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ABSTRACT: Titania/silica electron-generating and -transporting nanocomposite 300-nm layers of high porosity were 

deposited onto ITO/PET flexible foils using inkjet printing. Prior to printing, the ITO surface had been modified by novel 
low-temperature ambient air roll-to-roll plasma in order to enhance its surface properties by removing carbon and 
oxygen contaminants, a process that led to rapid improvement of surface energy. Consequently the ITO work function, 
an important parameter involving charge injection efficiency in energy harvesting systems, increased by 1 eV. 
Afterwards, the TiO2/methyl-silica ink exhibited excellent wetting on a 2-s plasma-treated ITO surface. The coating was 
further processed/mineralized by an additional low-temperature ambient air plasma treatment step. The plasma 
processing of raw photoanodes led to the mineralization of the methyl-silica binder which resulted in the formation of 
a fully inorganic TiO2/SiO2 mesoporous structure and significantly increased electrophotocatalytic activity, leading to 
increased photocurrents. The entire two-step plasma process was performed at low-temperature (70 °C) and high 
speeds, enabling practical applications of such a procedure for large-area fabrication of flexible photoanodes.  

KEYWORDS: plasma treatment; ambient air plasma; TiO2 flexible photoanode; mesoporous coating; roll-to-
roll processing; inkjet printing 
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1. Introduction 

Flexible and printed electronics [1,2] have 
attracted increased attention in recent times because of 
their potential to enable low-cost and high-throughput 
manufacturing of electronics on cheap plastic substrates 
for various applications, including rollable and foldable 
displays, smart packaging, photovoltaics, and more. 
Printed photovoltaics could contribute greatly to 
increasing global access to cheap energy. Dye-sensitized 
solar cells (DSSC) [3–6] and perovskite solar cells [7–10], in 
which the photo-electrochemical system relies upon a 
mesoporous TiO2 layer, have emerged as a promising low-
cost photovoltaic technology and constitute a notable 
application field for semiconducting photoanodes. Other 
suitable applications for photoanodes involve, for 
example, photocatalytic treatment of water [11,12], 
hydrogen production [13,14], energy storage [15] and 
various sensing systems. 

Titanium dioxide (TiO2) photoelectroactive layers 
have already been deposited by a range of techniques both 
in gas and liquid phases. Deposition from liquid is popular, 
since the manufacturing equipment is relatively simple and 
often compatible with ambient conditions. Recently, Wang 
et al. employed yttrium-nitrogen co-doped sol-gel 
mesoporous TiO2 in DSSC of 5.4% power conversion 
efficiency [16], and Giordano et al. used lithium-doped 
mesoporous TiO2 as an efficient photoanode in a 
perovskite solar cell of 19% power conversion efficiency 
with negligible hysteretic behaviour [17]. The reduction of 
energy costs is crucial to flexible photovoltaics [8], 
something that can be achieved either by increasing the 
efficiency of devices or by reducing manufacturing 
expenditure by means of various atmospheric-pressure 
fast-fabrication methods such as spraying [18], screen-
printing [19], gravure printing [20] and inkjet printing 
[5,21,22] as well as other printing techniques [23], e.g. 
blade coating [24] and slot die coating. Numerous works in 
which TiO2 mesoporous layers have been employed in 
photovoltaics report the use of coating formulations that 
have to be either i) thermally sintered at temperatures 
higher than 150 °C [25] or ii) low-temperature sintered (UV 
and/or plasma) for quite some time (more than 30 min) 
[26,27]. However, high temperatures preclude the use of 
such fabrication procedures for thermally sensitive 
substrates [28], such as flexible plastics, as most thermo-
plastics limit the treatment temperature to around 150 °C 
[3]. In particular, the deposition of TiO2 photoanodes on 
PET/PEN foils with significant potential for printed 
electronics applications has emerged as a considerable 
challenge. For example, A. Yasin et al. recently developed 
aqueous screen-printable paste for fabrication of 
mesoporous anatase-rutile TiO2 film for DSSC application 
[29]. The mesoporous structure was achieved by high-
temperature (400 °C) sintering for 30 min, during which 
polyethylene glycol evaporated from the paste and 
facilitated increased porosity. R. Li et al. modified 
mesoporous TiO2 photoanodes with an Al-doped TiO2 layer 
[30]. High-temperature sintering at 500 °C for 30 min was 
applied after both depositions. Other recently published 
works also refer to high-temperature (>150 °C) plasma 

sintering methods [31,32]. However, slow, low-
temperature curing, employing UV or remote plasmas 
involves problems when fast/low-cost roll-to-roll 
manufacturing is envisaged. Further, the use of low-
pressure plasma treatment of mesoporous TiO2 [33,34] is 
currently therefore inconvenient for low-cost production 
because it is relatively slow and requires complex vacuum 
systems. 

Low-temperature atmospheric plasma treatments 
have thus become very important to research into low-cost 
production of photovoltaics [35]. Very recently, Lisco et al. 
[36] used an He/O2 (3 slm/15 sccm respectively) dielectric 
barrier discharge plasma jet (14.16 kHz, 10 kV, 10 W) in 
order to pre-treat fluorine-doped tin oxide (FTO) glasses 
prior to cadmium sulphide (CdS) sonochemical deposition 
for photovoltaic application. The plasma treatment for 40 
s (treated area 5 cm2) led to an effective removal of 
adventitious carbon from 31 at.% to 10 at.%. This plasma 
pre-treatment significantly increased the CdS grain size, 
and also resulted in higher uniformity and quality of film. 
The effect of plasma was also confirmed for flexible 
substrates: flexible glass, stainless steel (200 μm) and 
polyimide (50 μm) [37]. 

High-speed and low-cost manufacturing across 
large areas can be achieved using roll-to-roll processing 
[38,39]. In previous work [40] the authors reported on a 
fast (approx. 1 min), low-temperature (70 °C) plasma 
mineralization process that led to energy-efficient 
manufacturing of TiO2 mesoporous photoanodes 
deposited by inkjet printing on FTO glass. The ambient-air, 
high-energy-density plasma was generated by dielectric 
barrier discharge in a coplanar arrangement of electrodes; 
the diffuse coplanar surface barrier discharge (DCSBD) led 
to mineralization of a methyl-silica binder and 
transformation of the water-soluble coating into a 
TiO2/SiO2 hybrid nanocomposite. Low-temperature 
ambient air DCSBD plasma has also been tested for fast 
calcination of metalorganic CeO2 [41] and Al2O3 [42,43] 
nanofibers. The distance between treated material and 
DCSBD ceramic is crucial and the most effective treatment 
was found at a distance of approx. 0.3 mm [44]. DCSBD 
plasma treatment of non-porous dielectric materials is 
often associated with difficulties related to electrostatic 
charges generated on the material surface leading to 
attraction of the treated material towards the plasma and 
consequently to contact of the treated material with 
DCSBD ceramic. Thus the ambient-air gap between the 
treated material and the DCSBD ceramic has a tendency to 
shrink to zero, leading to plasma extinction. As a solution 
of this problem, the authors have developed a pilot roll-to-
roll plasma treatment apparatus with concavely-curved 
ceramic DCSBD electrodes.  

In this study, high-energy-density diffuse 
homogenous surface plasma generated by curved DCSBD 
in ambient air was employed for i) pre-treatment of a 
flexible ITO surface in order to increase its surface energy 
and obtain excellent wetting of mesoporous 
titania/methyl-silica films. Subsequently, the plasma 
treater was used for ii) mineralization of titania/methyl-
silica films to titania/silica hybrid nanocomposite 
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functional coating on flexible ITO/PET foils. A range of 
experimental techniques were employed to study the 
plasma pre-treatment of ITO and to monitor methyl-silica 
mineralization. The results obtained indicate that the 
upgraded DCSBD technique enables fast (~ 1 min) 
fabrication of flexible TiO2 photoanodes on ITO/PET foil in 
ambient air at low temperature (70 °C) in conditions closely 
akin to continuous roll-to-roll manufacturing. 

 

 

2. Experimental 

Indium tin oxide (ITO)-coated polyethylene 
terephthalate (PET) (Sigma Aldrich, product No. 639303), 
of surface resistivity 60 Ω/sq and total thickness 127 μm, 
was used a flexible substrate. The mesoporous 
titania/methyl silica film was deposited using an 
experimental Fujifilm Dimatix 2831 inkjet printer. An ink 
denoted as 10AD was prepared by mixing 6 mL of titania 
dispersion (20 wt% of nanoparticulate titania Evonik P25 in 
Dowanol PM solvent) with 2 mL of a recently-reported 
organosilica binder [45] (20 wt% in anhydrous ethanol) and 
8 mL of isobutanol. Approx. 2 cm3 of 1-mm glass balls were 
added to this in a 20-mL glass vial and this was placed 
overnight on an oscillating shaker set to 1000 rpm. Thus, 
the titania/binder ratio was 75:25 and the thickness of the 
coating was approx. 300 nm. The materials and procedures 
employed for the printable suspension formulation have 
been reported in detail in our previous work [40]. 

The atmospheric-pressure ambient air plasma 
was generated by dielectric barrier discharge (DBD) with 
electrodes of curved-coplanar configuration: diffuse 
coplanar surface barrier discharge (DCSBD), manufactured 
by Roplass, Czech Rep. The DCSBD plasma unit, at a 
curvature of 1/14.8 cm-1, generates homogeneous large-
area (20 × 8 cm2) high-power-density (400 W/160 cm2, i.e. 
2.5 W/cm2) surface plasma in ambient air. The plasma unit 
was located in close vicinity to a surface of treated ITO/PET 
that was fixed on a dielectric roller with a diameter of 14.8 
cm and a circumference of 92.95 cm. A huge decrease in 
power was observed during the ITO surface treatment; this 
appears in Supplementary Figure S1 and is further 
discussed in the Supplementary Material. The distance 
between the plasma unit and surface of the treated sample 
was approximately 0.3 mm and may be varied with 
precision at 0.05-mm steps. The speed of the roller and 
corresponding treatment time (effective plasma width 8 
cm) varied between 18.6 – 4.1 cm.s-1 and 0.25 s – 2s. 
Plasma treatments taking longer than 2 s were achieved by 
multiple passes of the sample through the plasma. The 
plasma system was used for both i) cleaning and activation 
of the ITO/PET flexible substrate and ii) low-temperature 
mineralization of TiO2 mesoporous films. Whereas the 
cleaning and activation of ITO/PET was investigated with 
treatment times ranging from 0.25 s – 8 s, the 
mineralization of TiO2 films was performed with treatment 
times ranging from 2 – 64 s. The plasma cleaning and 
activation of ITO/PET, printing of titania/methyl-silica films 
and mineralization of titania/methyl-silica films were 

completed in three independent steps, i.e. the process was 
not fully integrated in a roll-to-roll line. The delays were 
approximately an hour. The process of plasma 
mineralization of flexible TiO2 films using novel curved 
DCSBD plasma is visualized in Figure 1.  

Figure 1. Visualization of plasma mineralization process of 
TiO2 mesoporous flexible photoanodes.  

The surface properties of the plasma-treated ITO 
surface were investigated by means of sessile droplet (2-
μL) contact-angle measurements of demineralized water, 
ethylene glycol, diodomethane and formamide using 
SeeSystem (Advex Instrument, Czech Rep.) In total, eight 
measurements per sample and four different samples 
were used to calculate the free surface energy of the ITO 
surface, using the Owens-Wendt model [46]. Further, the 
total surface tension of the ink used for printing was 
determined by the Du Noüy ring method performed with 
Sigma 701 force tensiometers (Dyne Testing, UK) and its 
dispersive component was determined by analysing the 
contact angle on a teflon surface. The durability of the 
plasma treatment was investigated at a range of 15 min to 
72 hours after plasma treatment. The samples were stored 
under ambient air (approx. 24 °C and 60 % relative 
humidity). The ITO surface was further investigated by X-
ray photoelectron spectroscopy (XPS) using an Al Kα 
ESCALAB 250Xi apparatus (ThermoFisher Scientific). All 
samples were measured at two spots (650 μm) at a takeoff 
angle of 90° in 10-8 mbar vacuum at 20 °C. An electron 
flood-gun was used to compensate for charges on sample 
surfaces. The spectra were referenced to C 1s at 284.8 eV. 
UPS was acquired by Kratos Supra under normal emission 
using He I (21.22 eV) as the excitation source with a pass 
energy of 5 eV. A sample bias of −9 eV, in order clearly to 
observe the secondary electron cutoff, and an electron 
flood gun was employed for charge compensation. A 
Ntegra Prima (NT-MDT) atomic force microscope (AFM) 
was used to measure the morphology of ITO surfaces. The 
root mean square (RMS) roughness was calculated from 
two different 2 × 2-μm scans taken in semi-contact mode. 

The titania/methyl silica films were deposited on 
plasma pre-treated ITO/PET flexible substrates. The quality 
of the printed films was inspected by means of 
microphotographs taken with an Nikon Eclipse E200 
microscope equipped with a Nikon D5000 digital camera. 
The variability in printing quality was related to surface 
energy and expressed by means of wetting envelope 
diagrams, which conveniently illustrate the degree of 
wetting of the surface investigated [47]. The 
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electrochemical properties of the plasma-mineralized 
titania/methyl silica films were characterized by linear 
sweep voltammetry and chronoamperometry. The 
measured photocurrents proved an effective tool for the 
investigation of the binder state and its transformation 
from methyl-silica to silica. Direct measurements and 
characterization of the mineralization using FTIR and XPS 
have been reported in Homola et al. [40].  

Photoelectrochemical characterization was 
performed by linear sweep voltammetry at room 
temperature using a two-terminal setup. The measured 
cells consisted of separate 1-cm2 titania photoanodes and 
cathodes made of strips of stainless-steel sheet. The 
sample cell was fitted into a custom-built quartz cuvette 
filled with 0.1 M perchloric acid (35 mL) and placed on an 
optical bench equipped with a fluorescent UV-A lamp 
emitting a broad peak centred at 365 (Sylvania Lynx-L, 11 
W). A magnetic stirrer was placed beneath the cuvette and 
a magnetic flea within provided efficient electrolyte 
mixing. The lamp emission was monitored by a Gigahertz 
Optic X97 irradiance meter with a UV-3701 probe with the 
irradiance set to 2 mW/cm2 by adjusting the lamp-to-
cuvette distance. Current potential and current-time 
measurements were taken with a custom computer-
controlled power source meter built on the basis of the 
National Instruments Labview platform (NI cDAQ-9172 
interface with NI9219 and NI9263 convertors), supplying 
linear voltage sweeps and measuring currents down to the 
sub-µA range. 

 

3. Results and discussion 

3.1. ITO surface chemistry. 

Figures 2a and 2b present the evolution of 
elements on ITO surfaces after plasma treatment for 0.25 
– 8 s. The reference ITO surface showed a high amount of 
carbon at 53.4 at.%, 32.8 at.% of oxygen, 11.3 at.% of 
indium, 1.4 at.% of tin and approx. 1.1 at.% of nitrogen. The 
C/O and In/Sn ratios were 1.6 and 7.9. The plasma 
treatment of the ITO surface clearly had a swift and 
significant effect on carbon concentrations, which 
decreased exponentially, in similar fashion to the water 
contact angle reported in Figure S2. Since plasma 
treatment led to a progressive etching of carbon 
contaminants, concentrations of oxygen and indium 
increased. The lowest reported value of carbon 
contamination was found at 12.9 at.% after plasma 
treatment for 8 s. The oxygen and indium atomic 
concentrations after plasma treatment for 8 s were 48.1% 
and 27.4% respectively. The plasma clearly led to cleansing 
the ITO surface of carbon and the C/O ratio decreased from 
1.6 for an untreated sample to 0.3 for a sample treated for 
8 s, as appears in Table 1. The bonding between carbon and 
oxygen was further studied by analysing XPS C1s high-
resolution peaks, presented in Figure S3. An increase in C–
O and C=O bonds indicated oxidations related to relative 
decreases in C–C and C–H. Thus effective ITO etching from 
hydrocarbons parallels decreases in C/O ratio. 

 

 
Figure 2. Evolution of elements a) C, O, In; b) Sn, N, Cl on 
ITO surfaces treated in plasma for 0.25 – 8 s. 

The plasma treatment of ITO also led to a 
significant increase of tin, which reached a maximum of 3.4 
at. % after plasma treatment for 1 s. Longer treatments 
had no effect on the concentration of tin. The In/Sn ratio 
(Table 1) of untreated ITO was 7.9 and remained fairly 
constant for treatment times ranging between 0.25 s and 1 
s. For longer treatments, the In/Sn ratio increased slightly, 
reaching 8.4 for 8-s treatment. The plasma treatment also 
led to an increase in the atomic concentration of nitrogen, 
from 1.1% for an untreated sample to 3.1% for a sample 
treated in plasma for 8 s. The ITO surface treatment 
resulted in a significant concentration of chlorine, 
logarithmically increasing with treatment time and 
reaching 4.4 at. %. Since chlorine is often added to the ITO 
surface to increase the work function [48], plasma 
treatment had a positive effect on such ITO-electrode 
surface conditions.  

ITO surface C/O In/Sn O/In WF 

Untreated 1.6 7.9 2.9 3.8 eV 

0.25-s treated 0.8 7.8 2.6 4.3 eV 

2-s treated 0.3 8.2 1.7 4.9 eV 

8-s treated 0.3 8.4 1.7 4.9 eV 

 
Table 1. Stoichiometry and work function (WF) of ITO 
treated in plasma for 0.25 s, 2 s and 8 s. 

Table 1 also shows the stoichiometry of indium 
oxide In2O3. Since approx. 90% of ITO should be in the form 
of indium oxide, the O/In ratio was expected to be 1.5. The 
values presented in Table 1 clearly show that O/In was two 
times higher for untreated ITO, which also indicates oxygen 
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contaminants on ITO surfaces. Although the overall atomic 
concentration of oxygen (Figure 2a) increased after plasma 
treatment, O/In decreased significantly after it and 
reached 1.7 after plasma treatment for 2 s. Longer plasma 
treatment had no further effect on the O/In ratio, which 
remained at 1.7 and close to anticipated In2O3 
stoichiometry. The O1s XPS high-resolution peak was 
further analyzed after work [49]. O1s comprises three main 
components related to lattice oxygen in In2O3, which 
appears at the lowest binding energies, around 530.5 eV; 
impurities containing oxygen appearing at the highest 
binding energies, around 532.5 eV; and amorphous oxygen 
as In(OH)3 or InOOH lies between lattice and impurity 
oxygen in energy terms. The O1s peak appears in Figure 3 
and shows that plasma treatment led to a decrease in the 
peak related to oxygen impurities, whereas the peak 
related to lattice oxygen rose significantly. The change in 
amorphous oxygen component is not made clear in Figure 
3; however according to Homola et al. [49] such change 
may be related to formation of polar In(OH)3 or InOOH that 
might render the energy on the ITO surfaces higher. 
Analysis of O/In stoichiometry together with O1s peak 
demonstrated that plasma treatment had a significant 
effect on removal of oxygen impurities. These results 
indicate that decrease in oxygen was related to the form of 
oxygen impurities. The high-resolution peak presented in 
Figure S4 shows that In3d spectra were shifted towards 
higher binding energy, which can be explained by oxidation 
and further supports the increased oxygen presented in 
Figure 2a and formation of polar groups suggested by work 
[49].  

 

Figure 3. O1s peak showing decreased oxygen in 
contaminants and increased concentration of oxygen in 
In2O3 lattice for ITO surfaces treated in plasma for 0.25 s, 
2 s and 8 s. 

3.2. ITO surface energy. 

The changes in surface chemistry induced by plasma 
treatment led to significant improvements of the surface 
energy. Figure 4a shows the evolution of the free surface 
energy of ITO surfaces with plasma treatment ranging from 
0.25 s to 8 s. The surface energy of the untreated ITO 
surface was approx. 31.5 mJ/m2 and plasma treatment for 
a very short time (0.25 s) led to a significant rise to 54.6 
mJ/m2, which is a 73% increase. After plasma treatment for 
2 s, ITO exhibited a surface energy of approx. 64.0 mJ/m2, 

corresponding to a 104% increase. Prolonging plasma 
treatment time led to slightly higher values for surface 
energy. The surface energy was calculated from contact 
angles of various liquids and the all measured contact angle 
values are summarized in Table S1 a – d in supplementary 
material. The evolution of water contact angle is often an 
interesting parameter; however, it describes only the polar 
part of the surface energy. The water contact angle (Figure 
S2) of untreated ITO surface was approx. 72° and 
decreased to 43° and 15° after plasma treatment for 0.25 
and 2 s respectively. The importance of polar and 
dispersive parts of surface energy is discussed later.  

The surface changes induced by atmospheric 
plasma were not permanent and the surface had a 
tendency to revert towards its original conditions before 
plasma treatment. The surface energy changes after 
plasma treatment were monitored for up to 96 hours for 
various treatment times. Figure 4b shows surface energy 
as a function of ageing time for ITO surfaces treated in 
plasma for 0.25 s, 2 s and 8 s. The decrease in surface 
energy was very swift, e.g. a sample treated for 0.25 s 
showed surface energy 49.7 mJ/m2 after being exposed to 
ambient air for only 15 min. Subsequent decrease was 
quite slow and saturation was found at 44.21 mJ/m2 for a 
surface exposed to ambient air for 96 hours. This was still, 
however, a significantly higher value of surface energy than 
an untreated ITO surface, of which the surface energy was 
approx. 31.5 mJ/m2. The samples treated in plasma for 
longer periods of time, e.g. 2 s and 8 s, showed similar 
decrease characters, but since plasma treatment for longer 
periods of time yielded higher surface energy, the 
saturation after 96 hours was found at 48.7 mJ/m2 at 2 s 
and 51.5 mJ/m2 at 8 s.  
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Figure 4. Surface energy of ITO a) pre-treated in plasma 
for 0.25 – 8 s and b) pre-treated in plasma for various 
times (0.25 s, 2 s, and 8 s) and stored under ambient 
conditions for 0.15 – 96 hours. 

The ageing effects after plasma treatment have 
been described by others [50,51]. They are related to 
attachment of carbon contaminants from ambient air and 
deterioration of hydrophilic polar groups. The ageing rate 
is crucial to the methodology of inkjet printing of TiO2 
mesoporous coating; i.e. whether the inkjet printing should 
be carried out immediately after the plasma treatment, or 
whether a delay is acceptable. Because the ageing effect 
led to saturation of surface energy that was still 
significantly higher than an untreated surface, a delay 
between individual steps is acceptable and permits the use 
of plasma pre-treatment in non-continuous fashion as well, 
i.e. the ITO/PET roll can be modified by plasma and then 
transported to a roll-to-roll inkjet printer. In this mode, the 
delay between plasma treatment and inkjet printing was 
around an hour, thus the surface energy of ITO at printing 
was always slightly lower than reported immediately after 
treatment.  

3.3. ITO work function. 

Work function is defined as the minimum energy 
required to remove an electron from the Fermi level of the 
electrode to the vacuum level [52]. Figure 5 presents the 
UPS spectra of ITO surfaces treated in air plasma for 
various times. The secondary cutoff shift indicates a 
significant increase in work function for plasma-treated ITO 
surfaces, as summarized in Table 1. The untreated ITO 
surface showed a work function of 3.8 eV and even very 
short exposure to plasma led to a significant increase, to 
4.3 eV. Longer plasma treatment, for 2 s and 8 s, increased 
work function to 4.9 and 4.9 eV respectively. It is apparent 
that an increase in work function may be clearly associated 
with carbon contamination removal and improvement of 
O/In stoichiometry. Furthermore, the increase in work 
function may be related to the plasma deposition of 
strongly electronegative oxygen polar functional groups 
[53]. Additionally, the increase in chlorine concentration, 
as detected by XPS, could also contribute to higher surface 
electronegativity and thus increase work function. First-
principle calculations based on density functional theory 
(ab initio/DFT) suggest that decreasing the surface methyl 
coverage on transparent conductive oxides leads to an 
increase in work function, which is explained as a result of 
an electronegative surface and associated reinforcement 
of the original surface dipole moment [54,55]. However, 
the significance between chlorine and oxygen polar groups 
on ITO work function remains unclear.  

 

Figure 5. UPS spectra of ITO surfaces treated by plasma 
for 0.25 s, 2 s and 8 s.  

3.4. ITO surface morphology  

AFM scans of untreated ITO surfaces appear in 
Figure 6a with the calculated RMS roughness embedded 
within the images. The untreated ITO surface is of 
crystalline structure with an average grain size of about 40 
nm and RMS roughness of 1.35 nm. The plasma treatment 
had no significant effect on the ITO surface, as is apparent 
from Figures 6 b – d; the size and distribution of the grains 
remained unaffected. However, the overall roughness 
decreased with time after plasma treatment and reached 
0.74 nm after 8 s. The plasma treatment evidently had a 
minor smoothing effect, which could be explained in 
similar fashion to the results above: by the decrease of 
carbon contaminants while the structure of the ITO 
remained undamaged. 

  
  

  
Figure 6. AFM scans of ITO surfaces treated in plasma for 
a) 0 s, b) 0.25 s c) 2 s and d) 8 s. RMS roughness values are 
embedded in the AFM scans.  
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3.5. Wetting properties of TiO2 ink ITO/PET.  

The calculated polar and dispersive components 
of the surface energy discussed in section 3.2 were further 
employed to plot wetting envelope diagrams. These 
conveniently illustrate the degree of wetting for a 
particular liquid-solid combination and have been proven 
useful for the rational evaluation of ink/substrate 
compatibility and process optimization [56]. The envelopes 
are obtained by calculating the hypothetical polar and 
dispersive components of the free surface energy which 
would result in a contact-angle value of 0° (or any other 
desired value). By plotting the polar fraction against the 
dispersive fraction, an enclosed area indicating complete 
(for CA = 0°) or partial (for CA >0°) wetting was obtained. It 
was observed that wetting was highly irregular for an 
untreated ITO surface (Figure 7a), resulting in 
development of an “orange-peel texture”, an undesirable 
phenomenon all too familiar in many wet-coating 
techniques. The corresponding wetting envelope clearly 
illustrates the physical reason for such behaviour, in that 
the contact angle of the ink exceeds 30°. However, plasma 
treatment quickly increases the surface energy in such a 
way that the 0° envelope encompasses the position of the 
ink and results in much improved (Figure 7b) and almost 
perfect (Figure 7c) wetting. With prolonged plasma 
treatment, surface energy saturation is observed (Figure 
4a), and the wetting envelopes do not expand farther 
(Figure 7d). However, further changes in the ink wetting 
behaviour were observed. A banding pattern developed, 
originating from the sequential nature of the printing 
process, in which the 16-nozzle inkjet print-head builds the 
layer from the individual 16-droplet-wide bands. While in 
previous cases (Figures 7b and c) the printed bands merge 
to form a more homogeneous layer, in the final case the 
printed liquid retracts and the width of the band is 
reduced, preventing it merging with the previous bands. 
This phenomenon surely bears a relation to excessive 
plasma treatment, but no immediate explanation is 
provided by Owens-Wendt wetting theory. 

  

  
Figure 7. Wetting envelope diagrams for a) untreated ITO 
and ITO treated in plasma for b) 0.25 s; c) 2 s; and d) 8 s. 

The reported results clearly indicate that plasma 
treatment for 2 s delivers optimum wetting behaviour. 
Figure 8 shows titania photoanodes printed onto ITO/PET 

flexible foil pre-treated in plasma for 2 s. The photoanode 
has a macroscopically homogeneous, white surface. 

 

Figure 8. TiO2/SiO2 hybrid nanocomposite flexible 
photoanodes inkjet-printed onto ITO/PET foil. 

 

3.6. Electrochemical activity of TiO2 ink. 

After inkjet printing on 2-s plasma-treated 
ITO/PET, the flexible TiO2/SiO2 films were further 
mineralized in plasma for 1 – 64 s in order to remove the 
methyl groups in Si–CH3 and transform the semiorganic 
binder into fully mineralized amorphous SiO2. The 
mineralization process had no negative effect on the 
surface morphology of the mesoporous coating; electron 
microscopy revealed no damage [40]. 
Chronoamperometric measurements appear in Figure 9, 
and it is apparent that plasma mineralization led to a 
remarkable increase in the magnitude of the 
photocurrents generated. Whereas untreated TiO2/SiO2 
exhibited small and/or negligible current at approx. 
1 μA/cm2, plasma mineralization resulted in an increase in 
current to over 15 μA/cm2 for TiO2/SiO2 mineralized for 64 
s. The results presented herein are different to those 
reported in the authors’ previous work [40]. Further, the 
plasma mineralization herein resulted in significantly lower 
photo-currents and an increase in dark currents was 
observed. The difference between total current values may 
be explained by differences in resistivity between the 
flexible ITO surfaces used here and the previously-
employed rigid FTO glass substrate. Whereas the surface 
resistivity of flexible ITO was 60 Ω/sq, the surface resistivity 
of the FTO was 10 Ω/sq, which is 6 times lower and 
presented currents were approx. 3 – 4 times lower that 
those reported previously for FTO. The difference is further 
illustrated in Figure S5 in Supplementary material along 
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with total concentration of carbon in TiO2/SiO2 as detected 
by XPS. 

 

Figure 9. Chronoamperometric records at a period of 10 s 
for TiO2 mineralized in plasma for 1 – 64 s. The recorded 
curves are vertically offset for purposes of clarity.  

The individual values of photo- and dark current 
and total generated current are plotted in Figure 10. The 
plasma mineralization led clearly to an increase in dark 
current. However, this increase was not evenly graduated 
and reached saturation at 3 μA/cm2 for plasma 
mineralization at 2 s. The reported increase in dark current 
may be attributed to plasma pre-treatment of the ITO 
surface. The FTO surface in [40] was not pre-treated in 
plasma because wetting of TiO2/SiO2 ink on FTO was 
already sufficient to produce coating of high homogeneity. 
The increase in photocurrent was progressive and in line 
with previous reported measurements on plasma-induced 
binder mineralization. Whereas the untreated surface gave 
zero photocurrents, the photocurrent in TiO2/SiO2 coating 
mineralized for 64 s showed photocurrent at 7 μA/cm2. The 
total generated current reached 10 μA/cm2 after plasma 
mineralization for 64 s. Therefore both plasma pre-
treatment and plasma post-treatment, i.e. mineralization, 
are important for high photocurrents in TiO2/SiO2 
mesoporous photoanodes.  

 

Figure 10. Single dark- and photo-current records 
including total current (all extracted from Fig. 9) showing 
saturated increase in dark current and graduated increase 
in photo- and total current for photoanodes mineralized 
in plasma for 2 – 64 s. 

 

3.7. Efficiency of plasma treatment. 

The energy efficiency demonstrated by 
atmospheric diffuse coplanar surface barrier discharge 
plasma was higher than other reported atmospheric 
plasmas, such as those generated by plasma jets. The 
atmospheric plasma He/O2 plasma jet, used for FTO 
surface activation prior to CdS deposition for photovoltaic 
application [36], operated at an energy efficiency of 16 
J/cm2, whereas the DCSBD plasma reported herein 
operated at an energy efficiency of under 5 J/cm2, and 
moreover in low-cost ambient air. Although He/O2 DBD 
plasma jet [36] pre-treatment of an FTO surface led to swift 
reduction of carbon contamination and surface activation, 
its capacity for removal of larger particles was negligible 
and a wet cleaning process was still required [36]. 
Generation of active surface plasma in DCSBD also leads to 
etching that eliminates particles and larger contaminants. 
In contrast with other plasma treatments that utilize active 
plasma rather than remote plasma [57], the temperature 
of DCSBD may be as low as 70 °C and therefore the etching 
is a plasma-chemical, rather than a thermal process, and 
does not lead to surface damage (e.g. pin-holing). Very 
recently, Seidelmann reported on roll-to-roll atmospheric 
pressure plasma treatment of polymeric films using 
dielectric barrier discharge [58]. The discharge operated at 
approx. 10 J/cm2 (power density 0.7 W.cm-2, treatment 
speed 37 cm.s-1). However, the stability and diffusivity of 
the plasma was achieved by means of pure nitrogen and 
the reactor operated at low pressure.  

It is apparent that the high efficiency of the DCSBD 
plasma arose from its coplanar electrode setup, which 
facilitated the generation of diffuse and high-energy 
plasma in practically any working gas. 

4. Conclusions 

This contribution presents a method for the 
fabrication of flexible mesoporous TiO2 photoanodes using 
cold (70 °C) plasma in ambient air in roll-to-roll 
configuration. First, ambient air plasma was used to treat 
the surface of flexible ITO/PET foil. The plasma treatment 
significantly improved subsequent printing quality and 
wetting of TiO2/SiO2 coatings on ITO/PET foils. In addition 
to excellent wetting, the work function of the ITO increased 
significantly with plasma treatment. It should be noted that 
plasma engineering of the work function can be directly 
related to charge outcoupling efficiency and subsequently 
leads to leads to higher open-circuit voltages and improved 
power conversion efficiency in solar cells [54,59]. A further 
advantage of atmospheric pressure plasma treatment of 
ITO surfaces is that it is much faster than low-pressure 
plasma [60–62], which is also impractical for roll-to-roll 
applications.  

The TiO2/SiO2 films were further mineralized using 
the same plasma setup with longer processing times, up to 
64 s. Despite the low temperature of the plasma 
treatment, it was capable of removing the organic portions 
of the binder efficiently, while preserving the mesoporous 
structure of the TiO2 photoanodes. Subsequently the TiO2 
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photoanodes showed a significant increase in generated 
photocurrent and excellent mechanical stability when 
printed onto flexible ITO/PET. 

The methods presented herein may well provide 
the foundations for an important step forward towards 
large-scale, low-cost manufacturing of flexible energy 
harvesting systems. 

Supplementary Material 

Supporting Material is available online. 
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