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A B S T R A C T

Cathode materials with low-cost, environment-friendly, high energy density are critical for lithium-ion batteries
(LIBs). Here, the effects of Fe doping on the structure of LiMnPO4 (LMP) are investigated by neutron powder
diffraction (NPD). The prepared LiMn0.6Fe0.4PO4/carbon (LMFP/C) shows a higher specific capacity of
90mAh g-1 at a current density of 1 C, which is about 5 times of that of LiMnPO4/C. It also shows excellent
cycling performance for 1000 cycles. The improved electrochemical performance is ascribed to the higher oc-
tahedral distortion of (Mn, Fe)O6 and an easiness for Li diffusion due to much less anisotropic ellipsoids for Li in
LMFP. We further fabricated a flexible LIB with LMFP/C cathode and an in-situ polymerized electrolyte, which
exhibits excellent flexibility and cyclability. The cell shows no obvious performance degradation after bending
for 300 times. Moreover, a flexible triboelectric nanogenerator (TENG) was coupled with the flexible cell to form
a wearable self-charging power pack. The TENG can harvest mechanical energy and convert it into electrical
form, charge the battery to supply energy for a flexible electrochromic membrane. The open circuit voltage (VOC)
of the flexible LIB increases from 3.32 V to 3.51 V in about 20min through daily human motion.

1. Introduction

Flexible electronics are emerging, such as wearable devices, roll-up
displays, electronic skins, and smart sensors [1–5]. To achieve full
flexibility, a flexible energy storage system is highly needed. Among
various kinds of energy storage devices, lithium ion batteries (LIBs) are
believed as one of the best choices for portable electronics due to their
high energy density and good cyclability [6,7]. However, the tradi-
tional LIBs are rigid, thus not compatible with flexible electronics. The
current collectors, electrolyte and packaging should be optimized to
achieve good performance under deformation [8–10].

LiFePO4 (LFP) has become a successful cathode material since it was
first reported by Goodenough et al. [11,12]. However, the power den-
sity of LFP cathode based cells cannot meet the expectation of some
high-power systems. LiMnPO4 (LMP) is a promising candidate to

replace LFP as cathode for next generation LIBs, owing to the high
redox potential around 4.1 V (vs Li+/Li) of Mn3+/Mn2+ redox couple
[13]. But, the electrochemical performance of LMP is usually hindered
by its low electronic conductivity (~10−10 S cm−1) and lithium ion
diffusion coefficient [13,16]. Fe doping can probably alleviate the Jahn-
Teller distortion of Mn3+, stabilize the crystal structure, and enhance
electron and lithium ion transfer [14–16]. Yamada et al. reported that
olivine-type Lix(Mn0.6Fe0.4)PO4 (0≤x≤ 1) delivers a capacity of
160mAh/g at 0.1 C rate with a high 4 V voltage plateau and low cost
[17]. Thus, we choose LiMn0.6Fe0.4PO4 as a cathode in this work, which
may show good electrochemical performance by Fe doping.

Recently, triboelectric nanogenerators (TENGs) have drawn much
attention for their ability to harvest mechanical energy and convert it
into electrical form [18–20]. TENGs can harvest energy from daily
human motion to supply energy to energy storage devices such as LIBs,
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and thus improve their working time. Many efforts have been made to
integrate TENGs with various energy storage devices to form self-
powered systems [21–23].

Herein, neutron powder diffraction (NPD) investigations on LMP
and LMFP were conducted to gain insight into the crystal structural
information. The effects of Fe doping on the electrochemical properties
of LMP are systematically investigated. The coin cell with LMFP
cathode shows good rate capability up to 10 C. This material can be
cycled at 1 C rate for over 1000 cycles with Coulombic efficiency higher
than 99.5%. In addition, we developed a flexible LIB based on a quasi-
solid electrolyte and high voltage LMFP cathode material, which ex-
hibits excellent cycling performance and stability against various de-
formations. The methyl methacrylate (MMA) based quasi-solid elec-
trolyte not only provides a wide electrochemical window, but also
serves as a solid barrier to fasten and protect electrodes. Furthermore,
we demonstrated a wearable self-charging power pack by integrating
this flexible battery with a flexible TENG to power a flexible electro-
chromic membrane by harvesting the mechanical energy of various
motions of human.

2. Results and discussion

The as-prepared Fe doped LiMnPO4 were firstly examined by X-ray
diffraction (XRD) measurements. As shown in Fig. S1, all the peaks in
the XRD pattern of LiMn0.6Fe0.4PO4 (LMFP) shows a right shift com-
pared to those of the pristine LMP since the ionic radius of Mn2+

(0.66 Å) is larger than that of Fe2+ (0.63 Å) [24]. The blue and green
lines are pure LiMnPO4 and LiFePO4 respectively, the peaks of the as-
prepared LMFP lie between those of LMP and LFP, indicating formation
of a pure phase of an olivine solid solution. To further investigate the
structure of LMFP, a synchrotron radiation X-ray diffraction (SR-XRD)

was employed. Refined SR-XRD pattern and crystal structure of LMFP
are shown in Fig. S1b and S1c, respectively. SR-XRD result also in-
dicates formation of a pure phase solid solution. Furthermore, neutron
powder diffraction (NPD) data was collected at room temperature (RT)
and the crystal structures were refined in order to identify the structural
changes introduced in LiMnPO4 upon Fe doping, concerning oxygen
coordination and thermal displacement factors, in relation to the evo-
lution in the properties observed in this work. Both of the crystal
structures of LMP and LMFP are defined in the orthorhombic Pnma (No.
62) space group; the majority of the atoms (Mn, Fe, P, O1 and O2) are
located in the special position 4c, Li is on the inversion center, 4a po-
sition, and O3 is in the general 8d position. The Rietveld refinement of
the structure was performed using, as initial model, the atomic posi-
tions published by Rousse et al. [25] In LiMn0.4Fe0.6PO4, Mn and Fe
atoms were distributed at random over the same octahedral positions.
Li occupancy was also refined and resulted to be stoichiometric within
one (LMP) or four (LMFP) standard deviations. The access to a wide
region of the reciprocal space allowed us to successfully refine the
anisotropic displacement factors for all the atoms, minimizing the
correlation with the occupancy factors. The final atomic parameters
and occupancy factors together with atomic displacement factors after
the full refinement of the crystal structures are included in Tables S1
and S2 for LMFP and LMP, respectively. Fig. 1a and b show the good-
ness of the neutron fits. Table S3 summarizes the main bond distances
after the refinement from NPD data.

It is well known that LMFP, which belongs to the olivine family,
presents a triphylite FePO4 type-structure. The olivine corresponds to a
structural formula AB2O4 where A and B occupy the tetrahedral and
octahedral cavities of a HCP oxygen network, respectively. In LMFP, Li
and (Mn, Fe) ions are distributed within the octahedral sites in a very
different way. Li+-ions form chains sharing edges and running parallel

Fig. 1. (a) NPD pattern of the as-synthetised LMFP sample. (b) NPD pattern of the as-synthetised LMP sample. (c) Crystal structure of LMP. (d) Crystal structure of
LMFP. (e) Crystal structure of LMFP highlighting the existence of channels along [010] directions that enable the diffusion of Li+-ions.
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to [010] orthorhombic direction (see Fig. 1c for LMP and Fig. 1d for
LMFP); each (Mn, Fe)O6 octahedron is sharing corners with four other
(Mn, Fe)O6 octahedra and with four PO4 tetrahedra, one of them via
one edge. In this structure, tunnels along which Li+-ions can be re-
moved are identified in the [010] direction, as highlighted in Fig. 1e. Li
is connected to 2O1, 2O2 and 2O3 oxygen atoms. A calculation of the
bond valence by the Brown's model [26–28] yields valence values close
to the expected + 1 for Li+-ions, as shown in Table S4. Reasonable
valence values are also observed for the remaining cations with (Mn,
Fe) close to the expected divalent state, and pentavalent for P atoms.
For oxygen atoms the anisotropy of the thermal ellipsoids is patent,
with the flattened thermal ellipsoids perpendicular to the chemical
bonds to (Mn, Fe). It is worth comparing the thermal ellipsoids obtained
for lithium atoms in LiMnPO4 with those of LiMn0.6Fe0.4PO4. For the
former compound (Fig. 1c) the thermal motion of Li atoms is con-
siderably anisotropic, with prolate cigar-shaped ellipsoids approxi-
mately orientated along the [001] directions. The root-mean-square
(RMS) displacements of Li are 0.21 Å along the c axis and 0.06 Å per-
pendicular to it. This is not expected for an ionic conductor where Li
ions are anticipated to diffuse along the b axis, following the channels
determined by PO4 and MnO6 polyhedra (see Fig. 1e). This may account
for the relatively poor electrochemical performance of LiMnPO4 as
cathode material as reported later, since the thermal motion, captured
at RT during the NPD experiment, seems to indicate a preference for
lithium atoms to vibrate approximately along [001], forced by struc-
tural bonding constrains. By contrast, LiMn0.6Fe0.4PO4 exhibits much
less anisotropic ellipsoids for Li, with RMS displacements of only 0.12 Å
along the c axis and 0.08 Å perpendicular to it. The component along
the b-axis direction is superior, suggesting an easiness for Li to diffuse
across the structure, thus implying a significant ionic mobility. A second
distinctive feature between both closely related structures is the higher

octahedral distortion observed for (Mn, Fe)O6 in LMFP with respect to
MnO6 octahedra in LMP. The relative distortion can be quantified by
the Δoct parameter, concerning the deviation of (Mn, Fe)-O distances
with respect to the average< (Mn, Fe)-O> value, as Δoct = (1/6)∑
n=1,6 [(dn-< d>)/<d> ]2, see Table S3. For LiMnPO4, Δd is mod-
erately distorted (9.37× 10-4); however this parameter substantially
increases for the Fe compound, reaching Δd = 15.35×10-4. The origin
of this additional distortion is the occurrence of exceptionally short
(Mn,Fe)-O2 and (Mn,Fe)-O3 distances of 2.104(7) and 2.094(4) Å
(Table S3): these extra bonds to oxygens may weaken the Li-O inter-
actions thus making easier the Li+-ion diffusion across the structure.

For improving the electronic conductivity, the LMP and LMFP were
coated with carbon. The carbon loading is about 11.3%, as shown in
Fig. S2. The electrochemical performance of LMP/C and LMFP/C are
evaluated by galvanostatic charge/discharge (GCD) tests in coin half-
cells with LiPF6 based liquid electrolyte. The cycling and rate perfor-
mance are shown in Fig. 2. Fig. S3 shows the charge and discharge
curves of LMFP/C at different C-rates. As shown in Fig. 3b, compared to
the cell with LMP/C cathode, the cell with LMFP/C exhibits better rate
performance at higher current densities. The discharge capacity
(~90mAh g-1) of the cell with LMFP/C at 1 C rate is about five times of
that of the cell with LMP/C. The cell with LMFP/C can further deliver a
capacity of ~50mAh g-1 even at 10 C rate, which is still higher than
that of the cell with LMP/C at 1 C rate. It is believed that the doping of
Fe2+ in LMP can enhance the electronic conductivity and lithium ion
diffusion coefficient of the material [13,16,29]. As mentioned above,
the NPD results coincide with the higher lithium ion diffusion coeffi-
cient in LMFP. The bandgap energy of LiMnPO4 and LiMn0.6Fe0.4PO4

were determined by UV–vis–NIR diffuse reflectance spectra (DRS) via
Kubelka−Munk function [30]. The measured bandgap is 3.45 eV and
3.08 eV for LMP and LMFP, respectively, as shown in Fig. S4. A

Fig. 2. (a) Rate performance of the cell with LMP/C cathode. (b) Rate performance of the cell with LMFP/C cathode. (c) Discharge capacity and Coulombic efficiency
versus cycle number of the cells with LMP/C and LMFP/C cathodes at 1 C rate.
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decrease in band gap usually causes higher volume density of con-
ductive electrons, thus leads to higher electronic conductivity and
better electrochemical performance at higher current densities. In this
study, Fe doping not only improves the rate performance, but also
stabilizes the cycling performance. Fig. 2c shows the cycling perfor-
mance of the cells with LMP/C and LMFP/C materials at 1 C rate. It is
observed an obvious capacity fading of the cell with LMP/C. The ca-
pacity of the cell with LMP/C decays 37.4% after 1000 cycles. As for the
cell with LMFP/C, an average capacity drop is only 1.3% during 1000
cycles at the same current density. The Coulombic efficiency of the cell
with LMFP is also enhanced. The cell with the LMFP/C cathode has an
average Coulombic efficiency of 99.03% for 1000 cycles while that of
the cell with LMP/C is only 96.64%.

A MMA/PI based electrolyte is studied for preparing a flexible
battery. As shown in Fig. S5, from the Nyquist plot of EIS test, we can
calculate the ionic conductivity of this electrolyte is 1.15×10-4 S cm-1.
This electrolyte shows a wide electrochemical window up to 5.5 V,
owing to the excellent stability of TFSI- and the complete polymeriza-
tion of MMA on PI substrate. As shown in Fig. S5b, the current increases

sharply at 5.5 V vs Li+/Li, indicating that the electrolyte decomposes at
this voltage. The wide electrochemical window enables the polymer to
be used as electrolyte for batteries with LMFP cathode. Compared to
traditional liquid electrolytes, such as 1M LiPF6 in EC/DEC electrolyte,
this polymer electrolyte can maintain good Coulumbic efficiency at a
higher charging voltage. In this case, the Coulumbic efficiency of the
flexible cell with LMFP/C and quasi-solid electrolyte reaches 99.9%,
higher than that of the coin cell with commercial 1M LiPF6 EC/DEC
electrolyte (99.0%). The lower Coloumbic efficiency of the cell with the
commonly used liquid electrolyte might be related to a series of de-
composition reactions of LiPF6 since the cut-off charging voltage of
LMFP is close to the decomposition voltage of the LiPF6 (~4.5 V vs Li+/
Li). In addition, the decomposition products of LiPF6 at high voltage can
further react with Mn3+ in the presence of trace impurities of water and
finally lead to the dissolution of manganese during cycling [31].
However, the MMA/PI/LiTFSI based electrolyte can alleviate these ef-
fects.

The overview of the designed flexible cell is schematically shown in
Fig. 3a. The rate performance of this flexible cell is a bit lower than that

Fig. 3. (a) Schematic of the flexible LIB battery. (b) Rate performance of the flexible cell. (c) Cycling performance of the cell which was bent for different cycles at
0.5 C rate. (d) Cycling performance of the cell at 0.5 C rate and at different bending degrees. (e) Comparison of the cycling performance of the cell at 0.5 C rate under
two different deformed states. (f) Cycle performance of the cell under the flat state at 0.5 C rate.

S. Li et al. Nano Energy 52 (2018) 510–516

513



Fig. 4. (a) Photograph of the wearable self-charging power pack consisting of a flexible battery and a flexible TENG. (b) Charge and discharge curves of the flexible
LIB. The operator stayed resting in the white region, while the arm of the operator is moving and the battery is charged in the pink region. The battery is discharged in
the blue region. (c) Short-circuit current of the flexible TENG at different impact frequencies. (d) Open-circuit voltage of the flexible TENG at different impact
frequencies. (e) Charge quantity of the flexible TENG at different impact frequencies. (f) Output power density versus different external load resistances. (g, h)
Photographs of the flexible cell powering a flexible electrochromic membrane. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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of the coin cell with liquid electrolyte, especially at high C rates, as
shown in Fig. 3b. This can be attributed to the lower conductivity of the
MMA/PI based electrolyte as well as the contact issue of flexible cell.
However, the flexible cell with polymer electrolyte shows extraordinary
cyclability. The cell can cycle for 1000 cycles at 0.5 C rate in its flat
state. After 1000 cycles, the capacity decay of this cell is about 12%,
which is better than most flexible LIBs reported in literatures (detail
shown in Table S5). As shown in Fig. 3c, the cell can be bent for 800
times. As shown in Table S6, the average capacities of the cell bent for
different times are almost not changed. After 800 cycles at bending
states, an average retention of the discharge capacity of the cell reaches
82.98%. Moreover, the capacities of the cell bent at different degrees
are almost the same, the average discharge capacity decreases only
about 8% after bending from 30° to 180°. Fig. 3e compares the cy-
clability of the cell at two bending states at 0.5 C. It indicates that the
cell can work properly at these states for 200 cycles. It should be noted
that this cell can be cycled for 500 times under a bending state of 180°
state (Fig. S6). The excellent performance of the flexible cell may be
attributed to the in-situ polymerized flexible electrolyte between
cathode and anode and the packaging design. The fully polymerized
electrolyte serves not only as a lithium ion conductor and separator, but
also a polymer binder to fix and protect electrodes, ensuring good in-
terface contact of the cell under different deformed states.

The excellent flexibility and good safety of the cell make it potential
to be used to power wearable electronics, such as intelligent electronics
and sensors [32,33]. However, the energy density of the flexible LIBs is
relatively low compared with rigid cells. Increasing the working time of
the batteries is important for their practical application [4]. To address
this issue, developing a wearable self-charging power pack by in-
tegrating flexible cell with a flexible TENG is a possible strategy, as
shown in Fig. 4a. TENG can harvest mechanical energy generated by
human motions, and convert it into electric energy. Then the flexible
LIB further stores the electric energy and powers electronics [34]. Fig.
S7 shows the structural schematic diagram of TENG used in this system.
As shown in Fig. 4c, the short-circuit current of TENG is about 40 μA at
1.6 Hz, which is similar to that of human motion. At this frequency, the
open-circuit voltage is 60 V. Fig. 4f shows output power density versus
different external load resistances. A peak is observed at 1M Ohm. Due
to the outstanding flexibility of the LIB, TENG and the light weight of
rectifier, the whole system is suitable for powering wearable electro-
nics. Fig. 4b shows a charging curve of LIB in the system, in which the
mechanical energy of arm bending is harvested by TENG and the
flexible LIB is charged by the TENG. The voltage of the flexible LIB is
increased from 3.325 V to 3.50 V in about 20min. Due to the power
limit of TENG, it takes long time to demonstrate the whole charging
process. By a simple calculation, if the active area of integrated TENG is
1m2, corresponding to the surface area of a child body [35], it will take
7.5 h to fully charge an integrated flexible LIB with 100mg LMFP by
daily human motions. Figs. 4g and h demonstrate the energy system to
power a flexible electrochromic membrane. After charging by the
TENG, the cell can power the electrochromic membrane, displaying
clearly the words below the membrane. Fig. S9a shows that the elec-
trochromic membrane is transparent when it is powered by a flexible
cell. After discharging for several hours, the membrane became opaque
due to the voltage drop of the cell. Then we charged the cell by in-
tegreting flexible TENG through various motions as shown in Fig. S10.
After charging about 3 h, the flexible cell can power the membrane
again (Fig. S9c). Supplemental videos of this demonstration are also
provided.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.08.007.

3. Conclusion

The effects of Fe doping on the crystal structure of LMP were sys-
tematically investigated by NPD. LiMn0.6Fe0.4PO4 shows superior

cyclability for 1000 cycles with no obvious performance drop and good
rate capability up to 10 C. The improved electrochemical performance
is ascribed to the higher octahedral distortion of (Mn, Fe)O6 and an
easiness for Li diffusion due to much less anisotropic ellipsoids for Li in
LMFP. A quasi-solid electrolyte with wide electrochemical window was
developed by fully polymerizing MMA on PI substrate. In addition, a
flexible LIB was fabricated with LiMn0.6Fe0.4PO4 cathode and PMMA-PI
electrolyte, which shows outstanding flexibility and cyclability. The cell
can work well under various deformed states for hundreds of cycles.
Furthermore, we integrated a flexible TENG with the flexible LIB to
demonstrate a prototype of wearable self-charging power pack. A
flexible LIB was successfully charged by TENG with human motions,
which demonstrates the feasibility of this self-powered system for
powering a wearable electronic device.
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