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INVESTIGATION ON THE STRUCTURAL
AND OPTICAL PROPERTIES OF NiO NANOFLAKES.
CHEMICAL BATH DEPOSITION OF Ni(OH), THIN FILMS

Porous nickel oxide (NiO) nanoflakes are grown by the chemical bath deposition. The thin
films are produced on an ITO/glass substrate and annealed at a variable temperature in a
furnace. The structural and optical properties and the surface morphology of the thin films are
studied and analyzed. FESEM results display the presence of nanoflakes with the structure of
NiO/Ni(OH)2 in thin films that appear to increase in size with the annealing temperature. The
sample grown at 300 ° C'is observed to have the highest surface area dimension. The EDX result
reveals that the atomic ratio and weight of the treated sample has a non-stoichiometric value,
which results in the p-type behavior of the NiO thin film. The result obtained by AFM indicates
the highest roughness value (47.9 nm) for a sample grown at 300 °C. The analysis on XRD
shows that the NiO nanoflakes possess a cubic structure with the orientation peaks of (111),
(200), and (220). This appears with a stronger intensity at 300 °C. Likewise, XRD result
approves the absence of the Ni(OH)a peak at the annealing. For the optical band gap, the UV-
Vis measurements give a lower value of 3.80 eV for 300 ° C due to the highest crystallinity. The
optimum temperature to synthesize high-quality NiO nanoflakes is 300 ° C, which can be an
important factor for good sensing devices.

Keywords: annealing temperature, nanoflakes, thin film, chemical bath deposition, nickel

oxide.

1. Introduction

Nickel oxide (NiO) thin films have attracted much
attention by the great chemical stability, high op-
tical density, dynamic range, great electrochemi-
cal effect, low-cost material device application, and
high chemical durability [1]. Nickel oxide is a semi-
conductor and, generally, is considered as a model
of p-type material. Due to the electronic proper-
ties of nanostructured NiO such as the wide en-
ergy band-gap of 3.6-4.0 eV with high thermal sta-
bility, it is qualified to be a favourable material in
several applications in nanoelectronic devices such
as electrochromic display [2], supercapacitance [3],
electrochemical charging/discharging mechanism [4],
catalysts [5], and sensor devices [6]. NiO possesses
the cubic or rhombohedral structure, but the cubic
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structure is the most commonly obtained structure
(7, 8].

The different applications of NiO thin films are
based on their structural and morphological prop-
erties. The porous nanostructured thin film offers a
wide surface area that can result in a very short
pathway for the diffusion of ions. NiO thin films with
nanometric pores have been given a much attention
because of their novel large surface area and geometry
of the interior. The porous nanostructure of NiO thin
films has turned out to own a greater performance
than their counterparts with compact structure, par-
ticularly in applications in electrochemistry [9, 10].

Nowadays, numerous chemical and physical tech-
niques such as the electro-deposition [10], thermal
decomposition [11], template synthesis [12], chemi-
cal bath deposition (CBD) [13], sol-gel method [14],
hydrothermal method [15], spray pyrolysis [16], pulse
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laser deposition method (PLD) [17], and anodic elec-
trochemical deposition [18] have been employed to
enhance the functionality of nanoporous thin films.

The CBD method is considered as a technique that
has an advantage over the other preparation tech-
niques mentioned above because of its convenience
in the large surface deposition, low cost, and low-
temperature synthesis. The CBD technique involves
the substrate insertion into an aqueous solution of
a precursor species and the heating to a certain tem-
perature. The required hydroxide is then precipitated
and deposited on the surface of the substrate, which
results in the production of thin films [19)].

2. Experimental
2.1. Sample preparation

The thin layer of nanostructured NiO was de-
posited,by using the CBD technique. The chemicals
used were reagents of analytical grade and were em-
ployed with no more purification. Deionized water
was utilized in this deposition. The precursor solu-
tion for NiO nanoporous thin films was obtained, by
using 2.24 g of potassium chloride (KCl) and 2.63 g
of nickel sulphate hexahydrate (NiSO4-6H20) aque-
ous solutions. Furthermore, 40 ml of a 35% aqueous
solution of ammonia was further introduced as a com-
plex agent. The complete solution volume was made
to 100 ml by topping with 20 ml of de-ionized wa-
ter into a beaker 100 ml in volume. The mixture was
stirred at 300 rpm for 30 min in order to have solution
homogeneity. The layers of the substrates were ultra-
sonically and chemically cleaned in ethanol, as well
as in acetone, each for 15 min, at a 40 °C heating
temperature. Then, finally, the substrate was rinsed
with deionized water and dried in a nitrogen gas. The
substrates were then vertically inserted into the solu-
tion and heated inside a laboratory oven at a fixed
temperature of 90 °C. Then they were annealed at a
variable temperature of 200, 300 and 400 °C inside
a furnace to obtain the desired NiO nanoflakes thin
film.

2.2. Mechanisms

The chemical reactions of ions involved in the growth
of Ni(OH)s nanoflakes can be seen as follows. In the
aqueous solution of hydrated nickel (IT) sulphate,
the stable solution was obtained with green as a re-
sult of the presence of [Ni(OH2)6]2+) ions (hexaaqua

(aq
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nickel (II)) in the solution [20]. Ni?*T ions present in
the solution react with Cl~ ions (ligand) to forms
a [NiCl4)?~ ionic complex (tetrachloronickelate (IT))
from KCl(,q). The oxy-hydroxide presence was be-
cause of the precursor solution of potassium chloride,
which is a complex agent resulting into the Ni(OH),
thin film formation

[NI(OHQ) } (aq) + 4C17 qQ) — [NICL;] + GHQO(

(aq)
With the addition of an ammonia ligand excess

aqueous solution, the mixture that contains the
[NiCl4]?;l) ions (yellowish-green tetrachloronickelate

(IT)) and [Ni(H20)g ]2+ (ion pale-green stable hex-
aaqua nickel(II)) reacts to form the ([Nl(NHg)G] (aq)

ion complex (hexammine blue-violet solution), which
is a substitution reaction of typical ligand [21]

[NiCLy]7,) + 6NHj(aq) = [Ni(NHy)6]t ) +4C1C ),

[Ni(OHa)g] ) +6NHs(aq) = [Ni(NHz) ]2 +6H20 ).

The precipitation of blue-violet was observed at the
interface due to the hydroxide ion and nickel (II) ion
reaction from the ammonia hydrolysis with a basic
solution

Nl(&q) +20H,, = Ni(OH), ).
NHg(mq) + HQO(I = NH4(dq) + OH, .

(aq)”

The [Ni(NHj)g]*T and |[NiCly]?>~ complexes are
then hydrolyzed because of the high OH™ concen-
tration, which reduces the Ni(OH)y ) insoluble pale
green solid precipitate formation at the 90 °C heating
temperature. This substance is known as an ampho-
teric substance, since it can be formed by the OH™
ion (hydroxide) addition that results in the forma-
tion of a soluble salt of Ni?* ion. Finally, a Ni(OH),
thin-film layer is deposited on the substrate as shown
below:

[Ni(NH;)4]**
INiCLyJ>

+ OH_a Q) = NI(OH)Q(S) + NH3(aq),
+ OH( o= Ni(OH)z(S) +4C1™.

The substrate was then washed with deionized wa-
ter after the thin film deposition in order to de-
tached Ni(OH)s particles, which are weakly bonded,
and dried with a nitrogen gas flow. The thin films
appear pale-green, which indicates a solid thin de-
posited layer of Ni(OH)s. The thickness of the as-
grown Ni(OH), deposited thin film was measured to
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Fig. 1. XRD peaks for the as-grown Ni(OH)2 sample of NiO and samples annealed at different temperatures

be about 1013 nm. The synthesis procedure for NiO
was based on the Ni(OH)s thermal decomposition to
produce a nanostructured NiO thin film, as shown in
the reaction below:

Ni(OH), = NiO + HO0.

To find the optimum temperature of the synthesis
of NiO thin films from the as-grown Ni(OH),, three
samples were annealed at 200, 300 and 400 °C in a
furnace for 90 min for the growth of desired NiO thin
films.

2.3. Characterization techniques

The analysis of X-ray diffraction patterns was made,
by using a high-resolution X-ray diffraction system
(Model: Panalytical X’Pert PRO MRD PW3040)
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equipped with CuKa (1.5406 A) radiation. To study
the surface physical morphology and roughness, an
Atomic Force Microscope (AFM) Veeco NanoScope
Analysis version 1.2 (Model: Dimension EDGE,
BRUKER) Atomic force microscopy (AFM) was
used; a field-emission scanning electron microscope
(FESEM Model: FEI Nova NanoSEM 450) was em-
ployed to analyze the nanostructure of thin films; and
a UV-VIS-NIR spectrometer (Jobin Yvon HR 800
UV) was used to investigate the optical properties
of the obtained thin film layer.

3. Results and Discussion

X-ray diffraction patterns and the related peaks of
chemically grown nanoporous NiO are shown in Fig. 1
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Fig. 2. FESEM image of nanoflakes in the samples for the samples as-grown (a) and annealed
at 200 (b), 300 (c), and 400° (d)

for the subsequently annealed samples. For the as-
grown film sample pattern, the Ni(OH)y phase was
identified with the peaks labelled according to the
ICSD 00-014-0117 at 33.15°, 38.62°, 59.18°, 62.73°,
and 72.68° corresponding to a hexagonal unit cell
with parameters a = 3.1260 (A), b = 3.1260 (A),
and ¢ = 4.6050 (A) and angles o = 90°, § = 90°,
and v = 120°. The peak for a cubic ITO structure
pattern has been identified for both as-grown and an-
nealed samples with a peak orientation of (111) at
260 = 30.62°.

Subsequently, for the annealed samples, the X-
ray diffraction peak attributed to cubic NiO was de-
tected and labeled according to the ICSD 00-047-
1049 of NiO crystals with the lattice parameter a, b,
and ¢ = 4.1771 A, with the angles of a, (B, and
v = 90. The peaks obtained were at 20 = 37.25°,
43.28°, and 62.88° with the preferential orientation
of the films at (111), (200) and (220) respectively,

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 11

with the highest peak intensity at (111). This shows
the polycrystalline structure of NiO films after the an-
nealing, without traces of the Ni(OH), phase on the
treated films, which confirms a complete transforma-
tion of Ni(OH)s to NiO. The peak at (111) appears
well-defined with the highest intensity at an annealing
temperature of 300 °C. The high intensity of peaks
for the sample annealed at 300 °C can be due to the
high degree of crystallinity caused by the annealing
temperature and increases with the NiO orientation
in thin films. The result indicates that the properties
of a NiO nanostructured thin film are a function of
the annealing temperature, with the highest modifica-
tions of NiO nanoflakes crystallite state at the 300 °C
annealing temperature, which indicates an enhance-
ment of the crystallinity of thin films and their better
quality.

The crystal size (D) was estimated, by basing on
the FWHM (full width at the half-maximum) peak
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Fig. 3. Typical 2D AFM surface images for the as-grown Ni(OH)s sample and after the
annealing at 200, 300, and 400 °C

position and the corresponding values of the obtained
angle, by using Scherrer’s equation (1)

_0.9)
" Bcos O’

where ) is the X-ray wavelength, 6 is the Bragg angle,
and [ is the line broadening at FWHM in radian.
Measurements of FESEM were made in order to
investigate the morphological and structural prop-
erties of the chemically grown NiO thin films, as
shown in Fig. 2. It is shown that the porous NiO
nanostructured thin film was made up of intercon-
nected net-like nanoflakes’ wall with a width thick-
ness of 10-70 nm of the samples. Their surface area
increases with the annealing temperature. The diam-
eter of pores ranges from 50 to 300 nm with an
observable difference in the dimensions of thin film

974

(1)

micro/nanostructures and the annealing at 300 °C
shows the highest surface to volume ratio. The flakes
wall appears to have a rough surface depending on
the annealing temperature. The high porous nanos-
tructure, high surface roughness and high surface to
volume ratio can be an important factor that offers an
easy access of ions to the surface reaction in chemical
sensor device applications [22]. The sample annealed
at 300 °C appears to have the highest quality by the
FESEM results, which is an important factor for sen-
sor devices.

The atomic and weight ratio of oxygen and nickel
atom for the annealing sample shows the non-stoi-
chiometric value of the two elements that characterize
the state of a p-type semiconductor behavior, which is
determined from the energy-dispersive spectroscopy
(EDS) spectrum, as shown in Table 1.
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The nanoporous NiO morphological study of the
thin film’s synthesis at different annealing tempera-
tures was carrued out, by using AFM. Typical 2D
AFM images of the as-grown Ni(OH)y and NiO thin
films grown at a variable temperature are shown in
Fig. 3. The mean roughnesses for NiO/Ni(OH), were
deduced from the AFM result, as shown in Table 2. It
can be noted that the thin film roughness depends on
the annealing temperature with the highest thin film
roughness of 47.90 nm at 300 °C.

Figure 4 is a plot of the absorbance against the
wavelength for the thin-film deposited annealed sam-
ples with corresponding optical band gap energy. The
optical band gap was obtained, by using the Tauc re-
lation [23]

ahv = B(hv — E,)7, (2)

where « is the absorption coefficient, E, is the op-
tical band gap energy, h is the Planck’s constant, v
is the incident photon frequency, B is the constant
known as the parameter of band tailing, and ~ is
the index. The index can have different values de-
pending on the transition: 2 for an indirect allowed
transition, 1/2 for a direct allowed transition, 3 for
an indirect forbidden transition, and 1/3 for a di-
rect forbidden transition. The band gaps of the thin-
film samples were estimated by plotting (ahv)? ver-
sus hv, as shown in the Fig. 4 insets with the linear

Table 1. Weight and atomic
percentages of the annealed and as-grown samples
obtained with the use of the EDS spectrum

As-grown 200° 300° 400°

Sample Element

O Ni (0] Ni O Ni O Ni

Atomic % |60.23|38.77|63.15|36.85|50.16 |49.84 | 53.26 | 46.84
Weight % |29.51(70.49|32.16|67.94|21.35|78.65|23.79|76.21

Table 2. Root mean square roughness R, lattice
strain, and mean crystal size of as-grown Ni(OH)2
and NiO thin films obtained from the AFM analysis

Sample As-grown | 200° 300° 400°
Roughness (nm) 36.3 39.2 47.9 47.3
Mean crystal size (nm) 7.62 9.85 |19.84 | 14.34
Lattice strain 0.135 0.110 | 0.043 | 0.072
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portion near the absorption edge onset and were ex-
trapolated to the band gap energy x-axis. From the
result, it can be seen that the indirect allowed tran-
sition of the system was followed, and the values of
band gaps of the samples annealed at 200, 300, and
400 °C were found to be 3.98, 3.80, and 3.92 eV. The
300 °C sample appears with lower band gap due to its
larger crystal size as a result of its higher crystallinity
from XRD.

4. Conclusion

Nickel oxide thin films with nanoflakes are synthe-
sized on ITO/glass substrates by an annealing treat-
ment at variable temperatures of 200, 300, and
400 °C. The annealed sample appears to have a total
transformation temperature of Ni(OH)2 to NiO from
the obtained characterization result of XRD. The FE-
SEM analysis indicates that the nanoflake structure
of NiO grown at 300 °C appears with the highest sur-
face area and quality, and the EDS results prove to
show the non-stoichiometric behavior of p-type NiO
semiconductor due to the excess of oxygen. The XRD
analysis shows that the NiO nanoflakes possess an
orientation with cubic structure with the highest in-
tensity of peaks and crystallinity at 300 °C for the
(111) lattice. Likewise, the AFM result shows the
highest roughness of the thin film sample annealed
at 300 °C. The optical band gap of the UV-Vis mea-
surement shows a lower value for 300 °C due to the
highest crystallinity from XDR. Hence, in conclusion,
the characterization result indicates that the opti-
mum annealing temperature for the synthesis of NiO
nanoflakes with the highest thin film quality, being
the best for applications such as in biosensors and
chemical sensors, is 300 °C.

The authors would wish to show their gratitude
to Universiti Sains Malaysia together with GOT
Incentive Grant 1001/PFIZIK/822055 and Nano-
optoelectronics research and technology laboratory,
School of Physics for the great support of this work.
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JOCJILIXKEHHSA CTPYKTYPU

I OIITUYHUX BJIACTUBOCTEN NiO HAHOJIYCOYOK.
BUPOUIYBAHHSA TOHKUX ITJIIBOK Ni(OH)»
METOAOM XIMIYHOI'O OCAI>KEHHHA

Peszmowme

MeTo1oM XiMiYHOrO OcCa/»KEHHsT BHPOIIEH] ITOPUCTI HAHOJIYCO-
ukn okucy Hikesmo NiO. Ha migkmanni oken inaio-onosa/cKito
oTpuMaHi TOHKI IUIBKM 1 mijaHi BignaJy npu 3MiHHIN TeMm-
nepaTtypi B nedui. BuBueno ta mpoamasizoBaHO IX CTPYKTYDY,
ONTUYHI BJIACTUBOCTI 1 MopdoJiorito moBepxHi. Meromom emi-
CiifHOI pacTpOBOI €JIEeKTPOHHOI MiKPOCKOIII ITOKa3aHO IPHUCY-
THiCT, HaHOIYCcOYOK y cTpykTypi NiO/Ni(OH)2 TonKux wuii-
BOK. Po3mipu HaHOIYCOYOK 30iJIbIIYIOTHCS 3 POCTOM TeMIIe-
paTypu Binmamy. 3HaiifjeHO, 10 HANOIIBILY MJIOILY MIOBEPXHI
Mae 3pasok, supomenuit npu 300 °C. PesysnbraTru eneprojuc-
IepPCiiiHOI CIIEKTPOCKOIIT IOKA3YI0Th HECTEXIOMETPiI0 AaTOMHOI'O
BiHOIIIEHHs 3pa3Ka, 1o Bianosimae p-tumy NiO ToOHKOI miis-
ku. MeTomoM aTOMHOI CHJIOBOI CIIEKTPOCKOII 3HAiIeHO, II0
3pa3ok, supomenuit npu 300 °C, Mae HAWGIIBITY MOPCTKICTH
(47,9 5M). PenTrenocTpyKTypHEi aHaui3 nokasye, mo NiO Ha-
HOJIyCOYKM MAIOTh KyOiUHYy CTPYKTYpy 3 MmiKaMu oOpieHTaril
(111), (200), i (220). Ile 0coOGIUBO UITKO NPOSBISETHCH LIPU
300 °C. PeHTreHOCTpYKTYpPHUI aHaJI3 TAKOXK IOKa3ye BijcCy-
Taicte Ni(OH)2 nika npu Bignasi. Bumiprosanns B ynbrpadio-
J1eTi i BUAMMOMY CBITJII TalOTh MaJly IIUPUHY 3a00POHEHO] 30HI
3,80 eB s 300 °C wepes Bucoky kpucrasidaicrs. s Temrre-
paTypa ontuMajbHa mia cuHTe3y NiO HaHOIYCOYOK BHCOKOI
SIKOCTI, [0 BaXKJIMBO IS 1X 3aCTOCYBAHHSI B CEHCOPAX.
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