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Abstract: Metal-oxide-based electrodes play a crucial role in various transparent conductive oxide
(TCO) applications. Among the p-type materials, nickel oxide is a promising electrically conductive
material due to its good stability, large bandgap, and deep valence band. Here, we display pristine
and 3 at.%V-doped NiO synthesized by the solvothermal decomposition method. The properties
of both the pristine and 3 at.%V:NiO nanoparticles were characterized by field emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffractometry (XRD),
Raman spectroscopy, ultraviolet-visible spectroscopy (UV-vis), and X-ray photoelectron spectroscopy
(XPS). The film properties were characterized by atomic force microscopy (AFM) and a source meter.
Our results suggest that incorporation of vanadium into the NiO lattice significantly improves both
electrical conductivity and hole extraction. Also, 3 at.%V:NiO exhibits a lower crystalline size when
compared to pristine nickel oxide, which maintains the reduction of surface roughness. These results
indicate that 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
diodes [4], sensors [5], supercapacitors [6], and solar cells [7]. There are many literature reports available
on the synthesis of NiO nanoparticles (NPs) [8-11]. However, there have been difficulties in preparing
a well-dispersed ultra-small NiO ink for transparent conductive oxide (TCO) applications [12,13].
In reality, electrode fabrication using pre-annealed NiO nanoparticles is difficult due to their lower
dispersibility and poor adhesion on TCO substrates. Capping agents like oleylamine and oleic acid
added during the synthesis of the metal oxide are beneficial for the suppression of particle growth and
can eventually result in monodispersed metal oxide nanoparticles with great dispersion in DI water.

In recent reports, NiO has been used as a hole transport layer (HTL) in inverted perovskite solar
cells [14-16] and organic light-emitting diodes (LEDs) [17]. In principle, to enhance the performance
of solar cells and OLEDs, one needs to meet the following general requirements: better electrical
conductivity, efficient charge transport, solution processing under low temperature, and bandgap
tuning [18]. Improved 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 [1-24], Co [25], N [26], and K [27]. Among all these dopants, Cu is widely used for light
doping in various TCO-based applications.
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In a study of AgyNixO film, Jun-Dar et al. reported that the Ni*3/Ni*? ratio was enhanced
by varying concentrations of Ag content [23]. They also reported that an increased Ni*3/Ni*? ratio
significantly increased the hole concentration. Another study by Sharma R et al. reported that the hole
concentration of NiO is enhanced by light Ag doping, and the product was applied in heterojunction
diodes (H]JDs) [24].

A notable study by Wei Chen et al. [20] demonstrated that Cu doping on NiO drastically enhances
the electrical conductivity of NiO. More recently, Julien et al. reported that N-doped NiO showed
improved conductivity as compared to undoped NiO due to the influence of Ni vacancies [26].
The work of Islam et al. also demonstrated NiO film with superior conductivity due to a higher ratio
of Ni** to Ni2+ [28].

In this work, for the first time (to the best of our knowledge), we studied the optical, morphological,
and electrical conductivity properties of V:NiO nanoparticles. Our main aim is to investigate how
to modify NiO film conductivity on the TCO substrate. So, we substituted Ni with varying atomic
percentages of vanadium in the NiO lattice. A comparative study of pristine NiO and 3 at.%V:NiO
showed improvements in film morphology and conductivity for 3 at.%V:NiO as compared to pristine
NiO film. Both the pristine and V-doped NiO were prepared by the solvothermal decomposition
method. Ultra-small-sized, highly crystalline, pre-annealed nanoparticles were used for deposition on
the TCO substrate. However, the 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 (C19H14NiO;4), oleylamine (C;gHjsyN), borane
tri-ethylamine [(C,H5)3NBHj3], and vanadium pentoxide (V,0s), were purchased from Sigma-Aldrich.

2.2. Characterization

The properties of both pristine and vanadium-doped NiO (V:NiO) nanoparticles were characterized
by field emission scanning electron microscopy (FESEM, Hitachi S-4700, Tokyo, Japan), transmission
electron microscopy (TEM, JEM-2010-JEOL, Tokyo, Japan), X-ray diffractometry (XRD, PANalytical
X'Pert PRO, Almelo, The Netherlands), Raman spectroscopy (Renishaw, UK), ultraviolet-visible
spectroscopy (UV-vis, Jasco V-670, Easton, MD, USA), and X-ray photoelectron spectroscopy (XPS,
AXIS-NIVA (] 109, Kratos, Manchester, UK). The film properties were characterized by tapping-mode
atomic force microscopy (Bruker, Multimode-8, Billerica, MA, USA) and a source meter (Keithley-2450,
Beaverton, OR, 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(Il) 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 min.
The obtained clear blue solution was then cooled to and maintained at 90 °C. Next, a mixture of 0.4 mL
of borane tri-ethylamine and 2 mL oleylamine was quickly injected into the clear solution. The resulting
dark solution was continuously stirred for 1 h. The resultant solution containing ultra-small-sized
NiO nanoparticles was collected via 6000 rpm centrifugation for 15 min. Then, the NPs were washed
in ethanol three times. To obtain the vanadium-doped NiO (V:NiO), different atomic percentages of
vanadium pentoxide were added to the initial Ni(II) acetylacetonate and oleylamine solution. All
other conditions were similar to those for 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 was 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 min ultra-sonication. Pristine and doped NiO films were deposited under
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room temperature on cleaned FTO glass substrates by spin coating (2500 rpm, 60 s) with the solutions
mentioned above.
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Scheme 1. Synthesis of V:NiO nanoparticles by solvothermal decomposition of

a V:Ni-oleylamine complex.

3. Results

3.1. Study of Material Properties

To study the effect of V doping on NiO, the materials were subjected to analysis using XRD.
In our work, both pristine and 3 at.%V:NiO NPs exhibited a very broad XRD pattern (Figure 1a).
The diffraction peaks of the prepared powder samples show a 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 NP formation was
confirmed using the Joint Committee on Powder Diffraction Standards (JCPDS) card no. 03-065-2901
with space group Fm3m [29]. Meanwhile, no extra diffraction peaks related to vanadium or vanadium
oxide were observed. A similar trend was also observed for the 1.5 at.%V:NiO sample, but an extra
diffraction peak of V,05 was observed at a higher doping percentage (5 at.%V:NiO). This result indicates
that a light doping concentration of V hardly changes the phase structure of NiO [2]. Additionally, it
could be observed that the 3 at.%V:NiO NP diffraction peak at 43.251° shows a broadening and slight
shifting towards a higher angle (Figure 1b). This result indicates the incorporation of vanadium into
the NiO lattice. It is also important to mention that the diffraction peak broadening of the 3 at.%V:NiO
sample reveals the reduction of particle size. To further understand the effect of particle size after
doping, we calculated the crystalline size of both samples by the Debye-Scherrer formula, D, = 0?25/\ ,
where Dy, is the crystalline size, A is the X-ray wavelength, {3 is the full width at half-maximum (FWHM),
and 0 is the diffraction angle of the peak. Interestingly, we observed that 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 (¢) were calculated by the equations [30] = D_pz and = cos /4, and values are

tabulated in Table 1. It can be concluded that the NiO crystalline size was decreased by V doping;
thereby, the dissociation density and lattice strain were enhanced.

Figure 2a shows the FTIR spectra of Ni(ac),, V205, NiO, and 3 at.%V:NiO for a comparative study
of the precursor materials and products. In our case, the characteristic stretching vibration of the Ni-O
absorption band was observed at 468 cm™!, which originated from the Ni(ac), species. The peak at
676 cm™! in the doped sample was ascribed to the presence of vanadium. We observed that the Ni-O
stretching band in NiO and the V-O-V stretching band in the 3 at.%V:NiO sample were shifted to lower
wavenumber regions as compared with the Ni(ac); and V05 precursor samples. These red shifts are
associated with changes in the surface area and surface defects due to the oleylamine (capping agent)
added during the synthesis.
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Table 1. Measured values of structural parameters for NiO and V:NiO.

Samples 20 (°) hkl FWHM dsp (A°) Dp (nm) & (nm™1) £ X102
NiO 43.251 200 294 2.095 3.04 0.1082 0.955
3 at.%V:NiO 43.278 200 3.17 2.094 2.82 0.1257 1.054
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Figure 1. (a) XRD spectra of pristine and 3 at.%V:NiO nanoparticles (NPs) and (b) enlarged XRD
spectra of pristine NiO and 3 at.%V:NiO NPs.
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Figure 2. (a) FTIR spectra of NiO and 3 at.%V:NiO with precursor materials, (b) EDS spectra of 3
at.%V:NiO NPs, and (c) EDS elemental mapping of the corresponding elements of Ni, O, and V (scale
bar, 2 pum).

The elemental compositions of both the pristine and 3 at.%V:NiO NPs were confirmed by
energy-dispersive X-ray spectroscopy (EDAX). Figure 2b shows that the 3 at.%V:NiO powder sample
consisted of Ni, V, and O with no impurity elements. The weight and atomic percentage values of
the Ni, O, and V elements are given in the inset of Figure 2b. The EDX mapping of elements in Figure 2c
revealed the uniform distribution of Ni, V, and O in the sample.
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The Raman spectra of NiO and 3 at.%V:NiO are given in Figure 3a. From the analysis, four
characteristic Raman peaks were positioned in both samples, corresponding to the shaking peaks
of NiO. The peaks at 324 and 479 cm™! are the 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 the 3 at.%V:NiO sample. This result shows that vanadium can be
incorporated with oxygen.
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Figure 3. (a) Raman spectra of NiO and 3 at.%V:NiO NP powder samples; (b) UV-absorption spectra
of diluted NiO and V:NiO NP solutions with different atomic percentages of V; (c) Corresponding Tauc
plots of the absorption spectra; (d) Optical transmission spectra of NiO and V:NiO films with different
atomic percentages of V.

Figure 3b, c depicts the results of ultraviolet-visible spectroscopy studies of ethanol-dispersed
pristine and doped NiO samples. A gradual red shift in the absorption spectra with increasing V
concentration is observed from Figure 3b. This shift is consistent with the incorporation of V>* into
the NiO lattice. This indicates that the band gap energy in 3 at.%V:NiO is lower than that in pristine
NiO. Meanwhile, the optical band gap estimated for pristine NiO NPs by Tauc plot (Figure 3c) was
around 3.65 eV, which is well matched with the previously reported values [2,3]. In NiO NPs doped
with different percentages of V, it was clear that after introducing vanadium content into the NiO
crystal lattice, the optical band gap was slightly reduced to 3.62 eV for 1.5 at.%V:NiO and 3.59 eV for 3
at.%V:NiO.

It is important to study the optical transmission spectra of pristine NiO and V:NiO films, shown
in Figure 3d. Both NiO and V:NiO films coated on an FTO substrate still exhibited high transmission
(>80%) in the visible region. A small variation in transmission was observed for both 1.5 and 3
at.%V:NiO films when compared to that for the pristine NiO. However, we also noticed that the optical
transmittance decreased with increasing V doping percentage. NiO film with a higher doping
percentage (5 at.%V:NiO) exhibited low transmission as compared to the pristine NiO film, while



Appl. Sci. 2020, 10, 5415 60of 11

V:NiO film with 3 at.% V doping content exhibited transmittance higher than 80% for the visible range.
Therefore, the optimized V content of 3 at.% for NiO NPs was used for further studies.

FESEM micrographs with higher-resolution images of pristine NiO and 3 at.%V:NiO powder
samples are shown in Figure 4a,b. The samples exhibit similar morphology with ultra-small-sized
spherical structures that are agglomerated. TEM images showing the same sample morphology
are displayed in Figure 4c,d. The particle diameters are summarized in Figure 4g. The statistical
distributions of the nanoparticle diameters of pristine NiO and 3 at.%V:NiO were measured to be ~3.5
+ 0.5 nm and ~2.5 £ 0.5 nm, respectively. This result was consistent with the result of XRD. The particle
size variations in the TEM analysis of both samples may be due to the influence of large Ni ions (ionic
radius, 0.83 A°) replaced by small V ions (ionic radius, 0.72 A°). Meanwhile, the HRTEM results
revealed that the interplanar distance of both samples in Figure 4e,f was 0.21 nm.

.
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Figure 4. (a) FESEM images of (a) NiO and (b) 3 at.%V:NiO and TEM patterns of (c) NiO and (d) 3
at.%V:NiO. (e,f) HRTEM images of both (e) NiO and (f) 3 at.%V:NiO and (g) statistics of the particle
distributions of NiO and 3 at.%V:NiO NPs.
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Elemental analysis was performed via X-ray photoelectron spectroscopy. The survey spectra of
pristine NiO (Figure 5a) confirmed the presence of Ni and O elements, whereas Ni, O, and V elements
were confirmed in the 3 at.%V:NiO sample (Figure 5d). Typically, NiO 2Pz, consists of a main peak at
854 eV, shoulder peak at 856 eV, and shake-up satellite peak at 861 eV [31]. No major changes were
observed in a comparison of the Ni 2P3/, spectra of both pristine and doped samples (Figure 5b,e).
However, in the case of the doped sample, we detected the presence of V4* and V°* in the binding
energy range between 526 eV and 510 eV, which reveals that V atoms were successfully incorporated
into the NiO crystal lattice. Interestingly, after V occupied the interstitial sites in the NiO lattice, Ni**
ions were possibly induced by V>* ions (Figure 5e). Further, we calculated the Ni**/Ni?* ratios to be
0.96 and 1.04 for the NiO and 3 at.%V:NiO samples, respectively. The higher density of Ni%* states in
the 3 at.%V:NiO crystal would contribute to the improvement of p-type conductivity [23,24,31].
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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 2p3/, and (c) O 1s; (d-f) XPS spectra of 3 at.%V:NiO: (a) survey spectra (inset:
high-resolution spectra of V 2p), high-resolution (b) Ni 2p3, and (c) O 1s.

3.2. Study of Film Properties

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

We also investigated the influence of V doping on the electrical conductivity of the NiO thin films
by a photovoltaic measurement system. For that, 20 mg/mL NiO or 3 at.%V:NiO dispersed in DI water
was spin-coated onto a precleaned FTO substrate (16 (2). Then, the substrates were annealed at 60 °C
for 10 min to remove residual water. The electrodes were then transferred into a thermal evaporator
(JVAC, South Korea) for the deposition of silver. The silver electrode (active area 0.2 cm?) was thermally
evaporated with a thickness of 100 nm at a deposition rate of 0.4 nm per second through a shadow
mask. The current-voltage (I-V) curves of the fabricated FTO/NiO and 3 at.%V:NiO/Ag films were
measured by a source meter. The following equation used to calculate the conductivity of the films:

_d
T AxR

where ¢ 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 Figure 7, replacing the pristine NiO film with a 3 at.%V:NiO
film significantly increased the vertical current, indicating the enhancement of electrical conductivity
upon V doping. The conductivity values of the pristine NiO and 3 at.%V:NiO films were estimated to
be2.9x107°Secm™" and 3.9 x 107® Sem ™1, respectively. The conductivity of 3 at.%V:NiO film, compared
to that of pristine NiO film, was enhanced by about 34.4% due to the enrichment of Ni*>* ions in the 3
at.%V:NiO sample [25]. This point was extensively discussed in the XPS analysis. The previously
reported values are within the range for NiO films depending on the film composition and deposition
condition [32]. A recent work by Julien et al. observed the same trend of an increase in conductivity for
nitrogen-doped NiO film (2.8 x 1077 Scm™!) compared to pristine NiO film (1.39 x 10~7 Sem™1) [26].
Our results demonstrate that V doping can be a powerful way to control the electrical conductivity
of NiO.
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Figure 7. I-V curves of NiO and 3 at.%V:NiO films based on the structure of FTO/NiO or 3 at.%V:NiO/Ag;
the inset shows the corresponding fabricated electrode structure.

4. Conclusions

In conclusion, pristine NiO and 3 at.% vanadium (V)-doped NiO were successfully synthesized
by a solvothermal decomposition method and deposited on an FTO substrate. The 3 at.%V:NiO film
exhibited a lower crystalline size when compared to pristine NiO film. A systematic crystallographic,
optical, and morphological investigation showed that the V content in the NiO lattice would be
beneficial for optoelectronic device applications. Also, AFM investigations of the 3 at.%V:NiO showed
that the root mean square (RMS) surface roughness was lowered in comparison to that of the pristine
NiO film. Finally, I-V curves showed that the conductivity of the V:NiO film was effectively enhanced
by about 34.4%. The improvement of electrical conductivity can promote better charge transport and
a reduction of interfacial charge accumulation.
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