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Abstract Ni(La)-hydroxide films were prepared from
aqueous colloidal solutions containing nickel sulfate and
lanthanum acetate in the molar ratio 10:1. Two types of
film were made by heating for 15 and 60 min at 300 °C.
Thermogravimetry (TG) and X-ray diffraction (XRD)
reveal that both films consist of NiO (bunsenite 40%)
nanoparticles (particle size ~30 A), the remainder being
amorphous. IR spectroscopy showed that the amor-
phous phase comprised the o(II)-Ni(OH), phase incor-
porating SOF~, carboxylate and water species. Cyclic
voltammetry (CV) in a 0.1 M LiOH electrolyte com-
bined with in situ UV-VIS spectroscopy revealed that
the colouring/bleaching changes, as a function of ap-
plied potential, differed considerably for the two types of
film. Ex situ IR spectroelectrochemical measurements at
near-grazing incidence angle conditions using P-polar-
ised light (NGIA IR) were performed for films heated
for 60 min in 0.1 M LiOH and 0.1 M tetramethylam-
monium hydroxide (TMAH) electrolytes and cycled
1402 and 1802 times. During the oxidation/reduction
cycles the a(I1)-Ni(OH), phase transforms to the y(III)-
NiOOH phase, while the S(I1)-Ni(OH), did not develop.
This explains the high cycling stability of Ni(La)-hy-
droxide films. The incorporation of TMA" ions was
observed from the v(CH3) stretching band intensities in
the IR spectra of cycled films.
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Introduction

Nickel hydroxide electrodes have been the subject of
numerous studies because of their use in Ni-Cd, Ni-Fe
and Ni-Zn alkaline batteries [1-3]. Additionally, this
material has an inherent ability to reversibly change
colour from transparent to deep brown under the ap-
plication of a voltage, i.e., it shows anodic electro-
chromism [4]. Thus, in the thin-film form it can be used
in an electrochromic (EC) device with a complementary
colouring cathodic electrochromic material like WO5 [5],
or in an EC device where optically passive ion-storage
films (CeO,, SnO,,...) are used as counter electrodes [6—
8]. The change in optical density (AOD) between the
coloured and bleached states of nickel hydroxide film
per inserted/extracted charge (AQ) (i.e., the coloration
efficiency n = AOD/AQ) exceeds 30 cm® C~! [9], while
the changes in transmittance are up to 50% [9, 10].
The main drawback to the practical application of
nickel hydroxide films in EC devices is the gradual
transformation of the amorphous o(II)-Ni(OH), phase
(during the potential cycling in protic electrolytes) to the
p(I1)-Ni(OH), phase according to the Bode scheme [11]:

o(ID)-Ni(OH), === 7(II)-NiOOH + H" + ¢

BAD-Ni(OH), ——> B(II)-NiOOH + H* + ¢~

In general (see Eq. 1), in undoped o(1I) films the S(II)
phase develops during cycling. In the S(II) phase, which
is reversibly transformed to the S(III)-NiOOH phase
with the application of anodic potentials, the expansion
(contraction) of the brucite-type sheets upon oxidation
(reduction) of about 15% adversely affects the cycling
stability of the S(IT) phase [1]. Over long periods of cy-
cling, and especially when in a strong alkaline electro-
lyte, the B(III) phase irreversibly transforms to the more
expanded y(III)-NiOOH phase from which the p(II)



phase can no longer be formed [1]. This suggests that the
films that show cycling stability are those in which the
S(I)/B(III) phases do not develop during prolonged
cycling.

The formation of novel phases has been reported by
numerous workers studying Ni(OH), powders [12-14].
Also, thin films prepared by sputtering [15-17], e-beam
evaporation [18, 19], thermal decomposition [20], elec-
trodeposition [10, 21, 22] and sol-gel deposition [23] have
been studied. Recently, we noted that sol-gel-derived Ni-
hydroxide films prepared from nickel sulfate precursors
with organic additives (polyvinyl alcohol — PVA, form-
amide, glycerol), containing up to 40% of the electro-
chemically inactive NiO (bunsenite) phase and
approximately 60% of amorphous «(II) phase, exhibited
good electrochemical stability (200 cycles) and large
electrochromic colouring/bleaching changes (up to 60%)
[24, 25]. The mechanical resistance and adhesion prop-
erties of films were improved by making Ni(Si)-hy-
droxide films prepared from nickel sulfate precursor and
3-aminopropyltrimethoxysilane [26]. Extensive IR spec-
troscopic investigations of as-deposited and cycled
Ni(Si)-hydroxide films allowed the detection of all the
phases predicted by the Bode scheme (Eq. 1), including
the identification of the expanded y(IIT) phase.

Improvements in the cycling stability of the a(Il)/
y(IIT) redox pair have been attained by the addition of
Co [3, 27-29]. Other metal ions such as Fe, Mn, Al, La,
Ce have also been tested [30-35]. Recently, Mo et al.
[33], from the measured quartz crystal microbalance
(QCM) response of Ni-hydroxide and Ni/Co-hydroxide
films, reported that Co-containing films prepared by
electrodeposition do not exhibit structural changes from
the original «(II) to B(II) phase. The influence of Co,
which prevents or significantly retards the structural
changes in pure o(II) films, was also observed by Faure
et al. [3, 27-29]. However, IR spectroscopic evidence for
the development of the f(II)/f(III) phases in nickel hy-
droxide films, in relation to their cycling stability origi-
nating from added ions, does not appear in the
literature.

Corrigan et al. [34] found that Co/La/Ni-hydroxide
films prepared by cathodic deposition from mixed nickel
nitrate solutions (Co 5 mol%, La 5 mol%) exhibited
durable electrochromism to at least 2000 cycles, while a
binary composite hydroxide of S(II) with 10% copre-
cipitated cobalt exhibited a stable electrochromic re-
sponse up to 500 cycles. A binary composite of nickel
hydroxide with lanthanum prepared by cathodic depo-
sition from a mixed nitrate solution [35] showed in-
creased cycling stability; however, the stability was
tested only up to 180 cycles. A disadvantage of Ni(La)-
hydroxide films is the lowering of the overpotential for
the oxygen evolution reaction compared to that of un-
doped nickel hydroxide films [32].

The aim of this paper is to explain the increased cy-
cling stability of Ni(La)-hydroxide films prepared via the
sol-gel route. IR spectroscopy was used in order to de-
tect the phases which develop during extensive cycling
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(up to 1802 cycles), and their appearance was correlated
with the Bode scheme (Eq. 1). In addition, we evaluated
the electrochromic properties of the films. Vibrational
spectra assignment of Ni(La)-hydroxide films given here
is based on our previous studies, and details of the
NGIA (near-grazing incidence angle) reflection-absorp-
tion IR spectroelectrochemical methods can be obtained
elsewhere [24, 26].

The second objective of this study is to obtain in-
formation about the effect of various cations, i.e.,
tetramethylammonium (TMA ™) and lithium (Li ) ions,
on the electrochromism of Ni(La)-hydroxide films. IR
spectroscopy is very useful for the detection of interca-
lated species when these exhibit well-defined and char-
acteristic vibrational bands in the frequency window,
where vibrational groups of the parent film do not ab-
sorb. Stretching v(CH3) modes of TMA™ ions appear in
the range 3000-2800 cm™', which is free of the nickel
hydroxide absorption. We have also tried to correlate
our IR spectroscopy data with the results obtained by
QCM coupled with cyclic voltammetry (CV) [19, 33, 36,
37].

Experimental
Preparation procedure

Thin films were prepared from nickel sulfate heptahydrate (Ke-
mika, Croatia) and lanthanum acetate hydrate (Aldrich, Germany)
precursors. First, a 1 M solution of NiSO, was precipitated with
4 M LiOH (Kemika, Croatia) until the pH reached 9. The green
precipitate was thoroughly washed with deionised water and pep-
tised with glacial acetic acid (Merck, Germany) to pH 4.5. At this
stage, water and lanthanum acetate hydrate were added to the sols
in an Ni:La molar ratio in the precursors of 20:1 and 10:1. Thin
films were deposited using the dip-coating technique (pulling ve-
locity 5 cm min™') onto SnO,/F-coated glass (sheet resistance
10 Q) and Pt bulk plate (5 x 2.5 x 0.3 cm”) substrates. Prior to
deposition, the surface active agent Teloksid (I wt% in ethanol,
TEOL Factory, Slovenia) was used as a wetting agent. Films
thermally treated at various temperatures were tested, but the re-
sults reported herein refer only to the films with an Ni:La molar
ratio of 10:1 and thermally treated at 300 °C for 15 or 60 min, since
these films exhibited the highest colouring/bleaching changes and
stability against cycling. The thickness of the films was from 30—
50 nm per dipping.

Measurement techniques

Thickness measurements were performed using a Surface Profiler
Alfa Step 200 with a maximum resolution of 0.5 nm per 100 nm.
X-Ray Diffraction Analysis (XRD) was performed using a Philips
PW 1710 X-Ray powder diffractometer with CuK, radiation from
15 to 95° 20 in steps of 0025° 20 and 1 s per step. The films were
carefully removed from the glass substrates, powdered, and the
XRD spectra measured.

Ex-situ NGIA (near-grazing incidence angle) FT-IR spectra
of thin films were obtained using a Perkin-Elmer Model 2000
spectrometer equipped with an NGIA reflectance accessory
(Spectratech, UK). This technique allows reflection-absorption
measurements of films deposited on highly reflecting substrates (Pt
bulk plate) using P-polarised light at near-grazing incident condi-
tions (80°). An Al-coated glass plate was used for background



40

measurements. Spectra were recorded at a resolution of 4 cm™" in
the range 4000400 cm™'. NGIA FT-IR spectra are expressed in
the units of normalised reflectance (AR/R = 1 — R/R;) where R
and R, correspond to the reflectance of the film and the substrate.
The detailed background of this technique together with the in-
terpretation of the longitudinal optical (LO) spectra can be found
in our previous publications [24, 26].

Cyclovoltammetric (CV) and chronocoulometric (CC) mea-
surements were performed at room temperature (20 + 1 °C) using
an EG&G PAR Model 273 computer-controlled potentiostat-gal-
vanostat, driven by the 270 Electrochemical Analysis software. A
three-electrode system and a Metrohm-type cell (140 ml of elec-
trolyte) were employed. A Pt rod served as a counter electrode, an
Ag/AgCl/KClg,, as a reference electrode (0.197 V) and a thin
Ni(La)-hydroxide film on Pt bulk plate as a working electrode. The
electrolyte comprised 0.1 M LiOH and 0.1 M tetramethylammo-
nium hydroxide (TMAH - Fluka, Switzerland). A potential scan
rate of 20 mVs™' was used for the CV measurements.

In situ UV-VIS spectroelectrochemical measurements were
made using a Hewlett-Packard 8452A Diode Array Spectropho-
tometer in the range 360-1100 nm. This was connected with the
above-described EG&G PAR 273 system. A home-made three-
electrode spectroelectrochemical transmission cell filled with 40 ml
of 0.1 M LiOH was used in these investigations. For background
measurements, a cell filled with only the electrolyte was used.

Results
Thermogravimetric measurements

Thermogravimetric measurements (Fig. 1) were made
with air-dried Ni-hydroxide sols to which no lanthanum
was added. Up to 700 °C, two distinct mass losses were
observed, agreeing with previously published results
[1, 2, 9]. The first mass loss appeared at 80 °C and is
caused by the release of loosely bound water. The onset
of the more abrupt mass loss, noted around 300 °C, is
due to the removal of water and the decomposition of
the carboxylate residues from the sol. This was proved
by gas evolution measurements that showed the presence
of water and CO, [26]. Beyond 330 °C, no decomposi-
tion of the sample was observed, confirming the for-
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Fig. 1 TG curves of Ni- and Ni(La)-hydroxide powders obtained
using the rate of temperature increase 10 °C min™!

mation of NiO (bunsenite) proved by XRD and IR
measurements.

TG measurements of sols containing the lanthanum
acetate precursor revealed a more continuous mass loss
(Fig. 1). IR spectra of thermally treated samples for 15
and 60 min revealed the presence of water and sulfate
groups. This is important for obtaining electrochro-
mically active yet electrochemically stable films. Films in
which all the water and sulfate moieties have been re-
moved are electrochromically inactive [38, 39]. Ni(La)-
hydroxide films are not as electrochromically active as
undoped films, but, because of the longer heating times,
a stronger network of the NiO phase is formed, which
increases the electrochemical stability of Ni(La)-hy-
droxide film.

XRD measurements

Attempts to obtain XRD spectra of films prepared by
single dipping cycle were unsuccessful owing to a too
low signal. Even thick films (10 dipping cycles) did not
reveal XRD peaks, which might be attributed to any of
the expected peaks of the crystalline Ni(OH), or NiO
phases. We did not try to increase the number of dipping
cycles. In general, when multiple dipped films are con-
sidered, the lower-lying film layers undergo successive
heatings which may increase their crystallisation. In
order to avoid the possible calcination of thick films, 30
single dipped films (2.5 x 5 cm®) were prepared by
heating at 300 °C for 15 min. Each film was then re-
moved from the glass substrate, and the XRD spectrum
of the collected powder was recorded (Fig. 2). This
procedure was not repeated for films heated for 60 min
at 300 °C because these films are difficult to remove
from the glass.

The XRD spectrum of Ni(La)-hydroxide powder
(molar ratio Ni:La = 10:1; 15 min at 300 °C) confirms
the presence of NiO (bunsenite phase PDF No. 4-835)
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Fig. 2 XRD spectra of a powder obtained by stripping off Ni(La)-
hydroxide films heated at 300 °C for 15 min and b as in a with the
NiO standard added. # denotes the Al reflections from the sample
holder



with crystalline grains of approximately 30 A (Fig. 2).
The IR spectra of the corresponding film and powder
revealed that, besides NiO, the Ni(OH), phase was
present. The amount of the NiO phase in these films was
estimated from an XRD spectrum of powdered films
into which a known amount of NiO (Kemika, Croatia)
had been added. The results showed that the films con-
tained approximately 40% of the NiO phase, agreeing
with the amount of crystalline NiO in Ni hydroxide films
prepared either with organic [24] or Si [26] additions.
From IR spectroscopic analysis of films and powders
(not shown here), we found that the additional Ni(OH),
phase, which was not observed in XRD spectra, corre-
sponds to the amorphous o(II)-Ni(OH), phase. The ex-
tensive IR spectroscopic studies are reported in the
literature [24, 26].

Electrochemical and electrochromic properties of films —
in situ UV-VIS spectroelectrochemical measurements

The detection of ex situ IR spectra requires that the colour
of the film is retained during the period when the IR
spectroscopic measurements are made (~10 min). Thus,
we examined the electrochromic properties of Ni(La)-
hydroxide films (300 °C, 15 and 60 min)ina 0.1 M LiOH
electrolyte to reveal how heating affects the colour re-
tention of films and the differences between their EC
responses. The results showed that the film heated for
15 min at 300 °C bleached in the open atmosphere in
under 3 min, which meant that ex situ IR spectra of the
coloured film could not be made. Therefore, we concen-
trated on film heated for 60 min, while the film heated for
15 min was analysed only to show the development of a
stable electrochromic response (200 cycles).

The CV response of a 35-nm thick as-deposited film
heated for 60 min (Fig. 3B) exhibits smaller currents and
more pronounced current peaks than that of a 45-nm
thick film heated for 15 min (Fig. 4B). This is caused by
the greater amount of water, hydroxyl and carboxylate
groups in the film heated for less time. The CV response
of film heated for longer periods is similar to that of films
prepared by an alternately dipping deposition technique
[9] and by wet deposition from sols prepared from nickel
nitrate and ethylene glycol [38]. Film obtained by heating
for 15 min exhibits CV peaks resembling those of elec-
trodeposited [10, 21] and sputtered [15, 16] films.

Cycling changes the CV response of both kinds of
film (Figs. 3B, 4B). Particularly, the current peaks of
film heated for 60 min become sharper with cycling,
compared to those of film heated for 15 min, although,
after 1400 cycles, film heated for 60 min still shows a
smaller current density value than film heated for 15 min
and cycled only 200 times. Cycling is accompanied by a
distinct shift in E;* from 0.61 V in the 100th cycle to
0.64 V in the 1400th cycle, while Epred retains its position
at 0.32 V. A positive shift in the redox potential of the
nickel hydroxide films has been often attributed to the
formation of the S(II) phase [1, 33, 40].
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Fig. 3A Monochromatic transmittance changes (A = 480 nm) and B
cyclovoltammetric curves of 35-nm thick Ni(La)-hydroxide film with
Ni:La molar ratio 10:1 heated at 300 °C for 60 min in 0.1 M LiOH.
Scan rate was 20 mVs~'. Transmittance was measured once per
second

The most pronounced difference between the two
types of film is in the monochromatic spectral trans-
mittance (A = 480 nm) of colouring/bleaching changes
detected during CV measurements. Figure 4A shows
how the colouring of the film, heated for 15 min, re-
mains incomplete at the anodic vertex potential (0.7 V),
and the film continues to colour during a reversal scan
until a potential of 0.6 V is reached. Conversely, the full
coloration of the film heated for 60 min (Fig. 3A) is
achieved at the highest anodic potential (0.7 V). During
the cathodic scan the latter film starts to bleach without
a delay (at about 0.6 V), reaching the initial transmit-
tance before the cathodic scan is completed, i.e., at 0.2 V
(400th cycle) and 0.4 V (1400th cycle), respectively. In
this respect, the film behaves analogously to nickel hy-
droxide films prepared by alternate-dipping deposition
[9], thermal decomposition [20] and electrochemical de-
position [41]. Conversely, the behaviour of the film
heated for 15 min resembles that of sol-gel deposited
films prepared with the addition of organics [24] and Si
[26] and sputtered films [15, 16]. The differences between
the two types of film also indicate that the rate of the
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Fig. 4A Monochromatic transmittance changes (4 = 480 nm) and
B cyclovoltammetric curves of 45-nm thick Ni(La)-hydroxide film
with Ni:La molar ratio 10:1 heated at 300 °C for 15 min in 0.1 M
LiOH. Scan rate was 20 mVs~'. Transmittance was measured once
per Ss

electrochemical transformation in the film heated for
60 min is much higher than in the film heated for only
15 min. The lower transmittance in the coloured state of
the film heated for 15 min is thought to be a result of the
greater film thickness (45 nm) compared to the film
heated for 60 min (35 nm).

Despite the difference in the monochromatic spectral
transmittance changes (4 = 480 nm) detected during
CV measurements (Figs. 3A, 4A), the colouring/
bleaching changes of film heated for 60 min, obtained
during charging/discharging at limiting potentials (i.e.
—0.2 V and 0.6 V) (Fig. 5A), are not so different from
those of the film heated for 15 min (Fig. 6A). This re-
flects the lower sensitivity of this method for detecting
the differences in the colouring/bleaching kinetics of
films as a function of their structure. Both films show
oxygen evolution (Figs. 5B, 6B), which is obvious from
the continuous increase in charge after the transmittance
reached a plateau (~7 s) and the higher charging values
that the films develop during the anodic scans [32].
Additionally, the Q.qn/Qanodic ratio detected for the film

1.0

08

Transmittance
o
»
T

t ——  3rcycle
“'a ---- 101stcycle
kY S o 401%t cycle
------- 1401t cycle
04
1 ¢ s ,
0 20 40 80
t [sec]
12 L . (B}
8L A
& —  3dcyce
N'_ 4 112'7:’ -~-. 101stcycle
'E i l.,{;:l ...... 4013t cycle
S 2 14015t cycle
Q
E of
¢}

8L

t [sec]

Fig. 5A Monochromatic transmittance changes (4 = 480 nm) and
B chronocoulometric curves of 35-nm thick Ni(La)-hydroxide film
with Ni:La molar ratio 10:1 heated at 300 °C for 60 min in 0.1 M
LiOH. The film was coloured at 0.6 V for 30 s and bleached at 0.2 V
for 30 s

heated for 60 min decreases from 0.76 in the 101st cycle
to 0.55 in the 1401st cycle. A similar Qcu/Qanodic ratio
was noted for the film heated for 15 min, i.e., 0.73 in the
101st cycle and 0.74 in the 201st cycle.

The spectral electrochromic response is depicted in
Figs. 7 and 8. Both types of film exhibit high transpar-
ency in the as-deposited state (> 80%). This agrees with
other nickel hydroxide films where the amount of the
absorbing NiO (bunsenite) phase is small or completely
absent [10, 34, 35]. The UV-VIS spectra recorded after
charging/discharging for 30 s at limiting potentials (i.e.,
0.6 V and —-0.2 V) reveal an electrochromic response
that gradually develops with cycling, attaining persistent
values after 100 cycles. Extensive cycling (up to 1400
cycles) performed for the film heated for 60 min
(Fig. 7A) leads to a decrease in the transmittance in its
bleached state, while the transmittance of the coloured
state remains constant. In this respect, the behaviour of
the film resembles that of sol-gel-derived Ni(Si)-hy-
droxide films cycled 200 times [26] and clearly indicates
the retention of the Ni®'-absorbing phase in the
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Fig. 6A Monochromatic transmittance changes (4 = 480 nm) and B
chronocoulometric curves of 45-nm thick Ni(La)-hydroxide film with
Ni:La molar ratio 10:1 heated at 300 °C for 15 minin 0.1 M LiOH. The
film was coloured at 0.6 V for 30 s and bleached at —0.2 V for 30 s

bleached state. Conversely, films obtained by alternate-
dipping deposition [9] steadily increase the colouring/
bleaching changes on account of the decreased tans-
mittance of films in their coloured state. Ni-hydroxide
films containing organics [24] behave differently, at least
up to 200 cycles, and exhibit a decrease in transmittance
in the bleached and coloured states with cycling. It is
apparent that the persistent electrochromic response
largely depends on the preparation of the film.

The effects of different heating times on the electro-
chromism of the films cannot be determined from the
transmittance spectra (Figs. 7, 8). This is because the
thicknesses of the two kinds of film differ by about 25%.
When optical densities and film thickness (AODygg m/d)
are considered, the results reveal that the longer heating
time only slightly decreases the electrochromic response,
lowering the AODygo nm/d values of the films (Table 1).
Prolonged cycling decreases the AODygg nm/d values
from 0.009 nm™" (101st cycle) to 0.007 nm™" (1401st
cycle) for a 60-min heated film, which is a consequence
of a drop in the transmittance of the film in the bleached
state. It should be noted that our films exhibit similar
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Fig. 7A Transmittance spectra and B optical density changes
AODygg nm of 35-nm thick Ni(La)-hydroxide film with Ni:La molar
ratio 10:1 heated at 300 °C for 60 min in 0.1 M LiOH. The film
was initially coloured at 0.6 V for 30 s and bleached at —0.2 V for 30 s

optical density values compared to sputtered and e-beam
evaporated films [4].

The coloration efficiency (Table 1), defined as the
change in optical density per unit of inserted charge
(AOD/AQ in cm? C™"), is 27.5 cm? C™' in the 101st cycle
for a film heated for 15 min, while a film heated for
60 min at the same cycle exhibits a smaller coloration
efficiency value (20.4 cm®> C™!). The two values are in
good agreement, albeit somewhat smaller than those
reported for nickel hydroxide films prepared by other
deposition methods [4].

Ex situ NGIA spectroelectrochemical measurements

Ex situ NGIA IR spectra of Ni(La)-hydroxide films
(Ni:La molar ratio 10:1, 300 °C, 15 and 60 min) were
recorded in order to obtain an insight into the structural
changes caused by charging/discharging of the films.
Films, deposited on Pt bulk plate, were potentially cy-
cled between 0.1 V and 0.65V in 0.1 M LiOH and
0.1 M TMAH electrolytes, respectively. NGIA IR
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Fig. 8A Transmittance spectra and B optical density changes
AODygg nm of 45-nm thick Ni(La)-hydroxide film with Ni:La molar
ratio 10:1 heated at 300 °C for 15 min in 0.1 M LiOH. The film was
initially coloured at 0.6 V for 30 s and bleached at —0.2 V for 30 s

spectra were measured after various numbers of cycles:
6, 101, 201, 401, 601, 1402 and 1802. Before recording
the NGIA IR spectra, the films were chronocoulomet-
rically coloured at 0.6 V or bleached at —0.2 V for 30 s,

removed from the electrochemical cell, rinsed with de-
ionised water and dried in a stream of hot air. The
Ni(La)-hydroxide films heated for 60 min at 300 °C re-
tained their colour, which made it possible to detect the
NGIA IR spectra of coloured states, while the films
heated for 15 min bleach quickly (<3 min), preventing
the ex situ NGIA IR measurements of this type of film in
the coloured state.

It should be noted that CO, bands (2350 cm™") ap-
pear in ex situ NGIA IR spectra with different intensities
owing to the variations in CO, concentration in the
sample compartment of the spectrometer. Even though
this might be avoided by using appropriate purging, we
made our measurements without purging with N, gas
because the CO, bands neither interfere with the other
vibrational modes nor influence the reproducibility of
the results.

NGIA IR spectra of as-deposited Ni(La)-hydroxide
films (Ni:La molar ratio 10:1) prepared by thermal
treatment for 60 min at 300 °C (Figs. 9a, 10a) show the
presence of sulfate groups w(SO3") at 1150 cm™! and
8(SOF7) at 630 cm™', a broad v(OH...O) stretching mode
in the frequency range 3600-3000 cm™', 6(H,O) defor-
mation at 1651 cm™" and a small amount of adsorbed
COF  species (1600-1300 cm™). The w(Ni*"-0)
stretching mode that signals the presence of bunsenite
appears around 500 cm™', while the §(Ni*"-OH) mode
belonging to the a(II) phase becomes apparent only
when the films have been in contact with the electrolyte
at 670 cm™! (Figs. 9, 10). The same is also true for the
remaining band at 720 cm™', which belongs to the
1(H20) rocking mode, confirming the hydration of films.

By the 6th cycle, the anodically/cathodically charged
film at 0.6 Vand —0.2 V in 0.1 M LiOH exhibits the
almost complete removal of sulfate species. This may be
judged from the decrease in the intensity of the SO3~
stretching band at 1150 cm™" (Fig. 9b.c). According to
Faure et al. [2, 3, 27] and our previous results [24, 26],
this mode is attributed to the SO3™ ions free of H-
bonding. The remaining bands in the sulfate region have
much lower intensities and were ascribed to bi- and

Table 1 Optical density AODygg »m and coloration efficiency 5 values obtained for Ni(La)-hydroxide films with Ni:La molar ratio 10:1

heated at 300 °C for 15 and 60 min during cycling in 0.1 M LiOH

Number of AODug0 nm AODyg0 nm/d AODug0 nm/Qa AODu30 nm/Qc AODygo nm/Qad  AODygg nm/Qcd
cycle (nm™h) (em® Ch (em*Ch (cm®> C'nm™!)  (ecm? C-! nm™!)
Molar ratio Ni:La = 10:1, 300 °C for 15 min, dg,, = 45 nm
2 0.15 0.003 18.9 -47.4 0.42 —-1.05
101 0.46 0.010 27.5 -37.6 0.61 -0.84
201 0.49 0.010 28.2 -37.8 0.63 -0.84
Molar ratio Ni:La = 10:1, 300 °C for 60 min, dg,, = 35 nm
3 0.10 0.003 15.3 -25.1 0.44 -0.72
101 0.30 0.009 20.4 -26.9 0.58 -0.77
201 0.32 0.009 20.2 -27.0 0.58 -0.77
401 0.31 0.009 18.4 -26.4 0.53 -0.75
1001 0.27 0.008 14.0 -25.8 0.40 -0.74
1401 0.26 0.007 14.0 -25.7 0.40 -0.73
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monodentately bounded SO3™ ions to Ni ions [2, 24].
The shape of the (Ni**-OH) and y(H,O) bands in the
IR spectra of bleached film is atypical for the pS(II)
phase, agreeing with the absence of the sharp hydroxyl
v(OH) stretching band at 3645 cm™!. This suggests that
the a(Il) phase is the prevailing phase in the film. The
expected S(IT) phase does not develop with cycling. Even
with prolonged cycling (up to 1400 cycles), the vibra-
tional bands attributed to the S(II) phase did not de-
velop. In the IR spectra of the cycled film the intensity of
the v(OH...O) stretching mode, in the range 3600—
3000 cm™', increases in intensity (~30%), indicating
hydration of the film. The frequency of the water-
deformational band (1651 cm™"), the carbonate stretch-
ings (1300-1600 cm™') and the v(Ni*"-O), (bunsenite at

476 cm™") mode do not shift or show any change in
intensity in the IR spectra of cycled films.

In the IR spectra of anodically charged film, the most
salient feature is the appearance of the vw(Ni*'-O)
stretching mode (600 cm™"), which increases in intensity
with cycling. This clearly shows the development of the
y(IIT) phase. Reproducibility of measured IR spectra of
films in charged and discharged states is good, bringing
about nearly identical spectra of films prepared under
the same conditions. The absolute intensities of the re-
flection-absorption LO bands vary by a few percent;
however, the relative intensities of the observed bands
are reproducible. The variations in the absolute intensity
are due to the non-homogeniety of the film surface or
the film surface area. Additionally, mechanical defects
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might also appear during the cleaning and drying of the
films when taken from the electrochemical cell prior to
IR spectra detection. Details of the relationship between
the observed longitudinal optical (LO) modes in the
NGIA IR spectra with the transversal modes (TO) of
films in the coloured and bleached states and the LO and
TO vibrational spectra of model phases [o(II), y(III),
S(II), B(IIT)] have been reported previously [24, 26].

Ex situ NGIA FT-IR spectroscopic analysis (see
above) was repeated for the Ni(La)-hydroxide film
(Ni:La molar ratio 10:1, 300 °C, 60 min) in a 0.1 M
TMAH electrolyte (Fig. 10). A typical spectrum of a
cycled film (1802nd cycle) together with a detailed vi-
brational band assignment is given in Fig. 11. TMA™
cations absorb in the region 3000-2800 cm™' (CHjs
stretchings), while the C4N stretching and deformational

modes occur at 950 and 450 cm ™' [42]. The CH; bending
and rocking modes are quite weak and appear between
1500-1400 cm™" and 1300-1100 cm™', respectively.
Therefore, we concentrated on the v(CHj;) modes
appearing in the spectral range free of interfering
vibrations of the Ni(La)-hydroxide film. Other TMA ™
modes are blurred by stretching v(CO3”) and the re-
maining v(SO3") modes of the film.

The IR spectra of the Ni(La)-hydroxide film in 0.1 M
TMAH (Fig. 10) are almost identical to those obtained
by cycling in 0.1 M LiOH (Fig. 9), with the exception
that the v(CH3) modes gradually increase in their in-
tensity when cycled in TMAH. The most important
distinction between the two sets of IR spectra is the
appearance of a pronounced v(Ni’"-O) mode at
600 cm™" in the spectra of bleached films cycled 1802



and 1402 times in 0.1 M TMAH (Fig. 10m, o). This in-
dicates that the retention of the y(III) phase in the
bleached states is more accentuated when the film is
cycled in the 0.1 M TMAH electrolyte.

Discussion

Using ex situ IR and in situ UV-VIS, we found that the
cycling stability of Ni(La)-hydroxide films is due to the
o(IT)/y(IIT) phase transformation. This has been well
proven from the detailed vibrational analysis of the
measured IR spectra of bleached and coloured states,
which have been interpreted as o(II) and y(III) phases
[24, 26]. The absence of the P(II) phase is crucial for
ruling out the S(IT)/A(III) redox changes. IR spectro-
scopic evidence for the absence of this phase is unam-
biguous, since the hydroxyl v(OH) band at 3645 cm™'
(characteristic of the P(II) phase) is not found in
the ex situ IR spectra of bleached states in either of the
electrolytes (Figs. 9, 10). Additional evidence for the
existence of the a(I) phase is the observed blue fre-
quency shift of the §(Ni*"-OH) stretching mode, which
gradually shifts from 646 cm™' (2nd cycle) to 727 cm™
(1802nd cycle) when cycled in 0.1 M TMAH. The re-
verse frequency shift with cycling would be observed if
the B(II) phase was formed from the initial «(IT) phase
[24, 26].

The band appearing at 600 cm™ is characteristic of
the y(III) phase and not of the S(I1I) phase which would
appear at 593 cm™' [24, 26]. However, in the spectra of
coloured states (Figs. 9, 10), we did not find the “free”
hydroxyl band at 3645 cm™', which was found in the
in situ Raman spectra [43] and IR spectra of Ni(Si)-
hydroxide films [26]. The presence of this band in the
ex situ IR spectra of coloured states would signal the
electrochemically irreversible p(III) phase with an
expanded hydrated structure.

Indirectly, the presence of the fully hydrated y(III)
phase was ascertained from the measured v(OH...O)
band intensities, which increase by 30% in the IR
spectra of a cycled film (1802 cycles in 0.1 M TMAH)
compared to the as-deposited film or film cycled just 6
times. This suggests that the hydrated y(II) phase is
formed with cycling, despite being undetected in the IR
spectra of coloured states (Figs. 91; 10 1, n; 11). This
also agrees with the in situ UV-VIS spectroelectro-
chemical measurements, where a decrease in transmit-
tance of the bleached state appears in the 1403rd cycle
(Fig. 7). In addition, in the IR spectra of the bleached
films (Figs. 9m; 10m, o; 11) cycled more than 1400 cy-
cles, the v(Ni*"-O) stretching at 600 cm™' appears,
indicating the presence of the Ni* " absorbing phase.

To determine the kind of species involved in mass
transport, we measured the relative integral intensities of
the v(CH;) modes attributed to the TMA" ions in the IR
spectra of the film cycled in 0.1 M TMAH (Figs. 10, 11).
The integral intensities were determined directly from
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the reflection-absorption spectra of charged and dis-
charged film by calculating the areas below the v(CHj)
bands in the frequency range v; = 2835 to
v» = 2990 cm™'. The base line was obtained by linear
extrapolation of the reflection-absorption response (AR/
R) between the limiting frequencies in the spectral range
of the v(CH3) bands. The integral intensities were ex-
pressed relative to the maximal integral intensity of the
v(CHj3) bands, obtained from the spectrum of a bleached
Ni(La)-hydroxide film cycled 1802 times in 0.1 M
TMAH (Fig. 100). The results show (Fig. 12) that after
the 6th oxidation cycle the coloured film contained a
small amount of TMA ™ ions. Subsequent reduction
immediately increased the relative integral intensity of
the v(CHj3) bands, indicating the immediate incorpora-
tion of TMA " ions during the cathodic cycle. When the
105th scan is completed, the relative integral intensity
further increases, suggesting the accumulation of TMA™
ions in the film with further cycling. Stabilisation of the
amount of incorporated TMA™ ions is achieved be-
tween the 401st and 1402nd cycle, after which the
amount of TMA ™ ions again starts to increase. This
increase is the same in both the coloured and bleached
states.

A closer examination of the ex situ IR spectra of film
cycled in 0.1 M TMAH (Figs. 10, 11) reveals that up to
the 105th cycle the 600 cm™' band attributed to the
v(Ni® *-0) stretching mode is not fully developed, but is
more pronounced in the spectrum of a film cycled 201
times. From the 401st up to the 601st cycle, the v(Ni*"-
O) band changes only slightly. In the IR spectra ob-
tained during the 601st cycle and the 1402nd cycle the
v(Ni®"-0) stretching band also starts to appear in the
spectra of bleached states. This band became even more
pronounced in the IR spectra of film cycled 1802 times.

It is apparent that a close correlation exists between
the changes in the v(CH;) band intensities (Fig. 12) and

v(Ni2+-0)

\

coloured

WNi3+-0)
V(Niz+-0)

Reflectance

I

V(Ni3+-0)
3(Ni2*-OH)

4000 2000 1000

v [cm-1]

Fig. 11 NGIA IR reflection-absorption spectra (AR/R) of an Ni(La)-
hydroxide film (Ni:La molar ratio 10:1, 300 °C for 60 min) obtained
during cycling in 0.1 M TMAH (1802nd cycle). Before being
analysed, the film was chronocoulometrically coloured at 0.6 V for
30 s and bleached at —0.2 V for 30 s
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Fig. 12 The relative integral intensity of the v(CHj) stretching
vibrations of TMA ¥ ions in the Ni(La)-hydroxide film

the changes in the v(Ni’"-O) stretching band observed
in the IR spectra of the film (Figs. 10, 11). The amount
of incorporated/extracted TMA™ ions follows the de-
velopment of the film structure, changing from the initial
y(IIT) phase to more expanded y(II) phase. After the
1402nd cycle, the amount of TMA ™ ions in the film
increases abruptly and is related to the formation of the
highly hydrated, expanded and electrochemically irre-
versible y(III) phase. It is reasonable to suspect that
further cycling would lead to the destruction of the film
due to its full transformation to the more expanded and
hydrated y(IIT) phase.

The presence of TMA ™ ions in our film agrees with
the findings of Cordoba-Torresi et al. [36]. They as-
sumed, on the basis of quartz crystal microbalance
(QCM) measurements, that an appreciable amount of
hydrated alkali ions are incorporated into the films,
leading to their accumulation during cycling. Our re-
sults, however, do not confirm the behaviour of the Ni-
hydroxide film prepared by Mo et al. [33], who found
that composite Ni/Co-hydrous oxide films show a de-
crease in mass during the cathodic scan. In our films we
observed the uptake of TMA * ions during the cathodic
scan, though we cannot quantitatively evaluate the ex-
tent to which the deintercalation of OH™ ions contrib-
utes to the bleaching process. Unfortunately, it is not
possible to make any further correlation between our
results based on IR spectroelectrochemical studies with
those obtained by QCM of the composite Ni/Co-hy-
drous oxide films [33].

Conclusions

The sol-gel route is a versatile technique for obtaining
composite Ni(La)-hydroxide films. Increasing the ther-
mal treatment time of as-deposited xerogel films signif-
icantly improves the mechanical and abrasion resistance
properties of deposited films without causing a deterio-
ration in their electrochromic response.

The CV response of the films heated for 60 min at
300 °C resembled those prepared by the alternate-dip-
ping deposition technique [9], albeit they were obtained
with longer heating times and temperatures higher than
200 °C. The same was also found for the in situ UV-VIS
monochromatic spectral transmittance changes that the
Ni(La)-hydroxide films exhibit during subsequent col-
ouring and bleaching.

The addition of lanthanum improved cycling stabili-
ty. In situ UV-VIS and ex-situ NGIA IR revealed the
transitions between the a(II) and the y(I1I) phases during
the oxidation/reduction cycles in film cycled up to 1802
cycles, without the transformation to the A(II)/p(I1I)
redox pair.

The detection of the vibrational stretching v(CHj)
modes of TMA ™ ions in the film during prolonged
cycling proved the accumulation of cations. The de-
crease of the EC response of the film in the 1402nd cycle
was attributed to the partial development of a more
hydrated y(IIl) phase, which, according to its electro-
chemical irreversibility, causes a decrease in the EC re-
sponse of cycled film by decreasing the transmittance of
the film in the bleached state. The presence of this hy-
drated y(IIl) phase was supported by the apPearance of
the v(Ni’*-0) stretching mode at 600 cm™' in the IR
spectra of bleached states. Finally, these results have
shown the importance of a combined electrochemical
and spectroelectrochemical approach to the investiga-
tion of the electrochemical and electrochromic proper-
ties of sol-gel-derived  Ni(La)-hydroxide films.
Incorporation of other dopants into Ni-hydroxide film is
planned in order to assess their role in cycling stability.
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