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HIGHLIGHTS 

 Application of hydrothermal method for 1D TiO2 synthesis. 

 Varying hydrothermal synthesis conditions on 1D TiO2 crystal phase, size and SSA. 

 Effects on crystal phase, size and SSA on bandgap. 
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Abstract 

     One-dimensional TiO2 nanostructure synthesized using a hydrothermal method showed 

significant differences in the bandgap energies and crystal phase properties under different 

synthesis conditions.  The objectives of this study were to evaluate the effect of the hydrothermal 

reaction conditions on the bandgap energy and to optimize the reaction conditions using a 3-

factor 3-level Box Behnken design. The factors investigated include temperature, NaOH 

concentration and TiO2 concentration (BBD). A quadratic response surface model predicted 

optimum conditions for the maximum and minimum bandgap energy. The BBD analysis and 

other statistical tools provided evidence showing the temperature and NaOH concentration 

significantly affected the 1D TiO2 bandgap energy.  Pure anatase was associated with a higher 

bandgap energy, whereas the biphasic anatase-rutile and anatase-TiO2-B phases were linked with 

decreasing the bandgap energy. In addition, the crystal size and specific surface area (SSA) 

impact on the bandgap energy was due to the size quantization effect. 

 

Key words: One-dimensional TiO2; Bandgap; Hydrothermal synthesis; Anatase; TiO2-B. 

 

1. Introduction 

     The discovery of photo-electrochemical splitting of water on n-TiO2 electrodes in 1972 [1] 

triggered much attention in examining the photoelectrolysis of water to hydrogen (H2) and 

oxygen (O2). Other applications include employing n-TiO2 in wet solar cells [2] and for the 

photodegradation of hazardous organics pollutants into carbon dioxide plus water [3-6]. One-

dimensional (1D) TiO2 nanomaterials have shown significant potential in these applications 

because of their high electron mobility, large specific surface area (SSA) and high mechanical 
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strength [7-11]. Among the different approaches used to synthesize 1D TiO2, the alkaline 

hydrothermal method is a relatively easy process for producing 1D TiO2 with varied bandgap 

energies [7,8,10-19]. Bandgap energies are crucial in determining the 1D TiO2 photocatalytic 

efficiency [7].   

The band gap is significantly affected by factors such as phase structure, temperature and 

crystal size.  Phase structure is a major factor affecting 1D TiO2 bandgap. TiO2 has an optical 

bandgap value for different crystal phases.  For TiO2, the band gap is 3.2 eV for anatase, 3.0 eV 

for rutile, 3.1 eV for brookite and 3.2 eV for TiO2-B [10,17,20].  Work by Bavykin et al. [8] has 

shown that during the alkaline hydrothermal process, TiO2 precursors (anatase, rutile, TiO2-B, 

brookite and amorphous) were reconstructed into 1D TiO2 by producing and consecutively 

wrapping titanate nanosheets.  Different crystal phase structures can be produced during 

hydrothermal processing [7,8,10-19]. Zhu et al. [14] claimed that the anatase phase was 

produced when using 15 M NaOH at a temperature between 20oC and 200oC for 48 hours. In 

other studies, Kou et al. [17] reported TiO2-B nanotubes were obtained when the conditions were 

set by employing 10 M NaOH at 120oC for 96-168 hours.  In these studies, researchers used 

selected synthesis conditions to produce 1D TiO2 structures with varied phase structures. An 

existing research gap which requires addressing is the assessment of different synthesis 

conditions on the phase structure and bandgap energy for 1D TiO2 nanostructures.  

TiO2 band structure changes is also affected by crystal size lower than that of the exciton in 

TiO2 [21].  This observation, designated as the size quantization effect [10,21], causes the TiO2 

bandgap energy to shift to larger values or shorter wavelengths for decreasing crystal sizes [10]. 

Many studies have shown 1D TiO2 diameters ranging from 5 nm to 200 nm can be controlled 

using selected hydrothermal temperatures and suitable TiO2:NaOH molar ratios [8,12,13]. 
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Bavykin et al. [8] reported the average 1D TiO2 diameter increased with an increase in the 

temperature from 120oC to 150oC and with increasing the TiO2:NaOH weight ratio. Adjusting 

the temperature and NaOH:TiO2 weight ratio are expected to impact the crystal size and 

subsequently, the bandgap energy based on the size quantization effect [10].  

     The lack of research data describing the role of different hydrothermal synthesis process 

parameters on the 1D TiO2 phase structure and its bandgap energy is the motivating factor for 

conducting this study.  One objective was to employ a Box-Behnken design (BBD) to 

statistically model the influence of the hydrothermal synthesis factors on the 1D TiO2 bandgap 

energy. The three hydrothermal synthesis factors under consideration included temperature, 

NaOH concentration and TiO2 precursor concentration. Another objective was to evaluate the 

influence of hydrothermal synthesis factors on the 1D TiO2 phase structure, crystal size and SSA.  

 

2. Experimental 

2.1. Preparation of 1D nanometric TiO2 photocatalyst 

1D TiO2 samples were prepared using the alkaline hydrothermal method [8,10-17,22].  In 

general, TiO2 nanoparticles (Aeroxide TiO2 P25, Evonik Corporation, Parsippany, New Jersey) 

were dispersed in 70 mL of a NaOH solution. The TiO2 and the NaOH concentrations are shown 

in Table 1. The resulting suspension was transferred into a 100-mL Teflon lined stainless-steel 

autoclave. The autoclave was maintained at a desired temperature (Table 1) for 120 h and 

subsequently, cooled to room temperature. Next, the suspension was centrifuged to obtain a 

white precipitate.  The precipitate was washed with 1L of 0.1 M HCl for 24 h at room 

temperature. The white precipitate was repeatedly washed (5 times) with deionized water. The 

washed mixture was centrifuged after each washig with deionized water. Finally, the white 
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precipitate was calcined at 400oC for 2 hours to produce 1D TiO2.  The selected experimental 

levels were based on previous studies  (Table 1) [8]. 

 

2.2. Characterization studies 

     The 1D TiO2 morphology was examined using scanning electron microscopy (SEM) (JEOL, 

Japan) and high resolution transmission electron microscopy (HRTEM) (300kV, JEOL 3010, 

Japan).  X-ray diffraction (XRD) analysis of the samples was conducted using an X-ray 

diffractometer (Rigaku, MI) equipped with Cu K∂ radiation source. UV-Vis spectra analysis was 

performed using a Cary 300 UV-Visible (Agilent Technologies, Santa Clara, CA). The 

wavelength accuracy and resolution for the Cary 300 UV-Visible were ±0.04 nm (at 486 nm) 

and ≤0.193 nm, respectively. The bandgap energy response was calculated based on diffuse 

reflectance UV-vis spectroscopy studies. The diffuse reflectance spectra were converted into a 

corresponding absorption spectra using the modified Kubelka Munk function (F(R)E)1/2 [23]. 

Frequent use of diffuse reflectance UV-vis spectroscopy to determine the bandgap energy in 

solid materials is highly justified based on past research [23]. The bandgap energy (Eg) for each 

experiment is shown in Table 2. The photoluminescence spectra were conducted at room 

temperature using a Varian Cary Eclipse Fluorescence Spectrophotometer (Mississauga, ON). 

Nitrogen adsorption–desorption isotherms were determined at 77K with a Micromeritics ASAP 

2020 Brunauer–Emmett–Teller (BET) analyzer (Micromeritics Instrument, Norcross, GA). 

 

2.3. Experimental design, optimization study and statistical analysis 

      A three factor three level BBD was constructed with three central points to determine the 

hydrothermal synthesis factors for evaluating the bandgap energy. The BBD is unique because it 
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is rotatable and does not comprise an embedded factorial or fractional factorial design. The BBD 

experimental conditions were selected at the midpoints of edges of the space and at the center.   

      Each experimental factor was varied at a low level (designated as -1), a central level 

(designated as 0) and a high level (designated as +1) (Table 1). The method is constructed using 

12 experimental points (#1 to #12) plus three central points (#13 to #15) and each condition 

under triplicate conditions (Table 2).  The three central point experiments, designated as #13, 

#14 and #15 under the same conditions, were performed to evaluate the magnitude of error in the 

experimental analysis. The experimental factors and bandgap energy (response variable) were 

modeled using Minitab (Minitab Inc., State College, PA) to fit a full quadratic equation (equation 

(1)): 

 

𝐸𝑔  =  а0 +  ∑ а𝑖𝑋𝑖
3
𝑖=1 + ∑ а𝑖𝑖𝑋𝑖

23
𝑖=1 + ∑ ∑ а𝑖𝑗𝑋𝑖𝑋𝑗

3
𝑖<𝑗=2

3
𝑖=1       (1) 

 

where Xi’s are input variables which influence the response variable Eg, аo is an offset term, аi is 

the ith linear coefficient, аii is the quadratic coefficient, and аij is the ijth interaction coefficient. 

The Xi correspond to the experimental factors (X1 = temperature, X2 = NaOH concentration, X3 

= TiO2 concentration) (Table 2). 

     An analysis of variance (ANOVA) was performed using the responses for each experimental 

condition (#1 to #15) (Table 2). The coefficient values for the full quadratic model were 

calculated using a multiple regression analysis. Only significant terms with p values < 0.05 were 

included into the final model.  A normal distribution plot together with the Anderson-Darling 

(AD) [24] statistic was used to determine the deviation of the residuals from a normal 
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distribution. The D-optimality analysis [25] was performed to obtain optimal conditions for the 

three factors under consideration (maximize and minimize the bandgap energy Eg).  

 

3. Results and discussion 

3.1. Morphology 

     SEM images for selected 1D TiO2 samples are shown in Figure 1. 1D TiO2 samples 

(nanorods and nanowires) synthesized at different hydrothermal conditions which were randomly 

distributed  showed significant differences in the crystal sizes. The SEM image for sample #1 

(120oC, 5 M and 43 g L-1) indicate a mixture of nanorods and nanowires with length of 

approximately 100 nm. Nanowire morphology with length up to 2 um was detected in sample #6 

(190oC, 10 M and 14 g L-1). Lower temperature and NaOH concentration were associated with 

smaller diameter and crystal size (Sample #1). However, higher temperature and NaOH 

concentration were linked to larger diameter and crystal size (Sample #6). The SEM images 

indicate the hydrothermal synthesis factors significantly impacted the 1D TiO2 diameter and 

crystal size (further discussed in Section 3.3.6 Crystal size and BET SSA). During hydrothermal 

process, NaOH reacted with TiO2 crystallites and produced free TiO6 octahedron by cleaving the 

Ti-O-Ti bonds of TiO2 precursor [26,27]. The TiO6 octahedron was subsequently assembled into 

lamellar structures via the formation of hydroxyl bridges between the Ti atoms [8,27,28]. Next, 

1D TiO2 (nanotubes, nanorods and nanowires) was produced by scrolling or growing the 

lamellar structures [8,28]. The driving force for converting lamellar structures scrolling into 

nanotubes or growing into nanorods or nanowires is attributed to the reducing the high surface 

energy of the nanosheets which was caused by the saturated the dangling bonds on the 

nanosheets [26]. 
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3.2. Bandgap energy (eV) 

     Diffuse reflectance UV-visible spectroscopy (DRS) was employed to examine the optical 

response of the starting material TiO2 nanoparticles and the resulting 1D TiO2 (Figure 2a). A 

wide optical absorption below a critical value of approximately 410 nm was observed in both 

samples [29]. This broad band assignment is attributed to the band-band electron transition of the 

TiO2 nanocrystals based on its band gap energy [29,30]. A red-shift and enhanced light 

absorption between 300 to 400 nm was observed for the 1D TiO2 sample #1 when compared to 

TiO2 nanoparticles. The diffuse reflectance spectra was converted into a corresponding 

absorption spectra (Figure 2b) by plotting (F(R)*E)1/2 versus E (where F(R) = aKm is the Kubelka 

Munk function [23] and E is the photon energy).  Extrapolating the straight line portion of the 

UV-visible spectra to (F(R)*E)1/2=0 was used to determine the bandgap energy.  A 3.07±0.01eV 

value for the 1D TiO2 sample #1 was less than that for the TiO2 nanoparticles bandgap of 

3.28±0.01eV. In this study, the bandgap energies for the 15 BBD samples (ranging from 

3.07±0.01 eV to 3.297±0.005 eV) are shown in Table 2. The observed change in the bandgap 

energy for the different samples was due to changes in crystal phase and size under the different 

hydrothermal conditions. 

 

3.3. Analysis of the experimental design 

3.3.1. Impacts of factor variables on the bandgap energy 

     The bandgap energy for all the 1D TiO2 samples are shown in Table 2 and the main effect of 

3 hydrothermal synthesis factors on the bandgap energy is shown in Figure 3. A mid-level 

temperature set at 150oC as well as the mid-level NaOH concentration of 10 M were closely 
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linked with increasing the bandgap energy. Either increasing or decreasing temperatures (NaOH 

concentrations) resulted in decreasing the bandgap energy. An opposite trend was observed for 

changes in the TiO2 concentration. The mid-level TiO2 concentration was related to a decrease in 

the bandgap energy. Interaction plots at all level factor categories (Figure 3b) indicate a similar 

pattern as that shown in the main effect plot. An increasing bandgap energy value was observed 

at a mid-level temperature of 150oC and a mid-level 10 M NaOH concentration.  

 

3.3.2. Model fitting using ANOVA 

     An ANOVA was employed to evaluate the significance of the full quadratic model and to 

determine the significance and adequacy of the model. The ANOVA result (Table 3) for the 

bandgap energy (Eg) response shows that the model is statistically significant with a p-value less 

than 0.05. The model F-value of 44 which was greater than the F-critical value of 2.01 at an  

value = 0.05 indicate the full quadratic model was significant [25,31-33]. Note, the terms with p-

values < 0.05 are statistically significant whereas terms with a p-value > 0.05 are insignificant. 

TiO2 concentration (g L-1), NaOH concentration (M) x NaOH concentration (M) and TiO2 

concentration (g L-1) x TiO2 concentration (g L-1) with p-values more than 0.05 are statistically 

insignificant indicate these variables did not affect the full quadratic model [25,31-33].  

     A full quadratic model can be simplified using a stepwise procedure such as a backwards 

elimination method. Other stepwise procedures include forward selection and stepwise 

regression. The selected backwards elimination method in this study is advantageous because of 

considerable predictability. The method is employed to delete statistically insignificant terms 

with p values > 0.05 in the full model [25].  The refined model (equation 2) with an F-value of 

6.97 ( > the critical level (6.7, p < 0.00)) is statistical significant. 
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𝐸𝑔 = 3.2742 − 0.01648X1 − 0.0111X2 − 0.01882X1X2 + 0.00881X1X3 + 0.1171X2X3 −

0.02798𝑋1
2     (2) 

where Eg is the bandgap energy (eV), X1, X2 and X3 represent temperature (oC), NaOH 

concentration (M) and TiO2 concentration (g L-1), respectively. 

 

3.3.3. Factor interaction plots 

     Describing the interactions between the experimental factors was based on data in the surface 

and contour plots. Interaction between temperature and NaOH concentration (Figure 4a and 

Figure 4b) suggests that a minimum bandgap (3.07±0.01 eV) was observed for the 1D TiO2 

sample synthesized at 120oC and 5 M NaOH.  The bandgap energy increased to approximate 

3.297±0.005 eV when the temperature was increased to approximate 170oC. However, high 

NaOH concentrations reaching up to 10 M and 15 M along with a relative high temperature set at 

190oC contributed to decreasing the bandgap energy (ranging from 3.20±0.01 to 3.23±0.01 eV). 

Interaction between temperature and TiO2 concentration (Figure 4c and Figure 4d) is a strong 

indication that variations in the TiO2 concentration under consideration did not affect the 

bandgap energy.  However, the temperature alone affected the bandgap energy at all the TiO2 

concentrations under consideration.  Relative high temperatures (≥ 170oC) (Figure 4c and 

Figure 4d) were associated with decreasing the bandgap (3.20±0.01 to 3.27±0.01 eV). 

Interaction between NaOH and TiO2 concentrations (Figure 4e and Figure 4f) confirmed that the 

TiO2 concentration did not affect the bandgap energy and the phase structure. When the 

temperature was set at 150oC (Figure 4c and Figure 4d), the bandgap energy varied between 
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3.27±0.01 to 3.297±0.005 eV along with variation in the TiO2 concentration and NaOH 

concentration. 

 

3.4.Response model verification, optimization and validation 

     The regression coefficient R2 value for the bandgap energy model was 0.936. The R2 value 

indicates the bandgap values predicted using the model correlated reasonably well with the 

experimental data. A scatter plot of the experimental values versus the predicted values 

calculated using the model equation illustrates a reasonable correlation at each level (Figure 5a). 

Evaluating the adequacy of fit between the model and the experimental data was conducted using 

the the Anderson-Darling (AD) statistic (Figure 5b) [34]. The AD statistic was 0.488 for the Eg 

model.  This value which is less than the critical AD value of 0.735 for a sample size of 45 at a 5% 

level of significance suggest the residuals p-value of 0.213 (> the critical value of 0.05)  was able 

to meet the normal distribution requirement.   

     The D-optimality was used to establish the region of maximum and minimum response 

(bandgap energy).  Within the factor space under consideration, the D-optimality value can vary 

from 0 (completely undesirable) to 1 (completely desirable) using the numerical optimization 

function in the Minitab® software.  Values for temperature, NaOH and TiO2 concentrations at the 

maximum and minimum bandgap energy values were identified at the largest D-optimality index 

(Figure 6).  A maximum bandgap energy of 3.31 eV was obtained at a D-optimality value of 

0.874 under conditions set at 150oC, 12 M NaOH and 14 g L-1 TiO2. In comparison, a minimum 

bandgap energy of 3.05 eV was predicted at a D-optimality value of 0.854 at 120oC, 5 M NaOH 

and 63 g L-1 TiO2.  Validating the model predicted maximum and minimum bandgap values 

under the optimized hydrothermal conditions revealed experimental maximum and minimum 
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bandgap energy of 3.305±0.004 eV and 3.044±0.002 eV, respectively. The experimental band 

gap values were slightly underestimated when compared to the values predicted by the model.  

     The accuracy of the model within the experimental factors under consideration was examined 

by conducting three additional experiments. The experimental results together with the predicted 

values were obtained by varying a single factor (Figure 7). The model predicted values were 

close to the experimental values for the temperature ranging from 120oC to 190oC (Figure 7a), 

although the model predicted bandgap values were slightly overestimated at 150oC. For the 

NaOH concentration, the predicted values were comparable to the experimental points with a 

slight overestimate at 5 M NaOH and a slight underestimate at 15 M NaOH (Figure 7b). For the 

TiO2 concentration, the model predicted values were comparable to the observed values with a 

slightly overestimate at 43 g L-1 TiO2 (Figure 7c). Notably, the model predicted trend for varying 

each factor were close to the experimental observations.  

 

3.5. Phase structure analysis 

      Evaluating the impact of the crystal phase structure on the bandgap energy was performed 

using XRD.  The XRD patterns (Figure 8a) for selected BBD samples #1, #2 and #6 and the 

phase structure for all the samples are listed in Table 4.  The anatase [35], rutile [20,30] and 

TiO2-B [17,36] phases were detected in selected samples with the anatase phase observed in all 

the 1D TiO2 samples. Sample #2, #3, #5, #7, #9, #10, #11, #12, #13, #14 and #15 consisted of 

pure anatase with bandgap energy ranging from 3.26±0.01 to 3.297±0.005eV. The biphasic 

anatase-rutile structure dominated the 1D TiO2 sample #1 while the biphasic anatase-TiO2-B was 

dominant in sample #4, #6 and #8. This difference in phase change is also shown in Figure 4 

illustrate the impact of the hydrothermal synthesis factors affecting the phase structure and 
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bandgap energy. Temperature and NaOH concentration were significant factors affecting the 1D 

TiO2 phase structure. At a relative lower temperature (120oC) and a low NaOH concentration (5 

M), a bi-phasic anatase-rutile structure was observed in sample #1.  Sample #1 was the only 

experimental design condition with the same biphasic anatase-rutile structure as TiO2 NPs (P25) 

[30,37,38]. The relative low bandgap energy (3.07±0.01 eV) for the bi-phasic anatase-rutile 

structure is attributed to rutile which has a relative narrow bandgap energy of 3.0 eV [20,39]. 

Increasing the temperature and NaOH concentration resulted in the production of a pure anatase 

structure with a relative high bandgap energy value (3.26±0.01 - 3.297±0.005 eV). When the 

temperature was set at 190oC with the NaOH concentration at 10 M or 15 M, the TiO2-B phase 

(3.20 eV) was predominant in samples #4, #6 and #8 together with a small quantity of the 

anatase phase. The existence of TiO2-B lowered the bandgap energy range from 3.20±0.01 to 

3.23±0.01 eV, since TiO2-B has a bandgap energy of 3.20 eV [17,40]. A few studies have shown 

existence of the TiO2-B phase when using temperatures and a NaOH concentration of 150-190oC 

and 10 M, respectively [18,40].  

       Photoluminescence studies (Figure 8b) for selected samples and the control (TiO2 NPs) 

further demonstrated that the phase structure had a fundamental effect on the bandgap energy. 

All the samples showing a peak at 3.4 eV was due to the anatase fundamental band-to-band 

transition [41-43].  The tail from 3.1 to 3.4 eV in addition to the peak at 3.4 eV is assigned to the 

exciton trapped at shallow level defects for sample #15 [41,42].  However, the biphasic anatase-

rutile (samples #1 and commercial TiO2 NPs) and biphasic anatase-TiO2-B (such as samples #4) 

showed a broader peak with a tail from 2.9 to 3.4 eV in addition to the anatase peak at 3.4 eV 

when compared to pure anatase (#15). This long tail is attributed to the lower band-to-band 
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transition of rutile and TiO2-B crystal phase [44]. The band from 2.4 to 2.6 eV is due to the 

oxygen vacancies which behaved as the centers for indirect recombination [42]. 

 

3.6. Crystal size and BET SSA 

      The mean crystal sizes (L, nm) for sample #1-15 (Table 5) were calculated using Scherrer 

equation (Equation 3) and XRD data (data not shown). 

 

L=Kλ/β.cosθ [45]                             (3) 

where K, λ and β represent the shape factor (0.89), the wavelength of XRD radiation (0.154 nm) 

and the half maximum of a full peak, respectively.  

 

The main effect of hydrothermal synthesis factors on the mean crystal size are shown in 

Figure 9a. The synthesis temperature and NaOH concentration significantly affected the crystal 

size, whereas, the TiO2 precursor concentration did not impact the crystal size.  Decreasing 

crystal size was closely linked with lower temperatures and lower NaOH concentrations. 

Increasing the hydrothermal temperature from 120oC to 190oC or NaOH concentration from 5 M 

to 15 M resulted in an increase in mean 1D TiO2 crystal size from 10 nm to 60 nm. The 

interaction plots (Figure 9b) indicate a similar pattern as shown in the main effect plot. This 

observation  is consistent with work reported by Bavykin et al. [8] 

     The BET SSA for all the BBD samples, the main effects and interaction plots of the three 

hydrothermal synthesis factors on the mean BET SSA are shown in Table 5 and Figure 10, 

respectively.  The data trend in Figure 10 for the BET SAA contrasts the trend for the mean 

crystal size data shown in Figure 9, since the high BET SSA was closely linked to the small 
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crystal size for the 1D TiO2 nanostructure.  Increasing the BET SSA was closely correlated with 

decreasing temperatures and decreasing NaOH concentration. The highest BET SSA was 181±5 

m2 g-1 for 1D TiO2 sample #1 synthesized at 120oC, 5 M NaOH and 43 g L-1 while the lowest 

BET SSA was observed for sample #4 synthesized at 190oC, 15 M NaOH and 43 g L-1 TiO2. The 

TiO2 concentration did not impact the BET SSA.  The interaction plots (Figure 10b) indicate a 

similar pattern as shown in the main effect plot.  A larger BET SSA value was observed with 

decreasing temperatures as well as decreasing the NaOH concentration. 

 

3.7. Effects of crystal size and SSA on 1D TiO2 bandgap energy 

     Interaction between temperature and the NaOH concentration on bandgap energy, mean 

crystal size and BET SSA is shown in Figure 11.  The trend for bandgap energy was relatively 

the same as that for BET SSA, whereas an opposite trend was observed for the mean crystal size. 

One exception observed at 120oC and 5 M NaOH was a biphasic anatase-rutile structure with the 

lowest bandgap energy of 3.07±0.01 eV. This exception is due to difference in the phase 

structure.  For the 1D anatase TiO2 samples synthesized at 150oC , the decrease in mean crystal 

size which was observed from 21 nm to 18 nm (an increase in BET SSA) resulted in increasing 

the bandgap energy from 3.26±0.01 eV to 3.297±0.005 eV. This bandgap increase is due to the 

size quantization effect [10,21]. Smaller crystal size was closely linked to a larger bandgap 

energy according to size quantization effect [10,21].  From the Figure 11, the mean bandgap 

energy, E (eV), is: 

E =  3.4188 −  0.00727 × L         (18 ≤ L ≤ 21 and T = 150 𝐶𝑜 )                  (4) 

Where L (nm) is the mean crystal sizes and T is temperature. In addition, the 1D TiO2 

synthesized at 190oC further demonstrated that decreasing the crystal size from 58 to 21 nm 
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(increasing the BET SSA from 40 to 140 m2 g-1) was closely correlated with increasing the 

bandgap energy from 3.20±0.01 to 3.26±0.03 eV. The mean bandgap energy, E (ev), is 

E = 3.307 − 0.00178 × L              (21 ≤ L ≤ 58 and T = 190 𝐶𝑜 )                 (5) 

Where L (nm) is the mean crystal sizes and T is temperature. 

 

4. Conclusion 

A statistical model was developed to evaluate the effects of the hydrothermal synthesis factors 

on the 1D TiO2 bandgap energy. The AD statistic indicated an adequate fit of the statistical 

model to the experimental data. The model predicted optimized hydrothermal conditions for 

maximum and minimum bandgap energy. The temperature and NaOH concentration 

significantly affected the 1D TiO2 bandgap energy, phase, crystal size and SSA, whereas the 

TiO2 concentraction effect was negilible. The phase structure was the main reason for changes in 

bandgap energy.  When compared to pure anatase, a decreasing bandgap energy trend was 

observed for the biphasic anatase-rutile and anatase-TiO2-B structures. In addition, correlation 

between decreasing the crystal size (increasing the SSA) with  increasing bandgap energy was 

due to the size quantization effect. The statistical model developed in this study can be used to 

guide the production of 1D TiO2 with controllable bandgap energy, phase, mean crystal size and 

BET SSA. 
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Figure 1: 1D TiO2 SEM images for (a) sample #1 synthesized at 120oC, 5 M NaOH and 43 g·L-1 

and (b) sample #6 synthesized at 190oC, 10 M and 14 g·L-1. 
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Figure 2: Diffuse reflectance UV-Visible spectroscopy and akmhv)1/2 versus absorbed energy 

profiles for Sample #1 (120oC using 5 M NaOH and 43 g·L-1 TiO2 nanoparticles) and TiO2 

nanoparticles.   (a) Diffuse reflectance UV-Visible spectroscopy data (b) akmhv)1/2 versus 

absorbed energy profiles. 
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Figure 3: Three-level Box-Behnken design (BBD) plots for: (a) Main effects for bandgap energy 

and (b) Two-factor effects for bandgap energy.  

Note: T, NaOH and TiO2 represent temperature, NaOH concentration and TiO2 concentration, 

respectively.  
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Figure 4: Bandgap energy response surface and contour plots for various factors: (a) and (b) 

Hydrothermal temperature and NaOH concentration with a TiO2 concentration at 43 g·L-1; (c) 

and (d) Hydrothermal temperature and TiO2 concentration with a  NaOH concentration at 10 M; 

and (e) and (f) NaOH concentration and TiO2 concentration with a temperature at 150oC. 

Note: A, R and B represent anatase, rutile and TiO2-B, respectively. 
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Figure 5: Evaluating the accuracy of the response surface model. (a) Scatter plot of the bandgap 

energy values versus the experimental order (45 experiments); (b) Anderson-Darling normality 

plot of residuals. 

Notes: 1. N = the number of experiments that was conducted in this study; 2. P-Value = level of 

confidence; 3. AD = Anderson-Darling statistic. 
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Figure 6: Optimality plot to locate optimum factor levels for (a) maximized response bandgap Eg 

and (b) minimized bandgap Eg. 
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Figure 7: Validation study of the response surface model for the different factors under 

consideration. (a) Bandgap energy versus temperature at experimental condition set at 5 M 

NaOH and 43 g·L-1 TiO2 concentration; (b) Bandgap energy versus NaOH concentration at 

experimental condition set at 150oC and 43 g·L-1 TiO2; (c) Bandgap energy versus TiO2 mass at 

experimental condition set at 150oC and 5 M NaOH. 
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Figure 8: XRD and photoluminescence spectra for selected BBD samples. (a). XRD pattern for 

samples #1, #2, and #6, (b). Photoluminescence spectra for samples #1, #4, #15 and TiO2 

nanoparticles (NPs) excited at 300 nm (4.13 eV). 

Notes: 1. Synthesis parameter details are listed in Table 2; 2. The A(101) peak is positioned on 

the shoulder; 3. A, R and B represent anatase, rutile and TiO2-B, respectively. 
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Figure 9: Main effects (a) and interaction (b) plots for mean crystal size (nm). 

Note: T = temperature; NaOH = NaOH concentration and TiO2 = TiO2 concentration. 
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Figure 10: Main effects (a) and interaction (b) plots for mean BET SSA (m2·g-1). 

Note: T = temperature; NaOH = NaOH concentration and TiO2 = TiO2 concentration. 
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Figure 11: Interaction between temperature and NaOH concentration on (a) bandgap energy, (b) 

mean crystal size (L) and (c) BET SSA. 

Note: 1. L, T and NaOH represent mean crystal size, temperature and NaOH concentration, 

respectively. 
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Table 1: Three selected factors and three levels. 

Level Factors 

  
Temperature 

(oC) 

NaOH 

concentration 

(M) 

TiO2 

concentration 

(g L-1) 

-1 120 5 14 

0 150 10 43 

1 190 15 100 

 

 

Table 2: Design matrix for experimental factors and responses of bandgap energy Eg at different 

factor levels. 

Expt. # 

Factors 

Bandgap energy Eg (eV) T 

(oC)  NaOH (M) 

(X2) 

TiO2 (g L-1) 

(X3) 
(X1) Eg1 Eg2 Eg3 MeanSD, Eg 

1 120 5 43 3.07 3.06 3.07 3.067±0.006 

2 190 5 43 3.27 3.27 3.28 3.273±0.006 

3 120 15 43 3.25 3.26 3.26 3.257±0.006 

4 190 15 43 3.21 3.2 3.22 3.210±0.010 

5 120 10 14 3.29 3.29 3.3 3.293±0.006 

6 190 10 14 3.2 3.2 3.21 3.203±0.006 

7 120 10 100 3.27 3.26 3.26 3.263±0.006 

8 190 10 100 3.23 3.22 3.23 3.227±0.006 

9 150 5 14 3.3 3.3 3.29 3.297±0.006 

10 150 15 14 3.27 3.27 3.27 3.270±0.000 

11 150 5 100 3.27 3.26 3.27 3.267±0.006 

12 150 15 100 3.26 3.27 3.28 3.270±0.010 

13 150 10 43 3.27 3.28 3.28 3.277±0.006 

14 150 10 43 3.28 3.29 3.28 3.283±0.006 

15 150 10 43 3.29 3.29 3.29 3.290±0.000 

Notes:  

1. Expt. # represents one experimental condition. 
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2. T, NaOH and TiO2 represents temperature, NaOH concentration and TiO2 concentration, 

respectively. 

3. Eg represents bandgap energy. Eg1, Eg2 and Eg3 are replicates results for Eg 

4. 4. SD = Standard deviation 

 

 

Table 2: ANOVA results of the experimental response at each factor level. 

Source DF1 
Seq. 

SS2 
MS3 

F-

value 

p-

value 

Model 9 0.09347 0.01039 6.97 0 

X1 1 0.00035 0.00035 0.23 0 

X2 1 0.00206 0.00206 1.39 0.001 

X3 1 0.00029 0.00029 0.2 0.62 

 

  
 

1 0.03601 0.03601 24.18 0 

  1 0.00742 0.00742 4.98 0.146 

  3 0.00365 0.00365 2.45 0.255 

X1X2 1 0.04115 0.04115 27.63 0 

X1X3 1 0.00015 0.00015 0.1 0.046 

X2X3 1 0.00001 0.00001 0 0.007 

Error 35 0.05216 0.00008     

Total 44 0.14559       

Notes: 1. DF = degrees of freedom, 2. Seq. SS = sequential sum of square, 3. MS=mean square. 

X1 = Temperature; X2 = NaOH concentration; X3 = TiO2 concentration. 
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Table 4: Phase structures and corresponding bandgap energies for all BBD samples 

Sample #  Phase Bandgap energy (eV) 

2, 3, 5, 7 and 9-15 Anatase 3.26±0.01 - 3.297±0.005 

1 Anatase and rutile 3.07±0.01 

4, 6, 8 
Anatase and TiO2-

B 
3.20±0.01 - 3.23±0.01 

 

 

Table 5: Design matrix for experimental factors and responses of mean crystal size and BET 

SSA at different factor levels. 

Expt. 

#a 

Factorsb   

T (oC) 
NaOH 

(M) 

TiO2 

(g L-

1) 
Mean crystal 

size L (nm) 

BET 

SSA (m2 

g-1)c 
(X1) (X2) (X3) 

1 120 5 43 9.3 181 ± 5 

2 190 5 43 21.4 123 ± 5 

3 120 15 43 19.8 73 ± 3 

4 190 15 43 57.2 36 ± 3 

5 120 10 14 18.2 145 ± 5 

6 190 10 14 46.3 72 ± 3 

7 120 10 100 16.6 149 ± 5 

8 190 10 100 49.2 39 ± 3 

9 150 5 14 18.9 172 ± 5 

10 150 15 14 57.3 60 ± 3 

11 150 5 100 21.1 139 ± 4 

12 150 15 100 18.8 137 ± 5 

13 150 10 43 19.5 150 ± 4 

14 150 10 43 21.7 151 ± 5 

15 150 10 43 17.8 148 ± 5 

Notes: a Expt. # represents one experimental condition; b T, NaOH and TiO2 represents 

temperature, NaOH concentration and TiO2 concentration, respectively; crepresents the mean 

and standard deviation. 

ACCEPTED M
ANUSCRIP

T


