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Abstract Graphene nanosheets (G) and pure, as well as
doped Mg-, Mn-, V-Li4Ti5O12, spinel structure have been
synthesized. As-prepared materials were characterized by X-
ray powder diffraction (XRD), FT-IR, scanning electron mi-
croscopy (SEM), cyclic voltammetry, and constant current
discharge methods. The physical properties, as well as the
possible role of the doped materials in supercapacitors, have
been studied. The hybrid supercapacitor with pure or doped
Li4Ti5O12 (LTO) anode was fabricated afterward to form the
graphene/Li4Ti5O12. The specific energy, specific power, fast-
charge capability, lifecycle, and self-discharge of the studied
devices were compared. Metal doping did not change the
phase structure while remarkably improved its capacitance at
high charge/discharge rate. The hybrid supercapacitor utiliz-
ing pure or doped Li4Ti5O12 as an anode exhibits high capac-
itance compared to DLC because of the electrochemical pro-
cess with intercalation/deintercalation of lithium into the spi-
nel LTO. The capacitance of the hybrid supercapacitor de-
creases from 207 to 108 Fg−1 when discharged at several
specific current densities ranging from 1 to 10 Ag−1. In con-
trast, the capacitance of the DLC is slightly decreased.
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Introduction

As a result of the rapidly growing energy needs ofmodern life,
the development of high-performance energy storage devices
has gained significant attention. Supercapacitors are promis-
ing energy storage devices with properties intermediate be-
tween those of batteries and traditional capacitors [1]. There
are two types of supercapacitors depending on energy storage
mechanisms, namely, electrical double layer (EDL) capacitors
based on ion adsorption and pseudocapacitors based on elec-
trochemical redox reactions [2].

Supercapacitors offer high power density when compared
to battery systems and provide a relatively large energy den-
sity compared to conventional capacitors. Over the past cou-
ple of decades, supercapacitors have become central parts of
everyday products by replacing batteries and capacitors in an
increasing number of applicat ions. The common
supercapacitors now available in the market are symmetric
double-layer symmetric capacitors (DLCs) containing activat-
ed carbon electrodes and organic electrolytes that deliver cell
voltages as high as 3.0 V. Although these DLCs exhibit high
power densities and outstanding lifecycle, they suffer from
low energy density owing to the limited capacity of C-based
electrodes. The specific pseudocapacitance of Faradaic elec-
trodes exceeds that of carbon-based DLCs, but their perfor-
mance tends to degrade promptly upon cycling. Studies
through the past few years have supported an attractive alter-
native to conventional DLCs and pseudocapacitors by utiliz-
ing hybrid systems. Using both Faradaic and non-Faradaic
progressions to store charge, hybrid capacitors can attain en-
ergy and power densities greater than DLCs without losing the
cycling stability and offer ability that has so far limited the
success of pseudocapacitors [3].

Such hybrid tactics can overcome the energy density
limitation of the conventional electrochemical capacitors

* M. Khairy
moh_khairy3@yahoo.com

1 Chemistry Department, Faculty of Science, Benha University,
Benha, Egypt

2 Chemistry Department, College of Science, Al Imam Muhammad
Ibn Saud lslamic University, Riyadh, Kingdom of Saudi Arabia

J Solid State Electrochem (2017) 21:873–882
DOI 10.1007/s10008-016-3433-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3433-y&domain=pdf


since they employ both the arrangement of a battery-like
(faradic) electrode and a capacitor-like (non-faradic) elec-
trode, generating larger capacitance and working voltage
[4]. These hybrids can triple the energy density up to 20–
30 WhL−1 compared to that of conventional electrochemi-
cal capacitors. However, the ion exchange rates at the fa-
radic electrodes must be increased to the levels of non-
faradic electrodes in order to balance the two systems. To
meet these demands, recently, Li4Ti5O12 (hereafter abbrevi-
ated as LTO), which has higher energy density than DLC,
has been utilized as an anode material linking with
graphene as cathode material in an asymmetric hybrid
supercapacitor. The LTO has the following advantages: (1)
zero strain insertion that offers little volume change during
charge and discharge [5], (2) thermodynamically flat dis-
charge profile at 1.55 V vs. Li/Li+ [6], (3) high coloumbic
efficiency near enough to a theoretical capacity of
175 mAh g−1 [7], (4) safety with slight electrolyte decom-
position and no gas evolution [8]. In spite of this, the
conventional LTO electrode has important drawbacks such
as low power characteristics that stem from an inherently
low Li+ diffusion coefficient and poor electronic conductiv-
ity [9]. The low conductivity of LTO leads to initial capac-
ity loss and bad rate capability. To enhance the low con-
ductivity, several approaches have been grown, such as
cation doping [10], incorporating the second phase with
high electronic conductivity, for example, metal powder
and carbon [11] and synthesis of the nanosized particle
[12].

Various synthesis methods are used for the production of
LTO such as hydrothermal [13], sol–gel [14], molten salt
[15], solid-state reaction [16], spray pyrolysis [17], and
microwave irradiation [18]. Generally, spinel-Li4Ti5O12 is
synthesized by a conventional solid-state reaction using
Li2CO3 (or LiOH) and TiO2 as starting materials at high
temperatures because the solid-state reaction using Li and
Ti source as raw materials is easy and economical [16].

Graphene (G) is an allotrope of carbon as a two-
dimensional with one atom thick, a honeycomb cross
section in which one atom forms every vertex.
Graphene has many amazing properties. It conducts elec-
tricity and heat efficiently and has a high mobility of
charge carriers [19].

High energy and high power electrochemical energy
storage devices depend on diverse essential working
principles—bulk vs. surface ion diffusion and electron
conduction. Taking on both characteristics has been un-
der deep studies yet, severely hindered by intrinsic ma-
terial limitations. In this paper, we synthesized G,
nanosized pure LTO, and doped (Mg, V, Mn) LTO par-
ticles via solid-state reaction and studied the electro-
chemical properties of both the symmetric and asym-
metric hybrid supercapacitor.

Experimental

Materials

All the materials used were of analytical grade.

Preparation of materials

Preparation of graphene nanosheets (G)

Graphene was synthesized by a method similar to the
Staudenmaier process with some modifications [20]. First,
5.0 g of graphite (99.99 % purity, provided from Fischer
Scientific, Chemical) was slowly added to amixture of fuming
nitric acid (25 ml) and sulfuric acid (50 ml) for 30 min. After
cooling the mixture down to 5 °C in an ice bath, 25.0 g of
potassium chlorate was slowly added to the solution while
stirring for 30 min.

The solution was heated up to 70 °C for 5 h and was then
cast on the air for 3 days. Most of the graphite precipitated at
the seat, but an exfoliated graphite was floating. The floating
carbon materials were moved into DI water (1 L). After stir-
ring it for 1 h, the solution was directly filtrated and the sample
was dried in air. The above steps were then repeated four
times. Unlike the Staudenmaier process which filters all the
graphite powders, we separate out (by filtering) just the float-
ing graphite which has been reacted.

Preparation of pure and doped Li4Ti5O12

All chemicals were of reagent grades and used as received.
Pure and doped Li4Ti5O12 (LTO) with various dopants (Mg,
Mn, and V) were synthesized by using ordinary solid-state
reaction. In a typical synthesis, a stoichiometric ratio of
starting materials (TiO2, LiCO3, MgO, MnO2, V2O5) were
mixed thoroughly to prepare samples of Li4+xTi5O12, Li4+x
Mg0.1Ti5O12, Li4+x Mn0.1Ti4.9O12, and Li4+xV0.1Ti4.9O12,
where x = 0, 0.6. The mixed powders were wetted by absolute
ethanol and milled in an energetic ball mill for a week. The
obtained slurry was then dried at 80 °C for 1 h, to remove
ethanol. Finally, the pure and doped LTO specimens were
calcined in an air atmosphere at 800 °C for 4 h.

Characterization

XRD analyses were performed on a Philips X-Ray diffractom-
eter with Cu-Kα with λ = 0.154 nm. The diffractogram was
recorded for 2θ angles in the range 15–80°.

The SEM photographs were taken with a scanning electron
microscope (Philips SEM 515).
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The FT-IR spectra were recorded in the range of 400–
4000 cm−1 using an infrared spectrophotometer (Perkin-
Elmer LX 18–5255).

The surface properties, namely, the BET surface area, pore
volume (Vp), and mean pore diameter (r), were determined
from N2 adsorption–desorption isotherms measured at 77 K
using conventional volumetric apparatus. The samples were
evacuated at 473 K for 3 h under a reduced pressure of
10−5 Torr before starting the measurement.

Electrochemical measurements

The pure and doped LTO anodes were prepared by mixing the
active material with conductive carbon black (Super P) and
polyvinylidene fluoride (PVDF) as a binder with the weight
ratios 80:10:10, respectively. N-methyl pyrrolidiznone (NMP)
was utilized as a solvent. The slurry obtained from the mixture
was coated on a copper current collector and dried at 150 °C to
remove the NMP solvent. In the case of graphene electrode,
the conductive material was not included in the electrode
preparation. Few drops of n-methyl pyrrolidinone (NMP)
were added to form slurry. The charge and discharge measure-
ments were carried out in a cylindrical cell (2245 size). The
asymmetric hybrid supercapacitor cells were assembled by
using pure and doped LTO as an anode and graphene as a
cathode. To compare the asymmetric hybrid supercapacitor,
G-double-layer symmetric capacitor (DLC) cell was fabricat-
ed in the same way. The mass ratio of positive to negative
electrodes was evaluated by using the following equation to
maintain a charge balance: q + = q− in order to fabricate the
device m+/m− = (C− × ΔE−) / (C+ × ΔE+) in which q+/q−,
m+/m−, C+/C−, and E+/E− are the charge, mass, specific
capacitance, and potential windows for the cathode (+)/anode
(−), respectively. Accordingly, the optimal positive-to-
negative mass ratio was determined to be 1: 2.5 of LTO/G
for the asymmetric capacitor.

The electrolyte was a 1 M solution of LiPF6 in ethylene
carbonate (EC)-dimethyl carbonate (DMC) 2:1 in v/v. Non-
woven fabric was utilized as the separator. All electrochemical
characterization was performed in the two-electrode system at
room temperature. EIS and CV were conducted using an
Autolab (Metrohm analyzer). Galvanostatic charge–discharge
measurements were performed using LANDCT2001Amodel
test system.

Results and discussion

XRD patterns of graphene (G) (Fig. 1) dominate reflection
peak centered at 2θ = 24° (002), which is correlated to an
interlayer spacing of 0.38 nm. The observed broad peak also
indicates that the graphene sheets are loosely stacked in G, and
it is different than that of the crystalline graphite. The absence

of any peak characterized for graphene oxide or graphite indi-
cates that the prepared sample is pure graphene. The crystallite
size of G is estimated by Debye Formula [21]:D = 0.9λ/βcosθ,
where D is the average crystallite size, λ is the wavelength of
Cu-Kα, β is the full width at half maximum (FWHM) of the
diffraction peaks, and θ is the Bragg’s angle, and the average
size of particles is calculated to be about 3 nm (Table 1).

XRD patterns of either pure or doped LTO specimen with a
stoichiometric ratio of 4:5 and 4.6:5 was shown in Fig. 2. The
XRD patterns of pure LTO specimen with a stoichiometric
ratio of 4:5 (Fig. 2e) illustrated the formation of LTO cubic
spinel phase structure as the main product with diffraction
peaks at 18°, 37°, 43°,49°, 58°, 63°, 66°, 75°, 76°, and 79°
referring to (111), (311), (400), (331), (333), (440), (531),
(532), (622), (444), (JCPDS card no. 49–0207), respectively.
Besides these major peaks, some impurity phases matching to
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Fig. 1 XRD patterns of a graphene oxide, b reduced graphene, and c
graphite

Table 1 Lattice parameter a, particle size, and surface properties of
spinel Li4Ti5O12 and Li4Ti5O12 doped with Mg, Mn, and V as well as
graphene

Sample Crystallite
size (nm)

Lattice
parameter
(a) (Å)

Surface
area
(m2 g−1)

Pore
diameter
(nm)

Pore
volume
(ml)

LTO 156 8.350 33 28.15 0.037

Mg-LTO 102 8.352 46 20.13 0.037

Mn-LTO 127 8.338 38 25.60 0.039

V-LTO 135 8.343 34 20.19 0.027

G 3 – 179 34.80 0.249
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a rutile TiO2 phase at 27° and 55° (JCPDS card no. 76–1940)
were also observed. This means that not all amounts of TiO2

reacted with Li2CO3. Subsequently, we have prepared other
pure and doped samples under the same conditions used pre-
viously but with a stoichiometric ratio of Li/Ti equal to 4.6:5
(i.e., in presence excess of Li). XRD of these specimens
(Fig. 2a) illustrated the formation of pure cubic spinel phase
structure of Li4Ti5O12 with a Fd3m space group in addition to
a small end hump at 43.7° and 63.5° ascribed to the (400) and
(440) crystal faces of Li2TiO3 (JCPDS no. 74-2257). These
results coincide with the data obtained from a phase diagram
of TiO2–Li2CO3 [22].

The results obtained point to that the dopants have success-
fully inserted into the spinel lattice structure of Li4Ti5O12

without causing any changes in its structural characteristics.
The crystallite sizes of the studied samples were calculated by
the Debye formula, and the values obtained are listed in
Table 1, from which it can be seen that the crystallite size
decreases through introducing doping ions into LTO lattice.
It decreases in the order Mg-LTO <Mn-LTO < VLTO < LTO.

Bragg’s equation was applied to determine the lattice pa-
rameter, a, by nλ = 2dhkl sinθ, where n is 1, λ is the wave-
length of the incident X-ray beam (0.154 nm), θ is the incident
angle, and d is the distance between the atomic layers of the
cubic structure. Because Li4Ti5O12 is a face-centered cubic,
the lattice parameter is evaluated by using dhkl = a/L, with
L = (h2 + k2 + l2)0.5, where (hkl) are the Miller indices. The
lattice parameters evaluated for the pure and doped samples
are listed in Table 1. The Ba^ values obtained is in harmony
with the modification of the ionic radii induced by the indi-
vidual substitution. Since ionic radii of Mg2+, Mn4+, and V5+

are 0.066, 0.06067, and 0.05968 nm, which are smaller than
Ti4+ and Li+ (0.068 nm), the lattice parameters a of all substi-
tutions, except for Mg-LTO, were smaller than the spinel
Li4Ti5O12.
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Fig. 3 FT-IR spectra of a TiO2, b Li2CO3, c V-LTO, d LTO, eMg-LTO,
and f Mn-LTO
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The increase in the lattice constant parameter of Mg-LTO
specimen might be due to the fact that the substitution of
doping ions for Ti4+ site will produce the transition of a certain
amount of Ti4+ to Ti3+ as charge compensation [23], which
will cause the increase of the lattice constant of the Li4Ti5O12

because Ti3+ (0.069 nm) is larger than Ti4+ (0.068 nm).
Figure 3a–f shows FT-IR of Li2CO3, TiO2, pure and doped

LTO. It demonstrates a vibration band at ∼3400 cm−1 for
adsorbed H2O molecules, 1482 cm−1 and 1426 cm−1 for car-
bonate group, 1088 cm−1 for Li-O band, and 583 cm−1 for Ti-
O band. The FT-IR spectra of calcined mixtures, with Li/Ti
ratio of 4.6:5 at 800 °C illustrated the absence of vibration
bands of the carbonate group, which shows that all Li2CO3

reacted (Fig. 3c–f). The figure demonstrates a band at
1621 cm−1 corresponding to the vibration of adsorbed H2O

molecules, whereas the band of Li-O and Ti-O still appeared
in the range from 450 to 1000 cm−1.

The surface morphology and particle sizes of pure, doped
LTO and graphene samples were examined using SEM and
given in Fig. 4a–e. The images of pure and doped LTO show
that these samples are well crystallized. Moreover, it is clear
that doping does not change the morphological aspect of the
doped LTO nanoparticles when compared with pure LTO and
hence the same cubic morphology is maintained in the case of
doped LTO also. On the other hand, the image of graphene
(Fig. 4e) shows graphene sheets stacked together with the
presence of pore inside the sheet. The diameter of the plate-
like stacked morphology lie in the range 1–2 μm.

Information on the surface characteristics of a material is
essential for the possible applications of surfaces in

(e)

(d)(c)

(b)(a)Fig. 4 SEM images of a LTO, b
Mg-LTO, c Mn-LTO, d V- LTO
and e G.
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electrochemical research [24]. The surface textures of the sam-
ples investigated were examined from the N2 adsorption/
desorption isotherms (Fig. 5). The isotherm of all samples
exhibits type IV characteristics according to the IUPAC clas-
sification, indicating the presence of mesoporousmorphology.
The hysteresis loops of type H3 are observed and characteris-
tic to aggregates of plate-like or slit-shaped pores [25]. The
Brunauer–Emmett–Teller (BET) method has been used to de-
termine the surface area for the electrode materials in the range
of 0.05 < p/p° < 0.35. The pore size distribution of the samples

is calculated using the Barrett–Joyner–Halend (BJH) method.
The surface data of the specimens investigated are listed in
Table 1, from which it can be seen that the surface area in-
creases in the order: G >Mg-LTO >Mn-LTO > V-LTO > pure
LTO. This reveals that the surface area of LTO specimens
increases with introducing doping ions into the LTO lattice.
On the other hand, the pore diameters of the doped LTO sam-
ples are less than that of the pure one according to the conse-
quence: V-LTO <Mg-LTO <Mn-LTO < pure LTO. Generally,
the mesoporous structure obtained for the electrode materials

P/Po

 Adsorption
 desorption

(e)

(d)

(c)

(b)

(a)

Fig. 5 N2 adsorption-desorption
isotherms of a G, b Mn-LTO, c
Mg-LTO, d V-LTO, and e LTO
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can play a major role to the high-performance of the
supercapacitor devices due to the fast diffusion of ions im-
proving electrolyte access to the high interfacial area.

Cyclic voltammetry (CV) is known as a tool suitable to
indicate the difference between non-faradaic reaction and far-
adaic reaction. Figure 6 shows the results of cyclic voltamm-
etry for the studied cells at 5 mV/s.

The CV curve of G/G (DLC) exhibits a semirectangular
shape with no obvious peaks, which is a characteristic of the
electric double-layer capacitance of carbon-based materials.
On the other hand, pure or doped LTO/graphene (asymmetric
capacitors) clearly show a different electrochemical behavior
(Fig. 6b), where the cathode (G) stores charge through an
electrostatic adsorbing–desorbing process on the surface of
G. On the other hand, the anode (pure or doped LTO) exhibits
an oxidation–reduction behavior (can be better seen at a
higher scanning rate ) [26].

The specific capacitance (C) was calculated from CV data
according to Eq. (1) [27].

C ¼ 2

ΔV :υ:m

Z þV

−V
I Vð ÞdV ð1Þ

where C is specific capacitance, V is potential, ( ) (ν) is scan
rate, I is current, and m is a mass of active material of the
electrode. The results obtained are summarized in Table 2. It
shows that the capacitance increases according to the order

G=V−LTO > G=Mn−LTO > G=Mg−LTO > G=LTO > G=G

Figure 7 shows the discharge curves of the DLC and hybrid
capacitors (cutoff voltage 2 V) at discharge current 1 A.
Capacitances were calculated from each discharge curve and
the results obtained are given in Table 2. The capacitance
values of the hybrid supercapacitors are about two times of
DLC and higher for doped LTO cells compared with pure one.
The differences of the discharge time and specific capacity
between the hybrid supercapacitors and DLC reveal that the
hybrid supercapacitor cell is composed of the capacitor system
and the secondary battery system, as described according to
the following equations:

Gþ PF6
−⇌Gþ•PF6− þ e− cathode½ �

Li4Ti5O12 þ 3Liþ þ 3e−⇌Li7Ti5O12 anode½ �

The graphene electrode shows a double-layer electric be-
havior due to the electrostatic adsorbing–desorbing process of
PF6

− on G. On the other hand, the LTO electrodes exhibit an
oxidation–reduction behavior.

The energy density (E, Wh kg−1) and power density (P, W
kg−1) were derived fromCV curves at various scan rates using
Eqs. (2) and (3), respectively [28]:

E ¼ 1

2
Cs ΔVð Þ2 ð2Þ

P ¼ E
t

ð3Þ

where Cs is the specific capacitance calculated from the
charge/discharge curve in Fg−1, ΔV is the voltage change
during the discharge process, and t is the discharge time in
h. Results (Table 2) show that the energy density of the hybrid
supercapacitor is higher than DLC, whereas its power density
is worse.
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Fig. 6 Cyclic voltammetric curves (CVs) of DLC G/G (a) and the
hybrid-supercapacitor G/Li4Ti5O12 (pure and doped) (b)

Table 2 Electrochemical results: capacitance obtained from CV at
5 mv/s and discharge current at 1 A

Capacitor Capacity (Fg−1) E (Wh kg−1) P (W kg−1)

G/G 42 (50) 11.7 461

G/LTO 162 (140) 45.5 759

G/Mg-LTO 170 (184) 47.8 771

G/Mn-LTO 186 (202) 52.3 850

G/V-LTO 207 (223) 58.2 831

( ) Values from CV data
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Figure 8 shows cycle performances of the hybrid
supercapacitor and DLC. After 5000 cycles, capacitance
losses of the DLC, LTO/G, Mg-LTO/G, Mn-LTO/G, and V-
LTO/G are 7.0, 10.8, 11.3, 11.1, and 11.5 %, respectively.
Results reveal that the cycle performance of hybrid
supercapacitors is slightly worse than that of DLC.
However, the capacitance values of the hybrid supercapacitors
are higher than the double value of DLC. This result indicates
that the energy storage performance of hybrid supercapacitors
is better than that of DLC.

For rate capability, both DLC (G/G) and the hybrid capac-
itor V-LTO/G were tested at various discharge rates. Their
charge/discharge current densities were the same for compar-
ison purposes. From the results obtained, shown in Fig. 9, it
can be seen that the capacitance decreases slightly with in-
creasing discharge rate for DLC and that it decreases obvious-
ly for the hybrid capacitors due to the polarization effect.
These outcomes demonstrate DLC has good performance at
high charge/discharge rates compared with the hybrid capac-
itor because of its electrostatic storage mechanism.

Impedance spectroscopy (EIS) is an ideal tool for charac-
terizing electrochemical capacitor because it provides

important information on the timescales of all phenomena
occurring in the capacitor and knowing the parameters in-
volved in each step of the electrochemical process. In general,
EIS is exhibited as a Nyquist plot by employing a real number
measure (Zre) of the impedance as the X axis and an imaginary
number quantity (Zim) of the impedance as the Y axis.
Figure 10 shows Nyquist plots for the four capacitor cell con-
figurations studied. All the impedance spectra are similar in
shape to an arc in the higher frequency region and a spike in
the low-frequency region, demonstrating a capacitive behav-
ior. The semicircle at the high frequency range is associated
with the charge transfer resistance at the active material inter-
face, while the inclined line at the low frequency ending attri-
butes for the Warburg factor being related to the diffusion-
controlled process of the Li ions. From the high frequency
intercept of the semicircle with the real axis, the equivalent
series resistance (ESR) may be determined. For symmetric
cell (G/G), the nearly vertical line at the low-frequency region
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Fig. 8 Cycle stability of DLC and hybrid capacitors during the long-term
charge/discharge process at a current density of 1 Ag−1 and voltage range
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is a good hint of a pure capacitive behavior with a low diffu-
sion resistance of ions in the structure of the electrode due to
the mesoporous surface network, which provides better acces-
sibility to the ions in the electrolyte. For asymmetric cells, the
impedance spectra are similar in shape with the exception of
the small change of equivalent series resistance (ESR) in the
high-frequency range; this represents a combined resistance
from the ionic resistance of the electrolyte and the intrinsic/
contact resistance produced by the interfaces. As shown in
Fig. 9, there is a significant difference among dopants. And,
the value of the diameter for the semicircle on the Z` axis
approximately amounts to be 5, 230, 220, 160, and 100 Ω,
for G/G, LTO/G, Mg-LTO/G, Mn-LTO/G, and V-LTO/G, re-
spectively. This refers to that the values of Rct for the LTO
electrodes following the order: LTO > Mg-LTO > Mn-LTO >
V-LTO. This refers to that the doped ions improved the elec-
tronic conductivity of doped LTO compared to a pure one.
Figure 10 also shows that the charge transfer resistance of V-
LTO is much lower than that of any other specimen investi-
gated. The hopping transport of the 3D electrons via the V5+

or Mn4+ and Ti4+ ions is feasible because the Mn and V 3D
bands are close to the Ti 3D ones [29]. In the case ofMg-LTO,
the valence of titanium is influenced by the valence of mag-
nesium. Thus, the substitution of Li+ by Mg2+ led to mixed
Ti4+/Ti3+ valences and enhanced the conductivity of LTO.

Conclusions

In conclusion, nanoparticles LTO and Mg-, V-, or Mn-LTO
were successfully synthesized using a solid-state reaction
method. The effect of doping on the crystal structure and
morphology was investigated. It could be concluded that
Mg2+, Mn4+, and V5+ ions do not change the cubic spinel
nature of the LTO and also no morphological changes. The
effect of doping content on the electrochemical perfor-
mance of the as-synthesized samples was preliminarily in-
vestigated. It is apparent from the electrochemical studies
carried out that doping greatly influences the cyclic behav-
ior and thereby improves the functioning of the electrode
material. The results revealed that the V-LTO sample ex-
hibited the largest specific capacity and the best rate capa-
bility among all the prepared electrodes. It is a valuable
material as an anode for lithium-ion batteries applied in
large-scale energy storage.
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