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The main challenges associated with nanostructured V20s cathodes are structural
degradation, instability of the solid-electrolyte interface (SEI) layer and poor electron
conductance, which lead to low capacity and rapid decay of cyclic stability. Here, we
report a novel composite structure of V20s nanoparticles encapsulated in 3D networked
porous carbon matrix coated on carbon fibers (V20s5/3DC-CFs) that effectively address
the mentioned problems. Remarkably, the V205/3DC-CFs electrode exhibits excellent
overall lithium-storage performance, including high Coulombic efficiency, excellent
specific capacity, outstanding cycling stability and rate property. A reversible capacity of
~ 183 mAh g1 was obtained at the high current density of 10 C, and the battery retained
185 mAh g1 after 5000 cycles, which to our knowledge shows the best cycling stability
reported to date among all reported cathodes of lithium ion batteries. The outstanding
overall properties of the V205/3DC-CF composite make it a promising cathode material

of lithium ion batteries for the power-intensive energy storage applications.

1. Introduction

The increasing demands for lithium-ion batteries (LIBs) for power-intensive energy
storage applications such as electric vehicles and load-leveling installations on power
grids require improved energy and power densities as well as better durability.[>-3] In
the LIB techniques, the development of new electrode materials has been identified to
be a key for their further advances. Various anode materials have been substantially
studied and made great progress in recent years.[*3] For instance, Si-based
nanostructures showed much improved capacity and superior cyclability, e.g., a high
specific capacity of ~1200 mAh-g-1 (3 times greater than that of graphite, 372 mAh-g1)
with a capacity retention of 97% after 1000 cycles has been achieved.[®! In contrast,

research on the cathode materials of high specific capacity is severely lagging behind
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that of the anode materials, and it has been regarded a bottleneck for the power-
intensive energy storage applications of LIBs. In order to promote the development of
high-performance LIBs, the new LIB cathode structures and materials have attracted
broad research interest recently.[7-10] For instance, the LisMn20s composition electrode
delivered a high discharge capacity of 355 mAh g1 between 1.2 and 4.8 V at a current
density of 0.05 C, however, the capacity retention was about 70.4 % after 9 cycles.[8 The
LiNio.4Mno.4Co0.202 cathode materials showed a discharge capacity of 228 mAh g-1 at the
first cycle, and its capacity retention was ~ 96 % after 20 cycles between 2.0 and 4.7 V at
a current density of 0.05 C.[9 The LizRuo.75Ti0.2503 presented a capacity of 215 mAh g1
between 2.7 and 4.5V at 0.2C, with a capacity retention of ~90 % after 100 cycles.[10] It
appears that the most important challenge ahead is to improve the cycling stability of
cathode at high rating, and this is a major gap in the development of high-performance

LIBs.

Recently, vanadium oxides have drawn great research interest due to their
intriguing advantages as a cathode material.[1112] For instance, V20s can capture multiple
electrons and have a high capacity of 294 mA h g1 in the voltage range of 4.0-2.0 V (vs
Li/Li*), which are higher than those of commercial cathode materials (e.g., 140 mA h g1
for LiCoOz, 148 mA h g1 for LiMn204, and 170 mA h g for LiFeP04).[613-15] [n addition,
V205 is abundant in the earth’s crust and of low cost. Nevertheless, the low Li* diffusion
coefficient (~10-12cm?s'1) in V205 and the moderate electron conductance between V205
and binders lead to poor cycling stability and low capacity.[1617] To solve these problems,
various approaches have been suggested, e.g., engineering of nanoscaled architectures
with reduced ion/electron transportation paths,[18-231 growth of three-dimensional (3D)
structures on carbon nanotubes,[2425] and coating of conductive layers on active

materials for improving electrical contact.[26-28] Preparation of a V20s-based electrode
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typically involves pressing a mixture of V205 powder, carbon black and polymer binders
onto a current collector. There is considerable interparticle resistance in the composite
which hinders charge transfer and reduces battery performance.[17.2°] Recently, it was
shown that direct growth of V205 array structures on a current collector can
substantially reduce the interparticle resistance and contact resistance, and leads
to improved capacity and cyclic stability.[30-32] However, the low areal loading of the
V20s array structures (~0.7 mg cm-2), hindered their practical application.[33] Moreover,
collapse of the V20s array structures upon repeated charge/discharge cycling is another

important problem to be addressed for high-performance LIBs.[34]

Here, we present a LIB cathode comprising V20s nanoparticles encapsulated in a 3D
networked porous carbon matrix on carbon fibers (V20s5/3DC-CFs) for the first time. The
3D networked porous carbon not only enables effective mass loading of V20s
nanoparticles and providing extensive reaction sites but also acts as an electrolyte-
blocking layer to reduce SEI formation on surface of the V205 nanoparticles. Moreover,
the direct use of 3DC-CFs as a current collector eliminates the need of using conductive
additives and binders, and guarantees a good electrical conductance. The special
material composition and structure design endow the cathode with a much improved
irreversible capacity of ~ 183 mAh g1 at a high current density of 10 C over the voltage
range of 4.0-2.0 V. Particular, the capacity retained at 185 mAh g1 after 5000
charge/discharge cycles, which is to our knowledge the best cycling stability among all
reported cathodes in half-cell of LIBs. These results suggest that the V205/3DC-CFs is a

promising material for cathode application in high-performance LIBs and flexible LIBs.

2. Results and Discussions
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The 3DC layer was prepared by carbonization of a polymer film formed by a sol-gel
process, and the V205 nanoparticles encapsulated in the carbon matrix were synthesized
using a hydrothermal reaction followed by a post annealing process. Detailed synthesis
conditions are described in Supplementary Information. Figure 1a shows a low-
magnification SEM image of a bundle of flexible CFs coated with a layer of carbon
precursor. Upon carbonization, the layer was converted to uniformly 3D porous carbon

film covering the entire surface of each CF (Figures 1b-d). The diameter of the CFs

increased slightly from ~8 * m to ~10 ° m upon carbonization (Figure 1b). Raman

spectrum in Figure S1 shows D peak at ~1340 cm-! and G peak at ~1590 cm1,
suggesting that the porous layer consists of both disordered and graphitic carbon
structures. Close observation (Figures 1c and 1d) reveals that the carbon layer
composes of interconnected and intersected carbon nanoflakes, giving a 3D networked
structure similar to that of a sponge. The carbon nanoflakes had a thickness < 100 nm
(Figure 1d). A TEM image (Figure S2) also confirmed that the carbon nanoflakes were
interconnected with each other to form a 3D networked matrix containing irregularly
pores with the size ranging from 30 to 80 nm. N2 isotherm adsorption/desorption
measurements were carried out to characterize the networked porous carbon
matrix, as shown in Figure S3. The porous matrix exhibited a Brunauer-Emmett-

Teller (BET) specific surface area of 493 m2g-1.

After hydrothermal reaction followed by a post annealing process, V20s
nanoparticles were synthesized inside the pores in the 3DC-CFs to form a V20s5/3DC-CFs
composite. The composite retains well the original morphology of the 3DC-CFs, as
shown in Figure 1le. The V205/3DC-CFs composite presents excellent flexibility (Figure

S4), making it a highly promising candidate as flexible electrodes for LIB application in
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wearable electronics. Figure 1f (upper panel) depicts an XRD pattern of the V205/3DC-
CFs composite. The broad diffraction peak at ~ 279 is indexed to the (002) plane of
graphitic carbon (CFs and carbon nanoflakes). With reference to an XRD pattern for the
orthorhombic V20s (lower panel of Figure 1f), it can be confirmed that phase-pure
orthorhombic V205 was obtained. Energy dispersive X-ray spectroscopy (EDS) elemental
mapping images of a V20s5/3DC composite in Figure S5 suggest that the V20s
nanoparticles have a uniform distribution in the 3DC matrix layer. The amount of V205

nanoparticle loading could be controlled by changing the thickness of 3DC layer on CFs.

Figure 1g shows a TEM image of the V205 nanoparticles grown on a carbon
nanoflake. It can be seen that V20s nanoparticles are anchored on the surface of carbon
nanoflakes. Thus in the 3D networked matrix they are encapsulated in the pores formed
by carbon flakes. The size of V20s nanoparticles varies from 20 to 30 nm, as shown in
Figure 1g. An HRTEM image of a V205 nanoparticle in Figure 1h reveals the crystalline
nature of the V205 nanoparticles, and the observed d-spacing of 0.44 nm matches well
with that of the {001} facets of orthorhombic V20s. The corresponding Fast Fourier
Transform (FFT) pattern in the inset agrees with that obtained along the [100] zone axis

of orthorhombic V20s.

Figure 1

Electrochemical performance of the V20s5/3DC-CFs composite with a V20s
nanoparticle (active material) areal loading density of 1.18 mg cm2 was evaluated.
Figure 2a displays representative CV curves for the 1st, 2nd and 5th cycles at a scan

rate of 0.1 mVs1 over a voltage window of 4.0-2.0 V vs Li/Li*. In the first cycle, the
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reduction peak at 3.4 V corresponds to a phase change from a-V20s to €-LiosV20s; and
peaks at 3.1 V and 2.3 V are assigned to the formation of §-LiV20s and w¥-Li2V20s,
respectively.[19-22] [n the delithiation process, three anodic peaks at 2.5, 3.3 and 3.5 V are
revealed, and they are ascribed to the corresponding reversed phase transformations
from ¥-Li2V20s to §-LiV20s, e-LiosV20s, and a-V20s, respectively35l. The CV curves for the
2nd and 5t cycles resembled that of the 1st cycle suggesting an excellent reversibility of
the cycling process.

Figure 2b shows representative charge-discharge curves of the electrode at a
current density of 0.1C (1C=294 mA h g1) for the first three cycles. Three plateaus at 3.4,
3.1 and 2.3 V were observed on the discharge curves, which are associated with the
multi-step Li* intercalation processes. Correspondingly, three plateaus related to the
delithiation processes were also detected at 2.5, 3.3 and 3.5 V on the charge curves. The
charge-discharge curves are in good agreement with the CV results. The first cycle
revealed a high capacity of 360.6 mAh g-1. The irreversible capacity loss for the first
cycle can be attributed to the formation of a solid-electrolyte interface (SEI) layer. In the
second and third cycles, the capacities of the electrode decreased to 339.8 mAh g1 and
339.2 mAh g1, respectively, and the corresponding Coulombic efficiency increased to
99.8% and 99.9%, respectively. The sharp increase of Coulombic efficiency in the 2nd
cycle indicates that a stable SEI layer had already formed during the initial cycle. It is
noted that the measured capacity of the electrode (339.8 mAh g-1) is higher than
the theoretic capacity of V205 (294 mAh g1), which is considered to be due to the
following reasons: Firstly, the V205 nanoparticles have a large surface-to-volume
ratio and the short transport length of Li* ions, which may provide more active
sites for the redox reactions of Li* ions as compare with the bulk V20s. The similar

results have been observed in other nanostructured metal oxide including
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V205.[36-38] Secondly, the uncertainty in the average mass of V205 (about + 5%) may
also lead to an error of about * 5% in the calculation of corresponding specific
capacity. It should be noted that, for a cathode electrode material of LIBs, a higher
discharge voltage plateau is favorable for releasing more energy. In the case of the
V20s5/3DC-CFs composite, the capacity delivered in the high-voltage range from 4.0 to
3.0 V (denoted by horizontal green dashed line) accounts for more than 62.4% of the
total capacity between 4.0 and 2.0 V (vs Li/Li*). The capacity was estimated to be
~212.1 mAh g1 (the second cycle) at a current density of 0.1C in the high-voltage range
from 4.0 to 3.0 V, which is still higher than those of the commonly used cathode
materials such as LiCoO2 (140 mA h g'1), LiMn204 (148 mA h g'1) and LiFePO4 (170 mA h
g1).[14-16] The capacity of the V20s5/3DC-CFs composite electrode in this voltage region is
also apparently higher than those of the V205 nanostructure electrodes reported in the
literature.[21-27] The cathode material of high-voltage plateau is necessary for increasing
the operating voltage of lithium-ion batteries and, subsequently, enhancing the energy
density. To have a fair comparison with the results reported previously, the capacities
reported below in this work are, however, the total capacities measured for the voltage

range from 4.0 to 2.0 V.

The rate capability (0.1-50 C) of the V205/3DC-CFs composite electrode was
evaluated in the voltage range of 4.0-2.0 V, as presented in Figure 2c. The capacities
decreased from ~330 to 285, 220, 176, 138, and 115 mAh g1 when the current density
was increased from 0.1 to 1, 5, 10, 30, and 50 C, respectively. Note that a capacity of 115
mAh g1 was retained at a high current density of 50 C. After cycling at a current density
of 50 C, the capacity could be recovered to about 310 mAh g1 as the current density was
decreased back to 0.1 C, which corresponds to capacity retention of ~ 94% and indicates

an excellent reversibility of the electrode.
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A major concern for the application of V205 as a cathode material is on its
unsatisfactory cycling stability. In this work, the cycling stability of the V20s5/3DC-CFs
cathode was tested by carrying out the discharge-charge cycles at a current density of 1C,
as shown in Figure 2d (blue and black denotes for the discharge and charge curves,
respectively). The discharge capacity was 283 mAh g-1 in the second cycle (the first cycle
for the activation of V20s), and the capacity maintained at 281 mAh g1 after 120 cycles,
corresponding to a capacity retention of 99.3%. On average, V20s5/3DC-CFs composite
electrode showed a capacity fading rate of only 0.0059% per cycle, which is least two
orders of magnitude smaller than those of previously reported V20s-based cathodes.[1
291 In addition, a high Coulombic efficiency close to 100% (except for the first few cycles)
was achieved, and it was very stable in the following 120 cycles (red curve), suggesting
an excellent reversibility of the electrode. It should be pointed out that the
corresponding evaluation on the capacity and stability of sole carbon cloth (Figure S6)
verified that 3DC-CFs had only negligible contribution to the overall capacity of

V20s5/3DC-CFs composite electrodes (~6 mAh g1 out of 1 C).

Remarkably, the V205/3DC-CFs composite electrodes still exhibited extremely good
stability at a high current density of 10 C (Figure 2e). The capacity was 183 mAh g1 in
the second cycle at 10 C, and it kept almost unchanged after 5000 cycles (red and black
curves for the discharge and charge processes, respectively), which represents the best
stability among all nanostructured materials reported thus far for LIB application,[39-41]
including V205 nanostructures.[19-29] In addition, except for the first few cycles, the
Coulombic efficiency of the V205/3DC-CFs composite electrode was stabilized at ~100%
(orange curve in Figure 2e). For comparison, the control samples, pure V20s
nanoparticles (left inset in Figure 2e and Figures S7a and b) and V20s nanosheet arrays

on CFs (right inset in Figure 3e and Figures S7c and d) were synthesized and their cyclic
9
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stabilities as cathodes were also tested at 10 C, as shown in Figure 2e. The V205
nanoparticle electrode was prepared in a conventional way by mixing the V20s
nanoparticles with binder and conductive carbon. In sharp contrast to the V205/3DC-CFs
composite, the capacities of the V205 nanoparticles (blue and pink curves for the
discharge and charge curves) and V205 nanosheet arrays (green and light blue curves for
the discharge and charge curves) electrodes declined drastically from ~142 mAh g-1 and
~155 mAh g1 in the second cycle to 9 mAh g1 and ~15 mAh g1 after 5000 cycles,

respectively.

Effective areal loading of active materials in the electrode is another important issue
in LIBs for their practical applications, and a high loading amount will generally lead to
decreased capacity and stability. In this work the impacts of mass loading of V205 on the
capacity and stability were also studied, and the amount of active material loading was
controlled by varying the thickness of carbon matrix films on CFs. From cross-sectional
morphology of the 3D carbon layer occasionally observed on the sample
synthesized by soaking carbon cloth for four times in the sol-gel solution followed
by carbonization, the thickness of 3D carbon layer is about 1.9 um, as shown inset
Figure 2f. Therefore each cycle of soaking and carbonization may result in a
thickness of about 0.5 pm of 3D carbon layer. For the active materials of 0.52, 2.48
and 3.17 mg cm in diferent samples, capacities of 175, 175, and 186 mAh g1 were
obtained, respectively, in the second cycle at 10C, and they maintained unchanged after
1000 cycles (Figure 2f). The uncertainty in the average mass of 3DC-CFs thus led to an
error of about + 5% in the mass of V205 and the calculation of corresponding specific
capacity. Considering the error, the specific capacities obtained for the different mass
loadings could be considered almost unchanged. The capacity retention was close to

100% after 1000 cycles for all samples, suggesting an excellent cycling stability of the
10
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V205/3DC-CFs composite electrodes even with relatively high loadings of active
materials. Moreover, it was also observed that electrochemical performance of
electrodes depends also on the size of V205 nanoparticles. For the V205 nanoparticles
with mean size of ~40 to ~50 nm (Figure S8), the corresponding capacities were 161
and 172 mAh g1, respectively, in the second cycle at 10 C, and they decreased to 153 and
151 mAh g1 after 1000 cycles, suggesting capacity retentions of 95% and 88%
respectively. Whereas, with a particle size of ~20 nm, the capacity remained close to
100% after 1000 cycles (Figure 2f). The better performance for the smaller particle size,
may be ascribed to the increased surface area, the shorter ion diffusion length, and

better capability in maintaining structural integrity for electrochemical reactions.[4243]

Figure 2

Generally, the formation of a thick and/or unstable SEI layer caused by repeated
formation of fresh SEI layer upon cycles of expansion/contraction of the electrode is one
major cause for capacity fading in LIBs. To understand the outstanding electrochemical
performance of the V205/3DC composite, we investigated its structural evolution upon
Li* insertion and extraction processes via in situ TEM experiments. The set-up for the in
situ TEM measurements is shown schematically in Figure 3a.l[*4l A piece of V20s5/3DC
composite was attached to a Cu wire probe, and a small piece of Li/electrolyte was
attached to the tip of an opposite W wire probe. By manipulating a piezoelectric motor
on the TEM holder, the V205/3DC composite was moved to contact the Li/electrolyte,
and a bias voltage of -4.0 V was then applied to drive Li ions to go through the
electrolyte towards V20s5/3DC composite. Figure 3b depicts the pristine V20s/3DC

composite before upon Li* insertion processes. For the V205 nanoparticle at the edge of
11
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the composite (marked by the blue circle), discernible structural changes of V205
nanoparticles can be observed during Li* insertion processes for 1 min to 20 min
(Figures 3c-e). A thin SEI layer could be observed after discharging for only 1 min
(Figure 3c),[*5] and the thickness of SEI layer increased gradually during Li*
insertion processes and reached about 5 nm after 20 mins (Figure 3e). After 20
minutes of Li* deposition, no further structural change could be observed, indicating
completion of the reaction (Figure S9). The V20s nanoparticle shows a dimension
increase of ~20%, while no cracking or fracture was observed. In a sharp contrast, no
obvious SEI layer could be observed on the V20s particles within the 3DC structures

(marked by the red circle), as demonstrated in Figures 3f-h.

After the Li* insertion processed for 20 min, the delithiation was initiated by
applying a 4.0 V bias to the V205/3DC composite electrode. The V205 nanoparticles
slightly shrank in size, and the whole structure of V205/3DC composite remained
unchanged after the delithiation finished, as shown in Figure 3i. Interesting, even after
10 lithiation and delithiation cycles (Figure 3j), the V205 nanoparticle inside the matrix
had still no obvious SEI layer formed on its surface (red circle), possibly due to that the
electrolyte only contacted with the outer surface of the robust ensemble of 3DC-CFs and
did not access to the inner pores of the 3DC structure. These observations suggest that
the engineered 3DC structure can provide an electrolyte blocking layer to decrease
significantly most of the direct SEI formation on the V20s nanoparticles inside 3DC

structure, and thus lead to superior cycling performance of the composite.

Figure 3

12
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Morphologies of the V205/3DC-CFs composite electrode after 5000 cycles at 10 C
were also examined with SEM and TEM (Figure S10). It was found that the V20s5/3DC
architecture was well preserved without any apparent destruction. SEI layer was not
also observed on the surface of the V20s particles inside the 3DC structure after 5000
cycles. In comparison, particulate aggregate (Figures S11a and b) and array structures
collapse (Figures S11c and d) were revealed for the control samples of V20s
nanoparticles and V205 nanosheet arrays after 5000 cycles, which is believed to the

reasons for their inferior cycling stability.

Moreover, electrochemical impedance spectra (EIS) of the electrodes made of the
V20s5/3DC-CFs composite, the V205 nanoparticles and the V20s nanosheet arrays after
different cycles were shown in Figure 4a, Figure S12, and Table S1. The Nyquist plots of
all samples depict a semicircle at high-to-medium frequency region and an inclined line
at low frequency region.[*6] The semicircle is attributed to the charge transfer process at
electrode/electrolyte interface, while the inclined line corresponds to the lithium-
diffusion process into the bulk of the electrode, the so-called Warburg diffusion. Figure
4b is a modified equivalent circuit model of the studied system.[#748] For the V20s/3DC-
CF composite electrode, the fitted impedance parameter Rct deceased gradually from
~121 to 88 Q as the test extended from 100th to 5000th cycles, as shown in Figure 4a.
Meanwhile, Rct shows only mild change. As references, Rct of the V205 nanoparticle
electrode (Figure S12a) increased obviously from 1.4 to 4.5 k(), and similarly, Rct of the
V20snanosheet array electrode increased from 71 to 168 () during the cycling process
from 100th to 5000th cycle (Figure S12b), which should be associated with the
deterioration of electron transport due to the formation of disconnected clusters by

aggregation of nanoparticles and gradual array collapse during cycling.[3246491 Moreover,
13
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Rs of the V205 nanosheet array electrode increased from 6.4 to 22.5 Q from 100th to
5000th cycle, which could be caused by the dissolution of active materials into
electrolyte during cycling processes. In comparison with the V20s nanoparticle and the
V205 nanosheet array electrodes, the V20s5/3DC-CFs composite shows the smallest
change in Rct during long cycling. As a result, the V205/3DC-CFs composite provided
significant advantages of rapid electron transport and fast faradic reaction during the
electrochemical lithium insertion/extraction processes, which are favorable for

increased capacity and longer cycling life.

Based on the above analysis, the following four strategically interdependent
characteristics of the V205/3DC-CFs composite are responsible for its outstanding
cathode performance, as illustrated schematically in Figure 4c. Firstly, the robust 3D
interconnected carbon matrix with high conductivity provides highly efficient pathways
for the fast electron/ion transfer in the electrodes (Figure 4d) and retains the structural
integrity of the V205/3DC-CFs during charging/discharging processes. The pore
structure of carbon framework also provides sufficient free space for the expansion of
encapsulated V205 nanoparticles (Figure S13). After 5000 cycles, no obvious
morphology change of the V205/3DC-CFs composite can be observed (Figure S10),
which guarantees its excellent super-long cycling stability. Secondly, the electrode of the
V20s5/3DC-CFs is fundamentally different from previously reported electrodes. In this
design, the electrolyte only contacts with the carbon framework and cannot access the
inner V20s particles, which prevents the inner V:0s particles from reacting with
electrolyte, i.e., the 3DC-CFs structure provides an electrolyte-blocking layer that limits
the formation of SEI layer on the surface of most of the V20s nanoparticles (Figure 4d).
As a result, the V205/3DC structure limits the amount of SEI layer and better utilization

of active materials and electrolyte, which increases the Coulombic efficiency and
14



WILEY-VCH

improves cycle stability. Thirdly, each V205 nanoparticle is directly anchored on the
carbon nanoflakes of the 3D networked matrix, and the composite is used directly used
as a cathode without the addition of binders. This not only ensure a more direct
electrical path, but also eliminate the need for non-active binder material for weight
and cost saving. Therefore, the resistance of the cathode is minimized, and Li* and
electron transport to V20s nanoparticles is facilitated (Figure 4d). Finally, the optimized
size of V20s nanoparticles reduces the solid state Li*/electron diffusion length, prevents
fracture, and increases active sites. Consequently, the ultrafast lithium storage in V205
can be realized, which guarantees a large capacity and super-long stability at high

current density.

To further demonstrate the structural superiority of 3DC-CFs matrix for advanced
electrode application, Si nanoparticles and polypyrrole-coated NiCo2S4 nanoparticles
encapsulated in the 3DC-CFs structure were also tested them as anodes in LIBs (Figure
S14). They showed the best cycle stability reported thus far for anodes made of Si and
metal sulfide nanostructures.[30-531 These results suggest that the present 3DC-CF
structure could be a versatile framework for hosting a wide range of cathode and anode
materials for preparing high performance electrode (both cathode and anode) for LIB

applications.

Figure 4

Conclusion

In summary, V20s/3DC-CFs composite was successfully prepared as a cathode for

LIBs. The special compositional and structural design of the composite enables effective
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loading of V205 nanoparticles and provides good electron and ion transport capability.
Effective encapsulation of the V205 nanoparticles in the 3DC can suppress SEI formation
on surface of most V20s nanoparticles. On the other hand, the 3DC-CFs could be directly
used of as a current collector without addition of binders and conducting materials, and
the robust structure of 3DC-CFs endure the influence of volume change of active
materials during cycling. As a result, the V205/3DC-CF composite delivered outstanding
specific capacity, high rate performance, and extraordinary cycling stability. At a high
current density of 10 C, a capacity of 183 mAh g1 was obtained, which is higher than
that of the current lithium transition-metal oxide cathode. In particular, the cathode
demonstrated capacity retention close to 100 % at 10 C after 5000 cycles, implying the
best stability of cathode materials reported thus far. The outstanding overall properties
of the V205/3DC-CF composite make it a promising candidate as the cathode for high-

performance LIBs.

Experimental Section

Materials synthesis. All chemicals used in this work were commercially available from
Sigma-Aldrich and were used as received without further purification. The V20s5/3DC-
CFs composites were synthesized by combining carbonization with a simple
hydrothermal synthesis followed by an annealing process, which is described in

Supplementary Information I in detail.

Characterization. Morphology and microstructure of samples were characterized by
scanning electron microscopy (SEM, Philips XL 30FEG) and TEM (JEM-2100F equipped
with an energy-dispersive X-ray spectrometer (EDS)). The X-ray diffraction (XRD)

patterns were recorded using a Philips X'’Pert MRD X-ray diffractometer with Cu Ka
16
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radiation. The in situ TEM observation of lithiation and dethiation processes was carried
out using a scanning tunneling microscopy (STM)-TEM holder commercialized by

Nanofactory Instruments AB within the JEOL 2100F TEM operated at 200 kV.

Electrochemical measurements. The V205/3DC-CFs composites were directly used as
the working electrode without any ancillary materials. To measure the mass of active
materials, 6 pieces of 3DC-CFs and V20s5/3DC-CFs composite of the same size were
weighted by using an electronic balance (Sartorius BP 211D) with a resolution of 0.01
mg, and their average masses were obtained. By subtracting the average mass of 3DC-
CFs, the masses of V20s (active material) synthesized in different samples were
0.52+0.03, 1.18+0.04, 2.48+0.08 and 3.17%£0.13 mg cm-2. The uncertainty in the average
mass of 3DC-CFs thus led to an error of about + 5% in the mass of V20s. Coin-type cells
(CR2032) were fabricated using lithium metal as the counter electrode, Celgard 2400 as
the separator, and LiPFs (1 M) in ethylene carbonate-dimethyl carbonate (EC-DMC, 1:1
vol%) as the electrolyte. For comparison, a control sample by mixing the V205
nanoparticles, conductive agent (carbon black) and binder (sodium alginate) in a weight
ratio of 50:40:10 was prepared, and another one comprising V205 nanosheet
arrays/carbon fiber composite was also tested without any ancillary materials. The
loading weight of the V205 nanoparticles and V20s nanosheet arrays was about 0.85 mg
cm? and 1.33 mg cm?, respectively. Cyclic voltammetry (CV) measurements were
conducted at 0.1 mV s1 over the range of 2.0-4.0 V (vs. Li/Li*) on a CHI 600D
electrochemical workstation. Electrochemical impedance spectroscopy (EIS) was
carried out with a ZAHNERelektrik IM 6 electrochemical system over a frequency range

of 100 kHz to 0.01 Hz.
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Figure 1. (a) SEM image of CFs coated with polymer carbon-precursor layer. (b), (c), and
(d) SEM images of the 3D networked carbon matrix film-coated CFs at different
magnifications, the inset in (d) shows the schematic drawing of the 3D networked
porous carbon matrix. (e) SEM image of the V205/3DC-CFs composite, the inset shows
the schematic drawing of the V205/3DC composite structure. (f) XRD patterns of the
V205/3DC-CFs composite (upper panel) and JCPDS card (V20s, No. 41-1426) (lower
panel). (g) TEM image of the V205/3DC composite. (h) HRTEM image of a V20s

nanoparticle, the inset shows the corresponding FFT pattern.
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Figure 2. (a) CV curves of V205/3DC-CFs composite at a scan rate of 0.1mV s- between
4.0 and 2.0 V. (b) Charge-discharge curves of V205/3DC-CFs composite at a constant
current density of 0.1C between 4.0 and 2.0 V. (c) Rate performance of 3D networked
V205/3DC-CFs electrode at various current densities. (d) Cycling performance and
corresponding Coulombic efficiency of V205/3DC-CFs composite measured at 1C. (e)
Cycling performance of V205/3DC-CFs composite, V205 nanoparticles and V205

nanosheet arrays electrodes measured at 10 C. The insets are the SEM morphologies of
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V205 nanoparticle (left) and V205 nanosheet array (right) electrodes. (f) Cycling
performance of V205/3DC-CFs composite electrode with different loading of V205
nanoparticles measured at 10 C. The insets are the SEM morphologies of the composite
electrodes with mass loadings of 0.52 mg cm-2 (left), 2.48 mg cm2 (middle) and 3.17 mg

cm2 (right).

f electrolyte
V205/3DC composites

Figure 3. (a) Schematic showing the configuration of in situ TEM observation for
Li* insertion and extraction processes. (b) TEM images of the pristine V205/3DC

composite before lithium insertion. The red and blue circles indicate the V205

25



WILEY-VCH

nanoparticles inside and at the edge of the 3DC matrix, respectively. (c-e)
Morphology evolution of the V205 nanoparticles at the edge of the matrix during
the Li* insertion processes at 1 min, 5 min and 20 min, respectively. (f-h)
Morphology evolution of the V205 nanoparticles inside the 3DC matrix during the
Li* insertion processes at 1 min, 5 min and 20 min, respectively. (i) TEM image of
the V205/3DC composite after Li+ extraction processes in the first cycle. (j) TEM

image of the V205/3DC composite after Li* extraction processes in the 10th cycle.
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Figure 4. (a) Nyquist plots of the V205/3DC-CFs composite electrode measured with an
amplitude of 5 mV over a frequency range from 100 kHz to 0.01 Hz; (b) the equivalent
circuit model of V20s5/3DC-CFs composite electrode. Rs is the electrolyte resistance;
CPE1 and Rr are the capacitance and resistance of the passivation film formed on the
electrode surface, respectively; CPE2 and Rct are the double-layer capacitance and
charge transfer resistance, respectively; and Zw is the Warburg impedance related to the
diffusion of lithium ions into the bulk of the electrode. (c) Schematic of V20s5/3DC-CFs

composite before electrochemical cycling. (d) Schematic diagrams showing the
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formation of SEI layer, and the transport of electrons and Li ions in V20s5/3DC-CFs
composite.

Full Paper

We report a new cathode material for lithium ion batteries consist of V205
nanoparticles encapsulated in 3D network porous carbon matrix layer coated on
carbon fibers. The cathode delivers a higher capacity as compared to the current
lithium transition-metal oxide cathode, and much superior cyclic stability with an almost

100% capacity retention at a high current density of 10 C after 5000 cycles.

Keyword: V205 nanoparticles; 3D networked porous carbon matrix; cathodes; cycling

stability; solid-electrolyte interface
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Figure S1. Raman spectrum of 3DC layer coated on carbon cloth.

Figure S2. TEM image of the 3D networked porous carbon layer.
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Figure 3. N2 adsorption/desorption isotherms of the networked porous carbon matrix.
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Figure S4. The V205/3DC-CF composite shows excellent flexibility.

Figure S5. SEM and Elemental mapping images of the V205/3DC-CFs composite.
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Figure S6. Cycling performance of 3DC coated carbon cloth (3DC-CC) electrode at 1C

and 10C.
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Figure S7. TEM and SEM characterizations of V205 nanoparticles and V20s nanosheet
arrays on carbon fibers. (a) SEM and (b) TEM images of V20s nanoparticles; (c) and (d)

SEM images of V20s nanosheet arrays on carbon fibers at the different magnifications.
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Figure S8. The cycling stability of V205 nanoparticles of ~40 (red, insert left) and ~50

nm (blue, insert right) in size encapsulated in 3D network porous carbon as cathode for

application in LIBs.
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Figure S9. TEM images of the V205/3DC composite with lithium insertion at 20 min in

the first cycle.

Figure S10. (a) SEM and (b) TEM images of V205/3DC-CF composite after 5000 cycles.
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before

Figure S11. SEM images of V205 nanoparticle (a) before and (b) after test for 5000
cycles, and SEM images of V20s nanosheet arrays (c) before and (b) after test for 5000
cycles. For the V205 nanosheet arrays electrode, the nanosheets are anchored to the

current collector (carbon fibers) without binder and conductive carbon.
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Figure S12. Nyquist plots of (a) V20s nanoparticle and (b) V20s nanosheet array
electrodes measured with amplitude of 5 mV over a frequency range from 100 kHz to
0.01 Hz.
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Table S1. Rct and Rf for V205/3DC-CFs electrode, V205 nanoparticles electrode and V205

nanoparticles electrode by modified equivalent circuit model.

5/3DC-CFs electrode V205 nanoparticles V205 nanoparticles
electrode electrode
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Figure S13. 3D view inside V20s5/3DC-CF composite before and after electrochemical

cycling (in the lithiated state).
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Figure S14. Si nanoparticles and polypyrrole-coated NiCo2S4+ nanoparticles
encapsulated in the 3DC-CFs structure were tested them as anodes in LIBs. (a) CV curves
of Si/3DC-CF composite at a scan rate of 0.1 mVs1 between 0.01 and 1.0 V. (b) Cycling
performance of Si/3DC-CF composite measured at 0.5C. (c) CV curves of NiCo2S4-
PPy/3DC-CF composite at a scan rate of 0.1 mVs-! between 0.01 and 3.0 V. (d) Cycling
performance of NiCo2S4-PPy/3DC-CF composite measured at 1000 mA g1. To further
demonstrate the structural superiority of 3DC-CFs matrix for advanced electrode
application, Si nanoparticles and PPy-coated NiCo2S4 nanoparticles encapsulated in the
3DC-CFs structure were synthesized using the simple hydrothermal methods, and apply
them as anodes in LIBs. Excitedly, the electrodes of Si/3DC-CFs and PPy-NiCo2S4/3DC-
CFs composites also show remarkable battery performance. For the electrode of Si/3DC-
CFs composites (Figures S13a and b), a high capacity of 1899 mAh g-1 was obtained at
fouth cycle (the activation of materials by pre-cycling three cycles), and it could be
retained at 2028 mAh g1 after 130 cycles at a current density of 0.5C, indicating an
superior cycle stability as compare with reported for electrodes made of Si
nanostructures.[2] For the electrode of PPy-NiC02S4/3DC-CFs composite (Figures S13c

and d), a capacity of 1054 mAh g1 was obtained at fouth cycle, and it could be retained
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at 1129 mAh g1 after 120 cycles at a current density of 1000 mA g1, the best cycle
stability reported thus far for electrodes made of metal sulfide nanostructures or their
composites.[34 Those results reveal that the 3DC-CFs structure have potential

applications as high-performance LIBs of both cathode and anode electrodes

References

1 H. Wy, Y. Cui, Nano Today 2012, 7, 414.

2 ].R. Szczech, S. Jin, Energy Environ. Sci. 2011, 4, 56.

3 X.D. Xu, W. Liu, Y. Kim, ]J. Cho, Nano Today 2014, 9, 604.

4 X. H. Rui, H. T. Tan, Q. Y. Yan, Nanoscale 2014, 6, 9889.

37



WILEY-VCH

Synthesis of materials

Preparation of the V205/3DC-CFs composite involves two processes as described
below:

i) Preparation of 3D networked porous carbon matrix: Amylum (5g) and KOH (5g)
were mixed in 40 mL deionized water under vigorous agitation in a beaker (50 mL), and
then transferred into an electric oven and kept at 60 °C for 24 h to form a sol-gel solution.
A piece of carbon cloth was first soaked in the sol-gel solution for 1 hours at 80 °C, and
then taken out and dried at 80 °C for 24 h. The sample was then carbonized by heating in
a tubular furnace under a nitrogen atmosphere at 600 °C for 2 h with a heating rate of 2
°C min-1, and successively washed with dilute HCl and distilled water, and cleaned by
ultrasonication to remove the loosely attached carbon materials. Finally, the sample was
dried at 80 °C for 24 h in a vacuum oven to obtain a piece of 3D networked porous
carbon matrix coated flexible carbon fibers (3DC-CFs). The areal loading of the 3D
networked porous carbon matrix was estimated to be 0.42 + 0.02 mg/cm?.

ii) Synthesis of V20s nanoparticles encapsulated in 3D networked porous carbon
matrix: 0.01 mL of vanadium triisopropoxide oxide was added into 40 mL of isopropanol
alcohol (IPA) under vigorous stirring for 30 min. The mixture solution and a piece of the
prepared 3DC-CFs were transferred into an autoclave which is loaded into an electric
oven and held for 13 h at 180 °C. The samples were washed with deionized water and
ethanol successively to remove the residual ionic species and then dried in vacuum for
24 h. The dried sample was further annealed in air at 320 °C for 2 h to obtain V205

nanoparticles encapsulated in 3D networked porous carbon matrix.
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For comparison, a control sample was also prepared by synthesizing V20s directly on a

piece of the as-received carbon fibers (i.e without the 3D porous carbon surface layer).
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