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ABSTRACT: Hybrid mesoporous titania/silica electron-generating and transporting layers were prepared using wet-
coating with a dispersion consisting of prefabricated titania nanoparticles and a methyl-silica binder. Titania/methyl-
silica wet layers were deposited by ink-jet printing and further mineralized by low-temperature atmospheric–pressure air 
plasma using diffuse coplanar surface barrier discharge (DCSBD) to form a titania/silica hybrid nanocomposite coating. 
Morphological analysis performed by scanning electron microscopy revealed no damage to the titania nanoparticles and 
chemical analysis performed by X-ray photoelectron spectroscopy disclosed a rapid decrease in carbon and increase in 
oxygen, indicating the oxidation effect of the plasma. The coatings were further electrochemically investigated with linear 
sweep voltammetry and chronoamperometry. The magnitude of photocurrent and photocatalytic activity were found to 
increase significantly with the plasma exposure in the order of 10’s of seconds. The results obtained demonstrate 
the potential of DCSBD ambient air plasma for fast and low-temperature mineralization of titania mesoporous coatings. 

1. INTRODUCTION 

Irradiated photoanodes containing a conductor/n-type 
semiconductor interface1 have been extensively used as 
core components in several promising photo-
electrochemical systems applicable to radiative energy 
harvesting, environmental remediation, sensing and other 
fields. Dye-sensitized solar cells (DSSC)2, in which the 
photo-electrochemical system typically relies upon a 
mesoporous TiO2 layer coated with photosensitizer dye, 
have emerged as promising low-cost photovoltaic tech-
nology in recent years and constitute the most notable 
application field for semiconducting photoanodes. Other 
suitable applications for semiconducting photoanodes 
involve, for example, electro-assisted photocatalytic 
treatment of water3, hydrogen production by water split-
ting4 and various sensing systems5. Titanium dioxide is 
the most popular semiconducting material to be em-
ployed for the purposes under discussion; however a 
number of other transition metal oxides have attracted 
considerable attention as well. Titania photoelectroactive 
layers have been successfully deposited by a number of 
techniques both in gas and liquid phases. The deposition 
of liquid precursor formulations by some of the many 
wet-coating methods6 is popular, since the equipment 
required is relatively simple and there is a high degree of 
compatibility with ambient conditions. Moreover, these 
techniques are intrinsically suited to roll-to-roll pro-
cessing and when modified printing techniques are em-

ployed (e.g. gravure, flexo- or screen printing), direct 
patterning of the printed layers is easily achieved. The 
coating formulations may contain various types of titania 
as the sole non-volatile component and various functional 
additives are often included in order to improve the prop-
erties of both the liquid formulation and the resulting 
layer. However, natural or forced drying of the wet-coated 
layers rarely produces coatings with satisfactory perfor-
mance and some fixing or curing process therefore needs 
to be employed. Thermal sintering is the most straight-
forward approach to consolidating a wet-coated titania 
layer. Fine mesoporous TiO2 films are usually cured at 
high temperatures by means of a slow convection heating 
procedure (at least 30 min above 350 °C) in order reliably 
to remove all organic components present in the coating 
formulation. The high sintering temperature, however, 
precludes the use of such a procedure for thermally sensi-
tive substrates and results in performance deterioration in 
transparent conducting oxide substrates. Alternative 
approaches to interconnecting the TiO2 particles with a 
porous film without high temperature sintering have 
therefore come to attract close attention. Investigations 
into the matter have therefore shifted their focus towards, 
for example, organic-binder-free pastes, UV irradiation, 
and laser sintering7–9. 

H. Kim et al.10 employed titanium isopropoxide as a bind-
er for low-temperature consolidation of TiO2 nanoparti-
cles. Even though the dip-coating method was used sev-
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eral times to deposit layers of sufficient thickness, the 
entire coating had to be processed in an oven at 120 °C for 
1 hour, which is quite a long time if roll-to-roll processing 
is envisaged. Similarly, Y.F. Jiang et al.11 used the doctor-
blade technique to deposit an N-La co-doped TiO2 pho-
toanode, which had to be further processed at 120 °C for 
30 min to eliminate volatiles – still an extended period for 
convenient roll-to-roll processing. Silica has been success-
fully employed as a binder for passive photo-catalytic 
coatings12 and, despite its inherently insulating nature, it 
has proved useful for titania photoanodes as well13. H. 
Lee14 employed an atmospheric-pressure electro-spraying 
process to deposit hierarchically structured TiO2. The 
deposition process was followed by a low-temperature 
chemical post-treatment that took several hours. H.W. 
Chen15 used an electrophoretic approach to depositing 
TiO2 mesoporous coatings but this method does not meet 
the requirements of large-area applications. J. Wang et 
al.16 used a nanocomposite of graphene and TiO2 in a 
perovskite solar cell. The graphene-TiO2 was prepared by 
spin-coating and heated at 150 °C for an hour. A.K. Chan-
diran et al.17 deposited ultra-thin 15-nm crystalline TiO2 
using atomic layer deposition (ALD), at 200 °C, onto a 
pre-fabricated mesoporous SiO2 matrix; although their 
power conversion efficiency reached 7.1%, the SiO2 was 
fabricated in a series of multiple high-temperature steps. 
Furthermore, there are currently two major drawbacks to 
the successful deployment of ALD in large-area, fully 
integrated, roll-to-roll systems: i) While recently pub-
lished pioneering work18 on plasma-enhanced atmospher-
ic pressure ALD shows promise for large-area roll-to-roll 
solar cell manufacture, ALD is essentially a vacuum pro-
cess and therefore not appropriate to in-line roll-to-roll 
processes; ii) ALD deposition times are still prohibitively 
long; it took approx. 25 min to deposit a 15-nm layer, for 
example. Other contributions refer to binder-free TiO2: in 
Yune et al.19 and Lin et al.20, as in the previous examples, 
the coating was annealed at low temperature for 2 hours19 
and 30 min20, respectively. Very recently, C. Wu et al.21 
fabricated firm TiO2 photoanodes at low temperature 
using a blend of commercial high-temperature and low-
temperature pastes obtained from Solaronix. Their pho-
tovoltaic performances were, however, limited by low 
electron transport and inadequate light-harvesting effi-
ciency. 

The above summary of the state of the art indicates that 
although binder-free options for semiconducting pho-
toanode fabrication have been the subjects of considera-
ble attention, it has become apparent that an approach 
based on utilizing binder-containing formulations pro-
cessed by a swift and more logistically appropriate curing 
method may deliver results far superior in terms of both 
electrical and mechanical properties. 

Electrical plasmas possess the unique capacity of produc-
ing oxidative species at high densities and low gas tem-
peratures at the same time as maintaining high uniform 
reaction rates over relatively large areas. Consequently, 
plasma sintering or plasma mineralization of the organic 
binder in titania nanoparticulate coatings is a highly 

competitive and viable low-temperature approach to the 
manufacture of mesoporous TiO2 films22–24. Of particular 
practical interest is low-temperature (less than ~ 200 °C) 
plasma sintering, using an open air plasma that elimi-
nates the need for expensive and cumbersome chambers 
such as those employed to lower pressure and control gas 
mixtures. Very recently, Zen et al.25 developed a low-
temperature annealing technique with TiO2 photo-
electrodes, based on annealing at 150 °C under UV light 
irradiation for 18 h followed by 5 minutes of treatment in 
ambient air plasma generated by a volume dielectric bar-
rier discharge. Such combined sintering may be applica-
ble to plastic substrates, but total sintering times in the 
order of hours are far too long for practical applications, 
particularly if a roll-to-roll mass production of flexible 
DSSCs 26 is required. 

A diffuse coplanar surface barrier discharge (DCSBD) 
plasma source (Roplass s.r.o., Czech Rep.) has the capaci-
ty to generate diffuse high-density “cold” plasmas in am-
bient air, N2 H2, H2O and other low-cost plasma working 
gases in a way that permits in-line, low-cost modification 
of the surface nanolayers of large-area substrates such as 
glass, metals, polymer fabrics and films27,28. Ambient air 
DCSBD plasma has been successfully tested for fast low-
temperature calcination of metalorganic nanofibers29. 

In this study, diffuse high-density ambient air plasma 
generated by DCSBD was employed for the mineraliza-
tion of hybrid titania/silica layers which had been pre-
pared by wet-coating onto various substrates a dispersion 
containing prefabricated titania nanoparticles and a re-
cently-reported organosilica binder. The suspension was 
deposited by inkjet material printing, facilitating precise 
control over coating thickness and shaping. A range of 
experimental techniques were employed to monitor the 
progress of binder mineralization, so the evolution of 
important material properties could thus be followed and 
investigated in detail. 

 

2. EXPERIMENTAL 

2.1 Materials 

Printing of titania layers was performed with an experi-
mental Fujifilm Dimatix 2831 ink-jet printer, the benefits 
of which have repeatedly and convincingly been demon-
strated both for patterning titania30–32 and for other func-
tional materials33–35. The materials and procedures em-
ployed for the printable suspension formulation were 
optimized in advance: a recently-developed organo-silica 
binder36 was adopted without modification and mixed 
with commercial nanoparticulate titania (Evonik P25) in a 
range of ratios. The resulting formulations were used to 
print samples of variable topology, depending on the 
experimental technique anticipated. Based on a prelimi-
nary screening phase, the mineralization effect of the 
plasma was expected to be strongly dependent on layer 
thickness and porosity. Two titania formulations were 
therefore chosen from a portfolio of titania printable 
pastes developed in the course of previous work37. 



 

The first printable titania ink was denoted 9AD, prepared 
by mixing 4 mL of stock organosilica binder solution 
(20 wt.% in anhydrous ethanol) with 4 mL of stock titania 
dispersion (20 wt.% in Dowanol PM solvent) and 8 mL of 
isobutanol. Approx. 2 cm3 of 1 mm glass balls were com-
bined with this in a 20 mL glass vial and it was placed 
overnight on an oscillating lab shaker set to 1000 rpm. 
This ball-milling step, although improvised, proved sur-
prisingly effective. It results in the disintegration of larger 
titania aggregates and ensures reliable jetting through the 
20-μm nozzle orifices of the printer. The printing ink was 
freshly prepared before use by mixing the ball-milled 
formulation with an equal volume of n-hexanol, providing 
acceptable wetting behaviour on the substrate types used 
in the study. Thus the solid loading of the printing ink 
was 5 wt.% and the titania/binder ratio was 50:50. The 
samples prepared with this ink were overprinted three 
times in order to prepare thick, dense, strongly-adhering 
coatings, then denoted 9AD-3L. 

The second ink was denoted 10AD, prepared in exactly 
the same way, except that a solution of 6 mL of titania 
stock dispersion was mixed with 2 mL of binder stock 
solution, giving a titania/binder ratio of 75:25. All other 
procedures were identical to those used in the previous 
case, but only a single layer was printed with this formu-
lation, resulting in thin, fluffy, highly porous and mechan-
ically rather delicate coatings, then denoted 10AD-1L. 

 

2.2 Plasma treatment 

The atmospheric-pressure ambient air plasma was gener-
ated by surface dielectric barrier discharge (sDBD) with 
coplanar configuration of electrodes: diffuse coplanar 
surface barrier discharge (DCSBD). DCSBD is based on 
the DBD principle, in which dielectric-covered electrodes 
are powered by high-voltage AC current, typically at fre-
quencies of between 10 and 500 kHz – sufficient to create 
an active discharge region. Whereas most DBD plasmas 
are of volume configuration (plane-parallel electrode and 
counter-electrode), DCSBD utilizes coplanar geometry of 
electrodes, like that of AC plasma displays. In contrast to 
even the most modern coplanar DBD plasmas, DCSBD is 
capable of generating plasmas of much higher uniformity 
and power density (up to 100 W.cm-3), although the plas-
ma layer is only 0.3 mm thick and visually diffuse. At the 
operation parameters employed, the vibrational and rota-
tional temperatures in plasma, determined by optical 
emission spectroscopy, are 2645 ± 195 K and 377 ± 18 K, 
respectively38. The rotational temperature was calculated 
from the OH band and may be interpreted as an upper 
limit for the neutral gas temperature in the plasma in the 
circumstances. The overall temperature of the gas is low-
er, and close to 70 °C. DCSBD is described in more detail 
in Homola et al.27 and Černák et al.38.  

 

2.3 Surface analysis 

The surface morphology of coatings was studied by means 
of a Mira3 scanning electron microscope (Tescan, Czech 
Rep.). The images, at 200 kx magnification, were captured 

at 8 kV accelerating voltage and 3 mm working distance 
The TiO2 coatings were analysed on FTO glass samples. 
Specific surface and porosity properties were investigated 
directly by the nitrogen sorption method performed with 
Quantachrome Autosorb iQ system on bulk powder sam-
ples obtained by drying the liquid printing compositions, 
and also indirectly by ellipsometric measurements per-
formed on the printed and processed layers with a Jobin-
Yvon UVISEL 2 spectroscopic ellipsometer. 

X-ray diffractometry (XRD) was used to measure the 
crystalline properties of the TiO2 films. The spectra were 
acquired with a 1.542Å Cu Kα SmartLab (Rigaku, Japan) 
diffractometer in Bragg-Brentano geometry. The Scherrer 
equation was used to calculate TiO2 anatase/rutile crystal-
lite sizes. The coatings were analysed on 1-mm-thick so-
da-lime glass slides. 

FTIR spectroscopy was employed for direct monitoring of 
the residual methyl group depletion by plasma treatment. 
This process manifests as a significant decrease in, and 
ultimately the disappearance of, characteristic peaks cor-
responding to the vibrations of the methyl moieties in the 
binder (2831–3006 cm-1). The broad signal peaking at 3300 
cm-1 can be assigned to the vibrations of hydroxyl moie-
ties present in the hydrolysed and condensed binder. 
Apparently, the employed plasma treatment did not in-
fluence it at all. 

Further evidence of the nature and extent of the binder 
mineralization was obtained by X-ray photoelectron spec-
troscopy (XPS) using an Al Kα ESCALAB 250Xi (Ther-
moFisher Scientific). All samples were measured at one 
spot (650 μm) at a take-off angle of 90° in 10-8 mbar vacu-
um at 20 °C. An electron flood-gun was used to compen-
sate for charges on sample surfaces. The spectra were 
referenced to Ti2p at 458.8 eV. 

Linear sweep voltammetry and chronoamperometry were 
employed for indirect investigation of the extent of binder 
mineralization. As shown recently37, raw unprocessed 
layers of nanocrystalline titania bonded with methyl-silica 
binder have very poor charge transfer and charge-
generating properties. However, these improve substan-
tially when the organic moieties of the binder are re-
moved by oxidation. Thus it becomes possible to follow 
the degree of binder conversion in the plasma-treated 
layer by monitoring the photocurrent generated in irradi-
ated samples deposited on an electrically-conductive 
substrate39. 

Photoelectrochemical characterization was performed by 
linear sweep voltammetry at room temperature using a 
two-electrode setup with 1 cm2 titania patches. The print-
ed FTO slide was scratched to create two isolated FTO 
strips. One strip, with the printed titania patch, served as 
the working electrode and the opposite, naked, FTO strip 
as the counter-electrode. This setup was fitted into a 
custom-built quartz cuvette, which was filled with a 0.1 M 
aqueous solution of perchloric acid and fitted onto an 
optical bench equipped with a UV-A lamp emitting a 
broad peak centred at 365 (Sylvania Lynx-L 11 W). A mag-
netic stirrer was placed beneath the cuvette and a mag-
netic flea within it provided efficient electrolyte mixing. 



 

The lamp emission was monitored with a Gigahertz Optic 
X97 irradiance meter with a UV-3701 probe with the irra-
diance set to 2 mW/cm2 by adjusting the lamp-to-cuvette 
distance. Measurements of the photocurrents generated 
were taken with an electrometer built on the basis of an 
NI Labview platform supplying a linear voltage gradient 
of 10 mV/s from -0.5 to 2 V. 

Further indirect evidence of the extent of binder mineral-
ization was obtained by means of a photocatalytic exper-
iment. The printed layers (20 × 20 mm squares on micro-
scope slides) were immersed in a 1E-4 molar aqueous 
solution of coumarine. The ROS generated on the surface 
of the photocatalyst upon UV-A irradiation oxidizes cou-
marine into its hydroxylated derivatives, some of which 
give off strong fluorescence, peaking at 460 nm40. This 
method has attracted considerable attention as a possible 
tool for swift and simple evaluation of photo-catalyst 
activity41, but in this case it was used solely for the evalua-
tion of photocatalytic activity changes resulting from the 
plasma treatment. 

 

3. RESULTS AND DISCUSSION 

3.1 Structural analysis 

 

Figure 1 presents the scanning electron microscopy im-
ages of titania mesoporous coatings with two distinct 
formulation: 9AD-3L and 10AD-1L, containing 50:50 and 
75:25 titania/methyl-silica binder respectively. Reference 
(plasma-untreated) 9AD-3L and 10AD-1L coatings appear 
in Figure 1a and Figure 1b respectively. The structure of 
the two coatings is very similar and shows that homoge-
neity and meso- and macro-porosity are all high. The 
titania nanoparticles are approximately 20–25 nm in di-
ameter and glued together, which resulted in structures 
with diameter of 40–50 nm. The size of the pores varied 
between 50 and 250 nm in both coatings. The difference 
between 9AD-3L and 10AD-1L was minor; however the 
shape of the titania nanoparticles was slightly more dis-
tinguishable in the 10AD-1L coating, which tallies with its 
lower concentration of organic methyl-silica binder. Fig-
ures 1c and 1d show the effects of plasma mineralization 
on the morphology of the 9AD-3L and 10AD-1L samples. 
There is no notable difference between the plasma-
mineralized samples and references, so it appears that the 
plasma had no effect on morphological structure; this 
evidence arises out of the plasma being of a temperature 
too low to lead to damage or deformation effects.  

The specific surface, its porosity and pore-size distribu-
tion are important material texture parameters directly 
influencing chemical activity. While their determination 
for bulk material is straightforward, using the nitrogen 
sorption method and the associated BET theory42, the 
measurements become more complex for thin, porous 
layers due to the prohibitively low ratio of active material 
mass to that of the glass substrate. Therefore, specific 
surface was analyzed for the bulk starting titania powder 
and bulk powders of both titania-binder mixes used in 
this study prior to thin layer deposition and plasma 

treatment. It emerged that the specific surface of the 
starting bulk titania was 48 m2/g, a value that tallied 
closely with the supplier’s data. The value dropped to 12 
and 36 m2/g for powders obtained by drying 9AD and 
10AD compositions respectively. This arose out of partial 
blockage of accessible pores by the binder and is naturally 
greater for the more binder-rich 9AD formulation. 

Further investigation of textural changes in the actual 
printed layers before and after processing was performed 
indirectly by evaluation of SEM images and ellipsometric 
spectra of the inkjet-printed samples before and after 
plasma processing. A complex multilayer model involving 
a variable void layer, adapted from our previous work on 
the optical properties of printed pure titania films43, was 
used for the recorded spectra fitting. This facilitated a 
relative comparison of porosity changes upon plasma 
treatment. In neither case was any significant systematic 
change detected after plasma processing. 

The real specific surface of the processed layer (expressed 
as accessible surface area per geometrical footprint sur-
face area, i.e. the roughness factor) may be estimated 
from the value of the specific surface determined for bulk 
powder and the known weight coverage of the substrate, 
which was approx. 0.3 mg/cm2 for 9AD-3L and 0.1 mg/cm2 
for 10AD-1L. The roughness factor proved equal for both 
formulations, at a value 36 (12 m2/g × 0.3 mg/cm2 = 36 = 
36 m2/g × 0.1 mg/cm2). The lower specific surface of the 
9AD formulation (12 m2/g) was compensated by greater 
surface loading (0.3 mg/cm2); however, this assumption is 
based solely on weight balance and does not take other 
effects into account. It should therefore be considered 
with a degree of caution. It can be maintained with more 
confidence, on the other hand, that the accessibility of 
pores and cavities in 9AD coating, which are located 
deeper in the layer, was certainly limited in comparison to 
the 10AD coating. 

 

  

  

Figure 1. SEM images of a) 9AD-3L reference; b) 10AD-1L 
reference; c) 9AD-3L 64 s plasma-treated; and d) 10AD-3L 
64 s plasma-treated samples. 

The thickness of the coatings was evaluated from the 
profilometric measurements that appear in Figure 2: 



 

9AD-3L was approx. 800 nm thick and 10AD-1L approx. 
300 nm. The 9AD-3L coating that had been prepared with 
a titania/binder ratio of 50:50 (ink overprinted three 
times) was approximately three times thicker than 10AD-
1L and exhibited an RMS height of 0.71 µm ± 0.05 µm. The 
thinner 300 nm 10AD-1L coating was of a deviation that 
indicated that the pores were smaller. Printing patterns 
were observed in 1AD-1L coating whereas thicker 9AD-3L 
showed higher macro-homogeneity due to larger pores. 

 

 

Figure 2. Thickness of the coatings and their rms heights. 

XRD analysis (Figure S1†, Supporting Information) 
showed that both coatings consist of anatase and rutile. 
The sizes of the anatase grains for both 9AD-3L and 
10AD-1L are very similar, e.g. the strongest peak (101) 
anatase measured 23 and 26 nm for 9AD-3L and 10AD-1L 
respectively. No effect on the crystalline structure of ei-
ther coating after the longest plasma treatment (64 sec-
onds) was observed. The XRD findings correlate closely 
with the SEM morphological scans and it is clear that 
structures observed by SEM are anatase crystals at various 
orientations glued with binder. On the other hand, the 
organic methyl silica binder was of amorphous structure, 
since no characteristic silicon peak appeared in XRD spec-
tra. The spectra were significantly influenced by silica 
from the soda-lime glass substrate.  

 

3.2 Chemical analysis 

Figures 3a and 3b present the evolution over time of 
FTIR absorbance spectra of titania coatings of both the 
types studied after plasma treatment. The spectra clearly 
reflect the major difference between the 9AD-3L and 
10AD-1L samples, i.e. their thickness. Naturally, the thick-
er 9AD-3L coating exhibited stronger absorbance than the 
thinner 10AD-1L coating. The changes after plasma treat-
ment for 2–64 s in the region of interest at 2831–3006 cm-1, 
corresponding to asymmetrical and symmetrical stretch-
ing of –CH3 (2850, 2920 and 2970 cm-1), appear subtle and 
less significant in 9AD-3L. Nevertheless, Figure 4 shows 
the –CH3 peak area calculated with the appropriate base-
line; the signal decrease is clearly apparent. The thicker 

9AD-1L coating showed a swift drop in peak area during 
the first few seconds of plasma treatment, which corre-
sponds with surface oxidation of the accessible methyl 
groups. Any further effect is limited, as plasma cannot 
effectively penetrate the interior of the thicker, compact 
and binder-rich coating. Similarly, a swift initial drop in 
CH3 peak area was observed for 10AD-3L coating, but in 
this case the process of plasma oxidation continued even-
ly throughout the range of treatment times because the 
plasma penetrated through the porous structure deep 
into the whole coating.  

 

 

 

Figure 3. FTIR transmission spectra of a) 9AD-3L and b) 
10AD-1L samples treated in plasma for 2-64 seconds. 

Both plasma-treated coatings were further evaluated by 
XPS. Table 1 shows the concentration of elements on the 
surface of the 9AD-3L and 10AD-1L coatings. The main 
difference between coatings appears in the concentrations 
of carbon, titanium and silicon. Whereas the 9AD-3L 
reference sample exhibited 28.8 at.% carbon, 3.5 at.% 
titanium and 21.3 at.% silicon, the reference sample with a 
10AD-1L coating showed a lower concentration of carbon, 
21.6 at.%; higher titanium, 9.3 at.% and lower silicon, 16.5 
at.%. The low concentration of sodium comes from the 
surface of the glass and confirms a high level of porosity, 
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since XPS clearly detected a signal from the substrate. 
This leads to the conclusion that the data acquired are 
influenced by silicon oxide from the glass, which contrib-
utes to the signal from the binder in the coating. 

 

 

Figure 4. Evolution of 3006 – 2831 cm-1 peak area with plas-
ma treatment time for 2-64 seconds for 9AD-3L and 10AD-1L 
samples. 

The lower concentration of carbon and silicon in the 
10AD-1L coating accords with the initial difference be-
tween the coatings; 9AD-3L had a lower proportion of 
titania in the organic methyl-silica binder portion (50:50) 
whereas 10AD-1L had a higher proportion of titania in 
organic methyl-silica binder (75:25). The 9AD-3L exhibit-
ed a Ti/Si ratio of 0.17, which was very low, whereas 10AD-
1L gave a significantly higher Ti/Si ratio of 0.56. Both 
coatings, 9AD-3L and 10 AD-1L, had similar, almost stoi-
chiometric, TiO2/SiO2 composition with O/(Ti+Si) ratios 
of 1.81 and 1.95, respectively. 

 

 

Figure 5. Evolution of overall carbon concentration for 9AD-
3L and 10AD-1L samples treated in plasma for 2–64 seconds. 

Table 1. Concentration of elements as detected by 
XPS for 9AD-3L and 10AD-1L samples treated in 
plasma for 2-64 seconds. 

Sample Concentration of elements 

 C1s  
[%] 

O1s  
[%] 

Ti2p  
[%] 

Si2p  
[%] 

Na1s  
[%] 

Ti/Si O/ 
(Ti+Si) 

9AD-3L 

Ref. 28.8 44.8 3.5 21.3 1.5 0.17 1.81 

P 2 s 25.7 51.3 3.3 16.8 2.8 0.19 2.56 

P 4 s 14.1 59.3 4.4 20.5 1.6 0.21 2.39 

P 8 s 13.8 59.9 4.0 20.8 1.5 0.19 2.43 

P 16 s 12.4 60.4 4.2 21.7 1.2 0.19 2.34 

P 32 s 8.8 62.7 3.7 23.5 1.3 0.16 2.31 

P 64 s 5.5 66.2 3.3 23.5 1.5 0.14 2.37 

10AD-1L 

Ref. 21.6 50.3 9.3 16.5 2.3 0.56 1.95 

P 2 s 14.6 58.2 9.3 14.4 3.4 0.64 2.46 

P 4 s 11.6 62.4 9.1 15.1 1.0 0.60 2.58 

P 8 s 7.3 64.4 9.7 15.5 3.0 0.63 2.56 

P 16 s 5.2 65.1 10.0 16.4 3.1 0.61 2.46 

P 32 s 4.5 65.9 10.5 16.1 2.8 0.65 2.48 

P 64 s 5.7 65.0 9.5 16.6 2.9 0.57 2.48 

 

Plasma mineralization for 2–64 seconds led to a decrease 
in atomic carbon concentration, as shown in Figure 5. 
The manner in which carbon decrease took place is simi-
lar for both coatings, differing only in initial atomic car-
bon concentration, apparently higher for the 9AD-3L 
coating with the higher proportion of binder. Plasma 
treatments led to a steady decrease of carbon concentra-
tion while plasma treatment for 64 s yielded the same 
values of carbon concentration in both, approx. 5–6 at.%. 
This is clearly saturation for carbon removal, which is also 
influenced by the limitations of ex-situ XPS. The plasma 
treatment had no effect on overall concentration of tita-
nium and silicon and their ratios changed only slightly 
(0.15–0.20 for 9AD-1L and 0.55–0.65 for 10AD-3L) with 
plasma treatment time. The removal of carbon was ac-
companied by oxidation processes; a higher amount of 
oxygen was detected as plasma treatment time increased. 
Since the carbon signal decreased rapidly, further analysis 
of the C1s high resolution peak was rendered opaque by 
low signal. 

Analysis of the high-resolution Si2p peak (Figure S2†) 
showed that it shifted towards higher binding energy 
after plasma treatment. Plasma mineralization for 64 
seconds led to a shift of the Si2p peak towards higher 
binding energies due to a decrease in the R-SiOx compo-
nent that is characteristic of the organic silicon-
containing binder36. However, the shift towards higher 
energy may be associated with oxygen attached to the 
silicon atom forming SiO2. High-resolution Ti2p peaks 
(Figure S3†) in 9AD-3L showed no noticeable changes 
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after the plasma treatments; it can be assumed that the 
oxidation process largely involved the silicon in the me-
thyl-silica organic binder and led to breaking of Si–C 
bonds. This could be specifically confirmed by C1s analy-
sis (not shown here); however, C–Si and C–C/C–H are 
energet-ically similar (284.5 eV and 284.8 eV, respective-
ly) and the C1s peak showed an overall decrease of signal 
for both characteristic binding energies.  

 

3.3 Electrochemical characterization 

The coatings were further characterized by linear sweep 
voltammetry to investigate the electrochemical properties 
induced in them by plasma treatment. Cyclic linear sweep 
voltammograms of the 9AD-3L and 10AD-1L coatings 
appear in Figures 6a and 6b respectively. In both coat-
ings, plasma treatment led to a steady increase of photo-
current magnitude with plasma treatment time. This 
trend was independently confirmed by a separate chrono-
amperometric measurement at +1V bias, shown in Fig-
ure 7.  

 

 

 

Figure 6. Cyclic linear sweep voltametric curves for a) 9AD-
3L and b) 10AD-1L samples treated in plasma for 2-64 s. 

 

Figure 7. Photocurrent evolution with plasma treatment 
time for 2-64 s for 9AD-3L and 10AD-1L samples. 
 

 

 

Figure 8. Chronoamperometric records with period of 10 s 
for a) 9AD-3L and b) 10AD-1L samples treated in plasma for 
2-64 s. 
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Photocurrent values originating from the chrono-
amperometric measurement of 9AD-3L and 10AD-1L coat-
ings are further summarized in Figures 8a and 8b respec-
tively, where the photocurrent evolution appears as a 
function of plasma mineralization time. A significant 
difference in behaviour was observed and its relation to 
the layer structure can be explained: the thin, porous 
10AD-1L layer undergoes a quick initial surface binder 
oxidation followed by slower in-depth mineralization 
taking place through the pores. Extensive binder oxida-
tion results in a major increase of layer conductivity 
manifested as increasing photocurrent values. On the 
other hand, plasma penetration into the thick, dense 
layers of the 9AD-3L type is limited and therefore binder 
mineralization takes place only on the surface, which is 
reflected in generally lower photocurrent values. 

 

3.4 Consequences for photocatalytic activity 

The results of photocatalytic activity testing, using a 
coumarin fluorescent probe, with untreated and plasma-
treated 9AD-1L and 10AD-3L coatings, are shown in Fig-
ures 9a and 9b, respectively. The figures show the cou-
marin concentration profiles together with kinetic pa-
rameters obtained from a simplified sequential reaction 

model (coumarine  7-hydroxycoumarin  further oxi-
dized intermediates), as recommended for this situation 
by Cernigoj et al.41. Although the magnitude of the differ-
ences is not high, they are consistent and further illus-
trate the processes taking place upon plasma-induced 
binder mineralization. A significant difference in the 
initial rate of 7-hydroxy coumarin generation emerged 
between the 9AD-3L (i.e. the more binder-rich, less po-
rous) and the 10AD-1L (i.e. less binder, more porous) 
coatings. The more porous and binder-deficient coating 
produced significantly faster initial rates, so it may be 
posited that high porosity and low binder content, associ-
ated with more exposed photocatalyst grains, are more 
important to photocatalytic activity than layer thickness 
and post-deposition processing. In any event, for both 
layer types, an appreciable acceleration of the initial reac-
tion rate was observed after plasma mineralization of the 
binder. The difference is subtle in the case of 9AD-3L-type 
layers, as only a thin surface modification is taking place. 
This is consistent with the behaviour of this sample type 
in other experiments. On the other hand, the acceleration 
is much more pronounced in 10AD-1L-type samples (i.e. 
thin, porous) as a deeper effect of plasma processing is 
enabled by the porous nature of the layer. Worth noting 
is the slightly sigmoidal shape of the fluorescence traces 
for the unprocessed, thin, porous layer types: at the very 
start, the initial reaction rate is quite slow; it then acceler-
ates during the reaction proper as the binder becomes 
further mineralized by the photocatalytic effect contrib-
uted by the irradiated photocatalyst. This explanation has 
been demonstrated by repeated experiments with a single 
plasma-untreated slide. In the course of five reaction 
runs, the activity of such a slide constantly increased until 
it finally matched that of plasma-treated slides.  

 

 

Figure 9. Photocatalytic activity expressed with raw fluores-
cence signal of oxidized fluorescent probe n-hydroxy-
coumarin plotted against reaction time for a) 9AD-3L and b) 
10AD-1L samples treated in plasma for 64 s. 

 

3.5 Efficiency of the plasma treatment 

The results of XPS demonstrated that the way in which 
the chemical changes took place in both coatings induced 
by plasma mineralization were similar. XPS detects in-
formation mainly from the top surface, and its sensitivity 
penetrates only a few nm below the surface. However, the 
sensitivity can significantly vary for porous films, as was 
confirmed in this study by the presence of sodium in XPS 
spectra that could only have originated from the glass 
substrate. The concentration of sodium measured in the 
9AD-3L coating was almost twice as low as that in 10AD-
1L coating, indicating loss of ejected photoelectrons from 
the glass substrate due to the longer path in the thicker 
9AD-3L coating. Therefore XPS is not limited to only the 
first few nm below the surface; it can also detect changes 
deeper in the coating. 

The photocatalytic activity induced by plasma treatment 
differs significantly between thicker 9AD-3L and thinner 
10AD-1L coatings. Apart from higher efficiency of photo-
catalytic activity in thinner 10AD-1L coating, because of 
higher content of titania, the depth to which particles 
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from plasma penetrate effectively into the coating is in-
teresting. Although the plasma-chemical nature of the 
mineralization process is not fully understood, the pre-
dominantly high energetic states of nitrogen and oxygen 
could induce such effective changes in coating structure 
leading to desorption of methyl groups. The possible 
mechanism has been exhaustively addressed by M.R. 
Baklanov et. al44, who posit that the chemical reaction 
between the oxygen radical and Si–CH3 groups starts with 
detachment of hydrogen and further reaction with anoth-
er oxygen atom leads to complete loss of the methyl 
group and formation of surface-active sites capable of 
chemisorption of water molecules, forming Si–H and Si–
OH45,46. Replacement of non-polar –CH3 groups with 
polar –OH groups leads to increases in dielectric con-
stant47. In microelectronics, this is often considered an 
undesirable effect when low-k dielectrics are processed by 
plasma48,49. Conversely, in this work, an increase in dielec-
tric constant may well lead to higher capacity in the silica 
surface, which could further contribute to explanation of 
the higher photocurrents that appear in Figs. 6-8. 

Recent papers have also described the use of plasma for 
the preparation of TiO2 porous films in solar-cell applica-
tions. A nitrogen atmospheric-pressure plasma jet has 
been employed to sinter printed TiO2 films for 600 s23. A 
clear drawback of plasma jet in small-area treatment is 
associated with the substantially high temperature of 
500 °C involved. Such a level of heat in the process is 
currently a limiting parameter in the fabrication of solar 
cells and other optoelectronic devices, since it is incom-
patible with low-cost, lightweight, flexible plastic materi-
als, which are unable to withstand high temperatures.  

H Jung et al.50 used large-area atmospheric pressure 
plasma to remove organic binders from TiO2 films. The 
plasma was operated by 13.56 MHz discharge in Ar/O2 at 
120 W, where the active plasma area was 1.1 cm × 1.5 cm. 
The temperature in plasma was 190 °C, sufficiently low to 
enable the use of plastic substrates and permit manufac-
ture in roll-to-roll fashion. S. Zen el al.25 very recently 
published a study of low-temperature fabrication of TiO2 

films by ambient air dielectric barrier discharge51. The 
process temperature was 150 °C, which clearly showed 
that dielectric barrier discharges are preferable for low-
temperature manufacture of functional TiO2 coatings.  

This study employed DBD with coplanar configuration of 
electrodes and obtained similar results for plasma effect 
on TiO2 films. In contrast to the plasma sources used in 
other contributions23,25,50, DCSBD can provide a much 
larger area for treatment at lower temperatures. This 
difference clearly arises out of the coplanar configuration 
of the electrodes, which generates only a thin layer of 
plasma with ultra-high power density while the gas tem-
perature remains low, at 70 °C. 

 

4. CONCLUSIONS 

This contribution presents a method for the fabrication of 
mesoporous TiO2 photoanodes using cold 70 °C plasma in 
ambient air. TiO2 photoanodes were created on FTO/glass 
substrates and TiO2 coating on plain glass slides. The low-

temperature DCSBD plasma mineralization was capable 
of efficiently removing the organic moieties of binder 
while preserving the mesoscopic structure of TiO2. The 
extent of the mineralization depends on the layer porosi-
ty, thickness and is satisfactory even in the more chal-
lenging case of thick, compact titania coatings. When 
compared with standard thermal sintering or UV curing, 
the DCSBD plasma mineralization provides a number of 
significant advantages: thermal sintering produces a well-
sintered and fully mineralized coating but is inappropri-
ate for flexible polymeric substrates due to the high pro-
cessing temperatures involved. Moreover, the super-
hydrophobic nature of thermally sintered titania/silica 
layers predicates further hydrophilization. UV curing 
appears to be an attractive low-temperature option, but 
the process is prohibitively slow for practical use. The 
plasma process reported herein is capable of producing 
highly photoelectroactive titania coatings at very fast 
curing times.  

While a number of studies and/or commercial products 
targeting the same general goal, i.e. fabrication of highly 
active photoanodes featuring a transition metal oxide 
semiconducting layer, have appeared recently, the process 
reported herein features several important advantages 
over them. Firstly, the novel organosilica binder present 
in the formulation also acts as an efficient stabilizing 
agent for the suspended titania nanoparticles. Thus a low 
viscosity ink with a high solid loading was obtained, fur-
thermore boasting excellent shelf-life and ink-jet printa-
bility with a potential for essentially unlimited patterning 
and scaling options. The thickness of the printed layer 
can be adjusted on a wide scale by altering the printer 
settings and/or overprinting more layers and the texture 
(i.e. porosity and specific surface) may, to a certain extent, 
be adjusted by changing the titania-binder ratio. Second-
ly, the binder acts as a “mortar”, gluing the deposited 
nanoparticles together after its mineralization and the 
processed layer thus features improved adhesion and 
overall stability over the course of mechanical stress and 
wear. Thirdly, the plasma mineralization process provides 
production performance superior to the previously-
considered processes (thermal sintering and UV curing), 
taking only a fraction of the time required for them at far 
lower temperatures, making it particularly suitable for 
incorporation into roll-to-roll fabrication units. It could 
constitute a major step forward in the large-scale manu-
facture of flexible solar cells, among many other applica-
tions. 
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