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A B S T R A C T

Charging and discharging lithium ion batteries (LIBs) in a matter of seconds to tens of seconds rather than
hours can potentially lead to technological breakthroughs and bring about lifestyle changes. This work aims to
enable ultrafast Li-ions charge/discharge ability for LIBs by significantly accelerating the diffusion kinetics of
Li+ ions and enhancing the electric conductivity in LiFePO4 cathode material. An innovative method was
developed to synthesize LiFePO4/C nanocomposite with secondary particles structure containing uniform (20–
50 nm) and highly crystalline LiFePO4 single nanoparticles which are free from any anti-site defects (e.g. Fe·Li)
and uniformly coated by a highly graphitized carbon-shell network with good electronic conduction. The
LiFePO4/C material was formed from a FePO4·xH2O/poly(furfuryl alcohol) nanocomposite, which was prepared
through a self-regulated in situ polymerization restriction method, followed by a rapid wet-chemistry lithiation
(H+/Li+ ion exchange) and subsequent calcination. Benefiting from the ultra-small size of the LiFePO4

nanoparticles, absence of Fe·Li defects, and a continuous 3D carbon network, the LiFePO4/C nanocomposite
demonstrated ultrafast lithium-storage rates when used as a cathode material in lithium half-cells, which
required only 21.6 s to reach a complete discharge at a rate of 150 C while still maintaining a high specific
capacity of 95.4 mAh g−1.

1. Introduction

Lithium ion batteries (LIBs), as one promising energy storage
technology, have been widely deployed in many applications including
electric vehicles (EV) [1,2] and large-scale energy backup systems [3–
5], however, currently it takes hours to fully charge or discharge the
LIBs. The performance of an LIB is limited largely by its electrode
materials, in which olivine LiFePO4 is superior as a common cathode
material in terms of stability, natural abundance, cost, and environ-
mental friendness [1,6–8]. Unfortunately, the slow diffusion of Li+ ions
and the poor electric conductivity of LiFePO4 are inhibiting the raise of
charging/discharging rates in LiFePO4-based LIBs [1,2,7–9]. Reducing
particle size, in conjunction with surface carbon coatings to form a
LiFePO4/C nanocomposite is acknowledged as the technology of choice
to address this issue effectively [9–12]. However, it seems to be

inherently challenging to simultaneously achieve a high degree of
crystallization, nanometer-sized particles, and a full surface coverage
with highly-conductive carbon in LiFePO4/C composite materials.
Most previous studies [10,13] have focused upon only one or two
structural preferences, rather than considering them all together.
Moreover, once the particles size of LiFePO4/C is down to the
nanoscale, significant interfacial resistance originating from more soft
contacts [14,15], reduced tap density, as well as poor processability
often turns into new issues, which might be ameliorated by the
secondary granulation technology [10].

In recent years, various wet-chemistry technologies including
hydrothermal/solvothermal, sol-gel, co-precipitation methods have
been successfully developed to synthesize LiFePO4/C nanocomposite
materials [9–13], in which in situ polymerization restriction methods
based upon Fe3+-based FePO4·xH2O precipitation system were well
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established and widely perceived as a technology of choice to produce
LiFePO4/C nanocomposite materials with multiple structure advan-
tages that are highly desired for fast lithium storage [10,16–18]. For
instance, Zhou's group [16] creatively explored a method of such kind
via a FePO4·xH2O/polyaniline system to prepare LiFePO4/C nanoma-
terial with core-shell structure, formed from a highly crystalline
LiFePO4 “core” with grain sizes of 20–40 nm and a thin semi-graphitic
carbon “shell” (thickness of 1–2 nm), using which as active electrode
the power rate can reach up to 60 C with a high reversible capacity of
80 mAh g−1. However, most previous attempts [16–18] to design such
route relied on high temperature solid-state reaction for lithiation that
entails tedious grinding or alternatively ball milling followed by long-
term calcination cycles. Besides, additional organics, such as starch,
sucrose, glucose, citric acid, and resin [10,16–18], need to be added
during the procedure to ensure adequate carbon coatings. Thus
exploiting an optimized preparative method that is simpler and more
controllable to acquire superior LiFePO4/C nanocomposite materials
for fast lithium storage would be of great significance.

In this work, we propose a unique and controllable method for
synthesizing LiFePO4/C nanocomposite materials with appealing
structural features to achieve ultrafast Li-storage capabilities. The
synthesis can be divided into three easy steps, namely i) self-regulated
in situ polymerization restriction, ii) H+/Li+ ion exchange, and iii)
calcination, which does not include a tedious mixing step. The final
LiFePO4/C obtained is composed of single-particle LiFePO4/C contain-
ing 20–50 nm highly crystalline LiFePO4 “cores” which are free from
any anti-site disorders (e.g. Fe·Li) and fully coated by highly conductive
thin carbon “shells” with typical thickness of 1.6–2.0 nm. These single
LiFePO4/C nanoparticles aggregated and tightly held together by the
surface carbon to form porous secondary particles with a size up to
several micrometers to tens of micrometers. Importantly, the LiFePO4/
C material was capable of reducing the polarization effect of electrode
substantially and enabling a super-high charging/discharging rate of
up to 150 C with a reversible capacity of 95.4 mAh g−1. As a result, the
material can afford a super-high power density of 64.5 kW kg−1 which
is comparable to those in aqueous-based supercapacitors, yet with an
energy density (261.3 Wh kg−1) almost one order of magnitude higher.

2. Results and discussion

2.1. Design process for the synthesis of LiFePO4/C nanocomposite
material

2.1.1. Self-regulated in situ polymerization restriction
As illustrated schematically in Fig. 1, the synthesis designed starts

with a one-step process of spontaneous precipitation and in situ

polymerization reactions that proceed at a low temperature of 90 °C
(Fig. 1, Step I). The process involves the dropwise addition of Fe3+ ions
and furfuryl alcohol (FA) monomers to a solution containing H2PO4

-

ions, and the reactions can be summarized as follows:

aq aq O s aqFe ( ) + H PO ( ) → FeP ( )+ 2H ( )3+
2 4

− Δ
4

+ (1)

l sn(Furfuryl alcohol)( )⎯ →⎯⎯⎯⎯ Poly(furfuryl alcohol) ( )
H , ∆+

(2)

Here, the precipitation reaction between Fe3+ and H2PO4
- releases

H+ ions which act as an acid-catalyst for the polycondensation of
furfuryl alcohol [19,20]. Detailed acid-catalyzed polycondensation
mechanism can be described below Fig. S1. The precipitation reaction
expressed in Eq. (1) occurs slightly prior to the polycondensation of
furfuryl alcohol (i.e. Eq. (2)) due to a higher pH level of the initial
solution. Visually, just a single white precipitate associated with FePO4·
xH2O inorganics appears at the onset of dropping. As more FePO4·
xH2O precipitates form, the pH value of the solution gradually
decreases (Fig. S1), which in turn initiates the polycondensation of
FA monomers into poly(furfuryl alcohol) (PFA) halfway through the
dropping, resulting in a bluish-green and then yellowish-brown
suspension. Given that the produced H+ ions appear initially at the
surface of the FePO4·xH2O precipitates, the primordial oligomer units
of PFA polymer should form preferentially near the outer surface of
these precipitates, and the newly-formed PFA polymers can easily
anchor onto them through an electrostatic interaction and/or host-
guest binding behavior. As thus, contact-induced growth of the existing
FePO4·xH2O nanoparticles is regulated by the surface PFA coverage
during dropping and aging. In a departure from the principle for Fe3+-
catalyzed polymerization of aniline [16], this acid-catalyzed polycon-
densation process can continue even when the outer surface of FePO4·
xH2O precipitates has already been fully covered by a layer of PFA. This
will ensure a sufficient loading of organics on the FePO4·xH2O host. To
sum up, the PFA polymer in situ polymerizated and particle-grown
plays key roles in confining the FePO4·xH2O nanoparticles, separating
them to each other to avoid particles growth, and also linking them
together via the polymer network to form an assembled secondary
particle.

2.1.2. Rapid wet-chemistry lithiation (H+/Li+ ion exchange)
The next step (Fig. 1, Step II) is to convert the FePO4/PFA

nanocomposite precursor into Li-FePO4/PFA by using a rapid wet-
chemistry lithiation method (i.e. H+/Li+ exchange reaction) that
proceeds in a lithium acetate ethanol solution (60 °C) exposed to air
[21]. Briefly speaking, the protons belonging to the –OH and/or –OH2

groups of amorphous FePO4·xH2O compound, under the specified non-
aqueous condition, favor the exchange of Li+ ions. The process was

Fig. 1. Schematic illustration for the synthetic process of LiFePO4/C nanocomposite material with ultrafast lithium-storage ability by using an amorphous FePO4·xH2O/PFA
nanocomposite prepared by a self-regulated in situ polymerization restriction method (Step I), in conjunction with a rapid H+/Li+ ion exchange reaction (Step II), followed by direct
calcination (Step III).
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proved by the comparisons of Gas chromatography/mass spectrometer
(GC-MS) data between the liquid supernatant separated from the final
lithiation product, and the initial lithium acetate ethanol solution, as
shown in Fig. S2. It was found that detectable acetic acid emerges in
the solution after the lithiation reaction, and the pH value is decreased
with it from 8.3 to 6.0 (1 mL of the solution to be tested was diluted
with 5 mL distilled water for pH detection), which indicates the H+ ions
are released to solution from the FePO4/PFA precursor by a H+/Li+

ions exchange process to form Li-FePO4/PFA. More proof for the
reaction mechanism will be given in the following section.

2.1.3. Post-calcination treatment in an inert atmosphere
The final step (Fig. 1, Step III) is to convert the Li-FePO4/PFA

nanocomposite intermediate into LiFePO4/C by direct calcination in an
Ar atmosphere. During the calcination process, the isolated nanopar-
ticles of inorganic Li-FePO4 can crystallize into LiFePO4 single
nanocrystals, and meanwhile the surface PFA is pyrolyzed gradually
into a highly conductive carbon shells network that in situ restricts the
crystal growth of LiFePO4 nanoparticles and assembles them together
to form secondary composite particles at a micrometer scale.

2.2. Structure features of FePO4/PFA and Li-FePO4/PFA
nanocomposite precursors

Fig. S3 shows the X-ray diffraction (XRD) patterns of FePO4/PFA
and Li-FePO4/PFA, according to which we can determine that the two
materials are completely amorphous. Based upon thermogravimetric
analysis/differential scanning calorimetry (TG-DSC) data (Fig. S4), the
chemical formula of the hydrated FePO4 in FePO4/PFA nanocomposite
can be roughly estimated to be FePO4·2.7H2O. The successful loading
of PFA polymer onto FePO4·xH2O precipitates was verified by Fourier
transform infrared spectroscopy (FTIR) as illustrated in Fig. 2A.
Typically, the IR peak located at 793 cm−1 corresponds to the C-H
out-of-plane bending of 2, 5-disubstituted furan rings, and the peaks
attributed to carbonyl group (C˭O) (typical characteristics for the acid-
catalyzed ring opening of furan rings) are observed at 1713 and

1768 cm−1 [22]. By contrasting the two FTIR spectra carefully, one
can notice that the cation exchange process has subjected initial
FePO4/PFA precursor to partial curve changes, as labeled by the black
dotted lines. According to our earlier study [21], the marked changes
including the weakening of O-H characteristic peak around 3205 cm−1

and the appearance of a new band at 495 cm−1 should be ascribed to
the formation of Li-O units by partial substitution of framework
protons with Li+ ions. The conclusion can be further supported by
the X-ray photoelectron spectroscope (XPS) analysis of the two
samples (Fig. S5). Calcination in an inert atmosphere can lead to the
direct conversion of Li-FePO4/PFA into LiFePO4/C nanocomposite
(named as PrepLFP). Fig. 2B shows the in situ XRD data showing the
evolution of Li-FePO4/PFA to LiFePO4/C during temperature ramping.
As it can be seen, just a single crystalline phase associated with
orthorhombic LiFePO4 emerges initially at ~400 °C without under-
going any transient crystalline phases, and the degree of crystallization
increases as the temperature increases, which matches well with that of
quasi in situ FTIR test, as shown in Fig. S6.

Morphological details of FePO4/PFA and Li-FePO4/PFA precursors
were first visualized by scanning electron microscopy (SEM) (Fig. S7),
from which we can clearly observe that both of the nanocomposites
present a porous agglomerate structure assembled by a large number of
nanoparticles. No significant difference in the morphology can be
identified. Further studies by transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) (Fig. 2(C) and
(D)) reveal that these nanoparticles are completely amorphous, in good
agreement with the XRD analysis, and take on a spherical appearance
with tens of nanometers in dimension, which are solidly connected
together by the surface PFA polymer forming a porous architecture.
Bright-field scanning TEM (STEM) technique is a general tool for the
characterization of nanostructures with complex compositions [23].
The outer “shells” with brighter contrast observable in the STEM
images of both FePO4/PFA and Li-FePO4/PFA composites (Fig. 2(E)
and (F)) can be assigned to PFA polymer, whereas the darker “cores”
inside should belong to the inorganic components chiefly made up of
heavier elements (e.g. Fe, P in FePO4 and Li-FePO4 compounds).

Fig. 2. (A) Typical FTIR spectra of a) FePO4/PFA and b) Li-FePO4/PFA. (B) In situ high temperature XRD analysis of Li-FePO4/PFA intermediate under an inert atmosphere at
controlled temperatures (25–700 °C, heating rate of 5 °C min−1) with 15 min for each collection. TEM images of (C) FePO4/PFA and (D) Li-FePO4/PFA. Bright-field scanning TEM
images of (E) FePO4/PFA and (F) Li-FePO4/PFA. Insets in Fig. 2(C) and (D) show the corresponding SAED patterns.
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Moreover, STEM-energy dispersive spectroscopy (STEM-EDS) map-
ping images show clearly that both the composites contain Fe, P, O, and
C distributing evenly over the particle aggregates (Fig. S8). STEM
images, in conjunction with STEM-EDS mapping images can be
indicative of a continuous and integrated surface loadings of PFA
polymer on the FePO4·xH2O particles, which remains barely changed
over the H+/Li+ ion exchange process. Further evidence for the
structural similarity is provided by N2 adsorption-desorption data
(Fig. S9), which show almost identical porosity parameters in terms
of BET surface area (57.2 vs.59.1 m2 g−1) and pore size distribution
(inset in Fig. S9).

2.3. Structure features of LiFePO4/C nanocomposite material

XPS spectra (Fig. S10) of as-prepared LiFePO4/C nanocomposite
material (PrepLFP) clearly evidences the iron species in PrepLFP are
all at Fe (II) oxidation state [24,25]. The phase structure of PrepLFP is
characterized by XRD analysis, as shown in Fig. 3A. All of the Bragg
reflections can be well indexed to the standard orthorhombic structure
of LiFePO4 (JCPDS No. 81–1173) with no other discernible impurities.
According to Reitveld refinement based on the structural model
provided by Yakubovich et al. [26], the lattice constants of the material
can be determined to be a = 10.32499(4) Å, b = 6.007608 Å, c =
4.694038 Å, V = 291.1642 Å3, similar to the single crystal values
reported previously (a = 10.332(4) Å, b = 6.010(5) Å, c = 4.692(2)
Å, V = 291.4(3) Å3) [26,27]. Fe·Li anti-site defect, namely Fe2+ ions on
the Li+ sites, is a type of lattice defect commonly observable in LiFePO4

crystals, and it is proven undesirable due to the blocking of the Li+ ions
diffusion pathway [25,28,29]. The level of Fe·Li disorder in LiFePO4 can
be easily identified from FTIR spectroscopy [30]. In theory, infrared
absorption peak concerning to the P-O symmetric stretching vibration
of PO4 tetrahedron in Fe·Li defect-free LiFePO4 should emerge at
957 cm−1, which is to shift towards a higher wavenumber region with
raising amount of Fe·Li anti-site defects. For PrepLFP, the characteristic

peak is found to appear at 958 cm−1 (shown in Fig. 3B), that is, almost
identical to the theoretical value of Fe·Li defect-free LiFePO4, illustrat-
ing extremely few Fe·Li defects in PrepLFP. The conclusion can be
further evidenced by the crystallology data acquired from Rietveld
refinement of the XRD pattern. As illustrated in Table S1, PrepLFP can
be precisely refined to the ideal atomic distributions of orthorhombic
LiFePO4 under the space group Pnma free from any atomic disorder,
similar to the values reported [26,27]. By using Scherrer's formula (d =
0.89λ/βcosθ), the average particle sizes of LiFePO4 nanocrystals can be
calculated to be 43 nm. From SEM and TEM images (shown in
Fig. 3(D) and (E)), we can clearly visualize that the primary particles
of PrepLFP are quite uniform in size, typically in a narrow range of 20–
50 nm, which are connected together by the surface carbon forming
bulky porous secondary particles with sizes up to several micrometers
to tens of micrometers (Fig. S11). Such kind of porous particles
assembly is capable of establishing a continuous 3D electronic transfer
network from active iron redox sites of LiFePO4 to the conductive
additives and/or the current collector and reducing the concentration
polarization effectively to enhance the charging/discharging rate
performance (i.e. depolarization effect) [12,14,15], and also bringing
potential benefits for the volumetric energy density and processability
of the electrodes [10,13,16,21]. STEM-EDS mapping images (see
Fig. 3G) further confirm that PrepLFP contains elements of Fe, P, O,
and C, all of which are well-distributed over the entire scanning region.
High resolution TEM (HRTEM) image, shown in Fig. 3F, reveals that
the visible lattice fringes correspond to a spacing of ~0.42 nm, which
matches well with the expected d spacing for (011) plane of olivine
LiFePO4. One can also find that the LiFePO4 nanocrystal is fully
wrapped by a non-crystalline carbon layer with a thickness of 1.6–
2.0 nm. It is believed that the kinetic barrier for Li+ ions to diffuse
through such a thin carbon layer can be negligible when compared with
other diffusion limitations upon (de)lithiation [10,31]. The surface
residual carbon was quantified by TGA, as illustrated in Fig. S12. By
taking the theoretical weight gain (5.07 wt%) of pure LiFePO4 during

Fig. 3. (A) XRD powder pattern (black points) and Rietveld fit (red lines) of PrepLFP. Blue curve shows the difference between them. R factors are Rwp = 3.08%, Rp = 2.30%, Rexp =
2.00%, and GoF = Rwp/Rexp = 1.54, respectively. (B) FTIR spectrum of PrepLFP recorded in the wavenumber region of 400–1200 cm−1. (C) Raman spectrum of PrepLFP fitted by a
Gaussian-Lorentzian mixing model. IG/ID values are estimated to be 0.95 for peak area ratio and 1.4 for peak height ratio. Typical (D) SEM image, (E) low-resolution TEM image, and
(F) high-resolution TEM image of PrepLFP. (G) Scanning TEM (STEM) image of PrepLFP and the corresponding EDS mapping images of Fe, P, O, and C elements, respectively.
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TGA into account [32], the content of carbon in PrepLFP was
calculated to be ~9.96 wt%. Detailed structure information on the
surface residual carbon was further provided by Raman spectrum
(Fig. 3C) [2,21,32], which shows two conjoint peaks for PrepLFP over a
range of 500–2000 cm−1. Using a Gaussian-Lorentzian mixing model,
the spectrum can be divided into four peaks, in which the peaks at 1354
and 1586 cm−1 are ascribed to the D band (disordered carbon, sp3) and
G band (graphite, sp2) of Raman vibration modes for amorphous
carbon, respectively [21]. According to the fitting result, the peak
intensity ratio (IG/ID) of PrepLFP can be estimated to be 0.95 for peak
area ratio (1.4 for peak height ratio), which is found higher than those
of most LiFePO4/C hybrid materials reported [10,32], implying that
the residual carbon pyrolyzed in situ from a mixture of PFA polymer
and Li-FePO4 inorganics is more graphitized and capable of providing a
better electronic conductive network. The high degree of graphitization
can be interpreted largely from two contributing factors. For one, the
calcination temperature (700 °C) is adequate when using PFA polymer
as a carbon precursor [33,34]. For the other, the ferric oxides in Li-
FePO4/PFA precursor can catalyze the graphitization process of the
surface carbon upon calcination [33]. Earlier study revealed that the
electric conductivity of pyrolytic carbon produced by thermally carbo-
nizing PFA polymer under 700 °C in the presence of ferrocene can
reach up to metallic type (~1.9 S cm−1), which turns out to be two
orders of magnitude higher than that of the pyrolyzed carbon
(~2.2×10−2 S cm−1) produced from single PFA polymer under other-
wise identical conditions [33]. In addition, a total lack of LiFePO4

Raman response in the range of 600–1100 cm−1 illustrates that the
surface carbon coatings on LiFePO4 particles is fairly complete [21,32],
well consistent with the HRTEM observations.

2.4. LIBs performances of LiFePO4/C nanocomposite as a cathode
material

As a proof of concept, coin cells with a metallic Li anode were
assembled to evaluate the performance of PrepLFP in LIBs. Charge and
discharge characteristics were evaluated by a galvanostatic testing
model, and 1 C rate equals to a current density of 170 mA g−1. As
displayed in Fig. 4A, the material can discharge to an initial specific
capacity of 156.2 mAh g−1 at 0.5 C rate, which slightly exceeds the
theoretical value of 153.1 mAh g−1, estimated by considering a mixture
of LiFePO4 and 9.96 wt% carbon. This phenomenon is very common in
hybrid electrodes with nanometric and hierarchical architectures
[28,35,36], and the capacities exceeded can be attributed to the surface
and/or interface lithium storage (e.g. pseudocapacitive effects). The
material also delivers a discharge capacity of 145.7 mAh g−1 at a higher
rate of 10 C, and the capacities keep as high as 134.9 and 123.0 mAh
g−1 when cycled at 30 C and 60 C rates. More excitingly, even when the
rates are up to 100 C (32.4 s to full discharge) and 150 C (21.6 s to full
discharge), the capacities can still remain at 109.6 and 95.4 mAh g−1,
respectively. The result is significantly better than that of commercial
LiFePO4/C (CommLFP), and superior to the LiFePO4/C nanomaterial
(PrevLFP) prepared by our group previously via partially in situ carbon
coatings [21], as is also the case for most core-shell LiFePO4/C
nanocomposite materials available in previous literatures [16,37–40],
as illustrated in Fig. S13 and Table S2. After a series of creep test at
varying rates, the reversible capacities almost return to the initial
values of 123.5, 145.6 and 156.4 mAh g−1 as the discharging rate
changes back to 60 C, 10 C and 0.5 C successively (see Fig. 4B). It thus
follows that our PrepLFP has the ability to sustain a high capacity at a
super-high charge/discharge rate of up to 150 C, or a current density of
25.5 A g−1. The discernible capacity decay at higher rates can be
attributed to the electrode polarization related to the diffusion-limited
transfer of Li+ ions near the two-phase interface. The fact that the
primary particles of PrepLFP are nanometer-sized and fully covered
with a thin conductive carbon definitely contributes to the super-high
power rates, but the performance is substantially better than those of

reported LiFePO4/C materials with particles of similar size [16],
suggesting that some unique features of our PrepLFP might be critical.
From a topological point of view, the outstanding battery properties of
PrepLFP can be derived from the unique inorganic-organic hybrid
structure of the Li-FePO4/PFA intermediate, which is formed from
fully sealed PFA polymer “shells” with a 3D-connected network and
amorphous inorganic framework “cores” wherein ideal constituent
elements involving Li, Fe, P, and O are evenly distributed almost at
the atomic level, thus capable of minimizing the inclusions of unwanted
impurities and lattice defects (e.g. Fe·Li disorder) for LiFePO4 finally
formed due to the absence of complex crystallographic phase transition
and solid-solid mass transfer upon crystallization at elevated tempera-
tures (as confirmed by Fig. 2B and Fig. S6) [41], and also in favor of
establishing, in the true sense, an integrated and high-quality 3D
electronic transfer network from active iron redox sites of LiFePO4 to
the conductive additives and/or the current collectors (i.e. depolariza-
tion effect) after calcination while remaining an open Li+ ions transport
pathway [14,15].

Energy density (E) and power density (P) are two key factors for
evaluating the high power applications of an electrical storage device.
Fig. 4C shows the Ragone plots of PrepLFP with power density as a
function of energy density, which are estimated from the discharging
profiles by area integration. Typically, the material can deliver a super-
high power density of up to ~64.5 kW kg−1 with an energy density of
~261.3 Wh kg−1 in a lithium half-cell, exceeding those of CommLFP
and PrevLFP. Excitingly, the power density is similar to or even higher
than those of aqueous supercapacitors [42–45], yet with an energy
density almost one order of magnitude higher. For instance, the
electrodes used for aqueous supercapacitors in previous literatures,
such as Ni(OH)2 thin film [42], MnO2/CNT sponge [43], graphene/
CNTs hybrid [44], and 3D V2O5 nanosheets [45] can just achieve the
energy densities of 6.5, 31, 21.74, and 43.2 Wh kg−1 at the highest
given power densities of 44, 63, 78.29, and 39.9 kW kg−1, respectively.
Inspired by these comparisons, we conjecture that the Li-ions batteries
using PrepLFP or the materials of such kind as electrodes may have the
potential to replace supercapacitors such as those planned for hybrid or
all-electric vehicles.

We also evaluated the long-term cycling stability of PrepLFP by
repeated cycles at a fixed rate of 10 C. As can be seen from Fig. 4D,
despite the ultra-small primary particles (20–50 nm), PrepLFP exhibits
an extremely good cyclibility with less than 2% of capacity loss over
1000 cycles. Upon cycling, the Coulombic efficiency calculated from the
ratio of discharging to charging capacity stays consistently at nearly
100% (inset in Fig. 4D). According to the XRD (Fig. S14) and XPS (Fig.
S15) analysis, the bulk structure and near-surface region of active
LiFePO4 remained well after long-term cycles, confirming a high
electrochemical stability of the material. In addition to the contribu-
tions from the stable LiFePO4 nanocrystals and full surface carbon
coatings, the elastic 3D carbon shell network formed in situ on the
surface of LiFePO4 nanocrystals is also supposed to play a positive role
in the appealing cycling reversibility by relaxing the strain energy of
entire electrode effectively upon (de)intercalation.

3. Conclusion

In summary, the principal merit of the research work is to establish
a general and controllable method to synthesize LiFePO4/C nanocom-
posite materials for ultrafast lithium storage by using polymer-rich
amorphous FePO4·xH2O, typically rationally designed FePO4·xH2O/
PFA nanocomposites achieved by a self-regulated in situ polymeriza-
tion restriction method, in conjunction with a rapid H+/Li+ ion
exchange process, followed by direct calcinations. The final LiFePO4/
C obtained is structurally composed of uniform (20–50 nm in size) and
highly crystalline LiFePO4 single “cores” which are free from any anti-
site disorder (e.g. Fe·Li) and are fully coated by highly conductive thin
carbon “shells” (thickness of 1.6–2.0 nm). These LiFePO4/C nanopar-
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ticles are tightly held together by the surface carbon to form bulky
porous architectures with secondary particles size up to several
micrometers to tens of micrometers, thus in favor of effective depolar-
ization at high power rates. The ideal structural features of LiFePO4/C
can be attributed to the unique inorganic-organic hybrid structure of
the Li-FePO4/PFA intermediate, formed from fully sealed PFA polymer
“shells” with a 3D-connected network and amorphous inorganic
“cores” wherein Li, Fe, P, and O are evenly distributed almost at the
atomic level. In lithium half-cells, the LiFePO4/C material can achieve
a super-high power rate of up to 150 C with a reversible capacity of
95.4 mAh g−1, which is equivalent to a high power density
(64.5 kW kg−1) comparable to those of aqueous-based supercapacitors
yet with an energy density (261.3 Wh kg−1) almost one order of
magnitude higher. In view of the superiorities in other respects such
as processibility, cost, safety, etc., the method developed here may
provide us an opportunity to realize scale-up synthesis of LiFePO4/C
nanocomposite materials with ideal structures for use in ultrafast
energy storage. We also hope the synthesis mentality established could
inspire new ideas and concepts for rational design of all sorts of Li-
contained electrodes, including but not limited to LiFePO4/C nanoma-
terials, for high power battery applications or other else.

4. Experimental section

4.1. Materials synthesis

FePO4/poly(furfuryl alcohol) (FePO4/PFA) was synthesized
through a novel self-regulated in situ polymerization restriction
method. Typically, 50 mL of 0.2 M FeCl3·6H2O aqueous solution
containing 0.8 mL furfuryl alcohol was added dropwise, with stirring,
to 100 mL of 0.1 M NH4H2PO4 aqueous solution that had been pre-
heated for several minutes at 90 °C. After stirring the mixture for
another 6 h (90 °C), a yellowish-brown suspension was formed. The
solid precipitate was collected by filtration and then washed several
times with distilled water before being dried off. Li-FePO4/poly(furfur-

yl alcohol) (Li-FePO4/PFA) was prepared with the aid of a facile
chemical lithiation reaction (H+/Li+ ion exchange) that proceeded in a
nonaqueous medium exposed to air [21]. In a typical run, 0.3 g of as-
obtained FePO4/PFA powder was suspended in 10 mL of 0.6 M lithium
acetate alcohol solution. The temperature was then raised to 60 °C and
kept for 1.5 h under stirring. After cooling down naturally, the
precipitate was filtered, washed with alcohol and dried under 60 °C.
LiFePO4/C nanocomposite material (PrepLFP) was prepared by di-
rectly calcining the Li-FePO4/PFA powder at 700 °C for 6 h under a
flowing Ar atmosphere.

4.2. Materials characterizations

X-ray diffraction (XRD) patterns were recorded on a Rigaku D/
MAX-2550 diffractometer with Cu Ka radiation (λ = 1.5418 Å) at 50 kV
and 200 mA. Fourier transform infrared spectrometer (FTIR) spectra
were collected by a Bruker IFS-66V/S spectrometer. X-ray photoelec-
tron spectroscope (XPS) analyses were performed on an ESCA LAB
MARKII spectrometer. N2 adsorption-desorption analyses were carried
out on a Micromeritics ASAP 2020 M instrument. Specific surface areas
were calculated on the basis of Brunauer-Emmett-Teller (BET) equa-
tion, and the pore size distributions were determined by the Barrett-
Joyner-Halenda (BJH) model. Morphological details were examined by
using JEOL JSM-6700F scanning electron microscope (SEM) and
JEOL JSM-3010 transmission electron microscopy (TEM). Raman
spectrum was collected with a Renishaw inVia Raman microscope
and fitted by a Gaussian-Lorentzian mixing model. Thermogravimetric
analysis (TGA) was conducted by a Perkin-Elmer TGA 7 TG analyzer
under flowing air from ambient temperature up to 800 °C at a heating
rate of 5 °C min−1.

4.3. Electrochemistry tests

For electrochemical tests, LiFePO4/C active material (80 wt%) was
firstly mixed with 12 wt% of acetylene black (AB) and 8 wt% of

Fig. 4. (A) Typical charge/discharge curves of PrepLFP measured by a galvanostatic testing model with rates from 0.5 C up to 150 C. 1 C rate equals to 170 mA g−1. (B) Rate-varying
cycle stability of PrepLFP evaluated by raising the rate continuously from 0.5 C up to 150 C, and then back to 0.5 C with ten cycles for each rate. (C) Ragone plots of power density (P) as
a function of energy density (E) for PrepLFP, PrevLFP, CommLFP, and several electrode materials used for aqueous-based supercapacitors [42–45]. (D) Long-term cycling stability of
PrepLFP evaluated by repeatedly charging and discharging the cell at a constant rate of 10 C for 1000 cycles. Inset shows the corresponding Coulombic efficiency.
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polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidinone (NMP).
The mixture was then cast on an Al foil current collector and vacuum
dried for > 10 h at 110 °C. The electrode sheet was tailored into disks
of 10 mm, thus forming the cathodes. Generally, a mass loading of 1.5–
2.0 mg of the active material was used for each electrode (geometric
area of 0.785 cm2). CR2032 coin cells consisting of the cathode,
metallic lithium anode, Celgard 2400 separator, and organic electrolyte
were assembled in a glovebox filled with high-purity argon. The
electrolyte used was a 1:1:1 (v/v) solvent mixture of ethylene carbonate
(EC), ethylmethyl carbonate (EMC), and dimethyl carbonate (DMC)
containing 1.0 M LiPF6. The fresh cells were all aged for 6 h before
electrochemical tests. Galvanostatic charge/discharge tests were per-
formed by using Land battery test systems (CT2001A) over a potential
range of 2.0–4.3 V (vs. Li/Li+). All the battery tests were operated at
ambient temperature (~25 °C).
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