
Contents lists available at ScienceDirect

Materials Research Bulletin

journal homepage: www.elsevier.com/locate/matresbu

Enhanced electrochromic performance of NiO-MWCNTs thin films deposited
by electrostatic spray deposition

M.A. Garcia-Lobatoa,⁎, C.R. Garciab, A.I. Mtz-Enriquezc, C.M. Lopez-Badilloa,
Cesar Garcias-Moralesa, E.M. Muzquiz-Ramosa, B.R. Cruz-Ortiza

a Facultad de Ciencias Químicas, Universidad Autónoma de Coahuila, C.P. 25280, Saltillo, Coah., Mexico
b Facultad de Ciencias Físico-Matemáticas, Universidad Autónoma de Coahuila, C.P. 25020, Saltillo, Coah., Mexico
c Cinvestav-Saltillo, Ramos Arizpe, 25900, Coah., Mexico

A R T I C L E I N F O

Keywords:
NiO thin films
Multi-walled carbon nanotubes
Electrochromics
Electrostatic spray deposition

A B S T R A C T

In this work, the effect of multi-walled carbon nanotubes on the electrochromic properties of compact NiO thin
films prepared by electrostatic spray deposition was investigated. Noticeably, a 0.5 vol% of MWCNTs between
10–30 nm in diameter enhances the electrochromic performance of NiO, such as coloration efficiency (25.8 to
31.1 cm2/C), coloration kinetics (0.04 to 0.14 s−1) and cycling durability (1600–3900 cycles). The coloration
efficiency and reversibility of the electrochemical reaction are related to the dispersion of MWCNTs throughout
the film, while the reaction kinetics and cycling durability are attributed to an improvement in electronic and
ionic conductivity.

1. Introduction

Electrochromic (EC) materials modulate their optical properties by
applying a small DC voltage. They are classified into two groups ac-
cording to their coloration mechanism. Cathodic EC materials are co-
lored under charge insertion (e.g. Li+ + e−), while anodic EC materials
are colored under charge extraction (e.g. OH− - e−). The combination
of cathodic and anodic EC materials may be used for the manufacture of
EC devices, which range from dimmable mirrors, smart windows to
displays [1]. NiO is an attractive low-cost anodic EC material that ex-
hibits high optical modulation (ΔOD), high electrochemical reversi-
bility, acceptable switching speed and high coloration efficiency (CE).
The EC properties of NiO are strongly dependent on the crystallinity,
morphology, porosity, thickness and the amount of impurities [2–10].
To improve the performance of the NiO-based EC devices, several metal
impurifications with Cu, Co, Ta, Al, and Ir have been proposed [11–15].
Additionally, other non-metal additives such as multi-walled carbon
nanotubes (MWCNTs) have been suggested for the improvement of EC
devices, which include WO3 films [16], Prussian blue [17], poly-
oxometalates [18], and polymers [19,20].

MWCNTs possess a porous and tubular structure, high surface area,
high aspect ratio, and high electrical conductivity. Thus, MWCNTs
provide an efficient pathway for charge transport and may improve the
mechanical stability of electrochemical devices [21]. Moreover, it has

been demonstrated that the use of MWCNTs have improved the elec-
trical conductivity and cycle life of NiO supercapacitors [22–24]. The
MWCNTs exhibit a lower specific capacitance than pure NiO [23,25].
Thus, the incorporation of MWCNTs to the NiO films can be valuable
because the charge transport can be improved without altering the
coloration efficiency. To the best of our knowledge, the use of MWCNTs
for the improvement of the EC performance of NiO has not been re-
ported. Therefore, here we propose the addition of MWCNTs to NiO
thin films, which were deposited by electrostatic spray deposition
(ESD). The approach presented in this work for the fabrication of the
electrochromic NiO-MWCNTs thin films suggests that the obtained
materials are promising in terms of higher switching speed and larger
cycling durability.

2. Experimental

2.1. Deposition and characterization of NiO-MWCNTs thin films

Firstly, a 1M solution of Ni(NO3)2∙6H2O (99.99%, from Sigma
Aldrich) was prepared using a mixture of ethanol (EtOH) and butyl
carbitol (BC) 20:80 v/v. Besides, MWCNTs (> 80%, diameter
10–30 nm, from SUN NANOTEK CO. LTD) were dispersed in a 20:80 v/
v mixture of EtOH and BC. Next, the MWCNTs dispersion was sonicated
for 40min and then mixed with the nickel nitrate solution. Five kinds of
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MWCNTs/nickel nitrate mixtures were prepared with different vol% of
the MWCNTs suspension, namely, 0, 0.3, 0.5, 0.8, and 1.0.

Prior to the depositions, the mixtures were sonicated for 15min.
The dispersions were electrostatically sprayed on FTO-coated glass
substrates (13 Ω/sq from Sigma Aldrich) at 110 °C using a DC potential
of 16.0 kV. The syringe needle with an inner diameter of 0.4 mm was
kept at 5 cm from the substrate. The deposition time was 25min using a
flow rate of 0.3 ± 0.03 μl/min. The electrospray depositions were
conducted under controlled conditions of 30 ± 2 °C and relative hu-
midity of 53 ± 10%. After deposition, the films were heated at 350 °C
for 1min and cooled down to room temperature (RT) naturally.

The crystalline structure was analyzed with an Empyrean Phillips
diffractometer using a glancing incidence of 0.5°. The morphology was
observed with a Hitachi SU 8010 scanning electron microscope with an
acceleration voltage of 10 kV. The thickness of the films was measured
with a KLA-Tencor D600 profilometer.

2.2. Electrochemical and optical measurements

Cyclic voltammetry (CV) and chronoamperometry (CA) measure-
ments were carried out by using a Pine Wavedriver 10 potentiostat/
galvanostat coupled to a three-electrode electrochemical cell. In all the
experiments, Pt metal was used as counter electrode and Ag/AgCl as the
reference electrode. An aqueous solution 0.1 M of NaOH was used as
electrolyte. The CV tests were performed at a scan rate of 20mV/s in
the range of −0.4 to 1.0 V at RT (25 ± 2 °C). The in-situ transmittance
spectra were measured with an Avantes AvaSpec-ULS2048XL-USB2
spectrophotometer connected to an AvaLight-DH-S-BAL balanced
power light source. Electrochemical impedance spectroscopy mea-
surements were performed in a Gamry Reference 600 Potentiostat/
Galvanostat/ZRA.

3. Results and discussion

Fig. 1 shows the XRD pattern and SEM image of the as-received
MWCNTs. According to the JCPDS card #41-1487, the diffractions at
26 and 43.8° 2-theta correspond to the (002) and (100) planes of the

hexagonal graphite structure, see Fig. 1a. The other low-intensity peaks
can be attributed to carbon impurities. The SEM micrograph shows the
entangled and agglomerated MWCNTs, the high aspect ratio with dia-
meters from 10 to 50 nm and lengths from 1 to 10 μm can be appre-
ciated in Fig. 1b.

The XRD patterns of NiO films prepared with the lowest and highest
amount of MWCNTs (0 and 1.0% v/v) are shown in Fig. 2. The dif-
fractions observed at 43.3° 2-theta correspond to the (200) plane of
cubic phase of NiO according to the JCPDS card No. 44-1159. The other
detected diffractions correspond to the crystallographic planes of the
FTO substrate (JCPDS card No. 41-1445). For all the samples, the grain
size calculated by the Scherrer’s formula was around 3.9 nm, meaning
that the grain size is not altered by the incorporation of MWCNTs. The
presence of nanosized grains in polycrystalline materials suggests a
high density of grain boundaries. It is well known that the grain
boundaries act as trapping sites for electron transport [26,27], which
lead to a reduction of the device efficiency. However, the coloration
mechanism is related with the density of grain boundaries [28], since
the electrochemical processes and the corresponding optical absorption
takes place mainly at the grain boundaries and on the grain surfaces
[3,8,29,30]. Thus, a high optical modulation with an improved con-
ductivity can be expected if one increases the density of grain bound-
aries through the incorporation of MWCNTs into the NiO matrix.

Fig. 3a–e shows the SEM images of the NiO films containing dif-
ferent amounts of embedded MWCNTs. As observed, the surface of the
films becomes rougher and less cracked as the amount of MWCNTs
increases. Higher roughness helps to improve the insertion/extraction
of ions [10], while the cracks can contribute to the electrolyte perco-
lation. On the other hand, the thickness of the films increases for larger
concentrations of MWCNTs, see Table 1. This behavior is similar to that
reported for polyoxometalate nanocomposite films deposited by the
layer by layer method [18], in which electrostatic attraction and re-
pulsion forces are involved. Fig. 3f shows the cross-section morphology
of the films consisting of a compact structure. A porous structure could
be desirable since it provides a higher surface area and shortens ion
diffusion paths for enhancing the response time [31,32]. Thereby, the
coloration speed could be reduced dramatically while the thickness
increases [27]. However, a compact structure is advantageous because
it is more resistant to the dissolution during electrochemical cycling
[33].

Fig. 4 shows the transmittance spectra of the as-prepared films. As
observed, the transmittance of the films at the visible region decreases
while the concentration of MWCNTs increases, it is due to both the
absorption of the MWCNTs and the augment in thickness of the films.
The direct bandgap was determined in order to analyze the effect of the
MWCNTs on the optical properties of the as-prepared films. The ex-
trapolation lines observed in Tauc plots (inset of Fig. 4) shows a
bandgap around 3.43 eV for all the films. Thus, the formation ofFig. 1. XRD (a) and SEM image (b) of bare MWCNTs.
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Fig. 2. XRD patterns of NiO films containing 0 and 1.0 vol% of MWCNTs.
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secondary phases due to the chemical reactions of MWCNTs and NiO
can be discarded.

Fig. 5 shows the CV curves of the films corresponding to the 10th

cycle. The anodic and cathodic peaks are associated with the oxidation
(colored state) and reduction (bleached state) processes, respectively.
The separation between both peaks is directly related to the reversi-
bility of the electrochemical reaction. Higher reversibility is desirable
for EC films, which increases while the thickness decreases [13] and the
porosity rises [31]. In this way, lower reversibility could be expected
for thicker films. However, despite the increase in thickness for the
0.5 vol% MWCNTs films, the separation between both peaks is slightly
narrower than for the other films; this is because the MWCNTs may act
as channels for the ionic transport throughout the film. Similar me-
chanisms have been reported for electrochromic mesoporous structures
[5,8]. For larger contents of MWCNTs, the reversibility decreases again
due to both the formation of thicker films and the presence of small
MWCNTs agglomerates. It has been reported that the functionalization

Fig. 3. SEM images of the surface of NiO films containing 0, 0.3, 0.5, 0.8 and 1.0 vol% of MWCNTs (a–e), respectively. Cross-section view of NiO film containing
0.5 vol% of MWCNTs (f).

Table 1
The thickness and electrochromic parameters of the NiO films containing different vol% of MWCNTs, where tc and tb are the coloration and bleaching times,
respectively.

MWCNTs Thickness D (10−8) ΔOD Switching time (s) CEλ=550 nm

vol % (nm) cm2/s tc tb cm2/C
0.0 110 ± 6 3.2 ± 0.5 0.43 9.7 4.1 25.8 ± 1.6
0.3 142 ± 11 5.7 ± 0.8 0.54 3.8 2.4 29.7 ± 1.5
0.5 174 ± 11 9.4 ± 0.8 1.08 8.1 6.6 31.1 ± 0.9
0.8 180 ± 7 11.6 ± 1.2 0.82 4.9 5.2 27.6 ± 1.5
1.0 202 ± 7 14.1 ± 1.7 0.83 6.4 5.5 26.6 ± 1.8

Fig. 4. Transmittance and Tauc plots (at the inset) of the as-prepared films with
different percentages of MWCNTs.
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of the MWCNTs may help to avoid agglomeration [16,19,34]. However,
some defects can be produced on the sidewalls, which reduce the
electrical conductivity of the MWCNTs [25].

The current density (i) in the anodic and cathodic peaks is asso-
ciated with the diffusion of electroactive species during the Faradaic
reaction. Such peaks noticeably increase with the amount of MWCNTs,
revealing an improvement in the ionic conductivity [13,31]. This im-
provement is consistent with other reports [18,19]. To quantify the
enhancement of the ionic conductivity of NiO with the incorporation of
MWCNTs, the diffusion coefficient (D) at the 10th cycle was calculated
by the Randles-Sevcik Eq. (1) and the results are summarized in
Table 1.

=
×

D
i
n C v2.69 10
p1/2

5 3/2
0

1/2 (1)

Where ip is the current density of the peak (A/cm2), n is the number of
electrons transferred in the redox event, Co is the concentration of OH−

ions in the electrolyte (mol/cm3), and v is the scan rate (V/s). According
to the results of Table 1, the diffusion coefficient notably increases from
3.2 to 14.2 cm2/s with the amount of MWCNTs, demonstrating the
improvement in the ionic conductivity. On the other hand, the inset of
Fig. 5 shows a zoom of the CV curves close to zero potential. In this
region, the current density is due to charge storage (non-Faradaic)
provided by a double-layer (electrolyte/film), in which the adsorption
of ionic species and charged particles take place [24,25]. This storage of
charge, also known as electric double-layer capacitance, is promoted by
the incorporation of the MWCNTs, demonstrating an increment of the
active area for the redox reactions.

Fig. 6 shows the results of chronoamperometry (CA) and in-situ
transmittance (at 550 nm) measurements carried out by applying a
potential of± 1V for 30 s. The peaks of the current density shown in
Fig. 6 become markedly higher with the incorporation of MWCNTs; it is
due to the increase in both thickness [18] and contact area [35]. From
the in-situ transmittance spectra of Fig. 6b, the optical modulation rate
towards the colored state can be obtained by the ΔOD/time ratio. For
pure NiO, this ratio is around 0.041 s−1, while in the films containing
MWCNTs, this value oscillates between 0.13 and 0.17 s−1, which re-
presents a coloration of at least 3 times faster. The coloration efficiency
(CE) is one of the most important criteria for comparing EC materials
and is defined as the change of the optical density (ΔOD) per unit of
charge density (Q/A). The CE is calculated by the following equations:

=CE OD Q AΔ /( / ) (2)

=OD log T TΔ ( / )b c (3)

∫=Q A i t dt/ ( ) (4)

where Tb and Tc denote the transmittance in the bleached and colored
states, respectively. According to the results shown in Table 1, the CE
values reach a maximum in the film containing 0.5 vol% of MWCNTs,

subsequently, this value decreases with 0.8 and 1.0 vol%. For the films
with larger amounts of MWCNTs, the decrease of CE can be attributable
to the entanglement and agglomeration of MWCNTs during the de-
position. Where the agglomerated MWCNTs enhance the pseudo-ca-
pacitive properties of NiO [23], which are adverse for the electro-
chromic applications.

To determine the effect of the MWCNTs on the EC properties of the
films, electrochemical impedance spectroscopy measurements were
performed for the pure NiO and the promising film containing 0.5 vol%
MWCNTs. Nyquist plots and the equivalent electrical circuit used to fit
the experimental data are shown in Fig. 7. The electrical circuit in-
cludes the uncompensated electrolyte resistance (Rs), the capacitance of
the film (Cf), pore resistance (Rpo), Faradaic polarization resistance (Rf),
double-layer capacitance (Cdl), and the Warburg coefficient (W). All

Fig. 5. CV curves of the NiO films containing different vol% of MWCNTs.

Fig. 6. CA curves (a) and in-situ transmittance (b) of the films.

Fig. 7. Nyquist plots of NiO films containing 0 and 0.5%vol of MWCNTs.
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these parameters were calculated through the Gamry Echem Analyst
software. The results are summarized in Table 2.

For the electrochromic films, Rs represents the intrinsic resistance of
the film generated between the electrolyte and the conducting sub-
strate, Rpo is the resistance of ion conducting paths that develop in the
films (which may not be physical pores filled with electrolyte), and Rf

reflects the resistance to the charge transfer caused by the Faradaic
reaction. As expected, all the resistance values decrease with the in-
corporation of MWCNTs. On the other hand, Cdl is proportional to the
contact area of the film/electrolyte, while Cf is related to the amount of
charge that can be stored in the film. Hence, the values of capacitance
show that the NiO film with 0.5 vol% has a larger reaction area and
lower pseudo-capacitive charge storage, which enhances the coloration
efficiency. Additionally, the Warburg coefficient denoting the mass
transport confirms the higher diffusion rate of the electroactive species
through the film containing 0.5 vol% MWCNTs.

The cycling durability of the films containing 0 and 0.5 vol% of
MWCNTs was analyzed by chronoamperometry using a potential
of± 1 V for 15 s. The evolution of the peak current is shown in Fig. 8.
As observed, the peak currents of pure NiO film decreases abruptly after
1500 cycles because of the detachment of the film. On the other hand,
the film containing 0.5 vol% MWCNTs shows constant peak currents up
to 2850th cycle. Subsequently, it exhibits a slight decrease of 16.7% up
to 5000th cycle. The high cycling resistance is due to the minimization
of stress generated by the intercalation process, which is a consequence
of the improvement of mass transport through the films containing a
controlled amount of MWCNTs.

4. Conclusions

Summarizing, we show that the incorporation of the MWCNTs im-
proves the electrochromic properties of NiO. Through the fitting of the
electrochemical impedance spectroscopy measurements, we found that
the incorporation of MWCNTs reduce the resistance values of the
system. Additionally, the MWCNTs promote larger reaction area and
lower pseudo-capacitive charge storage, which enhances the coloration
efficiency and increases the diffusion rate of the electroactive species.
Furthermore, the opto-electrochemical characterization of the films
revealed that a controlled amount of MWCNTs enhances the switching
speed and cycling durability of the NiO electrochromic films. On the
other hand, it was found that an excess of MWCNTs (> 0.5 vol%) in the

NiO films promotes the agglomeration of carbon nanotubes, which af-
fect the electrochromic properties of the films.
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