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Abstract

Herein, human hair-derived activated carbon (HH-AC) with remarkable physisorption properties such as high surface
area and well-balanced micro- and mesopores, is synthesized by chemical activation method using potassium hydroxide
(KOH). The activated carbon is synthesized at different ratio of charred human hair and activator as 1:1, 1:2 and 1:3 for
HH AC(11), HH-AC(12) and HH-AC(13), respectively. These activated materials are characterized by a powder X-ray
diffraction (XRD), Laser Raman spectroscopy, Scanning electron microscope (SEM), and Ny adsorption/desorption iso-
therms. To examine the influence of the micro-mesopore ratio with high surface area on supercapacitor behavior, all
samples are tested in a three-electrode using 2.5 moles of potassium nitrate (2.5 M KNO;) as electrolyte solution. The
results show that HH-AC(12) sample which has micro to mesopore-balanced (50 : 50) exhibited superior electrochemical
performance with specific capacitance of 215 F g~! and 125.8 F g~! in the negative and positive potential, respectively
at 1A g=!. The sample HH-AC(11), which is dominated by micropores, showed lower rate capability and specific
capacitance despite the huge surface area. Whereas the HH-AC(13) sample with mostly mesopores achieved higher rate
capability compared to the others. The HH-AC(12) is further examined in a 2-electrode setup to form a symmetric device.
The results show a specific energy of 16 Wh kg~! and a specific power of 375 Wkg~! at 0.5 A g~!. The device dem-
onstrates outstanding capacitance retention of 97% after 10,000 cycles. Thus, ACs with micro to mesopores-balanced are
potential candidates for supercapacitor applications.
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Introduction are crucial in electrochemical performance of SCs. The

type of electrode materials determines the energy storage

Electrochemical energy storage (EES) devices include
rechargeable batteries, fuel cells, and supercapacitors (SCs)
have gained prominence in our modern society due to their
use in many applications such as mobile electronic devices,
and renewable energy (solar and wind systems) [1, 2]. SCs
are popular in EES devices due to their high specific power
and long-life span. However, in comparison with batteries
and fuel cells, SCs have a relatively low specific energy [3].
The properties of the active electrode include specific sur-
face area (SSA), pore structure, and electrical conductivity
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mechanism, whereby carbonaceous materials, such as acti-
vated carbon (AC), single and multi-well carbon nanotubes,
graphene (G), and graphene oxide GO), exhibited electric
double-layer capacitor (EDLC) behavior [4, 5, 6]. While
oxides materials (e.g., manganese dioxide ( MnQO,), vana-
dium oxide ( V20Os)), and conductive polymers e.g., poly-
aniline (PANI) show pseudocapacitive behavior [7, 8].
Amongst carbonaceous materials, ACs are widely used
as SCs electrode due to their higher SSA, which is the key
to the good electrochemical performance of EDLCs. ACs
can be produced by physical activation using carbon diox-
ide ( COy), steam, or air and chemical activation method
with an activating agent such as NaOH, KOH, H3PO,,
and ZnCls [9]. The chemical activation creates more pores
and higher mass yield than physical activation [10]. Com-
paring to other activators, KOH is most effective due to its
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strong basic characteristics and ability to develop micro-
pores and mesopores structure with the high SSA [11, 12,
13, 14]. Therefore, the chemical activation with KOH was
selected for the present study.

Common biomass sources for producing activated car-
bon include coconut shells, wood, and bamboo [15]. In con-
trast, new biomass sources such as human hair, garlic peels,
banana peels, chicken bone, and kapok peels have recently
been used to produce ACs for energy storage applications,
due to their high SSA, tunable pore structure, and good elec-
trical conductivity [16, 17, 18, 19].

The porous materials are classified by the International
Union of Pure and Applied Chemistry (IUPAC) into three
families based on pore size diameter: micropores ( < 2 nm
), mesopores (2 — 50 nm), and macropores (> 50 nm)
[20]. The porosity of ACs can be controlled by adjusting the
carbonization temperature or the impregnation ratios of the
carbon precursor to the activation agent [18, 21]. Previous
reports have shown that the type of porosity influences the
performance of supercapacitors. For instance, Zhang et al.
[22] studied the influence of commercial AC pore structure
on the performance of SC and found that AC with an ultra-
micropore volume (0.41 m3g~!) and a reasonable meso-
pore volume ( 0.15 m3g~!) exhibit better electrochemical
performance compared to other samples. Also, Liang et
al. [18] investigated activated carbon obtained from kapok
peels containing both micropores and a mesopores struc-
ture. The results showed that ACs has a sheet structure and
a high SSA of S = 1258 m? gt consisting of micro-
pore SSA of SSA of S, ;=652 m* g”! and meso-pore SSA
of S,,..~606 m* g, recorded a maximum capacitance of
332.3F g tat 1 A g~!ina 3-electrode system. However,
there are no explicit studies that have investigated the effects
of different micro to mesopores density ratios on activated
carbon and correlated them with SC performance. The
micropores carbon can provide abundant adsorption sites
to absorb ions, but the large number of micropore sites has
negative effects on the performance of the supercapacitor
because the small pore size partially restricts the diffusion of
the electrolyte ions in the electrode, besides, micropore car-
bon exhibits low-rate capability (low specific capacitance at
high specific current) [23]. Consequently, activated carbons
with mesopore structures are often used as supercapacitor
electrodes because the channels of the mesopores facilitate
ion diffusion in the material. However, the high-density
ratio of mesopores in the material reduces the SSA [24],
which limits the performance of the supercapacitor. There-
fore, a synthesized electrode material with balanced micro
to mesopores was proposed to utilize both micropores and
mesopores for SCs application.

Herein, human hair (HH) was used to synthesize acti-
vated carbon, and different concentration of activating agent
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leading to different micro to mesopore density ratio. More-
over, HH is an abundant source due to the population of
human beings and other hairy animals and is considered rich
in carbon (approximately 51% of its content is carbon) [25].
The obtained HH-ACs with different micro to mesopore
density ratio prepared with different KOH impregnation
ratio were used to study their impact on the electrochemical
performance of SCs. It is known that combination of micro—
mesopores suggests a hierarchical pore structure within the
prepared material, which is advantageous for accommodat-
ing adsorbate molecules of different sizes. This work reveals
various benefits of supercapacitor performance associated
with having different micro to mesopore density ratio such
as supercapacitor prepared from electroactive material with
high mesopore density has a higher rate capability. Amongst
the prepared samples, the HH-AC(12) exhibits a balanced
micro to mesopore density ratio of ( Spyie = 1696 m? g~ *
, Smes = 1733 m? g~1), which had a higher capacitance
performance of 215F g=! and 125.8 F g~! in negative
and positive potential, respectively at 1 A g~!, which is
higher than other micro to mesopore density ratio combi-
nation. This work also illustrates schematic impact of SC
performance based on the micro to mesopores density ratio.

Experimental details
Synthesis of activated carbons

Activated carbons were synthesized using chemical acti-
vation. The human hair (HH) was collected from a hair
salon, cleaned with isopropanol, and dried at 80°C, then
carbonized at 300°C for 1.5 h under an argon (Ar) atmo-
sphere (Ar flow rate of 200 cm*/min and ramping rate of
5°C). The charred HH was crushed and mixed with KOH
at a HH : KOH mass ratio of 1:1, 1:2, and 1:3, and drops
of deionized water (DW) were added to form a slurry, then
the mixture was dried and activated at 800°C for 2 h under
an Ar with flow rate of 300 cm®/min. The activated mate-
rial was then immersed in 1M HCI for half an hour and
washed thoroughly with DW several times until a pH of 7
was reached. Finally, human hair-derived activated carbon
(HH-AC) was collected and dried at 80 °C for 12 h. All sam-
ples were prepared under the same atmospheric condition.
Based on the ratio of HH: KOH which presented as 1:1, 1:2,
and 1:3, the samples were given the following notations;
HH-AC(11), HH-AC(12), and HH-AC(13), respectively. As
shown in Fig. 1, the synthesis is schematically depicted.

The chemical interaction between carbon and KOH can
be described by Eq. (1), proposed by Lillo-Rédenas et al.
[26].
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Fig. 1 Schematic representation of HH-ACs synthesis

Potassium carbonate (K.COs) formed at the temperature
around 400°C. The KOH completely consumed when tem-
perature rises to around 600 °C. At temperature above 700
°C, the K2COs decomposes into the potassium oxide (K20)
and carbon dioxide (CO2) (Eq. 2). At temperature around
800 °C, K2CO:s or K20 can react with carbon (C) to produce
potassium metal (K) and carbon monoxide (CO) (Egs. 3 and
4). This reaction produces ACs with a high surface area, as
potassium intercalates within the carbon matrix and create
pores [27, 28].

KQCOg — KQO + COQ (2)
K,CO; + 2C — 2K + 3CO 3)
K20+ — 2K + CO )

Materials characterization

The materials’ structure was identified by XRD (Bruker BV
2D PHASER Best Benchtop) with a Cu Ka radiation. The
lattice spacing was estimated using the Bragg’s Eq. (1)

n\ = 2dsin 6 Q)

Where n~integers (n=1, 2, 3 ...), A~wavelength of the
CuKa radiation (A =1.54 A), d~lattice spacing, and
0 ~peak centre in rad.

Raman spectra (A WITec alpha 300 RAS+Confo-
cal micro-Raman microscope) using laser wavelength of
532 nm and power of less than 1 mW. The functional groups
on the surface of activated carbon were identified using
Fourier Transform Infrared Spectrometer (FTIR; JASCO
FT/IR-4X). The surface morphology and elemental com-
position were determined using a field emission scanning
electron microscope (FE-SEM; Zeiss Ultra Plus 55, Japan)
operated at an accelerating voltage of 2.0 kV. The poros-
ity properties were analyzed using N,-adsorption/desorp-
tion isotherm through NOVA touch (NT 2LX-1, Volts 220
USA) at 77 K, controlled by the Quantachrome TouchWin
Software.

Electrochemical evaluations
Electrochemical tests for 3-electrode and 2-electrode con-
figurations were conducted using the Biologic VMP-300

potentiostat (Knoxville TN, USA) operated with EC-Lab
V11.50 software. The electrodes were prepared by mixing
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80 wt% of HH-ACs, 10 wt% of acetylene carbon black
(ACB), and 10 wt% polyvinylidene difluorides (PVDF)
then drops of 1-methyl 2-pyrrolidone (NMP) was added to
form a slurry. The resulting mixture was coated onto nickel
foam (NF, with a thickness of 1.6 mm and areal density of
420 m? g~ 1), in an area of 1.0 1.0 cm? for the 3-electrode
configuration with a mass loaded of about 2.1 mg for each
sample; and a diameter of 1.6 cm for the 2-electrode con-
figuration (with total mass of 3.8 mg) and then dried over-
night at 60 ° C. For the 3-electrode test, Ag/AgCl served
as a reference electrode (RE), HH-AC sample as an active
electrode (working electrode, WE), and carbon glass as a
counter electrode (CE). For a 2-electrode configuration,
the tests were conducted using a split test cell, with a glass
fiber filter serving as a separator between the electrodes.
The electrochemical evaluation of the HH-ACs was carried
out using cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spec-
troscopy (EIS), in 2.5M KNOj electrolyte solution. The
specific capacitance ( Cs) was calculated from the GCD
profile using Eq. (6), whereas the specific energy ( Es),
specific power ( Ps), and maximum power delivered to the
load ( Pyax) were calculated using Egs. (7), (8), and (9),
respectively.

Co= Bt [Fe ] ©
E, = CS%V)Q [Whkg™'] ()
P, = %x%oo [Wkg™] ®)
Poax = (ﬁn\g? [Wkg™!] ©)

Where, At discharge time (s), I specific current (A/g),
(Is =1/m), Icurret (mA), mis the mass loaded (mg),

AV potential difference (V), and R; is direct current (DC)

Voltage drop ) [29]

internal resistance, ( Note: R; = Tischagre curront

Results and discussion
Structural, morphological, and elemental analyses

The XRD patterns of HH-ACs are presented in Fig. 2 (a).
The samples showed peaks with miller indices of (001),
(002), and (100) which correspond to activated carbon mate-
rial with sp? clusters. The (001) and (002) diffraction peaks
around 26 = 11.5-16.5°and 29° indicate the existence of
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graphite crystallites, while the peak broadness suggests that
the prepared material is amorphous [18]. The slight peak
of (100) at 26=41° indicates that a higher level of graphite
interlayer condensation was formed which provides good
conductivity. The HH-AC(11) sample shows high peak
intensity at 11.5° indicating the presence of high micropore
density [17], which decreases with increasing KOH con-
centration. Based on the (001) diffraction peak, the lattice
spacing of HH-AC(11), HH-AC(12) and HH-AC(13) were
estimated to be 0.70, 0.62 and 0.53 nm, respectively. While
the lattice spacing from the (002) diffraction peak was cal-
culated to be approximately 0.3 nm.

The Raman spectra of the prepared material at the range
of 500-3750 cm~! are presented in Fig. 2(b). The de—
convoluted Raman spectra within the one phonon region
(800 — 2000 cm™!) of the samples are displayed in Fig. 2
(c —e). A total of five bands (D, G, D1, D2, and D3) were
observed. The D band refers to the defects and disorders in
the carbon matrix, and G band due to the in—plane vibra-
tions of sp? hybridized carbon atoms. The D1 peak can be
attributed to both sp? — sp? bonds occurring at the edges of
sp? clusters and ionic impurities. And D2 band is due to the
amorphous carbon, while D3 is due to the disorder—induced
phonon mode attributed to the pentagonal and octagonal
rings crystal defects caused by vacancy [30, 31]. D band
to G band ratio (Ip/I;) of an integrated area of HH-AC(11),
AC(12) and HH-AC(13) was calculated to be 4.7, 4.05,
and 3.93, respectively. It appears that the concentration of
the activator inversely proportional to the degree of defect
and the dominance of (001) diffraction peak. The Tuinstra
— Koenig model [32] relates I/]; to average crystallite size
L, (average sp? cluster) using Knight Formula (10)

_ )
*7 Ip/lg

[nm)] (10)

where C (M) is the wavelength—dependent pre — factor
(C(A) = Co+ ACy), for 400 < 4 <700 nm the C; and
Cowere estimated to be 0.033 nm and —12.6 nm, respec-
tively. The wavelength used in this study is A = 532 nm,

therefore C(A) =4.96 nm. L, for HH-AC(11) sample,
HH-AC(12), and HH-AC(13) was calculated to be 1.04,
1.22, and 1.26 nm, respectively. This suggests that size of
the carbon crystal depends strongly on the concentration of
the activating agents.

The FTIR spectra of HH-ACs samples are shown on
Fig. 2(f), it is seen that all samples exhibited similar sur-
face functional groups. The broad peak at 3000-3600 cm ™!
referring to the O-H stretching vibration mode of absorbed
water molecules. The peaks at 1542 cm™ ! and 1065 cm™!
correspond to the C=C bonds of aromatic compounds and



Materials for Renewable and Sustainable Energy (2025) 14:22

Page 50f 17 22

(@) ——HH-AC(11)
001 002 ——HH-AC(12)
——HH-AC(13)

100

Intensity (a.u)

10 20 30 40 5 60 70
20 (degree)
(c) —— Measured spectra

—— Lorentz fitted
D

HH-AC(11)

Intensity (a.u)

(b) D G —HH-AC(11)
——HH-AC(12)
——HH-AC(13)

Intensity (a.u)

.

500 1000 1500 2000 2500 3000 3500
Raman shift (cm'1)

(d)

In/le = 4.05
DG HH-AC(12)

Intensity (a.u)

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000

Raman shift (cm'1)

Raman shift (cm'1)

(e) (f) 1542 1065
S N I \—
s ®
>| ol =393 HH-AC(13) §
0 h—
5 c
 — =
= 5
= /——HH-AC(13) |
i =———HH-AC(12) :
——HH-AC(11) €=C C-O

800 1000 1200 1400 1600 1800 20004000 3500 3000 2500 2000 1500 1000 500

Rama shift (cm'1)

Wavenumber (cm'1)

Fig. 2 (a) XRD pattern of HH-ACs, (b) Raman full spectra, (c-e) the de—convoluted Raman spectra of HH-AC (11), HH-AC (12), and HH-AC

(13), respectively. (f) FTIR spectra
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C-O stretching vibration of carboxylic acid, respectively
[33, 34].

The surface morphologies of the materials were exam-
ined by SEM, the images are seen in Fig. 3. The sam-
ples showed a spongy-like with an irregular surface. The
HH-AC(11) in Fig. 3 (a, b) has numerous cavities of small
size. These features are expected to provide a higher surface
area. In contrast, HH-AC(12) in Fig. 3 (c, d) has a moder-
ate cavity size and a modest number of cavities compared

Materials for Renewable and Sustainable Energy (2025) 14:22

to others. Whereas the HH-AC(13) sample in Fig. 3 (e,
f) has a smaller number of cavities and most of its cavity
sizes are bigger than the others, this may be attributed to the
high concentration of KOH, which is more aggressive and
increases pores size.

The energy dispersive x-ray (EDX) was carried out to
determine the elemental composition of the raw material
(human hair) and HH-ACs samples (Fig. S1). The results
show that the Human hair contains 62% carbon (C), 16.5%

(b)

Fig.3 SEM images at low and high magnification: (a, b) For HH-AC(11), (¢, d) for HH-AC(12), and (e, f) for HH-AC(13), respectively
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nitrogen (N), 11% oxygen (O), 9% sulphur (S), and 1.5%
other elements (Ca, Mg, and Na). In contrast, HH-ACs
samples contain between 88 and 90% carbon, 10-11% oxy-
gen, and a tiny amount of S and silicon (Si). S comes from
human hair, whereas Si is because of ash contained in the
samples during the activation [35].

Textural properties

The N,-adsorption/desorption isotherms are illustrated in
Fig. 4 (a). All samples have the hysteresis loops of type IV
isotherms. The HH-AC(11) sample shows high adsorption
at low relative pressures, suggesting numerous micropores.
At a relative pressure (P/P;) in the range (0.3-1.0), a tiny
hysteresis loop is observed, indicating a certain amount of
mesopores. As the impregnation ratio of prepared materi-
als increases from 1:1 to 1:3, the hysteresis loops gradually
widen, as can be seen more clearly in the inset of Fig. 4 (a),
indicating that activated carbon is populated with mesopores
[9]. Figure 4 (b) shows the percentage contribution of micro-
pores and mesopores to the Brunauer-Emmett-Teller (BET)
surface area of HH-AC(11), HH-AC(12) and HH-AC(13).
The figure shows that HH-AC(11) has 80% micropores and
20% mesopores, and HH-AC(12) has 49.5% micropores
and 50.5% mesopores which means that this particular
sample has the balance between micro and mesopores. The
HH-AC(13) has mostly mesopores with 23.3% micropores
and 76.7% mesopores. These percentages indicate a very
important result, which is that as the ratio of HH material to
KOH changes from 1:1 to 1:3, the percentage of mesopores
increases, and this may have a significant impact on the
electrochemical results. The BET plot of HH-ACs sample
was shown in (Fig. S2) with correlation coefficient of 0.999
which indicates a perfect linear relationship between rela-
tive pressure (P/P,)and 1/ [w ((P/P,) — 1)], where w is
amount of N, gas adsorbed at a given (P/P,). Figure 4(c)
shows the pore size distribution (PSD) of HH-ACs sam-
ples calculated using non-local density functional theory
(NLDFT). The HH-AC(11) sample recorded strong peaks
in the range of (1-2 nm), suggesting a significant number of
micropores in this material, while HH-AC(12) has moderate
peaks in the micropores (1-2 nm) and mesopores (2—4 nm)
regions, indicating a balanced distribution of micro- and
mesopores. The HH-AC(13) sample shows a broad peak at
around 3.5 nm with a higher differential pore volume than
others, indicating that most of this material is composed of
mesopores. In Fig. 4(d), quenched solid density functional
theory (QSDFT) is used to calculate the PSDs of HH-AC
samples. It is shown that in the micropores region, the
HH-AC(11) sample has the high differential pore volume
followed by HH-AC(12) and then HH-AC(13) which fol-
low the same trend as in the NLDFT. Comparing QSDFT

with NLDFT, it is observed that the PSD curve of QSDFT
has a confidence limit of around 0.61 nm, whereas the PSD
curve of NLDFT has a confidence limit of around 1.5 nm,
which indicates an artificial gap in NLDFT at small pore
sizes; also, the sharp minimum peak at around 2 nm or less,
appeared in the PSD curve calculated by NLDFT, because
of the mono-layer transition on the smooth graphite surface
which is vanished in the QSDFT pore size distribution curve
because QSDFT takes into account the pore wall rough-
ness and defect of the surface, which is not considered in
NLDFT [36]. A comparison of SSA calculated by NLDFT
and QSDFT is shown in Fig. 4(e). It is showing that the sur-
face area calculated by QSDFT is higher in all cases of the
samples than that calculated by NLDFT, which reflects the
result of the PSD curve, showing that QSDFT has ability to
cover a pore with a pore diameter of 0.61 nm.

Table 1 shows important porosity parameters of HH-ACs
samples. It is seen that as the impregnation ratio increases,
the SSA decreases while the total pore volume increases.
This may be due to the dominance of mesopores and a
decrease in micropores. In addition, the average pore diam-
eter is also increasing, further suggesting that the porosity
is changing from micropores to mesopores. According to
these findings, the pore size of activated carbon increases
with increasing KOH usage in the chemical activation pro-
cess. This is because of several mechanisms that enhance
porosity. The potassium compounds, especially metallic
potassium (K), intercalate into the carbon matrix, expand-
ing and disrupting the carbon structure. A network of pores
is formed in the carbon matrix during this etching process,
which becomes more pronounced with increasing KOH
concentration, resulting in larger pore sizes. The use of
KOH activation normally produces micropores. However,
as the KOH concentration increases, the etching becomes
more aggressive, widening existing micropores and forming
mesopores (2-50 nm) [37].

Electrochemical performance
Three electrodes system

Figure 5 shows the electrochemical performance of HH-
ACs samples in 3-electrode systems. The material operates
in a positive potential range of 0.0 to 0.7 V and a negative
potential range of -0.8 to 0.0 V at 20 mV s~ * as shown in
Fig. 5 (a-d). The CV curves of the positive and negative
potentials shown in Fig. 5 (a, b) exhibit a quasi-rectangular
shape, indicating the EDLC behavior of the synthesized
material. From the CV curves in Fig. 5(a, b), it can be seen
that the sample HH-AC(12) displayed a higher current
response compared to HH-AC(11) and HH-AC(13). Fig-
ure 5 (c, d) compares GCD curves at 1 A g~!. The GCD

@ Springer



22 Page 8of 17

Materials for Renewable and Sustainable Energy (2025) 14:22

1400 me—
% ( a) 4000+ (b) I Mesopores
® - — Mi
1200 3500 - [ |Micropores
c;mooo- =~ 3000- -
§ s00- 1300 N: 2500+
o ~ 2000 -
2 600- -
8 400 HH-AC(11) (7]
. HH-AC(12) 1000+
g 200 HH-AC(13) | | ~ 500
% . 03 04 05 .
> T ¥ ¥ ¥ L) L) L
00 02 04 06 08 10 HH-AC(11) HH-AC(12) HH-AC(13)
Relative pressure (P/P,)
1.4 1.4
‘-:\1.2- (c) NLDFT ~1.24 (d) QSDFT
o )
- HH-AC(11
- 1.0 —— HH-AC(11) 21.04 e AC(12)
c ——HH-AC(12 ' “AC(12)
€ 0.8- c(12) E 0.84 ——HH-AC(13)
- —— HH-AC(13) -
5.0.64 £0.6-
T =
= 0.4+ 5 0.4
3 >
0.24 T0.24
0.0- 0.0+
0 2 4 6 8 10 0 2 4 6 8 10
Pore diameter (nm) Pore diameter (nm)
3000 —
(e) B NLOFT
B QSDFT

—

Y _ 2000+

1000+

2
Sprr(m“g

0-

HH-AC(11)

HH-AC(12)

HH-AC(13)

Fig.4 (a) N,-adsorption/desorption isotherms, (b) the percentage contribution of micropores and mesopores to the BET surface area, (¢, d) PSD
using NLDFT and QSDFT (e) a comparison of SSA calculated using NLDFT and QSDFT

curves showed the symmetric triangular linear characteris-
tics, which were consistent with the CV curves in Fig. 5 (a).
From GCD in Fig. 5 (c, d), sample HH-AC(12) has a longer
discharge time, unlike samples HH-AC(11) and HH-AC(13)
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which is in good agreement with the CV curves confirm-
ing the sample’s higher storage capability. Figure 5 (e, f)
shows the values of capacitance at different currents ranging
from 1to 10 A g~ ' in the positive and negative potential,
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Table 1 Porosity parameters of
HH-ACs samples

Sger~ surface area calculated
from Brunauer, Emmett, and
Teller theory; Smic~ micropores
surface area; Smes~ mesopores
surface area; V¢, Vmic, and
Vmes are total, micro, and
meso-pore volume, respectively,
and Dy~ average pore diameter.
Sniprr and Sggpgr are specific
surface area calculated using

Parameter HH-AC(11) HH-AC(12) HH-AC(13)
Sper (m”g ") 3564 3429 3272
Smic (m? g1) 2834 1696 762
Smes (m? 1) 730 1733 2510
Vi (em®g™Y) 1.86 2.0 2.1
Vinie (em®g™") 1.34 0.80 0.34
Vines (cm® g~1) 0.52 1.20 1.76
Dso (nm) 2.10 2.34 2.55
SNLDFT (mZ gfl) 2412 2165 2106
2756 2419 2329

S@sprT (m2 gfl)

NLDEFT and QSDFT

respectively. The results show that the HH-AC(12) sample
has a higher specific capacitance which corresponds to the
CV and GCD curves. It is observed that despite the high
SSA, HH-AC(11) delivers lower specific capacitance com-
pared to the other samples. This may be due to the small
number of mesopores in this sample (80% micropores and
20% mesopores, as shown in Fig. 4 (d)) which restricts the
movement of ions [38]. A considerable increase in spe-
cific capacitance was observed in the HH-AC(12) sample,
which has approximately the same percentage of mesopores
(50.5%) and micropores (49.5%), which facilitate ion diffu-
sion and charge accommodation, respectively [39]. As the
mesopores further increase to 76.7% and the micropores
decrease to 23.3% (sample: HH-AC(13)), the capacitance
was found to decrease due to the large number of mesopore
sites, resulting in a lower specific surface area compared
to HH-AC(11), and HH-AC(12) samples. In terms of rate
capability, the HH-AC(13) sample shows a higher rate capa-
bility of 91% and 86.6% in positive and negative potentials,
respectively at 10 A g~ !, HH-AC(12) demonstrated almost
the balanced rate capabilities of 87.2% and 82.6% for posi-
tive and negative potentials, respectively due to balanced
micro to meso pores ratio, while HH-AC(11) sample exhib-
ited a lower rate capability of 74.2% and 78.7% in positive
and negative potentials, respectively. The low rate capabil-
ity of HH-AC(11) sample can be attributed to its high micro-
pore content, which limits the ability of ions to penetrate
into the very small pores. Moreover, the capacitance differ-
ence in the positive and negative potential may be attributed
to the ion’s size, where the ion size of K™ is 1.33 A and for
NOj is 2.64 A [40]. The CV curves at various scan rates
(5 — 300 mV s~ 1) for all samples were provided in Fig. S3.
(Supporting information). These CVs were used to estimate
the contribution of non—diffusion capacitance (C,,, 4ig,)
and diffusion capacitance (Cg,), using Trasatti’s analysis
Egs. (S1) — (S3) and displayed in Fig. S4. All the prepared
samples have a similar non—diffusion and diffusion capaci-
tance contribution, which accounts for about 87% and 13%
of the total capacitance (C;), respectively, which shows
that the capacitance behavior within this work is affected

by micro — mesopore density ratio. The volumetric capaci-
tances in F cm > were also calculated for all samples at
positive and negative potential, yet the sample with micro/
mesopores balance has higher volumetric capacitance fol-
lowed by HH-AC(13) and HH-AC(11) samples (Table S1).

Nyquist plot displayed in Fig. 5 (g) was done in a fre-
quency range of 100 kHz—10 mHz with voltage ampli-
tude of 10 mV. The inset to the figure shows the magnified
high—frequency region. An intercept on the X-axis in the
high-frequency region refers to equivalent series resistance
(ESR), the figure shows the ESR values of HH-AC(11),
HH-AC(12), and HH-AC(13) as 1.2, 0.89, and 0.64 Q,
respectively. The low ESR of the HH-AC(13) is due to
the mesopore structure of the sample, which facilitates the
movement of ions. The diameter of the arc at intermediate
frequency zone is associated with the charge transfer resis-
tance ( R.) across the electrode — electrolyte interface. In
the lower frequency region, it can be seen that HH-AC(12)
has a shorter diffusion length and also closer to the Y-axis,
suggesting superior capacitive behavior [41]. Figure 5 (h)
represents capacitance retention and Columbic efficiency
vs. cycle number performed for 5000 cyclesat 5 A g~ *. All
samples have Coulombic efficiency of approximately 100%
with no significant degradation noticed. However, slightly
different values of capacitance retention of the samples were
observed with HH-AC(11), HH-AC(12) and HH-AC(13) as
96%, 91% and 89% of the initial capacitances, respectively.
These stability tests prove that the prepared materials are
electrochemically stable.

Electrochemical correlation

A schematic summary of the obtained results from the
material preparation to the electrochemical performance is
shown in Fig. 6. It was mentioned above that the locally col-
lected human hair shown on Fig. 6 (al) was charred (Fig. 6
(a2)) through pre—carbonization process, and then activated
with KOH at different HH: KOH mass ratios of 1:1, 1:2,
and 1:3. The XRD shows that as the KOH activating agent
increases, the micropore density and its size also decrease.
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The SEM results showed that the observable pores sizes also
increase with increasing KOH concentration, but pore den-
sity decreases. The pores (cavities) observed in SEM were
quantified using (N,) gas adsorption. The micropore density
decreased with increasing KOH, while the mesopore density
increased. This behaviour can be attributed to the fact that
higher KOH concentrations are more aggressive and result-
ing in wide pore structures. This difference in micro—meso-
pore density ratio impacts the electrochemical behavior of
the AC. It is well known that micropores are responsible for
ion adsorption, while mesopores act as an ion passage con-
necting macropore reservoirs. Theoretically, HH-AC(11)
(Fig. 6 (bl)) with a the highest surface area and micropore
density should show the highest capacitance, which is dif-
ferent from the observed results, which can be attributed to
bigger electrolyte ions not utilizing the small micropores
and also ion mobility. The HH: AC(12) (Fig. 6 (b2)) with a
micro—mesopore density ratio of almost 50:50% showed the
highest specific capacitance due to the appropriate micro-
pore size and sufficient mesopores allowing enough ion
mobility, while HH: AC(13) have a lower capacitance due
to the small micropore density. This capacitance behavior
can be seen in Fig. 5 (a) — (f). The rate capability retention at
10 A g ! for both potential windows shown in Fig. 5 (¢) and
(f), which shows that the rate capability retention increases
with increasing mesopores due to easy ions mobility, as
shown in Fig. 6 (bl) — (b3). This is also supported by ESR
reduction attributed to easy ion mobility due to increased
mesopore density. Moreover, Fig. 6 (c) illustrates the differ-
ence in the obtained capacitance in the positive and nega-
tive potential. In negative potential, the smaller K™ ions are
adsorbed easily on the micropores, while bigger NO3 ions
have difficulty fitting into the pores that K would easily
do. Thus, this leads to a drop-in capacitance in the positive.

Two electrode system

The HH-AC(12) sample showed superior electrochemical
performance compared to HH-AC(11) and HH-AC(13) in
both negative and positive potential windows. This material
was further subjected to a two—electrode test for a symmet-
ric device (HH-AC(12)//HH-AC(12)) as shown in Fig. 7.
Since the material performs differently in positive and nega-
tive potential, a charge—balance was carried out to adjust the
amount of mass to be loaded in both electrodes in the device
using Eq. (11).

my Co_ x AV_ (11)
m_ CS+ X AV+

Where my and m_ are the positive and negative mass
of active electrodes, Cs, Cs_, Vi, and V_ are specific

@ Springer

capacitances and potential difference for the positive and
negative electrodes, respectively. According to Eq. (11), the
my and m_ were estimated to be 2.3 and 1.5 mg, therefore
the total mass is 3.8 mg.

The fabricated symmetric device was tested under volt-
age window of 1.5 V. Figure 7 (a) shows the CV curves
of the HH-AC(12)//HH-AC(12) symmetric device at dif-
ferent scan rates (5 to 200 mV s~ ). The device performed
significantly at its expected potential of 1.5 V, translating
the accumulation of 0.0 to 0.7 V vs. Ag/AgCl in a positive
potential and —0.8 to 0.0 V vs. Ag/AgCl in a negative poten-
tial. The CV curves show a semi-rectangular shape even
at higher scan rates of 200 mV s ! and maintain the same
shape without significant change, indicating excellent rate
capability. Figure 7 (b) illustrates the GCD curves of the
symmetric HH-AC(12)//HH-AC(12) device with triangular
shapes at various currents ranging from 0.5 to 10 A g ! and
shows an accurate consistency with the CV in Fig. 7 (a). At
a specific current of 0.5 A g~ !, a small IR drop of 0.0038 V
was observed, confirming the ideal capacitive behaviour
and low ESR of the device. Figure 7 (¢) demonstrates spe-
cific capacitance of the symmetric device HH-AC(12)//
HH-AC(12) at different specific currents. The device
recorded specific capacitance values of 51.26, 49.47, 48.16,
46.94,44.87,and 40.67 F g_1 at specific currents of 0.5, 1,
2,3,5and 10 A g . Remarkably, the device retained 79%
of its specific capacitance between 0.5 A g ' (51.26 F g 1)
and 10 A g ' (40.67 F g ') indicating an excellent rate capa-
bility for HH-AC(12)//HH-AC(12) symmetric device. Long
term cycle stability of the symmetric device HH-AC(12)//
HH-AC(12) was achieved. A capacitance of 97% was
retained after 10,000 cycles at 5 A g !, while the colum-
bic efficiency was remained at ~100% indicating a good
electrochemical stability of the HH-AC(12)//HH-AC(12)
symmetric device. Figure 7 (e) displayed a Ragone plot
of different supercapacitor devices using ACs as electrode
material in an aqueous electrolyte. The data for the Ragone
plot were collected from Refs [42, 43, 44, 45, 19], and [46].
As illustrated in the Ragone plot, the symmetric device in
the present work showed Eq of 16 Whkg ' and P, of 375 W
kg 'at 0.5 Ag ! Table 2 shows the comparison of the spe-
cific capacitance of the SC devices using ACs from different
sources as electrodes material in an aqueous electrolyte. The
present work exhibited a high SSA, high specific capaci-
tance, and good voltage window compared to ACs derived
from other sources (precursor).

Figure 8 (a) represents a Nyquist plot of experimental
and fitted data performed in a frequency range of 100 kHz—
10 mHz and voltage amplitude of 10 mV. The insets in
Fig. 8 (a) display the magnified high—frequency zone and
the equivalent circuit used for the fitting. The circuit dia-
gram contains the following elements: ESR, capacitor (C),
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Table 2 A comparison of the capacitance of the symmetric SCs devices using AC from different sources as electrodes in aqueous electrolyte

Precursor AA SSA Electrolyte Vw SEC Ref.
(mg" ™ (Fgh
Rice straw KOH 1007 1 M H,S0, 1.2 156 @ 0.5A ¢! [42]
Waste Pork bones KOH 1260 6 M KOH 1.2 133@1Ag™! [43]
Chicken bone KOH 2236 1 M NaNO; 1.7 17041 @ 0.5A ¢! [19]
Mangosteen shell K,CO4 2803 2.5 M KNO; 1.6 12936 @0.5A ¢! [46]
Carchorus Olitorius KOH 1903 1 M Na,SO, 1.6 173.7@0.5Ag™! [44]
Banana peels KOH 1362 1 M NaNO; 1.8 165@0.5A ¢! [47]
Human hair KOH 3429 2.5 M KNO;, 1.5 2052 @0.5Ag™! This work

AA ~ Activating agent, SSA ~ Specific surface area, VW ~ Voltage window, SEC ~ Single electrode capacitance. [ Note that SEC =4xcapacitance
of the cell (device)]
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Fig.8 (a) Nyquist plot (the inset is an equivalent fitting circuit), (b) Nyquist plot before and after cycling, (¢) Bode plot, and (d) Real and imaginary
capacitance versus frequency of HH-AC(12)//HH-AC(12) symmetric device

Warburg impedance (W), leakage resistance (R;), and con-  electrode-electrolyte interface is 2.15 Q. This small value
stant phase element (Q1 and Q2). The experimental and  makes the ions move easily.
fitted ESR values were estimated to be 0.66 Q and 0.67 The DC internal resistance (R;) was calculated to be 2.11

Q, respectively, giving almost the same values, indicating =~ Ohm, based on the slope of the voltage drop vs. applied cur-
proper fitting. The lower ESR value is confirmed by the very ~ rent curve (Fig. S5). Therefore, the maximum power deliv-
small IR drops seen in the GCD profiles. The R, at the  ered to the load was calculated to be 71 kW kg ! using

Eq. (9). In addition, Fig. 8 (b) displays the Nyquist plot
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before and after 10,000 cycles. The figure shows that there
is no big difference between the ESR values before and after
cycling, and the deviation of the Nyquist plot on the y-axis
is very small, indicating higher durability of the device. The
Bode plot in Fig. 8 (c) shows that at the lower frequency,
the corresponding phase angle is —86.4 ©, which is very
close to the ideal phase angle of —90 ° indicating a higher
capacitance capability.

Figure 8 (d) displays the frequency versus real and imag-
inary capacitance. The real capacitance (C’) values and
imaginary capacitance ( C'’) values were calculated using
the following Eq.

Z(w)]* = (Z)" + (2")° (12)
¢ =7"Jw|Z(w)? (13)
C" =7 Jw|Z(w)? (14)

Z is the resultant impedance, Z’, and Z” are the real and
imaginary impedances, respectively, ( = 2f) is the angular
frequency. The relaxation time (t) of 0.5 s was calculated
from the relation of 27 f,7 = 1. Where f, is the frequency
corresponding to the maximum imaginary capacitance. This
relaxation time is relatively short compared with some car-
bon-based supercapacitor electrodes that already reported in
the literature [48, 49, 50] which indicates a fast ion diffusion
into the active electrode material [22].

Conclusion

Human hair-derived activated carbon with high SSA were
successfully synthesized using chemical activation. The
pore structure was controlled by varying the impregnation
ratio between human hair (HH) and potassium hydroxide
(KOH). As the KOH concentration increases, the proportion
of mesopores increases and the proportion of micropores
decreases. The BET specific surface areas of HH-AC(11),
HH-AC(12), and HH-AC(13) were calculated to be 3564,
3429, and 3272 m? g~ !, respectively. The electrochemical
results show that the HH-AC(12) sample with the micro/
mesopores balance had a higher specific capacitance than
other samples at positive and negative potential in the
three-electrode configurations. The symmetric supercapaci-
tor HH-AC(12)//HH-AC(12) recorded a specific energy of
16 Wh kg~! and a corresponding power of 375 W kg~*
. Based on the obtained results, activated carbon with bal-
anced porosity is a potential candidate for use in super-
capacitors application. This study demonstrates that the
excellent electrochemical performance of SCs is not solely
determined by the SSA of active material. The findings

indicate that the PSD and surface morphology of the mate-
rial are also significant factors that contribute to the overall
electrochemical performance of SCs.
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