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Vanadate electrodes are potential candidates for lithium-ion batteries (LIBs) due to their large theoretical
specific capacity. However, their easy dissolution in the electrolyte, large structural changes, low conduc-
tivity and capacity decay during cycling hinder their further application. Herein, a lithium-ion battery elec-
trode of NasV;1,03, (NVO) nanowires covered with a carbon film and formed by the reconstruction of
carbon quantum dots (CDs) was obtained using an in situ capping strategy. Remarkably, the carbon film
could prevent direct contact between the NVO nanowires and the electrolyte, thus slowing down the
occurrence of side reactions and avoiding the dissolution of the NVO nanowires. Among the electrodes
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treated at different temperatures, the C@NVO-400 electrode exhibits high capacity and excellent cycling
stability as the electrode of LIBs, with a discharge specific capacity of 779.1 and 315.5 mAh g after 400
and 1000 cycles at a current density of 0.1 and 2 A g™, respectively. An in situ coating strategy is proposed

rsc.li/dalton here to contribute to the further development of coated vanadate electrodes for high-performance LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) are among the most attractive
energy storage devices due to their high energy density, long
service life and low self-discharge rate, and they are widely
used in portable electronic products such as cell phones, note-
book computers and digital cameras."”> They are also con-
sidered as the power source for electric vehicles and stationary
energy storage systems. Graphite electrodes have been widely
used in commercialized LIBs, but their relatively low theore-
tical specific capacity (372 mA h g™') cannot meet the market
demand for future large-scale energy storage devices.?
Therefore, new lithium battery electrode materials with larger
specific capacity and higher power density should be devel-
oped urgently. In recent years, transition metal vanadates
have become highly competitive and promising electrode
materials due to their high specific capacities. For example,
C0;0,@Co3V,05,*  Co0,V,0,°  Zn,V,0,°  Zn;V;04/C,’
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NiCo,V,04® and Ni;V,05° have been reported as electrode
materials for LIBs. Among metal vanadates, sodium vanadate
has become a key material due to its small molecular weight
and relatively high unit specific capacity,'® while vanadates as
electrode materials for lithium batteries suffer from capacity
degradation because of dissolution, poor multiplication per-
formance and low electrical conductivity."!

Consequently, the preparation of vanadate electrodes with
high capacity and good cycling performance is still a chal-
lenge. Numerous studies have shown that the coating of a con-
ductive carbon material can effectively accommodate the
volume fluctuation of the material during the charging and
discharging processes, alleviate the side reactions of the elec-
trolyte and the active substance, maintain the stability of the
electrode structure and thus improve the cycle life of LIBs.
Currently, various carbon materials including hollow nano-
structured carbon,'® carbon nanorods,” carbon nanofibers,'*
carbon nanosheets,'> porous carbon,'® hard carbon,'” gra-
phene'® and heteroatom-doped carbon materials'® are the
most popular coating materials. Although ordinary carbon
cladding materials have improved the performance of elec-
trode materials, the carbon layer suffers from inhomogeneity
and incomplete coverage. Carbon quantum dots (CDs) are a
class of zero-dimensional carbon nanomaterials that exhibit a
quasi-spherical morphology and abundant active sites, while
they exhibit poor conductivity.”® CDs (3-5 nm) without aggre-
gation can achieve uniform and controllable coating for

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/dalton
http://orcid.org/0000-0003-1292-7770
https://doi.org/10.1039/d4dt01162g
https://doi.org/10.1039/d4dt01162g
https://doi.org/10.1039/d4dt01162g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt01162g&domain=pdf&date_stamp=2024-06-29
https://doi.org/10.1039/d4dt01162g
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053026

Published on 06 Juni 2024. Downloaded on 05.08.2024 06:38:06.

Dalton Transactions

different materials as they have small sizes. Besides, CDs have
great potential as next-generation energy materials.”’”>* The
voids among CDs may affect the integrity and density of the
coating layer, and hence it cannot be used as a solid electrolyte
interface (SEI) membrane.

In this work, NasV;,03, (NVO) nanowires covered with a
carbon film are formed by the reconstruction of CDs for the
first time using an in situ coating and heat treatment strategy.
The homogeneous carbon film can mitigate the occurrence of
side reactions and act as a SEI-like membrane. The high
degree of graphitization of the carbon layer also increases the
conductivity of the composite, facilitating the rapid diffusion
of electrons and improving its multiplicity performance. The
C@NVO-400 electrode has a discharge specific capacity of
779.1 mA h g™ after 400 cycles at a current density of
0.1 A g, showing excellent cycling stability. This work pro-
vides insights into the effects of an SEI-like membrane carbon
film constructed from CDs, opening a new avenue for high-
capacity electrode materials.

2. Experimental section
2.1. Materials

NH,VO;, NaCl, oxalic acid (H,C,0,4-2H,0), hexamethylene tet-
ramine (HMTA) and ethanol anhydrous were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd without
any purification. A Ti foil (purity of 99.5%) with a thickness of
0.3 mm was purchased from Guanyue Metal Materials Co. Ltd.
The Ti foil was polished with sandpaper and sonicated in an
ethanol solution for 15 min to remove surface oil.

2.2. Synthesis of pure NVO and C@NVO-X

NVO precursor synthesis: according to our previous paper,
NVO was prepared by the hydrothermal method.>* Specifically,
1 mmol NH,VO;, 2 mmol H,C,0,, 6 mmol NaCl, and
0.2 mmol HMTA were added into 17.5 mL of deionized water
with constant stirring for five hours to produce a blue-black
solution. Subsequently, polished titanium foil was placed in a
50 ml Teflon-lined stainless-steel autoclave, and was heated to
150 °C and kept at this temperature for 1 h. After that, the Ti
foil in the solution was collected, washed with deionized water
three times, and dried at 60 °C for 12 h to obtain Na;V;,03,
nanowires on the Ti foil.

2.2.1. Synthesis of CDs. After mixing 40 mL of acet-
aldehyde solution and 10 g of sodium hydroxide under strong
magnetic stirring for 1 h, a certain amount of dilute HCI solu-
tion was slowly added, and ultrasonicated in an ice bath,
adjusting the pH to be neutral until it was in the form of floc-
culent. Then the as-prepared product was separated by
centrifugation.

2.2.2. Synthesis of C@NVO-X composites. 0.05 g of CD
powder was dispersed in 50 ml of anhydrous ethanol to obtain
a carbon source, the dried NVO precursor electrode sheet was
placed on the carbon source, and ethanol was completely vola-
tilized at room temperature to obtain a CD-coated dried elec-
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trode sheet, and the obtained samples were transferred to a
tube furnace and annealed for 2 hours under argon at 300, 400
and 500 °C at 5 °C min~" for thermal reduction and recon-
struction, and after cooling at room temperature, black pro-
ducts were obtained on Ti foil. The products treated at
different temperatures were named C@NVO-300, C@NVO-400,
and C@NVO-500, respectively. To further investigate the
effects of different CD coating amounts on the properties of
NVO substrate materials, different amounts of CDs, namely
0.025, 0.05, and 0.1 g, were selected to deposit carbon layers
on the surface of NVO electrodes, respectively.

2.3. Materials characterization

The morphology of the samples was characterized using a
scanning electron microscope (SEM, Hitachi S-4800 at 20 kV)
and a transmission electron microscope (TEM, JEOL-2100F at
200 kV). The chemical constituents of the samples were
measured by energy-dispersive X-ray spectroscopy (EDS). The
crystal structure of the obtained samples was analyzed using
an X-ray diffractometer (XRD, Rigaku MiniFlex 600). Raman
spectra were recorded using a Horiba Scientific LabRAM HR
Evolution. The binding energies of the samples were studied
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific,
K-Alpha).

2.4. Electrochemical measurements

Ti foils loaded with NVO and C@NVO were cut into 14 mm
diameter circles to be used as working electrodes, and the
weight loading of active species was 0.7-1.2 mg cm 2 1 M
LiPF¢ dissolved in ethylene carbonate/ethyl methyl carbonate/
dimethyl carbonate (1:1:1 in volume) was used as an electro-
Iyte. The coin-type half-cell (CR2025) assembly was performed
in an Ar-filled glove box with water and oxygen concentrations
less than 0.1 ppm (Etelux Lab-2000). The constant current
charge and discharge tests were carried out using a Neware
battery testing system with different current densities in the
voltage range of 0.01-3.0 V. The galvanostatic intermittent
titration technique (GITT) was recorded at a current density of
100 mA g~ using the Neware battery testing system in the
voltage range of 0.01-3.0 V. Cyclic voltammetry (CV) measure-
ments in a potential window of 0.01-3.0 V (vs. Li'/Li) and
electrochemical impedance (EIS) within the frequency range of
0.01 to 100 kHz were obtained using an electrochemical work-
station (CorrTest CS350). In situ EIS spectroscopy was per-
formed on a Chenhua electrochemical workstation (CHI-760E)
in the frequency range of 0.01 to 100 kHz. The voltage range
was 0.01-1.0 V, and the impedance spectra were sampled at
0.02 V intervals.

3. Results and discussion

NVO with a nanowire morphology (Fig. S1f) was synthesized
as an electrode according to our previous work,** and well-dis-
persed CDs were prepared using a hydroxyl aldehyde conden-
sation reaction. The synthesis route of C@NVO-X is shown in
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Fig. 1 (a) Schematic of the synthesis of C@NVO nanowires. (b) XRD spectra of NVO and C@NVO-400. (c) Raman spectra of NVO and C@NVO-400

nanowires.

Fig. 1a. Firstly, the NVO nanowires were immersed in CD
ethanol solution to form CDs@NVO (Fig. S21). Then, the
CDs@NVO was heat-treated at different temperatures, and the
samples were denoted as C@NVO-X, where X denotes the
annealing temperature (°C). Fig. S31 shows the TEM images of
the as-prepared monodisperse CDs with diameters of
2.0-3.0 nm. In XRD patterns, as displayed in Fig. S4,7 the
broad peak at 20° of CDs is different from the diffraction
spectra of graphitic carbon. The Fourier transform infrared
spectrum (FTIR spectrum, Fig. S51) reveals that the CDs
contain rich oxygenous functional groups, such as C=0 and
C-OH, which might be in favor of its surface functionali-
zation.”> The XRD spectra of NVO and C@NVO-400 are dis-
played in Fig. 1b. Resulting from the low loading of active
materials, NVO and C@NVO-400 exhibit obvious peaks of a Ti
foil. Other peaks of NVO are fitted well with
Na;V,,05,(PDF#24-1156),>* the peak at 48° may belong to the
(100) lattice plane of carbon.>*>”

To further investigate the internal structure and properties,
Raman spectra of NVO and C@NVO-400 were recorded
(Fig. 1c). The Raman spectrum of C@NVO-400 has classical
vibrational modes (corresponding to the D and G peaks) at
1383 ecm™" and 1590 cm™', respectively. The Ip/lg value of
C@NVO-400 is 0.79, and it indicates that the deposition of
CDs leads to a high degree of graphitization of C@NVO-400.
Graphitic carbon can enhance the electrical conductivity of the
electrode improving its

material, thus electrochemical

performance.”®
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The morphologies of NVO (Fig. S11), C@NVO-300 (Fig. 2a),
C@NVO0-400 (Fig. 2b) and C@NVO-500 (Fig. 2c) were observed
by SEM. The original nanowire structure of NVO is retained
after coating with CDs. As seen in C@NVO-500 (Fig. 2c), the
original NVO nanowires can be used as a skeleton for the
reconstruction of the coated CDs to in situ form a carbon film,
in which the core/shell structure is clearly observed.>?*° In
addition, the elements Na, V, O and C distribute uniformly as
shown in the EDS-mapping images (Fig. 2g). The TEM results
further characterized the microstructure of the C@NVO-X
nanocomposites. Fig. 2d-f show that there is a clear film with
a few nanometers on the surface of the NVO nanowire skeleton
for all C@NVO-X samples. It is noteworthy that the nanowire
skeleton started to aggregate and fracture when the annealing
temperature rises to 500 °C, which may affect its lithium
storage performance. It is hypothesized that the formation of
carbon films on the surface of NVO nanowires originates from
the reconstruction of CDs (Fig. 2h). CDs have typical hydrogen
bonding modules,*** which play an important role in the
control of self-assembly of complex molecules due to its direc-
tionality, selectivity and synergism. Thanks to the hydrogen
bonding, the in situ arrangement of CDs along the two-dimen-
sional direction can realize the controlled assembly of 2D
carbon films during the annealing process.>*

The elemental analysis of C@NVO-400 was carried out by
XPS. The survey spectrum of C@NVO-400 is presented in
Fig. S6,f which confirms the presence of Na, V, O and C
elements. XPS can detect the elemental composition of a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images of C@NVO-X nanowires at different temperatures:
C@NVO-300 (a), C@NVO-400 (b) and C@NVO-500 (c); TEM images of
C@NVO-X nanowires at different temperatures: C@NVO-300 (d),
C@NVO-400 (e) and C@NVO-500 (f); and EDS mapping image (g) and
(h) schematic diagram of carbon film formation.

sample of certain thickness.*> The presence of the Na element
in Fig. S6t further indicates that the carbon film on the NVO
nanowire is thin. The narrow scan of V 2p in Fig. 3a displays
two peaks at 524.5 and 516.8 eV corresponding to V 2p,, for
V®* and V 2p;), for V**.?>*?7 Fig. 3b illustrates the C 1s spectra,
and the presence of the non-oxygenated ring C (284.8 eV), the
C-O bond (286.1 eV), and the C-C bond (282.9 eV), respect-
ively.*® The O 1s spectrum shows two peaks at 530.1 eV and
532.4 eV, which are mainly attributed to lattice oxygen (V-O)
and adsorbed oxygen (Fig. 3c).*’

To evaluate the electrochemical performance of the NVO
and C@NVO-400 electrodes, a coin-type cell was assembled

This journal is © The Royal Society of Chemistry 2024
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with Li foil as the electrode and LiPFs as the electrolyte. The
first three CV curves of the NVO and C@NVO-400 electrodes at
0.2 mV s " are displayed in Fig. 4a and b. From the CV curve
of NVO in Fig. 4a, it can be seen that the redox peak pair that
appeared at 2.44/2.72 V in the first turn disappeared in the
next test, which was related to the localized damage of the
crystal structure during Li* insertion/exfoliation,*® and the
redox peak pair appearing at 0.57/0.81 V is due to the irrevers-
ible solid electrolyte interface (SEI) film on the electrodes,*"*?
and the poor coincidence of the curves indicates the presence
of many incomplete reversible reactions. The C@NVO-400 elec-
trode in Fig. 4b shows redox peaks located at 2.41 V and
2.71 V. corresponding to the multi-step lithium insertion/
extraction reaction.”>** The curves coincide well with the
second curve, indicating the remarkable reversibility of the
C@NVO0-400 electrode. Compared with the bare NVO electrode,
the carbon layer on the surface of C@NVO-400 mitigates the
occurrence of the side reactions and plays a role similar to that
of the SEI membrane, and the buffer phase is able to mitigate
the volumetric expansion effect during charge-discharge
cycling, which is favorable to the improvement of its cycling
performance.

Fig. 4c and d show the GCD curves of NVO and
C@NVO-400 at a low current density of 0.1 A g”*. The plateaus
during the charge/discharge process are consistent with the
CV results, where both the discharge and plateau of
C@NVO-400 are shifted to a higher voltage due to the for-
mation of a carbon film, inhibiting the side reactions of NVO.
Fig. 4e shows the cycling performance of the C@NVO-400 and
NVO electrodes at 100 mA g~'. The C@NVO0-400 electrode deli-
vers an initial discharge-specific capacity of 1090.7 mA h g
with a good initial coulombic efficiency of 113.5%, which is
higher than that of NVO (103.4%). This indicates that the pres-
ence of a carbon layer can improve the coulombic efficiency of
electrode materials.*> After 400 cycles, C@NVO-400 exhibits a
discharge-specific capacity of 779.1 mA h g~* (the coulombic
efficiency is 100.6%), which is higher than that of NVO
(267.9 mA h g™, 98.5%) after 400 cycles. This proves that the
formation of a carbon film can boost the specific capacity of
the MVO electrode and enhance the cycling stability. The
initial decreasing capacity may be derived from the formation
of a solid electrolyte film (SEI).***”

The rate performance at various current rates ranging from
0.1to 5 A g™ is depicted in Fig. 4f, in which the C@NVO elec-
trode delivers average specific capacities of 834.6, 674.2, 488.5,
373.7, 266.9 and 192.5 mA h g_1 at current rates of 0.1, 0.2,
0.5, 1.0, 2.0 and 5.0 A g7, respectively, which are significantly
higher than those of C@NVO-400. What is more, the average
capacity can return to 772.7 mA h g~ when the current rate
decreases back to 0.1 A g™, which is higher than that of the
NVO electrode (394.1 mA h g™ "), indicating highly reversible
Li" insertion/extraction in the C@NVO-400 electrode. The high
capacity at high current density proves the rapid migration
ability of Li" in the composite material. Based on the rate data,
the Ragone plot (Fig. S71) of the electrodes is obtained. As
described in Fig. S7, C@NVO-400 delivers a maximum energy

Dalton Trans., 2024, 53,10866-10874 | 10869
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density of 829.1 W h kg™" at a power density of 98.3 W kg™, the long-term cycling stability of C@NVO0-400 (Fig. 4g). As a
and a maximum power density of 1505 W kg™ at an energy result, C@NVO-400 displays a long cycle life up to 1000 cycles
density of 30.1 W h kg™, which are higher than those of the without obvious capacity decay with a CE of around 100%. The
NVO electrode. The cell was further tested at 2 A g™' to prove specific capacity and capacity retention of the C@NVO-400

10870 | Dalton Trans., 2024, 53, 10866-10874 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01162g

Published on 06 Juni 2024. Downloaded on 05.08.2024 06:38:06.

Dalton Transactions

electrode were 315.5 mA h g' and 90.5%, respectively.
Furthermore, the cycling and rate performances of
C@NVO-300 and C@NVO-500 electrodes were higher than
those of the NVO electrodes.

The cycling and rate performances of C@NVO-X electrodes
with different coating amounts were also improved (Fig. S87t).
The good electrochemical performances of C@NVO electrodes
were attributed to the fact that the carbon layer on the surface
of the electrodes acted as an SEI-like membrane, which pre-
vented the direct contact between NVO and the electrolyte,
avoiding additional Li" consumption and irreversible reactions
in the subsequent cycles.*® Obviously, the amount and the thick-
ness of the carbon film affects the properties of the composites.

The electrochemical reaction kinetics of the C@NVO-400
electrode was evaluated using CV and galvanostatic intermit-
tent titration technique (GITT) measurements. The Li" storage
behaviors of NVO (Fig. 5a) and C@NVO-400 (Fig. 5d) were eval-
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uated by CV caused by polarization."® The relationship
between the peak current (i) and the scan rate (v) can be
described using the following equation:*°

i=av? (1)

where a and b are adjustable parameters. Based on the log (i) -
log (v) plots at peaks 1 and 2, the b values of C@NVO-400 were
calculated to be 0.64 and 0.81, respectively, which are higher
than those of NVO, namely 0.65, 0.72, 0.53 and 0.61, implying
that C@/NVO-400 exhibits better pseudocapacitance behav-
ior>* As a result, the capacitive contribution ratios of
C@NVO0-400 (Fig. 5f) at 0.2, 0.4, 0.6, 0.8 and 1.0 mV s~ were
35%, 40%, 45%, 52% and 54%, which are higher than those of
NVO (Fig. 5¢) at scanning rates of 26%, 36%, 40%, 43%, and
45%, respectively. It can be easily found that the contribution
of pseudocapacitance is increasing with the increase of the
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curves and the corresponding (h) Li* diffusion coefficients of NVO and C@NVO-400 electrodes.
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scan rate and the contribution of diffusion capacitance is
decreasing for both electrodes.®® This indicates that
C@NVO-400 exhibits high-speed surface electrochemical reac-
tion kinetics. To study the diffusion kinetics of Li', the GITT
technique was used and the results are shown in Fig. 5¢ and h.
According to Fick’s second law of diffusion, the Dy value of the
electrodes can be calculated using the following equation:>?

4 (meVa\’ [AES\?
D = (o) (32) @)

7t \ MgS AE,
where 7 is the duration of the current pulse, Mg is the molar
mass of the composite materials, S is the effective contact area
between the electrolyte and active materials, and My and Vy
are the electrode active mass and molar volume, respectively.
AE. and AEs represent the steady-state potential variation in
the process of galvanostatic titration and voltage during the
constant current pulse, respectively. Fig. 5h illustrates the Li"
diffusion coefficients of C@NVO0-400 and NVO electrodes, and
it can be observed that C@NVO-400 has a larger Li" diffusion
coefficient during the Li* embedding/de-embedding process.
The results indicate that the carbon film can enhance the fast
electron transfer during the cycling process and improve its
reaction kinetics.>*

In order to further understand the interfacial behavior of
the C@NVO-400 electrode, in situ EIS was performed in the fre-
quency range of 0.01-100 kHz. Fig. 6a and b show the Nyquist
curves of the C@NVO0O-400 electrodes at 1.0 V to 0.01 V and
back to 1.0 V for one cycle. In general, the semicircle in the
middle frequency region can be classified as a charge transfer
resistance (R.), and the slope of the straight line in the low fre-
quency region represents Warburg impedance (Z,).>**® During
the discharge (lithium embedded) process where the electrode
potential goes from 1.0 to 0.01 V, the R tends to decay, while
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Fig. 6 In situ Nyquist plots of the C@NVO-400 electrode during (a) the
discharge process and (b) the charging process (insets show the
enlarged part in the high-frequency region); in situ Bode plots of the
C@NVO-400 electrode during (c) the discharge process and (d) the
charging process.
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Fig. 7 (a) XRD and (b and c) SEM images of C@NVO-400 electrodes at
0.1 A g~* after cycles.

Z., becomes smaller, indicating an increase in the diffusion re-
sistance. The corresponding charging process shows a similar
change, and the phenomenon suggests that the electrode has
a small charge transfer resistance due to the formation of a
strong SEI layer on its surface, which accelerates the electron
transfer during cycling.”” The Bode plot expresses the phase
angle (@) as a function of frequency and is used to visualize
the relative contributions of the capacitive and resistive
elements, corresponding to the capacitive and diffusive contri-
butions in the battery reaction, respectively, with an ideal
capacitive contribution at ¢ = 90° and a diffusive contribution
at ¢ = 0.°>°° The variation of ¢ with frequency proves a peak
that closely matches the semicircle in the Nyquist plot (Fig. 6¢
and d). Furthermore, the EIS results of NVO and C@NVO-400
are presented in Fig. S9.1 The electrolyte resistance (R;) and
charge transfer resistance (R.) values of C@NVO-400 are 4.92
and 45.8 Q, respectively, which are lower than those of NVO
(Rs = 6.02 Q and R = 152 Q).

To investigate the effect of the carbon film on the stability
of the electrochemical structure of the composite electrode,
XRD and SEM tests were performed on the samples after 400
cycles (Fig. 7a—c). The XRD results show that the crystal struc-
ture of the C@NVO-400 electrode did not change significantly
after 1, 10, and 50 cycles. As can be seen from the SEM results,
the surface of the C@NVO-400 electrode is free of large cracks
and holes, the nanowire structure remains relatively intact,
and a relatively dense SEI layer is formed. The results indicate
that the carbon film can effectively reduce or inhibit the
volume expansion of NVO and maintain the structural integ-
rity of the electrode.

4. Conclusions

Thus, well-dispersed CDs were prepared using the hydroxyl
aldehyde condensation reaction, and then the structure of SEI-
like membranes was constructed using CDs to reconstruct a
carbon film on the surface of the NVO electrode. The pre-
implemented interfacial engineering strategy makes the side
reaction between the electrolyte and the active substance occur
on the carbon film first, which forms a good protective layer

This journal is © The Royal Society of Chemistry 2024
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structure for the NVO electrode. Furthermore, the carbon film
solves the problems of poor electrical conductivity and dis-
solution of vanadates as electrode materials for LIBs, obtain-
ing excellent structural integrity and cycling stability. The
C@NVO-400 electrodes still maintained a discharge specific
capacity of 315.5 mA h g™' after 1000 cycles at a current
density of 2 A g~". The in situ electrochemical impedance
spectra also indicate that the C@NVO-400 electrode exhibits a
low charge transfer impedance, and the impedance keeps
getting smaller and the charge transfer rate is increased
during cycling. This strategy opens up new ideas for low-
dimensional carbon materials to improve the long-term
cycling performance and high-multiplication performance of
vanadate electrodes.
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