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ABSTRACT

This study reports a facile impregnation method for synthesizing Ni-doped TiO2

nanomaterials using P25-TiO2 as a starting material. The as prepared nanoma-

terials were subjected to structural and optical characterizations and subse-

quently employed in photovoltaic studies. X-ray diffraction (XRD) and Raman

studies confirmed that Ni doping did not alter the anatase and rutile contents of

P25-TiO2. Also, the presence of the constituent dopants and their ionic states

were confirmed by Energy-Dispersive X-ray (EDX) and X-ray photoelectron

(XPS) spectroscopies. Topographic Atomic Force Microscopic (AFM) images

illustrated that Ni doping had increased the surface roughness of the TiO2.

Optical characterization by UV-Visible spectroscopy revealed that the Ni doping

had caused red shift in light absorption due to reduced TiO2 bandgap and

improved the dye adsorption on TiO2 films. Then, the photocurrent–photo-

voltage property of the fabricated devices was investigated and the optimized

0.10 wt% Ni-doped TiO2 photoanode based device exhibited pronounced power

conversion efficiency (PCE) of 6.29% under air mass (AM) 1.5 conditions (100

mWcm-2, 1 sun). Improved charge transport properties were also observed by

the electrochemical impedance spectroscopic (EIS) study for the device with

optimized Ni-doped TiO2 compared to the control device.

1 Introduction

Dye-sensitized solar cells (DSSCs) have become a

significant topic in the field of solar photovoltaic

technology for three decades because of their cost-

effectiveness, eco-friendliness and working ability

under low intensity light conditions [1]. It consists of

an electrode with a mesoporous wide bandgap

semiconductor sensitized with a light absorbing dye,

a redox electrolyte and a counter electrode made up

of platinized conductive glass [2]. TiO2 is widely used

as the semiconductor in DSSC due to its’ porous

nature, non-toxic and uncomplicated preparation

methods and ability to easily combine with other
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metal oxides or dopants [3]. However, its overall

performance in the photovoltaic application is still

limited due to poor electron mobility of nano porous

TiO2 [4] and limited solar spectral response of the dye

in the visible region [5, 6]. In the literature, various

attempts have been reported to overcome these lim-

itations by placing a compact metal oxide blocking

layer on the Transparent Conducting Oxide (TCO),

coating the TiO2 film with a thin layer of a wide band

gap semiconductor, forming composites with TiO2

electrode, modifying the morphology of nanostruc-

tured semiconductors using self-assembled mono-

layer [7] / insulator [8] and doping/co-doping the

TiO2 with other elements [9].

Many studies have reported the promising effect of

dopants on the TiO2 based DSSCs. Among the

effective dopants, transition metals (Zn [5, 10], Ag

[11], Nb [12], W [13], Cu [14], etc.) are found to be

superior to non-transition elements as they improve

light absorption and electrical conductivity by

incorporating new impurity energy levels within the

TiO2 band gap or modifying the conduction band or

valence band of the TiO2 [15, 16]. Among the transi-

tion elements, it is noted that high electrical con-

ductivity of Nickel (Ni) prevents loss of electrons

during electron transfer and thus increases the cur-

rent density and efficiency of DSSCs when used as a

dopant [17]. Also, Ni doping on TiO2 improves visi-

ble light harvest through a red shift in the wavelength

of absorption of the solar radiation [18].

Many studies on the influence of Ni-doped TiO2 on

the performance of DSSCs are reported in the litera-

ture. Power conversion efficiencies (PCEs) of 2.86%,

3.60% and 4.04% were demonstrated for DSSCs fab-

ricated with Ni-doped TiO2 photoanode, where the

doped nanomaterial was synthesized by sol-gel

method [19–21]. In a separate study, Malik and his

group has reported that hydrothermally synthesized

Ni-doped TiO2 based device increases the photo-

voltaic current and hence improves the device effi-

ciency up to 6.72% [22]. A common feature in all the

above doping methods is the treatment of Ni dopant

with a titanium precursor. Alternatively, doping

could be achieved by treating the Ni dopant with pre-

made TiO2. Moreover, the method of doping also

plays a crucial role in altering the properties of the

TiO2 which in turn strongly influences the corre-

sponding DSSC performance.

So far, the treatment of Ni dopant with the pre-

made TiO2 (P25-TiO2) nanomaterial and its influence

on the device performance have not been investi-

gated. Hence, an attempt was made to synthesize the

Ni-doped TiO2 nanomaterial by a facile wet impreg-

nation method using commercially available P25-

TiO2 and NiCl2.6H2O. This is a very simple approach

which involves introduction of the dopant atoms

directly into the pre-made TiO2 lattice in a liquid

solvent and subsequent removal of the solvent at

high temperature.

2 Materials and methods

2.1 Synthesis of Ni-doped TiO2

nanomaterials

Initially, 1 g of P25-TiO2 nanopowder (21 nm pri-

mary particle size, C 99.5% trace metals basis, Sigma-

Aldrich) was dispersed into ethanol ([ 99%, Sigma

Aldrich) and the resulting TiO2 slurry was stirred for

1 h. Then, 0.05, 0.10, 0.50 and 1.00 wt% of Ni2?

solutions were prepared by dissolving the respective

amounts of NiCl2.6H2O (99.9%, Sigma-Aldrich) in

ethanol separately. Subsequently, the prepared Ni2?

solutions were individually mixed with the TiO2

slurry and stirred vigorously for 2 h to obtain the

respective Ni–TiO2 mixtures, which were dried at

100 �C and ground well using Agate mortar and

pestle to obtain a fine powder. The above products

were calcinated at 500 �C for 2 h and Ni-doped TiO2

nanomaterials were synthesized (Fig. 1). Finally, the

DSSC was fabricated as reported in our previous

study [23].

2.2 Characterization of the synthesized
nanomaterials

The crystalline structures of all the Ni-doped and un-

doped TiO2 nanomaterials were explored by X-ray

diffraction spectroscopy (XRD, PANalytical-AERIS,

Almelo, Netherlands). The diffraction pattern was

collected with Cu Ka radiation (k = 1.5408 Å) at

ambient temperature, under the accelerated voltage

of 40 kV; emission current of 44 mA; scan range (2h)
between 10� and 90� with a step size of 0.0027� and a

scan speed of 4�/min. Raman spectroscopic mea-

surements were analyzed using a laser confocal

Raman microscope (Renishaw, UK, Model: Invia).

The elemental analysis of the nanomaterials was

studied by Energy Dispersive analysis of X-ray
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technique (Bruker EDX analyser). The surface elec-

tronic state of the Ni-doped TiO2 was determined by

X-ray photoelectron spectroscopy (XPS, Kratos Axis

Ultra DLD). The surface nature of the nanomaterials

was investigated using atomic force microscopy

(Park XE7, Korea). Absorption spectra of all the

synthesized nanomaterials were recorded using a

JENWAY 6800 UV-Visible Spectrophotometer (OSA,

UK) controlled by Flight Deck software. The photo-

voltaic performance of all the fabricated devices with

an effective area of 0.25 cm2 was studied using

Keithley-2400 source meter under simulated irradia-

tion of 1 sun illumination intensity (100 mW/cm2) by

150 W Xe lamp with AM 1.5 filter (Peccell-PEC-L12,

Kanagawa, Japan). The charge transport properties of

the devices were measured by electrochemical

impedance spectroscopy (EIS) at the frequency range

from 10-2 to 106 Hz under light condition using a

Metrohm Autolab Potentiostat/galvanostat (PGSTAT

128 N, Utrecht, Netherlands) with a FRA 32 M Fre-

quency Response Analyzer (FRA).

3 Results and discussion

3.1 Structural properties of Ni-doped TiO2

nanomaterial

Figure 2a reveals the X-ray diffraction results of the

un-doped TiO2 and 0.05, 0.10, 0.50 and 1.00 wt% Ni-

doped TiO2 films. The XRD patterns of all the fabri-

cated films exhibited peaks at 25.20�, 37.60�, 48.20�,
53.70�, 55.00�, 62.50�, 68.50�, 70.20�, 74.89� and 82.53�
corresponding to the reflection planes of (101), (004),

(200), (105), (211), (204), (116), (220), (215) and (224)

for anatase TiO2 phase, while peaks at 27.39�, 36.07�
and 41.2� correspond to the reflection planes of (110),

(101) and (111) for rutile TiO2 phase. The obtained

values match well with the anatase XRD JCPDS Card

No. 21-1272 and rutile JCPDS Card No. 21-1276)

respectively [24].

All Ni-doped and un-doped TiO2 show the same

anatase and rutile peaks, confirming that phase

transition in TiO2 had not taken place during Ni

doping. This could be attributed to the similarity in

the ionic radii of Ni2? (0.072 nm) and Ti4? (0.068 nm)

[25] that leads to replacement of Ti4? ions in the lat-

tice by Ni2? ions. The average crystallite size of the

Fig. 1 Schematic diagram of synthesis of Ni-doped TiO2 nanomaterial
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synthesized nanomaterials was calculated by the

Scherrer equation using anatase (101) plane as

reported in our previous study [23]. The approximate

crystallite sizes (d) of un-doped, 0.05, 0.10, 0.50 and

1.00 wt% Ni-doped TiO2 nanomaterials were found

to be 18.3, 18.2, 17.6, 17.5 and 16.5 nm respectively.

The reduction in crystallite size would have resulted

due to the shorter Ni–O bond distance (1.87 Å) than

that of Ti–O bond (1.94 Å) [26]. Similar inhibitory

trends have been reported by Alijani and her co-

worker with respect to the growth of crystallite size

and anatase-rutile phase transformation due to Ni

doping [27]. The absence of crystallite peaks of Ni in

the XRD of the synthesized Ni-doped TiO2 may be

due to the low concentrations of Ni dopant. Raman

spectroscopy was carried out in the range from 100 to

800 cm-1 to further confirm the crystallinity of the

synthesized nanomaterials and the results are shown

in Fig. 2b. Generally, the Raman spectrum of TiO2

nanomaterial shows five bands corresponding to the

six Raman active modes of TiO2. Well resolved

Raman peaks with the D4h space group at about 170,

216, and 657 cm-1 (Eg), 539 cm-1 (A1g ? B1g), and

420 cm-1 (B1g) corresponding to the anatase phase of

TiO2 were observed [23]. The absence of peaks for Ni

and crystalline oxides of Ni could be attributed to the

low concentration of Ni which is in consistent with

the XRD results. A reduction in the intensity of the

peaks of Raman spectra was observed with increas-

ing amounts of Ni dopant which indicates the impact

of interaction between TiO2 and Ni on the Raman

resonance of TiO2. Similar effect of Ni doping on the

intensity of TiO2 peaks is reported in the literature

[21]. To confirm the existence of Ni dopant in the Ni-

doped TiO2 nanomaterials, EDX and XPS spectro-

scopies were carried out.

Figure 3a–e exhibit EDX spectra of the un-doped

and all Ni-doped TiO2 nanomaterials in the binding

energy range from 0.0 to 20.0 KeV. The results reveal

the presence of Ti, O and Ni in the Ni-doped TiO2

nanomaterials and the amount of Ni increases with

the increasing amount of Ni dopant (Table 1). Fur-

ther, EDX mapping of the optimized Ni-doped TiO2

(0.10 wt%) illustrates extensive dispersion of Ti, O

and Ni elements confirming that Ni is well-dis-

tributed on the surface of TiO2 (Fig. 3f). Further, XPS

study was performed to confirm the electronic state

of the dopant in the Ni-doped TiO2 nanomaterials.

Figure 4 represents XPS spectrum of the optimized

0.10 wt% of Ni-TiO2 nanomaterial consisting of Ti, O,

and Ni elements. As reported in our previous study,

the 2p3/2 and 2p1/2 peaks in the Ti 2p spectrum are

characteristic of titanium dioxide. The peaks located

at 455.7 and 461.4 eV belong to Ti 2p spin-orbit

splitting photoelectrons of Ti4? ions. Also, the bind-

ing energy at 526.9 eV of O 1s photoelectron confirms

the presence of O2- state in the nanoparticles [28].

The peak for the Ni 2p3/2 located at 852.73 eV is

characteristic of metallic Ni which could be mainly

attributed to the alloy substrate [29]. Moreover, it is

reported in the literature that peaks at 858.4 and

870.5 eV represent the Ni 2p3/2 and Ni 2p1/2 photo-

electrons respectively which are responsible for the

Ni2? or Ni–O species [30, 31]. Hence, doping of Ni in

the TiO2 lattice is confirmed as per the XPS study.

Further, it is noteworthy to mention that the

Fig. 2 a XRD patterns of the un-doped, 0.05, 0.10, 0.50 and 1.00 wt% Ni-doped TiO2 films, and b Raman spectra of the same films
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Fig. 3 a–e EDX spectra of un-doped, 0.05, 0.10, 0.50 and 1.00 wt% Ni-doped TiO2 nanomaterials, and f EDX-mapping of 0.10 wt% Ni-

doped TiO2 nanomaterial
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crystallite size reduction observed in the XRD study

of Ni-doped TiO2 due to Ni–O bond formation is also

confirmed by the above XPS results.

Then, the effect of the presence of Ni on the nature

of TiO2 surface was examined by atomic force

microscopy. Figure 5 shows the 3D and 2D AFM

images of the un-doped, 0.05, 0.10, 0.50 and 1.00 wt%

of Ni-doped TiO2 nanomaterials coated films.

According to the AFM images, particles are of

spherical shape in all samples and the doping did not

change the morphology of TiO2. Also, the AFM

images confirm that Ni doping reduces crystallite

size of the TiO2 and the particle size which further

decreases with the increase in dopant concentration,

the reason for such observations has already been

explained. This is supportive evidence to the XRD

results. As a result of the reduction in crystallite size

and particle size, the surface roughness (Root mean

square) of the film gradually increases from 0.40 lm
(for un-doped TiO2) to 0.76 lm (for 1.00 wt% Ni-

doped TiO2) (Table 2). Higher surface roughness

helps to adsorb more dye molecules due to the

increased contact area between TiO2 and the dye

molecules layer which in turn facilitates charge

transportation in the device. However, it was found

that Ni doping beyond 0.10 wt% negatively affects

the dye adsorption due to agglomeration of the

nanoparticles. In a separate study, Ganesh and his co-

researchers has also reported that particles are started

Table 1 Weight percentages of Ni in the un-doped and Ni-doped

TiO2 nanomaterials according to the EDX investigation

Sample wt% of Ni

(EDX results)

Un-doped TiO2 0.00

0.05 wt% Ni 0.03

0.10 wt% Ni 0.12

0.50 wt% Ni 0.42

1.00 wt% Ni 0.78

Fig. 4 a XPS spectrum of 0.10 wt% Ni-doped TiO2 and b–d high-resolution XPS spectra of Ti 2p, O 1s, and Ni 2p photoelectrons
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to agglomerate in higher Ni content in Ni-doped TiO2

(beyond 0.5 wt%) [32].

3.2 Optical properties of Ni-doped TiO2

nanomaterial

UV-Visible spectroscopic study was performed to

measure the light absorption capacities of un-doped

Fig. 5 a–e 3D and 2D AFM

images of a un-doped, b 0.05,

c 0.10, d 0.50 and e 1.00 wt%

Ni-doped TiO2 coated films

J Mater Sci: Mater Electron (2023) 34:916 Page 7 of 12 916



TiO2 and 0.05, 0.10, 0.50 and 1.00 wt% Ni-doped TiO2

and estimate their bandgaps (Fig. 6a, b). Ni-doped

TiO2 showed a gradual shift to longer wavelengths

(red shift) in the UV–Visible absorption spectrum

with increase in the dopant concentration compared

to the un-doped TiO2 (Fig. 6a). Further, the approxi-

mate bandgap values of the above nanomaterials

were determined using Tauc plot as reported else-

where [33, 34], and found to be 3.14, 3.12, 3.08, 2.98

and 2.93 eV for un-doped TiO2, and 0.05, 0.10, 0.50

and 1.00 wt% for Ni-doped TiO2 nanomaterials

respectively (Fig. 6b).

The observed bandgap narrowing on Ni doping

would have predominantly resulted due to creation

of an energy level by 3d orbital of Ni just above the

valence band thereby uplifting the valence band of

TiO2 which had led to the red shift in the UV-Visible

spectrum. It is noteworthy to mention that the influ-

ence of Ni (3d) orbital on the conduction band of TiO2

is lower compared to its valence band [35–37].

The influence of Ni doping on dye adsorption was

analyzed by dipping the un-doped and 0.05, 0.10,

0.50 and 1.00 wt% Ni-doped TiO2 films in the N719

dye for about 12 h and measuring the light

absorption ability of the resultant dye coated films by

UV-Visible spectroscopy. The Fig. 7 reveals

improved light absorption for dye coated Ni-doped

TiO2 films and the maximum light absorption was

attained on 0.10 wt% Ni doping. The better light

absorption of dye coated Ni-doped TiO2 films is

ascribed to the increased surface area for dye

adsorption because of Ni doping. This was confirmed

by increase in surface roughness and slight reduction

in particle size due to Ni doping as observed in the

respective AFM images. However, further increase in

the dopant concentration beyond 0.10 wt% Ni

reduced light absorption due to agglomeration of the

particles which led to reduction in dye adsorption.

These dye adsorption capabilities by Ni-doping also

affect the PV properties of the DSSCs, probably the

JSC value.

3.3 Photovoltaic performance

The photovoltaic performance of the un-doped and

all Ni-doped TiO2 photoanodes based DSSCs were

analyzed by J–V measurements under air mass (AM)

1.5 conditions (100 mWcm-2, 1 sun) and the results

are summarized in Fig. 8a and Table 3. The J–V

Table 2 Variation in the

crystallite size (d) and root

mean square (RMS) roughness

of un-doped and all Ni-doped

TiO2 films

Sample Crystallite size (d, nm) Root mean square (RMS, lm)

Un-doped TiO2 18.3 0.40

0.05 wt% Ni-TiO2 18.2 0.43

0.10 wt% Ni-TiO2 17.6 0.43

0.50 wt% Ni-TiO2 17.5 0.55

1.00 wt% Ni-TiO2 16.5 0.76

Fig. 6 UV–Visible absorption spectra of a un-doped, 0.05, 0.10, 0.50 and 1.00 wt% of Ni-doped TiO2 coated films b dye coated un-

doped, 0.05, 0.10, 0.50 and 1.00 wt% of Ni-doped TiO2 films
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studies revealed that the PCE, especially the JSC
value, of TiO2 based DSSCs is strongly affected by the

amount of Ni doping (Fig. 8b). When the wt% of Ni

dopant was increased, initially the JSC value showed

an increment from 11.90 to 12.40 mA/cm2 for 0.05

wt% Ni dopant compared to the control device and

then, it further increased and attained an optimum

value of 13.62 mA/cm2 for 0.10 wt% Ni; subse-

quently, the JSC value showed a descending trend

with further increase in Ni wt% (Fig. 8b).

The variation in JSC values could be attributed to

the modified surface properties of Ni-doped TiO2 as

explained earlier. In this study, the DSSC fabricated

with 0.10 wt% Ni-doped TiO2 electrode exhibited the

best g of 6.29% which was around 20% improvement

compared to the control device (un-doped TiO2 based

DSSC, g = 5.02%) under air mass (AM) 1.5 conditions

(100 mWcm-2, 1 sun). In addition to the light har-

vesting ability, charge transport resistance also plays

a major role in the device performance.

3.4 Electrochemical impedance
spectroscopic (EIS) analysis

The electrochemical impedance spectroscopy was

carried out to analyze the interfacial charge transfer

properties of 0.10 and 1.00 wt% Ni-doped and un-

doped TiO2 based devices. The electron transport

properties at each interfacial were evaluated using

Nyquist plots of EIS measurements. All measure-

ments were taken in a two-electrode system using

open circuit voltage (VOC) of the DSSC as the biased

voltage at the frequency range between 10-2 and

106 Hz under the illumination of 100 mWcm-2.

Fig. 7 UV–Visible absorption spectra of dye coated un-doped,

0.05, 0.10, 0.50 and 1.00 wt% of Ni-doped TiO2 films

Fig. 8 a Current-Voltage (J–V) characteristic of the DSSCs assembled with un-doped and 0.05, 0.10, 0.50 and 1.00 wt% Ni-doped TiO2

photoanodes, and b variations in JSC and g with different wt% of Ni dopants under air mass (AM) 1.5 conditions (100 mWcm-2, 1 sun)

Table 3 Photovoltaic parameters of the DSSCs assembled with

un-doped and 0.05, 0.10, 0.50 and 1.00 wt% Ni-doped TiO2

photoanodes under air mass (AM) 1.5 conditions (100 mWcm-2,

1 sun)

Photoanode JSC (mA/cm2) VOC (V) FF PCE (%)

Un-doped TiO2 11.90 0.65 0.65 5.02

0.05 wt% Ni 12.40 0.66 0.66 5.40

0.10 wt% Ni 13.62 0.67 0.69 6.29

0.50 wt% Ni 12.70 0.68 0.65 5.61

1.00 wt% Ni 11.00 0.65 0.64 4.58
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As illustrated in the Fig. 8a, series resistance (Rs)

was obtained from the lower intersection point

between the small semicircle and the horizontal axis

of the Nyquist plot which contributed to the sheet

resistance of FTO. The semicircle appears in the high-

frequency region is responsible for the charge trans-

fer resistance at the counter electrode/electrolyte

interface (R1ct) [38]. No significant changes were

observed in the Rs and R1ct values due to Ni doping.

However, the charge transfer resistance of the TiO2/

dye/electrolyte interface (R2ct) of the 0.10 wt% Ni-

doped TiO2 based DSSC was found to be 13.0 X
which was lower than that of the un-doped TiO2

based device (19.0 X) and led to improved charge

transport at the TiO2/dye/electrolyte interface. This

is another reason for the increased JSC values and

enhancement in the PCEs of the Ni-doped TiO2 based

devices. Moreover, 1.00 wt% Ni-doped TiO2 based

device exhibited an increased R2ct value of 22.2 X
which indicates that higher Ni doping causes random

transit flow of electrons due to the formation of

intermediate trap sites. As a result of this random

transition motion of electrons, charge recombination

increases [19, 20]. The Bode phase plots derived from

EIS measurements on DSSCs are shown in Fig. 9b for

the un-doped TiO2, 0.10 and 1.00 wt% Ni-doped TiO2

photoanodes. The electron life time (Te) was esti-

mated using the following equation:

Te ¼ 1

2pfmax

where fmax is the maximum frequency corresponding

to the peak [39, 40]. The measured electron lifetimes

of the DSSCs with un-doped TiO2, 0.10 and 1.00 wt%

Ni-doped TiO2 were found to be 7.1, 9.3 and 5.1 ms

respectively (Table 4). It was noted that the electron

lifetime of the DSSC with 0.1 wt% Ni-doped TiO2 was

higher than the device with un-doped TiO2. The

prolonged electron life times of the optimized 0.1

wt% Ni-doped TiO2 based device indicates suppres-

sion of the recombination rate. This is in consistent

with the previously reported study by Balakrishnan

and his group [21]. It should be noted that higher Ni-

doping (1.00 wt%) reduces the electron lifetime due

to formation of intermediate trap sites which leads to

increased charge recombination.

Fig. 9 a Nyquist plots of the DSSCs with un-doped TiO2, 0.10 wt% and 1.00 wt% Ni-doped TiO2 photoanodes b Bode plots of DSSCs

based on the same photoanodes under the illumination of 100 mWcm-2

Table 4 Electrochemical

parameters of un-doped and

Ni-doped TiO2 based DSSCs

under the illumination of 100

mWcm- 2

Photoanode Rs (X) R1ct (X) R2ct (X) fmax /Hz Te /ms

Un-doped TiO2 24.8 06.6 19.0 22.4 07.1

0.10 wt% Ni 23.9 04.4 13.0 17.0 09.3

1.00 wt% Ni 25.1 05.5 22.2 30.9 05.1
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4 Conclusion

In this study, Ni-doped TiO2 nanomaterials, with

systematically varied Ni content from 0.05 to 1.00

wt%, were successfully synthesized by a facile

impregnation method and the synthesized nanoma-

terials were characterized. Upon successful doping of

Ni on TiO2, anatase and rutile phases of TiO2 were

found to be retained; wavelength of light absorption

showed a red shift due to reduced band gap; and dye

adsorption enhanced due to increased surface area.

Among the fabricated DSSCs, the device with 0.10

wt% Ni-doped TiO2 electrode showed optimum

efficiency of 6.29% with over 20% enhancement

compared to the control device under air mass (AM)

1.5 conditions (100 mWcm-2, 1 sun). This improve-

ment in the PCE is due to the increased short circuit

current density as a result of enhanced visible light

harvest and improved charge transport in the device.
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