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Attempts to dope Zn?*, Cu?* or Ni?* are made for Li;FeSiO4. The effects of dopant on the physical and
electrochemical characteristics of Li;FeSiO4 were investigated. Zn?* successfully entered into the lat-
tice of LiyFeSiO4 and induced the change of lattice parameters. Compared with the undoped Li,FeSiO4,
Li;Fep97Zn0,03S104 has higher discharge capacity, better electrochemical reversibility and lower electrode
polarization. The improved electrochemical performance of Li;Fegg7Zng3SiO4 can be attributed to the
improved structural stability and the enhanced lithium ion diffusivity brought about by Zn2* doping.
However, Ni* and Cu?* cannot be doped into the lattice of Li;FeSiO,4. Cu and NiO are formed as impuri-
ties in the Cu- and Ni-containing samples, respectively. Compared with the undoped Li,FeSiOg4, the Cu-
and Ni-containing samples have lower capacities and higher electrochemical polarization.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The need for large-scale batteries impels the development
of new materials for lithium ion batteries. Among the cathode
materials under development, polyanion compounds have been
recognized as one of the most promising candidate due to its low
cost and high safety [1-3]. As a branch of polyanion compounds,
lithium transition metal orthosilicates have been synthesized and
characterized as cathode materials for lithium ion batteries [4-13].
As shown by the reports of Nyten et al. [14-16], Li; FeSiO4 has good
electrochemical activity and high cycling stability. However, the
poor rate capability of Li,FeSiO4, which results from its poor elec-
tronic conductivity and lithium ion mobility, inhibits its further use
in commercial applications [17,18].

The improvements on electronic conductivity or lithium ion
mobility can be achieved in three ways: (1) conductive carbon coat-
ing[19]; (2) particle size reduction[20]; (3) supervalent or isovalent
cation doping [21]. Individually and in combination, these meth-
ods have been used to improve the electrochemical performance
of Li, FeSiO4. Dominko et al. studied the impact of synthesis condi-
tions on the electrochemical performance of Li; FeSiO4. Their results
indicate that carbon coating and particle size reduction can effec-
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tively improve the electrochemical performance of Li;FeSiO4 [22].
Gong et al. prepared carbon-coated nanostructured Li;FeSiO,4 via
hydrothermal method. This material has a discharge capacity as
high as 160mAh g~! at a current density of C/16, and it also shows
superior high rate capability [23]. Supervalent or isovalent cation
doping is often employed to improve the electrochemical perfor-
mance of polyanion compounds [24,25]. Various cations have been
used to dope LiFePOy4, and some positive impacts are reported on
electrochemical performance [26-28]. Up to the present, attempts
to dope isovalent Mn?* and Ni2* have been made to improve
the electrochemical performance of Li;FeSiO4 [17,29,30]. Gong et
al. are the first to report the synthesis and characterization of
Li;MnyFe;_,SiO4 (0 <x <1) [29]. Beyond one electron reaction can
be realized by MnZ* substitution [17], since MnZ* (Ni2*, Co%*) can
go from 2+ to 4+. When Fe?* is substituted by these divalent cations,
the possibility of a more than one electron reaction is a function of
the redox properties of the substituent divalent cation. Recently,
Guo et al. prepared and characterized LiyFeq_4NixSiO4 (0 <x <0.3)
as cathode materials for lithium ion batteries, and the improved
electrochemical performance is obtained when x is equal to 0.1
[30].

It is believed that there still exists an unexplored reservoir of
cation doping which has positive effect on the structural and elec-
trochemical properties of Li;FeSiO4. Li,ZnSiO,4 can be crystallized in
space group Pmn2; (orthorhombic) [31,32]. Moreover, Li; ZnSiO4 is
a Liion conductor with high ionic conductivity [33]. Therefore, it is
interesting to investigate the doping effect of Zn on the structural
and electrochemical characteristics of Li;FeSiO4. In addition, the
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radius of Cu* or Ni2* is similar to that of Fe2* [34,35], thus it may be
possible to dope Li;FeSiO4 with Cu2* or Ni2*. In the LiyFe;_,MSiO4
system, the increase of x is always accompanied by the decrease
of 1—x, in other words, increasing the amount of M2* will decrease
the amount of Fe?*, When M?* (e.g. Zn?*) is not involved in the
charge-discharge process, the capacity will decrease with increas-
ing x. Therefore, a small value of 3% is chosen for x in this study.

In this study, we investigated the impact of divalent cation dop-
ing on the physical and electrochemical characteristics of Li; FeSiOy4.
It was attempted to dope three divalent cations, i.e. Zn2*, Cu?* and
Ni2*, into Li,FeSiO,4. All the samples were prepared by a sol-gel
method, and they were characterized and compared in detail.

2. Experimental
2.1. Synthesis OfLi2F€0,97Mo.03Sl'O4

LiyFeg 97Zng 93Si04 was prepared by a sol-gel method based on
citric acid as described in our previous report [36]. Stoichiometric
amount of analytical reagents, lithium acetate hydrate, ferric cit-
rate, zinc acetate, tetraethyl orthosilicate, and citric acid were used
as starting materials. Lithium acetate hydrate, ferric citrate and zinc
acetate were first dissolved in distilled water. A saturated aque-
ous solution of citric acid was slowly added to the above solution
under magnetic stirring. After a homogeneous solution is formed,
it was transferred into a reflux system where an ethanol solution
of tetraethyl orthosilicate is also added. Under magnetic stirring,
the reflux was carried out at 80°C for at least 12 h until a clear
greenish solution is formed. The solution was taken out, and then
it was kept at 75°C under magnetic stirring to evaporate ethanol
and water. The resulting wet gel was dried in a vacuum oven at
100°C. The dry gel was ground and then calcined at 700°C for 12 h
in flowing argon. Instead of zinc acetate, copper acetate and nickel
acetate were used as the starting materials for Cu and Ni contained
samples respectively.

2.2. Measurements

Powder X-ray diffraction (XRD, Bruker D8/Germany) employing
Cu Ko radiation (A =1.5406 A) was used to identify the crystalline
phase of the material. The surface morphology was observed with
a scanning electron microscope (SEM, HITACHI S-4700), and the
chemical composition was determined by an energy dispersive X-
ray detector (EDX) coupled with the scanning electron microscope
and an atomic absorption spectrometer (AAS, PE Analyst 100). The
carbon content was determined from thermogravimetric analysis
(TGA, NETZSCH STA 449C). The sample was heated from 35°C to
800°C in air at a rate of 10°Cmin~!. The carbon content of all the
samples is about 10 wt%.

The coin cells were prepared as described in Ref. [36]. The
composite electrode was made from a mixture of the prepared
sample, acetylene black, and polyvinylidene fluoride in a weight
ratio of 80:10:10. Galvanostatic charge-discharge measurements
were performed in a potential ranges of 1.5-4.6V, 2.0-4.6V and
2.0-3.7V. The electrochemical impedance measurements were
carried out with a CHI 660C instrument. All the electrochemical
measurements were carried out at ambient temperature, and the
carbon content is corrected in the calculation of capacity.

3. Results and discussion
3.1. Sample characterization

Fig. 1 shows the XRD patterns of all the samples. The XRD pattern
of the Zn doped sample is similar to that of the undoped Li, FeSiO4.

Fig. 1. XRD patterns of the undoped (a), Zn doped (b), Cu- (c) and Ni-containing (d)
Li,FeSiO4 samples. The stick pattern of Cu (PDF#70-3039) and NiO (PDF#73-1519)
are also shown as references.

However, there is clear difference between the XRD pattern of the
Ni- or Cu-containing sample and that of the undoped Li,FeSiOg4.
For the Ni-containing sample, the large peak at 43.60° (marked
with arrow) can be attributed to NiO (PDF73-1519). For the Cu-
containing sample, the small peak at 43.30° (marked with asterisk)
can be attributed to Cu (PDF70-3039).

Rietveld refinements were carried out for all the samples and
the obtained lattice parameters are listed in Table 1. The refinement
result with the observed, calculated and difference profiles of the
Zn doped sample are shown in Fig. 2. The lattice parameters of the
Ni- and Cu-containing samples are almost the same as those of
the undoped Li;FeSiOg4, and the differences are within error range.
The lattice structure of Li,FeSiOy4 is therefore not changed by the
addition of Ni%* or Cu?*. We can deduce that the added Ni%* and
Cu?* form impurities rather than dope into the lattice of LiFeSiOy.
Compared with the undoped Li,FeSiO4 a decrease in all the lattice
parameters is observed for the Zn doped sample, which indicates
that Zn?* is doped into the lattice of LiyFeSiOy.

3.2. SEM observation

The SEM images of all the samples are shown in Fig. 3. All the
samples are composed of agglomerated small particles which size
is about 100 nm. EDX analysis is carried out to measure the sto-
ichiometry of the Zn doped, Cu- and Ni-containing samples, and
the results are shown in Fig. 4. For each sample, a larger region
(marked as A) was selected to measure the average composition,
and a smaller region (marked as B) was selected to show whether
the composition of A is homogeneous on a relatively small scale.
The atomic ratios are calculated and listed in Table 2. For the Zn
doped sample, the atomic ratios in both region A and region B are
similar, and the measured value is close to the designed one. For

Table 1
Lattice parameters of the undoped (a), Zn doped (b), Cu- (c) and Ni- containing (d)
Li;FeSiO4 samples.

Sample a(A) b (A) c(A)

a 6.2510 + 0.0017 5.3474 + 0.0017 5.0102 + 0.0012
b 6.2340 + 0.0022 5.3259 + 0.0030 4.9995 + 0.0020
[« 6.2561 + 0.0018 5.3472 + 0.0024 5.0083 + 0.0013
d 6.2523 + 0.0027 5.3517 £+ 0.0025 5.0106 + 0.0022
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Fig. 2. Refinement result of Zn doped sample with the observed, calculated and
difference profiles.

Table 2
Atomic ratios of Zn doped (a), Cu- (b), and Ni-containing (c) samples.
Sample Atom ratio
Region A Region B
Dopant Fe Si Dopant Fe Si
a 0.029(Zn) 0.974 1 0.028(Zn) 0.967 1
b 0.034(Cu) 0.965 1 0.018(Cu) 0.974 1
c 0.027(Ni) 0.968 1 0.041(Ni) 0.963 1

the Cu- (or Ni-containing) sample, the atomic ratio in region A is
clearly different from the atomic ratio in region B. In the larger
region A, the measured atomic ratio is close to the designed value.
However, clearly higher or lower amount of Cu (or Ni) is detected

in the smaller region B. The non-homogeneous distribution of Cu
(or Ni) in the Cu- (or Ni-containing) sample can be attributed to the
presence of Cu (or NiO), because impurity can hardly be distributed
homogeneously in a relatively small region.

3.3. Electrochemical performance

The initial five charge/discharge curves of all the samples are
shown in Fig. 5. The charge and discharge are all conducted
at a current density of 10mAg~'. In order to obtain the full
charge/discharge behavior of the samples, a wide potential range
of 1.5-4.6V (vs. Li*/Li) is used in the initial cycles. For all the sam-
ples, the charge potential in the first cycle is higher than those in
the subsequent cycles. All the samples show relative large oxida-
tion capacity in the first cycle at potentials above 4V. Based on
the knowledge from some other works [16], this capacity at high
voltage is not connected with redox couple Fe!l [Fe!l It is likely con-
nected with the oxidation of electrolyte components. The plateau
slightly above 3V can be attributed to the phase transition pro-
cess [14,15]. For all the samples, these plateaux are short, which
suggests that the samples were oxidized during preparation of the
composite with PVdF and CB. The longer plateau for the Zn doped
sample suggests that this sample has higher amount of Fe2* regard-
ing to the undoped sample.

Compared with the undoped Li,FeSiOg4, the Zn doped sample
shows 2.6% higher discharge capacity. This percentage (2.6%) is
close to the percentage of Zn doping (3%). However, the Cu- and Ni-
containing samples show 2.9% and 6.6% lower discharge capacities
than the undoped Li, FeSiO4. The percentage of 2.9% is very close to
the Cu?* substitution percentage (3%) for the Cu-containing sample,
but the percentage of 6.6% is much higher than the Ni2* substitution
percentage (3%) for the Ni-containing sample. These results can be
attributed to the fact that Zn?* is successfully incorporated into the
structure of Li,FeSiO4, while Cu%* and Ni2* form impurities.

As cathode materials for lithium ion batteries, the capacity
below 2V is often useless. Therefore, the cut-off potential of dis-

Fig. 3. SEM images of the undoped (a), Zn doped (b), Cu- (c) and Ni-containing (d) Li;FeSiO4 samples.
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Fig. 4. EDX analysis results of the Zn doped (a), Cu- (b) and Ni-containing (c) samples.

charge is shift to 2V, and the charge-discharge curves of all
the samples are measured. The current density of 10mAg-! is
applied and the results are shown in Fig. 6. In comparison with
the capacity down to 1.5V, the capacities down to 2V decrease
and show similar trend between samples. The discharge capac-
ity of the undoped, Zn doped, Cu- and Ni-containing samples are
128 mAhg!, 133mAhg-1, 104 mAhg-! and 86 mAhg-! respec-
tively. The discharge capacity of the Zn doped sample is 3.9% higher
than that of the undoped sample. This percentage (3.9%) is close to
the percentage of Zn doping (3%). As discussed above, Zn2* is doped
into the structure of Li,FeSiO4. The improved capacity of the Zn
doped sample can be attributed to the stability effect of Zn doping
which facilitates the diffusion of lithium ion.

Fig. 7 shows the discharge capacities of all the samples at var-
ious current densities, i.e. C/10, C/3, C/2 and 1C, in the voltage
range of 2-4.6V (vs. Li*/Li). As the current density increases, the
differences between the samples become more and more pro-
nounced. At the current density of 1C, the discharge capacity of
the Zn doped sample (92 mAh g~1), is obviously higher than that of

the undoped Li,FeSiO4 (81 mAhg~1), while the discharge capaci-
ties of Cu-containing (60 mAh g~1) and Ni-containing (41 mAhg-1)
samples are much lower than that of the undoped Li,FeSiOy4.

Fig. 8 shows the cycling performance of the Zn doped and
undoped Li;FeSiO4 at the 1/10C and 1C rates in the voltage range
of 2-4.6V (Fig. 8(a)) and 2-3.7V (Fig. 8(b)). In the voltage range
of 2-4.6V, the capacity retentions of the Zn doped and undoped
samples are 97.5% and 96.2% at the C/10 rate, and 94.8% and 90.6%
at the 1Crate. In order to alleviate the effect of the electrolyte oxi-
dation, both the Zn doped and undoped samples are also cycled
between 2V and 3.7 V. In the voltage range of 2-3.7V, the capac-
ity retentions of the Zn doped and undoped samples are 98.7% and
97.6% at the C/10rate, and 96.2% and 92.7% at the 1Crate. When the
same current density is applied to both the Zn doped and undoped
samples, the capacity retentions in the voltage range of 2-3.7V are
higher than those in the voltage range of 2-4.6V for each sample,
which indicates that both samples are more stable in the voltage
range of 2-3.7V. When the same voltage range and current den-
sity are used, the capacity retention of the Zn doped sample is
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Fig. 5. The initial five charge/discharge curves of the undoped (a), Zn doped (b), Cu- (c) and Ni-containing (d) Li,FeSiO4 samples. The voltage range is 1.5-4.6 V.

higher than that of the undoped sample, which indicates the higher
cycling stability of the Zn doped sample. The higher cycling sta-
bility of the Zn doped sample can be attributed to the effect of
Zn doping. During the de/intercalation process, Fe2* is oxidized to
Fe3* (Fe3* is reduced to Fe2*), and the crystal lattice of LipFeSiO4
shrinks/expands. Zn2* is not involved in the oxidation/reduction
reaction, thus it can stabilize the crystal lattice and improve the
cycling stability of Li,FeSiOg4.

Fig. 6. The charge/discharge curves of the undoped (a), Zn doped (b), Cu- (c) and
Ni-containing (d) Li;FeSiO4 samples. The voltage range is 2-4.6 V.

3.4. Electrochemical voltage spectroscopy (EVS) analysis

Electrochemical voltage spectroscopy (EVS) analysis was con-
ducted to study the effect of divalent cation doping and the
results are shown in Fig. 9. The redox peaks in the dQ/dV curve
correspond to the charge/discharge plateaus in the galvanostatic
charge-discharge curve [37]. All the samples have a pair of redox
peaks (at about 2.7-2.9V) in the dQ/dV curves, which can be

Fig. 7. Discharge capacities of the undoped (a), Zn doped (b), Cu- (c) and Ni-
containing (d) Li;FeSiO4 samples at various current densities, i.e. C/10, C/3, C/2 and
1C, in the voltage range of 2-4.6 V.
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Fig. 8. Cycling performance of the Zn doped and undoped Li,FeSiO,4 at the 1/10C and 1C rates in the voltage range of (a) 2-4.6V and (b) 2-3.7 V (vs. Li*/Li).

attributed to the redox reaction of Fe?*/Fe3* couple. The poten-
tial difference between the oxidation peak and the reduction peak
is often used to differentiate the electrochemical reversibility of
electrode materials. The lower potential difference is an indication
of higher electrochemical reversibility [38]. The potential differ-
ences of all the samples are calculated and the results are shown as
an inset of Fig. 9. The potential difference of the Zn doped sample
is lower than that of the undoped Li,FeSiO4, which indicates the
higher electrochemical reversibility of the Zn doped sample. How-
ever, Cu- and Ni-containing samples exhibit much higher potential
differences than undoped Li,FeSiO4, which verify their poor elec-
trochemical reversibility.

According to the results of structural and electrochemical char-
acterization, the poor electrochemical performance of the Cu- or
Ni-containing sample can be attributed to the existence of impu-
rity, i.e. Cu or NiO. However, it is not the case for the Zn doped
sample. Generally, the electrochemical performance of polyanion
compounds is limited by their low electronic conductivity and poor
ionic conductivity. All the samples contain residual carbon which
acts as an electronic conductor and creates an electronic conduc-
tive path between particles. Therefore, the electronic conductivity

Fig. 9. Differential capacity vs. potential curves of the undoped (a), Zn doped (b),
Cu- (c) and Ni-containing (d) Li;FeSiO4 samples. The potential difference between
the oxidation peak and the reduction peak is shown as an inset.

is not the key factor controlling the electrochemical performance
of these carbon containing samples. To clarify the origin of the
improved electrochemical performance of the Zn doped sam-
ple, electrochemical impedance spectroscopy (EIS) measurements
were carried out to measure the lithium ion diffusion coefficients
of the Zn doped and undoped samples.

3.5. EIS measurements

Fig. 10 shows the Nyquist plots of the Zn doped sample and
the undoped sample at fully discharge state. Based on the model
reported by Gaberscek et al. [39], the semicircle at high frequency
is due to the contact impedance between the electrode materials
and current collectors. The sloping line at low frequency can be
attributed to the lithium diffusion in solid phase. Both electrodes
are prepared in the same way to obtain similar contacts between
particles. Before impedance measurements are conducted, the elec-
trodes are fully discharged to ensure that they are saturated with
lithium. The lithium diffusion coefficients of both samples are cal-
culated from the low frequency sloping line [40]. The relationship
between the Z’' and the reciprocal square root of frequency in the

Fig. 10. Nyquist plots of the synthesized undoped (a) and Zn doped (b) Li;FeSiO4
samples. The relationship between the Z' and the reciprocal square root of frequency
in the low frequency region is shown as an inset.
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low frequency region are shown as an inert of Fig. 9. The calcu-
lated lithium diffusion coefficients are 4.76 x 10~ 14 cm2s~1 and
8.62x 1071 cm?s~! for undoped and Zn doped samples respec-
tively.

The improved lithium diffusivity of the Zn doped sample can
partially be attributed to the improved stability brought about by Zn
doping. Zn2* is not oxidized/reduced during the charge/discharge
process, thus it can lessen the change of the crystal lattice. This sta-
bilization effect can protect the diffusion path of lithium ion from
being distorted and improve the lithium diffusivity. In addition,
Li»ZnSiO4 has a high ionic conductivity, and it can also be crystal-
lized in the space group of Pmn2; (the same as Li, FeSiOy4). Therefore,
Zn doping can improve the lithium diffusivity of Li;FeSiO4 and
results in better electrochemical performance.

4. Conclusions

We here attempt to dope divalent cations of ZnZ*, Cu?* and Ni%*
into Li;FeSiOy4 via a sol-gel method. Zn?* can be successfully doped
into the lattice of Li;FeSiO4. Compared with the undoped Li, FeSiOy4,
the Zn doped sample exhibits better electrochemical performance
in term of discharge capacity, electrochemical reversibility and
electrode polarization. These improvements can be attributed to
the improved lithium diffusion capability. However, Cu and NiO
impurities are formed in the Cu- and Ni-containing samples,
respectively, causing poorer electrochemical performance.
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