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This study evaluated the simultaneous effects of deposition time, current density,
alcohol type, and TiO: nanoparticle type on porous TiO: film formation and relative
N719 dye loading using response surface methodology. Commercial P25 and P90
nanoparticles were electrophoretically deposited under constant-current conditions
from methanol, ethanol, and isopropanol suspensions. A D-optimal design comprising
27 experiments was used, with deposited mass, film thickness, apparent film density,
and absorbance of desorbed N719 as responses. Two-factor interaction models
described deposited mass and thickness (R?2 = 0.9800 and 0.8914), whereas linear
models fitted film density and N719 absorbance (R? = 0.8559 and 0.7379). Deposition
time significantly affected all responses, while P90 showed higher N719 adsorption.
The model-predicted optimum was 180 s, 2.77 mA c¢cm™, ethanol, and P90, with a
desirability of 0.75. Predicted responses were 0.299 mg deposited mass, 25 um
thickness, 0.024 g cm™ density, and 0.110 N719 absorbance. SEM images of a
representative P25 film revealed a porous structure containing microcracks.
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Table 1: Characteristics of the TiO» nanopowders used in this study.

Particle size (hm) Specific surface area (m? g™) Phase composition

22-35 50+ 15

14 90 +20

70 % anatase / 30% rutile

95 % anatase / 5 % rutile P90
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Table 2: Factors and responses used in the D-optimal design.

40-180 (continuous)
0.5-5 (continuous) mA cm

Methanol, ethanol, isopropanol —

P25, P90 —

Deposition time Factor
Current density Factor
Alcohol type Factor
TiO: grade Factor
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Table 2: Factors and responses used in the D-optimal design.

Measured Total deposited mass Response
Measured pum Film thickness Response
Calculated gcem™ Apparent film density Response
Measured (relative) a.u. N719 absorbance Response
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Table 3: Full D-optimal experimental design and recorded responses.

Current . N719
Run | Time (s) density Alcohol TiO:grade Depoz;ed) mass Thlclr<rr]1)ess Appa;re:ltlg(;nsny absorbance
(mA cm’z) Y G 8 (a.u.)
1 171

Isopropanol 0.258 15.9 0.0156 0.042
2 176 2.3 Ethanol P90 0.309 29.66 0.0136 0.111
3 40 2.75 Ethanol P90 0.184 20.21 0.0055 0.080
4 127 2.3 Isopropanol P25 0.170 13.3 0.0138 0.031
5 90 1.9 Isopropanol P90 0.108 13.71 0.0087 0.106
6 40 5 Ethanol P25 0.116 13.8 0.0107 0.018
7 156 2.5 Methanol P90 0.474 26.26 0.0189 0.170
8 154 0.5 Methanol P25 0.404 22.8 0.0179 0.071
9 128 0.6 Ethanol P90 0.220 14.9 0.0158 0.089
10 129 3.6 Ethanol P90 0.234 211 0.0252 0.076
11 42 0.5 Isopropanol P25 0.082 20.86 0.0048 0.013
12 40 0.5 Methanol P90 0.126 19.49 0.0086 0.051
13 180 4.2 Methanol P90 0.504 37.16 0.0136 0.153
14 141 5 Ethanol P25 0.301 12.62 0.0288 0.049
15 49 2 Methanol P25 0.085 12.62 0.0088 0.018
16 134 0.5 Isopropanol P90 0.150 18.38 0.0104 0.056
17 75 45 Methanol P25 0.200 20.77 0.0102 0.043
18 130 13 Methanol P25 0.266 15.2 0.0177 0.039
19 134 0.5 Isopropanol P90 0.150 18.38 0.0104 0.056
20 40 2.75 Ethanol P90 0.184 12.7 0.0242 0.080
21 96 2.2 Ethanol P25 0.185 21.4 0.0093 0.035
22 157 4.3 Methanol P90 0.434 36.56 0.0125 0.076
23 171 4.7 Isopropanol P25 0.258 15.9 0.0156 0.042
24 40 3.8 Isopropanol P25 0.060 20.58 0.0033 0.011
25 42 0.5 Isopropanol P25 0.082 20.86 0.0048 0.013
26 110 4.85 Ethanol P25 0.233 29.62 0.0081 0.036
27 40 0.5 Methanol P90 0.126 19.49 0.0086 0.051
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Table 4: Selected statistical models and significant factors for the responses.

Significant factors ) )
(95%) Predicted R Adjusted R Model Response

A, C,D, AC, AD, CD 0.8846 0.9566
A B,AC 0.7510 0.8146

A; C near threshold
(n=0.0521) 0.7150 0.7901
A D 0.5776 0.6755

0.9800 Total deposited mass
0.8914 2FI Thickness
0.8559 Linear Apparent density
0.7379 Linear N719 absorbance
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Figure 1: Effect of deposition time and alcohol type on N719 absorbance for P25 at a current density of 2.75 mA cm™.
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Current density (mA

cm?)

2.77

Dye absorption [a.u. ]
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Table 5: Model-predicted optimum conditions and corresponding responses.

TiO: Thickness Total deposited mass | Apparent density (g N719 absorbance | Time
Alcohol I
grade (Hm) (mg) cm™) (a.u.) (s)
Ethanol P90 25.0 0.299 0.024 0.110 180
Interaction
m D1 P25 D: Pigment
017 — &4 D2P 90
X1 =C Alcohol
X2 = D: Pigment
Actual Factors
013 — A:A=110.00
B:B=275
0.09 ] EE ............
0.05 —| E .
0.01 —| {
I I I
Methanaol Ethanol |Iso-propanaol
C: Alcohol
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Figure 2: Effect of alcohol type and TiO: grade on N719 absorbance at 110 s and 2.75 mA cm™2.
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Figure 3: Graphical optimization region for the ethanol/P90 system; the yellow region satisfies the simultaneous response constraints.
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Figure 4: SEM images of a representative P25 TiO: film deposited from ethanol at 180 s and 2.75 mA cm2, at approximately 100x, 1000, and
10000x from left to right.
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