
Materials Research Express

PAPER • OPEN ACCESS

Copper and nickel co-doping effects on the
structural, optical and electrical properties of
tungsten trioxide nanoparticles prepared by co-
precipitation technique
To cite this article: Wegene Lema Lachore et al 2022 Mater. Res. Express 9 035008

 

View the article online for updates and enhancements.

You may also like
19th International Conference on Nuclear
Tracks in Solids, Besançon, France, 31
August-4 September 1998
Lee Talbot

-

Finite Element Modelling of the Electrical
Conductivity of Fluorite-Type Oxygen Ion
Conductors
Dries Van Laethem, Lucia Fernandez
Macia, Johan Deconinck et al.

-

Workshop on Intakes of Radionuclides:
Occupational and Public Exposure,
Avignon, 15-18 September 1997
G Etherington, A W Phipps, J D Harrison
et al.

-

This content was downloaded from IP address 196.191.116.129 on 17/01/2023 at 07:40

https://doi.org/10.1088/2053-1591/ac5ef2
/article/10.1088/0952-4746/19/1/017
/article/10.1088/0952-4746/19/1/017
/article/10.1088/0952-4746/19/1/017
/article/10.1149/MA2015-03/1/208
/article/10.1149/MA2015-03/1/208
/article/10.1149/MA2015-03/1/208
/article/10.1088/0952-4746/18/2/019
/article/10.1088/0952-4746/18/2/019
/article/10.1088/0952-4746/18/2/019
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjss6Ss-iYVtqlzDi-BC8HyWfirpCYODS58CIr9tMnUowM6UMc_ObrBAniiV8pAS1Zi6l9Ue5RH3t18UG9ITgpK0inzgXwLElpDQG_IfRSxjlTQm3yKTv7eECznaiQcSYo41qkb1fj2z3vVmViCEd107eo_hAdENa5X6D1sAM4iDHDnI8iQUbBd-l_GRQFfQs9OGk0vRu_bjSd_ieu90oTuJcLWHfq9BNDIzcwZ127Y2cqCo-N15pi9fE1itYKy5bIU9FtCjC0M1eg9uNCEGWO6_OdceWu-7iWe8x3LKlPrgn3A&sai=AMfl-YQdFbaOF36UHOu8pqbmNdzuGuIOK8kcVVg0kdMVBZzf3GBLNekfrOKKxG_slKzTW_3aD8mcCWTeDYZkgNvI-A&sig=Cg0ArKJSzLJwfWFphNBO&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/toyota-fellowship%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D2023ECSTYIF


Mater. Res. Express 9 (2022) 035008 https://doi.org/10.1088/2053-1591/ac5ef2

PAPER

Copper and nickel co-doping effects on the structural, optical and
electrical properties of tungsten trioxide nanoparticles prepared by
co-precipitation technique

Wegene Lema Lachore1, FekaduGashawHone2,∗ , DinsefaMensurAndoshe3 ,
NewayemedhinATegegne2 andMulualemAbebeMekonnen1

1 Faculty ofMaterials Science and Engineering, Jimma Institute of Technology, JimmaUniversity, POBox: 1041, Jimma, Ethiopia
2 Department of Physics, Addis AbabaUniversity, POBox: 1176, Addis Ababa, Ethiopia
3 Department ofMaterials Science and Engineering, Adama Science andTechnologyUniversity, POBox: 1888, Adama, Ethiopia
∗ Author towhomany correspondence should be addressed.

E-mail: fekeye@gmail.com

Keywords:WO3, optical properties, electoral properties, codoping, coprecipitation

Abstract
The pristineWO3 (tungsten trioxide) andCu/NiCo-dopedWO3nanoparticles were synthesized by
the co-precipitation synthesismethods withfixedwt.%of nickel, i.e., 5 wt.%, and different wt.%of
copper, i.e., 2, 3, 5 wt.%. The structural, optical and electrical properties, as well as the surface
morphologywere investigated thoroughly by various characterization techniques. All the doped/co-
doped and un-doped samples had an orthorhombic structure, according to the XRDmeasurements.
TheXRD results further confirmed that the average crystalline size ranged from46 to 25 nmafter the
dopant concentrationwas introduced. Reflectance spectroscopywas used to investigate the optical
properties of the prepared nanomaterials and revealed that the optical band gap varied from2.80 to
2.63 eVwith dopant concentrations. The room temperature photoluminescence study showed that
the emission peaks were observed in the visible regionwith slight peak shift towards short wavelength
with dopant concentrations. The FTIR studies described the differentmode of band related to a
functional groups present in thematerials and the stretchingmode ofO–W–Wobserved from550 to
1050 cm−1. The I-V studies confirmed that the prepared samples had a good ohmic contact behavior
and the resistivity decreased from6.3×10−3Ω.cm to 0.63×10−3Ω.cmwith doping concentrations.

1. Introduction

Metal oxide semiconductor nanoparticles have recently received a lot of considerationdue to their unique
potential for different applications. Tungsten trioxide has been highly studied because of its outstanding optical,
structural and electrical properties [1]. It has reasonable amount of electrons in the valence bandwith band gap
energy of 2.7 to 3.5 eV [2] andwith significant absorption in the far-ultraviolet and visible regions. It has transition
metal oxide semiconductorwhich is an excellent property for various applications, such as photovoltaic [3],
electrochromic [4], photocatalyst [5], and photochromic [6], and gas sensor [7]. Various researchers haveprepared
tungsten trioxidenanostructures such asnanowires, nanotubes, nanoribbons, nanorods, andnanoplateswhich
may influence their physical, optical and electrical properties [8–10]. Controlling the size, surfacemorphology, and
dopant concentrationofWO3 are important to for different applications.Doping is one of themost essential
mechanisms to increasematerial’s optical and electrical properties. Thismeans that increasing thematerials’
conductivity and theoptical band gap of thehostmaterials reduces or increases their energy. According to a recent
study, substitutional doping ofmetal ions is a goodway to adjust the electronic structure and electrical properties of
WO3 [11, 12]. So far, various researchers have been investigating transitionmetal ions as dopants to study the
structural, electrical and band edge properties ofWO3, includingMo [13], Co [14], Ni [15], Fe [16]. Cu [17, 18]
Mn, [19] andCd [20].Moreover, various studies have been conducted co-doping transitionmetal ions tomodify
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optoelectricalproperties ofWO3nanoparticles. For instant, SMohammadi et al investigated the effects of pure, Zn,
Cu, co-dopingZnandCu inWO3nanoparticles prepared byusing both precipitation and co-precipitation
methods for the applicationof photocatalytic and antibacterial activity. They found that the co-dopingWO3

nanoparticles have higher photocatalytic degradation of gentamicin thanother sample [21]. Albalshi et al
investigated the electrochemical properties of Ti andZn co-dopedWO3 thinfilms synthesized by the sol-gel
method [22]. Furthermore, compared to a single dopedWO3 thinfilm, co-dopedfilmhas improved
electrochemical and electrochromic properties aswell as higher electrochemical stability [22]. NBoonprakob et al
investigated photocatalytic for removal of hexavalent chromiumusingAg andCu co-dopedWO3nanoparticles
synthesized byusing a simple co-precipitation approach [23]. This co-doping effect has higher photocatalytic
reductionunder visible light irradiation thanun-doped [23].

To synthesizeWO3nanostructures, researchers have used different synthesismethods, for example sol-gel
[24], microwave irradiation [25], co-precipitation [26], spray pyrolysis [27], and hydrothermal [28]. Among
them, the co-precipitationmethod is the simplest, cost-effective, the highest purity, and has good uniformity. To
our knowledge, no studies have examined pureWO3, 5%Ni:WO3 and (2%Ni+5%Cu):WO3,
(3%Ni+5%Cu):WO3, and 5% (Cu:Ni) co-dopedWO3nanoparticles by using environmental friendly co-
precipitationmethod. The objective of this work is to give an insight on how themono doped and co-doped can
affect the structure, electrical and optical properties ofWO3nanoparticles. The obtained results are suggested
that the preparedmaterials are good candidates for solar cell applications.

2. Experimental procedure

2.1. Synthesis of pure,mono andCo- doped (Cu,Ni)WO3nanoparticles (NPs)
PureWO3, 5%Ni:WO3 (mono) and (2%Cu+5%Cu):WO3, (3%Cu+5%Ni):WO3and 5%(Cu:Ni) co-doped
WO3 nanoparticle were synthesized by simple chemical co-precipitationmethod. The precursors used in the
synthesis were sodium tungstates dehydrate, copper (ii)nitrate trihydrate, and nickel nitrate hexahdrate as
startingmaterials., while aqueousHCl used to adjust the pHof the solution andNaCl as capping agent. In a
typical synthesis appropriate amount of sodium tungstate dihydrate was dissolved in 100 ml of distilled water. In
a closed-necked flask, the solutionwas vigorously stirred for 30 minwith amagnetic stirrer. After 30 min
appropriate amount ofNaClwas added to the solution then stirred until a homogeneous solutionwas formed.
Then 37%aqueousHCl solutionwas also added to the above solution dropwise under constant stirring until the
pHwas attained to 1 and then the solution continues stirred and heated for one hrs at 100 °C.Afterwards, the
solution aged for 24 h and then centrifuged to the obtained precipitates. The obtained precipitates were washed
several timeswith distilledwater and ethanol to remove excess sodium and chlorine ions then dried in an electric
oven at 100 °Covernight. Finally, the obtained powder was calcined at 500 °C for 3 h in order to obtainWO3

nanoparticles. The 5%Ni:WO3 and (2%Cu+5%Cu):WO3, (3%Cu+5%Ni):WO3and 5%(Cu:Ni) co-doped
WO3 nanoparticles have synthesized by chemical co- precipitationmethodwith different weight percentage of
2%, 3%, and 5% forCu andfixed amount 5% forNi using the same procedure explained above. The all the
obtained samples were used for different characterization.

2.2. Characterization techniques
The phase purity and structure of the pure,mono and co-dopedWO3 nanoparticles were analyzed byXRD-7000
x-ray difractometermaximawithCuKα radiation (λ=0.15406 nm). The presence of different functional
groups in the sample was confirmed by FTIR spectrophotometer (PerkinElmer,Model: SpectrumTwo). SEM
andUV–Vis Spectroscopy (Model: UV-3600 Plus)were used to characterize themorphological information and
optical properties of the samples. Room temperature photoluminescence (PL) spectra were performed by a
Fluoromax-4 Spectrofluorometer in the excitationwavelength of 350 nmusing a 40WXenon arc lamp. The
current-voltage characteristics of the junctions weremeasured using aKeithley sourcemeter unit (model: 2400)
in the dark at room temperature.

3. Results and discussion

3.1. XRDanalysis
The prepared samples were analyzed by x-ray diffraction using theCuKαwavelength of 0.15406 nm. Figure 1(a)
shows theXRDof pureWO3, 5%Ni:WO3(2%Cu+5%Cu):WO3, (3%Cu+5%Ni):WO3 and 5%(Cu:Ni) co-
dopedWO3nanoparticles. TheXRD result confirmed that the prepared samples had an orthorhombic crystal
structure of with space group P and lattice parameter a=7.3840 Å, b=7.5120 Å, and c=3.8460 Å and
α=β=γ=90 °C.The result is in a good agreement with the standard JCPDS cardNo. 020-1324. The
incidence of sharp andnumber of diffraction peaks revealed the polycrystalline nature of the prepared
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nanomaterials. No impurity peaks ofNi andCuwere observed from theXRDdiffraction patternwhich implies a
successfully incorporations ofNi2+ andCu2+ ions into theWO3 lattice. As demonstrated infigure 1 the intensity
of co–doped (Ni:Cu)WO3nanoparticles increased in the plane (001)when compared to 5%Ni:WO3 and pure
WO3 nanoparticles. This is due to the fact that (Ni:Cu) co-doping improves the development rate ofWO3

nanoparticles and gives them a higher degree of crystallinity than 5%Ni:WO3 and pureWO3, resulting in
sharper diffraction peaks inXRD. The intensity of 5%Ni dopedWO3nanoparticles is lower than that of pure
WO3 nanoparticles. As result clearly indicate that the successful incorporation of 5%Ni has theWO3matrix.

The crystallite sizes for the preparedNPswere analyzed from the threemost prominent diffraction peaks of
(001), (020) and (200)planes using theDebye Scherer relation shown in equation (1).

l
b q

= ( )D
K

COS
1

Where, D is average crystallite size obtained from the three dominant peak, K is constant for the shape factor
nearly equal to 0.9,λ is thewavelength of x-ray used (CuKα, 0.15406 nm),β is the full width at halfmaximum
and θ is the angel of diffraction of three do peak.

The average crystallite size was calculated by using the (001), (020) and (200) peaks ofWO3 to be 46 nm;
25 nm for 5%Ni:WO3 furthermore, the crystalline size, it was decreased from35 nm to 40 nm for various
concentration of Cu at 2wt.%,3wt.%, 5wt.% and fixed inNi of 5 wt.%dopedWO3 respectively. It is indicated
that Cu2+ andNi2+ ions substituted in theW6+ ions lattice site of orthorhombic structure and then the
crystallite size was reduced by dopant concentration [29]. The expanded version of XRD (figure 1(f)) clearly
shows the slight peak position shifts of (001), (020), (200) planes to the lower diffraction angles when compared
to the pureWO3NPs. This peak shift to the lower angle for dopedNPs indicates that the lattice parameters are
slightly varied than the pureWO3 and a successful substitutionNi

2+ andCu2+ ions onto the host lattice [30].
This can be associated to the smaller ionic radii difference between the hostW (0.62 Å) and dopant 0.60 Å forNi
and 0.73 Å for Cu ions [31, 32].

As shown in table 1, the unit cell volume ofWO3NPs co-dopedwithfixed nickel and varying copper
amounts decreasedwith dopant concentration implies that substitution of Cu andNi ions in the lattice site, as
similar phenomena have been reported [33]. It is also observed that the value of the dislocation density of
undopedWO3NPs has the lowest value as compared to the doped sample, shown in table 1. This indicates that
Cu2+ andNi2+ co-doping deteriorate theWO3 crystal structure. Table 1 also reveals that themicro-strain and
crystallite size have a strong relationship. The differing ionic radius ofW6+, Cu2+, andNi2+ ions, which enhance
themicro-strain during the substitution ofW ions by bothCu andNi ions, could explain these changes in
micro-strainwith crystal size. As a result, dopant concentrations diminish the development rate and crystallinity
ofWO3NPs, and crystal size increases produce a decrease in the strain [34, 35].

The from theXRDpeaks the lattice parameters for the orthorhombic crystal structure was calculated by
using equation (2):

= + + ( )
d

h

a

k

b

l

c

1
2

2

2

2

2

2

2

2

Where d is the interplanar spacing; a, b, c are the lattice parameters and h, k, l are theMiller indices. The
dislocation density (δ) is the length of dislocation lines per unit volume of the crystal. The defect in the crystal

Figure 1.XRDpattern for (a) pureWO3, (b) 5%Ni:WO3, (c) (2%Cu+5%Cu):WO3, (d) (3%Cu+5%Ni):WO3, (e) 5%(Cu:Ni) co-
dopedWO3nanoparticles. (f)Change in (001), (020) and (200) peaks positions with dopant concentrations.
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structure ofWO3 nanoparticles ismeasured by the dislocation, and the presence of this strongly influences the
properties of the sample. The dislocation density can also be calculated from the equation (3):

d = ( )
D

1
3

2

Where δ is dislocation density andD is the average crystallite size of the sample.
Themicro-strian (ε) can be calculated by the following equation [36].

e
b

q
=‐ ( ) ( )Micro strain

4 tan
4

3.1.1. UV–visible diffusion reflectance.
TheUV–vis spectroscopymeasurements were taken to assess the influence of 5%Ni:WO3, 2%Cu+5%Ni
:WO3, 3%Cu+5%Ni :WO3 and 5% (Cu :Ni) co-doped onWO3NPs. Figures 2(a)–(f) shows the reflectance
spectra and optical band gap of allWO3 samples. Figure 2(f) shows allWO3 samples haveminimum reflectance
in theUV region. In the entire sample in the visible region, the reflectance increases, but all the co-doped sample
has higher reflectance than the 5%Ni:WO3 and pureWO3nanoparticles. The optical band gap energy ofWO3

nanoparticles were analyzed by usingKubelka–Munk function relation equation (5) [26, 37].

=
-( ) ( ) ( )F R

R

R

1

2
5

2

Where F(R) is known as kubelka–munk function andR is the reflection of thematerials. The indirect band gap
energy of the sample can be found by plotting (F(R)hυ)1/2versus energy (hυ) as shown in thefigures 2(a)–(e).
Thefigures 2(a)–(e) indicates that pureWO3 nanoparticles has the optical band gap of about 2.80 eVwhich is
decreased to 2.63 eV for 5%Ni:WO3, 2.75 eV for (2%Cu+5%Ni):WO3, 2.77 eV for (3%Cu+5%Ni):WO3

and 2.73 eV for 5% (Cu:Ni) co-dopedWO3nanoparticles. The crystal size and dopant content increases the
optical band gap energy decrease. Therefore, the reduction in the optical band gap energy ofWO3 is due to the
induced defect energy levels near to the conduction and valence band byCu andNi ions substitutions in lattice
site of orthorhombic structure. However, the electrical transition from the filled valence band to the bottomof
the conduction band occurs due to a higher number of defects [38]. This implies that as (Ni,Cu) is co-doped into
theWO3 lattice, defect states are formed, causing the band gap to narrow [39]. The band gap narrowdue to there
ismore light absorption in the visible area, andwhich can improve the performance of optoelectronic devices.

3.1.2. Photoluminescence (PL) studies
Figure 3 shows the room-temperature PL emission spectra of the prepared samples at an excitationwavelength
of 350 nm. The emission spectra of pureWO3, 5%Ni,WO3, (2%Cu+5%Ni):WO3, (3%Cu+5%Ni):WO3 and
5% (Cu:Ni) co-dopedWO3nanoparticles are all in the visible region.

The greater emission spectrum in the (Ni,Cu) co-dopant has a higher percentage of surface oxygen vacancy.
The emission spectra of pureWO3, 5%Ni:WO3,(2%Cu+5%Ni):WO3,(3%Cu+5%Ni):WO3 and 5%(Cu:Ni)
co-dopedWO3nanoparticles were exhibited strong emission peaks centered at 431 nm related to violet
emission, 440 nmand 445 nm related to blue emission, 494 nm, 500 nm related to blue -green emission, 512,
518, 523, 525, 532, 535, 536, and 547 nm related to green emission, 610 nm related to orange emission and 621,
662 nmand 672 nm related to red emission. These different emission peaksmay be due to an electron transition
inWO3’s band gapmediated by the defect energy level generated fromoxygen vacancies and tungsten

Table 1.XRDparameters of the prepared nanoparticles with fixedNi and different Cu concentrations.

Lattice parameters (Å) Volume of

unit cell

Concentrations

Crystallite

size (nm) Dislocation density (×10−3) lines/m2

Strain

(×10−3)
lines−2

m−4 a b c v=a*b*c(Å)3

PureWO3 46 0.4726 4.6025 7.3053 7.5375 3.8452 211.73

5%Ni:WO3 25 1.60 16.6950 7.3108 7.5789 3.8371 212.61

2%Cu+5%Ni:WO3 37 0.7305 6.3924 7.3134 7.5231 3.8375 211.13

3%Cu+5%Ni:WO3 35 0.8163 6.5447 7.3030 7.5168 3.8366 210.61

5%(Cu:Ni):WO3 40 0.625 5.2226 7.3076 7.5323 3.8408 211.41

JCPDS (020-1324). 7.3840 7.5120 3.8460 213.33
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interstitials [40]. The broad and high intensity peaks observed at 431 nm, can be assigned to recombination free
excitons, which are referred to as near band edge emission (NBE) [41]. This originated from the band-to-band
transition and corresponds band gap energies of 2.87 eV, respectively, which are consistent with band gap
energies derived fromUV reflectance spectra. The blue emission peaks at 440 nmand 445 nmare attributed to
singly ionized tungsten vacancies [42]. The blue-green emission peaks at 494 and 500 nmdue to a surface defects
in theWO3NPs corresponding to the transition between oxygen vacancy and oxygen interstitial defect or lattice
defects related to oxygen and tungsten vacancies [43]. The green emission peaks observed at 2.42 eV, 2.39 eV,
2.37 eV, 2.36 eV, 2.33 eV, 2.31 eV, 2. 26 eV energy bands probably due to defect energy levels which are
responsible for oxygen interstitial and vacancies, tungsten interstitial and vacancies, Cu 2+ andNi 2+ ions

Figure 2.The optical band gap of (a) pureWO3, (b) 5%Ni:WO3, (C) (2%Cu+5%Ni):WO3, (d) (3%Cu+5%Ni):WO3 (e) 5% (Cu:Ni)
co-dopedWO3nanoparticles. (f)UV–VisDiffuse reflectance spectra of all sample.

Figure 3.Photoluminescence spectra of (a) pureWO3, (b) 5%Ni:WO3, (c) (2%Cu+5%Ni):WO3, (d) (3%Cu+5%Ni):WO3and (e)
5% (Cu:Ni) :WO3 nanoparticles.
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impurity and, oxygen antisites [44–48]. The orange-red emission originated fromby transitions associatedwith
interstitial atomic defects such as oxygen vacancy and tungsten interstitial [42]. These findings are similar works
reported in the literatures [49]. PureWO3 and 5%Ni:WO3nanoparticles exhibit lower intensity than (Ni: Cu)
co-dopedWO3 samples due to a lack of crystallinity [50]. The lower the PL intensity; the lower the
recombination rate of photo-induced electron-hole pairs [51]. The increased PL emission intensity was
attributed to electron-hole recombination caused by surface imperfections or oxygen vacancies [52]. As a result
of the higher growth andmore intense PL emission peak observed in theCu andNi co-dopedWO3 samples. The
PL emission peak of co-dopedWO3 samples shifts to the lowerwavelength side and has a distinct intensity
because of the substitution ofW+ 6 byNi2+ andCu2+ ions into the hostWO3unit cell lattice site. As theWO3

nanoparticles were synthesized in an aqueous solution a high density of oxygen vacanciesmight be expected.
The oxygen vacancy itselfmay be neutral, singly ionized or doubly ionized [49, 53]. These oxygen vacancies and
interstitial atomic defects form a number of trap states which are responsible for the various PL emissions in the
visible region. similarly, as shown in figure 3, the incorporations ofNi2+ andCu2+ ions into theWO3matrix
resulted as a development ofmore new trapping centers. Based on the above discussions the proposed emission
mechanisms of the generalized band gap structure and specific defect levels emissions of the prepared samples
are illustrated infigure 4.

3.1.3. Fourier transforms infra-red (FTIR) analysis
The FTIR spectroscopywas studied to the information about the surface chemistry and chemical quality ofWO3

nanoparticles. Figure 5 shows the FTIR analysis of pureWO3, 5%Ni:WO3, (2%Cu+5%Ni):WO3, (3%Cu+5%
Ni):WO3 and 5% (Cu:Ni):WO3NPs. The observed band located at 1409 cm

−1 represented to bendingmodes of
O–Hgroups and the band located at 2955 to 3683 cm−1maybe represented to the stretchingmodes ofO–H
group inwater or hydroxyls [32, 54]. Furthermore, the broad band observed at 550 to 1050 cm−1 is linkedwith
theO–W–Wstretchingmode [32, 54]. The presence ofWO3 stretchingmode and absence ofNi andCu oxide
relatedmode further support thatNi2+ andCu2+ ions are successfully dopedWO3 crystal structure. The
orthorhombic crystalWO3 nanoparticle had no impurities detected in the FTIR investigation, whichwas
verified by theXRDdata.

3.1.4. Surfacemorphology analysis
Themorphology and histogram results of pureWO3, 5%Ni:WO3, and 5% (Ni: Cu) co-dopedWO3

nanoparticles are shown infigures 6(a)–(f). As demonstrated infigures 6(a)–(c), themorphology of all samples is
uniform and densely packed. The particles were clearly agglomerated in the SEM images. From the SEM images
it is easily observed that dopingwithNi andCu plays a significant role on themorphological nature of the
nanocrystalline of the prepared samples. The surfacemorphology is also impacted by the dopant element,
indicating thatW6+has been replaced in theWO3 lattice by transitionmetal ions, as shown by SEM
micrographs. The average particle size distribution ofWO3, 5%Ni, and 5% (Ni: Cu) co-dopedWO3was
obtained by analyzing the SEM image using the software ImageJ as shown infigures 6(d)–(f). The histograms
representWO3 nanoparticles with an average diameter of about 225 nm.However, the addition ofNi2+

influence the sizemorphology inwhich of average particles size distribution of the nanoplates is decreased from
225 nm to 138 nmdue to divalent nickel ions restrict the growth ofWO3 and lead to growing in the nanoplate

Figure 4.The band gap structure, defect energy levels and different specific emission lines of undoped,mono andCo- dopedWO3

nanoparticles.
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direction shown infigure 6(b) [55]. This decreased the average diameterwhich is a good agreementwith average
crystalline size calculated from theXRD.WhenbothNi2+ andCu2+the dopant precursor concentration the
morphologymaybe attributed to resulting in the change of surface feature fromnanoplates shape to bothnanorods
andnanoplates shows infigure 6(c). TheNi andCu co-dopedWO3nanoparticles increase the diameter from225 to
252 nmshown infigure 6(f). These co-doping change both the shape and size of theWO3nanoparticles.

3.1.5. I–V characteristic studies
The electrical properties were carried outunder dark condition at room temperatureof pureWO3, 5%Ni:WO3

and (2%Cu+5%Ni):WO3,(3%Cu+5%Ni):WO3 and 5% (Cu/Ni) co-dopedWO3 thinfilm. The prepared
samples were used to deposit on glass substrate by simple spin coatingmethod after dissolving inDFM. Then the
spin coatedfilmwas dried at 100 °C for 2 h in an oven, and themetal contact wasmade over the prepared film
using sliver past. The result of the I-V characteristicsmeasured for the sample exhibits a good ohmic behavior as
shown infigure 7. The resistivity of the sample was calculated by using equation (5) and as shown table 2.

r =
´ ( )R A

L
6

Where, ρ is the resistivity of the film (Ω. cm), R is the resistance (Ω), A is the area of active layer (cm−2) and L is
the length in (cm).

The resistivity of calculated value found to decrease from6.3×10−3Ω.cm forWO3film to
2.9×10−3Ω.cm for 5% (Cu:Ni):WO3 and 0.63×10−3Ω.cm for 5%Ni:WO3 thin film. This demonstrates
that altering the dopant concentration in the lattice increases the electrical conductivity ofWO3 thin films by
increasing carrier chargemobility. The amount of dopant in theWO3unit cell lattice can generate
crystallographic defects, alter the electronic structure, and reduce the electrical characteristics of the (2%
Cu+5%Ni):WO3 and (3%Cu+5%Ni):WO3 thin films related to pureWO3.

These findings of similar workwith previous literature results were obtained by [56–58]. As a result, the
electrical properties of 5%Ni:WO3NPswere found to better performance thanNi andCu co-dopedWO3 and
undoped samples. It is also observed that the resistance of the synthesized thin films decreases as the dopant
concentration increases. The prepared samples show good ohmic properties and are good candidates for solar
cell window applications.

4. Conclusions

PureWO3, 5%Cu:WO3, (2%Cu+5%Ni):WO3, (3%Cu+5%Ni):WO3, and 5% (Ni:Cu):WO3

nanoparticles were successfully synthesized by co-precipitationmethods. The structural, optical, and electrical
properties of the prepared nanomaterials were investigated. The formation of the nanocrystalline orthorhombic
structure ofWO3was confirmed byXRD.Moreover, average crystalline size,microstrain, unit cell volume and

Figure 5. FTIR analysis of (a) pureWO3, (b) 5%Ni:WO3, (c) (2%Cu+5%Ni):WO3, (d) (3%Cu+5%Ni):WO3 and (e) 5% (Cu:Ni) co-
dopedWO3nanoparticles.
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lattice parameters were significantly influenced by the dopant concentrations. TheUV-Vis analyses revealed that
the band gaps of the prepared samples decreased as the dopant concentrations increased. Various PL emissions
in visible regionwere observed due to defects from anumber of trap states. The increased intensity of the PL
emission peak at 431 nm, 440 nm, 512 nm, and 523 nmof pureWO3 and (Ni: Cu) co-dopedWO3 samples was
attributed to the high electron–hole recombination caused by nanoplates with little rodmorphology. The SEM
micrographs confirmed that the prepared samples have both nanoplate and nanorod shapes and are
agglomerated irrespective of the dopants. The result of the I-V characteristicsmeasured for the sample exhibits a
good ohmic behavior and the resistivity decreasedwith dopant concentration. The obtained results revealed that
the preparedmaterials are suitable for solar cell devices as thewindow layer.

Figure 6. SEM images of (a) pureWO3 (b) 5%Ni:WO3and (C) 5% (Cu:Ni):WO3NPs and the average grain size of (d) pureWO3, (e)
5%Ni:WO3, (f) 5% (Cu:Ni):WO3NPs.
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Figure 7. I-V curves of (a) pureWO3, (b) (2%Cu+5%Ni):WO3, (c) (3%Cu+5%Ni):WO3, (d) 5% (Ni:Cu):WO3and (e) 5%Ni:
WO3NPs.

Table 2.Resistivity of the prepared thin filmswith fixedNi and different Cu concentrations.

Samples WO3 (2%Cu+5%Ni):WO3 (3%Cu+5%Ni):WO3 5%Ni:WO3 5% (Cu:Ni):WO3

Resistivity (Ω.cm) 6.3×10−3 19.3×10−3 232.5×10−3 0.63×10−3 2.9×10−3

9

Mater. Res. Express 9 (2022) 035008 WLLachore et al

https://orcid.org/0000-0002-2332-1750
https://orcid.org/0000-0002-2332-1750
https://orcid.org/0000-0002-2332-1750
https://orcid.org/0000-0002-2332-1750
https://orcid.org/0000-0001-9664-1344
https://orcid.org/0000-0001-9664-1344
https://orcid.org/0000-0001-9664-1344
https://orcid.org/0000-0001-9664-1344
https://orcid.org/0000-0001-9496-5185
https://orcid.org/0000-0001-9496-5185
https://orcid.org/0000-0001-9496-5185
https://orcid.org/0000-0001-9496-5185


References

[1] Fernández-Domene RM, Sánchez-Tovar R, Lucas-Granados B, Roselló-MárquezG andGarcia-Anton J 2017A simplemethod to
fabricate high-performance nanostructuredWO3 photocatalysts with adjustedmorphology in the presence of complexing agents
Mater. Des. 116 160–70

[2] Durrani SMA,Khawaja E E, SalimMA,Al-KuhailiMF andAl-Shukri AM2002Effect of preparation conditions on the optical and
thermochromic properties of thin films of tungsten oxide Sol. EnergyMater. Sol. Cells 71 313–25

[3] FengM, PanAL, ZhangHR, Li ZA, Liu F, LiuHWandGaoH J 2005 Strong photoluminescence of nanostructured crystalline
tungsten oxide thinfilmsAppl. Phys. Lett. 86 141901

[4] Granqvist CG 2000 Electrochromic tungsten oxide films: review of progress 1993–1998 Sol. EnergyMater. Sol. Cells 60 201–62
[5] György E, Socol G,Mihailescu IN,DucuC andCiuca S 2005 Structural and optical characterization ofWO3 thin films for gas sensor

applications J. Appl. Phys. 97 093527
[6] KimK, SeoC,CheongH andLee SH2006 Photochromicmechanism in a-WO3 thinfilms based onRaman spectroscopic studies

J. Korean Phys. Soc. 48 1657–60
[7] AvellanedaCO andBulhões LO 2003 Intercalation inWO3 andWO3: Lifilms Solid State Ionics 165 59–64
[8] Granqvist CG (ed) 1995Handbook of Inorganic ElectrochromicMaterials (Amsterdam: Elsevier)
[9] Kalantar-ZadehK,VijayaraghavanA,HamMH,ZhengH, BreedonMand StranoMS2010 Synthesis of atomically thinWO3 sheets

fromhydrated tungsten trioxideChem.Mater. 22 5660–6
[10] Su J, Guo L, BaoN andGrimes CA 2011NanostructuredWO3/BiVO4heterojunction films for efficient photoelectrochemical water

splittingNano Lett. 11 1928–33
[11] Upadhyay S B,Mishra RK and Sahay P P 2014 Structural and alcohol response characteristics of Sn-dopedWO3nanosheets Sensors

ActuatorsB 193 19–27
[12] Kalanur S S, Yoo IH, EomKand SeoH2018 Enhancement of photoelectrochemical water splitting response ofWO3 bymeans of Bi

doping J. Catal. 357 127–37
[13] Pooyodying P,Ok JW, SonYH and SungYM2021 Electrical and optical properties of electrochromic device withWO3:Mofilm

prepared byRFmagnetronCo-sputteringOpt.Mater. 112 110766
[14] Mehmood F, Iqbal J, Jan T,Gul A,MansoorQ and Faryal R 2017 Structural, photoluminescence, electrical, anti-cancer and visible light

driven photocatalytic characteristics of Co dopedWO3nanoplatesVib. Spectrosc. 93 78–89
[15] Dakhel AA andAshoorH 2019 Synthesis of semiferromagnetic Ni-dopedWO3nanoparticles by precipitationmethod: evaluation of

effect of treatment in hydrogen gasMater. Chem. Phys. 230 172–7
[16] Mehmood F, Iqbal J, Jan T andMansoorQ 2017 Structural, Raman and photoluminescence properties of Fe dopedWO3nanoplates

with anti-cancer and visible light driven photocatalytic activities J. Alloys Compd. 728 1329–37
[17] Mehmood F, Iqbal J, Gul A, AhmedWand IsmailM2017 Facile synthesis of 2DCudopedWO3nanoplates with structural, optical and

differential anti-cancer characteristics PhysicaE 88 188–93
[18] Tudorache F 2018 Investigations onmicrostructure, electrical andmagnetic properties of copper spinel ferrite withWO3 addition for

applications in the humidity sensors SuperlatticesMicrostruct. 116 131–40
[19] MohanL, Avani AV, Kathirvel P,MarnaduR, Packiaraj R, Joshua J R and Saravanakumar S 2021 Investigation on structural,

morphological and electrochemical properties of co-precipitation synthesis ofMndopedWO3nanoparticles for supercapacitor
applications J. Alloys Compd. 882 160670

[20] Kalaiarasi S, ChristyHKS andMuthuchudarkodi RR 2020Optical, structural andmorphological characterization of cadmium ion
dopedWO3nanoparticles Journal of Advanced Scientific Research 11 155–60

[21] Mohammadi S, SohrabiM,GolikandANand Fakhri A 2016 Preparation and characterization of zinc and copper co-dopedWO3

nanoparticles: application in photocatalysis and photobiology J. Photochem. Photobiol.,B 161 217–21
[22] AlbalshiMAM2016 Electrochemical properties of Sol-gelWO3filmsCo-dopedwith Ti andZnDoctoral dissertationAn-Najah

NationalUniversity
[23] BoonprakobN,Channei D andZhaoC 2021Heterogeneous photocatalytic reduction of hexavalent chromiumbymodified Ag, Cu co-

doped tungsten oxide nanoparticles J. Aust. Ceram. Soc. 57 743–54
[24] SaasaV,Malwela T, Lemmer Y, BeukesMandMwakikunga B 2020The hierarchical nanostructured Co-dopedWO3/carbon and their

improved acetone sensing perfomanceMater. Sci. Semicond. Process. 117 105157
[25] HariharanV, Aroulmoji V, PrabakaranK,Gnanavel B, ParthibavarmanM, Sathyapriya R andKanagarajM2016Magnetic and

electrochemical behaviour of cobalt doped tungsten oxide (WO3)nanomaterials bymicrowave irradiationmethod J. Alloys Compd.
689 41–7

[26] Mehmood F, Iqbal J, Jan T,Gul A,MansoorQ and Faryal R 2017 Structural, photoluminescence, electrical, anti-cancer and visible light
driven photocatalytic characteristics of Co dopedWO3nanoplatesVib. Spectrosc. 93 78–89

[27] Bertus LM, Faure C,Danine A, Labrugère C, CampetG, Rougier A andDuta A 2013 Synthesis and characterization ofWO3 thinfilms
by surfactant assisted spray pyrolysis for electrochromic applicationsMater. Chem. Phys. 140 49–59

[28] Tehrani F S, AhmadianH andAliannezhadiM2020Hydrothermal synthesis and characterization ofWO3nanostructures: effect of
reaction timeMater. Res. Express 7 015911

[29] Sivakarthik P, Thangaraj V and ParthibavarmanM2017A facile and one-pot synthesis of pure and transitionmetals (M=Co&Ni)
dopedWO3nanoparticles for enhanced photocatalytic performance J.Mater. Sci.,Mater. Electron. 28 5990–6

[30] WuX,Wei Z, Zhang L, ZhangC, YangH and Jiang J 2014 Synthesis and characterization of Fe andNi co-doped ZnOnanorods
synthesized by a hydrothermalmethodCeram. Int. 40 14635–40

[31] Mehmood F, Iqbal J, IsmailM andMehmoodA 2018Ni dopedWO3nanoplates: an excellent photocatalyst and novel nanomaterial for
enhanced anticancer activities J. Alloys Compd. 746 729–38

[32] Deepa B andRajendranV 2018 Pure andCumetal dopedWO3 prepared via co-precipitationmethod and studies on their structural,
morphological, electrochemical and optical propertiesNano-structures &Nano-objects 16 185–92

[33] PhaomeiG, Rameshwor SinghWandNingthoujamRS 2011 Solvent effect inmonoclinic to hexagonal phase transformation in
LaPO4:RE (RE=Dy3+, Sm3+)nanoparticles: photoluminescence study J. Lumin. 131 1164–72

[34] Mishra RK,KushwahaA and Sahay P P 2014 Influence of Cu doping on the structural, photoluminescence and formaldehyde sensing
properties of SnO2 nanoparticlesRSCAdv. 4 3904–12

[35] Mrabet C, BoukhachemA, AmloukMandManoubi T 2016 Improvement of the optoelectronic properties of tin oxide transparent
conductive thinfilms through lanthanumdoping J. Alloys Compd. 666 392–405

10

Mater. Res. Express 9 (2022) 035008 WLLachore et al

https://doi.org/10.1016/j.matdes.2016.12.016
https://doi.org/10.1016/j.matdes.2016.12.016
https://doi.org/10.1016/j.matdes.2016.12.016
https://doi.org/10.1016/S0927-0248(01)00090-3
https://doi.org/10.1016/S0927-0248(01)00090-3
https://doi.org/10.1016/S0927-0248(01)00090-3
https://doi.org/10.1063/1.1898434
https://doi.org/10.1016/S0927-0248(99)00088-4
https://doi.org/10.1016/S0927-0248(99)00088-4
https://doi.org/10.1016/S0927-0248(99)00088-4
https://doi.org/10.1063/1.1889246
https://doi.org/10.1016/j.ssi.2003.08.013
https://doi.org/10.1016/j.ssi.2003.08.013
https://doi.org/10.1016/j.ssi.2003.08.013
https://doi.org/10.1021/cm1019603
https://doi.org/10.1021/cm1019603
https://doi.org/10.1021/cm1019603
https://doi.org/10.1021/nl2000743
https://doi.org/10.1021/nl2000743
https://doi.org/10.1021/nl2000743
https://doi.org/10.1016/j.snb.2013.11.049
https://doi.org/10.1016/j.snb.2013.11.049
https://doi.org/10.1016/j.snb.2013.11.049
https://doi.org/10.1016/j.jcat.2017.11.012
https://doi.org/10.1016/j.jcat.2017.11.012
https://doi.org/10.1016/j.jcat.2017.11.012
https://doi.org/10.1016/j.optmat.2020.110766
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.matchemphys.2019.03.041
https://doi.org/10.1016/j.matchemphys.2019.03.041
https://doi.org/10.1016/j.matchemphys.2019.03.041
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.physe.2016.12.008
https://doi.org/10.1016/j.physe.2016.12.008
https://doi.org/10.1016/j.physe.2016.12.008
https://doi.org/10.1016/j.spmi.2018.02.026
https://doi.org/10.1016/j.spmi.2018.02.026
https://doi.org/10.1016/j.spmi.2018.02.026
https://doi.org/10.1016/j.jallcom.2021.160670
https://doi.org/10.1016/j.jphotobiol.2016.05.020
https://doi.org/10.1016/j.jphotobiol.2016.05.020
https://doi.org/10.1016/j.jphotobiol.2016.05.020
https://doi.org/10.1007/s41779-021-00578-1
https://doi.org/10.1007/s41779-021-00578-1
https://doi.org/10.1007/s41779-021-00578-1
https://doi.org/10.1016/j.mssp.2020.105157
https://doi.org/10.1016/j.jallcom.2016.07.136
https://doi.org/10.1016/j.jallcom.2016.07.136
https://doi.org/10.1016/j.jallcom.2016.07.136
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.vibspec.2017.09.005
https://doi.org/10.1016/j.matchemphys.2013.02.047
https://doi.org/10.1016/j.matchemphys.2013.02.047
https://doi.org/10.1016/j.matchemphys.2013.02.047
https://doi.org/10.1088/2053-1591/ab66fc
https://doi.org/10.1007/s10854-016-6274-7
https://doi.org/10.1007/s10854-016-6274-7
https://doi.org/10.1007/s10854-016-6274-7
https://doi.org/10.1016/j.ceramint.2014.06.050
https://doi.org/10.1016/j.ceramint.2014.06.050
https://doi.org/10.1016/j.ceramint.2014.06.050
https://doi.org/10.1016/j.jallcom.2018.01.409
https://doi.org/10.1016/j.jallcom.2018.01.409
https://doi.org/10.1016/j.jallcom.2018.01.409
https://doi.org/10.1016/j.nanoso.2018.06.005
https://doi.org/10.1016/j.nanoso.2018.06.005
https://doi.org/10.1016/j.nanoso.2018.06.005
https://doi.org/10.1016/j.jlumin.2011.02.023
https://doi.org/10.1016/j.jlumin.2011.02.023
https://doi.org/10.1016/j.jlumin.2011.02.023
https://doi.org/10.1039/C3RA43709D
https://doi.org/10.1039/C3RA43709D
https://doi.org/10.1039/C3RA43709D
https://doi.org/10.1016/j.jallcom.2016.01.104
https://doi.org/10.1016/j.jallcom.2016.01.104
https://doi.org/10.1016/j.jallcom.2016.01.104


[36] RajeshKumar B andHymavathi B 2017X-ray peak profile analysis of solid-state sintered alumina doped zinc oxide ceramics by
Williamson–Hall and size-strain plotmethods Journal of AsianCeramic Societies 5 94–103

[37] Li X,MuW,XieX, Liu B, TangH, ZhouG and Luo S 2014 Strontium adsorption on tantalum-doped hexagonal tungsten oxide
J. Hazard.Mater. 264 386–94

[38] Baraneedharan P,Hussain S I, DineshVP, Siva C, Biji P and SivakumarM2015 Lattice doped Zn–SnO2 nanospheres: a systematic
exploration of dopant ion effects on structural, optical, and enhanced gas sensing propertiesAppl. Surf. Sci. 357 1511–21

[39] AhmedA, Ali T,NaseemSiddiqueM, AhmadA andTripathi P 2017 Enhanced room temperature ferromagnetism inNi doped SnO2

nanoparticles: a comprehensive study J. Appl. Phys. 122 083906
[40] PascariuDorneanu P, Airinei A, GrigorasM, FifereN, Sacarescu L, LupuNand Stoleriu L 2016 Structural, optical andmagnetic

properties ofNi doped SnO2 nanoparticles Jour. alloys andCompou 668 65–72
[41] MeenakshiM,GowthamiV, Perumal P and Sanjeeviraja C 2014 Effect of RF power on the structuraland optical characterization of

(WO3) 0.90 (V2O5) 0.10 thin films Int. J. ChemTech. Res. 6 5412–8
[42] Mishra SK, Srivastava RK, Prakash SG, Yadav R S and PandayAC2010 Photoluminescence and photoconductive characteristics of

hydrothermally synthesized ZnOnanoparticlesOpto-Electron. Rev. 18 467–73
[43] HameedA SH, KarthikeyanC, AhamedAP, ThajuddinN, AlharbiN S, Alharbi S A andRavi G 2016 In vitro antibacterial activity of

ZnO andNddoped ZnOnanoparticles against ESBL producing Escherichia coli andKlebsiella pneumoniae Sci. Rep. 6 1–11
[44] Hu J and PanBC2008 Electronic structures of defects in ZnO: hybrid density functional studies J. Chem. Phys. 129 154706
[45] LeeCT 2010 Fabricationmethods and luminescent properties of ZnOmaterials for light-emitting diodesMaterials 3 2218–59
[46] Dhanalakshmi J, IyyapushpamS,Nishanthi S T,MalligavathyMandPadiyanDP 2017 Investigation of oxygen vacancies in Ce coupled

TiO2 nanocomposites by Raman and PL spectraAdv.Nat. Sci.: Nanosci. Nanotechnol. 8 015015
[47] Ding B,HanC, Zheng L, Zhang J,Wang R andTangZ 2015Tuning oxygen vacancy photoluminescence inmonoclinic Y2WO6 by

selectively occupying yttrium sites using lanthanum Sci. Rep. 5 1–10
[48] AnbuselvanD andMuthukumaran S 2015Defect relatedmicrostructure, optical and photoluminescence behaviour ofNi, Cu co-

dopedZnOnanoparticles by co-precipitationmethodOpt.Mater. 42 124–31
[49] Mythili N andArulmozhi KT 2014Characterization studies on the chemically synthesizedα andβ phase PbOnanoparticles Int. J. Sci.

Eng. Res. 5 412–6
[50] HiranoMandOkamoto T 2018 Synthesis,morphology, and luminescence of ZnNb2O6 nanocrystals by hydrothermalmethodNano-

Structures &Nano-Objects 13 139–45
[51] Aamir L 2021Novel p-typeAg-WO3nano-composite for low-cost electronics, photocatalysis, and sensing: synthesis, characterization,

and application J. Alloys Compd. 864 158108
[52] ChenD, ShenG, TangK, Liang Z andZhengH2004AOT-microemulsions-based formation and evolution of PbWO4 crystals J. Phys.

Chem.B 108 11280–4
[53] Sahay P P,Mishra RK, Pandey SN, Jha S and ShamsuddinM2013 Structural, dielectric and photoluminescence properties of co-

precipitated Zn-doped SnO2 nanoparticlesCurr. Appl Phys. 13 479–86
[54] WillisHA,Van derMaas JH andMiller RG1987 Laboratorymethods in vibrational spectroscopy (NewYork:Wiley)
[55] Mehmood F, Iqbal J, Jan T andMansoorQ 2017 Structural, Raman and photoluminescence properties of Fe dopedWO3nanoplates

with anti-cancer and visible light driven photocatalytic activities J. Alloys Compd. 728 1329–37
[56] Serin T, SerinN,Karadeniz S, SarıH,TuğluoğluN and PakmaO2006 Electrical, structural and optical properties of SnO2 thinfilms

prepared by spray pyrolysis J. Non-Cryst. Solids 352 209–15
[57] SalahN,Habib S andAzamA2017The influence of transitionmetal doping on the thermoelectric andmagnetic properties of

microwave synthesized SnO2 nanoparticles J.Mater. Sci.,Mater. Electron. 28 435–45
[58] Soussi L, GarmimT,Karzazi O, Rmili A, El Bachiri A, Louardi A and ErguigH 2020 Effect of (Co, Fe, Ni) doping on structural, optical

and electrical properties of sprayed SnO2 thinfilm Surfaces and Interfaces 19 100467

11

Mater. Res. Express 9 (2022) 035008 WLLachore et al

https://doi.org/10.1016/j.jascer.2017.02.001
https://doi.org/10.1016/j.jascer.2017.02.001
https://doi.org/10.1016/j.jascer.2017.02.001
https://doi.org/10.1016/j.jhazmat.2013.11.032
https://doi.org/10.1016/j.jhazmat.2013.11.032
https://doi.org/10.1016/j.jhazmat.2013.11.032
https://doi.org/10.1016/j.apsusc.2015.09.257
https://doi.org/10.1016/j.apsusc.2015.09.257
https://doi.org/10.1016/j.apsusc.2015.09.257
https://doi.org/10.1063/1.4999830
https://doi.org/10.1016/j.jallcom.2016.01.183
https://doi.org/10.1016/j.jallcom.2016.01.183
https://doi.org/10.1016/j.jallcom.2016.01.183
https://doi.org/10.2478/s11772-010-0037-4
https://doi.org/10.2478/s11772-010-0037-4
https://doi.org/10.2478/s11772-010-0037-4
https://doi.org/10.1038/srep24312
https://doi.org/10.1038/srep24312
https://doi.org/10.1038/srep24312
https://doi.org/10.1063/1.2993166
https://doi.org/10.3390/ma3042218
https://doi.org/10.3390/ma3042218
https://doi.org/10.3390/ma3042218
https://doi.org/10.1088/2043-6254/aa5984
https://doi.org/10.1038/srep09443
https://doi.org/10.1038/srep09443
https://doi.org/10.1038/srep09443
https://doi.org/10.1016/j.optmat.2014.12.030
https://doi.org/10.1016/j.optmat.2014.12.030
https://doi.org/10.1016/j.optmat.2014.12.030
https://doi.org/10.1016/j.nanoso.2015.11.001
https://doi.org/10.1016/j.nanoso.2015.11.001
https://doi.org/10.1016/j.nanoso.2015.11.001
https://doi.org/10.1016/j.jallcom.2020.158108
https://doi.org/10.1021/jp0377681
https://doi.org/10.1021/jp0377681
https://doi.org/10.1021/jp0377681
https://doi.org/10.1016/j.cap.2012.09.010
https://doi.org/10.1016/j.cap.2012.09.010
https://doi.org/10.1016/j.cap.2012.09.010
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.jallcom.2017.08.234
https://doi.org/10.1016/j.jnoncrysol.2005.11.031
https://doi.org/10.1016/j.jnoncrysol.2005.11.031
https://doi.org/10.1016/j.jnoncrysol.2005.11.031
https://doi.org/10.1007/s10854-016-5540-z
https://doi.org/10.1007/s10854-016-5540-z
https://doi.org/10.1007/s10854-016-5540-z
https://doi.org/10.1016/j.surfin.2020.100467

	1. Introduction
	2. Experimental procedure
	2.1. Synthesis of pure, mono and Co- doped (Cu,Ni) WO3 nanoparticles (NPs)
	2.2. Characterization techniques

	3. Results and discussion
	3.1. XRD analysis
	3.1.1. UV–visible diffusion reflectance.
	3.1.2. Photoluminescence (PL) studies
	3.1.3. Fourier transforms infra-red (FTIR) analysis
	3.1.4. Surface morphology analysis
	3.1.5. I–V characteristic studies


	4. Conclusions
	Data availability statement
	References



