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ABSTRACT: Polyanion-type cathode materials are well-
known for their low electronic conductivity; accordingly, the
addition of conductive carbon in the cathode materials
becomes an indispensable step for their application in lithium
ion batteries. To maximize the contribution of carbon, a core−
shell structure with a full coverage of carbon should be
favorable due to an improved electronic contact between
different particles. Here, we report the formation of a uniform
carbon nanoshell on a typical cathode material, LiFePO4, with
the shell thickness precisely defined via the 3-aminophenol−
formaldehyde polymerization process. In addition to the higher discharge capacity and the improved rate capability as expected
from the carbon nanoshell, we identified that the core−shell configuration could lead to a much safer cathode material as
revealed by the obviously reduced iron dissolution, much less heat released during the cycling, and better cyclability at high
temperature.
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1. INTRODUCTION

For polyanion-type cathode materials LMPO4 (MFe, Mn, or
Ni), on account of their intrinsic low electronic conductivity
and low Li+ ion diffusion rate, the introduction of conducting
carbon has been widely accepted as an inevitable treating
process in terms of improving their electrochemical perform-
ance.1−3 As compared to a simple mixture of carbon and
LMPO4, a core−shell structured cathode material with a
conformal carbon nanoshell is more reasonable choice as far as
the conducting effect is considered. A full carbon coverage can
encourage an all-dimensional electron conduction between
different particles,4 leading to a reduction of the polarization
phenomenon and an improved rate-capability of the cathode
materials.4,5 However, such a surface coating layer could also be
an additional barrier, which will impede the lithium ion
transportation and then increase the interfacial charge-transfer
resistance between electrode and electrolyte.6,7 Therefore, a
systematic optimization on the core−shell configuration
becomes necessary so as to achieve a balance between the
electronic conductivity and lithium ion diffusion.7,8 Moreover,
to make sure the cathode materials can be ready for their
practical applications, simple and easy coating protocols starting
from cheap reactants are highly favorable from the economic
point of view.

Recently, it has been reported that the formation of
resorcinol−formaldehyde (RF) resin would go through a
sol−gel process in a way similar to the silica-like Stöber
process,9 resulting in the formation of monodisperse polymer
spheres.10,11 Meanwhile, it is also well-known such a Stöber
process can be very successful to form an amorphous silica shell
at the presence of different kinds of seeds.12,13 Therefore, it is
becoming a matter of course for researchers to investigate the
possibility of forming a polymer coating of RF resin on different
substrates.14−16 Considering the fact that certain phenol
derivatives show similar structures to resorcinol, for example,
3-aminophenol (3-AP), it is therefore highly possible that the 3-
aminophenol−formaldehyde (3-AF) polymerization can also be
a good candidate for the formation of polymer nanoshells.17

More importantly, the resin polymer possesses a high thermal
stability and can be further carbonized into conductive carbon
upon high-temperature treatment, which promises a good
potential for designing and optimizing the above-mentioned
core−shell configuration for LMPO4 cathodes.
In our pursuit of better cathode materials, we paid special

attention to the structural stability and the heat released during
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the battery cycling, which are important factors for the practical
application of lithium ion batteries as far as the safety issue is
concerned. Because of the high energy density of the lithium
ion battery system, the interaction between the electrode and
electrolyte is inevitable, releasing heat and causing a potential
thermal runaway if not managed well.18 On the other hand, the
LMPO4-based cathode materials themselves are prone to suffer
from a serious metal dissolution at elevated temperature,
resulting in poor thermal stability and thus leading to
accelerated capacity fading.19−21 It has become the task of
scientists and engineers to work on broad safety strategies so
that the electrical, chemical, and other properties of the
electrode materials can be tailored so that a stable system can
be created to battle the safety problem. A shield around the
electrode materials is reasonably a good choice to alleviate the
side reactions and protect the cathode materials.
Herein, we report the formation of uniform carbon nanoshell

on LiFePO4 by means of 3-AF polymerization. Typical core−
shell structures such as LiFePO4@carbon (LFP@C) with
uniform and conformal carbon layer can be easily prepared with
the thickness of carbon layer to be precisely defined.
Accordingly, the battery performance of the core−shell
structured cathode materials could be optimized by means of
the systematic control on the surface structure. Detailed
investigations revealed that the carbon nanoshells were very
effective in improving the battery performance of LFP at a
broad range of working temperatures. The existence of a
uniform shell around each LFP particle turned out to be a good
strategy toward safer cathode materials as revealed by the
obviously reduced iron dissolution and much less heat released
during the battery cycling.

2. RESULTS AND DISCUSSION
The formation of LFP@C composites is schematically
illustrated in Scheme 1. The whole procedure includes two
steps. First, 3-AP and formaldehyde will polymerize on the
surface of LFP particles to form a thin layer of 3-AF resin under
the catalysis of ammonia,22 forming a typical core−shell
structure with LFP as the core and 3-AF resin as the shell
(denoted as LFP@3-AF). The surface coated 3-AF resin is then

transferred into the conductive carbon (denoted as LFP@C) in
the second step by high temperature under a reductive
atmosphere.
Figure 1a is the transmission electronic microscopy (TEM)

image of the pristine LFP particles. As revealed by the high-
resolution TEM (HRTEM) characterization on a randomly
selected particle, it is highly crystalline with a clear surface

Scheme 1. Schematic Illustration of the Synthesis of LFP@C Composites and the Coating Mechanism of 3-AF Polymerization

Figure 1. TEM images of pristine LFP (a), LFP@C1 (3 nm coating)
(b), LFP@C2 (5 nm coating) (c), LFP@C3 (8.5 nm coating) (d), and
LFP@C4 (16 nm coating) (e); (f) XRD patterns of LFP, LFP@3-
AF2, and LFP@C2, respectively.
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borderline (inset, Figure 1a). After the above-mentioned two-
step coating treatments, namely, the 3-AF polymerization and
its subsequent carbonization process, the particles show
observable changes on their surface structures. As shown in
Figure 1b, a thin layer emerges on each LFP particle when a
high LFP concentration (126.8 mM) and a lower 3-AF
concentration (13.1 mM) were used in the polymerization step,
forming an obvious core−shell structure (denoted as LFP@
C1). The layer is uniformly distributed, and the thickness is
measured to be ∼3 nm by HRTEM observation, which is
shown in the inset of Figure 1a. Though the carbon layer is very
thin, it turns out to be fairly continuous and covers all the LFP
nanoparticles. A close observation on the surface carbon shell
reveals the existence of irregular lattice fringes of carbon due to
the carbonization process.
The core−shell configuration becomes further apparent

when the coating shell gets thicker. Our synthesis trials show
that the carbon thickness can be easily tuned by simply
adjusting the concentrations of the starting materials or the
length of the polymerization time. Either an increase in the
concentration of 3-aminophenol (3-AP) or a decreased amount
of LFP seeds can provide a thicker shell. For example, when we
change the concentration of LFP and 3-AP to 56.3 and 14.1
mM, respectively, thicker carbon layer can be achieved as
shown in Figure 1c (sample denoted as LFP@C2). HRTEM
image confirms the thickness of the surface layer is ca. 5 nm
(inset, Figure 1c). Similarly, the carbon shell on LFP can be
further controlled to 8.5 nm (shown in Figure 1d, denoted as
LFP@C3) and 16 nm (shown in Figure 1e, LFP@C4) (see
Experimental Section for details). In fact, we conclude from our
synthesis efforts that by fine adjustments of the initial amount

of LFP and aminophenol, the thickness of the coating layer can
be tuned at a very precise level, even with one-nanometer-
accuracy, showing a versatile capability for surface control.
The above thickness-controlled coating shells were fulfilled

under the fixed reaction time of 20 h for 3-AF polymerization
onto LFP particles. The coating layer can also be modulated by
simply varying the polymerization time. For instance, if the 3-
AF polymerization was terminated after 1, 3, 6, and 16 h,
respectively, in the synthesis of LFP@C4, carbon shells of 2.6,
4, 7, and 13 nm were obtained after carbonization as shown in
Supporting Information, Figure S1. This time-based surface-
control capability manifests the silica-like sol−gel characteristics
in 3-AF polymerization.
For a better understanding of the polymerization process,

different characterizations were carried out. For the above-
mentioned LFP@C samples, the TEM images of their
corresponding precursors as LFP@3-AF are shown in
Supporting Information, Figure S2. These LFP@3-AF
precursors exhibit the same surface morphology as their
carbonized counterparts. They also have obvious core−shell
structures but with relatively thicker coating layers on the
surface. The 3-AF shells are ∼4, 8, 13, and 20 nm in thickness
for LFP@3-AF1−4, thicker than their carbonized counterparts
in LFP@C1−4, which is reasonable since the carbonization
process will shrink the surface layer as the mass lost during the
high-temperature treatment. X-ray diffraction (XRD) (Figure
1f) and SEM (Supporting Information, Figure S3) character-
izations on samples of LFP, LFP@3-AF2, and LFP@C2 show
that there are no structural or shape changes on the samples
before and after the surface treatments. The patterns for all the
three samples are almost identical, which can be well-indexed to

Figure 2. (a) Comparison of the rate-capability among LFP, LFP@C1−4 and LFP-C; (b) EIS spectra for LFP and LFP@C1−C4 with the frequency
range of 100 kHz to 100 MHz; (c) first charge/discharge curves of LFP and LFP@C2 at 0.1C; (d) comparison of the cyclability between LFP@C2
and LFP in 50 cycles. (all measured at 25 °C).
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an orthorhombic space group of LFP powder (JCPDS No. 81−
1173).
Meanwhile, Fourier-transform infrared (FT-IR) and Raman

spectroscopies were performed to track the surface change
during the whole synthesis. Supporting Information, Figure S4a
is the comparison of IR patterns among LFP, LFP@C2, LFP@
3-AF2, and 3-AF. Specifically, the N−H and O−H stretching
vibrations between 3600 and 3100 cm−1,23 the N−H shearing
vibration at 1520 cm−1,24 the CC stretching vibration in the
aromatic rings at 1621 and 1438 cm−1,25 and the phenolic C−
O−H stretching vibration at 1298 cm−124,26 are fingerprint
peaks for 3-AF resin, confirming the existence of 3-AF resin in
LFP@3-AF. These peaks are not visible in the spectrum of
LFP@C2 due to the carbonization process. Raman spectrum of
LFP@C2 confirms the emergence of carbon as shown in
Supporting Information, Figure S4b. The characteristic peaks at
1593 and 1340 cm−1 are Raman fingerprints for the G and D
band27,28 of carbon, respectively, indicating the successful
transformation of 3-AF shell into a conductive carbon layer
through the high-temperature treatment.
The uniformity of carbon layer for these surface-controlled

samples endows us with an ideal model system for systemati-
cally evaluating the correlation between the coating effect and
the electrochemical performance. Figure 2a gives a comparison
of the rate capabilities among these surface-controlled electro-
des of LFP@C1−4 at 25 °C. Because of the barren carbon
content, the pristine LFP sample shows a discharge capacity of
only 62.2 mAh g−1 even at a low discharge current of 0.1 C (1
C = 170 mA/g), and a capacity fading is obvious during the first
10 cycles. When it comes to higher rate-currents 1, 2, 5, and 10
C, it is almost unable to discharge any capacities. As expected,
the core−shell structured LFP samples, namely, LFP@C1−4,
show much improved capacity at different C rates. Among
them, the LFP@C2 sample with 5 nm coating layer shows the
most obvious advantage. It shows capacities of ∼158, 131, 124,
113, and 105 mAh g−1 at 0.1, 1, 2, 5, and 10 C, respectively,
exhibiting the optimal performance among all the carbon-
coated samples. Although a thicker carbon coating is
considered to be beneficial to the electron conduction, an
obvious inferiority is identified for the discharge capacities of
LFP@C4, which is probably because an overly thick carbon
layer would lead to a longer diffusion distance for lithium ion
and further increase the interfacial charge-transfer resistance
between electrode and electrolyte.7,29 A 5 nm coating shell
probably reflects a good balance between electronic con-
ductivity and Li+ transport. It is also worth noting that,

although the battery performances of core−shell structured
LFP@C samples show difference because of the coating
thickness of carbon, they are all better than a simple mixture of
LFP and carbonized 3-AF (sample denoted as LFP-C) at
different C rates, which clearly highlights the advantage of
designed core−shell configurations.
To facilitate our understanding of this surface layer-related

battery performance, we carried out electrochemical impedance
spectroscopy (EIS) on all the LFP@C electrodes. Figure 2b
shows the Nyquist plots for different thickness-controlled
samples, and LFP@C2 has the smallest radius of the semicircle
in the high-to-medium frequency range compared with LFP@
C1, C2, and C4. Such a radius indicates the charge transfer and
surface film resistance (Rct), which is related to lithium ion
interfacial transfer between the electrolyte and the active
material.30 It therefore suggests that the charge transfer and
interface reaction occurs easiest for the 5 nm carbon nanoshell,
exhibiting the optimal balance between electronic conductivity
and Li+ ionic diffusion, which also explains well its superior rate
capability.
Our battery tests also reveal a good cyclic stability of LFP@

C2 sample. Figure 2c shows the charge−discharge curves of
LFP and LFP@C2 for the first cycle. Compared with pristine
LFP, LFP@C2 shows a much improved capacity of 156 mAh
g−1 for the first cycle, and a much wider platform, which
represents the Fe3+/Fe2+ redox equilibrium. A few of the
following voltage profiles (cycle 10, 20, 30, 40, and 50, for
instance) of LFP and LFP@C2 are shown in Supporting
Information, Figure S5 for detailed comparison. In the
following 50-cycle running shown in Figure 2d, LFP@C2
stably maintains its capacity at ∼159 mAh g−1 with no obvious
fading, and the Coulombic efficiencies are constant at ∼100%.
Supporting Information, Figure S6 shows the TEM image of
LFP@C2 after being cycled 90 times. The carbon layer is well-
preserved in a continuous and uniform style. No shedding of
carbon layer is detectable, and the thickness remains ∼5 nm
(HRTEM shown in inset of Supporting Information, Figure
S6), indicating the core−shell structured LFP@C is fairly stable
during cycling. We believe that such a stable core−shell
configuration can provide a good guarantee for the structural
stability and the long-term cycling, which is promising for its
practical applications in lithium ion batteries.
We also measured the electrochemical performance of the

core−shell structured LFP@C samples at a lower temperature
environment (0 °C), to make a comprehensive evaluation on
the effect of surface carbon. LFP-C was selected as the control

Figure 3. (a) Cyclibility of LFP@C1−C4 at 1 C rate measured at 0 °C. (b) Comparison of rate-capability performance among LFP-C and LFP@C2
at 0 °C.
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sample. As shown in Figure 3a, because of a better surface-
conducting ability, all the core−shell structured LFP@C
samples exhibit much-improved discharge capacities, compared
with the mixture of carbonized 3-AF and LFP (LFP-C) sample
(∼55 mAh g−1 at 1 C rate). Among them, LFP@C2 with 5 nm
carbon coating shows the best performance of 102 mAh g−1,
which is ∼80% retention of the capacity at 25 °C. Further rate-
capability tests were performed on LFP-C and LFP@C2, as
shown in Figure 3b. LFP@C2 can provide the discharge
capacities of 138, 105, 90, and 60 mAh g−1 at 0.1, 1, 2, and 5 C,
respectively, showing a distinct advantage over LFP-C, which
confirms the positive role of a conformal carbon coating for
LFP at low temperature.
At elevated temperatures, it is reported that polyanion-type

cathode materials are subject to the transition metal dissolution,
leading to an accelerated capacity fading.19−21 We find that the
core−shell structure can significantly alleviate this problem. A
quick cycling running test at 1 C-rate was carried out at 55 °C
for different LFP@C samples. As shown in Figure 4a, a mixture
of carbon and LFP (LFP-C) suffers a serious capacity fading
from 127 to 103 mAh/g after 50 cycles. On the contrary, for
core−shell structured LFP@C1−4, the capacity fading has been
effectively alleviated as the coating thickness increases.
Especially for the LFP@C4 sample (16 nm of coating
thickness), it can constantly give a discharge capacity of ∼135
mAh g−1 with no fading at all. To verify the role of carbon
layers in this capacity loss alleviation at elevated temperature,
we measured Fe dissolution concentrations in the electrolyte
after an extended storage period by ICP-AES (seeing
Experimental Section for details). As shown in Table 1, carbon

coating layers are proved to be very effective in inhibiting the
Fe dissolution, and the dissolved Fe diminishes with the
increase of carbon thickness. With the help of 3, 5, 8.5, and 16
nm of carbon coating, the Fe dissolution concentration was
greatly reduced from 134 mg/L for pristine LFP to 33.6, 31.1,
18.6, and 10.2 mg/L for LFP@C1−C4, respectively, which well

explains the alleviation of capacity loss for LFP@C1−C4
cycling at 1 C rate under 55 °C.
The surface carbon can also effectively inhibit the generated

exothermal heat in the battery, which is highly favorable on
account of the increasingly strict safety problems faced by the
Li-ion battery industry.31,32 Differential scanning calorimetry
(DSC) analysis was carried out on all the LFP materials, which
were charged to 4.2 V (see the Experimental Section for
details). Figure 4b shows the DSC results recorded in the
temperature range of 330−638 K with a heating rate of 10 K
min−1. Though there is no obvious difference observed in the
starting points of the exothermic heat flow (∼510 K), the heat
release is much reduced as the carbon shells get thicker. For the
pure LFP sample, the total exothermic heat evolution is
∼1089.9 J g−1. While it is greatly reduced down to ∼883.0,
683.9, 404.1, and 210.6 J g−1 when the carbon thickness
increased to 3 nm (LFP@C1), 5 nm (LFP@C2), 8.5 nm
(LFP@C3) and 16 nm (LFP@C4) respectively. From the
above analysis, it can be seen that the conformal carbon shell
plays very positive roles in combating the safety problems as
revealed by the alleviated Fe dissolution and heat release.

3. EXPERIMENTAL SECTION
Synthesis of LFP Nanoparticles. The pristine LiFePO4 powder

was synthesized via solid-state reactions. Source materials including
Li2CO3, Fe2C2O4, and NH4H2PO4 are stoichiometrically mixed
together (mole ratio of Li/Fe/P = 1.03:1:1). The mixture were milled
using a planetary ball mill with ball-to-powder ratio of 4:1 (ball
diameter = 10 mm), rotating speed of ∼200 rpm, and ball-milling time
of 6 h. The product was then collected and subject to high-
temperature treatment at 700 °C under a H2/Ar flow. The collected
sample was then used as the pristine LFP sample with a very low
carbon content at less than 0.1%.

Synthesis of Thickness-Controlled LFP@C Composites.
LFP@C composite with the thickness of ca. 3 nm carbon coating
(denoted as LFP@C1) was synthesized as follows: LFP nanopowders
were dispersed in a mixed solvent of H2O and ethanol (H2O/EtOH =
2:1, v/v) under ultrasonication to make a suspension with the
concentration of 126.8 mM. Subsequently, 3-AP was added into the
suspension, which was kept stirring to reach a concentration of 13.1
mM. Next, a small amount of ammonia (NH3·H2O, 25%) was added
to the mixture to adjust the pH value in the range of 9−10. Finally, a
certain amount of formaldehyde solution (37 wt %% in H2O) was
added to make sure the mole ratio between 3-AP and formaldehyde
fixed at 1:1.4. The mixture was stirred continuously for ∼20 h under
room temperature, and the color of the mixture gradually turned from
light gray to deep yellow during the stirring period. The yellow
precipitates (denoted as LFP@3-AF) were collected by centrifugation,

Figure 4. (a) Cyclability of LFPC1-C4 at 1 C rate measured at 55 °C; (b) DSC profiles of pure LFP, LFP@C1, LFP@C2, LFP@C3, and LFP@C4.
Charged to 4.2 V.

Table 1. Fe Dissolution of LFP, LFP@C1−C4 after Storing
for 10 d at 55 °C (1 M LiPF6 in EC/DMC/DEC = 1:1:1)

pure LFP
(no coating)

LFP@
C1

(3 nm)

LFP@
C2

(5 nm)
LFP@C3
(8.5 nm)

LFP@C4
(16 nm)

Fe
dissolution
(ppm)

134 33.6 31.1 18.6 10.2
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washed three times with deionized water and once with alcohol, and
then dried at 80 °C in an electric oven for 5 h. The resulting sample
was heated in a quartz tube to 400 °C at a rate of 3 °C/min in Ar/H2

(95/5 in volume%) atmosphere, kept at this temperature for 2 h,
further heated to 700 °C with a heating rate of 5 °C/min, and kept at
this temperature for 15 h. The carbon content in LFP@C1 was
determined to be 1.3 wt %.
For the synthesis of LFP@C samples with ca. 5, 8.5, and 16 nm

(denoted as LFP@C2, LFP@C3, and LFP@C4, respectively), the
concentrations of the reactants were adjusted as follows: 56.3 mM LFP
and 14.1 mM 3-AP for LFP@C2, 70.4 mM LFP and 20.2 mM 3-AP
for LFP@C3, and 42.3 mM LFP and 20.2 mM 3-AP for LFP@C4.
The rest of the reaction conditions were the same as for sample LFP@
C1. The carbon content for LFP@C2, LFP@C3, and LFP@C4 are
5.6, 7.5, and 13.7 wt %, respectively.
An LFP-C sample was also synthesized for control experiment to

compare the influence of coated-carbon and mixed-carbon on the
performance of testing materials. The procedures were as follows: a
certain amount of 3-AP and formaldehyde was added to a mixed
solvent of H2O and ethanol (H2O/EtOH = 2:1 v/v) with the pH value
adjusted by ammonia to 9−10, and the mixture was kept stirring for 24
h. The obtained yellow 3-AF polymeric resin precipitates were
collected and rinsed with water by centrifugation and then dried at 80
°C. Afterward, 0.5 g (70.6 mM) of LFP was mixed with 0.1 g of 3-AF
precipitates totally under the same reaction conditions and heat
treatments as LFP@C1, C2, C3, and C4. The carbon content of LFP-
C sample was determined to be 5.8 wt %.
Characterization. The size and morphology of the LFP, LFP@3-

AF, and LFP@C samples were characterized using a JEOL 6701F
scanning electron microscope (SEM) operated at 10 kV. TEM and
HRTEM were carried out with a JEOL-2100F transmission electron
microscope. X-ray diffraction (XRD) data were collected with a
Shimadzu XRD-7000s diffractometer equipped with a Cu Kα radiation
(λ = 1.540 56 Å) in the range of 10−80°. Raman spectra were
obtained with an NTegra spectra system (NT-MDT). FT-IR spectra
were recorded in the range of 4000−400 cm−1 with Nicolet iN10 IR
microscope (Thermo Fisher Scientific). DSC analysis was performed
on a Mettler-Toledo DSC1 STARe system. The carbon content of the
final products was determined by an LECO CS-344 carbon/sulfur
analyzer.
Electrochemical Evaluation. Electrochemical measurements

were performed using CR2032 coin cells assembled in an argon-filled
glovebox with lithium metal as the counter and reference electrodes.
Charge and discharge measurements for the cells were carried out on a
Land CT2001A battery test system. Galvanostatic tests of the
assembled cells were carried out between 2.5 and 4.2 V. The cathodes
were prepared by mixing the active materials, super-P (SP), and
poly(vinyl difluoride) (PVDF, Aldrich) at a weight ratio of 80:10:10,
pasting on a pure Al foil (99.6%, Goodfellow) and cutting into circular
electrodes of 0.64 cm2 area. Celgard polypropylene membrane was
used as a separator. The electrolyte consisted of a solution of 1 M
LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl
carbonate (DEC) (1:1:1, in wt %) obtained from Guotai-Huarong
New Chemical Materials Co., Ltd. Electrochemical impedance spectra
(EIS) were performed on an electrochemistry workstation (Princeton
PARSTAT 2273).
Transition Metal Dissolution. The Fe dissolution measurement

was carried out according to a modified method.18,19 Typically, 500 mg
of LFP was stored in a closed vial containing 5 mL of electrolyte
solution under Ar atmosphere, and then the mixtures were moisture-
contaminated by 100 ppm of H2O. The solution was removed after 10
d of storage at 55 °C and then was put on a heating plate to totally
evaporate the organic electrolyte. A small amount of HNO3 was added
to the residue to dissolve the metal ion. Then the mixture was filtrated
to remove the insolubles, diluted to a certain volume (10 mL) by
distilled water, and finally analyzed by ICP (Model: ICPE-9000,
Shimadzu Corporation) for the presence of Fe.

4. CONCLUSION
In summary, the 3-AF resin had been successfully applied to the
synthesis of core−shell structures as LFP@C. A uniform and
conform carbon nanoshell could be accordingly formed with
the shell thickness precisely defined. Systematic investigation of
the surface-controlled LFP@C samples showed that the
performance of LFP was closely related to the surface
nanoshells, which could not only improve the rate-capability
and cyclabilty of the cathode material at a broad range of tested
temperatures but also contributed to tackling the safety issues
as revealed by the reduced iron dissolution and alleviated heat
release during cycling. Detailed investigations identify that a 5
nm carbon shell (corresponding to LFP@C2) is the optimal
coating thickness for LFP. Our results illustrated an effective
approach for the surface modification of polyanion-type
cathode materials and drew an explicit conclusion on an
optimized surface-coating condition for LFP sample.
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