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the structural, morphological, and electrochromic properties
of NiO thin films is reported. Enhanced electrochromic
properties, corresponding to a modulation of the optical
transmittance under an applied voltage, are established for
NiO thin films prepared with methanol as solvent, Triton X-
100 as stabilizer and treated by UV using a lamp with low
power of 30 W for 5 h. These findings highlight the benefit of
using UV treatment, as replacement of annealing step for

enhanced NiO electrochromic properties.



1. Introduction

More recent attention has focused on the issues of energy efficiency that characterize the
architecture of this century leading to the development of innovative glazing systems. This
aims at reducing heat loss and controlling incoming solar radiation in order to minimize solar
gain in summer and maximize it in winter. For this purpose, electrochromic system, able to
control the amount of light and heat entering in the interior depending on the seasons, offers
key solutions in the form of smart windows [1-3]. Among electrochromic materials, nickel
oxide (NiO) has received significant attention due to its anodic coloration leading to neutral

color devices when combined with WOs3 [4].

Electrochromic phenomenon is commonly described as a simultaneous injection/extraction
of electrons and ions into/from electrochromic materials [5]. Indeed, it is generally accepted
that the switch from a transparent to a brownish state in anodically colored NiO is related to the
redox reactions from Ni?* to Ni** states associated with either H* or Li* (de)insertion.
Interestingly, in our group, in the past few years, coloration associated with electrochemical
cycling in electrolyte without small cations was reported for non stoichiometric nickel oxide
thin films, emphasizing the complexity of the EC mechanism [6]. The latter also results from
the numerous techniques used to grow NiO thin films leading to films of various crystallinities,

morphologies and compositions (i.e. Ni/O ratio) [7].

Up to know, NiO thin films have been deposited using RF sputtering [8], co-precipitation
method [9], electrochemical deposition [10], spray pyrolysis [11-12], etc., but in the
development of soft chemistry, sol-gel method was shown to be one of the most attractive
techniques, owing to its simplicity, low cost, and possibility of thin films deposition on large
area and flexible substrates at room temperature using UV light [13-15]. In addition, the
morphology and structural properties of thin films deposited by sol-gel process are very

sensitive towards the experimental conditions such as type and concentration of starting



materials, pH, nature of solvent, temperature, time of reaction, and drying processes that affect
the rate of hydrolysis and condensation reactions.

In this paper, NiO thin films were prepared by sol-gel method combined with spin coating
technique. The influence of the concentration of the precursor, solvents, stabilizers and the type
of final treatment (calcination and UV treatment) on structural, morphological, and
electrochromic properties of NiO thin films is discussed. This study sheds new light on the
advantage of UV treatment for NiO thin films deposition suitable for a wide range of substrates,
confirming our earlier results on the benefit of this room temperature treatment for nice

electrochromic properties [16].

2. Experimental
2.1. Materials and methods

All the chemical reagents used were of analytical grade and used without further purification.
Several parameters were varied in order to optimize the deposition conditions of NiO thin films

by sol-gel via spin coating method. The flowchart of the protocol is shown in Fig. 1.

Nickel acetate (Ni(OCOCHSz3)2. 4H20), triton X-100 (C14H220(C2H40)n (n=9-10)) or CTAB
(C19H42BrN), and methanol (CH3OH) or water (H.O) were used as precursor, stabilizers and

solvents, respectively.

The prepared sol solutions were mixed in required amounts and stirred at ambient temperature
for 1 h, then at 70 °C for an additional hour and finally at ambient temperature for 4 h. ITO
coated glass (commercialized by Solems with a resistance of 80 €2/sq) was used as substrate.
The obtained sol solutions with different nickel acetate concentrations using both stabilizers in
two different solvents, namely water and methanol, were coated on substrates rotated with

velocity of 4000 rpm for 30 s.

After deposition, each layer was dried at 175 °C for 20 min. For each thin film, this procedure
was repeated 6 times, leading to thickness of hundred nanometers to few micrometers depending

on the precursor concentration. The thickness of the films was measured by using Talley Step
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Profilometer. As an example, for a nickel concentration of 0.3 M, the films thickness is about

470 nm = 50 nm.

As a final step, the as-grown films were exposed (i) at 300 °C for 2 h in air ambient or (ii)

under a UV light for 1 h using a lamp of 160 W or 5 h using a lamp of 30 W.

2.2. Characterizations

The film structure was determined by X-ray diffraction using a PANAanalytical X ’pert MPD
diffractometer with Cu-k, incident radiation. The morphology of the films was characterized by
Scanning Electron Microscopy (SEM) (Hitachi Tabletop microscope TM-1000). Cyclic
voltammograms (CVs) were recorded on a Biologic potentiostat using a three-electrode cell
consisting of Glass/ITO/NiO as working electrode, a Pt sheet as counter electrode and a saturated
calomel electrode as reference electrode (Esce(V) = 0.234 mV/ENH). These electrodes were
soaked in 1 M KOH electrolyte (purity (99.99%)). The optical transmittance measurements were
carried on a Varian Cary UV-Visible NIR spectrometer.
3. Results and discussion
3.1. Influence of the precursor concentration, solvents and stabilizers nature

3.1.1. Structural analysis
Fig. 2 presents the X-ray diffractogram of NiO thin film, prepared in methanol using 0.5 M

of precursor, triton X-100 as stabilizer and annealed at 300 °C for 2 h in air ambient. The XRD
peaks observed at 2 theta values of 37.5 ° and 43 ° are associated with (111) and (200)
reflections respectively, and are fully consistent with the cubic-structured crystalline NiO (S.
G. : Fm-3m). The cell parameter of 4.188 A agrees well with the one reported in the literature
for NiO while it is slightly higher than the one of the bulk (4.167 A) [17]. An average crystallite
size of 55 A was estimated using the Scherrer formula L = 0.89 1/fcos#; where L is the average

crystallite size in nm, A = 0.154056 nm, B the full half-width and 0 the diffraction angle.



3.1.2. Optical properties
The visual appearance of the as deposited films shows a slight brownish coloration of which

intensity increases with molar concentration due either to a thickness effect and /or a slight
departure from the NiO stoichiometry (i.e. presence of Ni** in Ni1.xO thin films). The optical
transmittances of the as-deposited thin films elaborated with different precursor concentrations
0.1 M, 0.3 M and 0.5 M and annealed at 300 °C for 2 h in air ambient are presented in Fig. 3a.
In the as-deposited state, NiO thin films with 0.1 M and 0.3 M exhibit a rather high
transparency, while the NiO film with 0.5 M is characterized by a low value of transmittance
30 % at 550 nm against 80 % and 78 % for NiO films with 0.1 M and 0.3 M, respectively [18].

In respect of the optical properties, the 0.3 M concentration was kept as precursor
concentration for the choice of the solvent and stabilizer.

As shown in the Fig. 3b, whatever methanol or water as solvent, both as deposited NiO thin
films present similar optical properties with a transmittance of about 72 % in the visible region.
Therefore, due to better dissolution of nickel acetate in methanol associated with lower boiling
point leading to higher homogeneity and smoother surface than water, methanol was kept as

solvent [19].

The optical properties of NiO thin films can also be significantly adjusted through the
addition of stabilizers. Thus, aiming at increasing the film porosity and consequently providing
easy paths for electrolyte penetration further on when cycled in KOH, triton X-100 or CTAB-
surfactant was added in the sols. The highest transmittance value is shown for triton X-100 as
a stabilizer in methanol (transmittance of about 70 %) compared to those of CTAB and without

stabilizer (Fig. 3c) [20]. All these thin layers were annealed at 300 °C for 2 h in air ambient.

3.2. Influence of final treatment

The benefit of UV treatment on the electrochromic properties of oxides was earlier

demonstrated in our group [16] while, to our knowledge, earlier studies do not exist for NiO.
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Thus, the common heat treatment at 300 °C was compared to two UV treatments using a lamp

of 160 W for 1 h and one of 30 W for 5 h.

3.2.1. Structural analysis
The X-ray diffractogramms of the films heat treated at 300 °C and UV treated (160 W/1h;

and 30 W/5h) are shown in Fig. 4. The UV treatments lead to the disappearance of the (200)
peak located around 43° suggesting a decrease of the film crystallinity in between the film heat
treated at 300 °C as compared to the films treated by UV. This trend is confirmed on the 0.5 M

thin film as shown in the inset of Fig. 4.

3.2.2. Electrochromic properties

The comparison of the cyclic voltammogramms of the three previous films deposited on ITO
glass substrates and cycled in Pt/1IM KOH/NIO vs SCE, at a scan rate of 10 mV/s and in a
voltage window of [-0.6 V; 0.6 V] shows significant differences. The behavior of the 300 °C
annealed films is rather common with a CV shape consisting of two well defined peaks located
at 0.4 V in anodic sweep and 0.25 V in cathodic sweep, illustrating a reversible faradic process
and a Ni?*/Ni** redox reaction associated with the Ni(OH)2/NiOOH phases [21] (Fig. 5a). Upon
cycling the NiO film visually, switch from a transparent to a brownish state in oxidation as
expected for its anodic character. The CVs shapes of the UV-treated films are quite different in
particular in oxidation, for which the increase in current appears at lower potential than for the
annealed films (Fig. 5b). The oxidation peak of the *30 W’ is even no more visible as the current
shows a sharp increase usually associated with the electrolyte degradation and oxygen
formation due to the oxidation of water (2H20 = 4e” + O + 4H").

Nevertheless, the presence of the reduction peak as well as the decrease in transmittance as
described below (Fig. 6) confirms the film oxidation. For the 160 W films, the anodic peak is

even quite large with the appearance of a second wave at higher voltage prior to the increase in



current density corresponding to the electrolyte decomposition. The in-situ measurements of
the optical transmittance in the bleached (-0.5 V) and colored (0.5 V) states show a larger
contrast; expressed at the ratio of the transmittance in the bleached state (Th) vs the
transmittance in the colored state (Tc) for the UV treated films (Fig. 6b). Indeed, the contrast,
Th/Tc, increases from unexpected very low value of 1.05, in respect of the nice CV, to 1.35
(160 W) and 1.51 (30 W). The difference in transmittance of 5 % for the film annealed at 300 °C
increases to 20 % for the 160 W film and reaches its highest value of 30 % at 600 nm for the
film treated with lower power, namely 30 W. Those results clearly demonstrate in our

conditions, the benefit of UV treatment as compared to calcination.

The enhanced EC properties with UV treatment is further confirmed by the evolution of the
transmittance that shows a similar change in transmittance of about 5 % for both oxidation and
reduction for the annealed film, while the drop in transmittance is rather sharp and of about 15
to 20 % for the film treated by UV (Fig. 7). Upon reduction, the bleaching time is longer than

the coloration time in oxidation, emphasizing faster kinetics from Ni(OH). to NiOOH.

The higher EC properties of the UV treated films are however associated with very limited
cyclability. Indeed, as shown in Fig. 8 with the evolution of the capacity vs the cycle number,
the capacity drops of about 50 % after only 7 cycles. The stabilization, appearing till 10 cycles,
needs to be further confirmed. The poor cyclability is to be correlated to the poor surface
morphology consisting of large cracks for the UV treated films while the one of the calcined
film is much smoother (Fig. 9). Such morphology issue is currently being addressed as it limits

the benefit of the UV treatment.

4. Conclusion

The present study was designed to deposit nickel oxide thin films by sol-gel combined with

spin-coating method. Their characterization combining various techniques (XRD, SEM,



electrochemical and optical measurements) shows an enhancement of the electrochromic
properties with UV treatment as the final step. The highest EC properties were established for
NiO thin films prepared using methanol as solvent, triton X-100 as stabilizer and treated by UV
using a lamp of 30 W for 5 h. Having established a protocol for un-doped NiO film, the
influence of Li and phosphor doping on the physico-chemical and EC properties of NiO thin
films are currently in progress, aiming at understanding the influence of the p-type character of

NiO on its EC behavior.
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Figure Captions :

Fig. 1. Experimental protocol for the synthesis of NiO thin films by sol-gel method combined with
spin-coating technique.

Fig. 2. XRD pattern of NiO thin films prepared from (Ni(acetate)..4H>O) (0.5M) in methanol, using
triton X-100 as stabilizer.

Fig. 3. Optical transmittance of the as-deposited NiO thin films prepared by (a) different precursor
concentrations 0.1 M; 0.3 M or 0.5 M, (b) with different solvents, and (c) without and with stabilizers.
All films are annealed at 300°C for 2 hr in air ambient.

Fig. 4. XRD patterns of NiO thin films prepared with 0.3M (Ni(acetate)..4H,0) in methanol, and
triton X-100 as stabilizer treated by annealing process, UV light by a lamp of 160 W for 1 hr and UV
light by a lamp of 30 W for 5 hr. In inset NiO thin films prepared with 0.5 M (Ni(acetate)..4H,0) and
similar conditions.

Fig. 5. CVs of PtKOH 1M/SCE/NIO vs SCE cell prepared with 0.3M (Ni(acetate),.4H20) in methanol
and triton X-100 as stabilizer treated by (b) annealing process and (b) UV light by a lamp of 160 W for 1
hr and UV light by a lamp of 30 W for 5 hr (b). The cell was cycled with a sweep rate of 20mV/s.

Fig. 6. Optical transmittances of NiO thin films 0.3M (Ni(acetate)2.4H,0)in methanol as a solvent
with triton X-100 as stabilizer and treated by (a) annealing process (NiO-M-annealing process), a (b)
lamp of 160 W for 1 hr (NiO-UV-160W-1 h), or (c) a lamp of 30 W for 5 hr (NiO-U-30W-5 h), in
colored and bleached states.

Fig. 7. In-situ measurement of NiO thin films prepared by 0.3 M of nickel acetate in methanol, triton
X-100 as a stabilizer, and treated by annealing process ( NiO-annealing process), UV treatment with a
lamp of 30 W for 5 hr ( NiO-UV-30W-5h). [-0.5V; 0.5V].

Fig. 8. Evolution of the capacity of NiO thin films treated by annealing process or by UV using a lamp
of 30 W for 5 hr vs cycle number when cycled in Pt/KOM 1 M/SCE/NiO vs SCE cell.

Fig. 9. SEM images of NiO thin films prepared with 0.3M (Ni(acetate),.4H20) in methanol, and triton
X-100 as stabilizer treated by annealing process (NiO-annealing process); UV light by a lamp of 160
W for 1 hr (NiO-UV-160W-1 h) and UV light by a lamp of 30 W for 5 hr (NiO-UV-30W-5 h).
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Figure3a- K. Zrikem et al.
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Figure 3b - K. Zrikem et al.
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Figure3c- K. Zrikem et al.
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