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TEM analysis of photocatalytic TiO2 thin films deposited on polymer substrates by lowtemperature ICP-PECVD
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TiO2 thin films were deposited on polymer substrates (polyethylene terephthalate and polystyrene) at low substrate temperature (< 120 °C) from radiofrequency inductively coupled O2/titanium tetraisopropoxide (TTIP) plasmas. The film growth was tuned by controlling the O2/TTIP flow rate ratio and pulsing the plasma power. The nanostructure including the film morphology and crystallization was thoroughly characterized by transmission electron microscopy. The photocatalytic activity was evaluated by measuring the degradation rate of methylene blue under UV light irradiation. All the films exhibit columnar morphologies.

Increasing the O2/TTIP ratio from 97:3 to 98.5:1.5 in the plasma leads to an increase in the column size and the amount of anatase phase. Meanwhile the photocatalytic activity was also improved. Then keeping the same O2/TTIP ratio of 98.5:1.5, the substrate temperature was decreased even lower than 80 °C by pulsing the plasma with the duty cycle of 50%, which allows the deposition on the polystyrene substrate. In this pulsed mode, the column size is reduced, and the bottom layer (around 0 ~ 200 nm) near the substrate contains less anatase phase, but as the thickness increased, the anatase phase can be gradually enhanced in the upper layer (around 200 ~ 300 nm). Moreover, these films grown in the pulsed mode at low

Introduction

Titanium dioxide (TiO2) material as photocatalyst have received considerable attention because of its high photocatalytic activity, high chemical stability, low toxicity and low cost [START_REF] Fujishima | Titanium dioxide photocatalysis[END_REF]. Some efficient TiO2 powders were obtained by using different chemical solution methods [START_REF] Nasr | Recent progress on titanium dioxide nanomaterials for photocatalytic applications[END_REF][START_REF] Cargnello | Solution-phase synthesis of titanium dioxide nanoparticles and nanocrystals[END_REF], but in case of batch treatment, the powder has to be retrieved for several uses by filtering. Thus these materials in films or coatings are attractive in order to expand their applications [START_REF] Singh | Nanostructured TiO2 thin films prepared by RF magnetron sputtering for photocatalytic applications[END_REF][START_REF] Athanasekou | Ceramic photocatalytic membranes for water filtration under UV and visible light[END_REF]. Furthermore, in view of practical application, the deposition of TiO2 films or coatings on various solid substrates especially polymer surface would be of major importance for its wide spreading in industry fields [START_REF] Lee | Photocatalytic functional coatings of TiO2 thin films on polymer substrate by plasma enhanced atomic layer deposition[END_REF][START_REF] Vodišek | Transparent photocatalytic thin films on flexible polymer substrates[END_REF]. Photocatalytic TiO2 films on flexible polymer substrates could be used as easily removable or changeable antibacterial protection for public buildings such as hospitals, avoiding bacterial invasion. TiO2 films can also be integrated in flexible sensors. However, the deposition of TiO2 film on polymer substrate as photocatalyst is still in the early stage of development compared to other substrates such as glass, metal and ceramic tiles.

It is well known that low-temperature processes are required for surface treatment of polymer substrates, even less than 100 °C for some polymers like thin polystyrene sheets. In the literature, TiO2 films on polymer substrates were mainly deposited by sol-gel methods [START_REF] Langlet | Sol-Gel preparation of photocatalytic TiO2 films on polymer substrates[END_REF][START_REF] Yang | TiO2 thin-films on polymer substrates and their photocatalytic activity[END_REF][START_REF] Langlet | Transparent photocatalytic films deposited on polymer substrates from sol-gel processed titania sols[END_REF], but usually a post-annealing process (> 200 °C) is necessary to remove the residual organics and enhance the crystallization, which may have opposite effects on the grain size (large size can decrease the efficiency) [START_REF] Allen | The effect of crystalline phase (anatase, brookite and rutile) and size on the photocatalytic activity of calcined polymorphic titanium dioxide (TiO2)[END_REF] and damage the polymer substrates. Therefore, alternative strategies involving plasmas were also tested. However, few articles report on the deposition of TiO2 films by plasma processes like magnetron sputtering and plasma enhanced chemical vapour deposition (PECVD) at temperatures less than 200 °C [START_REF] Daviosdottir | Investigation of DC magnetron-sputtered TiO2 coatings: effect of coating thickness, structure, and morphology on photocatalytic activity[END_REF][START_REF] Kolouch | Photocatalytic TiO2 thin film prepared by PECVD at low temperature[END_REF][START_REF] Moser | Production of photocatalytically active titania layers: A comparison of plasma processes and coating properties[END_REF][START_REF] Baba | Photocatalytic anatase TiO2 thin films on polymer optical fiber using atmospheric-pressure plasma[END_REF]. Additionally, the use of plasma processes to deposit TiO2 on polymers for photocatalytic applications has rarely been reported in the literature [START_REF] Baba | Photocatalytic anatase TiO2 thin films on polymer optical fiber using atmospheric-pressure plasma[END_REF][START_REF] Carneiro | Iron-doped photocatalytic TiO2 sputtered coatings on plastics for self-cleaning applications[END_REF][START_REF] Sonnenfeld | Effect of substrate temperature and RF biasing on the optical properties of titania-like thin films obtained by plasma enhanced chemical vapor deposition[END_REF][START_REF] Sirghi | Heating of polymer substrate by discharge plasma in radiofrequency magnetron sputtering deposition[END_REF][START_REF] Chemin | Transparent anti-fogging and self-cleaning TiO2/SiO2 thin films on polymer substrates using atmospheric plasma[END_REF][START_REF] Amberg | Absorbing TiOx thin film enabling laser welding of polyurethane membranes and polyamide fibers[END_REF][START_REF] Kelly | Deposition of photocatalytic titania coatings on polymeric substrates by HiPIMS[END_REF]. For example, the work by the group of P.J. Kelly [START_REF] Kelly | Deposition of photocatalytic titania coatings on polymeric substrates by HiPIMS[END_REF][START_REF] Ratova | Optimisation of HiPIMS photocatalytic titania coatings for low temperature deposition[END_REF] has shown that high-power impulse magnetron sputtering (HiPIMS) can be used to deposit titania coatings onto polymer substrates for photocatalytic applications by optimizing the sputtering parameters such as power supply, working pressure, pulse frequency and pulse width, which can decrease the deposition temperature and leave the substrates undamaged.

It is well known that to obtain TiO2 films with high photocatalytic efficiency, the crystallization preferably in anatase phase [START_REF] Herrmann | Heterogeneous photocatalysis: fundamentals and applications to the removal of various types of aqueous pollutants[END_REF] and high surface area are important factors.

For these reasons, low pressure PECVD is suitable to achieve TiO2 film growth at low temperature as it allows to control and tune the TiO2 crystallization in anatase and its morphology [START_REF] Martinu | Plasma deposition of optical films and coatings: A review[END_REF][START_REF] Larouche | Microstructure of plasma-deposited SiO2/TiO2 optical films[END_REF]. In fact, in one of our previous study [START_REF] Li | Nanostructure and photocatalytic properties of TiO2 films deposited at low temperature by pulsed PECVD[END_REF], TiO2 films with high photocatalytic activity were deposited on silicon substrates using pulsed-PECVD method. Some thin nano-columns were grown on silicon substrates and it was shown that the column size, the anatase amount and the surface roughness could be tuned by controlling the plasmaon time. Meanwhile the film deposition temperature could be decreased below 100 °C while keeping a high photocatalytic activity, which therefore opens up interesting prospects for the deposition of photocatalytic TiO2 layers on flexible polymer substrates.

In this work, transparent polyethylene terephthalate (PET sheets of ~125 μm) and polystyrene (thin PS sheets of ~80 μm) were used as substrates for TiO2 film deposition from lowtemperature inductively coupled plasmas. The film structure was tuned by using the pulsed mode or controlling the precursor injection ratio of O2/titanium tetraisopropoxide (TTIP). The photocatalytic degradation of methylene blue (MB) was chosen as a model reaction to evaluate the photocatalytic activity of the TiO2 films. Their nanostructure including the crystallization and morphology was investigated by transmission electron microscopy (TEM) in order to relate the photocatalytic efficiency to the film nanostructure and surface morphology.

Experimental

The substrates used in this study were PET sheets of ~125 μm coated with a conductive indium tin oxide (ITO) coating of ~50 nm on one side (PET/ITO, supplied by Sheldahl) and PS sheets of ~80 μm (PS, supplied by Goodfellow). All the polymer substrates were rinsed in ethanol before deposition. Then TiO2 films of ~300 nm were deposited on these substrates from inductively coupled radiofrequency (rf, 13.56 MHz, 400 W) plasmas (ICP) at low pressure (~0.4 Pa). The ICP-PECVD reactor has been described in detail in the previous papers [START_REF] Granier | Diagnostics in O2 helicon plasmas for SiO2 deposition[END_REF]. O2 was introduced at the top of the plasma source (with 5% Ar added to O2), and its flow rate was fixed at 16 sccm. Titanium tetraisopropoxide (Ti(OC3H7)4, TTIP, supplied by Sigma Aldrich Ltd.) was used as the Ti precursor. Temperature sensitive labels were stuck on the back side of the substrates to measure the substrate temperature during deposition.

Generally speaking, three deposition conditions were considered in this research. Condition 1:

the TiO2 film was deposited by injecting TTIP with a flow rate of 0.5 sccm, which corresponds to a 97:3 O2/TTIP mixture, and the plasma was kept in the continuous (CW) mode. Condition 2: the flow rate of TTIP was reduced at 0.24 sccm while keeping the same flow rate of O2, leading to a 98.5:1.5 O2/TTIP mixture, and the plasma was also in CW mode.

Condition 3: the precursor was injected as in Condition 2, but the O2/TTIP plasma was operated in the pulsed mode where the frequency and the duty cycle were set at 1 kHz and 50%, respectively. The deposition parameters for Condition 1, Condition 2, Condition 3 are summarized in Table 1. Samples for TEM analysis were prepared using an ultramicrotome (Leica UC7/FC7) equipped with diamond knife (Diatome). The TEM analysis was performed using a Hitachi H9000-NAR microscope (LaB6 filament, 300 kV, point to point resolution: 0.18 nm).

The thin films were investigated by X-ray diffraction (XRD; Siemens D5000 diffractometer), the diffractometer using the Cu Kα radiation was operated at 40 kV, 40 mA with an incident beam angle of 5°, data were collected in the 20-55° 2θ range with a step of 0.03 and a scan rate of 30 s/step.

The photocatalytic activity of the as-deposited films was studied by measuring methylene blue (MB) decomposition in aqueous solution under UV exposure. The deposited samples were immersed in the dye solution in a 12-well plate (each sample in a different well).

Samples of approximately 1 cm×1 cm were immerged into a 3 mL of aqueous solution with MB initial concentration of 1 μmol.L -1 . The well plate containing the samples and the dye was stirred using an orbital shaker (250 rpm). The solutions were stirred in dark for 6 h to ensure the establishment of an adsorption equilibrium, then exposed to UV light. The UV lamp (Herolab UV-8 SL, 365 nm, 16 W) was set 10 cm above the samples, corresponding to a measured irradiance of ca. 2 mW cm -2 (i.e. 2.58×10 15 photons.s -1 cm -2 ) illuminating the samples surface [START_REF] Baba | Significance of a noble metal nanolayer on the UV and visible light photocatalytic activity of anatase TiO2 thin films grown from a scalable PECVD/PVD approach[END_REF].

Photocatalytic degradation was assessed by estimating the decrease of MB concentration in aqueous solution as a function of UV-irradiation time. The MB concentration of the solution was monitored by measuring absorption spectra of the methylene blue solution in the range 400-800 nm with a UV-Vis spectrophotometer (Tecan Infinite M1000 Pro). Then for the film grown in condition 2, the O2/TTIP mixture was varied from 97:3 to 98.5:1.5, which corresponds to a TTIP flow rate divided by 2 as compared to condition 1. The TiO2 film grown on PET/ITO substrate still shows a columnar structure (see Fig. 3(a)), but some gaps are observed among the heterogeneous columns in the top layer. This is quite similar to the morphology observed for the TiO2 films deposited on Si substrate in the same deposition conditions (condition 2) as described in the previous paper [START_REF] Li | Nanostructure and photocatalytic properties of TiO2 films deposited at low temperature by pulsed PECVD[END_REF]. The TiO2 film presents a gradient columnar structure which consists of a dense sublayer in the first 100 nm and a disordered columnar layer during the second part of the growth. Hence, the growth mechanism on polymer substrates appears to be similar to the one proposed for the TiO2 growth on Si: nucleation on substrate surface, coalescence, column formation, and column development [START_REF] Li | Structural and optical properties of RF-biased PECVD TiO2 thin films deposited in an O2/TTIP helicon reactor[END_REF][START_REF] Jung | Effect of TiO2 thin film thickness and specific surface area by low-pressure metal-organic chemical vapor deposition on photocatalytic activities[END_REF].

Results

Nanostructures from TEM and XRD

When going from condition 1 to condition 2, the column size was increased from ~10 nm to ~30 nm. In addition, in condition 2, the anatase was observed all along the film and the SAED patterns demonstrate that both the bottom layer close to the substrate (area D2 in Fig. 3(a))

and the top disordered layer (area D1 in Fig. 3(a)) were formed of crystalline anatase contrary to condition 1. This result is in good agreement with the XRD pattern, which shows that the diffraction peaks of anatase at 25.5°, 38.6°, 48.1° and 55.1°, corresponding to lattice planes (1 0 1), (1 1 2), (2 0 0) and (2 1 1), have been enhanced greatly by increasing the O2/TTIP flow rate ratio.

The enhanced formation of anatase is likely to be due to the fact that the number of oxygen active species (oxygen atoms, positive oxygen molecular ions) per TTIP fragment is almost multiplied by 2, which allows increasing the energy transferred to the film upper surface [START_REF] Martinu | Plasma deposition of optical films and coatings: A review[END_REF][START_REF] Vallée | Chemical etching of thin SiOxCyHz films by post-deposition exposure to oxygen plasma[END_REF]. It has to be noted that here again, the PET temperature does not exceed ~120 °C in condition 2. In the growth condition 3, the O2/TTIP mixture ratio was kept at 98.5:1.5 (as in condition 2), but the plasma was created in the pulsed mode by setting the frequency at 1 kHz and the duty cycle at 50%. The TiO2 film deposited on PET/ITO substrate in condition 3 exhibits a homogeneous columnar morphology (see Fig. 4(a)) which is similar to the case of condition 1 and the gradient top structure appearing in condition 2 has been changed into compactly organized columns. Moreover, the column size was reduced from ~30 nm in condition 2 to ~10 nm in condition 3 (see Fig. 4(b)) which is the same as in condition 1. In addition, the high resolution TEM image (see Fig. 4(c)) on the top columns displays a polycrystalline structure but constituted of oriented single crystals as shown in Fig. 4(c). It is worth noting that the SAED patterns, performed at different positions along the layer, show that the film is amorphous close to the substrate (see D3 in Fig. 4(a)) whereas crystallized domains (anatase) are clearly observed above the first 100 nm of the film (see D2 and D1 in Fig. 4(a)). This feature is coherent with the higher intensities detected in the XRD pattern compared to the sample prepared in condition 1.

Hence plasma pulsing yields a reduction of both the anatase phase amount and the substrate temperature which was decreased to less than 80 °C in condition 3. This indicates that plasma pulsing allows depositing anatase on polymer substrates and more specifically on temperature sensitive polymers such as PS thin substrates (see Fig. 5). Without pulsing, the relatively high temperature of ~120 °C due to the continuous plasma deposition could lead to PS sheet shrinkage and deformation. The SAED patterns (see Fig. 5(c,d,e,f)) from bottom layers to top layers show the same trend regarding anatase distribution in the whole film, with a gradient from amorphous at the bottom layers near PS substrate (area D4 in Fig. 5(a)) to crystalline anatase above c.a. 200 nm (areas D3, D2 and D1 in Fig. 5(a)).

Photocatalytic activity

Different nanostructures of TiO2 films deposited on polymer substrates at low temperature were optimized by tuning the precursor injection ratio of O2/TTIP, or pulsing the power applied to the plasma. These differences of nanostructures should have influences on the photocatalytic properties of the as-deposited TiO2 films. Thus in this work, the photocatalytic activity of the thin films grown on the PET/ITO substrate was evaluated by monitoring the degradation of methylene blue under UV light at 365 nm.

The photocatalytic kinetics follows pseudo-first order equation as can be seen in Fig. 6(a), which is characteristics of small pollutant concentration:

=

This kinetic regime is characterized by the fact that the reaction is limited by the pollutant conditions (i.e. here, methylene blue molecules). Indeed, in the tested conditions the catalysis active sites on TiO2 top most surface are in large excess (by several hundreds of times) as compared to methylene blue molecules.

Thus, the morphology influence on the photocatalytic properties is not easily determinable, and much likely plays a minor role on the photocatalytic properties variations compared to the one induced by the crystalline structure variations of the three different samples. Fig. 6 shows the evolution of the photocatalytic activity for the TiO2 films on PET/ITO substrate grown with different conditions. One can note that the polymer substrate has quite low photocatalytic activity (as expected), whereas the films presented in this work all exhibit a decrease of the MB quantity when illuminated by UV light.

It is observed that the photodegradation efficiency of TiO2 films was improved greatly when going from condition 1 to condition 2, while it was slightly decreased in condition 3. As the previous study [START_REF] Li | Nanostructure and photocatalytic properties of TiO2 films deposited at low temperature by pulsed PECVD[END_REF] revealed, the photocatalytic activity can be linked to the anatase content and surface area of the as-deposited TiO2 films. In condition 1, although the thin columnar morphology of ~10 nm was obtained, it contains only a small amount of anatase phase in the amorphous matrix, which leads to a lower photodegradation efficiency. However, as the O2/TTIP ratio increased in condition 2, the anatase phase has been increased greatly in the film while keeping the same substrate temperature. Also bigger (~30 nm) and separated nanocolumns were generated in the film top layers, so these phenomena should be helpful to improve the photocatalytic efficiency. In condition 3, the anatase phase of TiO2 film was reduced because of the pulsing of the plasma while keeping the same O2/TTIP mixture ratio of condition 2. The column size decreased to ~10 nm, but the thin film photocatalytic efficiency is still quite high much likely because anatase crystallizes in the last ~100 nm of the film leading to 88% of the efficiency measured for the film crystallizing along its overall thickness. This feature tends to indicate that as expected the methylene blue adsorption and then its photodegradation take place at the surface of the film. The difference in activity may be related to the thickness of the columns but also the crystallographic orientation of the facets in contact with the organic molecule. Further experiments are needed to assess this hypothesis. However, this photocatalytic activity is quite remarkable, especially when considering the very low substrate temperature (˂ 80 °C) during deposition.

On the whole, this research demonstrates that TiO2 films with high photocatalytic activity have been deposited on polymer substrates even on polystyrene surface at temperature below 80 °C by PECVD methods.

Conclusions

TiO2 films of ~300 nm were deposited on PET/ITO and PS polymer substrates at low temperature by using an inductively coupled plasma enhanced CVD reactor. The film nanostructure and photocatalytic activity were tuned by controlling the plasma gas composition of O2/TTIP ratio and pulsing the plasma generation. The photocatalytic activity of TiO2 film has been greatly improved by increasing the relative quantity of oxygen active species in the plasma, the main consequence being the larger amount of anatase phase in the film. The substrate temperature has been decreased down to 80 °C by pulsing the plasma (duty cycle of 50%) which makes this PECVD process suitable to coat temperature sensitive polymeric substrates. The detailed characterization from TEM reveals that although all the films have a columnar morphology, the size of columns was increased from ~10 nm to ~30 nm by increasing the O2/TTIP ratio from 97:3 to 98.5:1.5, then the size was decreased again to ~10 nm in the pulsed plasma mode. Moreover, the heterogeneity of anatase crystallization from the bottom layer to upper one was generated in the pulsed plasma mode, the anatase phase was gradually enhanced in the upper layers as the film thickness increased. Finally, the deposition of effective photocatalytic TiO2 films on different polymer substrates at low temperature (even lower than 80 °C) can expand their applications and make them more flexible in the industry fields. 

Figure captions

Fig. 1 .Fig. 2 .

 12 Fig. 1. TEM on the TiO2 film deposited on PET/ITO substrate with condition 1. (a) Cross-view of the morphology, (b) selected area electron diffraction (SAED): experimental diffraction of the film in the area denoted D.

Condition 1 :

 1 TiO2 film on PET/For condition 1, the TEM image (see Fig.1(a)) of the 300 nm-thick TiO2 film deposited on PET/ITO substrate from the 97:3 O2/TTIP mixture gas in the continuous plasma mode, reveals a thin columnar morphology. All the columns seem compactly organized in the growth direction and the column size is around 10 nm. Although the selected area electron diffraction (area D in Fig.1(a)) indicates an amorphous phase (see Fig.1(b)), the XRD result (in Fig.2) displays a very weak anatase peak indexed as (101) at 25.5 o . It means the TiO2 film contains a small amount of anatase phase in the amorphous matrix. Under this condition 1, the measured maximum substrate temperature is ~120 °C which is compatible with the stability of PET sheets, so that the polymer substrate was not damaged during the deposition process.

Fig. 3 .

 3 Fig. 3. TEM on the TiO2 film deposited on PET/ITO substrate with condition 2. (a) Cross-view showing the morphology, (b) HRTEM image of the column end, (c, d) SAED patterns on D1 and D2 and simulation for anatase using JEMS software [29].

Fig. 4 .

 4 Fig. 4. TEM on the TiO2 film deposited on PET/ITO substrate with condition 3. (a) The whole film morphology, (b) HRTEM image of the top columns, (c) (top left hand side) Fast Fourier Transform of the squared zone delimited in (b) oriented along [010] zone axis as testified by the corresponding simulated electron diffraction pattern (top right hand side), (bottom) highlight of the facets indexations, (d, e, f) SAED patterns on D3, D2 and D1 delimited in (a).

Fig. 5 .

 5 Fig. 5. TEM on the TiO2 film deposited on PS substrate with condition 3. (a) The whole film morphology, (b) the top of columns,(c, d, e, f) SAED patterns on the zones marked D1, D2, D3 and D4.
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 5 Fig. 5 presents TEM micrographs and SAED patterns of TiO2 film deposited on PS substrate in condition 3. It has to be noted that the whole polymer substrate was not damaged (contrary to what happens in CW mode), which means the substrate temperature should be really less than its stability temperature. The film morphology on PS substrate (see Fig. 5(a)) is the same as the one on PET/ITO substrate, and the column size is also around 10 nm (see Fig. 5(b)).

Fig. 6 .

 6 Fig. 6. Evolution of the photocatalytic activity for the TiO2 films on PET/ITO substrate grown with different conditions, the substrate PET/ITO without film (Substrate) is shown as reference. (a) Decay curves of the absorption intensity of the MB solution versus UV illumination time (continuous lines are guidelines to get a better view of the evolutions), (b) the degradation rate k per hour normalised by film surface area.
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 1 Fig. 1. TEM on the TiO2 film deposited on PET/ITO substrate with condition 1. (a) Crossview of the morphology, (b) selected area electron diffraction (SAED): experimental diffraction of the film in the area denoted D.
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 2 Fig. 2. XRD patterns of the as-deposited TiO2 films grown under the different conditions.
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Fig. 5 .

 5 Fig. 5. TEM on the TiO2 film deposited on PS substrate with condition 3. (a) The whole film morphology, (b) the top of columns, (c, d, e, f) SAED patterns on the zones marked D1, D2, D3 and D4.
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 6 Fig. 6. Evolution of the photocatalytic activity for the TiO2 films on PET/ITO substrate grown with different conditions, the substrate PET/ITO without film (Substrate) is shown as reference. (a) Decay curves of the absorption intensity of the MB solution versus UV illumination time (continuous lines are guidelines to get a better view of the evolutions), (b) the degradation rate k per hour normalised by film surface area.

Table 1 .

 1 The deposition parameters for Condition 1, Condition 2, and Condition 3.

		[TTIP] flow rate	[O2+Ar] flow rate	Plasma mode	Deposition time
		(sccm)	(sccm)		(min)
	Condition 1	0.5	16	CW (400 W)	60
	Condition 2	0.24	16	CW (400 W)	180
	Condition 3	0.24	16	Pulsed (400 W),	170
				Frequency = 1 kHz,	
				Duty cycle = 50%	

Table captions Table 1 .

 captions1 The deposition parameters for Condition 1, Condition 2, and Condition 3.
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