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� Positive synergetic effects are
observed for LFMP-spinel blends.

� Potential stability is improved during
high current loads compared to pure
LFMP.

� Electrode polarization is strongly
reduced in LFMP-spinel blends.

� Power density of blends exceeds that
of single components at high rates
and SoC.

� Spinel-related manganese dissolu-
tion can be drastically reduced.
a r t i c l e i n f o

Article history:
Received 20 November 2015
Received in revised form
14 January 2016
Accepted 25 January 2016
Available online 5 February 2016

Keywords:
Lithium-ion batteries
Cathode
LiFe0.3Mn0.7PO4

Spinel
Blend
Synergetic effects
a b s t r a c t

Composite cathodes are prepared by blending the olivine LiFe0.3Mn0.7PO4 (LFMP) and spinel
LiMn1.9Al0.1O4 (LMO) in order to combine the high capacity of LFMP with the rate capability of the spinel.
While tap density, capacity and energy density show a linear dependency on the blend ratio, a
remarkable synergetic effect between LFMP and LMO improving the electrochemical performance at
higher C-rates is demonstrated. Potential curves of blend electrodes at rates of 3C reveal a less pro-
nounced polarization for the Mn2þ/3þ plateau than expected from theoretical calculations. This buffer
effect is also observed for high current pulses (5C) where blend electrodes resemble the behavior of pure
spinel electrodes. In terms of power density at high states of charge (SoC), the performance of the
Blend(50LFMP/50LMO cap%) exceeds even that of pure spinel. In addition, the spinel-related manganese
dissolution can be drastically reduced by blending spinel with LFMP. This study shows the expected and
synergetic effects of LFMP/spinel blends and compares the results with theoretical calculations.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lithium-ion battery (LIB) technology is the key enabler of en-
ergy storage and electric propulsion. Today's LIB technology was
primarily developed for applications in consumer electronics and is
now transferred into automotive applications. These applications
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demand high specific capacity in order to provide a long driving
range as well as high power densities for acceleration, recharging
and regeneration.

So far, state-of-the-art Lithium-ion batteries do not fully meet
the requirements of automotive applications with respect to energy
density, power density, extended lifetime, cost and safety. Among
the commercially used active cathode materials, the lithium metal
phosphates are promising compounds with respect to power, life-
time and safety. The commercialized LiFePO4 exhibits good rate
capability. Energy density is below that of commercially used
layered oxides due to its redox plateau at 3.5 V. A lot of interest is
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therefore drawn to the isostructural LiMnPO4 due to its higher
redox plateau of 4.1 V vs. Li/Liþ, which is able to provide higher
energy densities [1,2]. Unfortunately, pure LiMnPO4 suffers from
low rate capability.

On material level, Yamada et al. demonstrated that the partial
substitution of manganese in LiMnPO4 with iron, Li(MnxFe1�x)PO4
(LFMP) leads to improved electrochemical performance and
increased energy density [3,4]. On electrode level, a promising
strategy to further adjust the electrochemical behavior is to
custom-tailor properties by blending complementary types of
cathode materials [5e7]. In order to enhance the limited kinetics of
manganese based olivine, blending with LiMn2O4-spinel is ex-
pected to result in a promising cathode material for two reasons: a)
spinels show fast kinetics, as can be observed from a less pro-
nounced electrode polarization at higher C-rates and b) provide a
redox plateau in a range comparable to LFMP. On this basis, our
approach was to use spinel as component with fast kinetics to
buffer the voltage drop of LFMP for current pulses or higher C-rates.
From a technical point of view, further advantages provided by the
spinel are inexpensive raw material cost and high thermal stability
in the charged state [8e10]. The spinel is reported however to show
lower cycle life due to manganese dissolution [11e14]. This can be
improved by doping with aluminum [15,16].

In this work, we investigate the influence of blending
LiFe0.3Mn0.7PO4 (LFMP) with LiMn1.9Al0.1O4 (spinel) on the elec-
trochemical behavior and compare the results with theoretical
calculations. Electrode kinetics are investigated via pulse power
tests at different base current rates and different depths of
discharge (DoD).

2. Experimental

2.1. Material characterization

Structural characterization (X-ray Diffraction) was performed on
a Siemens D5000 X-ray powder diffractometer using Cu-Ka radia-
tion (l¼ 0.154 nm). The diffraction datawere obtained in a range of
10� � 2Q � 120�, with a step size of 0.03� per step. Phase analysis
was carried out with the evaluation software EVA. Scanning Elec-
tron Microscopy (SEM) images and Energy Dispersive X-ray Spec-
trometer mappings (EDX) were obtained on a LEO 1530VP.

2.2. Preparation

LiFe0.3Mn0.7PO4 with 2.9 wt% of carbon content (Johnson Mat-
they Battery Materials GmbH) and 10 wt% Al-doped spinel LiM-
n1.9Al0.1O4 (pre-commercial material) were mechanically mixed in
different ratios and grounded in a mortar. The mass ratios were set
to result in blend materials which provide a capacity ratio in
percent (cap%) of 50LFMP:50LMO and 67LFMP:33LMO based on exper-
imentally obtained data of pure LFMP and spinel at 0.1C. All elec-
trodes were prepared from a slurry containing active material,
carbon additive (Super-P, Timcal), graphite (SFG6L, Timcal), poly-
vinylidene fluoride binder (P5130, Solvay Solexis) in the ratio
86:4:4:6 wt%. The slurry was coated on an aluminum foil current
collector using a doctor blade technique. The wet film thickness
was adjusted to result in a comparable electrode loading of
1.50 ± 0.05 mAh cm�2. After drying at 60 �C for 2 h, the coated
current collector was stored under vacuum overnight. Circular
electrodes were punched from the foil, pressed (8 t, 1 min, 25 �C)
and dried at 130 �C overnight. The electrochemical measurements
were performed using Swagelok-type cells in a three electrode
arrangement. Cells were assembled in an argon-filled glove box.
Metallic lithium was used as anode and as reference electrode
(Sigma Aldrich), glass microfiber (Whatman, GF/A) with a pore size
of 1.6 mm and a thickness of 0.26 mm as separator and 1 M LiPF6 in
EC:DMC 1:1 by weight from Ube Industries, Japan as electrolyte.

2.3. Electrochemistry

The electrochemical characterization was divided into two
parts: rate capability tests and pulse power tests. Experimental
results have been compared with calculations assuming pure
physical mixtures of LFMP and spinel without any particle-to-
particle interaction. For the rate capability test, a defined C-rate
profile was applied: 0.1C, 0.2C, 1C, 2C, 3C and again 0.1C. At each C-
rate, three galvanostatic cycles have been collected. C-Rates were
calculated based on the experimental capacity at rates of 0.1C for
each material, respectively. All electrochemical measurements
were performed at 25 �C using a BaSyTec electrochemical work-
station. All potentials are given in V vs. Li/Liþ.

A detailed description of the method used to calculate the gal-
vanostatic curves of hypothetical blend electrodes can be found in
the supplementary information. Calculations of expected values,
both for gravimetric energy and power density, were based on the
galvanostatic curves obtained from rate capability measurements.
In order to investigate the electrode polarization, pulse power tests
were performed. In accordancewith the rate capability tests, a cycle
at 0.1C served as reference. Three different C-rates 0.1C, 1C and 3C
have been applied as base currents for discharging in order to
investigate the influence of high current pulses at different base
electrode polarizations. The cells were discharged in steps of 10%
DoD. After each step, a 5C pulse was applied with subsequent
relaxation period of 90 min.

3. Results and discussion

3.1. General characterization

For a given active material, the electrode performance is
strongly dependent on factors such as composition and porosity of
the electrode composite, and the active mass loading. Morpholog-
ical features of the active material play an additional role as they
can influence the grain packing and thereby the density of the
electrode composite. In order to obtain a first hint on processing
behavior, tap densities of the pure and mixed powders are inves-
tigated. Table 1 lists the tap densities of all used materials and the
expected theoretical values for the blend materials. Relating to
LFMP and spinel (LMO), a linear dependency of the tap density on
the composition is observed. This means electrode density can be
predicted according to the spinel content in the blend which allows
an easier adjustment of electrode parameters. Further character-
izations of the cathodematerials and electrodes can be found in the
supplementary information.

Both specific capacity as well as electrode potential contribute to
the energy density via the relation E ¼ Q$U (E ¼ Energy,
Q ¼ Capacity, U ¼ Potential). Additionally to the capacity, the
working potential is a characteristic parameter which needs to be
taken into account. Fig. 1a shows the influence of C-rate on the
capacity of LFMP. The coulombic efficiency is about 99.8%. Signifi-
cant deviations in efficiency when changing the C-rates can be
observed. These deviations are due to changes in material utiliza-
tion related to the change in electrode polarization.

Pure LFMP shows an initial capacity at 0.1C of 143 mAh g�1,
which is reduced slightly with increasing C-rate. At 3C, 88% of the
initial capacity can still be obtained, demonstrating high rate
capability with respect to the coulombic utilization. After the rate
capability test ending at 3C, the initial capacity of 143 mAh g�1 at
0.1C can be fully retained, indicating no material degradation even
at higher rates. However, significant changes in the voltage



Table 1
Tap density of LFMP, spinel and both blends compared with calculated values assuming no synergetic effects.

Material LMO content
wt%

LMO content capacity
%

Tap density
g mL�1

LiMn1.9Al0.1O4 100 100 1.90
LiFe0.3Mn0.7PO4 0 0 1.41
Blend(50LFMP/50LMO cap%) 57.9 50 1.67
Blend(50LFMP/50LMO cap%)calc. 57.9 50 1.69
Blend(67LFMP/33LMO cap%) 40.5 33 1.58
Blend(67LFMP/33LMO cap%) calc. 40.5 33 1.60
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Fig. 1. a) Rate capability measurement of LFMP and b) galvanostatic curves of LFMP at 0.1C and 3C. c) Galvanostatic curves of LFMP and spinel at 0.1C and 3C depicting where a
buffer effect can be expected (shaded area).
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characteristics can be observed at high C-rates (Fig. 1b). A pro-
nounced voltage drop of about 600 mV for the Mn2þ/3þ redox
plateau (green) can be detected which significantly lowers energy
density at elevated C-rates. This strong polarization suggests slow
kinetics for the Mn2þ/3þ redox step. Furthermore, the initial two-
step behavior related to the Mn2þ/3þ (higher plateau) and Fe2þ/3þ

(lower plateau) steps changes significantly with respect to the
plateau lengths for higher C-rates. At 3C, the lower plateau shows
an extended length while the higher plateau is shortened. The ratio
of the individual lengths shifts and does not further correspond to
the theoretical expectation of the Mn2þ:Fe2þ ratio. This indicates
that part of the manganese ions are discharged on the lower
plateau and both redox pairs overlap to a certain extent.

3.2. Concept

There are several options to influence the kinetics of an elec-
trode. For LFMP our approach is to investigate whether the po-
tential drop depicted in Fig. 1b can be buffered by adding spinel
(LMO). The approach is based on the following: the Mn2þ/3þ redox
plateau of the investigated LiFe0.3Mn0.7PO4 and the Mn3þ/4þ

plateau of spinel overlap in terms of their potential range at around
4 V, but much faster kinetics are observed for the spinel. The ex-
pected improvement is to be associated with the distribution of the
effective C-rate onto the two materials assessed according to their
kinetics and ratio in the electrode. This would mean a higher pro-
portion of the current will be utilized for the material with fast
kinetics and a lower proportion for the one with slower kinetics.
This may result in a less polarized electrode.

Fig. 1c shows the galvanostatic curves of LFMP and spinel at 0.1C
and 3C. With increasing C-rate, the potential drop of a pure spinel
electrode between 0.1C and 3C is only 100 mV whereas for LFMP a
well pronounced electrode polarization results in a voltage drop of
600 mV on the manganese plateau. The grey shaded area between
the curves of LFMP and spinel at 3C illustrates the range where a
buffer effect could be expected. At low C-rates, both materials are
expected to be discharged according to their individual redox po-
tentials. The behavior of the blend electrode consisting of LFMP and
LMO can be calculated by assessed summation of capacities in
equally spaced potential steps. We assume that any deviation be-
tween experimental galvanostatic curves and calculated ones are
assigned to a reduction of electrode polarization or a possible
particle-to-particle interaction.

3.3. Rate capability

The galvanostatic curves of pure LFMP, Blend(67LFMP/33LMO cap
%), Blend(50LFMP/50LMO cap%) and pure spinel at different C-rates
are arranged in Fig. 2. As previously mentioned, for electrodes of
pure LFMP (Fig. 2a), the dependency of electrode potential from C-
rate is well pronounced both for charging and discharging. For
charging, the polarization of the LFMP electrode reaches the cut-off
criterion (4.3 V) at an early state of charge (SoC). This requires a
constant voltage (CV) step in order to complete the charge uptake.
The galvanostatic curves of Blend(67LFMP/33LMO cap%) and
Blend(50LFMP/50LMO cap%) (Fig. 2c and d) show a less pronounced
polarization on the manganese plateau compared with LFMP.
Blend(50LFMP/50LMO cap%) exhibits an even less pronounced
voltage drop compared with pure spinel (Fig. 2b). The reduced
voltage drop at high rates in combination with observed shorter
CV-steps during charging gives an indication of a reduced electrode
polarization at elevated C-rates and improved kinetics between 4.3
and 3.8 V.

Potential curves of blend electrodes are calculated based on
individually measured galvanostatic curves of LFMP and spinel,
comparable to calculations described by Schmidt et al. [17]. The
calculations represent galvanostatic curve characteristics of a hy-
pothetical blend assuming pure physical mixtures without any in-
teractions between both active materials. For the comparison of
experimental and theoretical data, blend electrodes with
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comparable loading in terms of capacity are necessary. During
charge and discharge of a blend electrode, capacity ranges alter-
nate, in which either both or the single components are electro-
chemically active. The degree to which each component
electrochemically contributes at a certain state of charge of the
overall blend depends on its individual potential curve, which again
is dependent on the C-rate. Therefore, the C-rate applied to a blend
electrode does not directly correlate with the effective C-rate on the
individual components. The effective C-rate on one single compo-
nent in a blend electrode can be defined as the C-rate times the
ratio of the component.

This applies, however, only to low rates and overlapping oper-
ating windows of both components in terms of capacity. At higher
rates, synergetic effects can be assumed for components with
different kinetics. This can be seen if current distribution on the
materials differs from their expected distribution, according to the
ratio in the blend. If there is only one active component, the
effective C-rate results from the quotient of the applied C-rate and
component ratio.

The calculated and measured galvanostatic curves from blend
electrodes, as well as from LFMP and spinel are depicted in
Fig. 3aeb. Differences in kinetics of calculated and measured blend
electrodes are expected to be more pronounced at elevated C-rates.
In order to illustrate these effects and to provide clarity, the gal-
vanostatic curves in Fig. 3aeb are shown for one rate of 3C. For
galvanostatic curves at low C-rates see Fig. S4 in the supplementary
information. Solely regarding the specific discharge capacities, both
blends are performing, as expected, like physical mixtures of LFMP
and spinel according to their ratios. In regards to the potential
profile, an increased working potential can be observed for the
experimental curve in the range between 4.3 and 3.6 V, as
compared to the theoretical values. With increasing spinel content
this effect is more pronounced. An explanation for this is on the one
hand a reduced polarization due to a higher current distribution on
the spinel than expected from the product of applied C-rate and the
ratio of spinel, and on the other hand a possible charge exchange
between spinel and LFMP particles. These effects may interfere
with each other and cannot be separated. The potential of the iron
plateau (~3.5 V) of both blends as depicted in Fig. 3aeb shows a
slight potential drop, as compared to the calculated values and can
be related to the change in effective C-rate. The reason for this
behavior is that the Fe2þ/3þ redox pair of LFMP in the blend is
working outside the operating window of the spinel, which results
in an increased current rate on LFMP according to the quotient of
applied C-rate and ratio of LFMP. The effective C-rate on LFMP
during discharging the iron plateau (3.5 V) can be calculated to 6C
for the Blend(50LFMP/50LMO cap%) and 4.5C for Blend(67LFMP/33LMO
cap%). A higher potential in the 4 V region and a less pronounced
potential drop in the 3.5 V region than expected indicates faster
kinetics and suggests lower electrode polarization, which may also
be attributed to possible particle-to-particle interaction.

A more detailed view on the calculated capacity contributions of
the individual active materials to the blend capacities is demon-
strated in Fig. 3ced, showing derivative plots of an LFMP, a spinel
and the corresponding blend electrodes. For this plot the de-
rivatives dQ dE�1 vs. E have been transferred to a dQ dE�1 vs. Q. The
capacity Q has been calculated for equally spaced potential steps of
DE ¼ 10 mV. The area below the orange, green and blue curves
corresponds to the obtained capacities of the materials. The ex-
pected working range of LFMP and spinel according to the amount
used in Blend(50LFMP/50LMO cap%) and Blend(67LFMP/33LMO cap%)
are calculated based on measurements of electrodes from pure
LFMP and pure spinel, respectively. In Blend(50LFMP/50LMO cap%),
the operating window of LFMP and spinel can be expected to
overlap in the DoD range between 40 and 66% as depicted in Fig. 3c.
Comparing the shown derivatives of the blendswith the derivatives
of their pure components, we observe an increasing capacity
contribution on the manganese plateau and a slightly decreasing
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contribution on the iron plateau. During discharge the capacity gain
at the manganese redox step equals the capacity loss at the iron
redox step at the change over from one to the other. The shifted
capacity amounts to 16 mAh g�1, which equates to 29% capacity as
related to a pure LFMP electrode. This 29% of capacity is discharged
at a higher potential (4 V instead of 3.5 V) than expected, which
results in an increased energy density and power density as
compared with a physical mixture of active materials, without any
interaction between the materials. Comparable trends can be
observed for Blend(67LFMP/33LMO cap%) with a lower spinel content.
Interaction between LFMP and spinel can be expected in the range
between 27 and 60% DoD as shown in Fig. 3d. An increased capacity
contribution of 5.5 mAh g�1 can be detected on the manganese
plateau. This equates to 7% capacity as related to LFMP which is
discharged at higher potentials than expected from pure LFMP
electrodes and cannot be only explained by pure physical mixtures.

The results show that tap density, electrode thickness, porosity
and the total discharge capacity are well predictable according to
the blend ratio. Synergetic effects can be observed in cases of
electrode polarization and redox potential of the LFMP related
manganese plateau at elevated C-rates. In addition, capacity con-
tributions of manganese discharged at a lower redox plateau than
expected can be partially regained at higher C-rates.
3.4. Energy density

According to the polarization of pure LFMP electrodes at
elevated C-rates, the energy densities at these rates are comparably
low. In order to visualize the influence of the blend ratio on the
energy density at different C-rates, the difference in energy density
between the blends and the pure spinel, as well as the pure LFMP is
calculated. The energy densities of all materials are obtained via
integration of galvanostatic curves (in mAh g�1) in a potential range
between 4.3 and 3.0 V. Fig. 4 compares two different blend ratios
with respect to their pure components. The orange and the red
curve enclose a grey marked area and describe the behavior of
Blend(67LFMP/33LMO cap%) while the green and the blue ones
correspond to Blend(50LFMP/50LMO cap%). The curves with a posi-
tive slope represent a gain in energy density relating to pure LFMP
while at the same time a mean negative slope stands for a loss of
energy density referred to pure spinel. The curves can be divided
into two sections. At low C-rates (<0.6C) the change in energy
densities remains almost unaffected by the blend ratio. At higher C-
rates (>0.6C) the curves diverge dependent on the blend compo-
sition. The slope of all curves increases with spinel content. It may
be inferred that a rising spinel content can increase the gain in
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energy density compared to pure LFMP and simultaneously mini-
mize the loss versus pure spinel for C-rates > 0.6C. For a given
composition, the difference between loss and gain of energy den-
sity DELFMP% relating to spinel and LFMP shows a linear behavior
according to the applied C-rate and can be described for both
blends and rates >0.6C by a linear equation: DELFMP% ¼ 5.9 C-
rateþ 3. In principle, it can be said, that the gap between of loss and
gain in energy density related to the rawmaterials of this blend can
be predicted according to the blend ratio and the applied C-rate.

3.5. Power density

While energy densities are calculated from the product of po-
tential and capacity, the power densities are calculated from the
quotient of energy densities and time. Values have been obtained at
each state of discharge. The observed power densities are obtained
from constant current measurements. Electrode characteristics at
constant current differ from pulse power behavior which will be
discussed later. Fig. 5 shows a general view of specific gravimetric
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Fig. 5. Power density of LFMP, spinel, both blends and theoretical calculations at different C-r
Ce3C. Point (A) describes the power density level which corresponds to 40% DoD of the blen
measured blend drops below that of the spinel.
power densities along the degree of discharge depending on the C-
rate and blend composition. As reference, the pure materials are
included for comparison. For the evaluation, two characteristic
points are defined. Fig. 5a shows exemplarily how the data are
collected. Point (A) describes the power density level which cor-
responds to 40% DoD of the blend electrode. At this point the
manganese plateau of LFMP in the blend is discharged at both low
and high rates (30e43% DoD). Point (B) marks the depth of
discharge where the power density of the measured blend drops
below that of the spinel. The theoretical power density curves are
calculated based on the assumption that blends can be described as
physical mixtures without any particle-to-particle interaction be-
tween the two active materials.

At rates of 0.1C, the measured power densities are in agreement
with the theoretical calculations. Both active materials in the blend
electrodes are discharged sequentially according to their redox
plateaus. At low rates, the power densities for different blend ratios
can be predicted according to the amount of added spinel. With
increasing C-rate, the deviation between experimentally and
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theoretically obtained power densities is more pronounced. The
experimental blend curves indicate an increased power density
during discharge of the manganese plateau (A) at elevated C-rates
in comparison to the calculated ones. With increasing C-rate, point
(B) shifts to lower depths of discharge while for a higher spinel/
LFMP ratio, this behavior is less pronounced. The obtained power
densities exceed the calculated values for pure physical mixtures,
indicating less polarized electrodes. Such blend electrodes with
high rate ability at high states of charge are interesting, for example,
in the use of starter-batteries where the battery is at most times
fully charged and high currents are required to start the internal
combustion engine.

In summary, the energy density of blended LFMP and LMO can
be tuned and accurately predicted for a given blend ratio. This al-
lows designing cathode materials according to specific energy
density requirements. Regarding the power densities at higher C-
rates, experimental values exceed calculated ones at low DoD.With
increasing spinel-content and C-rates, the observed positive syn-
ergetic effects are more pronounced leading to even higher elec-
trode performance.
3.6. Pulse power tests

Pulse power tests are applied in order to analyze the influence of
current pulses on the electrode potential according to their depth of
discharge (DoD) during constant current discharge at different C-
rates. This can give us indication about the prospective behavior in
electric vehicles during fast acceleration or regeneration. In prin-
ciple, Fig. 6 depicts the pulse power capability of both blends and
single component materials depending on depth of discharge.
Based on constant base current rates, pulses of 5C have been
applied for 10 s respectively. The pulse power capability has been
compared in intervals of 10% DoD. Fig. 6a depicts a schematic of the
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Fig. 6. a) Schematic of power pulse test evaluation b) Potential drops of LFMP caused by 5C p
blends caused by 5C pulses according to the applied base current rate for rates of a) 0.1C a
applied methodology and data collection. The values of the po-
tential drop for LFMP at different DoD and at different base current
rates are shown in Fig. 6b. Pulse power behavior can be inferred by
evaluation of these curves. A maximum of the values can be
observed between 30 and 60% DoD which is in the same range
where the transition from the manganese to the iron plateau in
potential curves is observed. The maximum shifts to lower DoD
with increasing C-rate. The base discharge rate has a well pro-
nounced impact on the magnitude of the potential drop of LFMP
during the applied pulses. With increasing base C-rate, a decline in
potential drop from the pulse can be observed. Fig. 6ced compare
Blend(50LFMP/50LMO cap%) and Blend(67LFMP/33LMO cap%) with the
single component materials. The data are compared at base current
rates of 0.1 and 3C in order to visualize the change in potential drop
and DoD at low and high rates. In contrast to LFMP, a different
behavior can be observed for the spinel electrodes. A maximum
potential drop as found for the pure LFMP electrodes cannot be
observed. Both blend electrodes resemble the characteristics of the
pure spinel electrode. With increasing spinel content a decrease in
potential drop is seen. For a base current rate of 0.1C, the data
curves of spinel and both blends show comparable characteristics
with no significant change in potential drop, up to 80% DoD, while
at 3C this point shifts to 40% DoD. The extent of divergence in po-
tential drop is strongly dependent on the base C-rate and the blend
ratio. The characteristics of both blends cannot be fully explained
assuming pure physical mixtures. The observed potential drop is
below the expected values and can be partially ascribed to a lower
electrode polarization due to faster kinetics at the manganese
plateau. In addition, a possible interaction between LFMP and
spinel particles is likely because the blend electrodes entirely
resemble the characteristics of the spinel electrode. The results also
show that blending LFMP with spinel by 50 cap% results in a
cathode that is able to accommodate high power pulses. For the
0 20 40 60 80 100

0.1

0.2

0.3

0.4

0.5

0.6

0 20 40 60 80 100

0.1

0.2

0.3

0.4

d)

b)

1C

P
ot
en
tia
lD
ro
p
[V
]

Depth of Discharge [%]

LFMP: ΔU(5C Puls) @ 0.1C Discharge
LFMP: ΔU(5C Puls) @ 1C Discharge
LFMP: ΔU(5C Puls) @ 3C Discharge

0.1C

3C

ΔU (5C Pulse)
Base Current Rate 3C

P
ot
en
tia
ld
ro
p
[V
]

Depth of Discharge [%]

Spinel
LFMP
Blend(50%LFMP/50%LMO cap%)
Blend(67%LFMP/33%LMO cap%)

ulses according to the applied base current rate. Potential drop of LFMP, spinel and both
nd d) 3C.



LiMn1.9Al0.1O4

LiFe Mn PO
Stability against
Mn-Dissolution

A. Klein et al. / Journal of Power Sources 309 (2016) 169e177176
investigated electrodes, a higher pulse capability can be observed
up to 70% DoD.
0.3 0.7 4
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Fig. 8. Radar chart comparing relevant material features of LMFP, spinel and
Blend(50LFMP/50LMO cap%).
3.7. Manganese dissolution

Manganese dissolution of the spinel structure is one of the
major problems in spinel-based Lithium-Ion-Batteries. It affects the
stability of the cell and can deteriorate the anode [18]. Therefore,
manganese dissolution plays an important roll for cell lifetime. The
used spinel contains ca. 1.5 wt% of aluminum in order to increase
the stability of the material against structural changes and man-
ganese dissolution [15]. A reduced manganese release is also re-
ported for blends of spinel and LiNi0.8Co0.15Al0.05O2 (NCA) [19,20].
To address this practical demand, we investigate the influence of
the spinel to olivine ratio on the amount of dissolved manganese.
Electrodes of different blend ratios as well as the pure spinel and
pure LFMP are stored in electrolyte (EC:DMC ¼ 1:1, 1 M LiPF6) for
two weeks at 60 �C. The amount of dissolved manganese in the
electrolyte is determined by ICP-OESmeasurements and the results
are depicted in Fig. 7. Low manganese dissolution is shown for the
pure olivine (0 wt% spinel), with a value of 0.32 mg per kg elec-
trolyte. For pure spinel, a total amount of 75 mg manganese per
kilogram electrolyte can be detected, which is more than two
magnitudes higher as compared to LFMP. Fig. 7 depicts measured
and theoretical values. The latter have been calculated assuming
pure physical mixtures. For all blends, the experimental data show
a drastically reduced manganese dissolution compared to theo-
retical values. According to their amount of spinel, the measured
values can be fitted with an exponential curve. The reduced solu-
bility of manganese might be due to the basic character of the LFMP
surface. Experimental data reveal an increase in pH of 1.5 when
soaking 500 mg LFMP in 2 g of demineralized water in contrast to
pure water. Therefore two possible explanations can be discussed
both of which are related to scavenging effects: 1) either the cat-
alytic circle described by Hunter [21] is interrupted when protons
are neutralized by the basic surface of LFMP or 2) dissolved man-
ganese can be re-precipitated on the alkaline surface of the LFMP
particles.

Fig. 8 compares the battery relevant features of LFMP, spinel and
the blend. In general for a blend material, each component is ex-
pected to contribute according to their ratiowithin the electrode, as
in the case for pure physical mixtures. In our case the capacity
contribution of LFMP and spinel in this blend is 50LFMP/50LMO cap%.
We expect an equal contribution of both materials. In terms of tap
density, this behavior can be observed. For all other features the
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Fig. 7. Amount of manganese dissolved in one kg Electrolyte after a storage time of
2 weeks at 60 �C relating to the spinel ratio.
mean value can be surmounted demonstrating the power of posi-
tive synergetic effects in this kind of blend electrodes.

4. Conclusion

LFMP is an electrochemically stable cathode material delivering
high energy densities but suffering from low kinetics on the
manganese redox step. Blending LFMP with spinel is a promising
way to overcome these issues. Different blend ratios are prepared
and characterized according to their physical and electrochemical
behavior. All results are discussed relating to pure LFMP as well as
pure spinel and differences are elaborated. Blend properties as tap
density, capacity, energy density and power density at low C-rates
follow physical mixtures in their behavior. Synergetic effects can be
assumed for potentials at high rates and power densities at high
states of charge. Enhanced pulse power capability can be detected
as result of reduced electrode polarization. Furthermore, a drastic
reduction in manganese dissolution can be observed for blend
electrodes due to the alkaline character of LFMP. These comple-
mentary properties of the single component materials LFMP and
spinel result in a cathode material which is promising for starter
batteries in automotive applications, where high power densities at
high states of charge are required in order to start the internal
combustion engine.
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