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ABSTRACT

The electrochromic properties of hydrated nickel oxide thin films electrochemically
deposited by anodization onto doped tin oxide-coated glass have been studied by
transmittance measurements, cyclic voltammetry, Fourier-transform infrared spectros-
copy, and ion-backscattering spectrometry. The spectral transmittance is reported for
films switched in both the bleached and colored states. The photopic transmittance (T )
can be switched from Tp(bleached) = 0.77 to T (colored) = 0.21, and the solar transmit-
tance (Tg) can be switched from Tg(bleached) = 0.73 to Tg(colored) = 0.35 Also reported
is the nea.r-xnfrared transmittance (Tnpp), which was found to switch from T
(bleached) = 0.72 to Tpyp(colored) = 0.55 for a film thickness of 500 A. The bleached
condition is noted to have very low solar absorption in both the visible and solar regions.
Ion-backscattering spectrometry was performed on the hydrated nickel oxide film, yield-
ing a composition of N101 0 (dehydrated). Cyclic voltammetry showed that, for ﬁlms in
the bleached or colored state, the reversible reaction is NI(OH)2 +~—— NiOOH +H' +¢".
Voltammetry also showed that the switching of the film is controlled by the diffusion of
protons, where OH™ plays a role in the reaction mechanism. Analysis of the hydrated
nickel-oxide thin films by Fourier-transform infrared spectroscopy revealed that both the
bleached and colored states contain lattice water and hydroxyl groups. The surface
hydroxyl groups play an important role in the coloration and bleaching of the anodically
deposited nickel oxide thin films.
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INTRODUCTION

Electrochromic hydrated nickel oxide is important for the development of large-scale
optical-switching glazings and electronic information displays, particularly when long
memory times and low switching rates are desired. The energy-saving value of an electro-
chromic optical-switching glazing for architectural applications has been determined to be
quite high in some situations™. By dynamic control of solar radiation entering a glazing,
one can modify natural illumination levels, glare, and heat gain to improve comfort, pro-
ductivity, and energy conservation. Other uses for electrochromic glazings include auto-
motive and aerospace applications.

Hydrated nickel oxide2 along with certain other transition metal oxides, such as
tungsten oxide (WO,) and hydrated iridium oxide (Ir02'nH2O), exhibit the phenomenon
known as electrochromism® °. Electrochromism is the process by which a material can
exhibit a reversible color change with applied electric current. Electrochromic materials
switch from the uncolored to the colored state by simultaneous ion (usually HY or Li+)
and electron injection or ejection. As a result of this injection or ejection, color centers
are formed in the material. Color centers produce optical absorption in the visible
wavelength region®. Both chemical and electronic changes coincide with the optical
changes in the material. In some cases, the electronic carrier concentration can be
modified considerably, giving rise to infrared modulation™. There have been a number of
studies on nickel oxide electrodes for batter§ Sz;md fuel cell a,pplica.t;ions7. Except for a few
investigations on anodically prepared films™’”, most films were produced by cathodic or
chemical precipitation methods. In this study anodic deposition is used to deposit the
electrochromic hydrated nickel oxide. It has been noted that both composition and struc-
ture of nickel oxide electrodes depend upon the deposition conditions™ ™’

In order to classify the operation of the device made from nickel oxide, it is impor-
tant to discuss its construction. Figure 1 is a schematic cross section of a typical solid-
state device. As noted in the insert, three major device configurations exist. The five-
layer model is used to demonstrate the device complexity. In this model there is sym-
metry about the ion conductor (layer 3). Both the electrochromic layer (layer 2) and
counter-electrode layer (layer 4, or ion-storage media) exhibit mixed ionic and electronic
conduction. These layers are flanked by transparent electronic conductors (layers 1 and
5), such as the doped tin oxide (Sn02:F,Cl) used in this study. The ionic conductor pro-
vides a medium by which ions can be transported between the electrochromic and
counter-electrode layers when an external potential is applied. When a potential is
applied, coloration or bleaching can occur due to the movement of ions and electrons into
or out of the electrochromic layer. For experimental convenience our device utilized a
liquid KOH electrolyte, which took the place of both layers 3 and 4. Prior to the develop-
ment of such a device, it is important to better understand the electrochemical and
molecular structure of the electrochromic layer.

In a prior study, we reported chemical results using a sputter Auger microprobe and.
x-ray photoelectron spectroscopy “. In the following experiments further properties are
determined by optical spectroscopy, backscattering spectrometry, cyclic voltammetry,
and Fourier-transform infrared spectroscopy. The understanding of the reaction mechan-
ism and kinetics gained by integrating the results obtained by several characterization
techniques will ultimately aid in device design.
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EXPERIMENTAL PROCEDURES

The nickel oxide thin-film samples were electrochemically deposited onto fluorine-
doped tin oxide-coated glass. By using a Princeton Applied Research (model 273) scan-
ning potentiostat, a controlled wavefunction was applied to the conductive electrode,
where a two-step process was used to prepare the nickel oxide films. The first step was
the anodic deposition of the film in a nickel buffer solution, followed by cycling the film in
an alkaline solution to study the switching characteristics, all of which were monitored by
a X-Y-T recorder, Esterline Angus (model 1117).

The conductive substrate, supplied by Watkins-Johnson Company (Scotts Valley,
CA), was based on a tin oxide (SnO :F,Cl) coating on glass, produced by atmospheric
chemical-vapor deposition involving hydroly51s of SnCl 4 and NH F~°. The coating had a
sheet resistance of 5 ohms/cm”. To make electrical contact, a copper wire was attached
to this surface with silver epoxy.

The electrolyte used to anodically deposit the nickel oxide films on the conductive
glass was a solution of 0.1M NiSO4‘6H2O and 0.1M NH4OH (analytical grade, Fisher -
Scientific Co.) at 23°C. The solution was magnetically stirred for 5-10 minutes. The
glass electrode was then cycled from -500 to +1500 mV vs. SCE (standard calomel elec-
trode) at a potential sweep rate of 20 mV/ sec. The nickel oxide was deposited on the
glass with each anodic cycle, and after five cycles, the deposition rate decreased due to an
increase in resistivity of the deposited layers. Upon formation of the film, the electrode
was removed and rinsed in distilled water. The switching characteristics were then stu-
died by cycling the electrode in a 1M KOH solution at a potential sweep rate of 100
mV/sec. Samples were made in both the bleached and colored states and then immedi-
ately analyzed using spectroscopic techaiques. It is important to note that upon removal
of the electrode from its alkaline switching bath, the film would dehydrate after several
hours, fading in color from bronze to transparent.

Spectral transmittance data were obtained to investigate the optical response of the
films for both the bleached and colored states. The spectroscopic data included the ultra-
violet (UV) and near-infrared (NIR) regions (200-3200 nm), where measurements were
made by a Perkin-Elmer Lambda 9 spectrophotometer.

Backscattering spectrometry, usinr a Tandetron accelerator spectrometer (Cornell
University), was performed on the nickel oxide thin film to analyze the chemical composi-
tion and film thickness. Two conditions were used, 3.0 MeV and 2.14 MeV He 2 with 20
uC of total charge, in a vacuum environment of 4 x 10° -6 Torr. Additional cyclic voltam-
metry performed on the nickel oxide electrodes involved examining the films at various
potential sweep rates from 5-150 mV/sec and electrolyte concentrations of 1M-0.0001M
KOH + KCL supporting electrolyte.

Fourier-transform infrared spectroscopy (IBM-98 spectrometer) was used to study
the molecular structure of the anodically deposited nickel oxide films in the far and mid-
infrared regions for both the colored and bleached states. The films were analyzed in a
reflection configuration, but the data were converted to effective single-pass transmittance
by computer simulation. The measurements were performed at an atmosphere of 10
Torr in a nitrogen environment. These experiments helped in characterizing the reaction
mechanism.
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RESULTS AND DISCUSSION

A variety of experimental techniques were used to characterize the hydrated nickel
oxide electrochromic electrode. Optical spectrophotometry revealed the electrode’s opti-
cal absorption properties. Ion-backscattering spectrometry aided in determining layer
thickness and chemical composition in dehydrated (bleached) films. Extensive voltam-
metry experiments helped us to understand the mechanism of coloration in the films and
to determine the electrochemical nature of the films. Fourier-transform infrared spectros-
copy helped to further identify the molecular vibrations of species formed after coloration
or bleaching.

The nickel oxide thin films were anodically deposited onto the tin oxide-coated glass
electrodes. The glass electrode was analyzed in prior work™“ by sputter Auger and X-ray
photoelectron spectroscopy, with results showing that the composition was Sn02:F, CL

Optical Spectroscopy

The solar and visible transmittances of the bleached and colored nickel oxide elec-
trodes were measured using a spectrophotometer. For this study, the nickel oxide films
were anodically deposited by electrochemical techniques and then cycled in an alkaline
bath to obtain the colored and bleached states. The film thickness was 500 A. The opti-
cal spectra are depicted in figures 2 and 3 for the visible and solar spectra, respectively.
Integrating with respect to the solar (AM2) 14 and photopic (human-eye-visible response)
spectra” ", the photopic and solar transmittances are: T _ (bleached)=0.77, T _ (colored)=
0.21, Tg (bleached)—- 0.73, and Tg (colored)= 0.35. By integrating separately the solar
(AM2) near-infrared region, the va.lue is Typg (colored)= 0.55 and Tnig (bleached)=
0.72. In addition. the transmittance of the tin oxide-coated glass was measured to be T,
=0.74, T = 0.8V, and TNIR = 0.71. Thus, in the bleached state, the nickel oxide does
not significantly change the optical properties of the tin oxide-coated glass.

Backscattering Spectrometry

Backscattering spectrometry was performed on the nickel oxide film in the bleached
state to determine its chemical composition and thickness. The two samples examined
were prepared under identical conditions. (See preceeding description of experimental
procedures.) Figures 4 and 5 are spectra of the substrate and film (which included the
conductive Sn02:F, Cl layer and substrate), respectively, where the charged alpha parti-
cles at 3 MeV were incident at 7° from the sample normal in an environment of 4 x 10
torr. The substrate was found to contain the elements O, 1.07 MeV; and Si, 1.69 MeV.
(See Figure 4.) The film, along with the conductive layer and substrate, was composed of
O, 1.07 MeV; Si, 1.56 MeV; Cl, 1.89 MeV; Ni, 2.30 MeV; and Sn, 2.69 MeV. (See Figure
5.) The data obtained correlated with standard tabulated valueslg.

Figure 6 is another backscattering spectrum of the nickel oxide film, showing better
depth resolution and an improved signal-to-noise ratio, where the charged alpha particles
were generated with 2.14 MeV at 60° from normal incidence in an environment of 4 x
10°% torr. The elemental composition was O, 0.78 MeV; CI, 0.93 MeV; Ni, 1.64 MeV,; and
Sn,1.88 MeV, again in agreement with standard values 6 Backscattering spectrometry
gave data consistent with that of Auger and x-ray photoelectron spectroscopy of previ-
ously studied identical films'%. In addition, the compositions of the nickel oxide film and
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the conductive layer were accurately det;ermined17 to be NiO, ~: Cl. ~on With a thickness
of 125 A and, SnO F Cl with a thickness of 4400 A (Auorine was determined by X-ray
photoelectron spectroscopy), respectively.

Cyclic Voltammetry

The first set of cyclic voltammetry experiments was performed using a periodically
increasing triangular potential on the anodic half-cycle. The experimental conditions
included 1M KOH as an electrolyte at a sweep rate of 50 mV/sec. The starting potential
was -500 mV in all cases. The anodic limit was +300 mV for cycle 1, and it was increased
100 mV on each subsequent cycle, ultimately being fixed at +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), very little change was
noted. These results are shown in Figure 7. The electrode response is very similar to
that noted for oxidized metallic nickel electrodes™“. The specific characteristics noted in
this voltammogram (Figure 7) are a single 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 investiga-
tors (18-20). The ox1da.tlon reaction taking place at the anodic peak has been identified as
Ni(OH), — NiOOH + HY + e At the cathodic peak the reduction reaction has been
determined to be NIOOH + HY + ¢ — Nl(OH)2 In Figure 7, it should be noted that
during the third to sixth cycles, there is a slight increase in the cathodic peak current.
This increase tends to indicate that under the conditions of this low sweep rate the
NiOOH is not completely reduced to Ni(OH)2 during these first few cycles. 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. The distinct phases noted
by other investigators for the alpha and beta forms of Nx(OH)2 and the alpha and beta
forms of NiOOH were not noted in this work 23

Potential-scan experiments were carried out under sweep rates of 5-150 mV/sec in
IM KOH electrolyte. From these experiments, information regarding the effect of proton
diffusion on the reaction can be obtained. The results of the potential scan are shown in
Figure 8. By plotting the peak current density versus the square root of the sweep rate,
as shown in figures 9 and 10, a linear relationship is found, which implies that the reac-
tion is purely diffusion controlled. To determine if the diffusion of the proton was con-
trolling the reaction, the concentration of hydroxyl ions was varied from 1M to 0.001M
with KOH. A supporting electrolyte of KCL was used to keep the electrolyte conduc-
tivity constant. The anodic peak current results for these different electrolyte concentra-
tions are shown in Figure 9. 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 de;iend on
hydroxide ion concentration. Work by others has identified this ion as a proton
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.
The maximum proton-diffusion coefficient has been determined for thicker films (1-1.8
um) by semi-infinite and finite diffusion models. For those films, the diffusion coefficient
was estimated to be in the range of 1019 .10 ¢m? sec’! with a diffusion length of 0.55

! The films used in this experiment are too thin to be applicable to these
diffusion models.

s
5’,1
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Fixed-sweep, variable-electrolyte-concentration experiments were conducted to
determine if a very low concentration of hydroxyl ions influences the proton-reaction
mechanism. The range of electrolyte concentrations was 1M to 0.0001M KOH, with KCl
added to keep conductivity constant, where the sweep rate of 50 mV/sec was used. The
results are shown in figures 11 and 12. The reversible potential for Ni(OH), «-—
NiOOH + HY + ¢ is shown in Table 1 for different electrolyte concentrations. There is
an overall trend of anodic and cathodic peaks shifting to higher potentials for lower con-
centrations, resulting in higher reversible potentials. This effect has been noted in KOH
and other electrolytes by other investigators® ’“”. This result demonstrates that the con-
centration of surface OH 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 oxi-
dation of nickel hydroxide, suggesting that the diffusion of the proton is the rate-limiting
process.

To understand further the role of surface hydroxyl groups, we compared the electro-
chemical switching of these films as they were alternated between neutral and highly alka-
line electrolytes. The beginning experiment used a 1M KCI electrolyte, which gave no
voltammetric response. When the film was transferred and cycled in 1M KOH the oxida-
tion and reduction peaks shown in Figure 13A appeared. The film was next removed at a
potential above the coloration peak and transferred to 1M KCI; a reduction peak was seen
only for the first cycle. (See Figure 13B.) This demonstrates that the hydroxyl ions must
be present at the film surface for oxidation to occur. In another experiment, the film elec-
trode was removed from 1M KOH in the bleached state and transferred to 1M KCIl where
IM HCI was also added. During cycling, no anodic or cathodic peaks were observed, as
noted in Figure 13C. The film was then cycled in IM KOH and showed the
oxidation/reduction peaks (Figure 13D), indicating that the film remained at the elec-
trode surface. This shows that oxidation cannot occur in the absence of hydroxyl ions.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used to probe the composition
and structure of the film in both colored and bleached states. The anodically deposited
nickel oxide was soaked in distilled water, transferred to 1M KOH solution, and poten-
tiostatically cycled ten times between -500 mV and +750 mV (SCE), after which alternat-
ing coloration and bleaching states were observed. The cycling was first interrupted with
the film in its colored state, i.e., at a potential higher than the anodic peak potential.
Then the electrode was washed with distilled water and transferred to the FTIR spec-
trometer. The IR spectra of the sample shown in figures 14 and 15 were collected at 107
Torr. Next, the cycling was interrupted with the film in its bleached state, at a potential
lower than the cathodic peak potential, and a spectrum was taken for the film in its
bleached state. The IR peaks between 3000 em’! and 4000 cm”! show the OH stretch and
combination modes of OH in H,O. The 450 cm™! to 560 cm™! peaks in Figure 15 belong
to the nickel-oxygen stretch andzout-of-plane deformation of surface OH bonds. The spec-
tra show several types of OH groups, hydrogen-bonded and lattice water with different
elastic force constants. There is a small contribution of the OH bond associated with the
bleached state compared to the colored film. At wave numbers greater than 3400 cm

J

.\-/
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there is also an indication of the presence of water in the lattice, even under a 103 Torr
vacuum atmosphere. FTIR spectras of the film after aging in vacuum for two days indi-
cate partial decomposition of hydrated NiOOH to hydrated Ni(OH)2 with fewer water
molecules.

Electrochromic Switching Mechanism

The proposed mechanism for this reaction is the following: increasing the anodic
potential reduces the energy barrier for oxidation of Ni(II) to Ni (III), thereby increasing
the interaction of Ni (II) with OH ions. This results in a situation that weakens the OH
bond and tends to increase the mobility of the proton. At anodic oxidation potentials,
the charge transfer takes place and Ni (II) is transformed to Ni (III), while protons are
released from the OH group. (See Figure 16.) The diffusion of the released protons
through the film is rate-limiting in this process. The diffusing protons will react with OH
ions at the electrode/electrolyte interface to form water molecules. The mechanism, dep-
icted in Figure 16, is the most probable pathway for the electrochromic transformation of
the deposited nickel oxyhydroxide.

CONCLUSIONS

From the results obtained in these experiments, the authors conclude that hydrated -
nickel oxide thin films exhibit favorable switching properties for application in architec-*

tural glazings. The optical properties of the NiO/SnO2F Cl/glass electrode were

T_(bleached) = 0.77, T (colored) =0.21, T g(bleached) = 0.73, and Tg(colored)= 0.35 for
ﬁl}x)n thickness of 500 A. Ion-backsca.ttermg experiments determined t§1

125 A dehydrated nickel oxide film to be NlO1 . Anodic deposition onto the doped tin
oxide-coated glass in 0.1M NiSO 4t 0.1IM NH 40 resulted in the formation of the nickel
oxyhydroxide film. The electrochemical properties of both the bleached and colored
states were determined by cyclic voltammetry, indicating that the reversible reaction is
Ni(OH)y +—— NiOOH + H" + e". The reversible process between bleached and colored
states mvolves solid-state diffusion of the proton through the film, where the hydroxyl ion
plays an important role in the reaction mechanism. k'ourier-transform infrared spectros-
copy was performed on the anodic film, where lattice water and hydroxyl groups in
several different bonding environments were found. Future investigations using in-situ
FTIR are expected to more fully explain the structure and its relation to the coloratlon
and bleaching properties.

e composition of a”~
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Figure 11. Cyclic voltammogram of
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Figure 12. Cyclic voltammogram of

NiO/SnO,:F, Cl/glass electrode at a fixed
sweep rate of 50 mV/sec in various concen-
trations of KOH, ranging from 0.0001M to
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Figure 15. Fourier-transform infrared

reflection spectrum (mid-IR) of a bleached
anodically deposited nickel oxide film, cycled
in a 1M KOH solution.
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Figure 14. - Fourier-transform infrared

reflection spectrum (near-IR) of an anodi-
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