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Design and Synthesis of Hierarchical Nanowire
Composites for Electrochemical Energy Storage

By Zheng Chen, Yaochun Qin, Ding Weng, Qiangfeng Xiao, Yiting Peng,
Xiaolei Wang, Hexing Li,* Fei Wei,* and Yunfeng Lu*

Nanocomposites of interpenetrating carbon nanotubes and vanadium
pentoxide (V,0s) nanowires networks are synthesized via a simple in situ
hydrothermal process. These fibrous nanocomposites are hierarchically
porous with high surface area and good electric conductivity, which makes
them excellent material candidates for supercapacitors with high energy
density and power density. Nanocomposites with a capacitance up to 440 and
200 F g ' are achieved at current densities of 0.25 and 10 A g, respectively.
Asymmetric devices based on these nanocomposites and aqueous electrolyte
exhibit an excellent charge/discharge capability, and high energy densities of
16 W h kg ' at a power density of 75 W kg ' and 5.5 W h kg~ at a high power
density of 3750 W kg . This performance is a significant improvement over
current electrochemical capacitors and is highly competetive with Ni-MH
batteries. This work provides a new platform for high-density electrical-energy

storage for electric vehicles and other applications.

1. Introduction

Electrochemical capacitors have recently been attracting signifi-
cant interest because they can instantaneously provide a higher
power density than batteries and a higher energy density than
conventional dielectric capacitors. Such outstanding properties
make them excellent candidates for hybrid electric vehicles,
computers, mobile electric devices, and other applications.!"”]
Generally, an electrochemical capacitor may be operated based on
the electrochemical double-layer capacitance (EDLC) formed
along an electrode/electrolyte interface or a pseudocapacitance
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resulted from a fast reversible faradic
process of redox-active materials (e.g., metal
oxides or conductive polymers). For an
EDLC-based capacitor, the rapid charge/
discharge process provides the capacitor
with a high power density, yet the energy
density is limited by its effective double-
layer area. To date, a large number of large-
surface-area materials, such as activated
carbon, templated carbon, and carbon
nanotubes (CNT5), have been extensively
studied. Activated carbons, with surface
areas from 1000-2 500 m® g~ *, are the most
commonly used materials and may provide
a capacitance up to 320 Fg ™" atlow potential
scanning rate. However, the capacitance
may drop dramatically at high scanning
rates because of their tortuous pore struc-
ture and high microporosity.®) The tem-
plated carbons, on the other hand, exhibit uniform pore geometry
and larger pore size; however, they have not shown any significant
improvement in either energy or power performance.[4] For
comparison, multiwalled CNTs! show capacitances upto 135 Fg
and single-wall CNTs!® show capacitances up to 180 F g~*, which
are still low for an actual device application. Compared with the
EDLC-based capacitors, pseudocapacitors based on transition
metal oxides or conducting polymers, such as RuO,,”) MnO,,®!
NiO,®' C0;04, V,05,M and polyanﬂine,[lz] may provide much
higher specific capacitances, up to 1000F g~' of the active
material. Nonetheless, their actual applications are still limited by
high cost, low operation voltage, or poor rate capability, mostly
because of inefficient mass transport or of slow faradic redox
kinetics.

To design a better electrochemical capacitor with both high
energy and power density, a common strategy is to construct a
hybrid capacitor that integrates both electric double-layer
capacitance and pseudocapacitance within a single electrode.
For example, Sato et al. loaded ruthenium oxide onto activated
carbon, resulting in a capacity of 308 F g~ ' at 7.1 wt% ruthenium
loading and alow scanning rate of 2 mV's~".I"* Dongeetal. reported
a composite of MnO, and templated carbon with a capacitance of
156F g~ ' at 20wt% MnO, loading and a scanning rate of
50mV s~', which is about two times of that of the constituent
carbon." Kim et al. dispersed ruthenium oxide nanoparticles on
carboxylated CN'Ts and obtained a total capacitance of 304 Fg ™' ata
RuO, loading of 50wt%."*! Similarly, composites prepared by
electrodepositing MnO, on vertically aligned CNT arrays exhibit
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a capacitance up to 199 F g ! (or 305 F cm ™) with a long cycle life;
however, the complex fabrication process may limit their actual
use.['")

In spite of extensive research efforts, making supercapacitors
with high energy and power densities still remains challenging.
Herein, we report the synthesis of novel supercapacitor materials
based on composites of low-cost, interpenetrating CNTs and V,0s
nanowires, as illustrated in Scheme 1. This unique architecture
provides several major advantages: i) the small dimension of the
CNTs and the nanowires provide high surface areas, leading to a
high EDLC and better utilization of the V,Os active sites (i.e., higher
specific pseudocapacitance); ii) the interpenetrating nanotube/
nanowire structure creates hierarchical porous channels, enabling
effective electrolyte transport and active-site accessibility; iii) the
nanowires are intimately intertwined with highly conductive CNTs,
facilitating faster electron transport and more efficient current
collection. Experimentally, these novel composites were readily
synthesized using a one-pot hydrothermal approach. Briefly,
multiwall CNTs were first modified to attach carboxylic groups
on the surface. The hydrothermal reaction of vanadium oxide
precursors in the presence of the modified CNTs led to the
formation of the composites. Note that V,05/CNT composites
have been prepared by depositing a thin layer of V,0s (6-nm thick)
ona CNT film, exhibiting a high Liion capacitance of upto 910 Fg~*
at a scan rate of 10mV s~ .1"”) However, such composite thin films
with extremely low V,05 loadings may not be suitable for practical
applications. This work provides a simple but effective synthesis
route and structure design towards better supercapacitors.

2. Results and Discussion
2.1. Characterization of the V,05 Nanowire/CNT Composites

To systematically study the structure of the composites, we first
studied the structure and morphology of the CNTs and the V,05
nanowires. Figure 1A and B show, respectively, representative
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of the CNT5, revealing a porous network
of entangled CNTs with diameters of around 20-30nm and
lengths up to the micrometer scale. Similarly, the diameter of the
V,0s5 nanowires is around 20-50 nm with lengths up to tens of
micrometers (SEM image, Fig. 1C). A high-resolution TEM image
(Fig. 1D) indicates that the nanowires contain an ordered layered
structure; the selective area electron diffraction (SAED) pattern
(inset, Fig. 1D) suggests that they are single crystalline. In situ
growth of the V,05 nanowires within the porous CNTnetworks led
to the formation of flexible, dark-brown nanocomposites (see the

— V,0; Nanowires

& Carbon Nanotubes

Scheme 1. Schematic of method to form supercapacitor material based
on interpenetrating networks of CNTs and V,0s nanowire.
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Figure 1. A) SEM and B) TEM images of the modified CNTs. C) SEM and
D) TEM images and selective area electron diffraction (SAED, inset) of the
V,05 nanowires. SEM images of CVC-2 E) before and F) after etching
showing an interpenetrating structure.

Supporting Information, Fig. S1a), in which the V,0s loading can
be readily controlled by tuning the ratio of CNTs to the V,0s
precursor. Figure 1E shows an SEM image of a representative
composite with 33wt% CNTs (CVC-2), showing a continuous
fibrous structure with pores up to micrometers in diameter.
Figure 2A shows nitrogen sorption isotherms of the CNTs, V,05
nanowires, and CVC-2, all of which are similar in shape. The CNTs
show a surface area of 150 m? g™, pore volume of 0.488 cm® g~ *,
and an average pore diameter of 12.5nm (Fig. 2B). The V,0s
nanowires show a lower surface area of 83 m? g™, larger pore
diameter of 26.7 nm, and a pore volume 0.552 cm® g~ '. The CVC-2
exhibits a comparable surface area of 125 m* g~* and average pore
size of 15.2 nm, suggesting the composite is hierarchically porous.
The composites with different CNT loadings show similar porous
fibrous structures (see Table 1 and the Supporting Information,
Fig. S2); the morphology of the composites with higher CNT
content is generally less uniform with more CNTs exposed on the
surface. Such a hierarchical structure is essential to ensure a good
capacitance performance, since the large pore channels allow rapid
electrolyte transport, while the small ones provide the composites
with higher surface areas and more surface active sites.
Furthermore, in situ growth of the nanowires within the CNT
network leads to an interpenetrating network structure. X-ray
diffraction (XRD; see Fig. 3) indicates that the free-growth V,05
nanowires are highly crystalline with well-defined (00l) reflections
at 20 angles of 9.1, 13.5, 25.5, 32.5, and 42.0°, consistent with the
lamellar structure shown in Figure 1D. The CVC-2 composites
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0.025 2.2. Electrochemical Testing of V,0s Nanowire/CNT
Composites
0.020 1
F'g Such a unique hierarchical architecture endows the composites
"y 00157 with high capacitance and rate capability. Figure 4 shows cyclic
g voltammograms (CVs) of the CNT, nanowire, and CVC-2
q 00101 electrodes. The CNT electrode shows vague peaks at 0.12 and
S 0.05V, which are attributed to the anodic oxidation and cathodic
00054 reduction of the surface carboxyl groups, respectively.'® The
nanowire electrode shows two broad peaks of anodic oxidation
0.000 (0.50 and —0.05 V) and reduction (0.35 and —0.10V), which are
: . T . : . . typical of the crystalline V,05."") For comparison, the composite
1 2 4 8 16 32 64 128

Pore size (nm)

Figure 2. A) Nitrogen sorption isotherms and B) pore-size distributions of
CNTs (M), V,0s nanowires (@), and CVC-2(A).

show similar reflections but with significantly lower intensity,
indicating that the nanowires grown within the composites
contain smaller crystalline domains. Partial removal of the
nanowires using 1wt% HF solution exposed the constituent
CNT networks on the composite surface (Fig. 1F), further
confirming the interpenetrating network structure. Such an
interpenetrating network structure creates intimate contact of the
CNT and nanowire networks, enabling rapid charge transport to
the current collector through the highly conductive CNT network.

Table 1. Surface area, pore volume and pore size of the CNTs, V,O5
nanowires, and their composites.

Sample Surface area Pore volume Average pore size
[m?g7] [em® 7] [nm]

CNTs 156 0.488 12.5

CVC-1 108 0.639 20.9

CVC-2 125 0.445 15.2

CVC-3 144 0.645 17.8

CVC-4 142 0.486 13.7

V,05 nanowire 83 0.552 26.7
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electrode shows a rectangular-shaped CV curve with a much larger
areaindicating a much higher capacitance. Furthermore, the redox
peaks (anodic peaks at 0.51, —0.10, and —0.40V, and cathodic
peaks at 0.37, —0.28, and —0.42V) are much better defined,
suggesting a more pronounced contribution of redox capacitance
to the overall capacitance.'” Such three-redox pairs are rare in a
V,05—Na, SO, aqueous electrolyte system, which may be due to the
ion (e.g., Na") insertion and de-insertion reactions at different
energy states.*”! Moreover, as shown in Figure 4c, the current of

1/ mA

Rapid current response

T T T T T T L
-04 -02 00 02 04 06 08 10

Potential / V (vs. Ag/AgCl)

T T T
-12 10 -08 -06

Figure 4. Cyclic voltammograms (CV) of CNT (a), V,Os nanowire (b) and
CVC-2 (c) electrodes at a scanning rate of 10mV s~ in 1m Na,SOy4
aqueous solution at room temperature.
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the nanocomposite electrode responses to the switching potential
rapidly, particularly at the potential switching point of 0.8V,
indicating the composite electrode exhibits a lower equivalent
series resistance (ESR) than that of the nanowire electrode. A small
ESR is vital to achieve a high rate capability and power density,
since the maximum power density (Pp,.x) of a capacitor is generally
determined by Pp,.x = V2 /4R, where V; is the initial voltage and R
is the ESR from the electrode materials, the electrolyte, and the
contact resistance between electrode and current collector.

To further quantify their specific capacitance, galvanostatic
charge—discharge curves were measured in the same working
cells. Figure 5 shows the charge-discharge curves of the CNT,
nanowire, and CVC-2 electrodes ata current densityof 1 Ag™". The
CNT electrode shows a nearly linear charge—discharge curve, an
indication of an ideal EDLC behavior with a specific capacitance of
75 Fg™'. The nanowire electrode shows similar charge-discharge
curves with a slightly increased curvature, indicating that EDLC is
still the primary contribution to the overall capacitance, which is
146 F g~'. Note that although V,0s may provide a pseudocapa-
citance as high as 530 F g™, poor conductivity of the nanowires
may attribute to the poor use of its pseudocapacitance. Intimately
weaving these poorly conductive nanowires along with the highly
conductive CNTs into the composites led to dramatically increased
capacitances. Indeed, the charge—discharge plots of the composite
electrode displays a pronounced transition between the two linear
ranges, indicating contributions to the capacitance from both
EDLC and pseudocapacitance. The specific capacitance calculated
is around 313 F g', which is significantly higher than that of the
CNTs (75F g~') and the V,05 nanowires (146 F g '). Since the
surface area of the composite (125 m? g™%) is less than that of
the CN'Ts (150 m? g~ '), such a high capacitance can be attributed to
the synergistic effect of the composite constituents with the unique
hierarchical structure. Considering that the energy density of a
capacitor is generally determined by E= CVi*/2, where C is the
capacitance, composites with high capacitance are of great interest
for high-energy-density device applications. To the best of our
knowledge, although still lower than those of high-cost ruthenic
oxide or ruthenic acid based supercapacitors, this is the highest
capacitance reported among the macroscopic V,0s- Y and MnO,-
based supercapacitors.®'#1l
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Figure 5. Galvanostatic charge—discharge curves of CNTSs, V,05 nanowires,
and CVC-2 electrodes at a charge-discharge current density of 1A g™ .
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To further quantify their rate performance, CV studies at
different scanning rates were conducted. Figure 6 shows CV curves
of the CNT, V,05 nanowire, and CVC-2 electrodes at scanning
rates from 5 to 100mV s . Due to its excellent conductivity and
porous structure, the CNT electrode shows excellent power
performance,” as shown by the rectangular shape of its CV curves
at high scanning rates (see Fig. 6A). Consistent with its poor
conductivity, the nanowire electrode shows a poor rate capability, as
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Figure 6. CV curves of A) the CNT, B) the V,05 nanowire, and C) the CVC-2
electrodes at various potential scanning rates from 5 to 100mV s~ 'in Tm
Na,SO, aqueous solution at room temperature.
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Figure 7. A) Gravimetric capacitance of the composite electrodes with
different CNT content at different current densities: CNT electrode (M),
V,0s nanowire electrode (), CVC-1 (@), CVC-2 (A), CVC-3 (V), and
CVC-4 (x). B) Dependence of V,Os-based specific capacitances of the
composites on the V,05 content at a current density of 1 Ag™".

shown Dy its highly distorted CV curves at high scanning rates
(Fig. 6B). As expected, the CV curves of the composite electrode
CVC-2 maintain the rectangular shape even at high scanning rates
(Fig. 6C), which is more pronounced for the composites with
higher CNT content (see the Supporting Information, Fig. S3).
Compared with the CV curves of the CNT electrode, the slight
shape distortion is due to the overlapping effect of the two different
energy-storage mechanisms; nevertheless, this study fully con-
firms the excellent rate performance of the composites.

In short, the unique composite structure integrates the high rate
performance of the CNT constituent with the high capacitance of
the V,0s constituent, leading to the synergic energy storage
materials. Nevertheless, CNTs have low energy density and V,0s
has poor rate performance; optimization of the composition is
therefore essential for good capacitance performance. Figure 7A
compares the overall specific capacitance to the current density of
the composites with different CNT content. The CVC-2 electrode
shows the highest specific capacitance at different current
densities. It affords a capacitance of 440 F g~ ' at a current density
of 0.25 A g~! and preserves about 50% capacitance retention
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“ InterScience*

GIScOVEN SOMETHING GREAT

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Time/s

Figure 8. A) CV curves of mesoporous-carbon-supported MnO, (MnO,/C)
at a scanning rate of 10mV s ' in 1m aqueous Na,SO, solution.
B) Galvanostatic charge—discharge curves of MnO,/C at a current density
of 0.1 A g™ ' at room temperature.

(200 F g7%) even at a current density of 10 A g~*. For comparison,
the CNT electrode shows more than 60% capacitance retention at
the same condition; however, its overall capacitance is low (55 Fg ™"
at a current density of 10 A g™"). Similarly, although the V,0s
nanowire electrode shows a high capacitance atlow discharge rates
(e.g., 388 F g~ ' ata current density of 0.25 A g~ "), only 20% of the
capacitance is retained at a current density of 10 A g~ ', showing a
poor rate capability. Figure 7B illustrates the V,0s-based specific
capacitances of the composites versus the V,0s contentata current
density of 1 A g~'. The composite electrodes consistently show
much higher specific capacitance than that of the pure V,0s
electrode, indicating that the CNT scaffold indeed facilitates the
harvest of the V,0s5 pseudocapacitance. The CVC-2 electrode
exhibits the highest overall capacitance and V,0s-based specific
capacitance. This charge-discharge behavior is very consistent
with the results from the cyclic voltammograms, further
suggesting that improving conductivity of capacitor materials is
essential when designing better electrochemical capacitors.

Adv. Funct. Mater. 2009, 19, 3420-3426



www.afm-journal.de

A
) ]
2 4
14
<
E o
1 4
2
3 T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20
Potential / V(vs. Ag/AgCI)
B) 18
1.6

Potential / V
o
(=]
1

b

T
400

Cc

T T T T
0 200 600 800 1000 1200

Time /s
Figure 9. A) CV curve of an asymmetric supercapacitor with CVC-2 as
anode and MnO,/C as cathode at a scanning rate of 10mV s~
B) Galvanostatic charge—discharge of the asymmetric supercapacitor at
different current densities (a: 0.64 mA cm™2, b: 3.2mA cm~2, and
c: 6.4mA cm’z) in 1M aqueous Na,SOy solution at room temperature.

2.3. Device Application of V,05 Nanowire/CNT Composites

To further evaluate these nanocomposites for real device applica-
tion, we assembled an asymmetric supercapacitor using CVC-2 as
the anode and MnO,/carbon composite as the cathode (see the
Experimental Section for details of the preparation of the MnO,/C
electrode). The typical cyclic voltammogram of the MnO,/C
electrode are shown in Figure 8A. The rectangular-shaped CV plot
indicates ideal capacitive behavior of the electrode. Galvanostatic
charge—discharge curves of the MnO,/C electrode at a current
density of 0.1 A g™" reveal that the electrode material can provide a
specific capacitance of 145 F g™, as calculated from Figure 8B.
For the asymmetric supercapacitor consisting of the CVC-2
and MnO,/C electrodes, an ideal capacitive behavior was
observed from 0-1.6V in 1M Na,SO, (Fig. 9). A capacitance of
45F g ! (based on the total weight of the anode and cathode
materials) was achieved at a discharge current density of
0.64mA cm ?, corresponding to an energy density of

Adv. Funct. Mater. 2009, 19, 3420-3426
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Figure 10. Ragone plot of the asymmetric supercapacitor (x) consisting of
a CVC-2 anode and MnO,/carbon cathode in comparison with carbon-
based supercapacitors from active carbon (l) [21], mesoporous carbon
CMK-3 (@) [22], hierarchical porous graphitic carbon (@) [23], and
phosphorus-enriched carbon (A) [24].

16W h kg™! at a power density of 75W kg™'. The device
still possesses an energy density of 5.5W h kg™ even at a power
density of 3750 W kg~ ' and retains more than 90% of the initial
capacitance after 100 cycles of charge and discharge, indicative
of high power performance and good cycling stability. Figure 10
shows the Ragone plot derived from the constant-current
charges and discharges (Fig. 9B) of the asymmetric super-
capacitor, in comparison with some advanced aqueous-based
supercapacitors from the recent literature. The energy and
power performance of this asymmetric supercapacitor are highly
competetive with Ni-MH batteries and significantly improved
over current electrochemical capacitors. Considering the specific
capacitance of the cathode materials (MnO,/C) is below
150F g~' (Fig. 8B), an even higher energy density could be
realized if a Dbetter cathode material were available. Moreover,
considering that the CNT, V,0s precursor, and processing can
be achieved at a cost comparable to that of traditional carbon-
based devices, these composites hold great promise as next
generation electrical energy storage materials.

3. Conclusions

In summary, we have developed a class of supercapacitor composites
based on confined growth of V,0s nanowires within a conductive
porous CNT scaffold. The hierarchically porous, interpenetrating
network structure provides the composites with high capacitance
and excellent rate performance. This design concept can be
generalized towards other capacitor composites containing other
low-dimensional metal oxides, such as MnO,, Co;0,4 and NiO,
opening a new avenue for a large spectrum of device applications.

4. Experimental Section

Synthesis of the CNT/V,05s Composites: Multi-wall carbon nanotubes
(CNTSs) were functionalized by attaching carboxylic groups on the surface
using a method similar to that developed by Gao et al. [25]. Briefly,
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pristine CNTs (12.0g), HNO; (65%, 100 mL), and H,SO, (98%, 300 mL)
were mixed in a flask and vigorously stirred under reflux for 100 min. The
mixture was diluted with deionized water, filtered, and re-dispersed in
water. This process was repeated until the pH of the filtrate was around
neutral. Then, modified CNTs were dried in a vacuum oven for 24 h at
80 °C. A hydrothermal method similar to that of Xiong et al. [26] was used to
synthesize the composites. Briefly, appropriate amount of the modified
CNTs, HCl (2 m, 0.5 mL), ammonium metavanadate (NH,VO;, 0.15 g), and
surfactant P123 (EO2oPO70EO;0, where EO and PO are ethylene oxide and
propylene oxide, respectively; 0.25 g) were mixed under ultrasonication for
10 min. After stirring for 1h, the mixtures were transferred to a 20mL
Teflon-lined autoclave and heated to 120°C for 24h. The resulted
precipitates were filtered and rinsed with water and acetone several times
and dried at 80 °C for 12 h under vacuum. The amounts of CNTs used were
0.037, 0.078, 0.15, to 0.6 g, resulting in composites with 20, 33, 50, and
67 wt% of the CNTs, which were denoted as CVC-1, CVC-2, CVC-3, and
CVC-4, respectively.

Synthesis of Mesoporous-Carbon-Supported MnO, (MnO,/C): Mesoporous
carbon was synthesized according to the method reported by Pang et al. [27],
using sucrose as the carbon source and silica clusters and colloids as the
template. Growth of MnO, onto the mesoporous carbon was realized
according to the method reported by Long and co-workers [28]. Simply, as-
prepared mesoporous carbon (0.1g) was soaked into a flask containing
KMnO, aqueous solution (0.1m, 100 mL) under vacuum for 10 min. The
mixture was stirred at 50 °C for 2 h for direct growth of MnO; onto the carbon
surface. After reaction, the as-derived powder was washed by deionized
water several times and dried at vacuum at 80°C for 12h.

Material and Electrode Characterization: X-ray diffraction measurements
were taken on a Panalytical X’'Pert Pro X-ray powder diffractometer using
Cu-Ka radiation (2= 1.54A). Nitrogen sorption isotherms were measured
at 77K with a Micromeritics ASAP 2020 analyzer. The samples were
degassed in vacuum at 180 °C for 3 h. The specific surface areas (Sget) were
calculated by the Brunauer—Emmett—Teller (BET) method using adsorption
branch in a relative pressure range from 0.04 to 0.25. The pore size
distributions (D) were derived from the adsorption branches of isotherms
using the Barrett—Joyner—Halenda (BJH) model. SEM experiments were
conducted on a Jeol JSM-6700 FE-SEM instrument. TEM experiments were
conducted on a Philips CM120 instrument operated at 120 kV.

The V,05 nanowire/CNT or MnO,/C composites were assembled onto
foam nickel collectors to fabricate porous electrodes (see the photograph of
V,0s nanowire/CNT electrode in the Supporting Information, Fig. S1b).
Briefly, 80% of the testing materials, 10% carbon black, and 10%
poly(vinylidene fluoride) (PVDF) dispersed in N-methylpyrrolidinone
(NMP) were mixed to form slurries. The slurries were ultrasonically treated
at 60 °C, coated on a nickel foam substrate, and dried at 80 °C for 10 min
under vacuum. The as-formed electrodes were then pressed at a pressure of
2 MPa cm™? and further dried under vacuum at 100°C for 12h. The
electrochemical measurements were conducted in a Princeton VMP3
electrochemistry workstation. Cyclic voltammetry measurements were
conducted in 1M Na,SO, aqueous solution at room temperature using a
platinum wire as the counter electrode and an Ag/AgCl electrode as the
reference electrode. The specific capacitance (C) of the electrode materials
were derived from C=I/(dE/dt)~ I/(AE/At), where I is the constant
discharge current density, E is cell voltage, and dE/dt is slope of the
discharge curve.
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