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h i g h l i g h t s
� Hierarchical dumbbell-shaped LiFePO4 mesocrystals were fabricated without any additive.
� Co-solvent of DMF/EG was applied for the solvothermal synthesis of cathode materials.
� The DMF/EG co-solvent played a crucial role in the formation of dumbbell-shaped LFP mesocrystals.
� The formation of the LFP mesocrystals was possibly following a two-step process.
� The LFP/C mesocrystals show better storage performance at higher rate after in-situ carbon coated.
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a b s t r a c t

Hierarchical dumbbell-shaped lithium iron phosphate (LiFePO4) mesocrystals were successfully fabri-
cated via a simple one-step, rapid, additive-free solvothermal route. A mixture of dimethylformamide/
ethylene glycol (DMF/EG) has been utilized as the co-solvent and found to play an important role in the
formation of the hierarchical mesostructure. The obtained dumbbell-shaped mesocrystals consist of self-
assembly LiFePO4 nanorods each with 2e3 mm in length and 30e50 nm in diameter. Further temperature
treatment was applied to increase the crystallinity of the LiFePO4 mesocrystals. A high lithium ion
intercalation capacity of 140 mA h g�1 was exhibited by the LiFePO4 mesocrystal when tested under a
discharge rate of 17 mA g�1, which should be attributed to the fast intercalation reaction and easy mass
and charge transfer offered by the large specific surface and short diffusion distance of dumbbell-shaped
mesoporous composed of nano-sized LiFePO4 rods. The nanorods can be carbon coated in-situ by adding
sucrose during the solvothermal process and the LiFePO4/C mesocrystals showed an improved electro-
chemical property at higher rates and good cyclic performance.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mesoscopically structured crystals (mesocrystals) are a new
class of solid material superstructures constructed of crystallo-
graphically oriented nanocrystals and were first defined by Cölfen
et al. [1] in 2005. These well-defined ensembles are composed of a
few to thousands of hierarchically assembled nanoscaled primary
unites and usually show different collective properties from those
of individual nanoparticles as well as bulk materials with the same
ax: þ86 731 8887 9616.
: þ1 206 543 3100.
iu), gzcao@u.washington.edu

All rights reserved.
chemical composition [2]. These superstructures with new chem-
ical and physical properties have been attracting interests and at-
tentions from both chemical and physical fields. Mesocrystals were
first found for biominerals and their mimetics [3e5], however, the
high surface area and high porosity introduced by the superstruc-
ture, the well crystallized composition unites with small size, and
easy process ability due to the micrometer size range of the whole
architecture, all combined ensures the mesocrystals a new possi-
bility for advanced materials design.

Lithium iron phosphate (LiFePO4 or LFP hereafter) is one of the
most promising cathode materials for the new generation of
lithium ion battery due to the high theoretical capacity, flat
discharge potential, abundant raw materials, environmentally
benign, and excellent thermal and chemical stability [6]. However,
the intrinsic low conductivity of LiFePO4 around 10�11 S cm�1

mailto:liuyounian@csu.edu.cn
mailto:gzcao@u.washington.edu
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.03.136
http://dx.doi.org/10.1016/j.jpowsour.2013.03.136
http://dx.doi.org/10.1016/j.jpowsour.2013.03.136


N. Zhou et al. / Journal of Power Sources 239 (2013) 103e110104
(compared with 10�3 S cm�1 for LiCoO2 and 10�5 S cm�1 for
LiMn2O4), largely hindered its widely commercialization as well as
application in high energy and high power devices [7e9].
Decreasing the particle size, controlling morphology combined
with carbon coating is considered to be the most effective way to
address this problem [10], since increasing the specific surface
area can accelerate the intercalation reaction and reduce the
diffusion distance of lithium ions while appropriate conductive
coating can strengthen the interface contact and improve the
transfer of electrons. Thus, the study of novel hierarchical LFP self-
assembly architectures has emerged and become a new topic of
LFP study. A few micro-scale hierarchical assemblies with different
shapes were successfully synthesized, characterized and reported
[11e14]. However, expensive organic surfactants, complicate pro-
cesses and long time reaction were required for those aforemen-
tioned works. The synthesis of novel self-assemble hierarchical
LFP superstructures by sufficient routes still remains a challenge.

Solvothermal synthesis has been confirmed to be an efficient
way to have phase purity, grain size and particle morphology
controlled, where the solvent plays a crucial role [15,16]. N,N-
dimethylformamide (DMF), a polar aprotic solvent with high-
boiling point, is commonly used in metals [17,18], metal oxides
[19,20], metal-organic frameworks [21,22], metal chalcogenides
[23,24] synthesis with controlled shape and structures via sol-
vothermal approach separately or cooperatively, taking advan-
tages of easy operation, environmentally benign, and low-cost.
Many hierarchical structures were obtained with the presence of
DMF as solvent [25e27]. For example, urchin-like Ni-P micro-
spheres constructed by thousands of nanoscale prominences
resembling urchins were fabricated in water-DMF co-system by
Ni et al. [27]. A high BET surface area of 425 m2 g�1 was found for
this urchin-like Ni-P architecture. Nanoflakes-built pyrite FeS2
microspheres were synthesized through solvothermal method
with a mixed solvent of DMF and ethylene glycol (EG) [28]. The
composition of the mixed solvent and additive urea are crucial
parameters for the formation of this uniform microsphere
structure.

In this work, co-solvent system of DMF/EG was applied to syn-
thesis hierarchical dumbbell-shaped LiFePO4 mesocrystals via a
simple one-step, rapid solvothermal routewithout any additives. To
the authors’ best knowledge, this is the first utilization of DMF as a
solvent in the synthesis of cathode materials such as LiFePO4 for
lithium ion batteries. The effects of the mixed solvent on the for-
mation of dumbbell LFP mesocrystals and the self-assembly
mechanism were investigated. When sucrose was introduced to
generate carbon coating, the self-assembled hierarchical dumbbell-
shaped LiFePO4-carbon mesocrystals showed improved storage
property at high rates and good cyclic stability.

2. Experimental

2.1. Synthesis

Hierarchical dumbbell-shaped LiFePO4 mesocrystals were syn-
thesized via solvothermal method by using lithium dihydrogen
phosphate LiH2PO4 (�99.0%, Aesar) and Iron(II) oxalate dihydrate
FeC2O4$2H2O (�99.0%, Aldrich) as precursors. A total of 0.8 mmol
FeC2O4$2H2O was first dissolved in 5 ml EG while stoichiometric
amount of LiH2PO4 was dissolved in 5 ml DMF separately. Then the
two solutions were mixed together and ultrasonicated for 1 h. The
overall molar ratio of Li:Fe:P was 1:1:1. The obtained mixture was
transferred into a 30 ml polytetrafluoroethylene (PTFE) inner steel
autoclave and heated at 225 �C for 3.5 h. After that, the autoclave
was taken out of the furnace and fast cooled to room temperature.
The obtained product was washed with ethanol and de-ionized
water for several times. To obtain in-situ carbon coated LiFePO4/C
mesocrystals, 0.2 mg sucrose was added and dissolved with
LiH2PO4 in the DMF solvent before the mix and ultrasonicate
treatment. The obtained pure and carbon coated LiFePO4 meso-
crystals were dried at 60 �C overnight followed with annealing in
nitrogen gas environment for a dwell time of 5 h at 600 �C to
guarantee better crystallinity and conductive coating. No other
surfactants or template agents were added during the whole
synthesis.

To investigate the influence of the DMF/EG co-solvent on the
formation of hierarchical dumbbell-shaped LiFePO4 mesocrystals,
pure 10 ml EG and DMF were separately applied to the above
mentioned precursors and following the same steps of the syn-
thesis. For convenience, two sample notations are used in this pa-
per: SEG for pure EG solvent product and SDMF for pure DMF solvent
product.

The formation mechanism of hierarchical dumbbell-shaped
LiFePO4 mesocrystals was also investigated by changing the sol-
vothermal synthesis duration time to 1 h, 2 h and 3 h with the same
precursors, co-solvents and conditions of pure hierarchical
dumbbell-shaped LiFePO4 mesocrystals synthesis, except the heat
treatment, noted as S1h, S2h, and S3h later. The LFP mesocrystals
without further calcination were also analyzed by XRD to deter-
mine the crystal phase after 3.5 h solvothermal reaction.
2.2. Structural characterization

Phase identification was taken by X-Ray Diffraction (XRD)
employing a scan speed of 0.02� per second in the 2q range from
10� to 60� using a D8 Bruker X-ray diffractometer equipped with
Cu-Ka radiation. The accelerating voltage and current were 40 kV
and 40mA, respectively. Carbon content of the coated LFP/C sample
was calculated based on thermogravimetric analysis (TGA) (Per-
kineElmer instruments) pattern carried out with the temperature
range from room temperature to 700 �C under dry air flow at a
heating rate of 5 �C/min. Morphology and size of all samples were
taken by scanning electron microscopy (SEM) with a JEOL JSM-
7000F field emission scanning electron microscope operated at
10 kV and 10 mA. Crystallinity, morphology as well as carbon
coating thickness were measured by high-resolution transmission
electron microscopy (HRTEM) images taken by a Tecnai G2 F20
transmission electron microscope with an acceleration voltage of
200 kV. Brunauer-Emmett-teller (BET) was utilized to examine the
surface area of LFP and LFP/C mesocrystals.
2.3. Electrochemical measurements

For energy storage studies, the obtained pure LFP and LFP/C
mesocrystals were mixed with super P carbon black and poly(vinyl
difluoride) (PVDF) in the weight ratio 75:15:10 using N-methyl
pyrrolidone (NMP) as solvent and then pasted on an aluminum foil
to fabricate composite electrodes. The cathode films were assem-
bled into R2016 coin-type cells in an Argon filled glove box. Lithium
metal foil, 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1, in weight) and Celgard 2400 membrane were used as
counter electrode, electrolyte and separator respectively. Charging-
discharging cycling tests of the assembled cells at a constant cur-
rent mode were carried out using a computer controlled electro-
chemical analyzer (Model BT2000, Arbin Instruments, USA) in the
voltage range of 4.2e2.5 V. Electrochemical impedance spectros-
copy (EIS) was performed with a Princeton electrochemical work-
station (Parstat 2273). A sinusoidal excitation voltage of 5 mV with
a frequency range from 0.01 Hz to 100 kHz was applied. All po-
tentials cited in this paper are referred to Li/Liþ.
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Fig. 2. X-Ray diffraction patterns of the LFP and LFP/C mesocrystals heated at 600 �C
for 5 h, and LFP-JCPDS.
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3. Results and discussion

Fig.1 shows themorphology of the carbon coated (Fig.1a, b) and
uncoated (Fig. 1c, d) hierarchical dumbbell-shaped LiFePO4 meso-
crystals with differentmagnifications and angles of view. Uniformly
sized dumbbell-shaped LiFePO4 mesocrystals were successfully
synthesized through solvothermal route using a DMF/EG co-
solvent for 3.5 h, without any surfactant or additive. The obtained
LiFePO4 mesocrytals have a length of w2e3 mmwith a diameter of
about 1.5 mm in the head and a diameter of about 300 nm in the
middle. A close view of the mesocrystals reveals hierarchical
morphology that composed of self-assembly primary LiFePO4
nanoneedles and nanorods with a dipolar orientation (Fig. 1b). No
obvious difference was found between the morphology of the
carbon free or coated dumbbell-shaped LiFePO4 mesocrystals,
suggesting that the addition of sucrose has no detectable impact on
the formation of the dumbbell structure. Fig. 1d shows that the
primary LiFePO4 units are nano-sized needles and rods, having a
diameter of 30e50 nm. These nanorods grown branched and
separated from each other, leaving abundant void space in the
heads of the dumbbell, making the LiFePO4 mesocrystals a highly
porous structure with large surface area. The mesoporosity of the
hierarchical dumbbell-shaped architectures was analyzed, and the
LFP and LFP/Cmesocrystals possess BET surface areas of 44.3m2 g�1

and 41.9 m2 g�1, respectively.
Fig. 2 shows the XRD patterns of the pure and carbon coated

hierarchical dumbbell-shaped LiFePO4 mesocrystals. All intense
peaks in both XRD patterns are indexed to an orthorhombic olivine
space group (JCPDS card #040-1499), corresponding with crystal-
lized LiFePO4. No secondary phases such as FeP, FePO4 or Li3PO4 and
diffraction peaks of graphite were observed. Carbon derived from
sucrose pyrolysis is likely to be amorphous and its presence has no
detectable influence on the crystal structure of LiFePO4.

Fig. 3 shows the TEM and HRTEM images of the carbon coated
dumbbell-shaped LiFePO4 mesocrystals. Fig. 3a (insert) illustrates a
Fig. 1. SEM images of carbon coated (a, b) and pure (c, d)
uniform dumbbell-shaped LiFePO4 mesocrystal with lighter branch
sides on the top and darker color of connected overlying rods on the
middle part. High magnification images of the branched top
(Fig. 3b, c) display the LiFePO4 nanoneedles or nanorods of
w40 nm. The lighter layer around the architecture enlarged in
HRTEM image Fig. 3d depicts the carbon coating resulted from
pyrolysis of sucrose. However, the layer of carbon coating is not so
homogeneous and has an average thickness of approximate 1.5 nm.
Since each mesocrystal is an assembly of a large number of small
needles or nanorods, and carbon and LiFePO4 are very different in
their surface properties, the uniform carbon coating on every in-
dividual needle or rod is difficult. The lattice fringes in Fig. 3f value
hierarchical dumbbell-shaped LiFePO4 mesocrystals.



Fig. 3. TEM image (insert (a)) (b, c), HRTEM image (d, e) and corresponding Fast Fourier Transform pattern (insert (f)) of carbon coated hierarchical dumbbell-shaped LiFePO4

mesocrystals.
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d-spacing of 0.427 nm and 0.246 nm correspond to the (011) and
(211) planes of the orthorhombic phase LiFePO4. In addition, the
corresponding Fast Fourier Transform (FFT) analysis shown in the
insert of Fig. 3f depicts a single crystalline pattern with sharp
diffraction dots, further confirms the primary units of the
dumbbell-shaped LiFePO4mesocrystals arewell crystallized olivine
LFP material.

To investigate the effect of DMF/EG co-solvent on the formation
of hierarchical dumbbell-shaped LiFePO4 mesocrystals, pure 10 ml
respective EG and DMF solvent were used in the solvothermal
process with all other parameters kept unchanged. Figs. 4 and 5
show the morphology and crystal phases of the products ob-
tained from these two pure solvents under the same synthesis
condition respectively. For sample SEG, platelet-shaped particles
were found in the SEM images (Fig. 4a), combined with a large
fraction of cuboids. The XRD pattern of this sample showed weak
peaks corresponding to orthorhombic LiFePO4. But a strong peak
indexed to Li3PO4 as well as several small peaks possibly belong to
Li3PO4, Fe3PO4, Fe2O3 and other unknown crystals were also
detected. It is reported that Li3PO4 likely to be a transition phase
before the formation of LiFePO4 [11] and platelet-shaped LiFePO4
particles could be obtained by using EG as solvent through sol-
vothermal synthesis [16,29]. The few platelet particles morphology
and weak peaks of olivine LFP crystal pattern found in this sample
suggested that the reactions in the LiFePO4 synthesis could not be
finished in such a short time by using the pure solvent EG. The
sample synthesized with pure DMF solvent consisted of small
irregular spheres (Fig. 4b). The XRD pattern of this sample showed
only one weak peak corresponding to olivine LiFePO4, but strong
peak of Li3PO4 as well as some small peaks corresponding to Li3PO4,
Fe3PO4, Fe2O3 and unknown crystals (Fig. 5). Again, since Li3PO4 is
considered to be a transition phase before the formation of LiFePO4
[11], it could be assumed that LiFePO4 might be synthesized in pure
DMF solvent when a long reaction time is used.

No single uniform hierarchical dumbbell-shaped LiFePO4 ar-
chitecture was detected in either of these two samples, indicating
the indispensable role of the DMF/EG co-solvent in the formation of
dumbbell LiFePO4 mesocrystals. The formation of the unique
dumbbell-shaped LiFePO4 mesocrystals should be attributed to the
presence of both EG and DMF in the system. Though the exact
mechanism or the roles that EG and DMF played are not known,
they may have provided required interface energy, chemistry, and
ion diffusivity for LiFePO4 crystal to grow and to assemble to the
dumbbell-shaped mesocrystals. The reaction condition and ob-
tained products of the LFP and LFP/C mesocrystals, SEG and SDMF
were summarized in Table 1. Hierarchical dumbbell-shaped
LiFePO4 mesocrystals can only be synthesized from the mixed
DMF/EG solvent and well crystallized pure and carbon coated
olivine LFP material can be obtained after heat treatment.

To study the assembly mechanism of the dumbbell-shaped
LiFePO4 mesocrystals, solvothermal synthesis with different reac-
tion time of 1 h, 2 h and 3 h were carried out, with other conditions
kept the same. The crystal phases of the obtained products were
investigated by XRD, with the results shown in Fig. 6. Both XRD
patterns of sample S1h and S2h demonstrated an intense peak of
Li3PO4 and some weak peaks, suggesting the initial formation of
Li3PO4 at the beginning of the reaction. Fe3þ containing chemicals
including FeP, Fe3O4, and Fe3PO7 were also detected in these two



Fig. 4. SEM images of sample SEG (a) and SDMF (b).
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samples, possibly formed during the cooling process, as the for-
mation reaction of Li3PO4 seems not complete within 2 h. More
peaks belonging to Li3PO4 phase were found in sample S2h than in
sample S1h, demonstrating the phase transition to Li3PO4 during the
reaction. After 3 h solvothermal synthesis, diffraction peaks for
LiFePO4 were emerged while the sharp peak of Li3PO4 as well as
other peaks of impurity phases disappeared, indicating the phase
transformation of Li3PO4 to LiFePO4 started. Pure crystal phase of
LFP mesocrystals was obtained after 3.5 h solvothermal synthesis,
confirming the phase transformation of the formation process of
hierarchical dumbbell-shaped LiFePO4 architectures, which cor-
roborates well with the conclusion in literature [11]. However, the
peaks corresponding to orthorhombic olivine LFP were so weak,
suggesting poor crystallinity of LiFePO4 mesocrystals, which could
be enhanced by further heat treatment at 600 �C for 5 h.

Fig. 7 displays the SEM images of product obtained at different
reaction time. For sample S1h (Fig. 7a), most of the product
remained nano-sized particles, indicating that LiFePO4 growth was
not finished in such a short duration. After 2 h reaction, nanorods
were obtained and began to assemble to dumbbell-shaped archi-
tectures, as shown in Fig. 7b. The interesting thing is those nano-
rods or needles were somehow aligned in parallel in certain crystal
orientation rather than aggregated together, which normally hap-
pens in nano-sized materials to decrease the surface energy [30e
32]. This situation could possibly be a result of the cooperation of
DMF/EG co-solvents, due to which interface energy, chemistry or
ion diffusivity might have been applied during the formation
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Fig. 5. XRD patterns of sample SEG and SDMF.
process. Numbers of dumbbell-shaped LiFePO4 structures appeared
after 3 h solvothermal synthesis (Fig. 7c) with different size,
demonstrating the incomplete of the self-assembly.

The experimental results strongly suggest the formation of
LiFePO4 mesocrystals took a two step process, as schematically
illustrated in Fig. 7d: formation of Li3PO4 crystals first and then
phase transformation from Li3PO4 crystals to LiFePO4 crystals,
which agrees with the literatures [11,33]. It should be noted that in
the literature, different opinions exist about the mechanism for the
LFP dumbbell formation. For example, some attributed the forma-
tion of dumbbell shape LFP nanodendrites to the Van der Walls
attraction as a result of hydrophobic interaction due to the bonded
surfactant molecules at the end of the nanorods [33]. Others
concluded that the dumbbell-shaped LFP architectures were re-
crystallized from the 3D structured aggregates under lattice ten-
sion or surface interaction at the edge areas [11]. It was suggested
that special surfactants played a crucial role in the solvothermal
synthesis of dumbbell LFP architectures in both reports. Our ex-
periments revealed that no surfactant or additives was necessary
for the fabrication of hierarchical LiFePO4 dumbbell-shaped mes-
ocrystals, though the formation of this structure required the use of
mixed DMF/EG solvent.

The obtained pure LFP and LFP/C mesocrystals were mixed with
carbon black and PVDF binder to fabricate composite electrodes
and assembled into coin cells to characterize the electrochemical
properties. The carbon content of the LFP/C sample was calculated
according to TGA result and turned out to be 2.2 wt%. The mass of
carbon was not included when calculating the specific capacity of
the LFP/C mesocrystals since the capacity of the nanocarbon
coating was negligible in the voltage range of 2.5 V to 4.2 V. Three
cycles of lithium ion chargeedischarge process at a current density
of 17 mA g�1 (0.1 C) in the hierarchical dumbbell-shaped LiFePO4
mesocrystals and its carbon coated counterpart structures were
displayed in Fig. 8. The pure hierarchical dumbbell-shaped LiFePO4
mesocrystals exhibited an initial charge capacity of about
110 mA h g�1, with a voltage plateau at w3.5 V. This mesocrystals
showed a higher lithium ion intercalation storage property of
Table 1
Effect of solvents on particle morphology and crystals structure of the sample.

Sample DMF/EG
(ml)

T/t (�C/h) Sucrose
(mg)

Crystalline
phases

Particle morphology

LFP 5/5 225/3.5 0 LiFePO4 Dumbbell-shape
structure

LFP/C 5/5 225/3.5 0.2 LiFePO4 Dumbbell-shape
structure

SEG 10/0 225/3.5 0 Multi-phases Plates þ cuboids
SDMF 0/10 225/3.5 0 Multi-phases Spheres þ cuboids
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Fig. 6. XRD patterns of samples derived from different reaction time.
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140 mA h g�1 with voltage plateau at w3.35 V (Fig. 8a). The po-
larization between the charge and discharge plateaus was quickly
reduced from the second cycle and became steady, revealed the
penetration of electrolyte after the first charging process and the
formation of an active surface layer of LiFePO4 [34]. The hierarchical
dumbbell-shaped LiFePO4 mesocrystals with nanocarbon coating
showed higher initial charge capability of 125 mA h g�1 but almost
the same lithium intercalation capacity of 143mA h g�1 at the same
rate of 0.1 C (Fig. 8b). This storage capability of carbon coated hi-
erarchical dumbbell-shaped LiFePO4 mesocrystals could not reach
the theoretical value (170 mAh g�1) as compared to other nano-
sized LFP structures, possibly attributable to the inhomogeneous
and/or incomplete carbon coating. However, lower lithium storage
capability was reported for other LFP mesocrystals and the author
contribute to the low electronic conductivity and slow lithium ion
diffusion [14]. The hierarchical dumbbell-shaped LiFePO4 meso-
crystals are highly porous with large specific surface area, nano-
sized primary crystals with much shortened diffusion path of
lithium ions would definitely result in improved electrochemical
intercalation properties. The polarization between the charge and
Fig. 7. SEM images of samples (a) S1h, (b) S2h, (c) LFP mesocrystals and schematic illu
discharge curves of the carbon coated LiFePO4 mesocrystals was
also reduced and became steady when the number of cycles
increased, with an improved charge plateau at about 3.46 V and
discharge plateau at about 3.4 V. Besides, the hysteresis (the dif-
ference between the anodic and cathodic peak voltages) of the
carbon coated hierarchical dumbbell-shaped LiFePO4 mesocrystal
architectures showed much lower value than that of carbon free
ones, indicating faster insertion and extraction of lithium ions with
carbon coating.

The flat plateaus during the chargeedischarge process for both
LFP and LFP/C mesocrystals correspond well with the typical two-
phase reactions of lithium insertion and extraction between
olivine LiFePO4 and FePO4. However, shorter plateau and longer
sloping region was found in the charge and discharge curves of the
LFP and C-coated mesocrystals when compared with conventional
LiFePO4 materials. Similar phenomenon has also been detected in
other hierarchical LiFePO4 mesostructures and two possible ex-
planations were given out [11,12]. One is the formation of a single-
phase solid solution found in nanostructures with particle size
under 45 nm [35,36]. The other is contributing the slope to the
capacitive behavior of the surface or interfacial storage of lithium
ions, which has been termed the pseudo-capacitive effect and has
been found in materials with high surface area and nanostructures
[37e40]. Although the composition units are nano-sized LFP rods
with a diameter around 40 nm, the length of these nanorods are
more than 1 mm and the whole LiFePO4 mesocrystals hold a micro-
sized structure, both of which are much larger than the critical size
to form a solid solution. The total storage capacitance of the LFP
mesocrystals should be attributed to both lithium ion intercalation
and surface capacitive adsorption [41].

Another thing needs to mention is that the initial Coulombic
efficiency (calculated from discharge capacity/charge capacity) is
greater than 100% for both pure and carbon coated hierarchical
LiFePO4 mesocrystals, suggesting more Liþ intercalated into the
mesocrystal while less Liþ deintercalated. The unusual initial
Coulombic efficiency could be result from the initial deficient
amount of Li ions in the mesocrystals after short reaction duration
of 3.5 h through solvothermal synthesis, in spite of a stoichiometric
ratio of the precursors were used in this work.

Fig. 9 shows the rate capability of both LFP and LFP/C meso-
crystals characterized under varied current densities for every five
stration of the formation of hierarchical dumbbell-shaped LiFePO4 mesocrystals.
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cycles. Gradual decrease of discharge capacity with increase rate
found for both samples is commonly the case for electrodes. For
different rates of 0.2 C, 0.5 C, 1 C and 5 C, the LFP/C mesocrystals
exhibited high lithium storage property of 131 mA h g�1,
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Fig. 9. Energy storage performance of the LFP and LFP/C mesocrystals at different rates
between 2.5 and 4.2 V.
120 mA h g�1, 109 mA h g�1, and 84 mA h g�1, while the LFP
mesocrystals only displayed 119mA h g�1, 97mA h g�1, 73mA h g�1

and 38 mA h g�1 under the same test condition, respectively.
Especially when the rate increased as high as 10 C, the discharge
capacity of LFP mesocrystals only remained 5 mA h g�1, while a
68 mA h g�1 capability was still obtained for LFP/C mesocrystals.
Although the nanocarbon was not uniformly coated on the whole
surface of single needle or rod of the hierarchical dumbbell-shaped
LiFePO4 mesocrystal structures, the electrochemical property of the
LiFePO4/C mesocrystals was still greatly improved by the intro-
duction of conductive carbon, especially at higher rates.

Fig. 10 shows the long-term cyclic performance of the carbon
coated hierarchical dumbbell-shaped LiFePO4 mesocrystals at rate
of 0.5 C and the Coulombic efficiency. The discharge capacity of this
electrode dropped 8.7% at the 0.5 C rate after 70 cycles and the
Coulombic efficiency maintained above 95% for all the charge and
discharge processes. This cyclic stability of the LiFePO4/C meso-
crystals is not outstanding when compared to other nano-sized C-
LFP materials [15], which should possibly be contributed to the
inhomogeneous and incomplete carbon coating.

EIS tests were carried out to analyze the inner impedance of
pure and carbon coated LFP mesocrystal electrodes. Before EIS
tests, all the cells were subjected to charge and discharge for two
cycles to guarantee the penetration of electrolyte and formation
of active layer. Fig. 11 represents the Nyquist plots of LFP and LFP/
C mesocrystals tested at open circuit under ambient temperature.
Both EIS spectra curves of pure LFP and carbon coated LFP mes-
ocrystals show a semicircle in high frequency region and a slop
line in low frequency region. An equivalent circuit (inset of
Fig. 11) was employed to explain the obtained EIS spectra: where
Rs represents the resistance of electrolyte, Rct relates to the charge
transfer resistance, CPE refers to the constant phase element
(CPE) corresponded to Rct, and Zw is the Warburg impedance
associated with the diffusion of Li ions into bulk materials. The
charge transfer resistance of pure and carbon coated LiFePO4
mesocrystals were 316 U and 286 U, respectively, suggesting
faster charge transfer between the electrolyte and the LiFePO4
material in LFP/C mesocrystals, which confirms the electronic
conductivity of LFP mesocrystals could be enhanced by nano-
carbon coating. This corroborates well with the results of chargee
discharge profiles.
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Fig. 10. Cyclic performance and Coulombic efficiency of the LFP/C mesocrystals at 0.5 C
rate between 2.5 and 4.2 V.



Fig. 11. Nyquist plots of LFP and LFP/C mesocrystals. Inset is the equivalent circuit.
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4. Conclusions

Hierarchical dumbbell-shaped LiFePO4 mesocrystals were suc-
cessfully fabricated via solvothermal route without any additive. A
mixture of DMF/EG was utilized as co-solvent for the synthesis
reaction and played a crucial role in the formation of the hierar-
chical mesostructures. The obtained dumbbell-shaped LFP meso-
crystals were constructed of well crystallized LiFePO4 nanoneedles
or nanorods with 30e50 nm in diameter by self-assembly. The
highly porousmesocrystals weremicro-sized architectures with 2e
3 mm in length and 300 nm diameter. Both the pure and carbon
coated LiFePO4 mesocrystals were annealed at 600 �C for 5 h to
increase the crystallinity. High lithium intercalation capacity of
140 mA h g�1 and 143 mA h g�1 were exhibited by pure and carbon
coated LiFePO4 mesocrystal at 0.1 C rate, respectively. This good
electrochemical performance was attributed to the fast intercala-
tion reaction and easy electron transport offered by the large spe-
cific surface area of dumbbell-shaped mesoporous structure. The
nanoneedles and rods can be in-situ carbon coated by adding su-
crose during the solvothermal process and the LiFePO4/C meso-
crystals showed greatly improved lithium storage property at
higher rates and good cyclic performance.
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