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Abstract: Metal oxide based electrodes play a crucial role in various as a transparent conductive oxide
(TCO). One of the metal oxides, nickel oxide is a promising electrical conductive material. Here, we
display that incorporation of vanadium in NiO lattice significantly improve both electrical
conductivity and hole extraction. Also, vanadium doped nickel oxide exhibits a lower crystalline size
compared to pristine nickel oxide, which maintains the reduction of surface roughness. These results
indicating that the vanadium is an excellent dopant for NiO.

Keywords: vanadium doping; size tuning; bandgap; transparent conductive oxide; electrical
conductivity.

1. Introduction

Nickel oxide (NiO) is one of the rare metal oxide semiconductors, exhibiting a wide bandgap of
~ 3.6 eV [1-3]. It has been used in numerous practical applications, such as organic light-emitting
diode [4], sensor [5], supercapacitor [6] and solar cells [7]. There are many literature reports available
on the synthesis of NiO nanoparticles (NPs) [8-11]. However, they suffer to prepare a well-dispersed
ultra-small NiO ink for transparent conductive oxide (TCO) applications [12,13]. In reality, an
electrode fabrication using pre-annealed NiO nanoparticles is difficult due to the less dispersibility,
and poor adhesion on TCO substrates. Capping agent like oleylamine and oleic acid adding during
the synthesis of metal oxide beneficial for the suppression of particle growth and eventually can
achieve monodispersed metal oxide nanoparticles with great dispersion on DI water.

From the recent reports, NiO used as hole transport layer (HTL) in inverted perovskite solar cell
[14-16] and organic light-emitting diode (LED) [17]. In principle, to enhance the performance of solar
cells and OLED needs to overcome following general requirements such as: better electrical
conductivity, efficient charge-transporting, solution processing under low temperature and bandgap
tuning [18]. To improve the electrical conductivity and hole extraction can be achieved through
doping [19]. Different dopants have been used to improve the conductivity of NiO, such as Cs [19],
Cu [20], Nb [21], Y [22], Ag [1], Co [23], N [24] and K [25]. Among all these dopants, light Cu doping
is widely used in various TCO based applications.

A notable research by Wei Chen et al. [20] had reported that Cu doping on NiO will drastically
enhance the electrical conductivity of NiO. More recently, Julien et al. reported that N doped NiO
improved the conductivity as compared to undoped NiO by the influence of Ni vacancies [24]. The
work of Islam et al. also demonstrated that NiO film with superior conductivity by a higher ratio of
Ni**/Ni? [26].

In this work, for the first time, to the best of our knowledge, we studied the optical,
morphological and electrical conductivity of V:NiO. Our main aim is to investigate that how to
modify the NiO film conductivity on the TCO substrate. So we substitute Ni by varying weight
percentages of vanadium on NiO lattice. The comparative study of pristine NiO and V:NiO result
showed improvement of film morphology and conductivity as compared to pristine NiO film. Both
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pristine and V doped NiO were prepared by solvothermal decomposition method. Ultra-small sized
highly crystalline pre-annealed nanoparticles were used for the deposition on the TCO substrate.
However, effect of vanadium doping on NiO has not been widely studied.

2. Materials and Methods

2.1. Materials and Methods

Materials including Ni (II) acetylacetonate (Ci0H14NiOs), Oleylamine (CisHN), Borane tri-
ethylamine [(C2Hs)sNBH3s] and vanadium pentoxide (V205) were purchased from Sigma-Aldrich.

2.2. Characterizations

The properties of both pristine and varying concentrations of vanadium doped NiO (V:NiO)
nanoparticles were characterized by the Field emission scanning electron microscopy (FESEM,
Hitachi S-4700, Tokyo, Japan), transmission electron microscopy (TEM, JEM-2010-JEOL, Tokyo,
Japan), X-Ray diffractometer (XRD, PAN alytical X'Pert PRO, Netherlands), Raman spectroscopy
(Renishaw, UK), Ultraviolet-visible spectroscopy (UV-vis, Jasco V-670, Easton, MD, USA) and X-ray
photoelectron spectroscopy (XPS, AXIS-NIVA CJ 109, Kratos, Manchester, UK). The film properties
were characterized by tapping mode of atomic force microscopy (Bruker, Multimode-8,
Massachusetts, USA) and source meter (Keithley-2450, Beaverton, USA).

2.3. Synthesis of pristine and V doped NiO

Nickel oxide (NiO) nanoparticles were synthesized by the solvothermal decomposition method.
Briefly, 1 mmol of Ni(II) acetylacetonate was dissolved in 15 ml of oleylamine. The solution was kept
in a two necked round flask and heated to 110°C with continuous stirring under nitrogen flow for 45
minutes. The obtained clear blue solution then cooled to and maintained at 90°C. Next, a mixture of
0.4 ml of borane tri-ethylamine and 2 ml oleylamine quickly injected into the clear solution. The
resulting dark solution continuously stirred for 1 hrs. The resultant solution containing ultra-small
sized NiO nanoparticles were collected by 6000 rpm centrifugation for 15 minutes. Then NPs have
washed ethanol by three times. For the Vanadium doped NiO (V:NiO), different weight percentages
of vanadium pentoxide were added with Ni(II) acetylacetonate and oleylamine solution. Followed
all other conditions similar to the synthesis of the pristine NiO. In this reaction oleylamine acts as a
capping agent, which helps to reduce particle growth and borane tri-ethylamine used as a reducing
agent, as shown in scheme 1. As synthesized pristine NiO and V: NiO were easily dispersed in DI
water by 30 minutes ultra-sonication. Pristine and doped NiO films were deposited under room
temperature on cleaned FTO glass substrates by spin coating (2500 rpm, 60 s) with the solutions
which was mentioned above.
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Scheme 1. Synthesis of V:NiO nanoparticles by solvothermal decomposition of V:Ni-oleylamine complex.

3. Results

3.1. Study of material properties
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To study the effect of V-doping on NiO, the materials were subjected to analysis using XRD. In
our work, both pristine and doped NiO NPs exhibited a very broad XRD pattern (Figure 1(a)). The
diffraction peaks of prepared powder samples shows the cubic face-centered crystal system with four
characteristic diffraction peaks at 26 = 36.98°, 43.21°, 62.67°, and 75.34°, which could be assigned to
the (111), (200), (220) and (311) planes of NiO, respectively. The synthesized NiO NPs formation
confirmed from the joint committee on powder diffraction standard (JCPDS) card no. 03-065-2901
with the space group of Fm3m [27]. Meanwhile, no extra diffraction peaks related to vanadium or
vanadium oxide were observed. This result indicates that the light doping concentration of V could
hardly change the phase structure of NiO [1]. Additionally, it could be observed that the V:NiO NPs
diffraction peak at 43.251° shows a broadening and slight shifting towards a higher angle (Figure
1(b)). This result is indicating the incorporation of vanadium in NiO lattice. Also important to
mention that the diffraction peak broadening of V:NiO sample leads to the reduction of particle size.

To understand the effect of particles size after doping, further, we calculated the crystalline size of
0.89 1

Pcosé
wavelength, B is the full width half maximum (FWHM) and 0 is the diffraction angle of the peak.

Interestingly, we observed the crystalline size of peak (200) significantly decreased after doping from

3.09 nm to 2.82 nm. Hence, the dissociation density (8) and lattice strain (g) were calculated by

equation [28], 6 = 1 /D , and & = fcosf/4 and values are tabulated in Table 1. It can be concluded
1

both samples by Debye-Scherrer formula, D, =

. Where Dy is the crystalline size, A is the x-ray

that NiO crystalline size decreased by V doping, thereby, dissociation density and lattice strain

enhanced.
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Figure 1. (a) XRD spectra of pristine and V:NiO NPs and (b) enlarged XRD spectra of pristine NiO and V:NiO
NPs.

Table 1. Measured values of structural parameters for NiO and V:NiO

Samples 20 (9 hkl FWHM dsp (A9 Dy (nm) S (nm1) ex102
NiO 43.251 200 2.94 2.095 3.04 0.1082 0.955
V:NiO 43.278 200 3.17 2.094 2.82 0.1257 1.054

Figure 2(a) shows that the FT-IR spectra of Ni(ac)z2 V205, NiO and V:NiO for the comparative
studies of precursor materials and products. In our case, the characteristic stretching vibration of Ni-
O absorption band was observed at 468 cm! which is originated from the Ni(ac): species. The peak
at 676 cm™ in the doped sample ascribed the presence of vanadium.


https://doi.org/10.20944/preprints202007.0069.v1
https://doi.org/10.3390/app10165415

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 July 2020 d0i:10.20944/preprints202007.0069.v1

4 of 9
a 3% V-NiO 68 b ¥ Elerpem W1t% AEO/B
* [ Ni 67.75 38.81
V-O-V streching s3ud O 27.66 58.16
\% 4.59 3.03
56
30
NiO -
0
— P
&\O, 15
3 076
c vy
L) o
£ |, o Ni-O streching W o8 1k 0 2 35 4w 4B sk 6
£ [V20s
7]
c
o
= H-O-H bending

V=0 streching

V-0-V streching
Nl(ac)z

O-H streching

acetylacetonate ligand
T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 2. (a) FTIR spectra of NiO and V:NiO with precursor materials, (b) EDS spectra of V:NiO NPs and (c) EDS
elemental mapping of the corresponding elements of Ni, O and V (scale bar-2pm).

The elemental composition of both pristine and V:NiO NPs confirmed by energy-dispersive x-
ray spectroscopy (EDAX). Figure 2(b) shows that V:NiO powder sample exist of Ni, V, and O with
no impurity elements. The weight and atomic percentage values of Ni, O and V elements are given
in the inset of Figure 2(b). The EDX mapping of elements in Figure 2(c) revealed the uniform
distribution of Ni, V, and O in the sample.

Raman spectra of NiO and V:NiO were given in Figure 3(a). From the analysis, four
characteristic Raman peaks are positioned in both samples, which are corresponding to the shaking
peaks of NiO. The peaks at 324, and 479 cm! are first-order transverse optical (TO) and longitudinal
optical (LO) phonon modes of NiO NPs, respectively. The peaks at 546 and 686 cm! are because of
the combination of 2TO and 2LO. Meanwhile, an extra peak observed at 760 cm™ can be associated
with the V-O stretching mode in V:NiO sample. This result shows that vanadium can be incorporated
with oxygen.

Figure 3(b-c) depicts the ultraviolet-visible spectroscopy studies of ethanol dispersed pristine
and doped NiO samples. A gradual red shift in absorption spectra with increasing V concentration
is observed from Figure 3b. The shift is consistent with the incorporation of V5 into the NiO lattice.
This indicates that the band gap energy in V:NiO is lower than that of pristine NiO. Meanwhile, the
optical band gap estimated for pristine NiO NPs by Tauc plot (Figure 3(c)) revealed around 3.65 eV,
which is well-matched with the previously reported values [3, 2]. In the case of V-NiO NPs, it was
clear that after introducing vanadium content in NiO crystal lattice, the optical band gap slightly gets
reduced into 3.62 eV for 1.5% V:NiO and 3.59 eV for 3% V:NiO.
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Figure 3. (a) Raman spectra of NiO and V:NiO NPs powder samples, (c) UV-absorption spectra of diluted NiO
and V:NiO NPs solution and (c) Corresponding Tauc plots of the absorption spectra.
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The FE-SEM micrograph images with higher resolution images of pristine NiO and V:NiO
powder samples are shown in Figure 4(a-b). Both samples exhibit similar morphology with ultra-
small sized spherical structures that are agglomerated. The TEM image with the same morphology
of the samples displayed in Figure 4(c-d). The particle diameters are summarized in Figure 4(e). The
statistical distributions of nanoparticles diameter of pristine NiO and V:NiO measured to be ~3.5+0.5
nm and ~2.5+0.5 nm, respectively. The result was consistent with the result of XRD. The particle size
variations in the TEM analysis of both samples may influence of large Ni ions (ionic radius- 0.83 A°)
replaced by the small V ion (ionic radius- 0.72 A°). Meanwhile, the HR-TEM results reveals that the
incorporation of V into the NiO lattice slightly reduced the interplanar distance (inset images) from
0.2095 nm to 0.2094 nm.
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Figure 4. (a) FE-SEM images of (a) NiO and (b) V:NiO and TEM patterns of (a) NiO (inset: HR-TEM image of
NiO) and (b) V:NiO (inset: HR-TEM image of V:NiO) ) and (e) statistics of particles distribution of NiO and
V:NiO samples.

Elemental analysis was characterized by X-ray photoelectron spectroscopy. The survey spectra
of pristine NiO (Figure 5(a)) confirmed that the presence of Ni and O elements, whereas Ni, O and V
elements in V:NiO sample (Figure 5(d)). Typically NiO 2Ps2 consists of the main peak at 854 eV,
shoulder peak at 856 eV and shake up satellite peak at 861 eV [29]. No major changes observed in a
comparison of Ni 2Ps spectra of both pristine and doped samples (Figure 5(b and e)). But in the case
of doped sample detected the presence of V4 and V°*in the binding energy range between 526 eV to
510 eV, which reveals that V atom had been successfully incorporated into NiO crystal lattice.
Interestingly, after V occupied the interstitial sites in the NiO lattice, possibly the Ni** ions induced
by V5 ions (Figure 5(e)). Further, we calculated the ratio between Ni**/Ni** and it was calculated to
be 0.96 and 1.04 for NiO and V:NiO samples, respectively. The higher density of Ni% state in V:NiO
crystal would contribute to the improvement of p-type conductivity [29].
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Figure 5. (a-c) XPS spectra of NiO: (a) survey spectra (inset: high resolution spectra of V 2p), high resolution (b)
Ni 2psp, (c) O 1s and (d-e) XPS spectra of V:NiO: (a) survey spectra (inset: high resolution spectra of V 2p), high
resolution (b) Ni 2psp, (c) O 1s.

3.2. Study of film properties

The morphology of the surface of the thin films of pristine NiO and V:NiO were studied using
the atomic force microscopy. Figure 6 (a-d) shows that the AFM topography and three dimensional
(3D) images of NiO and V:NiO on the FTO substrate. After doping the clear observation of particle
size reduction were also confirmed from AFM topographic images. Both films showing a closely
packed uniform morphology and exhibit root mean square (RMS) surface roughness at 2.94 nm and
2.49 nm for the pristine NiO and V:NiO films, respectively. The reduction of surface roughness values
in film after doping, indicating that a small amount of vanadium in the NiO lattice will be beneficial
for the various transparent conductive oxide applications [1,20,22,17].
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Figure 6. AFM topography and 3D AFM images of (a-b) NiO NPs and (c-d) V:NiO.

5000 nm

We investigated the influence of V doping on the electrical conductivity of the NiO thin films
obtained by the photovoltaic measurement system. For that, we fabricated FTO/NiO or V:NiO/Ag
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film and measured the current-voltage (I-V) curve. The following equation calculated the
conductivity of the films.
d
T AR

Where o is the conductivity, d is the thickness of the films, A is the active area and R is the
resistance obtained from the I-V curve. As shown in the Figure 7, replacing the pristine NiO film with
a V:NiO film significantly increased the vertical current, which indicating the enhancement of
electrical conductivity upon V doping. The conductivity of pristine NiO and V:NiO films were
estimated to be 2.9x10-° Scm™ and 3.9x10¢ Scm™, respectively. The enhancing conductivity of V:NiO
compared to pristine NiO film about 34.4%, due to the enrich of Ni** ion in V:NiO sample [23]. This
point extensively discussed in XPS analysis. Definitely, this result demonstrate that V-doping can be
a powerful way to control the electrical conductivity of NiO.

—o—NiO
—a—V:NiO

06 04 02 00 0.2 04 06
Voltage (V)

Figure 7. I-V curve of NiO and V:NiO films based on the structure of FTO/NiO or V:NiO/Ag; the inset show
corresponding fabricated electrode structure.

4. Conclusion

In conclusion, pristine NiO and vanadium (V) doped NiO were successfully synthesized by a
solvothermal decomposition method and deposited on the FTO substrate. The V doped NiO (V:NiO)
film exhibits a lower crystalline size compared to pristine NiO film. A systematic analysis of
crystallographic, optical and morphological investigation showed that the V content in NiO lattice
would be beneficial for optoelectronic device applications. Also, the AFM investigations of the V:NiO
display that the root mean square (RMS) surface roughness lowered in comparison to the pristine
NiO film. Finally, I-V curve shows that the conductivity of V:NiO film effectively enhanced about
34.4%. The improvement of electrical conductivity can promote better charge transport and reduction
of interfacial charge accumulation.
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