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IIpedcmasnene docnidxicenns npu-
ceéauene cnpodi NONINWEHH NUMOMUX
NOKA3HUKIE eNLeKMPOXPOMHUX NAIGOK
Ha 0cHO6i 2i0poxcudy Hikemo. Y po6o-
mi nposedeno 00CHI0NHCEHHA ONMUUHUX
ma eeKmpoxXiMiMHUX XAPAKMEPUCTUK
NAIBOK, OMPUMAHUX uepe3 CniBocaod-
JHcenns Hixenro 3 amominiem i dodam-
K08y Mmoouikayilo npu uuKIYeam-
Hi ompumanux 3pasxie. Mooudixauis
Oyaa peanizoeana uepes UUKIYEAHHA
nAi6oK 6 Po3HUHAX 2i0pOKCUY KANI0,
wo Mmicmamv eonvPpamam Kaniio 6
MAnuUx KilbKOCmsx.

Y pesyavmami nposedenns docnio-
HUubKoi pobomu Gyna ompumana cepis
naieox, axi demoncmpyeanu abcoaom-
HO Pi3HY eneKmpoximiuny noeedinKy
i GIOPIZHANUCA 34 CEOIMU ONMUMHUMU
xapaxmepucmuxamu. Taxum uunom
6ys10 37C08aH0, WO CNOCIO ompuman-
HSL 1 PeXcUM UUKIYSAHHA 3HAMHO GNIU-
6al0Mb HA NUMOMI XAPAKMEPUCTUKU
ENIeKMPOXPOMHUX NIIGOK.

Hoxaszano, wo y nomenyiodina-
MiMHOMY pedicumi naieka, ompuma-
Ha 6Ge3 006asox i mooudixauiil, noxa-
3ana naukpawi xapaxmepucmuxu. 3
inwozo 6oky, éci moouixosani nuiexu,
cnisocaodcenni 3 anominiem, nokasa-
JU GUCOKI XAPAKMEPUCMUKU 6 2aTlb-
8AHOCMAMUMHUX PEIHCUMAX, NOPIGHS-
HO 3 emajloHHO10 eNeKMPOXPOMHOI0
naiexoto. Cxkopiw 3a ece, ue noe'asa-
HO 3 ocobOnusoCmAMU Pi3uKo-Ximinnux
sjacmugocmeii NiiBOK, 00ePHCAHUX 6
npucymunocmi 006asox.

Y ceoto uepey, euxopucmanns
WEUOKICHO20 pelcuMy 3amemMHeHHs
npu3600uno0 00 Nozipuenns eaexmpo-
XPOMHUX Xapaxmepucmukx, 30Kpema
00 He3sopomHOCMI Npu 0CEIMIEHHI.
IIpu yvomy, neszsaxcarouu na 6iOMin-
HiCMb CMPYMI6 Y PI3HUX 2aNbeaHOCma-
muunux pexcumax 6 4 pasu, eaubu-
Ha 3ameMHeHHs NJIIBOK 6i0PI3HANAC
He3Hauno.

Byao maxosc noxasano, wo xom-
uenmpayia 0,3 MM eonvppamamy
Kanito y eaexmposimi yUKaAYeanHs npu-
3600Uumv 00 3HAMH020 NOZIPUWEHN eTleK -
MPOXPOMHUX 8]1ACMUBOCMEl 3PA3KIG
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Ppamam, nonisininosuii cnupm, enex-
mpoocaoycenns, YUKIYanus
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1. Introduction

Technological progress leads to the complication and
higher number of developed and used systems and devices. In
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turn, this leads to increased consumption of energy and raw
materials, which affects ecological conditions. One of a few
ways for solving the shortage of resources is a shift towards
the rational and frugal usage of resources. This can be helped



with the use of “smart” devices, in which combined use of
new engineering solutions, small scale computers, sensors and
software allows for a significant reduction in power, time and
resources needed for operations [1, 2]. An important aspect of
“smart” devices is improved comfort and freedom of the user.

“Smart” windows are a type of “smart” devices, which
can be used to solve a range of consumer problems. Im-
provement of visual comfort, creation of private atmosphere,
digital billboards and dynamic design of interiors is far from
a complete list of possible use cases. “Smart” windows are
devices, which can alter their optical characteristics based
on external conditions, user settings. Optical characteristics
being color, reflectivity, transparency, glossiness.

The active element of “smart” windows can be based on
different systems: liquid crystals [3, 4], electrochemically
active materials [5, 6], suspended particles [7, 8]. Commer-
cially produced “smart” windows are most commonly based
on solid-state materials in which electrochemical reactions
occur [9, 10].

2. Literature review and problem statement

Amongelectrochromic materials, thereareorganic[11,12]
and inorganic materials [13, 14]. Organic materials include
some polymers: polyaniline, polypyrrole, polythiophenes
and metal polymers. Organic electrochromes also include
viologens and metal phthalocyanines. The most commonly
used inorganic electrochromes are oxides and hydroxides of
the following metals: Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo, Rh,
Ta, W, Ir. Prussian blue is also commonly associated with
inorganic electrochromes.

Thin films of Ni(OH ), are a promising inorganic material
due to high specific electrochromic characteristics [15, 16].
Nevertheless, these characteristics can be improved with the
formation of layered double hydroxides, composite materials.
The improvement stems from the change in the material’s
structure and properties on the microlevel.

Methods for improving the characteristics of different
electrochromic films are similar and described by several
works discussed below.

For instance, the authors of [17] describe the synthesis of a
composite CutWO,/WO3 film with improved electrochromic
characteristics. The film was prepared using the sparking
method. The prepared films had significant porosity, which
is characteristic of this synthesis method. The work describes
that the prepared film had a significantly higher coloration
efficiency of 74.4 cm?/C. The obtained value proved to
be significantly higher than that of pristine film, which is
49.6 cm?/c. Coloration time also decreased from 1.9 sto 1.6s.

Another work [18] proposes layer-by-layer assembly of
tungsten oxide films, containing indium-tin oxide nanopar-
ticles. Such films demonstrated a high switching rate be-
tween the colored and bleached states.

Spray pyrolysis method was used to prepare MoQj films
doped with tungsten [19]. Tungsten-doped films demon-
strated better coloration efficiency at W content of 3 %, and
at 1 % optimal reversibility was achieved.

A typical method for activating nickel hydroxide films is
the deposition of Ni-Me double hydroxide, where Me — Zn,
Ti, Fe, Co, Mn, and most commonly Al. Double hydroxides
possess improved specific characteristics. A few of the fol-
lowing works describe the synthesis and effect of such mod-
ification on electrochromic properties.

The pyrolytic method was used to synthesize alumi-
num-doped NiO [20]. The authors describe that different
aluminum contents lead to different electrochemical charac-
teristics. They found that at the ratio of Ni:Al=19:1, layered
double hydroxide (LDH) demonstrated the best character-
istics: high transparency (96 %) and wide modulation range
(58.4 %). At such ratio of elements in the crystal lattice, high
coloration and bleaching rates (1.8 and 4.2 s, respectively)
and cycling durability (up to 3000 coloration-bleaching cy-
cles) were achieved.

The papers [21, 22] described that electrochemical and
electrochromic properties of Ni-Al LDH can be significantly
improved by introducing additives to the cycling electrolyte.
For instance, the addition of [Co (bpy)s]**, [Fe(CN)g]*,
[Ru(CN)g]*, [Mo(CN)g]*, [IrClg]*> to the cycling solu-
tion or preliminary sorption onto LDH leads to significant
improvement in film characteristics. In the paper [23], the
same authors report that the introduction of ion mixtures
[Ru(bpy)s]**and[Co(bpy)s]**, [Fe(CN)s]*and[Ru(bpy)s]**,
or [Fe(CN)g]* and [Ru(CN)g]* to the cycling electrolyte
also results in a moderate/significant improvement of the
characteristics of Ni-Al hydroxide films.

It is also described that the improvement in coloration
depth is achieved for the film deposited using cathodic tem-
plate synthesis when small amounts of aluminum ions are
introduced to the deposition electrolyte [24]. The authors
also noted the formation of Ni-Al LDH and provide a theo-
retical basis in favor of adding small amounts of aluminum
ions to the deposition electrolyte. The same research group
also proposed the addition of small amounts of tungstate
ions to the cycling electrolyte [25]. They discovered that the
addition of these ions leads to significant improvement in the
bleaching rate.

Despite a significant number of works on the prepara-
tion of new types of electrochromic materials, the cost and
some characteristics of electrochromic devices remain at the
current level. Namely, switching time, according to the data
of some manufacturers, does not exceed 10 minutes, and the
cost reaches 1,000 USD/m? [27]. This is due to the fact that
the proposed methods for forming electrochromic films have
a high cost for a number of reasons. The main ones: the use
of expensive reagents, high power consumption, difficulty
of automation. Thus, the development of simple and cheap
methods for the deposition of electrochromic films is an
important problem.

Based on the information provided in [24, 25], it can be
assumed that in case of using tungstate ions in the cycling
solution for films containing aluminum, further improve-
ment of electrochromic properties can be achieved.

3. The aim and objectives of the study

The aim of the research is to validate the assumption on
the synergetic effect of co-deposited aluminum and cycling
of doped films in a solution containing tungstate ions on
their electrochromic and electrochemical properties.

To achieve this set aim, the following objectives were set:

— using the cathodic template method, to deposit films
with different aluminum contents;

—to cycle the prepared films in solutions with different
concentrations of tungstate ions;

— to conduct a comparison of the obtained data for deter-
mining the possible synergetic effect.



4. Materials and methods used for the preparation and
study of electrochromic device

Film deposition. The film was deposited in a single
compartment cell with nickel foil counter-electrode. Glass
slide coated with fluorine-doped tin oxide was used as
a substrate (FTO glass, Zhuhai Kaivo Optoelectronic
Technology Co., China). The sheet resistance of FTO
glass =9 Q/r1. The working area of the substrate was
2x2 cm. Before the deposition, the substrate was thorough-
ly washed with distilled water. It was the wash in ethanol
to remove any remaining residue. Deposition conditions
and compositions of cycling electrolytes, along with sample
labels are listed in Table 1.

Characterization of the electrochromic device. Electro-
chemical tests were conducted using the digital potentiostat
connected to a PC (Elins, P-8, Russia) in potentiodynamic
and galvanostatic regimes, using the three-electrode setup.

Table 2

Cycling regimes used in sample characterization

Regime Parameters
. o . E1:+201 mV, E2:+751 mV;
Potentiodynamic regime (PD) v=1mV/s

1,=+0.96 mA; 1,=33.6 s;
I;=-0.96 mA; 1.=33.6 s
1,=+1.92 mA; 1,168 s;
I,=—1.92 mA; 1.=16.8 s
Galvanostatic regime 1,=+0.48 mA; 1,=67.2s;

No. 3*** (GC3) I;=-0.48 mA; 1.=67.2 s
Note: for galvanostatic regimes No. 1, 2 and 3, the currents were
chosen as the peak current of (1,) of the 5-th cycle of the reference
sample (T’lO additives):* - I(churge):7lcp; I((Thd}'gE):+I(p; wE I(charge):
=72]cp; I(dis(:hnrge)=+21{: y HERE I(charge)=70-5lxn; I(discharge)=+0-51(:p-

Galvanostatic regime No. 1* (GC1)

Galvanostatic regime No. 2** (GC2)

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

Table 1
Conditions and sample labels 5. Analysis and comparison of characteristics of
Deposition | Deposition electro- | Cycling elec- prepared films
No. Label .
conditions lyte trolyte
50 ¢/L PVA * To compare the effect of aluminum and/or tungstate
1 | Reference g/LPVA™, 0.1 KOH ; ; ; ;
0.01 M Ni(NO3), : ions in the cycling electrolyte, the reference film was
50 a/L PVA deposited without any additives, which was cycled in the
g/L PVA, 0.1 M KOH : - : iti
2 | 1AI-1W 0.01 M Ni(NO : ’ potassium hydroxide electrolyte without additives. The
‘ INO» 1 1 M K,WO o N
0.138 mM AI(NO3)3 | 2¥WPA L recorded characteristics are shown in Fig. 2.
Cathod 50 g/L PVA, 0.1 KOLI The analysis of the obtained results reveals that the
3 | 1Al-3W athode 5 | 0.01 MNi(NO3)s,, : ’ film darkens well, while the coloration degree (the differ-
0.1 mA/cm?, 0.3 mM KyWO, K
30°C. 10 min | -2:138 MM AI(NOs)s ence between transparency (T) in the colored and bleach-
' 50 g/L PVA, 04 M KOH ing state) is rather high and on average is equal to 86 %
4 | 2A1-1W 0.01 MNi(NOg)y, | 174" vt szb4 (Fig. 2, b). It can also be seen that there is some degradation
0275 mM AI(NO3); of electrochromic properties during cycling, irreversibility
50 g/L PVA, 0.1 KOH TIincreases. The value T is the difference between 100 % and
5 | 2Al3W 0.0t M NI(II\IO3)2’ 0.3 mM K,WO, | film transparency in the bleached state on the last cycle. At
0.275 mM ANO3)s the same time, cyclic voltammogram (CV) has asymmet-

Note: PVA — polyvinyl alcohol

Cycling was conducted in a cell with free electrolyte
volume. Nickel foil was used as a counter-electrode and
Ag/AgCI(KCl sat.) as a reference electrode. Optical charac-
teristics were recorded in parallel to electrochemical tests,
using the setup shown in Fig. 1.

J

Fig. 1. Simplified schematic of the setup for characterization
of electrochromic films: 1 — light source (5500 K);
2 — cell with free electrolyte and studied electrochromic
electrode; 3 — photoresistor; 4 — ADC;
5 — digital potentiostat; 6 — computer

The setup includes the E-154 analog-to-digital converter
(Russia) and software supplied along with it.

Each electrochromic electrode was cycled in different
regimes which are listed in Table 2.

ric peaks of oxidation and reduction processes (Fig. 2, b).

Additionally, the degree of film development is observed,
as the cathodic peak current density increases with each new
cycle. Photographs of the film in the colored state demon-
strate that the film is uniform and has saturated coloration.

The film with minimum aluminum content cycled in
the solution with minimum potassium tungstate content
demonstrated significantly different characteristics (Fig. 3).
The CV curve of this sample has more symmetric peaks,
with the cathodic peak on the first cycle having the value of
0.4 mA /cm?. In general, the shape of the curve indicates that
the electrode reaction is more reversible. However, the color-
ation degree of the 1Al-1W sample is lower, with the value of
about 73 %, with irreversibility being almost 0 % (Fig. 3, b).
The film has uniform coloration and doesn’t have any visible
defects (Fig. 3, ¢).

The results for the film containing aluminum and cy-
cled in a solution with high potassium tungstate content
(1A1-3W sample) are shown in Fig. 4.

This sample shows significant changes in the CV curve
in comparison to previous samples, which can be described
as a gradual decrease of cathodic peak currents along
with the appearance of a plateau (Fig. 4, a). The color-
ation-bleaching curve shows a decrease in the coloration
degree. The averaged D value is 63 %. The irreversibility is
almost non-existent. It should be noted that film coloration
is non-uniform (Fig. 4, ¢).
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Fig. 2. Potentiodynamic cycling results for the reference sample of potentiodynamic cycling: a, 6 — CV curve (arrows highlight
changes during cycling) and coloration-bleaching curve; ¢ — photographs of the electrode in the colored state
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Fig. 3. Potentiodynamic cycling results for the 1AlI-1W sample: a, b — CV curve (arrows highlight changes during cycling) and
coloration-bleaching curve; ¢ — photographs of the electrode in the colored state

Fig. 5 shows the results obtained for the 2A1-1W film.  decrease of the anodic peak. The coloration-bleaching
In case of higher aluminum content and cycling in the curve is similar to the previous sample, however, the value
electrolyte with minimum potassium tungstate content, D is somewhat lower — 56 %. Film coloration is rather
the film is similar to the previous 1Al-3W film. The CV  patchy, which can be seen on the photograph of the film
curve also shows the broadening of the cathodic peak and  after cycling (Fig. 5, ¢).
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Fig. 4. Potentiodynamic cycling results for the 1AI-3W sample: a, b — CV curve (arrows highlight changes during cycling) and
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Fig. 5. Potentiodynamic cycling results for the 2AI-1W sample: a, b — CV curve (arrows highlight changes during cycling) and
coloration-bleaching curve; ¢ — photographs of the electrode in the colored state

The characteristics of the last film, prepared with a maxi-  out the cycling of this sample (Fig. 6, @). The coloration
mum content of additives to deposition and cycling electro-  degree is somewhat lower than that of the previous
lytes (2A1-3W film) are shown in Fig. 6. film (D=64 %), and no irreversibility of the bleach-

This doesn’t show the broadening of the cathodic ing process is observed. The photograph of the film
peak, but a decrease of current density is observed. The reveals patchy coloration, while color saturation is
anodic current density remains almost constant through-  high (Fig. 6, ¢).
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Histograms were plotted for all films: dependency of
average coloration degrees and irreversibility on cycling
regime (Fig. 7, 8).

90
80 m Reference
70
60 ®m1AI-1W
50 » 1AI-3W
40
H2A1-1W
30
20 2A1-3W
10
0

PD

GCl1
GC2 GC3

Fig. 7. Coloration degree (D) for the samples used in the
study depending on regime

It should be noted that the coloration-bleaching curves
for galvanostatic regimes (GC1-3) were omitted to avoid
clutter. Nevertheless, the obtained values (D, I') were plot-
ted for comparison of variable electrolyte compositions
and cycling regimes. Despite high specific characteris-
tics of the reference films in the potentiodynamic (PD)
regime, it performed the worst in other regimes (Fig. 7).
It is also interesting that all the films with additives had
a high coloration degree with the 2AI-1W sample being
optimum for galvanostatic regimes. Further increase in
tungstate concentration results in a lower coloration
degree in potentiodynamic and galvanostatic regimes.
Irreversibility values (1) for different films and regimes
are shown in Fig. 8.

Irreversibility (I), % depending on regime and film

10
m Reference
8
uAL-1W
= 1A1-3W
4 m2A1-1W
5 2A1-3W
0

PD - Ger o
GC3

Fig. 8. Irreversibility (/) of the samples used in the study
depending on regime

The analysis of the presented dependency shows that
higher irreversibility is demonstrated by the reference film.
Additionally, the high-rate regime (GC2) has a negative im-
pact on the reversibility of the films.

6. Discussion of data obtained for electrochromic
device

The analysis of the histograms shown in Fig. 7, 8 allows
outlining a few interesting patterns. Thus, the analysis of
the averaged coloration degree values for different films and
regimes allows concluding that:

1. The use of potentiodynamic regimes (CV) allows for
deeper film coloration in comparison to other regimes.

2. Small amounts of aluminum in the deposition solution,
possibly, lead to the improvement of specific characteristics,



as the reference film and 1Al-1W have similar values of col-
oration degree. The shape and peak current density values
indicate better reversibility of the 1Al-{W sample. Never-
theless, due to the codeposition of aluminum resulting in the
film having less electrochemically active nickel to partake in
the reaction, the results of both films are almost identical.
This conclusion is true, at least in the context of coloration
degree. Determination of nuances requires a detailed study
of the concentration range from 0 to 0.275 mM Al3",

3. It is interesting that the films, which demonstrated av-
erage results during potentiodynamic cycling, showed better
results during galvanostatic cycling. It was obvious that the
films activated with both aluminum and potassium tungstate
had low average coloration degree values (D) among all films
during potentiodynamic cycling. However, these films show
significantly higher values in galvanostatic regimes (GC1,
GC2and GC3)incomparison to the reference sample. The only
exception is the film with the highest amount of additives —
2A1-3W. It is also interesting that despite regimes GC1, GC2
and GC3 having current rations of 1 to 2 and to 0.5, this
didn’t have much effect on the coloration degree of the films.

The obtained data can be interpreted as follows. Both
aluminum and tungstate activate electrochromic nickel hy-
droxide films, they differ in their action. It would seem that
for aluminum as an activator, a broader study is required to
find the optimal concentration. The combined effect of both
activators does manifest, but the process might be slow and
the effect is seen after prolonged cycling, which also calls for
additional studies. It is obvious that exceeding some limit
concentration values, as in case with both aluminum and
tungstate leads to a decrease in film properties.

The analysis of the second histogram is less interesting,
however, some major tendencies can be outlined:

1. The highest irreversibility value is observed for the
films cycled in the GC2 regime.

2. The highest irreversibility value is demonstrated by
the reference sample and samples activated with 0.138 mM
A](NO3)3 and 0.3 mM K2W04.

The No. 1 conclusion for the second dependency is related
to the following. It is assumed that the non-activated films
have a lower proton diffusion coefficient and /or smaller specific
surface area, and stop working properly in the high-rate regime.
The reason for this may be the physico-chemical features of Ni-
Al double hydroxide, which are most likely formed under such
conditions. Thus, it becomes obvious that real devices favor
“soft” slow regimes and partial coloration for longer cycle life.

In summary, the following conclusion can be made. The
use of aluminum during deposition along with cycling in
the presence of tungstate ions shows some activating effect,
which is manifested in galvanostatic regimes. Thus, the
combined use of both activation types (during deposition
and cycling) does manifest and is supported by the analysis
of experimental results.

Further development can be the search for optimal con-
centrations of ions used in this study. The use of other ions
can also be considered.

7. Conclusions

1. It was found that the addition of 0.138 to 0.275 mM
AI(NO3)3 and 0.1 to 0.3 mM KyWOy to the deposition and
cycling solution, respectively, results in a decrease of color-
ation degree to =30 % in the potentiodynamic regime, but to
an increase in galvanostatic regime to =25 % in comparison
to the reference sample.

2. The addition of 0.3mM KyWOy to the cycling solu-
tion along with the codeposition of aluminum (0.275 mM)
results in a significant decrease in the properties of electro-
chromic films, which manifests in all regimes — coloration
degree decreased by up to =25 %.

3. Three films demonstrated irreversibility from 0.5 to
1.6 % in the GC2 regime, which is due to this regime having
high cycling current. So, it is suggested to use “soft” slow
cycling regimes and partial coloration for real devices for
long cycle life.
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