Next Materials 2 (2024) 100061

Contents lists available at ScienceDirect

Next Materials

journal homepage: www.sciencedirect.com/journal/next-materials

ELSEVIER

Check for

Optimization of anodizing parameters for the morphological properties of  [%&s"
TiO2 nanotubes based on response surface methodology

Md. Arif Hossen ", Azrina Abd Aziz*“", Riyadh Ramadhan Ikreedeegh ¢,
Aamina Din Muhammad ?, Nurashikin Yaacof?® Kah Hon Leong', Lihua Wu ®

& Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, 26300 Kuantan, Pahang, Malaysia

b Center for Environmental Science & Engineering Research (CESER), Chittagong University of Engineering & Technology, 4349 Chattogram, Bangladesh

¢ Center for Advanced Intelligent Materials, Universiti Malaysia Pahang Al-Sultan Abdullah, 26300 Kuantan, Pahang, Malaysia

4 Department of Analysis and Quality Control, Sarir Oil Refinery, Arabian Gulf Oil Company, P.O. Box 263, Benghazi, Libya

¢ Libyan Advanced Center for Chemical Analysis, Tripoli, P.O. Box 80851, Libya

f Department of Environmental Engineering, Faculty of Engineering and Green Technology, Universiti Tunku Abdul Rahman, 31900 Kampar, Perak, Malaysia
8 Kuantan Sunny Scientific Collaboration Sdn. Bhd., Jalan Imbi, 55100 Kuala Lumpur, Malaysia

ARTICLE INFO ABSTRACT

Keywords:

Titania nanotubes
Anodic oxidation
Morphology

RSM

Anodization parameters

TiO5 nanotube (TNT) morphology is crucial for applications in a variety of fields. In this paper, response surface
methodology (RSM) has been utilized to optimize the anodizing parameters i.e., electrolyte concentration (C),
anodization voltage (V), and time (t) for morphology (e.g., nanotube diameter and length) of TNTs. Ethylene
glycol (EG) based electrolyte has been used for anodization employing ammonium fluoride (NH4F) as a source of
fluoride ion (F7) with 2.5 vol% H2O. Reliable regression models have been developed between the input variables
and the corresponding responses, namely tube diameter and length with multiple regression coefficients of
0.9649 and 0.9253, respectively, revealing a trustworthy association between the actual and those predicted
values using the quadratic model. The predicted values of C (0.31 wt%), V (38.44 V), and t (69.37 min) were
found to be the optimum anodization condition preceding a TiO, nanotubes diameter of 99.31 nm and length of
4572.64 nm. It was observed that the nanotubes diameter and length are more affected by anodizing voltage and
time, and less sensitive to NH4F concentration. Therefore, RMS could be an appropriate technique to optimize
anodizing parameters for producing TiO2 nanotubes with good morphology.

fabricate highly organized TiO, nanotubular structures such as
template-assisted technique, solvothermal treatment, hydrothermal

1. Introduction

Titanium dioxide (TiO2) nanotube arrays have attracted great in-
terest since they were discovered in 1984 by Assefpour-Dezfuly and co-
workers [1]. Generally, TiO2-based nanomaterials are known for their
availability, non-toxicity, low cost, corrosion resistance, strong redox
ability, and high chemical and thermal stability [2-6]. Compared to
their bulk counterparts, the one-dimensional (1-D) highly ordered TiO,
nanotube arrays (TNTs) possess unique architectural properties due to
their high surface-to-volume ratios which facilitate the flow of electrons
among the nanotube walls and offer more scattering and trapping of
light [7-9]. Therefore, the TNTs have been widely used in many appli-
cations including photocatalysis [10-13], gas sensing [14,15], solar cells
[16,17], and biomedical devices [18-20].

There are several synthetic approaches that could be used to

treatment, and electrochemical anodization [21]. Among all these syn-
thesis methods, the electrochemical anodization using an ethylene gly-
col/ammonium fluoride electrolyte is considered the most commonly
adapted route due to its simplicity, low cost, versatility, and good
controllability over morphology [22,23]. The TNTs performance in their
different applications is greatly dependent on the surface area of the
nanotubes which can be increased by modifying the morphologies of
these nanotubes. However, there are some factors that can greatly in-
fluence the morphology, especially the diameter and length of TiOs
nanotubes. These factors include the three main operating parameters of
electrolyte concentration, anodization voltage, and anodization time
[23-25].

Hitherto, a substantial number of studies have been conducted on the
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Table 1
Control variables and their respective levels.
Control variables Coded Levels
bol
Symbo's Low Mid High +a
-1 (O] @D
NH4F conc. (wt X3 0.23 0.3 0.4 0.5 0.57
%)
Anodization Xy 6.36 20 40 60 73.65
voltage (V)
Anodization time X3 19.20 60 120 180 220.90
(min.)
Table 2

Central composite design parameters and results for the response variables
nanotubes inner diameter (D) and length (L).

Run Experimental variables Response variables
No. Concentration Voltage Time Diameter Length
X1) (X2) X3) (nm) (nm)

01 0.4 40 120 110.9 5614.2
02 0.4 40 120 115.8 6123.8
03 0.3 60 180 30.1 3201.4
04 0.57 40 120 91.3 4191.6
05 0.3 20 60 31.8 1962.8
06 0.4 40 120 108.7 5321.6
07 0.5 20 180 49.3 4281.7
08 0.23 40 120 98.7 4239.2
09 0.4 73.65 120 42.6 3707.8
10 0.5 60 60 98.4 4844.6
11 0.3 20 180 52.3 3931.8
12 0.4 40 120 110.4 5529.3
13 0.4 40 120 112.6 5838.4
14 0.3 60 60 102.4 5281.3
15 0.5 20 60 41.2 1523.5
16 0.4 6.36 120 20.3 1123.5
17 0.4 40 120 108.8 5291.7
18 0.4 40 220.90 52.8 5541.5
19 0.4 40 19.10 80.8 3426.7
20 0.5 60 180 32.7 3027.2

influence of anodization parameters on the growth of TiO, nanotubes
[24-28]. In 2018, Ozkan and coworkers [24] investigated the influence
of the anodization parameters (applied voltage, composition of elec-
trolyte, anodization time, and temperature) on the TiO, nanotube for-
mation and tube-to-tube spacing. It was found that the TNT morphology
changes from porous to spaced tubular layers at higher voltages. On the
other hand, it was observed that the temperature and water content have
an inverse relation with the tube-to-tube spacing. Tesler et al. [25] have
similarly examined the effect of anodization parameters on the TiOy
nanotube morphology. It was revealed that the nanotubes (NTs) diam-
eter and thickness increase with increasing the applied potential while
the variation of other parameters (composition of electrolyte and
anodization temperature) have no influence on the diameter of the
tubes. However, it was observed that the tube length increases with the
increase of applied potential, anodization temperature, and time. In
general, well-organized longer nanotubes with larger diameters are
highly preferred for applications in a variety of fields.

It is well established that controlling the anodization parameters is
the key to modifying the TNTs morphology and properties. However,
examining all these parameters in detail requires consuming large
amounts of raw materials and time. Moreover, each parameter does not
act independently during the anodization process making it difficult to
understand its distinct effect on the output. Response surface method-
ology (RSM) is one of the best available experimental designs that can be
used to effectively investigate the effects of multiple independent vari-
ables and determine the optimal operating parameters [29-31]. Up to
date, there is only a limited number of reported studies using the RSM
technique for optimizing experiments of anodizing Ti alloys for different
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industrial applications and purposes [32-34]. Therefore, implementa-
tion of RSM is highly required for developing optimum anodization
parameters that affect the morphology of TiO5 nanotube arrays.

In this study, the RSM technique is employed for optimizing the
anodizing parameters in order to achieve the desired morphology of
TiO4 nanotubes (TNTs). The investigated parameters are the electrolyte
concentration (C), anodization voltage (V), and anodization time (t).
Ethylene glycol (EG) with 2.5 vol% H»0 was utilized as an electrolyte by
varying the concentration of ammonium fluoride (NH4F). The TNT
morphology and crystalline structure were monitored using Field
Emission Scanning Electron Microscopy (FESEM) X-ray diffraction
(XRD) analyses. This study provides new insights for producing highly
efficient TiO2 nanotubes (TNTs) with suitable morphology for possible
applications in various environmental and energy fields.

2. Experimental procedures
2.1. Fabrication of TNTs

To fabricate TiO, nanotubes cost-effective and easily controllable
electrochemical anodization method was employed in this study.
Commercially available titanium (Ti) foil (purity 99.5%) of 0.2 mm
thickness was purchased from Sigma-Aldrich company and cut into
desired dimensions (25 mm x 20 mm) to utilize as a substrate during the
anodization process. Prior to the experiment, Ti foils were cleaned ul-
trasonically using acetone (C3HgO), ethyl alcohol (CaHgO), and deion-
ized water (DI) for 15 min, respectively. After ultrasonication, the
specimens were etched in a solution comprising of HNO3, HF, and DI
water in a volume ratio of 1:1:3 for about 20 s, to clean the surface from
impurities and remove the inherent oxide layer, finally rinsed with DI
water and dried naturally in air. The anodization process was conducted
under a direct power supply using a two-electrode reactor, with the Ti
foil as anode and graphite as cathode maintaining a spacing of 2 cm
between each electrode. Ethylene glycol (EG) based electrolyte has been
used throughout the experiment taking ammonium fluoride (NH4F) as a
source of fluoride ion (F~) with 2.5 vol% H5O. The Pt-PTFE electrode
holder has been employed to hold and place the electrodes inside the
solution. The electrolyte solution was stirred for homogenous dissolu-
tion using a magnetic stirrer and kept at room temperature during the
anodization process. The range of anodizing parameters is tabulated in
Table 1. Herein, two-step anodization was followed. In the first step,
anodization was carried out for 30 min, and then as-formed TNT layers
were ultrasonically rinsed in the DI water for 10 min to remove the
initial layer. The previous samples were used for the second step of
anodization using identical conditions as the first step. Finally, the
anodized samples were rinsed with DI water and dried in the atmosphere
following annealing at 500 °C for 2 h prior to further analysis.

2.2. Analysis methods

The morphology of the TNT surface has been monitored by Field
Emission Scanning Electron Microscopy (FESEM, JSM-7800 F), fur-
nished with an energy dispersive X-ray spectroscopy (EDX) for
elemental analysis. To capture pictures, a 5.0 kV accelerating voltage
was applied. The identification of phase and crystal planes of the
attained TiOy nanotubes was determined by X-ray diffraction (XRD)
using a PANalytical brand and X'Pert® Powder model diffractometer (Cu
anode, A = 0.15418 nm) over the 20 range (3-150°), with an Inorganic
Crystal Structure Database (ICSD).

2.3. Design of experiments (DoE)

The anodizing parameters to form TiOy nanotubes were optimized
using RSM in central composite design (CCD). CCD has been employed
to study the effects of NH4F concentrations (wt%), anodization voltage
(V), and time (min.) on nanotubes diameter (nm) and length (nm). The



Md.A. Hossen et al.

_‘
1000 nm

Next Materials 2 (2024) 100061

16
Average diameter = 110.9 = 11.6 nm
14
12
>
g 10
Y
= 8
: \
; 6
74
2

100 110 120 130 140 150
Inner Diameter (nm)

Average length =5614.2+ 233.7 nm

=

\5<=
S

Frequency
N x 5

—

’ [ ]
0

4800 5000 5200 5400 5600 5800 6000
Length (nm)

Fig. 1. FESEM images histogram diagram at central anodizing parameters (0.4 wt% NH4F, 40 V and 120 min) (a) Top view and (b) Cross-sectional view.
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Fig. 2. XRD pattern of Ti-substrate, Unannealed TiO, nanotubes, and TiO,
nanotubes annealed at 500 °C for 2 h.

variables were generated and examined using the Design Expert soft-
ware (version SE360). Following Eq. (1), a total of 20 treatments were
selected, including six (06) axial points, eight (08) factorial points, and
six (06) central points. Where n. (= 6) refers to the number of repetitions
of treatment performed at the center and k (= 3) the number of treat-
ment components. The actual and coded levels of variables are listed in
Table 1.

N =2 42k+n, (¢}
_ (ZO - ZC)

7= @

Y =B+ > BXit Y BXE+ D BXX &)

Actual levels of independent variables were coded in accordance
with Eq. (2), where Z and Z, represent actual and coded levels of

independent variables, respectively. AZ stands for step change while Z¢
denotes actual value at the central point. The experimental variables and
response variables are summarized in Table 2. The mathematical asso-
ciation between the input variables and the resulting responses was
developed by fitting the experimental data to a second-order polynomial
as follows Eq. (3). Where Y stands for the response variable, f, the
constant, and f;, f; and pj are the linear, quadratic and interactive co-
efficients respectively; X; and X; represent the independent variables.
Moreover, the same software (Design Expert) was adopted for the
multiple regression analysis and analysis of variance (ANOVA).

3. Results and discussion
3.1. Characteristics of anodized TNTs

To present the morphology of as-prepared TiO nanotubes, a central
combination of anodizing parameters was chosen (0.4 wt% NH4F, 40 V,
and 120 min). Fig. 1 displays the FESEM images of TNTs with a histo-
gram diagram. The image exhibits open-mouth tube morphology with a
tube opening 0f 110.9 + 11.6 nm and a 5614.2 + 233.7 nm tube length.
The morphology attained in this study is consistent with the previous
study conducted by Ribeiro and coworkers [35]. The XRD patterns of the
anodized TNT samples (unannealed and annealed) and the unprocessed
Ti substrate are demonstrated in Fig. 2. Ti metal peaks are the sole phase
that may be seen in the XRD pattern of the Ti substrate. These peaks may
also be seen in the XRD patterns of the unannealed TNTs, indicating that
they are amorphous at this stage [36-38]. This amorphous phase is
changed into the anatase phase by thermally treating it at 500 °C for two
hours. The formation of the anatase phase is confirmed by the XRD
analysis of the annealed samples (Fig. 2). The 20 peaks at 25.3°, 37.7°,
48.0°, 53.7°, 55.0°, and 62.9° are attributed to the planes (101), (004),
(200), (105), and (211) belong exclusively to the anatase phase [39,40].

3.2. Effect of independent variables on diameter of TNTs

The effect of electrolyte concentration (NH4F, wt%), anodization
voltage, and time were selected in order to examine the effects on
nanotube diameter and length. To correlate the input variables and
corresponding responses, a central composite design was utilized. In the
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Table 3
ANOVA results of the response surface quadratic model for the diameter of TNTs.
Source Sum of squares DoF Mean square F-value p-value Comments
Model 22,161.91 9 2462.43 59.04 < 0.0001 Significant
X;-NH4F Conc. 4.06 1 4.06 0.0973 0.7615
Xo-Voltage 1171.81 1 1171.81 28.09 0.0003
X3-Time 1793.18 1 1793.18 42.99 < 0.0001
X1Xo 7.60 1 7.60 0.1823 0.6784
X1X3 4.20 1 4.20 0.1008 0.7574
XoX3 3469.44 1 3469.44 83.18 < 0.0001
X2 739.49 1 739.49 17.73 0.0018
x2 12,653.61 1 12,653.61 303.37 < 0.0001
X3 4230.55 1 4230.55 101.43 < 0.0001
Residual 417.10 10 41.71
Lack of Fit 381.24 5 76.25 10.63 0.107 Not Significant
Pure Error 35.86 5 7.17
Cor Total 22,579.01 19

Note: p < 0.01 highly significant; 0.01 < p < 0.05 significant; p > 0.05 not significant.
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Fig. 3. Correlation between predicted and actual values of response for (a) nanotubes diameter and (b) nanotubes length.

Table 4
Evaluated regression coefficient values, standard error and 95% CI for the final
regression model of the nanotube diameter (D).

Factor Coefficients (Coded Standard 95% CI 95% CI
factors) error Low High
Intercept (Bo) +111.42 2.63 105.55 117.29
X;-NH4F Conc. -0.5452 1.75 -4.44 3.35
(B1)
Xo-Voltage (B2) +9.26 1.75 5.37 13.16
X3-Time (B3) -11.46 1.75 -15.35 -7.56
X1X2 (B12) -0.9750 2.28 -6.06 4.11
X1X3 (p13) -0.7250 2.28 -5.81 4.36
XoX3 (P23) -20.82 2.28 -25.91 -15.74
X? (B11) -7.16 1.70 -10.95 -3.37
X3 (B22) -29.63 1.70 -33.42 -25.84
X3 (Bs3) -17.13 1.70 -20.92 -13.34
Adjusted R? 0.9649
Predicted R? 0.8666
Adequate 21.76
Precision

present study, 20 optimal runs were suggested by DoE, involving the
fewest number of experiments possible for each combination of inde-
pendent variables. The collected data were analyzed using the ANOVA
analysis at a confidence level of 95%. The outcomes achieved by ANOVA

for the dependent variable nanotubes diameter, are mentioned in
Table 3. The analysis of ANOVA recommended a quadratic polynomial
model to fit the experimental data with nanotube diameter. The value of
F appeared to be 59.04 from the analysis, and the generated model’s
lowered p-value (< 0.0001) confirms the validity and accuracy of the
model. The F value in statistics is the variance of the group means,
whereas the p-value is a probability. Higher F-values and lower p-values
signify a very significant impact on the response variable [31,41]. It is
evident from the ANOVA table, that the variables X;, XX, and X;X3
have no significant influence on the model. Non-significant lack of fit
(p < 0.05) for all examined variables also signifies the precision of the
statistical model [42,43]. Closer to the unity coefficient of determination
(Rz) value indicates a better fitting of the model to actual data and
predicted data [29,31,44]. In the present study, the R? value of 0.9815
for responses of nanotube diameter illustrates that the effect of actual
values on predicted values could be described adequately using a
quadratic model (Fig. 3a).

The regression analysis is one of the well-known approaches to
compare the proposed model with the anticipated responses [45,46]. To
fit the response function of nanotube diameter on independent vari-
ables, regression analysis was carried out. The regression coefficients
along with standard error and 95% CI for the final regression model of
the nanotube diameter are presented in Table 4. The coefficients of the
proposed model are estimated by the least squares method. The final
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Fig. 4. 3D surface plot and its corresponding contour plot displaying the interactions between the variables affecting the diameter of the nanotubes: (a) NH4F
concentration and anodization voltage (keeping anodization time constant), (b) NH4F concentration and anodization time (keeping anodization voltage constant),

and (c) anodization voltage and time (keeping NH4F concentration constant).

empirical models for nanotubes diameter (nm) in terms of coded factors
after excluding insignificant terms is given in Eq. (4). The multiple
regression coefficient for Eq. (4) (adj. R = 0.9649) was found to be
higher than 0.80, indicating that only 3.51% of the total variation for
nanotubes diameter cannot be explained by the proposed regression
model. The pred. R? of 0.8666 is in reasonable agreement with the adj.
R? of 0.9649; i.e., the difference is less than 0.2. The importance of the
model is demonstrated by the close proximity between the coefficient of
determination (R® = 0.9815) and the adjusted coefficient of determi-
nation (adj. R? = 0.9649) in the present investigation. Signal to noise

ratio (adeq. precision) of 21.76 (>> 4), indicated that the model has a
strong enough signal to be used for optimization.

Nanotubes Diameter (D) = +111.42 +9.26 * X, — 11.46 * X3-20.82 * X, X3 —
7.16 * X7 - 29.63 * X3 — 17.13 * X3 4

To demonstrate the combined effects of the factors on the responses,
response surface plots have been developed for the fitted model as a
function of two independent variables while keeping the third variable
constant. Fig. 4 presents the 3D surface plot and its corresponding
contour plot displaying the interactions between the independent
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Table 5
ANOVA results of the response surface quadratic model for length of TNTs.
Source Sum of squares DoF Mean square F-value p-value Comments
Model 3.930E+07 9 4.367E+06 27.14 < 0.0001 Significant
X;-NH4F Conc. 44,589.43 1 44,589.43 0.2771 0.6101
Xo-Voltage 5.932E+06 1 5.932E+06 36.86 0.0001
X3-Time 1.409E+06 1 1.409E+06 8.76 0.0143
X1Xo 33,995.28 1 33,995.28 0.2113 0.6556
X1X3 1.383E+05 1 1.383E+05 0.8592 0.3758
XoX3 9.298E+06 1 9.298E+06 57.78 < 0.0001
X3 3.805E+06 1 3.805E+06 23.65 0.0007
x2 1.906E+07 1 1.906E+07 118.47 < 0.0001
x3 2.528E+06 1 2.528E+06 15.71 0.0027
Residual 1.609E+06 10 1.609E+05
Lack of Fit 1.103E+06 5 2.205E+05 2.18 0.2067 Not significant
Pure Error 5.066E+05 5 1.013E+05
Cor Total 4.091E+07 19

p < 0.01 highly significant; 0.01 < p < 0.05 significant; p > 0.05 not significant.

Table 6
Evaluated regression coefficient values, standard error and 95% CI for the final
regression model of the nanotube length (L).

Factor Coefficients (Coded Standard 95% CI 95% CI
factors) error Low High
Intercept (Bo) +5622.48 163.61 5257.94 5987.03
X;-NH4F Conc. -57.14 108.55 -299.01 184.73
(1)
Xo-Voltage +659.08 108.55 417.21 900.95
(B2)
X3-Time (B3) +321.20 108.55 79.33 563.06
X1X5 (B12) -65.19 141.83 -381.20 250.82
X1X3 (p13) +131.46 141.83 -184.55 447.47
XoX3 (P23) -1078.06 141.83 -1394.07 -762.05
X3 (B11) -513.87 105.67 -749.32 -278.42
X3 (B22) -1150.18 105.67 -1385.63 -914.73
X% (Bs33) -418.87 105.67 -654.32 -183.42
Adjusted R? 0.9253
Predicted R? 0.7761
Adequate 15.3765
Precision

variables affecting the nanotube diameter. The interactive effects of
NH4F concentration and anodization voltage at a fixed anodization time
of 120 min can be seen in Fig. 4(a). It is evident from Fig. 4(a) that the
nanotube diameter increases slightly with an increase in the NH4F
concentration up to 0.4 wt% and then goes on decreasing with a further
increase in NH4F concentration beyond 0.4 wt%. Consequently, the
diameter of the nanotubes increases continuously with an increase in the
anodization voltage and reaches the highest value of about 115.8 nm at
a voltage of 45.4 V. This is consistent with the study conducted by
Kawamura et al. [47]. After reaching the diameter optimum level then
goes on decreasing gradually with a further increase in voltage beyond
45.4 V. A possible explanation for this effect is that at elevated con-
centrations of NH4F, the formation of closely packed inhomogeneous
nanotubular structures increased, thereby facilitating the reduction of
the NT diameter [25,48,49]. At elevated voltage (above 50 V) tube
length starts to collapse with a less uniform mouth top edge which leads
to the reduction in NTs diameter [50], as shown in Figs. S1-S3. The
interaction effects of anodization time and NH4F concentration on the
diameter of NTs are depicted in Fig. 4(b) while keeping a constant
anodization voltage of 40 V. It can be observed that a similar trend of NT
diameter is followed in Fig. 4(a) due to the changes in NH4F concen-
tration. Overall, the concentration of NH4F does not have a substantial
effect on the average diameter of the NTs; however, the homogeneity of
the structure greatly breaks up, remarkably the wall structure. The
nanotube diameter increases steadily with an increase in the anodization
time. Fig. 4(c) shows the 3D response surface and contour plot of the
combined effect of anodization voltage and time on NTs diameter with

the concentration of NH4F being fixed at zero level (NH4F conc. = 0.4 wt
%). It can be revealed from the plot that both variables have a great
effect on the diameter of NTs. As can be seen from the figure, the
diameter of the NTs increases with the increase in voltage and time and
reaches the maximum value of 115.8 nm near the highest values of both
variables. Initially, there was a sharp increasing trend of diameter for
both variables, which slightly tended to decrease after voltage 50 V and
150 min anodization time. This may be due to the collapse of tubular
structures at elevated voltage and the formation of the nanograss at a
longer anodization time [25,35], please refer to Fig. S3.

3.3. Effect of independent variables on length of TNTs

Table 5 summarizes the results of the ANOVA for the response of
TiOoNTs length. The model’s F-value of 27.14 and p-value of less than
0.0001 imply the significance of the suggested quadratic model. Similar
to the response of NTs diameter, the variables X;, XX and X;X3 have
insignificant influence on the model of NTs length. Non-significant lack
of fit test also supports the accuracy of the model. Fig. 3(b) also shows a
strong correlation (R? = 0.9607) with actual versus predicted variables.
These outcomes demonstrated that the model fitted the data accurately.
The F-value and p-value were used to find regression coefficients,
standard error, and significance of each coefficient, as presented in
Table 6. The length of the NTs can be predicted using the resulting
reduced quadratic polynomial Eq. (5).

Nanotubes Length (L) = + 5622.48 + 659.08 * X, + 321.20 * X3 — 1078.06 *
XoX3 — 513.87 * X7 — 1150.18 * X3 — 418.87 * X3 (5)

The interactive effects of independent variables namely concentra-
tion of NH4F, anodization voltage, and time on the mean length of NTs
are depicted in Fig. 5. Fig. 5(a) shows the combined effect of NH4F
concentration and voltage on the length of NTs being fixed at zero level
(t = 120 min). Both parameters have a quadratic effect on the length of
nanotubes. At a certain level of NH4F concentration and voltage, the
length of NTs increases and after reaching an optimum highest length of
6123.8 nm starts to reduce. The changes in NT length with the variation
of NH4F concentration are not apparent compared to voltage. After
reaching a length of NTs up to 6123.8 nm at voltage 45.2 V, the length
reaches 3027.2 nm at 60 V due to the fast increase in the electrolyte
temperature, which initiates the breakdown event [51]. Fig. 5(b) rep-
resents the interactive effect of NH4F concentration and anodization
time on the mean length of NTs. Similar to Fig. 5(a), the effect of both
parameters is quadratic. The most notable interaction was found be-
tween anodization voltage and time for the response of NTs length at
0.4 wt% NH4F concentration (Fig. 5¢). When anodization is subjected to
a higher voltage for a longer time, the tube mouth leads to the break-up
of larger lengths into smaller ones [50], as illustrated in Fig. S3. The
lengths of the tubes stay the same when an electrochemical equilibrium
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Fig. 5. 3D surface plot and its corresponding contour plot displaying the interactions between the variables affecting the length of the nanotubes: (a) NH4F con-
centration and anodization voltage (keeping anodization time constant), (b) NH4F concentration and anodization time (keeping anodization voltage constant) and (c)

anodization voltage and time (keeping NH4F concentration constant).

Table 7

Predicted and experimental response at optimized conditions.

Optimum conditions Coded levels Actual levels Desirability
NH4F conc. (wt%) -1.00 0.31

Voltage (V) -0.08 38.44 0.82

Time (min.) -0.85 69.37

Response Predicted Experimental

Diameter (nm) 99.31 90.57 + 13.85

Length (nm) 4572.64 4686.68 + 381.92

is reached between chemical dissolution and electrochemical etching of
TiOy [52,53]. Chemical etching occurs on the top walls of the tubes
during a prolonged anodizing process, giving the upper morphology a
nanograss aspect [54]. TiOz NTs bend and collapse at greater rates with
longer anodization times, which results in a nanograss-like appearance
[54,55]. The appearance of this structure thus signifies the completion
of the anodization process.

3.4. Optimized anodizing conditions

The desirability function has been utilized for identifying the
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Fig. 6. TiO, nanotube morphology at optimized anodizing parameters (a) Top view and (b) Cross-sectional view.

optimum conditions. The factor settings that have the highest overall
desirability are selected as the optimum conditions [56,57]. Desirable
goals for optimization of nanotube morphology were set up with a
minimum concentration of NH4F, anodization voltage, and time to
achieve maximum diameter and length of NTs. The optimum concen-
tration of NH4F, anodization voltage, and time were obtained at 0.31 (wt
%), 38.44V, and 69.37 min respectively at 0.82 desirability. The
desirability value close to unity indicates a good prediction of the
optimized model [58]. The optimum parameters revealed through RSM
were subsequently verified by performing the experiment under opti-
mum anodizing conditions. In order to verify the predicted morphology
of NTs, the anodization was carried out in three replications utilizing the
optimum anodizing parameters. At optimum anodizing conditions,
predicted response values for nanotube diameter and length were 99.31
and 4572.64 nm, while the experimental values were found 90.57
+ 13.85 and 4686.68 + 381.92 nm, respectively (Table 7). It has been
observed that the experimental results were found to be in fairly good
conformity with predicted values. Well-organized and vertically aligned
tubes with uniform diameters were obtained at optimized anodizing
parameters as illustrated in Fig. 6. It is worth mentioning that the
optimized values of fluoride concentration, potential, and time are only
valid for the composition of the electrolyte used in the present study. As
soon as the water content changes, or another electrolyte base (glycerol,
diethylene glycol, DMSO, water) is chosen, the values may change.

4. Conclusions

The present study was conducted to optimize anodizing parameters
for getting the desired morphology of TiO nanotubes using the central
composite design of RSM. ANOVA analysis suggested a quadratic poly-
nomial model to be suitable for predicting responses namely nanotubes
diameter and length. The optimum anodizing parameters for the pro-
duction of nanotubes with higher diameter and longer length have been
identified to be 0.31 wt% NH4F concentration, 38.44 V applied poten-
tial, and 69.37 min of anodization time. At optimized anodizing settings,
well-organized, vertically aligned tubes with uniform diameters were
produced. It was observed that the experimental values for the diameter
and length of NTs were in good agreement with model-predicted values

with relatively small standard error. Good prediction of the optimized
model is indicated by the desirability value being near unity.
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