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a b s t r a c t

LiFePO4 was prepared using two synthetic routes which involved the precipitation and lithiation of an
amorphous FePO4 precursor followed by a thermal treatment. Both hydrated and dehydrated FePO4

were used. The XRD patterns confirm the amorphous nature of both the precipitated and the lithiated
product, while a crystalline LiFePO4 product is obtained after thermal treatment. Mössbauer spectroscopy
ccepted 22 December 2010
vailable online 12 January 2011

eywords:
ithium-ion battery
morphous FePO4

was used to analyse the oxidation state of iron during various stages of the reaction. The Mössbauer
data demonstrates a large amount of Fe3+ ions in the lithiated samples which suggest that the lithiation
reaction does not go to completion. Therefore, the formation of LiFePO4 may be in part associated with
the thermal treatment and not the lithiation step.

© 2011 Elsevier B.V. All rights reserved.

össbauer spectroscopy

ithiation

. Introduction

Lithium ion batteries play an important role in various portable
lectronic devices. Numerous cathode materials have been pro-
osed for these batteries, including lithium iron phosphate. LiFePO4
an provide increased thermal stability, high theoretical capac-
ty, low cost precursors and environmental friendliness over other
ommercial cathode materials. A variety of different synthetic
outes have been developed for LiFePO4, including solid state
eactions [1,2], microwave assisted methods [3], hydrothermal
onditions [4,5] and many others [6–8]. Lithium can be extracted
rom LiFePO4 and inserted into FePO4 at a flat voltage potential
f 3.5 V versus lithium metal. However, a major disadvantage of
ure LiFePO4 can be attributed to its poor electronic conductivity
hich is on the order of 10−9 Sc−1 m−2 [9,10]. One of the strategies

o overcome this problem is to use nanosize material. One of the
ethods to achieve these nanoscale dimensions is by precipitating

morphous nanosized FePO4 which can later be lithiated and ther-
ally treated to obtain crystalline LiFePO4 with small particle size

11,12]. In this work, we present a detailed characterization of the

eaction mechanism of two previously established synthesis routes
hat use amorphous FePO4 (a-FePO4) as a precursor. The a-FePO4
s chemically lithiated and thermally treated to give rise to LiFePO4

ith high performance.

∗ Corresponding author. Tel.: +1 514 343 7054; fax: +1 514 343 7586.
E-mail address: dean.macneil@umontreal.ca (D.D. MacNeil).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.12.095
The first synthetic method (S1 in Fig. 1) involves the precip-
itation of an amorphous FePO4·xH2O material from a solution
of FeSO4·7H2O and NH4H2PO4 [11]. Lithiation was performed
using lithium acetate and ascorbic acid at a temperature of 60 ◦C.
The product from the lithiation reaction was then heated to
obtain LiFePO4. The second synthesis (S2 in Fig. 1) involves the
precipitation of an amorphous FePO4·xH2O from a solution of
Fe(SO4)2(NH4)2·6H2O and NH4H2PO4 [12]. The lithiation reaction
was carried out using lithium iodide. The product was then heated
to obtain crystalline LiFePO4. In this investigation we used both
hydrated and dehydrated amorphous FePO4 during the lithiation
reaction to determine the effect of the presence of water on the
purity and performance of the resultant product. The product
of each step within the synthesis was fully characterized using
XRD and Mössbauer spectroscopy. Electrochemical tests were per-
formed to confirm the presence and performance of the synthesized
LiFePO4.

2. Experimental methods

2.1. Preparation

An aqueous solution of 0.01 M of FeSO4·7H2O and NH4H2PO4

(Aldrich) was prepared in distilled H2O. H2O2 (50% by weight,
Aldrich) was added to the solution until a molar ratio of 1.1:2
for H2O2:FeSO4·7H2O was obtained. This resulted in the formation
of a yellowish precipitate that was later found to be amorphous
iron phosphate (a-FePO4·xH2O denoted as FP1) through a combi-

dx.doi.org/10.1016/j.jpowsour.2010.12.095
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dean.macneil@umontreal.ca
dx.doi.org/10.1016/j.jpowsour.2010.12.095
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Fig. 1. Schemes 1 and 2 of the performed synthesis.

ation of XRD and spectroscopic methods. The sample was then
entrifuged, washed with distilled water and dried in an oven at
0 ◦C. A dehydrated sample (FP2) was obtained by heating FP1 in
ir at 400 ◦C for 24 h. To synthesize LiFePO4 from FP1 and FP2 a
ithiation reaction was performed by adding FP1 or FP2 to a stirred
olution of lithium acetate and ascorbic acid (VC) (molar ratio of
e:Li:VC = 1:1.2:0.6) dissolved in iso-propyl alcohol (IPA) similarly
o what is described in reference [11]. The sample was stirred for
h at 60 ◦C under an overpressure of dry nitrogen. The product

denoted as L1 and L2 respectively), was then centrifuged, washed
ith iso-propyl alcohol and dried in an oven at 60 ◦C under vac-
um. The obtained powder was heated to 600 ◦C for 3 h under an
r/H2 (5%) atmosphere to obtain the crystallized product (R1 and
2 respectively). The reaction scheme for this preparation method
S1) is shown in Fig. 1.

The second reaction scheme (S2) is also described in Fig. 1
nd consisted of mixing a 0.03 M equimolar aqueous solution
f Fe(SO4)2(NH4)2·6H2O and NH4H2PO4 (Aldrich) together. The
ddition of 2 ml of 50 wt% H2O2 initiated the precipitation of a
ellowish precipitate that was found to be amorphous iron phos-
hate (a-FePO4·xH2O denoted as FP3). The sample was centrifuged,
ashed with distilled water and dried at 60 ◦C. A dehydrated sam-

le (denoted as FP4) was obtained via thermal treatment of FP3 at
00 ◦C under air for 24 h. The sample, FP3 or FP4, was then sus-
ended in a 1 M solution of LiI in acetonitrile for 24 h (molar ratio
f Li:Fe = 15:1). The reaction was performed in an argon filled glove
ox to avoid oxidation of LiI. The product was filtered, washed with

ig. 2. TGA-DSC for the synthesized amorphous FePO4 by scheme 1 (FP1) and by scheme
Sources 196 (2011) 6893–6897

acetonitrile and dried at 60 ◦C under vacuum to obtain L3 and L4
respectively. A final thermal treatment to obtain a crystalline prod-
uct was performed by heating the powder to 600 ◦C for 3 h under
Ar/H2 (5%) to obtain R3 and R4 respectively.

2.2. Characterization

The thermogravimetric (TGA) and differential scanning
calorimetry (DSC) analyses were performed using a SDT600
from TA instruments. The heating rate was 5 ◦C min−1 and the
experiments were performed with a flowing He carrier gas. XRD
analyses of the synthesized materials were performed on a Bruker
D8 advance diffractometer using Cu K� radiation. Mössbauer
spectra were obtained using a 50 mCi 57CoRh source mounted on
a constant-acceleration spectrometer calibrated with �-Fe foil at
room temperature. Samples weighing approximately 25–35 mg
were mixed with boron nitride powder and spectra were collected
at room temperature. A nonlinear least-squares minimization rou-
tine was used to fit the spectra to a sum of Lorentzian lines. Where
significant disorder was present, the resulting line broadening was
modeled using a Pseudo-Voigt lineshape. Isomer shifts are given
relative to the centre of the �-Fe spectrum.

Electrochemical evaluations on the synthesized LiFePO4 were
performed by combining LiFePO4 (50% by weight) with a mix-
ture of poly(ethylene oxide) (PEO) and KJ-Black carbon black (42%
and 8% by weight respectively) following the procedure described
previously [13]. This mixture was mixed with a mortar and pes-
tle in acetonitrile to obtain a slurry. After well mixing, the slurry
was deposited on a stainless steel current collector. The electrode
was then left to dry overnight to evaporate the acetonitrile. The
separator/electrolyte was prepared by mixing lithium bistrifluo-
romethanesulfonamide (LiTFSi) and POE (25% and 75% by weight
respectively) in acetonitrile. The acetonitrile was slowly evapo-
rated under dry air and the resultant polymeric film was cut into
disks 13 mm in diameter. Standard 2032 coin-hardware (Hohsen)
was used to test the electrochemical characteristics of these sam-
ples using lithium metal as both counter and reference electrode.
Cells were assembled in argon filled glove box and the electrochem-
ical evaluations were performed at 80 ◦C on a VMP electrochemical
station (Biologic, France) with the EClab software. The cell was
cycled galvanostatically with cut-off voltage of 2.0 and 4.0 V vs
Li/Li+ at a current equal to a rate of C/10.

3. Results and discussion
All XRD patterns obtained during the investigation are summa-
rized in Fig. 3. Clearly both the as-synthesized FePO4·xH2O (FP1 and
FP3) materials and the dehydrated samples (FP2 and FP4) are amor-
phous. TGA-DSC data for FP1 and FP3 are presented in Fig. 2. The
data demonstrate a continuous weight loss until 500 ◦C of approxi-

2 (FP3). The data were collected at a heating rate of 5 ◦C min−1 under helium.
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corresponds to an octahedral Fe2+ species with high spin 3d elec-
trons which is typically obtained for LiFePO4 [17,18]. The second
one has an IS of 0.35 mm s−1 and a QS of 0.78 mm s−1 with an area of
4%, which corresponds to a small amount of Fe3+ containing impu-
ig. 3. XRD patterns of the precipitated FePO4 (FP1 and FP3) which was dehydrat
hrough R4). The symbols used to describe the various products obtained from the

ately 24% which can be associated with loss of water as reported
reviously [11,12]. The weight loss, at approximately 550 ◦C can
e associated with the decomposition of co-precipitated ferric sul-
hate as described previously in [14].

The goal of this study was to investigate the “so-called” amor-
hous intermediate sample (L1 to L4, in Fig. 3) described by the
revious reports as amorphous LiFePO4 [11,12]. The amorphous
ature of the samples after the lithiation step by XRD is shown

n Fig. 3 for samples L1 through to L4. Clearly, the amorphous
ature of the samples is conserved through the various procedures
xcept for L3 which contains a significant amount of a poorly crys-
allized Li3PO4 impurity. Following thermal treatment at 600 ◦C
nder Ar/H2 (5%), the products R1, R2 along with R4 demonstrate
rystalline LiFePO4 without any impurities. In the case of R3, a
ixture of Li3PO4 and LiFePO4 is obtained. Thus, both scheme 1

nd 2 give rise to an amorphous precipitated product that contains
oughly 24% water and the amorphous character is maintained dur-
ng dehydration. After the “so-called” lithiation reactions from Refs.
11,12] (Fig. 1), the amorphous phase is maintained for the result-
ng precipitate. Heating this precipitate to elevated temperature
n a reducing atmosphere results in the preparation of crystalline
iFePO4. Unfortunately, the XRD investigation does not provide us
ith any indication that we are passing through an amorphous

iFePO4 phase. We require the use of different structure characteri-
ation tools to investigate these amorphous structures. Mössbauer
pectroscopy is perfect for the investigation of the local environ-
ent for materials containing Mössbauer active metals such as iron.

t has been used in the past to aid in the characterization of LiFePO4
nd is ideal for investigating amorphous structures as it depends
olely on the local Fe environment [15–17]. It can clearly identify
he oxidation state of the Fe atoms within the structure and is a
reat tool to fully characterize the two reaction schemes described
n Fig. 1.

Fig. 4 provides the Mössbauer spectras for all the prepared sam-

les and their hyperfine parameters are reported in Table 1. In
he case of FP1, the sample demonstrates an isomer shift (IS) of
.41 mm s−1 along with a quadrupole splitting (QS) of 0.68 mm s−1

hich can be attributed to a purely Fe3+ species. This sample after
he lithiation reaction, L1, consists of two overlapping doublets.
2 and FP4) followed by a lithiation (L1 through L4) and a thermal treatment (R1
n schemes are described in Fig. 1.

One doublet has an IS of 1.20 mm s−1 and a QS of 2.19 mm s−1 with
an area of 25% comparing to the second doublet having an IS of
0.38 mm s−1, QS of 0.83 mm s−1 which has an area of 75%. The for-
mer (IS = 1.20 mm s−1) may be attributed to a Fe2+ species and the
later (IS = 0.38 mm s−1) to a Fe3+ species [17]. The product of the
thermal treatment, R1, has two doublets. The first doublet has an
area of 96% with an IS of 1.21 mm s−1 and a QS of 2.96 mm s−1 which
Fig. 4. Mössbauer spectra of all the synthesized samples from Fig. 1. For R3, the
scanning parameters were modified in order to detect minor Fe impurities.
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Table 1
Hyperfine parameters for the products at each step of S1 and S2.

Sample IS (mm s−1) QS (mm s−1) � (mm s−1) Relative area (%)

FP1 0.41 0.68 0.16 100
L1 0.38 0.83 0.15 75

1.20 2.19 0.15 25
R1 1.21 2.96 0.14 96

0.35 0.78 0.14 4
FP2 0.38 0.94 0.38 100
L2 0.40 0.84 0.40 52

1.15 2.31 0.40 48
R2 1.22 2.98 0.14 94

0.39 0.89 0.14 6
FP3 0.41 0.73 0.40 100
L3 0.40 0.71 0.33 100
R3 1.23 2.97 0.19 72

0.01a 0.00 0.19 28
FP4 0.37 0.91 0.40 100
L4 1.14 2.37 0.60 56
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0.41 0.79
R4 1.22 2.97

a Data corresponds to metallic iron with a magnetic hyperfine field of 33.0 T.

ity which is possibly amorphous since it is not clearly visible on
he XRD pattern (Fig. 3). These data suggest that the lithiation step
id not give rise to amorphous LiFePO4 since the Mössbauer spec-
rum shows that the lithiation product has only a minor amount of
e2+ ions. A thermal treatment step is necessary for the formation
f LiFePO4. This suggests that a lithium containing salt was present
n the surface of the amorphous FePO4 during heating which ulti-
ately reacted to give crystalline LiFePO4. A more detailed analysis

f the Mössbauer spectra, shows very sharp peaks for the prod-
ct R1, which suggests a well structured crystalline material, while
P1 and L1 contain broad/diffuse doublets that are characteristic of
morphous materials [19]. These results are supported by the XRD
nvestigation shown in Fig. 3.

In the case of the reaction involving dehydrated FePO4, FP2, we
btain a doublet with a measured IS and QS of 0.38 and 0.94 mm s−1

espectively. This suggests a presence of purely Fe3+ species. The
roduct of the lithiation step, L2, contains Fe3+ species with IS of
.40 and QS of 0.84 mm s−1 and a large amount of Fe2+ species with
n IS of 1.15 and QS of 2.31 mm s−1. The relative area of the Fe3+

s 52% while the Fe2+ is 48%. These results indicate that for S1, the
ehydrated species can be lithiated (reduction of Fe3+ to Fe2+) to
larger extent than the hydrated species (Fe2+ increases from 25%

o 48% after dehydration) but, in both cases, the reaction does not
o to completion. There is still a significant amount of Fe3+ remain-
ng in the product. When the product of the lithiation reaction, L2,
s thermally treated at 600 ◦C, crystalline LiFePO4, R2, is obtained.
he Mössbauer spectra of R2 demonstrates Fe2+ species with IS and
S of 1.22 and 2.98 mm s−1 respectively with an area of 94% and a
e3+ impurity species with IS and QS of 0.39 and 0.89 respectively
ith an area of 6%. As mentioned previously, the thermal treat-
ent is necessary for the complete formation of LiFePO4 and the

ormation of LiFePO4 is not complete simply after the lithiation
eaction. An unreacted lithium salt may be present on the surface
f a-FePO4 after the incomplete lithiation reaction along with some
rganic material. Once the material is heated to 600 ◦C, LiFePO4 is
ormed via a solid state reaction between the lithium salt, carbon

aterial and a-FePO4. Thus, although we are able to obtain some
eduction and the production of some Fe2+ species that are amor-
hous in L1 and L2, the reaction is not complete and the product is
ot pure amorphous LiFePO4. The lack of Mössbauer data (or other

ethods to investigate electronic states) in previous work causes
uch doubt in our minds that a pure amorphous LiFePO4 is indeed

roduced.
The a-FePO4·xH2O (FP3) that was synthesized with the second

ynthesis route (S2) demonstrates an IS of 0.41 mm s−1 and a QS of
0.60 44
0.16 100

0.73 mm s−1 which corresponds to an Fe3+ species with an area of
100%. Following the lithiation reaction, (L3) the sample has only one
doublet with IS of 0.40 mm s−1 and QS of 0.71 mm s−1 suggesting a
purely Fe3+ species. Once the thermal treatment is performed on L3,
R3 is obtained. The data suggest the presence of a Fe2+ species with
an area of 72% along with IS of 1.23 mm s−1 and a QS of 2.97 mm s−1

which is in the normal range for LiFePO4. The remaining 28% of
the spectral area is in the form of a magnetic sextet and reflects
the presence of metallic iron which is confirmed with XRD by the
presence of an intense peak at approximately 45◦ [20].

The dehydrated FePO4 from the second synthesis route (FP4)
has an IS of 0.37 mm s−1 and a QS of 0.91 mm s−1 with a relative
area of a 100% suggesting a pure Fe+3 species. Once the lithiation
reaction is performed with LiI in acetonitrile, the obtained sample
(L4) has two doublets. The first doublet has an IS of 0.41 mm s−1 and
a QS of 0.79 mm s−1 and the second one has an IS of 1.14 mm s−1

and a QS of 2.37 mm s−1 with relatives area of 44% and 56% respec-
tively. This former doublet can be attributed to a Fe3+ species and
the later to a Fe2+ species. When the thermal treatment is per-
formed at 600 ◦C under Ar/H2, R4 is obtained which contains only
a Fe2+ species with IS and QS of 1.22 mm s−1 and 2.97 mm s−1. The
hyperfine parameters of R4 are typical of those obtained for LiFePO4
which is in agreement with the XRD patters (Fig. 3). Clearly for LiI
in acetonitrile, the lithiation of a-FePO4 is improved in the case of
the dehydrated sample as compared to the hydrated sample. The
dehydrated samples (L2 and L4) are lithiated (reduced) to a larger
extent, possibly due to an easier accessibility of the active site by the
reductant as opposed to the hydrated samples (L1 and L3) which
contain a fair amount of structural water. Nevertheless, full lithi-
ation is not achieved. A pure Fe2+ species is only obtained after
thermal treatment suggesting that pure amorphous LiFePO4 is not
obtained.

A detailed analysis of the Mössbauer data for the lithiated
samples (L1 through L4) provides information on the various coor-
dination for Fe in the samples. The data for all Fe2+ species in the
lithiated samples have IS values higher than 1.14 mm s−1. Typi-
cally, values of IS below 1 mm s−1 signify a tetrahedral coordination
around the Fe atom and IS values above 1 mm s−1 signify an octa-
hedral coordination [17]. This suggests that the Fe2+ present in the
lithiated samples are in an octahedral bonding environment. It is

important to note that, even with an octahedral coordination, it
cannot be confirmed that the material is an olivine structure due
to the amorphous nature of the lithiated intermediates.

The electrochemical performance of the crystalline LiFePO4
samples (R1–R4) are displayed in Fig. 5. In the case of R1, the ini-



K. Galoustov et al. / Journal of Power

F
i

t
d
1
f
L
c
p
t
W
1
m
i
c
(
L
a
p

4

i
m
o
M
r
a
i

[
[
[

[

[

[

[
[

ig. 5. Electrochemical performance of the synthesized LiFePO4 material described
n the text and Fig. 1, where CC represents carbon coated LiFePO4.

ial discharge capacity is 82 mAh g−1. No capacity fade is observed
uring the experiment. For R2, the first discharge capacity is
28 mAh g−1 and similarly to R1, the capacity is stable. The per-
ormance is poor when compared to the theoretical capacity of
iFePO4 (170 mAh g−1). The low capacity is due to the low carbon
ontent and inefficient carbon coating for these samples. The sam-
les typically contain just 1% carbon which is significantly lower
han that required for optimal electrochemical performance [21].

hen either R1 or R2 is carbon coated (CC on Fig. 5) by dissolving
0% B-lactose in a solution of R1 or R2, followed by drying and ther-
al treatment at 700 ◦C under N2, the samples display a significant

mprovement in performance yielding up to 92% of the theoretical
apacity. In the case of R3, values below 10 mAh g−1 were observed
not displayed in Fig. 5) due to high levels of impurities, mainly
i3PO4. For R4, the low capacity obtained is due to the extended
nnealing time at elevated temperature which results in increased
article size and can be associated with a decrease in performance.

. Conclusions

Two different synthetic routes to prepare LiFePO4 which
nvolved the precipitation, chemical lithiation and thermal treat-

ent of an amorphous FePO4 sample were reproduced. The product

f each step of the synthesis was characterized using XRD and
össbauer spectroscopy. We have observed that for both synthetic

outes, a dehydrated FePO4 precursor can be lithiated in solution to
greater extent than a hydrated FePO4 precursor. Nevertheless, the

ron species after chemical lithiation are composed of both Fe3+ and

[

[
[

[
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Fe2+ indicating that the lithiation step does not reach completion.
Since the initial lithiation reaction is incomplete, a thermal treat-
ment step, which was described in the literature as only associated
with crystallization, is essential for the formation of and reduction
to LiFePO4. This reaction relies on lithium ions or salts present on
the surface of the amorphous FePO4 after lithiation. This is con-
firmed by Mössbauer data before (where the majority of Fe is Fe3+)
and following the heating step (most of the Fe ions are Fe2+ in
nature) where the hyperfine parameters are typical of an olivine
LiFePO4 material. This is confirmed via XRD that demonstrates the
clear presence of crystalline LiFePO4 after thermal treatment that
was also found to be electrochemically active. The authors would
like to stress the importance of Mössbauer spectroscopy in evaluat-
ing the reaction mechanism of these reactions and note its critical
importance in investigating the characteristic of the amorphous
precursors.
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