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ABSTRACT

Carbon material is the largest material used as electrode on advanced energy storage devices. The modern
lifestyle requires more energy, consequently, more smart energy use and efficient devices are needed. The
constant evolution of materials technologies looking for green material and renewable raw material, that have
minimal impact on the environment, is one of the most important subjects studied in recent years. The scien-
tific and industry community are paying more attention to new forms of carbon such as nanotubes, graphene,
and activated carbon fiber. The purpose of this work is to convert human hair into a hollow carbon filament
to be used as a supercapacitor electrode. The human hair needs 3 stages to be converted into carbon filament:
textile manufacture, oxidation, and carbonization. The electrochemical behavior was analyzed in a three-
electrode electrochemical cell system with 2 M of H,SO, electrolyte medium. The behavior of the electrode
was characterized electrochemically by galvanostatic charge/discharge curves, cyclic voltammetry, and elec-
trochemical impedance spectroscopy, showing 163 F g™* of a maximum value of specific capacitance.
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1. INTRODUCTION

It is common to find the word hair related to areas of health, aesthetics, and beauty. On the other hand, when
it is cut, it becomes a material considered useless and, therefore, it is discarded and disposed as waste [1, 2].
Brazil is a country with a very high ethnic mix [3] and, as a result, there is a great diversity of hair types. Hair
can be classified into three major geo-racial groups: Afro, Asian, and Caucasian as shown in Figure 1a or can
be further classified into up to 8 types according to the curvature of the hair, using the Segmentation Tree
Analysis Method (STAM), shown in Figure 1b [4, 5].
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Figure 1: a) human hair shape from different geo-racial origins (Adapted from ROBBINS, 2012) and b) il-
lustration of the appearance of eight types of curly hair [5].

The hair fiber is divided into three main parts: medulla (present in some cases), cortex, and cuticle, as
shown in Figure 2. The main difference in each region is the type of protein present in each region [4, 6, 7].
The interior content of the capillary fiber, constituted by the cortex and sometimes by a medulla, has a struc-
ture susceptible to volatility when subjected to high temperatures (> 200 ° C) [8, 9].

Medulla

Cortex
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Figure 2: Schematic representation of a cross-section of a capillary fiber with bone marrow (Adapted from
BLANCO, 2019 [8]).

Therefore, the residue generated in beauty salons and barbershops is heterogeneous. According to an
estimate presented by Dindmica Ambiental (a company that collects discarded hair in Sdo Paulo by the Bele-
za Verde project in partnership with the NGO Matter of Trust | Eco-Enthusiasts for Renewable Resources),
about 100 kg of hair waste is collected annually in 40 salons. Extrapolating this number to 600,000 (approx-
imate number of salons registered in Brazil) [10, 11], there is a total of 1,500,000 kg/year. According to the
Brazilian Association of Technical Standards (Associacao Brasileira de Normal Técnicas - ABNT), hair can
be classified as class Il B - Inert, non-hazardous solid waste, and for this reason, it is sent to landfills [12].

Many researchers have as their scientific motivation the search for alternatives to minimize the vol-
ume of waste that reaches the landfill. In this way, the number of works related to the reuse and use of organ-
ic materials as precursors of carbonaceous materials is increasing [9, 13-17]. Among the various carbona-
ceous materials, non-structural carbon fibers (CF) has special characteristics when compared to other carbon
materials [18]. Obtaining CF involves heat treatments of the precursor, organic or synthetic, at high tempera-
tures in the presence of different gases. Therefore, this work aims at the use of human hair from residues of
beauty salons, making it an alternative precursor material for the manufacture of carbon material and its ap-
plication as a supercapacitor electrode. Carbon materials are one of the most promising electrodes for super-
capacitors with high power densities and long cyclic lives. Currently, there has been a special interest in car-
bon-based materials with tunable specific area, chemical stability and excellent charge-carrier mobility. In
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this study we demonstrate that human hair possesses potential advantages for applications as supercapacitor
electrodes.

2. MATERIALS AND METHODS

Natural reddish brown (CN) Caucasian hair and brown Caucasian hair, with any red synthetic color (CC),
were used to make the felts. All hair was supplied by Studio Tata Blanco. With the aid of a polyurethane
sponge and a hand felting needle, the felts were prepared. The first felt containing only CN and the second
felt containing only CC, each hair supplied by the same head. The process employed is known as handmade
needle felting.

The hair felts in natura (in), that are, without any type of heat treatment, were cut into a rectangular
shape, with approximately 45 x 30 mm. The samples were oxidized and carbonized separately in an EDG
tubular oven, model HI40. The oxidation was carried out at 300 °C for 2 h at a rate of 20 °C/min and the car-
bonization at 900 °C for 20 min at a rate of 5 °C/min. After this stage, the samples were named CNin and
CCin, for samples without heat treatment and CNC and CCC, for oxidized and carbonized samples.

The in natura and carbonized hair felts were characterized by Scanning Electron Microscopy with
Field Emission, a TESCAN model VEGA. The samples were also characterized by Raman spectroscopy
technique, a Horiba Scientific model Labram Hr Evolution, using the 514.6 cm™ laser, from to LABAS/INPE.
To determine the surface area (Sger) Were used a Beckman Coulter adsorptiometer model SA3100. In addi-
tion, cyclic voltammetry measurements and galvanostatic charge/discharge tests were performed on an Au-
tolab potentiostat/galvanostat, model PGSTAT302N, to analyze the behavior of these felts as electrodes ap-
plied to energy storage devices. The electrochemical tests were performed using a three-electrode cell, with a
platinum plate as a counter electrode, and KCI saturated Ag/AgCI electrode was used as reference. All the
measurements were carried out using 2 mol L™* H,SO, as the electrolyte. The cyclic voltammetry was carried
out in the potential window of 0.0-1.0 V at a scan rate of 2 mV s, and the galvanostatic charge/discharge
curves were conducted at the potential window between 0.0 and 1.0 V with a current range of 2, 5, 10, and 10
mA.

3. RESULTS E DISCUSSIONS

3.1 Morphological analysis

Figures 3a and 3b show micrographs of the CNin and CCin felts, respectively. It is possible to observe pre-
served structures, typical of healthy hair, that is, the cuticular cells (overlapping outer layers) and the cortex
(solid interior) are whole and well defined, besides, it is noted that in these cases, the absence of the cord
(intermittent cylinder of resistant protein content, which may or may not exist in the center of hair and hair).

Figure 3: Felt filaments of (a) CNin e (b) CCin.

Figures 4a and 4b show the micrographs of the felt filaments, CNC and CCC respectively. By com-
paring them with Figures 3a and 3b there is a notable absence of the cortex inside the filament, a predicted
consequence, since the oxidation process volatilizes some structures, making the hollow filament tube-like [8,
9, 19]. Pramanick et al, in similar work, used human hair for the manufacture of sensors and obtained a hol-
low filament after carbonization or pyrolysis. They also associate this fact with the loss of the cortex, leaving
only the cuticular structure (rich in fixed carbon) [8, 20].
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Figure 4: Felt filaments of (a) CNC e (b) CCC.

It is possible to observe that the CCC felt filament obtained a different rougher, when compared to
CNC, suggesting a different pore size/type distribution and possibly a more porous surface for each sample,
an important characteristic for the use of carbon materials in energy storage devices.

3.2 Raman analysis

Raman spectroscopy is widely used for investigating carbon materials. The CNC and CCC felt were subject-
ed to Raman scattering spectroscopy analysis, for a better understanding of the material's graphitic structure.
Due to the sensitivity of the laser used (514 cm™) to different carbon structures, it is possible to identify a
carbonaceous material [21].

In the first-order region, the E2g vibration modes of the samples CNC and CCC are attributed to the
vibration of carbons within the polyaromatic structure. The Raman signal of all carbonaceous materials is
well known. Carbonaceous materials exhibit characteristic peaks in the range from 1000 to 1800 cm™. The
bands found in these ranges are known as D (1200 to 1400 cm™) and G (1500 to 1600 cm™) bands (D band
for defects, and G band for graphite) [22].

Figure 5 shows the first-order Raman spectra of carbonized CNC and CCC felts. Two main peaks can
be observed at approximately 1335 and 1600 cm™, characteristic of carbonaceous materials. The intensities
of the disorder (D band) and order (G band graphite) provides a standard parameter to quantifying disorder.
Since the intensities are very similar quantifying disorder is about the same.

3500

. G ——CNC
3000 - D ——CCC

2500 -
2000 -

1500

Intensity / a.u.

1000

500 -

0

1000 1200 1400 1600 1800 2000
Raman shift/ cm™

Figure 5: Raman spectrum of CNC and CCC felts after the oxidation and carbonization process.

3.3 Electrochemical analysis
Figure 6 shows the voltammogram (CV) of the CNC and CCC felts. Current density J (measured in
Ampere/gram) is related to the number of charges stored in reversible charge/discharge processes. The shape
of the (rectangular) curve is related to non-faradaic processes and the more rectangular the closer to an ideal
capacitor [23].

It is possible to identify two major contributions to the specific capacitance. The double layer
capacitance (EDLC), which is a major associated with typical rectangular shape, and the presence of
pseudocapacitance which is originated at the electrode surfaces where reversible redox reactions occur.
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Therefore, the CV curves of CNC and CCC exhibited a contribution from EDLC and pseudocapacitance for
the total capacitive performance.
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Figure 6: Cyclic voltammetry of CNC and CCC samples.

The galvanostatic charge/discharge curves provide data for calculating the specific capacitance (Cs) of
the electrodes, according to Equation 1 [24].

Cs=i-ty/m-AV (1)

Where: Ai is the sum of charge/discharge currents, t, it is discharge time, m is the electrode mass, and
AV is the difference between the last charge potential and the first discharge potential.

Figure 7 shows the values calculated for different current densities. It is possible to notice that, the samples
have very similar behavior, as observed in cyclic voltammetry. The CNC had the highest C; value, 163 Fg™"
and CCC with 146 Fg™ of C,. Another important issue is the surface area. CNC presents 697 m°g™ and CCC
235 m%g™* of surface area, which can justify the C, values of the samples. The values of specific capacitance
for CCC and CNC are comparable with literature, when we compare with other carbon electrodes materials
analyzed in 2 mol L™ H,SO, [25, 26]. There are few studies using pyrolyzed and non-pyrolyzed human hair
for supercapacitor applications. However, these studies confirm that human hair can be used as supercapaci-
tor electrodes [27-29].
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Figure 7: Specific capacitance vs. current density applied.
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4. CONCLUSIONS

The felts of natural brown and colored Caucasian hair with artificial coloring maintained the three-
dimensional structure and the cortex was lost, making it a hollow filament felt in the shape of a tube. The
analysis of Raman spectroscopy showed characteristic peaks of carbonaceous materials (bands D and G),
with this, it can be said that the felts CNC and CCC became carbon filament. The electrochemical analysis
showed a great performance as an energy storage device, with specific capacitance values of 163 and 146 Fg
! for CNC and CCC, respectively. These results demonstrate that human hair can be considered an alternative
precursor material for the manufacture of carbon filament.
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