Enexmpoxpomuni npucmpoi sax eaemenm
<PO3YMHUX > BIKOH MOJNCYMb Ni00AGAMUCSA BNIAU-
8Y excmpemanibHux memnepamyp wepes ix pozma-
wyeanns i npusnavenns. Bucoxa memnepamypa
Mosice npu36o0umu 00 3MIHU eKCNAYAMAUTUHUX
gacmusocmei eaeKmpoxXpoMHUX Npucmpoie i
euxody ix 3 nady. /lane OocnioxcennHs NOKJIU-
Kamne 3ano6HUMU NPo2aauUHU, N0B’A3aAHI 3 cma-
OinbHICMIO eNeKMPOXIMIUHUX | eeKMPOXPOMHUX
napamempie 00H020 3 6i0oMUX Mamepianie —
eiopoxcudy nixkemo (I).

IIpeocmaenene oOocnidxcenns euceimuioe
3MiHU Odeakux (i3uKo-XiMiuHuxX Xxapaxmepuc-
mux, wo 6i00Y8aAEMbC NPU MPUBANOMY 6NIUGL
sucoxoi memnepamypu 6 piznux cepedosuwax. B
excnepumenmax xomnozumny nuiexy Ni(OH),-
NONIGIHINOGUIL CRUPM, OMPUMAHUL KAMOOHUM
MEMNAAMHUM MEMOOOM, BUMPUMYBANU NPU
memnepamypi 80 °C 6 nogimpanii ammocgepi i 6
po3uuni pobouozo enexmponimy — 0,1 M KOH no
8 200un. Temnepamypa 6yaa obpana uxoosuu 3
MOJNCUBUX MAKCUMATIGHUX 3HAYMEHL PEECMPOBA-
HUX HA 3eMT, MOJHCTUB020 HAZPIBAHHS NAIBKU MA
wWeuU0K0T MONCAUBOT Deepadayii e1eKmpoxpoOMHUX
noxpummiae.

B pesyavmami oyno noxasamo, wo odezpa-
dauis 6i06ysacmvcs 6 po3uuni ayey, 6 moii jice
uac na nosimpi 6i00yeanocs Oesxe nojinuieH-
Hs xXapakxmepucmux. 3anponoHo6ano Mexamiam,
AKUU NOACHIOE pe3ynbmamu 00CaAi0NHCeHb i noJs-
2a€ 6 mpoueci <cmapinns> aAKMUGHOI pPeuoeu-
Hu Ni(OH);. Ocmanniii mae micue 6 axmue-
HUX MACax JAYHCHUX axymyramopie. Y cmammi
Maxoic 3anponoHo8ano MONCAUGE cnOcodu nodo-
aanna dezpadauii, aKi moxcymv OGymu peanizo-
8ani wepe3 GUKOPUCMAHHA 3AZYUEHUX eTLeKMPO-
aimie abo cneuianvHux nii6oK, w0 HAHOCAMbCA
36epxy Ha elleKMPOXPOMHE NOKPpUMMS

Kntouosi cnosa: enexmpoxpomuuil npucmpii,
ejlekmpoximiune ocaoxcenns, 2i0poxcud Hixkemo,
memnaam, noaieininosull cnupm, Oezpadauis,
pexpucmanizauis, AYHCHUU PO3UUH, 3aMmeMHeH-
S, 0C6IMIEHHSA
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1. Introduction

Climate change across the world affects lifestyle and econ-
omy [1,2]. In these circumstances, leading research clusters
are in search of approaches and solutions, evaluate the effect
of climate and make estimations [3, 4]. One of the solutions
that can be effectively used is the widespread usage of so-
called “smart devices” that would also be the basis for creating
“smart cities”. Usage of “smart” devices allows for saving pow-
er and resources. One of the important functional tasks can be
power saving for air conditioning, which can reach 50 % [5].
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“Smart” windows are a subcategory of smart devices.
Their key component are electrochromic elements [6, 7].
These elements can be based on different systems, such as:
electrochromic systems [8, 9], liquid crystals [10, 11], sus-
pended particles [12, 13]. Electrochemical electrochromes
have become the most prevalent. Their key advantages —
wide spectrum of available color, absence of constant
power consumption (the power is consumed during color
change). In turn, inorganic electrochromes do not under-
go destruction under UV light, thus maintaining their
optical properties. On the other hand, parameters of elec-



trochemical electrochromic materials are unstable and
degrade over time.

Ni(OH);, is one of the well-known electrochemical elec-
trochromic materials [14, 15]. It is an anodic electrochrome,
as it undergoes a color change from transparent to dark-
brown when polarized anodically. The color change reaction
can be expressed by equation (1) and (2):

Ni(OH),->NiOOH+H" +e', )
Ni(OH),+OH" > NiOOH+H,O+e". (2)
dark-brown

transparent

Reaction (1) is a solid-state reaction and occurs within
the solid particle. Reaction (2) is a total reaction that in-
cludes alkaline media required for the material to operate.

There are many ways to deposit nickel hydroxide onto
conductive transparent surfaces of substrates. Electrochem-
ical deposition of nickel (IT) hydroxide is cheaper than the
traditional vacuum sputtering method. Such method is
also easy to automate. Parameters of the resulting film can
be easily adjusted by adjusting deposition current density,
time, introduction of additives. Thus, research in the field of
electrochemical deposition methods and characterization of
resulting films are important in terms of applied science and
production of metal oxide films.

2. Literature review and problem statement

In [16, 17], the authors propose designs of electrochromic
devices that can significantly lower the cost of manufactur-
ing and final product. To achieve cost reduction, the authors
employed the following approaches — lower number of layers
to be vacuum sputtered, changing the second electrode with
the active material to a mesh, using aqueous electrolyte in-
stead of propylene carbonate. The electrochromic electrode
used in these designs was deposited electrochemically and is
a Ni(OH),-polyvinyl alcohol composite [15, 18].

Analysis of works related to new electrochromic materials
based on Ni(OH), [19, 20] revealed that the majority of labo-
ratory studies are limited to room temperature or close to it.
The temperature can have a significant effect on the electro-
chemical process and can also affect the compound itself.

It’s worth noting that temperature in the hottest places
of the planet can reach 50 °C and above. For instance, the
highest registered temperature of 56.7 °C was measured in
the USA (Death Valley, California) [21]. And because elec-
trochromic devices lower their transparency on coloration,
part of incoming light is absorbed and transformed into
heat. This can heat up the devices significantly, with the
temperature increase of a few dozen degrees. Such operating
conditions assume that in addition to the development of
new electrochromic materials, significant attention should
also be paid to the influence of temperature on their physi-
co-chemical properties.

In modern scientific literature, not enough attention is
paid to the effect of high and low temperatures, temperature
spikes on the characteristics of electrochromic materials.
Nevertheless, this information can be key in evaluating the
possibility of realizing the technology. Literature search on
this topic resulted only in a few sources related to the effect
of temperature on the physico-chemical characteristics of
electrochromic materials (devices).

The paper [22] describes the degradation of the NiO/WOs3
electrochromic device at temperatures above 60 °C. The device
used a Li* conducting electrolyte — LiClO4 in a mixture of
polypropylene carbonate and polymethyl methacrylate. It is
interesting that the degradation was also found at low tempera-
tures in 0 to —40 °C range. It is noted that after degradation
at low temperatures, the film characteristics were completely
restored upon return to room temperature.

The authors of [23] describe that low-temperature syn-
thesis of NiO films yields films with high specific charac-
teristics, which is due to the resulting structure allowing for
better migration of Li™.

Other authors [24, 25] have subjected films of nanopar-
ticles WO, and nanowires WgOyg to low-temperature cal-
cination (250-350 °C). The authors note that this operation
improved the electrochromic characteristics and durability
of films. It is noted that low-temperature calcination can
significantly improve intercalation-deintercalation of Li*
ions for both films and nanowires.

A series of papers [26,27] and also the paper [28] de-
scribe the study on degradation of mirror electrochromic
devices based on Mg;Ni at 30—50 °C and relative humidity
of 80 and 60 %. Based on a wide range of experimental
methods, the authors conclude that the degradation of elec-
trochromic films is related to oxidation of film elements, in-
creasing surface roughness. The authors note that humidity
plays a key role.

The same authors [29] also studied the effect of sub-zero
temperatures on the same system. It is noted that at -5 °C,
the change in characteristics is insignificant and degrada-
tion is almost absent. The papers [27, 30] proposed variants
of a protective layer that would limit the degradation of the
Mg, Ni-based electrochromic device at elevated temperatures.

The analysis of the listed papers allows to conclude that
there is little research regarding the effect of elevated tem-
peratures on the characteristics of electrochromic devices.
In addition, the existing studies do not consider degradation
in aqueous electrolytes, including composite films.

3. The aim and objectives of the study

The aim of the study is to evaluate the effect of prolonged
exposure to elevated temperatures on electrochemical and
electrochromic properties of Ni(OH),-polyvinyl alcohol
composite films. The found characteristics would be valuable
information for understating the limit operating conditions
of electrochemical devices built with this composite.

To achieve the aim, the following objectives were set:

— deposit Ni(OH ),-polyvinyl alcohol composite films;

— conduct prolonged ageing of prepared Ni(OH), films at
elevated temperatures in the working electrolyte and on air;

— test treated films and conduct a comparative analysis
of experimental data.

4. Materials and methods used to determine the effect of
high temperature on the properties of Ni(OH),-PVA films

To achieve a more pronounced degradation of film char-
acteristics, the ageing temperature was set to 80 °C. To com-
pare the effect of the ageing medium on the electrochemical
and electrochromic characteristics, the film was aged under
air and in the working electrolyte, which was an aqueous



solution of 0.1 M KOH. Ageing time was set to 8hours,
which corresponds to working hours.

Before the film deposition, the glass coated with SnOy:F
(FTO) (R<10 Q/sq., Zhuhai Kaivo Optoelectronic Technol-
ogy Co. Ltd., China) was degreased using aqueous Na,COj3
paste. The substrate was then washed with distilled water
and ultrasonically treated in 96 % ethanol (10 min, 60 W,
41.5 kHz) and dried. Directly before use, the substrates were
additionally wiped with a microfiber cloth soaked in ethanol.
FTO substrates were 3x2cm pieces with 2x2 cm working
electrode area. Ni(OH),—polyvinyl alcohol composite films
were deposited using the cathodic template method [31].
Deposition conditions: cathodic current density 0.1 mA /cm?,
deposition time 600 s, solution 0.01 M Ni(NO3), and 50 g/L
PVA [32]. The resulting films were dried at room temperature
for 1 h. One of the films was subjected to cyclic voltammetry
studies and its optical behavior was recorded. The other two
were aged in air and working electrolyte for 8 h respectively.
After ageing, the films were subjected to cyclic voltammetry
analysis as the first film. For simplicity, all prepared films are
labeled as follows: no treatment — Fresh, treatment on air —
Air, treatment in the working electrolyte 0.1 M KOH — KOH.

Electrochemical measurements.

Electrochemical characteristics were evaluated using cy-
clic voltammetry (CV) analysis. Measurements were con-
ducted using a 3-electrode setup [33] at 1 mV/s with the
potential window of [+201; +701 mV] vs NHE. Ag/AgCl
(KCl sat.) was used as a reference electrode and nickel foil — as
a counter-electrode. 0.1 M KOH solution was used as a work-
ing electrolyte. Cell material — transparent acrylic. During
cycling, optical characteristics were recorded. Experimental
measurements were conducted using the setup shown in
Fig. 1.

Fig. 1. Simplified schematic of the setup for characterizing
electrochromic films: 1 — light source (5500 K); 2 — cell with
free electrolyte and studied electrochromic electrode;

3 — photoresistor; 4 — digital potentiostat (Elins P-8); 5 — ADC
(E-154) and power supply for the light source; 6 — computer;
— glass; — conductive later; |- Ni(OH),-PVA

composite film

The setup includes analog-to-digital converter E-154
(Russia) and digital potentiostat Ellins P-8 (Russia) with
software supplied by manufacturers.

At the end of each potentiodynamic cycling, the films
were photographed for visual evaluation of film quality.

5. Comparison of data obtained for film electrodes

5. 1. Electrochemical and optical characteristics of
the untreated electrode

To evaluate the effect of treatment regimes, one of the
obtained films was not subjected to any kind of treatment.
The freshly prepared film was subjected to cyclic voltamme-
try studies — Fig. 2, a, during which the optical behavior of

the film also was recorded — Fig. 2, b. Transparency (7, %) is
plotted against the duration of the experiment.

The analysis of the obtained dependency in Fig. 2, a
revealed that the film is electrochemically active. The curve
shows peaks corresponding to oxidation and reduction of
Ni(OH),. Anodic current density is about 0.71 mA /cm?.
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Fig. 2. Results for the film prepared without treatment (Fresh
sample): @ — CV; b — coloration-bleaching curve; ¢ — photographs
of the electrodes in the colored state after cycling

The height of the cathodic peak varies and on average is
0.27 mA/em?, while its width increases with each cycle. The
potentials of the anodic and cathodic peaks are about 680
and 560 mV respectively. It is interesting that despite chang-
es on the CV curves, the coloration-bleaching curve shows
relative stability — coloration degree (difference of T, %
between the colored and bleached states) is about 80-82 %,
and the shape is almost constant. The change in the curve
shape is only observed in parts at which the film transits into
the bleached state — the transition becomes less sharp. The
photograph of the film reveals a uniform and saturated color
without significant irregularities.



5. 2. Electrochemical and optical characteristics of
the electrode aged for 8 hours at 80 °C under air atmo-
sphere

The film treated at an elevated temperature in the air at-
mosphere showed significantly different behavior. The cyclic
voltammogram of this film differed — Fig. 3, a. The peaks
on the CV curves are higher and sharper when compared
to those of the reference Fresh sample. Both the height and
position of both peaks have changed: anodic 710 mV and
0.66 mV/cm?, cathodic 580 mV and 0.36 mA/cm?. Addi-
tionally, the cathodic peaks were sharp without broadening
at the base. The coloration-bleaching curve revealed stable
optical characteristics of the sample — Fig. 3, a.
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Fig. 3. Results for the film, aged for 8 hours at 80 °C under
air atmosphere (Air sample): @ — CV; b — coloration-
bleaching curve; ¢ — photographs of the electrode in the
colored state after cycling

This is related to the fact that the shape and path of the
curve were almost constant. The stability of optical charac-
teristics was even higher than that of the Fresh sample. In

addition, the coloration degree was also higher than that of
the Fresh sample, reaching 86 %. The photograph of the film
in the colored state shows the presence of a rather uniform
film with almost uniform coloration.

5. 3. Electrochemical and optical characteristics of
the electrode aged for 8 hours at 80 °C in the working
electrolyte

In the case of the film treated in hot alkali, the electro-
chromic and electrochemical properties have decreased sig-
nificantly. There are no discernible peaks, with current den-
sities being close to zero — Fig. 4, a. The coloration-bleaching
curve also shows a significant decrease of electrochromic
characteristics — Fig. 4, b. The curve shows that some color-
ation and bleaching take place, but they do not exceed 5 %.
The film electrode gradually loses transparency and after 5
cycles transparency drops by about 15 %.
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Fig. 4. Results for the film, aged for 8 hours at 80 °C in 0.1
M KOH (KOH sample): a — CV; b — coloration-bleaching
curve; ¢ — photographs of the electrode in the colored

state after cycling

The photographs further testify to significant degrada-

tion of the electrode treated in hot alkali. The film is barely



visible and its coloration is poor. It is obvious that ageing in
alkali at elevated temperatures causes severe degradation of
the electrochromic film.

6. Discussion of the characteristics of film electrodes
treated at elevated temperature and without treatment

To understand the quantitative effect of different
treatment regimes at elevated temperatures, it was de-
cided to calculate the capacity of the cathodic process
for all three films. The specific capacities involved in the
reduction of NiOOH—Ni(OH), are an integral value that
can be compared with each other. The cathodic process
was chosen specifically, because oxygen evolution can
take place during the anodic process as a side reaction (3):

40H —-H,0+0y+4e". 3)

In order to exclude the capacity used in that reaction,
only capacities for cathodic processes were considered.
The specific capacities were calculated from the fifth CV
cycle and are shown in Fig. 5.
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Fig. 5. Specific cathodic capacities of three samples:
Fresh, Air, KOH

As shown in the previous paragraph, the worst perfor-
mance was demonstrated by the sample aged at 80 °C in
the KOH solution. Nevertheless, as can be seen from the
comparison, Fresh and Air samples demonstrate electro-
chemical activity. It is also clear that the sample treated
under the air atmosphere at 80 °C has a higher capacity
than the freshly prepared sample. The shape and position
of the peaks on the CV curves changed. These facts can
be explained as follows. It is known that electrochemical
deposition from the nitrate solution results in the for-
mation of a and a-like forms of Ni(OH), [34, 36]. These
forms are unstable and contain structural water, which
can be lost upon heating above 60 °C. Thus, such ageing
is quite likely to cause the transformation from o into
B- Ni(OH),. Even though the o-form is more active, and
some decrease in characteristics had to occur, the opposite
is observed — increase of peaks, capacity and coloration
degree. This contradiction would require additional stud-
ies to solve, however, an assumption can be made. It is
possible that upon treated under hot air, polyvinyl alcohol
within the film [18] became softer and formed a stronger
bond with the substrate. This assumption is based on the

fact that the glass transition temperature of PVA is about
80 °C. A stronger bond of the film with the substrate leads
to better characteristics and outweighs the impact from
the transition from a to - Ni(OH),,

In our opinion, the most interesting outcome is severe
degradation upon ageing in alkali. This process would also
occur in the assembled device. It is evident that the medi-
um in which degradation occurs plays a key role, as even
at other parameters being the same (time and tempera-
ture), ageing in the electrolyte solution causes the fastest
degradation. Most likely, it is related to known “ageing”
of active material, which lies in the re-crystallization of
Ni(OH), in aqueous and alkaline media. This process
causes loss of activity and capacity of Ni(OH), powders
used in alkaline batteries and some types of asymmetric
supercapacitors. The process is constituted by the loss of
water, layer ordering, decrease of structural defect and
partial loss of admixtures that could’ve been incorporated
into the crystal structure during synthesis. This process
takes place in basic solutions and is evidently accelerated
by temperature [35].

It is obvious that this negative occurrence must be
prevented. Because high temperature accelerates this
process, the electrochromic films based on Ni(OH); along
with devices utilizing this material should not be subject-
ed to high temperatures. Another possible approach is to
employ thickened electrolytes and protective film layers
with ionic conductivity. These two variants could contrib-
ute to a decrease in the rate of dissolution-precipitation
reactions during recrystallization, since the aging process
occurs by the liquid mechanism.

7. Conclusions

1. The characteristics of composite Ni(OH),-PVA
films that have been subject to ageing at high temperature
in different media: in air and in 0.1 M KOH electrolyte at
80 °C for 8 hours were studied. As a result, it was found
that despite the same synthesis method, the resulting
characteristics of the films after treatment differed sig-
nificantly. High specific characteristics of the untreated
film can also be noted: coloration degree of 82 % and ca-
pacity of the reduction process of NIOOH into Ni(OH),
0.0115 mA-h/cm?,

2.1t was found that after treatment in air media,
electrochemical and electrochromic characteristics of the
film somewhat improved: coloration degree =86 %. The
coloration degree of the untreated film =82 %. At the same
time, the film treated in alkali solution has lost almost all
of its electrochemical activity and electrochromic proper-
ties — coloration degree does not exceed 5 %.

3. The reasons for film behavior have been analyzed.
It is assumed that high film degradation is related to the
re-crystallization process, which occurs in active elec-
trode materials of chemical power sources. Obviously, the
re-crystallization of the Ni(OH), film occurs according
to the liquid-phase mechanism. Possible solutions were
proposed for decreasing the degradation of the electro-
chromic film in the KOH solution. It is assumed that
degradation can be retarded with the use of a thickened
electrolyte and barrier films that would limit the rate of
liquid re-crystallization processes.
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