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Abstract 

In this study, the spontaneous microstructure tuning of TiO2 was observed by ageing 

the ethanol/water TiO2 paste for up to 20 days at ambient conditions. A dynamic light scattering 

study reveals that it formed the outstanding reproducible TiO2 microstructure with ~ 200 nm 

average particle size and stabilizes in 6 to 20 days under ambient atmosphere. Interestingly, as 

deposited day-15 sample spontaneously changed its crystallinity upon keeping the paste at 

ambient conditions, meanwhile the day 0 sample showed an amorphous structure. A dense, 

uniform and stable TiO2 electrode was cast on FTO-substrate using the electro-spray-technique. 

We exploit the spontaneous evolution of the TiO2 nano-powder to revisit the fabrication 

procedure of the TiO2 photoelectrode for dye-sensitized solar cells (DSSCs). The controlled 

microstructure TiO2 film was used in DSSCs, which to the best of our knowledge, achieved 

the highest power conversion efficiency of 9.65% using N719 dye to sensitize the TiO2 

photoanode.  

Keywords: Electro-spray-technique; Spontaneous microstructure tuning; TiO2; ageing; 

reproducible; N719 dye; dye-sensitized solar cells. 

1. Introduction 

Titanium dioxide (TiO2) is a durable photocatalyst and is also a multifunctional material 

owing to its diverse applications in paints, sunscreens, water purification, self-cleaning, 

hydrogen storage, anti-viral, antiseptic, anti-odor, bio-medical ceramic and implanted 

biomaterials, antimicrobial plastic packaging, and photovoltaic technologies.1-5 Its three 

distinct crystalline polymorphs are anatase (tetragonal), brookite (orthorhombic), and rutile 

(tetragonal), which are obtained depending on the synthesis process, the parameters and 

conditions.6, 7 Their opto-electronic behaviors, transmittance, stability and catalytic efficiency 
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depend on a wide range of variables, like surface morphology, particle size, shape, ratio of 

anatase/rutile and crystal orientation.8 TiO2 nanostructures with large surface area, high 

electron mobility and efficient light scattering capability are highly desired for improved 

photovoltaic performances. The optimal parameters of a specific dye-sensitized solar cell 

(DSSCs) significantly depend on the dye and photoanode characteristics. Many studies were 

carried out on the development of dyes and photoanodes in order to further improve the device 

efficiency and stability.9, 10 Recently, doping of non-metal and metal ions has been widely 

investigated to moderate or reduce the optical band gap by introducing the intermediate energy 

levels in the host TiO2, resulted in efficiently electron flows. Bhorde and colleagues11 reported 

DSSCs with PCEs of 1.31 to 6% by using varying doped -TiO2 nanocrystals. J. Liu et al.12 

synthesized TiO2 NPs by using a simple one-step hydrothermal method and applied it to  

DSSCs, followed by achieving a PCE of 8.34%. Thus, the choice of a photoanode material and 

its microstructure has significant importance for DSSCs. It determines the photovoltaic 

parameters by enabling light scattering/absorption for efficient light harvesting.13 Therefore, 

the choice of a deposition technique for the TiO2 nanostructure is critical to enable large 

production volumes, versatility, low energy consumption and so on.14 Several deposition 

techniques were developed, including sol-gel,15-17 chemical vapor deposition,18, 19 

hydrothermal,20 solvothermal,21 microwave,22 electrochemical oxidation,23 electrospinning ,24 

spray-pyrolysis,25 chemical bath,26 sputtering,27 atomic layer deposition,28 oblique electrostatic 

inkjet,29 and electrostatic inkjet-(EI),30 to fabricate TiO2 photoanodes. The commonly used sol-

gel technique enables TiO2 nanostructure production but is limited in large-scale production. 

Chemical vapor deposition (11) and sputtering27 require a vacuum environment and suffer a 

slow deposition rate. Scalable bottom-up atomic layer deposition28 requires relatively long 

processing times and is rather expensive also. Moreover, most of these methods must be carried 

out under high energy demanding and/or high-temperature conditions, in order to properly 
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control the required nanostructure, especially hierarchical nanostructures combining the 

desired morphology, size, thickness and porosity. Therefore, the precise tuning of TiO2 

nanoparticles and thin-films preparation protocols using a cost-effective micro- and nano 

fabrication technique has become a significant challenge. 

In this study, we investigated the spontaneous microstructure tuning of TiO2 by ageing 

the ethanol/water TiO2 paste up to 20 days at ambient conditions. Interestingly, the Gibbs-

energy driven process yields a very small dispersion in the mean diameter of the TiO2 NPs 

prepared within day 6 to day 20, with outstanding reproducibility and stability over five 

samples (15% ethanol in water paste). Out of this, a dense, uniform and stable TiO2 film was 

fabricated on FTO-substrate by using a simple, green, low-cost and easily controllable electro-

spray technique. Our electro-spray (ES) process offers a simple, cost-effective, and promising 

way to obtain high-quality TiO2 films with an easy-to-control thickness as well as a high 

reproducibility. To the best of our knowledge, the controlled microstructure TiO2 film enabled 

a DSSCs that achieved the highest power conversion efficiency of 9.65% using the N719 dye 

sensitization of a TiO2 photoanode prepared under ambient conditions. 

2. Experimental Section 

2.1 Materials  

All materials were purchased from commercial suppliers and were used without further 

purification. Fluorine doped-tin oxide (FTO)-patterned glass substrates were purchased from 

AXEL (Tokyo, Japan). P25 particle was purchased from Evonik-Japan (Tokyo, Japan). 

Acetylacetone was bought from TCI (Tokyo, Japan). N719 dye (PECD07) was purchased from 

Peccell (Tokyo, Japan). Dimethyl propylimidazolium was purchased from Shikoku Chemicals 

Corporation (Kagawa, Japan). Acetonitrile and t-Butyl Alcohol were bought from Wako Pure 

Chemical (Osaka, Japan). Lithium iodide, iodine ACS reagent, triton-X, polyethylene glycol, 
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and guanidine thiocyanate were purchased from Sigma-Aldrich (St. Louis, Missouri; United 

States). 

2.2 Preparation of TiO2 Paste 

P25 particles were used to prepare the TiO2 paste. P25 particles (11.1g) were dissolved 

into ethanol (15% mol/L; 36mL) followed by stirring at 1500 rpm for 360 s and defoaming at 

2000 rpm for 60 s. Since then, acetylacetone (1.2 mL), triton-X (30%; 6 mL) and polyethylene 

glycol (1.1g) were sequentially added to the solution with further stirring and defoaming.  

2.3 Preparation of N719 Dye Solution 

Acetonitrile (20 mL) and t-butyl alcohol (20 mL) were added into a screw tube bottle, 

followed by adding N719 dye (0.02377 g) and sonication for 10 to 20 minutes. 

2.4 Preparation of Electrolyte Solution 

t-butyl pyridine (0.0676 g) was added to a 6 cc screw vial through a Pasteur pipette.  

Dimethyl propylimidazolium (0.1596 g), lithium iodide (0.0133 g), iodine (0.0127 g), and 

guanidinium isocyanate (0.0118 g) were then added. The precursor solution was filled up to 1 

mL with acetonitrile using a Pasteur pipette followed by heating at 30 °C to make the 

electrolyte solution. 

2.5 Fabrication of TiO2 Electrodes and Dye-sensitized Solar Cells  

The FTO-patterned glass substrates were cut into 16 mm× 22 mm and washed 

consecutively with a soap solution, distilled water, acetone, ethyl alcohol, and once more 

distilled water. Then, UV ozone treatment was applied to the substrates for 15 min. The TiO2 

paste was cast onto the substrates by ES-technique. The applied voltage between the nozzle 

and the FTO-substrate creates an electric field that provides the power to separate ejected 

titania droplets from the nozzle and drive them towards the target. The tip of a Terumo syringe 
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(10 mL) was fitted with a San-ei Tech Ltd (Tokyo, Japan) TT taper nozzle (0.21 mm internal 

diameter), and the solution was filled up to 2.0 ml with the as prepared TiO2 paste. The nozzle 

was installed at the end of the tank. To maintain the electric field around the nozzle tip, a holed 

plate electrode (outside 100 × 145 mm2, hole diameter of 60 mm) was used between the nozzle 

tip and the FTO-electrode. The gap between the FTO substrate and the tip of the nozzle was 

fixed at 10 mm, and the discharge time was 40 s to 45 s and obtained optimal 30µm thickness 

of TiO2. Applied voltage was 8.0 kV. As prepared TiO2 paste was further dispersed by 

sonication for several minutes. After deposition, the substrates were sintered at 500 °C for 30 

min in a muffle furnace and allowed to cool down to room temperature. The resultant samples 

were used as a photoanode. The TiO2 nanostructure surface coverage was evaluated for 

different deposition conditions based on the duration of the discharge. The TiO2 electrodes 

were sensitized by immersion in an ethanol solution containing 0.5 mM N719 dye solution at 

37 °C for 180 minutes in a dark room. The prepared photoanode was assembled with platinum 

electrode and iodine electrolyte.  

2.6 Characterization 

The average particle size of the TiO2 nanostructures was determined by dynamic light 

scattering (HORIBA/LB-550, Tokyo, Japan). Field emission scanning electron microscopy 

(FE-SEM) (S-4800, Hitachi High-Tech, Tokyo, Japan) was used to examine the microstructure. 

The crystalline phase and average pore size of the samples were determined by X-ray 

diffraction (XRD) and X-ray reflectometry (XRR) (RINT-Ultima3, RIGAKU, Tokyo, Japan). 

UV-vis absorption spectra of the TiO2 films were recorded using a PerkinElmer/Lamda 650, 

(Tokyo, Japan) absorption spectrophotometer. X-ray photoelectron spectroscopy (XPS) of 

TiO2 was analyzed on a JPS-9010 (JEOL Ltd., Japan) with a non-monochromatic Mg Kα 

source (photon energy: 1253.6 eV). The current density versus voltage (J–V) curves were 
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recorded under simulated solar conditions (100 mW⋅cm−2, AM 1.5, 1 sun intensity) using a 

Keithley 2401 digital source meter. A monochromatic xenon arc light (Bunkoukeiki, SMI-

250JA) was used to measure the incident photon-to-electron conversion efficiency (IPCE) of 

the devices. Active area of the devices was 0.25 cm2. 

3. Results and discussion  

3.1 Spontaneous Micro-tuned TiO2 Particle Size by TiO2 Paste Ageing 

In the first step of this study, dynamic light scattering (DLS) was used to investigate 

the TiO2 particle size while ageing the TiO2 paste at ambient atmosphere for up to 20 days 

(Figure 1). The as-prepared TiO2 paste contains a large quantity of ~150 nm-size aggregated 

primary particles. Later, the average particle size gradually increases from 150 to 780 nm and 

aggregates between day 1 and day 4. This implies that primary particles are turning into small 

and large secondary particles.  

Figure 1. TiO2 particle size obtained from dynamic light scattering. Each point represents the 
mean ± S diameter D. Five pastes prepared under similar conditions were used to determine 
the TiO2 particle size.  
 

Page 7 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 | P a g e  

 

  
Figure 2. Scheme of the spontaneous TiO2 paste evolution while ageing up to day 20 under 
ambient atmosphere.  

 

Large aggregated secondary particles precipitate after day 5 and do not show-up 

anymore in the DLS. The observed average particle size then becomes stable up to day 20 

(Figure 1). From day 6 on, it can be seen that a particle free solvent layer appears (Figure 2), 

meanwhile the resultant average particle size decreases down to ~ 200 nm and stabilizes. 

Interestingly, when prepared in day 6 to day 20, we observe a very small dispersion in the mean 

TiO2 NP diameter, which indicates outstanding reproducibility over five samples (15% ethanol 

paste). These results suggest that ageing the TiO2 paste up to 20 days at ambient atmosphere is 

a crucial factor to obtain a reproducible TiO2 particle size.  

Spontaneous aggregation and precipitation are common in suspensions of nanoparticles. 

It can ultimately lead to the formation of a zeolite.31 Stabilization of the suspended particle size 

Page 8 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9 | P a g e  

 

over long ageing periods was observed in TiO2 suspensions prepared for different applications 

like sunscreen emulsions.32 The phenomenon is named coalescence or coagulation. Youn et 

al.33 calculated the time lag for the agglomeration of the primary particles into a stable 

suspension using first principles. In all situations, it was observed that primary particles 

coalesce into size-stable low-dispersion nanoparticle suspensions after the time-lag.34, 35 The 

exact stable final size depends on the exact size and concentration of the primary 

nanoparticles.36 The Gibbs-energy driven process37 has fundamental consequences on the paste 

used to fabricate the photoanodes: it yields highly reproducible results once the nano-particle 

size has spontaneously stabilized. 

3.2 Electro-Spray preparation of a dense, uniform and stable TiO2 Photoanode 

In the second part of this study, the TiO2 photoanode was patterned by electro-spray. 

Figure 3 shows the electro-spray single nozzle experimental setup for TiO2 electrode 

patterning. ES discharges TiO2 from the highly viscous liquid paste in the form of a spray via 

the electrostatic force in the direction perpendicular to the FTO-glass substrate, resulting in 

large droplets stacked into thick film on the substrate (Inset in Figure 3). 
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Figure 3. Schematic illustration of the electro-spray setup used to pattern the TiO2 electrode 
on the FTO-glass substrate.  

 

 

On the upper left, the photograph in the center of the illustration shows the drop ejection 

in the spray mode. Inset shows a photograph of the white TiO2 (P25 nanoparticles) precursor 

paste. A dense and smooth TiO2 electrode was patterned to illustrate the single-nozzle electro-

spray technique (video S1; Supplementary Information). TiO2 was precisely deposited under 

the electrostatic force. electro-spray permits controlled growth of TiO2 films by changing the 

ethanol concentration in the water paste. Control growth of the TiO2 microstructure, including 

particle size has significant importance to improve the DSSCs’ performance.  
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Figure 4. Top-view SEM images of TiO2 porous structure fabricated with varying ethanol 
percentage of (a) 0, (b) 5, (c) 15, (d) 25, (e) 50, (f) 75, (g) 85, and (h) 99.5% in the water paste. 
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We investigated the effect of 15, 25, 50, 75, 85 and 99.5% ethanol concentration in the 

water paste on the pore sizes and microstructure of the electro-spray deposited-TiO2 films. The 

average pore size and microstructure were observed by X-ray reflectivity (XRR) and FE-SEM, 

respectively. Controlled growth of a film with 72 nm to 350 nm average pore size was achieved 

by adjusting the voltage (8.0 kV) and gap (10 mm) between the nozzle and FTO-substrate 

(Figure S1a). The pore size of the TiO2 film depends on the ethanol percentage in the paste. 

Increased pore size yields an incomplete film with large voids. Figure 4a-h shows the top-

view FE-SEM images of the TiO2 microstructure with different pore sizes. The FE-SEM 

images reveal an aggregated morphology with large voids for 0, 25, 50, 75, 85, 99.5% ethanol 

in the water paste, while the morphology is well developed for 5 and 15% ethanol. The pore 

size and morphology of the TiO2 microstructure changes depending on the ethanol 

concentration in the water paste. We assume that a large percentage of ethanol in the paste 

produces large TiO2 aggregated scaffolds with large voids, which may affect electron diffusion 

and recombination process in the TiO2 film, resulting in a substantial difference in charge 

collection properties.38 Given that the porosity and microstructure of TiO2 films from 15% 

ethanol paste are within the optimum range regardless of the particle size to provide sufficient 

pathways for electrons to travel across the TiO2 microstructure,39 we used 15% ethanol in water 

as an optimum condition for the systematic study of the spontaneous micro-tuning of electro-

spray deposited TiO2 electrodes for efficient and reproducible DSSCs application. 

The evolution of the crystalline phase of the TiO2 NPs film formed without sintering 

was also investigated by XRD on TiO2 paste aged from 0 to 20 days at ambient atmosphere 

(Figure S1b). The as-prepared day-0 TiO2 NPs in the paste is composed of 7.6% rutile and 

92.4 % anatase phase. The stabilized TiO2 NPs evolve into a 27% rutile phase after day 7 and 

up to day 20, as shown in the calculated data (Figure 5a). Interestingly, the as-deposited-day 

Page 12 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 | P a g e  

 

15 samples (without sintering) had an increased rutile phase content of 33% (67% anatase) 

upon ageing the paste at ambient conditions (Figure 5b). 

Figure 5. XRD spectra after the sintering of (a) TiO2 film formed with TiO2 paste aged from 
0 to 20 days at ambient atmosphere; and (b) TiO2 films patterned before sintering on the FTO-
substrates for the day 0, and day 15 samples. 

 

It was reported that the rutile phase is the most stable one with lower Gibbs energy (about 10 

kJ/mol) at room temperature.40 Interestingly, for the solar cell application, the index of 

refraction of rutile is larger than the one of anatase, which consequence is that rutile will scatter 

more light than the anatase phase.41 Increased scattering (haze) couples more light into the solar 

device, which in turn increases the short circuit current in DSSCs, as observed previously. 42 

Indeed, scattering efficiency of the photoanode in DSSCs is a key ingredient to the efficiency 

optimization.43  

 

Figure 6. XPS spectra of the TiO2 films formed with day 0, and day 15 of (a) before and (b) 
after sintering. (c) Reflectance spectra of TiO2 films on FTO-glass substrates for varying ageing 
of the paste 
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Figure 6 shows the XPS spectra of the TiO2 films formed before and after sintering for 

the day 0, and optimum stabilized day 15 samples. The Ti 2p3/2 peak intensity at 458.7 eV 

increased in the day 15 samples compared with day 0 samples, which indicates higher 

crystallinity.44 This confirms the spontaneity of the crystalline evolution of the day 15 samples, 

regardless of the heat-treatment. The rutile phase has a lower ionization potential than the 

anatase one (7.40 vs. 7. 96 eV ), which favors a larger open circuit voltage.45 Although it is 

understood that the rutile can be more efficient for the DSSC application than the anatase, it 

was also reported that the strong synergistic effect between anatase and rutile TiO2 phases 

significantly enhances the solar cell activity.46  

Figure 6c shows the UV-visible diffuse reflectance spectra of the day 0 and day 15 

samples (without sintering), with and without sonication. Diffuse reflectance, which is also a 

measure of scattering, is lower in the day 0 samples. The absorption band edge of the day 0 

TiO2 sample is slightly blue shifted from the day 15 samples, with and without sonication. This 

can be explained by the sample composition (figure 5a), anatase indeed has a larger bandgap 

(3.2 eV) than rutile (3.0 eV). 
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Figure 7. Cross-section SEM images of TiO2 films for (a) day 0 and (c) day 15 aged samples 
with 45 minute-sonication. The insets in (a) and (c) show the high magnification cross-sections. 
Top-views of TiO2 film patterned on FTO-glass substrates for (b) day 0 and (d) day 15 aged 
samples. The insets in (b) and (d) show the high magnification top-view SEM images. 

 

Figure 7(a, c) shows the cross-sectional SEM images of the TiO2 films prepared after 

day 0 and day 15, with sonication, respectively. The day 0 TiO2 film shows weak particle 

agglomeration that may favor direct contact between the FTO and the electrolyte (Inset; 

Figure 7a). The day 15 sample without sonication shows particles agglomeration whereas the 

45-minutes sonicated one shows homogenously distributed, as revealed in Figure S1c and 7c, 

respectively. Sonication clearly favored the growth of smooth films, allowing a better 

interaction between the nanoparticles, which is expected to improve performances. The inset 

cross-section SEM reveals the formation of uniform and dense TiO2 film for the day 15 aged 

sample (Figure 7c). Top-view FE-SEM images of TiO2 films prepared with day 0 and day 15 

pastes, with sonication are shown in Figure 7(b, d). Day 0 samples clearly show weak 

interparticle agglomeration. A non-uniform aggregate of top-view TiO2 particles is observed 
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in the patterned day 15 paste without sonication (Figure S1d). When the TiO2 paste is 

sonicated, the agglomerated particles break down into smaller particles without chemical 

dispersants. The inset in Figure 7d shows that the TiO2 film deposited from day 15 paste forms 

a smooth film uniformly covering the surface. The reason for the better film formation can be 

attributed to the narrow particle size distribution achieved upon ageing of the TiO2 paste. 

3.3 TiO2 Electrodes for Efficient and Reproducible Dye-sensitized Solar Cells 

Optimal day 15 for 45 min sonicated TiO2 paste was used for the DSSC application. 

Impact of the ageing of the TiO2 paste on DSSCs performances was investigated. Figure S2 is  

a schematic illustration of the power-generation mechanism in the TiO2 electrode based DSSC. 

It also highlights the importance of light scattering on the enhancement of light absorption in 

the DSSCs. Forward (FS) and reverse (RS) J–V scans of the DSSCs made with day 0, and day 

15 pastes without and with sonication are presented in Figure 8a.  
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Figure 8. (a) Forward scan and reverse scan J-V curves of DSSCs made with day 0, day 15 
with and without sonication, (b) incident photon-to-conversion efficiency (IPCE) spectra with 
day 0, day 15 with and without sonication, (c) dark J–V curves for DSSCs with day 0, day 15 
with and without sonication, and (d) histogram of PCEs of DSCCs made from day 0, day 15 
pastes, with and without sonication.  

 

 

The photovoltaic characteristics are summarized in Table 1, a comparison of the FS 

and RS results is given in Table S1. The day 0 device has a champion PCE of 8.01 %. The 

poor device performance is attributed to particle-to-particle agglomeration caused by non-

uniform aggregates with large voids (Figure 7a, b). Sonication breaks the agglomerated 

particles into smaller ones, which significantly improves device parameters. PCE of the 

sonicated day 15 DSSC reaches 9.65%, which is larger than the day 15 sample without 

sonication, and day 0 sample as the photoanode layer (8.68% and 8.01%, respectively). 45 min 
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sonicated day 15 samples-patterned TiO2 electrode caused Jsc to increase significantly to 18.3 

mAcm-2, while it was 16.6 mAcm-2 for the device without sonication. We attribute this sharp 

enhancement of Jsc to sonication of the stabilized TiO2 paste, ensuring stronger particle-to-

particle connectivity in a denser scaffold, as evident from SEM (Figure 7c, d), thus facilitating 

electron transport.47  

Table 1. Summary of the parameters of dye-sensitized solar cells made with varying ageing. 
Statistical analysis (average ± standard deviation) was based on the measurement of 19, 26, 
and 33 individual devices with day 0, day 15 without sonication, and day 15 with sonication, 
respectively. Champion refers to the device with the highest PCE.  

TiO2 

electrodes 

 
JSC 

(mA/cm2) 
Voc (V) FF PCE (%) 

Series 

Resistance 

(Rs) 

Day 0 Champion 15.7 0.75 0.68 8.01 32.75 

 Average ± SD 14.65 ± 0.9 0.74 ± 0.02 0.68 ± 0.01 7.38 ± 0.5 31.4 ± 3.53 

Day 15 no 

sonication 

Champion 16.6 0.76 0.69 8.68 41.53 

 Average ± SD 15.63 ± 1.55 0.75 ± 0.02 0.67 ± 0.05 7.78 ± 0.43 38.46 ± 8.4 

Day 15 

sonicated 

Champion 18.3 0.78 0.68 9.65 27.20 

 Average ± SD 18.39 ± 0.5 0.74 ± 0.02 0.66 ± 0.01 9.05 ± 0.29 29.02 ± 2.06 

 

Jsc values obtained by integration of the IPCE spectra are 14.5, 14.7 and 18.3 mAcm−2 

for the day 0 day 15 without and day 15 with sonicated paste-based devices, respectively 

(Figure 8b). Values are consistent with the Jsc values extracted from the J–V curves. The 

champion DSSC based on day 15 paste has its spectral response extended from the visible to 

the near-infrared region (approximately 390–780 nm coverage) with a broad, flat absorption 

peak at ~95%. The wide-ranging IPCE spectrum is attributed to improved light absorption 

owing to enhanced scattering from the milky TiO2 electrode, and reduced non-radiative 

recombination owing to better interconnectivity of the nanoparticles. Figure 8c shows that the 
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day 15 paste with sonication provides a lower dark current density (Jdark) than day 0 and day 

15 pastes without sonication. A lower dark current density provides a reduced leakage current 

which is beneficial for Jsc.48 It also provides a better rectification which is beneficial to Voc, 

owing to the relation 𝑉𝑜𝑐 =  𝑘𝑇
𝑒

ln (𝐽𝑝ℎ𝑜𝑡

𝐽𝑠𝑎𝑡
+ 1) which gives the limit of Voc under ideal conditions, 

in which k  is Boltzmann’s constant, T is the temperature, e is the elementary charge, 𝐽𝑝ℎ𝑜𝑡 is 

the photocurrent density and 𝐽𝑠𝑎 is the dark current under large reverse bias.49 From the data in 

figure 8, with 𝑘𝑇
𝑒

= 25.7 𝑚𝑒𝑉, it predicts an ideal Voc difference of 33 meV, which is consistent 

with the experimentally measured Voc difference between day 0 and day 15 samples. Figure 

8d shows PCE histogram of each batch of samples with/without sonication. The stabilized day 

15 sonicated paste devices exhibit a larger averaged PCE of 9.05% with a narrow distribution 

from 8.6 to 9.6%. In comparison, day 0 and day 15 pastes without sonication yield averaged 

PCEs of 7.38% and 7.78%, distributed in a wider range from 6.49 to 8.04% and from 7.17 to 

8.68%, respectively. The narrow PCE distribution of the stabilized day 15 sonicated TiO2 paste 

devices illustrates the good reproducibility of the processing method. To assess reproducibility 

of the DSSCs performance, 19, 26, and 33 devices based on day 0, day 15 without and with 

sonicated pastes were fabricated, respectively. The Jsc, Voc, FF, and PCE values at compared in 

Figure S3. The day 15 sonicated paste provides superior reproducibility in all photovoltaic 

parameters than day 0 and day 15 unsonicated-paste samples. A comparison of the best 

photovoltaic cells PCE based on varying fabrication approaches of TiO2 electrodes sensitized 

with N719 dye is given in Table S2. To the best of our knowledge, the electro-spray deposited 

TiO2 film enabled achieving the highest PCE of 9.65% using the N719 dye sensitization of a 

TiO2 photoanode prepared under ambient conditions, among other techniques. 

 

 

3.4 Realization of Multi-Nozzle System for Future Large-scale Solar Modules  
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The single-nozzle approach can typically cover about 5 mm width only. To achieve 

large-scale printing with the electro-spray technique, we developed a multi-nozzle system. 

When nozzles are set at close distance from each other, the electro-spray printing is not uniform 

owing to crosstalk of the electric field around each nozzle. As each nozzle gets isolated from 

each other, crosstalk does not happen, and uniform and large-size printing can be achieved. 

The proposed electro-spray multi-nozzle set up to print electrodes on flexible or rigid substrates 

is illustrated in Figure S4. When a high voltage is applied between the nozzles and the FTO-

electrode, small droplets are ejected from the nozzles. Compared to the single-nozzle scheme, 

crosstalk between the electric fields of each nozzle results in a higher applied voltage and a 

smaller ejection area. Proof of uniformity of small and large-scale electro-spray printing was 

provided with a couple of videos. The technique combined with a low-cost fabrication 

capability and a high material utilization rate might reduce production cost of the resultant 

devices. The multi-nozzle electro-spray technique will be thoroughly explored to coat a variety 

of large-scale substrates for high-throughput large-area solar modules in an upcoming study. 

Multi-nozzle electro-spray deposited TiO2 is been provided as a proof of principle for future 

large-scale solar modules (video S2; Supplementary Information).  

4. Conclusions 

We tuned the TiO2 microstructure by ageing the TiO2 paste for up to 20 days at ambient 

atmosphere, which significantly influenced the TiO2 particle size. DLS evidenced a controlled 

TiO2 particle size, ensuring a dense and uniform microstructure while the TiO2 paste was aged 

between 6 and 20 days. Surprisingly, the paste spontaneously evolved into a higher rutile 

content after day 6 and up to day 20, owing to the lower Gibbs energy of the rutile phase. The 

nanoparticles also spontaneously stabilized in size. Interestingly, the crystallinity of the as-

deposited day 15 sample evolved spontaneously, without sintering, upon keeping the paste at 

ambient condition. Meanwhile, the day 0 sample showed an amorphous structure. The 
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spontaneously improved TiO2 paste was used to evaluate DSSC’s performances. DSSCs made 

with the optimized day 15 sonicated TiO2 paste provide a PCE of 9.65% using the N719 dye. 

Revisiting the fabrication procedure of the TiO2 photoelectrode making use of the spontaneous 

evolution of the TiO2 nano-powder permitted the fabrication of a dense and stable TiO2 

microstructure, meanwhile maintaining thin-film uniformity across the sample. Green, low-

cost and easily controllable electro-spray is an enabling technology for large-area DSCCs.  
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