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ion in chemically bonded
graphene oxide–TiO2 heterostructures synthesized
by a sol–gel approach

Usuma Naknikham, a Vittorio Boffa, *a Giuliana Magnacca, b Ang Qiao, c

Lars Rosgaard Jensend and Yuanzheng Yue *ac

We study the structure of the photocatalytic graphene oxide–titanium dioxide (GO–TiO2) nanocomposites

prepared by in situ sol–gel nucleation and growth of TiO2 on GO sheets. Fourier transform-infrared (FTIR)

and X-ray photoelectron (XPS) spectra of these composites indicate that the GO sheets and the TiO2

nanoparticles interact through Ti–O–C bonds. This chemical interaction is strong enough to ensure

mutual stabilization during thermal annealing, and thereby GO inhibits TiO2 crystallization. In addition,

thermal reduction of GO nanoribbons anchored to TiO2 nanoparticles occurs at a higher temperature

and with a lower released energy than in the pure GO powder. Understanding of the mutual-stabilization

mechanisms is critical for the rational design of GO–TiO2 photocatalysts.
1. Introduction

The breakthroughs of graphene research have been revolu-
tionizing many research elds owing to the superior physical
and chemical properties of graphene-based materials over
a broad application spectrum.1–3 For instance, graphene–TiO2

heterostructures have opened a new direction in the develop-
ment of heterogeneous photocatalysts for environmental
applications.4–6 Nowadays, the benchmark material for photo-
catalytic application is TiO2, because it is inexpensive, chemi-
cally inert and has high photocatalytic activity in the abatement
of organic pollutants.7 However, the TiO2 efficiency is limited by
high rate of electron–hole pair recombination and its band-gap
can only be used to exploit UV-light.8–10 In principle, the
combination of TiO2 and graphene allows for superior photo-
catalytic properties, because graphene can potentially act as
electron acceptor for hindering electron–hole recombination
and it can increase the absorption range from UV to visible light
of TiO2.7,10,11 In addition, graphene can function as an absor-
bant,12 thus holding pollutants close to the TiO2 photocatalytic
centers.2

TiO2–graphene photocatalysts have recently attracted
considerable interest and different methods have been estab-
lished for their fabrication. Such methods oen involve the
synthesis or the deposition of TiO2 nanoparticles on water
lborg University, 9220 Aalborg, Denmark.
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dispersed graphene oxide (GO) sheets. Indeed, the use of GO
offers several advantages, because GO can be easily prepared by
chemical oxidation and exfoliation of natural graphite,2,13 it can
be easily dispersed in water, and it can subsequently be ther-
mally or chemically reduced to graphene-like structures
(rGO).12,14 Furthermore, in such heterostructures the interac-
tions between GO functional groups and the surface of the
nanoparticles are benecial for integrating the respective merits
and to solve compatibility problems during synthesis and post-
treatment, thus yielding composites with enhanced
properties.15,16

TiO2–rGO composites prepared by hydrothermal and sol-
vothermal processes exhibit good chemical bonding at the
interface.8,17 However, these methods work for specic condi-
tions and equipment, e.g., in the cases of high temperature,
Teon autoclave or organic solvents.8,17,18 On the contrary, the
sol–gel synthesis is simple, requires mild conditions, and
makes it possible to obtain narrow size distributions in the
nanometer range.19 In addition, controlling pH offers the
possibility to exploit the strong electrostatic interaction
between the negative charged GO sheets and the positively
charged surface of TiO2 nanoparticles.11,19 For instance, Zhang
et al. succeeded in synthesis of a GO–TiO2 intercalated
composite by electrostatic attraction via a sol–gel process at
80 �C.20 [TiO]2+ was introduced into GO interlayer exfoliated in
0.2 M NaOH, so that the nucleation and growth of TiO2 crystal
occurred in situ. The photo-degradation of methyl orange
solution under UV light of this GO–TiO2 composite within
15 minutes (87.2%) was stronger than that of the reference
Degussa P25 powder (38.4%). The interaction between GO and
TiO2 nanoparticles can also be used to prepare stacked gra-
phene membranes with photocatalytic properties,21–24 where the
RSC Adv., 2017, 7, 41217–41227 | 41217
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oxygen functional groups on GO interact with graphene sheets
forming interlocked layers.25 Based on these heterostructures,
the size of the TiO2 nanoparticles can be used to tune the space
between GO layers and hence to control the membrane perm-
selectivity.26 On the other hand, synthesis parameters can affect
the morphology of titanium dioxide nanoparticles and the
density of oxygen moieties on GO sheets, and hence, the pho-
tocatalytic performance and the processability of these mate-
rials. For instance, Lambert et al. prepared paper-like GO–TiO2

composites via hydrolysis of TiF4 at 60 �C for 24 hours.27 These
composites showed the co-existence of highly oxidized gra-
phene and TiO2 nanocrystals with anatase phase.

In this context, it is important to investigate how TiO2

nanoparticles and GO sheets can mutually inuence their
morphological evolution during synthesis and during thermal
annealing. In a recent paper, Boffa et al. have demonstrated the
ability of a waste-derived biopolymer, with functional group
distribution similar to GO, to control the morphology of TiO2

nanoparticle during sol–gel synthesis.28 Therefore, we expect
that the presence of GO will inuence the formation and the
growth of TiO2 nanoparticles during synthesis. In this work,
TiO2 nanoparticles were synthetized via the sol–gel method, in
the presence of GO sheets. pH was kept at 6 in all the syntheses,
while synthesis temperature ranged between 60 �C to 100 �C. No
synthesis above 100 �C was performed, to preserve the func-
tional groups on graphene oxide,29 an important structural
feature for the fabrication of photocatalytic membranes for the
degradation water pollutants under the visible light. Moreover,
this gave the opportunity to further investigate the behavior of
such groups during thermal annealing. The loading of GO in
the nanostructured materials was varied from 0 to 50 wt%, to
study the concentration effect. All the syntheses were performed
in 4 hours, except for one sample with 1 wt% GO loading, which
was prepared in 24 hours at 100 �C. Thus, it was also possible to
investigate the structural evolution of the materials for a long
aging time.
2. Experimental section
2.1 GO preparation

All the chemicals used for the synthesis of the nanocomposites
were purchased from Sigma-Aldrich, unless otherwise specied.
GO was prepared via a modied Hummers methods.30 2.0 g
natural graphite powder (Graphit Kropfmühl GmbH) was
dispersed in concentrated H2SO4 solution (50 mL, 98%) in an
ice bath. Then, 6.0 g potassium permanganate (KMnO4) was
slowly added and the mixture was heated at 35 �C in an oil bath
for 2 hours. Aer that, the suspension was cooled in an ice bath
and 350 mL deionized water (DI) were slowly added. H2O2

solution (30%) was slowly dropped into the mixture until gas
development stopped and the suspension became orange-
yellow. All steps were done under continuous vigorous stir-
ring. The precipitate was washed with DI water until pH of the
supernatant become natural and was then freeze-dried to
obtain a graphite oxide powder, which can be easily dispersed in
water.
41218 | RSC Adv., 2017, 7, 41217–41227
2.2 Synthesis of the GO–TiO2 composites

TiO2 photocatalysts with theoretical GO loading of 0, 1 and
50 wt%, named T-4, 1GT-4 and 50GT-4, respectively, were
synthesized. The ratios of TiCl4/GO/H2O in the synthetic
mixtures were adjusted to obtain the desired GO loading and
a total GO + TiO2 concentration of 2.5 g L�1. Firstly, graphite
oxide powder was dispersed in 100 mL ultrapure water (resis-
tivity $ 18 MU cm) in an ultrasonic bath for 30 minutes. Aer
that, the suspension was stirred in an ice bath for 30 minutes.
TiCl4 (98%) was added and stirred at 600 rpm for an hour, while
heating was avoided by keeping the mixture in the ice bath.
Then, the suspension was let to reach room temperature
(�22 �C) and the pH was adjusted with NH4OH solution (25%)
to 6. pH was maintained at 6 for 2 hours, and then the mixture
was heated at the target temperature of the synthesis in an oil
bath for 4 hours under vigorous stirring. Synthesis tempera-
tures ranged between 60 �C and 100 �C, as specied for each
sample in the Results and discussion section. For one sample
with 1 wt% GO loading, namely 1GT-24, the temperature was
maintained at 100 �C for 24 hours. Aer synthesis, the
suspensions were le to cool to reach room temperature while
continuously stirring for 18 hours. Aer this, TiO2–GO nano-
composites were collected by centrifugation and cleaned with
DI water until the silver nitrate test (0.1 M AgNO3 solution) on
the washing solution was negative, i.e. no chloride ions were
detected. Finally, the precipitation was washed with ethanol
and dried in vacuum at 40 �C.
2.3 Characterization of the GO–TiO2 composites

The structure of the samples was characterized by scanning
electron microscope, SEM (Zeiss, 1540 XB). High-resolution
transmission electron microscopy (HRTEM) images were ob-
tained with a JEOL 3010-UHR instrument. The crystalline phase
and the size of TiO2 nanoparticles, and the interlayer distance of
GO were investigated using a PANanalytical Empyrean diffrac-
tometer, operating at 45 kV and 40mA, with Cu Ka radiation (l¼
1.5418 Å). Both reection spinner and SAXS stage were used.
SAXS measurements were performed over a q interval included
between 5.3 � 10�3 Å�1 and 3.5 � 10�1 Å�1. Aer background
subtraction, the scattered intensity I was plotted as a function of
the scattering vector q, and the size distribution of the titania
particles was obtained by tting eqn (1) on the experimental data.

Iðq;RÞf
ðRmax

0

DvðRÞR3Ipðq;RÞdR (1)

where Dv(R) refers to the volume-weighted particle size distri-
bution, that is, when Dv(R) is normalized, it indicates the
probability of particles having a radius within dR. For homo-
geneous particles of radius R, the scattering intensity prole,
Ip(q,R),31,32 is known and expressed by eqn (2):

Ipðq;RÞ ¼ KDr2Vp

 
sinðqRÞ � qR cosðqRÞ

ðqRÞ3
!2

(2)

where R is the particle radius, K is an apparatus-dependent
optical constant that is independent of the scattering
This journal is © The Royal Society of Chemistry 2017
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produced by the sample, Dr is the excess electron density of the
particle with respect to the surrounding medium, Vp is the
volume of the particle. X-rays diffraction (XRD) patterns of the
powdered samples were acquired in a 2q range from 5� to 80�.
Reference cards PDF 01-021-1272 of anatase and 01-029-1360 of
brookite were chosen for peak analysis.33 The average size of
(101) TiO2 crystallites and the thickness of the GO domains were
calculated by Scherrer equation34 by using a shape factor (k) of
0.9 and 1.84 for TiO2 nanoparticles and GO,35 respectively. The
weight fraction of the anatase phase, WA, over the total crys-
talline material (anatase and brookite) was calculated by
eqn (3).33,36

WA ¼ kAAA

kAAA þ kBAB

(3)

where AA is the integrated intensity of anatase phase highest
peak (101), AB is the integrated intensity of brookite phase
highest peak (121), and the coefficients, kA and kB are 0.886 and
2.721, respectively. The deconvolution technique was used for
anatase and brookite peak separation due to their overlapping.
Aer baseline subtraction, the XRD pattern was tted by Lor-
entzian function over the Fityk 0.9.8 soware. By doing that, it
was assumed that the broadening of the three main peaks of
brookite is the same.33

Fourier transform-infrared spectroscopy, FTIR (Varian
Cary®50 UV-Vis Spectrophotometer), was performed by using
the KBr technique (KBr : sample ¼ 100 : 0.1) to investigate
which type of functional groups was present in the nano-
composite materials, and the interaction between GO and TiO2.
The measurement was conducted within the wave number
interval 400–4000 cm�1 in transmittance mode. XPS spectra
were obtained by an ESCALAB 250Xi X-ray photoelectron spec-
trometer (Thermo Fisher Scientic) using Al Ka radiation.
RAMAN spectroscopic measurements were performed on an
Invia RAMAN microspectrophotometer (Renishaw) in the
backscattering geometry with l ¼ 532 nm. The thermal evolu-
tion of the photocatalysts was determined from 50 to 800 �C by
differential scanning calorimetry and thermogravimetry (DSC/
TG) over a NETZSCH STA 449 F1 Jupiter, at a heating rate of
10 �C per minute, with platinum crucible, and under argon
atmosphere.
3. Results and discussion
3.1 Size and dispersion of TiO2 nanoparticles

In this section, we present and discuss the structural features of
a pure TiO2 reference sample synthetized in 4 hours (T-4), two
TiO2 nanocomposites with 1 wt% GO loading synthetized in
4 hours and 24 hours (1GT-4 and 1GT-24 respectively), and
a TiO2 nanocomposite with 50 wt% GO loading synthetized in
4 hours (50GT-4). For simplicity, these materials are hereaer
referred according to the designations that are reported above.

The morphology of the GO–TiO2 nanocomposites was
investigated by electron microscopy. Fig. 1 shows the SEM
images of the starting GO and of 50GT-4. The carbon layers of
the starting GO forms an open sponge-like structure (Fig. 1(a)),
as typical of freeze-dried GO.37 50GT-4 consists of TiO2 particles
This journal is © The Royal Society of Chemistry 2017
with size of a few nanometers, which are packed into large
agglomerates, either covering or intercalating GO sheets, thus
making GO structures not visible at SEM. No structural differ-
ences between the samples prepared in the presence of GO and
the pure TiO2 reference were observed. Therefore, size and
dispersion of TiO2 particles in the GO–TiO2 nanocomposites
were investigated by HR-TEM analysis, as shown in Fig. 2.
Fig. 2(a) shows highly agglomerated TiO2 nanocrystals in the T-4
sample. The high magnication micrograph in Fig. 2(d)
conrms that these crystals have size of few nanometers and
shows that they have polyhedral shape. Fig. 2(b) shows
a micrograph of the 1GT-4 powder. Also in this case, TiO2

nanocrystals are highly agglomerated; but they anchor over an
isolated GO sheet (red arrow) and partially cover it. In the case
of the sample prepared with 50 wt% GO loading, namely 50GT-
4, TiO2 nanoparticles are less agglomerated than in the other
samples and decorate GO ribbons (Fig. 2(c)). The ngerprint of
both TiO2 and GO ribbons are visible in Fig. 2(f), where we can
observe two TiO2 crystallites (white arrows) laying with one of
their facet over a 5–10 nm thick GO ribbons (red circle). Such
GO ribbons are typical of GO-based materials,29 but were not
found in the micrographs of 1GT-4 (Fig. 2(b) and (e)). This could
be ascribed to the fact that, at low GO loading, TiO2 nano-
particles can fully intercalate GO sheets (see the red arrow in
Fig. 2(b)), thus avoiding the formation of GO nanoribbons. The
high magnication micrographs (Fig. 2(d)–(f)) show that all the
samples are made of crystalline particles (as evidenced by the
presence of interference fringes) with polyhedral shape and size
around 7–10 nm.

The size distribution of TiO2 particles in T-4, 1GT-4, 1GT-24
and 50GT-4 was measured by SAXS. The scattering curves
(Fig. 3(a)) were analyzed in terms of size distribution func-
tions, Dv(R), which are depicted in Fig. 3(b). The distribution is
in agreement with that of the particles observed at HR-TEM.
The particles are smaller than 20 nm with average diameter,
dSAXS, ranging between 7.6 and 9.0 nm. Nevertheless, dSAXS of
T-4 is 8.6 nm, which is larger than that of the TiO2 particles
prepared in the presence of GO. This can be explained by
considering that GO sheets contains a large number of oxygen
functional groups which can interact with Ti4+ ions and titania
cluster. Thus, they act as nucleation sites around which tita-
nium dioxide nanoparticles grow during synthesis.27,28,38 The
presence of a large number of such nucleation sites over GO
sheets results in a smaller particle size for 1GT-4 and 50GT-4,
compared to T-4. At 1 wt% of GO loading, only aer 24 hours
of reaction time (1GT-24), TiO2 particles reach a size compa-
rable to those in the T-4 sample. Surprisingly, 1GT-4 and
50GT-4 have similar particle size distribution with both
dSAXS ¼ 7.6 nm, suggesting that the GO concentration in the
reaction mixture has a negligible impact on the size of TiO2

nanoparticles. However, this result can be explained by
considering: (i) the high density of oxygen functions on the GO
sheets, and (ii) the lower exposure of the GO functional groups
in the sample prepared with the 50 wt% GO loading. Indeed,
as shown by Fig. 2, GO sheets in 1GT-4 are well intercalated by
the TiO2 nanoparticles, while in 50GT-4, GO sheets form
staked nanoribbon structures, resulting in a much lower
RSC Adv., 2017, 7, 41217–41227 | 41219
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Fig. 1 SEM images of (a) the freeze-dried GO and (b) the nanocomposite prepared with 50 wt% of GO, at 100 �C, for 4 hours (50GT-4).
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exposure of the GO functional groups to the interaction with
TiO2 clusters and particles.
3.2 Order/disorder in the TiO2–GO nanocomposites

The morphology of GO and the composite materials was further
investigated by XRD analysis. Fig. 4 shows the XRD patterns of
bare GO, pure TiO2, and TiO2–GO composites. The starting GO
shows a peak at 2q ¼ 10.46�,39,40 which corresponds to a d-space
distance of 8.45 Å, and is consistent with the staking of highly
oxidized graphene sheets. The characteristic GO peak is not
visible in the powders prepared with 1 wt% GO loading. This
observation matches with the HR-TEM micrographs of 1GT-4,
where no GO layered structure was found, although the pres-
ence of such structures cannot be completely excluded. The
diffraction is relatively weak because the amount of GO in this
material is rather low.12,41 On the contrary, the characteristic GO
peak is clearly visible in the diffractogram of the 50GT-4
powder, indicating restacking of GO layers in this material.27

However, the peak is broader than the one of the pristine GO
Fig. 2 TEM images of the samples prepared at 100 �C for 4 hours. (a, d) T
(1GT-4), and (c, f) the nanocomposite with 50 wt% GO (50GT-4). Pictures
red arrows point at GO sheets and the white arrows point at TiO2 crysta

41220 | RSC Adv., 2017, 7, 41217–41227
and its maximum is shied towards a higher 2q value, namely
12.01� (d-space ¼ 7.36 Å). As discussed later, a decrease of the
interlayer distance is an indication of the partial reduction of
the oxygen groups during synthesis. The FWHM (full width at
half maximum) of the peaks was used to calculate the thickness
of the stacked GO domains by the Scherrer equation. Scherrer
distances of 24 nm and 9.2 nm were obtained for the starting
GO and 50GT-4, respectively. In the case of 50GT-4, the distance
corresponds to staking of about 12.5 GO layers and is consistent
with the HR-TEM micrographs reported in Fig. 2(c) and (f).
Moreover, TiO2 nanoparticles are expected to disrupt the
parallel stacking of graphene oxide layers, thus resulting in
a shorter Scherrer distance for 50GT-4 than for the pristine GO
powder. XRD analysis was also used to investigate the crystal
structure of TiO2 nanoparticles in the GO–TiO2 nanocomposites
and in the T-4 reference. All the diffractograms show the char-
acteristic peak of the anatase phase (A) and the peaks of the
brookite (B) phase, but with a lower intensity. The average size
of the anatase crystallites was calculated from the FWHM of the
peak at 2q � 25.2�, obtaining the values of 6.4, 6.6, 7.4 and
he pure TiO2 reference (T-4), (b, e) the nanocomposites with 1 wt% GO
were taken at low (first row) and high magnification (second row). The
ls.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) SAXS curves and (b) correspondent TiO2 particle size distribution of the GO–TiO2 composites. The dots indicate the Dv(R) distribution
functions31,32 and the lines correspond to the log–normal distributions. The average particle diameters, dSAXS, were calculated from the Dv(R)
distribution functions.
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8.3 nm for 50GT-4, 1GT-4, T-4, and 1GT-24, respectively. Despite
7–12% smaller than the average particle size measured by SAXS,
they follow the same trend.
3.3 GO functional groups

The FTIR spectra of GO, TiO2 and their composites are depicted
in Fig. 5. The spectrum of the sample T-4 shows a broad peak
below 750 cm�1 corresponding to Ti–O–Ti bonding and two
peaks at 1630 and 1385 cm�1, which can be attributed to O–H
vibration and Ti–O stretching modes, respectively.4 The starting
GO sample shows a more complex spectrum, owing to various
types of oxygen functional groups: C]O stretching (carbonyl)
around 1731 cm�1, water –OH bending and –OH (hydroxyl) at
1618 cm�1, C–O–H (carboxyl) at 1384 cm�1, C–O (epoxy) at
1224 cm�1, –OH stretching (phenolic) at 1170 cm�1, C–O
stretching (hydroxyl) at 1051 cm�1, C–H (aromatic) at
856 cm�1.4,42 These vibration modes are also observed for the
sample 50GT-4, but with a lower intensity, as expected due to
the lower concentration of GO in the sample. Degradation of the
GO functional groups during synthesis is also possible, as dis-
cussed later. Moreover, the appearance of the broad peak
around 400–750 cm�1 suggests that both Ti–O–Ti and Ti–O–C
bonding are present in this sample. Indeed, Ti–O–C can be
formed by condensation of the hydroxyl group of TiO2 and
functional groups of GO.43 The spectra of the two composites
with 1 wt% GO loading, namely 1GT-4 and 1GT-24, do not show
the characteristic GO peaks, due to the low amount of GO. On
the contrary, these samples show only the vibration modes
observed for TiO2. Nevertheless, a broad band at 400–750 cm�1

(Ti–O–Ti and Ti–O–C) is also observed for these two samples.
The Raman spectra of starting GO and the nanocomposite

samples are depicted in Fig. 6. They show the characteristic D
This journal is © The Royal Society of Chemistry 2017
(sp3 carbon) and G (sp2 carbon) band of graphene oxide at about
1350 and 1600 cm�1, respectively.13,44 The presence of both
bands in 1GT-4 and 1GT-24 indicates the existence of graphene
oxide in both samples. The G band is assigned to the in-plane
vibrations of the graphene network, whereas the D band is
due to out of plane vibrations attributed to the presence of
structural defects. The intensity ratio of D and G bands (ID/IG) of
50GT-4, 1GT-4 and 1GT-24 are 0.98, 1.06 and 1.09, respectively.
These values are higher than that measured for the starting GO
(0.92). An increased ID/IG ratio has been typically observed aer
GO reduction, which could be attributed to the decrease in the
average size of the sp2 domains in the 2D carbon network.13,25,45

Therefore, this implies a partial reduction and an increase in
defects aer attachment with TiO2 nanoparticles.

The partial reduction of GO during synthesis is conrmed by
the XPS C1s spectra in Fig. 7(a). Peak deconvolution for the pure
GO sample allows to distinguish the graphitic sp2 carbon atoms
with binding energy at around 284.6 eV and the two types of
oxidized carbon atoms C–O and C]O (or O–C]O) with binding
energy at 286.5 and 287.7 eV, respectively.46 The peak decon-
volution for the spectra of 50GT-4, 1GT-4, and 1GT-24, shows
the existence of carbon with different oxidation states in all the
nanocomposite materials. The partial reduction of graphene
oxide was conrmed by calculating the area ratios of the peak
corresponding to the oxidized carbon over the peak of the fully
reduced carbon atoms: AC–O/AC–C and AO–C]O/AC–C.4 The results
are reported in Table 1. The AC–O/AC–C and AO–C]O/AC–C values of
all the GO–TiO2 nanocomposites are about 50% lower than
those of the starting GO, meaning that a half of the oxygen-
containing groups on GO was removed aer decoration with
TiO2 and heating at 100 �C. In addition, the synthesis time
(4 hours or 24 hours) appears to have no inuence on the GO
RSC Adv., 2017, 7, 41217–41227 | 41221
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Fig. 4 XRD patterns of GO, starting graphite, TiO2 (T-4), and GO–TiO2

nanocomposites (1GT-4, 1GT-24 and 50GT-4). A and B indicate the
characteristic peaks of anatase and brookite phases, respectively.

Fig. 5 FTIR transmittance spectra of the starting GO powder (black
line), the pure TiO2 reference (green line), and of the GO–TiO2

nanocomposites 50GT-4 (red line), 1GT-4 (blue line) and 1GT-24 (pink
line).

Fig. 6 Raman spectra of GO and GO–TiO2 composites from
100–1800 cm�1; D and G band corresponding to sp3 and sp2 carbon,
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reduction. Moreover, the binding energy of the peak corre-
sponding to most oxidized carbon atoms shi from 287.7 eV for
the pure GO sample to 289.3 eV for the two TiO2 powders con-
taining the 1 wt% GO, thus suggesting by the formation of
coordination structure in these materials,17,47 i.e. the formation
of Ti–O–C moieties. This shi is less pronounced for 50GT-4
(binding energy ¼ 287.9 eV), as a consequence of the forma-
tion of GO nanoribbons and the lower exposure of the GO
functional groups to the interaction with TiO2 nanoparticles.

In Fig. 7(b), the Ti2p spectra of all the samples show two
main peaks around 459.2 and 464.9 eV, with a splitting energy
of 5.7 eV, assigned to Ti2p1/2 and Ti2p3/2 spin–orbital splitting
photoelectrons of Ti4+, respectively.25,48 As expected for GO–TiO2

nanocomposites prepared under mild conditions, these spectra
exclude the presence of Ti–C bonds, since there are no decon-
voluted peaks at around 466.0 and 460.3 eV.49

The 3 tted peaks of O1s show in Fig. 7(c). The OC]O and
C]O, C–OH and CO–H of GO are at 530.9, 532.5 and 533.9 eV,
respectively.50 The pure TiO2 shows characteristic Ti–O–Ti peak
at 529.8 eV and the surface Ti–OH bond at 530.5 eV.50 The peaks
41222 | RSC Adv., 2017, 7, 41217–41227
at around 530.5, 532.2 and 533.5 eV are assigned to Ti–O–C,51

O–C, and –OH vibration modes,25,50 respectively, indicating the
existence of the Ti–O–C linkage in the TiO2–GO nano-
composites. This is an important feature since Ti–O–C linkage
may promote the electron transfer from the TiO2 nanoparticles
to graphene structures during photocatalytic applications,25

and impact their mutual evolution during synthesis and
thermal annealing.
3.4 Synthesis temperature

By considering the morphology of GO–TiO2 nanocomposites
with different compositions (see above), we investigate the
effect of the synthesis temperature on the structural evolution
during annealing of the nanocomposite with 50 wt% GO
loading and the pure TiO2 reference. Fig. 8(a) shows the XRD
patterns of the pristine TiO2 references (T-4) prepared at 60 �C
and 100 �C, and the 50GT samples synthetizes at a temperature
ranging from 60 �C to 100 �C. All 50GT-4 nanocomposites
respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 XPS spectra of GO, T-4, and GO–TiO2 composites: (a) C1s spectra, (b) Ti2p spectra, and (c) O1s spectra.
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exhibit the characteristic GO peak, which allows for calculating
the interlayer distance and the average thickness of the GO
nanoribbons in the composite materials by using the Bragg law
and the Scherrer equation, respectively. Fig. 8(b) shows that the
interlayer distance for GO sheets in the samples prepared
between 60 �C and 80 �C is 8.1 Å. This distance is close to that
measured for the pristine GO powder (8.4 Å), but larger than the
value of 7.36 Å measured for the composite prepared at 100 �C.
Thus, the decrease of the interlayer distance results in thinner
GO ribbons.

The samples synthetized at 60 �C appear to consist of
amorphous TiO2 (both T-4 and 50GT-4), as shows in Fig. 8(a).
The main phase, anatase, is present from 70 �C, while the
presence of brookite is observed in the sample synthetized at
80 �C. Under these conditions (pH � 6 and synthesis tempera-
ture > 70 �C), the formation of both phases has already been
reported in literature.52–54 Titania characteristic peaks were used
to calculate the size of anatase crystals and their fraction in the
total crystalline phase. Nevertheless, we observe that the frac-
tion of anatase phase, calculated as described in the
Table 1 XPS peak area ratio (AC–O/AC–C and AO–C]O/AC–C) of GO,
50GT-4, 1GT-4 and 1GT-24

Sample name AC–O/AC–C AO–C]O/AC–C

GO 1.34 0.41
50GT-4 0.65 0.26
1GT-4 0.54 0.27
1GT-24 0.44 0.28

This journal is © The Royal Society of Chemistry 2017
Experimental section, increases with the temperature. Indeed,
both pure TiO2 and GO–TiO2 composites prepared at 100 �C
contain slightly more than 70% of anatase phase, while for the
50GT-4 sample prepared at 80 �C the fraction of anatase phase
was calculated to be around 65%. The presence of GO in the
reaction mixture has a signicant role in inuencing the size
and agglomeration of the TiO2 nanoparticles, but it does not
affect the anatase/brookite ratio. As expected, the average size of
anatase crystallites increases with the temperature, e.g., from
4.1 nm for the 50GT sample prepared at 60 �C to 6.4 nm for the
one prepared at 100 �C.
3.5 Thermal annealing

The mass loss during annealing of TiO2 and 50GT-4 synthe-
tized at various temperatures is analyzed and the curves are
shown in Fig. 9(a). As typical of GO-based materials, TG curves
show three main steps of mass change. The mass loss of GO
and the composites below 150 �C is due to the evaporation of
physisorbed and nanoconned water.55 The major loss of the
mass is due to the degradation of the functional groups on
graphene oxide at 150–350 �C: (i) H2O release through the
dehydration of the neighboring hydroxyl groups and (ii)
releasing of CO and CO2 from the decarbonation reaction.55

The last step, above 350 �C, has been assigned to the carbon
network degradation25,56 and to the removal of the most stable
oxygen functionalities.57 The mass loss of TiO2 synthetized in
4 hours at 60 �C and 100 �C is depicted in Fig. 9(b). Also in this
case, physisorbed water evaporates below 150 �C.58 As ex-
pected, above this temperature there are only little changes in
RSC Adv., 2017, 7, 41217–41227 | 41223
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Fig. 8 (a) XRD patterns of 50GT and T-4 synthetized in 4 hours at a temperature between 60 �C and 100 �C. The letter “G” indicates the peak
characteristic of graphene oxide. “A” and “B” indicate the characteristic peaks of anatase and brookite phases, respectively. (b) The characteristic
peak of graphene oxide was used to calculate the distance between GO sheets (Bragg) and the average thickness of the GO nanoribbons
(Scherrer) in the nanocomposites. (c) The characteristic peaks of TiO2 were used to calculate the size of the anatase crystallites (Scherrer) and the
anatase fraction, WA (eqn (3) in the Experimental section).
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chemical composition,54 and mass loss is not observed toward
until 800 �C. The data in Fig. 9(a) and (b) were used to
calculate the theoretical mass loss of a 50 : 50 w/w physical
mixture of graphene oxide–TiO2 and the results are compared
with the TG analysis of the 50TG samples in Fig. 9(c). In the
150–350 �C range, the mass loss of the composites is lower
than that of a physical mixture of graphene oxide and TiO2.
This is again a strong indication of chemical bonding between
GO and TiO2,25 i.e. the condensation of oxygen functional
groups on GO and hydroxyl groups on titania particles to form
Ti–O–C.1

The DSC results in Fig. 10(a) show the exothermic transitions
of GO, TiO2 and their composites (50GT 60 �C, 50GT 70 �C, 50GT
80 �C and 50GT 100 �C). The pure GO powder shows the typical
exothermic sharp peak with onset temperature (TGO,ons) at
149 �C and minimum temperature (TGO,min) at 187 �C, which is
due to the reduction reaction of the oxygen functional groups.59

The 50GT composites also display the characteristic peak, but
surprisingly their TGO,ons and TGO,min shi toward higher
Fig. 9 (a) Thermogravimetric curves of GO and GO–TiO2 nanocomposi
titanium dioxide (T-4) synthetized at 60 �C and 100 �C; (c) TG data were
GO : TiO2 and the results were compared with the mass loss of the re
theoretical mixture and the real sample in the temperature range betwe

41224 | RSC Adv., 2017, 7, 41217–41227
temperatures (Table 2). The difference in reduction onset
temperature, DTGO,ons, is plotted as a function of the synthesis
temperature in Fig. 10(b). The highest DTGO,ons value, namely
49.9 �C, is observed for the sample prepared at 60 �C. DTGO,ons
drops down to �32 �C with increasing the synthesis tempera-
ture for the 50GT powders prepared at 80 �C and 100 �C. This is
again an indication of the chemical interaction between GO and
TiO2. GO rearrangement in the more stable and ordered
reduced structure is hindered by the fact that TiO2 nano-
particles are chemically anchored over the surface of the thin
GO ribbons.27 The shi of TGO,ons from 149 �C of starting GO to
over 180 �C in the composite samples suggests that titanium
dioxide can retard the degradation of the functional groups on
graphene oxide, because the condensation reaction between
moieties on graphene oxide and titanium dioxide leads to
stabilization of oxygen functional groups.1 The 50GT samples
prepared at lower temperatures are highly amorphous and have
small particle size. Therefore, they possess a high surface area
and high defect density to interact with GO.
tes (50GT 60 �C, 50GT 70 �C, 50GT 80 �C, and 50GT 100 �C); (b) pure
used to calculate the mass loss in a theoretical physical mixture 50 : 50
al 50GT samples. The red cycle stresses the difference between the
en 150 and 350 �C.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07472g


Fig. 10 (a) DSC curves of GO, 50GT and T-4 prepared at a temperature between 60 �C and 100 �C. (b) The difference between the reduction
onset temperature (DTGO,ons) of the 50GT samples and the starting GO as a function of the synthesis temperature. (c) The difference of the
reduction enthalpy (|0.5DHGO� DH50GT|) between the theoretical physical mixture containing 50% GO (0.5DHGO) and 50GT samples (DH50GT) as
a function of the synthesis temperature.

Table 2 Characteristics of the GO reduction peak for the starting GO
powder and the TiO2 nanocomposites with 50 wt% GO loading syn-
thetized in 4 hours at a temperature between 60 �C and 100 �C: peak
onset temperature (TGO,ons), peak minimum (TGO,min) and GO reduc-
tion enthalpy (DH) as calculated from the peak area

Sample name TGO,ons (�C) TGO,min (�C)
DH
(J g�1) at 180–220 �C

50GT 100 �C 180.9 213.1 �299.6
50GT 80 �C 181.6 193.1 �369.4
50GT 70 �C 192.9 220.7 �422.1
50GT 60 �C 199.0 222.2 �458.2
GO 149.1 186.7 �1081.0

Fig. 11 Differential scanning calorimetry (DSC) curves of TiO2 transitions
at 350–650 �C for the samples 50GT (synthesis temperature between 60
and 100 �C) and T-4 (synthesis temperature 60 and 100 �C).
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The peak areas in Fig. 10(a) clearly indicate that the synthesis
temperature has an impact also on the enthalpy associated with
the reduction of GO. Indeed, the reduction enthalpy values re-
ported in Table 2 clearly show that enthalpy decreases with the
reaction temperature. Therefore, the difference between
reduction enthalpy of the 50GT composite (DH50GT) and the
theoretical reduction enthalpy of a physical mixture containing
50 wt% GO (0.5DHGO) is plotted as a function of the synthesis
temperature in Fig. 10(c). The different trend can be attributed
to the fact that the TiO2 nanocrystals present in the sample
prepared at high temperature disrupt the order of the reduced
graphitic structure.60

Fig. 11 shows the differential scanning calorimetry curves in
the temperature range of 350–650 �C of 50GT and T-4 synthe-
tized for 4 hours between 60 �C and 100 �C. The peaks for both
the amorphous TiO2-to-anatase and the anatase-to-rutile
transformations can be observed at around 470 �C and 570 �C
in T-4 60 �C, respectively.61 In contrast, T-4 100 �C shows
a transformation peak of anatase to rutile at 570 �C.50 The
behavior of 50GT 60 �C at 400–650 �C is alike the one of T-4
60 �C. However, the anatase formation from amorphous
phase of 50GT 60 �C occurs at a temperature about 10 �C higher
This journal is © The Royal Society of Chemistry 2017
than that of T-4 60 �C. On the contrary, the calorimetric scan-
sions of the composites synthesized at 70–100 �C show only
a weak hump at 570 �C for the anatase-to-rutile transition.
4. Conclusions

In this work, we study the structural evolution of GO–TiO2

composites during synthesis and thermal annealing. We have
found experimental evidence for the interface chemical
bonding between TiO2 nanoparticles and GO, even when
a simple synthetic method is used under mild conditions,
namely at pH 6 and at temperature between 60 �C and 100 �C.
Using this method, the anatase–brookite mixed phase has been
obtained, which is dispersed on GO monolayers for a low
amount of GO (1 wt%), but decorates GO nanoribbons for
RSC Adv., 2017, 7, 41217–41227 | 41225
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a high amount of GO (50 wt%). TEM analysis shows facets of
TiO2 nanocrystals laying on the GO nanoribbon, thus suggest-
ing a strong interaction between the two materials. FTIR and
XPS analyses suggest the formation of Ti–O–C interactions. The
Ti2p XPS spectra exclude the formation of a signicant number
of Ti–C bonds, but the interaction between GO and TiO2 is
strong enough to induce mutual shaping during synthesis and
the thermal evolution.

The role of GO on TiO2 morphology is summarized as
follows: (i) GO affects TiO2 particle size and dispersion, since
GO prevents agglomeration. However, GO does not inuence
type of phase or phase fraction of TiO2. (ii) GO retards the
thermal transition from amorphous TiO2 to anatase phase.

The presence of TiO2 nanoparticles inuences the GO
morphology as follows: (i) TiO2 nanoparticles intercalate GO
sheets, depending on the GO/TiO2 ratio. It is possible to obtain
GO nanoribbons or isolated GO sheet. (ii) When GO nano-
ribbons are decorated with TiO2 nanoparticle, their thermal
reduction occurs at a higher temperature than the pure GO
powder.

Thus, this work gives new insights into the mutual shaping
of TiO2 and GO during sol–gel synthesis and thermal annealing,
and hence, enables rational design of new photocatalysts with
desired morphology and performances.
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