u]

=,

Poboma npucesuena po3pooui i eunpodyeannio enex-
MPOXPOMHO20 NPUCMPOIO HA OCHOBI KOMNOIUMHOI NJIGKU
Ni(OH) ,/IIBC (nonigininosozo cnupmy) i cimuacmozo npo-
muenexmpooa. Y axocmi mamepiany cimuacmozo enexmpo-
da 6ye6 eurxopucmanuii MiOHuU Opim 3 2aNLEAHIMHO HaHece-
HUM CpiOHuM nokpummsam. B axocmi ocnoeu ons ocadycenns
eNeKmpoxXpoMHO20 mamepiany OYn0 BUKOPUCMAHO CKIO 3
nokpummsam, sKe ckaadanocs 3 okcuoa 07106a, 00n08aAH020
¢Pmopom, axuii nidoasanu cneyianviiii 0opoéui. Oo6poodra
nonseana 6 HeeaAUOGOKOMY PO3UUHEHHI NOBEPXHI MemoooM
MAK020 enexmpoximiunozo mpasenenns. Bidcmano nomisnc
cimuacmum ma eeKmpoxXpomMHuM elexkmpooamu Gyna Hege-
aukoro i cknadana 1,5 mm.

3anpononosana KOHCMPYKUIL eAeKMpPOXPOMHOZO Npu-
Ccmpoto movice npusecmu 0o 21020 cobieap-
mocmi. 3 inwoz0 6Goky 3aseaeHa KOHCMPYKUiL HaAKIAOAE
00MeIHCEHHS. HA CNeKmP MONCIUB020 ii 3ACMOCYBAHHA: 8epX-
Hi wacmunu 02131008Ux 6iKOH, C6IMN06I GiKHA, NePezopoOKu 6
NPUMINEHHSIX.

B pesyavmami nposedenns docaioxcenv 6yao noxasano,
WO eNeKMpoXPOMHUL npucmpiil npayezdamuuil i Moxce Gymu
SUKOpUCMAHUT AK NPOMOMuUn 01 nO0ATLUI0Z0 Macumady-
eanns. Taxosc 6 pesyrvmami eunpodysans oyau nidiopani
napamempu eaeKmpoxiMiuH020 UUKIYEAHHSA — 6IKHO P0oGO-
wux Hanpye i po6oua eycmuna cmpymy. Bcmanoeneno, wo
BUKOPUCMAHHSA 2AT1bEAHOCMAMUMHOZ0 PEHCUMY NPU 3ameM-
HeHHi ma oceimaeHHi npueooumv 00 JIHIHUX ONMUYHUX
xapaxmepucmux npucmpor. Buxopucmanns ob6panoeo
80IbMOUHAMIUH020 pedcuMy 6ede 00 NOZIPUIEHHS NUMOMUX
XAPAKmMepucmuKx nPUcCmporo — UOGUHYU 3amemHeHHs i 00ep-
HeHOCMi nPpu 0CeIMaeHHi.

Hokxazano, wo y pesynvmami 6Gauzvkocmi podouux
nomenuianie oKCuUOHONIKENE6020 i CPiGHO20 eneKkmpodie npu
3amemHeHHI i 0CEIMIEHHI HANPY2a NPUCMPOIO 3IMIHIOE NOIAP -
nicmo. Kpim mozo, 6yno 6io3nayeno, wo npomszom ycix exc-
nepumenmie 2a306udiNeHHs HA eAeKMpPodax Npucmpor He
cnocmepieanoce

Kniouoei cnosa: zidpoxcuod wnixenro, nonieininoeuii
cnupm, eaexmpoxpomMHuil npucmpii, cimwacmuil exexmpoo,
mpasnenns, npomuenexkmpoo, cpiono

0 0

0 3.
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1. Introduction

“Smart” devices are more often being developed and
used for the optimization of power consumption, reducing
the usage of resources and time requirements for various pro-
cesses. It is expected that “smart” devices would become the
basis for “smart” houses, which in turn would be elements
of “smart” cities. The creation of “smart” cities would allow
for advancement onto a new level of utilization of planet’s
limited resources.

“Smart” devices are most commonly devices that com-
bine a conventional device and controller (a mini computer)
that controls it. A device can be equipped with various sen-
sors, interfaces and can be connected to the Internet. This
allows for flexible control over the devices leading to rational
resource utilization [1].

One of the promising developments are “smart” windows.
These devices are able to switch the optical properties of
transparent parts, such as color, glossiness, reflectivity. The
use of such windows in different fields can improve comfort
and significantly reduce the power consumption of a build-
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ing. The power savings come from partially shaded windows
blocking sunlight during periods of high solar radiation. The
latter leads to the reduction in power consumption required
for air conditioning [2, 3].

Despite significant advantages of this technology, the
high cost, ranging within 100-400 USD/m? [4, 5], limits its
widespread use. Thus, the search for cheaper technologies for
manufacturing electrochromic devices is a relevant scientific
problem [6].

2. Literature review and problem statement

The primary goal for widespread adoption of this tech-
nology is lower cost of assembled finished devices. It is
known that there are two main reasons for the high cost of
electrochromic devices. First — small production volume,
which leads to the distribution of expenses onto small batch-
es of produced “smart” windows [7]. Second — relatively
high cost of vacuum methods of film deposition used to form
layers of the device [8, 9].



The design of electrochromic devices that is used pres-
ently is shown in Fig. 1, a. The design consists of two elec-
trochromic materials (cathodic and anodic), two conductive
transparent layers and electrolyte [10, 11]. There are two
main implementations — completely solid-state and with
thickened electrolyte. The completely solid-state device is
manufactured through sequential sputtering of layers onto
glass using separate apparatuses [12]. The second imple-
mentation lies in manufacturing two half-elements that
consist of glass, conductive layer and electrochrome [13].
The half-elements are assembled with thickened electrolyte
in-between. The electrolyte is usually based on a propylene
carbonate solution of LiClO4 [12, 13]. In both cases, there
are 4—5 vacuum sputtered oxide layers. Despite the smaller
number of layers, the thickened electrolyte variant requires
expensive lithium salt and high purity propylene carbonate,
which is also expensive.

The paper [14] proposes a modification of the existing
design (Fig. 1, b) with the aim of cost reduction. The use of
the mesh with electrochemically active material alleviates
the need for two vacuum sputtered layers. This also allows
for the use of materials active in aqueous electrolytes [14]. In
theory, such design should be cheaper due to fewer sputtered
layers and use of aqueous electrolyte.

Mesh

Light

a b

Fig. 1. Designs of electrochromic devices ([l — glass;
Il — conductive transparent layer; [Jll — anodic
electrochrome; ] — electrolyte; I — cathodic

electrochrome): @ — conventional electrochromic device;

b — electrochromic device with mesh counter-electrode

It should be noted that the obvious disadvantage of such
design is the presence of opaque parts where mesh material
is. Nevertheless, this isn’t a limitation for light windows or
upper parts of view windows.

A Ni(OH),-based film can be used as the main electro-
chromic electrode [15, 16]. It is worth saying that this mate-
rial is also widely used in current sources [17]. Copper wire
coated with silver can be used for manufacturing the mesh
electrode [14].

A physical limitation for such design is the non-uniform
coloration of electrochrome due to non-uniform current dis-
tribution [18]. The cause of the non-uniform current distri-
bution in such design is a small distance between electrodes
and geometric irregularity of the mesh.

Considering the probability of non-uniform current
distribution [19, 20], during coloration (bleaching) there are
three possible operation scenarios of such device:

— the assembled device is colored (bleached) uniformly —
i.e. the entire electrode surface would have uniform color
during its operation;

— the assembled device would change its color in regions
near the conductor of the mesh electrode;

— the device would change color across its whole surface
with regions of uneven coloration.

In case of the latter scenario, another question aris-
es — is there a way to somehow reduce or eliminate color
non-uniformity? Considering that such designs are cur-
rently not used for electrochromic devices and structural
innovations are an important aspect, which is reviewed
in the scientific literature [21], investigation of assumed
scenarios is necessary.

The main problem of this study is to investigate how
operational is such design of the electrochromic device
with chosen materials of mesh and electrochromic elec-
trodes.

It should also be mentioned that employed deposition
methods and pre-treatment methods for electrode prepara-
tion are chosen based on previously found optimal condi-
tions [16, 24, 25].

3. The aim and objectives of the study

The aim of the study is to evaluate the operation of the
electrochromic device with mesh counter-electrode and
Ni(OH),-based film with an aqueous electrolyte.

The evaluation is necessary to understand how uniform
the coloration process would be with chosen geometrical
parameters and materials.

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

— to assemble the electrochromic device with chosen mate-
rials: silver mesh electrode and electrochromic Ni(OH),/PVA;

— to conduct testing of the assembled device and evalu-
ate its operability in aqueous electrolyte (0,1 KOH).

4. Materials and methods used for assembly and study of
electrochromic device

Device assembly. To assemble the electrochromic device,
an electrochromic electrode and counter-electrode model-
ing one cell of a 2x2 ¢m square mesh electrode were used.
A copper wire with the electrodeposited layer of silver
(commercial source) was used to construct the model
mesh electrode. Wire diameter — 1 mm, coating thick-
ness — 30 um. Glass substrate with the layer of SnOy:F
(FTO glass, Zhuhai Kaivo Optoelectronic Technology
Co., China) was used as the main (electrochromic) elec-
trode. Sheet resistance of FTO glass =9 Q/no.

The electrochromic device was assembled according to
the scheme shown in Fig. 2.

In the first stage (1, Fig. 2), 3x2 cm FTO glass was
washed with a soda solution and distilled water. Then
it was treated in an ultrasonic bath (41.5 kHz, 60 W)
for10 min, in ethanol to remove any contaminants. Then
it was subjected to soft electrochemical etching [22] to
form surface micro-roughness (2, Fig. 2). The method lies
in partial dissolution of SnO,:F surface with impulses of
alternating electrical current in 1 M HCI. The use of this
method allows improving the adhesion and working char-



acteristics of the deposited film [22]. After etching, the
substrate was washed with distilled water and placed into
a cell for the deposition of a composite Ni(OH),/PVA film
(PVA - polyvinyl alcohol).

Fig. 2. Stages of electrochromic device assembly. Colors
represent materials: [l — glass, [l —SnO.:F,

B — composite Ni(OH),/PVA film, [l — silver-
coated copper wire, [_] — thermal adhesive (schematic
representation): 1 — initial glass coated with SnO,:F
(FTO glass); 2 — soft etching of SnOy:F coating [22];

3 — electrochemical deposition of composite Ni(OH),/PVA
film; 4, 5 — introduction of a square of silver-coated copper
wire and glass; 6 — sealing of electrochromic device along
the edges with thermal adhesive

The electrochromic film was deposited from a solution
of 0.01 M Ni(NO3), with the addition of 4 % PVA (poly-
vinyl alcohol) at a cathodic current density of 0.1 mA/cm?
for 10 min [17,23,25]. Working electrode area 2x2cm
(3, Fig. 2). Nickel foil was used as a counter-electrode.

Silver-coated copper wire was bent into a 2x2 c¢m square
and cycled in 0.1 M base solution as a surface treatment: po-
tential window —599—+1,001 mV (NHE), 10 mV/s, 5 cycles.

At the end of cycling, the electrode potential was
swept from 201 to 1,001 mV (NHE) at 10 mV/s and
stopped. The last step was made to form oxidized silver
species — AgxOy. The obtained mesh electrode, along
with a regular glass (3x2 cm, without SnO:F) was used
to assemble the electrochromic device (4 and 5, Fig. 2).
The distance between the mesh electrode and glass with
the electrochromic film was set to about1.5 mm. The de-
vice was then sealed along edges with thermal adhesive
(6, Fig.2). After the adhesive has cured, the space in-
side the cell was filled with electrolyte — 0.1 M KOH (6,
Fig. 2) using a syringe. The hole left from siring was then
sealed with thermal adhesive (Akfix HM-208, based on
ethylenevinylacetate).

Characterization of electrochromic device. Electro-
chemical cycling was conducted using a digital potentio-
stat (Elins, P-8, Russia) in different regimes in a two-elec-
trode configuration. Optical properties were recorded in
parallel with electrochemical cycling. The device used to
record the optical characteristics is shown in Fig. 3.

In this setup, an E-154 analog-to-digital converter
(Russia) was used along with software distributed with it.

A separate electrochromic electrode was prepared
in the same way to determine the working current. The
electrode was then cycled in a cell with free electrolyte
volume, between 201-751 mV (NHE) at a scan rate of
1 mV/s [23]. Nickel foil was used as a counter-electrode,
reference electrode — Ag/AgCl (KCl sat.).

Fig. 3. Simplified schematic of the setup used to study the
characteristics of the electrochromic device: 1 — source of
white light (5,500 K); 2 — assembled electrochromic device;
3 — photoresistor; 4 — ADC; 5 — digital potentiostat;
6 — computer

5. Analysis and comparison of recorded characteristics of
the electrochromic device with the mesh electrode

The electrodes of the electrochromic device operate in
counter-phase, according to equations (1) and (2):

Ni(OH),—NiOOH+H" (electrochromic electrode), (1)
trans.—brown,
AgxOy+Y-HyO—-X-Ag+2Y-OH ™ (mesh electrode),  (2)

Because of that, a layer of silver oxides had to be
formed before assembly. The oxide layer was formed by
means of cyclic voltammetry into positive potentials
(Fig. 4). At potentials above +400 mV, the mesh electrode
changed color from shiny silver grey to matte black. Ob-
viously, this corresponds to the oxidation of Ag® to Ag,O
and Ag,0 to AgO. During cycling, this electrode demon-
strated high electrochemical activity — a few high peaks
were observed on the cyclic voltammetry (CV) curve,
which were growing during cycling. This is likely related
to the development of surface silver layer during cycling.

15+
10+

i, mA/cm?
L,
whnh O Wn O W

-20 T T T T
800 -400 0 400 800
E(NHE), mV

1200

Fig. 4. CV curve of silver-coated wire in 0.1 M KOH (arrows
indicate changes during cycling)

Fig. 5 shows glass after soft electrochemical etching
with deposited electrochrome (deposition height 2 cm).
As can be seen from the presented photographs, the qual-
ity of the prepared electrode is rather high. A few of such
electrodes were used to determine the working current
density from their CV curves and assembly the finished
electrochromic device.



a b

Fig. 5. Photographs of FTO electrode with deposited
electrochromic films that was previously subjected to soft
electrochemical etching: @ — in reflected light;

b — perpendicular to the surface

In [24], it is shown that the electrochromic properties of
nickel hydroxide-based electrodes show the best character-
istics in the galvanostatic regimes. Thus, it was decided to
conduct the first test of the assembled device in the galva-
nostatic regime. In order to choose the cycling current, a sep-
arate electrode was made, according to stages 1-3 (Fig. 2).
The electrode was studied by means of cyclic voltammetry.
Cycling results are shown in Fig. 6.

The obtained CV curve characterizes the electrode as
reversible — starting from the second cycle, the peak shape
and height remain almost constant. Half the height of the
cathodic peak was then chosen as the working current den-
sity, which is equal to about 0.25 mA/cm?. Given that the
working area of the electrochromic electrode is 2x2=4 cm?,
the cycling current for the electrochromic device was 1 mA.
Coloration and bleaching of the assembled device were real-
ized by switching the polarity of the working current.

Fig. 7 shows the initial voltage curves of the electrochromic
device during coloration-bleaching. Analysis of the curve shape
indicated that some development of active material occurs. This
is evident from changes in the curve shape for the coloration
process, which is expressed as the elevation at the end. In turn,
for the bleaching process, a significant increase in voltage from
cycle to cycle at the initial moment is observed, along with
elongation of the horizontal plateau. It should be noted that the
visual analysis of video recording at the start of device’s opera-
tion allows stating that a small coloration initially occurs near
the wire of the mesh electrode. The color then propagates away
from the wire, leaving partly colored areas in the middle of the
electrode. Based on this finding, it can be said that in factory
setting, the device would require preliminary cycling of several
dozen cycles after assembly before delivery to users.

Fig. 8 shows the coloration-bleaching curves of the first
seven cycles of galvanostatic cycling. The increase in color-
ation depth (difference between the colored and bleached
states) during cycling indicates the initial development of
active materials.

Further cycling of the device revealed the increase of
coloration degree to 80 % — Fig. 9. Starting from cycle 30,
the optical characteristics stabilized and were almost con-
stant. Coloration and bleaching occurred almost linearly in
time — Fig. 9, b.

The curve voltage continued to change — Fig. 10. This is
likely due to the development of the silver electrode, as the
optical characteristics of Ni(OH), electrode stabilized.
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Fig. 7. Voltage change on the electrochromic device during
galvanostatic cycling: +/—1 mA (arrows indicate the
increase of the cycle number during coloration and bleaching,
numbers — cycle numbers corresponding to the curves)
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Fig. 8. Coloration-bleaching curve of the electrochromic
device during galvanostatic cycling: +/—1 mA (1—7 cycle)
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Fig. 6. CV curve of the electrochromic
electrode (Ni(OH),/PVA)* in 0.1 M KOH at
1mV /s (*substrate — FTO glass after soft

electrochemical etching)

Fig. 9. Coloration-bleaching curve of the electrochromic device during
galvanostatic cycling: +/—1 mA (cycle 20—70 ): a — general view of coloration-
bleaching curve (left); b — cycles 68—70 of coloration-bleaching (right)



As it was assumed that coloration and bleaching
occur non-uniformly and start from the mesh electrode
(Fig. 11). It is also interesting that with the development
of materials, the non-uniformity of coloration became less
pronounced.

Despite the non-uniform occurrence

As a result, a coloration-bleaching curve was obtained,
which is shown in Fig. 12. Analysis of the dependency re-
vealed that in such regime, the coloration degree lowered,
and it did not beach completely (7=90 %). The shape of the
curve stopped being linear, Fig. 12.

of the coloration-bleaching process, it is 100'}

possible to achieve uniform coloration for
such design of the device. Thus, after the
current polarity was switched during the
start of the bleaching process (5—10 s), the
edges are bleached to transparency of the
central part.

801

60+

T, %

After testing in the galvanostatic re-
gime, it was decided to conduct tests in
the voltodynamic regime. The following

40-J U

20+

program was used: 0

— linear sweep from 0 to +1,500 mV, at
50 mV/s;

—20sat +1,500 mV;

— linear sweep from +1,500 to —1,200 mV,
at 50 mV/s;

—20sat —1,200 mV.
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Fig. 10. Voltage at the electrochromic device during
galvanostatic cycling: +/—1 mA (arrows indicate the

increase of the cycle number during coloration and bleaching,
numbers — cycle numbers corresponding to the curves)

Fig. 11. Photographs of the electrochromic device with
different degrees of coloration in the galvanostatic regime:
+/—1mA
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Fig. 12. Coloration-bleaching curve during voltodynamic cycling (20 cycles after
70 cycles of galvanostatic cycling): a — general view of the coloration-bleaching
curve (left); b — 17—20 cycles of the coloration-bleaching curve (right)

Analysis of current consumption on the set voltage re-
vealed voltages at which current consumption is maximum
(Fig. 13). For the coloration process — 493 mV, for bleach-
ing —38 mV.
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Fig. 13. Current values during voltodynamic cycling (cycle 20
after 70 cycles of galvanostatic cycling): a — coloration;
b — bleaching

It should be noted that during all cycling experiments,
no gas evolution was observed (i.e. electrolyte decom-
position) [31]. This indicated that materials and cycling
parameters were chosen correctly.

6. Discussion of obtained data for studied device

As a result of the study on the electrochromic device
with the square wire electrode as a model of one cell of the
mesh electrode, the possibility of operation of the electro-
chromic device with the mesh electrode is shown. After
90 cycles of coloration-bleaching in two cycling regimes,
no gas evolution was observed. Bleaching and coloration



times did not exceed 2 min. It should be noted that for
commercial electrochromic devices, typical switching
time is 8-20 min [27, 28].

Coloration degree during galvanostatic cycling was
80 % and coloration was occurring unevenly. The uneven-
ness is caused by electrolyte resistance [29, 30]. Lower
resistance between the mesh electrode and the nearest
zone of the electrochromic electrode is more favorable for
the occurrence of the coloration process in this zone. Af-
ter partial coloration in zones near the metal, the process
starts to propagate. It is likely that with the increase of
electrolyte conductivity, this effect can be partially re-
moved. This assumption is supported by the CV curve of
the electrochromic electrolyte with free electrolyte, where
the distance between the electrodes is equal (Fig. 6). The
stationary state is achieved at the third cycle, after which
the shape of the curve is static. Despite the uneven color-
ation, it can be partially alleviated by short-term polarity
reversal. Such idea occurred during the analysis of video
recording of the bleaching-coloration process.

The coloration-bleaching curve during galvanostatic
cycling has an almost linear form, which is a good opera-
tional characteristic. This indicates that coloration degree
can be gradually controlled.

It should also be noted that after cycle 30, the charac-
teristics of the electrochromic device during galvanostatic
cycling were almost constant.

The voltodynamic regime, which was proposed based
on the characteristics obtained from galvanostatic cycling
(Fig. 10), turned out to be worse. The film did not bleach
completely. Coloration degree was somewhat lower and
the shape of the coloration-bleaching curve was not linear.
Additionally, voltages were found at which the maximum
current consumption was observed, which are +493 and
—37mV for coloration and bleaching, respectively. Per-

haps, better operation of the electrochromic device can be
achieved by correcting the voltodynamic regime based on
the obtained data.

It is interesting to note that due to a small difference
between the working potentials of the working electrode,
the polarity of the working voltage during coloration and
bleaching changes Fig. 7, 10.

Over the course of this study, the limit voltage values
were found, above which decomposition of the electrolyte
along with gas evolution would occur. Thus, the voltage
limits are about +2,050 and —1,600 mV. A regime was
found at which coloration of the device occurs linearly and
reversibly —0.25 mA /cm?,

It should be noted that the continuation of this study
can be investigation of optimal operation parameters of
the electrochromic device. For instance, investigation of
optimal geometrical parameters (distance between elec-
trodes, size and shape of the mesh electrode, etc.); use of
thickened electrolyte and different KOH concentrations
can be the next steps.

7. Conclusions

1. The possibility for developing full-size electrochro-
mic devices for upper parts of view windows and light
windows was demonstrated using a laboratory-scale pro-
totype assembled using silver mesh electrode and electro-
chromic electrode based on Ni(OH),/PVA composite. It
was also found that the coloration of the electrochromic
device occurs with a small gradient, which can be removed
with an impulse of reverse polarity currents.

2. The working parameters were found for the proposed
electrochromic device: working current density 0.25 mA /cm?
and voltage window from +2,050 to —1,600 mV.
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