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In order to solve the contradiction between the rapidly growing energy demand and the excessive ex-
ploitation of fossil fuels, it is urgent to research and develops more environmentally friendly and efficient
energy storage technologies. Therefore, the development of high-performance cathode materials to en-
hance the energy density of SIB is currently one of the most important topics of scientific research. Ad-
vanced high-voltage and low-cost cathode material for SIBs, a composite of carbon-coated NasMnCr(PO4)3
(NASICON-type), polyvinylpyrrolidone (PVP), and modified carbon nanotubes (CNTs) is prepared by sol-
gel and freeze-drying method. Due to the high conductivity of CNTs, the conductivity of the compos-
ite is significantly improved, and its initial capacity is increased to 114 mAh/g at 0.5 C and 96 mAh/g
at 5 C (Mn?*/Mn** conversion for voltage windows 1.4-4.3 V). Moreover, the multi-electrons transfer
of Cr3*/Cr** and Mn?*/Mn** can provide a high capacity of 165 mAh/g at 0.1 C and 102 mAh/g at
5 C in the high voltage window of 1.4-4.6 V. Furthermore, PVP can effectively inhibit the Jahn-Teller
effect caused by Mn ion, making the composite have more excellent high-rate performance and stabil-
ity. In addition, GITT, EIS and CV curves were drawn to better reveal the excellent kinetic properties
of NayMnCr(PO,);@C@PVP@CNT cathode, and the mechanism of its performance improvement is deeply
studied and discussed. Accordingly, the co-doping of CNTs and PVP is a simple way to high conductivity

and fast charging of cathode materials for SIBs.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

With the rapid development of today’s society, our demand for
renewable and clean energy is increasing day by day, so the de-
velopment and research of large-scale energy storage systems are
extremely urgent. So far, LIBs have been widely used in electric ve-
hicles and portable electronic devices [1-6]. However, the cost of
lithium has skyrocketed due to the limited and uneven distribution
of global lithium resources. The high cost will restrict the develop-
ment of LIBs. Therefore, recently a hot research topic is the study
of a new battery system, which can reduce the load on lithium re-
sources and be used for large-scale energy storage [7-11]. Because
of the abundant natural resources, low cost and similar working
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electrochemical principle to LIBs, sodium-ion batteries (SIBs) have
gained widespread attention [12-17]. However, due to the larger
ionic radius of sodium ions and the higher intrinsic electrochemi-
cal potential of Na*/Na, the working voltage, energy/power density,
cycling stability and other electrochemical characteristics of SIBs
are not very ideal compared with LIBs, and these have become the
main problems to be solved on the development road of SIBs [18].
Therefore, it is of great significance to develop cathode materials
with high working voltage, high specific capacity, high cycle sta-
bility and rapid sodium ion diffusion ability to improve the energy
density of SIBs.

At present, the cathode materials studied mainly include
polyanion compounds, transition metal oxides, Prussian blue
derivatives and other materials [18]. Among them, polyanion com-
pounds have been widely concerned because of their excellent
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electrochemical properties due to the “induced effect” of polyanion
groups [19]. Among polyanion compounds, phosphate compounds
with NASICION-type structure (sodium superionic conductor), such
das Na3V2(PO4)3 [20—27], N33V2(PO4)2F3 [28—33], Na4MnCr(PO4)3
[34-36], NazMnTi(PO4); [37], have high working voltage, good
thermal stability and safety, the unique three-dimensional open
structure, which can be used as a channel for the rapid transport
of sodium ions, has been a hot research topic in recent years [38].
And among these cathode materials with NASICION-type struc-
ture, NazMnCr(POg4)s3 is a kind of electrode material with excellent
electrochemical performance. Due to the high cost of vanadium-
containing compounds used to synthesize Na3V,(PO4);, the fur-
ther application of Na3;V,(POy); is limited. By using cheaper Mn%*+
and Cr3* ions to completely replace the V3* ions of NazV,(POy)s,
the advanced NazMnCr(POg4); cathode materials with low cost and
high voltage can be obtained [34]. This material has a higher volt-
age platform. It can transform Mn?+/Mn3* and Mn3*/Mn** in the
range of 1.4-4.3 V, and can provide a maximum capacity of 114.1
mAh/g at 0.1 C (1 C=111 mA/g) [34]. There is a Cr3*/Cr*+ redox
pair in the 4.3-4.6V voltage range. Within the 1.4-4.6 V voltage
range, the initial charge and discharge capacity can reach 196/160.5
mAh/g at 0.05 C (1 C=160 mA/g) [34]. However, due to its low
electronic conductivity and the Jahn-Teller effect caused by active
Mn3+ ions, it shows poor cyclic stability and rate performance in
electrochemical tests, which limits its further application. Accord-
ing to Jian Zhang's report [34], NayMnCr(PO4); cathode capacity is
only 73.5, 60.5, 43.2 and 26.6 mAh/g at 2, 5, 10 and 15 C in 1.4-4.3
V voltage window. Nag;MnCr(PO4 )3 cathode exhibits poor high-rate
performance. So many different methods have been tried to im-
prove the performance of materials, such as doping metal cations
[39-43], compounding different carbon materials [44-46], and re-
ducing particle size [47,48]. Among them, the composite with car-
bon material is a common method that can effectively improve the
electrical conductivity of the carbon coating and the electrochem-
ical performance of the materials, and has a low cost and simple
synthesis method.

Carbon nanotubes (CNTs) and polyvinyl pyrrolidone (PVP) are
considered as one of the important materials for improving the
electrical conductivity and thermodynamic properties of other ma-
terials due to their excellent and unique properties. In fact, CNTs
and PVP have been widely used in LIBs and SIBs [46-50]. Accord-
ing to Wei Shen et al. [50], they added PVP with different con-
tent ratios during the preparation process of Na3V,(PO4)3. Com-
pared with the samples prepared without PVP, the doped samples
have a significant improvement in cycle performance and rate per-
formance. On this basis, they chose the best performance of the
sample to compound with CNTs, using CNTs as a high conductiv-
ity network to further improve the electrochemical performance of
Na3V,(POy4)3. The prepared sample shows its excellent rate perfor-
mance, and the capacity change range is 73-101 mAh/g at a rate of
0.2-70 C [50].

In this work, composites of Na;MnCr(PO,4); cathode material
with carbon coating for SIBs and modified CNTs, polyvinylpyrroli-
done (PVP), or their combination were prepared through a
simple sol-gel method and freeze-drying technology. It was
found that the co-doping of CNTs and PVP significantly im-
proves the practically important electrochemical characteris-
tics of NazMnCr(POy)s, especially the electrical conductivity
and stability of the charge/discharge cycle. In particular, the
NazMnCr(PO4); @C@PVP@CNTs material has a high capacity of 114
mAh/g at 0.5 C (voltage windows 1.4-4.3 V), and a long-cycle per-
formance at 5 C is significantly better than other control samples.
Furthermore, for the electrochemical window 1.4-4.6 V, the initial
capacity of the composite reaches 165 mAh/g at 0.1 C due to the
implementation of electrochemical transformations Mn2*/Mn**
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and Cr3t/Cr**. The reasons for the decrease in capacity and long-
cycle stability resulting in a high-voltage window are discussed.

To compare the electrochemical properties of NayMnCr(POy4);
with carbon coating (denoted as NMCP@C hereafter) and its vari-
ous composite materials (denoted as NMCP@C@CNT NMCP@C@PVP
and NMCP@C@PVP@CNTs were prepared (see Experimental section
in Supporting information). The general scheme preparation of the
NMCP@C@PVP@CNTs sample is shown in Fig. S1 (Supporting in-
formation). First, CNTs were acidified to remove impurity phases
and increase the functional number of groups on the surface. Then
the sol-gel method and lyophilization technology were applied.
NMCP@C@PVP@CNTs compound gel obtained by sol-gel method
was instantaneously frozen with liquid nitrogen and then freeze-
dried. Through the lyophilization technology, the gel was dried by
sublimating water, which could not damage the spatial structure
inside the compound material, maintain the morphology of the
material to the maximum extent, and ensure the uniformity of dis-
tribution of CNTs and PVP in the gel. In addition, citric acid and
polyvinylpyrrolidone (PVP) were used as carbon sources to form a
carbon coating on the surface of the cathode material after calci-
nation at high temperature. XRD patterns of NMCP composites are
presented in Fig. 1a. As can be seen, the results of XRD samples
for doped CNTs and PVP or CNTs+PVP are similar, and there are
only reflexes appurtenant to the rhombohedral structure of NASI-
CON (sp. gr. R-3c). Accordingly, the carbon layer does not affect the
crystal structure of Naz;MnCr(POy4)3 [35,36].

In order to study the microstructure of NMCP series materi-
als, SEM and HRTEM were used. The morphology of all samples
is similar: mostly irregular block particles with a size of about 1-5
um (Fig. 1b and Fig. S2 in Supporting information). On the surface
of the samples, NMCP@C@PVP@CNT (Fig. 1c) and NMCP@C@CNTs
(Fig. S2b) located randomly CNTs can be found, which confirms
the successful doping of CNTs. HRTEM images of prepared sam-
ples (Fig. 1d and Fig. S2d) clearly show the lattice interplanar dis-
tance of Nag;MnCr(PO4)s. The interplanar distances of about 0.372
and 0.257 nm are in good agreement with the crystal lattice in-
dices (113) and (300) for NMCP (according to card PDF-#97-026-
0210), respectively. In addition, a uniform thin layer of carbon with
a thickness of about 3-7 nm is observed on the surface of NMCP
materials as a result of the carbonization of citric acid and PVP
under an inert atmosphere at high temperature. Fig. 1e shows the
element mapping analysis of the NMCP@C@PVP@CNTs sample. As
shown in the EDX mapping images of Na, Cr, Mn, P, O and C ele-
ments, the prepared sample has no additional impurity peaks and
the carbon-coated layer was uniformly the surface of NMCP parti-
cles.

The Ip/Ig values of NMCP@C@PVP@CNTs and NMCP@C samples
(according to Raman spectrum, Fig. 2a) are 0.94 and 1.32, respec-
tively. This indicates that, compared with the NMCP@C sample,
the NMCP@C@PVP@CNTs sample has a higher graphitization de-
gree and better electronic conductivity [50]. Moreover, there is an
extra peak around 1036 cm~!, which is related to the stretching
vibration of the P-O bond [36]. In the FTIR spectrum (Fig. 2b), the
presence of the P-O bond of the PO4 tetrahedron was also detected
at about 1058 cm~!. In addition, the stretching vibration of PO,
units was detected at 1176 cm~!, while the peaks at 670 cm~! and
621 cm~! were caused by the stretching vibration of Cr-O and Mn-
O, respectively [51,52]. X-ray photoelectron spectroscopy (XPS) was
used to further analyze the valence states of each element on the
surface of the prepared samples (Fig. 2¢c), and the peaks of Na, Mn,
Cr, P, O and C can be clearly observed for the all XPS spectrum. The
high-resolution XPS spectra of Mn 2p and Cr 2p show the signal of
Mn2+ and Cr3+, respectively. In the case of the C 1s spectrum, the
peak near 284.6 eV corresponds to the sp? carbon of the C-C bond,
while the other strong peak corresponds to the sp> carbon with
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Fig. 1. Characterizations of NMCP@C@PVP@CNTs sample: (a) XRD patterns; (b) SEM image; (c) TEM image; (d) HR-TEM image; (e) EDS element mapping.
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Fig. 2. (a) Raman spectrum; (b) FTIR spectrum of NMCP@C @PVP@CNTs and NMCP@C; (c) Whole XPS spectrum and high-resolution XPS spectra of Mn 2p, Cr 2p, C 1s for

NMCP@C@PVP@CNTs and NMCP@C.

several different C-O bond configurations, namely the C-O bond at
about 285.3 eV and 0-C=0 bond at about 287.7 eV. In addition, by
comparing the XPS spectra of the two samples, it can be seen that
the chemical bond of elements in the samples doped with CNTs
and PVP remains unchanged.

The result of thermogravimetric analysis (TGA) revealed that
the weight loss of the NMCP series samples during the heating
process is used to evaluate the carbon content in the prepared
samples (see details in Supporting information).

The electrochemical characteristics of all prepared samples
were measured in semi-elements of sodium ions by assembling
push-button elements CR2032. The electrodes were tested on two
different voltage windows, 1.4-4.3 V and 1.4-4.6 V, respectively. Fig.
3a shows the CV curve of the NMCP@C@PVP@CNTs electrode with
a voltage window of 1.4-4.3 V (for other samples, see Fig. S4 in
Supporting information). It can be clearly seen that there are two
pairs of redox peaks at 3.46/3.74 V and 4.14/4.26 V, which cor-
respond to the redox reactions of NayMnCr(POg4)3/NazMnCr(PO4)3
and NazMnCr(PO4)3/Na,MnCr(POy4)3, respectively [36]. In addition,
the highly overlapping CV curves also reflect the high reversibil-
ity of the redox reactions of Mn?*/Mn3* and Mn3+/Mn*+, which
means the high reversibility of the deintercalation behavior of
sodium ions in NMCP@C@PVP@CNTs material. Fig. 3b shows the
GITT test results of the NMCP@C@PVP@CNTs electrode in the range
of 1.4-4.3 V (the typical charge and discharge GITT curve in the
second circle); for NMCP@C@CNTs, NMCP@C@PVP and NMCP@C
are shown in Figs. S5 and S6a (Supporting information), respec-
tively. The battery was charged and discharged for 30 min at 0.1 C
current density (Fig. S7 in Supporting information), after which it

was rested for 2 h to achieve voltage balance. According to the cal-
culation for NMCP@C@PVP@CNTs, the sodium ion diffusion coeffi-
cient Dy,+ is approximately between 10-12 cm?/s and 10-1° cm?/s.
After the GITT test of the NMCP@C electrode under the same con-
ditions, the calculated value of Dy,+ is about 10-1°-10-10 cm?/s. It
can be seen that the co-doping of PVP and CNTs can improve the
sodium ion diffusion coefficient Dy,+.

The results of electrochemical charge/discharge tests at differ-
ent current densities for NMCP composites in the potential win-
dow of 1.4-4.3 V vs. Na*/Na are shown in Fig. 3 and Fig. S8 (Sup-
porting information). The charge/discharge curves of the first five
cycles for the NMCP@C@PVP@CNTs at 0.5 C (Fig. 3c, 1 C=110
mA/g) clearly demonstrate the existence of two electrochemical
platforms at 3.51/3.67 V and 4.15/4.26 V (correspond to the redox
process of Mn2*/Mn3* and Mn3*/Mn*t, as a result, two sodium
ions are deintercalated), respectively, that is in good agreement
with CV profiles (Fig. 3a). The theoretical capacity of double elec-
tron transfer of NMCP@C based on Mn2*/Mn3*/Mn*t is 110.8
mAh/g [34-36]. However, in the cyclic performance at 0.5 C (Fig.
3d), it is found that the capacity of NMCP@C@CNTs (119 mAh/g,
15t cycle) and NMCP@C@PVP@CNTs (114 mAh/g, 2™ and 3™ cy-
cle) is slightly higher than the theoretical value due to the small
amount of Cr3*/Cr** involved in the reaction to provide the ca-
pacity [34]. In general, the initial specific capacity of NMCP@C,
NMCP@C@PVP, NMCP@C@CNTs and NMCP@C@PVP@CNTs is 95, 93,
119 and 109 mAh/g, respectively. This indicates that a revision
phase conversion between NayMnCr(POg4)3/NazMnCr(POy)s is car-
ried up to 4.3 V. During the cycling performance at 0.5 C (Fig. 3d),
the specific capacity for all samples is gradually reduced, and af-
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Fig. 3. Electrochemical performance of NMCP composites: (a) Cyclic voltammetry (CV) profiles of NMCP@C@PVP@CNTs at 0.2 mV/s.

(b) Galvanostatic intermittent titration

technique (GITT) profiles and the corresponding calculated Na* diffusion coefficients (Dy,+) of NMCP@C@PVP@CNTs during charge/discharge processes at 0.1 C. (c) Charg-
ing/discharging profiles of NMCP@C@PVP@CNTs at 0.5 C. (d) cycling stability of NMCP series samples at 0.5 C. (e) Rate capability of NMCP series samples at different rates;
(f) charging/discharging profiles of NMCP@C@PVP@CNTs at different rates. (g) Long-term cycle performance of NMCP series samples under a high rate of 5 C.

ter 100t cycle the capacity is retention at the level 62.5%, 74.3%,
81.5% and 86.2% for NMCP@C, NMCP@C@CNTs, NMCP@C@PVP and
NMCP@C@PVP@CNTSs, respectively (Table S1 in Supporting infor-
mation). The performance tests from 0.5 C to 15 C were conducted
to study the rate performance of NMCP series electrodes at var-
ious current densities (Fig. 3e). It can see that the rate perfor-
mances of NMCP@C@CNTs and NMCP@C@PVP@CNTs samples were
better than of NMCP@C and NMCP@C@PVP. So, the specific ca-
pacities of NMCP@C@PVP@CNTs at 0.5, 1, 2, 5, 10 and 15 C are
114, 103, 93, 80, 70 and 63 mAh/g, respectively, and after return-
ing to 0.5 C, the capacity can reach 111 mAh/g. Therefore, dop-
ing CNT allows for increasing the capacity and rate performance
of NMCP@C material due to the excellent electrical conductivity
of CNTs. Fig. 3f and Fig. S8 display the charge-discharge curves
of NMCP@C@PVP@CNTs and NMCP@C at different rates. At a low
current of 0.5 C, there are two continuous flat voltage platforms
at 3.52/3.63 V and 4.18/4.26 V, but when the current increases to
5 C, the platform at 3.52/3.63 V has a slight potential shift, and
the voltage plateau at 4.18/4.26 V began to decrease. Increasing
the current to 15 C causes the potential of the low-potential volt-
age plateau to shift to 3.38/3.77 V, and the high-potential plat-
form almost disappeared. Although the charge-discharge curves
of NMCP@C and NMCP@C@PVP@CNT are similar, the capacity of
NMCP@C is significantly lower than NMCP@C@PVP@CNT at all
rates. This indicates that the co-doping of PVP and CNTs is help-
ful to improve the stability of the crystal structure of NMCP. In
addition, the long-term cycle performance of NMCP samples were
tested at 5 C (Fig. 3g). The initial capacity of the electrodes is in the
range from 109 mAh/g to 70 mAh/g at the rate of 5 C (maximum
for NMCP@C@CNTs and minimum for NMCP@C@PVP, more detail
in Table S2 in Supporting information). After 600 cycles the spe-
cific capacity retention of NMCP@C, NMCP@C@PVP, NMCP@C@CNTs
and NMCP@C@PVP@CNTs is 52.9%, 67.1%, 37.5% and 59.3%, respec-

tively, and the capacity of NMCP@C@PVP@CNT is 57 mAh/g, which
is higher than in all other samples (Table S2). It is noteworthy
that although the doping of CNTs helps to increase the conduc-
tivity of NMCP and thus increase the capacity, however, CNTs with
one-dimensional structure have little contribution to the cyclic sta-
bility of NMCP materials, so the long-term cycle performance of
NMCP@C@CNTs samples is the worst. In fact, the decrease in cyclic
stability of NMCP materials is generally attributed to the Jahn-
Teller effect caused by active Mn3* ions, which leads to the dis-
tortion of the material lattice and the loss of manganese ions from
the electrode to the electrolyte [34-36]. Due to the addition of
CNTs during the charge-discharge process, additional sodium ion
diffusion channels are added inside the material, so the conductiv-
ity and initial capacity of NMCP@C@CNTs and NMCP@C@PVP@CNTs
cathode are significantly improved. However, at the same time,
the repeated ionized short-chain CNTs aggravated the Jahn-Teller
effect [53], and the increase of these sodium channels also pro-
moted the dissolution of the active Mn3* ions that caused the
Jahn-Teller effect, resulting in a significant decrease in the cyclic
stability of NMCP@C@CNTs cathode. Interestingly, the addition of
PVP significantly improved the cycle stability of the NMCP cath-
ode. From the cycling performance at 0.5 C and the long cycling
performance at 5 C, the cycling stability of NMCP@C@PVP@CNTs
cathode was significantly improved while maintaining high elec-
trochemical capacity. Moreover, the NMCP@C@PVP cathode has the
most stable long-term cycling performance. On the one hand, PVP
is carbonized due to incomplete combustion during the calcination
at high temperature in an inert atmosphere, forming an additional
conductive carbon coating with rich defects to cover the surface
of the material particles, thus significantly improving the Na* dif-
fusion rate and conductivity, and the doping of PVP can also ef-
fectively reduce the side reaction between electrode/electrolyte in-
terface, thus forming a thinner CEI layer and improving the cycle
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stability [47-49,54,55]. On the other hand, PVP, as a non-ionic sur-
factant, forms micelles in an aqueous solution and disperses par-
ticles, which can effectively adjust the shape and size of particles,
so the sample doped with PVP can have a more uniform and small
size. During the cycle, there is a certain space between PVP-doped
material particles to release the lattice stress caused by Jahn-Teller
distortion, thus maintaining its structural stability [56]. It is appar-
ent that because of the synergistic effect of PVP and CNTs, the ca-
pacity and cycle stability of the NMCP@C@PVP@CNTs sample have
been significantly improved at different current densities. In ad-
dition, electrochemical impedance spectroscopy (EIS) and CV tests
on the electrode at various scan rates from 1.4 V to 4.3 V were
performed for the determination of the kinetics of the electrode
processes in the prepared samples (details see Supporting informa-
tion). A comparison of the discharge capacity of the NASICON-type
is given in Table S6 (Supporting information). As can be seen from
the data presented, the obtained values for prepared CNTs- and
PVP-doped NazMnCr(POg4);/C composite are significantly higher or
approximately equal to those previously reported.

Since in NMCP, the redox reaction of Cr3*+/Cr*t can also take
place due to a wider voltage window, additional electrochemical
tests were carried out for NMCP@C@PVP@CNTs and NMCP@C in
the voltage range of 1.4-4.6 V (Fig. S11 in Supporting information).
It should be noted that the expansion of the voltage window, on
the one hand, leads to a significant increase in capacitive charac-
teristics due to the additional one, but on the other hand, cyclic
stability worsens (details in Supporting information).

In addition, we use multilayer V4C3Tx MXene instead of sodium
metal and NMCP@C@PVP@CNTs as the anode and cathode, respec-
tively, are assembled into coin cells to study the full battery per-
formance (see details in Supporting information).

In summary, we adopted sol-gel and freeze-drying methods for
the synthesis of NMCP composites achieved by carbon-coated, PVP,
and modified CNTs. It was found that co-doping of CNTs and PVP
creates a synergistic effect to improve practically important elec-
trochemical characteristics of the NMCP@C cathode material in
SIBs, namely: promoting high-rate capability (114 mAh/g at 0.5 C
and 96 mAh/g at 5 C), well supports a long-life cycle (600 cycles
at 5 C), improves kinetic parameters and sodium diffusion coef-
ficients (Dy,+ about 2.3 x 10~12 cm?/s), electrical conductivity in-
creases significantly (Rp is 103 €2). The specified results are deter-
mined for voltage windows within 1.4-4.3 V. Expanding the voltage
window to 1.4-4.6 V also allows, due to Cr3*/Cr*t transformations,
to increase the output capacity up to a value of 165 mAh/g at 0.1
C, and this result is the best. However, at high current densities
partially invalidates these results due to electrolyte decomposition.
Accordingly, for the effective industrial implementation of NMCP
cathodes or similar materials, the creation of new electrolytes.
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