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Morphological and Orientational Diversity of
LiFePO, Crystallites: Remarkable Reaction Path
Dependence in Hydrothermal/Solvothermal Syntheses

Zhaojin Li,*® Kongjun Zhu,® Jialin Li," and Xiaohui Wang™"

Abstract: to understand the morphological and
orientational diversity of LiFePO, crystallites in hydrothermal and/or solvothermal syntheses.

We design four-group experiments

In the solvothermal synthesis in which water is highly deficient, the starting Li;PO,
nanoparticle likely directly evolves into LiFePO, through an in situ transition mechanism. In
contrast, under the other three conditions, i.e., hydrothermal synthesis with stoichiometric
H;PO,, hydrothermal and solvothermal syntheses in the presence of excess H;PO,, the starting
Li;PO, nanoparticle undergoes three diverse paths, generating different precursors and/or
intermediates whose compositions and dissolution properties remarkably diverge. Such
divergence in reaction paths dramatically influence the colloidal stability of the small, primary
nanosheets participating in oriented-attachment aggregation growth, resulting in the diversity
of the resultant LiFePO, in crystallite size from nanometer to micrometer and shape (rod-like
platelet, slab, and flake), orientation ([010], [100] and [211]) and point defect concentration as
well. Electrochemical performances of the diverse LiFePO, crystallites synthesized in this
study correlate well with the morphological and orientational diversity, shedding light on

tailored synthesis of LiFePO,

1 Introduction

Since its electrochemical activity was reported by Padhi et al.
in 1997, olivine-structured lithium iron phosphate LiFePO,
(LFP), as a cathode material for lithium-ion batteries (LIBs),
has attracted intensive attentions.' Due to being inexpensive
and environmental benignity, covalently bonded PO, groups
together with the chemically more stable Fe?*/Fe’* couple
offering excellent thermal stability and long duration safety,'>
LFP is superior over other cathode materials such as LiCoO,
and LiMn,O,.

On the other hand, high requirements on morphology and
orientation control for achieving desired performances are
raised for LFP due to its low electronic conductivity and
sluggish lithium ion diffusion.’ The commercial success of new
cathode materials mainly depends on the preparation methods
in a controlled manner. Many synthetic strategies, including
solid state rc::actions,1 co—precipitation,4’5 sol-gel routes,ﬁ’7 and
hydrothermal/solvothermal syntheses,®'®> have been therefore
proposed to develop LFP particles. Among those methods,
hydrothermal/solvothermal syntheses take advantages of low
temperature, environmental benign, and low cost as well.'®
Additionally, in the typical hydrothermal/solvothermal
syntheses of LFP particles, the ferric source of LFP is
FeSO,-7H,0O. This sulfate is usually regarded as a useless
byproduct generated during the industrial production of TiO,.
Million tons of FeSO,-7H,0 is produced per year in the world.
Thus, employing hydrothermal/solvothermal syntheses of LFP
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crystallites for high-performance lithium-ion batteries.

particles could use up the byproduct of FeSO,4.7H,0O that has
been treated as an environment waste.

Generally, the formation of LFP during
hydrothermal/solvothermal syntheses involves a heterogeneous
nucleation, namely dissolution-recrystallization process,'’
while nucleation and crystallite growth greatly depend on a
wealth of factors including solvent, concentration, temperature,
duration and pH et al 172122 Therefore, much efforts have been
devoted to study the roles of the factors in synthesizing LFP.
For instance, Ellis et al.'” reported that increasing reactant
concentration strongly favors the formation of nanocrystalline
products. Dokko et al.?' stated that the particle morphology,
crystallite orientation, and electrochemical reactivity of the
prepared LFP particles changed depending on the concentration
of the Li source and pH of the precursor. Wang et al.??
synthesized nano-sized LFP particles through varying
concentration of starting materials, pH, process duration and
temperature. Alternatively, researchers have made efforts to
control the particle morphology, crystallite orientation and
electrochemical performance by adopting various solvents
including benzyl alcohol,'* ethylene glycol (EG),'>!%2+%7
triethylene glycol,®® tetraethylene glycol,* and poly(ethylene
glycol).>'** For instance, Zhu et al. reported the synthesis and
nanostructural development of polycrystalline and single
crystalline LFP nanostructures using tri(ethylene glycol) as a
medium.** In this sense, solvents are very crucial due to their
multiple roles during the solvothermal process. Very recently,
Wang et al.>* successfully obtained LFP nanoplates with crystal
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orientation along the ac facet through adding excess H;PO, in
the solvothermal reaction system. The prepared LFP nanoplates
exhibited excellent performance at high charge/discharge rates.
It is well acknowledged that the electrochemical performance
of synthesized LFP particulates is morphology and orientation
dependent. However, knowledge concerning the morphological
and orientational diversity is insufficient, and in-depth
investigation of the underlying mechanism for the diversity of
LFP crystallites is therefore required.

In this paper, we design four-group experiments using
anhydrous Li;PO, nanoparticles as the starting material to
understand morphological and orientational diversity of LFP
crystallites synthesized hydrothermally/solvothermally. The
starting Liz;PO, nanoparticle undergoes four diverse paths,
generating different precursors and/or intermediates whose
compositions and dissolution properties remarkably diverge.
Such divergence in reaction path dramatically influences the
colloidal stability of the small, primary nanosheets participating
in oriented-attachment aggregation growth, resulting in the
morphological and orientational diversity of the synthesized
LFP crystallites. The diversity of resultant LFP crystallites is
attributed to the solution circumstance in which the molar ratios
of the ions released from the various precursors/intermediates
are different. Electrochemical performances of the diverse LFP
crystallites synthesized in this study correlate well with the
morphological and orientational diversity, shedding light on
tailored synthesis of LFP crystallites for high-performance
LIBs.

2 Experimental details

All chemicals (AR grade) used in this study were purchased
from Sinopharm Chemical Reagent. They were used as
received without any further purification. The water content in
the EG is less than 0.1% as declared by the manufacturer.

2.1 Synthesis of anhydrous Li;PO, powder

To investigate the influence of water on the formation of the
precursors in the four-group experiments, anhydrous LizPO,
powder was used as starting material. The Li;PO4 nanopowder
was prepared by acid and alkali neutralization reaction of
H;PO, and LiOH. Briefly, lithium hydroxide solution (0.5 M)
was prepared by dissolving LiOH-H,O in deionized water.
H;PO, (85% solution) was subsequently added drop wise
within 5 minutes into the solution under magnetic stirring and a
white suspension formed. After magnetic stirring at room
temperature for another 15 minutes, the resulting suspension
was filtered using a porous membrane filter (0.22 pm pore
size), washed several times with deionized water, and finally
dried at 110 °C for 12 h. Then the obtained Li;PO, was sealed
in a resealable plastic bag and stored in a desiccator for further
experiments.

Table 1. Starting materials for preparing the precursors

2.2 Preparation of LiFePO, precursors and intermediates

To study the effects of H,O and excess H;PO, (EP) on the
precursors, four types of precursors were designed and
obtained. These four LFP precursors were prepared by either
hydrothermal (H) or solvothermal (S) method using the afore-
prepared Liz;PO, nanopowder, H3;PO, (85% solution), and
FeSO,.7H,0 as the starting materials. The precursors include
H-UR (usual ratio in which the molar ratio of Li:Fe:P = 3:1:1),
S-UR, H-EP, and S-EP. Details for the preparation of the four
precursors are summarized in Table 1.

In a typical preparation of H-UR precursor, Li;PO, (6.800 g)
was added to a solution with equal volume (30 mL) of H,O and
EG in a 100 mL-capacity stainless steel autoclave under
magnetic stirring at room temperature. FeSO,-7H,0 (0.06 mol)
was subsequently added to the suspension to make the molar
ratio of Li:Fe:P = 3:1:1. After stirring at room temperature for
30 minutes, the resulting suspension was filtered using a porous
membrane filter (0.22 um pore size), washed several times with
the solvent having the same composition as the synthesizing
solvent. Finally, it was dried in a vacuum desiccator at room
temperature for 72 h to avoid oxidation of the precursor as
much as possible.

The intermediates were synthesized in a similar way to the
precursors. After adding raw materials, the autoclave was
sealed and heated in a silicon oil bath up to a preset temperature
without holding time (donated this sample as H-UR
(temperature)), except for the S—UR (180) sample that was
obtained by heating up to 180 °C and holding at that
temperature for 30 minutes. For example, if the sample was
heated up to 100 °C, the as synthesized sample was donated as
H-UR (100). To investigate the temperature accurately, the
temperature in this study refers to the inner temperature (the
temperature inside the autoclave) unless specified otherwise.
The inner temperatures are indicated by a thermocouple that
was immersed into the autoclave. The S-UR, H-EP, and S-EP
samples were synthesized in the same way except that the H—
EP and S-EP samples were synthesized by adding 2.0 mL of
H;PO, (85% solution) after adding 6.800 g of LizPO,, and the
S-UR and S-EP samples were synthesized by only using 60
mL EG as solvent. Unlike the precursors, the resulting
intermediate was dried at 60 °C for 12 h.

2.3 Fabrication of LiFePO, powders

LFP powders with different morphologies were prepared using
the same method as preparing the above precursors. The H-UR,
S-UR, H-EP, and S-EP samples were synthesized by heating
up to 180 °C and holding at that temperature for 30 minutes
(donated these samples as H-UR (LFP), S-UR (LFP), H-EP
(LFP), and S-EP (LFP), respectively).

H;PO, Li:Fe:P
Samples H,0 EG LizPO, FeSO,-7H,0
(85%) (molar ratio)
H-UR 30 mL 30 mL 6.800 g — 0.06 mol 3:1:1
S-UR — 60 mL 6.800 g — 0.06 mol 3:1:1
H-EP 30 mL 30 mL 6.800 g 2.0 mL 0.06 mol 3:1:1.5
S-EP — 60 mL 6.800 g 2.0 mL 0.06 mol 3:1:1.5
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2.4 Materials Characterization

Phase composition of the LFP powders, precursors, and those
heated up to various temperatures were characterized by X-ray
diffraction (XRD; Rigaku, D/max-2400) using Cu Ka
radiation. Fourier transform infrared spectra were recorded in a
spectrometer (FTIR; PerkinElmer, Spectrum One) at room
temperature. The unpolarized Raman spectra were collected on
a Raman spectrometer (HORIBA Jobin Yvon, HRS800).
Simultaneous thermogravimetry and differential scanning
analysis (TG/DSC; Setaram, Setsys 16—18) was conducted at a
heating rate of 5 °C min~' under a high purity argon
atmosphere. Inductively coupled plasma atomic emission
spectrometer (ICP—AES; Thermo Elemental, IRIS Intrepid) was
used to determine the chemical compositions of the
intermediate phases. Morphological studies of the precursors
and LFP powders were conducted by scanning electron
microscopy (SEM; LEO, Super35). Brunauer—-Emmett—Teller
specific surface areas (BET; Micromeritics, ASAP 2020) were
measured with nitrogen as adsorption gas at 77 K. A
transmission electron microscope (TEM; FEI, Tecnai G2 F20),
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operated at 200 kV, was used to identify crystallite size,
morphology, and crystal orientation.

2.5 Electrochemical Performance

The as-synthesized LFP powders were firstly mixed with
sucrose at a weight ratio of 1: 0.25, followed by heating up to
650 °C at arate of 5 °C/min, and holding at that temperature for
3 h in an atmosphere of 95% Ar and 5% H, to obtain a LFP/C
composite. The film electrodes prepared for electrochemical
tests consisted of 80 wt% cathode composite, 10 wt% acetylene
black as the conducting agent, and 10 wt% poly(vinylidene
fluoride) as the binder. For comparison, the film electrodes
consisting of 90 wt% carbon-coated LFP composite, 10 wt%
poly(vinylidene fluoride), and those having 80 wt% bare LFP,
15 wt% acetylene black, and 5 wt% poly(vinylidene fluoride)
were prepared. Pure metallic lithium was used as the anode.
The electrolyte was 1 M LiPFg in ethylene carbonate/dimethyl
carbonate/ethyl methyl carbonate solution (1:1:1 in volume).
The assembled cells were galvanostatically cycled at various
charge and discharge rates using a LAND CT2001A cycler
(Wuhan Kingnuo Electronic Co., China) in the potential range
of 2.3-4.2 V.
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Fig. 1 XRD patterns of precursors and samples heated up to the temperatures indicated, showing phase evolution upon heating. (a)

H-UR, (b) S-UR, (c) H-EP, and (d) S-EP.
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3 Results and discussion

3.1 Reaction path diversity concerning the solvent: Role of
H,0

3.1.1 Reaction path in hydrothermal synthesis of LiFePQO,
with stoichiometric H;PO,

Hydrothermally prepared LFP powders are usually achieved by
using LiOH, H3;PO, and FeSO4;.7H,O with a molar ratio of
Li:Fe:P 3:1:1 as raw materials as described in the
literature'®>'33¢. In this study instead, anhydrous Li;PO, was
used as the source of lithium cation and phosphate anion. Fig.
la shows the XRD patterns of the precursor and those heated
up to various temperatures, from which we can see that the
precursor consists of predominant Fe;(PO,),-8H,O (JCPDS No.
30-0662) and minor Li;PO, (JCPDS No. 25-1030). In spite of
different sources of lithium cation and phosphate anion, the
same resultant Fe;(PO,),-8H,O was always yielded. This result
indicates that this

RSCPublishing

Fe;(PO,4),-8H,0 and LizPO, are identified for the samples
heated up to 90 °C. As the inner temperature increases up to
110 °C, the formation of target phase LFP (JCPDS No. 40—
1499) is identified. It is noted that the space group notation for
LFP is Pmnb in the database, while another notation of Pnma is
widely adopted by the community. For this reason, we adopt
the latter notation for LFP in this study unless specified
otherwise. Phase-pure LFP is obtained as soon as the
temperature reaches 130 °C.

In accordance with the XRD results, FTIR data (Fig. 2a) also
identify the evolution from Fe;(PO,),-8H,O to LFP. Upon
heating, the V | and V 5 modes centered at 939 cm™ and 1044
cm™ which are assigned respectively to the symmetric and
asymmetric vibration of P-O in PO,/ units*”  of
Fe;(PO,4),-8H,0O decline. Meanwhile, the V 4, mode at 633 cm™!
corresponding to the asymmetric bending of O—P—O in PO~
units®’ of LFP strengthens. These experimental evidences

indicate the formation of LFP at the expense of
compound under such hydrothermal Fe,(PO,),-8H,0.
conditions is much more stable than Li;PO, although the latter
alone has low solubility in water. No other phases but
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Fig. 2 FTIR patterns of the samples prepared under four different conditions. (a) H-UR, (b) S-UR, (c) H-EP, and (d) S-EP.

This journal is © The Royal Society of Chemistry 2014

CrystEngComm, 2014, 00, 1-11 | 4

Page 4 of 12



Page 5 of 12

CrystEngComm

3.1.2 Reaction path in solvothermal synthesis of LiFePO,
with stoichiometric H;PO,

To study the path dependence in solvothermal synthesis of LFP,
anhydrous EG was used to replace H,O as the solvent to create
a condition as waterless as possible. Fig. 1b presents the XRD
patterns of S-UR (precursor) and those heated up to various
temperatures, from which we can see that the precursor consists
of LizPO; (JCPDS No. 25-1030). As the inner temperature
increases to 120 °C, LFP is identified. Phase pure LFP is not
obtained until the inner temperature reaches 180 °C and holds
at that temperature for 30 minutes. A striking difference
between hydrothermal synthesis (H-UR) and solvothermal
synthesis (S—-UR) in this study is that the reaction paths are
quite different. In the H-UR, the intermediate phase is
Fe;(PO,),-8H,0. Whereas, LFP is most likely to undergo an in
situ evolution from the starting material of Li;PO,.

In support of the in situ transformation, FTIR spectra are
plotted in Fig. 2b. The 593 cm™' absorption band that is
assigned to the asymmetric vibration of O—P-O (V ,) in PO,
units®” of LizPO,, weakens gradually, while the absorption
bands at 972 cm™' and 634 cm™' respectively corresponding to
the symmetric stretching vibration of P-O and asymmetric
bending of O—P—0 in PO,*~ units**® of LFP, get stronger and
stronger.

Moreover, the in situ transformation from LisPO, to LFP is
also witnessed by Raman spectroscopy that is a surface- and
structure-sensitive analysis technique. (Fig. S1, Supporting
Information). For the starting material, three distinct Raman
bands located at 944, 1022, and 1064 cm™’, in the range of 900
and 1100 cm™, correspond to symmetric stretching vibration of
P-O and asymmetric bending of O-P-O in PO,*" units of
LisPO,, respectively.®3? In the case of the final product, the
bands at 951, 985, and 1071 cm™', are assigned to symmetric
stretching vibration of P-O and asymmetric bending of O—P-O
in PO, units of LFP, respectively.®?° Whereas, for the
intermediate sample heated up to 120 °C, the spectrum exhibits
the characteristic bands of both Li;PO, and LFP. In addition, a
profound background is identified for the sample S—UR (110),
indicating the circumstance of the PO, tetrahedra becomes
disordered. In other words, an amorphization process involving
the collapse of PO,* units, i.e., the skeleton of Li;POy,
occurred during the transformation from Li;PO, to LFP. In
combination with the XRD, FTIR and Raman results, it is
reasonable to state that the formation of S-UR (LFP) is
achieved by in situ transformation from Li;PO, to LFP via an
amorphization process. The possible crystallite structure
transformation diagrams are illustrated in Fig. S2 (Supporting
Information). As is address in the following section, the
morphology of LFP keeps the same as the starting Li;PO,,
which further supports the speculation of the in situ transition.

3.1.3 Role of H,O in the reaction path diversity in
hydrothermal/solvothermal syntheses of LiFePO,

By comparing phase evolution involved in the former two
groups of experiments (H-UR and S-UR), it is clear that H,O

This journal is © The Royal Society of Chemistry 2014
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significantly promotes the formation of LFP. The main
contribution of H,O is that it is a strong polar solvent, which
facilitates the dissolution of LizPO, and the intermediate phase
Fe;(POy),-8H,0O. In contrast, EG under the solvothermal
condition is not likely able to dissociate the starting material
Li;PO, into lithium cations and phosphate anions.

To further understand the reaction paths under other
anhydrous conditions, EG was replaced by other solvents
including ethanol, glycerol and polyethylene glycol 200. In
these solvents, no other phases but Li;PO; and LFP are
identified in the samples heated up to 120 °C (Fig. S3),
indicating in situ transformation from Li;PO, to LFP. This is
the same as the condition under which EG is used as solvent.

3.2 Reaction path diversity concerning the raw materials:
Role of excess H;POy,

3.2.1 Reaction path in hydrothermal synthesis of LiFePO,
with excess H;PO,

To understand the effect of excess HiPO,, H3PO4(85%) was
excessively added to the hydrothermal synthesis system. Upon
introducing additional H3;PO,, the precursor appeared to be
amorphous. Interestingly, an intermediate phase is identified
upon heating, as shown in Fig. 1c. This intermediate phase is
quite different from Fe;(PO,),-8H,O formed under the H-UR
condition according to the XRD results. In addition to the
difference in XRD patterns, the intermediate phase has a
specific FTIR spectrum (Fig. 2c). Between 1100 cm™ and 1000
cm'l, there are two absorption bands located at 1085 cm™! and
1039 cm™! in the H-EP (precursor). These two V 3 modes are
regarded as the asymmetric vibration of P—-O in PO,*" and
HPO,*>~ units,””*® respectively. With the increase in
temperature, the asymmetric vibration in PO4*~ shifts to a low
wave number, and finally located at 1069 cm™ when pure
phase LFP is obtained. Meanwhile, the absorption band at 1039
cm™! becomes weaker and weaker till disappears. Thus far, this
intermediate phase has not been well understood. We therefore
investigated the H-EP (110) sample by means of simultaneous
TG/DSC and chemical analysis.

To gain insight into the structure of the H-EP (110), it was
subjected to TG/DSC thermal analysis. Weight loss is obvious
upon heating at temperature above 150 °C. So we speculate that
the H-EP (110) sample (intermediate) contains crystal water. A
strong exothermic peak at 488 °C is observed (Fig. 3a),
suggesting a crystallization process. Fig. 3b shows the XRD
patterns of the H-EP (110) sample, and those heated at 420 and
550 °C. For the sample heated at 420 °C, it exhibits an
amorphous feature. Upon heating, crystal water in the H-EP
(110) gives off from the skeleton and the structure collapses,
forming an amorphous structure. At elevated temperature,
recrystallization of LFP occurred.

Fig. 3¢ shows the TG/DSC curves of H-UR (90) sample. The
endothermic peak at 120 °C attributes to the loss of free water,
and peaks at 150 °C and 240 °C correspond to crystal water
combining with Fe** and PO,*", respectively. Unlike the H-UR
(90) sample which has two peaks at 150 °C and 240 °C, the H-

CrystEngComm, 2014, 00, 1-11 | 5
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EP (110) exhibits a wider peak between 175 °C and 244 °C.
This is because the bonding between Fe?* and crystal water gets
stronger in that kind of compound containing H.

The H-EP (110) sample (intermediate) is subjected to
inductive coupled plasma (ICP) analysis, demonstrating that the
molar ratio of Li:Fe:P is 1:1.74:1.80, approximately equal to
4:7:7. As the states of Li, Fe, and P in LiFePO, are Li*, Fe*
and PO,*, respectively. For charge balance, excess of H*
should therefore be involved into the intermediate, considering
the excess H;PO, in the reaction system. The intermediate
phase, H-EP (110) has a nominal chemical formula of
Fe7HxLi4(PO4)7.szO.
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Fig. 3 Characterization of the intermediates of H-EP sample
and H-UR sample. (a) simultaneous TG/DSC of H-EP (110),
(b) XRD patterns of the H-EP sample treated at different
temperatures in Ar, and (¢c) TG/DSC of H-UR (90).

3.2.2 Reaction path in solvothermal synthesis of LiFePO,
with excess H;PO,

When pure EG was used as the solvent, from the XRD patterns
in Fig. 1d, we can see the precursor mainly consists of Li;PO,
(JCPDS No. 25-1030) and amorphous phase. Li,SO4.-H,0O
(JCPDS No. 15-0873) and Fe;(H;0)H4(PO,)s-H,O (JCPDS
No. 38-1440) are identified as the main phases from the XRD
pattern at 100 °C (Fig. 1d). For the molecule of
Fe3;(H;0)H 14(POy4)s-H>O, the element of Fe exists in the state of

6 | CrystEngComm, 2014, 00, 1-11

Fe**. This is possibly because Fe** in the intermediate was
oxidized upon exposure to air during the process of drying.
This implies that the Fe®*-containing intermediate is unstable
under ambient condition. Here, we use
Fe;(H;0)H4(POy4)s-H,O-like phase to represent the accurate
phase in the intermediate. As the temperature increases to 110
°C, the target phase LFP is identified. Phase-pure LFP is
observed when the temperature reaches 120 °C. Unlike the S—
UR environment, Li;PO, is unstable under such acidic
condition. With increasing temperature, Li;PO,4 gets amorphous
and reacts with excess H;PO, and FeSO,.7H,0O to form the
more stable phases, Fe;(H3;0)H4(PO,4)s-H,O-like phase and
Li,SO4-H,0. Fig. 2d shows the FTIR spectrum of the S—HE
samples. Similar to the absorption bands of H-EP, between
1100 cm™! and 1000 cm'l, there are two bands located at 1084
cm™ and 1040 cm™ in the S—-EP (precursor), indicating the
existence of PO, and HPO,>" units based on the above
analysis. Upon heating, the asymmetric vibration in PO, shifts
to a low wave number, and finally locates at 1072 cm™' when
pure phase LFP is obtained. Meanwhile, the intensity of the
absorption band at 1040 cm™' becomes weaker till disappear.

3.2.3 Role of excess H;PQ, in the reaction path diversity in
hydrothermal/solvothermal syntheses of LiFePO,

By analyzing the phase evolution in the last two groups of
experiments (H-EP and S-EP), we believe that excess H;PO,
also promotes the formation of LFP. The main contribution of
excess H3PO, is rooted in the formation of H'-containing
intermediate phase, which facilitates the formation of LFP.

Fig. 4 SEM images of the precursors synthesized under
different conditions. (a) H-UR (precursor), (b) S-UR
(precursor), (c) H-EP (precursor), and (d) S—EP (precursor).

3.3 Morphology evolution and orientation determination
under different hydrothermal and solvothermal conditions

Understanding the fundamental processes of crystallite
growth, morphology evolution and crystallite orientation is of
importance, as many of the properties are highly shape-, size-
and orientation-dependent. Therefore, morphological studies by
SEM and TEM are conducted.

Fig. 4-6 depict the SEM images of the precursors,
intermediates and LFP  synthesized wunder different
hydrothermal and solvothermal conditions. Significant changes
in morphology occur for the samples under the H-UR, H-EP

This journal is © The Royal Society of Chemistry 2014
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and S—EP conditions, whereas no visible morphology changes
are observed for the samples under the S—UR condition in
which water is highly deficient.

Under the H-UR condition, the precursor (Fig. 4a) consisting
of Fe3(POy4),-8H,0 and LisPO, dissolved upon heating,
followed by the nucleation and crystallite growth of LFP.
Considering the rapid nature for the growth of LFP crystallites,
it is reasonable to point out that the LFP crystallites grow at the
expense of the ions in the vicinity of the dissolving intermediate
(Fig. 5a-c). With long duration, the grains coarsen by
aggregation, forming rod-like platelet shaped crystallites (Fig.
6a and 7a). By calculating the adsorption volume of nitrogen,
the BET specific surface area of the H-UR (LFP) was
determined to be 17.6 m*> g”'. In consistent with the previous
theoretical calculations in which the surface energy of the (010)
planes is the smallest'', the LFP crystals formed under the
H-UR condition are [010] oriented, as shown in the selected
area electron diffraction (SAED) pattern (Fig. 7a).

Under the S-UR condition in which there is much less water,
the S-UR (LFP) has to be evolved directly from Li;PO,4. From
the images of SEM and TEM (Fig. 4b, 6b and 7b) we can see
the precursor and S-UR (LFP) depict a similar morphology.
Both of them consist of ultra-fine flakelets (about 20 nm) in
aggregation. The BET specific surface area of the S—-UR (LFP)
was determined to be 19.2 m?> g’l. Furthermore, the SEM
images of S—-UR (temperature) samples show a similar
morphology (Fig. 5d—f). These similar morphologies further
prove that the synthesis of S—UR (LFP) follows the in situ
reaction mechanism.

Fig. 5 Morphology evolution upon heating up to various
temperatures under four synthetic conditions. H-UR (a—c), at
90 °C (a), 110 °C (b), and 130 °C (c). S-UR (d-f), at 110 °C
(d), 120 °C (e), and 180 °C (f). H-EP (g—i), at 110 °C (g), 120
°C (h), and 130 °C (i). S=EP (j-1), at 100 °C (j), 110 °C (k), and
120 °C ().
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Under the H-EP condition where excess H;PO, is involved,
the initial agglomerated precursor consists of plenty of tiny
needles (Fig. 4c). An intermediate phase with strip morphology
(Fig. 5g) is formed as a result of the dissolution of the precursor
in an amorphous state (Fig. 1c). Generally, the crystallite
growth is described by aggregation at early times and high
temperatures while by Ostwald ripening at later stages.** Upon
heating, the big strip intermediate aggregate dissolves, and LFP
crystallite nucleus form and grow into slab-shaped LFP grains
(Fig. 5h-i). Along with the increase in temperature, the LFP
grains grow together into big slab-like morphology, with a
length of about 5 pm and a width of about 1 um (Fig. 6¢). Due
to large crystallite size, the BET specific surface area of the H—
EP (LFP) is relatively low (8.0 m? g’l). As shown in Fig. 7c,
the big LFP slab shows an obvious contrast differences,
indicating it is made up of small pieces. This is consistent with
the theory where grains coarsen preferentially by aggregation in
form of the oriented attachment.*** As indicated by the SAED
pattern, the grains are [100] orientated.

Under the S—EP condition, the precursor is comprised of
agglomerated small particles (Fig. 4d). From the XRD patterns
(Fig. 1d) and the morphology of Li;PO, (Fig. 4b), it is
reasonable to conclude that the small particles are Li;PO, that
hasn’t been dissolved. After a dissolution-recrystallization
process, the intermediates (Fe;(H;O)H4(POy4)s-H,O-like phase
and Li,SO4-H,0) with an interlaced flake morphology are
produced (Fig. 5j). The distinction in phase component and
morphology between the S—EP (intermediate) and the H-EP
(intermediate) is caused by the different solution composition
and interfacial tension, for growth rates are controlled by
solution composition*®’, and interfacial tensions. At the
expense of intermediates dissolution, LFP nucleuses form and
grow up attaching to the intermediates (Fig. 5k-1).
Correspondingly, the harvested S—-EP (LFP) crystallites present
similar interlaced flake morphology to the intermediate (Fig.
6d). Due to a smaller crystallite size than the H-EP (LFP), the

S—EP (LFP) has a larger specific surface area of 14.2 m> g'.

Fig. 6 SEM images of the LFP particles harvested after holding
at 180 °C for 30 minutes under four different synthetic
conditions, showing reaction path-dependent morphology. (a)
rods (platelets) in hydrothermal synthesis (H-UR (LFP)), (b)
flakelets of aggregation in solvothermal synthesis (S—-UR
(LFP)), (c) slabs in hydrothermal synthesis in the presence of
H;PO, (H-EP (LFP)), and (d) interlaced flakes in solvothermal
synthesis in the presence of H;PO, (S—EP (LFP)).

CrystEngComm, 2014, 00, 1-11 | 7
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Similar to the H-EP (LFP), the S-EP (LFP) follows
aggregation growth. According to the proposal by Wang and
coworkers*’, where aggregation growth and Ostwald ripening
are distinguished by nanoparticle core structure. As shown in
Fig. 7d, the interlaced flake LFP “crystallites” also show
obvious contrast differences, indicating they should be initially
polycrystalline. Orientation determination demonstrates that
[211] is the predominant orientation (Fig. 7d). To the best of
our knowledge, this is the first time of being observed in the
LFP crystallites. Besides the frequently observed [211]
orientation, [100] orientation is occasionally observed. The
coexistence of these two orientations witnesses a competition
between them during the crystallites nucleation process.

Under the H-UR, H-EP and S—EP conditions, the growth of
LFP crystallites follow the oriented attachment mechanism, but
there is a dramatic diversity in crystallite size and shape, and
orientation. This may be understood from the complexity of the
three reaction systems. As was put forward by Wang et al.*’,
the height (maximum nucleation rate) and width (2c) of the
nucleation function profile are systematically varied by
conditions that influence the colloidal stability of the small,
primary nanocrystallites participating in aggregative growth.
Concerning that the growing up of LFP is closely associated
with the dissolution of the intermediates, the diversity in this
study is reasonably ascribed to the distinct solution
circumstances caused by the different molar ratios of the ions
released from the intermediates.

Fig. 7 TEM images of the LFP harvested after holding at 180
°C for 30 minutes under different conditions. (a) H-UR (LFP),
(b) S-UR (LFP), (¢) H-EP (LFP), and (d) S-EP (LFP). Insets
show the corresponding SAED patterns.

3.4 Correlation between reaction path and concentration of
antisite defect

It has been acknowledged that the Li ion migration in LFP is
determined not only by crystallite size and diffusion pathway

but also by the concentration of Fe|; antisite defect, and Fe,,

defect in which Li sites are occupied by ferrous Fe** ions.*>!

According to the previous report,”® the point defect
concentration is closely linked to the symmetric stretching P-O
vibration band of the PO, tetrahedron at 957 cm™'. The red shift
of this infrared absorption band represents a reduction in the
point defect concentration. Fig. 8 shows the symmetric
stretching P—O vibration bands of LFP that synthesized under

8 | CrystEtngComm, 2014, 00, 1-11

different conditions. As we can see, the symmetric stretching
P-O vibration peak is around 970 cm™ in the H-UR or S—-UR
(LFP) samples. While in the H-EP (LFP) or S-EP (LFP)
samples, the symmetric stretching P-O vibration bands are
significantly shifted to low wave numbers. The difference in
their corresponding reaction paths may contribute to such
remarkable difference in the symmetric stretching P-O
vibration band of the PO, tetrahedron.

S—EP (LFP)
~ S-UR (LFP)
=] 946
S
[0}

o

8 H-EP (LFP)

IS

7]

S H-UR (LFP)

=

969
1200 1100 1000 900 800 700 600 500

Wavenumber (cm-1)

Fig. 8 FTIR spectra of the LFP harvested after holding at 180
°C for 30 minutes under different conditions.

Based on the afore-mentioned results of phase evolution and
morphology change, and discussion as well, the formation of
LFP follows a dissolution-precipitation mechanism under the
conditions of H-UR, H-EP and S—EP. The LFP nucleuses grow
up at the expense of the surrounding cations and anions.

For the H-UR (LFP), it evolved from the Fe;(PO,),-8H,0O
intermediate phase. The crystallite nucleus formed and grew up
attaching to the Fe3(PO,),-8H,O intermediate phase. The
surrounding solutes environment is that the concentration of
Fe?* is higher than PO,*" for it is mainly determined by the
dissolution of the Fe;(PO,4),-8H,O intermediate. Defects of Fe
would easily form due to the excess Fe?* in the vicinity of LFP
crystallite nucleus. In contrast, in the presence of excess H;PO,
under the conditions of H-EP and S—EP, the LFP crystallites
are synthesized from intermediate phases containing H*. The
solutes environments surrounding the LFP crystallite nucleus
both hold a common feature that the concentration of Fe®* is
lower than PO,>". Then a lower defect concentration can be
obtained. As for the S—UR (LFP), it is evolved directly from
the precursor of LisPOy, in such a way that Li* gradually was

replaced by the Fe’. A high concentration of Fe; antisite
defect is inevitably introduced by this way of transformation.

3.5 Electrochemical Performance

As discussed above, the reaction path dependent diversity in
hydrothermally/solvothermally synthesized LFP crystallites has
been verified. The diversity in crystallite size, aggregation state,
crystallite orientation, and point defect concentration provides
an opportunity to study the correlation between the diversity
and electrochemical performance of the resultant LFP
crystallites.

Because the as-prepared LFP powders have much low
electronic conductivity, a good contact between the LFP
crystallites and conducting agent (usually acetylene black) is

This journal is © The Royal Society of Chemistry 2014
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required to characterize their intrinsic electrochemical
properties. It is however very hard to thoroughly mix them with
acetylene black to achieve a nice contact between the LFP
crystallites and acetylene black. As a result, the cathodes made
by mixing the as-prepared LFP powders with ethylene black,
show poor electrochemical properties (Fig. S4). With carbon
coating, even in the absence of acetylene black, the
electrochemical properties are significantly improved (Fig. S5),
indicating that carbon coating is an efficient approach to good
contact between the LFP crystallites and current collector.
Further adding acetylene black, the electrochemical properties
are the best among the three methods of preparing the cathodes.
We believe that the last cathode preparation method is capable
of exhibiting the electrochemical performances of the
synthesized LFP crystallites. We therefore use the data
collected from the samples with carbon coating and acetylene
black.

It should be emphasized that the morphologies of the LFP
crystallites with carbon coating might change at the treated
temperature. To examine whether this is the case or not,
morphological investigation on the carbon-coated samples was
conducted. Fig. S6 shows their typical morphologies, from
which we can see that the morphologies are reserved with
carbon coating. We also investigated the carbon-coated samples
by FTIR to indicate the point defect concentrations. As plotted
in Fig. S7, the symmetric stretching P-O vibration bands of H—
UR (LFP/C) and S-UR (LFP/C) samples still remain at higher

CrystEngComm

wavenumbers than H-EP (LFP/C) and S-EP (LFP/C) samples.
These results demonstrate that the carbon-coated samples, i.e.,
H-UR (LFP/C) and S-UR (LFP/C), have higher point defect
concentrations than their counterparts of H-EP (LFP/C) and S—
EP (LFP/C).

The H-UR (LFP/C) sample has a specific discharge capacity
as high as 160 mAh g™ at 0.1 C (1 C = 170 mA g™'), which is
close to the theoretical capacity (170 mAh g™"). Even at a high
charge/discharge rate of 20 C, the capacity can still reach
almost 100 mAh g~'. Meanwhile, this sample also delivers
excellent Coulombic efficiency (Fig. 9a). This result is
consistent with the theoretical study, which predicts that LFP
crystallite with the [010] orientation can improve the rate
capability.’>** In addition, the point defects like Fe,; that are

popular in LFP can provide more negative electron carriers. At
moderate levels of such defects, the increased electron carriers,
give rise to improved electrical conductivity.>* In contrast, the
S—-UR (LFP/C) sample only exhibits a discharge capacity of
less than 120 mAh g™' at the low current of 0.1 C. When the C-
rate increases to 20 C, it presents a rather low discharge
capacity of about 42 mAh g~' (Fig. 9b). This may be attributed
to its excessively high Fe;; defect concentration, which hinders
the Li* migration. On the other hand, the in situ formed
crystallites are so fine (20 nm) that serious aggregation
occurred, giving rise to an increased migration path for lithium
cations.
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Fig. 9 Charge-discharge galvanostatic curves of (a) H-UR (LFP/C), (b) S-UR (LFP/C), (c) H-EP (LFP/C), and (d) S-EP (LFP/C).

Under the H3;PO, excess condition, the H-EP (LFP/C)
sample presents a discharge capacity of 148 mAh g™ at 0.1 C,
while the S—=EP (LFP/C) sample presents 160 mAh g™ at 0.1 C.
Both capacities are high considering their micrometer
crystallite size. The low point defect concentration may
contribute to the high capacities at low C-rate. Compared with

This journal is © The Royal Society of Chemistry 2014

the H-UR (LFP/C), the H-EP (LFP/C) shows a faster drop on
the discharge capacity as the increasing of C-rate. The H-EP
(LFP/C) can only achieve a discharge capacity of 42 mAh g™’
at 20 C (Fig. 9¢). This is caused not only by its big particle size
but also by its [100] orientation, which is detrimental to the
insertion and de-insertion of Li* ions. Similarly, the S—EP

CrystEngComm, 2014, 00, 1-11 | 9
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(LFP/C) also presents a fast drop on the discharge capacity as
the increasing of the C-rate, but shows a better performance
than the H-EP (LFP/C). The S-EP (LFP/C) can present a

discharge capacity of 50 mAh g™ at 20 C (Fig. 9d). The better

performance is attributed to its smaller particle size*” %,

These results further witness that the electrochemical
performance of LFP is decided by the integrated factors of the
crystallite orientation,” crystallite size,” aggregation state,®
and concentration of defect’>. The knowledge established in
this study sheds light on tailored synthesis of LiFePOy crystals
for high-performance LIBs.

Conclusions

We have systematically investigated the reaction paths in
hydrothermal/solvothermal syntheses of LFP, concerning the
roles of H,O and excess H;PO,. Both H,O and excess H3PO,
are essential in promoting the synthesis of LFP. In the
solvothermal synthesis, the starting anhydrous LizPO,
nanopowder likely directly evolves into LFP through an in situ
reaction mechanism. In contrast, under other three conditions,
i.e., hydrothermal synthesis with stoichiometric H3;POy,
hydrothermal and solvothermal syntheses in the presence of
excess H;PO,, the starting LisPO, undergoes three diverse
paths generating different precursors and/or intermediates. The
precursors and/or intermediates are Fe;(PO,),-8H,O in
hydrothermal  synthesis  with  stoichiometric =~ H3PO,,
Fe;H,Liy(PO,4)7-yH,0 in hydrothermal with excess H;POy,, and
the mixture of leSO4H20 and F€3(H30)H14(PO4)8~H20 in
solvothermal synthesis in the presence of excess H;PO,. The
compositions and dissolution properties of those precursors
and/or intermediates diverge remarkably. Such divergence in
reaction paths dramatically influence the colloidal stability of
the small, primary nanosheets participating in oriented-
attachment aggregation growth, resulting in the diversity of the
resultant LFP in grain size and shape, orientation and point
defect concentration as well. The LFP with smaller size and
thickness along the [010] direction shows superior
electrochemical performance.
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Reaction path difference in synthesis conditions has resulted in the morphological and
orientational diversity of resultant LiFePOy, crystallites.



