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Rational Construction of a Functionalized V,Ox
Nanosphere/MWCNT Layer-by-Layer Nanoarchitecture
as Cathode for Enhanced Performance of Lithium-lon

Batteries

Bin Sun, Kai Huang,* Xiang Qi, Xiaolin Wei, and Jianxin Zhong*

Vanadium pentoxide (V,0s) has received considerable attention owing

to its potential application in energy storage with high specific capacity

(294 mAh g'). However, the development of V,05 cathodes has been limited
by the intrinsically low electrical conductivity and slow electrochemical
kinetics resulting in a significant capacity decay. In this article, in order to
overcome the issues, V,05 nanospheres and multiwalled carbon nanotubes
(MWCNTs) are used to fabricate layer-by-layer composited paper as the
cathode, which is prepared via electrostatic interaction and vacuum filtration
by alternating the positively charged V,05 nanospheres and the negatively
charged terminated MWCNT solutions. As a result, the V,05 nanospheres are
closely intercalated between the adjacent MWCNT layers leading to minimize
the disadvantage voids and enhance the overall conductivity of the com-
posited electrode, which exhibits an enhanced cycling durability as well as

improved rate capability.

1. Introduction

Lithium-ion batteries (LIBs) are used in a wide variety of appli-
cations, including portable electronic devices, hybrid electric
vehicles (HEVs), and electric vehicles (EVs).'-8 To meet these
constantly increasing demands, the next generation of LIBs
requires substantial improvements in energy capacity, cycling
stability, and rate capability. Currently, the capacity of cathode
electrode is one of the vital limiting factors for the overall cell
energy density, and therefore, high capacity cathode materials
are extensively studied recently. Among many cathode mate-
rials, vanadium pentoxide (V,0s) is a promising candidate
because of its ease to accommodate molecules or ions into
its layered structure. It can accommodate two Li ions with
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a theoretical capacity of =294 mAh g!
when the electrochemical window is in
the range of 2-4 V, and possesses certain
advantages over the common cathode
materials, such as LiCoO,, LiMn,0,,
LiFePO,, etc.l>13] Moreover, cost effective-
ness, facility of synthesis, and abundance
in natural resource are other impor-
tant advantages of investigatingV,Os
cathode.

Nevertheless, achieving decent electro-
chemical performances for V,05 in var-
ious aspects, including specific capacity,
rate capability, and cycle life, has been
a challenge which is ascribed to its low
ionic diffusivity and inferior electrical
conductivity.>1#1l  To address these
intrinsic drawbacks, an effective strategy
was adopted to decrease the active mate-
rials to nanoscale level, such as nanow-
ires,” nanorods, ¥ nanobelts,['” and nanospheres,?>21 which
can shorten the transport lengths both for electrons and Li
ions, minimize the effect of the low ionic diffusivity, and better
accommodate the strain of Li ions intercalation/deintercala-
tion in active materials. Moreover, these V,05 nanostructures
were also integrated with conductive carbon nanostructures,
such as carbon nanotubel?>?3l and graphene,*?42% which can
not only further enhance the electrical conductivity of V,Os
active material, but also help to prevent nanostructured V,0s
active materials from agglomeration during cycling. Gener-
ally, the electrode is always prepared by mixing together active
material, conductive agent, and polymer binder. Due to the
nonuniform mixing process, some disadvantage voids can be
found in the final prepared electrode, and the active material
can easily lose electrical contact with the conductive agent or
metal current collector during cycling, resulting in incomplete
electrochemical reaction and presenting capacity gradually
fading.2%l

Considering these disadvantages, the multiwalled carbon
nanotubes (MWCNTs) with good electrical conductivity have
been utilized to construct a binder-free layer-by-layer V,Os
nanosphere (VOP)/MWCNT nanoarchitecture. In our proposed
nanoarchitecture, the VOPs were modified by positive charges
and MWCNTs were terminated with negative charges. Then,
we have stratified the VOP and MWCNT layers from each other

(17]
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Figure 1. a) Functionalization of the V,05 nanoparticles by grafting APS to render the oxide surface positive charge and acidification of MWCNTs with
negative charge, and b) the schematic of constructing the VOP and MWCNT layer-by-layer structures.

via electrostatic interactions and vacuum filtration to obtain a
rationally designed multilayer paper, and the detailed process
can refer to the Experimental Section (Figure 1). This nano-
architecture can minimize the disadvantage voids between
the VOPs and MWCNTs, and enhance the overall conductivity
of the final constructed electrode. Moreover, the VOPs were
entirely restricted between the MWCNT layers, which can be
served as a current collector to avoid the VOPs' losing elec-
trical contact with the conductive MWCNTs during cycling.
In addition, the MWCNT layer can also be served as a struc-
tural cushion to relax the mechanical stress, and prevent the
aggregation of VOPs, and then the structural and electrical
integrity of the electrodes are perfectly preserved. More impor-
tantly, the lack of a metal current collector, conducting agent,
or polymer binder leads to a controllable and improved energy
density. Consequently, the heterogeneous nanoarchitecture can
be expected to promote electrochemical performance in the
rechargeable LIBs with this layer-by-layer VOP/MWCNT paper
cathode.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2. Results and Discussion

Upon adding VO(OiPr); into a pyridine/acetone/H,0 mixed
solution with vigorous stirring in air ambient at room tempera-
ture, the as-synthesized product is fine spherical V,05-nH,0
xerogel with a diameter of =200 nm, which can be clearly
observed from the scanning electron microscopy (SEM) image
in Figure 2a. However, some of the water and pyridine mol-
ecules were intercalated into V,0s matrix.?”) To remove it, a
thermal treatment in air condition was carried out. Then, a
smoother and more spherical nanosphere was obtained, which
can be seen from the SEM image in Figure 2b. In the mean-
time, after the annealing process at 350 °C for 3 h, crystalline
VOPs can also be obtained. In Figure 2c, the clear diffraction
peaks are indexed to the standard orthorhombic V,0s (JCPDF
Card No. 77-2418). To further confirm the structure of the
product, Raman spectroscopic analysis was employed, depicted
in Figure 2d. Two more low-frequency Raman peaks at 195 and
145 cm™! can be distinguished which correspond to the lattice

Adv. Funct. Mater. 2015, 25, 5633-5639
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Figure 2. a,b) SEM images of the final obtained V,05 nanospheres with annealing at 350 °C in air condition at different magnification and c) XRD and

d) Raman spectrum of the V,05 nanospheres.

vibration, which is strongly associated with the layered struc-
ture of V,05.128:2

Figure 3 shows the optical images of the final obtained VOP/
MWCNT multilayer paper after peeling off from the mem-
brane. Without the functionalization and electrostatic interac-
tion, the VOPs and MWCNTSs cannot build a closely multilayer
architecture leading to form a disintegrated paper, as shown
in Figure 3a. As a stark contrast, the functionalized VOPs and
MWCNTSs can construct an integrated paper via the electrostatic
attraction, after the vacuum filtration process, the composite
paper stands as a freestanding paper without using any binder
as shown in Figure 3a. As the photograph shows in Figure 3b,
the paper can be bent, which implies that the

MWCNT layers. The six layers of VOPs, with the thickness of
each about 2-3 pm, are sandwiched among seven MWCNT
layers (=1 pm), and the overall thickness of the multilayer com-
posite paper is about 20 pm. Due to the electrostatic interac-
tions, more importantly, the positively charged VOP layer can
be tightly attached by the negatively charged MWCNT layer.
Even through the cutting process by razor-blade for the cross-
sectional SEM characterization, no voids can be found between
the adjacent layers. The top layer, cross-linked MWCNT net-
work, is fluctuated by the size of VOPs, which can be observed
in Figure 4a. In addition, it is worth noting that no VOPs are
scattered out and limited beneath the MWCNT layer suggesting

composite paper is mechanically robust, indi-
cating that the paper is applicable as a plat-
form for flexible energy storage devices. All
of the results indicate that the electrostatic
interaction plays an important role to supply
a robust layer-by-layer structure.

To further confirm the unique layer-by-
layer architecture of VOP/MWCNT com-
posite, the SEM is employed. In this inves-
tigation, as a proof of concept, four typical
samples are presented to explicate our
designed layer-by-layer architecture. From the
cross-sectional SEM images in Figure 4a,b,
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the alternative multilayer structure is obvi-
ously and clearly observed, where the VOPs
are ideally intercalated between the adjacent
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Figure 3. a) A photograph of the functionalized and nonfunctionalized VOP/MWCNT layer-by-
layer composite papers; and b) the layer-by-layer composite paper taken under a bent position.
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Figure 4. Cross-sectional SEM images of the as-prepared VOP/MWCNT layer-by-layer architecture composites: a,b) five-layer VOPs; c) seven-layer
VOPs; d) backscattering SEM image of the composite; and e,f) four layers loading different VOP mass.

the perfect integrity of the obtained VOP/MWCNT layer-by-
layer architecture. Figure 4c shows another multilayer com-
posite, and the seven layers of VOPs can be clearly identified
from the white areas in Figure 4d, which is a typical backscat-
tering SEM image.

Moreover, bear in mind that the mass loading and the thick-
ness of each VOP and MWCNT layer can be suitably custom-
ized and determined by the solution volume added each time
or the solution concentration, that is to say, the active mass
loading is controllable. As being elucidating this conception,
a specific specimen of adjustable VOP layer is also presented.
From Figure 4e, we can clearly see that the thickness of VOP
stratum changes from 2 to 5 pm, and MWCNT layer is about
2-3 pm, obviously showing that the mass loading can be con-
trolled. It is worth noting that even though the thickness of
each loading mass is increased to 10-20 pm, and the overall
thickness reaches to =100 pm, there is also no obvious voids
as shown in Figure 4f. As a result, we have successfully fab-
ricated the rationally designed alternative VOP/MWCNT

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

multilayer composite via electrostatic interaction with inte-
grated architecture.

To understand the electrochemical performances of the
layer-by-layer VOP/MWCNT composite paper, a six VOP layer
composite has been chosen as the evaluation object. The rep-
resentative cyclic voltammogram (CV) curves have been meas-
ured at a scan rate of 0.2 mV s7! in the voltage range of 2-4 V in
Figure 5a. The three evident cathodic peaks located at 3.32, 3.10,
and 2.15 V indicate the multistep reduction process of V*° in
V,0s lattice, and correspond to the phase changes from o-V,0s
to &LiysV,0s, then &LiV,0s, and finally ¥Li,V,0s, respec-
tively.2%31 The observed anodic peaks at the potentials of 2.62
and 3.52 V correspond to the Li deintercalation and the succes-
sive backward phase transformation. The CV curves are almost
identical in the first three cycles, which indicates good revers-
ibility of oxidation/reduction reactions in the electrochemical
processes. Figure 5b shows the selected galvanostatic discharge
and charge cycles with voltage profiles retaining overlap, which
are obtained at a constant current density 0.1 C (1 C is assumed

Adv. Funct. Mater. 2015, 25, 5633-5639
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Figure 5. Electrochemical characterizations of the layer-by-layer VOP/MWCNT composite paper. a) The first three CV curves of the composite paper;
b) the galvanostatic charge—discharge profiles of the composite; c) the discharge specific capacity of composite and bare V,0O5 nanospheres at 0.1 C
for 50 cycles; and d) Nyquist plots of the layer-by-layer VOP/MWCNT composites and bare VOPs.

to be 294 mA g!). Consistent with the above CV results, mul-
tiple poorly defined voltage plateaus related to the Li ions inter-
calation and deintercalation are clearly observed. A high spe-
cific discharge capacity of 292 mAh g! can be obtained in the
first cycle within a voltage range of 2-4 V. Even for the 50th
cycle, a high reversible capacity of 275 mAh g! can be retained,
realizing over 93% of the initial discharge capacity, as shown
in Figure 5c, which again indicates the good electrochemical
reversibility and extremely stability of the layer-by-layer VOP/
MWCNT composite paper. As a comparison, the fading dis-
charge capacity of bare VOPs as shown in Figure 5c (blue
curve) exhibits less satisfactory capacity retention, and the
capacity quickly dropped down to 160 mAh g after 50 cycles.
Furthermore, to further elucidate the electrochemical per-
formance of layer-by-layer VOP/MWCNT composite and bare
VOPs, respectively, electrochemical impedance spectroscopy
(EIS) was carried out and presented in Figure 5d. EIS is a
simple and versatile technique to understand the electrochem-
ical reactions occurring within the cells. The high-to-middle
frequency semicircle can be observed which is related to the
formation of solid electrolyte interphase (SEI) layer and surface
paper capacitance, while the middle-to-low frequency region
refers to the charge transfer (CT) and interfacial capacitance
across the electrode—electrolyte interface. The inclined vertical
line at 45° in low-frequency regions refers to the lithium diffu-
sion-related kinetics.’233] Tt is clearly observed that the diam-
eter of the semicircles showed a further smaller value with the
layer-by-layer architecture than that of bare VOPs, which arises

Adv. Funct. Mater. 2015, 25, 5633-5639
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from the outstanding electron transport capability of active
material and ionic conductivity of the electrolyte filled in the
pores of composite electrode. And it was well reflected in our
electrochemical cycling studies.

Taking into account the effect from layer numbers of VOPs,
the high cycling stability and rate capability of the six-layer (as
shown in Figure 4b) and four-layer VOPs (as shown in Figure 4e)
are further demonstrated in Figure 6. Reversibility of the storage
capacity of both samples were observed when the rate was first
increased stepwise from 0.2 to 4 C, and then switched back to
0.2 C, as shown in Figure 6a. When the current density is up
to 4 C, the discharge capacity of composite can be stabilized at
130 mAh g!, which demonstrates facile Li intercalation/deintet-
calation in the active material. When cycled at 1 C, we can see the
perfect stability of the two designed composites, the capacity of
which is about 200 mAh g! in the 100th cycle in Figure 6b.

The high stability and good rate capability of the both sam-
ples reveal that the active VOPs, restrainedly confined among
either seven or five MWCNT layers, can sufficiently participate
in the lithiation and delithiation cycles. This is believed to con-
tribute to the close resembling electrochemical performance of
our two designed composites. The results further highlight the
essential element of the cathode materials, and that all of the
active materials are serviceable and functional.

Apart from that, the thickness effect of the layer should
also be taken into consideration. The cycling performances of
the two samples, both of which possess four VOP layers with
different gross thickness in Figure 4e (30 pm) and Figure 4f
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Figure 6. a) The as-prepared six layers and four layers of VOP compos-
ites at current densities of 0.2, 1, 2, and 4 C, and then switched back to
0.2 C and b) capacity—cycle profiles of the two composites for 100 cycles
at1C.

(=100 pm), were evaluated at 0.1 C rate, as shown in Figure 7.
The clearly fading phenomena of the thicker sample with
single VOP layer about 15 pm can be observed, and the capacity
decreases from the initial 288 to 250 mAh g! after 50 cycles.
However, for the thinner sample with single VOP layer about
2-5 pm, no obvious capacity decline or tendency of capacity
decay can be seen. This is believed to result from the thick-
ness of the single VOP layer. With the VOP layer thickness
increasing, it is inevitable that the conductivity of the overall
electrode can be disappointing. Especially, when the thickness
of the VOP layer reaches to 10 or 20 pm, the conductivity of
VOPs in the middle of layer should be seriously reduced,
resulting in the slight capacity fading with long time cycling. In
addition, the MWCNT layers only serve as the conductive layer,
and the porous MWCNT layer is available to the penetration
of liquid electrolyte. And that, the change of the thickness of
MWCNT layers cannot attribute to the capacity decline.

3. Conclusions

A novel architecture of layer-by-layer VOPs/MWCNTs has
been successfully prepared through an efficient electrostatic

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) The galvanostatic charge-discharge profiles of the com-
posite with 100 pm thickness and b) the discharge specific capacity of
the two composites with 30 and 100 pm thickness at 0.1 C for 50 cycles,
respectively.

interaction. The obtained flexible layer-by-layer composite
exhibits an enhanced reversible capacity and improved cycling
characteristic, even under the current density of 1 C, the com-
posited paper is capable of retaining a specific capacity of
200 mAh g over 100 cycles. The excellent electrochemical
performance of such composite might be related to the tightly
attached unique layer-by-layer architecture in several aspects.
First, the MWCNT layer, sandwiched between two VOP layers,
can be served as an excellent conductive layer for the adjacent
upper and lower VOP layers. Especially, the VOP layers and
MWCNT layers construct a closely contacted architecture via
electrostatic interaction. Even pulverization during cycling, the
VOPs are still restricted in the adjacent MWCNT layers keeping
closely in contact with the conductive MWCNT layer. Second,
the small gaps from the MWCNT network and the VOPs ensure
efficient electrolyte penetration and increase the contact area
between the electrode and electrolyte. Furthermore, the layer-by-
layer architecture would effectively block the aggregation of the
VOPs. Finally, the flexible MWCNT layer can also accommodate
the strain of Li intercalation/deintercalation in V,0s matrix.
Furthermore, the scalable layer-by-layer structure can be readily
applied to other lithium-ion batteries which suffer from dra-
matic volume expansion or low intrinsic electric conductivity.

Adv. Funct. Mater. 2015, 25, 5633-5639
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4. Experimental Section

Materials Synthesis and Characterization: VOPs were synthesized
from vanadium isoporpoxide (VO(OiPr);, Sigma-Aldrich) through
hydrolysis.[2734 A typical process is as follows: deionized water (0.1 mL),
acetone (90 mL), and pyridine (4 mL) were mixed together in a big
container to form a homogeneous solution, and the mixed solution was
vigorously stirred for 10 min. Then, VO(OiPr); (0.4 mL) was added into
the above solution, and the color of solution immediately turned into
milky orange. The hydrolyzate was obtained by centrifugal separation,
and washed by acetone for three times. The final product was annealed
at 350 °C for 3 h in ambient air.

In order to positively charge the oxide surface, VOPs were modified
by surface grafting of aminopropyltrimethoxysilane (APS, Sinopharm),133]
as shown in Figure Ta. Briefly, VOPs (0.1 g) and APS (0.1 mL) were
dissolved in toluene (10 mL), then the mixed solution was ultrasonicated
for 30 min. After centrifugation, the obtained product was further dried
in vacuum oven at 60 °C for 5 h. The MWCNTs (commercial product)
were negatively charged by functionalizing with concentrated nitric
acid and sulfuric acid (HNO3/H,SO,, 1:3 volume ratio) as shown in
Figure 1b.5% Finally, 9 mg modified VOPs were uniformly dispersed into
deionized water (40 mL) by ultrasonication for 1 h (yellow bottle), and
so do for the functionalized MWCNTs (1 mg, black bottle). With vacuum
filtration treatment, the composited multilayer paper was obtained
alternately with the two solutions, as shown in Figure 1b.

Material and Electrode Characterization: The structure and morphology
of the samples were characterized by scanning electron microscopy
(FESEM, Hitachi S-4800), micro-Raman spectroscope (WITec excited by
A =633 nm laser), and X-ray powder diffraction (XRD, D/MAX 2500).

To evaluate the electrochemical performance of the cathode, the
obtained V,05/MWCNT composite paper was cut into desired size and
assembled into 2032-type coin cells in which Celgard 2400 and Li foil
were used as separators and counter/reference electrodes, respectively.
It is worth noting that there is no capacity contribution from MWCNTs
at the potential window 2—-4 V, so, we have only calculated the mass
of the VOPs. The electrolyte used was lithium hexafluorophosphate
(1 ™, LiPFg), dissolved in 1/1/1 (volume rate) ethylene carbonate (EC)/
ethyl methyl carbonate (EMC)/diethyl carbonate (DMC). Particularly,
the cells were assembled in an argon-filled glove box. CV curves were
achieved with an electrochemistry system (CHI 660D, China). The
constant current charge and discharge measurements in a voltage range
between 2 and 4 V (vs Li/Li*) were conducted using Neware Technology
(NEWARE BTS-5V 5 mA, Neware Technology Co, Ltd., China).
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