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ABSTRACT

Olivine-type LiMnPO4 (LMP) cathodes have gained enormous attraction for Li-ion batteries (LIBs) due to
high discharge platform, theoretical capacity and thermal stability. However, it is still challenging to
achieve encouraging Li-storage behavior owing to the low electronic conductivity and slow Li-ion
diffusion rate of LMP. Here, the electrochemical behavior of fibrous LiFeyMn_xPO4@carbon (LFxM;-
xP@C, x = 0, 0.25, 0.5, 0.75, 1) composites with different Fe doping amounts is investigated. Among
the composites, LFg5MosP@C demonstrates a superior cell performance due to a higher Li-ion diffusion
coefficient (Dy;), resulting from a proper Fe doping ratio and a more uniform morphology. At a current
rate of 0.2 C (1 C = 170 mA g~ 1), the LFg5sMosP@C cathode delivers a specific capacity of 150 mAh g~ up
to 500 cycles with a capacity retention of 119%. A longer-term cycling at 5 C for 2000 cycles can be
maintained with a reversible capacity exceeding 102 mAh g~ The fundamental study provides an

Li-ion diffusion coefficient

insightful guidance for future design of cathode materials with high performance.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The application of Li-ion batteries (LIBs) in hybrid and electric
vehicles has attracted considerable academic and industrial
research interest [1—3]. Since the pioneering work by Goodenough
group in 1997 [4—7], the cathode materials of olivine-structured
lithium transition-metal phosphates (LiMPO4, M = Fe, Mn, Co and
Ni) have been extensively studied due to high theoretical capacity,
thermal stability and environmental friendliness. The strong co-
valent P—O bonds in the poly-anion units can effectively inhibit
oxygen loss and provide high structural stabilization, which is
helpful to increase cycle life and weaken the polarization phe-
nomenon [8,9]. In particular, on the basis of safety requirement,
LiFePO4 (LFP) has been successfully used in LIBs. As an alternative,
LiMnPO4 (LMP) provides the same theoretical specific capacity (170
mAh g 1) but a higher redox potential of Mn?*/Mn3* (4.1 V vs. Li/
Li*) in comparison to Fe?*/Fe>* (3.4 V vs. Li/Li*), thus leading to a
~20% higher theoretical energy density of LMP (701 Wh kg~!) than
that of LFP (586 Wh kg~') [10,11]. Despite these merits, LMP with
dramatically enhanced power density combined with high specific
capacity and long-term cyclic stability is still hardly acquired. The
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very low levels of ionic diffusivity (107*—10"'* cm? s~ !) and
electrical conductivity (<107 S ecm™!) slow down its electro-
chemical activities [12]. In addition, the phase boundary mobility
affected by the anisotropically large lattice mismatch between the
lithiation and delithiation phases, the small polaronic conductivity
of Jahn-Teller active Mn>*, etc., are known as the possible origins of
the sluggish kinetics [13,14].

The electrochemical redox reaction of the electrode depends on
the kinetics of de-intercalation/intercalation of Li" and the loss/gain
of electrons at the interface between electrode and electrolyte. As a
result, the transport of electrons and Li™ to or from the active par-
ticles and the rate of Li" insertion within the bulk material are key
factors influencing the rate capability. Carbon-coating as a
commonly used and highly effective practice has successfully
improved the transport of electrons to the active particles
[4,6,8,11,15,16]. In a micron-sized battery material, the kinetics of
charge storage is generally controlled by the diffusion of Li* within
the bulk particles. Therefore, the reaction kinetics can be improved
through nanostructuring of a battery material [15,17]. The substitu-
tion of the Mn-site with a suitable amount of Fe is another approach
to activate LMP. Fe doping was thought can alleviate Jahn-Teller
distortion of Mn3>* due to the super exchange interaction between
Fe*—0—Mn?", leading to the stabilized crystal structure and
enhanced charge transfer [18,19]. The work by Zhao et al. showed a
plate-like LiFeg sMng 5P0O4/C with a Li-ion diffusion coefficient (Dy;) of
8.46 x 10~ cm~2 s~ delivering a discharge capacity of 78 mAh g~!
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at5C(1C=170 mA g’l) [20]. Liu et al. reported LiMng gFep2PO4/Fe/
C nanorods with a Dy; of 2.15 x 10*14 cm~2 s~ delivering a specific
discharge capacity of 76 mAh g~ at 10 C [21]. Saravanan et al. pre-
pared LiMng7Feq3P04/C nanorods with a Dy ~107% cm™2 s,
achieving a discharge capacity of 119 mAh g~ ! at 5 C [22]. Although
the significant progress on the Fe doped LMP materials, the effect of
Fe doping amounts and the related mechanism need further
exploration. A simpler and more effective synthesis is also in urgent
need.

Here, we report a rational design and fabrication of a series of
fibrous LiFexMn.xPO4@carbon (LFyM;xP@C, x = 0, 0.25, 0.5, 0.75,
1) composites via a facile and versatile electrospinning strategy. We
further demonstrate the relationship between Dy; and Fe doping
amount. A high Dy of 3.31 x 1071? cm™2 s~! is achieved when
x = 0.5, leading to a high reversible capacity and rate capability
upon long-term cycling. A discharge capacity of 150 mAh g~!
reached after 500 cycles at 0.2 C with a capacity retention of 119%.
At a high rate of 5 C, a specific capacity of 102 mAh g~ can still be
afforded even over 2000 cycles with a CE > 99%, making it a
promising cathode material for LIBs.

2. Experimental
2.1. Synthesis of LFyM1.xP@C nanofibers

LiH,PO4 (99%, Aladdin), FeSO4-7H,0 (99%, Sinopharm),
MnSO4-H,O0 (99%, Sinopharm), citric acid (99.5%, Aladdin),
CH3CH,0H (99.8%, Sinopharm) and polyvinylpyrrolidone (PVP,
My, = 1300000, Sigma-Aldrich) were used as received. LFxM1_xP@C
nanofibers were synthesized by one-step electrospinning tech-
nique followed by a heat-treatment. Typically, 6 mmol LiHyPO4,
FeSO4-7H,0, MnSO4-H0 was dispersed in 8 mL of deionized water
under vigorous stirring at 30 °C for 2 h. Afterward, 240 mg citric
acid and 1 g PVP was added under vigorous stirring at 30 °C for 1 h.
Finally, 2 mL of ethanol was added and stirred overnight at 30 °C.
The ratios of Fe/Mn was adjusted by stoichiometric mixing of FeS-
04-7H,0 and MnSO4-H;0. The precursor solution was transferred
into a syringe with a 10-gauge blunt-tip needle for electrospinning.
The flow rate of solution controlled by a syringe pump was
approximately 0.8 pL min~’, and a grounded aluminum foil was
horizontally placed 20 cm from the needle to collect the nanowires.
Avoltage of 15 kV was applied by a high-voltage power supply. The
dried precursor fibers were calcined at 750 °C for 6 h in an argon
(Ar) atmosphere at a rate of 5 °C min~.

2.2. Material characterizations

The morphology of LFxM1_xP@C was observed by field-emission
scanning electron microscopy (FE-SEM, S-4800, HITACHI). High-
resolution transmission electron microscopy (HR-TEM) and
selected-area electron diffraction (SAED) measurements were also
carried out on a transmission electron microscope (JEOL JEM-
2100F). The crystalline structure of the samples was characterized
by an X-ray diffractometer (XRD, D/max-2500VB+/PC, Rigalcu)
equipped with a Cu-Ko. radiation at a scan rate of 4° min~'. Raman
spectra were detected by a Raman Spectrometer (inVia-Reflex,
Renishaw). X-ray photoelectron spectroscopy (XPS) analyses were
performed on a spectrometer (Escalab 250Xi) with Al Ko X-ray
radiation. Thermogravimetry (TG) was conducted on a TG-DSC
analyzer (NETZSCH TG 209 F1 Libra).

2.3. Electrochemical measurements

In preparing the electrodes, black viscous slurry made from
80 wt% LFxM1xP@C, 10 wt% Ketjenblack carbon (KB carbon, ECP-

600JD) and 10 wt% poly (vinylidene fluoride) (PVdF) in N-methyl-
2-pyrrolidone (NMP) was cast onto an aluminum foil. The elec-
trodes were then dried under vacuum at 120 °C overnight to
remove NMP before punched into disks with a diameter (d) of
12.0 mm. The cells were assembled in an Ar-filled glove box
(Mikrouna Universal) using CR2025-type coin cells. High-purity
metallic lithium anode (d = 14 mm, 0.3 mm thick) was separated
from the cathode using a Celgard separator (d = 18 mm, 25 pm
thick). The electrolyte is 1.0 M LiPFg dissolved in ethylene/dimethyl
carbonate/diethyl carbonate (EC/DMC/DEC, 1:1:1, v/v). The assem-
bled cells were galvanostatically charged—discharged in voltage
range of 2.0—4.5 V (vs. Li/Li*) on a LAND battery testing system
(CT2001A) under room temperature. The applied current densities
and specific capacity were calculated based on the mass of LFxM1_
«P. The average loading of LFxM;_,P is approximately 3 mg cm 2
Cyclic voltammetry (CV) tests were measured by electrochemical
workstation (Arbin Instruments, USA). Electrochemical impedance
spectra (EIS) with an AC perturbation signal of 5.0 mV in the fre-
quency range of 100 kHz—100 mHz were recorded on a CHI660C
electrochemical workstation (Shanghai Chenhua, China).

3. Results and discussion
3.1. Synthesis and characterizations of LFxM;_xP@C nanofibers

The as-spun fibers were obtained by electrospinning a solution
of PVP containing LiH,PO4, FeSO4-7H,0, MnSO4-H,0, citric acid
and CH3CH,OH. Whereby, PVP provides the desirable rheological
properties as well as serving as a carbon source. Citric acid acting as
a chelating agent to promote dissolution of the metal salts.
CH3CH,0H with a low surface tension (21.97 mN m~! at 25 °C)
increases the spinnability of precursor. The as-spun fibers were
thermally treated in an Ar atmosphere at 750 °C for 6 h to obtain
LFxM1.xP@C composites. The crystalline structure of the LFyM;.
«P@C was examined by XRD (Fig. 1a). All of the diffraction peaks
are indexed to the olivine structure of the standard LMP
(JCPDS#74—0375) or LFP (JCPDS#83—2029) with a space group of
Pnmb with no evidence of impurities. All of the peaks right shift as
the doping amount of Fe increasing, resulting from a larger ionic
radius of Mn?* (0.66 A) than that of Fe?* (0.63 A) (Fig. 1b) [17]. The
lattice parameters estimated from the reflection positions using a
refinement process are indicated in Fig. 1c. The lattice parameters
(a, b and c) and lattice volume (V) decrease with increasing doping
amount, which is also related to the increase of Fe>* with a smaller
ionic radius. The calculated grain size summarized in Table S1
suggests the grain size of LFg5MsP@C is the smallest, i.e., 282 A.
It was found the spinnability of precursor solution is related to the
ratio of Fe/Mn. A homogeneous solution was more readily obtained
when the mole ratio of Fe/Mn is 1:1. The suitable proportion of
precursor salts likely leads to a smaller grain size of LFy5Mg5P@C
product. A grain change model is illustrated in Fig. 1d, in which the
outer gray part is a carbon layer and the inner layer is LFxMj_xP.
Fig. 1e shows the crystal structural model, which consists of a
polyoxyanionic framework containing LiOg octahedra, MOg octa-
hedra and PO4 tetrahedra. The unit cell volume decreases with
increasing doping amount, which is in accordance with the XRD.

SEM images reveal that all of the LFyM;xP@C composites
possess a 3D network constructed from interconnected nanofibers
(Fig. 2a—e). However, the morphology of the nanofibers is greatly
dependent on the ratio of Fe/Mn. Uniformly interconnected smooth
and long nanofibers with a mean diameter ca. 200 nm can be
observed from the LMP@C, LFy5MgsP@C and LFP@C composites
(Fig. 2a, c and e). Whereas, the LFg5Mp 75P@C and LFg 75Mg 25P@C
composites exhibit irregular nanofibers with a roughen surface
(Fig. 2b and d). When x = 0.25 and 0.75, the spinnability of the
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Fig. 1. (a, b) XRD pattern and magnification pattern of LFyM; xP@C composites. (c) Changes in the lattice parameters of LFM; «P@C with increasing Fe (x) in LFxM;_xP@C. (d) Grain
change model of LFyM; \P@C. The outer gray part is a carbon layer and the inner layer is LFM;P. (e) Crystal structure of LFM;_P. (A colour version of this figure can be viewed

online.)

precursor solution was decreased somewhat, indicating the added
salts were not mixed very uniformly in the solvent. The smooth
surface of LFy5Mp5P@C can be more clearly observed on the high-
resolution transmission electron microscopy (TEM) image (Fig. 2f).
The clear lattice fringes with an interplanar spacings of 0.35 nm
correspond to the respective (201) planes of crystalline LFy5MgsP
[23], which are embedded in an ultrathin carbon layer ca. 2.5 nm
(Fig. 2g). The carbon is expect to enhance the electronic conduc-
tivity of the composites. TGA analysis suggests that the carbon
contents in LMP@C, LFg25Mq75P@C, LFy5MqsP@C, LFg75Mg25P@C
and LFP@C are approximately 15, 19, 18, 18 and 14 wt%, respectively
(Fig. S1). The uniform distribution of the Fe, Mn, P, O and C elements
in the LFp5MpsP@C nanofibers was identified by EDS element
mapping images (Fig. 2h).

The Raman spectra of LFxM1_xP@C display two peaks centered at
1353 and 1567 cm~!, corresponding to the disorder induced D-
band (sp® hybridization) and in-plane vibrational G-band (sp? hy-
bridization), respectively (Fig. 3a). The disorder of carbon identified
by the intensity ratio of disorder induced D-band to in-plane
vibrational G-band (Ip/Ig) value in Raman spectra is in the range
of 0.964—0.987, reflecting the relative high degree of ordering in
the carbon material. It indicates the carbon in the composite pre-
dominately contains sp® type carbon, thereby enabling a good
electronic conductivity [24]. XPS spectra do not show dateable
difference on the elemental chemical states of these LFxM;_xP@C
samples. Take the LFys5MgsP@C for example, the survey XPS

spectrum shows that the binding energies of Li 1s, Fe 2p, Mn 2p, P
2p, O 1s and C 1s are 50.31, 718.92, 650.15, 134.51, 531.40 and,
283.38 eV, respectively (Fig. S2). The C 1s peak is deconvoluted into
C—C (284.70 eV), C—0 (286.04 eV) and C=0 (287.94 eV), respec-
tively (Fig. 3b) [25,26]. In the Fe 2p spectrum, the peak at 725.00 eV
corresponds to the Fe 2p of Fe*. And that at 711.10 and 714.40 eV
correspond to Fe?" and Fe3* oxidation state, respectively, reflecting
the existence of a higher oxidation state of Fe>* on the surface. The
energy separation between the Fe 2p3; (71110 eV) and Fe 2pj);
(725.00 eV) peaks is 13.9 eV, confirming the presence of Fe**
oxidation state in the olivine type LFP [27]. The Mn 2p spectrum
splits into two peaks due to spin-orbit coupling (Mn 2ps3j; and Mn
2p12) with a “shake-up” satellite (Fig. 3d) [28]. The peak at
653.98 eV corresponds to the Mn 2pq, of Mn?*, while the Mn 2p3p2
spectra center at 641.52 and 642.72 eV correspond to Mn?* and
Mn3* oxidation state, respectively, reflecting the existence of a
higher oxidation state of Mn>* on the surface. However, obvious
Fe>*/Mn>* impurities are not detected from the XRD results in
Fig. 1a, indicating the extremely trace amount of Fe>*/Mn3*. The
coexistence of Fe>*/Mn>* should be due to the instability of Fe?*/
Mn?* during synthesis at high temperature or when the LFxM_
xP@C exposed in an ambient atmosphere [29—31]. The satellite
peak at 647 eV is the characteristic peak of bivalent Mn [28,32]. The
P 2p peak at 133.72 eV is attributed to the POz~ moiety (Fig. 3e)
[33]. In Fig. 3f, the fitted O 1s peaks at 533.40 and 532.47 eV are
attributed to the C—0 and C=O0 bands, respectively [34]. The peak
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Fig. 2. Micrographs of LFxM;_xP@C composites after heat-treatment at 750 °C. (a—e) SEM images of LFyM;_x\P@C with insets of the corresponding high-magnification images. (a)
x =0; (b)x = 0.25; (c) x=0.5; (d) x = 0.75; (e) x = 1. (f, g) HR-TEM images of LF, sMy sP@C nanofibers. The inset of (g) shows lattice fringes. (h) TEM-EDS mapping. (A colour version
of this figure can be viewed online.)
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Fig. 4. (a—e) CV curves of LFyM;_.P@C electrodes at various sweep rates of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mV s, (a) x = 0; (b) x = 0.25; (c) x = 0.5; (d) x = 0.75; (e) x = 1. (f) CV
curves at a sweep rate of 0.05 mV s~ with the inset showing the AEp of LF,M;_P@C. (A colour version of this figure can be viewed online.)

at 531.59 eV corresponds to oxygen atoms of the POz~. The peak
near 530.86 eV is related to the Fe/Mn—O band [35].

3.2. Li* storage performance and reaction kinetics of LFxM1.xP@C
nanofibers

To understand the effect of doping amount on Li™ diffusion, CV
measurements were carried out on the LFxM;_xP@C cathodes at
different sweep rates from 0.05 to 0.5 mV s~ .. Generally, as the ratio
of Fe/Mn increasing, the redox peaks become sharp. The LMP@C
shows obvious polarization between the oxidation and reduction
peaks (Omn and Ryyy) corresponding to Mn?*/Mn>+ redox couple at
ca. 4.1 V (vs. Li/Li*, Fig. 4a). Two pairs of current peaks associated
with the Fe?*/Fe* and Mn?>*/Mn>* redox couples are present in
LFxM1_xP@C (x = 0.25, 0.5, 0.75) (Fig. 4b—d). The LFP@C shows only
the sharp oxidation and reduction peaks of Fe>*/Fe3* redox couple
at ca. 3.5 V (vs. Li/Li") (Fig. 4e). Fig. 4f shows CV curves of the
samples recorded at a fixed sweep rate of 0.05 mV s~ . From this
profiles, we calculate the potential difference (AEp) between the
oxidation and reduction peaks of the Fe?*/Fe>* and Mn?*/Mn>",
respectively. LFg sMosP@C shows the Fe?[Fe>" has the lowest AEp
(55 mV) and the Mn?*/Mn3* has a relatively low AEp (116 mV)
(Fig. 4f inset). The low polarization degree suggests a fast Li-ion
diffusion kinetic behavior of LFy5MosP@C [36]. The AEp of Fe2+/
Fe3* is smaller compared with that of Mn?*/Mn>"* for all of these
composites, indicating the intercalation/deintercalation associated
with the Fe system is more reversible compared to the Mn system.

Dyj is estimated according to the Randles-Sevcik equation (eqn

(1) 371
Ip = 2.69 x 10> ACLDI{*n®/?v!/2 (1)
Where Ip is the peak current (A), A is the electrode area (cm?), Cyj is

the molar concentration of Li™ in LFxM1_xP. The unit cell volume of
LFxM; P is calculated to be “a (61000 A) x b (10.4600 A) x c

(4.7440 A) = 302.70 x 10724 cm>”, thereby, 1 cm? contains 1/
(302.70 x 10~%%) = 3.30 x 10! unit cells. Since every LFxM;_P cell
contains four Li*, 1 cm’® contains 4 x 330 x 107
(6.02 x 10%3) =2.20 x 10~2 mol Li*. It means the Li* concentration is
approximately 2.20 x 1072 mol cm > [38]. Dy; is the Li* diffusion
coefficient at 298 K, n is the number of electrons involved in the
redox process (n = 1 for Fe?*/Fe3* or Mn?*/Mn>" redox pair), and vis
the sweep rate (V s~ 1). The peak currents (Ip) versus the square root
of sweep rates (v!/?) plotted in Fig. S3. The corresponding Dy; values
versus the Fe doping amount is shown in Fig. 5a. With the doping
amount of Fe increases, the Dy; for redox reactions of Fe2+/Fe3+ in-
creases gradually. For that of Mn?*/Mn3*, the Dy; shows a respective
high value 0f2.38 x 102 and 3.31 x 10~'? cm? s~ ! upon the charge
and discharge processes when x = 0.5.

In addition, we examined the electrode reaction kinetics
through CV using the relationship between the measured peak
current (Ip) and the scan rates (v) by the following eqn (2) [39-42]:

Ip=av’ (2)

Where Ip and v obey a power law. Both a and b are adjustable pa-
rameters and b-values are derived from the slope of the curve of
loglp versus logv on the basis of eqn (3):

loglp = b x logv + loga (3)

The value of b is positively correlated with the corresponding Li*
diffusion, determined from the slope of the plot of loglp vs log,
where a higher b value suggests a faster reaction kinetics [42].
Based on the loglp versus logv plots show in Fig. S4, Fig. 5b shows
that the b value changes with the amount of Fe doping, suggesting
that the increase of Fe doping amount has a positive effect on the
reduction reaction of Mn. While it has a negative effect on the
oxidation reaction of Mn and the redox reaction of Fe. In addition,
the high Dy; of the LFy 5MsP@C cathode can be rationally ascribed
to its lower charge transfer resistance (R¢) and higher electronic/
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ionic conductivities than other LFxM_4xP@C, as evidenced from the
Nyquist plots in Fig. 5c. The simulated values of EIS by using the
equivalent circuit model (Fig. 5¢ inset) are summarized in Table S2.
The solution resistance (Rs) value decreases as the amount of
doping increases, whereas R is the smallest at x = 0.5. In addition
to R¢, the values of ¢ is calculated from the inclined lines in the
Warburg region using the following eqn (4) [43]:

Z' =R + Rt + o 12 (4)

o is equal to the slope of the straight line between Z’ and w12, a
smaller ¢ value implies a faster diffusion kinetics, as illustrated in
Fig. S5. The ¢ determined from slopes of the linear fitting are
summarized in Table S2. Accordingly, the o is calculated to be 67.38,
72.53, 37.42, 68.79 and 57.02 Q s~ '2 for LMP@C, LFq25Mg75P@C,
LFo 5Mo5P@C, LFg 75M25P@C and LFP@C, respectively. Persuasively,
the lower Rt and o demonstrate that the proper doping amount is
extremely important for efficient charge storage.

The electrochemical performance of the LFyM;_xP@C with gal-
vanostatic charge-discharge cycles is shown in Fig. 6. The reversible

capacity of LFy 5Mg sP@C is 136.56 mAh g~! after 100 cycles at 0.2 C,
which is higher than that of LMP@C (70.37 mAh g1),
LFg25Mg.75P@C (110.3 mAh g~ 1), LFg75Mo.25P@C (118.53 mAh g 1)
and equivalent to LFP@C (137.06 mAh g~ !). LFosMo5P@C also ex-
hibits the highest columbic efficiency (CE) of near 100% after the
initial cycles (Fig. 6a). The representative charge—discharge curves
at 100th (Fig. 6b) shows that the LFP@C and LMP@C exhibiting one
pair of voltage plateau at ~3.4 V and ~4.0 V, respectively. Whereas
the LFxM1xP (x = 0.25, 0.5, 0.75) exhibit the voltage plateaus of
both the Fe’*/Fe3* and Mn?*/Mn3* redox couples. The results
suggest that the LFy5MpsP@C exhibiting a cycling performance
comparable to LFP@C but with a higher energy density due to a
higher average working potential. At 0.2 C, LFy5Ms5P@C electrode
exhibits an energy density of 159 Wh kg~! based on the mass of
active substance, which is higher than that of LFP@C (131 Wh kg1).
The increase in electrochemical activity on substituting Fe for Mn
can be attributed to the improved electronic conductivity and
lithium-ion conductivity compared to LMP. The crystalline stability
of the LFyM1_xP@C electrodes after 100 cycles were characterized by
XRD (Fig. S6a). All diffraction peaks of the samples can be indexed
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Fig. 6. Electrochemical performance of LF,M;_xP@C electrodes. (a) Cycling profiles with respect to specific capacity (Q) and coulombic efficiency (CE) at 0.2 C (1 C= 170 mA g~ ). (b)
The representative voltage-capacity profiles at the 100th cycle. (c) Cycling profiles with respect to Q and CE of LFy 5sMsP@C over 500 cycles at 0.2 C. (d) The rate capability at various
current rates from 0.2 to 10 C. (e) The 3D comparison chart of the corresponding rate capability. (f) Cycling profiles with respect to Q and CE of LFxM;_x\P@C electrodes up to 2000

cycles at 5 C. (A colour version of this figure can be viewed online.)
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to an olivine-type structure with a Pnmb space group of LMP
(JCPDS#74—0375) or LFP (JCPDS#83—2029) except that attributed
to carbon (25°) and Al foil (65° and 78°). This also reasonably ex-
plains the long cycle stability of the material. Similar as that of
pristine electrodes, all peaks in the XRD pattern of cycled LFxM1.
xP@C right shift as the doping amount increasing (Fig. S6b), indi-
cating the structural stability.

The longer-term cycling performance of LFy sMg sP@C shown in
Fig. 6¢ clearly demonstrates the gradually increased capacity with
cycling. A specific capacity of 150 mAh g~ ! can be reached after 500
cycles with a capacity retention of 119%. Nearly steay-state
charge—discharge profiles are present during the cycles (Fig. S7a).
Highly overlapped two pair of current peaks that attributed to the
Fe?*/Fe3* and Mn?*/Mn>* redox pairs exist in the CV curves at a
sweep rate of 0.05 mV s~ ! for repeated 10 cycles (Fig. S7b) without
significant peak shift, indicating the high reversibility. Fig. 6d pre-
sents the rate capabilities of the LF{_yMxP@C samples at the current
rate of 0.2—10 C. As the current densities stepwise increased from
0.2 to 0.5, 1, 2, 5 and 10 C, the LFy5MgsP@C delivers a stable ca-
pacities of 169, 144, 131.6, 121, 105, 93 mAh g~! on the respective
5th cycle of each current density, respectively. In spite the rate
capability is not better than that of LFP@C, a high capability of 163
mAh g~! can be recovered rapidly from 10 to 0.2 C when continue
to 100 cycles, exhibiting a strong tolerance of the rapid Li* inser-
tion/extraction. The 3D rate capability chart more clearly demon-
strates the gradually increased capacity at each rate with increasing
the Fe doping from x = 0 to 0.75. The high-rate longer-term cycling
performance of LFxM;_xP@C at 5 C is shown in Fig. 6f. Impressively,
a specific capacity of 102 mAh g~! for LFy5MqsP@C can still be
afforded after 2000 cycles with ~100% CE. Such an overall electro-
chemical performance of LFy5Mg5P@C is among the top results of
LMP/LFP hybrid systems [8,13,20—23,44,45]. A comparison of the
synthesis route, material morphology, Fe/Mn ratio and electro-
chemical performance between this work and the previous reports
is shown in Table S3. In a careful review of previous reports
[8,13,20—23,44,45], it can be seen the synthesis route that deter-
mine the material morphology and Fe/Mn ratio that associated
with the Li* diffusion speed are critical factors that affect the cell
performance.

4. Conclusions

To sum up, fibrous LFxM1.xP@C (x = 0, 0.25, 0.5, 0.75, 1) cathode
materials were synthesized via a feasible electrospinning followed
by a simple heat-treatment. XRD and EDS characterizations confirm
the uniform substitution of Fe at Mn site in the olivine structure,
leading to an increased Li diffusion kinetics. The LFy5Mg sP@C holds
the largest Dy; value of 2.38 x 1072 and 3.31 x 1072 cm? s,
respectively, for the charge and discharge processes. At a low cur-
rent rate of 0.2 C, a specific capacity of 150 mAh g~! can be kept
after 500 cycles without any capacity loss. At a high rate of 5 C,
remarkable rate capability and cycling stability are achieved for a
longer-term cycling of 2000 cycles. The outstanding electro-
chemical performance of LFys5MgsP@C is attributed to two main
reasons. Firstly, the 3D networks of 1D nanofibers with conductive
carbon matrix significantly improves the ionic and electronic
transport. More importantly, the proper amount of Fe-substituted
Mn greatly increases the Dy, leading to the quick charge at high
rates.
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