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A B S T R A C T   

This study focuses, synthesising and characterising Ni/N co-doped P25–TiO2 nanostructure electrodes for 
photovoltaic application. The X-ray diffraction (XRD) patterns confirm the presence of major anatase and minor 
rutile phases of TiO2 for un-doped, doped and co-doped nanoparticles. The UV–Visible spectra of un-doped, Ni- 
doped, N-doped and Ni/N co-doped nanoparticles reveal gradual red shift in light absorption and reduction in 
TiO2 bandgap. Enhanced light absorption observed for dye-coated Ni/N co-doped TiO2 electrode relative to the 
doped and un-doped electrode may be attributed to the increased surface area for dye adsorption/dye loading 
capacity due to synergistic effect of Ni and N doping. The improved surface roughness of Ni/N co-doped TiO2 
electrode, confirmed by AFM, leads to high dye adsorption. The photovoltaic performance of the fabricated 
DSSCs was examined under simulated irradiation intensity of 100 mWcm− 2 with AM 1.5 filter. The Ni/N co- 
doped device exhibited 35% higher than that of the control device (un-doped TiO2 based DSSC). The 
improvement in the PCE of the co-doped device is predominantly due to the increase in short circuit current 
density (JSC) as a result of higher light absorption ability and reduced charge transport resistance of the co-doped 
electrode.   

1. Introduction 

Dye-Sensitized Solar Cells (DSSCs) are the most promising solar cells 
and alternative to the conventional silicon solar cells due to low cost, 
facile fabrication, operation at low intensity light irradiation and eco- 
friendliness [1]. In DSSCs, Titanium dioxide (TiO2) is commonly used 
as the semiconductor material and photo-catalyst due to its excellent 
electronic and optical properties [2–5]. However, the wide band gap of 
TiO2 (3.2 eV) [6] and its slow electron-hole pair transporting ability 
limit its application in DSSCs [7]. Doping is considered as one of the 
strategies to overcome the above issues in TiO2 based DSSCs. 

In general, doping improves the electrical and optical properties of 
the doped material by promoting light absorption in the visible region of 
the solar spectrum due to narrowing the band gap; improving the 
mobility of photo-generated electrons and holes and thereby reducing 

recombination of the same; and shifting the flat-band potential of con
duction band which affects the JSC and VOC [8]. 

Several studies have been carried out by doping TiO2 with transition 
metals (Ag [9], Co [10], Mn [10], Zn [11,12], Cr [13], Nb [14], W [15] 
and Cu [16]) and investigating their opto-electrical properties. Huang 
et al. has reported that the band gap energy, band positions, Fermi level, 
and d-electron configuration in the electronic structure of TiO2 could be 
effectively moderated by introducing transition metal ions into TiO2 
lattice [17]. Also, band gap narrowing and enhanced light harvesting 
ability in the visible region of the solar spectrum have been reported 
with doping non-metals, such as N [18,19], C [20], B [21], S [22] and F 
[23,24] on TiO2. Though studies based on doping TiO2 with transition 
metals and non-metals separately are widely available, investigations on 
utilizing both as co-dopants on TiO2 for photovoltaic applications are 
rare. However, the DSSCs fabricated with Cu/S [25] and Cu/N [26,27] 
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co-doped TiO2 have shown superior outcomes. 
Considering the notable contribution of metal/non-metal co-doped 

TiO2 nanoparticles on photovoltaic performance of the DSSCs, Ni 
(transition metal)/N (non-metal) co-doped TiO2 system was employed 
in this study with the objective of obtaining better photovoltaic per
formance. The selection of elements was based on the attributes of these 
elements reported in literature. Ganesh et al. has reported that Ni-doped 
TiO2 reduces the bandgap of TiO2 and suppresses the recombination of 
charge carriers due to lower valence state of Ni2+ in TiO2 lattice [28,29]. 
In another study, Aisha et al. has reported enhanced photo-current and 
hence improved PCE in Ni-doped TiO2 based DSSCs [30]. Also, it is 
found that N-doped TiO2 improves the electron transport properties and 
broadens the light absorption range in the visible region of solar spec
trum [31,32]. 

In this work, a facile novel stepwise route was developed to syn
thesize Ni-doped, N-doped and Ni/N co-doped TiO2 nanoparticles from 
commercial P25–TiO2 powder. The structural and optical properties of 
the synthesised nanoparticles were characterized by XRD, EDX, AFM 
and UV–Visible spectroscopies. DSSCs were then fabricated with the 
synthesised nanoparticles and their PV performances were examined 
under illumination of 100 mWcm− 2 with AM 1.5 filter. 

2. Materials and methods 

2.1. Materials 

All reagents and solvents used for this study were obtained from 
commercial sources; Absolute ethanol (>99%), Triton X-100 (laboratory 
grade), Nickel (II) chloride hexahydrate (99.9%), Ammonium hydroxide 
solution (~25% NH3 basis), Titanium dioxide nanopowder (21 nm pri
mary particle size, ≥99.5% trace metals basis), Di-tetrabutylammo
niumcis-bis(isothiocyanato)bis (2,2′-bipyridyl-4,4′-dicarboxylato) 
ruthenium (II) dye (95%), Acetonitrile (Gradient grade), Tert-butyl 
alcohol (≥99.7%) were purchased from Sigma-Aldrich and Acetylace
tone (≥99.5%) from Fluka Analytical. 

2.2. Methods 

2.2.1. Preparation of un-doped, doped and co-doped TiO2 nanoparticles 

2.2.1.1. Un-doped TiO2 nanoparticle. Initially, 1.0 g of P25–TiO2 nano
powder was dissolved in 50 ml ethanol and the resulting TiO2 precursor 
was stirred for 3 h, dried at 100 ◦C and ground well using Agate mortar 
and pestle. The product was calcined at 500 ◦C to obtain un-doped TiO2 
nanoparticle. 

2.2.1.2. Ni-doped TiO2 nanoparticle. Firstly, 1.0 g of P25–TiO2 

nanopowder was dissolved in 50 ml of ethanol and the resulting TiO2 
precursor was stirred for 1 h. The 0.10 wt% of Ni2+ solution was pre
pared by dissolving NiCl2⋅6H2O in ethanol. Subsequently, the prepared 
Ni2+ solution was treated with the TiO2 precursor (TiO2: Ni = 99.9 : 0.1) 
and stirred vigorously for 2 h to prepare the respective Ni2+-TiO2 
mixture, which was dried at 100 ◦C and ground well using Agate mortar 
and pestle. Finally, the product was calcined at 500 ◦C to obtain Ni- 
doped TiO2 nanoparticle. 

2.2.1.3. N-doped TiO2 nanoparticle. The prepared 1.0 g of un-doped 
TiO2 nanoparticle was made as a semi solid paste by grinding with a 
little amount of de-ionized water and 200 μl of Acetylacetone. During 
the grinding, drop of Triton X-100 was added as a surfactant. Subse
quently, NH4OH was added to the TiO2 paste and ground well to prepare 
2 wt% N-doped TiO2 nanoparticle (TiO2: N = 98 : 2). 

2.2.1.4. Ni/N co-doped TiO2 nanoparticle. The prepared 1.0 g of Ni- 
doped TiO2 nanoparticle was made as a semi solid paste by grinding 
with a little amount of de-ionized water and 200 μl of Acetylacetone. 
During the grinding, drop of Triton X-100 was added as a surfactant. 
Subsequently, NH4OH was added to the Ni-doped TiO2 paste and ground 
well to prepare Ni/N co-doped TiO2 nanoparticle (TiO2: Ni: N = 97.9 : 
0.1: 2). 

2.2.2. Fabrication of DSSCs 
The Fluorine doped Tin Oxide (FTO) coated glass substrates (surface 

resistivity, 7.5 Ω/cm2) were ultrasonically cleaned in soap water, 
distilled water and ethanol as reported in the previous study [1]. The 
prepared un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 nano
particles were coated separately on cleaned FTO glasses by doctor-blade 
technique. The prepared thin films were air dried and then calcined at 
500◦C for 30 min. Then, the samples were soaked in 0.3 mM solution of 
N719 dye in acetonitrile: tert-butanol (1:1) mixture for 12 h [33]. The 
resultant dye-sensitized photoanodes were rinsed in acetonitrile to 
remove excess unanchored dye molecules, and then dried in air. The 
platinum (Pt) coated FTO glasses were individually assembled with 
dye-coated photoanodes as the counter electrodes [16]. Finally, a small 
amount of I− /I−3 electrolyte was injected in between the dye-coated 
photoanode and Pt counter electrode for all individual cells. 

3. Results and discussion 

The co-doped, doped and un-doped TiO2 nanoparticles electrodes 
were structurally and optically characterized utilizing XRD, EDX, AFM 
and UV–Visible spectroscopies prior fabricating and characterising the 
corresponding photovoltaic devices. 

Fig. 1. (a) XRD patterns, and (b) expanded dominant anatase peak of un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 nanoparticles.  
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3.1. X-ray diffraction spectroscopy 

The crystal structure of the prepared Ni/N co-doped TiO2 photo
anode was analysed by XRD (PANalytical-AERIS, Almelo, Netherland). 
The diffraction pattern was collected with Cu Kα radiation (λ = 1.5408 
Å) at ambient temperature, under the operating conditions of 40 kV, 44 
mA and compared with those of un-doped, 2 wt% N-doped, 0.10 wt% Ni- 
doped TiO2 electrodes. The corresponding XRD patterns are elucidated 
in Fig. 1(a). 

The peaks at 25.20◦, 37.60◦, 48.20◦, 53.70◦, 55.00◦, 62.50◦, 68.50◦, 
70.20◦, 74.89◦ and 82.53◦ correspond to the reflection planes of (101), 
(004), (200), (105), (211), (204), (116), (220), (215) and (224) which 
confirm the presence of well crystallized pure anatase TiO2 phase 
(Anatase XRD JCPDS Card No. 21–1272) and peaks at 27.39◦, 36.07◦

and 41.2◦ correspond to the reflection planes of (110), (101) and (111) 
for rutile TiO2 phase (Rutile JCPDS Card No. 21–1276) [34]. Fig. 1(a) 
indicates that un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 
electrodes exhibit similar anatase and rutile peaks confirming that no 
phase transition in TiO2 had occurred due to the doping and co-doping. 
But, a few obvious shifts are observed for Ni-doped, N-doped and Ni/N 

co-doped TiO2 nanoparticles as shown in Fig. 1(b), and these observa
tions are in consistent with previously reported works [35,36]. The 
average crystallite size of the crystalline anatase is calculated by the 
Debye-scherrer equation [37] as depicted below: 

d =
kλ

βcos θ
(1)  

where dis the average crystalline size of the particles, k is the dimen
sionless shape factor which has a typical value of 0.89, λ is the wave
length of the X-ray beam (0.5406 nm), θ is the Bragg angle, and β is the 
full width at half maxima (FWHM), and is calculated from the pre
dominant anatase (101) plane. The estimated particle sizes (d) of the un- 
doped, N-doped, Ni-doped and Ni/N co-doped TiO2 nanoparticles are 
found to be 18.26, 17.56, 17.55 and 18.02 nm respectively and no sig
nificant changes in crystalline sizes were observed. Sinhmar et al. has 
also reported that co-doping of TiO2 with Ni and N does not affect the 
basic nature of TiO2 in photo catalysis [36]. In the present study, crys
tallite peaks of N and Ni were not observed in the XRD of Ni/N co-doped 
TiO2, which may be due to the low concentrations of co-dopants. 

3.2. Energy dispersive X-ray spectroscopy 

The EDX spectroscopy is widely used to determine the elemental 
composition of nanoparticles. The EDX spectra of the un-doped, Ni- 
doped, N-doped and Ni/N co-doped TiO2 nanoparticles confirm the 
presence and uniform distribution of Ni and N in the corresponding 
doped and co-doped TiO2 nanoparticles as shown in Fig. 2 and Table 1. 

3.3. Atomic force microscopy 

The Atomic Force Microscopy (AFM-Park XE7) was employed to 
examine the surface morphology and particle nature of the prepared Ni/ 
N co-doped TiO2 coated film. The corresponding AFM image was 
compared with those of un-doped, 2 wt% N-doped, 0.10 wt% Ni-doped 
TiO2 nanoparticle electrodes. 

Fig. 3 shows the 3D and 2D AFM images of the un-doped, Ni-doped, 
N-doped and Ni/N co-doped TiO2 nanoparticle materials coated films 
and the roughness of the films are found to be 0.40, 0.43, 0.37 and 0.50 
μm for the corresponding materials, which clearly illustrate that 
roughness has increased in the co-doped TiO2 electrode compared to the 
un-doped and doped TiO2 coated films. It has been reported that the 
surface roughness of doped TiO2 film plays a significant role in electron 
transport as it affects the contact area between the TiO2 and the dye 
molecules. Higher roughness leads to an increase in the contact surface 
area between TiO2 and the dye molecules layer facilitating charge 
transportation [38]. 

3.4. UV–visible absorption spectroscopy 

The optical study utilizing UV–Visible spectroscopy [JENWAY 6800 
UV–vis. Spectrophotometer (OSA, UK)] was performed to measure the 
light absorption capacity and estimate the bandgap of Ni/N co-doped 
TiO2 film relative to those of un-doped, 2 wt% N-doped, 0.10 wt% Ni- 
doped TiO2 electrodes [Fig. 4(a and b)]. 

The Ni/N co-doped TiO2 nanoparticles showed a marked red shift 

Fig. 2. EDX spectroscopy images of (a) un-doped (b) Ni-doped (c) N-doped and 
(d) Ni/N co-doped TiO2 nanoparticles. 

Table 1 
Weight percentage of doped, co-doped TiO2 in terms of Energy dispersive X-ray 
spectroscopy investigation.  

Sample EDX findings (wt.%) 

Ni N 

Un-doped TiO2 – – 
Ni-doped TiO2 0.11 – 
N-doped TiO2 – 3.50 
Ni/N-doped TiO2 0.15 3.29  
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compared to the doped and un-doped TiO2 in the UV–visible absorption 
spectra [Fig. 4(a)]. Further, the estimated bandgaps of the above ma
terials, calculated using Tauc plot, were found to be 3.15, 3.07, 3.03 and 
2.93 eV for un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2, 
respectively [Fig. 4(b)]. The contribution of 3d orbital of Ni in uplifting 
the valence band of TiO2 can be correlated to the reduced bandgap of 

TiO2 when doped with Ni [39]. Also, N doping reduces the bandgap due 
to either formation of isolated narrow bands above the valence band of 
TiO2 by mixing the 2p states of N and O in the dopant and TiO2, 
respectively [40] or replacement of oxygen-deficient sites by the nitro
gen [41]. Hence, the observed further reduction in the bandgap of TiO2 
when co-doped with Ni and N may be attributed to the synergistic effect 

Fig. 3. 3D and 2D AFM images of (a) un-doped, (b) Ni-doped (c) N-doped (d) Ni/N co-doped TiO2 nanoparticle electrodes.  
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of Ni and N dopants [39], which is in consistent with other reported 
studies [36,42]. 

The effect of Ni/N co-doping on dye adsorption was studied by 
soaking the Ni/N co-doped TiO2 film in the N719 dye overnight and 
analyzing the resultant dye coated film by UV–Visible spectroscopy. The 
UV–Visible spectrum of dye coated Ni/N co-doped TiO2 electrodes was 
compared with those of dye coated un-doped, 2 wt% N-doped, 0.10 wt% 

Ni-doped TiO2 electrodes. 
Fig. 5 (a) reveals enhanced light absorption for dye coated Ni/N co- 

doped TiO2 relative to the doped and un-doped TiO2 electrodes. Then, 
the dye desorption study was carried out by soaking the above dye 
coated electrodes in 5 mL of 1 N aqueous NaOH solution overnight [43]. 
The desorbed dye in NaOH solution was subjected to UV–Visible spec
troscopy. Fig. 5 (b) illustrates the absorption of the desorbed dye from 

Fig. 4. (a) UV–visible absorption spectra for un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 films (b) Tauc plot for the corresponding nanoparticles.  

Fig. 5. UV–visible absorption spectra of (a) dye coated un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 electrodes and of (b) the desorbed dye in aqueous 
NaOH solution. 

Fig. 6. (a) Current-Voltage (J–V) characteristic of the DSSCs assembled with un-doped, Ni-doped, N-doped and Ni/N co-doped TiO2 photoanodes tested under 
simulated irradiation of intensity 100 mWcm− 2 with AM 1.5 filter and (b) overall PCE of the un-doped, doped and co-doped devices. 
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the above electrodes. These observations confirm that Ni/N co-doped 
TiO2 electrodes adsorbed relatively higher dye content which could be 
attributed to the increased surface area of the Ni/N co-doped TiO2 
electrodes for dye adsorption/dye loading capacity. This observation is 
in good agreement with the observed JSC value of the corresponding 
device fabricated with the above dye coated electrodes. 

3.5. J–V characteristics 

The photovoltaic performance of the N719 dye coated Ni/N co- 
doped TiO2 nanoparticle devices was analysed with I− / I−3 electrolyte 
using Keithley-2400 source under simulated irradiation intensity of 100 
mWcm− 2 with AM 1.5 filter (Peccell-PEC-L12, Japan) and compared 
with the PV performances of N719 dye coated un-doped, 2 wt% N- 
doped, 0.10 wt% Ni-doped TiO2 based devices under the same condi
tions. The results are depicted in Fig. 6(a) and Table 2. 

The J-V studies reveal that the PCE of doped and co-doped TiO2 
based DSSCs is significantly enhanced due to the increase in JSC while 
both FF and VOC are influencing the PCE in a minor way. The FF is 
improved from 0.65 to 0.70 upon co-doping. The significant increase in 
JSC values of the devices from 11.90 to 14.80 mA/cm2 upon Ni/N co- 
doping could be attributed to the higher dye adsorption and reduced 
bandgap of the co-doped nanomaterials. It has been reported that, ni
trogen doping on TiO2 reduces the bandgap and helps to harvest more 
light in the visible region of solar radiation which causes the higher 
photocurrent [31,32,44]. Also, Ni doped TiO2 possesses high JSC value 
due to reduction in loss of electrons by recombination [30]. Hence, the 
improved JSC of the Ni/N co-doped TiO2 photoanode based DSSC 
observed in this study may be due to the synergistic effect of both Ni and 
N elements. In the present study, the device fabricated with Ni/N 

co-doped TiO2 photoanode showed the best η of 7.05% which was over 
35% enhancement relative to the un-doped TiO2 based DSSC (η =
5.03%) and the comparison of the overall PCEs of the un-doped, doped 
and co-doped devices are schematically illustrated in Fig. 6(b). 

3.6. Electrochemical impedance spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) measurements were 
performed, at the frequency range from 10− 2 to 106 Hz under the illu
mination of 100 mWcm− 2 using a Metrohm Autolab Potentiostat/ 
galvano-stat PGSTAT 128 N with a FRA 32 M Frequency Response 
Analyzer (FRA) to study the influence of interfacial resistance of the 
DSSCs assembled with un-doped, Ni doped, N doped and Ni/N co-doped 
TiO2 photoanodes on device performance. Fig. 7 illustrates the Nyquist 
plot of the electrochemical impedance spectra of DSSCs fabricated with 
the above photoanodes. 

In general, the electrochemical impedance spectrum of a liquid 
electrolyte based DSSC exhibits three semicircles associated with the 
interfacial resistance and the oxidation-reduction reactions occurring in 
the device. The semicircle in the highest frequency region is attributed 
to the charge transfer resistance (R1CT) of the Pt/electrolyte interface, 
the next semicircle in the intermediate frequency region is ascribed to 
the charge transfer resistance (R2CT) at the TiO2/dye/electrolyte inter
face and the third semicircle in the lowest frequency region is associated 
with Nernst diffusion process in the electrolyte (R3CT) [45]. The series 
resistance (RS) could be obtained from the lower extreme intersection 
point of the semicircle in the highest frequency region (the small 
semicircle) at the horizontal axis of Nyquist plot. The above impedance 
parameters were extracted using the equivalent circuits as tabulated in 
Table 3. 

The charge transfer resistance of the TiO2/dye/electrolyte interface 
(R2CT) values of the Ni-doped and N-doped TiO2 based DSSCs were 
lower than that of the un-doped TiO2 based device which led to 
improved charge transport in the doped devices. Further increase in 
charge transport was observed for Ni/N co-doped TiO2 photoanode 
based DSSC. The reduced R2CT values of doped and co-doped electrodes 
indicate that the electron transfer mechanism at the TiO2/dye/electro
lyte interface had improved due to doping and co-doping which was 
responsible for the increase in the JSC values and enhancement in the 
PCE of the devices. Based on the EIS studies reported in the literature, it 
is noteworthy to mention that Ni doping on TiO2 modifies the conduc
tive behaviour of TiO2 [29]; further, Aisha et al. have reported that Ni 
doped TiO2 possesses higher JSC values due to reduction in loss of 
electrons by recombination [30]; and improved electron transport 
property of the N-doped TiO2 has been reported by Dissanayake et al. 
[45]. Hence, the improved photocurrent obtained for the Ni/N co-doped 
TiO2 based device in the present study may be attributed to the syner
gistic effect of both elements, Ni and N. 

4. Conclusion 

In this study, Ni-doped, N-doped and Ni/N co-doped TiO2 nano
particles were synthesised by a simple novel method using P25–TiO2 
nanopowder and then structurally, optically and electrically 

Table 2 
Summary of the photovoltaic parameters of the DSSCs assembled with un- 
doped, Ni-doped, N-doped and Ni/N co-doped TiO2 photoanodes.  

Photoanode JSC (mA/ 
cm2) 

VOC 

(V) 
FF PCE, η 

(%) 

Un-doped TiO2 11.90 0.65 0.65 5.03 
0.10 wt% Ni-doped TiO2 13.00 0.67 0.69 6.01 
2 wt% N-doped TiO2 13.70 0.67 0.66 6.06 
0.10 wt% Ni/2 wt% N co-doped 

TiO2 

14.80 0.68 0.70 7.05  

Fig. 7. Nyquist plot of the DSSCs with un-doped, Ni-doped, N-doped and Ni/N 
co-doped TiO2 photoanodes. 

Table 3 
The values of series resistance (RS), charge transfer resistance at Pt/electrolyte 
interface (R1CT) and charge transfer resistance at TiO2/N719 dye/electrolyte 
(R2CT), of the DSSCs fabricated with un-doped, Ni-doped, N-doped and Ni/N 
doped TiO2 photoanodes under the illumination of 100 mWcm− 2.  

Photoanode RS (Ω) R1CT (Ω) R2CT (Ω) 

TiO2 (control) 21.30 6.05 21.9 
Ni–TiO2 19.80 5.93 20.4 
N– TiO2 19.20 4.80 19.5 
Ni/N–TiO2 18.50 3.87 5.81  
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characterized. The XRD patterns of doped and co-doped TiO2 nano
particles confirmed the presence of mixed anatase and rutile phases of 
TiO2 without any phase transformation. The presence of Ni and N ele
ments in the Ni/N co-doped TiO2 nanoparticles was evident by EDX 
spectroscopy and the AFM studies illustrated that doping and co-doping 
on TiO2 had increased the surface area for dye adsorption. The UV–vi
sible spectra of the doped and co-doped nanoparticles confirmed red 
shift in light absorption (with and without dye) and reduction in the 
TiO2 band gap. EIS measurements showed low charge transport resis
tance for doped and co-doped photoanode based DSSCs which led to 
improved JSC. Among the fabricated DSSCs, the cell with Ni/N co-doped 
TiO2 electrode showed optimum PCE of over 7%, which is over 35% 
enhancement compared to the control cell under stimulated AM 1.5 
filter (100 mWcm− 2, 1 sun). Hence, the increment in the JSC and PCE of 
the doped and co-doped devices may be attributed to the enhanced dye 
adsorption and improved electron transport. 
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