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Abstract 

A NiOx film with varying crystallinity across film thickness has been prepared by reactive 

radio frequency magnetron sputtering. The main research achievement is that the 

electrochemical cycling stability of the NiOx film has been radically improved as compared 

with NiOx films deposited by the conventional technologies. At the same time, the optical 

modulation has been also improved, whereas other electrochromic parameters, such as the 

switching rate and high coloration efficiency have been preserved at the required level. 

 

1. Introduction 

Nowadays, a large amount of total energy consumption is expended in the field of 

commercial and civil buildings throughout the world and electricity is the largest source of 
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energy for buildings. For the sake of energy saving and emission reduction, the 

development of new energy efficient materials and technologies is increasingly important. 

Tremendous research interest is focused in the energy conservation technology used in 

buildings, such as skylights, roofing, and architecture windows[1-3]. As a promising 

energy-saving and environmental protection technology, smart windows have been 

developed due to their capability of switching the optical properties between opaque and 

transparent states under externally applied voltage [4-7].  

Commercial smart windows require the electrochromic (EC) materials with long-term 

cyclic stability, short switching time and high coloration efficiency (CE). Besides smart 

windows, EC materials can find application in electronic paper like displays, reusable price 

labels, military camouflage and spacecraft thermal control [8-16]. 

There is a variety of electrochromic materials, such as transition metal oxides, conjugated 

polymers, and mixed valence materials[17-21]. Among them, NiOx gained a considerable 

attention due to its good EC properties, low cost, and high coloration efficiency [22-25]. 

Furthermore, NiOx can serve as an anodic electrode additionally to a cathodic WO3 layer in the 

smart windows, which makes it possible to enhance the transmittance modulation due to joint 

action of both oxides in the electrochromism[26-30]. 

However, poor cycling durability severely limits the development of electrochromic NiOx. When 

cycling is performed in an aqueous electrolyte under application of an electric field, NiOx is 

converted into NiOOH which is easily dissolved in H2O[31].Therefore, the degradation of NiOx in 

aqueous electrolytes is unavoidable. At the same time, the aqueous electrolytes are widely used in 

the routine research since they give a possibility to compare easily the electrochromic properties 



  

 

 

of the NiOx films prepared by different technologies. It is reported that an exchange of the 

aqueous electrolytes for anhydrous ones yields the improvement of the cycling stability[32, 33]. 

However, the reaction between NiOx and water is not the only the reason for the degradation. 

Mechanical stresses arising along the coloration/bleaching process can also lead to the film 

degradation. Both factors can act together and yield the rapid degradation of electrochromic 

materials during the electrochemical cycling process. Therefore, to minimize the mechanical 

stresses during the cycling process as well as to improve the mechanical characteristics of the 

NiOx films are the main points for the researchers.  

As reported before, EC performance and the cristallinity in electrochromic materials are 

closely connected[22, 34-37]. Polycrystalline electrochromic NiOx films exhibit low 

degradation rate by the coloration/decoloration cycling. However, due to a small specific 

surface area, they demonstrated narrow optical modulation range and low switching speed 

[38-40].  

On the contrary, disordered (quasi-amorphous) films show fast switching speed and large 

optical modulation range because ions and electrons can easily be inserted /extracted 

into/from the films having a large specific surface area. Extended defects, such as pores, 

voids, intergrain boundaries can play the role of channels in surface diffusion for various 

ions. These “channels” are filled with an electrolyte and ions easily move along the natural 

pathways. On the other hand, the easy surface diffusion and small grains in the disordered 

films predetermine the possibility for the ions to find the easiest way for intercalation 

/extraction into/out the grains from different crystallographic directions. But the cycling 

stability of these films is low; they demonstrate a high degradation rate, which is the 



  

 

 

deterioration of the electrochromic performances during coloration/bleaching cycles [22, 

39, 41]. Therefore, the aim of our research was to create a NiOx structure that combines 

positive features of both crystalline and quasi amorphous films and can essentially enhance 

electrochromic performances of the NiOx films.  

In this research, the NiOx film with varying crystallinity, changing from highly ordered (in 

the domains close to the transparent electrode) to highly disordered (at the film surface) 

across the film thickness was deposited onto an ITO coated glass substrate by the reactive 

radio frequency magnetron sputtering. The NiOx film with the varying degree of 

crystallinity was prepared by varying the substrate temperature (Ts) during the sputtering 

process. The tests showed that this film has the enhanced EC characteristics including fast 

switching speed, high CE, large optical modulation range and good cycling durability. 

 

2. Experimental 

2.1. Preparation of the films by conventional technologies 

The NiOx films were deposited in O2 (99.99% purity) and Ar (99.99% purity) gas mixture 

by reactive radio frequency (RF) magnetron sputtering technology using metallic Ni 

(99.99% purity) of 5 cm diameter as a target. Indium tin oxide coated (ITO or SnO2:In) (1 

cm × 4 cm in size, sheet resistance Rs= 8Ωsquare
-1

 glasses washed for 10 min with acetone, 

ethanol, and de-ionized water in an ultrasonic bath were used as substrates. The distance 

between the target and the substrate was 100 mm. During the deposition process, O2/Ar 

mass flow ratio of 1 was maintained by a working pressure of 3 Pa and the RF power of 50 

W.  



  

 

 

We prepared a series of the NiOx films of same thickness deposited at different Ts ranging 

from 25
0
C to 350

0
C. Their electrochromic characteristics were tested in order to compare 

with those of the film prepared by the new technology.  

2.2 Preparation of the films with variable crystallinity across the film thickness 

The main idea of our work was to change the crystallinity in the NiOx film during the deposition. 

The spirit of the research was to manufacture the film that combines the positive features of the 

highly ordered and highly disordered films and providing very gradual changes in the film 

structure along film thickness. 

At the beginning of the deposition, Ts was maintained at 350°C for 2 minutes in order to 

provide the formation of the highly ordered polycrystalline NiOx layer. After that, the 

substrate heater was switched off, Ts was continuously and gradually decreasing, and the 

crystallinity of the subsequently deposited layers continuously was becoming lower. 

Finally, the deposition process was stopped when Ts lowered down to 80°C and the 

crystallinity of the NiOx film outermost layers at the film surface was worst. As in the 

previous case, film thickness measured by SEM has a value of about 200 nm, whereas 

thickness of the layer deposited at 350
o
C was about 20 nm. 

The scheme of the crystallininy gradient in the NiO-DG film is demonstrated in Fig. 1 (a) 

and the photos of NiO-DG in the bleached state (transparent) and the colored state (brown) 

are shown in Fig. 1 (b) and (c), respectively. 

 

2.3 Methods of characterization of the films  

The structure of the deposited NiOx films was identified by a glancing angel X-ray 

diffractometer (GAXRD, Panalytical) using a Cu-Kα (λ=0.154 nm) radiation source.  



  

 

 

The film surface morphology was investigated by a scanning electron microscope (SEM, 

Helious Nanolab 600j) and Atomic Force Microscope (AFM, Dimension Fast 

Scan
TM

).Film thickness measured by SEM has a value of about 200 nm. 

The film electrochromic properties were investigated by cyclicvoltammetry (CV) and 

chronoamperometry (CA), which were conducted by CHI 660C electrochemical 

workstation (Shanghai Chen Hua Instrument Co. Ltd.).A three-electrode cell was used 

consisting of working electrode (the NiO film on an ITO substrate), a counter electrode 

(platinum foil of an area=2×4 cm
2
), and a reference electrode (Hg/HgO) plunged into a 1.0 

M KOH electrolyte.  

To provide a synchronous operation of the light source and the spectrometer by the 

registration of the NiOx film transmission spectra in the range from 380 to 800 nm the 

special device developed in our group was used. Films 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.  

 

3. Results and discussion 

The NiOx film with the varying crystallinity is denoted as NiO-DG, whereas the films 

deposited at Ts between 25 up to 350 ℃ are denoted as NiO-25, NiO-100, NiO-200, 

NiO-300, and NiO-350, respectively. 

XRD measurements were carried out to discover the influence of Ts on the crystallinity of 

the NiOx films. The XRD patterns for the samples prepared under different conditions are 

shown in Fig.2. No Bragg diffraction peaks, except those from the ITO, were observed in 

NiO-25 and NiO-100 films which demonstrate a high degree of disorder. With the increase 



  

 

 

of Ts, the crystallinity of the NiOx films was noticeably improved. Crystallization of NiOx 

occurs between 100 and 200 ℃, results in the change of the XRD patterns. According to 

the Joint Committee on Powder Diffraction Standards (JCPDS) cards No. 89-7130 and No. 

89-4597, NiOx has a cubic structure with the diffraction peaks from (111) and (200) planes. 

When the Ts reached 200 ℃, the characteristic peak at 42.90 appears, which can be 

assigned to a (200) reflex of NiOx. The peak intensity was significantly enhanced withthe 

increase in Ts (Fig.1).XRD pattern of NiO-DG is similar to that of NiO-350 and NiO-300 

and characteristic peaks of NiOx can be detected in that sample which can be ascribed to 

the crystalline part at the bottom side. 

The atomic force images of the NiOx film surface deposited at various Ts are shown in Fig.3 and 

Fig.4 which present two dimensional and three dimensional images, respectively. The surface 

roughness was determined in tapping mode; the values of the mean roughness (Ra) and the root 

mean square roughness (Rq) are presented in Fig.5. For comparison, two-dimensional and 

three-dimensional AFM images for ITO substrate are presented in Fig. S1. The values of Ra and Rq 

for ITO substrate are 0.25 and 0.38. 

One can compare Fig.3 (a) and 3(e), which show that the grain size in NiO-25 is much smaller 

than that in NiO-350 and the NiO-25 surface is much rougher than that in other samples, 

especially as compared with that in NiO-350. Fig. 5 shows that the values of Ra and Rq are the 

highest in the NiOx films deposited at 25℃ and continuously decrease with the increase in Ts 

unless getting the minimal values at Ts=350
0
C. Two dimensional and three dimensional images of 

NiO-DG are presented in Fig.3 (f) and 4(f) and the corresponding value of Ra and Rq are 4.67 and 

3.84. These values are higher than the samples prepared at substrate temperatures above 100 ℃ 



  

 

 

which means the surface morphology of NiO-DG is much rougher than most of other samples. It 

is obvious that there is a strong dependence between surface morphology and the EC performance 

since the film surface contacts an electrolyte and the specific surface area determines the 

concentration of electrochemically active reaction sites[42]. As it was mentioned above, the pores, 

voids, and intergrain boundaries can serve as channels for easy diffusion of ions inserted and 

extracted by the electrochromism. The films with rougher surface morphology have a larger 

specific surface area and a more developed surface, which makes them more effective in providing 

of the insertion/extraction of guest ions[34, 42]. For comparison, the SEM imagines are presented 

in Fig. S2 in the supporting information. 

Current-voltammetry (CV) measurements were performed in order to investigate the 

electrochemical properties of the NiOx films. Fig. 6(a) presents the CV curves for the films 

deposited under different conditions. The curves were registered at a scan rate of 50 mV s
-1

 with 

the use of a 1.0 M KOH electrolyte within a potential range between 0 and to 0.7 V. For all the 

samples, the CV dependences exhibit the oxidation and reduction peaks associated with the 

coloration and bleaching, correspondingly (Fig.6). The coloration process of the films 

corresponds to the oxidation peak and the bleaching process is associated with the 

reduction peak, which can be attributed to the following electrochemical reaction: 

 

        Ni(OH)2 (bleached) + OH
-
        NiOOH (colored) + H2O + e

-             
 (1) 

 

The insertion and extraction of OH
- 

ions leads to the appearance and disappearance of the 

non-isovalent Ni states which causes coloration/decoloration. 

The amount of charge inserted and extracted during the electrochromic process is calculated by 



  

 

 

the following equations: 

Q Idt                                    (2) 

dV
v

dt
                                    (3) 

Where Q, I, v and V are: amount of charge, instantaneous current, scan rate of the CV curves, and 

instantaneous potential, correspondingly. From the equation (2) and (3), Q can be obtained as: 

IdV
Q

v



                                 (4) 

Fig.6 (b) demonstrates the charge densities during the insertion and extraction process for the 

films prepared at different Ts. With the increase in Ts, both amounts of inserted and extracted 

charge decrease significantly. The specific data was demonstrated in Table S1 in the supporting 

information. The total inserted and extracted charge in NiO-25 is much larger than in the other 

samples, which is attributed to its disorder and a great specific surface[43]. Besides, the total 

inserted and extracted charge in NiO-DG are 4.4523 mC/cm
2
 and 3.4622 mC/cm

2 
which are not 

presented in Fig. 6 (b) but shown in Table S1. From Fig. 6 (a) we can also clearly see that the CV 

area of NiO-25 and NiO-DG is much larger than the other samples. 

CA tests provided along with the in-situ transmission spectra measurements were performed in 

NiOx-DG using 1.0 M KOH. Fig.7 (a) presents the transmission spectra in the colored and 

bleached states in the range from 380 nm to 800 nm. NiO-DG exhibits a pronounced 

electrochromism already in the initial stage of the cycling and the modulation of the transmittance 

in NiO-DG is enhanced after 1000 cycles (Fig.8), which can be attributed to the “activation” of 

NiO-DG film. According to, it is possible that ion intercalation is promoted by opening up of the 

initially compact layers of NiO-DG rendering the structure more inclined to easy diffusion. At this 

stage, the morphology of the as-prepared films is progressively modified by the continuous 



  

 

 

injection/ extraction of charge carriers.  

The switching speed is one of the most important parameters in EC performance. The in situ 

transmittance measurements at 550 nm were provided to investigate the switching parameters of 

the NiO-DG films. The response times are defined as the duration to reach 90% of its full 

modulation at a particular wavelength. The NiO-DG exhibits both short coloration and bleaching 

times 3.1 s and 2.1 s, correspondingly, as shows Fig.7 (b) and, which close to the data previously 

reported[25, 44-46]. The amazingly reproducible transmittance curves demonstrated in Fig. 7(c) 

were registered synchronous to the CA measurements, which demonstrate an excellent 

electrochromic performance of NiO-DG. 

The coloration efficiency (CE) is a key parameter in comparison between different electrochromic 

materials. It is determined as the optical density change (ΔOD) per unit of charge (Q) 

inserted/extracted into/from an EC film: 

                            

( )
( )

OD
CE

Q







                            

(6) 
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2
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t

t
Q j t dt 

                                 
(8) 

Where Tb and Tc are the values of the film transmittance for the bleached and colored states, 

correspondingly; Q is the value of the inserted (or extracted) charge during the coloration period. 

A high value of CE indicates that the EC material shows a large modulation range of the 

transmittance achieved  by a small value of the inserted charge[47]. Using the equations above, 

we calculated CE for NiO-DG, which is 51.6 cm
2
C

-1
. This value lies within the range of the data 

previously reported in many papers on electrochromism in NiOx [15, 48]. The high CE results 



  

 

 

from the high degree of disorder in the film surface layers, which provides the diffusion along the 

grain boundaries[35, 49]. 

The cycling stability in electrochromic materials plays a critically important role for practical 

applications. Herein, the durability tests were performed by CA measurements in a parallel run 

with the in-situ transmittance spectra measurements for NiO-25, NiO-350 and NiO-DG at the 

wavelength of 550 nm. The results are presented in Fig. 8, whereas several important EC 

parameters are collected in Table 1. 

At the initial stage of cycling, the optical modulation in NiO-25 is the largest as compared with 

NiO-350 and NiO-DG (see Table 1), which can be attributed to its disorder and high specific 

surface area. At the same time, the electrochemical cycling leads to rapid degradation of the 

electrochromic performance. After a period of initial instability, the EC performance then declines 

dramatically after 270 cycles and the transmittance fluctuates at the bleached state (Tb) violently 

after 300 cycles, as shows Fig. 8(a). At the end of cycling, Tb of NiO-25 decreased to about 25.6% 

compared with 55.6% at the beginning of the cycling.  

As compared with NiO-25, the crystalline quality of NiO-350 is much higher. The compact 

structure impedes insertion/extraction of ions into/from the film and, as a result of that, the optical 

modulation range decayed fast from 55.63% to 35.0%, as shown in Table.1. At the same time, due 

to the better crystallinity, the cycling durability in NiO-350 is much higher. Figure 8 (c) illustrates 

the transmittance variation of NiO-350 in the course of 1000 cycles. In the first 500 cycles, Tb can 

be maintained at a level ~ 90% and the optical modulation range is gradually getting larger. 

Unfortunately, further cycling yields a decay in the both Tb and Tc down to 63.02% and 12.12%, 

correspondingly, after 1000 cycles, see Fig. 8(d). 



  

 

 

In NiO-DG, the electrochromic performance can be significantly improved. As demonstrated in 

Fig. 8(e), after a short increase at the initial stage of cycling, Tb of NiO-DL persists at about 90% 

during the further process. In the meantime, Tc gradually decreases from 56.9% to 22.7% with the 

cycling. Finally, the optical modulation range at 550 nm was enhanced to about 67.6% after 1000 

cycles. In addition, the response time is much shorter than that in NiO-350, as displayed in Table 1, 

which can be attributed to the unique structure of the NiO-DG. The crystallinity in NiO-DG is 

reduced smoothly along the film thickness from the ITO electrode to the film surface, which 

provides easy ion diffusion along the intergrain boundaries, whereas the most ordered domains 

resist to degradation. Eventually, the EC performance of NiO-DG could be improved on the basis 

of its unique crystal structure. 

The results obtained can be understood within the frames of the idea expressed by Granqvist who 

claimed that the diffusion is hampered in the initially disordered films, whereas the compact films 

become open up to easy diffusion under cycling. It is possible to observe that NiO-25 films lose 

their efficiency already after 250 cycles.  

NiO-350 films behave differently. One can see that the modulation range is enhanced during first 

500 cycles due to opening up of its compact structure.  

NiO-DG films demonstrated the best cycling stability, which is confirmed by Fig.8(f). One can 

notice that there is no sign of the degradation after 1000 cycles, which is the best result among all 

technologies considered. Besides this, the modulation of the transmittance by electrochemical 

cycling was noticeably enhanced.  

 

4. Conclusions 



  

 

 

Using the radio frequency magnetron sputtering we prepared electrochromic NiOx films with 

continuous variation in crystallinity from highly ordered, close to the transparent ITO electrode, to 

highly disordered at the film surface. The changes in the film crystallinity were provided by a 

continuous decrease in Ts along the sputtering process.  

The film combined fast operation times, which is usually inherent to the highly disordered NiOx 

films with a great specific surface area, and enhanced resistance to the film degradation during the 

electrochromic cycling, which can be attributed to a lower value of mechanical stresses arising in 

the film upon insertion/extraction of ions.  

Therefore, the achievement of this research is the creation of the film structure which possesses 

the EC parameter inherent to the highly disordered films, such as low coloration and bleaching 

times and high coloration efficiency and, at the same time, radically enhances the most important 

parameter for practical applications of electrochromism, such as the cycling stability. 
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Fig. 1 (a) Schematic of the crystallinity gradient in NiOx film (NiO-DG) and photos of NiO-DG in 

the bleached state (b) and in the colored state (c). The deeper is the blue color– the better the 

crystallinity. 

 

 



  

 

 

 

 

Fig. 2 XRD patterns of NiOx films prepared at different conditions. 

 

 

Fig. 3 Two-dimensional AFM images for NiO-25 (a), NiO-100 (b), NiO-200 (c), NiO-300 (d) 

NiO-350 (e) and NiO-DG (f). 

 



  

 

 

 

Fig. 4 Three-dimensional AFM images for NiO-25 (a), NiO-100 (b), NiO-200 (c), NiO-300 

(d),NiO-350 (e) and NiO-DG (f). 

 

 

Fig. 5 Mean surface roughness (Ra) and root mean square roughness (Rq) of nickel oxide films 

deposited at various substrate temperatures. 

 



  

 

 

 

 

Fig. 6 (a) C-V dependences for NiOx thin films prepared at different conditions in the potential 

range between 0 and 0.7 V at the scan rate of 50 mV s 
−1

 (b) Densities of the inserted and extracted 

charge for NiOx thin films prepared at different substrate temperature determined from CV data. 

 

 

Fig. 7 (a) Transmittance spectra of the colored and bleached states for the NiO-DG film in the 

range between 350 up to 800 nm for the first and for 1000th cycle. (b) One single 

coloration–bleaching cycle displays the switching response characteristics. (c) 75 



  

 

 

coloration–bleaching cycles at 550 nm. (d) The variation of the optical density (OD) was 

measured in situ versus the charge density. 

 

Fig. 8 Durability tests of NiO-25 (a), NiO-300 (c) and NiO-DG (e) at wavelength of 550 nm. 

In-situ transmittance of NiO-25 (b), NiO-300 (d) and NiO-DG (f) for the first five cycles and the 

last five cycles. 

 

 

 

 

 



  

 

 

 

 

 

 

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

Samples 1st - 5th 995th - 1000th 

 Tb(%) Tc(%) ΔT(%) tb(s) tc(s) Tb(%) Tc(%) ΔT(%) tb(s) tc(s) 

NiO-25 93.6 38.0 55.6 0.8       

NiO-350 91.7 56.7 35.0 4.3 7.62 63.0 12.1 50.9 16.1 1.5 

NiO-DG 89.8 56.9 32.9 0.9 2.82 90.3 22.7 67.6 4.3 4.3 

 



  

 

 

 

Graphical abstract 

 



  

 

 

Highlights 

1. We prepared a NiOx electrochromic film with the crystallinity varying across film 

thickness for the first time. 

2. We provided a series of tests measuring electrochromic parameters of the prepared 

film. 

3. The film with variable crystallinity showed an enhanced cycling durability as 

compared with the NiOx film prepared by conventional technologies. 

 


