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Hydrothermal Synthesis of Leaf-like LiFePO,/C Cathode Composites
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Abstract: Highly-dispersed LiFePO,/C composite with micro-leaf structure was synthesized by a facile citric
acid-assisted hydrothermal method in this study. Crystal structure and morphology of samples were investigated
by XRD, FTIR, SEM, HR-TEM and selected area electron diffraction (SAED). The characterization results
indicate that citric acid accelerates the formation of leaf-like LiFePO,/C composite. The as-prepared leaf-like
LiFePO,/C composite with an enlarged (010) plane has high dispersibility. By comparing the electrochemical
properties of the LiFePO,/C particles in our study, the LiFePO,/C micro-leaves exhibit larger discharge capacity
and better rate performance, which deliver a discharge capacity of 158 mAh-g™ at 0.1C and 126 mAh-g™ at 5C.
The enhanced performance perhaps is attributed to the reduced Li-ion diffusion paths along the [010] direction

and larger Li-ion diffusion coefficient.
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Due to its high theoretical capacity (~170 mAh- olivine lithium iron phosphate (LiFePO,) cathode

g7, high safety, good cycle stability and low cost, material makes large-scale applications of lithium ion
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(LIBs), such as electric vehicles (EVs),
hybrid electric vehicles (HEVs) and stationary energy

batteries

storage for solar and wind electricity generation as
well as smart grids!"”. However, large-scale applica-
tions of LiFePO, in different fields have been limited
by both the low electronic conductivity from the
separation of FeOg octahedra by PO~ ions in the
LiFePO, structure and the poor Li-ion mobility from
the slightly distorted hexagonal close-packed oxygen
array'”. Therefore, considerable efforts have been made
to improve its conductivity.

Generally, in order to improve the electronic
conductivity of LiFePO,, surface coating with a thin
layer of conductive carbon, metal™ or metal oxide®,
and conductive polymers!®, has been employed. Espe-
cially, in-situ surface modification by conductive
elements is commonly regarded as one of the most
successful methods to overcome the defects induced
from the post-surface modification of insulator.
Meanwhile, the Li-ion mobility is accelerated by ion-
doping at Li-site®™ or Fe-site®, reducing the particle
sizel”, or tailoring the morphology and texture!"",
Benefiting from the smoothed diffusion channel of
ions, tailoring the morphology and texture of materials
is one of the most effective ways to improve the Li-ion
mobility, thereby increasing its ionic conductivity.
This conclusion also can be verified by the first
principle calculation, which shows that Li-ions move
preferentially via one dimensional channels oriented
along the [010] direction in the olivine structure!™*",
Therefore, preparation of LiFePO,/C composite with a
preferential growth along the (010) plane via an in-
situ method could be a new strategy to improve the
electrochemical performance of LiFePO, material.

Studies"**"™ suggest that plate-like LiFePO,/C
could be prepared by a solvothermal/hydrothermal
method with ethylene glycol as solvent or sodium
dodecyl benzene sulfonate as an anionic surfactant.
Their results indicate that plate-like LiFePO,/C with
(010) plane not only reduces the Li-ion transport
length, but also enlarges the (010) plane compared
with LiFePO,/C composites in other morphologies,

thus resulting in fast Li-ion mobility. However, the

agglomeration of the plate-like LiFePO,/C prepared in
these works is so serious that limits the improvement
of their electrochemical performances.

Herein, we report the synthesis of highly-
dispersed LiFePO,/C micro-leaves oriented along the
(010) plane by a facile citric acid-assisted hydrother-
mal method. By comparing with LiFePO,/C composite
prepared without citric acid, the electrochemical

performance variation of LiFePO/C micro-leaves is

also verified.
1 Experimental

1.1 Synthesis of LiFePO,/C composites

LikePO,/C composites were synthesized through
a combination of hydrothermal reaction and calcination
process by employing Li;PO,, FeSO, -7H,0, ascorbic
acid and citric acid as reactants. All the chemicals
(from Sinopharm Chemical Reagent Co. Ltd., China)
were analytical grade and wused without further
purification. Firstly, FeSO, +7H,0, ascorbic acid and
Li;PO, were added into 50 mL deionized water with
the molar ratio of 1:0.2:1 and magnetically stirred for
20 min, where ascorbic acid acts as a reductant
preventing the oxidation of divalent iron. Secondly,
citric acid were added to the mixed suspension with
the molar ratio of citric acid and FeSO,-7H,0 as 1:3,
and magnetically stirred for 48 h. Thirdly, as-prepared
mixtures were transferred into an 80 mL Teflon
autoclave and followed by hydrothermal reaction at
180 °C for 10 h. After cooling naturally to room
temperature, the products were thoroughly washed
with deionized water and ethanol, and dried at 80 °C
for 10 h. Finally, the precursors were calcined at 700
°C in argon for 10 h to get the target materials.

The blank sample was prepared by the same
method without adding citric acid.
1.2 Stability comparison

0.15 ¢ LiFePO/C prepared without/with citric
acid in reaction systems were dispersed into 15 ml
deionized water in ultrasonic bath for 20 min. After
standing for 1 h, digital photos were taken.
1.3 Characterization

The composition and crystal structure of as-
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prepared samples were identified by XRD on X' pert
PRO X-ray diffractometer (Panalytical B. V. Company,
Holland) using Cu Ka radiation sources (A=0.154 18
nm) in the range of 10°~70° (X'celerator new high-
performance detector, tube voltage: 40 kV, tube
current: 40 mA). The carbon contents of the samples
(Vario EL
cube, Elementar Company, Germany). FTIR spectra

were detected by the elemental analyzer

were collected at room temperature on a Thermo-
Nicolet Nexus FTIR spectrometer (USA) equipped a
KBr crystal in the absorbance mode range from 400 to
4 000 cm™ with a resolution of 2 cm™. The morphology
was observed by scanning electron microscopy (SEM,
JEOL, JSM-5610LV/INCA) at 20 kV and field-
emission transmission electron microscope (FETEM,
TECNAI G* TF20) at 200 kV.
1.4 Electrochemical measurements

To prepare the LiFePO, cathode electrodes, a
(NMP)
containing active material, super-P and polyvinylidene

fluoride (PVDF) with the weight ratio of 80:10:10, was

coated on aluminum foil and dried at 60 °C in air for

uniformly  N-methyl-2-pyrrolidone slurry,

2 h and followed by drying at 120 C in vacuum for
12 h. The electrolyte was 1 mol -I.™" LiPF, in mixed
solvent of ethylene carbonate (EC), dimethyl carbonate
(DMC) and diethyl carbonate (DEC) with 1:1:1 in
volume ratio. Lithium (Shenzhen Kejinstar Technology
Co. Lid., China) and Celgard 2400

used as anode and separator, separately.

(America) were

The electrochemical properties of the cathode
materials were characterized by assembling CR2032
coin-type cell in a glove box filled with high-purity
argon gas. Galvanostatic charge-discharge cycling
tests of the assembled cells were carried out on

(CT2001A, Wuhan

Land Electronic Co. Ltd., China) at various current

electrochemical test instrument

rates in the voltage range of 2.5~4.2 V (vs Li*/Li).
Cyclic voltammetry (CV) was performed at scan rate of
0.1 mV-s™ in the voltage range of 2.5~4.2 V (vs Li*/
Li) on an electrochemical workstation (LK2005A,
Tianjin Lanlike Electrochemical High-Tech Co. Ltd.,
China). The electrochemical impedance spectroscopies

(EIS) were tested on an electrochemical workstation

(AUTOLAB PGSTA T208, Metrohm China Lid.,
China) with the excitation potential of 5 mV in
to 0.1 Hz. All the

electrochemical measurements were performed at room

frequency from 100 kHz

temperature.
2 Results and discussion

2.1 Structural and morphology analysis

Fig.1 presents the XRD patterns of LiFePO,
obtained by hydrothermal synthesis without/with citric
acid in reaction systems. All the diffraction peaks can
be well indexed to an orthorhombic olivine space
group, Pnma  (PDF No.40-1499), which indicates that
single-phase LiFePO, has been prepared without any
observable impurity phases (such as Li;PO, and LisFe,
(PO,)5). The addition of citric acid does not change the
crystal structure of LiFePO, by comparing the XRD
patterns of Figs.1(a) and (b). In addition, the carbon
contents of two samples are about 0.6wt% and 1.9
wt% separately, indicating that the carbon exists in
two samples. The carbon in the blank sample comes
from the breakdown of ascorbic acid, and the addition
of citric acid increases the carbon content in the
sample. However, no typical diffraction peaks of
carbon are found in the XRD patterns, which may be
attributed to the limited amount of phase " or the

existence of amorphous carbon in our samples™.,
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Fig.1 XRD patterns of LiFePO, (a) without citric acid
and (b) with citric acid in reaction systems
Fig.2 displays the morphology of the LiFePO,/C
composites. As shown in Fig.2(a) and (b), without

citric acid in reaction system, LiFePO,/C composite is



%5 W =

B KT G EIR LiFePO, /C 5 4 TEHL b R} 883

agglomerated particles. While, adding the citric acid
in reaction system results in the well-dispersed leaf-
like LiFePO/C composites (Fig.2(c) and (d)). The
maximum size of the leaf-like LiFePO,/C composite is
3.5 pm and the minimum one is 0.9 wm. The TEM
image of LiFePO,/C composite with citric acid in
reaction system shown in Fig.3(a) further confirms that
the observed LiFePO/C composite is micro-leaves.
There are clear lattice fringes in HRTEM image of the
LiFePO,/C micro-leaves as shown in Fig.3(b), indicating
that it is single-phase crystallinity for the LiFePO,/C
micro-leaves, which corresponds to the SAED image
in Fig.3(c).
Fig.3(b) indicates that the largest exposed plane of the

Furthermore, the lattice fringe spacing in

LiFePO,/C micro-leaves is the (010) lattice plane.
Stability of as-prepared LiFePO,/C composites in
water is confirmed by Fig.4. The leaf-like LiFePO,/C
composite owns better stability. FTIR spectra shown
in Fig.5 indicate that the relatively weak bands in the
region of 440~650 cm™ are corresponding to the
bending O-P-O vibrations, and the P-O stretching
vibrations are represented by the strong bands in the
region of 1 180~920 cm™ ™. The stretching and bending
vibrations of O-H are observed around 3 420 and 1 650

em™ separately, which implies the existence of -OH

Maybe the
intensified peak of -OH around 3 420 cm™ attributes
to the improved stability of the LiFePO/C micro-

on the surface of evaluated specimens.

Flor 2 SEM images of the LlFeP()JC composite prepared (a, b) with citric acid and (c, d) without citric acid
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Fig.3 (a) TEM, (b) HRTEM and (c¢) SAED images of the LiFePO,/C composite prepared with citric acid
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Fig.4 Dispersion state of (a, ¢) the LiFePO,/C particles
and (b, d) the LiFePO/C micro-leaves in water
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Fig.5 FTIR spectra of the LiFePO,/C particles and
the LiFePO,/C micro-leaves

leaves in water.

We propose the formation mechanism of leaf-like
LiFePO/C composite based on the above results. The
first step is nucleation of LiFePO,. As increasing the
reaction temperature, Li;PO, in the precursor begins
to dissolve, and then the concentrations of [Fe(H,0),],
[Li(H,0),]" and PO/~ build up®. The heterogeneous
nucleation mechanism needs lower critical nucleation
concentration than homogenous nucleation, so the
nucleation of LiFePO, tends to be heterogeneous
nucleation. The aquo-metal ions [Fe(H,0),]*, [Li(H,0),]*
and PO, are transformed into the LiFePO, nuclei at
the surface or edge of the Li;PO, which is not
completely dissolved in solution yet. The controlled

dissolution of Li;PO, perhaps attributes to the uniform

LiFePO,
crystal nucleus

nucleation of LiFePO,.
The second step is the nuclei growth of LiFePO,,

which has
morphology of LiFePO, materials. The crystal growth

a powerful influence on the final
is mainly controlled by the nuclei surface energy.
Nuclei surfaces with high surface energy have greater
ion adsorbing ability, so they have faster growth rate
along the vertical direction of nuclei surfaces. The
(010) lattice plane for LiFePO,

is smaller than that of other lattice planes™. In addition,

surface energy of the

in water, LiFePO, is hydroxylated, forming -FeOH on
the surface of LiFePO,, which is also confirmed by
FTIR spectra in Fig.5. These hydroxyl groups can
form hydrogen bond with the carboxyl groups of citric
acid™. Hence, as shown in Fig.6, citric acid molecules
(010) lattice
plane of LiFePO, crystal nucleis via hydrogen banding

could be more easily absorbed on the

force, and further decrease the surface energy of (010)
lattice plane!"”, then causing the preferential growth of
the LiFePO, crystals along their parallel direction,
leading to the highly-dispersed LiFePO,/C micro-
leaves.
2.2 Electrochemical properties

Fig.7 shows the charge-discharge curves of the
LiFePO,/C particles and micro-leaves at various
current rates from 0.1C to 5C in the voltage range of
25~42 V vs Li*/Li. The discharge curves of two
composites at 0.1C exhibit a perfect plateau voltage of
3.4 V vs Li*/Li, indicating a typical two-phase reaction
between FePO, and LiFePO, Comparing the charge-
discharge curves of two samples, the LiFePO,/C
particles has shorter charge-discharge plateau at all
discharge rates. As shown in Fig.7(a), the LiFePO,/C
particle delivers a discharge capacity of 125 mAh -g™
with a voltage plateau near 3.4 V vs Li*/Li at a low
current rate of 0.1C. When the current rate is

increased to 1C, the LiFePO,/C particles deliver a

+ * — @ —
Citric acid molecule .-

Citricacid molecules absorbed on

LiFePO,/C micro-leaves

the (010) facet of LiFePO,

Fig.6 Schematic illustration for the formation process of LiFePO,/C micro-leaves
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Fig.7 Charge-discharge curves of (a) the LiFePO,/C particles and (b) the LiFePO,/C micro-leaves
in the potential range of 2.5~4.2 V at various current rates
discharge capacity of 99 mAh -g™'. When the current mainly ascribed to the good electrochemical

rate is further increased to 5C, the discharge capacity
significantly decreases to 56 mAh-g™, and the voltage
plateau shrinks greatly. However, the result shown in
Fig.7(b) suggests that the highly-dispersed LiFePO,/
C micro-leaves exhibit excellent rate performance.
Discharge capacity of the LiFePO,/C micro-leaves can
reach 158 mAh g™ at 0.1C. Even when the current
rate further increases to 5C, the discharge capacity
can still reach 126 mAh g™ and the voltage plateau
remains distinct. Comparing with that of the plate-like
LiFePOy/C HO.I7-18],

performance of the LiFePO,/C micro-leaves prepared

in related literatures the rate
in our study also has been improved. More, the
capacity retention is 80% compared with the capacity
at 0.1C. The results from Fig.7 demonstrate that the
highly-dispersed LiFePO,/C micro-leaves have good
electron conductivity, low polarization, as well as good
rate performance.

Fig.8 exhibits a comparison of the rate and
cycling performances of the LiFePO,/C particles and
micro-leaves. The discharge capacities of two samples
remain stable and decrease with an increased current
rate. Comparing with that of the LiFePO,/C particles,
the of the

LiFePO,/C micro-leaves is greatly enhanced at current

discharge capacity highly-dispersed
rates from 0.1C to 5C, especially at higher current
rates. When the current rate is decreased from 5C to
0.2C and 0.5C, the capacities retentions of the
LiFePO, 98% and 97%

separately. The good cycling performance may be

micro-leaves are still

reversibility and structural stability of phosphor-
olivine LiFePO,”. Perhaps there are two reasons for
the enhanced rate capability of leaf-like LiFePO,/C
composite. Firstly, the highly-dispersed LiFePO,/C
micro-leaves with (010) plane synthesized by citric
acid-assisted hydrothermal method can reduce the
distance of Li-ion diffusion along the [010] direction,
which enhances the Li-ion diffusion rate!*"”. Secondly,
the increase of surface area of (010) plane is active

for Li-ion intercalation/extraction™.
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Fig.8 Rate and cycling performances of the LiFePO,/C
particles and the LiFePO,/C micro-leaves
Fig.9 shows the CV profiles of the LiFePO,/C

particles and micro-leaves at a scan rate of 0.1 mV -s™

from 2.5 V to 4.2 V. The CV curves show a pair of
anodic and cathodic peaks, which correspond to the
two-phase intercalation/extraction of Li-ions involving
an Fe?*/Fe** redox couple. The higher peak of the
LiFePO,/C micro-leaves indicates that they possess a

larger high-rate capability than the LiFePO,/C particles.
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The separation potential of LiFePO,/C particles is 0.4
V, whereas that of the LiFePO,/C micro-leaves is 0.3
V. The more symmetric and spiculate peak profile for
the LiFePO/C micro-leaves

reversibility of the electrochemical reaction during Li-

suggests that the

ion insertion and extraction is greatly enhanced.

0.4

0.34 =—LiFePO,/C particles

=-=+ LiFePO,/C micro-leaves I'"\
0.2 1 DN
0.14

0.0

Current / mA

-0.14
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Fig.9 CV profiles of the LiFePO,/C particles and the

LiFePO,/C micro-leaves at a scan rate of 0.1

mV-s™ in the potential range of 2.5~4.2 V

The EIS spectra of the LiFePO/C particles and
micro-leaves are shown in Fig.10(a). Both EIS profiles
exhibit a semicircle in high frequency region and a
straight line in low frequency region. The intercept
impedance in the high frequency region of the Z' real
(R.) of the

electrolyte, separator, and electrode. The semicircle in

axis corresponds to the ohmic resistance

the middle frequency region indicates the charge

900
(a)
800 - —e&—LiFePO,/C particles
—e—LiFePO,/C micro-leaves
700 4
600 ~
a 500 4
¥

400 +

300 ~

2004

100 4

0 100
210

Fig.10

200 300 400 500 600 700 800 900

transfer resistance (R,). The straight line in low
Warburg
impedance (Z,), which is related to the Li-ion diffusion
in the LiFePO,/C composites. The R, of the LiFePO,/
C micro-leaves is much smaller than that of the

LiFePO,/C particles,

distance of Li-ion diffusion along the

frequency region is attributed to the

reduced
[010] direction
enhances the electrochemical performance.

(Dy) of the

and micro-leaves can be

indicating that the

The Li-ion diffusion coefficients
LiFePO/C  particles
calculated according to the following equation:

D\=R*T"/(2A’n*F*C*0?) 1)
where R is the gas contant, T is the absolute temperature,
A is the electrode area, n is the number of electrons
per molecule during oxidization, F is the Faraday
constant, C is the concentration of Li-ion, and o is
the Warburg factor which has the relationship with
AR

7'=R AR +ow™” 2)

Fig.10(b) shows the relationship between Z’ and
o™ at low frequency. According to the slopes of the
lines, the Li-ion diffusion coefficients of the LiFePO,/
C particles and micro-leaves are calculated to be 3.5%
107" and 1.1x10™ c¢m+s™ separately. The LiFePO,/C
(010) plane
which

micro-leaves with orientation along the

have larger Li-ion diffusion coefficient,

enhances their cycling and rate performance.
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(a) EIS spectra of the LiFePO,/C particles and the LiFePO,/C micro-leaves;

(b) Relationship between Z" and w™* at low frequency
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3 Conclusions

In summary, highly-dispersed leaf-like LiFePO,/C
composite with orientation along the (010) plane has
been prepared by a facile citric acid-assisted hydro-
thermal synthesis. As supported by characterization
results, citric acid accelerates the formation of leaf-
like LiFePO,/C composite. Comparing with agglome-
rated particles, leaf-like LiFePO,/C composite exhibits
larger discharge capacity and better cycling and rate
performance, which perhaps benefits from the reduced

[010] direction

distance of Li-ion diffusion along the

and larger Li-ion diffusion coefficient.
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