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Abstract- The active cauliflower-like LiFePO4 (LFP/Cin) material was synthesized with
hydrothermal process in the presence of glucose and then calcined at 600 °C. The physical
properties, particle size and morphology of obtained samples were investigated with the Xray diffraction (XRD), Scanning Electron Microscope (SEM) and Transmission Electron
Microscope (TEM). The electrochemical performance of nano-composites was studied by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic
cycling performance. The CV curves show that LFP/Cin has higher electrochemical
reactivity for lithium insertion and extraction than the LFP conventional cathode material.
EIS measurements demonstrated that Rct for LFP/Cin is 70 and 50 percent lower compared
to LFP and LFP/Cex respectively. The initial discharge capacity of LiFePO4/Cin cathode
material delivers about 133.92 mAh g−1 (82% of theoretical capacity) at 0.1 C and cycling
stability with 96.3% of capacity retention after 40 cycles at 0.1 C. Electrochemical tests
demonstrate that in-situ carbon coating play an important role in the improvement of
battery performance with increasing the conductivity, reduce the particles size and unique
structure.
Keywords- Lithium iron phosphate, Cauliflower-like morphology, Cathode material,
Lithium ion batteries, Glucose, LiFePO4/C
1. INTRODUCTION
Lithium-ion batteries (LIBs), as an important, clean and rechargeable electrical energy
source and green applications, with high energy density and power capability are extensively
used as electrical power sources in portable electronics devices, such as mobile telephones,
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laptop computers, video-cameras and even though in hybrid electric and electric vehicles
(HEVs and EVs). Therefore, batteries with high capacities, cycling stability and good rate
performance are in high demand in current society [1-3]. The first report of LiFePO4 by the
Goodenough in 1997 has generated worldwide attention into the olivine structure [4], because
of the high theoretical capacity of 170 mAh g-1, flat discharge voltage about 3.45 V (vs.
Li/Li+), low cost and toxicity, environmental benignity, and high safety. However, the main
downsides of olivine LFP are its intrinsically low electronic conductivity ( 10–9 S.cm–1 at
room temperature) and low ionic conductivity [5-8]. To solve these inherent drawbacks, two
ways have been adopted. First, coating a conductive thin layer of carbon or another
conductive material onto the surfaces of LFP particles [8-13] or doping with transition metals
[14,15] and second, synthesize of nano particles and decreasing the Li-ion transport distance
[16,17]. Recently, tremendous efforts have been conducted by several research groups for
increasing the electronic and ionic conductivity with carbon coating using various methods
such as, hydrothermal, sol-gel, solid state and so on. One of the best methods for synthesis of
electrode active materials is hydrothermal method due to its advantages such as economic,
homogeneous and narrow size distribution, high crystallinity and morphology [18,19]. Gao et
al [20] prepared LFP/C composite using solid-state reaction, which exhibited an initial
discharge capacity of 145 mAh g−1 and exhibits excellent electrochemical performances but
the size of particles were about 1 micrometer. M. Rastgoo et al had two-stage heating during
hydrothermal process to synthesize LFP microcrystals, which exhibited a capacity of about
118 mAh g-1 and electronic conductivity. However, the low capacity resulting from
microcrystals, limits the practical applications [21].
Recently we have studied improvement of electrochemical properties of some developed
flower like LFP [21], rhombohedral LFP [22], LFP/graphene nanocomposite [23], bow-tielike lithium iron phosphate nanocrystals [24] and CuO/graphene Nano sheets modified LFP
[25] by hydrothermal method. In the present work, to enhance the conductivity and improve
electrochemical performance of lithium iron phosphate (LFP), glucose was utilized as an
additive for active material. We successfully synthesized LFP with a thin layer of electron
conductor carbon coating by a hydrothermal method. The effect of added glucose on the
structural characteristics, morphology and electrochemical performance of the composites
electrode were also investigated and presented. When the obtained powders were used as
cathode materials in LIBs, the LFP/Cin nanoparticles showed the best electrochemical
performances among other electrodes.
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2. EXPERIMENTAL SECTION
2.1. Materials preparation
All chemicals were purchased from Merck CO, Ltd Germany (in analytical grade). The
LFP powders have been synthesized via a hydrothermal reaction from the starting materials
LiOH.H2O, FeSO4.7H2O, and NH4H2PO4 without any purification. The initial concentrations
of Li, Fe and P in the solution were set in the 3:1:1 molar ratio, respectively. In a typical
synthesis firstly, 10 mmol NH4H2PO2, 30 mmol LiOH-H2O and 10% w/w glucose (as a
carbon source and the oxidation inhibitor only for LFP/Cin) were dissolved in double distilled
water and then FeSO4.7H2O aqueous solution (10 mmol) was added gradually to the first
mixture under stirring. A mixture of glycerol and distilled water (50:50) was used as solvent
for both samples LFP/Cin and LFP/Cex. Each of the prepared mixture was then transferred to a
Teflon vessel and the total solvents volume has been brought to 150 ml.
The vessel was bubbled by N2 to emit O2 from reaction media and sealed in a stainlesssteel autoclave and then it was immersed in a silicon oil bath that was previously heated on
the hotplate magnetic stirrer. The hydrothermal treatment was performed for 6 h under
constant stirring (500 rpm) at 180 °C. After cooling it to room temperature, the light green
precipitates were gathered by centrifuging and dried in vacuum oven at 60 °C for 12 h. For
LFP/Cex 10% w/w of glucose was added to obtained samples for carbon source before the
calcined step. The obtained powders (LFP, LFP/Cex, and LFP/Cin) were calcined at 670 °C for
6 h under flowing N2 atmosphere.
2.2. Characterization of materials
The composition, crystallinities and phase purity of the prepared samples were recorded
using powder X-ray diffraction (XRD) Equinox 3000 with Cu Kα radiation (λ=0.15418 nm).
The ZEISS transmission electron microscope (TEM) SIGMA 900 was operated at an
Accelerating voltage of 80 kV. Field-emission scanning electron microscopy (FE-SEM)
measurement was carried out by ZEISS SIGMA.
2.3. Electrochemical measurement
Electrochemical tests were carried out using Li metal and cathode active material (LFP,
LFP/Cex and LFP/Cin) as electrodes, 1 M LiClO4 in propylene carbonate as electrolyte and
micro-pores polypropylene membrane (Celgard 2400) as separator. The composite electrode
for electrochemical measurements was prepared by mixing the as-prepared active material
powders, ultra-pure graphite powder as conductor and poly (vinylidene fluoride) (PVDF) in
weight ratio of 85:10:5 respectively which were dispersed in Nmethyl-2-pyrrolidone (NMP)
as a solvent. The obtained slurry was then casted onto aluminum foil, and then dried at 120
ºC in a vacuum drying oven for 12 hours. Electrode disks were punched and the coin cells
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were assembled in an argon-filled glove box and tested by galvanostatic charge-discharge
cycling between 2.5 and 4.3 V (versus Li+/Li) using (Kimia stat-5 V/10 mA, kimia pardaz
rayane, Iran) battery tester. The cyclic voltammetry (CV) between 2.5-4.5 V (vs. Li+/Li), with
scan rate 0.5 mV/s and electrochemical impedance spectra (EIS) test in the frequency range
of 0.01–100,000 Hz was performed on a Galvanostat/Potentiostat Autolab (PGSTAT 302N).
All electrochemical measurements were carried out at room temperature.

3. RESULTS AND DISCUSSION
Fig. 1 shows the XRD patterns of the LFP powder, LFP/Cex, and LFP/Cin composite. All
diffraction peaks agree well with those of olivine LFP indexed with orthorhombic Pnma
space group (JCPDS Card No. 40-1499) [26]. Clearly both the LFP and LFP/C are phase pure
without x-ray identifiable traces of secondary phases. On the other hand, there is no
additional diffraction peaks with crystal modification by carbon, which means the carbon is
produced from glucose is amorphous. Fig. 1 (red line) show the XRD pattern of the in-situ
carbon-coated sample LFP in glucose solution, the strong and sharp LFP/Cin peaks suggest
that in-situ carbon source during synthesis has a synergism with solvent. This synergetic
effect of glucose with the glycerol as a co-solvent in hydrothermal process has an undeniable
role on the physical structure and electrochemical properties of nano-composite. It can clearly
show that LFP/Cin particles have a good crystallization and well and narrow size distribution
[27].

Fig. 1. XRD pattern of the as-prepared LiFePO4, LiFePO4/Cex, LiFePO4/Cin powders
Fig. 2 shows the SEM images of the LFP/Cin sample, Fig. 2(a), and the LFP/Cex sample,
Fig. 2(b). The particle size of LFP/Cin and LiFePO4/Cex is approximately 65 and 100 nm,
respectively indicating that the in-situ carbon source plays a major role in determining the
morphology and size distribution of particles and their growth of LFP during the
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hydrothermal synthesis process. The uniformed size distribution of the particles and its
porosity can essentially effect on the interface reaction between the electrode and the
electrolyte solution, which means that the diffusion rate of lithium ions insertion/extraction.
The glucose not only cane efficiently impact on the size of particles but also has an
undeniable role on the morphology. According to the Fig. 2 (b) it is clearly revealed that the
in-situ carbon sources can efficiently effect on the obtained samples' structures. Glucose as a
carbon source and glycerol as a co-solvent, can change effectively the viscosity of
hydrothermal media, in addition they has an essential impact on the crystal growth of
obtained samples.
The TEM images Fig. 2 (d) shows that LFP/Cex aggregate of several smaller particles
which agglomerate around large particles. Clearly, because of the high interfacial energy,
LFP/Cex nanocomposites tend to assemble irregularly, which can significantly affect their
specific surface area. The TEM image in Fig.2 (d) demonstrates Rhombus particles with wide
particle size distribution (100-300 nm) that contain an ununiformed carbon layer. This
inhomogeneous carbon coating on the LFP/Cex sample may have effect on the lithium
diffusion as a result it can lead to an inadequate electronically conduction [28].
According to the Fig. 2 (c) the agglomeration of particles is tremendously reduced for
LFP/Cin.

Fig. 2. SEM images of LFP/Cin (a); LFP/Cex (b) and TEM images of LFP/Cin (c); LFP/Cex (d)
In addition, the average particle size 50 nm approximately, illustrate a uniform pore and
particle size distribution in comparison with other samples. As shown in Fig. 2 (c) monitors
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that LFP/Cin particles encompassed in a continuous amorphous and conductive carbon shell.
This continues network of carbon can explain its better electrical conductivity rather than
other samples. This result demonstrated that in-situ carbon coating layer can effectively
prevent the agglomeration of sample particles and make them more uniformly.
Fig. 3 shows the initial charge–discharge curves of the LFP, LFP/Cex and LFP/Cin
samples (a) and discharge capacity vs. cycle number for investigation of cycling performance
of the three composite electrode (b). As shown in Fig. 3(a), the initial discharge capacity of
LFP/Cin, LFP/Cex and LFP deliver 133.92 mAh g-1, 126.65 mAh g-1, 115.52 mAh g-1
respectively at a constant charge/discharge current rate of 0.1 C between 2.3 V and 4.6 V(vs
Li/Li+). The voltage difference between the charge and discharge plateaus (ΔV) in Fig. 3(a)
indicates the polarization degree of the cell system, which the LFP/Cin has the lowest
difference potential among samples. The smaller polarization degree (smaller ΔV), can
obtained the better electrochemical performance due to lower overpotentials for redox
reaction for both charge-discharge processes [29].
As shown in Fig. 3b, the LFP/Cin nano composite delivers a discharge capacity about 129
mAh g-1 after 40 cycles nearly 96.3% retention capacity. The LFP electrode without carbon
coating exhibits poor cycling stability and rapid and continuous fading of the discharge
capacity to 70 mAh g-1 after 40 cycles. Both the initial discharge capacity and good cycling
stability can be attributed to the unique morphologies cauliflower-like structure and ultrafine
particles which can shortening the transmission length of Li+ ions and provide the conducting
pathway for the Li+ ions into the cathode.

Fig. 3. (a) Initial charge-discharge profiles at 0.1 C current rates; (b) Cycling performance
LFP, LFP/Cex and LFP/Cin by the Li foil as reference and counter electrode and between 2.54.2 V (vs. Li/Li+)
In order to investigate the effect of carbon on electrochemical performance, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurement was
used. Fig. 4 shows the CV curves of the as-synthesized LiFePO4 base and Li foil electrodes at
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the scan rate 0.5 mV.s-1 and between 2.5−4.3 V (vs. Li/Li+). Two samples exhibit a pair of
redox peaks around 3.45 V (vs. Li+/Li), correspond to Fe2+/Fe+3 transformation during
charge/discharge plateaus shown in Fig. 3(a). The results of the Fig. 4 are given below in
Table 1. As can be seen in Fig. 4 the LFP/Cin electrodes has sharp and highly symmetrical
current peaks than the LFP/Cex electrode, indicating rapid electrochemical kinetics process of
the cathode materials (Li+ insertion/de-insertion). Difference between the potential of
reduction and oxidation peaks of LFP/Cin is about 0.78 V. LFP/Cin demonstrates the low
potential separation between the cathodic and anodic peaks ( Ep), indicating less
polarization and electrode reaction reversibility [30]. This result suggests that the LFP/Cin
electrode has low polarization and good electronic conductivity, which means modifying
electrochemical properties.

Fig. 4. Cyclic voltammograms (CVs) of LFP/Cin and LFP/Cex electrode at scan rate of 0.5
mV.s-1
Table 1. Cyclic voltammetry parameters of LiFePO4 based on the Fig. 4
Sample

Ep (V)

Ic (A)

Ia (A)

Ic/Ia

LFP/Cex

0.85

0.377

0.415

0.90

LFP/Cin

0.78

0.42

0.451

0.94

EIS measurements of LFP electrodes are performed at frequencies from 100 kHz to 0.01
Hz with an excitation voltage of 10 mV and the Nyquist plots are shown in Fig. 5. All EIS
profiles include a semicircle in the high frequency region (Rct) for lithiation reaction at the
interface of electrolyte and cathode, in addition a straight line in the low frequency region
which represents to Warburg (W) related to diffusion of the lithium ions in the electrolyte
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into the bulk electrode material. The intercept impedance on the Z′-axis corresponds to the
solution resistance, which consisted of the resistance of the electrolyte and electrode (Rs)
[31]. The result of fitted impedance parameters are shown in Table 2. The initial Rs of the
three electrodes is nearly the same (Table 2). From Fig. 5, it can be clearly seen that the
diameter of the semicircle for LFP/Cin (120 Ω) electrode is smaller than LFP/Cex (380 Ω) and
LFP (420 Ω) electrode. This result indicating a significant decrease in charge
transfer resistance of LFP/Cin material and exhibits a good correlation with capacity results
in Fig. 3, due to the unique multiple conductive networks and increasing in electrical
conductivity.

Fig. 5. EIS profiles of LFP/Cin, LFP/Cex and LFP electrode
Table 2. Impedance parameters of LFP electrodes based on the Fig. 5
sample
LFP

Rs (Ω)
11.03

Rct (Ω)
420

Cdl (µF)
53

LFP/Cex

9.42

380

90

LFP/Cin

9.16

120

104

LFP/Cin shows higher lithium ion diffusion coefficient with increase the slope of
Warburg line than the LFP/Cex and LFP composite, demonstrated that the carbon coating
enhanced mobility of lithium ions in LFP electrode [31,32]. All results are in good
agreement with the electrochemical cycling performance of the LFP/C in cathode,
TEM and SEM observation.

4. CONCLUSIONS
In this work, we synthesized of LFP cauliflower-like (nanocomposite) by a hydrothermal
method. The morphology and properties of cathode materials have been characterized by
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XRD, SEM, TEM analysis, which confirmed the uniform olivine structure indexed by
orthorhombic Pnma and size of particles about 65 nm for LFP/Cin and good distribution of
carbon in the structure during the reaction. The CV and EIS results indicated that 10%
glucose content can improve the kinetics of lithium insertion/de-insertion in the electrode
material, reversible behavior and the Rct is reduced as follows, LFP> LFP/Cex> LFP/Cin. The
LFP/Cin exhibited an initial discharge capacity (133.92 mAh g-1) with the capacity retention
rate of 96.3% at 0.1 C. Due to its good electrochemical performance, the LFP/Cin
cauliflower-like can be considered as a promising cathode material for lithium-ion batteries.
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