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LiMnPO, was synthesized from an off-stoichiometric mix of starting materials with nominal composition LiMng P 950,_s.
Stoichiometric LiMnPO, with particle size <50 nm was found with X-ray diffraction even with the large overall deviation from
stoichiometry in the sample, indicating that other noncrystalline compounds are present. The off-stoichiometric sample had a
discharge capacity of 145 mAh/g at C/10 and ~ 100 mAh/g at 2C after a constant current constant voltage charge. Capacity
retention was excellent without a significant capacity loss at 1C. The performance of LiMnoP(¢s0,4_5 could not be significantly
improved by diluting the electrode with more carbon, indicating a more intrinsic kinetic limitation of the material for LiMnPO, in
contrast to LiFePO, [Nature (London), 458, 190 (2009)]. This is further corroborated by the difference in the overpotential
between the two materials. Although LiMnPO, has a sloping voltage profile, LiFePO, tends to have a constant overpotential at

high rate.
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The family of LiIMPO, compounds is of interest as cathode ma-
terials for rechargeable lithium batteries. LiFePO, has been in-
tensely studied and several techniques such as carbon coating, coat-
ing with 2 metallic conducting layer1 and doping with supervalent
clements” have been shown to enhance the performance of LiFePO,.
Also, reducing the partlcle size is particularly effective for improv-
ing performance Although LiMnPO, shows a higher potentlal5 7
than LiFePOy,, the higher ener%y density of LiMnPO, can only be
achieved at a very slow rate.”” Previous studies suggested several
possible culprits for the poor activity: strong polarons, very poor
electronic conducthlty (2.7 X 10 S em~! at 300°C),” the insta-
bility of MnPO4, the distortion of the Jahn—Teller active Mn>* io
the large Volumetrrc change between LiMnPO, and MnPO, durrng
charge/dlscharge % or the high activation barrier for Li to cross the
surface.'’ Good electrochemical performance was recently observed
for thin platelike carbon-coated LiMnPO, with a small partrcle size
synthesized by a polyol process12 Bora sol-gel process * In this
paper, we report on an alternative way to create small particles of
LiMnPO, with reasonable performance. The approach is similar to
our recently developed approach to synthesize small LiFePO, par-
ticles through a simple solid-state reactlon by starting with the
proper off-stoichiometry of precursors 3 As this off-stoichiometric
LiFePO, showed excellent rate performance, we applied the same
strategy to LiMnPO,.

Experimental

The materials with the nominal formula LiMng¢P(9504_5 were
synthesized from the appropriate mix of Li,COs3;, MnC,04-2H,0,
and NH4H,PO, using heat-treatments at 350°C for 10 h and at
700°C for 10 h under Ar or air atmosphere. Before heat-treatment at
350°C, the precursors were ballmilled in acetone with zirconia balls.
The structure and morphology was characterized by X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). The X-ray
patterns were obtained on a Rigaku diffractometer using Cu Ka
radiation. The lattice parameters were determined by Rietveld re-
finement using the X pert High Score Plus software. SEM was per-
formed on an FEI Philips XL30 Field Emission Gun (FEG) Envi-
ronmental Scanning Electron Microscopy (ESEM). The samples on
the stainless holder were coated with gold/palladium to avoid charg-
ing effects.

Electrodes were prepared by manually mixing the active mate-
rial, carbon (Super P from M.M.M.), and the binder (polyethylene-
tetrafluoride) in a weight ratio of 80, 15, and 5%, respectively. The
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cells were assembled in an argon-filled glove box and tested on a
Maccor 2200 operating in the galvanostatic mode using lithium
metal as an anode, nonaqueous electrolyte [1 M LiPFg in ethyl car-
bonate:dimethyl carbonate (1:1) from Merck], and Celgard 2500 as
a separator in a Swagelok-type cell. All cells were tested at room
temperature. The loading density of electrodes was 3—5 mg/cm?.
The current density at 1C was based on a capacity of 170 mAh/g.
All cell tests had 1 min open-circuit rest at the end of each charge
and discharge.

Results and Discussion

Characterization of the off-stoichiometric LiMnPO ,.— Figure 1
shows the XRD pattern of LiMnPO, and LiMn¢P(950,_5 synthe-
sized at 700°C under Ar. The pattern in Fig. 1b indicates the forma-
tion of LiMnPO, despite the large off-stoichiometry in the starting
materials. This result is similar to what is observed when off-
stoichiometric LiFePO, 15 s prepared. Rietveld refinement using
LiMnPO, as the structural model gives lattice parameters of a
= 10.4366(4) A, b=6.0994(2) A, and ¢ =4.7430(2) A for the
off-stoichiometric sample and a =104367(5) A, b
=6.0991(3) A, and ¢ = 4.7436(2) A for the stoichiometric sample.
These values are consistent with previously reported values,® con-
firming that the crystalline phase in the off-stoichiometric sample is
close to stoichiometric LiMnPOy,.

The crystallite size obtained from the XRD pattern is ~340 A
for the off-stoichiometric sample and ~337 A for the stoichio-
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Figure 1. (Color online) XRD patterns of (a) LiMnPO, and (b)
LiMng ¢P(950,_5 synthesized at 700°C under Ar.
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Figure 2. SEM images of (a) LiMnPO, and (b) LiMn ¢P 9s04_5 synthesized
at 700°C under Ar.

metric sample. The SEM images in Fig. 2 show a spherelike mor-
phology and particle size less than 50 nm for both samples.

Analysis of the secondary-phase components.— Considering the
significant deviation from the stoichiometric composition, the off-
stoichiometric sample should have secondary phases present as
LiMPO, cannot accommodate such a large compositional deviation.
For LiFePO,, Wagemaker et al.'® and Meethong et al’? reported
that a single phase could only be retained for less than 5 mol %
deviation from stoichiometry in the overall sample.

Assuming that a near stoichiometric LiMnPO, is formed in the
off-stoichiometric sample, the balance of products should be phases
containing Li-P-O. According to the Li-Mn-P-O phase diagram
obtained through first-principles calculations, the off-stoichiometric
material forms either LiyP,0, Li;PO,4, LiMnP,0, or a combination
of these as secondary phases depending on the oxidation conditions
and the range of composition in which these phases exist.'s Al-
though the first-principles calculations assume stoichiometric com-
pounds, it is possible that these secondary phases are not stoichio-
metric, particularly given their amorphous or poorly crystallized
nature. We indeed see some of these secondary phases when the
material is fired at 700°C under air. Figure 3 indicates that crystal-
line LizPO, and LiyP,O; appear in the XRD pattern, whereas the
LiMnPO, phase is unchanged. Rietveld refinement of the air-
synthesized off-stoichiometric sample gives the weight percentage
of LiMnPOy as 95 wt %.

The amorphous nature of the secondary phases when synthesis is
performed under Ar can be understood by the fact that phosphorus,
like silicon or boron in glasses, acts as a network former. "’ Alkali,
earth alkali, or transition-metal oxides act as network modifiers in
silicon, boron, and phosphate glasses. Therefore, the phosphate net-
work in the glasses is likely to depend on manganese oxide contents.
As the manganese oxide content increases, the phosphate network
changes from a chain or ring structure, such as in metaphosphates
(PO3), through the diametric pyrophosphate (PZO;"), to the isolated

orthophosphate (POif).zo’21 Hence, a high Mn to P ratio such as in
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Figure 3. (Color online) XRD pattern of LiMny¢P;9s0,_5 synthesized at
700°C under air. LiMnPO,, Li;PO,, and Li,P,0O; are present.
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Figure 4. (Color online) (a) Voltage profiles of LiMnPO, at C/20 and (b)
LiMnygPy 0504 at C/20.

LiMnPO, leads to a crystalline compound, whereas under the same
conditions, the secondary phase with a low Mn to P ratio may be
noncrystalline. The ct}lstallinity of these phases also depends on
synthesis conditions®'** such as temperature and atmosphere.

The poorly crystallized phase induced by the off-stoichiometry is
likely to be responsible for the small particle size. As stoichiometric
LiMnPO, forms, it rejects the balance of composition into a second-
ary phase, which sits at the surface and between the grains of
LiMnPO,. A similar observation was made in off-stoichiometric
LiFePO4.23 Possibly, this secondary phase prevents grain growth by
limiting the diffusion between particles or grains similar to the role
of carbon in carbon-coated LiFePO, compound24'26 or by reducing
the surface energy of the material.”’

Electrochemical performance.— The theoretical capacity of stoi-
chiometric LiMnPO, is 171 mAh/g. The theoretical capacity of the
oft-stoichiometric sample is more difficult to assess. If we assume
that the LiMng P ¢504_5 sample consists of LiMnPO, and a phase
with composition LiyP,0-, the theoretical capacity would be 166
mAh/g. Using, however, the refined phase fractions from the sample
synthesized at 700°C in air, the theoretical capacity would be 162
mAh/g, assuming that only the LiMnPO, fraction is active. The
voltage profiles of the stoichiometric and the off-stoichiometric
samples at C/20 are shown in Fig. 4. The off-stoichiometric sample
(Fig. 4b) shows a flat potential around 4.15 V vs Li/Li*, which is the
typical redox potential of Mn?*/Mn>* in the olivine structure>?® and
achieves 145 mAh/g (87-89% of theoretical capacity) in the con-
stant current mode for both charge and discharge. However, the
stoichiometric sample in Fig. 4a shows a sloping voltage profile
with only ~80 mAh/g capacity at the same rate.

Figure 5 shows the capacity retention of the off-stoichiometric
and stoichiometric samples at 1C rate. Both materials show good
capacity retention with cycling. The off-stoichiometric sample
achieves 65 mAh/g at 1C, about twice the capacity of LiMnPO,.
The capacity of the off-stoichiometric sample at 1C is similar to that
of the stoichiometric sample at C/20, indicating a remarkable im-
provement of rate capability by creating LiMnPO, in an off-
stoichiometric sample.

Rate Capability

Figure 6 shows the rate capability of LiMnggPy9sO4_5 in an
electrode with 15 wt % carbon. The cell was charged at C/20 and
held at 4.8 V until the current reached C/100. A discharge capacity
of ~145 mAh/g is obtained at C/10 and ~ 100 mAh/g at 2C. The
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Figure 5. (Color online) Comparison of the capacity retention of

LiMng ¢P950,_5 and LiMnPO, at 1C rate. The cell was charged at 1C and
discharged at 1C in a voltage window from 3.0 to 4.8 V. The formulation of
the electrode was 80:15:5 in a ratio of active, carbon, and binder in wt %,
respectively. Inset shows the corresponding voltage profiles of
LiMng ¢P950,_5 and LiMnPO, at 1st and 50th cycles at 1C rate.

voltage dlg at the beginning of discharge at 2C may be related to the
nucleation™ of the LiMnPO, phase but actually leads to less polar-
ization than the 1C voltage profile at the end of discharge. Also,
somewhat surprisingly, the capacity at 2C is larger than that at 1C in
Fig. 6. The difference may be related to the nucleation behavior. The
larger rate at 2C drives the material toward larger underpotential,
which causes a higher nucleation rate in the particles. This may
ultimately lead to larger accessible capacity. Unlike what is ob-
served in L1FePO4, > the voltage profiles at all rates are sloping in
Fig. 6. In contrast to the data in Fig. 4 the curves in Fig. 6 are
obtained after a constant current and constant voltage (CCCV)
charge.

&
[0}
AT

by
<
1

Voltage(V)
in

w
<
L

| _1C2CC/5. C/10
0 20 40 60 80 100 120 140 160
Capacity(mAh/g)

Figure 6. (Color online) Rate capability of LiMn,¢P50,_5 synthesized at
700°C under Ar. The cell was charged at C/20 and held at 4.8 V until the
current reached C/100, and then discharged at various rates. The discharge
test at 2C was the first cycle. The sequence of the discharge tests: 2C
— C/10 — 1C — C/5. The voltage window is 3.0-4.8 V.
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Figure 7. (Color online) Comparison of the discharge behavior of
LiMng ¢P 950,_5 and LiFeq oP( ¢5s0,_s. Both materials were discharged at 2C.
The LiMnPO, data are the same as in Fig. 6. The off-stoichiometric LiFePO,
was charged at C/5 and held at 4.3 V until the current reached C/20.

The discharge profile of LiFe( gP 9504_5 15 and LiMng gP( 9504_5
at 2C are compared in Fig. 7. Although LiFe( ¢P( 9504_5 shows a flat
discharge profile ~3.4 V, LiMngoPj¢50,4_5 shows a clear nucle-
ation barrier and a sloping voltage profile, indicating that the two
materials may have fundamentally different transformation kinetics.

To test if the electrode preparation controls the high rate perfor-
mance (as was the case for LiFePO, ) we also tested electrodes
with 65 wt % carbon. Even at this high dilution of active material in
the electrode, only 140 mAh/g is obtained at C/10 and 70 mAh/g at
3C as shown in Fig. 8. These capacities are quite similar to the
capacities obtained for the electrode with 15 wt % C in Fig. 4,
indicating that the rate performance of LiMng¢P(9504_5 is limited
by the active material rather than by the transport throu%h the com-
posite electrode, as is the case for high rate LiFePOj,. Although
not much capacity is obtained by increasing the electrode’s carbon
content, there is a lowering of the polarization compared to the low
carbon electrode.

Discussion

LiMnPO, shows a rather limited electrochemical activity even
with a small particle size obtained by a variety of processes‘G’3
Even at a very low rate such as C/100 or C/20, the capacity is well
below the theoretical capacity. As in LiFePOy,, creating a Mn/P 2:1
deficiency improves the rate capability, obtaining up to 100 mAh/g
at 2C. Although the small particle size likely contributes to the en-
hanced rate capability, it is not the only factor as materials with
comparable particle size®!? and the stoichiometric samples achieve
less capacity at 1C than LiMnPO, created in our off-stoichiometric
sample.

The improvement of the rate capability using off-stoichiometry
was not as substantial for LiMnPO, as that observed in
LiFe( ¢P(9504_5. This result could point at fundamentally different
kinetics of the two compounds. Unfortunately, no precise model
exists for the kinetics of phase transformation in LiFePO, or
LiMnPO,. The voltage profiles of LiFePO, and LiMnPO, also point
at a substantial difference between the two materials. The LiFePO,
compound shows a flat potential, whereas a sloping Voltagelz’32 is
observed in LiMnPO,. The slopmg voltage profile can arise from
several factors. Gaberscek et al.’ claims that the sloping voltage
arises from transport limitations in the electrode, not from the ma-
terial. However, formulating the electrode with 65 wt % carbon (Fig.
8) to facilitate electron transfer did not lead to any significant im-
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Figure 8. (Color online) Electrochemical performance of the electrode for-
mulated with 65 wt % carbon in LiMnj¢P(¢s04_5. The cells were charged
and discharged in constant current mode. The loading density of the elec-
trode with 65 wt % carbon was 3.61 mg/cm. The voltage window is 3.0-4.8
V.

provement in the electrochemical performance compared to 15 wt %
carbon. Therefore, the performance of LiMnPO, depends consider-
ably less on the formulation of the electrode than for off-
stoichiometric LiFePO4.15 Instead, we speculate that the sloping
voltage profile may be related to nucleation problems. The constant
current testing condition imposes a constant phase transformation
rate of MnPO, to LiMnPO, in a galvanostatic discharge. The rate at
which nuclei form is the nucleation rate (I) per unit volume times
the volume (V) of the untransformed phase. As discharge proceeds,
the volume of the untransformed material decreases and the nucle-
ation rate (/) has to increase to keep the applied current constant. A
larger underpotential is required to generate a higher nucleation rate
as the discharge proceeds, leading to a sloping voltage curve. The
absence of the slope in the discharge of a well-optimized LiFePO,
electrode may indicate that nucleation is less important for LiFePO,.

Conclusion

We synthesized LiMnPO, with small particles using the proper
oft-stoichiometry to create a poorly crystallized second phase.
LiMnPO, synthesized from an off-stoichiometric mixture has im-
proved electrochemical performance over stoichiometric samples:
145 mAh/g discharge capacity at C/10 and ~100 mAh/g at 2C after
a CCCV charge mode. The capacity retention at 1C charge/
discharge was excellent without degradation of the capacity for 50
cycles. Unlike LiFe( ¢P( 9504_5, the LIMnPO,4 compound shows less
benefits in rate capability from reducing its loading density in the
electrode by increasing the carbon content, indicating that the mate-
rial itself is rate-limiting. This evidence, together with the different
shape of the overpotential between LiFePO, and LiMnPO,, points at
fundamentally different transformation kinetics in the two materials.
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