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In this work, effect of Zn doping on the performance of LiMnPOy is revisited. Samples of pure and Zn-doped
LiMnPO4 are synthesized by a new solid-state method, and their structure, morphology and electrochem-
ical behavior are characterized and compared. The results reveal that a small amount of Zn doping (2 at.%)
is highly beneficial for the performance of LiMnPO,4 due to the reduced charge transfer resistance, the
increased lithium ion diffusion and phase conversion, but this effect is remarkably traded off at a high
level of Zn doping (10at.%). Compared with LiMnPOy4, LiMnggsZno2PO4 has a much higher capacity
and a much better rate capability. After 2 at.% Zn doping, the discharge capacity increases from 101 to
139mAhg! at 0.1Cand 56 to 105 mAhg-! at 2C.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion batteries are widely used in portable electronic
devices, but the commercial cobalt-containing cathode materials
are expensive, unsafe and toxic, which largely limit their applica-
tions in portable power tools, power supplies and hybrid electric
vehicles. Therefore, developing low-cost, safe and nontoxic cath-
ode materials to substitute cobalt-containing cathodes is highly
desired for the lithium ion batteries community. Among various
researched cathode materials, the cheap and environment-friendly
LiMnPOy olivine appears to be quite attractive due to its high poten-
tial plateau of 4.1V which is compatible with that of the present
cobalt-containing cathode materials [1,2]. Despite low electro-
chemical activity reported in the early literature owing to its low
electronic conductivity and slow lithium ion diffusion [3-5], the
performance of LiMnPOg4 has recently been significantly improved
by the approaches including carbon coating [6-9], particle size
reduction [10-13] and cation doping or substitution [14-21].

For cation doping or substitution, most works focused on the
Mn-site doping or substitution, and various cations such as Fe2*,
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Mg2*, Co?*, Ni*, Cu?*, Zn?*, CaZ*, Ti**, Zr** and their combination
have been attempted [14-21]. Among these cations, negative effect
of Zn substitution (10at.%) on the performance of LiMnPO4 was
reported by Chen et al. [14] and Wang et al. [18]. However, this
result is more or less out of expectation according to the mecha-
nism of substitute effect proposed by Chen et al. [14]. In fact, Chen
et al. [14] pointed out that there was some unidentified impurity
present in their Zn-substituted sample which might influence the
activity of the material and thus mask the effect of Zn doping. They
also pointed out that the impurity formation resulted from the limit
of synthesis reaction rather than the limit of solid solubility [14].
This is the case since 10 at.% Zn doping could be completely incorpo-
rated into the lattice of LIMnPO4 by a solid-state reaction according
to the report by Wang et al. [18]. These results indicate the impor-
tance of the synthesis method for cation doping or substitution. In
addition, as an electrochemically inactive ion, the Zn doping level
of 10 at.% in their experiments may be a little bit high [14,18]. Take
electrochemically inactive Mg doping for example, the optimum
doping level is less than 5 at.%, and further increase will worsen the
electrochemical performance of LiMnPO4 [16,19]. More recently, an
interesting paper was published on LiMng g5Zng g5PO4/C electrode
material which exhibited better electrochemical performance as
compared to LiMnPOg4/C [22]. This result suggested a positive effect
of Zn doping on the electrochemical behavior of LIMnPOg4.

In the present work, to clarify the effect of Zn doping, Zn doped
LiMnPO,4 materials with low (2 at.%) and high (10 at.%) level were
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Fig. 1. XRD patterns and cell volumes of LiMnPOy, LiMng 9gZng 02 PO4 and LiMng¢Zng 1 PO4.

prepared by a new method and the effect of Zn doping on the
electrochemical performance was revisited. Our electrochemical
results demonstrate that the performance of LiMnPO4 could be
significantly improved by a small amount of Zn doping, but a too
high level of Zn doping would reduce the reversible capacity of the
material.

2. Experimental

LiMnPOy, LiMng ggZng g2 PO4 and LiMng gZng 1 PO4 were synthe-
sized by a new solid-state method which was recently developed
for synthesizing LiMng gFeg g5 Mgg 05P04 in our group [21]. Chem-
icals of LiH,PO4, MnC4HgO4-4H,0, HyC,04-2H,0 and ZnO was
mixed with 14wt.% of sucrose by ball-milling for 6 h. The milled
mixture was dried and then heated at 700°C for 10 h under an Ar
atmosphere.

The obtained samples were identified by X-ray diffraction (XRD)
utilizing Cu K, radiation to identify the crystalline phase. Lattice
parameters were refined using Rietica program. The morphology
and particle size of the samples were observed by scanning electron
microscopy (SEM, XL30, Philips) equipped with energy-dispersive
spectrometry (EDS, Phoenix). The particle size distribution is mea-
sured by a laser particle size analyzer. The chemical compositions
of the resulting material were determined using an atomic absorp-
tion spectroscopy (AAS). The specific surface areas of the samples
were determined by Brunauer-Emmett-Teller (BET) method with
nitrogen as adsorption gas.

Electrochemical measurement was conducted by assembly of
2025 coin-type cell with a lithium metal anode. The cathode was
made by mixing active material, Super P and polyvinylidene flu-
oride (PVDF) in a weight ratio of 8:1:1. The typical loading of
cathode with a diameter of 1.3 cm was about 2.2 mg of active mate-
rials. The electrolyte was 1M LiPFg in EC/DMC (1/1) solution. All
cells were assembled in an Ar-filled glove box. For rate test, the
cells were charged in a constant current-constant voltage (CC-CV)
mode (charged at 0.1C to 4.5V, held at 4.5V until the current
decreased to 0.01 C) and then discharged at various rates to 2.0V at
25°C. The rate of 1C is equal to a current density of 150mAg-! or
0.25 mA cm~2. Electrochemical impedance spectroscopy (EIS) was
carried out in a frequency range from 0.1 Hz to 100 kHz with an AC
signal of 5mV.

3. Results and discussion

XRD patterns of LiMnPO4, LiMngggZnggPO4 and
LiMngg9Zng1PO,4 are shown in Fig. 1a. All samples have a similar
pattern which can be fully indexed into an orthorhombic struc-
ture with a space group of Pmnb. The absence of carbon peak
in the patterns indicates the amorphous nature of the carbon
pyrolyzed from sucrose. As the ionic radius of Zn2* (0.74A) is

smaller than that of Mn2* (0.80A), the Zn doping causes an
obvious lattice contraction. As shown in Fig. 1b, the change of
the cell volume with the amount of Zn dopant is approximately
linear and follows Vergard’s law. These observations prove that
the doped Zn was successfully incorporated into the Mn-site of
the lattice to form LiMng ggZng g2 POy and LiMnggZng 1PO4 solid
solutions. The AAS measurement shows that the atomic ratio of
Li:Mn:Zn is 1:0.968:0.02 for LiMng ggZng 02 PO4 and 1:0.888:0.097
for LiMng 9Zng 1 PO4, which are much closer to the nominal values.

Fig. 2 shows SEM images of LiMnPO4, LiMngggZngoyPOg4
and LiMnggZng PO4, and EDS mappings of carbon for
LiMn0.932n0b02P04 and zinc for LiMn0.982n0,02P04 and
LiMnggZng1PO4. The SEM images at low magnification (not
shown) exhibit that no significant differences in particle size and
morphology are observed for the three samples, and the particles
are mainly secondary particles composed of primary particles.
These observations are validated by the particle size distribution
measurement. The agglomerated particles of the three samples all
showed a bimodal particle size distribution. The first peak is sharp
and located at around 1.4 pm, while the second peak is broad and
located at around 6.4 pum. Fig. 2a-c shows SEM images at high
magnification and it is seen that the primary particles of all samples
are submicron crystals with an average size around 200 nm. EDS
mappings (Fig. 2d-f) indicate a uniform distribution of C and Zn in
the doped sample. The EDS mapping of Zn for LiMnggZng POy is
more dense than that for LiMng ggZng g2 PO4, indicative of a higher
content of Zn in the LiMnggZngPO4 sample. In addition, the
specific surface area determined by BET measurement is estimated
to be 42.9m?2g-! for LIMnPO,, 44.5m? g1 for LiMng ggZng02 P04
and 42.0m2 g~ for LiMnggZng1PO4. From the SEM observation,
particle size distribution and BET measurements, we can conclude
that the particle morphology and size are unaffected by Zn doping,
consistent to what was observed by Wang et al. [22].

To evaluate the effect of Zn doping, the electrochemical behavior
of LiMnPOy, LiMng ggZng g2 PO4 and LiMng 9Zng1PO4 was measured
and compared using 2025 coin-type cells. Fig. 3 shows electro-
chemical impedance spectra of LiMnPOy,, LiMngggZngo,PO4 and
LiMng 9Zng 1 PO4 recorded at the fully discharged state after 5 cycles
at 0.2C (1C equal to a current density of 150mAg-1). The spec-
tra of the three samples have a similar profile composed of a
semicircle in a high-to-medium frequency region and an inclined
line in the low frequency region. The semicircle is approximately
related to the charge transfer process. Clearly, reduced semicir-
cles were observed for the two Zn doped LiMnPO4 samples, which
indicates decreased charge transfer resistances after Zn doping.
However, it is noted that the semicircle of the LiMng 9Zng 1POy4 lies
between those of LiMnPO4 and LiMng ggZng g PO4. In other words,
the charge transfer resistance of LiMng gZng 1 POy is larger than that
of the LiMngggZnggyP04, but smaller than that of LiMnPO4. The
inclined line of the spectra is attributed to the Warburg impedance
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Fig. 2. SEM images of (a) LiMnPO4, (b) LiMng9gZno 02 P04 and (c) LiMnggZng 1PO4; EDS mappings of (d) carbon for LiMngggZng02P04, zinc for (e) LiMngggZng02PO4 and (f)

LiMng_g Zn0_1 P04 .

associated with the lithium ion diffusion in bulk of the electrode
materials, which is evidenced by linear relationship between Z'
and w12 in the low frequency region as shown in the inset of
Fig. 3 [23]. According to the Warburg behavior in the low frequency,
lithium ion diffusion coefficient can be roughly determined (calcu-
lation equation and related parameters description can be found
elsewhere [23]). In the present work, the effective surface area
used for calculating diffusion coefficient is taken as one-third of the
total surface area because there is only one-dimensional channel
for lithium diffusion for LiMnPO,4 based materials [24]. In addi-
tion, Li concentration used for calculation is 0.022 mol cm—3. On the
basis of calculation equation, the diffusion coefficient is estimated
to be 1.69 x 10~ cm?s~! for LIMnPOy4, 1.94 x 10~ 14 cm?s~! for
LiMng ggZng g2 PO4 and 2.64 x 10" cm?2s~! for LiMng 9Zng 1 POy4.
The above observations demonstrate that the Zn doping can facil-
itate charge transfer and lithium ion diffusion, but this effect is
remarkably traded off at a high level of Zn doping.

Coupled with the results of EIS and the mechanism of substi-
tute effect proposed by Chen et al. [14], improved electrochemical
performance of Zn-doped LiMnPO4 is highly expected, which is
confirmed by the rate performance as shown in Fig. 4. For rate
test, cells were charged at 0.1C to 4.5V, held at 4.5V until the
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Fig. 3. Impedance spectra of LiMnPO4, LiMngggZngo2PO4 and LiMnggZng1POy4
recorded at the fully discharged state after 5 cycles at 0.2 C (1C equal to a current
density of 150 mA g~ or 0.25 mA cm~2). Inset: the relationship between Z' and w~"/2
in the low frequency region.

current decreased to 0.01 C and then discharged at various rates
to 2.0V. Fig. 4a shows typical charge and discharge curves of
LiMHPO4, LiMHO.982D0'02P04 and LiMnolgzno.] PO4 cycled at 0.1C.
As shown in Fig. 4a, flat voltage plateaus around 4.1V observed
in all curves indicate that the charge and discharge reaction pro-
ceeds in a two-phase manner. Fig. 4b exhibits rate capability of
LiMnPO4, LiMng 9gZng g2 PO4 and LiMI‘lo_ng’lo_l POy4. It is evident that
the LiMng ggZng g2 PO4 sample has a much better rate capability as
compared to the LiMnPO4 sample. At 0.1 C, the discharge capacity
can reach 139 mAh g~ for LiMng ggZng g2 PO4, while only a capac-
ity of 101 mAhg-! is observed for LiMnPO4. More importantly, as
the discharge rate increases from 0.1 to 2 C, the LiMng ggZng g2 POy
sample shows a much slower decrease in capacity. At 2C, the
discharge capacity is 56 mAhg~! for LiMnPO4 and 105mAhg-!
for LiMng ggZng g2 PO4, which results in correspondingly a capacity
retention of 55% and 76%, respectively. Therefore, the electrochem-
ical performance of LiMnPO4 could be significantly enhanced by
a small amount of Zn doping, which is clearly different from the
observations reported by Chen et al. [14] and Wang et al. [18], and
confirms the positive effect of Zn doping reported by Wang et al.
[22].

However, we should note that the Zn doping level was 10 at.%
in the experiments reported by Chen et al. [14] and Wang et al.
[18], which is higher than that (5 at.%) used by Wang et al. al. [22].
To address the question whether the too high level of the inac-
tive Zn doping causes the worsened electrochemical performance
of LiMnPOy, the electrochemical performance of LiMnggZng P04
was also measured and comparatively shown in Fig. 4. It is seen
that the discharge capacities of LiMng gZng 1 PO4 decrease dramat-
ically as compared with those of LiMng ggZng g, PO4 but still higher
than those of LiMnPO,4 especially at high rates. This demonstrates
that a too large amount of Zn doping will degrade the reversible
capacity due to the inactive nature of Zn doping, which is simi-
lar to the result observed for inactive Mg doping [16,19]. Wang
et al. [18] reported that 10at.% Zn substitution led to a discharge
capacity decrease of more than 20mAh g1 at all rates. For exam-
ple, the discharge capacity at 0.1 C decreased from 95 to 62 mAh g~!
after 10at.% Zn substitution. It is noted that the performance of
our LiMnPOy4 is roughly similar to that reported by Wang et al.
(a precise comparison is difficult because the carbon content in
the composite, the cathode fabrication and the cell test condition
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Fig. 4. (a) Typical charge/discharge curves of LiMnPOy4, LiMngggZng02PO4 and LiMnggZng1PO4 cycled at 0.1C and (b) rate capability of LiMnPO4, LiMngggZngo,PO4 and
LiMng9Zng 1 PO4. Cells were charged at 0.1 C to 4.5V, held at 4.5V until the current decreased to 0.01 C and then discharged at various rates to 2.0V.

are different) [18], but our LiMnggZng ;P04 exhibits much higher
capacities at all rates as compared with their LiMng gZng 1 PO4. We
speculate that such a difference may be highly due to the different
method used for preparation of Zn doped LiMnPOy. In addition, it is
interesting that the discrepancy of the discharge capacity between
LiMng 9gZng 02 PO4 and LiMng gZng 1 PO4 became smaller when the
discharge current density became larger. This behavior may possi-
bly be understood by the mechanism proposed by Chen et al. [14].
Similar to Mg doping, the presence of Zn ion may create a more
favorable boundary between the two phases for increased conver-
sion of lithiated phase to delithiated phase, and thus may enhance
the electrochemical kinetics and improve the electrochemical per-
formance of LiMnPO4. From this mechanism, LiMng gZng 1 PO4 may
have a higher conversion rate of lithiated phase to delithiated phase
than LiMng 9gZng g2 P04, and then the increased phase conversion
of LiMnggZng 1PO4 may partly or completely counterbalance its
increased charge transfer resistance and reduced lithium ion dif-
fusion as revealed by EIS. As a result, the LiMng 9Zng 1 POy still has a
good rate performance. Anyway, the above electrochemical results
prove that a proper amount of Zn doping is highly beneficial for the
electrochemical performance of LiMnPO4.

4. Conclusions

Zn doped LiMnPO,4 was synthesized by a new solid-state
reaction method, and we demonstrated that the electrochemical
performance of LiMnPO4 can be significantly improved by a small
amount of Zn doping due to the reduced charge transfer resis-
tance, the increased lithium ion diffusion and phase conversion.
The results are of great importance to the performance promotion
of LiMnPO4 and helpful to further understanding of the effect of
cation doping.
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