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Abstract
NiTiO3 rods have been synthesized and the influence of pH on their photocatalytic activity under light-emitting diode (LED) 
irradiation investigated. Ilmenite NiTiO3 rods were synthesized by an ethylene glycol-mediated route at room temperature, 
followed by calcination in air. The samples were characterized using x-ray diffraction analysis, scanning electron microscopy, 
ultraviolet–visible (UV–Vis) spectroscopy, and photocatalytic methods. Photocatalytic degradation of rhodamine B was 
carried out using NiTiO3 rods under LED visible-light irradiation. The synthesized NiTiO3 rods were in pure rhombohedral 
phase after calcination at 600°C for 2 h. The rods were formed from small nanoparticles of about 30 nm with porous structure. 
The NiTiO3 rods presented a visible absorbance response and could degrade RhB dye under visible-light irradiation. The 
results reveal that pH plays an important role in the photocatalytic activity of NiTiO3. The results for the removal efficiency 
of RhB pollutant at pH values from 1 to 11 showed a maximum at pH 3.
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Introduction

Nowadays, visible-light-driven photocatalysts are receiv-
ing much attention for wastewater treatment and hydrogen 
production due to their potential applications in the field of 
environmental pollution and solar energy conversion.1,2 In 
textile dyeing factories, removal of dyes from wastewater 
is considered to be an important environmental issue. The 
presence of dye in wastewater greatly affects animals, plants, 
and human life.3
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Rhodamine B (RhB, C28H31N2O3Cl) textile dye, a red-
dish-violet powder that is highly water soluble, was used 
in this work. This dye is a popular colorant and is widely 
utilized in the garment industry and foodstuffs because it 
is highly stable.4 However, when released into the environ-
ment, dyes can be dangerous to aquatic life because they 
act as toxic, carcinogenic, and mutagenic agents for both 
humans and animals.5 Human beings and animals can be 
harmed if they swallow released dye in water, and the pres-
ence of dye in water can cause irritation to the skin, eyes, 
and respiratory tract.4 Therefore, removal of rhodamine B 
textile dye from wastewater has become essential for envi-
ronmental protection. One of the most effective processes 
to decompose RhB dye is photocatalytic oxidation based 
on catalytic or chemical photooxidation. This method has 
emerged as a promising process since Fujishima and Honda 
reported the evolution of oxygen and hydrogen from a TiO2 
electrode under irradiation of light in 19726 because most 
pollutants can be completely decomposed to CO2 and H2O 
by using suitable catalysts and irradiation. Photocatalysis 
is one of the most effective and economical techniques to 
apply for decoloration of organic textile dyes and solve 
environmental problems. TiO2 photocatalyst is the most 
widely investigated due to its cost-effectiveness, nontoxic-
ity, unique photocatalytic efficiency, and high stability.7 The 
basic mechanism of photocatalytic degradation of pollutants 
using TiO2 is related to the absorption of light by the TiO2 
material, which induces charge separation to release electron 
(e−)–hole (h+) pairs that result in oxidation–reduction reac-
tions. However, a drawback of pure TiO2 material is its large 
bandgap value (3.2 eV for rutile and 3.0 for anatase phase) 
which limits the application of TiO2 in practice.7–9 There-
fore, it is necessary to identify alternative photocatalysts that 
offer visible-light-driven photocatalytic performance for use 
in solar energy generation or wastewater treatment.

Nickel titanate is known as a material that exhibit photo-
catalytic reactivity under visible-light irradiation due to its 
low bandgap in the range of 2.18 eV to 2.70 eV.10,11 Many 
researchers have investigated the photocatalytic applications 
of NiTiO3 under visible-light illumination. Ruiz-Preciado 
et al. presented the photocatalytic properties of NiTiO3 thin 
film for the degradation of Methylene Blue under visible 
light from a xenon arc lamp.10 Pugazhenthiran et al. reported 
the photocatalytic activity of NiTiO3 rods for degradation of 
Ceftiofur Sodium under direct sunlight.12 Hung et al. showed 
that NiTiO3 nanopowder decolored Congo Red under LED 
visible-light irradiation.13 Literature reports indicate that 
work on the visible-light photocatalytic activity of NiTiO3 
materials has mainly focused on photocatalytic structures 
and kinds of dyes.14,15 However, there is a lack of research 
on other parameters in practical applications, such as pH, 
which can also affect the efficiency of the visible-light pho-
tocatalytic activity of NiTiO3 materials. To the best of the 

authors’ knowledge, no work has reported on the effects of 
pH on the photocatalytic activity of NiTiO3 to degrade rho-
damine B under visible-light irradiation to date.

The aim of the work described herein is to synthesize 
NiTiO3 rods and investigate the effects of the solution pH 
on the visible light-driven photocatalysis by NiTiO3 for deg-
radation of RhB textile dye. NiTiO3 rods were synthesized 
using an ethylene glycol (EG)-mediated route with ethylene 
glycol solvent playing the role of a ligand reagent. EG sol-
vent is known to be an effective ligand for metal ions that 
can create one-dimensional (1D) structures via polymeri-
zation of the chain structure. The synthesized NiTiO3 rods 
were used for photocatalytic degradation of RhB. The effect 
of the pH on the removal efficiency of RhB dye was inves-
tigated. The results show that adjusting the pH could effec-
tively enhance the photocatalytic properties of the NiTiO3 
rods under visible-light irradiation. A low pH in the dye 
solution was found to increase the photocatalytic activity 
of NiTiO3.

Experimental Procedures

Preparation of NiTiO3 Rods

Ilmenite NiTiO3 rods were synthesized by an ethylene 
glycol-mediated route at room temperature, followed by 
calcination in air at room temperature. The raw materials 
were titanium (IV) butoxide [Ti(OC4H9)4], nickel acetate 
[Ni(CH3COO)2·4H2O], and ethylene glycol. All chemicals 
used were of analytical grade, obtained from Sigma–Aldrich, 
and used without further purification. A typical synthesis of 
NiTiO3 rods was as follows: 0.01 mol Ni(CH3COO)2·4H2O 
and 0.01 mol titanium(IV) butoxide [Ti(OC4H9)4] were 
mixed with 30 mL EG. A light-blue precipitate appeared 
and increased gradually. After 5 h of stirring, the NiTiO3 
precipitation precursor was collected by centrifuging and 
washed with deionized water and ethanol for three times 
then dried under vacuum at 70°C for 6 h. Finally, the powder 
was calcined for 2 h in air atmosphere to obtain NiTiO3 rods.

Characterization Techniques

x-Ray diffraction (XRD) patterns were recorded on a Philips 
X’PertPRO x-ray diffractometer using Ni-filtered Cu Kα 
radiation at voltage of 40 kV and current of 30 mA in the 
scan range from 20° to 70°. The crystallite size and micro-
strain of the synthesized powders were estimated via the 
Williamson–Hall method.16 The morphology of the rods 
was analyzed by field-emission scanning electron micros-
copy (Hitachi S4800) equipped with an energy-dispersive 
x-ray spectroscopy (EDX) system. Diffuse reflectance meas-
urements were performed using a UV–Vis spectrometer 
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(JASCO V- 750) with 60 mm integrating sphere ISV-922. 
Raman spectroscopy measurements were carried out at room 
temperature using a micro-Raman spectrometer in combina-
tion with a solid-state 633-nm laser as excitation source.

Photocatalytic Degradation Experiments

Photocatalysis experiments were carried out in a cylindrical 
reactor maintained at 25°C by water circulation. The solu-
tion was magnetically stirred continuously throughout the 
photocatalytic process to ensure sufficient dissolved oxygen 
in solution. A 50-W white LED lamp was used as visible-
light source. The light source was placed on top of the reac-
tor, about 15 cm from the solution, to supply visible light 
for the reaction. Before illumination, suspension contain-
ing 0.04 g photocatalyst and 40 mL RhB solution (5 mg/L) 
was continuously stirred in the dark for 60 min to attain 
adsorption–desorption equilibrium of RhB on the surface 
of the catalyst powder. Samples were taken from the reac-
tor at regular intervals, and the photocatalyst was removed 
by centrifuging at 5000 rpm for 10 min. The supernatants 
were analyzed by recording the variations of the absorption 
band maximum at 553 nm corresponding to the maximum 
absorption in the UV–Vis spectra using a UV–Vis spectro-
photometer (JASCO V-750). The photodegradation ratio was 
calculated using the equation

where C0 is the absorbance of RhB dye before irradiation, 
and C is the absorbance of RhB at each irradiation time 
interval. The effect of pH on the photocatalytic activity was 
investigated by applying different conditions with six pH 
values of 1, 3, 5, 7, 9, and 11. The pH of the dye solution was 
adjusted by using 0.1 mol/L HCl or 0.1 mol/L NaOH. The 
pH level was measured by a commercial pH meter (model 
HI2020-02).

Results and Discussion

Figure 1 shows the XRD patterns of the synthesized pow-
ders after calcination at different temperatures in the range 
from 500°C to 650°C for 2 h. The sample calcined at 500°C 
mainly consisted of TiO2 anatase and NiO phases. At this 
temperature, almost no NiTiO3 phase formed. The sample 
calcined at 550°C presented NiTiO3 phase formation. How-
ever, the impurity phases including rutile TiO2 (R-TiO2) and 
NiO also appeared in this sample. The XRD pattern of the 
NiTiO3 annealed at 600°C for 2 h showed high intensity 
with sharp diffraction peaks, indicating the good crystallin-
ity of the synthesized material. The main diffraction peaks 

(1)Degradation ration (%) =
C0 − C

C0

,

observed at 2θ values of 24.18°, 33.16°, 35.71°, 40.93°, 
49.51°, 54.07°, 57.36°, 62.59°, and 64.21° correspond to 
(012), (104), (110), (213), (024), (116), (018), (214), and 
(300) in good agreement with standard Joint Committee on 
Powder Diffraction Standards (JCPDS) data no. 33–0960 
for the rhombohedral crystal structure in space group R-3, 
confirming that the obtained rods had long-range crystal-
lite structure in pure NiTiO3 ilmenite phase. No diffraction 
signals due to any other phases such as NiO, TiO2, and 
other related compounds were detected in the XRD spectra, 
indicating successful synthesis of NiTiO3 samples. Lattice 
parameters were estimated by Rietveld refinement. Ilmenite-
type NiTiO3 crystallized in rhombohedral structure with a 
= b = 5.0281 Å, c = 13.7968 Å, and cell volume of 302.068 
Å3. This XRD result is strongly supported by the Raman 
spectrum results of NiTiO3 rods shown in Fig. 2a. Theo-
retical calculations showed that the optical normal modes 
of vibrations of NiTiO3 include ten Raman-active modes: 
5Ag (R) + 5Eg (R).10,17,18 Ten Raman-active modes 5Ag + 
5Eg altogether are expected for the prototype phase.19 In 
NiTiO3 materials, the five modes observed at 191.1 cm−1, 
246.9 cm−1, 395.2 cm−1, 488.5 cm−1, and 707.6 cm−1 were 
attributed to Ag symmetry while the five modes seen at 229.5 
cm−1, 292.1 cm−1, 347.2 cm−1, 464.8 cm−1, and 612.1 cm−1 
were attributed to Eg symmetry.20 The band at 229.5 cm−1 
is due to asymmetric vibration of octahedral oxygen. The 
Eg Raman-active mode bands at 229.5 cm−1, 292.1 cm−1, 
and 347.2 cm−1 should be governed by the oxygen octahe-
dra, twist of oxygen octahedra, and vibration of Ni and Ti 
atoms parallel to the xy plane. The Ag Raman band seen at 
191.1 cm−1 and 246.9 cm−1 is due to stretching vibration of 
Ti–O and vibration of Ti along z-axis.21 The band located at 
612.1 cm−1 is attributed to stretching of Ti–O.20 The highest 
frequency of 707.6 cm−1 arises from the vibration mode of 
TiO6 octahedra.21 The ten Raman-active modes observed for 
the synthesized NiTiO3 powder confirm its rhombohedral 
structure, in agreement with literature reports.10,20

Figure 2b shows the EDS analysis of the NiTiO3 sample 
calcined at 600°C for 2 h, confirming that the NiTiO3 rods 
were composed of Ni, Ti, and O. The detailed composi-
tion of the rods from the EDS analysis is summarized in the 
inset of Fig. 2b, confirming that the composition of the rods 
accorded with the stoichiometric ratio of NiTiO3 overall. 
Therefore, the results described above confirm the formation 
of pure NiTiO3 ilmenite phase.

The crystalline size and microstrain of the NiTiO3 rods 
were estimated from the broadening of the XRD peaks using 
the Williamson–Hall method.16,22 Microstrain is related to 
the numbers of defects and crystal imperfections, which 
include point defects, grain boundaries, dislocations, stack-
ing faults, etc. The line width observed in the XRD spectrum 
can be simply expressed as the sum of two contributions 
given by the equation:16
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Fig. 1   XRD patterns of (a) NiTiO3 calcined at different temperatures, (b) magnification of XRD pattern of NiTiO3 calcined at 550°C, (c) Riet-
veld refinement, and (d) Williamson–Hall plots of NiTiO3 calcined at 600°C.

Fig. 2   (a) Raman spectra at room temperature of NiTiO3 calcined at 600°C and (b) EDX analysis.
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Rearranging Eq. 2 gives

where βr is the full-width at half-maximum, D is the particle 
size, and ε is the microstrain. The (kλ/Dcosθ) term repre-
sents the size broadening, while the (4εtanθ) term represents 
the microstrain broadening. The microstrain was calculated 
from the slope of the line, while the crystallite size D was 
obtained from the intersection with the vertical axis after 
plotting the dependence of βrcosθ versus 4sinθ. Figure 1d 
shows the Williamson–Hall plot of the NiTiO3 sample. 
The average crystallite size and microstrain are 23 nm and 
1.5 × 10−4, respectively. The positive sign of the microstrain 
indicates lattice expansion of the NiTiO3 rods. These results 

(2)�
r
=

k�

D cos �
+ 4 tan �.

(3)�
r
cos � =

k�

D
+ 4 sin �,

suggest that the synthesized NiTiO3 rods had nanostructure 
and contained microstrain. Hence, it can be concluded that 
pure ilmenite-type rhombohedral phase of NiTiO3 rods in 
space group R-3 was successfully synthesized at a minimum 
temperature of 600°C for 2 h by the ethylene glycol-medi-
ated route.

Figure 3 shows the rod size and surface morphology of 
the NiTiO3 rods. The length and diameter of the NiTiO3 
rods were in range from 1.2 μm to 2.3 μm and from 0.1 μm 
to 0.7 μm, respectively (Fig 3c,d). The rods consisted of 
many nanoparticles sintered together due to the high anneal-
ing temperature (Fig. 3b). The nanoparticles had a roundish 
shape with average size of around 30 nm. The rods showed a 
porous structure that could be due to organic residues burned 
out during calcination at high temperatures.

Figure 4 shows the UV–Vis absorption spectra of the 
NiTiO3 rods calcined at different temperatures for 2 h. The 
NiTiO3 rods showed two absorption regions in both the UV 

Fig. 3   (a, b) SEM micrographs and (c, d) length and diameter distribution of NiTiO3 rods calcined at 600°C.
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and visible-light range. The optical bandgap energy was 
calculated from the Tauc relation from the absorption edge 
in the near-UV region.23 The optical bandgap of the synthe-
sized NiTiO3 calcined at 600°C was about 2.52 eV, and this 
value remained constant for the NiTiO3 sample calcined at 
650°C. The bandgap of the sample calcined at 550°C was 
higher (2.57 eV) due to the presence of TiO2 rutile and 
NiO impurity phases, as shown in the XRD analysis. These 
optical bandgap values are consistent with previous stud-
ies.13 Literature reports show that NiTiO3 has ilmenite-type 
structure with an optical bandgap value that depends on the 
morphology, size, and preparation method.20,24,25 The opti-
cal absorbance of NiTiO3 in the visible-light region and the 
low optical bandgap value of the NiTiO3 rods make them 
suitable for visible-light photocatalysis.

Figure 5 shows the RhB degradation efficiency versus the 
irradiation time of the NiTiO3 samples under visible-light 

irradiation. It is clearly seen that the NiTiO3 rods could 
degrade RhB textile dye. The discoloration efficiency in 
the dark after 1 h is due to the adsorption–desorption equi-
librium state which was basically established when the 
photocatalyst was placed into the dye solution. The deg-
radation efficiency of RhB without NiTiO3 photocatalyst 
slowly decreased with irradiation. It was only 7% after the 
dye solution had been illuminated for 5 h. The dye removal 
efficiency increased with the presence of NiTiO3 rods and 
reached 60%, indicating that NiTiO3 photocatalyst is effi-
cient for textile dye degradation. NiTiO3 rods adsorbed the 
dye on their surface due to their nanostructure and porosity. 
Under photon excitation from the light irradiation, NiTiO3 
photocatalyst undergoes photon-induced charge separation 
to produce electron–hole pairs. The hole–electron charges 
(h+

VB + e−
CB) can recombine and dissipate the absorbed 

optical energy, or migrate to the NiTiO3 photocatalyst sur-
face and begin a redox reaction with adsorbed RhB dye mol-
ecules. The reduction and oxidation process by the photo-
excited electrons (e−

CB) and by positive holes (h+
VB) at the 

photocatalyst surface result in decoloration of the RhB dye 
via mineralization into nontoxic substances.

Textile industries release wastewater including various 
contaminants at a wide range of pH values.26 Generally, 
the pH plays an important role in both the characteristics 
of textile waste and the generation of hydroxyl radicals. 
Changing the pH can thus affect the adsorption of dye 
molecules onto the NTO particle surface, which is one of 
the important steps for the photocatalytic activity to occur. 
Therefore, we investigated the role of the solution pH in 
the photocatalytic degradation of RhB under the deter-
mined experimental condition with an initial RhB concen-
tration of 5 mg/L and NTO dose of 1 g/L. The pH of the 
dye solution was adjusted using sodium hydroxide (NaOH) 
in the case of alkaline solutions or hydrochloric acid (HCl) 

Fig. 4   (a) Optical absorbance spectra and (b) plot of (αhv)2 versus photon energy of NiTiO3 calcined at different temperatures.

Fig. 5   (a) Photocatalytic degradation efficiency of RhB by NiTiO3 
catalyst under visible-light irradiation.
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in the case of acidic solutions. Figure 6 shows the effect 
of pH on the photocatalytic activity of the NiTiO3 rods. 
The removal efficiency was investigated at different pH 
values at constant dye concentration. It is clearly seen 
that the pH dramatically affected the photocatalytic reac-
tion. The decolorization rate of RhB in acidic media was 
higher than that in alkaline media. The dye degradation 
was significantly decreased under the alkaline condition 
but dramatically increased under the acid condition. The 
experimental results show that pH 3 was the best condi-
tion for RhB degradation, achieving 99% after 3 h under 
LED visible-light irradiation. Higher pH values resulted in 
worse degradation, and the dye removal decreased as the 
pH of the dye solution was increased. The degradation effi-
ciency went down from 99% at pH 3 to only 35% and 14% 
of RhB after 5 h irradiation at pH 9 and 11, respectively. 

The degradation efficiency of RhB dye was strongly influ-
enced by the pH, which can be explained by the variation 
of the charge on RhB with the pH. Depending on the dye 
concentration and the pH of the dye solution, RhB dye 
can be ionized to different degrees because it includes 
chloride cation and carboxylic acid group.27 Thus, the 
RhB molecules can assume different net charges depend-
ing on the experimental conditions.28,29 Mendonça et al. 
showed that the acid group of RhB dissociated to more 
than 99% in the basic pH range, enabling the formation of 
electronically neutral RhB molecules.29 Morín et al. pre-
sented that the zeta potential becomes positive when the 
pH becomes more acidic and the isoelectric point (IEP) of 
NiTiO3 materials is 5.7.30 NiTiO3 has a negative surface 
charge in alkaline conditions. The resulting weak interac-
tion between NiTiO3 and RhB molecules in the basic pH 

Fig. 6   (a) UV–Vis absorption spectra of RhB after irradiation for var-
ious times at pH 3. (b) Photocatalytic degradation efficiency of RhB 
at different pH values. (c) First-order kinetics plot for photodegrada-

tion of RhB by NiTiO3 under visible-light irradiation in environments 
with different pH values, and (d) degradation rate constant k (min−1).
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range thus results in a low dye degradation rate. At low 
pH, the carboxyl group of RhB is negatively charged in 
acid condition,31 resulting in a strong reaction between 
NiTiO3 and RhB molecules. This strong interaction could 
enhance the dye degradation and result in the higher effi-
ciency under acidic than alkaline conditions.

To provide further insight, the degradation kinetics of 
RhB on the surface of NiTiO3 catalyst was calculated. The 
Langmuir–Hinshelwood model was used to investigate 
the kinetics of the photocatalytic reaction based on the 
equation32

where r is the reaction rate (mol/L/min), C is the equilibrium 
concentration of reagent (mol/L), t is time (min), k is the rate 
constant (L/min), and K is the Langmuir constant (L/mol). 
This equation can be simplified to the following pseudo-first-
order expression when the concentration of the reagent that 
is reacting is very low:33

where kapp is the pseudo-first-order rate constant (min−1).
Integrating Eq. 5 results in

where Ct and C0 are the dye concentration (mol/L) at instants 
t and t = 0, respectively.34

The photocatalytic degradation curves of the NiTiO3 
samples were well fit by pseudo-first-order kinetics, as 
shown in Fig. 6c. The estimated kinetic constant k is pre-
sented in Fig. 6d. The kinetic constants for RhB photo-
degradation first increased with increase of the pH value, 
reached a maximum at pH 3, then went down at pH values 
above 3. On changing the pH value of the solution, the 

(4)r = −dC∕dt = kKC∕(1 + KC),

(5)r = −dC∕dt = kappC,

(6)− ln
(

C
t
∕C0

)

= kappt,

kinetic constant of NTO reached its maximum value of 
0.028 min−1 at pH . These results confirm that dye degra-
dation at low pH efficiently enhanced the photocatalytic 
capability under visible-light irradiation. The enhanced 
photocatalytic activity can mainly be ascribed to the 
dependence of the charges on the RhB molecules and 
the surface of the NiTiO3 particles, which enhanced the 
interaction between them and increased the visible-light 
absorption on the surface, resulting in high efficiency in 
acidic environment. In alkaline condition, the kinetic con-
stant was small with a value of only 0.0013 min−1 and 
0.0005 min−1 at pH 9 and 11, respectively.

Figure 7 illustrates the photocatalytic mechanism of NiTiO3 
rods under LED visible-light irradiation. The conduction band 
(CB) and valence band (VB) position of the photocatalyst 
determine its redox ability. An electron in the VB is excited 
to the CB ( e−

CB
) , resulting in the formation of a hole in the 

VB ( h+
VB

) when the photocatalyst is irradiated by LED visible 
light. Oxygen adsorbed on the surface of the NiTiO3 photo-
catalyst can be reduced by photoexcited electrons in the con-
duction band to form superoxide radicals (O2

−·), and hydroxide 
and water can be oxidized by h+ in the valance band to form 
hydroxyl radicals. These active groups created by the redox 
processes react with RhB dye molecules and change them into 
H2O, CO2, and/or nontoxic substances. The narrow optical 
bandgap and surface porosity of NiTiO3 rods make them suit-
able as a photocatalyst for textile degradation under visible-
light irradiation.

(7)NiTiO3 + h� → NiTiO3 + h+
VB

+ e−
CB

(8)h+
VB

+ e−
CB

→ energy

(9)h+
VB

+ H2O → OH∙ + H+

Fig. 7   Photocatalytic mecha-
nism of NiTiO3 rods under LED 
visible-light irradiation.
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Conclusions

The effect of pH on the photodegradation of RhB textile 
dye by NiTiO3 rods was investigated under LED visible-
light irradiation. NiTiO3 rods with porous surface were 
synthesized in pure ilmenite crystal phase and exhibited 
visible light-induced photocatalytic degradation of rhoda-
mine B. We show that the photocatalytic activity of NiTiO3 
rods strongly depends on the pH of the aqueous rhodamine 
B solution and can thus be controlled by adjusting the pH 
value of the dye solution. This result suggests that NiTiO3 
rods have potential applications for dye degradation under 
visible-light irradiation.
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