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Abstract The precursor of nanocrystalline LiMnPO,4 was
obtained by solid-state reaction at low heat using
LizSO4'H20, MHSO4'H20, and Na3PO412H20 as raw
materials, maintaining the mixture at 333 K for 4 h, and
then washing the mixture with deionized water to remove
soluble inorganic salts, and at last drying at 373 K. The
nanocrystalline LiMnPO, was obtained by calcining the
precursor. The precursor and its calcined products were
characterized using TG/DTA, FT-IR, and XRD. The data
showed that the precursor dried at 373 K for 3 h was a
compound with amorphous structure. However, when the
precursor was calcined at 973 K for 2 h, highly crystalli-
zation LiMnPO, with orthorhombic structure [space group
Pmnb (62)] was obtained with a crystallite size of 38 nm.
The mechanism and kinetics of the crystallization process
of LiMnPO, were studied using XRD technique, the results
showed that activation energy of the crystallization process
of LiMnPO, was 103.30 kJ/mol, and the mechanism of
crystallization process of LiMnPO, is the random nucle-
ation and growth of nuclei reaction.

Introduction
It is well known that the cathode materials in rechargeable

Li-ion batteries commercially used are the layered rock salt
OXideS, such as LiXC002, LiXNi02, Lian204, LiXNiongOO,z
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03, Li(NiggCog.15Alp.05)02, and Liy[Ni,Co;_»,Mn,]O,.
However, these oxides are unstable and can decompose and
release O, at elevated temperatures [1-5]. The released O,
can ignite the organic solvents in the electrolyte and create
hazardous conditions including fire and explosion. Recently,
olivine-type LIMPO, (M = Fe, Mn, Co, and Ni) compounds
have been promoted as safe alternative cathode materials for
lithium-ion batteries, which is attributed to its excellent
recyclability, thermal stability, low-cost, and environmental
benefits.

Since LiFePO, was proposed by Padhi et al. in 1997 [6],
various methods have been developed to synthesize nano-
crystalline LiMnPO, compounds, including solid-state
reaction [7-10], sol-gel technique [11, 12], polyol method
[13, 14], hydrothermal method [15], spray pyrolysis
[16, 17], precipitation method [18], etc. The rate capability
of LiMnPO, compounds can be improved by many meth-
ods, such as to form well dispersed and small particles as
well as to coat them with conductive materials [19-22].
Yamada et al. confirmed that Li(Mn Fe;_,)PO,4 (0.6 < x <
0.8) samples would be useful in the coexistence of the 3.4
and 4.1 V [23]. Delacourt et al. [24] observed a reversible
capacity of about 70 mAh/g and of about 140 mAh/g in the
Li/LiMnPOy cell, respectively. Oh et al. [17] obtained a
discharge capacity of 158 mAh/g at 1/20 C, 126 mAh/g at
1 C, and 107 mAh/g at 2 C rate.

Different raw materials and synthesis methods will
result in different electrochemical properties of LiMnPO,
associated with the crystallization temperature, crystallite
size, and morphology. Therefore, new synthesis methods
for LiMnPOy still need to be studied and innovated further.
Besides, the mechanism and kinetics studies of crystalli-
zation for LiMnPOQ, are needed to obtain high-performance
lithium metal phosphates cathode materials for practical
applications.
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In this article, olivine-type LiMnPO, was synthesized
via solid-state reaction at low heat [25], and the mechanism
of crystallization, and kinetics of the crystallization process
of LiMnPO, were investigated for the first time. Isothermal
kinetics of the crystallization process of LiMnPO, could be
described by JMA equation [26-28]. Avrami exponent, 7,
was used to estimate mechanism of crystallization process.

Experimental
Synthesis

Nanocrystalline LiMnPO,4 has been synthesized by solid-
state reaction at low heat using Li,SO,4-H,0, MnSO,4-H,0,
and Naz;PO4-12H,0 as starting materials. All chemical
reagents used were of high purity. The raw materials were
mixed in a Li,SO4-H,O:MnSO,4-H,0:Naz;PO,-12H,0 molar
ratio of 0.5:1:1.15. The mixture was fully ground in a mortar
with a rubbing mallet for 40 min in the presence of surfac-
tant polyethylene glycol (PEG)-400 at first, and then the
mixture was kept at 333 K for 4 h. The mixture was washed
with deionized water to remove soluble inorganic salts until
SO4*~ ion could not be visually detected by a 0.5 mol/L
BaCl, solution. The precipitate was then washed with a
small amount of anhydrous ethanol and dried at 373 K for
3 h. Nanocrystalline LiMnPO, was obtained via calcining
precursor above 973 K for 2 h.

Characterization

Thermogravimetry and differential thermal analyses (TG/
DTA) measurements were made using a Netsch 40PC
thermogravimetric analyzer. X-ray powder diffraction
(XRD) was performed using a Rigaku D/max 2500 V dif-
fractometer equipped with a graphite monochromator and a
Cu target. FT-IR spectra of the precursor and its calcined
product were recorded on a Nexus 470 FT-IR instrument.

Kinetics of crystallization process

Isothermal crystallization of LiMnPO, could be described
by JMA equation [26-29].

x =1 —exp[—(kr)"]. (1)
The double logarithm equation of Eq. 1 can be written

in the Eq. 2:

In[ —In(1 — y)]=Ink +nlnz, (2)

where y is the crystallized fraction of LiMnPQO, at a given

temperature time ¢, k is the rate constant of crystallization,
and n is the Avrami exponent that is related to the

crystallization mechanisms. The dependence of In(—In(1—
7)) on Inf must give rise to a straight line. Thus, the Avrami
exponent (n) can be obtained from linear slope (that is:
linear slope = n), and the rate constant (k) of crystalliza-
tion can be obtained from linear intercept (h = In k).

The dependence of the rate constant (k) on the effective
activation energy, E., can be expressed in Arrhenius
equation (Eq. 3).

—E.
k= k() exXp (ﬁ) s (3)

where k is the rate constant of crystallization, E. is the
effective activation energy (kJ/mol), ky is the pre-expo-
nential factor, R is the gas constant (8.314 x 1073
J mol™! Kil), and T is reaction temperature (K).

By a series of transforms, thus Eq. 3 can be rewritten in
the Eq. 4:

ko T\T,
E. = R In2 . 4
(nk1> <T2—T1) )

ko, and k, are the rate constants of crystallization
corresponding to reaction temperature 7, and 75, respec-
tively. Thus, the effective activation energy (E.) of the
crystallization process of LiMnPO, can be obtained
according to Eq. 4.

Results and discussion

Figure 1 showed the TG/DTA curves of the precursor at a
heating rate of 10 K/min from ambient temperature to
1173 K.

The TG/DTA curves show that thermal decomposition of
the precursor below 1173 K occurs in only a well-defined
step, which starts at about 303 K, ends at about 873 K, and
characterized by a strong endothermic DTA peak at about
446 K that can be attributed to the dehydration of adsorbed
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Fig. 1 TG/DTA curves of LiMnPO, precursor
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water and crystal water from the precursor. The observed
mass loss in the TG curve between 303 and 873 K is 7.68%.
The broad exothermic DTA peak at about 918 K can be
attributed to the phase change from amorphous LiMnPO, to
orthorhombic LiMnPO, [26-29].

The FT-IR spectra of the precursor and calcined samples
are shown in Fig. 2. The strong bands at 1150-900 cm™'
are attributed to the P-O stretching vibrations. The bending
OPO vibrations appear in the region of 650-500 cm™". The
weak band at about 726 cm ™! is the water libration (hin-
dered rotation), while the strong and broad band at about
3400 cm™"' is assigned to the stretching OH vibration of the
water molecule [30, 31]. The weak bands, which appear at
1631 and 1493 cm™ ' in the spectrum of the precursor, can
be ascribed to the bending mode of the HOH [32, 33]. The
bands of calcined samples above 473 K, which are located
at 726, 1493, 1631, and 3400 cm_l, are attributed to the
adsorbed water for air. FT-IR spectra of the two samples
obtained at 373 and 473 K are similar. However, the two
spectra have a great difference in comparison with that of
calcined samples above 773 K. Such as, the band of the
calcined samples above 773 K at about 1049 cm ™' is split
into three bands at 993, 1073, and 1141 cm_l, and the band
at about 580 cm™ ' is split into two bands at 556 and
637 cm~' when the precursor sample was calcined above
773 K, which indicates the structure of the calcined sam-
ples above 773 K takes place transform.

Figure 3 shows the XRD patterns of the precursor and
its calcined products for 2 h. The results show that the
precursor dried at 373 K was a compound with amorphous
structure. When the precursor was calcined at 773 K for
2 h, a characteristic diffraction pattern of crystal is
observed. This indicates that the calcined product obtained
at 773 K for 2 h is crystalline. However, diffraction peaks
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Fig. 2 FT-IR spectra of the precursor and its calcined products

@ Springer

N AT

773 K

373K

ST YV VN

10 20 30 40 50 60 70
2-theta/(°)

Fig. 3 XRD patterns of the products obtained at different calcined
temperatures for 2 h

of other impurities, such as Mn3(PO,4), and Mn,03 are still
observed. All the diffraction peaks in the pattern of sam-
ples obtained above 973 K are in agreement with that of
orthorhombic LiMnPO,, with space group Pmnb (62),
lattice parameter a = 6.100 10\, b = 10.460 1&, c = 4.744
1&, o= f =79 =90° Density = 3.5305 g/cm3, from PDF
card 74-0375. Intensity of diffraction peaks increases with
increasing calcination temperature, which indicates that
degree of LiMnPO, crystallinity increases with increasing
calcination temperature.

According to the Scherrer formula [27]: D = KA/
(Bcosl), where D is crystallite diameter, K = 0.89 (the
Scherrer constant), 4 = 0.15406 nm (wavelength of the
X-ray used), f is the width of line at the half-maximum
intensity and 6 is the corresponding angle. The resulting
crystallite sizes of the products from calcined precursor at
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Fig. 4 SEM micrograph of LiMnPO, obtained at 973 K for 2 h
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the temperatures of 773, 973, and 1073 K, are 29, 38, and
55 nm, respectively.

The morphology of LiMnPO, obtained at 973 K for 2 h
is shown in Fig. 4. From Fig. 4, it can be seen that the
LiMnPO, sample is composed of platelets. LiMnPO,
sample illustrated polyhedral grains, which contains parti-
cles having a distribution of small particles (150-300 nm)
and large particles (300 nm—2.0 pm). Its average crystallite
size determined by X-ray diffraction is 38 nm, significantly
smaller than the values determined by SEM. This is
because observations by SEM technique give the size of
the secondary particles, and the X-ray line broadening
analysis disclosed the size of primary particles.

The XRD diffraction patterns for the powders isother-
mally calcined at 973, 1073 K for various periods of time
are shown in Fig. 5a and b, respectively. From Fig. 5a and
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Fig. 5 XRD patterns of the products calcined for various periods
of time

b, intensity of diffraction peaks increases with increasing
calcination time, which indicates that degree of crystalli-
zation of LiMnPO, increases with increasing calcination
times.

In accordance with XRD analysis in Fig. 5, the crys-
tallized fraction of LiMnPQO, at a given time ¢ was calcu-
lated via MDI Jade 5.0 software at first, and then the plot of
the crystallinity (y) of LiMnPO, versus Inf was plotted. The
dependence of y on Inz is shown in Fig. 6, the result
showed that the dependence of y on Inf gave a linear
relation.

Figure 7 showed the dependence of In[—In(1—y)] on Int,
it was found that the dependence of In[—In(1—y)] on
Inz gave rise to a straight line. In accordance with JMA
equation (Eq. 2), the slopes and intercepts of these straight
lines can be determined, and then the rate constant (k), the
Avrami exponent (n) were obtained, and the activation
energy (E.) of the crystallization process of LiMnPO, can
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Table 1 The kinetic parameters of the crystallization process
of LiMnPOy4

Temperature Rate Avrami Activation energy
(K) constant (k) exponent (n) (E., kJ/mol)

973 0.144 0.5963

1073 0.475 0.3564 103.30

be obtained by Eq. 4. Table 1 showed the kinetic param-
eters of the crystallization process of LiMnPO,.

The value of Avrami exponent (n) reflects the mecha-
nism dominating the crystallization. Smaller n values
indicate that the crystallization is dominated by a surface
crystallization mechanism rather than by volume crystal-
lization, and that the crystallization dimension is low. On
the other hand, larger n values are expected only in case of
increasing nucleation rates, i.e., n > 2.5 in diffusion-con-
trolled reaction or n >4 in polymorphic transformation
[34]. For LiMnPO,, the value of the Avrami exponent
(n) was smaller than 1, which suggests that crystallization
process of LiMnPOy, is the random nucleation and growth
of nuclei reaction [35, 36].

Conclusions

This research has successfully achieved a simple room
temperature synthesis of orthorhombic LiMnPO,. XRD
analysis shows that orthorhombic LiMnPO, can be
obtained via calcining its precursor at 973 K, and the
crystallite size of the product is 38 nm. The activation
energy of crystallization process for the LiMnPO, is
103.30 kJ/mol. The Avrami exponent, n, was smaller than
1, which suggests that crystallization process of LiMnPO,
was the random nucleation and growth of nuclei reaction.
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