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a b s t r a c t

Carbon-free, copper-doped, lithium rich iron phosphates, Li1+xFe1−yCuyPO4 (0 ≤ x ≤ 0.15, 0 ≤ y ≤ 0.005),
have been synthesized by a solid-state reaction method. From the optimization, the Li1.05Fe0.997Cu0.003PO4

phase showed superior performances in terms of phase purity and high discharge capacity. The struc-
tural, morphological, and electrochemical properties were studied and compared to LiFePO4, Li1.05FePO4,
LiFe0.997Cu0.003PO4, and materials. X-ray photoelectron spectroscopy (XPS) was conducted to ensure cop-
per doping. Only smooth surface morphologies were observed for lithium rich iron phosphates, namely
iFePO4

i1.05Fe0.997Cu0.003PO4

ate capability
PS

Li1.05FePO4 and Li1.05Fe0.997Cu0.003PO4. The Li/Li1.05Fe0.997Cu0.003PO4 cell delivered an initial discharge
capacity of 145 mAh/g and was 18 mAh/g higher than the Li/LiFePO4 cell without any carbon coating
effect. Cyclic voltammetry revealed excellent reversibility of the Li1.05Fe0.997Cu0.003PO4 material. High
rate capability studies were also performed and showed a capacity retention over 95% during the cycling.
We concluded that substituted Li and Cu ions play an important role in enhancing battery performance
of the LiFePO4 material through improving the kinetics of the lithium insertion/extraction reaction on
the electrode.
. Introduction

Since the revolutionary work of Padhi et al. [1], polyanion-based
livine-type lithium iron phosphate (LiFePO4) has become a target
f increasing interest as a cathode material for lithium batteries
rom both an economic and environmental perspective. Iron is
aturally more abundant, cost effective, and less toxic than other
ransition metals, especially in commercialized cells containing Co.

oreover, LiFePO4 is found in nature as the mineral triphylite [2].
he (PO4)3− polyanion itself provides structure stability and rises
he redox energies (Fe2+/3+) to levels exceeding those of layered
xides. In particular, the strong P–O covalent bond stabilizes the
etal (Fe) anti-bonding state through an Fe–O–P inductive effect

3]. This effect not only offers an increase in cell potential, it also
rovides improved safety of the cell through strong P–O bonding
4]. The main obstacle that restricts the practical application of
iFePO4 in lithium batteries is its poor rate capability, an aspect

onventionally accepted as emanating primarily from its intrinsic
lectronic conductivity (∼10−9 S/cm) [5].

Recently, extensive research has been directed at overcom-
ng these issues by cationic doping, decreasing the particle size

∗ Corresponding author. Tel.: +82 62 530 1904; fax: +82 62 530 1909.
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through solution-based synthesis, and coating with electronically
conducting agents [3,5–10]. Recently, Kim et al. [11] reported the
Li-deficient and Li-rich phases of LixFePO4 (x = 0.7–1.1) that dra-
matically enhance the conducting properties of the material. An
electronic conductivity between 10−3 and 10−1 S/cm was observed
for both cases and six to seven orders of magnitude higher than the
pure LiFePO4 phase (∼10−9 S/cm). Discharge capacities of 156 and
146 mAh/g were observed for Li-deficient and -rich phases, respec-
tively. However, no cyclability has been reported and such phases
contain impurities ranging from Li3PO4 to Fe2P2O7. Interestingly,
Croce et al. [12] reported the simple inclusion of Cu into the LiFePO4
matrix, substantially improving the electrochemical performance
of the cell with an observed discharge capacity >137 mAh/g. Ni et
al. [13] also studied the Cu2+-doped LiFePO4 and achieved a dis-
charge capacity of 141 mAh/g via co-precipitation, followed by ball
milling. It is clear that incorporation of Cu into the LiFePO4 lat-
tice provided improved capacity either by addition or substitution,
given the excellent conducting properties of copper. From previous
reports, it is the conclusion of the authors that lithium or copper
doping are quite effective in improving the electrical conductivity

of LiFePO4 material and can lead to remarkable improvements in
the electrochemical performance of the Li/LiFePO4 cell when two
kinds of doping ions are used simultaneously during the synthetic
process. In this context, for the first time, an attempt to optimize
the synthesis of carbon-free, copper-doped, lithium rich iron phos-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:leeys@chonnam.ac.kr
dx.doi.org/10.1016/j.jallcom.2009.08.144
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ig. 1. XRD patterns of Li1+xFePO4 phase materials where x = (a) 0.00, (b) 0.05, (c)
.10, and (d) 0.15.

hates (Li1+xFe1−yCuyPO4 (0 ≤ x ≤ 0.15, 0 ≤ y ≤ 0.005)) is made and
he product compared with the parent LiFePO4.

. Experimental

Carbon-free, Cu-doped, lithium rich iron phosphate, Li1+xFe1−yCuyPO4

0 ≤ x ≤ 0.15, 0 ≤ y ≤ 0.005), materials were prepared by a conventional solid-state
eaction method using the following source materials (Sigma–Aldrich, USA):
i2CO3; FeC2O4·2H2O; (NH4)2HPO4; CuO. Stoichiometric ratios of the starting
aterials were finely ground using a mortar and calcined at 400 ◦C for 1.5 h for

arbonate and oxalate decomposition. The product was again fine-ground and fired
t 660 ◦C for 2.5 h under an Ar atmosphere to achieve the desired olivine phase.
here is no carbon source or carbon coating treatment in order to improve electric
onductivity, which can result in an unexpected effect to investigate improved cell
roperty by small amount of Li and Cu doping.

X-ray diffraction (XRD, Rint 1000, Rigaku, Japan) studies were performed for
tructural analysis using Cu K� radiation. Oxidation states of Fe and Cu in the struc-
ure were investigated by X-ray photoelectron spectroscopy (XPS, VG Inc. MultiLab
000, UK). Each sample was measured after drying at 120 ◦C for 24 h. The source
as monochromatic Al K� radiation with a binding energy scan range of 1100–0 eV.

he collected high-resolution XPS spectra were analyzed using an XPS peak-fitting
rogram. The surface morphological features of the olivine-phased compounds
ere analyzed using a field emission scanning electron microscope (FE-SEM, S-

700, Hitachi, Japan). Electronic conductivity of the prepared material was studied
hrough a conventional four probe apparatus (Keithley Instruments, 2182A, USA).
yclic voltammetry (CV) was performed using a Solartron (1287, Ameteck, UK) with
three-electrode cell configuration. In the CV measurements, the Li metal served

s a counter and reference electrode in a voltage range of 2.5–4.2 V, at a 0.02 mV/s
canning rate. Cycling performances were performed using a CR2032 coin-type cell
etween 2.8 and 4.0 V at room temperature. The composite cathode was fabricated
ith 20.0 mg of accurately weighed active material, 3.0 mg of Ketzen black (KB), and

.0 mg of conductive binder (2.0 mg of Teflonized acetylene black (TAB) and 1.0 mg
f graphite). This was then pressed on a 200-mm2 stainless steel mesh that served
s the current collector under a pressure of 300 kg/cm2 and was dried at 130 ◦C for
h in an oven. The cell was composed of a cathode and a metallic lithium anode

eparated by a porous polypropylene film (Celgard 3401). A 1.0 M LiPF6 in ethy-
ene carbonate (EC):dimethyl carbonate (DMC) (1:1, v/v, Techno Semichem Co., Ltd,
orea) mixture was used as the electrolyte.

. Results and discussion

It is well known that variations in the stoichiometric proportions
f the Li content lead to drastic improvements in the conducting
ehavior of olivine phase materials [11,14–16]. At the same time,
owever, structural properties cannot be ruled out. Thus, metic-
lous care has been taken towards optimization of Li inclusion in

he pure phase. Optimization of the Li content in the Li1+xFePO4 lat-
ice was performed based on the phase purity, as well as discharge
apacity. Concentration of the Li content was varied according
o composition (0 ≤ x ≤ 0.15) viz, 0.00, 0.05, 0.10, and 0.15. Pow-
er XRD was utilized to analyze the structural properties of the
Fig. 2. Cycling profiles of Li1+xFePO4 phase materials where x = (a) 0.00, (b) 0.05, (c)
0.10, and (d) 0.15.

Li1+xFePO4 phase materials, Fig. 1. It is evident that a small amount
of (0.05) Li addition in the LiFePO4 matrix did not prompt any
structural deformation. However, if the Li content exceeded 0.05, it
lead to formation of an impurity phase, such as Li3PO4, confirmed
by bands at 2� = 22.4, 23.3, and 33.9◦. These impurity phases are
consistent with the previous reports on stoichiometric variations
in Li content [11,14]. Furthermore, it is held that the presence of
Li3PO4 may affect the electrochemical performance of the cell. Thus,
in order to corroborate this, a cycling study was performed for
all olivine rich materials prepared and is presented in Fig. 2. The
cycling studies of the Li1+xFePO4 (0 ≤ x ≤ 0.15) phase were carried
out between the cut-off limits of 2.8 and 4.0 V at room temperature.
It is apparent that nearly all the materials showed that same capac-
ity at ∼120 mAh/g, except the Li1.05FePO4 phase (139 mAh/g). From
this, it may be inferred that the inferior conductivity of the LiFePO4,
and the rest of the phases, suffered due to the presence of Li3PO4
moieties, and as such, offered much diminished performances. It
is to conclude that, Li content of 0.05 is optimum concentration
along with stoichiometric ratio to search for the lithium rich iron
phosphates in terms of its purity and capacity profile in this study.

Similarly, cationic substitution is a unique approach to improve
discharge capacities in LiFePO4-based materials [5,6,9,10]. Copper
substitution was made for the Fe sites in the Li1.05Fe1−yCuyPO4
(0 ≤ y ≤ 0.005) phase to further extend its capacity profile. Struc-
tural profiles of the Li1.05Fe1−yCuyPO4 phases were recorded using
powder X-ray diffractometry as shown in Fig. 3. The obtained XRD
patterns were also compared to LiFePO4 and are presented. From
these, no appreciable change is noticeable. This may be a result of
the concentration of the doping substance being too small and as
such, is very hard to detect through XRD due to the instrumental
standards. Further, all the prepared materials exhibited crystallized
well and without the presence of impurities, such as like Li3PO4 (as
observed during the optimization of Li-rich content).

With the intention of studying the effects of copper substitu-
tion in Li1.05Fe1−yCuyPO4 (0 ≤ y ≤ 0.005) materials, galvanostatic
charge/discharge studies were performed and shown in Fig. 4. Ini-
tial discharge capacities of 103, 110, 145, 139, and 120 mAh/g were
observed for cells comprised of various Li1.05Fe1−yCuyPO4 samples,

where y = 0.001, 0.002, 0.003, 0.004, and 0.005, respectively. As
shown in Fig. 4, the Li/Li1.05Fe0.997Cu0.003PO4 cell exhibited supe-
rior performance among the concentrations studied. It can be noted
that increasing Cu substitution leads to an increase in the capacity
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ig. 3. XRD patterns of Li1.05Fe1−yCuyPO4 phase materials where y = (a) 0.001, (b)
.002, (c) 0.003, (d) 0.004, and (e) 0.005.

rofile. The substitution of Cu exceeded the concentration level of
.003 and lead to capacity fading of the cell. A similar kind of vari-
tion in the capacity profile was observed by Wu et al. [17] and
akamura et al. [18] for Ti4+ and Mn2+ substitution, respectively,

or Fe sites.
There are two arguments regarding the origin of such improve-

ents in capacity profiling. Capacity improvements achieved by
ncreasing conducting properties of the host lattice are known.
he first argument suggests that the doping effect, as a rele-
ant influence on conductivity, increases through modification of
he electronic structure of LiFePO4 [19]. The second argument
nvolves a low-valency iron derivative as responsible for the high
onductivity in these compounds rather than the doping effect
20]. Resolution of this controversial issue is not paramount, and
he exact mechanism for such improvement is a heated topic of
esearch in LiFePO4 cathodes [5,21]. In order to crosscheck the

forementioned arguments, the electronic conductivity of the pre-
ared materials was measured as a function of applied voltage. The
pecimen used for the conductivity measurement was composed
f 20.0 mg of active material, 0.3 mg of KB, and 0.3 mg TAB. Fig. 5

ig. 4. Cycling profiles of Li1.05Fe1−yCuyPO4 phase materials where y = (a) 0.001, (b)
.002, (c) 0.003, (d) 0.004, and (e) 0.005.
Fig. 5. Electronic conductivity profiles of (a) Li1.05FePO4 and (b)
Li1.05Fe0.997Cu0.003PO4.

clearly indicates that the Li-rich phase, Li1.05FePO4, exhibited con-
ductivity on the order of ∼10−2 S/cm at room temperature. This
result corroborates a previous report by Kim et al. [11]. Moreover,
substitution of copper for Fe2+ sites substantially improved the con-
ducting properties of the olivine phase in addition to favoring the
argument by Abbate et al. [19].

In order to more clearly investigate lithium and copper dop-
ing effects in LiFePO4, the LiFe0.997Cu0.003PO4 material was also
prepared and compared with other optimized materials, along
with its pure phase. The X-ray diffraction measurements were per-
formed and compared with LiFePO4 and various olivine materials.
Fig. 6 shows that the XRD pattern suggests the existence of an
orthorhombic structure with a Pnma space group for all prepared
materials. In addition, it clearly shows the absence of impurity
phases like FeP, Fe2P, Li3PO4, and Fe2P2O7 [11,14]. These impu-
rities may form from improper synthetic conditions, as well as Li
contents higher (Li>1.05FePO4) or lower (Li<0.96FePO4) than partic-
ular levels in the stoichiometric phase [11,14]. In order to ascertain

the phase purity of the material synthesized, the lattice parame-
ters were calculated and tabulated (Table 1). The observed lattice
constants are in close proximity with previously reported values
[11,22] and confirm the excellent phase purity of the materials.

Fig. 6. XRD patterns of (a) LiFePO4, (b) Li1.05FePO4, (c) LiFe0.997Cu0.003PO4, and (d)
Li1.05Fe0.997Cu0.003PO4.
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Table 1
Powder properties of olivine phase materials prepared by solid-state synthesis.

Sample a (Å) b (Å) c (Å) ˛ (◦) ˇ (◦) � (◦) V (Å)3

LiFePO4 10.347 6.019 4.699 90 90 90 2.926

a
t
w
n
b
t
m
s
o
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t
b
t
t
c
a
g
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b
r

Li1.05FePO4 10.335 6.011 4.699 90 90 90 2.921
LiFe0.997Cu0.003PO4 10.331 6.012 4.698 90 90 90 2.920
Li1.05Fe0.997Cu0.003PO4 10.323 6.006 4.692 90 90 90 2.918

Presence of the Cu ion in the Li1.05Fe0.997Cu0.003PO4 phase was
nalyzed by X-ray photoelectron spectroscopy (XPS). The XPS spec-
ra was obtained by irradiating the sample with a beam of X-rays
hile simultaneously measuring the kinetic energy (in eV) and
umber of electrons escaping from the top 1–10 nm of the material
eing analyzed. This technique is well suited for battery applica-
ions, particularly in the evaluation of the valance states of the

etal/non-metal used in cathodes and anodes and the interfacial
tudies between the components [23,24]. The core level spectra
f Li1.05Fe0.997Cu0.003PO4 are shown in Fig. 7. The C 1 shown at
84.5 eV indicates the presence of carbon [25]. The presence (or
race amount) of carbon is unavoidable when using organic salt-
ased starting materials [14]. The O 1s and P 2p demonstrated
heir presence at 531.48 and 133.49 eV, respectively, and belong
o the phosphate moiety. The absence of overlapping bands in the
ore level of the P 2p suggests a phase purity of the material, the
bsence of Li3PO4 [26]. Multiple splitting energy levels of the Fe ion

ive rise to two satellite bands at 711.13 eV (2p3/2) and 724.49 eV
2p1/2) and confirm the triphylite phase [23,26]. The Li 1s showed a
inding energy at 55.50 eV, which is in good agreement with earlier
eports [26]. It is well known that the appearance of the spin–orbit

Fig. 8. SEM images of (a) LiFePO4, (b) Li1.05FePO4, (c) L
Fig. 7. X-ray photoelectron spectroscopic (XPS) traces of Li1.05Fe0.997Cu0.003PO4.

splitting of Cu (2P3/2 931.18 eV and 2P1/2 952.48 eV), along with
their vibrate up satellites, is mainly a feature of divalent copper.
Apparently, such spectra showed two satellite peaks at reduced
intensities, representing the existence of Cu2+ [27].

Fig. 8 presents the surface morphologies of the different
olivine materials synthesized by the solid-state method. It is

readily apparent that smooth and well-defined particulates were
observed for lithium rich phases, such as Li1.05FePO4 (Fig. 7(b)) and
Li1.05Fe0.997Cu0.003PO4 (Fig. 7(d)), whereas the rest of the materials
bear rough surface morphologies. LiFePO4 and LiFe0.997Cu0.003PO4

iFe0.997Cu0.003PO4, and (d) Li1.05Fe0.997Cu0.003PO4.
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current densities from 0.5 to 3 C have been employed at room tem-
perature. At 0.5 C, the LiFePO4 and Li1.05Fe0.997Cu0.003PO4 materials
exhibited discharge capacities of 83 and 120 mAh/g, respectively.
The current densities were subsequently increased to 3 C with
ig. 9. Initial discharge curves and cycling performances of Li/(a) LiFePO4, (b)
i1.05FePO4, (c) LiFe0.997Cu0.003PO4, and (d) Li1.05Fe0.997Cu0.003PO4 cells.

ere composed of many large polycrystalline type particles ranging
rom 100 to 200 nm, and small particles from 20 to 50 nm dis-
ributed among the larger particles. Each particle was completely
eparated and located without any linkage. However, Li1.05FePO4
nd Li1.05Fe0.997Cu0.003PO4 showed a slightly increased particle
ize and different particle morphology from the other two materi-
ls. In particular, the surface morphology of Li1.05Fe0.997Cu0.003PO4
eemed to melt and combine together during the synthetic pro-
ess, connecting with each other to form micrometer size lumps. It
s the suggestion of the authors that a small amount of Li or Li and
u double substitution in the LiFePO4 changes its structural prop-
rties and particle morphology, enhances the contact area between
he particles, and improves electrical conductivity of the electrode,
lthough only partially in this material [28].

Fig. 9 represents the first discharge curves of the four olivine
aterials, comparing and corresponding cycling profiles. All

our materials showed a concrete flat voltage region at 3.4 V,
lthough there was a sizable difference in discharge capacity.
hese cells delivered initial discharge capacities of 127, 128, 139,
nd 145 mAh/g for LiFePO4, LiFe0.997Cu0.003PO4, Li1.05FePO4, and
i1.05Fe0.997Cu0.003PO4 at room temperature, respectively. Substi-
ution of copper into pure LiFePO4 lead to a negligible amount of
apacity improvement in the first cycle. However, it experienced
mproved stability over LiFePO4 during prolonged cycling. This
esult confirms the doping of Cu into the olivine phase for capac-
ty enhancement via the improved electronic conductivity and is
nalogous to the earlier report related to Cu inclusion/substitution
12,13]. Nevertheless, lithium rich olivine material (Li1.05FePO4)
ontaining cells only exhibited a discharge capacity of 139 mAh/g, a
igher value (12 mAh/g) than pristine LiFePO4 material. This may be
ttributed to the increased electronic conductivity of the material
hrough addition of excess lithium ions. In order to further improve
ischarge capacities in LiFePO4 materials, Li1.05Fe0.997Cu0.003PO4
esults in an enhanced capacity of 145 mAh/g without carbon coat-
ng. The specific discharge capacities versus cycle number for four
aterials are shown in Fig. 9. As expected, the cell comprising
he Li1.05Fe0.997Cu0.003PO4 phase exhibited performance superior
o other materials. The cell experienced a capacity retention of over
5% at the end of the 40th cycle, whereas only 76% retention was
bserved for the pure LiFePO4. This level of improved retention
Fig. 10. Cyclic voltammograms (CV) of (a) LiFePO4 and (b) Li1.05Fe0.997Cu0.003PO4.

may be attributed to the inclusion of more lithium (lithium rich
phase) as well as the substitution of copper. As a result, the con-
ductivity enhancement of the cathode material with compositional
modifications confirms the conductivity improvement of the cath-
ode, which is important for its practical use in lithium secondary
batteries.

The cyclic voltammogram (CV) of the LiFePO4 and
Li1.05Fe0.997Cu0.003PO4 are shown in Fig. 10. The materials
exhibited sharp oxidation (∼3.5 V) and reduction (∼3.3 V) peaks,
reliable with a two-phase reaction at ∼3.4 V versus Li+/Li. No
other peaks were observed, indicating the absence of electroactive
iron impurities. The well-defined peak and symmetrical form
of the CV traces explain the outstanding reversibility of the
lithium extraction/insertion reactions in the prepared materi-
als. Notably, the increased cathodic and anodic current values
of Li1.05Fe0.997Cu0.003PO4 represent well the improved kinetic
properties of such a phase during the redox process [23,29,30].

Rate capability studies were also performed for Li/LiFePO4 and
Li/Li1.05Fe0.997Cu0.003PO4 cells as presented in Fig. 11. Different
Fig. 11. Rate capability performances of Li/(a) LiFePO4 and (b) Li1.05Fe0.997Cu0.003PO4

cells at room temperature.
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ischarge capacities of 41 and 75 mAh/g obtained for LiFePO4
nd Li1.05Fe0.997Cu0.003PO4 materials. These rare capability stud-
es were repeated as a cycle and exhibited an over 95% retention
n capacity at higher current rates for Li1.05Fe0.997Cu0.003PO4. Based
n these results, it is the recommendation of the authors that the
ubstituted Li and Cu ions play an important role in enhancing bat-
ery performance of the LiFePO4 material through improving the
inetics of the lithium oxidation/reduction reaction on the elec-
rode by enlarging the contact area of the particles. Moreover, the
i1.05Fe0.997Cu0.003PO4 material can be prepared very easily with-
ut any further post-treatments like carbon coating or ball milling,
outes suggested by several authors to improve the battery perfor-
ance of olivine structured material [3,5,9,10].

. Conclusions

Carbon-free, copper-doped, lithium rich olivine phosphate
aterial (Li1+xFe1−yCuyPO4 (0 ≤ x ≤ 0.15, 0 ≤ y ≤ 0.005)) was pre-

ared by a solid-state reaction method under an Ar atmosphere
t 660 ◦C. The Li1.05Fe0.997Cu0.003PO4 phase exhibited superior
ell performance among the materials prepared. Phase purity
nd powder properties were investigated by XRD analysis. The
u substitution was confirmed by XPS measurements, which

mproved the conducting properties of the olivine phase. The
i/Li1.05Fe0.997Cu0.003PO4 cell showed an initial discharge capac-
ty of 145 mAh/g and was 18 mAh/g higher than pristine LiFePO4
t room temperature. Rate performance studies also demonstrated
he high rate capabilities of the prepared material to reveal a >95%
apacity retention over the investigated cycling.
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