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Robust, flexible, freestanding and high surface
area activated carbon and multi-walled carbon
nanotubes composite material with outstanding
electrode properties for aqueous-based
supercapacitorsy

Bruno Freitas, (2@ Willian G. Nunes, (2@ Davi Marcelo Soares, (2@
Fernando C. Rufino, {22 Cassio Murilo Moreira,® Leonardo Morais Da Silva*® and
Hudson Zanin () *@

We report on multi-walled carbon nanotubes (MWCNTs) and an activated carbon (AC) composite
material as an electrode for electrical double-layer capacitors (EDLCs). Material flexibility, robustness,
and electrical conductivity are features that come from the MWCNTSs, while a high specific surface area
is an AC's intrinsic property. We prepared different MWCNT : AC ratios in solutions, which were filtered
to form a buckypaper. We investigated the specific capacitance, equivalent series resistance, working
voltage window (WVW), and the specific energy and power. The best electrochemical findings were
obtained for the MWCNT:AC ratio of 1:3 with a specific capacitance reaching the theoretical limit.
A high working voltage window of 1.4 V was verified in aqueous solution. Simultaneously, the symmetric
cells were able to cycle for more than one million cycles in fast charge—discharge galvanostatic tests
with 93% capacitance retention. Finally, the main criticism regarding the self-supported electrode
materials is the difficulty of welding. In this sense, we presented a particular welding process as proof of
concept for electrode scalability. Overall, this novel electrode material exhibits a set of exciting

rsc.li/materials-advances

1. Introduction

The low molecular mass of the active electrode component,
feasible cost, chemical stability, and high capability to store
charge for thousands of cycles are aspects of interest for
materials that are used in energy storage devices called electro-
chemical capacitors or supercapacitors. Thus, fulfilling these
requirements, some carbon allotrope materials have gained
attention due to their high specific surface area, which has
implications in the specific capacitance, energy, and power
characteristics. Electrical double-layer capacitors (EDLCs)
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properties, which we now tested in EDLCs.

based on the physical charge separation process are intrinsically
different from the pseudocapacitors (PCs), where intercalation
and/or surface faradaic reactions significantly contribute to the
overall charge-storage mechanism. In the former case, arising
from the formation of an electrical double-layer (EDL) at the
electrode/electrolyte interface, the charge storage process on
carbon materials occurs through ionic adsorption (e.g., the
generation of a surface ionic excess) at the walls of the accessible
pores as a function of the applied electric potential or voltage.”
Because the energy is practically stored due to the electrostatic
phenomenon involving finite-sized ionic species and electrons at
both sides of the interface, EDLC devices do not present an
expansion in the crystalline materials or pronounced redox
reactions during the charge-discharge processes. Only minor
contributions from the solid-state faradaic reactions occur in
EDLCs due to the almost reversible redox activity involving the
oxygenated surface groups. As a result, EDLCs are highly stable,
thus allowing them to perform up to a million cycles during its
service life.

According to the theoretical capacitance equation presented
by Helmholtz et al.,* the higher the surface area, the higher the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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capacitance. However, experimental results have shown that
although the surface area is relevant, the predicted linear
relationship does not always apply.’ This is, in part, because
the finite-sized solvated ionic species from the electrolyte may
not access some porous regions of the electrode material that
contain narrow micropores (0.2-2 nm). An exception is some
carbide-derived carbons (CDCs), where a deep insertion of the
bare ionic species into the micropores can be verified.®

Deemed to be the best commercial material for EDLCs due
to its cost-effective characteristics, activated carbons (ACs) are
3D porous materials with sp> hybridization, and are commonly
synthesized from physical and chemical activation processes
from different organic precursors.”® ACs can have a very high
surface area (e.g., ~1000-3000 m> g '), and they exhibit
low-moderate electronic conductivity. In this sense, at least in
principle, combining AC structures with metallic conductive
additives, such as black carbon (BC) or multi-walled carbon
nanotubes (MWCNTS), is an excellent strategy to overcome
some drawbacks exhibited by ACs. As a result, the charge-
storage process can be accomplished without significant ohmic
losses during the electron flow across the hierarchically
interconnected pore walls, improving the overall EDLC
characteristics. The traditional recipe found in the literature
typically involves a mix of AC (80%) with additives (10%) and a
binder (10% of PVDF or PTFE). This mixture forms a slurry that
can be conveniently deposited onto a thin foil aluminum
current-collector, mainly when organic electrolytes are used.
Although necessary, the binder species result in very poorly
conducting media, thus significantly contributing to the
equivalent series resistance (ESR). Moreover, binder substances
adequate for EDLCs are costly and may require the use of
unfriendly solvents (e.g., N-methyl-2-pyrrolidone (NMP)) which
have carcinogenic properties.’

As another relevant parameter of supercapacitors (SCs),
electrolytes play an essential role in the overall electrochemical
performance of these devices. Therefore, companies are intensely
interested in increasing the working voltage window (WVW) of
different electrolyte solutions that are less harmful and not
flammable to boost the specific energy density, ie., E = 0.5CV?,
where C is the specific capacitance, and V is the WVW.
Electrolytes also influence the ESR, operating temperature,
distributed capacitance, self-discharge, toxicity, and fabrication
costs. "'

Table 1 gathers some properties of carbon-based electrodes
using different electrolytes. For instance, Li et al.'* developed a
freestanding composite material made of carbonized cellulose
and AC using an ionic liquid (IL) as the electrolyte. This
material housed in a two-electrode system yielded a WVW of
3V and a specific capacitance of 85 F g~ (0.1 A g~ ' and BMPY/
TFSI). In principle, ILs are considered promising candidates
for conventional organic electrolytes since they exhibit high
thermal stability and good ionic conductivity. Besides, their
solvent-free characteristics permit them to obtain very high
WVWs (e.g., 3.5-4.0 V). However, a significant drawback involving
ILs is their high cost compared with the organic electrolytes used
in practical devices."*'*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Organic electrolytes may also present a WVW in the range of
2.5-2.8 V, resulting in high specific energies.'® As a consequence,
they have been traditionally used in several commercial devices.
Gogotsi et al.'® reported MWCNTSs (200 m® g%, 15 mg cm ™2, and
1.5 M TEABF,) with a low specific capacitance of 18 F g ' and a
WVW of 2.3 V. These authors claimed that the low capacitance is
mainly due to the low specific surface area. In the study
conducted by Jung et al,"® using CNTs and reduced graphene
oxide (rGO) as a freestanding composite film and 1.0 M TEABF, +
PC, the authors reported a moderate capacitance value of
110 F ¢~ ' at 0.5 A g~ . These authors emphasized the high-
surface-area of graphene of 2630 m> g~', which, in principle,
might result in a theoretical capacitance of ca. 550 F g .

Therefore, the practical electrochemical response of nano-
structured carbon materials is still far from the expected theoretical
values.>***® In this sense, graphene still poses several practical
difficulties related to scalability, cost-effectiveness, the synthesis
process, and the re-stacking process caused by n-n interactions, etc.
These drawbacks severely restrict the practical use of some
nanostructured electrode materials.*’ ™

For example, using a conventional carbon material, Francke
et al.*® reported a detailed study using commercial AC from
Kuraray Chemicals Co. (Japan) with a specific surface area of
1600 m* g *. Using 1,1,1,3,3,3-hexafluoroisopropan-2-ol (HFIP)
as the electrolyte, whose conductivity is higher than the propylene
carbonate (PC) + 1 M TEABF, mixture, these authors found a
specific capacitance for the individual electrodes of 110 F g~ .

To summarize, besides presenting a wider WVW, the use of
organic electrolytes is favored due to the practical absence of
corrosion processes involving the aluminum current collector
materials. Nonetheless, issues related to high cost, toxicity,
flammability, volatility, and safety concerns remain. Moreover,
a complex purification process is necessary for removing
impurities, such as water, which, besides safety concerns,
may lead to fast electrolyte degradation and accelerated self-
discharge processes.'”**** For these reasons, since 1997, the
study of aqueous-based electrolytes has become very exciting to
obtain friendlier conditions for the use and fabrication of SCs.

A significant issue regarding aqueous electrolytes is the low
WVW of ca. 1.0 V. Due to thermodynamic and kinetic factors,
the water-splitting reaction commonly occurs at low cell voltages.
Therefore, the great challenge involving these electrolytes is to
increase the WVW to improve the overall device performance
characteristics. Different aspects regarding water-based electro-
lytes have been discussed by Beguin et al.,*® who showed that for
neutral solutions (e.g., Li;SO; and Na,SO,), the WVW is
higher compared with H,SO, and KOH solutions. However,
H,SO, solutions are widely used in the literature reports.*?
Zhong et al.'® reported that H,SO, solutions are exciting due
to their higher ionic conductivity, leading to low ESR values. For
instance, Deng et al.>* developed a CNT/holey graphene binder-
free electrode (1.0 mg), which in 0.5 M H,SO, presented a
specific capacitance for the individual electrodes of 268 F g~ *
at 0.25 A g~ '. Kaempgen et al.>® developed a single-walled CNT
printed thin-film supercapacitor and presented a comparative
study involving several electrolyte species. Using a 1.0 M H,SO,
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Table 1 Carbon-based freestanding electrodes and their electrochemical characteristics
C;(Fg™), C, Electrode

Electrolyte (mFem?), C, Mass loading thickness Voltage Test
Electrode material SSA(m>g™") (mol 1Y) (Fem™?) (g em™?) (um) window (V) conditions Ref.
Graphene-CNT composite — 1 M TEABF,/PC 110 (g), 78 (g) — — 3 0.5Ag ',5A¢g 115
Kuraray AC 1600 1M TEABF,/ 110 (g) — 200 — 1mvVsT(3el) 16

HFIP
Graphene/MnO,/graphene Na,S0, (1) 31 (g) 2 500 mA g (2el) 17
MWCNT 200 TEABF, (1.5) 18 (g) 15000 — 2.3 5 mA cm 2 (2el) 18
SWCNT/PANI H,S0, (1) 55 (g) — 0.120 0.8 2.6Ag" 19
PANI@CNT H,SO,/PVA gel  346.6 (g) — — 0.8 10 mv s 20
Graphene/CNT — H,S0, (1) 120 (g) — — 0.6 Ccv 21
CNT, activated CNT, NMCNT 218, 778, 200 H,S0, (1) 48.4,151.7, — — 1 5mV st 22

190.8

SWCNT — H,S0, (1), PVA/ 120 (g), 110 — 20-40 1 1 mA mg* 23

H;PO, (®)
rGO-CNT 240 KOH (6) 250 (v) 13000 — 1.2 1Ag? 24
AC/CNT/rGO 913.4 LiClO, (1) 101 (g) 0.453 — 3 02Ag? 25
Bacterial cellulose-rGO/CNF 137 KOH (6) 216 (g) Mass - 0.95 mg 1200 1 1Ag! 26
Submicron CFs 1005 Na,S0, (1) 47 (g) — — 1.3 1Ag" 27
Submicron activated CFs — KOH (6) 344 (g) 1800 1 10 mvs " 28
Carbon monolith 770 EMITFSI 75 (g) — — 2.5 10 mv s’ 29
Lithographically AC 1636 H,S0, (1) 325 — ~1.5 0.6 454" 30
AC/graphene 2070 H,S0, (1) 186 (g) — — 1.1 0.5Ag " (3el) 31
AC 1137 LiOH (1) 204 (g) — 600 0.8 1Ag " 32
CNT/holey graphene — H,S0, (0.5) 268 (g) 1000 — 0.7 025A¢g ' (3el) 33
AC 2562 Na,SO0, (1) 294.3 (g) 20000 — 1.79 0.5Ag ' (2e]) 34
CNT fiber — H,SO,~PVA 4.28 (a) — — 0.8 50 mV st 35
Self-stacked solvated graphene film — H,S0, (1) 215 (g) 45 — 1 0.1Ag " (2el) 36
Flower-like hierarchical porous 761.5 Na,S0, (1) 35.6 (v) — — 1.8 — 37
carbon
Laser-scribed graphene 1520 NEt,-BF, in ACN 265 (g), 4.82 — <100 3 — 38

) (@)

EMIMBF, 276 (g), 5.02 4

(2)

solution, these authors reported a high capacitance of 120 F g~ *
at 1.0 A g ". This value corresponded to an areal capacitance of
0.25 F cm 2. In the case of alkaline solutions, Chang et al.,”®
using a biomass-derived carbon composite containing rGO
(137 m* g~* and 0.95 mg), reported a specific capacitance for
the individual electrodes of 216 F g ' at 0.1 A g~ ' (6.0 M KOH).

It is crucial to emphasize that the electrode active mass
strongly influences the capacitance values.”” The former should
be higher than 10 mg with a lower capacitance limit of 0.25 F.
Likewise, as Gogotski and Simon*® stated, commercial electrodes
traditionally possess a thickness of 100-200 pm, corresponding to
a mass loading of ~10 mg em ™. It is important to note that the
possibility to extrapolate the electrode performance considering a
low thickness of ~1 pm for practical applications is meaningless.
In this sense, Peng et al.”*® presented a carbon-based material
derived from the biomass-derived carbon obtained from tea leaves.
For a high specific surface area of 2841 m® g~ ' and an electrode
mass of 8 mg, these authors found a high value of 330 F g~ in
2.0 M KOH for the individual electrode capacitance. However, it is
worth mentioning that real symmetric devices commonly exhibit
1/4 of the specific capacitance verified for individual electrodes
measured in three-electrode cells.

From the above considerations, we report in this work
binder-free and self-supported MWCNT:AC buckypaper
electrodes in an aqueous electrolyte where no metallic current
collector was used to avoid corrosion issues. In this sense, we
also presented an innovative, robust welding technology
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capable of delivering secure and facile fastening of metallic
connectors to the freestanding electrode whilst guaranteeing
high electronic contact. The buckypaper was synthesized using
several MWCNT : AC ratios aiming to provide the best electrode
mass-loading conditions that resemble commercial devices.
Since the porous buckypaper material has several voids
between the carbon particles, we applied a hot-pressing
treatment to improve the composite’s overall conductivity. A
rigorous experimental procedure was reported to correctly identify
the capacitive voltage range in the absence of water-splitting.

2. Experimental section

2.1. Materials and chemicals

Model Ctube-120 MWCNTs (95% purity, diameter 10-40 nm,
and length 1-40 pm) were purchased from CNT Co. Ltd (Korea)
while model YP-50F AC (1692 m* g ' and 0.3 g mL ') was
purchased from Kuraray Co. Ltd (Japan). The other “purum”
p.a. chemicals were provided by Synth® (Brazil) and used
without further purifications.

2.2. Preparation of the MWCNT : AC buckypaper electrodes

Buckypaper electrodes were synthesized using the MWCNT : AC
mass ratios of 1: 0, 1:1, 1:2, and 1: 3, henceforth referred to as
bi.0, b1.1, b1.2, and by . 3, respectively. Mass values are specified
in Table 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Buckypaper masses for the different electrode samples

MWCNT
Sample MWCNT:AC ratio (wt%) AC (Wt%) Electrode mass (mg)
bi.o  1:0 100.0 0.0 33.3
by 1:1 50.0 50.0 29.1
by., 1:2 33.3 66.7 27.5
b;.s  1:3 25.0  75.0 29.3

The materials were dispersed in deionized water for each
sample using a 0.5 wt% sodium dodecyl sulfate (SDS) solution.
The SDS was added to increase the interaction of the MWCNTs
with water. MWCNTs are hydrophobic, making buckypaper
with them difficult and inefficient in the production in aqueous
media (water is the cheapest, low toxic and easy-to-handle
solvent). We added SDS, because it has polar and nonpolar
parts, which means that the hydrophilic and hydrophobic parts
in its molecule bind to water and MWCNT to make them join
together. Afterward, the suspension was sonicated using an
ultrasound tip probe from Ultronique®™ (80 W and 30 min) to
obtain a homogenous dispersion of carbon. Each dispersion
was then filtered under a vacuum using a 0.22 pm PTFE porous
membrane (Millipore®) over ~2 h. The residue of SDS was
removed after a copious washing process using deionized
water. The carbon-based layers that were formed after filtration
were peeled off from the PTFE membrane. After the preparation
of buckypaper, it was washed carefully many times and dried at
room temperature overnight. A hot-pressing method was
applied to improve the physical/electrical contact between the
carbon material particles. This treatment was accomplished at
100 °C and 10 rpm using a hot-rolling press (TOB-DR-H150).
For each sample, the procedure was repeated twice. Lastly,
electrodes with an appropriate diameter to fit the model
CR2032 coin cell were punched out of the buckypaper for the
cell assembly process.’*>"

2.3. Materials characterization

Surface morphologies were examined by scanning electron
microscopy (SEM) using model S-3400N equipment from
Hitachi. Structural micrographs were performed using a JEOL
JEM 2100 LaBg instrument. X-ray diffraction was performed
using a Philips Analytical X-Ray diffractometer with Cu-Ka
radiation (X = 1.5418 A) in a Bragg-Brentano /0 configuration
(Goniometer PW3050/10) for investigation of the crystalline
nature of the nanoparticles. The diffraction patterns were
collected with steps of 0.01° and an accumulation time of
0.6 s per step within the range of 10°-60° (26). Raman spectra
were obtained using a Renishaw inVia spectrometer with a 633 nm
excitation wavelength (50% laser intensity, 10 accumulations, and
a 5x objective lens). Notably, the authors compared the first and
last intensity ratios (Ip/Ig) of the Raman bands to ensure that the
incoming laser radiation did not damage the samples. BET
and BJH analyses comprising the specific surface area and
pore size distribution, respectively, of the carbon materials were
accomplished via the physical adsorption technique using N, at
77 K with a model ASAP 2010 equipment from Micromeritics®.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Firstly, the samples were preconditioned in a dry oven at 70 °C
utilizing a vacuum for 12 h. Afterward, the samples were heated to
120 °C for 6 h until the desired isobaric condition (P = 2 um Hg)
was reached.

2.4. Electrochemical characterization using a symmetric coin
cell

For the electrochemical tests, the buckypaper electrodes and
the porous separator (cellulosic membrane) housed in the
symmetric CR2032 coin cell were soaked with 60 pL of a
1.0 M Li,SO, solution (aqueous electrolyte).

An experimental approach to correctly identify the capacitive
voltage window in the SCs: A significant issue regarding SCs is
concerned with the apparent (incorrect) evaluation of the
capacitive voltage window due to the contribution to the overall
current of a small faradaic current due to solvent decomposition
(e.g., water-splitting). The situation is more dramatic for
techniques involving the rapid application of the voltage or
current increments, as in the CV and GCD techniques.
Therefore, these techniques must be carefully applied to identify
the capacitive voltage interval correctly. In this sense, the
capacitive voltage window was determined in the present work
by combining CV and single-step chronoamperometry (SSC)
experiments. Firstly, cyclic voltammograms were recorded at a
low scan rate of 5 mV s~ since this condition allows identifying
the presence of an irreversible faradaic process close to the vertex
voltages. The cell voltage was progressively increased from the
OCP in steps of 0.1 V until a voltammetric ‘current tail’ was
detected. Afterward, an SSC experiment was carried out for that
voltage to verify whether or not the transient current becomes
negligible after a brief interval of ca. 150 s. If an almost
stationary (faradaic) current is confirmed, the voltage window
is reduced in small voltage steps until a negligible background
current is obtained. In addition, the impedance spectra were
recorded at different d.c. voltages and were used to discriminate
the correct capacitive voltage window in the absence of water-
splitting, ie., the almost-vertical straight line verified in the
complex-plane plot at low frequencies for pure capacitive
behavior becomes a poorly developed semicircle in the presence
of water electrolysis due to the charge-transfer resistance occurring
in parallel to the electrical double-layer capacitance.

Cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), single-step chronoamperometry (SSC), and electrochemical
impedance spectroscopy (EIS) experiments were accomplished
using a model BCS-810 cycler instrument from Bio-logic
Science Instruments®. For the different fixed (d.c.) voltages,
the EIS findings were registered for the frequency range of
10 kHz to 10 mHz by applying a small sinusoidal signal of 10 mV
(peak-to-peak) to ensure linearity on the impedance response.

After the correct determination of the WVW as mentioned
above, CV and GCD experiments were performed at more
realistic dynamic conditions of 100 mV s~ ' and 1.0 A g,
respectively, to evaluate the carbon-based symmetric coin cell’s
overall performance. Cyclability tests were performed in the
best samples for 1 million cycles at 2 A g~ .

Mater. Adv,, 2021, 2, 4264-4276 | 4267
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3. Results and discussion

3.1. Materials characterization

Fig. 1 shows the SEM micrographs of the buckypaper samples.
According to Fig. 1(a), one can see the alteration of the
material’s morphology upon increasing the AC mass ratio. As
a template, Fig. 1(a-d) depicts the buckypaper synthesized
using only MWCNT (by o). The illustrated morphology of the
b, .o sample conveys the advantage of the MWCNTSs entangled a
spaghetti-like distribution, which provides a freestanding,
mechanically robust, and flexible carbon sheet. MWCNTSs
presented diameters ranging from 20 to 40 nm and an average
length of 40 pm in the SEM micrographs (Fig. 1(d)).
Analogously, by increasing the AC mass ratio, a morphology
with more flakes is evident, as shown in Fig. 1(e-p). It is worth
noting that the sample with the highest AC mass ratio (b .3)
corresponds to the freestanding material that still has remarkable
mechanical properties. According to Fig. 1(m-p), in the case of the

View Article Online
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b, .3 sample, one can observe that AC is homogeneously dispersed
throughout the sample. In contrast, the MWCNT is in contact
with the AC flakes, thus creating a highly conducting network. As
a result, this material sample is expected to provide good electron
transport during the rapid charge-discharge processes (please see
further discussion).

Fig. 2(a and b) shows structural micrographs of the MWCNT
and AC samples, respectively. TEM confirms that MWCNTs
have diameters ranging from 20 to 30 nm with turbostratic
structure and negligible internal pores i.e., close caps (Please
see detail in hand left size of tube Fig. 2(a) or Fig. 2(h) in ref. 50
for instance). At the same time, according to the different
contrasts in the images, the AC sample showed a not well
crystalline material with macro- (>50 nm), meso- (2-50 nm),
and micro-pores (<2 nm) indicated with green, yellow and blue
colors respectively.

Raman spectroscopy was used to investigate the chemical
and structural properties of the carbon-based samples.

Fig. 1 SEM micrographs of the different buckypaper samples: (a—d) by.q, (e—h) by.4, (i-1) by.2, and (m—-p), by 3.

4268 | Mater. Adv., 2021, 2, 4264-4276
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Fig. 2 TEM images obtained from the (@) MWCNT and (b) AC carbon
materials. We highlighted an example of the AC macropore in green,
mesopores in yellow and micropores in blue.

The findings are shown in Fig. 3(a-d). Based on signal decon-
volution of the MWCNT spectrum presented in Fig. 3(b), the
findings showed the prominent D, G, D', and 2D bands at
1326 cm™ ', 1580 cm ™ ', 1612 cm™ ', and 2649 cm ™, respectively.
Besides, two less intense peaks at ~1139 cm ' (D*) and
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~1477 em™* (D¥) were also observed. The AC Raman spectrum
that is presented in Fig. 3(c) showed two main D and G peaks at
1321 cm ' and 1600 cm ™', respectively. Three less intense
peaks denoted as D* (1171 ecm™ '), D¥ (1506 cm™'), and 2D
(2649 cm ™) were also verified for the AC sample. Please note
that G ranges from 1580 to 1600 cm ™", D* ranges from 1139 to
1171 em™* and D ranges from 1477 to 1506 cm™* for the
different carbon forms. All this discrepancy of band position is
related to the crystallinity of the materials. Our analysis
revealed that the Raman spectrum of the composite samples
containing MWCNTs and AC is comprised of the materials’
individual responses.

The G-band, also reported as E,, is centered in 1582-1600 cm L
This band is originated by the double degenerate vibrational
modes of the iLO and iTO phonon branches, crossing at the I’
point in the first Brillouin zone, according to the theoretical
band model proposed for graphene materials.’>>* On the other
hand, the D-band corresponds to the high-frequency E,g
phonon at the I' point. In this case, the band appearance
requires a defect for its activation to account for the breathing

(b)

Intensity (a. u.)

1600 2000 2400 2800

Raman shift (cm™)

3200

(@)

800 1200

Intensity (a. u.)

T T T T
1600 2000 2400 2800

Raman shift (cm™)

T
800 1200 3200

Fig. 3 Raman spectra of the carbon-based composites (a) and the individual components ((b) MWCNT and (c) AC). The b, . 5 composite is also shown in

(d).
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modes of the six-atom rings exhibited by the graphene layers.>
These structural defects are generally concentrated at the
crystallite edges or boundaries.>®>” Again, the D-band appears
when the lattice vibration (Raman-inactive modes) presents a
symmetry-breaking defect, affecting the selection rules (g = 0).
The D-band is from double resonant LO phonons.”® It is
dispersive with excitation wavelength due to the Kohn anomaly
around the K point, i.e., its position depends on the laser
excitation wavelength. The D* band is related to amorphous-
like carbons (e.g., defect-rich short carbon layers). The D* band
is assigned to oxygen functional groups on the carbon surface
such as C-0, C=0, and COO" as reported by us elsewhere.”®*>
Therefore, we refer to D* as the carbon with functional oxygen
group band, CfO. The 2D-band is a harmonic of the D signal,
but it does not need a defect to be active, which means that a
phonon is not scattered during the double resonance process.®?

Table 3 gathers the dependence of the relative intensities of
the Raman bands as a function of the AC mass ratio used in the
buckypaper samples.

Table 3 shows Ig/Ip, In'/Ip, Ip/Ip, Ictol/Ig, and Iceo/In intensity
ratios. With AC incorporation, the Ig/Ip and ILp/I, values
decrease, suggesting that the carbon composite loses crystal-
linity, which agrees with the TEM data. To support this claim,
Fig. S1 (ESIf) shows the X-ray diffraction pattern of carbon
materials. The set of peaks correspond to the crystalline phases
of carbon, the well-organized graphene hexagonal structuring
of the space group P63/mmc (PDF# 01-089-7213);°* the two
peaks can be indexed as the lattice planes (002) and (101) in
26.5° and 44.5° as 20, respectively. It is evident that with AC
incorporation, those peaks broaden like a band. We also
observe that the Icso and I, or Ig ratio intensity increases by
adding AC, suggesting that oxygen functional groups are
essential to improve the wettability of the MWCNT : AC electrode
at first cycles. The introduction of AC also promotes improve-
ment regarding the specific surface area due to its highly porous
characteristics. Therefore, an excellent experimental strategy
involves the right balance between the intrinsic properties of
the individual carbon materials used in the composite samples.
From these considerations, BET analyses were carried out for the
different samples. The isotherms are presented in Fig. 4, while
Table 4 gathers the specific surface area values.

Fig. 4(a-d) presents the isotherms of the adsorbed volume of
N, as a function of the relative pressure (P P, '). The large
adsorbed volumes are typical of meso- and micro-pore materials.
As can be seen, the data in Table 4 indicate that SSA is scaled to

Table 3 Effect of the AC mass ratio in the different samples on the relative
intensity of the Raman bands

Relative intensity of Raman bands

Sample (Is/Tp) (In/1p) (In/Ip) (Icro/Is) (Icro)/Ip
bi.o 0.63 0.44 0.64 0.12 0.07
by.q 0.61 0.43 0.4 0.20 0.12
bi.o 0.6 0.42 0.39 0.17 0.10
bi.3 0.45 0.32 0.3 0.18 0.12
4270 | Mater. Adv,, 2021, 2, 4264-4276
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the high AC mass ratio due to the influence of the micropores.
This proposal is sustained by the pronounced slope verified in
the BET plots at low relative pressures (please see point B of
Fig. 2(I) in ref. 65).

As one may see in Fig. 4(e and f), the MWCNT buckypaper
has mesopores predominantly with an almost homogeneous
distribution from 1 nm to 100 nm, ie., the accumulative surface
area with pore distribution is almost a straight-line (please see
Fig. 4(e)). Fig. 4(f-h) shows that the incorporation of activated
carbon in the buckypaper changes the uniform pores-size
distribution scenario, and one may observe an exponential decay
of the pores size contribution concerning the accumulative
surface area. The main reason is that activated carbon has
mainly micropores which make a higher contribution to the
surface area ie, micropores and smaller size mesopores
contribute more to the accumulative surface area, and with AC
incorporation, they are more present in these samples.

3.2. Electrochemical characterization of the composite
buckypaper electrodes

Fig. 5(a-f) presents the effect of the MWCNT : AC mass ratio on
the electrochemical behavior of the buckypaper electrodes. The
electrochemical findings were obtained using a symmetric coin
cell filled with 1.0 mol dm* Li,SO, aqueous solutions. Fig. 5(a)
reveals the value of 1.4 V for the working voltage window
(WVW) determined using a low scan rate of 5 mV s~ to ensure
the absence of the parasitic water-splitting reaction during the
capacitive process (please see the data in Table S1, ESIY).
We performed additional experiments using the SSC technique
to hold the maximum cell voltage referring to the WVW while
the corresponding current transient was measured. This pro-
cedure allowed us to discriminate the physicochemical origin
of the background/residual current. While a capacitive current
must fade away after a brief time interval, the presence of a
faradaic current due to water-splitting results in a current
plateau according to Faraday’s law of electrolysis. It is worth
noting that the use of high scan rates (e.g., ~50-100 mV s ') is
not appropriate for WVW determination since, due to its
irreversible kinetics, the water decomposition reaction can be
not clearly identified by a ‘current tail’ in the CV profiles, thus
leading to unsatisfactory results. Therefore, low scan rates are
mandatory for the correct determination of the capacitive
voltage range in the SCs. Unfortunately, these precautions are
not considered in several literature reports, resulting in very
high (incorrect) WVW values.

From these considerations, we adopted in the present work a
set of experiments using the CV, SSC, and EIS techniques to
determine the WVW (please see the Experimental section). Almost
the same residual (background) current after 25 s was generally
verified for the range of voltages applied using the SSC technique
(please see Fig. 5b and Fig. S2-S6, ESIT). From the theoretical
viewpoint, after applying a step-voltage function, the transient
(capacitive) current must obey the relationship I =1, x exp(—t/t),
where I, is the initial current at ¢ = 0 and 7 is the system’s time
constant. Thus, when the I/I, ratio is inferior to 0.01, representing
a 99% decrease in the measured current, one can assert that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a—d) Nitrogen isotherms and (e—h) pore size distribution obtained for the different carbon-based samples used in the BET analysis: (a and e) b .o,
(b and f) by.4, (c and g) b;.», and (d and h) by 3.

capacitive current is practically negligible for the corresponding measured for the interval (e.g, ¢ > 25 s, depending on the

time interval. Therefore, the resulting ‘almost stationary’ current intrinsic capacitance and resistance) in the SSC experiment is
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Table 4 Specific surface area (SSA) as a function of the AC mass ratio in
the carbon composites
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only due to the parasitic water-splitting reaction. In this sense, the
behavior of the transient response forms a rigorous criterion for
the correct identification of the capacitive voltage window in SCs.
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The SSC experimental findings showed in Fig. 5b corrobo-
rate the nearly perfect rectangular mirror-like voltammetric
profiles expected for EDLCs (please see Fig. 5a). The almost
vertical straight lines verified in the low-frequency range of the
complex-plane plots (see Fig. 5c¢) and the almost perfect
triangular GCD profiles comprise the behavior theoretically
predicted for real EDLCs (see Fig. 5d). GCD data at different
current densities were also performed and the corresponding
findings are presented in Fig. S2 (ESIT).
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Fig. 5 Electrochemical data and performance of the symmetric coin cell as a function of the MWCNT : AC mass ratio: (a) cyclic voltammograms at
5mV s~ (b) transient currents during the SSC experiments at 1.4 V, (c) EISat 1.4 V, (d) GCD at 0.15 A g%, (e) the Ragone plot, and (f) capacitance retention

after 1 million cycles. Electrolyte: 1.0 mol dm™> Li,SO4.
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Regarding the EIS findings, it is worth mentioning that a
small semicircle in the high-frequency range is due to the
‘distributed capacitance’ phenomenon originating from the
electrochemically active narrow pores. Unfortunately, this
well-known porous impedance behavior is commonly misinter-
preted as being caused by false mass-transport limitations and
unrealistic ohmic contacts between the electrode/current
collector solid interface. According to the robust theoretical
EIS model proposed by Bisquert et al.,*® the impedance
behavior verified in Fig. 5c indicates an anomalous charge
transport in the solid and liquid phases in intimate contact
caused by the porous nature of the electrode material. In these
cases, the central information for SCs can be extracted from the
low-frequency response that yields the electrical double-layer
capacitance (Ceq;) and the high-frequency limit (e.g., 10 kHz)
where the ESR value is accurately determined.

It was verified that the substitution of MWCNTs by the AC
particles does not affect the WVW of 1.4 V observed for the
buckypaper electrodes. Since this value is higher than the 1.23 V,
i.e., the theoretical prediction according to thermodynamics
under ‘standard conditions’ (e.g, p(O,) and p(H,) partial
pressures of 1.0 bar), we can assert from the kinetic viewpoint
that the carbon materials used in the buckypaper electrodes
exhibited high overpotentials (e.g., electrochemical activation
energies) for the water-splitting reaction. We also observed that
the incorporation of AC particles in the buckypaper electrodes
increases the specific capacitance (please see Table 5). This was
verified by large increases of ~50% and 75% for the b,;.; and
b, .5 electrodes, respectively. Importantly, for AC loadings higher
than 75%, the buckypaper neither forms nor maintains its good
mechanical characteristics such as freestanding and flexible
properties.

Considering that the b, .; electrode has the highest specific
capacitance and the maximum specific surface area (SSA)
(please see Fig. 4 and Table 4), we can propose that the

(b)

strong weld

Assembly
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Table 5 Effect of the MWCNT : AC mass ratio on the specific capacitance
(SC) of the buckypaper electrodes

Sample SC (Fg™)
b1.o 7.6
by.1 44.0
bi.z 48.2
by.s 51.7

charge-storage process roughly scales with the SSA. In this
sense, considering as a benchmark for common carbon-based
electrodes an areal capacitance of 5 uF cm ™ (or 0.05 F m™?),%”
we found for our data a corresponding specific capacitance of
~50 F g ' for the by,; electrode. After normalizing the
pertinent quantity (e.g., 50 F ¢ '/0.05 F m™?), one obtains an
SSA value of 1000 m”> g~'. Supported by the BET analysis
(SSA measurements), this calculation indicates that almost
the entire specific surface area of 1117 m*> g~" of the porous
carbon-based electrode is electrochemically active charge-
storage process. From the theoretical viewpoint, these findings
support the presence of accessible narrow pores interconnected
with the meso- and macro-pores that provide the ionic species
for the rapid charge-discharge processes.

Table 5 gathers the specific capacitance determined from
the GCD data. The ESR values for the different samples
remained in the range of 140 + 40 mQ g. In all cases, the
capacitance data correspond to an applied specific current of
0.15A¢g™ "

The Ragone plot is presented in Fig. 5(e), showing that the
incorporation of activated carbon into MWCNT buckypaper
electrodes improves the energy density of the devices considerably.
Also, it is essential to check the capacitance retention after several
cycles. To exclude any doubt from the scientific community and
our curiosity, we check the capacitance retention after 1 million
cycles with a GCD technique at 2.0 A g~ for our best composite
(other samples were not tested because the test took 100 days to be

Mechanically

Fig. 6 Four steps for welding buckypapers: (a) stacking, (b) welding, (c) measuring the electric contact, and (d) evaluation of the mechanical robustness,

showing (e) the flexible material.
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completed) at a working voltage window of 1.4 V. Fig. 5(f) shows
that the high coulombic efficiency of about 93% is incredibly
good, evidence that the energy storage process here is mainly
electrostatic.

In spite of everything, there is a significant concern regarding
the use of self-supported electrode materials, which are great
for fundamental science but useless in terms of scalability. The
main issue concerns welding freestanding carbon materials,
making it difficult to associate them in series or parallel. In this
sense, we developed a particular welding process to overcome
these constraints and that is presented in Fig. 6. First, we
separated several buckypaper strips and aligned them face-to-
face. A Ni tab is on both the bottom and top sides of one tip of
the buckypaper strips, and with a spot welder, we welded the
robust material several times i.e., dots at the Ni tabs. The electric
contact between the tabs and buckypaper is excellent, showing
metallic continuity i.e., 0 Q.

4. Conclusions

We reported the synthesis of binder-free, self-supported, and
flexible high-surface-area buckypaper electrodes composed of
mixtures containing activated carbon (AC) and multi-walled
carbon nanotubes (MWCNTs). Our innovative electrode synthesis
avoided corrosion issues regarding the current collector. We
carried out a robust welding technology capable of providing
secure and facile fastening of metallic connectors to the free-
standing electrode with very high electronic contact. The Raman
study revealed that the chemical properties of the MWCNT: AC
composite is due to both species, confirming a reduction of
crystallinity and insertion of oxygen functional groups. The AC
particles provided a large specific surface area while the MWCNTSs
introduced several alternative electron transport pathways. The
porous electrode structure was composed of homogeneously
dispersed AC particles where the MWCNT is entangled with the
AC flake-like structures. The use of self-supported electrodes
permitted an increase of the capacitance from 7.6 to 51.7 F g™,
which is very close to the carbon material’s theoretical limit
considering 5 UF cm ? of several carbon materials. The buck-
ypaper electrode containing an MWCNT:AC ratio of 1:3
exhibited the best conditions for the charge-storage process, due
to its higher surface area. A high working voltage window (WVW)
of 1.4 V was obtained in an aqueous electrolyte in the total
absence of the water-splitting reaction. The complementary use
of chronoamperometry and impedance techniques in addition to
cyclic voltammetry seems to be mandatory for the correct identifi-
cation of the WVW.

It was verified that for AC loadings higher than 75%, the
buckypaper neither forms nor maintains its good mechanical
characteristics (e.g., freestanding and flexible properties). The
theoretical analysis indicated that almost the entire specific
surface area of the buckypaper electrode is electrochemically
active during the charge-storage process, which is one great
advantage of binder-free systems. The very high electrode
stability was verified with 93% capacitance retention after one
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million charge-discharge cycles. In general, the composite
buckypaper electrode material reported in this work is a
promising candidate for several different technological
applications involving aqueous-based supercapacitors.
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