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Nanoporous carbon leading to the high
performance of a NazV,0,(PO,4),F@carbon/

4287 graphene cathode in a sodium ion battery+
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The NasV,0,(PO4),F/graphene sandwich cathode has attracted great attention as a potential candidate for
sodium-ion batteries in view of its high capacity and good cycling ability. However, a big issue for
NazV,0,(PO4),F/graphene is its extremely poor electronic conductivity due to the multilayer structure in
which NazV,0,(PO,),F particles are located between the graphene layers. We introduced carbon in the
NazV,0,(PO4),F/graphene sandwich to form a 3D architecture - NazV,0,(PO,4),F@carbon/graphene
(NVPF@C/G). A battery with the NVPF@C/G cathode presents good electrochemical properties, a high ca-
pacity, 135.8 mAh g™t at 0.1C, with a capacity retention of 96.8% at 2C for fifty cycles. NVPFQC/G showed

Received 19th April 2017, obvious advantage in the rate performance and cycle stability compared with the NVPF/G sandwich, which

Accepted 19th June 2017 indicated that the nanoporous carbon integrated in the 3D structure plays a crucial role in improving the
DOI: 10.1039/c7ce00726d electrochemical performance. It is anticipated that such a new method of introducing nanoporous carbon
for battery performance enhancement can be extended to other graphene-based sandwich structure
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Introduction

For large-scale energy storage systems, lithium ion batteries
(LIBs) have been well developed and considered as one of the
most promising candidates because of their outstanding en-
ergy and power densities."”” However, their large-scale appli-
cation has encountered the challenge of limited lithium re-
sources, which would lead to their high cost and limited
applications.® ™ As a consequence, sodium ion batteries
(SIBs) have drawn increasing attention due to the earth abun-
dance of resources, ease of accessibility, low cost and similar
charge-discharge characteristics compared to LIBs."*** Con-
sequently, various cathode materials for SIBs, such as layered
structure oxides,">'® NASICON framework compounds,'”'®
sodium vanadium fluorophosphates,'®** sodium iron-manga-
nese fluorophosphates,**** and Prussian blue analogues,>***
were developed. However, due to the larger radius of Na* (97
nm) than that of Li" (68 nm), it is more difficult for Na* to
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diffuse in/out of the electrode material, resulting in inferior
electrochemical characteristics.>>>® Many methods have been
proposed and explored to circumvent this challenge. Out of
the possible technical solutions available, introducing various
carbon forms on cathode materials has been recognized as a
propitious and effective approach to improve the electrical
conductivity and electrochemical performance of SIBs.'”>"?

Song et al. reported that the use of a NazV,(PO,),F; and
amorphous carbon composite as an SIB cathode delivered a
capacity of 111.5 mAh g™ with three discharge plateaus.*
Jian et al. synthesized Na;V,(PO,);/C samples, and confirmed
that the appropriate carbon content was a key factor for the
battery to gain good reversibility and excellent rate perfor-
mance.”® Duan et al. obtained a NazV,(PO,);@C core-shell
nano-composite, showing good cycle life and rate capabil-
ity.>® Serras et al. reported a mixed-valence sodium vanadium
fluorophosphate - NazV,0,,(PO,),F;-,,/C - that delivered 80
mAh ¢! at 1C, which is about 61.5% of its theoretical capac-
ity.>” Serras et al. also synthesized Na,(VO),(PO,),F by ex situ
carbon coating, which delivered a capacity of 68 mAh g™ at
1C, about a half of its theoretical capacity.*® This suggests
that a carbon coating structure is effective in improving the
battery performance to some extent; yet the rate performance
and cycle life of the cathode material in SIBs are still
unsatisfactory.

Graphene, due to its high electronic conductivity, is highly
expected to resolve the predicament.>™*' Jung et al. reported
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a NazV,(PO,);/graphene composite as a cathode material for
SIBs, delivering around 67% of the initial 0.2C capacity at a
30C rate.*® Through a solvothermal method, Xu et al.
employed graphene to modify Na;V,0,(PO,),F and achieved a
high capacity of 100.4 mAh g™ at 1C, almost 77.2% of its the-
oretical capacity, while the discharge capacity at 10C is below
50 mAh g™.*> Mai discussed Na;V,(PO,); battery performance
in three carbon architectures, and revealed that NazV,(PO,);
dispersed in acetylene carbon nanospheres performed the
best while that in graphene nanosheets gave the worst SIB
performance.*’ This means the high-conductivity of graphene
is really beneficial for improving battery performance, but it
does not always guarantee the improvement of the electro-
chemical behaviors. A partial reason is that the conductivity
of multilayer particles located between graphene layers is ex-
tremely poor and it becomes a crucial issue in graphene-
based sandwich structures, which limits the Dbattery
performance.

So, it is a big challenge to fundamentally improve the
overall conductivity of the Na;(VO),(PO,),F cathode material.
Recently, we reported a 3D architecture constructed from car-
bon wrapped multilayer Na;V,0,(PO,),F nanocubes embed-
ded in graphene (NVPF@C/G), which showed good electro-
chemical performance.** However, the detailed difference in
introducing graphene and carbon was not researched system-
atically. In addition, the answers to some fundamental ques-
tions, such as ‘How does nanoporous carbon improve the
electrochemical behaviors?’, ‘What are the roles of carbon
and graphene?’, and ‘What are the electron and Na' diffu-
sion pathways?’, are not very clear.

To have a definite answer to the above mysteries,
NazV,0,(PO,),F (NVPF), Na;V,0,(PO,),F/graphene (NVPF/G)
and NazV,0,(PO,),F@carbon/graphene (NVPF@C/G) were pre-
pared. The electrochemical behaviors of the three samples as
a cathode in a sodium half-cell configuration are compared,
revealing that NVPF@C/G possesses superior discharge ca-
pacities of 135.8 mAh g™" and 102.1 mAh g™ at 0.1C and 2C,
the top capacity retention of 96.8% at 2C for fifty cycles
(NVPF/G 85.8%, NVPF 50.2%) and the best rate performance
(delivering around 70% of the 1C capacity at a 10C rate) com-
pared to the NVPF/G sandwich structure and the NVPF
sample.

Experimental section

Synthesis

NVPF, NVPF/G, NVPF@C/G materials were prepared by a sim-
ilar process. Firstly, 2 mmol of NH,H,PO, (Sigma-Aldrich,
99.9% purity), 2 mmol of NH,VO; (Sigma-Aldrich, 99.99% pu-
rity), 1 mmol of NaF (Sigma-Aldrich, 99%) and 1 mmol of
Na,CO; (Sigma-Aldrich, 99.9% purity) were separately
dissolved in 5 mL of distilled water. Then these four precur-
sor solutions were added to 50 mL of an N,N-dimethyl form-
amide (DMF) solution, and stirred for 30 minutes at 90 °C.
After obtaining a homogeneous solution, it was sealed in a 100
mL capacity polytetrafluoroethylene (PTFE)-lined stainless-steel
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autoclave and was maintained at 180 °C for 24 hours, and
then naturally cooled to room temperature. After washing re-
peatedly with distilled water and ethanol, NVPF was
obtained. To obtain NVPF/G, graphene oxide, synthesized
with a modified Hummers method, was immersed in 50 mL
of DMF and ultrasonically treated for 24 hours. Then,
NH,H,PO,, NH,VO;, NaF and Na,CO; in the same chemical
ratios were separately dissolved in 5 mL of distilled water
and added to the DMF, repeating the subsequent operations.
As for NVPF@C/G, 50 mg of the NVPF/G was dissolved in dis-
tilled water and stirred for 30 min, then 12 mg of sucrose
was added into the suspension under vigorous stirring and
heating at 105 °C until it was dried. The powder mixture was
ground and annealed at 550 °C for 1 h in a flowing argon
atmosphere.

Characterization

Structure characterization. The morphology of the samples
was examined by scanning electron microscopy (SEM, JEOL
JSM-7000F) and high resolution transmission electron
microscopy (HR-TEM, FEI Tecnai G20). X-ray diffraction
(XRD, D8 Bruker X-ray diffractometer) was used to character-
ize the phase change of samples with Cu-Ka radiation within
the range from 10° to 70° (26) and a step size of 0.02°. The
accelerating voltage and current were 40 kV and 40 maA, re-
spectively. Raman spectroscopy was carried out in a Thermo-
Fisher Scientific Inc 5225 Verona Rd (USA) with a laser wave-
length and the spectra were collected in the range of 1100-
1900 cm™'. The carbon content was analysed via a thermo-
gravimetric differential scanning calorimeter (TG-DSC)
(STA449C/3/G) with a heating rate of 10 °C min™" in air.

Electrochemical analysis. For electrochemical analysis,
2016-type half-cells were assembled in a glove box (Mbraun)
filled with high purity argon. The cathode was manufactured
by mixing a slurry of the active material (75% wt), Super P
conductive carbon (Timcal) (20% wt) and 5% PVDF binder in
an N-methyl pyrrolidine (NMP) solvent. Then it was coated
onto an aluminum foil current collector and dried at 80 °C
for 12 h in a vacuum oven. Sodium metal (Sigma Aldrich)
was used as an anode and 1 M NaClO, in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 v/v) and a glass fiber
were used as the electrolyte, counter/reference electrode, and
separator for the Na-ion half-cells, respectively. Cyclic
voltammetry was performed using an electrochemical ana-
lyzer (CH Instruments, Model 605C). It was carried out be-
tween 2.0 and 4.3 V vs. Na/Na' at scanning rates ranging
from 0.1 to 0.8 mV s~*. The current density and cycle stability
were determined using an Arbin Battery Tester (BT-2000,
Arbin Instruments) between 2.0 and 4.3 V vs. Na/Na" at vari-
ous charging rates and assuming 1C = 130 mA g '. Capacity
values were normalized to the mass of NVPF, NVPF@C and
NVPF@C/G. To validate the electrochemical kinetics of the
NVPF series of electrode materials for sodium-ion half cells,
electrochemical impedance spectroscopy (EIS) measurements
were carried out in the frequency range from 100 kHz to 0.01
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Hz with an AC signal amplitude of 10.0 mV and using a fre-
quency response analyser (Solartron, 1260).

Results and discussion

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were carried out to characterize
the morphology and microstructure of the as-synthesized
NVPF samples. In Fig. 1(a), it can be observed that the NVPF
cuboids possess a typical diameter of 500 nm and length of
about 1.5 um. Some cuboids self-assembled to form flower-
like aggregates. The SEM image of NVPF/G is shown in Fig.
S1.f It reveals that the NVPF@G possesses a layered structure,
as shown from various perspectives. Multiple layers of NVPF
cubes stack between the parallel graphene sheets. NVPF/G
nanocubes about 200 nm as shown in Fig. 1(b) were ob-
served. The size of NVPF/G nanocubes is much smaller than
that of the bare NVPF cuboids, likely suggesting that their
growth along the [001] direction has been restricted by
graphene. Fig. 1(c) reveals that NVPF@C/G has a typical mul-
tilayer structure and the NVPF particles are connected to each
other through carbon coating and are embedded into
graphene layers, looking like the NVPF particles are rooted
on the graphene layers. As shown in Fig. 1(c), few cuboids
outside of the layers were found, which further proves that
carbon and graphene can limit the NVPF growth along the
[001] direction. The high magnification TEM image shown in

Fig. 1 SEM and TEM images of NVPF series of specimens: (a) low
magnification SEM image of bare NVPF; (b) TEM image of NVPF/G; (c)
overall views of NVPF@C/G; (d) a typically multilayered NVPF@C/G
cube between graphene layers; (e) TEM image of NVPF@C/G and
nanoporous carbon; (f) HRTEM image of NVPF@C/G.
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Fig. 1(d) clearly shows that the NVPF cubes with the size of
approximately 200 nm are grasped by both graphene and car-
bon. There is no obvious difference in the morphology and
size compared to the NVPF/G sample shown in Fig. 1(b), ex-
cept that a thin layer of carbon coating was observed for
NVPF/G. In other words, the carbon coating prevented the
nanocubes from growing big under a short annealing time.
Compared to the raw NVPF sample, the dispersibility of
NVPF®@C/G has been significantly improved, which shows ev-
idence that the carbon may suppress the NVPF from aggre-
gating during the annealing process. By further magnifying a
sample, it is observed in Fig. 1(e) that the carbon coating
wrapped a NVPF particle. The carbon has a porous structure
and its thickness is around 5 nm. The homogeneous porous
carbon coating structure can limit the volume change of
NVPF materials and keep the NVPF electrode stable during
Na® intercalation and deintercalation.** Moreover, the porous
carbon coating may enhance Na*'s diffusion ability>’ and
thus improve the electrochemical performance of a battery.
Fig. 1(f) is the magnified image of Fig. 1(e). It can be seen
that the lattice spacing value is 0.45 nm, corresponding to
the NVPF (110) facet. Besides, we notice that the porous car-
bon is wrapped on the NVPF particles and the pore size was
not very clear. Since we cannot obtain the information from
the high-resolution diffraction image in Fig. 1(f), likely it
means the carbon is amorphous. Such a thin amorphous car-
bon coating plus the nanoporous structure may facilitate the
electrolyte diffusion and sodium ion transport. Meanwhile,
the carbon coating bridges the nanocubes and graphene, giv-
ing rise to a remarkable improvement in the conductivity of
the NVPF electrode.

X-ray diffraction patterns (XRD) of the as-prepared
NVPF@C/G, NVPF/G, and raw NVPF are presented in Fig. 2.
All the diffraction patterns of the three samples fit well with
the standard pattern for tetragonal NazV,0,(PO,),F (PDF No:
01-076-3645). No other peaks from impurities were detected,
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Fig. 2 XRD patterns of NVPF series of samples.
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which indicates that the as-synthesized samples are of pure
phase of crystalline NVPF.*> On the XRD pattern of NVPF@C/
G, a weak diffraction peak around 26 =~ 23° is observed. It
probably corresponds to the reduced graphene phase.*®
Based on the fact that we observed the carbon wrapping on
NVPF particles from the SEM and TEM images in Fig. 1, how-
ever, characteristic peaks of carbon were not found. We sug-
gest that porous carbon is amorphous derived from su-
crose.”” In other words, introducing graphene and carbon
does not affect the structure of NVPF. To certify the existence
of graphene and carbon, Raman spectroscopy was used to
test the NVPF@C/G sample, and the curves are shown in Fig.
S2.f From the Raman spectra in Fig. S2,f the D and G bands
appeared at 1340 cm ™" and 1580 cm ™, which can be assigned
to typical D and G bands of the carbon materials, respec-
tively. The D band originated from defects associated with va-
cancies and amorphous carbon species and the G band
corresponded to ordered sp> bonded carbon atoms.** And
the Raman intensity of the D band is close to the G band,
which indicates the high quality of the graphene and carbon
that composed the sample. To further confirm the carbon
content in NVPF@C/G, the TG of NVPF@G and NVPF@C/G
was characterized, as shown in Fig. S3.f We can see that the
total weight loss is 2.6% and 12% for the two samples, re-
spectively, in which 2% and 1.8% water weight loss was in-
cluded. Thus, the carbon weight is 0.6% and 10.2% for
NVPF@G and NVPF@C/G, respectively.

Fig. 3(a) exhibits the rate capacities of bare NVPF, NVPF/G
and NVPF@C/G samples at different charge-discharge rates.
In general, NVPF@C/G gives the highest discharge capacity,

Capacity (mAhg )
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Current (mA)
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s0{ ° NVPF@C@G

Capacity (mAhg")
g

o

T T T

o

100 200

Cycle number (n)

Fig. 3 The electrochemical properties and CV curves of NVPF series of
specimens: (a) rate performance of NVPF@QC/G in comparison with
homemade NVPF/G and bare NVPF; (b) discharge capacity retention at 2C
for NVPF@C/G, NVPF/G and NVPF in 2.0-4.3 V for 50 cycles; (c) CV curves
of NVPFQC/G at a scanning rate from 0.1-0.8 mV s over the voltage
range of 2.0-4.3 V vs. Na/Na™; (d) the first 50th CV curves of NVPFQC/G
tested at 0.8 mV s between 2.0-4.3 V vs. Na/Na* and (e) discharge
capacity retention at 2C in 2.0-4.3 V for 200 cycles for NVPFQC/G.
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NVPF/G is at medium capacity, and bare NVPF presents the
lowest one at all rates. For NVPF@C/G, the specific discharge
capacities are 135.8, 123.8, 113.4, 90.9, 78.2 mAh g™ at 0.1C,
0.5C, 1C, 5C and 20C, respectively. To our knowledge, com-
pared to the values reported, the present discharge capacities
are the best. The improved capacities are likely attributed to
the hybrid structure consisting of carbon-coated nano-scale
cubes embedded into graphene sheets, which greatly pro-
motes sodium-ion storage as well as electrochemical activa-
tion during the charge-discharge process.*”*® Furthermore,
the capacity gap between various rates for NVPF@C/G is the
narrowest compared to the other two samples, which sug-
gests that NVPF@C/G has the best high-rate performance.
For NVPF, it seems that the relatively big size of particles is a
disadvantageous factor for electron transport.”® Comparing
NVPF@C/G and NVPF/G, which have a similar particle mor-
phology and size, it can be seen that the rate performance is
obviously different, especially at a higher rate. This is proba-
bly due to the porous carbon coating in NVPF@C/G, which
can keep the NVPF structure stable even under a high
current-density charge-discharge process. In addition, the po-
rous carbon can provide more space for volume change tak-
ing place during the charge-discharge process, and thus im-
prove the cycling ability. To better evaluate the high-rate
performance of electrode materials, we tested the cycle per-
formance of the three samples at 2C in 2.0-4.3 V for 50 cy-
cles. The results are displayed in Fig. 3(b). For NVPF@C/G,
the initial discharge capacity is 102.1 mAh g ' and it main-
tains at 98.8 mAh g™ after 50 cycles; the capacity retention is
about 96.8%. However, for NVPF/G, the initial discharge ca-
pacity is 75.6 mAh g™ and it decreases to 64.9 mAh g™ after
50 cycles; the capacity retention is about 85.8%. At a higher
current density, the transporting of sodium ions is more dif-
ficult basically, even more for graphene composites.>® This
remarkable difference can be attributed to the thin carbon
coating combined with graphene sheet, which tether the
NVPF particles, embed particles on the sheets, and keep the
space among particles to promote sodium ions' diffusion.
Such similar results have been reported.*® In Fig. S4,f we can
see that the coulombic efficiency of NVPF@C/G is always
close to 100% during the cycling tests, whereas the coulom-
bic efficiency for NVPF/G has a little fluctuation. It indicates
that NVPF@C/G has better reversibility, thanks to the unique
carbon coating which makes the NVPF more stable during
the Na" intercalation and deintercalation process.

To better understand the extraction and insertion mecha-
nism of Na ions during the charge-discharge process, cyclic
voltammetry (CV) measurement was carried out. The CV
curves (between 2.0-4.3 V) at various scanning rates (ranging
from 0.1-0.8 mV s™") are depicted in Fig. 3(c), in which a cou-
ple of nearly reversible redox peaks are found. The NVPF@C/
G electrode material used in SIBs for the first cycle displayed
two obvious anodic peaks located at 3.69 V and 4.12 V vs.
Na'/Na, which proves that two sodium ions were released; in
other words, Na;V,0,(PO,),F transformed to NaV,0,(PO,),F
in the charge process.”® Conversely, two cathodic peaks

This journal is © The Royal Society of Chemistry 2017
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located at 3.54 and 3.95 V vs. Na'/Na are observed, implying
two sodium ions were inserted, resulting in the reduction of
V** to V** in the discharge process. In addition, the hysteretic
voltages are 0.15 V and 0.17 V, respectively, between the two
couples of redox peaks, in which the minor values determine
the excellent reversibility of NVPF@C/G. In Fig. 3(c), both an-
odic peaks float to higher voltages about 0.6 V. Meanwhile,
the two cathodic peaks in the discharge curves shift towards
the left about 0.6 V when the scanning rate is raised from 0.1
to 0.8 mV s™'. Moreover, both the values of the current peaks
become larger with an increase in the scanning rate from 0.1
to 0.8 mV s~'. These results are in agreement with those pre-
vious literature reports.”* A comparison of the CV curves cor-
responding to the first, 30th and 50th cycles are displayed in
Fig. 3(d). Although the anodic peaks shift a little to higher
voltages after 30 or 50 cycles in the charge stage (while ca-
thodic peaks keep almost unchanged), in general, the three
CV curves seem the same, which certifies that wrapping car-
bon on NVPF particles and embedding the NVPF@C struc-
ture into graphene sheets can limit the volume change and
keep the NVPF crystal structure stable during sodium ions’
intercalation and deintercalation. To confirm the long-term
cycling stability and high rate capability of NVPF@C/G as a
cathode material for sodium ion batteries, it was tested at an
extremely high specific current of 2C for 200 cycles shown in
Fig. 3(e). We can observe that the discharge capacity stabi-
lized at around 92.8 mAh g™ and the capacity retention was
about 92.9% after the 200th cycle. In a word, the reasons for
improved electrochemical performances, especially the cy-
cling stability, could be attributed to carbon nano-coating
which can effectively improve the structural stability of the
electrode by suppressing aggregation of NVPF@G and accom-
modating their volume expansion during electrochemical cy-
cling.”>*® These results indicate that NVPF@C/G is an ideal
electrode material which can be used for sodium ion batte-
ries to bring about remarkably good reversibility and cycle
stability.

Fig. 4 presents the Nyquist plots of the three samples acti-
vated at 0.05C after 2 cycles and the inset shows the equiva-
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Fig. 4 Nyquist plots of NVPFQC/G in comparison with homemade
NVPF/G and bare NVPF; inset depicts the equivalent circuit model.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

lent circuit. The diameter of the semicircle at the high fre-
quency region is attributed to the combined process of
electron transport in the surface film and the charge transfer
resistance.*® In Fig. 4, NVPF@C/G depicts the lowest charge-
transfer resistance compared to NVPF/G and NVPF (276 Q vs.
513 Q and 818 Q). The transfer resistance of NVPF@C/G is
nearly half of that of NVPF/G, which is attributed to the thin
carbon coating that tethers the NVPF cubes and reduces the
contact resistance among particles. Comparing NVPF/G and
NVPF, the resistance decreases by approximately 37%,
whereas between NVPF@C/G and NVPF/G, the drop-out value
is close to 46%, which means carbon coating plays a critical
role in the 3D architecture. Such a remarkable decrease of
the R (R, + R,) value indicates that NVPF@C/G has the best
contact and the lowest charge-transfer resistance, suggesting
the best sodium-ion insertion/extraction kinetics. The slop-
ing line at the low frequencies is associated with the War-
burg resistance originating from the solid-state diffusion of
sodium-ions in the active materials.>” The highest line slop-
ing of NVPF@C/G means it has the best sodium ion diffu-
sion efficiency, which suggested that the electrochemical re-
action becomes easier compared to NVPF/G and NVPF. This
observation highly supports the explanation for the better
rate performance of the half cells using the NVPF@C/G as a
cathode material. From the impedance analysis, we can draw
a conclusion that the graphene improves the conductivity of
the NVPF electrode materials, while the porous carbon fur-
ther makes the transfer of both sodium ions and electrons
faster during the cycling process. Moreover, the microstruc-
tures of the cycled cathode materials were investigated by
SEM, as shown in Fig. S5.f It can be seen that the morphol-
ogy and structure of NVPF@C/G change a little after 50 cycles
at 2C current, demonstrating that carbon nano-coating could
effectively improve the structural stability in this structure af-
ter long cycles, which is accorded with the high capacity re-
tention, 96.8% after 50 cycles. Consequently, compared with
the other two samples, the NVPF@C/G electrode material dis-
plays better rate performance, cyclic stability and reversible
capability.

For NVPF, due to its poor conductivity, electrons are diffi-
cult to transport on NVPF cubes basically. In Fig. 5(a), the
high-conductivity graphene sheets in the graphene sandwich
structure are like two parallel “expressways”; between them,
there are no “interstates” to connect each other. For the parti-
cles in the middle of the multilayer's particle structure as
seen in Fig. 5(a), the electrons pass through it with double
difficulty, like on a “winding path”. That means the “express-
way” efficiency is significantly decreased. It is well known, for
a sodium storage process, that it needs not only highly effi-
cient electron transport but also fast sodium ion diffusion in
the electrode material.”® Therefore, the porous carbon “inter-
states” become especially important. As a consequence, we
adopted homogeneous thin porous carbon to wrap NVPF par-
ticles as shown in Fig. 5(b). The porous carbon is suggested
to work as a pathway to bridge the NVPF particles so that the
electrons can be transported through the particles to
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Fig. 5 Schematic illustration of electrons' transport and ions' diffusion
in the 3D NVPF@C/G architecture: (a) without carbon bridge; and (b)
with carbon bridge.

graphene sheets with high efficiency. This could explain why
the rate performance and cycle stability of NVPF@C/G are ob-
viously improved compared to NVPF/G. Also Fig. 5(b) shows
an open 3D structure, which is beneficial for electrolyte diffu-
sion and sodium ion transport. On one hand, the inclusion
of carbon and graphene hinders the NVPF particles from
growing bigger, thus it can shorten the electron transport
length and thus accelerate oxidation reduction reactions. On
the other hand, carbon and graphene reduce the agglomera-
tion between the particles, which is beneficial for the contact
between active materials and the electrolyte. The 3D architec-
ture also makes the NVPF structure stable during the Na* in-
sertion and extraction process. On one side, NVPF particles
in situ pillared with graphene mean the particles would be
embedded into graphene sheets, which can limit the volume
change. Moreover, the thin carbon coating tightly wraps on
the surface of particles, which can also prevent the collapse
of the NVPF structure during the long cycle process. Further-
more, the porous carbon structure can largely increase the
contact area between the electrode and electrolyte, which ef-
fectively facilitates the sodium ion diffusion kinetics. In brief,
the nanosized particles, open structure, thin and homoge-
neous porous carbon coating, highly conductive graphene
sheets, and 3D architecture jointly contribute to yielding
highly effective ambipolar diffusion of sodium ions and
electrons into/out NVPF, giving rise to good rate performance
and long cycling lifetime.

Conclusion

A 3D architecture - the NVPF@C/G structure - as a cathode
material for SIBs was synthesized and its electrochemical
properties were compared with NVPF/G and bare NVPF sam-
ples. NVPF@C/G possesses the highest discharge capacities,
135.8 mAh g™ at 0.1C, the best cyclic stability, and an excel-
lent capacity retention, 96.8% at 2C for fifty cycles. The obvi-
ous difference in the electrochemical behaviors of NVPF@C/
G and NVPF/G demonstrates that the porous carbon plays a

4292 | CrysttngComm, 2017, 19, 4287-4293
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key role in bridging the NVPF particles in the multilayer parti-
cle structure, in which electrons can transport through the
NVPF particles efficiently to facilitate the sodium ion diffusion
kinetics. In addition, the porous carbon can effectively enhance
the structural stability of the NVPF during the sodium-ion in-
sertion—extraction process. Therefore, while graphene has been
well recognized as an additive that can increase the conduc-
tivity of an electrode material, the use of porous carbon to
bridge the NVPF particles and graphene as discussed in this
paper is another both facile and effective method to further
enhance the conductivity of the electrode material and to
thus improve the electrochemical performance of SIBs.
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