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ABSTRACT

Nickel oxide films were deposited by reactive RF magnetron sputtering. Optical and electrochemical characterization
showed strong electrochromic activity under certain deposition conditions. X-ray diffraction and infrared absorption
measurements indicate that the films are polycrystalline NiO and that the bulk crystal structure does not change upon
oxidation and reduction. Electronic conduction in the films and charge storage at the NiOlelectrolyte interface were stmﬁed
by de resistance and ac impedance measurements. The infrared measurements and x-ray photoelectron spectroscopy were
used to characterize changes in surface composition. We interpret the experimental results as follows: electrochromic
activity requires a porous, granular NiO film with excess oxygen at the grain surfaces. The film is reduced by the transfer

of protons
the solid surface to hydroxyl ions in solution.

The electrochemistry of hydrous nickel oxide has long
been of interest due to its role as the active material on
nickel battery electrodes,"® and more recently, there has
been miich interesi in the electrochromic behavior of nickel
oxide thin films.*** Potential applications for the films in-
clude adjustable-reflectance mirrors for automobiles and
adjustable-transmittance windows for automobiles or
buildings.?**! Nickel oxide is a promising alternative to the
more widely studied tungsten oxide, but the fundamental
mechanism of electrochemical coloration is uncertain.
Even the coloring species is unknown, making the choice of
ion conductors for devices difficult. We do know that the
films undergo a redox reaction with a nearly transparent
reduced state and a dark brown or black oxidized state.
The optical changes are induced by small transfers of
charge (about 20 mC/cm?) in a cell with an alkaline elec-
trolyte solution.

The electrochromic behavior is associated with the
Ni(I)/Ni(III) couple, and the half-cell reaction is usually
written as!-5%

Ni(OH), + OH (ag) <> NiOOH (s) + H,O + e”

Here “nickel oxide” will be used in a general sense to in-
clude hydrous forms such as hydroxides and oxyhydrox-
ides. It is thought that the current at the solidlliquid inter-
face is due to proton transfer between the solid surface and
the OH™ and H,O species in the solution, but the detailed
mechanism of the proton transfer is not yet understood.
The chemistry can be complicated by electrode porosity,
variations in the structure of the oxide, oxygen gas evolu-
tion, and impurities trapped in or on the oxide. Although
they apparently involve the same fundamental chemistry,
the hydrous oxide layer on a battery electrode is typically
operated in the range 30-100% Ni(IIl) oxide,” while an
electrochromic film is typically operated in the range 0-
10% Ni(IIT) oxide.

Electrochromic nickel oxide films can be grown by sev-
eral techniques, including electrodeposition, vacuum evap-
oration, and sputter deposition. The film structure depends
on the method of preparation. Films deposited from
aqueous solutions of Ni salts have been studied by x-ray
diffraction,® electron microscopy,®* Raman scattering,®
and x-ray absorption fine structure (EXAFS).” The sam-
ples tend to have porous structures with average grain sizes
=100 nm. Polycrystalline g-Ni(OH), films (brucite crystal
structure, JCPDS file 14-117) and poorly crystallized o-
Ni(OH), films can be prepared by deposition from solution.
Electron microscopy' and Raman scattering'®'® studies of
water-deposited electrochromic nickel oxide films have in-
dicated that the films are polycrystalline NiO (NaCl crystal
structure, JCPDS file 4-835). There may be hydroxylation

* Present address: Nuclear Chemistry Division, L-396, Lawrence
Livermore National Laboratory, Livermore, California 94550.

J. Electrochem. Soc., Vol. 140, No. 4, April 1993 © The Electrochemical Society, Inc.

om water molecules to oxygen ions at the solid surface, and the film is oxidized by the transfer of protons from

of the film surface, and the electrochemical behavior of the
film may be connected to excess oxygen compared to the
formula value. Stoichiometric green NiO is chemically in-
active, but oxygen-rich, polycrystaliine black NiO can be
chemically reactive. Moreover, in powder samples, the ex-
cess oxygen has been found to reside in the surface layers of
the crystallites."*

We have previously reported on the effect of deposition
parameters on sputtered electrochromic NiO films.* In this
paper, we use x-ray diffraction and infrared (IR) absorption
to give amore complete characterization of the structure of
the films. Electronic transport and optical absorption in the
films are investigated, and the film surface composition is
studied with x-ray photoelectron spectroscopy. We propose
that the electrochromism of the NiO films is derived from
the hydroxylated grain surfaces, and the similar behavior
of the NiO and Ni(OH), films can be traced to the similar
structure of the alkaline electrolytelsolid interface.

Experimental Methods

Film preparation and structure.—Electrochromic NiO
films were deposited by RF magnetron sputtering of a Ni
target in 28.5 mTorr Ar + 1.5 mTorr O,. Further details of
the film preparation process have been reported else-
where.” The films studied here were grown on unheated
substrates; a thermocouple indicated the substrate re-
mained <80°C during deposition. Based on the zone
model,”” one predicts that the films have a porous structure
consisting of columnar grains separated by voids. Films
were grown on several materials, so the notation top layer/
middle layer/substrate will be used to specify a sample. For
example, NiO/Pt/fused silica is a NiO film atop a Pt film on
a fused silica substrate, and NiO/glass is a NiO film on a
glass substrate. Film thickness was determined with a
Sloan Dektak ITA stylus profilometer.

The x-ray diffraction measurements were made in a
Siemens Crystalloflex diffractometer with a Ni-filtered Cu
K, source. NiO/Pt/fused silica, NiO/SnO,:F/glass, and
NiO/In,0,:Sn (ITO)/glass samples were oxidized and re-
duced in 0.1M KOH, and the x-ray diffraction patterns
were measured ex situ. The IR transmittance of NiO/NaCl
samples and the IR reflectance of NiO/Pt/fused silica sam-
ples were measured in a Nicolet 5PC FTIR spectrometer.
The Pt layer was about 0.3 pm thick and was opaque. The
IR reflectance was measured at an angle of 30° to the nor-
mal, relative to a freshly deposited Pt/fused silica sample.
The radiation was randomly polarized, and the samples
were at room temperature in dry N,. The NiO/Pt/fused sil-
ica samples were oxidized and reduced in 0.1M KOH, and
the reflectance was measured ex situ. The near-normal
reflectance was also measured in the visible and near-IR
with a Perkin-Elmer Lambda 9 spectrophotometer to
confirm that the NiO layer was coloring and bleaching.
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Electrical —and  electrochemical properties.—The
NiOlmetal contacts were initially tested to determine if
they were chmic. Ni, Pt, and Au contacts were tried, and
each sample was prepared by sputter-depositing two 1 mm?
disks of metal about 1 mm apart on 300 nm NiO/glass. The
ac impedance of each metalNiOlmetal sample was meas-
ured with a Stanford Research Systems SR530 lock-in am-
plifier. The NiO resistance was =100 k(, and a depletion
layer typically acts like a series capacitance of 0.1-1 pF/
em?, so the impedance at frequencies below 1 kHz is sensi-
tive to nonohmic contacts. However, the samples behaved
as pure resistances over the measured range of 10-3000 Hz.
This was also true for the tungsten carbide contacts of a
four-point probe placed directly on a NiO film.

The observed behavior of the NiOlmetal contacts can re-
sult from the highly granular structure of the films. There
are many grain surface states at the NiOlmetal interface, so
the contact behavior is dominated by the flow of electrons
between the grain surface states and the states at the Fermi
level of the metal.?® A related effect of the granularity is
that the conductivity of the film can arise from conduction
via the grain surface layers; the surface layer has an effec-
tive conductivity which is much larger than the bulk
value.”* The temperature dependence of the dc resistivity
was determined by the van der Pauw method on NiO/glass
samples.

Electrode potentials were controlled with a Pine RDE4
potentiostat, using a saturated calomel reference electrode
(SCE) and a Pt counterelectrode. Electrode impedance
measurements were made with a small-area electrode (ap-
parent area 1.3 X 10~ cm? prepared by depositing a 200 nm
NiO film on the end of a Pt wire. The outer surface of the
wire was masked with epoxy. A 1 mV rms ac potential was
applied, and the ac current was measured with the lock-in
amplifier. Initial measurements over the range 30-3000 Hz
at fixed dc potentials indicated that the impedance could
be modeled as a series resistance and capacitance. Further
measurements were made at 100 Hz during a 1 mV/s sweep
of the electrode potential.

Optical absorption and x-ray photoemission.—In order
to avoid interference effects, a NiO/Au/glass sample was
prepared with thin (=30 nm) NiO and Aulayers. The in situ
transmittance of the sample was measured in a transparent
cell in a Perkin-Elmer Lambda 9 spectrophotometer. The
film was step-wise reduced at a constant current of 19 mA/
cm?®, and the transmittance measurements were made at
fixed steady-state potentials. The optical absorption cross
section ¢ was calculated as

(3]

Here eis the elementary charge, @ is the transferred charge
per unit area, T}, is the bleached-state transmittance, and T
is the transmittance.

X-ray photoelectron spectroscopy (XPS) measurements
were made in a PHI 5300 ESCA system. The x-ray source
was Mg K, the x-ray beam was incident at 45°, and the axis
of the electron energy analyzer was normal to the plane of
the sample. Charge corrections were made by assigning
284.6 eV binding energy to the C 1s peak (from hydrocar-
bon contamination). Charge corrections were =0.2 eV for
the data reported here.

For the XPS measurements, NiO films were grown on
side-by-side ITO/glass substrates, oxidized or reduced in
0.1M KOH, then loaded into the XPS system through an
air-lock chamber. There probably was some surface con-
tamination as the samples were moved from the cell to the
vacuum chamber; however, the samples were still
bleached/colored when they were removed from the vac-
uum chamber. When returned to the cell, the bleached (re-
duced) samples were at roughly the same potential, and the
colored (oxidized) samples had retained at least half their
initial charge. Four of the bleached/colored pairs and five
other individual samples were studied with XPS.
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Results

The x-ray diffraction measurements indicate that the
films are polycrystalline NiO (NaCl crystal structure,
JCPDS file 4-835). Figure 1a shows the pattern fora 3.0 pm
film on a fused silica substrate. The NiO (111) and (222)
peaks are prominent, and the other NiO reflections are
missing, which results from a preferred orientation of the
(111) planes parallel o the film plane, and a random orien-
tation of the grains about the direction normal to the film
plane. The average grain size is =10 nm, as estimated from
the peak widths.

X-ray diffraction patterns of the films grown on Pt/fused
silica, SnO,:F/glass, and ITO/glass show the NiO (111) and
(222) peaks superposed on the pattern of the underlying
film (Fig. 1b). The diffraction patterns were the same for the
as-grown, bleached, and colored states. Up to 8 atomic per-
cent (a/0) of the film was oxidized and reduced during these
measurements, based on a transferred charge of 70 mC/em?
per pm of NiO. The barely resolved peak near 26 = 34° in
Fig. lais due to the Cu K reflection from NiO (111), and the
weak peak near 28 =36°in Fig. 1b is attributed to a thin PtO
layer.

The thickness of the NiO films did not change when the
films were oxidized and reduced, within the resolution of
the profilometer measurements (about 5%). The NiO layer
thickness in several NiO/Pt/fused silica samples was deter-
mined to about 1% by fitting the interference peaks in the
near-IR reflectance spectrum,® and again, there was no de-
tectable change in thickness when the samples were oxi-
dized and reduced.

The infrared absorption spectra of as-grown, bleached,
and colored samples were essentially identical. Figure 2
shows the spectra near the NiO phonon frequencies for
three films which are thin compared to the infrared wave-
length. Strong absorption is expected at the transverse op-
tical phonon frequency wr for radiation polarized in the
film plane, and at the longitudinal optical phonon fre-
quency o for radiation polarized normal to the film
plane.® The dashed lines in Fig. 2 mark w; and v, for NiO,
as measured by neutron scattering.® The spectra show a
dependence on film thickness because the NiO film is on Pt.
The transverse electric field component is small near the
metal surface, so the thinnest films have very weak absorp-
tion at wy. As the film thickness increases, a larger trans-
verse electric field can be established in the film, and the
absorption at wy grows relative to the absorption near ;.
The upper band does not quite fall at w;, because for a
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Fig. 1. X-ray diffraction patterns: {a} 3.0 pm NiO/fused silica
sample; (b} 1.1 pm NiO/0.3 um Pt/fused silica sample. The peaks
are labeled with the assigned crystal planes and the measured plane
spacings in angstroms.
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Fig. 2. Infrared absorption: {a) 0.20 pm NiO film on P; {b) 0.69
mm NiO film on Pt; {c) 1.08 um NiO film on Pt. The dashed lines mark
the TO {387 ¢m™"} and LO {577 em™") phonon frequencies of NiO,
and the surface mode (534 cm™) for a NiO cylinder in air.

significant.®® If a grain is modeled as a thin circular cylin-
der, strong absorption is expected at w for radiation polar-
ized parallel o the cylinder axis, and at frequency wg given

by
0, = /9t Ly
€+ 1

for radiation polarized in a plane normal to the cylinder
axis. Hence ¢ and e, are the dielectric constants of the
cylinder, and it is assumed that the surrounding medium is
air. In Fig. 2 the upper band falls between w, and wg calcu-
lated for a NiO cylinder. This may result from a distribution
of crystallite shapes, or the crystallites may be arranged
into chains which behave approximately as long cylinders
with random orientations.*

A broad O-H stretch band near 3500 cm™ and several
bands in the 1100-1600 cm™ region were seen for the NiO/
Pt samples,” and these features show up clearly in the NiQ/
NaCl transmittance spectra (Fig. 3). The bands are present
before the film is exposed to the electrolyte, and are at-
tributed to adsorption of O, and water vapor. The O-H bend
can account for the 1600 cm™ band, and the other bands in
this range may arise from molecularly adsorbed Q,. %% A
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Fig. 3. Infrared fransmittance: (a) uncoated NaCl substrate (dis-
placed +0.01 units for clarity); (b) 50 nm NiO film on NaCl; {}
100 nm NiO film on NaCl.
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Fig. 4. DC resistivity of two NiO film samples. The activation ener-

gies determined from the indicated straighi-line fits are: sample A,
0.32 eV; sumple B, 0.21 eV {T> 295 K}, 0.16 eV {T < 295 K).

change in the film thickness causes a shift of the bands in
the 1400-1600 cm™ range, which may be expected if the
bands arise from collective modes of chains or layers that
are larger on a thicker film.

Film samples were stored =1 year at room temperature
with no apparent decrease in electrochromic response, but
mild heat treatments (1-2 h at 200°C) caused a decrease in
the charge capacity and the corresponding optical absorp-
tion change of the films. The heat-treatments also increased
the room temperature resistivity of the film, and the same
results were obtained for heat-treatments in air and under
vacuum (107 Torr). The temperature is too low for
significant bulk diffusion in NiO, but O, and H,0 can be
desorbed from NiO under these conditions.®

DC resistivity measurements on two NiO film samples
are shown in Fig. 4. The magnitude of the resistivities and
the activation energies suggest that the measurements are
characteristic of conduction at the grain surfaces. The re-
sistivity of crystalline NiO is 10 Q-cm, and the minimum
activation energy for defects in bulk, undoped NiO is about
0.5 eV.* Sample B has a discontinuity at room temperature
because the sample was first heated to 385 K, then cooled to
230K, then heated to room temperature. The initial heating
increased the room temperature resistivity.

Oxidation/reduction of a nickel oxide film is accompa-
nied by a change in the film resistivity. An in situ meas-
urement of a Ni(OH), film using microelectrodes with
=1 pm spacing has indicated a resistivity =30 }-cm for the
oxidized state and =3 X 10* Q-cm for the reduced state.®
The following procedure demonstrated that, in a sputter
deposited film, the dc resistivity in the plane of the film
remained =1 Q-cm in the oxidized state. A 300 nm NiQO/ =~
10 nm Ni/fused silica sample was prepared in the van der
Pauw geometry, so the parallel combination of the NiO
sheet resistance in the Ni sheet resistance (130 Q) could be
measured. The resistancé did not change (within 0.5%)
when the sample was oxidized and reduced; this places the
staled limit on the de resistivity.

Cyclic voltammograms for the electrodes used in the
impedance measurements are shown in Fig. 5. The NiO
electrode clearly displays the Ni(IT)/Ni(IIl) current peaks,
and in this potential range the Pt electrode is coated with a
very thin passivating oxide. At 100 Hz, the electrode
impedance (Fig. 6) is resolved into a resistance due primar
ily to electronic conduction in the NiO film and a capaci-
tance from the double layer at the NiO/electrolyte inter-
face. The resistance and capacitance change rapidly when
the film is oxidized or reduced.

If the film is modeled as a homogeneous disk, the resis-
tance axis in Fig. 6 corresponds to resistivity in the range 0
to 3 X 10° Q-cm. Possible sources of the constant resistance
for the oxidized film include the PLINiO contact or a2 =30 nm
thick region of densely packed NiO grains which is chemi-
cally inactive. The resistance of the reduced film changes
slowly with potential as the Ni(III) concentration in the
solid phase is varied.
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InFig. 6, the NiO capacitance is larger than the Pt capac-
itance because the true area of the NiO surface is likely to
be larger than the true area of the Pt surface. The sharp
changes in the capacitance of the NiO film electrode are
caused by changes in the structure of the double layer. The
direction of the change in capacitance is consistent with a
reduced film which is mainly terminated in OH~ groups and
an oxidized film which is mainly terminated in O% ions,
such as would be expected for a proton transfer.

Using the capacitance plots or the cyclic voltam-
mograms, the dependence of the electrode potential on
electrolyte pH can be followed, and the result is a shift of
—90 mV per pH unit.® This indicates that the electrochem-
istry is more complex than is represented in Eq. 1, which
predicts a shift of —59 mV per pH unit. Similar potential/
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FIF. 6. Series resistance and capacitance of NiO film elecirode

(circles}) and capacitance of uncoated Pt electrode (iriangles). Elec-

trode area 1.3 X 1077 em?; sweep rate 1 mV/s; electrolyte 1M KCl +
KOH, pH 12.0.
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Fig. 7. Optical absorpfion cross section of an electrochromic NiO
film at the indicated potential in V vs. SCE. The bleached state trans-
mittance was measured at —0.15 V vs. SCE, and the electrolyte was
0.01M KOH.

pH behavior is seen for porous, hydrous oxides of Ir, Au,
and Fe, and it has been suggested that the behavior may
result from a hydrolysis-type reaction involving metal oxy-
hydroxide dimers.* )

The optical absorption change of an electrochromic NiO
film is shown in Fig. 7. About 0.3-7 a/o of the film was
reduced, based on the transferred charge of 0.1-2 mC/cm®.
Clearly, a simple model of independent absorbing centers
does not adequately describe the film behavior. The absorp-
tion per Ni(III) center becomes stronger as the film is oxi-
dized, which suggests that interactions between the Ni(III)
centers tend to enhance the optical absorption. Nearest-
neighbor interactions are unlikely if the Ni(III) centers are
uniformly distributed throughout the film volume; how-
ever, if the Ni(III) centers are concentrated at the grain
surfaces, then there can be many neighboring centers. As
the sample is bleached, the measurements approach a lim-
iting spectrum, which is still very broad (about 2.5 eV in
width), and may be composed of two broad subbands cen-
tered at about 2.0-2.1 eV and 3.4-3.5 eV. The large band-
widths suggest that the optical transitions are strongly
coupled to vibrational modes, and this is seen in Raman
scattering from oxidized Ni(OH), films.?*

Figure 8 shows XPS survey spectra with line assignments
for the sample pair. The only elements detected were Ni, O,
and C, which indicates that other elements (aside from H
and He) were present at levels below about 0.5 afo. The Ni
2p spectra (Fig. 9) for the bleached and colored states are
essentially the same, and there is excellent correspondence
to measurements on NiO samples.

There are two O 1s peaks present (Fig. 10). Vacuum-
cleaved NiO crystals show only the oxide peak at 529 eV;
the additional peak at 1.8 + 0.1 eV higher binding energy
corresponds to the “adsorbate” peak seen for polycrys-
talline NiO and for oxygen adsorbed on NiO.*® The elec-
trochromic films have a large adsorbate component, be-
tween 40 and 80% of the total O 1ls intensity. XPS
measurements were made on two samples which were
poorly electrochromic (charge transfer < 1 mC/em? in the
cell), and they each had <20% of the O 1s intensity in the
adsorbate peak.

Based on intensity ratios for the Ni 2p and O 1slevels, the
Ni:O ratio changes by less than 10% between the bleached
and colored states. Thus, the electrode reaction is not asso-
ciated with large changes in the number of oxygen atoms at
the electrode surface. Some of the samples were ion bom-
barded with 3 keV Ar* in the XPS vacuum chamber. Ion
bombardment tends to remove the adsorbate O 1s peak and
enhance the oxide peak (Fig. 11). It also increases the Ni 2p:
O 1s intensity ratio, which indicates that the grain surfaces
are oxygen-rich compared to the grain interiors. Except for
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Fig. 8. XPS survey spectra for NiO film pair: dashed line, bleached state; solid line, colored state.

Fig. 11, the spectra reported here were taken before ion
bombarding the sample.

Figure 12 shows the XPS spectra near the Fermi level.
The energy resolution and count rate were rather poor for
valence band studies, but the data are consistent with va-
lence band spectra of polycrystalline NiO samples.*** The
electrode rea;ction is not accompanied by a large change in
the density of states at the Fermi level, which is consistent
with the de resistivity measurements.

Discussion

The x-ray and infrared results indicate that the films re-
tain the polycrystalline NiO structure when they are oxi-
dized and reduced. The NiO grain interiors are expected to
be chemically inactive, so the electrochromic reaction
likely occurs at the grain boundaries. Treating the film as a

homogeneous slab, the apparent surface area isin the range
0.1-1 m%*/g. The charge transferred during oxidation and
reduction, on the assumption of 10" singly charged species
per cm?, implies that the true surface area of the films is =70
m?/g. The electrode capacitance data, assuming a capaci-
tance of 10 pF/cm? (typical value at a metal electrode)_,
indicates a true surface area of =100 m%/g. These estimates
are close to the surface area obtained by modeling the film
grains as circular cylinders of diameter 10 nm (=60 m%/g),
square pillars of side 10 nm (~60 m%/g), and cones with base
diameter 10 nm (=90 m%/g).

The grain surfaces are oxygen-rich compared to the NiO
cores. Here the most direct evidence is the increase in the
Ni:O ratio after Ar* ion bombardment in the XPS chamber.
Supporting evidence is provided by the partially oxidized
state of as-grown films, which may result from adsorption
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Fig. 9. XPS spectra for NiO film pair: dashed line, bleached state; solid line, colored state. Ni 2p region.
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Fig. 10 XPS spectra for NiO film pair: dashed line, bleached state; solid line, colored state. O 1s region.

of O, and H,0, and the effect of heat-treatments on the
electrochemical response. It has been proposed that the
electrochromic reaction in NiO films involves the direct ad-
sorption and desorption of OH™ ions in the cell.'*"® There is
probably some irreversible adsorption of OH™ groups dur-
ing the initial oxidation of the film, and OH~ ions at the
outer Helmholtz plane certainly play a role, but the XPS
results indicate that the electrochromic reaction proceeds
with little or no change in the amount of adsorbed oxygen.
Thus, it is far more likely that there is proton transfer at the
solidlliquid interface.

A connection between film structure and reactivity can
be made in the following qualitative fashion. O, and H,O do
not bond to the five-fold coordinated Ni** and O*” jons on a
cleaved NiO (100) surface.*® On the electrochromic NiO
films, however, many of the surface ions occupy low-coor-

530 529 528 527 526 525

dination sites (coordination number 3 or 4) such as steps,
corners, and small (111) terraces. The low-coordination
ions have more electron density available for bonding to
adsorbates, so the films can adsorb O, and H,O, and H* and
OH" in the cell, to produce an oxygen-rich, hydroxylated -
film surface. When a film is dehydrated during the heat-
treatment, there is a tendency for the number of five-fold
sites to increase at the expense of the low-coordination
sites, which lowers the surface energy. When returned to
the cell, there are fewer active sites available, so the elec-
trochemical response is smaller.

One of the main questions which remains to be answered
for the electrochromie NiO films concerns the nature of the
transitions which are responsible for the optical absorption
in the colored films. We do not attempt a full answer here,
but as a reasonable starting point, we consider the optical
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Fig. 11. O 1s region of XPS spectrum of a NiO film sample: A, before ion bombardment; B, after 1 min Ar* ion etch; after 2 min Ar* ion etch.
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Fig. 12. XPS valence band spectra for NiO film pair: dashed line, bleached state; solid line, colored state.

transitions on an octahedral NiO; cluster. For a central Ni%*
ion surrounded by six O*" ions, the optical behavior is sim-
ilar to that of stoichiometric NiO or Ni(OH),. The minimum
energy for strong absorption is about 4 eV, and corresponds
to the “bandgap” transition 3d® — 3d° L, where L denotes
a hole on an O*~ ligand (that is, an O~ ion).f™¢

If the cluster is “oxidized” so that it now consists of a
central Ni** ion surrounded by five 0% ions and one O~ ion,
two new absorption bands are expected, and these may
account for the bands seen in Fig. 7. Transfer of the hole
from one oxide ion to another results in optical absorption
because the electronic transition is strongly coupled to the
vibrational modes of the cluster. By analogy to O~ centers
in MgO and CaO, the oxide to oxide transfer is expected to
produce a broad absorption band centered at about 2 eV,
which can be described in a configuration coordinate
scheme.*®® The other new absorption band is associated
with the transition 3d® L — 3d’, which is expected to have
an energy close to the “bandgap” value, and this may ac-
count for the 3.4-3.5 eV band in Fig. 7. Again, strong cou-
pling to the vibrational modes of the cluster would produce
avery broad absorption band. If the inhomogeneous broad-
ening is not too large, the optical absorption mechanisms in
the films may be studied by optical measurements at low
temperatures.

Summary and Conclusions

The electrochromic response of NiO films is greatly re-
duced by modest heat-treatments, suggesting that this re-
sponse 1s associated with easily removed defects at the
grain boundaries. This hypothesis is supported by x-ray
diffraction and IR absorption measurements on the films
which indicate that there is no change in crystal structure
when the films are oxidized and reduced in the electro-
chemical cell. The electronic properties and chemical be-
havior of sputtered electrochromic NiO films and elec-
trodeposited electrochromic Ni(OH), films are very similar
which is not likely if the electrochromism were a bulk phe-
nomenon. The behavior of the electrode resistance and ca-
pacitance also indicate a modification of the NiO surface
during oxidation and reduction. Electrochromic activity
appears to be correlated to excess adsorbed oxygen de-
tected by XPS.

Based on the above observations, electrochromic activity
requires a porous, granular NiO film with excess oxygen at
the grain surfaces. Reduction of the film then results from
the transfer of protons from water molecules to oxygenions
at the solid surface (proton adsorption), and oxidation of
the film is due to transfer of protons from the solid surface
to hydroxyl ions in solution (proton desorption). The col-
ored stale may be ascribed to electronic transitions from

localized levels associated with the surface oxygen ions to
empty levels on the oxygen ions or near the conduction
bandedge. The probability of such a transition is much
lower in the bleached film due to the formation of the O-H
bonds at the film surface.
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