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H I G H L I G H T S

• The FeP@C nanocages are fabricated by the self-template method.

• This Li/FeP@C battery presents high reversible capacity and long-term stability.

• The lithium storage mechanism is confirmed by advanced characterization techniques.
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A B S T R A C T

Till date, the lithium-ion battery still remains the principal and most widely studied rechargeable energy storage
device. However, drawbacks including insufficient rate and cycling performance are hindering its further de-
velopment. The aforementioned drawbacks can be attributed to the unstable interface and sluggish charge
storage kinetics of electrode materials. Hence, endowing electrode materials with stable interface and rapid ion/
electron diffusion kinetics are effective methods to solve these problems. Herein, by tuning the antihunt inter-
face, a high capacity self-adaptive FeP@C nanocages with fast kinetics are constructed through a self-template
method and an etching process. The obtained FeP@C nanocages show a high capacity (~900 mAh g−1 at
0.2 A g−1) and superior rate performance (532 mAh g−1 at 10 A g−1). Impressively, a stable capacity of
680 mAh g−1 is maintained even after a long-term cycling of 800 times at 0.5 A g−1. Moreover, the fast kinetics
and lithium storage mechanism are confirmed by quantitative analysis and ex-situ synchrotron high energy X-ray
diffractions (HEXRD).

1. Introduction

Presently, electricity is one of the most important forms of energy
supply in the world [1]. As a carrier of electrical energy, electro-
chemical energy storage device has become an integral component for
efficient use of electrical energy and tremendously improve the
equipment performance [2,3]. Li-ion batteries and capacitors are re-
garded as promising candidates for advanced energy storage as the
former possesses the advantage of high energy density while the latter
is recognized for its high power performance [4–6]. Compromising the
energy density of batteries to achieve high power density or vice-versa
in capacitors would result in energy storage systems with insufficient
charge-storage mechanisms for emerging fast charging technology and
endurance capability of electric devices [7,8]. However, for an

exceptional electro-storage device, implementing high capacity and fast
charge transfer at the same time is of vital significance. Taking the
advantages of batteries and capacitors into account, grafting the fast
charge transfer of capacitors to endow battery materials with fast ki-
netics is an effective way to solve the problem. This will incorporate the
effects of both capacitors and batteries and subtly marry the fast ki-
netics and high capacity via a surface-level and near surface dominated
reversible Faradaic reactions, equipping storage devices with high ca-
pacity and superior rate performance [9–11].

The fast kinetics in lithium-ion batteries is mainly dependent on the
surface and interface of electrode materials during the charge storage
process, which is tightly connected with the particle size of the mate-
rial, reactive sites, stability, ion–electron transmission properties and
special field effects [12–18]. Accordingly, many efforts have been
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devoted to exploring effective strategies, such as the synthesis of stable
insertion-type electrode materials, the introduction of graphene and
carbon nanotubes to form highly conductive composites, and the con-
struction of ordered micro-nanoarrays to improve the material's kinetics
[19–23]. Up to now, the typical lithium-ion battery materials with fast
kinetics which are described as pseudocapacitive behaviors including
Li4Ti5O12, Nb2O5 and TiO2 have been reported [24–26]. However, the
capacitance contributions in these reported materials are mainly rea-
lized in form of conventional insertion-type lithium-ion battery elec-
trode materials, which usually have the insuperable defect of low
electrochemical capacity. In our understanding, conversion-type li-
thium-ion battery electrode materials such as sulfides, transition metal
oxides and phosphides etc. can provide high electrochemical capacity
[27–30]. However, they usually suffer from the unstable interface, poor
electronic and ion conductivity, which causes sluggish kinetics. Due to
the typical interface effects, a surface-dominated process demonstrates
the characteristics of ultra-stability and reversibility [31–34]. Thus,
endowing the conversion-type lithium-ion battery electrode materials
with antihunt surface and interface to realize fast reaction kinetics will
be attractive.

In this work, we fabricated a porous-rich FeP@C nanocages com-
posed of an inner rough-surface FeP nanoparticle, intermediate cushion
space, and the outer mesoporous carbon. By thermal treatment and
surface-etching process, the as-synthesized FeP@C nanocages possess
high surface area, boosting the number of reactive sites to transfer the
electrons and ions. Moreover, the typical intermediate cushion spaces
create a resistant electrochemical environment to accommodate the
drastic pulverization of inner FeP nanoparticle during lithiation and
delithiation, while the outer mesoporous carbon supports the formation
of a stable SEI layer. Benefiting from the fine design of the structure, the
assembled Li/FeP@C half battery presents high reversible capacity
(~900 mAh g−1 at 0.2 A g−1) and long-term stability with
~680 mAh g−1 at 0.5 A g−1 over 800 cycles. The conversion reaction
was confirmed by ex-situ synchrotron HEXRD, and the fast kinetics were
proved via quantitative analysis. All these enhancements and evidences
demonstrate that the conversion-type FeP@C lithium-ion battery ma-
terial with fast reaction kinetics was constructed successfully. This work
brings up a promising method to make battery materials possess high
energy density and power density simultaneously.

2. Experimental section

2.1. Synthesis of precursor Fe2O3 nanocubes

Fe2O3 nanocubes were synthesized via a simple precipitation
method following the reported work [35]. Typically, 50 mL 2.0 M FeCl3
solution was made, and followed by adding the other 50 mL 5.4 M
NaOH solution. After stirring for 30 min at 75 °C, the resultant colloidal
solution was transferred into 100 mL stainless steel autoclaves lined
with Teflon and kept for 5 days at 100 °C. The acquired products were
washed with ethanol and deionized water for several times. Finally, the
uniform Fe2O3 nanocubes were obtained after dring overnight under
vacuum at 60 °C.

2.2. Synthesis of FeP@C nanocages

In a typical synthesis, 10 mL deionized water was mixed with 70 mL
ethyl alcohol, then 200 mg Fe2O3 nanocubes were dispersed in the
mixed solution. After continuous ultrasonic stirring in water bath for
10 min, 3 mL NH3·H2O was added under stirring. Then 100 mg re-
sorcinol was dissolved in the above solution and stirred for another
10 min, followed by adding 140 µL formalin and stirring for 2 h. After
washing several times with deionized water and ethanol, the red
Fe2O3@PFR (Phenol formaldehyde resin) nanocubes were collected.
The Fe3O4@C nanocubes were synthesized by annealing the Fe2O3@
PFR nanocubes at 550 °C for 4 h in N2, the heating rate is 2 °C/min. The

calcined products were dispersed in 1 M HCl solution and maintained
for different time intervals to obtain the Fe3O4@C nanocages.
Respectively, the FeP@C-0 without this process and FeP@C-30 for
30 min. Finally, the FeP@C-30 nanocages were obtained after phos-
phating Fe3O4@C nanocages at 500 °C for 4 h. The B-FeP nanocubes
were fabricated by directly phosphating the Fe3O4 nanocubes with
same procedure. The preparation of FeP@C-0 nanocubes is same as
FeP@C nanocages just without the etching process by HCl.

2.3. Material characterization

The synchrotron HEXRD patterns were collected at 11-ID-C beam-
line (Advanced Photon Source), Argonne National Laboratory
(λ = 0.11725 Å). The morphology was characterized by field-emission
scanning electron microscopy (FESEM, JEOL-7100F, 20 kV), transmis-
sion electron microscopy (TEM) and high-resolution TEM (HR-TEM, FEI
TECNAI G2 F20). EDS elementary mappings analyses were collected by
TEM-outfitted facility. BET surface areas analysis were performed with
a Tristar II 3020 instrument. Raman spectra were collected with a
Renishaw INVIA micro-Raman spectroscopy system.
Thermogravimetric analysis (TGA) was measured with a Netzsch si-
multaneous analyzer (STA 449 F5). Electrical conductivities were
measured using a ULVAC-RIKO ZEM-3 instrument system at room
temperature.

2.4. Electrochemical characterization

Using Li metal foil as anode, the electrochemical performance was
collected in CR2016-type coin cells. With the weight ratio (active ma-
terial: acetylene black: binder (CMC) = 80:15:5), the obtained slurry
was coated on Cu foil and dried overnight at 80 °C in vacuum. The
working electrode was prepared as small discs with a diameter of 1 cm.
The mass loading of active materials was ~1.0 mg cm−2. Electrolyte is
1 M LiPF6 in mixed solution (DMC (dimethyl carbonate): EC (ethylene
carbonate) = 1:1, vol%). Galvanostatic charge/discharge measurement
was performed with a LAND CT2001A. Cycling voltammetry (CV) was
conducted with a CHI 1000C electrochemical workstation.
Electrochemical impedance spectroscopy (EIS) was performed using an
Autolab potentiostat galvanostat (PGSTAT302N).

3. Results and discussion

From the vivid description of the formation process shown in
Fig. 1a, a unique self-template method was used to synthesize the
FeP@C nanocages. First, the uniform Fe2O3 nanocubes (average size is
200 nm, Fig. S1a) were synthesized via a simple hydrothermal process,
serving as the precursor and template. Second, through ammonia as-
sistance in alkaline atmosphere, a polymer layer (PRF) is assembled on
the surface of Fe2O3 nanocubes via the in-situ polymerization of for-
maldehyde solution and resorcinol to form the Fe2O3@PRF (Fig. S1b).
Subsequently, the Fe2O3@PRF were treated to an annealing process at
500 °C in N2 atmosphere to carbonize the PRF and form Fe3O4@C na-
nocubes (Fig. S1c). The X-ray diffraction (XRD) patterns in Fig. S2
obviously demonstrate that the pure phases of the desired materials
were acquired, matching well with the standard patterns (No. JCPDS:
01-087-1165 for Fe2O3 nanocubes, No. JCPDS: 01-076-0956 for Fe3O4

nanocubes and Fe3O4@C nanocages). Next, the Fe3O4@C nanocages
were subjected to an etching treatment to create a cushion space be-
tween the inner Fe3O4 core and the carbon shell. Typically, the inner
Fe3O4 core becomes smaller and the surface roughens as the etching
treatment proceeding, increasing the cushion space. In this work, the
Fe3O4@C nanocages with optimum cushion space are obtained with an
etching time of 30 min (Fig. S1d). After phosphating with sodium hy-
pophosphite under N2 atmosphere, the FeP@C nanocages are success-
fully synthesized.

To demonstrate clearly the advantages of FeP@C nanocages, B-FeP
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(bare FeP) and FeP@C-0 were also fabricated. The former does not have
both a carbon shell and a cushion space while the latter possesses only a
carbon shell. Fig. 1 demonstrates the structural characterization and
morphology of these three samples in detail. As depicted in the FESEM
image (Fig. 1b), the FeP nanocubes possess a monodisperse morphology
with average sizes of 300 nm. Compared with the Fe3O4 nanocubes, a
rough surface is obtained after the phosphorization of Fe3O4 to FeP.
This anion-exchange process is expected to generate many pores and
interval spaces in FeP. This was further confirmed from the TEM images
(Fig. 1e), which also fully agree with observations in other iron-based
materials [36,37]. After carbon coating on the rough FeP to obtain the
FeP@C-0 nanocubes, the surface became smooth with core–shell like
structure (Fig. 1c, f). It is obvious that there is almost no gap between
the outer carbon shell and inner FeP core. Next, the SEM and TEM of
FeP@C-30 were studied (Fig. 1d, g). The images clearly show that the
nanocages are composed of three parts, namely: the inner pore-rich and
rough-surface FeP nanoparticle with an average size of 200 nm, ap-
propriate intermediate cushion space (~60 nm), and the outer carbon
layer of ~20 nm (Fig. S3). Furthermore, the HR-TEM images display
parallel lattice fringes with d-spacing of 1.88 and 2.59 Å, corresponding
to FeP (2 1 1) and (2 0 0) crystalline plane, respectively (Fig. 1h-j).
Moreover, the elemental analysis of the samples was confirmed by EDS
elemental mapping. The corresponding EDS mappings demonstrate that
the elemental distributions of Fe and P match well with the structures
(Fig. 1k-m). The SEM and TEM results indicate that the FeP@C nano-
cages have been fabricated successfully through the unique self-tem-
plate method and a controlled etching process.

Fig. 2a displays the synchrotron HEXRD patterns of the three sam-
ples. All the diffraction peaks of B-FeP nanocubes, FeP@C-0 nanocubes
and FeP@C-30 nanocages match well with each crystalline plane of the

pure FeP (No. JCPDS: 65-2595). As shown in Fig. 2b, the pure FeP
possesses an orthorhombic crystal structure (the lattice constants:
a = 5.187 Å, b = 3.059 Å, and c = 5.793 Å). In Fig. 2c, the three
samples exhibit a type IV isotherm and display a reversible adsorption.
This clearly shows that they are mesoporous materials. The B-FeP
possesses a specific surface area of 18.79 m2 g−1, while the inclusion of
the carbon coating in FeP@C-0 results in an improved specific surface
area of 74.23 m2 g−1. As is expected, the FeP@C-30 presents the
highest BET surface area of 148.23 m2 g−1 due to the carbon coating
and cushion space (~8.2 times that of B-FeP and 2 times that of FeP@C-
0). In Fig. S4, the pore size distribution of B-FeP is relatively discrete in
the range from 1.7 nm to 15 nm while the pore size of FeP@C-0 is
mainly localized at ~2.4 nm. Interestingly, the pore size of FeP@C-30 is
localized at ~2.2 and ~19.7 nm, further verifying the mesoporous
feature of the carbon layer and the formation of cushion space. The pore
structures can also be demonstrated by the TEM images in Fig. 1g. The
boosted surface areas and enlarged pore volumes would endow the
FeP@C-30 nanocages with more contact interfaces and channels for
electrons and ions transmission. Raman spectra of FeP@C-0 and
FeP@C-30 were measured to confirm the features of their carbon shells
(Fig. 2d). Two apparent peaks which are localized at 1340 cm−1 D-
band and 1590 cm−1 G-band can be obtained for the FeP@C-0 nano-
cubes and FeP@C-30 nanocages, respectively. TGA is also measured to
determine the carbon content of these samples in air atmosphere. The
slight weight loss occurring between 350 and 500 °C can be ascribed to
the oxidation of carbon while latter gain in weight after 500 °C is due to
the oxidation of FeP to Fe2O3 and P2O5. Via quantitative calculation,
the carbon content in FeP@C-0 nanocubes and FeP@C-30 nanocages
are assessed to be 7.2% and 18.9 wt%, respectively. Moreover, the
FeP@C-30 nanocages exhibits the highest electrical conductivity of

Fig. 1. Schematic illustration of the construction of FeP@C nanocages. (a) FESEM, TEM, HRTEM, HAADF images and EDS elementary mappings of B-FeP nanocubes
(b, e, h, k); FeP@C-0 nanocubes (c, f, i, l) and (d, g, j, m) for FeP@C nanocages, respectively.
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~1.02 S m−1 in comparison with B-FeP (4.2 × 10−3 S m−1) and
FeP@C-0 (0.98 S m−1), which would be advantageous for the reversible
transfer of electrons and ions during electrochemical reactions.

To investigate the electrochemical performance for lithium-ion
storage, button type-cells are fabricated using the synthesized materials
as working electrode. The CV curves of the first three cycles of FeP@C-
30 are shown in Fig. 3a and the comparative samples’ (FeP@C-0 and
FeP) are displayed in Fig. S5. The curves exhibit similar peak shapes
apart from the formation of SEI layer in the first discharge process,
revealing that the electrochemical reactions are mainly dominated by
the FeP phase. In the subsequent cycles, the FeP@C-30 nanocages and
the FeP@C-0 nanocubes present stable performances whereas the B-FeP
undergo an obvious decay (Fig. S5a) attributed to the drastic pulver-
ization of the structure. The charge/discharge curves for the 1st, 5th
and 10th cycles tested at 0.2 A g−1 in a voltage range from 0.1 to 3 V
(vs. Li/Li+) are displayed in Figs. 3b and S6, respectively, and they
show marked variations. The FeP@C-30 nanocages realize the highest
capacity with excellent retention. By contrast, the B-FeP shows a low
specific capacity and rapid capacity fading while the FeP@C-0 gains
some improvements in capacity and cycling stability. The cycling per-
formance of FeP@C and corresponding Fe3O4@C is also compared as
shown in Fig. S7. It can be seen that the cycling stability of FeP@C is far
superior to that of Fe3O4@C. The best electrochemical performance
observed in the FeP@C-30 is because of the large specific area and
stable nanocage structure. Next, the galvanostatic intermittent titration
technique (GITT) measurement was performed to investigate the the-
oretical specific capacity of these samples. The FeP@C-30 nanocages
display the highest capacity (Fig. S8). The high capacity
(~900 mAh g−1) at a moderate voltage (1.1 V vs. Li/Li+) enables the
FeP@C-30 nanocages to be safely applied to high energy storage de-
vices (Fig. 3c). As can be observed in Fig. 3d, the FeP@C-30 nanocages
possess the best rate performance, with the highest average capacities
of 900, 786, 681, 633, 568 and 532 mAh g−1 at current densities of 0.2,
0.5, 1, 2, 5 and 10 A g−1, respectively. When the current density drops
back to 0.2 A g−1, the specific capacity correspondingly returns to near
900 mAh g−1. The charge/discharge curves in the rate performance are
displayed in Fig. S9. The rate performance of the three samples is

shown in Fig. 3d, e. In contrast to the drastic decay in capacities of B-
FeP and FeP@C-0 with the increasing current density, the FeP@C-30
displays a more gradual change and reveals the superior reversibility
and fast kinetics of the constructed FeP@C-30 nanocages under high
current densities. To further investigate its reversibility and fast ki-
netics, the galvanostatic current discharge (GCD) measurement was
applied (Fig. 3f), confirming that the discharge processes exhibit a ty-
pical battery behavior. The constructed FeP@C-30 nanocages possess a
capacity of 900 mAh g−1 within 180 min at 0.2 A g−1. When the
current density rises to 1 and 10 A g−1, the discharge time shorten to 63
and 15 min respectively. Impressively, the capacities at 1 and 10 A g−1

are 681 (75.7% retention) and 532 mAh g−1 (59.1% retention), ex-
hibiting a superior rate performance and huge potential for the fast
charging technology.

Disturbances were added during the rate test to ascertain the sta-
bility of electrode. It can be observed in Fig. 3g that irrespective of the
changes in the current density, once it recovered, the capacity can reach
the initial level during the two repetitions within the 200 cycles. The
increase of capacity is exhibited in Fig. 3h. The discharge capacity and
charge capacity are respectively increased 86.1 mAh g−1 and
84.3 mAh g−1 at 10 A g−1, indicating an impressive stability and re-
versibility. The improvement of electric property was also confirmed by
CV analysis and EIS after 200 cycles. As shown in Fig. S10, the slight
enlargement of the CV area explains the increase in capacity. Both the
interfacial layer resistance (Rsuf) and charge transfer resistance (Rct)
appear and display small semi-circles, indicating a stable SEI layer and
low Rct of the electrode. The long-term cycling performance is displayed
in Fig. 3i and the FeP@C-30 can obtain an initial capacity of
806 mAh g−1 at 0.5 A g−1. After a transient activation process, the
electrode can stably keep cycling and a 680 mAh g−1 (84.5% retention)
was maintained for more than 800 cycles, demonstrating a superior
stability. As shown in Fig. S11, compared with other typical iron-based
battery materials, the FeP@C nanocages exhibit superior rate perfor-
mance (532 mAh g−1 at 10 A g−1) and excellent cycling stability even
up to 800 cycles. In contrast, after carbon coating, the FeP@C-0 gains a
capacity of 630 mAh g−1; however, the capacity decreases continuously
within 120 cycles. This decay is as a result of the absence of the cushion

Fig. 2. Detailed structural information of B-FeP, FeP@C-0 and FeP@C-30. (a) Synchrotron HEXRD patterns; (b) crystal structure of FeP; (c) Nitrogen adsorption/
desorption isotherms; (d) Raman spectra; (e) TGA curves; (f) The electrical conductivities of B-FeP, FeP@C-0 and FeP@C-30.
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space to relief the volume change of active FeP and form the stable
interface. The B-FeP undergoes a rapid capacity decay, which is mainly
attributed to the severe volume changes and the corrosion from the
electrolyte in the absence of protected layer.

To further investigate the electrochemical process of FeP@C-30
nanocages electrode, the ex-situ synchrotron HEXRD patterns were de-
monstrated to evaluate the phase evolution of the FeP@C-30 nanocages
during the discharge and charge process in the half-cells (Fig. 4a,b). The
data points of ex-situ synchrotron HEXRD patterns were obtained in the
first cycle at 0.1 A g−1 at a 2θ range from 2.0 to 5.0°. During the dis-
charge process to 0.01 V, the diffraction peaks matching with the FeP
phase are gradually weakened. Instead, the iron crystal (Fe) phase may
appear at the same time while the (1 1 0) and (2 0 0) crystal planes at
3.3° and 4.9° increase gradually. In the following charge process to 1.5
and 3 V, the Fe peaks weaken quickly, indicating a reversible conver-
sion type reaction. The TEM of FeP@C after recharge to 3 V is shown in
Fig. S12. The TEM image displays parallel lattice fringes with d-spacing
of 0.241 nm, corresponding to FeP (1 1 1) crystalline plane. This result
further demonstrates the reversibility of FeP. The related reactions
could be described as follows:

+ + → +
+ −FeP Li e Fe Li PDischarge process: 3 3 3

+ → + +
+ −Fe Li P FeP Li eCharge process: 3 33

To further comprehend the greatly enhanced cyclic stability and fast

Fig. 3. (a) CV curves of FeP@C nanocages for the first three cycles at the scan rate of 0.2 mV s−1; (b) Charge/discharge curves for the 1st, 5th and 10th cycles at
0.2 A g−1; (c) Comparison of specific capacity related to voltage for typical materials; (d)Rate performance of B-FeP, FeP@C-0, FeP@C-30 and the corresponding 3D
column view (e); (f) The GCD of FeP@C-30 nanocages at 0.2, 1 and 10 A g−1; (g) Repeated rate test of FeP@C-30 nanocages with the disturbance adding; (h) The
corresponding charge/discharge curves; (i) Cycling performance of B-FeP, FeP@C-0 and FeP@C-30 at 0.5 A g−1.

Fig. 4. Charge/discharge curves of FeP@C nanocages at 0.1 A g−1 (a) and (b)
the corresponding ex-situ synchrotron HEXRD patterns.
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kinetics, detailed quantitative analysis via CV technique measurements
was performed. As exhibited in Fig. 5a–c, the CV curves display similar
peak positions with slight shifts to high potential with the scan rate
increasing from 0.2 to 1 mV s−1, which is the typical feature of the
battery materials. Notably, under the same voltage range, the FeP@C-
30 nanocages electrode obtained the highest current values and CV
areas, which indicates the enhancement of capacity. Here, a generally
accepted power-law equation relationship [38] with peak current (i)
and scan rate (v)

=i avb (1)

is adopted to quantify the reaction behaviors of B-FeP, FeP@C-0 and
FeP@C-30 electrode. In this formula, a is a constant and the b-value is
an estimate of the type of charge transfer of the material. The b-value

can vary from 0.5 to 1; the b-value of 0.5 signifies that the process is
dominated by diffusion-controlled while the b-value approaching 1
means that the process is the surface-controlled and almost without
diffusion resistance. As presented in Fig. 5f, the b-values of FeP@C-30
electrode in the oxidation and reduction are 0.791 and 0.959 respec-
tively, indicating the redox reactions are mainly dominated by the fast
surface process. Lower b-values of the other two samples (Fig. 5d, e)
revealed that the reaction in B-FeP electrode was limited by the diffu-
sion process, while the FeP@C-0 exhibited a combined process of sur-
face behavior and diffusion behavior but mainly controlled by the
surface behavior. The diffusion resistances were also investigated by
EIS in Fig. S13. All the three Nyquist plots display similar semi-circles of
charge transfer impedance. Obviously, the FeP@C-30 electrode has the
minimum resistance, exhibiting fast Rct and the lowest energy barrier.

Fig. 5. Quantitative analysis to confirm the kinetics of B-FeP, FeP@C-0 and FeP@C-30. (a–c) CV curves at different scan rates; (d–f) Calculated b-value for the
oxidation (peak 1) and reduction (peak 2); (g–i) The separated region of surface process (red) and diffusion process (blue) contribution at 1 mV s−1; (j) Surface
process contributions at different scan rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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The FeP@C-0 has a lower Rct compared to B-FeP, which may be caused
by the improvement in conductivity after carbon coating. Based on the
EIS results, the Li-ion diffusion coefficients (D) were calculated using
the equations [39]:

= + +
−Z R R σwre ctΩ

1/2 (2)

=D R T A n F C σ/22 2 2 4 4 2 2 (3)

where σ is Warburg factor and can be calculated. Obviously, the smaller
σ is, the higher D will be. The slopes (σ) of B-FeP, FeP@C-0 and FeP@C-
30 electrodes are 64.59, 53.32 and 48.02 respectively, indicating that
the FeP@C-30 has the fastest charge transfer and lowest diffusion
barrier. The regions of surface process (k1v) and diffusion process (k2v1/
2) contributions are determined through the following equation [40]:

= +i k v k v1 2
1/2 (4)

As can be observed in Fig. 5g–i, at the scan rate of 1 mV s−1, the
FeP@C-30 electrode enables the most surface process contribution of
83.9% which is much higher than that of B-FeP (56.8%) and FeP@C-0
(69.9%) electrode. The surface process contribution of these samples is
shown in Fig. 5j. As the scan rate increases, the contribution value also
increases. The contribution of FeP@C-30 nanocage electrode is the
highest, exhibiting the fast charge transfer property of the constructed
nanocage structure.

The structure evolution during the electrochemical process is dis-
played in Fig. 6 and demonstrated by the ex-situ SEM images in Fig. S14.
For the B-FeP, due to the absence of a protective layer, the drastic
volume expansion leads to the easy destruction of the structure which
exposes the active particles to be corroded by the electrolyte. This
causes them to fall off from the electrode within 10 cycles and makes it
difficult to form the stable SEI, which also explains the continuous
capacity fading in Fig. 3i. Even though the FeP@C-0 gains an im-
provement in capacity after the carbon layer coating, the capacity
fading still exists owing to the lack of cushion space to buffer the severe
volume change. The volume expansion causes a strain on the carbon
layer, resulting in the ultimate failure of the structure. Many broken
carbon sheets can be clearly seen on the surface of FeP cores after 50
cycles in Fig. S14b, indicating the failure of the core–shell structure.
Benefiting from the unique nanocages design, the FeP@C-30 nanocages
not only possess the antihunt carbon layer to form the stable interface,
but the sufficient cushion space can greatly buffer the expansion stress
from the inner active FeP yolk, thus confining the structure well. The
structure is well maintained even after 200 cycles as shown in Fig. S14c.

4. Conclusion

In summary, the self-adaptive FeP@C nanocages have been suc-
cessfully fabricated using the self-template method and a surface
etching process. This novel nanocage structure boosts the lithium-ion
storage properties by improving the ion/electron transfer kinetics and
stability of the active materials. As anode material for lithium-ion
battery, the FeP@C nanocages present fast kinetics, high reversible
capacity (~900 mAh g−1 at 0.2 A g−1) and long-term stability with
~680 mAh g−1 over 800 cycles at 0.5 A g−1. Quantitative analysis and
stability testing further confirm the fast kinetics and the stable feature
of this structure. This work brings up a promising method to endow the
sluggish electrode materials with stable structures and enable them
with high energy density and rate performance simultaneously.
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