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The development of 2D nanomaterial coatings across metal surfaces is a challenge due to the
mismatch between the metal microstructure and the nanoscale materials. The naturally occurring
thin oxidative layer present across all metal surfaces, may lead to low adherence and connectivity. In
this paper, graphene/titania/Titanium hybrid films were for the first time fabricated by a single step
chemical vapour deposition process across Titanium foils. The presence of graphene as a dopant was
found to enhance the photocatalytic performance of the final products, applied to the degradation of
organic molecules and to lead to Schottky-like junction formation at the metal/oxide interface. These
Schottky junctions, where vacancies are present across the titania material due to the graphene doping
and where Ti3+ ions are predominantly located, yield enhanced catalytic performance. The highest
degradation rate was found to be 9.66 × 10−6 min−1, achieved by the sample grown at 700 °C for 5 min,
which was 62% higher than the sample just treated at that temperature without graphene growth.
This work provides evidence that graphene may be grown across pure Titanium metal and opens new
avenues in biomedical devices design, tribological or separation applications.
Graphene materials, composed of stacked one-atom thick and two dimensional (2D) sp2-bonded hexagonal carbons, have attracted attention due to their outstanding native phonon conduction properties1–3. The potential of
graphene nano-composite materials with enhanced surface properties has been widely demonstrated in the areas
of super-capacitors, energy storage devices, sensors, membranes, anti-corrosion coatings and electrode-materials
to name a few1–11.
Graphene fabrication processes include (i) epitaxial growth, (ii) mechanical cleavage of graphite, (iii) reduction of graphene oxide (GO), and (iv) chemical vapour deposition (CVD)12–15. Although the CVD method is
one of the most versatile techniques to synthesize graphene grains with controllable surface area and number of
layers16, challenges to control the substrate/graphene interface and interactions still remain16. The growth mechanism and the impact of the different growth parameters, including the carbon source, the temperature and
growth duration on the graphene quality, are highly related to synergistic interactions with the microstructure
and roughness of the growth surface17.
Substrates for graphene growth by CVD primarily include metal materials, such as copper, nickel, aluminium
and stainless steel17,18. These metals can perform both as catalysts and as substrates for graphene growth, therefore leading to either direct deposition of graphene or doping of the metal/metal oxide surface grains19. A major
challenge in the CVD growth of graphene coatings is the ageing of the metal exposed for extensive periods at high
temperatures. This effect may alter the microstructure and grain distribution across the metal as well as affect the
bulk electronic or mechanical properties of the carbon-metal interface18.
Although Titanium (Ti) and related alloys, as a promising material for their corrosion resistance, biocompatibility, light-weight and photocatalytic properties, have been extensively studied20, novel growth strategies
to deposit and atomically bond graphene to Ti are lacking. A recent study demonstrated that graphene can be
directly coated on a Ti based alloy (Nitinol (NiTi 50/50)) through CVD, and the graphene layers were found to
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enhance the bioactivity of the metal surface in terms of cytoskeleton development and of spontaneous osteogenic differentiation of Mesenchymal stem cells21. Although Nitinol is a material more temperature – stable than
pure Ti, the potential release of nickel metal from nitinol alloys is however always an issue for medical application22, compared to pure Ti products. Direct surface functionalization or decoration across pure Ti is also seldom
reported, which may be primarily attributed to the low catalytic property and high chemical stability of the Ti
metal, which strongly restricts surface functionalisation21. Therefore, sol gel pathways and the implementation
of versatile 2D nanoscale coatings, such as graphene, across the surface of a metal as an active and functional
layer may bring new functionalities and applications to graphene hybrid semiconductors and related Ti/graphene
materials in the photocatalysis and photosynthesis areas23–27.
Herein, a one-step graphene CVD growth process across pure Ti substrates is demonstrated for the first time
to generate hybrid graphene/TiO2/Ti materials. The growth of graphene across the Ti template was favoured
though the controlled injection of a hydrogen/acetylene mixture, limiting the titania formation over the seeding steps of the growth at low temperature. The impact of temperature, growth duration and surface roughness of the Ti templates were systematically correlated to the quality and homogeneity of the graphene coatings.
Furthermore, photocatalytic performance of the combinatorial hybrid materials was investigated through the
degradation of a model organic dye molecule. The presence of the graphene doping across the surface of the
materials was found to enhance the bare TiO2 photocatalytic properties by simultaneously facilitating electrons
mobility from TiO2 to graphene as well as doping the anatase lattice of the surface titania shifting the band gap of
the materials, providing Schottky-like behaviours.

Experimental

Materials. Commercial roll formed Ti foils (purity > 99.6%) with a thickness of 0.1 µm were purchased from

Goodfellow Cambridge Ltd. Rhodamine 6 G (R6G) were purchased from Sigma Aldrich. Hexane (99%) were purchased from Sigma Aldrich and its vapor was used as carbon source for graphene growth. The other gases used
for the CVD growth were a mixture of argon (Ar)/hydrogen (H2) (85/15 at.). All chemicals were analytical grade
and used without any further purification.

CVD growth of graphene.

The growth of graphene across the Ti foils was performed in a low pressure
CVD set-up with a tube furnace from Lenton (LTF 14/50/450), following a previously demonstrated procedure
by our group18. Before graphene growth, Ti foils were first cut into a size of 2 cm in length and 1 cm in width prior
to being loaded in a quartz boat within the tube furnace. The whole system was pumped down to a target pressure
below of 200 mTorr for 30 min to remove any adsorbed remaining oxygen gas molecules. Subsequently, a mixture
of Ar/H2 (85/15) was used to purge and flush the tube and samples. The pressure was then set with these gases
at 4 Torr for 15 min with a flow rate of 400 cubic centimetre per minute (ccm). Under the Ar/H2 gas, a series of
samples were treated by adjusting the growth temperature (700, 900 and 1000 °C) and duration (2, 5 and 10 min).
The hexane flow rate was maintained at 20 ccm for all tests since previously found to lead to the highest quality of
graphene in that similar CVD system18. During the growth duration, the pressure in the tube was maintained at
4 Torr and after growth, the samples were naturally cooled under vacuum which is a quenching process to facilitate the growth of TiO2. After the temperature decreased to less than 100 °C, samples were removed from the tube
and stored at room temperature for further use.
The surface of Ti foils was polished using the following standard mechanical polishing procedure to investigate the impact of surface roughness on the growth of graphene. The first step involved grinding the sample on
1200 grit SiC paper for 1 min, followed by 3 and 1 micron diamond powder polishing for 5 and 7 min, respectively. The growth conditions across the polished samples were kept the same as these were performed across the
plain, unpolished, Ti foils.

Characterisation techniques.

Scanning electron micrographs (SEM) were captured on a JSM 7800 F
FEG-Scanning Electron Microscope (JEOL, Japan). The tests were performed on un-coated samples as provided
with a 5 keV accelerating voltage at a distance of 10 mm without prior coating. Raman spectra were obtained
on an inVia Raman microscope (Renishaw, United Kingdom) at the laser wavelength of 514 nm. An extended
scan ranging from 100 to 4000 cm−1 was performed for 10 s with laser power of 25 mW. X-ray photoelectron
spectroscopy (XPS) were performed on a K-Alpha X-ray photoelectron spectrometer (Thermo Fisher Scientific,
Australia). A quantitative elemental composition of Ti, oxygen and carbon for a surface depth of 1–10 nm was
carried out. The technique could detect elements with a detection limit of 0.1% of the bulk material. An Al Kα
(1486.6 eV) X-ray source was used as the excitation source, and the anode was maintained at 250 W, 10 kV and
27 mA at a chamber pressure of (1 ± 0.1) × 10−9 Pa with an oval beam spot size of 400 μm × 400 μm. In a typical
setup, the X-ray source was set at 45 μm from the sample surface while the angle between the analyser and the
sample surface is 90°. The analysis was performed on 3 different spots on each sample, under the same experimental conditions. The spectra were acquired from 10 cumulative scans, for a pass energy of 152.1 eV and a dwelling
time of 0.5 s. The high-resolution spectra for C 1 s, O 1 s and Ti 2p were acquired at a pass energy of 20 eV and 20
cumulative scans. The spectra were then deconvoluted using the CasaXPS software and the high resolution peaks
fitted with a mixed Gaussian-Lorentzian function (GL30), as previously reported28, while the asymmetric nature
of the sp2 C in the C 1 s spectra was fitted with a Gaussian-Lorentzian product formula modified by an asymmetric form A(0.1, 0.1, 80)GL(80) to account for its asymmetric tail29. The asymmetric shape of Ti (0) in the Ti 2p
spectra is fitted with a LA(1.1,5,7)30. X-ray diffraction (XRD) patterns were collected on a X’Pert Powder instrument (PANalytical, Netherlands) using a Cu Kα radiation source (λ = 1.54181 Å) operated at 40 kV with a 30 mA
current. XRD data were recorded over a range of 6–70°. The ultraviolet visible (UV-Visible) spectra were obtained
from USB-2000 ultraviolet visible spectrometer (Ocean Optics, United States). The R6G absorbance peak at the
wavelength of 526 nm under UV-Vis was used to determine the concentration over time. The UV-Visible Diffuse
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Figure 1. SEM images of Ti foils with different treatment. (A) Plain surface of Ti foils; (B–D) Plain Ti foils with
graphene grown at different temperature. (E) Polished surface of Ti foils; (F–H) Polished Ti foils with graphene
grown at different temperatures. Scale bars are 1 μm.

Reflectance Spectroscopy (DRS) was conducted on a LAMBDA 1050 UV-Vis spectrophotometer (Perkin Elmer,
United States) equipped with an integrating sphere. Prior to the analysis, the reflectance port was removed to
take off the contribution of the specular reflection from the total reflectance, only the diffuse reflectance was
consequently collected. The reflection was calibrated on a Spectralon standard, and the calculated %R is referred
to this standard. The data was acquired with a UV WinLab software at a fixed scan speed of 485.33 nm/s, and the
Kubelka Munk function subsequently determined.

Photocatalytic performance.

As a model molecule, R6G was selected to test the photocatalytic performance of Ti foils with or without graphene growth. A stock solution of R6G was prepared at a concentration of
7.5 mg/L. For each test, 2 mL of R6G solution was transferred to a quartz cuvette and the sample with an area
of around 25 mm2 was placed on the bottom of the cuvette, which was exposed to UV light generated from an
OmniCure S2000 UV lamp (Excelitas Technologies, United States) to induce the degradation of R6G. The intensity of UV light is 250 mJ/cm2 with the wavelength, set with a grated plate filter, between 320 and 480 nm and the
sample to lamp distance is 10 cm. The degradation of R6G was determined through measuring the peak absorbance of R6G at the wavelength of 500 nm at different time intervals.

Results and Discussion

Graphene/TiO2/Ti hybrid materials were investigated in terms of their morphology, structure, and photocatalytic
properties, to not only understand the growth mechanism, but also evaluate synergistic properties and the role of
graphene doping on the band gap of the semiconductor. A schematic of the growth process is shown in Figure SX.
The morphology of the Ti foils at different temperatures and growth durations is shown in Fig. 1, Figures S2,
S3 and S4, respectively. The polishing process greatly smoothened the surface of Ti foils as seen in Fig. 1A and E.
A smoother structure can be seen on the polished surface with graphene grown at 700 °C (Fig. 1I) than the plain
ones (Fig. 1C), but there were no significant differences across the series of other samples with graphene grown
at higher temperature and for longer durations. At higher temperature, the Ti metal may start to soften leading
to a smoothening of the surface, as seen across the SEMs of the samples treated at 900 and 1000 °C31. The hexane
gas flow during graphene growth at the experimental temperature was also found to affect the surface morphology. Without any gas flow, there was noticeable large crystal-like structure formed in the heat-treated samples (Figures S2, S3 and S4) compared to the smoother surface with hexane flow, namely with graphene growth
(Fig. 1B–D and F–H). These crystals were amorphous titania, which were likely generated upon H2 absorption by
the Ti matrix during the heating phase of the CVD growth. Ti is known to act as a hydrogen sponge at temperatures around 650 to 700 °C making high temperature heat treatments challenging due to physical changes of the
metal matrix and microstructure32.
The graphene component of hybrid graphene/TiO2 layer grown across the Ti foils was further investigated
through Raman spectroscopy (Fig. 2 and Figure S5). The blank Ti foils with and without polishing were firstly
examined through Raman where no obvious peak could be detected (Figure S6). For the samples with graphene
growth, the D-band at around 1350 cm−1 and the G-band at around 1600 cm−1 are the representative peaks for
graphene representing disorder-induced band of graphene and the graphitic band, respectively33,34. Also, the peak
at around 2500–3200 cm−1 indicates that the 2D-band (secondary D-band) of graphene, which is related to the
number of graphene layers35,36. The Raman results from the time series grown at 900 °C indicate that graphene
can be clearly detected from 5 min of growth duration. For shorter growth durations, it is likely that the carbon
atoms surface segregation leads a predominant role in the graphene growth mechanisms. As previously shown
for catalytic surfaces similar to Ti/TiO2, such as Ni surfaces, carbon atoms shall first diffuse from the surface into
the first few nanometers of the bulk of the growth support during the annealing stage and predominantly at high
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Figure 2. Raman spectra of Ti foils with graphene grown at different experimental conditions. Plain (A)
and Polished (B) Ti foils with graphene grown at 900 °C for 2, 5 and 10 min. Plain (C) and polished (D) with
graphene grown at different temperatures, 700–1000 °C, for 5 min.

temperature. After the diffusion step, the carbon atoms shall precipitate and recombine onto the activated Ti catalyst during the cooling period37. Further improvements in the growth conditions to limit H2 uptake may include
a sharper control of the moment when H2 gas is introduced, particularly upon reaching a set reactor temperature
higher than 700 °C.
In the temperature series, the growth duration was fixed at 5 min and clear D-band and G-band can be seen
across the spectra at 700 and 900 °C (Fig. 2C). At 1000 °C, on the other hand, these two peaks were not present
suggesting a poorer graphitization potentially due to the higher activation energy of Ti surface at that temperature38,39. The 2D-band is clearly shown in the sample grown at 900 °C and the broad 2D-band indicates a thick
graphene layer21. Similar trends and graphene quality were obtained for the polished Ti foils (Fig. 2D) suggesting
that the macro-roughness of the material did not extensively affect the graphene growth mechanism. This aspect
is important as it highlights the potential scalability for production of graphene dopant layers across Ti. Indeed,
for most other metals, such as Cu or Ni, the surface state was found to play a significant role in the graphitization
process. Growth on such metals therefore required extensive surface polishing to achieve good precipitation/
recombination of carbon atoms and was found to greatly affect the interfacial properties, such electrical or thermal conductions40.
The impact of the heat treatment on the Ti microstructure was also investigated at the same temperatures
(Figure S5). No graphene materials were formed in these control conditions, highlighting the need for the carbon
precursor (Raman data in Figure S4). Amorphous carbons were however likely formed as shown by the broad
D-band and G-band without 2D-band (Figure S5), which could result from contamination of residual carbons
left in the furnace. The polished samples showed similar trends, and the polishing process does not lead to any
significant structure changes of the deposited graphene. Regarding the TiO2 component, the peaks at 230, 440 and
610 cm−1 from Raman spectra (Figs 2 and S4) are representatives of the rutile structure, Eg and A1g, conforming
to the tetragonal space group of P42/mnm41. For all the samples with or without graphene growth, there were no
significant differences in terms of the peak positions and intensities upon altering the growth temperature and
duration. The ratio between D-band and G-band (ID/IG) intensities can be used to assess the presence of defects
across the graphene34,42. As can be seen from Table 1, the lowest ID/IG ratio was achieved for the sample grown at
700 °C for 5 min, correlated with the overall carbon content, which was also the highest compared for this sample
across the series, as indicated by the XPS results (Figure S7). The quality of graphene grown on Ti in this paper
was not as good as the previous reports on copper and nickel17,43, which might be due to its higher melting point
and low catalytic properties to decompose carbon source.
The chemical state and purity of the graphene layer was furtherly investigated by the evaluation of the
high-resolution spectra of C 1 s. Although the main C sp2 peak situated at 284.4 eV (Tables S1 and S2) represents the main component, additional chemical states of carbon can be revealed and can be related to impurity due to the partial oxidation and loss of graphitic structure. Additional peaks can be associated to C-OH
bonds (285.4 eV), C-O-C (286.4 eV), C=O (287.4 eV) and C-OOH (288 eV) functionalities, respectively44–46.
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Samples
Plain Ti Foils

Polished Ti Foils

Temperature
(°C)

Peak Positions
D-band

G-band

ID/IG

700

1349.03

1608.08

1.01

900

1354.00

1600.88

1.12

1000

1352.76

1608.08

1.04

700

1352.76

1608.68

1.00

900

1354.00

1603.28

1.23

1000

—

—

—

Table 1. D and G peak position and D/G ratio of graphene grown at different temperatures with or without
surface polishing.

Figure 3. XRD profiles of the samples with graphene growth at different temperatures. Ti, A, R represent the
characteristic peaks for Ti, anatase and rutile, respectively.
Nonetheless, the main peak occurring at 284.4 eV accounts for more than 80% of C states and reflects the presence
of graphitic bonds, in good accordance with the literature on graphene CVD growth47,48. Interestingly, the chemical states representing higher oxidation states as C=O and C-OOH functionalities increase with the treatment
temperature, as shown in Figure S8, suggesting that extreme growth conditions can be detrimental to the purity
of graphene. Additional carbonaceous species have been already identified in CVD-growth graphene studies49,
and their presence attributed to oxygen intercalation50 upon air exposure. The evidence of higher O content
at higher process temperature reported in Figures S7 and S8 can be therefore related to more extreme growth
conditions that characterize the substrate and that can be detrimental to the purity of graphene, generating more
defects that can further react upon air exposure. The presence of oxidized carbon species in the TiO2/Ti/graphene
composite can be confirmed by the analysis of the O 1 s spectra in Figure S9. The main peak, located at 529.8 eV
(Full Width at Half Maximum (FWHM) = 1.26) is representative of the Ti-O bond, nonetheless the presence of
different O functionalities is clear from the occurrence of multiple peaks. Additionally, the presence of Ti-OH is
also revealed by the peak 531.7 eV. This peak, however, can also be assigned, together with the peak at 533 eV, to
C=O, C-OOH and COO functionalities51 as represented in Tables S3 and S4. The appearance of a stronger peak at
533 eV for the sample grown at 1000 °C is therefore in good accordance with its relative C 1 s spectra that showed
the presence of more impurities in the graphene matrix. Furthermore, an additional shoulder in the O 1 s spectra
occurs at 530.5 eV. The assignment of this peak is controversial, as it can be associated to O vacancies in a TiO2
matrix52 or to O in Ti-O-C bonds53.
In order to gain more insights into the potential generation of O vacancies, and consequently of Ti suboxides that are known to be beneficial in photocatalytic phenomena54, the Ti 2p spectra has been considered. The
orbital split related to Ti(IV) 3/2p and 1/2p can be clearly shown at 458.6 eV (FWHM = 1.22 eV) and 464.4 eV
(FWHM = 2.03 eV), respectively, in good accordance with the literature30. Two more oxidation states are however present, as Ti3+ and Ti(0), classified in Table S5. A higher concentration of Ti3+ species can be observed in
Figure S10, representing Ti-700, due to the higher integrated area associated to fixed peak position and FWHM,
457.9 eV and 2.2 eV, respectively, for Ti3+ 2p 3/2, as shown in Table S6. The presence of a higher content of Ti
suboxides is particularly relevant for applications in catalysis as it can facilitate the charge transfer and hinder
the recombination of holes and electrons55, although these species are highly unstable and their generation and
control is particularly challenging. The presence of these species supports the design of the Schottky-like diode
by lower energy barrier to activation. This behaviour was attributed to the presence of a multi-oxide interfacial
layer in the top layer, available to UV excitation, of the hybrid material, as previously demonstrated for Ti ant
TiOx alloys56.
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Samples

k (×10−6 min−1)

R2

Blank (R6G solution)

1.96

0.97

Blank Ti foils

2.82

0.94

Graphene 700 °C

9.66

0.98

Graphene 900 °C

5.66

0.97

Graphene 1000 °C

7.58

0.96

Heat treated 700 °C

5.96

0.99

Heat treated 900 °C

2.69

0.98

Heat treated 1000 °C

2.48

0.98

Table 2. Calculated photodegradation constant and coefficients through second-order reaction equation.

Figure 4. Photodegradation kinetics of R6G with graphene/TiO2/Ti hybrid materials over time. (A) Control
group; (B) samples with graphene growth and (C) samples with only heat treatment. The continuous lines in all
the graphs are the fitted curve using second-order reaction equation.
The crystal structure of TiO2 layer was further investigated by XRD (Fig. 3). The titania phase found for the
samples grown at 900 and 1000 °C was fully assigned to a rutile structure. Interestingly, partial anatase structure
contents were found for the samples grown at 700 °C along with rutile as the major component. This result is consistent with literature since the full transition temperature from anatase to rutile is typically reported at around
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Figure 5. K-M plot of DRS for samples with different treatment. (A) plain Ti foil and samples with graphene
growth at 700 °C, 900 °C and 1000 °C; (B) samples with heat treated at 700 °C, 900 °C and 1000 °C.
800 °C31,57. As anatase provides much higher photocatalytic properties than rutile, the photocatalytic performance
of the samples was evaluated.
The photocatalytic performance of the graphene/TiO2/Ti hybrid materials was investigated by using R6G as
a model molecule under UV light (wavelength up to 500 nm). The potential of graphene nanomaterials and as
dopant was recently investigated in the form of quantum dots58 but also low dimensional semi-conductors59,60.
The absorption spectra show that the absorbance peaks of R6G for all samples decreased with respect to exposure
duration (Figure S11). The kinetics of catalysis is usually related to the diffusion of the dye molecules from the
bulk solution to the surface of the catalyst, and thus a second-order reaction model was introduced to understand
the degradation kinetics, as shown in Fig. 4. The kinetic constant was calculated through the following equation61:
C 
ln  = k(a − t )2
 C 
0

(1)

where, C0 and C are the initial concentration of R6G and the concentration of R6G over time, k is the kinetic
constant, a is a constant, and t is the reaction time. The fitting results for the UV-visible spectra are shown in
Table 2. As suggested by the anatase content demonstrated in Fig. 3, the highest degradation rate was achieved
for the sample grown at 700 °C for a growth duration of 5 min. The performance could also be attributed to the
increased surface area achieved from the rough structure generated in these conditions as shown across the SEM
images (Fig. 1C), offering larger contact area with the R6G molecules. Interestingly, the photocatalytic properties
of the graphene/TiO2/Ti hybrid materials are 62%, 110% and 205% higher than those achieved by the control
heat-treated samples at 700 °C, 900 °C and 1000 °C, respectively. This trend therefore indicate that graphene has a
positive influence on the photodegradation properties of the Shottky-like surfaces.
Due to the high electron mobility of 2-dimensional graphene sheets16, combining graphene with TiO2 offers
synergistic effects whereby electrons generated form the dye molecules may flow more freely from the TiO2 anatase to the graphene domains, thus generating Schottky-like barriers at the interface between TiO2 and conductive layers such as metal or graphene and due to the presence of the vacancies in the form of Ti3+ ions, leading to
an enhanced charge separation. A Schottky barrier interface electric field between the Ti-metal and the Ti-oxides
shall confine vacancies to the surface of the semiconductor as also observed across metal doped TiO2 catalysts62.
Such interfaces may generate photoexcited electron-hole pairs and an electrostatic depletion layer at the junction
between the metal-like graphene and the titania semiconductor, which causes the hybrid material to act as an
electrical rectifier63. This process may thereby delay the charge recombination upon catalytic reactions64,65. The
incorporation of graphene therefore offers outstanding doping capabilities for TiO2 photocatalytic properties
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enhancement. In addition, Ti left in the hybrid materials can also perform as a conductor to conduct electrons
generated by TiO2 during the photocatalytic process.
The photocatalytic efficiency reported in this study is not as good as that of slurry system due to the lower
exposed surface area that is available for photocatalytic reactions and low porosity of the supported catalyst
layer66–68. However, these results are comparable with similar TiO2 based film system with the complete dye
decomposition time between 3 and 4 h69,70. The presence of graphene doping the TiO2 matrix as well as vacancies
as shown by the Ti3+ content in this hybrid materials facilitated the photocatalysis, despite of low anatase TiO2
content that is regarded to be more efficient than pure rutile while being applicable onto large surface areas of
materials in a facile manner.
The impact of the doping was therefore further evaluated by DRS to evaluate the change in the band gap of
the material. Figure 5 shows the results from DRS measurement related to the UV-Vis absorbance. As for the
graphene/TiO2/Ti hybrid samples, the spectra in Fig. 5A shows a clear trend with a progressive increase of the
absorption edge as the treatment temperature rises from 700 °C to 1000 °C. The sample treated at 700 °C presents
an unconventional behaviour with two absorption peaks around 370 nm and 460 nm, respectively. These features
may be referred to trapped holes and electrons on the TiO2, respectively, during the transition from anatase to
rutile shown on the XRD results, which is in good agreement with other studies71,72. One would assume that plain
TiO2 would absorb only in the UV-region as it has no activity under visible light due to the high band-gap, 3.2
for anatase and 3 for rutile, respectively. The presence of clear absorption features in the visible range is therefore
inconsistent with the literature73,74. However, considering that the photocatalytic tests were conducted under a
UV light with wavelength up to 500 nm, the outcomes of the analysis are in good accordance with these spectra
demonstrating that the plain foils absorb radiation in that range. The sample where graphene was grown at 700 °C
is offers the strongest absorption which corresponded to the best catalytic performance.

Conclusions

The fabrication of graphene/TiO2/Ti hybrid film was demonstrated on a pure Ti foils through CVD method.
Issues related to H2 absorption by the Ti matrix were partly alleviated by controlling the temperature ramping
rate during graphene growth. By manipulating the growth conditions, the content of graphene and TiO2 can be
controlled. The introduction of graphene to TiO2 and the formation of a high yield of vacancies in the form of
Ti3+ ions within the matrix has strongly reinforced the photocatalytic properties of the hybrid material. Worth
to mention, the use of film based photocatalyst is advantageous to the nanoparticle based system, as films can be
easily applied and removed from the dye solution, minimising the concern of any surplus nanomaterials left in
solution after photocatalytic treatment. The materials fabricated in this paper has provided practical application
of graphene grown on pure Ti metals, which potentially expand the CVD graphene to a new metal member and
explore the related applications.

References

1. Chen, D., Tang, L. & Li, J. Graphene-based materials in electrochemistry. Chemical Society Reviews 39, 3157–3180 (2010).
2. Sham, A. Y. W. & Notley, S. M. A review of fundamental properties and applications of polymer-graphene hybrid materials. Soft
Matter, https://doi.org/10.1039/C3SM00092C (2013).
3. Liu, J., Xue, Y., Zhang, M. & Dai, L. Graphene-based materials for energy applications. MRS Bulletin 37, 1265–1272, https://doi.
org/10.1557/mrs.2012.179 (2012).
4. Wu, Z.-S. et al. Graphene/metal oxide composite electrode materials for energy storage. Nano Energy 1, 107–131, https://doi.org/10.
1016/j.nanoen.2011.11.001 (2012).
5. Choi, W., Lahiri, I., Seelaboyina, R. & Kang, Y. S. Synthesis of Graphene and Its Applications: A Review. Critical Reviews in Solid State
and Materials Sciences 35, 52–71, https://doi.org/10.1080/10408430903505036 (2010).
6. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat Mater 6, 183–191 (2007).
7. Kim, H., Abdala, A. A. & Macosko, C. W. Graphene/Polymer Nanocomposites. Macromolecules 43, 6515–6530, https://doi.
org/10.1021/ma100572e (2010).
8. Bai, H., Sheng, K., Zhang, P., Li, C. & Shi, G. Graphene oxide/conducting polymer composite hydrogels. Journal of Materials
Chemistry 21, 18653–18658, https://doi.org/10.1039/C1JM13918E (2011).
9. Biswas, C. & Lee, Y. H. Graphene versus carbon nanotubes in electronic devices. Advanced Functional Materials 21, 3806–3826
(2011).
10. He, L. et al. Promoted water transport across graphene oxide–poly(amide) thin film composite membranes and their antibacterial
activity. Desalination 365, 126–135, https://doi.org/10.1016/j.desal.2015.02.032 (2015).
11. Feng, C. et al. Superhydrophobic and Superoleophilic Micro-Wrinkled Reduced Graphene Oxide as a Highly Portable and
Recyclable Oil Sorbent. ACS Applied Materials & Interfaces 8, 9977–9985, https://doi.org/10.1021/acsami.6b01648 (2016).
12. Kuilla, T. et al. Recent advances in graphene based polymer composites. Progress in Polymer Science 35, 1350–1375, https://doi.
org/10.1016/j.progpolymsci.2010.07.005 (2010).
13. Grayfer, E. D., Makotchenko, V. G., Nazarov, A. S., Kim, S. J. & Fedorov, V. E. Graphene: Chemical approaches to the synthesis and
modification. Russian Chemical Reviews 80, 751–770 (2011).
14. Sengupta, R., Bhattacharya, M., Bandyopadhyay, S. & Bhowmick, A. K. A review on the mechanical and electrical properties of
graphite and modified graphite reinforced polymer composites. Progress in Polymer Science 36, 638–670, https://doi.org/10.1016/j.
progpolymsci.2010.11.003 (2011).
15. Zhu, Y. et al. Graphene and Graphene Oxide: Synthesis, Properties, and Applications. Advanced Materials 22, 3906–3924, https://
doi.org/10.1002/adma.201001068 (2010).
16. Zhang, Y., Zhang, L. & Zhou, C. Review of Chemical Vapor Deposition of Graphene and Related Applications. Accounts of Chemical
Research 46, 2329–2339, https://doi.org/10.1021/ar300203n (2013).
17. Muñoz, R. & Gómez-Aleixandre, C. Review of CVD Synthesis of Graphene. Chemical Vapor Deposition 19, 297–322, https://doi.
org/10.1002/cvde.201300051 (2013).
18. Dumée, L. F. et al. Growth of nano-textured graphene coatings across highly porous stainless steel supports towards corrosion
resistant coatings. Carbon 87, 395–408, https://doi.org/10.1016/j.carbon.2015.02.042 (2015).
19. Batzill, M. The surface science of graphene: Metal interfaces, CVD synthesis, nanoribbons, chemical modifications, and defects.
Surface Science Reports 67, 83–115, https://doi.org/10.1016/j.surfrep.2011.12.001 (2012).

Scientific REPOrTS | (2018) 8:8154 | DOI:10.1038/s41598-018-26447-9

8

www.nature.com/scientificreports/
20. Veiga, C., Davim, J. & Loureiro, A. Properties and applications of titanium alloys: a brief review. Rev. Adv. Mater. Sci 32, 133–148
(2012).
21. Li, J. et al. CVD Growth of Graphene on NiTi Alloy for Enhanced Biological Activity. ACS Applied Materials & Interfaces 7,
19876–19881, https://doi.org/10.1021/acsami.5b06639 (2015).
22. Haider, W. & Munroe, N. Assessment of Corrosion Resistance and Metal Ion Leaching of Nitinol Alloys. Journal of materials
engineering and performance 20, 812–815, https://doi.org/10.1007/s11665-011-9892-5 (2011).
23. Liu, X., Chu, P. K. & Ding, C. Surface modification of titanium, titanium alloys, and related materials for biomedical applications.
Materials Science and Engineering: R: Reports 47, 49–121, https://doi.org/10.1016/j.mser.2004.11.001 (2004).
24. Zhang, N., Yang, M.-Q., Liu, S., Sun, Y. & Xu, Y.-J. Waltzing with the Versatile Platform of Graphene to Synthesize Composite
Photocatalysts. Chemical Reviews 115, 10307–10377, https://doi.org/10.1021/acs.chemrev.5b00267 (2015).
25. Yang, M.-Q., Zhang, N., Pagliaro, M. & Xu, Y.-J. Artificial photosynthesis over graphene-semiconductor composites. Are we getting
better? Chemical Society Reviews 43, 8240–8254, https://doi.org/10.1039/C4CS00213J (2014).
26. Xie, X., Kretschmer, K. & Wang, G. Advances in graphene-based semiconductor photocatalysts for solar energy conversion:
fundamentals and materials engineering. Nanoscale 7, 13278–13292, https://doi.org/10.1039/C5NR03338A (2015).
27. Hameed, N. et al. Graphene based room temperature flexible nanocomposites from permanently cross-linked networks. Scientific
Reports 8, 2803, https://doi.org/10.1038/s41598-018-21114-5 (2018).
28. Merenda, A. et al. Assessing the temporal stability of surface functional groups introduced by plasma treatments on the outer
shells of carbon nanotubes. Scientific Reports 6, 31565, https://doi.org/10.1038/srep31565, http://www.nature.com/articles/
srep31565#supplementary-information (2016).
29. Susi, T., Pichler, T. & Ayala, P. X-ray photoelectron spectroscopy of graphitic carbon nanomaterials doped with heteroatoms.
Beilstein Journal of Nanotechnology 6, 177–192, https://doi.org/10.3762/bjnano.6.17 (2015).
30. Biesinger, M. C., Lau, L. W. M., Gerson, A. R. & Smart, R. S. C. Resolving surface chemical states in XPS analysis of first row transition
metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn. Applied Surface Science 257, 887–898, https://doi.org/10.1016/j.apsusc.
2010.07.086 (2010).
31. Donachie, M. J. Titanium: A Technical Guide, 2nd Edition. (ASM International, 2000).
32. Hirooka, Y., Miyake, M. & Sano, T. A study of hydrogen absorption and desorption by titanium. Journal of Nuclear Materials 96,
227–232, https://doi.org/10.1016/0022-3115(81)90566-3 (1981).
33. Chen, S. et al. Oxidation Resistance of Graphene-Coated Cu and Cu/Ni Alloy. ACS Nano 5, 1321–1327, https://doi.org/10.1021/
nn103028d (2011).
34. Dumée, L. F. et al. Single step preparation of meso-porous and reduced graphene oxide by gamma-ray irradiation in gaseous phase.
Carbon 70, 313–318, https://doi.org/10.1016/j.carbon.2013.12.094 (2014).
35. Frank, O. et al. Raman 2D-Band Splitting in Graphene: Theory and Experiment. ACS Nano 5, 2231–2239, https://doi.org/10.1021/
nn103493g (2011).
36. Dumée, L. F. et al. Tuning the grade of graphene: Gamma ray irradiation of free-standing graphene oxide films in gaseous phase.
Applied Surface Science 322, 126–135, https://doi.org/10.1016/j.apsusc.2014.10.070 (2014).
37. Baraton, L. et al. On the mechanisms of precipitation of graphene on nickel thin films. EPL (Europhysics Letters) 96, 46003 (2011).
38. Petersen, N. Calculation of diffusion coefficient and activation energy of titanium in titanomagnetite. Physics of the Earth and
Planetary Interiors 2, 175–178, https://doi.org/10.1016/0031-9201(70)90005-1 (1970).
39. Munoz, J. D., Arizmendi, A., Mendoza-Allende, A. & Montemayor-Aldrete, J. A. High temperature activation energy for plastic
deformation of titanium carbide single crystals as a function of the C: Ti atom ratio. Journal of Materials Science 32, 3189–3193,
https://doi.org/10.1023/a:1018654818631 (1997).
40. Gi Duk, K. et al. Influence of the copper substrate roughness on the electrical quality of graphene. Materials Research Express 4,
015604 (2017).
41. Li, L. et al. Sub-10 nm rutile titanium dioxide nanoparticles for efficient visible-light-driven photocatalytic hydrogen production. Nature
Communications 6, 5881, https://doi.org/10.1038/ncomms6881, http://www.nature.com/articles/ncomms6881#supplementaryinformation (2015).
42. Feng, C. et al. Shrinkage induced stretchable micro-wrinkled reduced graphene oxide composite with recoverable conductivity.
Carbon 93, 878–886, https://doi.org/10.1016/j.carbon.2015.06.011 (2015).
43. Mattevi, C., Kim, H. & Chhowalla, M. A review of chemical vapour deposition of graphene on copper. Journal of Materials Chemistry
21, 3324–3334, https://doi.org/10.1039/C0JM02126A (2011).
44. Some, S., Kim, Y., Hwang, E., Yoo, H. & Lee, H. Binol salt as a completely removable graphene surfactant. Chemical Communications
48, 7732–7734, https://doi.org/10.1039/C2CC33916A (2012).
45. Hsiao, M.-C. et al. Preparation and properties of a graphene reinforced nanocomposite conducting plate. Journal of Materials
Chemistry 20, 8496–8505, https://doi.org/10.1039/C0JM01679A (2010).
46. Yang, D. et al. Chemical analysis of graphene oxide films after heat and chemical treatments by X-ray photoelectron and MicroRaman spectroscopy. Carbon 47, 145–152, https://doi.org/10.1016/j.carbon.2008.09.045 (2009).
47. Anisur, M. R., Chakraborty Banerjee, P., Easton, C. D. & Singh Raman, R. K. Controlling hydrogen environment and cooling during
CVD graphene growth on nickel for improved corrosion resistance. Carbon 127, 131–140, https://doi.org/10.1016/j.carbon.2017.10.079
(2018).
48. Poirier, D. M. & Weaver, J. H. Carbon (as Graphite, Buckminsterfullerene, and Diamond) by XPS. Surface Science Spectra 2, 232–241,
https://doi.org/10.1116/1.1247704 (1993).
49. Hong, S. K., Song, S. M., Sul, O. & Cho, B. J. Carboxylic Group as the Origin of Electrical Performance Degradation during the Transfer
Process of CVD Growth Graphene. Journal of The Electrochemical Society 159, K107–K109, https://doi.org/10.1149/2.101204jes (2012).
50. Kidambi, P. R. et al. Observing Graphene Grow: Catalyst–Graphene Interactions during Scalable Graphene Growth on
Polycrystalline Copper. Nano Letters 13, 4769–4778, https://doi.org/10.1021/nl4023572 (2013).
51. An, G. et al. Preparation of titania/carbon nanotube composites using supercritical ethanol and their photocatalytic activity for
phenol degradation under visible light irradiation. Carbon 45, 1795–1801, https://doi.org/10.1016/j.carbon.2007.04.034 (2007).
52. Boppella, R. et al. Composite hollow nanostructures composed of carbon-coated Ti3+ self-doped TiO2-reduced graphene oxide as
an efficient electrocatalyst for oxygen reduction. Journal of Materials Chemistry A 5, 7072–7080, https://doi.org/10.1039/
C7TA00583K (2017).
53. Wang, W.-S., Wang, D.-H., Qu, W.-G., Lu, L.-Q. & Xu, A.-W. Large Ultrathin Anatase TiO2 Nanosheets with Exposed {001} Facets
on Graphene for Enhanced Visible Light Photocatalytic Activity. The Journal of Physical Chemistry C 116, 19893–19901, https://doi.
org/10.1021/jp306498b (2012).
54. Qiu, B. et al. Facile synthesis of the Ti(3+) self-doped TiO(2)-graphene nanosheet composites with enhanced photocatalysis.
Scientific Reports 5, 8591, https://doi.org/10.1038/srep08591 (2015).
55. Chen, X. & Mao, S. S. Titanium Dioxide Nanomaterials: Synthesis, Properties, Modifications, and Applications. Chemical Reviews
107, 2891–2959, https://doi.org/10.1021/cr0500535 (2007).
56. Zussman, A. Electrical properties of Schottky diodes of Ti on highly doped GaAs. Journal of Applied Physics 59, 3894–3900, https://
doi.org/10.1063/1.336732 (1986).
57. Gemelli, E. & Camargo, N. H. A. Oxidation kinetics of commercially pure titanium. Matéria (Rio de Janeiro) 12, 525–531 (2007).

Scientific REPOrTS | (2018) 8:8154 | DOI:10.1038/s41598-018-26447-9

9

www.nature.com/scientificreports/
58. Zeng, Z. et al. Unraveling the cooperative synergy of zero-dimensional graphene quantum dots and metal nanocrystals enabled by
layer-by-layer assembly. Journal of Materials Chemistry A 6, 1700–1713, https://doi.org/10.1039/C7TA09119B (2018).
59. Xiao, F.-X. & Liu, B. In situ etching-induced self-assembly of metal cluster decorated one-dimensional semiconductors for solarpowered water splitting: unraveling cooperative synergy by photoelectrochemical investigations. Nanoscale 9, 17118–17132, https://
doi.org/10.1039/C7NR06697J (2017).
60. Zhang, J. & Xiao, F.-X. Modulation of interfacial charge transfer by self-assembly of single-layer graphene enwrapped onedimensional semiconductors toward photoredox catalysis. Journal of Materials Chemistry A 5, 23681–23693, https://doi.
org/10.1039/C7TA08415C (2017).
61. Breier, A. R., Steppe, M. & Schapoval, E. E. S. Photodegradation Kinetics of Fexofenadine Hydrochloride Using a LC Method.
Chromatographia 64, 725–729, https://doi.org/10.1365/s10337-006-0096-3 (2006).
62. Chen, H. et al. Bonding and Electron Energy-Level Alignment at Metal/TiO2 Interfaces: A Density Functional Theory Study. The
Journal of Physical Chemistry C 120, 5549–5556, https://doi.org/10.1021/acs.jpcc.5b12681 (2016).
63. Auton, G. et al. Graphene ballistic nano-rectifier with very high responsivity. Nature Communications 7, 11670, https://doi.
org/10.1038/ncomms11670, http://www.nature.com/articles/ncomms11670#supplementary-information (2016).
64. Zhang, Y., Zhang, N., Tang, Z.-R. & Xu, Y.-J. Improving the photocatalytic performance of graphene-TiO2 nanocomposites via a
combined strategy of decreasing defects of graphene and increasing interfacial contact. Physical Chemistry Chemical Physics 14,
9167–9175, https://doi.org/10.1039/C2CP41318C (2012).
65. Zhou, K., Zhu, Y., Yang, X., Jiang, X. & Li, C. Preparation of graphene-TiO2 composites with enhanced photocatalytic activity. New
Journal of Chemistry 35, 353–359, https://doi.org/10.1039/C0NJ00623H (2011).
66. Mascolo, G. et al. Photocatalytic degradation of methyl red by TiO2: Comparison of the efficiency of immobilized nanoparticles
versus conventional suspended catalyst. Journal of Hazardous Materials 142, 130–137, https://doi.org/10.1016/j.jhazmat.2006.07.068
(2007).
67. Gupta, V. K., Jain, R., Nayak, A., Agarwal, S. & Shrivastava, M. Removal of the hazardous dye—Tartrazine by photodegradation on
titanium dioxide surface. Materials Science and Engineering: C 31, 1062–1067, https://doi.org/10.1016/j.msec.2011.03.006 (2011).
68. Kapinus, E. I. & Viktorova, T. I. Kinetics of the photocatalytic degradation of methylene blue on titanium dioxide. Theoretical and
Experimental Chemistry 46, 163–167, https://doi.org/10.1007/s11237-010-9134-1 (2010).
69. Li, Y., Sun, S., Ma, M., Ouyang, Y. & Yan, W. Kinetic study and model of the photocatalytic degradation of rhodamine B (RhB) by a
TiO2-coated activated carbon catalyst: Effects of initial RhB content, light intensity and TiO2 content in the catalyst. Chemical
Engineering Journal 142, 147–155, https://doi.org/10.1016/j.cej.2008.01.009 (2008).
70. Yang, J., Chen, C., Ji, H., Ma, W. & Zhao, J. Mechanism of TiO2-Assisted Photocatalytic Degradation of Dyes under Visible
Irradiation: Photoelectrocatalytic Study by TiO2-Film Electrodes. The Journal of Physical Chemistry B 109, 21900–21907, https://
doi.org/10.1021/jp0540914 (2005).
71. Siuzdak, K., Szkoda, M., Sawczak, M. & Lisowska-Oleksiak, A. Novel nitrogen precursors for electrochemically driven doping of
titania nanotubes exhibiting enhanced photoactivity. New Journal of Chemistry 39, 2741–2751, https://doi.org/10.1039/C5NJ00127G
(2015).
72. Lai, Y.-K. et al. Nitrogen-doped TiO2 nanotube array films with enhanced photocatalytic activity under various light sources.
Journal of Hazardous Materials 184, 855–863, https://doi.org/10.1016/j.jhazmat.2010.08.121 (2010).
73. Zhang, Y., Tang, Z.-R., Fu, X. & Xu, Y.-J. TiO2−Graphene Nanocomposites for Gas-Phase Photocatalytic Degradation of Volatile
Aromatic Pollutant: Is TiO2−Graphene Truly Different from Other TiO2−Carbon Composite Materials? ACS Nano 4, 7303–7314,
https://doi.org/10.1021/nn1024219 (2010).
74. Zhang, Y. & Pan, C. TiO2/graphene composite from thermal reaction of graphene oxide and its photocatalytic activity in visible
light. Journal of Materials Science 46, 2622–2626, https://doi.org/10.1007/s10853-010-5116-x (2011).

Acknowledgements

Dr. DUMEE acknowledges the Australian Research Council for his Discovery Early Career Research Award
(DECRA - DE180100130). The authors would like to thank the support from the funding from Central Research
Grants Scheme 2016 and Institute for Frontier Materials Small Grant 2016. The authors also thank Dr. Thomas
Dorin and Mr. Jerome Cornu for their help on the polishing of the Ti samples.

Author Contributions

L.D. and Z.Y. acquired the data and processed the manuscript. A.M. performed the XPS and band gap analysis.
A.R. and M.M. provided useful suggestions on the work design and discussion. L.K. supported the CVD growth.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-26447-9.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

Scientific REPOrTS | (2018) 8:8154 | DOI:10.1038/s41598-018-26447-9

10

