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ABSTREACT

Transparent Ni(OH), films were electrochemiecally deposited onto TiO, layers which had been formed on conductive
glass. This optically transparent composite electrode exhibited strong, reversible photochromie and elecirochremic prop-
erties when either iluminated by a 75 W Xe lamp at open circuit or anodically polarized in 1.0 M agueous NaOH elec-
trolyte. The extent of electrode darkening depended on the intensity of UV light, exposure time, and applied potential.
Electrocheniical and optical-absorption measurements indicated that UV-photogenerated holes in the TiO, valence band
recambined with electrons from the electrochromic Ni{OH}, layer, which consequently oxidized the Ni{OH)}, to NiOOH
and darkened the composite electrode. Because the darkening process occurred only on the specific elecirode areas which
were exposed to light, nonuniform illumination produced a patterned optical state of the electrode.

Introduction

The NiOOH-Ni(OH), electrode is under consideration for
use in electrochromic devices,"® which are being developed
for architecture, aerospace, and vehicle applications. The
transparency change from clear to opaque (black) that ac-
companies the Ni** to Ni'* oxidation reaction represents an
advantage over electrochromic oxides which are strongly
colored. Although significant knowledge about the electro-
chemical behavior of NiQOH-Ni(OH), films has arisen from
studies of nickel electrodes used in rechargeable alkaline
batteries,™ there remain several challenges related to the
electrochemistry of the nickel electrode which affect its elec-
trochromic properties. The crystalline structure, morpholo-
gy, and porosity of the NiQOOH-Ni(QH), {ilm, the character of
adjacent sublayers and overlayers, and the electrolyte com-
position all determine the durability and reversibility of the
electrochromic film, A thin Ni(OH), film can be fabricated
by a wide range of processes, including ancdic oxidation,
chemical and cathedic precipitation, sol-gel techniques,
vacuum evaporation, ete. Electrochemical precipitation pro-
duces Ni(OH), films that exhibit some of the best electro-
chemical as well as electrochromic properties.

The NiOOH-Ni(OH), electrode is not photosensitive
under natural illumination, therefore in an electrochromic
device it must be used in combination with a photosensi-
tive material. Setniconductor powders and thin films have
been studied as effective photocatalysis for the conversion
and chemical storage of light energy®'” The interfacial
charge-transfer processes in semiconductor-mediated
photocatalytic reactions involve phoiogenerated free-
charge carriers from conduction and/or valence bands.
Photochemical properties of numerous metal oxides and
metal chalcogenides have been studied for this purpose.
Several approaches have been used {o prevent photogen-
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erated pair recombination and te enhance the efficiency of
charge separation, thereby improving the photocatalytic
activity. Examples include semiconductor doping," depo-
sition of & noble metal’* or a second semiconductor™'® on
the semiconductor surface, and coupling a semiconductor
with redox mediators."!*

Of particular relevance to the present work are recent
studies of electrochromic and photosensitive oxide-elec-
trode combinations. It was found that a suspension of WC,
oxide particles in contact with TiQ, acquire a deep blue
color upon irradiation in the presence of water as a result
of electron fransfer from TiO, to WO, H,0. " Bericher
et al."* demonstrated the idea of 4 self-powered “smart”
electrochromic window which combines two separate
photosensitive electrodes: a dye-sensitized semiconductor
TiO, electrode which drives a WO, electrode to change
from transparent to dark blue. However, the authors
ascribed the electrochromic effect of this composite system
entirely to electronic charge transfer between the elec-
trodes through an external cireuit, neglecting the possibil-
ity of direct electron transfer between the two electrodes.
The results of the present work show that direct electron
transfer is responsible for spatially resolved coloration
when only part of the composite electrode is illuminated.
The photoelectrochromic effect in WO, colloids with
steady-state UV photolysis in the presence of oxalic acid
as a hole scavenger was studied in Ref. 21 and 22. DeBerry
and Viehbeck® described the photoelectrochromic charac-
teristics of thin prussian blue (PB) layers on both single-
crystal and polycrystalline TiO, electrodes. It was found
that illumination of the composite electrode led to the oxi-
dation of the colorless prussian white (PW) film to PB at
potentials at least 500 mV lower than the PW/PB redox
potential for a modified Pt electrode. Tacconi et al* re-
ported photoelectrochromic bleaching and recoloration of
methylene blue in aqueous or methanolic slurry suspen-
sions of TiQ,.
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In this paper we report observations of reversitle pho-
tochromism in an irradiated two-layer electrode, consist-
ing of an electrochemically active Ni{OH), layer deposited
on a thin film of polyerystalline TiO,. The evidence we pre-
sent demonstrates that the observed photochromism aris-
es from direct charge transfer between Ni(OH), and pho-
togenerated carriers within the space-charge layer in Ti0,.
These initial results not only suggest the development of
new class of electrochromic and optical devices, but also
represent an interesting example of photocatalysis applied
to an electrochemical system.

Experimental

Microporous nanoerystalline TiC, films were prepared
on a 25 X 38 mm piece of indium-tin oxide (TTO) conduct-
ing glass (Donnelly Corporation) according to the coating
procedure given in Ref. 25. The coating solution consisted
of Ti(iso-OC,H,), dissolved in ethanol mixed with iso-
prepyl alcohol and hydrochlorie acid. A detailed descrip-
tion of the solution composition and preparation method
can be found in Rel. 25, 26. The glass substrate was spin-
coated with the solution and dried in air under ambient
conditions for 1 h. Finally, the coated film was heat-treat-
ed at 773 K for 1 h and cooled to room temperature in a dry
N, atmosphere.

Nickel hydroxide films were deposited by galvanostatic
cathodic precipitation onto freshly prepared TiO, or ITO
glass substrates from an agueous solution of 0.01 M
Ni{NO,), as described elsewhere.” The films were deposit-
ed at ca. —14.3 mA/em® for 20 s which corresponds to a
charge capacity of 286 mC/em® and films from 1 to 1.4 um
thick. The electrodes were rinsed thoroughly with distilled
water and dried under ambient conditions for 4 h.

All measurements were performed in 1.0 M NaOH solu-
tion in a gquartz cuvette. The optically transparent worl-
ing electrode was inserted into the cuvette so that its
transmittance changes could be recorded during electro-
chemical measurements. The counter electrode consisted
of a Pt grid with a central hole to allow light passage, and
all electrode potentials were measured and are quoted vs.
a Hg/Hg0O/1 M NaOH reference electrode. All solutions
were prepared using twice-distilled water and reagent-
grade chemicals, and all measurements were performed at
room temperature (298 K). Where necessary, the elec-~
trolyte was deaerated and kept under Ar gas.

Electrochemical measurements were made using an
EG&G Princeton Applied Research (PAR) 362 scanning
potentiostat coupled with a multichannel PC-controlled
data-acquisition system, employing Keithley DAS20 hard-
ware. For the photoelectrochemical measurements light
from a 75 W xenon lamp (Osram) set in an Oriel housing
model 6137 was transmitted through a 250-380 nm band-
pass filter before irradiating the electrode. The light beam
was focused uniformly into a 1 em diam spot on the surface
of the electrode, which was placed close to the wall of the
quartz cell. The UV irradiation intensity was 30 mW/cm® at
the electrode surface. Light-transmittance characteristics
of the electrode were measured with an ISA Hr-320 single
monochromator equipped with a 1024 channel EG&G PAR
1420 intensified photodiode array cocled to 253 K. This
device was controlled by an EG&G OMA HI optical multi-
channel analyzer, wherein collected data were initially
processed. The entrance slit of the monochromator was
placed behind the cell and was aligned with the Xe lamp
optical axis. The transmittance of the electrode was moni-
tored in the speciral range 515 to 552 nm, using the resid-
ual signal of the filtered Xe lamp. By using this arrange-
ment, the Xe lamp provided a simple and convenient means
to not only irradiate the electrode with near-UV light, but
also measure transmittance changes in the visible region.
For non-UV illuminated electrode transmitiance measure-
ments an additional 500 nm edge filter was used to remove
the shorter (UV) wavelengths from the lamp spectrum.
Near-UV and visible transmitiance specira of the
TiQ,/Ni(OH), films were obtained with & Perkin Elmer
Lamhda 9 spectrometer.
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Ex situ AFM images were obtained with a molecular
imaging (MI) scanning probe miecroscope coupled with a
Park Scientific Instruments (PSI) electronic controller. For
the AFM measurements PSI MLCTLAUNM microlevers
(0.05 N/m) were used.

Results

Topographic AFM images (without numerical image
processing) of the freshly prepared TiQ. and TiO,/Ni(OH),
electrodes are shown in Fig. 1. The TiO, film exhibits a
compact surface structure, and the average thickness of a
fired film ailer a single coating was found to be 115 nm. *
The surface appears to be relatively uniform except for the
presence of large TiO, aggregates of planar size ~200 mmn.
The existence of deep cracks and pores at grain bound-
aries may also be expected. This type of structure was
characteristic for all TiO, films deposited under similar
conditions. The electrochemical precipitation of Ni(OH),
produced a mostly featureless surface with rms roughness
of ~3.5 A. The thickness of the Ni(OH), film was estimat-
ed to lie in the range from 1.0 to 1.4 um, which is suffi-
ciently large that the TiO, film morphology had no effect
on the Ni{OH]}, film surface texture. Indeed, the surface of
the Ni{OH]}, film is substantially smoother than the TiC.
subsirate. The uniform nanocrystalline Ni{OH), film with-
out large grains of crystallized material is expecied to pro-
vide good adhesion to the TiQ, substrate.

The photoelectrochemical properties of the TiQ, elec-
trode are represented by two cyclic voltammograms (CVs)
recorded in Ar-saturated 1 M aqueous NaOH solution in
the dark and under near-UV illumination (Fig. 2). Both
curves exhibit behavior characteristic of n-type semicon-
ductor electrodes. The slight cathodic current on the poly-
crystalline TiQO, electrode in the dark corresponds to the
water reduction reaction and/or the surface reduction of
TiO,, ® which may be formulated as

(Ti**),(0*), + nHLO + ne”
2 (BT, {Ti" (0% ), + n0H" [1]

Mumination of the TiO, electrode led to a rise of anodic
photocurrent at potentials above —0.8 V due to the photo-
oxidation of water. Photogenerated peroxo species present
at the surface of the TiO, particles and also dissolved pho-
togenerated oxygen are very good targets for the conduction

Fig. 1. Ex sifu topographic AFM images of (A} a TiO, film on ITO
glass, and {B) a 286 mC/cm? Ni{OH), film deposited on top of the
ITO/TIO, electrode,
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Fig. 2. Cyclic voltammograms of the ITO/TiO, electrode record-
ed in Ar-saturated 1.0 M aqueous NaOH sclution in the dark and
under near-UV illumination. Scans performed at 50 mV/s.

band electrons,®™ and consequently are reduced at poten-

tials more negative than —0.5 V during the cathodic scan.

Figure 3 shows a eyclic voltammogram of a freshly elec-
troprecipitated Ni(OH), electrode on an ITO glass sub-
strate carried out in 1.0 M agueous NaOH. The redox cou-
ple located at ~0.41 V is associated with the well-known
reaction usually written as

Ni(OH), + OH"~ = NiOOH + H,0 +e” 2]

The oxidation peak at 0.46 V and the reduction peak at
0.36 V correspond to the darkening and bleaching process-
es, respectively. The visible spectral characteristics of
Ni{OH), films depend on the film thickness and film
preparation method, however, in the reduced state they do
not exhibit significant absorption bands in the visible
range. This property renders them nearly transparent in
the reduced state, whereas the spectra of the black NiOOH
films show strong and broad absorption in the 300 to
700 nm range.*" Hlumination of the NiOOH electrodes
with UV light neither aliered the shape of the voltammo-
gram nor induced visible photoeffects in the thin film. The
active (oxidized)} nickel material present in the thin film
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Fig. 3. Cyclic vollammogram of a 286 mC/em? NilOH), layer
electroprecipitated onte a glass/ITO substrate in 1.0 M NoOH
solution. Scan performed at 10 mV/s,
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can be described as a mixed p-n conductor in which n-
type conductivity normally predominates,® thus sponta-
neous photochromism is not expected.

Hlumination of the composite TiO,-Ni(OH), structure
led to a gray-black appearance of the light-exposed area
of the electrochromic material, even when the electrode
was held at open circuit. The unexposed part of the elec-
trode remained in its bleached staie whereas the illumi-
nated part became dark. At open circuit without illumina-
tion, the ‘potential of the electrode varied between —0.2
and —0.4 V. Light absorption by the electrode material
resulted in a substantial negative shift of the electrode
potential to —0.8 to ~0.9 V. In order to guantify the elec-
trochromic behavior of the composite TiQ,-Ni(OH). elec-
trode, in situ absorption measurements were carried out
during irradiation and/or polarization of the - electrode.
Figure 4 shows the electrode light-absorption (1 minus
transmittance) change within the speciral range 515-
552 nm vs. time of irradiation/bleaching, The darkening
process at open circuit {A) began immediately upon irradi-
ation, and its extent was a direct function of light intensi-
ty and light exposure time. After 18 min exposure the elec-
trode transmittance decreased by 8%. When a UV fiiter
(A < 500 nm) was then interposed, the electrode returned to
its original bleached state, thereby demonstrating that the
origin of the photoeffect is TiO, bandgap excitation.
Bleaching was accompanied by a spontaneous return of
the electrode potential to its initial value in the bleached
state, i.e, —0.3 to —0.4 V. Recovery to the reduced state
after the UV light was blocked was ~5% slower than the
darkening process. The effect was clearly reversible under
these conditions and could be repeated for at least 40
times. The reversible photochromism of the TiO,-Ni(OH),
electrode under open-circuit conditions represents a new
observation, which may be found in other similarly pre-
pared composite electrodes. #0333
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Fig. 4. Difference of integrated optical transmittance at 515 < &
< 552 nm of g ITO/Ti0,/Ni[OH}, electrade measured as a function
of UV irradiation/bleaching fime and applied potential in 1.0 M
NaGH solution. The electrode was irradiated ot apen-circuit paten-
tial (A} for 1053 5, then the UV light was blocked. Curves [Bj, (C],
and (D} correspond to the elecirede irradiated at 0.5, ~0.3, and
0.0V for 276, 389, and 550 5, respectively, and after the UV light
was blocked and the potential was stepped to —1.1 V.
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The electrochromic behavior of the composite electrode
was investigated by recording light-absorbance changes
vs. time at applied potentials between —1.1 and 0.0 V. Both
cathodic and anodic elecirode polarization had substan-
tial effects on the darkening/bleaching rate. The absorb-
ance reached 33, 58, and 67% at —0.5 (B), —0.3 (C), and

0.0 V (D}, respectively (Fig. 4). The time required to com- -

plete the darkening process was ranged from 280 s at
—0.5 V to 550 5 at 0.0 V. Subsequent cathodic polarization
ai ~1.1 V drove the electrode back to its bleached state
whether or not UV light illuminated the elecirode., The
time required to bleach the electrode at —1.1 V was near-
ly identical to the corresponding time of coloration at each
anodic potential.

Cyclic voltammetry results for the ITO/TiO./Ni{OH),
electrode in 1.0 M NaOH elecirolyte are shown in Fig. 5. In
the dark, no oxidation reaction was observed unless the
anodic scan was extended above the potential of Ni** to
Ni** oxidation. At poientials higher than 0.43 V, direct
electrochemical oxidation of the Ni{OH), layer is accom-
panied by darkening of the entire electrode surface (the
scan shown in Fig. 5 was extended to 0.65 V, but the large
anodic current is not shown in order to preserve the clari-
ty of presentation). On the reverse scan, the NiOOH reduc-
tion peak at 0.32 V was followed by a large cathodic
plateau at about —0.7 V. The charge associated with the re-
duction process was significantly lower than that of the

anodic process. Consistent with this charge imbalance, the -

black color of the oxidized film remained when the poten-
tial was swept to ~1.2 V. The film returned to its initial
transparent state only after a 5 min cathodic polarization
at —1.2 V. The voltammogram of the illuminated compos-
ite electrode (Fig. 5, dashed curve) shows differences in ap-
pearance compared to that of the single-layer TiQ, elec-
trode (Fig. 2), which sugpests the presence of different
photogenerated species. The darkening of the electrode
and the shift of the cathodic peak toward higher potentials
confirm this hypothesis.

The electrochromic behavior of the ITO/TiO,/Ni(OH),
electrode was characterized by recording ex situ transmit-
tance spectra of darkened and bleached electrodes (Fig. 6).
The electrode was irradiated at 0.0 V in 1.0 M NaOH for
5 min, removed from the cell, rinsed with distilled water,
dried in a stream of I, and then placed in the spectrome-
ter. After the spectrum was recorded, the electrode was
returned to the cell and polarized cathodically at —1.1 V
for 5 min. The same procedure was then repeated to record

_ another spectrum. The black coloration of the electrode
‘typically persisted for 2 days in air; therefore we presume

that changes which occurred during the electrode prepa-
ration and spectrum measurement are negligible. The
spectrum of the oxidized electrode (solid curve, Fig. 6) ax-
hibits a broad maximum centered around 480 nm, which is
evident when viewed in comparison te the spectrum of
ITO glass. The spectrum of the reduced {ilm (dotted curve,
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Fig. 5. Cyclic voltammograms of the ITO/Ti0,/Ni[OH), electrode
in 1.0 M NaOH electrolyte, with and without illumination. The
potential sweep rate was 50 mV/s.
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Fig. 6. Ex sitv transmittance specira of hare ITO glass, an
ITO/TiO,/Ni{OH}, electrode UV-irradiated in 1.0 M NaOH for
5 min, and a bleached electrode after electrachemical reduction at
—1.1V for 5 min in 1.0 M NaOH solution.

Fig. 6) shows an absorption hand shape very similar to
that of the darkened film, however it is much more trans-
parent. These resulis are in good agreement with previous
optical studies of the nickel electrode**' The strong
absorption band was shown to be responsible for the pray-
black color of the sample and was assigned to charge
transfer from high-valence nickel sites to oxygen. In con-
trast, the visible spectra of Ni(OH), films in the reduced
state show no significant absorption bands. The spectrum
of the reduced electrode therefore corresponds to an inter-
mediate stage of charge of the Ni{(OH). layer and indicates
that the film was not fully reduced. Both spectra exhibit a
strong absorption band in the UV region which extends to
420 nm and has been assigned to the bandgap absorption
of TiO,. The shape of the band at short wavelengths
<350 nm may be somewhat distorted by the baseline cor-
rection process, because of significant light absorption by
the ITC-coated glass in the UV region.

The contrast between the darkened area and transpar-
ent background was visibly sharp and exhibited good lat-
eral resolution. The images shown in Fig. 7 were produced

Fig. 7. Ex sity images of an {TO/Ti0,/Ni{OH|, electrode subject-
ed to UV irradiation tor 5 min in 1.0 M NaOH. A} Photograph, (B}
ex situ AFM topographic image.
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by exposing the ITQ/TiQ./Ni(QOH), electrode in 1.0 M
NaOH to filtered light from the Xe lamp at an electrode
potential of 0.0 V for 3 min. The electrode was removed
from the cell, rinsed in distilled water, and dried under
ambient conditions for 30 min. The optical pattern on the
dried elecirode was stable and persisted in air for several
days. The photograph of the electrode shows ~50 mm
grains of predominantly NiOOH {dark areas) and Ni(OH),
(light areas}), and indicates that the electrode surface is
extensively cracked. This morphology could be a result of
drying, however significant differences in the densities of
the Ni{OH), and NiOOH phases could result in such a mor-
phology by creating mechanical stresses and consequent
localized ruptures within the film. These ohservations are
consistent with AFTM studies of Ni(OH), film microstruc-
ture modifications induced by aging and/or changes in the
film oxidation state™"* The AFM image {Fig. 7B) of the
darkened electrode surface reveals a large feature
~B00 nm in diameter and ~60 nm high. The photograph
(Fig. TA) recorded at much lower magnification showed
that these micrograins are randomly distributed over a flat
and featureless surface, and are identical to those seen on
the original Ni{OH), film.

Discussion

The spectroelectrochemical experiments deseribed
above highlight the photochromic and electrochromic be-
havior of the composite TiO,/Ni(OH), film. Qur results in-
dicate that the photochromism of the TiO,/Ni(OH), elec-
trode originates from the bandgap absorption of TiO, in
the near-UV region (<400 nm). It has heen reported®-" that
Ti0O, powders suspended in deaerated solvents develop a
blue-gray color upon exposure to intense UV excitation.
The mechanism of reversible photechromism in TiO, was
assigned to light-induced trapping of electrons at Ti%* sites
in the presence of a solution-phase hole scavenger. This
coloration was characterized by a quasi-continuous fea-
tureless absorption of the UV-irradiated TiO, from 430 to
1000 nm. The photoformed Ti** species are usually unsta-
ble and are easily quenched in the presence of Q,, except
for the case when a very high-intensity UV laser was used
and the blue color persisted in air for several months.!
Our UV-vis spectra of the darkened and bleached compos-
ite TiO./Ni(OH), electrodes (Fig. 6) revealed that the
black-gray color of the UV-irradiated sample corresponds
to the presence of Ni**, however the long iail which
extends to ~1000 nm suggests the possible contribution
from photogenerated Ti** sites,'*5-%

Because single films of either TiO, or Ni{OH), deposited
on ITO glass do not exhibit photochromism by themselves
in the present experimental conditions,***** the mechan-
ism of the photochromic reaction in the TiO,/Ni{OH), elec-
trode may be formulated as follows. Mumination of the
composite electrode TiO./Ni(OH), leads to the generation
of electron-hole pairs in the conduction and valence
bands, respectively, of TiO,

TiQ, + kv~ h* + e” i3]

The holes migrate toward the TiO, surface because of the
presence of an electric field induced by the space charge.
Direct electron transfer from the Ni(OH), phase to the TiO,
layer proceeds because of the presence of photogenerated
holes in the valence band {(or hole-occupied surface states)
of the Ti0,, which is thereby poised at a potential more
positive than that of the Ni**/Ni'* redox couple?

Ni{OH), + h* — NiOOH + H* f4]

Oxidation of the Ni(OH), to NiOOH leads to the darkening
of the electrochromic film from nearly transparent to gray
or even black, depending on the light intensity and expo-
sure time, The photogenerated electrons injected into the
TiO, conduction band can diffuse toward the bulk region
of the TiO, film, recombine with holes, or become trapped
in the surface reduction of TiO,. The formation of stable
Ti** sites may contribute to the coloration of the electrode

J. Electrochem. Sac., Val. 145, No. 7, Ji 98 © The Electrachemical Society, Inc.

upon illumination. Importantly, the presence of trapped
Ti** species decreases the efficiency of further photoin-
duced charge separation in TiO,, ' and thereby decreases
the photochromic process efficiency, Moreover, an increas-
ing concentration of majority charge carriers (i.e., elec~
trons} in the space-charge layer will lead to the formation
of an accumulation layer in the TiO, and a consequent
negative shift in the conduction bandedge at the TiO, film
surface. The excess of electrons in the TiQ, phase is re-
flected by the remarkable negative 0.5-0.6 V shift of the
electrode rest potential,

When the illumination of the elecirode is blocked, the
opposite process takes place, Electrons accumulated in the
TiO. conduction band and/or trapped in Ti** sites become
availahble for direct interfacial charge transfer (or through
the surface states) to the NIOOH-Ni{QH), layer and there-
by reduce NiOOH to Ni(OH), The electrochromie film
then changes its appearance irom gray-black to transpar-
ent. The bleaching process occurs somewhat more slowly
than the darkening process, possibly due to the insulating
properties of Ni(OH), which inhibit electron transfer from
the Ti0, to unreduced parts of the electrochromic layer® In
addition, NiOOH film bleaching can occur due to the ther-
modynamic jnstability of nickel higher oxides with respect
to the water oxidation reaction.® :

The most siriking aspeect of this photochromic-elec-
trochromic phenomenon is the extent of the photocatalyt-
ic effect. The oxidation of Ni(OH), to NiOOH proceeded at
potentials 1.3 V more negative than the Ni*"/Ni" redox
potential in 1.0 M aqueous NaQOH. Moreover, photo-oxida-
tion of Ni(OH), to NiOOH caused the electrode potential to
shift foward lower potentials, which is contrary to what is
chserved in dark electrochemisiry, The energy bandgap
and the photogenerated overpotential of the TiQ, electrode
surface are sufficiently large that despite its poor catalyt-
ic activity toward electron-transfer reactions, Ti0, is an
excellent photoelectrocatalyst. A composite catalyst con-
sisting of two semiconductor materials is expected to ex-
hibit enhanced catalytic activity, which is usually attrib-
uted to enhanced charge separation and altered relative
band positions."*!*'® Similar photochromic behavior was
observed for WO, in contact with TiO, irradiated in the
presence of water, where a deep blue color developed as a
result of direct electron transfer from TiO, to WO, ¥

The photochromic effect in the TiO,/Ni{(OH}), film was
significantly enhanced when the elecirode was polarized.
At potentials more positive than —0.8 V, holes photogener-
ated in the space-charge region of the TiO, particles are
scavenged by the adjacent Ni(OH), film and drive the elec-
trochromic reaction Ni**/Ni'", and electrons from the con-
duction band are collected by the positively charged con-
ductive ITO sublayer and flow toward the counter
electrode through the external circuit. Cations migrate
from the electrochromic film to the counter electrode to
complete the circuit. A slight positive polarization above
—0.85 V enhanced substantially the efficiency and rate of
the photoelectrochromic process. The dark color of the
electrode could be preserved for several hours at positive
bias after irradiation. As discussed earlier, similar photo-
electrochromic behavior was reported by DeBerry and
Viehbeck* for PB-modified Ti0, electrodes, however those
electrodes did not display photochromism under open-cir-
cuit conditions.

When the Ti0,/Ni(OH), electrode was slightly pelarized
in the positive direction under dark conditions, the elec-
trochromic reaction did not proceed because of the absence
of light-generated charge carriers. However, at an anodic
potential close to Ni**/Ni** redox potential, i.e., ~0.46 V,
elecirochemical oxidation of the electrochromic layer may
oceur through the micropores in the TiO, layer and direct
electron transfer from the conducting substrate to the
Ni{OH), layer. This creates an additional mode of electrode
conirol, which is usually employed in classical elec-
trochromic devices wherein coloration/darkening can be
achieved electrochemically without illumination. In such a
case, the darkening of the electrochromic film occurs on
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the entire surface of the electrode and its intensify depends
on the amount of charge passed through the system,

In order to drive the electrode back to its bleached state,
a negative polarization is required for either an eleciro-
chemically or a photoelectrochemically oxidized electrode.
In the negative polarization state, the majority charge car-
riers (electrons) migrate through the electrochromic film
and drive the electrochromic reaction in the opposite
direction. This purely electrochemical process reduced the
black NiOOH to transparent Ni{OH).. The potential onset
at which the reduction reaction occurred depended on
whether the electrode was illuminated or not as well as on
the coneentration ratio of Ni(OH),/NiOOH in the elec-
trochromic layer. However, the position of the reduction
peak at —0.9 V during the cathodic sean remained fixed,
independent of the experimental conditions.

Conclusions

This work describes photochromic properties of a novel
composite TiO./Ni(OH]}, electrode at open circuit and its
electrochromic behavior in 1.0 M agueous NaOH electro-
Iyte upon illumination by a 75 W Xe lamp. The reversible
transparent to black-gray coloration of the electrode ob-
served upon UV llumination was a result of the Ni**/Ni™*
redox reaction driven by photogenerated charge carriers
formed in the TiO, layer. Direct charge transfer between
the photoveltaic TiO, film and the electrochromic Ni{OH]},
film proceeds at potentials 1.3 V more negative than the
standard potential of the Ni{OH),/NiOOH couple. The rate
and efficiency of the composite electrode coloration were
strongly enhanced by anodic polarization. Nonuniform
illumination produced a patterned optical state of the
electrode which could be preserved by positive polariza-
tion or erased by negative polarization.
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