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a b s t r a c t

The application of sodium-ion batteries (SIBs) is largely depended on the high energy density electrode
system since it suffers from intrinsic high voltage of Na (0.33 V vs. Li). To overcome these limitations, we
propose a high-voltage sodium-ion full cell via cathodic polarization suppression. NASICON structured
Na3V2(PO4)3 (NVP) cathode and poorly-graphitized hard carbon (HC) anode are synthesized as the tar-
geted materials through an easily scalable coprecipitation method and a simple biomass-directed
technique, respectively. Through morphologic optimization and carbon decoration, the NVP half cell
demonstrates a high output voltage of 3.4 V, ultralong cyclability (over 4000 cycles) and distinguished
rate capability (77 mA h g�1 at 150 C), which is attributed to the enhanced electrical transport behaviors
and carrier transmission dynamics. When extended to NVP//HC, the overpotential has been successfully
restrained, and the full cell exhibits a theoretical average voltage of 3.3 V, which shows substantial in-
creases in the energy density (420%) compared to bulk and bare NVP based full cell. The prototype
design of high-energy and low-cost sodium-ion full cell in this work opens the door for accelerating the
development and application of SIBs.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) have attracted numerous attentions
for renewable energy applications due to their high energy density
and excellent cycling stability [1–4]. Nevertheless, the limited
availability and increasing cost of lithium source can hardly satisfy
the worldwide needs for low-cost electrical energy storage. So-
dium, another alkali element with similar chemical property to
that of lithium, could be used as a substitute to meet the needs of
rechargeable batteries due to the abundant resource and low-cost.
Intense interest in the use of sodium-ion batteries (SIBs) particu-
larly for large-scale energy storage has recently been lighted up
[5–8]. However, the energy density of the SIBs which is extremely
important for application has been serious limited due to the in-
trinsic high potential of Na (0.33 V vs. Li) [9,10]. Besides, the in-
sertion of Na ions into the structure is always a demerit owing to
the large ionic size (1.02 Å), resulting in higher polarization and
decreased discharge voltage of the SIBs. Thus, the design and
fabrication of high-voltage electrode system with suppressed po-
larization is of great importance for the development of high
n),
energy density SIBs.
Recently, a series of cathode materials have been investigated

for rechargeable SIBs, such as oxides [11–13], polyanionic com-
pounds [14–16], and Prussian blue analogs [17,18]. However, the
cycling stability and rate performance remains discontented due to
the low chemical reaction kinetics for Na ions insertion. In con-
trast, the open framework NASICON (Na super-ionic conductor)
structure which provides multichannel ionic conduction and large
interspaces is of great benefit to the insertion of Na ions [19,20].
Among NASICON structured materials, Na3V2(PO4)3 (NVP) exhibits
a flat voltage plateau at 3.4 V and has a relative high reversible
capacity (118 mA h g�1), which endows it great potential as the
SIBs cathode [21–23]. Yu et al. [14] reported the interconnected 3D
tricontinuous NVP/C, which delivered superior rate capability
(82 mA h g�1 at 100 C) and excellent cycling stability (96% of ca-
pacity retention after 2000 cycles). However, the exploration of
suitable counter electrode vs. NVP to fabricate high-performance
sodium-ion full cell still remains unsatisfactory.

Among anode materials, carbonaceous materials are more
economically viable and environmental friendly. Several kind of
hard carbons (HC) have been reported to have a favorable Naþ

cation storage capacity (250–300 mA h g�1) and good rate cap-
ability (up to 10 C) [24–27]. Most importantly, the median voltage
of HC is around 0.1 V which further endows it a great potential to
be used as a high-energy SIBs anode. Therefore, NVP//HC
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electrodes system, which possess a high theoretical operating
voltage at 3.3 V, has a great potential to be used as high-energy
and low-cost SIBs. Jian et al. [28] initially reported a full cell based
on NVP cathode and HC anode. The results show that the average
potential of the full cell is 2.7 V and the initial coulombic efficiency
is rather low at that moment. Yuan et al. [15] reported a three-
dimensional hard carbon based NVP//HC SIBs, and the full cell
gives rise to average discharge voltage at 1.6 V. Obviously, the
output voltage and energy density of previously reported NVP//HC
full cell still remain unsatisfactory and need further systematical
optimization.

Herein, we propose a cathodic polarization suppression strat-
egy to fabricate the high-voltage sodium-ion full cell. The NASI-
CON structured Na3V2(PO4)3 cathode and poorly-graphitized hard
carbon anode are selected as the targeted materials. Based on
coprecipitation and biomass method, scalable synthesized 3D NVP
interconnected nanoparticles (NVP-NP) cathode and biomass-de-
rived HC anode are proposed. The electrochemical performances
of NVP-NP cathode are drastically promoted through the con-
struction of 3D interconnected framework structure, which pro-
vides continuous ion/electron pathways, superior structure in-
tegrity, and large electrode–electrolyte contact area. When eval-
uated as NVP//HC full cell, the polarization has been successfully
suppressed through enhanced electrical transport behaviors and
carrier transmission dynamics. The NVP//HC shows a theoretical
output voltage of 3.3 V and a promoted energy density (420%). It
is believed that this easily scalable and biomass approach based
high-voltage NVP//HC full cell with suppressed polarization can
stimulate new way in fabricating high-energy and low-cost SIBs.
2. Experimental section

2.1. Material synthesis

Synthesis of Na3V2(PO4)3/C cathode materials: V2O5,
H2C2O4 �2H2O and NaH2PO4 were analytical grade and purchased
from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
First, V2O5 (1 mmol) and H2C2O4 �2H2O (3 mmol) were added in
15 ml water with stirring at 70 °C for 0.5 h to obtain the clear blue
solution. Then, NaH2PO4 (3 mmol) and glucose (1 mmol) were
added and vigorously stirred for 10 min. After that, 50 ml DMF
were dropped in above solution and kept stirring for another
10 min. The solution was then dried at 70 °C in air to get the
precursor. In the end, the 3D NVP interconnected nanoparticles
were obtained after preheating the precursor at 400 °C for 4 h
followed by annealing at 750 °C for 8 h in Ar/H2 (95:5)
(5 °C min�1). The detailed schematic diagram of scalable
Scheme 1. Schematic diagram of the crystal nucleation, growth and calcination proc
synthesized NVP-NP with V2O5 (30 mmol) is shown in Scheme 1
and the weight of final product is above 53 g. For comparison, the
NVP-Bulk was prepared without adding DMF, and the NVP-Bare
was synthesized without adding DMF, H2C2O4 �2H2O and glucose.

Synthesis of hard carbon anode materials: The HC was synthe-
sized through a facile modified biomass method (Fig. 3a). Namely,
the collected white internal capsule in the shaddock peel was cut
into pieces, extensively washed with deionized (DI) water, and
dried at 100 °C overnight in a vacuum oven. The obtained pre-
cursor was prepared for the pyrolysis carbonization process
(1200 °C for 3 h, heating rate: 5 °C min�1) under an argon atmo-
sphere with the flow rate of 200 sccm min�1. The obtained carbon
was carefully washed in a 2 M HCl at 60 °C for 5 h to remove the
remaining impurities. Then, the purified samples were further
washed with DI water and pure alcohol, and dried at 100 °C
overnight in a vacuum oven.

2.2. Materials characterization

XRD measurement was performed to investigate the crystal-
lographic information using a D8 Advance X-ray diffractometer
with non-monochromated Cu Kα X-ray source. Field emission
scanning electron microscopy (FESEM) images were collected with
a JEOL JSM-7100F at an acceleration voltage of 10 kV. TEM and
high resolution TEM (HRTEM) images were recorded with a JEM-
2100F microscope. Raman spectra was obtained using a Renishaw
INVIA micro-Raman spectroscopy system. BET surface areas were
measured using Tristar II 3020 instrument by nitrogen adsorption
of at 77 K. Carbon content analysis was determined by Vario EL
cube CHNSO elemental analyzer.

2.3. Measurement of electrochemical performance

The electrochemical measurements were tested with 2016 coin
cells assembled in a glove box filled with pure argon gas. For half
cell, sodium metal was used as the anode, a 1 M solution of NaClO4

in ethylene carbon (EC)–dimethyl carbonate (DMC) (1 : 1 w/w) and
5% FEC was used as the electrolyte, and a Whatman glass micro-
fibre filter (Grade GF/F) was used as the separator. The cathode
was made by dispersing 70 wt% active material, 20 wt% acetylene
black and 10 wt% polyvinylidene fluoride (PVDF) in N-methyl
pyrrolidone (NMP) with stirring for 0.5 h. The anode was made by
dispersing 80 wt% active material, 10 wt% acetylene black and
10 wt% carboxylmethyl cellulose (CMC) in water with stirring for
0.5 h. Then, the cathode/anode slurry was coated uniformly on Al/
Cu foil and dried overnight at 70 °C to yield the working electro-
des. The battery was aged for 12 h before test to ensure full ab-
sorption of the electrolyte into the electrodes. Galvanostatic
esses during the synthesis of NVP-Bulk and 3D NVP interconnected framework.
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charge/discharge measurements were performed with a multi-
channel battery testing system (LAND CT2001A). CV and EIS were
performed with an electrochemical workstation (Autolab
PGSTAT302N).
3. Results and discussion

The detailed morphologies, structures, and electrochemical
performance of the prepared NVP cathode were characterized. The
formation mechanism of the 3D NVP interconnected nanoparticles
were investigated through the schematic illustrations (Scheme 1)
accompanied by a mass-production experiment (Fig. S1). First, the
uniform transparent blue solution was obtained after fully mixing
the raw materials in water bath. Then, with the addition of N,N-
Dimethylformamide (DMF) antisolvent, the solubility of solutes
have been dramatically decreased, resulting in faster crystal nu-
cleation rate compared with crystal growth rate. Thus, a large
amount of small original grain was formed within a short time
[29]. Finally, the 3D interconnected nanoparticles framework was
constructed owing to the crystal growth process of the grain. For
further understanding of antisolvent effect, a control experiment
without DMF was carried out. Instead of forming the uniform
nanoparticles, the NVP precursor with bulk morphology (NVP-
Bulk) was obtained due to the slow nucleation rate, as shown in
Fig. S2. Besides, the NVP-Bare was also synthesized without the
addition of DMF and carbon sources (Fig. S3). Notably, the whole
synthesis process for NVP precursor takes less than 1 h and the
enlarged experiments with above 50 g product is easily achieved
even in lab-scale. It is safe to draw the conclusion that the co-
precipitation strategy presented here is an foolproof way for low-
cost and high-production Na3V2(PO4)3 fabrication.

The scanning electron microscopy (SEM) images (Figs. 1a and b)
reveal that the nanoparticles are uniformly distributed and the
diameter is around 80 nm. The corresponding energy dispersive
spectrometry (EDS) element mappings (Fig. S4) show that Na, V, O,
P, and C are equably distributed in NVP-NP. The crystal structures
of NVP-NP, NVP-Bulk and NVP-Bare were determined through
X-ray diffraction (XRD) measurements (Fig. 1c). Both the NVP-NP
Fig. 1. SEM (a and b) images of NVP-NP. (c) XRD patterns of NVP-NP, NVP-B
and NVP-Bulk materials are well indexed to the NASICON struc-
tured NVP with a R 3̅c space group (JCPDS card no. 00-053-0018),
which is in good agreement with previous reports [30,31]. How-
ever, the NVP-Bare has two impure peaks at 13° and 34° due to the
lack of carbon and partial oxidation during calcinations process
[19,21]. The interconnected network structure of NVP-NP is further
confirmed by transmission electron microscopy (TEM) image
(Fig. 1d). An amorphous carbon shell of around 3 nm can be clearly
seen from HRTEM image (Fig. 1e), and the lattice fringes with d-
spacing of around 6.20 Å correspond to the (012) interplane of
rhombohedral NVP. The pore distribution and specific surface area
(56.1 m2 g�1) of NVP-NP (Fig. 1f) are determined through Bru-
nauer-Emmett-Teller (BET) test. The main pore-size distribution of
NVP-F is around 20 nm, which indicates that the interconnected
nanoparticles can create some interspaces and voids for rapid ionic
diffusion. In order to study the property of carbon shell, Raman
spectrums (Fig. S5) of NVP-NP, NVP-Bulk and NVP-Bare are given.
The NVP-Bare exhibits a bands located at 1000 cm�1, corre-
sponding to the Raman fingerprint characteristics of Na3V2(PO4)3
(PO4

3�) [28]. After carbon coating, two characteristic bands lo-
cated at 1332 cm�1 and 1593 cm�1 can be assigned to D-band
(disorder) and G-band (crystalline graphitized). The peak intensity
ratio of IG/ID is calculated to be 0.99 and 0.93 for NVP-NP and NVP-
Bulk, demonstrating a higher degree of graphitization in NVP-NP.
The carbon contents of NVP-NP and NVP-Bulk are 7.93% and 7.97%,
respectively, which are characterized by CHNSO elemental
analyzer.

The sodium storage behaviors of the NVP-NP, NVP-Bulk and
NVP-Bare materials were performed through cyclic voltammetry
(CV) analysis (Fig. 2a). All the samples exhibit similar peaks at a
scan rate of 0.1 mV s�1 in the potential window of 2.5–4.0 V,
corresponding to the electrochemical reaction of V3þ/V4þ [32].
The potential interval between the cathodic and anodic peaks of
NVP-NP, NVP-Bulk and NVP-Bare are 166, 225 and 262 mV, re-
spectively, indicating the lower polarization of NVP-NP electrodes.
It is obvious that the NVP-NP also exhibits larger curve area and
higher redox currents, indicating the higher specific capacity and
faster kinetics. Fig. 2b shows the long-term cycling stability of the
NVP-NP, NVP-Bulk and NVP-Bare at 15 C (1 C¼118 mA g�1). Even
ulk and NVP-bare. TEM (d and e) images and BET results (f) of NVP-NP.



Fig. 2. The electrochemical performance of NVP (vs. Naþ/Na): (a) The CV curves of NVP-NP, NVP-Bulk and NVP-Bare at a scan rate 0.1 mV s�1. (b) Cycling performance of
NVP-NP, NVP-Bulk and NVP-Bare at the current density of 15 C. (c) EIS spectra of NVP-NP, NVP-Bulk and NVP-Bare after fully charged to 4.0 V. Rate performance (d) and
corresponding charge/discharge curves (e) of NVP-NP.
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after 4000 cycles, NVP-NP still delivers a specific discharge capa-
city of 87 mA h g�1, approximately 84.5% of the initial capacity,
much better than that of NVP-Bulk and NVP-Bare. Moreover, the
coulombic efficiency is stabilized at around 100% throughout cy-
cling, indicating the reversible transport of electrons and ions in
the electrodes. The corresponding charge/discharge curves are
shown in Fig. S6. The flat voltage plateau is well matched with CV
curves and there is no obvious overpotential increase during cy-
cling, manifesting the excellent cycling stability. The detailed re-
action kinetics of NVP-NP, NVP-Bulk and NVP-Bare are further
investigated by electrochemical impedance spectroscopy (EIS)
(Fig. 2c), and the cells are fully sodiated to reach a stable state
before the EIS test. It is clear that the charge transfer resistance
(Rct) of the NVP-NP (278Ω) is much smaller than that of NVP-M
(426Ω) and NVP-Bare (638Ω), demonstrating the improved
charge transfer kinetics. Moreover, The straight line at low fre-
quency is attributed to the diffusion of Na ions in the bulk of the
electrode material, and the diffusion coefficient value (D) of the Na
ions can be calculated using the equation D¼0.5(RT/An2F2swC)2. R
is the gas constant, T is the temperature, A is the area of the
electrode surface, n is the number of electrons transferred per
mole of the active material involved in the electrode reaction, F is
the Faraday's constant, sw is the Warburg coefficient, and C is the
molar concentration of Na ions [30,33]. The apparent Na ion dif-
fusion coefficients for NVP-NP, NVP-Bulk and NVP-Bare based
electrodes are calculated to be 4.28�10�12, 3.06�10�12 and
1.02�10�12 cm2 s�1, respectively, suggesting the faster sodium
diffusion process within the NVP-NP electrode. To evaluate the
rate capability, different current densities ranging from 2, 10, 30,
50, 100, to 150 C are performed (Fig. 2d). Notably, even at a high
rate of 150 C, the capacity of NVP-NP still remains 78 mA h g�1

(67.8% capacity retention). When the current density returns to
2 C, the capacity of NVP-NP can be recovered to 113 mA h g�1,
nearly no capacity decay even after suffering from high current
density. The corresponding charge/discharge curves (Fig. 2e) show
that the overpotential increases followed with the increasing of
current density. Remarkably, the discharge voltage plateaus
maintain flat at each state even at a high rate of 150 C, demon-
strating rapid electron/ion transport. In brief, it is obvious that the
NVP-NP possesses enhanced electrical transport behaviors and
preferable carrier transmission dynamics compared with NVP-
Bulk and NVP-Bare.

The hard carbon was synthesized through a facile biomass
method (Fig. 3a) based on previous report [34,35]. Namely, the
collected white internal capsule in the shaddock peel was ex-
tensively washed, cut into pieces, and sufficiently dried. The ob-
tained precursor was then carbonized and purified to fabricate the
final products. The morphology and structure of the HC after an-
nealing and purification are characterized by SEM and TEM. As
shown in Fig. 3b, the shaddock peel derived pyrolytic carbon show
wrinkled microsheet morphology. The HRTEM images indicate
that it has areas of stacked graphite layers with average spacing of
about 3.9 Å, as well as amorphous regions (Fig. S7). Fig. 3C shows
the XRD pattern of HC-1200, which displays two broad peaks at
24° and 44°, corresponding to the (002) diffraction of the graphitic
layer structure and the (101) diffraction of graphite, respectively
[34]. Moreover, the Raman spectra (Fig. S8) exhibits two broad
bands of the D band at 1335 cm�1 (defect-induced band) and G
band at 1587 cm�1 (crystalline graphitic band). The intensity of
the IG/ID ratios were 0.92, indicating that the graphene sheets in
the materials are highly defective [35].

We further perform CV (0.1 mV s�1) test on HC-1200 electrode
in a potential interval of 0.01–2 V (Fig. 3d). Two small reduction
peaks at 1.1 and 0.2 V appear only in the first cathodic scan due to
the formation of solid electrolyte interface (SEI) and irreversible
Naþ insertion into the bulk material [36,37]. In the following cy-
cles, the CV curves mainly consist two parts, including a pair of
sharp redox peaks in the low potential regions and the weak
humps at 0.3–1.5 V. The overall sodium storage mechanisms in HC
can be attributed to the chemi-sorption on surface heteroatoms
[43], metal nanopore filling [36], intercalation between graphene
layers [24], and reversible adsorption at structural defect sites in
the graphene [44]. Fig. 3e shows the cycling performance of the
HC-1200 electrodes at a constant current density of 60 mA g�1.
The HC-1200 electrodes exhibit a high discharge capacity of
297 mA h g�1 and still maintain a reversible capacity of
264 mA h g�1 after 100 cycles, corresponding to 0.11% capacity
loss per cycle. Fig. 3f and 3g display the rate performance and its



Fig. 3. The characterization of HC anode: (a) Biomass-directed approach for the synthesis of hard carbon. SEM image (b) and XRD pattern (c) of HC-1200. (d) The first three
CV curves of HC-1200 at a scan rate 0.1 mV s�1. (e) Cycling performance of HC-1200 at the current density of 60 mA g�1. Rate performance (f) and corresponding charge/
discharge curves (g) of HC-1200.
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corresponding charge/discharge curves of the HC-1200 electrodes.
The electrode delivers reversible capacities of 305, 289, 203, 147
and 104 mA h g�1 at the current density of 30, 60, 150, 300, and
600 mA g�1, respectively. When the rate is reset to 30 mA g�1

again, the electrode capacity recovers to 300 mA h g�1 (98% of the
Fig. 4. The second charge/discharge curves of NVP-NP and NVP-NP//HC (a), NVP-Bulk
discharge curves of HC-1200 at 60 mA g�1. (e) Schematic illustrations of the relationsh
original capacity), which demonstrates the excellent rate cap-
ability and superior tolerance of the electrode for rapid Naþ in-
sertion/extraction.

Through above results, we further assemble the Na ion full cells
based on NVP cathode and HC-1200 anode in coin cell. The
and NVP-Bulk//HC (b), NVP-Bare and NVP-Bare//HC (c) at 0.2 C. (d) The charge/
ip among polarization, ionic diffusion rate, and electronic conductivity.
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presodiation of the HC-1200 anode is performed prior to cell
fabrication (Fig. 4d), and the electrode system balance is achieved
by controlling the capacity ratio of cathode/ anode to about 1.05.
The detailed assembly of representative full cells with respective
to cathode weight are shown in Table S1. Fig. 4a–c display the
voltage profiles of the cells for the second charge/discharge under
0.2 C (1 C¼118 mA g�1). Obviously, the NVP-NP cathode exhibits
the highest output voltage and lowest polarization compared with
NVP-Bulk and NVP-Bare, which is in good accordance with the CV
(Fig. 2a) and EIS (Fig. 2c) results. The Na ion full cells show the
same tendency with half cells, and the NVP-NP//HC demonstrates
a median voltage of 3.3 V, which is much higher than that of NVP-
Bulk//HC (3.0 V) and NVP-Bare//HC (2.8 V). Compared with NVP-
Bulk//HC and NVP-Bare//HC, the specific gravimetric energy of
NVP-NP//HC reaches up to 350 W h kg�1 based on the mass of
cathode (258 W h kg�1 based on the mass of both cathode and
anode), which shows substantial increases in the energy density
(420%). It is well known that the proposed overpotential me-
chanism of the cell can be assigned to the concentration, ohmic
and electrochemical polarization. As for the above full cells, the
discrepancy is concentrated on the properties of cathode materials
including the difference of morphology and conductive carbon
decoration. Thus, the high output voltage of the cell is attributed to
the 3D interconnected nanoparticles structure of NVP-NP with
uniform carbon coating, which provides enhanced ionic diffusion
rate and electronic conductivity. The schematic illustrations of the
relationship among the polarization, ionic diffusion rate, and
electronic conductivity are shown in Fig. 4e. The degree of polar-
ization is followed by a typical Cannikin Law, and the promotion of
ionic diffusion rate or electronic conductivity alone doesn’t sub-
stantially decrease the overpotential of the cell.

The schematic diagram of our NVP//HC full cell is proposed in
Fig. 5. (a) The schematic diagram of the NVP//HC sodium-ion full cell. (b) The cycling pe
pouch cell. (d) The capacity-potential illustrations of the recently published sodium-ion
Fig. 5a. When Na ions is extracted from Na3V2(PO4)3 to form
NaV2(PO4)3, only Na ions located at Na2 site can be extracted, and
the rest of Na ions still remain at Na1 site to maintain the fra-
mework structure, resulting in Na2-to-Na2 ionic conduction [31].
Moreover, the cycling performance of the full cells is performed at
0.5 C (Fig. 5b), and it still deliver a discharge capacity of
60 mA h g�1 after 100 cycles, which corresponds to 0.43% capacity
decay per cycle. To prove the viability of the NVP//HC full cell, the
pouch cells are also fabricated. It is clear that the obtained pouch-
type battery is capable of lighting the LED bulbs (Fig. 5c). The ca-
pacity-potential diagram is applied to display the relationship
among discharge capacity, median potential and energy density of
sodium-ion full cell based on NVP cathode. Notably, the energy
density of our NVP-NP//HC full cell reaches up to 350 W h kg�1,
which not only considerably exceeds the performances of pre-
viously reported NVP based sodium-ion full cells (Fig. 5d) but also
exhibits powerful competitiveness compared with other different
categories of rechargeable SIBs (Fig. S9).

Our work offers a facile but effective way to fabricate high-
voltage sodium-ion full cell through cathodic polarization sup-
pression. The reasons for the restrained overpotential of NVP-NP
based full cell are as follows: (1) The interconnected framework
with uniform carbon decoration ensures the fast and continuous
electron conduction in the electrode; (2) The 3D structure with
pore void is helpful for electrolyte penetration, hence facilitating
fast charge transfer across the electrolyte/electrode interface;
(3) The 3D interconnected nanoparticles structure offers intimate
contact between the carbon layer and NVP nanoparticles, which
provides highly conductive matrix for Na ion transport and sup-
presses the agglomeration of NVP nanoparticles during the Na ion
insertion/deinsertion process.
rformance of the NVP//HC at 0.5 C. (c) The lighted LED bulbs driven by the flexible
full cells vs. Na3V2(PO4)3 as cathode [13–15,30,38–42].
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4. Conclusion

In summary, we have developed the cathodic polarization sup-
pressed NVP//HC full cell with a 3.3 V high-voltage based on the easily
scalable synthesized 3D interconnected NVP cathode and biomass
method fabricated HC anode. The properties of cathode and anode
materials have been systematically investigated. Compared with NVP-
Bulk and NVP-Bare, the 3D interconnected NVP cathode exhibits a
high output voltage of 3.4 V, outstanding cycling stability (84.5% ca-
pacity retention over 4000 cycles at 15 C) and superior rate perfor-
mance (77 mA h g�1 at 150 C). Most importantly, the polarization of
full cell has been successfully suppressed and the median voltage of
NVP-NP//HC reaches up to 3.3 V due to the enhanced electrical
transport behaviors and carrier transmission dynamics. The NVP-NP//
HC shows substantial increases in the energy density (420%) to-
wards NVP-Bulk//HC and NVP-Bare//HC, which considerably exceeds
the performances of previously reported NVP based sodium-ion full
cells and exhibits great potential for renewable energy storage ap-
plication. This work focuses on not only the development of low-cost
cathode/anode materials but also the full-cell design depending on
electrochemistry considerations. We believe that this high-voltage
NVP//HC full cell with suppressed polarization based on easily scal-
able and biomass approach can inspire new thought in the con-
struction of high-energy and low-cost rechargeable SIBs.
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