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An easy to assemble PDMS/CNTs/PANI flexible
supercapacitor with high energy-to-power
densityt
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The fabrication of a flexible supercapacitor with state-of-the-art performance is described, based on a
facile and low-cost fabrication method that encompasses aligned carbon nanotube arrays (ACNTA)-poly-
aniline/polydimethylsiloxane electrodes (ACNTA-PANI/PDMS). The ACNTA were partially embedded in
PDMS to ensure excellent adhesion and integration whilst PANI was electrodeposited on its surface to
improve energy storage properties. The supercapacitor structure and morphology were investigated by
Raman spectroscopy and scanning electron microscopy (SEM), respectively. The energy storage pro-
perties of the electrodes were evaluated in two and three-electrode configurations. The maximum value
of specific capacitance was 408 mF cm™2 (265 F g™%) at 1 mA cm™2, and a high energy density of 20 uW h
cm™ (255 W h kg™ was achieved at a power density of 100 pW cm™ (126.6 W kg™ for a symmetric
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two-electrode device. The device showed a good capacitance retention of 76% after 5000 cycles and
was able to maintain 80% of its electrochemical properties while being measured at different bending
angles, demonstrating excellent mechanical agility performance under extreme conditions and some of
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Introduction

Humankind’s future depends on carbon footprint reduction
by means of technological development, and at the forefront
are green and environmentally friendly energy storage
devices." Besides, with the growing use of wearable devices
there is an inevitable need for flexible, lightweight and minia-
turized electrochemical energy devices, e.g., lithium batteries
and supercapacitors (SC).>”” SCs have a high power density
and a long-life cyclability,®® unlike batteries that involve phase
changes and redox reactions with metallic ions - leading to a
slow diffusion process and consequently low power density —
as a result of the charge/discharge process. SC devices also
exhibit fast charge-discharge capability, lightweight, safer
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the highest carbon-based energy storage properties.

operability and low cost,'"®*? turning them into an optimal

choice when high- and rapid-cycling power is required."***

Supercapacitors usually operate in two basic modes:
electrochemical double-layer capacitance (EDLC) and pseu-
docapacitance (PC).">"™'® EDLCs operate based on the
electrostatic effect resulting from the charge separation
occurring at the interface of the electrode surface and the
electrolyte ions,”'"'®'® which mainly depends on the
surface area of the electrodes and the electrolyte
properties.”’'> On the other hand, PC response to revers-
ible redox reactions causes charge accumulation that
involves the entire active material and leads to a high
capacitance and energy density.”"”""

Electrodes themselves are fundamental components of
supercapacitors and are usually composed of either metal
nitrides for their excellent electrical conductivity,>*>* in-
organic perovskite oxides and spinel ferrites due to their high
energy density,”® transition metal sulphides for presenting
high ionic conductivity,*® or carbon-based materials, such as
carbon nanotubes (CNTs) due to their outstanding chemical
and mechanical stability and often used as a conducting base/
substrate for further electropolymerization.>®

Therefore, the combination of PC materials with carbon
nanotubes (CNTs)*® and graphene®® results in a material with
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an improved lifetime, fast charge/discharge, and high-power
density.9’12’16’l7’27’28

SCs that operate solely through the EDLC mechanism have
some disadvantages such as limited specific capacitance and
reduced energy storage capacity.'"'® To overcome this, the
incorporation of pseudocapacitive materials is frequently
reported, including transition metal oxides and conductive
polymers.">???° Accordingly, the use of low-cost and easily
processable polyaniline (PANI) is developed as an interesting
strategy due to its high electrochemical activity and high
specific capacitance.*"*> Furthermore, PANI possesses three
different oxidation states (leucoemeraldine, emeraldine and
pernigraniline) in which the valence change allows for energy
storage, exhibiting specific anodic/cathodic peaks for each
transition as observed during electrochemical analyses.**”* On
the other hand, during continuous charge-discharge pro-
cesses, PANI may suffer from volume expansion and degra-
dation, resulting in low stability, which can be easily overcome
by the incorporation of carbon-based materials.>**> Recent
studies have shown the production of CNTs/PANI nano-
composites via a vacuum-assisted fabrication technique,
chemical and electrochemical polymerization.>'® By combin-
ing polyaniline and carbon nanotubes, PANI incorporates into
the open structure of the latter improving the electrolyte per-
meability throughout the device leading to an improved super-
capacitor that stores charge via both EDLC and PC
mechanisms."”*?

Several methods for the processing of CNTs for SC electro-
des have been reported, e.g., the deposition of a CNT dis-
persion on a hard substrate (current collector) through dip-
coating,’® spin-coating,’” or drop-casting®® to name a few.
Flexibility can be achieved by mixing CNTs with a polymeric or
elastomeric material. Mixing processes include infiltration of
the polymer binder, mixture of nanoparticles in a polymeric
matrix, or transfer of active CNTs grown on a rigid substrate to
a flexible polymer substrate.”*® An ideal approach is the use of
a green and cheap silicone-based elastomer such as the polydi-
methylsiloxane (PDMS). PDMS is a non-toxic polymeric orga-
nosilicon compound with good thermal and chemical stability
in addition to its inherent ability to withstand high mechani-
cal deformations.>*° Moreover, the easy processing and malle-
ability allow stackings that favours the interaction between
PANI and CNT, promoting a synergistic effect that leads to
better stability.*"*?

In this paper, a single deposition step and low-cost process
is presented to produce environmentally friendly
flexible supercapacitors, in which vertically aligned carbon
nanotubes (VA-CNT) grown on Si/SiO, substrates through the
photothermal chemical vapour deposition method (PTCVD)
were transferred to a partially cured PDMS, later completing
the curing and retaining CNT alignment but with added
flexibility.®** Then, PANI is electrodeposited on the top of
EDLC elements to confer pseudocapacitive behaviour, result-
ing in electrodes of aligned carbon nanotubes-PANI/PDMS
(ACNTA-PANI/PDMS) that delivered outstanding energy storage
properties.

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

Fig. 1a and b show top- and side-view SEM images of the as-
grown VA-CNT on a Si wafer, respectively. The top-view image
corresponds to a densely packed CNT “forest”, while the side-
view image shows an average height of 17 pm for the CNTs.
The SEM image depicted in Fig. 1c was taken with an angle of
45° between the electron beam and the sample normal, allow-
ing a more accurate measure of the CNT diameter, with which
a relative frequency distribution over 300 CNTs was counted
resulting in an average diameter of 14.0 nm + 3.6 nm, as
shown in Fig. 1d.

Fig. 2 shows the SEM image of the ACNTA/PDMS flexible
material containing the CNTs transferred from the Si/SiO,
wafer to the PDMS matrix. Bearing in mind the weight of the
wafer applying a shear force during drop casting, it is expected
that the VA-CNTs will in turn convert to horizontally aligned
carbon nanotubes (HA-CNTs) as shown in the top-view SEM
image of Fig. 2a. The cross-sectional SEM image shown in
Fig. 2b displays two distinguished areas: a top region, showing
the CNTs laying down after the casting process; and the
bottom region still containing vertically aligned CNTs. The top
interfacial region corresponds to the CNTs that were in contact
with the Si/SiO, wafer and the VA-CNTs are in contact with the
PDMS. The CNTs in contact with PDMS remained aligned due
to densification caused by the PDMS that ascended into the
CNTs by capillary forces, as highlighted in the inset of Fig. 2b,
where features of the VA-CNTs can be seen embedded in the
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Fig. 1 Scanning electron microscopy (SEM) images of the as-grown
vertically aligned carbon nanotubes (VA-CNT). (a) Top-view SEM image
showing the tips of the CNT “forest”. (b) Side-view SEM image of the
VA-CNT showing a height of about to 17 um. (c) 45° tilt of one of the
SEM images used to measure the CNT diameter, whose relative fre-
quency distribution is depicted in (d). (d) From the LogNormal fitting to
the distribution, an average diameter of 14.0 nm + 3.6 nm was obtained.
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Fig. 2 (a) Top-view SEM image of the horizontally aligned carbon
nanotubes (HA-CNTs) that were bent during the wafer drop casting
process. (b) Cross-sectional SEM image of the flexible electrode
showing HA-CNTs on top of vertically aligned carbon nanotubes
(VA-CNTs) densified when in contact with the polydimethylsiloxane
(PDMS) matrix. PANI is a thin indistinguishable layer spread across the
HA-CNTs/air interface.

polymeric matrix (reference Fig. 1b). This effect should be very
pronounced, considering both the high cross-sectional contact
area and the sorptivity of CNTs.** The same densification
should occur at a lower level in the HA-CNT region after PANI
electrodeposition.

The structural evaluation of the flexible material was
carried out in two steps. Firstly, the micro-Raman laser was
focused on the PANI covered region of the sample (marked
“ACNTA PANI/PDMS” in Fig. 3b), and next it irradiated the
HA-CNTs that were underneath PANI (noted as “ACNTA/
PDMS”, black line, and shown in Fig. 3b). The HA-CNTs were
exposed after a scotch-tape exfoliation of the superficial PANI
layer, in which the latter is visible in the optical image of
Fig. 3c. This approach was chosen since the overlapping
Raman active peaks of PANI and the CNTs, alongside the low
penetration depth of the 532 nm laser into the VA-CNTSs, com-
plicate the analysis of the peak convolution and mask the
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Fig. 3 (a) Raman spectra of the flexible electrode (ACNTA-PANI/PDMS,
represented in cyan), the horizontally aligned carbon nanotubes
(HA-CNTs) underneath the PANI superficial layer (ACNTA/PDMS, black
line), and the as-grown CNTs on the Si/SiO, wafer (CNT, in grey). The
PANI and PDMS spectra were added as comparative purposes. (b) The
ACNTA-PANI/PDMS label defines the original electrode area, whilst the
“"ACNTA/PDMS" label identifies the HA-CNTs region underneath the
PANI following the scotch-tape exfoliation. (c) PANI exfoliated from the
electrode surface.

PDMS Raman active peaks from the electrode spectrum (cyan
line in Fig. 3a). In addition, the strong presence of peaks
related to the PANI and the lacking G’ band of the CNTs were a
strong indication that electrodeposited PANI remained on the
surface. The PANI Raman spectrum obtained from the
material on the scotch-tape (green line) and the PDMS from
the opposite surface (orange line) are presented in Fig. 3a as
reference. The peaks attributed to the PANI nanostructures
correspond to the out of plane ring deformation (about
410 em™), ring deformation and silicon vibrations (520 cm™),
quinonoid ring deformation (730 cm™" and 763 cm™"), benze-
noid ring deformation (805 cm™'), C-H deformation
(960 cm™"), in-plane bending of the C-H bonds in the semiqui-

This journal is © The Royal Society of Chemistry 2022
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nonoid ring (1165 cm™'), stretching of the C-N (1330 cm™,
1350 cm™*, 1375 em ', and C=N at 1475 cm '), and N-H
bending (1520 ecm™).*> Extra peaks in the PANI spectrum
(green line) are from the Scotch-tape used in the exfoliation
process. The typical peaks for cured PDMS are assigned to the
aromatic C-H stretching (3000 cm™"), CH; symmetric stretch-
ing (2890 cm™"), Si-C symmetric stretching (710 em™"), and Si-
O-Si stretching (622 cm™" and 494 cm™").*

Raman spectroscopy is a well-known technique used to
benchmark CNTs. The quality of the carbon nanotubes can be
estimated based on the ratio between the D and G peaks, in
which the D peak appears between 1330 and 1360 cm ™" and
the G peak can be found at 1580 cm ™", and hence the impor-
tance of having to exfoliate the PANI layer masking the peaks
prior to this analysis. As shown in Fig. 3a, the as-grown
VA-CNTs (grey line) presented an Ip/I; ratio of 1.0 + 0.4, while
the Ip/lg of the HA-CNTS underneath the PANI layer (black
line) was 1.5 + 0.3. A considerably higher D peak can be a con-
sequence of defects, which as measured by Raman spec-
troscopy, is any contribution coming from lattice defects (sub-
stitution, inclusion, vacancies, or impurities) or amorphous
carbon.”” Therefore, we attribute the higher Ip,/I; ratio of the
electrode to the amorphous carbon resulting from the electro-
deposition of PANI or possibly to defects introduced during
the bending of the CNTs during drop casting, such as kinks
on the nanotubes’ walls.

Contact angle measurements (refer to ESI, Fig. S1t) were
performed to complement the conclusions drawn from the
microscopy and spectroscopy studies. It is observed that the
water droplet contact angle of 128.5° for the ACNTA-PANI/PDMS
sample is higher than the value observed for ACNTA/PDMS and
pure PDMS, being 125.74° and 90.55°, respectively. The lower
contact angle measured for the pure PDMS was expected based
on the possible hydrogen bonds occurring between water mole-
cules and the oxygen atoms contained in the (-SiO(CHj;),),
monomer, and the higher value of the PDMS/CNTs is another
indication that the diffusion of the PDMS was limited to the
bottom half of the VA-CNTs (refer Fig. 1b). Following PANI elec-
trodeposition, a slight and non-significant change of about 2%
(within instrument experimental error)*® in the contact angle
occurred from 125.74° for the ACNTA/PDMS to 128.57° for
ACNTA-PANI/PDMS, which can be explained by the PANI
diffusion along the CNTs (refer Fig. 3b and c).*>*°

Electrochemical results

The electrochemical performance of the ACNTA-PANI/PDMS
electrodes was firstly investigated via cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) measurements with
potentials ranging between —0.2 and 0.8 Vjgagci- The typical
CV profiles measured in the three-electrode configuration are
shown in Fig. 4a where two pairs of redox peaks were observed
at approximately 0.32 V/—0.06 V and 0.55 V/0.4 V, attributed to
leucoemeraldine/emeraldine and emeraldine/pernigraniline
transition forms of PANI, respectively, revealing a strong
pseudocapacitive behaviour. A reduction of the redox peaks
whilst increasing the scan rate can be observed and related to

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

the high-frequency charge diffusion through the inner active
sites of the electrodes, minimising redox reactions during the
charge and discharge processes.'®>! Moreover, the oxidation
peaks shifting positively at higher scan rates are indicative of
kinetic limited systems.>® GCD curves (Fig. 4b) exhibited a tri-
angular profile with small deviations from linearity due to
pseudocapacitive behaviour of PANI, and quicker charge/dis-
charge with increasing applied current density is typical for SCs
as a result of ready-to-transfer charge carriers between the active
electrode and the electrolyte.”>** Fig. 4c and Fig. S27 further
show the values of areal and gravimetric specific capacitances
calculated from the discharge curves over current densities
varying from 1 to 3 mA cm™>. The values of gravimetric specific
capacitances were calculated based on the mass of PANI electro-
deposited on the surface of ACNTA/PDMS. The maximum
values of areal and gravimetric specific capacitances were
408 mF cm ™ and 265 F g~*, respectively, at a current density of
1 mA ecm™2. Such specific capacitance values are remarkable for
flexible/wearable supercapacitors. A comparison of the electro-
chemical performance of ACNTA-PANI/PDMS measured in a
three-electrode configuration with various similar materials
reported in previous studies are listed in Table S1.t

To further explore the electrochemical properties of the
ACNTA-PANI/PDMS electrodes as an energy storage device, a
flexible symmetric two-electrode supercapacitor was fabricated
(inset of Fig. 5d) and studied in an ionic liquid electrolyte. The
CV curves of the ACNTA/PDMS and ACNTA-PANI/PDMS struc-
ture measured at scan rates varying between 5 and 50 mV s~
in a potential range of 0-1 V are shown in Fig. S3af and
Fig. 5a, respectively. The ACNTA/PDMS device exhibited the
typical rectangular shape regardless of the scan rates as
expected from electrical double-layer capacitors. On the other
hand, CV curves containing redox peaks from the multiple
reduction and oxidation states of PANI points out the existence
of a PC behaviour.”>*® Furthermore, with the increase in the
scan rate, the oxidation peaks shifted positively (in contrast to
the anodic peaks) due to an increase in the internal resistance
of the electrodes, deviating from the ideal shape of CV
curves.>® Additionally, the GCD curves of ACNTA/PDMS and
ACNTA-PANI/PDMS at different current densities are shown in
Fig. S3bt and Fig. 5b, respectively. Both devices displayed
nearly symmetric triangular profiles, revealing high reversibil-
ity during charge/discharge processes. ACNTA/PANI presented
an ideal linear profile of charge/discharge, evidencing the
EDLC behaviour of the CNTs, while the ACNTA-PANI/PDMS
sample showed a slight deviation in the triangular shape that
confirms the presence of the already pointed-out pseudo-
capacitive ~ behaviour = combined with the EDLC
mechanism.>'®* Furthermore, Fig. 5c compares the CV
curves of ACNTA/PDMS and ACNTA-PANI/PDMS devices at a
scan rate of 5 mV s~'. The CV area of ACNTA-PANI/PDMS is
remarkably higher than that of ACNTA/PDMS and demon-
strates a significant improvement in energy storage properties
after PANI electropolymerization on the surface of ACNTAs.
This is further confirmed, as shown in Fig. 5d comparing the
GCD curves of both samples at a current density of 0.5 mA

Nanoscale, 2022, 14, 2266-2276 | 2269
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Fig. 4 Electrochemical performance of ACNTA-PANI/PDMS measured in a three-electrode configuration. (a) CV curves of the electrodes at
different scan rates from 2 to 30 mV s™. The inset shows the CV curve at a scan rate of 2 mV s, (b) GCD curves at different current densities
varying from 1 to 3 mA cm™2. (c) Areal specific capacitance calculated from GCD curves.

em™?, showing the larger charge/discharge time of
ACNTA-PANI/PDMS at the same current density caused by
higher specific capacitances obtained when PANI is present.
This suggests that the presence of PANI directly electrodepos-
ited on the surface of the aligned CNTs produces a composite
that enhances the interfacial charge transfer through the elec-
trodes and, therefore, improves the overall electrochemical
performance.’™” The areal specific capacitances were calcu-
lated from the GDC measurements and plotted in Fig. 5e.
ACNTA-PANI/PDMS delivered a maximum value of 40.6 mF
em™? at 0.2 mA cm™>, about 24 times higher than ACNTA/
PDMS at the same current density. Once again we highligth
the charge accumulation increase at the electrode/electrolyte
interface due to PANI redox reactions and the synergetic effect
between PANI and ACNTAs as numerous conductive pathways
that allow fast ion diffusion through the electrodes.>*>>>®

2270 | Nanoscale, 2022, 14, 2266-2276

EIS measurements were further performed and Fig. 6a
shows the Nyquist plot of ACNTA/PDMS and ACNTA-PANI/
PDMS devices. The experimental data were adjusted to the
equivalent circuit exhibited in the inset of Fig. 6a. The R
denote the internal resistance of the electrodes, while the C1/
R1 elements connected in parallel represents the electro-
chemical reaction impedance. The W denotes the Warburg
impedance resulting from the frequency dependence of ionic
diffusion through the electrode/electrolyte interface and C2
corresponds to the intercalation capacitance, which can be
associated with the pseudocapacitance of the devices.>*** The
parameters obtained from the equivalent electric circuit are
described in detail in Table S2.1 The real axis intercept values
at high frequencies denote the internal resistance of the elec-
trodes and the contact resistance between the electrodes and
electrolyte (Rg).>>°® The R, values were 214.8 and 153.3 ohm

This journal is © The Royal Society of Chemistry 2022
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cm™ for the ACNTA/PDMS and ACNTA-PANI/PDMS device,
respectively, suggesting that PANI provided a good electrical
network within the ACNTAs, which facilitated charge transfer
through the electrodes, and consequently modified the R
value. The C1 values were approximately the same for the two

This journal is © The Royal Society of Chemistry 2022

electrodes, 8.35 mF cm ™2 for ACNTA-PANI/PDMS and 7.00 mF
em~? for ACNTA/PDMS, indicating similar contribution of the
double-layer capacitance for both samples. Furthermore, the
ACNTA-PANI/PDMS electrode displayed a R1 value approxi-
mately 3 times smaller than ACNTA/PDMS (72.5 ohm cm™>
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and 209.7 ohm ¢cm™?, respectively), indicating a lower charge
transfer resistance for the device containing PANI. Finally, the
C2 values represents the contribution of the pseudocapaci-
tance mechanism for each sample, reaching 1.04 mF cm™? for
ACNTA/PDMS and 20.23 mF cm™> for ACNTA-PANI/PDMS,
which is in good agreement with the previous results.

Long-term cycling stability (i.e., capacitance retention) was
evaluated after 5000 charge/discharge cycles of the
ACNTA-PANI/PDMS device, as shown in Fig. 6b. The capaci-
tance gradually increased during the first 250 cycles,
suggesting an improvement of surface wettability and acti-
vation process of the electrodes.’™®" After 5000 cycles, the
capacitance retention was partially stabilized at 76.1%.

The working voltage of supercapacitors is an important
parameter that controls their electrochemical properties and is
directly related to the amount of energy that the device is
capable of storing. Aiming to improve the energy density
stored in our ACNTA-PANI/PDMS device, CV and GCD
measurements were performed at a working potential of 2 V
and different scan rates varying between 5 and 50 mV s™', as
shown in the CV curves of Fig. 7a. The CV curves display
characteristic prominent redox peaks during positive and
negative sweeps, corroborating the existence of deeper reac-

-1
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tions at wider potentials, which is a commonly reported
behaviour.®>%® Thus, a slight deviation in the CV shape is
expected as the scan rate increases due to the increase in the
current density. Accordingly, Fig. 7b displays the GCD profiles
of the ACNTA-PANI/PDMS device at a working voltage of 2 V
tested at different current densities. As observed in the CV
measurements, the GCD results reveal the presence of a stron-
ger PC behaviour of PANI appearing for wider potentials as evi-
denced by the distortions in the charge/discharge profiles.>”?
A small voltage drop (IR drop) in the beginning of the dis-
charge curves was noticed in all curves and attributted to the
internal resistance of the electrodes. Moreover, the discharge
curves exhibited two well pronounced stages with a fast linear
discharge followed by a much longer discharge time as a
characteristic of a PC mechanism.>

A Ragone plot containing the values of areal energy and
power densities calculated from GCD measurements is plotted
in Fig. 7c. Since the values of energy and power densities are
proportional to the square of the voltage (see eqn (5) and (6)
available in the ESIf), one should expect an increase in the
quantity of energy stored with a broader voltage range. When
measured at a potential range beetween 0 and 2 V, the
ACNTA-PANI/PDMS device delivered a maximum specific
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flexible supercapacitors described in the literature.>9-7>
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energy density of 20 pW h cm™ at a power density of 100 pW
em™? but maintained an energy density of 6.7 yW h cm™>
when the power density increased to 856 uW cm ™2, revealing
an excellent performance, as confirmed by the comparison
with other flexible SCs (Fig. 7c). Thus, the gravimetric energy
and power densities calculated based on the PANI mass are
shown in the Ragone plot displayed in Fig. S4.7 A high energy
density of 25.5 W h kg™' was obtained at a power density of
126.6 W kg~', maintaining 8.3 W h kg™' when the power
density increased to 1071 W kg ™. All these results suggest that
the high number of active sites derived from the multiple oxi-
dation states of PANI improved the amount of charges accu-
mulated in the electrodes.'®1>464

The flexibility of the ACNTA-PANI/PDMS device was further
investigated by comparing the electrochemical performance
under different bending angles. Fig. 8a displays the CV curves at
a scan rate of 25 mV s~' under bending angles of 0°, 60°, 90°
and 120°. The CV curves presented nearly similar profiles even
when the bending angle increased up to 120°, revealing that the
device preserves great capacitive behaviour when deformed. The
normalized specific capacitances were calculated according to
the CV curves as the bending angles increased from 0° to 120°,
and the results are shown in Fig. 8b. A decrease in the values of
capacitance with further increase in the bending angle was
observed, but a retention of 80.4% when bent to 120° confirms
the viability of using ACNTA/PDMS as a platform for stretchable
energy storage devices.

Conclusions

This work described the fabrication of a high-performance
flexible supercapacitor based on polyaniline-coated ACNTA/
PDMS. Aligned CNTs were transferred from a Si wafer to a
PDMS substrate, providing a densely compacted CNT “forest”

This journal is © The Royal Society of Chemistry 2022

and granting thermal and chemical stability in addition to
great flexibility. PANI was directly electropolymerized on the
surface of the aligned CNTs, which resulted in a structure with
remarkable electrochemical properties. The abundant active
sites and multiple oxidation states of PANI promoted a signifi-
cant enhancement in the energy storage properties of the
ACNTA-PANI/PDMS electrodes, which delivered a maximum
areal specific capacitance of 408 mF cm™> at 1 mA cm™>
Moreover, the symmetric two-electrode flexible device dis-
played a high energy density of 20 pW h em™ (25.5 W h kg ™)
at a power density of 100 pW kg™' (126.6 W kg™"), which is
among the best reported for flexible devices. Thus, the device
can maintain 80.4% of its electrochemical properties when
bent at 120°. Considering the significant findings of this
study, the ACNTA-PANI/PDMS electrodes are a promising can-
didate for future flexible electronics, presenting outstanding
achievements combined with facile and low-cost fabrication
with few processing steps. A truly flexible technology which
will bridge the requirements of energy and power for future
IoT devices is demonstrated in this paper.

Experimental
Growth of vertically aligned carbon nanotubes

Carbon nanotubes (CNTs) were deposited via the photother-
mal chemical vapour deposition method (PTCVD), as
described elsewhere.”*®®® In brief, the PTCVD system is a
complementary metal-oxide-semiconductor (CMOS) compati-
ble, low-temperature CNT growth method which employs an
optical heat source to efficiently couple the high optical energy
and focus it at the catalyst front only whilst the substrate is
being water cooled continuously. This allows achieving up to
300 °C temperature gradients between the catalyst front and
the substrate. CNT deposition was performed on a full 4-inch
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silicon (Si) wafer with 300 nm native oxide (SiO,). A 3 nm
iron (Fe®) catalyst layer was sputtered on top of a 10 nm
aluminum (A1°) co-catalyst interlayer to prevent the catalyst
from coalescence and increase the CNT density. The PTCVD
system was operated at around 400-420 °C substrate tempera-
ture, measured using a bulk pyrometer.®” The Fe® catalyst was
activated for 5 min under 100 sccm H,, immediately followed
by 5 min growth under 100 sccm H, and 25 scem (acetylene)
C,H, at 5 torr chamber pressure. After 5 min, C,H, supply
was cut-off, hydrogen (H,) was allowed to flowing into the
chamber with the optical light on for an extra minute to
avoid amorphous carbon built-up on the tip of the CNTs.
The chamber was cooled down to room temperature and
purged twice with nitrogen (N,) before the substrates were
removed.

Preparation of ACNTA-PANI/PDMS

A schematic illustration of the processes employed during elec-
trode fabrication is shown in Fig. S5.1 A solution was prepared
by mixing the polydimethylsiloxane (PDMS) base and its
curing agent (Dow Chemical Company) with a mass ratio of
10:1, and degassed under 10~> mbar for 30 min to prevent
bubble formation. After holding the PDMS at 70 °C for 3 h, the
vertically aligned carbon nanotubes (VA-CNT) previously grown
on the Si wafer was dropcast facing the partially cured PDMS.
At the end of the curing process, the Si wafer was pulled,
leaving behind the aligned CNTs (ACNTA) which were then
attached to the PDMS, since the adhesion of ACNTA/PDMS is
stronger than that of the VA-CNTs/Si wafer. Finally, ACNTA/
PDMS was coated with a layer of polyaniline via electropoly-
merization. PANI was electropolymerized on the surface of
ACNTA/PDMS through cyclic voltammetry (CV) in a three-elec-
trode configuration, using ACNTA/PDMS as the working elec-
trode, platinum as the counter electrode and Ag/AgCl (satu-
rated with KCl) as the reference electrode. The electrode array
was submerged in a solution containing 0.5 mol L™" aniline
(DinAmica Quimica Contemporanea) and 0.5 mol L™" H,S0,
(Exodo Cientifica). The electropolymerization was initiated
with one cycle in the potential range between 0 and 1.4
Vagagal, followed by 10 cycles in the potential range between 0
and 0.8 Vag/agcr, at a scan rate of 5 mV s~'. Finally, the fabri-
cated ACNTA-PANI/PDMS electrodes were rinsed with distilled
water and left to dry for 12 h.

Characterisation

The morphology of the as-grown VA-CNTs, as well as the
ACNTA-PANI/PDMS flexible electrodes was analysed using a
scanning electron microscope (SEM), Tescan MIRA II. The
VA-CNTs on the silicon/silicon dioxide (Si/SiO,) wafer were
inspected using a 0.20 nA electron beam operated at 30 keV,
ensuring a spot size lower than 3.8 nm. The diameter of the
CNTs were measured using the Image] software and its
average diameter was obtained after a LogNormal fit to the
relative frequency distribution. In order to verify the alignment
of the aCNTs following the casting of the Si wafer on the
mildly cured PDMS, the sample was cut with a N°11 scalpel
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blade and mounted on a 45° tilted stub. The stage tilt (up to
35°) allowed us to verify its cross-section region and also to
obtain top-view SEM images, both using a 0.20 nA electron
beam accelerated at 5 keV which results in a spot size of about
8 nm. The lower energy and the in-beam secondary electron
detector allowed the prevention of charging in the PDMS and
to obtain more details of the material surface, respectively.
Structural characterisation was carried out using micro-
Raman spectroscopy, with a laser excitation of 532 nm. The
50% objective lens and the filter resulted in a spot size of 5 pm
and a power below 10 mW pm™>. The ratio between the D and
G peaks intensity (Ip and Ig, respectively) benchmarked the
quality of the VA-CNTs before and after being converted into a
capacitor electrode, and the uncertainty related to the analysis

was calculated based on Ip /Ig x \/1/Ip + 1/15.%®

The D and G peak intensities were obtained via Lorentzian
curve fittings. PDMS and polyaniline (PANI) were also charac-
terised. The wettability of the materials was checked by contact
angle measurements carried out under ambient conditions
using an optical tensiometer, Theta Lite TL100, where a drop
of distilled water (8 uL) was dropped onto the material surface
whilst recording with a digital camera. The images were ana-
lysed using Oneattension software.

Electrochemical measurements

To evaluate the electrochemical performance of the electrodes,
firstly tests in three-electrode configuration were performed in
H,SO, 1 mol L™* electrolyte, with ACNTA-PANI/PDMS as the
working electrode, and Pt mesh and Ag/AgCl (KCl 3 mol L")
as the counter and reference electrodes, respectively. CV and
GCD measurements were conducted in the potential range
between —0.2 and 0.8 Vagagci at various scan rates and at
different current densities, respectively. To further examine the
ACNTA-PANI/PDMS material, a flexible two-electrode super-
capacitor was fabricated and tested in an ionic liquid electro-
lyte  (1-butyl 3-methyl imidazolium tetrafluoroborate
[BMIM][BF,]). The device was assembled by sandwiching two
ACNTA-PANI/PDMS electrodes, using quantitative filter paper
(JP40, average porosity of 25 pm) as a separator. An illustration
of the supercapacitor assembly is shown in Fig. S6.f CV and
GCD tests were performed in a working potential range
between 0 and 1 V. Electrochemical impedance spectroscopy
(EIS) was performed from 0.1 to 100 000 Hz, with an amplitude
of 0.005 V referred to the open circuit potential. Long-term
cycling stability was assessed according to GCD in a potential
range between 0 and 1 V for 5000 cycles. Tests were also per-
formed in a wider voltage range (0-2 V) to improve the energy
density stored. Furthermore, CV tests varying the bending
angle (0° to 120°) were also performed, as shown in Fig. S7.}
The electrochemical tests were performed in a programmable
sourcemeter (Keithley - 2651A), a potentiostat (Metrohm
Autolab, PGSTAT302 N) and another potentiostat (IVIUM -
Compactstat). For further information on how areal and gravi-
metric specific capacitances, energy, and power densities were
calculated, refer to the supplementary material.
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