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Nickel oxide (NiO) thin films were prepared by electrodeposition technique onto the fluorine doped tin
oxide (FTO) coated glass substrates in one step deposition at 20, 30, 40 and 50 min deposition times
respectively. The effect of film thickness (thereby microstructural changes) on their structural, mor-
phological, optical and electrochromic properties was investigated. The mass change with potential and
cyclic voltammogram was recorded in the range from +0.3 to —0.8 V versus Ag/AgCl. One step deposi-
tion of polycrystalline cubic phase NiO was confirmed from X-ray diffraction study. Optical absorption
study revealed direct band gap energy of 3.2 eV. The optical transmittance of the film decreased with
increase in film thickness. A uniform granular and porous morphology of the films deposited for 20 min
microbalance (EQCM) was observed. The film becomes more compact and devoid of pores when deposition time was increased
Electrochemical properties (CV to 30 min. Thereafter severe cracks are observed. All the films exhibit anodic electrochromism in OH-
CA) containing electrolyte (0.1 M KOH). The maximum coloration efficiency of 107 cm?/C and electrochemical
Scanning electron microscopy stability of up to 10% colour/bleach cycles were observed for the films deposited for 20 min (film thickness
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XRD of 104 nm).
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1. Introduction

Nickel oxide (NiO) is the most exhaustively investigated tran-
sition metal oxide exhibiting semiconducting properties. It offers
promising candidature for many applications such as electrocatal-
ysis or electrosynthesis [1,2], positive electrode in batteries [3], fuel
cell [4], electrochromic devices with good electrochemical stability
and cyclic durability [5-8], solar thermal absorber [9], catalyst for
oxygen evolution [10] and photo electrolysis [11].

Many reports published on hydrated nickel oxide films lead
to the conclusion that the film properties are strongly influenced
by deposition techniques like thermal decomposition [12], RF
sputtering [13], electron beam evaporation [14], dc magnetron
sputtering [15], anodic electrodeposition [16,17], cathodic elec-
trodeposition [18], chemical deposition [19], sol-gel technology
[8,12] and spray pyrolysis technique [20]. Electrochromism in NiO
thin films is rather complicated although it is generally accepted
that the transition from a coloured to a bleached state is related to
a charge-transfer process between Ni (II) and Ni (III) [21]. Certain
oxides (viz. tungsten oxide) have high transparency in the bleached
state, whereas nickel oxide has aresidual brown tintin the bleached
state which can be reduced using additives such as Mg, Al, Si,Zr, Nb
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or Ta [22-25]. Of all the physical and chemical deposition tech-
niques, electrodeposition is of particular interest due to low-cost,
environmental friendly process, and feasibility of room tempera-
ture growth on large area [26]. Cathodically electrodeposited films
showed some improvement in adherence and little improvement
in the charge capacity upon thermal treatment [27]. But, elec-
trodeposited films exhibit ageing after a few cycles [27-29]. Better
transmittance modulation and durability were found with addition
of Ce and La by cathodic electrodeposition [28,29]. A new trend
in device construction is to make use of conducting plastic (PET)
substrates. The techniques which need post-heat treatment for for-
mation of desired films are difficult to implement as heat treatment
consumes more time and may cause strain in the films. Therefore,
it is desired and necessary to obtain a film at room temperature in
single step without post-heat treatments.

In the present work, therefore, a special attempt has been made
to deposit NiO thin films by cathodic electrodeposition onto FTO
coated glass substrates at room temperature without post-heat
treatments. The films thus prepared are subjected to their struc-
tural, morphological, optical and electrochromic characterizations.
The successful demonstration of room temperature electrosynthe-
sis of NiO samples would pave the way to fabricate flexible EC
devices on PET substrates. This work is underway.

2. Experimental

NiO thin films were deposited from an aqueous nickel chloride bath containing
0.5 M nickel chloride (LOBA CHEMIE Extra Pure 97%) and 0.1 M KCI. The bath solution
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Fig. 1. (a) The reduction-oxidation behaviour of the electrolyte on the Pt electrode
(area 1 cm?) accompanied by (b) a concurrent shift in the delta mass of the quartz
crystal electrode with the applied voltage.

was complexed using EDTA (A.R. 99%) and pH was adjusted to 8 by addition of
appropriate amount of KOH.

The conducting substrates used for deposition of NiO films in this study were FTO
coated glasses having sheet resistance of 15-20 2/C1. The graphite rod and Ag/AgCl
respectively served as counter electrode and reference electrode. The NiO thin films
were deposited at room temperature for different deposition times such as 20, 30,
40 and 50 min under potentiostatic condition resulting in different film thicknesses
and are denoted by NiO20, NiO30, NiO49 and NiOs, respectively. Thickness of the film
was measured using surface profiler (XP-1).

The structural and morphological characterization were carried out using a
Philips-PW 3710 X-ray diffractometer with CuKa radiation (wavelength 1.5432 A)
and scanning electron microscopy (SEM) JEOL JSM-6360 respectively. The optical
absorption and transmittance spectra of the samples in the coloured and bleached
states were recorded using UV-vis—NIR spectrophotometer (Systronics—model 119)
in the wavelength range of 350-850 nm. The powder collected from the deposited
film was characterized by FTIR spectroscopy using Perkin Elmer IR spectrometer
model-783 in the spectral range of 400-4000 cm~". To record IR patterns the pellet

Table 1
Various parameters of NiO films prepared at different thicknesses.
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Fig. 2. X-ray diffraction patterns for NiO samples of different thicknesses where
asterisk indicates the peaks of FTO (JCPDS file 01-077-0447). NiO peaks are indicated
as (111)and (200) using JCPDS file (4-0835).

was prepared by mixing KBr with NiO powder (collected from thin film on glass
substrate) in the ratio 300:1 and then pressing the powder between two pieces of
polished steel. The electrochromic (EC) cell was again a standard three electrode
electrochemical cell of configuration.

Glass/FTO/Ni0/0.1 M KOH/C/Ag/AgCl

The NiO thin film deposited onto the conducting FTO (sheet resistance 15-20 2/0J)
coated glass substrate was used as working electrode. The counter electrode was a
graphite rod and Ag/AgCl was used as areference electrode. The electrolyte used was
0.1 M KOH solution. The cyclic voltammetry (CV), chronoamperometry (CA) studies
were carried out using a VersaStat-II (EG & G) potentiostat/galvanostat, controlled
by M270 software. All the potentials were measured with respect to Ag/AgCl. The
EQCM were taken using an electrochemical analyzer (model CHI-400A) made by CH
Instrument, USA. The EQCM measurements were performed on a platinum electrode
coated on quartz crystal of 1cm? area in a specially designed electrochemical cell
with an aqueous 0.5 M NiCl; solution.

3. Results and discussion

To electrodeposit the NiO samples in one step initial inves-
tigations were made with the help of cyclic voltammetry and
EQCM techniques. Following three electrode configuration was
used: G/FTO/NiCl,-6H,0 + EDTA + KOH + KCI/Pt.

The cyclic voltammogram was recorded in the range from +0.3
to —0.8V versus Ag/AgCl in a 0.5M nickel chloride solution at
10mV/s.Fig. 1(a)and (b) is associated with the reduction-oxidation

Time of deposition (min) Thickness of the film (nm) Band gap energy (E;) (eV) ty (s) te (s) AOD Colouration efficiency
(ecm?/C)

20 104 3.2 2 1.7 0.71 107

30 154 3.1 2 0.59 45

40 542 3.1 2 3 0.50 25

50 615 3.0 3 32 0.46 15
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Fig. 3. Plot of (whv)? versus (hv) for the NiO samples with different thicknesses.

behaviour of nickel species on the Pt electrode (area 1 cm?) accom-
panied by a concurrent shift in the frequency of the quartz crystal
electrode with the applied voltage. The arrows show the scan direc-
tion. The scans were initiated at +0.3 V versus Ag/AgCl, reversed at
—0.8V (versus Ag/AgCl) and terminated at +0.3 V (versus Ag/AgCl).
During the cathodic scan, the increment in current density beyond
—0.2V(versus Ag/AgCl)is due to reduction of Ni%* ions, where slight
increase in mass takes place (Fig. 1(b)). The peak at —0.4V is due to
oxygen reduction [30-32]. The rapid increase in mass is observed
beyond —0.5V (Fig. 1(b)). According to EQCM theory [33-35] the
shift in frequency is proportional to an increase of mass on the
electrode surface according to Eq. (1):

,2f02
- AYPaltq

where fy is the resonant frequency (Hz), Af is the frequency
change (Hz), Am is the mass change (g), pq is the density of
quartz (pg=2.648gcm3) and (44 is the shear modulus of quartz
(4q=2.947 x 10! gcm~1s72). The above relationship shows that
an increase in mass leads to a decrease in frequency, and that the
magnitude of the change in frequency is directly proportional to
the mass change.

During the cathodic scan increment in current density starts at
—0.2V (Fig. 1(a)) due to reduction of Ni2*, which is the onset of
increase in mass onto the electrode (Fig. 1(b)). A peak at —0.4V is
due to a reduction of oxygen in the solution (Fig. 1(a)). This causes
local pH to increase and a dip at —0.5V on the [-V curve. The expo-
nential increase in current density beyond —0.5 Vis due to Ni (OH),
reduction (Fig. 1(a)) [18]. Subsequently, NiO growth takes place via
intermediate steps of hydroxide formation given in Egs. (2) and (3):

Af Am (1)

NiCl,-6H,0 + H,O — Ni(OH); +2HCI + 5H,0 (2)

Ni(OH), — NiO + H,0 3)

The onset of deposition at —0.5V (versus Ag/AgCl) followed
by rapid rise in mass due to the growth of NiO and elemental Ni
(Fig. 1(b)). Upon reversal of the plot scan, the mass deposited onto
the electrode continues to increase up to —0.5V and levelled off
till 0V (versus Ag/AgCl) (Fig. 1(b)). The slight decrease in the mass
is due to stripping of elemental Ni between +0.1 and +0.2 V. This
ensures pure NiO phase formation devoid of elemental Ni. Further,
NiO films were deposited at various deposition times. The thickness
of deposited NiO films with various deposition times is depicted in
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Fig. 4. FTIR spectrum for NiO3p sample recorded in the wavenumber of
400-4000cm~".
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Fig. 5. Scanning electron microscopy (SEM) for all the samples deposited onto FTO coated conducting glass substrates. All the films are recorded at 5000 x magnifications.

Table 1. Film thickness increases from 104 to 615 nm with increase
in deposition time.

Fig. 2 shows X-ray diffraction (XRD) patterns of as-deposited
nickel oxide thin films. Formation of polycrystalline NiO in cubic
phase is confirmed (JCPDS file 4-835). The observed d-values and
corresponding (hkl) planes are in good agreement. The similar
results were reported by others [8,36,37]. The FTO substrate peaks
were denoted by star (*) (JCPDS data file 77-0447). The presence
of two XRD peaks along (111) and (200) planes in all the films
suggests that the NiO phase is quite stable and its formation is
independent of the film thickness. The crystallinity improves with
increase in film thickness of NiO films, indicated by slight enhance-
mentin peak’sintensity. A slightimprovementin crystallinity of the
films with increase in film thickness is due to the ability of adatoms
to move towards stable sites in the lattice, thereby favouring grain
growth with preferred orientation [38].

The optical absorption data in the range of 350-850 nm was
analyzed using a classical relation for near edge optical absorption
in semiconductor [39]. Fig. 3 indicates a plot of (ahv) 2 against (hv)
implies a direct band gap with an average value of 3.2 eV which
agrees with reported values. The decrease in band gap energy with
increase in film thickness is attributed to increase in crystallinity
with film thickness [40]. The values are given in Table 1.

Fig. 4 shows the FTIR spectrum for NiO3g in the range of
400-4000cm™!. It shows the presence of six intensive bands at
3438, 1594, 1404, 1111, 663 and 453 cm~!. A broad OH stretching
band of hydrogen bonded water is seen at 3438 cm~!. Awater bend-
ing vibration is produced at 1594 cm~!. The stretching vibration at
453 cm~! can be assigned to nickel-oxygen interaction [41], while

the vibration at 663 cm~! belongs to the formation of hydroxide
phase [42]. The existence of other bands clearly indicates that the
sample consists of chloride ions, water molecules and/or hydroxide
ions. IR study shows that water may initially present in the pores
of NiO films or it may diffuse into the films from the electrolyte.
Fig. 5 shows scanning electron microscopy (SEM) images of
as-deposited NiO thin films. A uniform granular and porous mor-
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Fig. 6. Cyclic voltammogram recorded in 0.1 M KOH electrolyte for NiO3, sample
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phology of the films deposited for 20 min (NiO5) was observed.
The film becomes more compact and devoid of pores when deposi-
tion time was increased to 30 min (NiO3g ). Thereafter severe cracks
are observed for NiO4y and NiOsg samples. The cracked nature of
the thicker films is attributed to the drying contraction caused due
to tensile stress. It is reported that films with thickness greater that
0.2 um are prone to cracking [43]. Similar results are also observed
in cathodically deposited zirconia thin films [44] and galvanostati-
cally deposited molybdenum oxide thin films [45].

Asimplified reduction scheme for representing the gradual opti-
cal change that takes place under ion intercalation/deintercalation
in electrochromic NiO films represented in Eq. (4):

NiO + xOH™ &

transparent

NiOOH + xe™ (4)

coloured (brownish gray)

The transition from NiO to NiOOH after intercalation and deinter-
calation of OH~ ions causes charge transfer from Ni2* to Ni3*. Due
to charge transfer from NiZ* to Ni3*, films get coloured (brownish
gray). Fig. 6 shows CV recorded for the sample NiO3q in potential
window —0.2 to 1V (versus Ag/AgCl) at the scan rate of 10 mV/s.
Arrows indicate the scan direction. Electrochromism in NiO thin
films is related to a charge-transfer process between Ni (II) and
Ni (III) [21]. During the cathodic scan, the reduction of Ni3* to Ni2*
leads to bleaching of the film (cathodic peak at0.56 V). In the reverse
anodic scan the oxidation of Ni%* to Ni3* causes colouration of the
film (anodic peak at 0.76 V).

From CA studies, response time for all the four samples was
determined. Response time for colouration (t.) and bleaching (t},)
is the time required for the anodic/cathodic current to achieve a
steady state level after the application of reactive voltages. CAs (not
shown) were recorded for a potential step of +0.7 V and the values
of tc and t;, estimated for all the samples are given in Table 1. It is
observed that colouration time (t.) increases with increase in film
thickness while there is no appreciable effect on bleaching time
(tp)-

The transmittance spectra of the samples in the coloured and
bleached states were recorded in the wavelength range of 350
to 850 nm. Transmittance of the film decreases as the film thick-
ness increases expectedly. Colouration and bleaching processes
were carried out at £0.7 V (versus Ag/AgCl) for a time step of 10s.
The optical data is normalized using FTO coated conducting glass
substrate as reference while measuring the transmittance. The opti-
cal transmittance spectra of all the samples in their coloured and
bleached states are shown in Fig. 7. The data is further used to
calculate the colouration efficiency (CE) using the equation [46]
as

(AOD)
CEx—630nm = %

(5)
where (AOD) is the change in optical density at A =630nm and Q;
is the intercalated charge (mC/cm?).

The electrochromic parameters for all the samples are given in
Table 1. The value of CE is found to be maximum 107 cm?2/C for
the sample NiO,g, which is high compared to the values reported
in the literature by cathodically and anodically deposited NiO thin
films [47-50]. Films with small grain sizes exhibit high CE supports
the idea that large inner surface area of the film is connected to
the electrochromic activity. Moreover its porous structure helps
easier diffusion of ions and provides larger surface area for charge-
transfer reactions. The improvement in the electrochromic activity
of porous inorganic oxides has been reported in the literature
[51-53].

The electrochemical stability of the film is one of the key param-
eters to be taken into account when one looks for its applications.
Therefore, the film is further tested for long time electrochemical
cycling and found to be stable above 10% colour/bleach (c/b) cycles.

Fig. 8 shows the stability curves for all the films recorded at a scan
rate of 20 mV/s. From the stability measurements it is observed that
NiOy films are more stable than other NiO films.

4. Conclusions

The feasibility of cathodic electrodeposition of electrochromic
nickel oxide thin films at room temperature without post-heat
treatment is confirmed. The reduction-oxidation behaviour of the
electrolyte on the Pt electrode (area 1 cm?) accompanied by a con-
current shift in the delta mass of the quartz crystal electrode with
the applied voltage was studied which reveals the deposition of
NiO on the substrate. X-ray diffraction analysis showed that as-
deposited material is polycrystalline cubic NiO. Optical absorption
study gives an average direct band gap of 3.2 eV. A uniform gran-
ular and porous morphology of the films deposited for 20 min was
observed. The film becomes more compact and devoid of pores
when deposition time was increased to 30 min. Thereafter severe
cracks are observed. Maximum CE of 107 cm2/C was observed for
NiO,g film and is stable for 10% cycles, which can be attributed
to the formation of favourable porous microstructure that facili-
tates easier diffusion of ions and provides larger surface area for
charge-transfer reactions.
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