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lectrical energy storage plays an in-

creasingly important role in modern

society. In our daily lives, a number of
portable devices, as well as the develop-
ment of electric vehicles and smart grid
energy storage, are highly dependent on
lithium-ion energy storage devices. How-
ever, extensive use of such devices is likely
to affect existing lithium reserves." Seeking
alternative materials for sustainable energy
storage is emerging as an essential topic
within the electrochemical energy storage
community.

Sodium, the second lightest metallic ele-
ment after lithium, is 4—5 orders of magni-
tude more abundant than lithium. In this
context, it holds great promise for econom-
ical and sustainable energy storage devices.
Moreover, the standard Na/Na™ electrode
potential (2.71 V) is very close to that
of Li/Li" (3.02 V), and sodium-based non-
aqueous electrolytes generally exhibit stabi-
lities, ionic conductivities, and electrochemical
windows comparable to their lithium-ion coun-
terparts.” These features make sodium-ion-
based electrochemical storage devices very
attractive. A key requirement for Na-ion-
based energy storage is finding suitable elec-
trode materials in which to store sodium
ions. Very recent studies show that sodium
metal fluorophosphates,® lithium—sodium-
mixed layered oxides,* and sodium manga-
nese oxide® store impressive amounts of
sodium and may serve as cathode materials
for Na-ion batteries. For anode materials,
some hard-carbon materials could show rea-
sonable sodium storage capacities, but their
cycling Li/ stability is poor.>® Some nano-
crystalline iron oxides may reversibly store
Na™ ions with capacities of 100—130 mAh g™ ";
however, their charge/discharge process is
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Electrical energy storage plays an increasingly important role in modern society. Current
energy storage methods are highly dependent on lithium-ion energy storage devices, and the
expanded use of these technologies is likely to affect existing lithium reserves. The abundance
of sodium makes Na-ion-based devices very attractive as an alternative, sustainable energy
storage system. However, electrodes based on transition-metal oxides often show slow
kinetics and poor cycling stability, limiting their use as Na-ion-based energy storage devices.
The present paper details a new direction for electrode architectures for Na-ion storage. Using
a simple hydrothermal process, we synthesized interpenetrating porous networks consisting of
layer-structured V,05 nanowires and carbon nanotubes (CNTs). This type of architecture
provides facile sodium insertion/extraction and fast electron transfer, enabling the fabrication
of high-performance Na-ion pseudocapacitors with an organic electrolyte. Hybrid asymmetric
capacitors incorporating the V,0s/CNT nanowire composites as the anode operated at a
maximum voltage of 2.8 V and delivered a maximum energy of ~40 Wh kg, which is
comparable to Li-ion-based asymmetric capacitors. The availability of capacitive storage based
on Na-ion systems is an attractive, cost-effective alternative to Li-ion systems.
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characterized by slow electrode kinetics.”

To date, there is a lack of suitable anode
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batteries.®® Although most of this tech-
nology is based on carbon electrodes  ©2012 American Chemical Society
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Figure 1. Schematic of (A) a nanocomposite consisting of interpenetrating networks of V,05 nanowires and CNTs, (B) intimate
contacts between the V,05 nanowire and CNTs facilitating charge transport, and (C) Na" intercalation within the V,0s layer

structure.

which store energy via an electrical double layer, there
recently has been considerable interest in using pseu-
docapacitance, which is based on faradaic reactions, to
store energy.”'® The specific capacitance for pseudo-
capacitive materials can be an order of magnitude
larger than that of carbon because of the higher levels
of charge storage from redox reactions.”'' The most
common devices which incorporate pseudocapacitive
materials are hybrid asymmetric capacitors which ty-
pically have a carbon electrode as the cathode and the
pseudocapacitor material as the anode.''® Electro-
lytes can be aqueous or non-aqueous depending upon
the pseudocapacitor material.” '3

In this work, we report a high-rate sodium-ion
nanocomposite electrode material based on vanadium
pentoxide (a-V,0s) nanowires. These materials can be
used as a pseudocapacitive anode for an asymmetric
electrochemical capacitor. a-V,0s is a layered material
that can accommodate a variety of metal ions, such as
Lit, Na*, and K"~ however, it generally exhibits
poor electronic conductivity (60~ 10 %to 1Q 'cm™)'®
and slow ion diffusion. Recently, it was shown that
electrodeposited V,0s thin-film electrodes can accom-
modate two Na/V,0s, achieving the theoretical capa-
city for sodium in vanadium oxide.'”® However, for
device fabrication, thin films do not store adequate
levels of energy, and for this reason, the electrode
thickness should be at least in the micrometer range."®
However, with such thicknesses, detrimental per-
formance frequently occurs due to the increased elec-
tronic and ionic resistances. Fortunately, these techni-
cal barriers can be effectively circumvented by creating
a porous composite architecture that integrates layer-
structured V,05 nanowires with carbon nanotubes
(CNTs). As illustrated in Figure 1, such a composite
architecture consists of interpenetrating networks of
V,05 nanowires and CNTs. The interpenetrating struc-
ture leads to the formation of interconnected pore
channels which are filled by the electrolyte, thus
ensuring facile ion transport and providing access of
the electrolyte to the redox-active material. Further-
more, the conductive CNT network enables effective
electron transport, while the small dimension of the
nanowires shortens ion diffusion paths. As a result,
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a fast pseudocapacitive charge storage process occurs,
which seemingly avoids phase transformations during
ion intercalation and deintercalation, and enables en-
hanced cycling stability. Because of the electronic
conduction of the CNT, it is possible to increase the
mass loading of the nanocomposite electrodes to as
much as 3 mg cm™2. At this loading density, asym-
metric devices produce practical levels of energy and
power, unlike submicrometer thick electrodes.'® The
high rate capability, capacity, and cycling stability of
our Na-ion electrodes and asymmetric capacitors have
not been achieved by other Na-ion materials. This work
provides a promising direction for high-performance
and sustainable energy storage systems.

RESULTS AND DISCUSSION

Figure 2A shows a representative scanning electron
microscope (SEM) image of a nanocomposite obtained
directly from the in situ hydrothermal reaction, demon-
strating nanowire V,0s networks penetrated with
CNTs. The V,05 nanowires formed clusters due to
the capillary force during water evaporation, while the
CNTs are clearly observed penetrating through the
nanowire network. Figure 2B shows a representative
SEM image of the nanocomposite obtained from filtra-
tion and washing the as-synthesized product, which
leads to the formation of a free-standing, flexible film
(inset of Figure 2B). The nanocomposite, with 13 wt %
of CNTs (determined from thermogravimetric analysis,
Figure S1A in Supporting Information), demonstrates a
continuous fibrous structure with abundant macro-
pores formed by the network structure. A high-resolu-
tion SEM in Figure 2C shows a part of the composite
film etched by 1% HF, indicating an intertwined porous
network structure. The nanowires and CNTs possess an
average diameter of ~50 and ~30 nm, respectively,
and both of them have lengths of up to tens of micro-
meters. The formation of such interpenetrating
networks relies on the dispersion of functionalized
CNTs in solution followed by in situ growth of V,0s
nanowires. The intertwined networks of the CNTs
and nanowires exhibit an electrical conductivity of
~3.0 S cm™', which is substantially higher than that
of bulk V,05.'%'8
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Figure 2. (A) SEM image of a V,05s/CNT nanocomposite demonstrating nanowire V,0s networks penetrated with CNTs. The
sample was obtained directly from the as-synthesized product. While normal multi-walled CNTs were used for electrodes
application, to better distinguish the individual V,0s and CNT from SEM image, super-long CNTs were chosen for this
experiment.”° (B) Representative low-magnification SEM image of a V,05/CNT nanocomposite film obtained from filtration. Inset
of panel B presents a digital photograph of such a flexible nanocomposite film. (C) High-magnification SEM image of the
nanocomposites etched by 1 wt % HF. The image corresponds to the selected area in panel B. (D) XRD patterns of the
nanocomposite showing typical 00/ diffraction. (E) TEM image of a nanocomposite showing embedded CNTs within the V,05
nanowires. (F) HRTEM image of a V,05 nanowire showing the layered structure with dyg; spacing of 0.95 nm.

Figure 2D shows a representative X-ray diffraction
(XRD) pattern of the nanocomposite, suggesting a
well-resolved layered structure with an interlayer spa-
cing of ~1 nm. The layered structure supports Na-ion
transport, thus enabling the material to reversibly
intercalate Na ions. The XRD pattern also suggests a
small average crystallite grain size, which is calculated
to be on the order of 9 nm using the Scherrer equation.
The inappreciable diffraction peak of CNTs (at a 26 of
~26°, Figure S1B) is mainly due to the acid treatment
of CNTs, which reduces the 002 ordering. In addi-
tion, the composite contains a relatively small mass
fraction (~13%) of CNTs. Figure 2E shows a transmis-
sion electron microscope (TEM) image of V,05 nano-
wires intertwined with CNTs. The nanowires and CNTs
exhibit intimate interfaces due to the abundant hydro-
philic groups (—OH and —COOH) on their surfaces,
which form a strong interaction upon drying. In addi-
tion, the high-resolution TEM (HRTEM) image shown
in Figure 2F further suggests that the nanowires are
composed of a layered crystalline structure with a
layer-to-layer distance (dgo;) of ~9.5 A, in good agree-
ment with XRD results. This structure is similar
to the hydrothermally synthesized V,0s reported
previously.° Besides the visible macroporous features
observed from the microscopic images, nitrogen sorp-
tion isotherms (Figure S2A) suggest that such
composites exhibit a hierarchically porous structure com-
posed of abundant micropores (~1.1 nm) and meso-
pores (3—50 nm). The calculated average pore size
is around 12 nm (assuming slit pore geometry), and
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the porosity of the composite is ~58%. Moreover,
such nanocomposites exhibit a high BET (Brunauer—
Emmett—Teller) surface area of around 114 m? g™,
which is substantially higher than bulk V,0s crystals
(~ 6 m? g, Figure S2B). In short, the above physico-
chemical characterization indicates that the nanowire
composite has a highly conductive, porous network
structure with high surface area and hierarchical porosity,
which are favorable features for fast electrode kinetics.
The electrochemical behavior of the nanocompo-
sites was investigated using three-electrode cells with
1 M NaClO, in propylene carbonate (PC) as an electro-
lyte, in which sodium foils were used as both the
counter and reference electrodes. Charge storage be-
havior was characterized by cyclic voltammetry (CV).
The electrochemical Na* insertion/extraction process
occurring at the V,05 electrodes can be represented by

V,05 +xNa™ + xe “<>Na,V,05 (1)

where x is the mole fraction of inserted sodium ions.?’
Reversible charge storage is obtained by cycling the
V,05/CNT composite to 1.5 V, demonstrating that the
structure is stable during Na™ insertion and extraction.
Further charging of the electrode to lower potentials is
possible, but the reaction might be less efficient due to
irreversible structural changes.?* ¢ A pure V,0s nano-
wire electrode (i.e., without CNTs) shows appreciable
capacity degradation during initial cycling (~30% ca-
pacity loss in the first 20 cycles), further confirming the
advantage of utilizing V,05/CNT nanocomposites for
Na™ electrodes. It is worth mentioning that commercial
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Figure 3. (A) Cyclic voltammograms (CVs) of V,0s/CNT and pure V,05 electrodes at a potential scan rate of 2mVs 'in 1M
NaClO, in PC. The CV curves of the electrodes were acquired after 10— 15 cycles in order to obtain stable capacities. (B) Kinetic
behavior of V,05/CNT and pure V,0; electrodes. (C) Voltametric current (at 2.5 V vs Na/Na™) dependence on the sweep rate.
(D) Capacitive and diffusion-controlled contribution to charge storage. The capacitive current is shaded and compared with
the total measured current. (E) Surface-area normalized capacitance for V,05/CNT and pure V,0s at different sweep rates. (F)
Separation of contributions from capacitive and diffusion-controlled capacities at different sweep rates (I, V,0s/CNT; Il, pure

V,05).

orthorhombic V,0s materials are not feasible for Na*
intercalation, possibly due to a rapid capacity degrada-
tion induced by structural changes (Figure $3).'®

Figure 3A compares the cyclic voltammograms of a
V,05/CNT nanocomposite electrode and a pure V,05
nanowire electrode at a sweep rate of 2 mV s~ . The
nanocomposite electrode shows a pair of broad redox
peaks between 2.4 and 2.8 V. The broad redox peaks
arise from the large surface of the V,05 crystal structure
and lead to numerous active sites over a wide range of
energy levels.”’~?° Sodium-ion insertion/extraction
into the V,05/CNT nanocomposite occurs at similar
potentials as lithium ions.3° In contrast, the pure V,0s
nanowire electrode shows an almost featureless CV
curve due to the relatively poor kinetics arising from
slow diffusion and inefficient electron transfer. Using
the CV curves to calculate the specific capacitances of
V,05/CNT and pure V,05 electrodes (vide infra), we find
that the nanocomposite electrode provides a capacity
of ~400 C g ' between 1.5 and 3.5 V, which is higher
than the V505 electrode (~300 C g~ ') and comparable
to other high-performance Li-ion electrodes.?” ~3°

To investigate the rate capability of the nanocom-
posite electrodes, CVs were carried out at different
sweep rates, and the areas under the CV curves were
used to determine the total electrode capacity.®'
Figure 3B compares the capacities of the nanocompo-
site and pure V,05 electrodes at sweep rates from 1 to
50 mV s~ (Figure S4). For a typical voltage window at
1.5—4 V for V,0s-based electrodes, these rates corre-
spond to a charge/discharge time between 50 and
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2500 s. Without a CNT network, the pure V,0s nano-
wire electrode shows fast capacity degradation: the
electrode loses ~70% of its initial capacity as the
charging time decreases from 2500 to 50 s. In contrast,
the nanocomposite electrode exhibits a substantially
higher capacity (~400C g~ ') ata charging time of 2500
s (1 mV s~ ") and still preserves 60% of the total capacity
(~240 Cg ") as the charging time decreases to 50 s (50
mV s~ ). The substantial charge storage occurring on
the order of a few minutes or less is a characteristic
feature of capacitive storage. Such a high rate cap-
ability is consistent with the notion that the CNTs can
effectively “wire” the small V,0s crystal domains and
provide enhanced electronic conductivity, leading to
an increased rate of charge transfer. While this beha-
vior has been demonstrated with non-aqueous Li-ion
electrolytes, the present work shows that comparable
performance can be achieved with non-aqueous
Na-ion electrolytes, thus making these materials of
potential interest for high-rate sodium storage.3%3?

In using CV to characterize the capacitive charge
storage, one assumes that the current response is
proportional to the sweep rate according to

i =dg/dt = CxdE/dt = Cxv (2)

where i is the current, g is the stored charge, C is the
capacitance, and dE/dt is equal to the sweep rate v.
Figure 3C shows the voltammetric current (i.e., the
current values at a potential of 2.5 V) dependence on
the sweep rate (Figure S4). Note that the current
response for the pure V,0s nanowire electrode
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Figure 4. (A) CV curves of an asymmetric Na-ion supercapacitor device cycled in various potential windows at a sweep rate of
2mV's . (B) Galvanostaic charge/discharge curves from 0 to 2.8 V at different current densities in 1 M NaClO, in PC (a, 0.5 mA; b,
1 mA; ¢, 3 mA; d, 15 mA; the footprint areas of anode and cathode were about 0.4 and 1 cm?, respectively). Inset shows the

dependence of Coulombic efficiency on the maximum charging voltage.

deviates from linearity as the sweep rate increases to
10 mV s~ . This behavior is the result of slow charge
transfer. This response was not observed for the V,05/
CNT electrode due to its better conductivity and
hierarchical porosity. For both cathodic and anodic
sweeps, a nearly perfect linear plot can be seen at
sweep rates from 1to 20 mV s~ ', confirming that the
currents for the V,05/CNT electrode are mainly capa-
citive in nature.

To quantitatively understand the charge storage
mechanism for the nanocomposite electrode in the
sodium-ion system, the measured current is separated
into two components: (1) the capacitive contribution
from pseudocapacitance and double-layer processes
and (2) the contribution from diffusion-controlled cur-
rent of Na™ insertion. Using the previous approach
developed by Dunn et al.,*** we were able to use the
dependence of current on voltammetric sweep rate to
quantitatively determine the capacitive contribution.
Figure 3D shows the voltage profile at a sweep rate of
10 mV s~ ' for the capacitive current (shaded region) in
comparison to the total measured current. The capa-
citive contribution is 82% for the nanocomposite
electrode, indicating that this is the dominant charge
storage process. Since the surface areas of the nano-
composite and pure CNT are around 114and 210m?g ™',
respectively, the surface-area normalized specific
capacitance for V,05 in the composite is calculated to
be approximately 380 uF cm~2at 10 mV s~ (Figure 3E).
This value is substantially higher than the pure V,0s
electrode (205 uF cm™2) and about 1 order of magni-
tude higher than pure double-layer-based capaci-
tances (5—20 uF cm™2).3*73° This calculation confirms
that charge storage of the V,0s/CNT nanocom-
posites in Na-ion electrolyte is primarily associated
with pseudocapacitance. Our results also agree well
with previous studies, which suggested that pseudo-
capacitive effects play an increasing role as the metal
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oxide particle size decreases and/or the porosity
increases.?’ 293337

To further understand why such nanocomposites
could store sodium ions with fast kinetics, we em-
ployed an analysis based on the work of Trasatti.3°
The total voltammetric charge (gy) of the electrode
materials was separated into two parts: surface capa-

citive charge (gs) and diffusion-controlled charge (gq):
(3)

Due to its faster kinetics, gs can be correlated with
double-layer capacitance and pseudocapacitance,
while g4 mainly depends on the slower diffusion
process. Therefore, electrodes presenting a large frac-
tion of gs in the total capacity could exhibit a high rate
capability. Assuming semi-infinite linear diffusion,
within a reasonable range of sweep rates, g5 can be
derived by plotting the total voltammetric charge g
against the reciprocal of the square root of the poten-
tial sweep rate (v) and extrapolating v to o, according
to the following equation (Figure S5):

gr = qs+dd

1/2

gr = gs+cv (4)

Deviation from the linearity of such a plot at high
sweep rates is indicative of polarization effects that
are ignored in the above equation.3®3° The capacitive
and diffusion-controlled contributions to total capacity
are displayed in Figure 3F. It clearly shows that capa-
citive charge storage plays a significant role in the total
capacity of the nanocomposite electrode, and that this
role increases as the sweep rate increases. Thus, at
1 mV s, capacitive processes account for some 70%
of the charge storage, while at 20 mV s~ it is 95%. This
result is consistent with the capacitive current contri-
bution shown in Figure 3C—E, strongly suggesting that
most of the V,0s intercalation sites within the nano-
composites are easily accessible to the electrolyte. In
contrast, the pure V,05 nanowire electrode has a
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significant diffusion contribution to charge storage at
all sweep rates, implying difficult ion access and charge
transfer in the active material.

To assess the feasibility of using such nanocompo-
sites for actual sodium-ion energy storage devices, we
assembled coin-type asymmetric supercapacitors
using the V,0s/CNT nanocomposite as an anode and
a commercial activated carbon (with BET surface area
0f 2100 m? g~ ', Figure S6) as a cathode material. Figure 57
shows a typical CV curve of the activated carbon (AC)
electrode in the Na electrolyte, indicating a pure
double-layer charge storage process. In such asym-
metric devices, the charging process involves sodium
insertion into the anode and perchlorate anion absorp-
tion onto the carbon cathode. Sodium extraction and
perchlorate anion desorption occur on the anode and
cathode, respectively, during a discharge process.'?
Due to the facile kinetics on both the anode and the
cathode electrodes, this class of devices demonstrates
high power and high energy density.

We evaluated the asymmetric supercapacitor using
several techniques. On the basis of the storage capa-
cities and electrochemical windows of both materials,
an optimal mass ratio between the cathode and anode
is found to be 3.8 in an asymmetric cell.” The devices
show an open circuit potential of ~0.1 V. Therefore, CV
sweeps were performed from 0.1 V to different cell
voltages to identify a suitable operating window. As
shown in Figure 4A, the devices show rectangular CV
curves at voltage windows up to 2.8 V, indicating an
ideal capacitive behavior. However, further increasing
the cell voltage caused appreciable irreversible capa-
citance, which should be avoided for long-term device
operation. Galvanostatic cycling was also performed
to evaluate the maximum voltage. Figure 4B (inset)
shows the Coulombic efficiency (1) of the prototypes at
different maximum voltages. It is shown that devices
operated over 2.8 V gave a Coulombic efficiency
lower than 98%, probably due to irreversible reac-
tions induced by overcharge. Therefore, the maximum
cell voltage was controlled to 2.8 V for the device
configuration.

Representative  galvanostatic charge/discharge
curves for the asymmetric prototypes at different
current densities are shown in Figure 4B. At a charge/
discharge time of ~18 min, the devices provide an
overall cell capacitance of ~35 F g~ (capacitance was
calculated based on the total mass of cathode and
anode active materials), giving an energy density of 38
Wh kg~' and a power density of 140 W kg~ '. The
energy density is close to that of lithium-ion asym-
metric devices.° Even at a power density of ~5 kW kg™
(charge and discharge time of 5.8 s), the devices still
provide a cell capacitance of ~7 F g, corresponding
to an energy density of ~7.5 Wh kg™, an indication of
the high power performance. From the internal resis-
tance (iR drop) of the devices, a maximum power
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Figure 5. Ragone plots of Na-ion and Li-ion asymmetric
supercapacitors made from a V,05/CNT nanocomposite
anode and an AC cathode, a symmetric supercapacitor
made from the same AC, and various supercapacitor de-
vices recently developed. All of the data are based on the
mass of electrode materials. For the devices reported,40 the
mass of the electrode materials was estimated to be 40% of
the total device weight. A packaging factor on the order of
0.4 was used.*' ™

density was calculated to be 45 kW kg™'. Moreover,
the time constant (v = RC) was calculated to be ~2.0s,
which is comparable to conventional carbon-based
supercapacitors (~1 s), further confirming the high
power capability.

For another perspective of the Na-ion asymmetric
devices, Figure 5 compares the Ragone plots derived
from galvanostatic cycling tests of different proto-
type supercapacitors. The power density is calcu-
lated based on the average power for each charge/
discharge (Figure S8). Overall, the energy and power
performance of the sodium-ion asymmetric super-
capacitor is highly competitive with that of lithium-
jon supercapacitors.>® Moreover, these devices offer
significantly higher energy and power than that of
AC-based symmetric cells (Figure S9) and the current
state-of-the-art electrical double-layer capacitor
(EDLC) technology. Considering that the specific
capacitance of the cathode materials (AC) is still
relatively low (Figure S7), an even higher energy
density could be realized if a better cathode material
was available.

The sodium-ion devices based on the V,05/CNT
nanocomposites retained ~80% of the initial capacity
after 900 cycles at a charge/discharge rate of 60 C
(power density of ~1700 W kg™, Figure 6A). Electro-
chemical impedance spectroscopy (EIS) was used to
determine whether any structural or interfacial changes
occurred upon cycling the electrodes. Figure 6B shows
the Nyquist plots for a sodium-ion asymmetric super-
capacitor as a function of cycling. The cell exhibited
similar uncompensated resistances (Rs) from the electro-
lyte, current collectors, and contacts before and after
cycling, indicating a stable electrode structure. A slight
decrease of R, was measured after the first cycle, which
could be due to the in situ formation of a conductive
sodium bronze (Na,V,05).** The observed semicircles are
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Figure 6. (A) Cycling performance of a V,05/CNT-AC sodium-ion device for 900 cycles at a charge/discharge rate of 60 C.
(B) Nyquist plots of the V,05/CNT-AC hybrid sodium-ion device for different cycles (the plots of the fresh and 5th cycle

electrode almost overlap).

caused by polarization or charge transfer resistance
(R) from both electrodes.** *® The R. increased
from ~10 to ~20 ohms after 900 cycles, which could
be ascribed to an increased interfacial resistance
due to interfacial changes or side reactions*® occur-
ring during the cycling process. The fact that
R. increased slowly in the first few cycles suggests
that that no obvious structure change occurred on
the Na-ion electrode, and that a robust electrode
structure can be maintained.’® In addition, the
decrease in cell capacitance on cycling may also
be due to slight dissolution of the V,0s active
material in the electrolyte.®’ The cycling results
provide the insight that further improvements in
cycling performance can be achieved by stabilizing
the electrode interface and/or by judiciously choos-
ing an electrolyte.

METHODS

Synthesis of the V,05/CNT Nanocomposites. The nanocomposites
were synthesized through a one-pot hydrothermal process
using aqueous vanadium oxide precursors in the presence of
pretreated hydrophilic CNTs, which were synthesized by a mass
production process with a capability of ~400 tons year™'.>?
Grams of this composite were produced using a lab-scale
reactor (volume of 120 mL). Details of the materials synthesis
were described in previous publications.?>>* The composition
of the V,05/CNT composite was determined by thermogravi-
metric analysis (TGA, Figure S1). Nitrogen sorption isotherms
were measured at 77 K with a Micromeritics ASAP 2020. The
specific surface areas were calculated by the Brunauer—
Emmett—Teller (BET) method using an adsorption branch in a
relative pressure range from 0.04 to 0.25. SEM and TEM experi-
ments were conducted on a JEOL JSM-6700 FE-SEM and FEI
Titan S/TEM operated at 300 kV, respectively.

Electrochemical Characterization. To make electrodes, the V,05/
CNT nanocomposites, pure V,05 nanowires, or activated carbon
(AC) were assembled onto stainless steel current collectors.
Briefly, 80% of the electrochemically active material, 10%
carbon black, and 10% poly(vinylidene fluoride) (PVDF) dis-
persed in N-methylpyrrolidinone (NMP) were mixed to form
slurries. The homogeneous slurries were coated on substrates

CHEN ET AL.

CONCLUSIONS

In summary, we have demonstrated fast, reversible
sodium-ion storage in V,0s/CNT nanocomposite elec-
trodes. The V,05/CNT nanocomposite exhibits far bet-
ter rate capability and charge storage compared to
V,05 electrodes that do not contain CNTs. Various
analytical methods show that charge storage in these
materials arises from a pseudocapacitive process.
Using the nanocomposite electrode as an anode and
commercial AC as a cathode, we have demonstrated
that sodium-ion asymmetric capacitors in organic elec-
trolyte exhibit excellent energy and power densities.
These results show that sodium-ion-based energy
storage devices can exhibit comparable performance
to lithium-ion devices, thus providing an attractive,
cost-effective alternative for a wide range of
applications.

and dried at 90 °C for 30 min under vacuum. As-formed
electrodes were then pressed at a pressure of 2 MPa and further
dried for another 12 h. Typical mass loadings were 1-3
mg cm 2 of active material on each current collector. The
electrochemical measurements were carried out on a Bio-Logic
VMP3 or Solartron 1860/1287. The electrolyte was 1 M NaClO,4in
propylene carbonate (PC) solution, and sodium foils were used
as both the counter and reference electrodes. CV and EIS
measurements were carried out in an argon-filled glovebox in
three-electrode cells. To make 2032 type coin cells, glass fiber
(GF/D) from Whatman was used as the separator. The cells were
assembled under an argon atmosphere with moisture and
oxygen levels of <1 ppm. In asymmetric devices, the operation
windows for the nanocomposite anode and AC cathode are
1.5—3.2 and 3.3—4.3 V, respectively, and the maximum opera-
tion window of whole devices is 2.8 V.

The specific capacitance, power, and energy density were
calculated based on the total masses of anode and cathode
materials. The iR drop is used to calculate the cell's resistance
using R = U/l and the RC constant by using =R x C, where C;is
the capacitance of the device and U is the maximum cell
potential. The maximum power density is calculated based on
Prmax = U*/(4RM).>* The device energy density is calculated using
E = 1/2CU? where C is the normalized cell capacitance.
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Asymmetric cells were charged and discharged between 2.8
and 0.1 V, and AC-based symmetric cells were charged and
discharged between 2.8 and 0 V. The charge stored by each
electrode is determined by g = C;mAU, where C; is the specific
capacitance, AU the potential range for the charge/discharge
process, and m the mass of a single electrode. To obtain
the maximum cell energy of the prototype supercapacitors,
the cathode (represented by “ca”) and anode (represented
by “an”) mass ratio was optimized according to mc/ma, =
(CanAUan)/(CcaAU,). The total cell capacitance is calculated by
C=1/[-(dU/dt)M], where I is the discharge current density and M
the total mass of anode and cathode materials.>
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