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1. Introduction

Electrochromic devices are a class of devices that under
applied current are able to change their optical properties:

glossiness, color, transparency. The electrochromic devices
can usually be in few optical states: uncolored, colored and
partially colored. Optical properties of electrochromic devices
can be controlled by applying electrical current of different
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polarity for different duration. Electrochromic devices can
be potentially applied in automobile and building indus-
try (Fig. 1), and also in advertisement industry and design.

Il
-
y —

Fig. 1. An example of «<smart windows» based on electrochromic
glass panes

e

These devices can also find application in manufacturing
of indicators for slow-changing values — room or outdoor
temperature, gas prices, currency exchange rates etc. The
electrochromic devices that switch between transparent and
opaque state can be used in hospital as privacy curtains
for examination rooms.

Nevertheless, the main advantages of using electro-
chromic devices are mentioned in paper [1]:

«...the computer modeling of energy consumption has
showed, electrochromic windows decrease energy consump-
tion on room conditioning by up to 49 %, and decrease
electricity consumption in «prime time» by 16 % and
lighting expenses to 51 %».

Also, some electrochromic systems can be used as chemi-
cal power sources. This way, by changing the optical state
such systems can store electrical energy. When use of
electrochromic systems is unnecessary (during night time
or non-working hours), the stored energy can be released
allowing for additional savings of energy resources.

Thus the research aimed at the development of electro-
chromic material deposition methods, operation regimes of
electrochromic devices, and also research of already existing
electrochromic materials are important from perspective of
energy efficiency of individual objects and country as a whole.

2. The ohject of research
and its technological audit

Many systems that can potentially be used in creation of
electrochromic devices are known [2]. Among such systems,
the inorganic electrochromic materials, which are a subject
of present research, are well known. The color change of
these materials is a result of an electrochemical reaction.
The initial state, which is usually transparent, changes to
colored as a result of electrochemical reduction (the so-called
cathodic materials) [3, 4] or electrochemical oxidation (the
so-called anodic materials) [5, 6]. The tungsten trioxide is
a well-known cathodic material [7]. The reaction occurring
during coloration can be written as follows:

WOj (transparent) +yC* +yeé <

 CyWxl6t1*vew, 605 (blue), (1)

where C — cation: H, Li*, Na™ (depending on electrolyte);
x<1.

High coloration efficiency and reversibility of WOj3
are the main advantages of this electrochromic material.
WO3 films are consider to other anodic electrochromic
material — Ni(OH),. The latter, being oxidized to NiOOH,
gives brown color.

Blue WO3 and brown NiOOH, when added produce
color from neutral grey to black, depending on film thick-
ness (Fig. 2), i. e. almost without secondary shades.

(-): Glass, FTO,WO,

|Electrolyte

(+): Glass, FTO, NiOOH

Fig. 2. A schematic of an electrochromic device
with two electrochromic layers

Many methods for deposition of WO3 are known: spray
pyrolysis [8], solution hydrolysis [9], vacuum sputtering [10],
anodic electrodeposition [11], hydrothermal method [12]
cathodic electrodeposition [13], magnetron sputtering [14].
Among all method, the electrodeposition has few advantages:
simplicity of automation and control over film parameters,
no requirements for complex equipment and powerful power
sources. A simplified method for electrodeposition of WO3
was proposed in paper [12]. The electrolyte composition
was as follows: 0.0125 M Nay;WO,, H,0, with various
ratios between Na,WO, and H,0,. The electrochemical
deposition was carried out by applying constant negative
potential for a certain time. With such implementation, the
current density would vary with time. Thus, in opinion
of authors, such method is not suited for a real produc-
tion process because of difficulties with controlling the
thickness and film structure. It should also be noted, that
hydrogen peroxide is not stable and decomposes when
exposed to light. This can cause changes in electrolyte
composition, which would affect the deposition process
and properties of prepare WOs.

3. The aim and ohjectives of research

The aim of the research is to find conditions and intri-
cacies of WOs film deposition made from peroxotungstic
acid-based electrolyte.

In order to achieve the aim, few objectives are for-
mulated:

1. Find the electrodeposition regime, at which trans-
parent WOj3 films with good adhesion to substrate and
electrochemical properties can be prepared.

2. Determine the stability of peroxide-based electrolyte.

3. Find the potential window for cyclic voltammetry, in
which the WO3 can be reversibly colored without changes
in properties of conductive substrate.

4. Research of existing solutions
of the prohlem

Before starting the experiments the possible distribution
of current density along the height of working electrode
was analyzed. Because solution used in experiments is acidic
its conductivity is rather high. On the other hand, the
fluorine-doped tin oxide coated glass (further referred to
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as FTO glass) would be used as a substrate. The material
possesses high degree of transparency and high conductivity,
albeit lower than metallic conductors [15, 16]. Based on
that, it is assumed that increasing current density would
result in reduced uniformity of current distribution, which
would negatively impact uniformity of the film.

For deposition of nickel hydroxide thin films from
aqueous solutions using similar technique, a current den-
sity of —0.1 mA/cm? is used [17]. For deposition of WO3
from peroxotungstic acid-based electrolytes even higher
current densities are used [18, 19].Thus the initial current
density and time were set to minimum according to [17]:
-0,1 mA/cm?, 10 min. In addition, high cathodic cur-
rent densities in acidic media can lead to dissolution of
conductive layer of FTO glass [20, 21]. However, the
WOg3 films prepared at such conditions had low degree of
coloration, which authors tied this to their low thickness.
Because of that, the current density and deposition time
were increased to —0.2 mA/cm? and 30 min.

The change of electrolyte’s properties was discovered
when stored electrolyte was used for film deposition. The
change of peroxotungstic acid-based electrolyte’s properties
with time was never mentioned in literature [13, 18, 19, 22].
Except for [23], where it is said that such electrolytes
are rather stable.

In order to identify and analyze the instability of elect-
rolyte, the electrolyte was ‘aged» at room temperature
and lighting. The change in electrolyte properties was
evaluated based on properties of prepared films. Assuming
the stability of peroxotungstic acid, the electrolyte was
regenerated with hydrogen peroxide solution, which was
added after an insoluble precipitated on the walls of the flask.

Few attempts were also made in order to establish the
working potential window. Different values of upper and
lower potentials were used in experiments, with constant
rate of potentiodynamic measurements of 5 mV/s. When
searching for lower potential (the more negative), the lower
limit at which reduction of conductive coat to metallic
tin, with highest degree of coloration was established.

5. Methods of research

All experiments were conducted using analytical grade
reagents.

For deposition of WOj film following electrolyte solution
was used: 0.0125 M Na,WO,, H,O, with ratio of, acidified
with HNO3 to pH 1-2. The films were deposited on to
FTO glass (Q=7.5 Ohm/cm? Working area 2x 2 cm).

In order to evaluate optical and electrochemical charac-
teristics, the cyclic voltammetry (CVA) with simultaneous
recording of coloration-bleaching process was used. The
cell depicted in Fig. 3 was used for this purpose.

The reference electrode was Ag/AgCl (KCI sat.) elec-
trode (not shown in Fig. 3). The counter-electrode was
made from nickel foil. 0.1 M H,SOy solution was used
as electrolyte in all experiments. The optical characteris-
tic was recorded with ADC E-154 (Russian Federation),
electrochemical characteristic were recorded using digi-
tal potentiostat-galvanostat Elins P-8 (Russian Federa-
tion). Cycling parameters: potential window from —400
to +500 mV, scan rate 5 mV/S, number of cycles — 5.
Coloration degree was used as one of the characteris-
tics that characterizes electrochromic properties. The co-
loration degree was calculated as a difference between

film transparence in colored and bleached state, averaged
by five cycles.

Fig. 3. Cell for electrochemical and optical measurements:

1 — analog-to-digital converter; 2 — photoresistor; 3 — cell made from
transparent polymer; 4 — working electrode; 5 — counter-electrode with
a gap for light beam; 6 — source of white (5500 K) light;

7 — source of stabilized current

In order to determine the structure of deposited WOs3
films, the XRD patterns were of films were recorded without
separating films from FTO substrate. The XRD patterns
were recorded using Dron-3 diffractometer (monochromated
Co-Ka radiation) (Russian Federation).

6. Research results

It has been discovered that transparent and uniform
WOj3 film with sufficient thickness can be deposited at
current density of — 0.2 MA/cm? and deposition time
of 30 min that was employed in all experiments. Under
these conditions, the hard, transparent WOj3 with good
adhesion to FTO glass (Fig. 4, a) could be obtained.
However, as expected, the electrolyte instability led to
different properties of deposited films. After electrolyte
had been aged for 1 week, the freshly deposited films
were colored (Fig. 4, b).

'.:)r

£ 100SN ALX

Fig. 4. Photographs of films deposited on FTO glass:
a — made from freshly-prepared electrolyte; b — made from electrolyte
that had been aged for 1 week under light

Upon further ageing the flask containing electrolyte
solution would be covered with a white film (Fig. 5),
at that point the WOj3 film could not be deposited from
such electrolyte. The reason for this likely lies in de-
composition of hydrogen peroxide, and as a result the
decomposition of peroxotungstic acid. As such, it has
been proposed to regenerate the electrolyte by adding
H,0, according to initial compositions. The next day
after addition of hydrogen peroxide, the white film had
been completely dissolved.

In order to determine the difference between proper-
ties of WOs3 films prepared from fresh and regenerated
electrolyte, the electrodeposition curves (Fig. 6) were
recorded. It is noticeable that curves do not different in
their shape, but their potentials are quite different. This
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is explained by different concentrations of electroactive
species in electrolytes.

o]

g. 5. Flask with electrolyte for electrochemical deposition
of WO3 (1 month since preparation)

200 —
>
z 0
E — Fresh
22000 [ Regenerated
w

-400 .

0 400 800 1200 1600
Time, s

Fig. 6. Potential-time curves of working electrode (FTO glass) in fresh
and regenerated electrolyte during deposition

For further comparison of WOg films prepared from
fresh and regenerated electrolytes, the XRD patterns of
WOg3 films on FTO glass were recorded. For comparison,
the XRD pattern of FTO glass without film was also
recorded (Fig. 7). The XRD patterns with films differ
in presence of «noise» and somewhat high peak at 25°
especially the film prepared from fresh electrolyte. The
noise on the pattern is determined by the presence of
small peaks along the whole spectra.

I, imp/s S el -
=! Q1 1 i
12 1@ Q1
! A ' 2
=g |92
m: bl o+ =
o~ v ool
o —!
| FTO, WO,

fresh

1
1
1
1
| FTO, WO,
iregenerated

: FTO

- . 20
10 20 30 40 50 60 70 80 90

Fig. 7. XBD patterns of pure FTO glass and FTO glass with deposited films

In order to compare the electrochromic and electro-
chemical properties of WOs films prepared from regenerated

and freshly-prepared the cyclic voltammograms along with
coloration-bleaching curves were recorded (Fig. 8, 9). In
addition, the potential window was chosen according to
achieve good coloration without damaging the conductive
layer (SnO3): +500 mV to —400 mV versus normal hydro-
gen electrode (NHE). During preliminary experiments, it
has been established that lowest possible potential value
has to be above —800 mV, because at this potential the
reduction of SnOy to Sn occurs. In order to guarantee
that no changes would occur to conductive layer, the
lower potential was limited to —400 mV.

As can be seen from Fig. 8, the peak current and
degree of coloration are lower from WOj3 film deposited
from regenerated electrolyte.

Additionally, the form and position of peaks differ sig-
nificantly, which indicate structural differences between WO4
films. The highest coloration degree is observed for WOs3
film (Fig. 9) deposited from fresh electrolyte, which is about
10 %. For WOs film deposited from regenerated electrolyte,
the coloration degree is about 5 %, which is two times lower.

0.05
0.00
% -0.05
o
< -0.10
£
=015 Fresh
-0.20y  ----- Regenerated
400 2000 0 200 400 600
E(NHE), mV

Fig. 8. Cyclic voltammograms (5-th cycle) of films deposited from fresh
and regenerated electrolyte

Fresh ------ Regenerated
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= :
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Time, s

Fig. 9. Coloration-bleaching curves of films deposited from fresh
and regenerated electrolyte

As a result of conducted work, the deposition regime
for preparation of tungsten trioxide films from peroxo-
tungstic acid has been determined. During experiments
it has also been demonstrated, that electrolyte changes
its properties over time, which is likely related to de-
crease of peroxotungstate anion concentration, because of
hydrogen peroxide decomposition. Obviously, the peroxo-
tungstate concentration affects the potential value, which
was observed upon analysis of potential-time curves of
WO3 deposition (Fig. 6). A sign of such changes in the
electrolyte can be the production of first colored tungsten
oxide films, and then the deposition of a white film on
the walls of the flask with electrolyte

Based on all that has been said, it has been proposed
to regenerate electrolyte by adding hydroxide peroxide ac-
cording to initial composition. However, the films deposited
from regenerated electrolyte had lower coloration degree

;20
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than those deposited from fresh electrolyte. The difference
between films was also observed on cyclic voltammograms.
The peak currents of WO3 deposited from fresh electrolyte
had different form and were situated at different poten-
tials. The latter can be a proof of different structure of
tungsten trioxide films, which can be related to diffe-
rent electrolyte composition [24]. The X-ray diffraction
analysis did not allow to firmly determine the difference
between films prepared from fresh and regenerated electro-
lyte, however, the different structure can be assumed be-
cause of different intensity of peak at 25°. It can also be
said, that both films (made from fresh and regenerated
electrolyte) have low crystallinity and high number of
defects, because of the «noise» on bother XRD patterns
with WOs3, in comparison to pure FTO glass.

7. SWOT analysis of research resulis

Strengths. The deposition regime, that allows to pre-
pare high quality WO3 films with good adhesion to FTO
glass from peroxotungstic acid-based electrolyte have been
found. Additionally, such regime allows to control the film
thickness, which in turn allows to control the coloration
degree of the electrochromic element, while having no
effect on the properties of substrate.

Because of discovered instability of peroxotungstic acid-
based electrolyte and proposed method for its regeneration,
following strength can be highlighted:

— the volume of deposition bath for electrochemical

deposition of WO3 films can calculated based on the

stability (1 week) of freshly-prepared electrolyte;

— in the case of electrolyte degradation it can be re-

generated adding hydrogen peroxide according to the

composition.

Weaknesses. Because of the discovered electrolyte insta-
bility, it is not feasible to employ large baths for WO3 de-
position. Additionally, the determined current density doesn’t
allow for deposition of thick WOj3 films for a short time.

Opportunities. The search and implementation of electro-
chemical method for film deposition allows to significantly
reduce the cost of process, increase control over thick-
ness and other parameters of film. This also allows to
utilize already existing galvanic equipment for cheapest
and available implementation.

Threats. Magnetron and vacuum sputtering can be em-
ployed as alternative methods for deposition of electro-
chromic films, because they allow for deposition of films
of specified composition and multi-layer film with variable
elemental composition.

1. The deposition regime for WOj3 film electrolyte:
0.0125 M Nay;WOy, HyO, (the ratio between NayWO, and
H,0, is 0.8), pH 1-2: i=-0.2 mA/cm?, 30 min. Under
these conditions the transparent film with good adhesion
to substrate are prepared.

2. It has been demonstrated that hydrogen peroxide-
base electrolyte (peroxotungstic acid) is unstable over time
and can be partially regenerate with HyO,. The working
period of freshly-prepared electrolyte is approximately one
after preparation.

The maximum coloration degree was 10 % for WOj3
deposited from freshly-prepared electrolyte.

3. The cycling potential range [+500mV; —400 mV (NHE)],
at which reversible coloration-bleaching of WO3 without
damage to conductive layer has been established.

It has been proposed that the reason behind lower
coloration degree of film deposited from regenerate electro-
lyte, can lie in structural difference of films prepared from
different electrolytes.
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ONPEAENEHME CTAEMMLHOCTY 3NEKTPONUTA H YCNOBMHA ANA
OCAMAEHHA INEKTPOXPOMHBIX NNEHOK WO;

Jlnst ocaxkaeHust 9JeKTPOXPOMHBIX 1IeHOK WO3 npeioxken
rajbBatocTatudeckuil pexum: i, = —0.2 MA/cm?, 30 mun. Ilnen-
KH, MOJyYeHHbIe B TAKUX YCJIOBHUSX, [IPO3pavHble, KayeCTBEHHbIE
U MMEIOT XOPOIIyIo ajire3uio K ocHoBe. IlokasaHo, 4TO HCIIOJIb-
3yeMblii 5JIEKTPOJUT HECTAOUIIbHBIIT U CO BPEMEHEM MEHSIET CBOU
cBoiicTBa. [JisT BOCCTAHOBJIEHMS AJIEKTPOJIUTA IPEJIOKEHO J10-
6aBJISITh MEPEKUCH BOAOPOJIA COTJIACHO PEIEnType.

Knmiouesste croBa: okci/l BoJbpamMa, OcaxkeHue aJeKTPOXPOM-
HBIX IJIEHOK, [1ePOKCOBOJIL(GPAMOBAs KHCJIOTA, OKHO HOTEHIMATOB.

Kotok Valerii, PhD, Associate Professor, Department of Processes, Ap-
paratus and General Chemical Technology, Ukrainian State University
of Chemical Technology, Dnipro, Ukraine; Department of Technologies
of Inorganic Substances and Electrochemical Manufacturing, Federal
State Educational Institution of Higher Education «Vyatka State Uni-
versity», Kiroo, Russian Federation, e-mail: valeriykotok@gmail.com,
ORCID: http://orcid.org/0000-0001-8879-7189

Kovalenko Vadym, PhD, Associate Professor, Department of Ana-
lytical Chemistry and Food Additives and Cosmetics, Ukrainian
State University of Chemical Technology, Dnipro, Ukraine; Depart-
ment of Technologies of Inorganic Substances and Electrochemical
Manufacturing, Federal State Educational Institution of Higher
Education «Vyatka State University», Kirov, Russian Federation,
e-mail: vadimchem@gmail.com, ORCID: http.//orcid.org/0000-0002-
8012-6732

Solovov Vitalii, Postgraduate Student, Department of Analytical
Chemistry and Food Additives and Cosmetics, Ukrainian State Uni-
versity of Chemical Technology, Dnipro, Ukraine, ORCID: http.//
orcid.org/0000-0003-0646-7683

Yurlova Olga, PhD, Associate Professor, Department of Foreign
Languages Nonverbal Areas, Federal State Educational Institution
of Higher Education <«Vyatka State University», Kirov, Russian
Federation, ORCID: http.//orcid.org/0000-0001-7883-5372

UDC 666.9
DOI: 10.15587/2312-8372.2017.105609

DEVELOPMENT OF A MINERAL
BINDING MATERIAL WITH ELEVATED

CONTENT OF RED MUD

Posznsnymo moxcaugicmo 36invuenis 06ca2ie ymunizayii 6i0x00is 6UpoOHULMEA 2AIUH03EMY — UePBO-
HO20 UWLLAMY ULLSXOM BUKOPUCTNAHHSL K MEXHOZEHHOT CUPOBUHU OJ1S1 BUZOMOBLEHHSL 8 SXHCY U020 MaAMepiany
HU3LKO MeMNepamyprozo sunaiy muny pomanyemenmy. Iloxasano ocobiueocmi ¢paszosozo cxkaady ma
BILACTMUBOCTMEU 8 SICYU020 HA OCHOBL CUCTEM KAPOOHAMHOZ0 KOMNOHEHMY 3 NOJIIMIHEPALIbHOIO 2/IUHOT0,

nuloxKeapuyom i UEPBOHUM ULILAMOM.

Kmovosi cnosa: uepGOHud wiam, mexHoeenHa cuposuna 015t BUZOMOBLEHI S G’ﬂJnyHOZO Mamepiaﬂy,

pasosuil cxnad.

1. Introduction

An increase in the volumes of practical utilization of
industrial waste on a multi tonne scale is in line with the
comprehensive solution to ecological problems, resource

saving and development of silicate production. Solving
this actual problem requires appropriate development of
scientific and technical principles for the chemical techno-
logy of silicates with determining the laws relative to the
influence of the concentration of varieties of technogenic
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