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Kamoonum memnaamuum memodom 6yau ompumani
monki niiexu 2idpoxcudy nixeno, axi Haoauai 6unpoooey-
sanucs y piznux pos3uunax. Pozuunu micmunu 0,1 M KOH
ma 0,1 M KOH 3 dodasannsam piznoi xinokocmi KaWO0,:
0,1, 0,3 ma 1 mM. Bunpobyeannsa niieox noxasano, uo
HAsABHICMD 10HI6 BONbPPaAMamy Moxice iCmomHo 6nauea-
mu Ha eeKMPOXIMIMHI MA eeKMPOXPOMHL XapaKxmepu-
cmuxu naieox Ni(OH)jy. Buxionuii 3pa3ok, axuil eunpo-
oyeanu y posuuni 0,1 M KOH, noxasaé eiominnocmi y
NOPIBHAHHI 3 eNeKMPOXIMIMHUMU XAPAKMEPUCMUKAMU
3pasxie, wo eunpobdyeanu y posuunax 3 0,1 M KOH ma
K>;WO0,. Biominnicmo noasizana 6 3HauHii pizHuui nomisxc
BCAUMUHAMU 2YCMUH CMPYMI8 KAmooOH020 Ul AHOOHO020
niKie ma HAABHICMb CMPYMOB8020 NAAMO HA UUKIIUHIU
sonromamnepoezpami. Ilpu ybomy euxionuil 3pasox npo-
demoncmpyeae natieuuy ceped ycix aécomomuy eauéu-
Hy 3amemnennsn 74 %. 3 inwoi cmoponu euxionuii 3pazox
MA8 3pOCMAHNA GeAUMUHU AGCOTIOMHOT 2AUOUHYU 3ameMm-
HeHHs, a nomim nocmynoee ii IMeHueH .

Y ceoto uepey 3pasxu, wo eunpodyeanu y pozuunax
3 6onbPpamamom, Maru Kpawi eleKxmpoximMiuti xapax-
mepucmuxu — wimxki KamooHi ma anooHi niKu, wWo mMaiu
Oinbw GausvKi 3navenns eycmun cmpymie. [Juuamixa
3Minu abcomomnoi enubunu 3amemmenns 0N 6CiX 3pas-
Ki6 y cepii 3 dodasannam eonvppamamis maia nocmii-
ne ii 30invmenns. Ilpu yvomy 3pasox eunpodyeanuii y
po3uuni 3 1 MM sonvppamamy mae naiimenue 3Ha1eHHs
abcomomnoi enubunu samemmenns — 60 %. JIna xonyen-
mpauiii éonvppamamy 0,1 ma 0,3 MM a6comomna 2au-
ouna samemnenna cxnadana é ceoro uepey 72 ma 71 %
015 0CMAHHBL020 YUKTY.

3pasxu, wo eunpo60o6ysarucs Yy posuunax 3 6oabPpa-
Mamom, Maiu 3HAYHO MeHwuil 1ac oceimaenns — 40—
50 ¢, y nopienanni 3 360 c y 3pasxa, axuii eunpodysanu y
yucmomy pozuuni 0,1 M KOH.

Taxosic 6ye 3anpononosanuti MoNCAUGUI MexanizM,
WO NOACHIOE BIOMIHHOCTMI Y NOBEOTHUL PI3HUX 3PA3KIE.

Kantouo6i cnosa: enexmpoxpomiam, enexmpoocaonceH-
Ha, inmepxanauia, Ni(OH),, eidpoxcuo Hixenio, 60Jb-
dpamam, WO? , nonieininoseuii cnupm
0 o
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Use of these devices opens a wide range of possibilities

for rational use of time and energy resources [1, 2]. This

Smart devices are a new class of devices that tend to
be a combination of standard device and computer. Such
combination allows for expansion of device’s functionality.

becomes possible due to flexible operation schedule, includ-
ing switching based sensor readouts or other information
passed to the computer [3].




Smart windows are a type of smart devices that can al-
ter their optical characteristics: color, glossiness, reflection
coefficient, transparency. The application range of such win-
dows is wide. Patient examination rooms, business meeting
rooms, glassing of cars, planes, modern buildings, displays
for currency, prices, temperature — is a far from complete list
of applications for such devices [4, 5].

The core component of a smart window is an electro-
chromic element. Such elements employ different systems,
including systems based on liquid crystals (LC) [6, 7],
suspended particles (SP) [8, 9], and electrochemical electro-
chromic systems [10, 11].

Electrochemical electrochromic systems change their
optical properties as a result of reversible electrochemical
reaction, with at least one compound having intense color-
ation. These systems are significantly cheaper than LC or
SP systems, but also have a set of drawbacks. Relatively slow
color switching and insufficient durability limit the applica-
tion of electrochemical electrochromic systems.

One of the materials for electrochemical electrochromic
films is nickel (IT) hydroxide. Its thin films are transparent
and can undergo electrochemical coloration to dark-brown,
according to the reaction (1):

Ni(OH), ->NiOOH+H" +, 1)

where Ni(OH), — transparent, NiOOH — dark-brown.

The prospect of mass production of smart windows with
this material is rather high, owing to its good specific charac-
teristics. However, instability of operation parameters of this
material [12, 13] and slow color switching limits its application.

Thus, successful application of this material calls for
scientific groups to work on a solution for these problems.

2. Literature review and problem statement

Ni(OH),is a compound that found application in various
devices. It is used as active material in alkaline accumu-
lators [14, 15] and hybrid supercapacitors [16, 17]. Nickel
hydroxide co-precipitated with some metals can be used for
various purposes. Electrodes with such compounds can be
used to create effective water decomposition electrolyzers
[18] and for oxidation of some organic compounds, including
methanol in fuel cells [19]. Ni(OH),, deposited as a thin film
[20, 21] onto a conductive transparent substrate can be used
in electrochromic elements of smart windows as an anodic
electrochrome.

Various approaches to improve the characteristics of this
material have been proposed by researchers. One approach
is the creation of effective composite materials. For instance,
the paper [22] proposes a composite of nickel hydroxide
with reduced graphene oxide, which showed excellent elec-
trochromic properties and can be used in accumulators
and sensors. Other authors [23] propose a nanocomposite
containing nickel oxide with lithium and zirconium, which
posses optimal electrochromic characteristics: 30 cm?/C
(A=670 nm).

Another approach is the formation of nanostructured
(0D, 1D, 2D, 3D) films [24], inducing nickel-based ones.
Such films posses better permeability, resulting in better
performance.

One way to improve the characteristics of nickel hy-
droxide, as an anodic electrochrome, is doping with dif-

ferent metals and formation of nickel-based layered double
hydroxides (LDH). For instance, the papers [26, 27] de-
scribe deposition of Ni-Al with rather high characteristics:
high switching speed (2—4 s), 96 % transparency and low
degradation rate.

A fundamentally different approach is a synthesis of
nickel hydroxide compounds intercalated with large ions.
Thus, researchers [28] describe intercalation of Fe(CN)g]*,
[Ru(CN)g]*, [Mo(CN)g]* and [IrClg]* into the lattice of
Ni-Al LDH, which resulted in higher characteristics. The
same team [29] also describes the improved performance of
Ni-Al LDH in the presence of [Co(bpy)3]** cation, and in the
other paper [30] — in the presence of ion mixtures: [ Ru(bpy)s]**
and [Co(bpy)s]*", [Ru(bpy)s]** and [Fe(CN)g]*"

Additionally, even earlier researches revealed improved
electrochromic performance of Ni(OH), when [Fe(CN)g]*
was introduced to cycling electrolyte [31].

It can be summarized that some large, multivalent
cations and anions, intercalated into the nickel hydroxide
lattice, can improve electrochromic performance of nickel
hydroxide. Considering these facts, it was decided to study
the influence of WO? anion on electrochromic properties of
nickel hydroxide. While the idea itself seemed interesting, no
such data had been found in the reviewed literature [28—31].

3. The aim and objectives of the study

The aim of the work was to study the influence of WO?
ions on electrochemical and electrochromic properties of
Ni(OH)s film.

In the scope of the set aim, the following objectives
were set:

—to prepare electrochromic Ni(OH), films, using the
cathodic template deposition method;

—to conduct a comparative analysis of electrochemical
and electrochromic characteristics of films cycled in the
electrolyte with and without WO?".

4. Materials and methods used in the study

Materials and reagents used in experiments

Analytical grade reagents were used in all experiments.
KyWO, was chosen as a source of tungstate ions so as not to
introduce any other ions to the KOH cyclic electrolyte.

Glass slides coated with fluorine-doped tin oxide (FTO)
(10 Q/o), with the working area of 20x20 mm were used as a
substrate for deposition of nickel hydroxide films.

Electrolyte composition used for film deposition and
deposition conditions are listed in Table 1. Deposition was
carried out with nickel anode [13, 32]. The thickness of the
films deposited under such conditions was about 140 nm [13].

Table 1

Deposition conditions for preparation of electrochromic films
using the cathodic template method

Electrolyte | Cathodic cur-
tempera- | rent density,
ture, °C mA/cm2

Electrolyte
composition

Deposition
time, min

1. Ni(NOs); — 0.1 mole/L
2. Polyvinyl alcohol 30 0.1 10
(PVA) — 50 g/1




The initial cycling solution was 0.1 KOH. For experi-
ments with tungstate-containing electrolyte, three solutions
with different concentrations were tested. The compositions
of tested electrolytes and sample labels are listed in Table 2.
Prior to cycling, each film was equilibrated with the electro-
lyte for 15 minutes.

Table 2
Cycling electrolyte and film labels
No. 1 2 3 4
0.1 M KOH+|0.1 M KOH+|0.1 M KOH+
Electrolyte|0.1 M KOH| +0.1 mM +0.3 mM +1 mM
KyWOy KoyWOy4 KyWO4
Label of
the film cy-
cled in this S W W 1w
electrolyte

Evaluation of electrochemical and electrochromic char-
acteristics of deposited films. Optical and electrochem-
ical characteristics were studied by means of cyclic
voltamperometry (CVA) with simultaneous recording of
the coloration-bleaching process, using a cell depicted in
Fig. 1.

Ag/AgCl (KCI sat.) was used as a reference electrode
and nickel foil was used as a counter-electrode. Optical
characteristics were recorded at a rate of 3 Hz using the ana-
log-to-digital converter E-154 (Russia), and electrochemical
measurements were conducted using the digital potentio-
stat-galvanostat Ellins P-8 (Russia).

1
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Fig. 1. Cell of optical and electrochemical tests with the
electrode: 1 — working electrode with film deposition onto
FTO glass; 2 — cell frame made from transparent plastic;
3 — counter-electrode; | — source of white light (5500 K);
Il — photoresistor. DC — source of stabilized DC voltage;
ADC — analog-to-digital converter

Testing regime: potential window +200 to +725
(+900) mV, scan rate 1 mV/s, number of cycles — 5. Such
number of cycles was chosen based on the literature
[11-13, 20, 31, 32], and also because such number of cy-
cles was sufficient to evaluate the influence of electrolyte
additive. Positions of the peaks and their values on CVA
curves were analyzed, along with any differences between
cycles.

Based on the analysis of coloration-bleaching curves,
the absolute coloration depth was derived, as a difference of
transparency in the bleached and colored state. The shape of
the curve and coloration time were also analyzed.

5. Analysis and comparison of electrochemical and optical
properties of samples cycled in solutions of KOH and
KOH with KaWO,

Fig. 2—5 show cyclic voltamperometry curves for all
samples. Analysis of these curves allows to conclude that
electrochemical characteristics of all samples differ signifi-
cantly.
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Fig. 2. Cyclic voltamperometry curve of sample S (5 cycles)

Sample S, which was cycled in pure KOH, showed a rel-
atively low cathodic peak value (=0.3 mA/cm?, 3—-5 cycle),
and a plateau from 350 to 625 mV. While the anodic peak
value is significantly higher (=0.7 mA/cm?, 3—5 cycle) at a
potential of 665 mV.

At the same time, the cyclic voltamperometry curve
of sample 1W, which was cycled in the electrolyte with
minimum studied concentration of tungstate showed a sig-
nificantly different behavior. The cathodic peak is sharp,
without any plateaus, with a peak value of 0.5 mAcm?. The
anodic peak is higher and situated at more positive values:
~0.8 mAcm?, 675 mV.
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Fig. 3. Cyclic voltamperometry curve of sample 1W (5 cycles)
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Fig. 4. Cyclic voltamperometry curve of sample 3W (5 cycles)



CVA of samples 3W and 10W (Fig. 4, 5) also signifi-
cantly differ from the initial sample S. Cathodic peak cur-
rent densities are about 0.5 mA/cm?, which is significantly
higher than that of the initial sample. Anodic peak current
densities are about equal and are =0.8 mA /cm?.

Additionally, higher tungstate concentrations in the
cycling electrolyte also affected the position of the oxidation
peak, shifting it toward more positing potentials. Thus, with
increasing tungstate concentration for samples 1W, 3W and
10W, the anodic peak shifted from 675 mV to 683 mV, and
further to 691 mV. With the anodic peak potential for sample
S being 665 mV.
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Fig. 5. Cyclic voltamperometry curve of sample 10W
(5 cycles)

A similar potential shift with increasing WO? concen-
tration was also observed for the cathodic peak: 535 mV,
550 mV and 560 mV. Thus, it can be seen that even small
concentrations of tungstate have a significant influence on
electrochemical processes within the Ni(OH), film, which is
also reflected in the optical behavior.

Optical characteristics obtained for all samples are
shown in Fig. 6—10.
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Fig. 6. Results for sample S: a — coloration-bleaching curve;
b — photograph of the film in the colored state after cycling

Value “T” (Fig. 6, a) is transparency, relative to the
non-transparent electrode, expressed as a percentage, t
is time. For illustration, there is also a photograph of the
colored electrode after cycling, with uniform backlighting.
Because the overall shape of coloration-bleaching curves for
all samples was the same, with notable differences observable
under magnification, the curves of other samples have been
omitted.

In order to analyze changes in the absolute coloration
degree during cycling, the values (D, %) were plotted against
the cycle number for each sample — Fig. 7. For a more de-
tailed analysis of coloration-bleaching curves, a zoomed

combined graph, showing the last cycle for all samples, was
plotted — Fig. 8.
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Fig. 7. Coloration degree values plotted against the cycle
number for all samples
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Fig. 8. Last coloration-bleaching cycle for all samples

Analysis of these dependencies revealed that the initial
sample S has the highest absolute coloration degree of 74 %
for all cycles. Nevertheless, sample 1W and 3W are almost
equal with sample S, in terms of absolute coloration degree
at later cycles — 72 and 71 % respectively. Only sample 10W
showed a significant decrease of this characteristic — 60 %.
An interesting occurrence is that curves of all samples cycled
in the tungstate-containing electrolyte (samples 1W, 3W,
10W) had similar behavior. At first, there was a significant
increase in the absolute coloration degree (cycles 1-2), with
a lower increase for subsequent cycles. Sample S, cycled
without tungstate, shows a different behavior — some initial
increase, with gradual degradation of the absolute coloration
value afterwards.

Analysis of bleaching-coloration curves revealed that all
curves have a similar shape, with the exception of sample S,
which bleaches notably slower (curve region from 5110 to
5450 s). This means that bleaching time is longer, in compar-
ison to samples cycled in tungstate-containing electrolytes.
The time for complete bleaching in the pure electrolyte is
estimated to be about 360 s, while for tungstate-containing
electrolytes it is about 40—50 seconds.

6. Discussion of experimental data for electrochromic
films cycled in electrolytes with and
without tungstate ions

As a result of conducted experiments, it was discovered
that small concentrations of tungstate ions have an effect on



electrochemical and electrochromic characteristics of films.
This results in better reversibility of electrodes — specific peak
currents of oxidation and reduction become closer in their val-
ues. Presence of WO,2 results in a sharper cathodic peak and
disappearance of the current plateau. Nevertheless, increase
of tungstate concentration in cycling electrolyte results in a
shift of cathodic and anodic peak potentials to more positive
values. This is related to changes in the equilibrium potential,
which in turn, supposedly, changed because of structural
changes of electrochromic material. Our assumption is that
the exchange of ions that reside between the layers of the
(001) plane occurs, similar to what’s been described in the
literature [28—31, 33]. It should be noted that for Ni(OH),
[34] and nickel-based LDH [26,27, 35—38], the ions of source
salts can reside between the layers in the direction of the (001)
plane. It is known that for nickel hydroxide, electrochemically
prepared from nickel nitrate, these are nitrate ions [34]. NO3
can be exchanged for other ions. We assume that exchange
of nitrate for tungstate occurs, similar to intercalation that
occurs with the cathode in lithium batteries [39, 40]. Due to
the larger size of WO? , a greater deformation occurs in the
crystal lattice, resulting in the potential shift. The proposed
mechanism is illustrated in Fig. 9. The structural changes also
result affect the properties of the electrochromic film.

It is also assumed that intercalation occurs during con-
tact with the electrolyte and as a part of the cycling process.
This is implied by two facts. Firstly, the bleaching rate of
samples 1W, 3W and 10W exceed that of sample S by the
second cycle. This indicates partial intercalation and activa-
tion of electrochromic films during contact with the tung-
state-containing electrolyte. Secondly, different behavior
of optical curves for the samples cycled in electrolytes with
and without electrolytes, which was discussed in paragraph 5.
The later indicates further intercalation of tungstate ions
during film cycling. It is worth to note that the intercalation
process can occur rather quickly, which was described in
the literature [41, 42]. It is described that the intercalation
process into the crystal lattice of nickel hydroxide can occur
for 60 and 30 min respectively. This supports the possibility
of partial intercalation of WO? into films during its equil-
ibration with electrolyte, which was 15 min. It should also
be noted that introduction of anions can improve specific

characteristics of nickel hydroxide. For instance, it is shown
[43, 44] that intercalation of polyoxyvanadate and carbon-
ate ions can significantly improve the characteristics of
nickel hydroxide.

WO,>

Fig. 9. Schematic illustration of WO?  intercalation and of
the crystal lattice of Ni(OH),. Oxygen and hydrogen atoms
are omitted for simplification

The most pronounced effect from tungstate ion was a de-
crease of bleaching time, which resulted in lower bleaching
time from 360 to 40—50s.

Thus, introduction of small amounts of WOi' can im-
prove bleaching rate and can possibly improve electrochro-
mic characteristics. The latter assumption, along with the
assumed mechanism, requires additional studies, which will
be conducted in future works.

7. Conclusions

1. As a result of the work, it was discovered that the
introduction of small concentrations (0.1-1 mM) of WO?
ions into cycling electrolyte can lead to significant chang-
es in electrochemical and electrochromic characteristics
of nickel hydroxide films. This also resulted in a higher
bleaching rate.

2. The optimal concentration of WO? was found to be
0.1 mM, which resulted in a decrease of bleaching time to
50 s, with the absolute coloration degree of 72 %. At the same
time, the film cycled in pure alkaline electrolyte showed
bleaching time of 360 s with the absolute coloration degree
of 74 %.
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