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ABSTRACT: Red phosphorus (RP) has attracted great attention
as a potential candidate for anode materials of high-energy
density sodium-ion batteries (NIBs) due to its high theoretical
capacity, appropriate working voltage, and natural abundance.
However, the low electrical conductance and huge volumetric
variation during the sodiation−desodiation process, causing poor
rate performance and cyclability, have limited the practical
application of RP in NIBs. Herein, we report a rational strategy to
resolve these issues by encapsulating nanoscaled RP into
conductive and networked carbon nanocages (denoted as RP@
CNCs) using a combination of a phosphorus-amine based method and evacuation-filling process. The large interior cavities
volume of CNCs and controllable solution-based method enable the ultrahigh RP loading amount (85.3 wt %) in the RP@
CNC composite. Benefiting from the synergic effects of the interior cavities and conductive network, which afford high
structure stability and rapid electron transport, the RP@CNC composite presents a high systematic capacity of 1363 mA h g−1

at a current density of 100 mA g−1 after 150 cycles, favorable high-rate capability, and splendid long-cycling performance with
capacity retention over 80% after 1300 cycles at 5000 mA g−1. This prototypical design promises an efficient solution to
maximize RP loading as well as to boost the electrochemical performance of RP-based anodes.
KEYWORDS: red phosphorus, carbon nanocages, high loading ratio, high systematic capacity, sodium-ion battery

Among the advanced battery technologies in the era of
post-lithium-ion batteries, sodium-ion batteries (NIBs)
have been recognized as priority alternatives to store

clean energy due to their merits of low cost and abundance.1−3

Currently, a wide range of cathodes have been reported for
NIBs; nevertheless, development of viable anode materials is
still the main scientific challenge for a competitive NIB
technology.4−6 Red phosphorus (RP) has emerged as a
potential anode material for NIB because it is abundant,
commercially available, and has much higher theoretical
capacity (2595 mA h g−1 with Na3P) than all the available
anode materials for NIBs at present.7−11 Nevertheless, the
practical application of RP as an anode material for NIBs is still
impeded by its poor electrical conductivity (∼10−4 S cm−1)
and huge volume variation (>490%) during the sodiation−
desodiation process, which causes limited rate and cycling
performance.7,8

To tackle these barriers, an efficient strategy is to integrate
RP with carbon-based conductive matrixes7,8,12−31 (e.g., super
P carbon,7 carbon black,8 graphene,12−19 carbon nano-

tubes,20−23 porous carbon,24−27 and so forth28−31). It was
reported that these carbon materials could synergistically boost
the electronic conductivity and accommodate the volume
variation of RP. For example, Liu et al. designed and
synthesized equidistributed honeycomb-like hierarchical mi-
cromesoporous carbon nanospheres (HHPCNSs) with high
pore volume to load RP. The large pore volume provided
sufficient void space for the expansion of RP and the
honeycomb-like carbon network offer high electronic con-
ductivity for RP, thus giving the HHPCNSs/P composite high
capacity, splendid rate performance, and excellent cycling
stability.27 In general, ball-milling is a facile and effective

Received: January 31, 2021
Accepted: March 11, 2021
Published: March 15, 2021

A
rtic

le

www.acsnano.org

© 2021 American Chemical Society
5679

https://dx.doi.org/10.1021/acsnano.1c00924
ACS Nano 2021, 15, 5679−5688

D
ow

nl
oa

de
d 

vi
a 

FU
D

A
N

 U
N

IV
 o

n 
Ja

nu
ar

y 
14

, 2
02

3 
at

 1
4:

40
:1

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weili+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingyu+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunlong+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueyi+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuebin+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c00924&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00924?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00924?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00924?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00924?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00924?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.1c00924?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


method to fabricate RP−carbon anodes by hybridizing RP with
carbon-based matrixes,7,8,12,21 in which the RP contents in the
RP−carbon hybrids are easy to control and a high mass ratio of
70 wt % RP is usually employed.7,8,12,21 However, simply
mixing RP with carbon matrixes via ball-milling inevitably
triggers nonuniform particle size and limited contact between
carbon-based matrixes and RP, which cannot efficiently buffer
the huge volume variation, or suppress the agglomeration and
detachment of RP during the cycling. As a result, the long-term
stability still remain an issue for ball-milled RP−carbon
anodes.9,11,14

Another conventional method for the preparation of RP−
carbon anodes is vaporization−-condensation, which can
attach RP on carbon materials and endow RP anodes with
enhanced reactivity and electronic conductivity. This vapor-
ization−condensation strategy has been demonstrated to
effectively improve the long-term cycling stabil -
ity.13,16,19,20,23,25−27,30 Liu et al. prepared red-phosphorus-
impregnated carbon nanofibers and demonstrated the
encapsulation strategy to effectively boost the electrochemical
property, delivering ∼1850 mA h g−1 over 500 cycles at 0.1 A
g−1 and >1000 mA h g−1 over 5000 cycles at 1 A g−1.30

Nevertheless, for the vaporization−condensation technique,
the distribution and loading amount of RP in the carbonaceous
matrixes are uncontrollable.9,14

Recently, our group developed a phosphorus−amine-based
method to realize uniform distribution and controllable
loading amount of nanoscale RP (NRP) on the reduced
graphene oxide (rGO).19 The obtained NRP−rGO composite
with optimal loading radio (56.3 wt %) exhibited excellent

electrochemical performance including high reversible capacity
and stable long-term cyclability. However, with the increase of
the loading ratio of NRP, the ultrafine NRP overlapped and
aggregated on the rGO, which cannot sustain the volume
variation over the discharge/charge process, causing fast
capacity decay. Therefore, there is a crucial requirement to
develop advanced carbon host structures which can ensure a
high RP loading amount and simultaneously encapsulate RP
within them to effectively withstand the volumetric variation of
RP during cycling.
In recent years, carbon nanocages (CNCs) as one branch of

carbon-based materials with increasing attraction have become
a multifunctional and advanced energy storage platform, owing
to their large surface area, big interior cavities with abundant
subnanometer microchannels across the shells, as well as the
available hierarchical porous architecture and high conductiv-
ity.32−39 These characteristics, especially the big interior
cavities and conductive networks, enable the CNCs to be
ideal hosts for RP encapsulation, which may afford high RP
loading, rapid electron transport, and enough volume
expansion accommodation. In this work, based on the results
of first theoretical simulations, which reveal that the micro-
pores with edges in CNCs favor the nucleation and growth of
Pn clusters by micropore trapping of [ethylenediamine-Pn]

−

(denoted as [EN-Pn]
−), followed by the spontaneous

deethylenediamine, nanoscaled RP was successfully encapsu-
lated into conductive and networked CNCs (denoted as RP@
CNCs) through a combination of a facile phosphorus−amine
based method and evacuation-filling process. The optimal
RP@CNC composite possesses an ultrahigh RP loading

Figure 1. Configurations and corresponding calculated bonding energy of P atom on graphitic layer (a) with and (b) without a micropore.
Configurations and corresponding calculated bonding energy of (c) P4 and (d) P8 cluster on graphitic layer with a micropore during the
growth process of Pn cluster. In the models, the carbon (C), hydrogen (H), and phosphorus (P) elements are displayed as spheres in brown,
light pink, and hot pink, respectively. (e) Schematic drawing for the synthesis of RP@CNC composite.
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amount of 85.3 wt % and simultaneously displays impressive
sodium storage performance, including high specific capacity of
1363 mA h g−1 at a current density of 100 mA g−1 over 150
cycles, superior high-rate capability, and stable long cyclic life
with capacity of 610 mA h g−1 after 1300 cycles at 5000 mA
g−1.

RESULTS AND DISCUSSION

It has been revealed that the CNCs have many micropores and
the micropores with edges are favorable for trapping
anions.36,39 These abundant micropores across the shells of
CNCs may facilitate the infiltration of RP-EN complex
solution as well as trapping [EN-Pn]

− anions. We first studied
the effect of micropores on the nucleation and growth of Pn

clusters using P, P4, P8, and the graphitic layer with or without
a micropore as model compounds by first-principles
calculations (Figure 1a−d). For the CNCs, the P is nucleated
in the micropore with an adsorption energy of −0.78 eV,
higher than −0.66 eV for the case of carbon layer without
micropore (Figure 1a,b). When the P in the micropore is
growing up to P4 and P8, respectively, the binding energies are
−0.35 and −0.40 eV, respectively (Figure 1c,d). These results
indicate that the micropores of CNCs are more favorable for
the nucleation and growth of Pn clusters. Therefore, the Pn

clusters would nucleate at the micropore sites and gradually

grew from around to center in the interior cavities, which are
beneficial to the loading of RP with high ratio.
On the basis of the above-mentioned prediction, the RP@

CNC composite was synthesized through a combination of a
facile phosphorus−amine-based method and evacuation-filling
process, using CNCs with micropores as the hosts. The
synthetic process is schematically illustrated in Figure 1e. The
connected CNCs with interior cavities were prepared by a
chemical vapor deposition method using MgO as templates,
according to the previous work.34−36 After the removal of
MgO templates, the connected CNCs were filled with RP−EN
complex solution (Figure S1a) through subnanometer micro-
channels across the shells under the condition of evacuation
and ultrasonication.40,41 Then RP particles precipitated from
the RP−EN complex solution (Figure S1b) with the addition
of deionized water. After removing the solvents, RP particles
were finally encapsulated in CNCs. To realize the maximum
loading of RP, the processes were repeated for several times.
We first examined the morphology and detailed micro-

structure of the CNCs using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
shown in Figure 2a and Figure S2a,b, the obtained CNCs
present sheetlike morphology with porous surface. The size of
the nanosheets is several microns, and the thickness is 30−40
nm (Figure S2a,b). In the nanosheets, abundant hollow
interior cavities (10−30 nm) surrounded by thin low

Figure 2. (a) SEM, (b) TEM, and (c) HRTEM images of CNCs; (d) SEM, (e) TEM, and (f) HRTEM images of RP@CNC composite. (g)
Dark-field STEM image and corresponding elemental mapping. (h) EDS spectrum for RP@CNCs composite.
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graphitized carbon shells are interconnected with each other
(Figure 2b,c and Figure S3a,b), forming a conductive network.
The interior cavities contribute to the high dispersion of RP
particles and accommodate the volume change during cycling.
The nitrogen absorption−desorption isotherm (Figure 3a,b)
shows that the CNCs possess a large specific surface area
(1146 m2 g−1) and a high pore volume (2.695 cm3 g−1) with a
mean pore diameter of ∼15 nm, which guarantee the high
loading ratio of RP. The peak at ca. 2 nm is originated from the
microchannels across the low graphitized carbon shells,
confirming the unsealed feature around the big interior cavities
(Figure 3b), which are beneficial to the nucleation of Pn

clusters and the infiltration of solution. In addition, this
architecture is also beneficial to the structural stability, e.g.,
refraining the CNCs from agglomerate or restack together due
to the intrinsic van der Waals interaction.42

The obtained RP@CNC composite keeps the layered
structure without exposed agglomeration of RP on the surface
(Figure 2d and Figure S2c,d). The TEM and high-resolution
TEM (HRTEM) images of RP@CNCs reveal that the hollow
interior cavities in the CNCs are partially filled, attributed to
the RP encapsulation (Figure 2e,f and Figure S3c,d). The
Brunauer−Emmett−Teller (BET) specific surface area drop-
ped to 13.1 m2 g−1 and the pore volume decreased to 0.049
cm3 g−1 (Figure 3a, b), confirming that the RP was successfully

entrapped in the interior cavities. The related elemental
mapping of carbon and phosphorus further demonstrate the
homogeneous distribution of RP in the CNCs (Figure 2g).
The energy dispersive X-ray spectroscopy (EDS) spectrum of
the RP@CNC composite shows a strong P peak and a weak C
peak (Figure 2h), giving a high phosphorus content of 83.6 wt
%. The existence of O in the EDS spectrum is due to the
oxidation of the composite during measurement, which results
in a slight decrease of phosphorus content. The content of RP
in the RP@CNC composite was determined to be 85.3 wt %
by the thermogravimetric analysis (TGA) (Figure 3c), which is
higher than that of any other RP−carbon composite as an
anode for NIBs reported so far (Figure 3d).7,8,12−29

Parts a and b of Figure S4 display the X-ray diffraction
(XRD) patterns and Raman spectra of the CNC and RP@
CNC composite. The broad peak at 2θ ≈ 25° in the XRD
pattern for CNCs is related to low graphitized carbonaceous
materials (Figure S4a),25,26 consistent with the result of its
Raman spectrum (Figure S4b). After encapsulating RP into the
CNCs, the RP@CNC composite shows almost no character-
istic peaks of RP in the XRD pattern and Raman spectrum
(Figure S4a,b), primarily due to the downsizing of RP
encapsulated in interior cavities between 10 and 30 nm and
its amorphous state when nanoconfined in CNCs. All of the
results including SEM, TEM, XRD, and Raman confirmed the

Figure 3. (a) N2 adsorption/desorption isotherms and (b) pore size distribution plots of CNCs and RP@CNCs. (c) TGA curves of CNCs
and RP@CNCs. (d) Comparison of RP loading in several RP-based composites reported recently for NIBs. (e) FTIR spectra of the CNCs
and the RP@CNC composite. High-resolution (f) C 1s and (g) P 2p spectra of the RP@CNC composite.
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fact that RP was mostly encapsulated in the interior cavities
with the minor RP layer deposited on the external surface of
CNCs. To examine the detailed form of RP in the RP@CNC
composite, Fourier transform-infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) measurements
were performed. Figure 3e presents the FTIR characteristic
peak of the RP@CNC composite at 991, 1151, and 1053 cm−1,
respectively, corresponding to the P−C,43,44 PO, and P−O
bonds.43 Additionally, the characteristic peaks of CC (1550
cm−1) and C−H (1400 cm−1) confirm the existence of
CNCs.45 The XPS results give similar conclusions. The C 1s
spectra in Figure 3f was fitted with typical bonds of O−CO
(288.4 eV), CO (286.4 eV), CC/C−C (284.6 eV) from
CNCs and chemical bond of C−P (283.6 eV) between RP and
CNCs,16 which suggested lots of oxygen-containing functional
groups and abundant defects in the CNCs. These active sites
and edges are favorable for the nucleation and growth of Pn
clusters (Figure 1a−d). The high oxygen content of CNCs,
which indicates a large amount of active sites and edges, can
restrain the aggregation of RP and guarantee a great quantity of
ultrasmall RP nanoparticles to be evenly confined, thus
improving the electrochemical property of the RP@CNC
composite effectively.20 Figure 3g shows the P 2p spectra,
which were fitted into four peaks at 133.6, 131.2, 130.2, and
129.4 eV, confirming the existence of P−O, P−C, 2p1/2 P−P,

and 2p3/2 P−P bonds.46−48 The presence of C−P or P−C
bonds is consistent with the first-principles calculations in
Figure 1a−d.
The RP@CNC composite was then evaluated as an anode

material in a half-cell of NIBs. Figure 4a presents the cyclic
voltammetry (CV) curves of the first seven cycles at a sweep
rate of 0.1 mV s−1 in the voltage range of 0.01−2.0 V versus
Na+/Na. It can be seen that different from the subsequent
cathodic scans, the first cathodic scan curve has two reduction
peaks. The peak at about 1.14 V corresponds to the irreversible
decomposition of electrolyte to generate solid electrolyte
interphase (SEI) films,26,49 and another peak at ∼0.19 V is
originated from the sodiation of RP to produce NaxP
compounds, acting as an activation process.25 Subsequently,
the peak position progressively moves toward a higher voltage
(∼0.21 V) during the following cathodic scans, indicating the
decreased polarization. In the reversed anodic scans, it can be
observed that three oxidative peaks are centered at 0.58, 0.72,
and 0.93 V, respectively, revealing the stepwise desodiation
process.7,8,20 For the subsequent series of anodic−cathodic
scans, the peak positions and peak areas remain stable after the
activation of the first cathodic scan, indicating stable cyclability
and high reversibility of the RP@CNC anode. As a
comparison, the CV of CNCs was also measured to investigate
the influence of CNCs on the RP@CNC composite (Figure

Figure 4. Electrochemical properties of the RP@CNC composite. (a) CV profiles of the RP@CNC composite at a scan rate of 0.1 mV s−1.
(b) GDC profiles and (c) cyclic performance of the RP@CNC composite anode in the voltage range from 0.1 to 2.0 V at 100 mA g−1. (d)
Rate capability at various current densities (100−5000 mA g−1) and (e) long-term cyclic property at 5000 mA g−1 for 1300 cycles of the
RP@CNC composite electrode. (f) Cycling performance of the RP@CNC electrode compared with some reported RP-based NIB anodes
(the number in parentheses for every electrode is the number of cycles).
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S5a). The results show that the curves of CNCs have only one
reduction peak in the region of 1.0−1.5 V during first cathodic
scan, which is related to the generation of insoluble SEI
film.26,49 Similar results are shown in the galvanostatic charge−
discharge (GDC) profiles of CNCs (Figure S5b), which
presents only one voltage plateau in the first discharge curve.
The ultralarge SEI film area, which contributes to the large
irreversible loss of capacity, should be associated with the
overlarge specific surface area of CNCs. However, it disappears
in the RP@CNC composite (Figure 4a,b), which is due to the
occupation of RP in the micropore of CNCs, thus reducing the
specific surface area (Figure 3a,b). The GDC profiles of the
RP@CNC electrode at 100 mA g−1 are shown in Figure 4b,
which show typical features of RP electrodes and consistent
results with CV. The discharge plateaus below 0.5 V are the
characteristic of the sodiation. In the charge profiles, there are
three potential plateaus centered at around 0.5, 0.7, and 0.9 V,
respectively, which resulted from the stepwise desodiation
process. From the second cycle to 150th cycle, the GDC
profiles are almost overlapped with decreasing polarization,
implying the outstanding reversibility and excellent stability of
RP@CNC electrode.
Thereafter, the cycling ability and rate performance of RP@

CNC electrode are elucidated. Notably, the specific capacities
are calculated according to the mass of the RP@CNC
composite. As shown in Figure 4c, the RP@CNC composite
presents a reversible capacity of 1414 mA h g−1 in the first
cycle and an initial Coulombic efficiency (ICE) of 67.5%. The
irreversible loss of capacity during the first discharge/charge
process is primarily resulted from the formation of SEI film and
low ICE (about 13%) of the CNCs (Figures S5b and S7a).
After 150 cycles, the RP@CNC composite still maintains a
high reversible capacity of 1363 mA h g−1, indicating its
outstanding cyclic stability. From the 10th cycle, the
Coulombic efficiency almost stabilizes at 97%, indicating the

high reversibility of the RP@CNC composite. The lower
Coulombic efficiency at low current density in Figure 4c is
attributed to the fact that the RP@CNC composite reacts with
sodium more fully at low current density, which leads to more
severe pulverization, thus resulting in poor reversibility.51 In
addition, the RP@CNC anode also exhibits a splendid high-
rate capability as shown in Figure 4d and Figure S6b. When
increasing the current density to 500, 1000, and 2000 mA g−1,
high discharge capacities of 1100, 980, and 840 mA h g−1 can
be delivered. Even when the current density is as high as 5000
mA g−1, the RP@CNC anode can still show a high reversible
capacity of 750 mA h g−1. The GDC voltage profiles present
very small potential hysteresis between discharge and charge
curves in the RP@CNC anode, and the potential hysteresis is
not obvious even under the high current density of 5000 mA
g−1, indicating the fast electrochemical kinetics of RP hosted in
the CNCs. Figure S7a,b shows the sodium storage perform-
ance of CNCs, which shows a reversible capacity of only ∼150
mA h g−1 at 100 mA g−1 and negligible capacity at higher
current density. The fast electrochemical kinetics of RP@
CNCs is also demonstrated by the electrochemical impedance
spectroscopy (EIS) analysis (Figure S8 and insert). The
impedance plot comprises one semicircle at high-frequency,
which is associated with the charge transfer resistance (Rct) and
impedance of Na-ion transport through the SEI film (RSEI) and
one sloping line at low frequency that corresponds to the
diffusion of Na ion.49 The data obtained from the equivalent
circuit (Table S1) reveal that the Rct and RSEI of the RP@CNC
electrode are 32.4 and 5.6 Ω, respectively. The favorable
kinetics properties of RP@CNCs are associated with the high
specific surface area and conductive carbon network.
Long-term cyclability is of vital importance to the practical

application of NIBs. To determine the good cyclic stability, the
RP@CNC composite was measured at a high current density
of 5000 mA g−1 (Figure 4e). A high reversible capacity of 610

Figure 5. Kinetics analysis of RP@CNC composite for NIBs. (a) CV profiles at variety of scan rates, (b) relationship between log (peak
current) and log (scan rate), (c) capacitive and diffusion contribution separated at a scan rate of 0.2 mV s−1, and (d) capacitive contribution
ratio at different scan rates.
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mA h g−1 is delivered over 1300 loops with a high capacity
retention of ∼80%, displaying a Coulombic efficiency stabilized
at approximately 100% during the long-term period. The
undulant capacity curves are due to the temperature
fluctuation during testing.23 These data confirm that the
RP@CNC electrode is very competitive in capacity output as
well as cycling stability. As compared with that of some
previously reported RP based anodes (Figure 4f and Table
S2),7,8,12−31,49,50 the RP@CNC electrode delivers outstanding
electrochemical performance for NIBs.
To interpret the high-rate capability of the RP@CNC

composite, CV measurement at various sweep rates was
performed to analysis the kinetics (Figure 5). Similar shapes
are held with sweep rates increasing from 0.05 to 0.8 mV s−1,
and accordingly, the current intensity increases (Figure 5a).
The equation i = avb can be used to evaluate the charge-storage
mechanism, where b can be adjusted from 0.5 to 1.0 and
calculated by fitting the slope of log(v) vs log(i). Correspond-
ingly, a diffusion-controlled process is represented with a b
value close to 0.5, while a capacitive-controlled behavior is
indicated with a b value close to 1.52,53 From Figure 5b, the b
value of 0.73 can be quantified for anodic peak, suggesting the
combination of the diffusion and capacitive controlled
processes. Capacitive and diffusion contribution can be
separated and quantified at a certain scan rate based on the
equation i = k1v + k2v

1/2. For example, the capacitive
contribution is quantified to be 59% at a scan rate of 0.2 mV
s−1, as shown in Figure 5c. The relative capacitive
contributions at other scan rates of 0.05, 0.1, 0.4, and 0.8
mV s−1 are also determined to be 44%, 51%, 71%, and 90%,
respectively (Figure 5d). The high capacitive contribution is
indicative of faster kinetics reaction, thus leading to superior
rate capability of RP@CNC anode.

The outstanding sodium storage properties of RP@CNCs
can result from the porous and sheetlike structure, in which the
amorphous RP is encapsulated in conductive and networked
CNCs (Figure 6a). Specifically, the excellent electrical
conductivity of the composite rendered by the conductive
network feature of the carbon scaffold facilitates an efficient RP
electrochemical utilization and fast reaction kinetics. The
excellent electrical conductivity rendered by the conductive
CNCs has been demonstrated by the DFT calculations. In the
DFT calculations, the absorption and charge density
distribution mainly result from the interface between RP and
CNC; therefore, the bulk graphitic surface that is more
relevant to the CNCs was simplified as a single graphene layer.
As shown in Figure 6b,c, the interface between RP and carbon
layers is the charge-accumulating regions, whereas the RP slab
is the charge depletion regions, which suggest that the electric
field directed from carbon layer to RP can be established. In
addition, the interior cavities surrounded by thin low
graphitized carbon shells serve as highly efficient mini-
electrochemical nanoreactors and buffer the huge volume
variation during cycling (Figure 6a),40 thus guaranteeing
excellent cycling stability. The fine accommodation of RP
inside the CNCs hosts was demonstrated by the well-preserved
original CNCs structure after 1000 cycles (Figure 6d), and the
homogeneous distribution of RP within the CNCs hosts after
the long-term cycles (Figure 6e). In addition, there are no
characteristic peaks of RP in the XRD pattern of RP@CNCs
after undergoing 1000 cycles (Figure S9), further demonstrat-
ing the good confinement of RP inside the CNCs hosts
without exposed agglomeration of RP on the surface after
cycling.

Figure 6. (a) Schematic diagram of electrochemically integrated circuit around the active mass and accommodation of volume expansion
during sodiation process. DFT calculation showing (b) adsorption configuration of RP on graphitic layer, (c) charge density difference map
of RP@CNC system, nudy blue and yellow regions represent the isosurfaces of electron depletion and accumulation, respectively. (d) TEM
image and (e) elemental maps (C, P) for the RP@CNC anode cycled at 5000 mA g−1 after 1000 cycles.
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CONCLUSION
In summary, we have designed and fabricated a RP@CNC
composite by encapsulating RP nanoparticles into the
conductive and networked CNCs via a combination of a
phosphorus-amine based method and evacuation-filling proc-
ess. The controllable solution-based method and high surface
CNC hosts not only ensure an ultrahigh RP loading amount of
85.3 wt % and effective RP utilization with a high reversible
capacity of 1363 mA h g−1 after 150 cycles at 100 mA g−1 but
also render excellent cycling stability within 1300 cycles with a
very low capacity deterioration rate of 0.015% per cycle and
high rate property (750 mA h g−1 at 5000 mA g−1). The
prepared RP based anode material has a broad prospect in the
next-generation NIBs.

MATERIALS AND METHODS
Synthesis of RP@CNCs. The RP@CNC composite was obtained

through the phosphorus-amine based method. On the basis of our
previous work,19 the RP-EN precursor solution was formed by adding
400 mg of commercial RP (Afla Aesar, 99%) into 20 mL of EN
(Sigma, 99.5%) under stirring at 100 °C for 72 h. Then the RP-EN
precursor solution was injected into 50 mg CNCs, synthesized
according to the previous work,34 under the conditions of evacuation
and ultrasonication. With the addition of the deionized water into the
above solution under the conditions of evacuation and ultra-
sonication, RP particles precipitated from the solution and
encapsulated in the CNCs. To enhance the loading of RP, this
process was repeated several times. Finally, the product was filtrated,
rinsed, and freeze-dried. Detailed information about the material
characterization, computational methods, and electrochemical meas-
urements is supplied in the Supporting Information.
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