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In this work, LiFePO4 microspheres with an enhanced tap density were assembled from nanoplates

via solvothermal treatment with TiN nanoparticles as a conductive connector. By altering the amount

of introduced TiN nanoparticles, the morphology of the as-prepared LiFePO4 can be tailored. It is

demonstrated that TiN nanoparticles favor crystal growth along the b axis by breaking the surfactant

blocking barrier, which has a significant effect upon the assembly of LiFePO4 nanoplates. Enhanced

electronic and ionic conductivity of a LiFePO4 electrode is confirmed by electrochemical impedance

spectroscopy and linear voltage scanning methods, which are beneficial to the battery performance.

Introduction

Li-ion batteries (LIB) have been widely used for consumer

electronic devices and are considered as important power sources

for future electric vehicles (EVs) owing to their high energy

density, light-weight, and long cycle life.1–3 Growing demands

for LIB have driven various high power electrode materials to be

extensively investigated.4–9 It is evident that nanostructure

control has become more and more important for electrode

material design owing to a minimized diffusion pathway.10–16

Strategies such as the Kirkendall effect,17 Ostwald ripening18 and

the hard/soft templates method19 have been successfully per-

formed for the synthesis of nanostructured electrode materials.

Olivine-type LiFePO4 (LFP), known for its superior safety and

long cyclic and calendar life,15,20–25 is regarded as one of the

most promising cathode materials for EVs and smart grid

applications. In the past few years, substantial efforts have been

made to develop a great amount of LFP preparation

approaches26–29 and products with various morphologies includ-

ing nanoplates,30 dumbbells31 and nanodendrites.32 However,

the preparation of LFP with better electronic and ionic

conductivity remains a big challenge for large-scale LIB

application.28,33 Carbonaceous materials such as graphene,21

carbon nanotubes,34 and polyaniline35 were often used as

additives for LFP because of their good electronic behavior.

Nevertheless, attention has rarely been paid to alternative non-

carbon conductive additives. In addition, LFP with an irregular

shape usually possesses low tap density which results in a low

volumetric energy density. Therefore, spherical LFP particles are

desired to obtain higher tap density. Most recently, Liu36 and

Sun37 employed spray pyrolysis and a solvothermal method,

respectively, to synthesize nanostructured LFP microspheres,

which exhibited excellent battery performances.

Herein, we report a novel strategy to synthesize LFP micro-

spheres from nanoplates assembled via a solvothermal approach.

TiN nanoparticles were employed as a morphology controller in

LFP preparation. Our results indicate that TiN can improve not

only the conductive performance of LFP but that it also plays an

important role in the assembling of LFP microspheres.

Experimental details

Synthesis of LFP samples

LFP samples with various morphologies were synthesized using a

simple solvothermal process. Under typical synthetic conditions,

stoichiometric amounts of 0.025 mol lithium acetate hydrate

(CH2COOLi?2H2O), 0.025 mol iron(II) oxalate dehydrate

(FeC2O4?2H2O) and 0.03 mol phosphoric acid (H3PO4) were used

as the Li source, Fe source and P source, respectively. 0.006 mol

ascorbic acid (C6H8O6) was added as an antioxidant to prohibit the

oxidation of Fe2+ to Fe3+. 0.225 g poly(ethylene glycol)-block-poly

(propylene glycol)-block-poly(ethylene glycol) (P123) serving as a

surfactant was also employed. All the regents above as well as

different amounts of TiN nanoparticles (Hefei Kaier Nanometer

Energy & Technology Co., Ltd., China, diameter: 20–40 nm) were

dissolved in 25 ml of ethylene glycol (EG). The mixed solution was

ultrasonically dispersed, followed by vigorous stirring for 30 min. A

homogenous black yellow suspension was obtained, and then

transferred into a 50 ml Teflon-lined autoclave. The autoclave was

kept at 200 uC for 24 h in an electric oven and then cooled down to

room temperature naturally. The brown precipitate was centrifuged

with both ethanol and deionized water several times and dried at

60 uC overnight. Finally, it was annealed at 600 uC for 6 h under a

H2/Ar (5 : 95, v/v) atmosphere. Thus, the LFP samples with

various morphologies, synthesized by changing the amounts of TiN

added, were obtained.
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Characterization

X-Ray diffraction (XRD) patterns of samples were recorded

using a Bruker-AXS micro-diffractometer (D8 ADVANCE)

with Cu-Ka radiation (l = 1.5406 Å) from 10u to 60u at a

scanning speed of 0.33u min21. Morphology details and lattice

structural information were examined using field-emission

scanning electron microscopy (FESEM, HITACHI S-4800)

and high-resolution transmission electron microscopy (TEM,

TECNAI F20 ST). Elemental mapping was carried out using the

characteristic Fe, O, P, Ti and K edges, respectively. Pellets used

for electronic conductivity measurements with a size around

15 mm diameter and 0.8 mm thick were prepared by die-pressing

LFP powder samples under a pressure of 2 ton cm22 without any

conductive carbon black and binder. Silver paste was coated on

both sides of the pellet to form the electrodes and the electronic

conductivities of the LFP pellets were tested at 10 uC by a linear

voltage scanning method at a scanning rate of 1 mV s21 from 0

to 0.2 V using an electrochemical workstation (Chenhua CHI

440A).

A two-electrode Swagelok cell assembled in an argon-filled

glove box was used for electrochemical testing. In order to

elucidate the influence of TiN addition on the material

conductivity, all the working electrodes were prepared in the

absence of carbon black. Electrode slurry composing of active

materials and poly(vinylidene fluoride) (PVDF) in a weight ratio

of 90 : 10 was pasted on an aluminum foil, and then dried in a

vacuum oven at 120 uC for 8 h. Lithium foil was used as the

counter electrode and separated from the working electrodes by

a glass-fiber separator. The electrolyte was 1.0 mol L21 LiPF6 in

a mixture of ethylene carbonate (EC) and dimethyl carbonate

(DMC) (1 : 1, v/v). Electrochemical impedance spectroscopy

(EIS) measurements were carried out using a ZHANER

ZENNIUM electrochemical workstation by applying an AC

voltage of 5 mV amplitude in the frequency range of 0.1 to

100 kHz at room temperature.

The method used to measure the tap density was similar to the

one adopted by Sun.37 A certain amount of LFP product was

placed in a small measuring cylinder and tapped for at least

10 min by hand. The measured volume of the tapped powder and

its mass were used to calculate the tap density of product.

Results and discussion

Fig. 1 presents the XRD patterns of the LFP sample synthesized

in the absence of TiN and with 5 wt% TiN addition. All peaks in

both patterns are indexed to an orthorhombic phase LFP

(JCPDS 83-2092). Lattice parameters for the LFP sample

synthesized in the absence of TiN were measured to be a =

10.31783 Å, b = 5.99733 Å, c = 4.69199 Å; while values of a =

10.30511 Å, b = 5.97102 Å, c = 4.69868 Å were found

corresponding to the sample prepared with 5 wt% TiN addition.

The data is well in accordance with the values reported in the

literature.30,38,39 It is revealed that lattice parameters do not

show significant change after TiN addition. An interesting result

obtained from Fig. 1a is that the (111/201), (211/020) and (311)

peaks have close diffraction intensities in LFP. However, the

intensity of the (211/020) peak for the sample synthesized with

5 wt% TiN addition is relatively lower, the reasons are discussed

in detail in the following part.

Fig. 2 reveals the representative SEM and TEM images of

LFP samples synthesized in the absence of TiN addition. Similar

to the LFP samples prepared by a solvothermal method,37 a

nanoplate-like morphology with irregular edges was clearly

observed. Both the length and width of the nanoplates are not

uniform and vary widely from 1 to 2 mm, while the thicknesses

are about 20–50 nm.

Interestingly, after the TiN nanoparticles were added to the

reaction system, a remarkable change in LFP morphology from

nanoplates to microspheres was observed. As is depicted in

Fig. 3, all the particles are spherical with diameters ranging from

0.8 to 1.5 mm. TEM images in Fig. 3c and 3d confirm that all the

spheres have a solid core with a rough surface. A small amount

of LFP particles that had grown with an irregular shape were

also found, which is possibly attributed to the insufficient supply

Fig. 1 XRD patterns of the LiFePO4 sample in the absence of TiN (a)

and with 5 wt% TiN addition (b).

Fig. 2 Representative SEM (a, b) and TEM (c, d) images of LiFePO4

samples in the absence of TiN addition.
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of raw materials. For comparison, the same amount of TiO2

nanoparticles (Fig. S1{) were also introduced, and no morphol-

ogy change of the nanoplates was observed. Elemental mapping

detected by Dispersive X-ray spectroscopy of an individual LFP

microsphere is shown in Fig. S2{ where O, P and Fe exhibit quite

uniform distributions in a single sphere, and the existence of TiN

was also demonstrated.

It seems that TiN nanoparticles serve a crucial role in the LFP

microsphere formation process. With the aim to elucidate the

influence of different TiN addition amounts on the sample

morphology, six different LFP products were synthesized under

the same conditions but with different amounts of TiN. As

shown in Fig. 4a, an LFP sample with a stacked-plate shape was

observed when 0.25 wt% of TiN nanoparticles was added.

Several pieces of nanoplates attach tightly by connecting their

center to form the entire particle. With an increasing amount of

TiN (Fig. 4b and 4c), the thickness of the particles in the

direction perpendicular to plate plane increases rapidly, while

their size in the other two dimensions is almost constant. It

means that the particles may grow along a favorable crystal

direction. When the amount of TiN used in the experiment

reaches 2.5 wt% (Fig. 4d), quasi-spherical particles with a size of

around 1.2 mm were obtained. Furthermore, by increasing the

amount of TiN added, as shown in Fig. 4e and Fig. 4f, interstitial

spaces between the nanoplates of the LFP particles disappeared.

The spheres become compact due to crystal growth in the

direction perpendicular to the plane of the nanoplates rather

than the particle size increasing. The above SEM images indicate

that the addition of TiN nanoparticles remarkably affects the

LFP crystal growth process.

In order to investigate the crystal growth mechanism of the

LFP microspheres, TEM and HRTEM analysis of the LFP at

different growth stages were performed. Fig. S3{ shows the

typical TEM and corresponding SEAD images of an individual

LFP particle synthesized in the absence of TiN. It is found that

the nanoplate-shaped particle possesses a large and smooth facet

in the ac-plane (010), which is similar to the results reported in

previous literature.30,40,41 It is reported that the surface energy of

the ac-plane (010) is lower than that of the other crystal

plane.41,42 As a result, LFP nanoplates with an exposed (010)

plane were observed.

The crystal structure of LFP particles synthesized with 0.5 wt%

TiN addition was also observed in TEM and HRTEM images

obtained by projecting along two different directions. Fig. 5(a)

displays a typical TEM image of a single plate stacked shaped

LFP particle viewed along the b axis [010]. Several pieces of

nanoplate with irregular edges are attached to form a particle,

which is consistent with the corresponding SEM image displayed

in Fig. 4b. The clear lattice fringes (see Fig. 5b) represent the single

crystallinity of the particle. The width of 5.2 Å and 10.5 Å of the

neighboring lattice fringes in Fig. 5c corresponds to the (001) and

(100) plane of the LFP, respectively. When viewed along the a axis

[100], the LFP particle consisted of nanoplates with a thickness of

about 20 nm. The TEM and HRTEM results indicate that the

LFP microspheres may consist of nanoplates assembled along the

b axis [010]. In order to further prove our speculation, XRD

measurements for the LFP with different shapes were carried out.

Fig. 3 Representative SEM (a, b) and TEM (c, d) images of LiFePO4

samples with 5 wt% TiN addition.

Fig. 4 SEM images of LiFePO4 prepared by adding various amounts of TiN: (a) 0.25 wt%, (b) 0.5 wt%, (c) 1.25 wt%, (d) 2.5 wt%, (e) 5 wt%, and

(f) 10 wt%.
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Typical powder XRD patterns of LFP products synthesized

by different amounts of TiN addition are shown in Fig. 6. It is

found that, all of the (111)/(201) peaks in the four curves give the

strongest intensity. However, the intensity of the (211)/(020)

peak decreases gradually with increasing TiN addition, which is

ascribed to the much more exposed (010) face for the plate-like

LFP compared to the spherical LFP.

This is similar to the previous report by Nan et al.40 In our

study, the (010) face is prominent in the LFP synthesized in the

absence of TiN, which is already confirmed by the TEM and

SAED images shown in Fig. S3{. However, after TiN addition,

the morphology of the particles changes dramatically from

nanoplates to a plate-stacked shape and finally microspheres.

During the process, nanoplates with a (010) surface assemble

together gradually along the b axis which leads to fewer ac-plane

contributions to the diffraction intensity. As a result, the

intensity of the (020) peaks decreased gradually as shown in

Fig. 6.

On the basis of the information obtained above, the possible

crystal growth mechanism of LFP nanoplates and microspheres is

shown in Fig. 7. Previous literature30,43 reported that EG was a

favorable solvent in the growth of nanoparticles to nanoplates. As

a result, after nucleation and crystal growth processes, plate-like

LFP particles were formed (Fig. 7a). It is also well known that the

crystal growth is driven by the decrease of surface energy. For the

microspheres (Fig. 7b), there is a great possibility that TiN

addition could dramatically change the surface energy of the (010)

plane which causes the parallel growth of the LFP nanoplates.

Specifically, LFP nanoplates are formed by limiting the crystal

growth along the b axis [010], due to the adsorption of organic

agents including P123 and ascorbic acid. The role of P123 played

in this process is similar to the poly(vinyl pyrrolidone) (PVP) effect

in synthesizing dumbbell-like LFP which was reported by Yang.31

When TiN is introduced, it may adhere to the (010) surface of

nanoplates. The good conductive interface provided by TiN may

be beneficial to electron migration owing to its good electronic

conductivity,44–46 which leads to a priority of crystal growth on

TiN sites along the [010] direction. With successive supply of

solute ions, the organic barrier is broken down gradually and

crystal growth occurred along the b axis [010].47 In the initial stage

of the formation of LFP microspheres, the as-formed LFP

nanoplates begin to assemble in a layer-growth style31,48 to reduce

the surface energy and a fresh nanoplate is grown on the seed plate

which may be ascribed to the higher driving force around the

center of the plate.47 Additional TiN may only accelerate the

growth rate along the b axis [010], while crystal sizes in the other

two directions remain constant owing to the surfactant blocking

barrier formed by P123 and ascorbic acid. Consequently, the

parallel growth of the nanoplate from the center results in the

formation of a stacked-plate-shaped particle (see Fig. 4b).

Interstitial spaces between the nanoplates are slowly filled by

continuous ions precipitating to make the sphere structure more

compact, as shown in Fig. 4d. There is no obvious change in

particle size of the sample with 5 wt% and 10 wt% TiN added,

which implies the crystal growth is mainly affected by the diffusion

of reactant ions in the presence of enough TiN nanoparticles.

Fig. 5 TEM and HRTEM images of the LiFePO4 sample with 0.5 wt% TiN viewed along the b axis (a–c) and a axis (d–f), respectively.

Fig. 6 XRD patterns of LiFePO4 samples with various amounts of TiN

added: (a) 0 wt%, (b) 1.25 wt%, (c) 2.5 wt%, and (d) 5 wt%.

This journal is � The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 4344–4349 | 4347

D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
f 

C
he

m
ic

al
 T

ec
hn

ol
og

y 
on

 1
2 

Ju
ne

 2
01

2
Pu

bl
is

he
d 

on
 2

7 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
E

25
11

4K

View Online

http://dx.doi.org/10.1039/c2ce25114k


Tap density, as one of the important parameters related to the

performance of LFP in a LIB, was also studied. The tap density

of the LFP nanoplates is less than 0.87 g cm23, while the

microspheres sample has a tap density of 1.1 g cm23 which

indicates that the LFP microsphere electrode may posses a

higher volumetric energy density.

Electrochemical impedance spectroscopy was applied to

investigate the preliminary electrochemical performance of the

LFP electrode. Fig. 8 gives the Nyquist plots for the LFP

samples with different shapes. An equivalent circuit (inset of

Fig. 8) was employed to analyze the measured impedance data.

According to the literature,19,31,49 Re is related to the resistance

of electrolyte, Rf and CPE1 represent the diffusion resistance of

Li-ions through the solid electrolyte interface and its correspond-

ing constant phase element (CPE). Whilst Rct and CPE2 are

associated with the charge transfer resistance and the corre-

sponding CPE. Wo is the Warburg impedance related to the

diffusion of lithium ions into the bulk electrode. Fitting values of

the equivalent circuit are also presented in the inset of Fig. 8. Rf

and Rc of the LFP microspheres are 119.9 V and 416 V,

respectively, which is obviously smaller than that of the

nanoplates electrode. This could be benefiting from the existence

of TiN. Additionally, a linear voltage scanning method was also

adopted for testing the conductive properties of the LFP

samples, and three orders of magnitude higher electronic

conductivity from 8.09 6 10210 S cm21 (LFP nanoplates) to

2.44 6 1027 S cm21 (LFP microspheres) was observed at 10 uC
which again confirmed that the existence of TiN could enhance

the electronic conductive properties. Further investigations on

the electrochemical performance of LFP microspheres will be

summarized in further studies.

Conclusions

In summary, LFP microspheres with a high tap density were

successfully assembled from nanoplates via a solvothermal

method with EG as the solvent. The addition of TiN nanoparticles

is responsible for the morphology change from nanoplates to

microspheres, which is both attributed to the greater crystal

growth rate along the b axis [010] and the breakdown of the

organic barrier on the surface of the seed crystal. With a

controlled microstructure, detailed investigations on their electro-

chemical performance will be performed in future.

Acknowledgements

We appreciate the support of the ‘‘100 Talents’’ program of the

Chinese Academy of Sciences, the National Key Basic Research

Program of China (Grant No. 2011CB935700), the Shandong

Province Funds for Distinguished Young Scientist (Grant No.

JQ200906) and the National Natural Science Foundation of

China (Grant No. 20971077).

Fig. 7 Schematic illustration of the formation of LiFePO4 nanoplates (a) and microspheres (b).

Fig. 8 Nyquist plots of LiFePO4 nanoplates and microspheres. Insets

are the equivalent circuit and corresponding values used to fit an

experimental curve.
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