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Abstract

The main aim of this work was to study the influence of the NiSO4 precursor and the annealing temperature on the

electrochemical stability and electrochromic response of dip-coated Ni-oxide films. Nickel hydroxide was precipitated from the

precursor solution using lithium hydroxide and the slurry was then peptized with acetic acid. Dynamic thermogravimetric

measurements made on thin films showed that the decomposition and the formation of Ni-oxide phase differed for powders and

films. The results showed that the films annealed at 270 jC (at which the acetate groups decomposed) consisted of cubic (space

group Fm3m) NiO grains (2–3 nm, TEM measurements) having monodentately coordinated sulfate groups (IR spectrum).

Electrochemical and in situ UV–visible spectroelectrochemical studies of the Ni-oxide films (NiSO4 precursor, 270 jC)
revealed that the photopic transmittance in the colored state (3rd cycle) is 66% and 89% in the bleached state. Cycling (100th

cycle) reduced the transmittance of the films in the colored state to 50%, while the bleached films retained their high

transmittance (89%). The coloration efficiency of the films was 35–41 cm2 C� 1 depending on the number of cycles. The

evolution of the Ni3 +–O stretching vibration (transversal optical mode) of the films in the charged state was followed by the

help of ex situ infrared spectroelectrochemical measurements.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nickel oxide thin films have been widely studied

for application as an optically active layer in electro-

chromic devices [1]. Under anodic potentials they

change color from transparent to deep brown [2].
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They exhibit a high coloration efficiency, neutral

coloration and stability in basic (protic) electrolytes

[2,3]. Among various deposition techniques the sol–

gel process combined with dip-coating deposition is

important because the final properties of the films can

be tailored using various precursors and different

annealing temperatures [4].

It is well known for these films that a degree of

thermal treatment is the key factor which determines

the electrochromic effect during potential cycling. Too

high a processing temperature significantly lowers the
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electrochromic effect [5–8], and the layer could even

become inactive [7,9,10]. On the other hand, in

thermally untreated films either the optical modulation

decreases soon after the beginning of cycling [11,12],

or the film becomes detached from the substrate

[13,14].

When the sample is prepared as a thin film or in

powdered form, the differences in the particle size and

in the microstructure of the two forms lead to different

thermal stabilities. It is well known that the decompo-

sition temperature decreases with decrease in sample

particle size [15]. Therefore, it is extremely important

to perform thermal analysis on the thin films them-

selves rather than on the corresponding xerogels.

Thermal analysis of thin films is a demanding

procedure and direct measurements of thin films are

still not very common [16]. This is the reason why in

most articles which report thin film properties thermal

analysis is either made on the corresponding xerogels

[3,9,17–19] or the investigated films are thermally

treated at 250 or 300 jC without performing TG

analysis even for the xerogels [8,20]. The sensitivity

of balances in TG instruments is in the order of 1 Ag
so that detection of the thermal decomposition of the

thin film is possible [21]. But the amount of sample

available is small, typically below 1 mg cm� 2, so that

the mass change during a TG experiment is in the

range of buoyancy and aerodynamic effects. In order

to overcome these problems, large area samples were

used [22–24] or the measurements carefully per-

formed—for instance with subtraction of the blank

curve [25] or by high resolution TG [26].

The aim of our work was to study the evolution of

thin film structure during heat treatment using FTIR

and TEM analysis. From the results of dynamic TG

curves of thin films the processing temperature at

which the formation of nickel oxide takes place can be

chosen. Knowing the shape of the isothermal TG

curve, several thin films with different ratios between

the thermally undecomposed amorphous phase and

nanosized nickel oxide could be prepared by regulat-

ing the duration of heat treatment at isothermal

temperature. The electrochromic stability of these

films was tested by in situ UV–VIS spectroelectro-

chemical measurements during cycling in 0.1 M

LiOH up to 100 cycles. The photopic transmittance

values [27] of thermally untreated film was compared

to the values obtained for optimised films.
2. Experimental

2.1. Preparation of sol and xerogel

LiOH (2.0 M; Kemika, Zagreb, Croatia) was added

dropwise with stirring to a 0.5 M solution of nickel

sulfate (Kemika) until pH 9.0 was reached. The green

precipitate was washed several times with water. The

slurry was then peptized with glacial acetic acid to pH

4.5. Some water was added to obtain an appropriate

viscosity. The sol was then sonicated and filtered. To

obtain corresponding xerogel the sol was poured into

petri dishes and left to dry.

2.2. Instrumental

2.2.1. TG measurements

For TG measurements, thin films were deposited

on microscope slide glasses. Before deposition a

wetting agent (a solution of 1 wt.% of Etolat TD-60;

TEOL Factory, Ljubljana, Slovenia; in distilled water)

was dispersed on the substrate. After the wetting

solution had dried, the thin film was deposited with

a pulling velocity of 5 cm min� 1. Thermoanalytical

measurements were performed on a Mettler Toledo

TGA/SDTA 851e instrument. In dynamic measure-

ments, the temperature range from room temperature

up to 900 jC was applied for the xerogel and from 25

to 600 jC for thin films deposited on glass substrates.

The initial mass of the xerogel was approximately 10

mg and of the thin film sample (thin film + substrate)

around 100 mg. Microscope-cover glasses with de-

posited films were placed between two clean sheets of

paper and then broken into small pieces suitable for

placing in the pan. Platinum crucibles (diameter 8 mm)

and a heating rate of 5j min� 1 were used in dynamic

measurements. In isothermal measurements, the fur-

nace was heated at 2j min� 1 to the chosen temper-

ature, left at that temperature for 90 min and then

heated up to 350 jC at 2j min� 1. The baseline was

subtracted in all cases.

2.2.2. IR measurements

Fourier transform infrared (FT-IR) spectroscopic

measurements were made using a Perkin Elmer Sys-

tem 2000 Spectrophotometer with a resolution of 4

cm� 1. To obtain transversal optical (TO) modes, the

films were deposited on Si wafers. Before thin film
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deposition, a wetting agent (1 wt.% of Etolat in

distilled water) was deposited on the substrate.

2.2.3. Spectroelectrochemical measurements

In situ chronocoulometric measurements were per-

formed using a Perkin Elmer UV/VIS Lambda 2

Spectrometer, connected to an EG and G PAR Model

273 computer-controlled potentiostat–galvanostat. A

homemade three-electrode spectroelectrochemical

transmission cell, filled with 40 ml of 0.1 M LiOH

was used. A Pt rod served as the counter electrode,

an Ag/AgCl/KClsat cell as the reference electrode

(E = 0.197 V) and a thin Ni-oxide film deposited on

SnO2/F glass (square resistivity 13 V/5) as the work-

ing electrode (area 1� 3.5 cm). For background meas-

urements, a cell filled with only the electrolyte was

used. In situ UV–VIS spectroelectrochemical meas-

urements were made in the range 360–1100 nm under

the same conditions.

The weighted photopic transmittance (Tvis) was

calculated from the formula:

Tvis ¼

X780nm

380nm

DksðkÞV ðkÞDk

X780nm

380nm

DkV ðkÞDk

where k represents the wavelength of light, s(k) the
spectral transmittance of the sample, Dk the spectral

energy distribution of the solar radiation and V(k) the
luminous efficiency of the human eye. Zero reflec-

tance was used in the calculation as an approximation.

2.2.4. TEM study

Plan-view specimens of thin film samples were

prepared by mechanical thinning, dimpling and ion

milling from the substrate side. A cross section of the

sample on a hSii substrate was prepared using a Gatan

cross-sectional TEM specimen preparation kit. After

mechanical thinning and dimpling, ion milling using

3.8 keV argon ions at 10j incident angle was used. To

prevent degradation, the samples were cooled with

liquid nitrogen during the final stages of the ion

erosion process. Samples were examined by a JEOL

2000 FX transmission electron microscope, operated

at 200 kV. The chemical composition of the phases

was determined using a Link AN-1000 energy disper-
sive X-ray spectroscopy (EDXS) system with an ultra-

thin window Si(Li) detector.
3. Results and discussion

Dynamic thermogravimetric measurements of a

thin film and the corresponding xerogel powder under

an air atmosphere are presented in Fig. 1. Two

phenomena can be observed in the dynamic TG curve

of the thin film. Firstly, the curve is not smooth

because the very small mass loss (f 0.1% in the

whole temperature range) means that the digital noise

of the instrument is appreciable. Secondly, in the

temperature range from approximately 100 to 200

jC a slight increase in the weight is observed.

Although the baseline (TG curve of empty pan) was

subtracted, small variations in the flow rate of the

purging gas may have caused a weight gain.

From room temperature up to 200 jC dehydration

takes place [4]. The onset decomposition temperature

of acetate groups is 280 jC for the thin film sample

and 300 jC for the xerogel (insert in Fig. 1). During

thermal decomposition of acetates (see the evolution

of the IR spectra in Fig. 2) nano-grains of nickel oxide

are formed (TEM micrograph, Fig. 3a). The third step

in the TG curve of the xerogel around 700 jC is

attributed to thermal decomposition of the sulfate

groups, which remain coordinated to nickel cations

during the preparation of the sol. For the thin film, the

dynamic TG measurement was performed only to 600

jC; above this temperature microscope cover glasses

begin to soften.

Isothermal TG curves of both forms of the sample

at 270 and 300 jC are shown in Fig. 4a, b. The

temperature was chosen on the basis of the dynamic

measurements of the thin film and the xerogel (Fig. 1).

After isothermal treatment, the temperature in the

furnace was increased to 350 jC where decomposition

is complete for both types of samples. From the ratio

of the isothermal weight loss after a defined time and

the weight loss associated with decomposition of all

acetate groups, the degree of thermal decomposition

of acetates can be estimated. For the thin film, the

degree of the thermal decomposition is 50% after 15

min, 80% after 30 min and 100% after 60 min (Fig.

4a). Only 30% decomposition of the xerogel was

observed at 270 jC after 60 min (Fig. 4b). From



Fig. 1. Dynamic thermogravimetric curves of a thin film deposited on a microscope-cover glass (a)—left ordinate—and of the xerogel (b)—right

ordinate—in a dynamic air atmosphere.
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analogous measurements at 300 jC, we noted that the

thermal decomposition of the xerogel is completed

after 85 min, while for the thin film this occurs after

12 min. Thin films with different ratios between

thermally undecomposed amorphous phase and nickel

oxide can be prepared by controlling the time of heat

treatment at 270 jC. At 300 jC, the decomposition

process is much faster.

In the IR spectrum of a thermally untreated film

(Fig. 2a), the bands at 1565 and 1419 cm� 1 belong to

asymmetric (ma(COO
�)) and symmetric (ms(COO

�))

vibrations of the acetate groups [28]. ma(COO
�) and

ms(COO
�) for free acetate ions are at 1556 and 1413

cm� 1, their difference being 144 cm� 1. On the basis

of this difference (Dm) one can deduce the type of

coordination of the acetate groups to the metal ions

[28]. Regarding the free ion, Dm in the bridging

complex remains practically unchanged. We can

therefore suppose that in the thermally untreated

xerogel the acetate groups are mostly present as

bridging ligands to nickel ions. The peaks at 1345,

1053 and 1029 cm� 1 reveal the presence of methyl

groups (d(CH3)). The band at 1111 cm� 1 belongs to a

stretching vibration of the free sulfate groups with Td

symmetry, and the shoulder around 1175 cm� 1 to the

bridging sulfate groups with C2m symmetry [29].

Comparison of the two intensities shows that some
SO4
2� groups remain free in the structure. The bend-

ing vibration of the free sulfate anion is at 613 cm� 1

and that of a bridging one at 641, 610 and 571 cm� 1.

All peaks except that at 571 cm� 1 are of strong

intensity. In the thermally untreated sample the out-

of-plane vibration of acetate groups is superimposed

on the bending vibration of the sulfate groups, and

therefore the latter are not clearly expressed. The band

at 678 cm� 1 is attributed to the d(OCO) vibration and

that at 616 cm� 1 to p(COO), p(CH) as well as SO4
2�

bending vibrations.

The IR spectrum of the thin film after dehydration

(15 min at 220 jC, Fig. 2b) is similar to that of the

thermally untreated film. The shoulder at 1185 cm� 1

becomes more pronounced. This means that during

dehydration more sulfate groups bind to nickel, oth-

erwise the thin film structure remains practically

unchanged.

The bands associated with the acetate motions

become smaller in the IR spectrum of the thin film

thermally treated at 270 jC for 15 min (Fig. 2c). The

vibrations at 1121 and 1049 cm� 1 are attributed to

stretching vibrations of the monodentately coordina-

ted sulfate groups and those at 632 and 601 cm� 1 to

the bending vibrations of the same groups. The band

that appears below 500 cm� 1 corresponds to a

stretching vibration of the NiUO bond of nickel oxide



Fig. 2. IR transmittance spectra of the as deposited film (a), film

thermally treated at 220 jC for 15 min (b), at 270 jC for 15 min (c),

at 270 jC for 30 min (d) and at 270 jC for 60 min (e).

Fig. 3. Dark field image and SAED pattern (inset, indexed as cubic

NiO) of the cross section of a thin film thermally treated at 270 jC
for 60 min (a) and in plan-view of a thin film thermally treated at

500 jC for 15 min (b). From (a) the film thickness was estimated to

be around 35 nm.
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[30]. The shoulder around 1660 cm� 1 can be ascribed

to the C =O groups bonded on organic (–CH2, –CH3)

groups and monodentately coordinated to nickel [28].

The appearance of the carbonyl vibration reveals the

reorganization of atoms and bonds during thermal

decomposition of the acetate groups.

With increasing time of heat treatment at 270 jC
the vibrations of the sulfate groups as well as the Ni–

O stretching band become more intense (Figs. 2d,e).

The sulfate groups remain monodentately bonded to

nickel (m3 =f 1110, 1060 cm� 1, m1 = 970 cm� 1,

m4 =f 630 and 595 cm� 1). The band at f 1600

cm� 1 is attributed to the bending vibration of water

due to absorbed moisture. A thin film thermally

treated at 270 jC for 60 min consists of nano-crystals

of cubic NiO with a size of 2–3 nm, as shown in the

TEM micrograph (Fig. 3a). The IR spectrum of the

film thermally treated at 500 jC for 15 min reveals no

difference with regard to the last described spectrum.



Fig. 4. Isothermal TG curves of a thin film (a) and the corresponding xerogel (b) at 270 and 300 jC.

R. Cerc Korošec et al. / Solid State Ionics 165 (2003) 191–200196
From the TEM micrograph (Fig. 3b) it is clear that the

grains of cubic NiO have grown to around 5 nm.

In situ monochromatic optical transmittance

changes (k = 480 nm) during chronocoulometric meas-

urements of thin films thermally treated at various

temperatures are shown in Fig. 5. The curves represent

the responses of the stabilised 101st cycles during

charging at a potential of 0.6 V vs. Ag/AgCl (0–30

s) and discharging at 0.0 V vs. Ag/AgCl (30–60 s).

Thin films heated at 270 jC for 15 or 30 min (Fig. 5a,b)

do not bleach to the initial value under cathodic

potential, but show a higher degree of coloration under

an anodic potential than films thermally treated for a

longer time or at higher temperatures. Reversibility in

the bleaching process is achieved for films in which

thermal decomposition of the acetate groups is com-

plete; i.e. a film thermally treated at 270 jC for 60 min,
15 min at 400 jC or 15 min at 500 jC (Fig. 5c–e).

Among them the highest coloration effect is exhibited

by the thin film exposed for 60 min to 270 jC. The
required time to reach the maximum coloration at 0.6 V

increases with increasing content of nickel oxide in the

structure (Fig. 5a–c). The thicknesses of all films are

35 nm, except the one treated for 15 min at 500 jC
( < 20 nm). This is one of the reasons why the latter

(Fig. 5e) shows a very poor coloration effect (the

number of color active centres is proportional to the

film thickness) and a very quick response. Intercalation

of the hydroxide ions occurs faster in the whole volume

in a thinner film. Another reason for the poor coloration

effect is due to the size of the nano-grains. In the film

prepared at 500 jC, this is approximately twice as large

(5 nm—Fig. 3b) than in the film thermally treated at

270 jC for 60 min (2.5 nm, Fig. 3a), and therefore the



Fig. 5. In situ monochromatic transmittance changes (k= 480 nm)

during chronocoulometric measurements of a thin film thermally

treated at 270 jC for 15 min (a), at 270 jC for 30 min (b), at 270 jC
for 60 min (c), at 400 jC for 15 min (d) and at 500 jC for 15 min

(e). The films were colored at 0.6 V for 30 s and bleached at 0.0 V

for 30 s.
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specific surface in the latter is larger. Assuming that

electrochemical reaction takes place on the surface of

the nano-grains, the coloration effect should be more
 

Fig. 6. Weighted photopic transmittance calculated for the 3rd, 12th and 1
pronounced in films with a larger specific surface

value.

A diagram of a weighted photopic transmittance

changes for the bleached and the colored state (3rd,

12th, 102nd cycle) of thin films thermally treated to

the different extent is shown in Fig. 6. Optical

modulation of thermally untreated film was large at

the beginning of the cycling process, the difference in

photopic transmittance between the colored and the

bleached state for 40 nm thick film was 50%. The

bleaching process of the amorphous phase was not

reversible at the beginning of cycling. The transmit-

tance at the cathodic potential was reduced forf 10%

in the first 10 cycles. After dehydration (thin film

thermally treated at 220 jC for 15 min) the optical

modulation during cycling process decreased as com-

pared to the thermally untreated film, but the bleach-

ing process became more reversible. The calculated

photopic transmittance change in 102nd cycle of this

film shows that reversibility was still not achieved.

The reversibility of bleaching/coloring process

improves with increasing amount of NiO phase.

Diminishing of amorphous phase in the structure

(films kept at 270 jC for 15, 30 or 60 min) caused

that optical modulation changes were smaller at the
02nd cycle of thin films thermally treated at various temperatures.
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beginning of the cycling, but the reversibility was

significantly improved. The photopic transmittance

values at the cathodic potential of 102nd cycle

showed that films, which were heat-treated 15 or 30

min at 270 jC, were still not stable. For the latter films

the diminishing of photopic transmittance value for

7% (15 min at 270 jC) and 2% was observed with

respect to the virgin film. The reversibility during the

cycling process was obtained for the films, which

were thermally treated at 270 jC for 60 min., which

we related to the complete thermal decomposition of

acetate groups. The electrochromic stability of these

films seemed to be connected with the presence of the

NiO nano-grains as shown from TEM micrographs.

The presence of amorphous phase could not be

excluded; however, its portion did not exceed 10%.

The sulfate groups remained monodentately coordi-

nated to nickel cations, situated either on the surface

of nano-grains or in amorphous phase in between the

grains. Photopic transmittance in the 3rd cycle is 66%

for the colored and 89% for the bleached state. During

the cycling process the transmittance in the colored

state was decreased. In 12th cycle reaches 59% and in

102nd 50%, and it turns to the initial value at the

cathodic potential (89%). Thin film which was kept at

400 jC for 15 min possessed similar properties as the

described above; only the photopic transmittance

values at the anodic potential are approximately 5%

lower regardless to the number of the cycle. The

reason for such behaviour could be the larger size of

the grains.

Ex situ infrared transmittance spectra of virgin,

soaked and charged/discharged (Qins =Qex = 20 mC

cm2) Ni-oxide films are represented in Fig. 7. The

spectrum of the virgin film (Fig. 7a) exhibited strong

OH stretching mode (3500–3000 cm� 1) but d(OH)
was not seen because it became blurred due to the

strong bands at 1575 and 1417 cm� 1 attributed to the

vibrations of the acetate ligands. The 672 cm� 1 band

which appeared as a shoulder band also belonged to

the vibrations of the acetate groups and became re-

moved from the film after soaking in LiOH (Fig. 7b).

The acetate groups became substituted with the CO3
2�

groups whichwe conceived from the presence of strong

bands at 1465 and 1376 cm� 1 (Fig. 7b) and the 1019

cm� 1 band which is characteristic for the carbonate

groups chelated to the metal ions [31]. Soaking the film

in LiOH also removed the SO4
2�groups. The bands at
1110 and 1063 cm� 1 disappeared from the IR spectra

showing that SO4
2�groups were completely removed

from the film.

The band at 617 cm� 1 (Fig. 7a) gave the informa-

tion about the Ni–O modes. More modes contributed

to the absorption in this range: Ni–OH stretching at

520 cm� 1 [30], wagging of the H2O (f 600 cm� 1)

and the deformational modes of SO4
2� groups (611

cm� 1) [29]. When the film was soaked in LiOH, the

SO4
2� deformational mode disappeared and as the

result of that the band shifted from 617 to 632 cm� 1

(Fig. 7b). Small shoulder band at f 600 cm� 1 with a

tail extending to the lower frequencies signalled the

presence of the Ni–OH ‘‘hydroxyl stretching’’ lattice

mode [30] found in the range < 600 cm� 1 but the

Ni–O stretching band found by others [30,32] in the

range < 450 cm� 1 was not observed in the spectrum

of soaked film.

However, the latter band appeared in the spectrum

of colored Ni-oxide film (Fig. 7c) at 445 cm� 1 and

was accompanied with a strong and quite sharp band

at 573 cm� 1. The assignment of both bands is

unquestionable because they appeared quite close to

the position of the corresponding bands observed in

the spectra of NiOOH powders [30]. The difference in

frequencies observed in IR spectra of thin films and

powders was expected because the polarisation effects

shift the mode frequencies of powders. That agreed

with the nanocrystalline nature of our films exhibiting

grains with dimensions 5–10 nm. The other bands

(1635, 1458 and 1369 cm� 1) remained unchanged

when the film was colored and will not be discussed

further. It should be noted that the appearance of the

NiO stretching band at 445 cm� 1 indicated the

evolution of the NiO phase embedded in the NiOOH

phase when the film was colored.

In the spectra of bleached film (Fig. 7d), the 573

cm� 1 band shifted to 591 cm� 1 while the NiO stretch

at 445 cm� 1 remained unaffected. The 573 cm� 1

band became much broader suggesting that the local

structure around Ni atoms changed; strongly bonded

OH group to Ni central atom in the NiOOH phase

became relaxed and the Ni–O stretching shifted to

higher frequencies as the consequence of the reduced

effective mass of the OH groups which surrounded the

Ni atoms. The process was reversible for a few

following cycles. The differences in the spectra be-

tween the colored and bleached state (not shown here)



Fig. 7. Ex situ IR transmittance spectra of a thin film thermally treated at 270 jC for 15 min (a), after soaking for 5 min in 0.1 M LiOH (b),

galvanostatically charged (c) and discharged (d), * denotes the absorbance of the glue deposited on copper tape. Copper tape is stick on the

upper edge of Si resin to enable a better contact between Si and the external circuit.
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diminished when the cycling proceeded because the

formed hydrated secondary structure blurred the dif-

ferences between the local structures of the Ni atoms

in h(II) and h(III) phases.
4. Conclusion

The electrochromic response and electrochemical

stability of the Ni-oxide films synthesised by the sol–
gel route largely depended on the preparation con-

ditions and the precursor used. We developed ther-

mogravimetric technique, which allowed us to follow

directly the decomposition of thin films deposited on

glass substrates. Results showed that the temperature

and decomposition rate of the formation of Ni-oxide

differed with respect to the corresponding powders.

TG technique applied on the films made possible to

optimise the electrochromic response of the films by

choosing the right heat treatment conditions in a
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combination with different precursors (acetate, sulfate

and nitrate). Ex situ IR spectroscopic studies of Ni-

oxide films showed that the shift of the Ni–oxygen

mode in charged/discharged film occurred. That we

explained with the change of effective mass of –OH,

–OH2 groups vibrating with respect to the Ni atom

which were not the same in h(II) and h(III) phase.
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