
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 2
:2

3:
54

 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
View Journal  | View Issue
Co3O4 nanoparti
aKey Laboratory of Optic-electric Sensing a

MOE, College of Chemistry and Molecul

Science & Technology, Qingdao 266042, Ch
bResearch Center for Green Printing Nano

Science and Engineering, Suzhou Universi

215009, China

† Electronic supplementary informa
https://doi.org/10.1039/d4ra00446a

Cite this: RSC Adv., 2024, 14, 5588

Received 17th January 2024
Accepted 7th February 2024

DOI: 10.1039/d4ra00446a

rsc.li/rsc-advances

5588 | RSC Adv., 2024, 14, 5588–55
cle modified N, P co-doped
carbon paper as sodium carrier to construct stable
anodes for Na-metal batteries†

Zhaoqi Liu,a Qingwei Zhang,a Lin Li b and Jinxue Guo *a

Sodium (Na) metal batteries such as Na-ion batteries and Na–CO2 batteries are considered to be excellent

alternatives to lithium batteries in terms of their potential applications because of their high specific capacity

and low cost. However, the sodium anode showed low efficiency and poor cycling in Na-metal battery

performance due to the formation of sodium dendrites and serious corrosion. In this work, nitrogen (N),

phosphorus (P) co-doped carbon paper (NP-CP) modified with cobalt tetroxide (Co3O4) nanoparticles

was prepared as the Na anode carrier (Co3O4@NP-CP), and a sodium-based composite anode (Na–

Co@NP-CP) was further prepared by electrodepositing sodium. The experimental results indicate that

the N, P and Co3O4 multi-doped carbon paper has good sodiophilicity, which can induce the uniform

plating/stripping of Na+ ions and inhibit the growth of Na dendrites. The N, P doped carbon paper

provides a high surface area and tremendous three-dimensional (3D) framework to effectively reduce

the areal current density, facilitate the transfer of electrons, and enhance battery life. Therefore, Na–

Co@NP-CP based symmetric cells exhibit stable cycling of over 1100 hours at current densities of 1 mA

cm−2 and fixed capacity of 1 mA h cm−2. When the Na–Co@NP-CP anode couples with CO2, the

assembled batteries can deliver a stable cycling of 165 cycles at current densities of 500 mA g−1 and

limited capacity of 500 mA h g−1. When Na–Co@NP-CP anode couples with Na3V2(PO4)3 (NVP)

cathode, the assembled cells exhibit lower hysteresis and batter cycling performance.
Introduction

With the development of society, fossil fuels have been widely
used, but they produce huge amounts of greenhouse gases such
as carbon dioxide (CO2), which aggravates global warming.1–3 To
address this problem, there is an increasing urgency for the
research and development of new energy sources such as Li
batteries and Na metal batteries.4–13 Although lithium (Li)
batteries have been developed and widely studied in recent
reports, the scarcity of Li in the earth (only 0.002%) limits their
application. In contrast, sodium, which accounts for 2.4% of
the total elements in the earth, is much more abundant than Li.
Consequently, sodium acts as an excellent and cost-effective
alternative to lithium in the storage and transformation of
energy. Unfortunately, the serious corrosion of the Na anode
leads to the poor cycling behaviour in Na metal batteries.
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Moreover, the uncontrolled growth of Na dendrites will also
lead to the reduction of battery coulombic efficiency, and even
lead to battery short circuit, resulting in safety hazards. There-
fore, the construction of well-performance anode is the basic
premise of the development of Na metal batteries.

To address the issues mentioned above and speed up the
development and practical application of Na metal batteries,
researchers have proposed a variety of strategies to improve the
sodium-based anode. For example, designing electrolyte addi-
tives or changing the concentration of electrolyte,14–16 con-
structing articial SEI layers to inhibit the growth of Na
dendrites.17 However, these methods still fail to effectively
overcome the volume change of anode and corrosion pulveri-
zation phenomenon caused by the uncontrolled growth of Na
dendrites or CO2-attacking. Developing three-dimensional (3D)
carbon-based or metal current collector as sodium carriers has
been conrmed to be an effective way. This approach ensures
uniform sodium stripping/deposition, mitigates Na dendritic
formation, lowers local current density, and minimizes elec-
trode size variations.18,19 For example, the Sun and his co-
workers have carbonized cotton cloth to form a 3D carbon
material with sodiophilicity, and injected molten sodium into
the above framework to synthesize the composite anodes, which
showed excellent stability and cycling performance.20 Besides,
Dong et al., employed the copper phosphide mesh as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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current collector for sodium metal electrodeposition,
enhancing the battery performances dur to their good sodio-
philicity.21 When compared to chemical polymerization, elec-
trochemical polymerization offers the potential to incorporate
a wider range of dopant ions, and also gives better control over
lm properties, such as thickness and morphology. On the
other hand, electrochemical polymerization is comparatively
fast, and a major advantage of electrochemical polymerization
lies in the fact that the electrical potential may directly be used
for polymerization without using any chemical oxidant.22–24

Herein, we successfully synthesized Co3O4 nanoparticles
coated with N and P co-doped carbon paper (Co3O4@NP-CP) by
electrodeposition, and obtained Na-based Co@NP-CP (Na–
Co@NP-CP) anode is further formed by electrodeposited
sodium onto the Co3O4@NP-CP. The synergistic effect
between N, P co-doping and Co base phase not only greatly
enhances the sodiophilicity of Co3O4@NP-CP framework, but
also promotes the highly reversible Na stripping/deposition
behavior during the whole cycle, which effectively inhibits the
formation of Na dendrites. Moreover, the porous carbon-based
skeleton offers sufficient space for sodium storage, effectively
enhance the electrical conductivity, and also slowing down the
electrode dimension variation. Hence, the Na–Co@NP-CP
anode can achieve a stable cycle of more than 1100 h at
current densities of 1 mA cm−2 in symmetric batteries. Na–CO2

full battery composed of Na–Co@NP-CP anode can undergo 165
cycles stably at the current density of 500 mA g−1 and the
limited capacity of 500 mA h g−1. The Na-ion battery, which
used NVP as cathode, has shown excellent cycling performance
(more than 350 cycles at a current density of 1C).
Experimental section
NP-CP electrode preparation

The anhydrous ethanol and 30% hydrogen peroxide (v/v = 1 : 1)
mixed in a 100 mL beaker. Aer that, the carbon paper with
a size of 3× 4 cm was placed in the above mixture and treated at
60 °C for 24 hours in a drying oven. The treated CP was washed
three times with deionized water, and then dried at 60 °C to
eliminate residual water. Next, 1.064 g lithium perchlorate
(LiClO4) and 2.12 g anhydrous sodium carbonate (Na2CO3) are
dissolved in 100 mL deionized water to form solution A. Then,
1.04 mL pyrrole and 1 mL phytic acid added in solution A and
stirred for 30 minutes to form solution B. In addition, the three-
electrode system was constructed with CP (working electrode),
platinum wire (opposite electrode) and Ag/AgCl (reference
electrode). The above three-electrode system was tested at the
voltage of 0.8 V for 15 min in solution B. Finally, the modied
CP was pyrolyzed in Ar atmosphere at 800 °C for 2 h to obtain
NP-CP.
Na–Co@NP-CP preparation

Firstly, 2.7648 g Co(NO3)2 dissolves in 100 mL H2O to form
solution C. Then, the three-electrode system was constructed
with NP-CP (working electrode), graphite rod (opposite elec-
trode) and Ag/AgCl (reference electrode). The above three-
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrode system was tested at the voltage of −1.0 V for 8 min
in solution C to form Co(OH)2@NP-CP. Aer that, the
Co(OH)2@NP-CP was pyrolyzed at 300 °C for 2 h to obtain the
Co3O4@NP-CP. Finally, we assembled the CR2016 coin battery
(the bare sodium as the cathode, Celgard 2400 as the separator,
1 M sodium triuoromethanesulfonate (NaCF3SO3, DoDo-
Chem) in DIGLYME as the electrolyte) with a current density of
1 mA cm−2 and a limited capacity of 20 mA h cm−2. The
composite electrode Na–Co@NP-CP was prepared by electro-
depositing sodium.
Assembly of the batteries and electrochemical measurements

All batteries were assembled in an Ar-lled glove box with
oxygen and water contents <0.01 ppm. The symmetric batteries
were constituted with Na–Co@NP-CP or bare sodium (the Cel-
gard 2400 as the separator, 1 M NaCF3SO3 in DIGLYME as the
electrolyte). The Na–CO2 batteries were assembled by the
KB@Ru cathode, the Na–Co@NP-CP or bare sodium anode, the
glass ber membrane (Whatman) separator and the 1.0 M
NaCF3SO3 in DIGLYME electrolyte. The NVP-based full batteries
were assembled by the NVP cathode, the Na–Co@NP-CP or bare
sodium anode, the glass ber membrane (Whatman) separator
and the 1 M NaClO4 in 1 : 1 v/v vinyl carbonate (EC)/dimethyl
carbonate (DMC) with 5.0% uoroethylene carbonate (FEC)
electrolyte. The theoretical capacity of the NVP cathode is
117 mA h g−1 and the cathode electrode diameter is 12 mm. It is
calculated that the theoretical capacity of the positive terminal
of the NVP is 0.3511 mA h cm−2. The theoretical capacity of the
negative terminal is 20 mA h cm−2, so the N/P ratio of the whole
battery is 56.96. Furthermore, the ESI† given the preparation
processes of NVP and KB@Ru cathodes. The electrochemical
performance was tested by the LAND battery test system
(Wuhan LAND Electronics Co. Ltd).
Results and discussion

Fig. 1a shows the detailed preparation process of Co3O4@NP-
CP. Firstly, organic materials containing N and P were modi-
ed on carbon paper by electrochemical polymerization
method using pyrrole and phytic acid as precursors which were
further calcinated to form NP-CP. Subsequently, the
Co3O4@NP-CP were prepared by the electrodeposition cra and
following pyrolysis. As showen in Fig. 1b, the scanning electron
microscope (SEM) images of NP-CP verify many nanobers are
uniformly coated on the carbon cloth, which is similar to the
morphology of its precursor (Fig. S1†), but different from the
smooth surface of pure carbon paper (Fig. S2†). As shown in
Fig. 1c, many nanoparticles are uniformly covered on the
surface of NP-CP, and the obtained morphology of Co3O4@NP-
CP is signicantly different from that of NP-CP (Fig. 1b), indi-
cating that Co3O4 has been successfully introduced into
Co3O4@NP-CP. The transmission electron microscope (TEM)
image of Co3O4@NP-CP (Fig. 1d) further demonstrates the
nanoparticle structure of the Co3O4 formed. The high-
resolution (HR) TEM image of Co3O4@NP-CP shows a planar
spacing of 0.46 nm (as shown in Fig. 1d) corresponding to the
RSC Adv., 2024, 14, 5588–5593 | 5589
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Fig. 1 (a) Schematic diagram for the fabrication process of the Na–
Co@NP-CP. SEM images of (b) NP-CP and (c) Co3O4@NP-CP (inset:
the corresponding high-resolution SEM images). (d) TEM image (inset:
the corresponding enlarged TEM image), (e) XRD patterns of
Co3O4@NP-CP and (f–i) XPS spectra of Co3O4@NP-CP. (j) EDX
mapping images of Co3O4@NP-CP.

Fig. 2 SEM images of (a and b) Na–Co@NP-CP and (e and f) bare Na
electrodes after Na stripping away. SEM images of (c and d) Na–
Co@NP-CP and (g and h) bare Na re-plating Na with 20 mA h cm−2 at
the current density of 1.0 mA cm−2.
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(111) crystal surface of Co3O4, further indicating the presence of
Co3O4 in the prepared sample. Fig. 1e gives the X-ray diffraction
(XRD) pattern of Co3O4@NP-CP and can be seen that a weak
band at 37°corresponds to the Co3O4 phase. In order to further
study the detailed surface chemical composition of Co3O4@NP-
CP, X-ray photoelectron spectroscopy (XPS) has been applied.
The surface contents of N, P and Co species were 0.48%, 0.49
and 53.07% respectively, calculated from the full XPS data at
Co3O4@NP-CP (Fig. S3†). In the C 1s spectrum (Fig. 1f), the
spectra shows binding energies of 284.8 eV (C–C), 286.1 eV (C–
O) and 288.5 eV (C]O). The distribution of each N species
(Table S1†) are obtained from tting the N 1s XPS spectra
results. In the N 1s spectra (Fig. 1g), two peaks at 399.6 eV,
400.1 eV and 401.3 eV for the Co3O4@NP-CP could be assigned
to pyridinic N, pyrrolic N and graphitic N, respectively. The P 2p
spectrum of Fig. 1h can identify the P–Co (130.5 eV), P–C (132.6
eV) and P–O (135.4 eV) peaks, while other weak peaks should be
pollution peaks. The formation of the Co3O4 phase in
Co3O4@NP-CP is further conrmed by high-resolution Co 2p
spectrum (Fig. 1i). Fig. 1j is the energy-dispersive X-ray (EDX)
mapping technology images of Co3O4@NP-CP, where the
elements C, N, P, and Co are uniformly distributed on the bres.
It can be seen that the Na–Co@NP-CP composite anode formed
by depositing Na onto the Co3O4@NP-CP matrix has a smooth
and at surface with obviousmetallic lustre (Fig. S4†). Na can be
well chimeric with Co3O4@NP-CP bre in Fig. S4,†which proves
that Co3O4@NP-CP matrix has splendid sodiophilicity.

In order to research the effect of stripping/plating properties
of electrochemical Na on the morphology of sodium anode,
SEM images of Na–Co@NP-CP composite anode and bare
sodium anode in the symmetric batteries under discharge/
charging were displayed at the current density of 1 mA cm−2

(Fig. 2). It can be seen from Fig. 2a and b that the Co3O4@NP-CP
5590 | RSC Adv., 2024, 14, 5588–5593
bre skeleton reappear aer discharge for 20 h, indicating the
stripping process will not damage the structure of Co3O4@NP-
CP bre. In contrast, the surface of bare sodium anode
(Fig. 2e and f) becomes bumpy aer 20 h of discharge. As shown
in Fig. 2c and d, the surface of the Na–Co@NP-CP composite
anode is smooth and no sodium dendrites formed aer 20 h Na
deposition, indicating that Co3O4@NP-CP bre can integrate
well with sodium. The surface of the bare sodium anode (Fig. 2g
and h) becomes rough aer the same Na deposition, and a large
number of sodium dendrites are formed.

To further evaluate the stripping/plating performance of Na–
Co@NP-CP composite anode, the bare sodium electrode and
Na–Co@NP-CP composite electrode were assembled into
symmetrical batteries and then tested at different current
densities. As shown in Fig. 3a, the symmetric battery composed
of bare sodium electrode has the large and irregular voltage
uctuation at the current density of 1.0 mA cm−2 and the
limited capacity of 1 mA h cm−2, which suggests the increase of
overpotential caused by the formation of sodium dendrites. In
contrast, the Na–Co@NP-CP composite anode exhibits stable
electrochemical stripping/plating and its overvoltage hysteresis
is only 20 mV aer 1100 h cycles. The Na–Co@NP-CP composite
anode can still maintain the stable discharge/charge curves,
when the current density is increased to 3 mA cm−2 and the
limited capacity is increased to 3 mA h cm−2 (Fig. 3b), and its
voltages hardly uctuate aer 600 h cycles. Even when the
current density is increased to 5 mA cm−2 and the limited
capacity is 5 mA h cm−2 (Fig. 3c), the Na–Co@NP-CP composite
anode demonstrates remarkable stability over the cycle of 400
hours. The Na–Co@NP-CP overpotential ranges from 100 to
140 mV at 5 mA cm−2 current density, while the initial voltage
hysteresis of bare sodium electrode is greater than 400 mV,
which uctuates violently and irregularly during the cycle.
Additionally, the rate capabilities of a symmetric cell with a Na–
Co@NP-CP composite anode and a bare sodium anode at
different current densities (0.5 to 5 mA cm−2) and a capacity of
1 mA h cm−2 are compared (Fig. 3d). The voltage polarizations
of the Na–Co@NP-CP anode at current densities of 0.5, 1, 2, and
5 mA cm−2 are 3, 7, 13, and 35 mV respectively. However, the
bare sodium anode exhibits higher voltage polarizations at each
of these current densities. These results clearly demonstrate the
more excellent cycling stability of the Na–Co@NP-CP anode
than bare sodium anode. Fig. 3e and f show the EIS spectra
before and aer cycling of a symmetric battery composed of Na–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Galvanostatic discharge/charge profiles of Na–Co@NP-CP and
bare Na electrodes in symmetrical cells at various current densities: (a)
1 mA cm−2, (b) 3 mA cm−2 and (c) 5 mA cm−2. (d) Rate performance
comparison of bare Na and Na–Co@NP-CP of symmetric cells at
a current density from 0.5 to 5mA cm−2 with a certain areal capacity of
1 mA h cm−2. Nyquist plots of (e) bare Na and (f) Na–Co@NP-CP based
symmetric cells before and after 50 cycles.

Fig. 4 Voltage curves of the Na–CO2 batteries with (a) bare Na anode
and (b) Na–Co@NP-CP anode under the limited capacity of
500 mA h g−1 at current densities of 500 mA g−1. Voltage profiles of
the Na–CO2 batteries using (c) bare Na anode and (d) Na–Co@NP-CP
anode under the limited capacity of 1000 mA h g−1 at various current
densities of 1000 mA g−1. SEM images of the (e) bare Na, (g) Na–
Co@NP-CP anode before cycling, and (f) bare Na, (h) Na–Co@NP-CP
anode after 10 cycles in the Na–CO2 batteries under the limited
capacity of 500 mA h g−1 at the current densities of 500 mA g−1.
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Co@NP-CP anode and bare sodium anode at a current density
of 1.0 mA cm−2 and a xed capacity of 1.0 mA h cm−2. Generally
speaking, the charge transfer resistance (Rct) on the electrode
can be reected by the semi-circle of the high-frequency region
in the Nyquist plot.22,23 As can be seen from Fig. 3e, the interface
resistance of the bare sodium electrode is very high before the
cycle, which is 732.8 U, and the interface resistance drops
rapidly to 221.6U aer 50 cycles. In contrast, the Na–Co@NP-CP
electrode has a very low interface resistance of 28.7 U, which
slightly drops to 19.3 U aer 50 cycles. These results indicate
that the Na–Co@NP-CP electrode exhibits superior interfacial
stability.

To further investigate the performance of Na–Co@NP-CP
anode, a Na–CO2 battery was assembled. The Na–Co@NP-CP
or bare sodium electrode as anode and KB@Ru as catalytic
© 2024 The Author(s). Published by the Royal Society of Chemistry
cathode (KB@Ru synthesis steps are shown in ESI†). As shown
in Fig. 4a and b, the voltage of the bare sodium electrode uc-
tuates signicantly with the increase of the number of cycles,
and the overpotential increases rapidly when the current
density is 500 mA g−1 and the xed capacity is 500 mA h g−1.
And due to the formation of sodium dendrites and the passiv-
ation corrosion of bare Na anode, the discharge voltage drops
below 1 V aer 20 cycle. Surprisingly, although the Na–Co@NP-
CP anode also increases in overpotential during cycling, the
charge hysteresis increase of this composite anode is slight and
its discharge voltage is still about 2 V aer 165 cycles. When the
current density is increased to 1000 mA g−1 and the xed
capacity is 1000 mA h g−1 (Fig. 4c and d), the discharge voltage
of the bare sodium anode drops below 2 V in the rst cycle, and
is lower than 1.5 V aer 16 cycles. However, the voltage curve of
Na–Co@NP-CP electrode shows small uctuates during the rst
60 cycles, although the overpotential also increases, it can still
stabilize 125 cycles. As shown in Fig. S5,† the Na–CO2 batteries
have a stable cycle performance of more than 100 cycles at the
high current density of 1000 mA g−1 and the large capacity of
RSC Adv., 2024, 14, 5588–5593 | 5591
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1000 mA h g−1. This substantiates the exceptional repeatability
of Na–CO2 batteries incorporating Na–Co@NP-CP composite
anode. As shown in Table S2,† Na–Co@NP-CP based Na–CO2

battery shows longer cycling life at a high current density and
a large capacity compared with several recently reported Na–
CO2/air batteries. Fig. 4e–h shows the ex situ SEM images of the
bare sodium anode and Na–Co@NP-CP anode before and aer
10 cycles. It can be seen from Fig. 4e and f that the surface of the
bare sodium electrode becomes very rough aer 10 cycles,
which is caused by the uneven growth of sodium dendrites and
sodium corrosion. Conversely, the surface of the Na–Co@NP-CP
electrode (Fig. 4g and h) remains notably smooth even aer
cycling and the crystal morphology can be observed in the
enlarged image. These results indicate that Na–Co@NP-CP
electrode can inhibit the formation of sodium dendrites and
has excellent electrochemical stability.

The bare sodium and Na–Co@NP-CP electrode as anode,
NVP as cathode (the preparation of NVP is shown in the ESI†)
assembled a complete sodium ion battery to further conrm the
excellent performance of Na–Co@NP-CP anode. All the batteries
are applied the glass bre membrane (Whatman) as diaphragm
and 1.0 M NaClO4 (dissolving in EC : DMC = 1 : 1 vol% with 5%
FEC) as electrolyte. Fig. 5a and b show the discharge/charge
curves of the second circle of the Na‖NVP and Na–Co@NP-
CP‖NVP batteries. As can be seen from Fig. 5a, Na–Co@NP-
CP‖NVP full battery capacity is 125.8 mA h g−1 at the initial cycle
and Na‖NVP full battery capacity is only 101.1 mA h g−1 under
1C (1C = 117 mA g−1). In addition, the overpotential in the
second cycle of Na–Co@NP-CP‖NVP battery is also smaller than
that of Na‖NVP battery. When the current density is increased
Fig. 5 Galvanostatic charge–discharge curves of Na–Co@NP-CP and
Na-based full batteries using NVP electrodes at different current
densities: (a) 1C and (b) 5C; cycling performances at (c) 1C and (d) 5C;
(e) rate performances of Na–Co@NP-CP or Na-based full cells; (f)
Voltage profiles of Na–Co@NP-CP‖NVP at 1C.

5592 | RSC Adv., 2024, 14, 5588–5593
to 5C (Fig. 5b), the capacity of Na–Co@NP-CP‖NVP battery still
maintains as high as 89.3 mA h g−1, and the overpotential is
also smaller than that of Na‖NVP battery. Fig. 5c and d show the
cycling performance of Na‖NVP and Na–Co@NP-CP‖NVP full
batteries at the current density of 1C and 5C. In Fig. 5c, the
capacity retention of Na‖NVP battery is only 67.1% at 1C, while
the Na–Co@NP-CP‖NVP battery is as high as 92.4% over 346
cycles. Even when the current density is increased to 5C
(Fig. 5d), the Na–Co@NP-CP‖NVP battery has a capacity reten-
tion of 89.6% over 330 cycles and the Na‖NVP battery has
a capacity retention of only 75.2%. Fig. 5e shows the rate
performance of Na–Co@NP-CP‖NVP and Na‖NVP batteries
when the current density ranges from 0.2C to 5C. It can be seen
from the Fig. 5e that when the current density increases from
0.2C to 5C, the capacity of the whole Na–Co@NP-CP‖NVP
battery decreases from 116.3 mA h g−1 at the beginning to
79.5 mA h g−1. When the current density returns to 0.2C, the
capacity of Na–Co@NP-CP‖NVP is basically the same as the
initial capacity and always higher than Na‖NVP. On the
contrary, when the current density of the Na‖NVP battery
increases from 0.2C to 5C, the capacity of the Na‖NVP battery
rapidly decreases from the initial 97.5 mA h g−1 to
48.4 mA h g−1. Fig. 5f shows the cycling curve of Na–Co@NP-
CP‖NVP full battery at 1C. It can be seen that its capacity is still
above 110 mA h g−1 aer 346 cycles. Through this comparative
analysis, it is evident that the Na–Co@NP-CP‖NVP full battery
exhibits a superior battery capacity retention. The Na–Co@NP-
CP‖NVP full battery can be stably cycled more than 300 times
aer multiple tests at 5C current density, which proves that the
Na–Co@NP-CP‖NVP full battery has excellent repeatability
(Fig. S6†). Furthermore, the excellent stability and cycling
properties of the Na–Co@NP-CP composite anode are
compared with those reported earlier (Table S3†).

Conclusions

In summary, Co3O4 nanoparticles modied N, P co-doped
carbon paper (Co3O4@NP-CP) was synthesized by electrodepo-
sition, and the Na–Co@NP-CP composite anode electrode is
subsequently prepared by depositing sodium on Co3O4@NP-
CP. The experimental results demonstrate that the incorpora-
tion of N, P elements and Co-based substances not only
enhances the spatial architecture of the carbon framework and
sodium affinity but also induce the uniform plating/stripping of
Na+ ions and inhibit the growth of Na dendrites. Therefore, the
symmetric battery used Na–Co@NP-CP composite as anode can
stabilize the cycle for more than 1100 h at the current density of
1 mA cm−2 and the limited capacity of 1 mA h cm−2. When the
Na–CO2 full battery used KB@Ru as the catalytic cathode, it can
cycle 165 times at the current density of 500 mA g−1 and the
limited capacity of 500 mA h g−1, and the voltage hysteresis is
also smaller than that of the bare Na–CO2 battery. Moreover the
Na–Co@NP-CP‖NVP full battery exhibits superior cycling
performance, rate performance, and lower overpotential
compared to a Na‖NVP battery. This work provides a new
strategy for inhibiting the formation of sodium dendrites and
developing excellent sodium anode and Na metal batteries.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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