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ABSTRACT

Titanium dioxide nanowires have been prepared by the alkali hydrothermal
treatment of TiO, nanoparticles in presence of different hydroxides
and characterized using transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy dispersive x-ray (EDX),
N, adsorption-desorption measurements, powder x-ray diffraction (XRD)
and UV-Vis spectroscopy. Interestingly, only the strong bases (NaOH and
KOH) formed mainly anatase titanium dioxide nanowires with the evident
collapse of definitive (110) rutile XRD peak. The KOH-based titanium
oxide nanowires exhibited comparatively low diameter (~5 nm), high
surface area (228.34 m*/g), and low band gap energy (2.90 eV), and showed
the most remarkable photocatalytic degradation (98.87 %). However, the
NH,OH-based titanium dioxides were nanoparticles having insignificantly
modified morphology and least photocatalytic efficiency. The effect of
operating variables on the degradation of aqueous methylene blue (MB)
over the obtained alkali hydrothermal TiO, was studied using response
surface methodology, based on a bivariate central composite design (CCD)
and optimized numerically.
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INTRODUCTION

Nanostructured materials exhibit a wide
variety of unique properties for application in array
of scientific and technological developments such
as photocatalysis, sensors, voltaic cells, shielding
interference in communication field, reducing
electromagnetic radiation and disinfection [1-
3]. In photocatalysis, light with sufficient energy
causes the formation of conduction band electron
and valence band hole (charge carriers) which
serve as mini-microreactors for photocatalytic
reduction and oxidation. Over the decades, the
photo-oxidative degradation of environmentally
recalcitrant compounds such as synthetic organic
* Corresponding Author Email: uigaya.chm@buk.edu.ng

dyes over nanostructured materials has attracted
enormous interest. Apart from nano-TiO, which is
currently much referred nano-photocatalyst, a high
number of other photoresponsive nanomaterials
have been described [4,5]. One advantage
immediately obvious from these materials is that
they can shorten charge carrier transfer distance
due to their smaller particle sizes and larger
surface areas which ultimately translates into
enhanced photocatalytic activity [6].

Titanium  dioxide  (TiO,) nanomaterials
have attracted considerable attention due to
their unusual optical, electronic and mechani-
cal properties [7]. Various shapes of 1D TiO,
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nanomaterials such as nanowires, nanowires,
nanofibers, nanoribbons,  nanobelts, and
nanoneedles have been discovered in
nanotechnology and used in different
applications [8,9]. Aside from the inherent TiO,
characteristics, these materials show relatively
faster charge carrier transfer, improved electron/
hole separation, higher active surface area and
photoactivity compared to 0D TiO, nanoparticles
[10,11]. Thanks to their large specific surface area,
it is easy for photogenerated carriers to transfer
along the axial direction [12]. Moreover, they have
the ability to capture scattered light, which will
increase light harvesting and easier charge carrier
separation than TiO, nanoparticles [13].

Many methods have been successfully
established for the fabrication of nanostructured
TiO,, including laser ablation, arc discharge,
template-assisted synthesis which are inevitably
associated with product contamination due
to prior use of template or catalyst [14].
Consequently, there is renewed interest to
synthesize nanostructured materials devoid of
template intervention and some many methods
such as solvothermal [15], hydrothermal [16,
17], sol-gel [18], chemical vapor deposition
[19], and microwave [20] have been successful.
Hydrothermal method is perhaps the the most
powerful technique owing to its simplicity,
cost-effective, high reactivity, easy control and
environmentally safe route, and for these reasons
it has been used to prepare a wide range of 1D
TiO, nanostructures including nanowires [21-24].
Unlike TiO, nanowires, the TiO, nanowires (TNWs)
produced using strong alkali can withstand higher
calcination temperature (> 500 °C) without phase
change to the anatase polymorph or any change
in the nanowire structure [25]. In this work, the
hydrothermal synthesis of TNWs using different
alkali of different is reported to visualise the effect
of these alkali on the product characteristics. The
photoactivity of the resulting titanium dioxide was
assessed based on the degradation of MB and
optimized using response surface methodology.

MATERIALS AND METHODS
Materials

Commercial TiO, nanopowder (P25, 80%
anatase, and 20% rutile) used as precursor material
was purchased from Sigma-Aldrich. Methylene
blue (MB, 97%) was purchased from Sigma-
Aldrich. Potassium hydroxide (KOH, 90%), sodium
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hydroxide (NaOH, 98%), ammonium hydroxide
solution (NH,OH, 30%), and hydrochloric acid (HCI,
37%v/v) were purchased from R & M Chemicals.

Preparation of TiO, nanowires

To prepare TiO, nanowires, 1.2 g of Degussa
TiO, was added into three beakers, each
containing 20 ml of deionized water. The mixture
was magnetically stirred for 30 min and sonicated
for the same time period. Subsequently, 20
ml of 10 mg/l NaOH, KOH and NH,OH were
separately added dropwise into the mixture
under vigorous stirring, followed by sonication
for 45 min. Each mixture was autoclaved at 180°C
for 24 h. After cooling, white precipitates were
filtered and washed several times with 0.1 mg/I
HCl and deionized water until neutral pH. These
precipitates were dried at 75 °C overnight and
then calcined at 450 °C for 4 h. With NaOH and
KOH, TiO, nanowires were obtained (Na/TNW
and K/TNW), while NH,OH gave titanium dioxide
nanoparticles (NH/TNP).

Characterization

The composition, structure, and morphologies
of the synthesized titanium dioxides were analyzed
using a NOVA NANOSEM 230 ultra high-resolution
field emission scanning electron microscope (FE-
SEM) hyphenated with energy dispersive x-ray
(EDX)spectrometer,andaJEM-2100F field emission
TEM. The X-ray diffraction (XRD) patterns of the
synthesized photocatalysts were derived from a
Shimadzu XRD-6000 X-ray diffractometer operated
with a Cu Ka radiation (A = 0.15406 nm) in the 20
range of 20-80°. The Brunauer—-Emmett-Teller
(BET) method was used to determine the specific
surface area and pore volume of the samples.
Nitrogen adsorption-desorption  experiments
were performed using a Micromeritics 3Flex 1.02
instrument at 77.322 K. All the samples were
degassed at 200 °C for 2 h before the experiment.
The analysis of band gap was performed against
a BaSO, reference, using a Shimadzu UV-3600 UV-
VIS-NIR spectrophotometer, within a scan range of
220-800 nm.

Photocatalytic experiments

The photocatalytic performance of the
photocatalysts (Na/TNW, K/TNW, and NH/TNP)
was evaluated by monitoring the percentage
degradation of methylene blue (MB) for 60 min.
Experiments were carried out in an immersion
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Table 1. Actual values and coded levels of operating variables.

Factor Actual (and coded) levels
[TiO2], g/L 0.2(-1.41) 04 06(0) 0.8(+1) 1(+1.41)
[MO], mg/L 15 (-1.41) 20 25 (0) 30 (+1) 35 (+1.41)
(_1;1) I (1}1)
.......................... licsssmssssssssnsnssnannnan
g : P
A H H =t
\Ds demm - e e G
ke o, ks
{(-1,-1) ' (1,-1)

(-1.41, 0)

Fig. 1. Coordinates of the two-factor central composite design.

well photoreactor fitted with a new 3 W China
model E14 GMY UV lamp (UV intensity = 450 pw/
cm?, wavelength = 253 nm). In the photocatalytic
experiments, a solution containing the desired
amount of MB and catalyst was added to the
photoreactor. Solution pH was adjusted using
NaOH and H,SO, and oxygen was continuously
supplied to the system. Initially, the system was
agitated in the dark for 30 min. At periodicintervals
of experiment time, test samples were taken,
filtered using cellulose nitrate membrane (0.45
um), and absorbance was read at 664.1 nm using
Perkin Elmer Lambda 35 UV-Vis spectrometer.
The percentage degradation of the initial MB
concentration was calculated using Eq.(1).

[MB], —[MB],

[MB],

D% = x100 (1)

Where [MB] is the initial methylene blue
concentration, [MB] is the concentration of
methylene blue at irradiation time t.

The effect of degradation variables of the MB
in the presence of the titanium dioxide nanowires
(Na/TNW and K/TNW) was studied for 60 min
using a Box-Wilson two-factor central composite
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design (CCD). The independent parameters were
TiO, loading and initial concentration of MB. The
CCD consists of three sets of points: center points,
factorial points, and axial points. The experimental
ranges and the levels (coded and uncoded) of the
independent variables that were determined by
the preliminary experiments are given in Table 1.
The factorial points are located at the vertices of a
square with coordinates which are a combination
of -1(low value) and +1 (high value). The
coordinate of the center points is 0,0. The axial
or star points were augmented to the factorial at
a distance + a = 1.41 along with center point to
make the design rotatable (as shown in Fig. 1). A
total of 11 experiments were performed in this
work, including four experiments at the factorial
points, four experiments at the axial point, and
three replications at central points, as governed
by Eq. (2) [26].
N=2"+2n+n,=2+2(2)+3=11 (2)
where N is the total number of experiments
required, n is the number of factors and n_is
replications at central points. The degradation
efficiency values obtained from the experiment
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Fig. 3. The TEM image of Na/TNW with different magnification.

(% D) were processed using a response surface
module to obtain statistically valid predicted
values. Kinetic studies were performed for 100
min and data was fitted to the pseudo-first-order
integrated rate equation.

RESULT AND DISCUSSION
TEM, SEM and EDX Analysis

Fig. 2 shows the TEM image for TiO,
(precursor) and the NH/TNP derived from NH,OH
hydrothermal treatment. It can be seen that the
precursor exhibits aggregated particles with an
average particle size of 21.8 nm (Fig. 2a) which
upon hydrothermal treatment with the weak
base, no significant change in the morphology was
observed and no nanowire was formed. However,
the particle size of the nanoparticles decreased to
18.6 nm (Fig. 2b). Differently, with NaOH and KOH
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= 367nm long, = 20 nm diameter titanium dioxide
nanowires (Na/TNW) (Fig. 3) and = 74 nm long, = 5
nm diameter titanium dioxide nanowires (K/TNW)
were formed, respectively (Fig. 4). From the TEM
images, it was observed that the size and shape
of TNTs strongly depend upon the strength of the
alkali employed.

The morphology of the as-prepared titanium
dioxides was imaged by field emission SEM
(Fig.5). It can be seen from the images that the NH/
TNP does not transform into a nanowire, rather,
it appears as a collection of aggregated particles
(Fig. 2a). However, the nanowires of the Na/TNW
and K/TNW can readily be observed from Fig. 5b
and Fig. 5c, respectively. Hence, the SEM results
corroborate those of the TEM, revealing that only
the strong bases may be used in the hydrothermal
synthesis of nanowires. Nonetheless, even with

J Nanostruct 10(3): 639-651, Summer 2020
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the strong alkali, some of the resulting nanowires
aggregated into bundles, a phenomenon similarly
observed by Zhang et al. [27] while synthesizing
TiO, nanowires.

Compositional analysis of the as-prepared
titanium dioxides was performed using energy
dispersive x-ray (EDX) spectroscopy. Fig. 6 shows
the EDX spectra of NH/TNP, Na/TNW and K/
TNW. The EDX spectra of all the three samples
show peaks corresponding solely to Ti and O. This
observation rules out the presence of impurities
in the obtained TiO, nanowiresand nanoparticles.

Nitrogen adsorption-desorption measurements
The surface area and pore volume of the
hydrothermal titania were estimated using the

J Nanostruct 10(3): 639-651, Summer 2020
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Fig. 5. The FE-SEM image of (a) NH/TNP, (b) Na/TNW and (c) K/TNW.

methods of Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH). Fig. 7 shows the N,
adsorption-desorption isotherm, the BET surface
area plot (left inset) and the BJH adsorption
cumulative pore volume curve (right inset) for
P25, NH/TNP, Na/TNW, and K/TNW. The surface
area and pore volume of bare P25 were found to
be 54.85 m?/g and 0.14 cm3/g, and for NH/TNP,
these properties increased to 77.66 m?/g and
0.26 cm?/g, respectively. More interestingly, the
Na/TNW and for K/TNW exhibited the highest
values of these parameters (143.42 m?/g and
0.46 cm3/g, and 228.34 m?/g and 0.62 cmd/g,
respectively), corroborating the fact that the
formation of nanowires from TiO, particle by the
alkali hydrothermal process is associated with
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Fig. 8. The XRD patterns of the synthesized catalysts (A = anatase and R = rutile).

significant increase in the surface area and pore
volume of the material[22,28]. The Na/TNW (Fig.
7¢) and K/TNW (Fig. 7d) showed type IV IUPAC
isotherm [29]. Their mesoporosity is confirmed
by the presence of hysteresis loops and obvious
condensation/evaporation steps within partial
pressure range of 0.6 to 0.9 [30] as it generally
happens in nanotubular structures[22].

XRD analysis

In order to study the crystalline structures and
phase compositions of the prepared catalysts, X-ray
diffraction patterns were collected (Fig. 8). By the
TEM results, the average crystallite size of P25 was
found to be 21.29 nm which decreased to 18.51
nm for NH/TNP. The XRD peaks of the samples
were studied by comparison with JCPDS-21-1272
and JCPDS-21-1276. From the figure, P25 and NH/
TNP are observed to be more crystalline than the
synthesized TNTs. As seen from the figure, P25
(the starting material) and NH/TNP show anatase
peaks at 20 (and planes) = 25.21° (101), 37.80°

J Nanostruct 10(3): 639-651, Summer 2020
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(004), 48.02 (200), 54.06° (105), 55.10° (211),
62.71° (204) and rutile peaks 26 (and planes) =
27.44° (110), 36.09° (101), 41.21° (111), 56.68°
(220), 68.87°(310). The Na/TNW and K/TNW show
anatase peaks at 26 (and planes) = 37.82° (004),
48.06° (200), 53.96° (105), 62.73° (204) and rutile
peak at 26 (and planes) = 27.37° (110) and 41.16°
(111). The diffraction pattern of the nanowires
show mainly anatase polymorph, a little rutile and
amorphous mix, with a clear disappearance of the
prominent (101) anatase reflection as previously
observed by other workers [31,32].

Band gap analysis

To estimate the band gap of the obtained
catalysts, reflectance measurements were
performed over wavelengths of 220-800 nm. The
UV-Vis reflectance spectra are displayed in Fig. 9a
while the band gap energies of the photocatalysts,
estimated from the widely recommended plot of
reflectance function [F(Ra)hv]? versus hv [33] are
displayed in Fig. 9b. The band-gap energy of P25,
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Fig. 9.. (a) UV—Vis reflectance spectra of the samples (b) Plot of (F(Ra)hv)? versus hv of the samples for band gap evaluation.

NH/TNP, Na/TNW, and K/TNW were calculated to
be 3.25, 3.15, 3.04 and 2.94 eV respectively. The
red shift as alkali strength is increased may be due
to the narrowing of the slimming of the nanowires
[34,34] asitmay be associated with increased redox
abilities for the production of photogenerated
electron-hole pairs and reduced recombination
effect in photocatalytic systems[35].

Effect of operating variables

The effect of TiO, loading and the initial
concentration of MB, and their impacts on the
degradation of MB were investigated using the
central composite design (CCD) approach and
response data were analyzed using Design-Expert
version 6.0.6. The results for degradation over Na/
TNW and K/TNW fit quadratic model equations
(3) and (4), respectively. Each coefficient of the
variable in the equation estimates the change in
mean response per unit increase in the associated
independent variable when the other variable is
held constant.
%D = 57.37 + 2.57[TiO,] - 15.7[Ti0,)* -
9.65[MB]? (3)
%D = 65.83 + 3.03[MB] — 20.47 [TiO,]* - 7.32[MB]?
—9.08([Ti0,][MB] (4)

The predicted MB degradation efficiencies
(%D) in the presence of Na/TNW and K/TNW
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are presented in Table 2. It can be seen from the
table for both catalysts that a good correlation
exists between the experimental and predicted
% degradation. This is affirmed by the linear
normal plot of residuals (Fig. 10), in which normal
probabilities correlate well with residuals. The
residuals analysis accounts for the difference
between the observed and the predicted response
value, thus giving useful information about
the model goodness of fit. The plot of normal
probability of the residual for MB degradation
(Fig.10) reveals a reasonably well-behaved residual
of MB degradation as the majority of the points lie
on a straight line. Hence the estimated effects are
real and differ markedly from noise [36,26].

The statistical significance of the CCD model
was assessed by ANOVA. A summary of the
probability criteria and results of the F-test for Na/
TNW and K/TNW assisted processes are tabulated
in Table 3. The models’ Prob > F and those of the
terms in the hierarchy of the model equation
are less than 0.05 which shows that predicted
degradation efficiencies are not influenced at 95 %
confidence level. In an experiment, the minimum
adequate precision desirable is a value > 4. In this
study, the adequate precision for the Na/TNW and
K/TNW models are 21.316 and 28.981 (Table A4
and A5 of supplementary materials), respectively.
The models also show extremely low standard
deviation from the mean degradation efficiency.

J Nanostruct 10(3): 639-651, Summer 2020
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Table 2. The bivariate experimental design matrix and corresponding degradation efficiencies in the presence of Na/TNW and K/

TNW.
. %Dexperimental %Dpredicted %Dexperimental %Dpredicted
R T L MB |
un 102 (g/L) (MB] (me/1) In the presence of Na/TNW In the presence of K/TNW
1 0.6 25 56.10 57.37 66.90 65.83
2 1 25 32.30 29.61 28.70 26.26
3 0.4 30 27.60 26.70 49.50 49.18
4 0.8 20 30.20 33.45 42.80 45.96
5 0.2 25 22.00 22.34 23.00 23.52
6 0.6 15 41.80 39.21 48.20 46.90
7 0.4 20 31.10 32.21 24.80 24.96
8 0.6 25 57.30 57.37 64.80 65.83
9 0.6 25 58.70 57.37 65.80 65.83
10 0.8 30 34.50 35.74 31.20 32.97
11 0.6 35 36.70 36.94 56.10 55.48
o (a) 9 {b)
% a_ % ] A
E " il E o
E = ///. 2 E }//
'S o % - o
o
8 20 w” 8 - @
® A ® 7
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21 -114 -0.18 0.78 175 -1.89 091 0.08 1.07 205
Residual Residual

Fig. 10. Normal probability with residual values of the photo-oxidative degradation process over (a) Na/TNW and (b) K/TNW.

This confirms that the obtained models can be
successfully used to navigate the design space.
Numerical optimization was conducted to
obtain the maximum performance of the variables
necessary. The theoretical value of removable MB
from reaction medium was 57.4827 % in presence
of 0.616 g/l Na/TNW and 24.85 mg/| [MB], with
desirability factor of 0.967, whereas and 66.1593
% [MB] can be removed in presence of 0.594 g/I K/
TNW and 26.1 mg/| [MB], with desirability factor

J Nanostruct 10(3): 639-651, Summer 2020
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of 0.983, respectively.

The effects of catalyst loading and initial
MB concentration are depicted by the three-
dimensional response surfaces shown in Fig. 11. It
can be seen that, for both Na/TNW (Fig. 11A) and
K/TNW (Fig. 11B), there is synergy between [TiO,]
and [MB] as they are increased towards 0.6 g/L
and 20 mg/I (corresponding to the experimental
optimum). The maximum degradation efficiency
of 57.37 % for Na/TNW and 65.83% for K/TNW
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Table 3. Results of ANOVA (p-value and F-value) for MB degradation over the nanowires.

MB Removal over Na/TNW

MB Removal over K/TNW

Source

F-Value Prob>F F-Value Prob>F

Model 71.84 <0.0001 158.28 <0.0001
A 7.12 0.0321 *NA *NA

B *NA *NA 16.77 0.0064

A? 187.35 <0.0001 538.96 <0.0001

B? 70.76 0.0001 68.95 0.0002

AB *NA *NA 75.01 0.0001

Lack of Fit 5.74 0.1550 5.02 0.1706

*Not applicable because the term does not exist in the hierarchy.

57 4668
48 7758
420847
34.3937

=2
B 26 7026

1.00 ‘

66.1472

55.85

45.5528

352556

&
01 24 9583

1.00

Fig. 11. The response surface of MB degradation as a function of [TiO,] and [MO] for (A) Na/TNW and (B) K/TNW.

is reached in 60 min. The figure reveals that
alternating any of the combinations of levels
would result in low degradation efficiency. The
coefficients of model terms, suggests that TiO,
loading has positive impact on degradation
efficiency of MB for both Na/TNW and K/TNW
while the initial MB concentration has negative
effect for Na/TNW and positive effect for K/TNW.
The model terms showed negative impact with
respect to quadratic coefficient for both Na/TNW
and K/TNW.

To validate the results obtained by the models
and to confirm the models competence for
predicting maximum degradation of MB, three
experiments were conducted using the optimum
conditions, which yielded an average maximum
MB degradation of 56.98 % and 65.77 for Na/TNW
and K/TNW respectively and the average values
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were calculated (predicted values) which is found
to be 57.02 (for Na/TNW) and 65.80 (for K/TNW).
The results show that it is feasible to predict and
optimize the MB photocatalytic degradation using
response surface methodology.

Photocatalytic kinetics

To obtain relevant information about the
photocatalytic performance, it is necessary to
perform experiments from which any possible
contributions from direct photolysis or adsorptive
removal can be excluded. In this regard,
experiments were performed under UV irradiation
in the absence of TiO, and in the dark with TiO,
photocatalyst for 100 min and the results are
displayed by Fig. 12. It can be seen from the figure
that the least catalytic performance was obtained
with P25 (77.12 %) while K/TNW was found to
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Fig. 12. Photocatalytic degradation of MB in presence of the obtained photocatalysts under UV irradiation for 100 min.
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Fig. 13. Pseudo-first-order graph of MB degradation.

have the highest catalytic performance (98.87%).
These results correlate well with the BET and UV-
Vis results which showed better MB removal as
surface area of K/TNW is increased or its band gap
is decreased.

The degradation of MB carried out in this study
(Fig. 13) was fitted into the pseudo-first-order
kinetics represented by Eq. (6).

1n([MB]0 =kt (6)
[MB],
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where [MB], and [MB]_is the concentration
(mg/l) at time t and when t = 0 respectively and k
is the apparent reaction rate constant (expressed
as min™). A plot of In([MO]_/[MO])) versus t gave a
straight line with slope = k with R square values >
0.85 (Fig. 13).

CONCLUSION
The effect of alkalistrength on the hydrothermal

649



A. Hamisu. et al. / Hydrothermal Growth of Photoactive TiO, Nanowires

growth of TiO, nanowires was successfully
investigated. The hydrothermal treatment with
weak base does not affect the morphology of the
TiO, and does not form nanowires, but can result
in its downsizing. However, the hydrothermal
treatment of TiO, with strong alkalis leads to TiO,
nanowires with relatively controllable, narrower
diameter, higher surface area, and narrower band

gap energy.
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