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In this work, the Ni1-xCuxTiO3 (0 ≤x ≤ 0.1) ilmenite materials were 
successfully synthesized using the citrate-gel method using nickel nitrate, 
copper nitrate and titanium (IV) isopropoxide as Ni, Cu, Ti sources and 
citric acid as complexing reagent. The evolution of the microstructural 
properties was investigated using X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). Powder X-ray diffraction pattern confirms the 
formation of the ilmenite phase for all the samples. The particle size of the 
prepared samples substantially increased with increase of copper dopant 
content. The study of phonon vibration by Raman spectroscopy identified 
a change in structure of NiTiO3 due to Cu dopant. The optical properties 
with the Cu content was carried out using UV-vis absorption spectroscopy. 
The reduction of optical band gap from 2.31 eV to 1.99 eV was obtained 
for undoped NiTiO3 and 10 mol.% Cu dopant in NiTiO3, respectively. 
To evaluate the photocatalyst properties of NiTiO3, the photocatalytic 
degradation of congo red under visible light irradiation was carried out. 
Our results revealed that the copper dopant into NiTiO3 lattice promoted 
the increase of particle size, decrease of optical bandgap and enhancement 
of textile photodegradation. 

INTRODUCTION
Titanates materials with the formula MTiO3, 

where M is a transition metal such as Fe, Co, Ni, 
Mn, Cu, Zn have been concerned for functional 
inorganic materials in many applications 
including solid oxide fuel cells, gas sensors, solid 
lubricants, pigment and photocatalyst.  Among 
titanate materials, nickel titanate (NiTiO3) is an 
important member of MTiO3 material family, in 
which both Ni2+ and Ti4+ possess an octahedral on 
each alternating cation layer of the compound, 

which is occupied by either Ni2+ and Ti4+ cations 
solely [1]. This material has been investigated for 
application in many fields, such as visible-light 
photocatalysis [2], solid oxide fuel cells [3], gas or 
glucose sensor [4,5], spin electronic devices with 
magnetoelectric effect [6], and paint pigment [7], 
anode materials for lithium-ion batteries [8] due 
to its multifunctional ability. NiTiO3 is an n-type 
semiconductor with a low band gap of around 2.18 
eV. The low band gap makes NiTiO3 suitable for 
visible light-driven photocatalysis to harvest visible 
light. Furthermore, the band gap is large enough 

                           This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



770

N. Hoang Thoan et al. / Effect of Cu Dopant on Microstructural and Optical Properties of NiTiO3

J Nanostruct 10(4): 769-778, Autumn 2020

to provide energetic electrons [9]. Recently, NiTiO3 
materials have attracted considerable attention 
because of their high photocatalytic activity 
under UV irradiation and remarkably under 
visible light [10–12]. NiTiO3 ilmenite materials 
have been known to show interesting magnetic 
and electric properties [13]. Bulk NiTiO3 exhibited 
the antiferromagnetism with a Neel temperature 
of 15-22 K [14]. However, Yuvaraj et al. reported 
that NiTiO3 nanoparticles exhibited the first 
order phase transition from antiferromagnetic to 
ferromagnetic transition where the ferromagnetic 
interaction between the spins begin from 100 
K to 360 K [1]. Recently, Varga et al [15] report 
the magnetic characteristics of epitaxial NiTiO3 
films is polar (and possibly ferroelectric) at room 
temperature and weakly ferromagnetic below 
250K. The ferroelectric properties of this material 
showed that it has a typical M-E loop [13]. 
The Ti ions in 3d0 state of NiTiO3 dominate the 
ferroelectric polarization. The properties of NiTiO3 
ceramics dramatically depended on the fabricated 
method and doping by a transition metal. Rabigul 
Tursun et. al. reported that the ferroelectric 
properties of NiTiO3 synthesized by sol-gel method 
strongly depended on the ethylene glycol  due to 
the changing the arrangement of cation in the 
structure which cause the changing in crystal 
size and crystal distortion [16]. R.Vijayalakshmi 
investigated the effect of reaction temperature on 
optical properties of NiTiO3. It showed that optical 
bandgap decreased when annealing temperature 
increased from 500oC to 800oC [17]. Currently, 
there are many reports describing the effect of 
doping on NiTiO3 materials. For enhancement of 
magnetic properties, our results show that doping 
with Fe into NiTiO3 can change the magnetic 
properties of this material from antiferromagnetic 
to weak ferromagnetic behavior [18]. However, 
doping with Co does not have the same behavior 
as doping with Fe. The magnetic property of Co-
doped NiTiO3 still possessed antiferromagnetic 
characteristics as host material [19]. Fujioka et 
al. investigated the effect of Co on the structural 
distortion of NiTiO3 fabricated by solid state 
method using Raman analysis [20]. Copper doping 
into NiTiO3 materials showed dramatical change 
in properties of NiTiO3 which was shown in 
reports of R. Tursun et al. [21]. The copper doped 
concentration lower than 5 mol.% caused in change 
the antiferromagnetic to ferromagnetic behavior 
of host ceramics while copper concentration 

higher than 5 mol% kept no change in magnetic 
characteristic of host materials. However, there 
is a lack report of systematic investigation the 
effect of copper doping on the structural and 
optical properties of Cu-doped NiTiO3 ceramics, 
especially tuning in bandgap of this material and 
the correlation between the structure with optical 
properties. The present study aimed to investigate 
the effect of copper dopant in a wide range of 
concentrations (0 < x < 0.1) on the structural 
and optical properties of NiTiO3 synthesized 
by a simple citrate gel method.  The structural 
and optical properties of synthesized materials 
were investigated by X-ray diffraction (XRD), field 
emission scanning electron microscopy (FESEM), 
Raman spectroscopy and UV-vis spectroscopy. 

MATERIALS AND METHODS
The NiTiO3 nanoparticles were synthesized 

by the citrate-gel method using nickel nitrate 
(Ni(NO3)2.6H2O), copper nitrate (Cu(NO3)2.3H2O) 
and titanium (IV) isopropoxide (C12H28O4Ti) as 
Ni, Cu, Ti sources and citric acid (C6H8O7) as a 
complexing reagent. Fig. 1 shows the schematic 
of the citrate gel process for the preparation of 
the Cu doped NiTiO3 powders. First, the C12H28O4Ti 
was dissolved in the C6H8O7 solution at 70 °C. A 
transparent homogeneous sol was formed after 
stirring vigorously for 2 h. Then, Ni(NO3)2.6H2O 
and Cu(NO3)2. 3H2O with equal moles of (Ni+Cu) 
and Ti was introduced. The resulting solution was 
continuously stirred for about 4 h to obtain a gel. 
The gel was oven dried at 120 °C for 24 h to obtain 
a xerogel. The xerogel was annealed at 800°C in 
air for 3 h and then milled in an agate mortar to 
get the powder samples. X-ray diffraction (XRD) 
pattern of the grilled powders was recorded via 
Philips X’PertPro X-ray diffractometer using a Ni-
filtered Cu Kα radiation (

INTRODUCTION 
Titanates materials with the formula MTiO3, where M is a transition metal such as Fe, Co, Ni, Mn, Cu, Zn have 
been concerned for functional inorganic materials in many applications including solid oxide fuel cells, gas 
sensors, solid lubricants, pigment and photocatalyst.  Among titanate materials, nickel titanate (NiTiO3) is an 
important member of MTiO3 material family, in which both Ni2+ and Ti4+ possess an octahedral on each 
alternating cation layer of the compound, which is occupied by either Ni2+ and Ti4+ cations solely [1]. This material 
has been investigated for application in many fields, such as visible-light photocatalysis [2], solid oxide fuel cells 
[3], gas or glucose sensor [4,5], spin electronic devices with magnetoelectric effect [6], and paint pigment [7], 
anode materials for lithium-ion batteries [8] due to its multifunctional ability. NiTiO3 is an n-type semiconductor 
with a low band gap of around 2.18 eV. The low band gap makes NiTiO3 suitable for visible light-driven 
photocatalysis to harvest visible light. Furthermore, the band gap is large enough to provide energetic electrons 
[9]. Recently, NiTiO3 materials have attracted considerable attention because of their high photocatalytic activity 
under UV irradiation and remarkably under visible light [10–12]. NiTiO3 ilmenite materials have been known to 
show interesting magnetic and electric properties [13]. Bulk NiTiO3 exhibited the antiferromagnetism with a Neel 
temperature of 15-22 K [14]. However, Yuvaraj et al. reported that NiTiO3 nanoparticles exhibited the first order 
phase transition from antiferromagnetic to ferromagnetic transition where the ferromagnetic interaction 
between the spins begin from 100 K to 360 K [1]. Recently, Varga et al [15] report the magnetic characteristics 
of epitaxial NiTiO3 films is polar (and possibly ferroelectric) at room temperature and weakly ferromagnetic 
below 250K. The ferroelectric properties of this material showed that it has a typical M-E loop [13]. The Ti ions 
in 3d0 state of NiTiO3 dominate the ferroelectric polarization. The properties of NiTiO3 ceramics dramatically 
depended on the fabricated method and doping by a transition metal. Rabigul Tursun et. al. reported that the 
ferroelectric properties of NiTiO3 synthesized by sol-gel method strongly depended on the ethylene glycol  due 
to the changing the arrangement of cation in the structure which cause the changing in crystal size and crystal 
distortion [16]. R.Vijayalakshmi investigated the effect of reaction temperature on optical properties of NiTiO3. 
It showed that optical bandgap decreased when annealing temperature increased from 500oC to 800oC [17]. 
Currently, there are many reports describing the effect of doping on NiTiO3 materials. For enhancement of 
magnetic properties, our results show that doping with Fe into NiTiO3 can change the magnetic properties of 
this material from antiferromagnetic to weak ferromagnetic behavior [18]. However, doping with Co does not 
have the same behavior as doping with Fe. The magnetic property of Co-doped NiTiO3 still possessed 
antiferromagnetic characteristics as host material [19]. Fujioka et al. investigated the effect of Co on the 
structural distortion of NiTiO3 fabricated by solid state method using Raman analysis [20]. Copper doping into 
NiTiO3 materials showed dramatical change in properties of NiTiO3 which was shown in reports of R. Tursun et 
al. [21]. The copper doped concentration lower than 5 mol.% caused in change the antiferromagnetic to 
ferromagnetic behavior of host ceramics while copper concentration higher than 5 mol% kept no change in 
magnetic characteristic of host materials. However, there is a lack report of systematic investigation the effect 
of copper doping on the structural and optical properties of Cu-doped NiTiO3 ceramics, especially tuning in 
bandgap of this material and the correlation between the structure with optical properties. The present study 
aimed to investigate the effect of copper dopant in a wide range of concentrations (0  x  0.1) on the structural 
and optical properties of NiTiO3 synthesized by a simple citrate gel method.  The structural and optical properties 
of synthesized materials were investigated by X-ray diffraction (XRD), field emission scanning electron 
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MATERIALS AND METHODS 
The NiTiO3 nanoparticles were synthesized by the citrate-gel method using nickel nitrate (Ni(NO3)2.6H2O), copper 
nitrate (Cu(NO3)2.3H2O) and titanium (IV) isopropoxide (C12H28O4Ti) as Ni, Cu, Ti sources and citric acid (C6H8O7) 
as a complexing reagent. Fig. 1 shows the schematic of the citrate gel process for the preparation of the Cu 
doped NiTiO3 powders. First, the C12H28O4Ti was dissolved in the C6H8O7 solution at 70 C. A transparent 
homogeneous sol was formed after stirring vigorously for 2 h. Then, Ni(NO3)2.6H2O and Cu(NO3)2. 3H2O with 
equal moles of (Ni+Cu) and Ti was introduced. The resulting solution was continuously stirred for about 4 h to 
obtain a gel. The gel was oven dried at 120 C for 24 h to obtain a xerogel. The xerogel was annealed at 800°C in 
air for 3 h and then milled in an agate mortar to get the powder samples. X-ray diffraction (XRD) pattern of the 
grilled powders was recorded via Philips X’PertPro X-ray diffractometer using a Ni-filtered Cu Kα radiation (  = 
1.5406 Å) in range of 20°–70°. Field emission scanning electron microscopy images were obtained on JEOL JSM-
7600F. The appearance of the chemical element in the final compounds of the sample powder was measured 
via energy dispersive X-ray spectroscopy (EDX). UV absorbances were determined on a UV–Vis–NIR 

 = 1.5406 Å) in range 
of 20°–70°. Field emission scanning electron 
microscopy images were obtained on JEOL JSM-
7600F. The appearance of the chemical element 
in the final compounds of the sample powder was 
measured via energy dispersive X-ray spectroscopy 
(EDX). UV absorbances were determined on a 
UV–Vis–NIR spectrophotometer (Perkin-Elmer 
Lambda 1050). The Raman spectra were recorded 
via micro Raman spectrophotometer (JASCO 
Raman NRS-3000) using 633 nm excited laser at 
room temperature.

Photocatalytic measurements were carried out 
in an aqueous solution of congo red (CR) to evaluate 
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effect of Cu dopant on the photocatalytic activity 
of the fabricated powders. An aqueous solution 
containing 10-4 mol/l of congo red was prepared 
for photocatalytic degradation. A mixture of 0.1 
g of NiTiO3 powder and 100 mL of CR was stirred 
for 60 min in the dark to reach an adsorption/
desorption equilibrium for CR and oxygen on 
the surface of NTO powders. After reaching 
equilibrium adsorption, the suspensions were 
then illuminated for 18 h using a 50 W phase LED 
lamp (Model D CP03L/50W, RALACO Co.). The light 
source was placed at about 15 cm from solution 
for visible light reaction. At every interval of 2 h, a 
small amount of 3 mL of the suspension solution 
was taken out and then separated by centrifugation 
(4000 rpm, 15 min). The supernatants were 
analyzed by recording variations of the absorption 
band maximum in the UV−vis spectra by using a 
Carry UV/vis spectrophotometer. The quantitative 
determination of CR was performed by measuring 
its maximum absorption of UV-Vis at 500 nm. The 
blank reaction was carried out following the same 
procedure without adding the catalyst. The photo-
degradation was calculated by the following 

formula:

( )Degradation ration % 100o

o

C C
C
−

= ×

Where Co is the absorbance of CR dye before 
irradiation and C is the absorbance of CR under 
diffraction irradiation time intervals.

RESULTS AND DISCUSSION
Fig. 2a shows the XRD patterns for the 

synthesized powders annealed at 800°C for 3 h. 
The main diffraction peaks at 

spectrophotometer (Perkin-Elmer Lambda 1050). The Raman spectra were recorded via micro Raman 
spectrophotometer (JASCO Raman NRS-3000) using 633 nm excited laser at room temperature. 
Photocatalytic measurements were carried out in an aqueous solution of congo red (CR) to evaluate effect of Cu 
dopant on the photocatalytic activity of the fabricated powders. An aqueous solution containing 10-4 mol/l of 
congo red was prepared for photocatalytic degradation. A mixture of 0.1 g of NiTiO3 powder and 100 mL of CR 
was stirred for 60 min in the dark to reach an adsorption/desorption equilibrium for CR and oxygen on the 
surface of NTO powders. After reaching equilibrium adsorption, the suspensions were then illuminated for 18 h 
using a 50 W phase LED lamp (Model D CP03L/50W, RALACO Co.). The light source was placed at about 15 cm 
from solution for visible light reaction. At every interval of 2 h, a small amount of 3 mL of the suspension solution 
was taken out and then separated by centrifugation (4000 rpm, 15 min). The supernatants were analyzed by 
recording variations of the absorption band maximum in the UV−vis spectra by using a Carry UV/vis 
spectrophotometer. The quantitative determination of CR was performed by measuring its maximum absorption 
of UV-Vis at 500 nm. The blank reaction was carried out following the same procedure without adding the 
catalyst. The photo-degradation was calculated by the following formula: 
 

Degradation ration (%) = 𝐶𝐶𝑜𝑜 − 𝐶𝐶
𝐶𝐶𝑜𝑜

× 100 

where Co is the absorbance of CR dye before irradiation and C is the absorbance of CR under diffraction 
irradiation time intervals. 
 
RESULTS AND DISCUSSION 
Fig. 2a shows the XRD patterns for the synthesized powders annealed at 800°C for 3 h. The main diffraction 
peaks at 2 = 24.03°, 32.99°, 35.55°, 40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97° of all undoped and doped 
samples agreed well with standard JCPDS data (no. 83- 0198) for the rhombohedral crystal structure R-3 space 
group. These values indicated the ilmenite structure of synthesized powders. All samples included the diffraction 
peaks at 2 = 24.03°, 32.99°, 35.55°, 40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97°, corresponding to the 
lattice planes of (012), (104), (110), (113), (024), (116), (018), (214), and (300), respectively.  
The lattice parameters (a,c) of undoped NiTiO3 and Cu doped NiTiO3 compound as a function of Cu dopant was 
shown in Fig. 2b. The results were provided that the trending in distortion lattice parameters of Cu-doped NiTiO3 
compound was nearly linear with the Cu dopant concentration. The expansion of lattice when Cu doped into 
NiTiO3 can explain via the difference between the radius of Cu impurities and Ni cations of host lattice materials. 
Based on Shannon’s report, the radius of Cu2+ and Ni2+ cations in coordination number 6 are 0.73 Å and 0.69 Å, 
respectively [22]. The radius of the Cu2+ is bigger than that of Ni2+, therefore the substitution of Cu2+ for Ni2+ 
when doping caused the lattice parameters to expand.  The linear dependence of unit cell parameters with the 
copper content existed because the copper doped into NiTiO3 can create the formation of a substitutional solid 
solution in the whole composition range which was investigated. The expansion of unit cell in our work is in 
agreement with the study of Amandine Guiet et al carried out on Cu doped NiTiO3 which fabricated by solid state 
method [23]. The Scherrer crystallite sizes were calculated using all the diffraction peaks appearing in the 
patterns, according to Scherrer formula L = k/cos, where k is the wavelength of the X-ray radiation (Cu K = 
0.15406 nm), k is the constant taken as 0.89,  is the line width at half maximum height and  is the diffracting 
angle. The crystalline grain sizes of NiTiO3 calculated by Scherrer formula increased from 54 nm to 70 nm when 
the Cu content increased from 0.0% to 10.0%. These results indicated that the crystallite sizes of the NiTiO3 
materials depended on the Cu content, and the addition of copper promoted the growth of crystalline grains of 
NiTiO3.  
The results of XRD analysis indicated that the pure NiTiO3 phase was obtained when the samples were annealed 
at a temperature of 800oC for 3 h in air. To corroborate the results of XRD analysis, Raman spectroscopy was 
used to analyze the vibration properties of the fabricated powders. Analysis of Raman scattering spectra can 
give more evidence of structural changes, crystalline vibrations and distortions of the crystal lattice besides XRD 
analysis. Fig. 3 shows the Raman scattering of NiTiO3 samples annealed at temperatures of 800oC. The theoretical 
calculation indicated that the optical normal modes of vibrations have symmetries represented by 5Ag + 5Eg + 
4Au + 4Eu, where 5Ag + 5Eg are ten active Raman modes, 4Au + 4Eu are inference active modes, and Au + Eu are 
two modes inactive in both Raman and inference modes [24–26]. Therefore, ten Raman active modes are 
expected with each Eg mode being twofold degenerated to E1

g+E2
g along with the eight IR active modes 4Au + 

4Eu [26]. The bands located at 608 cm-1 and 704 cm-1 are described to the stretching of Ti–O and bending of O–
Ti–O bonds [17]. The band at 227.6 cm-1 can originate from the asymmetric breathing vibration of the oxygen 
octahedral; the ones at 290.2 and 434.3 cm-1 can be attributed by the twist of oxygen octahedral due to the 

 = 24.03°, 32.99°, 
35.55°, 40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 
63.97° of all undoped and doped samples agreed 
well with standard JCPDS data (no. 83- 0198) for the 
rhombohedral crystal structure R-3 space group. 
These values indicated the ilmenite structure of 
synthesized powders. All samples included the 
diffraction peaks at 2q = 24.03°, 32.99°, 35.55°, 
40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97°, 
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(110), (113), (024), (116), (018), (214), and (300), 
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The lattice parameters (a,c) of undoped NiTiO3 

 

 
 Fig. 1. Schematic diagram describing the synthesis process of Cu doped NiTiO3 by citrate gel method
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and Cu doped NiTiO3 compound as a function of 
Cu dopant was shown in Fig. 2b. The results were 
provided that the trending in distortion lattice 
parameters of Cu-doped NiTiO3 compound was 
nearly linear with the Cu dopant concentration. 
The expansion of lattice when Cu doped into 
NiTiO3 can explain via the difference between 
the radius of Cu impurities and Ni cations of host 
lattice materials. Based on Shannon’s report, the 
radius of Cu2+ and Ni2+ cations in coordination 
number 6 are 0.73 Å and 0.69 Å, respectively [22]. 
The radius of the Cu2+ is bigger than that of Ni2+, 
therefore the substitution of Cu2+ for Ni2+ when 
doping caused the lattice parameters to expand.  
The linear dependence of unit cell parameters 
with the copper content existed because the 
copper doped into NiTiO3 can create the formation 
of a substitutional solid solution in the whole 
composition range which was investigated. The 
expansion of unit cell in our work is in agreement 
with the study of Amandine Guiet et al carried out 
on Cu doped NiTiO3 which fabricated by solid state 
method [23]. The Scherrer crystallite sizes were 
calculated using all the diffraction peaks appearing 
in the patterns, according to Scherrer formula 

spectrophotometer (Perkin-Elmer Lambda 1050). The Raman spectra were recorded via micro Raman 
spectrophotometer (JASCO Raman NRS-3000) using 633 nm excited laser at room temperature. 
Photocatalytic measurements were carried out in an aqueous solution of congo red (CR) to evaluate effect of Cu 
dopant on the photocatalytic activity of the fabricated powders. An aqueous solution containing 10-4 mol/l of 
congo red was prepared for photocatalytic degradation. A mixture of 0.1 g of NiTiO3 powder and 100 mL of CR 
was stirred for 60 min in the dark to reach an adsorption/desorption equilibrium for CR and oxygen on the 
surface of NTO powders. After reaching equilibrium adsorption, the suspensions were then illuminated for 18 h 
using a 50 W phase LED lamp (Model D CP03L/50W, RALACO Co.). The light source was placed at about 15 cm 
from solution for visible light reaction. At every interval of 2 h, a small amount of 3 mL of the suspension solution 
was taken out and then separated by centrifugation (4000 rpm, 15 min). The supernatants were analyzed by 
recording variations of the absorption band maximum in the UV−vis spectra by using a Carry UV/vis 
spectrophotometer. The quantitative determination of CR was performed by measuring its maximum absorption 
of UV-Vis at 500 nm. The blank reaction was carried out following the same procedure without adding the 
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under UV irradiation and remarkably under visible light [10–12]. NiTiO3 ilmenite materials have been known to 
show interesting magnetic and electric properties [13]. Bulk NiTiO3 exhibited the antiferromagnetism with a Neel 
temperature of 15-22 K [14]. However, Yuvaraj et al. reported that NiTiO3 nanoparticles exhibited the first order 
phase transition from antiferromagnetic to ferromagnetic transition where the ferromagnetic interaction 
between the spins begin from 100 K to 360 K [1]. Recently, Varga et al [15] report the magnetic characteristics 
of epitaxial NiTiO3 films is polar (and possibly ferroelectric) at room temperature and weakly ferromagnetic 
below 250K. The ferroelectric properties of this material showed that it has a typical M-E loop [13]. The Ti ions 
in 3d0 state of NiTiO3 dominate the ferroelectric polarization. The properties of NiTiO3 ceramics dramatically 
depended on the fabricated method and doping by a transition metal. Rabigul Tursun et. al. reported that the 
ferroelectric properties of NiTiO3 synthesized by sol-gel method strongly depended on the ethylene glycol  due 
to the changing the arrangement of cation in the structure which cause the changing in crystal size and crystal 
distortion [16]. R.Vijayalakshmi investigated the effect of reaction temperature on optical properties of NiTiO3. 
It showed that optical bandgap decreased when annealing temperature increased from 500oC to 800oC [17]. 
Currently, there are many reports describing the effect of doping on NiTiO3 materials. For enhancement of 
magnetic properties, our results show that doping with Fe into NiTiO3 can change the magnetic properties of 
this material from antiferromagnetic to weak ferromagnetic behavior [18]. However, doping with Co does not 
have the same behavior as doping with Fe. The magnetic property of Co-doped NiTiO3 still possessed 
antiferromagnetic characteristics as host material [19]. Fujioka et al. investigated the effect of Co on the 
structural distortion of NiTiO3 fabricated by solid state method using Raman analysis [20]. Copper doping into 
NiTiO3 materials showed dramatical change in properties of NiTiO3 which was shown in reports of R. Tursun et 
al. [21]. The copper doped concentration lower than 5 mol.% caused in change the antiferromagnetic to 
ferromagnetic behavior of host ceramics while copper concentration higher than 5 mol% kept no change in 
magnetic characteristic of host materials. However, there is a lack report of systematic investigation the effect 
of copper doping on the structural and optical properties of Cu-doped NiTiO3 ceramics, especially tuning in 
bandgap of this material and the correlation between the structure with optical properties. The present study 
aimed to investigate the effect of copper dopant in a wide range of concentrations (0  x  0.1) on the structural 
and optical properties of NiTiO3 synthesized by a simple citrate gel method.  The structural and optical properties 
of synthesized materials were investigated by X-ray diffraction (XRD), field emission scanning electron 
microscopy (FESEM), Raman spectroscopy and UV-vis spectroscopy.  
 
MATERIALS AND METHODS 
The NiTiO3 nanoparticles were synthesized by the citrate-gel method using nickel nitrate (Ni(NO3)2.6H2O), copper 
nitrate (Cu(NO3)2.3H2O) and titanium (IV) isopropoxide (C12H28O4Ti) as Ni, Cu, Ti sources and citric acid (C6H8O7) 
as a complexing reagent. Fig. 1 shows the schematic of the citrate gel process for the preparation of the Cu 
doped NiTiO3 powders. First, the C12H28O4Ti was dissolved in the C6H8O7 solution at 70 C. A transparent 
homogeneous sol was formed after stirring vigorously for 2 h. Then, Ni(NO3)2.6H2O and Cu(NO3)2. 3H2O with 
equal moles of (Ni+Cu) and Ti was introduced. The resulting solution was continuously stirred for about 4 h to 
obtain a gel. The gel was oven dried at 120 C for 24 h to obtain a xerogel. The xerogel was annealed at 800°C in 
air for 3 h and then milled in an agate mortar to get the powder samples. X-ray diffraction (XRD) pattern of the 
grilled powders was recorded via Philips X’PertPro X-ray diffractometer using a Ni-filtered Cu Kα radiation (  = 
1.5406 Å) in range of 20°–70°. Field emission scanning electron microscopy images were obtained on JEOL JSM-
7600F. The appearance of the chemical element in the final compounds of the sample powder was measured 
via energy dispersive X-ray spectroscopy (EDX). UV absorbances were determined on a UV–Vis–NIR 

 is the wavelength of the 
X-ray radiation (Cu Ka = 0.15406 nm), k is the 
constant taken as 0.89, 

spectrophotometer (Perkin-Elmer Lambda 1050). The Raman spectra were recorded via micro Raman 
spectrophotometer (JASCO Raman NRS-3000) using 633 nm excited laser at room temperature. 
Photocatalytic measurements were carried out in an aqueous solution of congo red (CR) to evaluate effect of Cu 
dopant on the photocatalytic activity of the fabricated powders. An aqueous solution containing 10-4 mol/l of 
congo red was prepared for photocatalytic degradation. A mixture of 0.1 g of NiTiO3 powder and 100 mL of CR 
was stirred for 60 min in the dark to reach an adsorption/desorption equilibrium for CR and oxygen on the 
surface of NTO powders. After reaching equilibrium adsorption, the suspensions were then illuminated for 18 h 
using a 50 W phase LED lamp (Model D CP03L/50W, RALACO Co.). The light source was placed at about 15 cm 
from solution for visible light reaction. At every interval of 2 h, a small amount of 3 mL of the suspension solution 
was taken out and then separated by centrifugation (4000 rpm, 15 min). The supernatants were analyzed by 
recording variations of the absorption band maximum in the UV−vis spectra by using a Carry UV/vis 
spectrophotometer. The quantitative determination of CR was performed by measuring its maximum absorption 
of UV-Vis at 500 nm. The blank reaction was carried out following the same procedure without adding the 
catalyst. The photo-degradation was calculated by the following formula: 
 

Degradation ration (%) = 𝐶𝐶𝑜𝑜 − 𝐶𝐶
𝐶𝐶𝑜𝑜

× 100 

where Co is the absorbance of CR dye before irradiation and C is the absorbance of CR under diffraction 
irradiation time intervals. 
 
RESULTS AND DISCUSSION 
Fig. 2a shows the XRD patterns for the synthesized powders annealed at 800°C for 3 h. The main diffraction 
peaks at 2 = 24.03°, 32.99°, 35.55°, 40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97° of all undoped and doped 
samples agreed well with standard JCPDS data (no. 83- 0198) for the rhombohedral crystal structure R-3 space 
group. These values indicated the ilmenite structure of synthesized powders. All samples included the diffraction 
peaks at 2 = 24.03°, 32.99°, 35.55°, 40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97°, corresponding to the 
lattice planes of (012), (104), (110), (113), (024), (116), (018), (214), and (300), respectively.  
The lattice parameters (a,c) of undoped NiTiO3 and Cu doped NiTiO3 compound as a function of Cu dopant was 
shown in Fig. 2b. The results were provided that the trending in distortion lattice parameters of Cu-doped NiTiO3 
compound was nearly linear with the Cu dopant concentration. The expansion of lattice when Cu doped into 
NiTiO3 can explain via the difference between the radius of Cu impurities and Ni cations of host lattice materials. 
Based on Shannon’s report, the radius of Cu2+ and Ni2+ cations in coordination number 6 are 0.73 Å and 0.69 Å, 
respectively [22]. The radius of the Cu2+ is bigger than that of Ni2+, therefore the substitution of Cu2+ for Ni2+ 
when doping caused the lattice parameters to expand.  The linear dependence of unit cell parameters with the 
copper content existed because the copper doped into NiTiO3 can create the formation of a substitutional solid 
solution in the whole composition range which was investigated. The expansion of unit cell in our work is in 
agreement with the study of Amandine Guiet et al carried out on Cu doped NiTiO3 which fabricated by solid state 
method [23]. The Scherrer crystallite sizes were calculated using all the diffraction peaks appearing in the 
patterns, according to Scherrer formula L = k/cos, where k is the wavelength of the X-ray radiation (Cu K = 
0.15406 nm), k is the constant taken as 0.89,  is the line width at half maximum height and  is the diffracting 
angle. The crystalline grain sizes of NiTiO3 calculated by Scherrer formula increased from 54 nm to 70 nm when 
the Cu content increased from 0.0% to 10.0%. These results indicated that the crystallite sizes of the NiTiO3 
materials depended on the Cu content, and the addition of copper promoted the growth of crystalline grains of 
NiTiO3.  
The results of XRD analysis indicated that the pure NiTiO3 phase was obtained when the samples were annealed 
at a temperature of 800oC for 3 h in air. To corroborate the results of XRD analysis, Raman spectroscopy was 
used to analyze the vibration properties of the fabricated powders. Analysis of Raman scattering spectra can 
give more evidence of structural changes, crystalline vibrations and distortions of the crystal lattice besides XRD 
analysis. Fig. 3 shows the Raman scattering of NiTiO3 samples annealed at temperatures of 800oC. The theoretical 
calculation indicated that the optical normal modes of vibrations have symmetries represented by 5Ag + 5Eg + 
4Au + 4Eu, where 5Ag + 5Eg are ten active Raman modes, 4Au + 4Eu are inference active modes, and Au + Eu are 
two modes inactive in both Raman and inference modes [24–26]. Therefore, ten Raman active modes are 
expected with each Eg mode being twofold degenerated to E1

g+E2
g along with the eight IR active modes 4Au + 

4Eu [26]. The bands located at 608 cm-1 and 704 cm-1 are described to the stretching of Ti–O and bending of O–
Ti–O bonds [17]. The band at 227.6 cm-1 can originate from the asymmetric breathing vibration of the oxygen 
octahedral; the ones at 290.2 and 434.3 cm-1 can be attributed by the twist of oxygen octahedral due to the 
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The results of XRD analysis indicated that 
the pure NiTiO3 phase was obtained when the 
samples were annealed at a temperature of 
800oC for 3 h in air. To corroborate the results of 
XRD analysis, Raman spectroscopy was used to 
analyze the vibration properties of the fabricated 
powders. Analysis of Raman scattering spectra 
can give more evidence of structural changes, 
crystalline vibrations and distortions of the crystal 
lattice besides XRD analysis. Fig. 3 shows the 
Raman scattering of NiTiO3 samples annealed at 
temperatures of 800oC. The theoretical calculation 
indicated that the optical normal modes of 
vibrations have symmetries represented by 5Ag 
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Raman modes, 4Au + 4Eu are inference active 
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Fig. 2. (a) XRD pattern of NiTiO3 annealed at 800oC in air and (b) Unit cell parameters of undoped NiTiO3 and Cu doped NiTiO3
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434.3 cm-1 can be attributed by the twist of oxygen 
octahedral due to the vibrations of the Ni and 
Ti atoms parallel to the xy plane; the Eg modes 
at 463.4 cm-1 and 609.7 cm-1 are assigned to the 
asymmetric breathing and twist of the oxygen 
octahedral with the cationic vibrations parallel 
to the xy plane [26]. Our result indicated that the 
Raman spectra were considerably dependent on 
the copper dopant content. A slight decrease in 
Raman shift to the lower frequency was observed 
in Raman spectra of Cu-doped NiTiO3 samples. 
This shift might be due to bigger ionic radii of Cu+2 
ion replace at Ni+3 site in the lattice of NiTiO3. The 
substitution of Cu at this site caused the lattice 
expansion and increased the bond length between 
cations. The Raman band at 700 cm-1 was detailly 
analyzed and shown in Table 1. The shift of peak 
position to lower frequency, reduction in the 

intensity of the peak, and a wider the FWHM value 
of peak revealed the change in structure of NiTiO3 
with presentation of copper dopant (as in Table 
1). They indicated the stronger structural disorder, 
which could be due to the copper substitution in 
NiTiO3 lattice and caused the local distortion of 
lattice. By combination between XRD and Raman 
analysis, we can confirm that the Cu dopant 
substituted at Ni site in the lattice of NiTiO3 and 
caused the distortion in lattice crystal of NiTiO3. 

Figs. 4a–4g show the surface morphology 
of undoped and Cu doped NiTiO3 annealed at 
800°C. The particles in all samples had irregular 
shape and were almost similar among all samples. 
Fig 5a shows the dependence of particle size 
on the Cu doping content. The results showed 
that the average particle size tend to increase 
with increasing of Cu content. The particle size 

 
 

 

 

 

 

 

Fig. 3. Raman spectra of NiTiO3 doped with different Cu concentration measured at room temperature

 
Sample Peak position (cm-1) Peak intensity (a.u.) FWHM (cm-1) 

NiTiO3 608.37 703.95 25.91 

Ni0.98Cu0.02TiO3 605.89 703.16 30.55 
 Ni0.96Cu0.04TiO3 605.42 703.31 31.62 

 Ni0.94Cu0.06TiO3 605.22 703.38 31.49 

 Ni0.92Cu0.08TiO3 605.55 703.45 31.56 

 Ni0.90Cu0.10TiO3 605.42 703.36 31.72 

 

Table 1. The detail parameters of Raman peak of NiTiO3 at around 700 cm−1
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of undoped sample is about 250 nm. This value 
increased to about 300 nm of Cu doped 10 mol.% 
NiTiO3 samples. Copper dopant acted as sintering 
aid, helping the rising both in crystalline size 
and particle size of NiTiO3 material. To confirm 
the copper dopant substitution in the NiTiO3, 
EDX analysis was used to check the all elements 
in synthesized samples. The EDX of 2 mol.% 
Cu-dopant in NiTiO3 was shown in Fig. 5b. It is 
confirmed that all expected elements appeared in 
the EDX result which reveals that the Cu doping 
doped into the NiTiO3 lattice.

Fig. 6a shows the optical absorption 
spectroscopy of undoped and Cu-doped NiTiO3 
annealed at 800°C at room temperature. The 
absorption band of doped NiTiO3 was similar as 
undoped NiTiO3 with three wide bands: a sharp 
band in the blue region around 420 nm (n3:3A2g 
(3F)→3T1g (3P)), a broad band in the red region 
between 650–850 nm (n2:3A2g (3F)→3T1g (3F))and 
a last broad band in the near infra-red between 
1100–1400 nm (n1:3A2g (3F)→3T2g (3F)) [27,28]. 
The absorption spectra of NiTiO3 based materials 
showed that they absorbed strong in the visible 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. FE-SEM image of undoped and NiTiO3 doped with different Cu concentration

 
 

 

 

 

 

 

 

 

Fig. 5. (a) The dependence of particle size on the Cu doped concentration and (b) the EDX of NiTiO3 with 2 mol. % Cu dopant
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light which can have feature in photocatalytic 
characteristic of this material in visible light. The 
absorption spectra of the fabricated powders all 
coincided with the spectral features of Ni2+ (3d8 
ion) in octahedral coordination.  According to Agui 
and Mizumaki report, three types of electronic 
transition exist in NiTiO3 material which is between 
O 2p to Ti 3d, Ni 3d to Ti 3d and Ni 3d to O 2p 
[29]. The absorption shoulders at around 512 nm 
may be tentatively assigned to the spin-forbidden 
transitions 1A1g (1G) + 1T2g (1D) [28]. The first high-
intensity absorption band in the near UV (around 
365 nm) was associated with the typical charge-
transfer transitions O2−–Ti4+. Our results agreed 
with recently reported optical properties of NiTiO3 
materials, where the absorbance peaks resulted 
from charge transfer from Ni2+ to Ti4+ caused 

by the spin splitting of Ni ions under the crystal 
field [30]. The positions of those three absorption 
bands do not change with the Cu substitution in 
the lattice of NiTiO3, it can be concluded that there 
is no change in the coordination or in the oxidation 
state of Ni. Nevertheless, the change in detail of 
absorption band in the UV region is affected 
by the copper doping into lattice of NiTiO3. The 
increased Cu doping concentration resulted in the 
extension of adsorption tail to longer wavelength 
such as shown in Fig. 6b. The appearance of tails 
in doped materials could be related to intrinsic 
defects and/or surface effects which induced by 
copper substitution. The change in absorption 
behavior of copper induced in NiTiO3 resulted 
in color darkening and is a sign of a reduction 
optical band gap. The determination of the optical 

 
 

 

 

 

 

Fig. 6. (a) Absorption spectra of undoped and Cu-doped NiTiO3 and (b) the zoom in of absorption spectra in visible region showed 
the expansion of absorption tail (c) the dependence of (αhν)2 and (d) the dependence of optical bandgap of undoped and Cu-

doped NiTiO3 samples
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band gap energy of the ilmenite NiTiO3 material 
was recently reported both direct and indirect 
transition. The theoretical prediction for the 
NiTiO3 materials has indirect transition, whereas 
the experimental value was estimated from direct 
transition [31,32]. Optical band gap energy (Eg) 
of undoped and doped NiTiO3 materials were 
estimated by Wood and Tauc method [33]. Eg 
values are associated with the absorbance and 
photon energy by the following equation (ahn) ~ 
(hn-Eg)

n, where a is the absorbance coefficient, h is 
the Planck’s constant, n is the frequency, Eg is the 
optical band gap, and n is a constant associated 
with different types of electronic transition (n 
= 1/2, 2, 3/2, and 3 for direct allowed, indirect 
allowed, direct forbidden, and indirect forbidden 
transitions, respectively). The (ahn)2 as a function 
of photon energy (hn) were plotted and shown 
in Fig. 5c and the calculated optical band gaps as 
a function of Cu dopant content were illustrated 
in Fig. 5d. For NiTiO3 materials, the largest band 
gap is expected to relate to the direct electronic 
transition between the upper edge of O 2p valence 
band and the lower edge of Ti 3d conduction 
band. This value is the largest optical band gap 
for all the samples. The results showed that the 
value of optical band gap tends to decrease when 
the concentration of Cu dopant increases. From 
the plot, it can be seen that the optical band gap 
was almost linear with Cu content. The undoped 
NiTiO3 samples annealed at 800 °C exhibited a 
direct band gap value of 2.31 eV and the bandgap 

reduced to 1.99 eV for 10 mol.% Cu doped NiTiO3. 
The reduction in the optical band gap in Cu-doped 
Bi0.5Na0.5TiO3 materials possibly originated from 
the substitution of Cu cation into the host lattice of 
NiTiO3 materials. The replacement of Ni cation by 
transition metals such as Fe in the NiTiO3 materials 
resulted in the reduction of the optical band gap 
because the impurities of these transition metal 
cations formed new local states in the middle of 
the electronic band structure [18]. Therefore, we 
suggested that the substitution of Cu in Ni site of 
NiTiO3 materials was possible to promote the grain 
size and reduce the optical band gap due to the 
structural distortion.

Fig. 7 presents the % photodegradation of 
CR concentration vs. irradiation time for NiTiO3 
doping with different Cu concentration under 
blue LED light irradiation. It is found that the 
decolorization process of CR proceeds with the 
increasing irradiation time. The concentration 
of CR of all sample with undoped NiTiO3 and Cu 
doped NiTiO3 decreased with increasing of the 
irradiation time which showed the photocatalytic 
behavior of based NiTiO3 materials under visible 
light irradiation. However, the concentration of 
CR solution increased firstly with low Cu doping 
concentration and then decreased as the Cu 
content increased over 4 molar percent. The % 
degradation reached 95 for 4 % mol. Cu doped 
NiTiO3, which is much higher than 38 % of 
undoped NiTiO3. It can be noted that Cu dopant 
caused the size of NiTiO3 particles increased, thus 
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Fig. 7. Photocatalytic degradation of CR on Cu doped NiTiO3 under visible light irradiation.
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it reduced the surface area of particles. However, 
the CR photodegradation of NiTiO3 doped with 
Cu element have the better ability in comparison 
with undoped NiTiO3. It may be the reason that 
the Cu dopant narrowed the optical bandgap 
energy. Increasing Cu dopant into NiTiO3 lattice 
crystal caused the broad adsorption in the visible 
light region (Fig. 6). A 4% of Cu dopant in NiTiO3 
host lattice can acts as an electron scavenger and 
prevent the combination of electron – hole pairs 
which could enhance the surface excitation and 
resulted in the enhancement of photocatalytic 
efficiency. However, high Cu dopant concentration 
decreased the photodegradation of NiTiO3. 
Many experimental results revealed that the 
photocatalytic activity strongly depended on the 
dopant concentration [34,35]. The low doping 
concentration enhanced the photocatalytic 
efficiency. However, the dopant into the host 
lattice can act as a mediator of interfacial charge 
transfer but also act as a recombination center. 
Therefore, in practice the enhancement will be 
obtained at the optimal concentration. In this case, 
the NiTiO3 doped with 4 mol.% has the highest CR 
photodegradation under visible light irradiation. 

CONCLUSIONS 
The effect of copper dopant on the structural, 

optical, and photocatalytic properties of NiTiO3 
nanoparticles fabricated by the citrate-gel 
method was investigated. The undoped and Cu-
doped NiTiO3 materials were obtained in pure 
ilmenite phase. With the increasing Cu content, 
the increasing crystalline size of NiTiO3 and a 
noticeable red shift in the UV–Vis absorption are 
found which caused the reduction of optical band 
gap from 2.31 eV to 1.99 eV corresponding to the 
undoped and 10 mol.% Cu dopants, respectively. 
Copper dopant into NiTiO3 lattice enhanced the 
photodegradation of congo red under visible 
light irradiation. Copper dopant has played an 
important role in the crystalline size and the 
optical properties of NiTiO3 materials. 
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