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B pesyavmami npogedenux docnioxicenv 0yna ompumana
cepia enexmpoxpomnux niaieox na ochosi Ni(OH), ocaoce-
HUX KAMOOHUM MEMNAAMHUM MemOo0OM 6 O0OHAKOBUX YMO-
eax. Ompumani naiexu Gyau euxopucmamni 0as NOPIGHANHIA
pescumia, 6 AKux 30iUCHIOEMbCA NPOUeC 3ameMHeHH-0CeIm-
aenns. Ipu ybomy maxodc 0yau oyineni 0CHOBHI AKICHI Xapak-
mepucmuku — cepeoHs abCOMOMHA CMYNiHbL 3AMEeMHEHHS,
cepeonst He360POMHICMb NPU 0CEIMJIEHHT i nNPOBEOeHO 8i3yabie
NOPIBHAHHA NIIIGOK 6 3AMEMHEHOMY CMAHI NICAA YUKIIYBAHHSL.

s eusnavenns 6nausy pizHUX pexcumie Oyau 3anponoxo-
8aii nomenyioOUHAMIMHI, 2abEAHOCMAMUYHI i CKIIAOHT Pedcu-
Mmu. [lna nomenyioounamivnux pexcumie Oyau obpani pisni
8epXHI 1 HUJNCHI MedCi nomeHuianié-zpanuyp yuKayeanus. B
AKOCMI BUXIOHOT 2YCMUHU CMpYMy 0N 2a71b8AHOCMAMUYHUX
ma ckaAaoHux pexcumie oyaa odpana sycmuna cmpymy ompu-
Mana 3 yuKaMHoi eorom amnephoi xpueoi. Oopana eycmu-
Ha cmpymy 6i0n06idana wWinbHOCmi Cmpymy Kamoonozo nixy
HA N'AMOMY UUKIL UUKIIMHOT 8016MAMNEPHOT KPUBOT 3HAMOL
6 HACMYNHOMY PejxcuMi: iHmepeanu nomenyiany enexmpooa
[201-751 mB], weuoxicmo pozeopmiu 1 mB/c.

IIposedenns npouecy 3amemmeHHA-0CEIMIEHHA 6 pi3-
HUX PeXNCUMAX NOKA3AJLI0 6UCOKY epexmueHicmo nomeHuioou-
HAMIMHUX pedcumis, aKi 0aromv HaudibWUl cmynins 3amem-
HEHHS eNIeKMPOXpOMHO20 nokpumms. 3 iHwo020 060Ky 0OYyno
noKazamo, w0 36YNCEHHS 1 POIWUPEHHS 2PAHUMHUX NOMEH-
UlaIié YUKIYGAHHS 34 MEJHCI ONMUMAIbHUX, 6ede 00 3HAY-
HO020 NOZIPUWEHHS eNIeKMPOXPOMHUX XAPAKMEPUCMUK NIIBOK.
Tanveanocmamunii pescumu noxazanu natidiauw onmumatsii
Pe3ybmamu 3 mouKu 30py ad6ConomHoi 2aUOUHY 3ameMHeHH §
uacy samemuenns ma oceimaenns. CKaAaoHi pexcumu nokazanu
Hatizipwii pesyivmamu cepeo 6cix 3anpononosanux. Y pesyiv-
mami 6UKOPUCMAHHS UUX PEHCUMIE aOCOTIOMHA He360pom-
Hicmb npu oceimueni Gyaa 3HauHA, A WEUOKICMb 3aMeMHEHH
ma oceimaeHHs cepeons.

Y eanveanocmamuunux ma cxknaonux pexcumax 6yno snai-
deno 06i cmpymoei naowaoku Ha Kpueux 2ycmuna cmpy-
My-uac, wo Moxce 2060pUMU NPU HASABHICMb 080X (a3 Yy enex-
mpoxpomnomy mamepiani: o.-Ni(OH)» ma B-Ni(OH)

Knrouosi croea: enrexmpoxpomizm, yuKayeanns, yuKIiuHa
80IbMAMNEPOMEMPIs, 2aIb6AHOCMAMUYHUI, NOMeHUioCcma-
muunuil enexmpoocaosicents, Ni(OH),, 2iopoxcuo nixenio
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1. Introduction

The modern world is facing the problem of depleting
energy resources. The problem can be solved in two ways:
employment of new energy sources or/and lowering of ener-
gy consumption by utilizing so-called “smart” technologies.

One promising division of “smart” technology is “smart”
windows. These devices can dynamically change their opti-
cal characteristics — color, transparency, glossiness. In turn,
this allows for significant cost savings on air conditioning
and lighting and reducing loads on power grids at peak con-
sumption times [1].

As of the present, active elements of smart windows
have a number of issues. Insufficient transparency, constant
current consumption in one of states and high cost of used
active element types limit their application.

Unlike currently used systems, electrochemical sol-
id-state systems have a number of advantages. High optical
characteristics, power consumption only for state switch and
potentially lower cost result in high chances for adoption.

Despite such chances, a few factors limit their applica-
tion. For Ni(OH), thin films, which are viewed as prom-
ising electrochemical electrochromic elements, have some
disadvantages. Gradual degradation over a cycling period
[2], insufficient adhesion to the substrate [3, 4], and lack
of information regarding some operation aspects limit their
application.

Nickel (IT) hydroxide is anodic electrochromic material
[5, 6]. It switches from transparent to dark-brown upon
anodic polarization according to the following reaction (1):

Ni(OH)[transparent] -NiOOH][dark-brown]+H*+&. (1)




Reaction (1) is reversed upon cathodic polarization, and
colored NiOOH transforms back into transparent Ni(OH)s,.

2. Literature review and problem statement

The described reaction (1) occurs during polarization
with external current, the parameters of which can be
different. Supply of controlling current changes if it’s used
for state maintenance or switching, which depends on pa-
rameters of polarizing current: current density or potential
(voltage for assembled device). As such, electrochemical
electrochromic devices can operate in potentiostatic [7, 8],
potentiodynamic [9, 10], galvanostatic [11] and galvan-
odynamic regimes. The latter regime is used rarely and
primarily for special purposes. For real electrochemical
systems, each regime has its advantages and disadvantag-
es. Cycling in potentiostatic and potentiodynamic regimes
can help avoiding undesired processes, such as oxygen
evolution on nickel oxide electrode [12, 13]. In cases of
Ni/Ni(OH),, side reaction can be limited with the use of
the potentiostatic regime with limited maximum poten-
tial, or voltage for the assembled device [14, 15]. These
regimes also prevent polarity switch of electrodes, which
can be problematic when galvanostatic regimes are used.
The disadvantage of potentiostatic regimes is a high initial
current on device switching, which can cause overheating
of some cell elements.

On the other hand, galvanostatic regimes are simpler in
realization and allow for simple and easy control over electric
current.

It is worth to note that the use of combined regimes is
also possible. Such combined regimes can have advantages
of both regimes.

Various modern papers serve as an example of different
regimes used for cycling electrochemical devices. The paper
[16] describes and discusses different regimes for accumu-
lator charging and their influence on the resulting capacity
of these electrochemical devices. The paper notes the im-
portance of the regime for capacity testing and proposes
the structure of the remote power grid based on modeling
results.

The authors of the paper [17] propose a few variants
of charge and discharge, which can extend the lifespan of
batteries. They also note that operation characteristics are
invariable of the proposed modification.

The current supply regime is of importance for elec-
trochemical deposition of alloys. Thus, the authors of the
paper [18] propose the impulse galvanostatic regime for
deposition of Ni—-Mo alloy. According to experimental
results, they have found that a quality deposit requires the
galvanostatic regime with current impulses with different
duration and polarity. They also note that for chosen depo-
sition regimes, reverse polarity impulses of 10-50 ms are
important for deposition.

The authors of the other paper on electrochemical depo-
sition of Co—Cu alloy [19] have employed the potentiostatic
deposition regime. It is described that alloy composition,
crystal structure and its magnetic properties are determined
by the potential at which alloys are formed.

The paper on electrodeposition of Ni—Sn alloy [20] de-
scribed the direct correlation between deposition regime and
composition and morphology of deposits. The paper presents
results of galvanostatic and potentiostatic regimes.

The analysis allows concluding that selection of ap-
propriate cycling current parameters is of importance for
electrochemical devices. Because no papers regarding the
influence of cycling current on the operation of electrochro-
mic materials were found, it was decided to conduct a series
of experiments dedicated to this dependency.

3. The aim and objectives of the study

The aim of the work was to evaluate the influence of
current supply regimes on electrochemical and electrochro-
mic properties of Ni(OH)j, films. Finding such dependencies
would allow for simple selection of appropriate cycling re-
gimes which would allow for better utilization and longevity
of electrochromic devices.

To achieve the set aim, the following objectives must be
completed:

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

—to select a number of different cycling regimes and
conduct their testing;

—to conduct a comparative analysis of electrochromic
and electrochemical properties of films tested in different
regimes.

4. Materials and methods used to study the influence of
cycling regime on characteristics of electrochromic films

Reactants and materials used in the experiments

Analytical grade chemicals were used in all experiments.
Glass electrodes coated with fluorine-doped SnQO,, then
FTO glass (Zibo Lanjing Glass, China) were used as sub-
strates for film deposition. Working electrode area 2x2 c¢m,
sheet resistance 10 Q/o.

All electrochromic films were prepared under conditions
listed in Table 1.

Table 1
Conditions for film depositions using the cathodic template
method
Electrolyte Electrolyte Cath(:idlc eur Deposition
composition | temperature, ‘°C rent density, time, min
’ mA /cm? ’
1 M Ni(NOs3)»
50 g/L PVA* 30 0.1 10

Note: * — polyvinyl alcohol

Flat nickel foil was used as anode [21].

Experimental regimes

For studying regimes, all film samples were prepared
under standard conditions described above. As such, the
cycling regime was the only experimental variable. A series
of cycling regimes was proposed, all of which are listed in
Table 2.

Studied regimes can be split into two categories. Simple,
in which only one parameter — current or potential, was set,
with separate stages being conducted over a set period of
time. These are potentiodynamic and potentiostatic regimes
(Table 2). The second type of regimes is labeled as complex.
For these regimes, there was no set cycle time, as it was de-
pendent on film behavior. For instance, for complex regime



No. 1, anodic current was switched off, only if the film poten-
tial was above 500 mV.

In order to determine current values for galvanostatic
cycling, designated films were cycled in the standard poten-
tiodynamic regime No. 1 and cathodic peak value was used
as a starting point — notes to Table 2.

Table 2
Description of experimental regimes and sample labels’
Regime
(Sample label) Parameters
Potentiodynamic B _ o
No. 1 (P1) E;=+201 mV, E»=+751 mV; v=1 mV /s
Potentiodynamic - _ o
No. 2 (P2) E=+201 mV, E»=+701 mV; v=1 mV//s
Potentiodynamic B _ o
No. 3 (P3) E;=+201 mV, E»>=+801 mV; v=1 mV /s
Potentiodynamic - _ o
No. 4 (P4) E=t351 mV, E;=+751 mV; v=1 mV/s
Potentiodynamic _ _ .
No. 5 (P5) Ei=+ 451 mV, Ey5=+751 mV; v=1 mV /s
Galvanostatic Step 1: [,=+0.53 mA /s 1,=50 s;
No. 1% (G1) Step 2: [,=—0.53 mA/s% 1,=50 s
Galvanostatic Step 1: ,=+0.88 mA /s% 1,=25 s;
No. 2% (G2) Step 2: [,=—+0.88 mA/s% 1,=25 s
Step 1: ,=+0.2 mA/s% 1,=2.5 min;
Complex stop at £>+701 mV;
No. 1%(C1) Step 2: ,=—0.2 mA/s% 1,=2.5 min;
stop at E<+201 mV;
Step 1: ,=+0.27 mA/s% 1,=1.5 min;
3 |stop at E2+701 mV;
Com[zl(e;;;\lo. 2 Step 2: I,=—0.27 mA/s% 1,=1.5 min;
stop at E<+201 mV;,
Step 3: E=—99 mV; 1=2.5 min

Notes: ! — for galvanostatic regimes, the films were pre-cycled in the
regime (P1) (201 — 751 mV, 1 mV/s), which was done to evaluate
peak currents (maximum cathodic peak current on the fifth cycle)
Icp; 21 (charge)=*lcp; I (discharge)=+fcp; | (chmge)=*2[cp; I (dis-
charge) ™ +21CP

It should be noted that for all graphs (Fig. 412, a), cur-
rent values are re-calculated into current density (mA/s?)
based on the working electrode area of 4 cm?.

Evaluation of electrochemical and optical characteristics
of deposited films. Electrochemical cycling was conducted
with simultaneous recording of the coloration-bleaching
process using the custom-built cell, Fig. 1.

Ag/AgCl (KCI sat.) was used as a reference electrode,
counter-electrode — nickel foil. Optical characteristics were
recorded using ADC E-154 (“L-CARD”, Russia) at the
recording rate of 3 Hz, electrochemical parameters were set
and recorded using the electronic potentiostat-galvanostat
Ellins P-8 (“STF Volta”, Russia).

Cycling regimes and potential windows are listed in
Table 2. All experiments were conducted with 0.1 M KOH
as an electrolyte.

At least five cycles were recorded, and for some (fast)
regimes more than 20 to evaluate the influences of prolonged
cycling. For cyclic voltamperometry curves (CVA), peak po-
sition, value and shape were analyzed, along with any curve
differences on subsequent cycles.

Coloration-bleaching curves were analyzed for absolute
coloration degree (D,) —transparency difference between
bleached and colored states on each cycle (n) and its aver-

aged value (D,) according to Fig. 2. Coloration-bleaching
curves were also used to derive absolute irreversibility (I,,)
on each cycle (n) and its averaged value (I,) — Fig. 3, equa-
tion (3). The shapes of the curves were also analyzed.
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Fig. 1. Cell with the electrode for electrochemical and optical
tests: 1 — working electrode with the deposited film;
2 — cell farm from transparent plastic; 3 — counter-electrode;
| — source of white light (5,500 K); Il — photoresistor.
DC — source of stabilized constant voltage;
ADC — analog-to-digital converter
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In addition, film uniformity and color were also evaluat-
ed after cycling.

5. Analysis and comparison of electrochemical and optical
characteristics of samples tested in different regimes

In order to evaluate specific currents, films were cycled
in standard potentiodynamic regime No. 1 and cathodic
peak current was chosen as the starting point for regime
testing — note to Table 2.

Potentiodynamic regimes P1, P2, P3, P4, P5

Results for cycling regime (P1), also referred to as “stan-
dard regime”, are shown in Fig. 4. This regime is referred
to as standard because it was used for film testing in our
previous works on nickel hydroxide-based electrochromic
materials [3, 4, 10, 12, 21]. It was also used for preliminary
cycling before galvanostatic and complex regimes. Analy-
sis of the cyclic voltamperometry (CVA) curve, shown in
Fig. 4, allows drawing a few important conclusions. First, the
characteristics of the film gradually decrease with cycling —
peak currents decrease and shift slightly with each cycle (the
shifts are indicated by red arrows). Second, current values of
reduction and oxidation peaks are close, with the exception
of the first cycle, which indicates good capacitive efficiency.
It worth to note that peak height is a parameter which can
be used for semi-quantitative evaluation of the peak area. In
turn, the peak area corresponds to the capacity used for the
oxidation/reduction process.

Fig. 4, b shows photographs of the colored electrochromic
film after potentiodynamic regime P1. The film has a uniform
dark color across the entire working area, indicating the high
quality of the sample. It is interesting that the back side of the
electrode has violet gloss upon reflection of direct light.

The coloration-bleaching curve shown in Fig. 4 ¢ allows
concluding that under this regime, the film shows a rather
high coloration degree and negligible irreversibility during
bleaching. In addition, the shape of the coloration-bleaching
curve is close to rectangular. For electrochromic materials,
such shape is close to ideal, i. e. rectangular.

For potentiodynamic regime P2, the potential window
was shortened in comparison with standard — E [+201;
+751 mV]. The CVA curve for this regime showed some
worsening of electrochemical characteristics — Fig. 5, a.
The cathodic peak current was significantly lower than
anodic, and peaks shifting is similar to CVA of the previous
regime. It is interesting that after the left peak, there is a
plateau with the height of about 30 % of the cathodic peak.
It obvious that narrowing of potential borders from the
left side (in more negative region) results in the incomplete
reduction of the film.

The photographs shown in Fig. 5, b reveal that the film
cycled in this regime has a uniform dark color, similar to that
in the previous experiment.

The coloration - bleaching curve of this regime showed
characteristics similar to those of the previous regime —
Fig. 5, c¢. Reversibility of the coloration-bleaching process is
high, while coloration degree is somewhat lower.

For potentiodynamic regime P3, the cycling potential
window was extended, compared to standard (750 mV) and
was E [+201; +801 mV]. Because of such change, an eleva-
tion appeared at about 750 mV, which is caused by oxygen
evolution (Fig. 6, a). The shape of the CVA curve and its
values are similar to those of potentiodynamic regime P1.
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Fig. 4. Results for regime P1: a — CVA curve of the electrode
recorded in the potentiodynamic regime; b — photograph of
the electrode in the colored state after testing;

¢ — coloration-bleaching curve
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Photographs of the colored film after potentiodynamic
cycling P3 are shown in Fig. 6, b. It should be noted that the
film on the electrode surface has a uniform dark color, similar
to previous regimes. However, the electrode shows the pres-
ence of transparent areas. This is undoubtedly caused by the
side reaction of oxygen evolution, which causes the formation
of oxygen bubbles that tear the film off from the substrate.

As with CVA, the coloration-bleaching curve is similar
to that of the standard regime (potentiodynamic regime P1).
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Fig. 5. Results for regime P2: a — CVA curve of the electrode
recorded in the potentiodynamic regime; b — photograph of
the electrode in the colored state after testing;
¢ — coloration-bleaching curve
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For potentiodynamic regime P4, the potential window
was reduced to E [+351; +751 mV]. Such reduction led to a
significant decrease of electrochemical characteristics (dif-



ferent heights of anodic and cathodic peaks) and optical
characteristics (lower coloration degree, rounding of the col-
oration-bleaching curve) — Fig. 7, a, c. Photographs of the elec-
trode after cycling revealed imperfections in film coloration: a
large number of transparent spots, non-uniform color — Fig. 7, b.
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Fig. 6. Results for regime P3: @ — CVA curve of the electrode
recorded in the potentiodynamic regime; b — photograph of
the electrode in the colored state after testing;
¢ — coloration-bleaching curve

Further narrowing of the potential window to E [+451;
+751 mV] resulted in a decrease of all characteristics: opti-
cal, electrochemical and qualitative. The peaks of the CVA
curve had different heights, the shape of which (along with
the overall shape of the curve) changed over time. Col-
oration-bleaching curve showed significant irreversibility
during bleaching (Fig. 8, 4, ¢). Photographs of colored films
after cycling reveal large areas without film coloration and
non-uniform color of the film — Fig. 8, b.
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Fig. 7. Results for regime P4: @ — CVA curve of the electrode
recorded in the potentiodynamic regime; b — photograph of
the electrode in the colored state after testing;
¢ — coloration-bleaching curve
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Fig. 8. Results for regime P5: a — CVA curve of the electrode
recorded in the potentiodynamic regime; b — photograph of
the electrode in the colored state after testing;
¢ — coloration-bleaching curve

Galvanostatic regimes G1, G2

The next stage in the study on the influence of the cy-
cling regime on optical and electrochemical characteristics
are regimes with a constant current. Prior to testing, each
film was cycled in the standard regime (P1). Next, the ca-
thodic peak current at the fifth cycle was used for polariza-
tion in the galvanostatic regime (Icp).

Fig. 9 shows results for the film cycled in the galvanos-
tatic regime G1. Fig. 9, a shows potential over time and
current over time curves. Analysis of these curves revealed
that the electrode potential immediately rises to about
670 mV and remains constant over the entire period of an-
odic polarization. The potential curve during the cathodic
period shows two plateaus, which can correspond to differ-
ent phases. It is possible that the synthesis method resulted
not in the formation of pure a-Ni(OH), but into a mixture
of o and B phases [22-25]. The latter would result in two
plateaus. Coloration-bleaching curves of 25 cycles revealed
stable optical characteristics but lower coloration degree
than that of the standard regime (potentiodynamic regime
P1) - Fig. 4.

Photographs of the films subjected to cycling in galva-
nostatic regime G1 are shown in Fig. 9, . Uniform coloration
and absence of transparent spots on the electrode indicate
that this regime is suitable for bleaching-coloration cycling
and does not result in film peeling.

Galvanostatic regime G2 differs from the previous one
in that used current densities are two times of the cathodic
peak current (2¥Icp). Results for this regime are shown
in Fig. 10. Dependencies of the electrode potential and
current density on time, shown in Fig. 10, a, demonstrate
behavior similar to the previous regime — potential spike
(=+700 mV) on anodic polarization and two plateaus on
cathodic polarization. Coloration-bleaching curve for this
regime also showed a lower coloration degree in comparison
with the standard regime (P1). However, the coloration de-
gree is lower than that of the previous galvanostatic regime.
It is evident that high cycling current density has a negative
effect on coloration degree.



Photographs of the electrode after cycling in this regime
(G2) are shown in Fig. 10, b. It should be noted that electro-
chromic films have no major defects, with deep and uniform
coloration.
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Fig. 9. Results for regime G1:

a — electrode curve recorded in the galvanostatic regime
(potential and current dependencies on time, 1 — 4 cycle);
b — photograph of the colored electrode after cycling;
¢ — coloration-bleaching curve
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Fig. 10. Results for regime G2:

a — electrode curve recorded in the galvanostatic regime
(potential and current dependencies on time, 1 — 4 cycle);
b — photograph of the colored electrode after cycling;
¢ — coloration-bleaching curve

Complex regimes C1, C2

The third stage of research is cycling of electrochromic
films in complex regimes.

For complex regime C1, galvanostatic anodic and cath-
ode polarizations periods were used. Polarization was
stopped after achieving certain potential values. The anodic
period lasted until the electrode potential reached +701 mV.

For the cathodic period, the negative current was kept
constant until the potential reached +201 mV (Fig. 11, a).
As such, the duration of cathodic and anodic periods was
different. Complex regime No. 1 did not yield great results
as coloration depth was low and irreversibility on bleaching
was higher than zero — Fig. 11. Photograph of the film after
cycling in complex regime C1 is shown in Fig. 11, b.

Based on these results, it was decided to change the
complex regime.
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Fig. 11. Results for complex regime C1:

a — electrode curve recorded in the complex regime
(potential and current dependencies on time, 1 — 4 cycle);
b — photograph of the colored electrode after cycling;
¢ — coloration-bleaching curve

> 1000
g /
= 500
s LU
& 00
85000500 400 600 800 1000
Time, s
o 05
£
S
=05 : “
200 400 600 800 1000
Time, s
a b
120
< 100
5 80
5
g 60
o
£ 40
—_
= 20
0+ . . .
0 2000 4000 6000
Time, s
c

Fig. 12. Results for complex regime C2:

a — electrode curve recorded in the complex regime
(potential and current dependencies on time, 1 — 4 cycle);
b — photograph of the colored electrode after cycling;
¢ — coloration-bleaching curve



Complex regime C2 is a modification of the previous
regime. An additional stage was added, which allowed for
the complete bleaching of the film. An additional step was
added after the cathodic period. For this step, the film was
kept at the potential of —99 mV for 2.5 minutes (Fig. 12).
This resulted in higher characteristics in comparison to
regime C1: higher coloration degree and lower irreversibil-
ity on bleaching (Fig. 12, b). However, the regime is not
ideal — some degradation of electrochromic properties was
observed. Photographs of the colored film after cycling in
regime C2 are shown in Fig. 12, b.

6. Discussion of the result for electrochromic films cycled
in different regimes

In general, it can be said that potentiodynamic regimes
with slow scan rate can be used for evaluating the maximum
coloration degree. However, such regimes do not allow for fast
color switching. Narrowing of potential borders from either
side results in lowered parameters of electrochromic films. On
the other hand, widening of potential windows to the anodic
region causes film peeling off due to oxygen evolution. Thus, it
can be concluded that cycling of electrochromic nickel hydrox-
ide films past +750 mV is not viable, because of film peeling.

Galvanostatic regimes are simpler to implement, how-
ever, polarization with current close to the peak current of
CVA leads to a lower value of absolute coloration degree, in
comparison with the standard regime. Increasing current
over Icp results in the decrease of coloration degree.

Testing in complex regimes yielded ambiguous results. It
should be noted that complex regimes chosen in this study
do not meet qualitative criteria for electrochromic devices.
However, an even larger number of regime variants needs to
be studied, which is the subject for future studies.

For a summary, all results were compiled into histograms
which include averaged absolute coloration degree (D,) and
averaged absolute irreversibility on bleaching (I,) — Fig. 13.
For a better understanding of time required for coloration
and bleaching, coloration and bleaching times were plotted
onto the histogram — Fig. 13. A few important conclusions
can be derived from these histograms. Despite the use
of different regimes, the standard regime (P1) shows the
highest averaged absolute coloration degree. On the other
hand, averaged irreversibility on bleaching is lower in po-
tentiodynamic and galvanostatic regimes. Chosen complex
regimes loose in averaged coloration degree and show higher
averaged irreversibility on bleaching. Nevertheless, it is pos-
sible that further modification of complex regimes can lead
to optimal parameters for film cycling.

When evaluating regimes, it is important to consider
not only qualitative characteristics from each regime, but
also consider the duration of the coloration/bleaching
process. From the perspective of minim duration and max-
imum qualitative characteristics, galvanostatic regimes are
in favor — G1 and G2 (Fig. 14).

In conclusion, it is worth to note that while chosen regimes
do not cover all possible variants, the conducted experiments

allow for qualitative evaluation of differences of electrochromic
and electrochemical characteristics between cycling regimes
and their parameters. This would allow for future optimization
in cycling parameters for electrochromic devices.
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Fig. 13. Histogram with resulting averaged coloration degree
(D,) and absolute irreversibility on bleaching (I,) for each
regime
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Fig. 14. Histogram with resulting times for coloration (C) and
bleaching (B) for each regime

7. Conclusions

1. For the demonstration of electrochromic and electro-
chemical characteristics, the most suitable is potentiody-
namic regime P1: E [+201; +751 mV] with the scan rate of
1 mV/s.

2. The optimal regimes for electrochromic and electro-
chemical characteristics and time required per cycle are:

a) galvanostatic regime G1:

I,=+Icp, t1a=50s; Ic=—Icp, 1c=50s;

b) galvanostatic regime G2:

L=+2Icp, t1a=25s; Ic=-2-Icp, 1c=25s.

3. For chosen potentiodynamic regimes, narrowing of cy-
cling potential window led to a significant decrease of optical
and electrochemical characteristics of the films. Peak currents
decreased by 2 times, absolute coloration by 23 % and aver-
aged irreversibility on bleaching increased to 21 %. Increasing
current for galvanostatic regimes also resulted in a decrease of
optical characteristics. Doubling the current from initial Icp
resulted in a decrease of coloration degree by 10 %.
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