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NaVPO4F (NVPF) holds significant promise for advancing the commercialization of sodium-ion batteries
owing to its high voltage of 3.4 V, impressive theoretical capacity of 143 mA h 9*1, and low vanadium
content. However, its further development is hindered by its limited internal electronic conductivity.
To address this issue, herein, an additional network of highly conductive carbon nanotube (CNT) was
applied onto a layer of reduced carbon to form a multilevel carbon structure. The introduction of 3D
tubular network increased the specific surface area of the material, inhibited the growth of the particle
size of the sample, and accelerated the transport of sodium ions, which provided a stabilizing barrier to
mitigate structural degradation. The prepared NaVPO4F/C/CNT10% (NVPF/C/CNT10%)
demonstrated a discharge specific capacity of 125.6 mA h g~* at 0.2C, achieving impressive capacity
retention of 98.4% after 100 cycles. Furthermore, after 1000 cycles at 5C, it exhibited the capacity
retention of 78%. Notably, the fabricated full battery demonstrated an exceptionally high capacity
retention of 86.2% after 300 cycles at the same rate. Through ex situ XRD and XPS analyses of the
NVPF/C/CNT10% sample, the mechanism of sodium-ion intercalation/deintercalation was disclosed
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during the charging/discharging processes. This study paves the way for the development of
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1. Introduction

The growing demand for lithium-ion batteries (LIBs) has
inevitably brought to light the limitations of global lithium
resources, leading to a continuous rise in their prices and imped-
ing their widespread implementation in future developments.
Compared to lithium reserves of 0.0065%, the total sodium
content in Earth’s crust is about 2.7%, making it a more abundant
resource with lower extraction costs.> Furthermore, both sodium
and lithium belong to the same main group and exhibit similar
electrochemical mechanisms, indicating that sodium-ion batteries
(SIBs) hold great potential as next-generation large-scale energy
storage systems.® In SIBs, the primary role of the cathode material
is to supply sodium ions, implying that it can exhibit a robust
sodium-ion storage capacity as well as a high desodiation
potential.* To date, the most promising cathode materials have
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highperformance cathode materials for sodium-ion batteries.

predominantly been categorized into polyanion compounds,™®
transition metal oxides,”® and Prussian blue analogues.” ™"
Among various materials, the polyanionic phosphate com-
pound NaVPO,F (NVPF) is distinguished by its unique struc-
ture, wherein its P-O tetrahedra are interconnected with V-O-F
octahedra through shared oxygen atoms, resulting in a stable
three-dimensional framework.'>™* The F atom acts as a potent
electron-withdrawing group, effectively diminishing the elec-
tron density surrounding the V-O octahedra and consequently
enhancing the redox potential of vanadium.">'® With notable
advantages such as a high operating voltage of 3.4 V, an
impressive theoretical capacity of 143 mA h g%, low toxicity
associated with V, and significant application potential, NVPF
has emerged as a promising cathode material. However, its
limited electronic conductivity poses challenges to its further
development.'” A variety of approaches have been employed to
address this issue, including the manipulation of microscopic
morphology,'®*?° element doping,>' > electrode design,** and
surface coating.”>*® Among these strategies, applying a highly
conductive material as a surface coating represents the most
straightforward and effective method for enhancing the con-
ductivity of the sample. Zhang et al. developed NazV,(PO,),.
F;@RuO, through the deposition of a highly conductive metal
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Fig. 1 Preparation process of NVPF/C/CNT with a multilevel carbon
network.

oxide RuO,, which facilitated a substantial enhancement
in the material electrical conductivity and electrochemical
performance.”” Zhang et al. demonstrated that Na;MnV(PO,)s/
NC@CNTs exhibited a remarkable capacity retention of 77.5% at
a discharge rate of 10C after 1500 cycles, which can be attributed
to the N-doped double carbon layer, thus effectively enhancing
both the electrical conductivity and stability of the material.>®
Herein, we constructed a NaVPO,F/C/CNTx (x = 0, 5%, 10%
and 15%, hereafter referred to as NVPF/C and NVPF/C/CNTx)
composite by applying a highly conductive CNT network onto
the surface of the single carbon layer. Experimental results
demonstrated that in comparison to the single carbon struc-
ture, the multilevel carbon architecture significantly acceler-
ated Na' transport and effectively enhanced the structural
stability. NVPF/C/CNT10% demonstrated a remarkable reversi-
ble discharge capacity of 125.6 mA h g~ " at 0.2C, with a capacity
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retention of 98.4% after 100 cycles. Notably, the assembled full
battery exhibits an impressive capacity retention of 86.2% after
300 cycles at 5C. The sodium storage mechanism was further
elucidated through ex situ XRD and XPS analyses conducted at
various voltage levels.

2. Results and discussion

2.1. Morphology and structural characteristics

As depicted in Fig. 1, the preparation process for NVPF/C/CNT
samples involves a sol-gel method, followed by a high-
temperature calcination. V,0s is reduced to V** using a slight
excess of oxalic acid, with the remaining acid forming the first
carbon layer during the high-temperature calcination. Subse-
quently, NH,H,PO,, NaF, and CNT were added. CNT, serving as
the second carbon network, created a three-dimensional con-
ductive network on NVPF/C during the calcination, culminating
in the formation of NVPF/C/CNT.

The XRD patterns of the NVPF/C and NVPF/C/CNT series
samples are presented in Fig. 2a. All observed diffraction peaks
correspond well to the monoclinic crystal structure of NVPF,
which belongs to the C2/c space group. This observation is
consistent with previously reported findings.?**° The XRD peak
profiles for the samples containing 5%, 10%, and 15% CNT
were largely similar, suggesting that the incorporation of
CNT does not adversely affect the crystallization process of
NVPEF. Fig. 2b illustrates the TG curves of the materials eval-
uated in air, revealing that the carbon contents of NVPF/C and

(®) 110

(€10)
(109

am
©002)
(0zn

(@00
900)
(970

NVPF/C/CNT15%

NVPF/C/CNT5%

l ” ’\ A NVPF/C

Intensity (a.u.)
Z
<
=~
=
Q
a
Z
=
>
NS

Weight (wt.%)
3

——NVPF/C
——NVPF/C/CNT10%

"""" Va4

70 1 1 1 1 1 1
10 20 30 >t 40 4 50 60 70 100 200 300 400 500 600
eta (deg.
(deg) Temperature (°C)
(©) NVPF/C (@
—— NVPF/C/CNT10% V2p g §
~ | PO -~ [ 2 E
3 - . E E{ al
Q) /\ !\ < - 3 /o
~ _/s \ ~ e T /
& /\_\w \\”/ \W z I ore s o) o
7] 7 i bt
§ g f BET Surface Area:34.7181 m* g 9/9/
E E vy
Ll P T
Ip/Ig=1.21 ‘
\/'r\_\]iif—/\,\_\//\w I ‘0‘0‘0'0'0'00‘0‘0&
@w'o
900 1200 1500 1800 526 00 02 04 06 08 10

Raman shift (cm™)

Fig. 2
(e) BET/BJH curve of NVPF/C/CNT10% sample.
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(a) XRD patterns of the four samples; (b) TG curves and (c) Raman spectra of NVPF/C and NVPF/C/CNT10% samples; (d) XPS V 2p spectrum and
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NVPF/C/CNT10% are 4.41% and 4.38%, respectively. The car-
bon contents among the samples are similar, which is in line
with the results of the experimental design.

Raman spectroscopy was employed to further investigate the
carbon species in the NVPF/C and NVPF/C/CNT10% samples,
as illustrated in Fig. 2c. Both samples exhibit distinct peaks at
approximately 1000, 1350, and 1600 cm ™', which correspond to
the stretching vibration of PO,*", the D peak (defect induced)
of carbon, and the G peak (crystalline graphite) of carbon,
respectively. The intensity ratio of the D peak and the G
peak (Ip/lg) serves as an indicator of the sample’s degree of
graphitization.** Notably, the I/l value for NVPF/C/CNT10%
(0.98) is significantly lower than that for NVPF/C (1.21), sug-
gesting that CNT incorporation enhances graphitization and
subsequently improves electrical conductivity. The elemental
makeup and oxidation state of the NVPF/C/CNT10% sample
were analyzed using XPS, as indicated by the comprehensive
spectrum analysis (Fig. S1, ESIt), which identified the elements
Na, V, P, O, F, and C. The high-resolution C 1s spectrum was
fitted to show the presence of C-C, C-O, and C=O0 bonds. In
the V 2p spectrum shown in Fig. 2d, two peaks are observed
at binding energy values of 517.1 eV and 524.2 eV, which
correspond to the V 2p;, and V 2p,,, orbitals, respectively,
indicating presence of trivalent vanadium.**> Meanwhile, BET
analysis reveals that the specific surface area of the multilevel
carbon structure in NVPF/C/CNT (34.7181 m® g~ ") is signifi-
cantly greater than that of NVPF/C (4.1728 m> g '). This
enhanced specific surface area facilitates an increased wett-
ability between the electrode and the electrolyte (Fig. 2e and
Fig. S3, ESI¥).
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The microscopic morphology of the sample was examined
using SEM and TEM to investigate the effects of the multilevel
carbon composite structure. As shown in Fig. 3(a-d) and Fig. S4
(ESIY), the surface of the NVPF/C sample displays larger particle
sizes, with an average diameter of approximately 3.55 pm. In
contrast, the average particle diameters for the NVPF/C/
CNT5%, NVPF/C/CNT10%, and NVPF/C/CNT15% concentra-
tions are measured at 2.69, 2.12, and 1.63 pm, respectively.
The surface of the NVPF/C/CNT10% sample is intricately envel-
oped by a three-dimensional tubular network formed by CNT,
which not only increases electron transport rates but also
effectively curtails the growth of NVPF particles, thereby aug-
menting its electrochemical performance. The TEM images of
the NVPF/C/CNT10% sample presented in Fig. 3e and f dis-
tinctly illustrate that CNT is uniformly enveloping on the sur-
face of the sample. In Fig. 3g and Fig. S5 (ESIY), a carbon layer
of approximately 3 nm thick is clearly discernible on the
surface of the NVPF sample, resulting from the thermal decom-
position of oxalic acid. Beyond this carbon layer, CNTs can be
tightly wrapped around the sample’s surface, corroborating the
findings from SEM. Additionally, measurements reveal an
interplanar spacing of 0.281 nm for the sample, which corre-
sponds to the (120) plane of NVPF.** Furthermore, the mapping
images of the NVPF/C/CNT10% sample are presented in
Fig. 3h, illustrating a uniform distribution of elements C, Na,
V, P, O, and F throughout the sample.

2.2. Electrochemical evaluation of NVPF/C/CNT in half cells

To explore the influence of a multilevel carbon structure on the
sodium storage performance of NVPF cathode material,

Fig. 3 SEM images of (a) and (b) NVPF/C; (c) and (d) NVPF/C/CNT10%; (e)-(g) TEM and HRTEM images of NVPF/C/CNT10%; (h) elemental mapping

images of NVPF/C/CNT10%.

This journal is © The Royal Society of Chemistry 2025
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electrochemical tests were performed using CR2032-type half
cells within a voltage range of 2.5-4.0 V. Fig. 4a illustrates the
galvanostatic charge-discharge (GCD) curves for all samples at
0.2C. A pair of charging and discharging plateaux are observed
at about 3.4 V, which correspond to the redox reaction between
Vv*" and V*'. The charging curves exhibit smooth transitions,
and the discharging curves reveal a distinct step-like platform
phenomenon, this behavior is attributed to the formation
of an in situ passivation layer on the surface of the sodium
counter electrode due to interactions withsolvent in the
electrolyte.>®> This passivation layer forms during discharge
and dissipates upon charging, recurring consistently through-
out cycling. The initial specific capacities of NVPF/C, NVPF/C/
CNT5%, NVPF/C/CNT10%, and NVPF/C/CNT15% were mea-
sured to be 109.4, 121.9, 125.6, and 111.3 mA h g,
respectively. In particular, NVPF/C/CNT10% exhibited the
highest initial specific capacity among these samples. After
100 cycles, it retained a capacity of 123.7 mA h g~ " with a
retention of 98.4%. In contrast, the capacity retention for
NVPF/C was recorded at only 87.8% (Fig. 4b). The rate
performance of the four samples is illustrated in Fig. 4c. At
1C, NVPF/C/CNT10% demonstrates a specific capacity of
113.8 mA h g, surpassing that of NVPF/C (99.4 mA h g '),
NVPF/CNT5% (107.4 mA h g~ %), and NVPF/CNT15% (106.2 mAh g %),
Additionally, at varying rates of 2, 3, 5, and 10C, the specific
capacities for NVPF/C/CNT10% were recorded as 111.1, 108.7,
104.9, and 100.1 mA h g ', respectively, these values are
significantly higher than those for NVPF/C (92.5, 85.5, 75.6,
and 57.3 mA h g™"). A comparison of the discharge curves for
both NVPF/C and NVPF/C/CNT10% across different rates
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polarization and maintains a more stable voltage platform
(Fig. S6, ESIY).

In order to comprehensively assess the long-term cycling
stability of the cathode material, the results from 1000 cycles
were obtained at 5C in Fig. 4d. The initial discharge specific
capacity of NVPF/C/CNT10% at this rate was measured at
107.7 mA h g™, and after completing 1000 cycles, it retained
a capacity of 84 mA h g, corresponding to the retention of
78%. In comparison, the capacity retention for NVPF/C/CNT5%
and NVPF/C/CNT15% was found to be 72.8% and 71.6%,
respectively. Conversely, NVPF/C exhibited poor performance
under high rates, its specific capacity experienced a pro-
nounced decline throughout the cycling process, culminating
in final retention of merely 11.5%. Following disassembly of
the NVPF/C/CNT10% electrode post-1000 cycles at 5C, XRD and
SEM analyses were performed, as illustrated in Fig. S6 and S7
(ESIY). The diffraction peaks for NVPF/C/CNT10% displayed no
significant alterations in either position or intensity. Addition-
ally, SEM analysis indicates that the multilevel carbon archi-
tecture significantly alleviates the effects of high-intensity
current on the sample, thereby preserving the integrity of its
surface. These results show that the multilevel carbon archi-
tecture effectively enhances structural stability while facilitat-
ing commendable electrochemical performance. Fig. 4e
presents a comparison of NVPF/C/CNT10% with previously
reported materials, demonstrating that NVPF/C/CNT10% exhi-
bits outstanding overall performance (Table S1, ESIt).

The influence of multilevel carbon on the reaction kinetics
of the NVPF cathode material was investigated through CV
tests conducted on the four materials at a scanning rate of

reveals that the curve for NVPF/C/CNT10% exhibits minimal 0.1 mV s, as shown in Fig. 5a. All CV curves display a pair of
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(g) voltage profile during GITT for NVPF/C/C; (h) the apparent diffusion coefficients of Na* were calculated from the GITT profiles; (i) four samples of the

Nyquist plot.

oxidation-reduction peaks at about 3.4 V, corresponding to the
V**/v*" redox couple, which aligns with the discharge-charge
curve plateau observed in the half-cell configuration. Interest-
ingly, the reduction peak near 3.2 V bifurcates into two distinct
peaks from an initial single peak, this phenomenon may be
attributed to localized temperature increases during charging
and discharging processes, which facilitates Na® migration
from the Na(1) site to the Na(2) site.***” Furthermore, NVPF/
C/CNT10% demonstrates a reduced polarization value between
its oxidation and reduction peaks, thereby enhancing rapid Na*
de-intercalation. Fig. 5(b and c¢) and Fig. S8 (ESIt) illustrate the
CV curves of the four cathode materials at varying scan rates
ranging from 0.1 to 1 mV s~ '. When the scan rate increases, the
intensity of the redox peaks enhances progressively. NVPF/C
exhibits broad and weak characteristic peaks with minimum
overlap between them. In contrast, NVPF/C/CNT10% displays a
distinct and sharp characteristic peak characterized by signifi-
cant overlap, indicating superior reversibility. The linear rela-
tionship between peak current (i,) and scan rate (/%) for both

This journal is © The Royal Society of Chemistry 2025

NVPF/C and NVPF/C/CNT10% is depicted in Fig. 5(d and e),
while the apparent diffusion coefficients of Dy," were calcu-
lated using eq (1.1) for each material.

ip = 2.69 x 10°n**AD"*Cv'?

(1.1)

In the equation, i, represents the peak current density, n
denotes the number of electron transfers per reactant molecule
in the redox reaction (for NVPF, n = 1), A signifies the electro-
de’s surface area, C indicates the concentration of Na" within
the crystal lattice, and v refers to the sweep rate.

The results presented in Fig. 5(f) reveal that Dy," values for
NVPF/C, NVPF/C/CNT5%, NVPF/C/CNT10%, and NVPF/C/
CNT15% were quantified as 5.22 x 10 %, 8.27 x 1077, 1.03 x
10°%, and 6.60 x 10~ °, respectively. This indicates that the
conductive network established through multilevel carbon
coating facilitates a more rapid transport speed of Na' com-
pared to that observed in NVPF/C. Further comparison of the
Na' diffusion coefficients for NVPF/C and NVPF/C/CNT10%
using GITT, as illustrated in Fig. 5(g and h), it reveals that both

J. Mater. Chem. C, 2025, 13, 6605-6613 | 6609


https://doi.org/10.1039/d4tc04746j

Paper

voltage-time curves exhibit a similar trend, with a distinct
plateau observed at about 3.4 V, aligning well with the CV
results. Calculations based on eq (S1.2, ESIf) indicate that
the Dy, " of NVPF/C/CNT10% (10 °°7-10~'*) significantly out-
performs that of NVPF/C (107°**-10""*?) (Fig. S9, ESIY).
Additionally, EIS further corroborates the superior Na' trans-
port dynamics of NVPF/C/CNT10%, as depicted in Fig. 5i. The
charge transfer resistance for NVPF/C/CNT10% is measured at
531.2 Q, markedly lower than that of NVPF/C at 1045.1 Q.

To further elucidate the sodium storage mechanism of NVPF/C/
CNT10%, ex situ XRD and XPS analyses were performed under
various conditions. The results illustrated in Fig. 6(a and b) reveal
characteristic diffraction peaks at 23.72° 24.35°, and 28.66°, corres-
ponding to the (013), (022), and (200) planes, respectively. Upon
charging to 3.4 V, a pronounced shift of all diffraction peaks towards
higher angles was observed, which is attributed to the extraction
of Na" (NaVPO,F — Na, ,VPO,F + xNa' + xe), resulting in a
contraction of the crystal lattice and an oxidation-reduction transi-
tion from trivalent to tetravalent vanadium. At the maximum voltage
of 4V, no significant alterations in the peak positions were detected,
implying that no additional reactions occurred at this stage.

(a)
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During subsequent discharge cycles, the diffraction peaks gradually
reverted to their original positions (20(13) = 23.68°, 20022 = 24.44°,
20(200) = 28.60°). These findings demonstrate that NVPF/C/CNT10%
maintains a stable crystal structure throughout both charging and
discharging processes, thereby confirming the sample’s exceptional
structural stability. Fig. 6¢c shows the XPS spectra of V under varying
voltage states. When the voltage rises to 4 V, the 2p,,, (524.11 eV)
and 2ps, (516.95 eV) orbitals of V** exhibit a shift towards higher
binding energies, ultimately corresponding to the 2p;, (524.80 eV)
and 2p;,, (517.82 eV) orbitals of V**, respectively, which suggests Na*
removal during the transition from V** — e~ — V*'. When the
voltage returns to 2.5 V, the 2p orbitals revert to those characteristic
of V¥* with Na* insertion conversion of V*" + e~ — V**, the 2p,, is at
524.15 eV and the 2p;, is at 517.22 eV. The findings from XPS are in
agreement with CV and ex situ XRD results.

2.3. Electrochemical evaluation of HC//NVPF/C/CNT10% in
full battery

The full battery configuration of HC//NVPF/C/CNT10% was
established by integrating a hard carbon (HC) anode with the
NVPF/C/CNT10% cathode, as illustrated in Fig. 7a. The GCD
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curve for HC//NVPF/C/CNT10% is presented in Fig. 7b, display-
ing a discharge specific capacity of 118.2 mA h g™ at 0.2C.
Furthermore, the discharge specific capacities of HC//NVPF/C/
CNT10% at various current rates of 1, 2, 3, 5, and 10C were
measured to be 100.9, 97.4, 93.8, 86.8, and 71.1 mA h g~ *,
respectively (Fig. 7c). At 5C, the discharge specific capacity of
HC//NVPF/C/CNT10% was measured at 92.7 mA h g™, with
capacity retention of 86.2% after 300 cycles (Fig. 7d). The
aforementioned results suggest that NVPF/C/CNT10% exhibits
commendable electrochemical performance in the full battery
system. At the same time, Fig. 7f shows that the HC//NVPF/C/
CNT10% full battery lights up the LED bulb, indicating that
the NVPF/C/CNT10% cathode material has great practical
application value.

Conclusions

In summary, multilevel carbon composite NVPF/C/CNT (5%,
10%, and 15%) cathode materials were successfully prepared
using the sol-gel method. Among these materials, NVPF/C/
CNT10% demonstrates superior electrochemical performance
due to the formation of conductive networks that facilitates Na"
transport. The discharge specific capacity is 125.6 mA h g at
0.2C, with the capacity retention of 98.4% after 100 cycles.
Furthermore, after 1000 cycles at 5C, the capacity retention of
78% was observed. SEM and XRD analyses conducted before
and after cycling reveal that the three-dimensional tubular
network established by the multilevel carbon structure effec-
tively mitigates high current impacts, thereby enhancing
material stability. Additionally, the assembled full battery

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic diagram of the HC//NVPF/C/CNT10% full battery; (b) GCD curves at 0.2C; (c) rate capabilities from 1C to 10C; (d) cycling
performance; (e) digital photographs of LED bulbs powered by a full battery.

HC//NVPF/C/CNT10% maintains the capacity retention of
86.2% after 300 cycles at 5C, demonstrating significant prac-
tical value. Ex situ XRD and XPS tests performed under varying
voltages states elucidate the solid-solution phase conversion
mechanism occurring in NVPF/C/CNT10% during charge-dis-
charge processes. This research paves new avenues for advanc-
ing commercialization of NASICON-type polyanion cathode
materials.
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