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Abstract 

The photoactivity of both un-doped and carbon-doped titanium dioxide (TiO2) coatings 

has been widely reported. In this paper, the use of a microwave plasma as a novel oxidation 

treatment for the fabrication of these coatings is evaluated. The photoactivity performance of the 

microwave plasma-formed coatings is benchmarked against those fabricated through air furnace 

oxidation as well as those deposited using reactive magnetron sputtering. The un-doped and 

carbon-doped TiO2 coatings were prepared respectively by microwave plasma-oxidizing titanium 

metal sheets and sputter deposited titanium carbide thin films. The resulting oxides were 

characterized using XPS, XRD, FEG-SEM, and optical profilometry. The oxide layer thicknesses 

achieved over the 15 to 45 minute oxidation times were in the range of 0.15 to 3.44 µm. These 

coatings were considerably thicker than those obtained by air furnace oxidation. The microwave 

plasma-formed oxides also exhibited significantly higher surface roughness values compared 

with the magnetron-sputtered coatings. The photoactivity performance of both un-doped and 

carbon-doped coatings was assessed using photocurrent density measurements. Comparing the 

un-doped TiO2 coatings, it was observed that those obtained using the microwave plasma 

oxidation route yielded photocurrent density measurements that were 4.3 times higher than the 

TiO2 coatings of the same thickness that were deposited by sputtering. The microwave plasma-

oxidized titanium carbide coatings did not perform as well as the un-doped TiO2 probably due to 

the presence of un-oxidized carbide in the coatings, which reduced their photoactivity. 

Keywords: water splitting, sputtering, microwave plasma, titanium oxidation, carbon doping 
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1. Introduction 

Titanium dioxide (TiO2) thin films have recently found applications in a variety of areas 

ranging from electrochromics to photocatalysis to photovoltaic solar cells [1-4]. Among the many 

thin film deposition techniques used, magnetron sputtering in general and DC closed-field 

magnetron sputtering in particular have been shown to yield coatings exhibiting very good 

substrate adhesion [5]. This is particularly important for the use of TiO2 coatings in water-

splitting processes for example. One limitation to the magnetron sputtering technique, however, 

is that without high substrate temperatures, amorphous TiO2 coatings are generally obtained. 

Subsequent heat treatments are therefore required to convert the titania coatings into their more 

photoactive crystalline form. As reported previously, microwave (MW) plasma can be used as a 

more time- and energy-efficient treatment in alternation to conventional furnace heating for this 

TiO2 crystalline conversion [6]. Compared with furnace heat treatments, the MW plasma-treated 

TiO2 coatings were also found to possess higher level of surface roughness and hence 

photoactivity (a 19% increase in photocurrent density measurements) [6]. Nonetheless, the 

enhanced surface roughness is still only in the order of a few nm and thus the photoactivity of the 

resulting coatings is relatively limited. The addition of carbon dopants has been found to enhance 

the photoactivity of sputtered TiO2 coatings, yet the use of a post-deposition heat treatments 

generally results in a loss of the dopants [6]. 

In this study, an alternative fabrication method was investigated to address these two 

shortcomings. The investigation involved the following microwave plasma treatments: 

▪ Microwave plasma oxidation of titanium metal sheets – It has previously been reported that the 

microarc oxidation of titanium and titanium alloys yields oxide films with high pore density [7]. 
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In this study, microwave plasma oxidation was investigated and a comparison was made with 

furnace oxidation in air of the same titanium metal substrates. 

▪ Microwave plasma oxidation of titanium carbide thin films – It has previously been reported 

that the direct oxidation of titanium carbide powders significantly increases the surface area [8]. 

In this study, microwave plasma oxidation of titanium carbide thin films was investigated as a 

potential route to obtain carbon-doped oxide coatings with increased surface roughness and also 

enhanced dopant retention. 

A further comparison is made with un-doped and carbon-doped TiO2 coatings deposited 

using a reactive magnetron sputtering technique [6]. Photocurrent density measurements are used 

to evaluate the performance for all these coatings as they have been shown to indicate the 

potential of the coatings for use in water-splitting processes [9, 10]. 

2. Experimental procedures 

2.1. Oxidation of titanium metal sheets – Pure titanium sheets (99.6%, supplied by 

Goodfellow Cambridge Ltd.) of size 21 × 15 × 0.5 mm3 were rinsed in a pickling solution (3% 

HF + 33% HNO3 + 64% de-ionized H2O) for 5 min before being ultrasonically cleaned in 

methanol, followed by acetone for 5 min each. The metal substrates were then plasma-treated in a 

circumferential antenna plasma (CAP) microwave (2.45 GHz) system, which has been described 

elsewhere [11]. The chamber was first pumped down to 0.1 mbar at which point 10 sccm of 

oxygen gas (99.9%) was introduced and the pressure was adjusted to 5 mbar using a manual 

throttle valve. The microwave discharge was then ignited to form a plasma ball around the 

samples located in the center of the chamber. Input powers of 2.4 kW were provided from a 

Mugge microwave power supply. Sample temperatures were measured using a LASCON QP003 
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two-color pyrometer from Dr. Mergenthaler GmbH & Co. The titanium sheets were treated at 

600°C for periods between 15 and 45 min. A parallel study was also carried out with furnace 

oxidation using a Carbolite CWF 1200 chamber furnace. This box chamber was first heated up to 

600°C (ramping 20°C/min) at which point the samples were placed in the furnace for periods 

between 15 and 45 min and they were then removed. 

2.2. Microwave plasma oxidation of magnetron sputter-deposited titanium carbide – 

The starting point for this study was the deposition of titanium carbide thin films. These were 

deposited using a Teer Coatings UDP-450 DC closed-field magnetron sputtering system onto the 

titanium substrates that had been cleaned as described earlier. Pure titanium (99.5%) of size 300 

× 100 × 2 mm3 was used as the sputtering target and distanced 100 mm away from the 2-rpm 

rotatable substrate holder. Argon (99.998%) was used as the sputtering gas, while methane 

(99.995%) was used as the reactive gas. Before deposition, the target and the substrates were 

sputtered cleaned in an argon plasma for 20 min (working pressure of 2 × 10–3 mbar, target 

current of 0.2 A, and substrate bias voltage of – 400 V). The sputtering condition was then 

changed to 4 × 10–3 mbar of working pressure, 2 A of target current, and – 50 V of substrate bias 

voltage before methane was passed in. The methane flow rate was set by a Reactaflo reactive 

sputtering controller, monitoring the Ti peak, so as to form titanium carbides with different Ti : C 

ratios (Ti2C, TiC, and TiC2). Sputtering time was varied from 30 to 60 min in order to obtain 

coatings with similar thickness. The resulting thin films were then treated in the microwave 

oxygen plasma at 600°C for 20 min as detailed earlier. 

2.3. Reactive sputter deposition of titanium dioxide coatings – The un-doped and carbon-

doped TiO2 coatings were deposited onto titanium substrates using the same magnetron 

sputtering conditions as detailed in 2.2. Oxygen was used as the reactive gas for the deposition of 
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un-doped coatings and the oxygen flow rate was set by the Reactaflo reactive sputtering 

controller so as to form TiO2. The deposition time was set to be 25 min to form coatings of 

approximately 250 nm. Carbon-doped TiO2 coatings were obtained by introducing carbon 

dioxide (99.8%) at 4 sccm into the sputtering chamber. The sputtering time was increased to 60 

min in order to obtain carbon-doped coatings with the same thickness as the obtained un-doped 

TiO2. All the sputtered coatings were then treated in a nitrogen (99.998%) microwave plasma at 

700°C for 3 min in order to obtain crystalline conversion [6]. 

2.4. Characterization techniques – X-ray photoelectron spectroscopy (XPS) analysis of 

the samples was carried out using a Kratos AXIS 165 spectrometer with a monochromatic Al Kα 

radiation (hv = 1486.58 eV). The degree of crystallinity and the phase composition of the 

oxidized layers were examined by a Siemens D500 X-ray diffractometer (XRD) operating at 40 

kV and 30 mA with Cu Kα radiation at a wavelength of 0.1542 nm. The scan was in 2θ mode and 

spanned from 20° to 80° with steps of 0.02° per second. The surface morphology of the coatings 

was visualized using an FEI Quanta 3D FEG-SEM DualBeam system. Surface roughness was 

measured using a WYKO NT1100 optical profilometer in vertical scanning interferometry (VSI) 

mode. Photocurrent (Iph) measurements were carried out using a custom-made photo-

electrochemical (PEC) cell, a Gamry G300 potentiostat, and a Newport 450W (xenon arc lamp) 

solar simulator. The PEC cell consisted of three electrodes – the working electrode (TiO2), the 

counter electrode (platinum wire), and the reference electrode (saturated calomel electrode – 

SCE) – all immersed in an electrolyte aqueous solution of 1 M NaOH [6, 10]. 

3. Results and Discussion 
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This section is divided into three parts; the first two deals with the characterization of the 

un-doped and carbon-doped TiO2 coatings. This is then followed by a study of the photocurrent 

density measurements of the coatings. 

3.1. Oxidized titanium metal sheets – After the microwave plasma oxidation of the 

titanium metal sheets, the surface appearance changed from metallic to white. The XPS spectra of 

Ti2p and O1s states for the titanium sheet MW plasma-oxidized for 20 min are given in Fig. 1. 

The oxidized surface layer is confirmed to be TiO2 with the expected peaks for Ti4+ (Ti2p1/2 at 

458.5 eV and Ti2p3/2 at 464.2 eV) and O2– (529.7 eV – The peak at 531.3 eV is due to surface 

hydroxyl groups) exhibited in the spectra [12-15]. Similar peaks were observed for all oxidized 

titanium surfaces. 

Fig. 2a plots the evolution with time of the XRD patterns for the MW plasma-oxidized 

titanium sheets. It further illustrates that the resulting titanium dioxide layers are a mixed phase 

of TiO2 rutile and anatase, with rutile being the primary component. Using the equation fR = 1 / 

[1 + (0.884IA/IR)] by Spurr and Myers [16] where IA and IR represent the integral intensities of the 

strongest anatase peak (in this case A(103)) and the strongest rutile peak (either R(110) or 

R(101)) respectively, the mass fraction of rutile (fR) in the titanium sheets MW plasma-oxidized 

for 15 to 45 min was estimated to range from 77 to 92%. Furnace-oxidized titanium sheets 

exhibited mixed-phase composition for the sample treated for 15 min (fR ≈ 77%) but those treated 

for longer times are of pure rutile phase only (Fig. 2b). It should also be noted that the crystalline 

growth with time for (110)-oriented rutile is much faster for the microwave plasma oxidation 

route than obtained using furnace oxidation. 
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Fig. 3a illustrates the oxidation growth for the MW plasma-oxidized samples based on the 

change in the oxide surface layer thickness with variation in oxidation time from 15 to 45 min. 

Oxide thickness was determined by gravimetric analysis as 
Ad

w




 [17] with Δw being the weight 

difference between pre- and post-oxidation whereas A is the area of the sheets (3.15 cm2) and d is 

the density of rutile TiO2 (4.25 g/cm3), which is the primary phase of the resulting oxides as 

established earlier through XRD. This gravimetric analysis is based on the observation that the 

weight gain Δw is mainly attributed to TiO2 formation since Δw was not detected for microwave-

induced argon plasma treatments. The thickness values given in Fig. 3a were confirmed for 

selected coatings based on FEG-SEM cross-sectional analysis data (Fig. 3b). The TiO2 coating 

thickness data demonstrate an initial slow increase in oxide layer thickness, but for microwave 

plasma oxidation longer than 30 min there is a relatively rapid increase. This latter increased rate 

of oxidation may be a result of an increase in the coating porosity or a thermal breakdown of the 

oxide layer after long treatment times, either of which would facilitate more oxygen absorption 

and hence a more rapid rate of oxidation. The same trend was found for furnace-oxidized 

titanium sheets yet the oxide surface layer thicknesses were only one-quarter of those fabricated 

through microwave plasma oxidation (Fig. 3a). A factor influencing the significantly decreased 

rate of oxidation in the furnace compared with the microwave plasma is the presence of ~ 21% 

oxygen in air, whereas the microwave plasma oxidation was carried out in an oxygen-only 

plasma. This conclusion is supported by the observation by Kakizaka et al. that oxidation rate is 

directly proportional to the number density of oxygen atoms [18]. 

3.2. Microwave plasma-oxidized titanium carbide – For this study, the sputtered titanium 

carbide coatings were oxidized as before using the microwave oxygen plasma. The resulting 

oxide surface layers were again determined by XPS and XRD to be crystalline TiO2 of mixed 



9 

 

phase, with rutile being the primary component. The presence of carbon dopants was verified by 

the deconvoluted XPS spectra of C1s states in Fig. 4a. The peak at 282.8 eV is assigned to doped 

carbon O–Ti–C, whereas the peak at 281.7 eV represents non-dopant carbide carbon Ti–C from 

the starting material [19, 20]. With increasing Ti : C ratio in the starting TixCy coating, the  level 

of titanium oxidation will increase and this may explain the chemical shift of the Ti–C peaks in 

Fig. 4a. This shift towards the O–Ti–C peaks is likely to be due to an increased number of 

oxidized titanium species in the lattice (TiC2 < TiC < Ti2C as shown in Fig. 4b). Additionally, the 

degree of conversion from non-dopant Ti–C carbons to doped O–Ti–C carbons is dependent on 

the degree of titanium oxidation. As a result, the percentage of doped O–Ti–C carbons in the 

oxidized TixCy is found to increase with increasing titanium content (decreasing carbon content) 

in TixCy from 1.6% (TiC2) to 2.3% (TiC) to 2.4% (Ti2C) as shown in Fig. 4c. 

 3.3. Photocurrent density measurements – The photocurrent densities obtained after 

furnace oxidation or microwave plasma oxidation of titanium metal sheets for 20 min are given in 

Fig. 5. At ~ 0.23 V versus SCE (1.23 V versus RHE) which is the minimum theoretical voltage 

required to split water [1], the photocurrent density measured for TiO2 fabricated through 

microwave plasma oxidation is 1.8 times higher than that produced through furnace oxidation 

(908 vs. 494 μA/cm2). This enhanced performance can be explained for by the earlier observation 

that, for similar oxidizing time and temperature, the MW plasma-formed TiO2 layer is four times 

thicker than obtained through furnace oxidation. Additionally, whereas furnace oxidation resulted 

in coatings of pure rutile with a higher percentage of R(101), microwave plasma oxidation 

resulted in coatings of mixed phase with a higher percentage of (110)-oriented rutile. Coatings of 

mixed phased TiO2 in general have been found in the literature to have better performance than 
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those of pure phases alone [19, 21, 22] and R(110) has also been shown to be the more stable 

photoactive crystal face of rutile [23, 24]. 

 A comparison was made between the titanium sheet MW plasma-oxidized for 20 min and 

the magnetron-sputtered TiO2 coating with the same thickness (~ 250 nm). As demonstrated in 

Fig. 5, there is a 4.3-fold enhancement in photocurrent density for the MW plasma-formed oxide 

layer (908 vs. 213 μA/cm2). This improvement can be accounted for by the much rougher surface 

obtained after microwave plasma oxidation (Fig. 6). A further contributory factor is that the TiO2 

coating produced from this oxidation route is of mixed phase rather than the pure anatase form 

which is obtained in the case of the sputtered TiO2 after thermal treatment [6]. Coatings of 

mixed-phase TiO2 in general have been found in the literature to have better performance than 

those of pure phases alone [19, 21, 22]. 

 The effect of carbon-doping is evaluated as shown in Fig. 7 which plots the photocurrent 

density measurements for the MW plasma-oxidized TixCy thin films. At ~ 0.23 V, the 

photocurrent density measured for the oxidized Ti2C coating (433 μA/cm2) is 19% higher than 

that obtained from the oxidized TiC coating (365 μA/cm2) and is 37% higher than that for the 

oxidized TiC2 coating (317 μA/cm2). It was concluded from this study that the higher the doped 

O-Ti-C carbon content, the higher the photocurrent density produced. In comparison to the 

carbon-doped TiO2 coating deposited by magnetron sputtering with photocurrent density 

measurement of 275 μA/cm2, the corresponding values obtained for the MW plasma-oxidized 

TixCy were all found to be significantly higher. While a major factor is the increased roughness of 

the MW plasma-oxidized surfaces, a contributory factor is also likely to be the retention of higher 

levels of doped O-Ti-C carbons. As shown previously, the use of heat treatments following 

sputtering significantly reduced the carbon dopant content [6]. 
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 Carbon-doping has been reported to enhance the photoactivity of TiO2 [8, 9, 25]. This is 

supported by the observation made earlier about higher dopant content resulting in higher 

photocurrent density. Nevertheless, when Fig. 5 and 7 are compared, it is clear that the 

photocurrent density produced by MW plasma-oxidized titanium metal sheet, i.e. un-doped TiO2, 

is much higher than that produced by MW plasma-oxidized titanium carbide thin film, i.e. 

carbon-doped TiO2 (908 vs. 433 μA/cm2). A possible explanation for this is the presence of a 

relatively high level of the non-dopant Ti–C carbide carbons in the latter coating as demonstrated 

by XPS. A summary of all the photocurrent density measurements is given in Table 1. 

4. Conclusions 

 This study has demonstrated that the use of microwave plasma oxidation of titanium has 

been found to yield oxide layers that exhibit higher levels of photoactivity, particularly when 

compared with TiO2 coatings (with the same thickness) deposited by reactive magnetron 

sputtering. The enhanced performance is due to the significantly improved surface roughness of 

the MW plasma-formed oxide. Furnace oxidation at the same temperature for the same time 

periods as used in the microwave plasma oxidation yielded oxide layer thicknesses of only one-

quarter of those obtained through the microwave plasma oxidation route. A comparison of 

performance based on photocurrent density measurements demonstrated that the microwave 

plasma oxidation route yielded coatings with enhanced photocurrent density as compared to the 

furnace oxidation (1.8-fold enhancement) and magnetron sputtering deposition (4.3-fold). 

Carbon-doped TiO2 coatings were obtained by the microwave plasma oxidation of 

sputtered titanium carbide thin films. This study demonstrated that with lower carbon 

concentration in the starting titanium carbide (i.e. Ti2C), the resulting MW plasma-formed 
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carbon-doped coating exhibited higher photocurrent densities. This is likely to be due to higher 

content of carbon dopants in the coating. While all of these MW plasma-formed carbon-doped 

coatings exhibited better photoactivity than sputtered carbon-doped TiO2, they unexpectedly 

exhibited poorer performance to the un-doped MW plasma-formed TiO2. The retention of non-

dopant Ti–C carbons in the doped coatings is a likely explanation for this. In conclusion, 

microwave plasma oxidation has potential as a processing technology for the fabrication of 

photoactive TiO2 coatings. 
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Tables 

Table 1. Comparison of un-doped and C-doped TiO2 coatings fabricated through magnetron 

sputtering and direct furnace / MW plasma oxidation pathways. 

 
Un-doped TiO2 C-doped TiO2 

▪ Magnetron sputtering 

- As-deposited 

- MW plasma thermally treated 
 

▪ Direct oxidation 

- Furnace oxidation 

- MW plasma oxidation 

 

108 μA/cm2 

213 μA/cm2 
 

 

494 μA/cm2 

908 μA/cm2 

 

138 μA/cm2 

275 μA/cm2 
 

 

311 μA/cm2 

433 μA/cm2 
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Figure captions 

Fig. 1: XPS spectra of (a) Ti2p state and (b) O1s state for the titanium sheet which had been MW 
plasma-oxidized for 20 min. 

Fig. 2: Evolution of the XRD patterns for (a) the MW plasma-oxidized and (b) the furnace-
oxidized titanium sheets. 

Fig. 3: (a) Change in the oxide surface layer thickness with variation in oxidation time; (b) Cross 
section of the titanium sheet which had been MW plasma-oxidized for 45 min. 

Fig. 4: (a) Deconvoluted XPS spectra of C1s state for the MW plasma-oxidized TixCy thin films; 
(b) Deconvoluted XPS spectra of Ti2p state for the MW plasma-oxidized TixCy thin films; (c) 
The influence of carbon concentration in the original TixCy coating on the resulting carbon 
dopant content. 

Fig. 5: Photocurrent density measurements for the MW plasma-oxidized, furnace-oxidized, and 
magnetron-sputtered TiO2. 

Fig. 6: Surface morphology of (a) Heat-treated sputtered TiO2 and (b) MW plasma-oxidized 
titanium sheet. 

Fig. 7: Photocurrent density measurements for the MW plasma-oxidized (MWPO) TixCy thin 
films and the magnetron-sputtered carbon-doped TiO2 coating. 
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Fig. 5 
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(a)  

 

(b)  

 

Fig. 6 

 

 

Ra = 2.9 ± 0.2 nm 

Rq = 11 ± 4 nm 

Ra = 376 ± 22 nm 

Rq = 474 ± 24 nm 
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Fig. 7 


