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The effects of few-walled carbon nanotubes (1-2 shell) are studied on an activated carbon-based
supercapacitor (soft pack) in organic electrolyte at 4 V. The density of the electrode sheet and the
resistance of the device decrease sustainably with the addition of carbon nanotubes of 1-5 wt%. The

specific capacitance of the electrode, the energy density and the power density of the device all show
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of carbon nanotubes with smaller packing density, excellent electrical conductivity, and smaller surface
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Carbon material, as the electrode, is the key component of
supercapacitors (SCs), providing an interface for the adsorption
and desorption of electrolyte ions.'® So far, activated carbon
(AC) has been predominantly used as the electrode, owing to its
high surface area, ease of preparation from various raw mate-
rials and low cost.™® However, the microporous structure and
poor electrical conductivity of AC results in low pore utilization
efficiency and poor power density upon charging with high
current density."” Therefore, emerging carbon nanomaterials
such as carbon nanotubes (CNTs) and graphene have received
close attention, owing to their exohedral surface, large surface
area, excellent electrical conductivity and high chemical
stability.>*® For instance, graphene-based SCs have exhibited
the quickest responses so far.” Ordered arrays of single-walled
carbon nanotubes (SWCNTs) exhibited a fast response
compared with a randomly packed structure.® Energy density
based on these materials at 2.7-4 V is 90-100 W h kg~ .7 As
a result, many scientists propose the use of CNTs or graphene to
improve the performance of AC-based SCs, and a network of
CNTs has indeed been found to increase the conductivity of
devices.”®™ On the other hand, these carbon nanomaterials
have a far lower packing density compared with AC, which
probably causes the serious volume swell for adsorbing
liquids.”?* This drawback influences the processing of elec-
trode sheets of large size, but has been insufficiently studied in
coin-type cells.**'*'*"? In addition, previous work has concen-
trated on low voltages of 1-2.7 V,**'*1¢ relatively lower than the
3-4V aim for increasing the energy density of SCs. The effect of
impurities, for example, release of gases on charging, is
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excellent cycling stability for 10 000 cycles.

insignificant using a coin-type cell, but become very serious in
devices of large size. From this point of view, evaluation of
a mixed CNT-AC sheet on a soft pack scale at 3-4 V would
provide much useful information on understanding the effect
of CNTs on the density of the electrode sheet and on the transfer
of electrons or diffusion properties of the electrolyte ions with
regard to potential commercial use.

In the present work, we report the use of few-walled carbon
nanotubes (FWCNTs) to enhance the performance of AC-based
SCs (Fig. 1). FWCNTs were chosen because of their excellent
electrical conductivity and relatively high surface area contrib-
uting to capacitance.

The soft pack contained four sheets of electrode (3 cm X
5 cm, 200 pum thick, mass density of 10-15 mg cm ™) fabricated
using a method close to that for industrial requirements. The
addition of FWCNTs resulted in a decrease in sheet density and
the inner resistance of the SC, which is favourable for an
increase in power density. The specific capacitance of the elec-
trode, the power density and the energy density based on the
device all exhibited volcano-type curves upon addition of
FWCNTSs. This revealed a trade-off effect between the excellent
conductance and the drawbacks of low surface area and low
pack density of FWCNTs in SCs. Addition of 1 wt% FWCNTs was
optimal, and effective for achieving overall improved
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Fig. 1 Technical route for the fabrication of a FWCNT-assisted acti-
vated carbon supercapacitor.
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Fig. 3 SEM images of mixtures of FWCNTs with AC and Super P. (a)
1 wt% FWCNTSs; (b) 2 wt% FWCNTS; (c) 3 wt% FWCNTSs; and (d) 5 wt%
FWCNTs.
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Fig. 4 (a) Raman spectra of pure FWCNTs and the mixtures of

FWCNTs, AC and Super P. (b) XRD patterns of the mixtures with
different ratios of FWCNTSs.

performance in energy density, power density and cycling
stability of the device. These results provided significant insight
into the effect of FWCNTs and was useful for fabrication of
a device with high performance.

Experimental

First, FWCNT powder (OCSiAl, Russia, 890 m* g ', 98.7%
purity), AC (YP-50, surface area 1464 m> g ') and Super P
(carbon black) were mixed together in deionized water at 70 °C
with stirring at 300 rpm for 4 hours. Then the binders, poly-
merized styrene butadiene rubber (SBR) and sodium carbox-
ymethyl cellulose (CMC), were mixed together at 50 °C with
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stirring at 500 rpm for 12 hours. The slurry was transferred and
pasted onto Al foil. After rolling and compression, the electrode
sheet adhered tightly to the Al foil, and the thickness was
controlled to 200 um after drying at 100 °C for 24 hours. The
electrode sheet was cut to a size of 5 cm long and 3 cm wide.
Then, the soft pack was set after packing four sheets of electrode
and membrane in sequence and sealing into a shell of Al plastic
membrane. The soft pack was then dried further at 120 °C in
a vacuum of 500 Pa for 24 hours. Then the organic electrolyte
(1 M MeEt;NBF,/propene carbonate (PC), with a mass 3.5 times
that of the electrode) was fed in under the partial vacuum
conditions of a glove box, where the oxygen content was less
than 0.5 ppm and water was less than 1 ppm. After adding the
electrolyte, the soft pack was sealed and put into a constant-
temperature box at 40 °C for 24 hours. Thus, the soft pack
was set. The total thickness of the device after compression was
effective for minimizing the contact effect and to obtain low
resistance for the device.>***

Detection of the soft pack was carried out with an electro-
chemical work station. Galvanostatic charge and discharge was
performed to calculate the capacitance, energy density and
power density of the soft pack. Electrochemical impedance
spectroscopy (EIS) was also obtained at 20 mV s~ . The cycling
stability of the soft pack of pure AC or containing 1 wt%
FWCNTs was scanned at 0.5 A g~ (based on the weight of the
electrode materials).

Most of the FWCNTs were very long and formed bundles
with a diameter of 10-80 nm (Fig. 2a). Except for some indi-
vidual tubes with a diameter of 1.2 nm, most tubes in the
bundles had a diameter of 2-3.5 nm (Fig. 2c), owing to the
strong van der Waals interactions along the axial direction of
these small-diameter tubes with a clean surface. To make an
electrode sheet containing 1-5 wt% FWCNTs, ultrasonic treat-
ment was used to break the bundles of FWCNTs and to achieve
a uniform dispersion of FWCNTs with AC. There are only very
few FWCNTs observable in the image for the sample containing
1 wt% FWCNTs (Fig. 3a). Most of these adhere to the surface of
the large AC particles. FWCNTs were easily observable when the
weight ratio increased to 2 wt% (Fig. 3b) and to 3% (Fig. 3c).
These tubes formed a network linking different large particles.
On addition of 5 wt% FWCNTs into the AC system, the volume
of FWCNTSs became very large (Fig. 3d), since FWCNTs with low
bulk density had very high volume. No large bundles were found
in these images, indicating the uniform mixing of FWCNTs, AC
and Super P.

Raman characterization was used to study the dispersion
effect (Fig. 4a). Generally, FWCNTs (1-2 shell) had a very intense
peak at 100-250 cm ', assigned to the radial breathing mode
(RBM).>” A very intense peak at 147.5 nm for pure FWCNTs
was detected by the laser of wavelength 633 nm. The intense G
band (1591.3 cm ™) and the very weak D band (1320 cm™") gave
a very low intensity ratio (In/Ig) of 0.021. In addition, there is
a strong 2D band at 2633 cm ™, confirming the high crystallinity
of the FWCNTs. However, on mixing FWCNTs together with AC
and Super P, the as-obtained Raman spectra were significantly
different. The RBM peak and 2D band disappeared completely
in samples with 1-5 wt% FWCNTSs, due to strong interaction of
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Fig. 5 Galvanostatic charge and discharge curves of different soft
packs at 0.5 A g%, (a) Pure AC; (b) 1 wt% FWCNTSs; (c) 2 wt% FWCNTSs;

(d) 3 wt% FWCNTSs; and (e) 5 wt% FWCNTSs; (f) Ugrop Values with the
addition of FWCNTs.
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Fig. 6 (a) Variation of the sheet density of the electrode, (b) specific
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the addition of FWCNTs.
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Fig. 7 (a) EIS data of different soft packs in the low frequency region.
(b) Variation of power density of soft packs with the addition of
FWCNTSs.

the FWCNTSs with AC particles. In addition, the intensity of the
G band decreased drastically in the presence of AC and Super P
in large amounts. Meanwhile, the peak intensity of the D band
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gradually increased. The I,/ ratio was 1.13, 0.89, 0.56 and 0.59
for samples containing 1 wt%, 2 wt%, 3 wt% and 5 wt%
FWCNTs, respectively. All of these ratios are very large
compared with that for pristine FWCNTs (0.024). The data are
reasonable since the microporous AC particles and Super P are
full of defects and more AC brought more defects into the
system.>®

XRD characterization indicated a weak peak at a 20 value of
23.1-23.3° for samples containing 1-5 wt% FWCNTs (Fig. 4b).
The peak position deviated significantly from that at 26.2° for
the (002) face of highly oriented pyrolytic graphite. This is due to
the polycrystalline AC and Super P. The FWCNT bundle prob-
ably had a response at the (002) face, but not the individual
tube. This result also validated the effective dispersion of
FWCNTs with a mixture of AC and Super P by ultrasonic
treatment.

Galvanostatic charge and discharge measurements were
made for all soft packs (Fig. 5). The charge and discharge curves
are very straight, close to the ideal electrical double layer effect.
The discharge time at the third cycle is 93.6, 136.4, 97.7, 87.7
and 71.4 s for soft packs of pure AC, and adding 1 wt%, 2 wt%,
3 wt% and 5 wt% FWCNTs (Fig. 5a-e), respectively. The
discharge time directly reflected the releasable energy of the soft
pack. Only the soft pack with addition of 1 wt% FWCNTs had
obvious advantages over that with pure AC. The addition of
more FWCNTs resulted in a low energy based on the device.
Since the surface area of FWCNTs is far lower than that of AC,
the addition of more FWCNTs decreased the surface area that
stored energy. Quantitatively, the addition of 1 wt%, 2 wt%,
3 wt% and 5 wt% FWCNTs to AC gave a mixture with a gross
surface area of 1458.3, 1452.5, 1446.8 and 1435.5 m”> g,
respectively. On the other hand, the thickness of the sheet (200
pum) resulted in the relatively larger Ugyop value charged to 4 V
for soft pack with pure AC (Fig. 5f). Addition of FWCNTs is
effective in reducing the Ug,,p value. Quantitatively, the value
decreased by 54% on adding 1 wt% FWCNTs. Further addition
of FWCNTs, however, decreased this value by only 30-35%.

The sheet density of the pure AC electrode can easily be up to
15 mg cm > (Fig. 6a), since AC particles are relatively large and
compact. In contrast, it is very difficult to control the sheet
density higher than 12 mg cm ™ following addition of FWCNTSs.
With increasing FWCNTSs, the sheet density decreased gradually
to 4.8 mg cm™ > at 5 wt% FWCNTSs. Apparently, long and flexible
FWCNTs had a large volume and small packing density,
resulting in difficulty in compression when fabricating the
electrode sheet.

The presence of a large void inside the electrode sheet
explained the fact that the Ug,op value did not decrease linearly
with addition of FWCNTs (Fig. 5f). Probably due to this same
processing disadvantage, CNTs are always ground into mono-
dispersed, small sections with lengths less than 1-2 micro-
metres when they are used as conductive agents in the cathode
of Li-ion batteries.”>?*° This latter case also calls for a sheet with
high packing density to obtain high energy density.

In addition, low density (or high porosity) of the sheet
resulted in low loading of the electrode in the soft pack, in
agreement with the previous study.* In this case, if calculated
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Fig. 8 Comparison of the cycling stability of different soft packs.

based on the specific capacitance, the value showed a different
trend (Fig. 6b).

For a thick sheet of pure AC, the specific capacitance of the
electrode is only 40 F g, nearly 40% that of a thin sheet of 100
pum. It is suggested that there is a serious ion diffusion limita-
tion in the thick sheet. However, addition of 1 wt% of FWCNTSs
resulted in the value increasing to 78 F g~ ', an increase of nearly
95%. After that, the specific capacitance values remained at 53-
57 Fg~ " on addition of 2 wt% to 5 wt% FWCNTs, all of which are
higher than the value for pure AC. Seemingly, the addition of
FWCNTs provided some voids, increasing the contact efficiency
of the AC and electrolyte.

The volcano curve suggested clearly the trade-off effect
between providing a diffusion channel and decreasing the
electrode/electrolyte interface by adding FWCNTs. Such a trade-
off effect was also applicable to the energy density of the device
(Fig. 6¢), which is 1.87 W h kg™ for the soft pack using pure AC,
but which increases to 2.5 W h kg™ " with the addition of 1 wt%
FWCNTs. Addition of 1 wt% FWCNTs allowed an increase in the
energy density of the soft pack by 30%, a very high measure-
ment. After that, adding too much FWCNTs resulted in a lower
energy density of the soft pack. Similarly, addition of 1-2 wt%
CNTs gave an optimized performance of a LiFePO, sheet for
a Li-ion battery.*

EIS data also confirmed the addition effect of FWCNTSs in
decreasing the inner resistance of the soft pack (Fig. 7a). The
trace for adding 2-3 wt% FWCNTs is relatively straight, close to
the ideal electrostatic double-layer capacitor (EDLC) response.
In comparison, the traces for adding 1 wt% or 5 wt% FWCNTSs
deviated from the vertical type to some degree, validating the
mass transfer control in these soft packs. Actually, the presence
of a large void in the sheet (as with the addition of 5 wt%
FWCNTs) and the too thick and compact sheet (as with addition
of 1 wt% FWCNTs) both influenced the smooth diffusion of
electrolyte ions to some degree. However, the semicircles are all
very small and the inner resistance (Rq) values are all lower than
0.3 Q for the four cases of addition of FWCNTs (Fig. 7a). In
comparison, the resistance (Rq) for using pure AC is larger than
that for adding 1-3 wt% FWCNTs. In addition, there is an
obvious semicircle for pure AC, but not for the additions of
FWCNTs, also validating the high resistance in the pure AC
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system. The results suggest that the addition of FWCNTs is
effective in increasing the electrical conductivity of the electrode
sheet.

As expected, the power density of the soft pack increased
from 1.5 kW kg™ ' (pure AC) to 5 kW kg ' (adding 1 wt%
FWCNTs) (Fig. 7b). The power density of the soft pack adding 2-
5 wt% FWCNTSs remained in the range of 3-3.5 kW kg™ '. Such
a volcano-type curve also suggested the trade-off effect between
the power density and the weight of the soft pack. The cycling
stability of different devices was tested by repeating the charge
and discharge for 10 000 cycles at a scanning rate of 0.5 A g~
(Fig. 8). Retention of capacitance for the device with addition of
1% FWCNTs is approximately 82%, which is higher than that
for pure AC (73%). The gap in retention of capacitance
increased between 5000 and 10 000 cycles. Quantitatively, the
deviation value is 6% at 5000 cycles, and 9% at 10 000 cycles.
FWCNTs, with an exohedral surface, exhibited better perfor-
mance than AC, with an endohedral surface. The pores of AC
were easily blocked after the long cycling times. This result also
validated the effect of FWCNTs in decreasing the resistance. As
to the retention of capacitance, this is a very high value
considering the use of pure FWCNTs as the electrode (in coin
cell, 4 V, organic electrolyte) is just 84% in organic electrolyte.*>
Longer lifetimes can be expected if the thickness of the elec-
trode sheet is decreased to the normal value and further
investigations are under way.

In summary, the addition of FWCNTSs to AC-based electrodes
resulted in a decrease in sheet density, but an increase in the
specific capacitance of the electrode and the electrical conduc-
tivity of the device. As a result, there is an apparent trade-off
effect balancing the performance based on the electrode and
that based on the device. The addition of 1 wt% FWCNTs is
effective in giving a significant increase in energy density and
power density to the device, as well as in improving the cycling
stability. These results provide insight into the effects of new
carbon materials (FWCNTs) for improving conventional AC-
based devices.
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