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1. Introduction

The ever-increasing demand for renewable 
energy storage and concerns about pollu-
tion caused by burning of fossil fuels is 
spurring rapid development of advanced 
energy storage technologies.[1] Recharge-
able batteries and supercapacitors (SCs) 
are the two main electrochemical energy 
storage systems.[2] Although SCs can 
deliver high power and long lifetime, 
they suffer from low energy density, and 
batteries can generally deliver a high 
energy density but at the expense of low 
power density and poor long-term cycling 
stability. To boost the energy density of 
SCs without compromising the high 
power or cycle life, hybrid capacitors such 
as lithium-ion capacitors (LICs), which 
combine lithium-ion battery-type anodes 
and capacitor-type cathodes in a Li-salt-
containing organic electrolyte, have been 
proposed.[3,4] Compared to LIBs, sodium-

ion capacitors (SICs) are more economical because sodium 
(Na) is more abundant than Li.[5] However, the design of high-
performance anode materials with fast Na-ion reaction kinetics, 
high capacity, and good cycling is more challenging due to the 
larger ionic radius of Na+ (1.02 Å) compared to Li+ (0.67 Å).[6]

Metallic tin (Sn) has been explored as high capacity 
anode materials in LIBs due to the high theoretical capacity 
(997 mA h g−1 in the form of Li4.4Sn).[7] Nevertheless, the large 
volume change of Sn during alloying/dealloying causes severe 
pulverization and an unstable solid electrolyte interphase (SEI) 
film resulting in quick capacity fading.[8] To overcome these 
hurdles, yolk–shell Sn@C nanostructures have been designed 
for LIBs anodes.[9] In the yolk–shell Sn@C structure, the inner 
void can accommodate Sn expansion whereas the outer carbon 
shell prevents agglomeration of active Sn and maintains the 
stability of the SEI films during cycling. Moreover, the carbon 
shell improves the conductivity throughout the electrode and 
accelerates the electrochemical kinetics. Therefore, yolk–shell 
Sn@C nanoboxes have been demonstrated to deliver good 
Li-ion storage performance in terms of large capacity, high 
rate capability, and long cycle life. However, the yolk–shell 
Sn@C nanoparticles are not suitable for efficient Na-ion 
storage because of the poor conductivity of the in-situ formed 

Sodium-ion capacitors (SICs) are emerging energy storage devices with high 
energy, high power, and durable life. Sn is a promising anode material for 
lithium storage, but the poor conductivity of the a-NaSn phase upon sodaition 
hinders its implementation in SICs. Herein, a superior Sn-based anode material 
consisting of plum pudding-like Co2P/Sn yolk encapsulated with nitrogen-
doped carbon nanobox (Co2P/Sn@NC) for high-performance SICs is reported. 
The 8–10 nm metallic nanoparticles produced in situ are uniformly dispersed 
in the amorphous Sn matrix serving as conductive fillers to facilitate electron 
transfer in spite of the formation of electrically resistive a-NaSn phase during 
cycling. Meanwhile, the carbon shell buffers the large expansion of active Sn 
and provides a stable electrode–electrolyte interface. Owing to these merits, 
the yolk–shell Co2P/Sn@NC demonstrates a large capacity of 394 mA h g−1 at 
100 mA g−1, high rate capability of 168 mA h g−1 at 5000 mA g−1, and excellent 
cyclability with 87% capacity retention after 10 000 cycles. By integrating the 
Co2P/Sn@NC anode with a peanut shell-derived carbon cathode in the SIC, 
high energy densities of 112.3 and 43.7 Wh kg−1 at power densities of 100 and 
10 000 W kg−1 are achieved.

X. C. Ren, Z. G. Ren, Dr. Q. W. Li, X. F. Li, Y. Chen, L. Xie, L. Zhang,  
Prof. K. F. Huo
Wuhan National Laboratory for Optoelectronics (WNLO)
Huazhong University of Science and Technology
Luoyu Road 1037, Wuhan 430074, China
E-mail: kfhuo@hust.edu.cn
Dr. W. Wen, Dr. D. M. Zhu
Shanghai Synchrotron Radiation Facility
Shanghai Advanced Research Institute
Chinese Academy of Sciences
Shanghai 201204, China
E-mail: zhudaming@sinap.ac.cn
Dr. B. Gao
The State Key Laboratory of Refractories and Metallurgy
Institute of Advanced Materials and Nanotechnology
Wuhan University of Science and Technology
Wuhan 430081, China
Dr. B. Gao, Prof. P. K. Chu
Department of Physics and Department of Materials Science  
and Engineering
City University of Hong Kong
Tat Chee Avenue, Kowloon, Hong Kong 990077, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.201900091.

Sodium-Ion Capacitors

Adv. Energy Mater. 2019, 9, 1900091



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900091 (2 of 10)

electrically resistive Na-Sn phase during sodiation process that 
is approximately eight orders of magnitude worse than that of 
metallic Sn.[10] As schematically shown in Figure 1a, the much 
larger electrical resistivity of Sn during sodiation invariably 
hampers electron transport in the Sn yolk and compromises 
the battery, resulting in poor rate capability, low electrochemical 
utilization, and rapid capacity decay. In this context, if small 
metallic nanoparticles (NPs) are uniformly embedded in the 
Sn yolk and then dispersed in the electrically resistive Na-Sn 
phase to form a plum pudding-like structure during cycling, a 
high-conductivity can be maintained in the yolk during cycling 
because the metallic NPs as conductive fillers facilitate elec-
tron transfer via the field-assisted tunneling effect (Figure 1b). 
The plum pudding-like metal NPs/Sn yolk encapsulated with 
carbon shell is expected to produce fast electron transport and 
ion diffusion during the sodiating/desodiating process, and the 
much improved electrochemical performance of Na-ion storage 
could be achieved. However, owing to the low melting point of 
Sn (232 °C) and the tendency of melting at a high temperature, 
the metal NPs/Sn composites always suffer from phase sepa-
ration and aggregation of conductive NPs and Sn (Figure 1c), 
resulting in compromised electrical conductivity and Na storage 
performance. Based on these considerations, the yolk–shell 
Sn-based nanostructures schematically illustrated in Figure 1b 
are desirable for efficient Na-ion storage; however, controlled 
synthesis of metallic NPs/Sn@C nanoboxes in which the plum 

pudding-like metallic NPs are less than 10 nm and uniformly 
embedded in Sn on the nanoscale with a suitable filler fraction 
has not been reported so far.

Herein, we report a novel strategy to controllably synthesize 
the yolk–shell Co2P/Sn@ N-doped carbon shell (Co2P/Sn@NC) 
consisting of the plum pudding-like Co2P/Sn yolk and NC shell 
nanobox as high-power and long cycle-life anode materials in 
SICs. The Co2P/Sn@NC nanoboxes are prepared by thermally 
phosphating polydopamine (PDA) coated hollow CoSn(OH)6 
nanocubes. During this process, the 8–10 nm metallic Co2P in 
situ produced are homogeneously dispersed in the amorphous 
Sn matrix to form the plum pudding-like Co2P/Sn yolk, which 
is encapsulated with the NC shell nanobox derived from the 
PDA coating, resulting in the formation of the yolk–shell Co2P/
Sn@NC nanobox. This unique structure has several remark-
able features pertaining to efficient Na-ion storage. First, the 
inner void arising from the hollow core of CoSn(OH)6 and 
elimination of hydrogen and oxygen can buffer the expansion 
of Co2P/Sn without breaking the outer carbon shell during 
cycling. Second, the 8–10 nm metallic Co2P NPs are uniformly 
embedded in the Sn yolk, which can also be converted into 
metal Co NPs and homogeneously dispersed in the electrically 
resistive Na-Sn phase during the sodiation process to facilitate 
electron transfer via the field-assisted tunneling effect during 
cycling.[11] Therefore, the homogeneous plum pudding-like 
Co2P/Sn@NC boasts high conductivity, structural stability, 
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Figure 1. Schematic illustration of the electrochemical process in the three yolk–shell nanobox: a) Yolk–shell Sn@C suffering from the much larger 
resistance due to electrically resistive a-NaSn during the sodiation process showing poor faradic reaction kinetics; b) Plum pudding-like conductive 
fillers/Sn@C in which the conductive fillers facilitate electron transfer in the yolk via the field-assisted tunneling effect to maintain the high conductivity 
during sodiation leading to fast Na-ion storage kinetics and utilization ratio; c) Nonuniformly distributed conductive fillers–Sn causing low conductivity 
and slow electron transfer in the yolk.
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cyclability, and rate capability during cycling. Additionally, Co2P 
also provides capacity for Na-ion storage during cycling. Third, 
the carbon nanobox shell not only improves the electrical 
conductivity throughout the electrode and prevents agglomera-
tion of active Sn but also provides stable electrode–electrolyte 
contact to stabilize the SEI during cycling. Benefiting from 
these merits and synergetic effects, the Co2P/Sn@NC electrode 
exhibits a large capacity of 394 mA h g−1 at 100 mA g−1, high 
rate capability of 168 mA h g−1 at 5 A g−1, as well as excellent 
cyclability with 87% capacity retention after over 10 000 cycles. 
All the capacities of Co2P/Sn@NC for Na-ion storage are 
based on the total mass of Co2P/Sn@NC, unless otherwise 
stated. By combining the Co2P/Sn@NC anode with a peanut 
shell-derived active carbon cathode, the SIC shows high energy 
densities of 112.3 Wh kg−1 at a power density of 100 W kg−1 and 
43.7 Wh kg−1 at 10 000 W kg−1 and excellent cycle stability with 
84% capacity retention after 10 000 cycles.

2. Results and Discussion

Figure 2a schematically illustrates the synthesis procedures of 
the yolk–shell Co2P/Sn@NC nanobox consisting of the plum 
pudding-like Sn/Co2P core encapsulated with a NC shell. The 
CoSn(OH)6 nanocubes as the precursor are synthesized hydro-
thermally,[12] and dopamine is used as the precursor of carbon 
shell, which can self-polymerize into PDA coating immobilized 
on CoSn(OH)6 with robust adhesion.[9a] The plum pudding-like 
Co2P/Sn@NC nanobox is prepared by thermally phosphating 
PDA-coated CoSn(OH)6 nanocube at 300 °C with NaH2PO2 as 
phosphorus source and then further annealing at 400 °C under 
H2/Ar. During this process, the CoSn(OH)6 core is reduced 
to produce the plum pudding-like Co2P/Sn in situ and at the 
same time, the PDA coating is carbonized into the NC shell 
yielding the yolk–shell Co2P/Sn@NC nanobox. The field-
emission scanning electron microscopy (FESEM, Figure S1, 
Supporting Information) and transmission electron micros-
copy (TEM) images (Figure 2b) reveal that the as-prepared 
CoSn(OH)6 possess a cubic structure with high uniformity 
and the size of CoSn(OH)6 is 200–250 nm. The TEM images 
in Figure 2b confirm the well-defined hollow core structure of 
the CoSn(OH)6 nanocubes. The corresponding X-ray diffraction 
(XRD) pattern is indexed to the standard CoSn(OH)6 (JCPDS 
No. 13-0356, Figure S2, Supporting Information).[12] The TEM 
images (Figure 2c and Figure S3a, Supporting Information) of 
the core–shell CoSn(OH)6@PDA reveal that the PDA coating 
covers the CoSn(OH)6 nanocubes and has a thickness of 
18 nm. After the thermal reaction, the product maintains the 
cubic morphology (Figure 2d,e) and more void appears due to 
the elimination of oxygen and hydrogen (Figure 2d). The core is 
confined inside the NC shell with inner void forming the yolk–
shell nanobox structure. The high-resolution TEM (HRTEM) 
image of the yolk (Figure 2f) shows that the 8–10 nm crystal-
line Co2P NPs are uniformly dispersed in the amorphous Sn 
matrix forming a plum pudding-like structure, and the thick-
ness of outer NC shell is about 14 nm (Figure S3b, Supporting 
Information). The presence of N in the NC shell is confirmed 
by X-ray photoelectron spectroscopy (XPS) (Figure S3c,d, Sup-
porting Information) and X-ray energy-dispersive spectrometer 

(EDS) results (Figure S4, Supporting Information). The N con-
tent is about 2.5 wt%. The N 1s XPS spectrum can be fitted into 
three peaks located at 398.5, 400.1, and 398.5 eV corresponding 
to the binding energy of pyridinic N, pyrrolic N, and graphitic 
N, respectively.[13b] The XPS spectrum of C 1s can be deconvo-
luted into three peaks. The main peak at 284.6 eV is assigned to 
the graphite-like C, and the small peaks at 285.5 and 286.7 eV 
are attributed to the CO and CNC bonds, respectively.[13b] 
The two Raman peaks at 1347 and 1585 cm−1 are assigned 
to the vibration modes of disordered graphite (D band) and 
E2g of crystalline graphite (G band), and the large ID/IG ratio 
(1.15) reflects the low graphitic degree of the carbon coating 
(Figure S3e, Supporting Information). The corresponding XRD 
pattern confirms the Co2P phase (JCPDS No. 32-0306) and 
no XRD patterns related to Sn and C are observed due to the 
amorphous feature. The EDS spectrum (Figure S4, Supporting 
Information) shows that the atomic ratio of Co and Sn is nearly 
1:1, and the Sn 3d fine XPS spectrum (Figure S5, Supporting 
Information) confirms that Sn is metallic Sn with zero valence. 
The uniform distribution of Co2P NPs in the Sn matrix is cor-
roborated by high-angle annular dark-field scanning TEM 
(HAADF-STEM) and elemental mapping (Figure 2h,i and 
Figure S6, Supporting Information). The overlapping elemental 
distributions of Co, P, Sn, C, and N suggest a uniform Co2P/
Sn yolk@NC-box-shell structure. The carbon concentration in 
the Co2P/Sn@NC is determined to be 23.4 wt% by thermo-
gravimetric analysis (TGA) as shown in Figure S7 (Supporting 
Information). The yolk–shell Co2P/Sn@NC nanobox is sim-
ilar to the nanostructure schematically depicted in Figure 1b 
and favorable to Na-ion storage. For comparison, Co2P/Sn 
without the NC shell is also prepared by thermally phosphating 
CoSn(OH)6 without the PDA coating under the same experi-
mental conditions. SEM and TEM images reveal that Co2P/Sn 
retains the cubic morphology (Figure S8a, Supporting Infor-
mation) and plum pudding-like Co2P/Sn structure (Figure 2f 
and Figure S8b–d, Supporting Information). However, when 
the thermal treatment temperature is increased to 500 °C, the 
cubic structure is broken and the two separated phases of Sn 
and Co2P can be identified (Figure S9, Supporting Informa-
tion). Although the cubic morphology could be retained with 
the NC shell via further thermal annealing under Ar/H2 at 
500 °C, the EDS mapping discloses nonuniform distributions 
of Sn and Co2P particles in the yolk (Figure S10, Supporting 
Information). XRD result (Figure S11, Supporting Information) 
reveals that the amorphous Sn is converted into the crystalline 
phase Sn (JCPDS No. 04-0673), resulting in the formation of an 
inhomogeneous mixture of crystalline Sn and Co2P particles. 
Such nanobox is denoted as Co2P-Sn@NC, which has a similar 
nanostructure schematically shown in Figure 1c.

Our results confirm that the plum pudding-like Co2P/Sn@
NC and nonuniformly distributed Co2P-Sn@NC can be con-
trollably synthesized by changing the second-step annealing 
temperature under H2/Ar after thermal phosphating of 
the CoSn(OH)6@PDA at 300 °C. To investigate the forma-
tion mechanism, the samples of the thermally phosphated 
CoSn(OH)6@PDA at 300 °C are analyzed. XPS and XRD 
(Figures S5 and S12, Supporting Information) reveal that the 
thermally phosphating product is composed of crystalline Co2P 
and amorphous SnOx, which are encapsulated by C shell. 

Adv. Energy Mater. 2019, 9, 1900091



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900091 (4 of 10)

During thermal annealing under H2/Ar at 400 °C, the amor-
phous SnOx is reduced to form liquid Sn because of the low 
melting point (232 °C). Due to the similar density of liquid 
Sn and Co2P (≈7 g cm−3), the Co2P NPs could homogeneously 
disperse in the molten Sn. After cooling, Sn solidifies to pro-
duce the plum pudding-like Co2P/Sn, which is encapsulated 
with the NC shell forming the Co2P/Sn@NC nanobox. The 
uniform distribution of Co2P NPs in Sn nanomatrix causes 
a restricted spatial dimension and sufficient internal strain 
to prevent crystallization of Sn;[14] therefore, the Sn in Co2P/
Sn@NC is amorphous, which is confirmed by TEM and XRD 
results (Figure 2f,g). However, if the annealing temperature is 
increased to 500 °C, SnOx is quickly reduced to form liquid Sn 

droplets, which are aggregated and pooled together resulting in 
the formation of large crystalline Sn and Co2P particles. As a 
result, the Sn phase with a high intensity in the XRD from the 
Co2P-Sn@NC sample is observed.

The electrochemical performances of the Co2P/Sn@NC and 
Co2P-Sn@NC electrodes are evaluated using half cells with the 
Na foil as the counter electrode. Figure 3a shows the first four 
cyclic voltammetry (CV) curves of the Co2P/Sn@NC electrode 
at a scanning rate of 0.2 mV s−1 between 0.001 and 3.0 V. In 
the first cycle, the broad reduction peak at 0.63 V in the dis-
charge process can be assigned to the overlying peaks com-
posed of the formation of a SEI film and reduction of Co2P to 
Co metal and Na3P. The sloping line below 0.5 V in the first 
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Figure 2. a) Schematic illustration of the preparation of the yolk–shell Co2P/Sn@NC nanobox. b–d) TEM images of CoSn(OH)6, CoSn(OH)6@PDA, 
and Co2P/Sn@NC nanobox. e) FESEM image of Co2P/Sn@NC. f) HRTEM image of the Co2P/Sn. g) XRD pattern and h) HAADF-STEM images 
and corresponding elemental maps of the Co2P/Sn@NC nanobox.
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sodiation process can be ascribed to the gradual sodiation reac-
tions of Sn to produce the final amorphous Na15Sn4.[15] During 
the anodic scan, the broad anodic peaks below 1.0 V stem from 
the stepwise desodiation reaction of Na15Sn4 to NaxSn interme-
diates and final Sn.[13] The anodic broad peak at 1.5 V arises 
from the reverse reaction of Co metal to form Co2P. The sodia-
tion and desolation process of Co2P/Sn@NC in the CV curve is 
supported by the ex situ XRD patterns in Figure 3b. After the 
first CV circle, the curves overlap demonstrating the excellent 
reversibility of the Co2P/Sn@NC for efficient Na+ storage. TEM 
images (Figure 3c,d) disclose that the microstructure and cubic 
morphology of Co2P/Sn@NC could be well-retained during 
cycles. Ex situ selected area electron diffraction (SAED), which 
could identify small and poor crystallinity phase of NaxSn, is 
performed to further confirm the reversible reaction of Sn and 
Co2P during cycling. The ex situ SAED pattern at discharging 
0.001 V (Figure 3c) displays a few obscure and broad lattice 
fringes with d-spacings of ≈0.29, 0.26, and 0.24 nm, corre-
sponding to amorphous Sn (JCPDS No. 04-0673), Na15Sn4 
(JCPDS No. 31-1327), and Na3P (JCPDS No. 74-1164) phases, 
respectively. The lattice fringes with a d-spacing of 0.19 nm can 
be indexed to crystalline Co (101) (JCPDS No. 05-0727). After 
charging to 3 V, the SAED pattern (Figure 3d) can be indexed 
to a mixture of Sn and Co2P further confirming the excellent 
reversibility of the Co2P/Sn@NC anode.

The electrochemical performances of Co2P/Sn@NC and 
Co2P-Sn@NC are compared to assess the structural advan-
tage of Co2P/Sn@NC for Na storage. The CV curves of 

Co2P/Sn@NC and Co2P-Sn@NC electrodes during second 
cycle are depicted in Figure 4a. The cathodic peaks of a, b, c, 
and d are assigned to the gradually alloying reaction of Sn to 
NaSn5, a-NaSn, Na9Sn4, and Na15Sn4, respectively.[13a] The 
anodic peaks of e, f, g, and h are attributed to the corresponding 
reverse reactions from Na15Sn4 to Na9Sn4, a-NaSn, NaSn5, and 
finally Sn.[13a] Compared to Co2P-Sn@NC electrode, the Co2P/
Sn@NC exhibits much stronger cathodic peaks at 0.34 V and 
anodic peaks at 0.66 and 0.79 V, which are related to the sodi-
ation reaction of a-NaSn phase to Na9Sn4 and desodiation of 
Na9Sn4 to a-NaSn and then to NaSn5, respectively. It has been 
shown that the resistivity of the Sn anode can increase by about 
eight orders of magnitude when metallic Sn is converted to the 
sodiated-Sn phase during the in situ sodiation process due to 
the presence of resistive Zintl ions (Sn4

4−, covalently bonded 
Sn clusters) in a-NaSn and the stress of a-NaSn.[10] The consid-
erably larger resistance of a-NaSn hinders electron transfer in 
the sodiated Sn (as schematically depicted in Figure 1a) giving 
rise to a low capacity and poor rate performance. Compared to 
Co2P-Sn@NC, Co2P/Sn@NC has improved overall conduc-
tivity due to the homogeneous distribution of metallic Co2P 
NPs in the Sn matrix, the Sn and a-NaSn phase thus exhib-
iting higher electrochemical utilization, thereby resulting in 
stronger anodic and cathodic peaks in CV and improved Na-
storage for the Co2P/Sn@NC electrode. To further investigate 
the different electrochemical properties of the Co2P/Sn@NC 
and Co2P-Sn@NC electrodes, electrochemical impedance spec-
troscopy (EIS) is performed at different charging/discharging 
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Figure 3. a) CV curves of the Co2P/Sn@NC electrode at a scanning rate of 0.2 mV s−1. b) Charge–discharge profiles and corresponding ex situ XRD 
patterns of the Co2P/Sn@NC electrode during the first cycle. Ex situ TEM images and SAED patterns of Co2P/Sn@NC at the c) discharged states of 
0.001 V and d) charged state of 3 V.
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stages (Figure S13, Supporting Information). The two com-
pressed semicircles observed at high and medium frequen-
cies are related to the resistance of the SEI film (RSEI) and the 
charge transfer resistance (Rct) of the electrodes, respectively.[16] 
The Co2P/Sn@NC electrode exhibits much lower Rct and Rs 
(Ohmic resistance) values than Co2P-Sn@NC during the whole 
charging/discharging process (Figure S13, Supporting Infor-
mation) due to the internal conductive networks enabled by the 
homogeneous plum pudding-like Co2P/Sn yolk. The Na+ diffu-
sion coefficient (DNa) is calculated to further explore the advan-
tage of the special structure of Co2P/a-Sn@NC for Na+ storage. 
DNa can be calculated from the plots in the low-frequency 
region of the EIS curve based on the following equations, 
DNa = R2T2/2n4F4σw

2A2C2 and Z  = R1 + σwω−1/2. In these two 
equations, R is the gas constant, T is the absolute temperature, 
n is the number of electrons per molecule during oxidization, 
F is Faraday’s constant, A is the surface area of the electrode, C 

is the Na+ concentration in the electrode material, Z is the real 
impedance (Z′), R1 is the resistance, σw is the Warburg coeffi-
cient, and ω is the angle frequency.[17] σw can be obtained from 
the slope of Z versus ω−1/2 in the Warburg region as shown 
in Figure 4b,c for the Co2P/Sn@NC and Co2P-Sn@NC elec-
trodes, respectively. The σw and DNa values of the Co2P/Sn@
NC and Co2P-Sn@NC electrodes at various potentials are pre-
sented in Table S1 (Supporting Information). The calculated 
DNa values of the Co2P/Sn@NC electrode are much larger than 
those of the Co2P-Sn@NC electrode at the various sodiation/
desodiation stages. Specifically, the DNa values of Co2P/Sn@NC 
are nearly 12 and 18 times higher than those of Co2P-Sn@NC 
at the discharging stage of 0.001 V and charging stage of 1 V, 
respectively. The enhanced Na+ diffusion coefficient of Co2P/
Sn@NC can be attributed to the homogeneous plum pudding-
like Co2P/Sn yolk, which can resist the large resistance ampli-
fication of Sn and facilitate fast ions/electrons diffusion. The 
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Figure 4. a) Comparison of the CV curves between the Co2P/Sn@NC and Co2P-Sn@NC electrodes at a scanning rate of 0.2 mV s−1 during second cycle. 
b,c) The plots of the real part of the impedance (Z′) as a function of the inverse square root of the angular frequency (ω−1/2) in the Warburg region in 
the first cycle for Co2P/Sn@NC and Co2P-Sn@NC. d,e) The HAADF-STEM and corresponding elemental maps of Co2P/Sn@NC and Co2P-Sn@NC 
charged at 3 V. f) Rate capability and g) cycling performance of the Co2P/Sn@NC and Co2P-Sn@NC electrodes. h) EIS results of Co2P/Sn@NC and 
Co2P-Sn@NC after the 1st and 100th cycle.
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morphological evolution of Co2P/Sn@NC and Co2P-Sn@NC 
during the cycling process is observed by HAADF-STEM and 
elemental mapping at 0.001 and 3.0 V. After charging and dis-
charging, Co2P/Sn@NC maintains the pristine plum pudding-
like Co2P/Sn@NC morphology without obvious change, and 
Co, Sn, P, C, and N uniformly distribute in the yolk (Figure 4d 
and Figure S14, Supporting Information). However, aggrega-
tion and nonuniformly distributed Sn, Co, and P elements are 
observed in the yolk (Figure 4e) confirming phase segregation 
of Sn and Co2P in Co2P-Sn@NC after charging to 3 V. The 
plum pudding-like Co2P/Sn@NC facilitates fast ion/electron 
diffusion and maintains structural stability during cycling, 
consequently enhances the electrochemical Na-ion storage 
properties in comparison with the nonuniformly distributed 
Co2P-Sn@NC.

The rate and cycle characteristics of the Co2P/Sn@NC 
and Co2P-Sn@NC electrodes are measured in the range of 
0.001–3 V. All the capacities are based on the total mass of 
Co2P/Sn@NC or Co2P-Sn@NC. As shown in Figure 4f, the 
Co2P/Sn@NC electrode has enhanced rate capability. As 
the current density is increased from 0.1 to 0.2, 0.5, 1, 2, and 
10 A g−1, the reversible capacity decreases from 394 to 336, 291, 
264, 233, and 147 mA h g−1, respectively. When the current den-
sity is returned to 0.1 A g−1, a reversible capacity of 336 mA h g−1 
is recovered, suggesting high reversibility. In contrast, the Co2P-
Sn@NC electrode shows lower capacity and poor rate character-
istics, especially at high current density due to the low reactivity 
of Sn and poor conductivity during sodiation/desodiation pro-
cesses caused by the inhomogeneously distributed conductive 
Co2P. The cycling performance of the Co2P/Sn@NC and Co2P-
Sn@NC electrodes is presented in Figure 4g. The Co2P/Sn@
NC delivers a high capacity of 168 mA h g−1 after 10 000 cycles 
at 5 A g−1 with a negligible capacity fading rate of 0.0012% per 
cycle and nearly 100% of coulombic efficiency (CE). However, 
the Co2P-Sn@NC electrode has a low specific capacity although 
it also shows good capacity retention. Table S2 (Supporting 
Information) lists the Na-ion storage properties of Sn or Sn alloy 
reported in the literatures. If we calculate the capacity of Co2P/
Sn@NC based on the mass loading of Sn, the Co2P/Sn@NC 
has better Na-ion storage properties in terms of the capacity, rate 
capability, and cycle stability. EIS is also performed on the Co2P/
Sn@NC and Co2P-Sn@NC electrodes after the 100th cycle. As 
shown in Figure 3h, the Co2P/Sn@NC electrode has similar Rct 
values after the 1st and 100th cycles but Rct of Co2P-Sn@NC 
increases after the 100th cycle suggesting the better cycle revers-
ibility of Co2P/Sn@NC electrode. As schematically shown in 
Figure 1b, the homogeneous plum pudding-like Co2P/Sn@NC 
can resist large resistance amplification of Sn during sodiation 
and facilitate electron transfer, thereby resulting in enhanced 
electrochemical Na-ion storage compared to the nonuniformly 
distributed Co2P-Sn@NC. To further reveal the role of NPs as 
conductive fillers in Sn anodes, we also prepared the yolk–shell 
Sn@NC nanobox without metallic Co2P NPs. The synthesis 
method is similar to the previous report,[9a] and dopamine is 
employed as the precursor of the carbon shell as the case in the 
synthesis of Co2P/Sn@NC. The synthesis details, morphology, 
structure, and composition characterizations of Sn@C box are 
provided in Figure S15 (Supporting Information). TEM obser-
vation reveals the yolk–shell Sn@C cubic nanobox with the 

size of 150–200 nm and the carbon shell of 17 nm, which are 
confirmed by the EDS mappings (Figure S15a,b, Supporting 
Information). The XRD pattern in Figure S15c (Supporting 
Information) is indexed to the tetragonal Sn (JCPDS No. 
04-0673), and the carbon shell is amorphous in accordance with 
the HRTEM results. The carbon content in Sn@C nanobox is 
about 23.4% based on TGA (Figure S15d, Supporting Informa-
tion). The cycling performances of the Sn@C and Co2P/Sn@
NC electrodes are presented in Figure S16a (Supporting Infor-
mation). The Sn@C exhibits a capacity of 31 mA h g−1 at 5 A g−1 
after 500 cycles, which is much lower than that of Co2P/Sn@
NC. Figure S16b (Supporting Information) depicts the rate per-
formances of Sn@C and Co2P/Sn@NC electrodes at different 
current densities. Although the Sn@C has higher capacity at  
0.1 A g−1 compared to Co2P/Sn@NC due to the higher Sn con-
tent, the Co2P/Sn@NC delivers much higher capacities at the 
higher current density, indicating the higher electrochemical 
utilization of Sn in Co2P/Sn@NC due to the enhanced con-
ductivity during cycling. The homogeneous plum pudding-like 
Co2P/Sn@NC can resist large resistance amplification of Sn 
to electrically resistive a-NaSn and facilitate electron transfer; 
therefore, Co2P/Sn@NC exhibits superior Na-ion storage prop-
erties compared with Co2P-Sn@NC and Sn@C electrodes.

To evaluate the commercial potential of Co2P/Sn@NC, a SIC 
is assembled by integrating the Co2P/Sn@NC anode with the 
peanut shell derived active carbon (PAC) cathode (Figure 5a). 
The electrolyte was composed of 1 m NaClO4 in a mixture of 
ethylene carbonate (EC), diethylene carbonate (DEC) with 5% 
fluoroethylene carbonate (FEC) as an additive. The electro-
chemical properties of the PAC electrode are determined in a 
half-cell in the potential range of 2.0–4.2 V (vs Na/Na+) before 
constructing the SIC (Figure S17, Supporting Information). 
Figure S17a (Supporting Information) shows the galvanostatic 
charge/discharge (GCD) profiles of the PAC electrode revealing 
a linear shape, indicating that the PAC electrode operates at 
an ideal electrochemical double-layer capacitance. The rate 
performance of the PAC is shown in Figure S17b (Supporting 
Information). The PAC cathode has large specific capacities of 
91 mA h g−1 at 0.1 A g−1 and 45 mA h g−1 at 10 A g−1. In addi-
tion, the PAC cathode delivers excellent cycling performance 
with 76% retention after 3300 cycles at 1 A g−1 (Figure S17c, 
Supporting Information).

Considering that the majority of the capacity of Co2P/Sn@
NC is contributed in the voltage range of 2–0.01 V (vs Na/Na+) 
for the anode and the potential range of the PAC electrode is 
2–4.2 V (vs Na/Na+), the operating voltage range of the SIC is 
set in the range of 0–4 V to avoid the risk of electrolyte decom-
position. As shown in Figure S18 (Supporting Information), 
the optimal mass ratio between the anode and cathode mate-
rials is determined to be 1:3.5 based on the capacity balance 
to achieve highest energy and power density. Figure 5b shows 
the GCD profiles of the SIC at current densities between 0.2 
and 2 A g−1. During the charging process, Na+ reacts rapidly 
with the Co2P/Sn@NC anode and ClO4

− adsorbs on the sur-
face of the PAC cathode. Discharging is the reverse process of 
charging. The cycle performance of the Co2P/a-Sn@NC//PAC 
device is investigated at a current density of 2 A g−1 (Figure 5c). 
The SIC device shows excellent capacity retention of ≈84% after 
10 000 cycles with a coulombic efficiency of ≈100%. Figure 5d 
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presents the Ragone plot showing the trade-off between the 
energy and power densities in the assembled SIC. The SIC 
delivers a high energy density of 112.3 Wh kg−1 at a power den-
sity of 100 W kg−1 based on the total mass of both the anode and 
cathode electrodes. At a high power density of 10 000 W kg−1, it 
still delivers a high energy density of 43.7 Wh kg−1. The Ragone 
plots of other state-of-the-art SICs such as TiO2@CNT@C//
BAC,[6a] MWTOG//AC,[18] NiCo2O4//AC,[19] and V2O5/CNT//
AC devices[20] are listed in Figure 5d, and the Co2P/a-Sn@NC//
PAC device with promising energy-power delivery outperforms 
most of these reported SICs.

3. Conclusion

Yolk-like nanoboxes consisting of the plum pudding-like Co2P/
Sn yolk and NC shell are designed and fabricated controllably 
as superior anode materials for SICs. Owing to the homoge-
neous distribution of metallic NPs in the Sn matrix, the Co2P/
Sn@NC maintains the high conductivity to facilitate electron 
transfer during cycling via the internal conductive network 
of plum pudding-like metal NPs in spite of the formation of 
electrically resistive a-NaSn phase during sodiation process. 
In combination with the NC nanobox shell, the Co2P/Sn@NC 
composite exhibits a large capacity and fast electrochemical 
kinetics. Electrochemical measurements reveal that the Co2P/
Sn@NC anode has a high specific capacity of 394 mA h g−1 at 
100 mA g−1 and 87% capacity retention after 10 000 cycles at 
5 A g−1. The high-performance SIC assembled with the Co2P/
Sn@NC anode and peanut shell-derived active carbon cathode 

exhibits high energy densities of 112.3 Wh kg−1 at a power den-
sity of 100 W kg−1 and 43.7 Wh kg−1 at 10 000 W kg−1 as well 
as excellent cycle stability with 84% capacity retention after 
10 000 cycles. The results provide insights into the design of 
electrode materials with high energy and power densities for 
next-generation SICs.

4. Experimental Section
Synthesis of Yolk–Shell Co2P/Sn@NC, Sn@NC, and Co2P-Sn@NC  

Nanobox: The CoSn(OH)6 nanocubes were synthesized with a large yield 
by a modified method.[12] Briefly, 15 mL of ethanol containing 3 mmol 
SnCl4 was added to 105 mL of an aqueous solution containing 3 mmol 
CoCl2 and 3 mmol sodium citrate under stirring. 15 mL of 2 m NaOH 
were added dropwise to the above solution at room temperature. After 
stirring for 1 h, 60 mL of 8 m NaOH was added to the solution and 
stirred for 15 min. The pink precipitate was harvested by centrifugation 
and dried in an oven at 60 °C overnight. To prepare the yolk–shell 
CoSn(OH)6@PDA, 100 mg of the CoSn(OH)6 nanocubes were 
dispersed in a solution containing 50 mL of deionized water and 50 mL 
of ethanol. Tris(hydroxymethyl)aminomethane (121 mg) and 50 mg of 
dopamine hydrochloride were sequentially added and stirred for 12 h 
at room temperature in air. After centrifugation, washing, and drying, 
CoSn(OH)6@PDA was obtained. To prepare the yolk–shell Co2P/Sn@
NC nanoboxes, CoSn(OH)6@PDA was thermally treated at 300 °C 
with NaH2PO2 under Ar and further annealed at 400 °C under H2/Ar. 
To prepare the Co2P-Sn@NC nanoboxes, the temperature was raised to 
500 °C and segregation of Co2P and Sn produced large nanoparticles 
Co2P and Sn (denoted as Co2P-Sn@NC nanobox).

The yolk–shell Sn@C nanoboxes were synthesized according 
to the method in the previous report.[9a] Briefly, 10 mmol of zinc 
sulfate heptahydrate (ZnSO4⋅7H2O) and sodium stannate solution 

Adv. Energy Mater. 2019, 9, 1900091

Figure 5. Electrochemical performance of the assembled Co2P/Sn@NC//PAC SIC device: a) Schematic of the coin cell SIC; b) Galvanostatic charging/
discharging profiles of the SIC in the range of 0–4 V at different current densities; c) Cycling stability of the SIC device at a current density of 2 A g−1; 
d) Ragone plots of the Co2P/Sn@NC//PAC device compared to the SIC devices in the literature. The energy and power densities are calculated based 
on the total mass of the cathode and anode materials.
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(Na2SnO3⋅4H2O) was dissolved in 100 and 20 mL deionized water, 
respectively. Then the two solutions were mixed and vigorously stirred 
at 60 °C for 4 h. The white precipitates were obtained by centrifugation, 
washing, and then drying at 80 °C for 5 h. To prepare the yolk–shell 
Sn@C, 200 mg of as-prepared white powders were dispersed in a 
solution containing 100 mL of deionized water and 100 mL of ethanol. 
Tris(hydroxymethyl)aminomethane (242 mg) and 100 mg of dopamine 
hydrochloride were sequentially added and stirred for 12 h at room 
temperature. The as-obtained black powers were thermally treated at 
650 °C under H2/N2 to produce yolk–shell Sn@C nanobox.

Materials Characterization: The morphology, structure, and 
composition of the samples were studied by XRD (Philips X’Pert Pro 
with Cu Kα radiation, λ = 1.5418 Å), Raman scattering (HR RamLab), 
XPS (ESCALB MK-II), FESEM (FEI Nano-SEM 450), and HRTEM (FEI 
Titan 60-300 Cs). The carbon concentration in Co2P/Sn@NC was 
determined by TGA (NETZSCH) in air using a heating rate of 5 °C min−1.

Electrochemical Tests: The electrochemical properties of Co2P/Sn@NC 
were evaluated using coin cells (CR2025) with pure Na as the counter 
electrode. The Co2P/Sn@NC electrode was prepared by mixing 70 wt% 
of the active materials, 10 wt% of carboxylmethyl cellulose (CMC), and 
20 wt% of acetylene black in deionized water. The slurry was spread 
on a copper foil and vacuum dried at 80 °C for 6 h. The electrode was 
punched into disks with a loading of ≈1 mg cm−2. The cell assembly was 
carried out in an argon-filled glovebox with a separator of glass fiber 
filter (Whatman GF/C). The electrolyte was composed of 1 m NaClO4 in 
a mixture of EC, DEC, and 5% FEC. Galvanostatic charging/discharging 
tests were conducted using the MTI automatic battery cyclers in the 
potential range between 0.001 and 3.0 V, and CV was performed on 
the CHI 760D electrochemical workstation. EIS was carried out on the 
Autolab Electrochemical workstation by applying perturbation amplitude 
of 5 mV in the frequency range between 0.1 MHz and 0.1 Hz.

Assembly and Electrochemical Assessment of the SIC Device: Before 
assembling the SIC device, the Co2P/Sn@NC electrode was precycled 
three times at 50 mA g−1 in the half cell. The SICs were assembled using 
presodiated Co2P/Sn@NC as the anode and PAC as the cathode. The 
PAC cathode was fabricated by the same method as the anode, except 
using an aluminum foil as the current collector and poly(vinylidene 
fluoride) (PVDF) as the binder. The separator and electrolyte were the 
same as those in the half cell. To obtain superior energy and power 
densities from the SIC, the mass ratios between the anode and cathode 
were selected to be 1:2.5, 1:3.5, and 1:4.5 and the voltage range was 
0–4.0 V. The power and energy densities were calculated by the following 
formula

∫= = + − = + × × ×d 1
2

( )( )
2

1
3.61

2
max min max min

max minE IV t C V V V V
V V I t

mt

t

 
(1)

= ×3600P E
t  

(2)

where Vmax and Vmin are the initial and final discharge voltages (V), I is 
the discharge/charge current (A), t is the discharge time (s), m is the 
total mass of the anode and cathode active material (g), E is the energy 
density (W h kg−1), and P is the power density (W kg−1).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. SEM (a) and TEM (b) images of CoSn(OH)6 nanocubes. 
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Figure S2. XRD pattern of CoSn(OH)6 nanocubes. 
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Figure S3. TEM images of CoSn(OH)6@PDA before (a) and after (b) annealing.  High-

resolution XPS spectra of N1s (c), C 1s (d) and Raman spectrum (e) of Co2P/Sn@NC.  
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Figure S4. EDS pattern of the Co2P/Sn@NC and Co2P-Sn@NC nanobox. 
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Figure S5. The Sn 3d XPS spectra of Co2P/Sn@NC and Co2P-Sn@NC, Co2P/SnOx@NC and 

CoSn(OH)6.  
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Figure S6. HAADF-STEM images of Co2P/Sn@NC. 
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Figure S7. TGA curves of Co2P/Sn@NC and as-prepared Co2P/Sn without carbon shell. 

Thermogravimetric analysis (TGA) is used to estimate the content of carbon in 

Co2P/Sn@NC.  In both cases, the TGA curves show a weight loss before 250 oC that 

corresponds to the loss of the adsorbed water.  The TGA profile of Co2P/Sn displays an 

obvious weight increase in the range of 250 to 800 oC due to the gradual oxidation of Sn to 

SnO2 and Co2P to Co3O4 and P2O5.  In comparison, the lower weight gain of Co2P/Sn@NC is 

attributed to the burning of the carbon component.  Therefore, the content of carbon in 

Co2P/Sn@NC is calculated to be 23.4 wt%. 
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Figure S8. TEM (a, b) and HRTEM (c) images of Co2P/Sn nanoboxes without the coating of 

carbon shell.  (d) The elemental maps of Co2P/Sn. 
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Figure S9. (a) The TEM image and (b) the corresponding elemental maps of Co2P-Sn without 

the coating of carbon shell. 
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Figure S10. (a) The TEM image, (b, c) HAADF-STEM images and corresponding elemental 

maps of Co2P-Sn@NC. 
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Figure S11. XRD pattern of the Co2P-Sn@NC nanoboxes. 

 



  

13 
 

 

 

Figure S12. XRD pattern of Co2P/SnOx@NC. 
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Figure S13. EIS measurements of the (a-c) Co2P/Sn@NC and (d-f) Co2P-Sn@NC electrodes 

at various charge/discharge stages.  (g) The equivalent circuit used for EIS fitting (Rs: Ohmic 

resistance including electrolyte and contact resistance; RSEI: SEI film resistance; Rct: charge 

transfer resistance; Wo: Warburg impedance; CPESEI and CPEct: constant phase element) 
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Figure S14. (a) HAADF-STEM image and (b) corresponding EDS mapping of Co2P/Sn@NC 

at the discharged state of 0.001 V. 
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Figure S15. (a) TEM image, (b) HAADF-STEM image and corresponding elemental maps, (c) 

XRD pattern and (d) TGA profile of Sn@C nanobox. 
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Figure S16. (a) Cycling performances and (b) rate capability of Sn@C and Co2P/Sn@NC 

electrodes. 
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Figure S17. (a) The typical charge/discharge curves of PAC between 2.0-4.2 V at 0.1 A g-1.  

(b) The rate capability and (c) cycling performance with coulombic efficiency after 3300 

cycles at a current density of 1.0 A g-1. 
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Figure S18. Ragone plots of Co2P/Sn@NC//PAC SIC devices with different mass ratios of 

anode and cathode materials in the voltage range of 0 - 4.0 V. 
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Table S1. The Warburg impedance coefficient (σw) and diffusion coefficient of Na+ (DNa) of 

the Co2P/Sn@NC and Co2P-Sn@NC electrodes. 

Potential Co2P/Sn@NC Co2P-Sn@NC 

σw (Ω s−1/2) DNa (cm2 s−1) σw (Ω s−1/2) DNa (cm2 s−1) 

Discharge to 1.0 V 257.8 2.4 × 10-16 254.5 2.5 × 10-16 

Discharge to 0.001 V 23.0 8.2 × 10-16 82.0 6.4 × 10-17 

Charge to 1.0 V 26.3 2.3 × 10-14 111.1 1.3 × 10-15 

Charge to 2.0 V 59.1 5.7 × 10-15 869.4 2.7 × 10-15 
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Table S2. Electrochemical performance comparisons of the Co2P/Sn@NC electrode with the 

reported Sn-based anodes for SIBs. 

Electrodes Current 
density 
(mA g-1) 

Cycle number/ 
fading rate per 

cycle 
(cycles/%) 

Capacity at various 
rates (mAh g-1 at A 

g-1)  
Based on total mass 

Capacity at various 
rates (mAh g-1 at A 

g-1)  
Based on Sn mass 

Ref. 

Fe0.74Sn5@RG
O 

50 80/0.8 200 at 0.5  1 

Hollow Sn 50 35/1.1  142 at 0.4 2 

Sn/SnO2/C 20 200/0.38 120 at 1  3 

G/Sn@C 100 - 166 at 1.6 
106 at 3.2 

 4 

Sn@N-C 100 150/0.45 177 at 1 
117.1 at 2 

 5 

Sn 
nanodots/NC 

50 300/0.08 205 at 2 
149 at 5 

 6 

FeSn2-C 100 100/0.19 200 at 1  7 

SnCu 50 100/0.6 207 at 0.2  8 

Sn/ordered C 100 200/0.09 228 at 1  9 

Sn@NCNFs 84.7 450/0.03  400 at 0.846 
290 at 1.692 
190 at 4.23 

10 

Sn/Co@C 100 120/0.11 228 at 1  11 

SnSb/NC 100 200/0.1 95 at 2  12 

Sn 
nanodendrites 

100 300/0.01  430 at 2.583 
370 at 4.23 

13 

Self-healing 
Sn 

8760 5000/0.000036  619 at 6.768 
299 at 13.53 

14 

SnOx-Sn 100 250/0.07 390 at 0.5 
338 at 1 

 15 

Sn2P2O7/RGO 2000 15000/0.0025 250 at 2 
170 at 10 

 16 

Sn/Co2P@NC  5000 10000/0.0012 394 at 0.1 
264 at 1 
233 at 2 
147 at 10 

566 at 1 
500 at 2 
394 at 5 
315 at 10 

this 
work 
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