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Positive Surface Pseudocapacitive Behavior-Induced Fast
and Large Li-ion Storage in Mesoporous LiMnPO,@C

Nanofibers

Hao Yang,® Jingyuan Liu,® Xiaofei Wang,” Chengcheng Zhao,” Lina Wang,*™
Yonggang Wang,” Yongyao Xia,” and Tianxi Liu*®

Olivine-structured LiMnPO, (LMP) is an efficient Li* host owing
to its high theoretical energy density and thermal stability.
However, its poor ionic and electronic conductivity severely
hinder its practical application. Herein, one-dimensional (1D)
LMP@C nanofibers with in situ created 3D mesoporous archi-
tecture are reported and the charge-storage behavior is ad-
dressed. Ultrafine LMP nanoparticles are homogeneously con-
fined in the nanofibers with interconnected and exposed mes-
oporous intersections, facilitating the electronic/ionic transpor-
tation and retarding the pulverization/fracture of electrodes.
Remarkably, the hierarchical construction promotes a certain
degree of pseudocapacitive contribution. The diffusion-con-
trolled battery-type and surface-controlled capacitive faradaic

Introduction

Lithium-ion batteries remain the dominant power source for
portable electronics and are intensively pursued for applica-
tions in large-scale electric vehicles and sustainable energy
storage systems." Since the pioneering work of Goodenough
and co-workers, olivine-type cathode materials of LiFePO, (LFP)
and LiMnPO, (LMP) have been extensively studied owing to
their high theoretical capacity (170 and 171 mAhg™, respec-
tively), thermal stability, and environmental friendliness.” LFP
is widely present in current commercial batteries. The high
power applications of LFP, however, are limited owing to a low
energy density of 586 Whkg".®! Promisingly, LMP offers a 20%
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redox processes act synergistically, giving new insights into Li-
ion storage cathode materials to reach the common goal of
high energy density and power density simultaneously. The
current separation technique suggests surface-dominated
pseudocapacitance as the major Li" storage mechanism at
high rates, which is regarded as an efficient way to improve
the rate performance. Hence, the as-prepared LMP@C nanofib-
ers could deliver a high reversible capacity of 149.8 mAhg™'
with 92% charge retention over 300 cycles at 0.2C (1C=
171 mAg™'). Even at a high rate of 5C, a capacity of
63.1 mAhg ' is retained after 2000 cycles with an exceptional
cyclic stability.

higher energy density (701 Whkg™") for a higher operating
voltage (4.1V vs. Li/Li") than that of LFP (3.45V vs. Li/Li*).”
Although the volume change (6.5%) between LMP (316.41 A)
and delithiated MnPO, (MP, 296.20 A) is harmful to the struc-
tural stability, the strong covalent bonding between P and O
in PO, units guarantees a good thermal stability.”! Neverthe-
less, LMP is an insulator with extremely low electronic conduc-
tivity (<107°Scm™") and ionic conductivity (107"~
107" cm?s™"), whereas LFP is a semiconductor.’“® The smooth
extraction of Li* from the native LMP was found to be very
complicated. The main difficulty is kinetic problems resulting
from the sluggish diffusion of Li™ in electrodes. Aside from the
sole Li* diffusion channel along the preferential [010] direc-
tion, the polaronic holes localized on the Mn®** sites and the
strain at the MP/LMP interface were suggested as important
rate-limiting factors.”

The kinetic problems could be mitigated by particle nanosiz-
ing and conductive surface coating,“**”*® as illustrated in
Scheme 1a. It is generally believed a homogeneous conduct-
ing carbon matrix would facilitate electron transportation,
whereas the nanoscale size would provide efficient ionic trans-
port channels and relieve the volume strain. Nevertheless, the
electrochemical performance is strongly dependent on the mi-
crostructure of the nanoscale LMP. In a review of previous re-
ports, nanosizing does not always result in significantly im-
proved performance of LMP. Doan et al. prepared LMP/C nano-
composites with a size of approximately 100 nm by spray py-
rolysis and wet ball-milling followed by heat treatment.”’ The
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Scheme 1. Structural engineering of LMP. a) lllustration of the improved reaction kinetics of LMP by nanosizing and conductive surface coating. b) Schematic
view of the procedure for preparing 1D LMP@C nanofibers with in situ created 3D mesoporous structure.

LMP/C exhibited a discharge capacity of 123 mAhg™' at a gal-
vanostatic charge/discharge rate of 0.05C (1C=171mAg™).
A rather significantly decreased capacity of 70 mAhg™' was de-
livered at 0.5 C. Wang et al. assembled carbon layer wrapped
LMP nanoplates into microclusters by a microemulsion-based
approach, obtaining a practical capacity of 132.6 mAhg™' at
0.1 Cand 99.2 mAhg'at 1 C.*

To date, LMP cathode materials with dramatically enhanced
power density combined with high specific capacity and long-
term cyclic stability have rarely been acquired. In a microme-
ter-sized Li-ion battery material, the kinetics of charge storage
are generally controlled by the diffusion of Li* within the bulk
particles. The reaction kinetics in LMP particles at smaller di-
mensions are not well understood yet. The inspiring work by
Dunn and co-workers on metal oxides clearly pointed out that
pseudocapacitive behavior can emerge through nanostructur-
ing of a battery material."” Quantitative analysis of TiO, sug-
gested increased capacitive effects from 15% to 35% by re-
ducing the particle size from 30 to 7 nm."® Pseudocapacitive
charge storage through fast surface reactions allows for high
charge/discharge rates, offering a means of achieving long cy-
cling life and producing high power density."*' However, a
large proportion of capacitive contribution would lead to a
weakened delithiation/lithiation voltage platform on the galva-
nostatic charge/discharge profiles. Okubo et al. revealed the
extrinsic pseudocapacitance of the traditional LiCoO, cathode
material.'”? Capacitive behavior became dominant when de-
creasing the crystallite size to 17 nm or less, reducing the volt-
age plateau in favor of a continuously sloping voltage profile
over the entire intercalation range. On further reducing the
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crystallite size to 6 nm, the cell exhibited a nearly linear poten-
tial-time response, which is an essential electrochemical fea-
ture of supercapacitors. In this case, the charge transfer of
LiCoO, is merely limited to the electrode/electrolyte interface
without Li* diffusion within the bulk material, giving rise to a
dramatically decreased capacity (=70 mAhg™') of approxi-
mately 50% lower than that of the bulk (~140 mAhg™).
Therefore, great efforts are required in exploring battery-type
materials with higher rate performance and capacitance mate-
rials with higher capacity. In other words, rational structural en-
gineering and compounding with the conductive material of
LMP holds promise to achieve a battery-level energy density as
well as a capacitive-like cycling ability and rate capability.

Here, we aim to develop functional LMP that can store and
deliver a large amount of Li" quickly. One-dimensional (1D)
LiMnPO,@carbon (LMP@C) nanofibers with in situ created 3D
mesoporous structure are prepared by a facile and versatile
electrospinning method. The hierarchical construction prevents
the pulverization/aggregation of ultrafine LMP nanoparticles
and relieves the lattice strain at the MP/LMP interface upon de-
lithiation/lithiation processes. The electrolyte readily penetrates
into the interconnected and exposed mesoporous intersec-
tions, providing fast charge transport and promoting pseudo-
capacitive behavior. The current separation technique allows
the quantitative separation of diffusion-controlled and capaci-
tive currents. The increased pseudocapacitive contribution at
higher current rates suggests the rapid reaction kinetics of
LMP@C nanofibers, leading to a high rate capability and cyclic
stability but without compromising the energy density. The
LMP@C exhibits a high reversible capacity of 149.8 mAhg™'

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@2 ChemPubSoc
ey Europe

with 92% retention over 300 cycles at 0.2 C. Remarkably, more
than 60% of the capacity is delivered above 3.9 V. Even at a
high rate of 5 C, a specific capacity of 63.1 mAhg™" can still be
afforded even after a long lifespan over 2000 cycles with a cou-
lombic efficiency (CE) > 98 %.

Results and Discussion
Synthesis and characterization

A view of the preparation procedure is illustrated in
Scheme 1b. In brief, the precursor fibers were produced by
electrospinning an ethanol solution of polyvinylpyrrolidone
(PVP), CH,COOLi, Mn(CH,C0O0),-4H,0, and P,0s;. Whereby, PVP
provides the desirable rheological properties as well as serving
as the carbon source. The as-spun fibers were thermally treat-
ed in an Ar atmosphere to obtain LMP@C. Scanning electron
microscopy (SEM) images show the precursor fibers of LMP@C-
8 with a uniform diameter approximately 500 nm (Figure 1a).
A wrinkled surface ascribed to the volatilization of ethanol is
observed (inset of Figure 1a). After being calcined at 750°C,
the nanofibrous network is well maintained although the aver-
age diameter of the nanofibers slightly increasing to approxi-
mately 600 nm (Figure 1b). The larger diameter of the an-
nealed fibers is due to the gas release during the heat treat-
ment. In addition, a porous structure is in situ introduced into
the nanofibers. The thermogravimetric analysis (TGA) curve of
the precursor fiber displays a sharp weight loss of 19.87 wt%
at 180-340°C and 24.39 wt% at 340-490°C (Figure S1, see the
Supporting Information), attributed to the decomposition of
metal acetates and carbonization of PVP, respectively. The en-
larged surface (Figure 1¢) and cross-section views (Figure 1d)
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show that the nanofibers are composed of interconnected
cashew-like nanoparticles. High-resolution transmission elec-
tron microscopy (HR-TEM) images show the nanoparticles have
an average size of approximately 30x20 nm and are homoge-
neously distributed in the 3D nanoporous structure of the 1D
nanofibers (Figure 1e). The specific surface area of LMP@C-8 is
measured to be approximately 45.70 m*g~" according to the
adsorption isotherm (Figure S2a in the Supporting Informa-
tion). The type IV curve with a H1-type hysteresis loop is relat-
ed to the cylindrical channels," indicating a highly mesopo-
rous feature. The average size of the mesopores is 11 nm
based on the pore size distribution analysis (Figure S2b in the
Supporting Information). The clear lattice fringes with interpla-
nar spacings of 0.305, 0.374, and 0.237 nm correspond to the
respective (200), (101), and (002) planes of crystalline LMP,
which are embedded in an ultrathin carbon layer of approxi-
mately 1T nm (Figure 1f). The selected area electron diffraction
(SAED) of the TEM with distinct (113), (200), (140), and (220)
planes and broad ring patterns is also in line with the olivine-
type LMP (Figure 1g). The homogeneous distribution of Mn, P,
O, and C elements throughout the nanofibers was confirmed
by energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping images (Figure 1h). The corresponding elemental analysis
suggests the location of Mn, P, and O with the molar ratio
close to 1:1:4 (Figure S3 in the Supporting Information), which
is consistent with that of LMP.

The morphological features of LMP@C are tunable by con-
trolling the PVP content in the precursor solution and the syn-
thesis temperature. Because of insufficient gas being generat-
ed during heating, agglomerated particles can be seen in the
porous nanofibers of LMP@C-6 with a lower PVP content in
the precursor (Figure S4a in the Supporting Information).

Figure 1. Micrographs of as-electrospun LMP@C-8 nanofibers before and after heat treatment at 750 °C. a) SEM images of precursor fibers with the inset
showing the corresponding partially appearance. b—-d) SEM images of the surface and cross-sectional views of LMP@C-8 nanofibers. e, f) HR-TEM images. The

insets of f) show the lattice fringes. g) SAED pattern. h) TEM-EDS mapping.
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Figure 2. a) XRD pattern of LMP@C nanofibers. b) Crystal structure of LMP depicting the curved trajectory of Li* transport along the b-axis [010]. The MnO,4
octahedra are shown in pink, the PO, tetrahedral in light blue, and the Li* in green. c-f) XPS spectra of LMP@C nanofibers: c) C1s, d) Mn2p, €) P2p, and

f)O1s.

Conversely, the robust gas release resulting from a higher PVP
content caused the increase in the fibrous diameter by 100-
200 nm for LMP@C-10 (Figure S4b in the Supporting Informa-
tion) or even collapsed the fibers of LMP@C-12 (Figure S4c in
the Supporting Information). The element content analysis
summarized in Table S1 (in the Supporting Information) sug-
gests that the carbon contents in LMP@C-6, LMP@C-8, LMP@C-
10, and LMP@C-12 are 4.58, 5.77, 6.78, and 7.32 wt%, respec-
tively. The X-ray diffractometer (XRD) patterns in Figure 2a fur-
ther confirm the crystalline structure of LMP with a Pnmb
space group (JCPDS#74-0375). The structure consists of a poly-
oxyanionic framework containing LiOg octahedra, MnOg octa-
hedra, and PO, tetrahedra (Figure 2b). Strong covalence stabil-
izes the anti-bonding Mn3*/2* state through a Mn-O-P induc-
tive effect, preventing O, release in the fully charged state. In
addition to the lattice parameters, the calculated grain sizes
are summarized in Table 1. The lattice parameters of LMP@C-8

Table 1. The lattice parameters, grain size, and volume of the unit cell of
LMP@C nanofibers.

Sample a Al b [A] c Al VAl Grain size [A]
JCPDS#74-0375 6.1000 104600 4.7440 302,69 -

LMP@C-6 6.1159 104875 47618 30542 384
LMP@C-8 6.1044  10.3905 4.7641 302.18 224
LMP@C-10 6.1276 10.5271 4.7251 304.80 268
LMP@C-12 6.0803 10.4291 47340 300.19 288
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are closer to the standard card parameters. Its calculated grain
size is the smallest, that is, 224 A, in agreement with the TEM
observation. Crystalline LMP is also acquired when calcined at
650 and 850 °C (Figure S5 in the Supporting Information). Nev-
ertheless, the lattice parameters and morphology of LMP@C
strongly depend on the synthesis temperature. In contrast to
750°C, a lower or higher temperature would lead to irregular
fibers (Figure S6 in the Supporting Information) and a larger
grain size (Table S2 in the Supporting Information). The cohe-
sive carbon network at 650 °C (Figure S6a in the Supporting In-
formation) and the high temperature agglomeration at 850°C
(Figure S6b in the Supporting Information) should be responsi-
ble for the larger grain size. No peaks belonging to crystalline
graphite carbon appear in the diffraction patterns, indicating
that the in situ generated carbon from PVP is amorphous and
its presence does not influence the structure of LMP. The disor-
der of carbon identified by the intensity ratio of disorder in-
duced D-band to in-plane vibrational G-band (Ip/ls) value in
the Raman spectra is in the range 0.845-0.856 (Figure S7 in
the Supporting Information), reflecting the relatively high
degree of ordering in the carbon material."”

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface chemistry of the LMP@C composites for
their intrinsic sensitivity when exposed in air. The XPS spectra
clearly show peaks of Li, Mn, P, O, and C elements (Figure S8 in
the Supporting Information). The C1s spectra are classified
into C—C (284.70 eV), C—O (286.04 eV), and C=0 (287.94 eV)!"”
(Figure 2¢). The Mn2p spectra are split into two peaks owing

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

:@‘* ChemPubSoc
Br<7 Europe

to spin-orbit coupling (Mn2p,, and Mn2p,,) with a “shake-
up” satellite (Figure 2d). The peaks detected at 653 eV corre-
spond to the Mn2p"? of Mn?", whereas the Mn2p,,, spectra
center at 641.00 and 642.10 eV, corresponding to the Mn?*
and Mn*" oxidation states."” However, no significant impuri-
ties are detected from the XRD results in Figure 2a, indicating
the trace amount of Mn**. The coexistence of Mn** should be
due to the instability of Mn?* during synthesis at high temper-
ature or when the LMP@C is exposed to the ambient atmos-
phere. The satellite peak at 647 eV is the characteristic peak of
bivalent Mn."®'® The P2p spectral peak at 133.20 eV is attrib-
uted to the PO,*~ group™ (Figure 2e). In Figure 2f, the fitted
O1s peaks at 533.4 and 532.5 eV are attributed to the C—O and
C=0 bands, respectively.”” The peak near 531.1 eV is related to
the Mn—0 band, which is attributed to the bond between the
fringe O and Mn of LMP”" The structural characteristics of
LMP@C-8 include 3D mesoporous iso-oriented interconnected
ultrafine LMP nanocrystals, ultrathin carbon coating layer, high
active material loading, and high surface area, which are vital
for superior Li* storage performance.

CHEMS: " 5SCHEM
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Lit storage performance and reaction kinetics

To get an insight into the Li" storage behavior of LMP@C
nanofibers, galvanostatic cycles were first performed under the
same charge and discharge rates between 2.0 and 4.5V (vs. Li/
Li*) without using a constant voltage mode at 4.5 V. At 0.2 C
(1C=171mAg"), the LMP@C-8 delivers an initial specific dis-
charge capacity of 162.4 mAhg™" with 92% capacity retention
after 300 cycles and a CE of 95% (Figure 3a). The capacity and
cyclic performance are the best among the LMP@C electrodes
(Figure S9a in the Supporting Information). Compared with
that of LMP@C-6, LMP@C-10, and LMP@C-12, the electrochemi-
cal impedance spectroscopy (EIS) profile of LMP@C-8 shows
the smallest charge transfer resistance (R,) of 155 Q (Fig-
ure S9b in the Supporting Information). The redox plateau po-
tentials arising from Mn?*/Mn*" are clearly observed at 4.2
and 4.0V in the charge and discharge voltage profiles, respec-
tively (Figure 3b). Accordingly, one pair of current peaks that
can be ascribed to the Mn**/Mn*" redox couple is present in
the cyclic voltammetry (CV) curves for ten cycles at a sweep
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Figure 3. Electrochemical performance of LMP@C-8 electrodes. a) Cycling profiles with respect to specific capacity (Q) and coulombic efficiency (CE) over
300 cycles at 0.2 C (1 C=171 mAg™"). b) The corresponding representative voltage-capacity profiles. ¢) CV curves at a sweep rate of 0.2 mVs™' for ten cycles.
d) Voltage-capacity profiles at various current rates from 0.2 to 10 C. e) The corresponding rate capability. f) Cycling profiles with respect to Q and CE up to

2000 cycles at 5 C.
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rate of 0.2 mVs™' (Figure 3¢c). After the first cycle, the subse-
quent CV curves are highly overlapped without any noticeable
peak shift, indicating the excellent stability and high reversibili-
ty. The SEM image shows that the 1D fibrous morphology with
3D porous structure of LMP@C-8 is well maintained after
300 cycles (Figure S10 in the Supporting Information). On in-
creasing the current density to 0.5, 1, 2, 5, and 10 C, the rever-
sible capacity reaches 128.1, 115.3, 98.9, 76.7, and 50.3 mAhg™'
on the fifth cycle of each current density, respectively (Fig-
ure 3d). On going from 10 to 0.2C, a high capacity of
141 mAhg™' can be recovered rapidly, exhibiting a strong tol-
erance for the rapid Li* extraction/insertion (Figure 3e). To es-
timate the long lifespan Li* storage under fast charge and dis-
charge, the electrode was galvanostatically operated at 5C
(Figure 3 ). Impressively, a specific capacity of 63 mAhg™' can
be afforded even after 2000 cycles with a CE > 98 %.

When operated at a narrow cut-off voltage window of 2.7-
4.5V, the LMP@C-8 is able to deliver a reversible capacity of
139, 103.3, 82.2, 65.8, and 44.6 mAhg™' (Figure S11a in the
Supporting Information) with a stable cycling (Figure S11b in
the Supporting Information) at 0.2, 0.5, 1, 2, and 5 C, respec-
tively. On reducing the carbon additive to 10 wt% in the elec-
trodes, the LMP@C-8 delivers a relatively decreased capacity of
133.2, 102.2, 78.2, 57.4, and 27.8 mAhg™"' (Figure S12a in the
Supporting Information) at 0.2, 0.5, 1, 2, and 5 C, respectively.
Nevertheless, the stable cycling is still maintained (Figure S12b
in the Supporting Information). From the results presented
herein, the charge and discharge rates are the same for both
high output power and fast charging applications. To the best
of our knowledge, the electrochemical performance of
LMP@C-8 nanofibers is among the best results achieved with
LMP materials (Table S3 in the Supporting Information). Hagen
etal. prepared a type of LMP-based nanofibers without a
porous structure, giving rise to a relatively low discharge spe-
cific capacity of approximately 50 mAhg™" at 0.5C in a con-
stant-current-constant-voltage (CC-CV) mode upon charg-
ing.”? With the same CC-CV mode, the LMP@C-8 could deliver
a higher reversible capacity of 127 mAhg™' at 0.5C and
92 mAhg™' at 5 C (Figure S13a in the Supporting Information).
With 10 wt% carbon additive in the electrodes, approximately
100 mAhg™" at 0.5 C can be obtained (Figure S13b in the Sup-
porting Information). The unique nanofibrous architecture, es-
pecially the interconnected mesoporous channels, means that
each individual LMP crystallite is readily accessible to the liquid
electrolyte. As a consequence, a high specific capacity, rate ca-
pability, and cyclic stability are achieved, ascribed to the short
transport path for both the electrons through the intercon-
nected carbon walls and the Li* within single LMP nanocrystal-
line grains. In addition to the improved ion transport kinetics,
the size effects are expected also to help alleviate the strain at
the MP/LMP interface.

To understand the improved electrochemical performance,
CV measurements at various sweep rates from 0.05 to
0.5 mVs ' were conducted (Figure 4a). The potential difference
between the cathodic and anodic peak slightly increases with
increasing sweep rates. The Randles-Sevcik equation [Eq. (1)]
has been used to evaluate the diffusion kinetics of Li* inser-
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tion materials during a charge/discharge process:*”
lp = 2.69 x 10° AC;Dy;"*n**v/? (1)

where [, is the peak current (A), A is the electrode area (cm?),
and C; is the molar concentration of Li* in LMP. The unit cell
volume of LMP is calculated to be a (6.1000 A) x b (10.4600 A)
X ¢ (47440 A)=302.70x107* cm?, thereby, 1 cm?® contains 1/
(302.70x 1072 =3.30% 10?" unit cells. As every LMP cell con-
tains four Li*, 1 cm? contains 4x3.30x 10%'/(6.02 x 10%) =2.20 X
1072 mol Li*. This means the Li* concentration is approximate-
ly 2.20x10 2 molecm 32% D, is the Li* diffusion coefficient at
298 K, n is the number of electrons involved in the redox pro-
cess (n=1 for Mn**/Mn>" redox pair), and v is the sweep rate
(Vs™). According to the slope of the peak currents (I,) versus
the square root of scan rates (v'’?) plotted in Figure 4b, the Li*
diffusion coefficients of LMP@C-8 are calculated to be 2.06x
107"? and 2.41x 1072 cm?s™' for the charge and discharge pro-
cesses, respectively. The high Li* diffusion coefficients are at-
tributed to the continuous and rapid ion diffusion pathways af-
forded by the mesoporous nanofibers with large surface area.

Notably, the sloping voltages rather than plateaus at distinct
voltages are present in the latter part of the galvanostatic pro-
files. Take the tenth cycle at 0.2 C, for instance, the high pla-
teau capacity above 3.9V is 97 mAhg™, accounting for 63%
of the total capacity (Figure 4c). The sloping voltage profile is
an indication of pseudocapacitive behavior. Assuming that the
measured peak current (/) obeys a power-law relationship
with the sweep rate (v) of CV, the relationship is expressed as
Equation (2):11%2

lb=av’ (2)

where a and b are adjustable values. A higher b value suggests
faster reaction kinetics. Whereas a b value of 0.5 would indi-
cate that the current is controlled by a semi-infinite linear dif-
fusion, and a value of 1 indicates that the current is surface-
controlled. In terms of the log/, versus logv plots shown in
Figure 4d, the b values of the cathodic and anodic peaks are
approximate, which are 0.57 and 0.59, respectively. A b value
above 0.5 indicates the current is not simply from a diffusion-
controlled intercalation reaction. As a control, a carbon-free
bulk LMP with a nanosheet morphology (Figure S14a in the
Supporting Information) was synthesized. The XRD pattern in
Figure S14b (in the Supporting Information) confirms the crys-
talline structure of LMP with a Pnmb space group (JCPDS#74-
0375). From the CV of the bulk LMP at various sweep rates
(Figure S14.c in the Supporting Information), we calculated the
b values of cathode and anode peaks were 0.41 and 0.48, re-
spectively (Figure S14d in the Supporting Information). A low
b value of less than 0.5 suggests the current is controlled by
diffusion, that is, slow reaction kinetics. Instead, the b values of
the cathodic current plotted as a function of potential in the
overall voltage range are between 0.5 and 1.0, shedding more
light on the reaction kinetics of LMP@C-8 nanofibers (Fig-
ure 4e). The charge storage mechanisms are therefore consid-
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Figure 4. Analysis of the electrochemical reaction kinetics of LMP@C-8 electrodes. a) CV curves at various sweep rates of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mVs™'.
b) Relationship of the peak currents (I;) versus the square root of scan rates (v""?). c) The ratio of the high plateau capacity above 3.9 V at the tenth cycle at
0.2 C. d) Relationship between the logarithm of peak currents (log/s) and the logarithm of sweep rates (logv). e) Calculated b values as a function of potential
for the cathodic current. f) Plots of I/v""? vs. v'"? at 36 different potentials within 2.0-4.5 V. g, h) CV curves at 0.05 and 0.5 mVs~" with the red area representing
the capacitive contribution. i) Normalized contribution ratio of capacitive (red) and diffusion-controlled (dark yellow) capacities at various sweep rates.

ered as faradaic contributions from synergic diffusion-con-  enables us to determine k, and k, from the slope and the y-
trolled intercalation reactions and surface capacitive charge  axis intercept point of the straight line, respectively, at each
transfer. The percentage of the capacitive contribution at dif-  fixed potential. From this procedure, the currents arising from
ferent scan rates is quantified through the Trasatti analysis ac-  diffusion-controlled and capacitive processes are able to be

cording to Dunn et al.:"®’ distinguished quantitatively.
A capacitive contribution of 41.10% is identified at
=k xV+ky xv'/? () 005mvs (Figure 4g). Generally, the capacitive contribution

increases gradually with increasing sweep rates (Figure S15 in

where the whole current (/) is separated into the current from  the Supporting Information). The surface-dominated pseudoca-
the surface-controlled pseudocapacitive effect (k;,xv) and the pacitance is regarded as a major Li* storage mechanism at a
'2). The above equation can  high sweep rate, which tends to be 70.27% at 0.5 mVs~' (Fig-
ure 4h). The depressed diffusion and dominant capacitive con-
tribution at higher scan rates are more clearly illustrated in Fig-
IV =k xv'? +k, (4)  ure4i. The CV curves at various scan rates in the voltage
window 2.7-4.5 V are shown in Figure S16a (in the Supporting

By plotting I/v" versus v"? at 18 different fixed potentials in  Information). Compared with the cell operated within 2.0-
the range 2.0-4.5V for both cathodic and anodic sweeps, 36 4.5V, a higher capacitive contribution is present at various
separate curves are obtained (Figure 4f). The linear behavior  scan rates (Figure S16b in the Supporting Information). For ex-

diffusion-controlled process (k,xv
also be reformulated as Equation (4):
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ample, capacitive contributions of 49.44% and 72.28% are
identified at 0.05 and 0.5 mVs™' (Figure S16c¢ and S16d in the
Supporting Information), respectively. To clarify the effect of
carbon additive, we further calculated the capacitive contribu-
tion from CV curves with 10 wt% carbon additive in the elec-
trode within 2.0-4.5 V (Figure S17a in the Supporting Informa-
tion). Generally, the capacitive contribution is decreased com-
pared with that with 20 wt% carbon additive at various sweep
rates (Figure S17b in the Supporting Information). A capacitive
contribution of 21.47 % is identified at 0.05 mVs™' (Figure S17c¢
in the Supporting Information), but a high value of 49.09% is
still present at 0.5 mVs™' (Figure S17d in the Supporting Infor-
mation). The result is unsurprising considering the mesoporous
electrode architecture with a crystalline size of LMP@C less
than 40 nm. A high internal surface area enables the electro-
lyte to kinetically access the majority of Li* located on the sur-
face sites of nanofibers quickly.

Structure evolution at varying charge/discharge states

To investigate phase evolution and surface states of the
LMP@C-8 electrode, XRD and XPS were conducted at varying
depths of charge/discharge. Figure 5a shows the galvanostatic
voltage profiles for the first two cycles at 0.2 C with labeled
points for XRD and XPS, where 1C-4.5V, for example, repre-
sents charging to 4.5V on the first cycle and 2D-3.9 V means
discharging to 3.9 V on the second cycle and so on. The crystal
structures of the LMP@C-8 electrodes at various voltage states
were first investigated by XRD (Figure 5b). The main character-
istic diffraction peaks are almost coincident except for a regu-
lar change at the 16.94 and 31.82° positions. Being distinguish-
ed from that of the pristine electrode, the diffraction peaks at

CHEM:'/5CHEM
Full Papers

these two-degree positions become weak at the intermediate
charge of 4.2V and almost invisible at the full charge of 4.5 V.
This process corresponds to the two-phase transformation
from LMP to LLMP (0<x<1) with the extraction of Li*. The
peaks appear again upon discharging to 3.9V and further to
2.0 V irrespective of whether it is the first or second cycle. The
results demonstrate that the electrochemical behavior of the
LMP®@C-8 electrode is a reversible process of Li* extraction/in-
sertion (LMP==MP +Li* +e"). The XPS spectra of Mn2p vali-
date the Mn*" valence of the fully charged product and the re-
covery of Mn*" after being fully discharged (Figure 5c). The
disappearance of the characteristic Li1s peak at 4.5V and re-
covery at 2.0V further verify the two-phase translation be-
tween LMP and MP (Figure 5d). The olivine structure is stable
during the repeated charge/discharge processes, as a result of
the phase transfer illustrated in Figure 5e.

Conclusions

We synthesized 1D LiMnPO, (LMP)@C nanofibers with a 3D
mesoporous architecture through a feasible electrospinning
method followed by a simple heat treatment. The morphology
is strongly depended on the synthesis conditions. By adjusting
the concentration of polyvinylpyrrolidone (PVP) and tempera-
ture, mesopores are in situ introduced among the intercon-
nected LMP@C nanoparticles. In addition, an ultrathin carbon
layer is generated on the ultrafine LMP nanoparticles. The hier-
archical structure allows more active sites to be exposed into
the electrolyte and relieves the lattice strain during phase
translation between LMP and MnPO,. The positive contribution
of a surface pseudocapacitive behavior induces fast charge
transport but without compromising the high-voltage platform

as 1C-4.5V. 2C-4.5V, c
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Figure 5. Phase evolution and surface states of LMP@C-8 electrodes during charge/discharge processes. a) The first and second charge/discharge profiles at
0.2 C with labeled points for ex situ XRD and XPS. b) Ex situ XRD evolution at different charge/discharge potentials. ¢, d) XPS spectra of Mn2p and Li1s at the
open-circuit voltage (OCV), 1C-4.5 V and 1D-2.0 V, respectively. e) Crystal structure of LMP during reversible Li" extraction/insertion.
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capacity much. An initial discharge capacity of 162.4 mAhg™" is
delivered with 149.8 mAhg™" retained upon 300 cycles at
0.2 C. Even at a high rate of 5 C, an impressive specific capacity
of 63.1 mAhg™' still can be afforded after 2000 cycles along
with a CE above 98%, proving the long lifespan Li* storage
ability under fast charge and discharge.

Experimental Section
Synthesis of LMP@C nanofibers

PVP (M,,=1300000) was purchased from Aldrich Reagent Compa-
ny. CH;COOLi (99%, Sigma-Aldrich), Mn(CH;COO),-4H,0 (98%,
Sigma-Aldrich), P,Os (99.8%, Sinopharm), and CH;CH,OH (99.8%,
Sinopharm) were used as received. LMP@C nanofibers were syn-
thesized by using a one-step electrospinning technique followed
by a heat treatment. Typically CH;COOLi (6 mmol),
Mn(CH;C0O0),-4 H,0 (6 mmol), and P,O; (3 mmol, 2:2:1, molar ratio)
were dissolved in ethanol (12 mL) under vigorous stirring at 50°C
for 2 h. PVP (0.8 g, the mass ratio of PVP to ethanol is 8%) was
then added and stirred overnight at 30°C. The homogeneous pre-
cursor solution was loaded into a plastic syringe equipped with a
10-gauge blunt-tip needle. The needle was electrically connected
to a high-voltage power supply. A voltage of 15 kV was applied be-
tween it and an aluminium foil to initiate the electrospinning. The
flowing rate was controlled to be 0.8 uLmin~' by using a syringe
pump. The aluminium foil was ground and placed 20 cm away
from the needle tip to collect the precursor fibers.

The dried precursor fibers were calcined at 750°C for 6 h in an
argon (Ar) atmosphere at a rate of 5°Cmin~". The as-prepared
product is marked as LMP@C-8. In addition, other LMP@C samples
were prepared by using the same route, except varying the
amount of PVP (0.6, 1, or 1.2 g) added in the precursor solution.
The corresponding products were designated as LMP@C-6,
LMP@C-10, and LMP@C-12. As a control, different heating tempera-
tures of 650 and 850°C were applied to the precursor fibers with
0.8 g PVP to obtain the products LMP@C-8-650 and LMP@C-8-850,
respectively.

Synthesis of bulk LMP

LiH,PO, (99%, Aladdin), Mn(CH,CO0),*4H,0 (98%, Sigma-Aldrich),
and C4H;,0; (99.0%, Sinopharm) were used as received. Typically,
Mn(CH;C0O0),-4H,0 (60 mmol), deionized water (30 mL), and
C4H,00; (200 mL) were added into a three-necked round-bottom
flask and stirred in an oil bath at 100°C for 1 h. Then, 2m LiH,PO,
aqueous solution (30 mL) was added dropwise at a rate of
1 mLmin". The obtained solution was continually stirred at 100°C
for 4 h. After cooling to room temperature, it was centrifuged,
washed thoroughly with ethanol, and finally dried under vacuum
at 120°C overnight to obtain the bulk LMP.

Material characterizations

The morphology of LMP@C was observed by field-emission SEM
(S-4800, HITACHI). HR-TEM and SAED measurements were also car-
ried out with a transmission electron microscope (JEOL JEM-
2100F). The crystal structures and phase analysis were detected by
using an XRD (D/max-2500VB+/PC, Rigaku) equipped with CuK,
radiation at a scan rate of 4°min~". Raman spectra were recorded
by using a Raman Spectrometer (inVia-Reflex, Renishaw). The nitro-
gen sorption/desorption measurements were performed with a
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Quadrasorb adsorption instrument (Quantachrome Instruments).
The specific surface area was calculated by using the multi-point
Brunauer-Emmett-Teller (BET) method. The pore size distributions
were calculated from nitrogen sorption data by using the nonlocal
density functional theory (NLDFT) equilibrium model method for
slit pores. XPS analyses were performed with a spectrometer (Esca-
lab 250Xi) with AIK, X-ray radiation. Thermogravimetry (TG) was
conducted with a TG-DSC analyzer (NETZSCH TG 209 F1 Libra).

Electrochemical measurements

Unless specified otherwise, when preparing the electrodes, a black
viscous slurry consisting of LMP@C or bulk LMP, Ketjenblack
carbon (KB carbon, ECP-600JD), and poly(vinylidene fluoride)
(PVdF) with a mass ratio of 70:20:10 dispersed in N-methyl-2-pyrro-
lidone (NMP) was cast onto an aluminium foil. The electrodes were
dried under vacuum at 120°C overnight to remove NMP before
being punched into disks with a diameter (d) of 12.0 mm. The aver-
age loading of LMP was approximately 3 mgcm . Electrochemical
tests were carried out under ambient temperature by using
CR2025-type coin cells. High-purity metallic lithium electrodes (d=
14 mm, 0.3 mm thick) were separated from the working electrodes
by using a Celgard separator (d=16 mm, 25 um thick). The electro-
lyte was 1.0m LiPFg dissolved in ethylene/dimethyl carbonate/di-
ethyl carbonate (EC/DMC/DEC, 1:1:1, v/v/v). The cells were assem-
bled in an Arfilled glovebox (Mikrouna Universal). Galvanostatic
charge/discharge tests were carried out with a LAND Battery test-
ing system (CT2001A) within 2.0-4.5V (vs. Li/Li*). The applied cur-
rent densities and the specific capacity values were calculated
based on the mass of LMP. CV at various scan rates from 0.05 to
0.5 mVs~' was measured by using an electrochemical workstation
(Arbin Instruments, USA). EIS with an AC perturbation signal of
5.0mV in the frequency range 100 kHz-100 mHz were recorded
with a CHI660C electrochemical workstation (Shanghai Chenhua,
China).
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