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1. Introduction :

Non-stoichiometric nanostructured or polycrystalinickel oxide possesses several
excellent properties. It is a low cost materialjekihcan be manufactured by a variety
of physical and chemical techniques, such as thgedqrocess[1], spray pyrolysis
[2], chemical vapour deposition [3], solution grow#], chemical bath deposition [5],
alternately dipping deposition [6], thermal evapm [7], anodic electrodeposition
[8], cathodic electrodeposition [9], electron beawaporation [10], the electro-
deposition method followed by thermal oxidation][Irf reactive sputtering [12] and
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DC reactive magnetron sputtering [13]. As an aoaglectrochromic material it
changes colour from transparent {i\ito deep brown (N) under anodic potentials
[14] and exhibits long durability and electrocheanistability in basic environments
[15]. In addition it is a p-type semiconductor wahwide band gap (3.6 — 4.0 eV)
[16]. In the form of a thin film it is a promisingandidate for many applications such
as a functional layer material for gas sensors, [aftiferromagnetic layers [18], p-
type transparent conducting films [19], an ion ag& layer in complementary
electrochromic devices where the electrochromieday WQ [20], a dye sensitizer in
solar cells [21], an optical recording material][2&d a supercapacitor [23]. Recently
some full-scale electrochromic smart windows, whallow dynamic throughput
control of light and solar energy and can be usedfficient solar protection against
overheating, are undergoing practical testing inldngs [24]. The potential
applications also include flexible-foil-type elemthromic devices for ski goggles and
motorcycle helmets [20(a)]. In powdered form, nlokeide nanoparticles can also be
used as nanooxidisers for pyrotechnic purposes [25]

Nickel hydroxide and nickel oxide take part in regwocesses and therefore possess
electrochemical properties. The electrochromismnickel oxide based materials
probably involves several species, which diffestiructure: nickel oxide (cubic NaCl
structure), the hydroxide (layered structure) oyhgxiroxide (surface-hydroxylated
NiO or oxidized Ni(OH)). Due to the fact that the phase transformatiomiokel
oxide to nickel hydroxide occurs gradually in aeottolyte solution, or that the as-
prepared sample already contains more than one paatichotomy in denomination
among these species still exist. A lot of work hmstfield was done on nickel
hydroxide, a material with good intercalation pndigs and widely used in
rechargeable batteries. The basic reaction schem@dkel hydroxide was proposed
by Bode [26]. Ni(OHj) is oxidized under an anodic potential to NiOOH tlu@roton
deintarcalation: Ni(OH) S NiOOH + H + e . The proton then reacts with a
hydroxide ion (present in the electrolyte), leaditwy formation of water. The
topotactic reaction, occurring in the more densectire of B-Ni(OH),, ensures
excellent reversibility of the electrochemical reéawe. Further investigations on the
structural stabilization of Ni(OH)Wwere made by Faure and coworkers [27].

In order to elucidate the electrochemical mechanmgmch takes place during the
coloration / bleaching process in nickel oxide tfilims, numerous studies have been
performed [28], reporting that it depends on thestal structure of the material and
on the measuring conditions [29]. In porous-streedduNiO film, where a high ratio
between the surface and the volume of the thin ilwbtained, the following reaction
has been proposed: NiO (transparent) + G NiOOH (brown) + e [13, 30]. A
recent study [31] reported that in the activati@nigd an increase in capacity occurs,
corresponding to the chemical transformation NiGH — Ni(OH),. Structural
changes from NaCl type (bunsenite NiO) to layeredON), occur upon
amorphisation on the grain boundaries. In the stestdte the reversible colour
change from transparent to brownish involves thassital “battery” reaction:
Ni(OH),+ OH S NIOOH + HO + e . NiO grains therefore act as a reservdhmef
electrochemically active hydroxide layer. Seveigbgrs have reported that reversible
electrochemical oxidation of Ni-atoms located a¢ tNiO/electrolyte interface is
responsible for the strong electrochromic effe@(¢), 32], or that the electrochromic
performance of nickel oxide depends on the sizia@ihanocrystallites [33]. Already
in 1988 Estrada observed that the optical propediea thin film, consisting of grains



about 7 nm in diameter, are stable for at leasD5@les, whereas for a 17 nm grain
size a significant degradation was observed alredigy 50 cycles [34]. The decrease
in electrochromic properties after prolonged cyglia associated with dissolution of
the NiOOH phase structure [35]. One of the possidehanisms responsible for the
bleachingS colouring process is also the reaction at thefate between NiO and
Ni(OH),: NiO + Ni(OH), S Ni,O3 + 2H + 2e” [20(a)].

Chemical methods of deposition are cheaper andiealy less demanding than
physical ones [2, 36]. The sol-gel method allowstcd of the variety of composition
and homogeneity of the final product, as well dsveer processing temperature [37].
This method attracted increasing interest durirgyléist few years in the preparation
of thin films [38]. The thin layer can be easilypdsited on the substrate by dip- or
spin-coating. Unfortunately, compared to vacuunmedasapproaches, solution
processing has not been considered as a techguwitl produce high quality thin
films with respect to control over the texture, \gtio rate, composition, and
microstructure of the deposited films [39].

The starting solution in sol-gel synthesis contdims precursor salt and different
additives, complexing agents or templates whichbkenaailoring of the desired
properties of the final material. After the depmsitprocess, an amorphous layer is
formed on the substrate surface. During thermahtiment, dehydration and
combustion (thermal decomposition of organic phase constituents of the initial
precursor) take place in one or more temperatugmme, specific for the particular
system. For the majority of the above mentionediegions the final temperature of
heat treatment is chosen with the aim of achiedngemiconducting material; i.e.
polycrystalline or nanosized NiO which still comtsinickel vacancies, impurities or
the presence of interstitial oxygen in the NiO tailges [40]. Too high a processing
temperature leads to formation of stoichiometricstalline NiO which is an insulator.
Due to its large resistivity (> 1HQ cm) [41] a material of this kind does not allow
proton or hydroxide ion insertion. The intercalatib extraction of one of these
species is the basis of the colouration / bleaclpiriggess which takes place during
application of the film [10]. The second reason Idobe an excessively dense
structure of the material, which sterically preetite intercalation of the mentioned
species. This means that the reaction kinetics) afansformation of the bunsensite
NiO phase at the surface of nanograins to Ni(Ophjase and of (ii) intercalation /
deintercalation (ions diffusion) is slower [42],cathe material can even remain inert
[43]. A highly porous structure, on the other hamahvides a large active surface area
for redox reaction and as a consequence improwstrethromic properties [44].

An important parameter distinguishing between etetiromic materials is the
wavelength-dependent coloration efficienGE}, expressed in chiC* and given by
the expression [45]:

Aob(n) _ log(Ty /Te)

CEQ) = AQ A

whereA OD(2) is the change in optical densifi () transmittance in the bleached
and T; (A) transmittance in the coloured stat®Q corresponds to the inserted /
extracted charge as a function of unit area. Adarglue ofCE means that a small
amount of electric charge is required for the cololange process. Electrochromic
nickel oxide thin films exhibit high coloration effency (CE between — 30 and —
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50 cnf CY), depending on the preparation technique [45, BB¢ films prepared by
various physical and chemical methods [1-13] diffier stoichiometry, structure,
degree of crystallinity, crystallite size etc. Ascansequence their electrochromic
properties vary over a wide range. In order to mepradhesion to the substrate and to
ensure structural stability during cycling in arkadine electrolyte, electrochromic
nickel-oxide thin films have to be thermally tredtduring or after the deposition
process. A direct consequence with regard to tinéeod of the previous paragraph is
that the degree of thermal treatment is the kegofaghich influences the magnitude
of the optical modulation and stability of the filmuring the cycling process,
regardless of the preparation technique, Too highpracessing temperature
significantly lowers the electrochromic effect [BB(33(b), 47], and the layer can
even become inactive [28(c), 33]. On the other hamdhermally untreated films
either the optical modulation decreases soon #ftebeginning of cycling [48], or the
film becomes detached from the substrate [49]. peddence of structural and
spectroelectrochemical properties on the anneakmgperature is not only well-
known for nickel oxide film, but also for Whin films [2, 50], which have recently
been widely used in combination with NiO in electirmmic foil-based devices.

Thermal analysis (TA) consists of a group of teghes where a change in the sample
property is related to an imposed temperatureatiter. Thermogravimetry (TG) is a
technique in which the change in the sample massmatysed while the sample is
subjected to temperature alteration. Differentieghrging calorimetry (DSC) is a
technique in which the change in the heat flow tatéhe sample and to a reference
sample is analysed while they are subjected torpéeature alteration [51]. Both
techniques, TG and DSC, provide valuable infornmatio the field of thermal-
treatment and its optimisation of different typdsnuaterials. Routine analyses are
always performed on xerogel samples. Thermal aisabfghin films is a demanding
procedure and direct measurements of thin filmssallenot very common [52]. This
is the reason why in articles which report nickede thin film properties the thermal
analysis is either made on the corresponding xé&dde 28(c), 38(a), 43, 53] or the
investigated films are thermally treated at 250300 °C without performing TG
analysis even for xerogels [16(c), 36(a)]. Thekhéass of thin films usually does not
exceed Jum [52], but in some cases thermal analysis of tinims can be performed
in the usual manner:

- If the thin film exists as a free-standing (selpparting) film, for instance thin
metal films (Al foil), fast quenched amorphous wgHoor thin films of
polymers; the sample for TA need only be cut int@al pieces or powdered
and placed in the crucible (summarized examplesdaltected in [54]),

- If the thin film is deposited on a powdered sulistidiO, on mica); a large
active area of the substrate ensures enough saonglassical analysis [55],

- If the thickness of the thin film exceeds 1 um; ttlen film can be
mechanically removed from the substrate [56].

When the film is very thin (< 100 nm), it is diffitt to get enough sample for analysis
by scraping, but there are some methods for separatthin film from the substrate
[57]. However, it should be emphasized that when sample is prepared as a thin
film or in powdered form, the differences in thetde size and in microstructure of
the two forms lead to different thermal stabilities is well known that the
decomposition temperature decreases with decreasample particle size [58] and



that the results obtained for deposited thin filamples and the corresponding
xerogels can differ considerably due to differenaessample size, structure and
microstructure [54, 59]. Thermal decomposition @tgel derived thin films occurs at
lower temperatures than that of xerogels [60]. Brption of the stoichiometric or
structural properties of a thin film obtained frdihe results from TG and DSC curves
of xerogels can lead to a wrong interpretation.

The sensitivity of balances in TG instruments ishea order of Jug so that detection

of the thermal decomposition of thin films depoditen a substrate is possible [61].
But the amount of sample available is small, tylbyjchelow 1 mg, so that the mass
change during TG experiment is in the range of hnoy and aerodynamic effects. In
DSC measurements the evolved or absorbed heatsefffinto the substrate and
consequently the measured enthalpies are very §624llin order to overcome these
problems, large area samples have been used [63heasurements carefully
performed - for instance subtraction of the blaokve [62], high resolution TG [64]

or the thin film was placed directly on the sampglermocouple in DSC

measurements [65]. The mentioned basic strategiesovercoming the above-
mentioned difficulties were published in the 1988-in three review papers [54, 61,
62]. The suggestions are summarized in Figure 1.

THERMAL ANALYSIS OF THIN
FILMS, DEPOSITED ON
PLANAR SUBSTRATES

— T~

TG DTA/DSC
a) The area of the measured sample is enlarged | a) The thin film is deposited directly on a thermopli65].

due to the »home-made« construction of the b) A thin film of two different metal thermocouples i

instruments which enable measurement of evaporated on a glass substrate (size 2 x?3, ¢ne whole
dimensions of 1 x 5 - 9 Anfi63(a)], plate except the contacts protected by a thin éfi8iO,
b) subtraction of the baselif§2], and then thermally stabilised. The studied thim fi$
c) high-resolution TG64]. deposited onto one set of thermocouple junctionispar

inside a heated furnace [63(b)].
¢) The sample is deposited on a foil, which is thenirto
pieces, folded and placed in the pan [63(c)].

\

DEVELOPMENT OF SELECTIVE AND SENSITIVE TECHNIQUES
a) thermomagnetometry [62],

b) emanation thermal analysis [66],

¢) in situ high-temperature X-ray diffractidb2],

d) in situ mass spectromet[§6].

Figure (1): Basic strategies applied in thermal analysis af fiims, deposited on

planar substrates.



1.2 Scope of the work :

The main idea was to link the thermal analysishof films with the temperature-
dependent electrochromic response of nickel oxithasf The first aim was a
comparison between dynamic and isothermal TG cuovdkin films and xerogels,
prepared by the sol-gel route from NiSé&nd Ni(CHCOO), precursors. Another
preparation route was alternately dipping depasjtwhere NiSQ was again used as
the precursor. On the basis of isothermal TG aiglygéms with different ratios
between the thermally undecomposed amorphous @imaseanosized Ni oxide were
prepared. Their electrochromic properties were etestwith additional
spectroelectrochemical measurements, while chanigestheir structure and
morphology during thermal decomposition were fokmwvusing Fourier transform
infrared spectroscopy (FT-IR), transmission elettmacroscopy (TEM), atomic force
microscopy (AFM) and Extended X-ray Absorption Fteucture (EXAFS) analysis.
As far as we know, this approach for optimising #lectrochromic response has
never been used before.

Thin film samples with a thickness of less thamB®were used to perform all of the
measurements (also FT-IR spectroscopy in the tresgim mode and EXAFS).

2. Results and Discussion
2.1 Thin films prepared by the sol-gel method frommickel sulfate precursor
2.1.1 Preparation of the sol and xerogel; thin filndeposition :

2.0 M LiOH solution (Kemika, Zagreb, Croatia) waklad dropwise with stirring to a
0.5 M solution of nickel sulfate (Kemika) until p9.0 was reached. The green
precipitate was washed several times with watee Jlarry was then peptised with
glacial acetic acid to pH 4.5. Some water was adugtedbtain an appropriate
viscosity. The sol was then sonicated and filter&€d. obtain the corresponding
xerogel, the sol was cast in a Petri dish anddediry.

Thin films were prepared on different substrataagighe dip-coating technique. For
TG measurements the substrates used were micresoupe glasses. For DSC
measurements a small home made platinum disc wdtaraeter 6 mm was used. For
IR measurements, the films were deposited on Si emwafand for
spectroelectrochemical measurements onFh@lass (square resistivity I30).
Before deposition, a wetting agent was dispersedllotypes of substrates, using the
dip-coating technique. For glasses and Si ressdwdion of 1 wt. % of Etolat TD-60
(TEOL Factory, Ljubljana, Slovenia) in distilled tea was prepared, while for the
platinum disc and SngF glass a solution of 1 wt. % of Teloxide (TEOLcEay,
Ljubljana, Slovenia) in ethanol was used. Afterwedting solution had dried, the thin
film was deposited with a pulling velocity of 5 amin™. The Instrumentation is given
in detail in Refs. [1(b,d)].
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2.1.2 Thermal analysis :
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Figure (2) : Comparison of dynamic TG curves ofhan tfilm deposited on a
microscope cover glass (left ordinate), and of xeeogel (right ordinate), in a
dynamic air atmosphere — A, and magnification & temperature region where
thermal decomposition of acetate groups takes pidge

Dynamic thermogravimetric measurements of a thim fand the corresponding
xerogel powder under an air atmosphere are presemt€igure 2. The calculated
substrate to film mass ratio was 580 and the Inftiass of the film deposited per
square centimetre of substrate was 0.064 mg [drfb)]. Due to the low sample mass
and large dilution effect, two phenomena can bewnlesl in the dynamic TG curve of
the thin film. Firstly, the curve is not smooth base the very small mass loss
(~0.1% in the whole temperature range), means tih@ digital noise of the
instrument was appreciable. Secondly, in the teaiper range from approx. 100 to
200 °C a slight increase in weight was observethgh the baseline (TG curve of
empty pan) was subtracted, small variations infline rate of the purging gas may
have caused a weight gain.

From room temperature up to 200 °C only water mdesc were evolved from the
sample [1(b)]. The second step on the TG curvesuroed due to thermal
decomposition of acetate groups. Combustion ofetlggeups was also proved with
the coupled TG-MS technique. Combining TG measungsn&ith gas-analytical
techniques significantly enhances the possibilities correctly interpreting the
mechanisms of thermally induced reactions whicholver gaseous species [67].
During thermal decomposition of acetates (see Wodugon of the IR spectra in Fig.
7) nano-grains of nickel oxide were formed inside sample (TEM micrograph, Fig.
9B). The onset decomposition temperature of acepateps was 280 °C for the thin
film sample and 300 °C for the xerogel (Fig. 2BheTthird step in the TG curve of
the xerogel around 700 °C was attributed to therdedomposition of the sulfate
groups which remained coordinated to nickel catidumsng the preparation of the sol
[1(b)]. The dynamic TG measurement was performedg @wn600 °C for the thin film
sample; above this temperature microscope covesgtabegan to soften.

weight (xerogel) / %



weight (thin film + substrate) / %

100.00f

99.96+

Heatflow / m\W

99.92+

9 IQ/-

weight (thin film + substrate) /

50 100 150 200 250 300 350 400
T/°C

Figure (3) : Dynamic TG curve of a thin film deptesi on a glass substrate (left
ordinate) and the DSC curve of a thin film place@ectly on the thermocouple (right
ordinate). An undeposited Pt disc served as aaeder.

The DSC curve of the film deposited on a platinust cand placed directly on the
thermocouple is shown in Figure 3 together with thgmamic TG curve. The
exothermic signal on the DSC curve coincided whi Wweight loss in the temperature
range where acetate groups thermally decompogbkelnase of a thin film deposited
on an aluminium foil, cut into small pieces, pladgecan Al pan and covered with a
pierced lid (“classical” DSC measurement), highesai and endset temperatures
were determined because the equilibrium reactios nestored between the thermally
undecomposed solid phase and the gas phase fouriag decomposition [1(b)].
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Figure (4) : Isothermal TG curves of a thin filnA--and of the corresponding xerogel
— B at 27¢°C and at 300C.

Isothermal TG curves of both forms of sample at 2@ 300 °C are shown in
Figures 4A, B. The temperature was chosen on this badynamic measurements of
the thin film and the xerogel (Fig. 2B). After isetmal treatment the temperature in
the furnace was increased to 350 °C where decotigposvas complete for both



types of samples. From the ratio of the isothemveght loss after a defined time and
the weight loss associated with decomposition bfaeétate groups, the degree of
thermal decomposition of acetates could be eston&ier the thin film the degree of
thermal decomposition was 50 % after 15 min, 80fér &80 min and 100 % after
60 min (Fig. 4A). Only 30 % decomposition of therogel was observed at 270 °C
after 60 min (Fig. 4B). From analogous measuremant300 °C we noted that the
thermal decomposition of the xerogel was compléier 85 min, while for the thin
film is was complete after 12 min. Thin films wittifferent ratios between the
thermally undecomposed amorphous phase and nickeéé @would be prepared by
controlling the time of heat-treatment at 270 °€380 °C the decomposition process
was much faster and the stoichiometry of the deasmipn could not be exactly
controlled.

2.1.3In-situ spectroelectrochemical measurements :

Cyclovoltammetric (CV) measurements an-situ monochromatic spectral
transmittance changes € 480 nm) of thin films, thermally treated to vemy extents,
are shown in Figures 5A, BYtycle) and C, D (10Dcycle). During the anodic scan
the oxidation of Ni* to Ni** causes coloration of the film and consequently the
transmittance decreased. In the reverse scandhetien of NF* lead to bleaching of
the film. The maximal change in transmittance betwthe coloured and the bleached
state in the % cycle was exhibited by a film heat treated formis at 270 °C
(43.1 %). However, the decrease in the transmigtariche film in its bleached state
by 1.9 % at the end of the cycle showed that tdeaon was not totally reversible.
Films heat treated for 30 or 60 min at the samepégature (276C) possessed better
reversibility (Fig. 5B). CV measurements of theiémd (Fig. 5A) were in accordance
with the observed optical properties. The higheresu densities indicated a greater
number of active nickel ions for the least heated film (15 min at 276C), and the
positions of the anodic and cathodic peaks revealemdre compact structure in those
films exposed for 30 or 60 min to 270 °C. During itycling process the number of
active nickel ions increased: in the fibO/cIe current densities were approximately
2.5 times higher than in thé'tycle (Figs. 5A, C). Approximately 50 cycles negde
to be performed to complete the activation perinod eeach the steady state. A film
which was exposed for 60 min to 270 °C, exhibitedetlent reversibility in the 100
cycle. The transmittance change of 46.5 % was smdibn for a thin film kept for
30 min at the same temperature (51.5 %), but ttterldid not bleach to the initial
value in the 106 cycle (Fig. 5D). The calculate@E for a film exposed at 27T for

60 min was — 41 ciC (. = 480 nm) in the 10Bcycle.
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Figure (5) : Cyclovoltammetric curves anth-situ monochromatic transmittance
changes of different thermally treated Ni oxidenfilin 0.1 M LiOH — 1 cycle (A, B)
and 108 cycle (C, D).

Figure 6 presents then-situ monochromatic transmittance change=(480 nm)
during chronocoulometric measurements of thin filimermally treated to different
extents. The responses of the stabilized™I®tle during charging at a potential of
0.6 V vs. Ag/AgCl (0 — 30s) and discharging (3068 s) are shown. For less
thermally treated films it took around 10 s to ata finally coloured state (a, b),
while for more thermally treated films the timereased to around 15 s (c). For a thin
film treated for 15 min at 50%C (d), approximately 13 s was needed.

Of all films the highest coloration effect was exited by a thin film exposed for
60 min to 270 °C. Reversibility in the bleachinggess was also achieved for films
thermally treated for 15 min at 500 °C (transmit&rchange in the 180cycle
34.5 %), but during further heating (> 3) the nano grains increased in size. The
average size of the grains was 5 nm in a film é@ébr 15 min at 508C (Fig. 9C). In
this film, sulfate ions remained monodentately kewhtb nickel (Fig. 7, €). Assuming
that electrochemical reaction takes place on thdasel of the nano-grains, the
coloration effect was less pronounced in films wheonsisted of larger grains and
had smaller specific surface values. Segregatiamefgrains could not be observed
by TG measurements, since this process is not iagsgdovith a weight loss. There

10



was also no measurable change in heat flow sigmghe DSC curve of a thin film
between 300 and 40C (Fig. 3).

10T cycle

0.9+
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colouring

480 nm)

bleaching
—_—

TransmittanceX
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Figure (6) : In-situ monochromatic transmittance changes=@80 nm) during
chronocoulometric measurements of a thin film tradlyrtreated at 276C for 15 min
(a), at 270C for 30 min (b), at 278C for 60 min (c), at 508C for 15 min (d). The
films were coloured at 0.6 V for 30 s and bleacaed.O V for 30 s.

2.1.4 Structural and morphological properties :
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Figure (7) : IR transmittance spectra of films dgfed on silicon wafers: thermally
untreated film (a), film thermally treated for 15mat 270°C (b), for 30 min at
270°C (c), for 60 min at 276C (d) and for 15 min at 53 (e).
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The evolution of IR spectra during heat treatmanshown in Figure 5. In the IR
spectrum of a thermally untreated film (Fig. 5,tla¢ bands at 1565 and 1419tm
belong to asymmetriovf(COQ)) and symmetric\s(COQ)) vibrations of the acetate
groups [28]v4(CO0O) andv{(COO) for free acetate ions are at 1556 and 1413,cm
their difference being 144 ¢t On the basis of this differencA\) one can deduce
the type of coordination of the acetate groupsht rmetal ions [68]. Regarding the
free ion, Av in the bridging complex remained practically unofpad. We can
therefore suppose that in the thermally untreatetdthe acetate groups were mostly
present as bridging ligands to nickel ions. Thekpeat 1345, 1053 and 1029 ¢m
revealed the presence of methyl grol€Hs)). The band at 1111 chbelonged to
a stretching vibration of the free sulfate groupthwy symmetry, and the shoulder
around 1175 cihto the bridging sulfate groups withGymmetry [68]. Comparison
of the two intensities showed that some;S@roups were also adsorbed on colloidal
particles. The bending vibration of the free safanion is at 613 cthand that of a
bridging one at 641, 610 and 571tnAll peaks except that at 571 ¢nwere of
strong intensities. In the thermally untreated dantpe out-of-plane vibration of
acetate groups was superimposed on the bendingtieibrof the sulfate groups, and
therefore the latter were not clearly expressee. Band at 678 cihwas attributed to
the 3(OCO) vibration and that at 616 o T{COO), T(CH), as well as to SO
bending vibrations.

The bands associated with the acetate motions leesamaller in the IR spectrum of
the thin film thermally treated at 270 °C for 15nmies (Fig. 7, b). The vibrations at
1121 and 1049 cthwere attributed to stretching vibrations of the nmdentately
coordinated sulfate groups and those at 632 anaB0%o the bending vibrations of
the same groups. The band that appeared belowrBb@arresponded to a stretching
vibration of the Ni-O bond of nickel oxide [27(a)The shoulder around 1660 ¢m
could be ascribed to the C=0 groups bonded on arga&H,, —CHs) groups and
monodentately coordinated to nickel [68]. The appeee of the carbonyl vibration
revealed the reorganization of atoms and bondsiguhermal decomposition of the
acetate groups.

With increasing time of heat treatment at 270 °€ vtbrations of the sulfate groups
as well as the Ni-O stretching band became moensd# (Fig. 7, ¢, d). The sulfate
groups remained monodentately bonded to nickel 5 ~1110, 1060 cih vy, =
970 cm', v4 = ~ 630 and 595 ci). The band at ~1600 ¢hwas attributed to the
bending vibration of water arising from absorbedishwe. A thin film thermally
treated at 270 °C for 60 min consisted of nanotatgf cubic NiO with a size of 2-
3 nm, as shown in the TEM micrograph (Fig. 9B). TIRe spectrum of a film
thermally treated at 500 °C for 15 min revealedappreciable difference with regard
to the previously described spectrum (Fig. 7, enithe TEM micrograph (Fig. 9C)
it is clear that the grains of cubic NiO have grawraround 5 nm.

Changes of the surface during heat treatment awrsim Figure 8. The surfaces of
the thin film samples (Figs. 8B, C and D) were agtooth. The reason lay in the
roughness of the substrate itself (Fig. 8A), whitre RMS roughness was 35 nm.
After deposition of the sol, a nearly smooth swfagas obtained (8B). During heat
treatment the film became thinner due to thermabdgosition and the surface more
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and more resembled that of the substrate (8C, B9.RMS roughness was 10 nm in
sample C and 18 nm in sample D.
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Figure (8): AFM images of a Sn&F surface — A; surface of a thermally untreated
film after the dip-coating process — B; after thaltreatment at 27%C for 15 min —

C: and after thermal treatment at 2@for 60 min — D.

TEM micrographs of an optimised film deposited diten resin (Figure 9) show a
uniform layer with a thickness of 35 nm (A), conisig of nano-crystals of cubic NiO

of size from 2 to 3 nm (B).
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Figure (9): TEM micrograph of a thin film thermally treated 220°C for 60 min
(cross section — A), dark field image and Sele&esh Electron Diffraction (SAED)
pattern (inset, indexed as cubic NiO — B) of theaadilm, and in plan-view of a thin
film, thermally treated at 50 for 15 min — C.
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The results obtained by Auger electron spectroscaggitionally confirmed and
completed the results. In Figure 10 the depth |l@rafi a film deposited on a SaB
substrate and thermally treated at 2¢Cfor 30 minutes is presented. Tin was already
present just below the surface due to the morplyobddhe substrate itself (Fig. 8A).
Its concentration increased along the profile, hihe concentration of nickel
decreased. At a thickness of 35 nm the concentratfotin and oxygen became
constant, while that of nickel reached zero, whias in accordance with the TEM
cross section (Fig. 9A). The thermal decompositbacetates was 80 % in this film
(Fig. 4A) and therefore carbon was still presenthe sample. A small amount of
sulphur was also detected due to presence of delphes in the structure.

601+

40-

204

Atomic concentration / arb. units

0 5 10 15 20 25 30 35 40

Depth profile / nm

Figure (10) : In-depth composition of a thin filrembsited on a Sy substrate and
thermally treated at 27T for 30 min.

2.2 Thin films prepared by the sol-gel method frommickel acetate precursor
2.2.1 Preparation of the sol and xerogel; thin filndeposition :

2.0 M LIOH (Kemika, Zagreb, Croatia) was added avige with stirring to a 0.5 M
solution of nickel acetate (Kemika) until pH 9.0smeached. The green precipitate
was separated from the mother liquor by centrifiogatThen the slurry was peptised
with glacial acetic acid until pH 4.5 was reach®dme water was added to obtain an
appropriate viscosity. The sol was then sonicated &ltered. An analogous
procedure as described above for the films prepfoed NiSQ, precursor was used
to prepare thin films on substrates and the coomrdipg xerogel.
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2.2.2 Thermogravimetric measurements :
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Figure (11) :Comparison of a dynamic TG curve of a thin film dsjped on a
microscope cover glass (left ordinate) and thessponding xerogel (right ordinate).

Dynamic TG curves of of a thin film and the xeroget presented in Figure 11. From
room temperature up to 150 °C dehydration tookepl#t¢ temperatures higher than
200 °C thermal decomposition of acetate groups roedu The value of the onset
decomposition temperature for the thin film was 280and for the amorphous
xerogel 250 °C. In the temperature range from 20800 °C the xerogel lost 44.4 %
of its weight. Assuming that the same chemical @sscoccurs during thermal
decomposition of the thin film and the xerogel, tih@ial mass of the thin film
(without substrate) could be calculated. From thfsrmation the substrate to film
mass ratio was determined, and found to be appairign800 [1(c)].

400 400
100.00} . 100+
1300 S 1300
99.95+ _ %\ 804+
' g
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99.90+ : = <
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P c 60+
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99.85+ Temperature :"-lsl min B Temperaturg
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Figure (12) Isothermal TG curves of a thin film — A, and theresponding xerogel
— B at 230 and 25€C.

Isothermal TG curves measured at 230 and at 250r°the thin film and the xerogel
prepared from Ni(CBCOOQO), precursor, are shown in Figures 12A, B. The iqotlad
temperatures were chosen on the basis of dynamasumements (Fig. 11). The
thermal decomposition of acetate groups at 23°e thin film sample was 25 %
after 15 min, 45 % after 30 min and 65 % after dwar (Fig. 12A). At 250 °C
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decomposition was complete after approximately 2@ in the xerogel sample only
8 % decomposition was observed after one hour @e3(Fig. 12B). At 250 °C the

decomposition of acetate groups was 90 % after iB0 ©On the basis of the

isothermal TG curve of the thin film at 230 °C, srl thin films could be prepared
with different ratios between the nanosized niokelde phase, which was formed
during the decomposition process, and the thermatgecomposed amorphous
phase.

2.2.3In-situ spectroelectrochemical measurements :

In-situ spectroelectrochemical measurements of thin fililnermally treated to
varying extents are shown in Figure 13. CV measargmof the T and 108 cycles
are represented in Figs. 13A, C, whitesitu monochromatic spectral transmittance
changes X = 480 nm) of the corresponding cycles are showhigs. 13B,D. In the
thermally untreated film oxidation of Niions caused a large change in transmittance,
i.e. from 0.90 at the beginning of the cycle toat the end of the anodic scan, but
the reduction process did not bleach the layerhw ihitial value (Fig. 13B). A
decrease in the transmittance value of the filmtsnbleached state of 4.1 % was
observed. Both thermally treated films exhibitedyvitle colour change during the
oxidation process in the first cycle. The curresnsity of the thermally untreated film
was large compared with the other two films (Fi§AL In the film which was
exposed for 60 min at 23€, no anodic and cathodic peaks were revealedeirt’th
cycle. Up to the 100cycle the anodic current density of the thermatyreated film
diminished and the cathodic current density becaandittle larger, but the
transmittance was only 0.74 in the bleached state.both thermally treated films
current densities became approximately 3 timeslaand the observed transmittance
change during the oxidation / reduction process ammoximately 40 %. The initial
transmittance value for the film thermally treatgd230 °C for 60 min was even 6 %
larger than at the beginning of cycling. Revergipibf the bleaching process for these
films was achieved before the thermal decompositainacetate groups was
completed. The best electrochromic properties upod' cycle were exhibited by a
film thermally treated at 230 °C for 15 min (thiseams only 25 % decomposition of
acetate groups) At least 75 % of the film was atifiorphous, but the size of the NiO
grains already reached around 5 nm (Fig. 16B). Momochromatic transmittance
change was 40.6 % in the 1beycle and the calculated coloration efficier@ —
38cnf C. Films with a higher degree of heat treatment @sssd poorer
electrochromic behaviour. The monochromatic trattemce change of a film
exposed for 30 min at 23C was 28.8 % in the 180cycle, and 34.9 % for a film
exposed for 60 min at 23C (A = 480 nm). The latter result was surprising, and
comparison of Figs. B and D showed that the initiahsmittance of this film was
higher after prolonged cycling. Some>Niions were probably present in the as
prepared heat-treated film, which after the aciivaperiod were transformed to i

at the initial potential. The electrochromic penfance of a film treated for 15 min at
300°C was poor (result not shown here). Its monochranmaansmittance change
was 18.6 % in the 180cycle. The size of some of the NiO grains in fiiis reached
around 8 nm (Fig. 16D).
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Figure (13) : Cyclovoltammetric curves amctsitu monochromatic transmittance
changes of differently thermally treated Ni oxiden® in 0.1 M LiOH — ' cycle (A,
B) and 108 cycle (C, D).
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Figure (14) :In-situ monochromatic transmittance changas= 480 nm) during
chronocoulometric measurements of a thermally atggk film (a), at 230C for
15 min (b), at 236C for 60 min (c). The films were coloured at 0.6dr 30 s and

bleached at 0.0 V for 30 s.
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The rate of the coloration / bleaching processhefdtabilized 1Ficycle is evident
from Figure 14, wheren-situ monochromatic transmittance changes=(480 nm)
during chronocoulometric measurements are showmuAB s was needed for the
thermally untreated film (change in transmittanceirty coloration was 32.7 %) and
the film exposed for 15 min to 23C (change in transmittance 40.6 %) to achieve
their full colour, whereas for more thermally tre@tfilm (change in transmittance
34.9 %) only around 5s was required. After switghthe potential to 0.0 V vs.
Ag/AgCl, the bleaching process took place and a&lgircrease in transmittance was
observed for all films. Films which were sufficignthermally treated to exhibit a
reversible change in transmittance reached théirgjavalue of transmittance after
5s. On the contrary, in films where the bleachwas not reversible, after 5s a
gradual and slow increase was observed, approathegtarting value. The same
behaviour is observed in Figs. 13B, D.

2.2.4 Structural and morphological properties :

~
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Figure (15) : IR transmittance spectra of the as deposited tinm(&), film thermally
treated at 230 °C for 15 min (b) and at 230 °C 66rmin (c).The thin films were
deposited on a Si wafer.

Evolution of the IR spectra of the films, thermditgated to various extent, are shown
in Figure 15. In the thermally untreated film (Fig5, a) the bands at 1573 and
1422 cni* belong to asymmetriov{(COO)) and symmetric\(COOQ)) vibrations of
the acetate group [68]. The vibrations of the mieghgup are revealed at 1345, 1051
and 1025 cil. The band at 676 charises from the bending vibration of the acetate
group §(OCO)), and that at 620 ¢his attributed to the(COO) orm(CH) vibration.
When the thin film was exposed at 230 °C for 15 thi& intensity of vibrations due
to the presence of the acetate group decreasedl;i@). The new band appearing at
418 cm® corresponded to the stretching vibration of NiC/(f]. Vibrations of
carbonate groups appear in the IR spectrum ofiimewhich was heated for 60 min
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at 230 °C (Fig. 15, c). The bands at 1599 and b@33correspond to the stretching
(C-Oy) and to (C-Q) vibrations of a bidentately coordinated carboniate [68],
whereas the vibrations at 1495, 1428 and 866 tlong to vibrations of a free
carbonate ion (B} symmetry) [68]. The results of IR spectroscopyvstibat during
thermal decomposition a proportion of the carbonates, which originated from
acetate groups, remained either adsorbed on thwesgoé nanosized nickel oxide or
bound to the nickel cation via two oxygen atoms.
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Figure (16) : TEM micrograph (cross section — Apdahigh-resolution TEM
(HRTEM) image and a FFT (Fast Fourier Transformih#f image (inset) — B of a
thin film, thermally treated at 23 for 15 min. In Figure C the right hand side
represents the experimental diffraction patterthefsample and the left hand side the
simulated diffraction pattern for cubic NiO, whiteég. D shows the in plan-view of a
thin film thermally treated at 30 for 15 min.

TEM micrographs of the optimised film depositedSnG/F glass (Figure 16) shows
a layer with a thickness of 35 + 5 nm (A). The lay@s not uniform as in the case of
the NiSQ precursor. It adopted the morphology of the sabstitself, which was not
smooth (Fig. 8A). In the groove at the grain bougd# two well-crystallized Sn®
grains, the thickness of the film was approxima#&bynm. From the HRTEM (Fig.
16B) it is evident that the diameter of nano-grajaseas with darker contrast and
rounded shape where lattice fringes could be se&s) up to 5 nm. They were
embedded in an amorphous phase (brighter conti@st)inset in Fig. 16B presents
the fast Fourier Transform (FFT) of the HRTEM imag&e spots could be indexed
as (111) and (200) planes of cubic NiO. From th& Ffrage we could conclude that
the grains were crystallographically randomly otéeh The right hand side in Fig.
16C represents the experimental diffraction pattesmle the left side the simulated
diffraction pattern for cubic NiO (bunsenite). Angh particle size was taken for the
calculated diffraction. The actual grains were ¢ar(see Fig. 16B) but due to the poor
crystallinity of the grains the best fit betweee ttalculated and experimental patterns
was obtained for smaller grains.
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2. 3 Comparison of the results obtained for sol-gel pregred thin films from
NiSO,4 and Ni(CH3COO), precursors :

2.3.1 TG and EXAFS measurements

The choice of precursor for sol-gel prepared Ndexihin films very much influences
the properties of the final electrochromic materidie first difference between them
is the temperature at which thermal decompositibthe sol-gel prepared thin film
begins, leading to formation of Ni oxide phase. @gproximately 50 degrees higher
onset temperature was obtained for films preparech fNiSQ, precursor (286C)
than for films prepared from Ni(GGEOO), precursor (236C).

The EXAFS results (Figure 17) show that thermahttreent increased order in the
vicinity of the Ni atoms. The films from Ni(G4€OO), precursor showed a higher
degree of crystallization during heat-treatmentnthithe thin films from NiS®
precursor, and this observation was in accordante twe TEM results. The first
peak in the Fourier transforms was almost identicalll spectra, irrespective of the
type of precursor and heat treatment applied. agiges perfectly with the model
with 6 equivalent oxygen neighbours. The observédONdistance of 2.05 A is
characteristic of the NiO bunsenite structure. $aeond shell of neighbours reflects
the ordering of the structure. Thermally untreagathples possessed a loose structure
with a small portion of higher components. In thalijmtreated samples, the second-
neighbour peak could be modelled by 12 Ni atom&.88 A as in bunsenite. The
amplitude of the second peak in the film preparethfthe sulphate precursor with
completely decomposed acetate groups (Fig. 17A% the same as of the film
prepared from the acetate precursor (Fig. 17B),revlieermal decomposition of
acetates was 45 %. It seems that sulfate ions ldawdsurface nickel atoms prevented
nano grains from segregating.
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Figure (17) Fourier transforms of k weighted EXAFS spectrahaf films, deposited
on Al foil; k = 2.5 — 10.5 A (A — NiS@precursor; B — Ni(CECOOY), precursor). The
first and the second neighbour peak were identdied the corresponding theoretical
distances for bunsenite NiO are indicated.

22



2.3.2 Electrochromic properties of optimised films

In the case of the sulfate precursor, the film ihioh thermal decomposition of
acetates was completed possessed an optimisedoelgoimic response. The
calculated coloration efficiency after the activatiperiod was- 41 cnf C* and the
transmittance change between the bleached andthered state was 46.5 % at
480 nm. In a 35 nm thick film, the size of the bemige nanograins reached 2 — 3 nm.
Sulfate ions remained monodentately bonded to hickest probably in the surface
of the grains.

In the optimised film prepared from nickel acetptecursor, thermal decomposition
of acetates reached only 25 %, indicating thatettveas still a hogh proportion of
amorphous phase in the structure. However, alraadlyis stage the bunsenite grains
grew much larger; their diameter was around 5 mmthis film carbonate ions were
present, originating from thermal decompositioraoétate groups. In the IR spectrum
of this film the vibrations of carbonate ions wereerwhelmed by the symmetric and
asymmetric stretching vibration of acetates. Inaarthermally treated film from the
acetate precursor (60 min at 280 65 % decomposition of acetates), carbonate ions
remained adsorbed in the structure or bidentatelgded to nickel. During the
activation period the amorphous phase probablystoamed into an electroactive
phase. The electrochromic properties in the stestdte (108 cycle) were a little
poorer as compared to the optimised film of NjS@recursor, the coloration
efficiency was— 38 cnf C* and the transmittance change 40.6 %. a 480 nm,
which we attributed to the larger NiO grains.

Greater differences between optimized films fror8®4 precursor (60 min at 27C)
and Ni(CHCOOY), precursor (15 min at 231C) were observed at the beginning of
cycling. The optical response of the film from tRECH3COO), precursor was very
small (11 %), whereas for the Nig@recursor film it was 26 %. The electrochemical
mechanism at the beginning of the cycling proceas most likely different in the
two films. Ex-situ infrared transmittance spectra (Fig. 18) of virgimd soaked films
(prepared from NiS@Qprecursor) showed that sulfate ions were removenh fthe
film after 5 min soaking in a solution of LIOH (Fidl8, b). Instead of sulfate
vibrations, bidentately bonded carbonate vibratiosese observed, showing that in
basic LiOH solution sulfate ions were replaced Bwgrbxide ions, which in air react
with atmospheric C@according to the reaction: 204 CO, = COs*> + H,0O. The
higher intensities of carbonate vibrations in theabhed state, characteristic of
chelate bonding, favoured the reaction: Ni(@Hpleached) + OHS NIOOH
(coloured) + HO + € [69]. In the coloured state (Fig. 18, c) the strand sharp
band at 573 cih corresponded to the Ri-O stretching mode and that at 445%tn
the NiO stretching vibration [1(a)]. The appearantdoth vibrations indicated that
in the coloured state both species, NIOOH and NiiSted simultaneously. This fact
again confirmed that the colouration process oecuon the surface of the grains.
The slight difference in frequencies observed thespectra with respect to the
reference ones [1(a)] was expected because oiffeeedt measurement mode. In the
spectrum of the bleached film (Fig. 18, d) the banditioned at 573 cthshifted to
591 cm', corresponding to the Ni-OH bending mode. The small peak at 3638 cm
corresponded to non-hydrogen bond®©H), characteristic of the(Il)-Ni(OH)»
phase. This means that already at the beginnipgtehtial cycling the more compact
layered structure of Ni(OHstarted to form.
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Figure (18) :Ex-situ IR transmittance spectra of a thin film prepaneuf the sulfate
precursor and thermally treated at 270 °C for 1butds (a), after soaking for
5 minutes in 0.1 M LiOH (b), galvanostatically chad — coloured (c) and discharged
— bleached (d). * denotes the absorbance of tredgposited on the copper tape. The
copper tape was stuck on the upper edge of theessn to enable better contact
between Si and the external circuit.

For the acetate precursor a simiggsitu measurement was not performed. Figure 19
respresents X-ray diffractograms of thermally uated films of both precursors and
of both optimized films in the range from 5 to 2fgdees . At higher angles
nodiffraction peaks were observed. The broad peaktipped at low angles is
characteristic of the less ordered structure otuhgostratic layered structure @fil)-
Ni(OH); [5, 26(b), 27(a)]. The calculated interplanar a@inste along the c-axis in both
thermally untreated films (Fig. 19, a, c) is fronb 30 10.5 A. A layer of water
molecules is inserted between the Ni(@Blabs in thei-phase, resulting in a higher
diffusion coefficient and consequently good intéatian properties (also fast
kinetics) with regard to thg-phase. A high decrease in transmittance was obdeanv
the beginning of the cycling in both thermally watred films. But already in the'1l
cycle the bleaching process was not reversibletdllee instability of thex-phase in
the alkaline electrolyte [70]. Thephase totally disappeared in the XRD spectrum of
the optimised film prepared from NigOprecursor (Fig. 19, b). Thermal
decomposition of acetate groups is complete, aedfitm was composed of NiO
grains on the surface where the elecrochromic imatbok place. On the contrary,
there is still much thermally undecomposed amorphgiiase in the optimized film
prepared from Ni(CECOO), precursor. In the XRD spectrum a broad peak with
lower intensitiy with regard to thermally untreatébin was still observed in this
range (Fig. 19, d), meaning that this film was cosedl of at-least two structures:
NiO grains with an average size of 5 nm and turatista-Ni(OH), phase. Some
carbonate ions, originating from thermal decompmsibf acetate groups, were also
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bonded in the structure. It was reported that plaagbonate ions are totally hydrogen
bonded to water molecules in the interslab spaté;hnincrease the stability of this
material [71]. Two possibilities of answering theegtion regarding the different
mechanisms of the two optimized films at the bemgigrof cycling would therefore
be: (i) the presence of carbonate ions in the thymandecomposed layered structure
in the film of Ni(CH;COOQO), precursor (more time is probably needed for therbet
exchanged with hydroxide ions than for sulfate ipnesent in the film of NiSQ
precursor), (ii) the size of the nano-grains whickw larger in the film prepared from
the acetate precursor.

Intensity / a.L

20/ deg

Figure (19) :X-ray diffractograms of thin films, deposited on ®isin. Thermally

untreated film prepared from the sulfate precur&@r and thermally treated for
60 min at 270C (b); thermally untreated film prepared from tloetate precuros (c),
and thermally treated for 15 min at 23D (d).

2.4 Thin films prepared by alternately dipping depaition (ADD) from nickel
sulfate precursor

2.4.1 Preparation of the sol and xerogel; thin filndeposition :

Thin films were prepared on different substratestliy ADD technique. First, a
wetting agent was dispersed on the substrate wijihlling velocity of 5 cm mif.
The same wetting agents for different substrate$of{R Si resins, SngF glass) were
used as described in 2.1.1. After the wetting smhuhad dried, thin films were
prepared by alternately immersing the substratedwia solutions, the first of
0.05 mol L NiSO, (Kemika, Zagreb, Croatia) and the other of 0.0% nib LiOH
(Kemika). Consequently a thin film of light greemarphous nickel hydroxide was
formed on the substrate. The thickness of the fimmincreased with the number of
immersions, as confirmed by observation. For TG sueaments, thin films were
deposited on platinum foil. For FT-IR analysis@l resins polished on both sides
were used as substrates. The number of immersiass/wor each solution. Faom-
situ spectroelectrochemical measurements, dh@lass was used as the substrate.
The number of immersions was again 7. The xerogelduin TG and XRD
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measurements was obtained by mixing equal volumieé&1oM NiSQ, and 0.1 M
LiOH, centrifuged, cast in a Petri dish and driecir at ambient temperature.

2.4.2 Thermogravimetric measurements :

A comparison of dynamic TG measurements of a tinm deposited on a Pt foil, and
the corresponding xerogel is presented in FigureTk@re was a great difference in
the course of thermal decomposition of the thimfiéample (dotted curve) with
respect to that of the xerogel (solid curve). Thst fstep in the weight loss curve
could be ascribed to dehydration of adsorbed water elimination of intercalated

water, and this occurred for both samples up to 200 Then the thermal

decomposition of nickel hydroxide to nickel oxidegan according to the reaction
Ni(OH), — NiO + H,O [72], which is evident from the second step ef Ti& curve.
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Figure (20) : Dynamic TG curves of a thin film ¢lefrdinate) and of the powdered
xerogel (right ordinate) in a dynamic air atmosgherA. The initial weight of the thin
film and substrate was 121.218 mg, while that ef powder was 9.880 mg. The IR
spectra of the thermally untreated thin film, defgmson Si resin (a) and the xerogel
(b), are presented in Figure B.

Thermal decomposition of the thin film started atteamperature 100 °C lower
(220 °C) than that of the corresponding xerogeb(®&2. It is known that in dynamic
measurements the decomposition temperature desreetie decrease in sample
particle size [58] since decomposition productsehfinst to diffuse to the surface of
the solid particle before they evolve. This proctdees longer in the case of larger
particles, while the temperature in dynamic measergs is increasing. Therefore
decomposition temperatures for xerogel samples avithverage size of some are
shifted towards higher values in comparison with fiims with a thickness of some
tens of a nm. On the basis of our previous examinghis temperature difference
was around 36C [1(b,c)], so we concluded that there should bmtear reason in this
case for such a large difference in the thermdlilgia of the precipitated Ni(OH)
thin film with respect to the xerogel, most prohatue to the different counter-ion.
Lithium and sulfate ions were present in the streetdue to the mode of preparation
of the samples. Comparison of the IR spectra (E@B) for the thin film and the
xerogel showed that there was a high concentraifosulfate ions in the xerogel
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sample, while in the thin film sample carbonatesiamne predominant. Sufate ions in
the xerogel were either intercalated in the stmecfthe peak positioned at 1127 tm
is characteristic of sulfate ions witly $ymmetry) or monodentately bonded to nickel
cations, corresponding to bending modes of sufaité86 and 636 cth[68]. In the

IR spectrum of the thin film the bands positioned488, 1419 and 861 chrevealed
the presence of adsorbed carbonate ion with plaaasymmetry, while the band at
1588 cm' corresponded to bidentately coordinated carbooate[68]. The origin of
the carbonate ions was from atmospheric, @@ich was chemisorbed on the basic
surface after the thin film had been withdrawn frim LIOH solution. Reichlg7 3]
reported that in layered hydroxides the order dihiy towards anions is: C§ >
SO, OH > F > CI". During the ADD process the excess of negativéations
(caused by carbonate insertion) precipitated inthime film must return into solution
due to the electroneutrality condition. For the kbulaterial (xerogel) no evident
insertion of carbonate ions took place. The reasdhat the huge surface area of the
amorphous Ni(OH) precipitated on the substrate acts as a nanasteacimaterial.
Many of the atoms are on the surface, allowing algestoichiometric surface — gas
reaction [74]. Carbonates are less thermally stdélbdan sulfates. The mixture of
NiCO3; and Ni(OH) thermally decomposed at 400 °C, while thermal degmmsition

of NiSO, was complete only at 900 °C [75]. Sulfate ionsthe xerogel therefore
stabilized the Ni(OH) structure and decomposition began at a higher eesyre.
The third step in the TG curve of the xerogel ab6@® °C was a result of the
decomposition of NiS©to NiO [6].

Figures 21 A and B present the isothermal TG cah220°C of a thin film deposited
on a Pt foil. In Fig. 21A the temperature profite the furnace is presented on the
right- hand axis and on the left-hand axis the Wedj the film on the substrate on a
percentage scale. The first step in the TG cunamed during linear heating and
was due to dehydration. Thermal decomposition afkeli hydroxide to oxide
occurred after the furnace reached its isothermaperature and was fast in the
beginning, but became slow with increasing timaeAL20 min the decomposition of
anhydrous hydroxide to oxide reached 60 %, as mdairkd-ig. 21B, which presents
the temperature dependence of the same data. Mpetature in the furnace was
increased again after 180 min at 220to a final temperature of 406G, where
decomposition to nickel oxide was complete (100 %).

weight (thin film + substrate) / %

100.00 100.0
A 1400 o
S 9996
99.95] g
1300 3
+ 99.92 9%
99.90L 180 min o E ‘
1200 = =
c 60 % dec.
Temperature é 9988 o
99.85f /_lemperare 1100 =
. g 100 %
120 m|n 60 % dec. ‘T 99.841 ‘
s |
99.80 : —L0 } : t }
200 250 0 100 200 300 400
t/ min T/°C

Figure (21) : Isothermal TG curves of a thin filnepdbsited on a platinum foil at
220 °C; time dependence — A and temperature depeadeB.
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2.4.3In-situ spectroelectrochemical measurements :

In-situ  monochromatic optical transmittance changes £ 480 nm) during
chronocoulometric measurements of thin films théiyrtaeated to different degrees
are shown in Figure 22. Fig. 22A represents theparse at the beginning of the
cycling experiment, while 22B shows the stabilig€d™ cycle during charging at a
potential of 0.6 V vs. Ag/AgCl (0 — 30 s) and diaohing at 0.0 V vs. Ag/AgCI (30 —
60 s). At the beginning of cycling, the highest egof coloration was shown by a
thin film where the degree of thermal decompositiomm amorphous anhydrous
nickel hydroxide to oxide was 25 % (120 min at 2C%. After prolonged cycling, the
decrease of transmittance in the bleached stai® &6 indicated that the colouring /
bleaching process was not reversible. The changegamsmittance during the"?2
coloration was only 15 % for a thin film exposed 620 min at 226C (60 %
decomposition), but in the 18kycle it reached a better value (43 %) than tme fi
with 25 % decomposition (27 %). After the f0lleaching process, the decrease in
transmittance showed that reversibility was notaatieved (Fig. 22B). An optimal
optical response in the 19tycle was exhibited by a film with 65 % decompiosit
(120 min at 235C); the calculated coloration efficiency reache87-cnf C*, while
at the beginning of cycling the GEas — 32 c/hC™. For more thermally treated films
the optical modulation was lower with respect te @ptimized film. From Fig. 22B
we can see that it took around 5 s to colour fimith 25 % decomposition and 90 %
decomposition, while films with 60 and 65 % decosipon needed more time
(approx. 15 s). It is interesting that a longerdimas needed for films with better
performances, while less time was needed for thibmgmally treated to an
insufficient degree (too less or too much). Thikdeour was also observed in the
case of sol-gel prepared films.

nd St
0.9 2~ cycle 05 101" cycle
' R
colouring , f = !
0.8+ \ i 0.8+ |\ !
il — '
\\—U bleaching g colouring :
07t : S o7t |
i —— 25% dec. o |
0.64 —— 60 % dec. o6l ' ‘
' 65 % dec. < i ||_bleaching
90 % dec. ~
= — 25%dec

: \ !

054 i 0.5 - —— 60 % dec.
B | 65 % dec.

0.4+ A 0.4l i 90 % dec.

N " — T
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Figure (22) :In situ monochromatic optical transmittance changes=(480 nm)
during chronocoulometric measurements of thin fililmermally treated to different
degrees (¥ cycle — A, 101 cycle — B). The films were coloured at 0.6 V fér 8and
bleached at 0.0 V for 30 s.

The evolution of the cyclovoltammetric curves antke tcorrespondingn-situ
monochromatic transmittance changes of the optunfde (65 % decomposition —
120 min at 235 °C) are shown in Figures 23A andris film exhibited excellent
reversibility in the 10% cycle. At the beginning of cycling the basic fowh the
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cyclovoltammetric curve was not yet developed (R28A). During the cycling
process current densities became larger. The amodicathodic peaks became more
and more pronounced, and the potential differeretevden them larger, indicating
loosening of the structure. The changes in trananté between the bleached and
coloured state increased from 13 % in tfleyicle to 45 % in the1Gcycle.

1.0

1.0
. 0.9 B
1" cycle —
R h
o5l 10" cycle = 0.8t
50" cycle s
e —— 100" cycle 3 0.7
© <
E 0.0 1 0.6+
-~ =< 1* cycle
= = 05¢ ——1d"cycle
50" cycle
051 A 047 —— 100" cycle
. . 0.3 —
) : ' 00 01 02 03 04 05 06 07

00 01 02 03 04 05 06 07

E vs. Aa/AaCl / \ E vs. Ag/AgCI/ V

Figure (23) :Cyclovoltametric curves — A, and monochromatic sraittance changes
— B of the optimized film (65 % decomposition — 1Bth at 235 °C).

2.4.4 Structural and morphological measurements :

Transmittance

10 %
=
i
=
©

4000 3500 3000 2500 2000 1500 1000 500
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Figure (24) :IR transmittance spectra of thin films thermallgated to different
degrees: thermally untreated film (a), 65 % decasitpm (b) and 100 %
decomposition (c).
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IR spectra of thin films deposited on silicon reamd thermally treated to different
extents are shown in Figure 24. The IR spectruth@fthermally untreated thin film
is described in the paragraph where the differemd¢bermal stability between a thin
film and the xerogel is explained. It the film whethermal decomposition of
anhydrous hydroxide reached 65 % (b), the bandatci* arose from the bending
vibration of 3(Ni-OH). After dehydration the shape of the spentmesembled the
spectrum of layered turbostratic Ni(QHR6(b)], on which vibrations of carbonate
ions were superimposed. With a higher degree ofrthedecomposition, the band for
stretching Ni—O vibrations became more and morensg. The intensities of bands
for carbonate ions diminished during heat treatm@dsides the intense Ni—O
stretching vibration, there were two peaks duedsoebed moisture and a peak of the
silicon substrate (1088 ¢t in the spectrum of the film thermally treated tg
400°C.

TEM micrographs of the optimized thin film (thermakatment for 120 min at
235°C; 65 % decomposition of anhydrous hydroxide )@resented in Figures 25A,
B. The microstructure of the optimized film was mstwell developed as in the case
of the films prepared by the sol-gel method [1(df)]consisted of particles (flakes)
with a size from 20 to 50 nm, and there was alsmesanner porosity. The open
porosity of this sample enabled diffusion of LiOHrishg the cycling process through
the whole thickness of the layer. From the FT-IRcdpum it is evident that the film
consisted of two structures: nickel hydroxide withserted and bidentately
coordinated carbonate ions and nickel oxide. Thektiess of the film was around
300 nm (Fig. 25A). The high resolution TEM (HRTEM)age and the Selected Area
Electron Diffraction (SAED) pattern (Fig. 25B withset) of a cross section of the
thin film showed that the film was composed of anogpohous phase and a few
nanometre (2-3 nm) sized crystalline particlestn@ SAED pattern, where the well
defined diffraction spots originate from the silicgubstrate, the faint and diffuse
circle corresponded to the (002) plane of cubic Ki@rked with an arrow). Between
the silicon monocrystalline substrate and the Ni@naparticles there was a
continuous amorphous layer around 2 nm thick, mithg that NiO particles were
formed during heat treatment by homogeneous nuaieat
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Figure (25) : TEM micrographs of the optimised fiprepared by the ADD technique.

2.4.5 Final remarks :

Comparison of dynamic TG measurements made on Af@pgped thin films and the
corresponding xerogels suggested that the two sanghffer in more than sample
size. The observed difference in onset decompaosiémperature of nickel hydroxide
was more than 10T. For sol-gel prepared samples the differenceha dnset
decomposition temperature was around®@(1(b,c)]. Besides, the xerogel sample
exhibited a third step in the dynamic TG curvehia tange from 600 to 8GC, while
the TG curve of the thin film was flat in this rangWith the help of FT-IR
spectroscopy it was found that sulfate ions wepdaceed by carbonate ions in thin
film samples, most probably during the ADD proces®n the sample was repeatedly
pulled out of the solution. In this process, atntws CQ reacted with hydroxide
ions leading to carbonate formation. We conclude &l sulfate ions were exchanged
for carbonate ones since in the FT-IR spectrumethsrno evidence of sulfate
vibrations. Sulfate ions returned to solution bet avd not investigate the mechanism
of this process. For the xerogel sample, which vepgred by mixing equal volumes
of the two solutions, this process could not happen

The film where decomposition of nickel hydroxidesaM@b % possessed an optimised
electochromic response up to ¥@icle. From the FT-IR spectrum it was evident that
it was composed of two structures: layered nickgdirbxide with inserted and
bidentately coordinated carbonate ions, and nicketle. The TEM micrograph
showed a thin film with a thickness of 300 nm whadnsisted of flakes 20 — 50 nm
in size. Inside the flakes NiO nanoparticles (2a8in diameter) were embedded in an
amorphous matrix (Figs. 25A, B). Optical modulatmhless thermally treated films
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was better at the beginning of cycling, but poanethe 10%' cycle with regard to the
optimized film. The bleaching process was not reibée, and the coloration less
intensive than for the optimized film. Optical mdéahion of more thermally treated
films (> 65 %) was lower with regard to the optiedzfilm (Fig. 22B). Results
obtained from sol-gel prepared films showed thatrttal decomposition occurred at
lower temperature in the samples which containethareate ions as compared to
samples which contained sulfate ions. Carbonatebabty hold the amorphous
structure tightly together. Consequently they ararcely exchanged with OHo
obtain an electrochromically active Ni(OH)hase, leading to poorer response at the
beginning of cycling. TEM showed that the performamf films which consisted of
only NiO phase (100 % decomposition) depended ergthin size and crystallinity.
In the case when the size of the nanograins redeimed in diameter, the film became
electrochemically active during cycling [6]. Afted4 hours the change in
transmittance between the coloured and bleachéel igached 30 % [43]. A film of
10 nm NiO grain size remained electrochemicallytinprobably due to its lower
active surface size on one hand, and to the inereasrystallinity on the other.

3. Conclusions :

The degree of the thermal treatment required taiokglectrochromic nickel-oxide
thin films with maximal EC response depended stiypng the precursor used and on
the chosen chemical route for their preparatiorer&hs no explicit rule for the extent
of treatment needed to obtain optimum propertiesun@er-ions (sulfates, acetates
etc.) play an active role in the formation of theusture and in the mechanism of the
coloration.

Once optimal thermal treatment has been establifdred certain system, it can be
routinely used for further purposes. A future pexdps therefore the preparation of
other types of thin films using different nickelltsaor different wet preparation

methods and optimization of their electrochromgprnse.

In searching for the optimal thermal treatment, phgcedure is similar to numerical
calculation of the zero value of a polynomial fuast The approach from one side is
to achieve reversible bleaching for films thermahgated to an insufficient degree
(which means more thermal treatment, i.e. a higleenperature and/or longer
duration) and from the other, a greater changeansmittance for films thermally
treated at too high temperature (less thermalrireat; i.e. lower temperature and/or
shorter duration). For this method of optimizatiwe need two sets of information -
isothemal thermogravimertic (TG) measurements of fims at a certain chosen
temperature, and cyclovoltammogramms (CV) or chpotentiometric
measurements (CPC) for a number of cycles for fitineady thermally treated to a
certain degree at this temperature.

Due to differences in sample size and sometimeslifferent chemical composition
of thin films and the corresponding xerogels, thegravimertic measurements should
be made on thin films deposited on the substratkeruoonditions equal to those for
thermal treatment of large-area samples.
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