water may be lost, so the reaction may be as
follows>6:

NiO (H20) + OH<--> NiOOH + e~ [11]

Other FTIR and IBS studies give evidence that after cycling nickel oxide films convert to Ni(OH), (Ref
57). Obviously more work is need to verify the proper reaction and the determination of the role of both
protons and hydroxyl ions. It is also important to separate out measurement artifacts from actual
differences in samples. An investigation as to the structure of electrochromic hydrated nickel oxide may
help us understand this better.



5. OPTICAL ANALYSIS

Hydrated nickel oxide films have been shown in the reduced form (Ni(OH)2) to be a p-type semiconductor
with effective band gap of 3.6-3.9¢V, with significant tailing of states into the energy gap>!. Also this
form shows strong absorption in the UV region below 300 nm. The oxidized form behaves as an n-type
semiconductor with a band gap of 1.7-1.8 eV, also with a tailing of states in the energy gap. This form
shows strong broad absorption in the visible region and its absorption has been assigned to band to band
transitions involving charge transfer from oxygen and higher valency nickel atoms38. The tailing of states
is typical of amorphous semiconductors. During the time in which both the oxidized and reduced states are
present in the material transient photocurrent can be generated’!. The complex dielectric function e= e+
iep, has been measured on sputtered electrochromic nickel oxide?46. It was determined that bleached
hydrated nickel oxide has approximately e=4+i0 from 0.4-2.4 pm. fully colored (extraction of 5.7-
6.5x102! electrons) e varies from e=3.5+i1.7 at 0.41m to a peak with e=4.5+i2 at 0.8um to e=6 +i0.5 at
2.4 um.

5.1 Optical Spectroscopy

For optical measurements a hydrated nickel oxide electrode was cycled in-situ in a Perkin-Elmer Lambda
9 spectrophotometer. The electrode was cycled in 0.05 KOH (pH=12.8) using a triangle potential from
-500 mV to 750 mV at 0.1Hz and allowed to complete 5 cycles before spectral data was taken. The
spectral data was obtained relative to an uncoated substrate in the same cell configuration. Integrating with
respect to the solar (air mass 2), solar near-infrared and the photopic spectrum, the transmittances are
T(bleached)=101%, Tg(colored)=54%, Tpir(bleached)=101%, Tp;(colored)=83%, Ty (bleached)=101%, and
Tp(colored)=31%, respectively. The optical spectra of a hydrated nickel oxide electrode in its bleached and
colored condition is shown in Fig. 20. The high transmittance values for the bleached condition are a result
of the adsorption being low for the hydrated nickel oxide thin films. The antireflection effect caused by the
hydrated nickel oxide layer on the surface causes an increase in the transmission over that of the uncoated
substrate.

Other optical experiments performed involved time-transmittance measurements at different wavelengths8.
An example of this data is shown in Figs. 21 and 22. The response for 420 nm at various scan rates (10, 20
50, 100 mV/s) are shown. For coloration at slow scan rates (10, 20 mV/s) the slopes are much larger than
those of both bleaching regions. One can physically observe coloring occurring faster than bleaching. For
the faster scan rates (50, 100 mV/s), the same tendency is still apparent. One also notes that at these rates
residual coloration is evident as the film changes in optical density. Some of our best films have been
cycled 5x103 times from 80-22% transmittance at 525 nm without appreciable change in the optical

properties, after 104 cycles we have observed some residual coloration, but after a rest period the film
returned to its bleached condition. The film were cycled from -500 to 800 mV for 1500 cycles/day
continuously.

Research with laser deflection has shown that stress changes are seen in hydrated nickel oxide films during
switching!6, It has been estimated that a tensile strees of the order of 108 N/m was developed in the film
during coloration. The stress disappearing during bleaching. The stress is reversible. The cause of the
stress change is probably related to the extraction of protons during coloration, and is typical of



intercalated materials. This effect probably occurs in other electrochromic films too, and may be
responsible for mechanical changes in the film over time.
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Fig. 20. Spectral transmittance of electrochromic nickel oxide/tin oxide/glass for the bleached and colored
conditions. The data is taken relative to a tin oxide/glass substrate.

From the experiments performed in the time drive mode, Fig. 23 shows a plot of transmission (420 nm)
versus applied voltage (20mV/s). This plot shows experimental and theoretical lines representing the
coloration and bleaching sequences. To obtain 25% transmittance, complete coloration, the applied
potential is 782 mV and for 85% transmittance, complete bleaching, the applied potential is -500 mV.

Fig. 24. depicts transmission versus total extracted charge for both the colored and bleached states. The
total extracted charge to obtain a 25% transmittance coloring effect is approximately 300 mC and for a
85% transmittance bleaching effect is approximately -193 mC for an 8 cm?2 sample. The switching
phenomena of hydrated nickel oxide involves first anodization (coloration) and then cathodization
(bleaching). It is a solid state diffusion process where protons are being shuttled into and out of the NiO
lattice. The hydroxyl ions also play an important role in this process3. By using a triangular potential, the
complete coloration of the electrode to 25% transmittance takes 54 s at a scan rate of 20 mV/s. To obtain a
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Fig. 21. In-situ dynamic transmittance at 420 nm of an electrochromic switching film. A triangular driving
potential with 10 and 20 mV/s scan rates was used.
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Fig. 22. In-situ dynamic transmittance at 420 nm of an electrochromic switching film. A triangular driving
potential with 50 and 100 mV/s scan rates was used.



TRANSMISSION (%)

BLEACHING

COLORING

EXPERIMENTAL DATA

MODEL FUNCTION FOR REG. 1
= 203.5 - 198x
© MODEL FUNCTION FOR REG. 2
Y = -74 + 86x
MODEL FUNCTION FOR REG. 3

Y =5 + 40x
= TRANSMISSION (2)

X = TIME (MINUTES)

-500

Fig. 23. Relationship between transmittance (420 nm) and applied voltage for both bleaching and coloring.

-400 -300 -200 -100 O

T

100 200 300 400 500 600 700 800

POTENTIAL VS. SCE (mV)

Solid line shows actual data, dotted lines show linear regions.

70—

60—

50—

40—

30—

TRANSMISSION (%)

20—

10—

INJECTED (BLEACHING) =

EXTRACTED (COLORING) «

0

Fig. 24. Relationship between transmittance and injected/ejected charge. Data is for 420 nm and a 20 mV

scan. Sample area is 8 cm2.

1

20

1 17 T 01 b0 1 1 1 T

40 60 80 100 120 140 160 180 200 220 240 260 280 300

(+) TOTAL COULOMBIC CHARGE (mC)




45% transmittance value (in the bleached region) at the same scan rate, the time is 83 s. For a total
bleaching effect, 85% transmittance, the time required is 120 s. It is important to note that the electrode
response time is characteristically much shorter when using a d.c. potential source. Chronoamperometric
studies (using a d.c potential) have given a time constant of 1 s for chemically deposited films switching
from 95-60% transmittance. For sputtered films a constant of 8 s has been determined for a 50-15%
transmittance changel6,

6. HYDRATED NICKEL OXIDE DEVICES

Using the electrode results, hydrated nickel oxide devices were constructed and evaluated. In these
experiments the device structure was: glass/0.44 pm SnO7:F/120 nm hydrated nickel oxide/0.15 mm
polymer electrolyte/0.44 pm SnOj:F/glass. These devices utilized polymeric quarternary ammonium
hydroxide as the electrolyte which we developed4. The polymer electrolyte was synthesized from an
quaternary ammonium chloride polymer by ion exchange between Cl- and OH" ions. The exchange was

accomplished by using either an ion exchange resin or membrane dialysis. Fig. 25 shows the behavior of
the voltammetry for two different devices. One of the devices has added lithium by electrochemical
cycling in LiOH. The second device has hydrated nickel oxide that has been cycled in KOH.

Also, for these devices it is possible to draw the some conclusions about the greater peak sharpness
obtained from the lithiated device. In both cases, the resin-hydroxylated polymer was used. The small
cathodic peaks on the solid curve (610-640 nm) is probably caused by a chemical reaction with the
silicone sealant. The a.c. impedance technique was used to measure the conductivity of the polymers. The
conductivity of the resin-hydroxylated polymer was 8.03 x 102 S cm-1. The conductivity of the dialysis-
hydroxylated polymer was 6.02 x 10-2 S cm-!. For comparison the conductivity of 1.0M KOH is

1.6 x 10-1 S cm-L,

I I

------ Lithium Added ({ Cycled in LiOH)

2+ Na Lithium Added (Cycled in KOH)

- Direction of scan

Current (mA)

-1 Scan Rate=20mV/s .

0 200 400 600 800
Potential (mV)

Fig. 25. Voltammetry of a nickel oxide device with a dialysis-hydroxylated polymer. The nickel oxide is
shown with and without the addition of lithium. The scan rate was 20 mV/s.
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Fig. 26. Normal spectral transmittance of a nickel oxide electrochromic device, for the extended visible
wavelength range (300-900 nm). The polymer was resin-hydroxylated. Data is shown for both bleached
and colored states. The device was colored with a static potential of +750 mV. The transmittance of an
empty device (no electrolyte) is provided for reference.

Normal transmittance measurements on the switching devices were performed over the visible and near-
infrared wavelength regions. The device was colored using a static potential of +750 mV. The spectral
transmittance (300-900 nm) of a hydrated nickel oxide device is shown in Fig. 26. The data shows the
response from a device with the resin-hydroxylated polymer in its bleached and colored states. The
interference peak in the visible region is reduced by filling the cell with the polymer, causing a change in
the interfacial index of refraction. The antireflection effect produced by the polymer/hydrated nickel oxide
interface results in higher transmission compared to the empty device. The maximum difference in
transmittance between the bleached and the colored state occurs at a wavelength of about 500 nm.

The normal spectral transmittance (300-2000 nm) for the same sample showing the colored and bleached
states is depicted in Fig. 26. The photopic transmittances (Tp)and the solar transmittance (Tg) (air mass 2)
of this device are: Tp(bleached)=70%, Tp(colored)=23% and T(bleached)=50%, Tq(colored)=23%. For
comparison an empty device had optical properties of Tg(empty)=44% and Tp(empty)=57%.

Hydrated nickel oxide devices were analyzed in the cyclic time mode at a wavelength of 500 nm. In this
mode, the optical transmittance measurements are observed during switching of the film as a function of



time. The applied potential is stepped using a square waveform between two different values, with respect
to the platinum reference electrode. To do this we used an Universal Programmer (EG&G, Princeton
Applied Research, Model 175). This programmer permits one to switch the potential between two
different levels, at various time intervals (10, 20, 50 and 100 seconds), using a square wave function of
time.

We used dynamic cycling to analyze the effect of the bleaching potential magnitude on bleaching level.
For each negative half cycle we incrementally changed its magnitude over the range from 0 to -1.5 Vols,
at 20 second intervals. The positive coloration potential remains fixed at +750 mV. For this experiment the
device was filled with the dialysis-hydroxylated polymer. Fig. 28 shows the behavior of this device. For a
voltage less than -1.1 V the switching time rapidly increases, and the transmittance of the bleached state
goes to a value of about 23% with a period of 20 seconds. A transmittance value of 67% was noted for an
applied voltage of -1.5 V. Under the voltage stepping condition the operational life of the device is
shortened. After some hundreds of cycles, the surface of the hydrated nickel oxide layer is no longer
uniform.
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Fig. 27. Normal incidence solar spectral transmittance of the nickel oxide electrochromic device (the same
device as in Fig. 26). Both the colored and the bleached states are shown.
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Fig. 28. Dynamic transmittance (500 nm) of a nickel oxide switching device using the dialysis-
hydroxylated polymer electrolyte. For each step the magnitude of the negative potential half cycle is
varied. The positive potential half cycle is fixed at +750 mV. (Note reversed time scale)

7. CONCLUSIONS

From the results obtained in these experiments, hydrated nickel oxide thin films exhibit favorable
switching properties for application in architectural, automotive and aerospace glazings. In our studies,
anodic deposition was used to to deposit electrochromic hydrated nickel oxide onto doped tin oxide-coated
glass in a nickel sulfate deposition bath. Also, other techniques can be used to deposit films.

The electrochemical properties of both the bleached and colored conditions were determined by cyclic
voltammetry and NRA, indicating that the coloration reaction is Ni(OH), <--> NiOOH + H* + e- with the
proton as the dominant ion for coloration. Our in-situ FTIR analysis supports the formation of Ni(OH)3
and NiOOH. Other reactions involving different nickel oxide species and the hydroxyl ion as the dominant
ion have been supported by studies of others. Our work indicates that the reversible process between
bleached and colored states involves diffusion of the proton into the film, but the hydroxyl ion plays an
important role in the reaction mechanism as verified from in-situ FTIR spectroscopy. Doping of hydrated

nickel oxide with ions such as lithium improved the performance of the electrodes and devices. Doping
can help increase the oxygen overpotential.



Ex-situ XPS has shown dehydrated films to have nickel binding energies close to NiO and oxygen binding
energies between NiO and Ni(OH)2, Ion backscattering and transmission electron microscopy experiments
determined the chemical composition of the nickel oxide film in the dehydrated state to be NiOj g. The
film is a combination of cubic NiO crystallites and amorphous regions There is evidence to show that
nickel oxide will convert to the hydroxide phase during cycling, but less evidence has shown the
reverse.There is still a question as to the effect of defects (oxygen or nickel vacancies) have on the film
optical properties.

Optical transmission studies on 120 nm hydrated nickel oxide film, gave a change in photopic

transmission AT,=70%. and solar response AT=47% and near-infrared reponse AT ;=18%.
Transmission-time measurements indicated that there exists a linear relationship for both bleaching and
coloring.

Electrochromic switching devices were summarized. The devices were constructed using hydrated nickel
oxide as the switching material, a quaternary ammonium hydroxide polymer as the solid electrolyte, and
fluorine-doped tin oxide for the electronic conductor layers. These devices show a modulation of the
transmittance with the magnitude of applied voltage. Our best device to date (not yet optimized) showed
the integrated photopic transmittance (Tp) to be Tp(bleached) =70% and Tp(colored) =21%. The
corresponding solar transmittance (Tg) was Tg(bleached) = 50%, T(colored) = 23%. A device without the
polymer electrolyte had optical properties of Ty(empty) = 44% and Tp(empty)=57%. A further improvement
is needed to perfect these devices.

There remain several challenges related to electrochromic hydrated nickel oxide. First, the electrochromic
reaction for hydrated nickel oxide should be resolved. Only very simplified reactions have been reported.
The significant coloration ions should be verified. There is considerable experimental evidence that the
proton is responsible for coloration, however there is evidence the hydroxyl ion is important in the
hydroxide to oxyhydroxide reaction. The amorphous and crystalline structure of the different types of
electrochromic hydrated nickel oxide need to be better characterized. The surface morphology and
porosity should also be determined because of their strong influence on coloration intensity and switching
rate. With many of the analysis techniques there are questions about whether artifacts are introduced
during analysis. The other large issue is that of comparison of samples made by different techniques; how
similar or disimilar are these samples? Also, there still remain the question whether other ions such as
lithium in an aprotic environment will color hydrated nickel oxide effectively and reversibly? Also,
beyond these issues there still lies the perfection of polymer electrolytes, ion storage layers and ion
conductors for electrochromic hydrated nickel oxide devices.
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