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Abstract

The great potential of graphene can be enhanced thanks to the functionalization of its surface.
For this aim, different thicknesses of TiO, were grown on graphene films by atomic layer
deposition (ALD) at 200 °C using H,O and TiCl, as precursors. The changes in electronic
structure of graphene after the deposition of TiO, and the influence of graphene in TiO,
photocatalytic activity under UV-Visible irradiation were studied. Results indicated the
presence of inhomogeneity and intrinsic strain effects within the same sample. Undecorated
graphene showed pre-existent strain due to the mismatch between graphene film and the
underlying substrate, while non-intentional self-doping is caused by the presence of charged
impurities. The deposition of TiO, films with thickness <10 nm led graphene to be p-doped,
while strain became the dominant effect increasing film thickness. Oxygen vacancies in the
film decreased exponentially by increasing the film thickness leading to a stoichiometric O/Ti
atomic ratio of TiO, above 10 nm thickness. The combination of TiO, and graphene

enhanced the efficiency of electron-hole separation of TiO, under UV-Visible light, leading
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to a higher photocatalytic activity tested for methyl red molecule degradation, making
TiO,/Graphene hybrid material a promising candidate for the photodegradation of pollutants

and water purification.

1. Introduction

Graphene generated great scientific and industrial interest in the last years [1, 2, 3, 4] due to
its intrinsic mechanical [5], thermal [6] and electrical [7, 8] properties. Moreover, the
functionalization of graphene surface is supposed to enhance its properties [9, 10]. During the
past decades, the attention on energy-related and environmental applications (such as
photodegradation process of organic pollutants) significantly increased [11, 12]. It has been
found that TiO, based materials (in particular TiO2-Carbon materials) have photocatalytic
properties for the purification of air and water [11]. In fact, the combination of TiO; (or other
semiconductor photocatalyst) and graphene gives rise to properties that can facilitate the
effective photodegradation of pollutants, such as increasing the efficiency for the electron-
hole separation, reducing the recombination of the carriers [12]. TiO, is an efficient
photocatalyst under UV irradiation, nevertheless TiO,-Graphene composites can have visible-
light photocatalytic activity [12].

For this purpose, atomic layer deposition (ALD) has been employed to deposit TiO, onto
graphene films. ALD is a thin film growth technique with an exceptional conformality,
unique uniformity (also on very large substrate area) and it enables a very high thickness
control at atomic level [13, 14]. These characteristics distinguish ALD from other deposition
techniques. The deposition is based on the alternation of two self-limiting surface reactions of
typically two gaseous reactants, in a layer-by-layer mechanism. Thus, by changing the

number of deposition cycles, different TiO, film thicknesses can be achieved.



The deposition of TiO, onto graphene surface, as well as the presence of defects and dopants
in graphene layer, lead to changes in the electronic structure of graphene itself. Monolayer
and bilayer graphene have, in fact, a very simple electronic structure. They are defined zero-
bandgap semiconductors, because the valence and conduction bands intersect at the Dirac
point (i.e. the corner sites of the hexagon of the honeycomb lattice) [15]. Therefore, changes
in electronics structure have a fundamental role in determining the characteristics and
properties of graphene [16]. Raman spectroscopy represents a very important tool for the
characterization of the electronic structure of graphene.

For what concerns the analysis of the surface chemistry, X-Ray Photoelectron Spectroscopy
(XPS) has been performed. XPS gives information about the elemental composition,
stoichiometry, chemical and electronic states of the elements that exists within the samples

materials.

2. Experimental details

2.1 Graphene film

Monolayer graphene film on Si/SiO, 4 wafer is provided by Graphenea. Graphene film has
been produced by chemical vapor deposition (CVD) and transferred to a circular substrate of
Si/SiO, (300 nm) by a wet transfer process. The growth of graphene was performed via CVD
method ‘using 18 um thick copper (Cu) foil as catalyst and methane as carbon source.
Graphene layer was protected by polymethyl methacrylate (PMMA) as sacrificial layer
before the transfer. A ferric chloride solution was then used for the copper etching in order to
remove the Cu foil. At this point graphene was transferred via PMMA assisted wet transfer
process and once the etching was complete, graphene was washed in deionized water and
transferred onto the final substrate. The PMMA layer was removed with solvents (acetone

and isopropyl alcohol) and then dried with a nitrogen (N>) flux.



2.2 TiO. thin films deposition by ALD

TiO, films were grown on graphene films (Graphenea) and on silicon substrates (n-doped
silicon wafer (phosphorous), with orientation <100>, resistivity > 10 Q-cm, wafer thickness
450 pm and native oxide thickness ~1 nm) by atomic layer deposition, in a Beneq
TFS500nSILVER® ALD instrument, with titanium tetrachloride (TiCls) (99.995%) and water
as precursors.

Prior to load the samples in the ALD reactor, graphene films and silicon substrates were
ultrasonically cleaned with deionized water for 1 minute, acetone and isopropanol alcohol for
5 minutes each. After each sonication phase, the samples are flushed with nitrogen (N2) gas.
Only graphene films were then heated at 250°C for 1 hour in the oven in order to remove the
carbon based organic residues and absorbants such as H,O [17].

The thin film growth was performed at 200°C with 80°C pre-heating of the reactor, while the
procedures were set as follows: (1) a 500 ms TiCl, pulse, (2) a 1000 ms purge of
oversupplied titanium tetrachloride and any gaseous by-products, (3) a 250 ms water pulse
and (4) a 750 ms purge of oversupplied water and by-products. These steps sequence
constitute a single ALD-TiO, cycle and the estimated growth per cycle is 0.067 nm. In this
study, TiO, films are obtained with 7, 15, 30, 75, 105, 150, 375, 750 and 1125 cycles (which
correspond to the following nominal film thicknesses: 0.5 nm, 1 nm, 2 nm, 5 nm, 7 nm, 10

nm, 25 nm, 50 nm and 75 nm respectively).

2.3 Raman Characterization
To study defects and dopants in the samples, TiO,-Graphene hybrid materials were
characterized by Raman spectroscopy. For the spectra acquisition Aramis Micro-Raman

spectrograph with red laser (wavelength 632.8 nm and excitation energy 1.96 eV) has been



employed. The 100x objective used has numerical aperture 1 and working distance 0.21 mm,
which offered a high resolution.

Because perfect graphene surface is chemically inert, ALD films might nucleate only at
specific defect sites [14, 18, 19]. Both the irregular distribution of the graphene film onto the
substrate and the possible nucleation of TiO, that starts at specific defect sites, lead to
inhomogeneity of the sample surface. The possible inhomogeneity makes necessary the
acquisition of about 20 spectra per sample at different surface coordinates, in order to obtain

a distribution of the Raman characteristic peak parameters for each sample.

2.4 XPS Characterization

TiO,-Graphene samples were analyzed with Scienta ESCA 200 spectrometer with a
monochromatic Al Ka X-ray source (1486.6 eV). The spectra of C1s, O1s, Si2p, Ti2p core
lines and valence band (VB) were acquired at 150 eV pass energy (resolution 0.4 eV).
Because the electrostatic charging of the surfaces, the spectra were corrected for the binding
energy shift using the binding energy of C1s (285 eV) as reference, which corresponds to C-
H signal due to hydrocarbon contamination. All the binding energies were given with respect
to the Fermi level and the core line spectra were fitted with a Gauss-Lorentz peak shape, after
a Shirley-type background subtraction. In the case of the valence band only a fit of the Ti3d
state was performed. Moreover, the chemical composition, as well oxide stoichiometry, were
derived by applying the Scienta sensitivity factors for the different core levels.

The fitting software used for the X-Ray Photoelectron Spectroscopy (XPS) analysis is based
on RStudio, which is a free and open-source integrated development environment (IDE) for
R, a programming language for statistical computing and graphics. The software was

internally developed.



2.5 Atomic Force Microscopy (AFM)
The surface topography of the TiO,/Graphene sample obtained with 1125 ALD cycles was
examined using atomic force microcopy (AFM) (AFM NT-MDT P47H apparatus) in contact

mode.

2.6 Photocatalytic activity

The photocatalytic activity of graphene film and of TiO, layer deposited both on graphene
and silicon substrate has been tested. The photocatalytic activity was investigated by
following the kinetic of degradation of methyl red. This dye is considered a reference
molecule for the tests of photocatalytic degradation of pollutants. For this reason, the optical
spectra of the dye [20] and the degradation products have been carefully characterized [21].
The tests were performed in quartz cuvettes, which are transparent in the UV-Visible range.
Each cuvette contained 2.55 mL of a solution of 16 uM methyl red in 8 mM Tris-HCI buffer
(pH 8.2) and the sample with a superficial area in the range of 1 cm?.

The cuvettes containing sample and methyl red were placed under a solar simulator, which
has been set at the‘irradiation power of 1 sun (i.e. 1 KW/m?). They were laid under the sun
light over a waving platform shaker to allow the solution to come in contact with the active
surface, which is perpendicular to the light beam.

After regular time intervals, the absorption spectra of the methyl red solution inside each
cuvette are acquired in the UV-Visible range (200-800 nm) using a Cary 100
spectrophotometer. The absorbance value at 430 nm was taken in exam, for each spectrum, to

follow the Kkinetic of degradation of the dye.

3. Results and discussion

3.1 Raman Characterization



3.1.1 Peaks identification

Figure 1 shows a representative Raman spectrum of graphene film decorated with TiO, (1125

ALD cycles, 75 nm nominal thickness) in the range from 100-3000 cm™.
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Figure 1: Raman spectrum in the wavenumber region from 100-3000 cm™ showing the peaks
of TiO, anatase phase (obtained with 1125 ALD cycles, 75 nm nominal thickness), silicon
peaks (originated in the substrate on which graphene has been deposited) and graphene peaks.

The peaks of silicon and SiO, (at ~300 cm™, ~522 cm™, ~630 cm™ and ~950 cm™) are related
to the substrate on which graphene has been deposited. The TiO, anatase phase peaks are at
~142 cm™ (Eg), ~390 cm™ (Byg) and ~640 cm™ (Eg) [22] and they are visible only for film
thicknesses obtained with a number of cycles > 375 (25 nm nominal thickness) (Figure 2)

[23]. Nevertheless, the presence of TiO, was confirmed by the XPS analysis (see next

section).
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Figure 2: Raman spectra of TiOin range from 100-700 cm™. The TiO, anatase phase peaks
appear only for films obtained with a number of cycles higher than 150 ALD cycles.

This phenomenon is related to the fact that the crystallinity of the materials, deposited by
ALD, depends on several factors, such as: deposition temperature, type of reactants, presence
of impurities, substrates, film thickness, etc. [13]. Perfect graphene surface is chemically inert
so the TiO, film might nucleate only at specific defect sites [14, 18, 19]. Thus, thinner films
of TiO, appeared amorphous and became crystalline when a thickness greater than 10 nm is
reached [13, 23]. For TiO, there is the growth of an initially amorphous film, in which
crystalline nuclei can form randomly [13] (the quantity of crystalline phase is not enough to
be detected by Raman spectroscopy). These crystalline grains can grow when more material
is deposited and the crystallization of the previous amorphous film next to the grains occurs

[13]. Anatase crystalline phase is present, while rutile phase can not be detected. In fact,
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anatase phase generally is observed for film grown at 165-350°C, while rutile phase
dominates for higher temperatures (> 350°C) [23].

The characteristic Raman peaks of graphene can be identified by considering the Raman shift
range from 1200-3000 cm™ (Figure 3). From the Raman spectrum: D peak at ~1330.cm™,
characteristic G and 2D bands at ~1590 cm™ and ~2630 cm™ respectively, and also G* peak
at ~2460 cm™ were visible. The degree of disorder and the density of defects can be
quantified by studying the intensity of the D peak [16, 24, 25, 26, 27], which is generated
from a second order process due to an in-plane breathing-mode of the carbon rings, that
involves one iTO phonon and one defect [16, 28]. On the other hand, doping was investigated
considering the variations in G and 2D bands [16, 26, 29, 30]. The G peak is connected to the
in-plane sp® carbon-carbon stretching (iTO and iLO) phonon modes at the center of the 1°
Brillouin zone and comes from a normal first order Raman scattering process [16, 28]. While
the 2D peak is generated by a second order process due to an in-plane breathing-mode (like
the D band), which involves two iTO phonons instead [16, 28]. The G* peak at about 2460
cm™ (for the red laser with energy 1.96 eV) was also visible, it can be explained by the
double resonance Raman model with an intervalley process (as 2D band) which involves one

ITO and one LA (longitudinal acoustic) phonon [28].
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Figure 3: Characteristic Raman peaks of graphene in the wavenumber region from 1200-
3000 cm™ (sample of graphene decorated with TiO, film obtained with 1125 ALD cycles)
showing the D, G, G* and 2D peaks at ~1330 cm™, ~1580 cm™, ~2460 cm™ and ~2650 cm™
respectively.

3.1.2 Doping effect analysis

The presence of dopants, as well as that of defects, is responsible of changes in intensity,
position and full width at half maximum (FWHM) of the characteristic Raman peaks [16].
For all the graphene samples (with and without deposited TiO,), differences in the peak
position, FWHM and ratio between the D- and G- peak intensities were determined
considering the same sample at different surface coordinates, indicating that inhomogeneous

doping and self-doping (in the case of graphene sample) could happen [2].
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Figure 4 shows the values of FWHM and position of the G peak for the same graphene
sample without TiO; at different surface coordinates. The data points represent measurements

made at different locations on the surface of the same sample.
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Figure 4: Values of FWHM of G band in function of the position of G peak for graphene
sample. The values are obtained from the Raman spectra acquired at different points on the
same graphene sample surface without TiO,. The blue region was added to the plot to better
visualize the parameters range for ideal mono-layer graphene [28, 31].

From the distribution of the values, it is clear that the sample was not uniform. In particular,
the values of FWHM are in the range of 10-30 cm™, while the G band position ranges
between 1582 cm™ and 1600 cm™. For a mono - layer graphene, the width of the G peak is
around 10-15 cm™ [31], while the typical G band position is around 1582 cm™ [28] (the
typical values for mono-layer graphene lay within the blue bar in Figure 4). These
differences with respect to the expected ones for graphene can be related to several
phenomena: self-doping process [29, 32], structural disorder [30, 33, 34] and strain due to the
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lattice mismatch of graphene film with the underlying substrate [31, 34, 35, 36]. Differently
from other characteristic Raman peaks, the intensity of the G band of graphene is almost
constant as a function of disorder [2] and both its position and FWHM are not influenced by
the number of layers [37], but its position blue-shifts significantly [29] and its FWHM
decreases [2] by either p or n doping. Graphene is strongly influenced by the underlying
substrate [38] and the charged impurities of SiO,/Si substrate (on which graphene film has
been deposited) lead to unintentional doping in graphene [34]. Therefore the weak doping
effect from the SiO, substrate is evidenced by a blue-shift of the G band from 1582 cm™ to
1600 cm™ [39], but also from the decrement of its FWHM [2] (shown in Figure 4). On the
other hand, the large values of FWHM G above 18 cm™, when the position of G peak is in the
range of 1582-1592 cm™, can be ascribed to the influence of structural disorder [30, 33, 40].
In fact, the plot of FWHM G as a function of Ip/lg (Figure 5), where Ip/lg ratio gives
information about the degree of structural disorder, shows that the values of FWHM G > 18
cm™ are observed for Ip/lg = 0.4, i.e. where the degree of structural disorder becomes

important [30, 34, 39].
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Figure 5: Values of FWHM of G band in function of the Ip/l¢ ratio for graphene sample. The
values are obtained from the Raman spectra acquired at different points on the same graphene
sample surface without TiO,. Ip/lc ratio represents the degree of structural disorder.

If we consider all the (Pos. G, FWHM G) data points in Figure 4 related to graphene sample
and starting from the surface point with the lowest Pos. G value, at ~1582 cm™, one can see
the influence of structural disorder that makes the corresponding FWHM G as high as ~26
cm™ Further, by sorting the Pos. G values ascending, a decrease of FWHM G (with respect
to the previous value) can be noticed and ascribed to the doping effect due to SiO; substrate.

When TiO; films were grown onto graphene surface, changes in the characteristic Raman
peaks of graphene occurred. Figure 6 shows the plot of the FWHM of G in function of G
peak position of the TiO,/Graphene samples obtained with different numbers of cycles by

ALD. The data related to graphene are indicated for comparison.

FWHM G (cm™)

a2 o

B Graphene
@ 15Cycles

13

b)

FWHM G (cm™)

B Graphene
@® 150 Cycles




Figure 6: Distribution of FWHM of G band as function of the position of G peak.
Comparison between undoped graphene «(black) and TiO,-Graphene hybrid material (red)
obtained with: a) 15 ALD deposition cycles, b) 150 cycles and c¢) 750 cycles.

For 15 deposition cycles (Figure 6a), the distribution of the data points on the same sample
surface is more uniform with respect to the graphene sample. The values are, in fact,
concentrated at high FWHM and low G band position values, in a smaller range of values
than graphene film. This means that the strain in graphene is higher [30, 31] when a thin TiO,
film is deposited onto graphene. The same trend was observed for the films obtained with 15,
30 and 75 ALD cycles (not shown).

Considering the TiO,/Graphene sample obtained with 150 cycles (Figure 6b), the distribution
of the values is similar to that obtained for the graphene sample. Nevertheless, even though
the values of FWHM span the same range for both samples, the G peak position values are
higher. This distribution shows that increasing the number of ALD cycles (and so the

thickness of the TiO, film), the strain was still present as indicated by data points with
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FWHM of G ~26 cm™, but for higher values of Pos. G an effect of doping also appears [30,
31], since the position of the G peak is upshifted. This evolution trend was also observed for
films obtained with 105 and 375 cycles (not shown).

Increasing the thickness of TiO, by depositing 750 cycles (Figure 6c¢) the distribution of the
values are grouped in the same region, with smaller FWHM values and higher G peak
position with respect to the other samples decorated with a lower number of cycles.
Therefore, increasing the number of ALD cycles, the FWHM of G peak decreases, while the
position of the G band increases. This trend indicates that increasing the number of ALD
cycles a doping process could happen [26, 30, 31, 34], however the upshift of the G peak
position can also be ascribed to strain [36, 41]. The behavior of FWHM and position of the G
peak can inform about doping occurrence, but. it does not allow to distinguish between p- or
n- doping processes. In order to understand if the deposition of TiO, leads to p- or n- doping
process, the relation between 2D and G peaks position has to be considered [16]. The position
of the G peak upshifts for both n and p doping, while the 2D band position increases
(decreases) if the hole (electron) concentration increases instead [16, 42]. Moreover, it is

possible to discriminate between doping and strain by focusing on the variation of the 2D

Pos2D

peak position in function of the variation in the G-band position (i.e. 66137 ratio) [43].

0Po0s2D
0PosG

dPos2D

Values of < 10.8] indicate doping [44], otherwise Pooc

~ |2.5] signifies (only)

mechanical strain [44, 45, 46].
Figure 7 shows the comparison between the position of 2D vs position of G peaks of

graphene sample (without TiO,) and of TiO,/Graphene samples obtained with different

ratio,

number of cycles by ALD. While Table 1 reports for each sample the values of aaPOSZD

PosG

taken as the slope of a linear fit with 95% confidence level for parameters.
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Table 1: Variation of the 2D peak position as a function

position (i.e.
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Figure 7: Distribution of 2D band position as function of the G peak position. a) untreated
graphene sample (black squares) with the data point corresponding to the theoretical mono-
layer graphene (blue triangle). The comparison between untreated graphene (black squares)
and TiO,-Graphene hybrid material (red dots) obtained with: b) 105 ALD deposition cycles,
c) 150 cycles and d) 750 cycles were also reported. For each sample, the linear fit with 95%

confidence level for parameters was plotted. The app";:: ratio represents the slope of the
linear fit.

Comparing the distribution of the position of the 2D peak as a function of the G peak for
different surface locations onto graphene sample and a TiO,/Graphene one obtained with 105

cycles (Figure 7a and 7b), we can see that no evident strain effect is present [35, 44, 45]. In

0Pos2D

fact, the
0PosG

(on the same sample) is (-0.3) in the case of graphene sample and 0.03 for

TiO,/Graphene obtained with 105 cycles (Table 1). The negative value for graphene is due to
the fact that the 2D peak position was decreasing when the position of the G peak was
increasing, and it is ascribed to n-doping [16, 42, 47]. This n-type behavior is intrinsic to the
SiO,/graphene interface (that is, surface states on SiO, are donating electrons to the
graphene) [17]. If water molecules or other contaminants coming from the atmosphere were
absorbed on the surface of graphene after the cleaning procedure of the samples, p-type

doping of graphene would have been expected [17, 48], which does not seem here to be the

dPos2D

dominant effect, if any. The positive value of the P

for TiO,/Graphene is ascribed to p-

doping of graphene [16, 42] induced by TiO, [49] even though it can be also related to H,O
absorption [17, 50, 51], since water is one of the two ALD precursors used for TiO;
deposition. Moreover, we can see that generally the distribution of the Pos. 2D values in the

case of TiO,/Graphene sample is slightly higher than those for graphene. This trend is similar

17



for all graphene samples coated with a number of ALD cycles < 105 and it can indicate a p-
doping process [16].
Increasing the number of cycles (Figure 7c), we can see that for TiO,/Graphene sample

obtained with 150 cycles (similarly for the decoration with 375 cycles) there is no evident

0Pos2D
0PosG

strain effect, since is equal to 0.1 and 0.03 for the samples decorated with 150 and 375

TiO, cycles respectively (Table 1). The distribution of the data points for these two samples
span a higher values range with respect to graphene sample (similarly to the previous case)
indicating that p-doping process occurred [16].

A completely different situation appears for higher number of cycles (> 750 cycles) (Figure

dPos2D

7d). In fact, in this case the
dPosG

ratio is equal to 1.4, which is much higher than what found

before and it indicates that p-doping and strain were both present [35, 45] and the second one
represents the dominant effect. In fact, the film thickness is not expected to modify the
doping level (the p-doping of graphene occurred through an interface charge transfer from
graphene to titanium oxide), in contrast with the stress related to the film growth which is
expected to increase with the film growth, till eventually dominating the Raman spectra

features.

3.1.3 Analysis of defects

The presence of defects, as well as that of dopants, is responsible for the changes in Raman
peak parameters. When defects are present, the intensity of the D peak (Ip) increases
relatively to that of G peak (Ig) [16]. The Ip/lg ratio gives information also about the
crystallite size (L) of graphene according to the following Tuinstra-Koenig relation [2, 16]:

I C(E)
Iy Lo[nm]
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Where C(E.) depends on the laser excitation energy (E.) and its value is C(E.) ~38 nm for
the red laser [16].

Figure 8 shows the graphs of L, in function of ALD cycles.
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Figure 8: L, mean value of each sample vs number of cycles used for the TiO, film
deposition.

In particular, L, decreases (with respect to graphene) when TiO, is deposited with a number
of cycles < 75, while it increases (but still smaller than for graphene) for a number of cycles
between 75 and 150. This means that in the range of 7 and 150 cycles, the growth of TiO,
reduced the crystalline size indicating a contraction of the graphene lattice. A contraction of
the lattice is related to higher hole concentration [26] and thus to a p-doping process of the
graphene sample in this range of number of ALD cycles, which is consistent with what was

found from the analysis of the G and 2D peak positions.
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On the other hand, considering TiO, films obtained with a number of cycles higher than 150,
L, becomes considerably high with respect to that of pristine graphene. Therefore, the
increase in the crystallite size indicates an expansion of the graphene crystal lattice. This

phenomenon is related to the tensile strain effect, which is dominant for higher number of

dPos2D
dPosG

deposition cycles and it is consistent with the values found from the analysis of the

positions of G and 2D peaks. The chemical inert surface of graphene might lead the
nucleation of TiO, only at specific defect sites [18, 19] leading to a partially coated surface.
Therefore, the decoration of graphene films would not be uniform from the very first ALD
deposition cycles and the tensile strain, observed for the samples coated with a number of
cycles higher than 150, can be consistent with the coalescence of the nuclei of deposited TiO,
[52, 53, 54, 55]. Nuclei formation and coalescence, which is also responsible of the non-
homogeneity of TiO, film, can be appreciated in Figure 9 which is an atomic force

microscopy (AFM) image for the sample decorated with 1125 ALD cycles.
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Figure 9: AFM image for the TiO,/Graphene sample obtained with 1125 ALD cycles (75 nm
nominal film thickness)

20



The AFM image clearly shows the topography of the sample surface. The brighter regions
confirmed the presence of grains, while the more uniform areas in between (at about 65 nm
height) represented their coalescence. Since the height between the darker and the brighter
areas is about 105 nm (but the nominal film thickness of the film should be around 75 nm),
the black regions can be ascribed to pinholes able to reach the SiO, substrate under the
graphene film. These pinholes were consistent with the detection of the SiO, signal in XPS
spectra also for thicker TiO; films (as discussed in the next section). However, further study

will be performed in order to completely understand this coalescence mechanism.

3.2 XPS Characterization
X-Ray Photoelectron Spectroscopy (XPS) was used to identify, quantify and determine the

stoichiometry of the different chemical elements present on the sample surface.

3.2.1 Elemental analysis

The Cls spectrum (Figure 10 shows that for Graphene film on the left and that for
TiO,/Graphene 375 ALD cycles on the right) is composed by four components. The main
peak at 285 eV (C2) (taken as reference) is ascribed to C-H and its presence is due to
hydrocarbon contamination. Component C1 at 284.48 eV and 284.02 eV respectively
represents the C-C (sp?) bond of graphene, while component C3 and C4 (at 286.85 eV and
289.14 eV respectively) are due to C-O-C bonds (C3) and O-C=0 groups (C4). Components

C2, C3 and C4 are ascribed to the interaction of the sample surface with environment.
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Figure 10: XPS C1s spectrum of untreated graphene film (on the left) and graphene film
decorated with TiO, with 375 ALD cycles (on the right).

The Ti2p core line spectrum (that of the sample obtained with 375 cycles is reported in
Figure 11) consists in two Ti2ps;, (Til and Ti2) and two Ti2py, (Ti3 and Ti4) peaks. Ti2 and
Ti4, at 458.77 eV and 464.47 eV respectively, are reported in literature as Ti*" states of TiO,

[56].

22



- \ -z

120 ] Ti4+{2p3.-'2J

100
2 g0
o 1
=
w
&
)= 60 - Ti4

A+
Ti (2p12)
40
20
32)

466 464 462 460 458 456

Binding Energy [eV]
Figure 11: XPS Ti2p spectrum of graphene film decorated with TiO, with 375 ALD cycles.

In Table 2, the binding energy values of Ti2 component for all the films are given. We can
see that the binding energy of Ti2 component (Ti** states) for the first deposition cycles (i.e.
7 cycles) is ~ 459.2 eV, which is slightly higher with respect to the tabulated value (~ 458.7

eV [57]).

Number of Ccc Ti4+2p3/2 Ti3+2p3/2 Oo-Ti Oo.T1ifTi TisHTi* “x?”
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ALD cycles BE (eV) BE (eV) BE (eV) BE atomic atomic in TiO,

(eV) ratio ratio

0 284.48 -- -- -- - -- --

7 284.17 459.22 457.92  530.61 1.67+0.04 0.18+001 0.33+0.04
15 284.06 459.15 457.85 530.62 1.69+0.03 0.11+0.01 0.31+0.03
30 283.99 459.03 457.73 530.44 1.91+0.02 0.10+0.01 0.09+0.02
75 283.95 458.63 457.33 530.13 1.93+0.01 0.05+0.01 0.07+0.01
105 283.87 458.83 457.53 530.16 1.97+0.01 0.05+0.01 0.03+0.01
150 283.97 458.76 457.46 530.22 1.98+0.01 0.05+0.01 0.02+0.01
375 284.02 458.77 457.47 530.22 1.97+0.01 0.05+0.01 0.03%£0.01
750 283.86 458.72 457.42 530.05 1.99+0.01 0.05+0.01 - 0.01+0.01

1125 283.85 458.74 457.44 529.97 1.99+0.01 0.04+0.01 = 0.01+0.01

Table 2: Number of ALD cycles used to decorate graphene films with TiO,, Cc.c (sp?),
Ti**2pa;, Ti¥*2psp, Oori binding energies (BE), Ooi/Ti, Ti**/Ti*" atomic ratios and
deviation “x” from the ideal stoichiometry in TiO.x.

On the other hand, components Til and Ti3 at 457.47 eV and 463.17 eV respectively are
necessary to have a good fit. In literature these components are attributed to the Ti®* states
and they can be related to the presence of point defects in TiO, (such as oxygen vacancies)
[56] or to Ti,O3 phase [58]. The origin of Ti*" states is not fully understood [59, 60]. Ti*" is
mainly found near the graphene interface (as reported in next section), it is very likely to be a
nucleation or interfacial effect, since the growth of the first few monolayers is different than
that of other layers [59, 61]. In fact, graphene is chemical inert and the nucleation of TiO, can
start at specific defect sites [14, 18, 19]. Since water is one of the precursors used for the
ALD process, oxygen and hydroxyl (OH) groups can likely be attached to defect site (such as
point defects or boundary defects) of graphene [62] in the very first cycles. Here titanium can
easily nucleate forming Ti-OH bonds, which lead to oxygen vacancies in nucleated TiO; [59,
63]. Consequently, a very large deviation from the ideal titania stoichiometry was observed
(see next section). Both Ti** and Ti** states are present whatever the TiO- film thickness is.

For what concerns the O1s spectra (Figure 12 reports that of TiO,/Graphene obtained with
375 cycles), they can be decomposed in three components. The first one (O1) at 530.22 eV

corresponds to O-Ti bonds in the titanium dioxide [57], O2 (at 531.27 eV) can be related to
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C-O-C groups, to oxygen in a Ti,O3 phase [64, 65] but also to Ti-OH groups [59], while the

third component (O3 at 532.6 eV) is ascribed to the SiO, substrate [57].
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Figure 12: XPS O1s spectrum of graphene film decorated with TiO, with 375 ALD cycles.

In Table 2 shows the binding energies of Cc.c (sp°), Ti**2psp, Ti**2ps and oxygen peak due
to O-Ti bonds (i.e. O1 component), for the different number of ALD cycles.

From this table, we can notice that the C1s spectrum for the untreated graphene film has the
Cc.c peak related to sp® structure centered at binding energy of 284.48 eV. After deposition

of TiO,, a gradual shift of Cls peak toward lower binding energy was observed, reaching a
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maximum peak shift by -0.6 eV, with increasing TiO, thickness. This shift to lower values
constitutes a further proof for p-doping of graphene induced by TiO, deposition [49], as also
observed by Raman analysis. By forming a physical contact between TiO, thin film and
graphene, the large work function difference between TiO; (~5.1 eV) [66, 67] and graphene
(4.0 - 4.4 eV) [68] leads to significant electron transfer from graphene to titania. This results
in a hole doping in graphene [49, 68], due to Fermi level alignment [68, 69] and the
consequent band bending [70] across the interface. The effect of the electron transfer from
graphene to TiO,, as well as the modification in the Fermi level and the band banding, is also
reflected in the higher binding energy of the Ti*" state peak of the Ti2p core line with respect
to the tabulated value [68, 71], for the TiO, films obtained with 7, 15 and 30 deposition
cycles (Table 2). In fact, the XPS binding energy value for all elements core lines is referred
to the Fermi energy level. For the samples coated with more ALD cycles, the position of the
peak ascribed to Ti** state is ~ 458.7 eV instead, which is consistent with the tabulated one.
Since the average escape depth of a Ti2p photoelectron for an XPS measurement in TiO; is
about 8 nm (taken as three times the inelastic mean free path determined for a bulk TiO;
using NIST database [72]), the signal acquired for the samples coated with more than 150
cycles (i.e. with-nominal film thickness > 10 nm) refers to the more uniform TiO; film rather
than to the layers close to the interface, which are too far from the surface to be sampled and

where charge transfer and bend bending occurs.

3.2.2 TiO, Stoichiometry

In order to determine the stoichiometry of TiO, the Oq_1i/Ti atomic ratio was considered. The
Oo-1i/Ti atomic ratios are determined, for each sample, taking the area under the O1
component of the O1s spectrum and the area under the whole Ti2p spectrum corrected with

the sensitivity factors of the instrument for each element. The Ti**/Ti** atomic ratios,
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determined from the Ti2p spectrum analysis, and the deviation “x” from the ideal
stoichiometry in TiO,. are taken in exam (Table 2) as well.

Figure 13 shows Oo1i/Ti (i.e. O1/Ti) and Ti**/Ti** atomic ratios as function of the titanium
dioxide film obtained with different number of cycles. Oo.1i/Ti ratio increases increasing the
number of cycles, while Ti**/Ti** atomic ratio decreases with increasing number of cycles. In
both cases, the values are almost constant for a large number of deposition cycles (> 150
cycles), while they change rapidly following exponential curves below 150 deposition cycles

(insert Fig. 13).
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Figure 13: Oo.ri/Ti (red squares) and Ti**/Ti** (blue dots) atomic ratios as function of the
number of ALD cycles in the range of 0-1125 cycles and 0-150 cycles in the insert graph.

OoilTi and Ti¥*/Ti** atomic ratios have opposite evolution trend with film thickness

increase. Ti* states of titanium can be ascribed to stoichiometry deficiency of the oxide [65],
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or to the presence of a Ti,O3; phase [59]. From the only Ti2p peak features, it is difficult to
discriminate between the one or the other case. Moreover, the O2 component of the O1s core
line spectrum, which could be related to oxygen lattice of Ti,O3 [65], can also be due to an
oxidized form of carbon or to OH group [59].

In order to explore the presence of oxygen vacancies, valence band (VB) spectrum was
studied. It has been reported that oxygen vacancies in titanium dioxide, when present, give
rise to a low intensity peak between the VB maximum and the Fermi level, corresponding to
Ti3d state [73, 74, 75]. However, in our study, where the Oo.1i/Ti atomic ratio values were
the lowest and those of Ti**/Ti** the highest, i.e. for the thinnest films (after less than 105
cycles), the VB spectra were dominated by the Si/SiO; signal of the substrate underlaying the
graphene layer. For thicker films (after 150 cycles and more), the acquired VB pertained to
TiO,, without any substrate contribution, but no significant signal between the VB maximum
and the Fermi level could be detected, in accordance with the fact that the stoichiometry was
close to the ideal value of 2.

The presence of the Ti3d peak could be observed only in the VB spectrum of the film after
150 ALD cycles, with a nominal thickness of 10 nm, as shown in Figure 14 (a spectrum
smoothing was applied to reduce noise, using the adjacent-averaging method applied with 10
points). The spectrum clearly contains a peak (red solid line) at 1.2 eV below the Fermi level

that has been reported to pertain to Ti3d states associated with oxygen vacancies [73, 74, 75].
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Figure 14: XPS valence band (VB) spectrum for TiO, film deposited onto graphene with 150
cycles. For an easier observation, the signal intensity is plotted with a logarithmic scale. The
fitted peak at 1.2 eV is attributed to Ti3d state. The blue dotted line is a Shirley-type baseline.
Only a fit of the Ti3d state was performed.

This result seems in-contrast with the film stoichiometry (Oo.1i/Ti ratio equal to (1.98 +
0.01)), very close to the ideal value of 2, as it came from the Ti2p and O1s spectra. This can
be understood considering that, thanks to the difference in the electron escape depth for Ti2p
core line-and valence band (about ~8 nm and ~10.5 nm respectively, taken as three times the
inelastic mean free path determined using NIST database [72]), the analysis of a 10 nm thick
film allowed to sample the film chemical structure through its whole thickness, till the
interface, without significant interference of the substrate.

The results indicate that along a depth of ~8 nm from the film surface, the oxide was nearly-
stoichiometric while the defected structure with oxygen vacancies concerned the remaining
~2 nm down to the interface. This depth interval compares well with the thicknesses of the

nominal films after 7, 15 and 30 cycles, namely 0.5, 1 and 2 nm nominal thickness
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respectively, which precisely were those with the lowest Oo.1i/Ti and highest Ti**/Ti*" atomic
ratios (Table 2).

These results show that in the thinnest films, titanium dioxide grew with an oxygen
deficiency which then gradually decreased with increasing the deposition cycles number, till
to achieve a full stoichiometry for a film thickness > 10 nm, i.e. after more than 150 cycles. A
Ti,03 phase, if present, especially at the early stage of the growth, should be in a relatively

negligible amount.

3.3 Photocatalytic activity

Titanium dioxide has been demonstrated to possess photocatalytic properties in the UV range
[11, 12, 76].

The aim of this measurement is to verify If the presence of graphene influences the
photocatalytic activity of TiO, in the UV-Visible range and, in particular, under the solar
light irradiation range. Figure 15 shows the degradation kinetics of methyl red for TiO, (1125
ALD cycles), TiO,/Graphene hybrid material (1125 ALD cycles) and untreated graphene
under the exposition to a solar simulator set at the power of 1 sun. After about 5 hours (300
min ca.) TiO,/Graphene sample shows the highest photocatalytic activity compared to TiO;
film and graphene samples. The absorbance of the dye in contact with the TiO,/Graphene
hybrid material is reduced by a factor 10, while its reduction for TiO, and graphene samples
IS <10% with respect to the initial value. Therefore, the photocatalytic activity of
TiO,/Graphene composite is very high compared to that of TiO, film (deposited on silicon
substrate). It is worth to notice that the TiO, film obtained with 1125 ALD cycles has been

deposited onto the two substrates (graphene film and silicon) exactly at the same conditions.
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nominal thickness) (black squares) and untreated graphene sample (blue triangles).

Comparing the photocatalytic activity of graphene samples decorated with 105, 375, 750 and
1125 ALD cycles (Figure 16), it was observed that the photodegradation of the dye depends
not only on the presence/absence of graphene, but also on the TiO, film thickness. In

particular, from Figure 16 is evident that increasing the thickness of titania deposited on

graphene film clearly increased the photocatalytic activity of the sample.

31



TiO /Graphene (105 cycles)

T

0,9

0.8 7 TiO /Graphene (375 cycles)
0,7 -
0,6 -
0,5 TiOZ/Graphenve (750 cycles)

0,4

Abs/AbsO (a.u.)

0,3

0,2

0,0 44 . r . r . r . r . r . r
0 50 100 150 200 250 300

Time (min)

Figure 16: Normalized absorbance at 430 nm with respect to the value at initial time as a
function of irradiation time under solar simulator (1 KW/m?) for: TiO,/Graphene decorated
with 105 (black squares), 375 (red circles), 750 (blue triangles) and 1125 (orange inverted
triangles) deposition cycles, which correspond to 7 nm, 25 nm, 50 nm and 75 nm nominal
film thickness respectively.

The enhancement of photodegradation for TiO,/Graphene hybrid material is reported to be
due to the higher efficiency in electron-hole separation [12, 49]. In fact, the photo-generated
electron in TiO, will move from the conduction band of titania to the (p-doped) graphene
layer [12, 77, 78], while the photo-generated hole will stay in the valence band of TiOs,
minimizing the recombination rate and therefore increasing the degradation yield, since the
photo-generated electron and hole can lead to reduction and oxidation reactions respectively.
Increasing the quantity of TiO, (by increasing the number of deposition cycles), increases the

number of sites where electron-hole pair can be photo-generated as well [78].
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Moreover, the photocatalytic activity shifted in the UV-Visible range [49] can be explained

studying the UV-Vis absorption spectrum of titania/graphene hybrid materials (Figure 17).
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Figure 17: UV-Vis absorption spectrum of TiO, film deposited on graphene film (graphene
film is on a quartz substrate). The wavelength range goes from 200 nm to 700 nm.

The absorbance of the hybrid material did not go to zero after the absorption edge of TiO, (i.e
for A > 350 nm) (it is well known that TiO, absorbs light only in the UV range), but it
remained between 0.5 and 0.25 in the whole visible range (350 nm < A < 700 nm). This
extended light harvesting capability can be ascribed to the presence of graphene [78, 79, 80,
81] and to the presence of oxygen vacancies [82, 83].

The calculation of the rate constant for TiO./Graphene samples was performed using the

following formula, according to the first-order kinetic law [84]:

Skt Eq. 1

Co
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Where Cy and C are the initial dye concentration and its concentration at time t respectively,
while k is the rate constant. Since the absorption (Abs) is equal to Abs = ebC from the
Lambert-Beer law (where ¢ is the molar absorbitivity, b is the path length of the sample (i.e.
the path of the cuvette with the sample) and C the concentration), then Abs/Absy = C/Co.
Therefore, the previous equation for the calculation of the rate constant can be written as

follows:

Abs —
= ekt Eq. 2
AbSO

From the exponential fitting of the data, the maximum rate constant k = (0.0064 + 0.0006)
min™ was achieved for the sample decorated with 1125 deposition cycles, while k was ~
0.0024 min™ and ~ 0.0010 min™ for those coated with 750 and 375 cycles respectively. It was
not possible to evaluate the rate constant for untreated graphene, TiO,/Graphene (105 cycles)
and TiO,/Silicon (1125 cycles) samples. In fact, the ~ 10% reduction in absorbance for these
samples does not follow a first-order kinetic law; rather it is consistent with the degradation
of the dye under the solar irradiation, i.e. the degradation of the dye for these samples is not
due to the photocatalytic activity of the samples themselves.

This result shows that even though the oxygen vacancies absorb in the visible region [82], for
the sample coated with 105 cycles (for which titania is not stoichiometric and the number of
oxygen vacancies is not negligible, according to XPS analysis) they act as traps for photo-
generated electrons. Therefore, oxygen vacancies inhibit the electron transport from TiO; to
graphene layer [85] losing in electron-hole separation efficiency and resulting in a lower

photocatalytic activity of the sample.

4. Conclusions
Graphene characteristic Raman peaks changed in shape, intensity and position when the

number of ALD cycles for the deposition of TiO, was increased. Variations in Raman spectra
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were observed also within the same sample indicating inhomogeneity and intrinsic strain
effects. A study on the graphene sample (without titanium dioxide) showed that strain, caused
by the mismatch with the underlying substrate, pre-existed and nonintentional self-doping
was present.

Combining Raman and XPS analysis, it has been found that for a lower number of deposition
cycles (<150 cycles) a p-doping process occurred. In particular, XPS analysis showed that the
lower the number of deposition cycles, the higher the oxygen vacancies quantity. This
phenomenon is related to the interaction of the TiO, with the graphene layer in the interface
region.

Increasing the number of TiO, deposition cycles, anatase phase appears in Raman spectra and
the oxide stoichiometry was almost achieved (according to XPS analysis). The growth of the
oxide film was accompanied by the creation of a tensile stress into graphene.

The photocatalytic activity test on TiO,-Graphene sample showed that this hybrid material
has a higher photocatalytic activity with respect to the TiO, film deposited onto a silicon
substrate in the same conditions, which were both tested under a solar simulator at the power
of 1 sun (UV-Vis light). At the same time increasing the titania film thickness on graphene,
the photocatalytic activity was enhanced as well. TiO, has known photocatalytic properties in
the UV range, but the incorporation of graphene enhances the overall photocatalytic
performance. The TiO,-Graphene composite, in fact, enhances both separation and

transportation properties, which are fundamental in the photodegradation of pollutants.
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Highlights:

1- Graphene-TiO2 composite materials obtained by growing TiO2 onto graphene by means
of ALD were characterized in terms of strain and doping.

2- Graphene-TiO2 composite materials obtained by growing TiO2 onto graphene by means
of ALD were tested for their photo-activity under solar light.

3- High activity for organic molecule degradation demonstrated by the TiO2-graphene
composite, exceeding by about ten times that of ALD TiO2 onto silicon substrates.
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