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3anpononosano ompumanns Gazamowapo-
8UX eNleKmPOXPOMHUX NNi60K Ha 0cHo6i Ni(OH),
i Co(OH) > xamoonum memniamuum mMemooom.
Ompumani nuiéku nokaszanu eneKxmpoximiuny
aKmueHicms i eneKmpoOxXpoMHi GJACMUBOCHIL.
Haiixpawi enexmpoxpomui xapaxmepucmuxu
noxasana nuiexKa, Ky ompuMyeaau nocaidos-
HO 8 po3uunax i3 000A6AHHAM NONIGIHIN06020
cnupmy, wo micmams Himpam Kooaavmy i Hike-
a0 21 78 xeunun 6i0noeiono
Kniouosi cnosa: Ni(OH),, Co(OH),, enex-
mpoxpomizm, eneKxmpoxpomMHi mamepianu,
CoOOH, nonisinunosoiii cnupm, dazamowapo-
81 noxpumms

[m; ]

IIpednosceno noayuenue MH020CAOUHBIX
anexmpoxpomuoix niernox na ocnose Ni(OH) s u
Co(OH), xamoonvbim memMnaamuovi;m MemoooM.
Honyuennvie naenxu noxazanu 3neKmpoxumu-
YeCKY10 AKMUBHOCHb U ITIEKMPOXPOMHbBLE CEOU-
cmea. Haunyvwwue snexmpoxpommoie xapaxme-
pucmuxu noxasana nieHKa, Komopyr nouy-
4aaU NOCAe008aAMENbHO 6 pacmeopax c00o6ae-
JleHuemM NONUBUHUTI08020 CRUpmd, CoOepica-
wux numpam xooaroma u Huxeas 2 u 78 munym
€c00meemcmeeHHo

Kntouesvie cnosa: Ni(OH) 3, Co(OH)3, 3n1ex-
MPOXPOMUIM, INEKMPOXPOMHLIE MAMEPUATDL,
CoOOH, nonueunun06sLll Cnupm, MH020CJI0UHbLE
noKpoImus

| =,

1. Introduction

Electrochromism is a phenomenon, which is charac-
terized by substance changing its optical properties under
applied electrical current. Electrochromic materials can
change different optical characteristics: color, transparency,
opacity, reflectivity. Electrochemical systems often find
application in electrochromic devices. Materials, in which
electrochemical processes occur, are characterized by chang-
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es of optical properties which occur in parallel to changes in
composition and oxidation state of elements that constitute
the compound.

Electrochromic devices allow controlling the amount
of light and heat that pass through. The properties can be
used for various purposes. Creation of temperature regime
and suitable lighting, visual separation of rooms, creation of
mirrors with adjustable reflectivity, creation of indicators for
slow changing values (environment temperature, pressure,




prices, currency exchange rates), etc. [1]. Change of optical
properties in electrochromic devices can occur within a
wide range. This range is determined by the nature of the
electrochromic material and its thickness. For electrochem-
ical electrochromic materials, the flow of electrical current
is only necessary for the change of optical properties. And
usually, the additional current is not required to maintain
the achieved state [2].

The electrochromic device is composed of two transpar-
ent conductors that are facing each other, and electrochro-
mic material deposited on each of them. Between electrodes,
there is thickened liquid or in some cases polymer electro-
lyte. The operation of electrochromic devices is based on
reversible redox reaction. Two reversible processes occur at
the electrodes:

Cathode: Ax[colorless]+nég«—A .q[colored], )
Anode: Bieg[colorless]—n&«B,y[colored]. 2)

Intensity of optical changes in electrochromic devices
depends on the amount of charge passed through it and its
polarity.

m Electrochromic layer 1
m Electrochromic layer 2

B Conductive transparent substrate
O Electrolyte
m Glass

Fig. 1. Schematic of electrochromic device with
electrochemical electrochromic films

Thin films of nickel hydroxide and oxide [3, 4], nickel
hydroxide doped with other metals [5], are one of the elec-
trochemical materials used as electrochromic materials [6].
Nickel hydroxide is also an active material of hybrid super-
capacitors [7] and alkaline accumulators [8], so the study on
new synthesis methods [9, 10] and properties of this material
[11] is still a relevant scientific problem.

2. Literature review and problem statement

The necessity for improving specific characteristics of
electrochromic materials leads to the development of new
ways of their synthesis. For instance, one option is the prepa-
ration of materials doped with other elements [12—14]. Such
approach leads to the preparation of materials with improved
activity, which are usually characterized by the presence of a
large number of crystal lattice defects or increased interlayer
distance within crystals. Such transformations of crystal
lattice occur as a result of partial substitution of initial at-
oms with dopant atoms, inclusion of acid anions and water
by crystal lattice. These changes in the material structure
can sufficiently ease the occurrence of solid-state reactions.

The other approach for improving specific characteris-
tics of electrochromic materials is the creation of composite
materials [15, 16]. Addition of components (usually nanopar-
ticles of metals [17] and non-metals [18]) to electrochromic
materials can improve electrical conductivity or transport
characteristics of ions within the solid phase. Such approach
can improve switching speed of electrochromic material

from one state to another, and even increase coloration de-
gree. The downside of such approach is that it can result in
materials with worse initial optical properties.

Another approach for creating new electrochromic ma-
terials is the search for new methods for the synthesis of
nano-ordered structures [19, 20]. The resulting materials
have higher activity because of better material utilization,
which is explained by high specific surface area. High
specific surface area enables faster occurrence of the elec-
trochemical process. The downside of such materials can be
meta-stability.

One possible method for altering the properties of elec-
trochromic elements is the modification of the substrate sur-
face, onto which the electrochromic material is to be depos-
ited. For instance, the paper [21] shows that weak etching
of the electrode substrate using electrochemical method can
significantly affect the properties of the resulting electro-
chromic element — coloration degree, film uniformity, etc.

Multilayered electrochromic films can be one of the op-
tions for improving specific characteristics of these materials.
Multilayered films are a variant of previously reviewed com-
posite materials. For instance, the authors of the paper [22]
have demonstrated that the multilayered electrochromic film
based on WO3 with layers of KgP,W1gOg2 and polyethylenei-
mine shows better characteristics in comparison to pure WO3.
Due to the fact that the number of papers dedicated to the
preparation of multilayered electrochromic materials is rather
small, such synthesis method can be promising.

It is known that cobalt compounds have a positive ef-
fect on the properties of nickel hydroxide in accumulators
[23], supercapacitors [24] and nickel-based electrochromic
devices [14, 25]. Activation of nickel oxide electrode with
cobalt additive improves the utilization coefficient of active
material in alkaline accumulators by 10-15%. Cobalt is
added to the positive electrode in the form of hydroxide [26].
It is stated in the literature that hydroxide is a surface acti-
vator, 1. e., a significant increase of capacity occurs if cobalt
compounds are on the surface of nickel hydroxide [27]. In
this regard, it was decided to deposit an electrochromic film
based on nickel and cobalt hydroxides, followed by a study
of structural, electrochromic and electrochemical character-
istics of the prepared films.

3. The aim and objective of the study

The aim of the work was to verify the possibility of
preparing multilayered electrochromic films by sequential
deposition using cathodic template deposition and study the
influence of such deposition on the resulting characteristics
of electrochromic films.

In order to achieve the aim, the following objectives
were set:

— to deposit multilayered films using cathodic template
deposition from solutions containing nickel and cobalt ions,
and also polyvinyl alcohol;

— to determine structural, electrochemical and electro-
chromic properties of multilayered films.

4. Materials and methods used in research

Materials and method for deposition of multilayered
electrochromic films. The films were formed by sequen-



tial deposition from different solutions. Cathodic template
deposition was used for depositing films [4, 14, 16]. For the
deposition of Ni(OH), layer, the cathodic chamber of the
electrolyzer was loaded with 1M Ni(NOs), solution with the
addition of 5 % wt. polyvinyl alcohol (PVA). For deposition
of Co(OH)s, the other solution was loaded into the electro-
lyzer’s cathodic chamber — 1M Co(NQ3), solution with the
addition of 5 % wt. PVA. In both cases, 1M KNO3 was used
in the anodic chamber.

The electrolyzer’s frame is made out of Plexiglas and its
schematic is shown in Fig. 2.

=
R

2

36

Fig. 2. Schematic of electrolyzer for deposition of films:
1 — cathodic chamber with solution of Ni(NO3), and
5 % PVA; 2 — frame; 3 — cathode; 4 — diaphragm with low
permeability coefficient and rubber gasket; 5 — anode;
6 — anodic chamber with KNO3 solution

Thick nickel foil was used as the anode. The films were
deposited onto polished nickel electrode with a working area
of $=4 cm?. The cathodic current density of deposition was
0.625 mA/cm?. In order to remove the electrolyte residue
from the deposited film, after each deposition, the film was
placed into distilled water at room temperature for 10 min-
utes. After the deposition procedure, the prepared electrodes
were dried for 1 day at room temperature.

Nickel substrate was chosen for deposition of multilay-
ered films because of the following reasons:

— greater electrical conductivity of nickel in comparison
to indium-tin oxide coated glass; results in better distribu-
tion of current density across the electrode’s height;

— better sensitivity during recording the electrochromic
response because of light passing through Ni(OH), film two
times: light source — Ni(OH), film — mirror-like nickel
substrate — Ni(OH), film — photoresistor.

In order to be able to compare the prepared films by all of
their characteristics — optical, electrochemical and structur-
al, it is necessary that the amount of deposited material was
equal. However, it is difficult to achieve an absolute match
between the thickness of the films. Nevertheless, in order to
achieve the maximum possible match, it was decided to set
the same deposition time for all the films. Details regarding
deposition time for each film are presented in Table 1.

Structure of multilayered electrochromic films. In order
to determine the structure of prepared electrochromic films,
the XRD analysis for prepared electrodes was conducted
using the X-Ray diffractometer DRON-3 (Cu-Ka) (Russia).

Electrochemical and optical characteristics of multi-
layered electrochromic films. Optical and electrochemical
properties of the films were studied by means of cyclic
voltamperometry (CVA) with simultaneous recording of the
coloration-bleaching process. The cell shown in Fig. 3 was
used for these experiments. Polished nickel electrodes with
films deposited according to Table 1 were used as a work-
ing electrode. Ag/AgCl (KCI sat.) was used as a reference
electrode. Nickel foil was used as a counter-electrode. For
all the measurements, 0.1 M KOH solution was used as an
electrolyte. Optical characteristics were recorded using the
ADC E-154 (Russia), the electrochemical measurements
were recorded using the potentiostat-galvanostat Ellins p-8
(Russia). Parameters for electrochemical and optical mea-
surements: potential window from +200 to +750 mV, scan
rate 1mV/s, number of cycles — 5.

Fig. 3. Cell for recording cyclic voltamperograms:
1 — working electrode; 2 — frame; 3 — electrode’s working
area; 4 — U-shaped counter-electrode; 5 — LED;
6 — photoresistor; | — stabilized voltage source;
Il — analog-to-digital converter

One of the properties that characterizes electrochromic
parameters was coloration dgree, which was calculated as
the difference between the film’s light transmittance in
the colored and bleached state, which was averaged from
5 cycles.

5. Structural analysis of prepared multilayered
electrochromic films

A separate batch of films was prepared according to
Table 1 and sent for XRD analysis, without separating films
from the substrate (because of high adhesion to the sub-
strate, which was demonstrated in the previously published
paper). The recorded XRD patterns for prepared samples are
presented in Fig. 4.

Table 1

Legend and duration of deposition of layers for different electrochromic films used in the experiment

Deposition time of

Deposition time of

Deposition time of

Total deposition

Film/label the 1st layer, min | the 2nd layer, min | the 3rd layer, min time, min
Ni(OH),/Ni80 80 | e 80
Ni(OH)y—Co(OH),/Ni78Co2 78 e 80
Co(OH)»—Ni(OH),/C02Ni78 12 78 | - 80
Ni(OH)s—Co(OH),—Ni(OH),/Ni39C02Ni39 39 2 39 80




Iimp/s Iimp/s Table 2

5001 500 Electrochemical parameters calculated from CVA
4001 400 Sample | Ni80 |Ni78Co2| Co2Ni78|Ni39Co02Ni39
E, mV 661 675 670 690
3001 5 40 b2 E,mV | 510 | 526 | 521 531
200, 2 500 s E~FE,mV | 151 | 149 149 159
E[,* 585.5| 600.5 595.5 610.5
100 100 mAl/“&mz 121 | 97 112 184
0 20 o0 20 I
5 15 25 3545 55 65 75 85 5 15 25 35 45 55 65 75 85 o 1] 87 91 149
mA /dm?
a b Note: Formal equilibrium potential — E," was calculated
Linprs as a mean value between established values of anodic
500 and cathodic potential E, and E,.
400 In addition, Ni39Co02Ni39 sample demon-
S0 B strates the highest peak current densities for an-
~ Z . .
< odic and cathodic processes. On average, the peak
200 S values exceed those of other samples by 57 %.
In turn, the Ni78Co02 and Co02Ni78 samples
100 demonstrated average results by all parameters
presented in Table 2.
o 20 . . .
S 15 25 35 45 55 65 75 85 During the recording of cyclic voltampero-
c grams, the optical changes of the films were also
Fig. 4. XRD patterns of multilayered electrochromic films: recorded. The coloration-bleaching curves are pre-
a— Ni78Co2, b — Co2Ni78, ¢ — Ni39Co2Ni39 sented in Fig. 5.
All XRD patterns show high and 200+ 150
distinguishable peaks that correspond 1501
to the metallic nickel substrate. There LUy
are no visible peaks that correspond to 100 504
nickel or cobalt hydroxide, however, an £ 507 ‘g
elevation at 20=5° is observed. g 0 3 0
= =]
5. 2. Experimental results of de- = =80 — =504
termining optical and electrochromic -100+ 1004
characteristic of prepared films 150 . . . . . . . . . . . .
All prepared films were studied by 200 300 400 500 600 700 800 200 300 400 500 600 700 800
means of cyclic voltamperometry (CVA) E(NHE), mV E(NHE), mV
with simultaneous recording of optical
.. . . a b
characteristics — Fig. 5. A film depos-
ited from 1 M nickel nitrate with the S0 2307
addition of 5% PVA (sample Ni80) at 1004 2001
0.625 mA/cm? — Table 1 served as a 1507
reference sample. “ 501 o 1007
For comparison of CVA graphs, the 3 0 g 501
graphs were determined and compiled g T N
in Table 2. — -50 — -501
Table 2 also shows current densities 1001 J -100+
for established oxidation and reduction -150-
peaks (5th cycle). Because the shape -150 ; . . : : =200 ; : ; . : .
of the peaks is almost the same, it was 200 300 400 500 600 700 800 200 300 400 500 600 700 800
assumed that the peak current density E(NHE), mV RNHIE), A/

can characterize the process rate. c d

When comparing the cyclic voltam- Fig. 5. Cyclic voltamperograms of multilayered electrochromic films:

perometry curves, a few facts can be sta- a— Ni80, b— Ni78Co2, ¢ — Co2Ni78, d — Ni39Co2Ni39
ted for all the samples. Anodic and ca-
thodic peak potentials of Ni39C02Ni39 films differ the most Analysis of the curves presented in Fig 5 reveals that

from the reference sample, and this sample also shows the low-  coloration degree (averaged difference between colored and
est reversibility. The reversibility was evaluated as the value of ~ bleached states) increases in the series — Ni39C02Ni39,
E,—E,. On the other hand, based on the shape of the curvesand ~ Ni80, Ni78Co2, Co2Ni78. Moreover, the maximum color-
peak current density values of subsequent cycles, Ni39Co02Ni39  ation degree was demonstrated by the Co2Ni78 sample.
shows the best results when it comes to the stationary regime. It should also be noted that the shapes of the curves do



chemical characteristics of all the films are similar and dif-
ferences are within a small margin. Only the Ni39Co02Ni39
sample notably differs from other films.

not differ significantly from each other. Additionally, the
Ni39Co02Ni39 samples did not return to its initial state with
each subsequent cycle Fig. 6, d.

The coloration degree and cycle stability are
the main qualitative characteristics of such ma-
terials. Based on that, when comparing color-
ation-bleaching curves (Fig. 6), it can be said that
Co02Ni78 demonstrates the best characteristics —
coloration degree of about 80 %, unlike other
films, which on average show 25-40 %. It is also
thought that the shape of the coloration-bleaching
curves should ideally be rectangular. It should be

6000 pointed out that the most stable curve shape and

optical values in the colored and bleached state
are demonstrated by the Ni80 and Co2Ni78 sam-
ples, and the least stable are Ni39C02Ni39 and
Ni78Co2.

The Co02Ni78 sample has demonstrated the
best optical characteristics. This fact can be
explained by the following assumed mecha-
nism. Cobalt hydroxide is oxidized in the first
cycle to CoOOH, which is a semiconductor.
On the backwards scan, it is not reduced to the
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= 0.8 5 0.8

& £ |

% 0.6 5 06

§ 0.4 % 0.4/

202 8 0.2

£ 00 . : €00 ‘
=770 2000 4000 6000 & O 2000 4000

Time, s Time, s
a b

10 g 10

508 = 08

< =

0.6 - 0.61

= ]

504 2 04

S g 0.2

£ 0.2 ? -

B0 2000 4000 6000 0 2000 4000

Time, s Time, s
c d

Fig. 6. Coloration-bleaching curves for multilayered electrochromic films:
a— Ni80, b— Ni78Co2, c — Co2Ni78, d— Ni39Co2Ni39

6. Discussion of results the study on the structure,
electrochemical and optical characteristics of
multilayered electrochromic films

Based on the results of XRD analysis, it can be said that
all the films are X-ray amorphous, i.e., the crystals in the
crystal lattice are very small and comparable to the wave-
length, which is 1.54 A for Cu-Ka radiation. Thus, it can
be said that all the films have a large number of defects and
likely contain large amounts of structural water. The latter is
related to the fact that defected crystals tend to incorporate
foreign substance, which in case of hydroxide prepared from
aqueous solution is water. It can also be added that the pre-
pared multilayered films are similar to a-Ni(OH),, because
there is a series of peaks in the region of small angles at 260
equal to 5-10°. The absence of peaks corresponding to cobalt
hydroxide is likely related to its low content.

Upon analysis of CVA curves for deposited films, the
following can be said. First, all the films have fast activation
rate, because the peak currents of the second cycle don’t dif-
fer much from those of the first cycle. Second, the potential
values of reduction peaks are similar for all the films, unlike
the potential values for oxidation peaks, which do differ.
Upon comparing the oxidation and reduction currents, the
samples can be arranged in the order of increasing peak
values: Ni78Co2, Co2Ni78, Ni80 and Ni39Co02Ni39. By di-
viding the absolute current value of the cathodic peak by the
absolute current value of the anodic peak, we get a value that
approximately characterizes reversibility of the electrode.
Based on this value, the films can be arranged in the fol-
lowing order, from lowest to highest: Ni39C02Ni39 (0.77),
Co2Ni78 (0.81), Ni78C02 (0.90) and Ni80 (0.92). To sum
up the comparison results, it can be concluded that electro-

initial hydroxide, which is a known behavior
for this material when working in the nickel
oxide electrode of alkaline accumulators [28].
Thus, this layer plays the role of electrically
conductive “bridge” that connects the substrate
and the electrochromic layer of nickel hydro-
xide (I1).

In conclusion, it can be said that the conducted research
revealed the possibility of preparing multilayered electro-
chromic films by subsequent deposition of layers using the
cathodic template deposition technique. Such approach
can give rise to a relatively simple deposition of multilay-
ered films of hydroxides and oxides of nickel, cobalt and
other metals. The developed deposition method is also
convenient for the preparation of new catalysts, magnetic
compounds, sensors, etc. Additionally, deposition time and
current density are process parameters that enable control
over film thickness in a wider range. On the other hand, it
is still necessary to carry out additional studies in order
to determine the morphology of prepared films, deposition
rate, and distribution of layers in the films, which will be
conducted later.

6000

7. Conclusions

1. The electrochromic films based on Ni(OH), with
Co(OH), have been prepared using sequential deposition
using cathodic template deposition and their properties have
been studied. All prepared films are similar in structure and
consist of alpha-like hydroxide.

2. The film prepared by depositing a layer of cobalt
hydroxide from cobalt nitrate solution with 5% polyvinyl
alcohol for 2 minutes and a layer of nickel hydroxide from
nickel nitrate solution with 5 % PVA, for 78 minutes, demon-
strated a high coloration degree (80 %) with the shape of the
coloration-bleaching curve close to rectangular. The latter is
likely related to cobalt hydroxide being oxidized to CoOOH,
which can serve as a conductor between the electrochromic
layer and the substrate, improving the distribution of cur-
rent along the surface.
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IIpoeedero meopemuuni ma excnepumenmanio-

Hi Q0CHIONCEHHS MONCAUBOCMEL BUKOPUCMAHN-
HA 2i0pUOH020 NA3EPHO-YILMPAIEYKOBO20 3MiY-
Henns ma 030001106aHHA Memajeéux 6upoois.
3anpononosano memoouxy 0Ons OUiHKu 2padiem-
my memnepamyp npu 6UKOPUCMAHHI CKANYEATb-
H020 J1A3epHO20 NPOMEHSA MA YJIbMPA36YK06020
incmpymenmy. Busnaueno memnepamypy nowam-
Ky Oepopmauiiinoi 0ii yrompaszeyrxoeum incmpy-
Menmom 6 npoueci mepmooedopmauiinozo smiy-
HeHHsA ma 030001106AHHA 6ENUK02A0APUMHUX
Cmaneeux noeepxoms
Kmouoei crosa: nazepno-yavmpaseyrose 3miy-
Henna, cmanv 45, mepmoxinemuuna mooenn,
mepmodizunna mooenn, meepoicmv, wopcmricmo
[m, ]
IIpogedenvt meopemuuneckue u sxKcnepumen-
manviovle UCCAe008AHUSL 603MONCHOCMEN UCNOTb-
306anusn  2ubpuoOH020 JA3EPHO-YTLMPAIBYKO-
6020 YNPouHEHUA U OMOENKU MEMALIULECKUX
uzdenuii. Ilpeonoscena memoouxa 0ns ouenxu
epaduenma memnepamyp npu UCNONAbLIOEAHUU
CKanupyouez20 iazeprozo ayua u Yyabmpaseyxo-
6020 uncmpymenma. Onpeoenena memnepamypa
Hauana Oepopmayuoniozo oelicmeus yaompas-
BYKO0BHLIM UHCMPYMEHMOM 6 NPpouecce mepmooe-
dopmayuonoz0 ynpournenus u omoenKu KpynHo-
2a0apumnvlx CMabHbLLX NO6EPXHOCMEN
Knioueevte cnosa: nazepno-yavmpazeyrxosoe
ynpounenue, cmano 45, mepmoxunemuuecrkas
MoOenrv, mepmousuneckas mooenn, meepoocmo,
wepoxosamocmo
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1. Introduction

The surface hardening is one of the effective ways to in-
crease the wear resistance of parts in modern production due
to changes in the chemical composition, modification, as well
as changes in the surface microrelief and the structure of the
surface layer. Given that a large number of machine parts work
in extreme conditions, traditional surface hardening methods
often do not allow getting the required qualitative indicators
that fully meet the operation conditions. Moreover, the use of
high-strength materials is often economically unprofitable.
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Laser or plasma surface treatment is used to solve these
problems in production processes. It should be noted that
the laser surface hardening technology allows treating com-
plex shaped parts with minimal zones of thermal influence
in comparison with traditional processes (induction, flame
and bulk hardening) [1—3]. Currently, laser surface hard-
ening is successfully used to improve the wear resistance of
responsible parts [4]. It is known that the combined method
of surface-plastic deformation (SPD) is carried out after
laser heat treatment (LHT) under a separate scheme at am-
bient temperature. In contrast to the combined method, the




