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Abstract

TiO2/graphene nano platelets (GNP) nanocomposite cathodes have been synthesized through a simple ball mill process. TiO2
anatase nanoparticles, around 16 nm in size, were encapsulated in the 2D graphene matrix. The synthesized samples are
characterized using x-ray diffraction (XRD), DSC, impedance spectroscopy, and scanning electron microscope (SEM). The
graphene nano platelets act not only to reduce the charge transfer resistance but can help to absorb deformation caused by divalent
insertion. The electrochemical behavior of Mg metal was tested in dimethyl sulfoxide solution containing magnesium perchlorate
salt. The obvious redox peaks on the cyclic voltammetric curves confirm Mg*2 inserts/extracts into/from TiO: through our simple

electrolyte solution.

© 2016 Portuguese Society of Materials (SPM). Published by Elsevier Espafa, S.L.U.. All rights reserved.
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1. Introduction

Recently, a great attention has been focused on the
high capacity, low cost and environment-friendly
nature of the energy storage devices such as batteries
[1]. Whereas, one of the main challenges that current
rechargeable battery technologies face, is their ability
to maintain energy and power densities sufficient to
meet world energy demand. Lithium (Li) batteries are
commonly used as a power source for large-scale
energy storage applications and electronic devices
because of their high energy density, high specific
power, long cycling life time and safety [2]. However,
lithium batteries cannot meet large volume
applications like electric vehicle and electricity grid
[3]. Now, magnesium has been foregrounded an
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alternative to lithium, due to its high theoretical
specific charge capacity (2,205 A h/kg) and energy
density (3.8 A h/cm®), making it an excellent
candidate as a metal battery anode [4]. In addition, Mg
is easy handling, low cost comparing to Li (~$
2700/ton for Mg compared to ~ $64,000/ton for Li)
and abundant in the earth’s crust (~13.9% Mg
compared to ~0.0007% of Li) [5]. But, from other
point of view, incompatible electrolyte with Mg anode
and the sluggish kinetic of Mg*? insertion/extraction
hindered the development of Mg batteries [3, 6, 7]. So,
the key challenges revolve around how to establish an
electrolyte not to form a passivation layer on Mg
metal during charge-discharge process, and develop a
novel cathode that accept easy Mg*
insertion/extraction. Recently, one of the promising
cathode materials is nanostructured TiO, anatase
compound which has great interest due to the low cost,
and long-stability [8,9]. In spite of its advantageous
properties, TiO, suffers from low electrical
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conductivity, poor rate capability and poor cycling
performance [10].

Graphene is an allotrope of carbon with sp? bond,
where the carbon atoms are densely packed in a
honeycomb crystal lattice [11]. These intrinsic
characteristics can tune the electrical and mechanical
properties of composite materials. Graphene sheets
can be used due to its extraordinary electronic,
thermal, and mechanical properties [2,12].

Recently, promising rechargeable magnesium battery
based on Mg anode and a cheap and non-toxic
commercial TiO, cathode was reported [13]. The
electrolyte of the mentioned battery was synthesized
from 0.5 mol L' Mg(BH.)./LiBHJ/tetraglyme (TG)
([LiBH4] = 1.5 mol L. The cell showed high specific
capacity, excellent cycling stability, and rate
capability. But, the used electrolyte is too costly and
complicated. Furthermore, much work is needed to
tune inter-layer spacing of TiO, so we can ease Mg*?
insertion/extraction.

Based on the above considerations, in this article, our
strategy aims to synthesize a new simple electrolyte
based on magnesium perchlorate salt dissolved in
dimethyl sulfoxide more compatible with Mg anode
than the previous research. In addition, we aim to tune
inter-layer spacing of TiO through doping with GNP
and evaluate the effect of graphene on the physical
and electrochemical properties of TiO,. The
composites will be characterized by means of X-ray
diffraction (XRD), DSC, impedance spectroscopy,
scanning electron microscopy (SEM) and cyclic
voltammetry.

2. Experimental

To form the cathode pellet, TiO; anatase nanoparticles
(QualiKems Chemical India) of purity 99 % were
mixed with graphene nano platelet (XG-science) with
purity 99.5% and 0.1 PVA as a binder in a ball mill at
400 rpm for 4 hrs. The graphene nano platelets (GNP)
were incorporated in TiO, according to the formula
(TiO2) 1.x (GNP) x, x= 0, 0.05, 0.1, 0.2, 0.4. Slurry of
85 wt % of TiO2/GNP composites, 6 wt. % conductive
agent (carbon black, Super-P-Li, 100 % purity from
Gelon) and 9 wt% polyvinylidene difluoride (PVDF)
binder in N-methyl-2-pyrrolidinone was pasted
uniformly onto a copper foil, and dried in at 100 °C for
2h.

To form the electrolyte, 2.5 g PVA were dissolved in
100 ml dimethyl sulfoxide followed by addition of 2.5
g ethylene carbonate ( all from Qualikems India with
purity 99% ) and 3 g magnesium perchlorate (99.5%

Sigma Aldrich), 5 g tetraethylene glycol dimethyl
ether (TEGDME) (Aldrich, 99.9%), 05 g
hydroquinone to moderate the corrosion of electrodes
(99.5% Sigma Aldrich), and 20 ml distilled water,
respectively. Molecular structure of the electrolyte is
illustrated in Fig. 1.
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Fig. 1. Molecular structure visualization of Mg(ClO,), based
electrolyte dissolved in dimethyl sulfoxide.

X-ray diffraction (XRD) patterns of the films were
taken using a Rigaku diffractometer type RINT-
Ultima IV/S. The diffraction system is based with Cu
tube anode with voltage 40 kV and current 40 mA.
Thermo-gravimetric analyses (TGA) and Differential
scanning calorimetry (DSC) of the prepared films
were carried out using a Shimadzu-50 thermal
analyzer from room temperature to 800 °C with a
heating rate of 10 °C/min in a nitrogen atmosphere.
For measuring dc conductivity, the current—voltage
characteristics (I-V) of the (TiO21x (GNP)x
composites were recorded using a 2400 computer
controlled Keithley electrometer. Samples of diameter
1.3 cm were sandwiched between the two similar
stainless steel electrodes of a spring-loaded sample
holder. The whole assembly was placed in a furnace
monitored by a temperature controller. The rate of
heating was adjusted to be 2 °C min™. Impedance
measurements were performed on a Gwinstek LCR-
8110G in the frequency ranging from 20 Hz to 10
MHz at different temperatures.

Cyclic voltammograms (CVs) were conducted in
three-electrode cells using a CHIG04E
Electrochemical Workstation. TiO, and
(TiO2)07(GNP)os nanocomposite were used as
working electrode while magnesium ribbons were
used as counter and reference electrodes (scan rate ~
0.05 mVs™).
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Table 1. Thermal decomposition energy E,, particle size D and
electrical activation energy E of (TiO,):_x (GNP)x composites.

GNP wt.% E. (J/mol) D (nm) E (eV)
0 93.66 16.3 0.603
5 86.02 153 0.138
10 68.43 34.7
20 61.16 34.7
30 56.38 331
40 68.81 36.2

3. Results and discussion
3.1. XRD analysis

Fig. 2 shows the XRD diffraction pattern of (TiO2)1-x
(GNP)x composite. In the case of free TiOy, all the
diffraction peaks can be perfectly indexed to the
typical anatase with tetragonal structure of TiO;
[2,14,15]. Diffraction peaks (002) at 26=26 °C were
observed in TiO; doped graphene, which could be
associated with the ordering of graphene in TiO; —
graphene network. The ordered peak becomes sharper
with increasing GNP content which is a strong
evidence of uniform distribution of graphene nano
platelets (GNP) in TiO2 matrix [16].
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Fig. 2. X-ray diffraction pattern of (TiO2)1_x (GNP) x composite.

The particle size D values of (TiO2)ix (GNP)x
composite are listed in Table 1 and were calculated
using the Scherrer’s equation [17]:

p-_* (1)
Bcoséd

where X is the wavelength of X-ray (0.154nm), K is a
constant ~ 0.9, B is the full width at half maximum
and 0 is Bragg' s angle of anatase (101) plane.

3.2. TGA analysis

Fig. 3a) shows the TGA spectra of (TiO2)1x (GNP)x
composites. No weight loss of TiO, nanoparticles was
observed during this process (x=0) [18]. On the other
hand, the water vaporization for the composites was
difficult to record.
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Fig. 3. (@) TGA analysis and (b) DTG analysis of (TiO;);_x (GNP) x
composite.

A first weight loss from 270 to 370 °C can be
attributed to the elimination of OH groups and chain-
scission reactions [19, 20]. The second weight loss
from 433 to 493 °C is related to the primary
decomposition of grapheme. Normally, graphene
decomposes at relatively low temperature about 650
°C [21]. The thermal behavior of (TiO2)1-x (GNP)x
composites are further probed using the derivative
thermogram (DTG) curves (Fig. 3b). The two peaks
observed at 270 °C and 800 °C, may be attributed to
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the thermal decomposition of PVA (binder) and GNP,
respectively [19,20,22].

The dependence of the activation energies for the
thermal decomposition of the present samples on the
residual mass can be calculated using the first order
integral equation of Coates and Redfern [23]:

2RT E

£ 1 230mT @
where, T is the absolute temperature in Kelvin, E is
the activation energy in J/mol, R is the universal gas
constant (8.13 J/mol K?) and the fraction of
conversion, a, for a weight loss, is given by:

—Log(l-«) R
Log[————F]=Log—[1-
al =5 1 gAE[

Wi We (3)
W, — W,

where w; w; and ws are the actual, initial and final
weight of the samples, respectively. By plotting the
dependence of -Log [-Log (1- &)/T?] versus 1000/T for
each sample, we obtain straight lines, (Fig. 3a (inset)).
Then, the apparent decomposition energies, E, are
calculated from the slopes of these lines using the
expression:

a

E = 2.303R x slope 4)
Values are listed in Tablel. From this table, it clears
that the values of the activation energy decreased with
increasing graphene content. This reflects the role of
GNP to disrupt the chemical nature of TiO2, which
may be advantageous for their potential applications
in electrochemical devices.
SEM micrograph of TiO, and (TiO2)1x (GNP) x
nanocomposites are shown in Fig. 4. In the case of
free graphene, Fig. 4a), TiO, nanoparticles aggregate
into large particles, which could be attributed to poor
rate performance as an anode material due to the long
diffusion path for ions transport during ions
insertion/extraction process [2]. By incorporating
GNP in TiO, matrix, the later was found to be
uniformly distributed in GNP and well distributed on
the 2D graphene nanoplatelets, as shown in Figs. 4 b-
c). It was also noticed that graphene nanoplatelets are
crumpled to a curly and wavy shape. This unique
structure is expected to facilitate the transports of
Mg?* ions, leading to high specific capacity and high
rate capability [16].

3.3. Conductivity Analysis

Fig. 5a) shows the current-voltage (I&V)
characteristics of the (TiO2)1-x (GNP)x composites for
different graphene concentrations. The current
increases linearly with increasing voltage, obeying

Ohm’s law. The values of the resistivity were
extracted from the figure according to equation (5),

1 L
O =R %% ®)
where L is the thickness of the sample and A is the
surface area of the sample. On the other hand, a
significant change of the composites resistivity was
recorded with increasing GNP concentration.

Fig. 4. SEM analysis of (TiO,)1-x (GNP) x composite for (a) TiO,
(b) x=20 and (c) x=40 wt % GNP.

The effect of graphene content on the dc conductivity
odc Of (TiO2)1-x (GNP)x is shown in Fig. 5b). The dc
conductivity of the composites exhibits insulator
behavior for pure TiO; recording ~10 x1071%S/cm,
whereas a semiconductor behavior was recorded for
low graphene content up to 5 vol. %.
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Fig. 5. (@ |-V curves and (b) DC conductivity concentrations

dependence of (TiO,)1-x (GNP) x composite.

The electrical conductivity increased sharply as the
content of graphene was close to percolation threshold
up to 5 vol. %. Above the percolation threshold,
unnoticeable increasing in og4c Was recorded due to the
formation of filler network and the composites reaches
metallic electrical behaviors.

The dependence of the electrical conductivity on the

GNP volume fraction Vene can be described
according to the percolation theory, obeying the
following power relation at Vene > Ve [24],

O yc = O¢ (Vone—Vo)! (6)

where oc is the conductivity of the conducting
component, V¢ is the critical volume fraction or
percolation threshold, and the exponent t reflects the
dimensionality of the system and has been calculated
to be 1.3 or 2.0 corresponding to two and three
dimensions, respectively [25]. Fig. 5b) (inset) shows a
fitting of percolation equation for (TiO2)1-x(GNP)x
composites. The exponent t was found to be about
1.61.
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Fig. 6. (a) Variation of conductivity with frequency and (b)
Variation of conductivity with temperature for (TiO2)1-x (GNP) x
composites.

This result confirms that the GNP nanoparticles are
not located on the surface of the host material matrix
particles, but that they are coordinated in the TiO,
crystal structure and the formation of graphene three
dimensional networks could be enhanced. According
to the obtained values of the exponent t, X-ray results
and SEM investigation, one can conclude that, the
charge will transport easily through the three
dimensional network of graphene and that the
tunneling of charge carrier between weakly connecting
parts of the network will be predominant especially at
high GNP content [24-26]. The higher values of
exponent t could be related to the aspect ratio (r/l) of
graphene nano platelets particles, where r is the
particle thickness and | is the particle length. For
nanotubes or nanosheets particles, the aspect ratio will
be small leading to critical percolation and three
dimensional network at low volume fraction [27, 28].

Fig. 6a) shows the dependence of conductivity on
frequency, at room temperature, for the present
composites at different GNP content. Before
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percolation, the conductivity exhibits two distinct
regions: low-frequency region and high-frequency
region. At low frequencies, a plateau characterized by
direct current conductivity (DC) is present, while at
high frequencies, the conductivity increases gradually
with increasing frequency. This behavior obeys the
universal power law

=0, +A®’ )

where oq is the dc conductivity,  is the angular
frequency, A is the pre-exponential factor and s is the
conduction mechanism factor lies in the range 0<s <1
[29, 30].

The values of the exponent s were calculated from the
fitting of the relation between Incgc versus In®. The s
found values lie within the range of 0.6 < s <0.7,
which predict the predominance of hopping
conduction in (TiO2)1-x (GNP) x composites before
percolation [31]. On the other hand, for samples with
high graphene content (10, 20 and 40 wt. %) the
electrical conductivity is frequency independent,
recording metallic behavior and predominance of
tunneling conduction due to the formation of graphene
network. The decay of conductivity at very high
frequency is attributed to the high speed of the electric
field and the charge carrier cannot follow it.

Fig. 6b) shows the temperature dependence of ac
conductivity for (TiO2)1-x (GNP)x composites at 1 K
Hz. Form the figure, on can notice that, three distinct
behaviors of the composites conductivity with
temperature are recorded. At low GNP content, less
than percolation threshold, the conductivity reflects
semiconductor behaviors, while at moderate and high
GNP content, the conductivity recorded semimetal and
metallic behaviors respectively.

For the samples 0 and 5 wt. %, the conductivity of the
materials follows Arrhenius behavior, i.e.

g = 0gexp 1;3] (8)

where oo is the pre-exponential factor, E. is the
activation energy, K is the Boltzmann constant, and T
is the temperature in Kelvin [32]. The unchanged or
the decreasing of o with temperature at high GNP
concentration, could be attributed to the breakdown of
extended graphene and scattering of charge with
increasing temperature [33].

The values of E, are calculated from the fitting of the
relation between Incac versus 1000/T and listed in
Table 1 for the low GNP content samples. The values

of activation energy decrease with increasing graphene
content, which could be attributed to crosslink of the
conductive paths by GNP through the whole
composite.

3.4. Electrochemical studies

Cyclic voltammogram (CV) techniques were used to
investigate the electrochemical behavior of the TiO;
and (TiO2)o7(GNP)os nanocomposite as the working
electrodes for electrochemical magnesium storage.
Ten cycles were conducted for each cell. Fig. 7 shows
the cyclic voltammetry curve in three-electrode Mg
cell, where TiOz and (TiO2)o.7(GNP)o.3 composites are
working electrodes and Mg ribbons are counter and
reference electrodes, respectively.

Current (A)
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Fig. 7. CV curves of the as prepared working electrodes (a) TiO,
(b) (Ti02)0.7/(GNP)os.

The voltammograms show typical features of the
electrochemical magnesium de-intercalation and
intercalation reactions. Mg?*de-intercalation and
intercalation can be distinguished, corresponding to
anodic/cathodic peaks at ~ 2 V (A) and 0.5 V (C),
respectively. As the cycle number increase the anodic
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peak shifted slightly to a more negative potential while
the cathodic peaks partly moved to a more positive
potential. Furthermore, the height of characteristic
peaks decrease with repeated cycling. This can be
attributed to undesirable reaction [31]:

Mg +H,0—MgO+H,

formation of non-Mg*? conducting molecules (MgO)
at anode surface which can moderate kinetic of Mg*2.
Fig. 8 shows schematic representation of
electrochemical Mg*? insertion/extraction mechanism
within Mg cell. The chemical reaction that probably
takes place at the cathode is:

TiO, + xMg(Il )+ 2xe < Mg, TiO,

[Before discharge‘

ee. 6
" °°\~ P ( =9
- @©®)| Mg . - X
@@ clectrolyt After discharge
oo . J
ce - =®
32 >
o—( =

Fig. 8. Electrochemical mechanism of the TiO,/GNP nanocomposite
electrode within an Mg cell.

4. Conclusion

TiO2/GNP composites were synthesized by a ball mill
method. SEM and X-ray analyses confirmed that
graphene is well distributed in TiO,. It is evident that
graphene helped to reduce the charge transfer resistance
and can absorb deformation caused by divalent insertion
in TiO,. Obvious redox peaks on the cyclic voltammetric
curves confirm Mg*? inserts/extracts into/from TiO,
through our simple electrolyte solution similar to that
observed in conventional Grignard reagents.
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