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ction of yolk–shell CoP/N,P co-
doped mesoporous carbon nanowires as anodes
for ultralong cycle life sodium-ion batteries†

Zhiya Lin, ac Xueqing Tan,b Yanping Lin,a Jianping Lin,a Wenyu Yang,a

Zhiqiang Huang,b Shaoming Ying*b and Xiaohui Huang *b

Owing to the natural abundance and low-cost of sodium, sodium-ion batteries offer advantages for next-

generation portable electronic devices and smart grids. However, the development of anode materials with

long cycle life and high reversible capacity is still a great challenge. Herein, we report a yolk–shell structure

composed of N,P co-doped carbon as the shell and CoP nanowires as the yolk (YS–CoP@NPC) for

a hierarchically nanoarchitectured anode for improved sodium storage performance. Benefitting from

the 1D hollow structure, the YS–CoP@NPC electrode exhibits an excellent cycling stability with

a reversibly capacity of 211.5 mA h g−1 at 2 A g−1 after 1000 cycles for sodium storage. In-depth

characterization by ex situ X-ray photoelectron spectroscopy and work function analysis revealed that

the enhanced sodium storage property of YS–CoP@NPC might be attributed to the stable solid

electrolyte interphase film, high electronic conductivity and better Na+ diffusion kinetics.
1. Introduction

Sodium ion batteries (SIBs) have been recently considered as an
attractive alternative to Li-ion batteries (LIBs) for large-scale and
affordable electric energy storage applications due to the wide
distribution and natural abundance of sodium.1–3 However, the
larger ionic radius of Na+ (0.102 nm) when compared with that
of Li+ (0.076 nm), results in sluggish Na+ diffusion kinetics, an
unstable solid electrolyte interphase (SEI) layer and extremely
serious volume expansion of the anode materials, thereby
leading to poor long-term cycling stability and high-rate capa-
bility of SIBs.4–6 Therefore, the development and design of
appropriate anode materials for SIBs which allow for stable Na+

insertion/de-insertion and also exhibit high irreversible
capacity, fast diffusion pathways and excellent rate capability
are an enormous challenge. For this reason, various anode
materials, such as metal oxides/suldes/phosphides,7–15 carbon
materials16–18 and alloy materials19–21 have been investigated.

Among the anode materials for SIBs, metal phosphides
(MxPy, M ¼ Fe, Co, Mo, Ni, etc. x, y ¼ 1, 2, 3, etc.) have drawn
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increasing attention owing to their high theoretical capacity
and low redox potential.13,22–24 Among them, CoP has relative
low intercalation potential for Na/Na+ and high theoretical
specic capacity of 894 mA h g−1, which makes CoP more
favorable possibility for sodium storage.25 However, CoP anodes
used for SIBs still face the fast capacity fading and poor cycling
stability due to the sluggish Na+ diffusion kinetics, poor elec-
trical conductivity and drastic volume change during the
sodiation/desodiation process.26,27 Therefore, enhancing
intrinsic electrical conductivity and constructing reasonable
microstructure have become the main research emphasis of
CoP. To overcome above issues, various strategies like rational
nanostructure design, hybridized with carbon-based materials
and metallic element doping have been explored. For example,
Tao and co-workers28 prepared Co1−xMoxP/NC as anodes for
SIBs, and exhibited an extraordinary discharge capacity of 160
mA h g−1 at 1 A g−1 over 1000 cycles. Jia et al.29 synthesized
CoP@nitrogen-doped porous carbon as an anode, which dis-
played a specic capacity of 230 mA h g−1 aer 370 cycles at 0.2
A g−1. Li et al.30 reported that CoP@C embedded into N/S-co-
doped porous carbon sheets as anode for SIBs delivered
a stable specic capacity of 162.4 mA h g−1 at 5 A g−1 aer 150
cycles. Liu et al.31 prepared Mxene@CoP@NPC as anodes for
SIBs, the MXene@CoP@NPC anode exhibits outstanding rate
capability with a highly reversible capacity of 198 mA h g−1 at
5.0 A g−1. Despite these strategies could help to facilitate elec-
tron and ion transport for a partly enhanced electrochemical
performance for SIBs, it is still inadequate in preventing
capacity fading during repeated cycle caused by cracking and
pulverization of the active materials.32 One solution to solve
RSC Adv., 2022, 12, 28341–28348 | 28341
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Fig. 1 Schematic of the formation process of YS–CoP@NPC.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 2
:5

0:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
these issues is to synthesis nanostructures with interior void
space, which could shorten the Na+ diffusion distance and
buffer the volume expansion simultaneously. Yolk–shell (YS)
structured nanomaterials have been veried as a promising
strategy toward improving sodium storage.33 YS nanostructures
contain unique large interior void space and short diffusion
pathway, which can mitigate the aggregation of active materials
and handle the problems of volume change, thus improving the
performance of SIBs.

In this work, we have rational designed and synthesized
a unique CoP/N,P co-doped mesoporous carbon nanowires (YS–
CoP@NPC) nanostructure using a exible etching method
coupled with a facile phosphating strategy. The as-synthesized
YS–CoP@NPC anode material is advantageous in improving
the electrochemical property with high electronic/ion conduc-
tivity and enhanced mechanical stability. Consequently, when
used as an anode materials for SIBs, this electrode shows
desirable rate capability and outstanding long-term cycling
stability. It achieves a high specic capacity of 211.5 mA h g−1 at
2 A g−1 aer 1000 cycles. The improved performance of the YS–
CoP@NPC could be mainly attributed to the YS structure, the
synergistic effect between CoP and N,P co-doped carbon layer.

2. Experimental
2.1 Synthesis of 1D Co(OH)2 nanowires precursor

In a typical process, 0.7 g CoCl2$6H2O, 0.67 g PVP and 0.36 g
urea are dispersed into 48 mL de-ionized water. Aer being
continuously stirred for 15 min, the obtained suspension is
transferred into a 50 mL Teon-lined stainless steel autoclave,
sealed and maintained at 120 �C for 12 h. The Co(OH)2 nano-
wires precursor (Co-Pre) products were collected by suction
ltration and wished with water/absolute alcohol several times,
and then dried at 60 �C.

2.2 Synthesis of Co-Pre@SiO2 composites

For SiO2 coating, 0.2 g Co-Pre nanowires was rst dispersed by
ultrasonication in a mixture consisting 400 mL of 2-propanol
and 40 mL of deionized water, followed by adding 60 mL of
ammonia (25–28%) and 1 mL of tetraethyl-orthosilicate to the
beaker, then the reaction was continued stirring for 15 h. The
Co-Pre@SiO2 products were collected by suction ltration and
wished with deionized water/absolute alcohol several times,
then dried at 60 �C.

2.3 Synthesis of Co-Pre@SiO2 composites

Typically, 0.1 g Co-Pre@SiO2 were rst dispersed into 250 mL
tris-buffer solution (pH ¼ 8.5) by ultrasonication for 1 h. Then,
0.6 g of dopamine hydrochloride (PDA) was added into the
above solution, which was kept stirring for 24 h. The products
Co-Pre@SiO2@PDA was collected through suction ltration and
wished with deionized water/absolute alcohol several times,
and then dried at 60 �C. Aer annealing the particles at 400 �C
for 2 h, the SiO2 layer was dissolved in 250 ml 1 M NaOH
solution at 55 �C for 24 h to yield the YS–CoO@NC nano-
composites. The as-prepared Co-Pre or YS–CoO@NC and
28342 | RSC Adv., 2022, 12, 28341–28348
NaPO2H2$H2O with a weight ratio of (1 : 10) were put at two
positions in a corundum boat and calcined at 250 �C in Ar
atmosphere for 2 h. Then the CoP and YS–CoP@NPC compos-
ites were obtained (Fig. 1).
2.4 Materials characterization

The crystalline phase and microstructure of the as-prepared Co-
Pre, YS–CoO@NC, CoP and YS–CoP@NPC composites was
investigated by powder X-ray diffractometry (XRD, BRUKER D8
ADVANCE) with Cu-Ka radiation (l ¼ 0.15406 nm), scanning
electron microscopy (SEM, SU8010) and transmission electron
microscopy (TEM, TJEOL JEM 2100). The elemental distribution
are further identied by energy-dispersive X-ray spectroscopy
(EDS). The surface potentials of CoP and YS–CoP@NPC elec-
trodes are measured by Kelvin probe atomic force microscopy
(KPAFM) (Bruker dimension ICON). The valence states of YS–
CoP@NPC is analysed by X-ray photoelectron spectroscope (XPS
ESCALAB 250Xi). The Raman spectrum were tested by a Horiba/
Jobin Yvon Raman instrument. The carbon content in the YS–
CoP@NPC composite was determined by a TG-DSC simulta-
neous thermal analyzer (STA449F3, NETZSCH) up to 600 �C at
a heating rate of 10 �C min−1 in an air atmosphere.
2.5 Cell fabrication and characterization

The sodium storage property of active material (CoP or YS–
CoP@NPC) are evaluated with CR2025-type coin cells. The CoP
or YS–CoP@NPC are mixed with Super-P (SP) and poly-
vinylidene uoride (PVDF) binder in a mass ratio of 7 : 2 : 1 in
N-methyl pyrrolidinone (NMP) to form homogeneous slurry,
which is then cast onto a copper foil and subsequently dried in
vacuum at 110 �C for 12 h. Aer vacuum drying at 110 �C for
12 h, electrode discs with a diameter of 12.5 mm were punched
out and weighed. The loading density of the active materials
was �1.4 mg cm−2. The coin cells are assembled in an argon-
lled glove box with 1 M NaClO4 in propylene carbonate (PC)
solvent (5 vol% FEC) addition as electrolyte, glass ber (What-
man GF/F) as separators, and sodium foil is used the anode and
counter electrode. The electrochemical properties are carried
out in the voltage range of 0.01–3.0 V using a LAND multi-
channel battery test system. AC impedance (EIS) and Cyclic
voltammetry (CV) of the CoP or YS–CoP@NPC were measure-
ment using a Metrohm-Autolab (PGSTAT302N) electrochemical
workstation.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04153g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 2
:5

0:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3. Results and discussion
3.1 Material characterization

The crystalline phase of the as-prepared Co-Pre, YS–CoO@NC,
CoP and YS–CoP@NPC were rst investigated via XRD and
Raman spectroscopy. It is found that the diffraction peaks of
solvothermal product are well indexed into Co(OH)2 (Fig. S1†)
phase (JCPDS No. 30-0443). Fig. 2(a) shows XRD patterns of the
as-synthesized YS–CoO@NC, CoP and YS–CoP@NPC compos-
ites. It is found that aer annealing the particles at 400 �C for
2 h, the product are well indexed into CoO phase (JCPDS No. 48-
1719).34 The diffraction peaks at 31.5�, 35.4�, 36.2�, 46.3�, 48.2�,
52.3� and 56.8� are corresponding to the (011), (200), (111),
(112), (211), (103) and (301) planes of CoP (JCPDS card No. 29-
0497).35 The Raman spectra over the range of 400–2000 cm−1

further conrm the existence of carbon in the YS–CoP@NPC
composite (Fig. 2(b)). TG reveals that the hybrid materials have
a chemical composition of 94 wt% YS–CoP@NPC and 6 wt%
carbon, shown in Fig. S2.† The surface valence states of the YS–
CoP@NPC products are detect by XPS. The full survey scan
spectrum (Fig. S3†) conrms that YS–CoP@NPC samples
consist of Co, P, C and N elements consistent with the subse-
quent EDX observation. As shown in Fig. 2(c), the peaks at
782.3 eV and 798.3 eV are the typical peaks of Co 2p3/2 and Co
2p1/2 of the Co–P bond and the peaks at 778.8 eV correspond to
oxidized Co species which arose from the supercial oxidation,
respectively.36 Three peaks located at 803.2, 786.8 and 784.0 eV
in the Co 2p spectrum can be considered as the shakeup exci-
tation of the high-spin Co2+ ions.37 The spectrum of the P 2p
(Fig. 2(d)) could be can be separated to two peaks at 129.6 and
Fig. 2 (a) XRD patterns of YS–CoO@NC, CoP and YS–CoP@NPC
powders. (b) Raman spectra of YS–CoP@NPC. XPS spectra of (c) Co
2p, (d) P 1s, (e) C 1s and (f) N 1s of YS–CoP@NPC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
134.2 eV, corresponding to the characteristic binding energies
for P 2p and Co 2p contributions in CoP and the excessive
exposure of P on the surface to the air.38 The high-resolution C
1s spectrum Fig. 2(e) demonstrates four peaks at 284.8 eV,
288.3, 286.9 and 286.3 eV assigning to C–C/C]C, C–P, C]O
and C–N–C bonds, respectively.39 The presence of C–P bonds in
carbon layers have been reported that they are benecial for
capacities by enhancing the Na-absorption.40 Three peaks at
398.6, 399.8 and 401.2 eV in the N 1s spectrum shown in Fig. 2(f)
correspond to pyridinic nitrogen, pyrrolic nitrogen and
graphitic nitrogen, respectively.41 It has been reported that
pyridinic nitrogen and pyrrolic nitrogen as electrochemically
active sites, could facilitate the fast diffusion of reactive Na-ions
and improve the surface-induced capacitive processes involving
Na-ions.40,41

The microstructure of the as-prepared Co-Pre, YS–CoO@NC,
CoP and YS–CoP@NPC are characterized by SEM and TEM. The
SEM image (Fig. 3(a)) reveals that the Co-Pre nanowires have
a diameter of 50–100 nm and a length of several micrometers. A
uniform and smooth SiO2 layer is then loaded on the surface of
the Co-Pre (Fig. 3(b)). Fig. 3(c) presents the low magnication
SEM images of Co-Pre@SiO2@PDA sample, showing the high
quality of the homogeneous and uniform nanoparticles. TEM
images in Fig. 3(e and f) further reveal that the Co-Pre cores
approximately 100 nm in diameter entirely wrapped by the
homogeneously PDA shells with an average thickness of
�57 nm and �29 nm SiO2 in between. EDS elemental mapping
spectra clearly show that Co, Si and N are evenly distributed
throughout the composites (Fig. 3(g–j)). SEM images of YS–
CoO@NC are shown in Fig. 3(f). A visible interlayer gap is clearly
observed between the carbon shell and the CoO core, which is
a result of etching the SiO2 interlayer to generate the void space.
The TEM (Fig. S5(a)†) images of YS–CoO@NC clearly reect the
CoO nanoparticles are uniformly wrapped by the 1D carbon
shells. A visible interlayer gap is clearly observed between the
carbon shells and the CoO core. Furthermore, the HRTEM
image in Fig. S5(b)† clearly displays a set of parallel fringes with
a d-spacing of 0.251 nm, corresponding to the (111) plane of
Fig. 3 SEM images of (a) Co-Pre, (b) Co-Pre@SiO2, (c) Co-
Pre@SiO2@PDA, (f) YS–CoO@NC. TEM images (d and e) and element
maps (g–j) of Co-Pre@SiO2@PDA.

RSC Adv., 2022, 12, 28341–28348 | 28343
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Fig. 4 SEM images of (a) CoP and (b and c) YS–CoP@NPC. TEM (d and
e) and HRTEM (f) images of YS–CoP@NPC. Element maps of (g–k) YS–
CoP@NPC particles.
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CoO. Fig. S5(c–g)† reveals the existence and homogeneous
distribution of C, N, Co and O elements throughout the selected
zone of the YS–CoO@NC powder.

SEM images of CoP are shown in Fig. 4(a). Aer phosphating
at 250C for 2 h, bare CoP powder have a slight agglomeration. In
contrast, YS–CoP@NPC (Fig. 4(b and c)) product can retain its
nanowires structure well, indicating that carbon shell would
stabilize the structure of the active materials. It is expected that
carbon shell would be acted as a dimension restrictor for
keeping the morphology of the nanostructured precursors
during the phosphating process. The TEM (Fig. 4(d and e))
images of YS–CoP@NPC clearly reect the CoP nanoparticles
are uniformly wrapped by the 1D carbon shells. A visible void
space is clearly observed between the carbon shells and the CoP
core. The thickness of the carbon shells is conrmed to be
�34.1 nm as shown in Fig. 4(e). Furthermore, the HRTEM
image in Fig. 4(f) clearly displays a set of parallel fringes with
a d-spacing of 0.196 nm, corresponding to the (112) plane of
CoP. EDS mapping results (Fig. 4(g–j)) show that the distribu-
tion of Co and P in YS–CoP@NPC, which veries that the CoP
cores are formed from the conned reaction of CoO with
penetrated gas in the carbon nanowires.
Fig. 5 (a) CV and (b) galvanostatic charge–discharge curves of YS–
CoP@NPC. (c) Cycling performances of CoP and YS–CoP@NPC at 0.2
A g−1. (d) The rate capability of CoP and YS–CoP@NPC electrodes. (e)
Long-term cyclic capability of CoP and YS–CoP@NPC at 2 A g−1.
3.2 Electrochemical measurements

Fig. 4(a) shows CV curves of the YS–CoP@NPC nanocomposites
for the rst ve cycles at a scan rate of 0.1 mV s−1 between 0.01
and 3.0 V. In the 1st cathodic scan, the well-dened current
peaks were observed at �0.73 V, which is attributed to the
irreversible decomposition of the electrolyte to form a SEI lm
and the reaction of CoP + Na+ + e− / Na3P + Co.28,41 In the rst
anodic process, a broad peak around �2.0 V mainly caused by
the decomposition of Na3P, which correspond to the main
reaction of Na3P + Co / CoP + 3Na+ + 3e−.30 Compared to the
CV curves of CoP shown in Fig. S5(a),† it is observed from
Fig. 5(a) that the peaks in the subsequent cycles overlap well,
indicating that YS–CoP@NPC possesses excellent electro-
chemical reversibility and stability during the charge/discharge
process. Fig. 5(b) presents the charge/discharge voltage proles
of the YS–CoP@NPC at a current density of 0.2 A g−1 for the 1st,
28344 | RSC Adv., 2022, 12, 28341–28348
2nd, 3rd, 5th, 50th, 100th and 200th cycles. The initial discharge
and charge capacities are 1000.3 and 415 mA h g−1. The initial
irreversible capacity loss and low coulombic efficiency (CE) was
mainly because of the formation of the SEI lms and the
decomposition of the electrolyte, which appears commonly for
anode materials.29,41,42 Aer 200 cycles, the CoP electrode only
delivers a discharge capacity of 56.7 mA h g−1 Fig. S5(b),† which
is much lower than that of the YS–CoP@NPC (315.9 mA h g−1).
In addition, the degree of bending of the plateau reects the
polarization of the electrodes. In comparison, YS–CoP@NPC
demonstrates lower polarization and better reaction kinetics,
resulting from the enhanced electrical conductivity induced by
the carbon in the composite.

Fig. 5(c) contrastively exhibits the galvanostatic cycling
ability of the YS–CoP@NPC and CoP at a current density of 0.2 A
g−1. It can be seen that the discharge capacity of the CoP fade
steeply and the specic discharge capacity is only 51.6 mA h g−1

aer 220 cycles. By comparison, designed with a YS structure
and coated with carbon layer ensure the YS–CoP@NPC with
enhanced cycling stability. A specic discharge capacity of 317.3
mA h g−1 can be maintained aer 220 repeated cycles. The rate
property of the CoP and YS–CoP@NPC anodes at different
current density from 0.2 A g−1 to 2 A g−1 between 0.01�3 V were
also investigated and shown in Fig. 5(d). As can be seen in
Fig. 5(d), YS–CoP@NPC exhibits higher capacity (0.2 A g−1:
427.9 mA h g−1; 0.5 A g−1: 358.1 mA h g−1; 1 A g−1: 320.2 mA h
g−1; 2 A g−1: 274 mA h g−1, respectively) than that of the CoP (0.2
A g−1: 214.3 mA h g−1; 0.5 A g−1: 118.7 mA h g−1; 1 A g−1: 78.1
mA h g−1; 2 A g−1: 50 mA h g−1, respectively). Furthermore, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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capacity of the YS–CoP@NPC could quickly resume to 420.2 mA
h g−1 when the current rate goes back to 0.2 A g−1, indicating
the remarkable Na+ storage property of YS–CoP@NPC. To judge
a probable anode material in SIBs, a comparison of the elec-
trochemical property between our work and other groups'
work.26,27,43–47 Analysis from Fig. S6† suggests that high-rate YS–
CoP@NPC in our work has potential application in fast-
charging SIBs. More satisfactorily, YS–CoP@NPC demon-
strates an ultra-long cycle life (Fig. 5(e)), a discharge capacity of
211.5 mA h g−1 was retained for the YS–CoP@NPC electrode
aer 1000 cycles, while the CoP electrode delivers merely 34.7
mA h g−1 aer 510 cycles. It is noteworthy that aer the rst
several cycles, the coulombic efficiency of YS–CoP@NPC
increases to approximately 100%, implying a superior revers-
ibility during the cycling process. The great sodium storage
properties of the YS–CoP@NPC can be attributed to the
advantageous structural design and N,P co-doped carbon layer.
To gain further insight into the cycling stability of YS–
CoP@NPC, the morphologies of CoP and YS–CoP@NPC elec-
trodes before cycle and aer 50 cycles are studied, as shown in
Fig. S7(a–d).† It is clear that CoP powder has serious structural
deterioration and loses its original morphology, increasing
interfacial resistance among particles and reducing the contact
areas between active materials and the electrolyte. In contrast,
YS–CoP@NPC sample can retain its nanowires structure well,
indicating that YS structure would stabilize the structure of the
active materials and consequently improved the cycling
stability. Furthermore, the microstructure can also be observed
from the TEM images, which further demonstrates the nano-
wires structure of the CoP@NPC (Fig. S8(b)†).

In order to further investigate the reaction kinetic, the EIS of
CoP and YS–CoP@NPC samples were carried out by the SIB. As
shown in Fig. 6(b), both EIS curves show an inclined line at the
low frequency region and a depressed semicircle at the high
Fig. 6 (a) The working electrode for surface potential measurements
using Au as reference sample. (b) AC impedance spectra of CoP and
YS–CoP@NPC electrodes. (c) Work functions of CoP and YS–
CoP@NPC electrodes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
frequency region, which reects the Na+ diffusion process and
the charge-transfer process, respectively.42 According to the
equivalent circuit (inset of Fig. 6(b)), the values of Rct for the YS–
CoP@NPC electrodes are calculated to be 97.5 U, much lower
than that of CoP electrode (350.3 U), indicating facilitating the
Na+ storage and enhanced charge transfer kinetics under the
high current density. Work function (WF) dened as the
minimum energy required for the loss of an electron from the
inside of a bulk material to the vacuum, plays a fundamental
role in most of the electronic properties of a material.48 There-
fore, the higher the WF, the harder the loss of an electron from
the material. The WF of the as-prepared samples are further
detected by KPAFM and the work electrode including CoP and
YS–CoP@NPC electrodes is given in Fig. 6(a). Fig. S9(a–c)†
presents the surface potential images over a scan area of 200 nm
� 200 nm of CoP, YS–CoP@NPC and Au foil respectively.
According to our previous work,49 the WFs of CoP and YS–
CoP@NPC are calculated and the corresponding results are
presented in Fig. 6(c). It is found that YS–CoP@NPC has a lower
WF (5.30 eV) than that of CoP (5.45 eV). The tested WF of CoP is
in keeping with the reported value (5.45 eV).50 Higher WF
requires more energy required for electrons to escape from the
bulk materials. Therefore, N,P co-doped carbon layer is ex-
pected to facilitate electron transfer in composite, which is in
consistent with the analysis of EIS measurements.

To get insight of the potential mechanism behind the
superior electrochemical performance of YS–CoP@NPC, CV
measurements are carried out at different sweep rates from 0.1
to 1 mV s−1, and the results are shown in Fig. S10(a).† The redox
peak current (i) obeyed a power–law relationship to the sweep
rate (v) as follows:51

i ¼ avb (1)

where a and b are adjustable values. The b value of 0.5 indicated
the diffusion-controlled kinetics. When the b value is 1.0, the
current response is surface-controlled (pseudocapacitive).52

According to the good log(i)–log(v) linear relation shown in
Fig. S8(b),† the b-values are calculated as 0.88 and 0.83 for the
anodic and cathodic peaks respectively, revealing the existence
of the pseudocapacitive effect and a high pseudocapacitive
energy storage contribution during the Na+ insertion/extraction
processes. To quantitatively separate the pseudocapacitive and
diffusion-controlled energy storage contributions, the total
current response (i) at a xed potential (v) is separated as
follows:53

i(v) ¼ k1v + k2v
1/2 (2)

where k1v and k2v
1/2 represented pseudocapacitive and

diffusion-controlled responses (Fig. S10(c)†), respectively.54 We
could distinguish between Na-ion storage arising from capaci-
tance and intercalation. As shown in Fig. S10(d),† the surface-
capacitive response of YS–CoP@NPC is 51.4% around the
peak voltage at 0.6 mV s−1. With increasing sweep rate, the
current contribution from the pseudocapacitive effect (k1v)
increased (Fig. S10(d)†). The pseudocapacitive contribution are
RSC Adv., 2022, 12, 28341–28348 | 28345
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Fig. 8 Schematic diagram of the Na-storage mechanism and
morphology change in CoP and YS–CoP@NPC during cycling.
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40.3%, 45.5%, 51.4%, 58.1% and 64.8% at 0.2, 0.4, 0.6, 0.8 and 1
mV s−1 for YS–CoP@NPC respectively. The high ratio of pseu-
docapacitive contribution in the total charge stored should be
responsible for the excellent performance of YS–CoP@NPC
under extremely high current density.54

During the rst charge/discharge process, the SEI affords
a passivation layer on the anode surface, which restraints
further electrolyte decomposition and provides the long cycle
life required for many applications.55 Therefore, without the
generation of a stable SEI, SIBs would not be able to be
reversibly sodiation/de-sodiation. In order to better understand
the positive effects of N,P co-doped carbon layer on the
enhanced interfacial stability of the YS–CoP@NPC anode
materials, XPS analyses are carried out for the CoP and YS–
CoP@NPC electrodes aer the rst cycle. As shown in Fig. 7(a
and b), the O1s could be tted with four separate peaks around
at 530.9, 532.3, 533.8 and 535.8 eV, which are assigned to Na2O,
RCH2ONa, ClO4

− and Na KLL, respectively.56 In the C 1s XPS
spectrum (Fig. 7(c and d)), the peaks observed at 290, 288.9,
286.7, and 284.8 eV are assigned to Na2CO3, O]C–O, C–O–C
and C–C bonds, respectively. From O 1s and C 1s XPS spectrum,
the presence of Na2O, RCH2ONa and Na2CO3 are assigned to the
reduction of propylene carbonate (PC) solvent and is unfortu-
nately thermodynamically unstable.57 As a negative product of
side reaction, Na2CO3 and Na2O with poor electronic and ionic
conductivity increase the electrode polarization and exacerbate
the Na+ diffusion kinetics. Comparing to CoP electrodes, YS–
CoP@NPC has relatively higher ClO4

− and lower Na2CO3, Na2O,
indicating that N,P co-doped carbon layer could efficiently
reduce the side reaction and form a more stable SEI layer
resulting in preventing the Na dendrite growth and improved
lifetime. Therefore, the YS–CoP@NPC electrode obviously
exhibited higher stable SEI than the CoP electrode during the
whole sodiation/de-sodiation, revealing the faster Na+ diffusion
kinetics of YS–CoP@NPC. This is possibly because of the high
Fig. 7 (a and b) O 1s and (c and d) C 1s XPS spectra of CoP and YS–
CoP@NPC extracted from coin cells after first sodiation/desodiation
cycles, respectively.

28346 | RSC Adv., 2022, 12, 28341–28348
conductivity and structural stability of YS–CoP@NPC, which led
to high capacity retention for YS–CoP@NPC electrode at high
current density. These results support that the presence of
carbon shell can lead to the formation of a stable SEI layer in the
cycled YS–CoP@NPC electrodes. The stabilized SEI on the
electrode surface can relieve the continued expenditure of
electrolytes, facilitate the fast transport of Na+ across the SEI
formed on the active materials, and lower interface imped-
ance,57 leading to enhanced reversible capacity, capacity reten-
tion and rate capability.

The excellent sodium storage properties in terms of cycling
stability and rate capability can be ascribed to the synergistic
effects of the morphology size, structural stability and chemical
compositions. The potential mechanism behind the improved
performances for YS–CoP@NPC could be systematically inves-
tigated based on the YS structure, the synergistic effect between
CoP and N,P co-doped carbon shell, shown in Fig. 8. First, the
constructed interior void space between the CoP core and the
carbon shell is large enough to mitigate the large volume
change of CoP upon sodiation/desodiation, thus effectively
relieving the issue of capacity fading. Second, N,P co-doped
carbon shell offers a high-conductivity electron transport
pathway, decreases the internal resistance among CoP particles.
Third, the carbon shells can not only enhance the conductivity
but also benet to form a stable SEI layer during cycling.58

This N,P co-doped carbon shell is well maintained even when
the CoP expands during the sodiation/desodiation processes,
thanks to the enough void space of the YS structure.

4. Conclusions

In summary, we have rationally designed a yolk–shell CoP/N,P co-
doped carbon (YS–CoP@NPC) for robust sodium storage.
Beneting from its unique structural features and the N,P co-
doped carbon shell, the YS–CoP@NPC show remarkable rate
capability and ultra-long cycling stability. In particular, they
deliver a reversible capacity of 317.3 mA h g−1 aer 220 cycles at
a current density of 0.2 A g−1, and an satisfactorily ultra-long cycle
life with a capacity of 211.5 mA h g−1 aer 1000 cycles at 2 A g−1.
This researchmay open a new avenue for the design and synthesis
of CoP-base nanocomposites for high-performance SIBs.
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