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ABSTRACT: Lithium-ion batteries have attracted enormous attention for large-
scale and sustainable energy storage applications. Here we present a design of
hierarchical Li;V,(PO,);/C mesoporous nanowires via one-pot synthesis process.
The mesoporous structure is directly in situ carbonized from the surfactants (CTAB
and oxalic acid) along with the crystallization of Li;V,(PO,); without using any hard
templates. As a cathode for lithium-ion battery, the Li;V,(PO,);/C mesoporous
nanowires exhibit outstanding high-rate and ultralong-life performance with capacity
retention of 80.0% after 3000 cycles at S C in 3—4.3 V. Even at 10 C, it still delivers
88.0% of its theoretical capacity. The ability to provide this level of performance is
attributed to the hierarchical mesoporous nanowires with bicontinuous electron/ion
pathways, large electrode—electrolyte contact area, low charge transfer resistance, and robust structure stability upon prolonged
cycling. Our work demonstrates that the unique mesoporous nanowires structure is favorable for improving the cyclability and
rate capability in energy storage applications.
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echargeable lithium-ion batteries (LIBs) have been rapidly coefficient), synthesizing electrode materials within nanosize

developed for applications in hybrid electric vehicles is one of the most effective strategies to shorten the ion
(HEVs), electric vehicles (EVs), and large-scale energy storage diffusion distance and then improve the rate performance.z_é’19
due to their high energy density and durable cycle life."~® From Among the wide range of nanostructures, nanowires with
the viewpoint of electrode materials, lithium transition-metal unique electronic and structural properties have exhibited lots
phosphates have attracted tremendous attention as cathodes for of advantages in energy applications.””*' For LIBs, the
rechargeable LIBs.” ™% Among the phosphate compounds, nanowires provide short ion diffusion distance as well as
monoclinic Li;V,(PO,); (LVP) is proposed as a highly continuous electron transport pathway, which have demon-
prospective cathode, owing to its high operating voltage, large strated the superiority in energy storage applications.%**%7
theoretical specific capacity, thermodynamically stable struc- Besides, porous structure can largely increase the contact area
ture, and abundance in nature.®™ ! However, the LVP exhibits between electrode and electrolyte, which effectively facilitates
inferior electron conductivity due to the two separated [VOq] the ion diffusion kinetics.”’~>> Also, the porous structure
octahedral arrangement, which limits its widespread applica- provides more space for the volume changes during charge/
tions.">™** Coating conductive carbon'®™'* can overcome the discharge, improving their cyclability.’*** Thus, as illustrated
low electron conductivity of electrode materials, while irregular in Figure la, constructing a hierarchical mesoporous nanowire
coatings may lead to poor connectivity of the particles and composite with active nanocrystals and conductive mesoporous
hence capacity loss. Further, as proposed by Braun and his co- nanowire scaffolds can provide large surface area, rapid ion/
workers, an approach of combining active electrode materials electron transport, and excellent structure stability, resulting in
with conductive scaffolds can largely enhance the electron outstanding lithium storage performance. Previously, meso-
transport and the electrochemical perf 19 porous LiFePO,* Li,Ti;O;,,>" MoS,>* and MoSe, have

port and the electrochemical performance. 4 411501, 2 2

In addition, for a lithium storage process it involves not only been synthesized via nanocasting method and display good rate

electron transport but also ion diffusion in the electrode capacity and cyclability. However, the multistep process
materials. To further achieve high-rate capability the ion
diffusion kinetics needs to be enhanced. According to the Received: December 19, 2013
diffusion formula t = L?/D (where t is the ion diffusion time, L Revised:  January 9, 2014
is the ion diffusion length, and D is the ion diffusion Published: January 17, 2014
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Figure 1. (a) Schematic illustration of the mesoporous nanowire composites with bicontinuous electron/ion transport pathways, larger electrode—
electrolyte contact area, and facile strain relaxation during Li* extractrion/insertion. (b) Schematic illustration of the fabrication steps and proposed

formation mechanism for the LVP/C-M-NWs.

including the synthesis and/or removal of hard template may
increase preparation costs.’* Therefore, it is challenging but
significant to develop a facile method for synthesizing
mesoporous composites.”>" To the best of our knowledge, a
rational one-pot synthesis of LVP/C mesoporous nanowire
structures is rarely reported and remain largely unexplored.

Herein, we present a one-pot synthesis of hierarchical LVP/
C mesoporous nanowires (LVP/C-M-NWs) via hydrothermal
and annealing treatment. The cetyltrimethylammonium bro-
mide (CTAB) and oxalic acid are simultaneously used as
surfactant and carbon sources to form the mesoporous carbon
scaffolds along with the crystallization of LVP. During the in
situ crystallization and carbonization process, the nanocrystals
can be embedded in the conductive scaffold, which endows the
effective electron contacts. As cathode for LIBs, the hierarchical
structure endows the LVP/C-M-NWs with largely enhanced
rate capability and cycling stability, compared to the simple
carbon-coated LVP particles (LVP/C-Ps) and pure LVP
particles (LVP-Ps).

Briefly, Figure 1b schematically illustrates the fabrication
steps and proposed formation mechanism of LVP/C-M-NWs.
First, VOC,0, sols were prepared by dissolving V,0; and
oxalic acid in deionized water at 70 °C (Supporting
Information Figure S1a).*® Second, the mixed Li,CO; and
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NH,H,PO, solution was added into the prepared VOC,O, sols
to form LVP hydrophilic homogeneous colloids with anionic
surface. Third, driven by Coulomb force, the added cationic
surfactant CTAB captured the anionic LVP colloids, which
rearranged the charge density and formed composite micelles in
the solution.*®*” During hydrothermal process, the organic
molecules located in the interstitial space of the aggregated
composite assembled into mesochannels.*® Meanwhile the self-
assembly of organic surfactants and the hydrolysis of LVP
colloids resulted in the nanowire morphology (Figure 2a).39%0
Finally, the as-prepared nanowire precursor was annealed to
crystallize the LVP with the release and in situ carbonization of
organic compounds, along with large mass loss (Supporting
Information Figure S2). Homogeneous micelles with charged
surface are very important to control the surface curvature and
self-assembly process.>”*® Without adding CTAB into the LVP
hydrophilic homogeneous sols, the LVP sols turn into blue LVP
hydrogel after hydrothermal treatment (Supporting Informa-
tion Figures S1b). And the LVP/C-Ps were obtained by
annealing the dried hydrogel (Supporting Information Figures
S3). Meanwhile, without adding oxalic acid to form the
hydrophilic homogeneous sols and by only adding CTAB, the
nanowires were not formed similarly (Supporting Information
Figure S4). As a control experiment, the LVP-Ps were

dx.doi.org/10.1021/nl404709b | Nano Lett. 2014, 14, 1042—1048
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Figure 2. (a) XRD patterns of the LVP/C-M-NWs, LVP/C-Ps and LVP-Ps, respectively. (b) SEM image of the LVP nanowire precursor. (c—f) SEM
image (c), elemental mapping images (d), and TEM images (e,f) of LVP/C-M-NWs; inset of (f) is the HRTEM image.
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Figure 3. (a) Raman spectra of the LVP/C-M-NWs and LVP/C-Ps, respectively. (b) Nitrogen adsorption—desorption isotherm of the LVP/C-M-

NWs; inset is the corresponding pore-size-distribution curve.

synthesized without adding any surfactants (Supporting
Information Figures Slc and SS).

The X-ray diffraction (XRD) patterns (Figure 2a) of the
three samples clearly indicate the formation of a high crystalline
phase after annealing. All diffraction peaks are indexed to the
monoclinic LVP phase (space group: P2,/n) with lattice
constants a = 8.606 A, b = 8592 A, ¢ = 12.037 A, and 8 =
90.61° (JCPDS No. 01-072-7074), indicating the high purity of
the as-synthesized samples. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were
used to characterize the morphology and detailed structure of
samples. The morphology of nanowire precursor is bundles of
nanowires (Figure 2b). The elemental mapping images display
the existence and uniform distribution of C, V, and P
(Supporting Information Figure S6), demonstrating the
precursory nanowires are composed of organic surfactant and
hydrolyzed LVP colloids. After annealing, the nanowires are
preserved (Figure 2c). The diameter of single nanowire ranges
from 100 to 250 nm, and the length is up to tens of
micrometers. Further, the elemental mapping images confirm
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the uniform distribution of C, V, and P in the LVP/C-M-NWs
as well (Figure 2d). The TEM images (Figure 2e,f) indicate
that LVP nanocrystals and pores are distributed in the
nanowires. The high-resolution TEM (HRTEM) image
displays a lattice fringe with d-spacing of 0.39 nm,
corresponding to the (120) planes of monoclinic LVP crystal,
and an amorphous carbon layer of ~2.5 nm contacting to the
LVP crystal (Figure 2f, inset). For the LVP/C-Ps, particles with
irregular sizes were observed (Supporting Information Figure
S3b). The TEM image (Supporting Information Figure S3c)
shows that the composed LVP crystals are bigger than those in
the LVP/C-M-NWs, and ~7 nm amorphous carbon shells are
coated on the particles (Supporting Information Figure S3d).

Raman spectra were recorded to further study the nature of
carbon formed in the samples (Figure 3a). The characteristic
signatures located at around 1350 and 1600 cm™ are attributed
to the D-band (originating from disordered carbon) and G-
band (graphitic carbon), respectively, indicating that the
mesoporous and coated carbon are partially graphitized.*"**
Nitrogen sorption isotherms were generated to investigate the

dx.doi.org/10.1021/nl404709b | Nano Lett. 2014, 14, 1042—1048
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Figure 4. SEM image (a) and TEM images (b,c) of the residual mesoporous carbon after removing the LVP in LVP/C-M-NWs; the inset of (a) is

the EDX spectrum of selected region.
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Figure S. Electrochemical characteristics: (a) Charge—discharge profiles and (b) cycling performance of the LVP/C-M-NWs, LVP/C-Ps, and LVP-
Ps cathodes at 1 C in 3—4.3 V, respectively. (c) Charge—discharge profiles of the LVP/C-M-NWs cathode at different current rates. (d) Rate
performance of the LVP/C-M-NWs, LVP/C-Ps, and LVP-Ps cathodes, respectively. (e) Ultralong-life cycling performance of the LVP/C-M-NWs

and LVP/C-Ps at S C.

Brunauer—Emmet—Teller (BET) surface area and the porous
structure of the samples. The BET surface area of LVP/C-M-
NWs is 65.1 m* g, which is over ten times larger than that of
LVP/C-Ps (6.1 m* g'), while the BET surface area of LVP-Ps
is only 0.06 m> g”". The nitrogen adsorption—desorption curve
of LVP/C-M-NWs (Figure 3b) exhibits a typical hysteresis
(type-IV).*® The Barret—Joyner—Halenda (BJH) pore-size-
distribution curve (Figure 3b, inset) displays that the pore sizes
in LVP/C-M-NWs are mainly below 10 nm with pore volume
of ~0.127 cm? g'l. However, the LVP/C-Ps exhibit a large and
wide pore distribution with pore volume of ~0.044 cm® g™
(Supporting Information Figure S7).

Since the mesoporous nanowires were synthesized in one pot
along with the in situ carbonization of organic surfactants, the
carbon structure formed in LVP/C-M-NWs need to be clearly
investigated. To completely remove the LVP crystals, the LVP/
C-M-NWs were dipped in hydrofluoric acid three days along
with intermittently ultrasonic treatment and then washed by
deionized water and ethanol three times. The energy-dispersive
X-ray (EDX) analysis (inset of Figure 4a) demonstrates that
LVP crystals are totally removed and only carbon remains (the
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Al element comes from the substrate). The morphology of
bundled nanowires is largely retained (Figure 4). The TEM
images (Figure 4b,c) indicates that the carbon scaffolds are
mesopores. However, for LVP/C-Ps, the residual carbon from
the coating shells are nanosheets (Supporting Information
Figure S8). Determined from thermogravimetric (TG) analysis
(Supporting Information Figure S9), the carbon content of
LVP/C-M-NWs and LVP/C-Ps is 9.7 and 4.5 wt.%,
respectively, which is consistent with the mass ratio of the
residual carbon. Furthermore, BET surface area of the residual
mesoporous carbon is as high as 990 m* g™'. Another pore size
distribution around 30 nm is probably attributed to the removal
of LVP nanocrystals (Supporting Information Figure S10),
which is consistent with the TEM image of LVP/C-M-NWs
(Figure 2f) and mesoporous carbon (Figure 4c). The above
results demonstrate that the carbon formed in the nanowires is
mesoporous with continuous pores and good structure stability
(this structure is not destroyed after removing LVP).
Meanwhile, the LVP nanocrystals are uniformly embedded in
the mesoporous nanowires and tightly contact with the carbon
scaffolds, forming the hierarchical LVP/C-M-NWs.

dx.doi.org/10.1021/nl404709b | Nano Lett. 2014, 14, 1042—1048
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Figure 6. (a) Cyclic voltammogram of LVP/C-M-NWs cathode at different scan rates. (b) Linear fitting of I, vs v'/2 curves for the peak c. (c) The
Nyquist plots of the LVP/C-M-NWs, LVP/C-Ps, and LVP-Ps cathodes after three full cycles at 1 C, respectively.

The lithium storage performances were investigated by using
coin-type cells.*> When cycled at a rate of 1 C (1 C = 133 mAh
g™') in 3—4.3 V (Figure Sa), the carbon modified samples,
LVP/C-M-NWs and LVP/C-Ps, both exhibit three pairs of
charge/discharge plateaus located at around 3.61/3.55, 3.69/
3.63, and 4.09/4.03 V, owing to a series of reversible phase
transitions during electrochemical reactions (eqs 1-3),
respectively.®'°

Li,V,(PO,); < Li, JV5(PO,); + 0.5Li* + 0.5~ (1)
Li, V3(PO,); < Li,,(PO,); + 0.5Li" + 0.5~ )
Li,Vy(PQ,), < LiVy(PO,); + Li* + e~ (3)

However, no clear flat plateau is observed for LVP-Ps cathode.
The initial discharge capacity of LVP/C-M-NWs cathode is 128
mAh g™ (extremely close to the theoretical capacity of 133
mAh ¢! in 3—4.3 V), higher than that of LVP/C-Ps (98 mAh
g™') and LVP-Ps (46 mAh g™'). After 300 cycles, the capacity
retention of LVP/C-M-NWs and LVP/C-Ps cathode is 89.8
and 86.1%, respectively (Figure Sb). For LVP-Ps, the capacity
fast fades to 50% of its initial value after 150 cycles.

Rate performance of the three samples was further compared.
With the rate increasing (Figure Sc,d and Supporting
Information Figures S11 and S12), the LVP/C-M-NWs
cathode exhibits the smallest capacity decrease among the
three samples. Even at 10 C, a discharge capacity of 117 mAh
g~ (88.0% of the theoretical capacity) is still delivered, almost
two times that of the LVP/C-Ps cathode (64 mAh g'),
indicating the excellent high-rate capability. After rapid changes
of the current rate, the LVP/C-M-NWs cathode shows stable
capacities at each state (Figure Sd). When rate is turned back to
0.5 C, about 97.7% of the initial capacity for LVP/C-M-NWs
cathode is recovered, better than that of LVP/C-Ps cathode
(92.7%). But the LVP-Ps cathode displays almost no capacity at
high rate. Long-life cycling performance of samples at high rate
of § C is subsequently shown in Figure Se. The LVP/C-M-
NWs cathode exhibits an initial discharge capacity of 120 mAh
g™!, and delivers a remarkable capacity of 107 mAh g~' after
1000 cycles, corresponding to capacity retention of 89.2%. It is
worth noting that more than 80.0% capacity is still remained
after 3000 cycles, much better than that of LVP/C-Ps cathode
(32.9%). The specific capacity and cycling stability for LVP/C-
M-NWs cathode are better than the state-of-the-art reported
LVP cathodes.'#*****

To reveal the reason of the enhanced electrochemical
performance for mesoporous nanowire composites, cyclic
voltammetry (CV) and electrochemical impedance spectra
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(EIS) as well as the morphology changes of samples before/
after cycling were measured. With the increasing scan rate, the
peak current increases, meanwhile the cathodic and anodic
peaks shift to lower and higher potentials, respectively (Figure
6a). Comparing with the peaks shifting of LVP/C-Ps and LVP-
Ps cathodes (Supporting Information Figure S13), the LVP/C-
M-NWs cathode still undergoes three complete phase
transitions. The current of LVP/C-M-NWs is the highest
among the three samples, indicating its highest reversibility and
fastest kinetics during electrochemical reaction.'® Based on the
Randles Sevchik equation (eq 4) for semi-infinite diffusion of
Li* into LVP, the apparent diffusion coeflicients were

calculated.**

- 5.3/2 1/2 1/2
I, =269 X 107" "AC,D"""v (4)

where I, is the peak current, n is the number of electrons
transferred per molecule, A is the active surface area of the
electrode, C, is the concentration of lithium ions in the
cathode, D is the apparent ion diffusion coefficient, and v is the
scanning rate. From the slope of the fitting line collected from
the peak ¢ (Figure 6b), the apparent diffusion coefficient D of
LVP/C-M-NWs is 4.11 X 1072 cm? s}, higher than those of
LVP/C-Ps (1.03 X 107 cm® s™') and LVP-Ps (1.30 x 107
cm® s7'), respectively. The Nyquist plots (Figure 6¢) show that
the charge transfer resistance (R) of both carbon modified
products, LVP/C-M-NWs (103 Q) and LVP/C-Ps (135 Q),
are much smaller than that of LVP-Ps (410 Q). This indicates
that carbon modification indeed improves the charge transfer
kinetics."*™'® However, the R, of LVP/C-M-NWs is smaller
than that of LVP/C-Ps, demonstrating that the mesoporous
nanowires provide higher efficient electron/ion transport than
that of the carbon coating. The SEM images of LVP/C-Ps and
LVP/C-M-NWs cathodes before and after cycling are shown in
Supporting Information Figures S14 and SIS, respectively.
Under long-term cycling test, the bulk particles aggregate or
pulverize caused by volume variations, leading to the instable
interface, loss of electrical contact between active mass and
current collector, and the capacity fading (Supporting
Information Figure S14).>%*” In this case, the morphology of
LVP/C-M-NWs displays negligible change even after 300
cycles at 1 C (Supporting Information Figure S1S), which
demonstrates the mesoporous nanowire structure promptly
accommodate the volume variations during cycling.

On the basis of the above results, the superior high-rate and
long cycling performance of LVP/C-M-NWs is attributed to
the advantages of hierarchical mesoporous nanowires, as
illustrated in Figure la. First, the conductive carbon
mesoporous nanowire offers continuous electron transport

dx.doi.org/10.1021/nl404709b | Nano Lett. 2014, 14, 1042—1048
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pathway; simultaneously, the mesoporous channels provide
rapid ion diffusion pathways. Also the large surface area (65.1
m® g') and mesopores increase the electrode—electrolyte
contact area. Thus, the bicontinuous electron/ion transport
pathways greatly facilitate the ion diffusion kinetics (Figure
6a,b) and reduce the R, (Figure 6c), resulting in the excellent
rate capability. Second, the mesoporous nanowires with
uniform distribution of LVP nanocrystals (Figure 2c—e) reduce
the self-aggregation of active materials and the stable
mesoporous structure can rapidly accommodate the volume
variations during repeated Li* ex‘craction/insertion,30_33 which
guarantee the effective electron contact upon prolonged
cycling, leading to the attractive structure stability (Supporting
Information Figure S15) and remarkable ultralong cycle life.

In summary, we have developed a convenient one-pot
strategy to synthesize novel mesoporous nanowire structure
(LVP/C-M-NWs) by using CTAB and oxalic acid as
surfactants. This approach is facile and cost-saving since the
mesoporous composite is directly in situ carbonized from the
surfactant along with the crystallization of LVP without using
any hard templates. Such novel LVP/C-M-NWs architecture
provides bicontinuous electron/ion pathways and large
electrode—electrolyte contact area for rapid Li* diffusion and
electron transport. Meanwhile the robust structure stability
facilitates the strain relaxation upon prolonged cycling. These
advantages lead to the excellent rate capability and ultralong-life
cycling stability. This kind of novel mesoporous nanowire
structure and the effective strategy can be further applied to the
high-performance energy storage devices.
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