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Room temperature transformation from anatase (A-TiO2) to rutile (R-TiO2) thin films through an

intermediate mixed phase on stainless steel driven by a controlled oxygen flow rate (OFR) is

investigated. Such OFR dependent phase transition is confirmed by X-ray diffraction and also consis-

tent with X-ray absorption spectroscopy at Ti L and O K-edges, showing a long range ordering in

TiO6 octahedral symmetry. X-ray photoelectron spectroscopy reveals a gradual reduction in Ti2O3

and/or TiO intermediate phases with increasing OFR. Finally, an enhanced photocatalytic activity is

observed in the mixed phase and discussed in terms of photo-generated charge transport in the type-II

staggered band structure between A-TiO2 and R-TiO2 phases. Published by AIP Publishing.
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Engineering the crystallinity and bandgap of metal

oxides has phenomenological importance owing to their sev-

eral applications in optoelectronics, sensing, memory devi-

ces, photocatalysis, etc.1–3 Among many transition metal

oxides, TiO2 has attracted attention not only for its non-tox-

icity4 and high temperature stability5 but also for its ability

to generate stable electron-hole pairs and thus suitable for

degrading organic pollutants6 and hydrogen generation via

water splitting.4 An ideal photocatalyst requires matching of

the conduction band with the redox-potential of water for

generating oxidative oxygen species (�OH, �O2
�) which

degrade the organic pollutants. In this respect, the structure

and chemical states of TiO2 play a decisive role in band-gap

modification.7 For instance, photocatalytic performance of

TiO2 is highly reliant on its thermodynamically stable rutile

or metastable anatase phase. However, high temperature

annealing is a prerequisite for achieving such crystalline

phases.8,9 It is to mention that the rutile has less bandgap

(�3 eV) with respect to anatase (�3.2 eV).10 Such a high

bandgap hinders its performance under the visible spectrum.

Therefore, it is important to tune the bandgap and crystallin-

ity of TiO2 to enhance its performance as a photocatalyst as

well as for photovoltaic and optoelectronic applications.

These can be achieved by the introduction of sub-bandgap

states either by doping foreign elements11 or self-doping,

i.e., introduction of Ti3þ or oxygen vacancies (OVs).12

These Ti3þ and OVs can introduce isolated defect states near

the conduction band minima which minimize the effective

bandgap. The bandgap reduction has been demonstrated ear-

lier by engineering the high temperature annealing induced

generation of OVs.13 Ion-irradiation induced bandgap tuning

of TiO2 has also been demonstrated and discussed in the

light of Ti3þ and OV induced formation of defect states.14

However, the enhancement in photocatalysis response by

formation of such defect induced sub-bandgap states in TiO2

is uncertain. In this context, a suitable ratio of anatase and

rutile phases in mixed-phase TiO2 exhibits a relatively high

photocatalytic performance owing to efficient inter-granular

charge transfer,15 though it requires high temperature anneal-

ing to maximize the performance and thus leads to an

increase in the thermal budget. In the case of TiO2 films, a

high temperature treatment can also introduce undesired dif-

fusion of impurities from the underneath low melting point

and chemically reactive substrate and thus hinders the photo-

catalytic performance. Therefore, it requires a facile and cost

effective approach where the mixed-phase of TiO2 films

with enhanced photocatalytic activity can be achieved at

room temperature (RT). In fact, the desired phase evolution

in TiO2 at RT with varying oxygen flow rates (OFR) during

deposition has not been explored yet and hence their cata-

lytic properties. Moreover, the TiO2 coating on a low cost

and industry friendly substrate like stainless steel (SS) is

highly required for medical applications.

In this letter, we demonstrate the effectiveness of OFR

in achieving desired crystalline phases of reduced-TiO2 films

on SS substrates by radio frequency (RF) magnetron sputter-

ing at RT. The transformation of anatase to rutile through

intermediate mixed phases as a function of OFR is observed

and discussed on the basis of X-ray diffraction (XRD) with

Rietveld refinement and X-ray absorption spectroscopy

(XAS) analyses. We also show the reduction of the optical

bandgap by lowering OFR during deposition and simulta-

neous appearance of sub-bandgap states. Finally, improved

photocatalytic degradation of methylene blue (MB) aqueous

solution has been demonstrated in the presence of mixed

phases of TiO2 films.

Here, TiO2 thin films of �100 nm thickness were depos-

ited on SS substrates by varying OFR from 0 to 20 sccm in a

RF magnetron sputtering system (Excel Instruments, India).
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A commercially purchased TiO2 target (from MTI, USA)

was used for thin film deposition. Argon gas was purged at

30 sccm in all depositions, while RF power was maintained

at 100W. A substrate rotation of 9-rpm was kept for uniform

deposition. The base and working pressures of the deposition

system were 5� 10�7 and 8 mTorr, respectively. The SS

substrates were ultrasonicated in acetone, isopropyl alcohol

(IPA), and water for 10min each before deposition. The

crystallinity of the as-deposited films was investigated in

coupled h-2h diffraction (Bruker D8 discover) using Cu-Ka

radiation. The optical bandgap was measured in the diffuse

reflectance mode by using an integrating sphere of the UV-

Vis-NIR spectrophotometer (Shimadzu Solid Spec-3700).

Moreover, XPS measurements were carried out in an

Omicron EA-125 photoelectron spectrometer at RRCAT,

India, with an Al Ka radiation (energy 1486.6 eV). However,

the local disorder, a decisive factor in bandgap tuning, was

studied by XAS at the soft X-ray absorption beamline (BL-1)

of Indus-2 synchrotron radiation facility with a storage ring

operated at 2.5GeV at RRCAT.16 Finally, the photocatalytic

activity of the as-prepared thin films towards the degradation

of MB in de-ionised water was studied under ultraviolet

(UV) radiation. A medium pressure 450W mercury lamp

radiating in the spectral range of 200–400 nm with predomi-

nant peaks at 254, 356, and 365 nm was used for ultra-violet

radiation. Post-irradiation samples were collected at regular

intervals of 30minutes for recording the UV-Vis spectra for

degradation studies.

Figure 1 shows the GIXRD patterns with Rietveld anal-

yses17,18 of TiO2 films prepared with 0 (S0), 6 (S6), 12

(S12), and 20 sccm (S20) OFR at a constant working pres-

sure of 8 mTorr. The XRD data reveal a drastic change from

the anatase to rutile dominated crystalline phase with

increasing OFR. The extracted values of lattice parameters,

crystallite size, microstrain, and relative phase abundances

of anatase and rutile from the Rietveld’s refined outputs are

summarized in Table S1 (supplementary material). As

expected, only the anatase phase is present in S0, but both

anatase and rutile phases exist in other three samples with

different contents. With increasing OFR, rutile phase con-

tribution is more dominated. The change in phase contribu-

tion with the OFR is depicted in Fig. S1. It is clear that the

volume fraction of anatase and rutile phases is 62.95% and

38.05%, respectively, in S6, whereas that of the corre-

sponding phases are eventually 34.20% and 65.80%,

respectively, in S12.

To understand the change in chemical states of Ti,

detailed XPS measurements have been performed at the Ti-

2p edge. The change in the Ti-2p spectrum with increasing

OFR in S0, S6, S12, and S20 is presented in Fig. 2, showing

a clear variation in shapes of the Ti 2p3/2 and 2p1/2 peaks.

For in-depth understanding, the Ti-2p peak was deconvo-

luted in a standard Computer Aided Surface Analysis for

XPS (CASA-XPS) processing software using Voigt-function.

The extracted binding energy (BE) and atomic concentration

corresponding to Ti4þ, Ti3þ, and Ti2þ states are tabulated in

Table S2. In S0, the peak fitting of Ti-2p indicates the pres-

ence of TiO2 (Ti4þ at 459.2/464.7 eV)19 with two shoulder

peaks at low BE for oxygen-deficient Ti2O3 (Ti3þ at 457.6/

462.65 eV)20 and TiO (Ti2þ at 456.6/460.4 eV)21 phases. A

significant amount (�39%) of Ti3þ/2þ states have been

observed in S0, where the intermediate Ti3þ/2þ states start

decreasing with increasing OFR. The intermediate Ti3þ/2þ

states in S6 and S12 samples reach atomic concentrations of

35% and 26%, respectively. Interestingly, these two phases

completely disappeared with a further increase in OFR (i.e.,

S20), and the spectrum corresponds to the stoichiometric

TiO2 phase. XPS analysis, therefore, provides a clear evi-

dence of transformation from the sub-stoichiometric to stoi-

chiometric TiO2 (Ti
4þ) phase with increasing OFR and that

eventually changes the crystallinity of the samples as

observed in XRD patterns (Fig. 1).

FIG. 1. Typical Rietveld analysis of the GIXRD fitted patterns of all com-

pounds, where the experimental (IO) data are shown as hollow spheres (o)

and simulated patterns (IC) are shown by solid lines; here, (IO � IC) repre-

sents the corresponding difference of each pattern.

FIG. 2. High resolution XPS spectra of Ti 2p (2p1/2 and 2p3/2) states for S0,

S6, S12, and S20 samples are exhibited, showing a gradual decrease in

deconvoluted oxidation states from a coexistence of Ti2þ/3þ/4þ (S0) to only

Ti4þ (S20) with an increase in OFR from 0 to 20 sccm.
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To get an insight of the local electronic configuration of

the constituent atoms of TiO2-x, the as-prepared samples

have been characterized by XAS. The Ti L-edge is shown in

Fig. 3(a), reflecting the transitions of Ti-2p core electrons to

Ti-3d states in the conduction band.22 Due to spin-orbit cou-

pling of Ti-2p electrons, the Ti L-edges of S0, S6, S12, and

S20 are split into two main components L2 and L3, separated

by �5.5 eV.22,23 The characteristics of L2 were found to be

broadened with respect to L3 owing to the shorter lifetime of

its excited state (2p1/2 core hole) as a consequence of a

radiation-less transition of electrons from 2p3/2 to 2p1/2 lev-

els, associated with the furtherance of a valence electron to

the conduction band.23,24 Moreover, the crystal-field of sur-

rounding O-atoms splits the Ti-3d state into two sub-levels,

t2g and eg,
24 where the Ti eg level (consisting of dx2-y2 and dz2

orbitals) is very sensitive to the local bonding, and so, it

gives a relatively large broadening compared to t2g. This is

because of the involvement of Ti-eg orbits directed towards

the surrounding O-2p in a larger degree of hybridization.22

Moreover, a clear splitting of eg contribution of the L3 edge

into two more peaks (denoted as D3 and E3) is clearly visible

in Fig. 3(a). A similar splitting of the eg band (into D2 and E2

peaks) also exists for the L2 edge but not well resolved owing

to the short lifetime of 2p1/2 as stated above. It is seen from

Fig. 3(a) that the D2 and D3 peak intensities are reduced with

increasing OFR, while the E2 and E3 peaks of the eg band for

both L2 and L3 edges are dominating. Close inspection

reveals that with varying OFR, the D2þE2 peaks are

slightly shifted towards higher energy. This results in an

overall shift of the broad eg peak of L2 to higher energy sig-

nifying an increase in a long range order of the TiO2

films.22 The variation of the relative intensities of D3 and

E3 peaks comprises different degrees of octahedral symmetry

corresponding to anatase and rutile phases of TiO2.
24

Interestingly, the D3/E3 intensity ratio for S20 and S0 matches

well with that for the standard rutile and anatase phases,

respectively, confirming their phase dominance. In the case of

S6 and S12, a gradual increase in E3 peak intensity is clearly

observed. Thus, spectra of S0 to S20 show a significant evolu-

tion of E3 peaks as a function of OFR which depicts a domi-

nating rutile phase. This is also confirmed from the decreasing

trend of the intensity ratio of D3/E3 with increasing OFR as

tabulated in Table I. The results conclude the dominance of

the rutile phase at higher OFR which is consistent with the

XRD results.

The O-K edge spectra were also investigated for further

understanding of local stoichiometry and oxidation states.

The recorded O-K edge spectra in Fig. 3(b) show C0 and E0

peaking at �531 and 534 eV with additional structures at

higher energies. Similar to Ti L2,3-edge XAS, the O K-edge

also reflects the unoccupied electronic structure of the Ti

ions that are bound with O-2p orbitals through the O-2p to

Ti-3d (or 4sp) orbital hybridizations. The first two intense

peaks at an energy of 530–535 eV for each of the spectra are

associated with the transition from O-2p to Ti-3d states.25

The appearance of two peaks t2g and eg is due to the crystal-

field splitting, where the peak intensity might change

depending on their local structures.24 Since the eg peak is

sensitive to the local structure than the t2g peak, the increas-

ing trend in intensity of the former one signifies a gradual

rise in long-range order with increasing OFR. The peaks in

the energy range of 537–548 eV represent the unoccupied

Ti-4sp states, where the peak intensities in S0 are found to

be intensified with increasing OFR. This emergence of dis-

tinct peaks signifies the presence of a long range order.

FIG. 3. XAS spectra of (a) Ti L-edge and (b) O K-edge for standard anatase

(A), S0, S6, S12, and S20 samples and also for standard rutile (R).

TABLE I. X-ray absorption spectroscopy profiles recorded at Ti L and O K-edges for S0, S6, S12, and S20 along with standard anatase and rutile are tabulated.

The peaks at the Ti L-edge are levelled by C2, D2, E2, C3, D3, and E3 while O K-edge peaks are levelled by C0 and E0.

Sample C3 (eV) D3 (eV) E3 (eV) C2 (eV) D2 (eV) D3/E3 C3/D3 C2/D2 CO (eV) EO (eV)

Rutile (R) 458.2 460.0 460.9 463.6 465.9 0.93 1.06 0.95 531.0 533.7

S20 458.1 459.9 460.7 463.5 465.8 0.94 1.03 0.92 530.9 533.5

S12 458.1 459.8 460.7 463.5 465.6 0.99 0.97 0.89 530.8 533.5

S6 458.1 459.8 460.9 463.6 465.6 1.02 0.94 0.87 530.9 533.5

S0 458.1 459.9 460.9 463.6 465.6 1.13 0.88 0.83 530.9 533.5

Anatase (A) 458.4 460.1 461.2 463.8 465.8 1.15 0.91 0.87 531.2 533.8
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In order to monitor the change in the optical bandgap of

the TiO2 films as a function of increasing OFR, UV-Vis spec-

troscopy has been recorded in the diffuse reflectance (RD)

mode and analysed the results by Kubelka–Munk (K-M) func-

tion F RDð Þ ¼ P 1�RDð Þ2

2RD
.14 The relationship between the K-M

function and the bandgap energy (Eg) for indirect bandgap

TiO2 can be described by the following equation:
FðRDÞhV

t

¼ P hV� Egð Þ2, where P is a constant and t is the layer thick-

ness. The impact of increasing OFR in tuning the optical

bandgap of TiO2 thin films is shown in Fig. 4. As expected,

the bandgap is increased from 2.65 eV (S6) to 3.22 eV (S20)

with increasing OFR. Since the conduction-band (CB) and

valence-band (VB) of TiO2 are associated with the Ti-3d and

O-2p levels, respectively, any rearrangement of Ti and O-

atoms can bring a change in BEs of Ti-3d and O-2p states and

as a result modify the optical bandgap of TiO2.
26 Therefore,

the low bandgap of S6 and S12 as compared with S20 could

be attributed to the presence of Ti3þ which can take part in

creating sub-bandgap states by breaking bonds of TiO2.
14,27

This is consistent with XPS analysis, showing an increase in

concentrations of Ti3þ with decreasing OFR during deposi-

tion. However, S0 showed a Fabry-Perot oscillation owing to

multiple reflection and resonance of the reflecting wave-

lengths from the sharp SS/TiO2/air interfaces.
28

The relevance of TiO2 films was weighed by degrada-

tion of aqueous MB solution under UV irradiation.

Following the addition of the photocatalyst in the dark condi-

tion for initial 30min, merely any degradation of MB was

noticed, while after irradiation for 330min, dye was almost

degraded. The dependencies of Ct/C0 with irradiation time

are plotted in Fig. 5, whereas the rate constant k was deter-

mined for each sample from the slope of ln(C0/Ct) vs irradia-

tion time (using pseudo-first-order kinetic equation) plot in

Fig. S2, where C0 and Ct represent the concentrations of MB

solution before and after irradiation, respectively. The best

catalytic performance can be seen for S12 (98.3%) with

k¼ 11.92� 10�3min�1, followed by S6 (94.8%, k¼ 8.74

� 10�3min�1), S20 (94.13%, k¼ 8.05� 10�3min�1), and

S0 (91.8%, k¼ 7.34� 10�3min�1), though S0 shows a fast

degradation compared to S20 up to 300 min. The catalytic

efficiency of S12 has further been compared with

commercially available P25 (anatase þ rutile), as docu-

mented in the supplementary material (Fig. S3), showing the

superior behaviour of the former one.

It is commonly believed that the anatase dominated TiO2

provides better catalytic activity than rutile.29 However, the

present finding gives a much slower degradation of MB in S0

consisting of anatase crystallites only (Fig. 1). This could be

due to the fact that the dominance of Ti2þ in the Ti2þ/Ti3þ

driven deep level states (Fig. 2) may enhance the trapping of

photogenerated carriers and in turn decrease the photocatalytic

activity of S0.30,31 The increase in catalytic activity via reduc-

tion of the relative contribution of Ti2þ in S6 also supports this

claim. On the other hand, the decrease in catalytic performance

in S20 is possibly due to the emergence of the rutile structure

which itself has a high charge recombination rate.32 In fact, the

highest photodegradation in S12 (in the absence of Ti2þ) con-

sisting of both anatase and rutile phases is due to the intergran-

ular charge transfer process,15 where the creation of Ti3þ (Fig.

2) is accompanied by generation of OVs owing to charge neu-

trality. These self doped Ti3þ and/or OVs together will create

localized states near CB minima of reduced TiO2 which in

turn results in bandgap narrowing.33 Therefore, under the UV

exposure, electrons from the VB are excited to these localized

states first and then from there to the CB. As the electron affin-

ity of rutile is higher than that of anatase, a type-II staggered

band structure is formed between their vicinal contact points26

which assists a smooth flow of charge carriers (photogenerated

conduction electrons) from anatase to rutile phases. Similarly,

the holes are accumulated in the VB of anatase from rutile

owing to their relative VB positions. This charge transfer hin-

ders the e-h pair recombination and increases their lifetime.

These photo-generated electrons migrate to the photocatalyst

surface and take part in formation of �O2
� and other oxidative

species by capturing the molecular oxygen in solution.

Meanwhile, the accumulated holes on the surface of reduced

TiO2 directly take part in photocatalysis and degrade the MB.

As a result, it is proposed that the mixed A- and R-TiO2 phases

enhance the photocatalytic activity in S12 and the expected

mechanism is projected in the inset of Fig. 5.

In conclusion, the growth of TiO2 films on SS by RF mag-

netron sputtering under controlled OFR was demonstrated,

FIG. 4. Plots of the transformed Kubelka-Munk function [(F(RD)hV)
1/2] ver-

sus incident photon energy (hV) for the S0, S6, S12, and S20 samples show a

decreasing trend of the energy bandgap with decreasing OFR.

FIG. 5. Photocatalytic degradation of Methylene Blue under UV radiation

for different TiO2 samples grown at varying OFR (inset: schematic diagram

of photocatalytic charge transportation in anatase-rutile mixed phase TiO2

for S12).
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showing a systematic formation of oxygen-deficient Ti2O3

and TiO phases with a reduced bandgap. A control over ana-

tase and rutile phases was illustrated by simply varying the

OFR at RT at constant chamber pressure and manifested by

XRD analyses. The presence of a long-range order besides

transformation from A-TiO2 to R-TiO2 at higher OFR was

further detected by XAS measurements. Eventually, an

enhanced photodegradation of MB was monitored in S12

owing to the presence of mixed phases, supported by the

near surface type-II staggered band structure for smooth flow

of photogenerated electrons from anatase to rutile structures.

See supplementary material for (1) specifications of

Rietveld refinement of the obtained GIXRD patterns, (2)

Table S1: structural parameters obtained from the Rietveld

analysis of TiO2, (3) Table S2: XPS results of TiO2 grown at

different oxygen flow rates, (4) ln(C0/Ct) vs irradiation time

plot for methylene blue, and (5) comparison of photocata-

lytic performance of S12 with P25.
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