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vement in the hydrogen storage
capacity of a reduced graphene oxide/TiO2

nanocomposite by chemical bonding of Ti–O–C†

Zahra Gohari Bajestani,a Alp Yürümb and Yuda Yürüm*a

A series of graphene-based nanocomposites with different TiO2 contents have been prepared via a facile

chemical method. All nanocomposites were employed as hydrogen gas adsorption materials at room

temperature and pressures up to 10 bar. The effect of dispersion state and size of the particles on the

hydrogen storage capacity of nanocomposites was studied. The highest hydrogen uptake of 0.39 wt% was

obtained among prepared nanocomposites and it is 125% higher than the hydrogen adsorption of the

parent graphene material. This improvement can account for the presence of a high number of active

sites needed for hydrogenmolecules and the strong interaction between nanoparticles and graphene sheets.
1. Introduction

In recent years, production, storage, and consumption of energy
have become a serious global problem. Hydrogen attracts
considerable attention in the energy area since it can be a clean
energy resource for the next-generation energy carriers in
mobile and stationary power systems.1 However, nding mate-
rials for efficient hydrogen storage is one of the most important
issues in future of renewable energies.2,3 Several candidates
were studied during the last decades as safe and effective
hydrogen adsorbents but none of them met the storage targets
set by the U.S. Department of Energy (DOE).4–6 Among these
options, graphene a single atomic layer sheet of sp2 bonded
carbon atoms, has been cited as a promising candidate for
energy conversion and storage applications due to its high
theoretically surface area, large microporosity, and good
chemical stability.7–10 Nevertheless, the range of reported
hydrogen uptakes of graphene at ambient conditions is low.11

Srinivas et al.12 and Huang et al.4 reached hydrogen uptake of
0.1 wt% at 10 bar and 0.067 wt% at 57 bar, respectively. Ther-
modynamically, hydrogen molecules are incapable of pene-
trating between the graphene layers in graphitic structure
whereby H2 adsorption generally restricts to the outermost
sheets. Weak binding energy between carbon nanostructure
and H2 at ambient conditions is also another key factor that
leads to low H2 adsorption capacity of this material.8 Thus,
surface modications, such as doping and functionalization
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have been proposed to enhance gas adsorption property of
graphene based materials.8,13 So far many theoretical and
experimental studies have been devoted to functionalization of
graphene by metals2,10,14,15 and metal oxides16–18 in which metal
oxides offer a great scope for tailor-made carbonaceous adsor-
bents. Due to various advantages e.g., suppressing the re-
stacking of graphene layers, good bonding and interfacial
interactions with oxygen-containing groups on graphene
sheets, fabrication of graphene/metal oxide is expected to be an
effective and practical method toward increasing the hydrogen
storage capacity of graphene.13,17

TiO2 has been widely studied due to its photochemical,
catalytic and dielectric characteristics. Theoretical studies
showed the potential of Ti/TiO2-anchored carbonaceous mate-
rials17,19,20 as a hydrogen storage material for room-temperature
applications. Recent experimental results on TiO2-decorated
expanded graphite21 and TiO2-carbon nanotubes (CNT)
composites22,23 revealed the enhanced electrochemical
hydrogen uptake of graphene and higher H2 gas adsorption of
CNT aer impregnation with TiO2 nanoparticles.

In this work, TiO2-integrated graphene nanocomposites with
different amounts of TiO2 nanoparticles were prepared via
a facile chemical method. We focused on the hydrogen
adsorption behavior of these nanocomposites at room temper-
ature and low pressures that are relevant for practical on-board
storage systems. Effects of the loading, dispersion state and size
of nanoparticles on hydrogen storage capacity of nano-
composites were studied. Homogenous dispersion of TiO2

nanoparticles with diameter of <20 nm was found to enhance
the hydrogen storage capacity of parent graphene by 125%.
Higher hydrogen uptake of nanocomposites compared to that
of graphene sample was related to strong attachment of highly
distributed nanoparticles to the underlying graphene sheets.
RSC Adv., 2016, 6, 32831–32838 | 32831
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2. Experimental section
2.1 Materials

Natural graphite ake (99%), sulfuric acid (H2SO4, 98%),
sodium nitrate (NaNO3), potassium permanganate (KMnO4)
and hydrochloric acid (HCl, 37%) were purchased from Sigma-
Aldrich. Hydrogen peroxide (H2O2, 30%) and titanium chloride
(TiCl3) were obtained from Merck. All reagents were analytical
grade and used without further purication.
2.2 Preparation

Graphite oxide was prepared from natural graphite akes using
Hummers' method.24 In order to prepare TiO2-integrated gra-
phene sheets, hereaer referred to as RGO–T nanocomposites,
graphite oxide was rst sonicated (Vibra Cell 75041, Bioblock
Scientic) in water for 2 h to obtain a homogenous dispersion of
graphene oxide (GO) in aqueous medium. Different amounts of
TiCl3 were then added to the mixture to reach Ti loading of 3
wt%, 5 wt%, and 7 wt%. Aer stirring for 24 h, suspensions were
ltered, vacuum-dried at 60 �C and reduced at 1000 �C for 12
min under argon atmosphere to obtain reduced graphene oxide
(RGO) with different amounts of TiO2, named as RGO–T3, RGO–
T5, and RGO–T7 in accordance with increasing amount of TiCl3
in the mixing step. Thermogravimetric analysis indicated the
presence of �10 wt%, �12 wt% and �15 wt% TiO2 in RGO–T3,
RGO–T5, and RGO–T7, respectively (Fig. S1, ESI†). As a refer-
ence, GO (without addition of TiCl3) was thermally reduced at
1000 �C to attain fully exfoliated reduced graphene oxide.
Fig. 2 Raman spectra of graphite oxide, RGO and RGO–T nano-
composites, from bottom to top: graphite oxide, RGO, RGO–T3,
RGO–T5 and RGO–T7. Inset magnifies the wavenumber of 100–900
cm�1 in RGO–T7.
2.3 Characterization

X-Ray diffraction (XRD) patterns were performed using Bruker
AXS diffractometer tted with a Siemens X-ray gun using
0.15406 nm Cu Ka radiation. Raman spectroscopic analysis was
carried out using Renishaw inVia reex Raman spectrometer
with a 532 nm laser beam in the range of 100–3500 cm�1 while
samples were loaded on silicon wafer and focused with a 50�
objectives. X-ray photoelectron spectroscopy (XPS) analyses
were conducted on a Thermo K-alpha X-ray photoelectron
spectrometer with a monochromated Al Ka supported by a low
energy electron/ion ood gun for charge neutralization. Trans-
mission electron microscopy (TEM) micrographs and scanning
Fig. 1 XRD patterns of (a) GO and (b) RGO samples with increasing amo

32832 | RSC Adv., 2016, 6, 32831–32838
electron microscopy (SEM) images were taken by Jeol 2000FX
with the accelerating voltage of 200 kV and Leo Supra 35VP eld
emission scanning electron microscope with an acceleration
voltage of 2 kV, respectively. The Brunauer–Emmett–Teller
(BET) specic surface area and porosity of samples were deter-
mined by analyzing the standard nitrogen adsorption isotherms
at 77 K using nova 2200e, Quantachrome instruments.
Hydrogen storage capacity of samples was measured by using
Intelligent Gravimetric Analyzer (IGA 001, Hiden Isochema). All
nanocomposites (20–25 mg) were degassed at 100 �C for 12 h
under high vacuum (�10�7 mbar) prior to measurements and
then, hydrogen adsorption isotherms were measured at 298 K
up to 10 bar.
3. Results and discussion
3.1 Materials characterization

X-ray diffraction was rst carried out to determine the crystal-
lographic structure of the samples. As shown in Fig. 1a, natural
unt of Ti addition.

This journal is © The Royal Society of Chemistry 2016
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graphite akes show a sharp peak at 2q ¼ 26� that corresponds
to (002) plane and an interlayer spacing (d-spacing) of 3.3 Å.
Upon oxidation, the (002) peak disappeared and a low intensity
peak, indexed as (001), emerged at 2qz 10.5� with d-spacing of
8.4 Å. This increase of the d-spacing aer oxidation has been
correlated with intercalation of oxygen-containing groups
between graphene layers that leads to change of the crystallo-
graphic structure of graphite.4 Aer inclusion of Ti, intensity
and full width at half maximum (FWHM) of the characteristic
peak of graphite oxide (2q z 10.5�) were changed. In addition,
a new peak centered at 2q z 25� was observed in GO–T5 and
GO–T7 whereas no peak was detected at this region in GO–T3.
Given the characteristic peak of TiO2 (101) at 2qz 25�,25 former
observation can be attributed to formation of TiO2 in the
samples. On the other hand, absence of this peak in GO–T3 can
Fig. 3 (a) SEM images of RGO–T3, (b) RGO–T5, and (c) RGO–T7, (d) SE
mapping of same area shown in (d).

This journal is © The Royal Society of Chemistry 2016
be related to the low metal content and/or small size of parti-
cles.4 Besides, progressive increase of FWHM and decrease of
the intensity of GO main peak by Ti content suggests that GO
was partially deoxygenated in the presence of Ti and reduced to
turbostratic graphite.26 Consequently, appearance of the peak at
2q z 25� can also represent the formation of turbostratic
graphite structures in the sample. Indeed, formation of tur-
bostratic graphite coincides with the formation of TiO2 particle
in specimens. According to Li et al.,27 increase of FWHM of
graphene layers correlates with non-uniformity in d-spacing,
curvature and more importantly distortion of the layers. As
a result, Ti component which intercalates between graphene
oxide layers possibly forms structural defects in the system.
Fig. 1b shows XRD patterns of thermally reduced GO samples
before and aer addition of Ti. Observation of a broad and low-
M image of RGO–T3 with low magnification, (e) Ti and (f) O elemental

RSC Adv., 2016, 6, 32831–32838 | 32833
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Fig. 4 TEM micrograph of (a) RGO, (b) RGO–T3, (c) RGO–T5, and (d)
RGO–T7.

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

E
 D

U
 M

A
IN

E
-S

C
D

 o
n 

8/
29

/2
01

9 
9:

12
:0

4 
A

M
. 

View Article Online
intensity (002) peak in the absence of (001) peak in RGO indi-
cates the complete reduction of graphite oxide sheets and
formation of poorly ordered graphene-like structure along the
stacking direction. On the same basis, absence of GO peak at
z10.5� was used as a clear indication of reduction of graphite
oxide sheets in RGO–T nanocomposites.25,28

Raman spectroscopy was used to study the structural prop-
erties of particles and quality of graphene sheets, particularly
defects and order in the system.24 Fig. 2 displays the Raman
spectra of graphite oxide, RGO and RGO–T nanocomposites with
typical characteristic bands at �1600 cm�1 and �1350 cm�1,
known as G-band and D-band, respectively. G-band corresponds
to vibration of the sp2-bonded carbon atoms in a 2D hexagonal
lattice while D-band represents in-plane stretching motion of
symmetric sp2 C–C bonds.29,30 To analyze the degree of disorder
in graphitic layers, intensity ratio of the D and G bands (ID/IG) has
been widely used in literature.3,29,30 The ID/IG value of 0.88 was
calculated from the Raman spectrum of GO sample while higher
ID/IG values were observed in the Raman spectra of RGO and
RGO–T nanocomposites. This increased ID/IG ratio, points out the
formation of additional defects during the deposition of particles
that is a result of the interaction between particles and graphene
sheets.3,31 Besides the G and D bands, a low intensity peak
emerged at 151 � 1 cm�1 in RGO–T nanocomposites. This peak
was assigned to Eg mode of TiO2 and arises from the external
vibration of anatase phase.32–35 Inset of Fig. 2 magnies the
wavenumber of 100–900 cm�1 in RGO–T7 and shows two vibra-
tion peaks at 400 cm�1 (B1g(1)) and 635 cm�1 (Eg(2)) in addition to
Eg mode of TiO2. This observation conrms the formation of
anatase TiO2 in RGO–T nanocomposites aer thermal reduction
process.32–35 However, a large frequency blue-shi of Eg was
detected in RGO–T nanocomposites compared to Eg of anatase
single crystal (144 cm�1). A similar large frequency shi was also
reported by Zheng et al.36 for TiO2 nanocrystals fabricated by
solution chemical process. They showed when dimensions of
TiO2 crystallites decrease to nanometer scale, frequency shi
occurs in Eg mode as a result of phonon connement.
32834 | RSC Adv., 2016, 6, 32831–32838
Distribution and size of the particles in RGO–T nano-
composites were studied using SEM, EDS and TEM. High
magnication SEM images of samples (Fig. 3a–c) clearly
demonstrate that the parent graphene sheets were coated with
TiO2 nanoparticles. RGO–T3 and T5 display homogenous
dispersion of nanoparticles while excess amount of Ti led to
inhomogeneous deposition, growth and formation of submi-
cron aggregation of nanoparticles in RGO–T7. The elemental
analysis of RGO–T3 was provided in Fig. 3d–f as representative
EDS results of RGO–T nanocomposites. Detection of distributed
patterns of Ti and O in the elemental mapping conrms the
homogeneous deposition of TiO2 nanoparticles throughout the
sample.

TEM micrographs of RGO and RGO–T nanocomposites are
presented in Fig. 4a–d. Wrinkled structured graphene sheets
were clearly observed that indicates the formation of few layer
graphene layers in all samples aer thermal exfoliation.
Homogeneous dispersion of TiO2 nanoparticles was detected as
dark spots in TEMmicrographs shown in Fig. 4b–d. Size of TiO2

nanoparticles in RGO–T3 was found to be 10 � 5 nm whereas
higher amounts of Ti addition introduced higher average of
particle sizes in RGO–T7. According to Wu et al.17 and Wang
et al.,37 size, morphology and anchoring of nanocrystals are
dependent on the degree of oxidation of the underlying
substrate. It is thought that Ti component could use the oxygen
functional groups as nucleation centers. As a result, highly
oxidized GO surface with high concentration of defects interacts
strongly with particles and this strong pinning force hinders the
diffusion and growth of formed particles.31,38 Tsao et al.39

showed that size of the catalyst particles plays an important role
in H2 uptake in which Pt nanoparticles of 1–2 nm remarkably
increased the H2 storage capacity of Pt/activated carbon nano-
composite. Therefore, formation of ne and distributed nano-
particles is highly preferred in order to increase the hydrogen
adsorption capacity of RGO–T nanocomposites.

XPS measurement was performed to elucidate the chemical
state of elements present in graphite oxide, RGO and RGO–T
nanocomposites. Fig. 5a depicts a representative XPS survey
spectrum (RGO–T5) that shows specimens mainly consist of C
and O with no trace of contamination. The presence of Ti was
detected in RGO–T nanocomposites with a weak signal at �459
eV that corresponds to Ti 2p electrons.40 Fig. 5b depicts C 1s XPS
spectrum of graphite oxide with four peaks centered at 284.56,
285.02, 286.8 and 288.8 eV. These peaks were assigned to the
C–C (aromatic),41 C–OH,31 C (epoxy/alkoxy)/C]O42 and O]C–O
(carboxylic)35 groups respectively that imply the highly oxidized
state of graphene sheets. Aer thermal reduction, the intensity
of components associated with oxygenated functional groups
signicantly decreased (Fig. 5c). This decrease illustrates that
most of the oxygen-containing functional groups are removed
and GO is transformed to graphene.35 In Fig. 5d, Ti 2p XPS
spectra of RGO–T nanocomposites exhibit two peaks centered at
464.7 � 0.1 and 459 � 0.2 eV assigned respectively to the Ti 2p1
and Ti 2p3 spin–orbital splitting photoelectrons in the Ti4+

state. The splitting energy between two Ti-bands was 5.69� 0.02
eV that is in agreement with the normal state of Ti4+.25,43,44 As
TiO2 content was increased, Ti 2p3 peak narrowed (decrease of
This journal is © The Royal Society of Chemistry 2016
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FWHM) and binding energies of Ti 2p feature shied toward
higher binding energies. According to Oh et al.,45 increasing
thickness of deposited TiO2 shis the bonding energy of Ti core
level to higher values and decreases the FWHM of Ti 2p3 peak.
Therefore, observation of shiing and narrowing Ti 2p3 peak
with Ti content can be related to change of the dimensions of
nanoparticles that is in agreement with TEM micrographs of
RGO–T nanocomposites.

C 1s XPS spectra of RGO–T nanocomposites are presented in
Fig. 5e with superimposition of C 1s XPS of RGO for compar-
ison. All RGO–T nanocomposites show themain peak at 284.7�
0.2 eV (C–C aromatic band) in which the FWHM of the peak
increased from 1.02 eV in RGO to 1.3, 2.01 and 1.9 eV in RGO–
Fig. 5 (a) XPS survey spectra, (b) C 1s XPS spectrum of graphite oxide, (c)
spectra of RGO–T nanocomposite, and (f) O 1s XPS spectra of graphite

This journal is © The Royal Society of Chemistry 2016
T3, T5 and T7, respectively. The FWHM of the C 1s core level
band has been used to evaluate the degree of chemical and
structural heterogeneity in environment of carbon atoms.46,47

Therefore, it can be concluded that environment of carbon
atoms becomes more heterogeneous through the addition of Ti
suggesting the bonding of TiO2 nanoparticles with C atoms of
graphene sheets.

To further support the presence of this bonding, O 1s XPS
spectra of graphite oxide and RGO–T nanocomposites are
depicted in Fig. 5f. The O 1s spectrum of graphite oxide shows
a peak centered at 532.5 eV that is closely related to the hydroxyl
groups on the surface of graphite oxide sheets. However, this
peak shied to 530.6 � 0.1 eV in RGO–T nanocomposites. In
C 1s XPS spectrum of RGO, (d) Ti 2p XPS spectra of RGO–T, (e) C 1s XPS
oxide and RGO–T nanocomposites.

RSC Adv., 2016, 6, 32831–32838 | 32835
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Table 1 Specific surface area and pore diameter of RGO and RGO–T
nanocomposites

Specic surface area (m2 g�1) Pore diameter (Å)

RGO 461.76 25.5
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agreement with previous reports in bonding of Ti atoms with
any available oxygen to form TiO2,48,49 this peak was assigned as
bonding energy of O in Ti–O–C bond.50,51 As a result, bonding
between Ti, O, and C conrms the integration of nanoparticles
into graphene sheets.
RGO–T3 371.31 8.1
RGO–T5 219.35 8.3
RGO–T7 207.50 7.8
3.2 Gas adsorption behavior

Nitrogen adsorption–desorption isotherm was employed to
characterize the specic surface area and pore structure of
nanocomposites (Fig. 6a). According to the IUPAC classica-
tion, all samples showed a nature of type IV curve, that is, a low
N2 adsorption capacity at low relative pressure (P/P0) followed by
a hysteresis loop at high P/P0. The former indicates the presence
of small number of micropores while the latter reects the
formation of mesoporous structures in the system.52 Higher N2

adsorption of pristine graphene than that of RGO–T illustrates
the lower adsorption capability of RGO aer deposition of
nanoparticles when physical adsorption is the dominant
process.2

The Brunauer–Emmett–Teller (BET) and Barret–Joyner–
Halenda (BJH) methods were applied to determine the specic
surface area and pore structure, respectively. The pore-size
distribution isotherm of RGO (Fig. 6b) displayed one peak
concentrated in 2–5 nm. Aer incorporation of nanoparticles,
the main peak was weakened and an extra peak emerged at
lower radius (�1 nm). Moreover, signicant decrease in average
pore size was detected aer addition of Ti to the samples
(Table 1). As a result, the reduction in specic surface area and
average pore size can be attributed to the partial blockage of
mesopores by TiO2 nanoparticles.53

Fig. 7 presents the hydrogen adsorption isotherms of RGO
and RGO–T nanocomposites at 298 K. As expected, the
hydrogen uptake of all samples increased by hydrogen pressure.
The parent graphene sample showed hydrogen uptake of 0.17
wt% at 10 bar. Aer TiO2-integration, the hydrogen storage
capacity of 0.39 wt% was obtained by RGO–T5 that is 125%
higher than that of pristine graphene. Further addition of Ti
(RGO–T7) caused a decrease in hydrogen adsorption, possibly
owing to aggregation of nanoparticles and losing porosity/
surface area.
Fig. 6 (a) N2 adsorption isotherms and (b) pore size distribution of RGO

32836 | RSC Adv., 2016, 6, 32831–32838
The enhanced hydrogen storage capacity of the nano-
composites cannot be attributed to differences between the
surface areas of samples since all nanocomposites displayed
lower BET specic surface area than RGO (Fig. 6a). In addition,
comparison of hydrogen adsorption isotherms at 298 K reveals
the change of the shape of the adsorption curves from concave
in pristine graphene to relatively linear in RGO–T samples. Li
et al.54 found that linear adsorption isotherm is the character-
istic behavior of hydrogen spillover on nearly all adsorbents and
is very different from that of physical adsorptions characterized
by an isotherm concave to the pressure axis. Thus, the higher
hydrogen adsorption capacity of RGO–T nanocomposites orig-
inates from a process other than physical adsorption. Wang
et al.19,55 have shown by the rst-principle computations that
strongly anchored Ti atoms on surface of GO template are
superior sites for hydrogen adsorption whereby each Ti atom
can bind multiple H2 with the binding energies of 14–41
kJ mol�1 H2. Results of hydrogen storage measurement ob-
tained by Mishra et al.,56 Zhang et al.,22 and Lueking and Yang57

suggest the contribution of chemical adsorption in hydrogen
uptake of different carbonaceous materials aer incorporation
of TiO2. They showed that this contribution can be attributed to
non-classical s–p–d hybridization.22 As a result, higher
hydrogen storage capacity of RGO–T nanocomposites compared
to pristine graphene can be linked to the activation of processes
usually grouped as chemisorption. Lueking and Yang57 have
also underscored the role of catalyst-support interaction for
improvement of hydrogen uptake of composites in which
simple mixing of metal particles with support does not improve
the hydrogen uptake of the system. Besides, Choucair and
Mauron58 reported decrease in hydrogen uptake of graphene at
and RGO–T nanocomposites.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Hydrogen adsorption isotherms RGO and RGO–T
nanocomposites.
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77 K and 1 atm H2 pressure aer mechanical mixing with 1/1
weight ratio TiO2 nanoparticles. Given the importance of
particle size39 and dispersion of nanoparticles,59 strong attach-
ment of highly distributed nanoparticles to the underlying
graphene sheets was found to be essential to improve the
hydrogen uptake of graphene/metal oxide nanocomposites.
4. Conclusions

In this work, a series of TiO2-integrated reduced graphene
oxide composites with different amounts of TiO2 were prepared
via a facile chemical impregnation method. By observation of
TEM micrographs, TiO2 nanoparticles with diameter of less
than 20 nm were homogeneously dispersed on the graphene
sheets. The effect of metal oxide content on hydrogen
adsorption of nanocomposites at ambient temperature and
pressures up to 10 bar was studied. It was shown that strong
interaction of metal oxide nanoparticles with the support,
smaller particle size, and high dispersion of nanoparticles are
necessary to promote the hydrogen storage capacity of nano-
composites. The highest storage capacity of 0.39 wt% was ob-
tained among all nanocomposites and it is 125% higher than
that of parent graphene material. This signicant improve-
ment of hydrogen adsorption compared to RGO–TiO2 obtained
by mechanical mixing (reported by ref. 58) was correlated with
the formation of Ti–O–C bonding between nanoparticles and
graphene substrate. We believe that the use of oxygen func-
tional groups of graphene oxide sheets to form this bonding
can also be extended to other types of metal oxide/
carbonaceous nanocomposites.
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