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Abstract: For the first time, a crystalline–amorphous double-

layered NiOx film has been prepared by reactive radio fre-
quency magnetron sputtering. This film has exhibited im-

proved electrochemical cycling durability, whereas other

electrochromic parameters have been maintained at the re-

quired level, namely, a short coloration/bleaching time

(0.8 s/1.1 s) and an enhanced transmittance modulation
range (62.2 %) at l= 550 nm. Additionally, the double-lay-

ered film has shown better reversibility than that of amor-

phous and crystalline single-layered films.

Introduction

Reduction in energy consumption is an efficient way to solve
energy problems. Smart windows can help to reduce both

heating and cooling needs by adjusting their optical properties
reversibly and persistently upon applying external voltage.[1]

The challenge is to prepare electrochromic (EC) materials with
long-term cyclic stability, a short switching time, a high optical

modulation range, and a high coloration efficiency (CE).

There are various classes of EC materials, such as transition-
metal oxides, conjugated polymers, and mixed-valence materi-

als.[2] Among them, nickel oxide (NiOx) is considered to be
promising owing to its high EC efficiency and low cost. Addi-

tionally, it can be used as a counter electrode to a WO3 cath-
ode in smart windows, in which the optical modulation range

is enhanced owing to simultaneous modulation of both elec-

trodes.[1c, 3] Poor cycling durability is the main disadvantage of

EC NiOx, which results in spontaneous chemical conversion
into Ni(OH)2 when the film is immersed in an aqueous electro-

lyte.[4] When cycling is performed, there is competition be-
tween the electrochemical process and self-discharge of the

colored domains, accompanied by partial dissolution of the
thin-film oxidized phases.[4d, 5] This second process becomes

dominant upon cycling, which leads to a rapid degradation of

the EC performance[5b] or, in other words, first NiOx is chemical-
ly converted into Ni(OH)2, which is then converted into NiOOH

through an EC reaction during cycling tests.[6] NiOOH is easily
dissolved in H2O.[7] Thus, the use of aqueous electrolytes (such

as KOH) would never result in avoiding degradation. One
could expect only to retard this process by developing tech-
nology most appropriate for this purpose. Nevertheless, the

use of aqueous electrolytes is very convenient for routine ex-
perimental practice; it makes it easy to compare the EC per-
formances in NiOx films prepared in different ways and to de-
termine the most promising technologies. The real values for

the number of cycles determined for NiOx films with the use of
aqueous electrolytes are far from those that can be achieved

with anhydrous ones. For example, the degradation of NiOx

film tested in KOH electrolyte was already reported after about
1000 cycles, whereas the use of anhydrous lithium perchlorate

dissolved in propylene carbonate lengthened the cycling life of
this film.[3d] However, on the contrary, it was reported that it

was possible to reach a value of 10 000 cycles for NiOx film in
KOH electrolyte, whereas the use of lithium conducting anhy-

drous electrolyte yielded very rapid cycling degradation.[8] This

problem deserves further investigation.
Unfortunately, degradation also occurs for other reasons and

does not disappear when an aqueous electrolyte is changed
for an anhydrous one. Coloration/bleaching cycles are accom-

panied by mechanical stresses arising owing to insertion/ex-
traction of ions, such as compressed and tensile stresses re-
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ported in ref. [8] . These stresses may destroy the EC film, caus-
ing grain fracture and total damage to an EC material. Thus,

the task for researchers is either to minimize the mechanical
stresses arising in the NiOx films during electrochemical cycling

or to improve their mechanical characteristics to enable them
to withstand the action of the stresses. Clearly, degradation be-

comes especially rapid when both factors act jointly, which is,
as we assume, often the case for electrochemical cycling of

NiOx.

The main objective of our research was to develop technolo-
gy that made NiOx films more resistant to degradation, but, at
the same time, also preserved other EC characteristics, such as
coloration/bleaching time and optical modulation range, at the

level required for the successful operation of the EC device.
The EC performance is closely connected with the crystallini-

ty of the material.[9] Crystalline films exhibit good cycling dura-

bility and slow degradation rate. However, the compact struc-
ture makes it harder for ions to be inserted into/extracted

from the films, which results in a slow switching speed and
limited optical modulation range.[10] Owing to the high specific

surface area, amorphous NiOx films exhibit a short response
time and a large optical modulation range, but the cycling du-

rability and stability are poor.[11] Therefore, the idea of our

work was to combine the advantages of both crystalline and
amorphous films. For this purpose, a NiOx double-layered

structure has been fabricated on indium tin oxide (ITO)-coated
glass through magnetron-reactive radio frequency (rf) sputter-

ing, for the first time. The double-layered NiOx film was pre-
pared by depositing the amorphous layer onto the crystalline

layer. To demonstrate the advantages of the double-layered

film, we compared its parameters with those of single-layered
NiOx amorphous and crystalline films.

Results and Discussion

The XRD patterns of the NiOx films are shown in Figure 1. The
large degree of disorder in the films prepared at low substrate

temperatures (Ts)
[12] yields nonuniform broadening of the dif-

fraction XRD peaks, which makes them unresolved. Thus, no
characteristic peaks of NiOx are observed in NiO-25 and NiO-
100 films; this reveals their highly disordered structure. At the

same time, several XRD peaks belonging to ITO are observed
in Figure 1.

Crystallization of NiOx occurs between 100 and 200 8C, result-
ing in changes to the XRD patterns. According to standard
JCPD card nos. 89-7130 and 89-4597, the NiOx films deposited

at Ts>200 8C have a cubic structure with diffraction peaks
from the (111) and (200) planes. The intensities of the (111) and

(200) peaks are significantly enhanced with increasing Ts,
which can be attributed to the enhanced film order.

SEM images of the as-prepared NiOx film deposited at vari-

ous Ts values are shown in Figure 2 a–e. The surfaces of the
NiO-300 (Figure 2 d) and NiO-400 (Figure 2 e) films are smooth-

er than that of NiO-25 (Figure 2 a), which is also attributed to
the higher degree of order in the films prepared at high Ts.

Cyclic voltammetry (CV) measurements were performed be-
tween 0 to 0.5 V at a scan rate of 50 mV s@1 in 1.0 m KOH. Fig-

ure 3 a presents the CV curves of the NiOx films deposited at
different Ts values. Only one redox process is observed for all

samples. The coloration process of the films corresponds to
the oxidation peak and the bleaching process is associated

Figure 1. a) XRD patterns of the NiO films deposited at different tempera-
tures. b) A magnified view of the 36–44.58 region.

Figure 2. SEM images of NiO-25 (a), NiO-100 (b), NiO-200 (c), NiO-300 (d),
and NiO-400 (e).
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with the reduction peak; this can be attributed to the electro-

chemical reaction given by Equation (1):

NiðOHÞ2 ðbleachedÞ þ OH@ $ NiOOH ðcoloredÞ þ H2Oþ e@

ð1Þ
The insertion and extraction of OH@ ions leads to transitions

of electrons between Ni3 + and Ni2+ states, which corresponds

to the coloration and bleaching of the films, respectively. The
oxidation of Ni2 + to Ni3 + during the anodic scan causes colora-

tion, and the reduction of Ni3+ to Ni2+ during the cathodic
scan results in bleaching.[3c, 6, 13] The amount of charges in the

insertion and extraction processes can be calculated from
Equations (2) and (3), respectively:

Q ¼
Z

Idt ð2Þ

y ¼ dV
dt

ð3Þ

in which Q, I, v, and V are the amount of charges, instantane-
ous current, scan rate of CV curves, and instantaneous poten-

tial, respectively. From Equations (2) and (3), Q could be ob-
tained from Equation (4):

Q ¼
R

IdV
v

ð4Þ

Additionally, it is well known that the separation of oxidation
and reduction peaks is used as a measure of reversibility.[14]

Figure 3 shows the CV curves of NiOx films deposited at differ-
ent Ts values in a 1.0 m solution of KOH over a potential range

of 0–0.5 V at a scan rate of 50 mV s@1. As shown in Figure 3 b,
the peak potential separation decreases dramatically with in-

creasing Ts, which reveals that the films deposited at higher Ts

have better reaction reversibility. On the contrary, higher Ts has

a negative influence on the charge capacity of the films, which
can be ascribed to better film crystallinity.

Having examined the difference between the crystalline and

amorphous films, we fabricated a double-layered structure
(NiO-DL). First, we deposited the crystalline layer on the ITO

substrate at Ts = 300 8C, and then the amorphous layer was de-
posited at Ts = 25 8C on the crystalline film, as shown schemati-

cally in Figure 4 a and b.
We applied chronoamperometry (CA) tests on NiO-DL in

1.0 m KOH electrolyte, and the corresponding in situ transmit-

tance measurements were employed to study the switching
characteristics. The transmittance spectra in the colored

(brown) and bleached (transparent) states from l= 380 to

Figure 3. a) CV curves of the NiOx films in the potential region of 0–0.5 V at
a scanning rate of 50 mV s@1. b) Peak potential separation and charge capaci-
ty as a function of the substrate temperature for the NiOx films.

Figure 4. Illustrations of the structures of the NiO-DL film (a,b) and digital
photographs of the bleached (c) and colored (d) states.
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800 nm are presented in Figure 5 a. In the initial state, the film
exhibits a noticeable electrochromism, with optical modulation

of up to 40 % at l= 425 nm. After 1000 cycles, the optical
modulation range of the double-layered NiOx structure is en-

hanced, compared with the initial state, owing to the activa-
tion phenomenon, which is one of the most important charac-

teristics of NiOx.
[4c, 5b] As previously observed, the cycling life of

NiO EC thin films passes through three stages, namely, the acti-
vation period, the steady state, and the degradation period.

During the first period, the coulometric capacity increases, and
this activation may last from a few to hundreds of cycles, de-

pending upon the film thickness and agglomeration. During
this period, the film morphology changes progressively owing

to the continuous injection/extraction of both ions and elec-
trons, as shown in Figure S1 in the Supporting Information. As

a result, the number of chemical reaction sites inside the film
and the amount of Ni2 + that can be transformed into Ni3 + is
increased.[5b, 15] Eventually, the optical modulation range of the

NiOx film is enhanced.
The switching speed is a key factor in practical applications

of the EC devices. The corresponding in situ transmittance
measurements at l= 550 nm were provided to study the
switching time (the time required for a 90 % change in the
whole modulation) characteristics of the electrode (Figure 5 b).

Compared with previously reported NiOx-based EC films with

different kinds of morphology,[16] NiO-DL exhibits equally good
switching characteristics with coloration and bleaching times

of 1.1 and 0.8 s, respectively. The stable, reversible, and persis-
tent in situ transmittance curve in Figure 5 c reveals the excel-

lent EC performance of NiO-DL.
CE represents the change in the OD per unit of charge (Q)

inserted into (or extracted from) the EC film.[3c, 8, 17] A high value

of CE indicates that the EC material shows a large optical mod-
ulation range, with a small intercalation charge density. These

factors can be calculated from Equations (5)–(7):

CEðlÞ ¼ DODðlÞ
Q

ð5Þ

DODðlÞ ¼ log
Tb

Tc

ð6Þ

Q ¼
Z

t1

t2

jðtÞdt ð7Þ

in which Tb and Tc refer to the transmittance of the film in its

bleached and colored states, respectively; Q is the charge in-
serted during the coloration period. Figure 5 d shows plots of

DOD at a wavelength of l= 550 nm versus inserted charged

density. The CE value of the NiO-DL film is calculated to be
44.4 cm2 C@1. This value is as good as those obtained in NiOx

nanowalls,[3c, 18] 1D NiO nanorods,[19] and porous NiO thin
films.[20] The high CE can be attributed to the amorphous layer

on the top side, which is able to achieve better ion accessibili-
ty, owing to the higher specific surface area.[21] Cycling stability

is one of the key parameters to evaluate the EC performance.

Herein, the durability of NiO-DL is determined by CA tests ;
NiO-25 and NiO-300 films have also been tested for compari-

son and the corresponding in situ transmittance at l= 550 nm
is presented in Figure 6.

In the initial state, the switching speed of NiO-25 is faster

than that of the others and the modulation range is the larg-
est, as shown in Table 1. However, the EC performance declines

sharply after 70 cycles, as shown in Figure 6 a. At the end of cy-
cling, the Tb value of NiO-25 decreased dramatically to about

21.7 %, compared with that of 82.8 % at the beginning of cy-
cling. This can be attributed to the amorphous nature of the

Figure 5. a) Transmittance spectra of the colored and bleached states for the
NiO-DL film in the range from l= 380 to 800 nm for the 1st and 1000th
cycles. b) One single coloration–bleaching cycle displays the switching re-
sponse characteristics. c) Fifty coloration–bleaching cycles at l = 550 nm.
d) Variation of the in situ optical density (OD) versus charge density.
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film. As discussed above, disorder formed in the films deposit-

ed at low Ts provides efficient contact between the electrolyte
and material and facilitates ion diffusion along the grain boun-
daries. The number of active sites for the electrochemical reac-

tion is higher in films with lower crystallinity. On the other
hand, film disorder facilitates degradation, which, in turn,
yields a dramatic decrease in the optical modulation range.

At Ts = 300 8C, the film crystallinity is highly improved, where-
as the specific surface area is reduced drastically, which makes
it harder for the electrons and ions to be inserted/extracted

into/from the film and the switching speed becomes slower,[23]

as shown in Table 1. However, the cycling durability is highly
improved owing to better crystallinity. As presented in Fig-

ure 6 c, the Tb value of NiO-300 can be preserved at a level of
85 %, and the optical modulation range grows over 500 cycles.

After this time, Tb and Tc decay gradually to about 65.8 and
17.9 %, respectively, in the 1000th cycle as shown in Figure 6 d.

The cycling performances of NiO-100 and NiO-200 are similar

to that of NiO-300: Tb and Tc both decay dramatically after
1000 cycles, as shown in Figure S3 in the Supporting Informa-

tion.
The EC performance can be improved significantly in NiO-

DL. As demonstrated in Figure 6 e and f, after 1000 cycles, Tb in
NiO-DL is preserved at the almost same level as that in the ini-

tial state, whereas Tc declines gradually from the very begin-
ning of the cycling. As a consequence, the optical modulation
range at l= 550 nm is enhanced to about 62.2 %. Furthermore,
the bleaching time for NiO-DL increases after 1000 cycles; this

can be attributed to the difficulty in extracting ions caused by
interconnected pores inside of the film. However, in the initial

state, the switching speed is faster than that in NiO-300, as

shown in Table 1; this can be attributed to the unique struc-
ture of NiO-DL. The amorphous NiOx layer, with small grains

and a high specific surface area, aids the surface diffusion of
ions, whereas the crystalline layer helps to resist to NiOx film

degradation. Finally, the synergetic interaction of both layers
leads to the enhanced EC performance of double-layered NiOx.

Conclusion

The double-layered NiOx structure, consisting of crystalline and
amorphous layers, demonstrated improved electrochemical cy-

cling durability compared with that of films from which it was

comprised. Additionally, it possessed a higher optical modula-
tion range, whereas the coloration and bleaching times were

preserved at the level of the amorphous film. Thus, this struc-
ture demonstrated unambiguously its advantages over single-

layered NiOx films, and as a candidate for use in smart win-
dows. Further tests of its cycling durability should be carried

out in anhydrous electrolytes.

As stated previously, there are two ways to resist degrada-
tion. The first way reported previously involved the NiOx struc-

ture being very slightly modified through a low doping with
iridium oxide.[23] The authors reported 10 000 cycles in lithium-

conducting anhydrous electrolyte without a decline in the EC
parameters. The long film life is provided in this case by the

structure, in which minimal mechanical stresses arise upon in-
sertion/extraction of ions, or the film acquires additional elas-

ticity, which makes the material resistant to stresses, as long as
the stresses do not exceed the limiting value for elastic behav-
ior. Naturally, the joint influence of both factors is possible.

This very impressive way has only one disadvantage for com-
mercial use: iridium is very expensive.

We have a tentative suggestion that that the NiO-DL struc-
ture resists mechanical stresses owing to improved mechanical

characteristics. An epitaxial solution is provided: the amor-
phous film was deposited on a crystalline film of the same ma-
terial. The crystalline substrate determined the properties of

the amorphous film to reduce deviations in the lattice parame-
ters, which, in turn, could provide higher elasticity of the amor-

phous layer. XRD analysis detected a shift in the (200) Bragg re-
flection to higher angles in the double-layered structure, com-

Figure 6. Durability tests of NiO-25 (a), NiO-300 (c), and NiO-DL (e) for
1000 cycles at l= 550 nm. The in situ transmittance of NiO-25 (b), NiO-300
(d), and NiO-DL (f) for the first five cycles and the last five cycles at
l= 550 nm.

Table 1. Comparison of the EC performances for NiO-25, NiO-300, and NiO-DL.

Samples 1st–5th cycles 995th–1000th cycles
Tb [%] Tc [%] DT [%] tb [s] tc [s] Tb [%] Tc [%] DT [%] tb [s] tc [s]

NiO-25 82.8 39.8 43.0 0.7 0.8 21.7 11.3 10.4 2.9 6.9
NiO-300 87.4 54.6 32.8 4.2 0.9 65.8 17.9 47.9 13.7 1.4
NiO-DL 82.8 48.5 34.8 1.1 0.8 81.3 19.1 62.2 9.7 1.6
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pared with that in the polycrystalline film, which implied the
appearance of compressive stresses in the as-prepared double-

layered structure. At present, we do not have an explanation
for this phenomenon. Electrochromism in NiOx films is ex-

tremely complicated. Further investigations are required to dis-
cover the reasons for the improved cyclic durability in the

double-layered structure. However, a new and cheap method
for improving chemical cycling durability has been achieved,

and looks to be promising for extensive investigation.

Experimental Section

Sample Preparation

Films were deposited by reactive rf magnetron sputtering from
metallic nickel (99.99 % purity) in a mixture of O2 (99.99 % purity)
and Ar (99.99 %) gases. ITO-coated glass (1 cm V 4 cm in size; sheet
resistance, Rs = 8W square@1) was washed with acetone, ethanol,
and deionized water in an ultrasonic bath for 10 min each before
use as a substrate. The distance between the target and substrate
was about 100 mm. An O2/Ar mass flow ratio of 1 was used at a
working pressure of 3 Pa and the rf power was maintained at 50 W
during deposition.
The NiO-DL structure was prepared by the consecutive deposition
of crystalline film at a substrate temperature (Ts) of 300 8C and of
the amorphous film at Ts = 25 8C.
For comparison of the EC parameters, single-layered films were
prepared. The NiOx single-layered films deposited at Ts = 25, 100,
200, 300, and 400 8C are denoted as NiO-25, NiO-100, NiO-200,
NiO-300, and NiO-400, respectively.
The thickness of the single-layered films was 200 nm, whereas the
thickness of the crystalline layer was 120 nm and the thickness of
the amorphous film was 80 nm in the double-layered structure.
Thus, the entire thickness of the double-layered film was also
200 nm. SEM images of plain and cross-section views of the NiO-
DL are presented in Figure S2 in the Supporting Information.

Sample Characterization

Structural characterization of the films was carried out by using a
glancing-angle X-ray diffractometer (GAXRD, Panalytical, with CuKa

radiation) and a scanning electron microscope (Helious Nanolab
600j). To provide a synchronous operation of the light source and
the spectrometer by the in situ registration of the NiOx film trans-
mission spectra in the range from l= 380 to 800 nm, a special
device developed in our group was used. Film illumination was
carried out from a light source (DT-mini-2-GS, Ocean Optics)
through an optical fiber; an optical spectrometer MAYA 2000-Pro,
(Ocean Optics) was used to register the spectra. A transmittance
level of 100 % was defined as the transmittance of the electro-
chemical cell without a sample.
CV and CA measurements were conducted by using a CHI 660C
electrochemical workstation (Shanghai Chenhua Instrument Co.
Ltd.) with a three-electrode cell, with a 1.0 m aqueous solution of
KOH as the electrolyte, platinum as the counter electrode, and Hg/
HgO as the reference electrode.
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