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Abstract: Activated carbon (AC) electrodes from coffee waste (CW) were earlier assessed in super-
capacitors but showed lower supercapacitor performance in terms of specific capacity (Cs), specific
power (Ps) or both, compared to other biowastes. This work describes how CW-based AC electrode
performance may be improved if carefully prepared. Careful processing yields higher graphitiza-
tion, carbon content (aromaticity), conductivity and porosity free of any residues. Thus, AC elec-
trodes will exhibit higher Cs and Ps simultaneously. CW was first pyrolyzed (Cpyrot) and then chem-
ically activated by ZnCl2 (ACchem). Both materials were characterized using SEM, TEM, BET, FT-IR
spectra, Raman spectra and XRD. The ACchem exhibited much higher graphitization, crystallinity,
specific surface area (SSA), porosity and conductivity. From cyclic voltammetry, the ACchem elec-
trode exhibited a Cs of 261 F/g, an energy density of 18.3 Wh/kg and a Ps of 360 W/kg at 0.33 A/g.
From galvanostatic charge-discharge, there was a stable Cs of 150 F/g at 0.33 A/g over 5000 charge—
discharge cycles. From electrochemical impedance spectroscopy, the Cs was ~180 F/g, with a low
equivalent series resistance (ESR) of 0.56 Q at a frequency of 0.01 Hz, compared to the literature.
The ACchem electrode was superior to the Cryrol electrode and to earlier CW-based AC counterparts,
with much lower resistance. Moreover, the electrode competed with other biowaste-based elec-
trodes.

Keywords: porous and conductor coffee waste-based carbon; highly graphitized AC; ZnClz
supercapacitor electrode; specific capacitance; specific power

1. Introduction

Many reasons stand behind considering biowastes as sources of carbon materials in
modern devices. Firstly, recycling biowastes prevents widespread environmental contam-
ination from random dumping. Secondly, the produced carbon is useful as a low-cost and
safe material for electronic devices. Thirdly, the strategy minimizes dependence on the
hazardous fossil sources [1-3]. A promising application area is supercapacitor (SC) tech-
nology for energy storage. The SC is a device with two high specific surface area (SSA)
electrodes, a separator and an electrolyte solution. Compared to conventional capacitors,
SCs have much higher capacitance [4-7]. With potentially high power yields, SCs are
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considered in various electronic devices, and specifically electric cars, competitively with
batteries [5,8].

The Ragone plots describe how SCs are at intermediary positions between conven-
tional capacitors and batteries [9]. The plots combine energy density with power density
outputs for various energy-storage devices, including fuel cells, batteries and SCs, to-
gether with conventional capacitors. For a given device, lowering the equivalent series
resistance (ESR) increases the energy density, while raising the voltage window increases
the power density values [9-11].

Improved energy-density storage devices are continuously needed to meet expand-
ing demands for modern electronic devices. As in batteries, electrochemical capacitors
(ECs) attract special attention by virtue of their high storage density, low-temperature per-
formance and multiple charge—discharge cycles. Unlike batteries and fuel cells, SCs in-
volve no real chemical reactions and function for prolonged life cycles [12], which is one
virtue. SCs with both high energy density (like batteries) and high power density (like
capacitors) at the same time are highly needed. SC research is thus active in achieving this
feature.

In SCs, very high specific surface area (SSA) electrodes with high conductivity are
necessary. The need for carbon materials in SCs is thus justified. Activated carbons (ACs)
are conducting materials that are thermally and chemically stable and can have large SSAs
with high micropore volumes. With high adsorption capacity and tunable pore structures
[13], ACs are being considered in various energy-storage devices such as supercapacitors
[14,15].

AC characteristics (surface, pore structure and adsorption capacity) are affected by
preparation and activation methods. Two types of activation are widely known: physical
activation and chemical activation. In chemical activation, impregnation with a suitable
material is used. Examples of widely used chemical activating agents are KOH, NaOH,
K2COs, ZnCl2 or HsPOs. The activating agents, which are used in combination with mild
physical processing, ensure pyrolytic decomposition of the precursor material at lower
processing temperatures, with less tar formation [16,17]. In physical activation, the pre-
cursor material is partially gasified under inert atmospheres at a high temperature and
then activated with oxidizing gases such as steam, air, carbon dioxide or mixed gases [17].

Chemical activation is a simple process and is advantageous in terms of processing
time, low temperature and high yield with high porosity. However, physical activation is
still preferable on a commercial scale due to the higher control of characteristics and sim-
plicity [18].

High-temperature pyrolysis can be coupled with poro-genic processes using NaOH
or KOH activation. Hazelnut shell hydrothermal carbonization (HTC) was studied by
three various poro-genic methods, namely simple heat treatment, KOH activation and
MgO templating. Better electrochemical characteristics (with higher SSA and effective mi-
cro-porosity) were reported in anode materials for energy storage [18,19]. Ginkgo waste-
based ACs, activated by KOH, were reported by Jiang et al. [20]. The effect of pre-carbon-
ized stuff and the KOH ratio was studied. SSA values of 1829.7 m?/g were observed for
samples activated with KOH. The AC showed a specific capacitance (Cs) of 365 F/g at a
scan rate of 2 mV/s. KOH was also used as an activating agent at 600-900 °C for 2 h and
yielded N-doped AC with a large SSA of 3401 m?/g, a high Cs of 346 F/g and a high-capac-
ity stability (~98% for 5000 cycles at 1 A/g), but a low energy density of 22.4 Wh/kg (at 0.5
A/g) [21].

Chestnut shell-based AC, activated with ZnClz, exhibited an SSA of up to 1987 m¥/g
with a Cs 105.4 F/g [22]. Hong et al. used K2SOx to activate chestnut shell-based AC with
an SSA of 1412 m?/g and a Cs of 265 F/g, but at a low current density (0.1 A/g) [21].

KHCOs was described as activating AC from chestnut shells for supercapacitor elec-
trodes [21]. Biochar activation with KHCOs yielded porous carbons with a high SSA of
2298 m?/g and a Cs of 387 F/g (at 2 A/g) with high stability (~99% after 10,000 cycles at 30
A/g) [21,23]. N-doped porous carbon from edible Chinese water-chestnut corms was also
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reported [22]. Melamine also activated chestnut shell-based carbons [23]. The AC exhib-
ited current density (0.5 A/g), Cs (402.8 F/g) and SSA (691.8 m?/g). The literature thus
showed the possibility of producing chemically activated carbons for high-performance
supercapacitors from various biowastes. Depending on their regional agricultural re-
sources and biowastes, researchers tend to focus their study attention. For this reason, in
many regions, people have conducted their studies on chestnuts, hazelnuts and other
nuts.

Other sources are globally spread, such as coffee wastes (CWs), since coffee is widely
used in many places. It is reported that in the early 2020s, more than 5 million tons of
coffee was globally consumed [24]. More recently, the amounts of CW were reported to
exceed 8 million tons [25]. ACs with high surface areas and pore volumes from CW were
prepared and used for contaminant removal by adsorption [24,26-28].

CWs thus deserve to be studied. CW-based electrodes were reported in supercapaci-
tors. A flexible supercapacitor with a Cs value of 139 F/g (at 0.5 A/g), a specific energy of
12.5 W h/kg and a specific power (Ps) of 202 W/kg was prepared from nitrogen 8%-doped
AC. The KOH activation was conducted at various temperatures. The supercapacitor
functioned for more than 5000 cycles with ~90% capacitance retention [29]. However, the
results showed lower Cs values than ACs from other waste materials. Electrochemical im-
pedance spectroscopy (EIS) showed high resistance (ESR) values as well. Chiu et al. pre-
pared AC in one combined process (physical and chemical activations) with various acti-
vating agents, KOH being the best. Only a relatively low Cs of 105.3 F/g was observed [30].
M Biegun et al. used hydrothermal acidic hydrolysis, then the KOH activation at 800 °C,
to activate coffee waste and obtained a high SSA of ~2900 m?/g. Using a liquid ionic elec-
trolyte, the highest Cs was 178 F/g at 50 A/g, based on the galvanostatic charge—discharge
(GCD) method [31], still with lower performance than other waste-based materials de-
scribed above. Omkar Khadka et al. recently prepared supercapacitor electrodes from cof-
fee wastes, first by chemical activation with a ZnClz21:1 ratio, then by physical activation
at 700 °C, and observed a relatively low Cs of only 113.8 F/g at 1 A/g [32]. In a recent review,
Davidraj et al. reported the possibility of food waste materials to produce electrodes for
energy-storage devices [33]. The report cited a number of papers using CWs in superca-
pacitor electrodes. In another more recent review, Pagett et al. described CWs in superca-
pacitor electrodes [25]. With the exception of one 2008 report that showed high C; [34], all
other more recent reports showed Cs values of less than 160 F/g [25]. From the literature,
it can be noted that the AC prepared from coffee wastes showed lower performance than
other ACs prepared from other sources, as summarized in Table 1.

Table 1. Some literature reported performance values for electrodes from biowastes.

Waste Source Spec. Capac. (F/g) Sp;c]. }}f/rll;rgy Spec. Power (W/kg) ESR(Q2) Ref.
CwW 139 (0.5 A/g) 12.5 202 ~50 [29]
Cw

(with ionic liquid) 178 (at 50 A/g) 84 202 0.20 [31]
Cw

KOH 105-21 6.9 350 - [30]
CW 113 (1 A/g) - - - [32]
CcwW <160 [25]
Chestnut 265 (0.1 A) - - - [21]
Chestnut ~403 26 454.5 - [23]

. 365 (scan rate 2

Ginkgo mv/s) -- -- 0.2 [20]
Oak seeds 551 (1 A/g) 18.5 14900 1 [35]
Date waste 179 (scan rate 5 - - 10 [36]

mV/s)
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Instead of using the highly corrosive KOH activating agent reported earlier, the en-
vironmentally friendly and low-cost ZnCl: is used here. The choice for ZnCl: is based on
its eco-friendliness, acidic nature and high performance, as described earlier [37], where
it yielded ACs with high surface areas and high adsorption capacity. ZnCl> was described
in activating coffee waste for supercapacitor electrodes with a Cs of 134 F/g at 1 A/g using
organic solvents, with high equivalent series resistance (ESR) of more than 20 Q) [38]. In a
recent study [39], ZnCl> was described in CW-based activated carbon (AC). Based on cy-
clic voltammetry, the AC showed a high Cs of 250 F/g but at a low scan rate of 1 mV/s. At
a scan rate of 5 mV/s, the Cs value was lowered to ~195 F/g, which means the electrode
still needs further improvement. From charge-discharge, the study also showed a high Cs
value of ~200 F/g at a current density of 1 A cm2. However, the study did not show the
results of electrochemical impedance spectroscopy (EIS) and thus did not display the ESR
values that are important in Ps determination.

In CW-based ACs, no correlation between important characteristics (such as surface
area, porosity, graphitization and morphology) with electrode Cs and Ps was reported. As
CW is a promising source of AC, more studies are needed to increase the CW-based su-
percapacitor performance. In supercapacitor electrode technology, high values of both Cs
and Ps are necessary. Both features can be improved by tailoring the properties of the elec-
trode material at its microscale. For instance, to achieve high Cs, the electrode material
must have high SSA and porosity. High total pore volume, especially at the microscale, is
necessary to uptake higher charges. Moreover, the electrode must exhibit relatively high
conductivity to be able to conduct current at the AC/metal collector interface in order to
exhibit a high Ps. To achieve this, the AC electrode material must have a higher carbon
content (carbon purity) with high aromaticity. By virtue of C=C conjugated bonds, in the
aromatic AC framework, the electrode may conduct current. Therefore, AC electrodes
with higher carbon content and crystallinity are necessary to achieve these characteristics.

On the other hand, the pore availability to charges is very critical in superconductor
electrodes. Therefore, special attention should be paid to removing all traces of organic
materials and residues, even before chemical activation, to guarantee that the resulting
ACs have more open pore structures.

All these assumptions will be tested. The goal here is three-fold: First, to produce AC
electrodes from CW with high SSA and micro-porosity that are free of any residues of
organic stuff and have a high Cs. Second, to produce highly graphitized AC electrodes
with high carbon content, aromaticity and conductivity in order to exhibit high Ps values.
Again, the AC must be free of any organic residues to improve interparticle charge trans-
fer for increased conductivity. Third, to correlate between AC electrode Cs and Ps (meas-
ured from galvanostatic charge—discharge, cyclic voltammetry and electrochemical im-
pedance spectra) with AC material and other characteristics. SSA and porosity will be ex-
amined using the BET method.

Crystallinity will be examined using X-ray crystallography. Morphology will be
studied using scanning electronic microscopy. Graphitization, carbon content and purity,
functional groups and aromaticity will be examined by Raman spectra, FT-IR spectra and
energy dispersive X-ray electron spectra. The study will be performed on an AC electrode
in comparison with another counterpart prepared from CW pyrolysis.

Extra steps will be followed in preparing the pyrolyzed carbon and the AC materials,
as described in Experimental Section 2. The impact of these steps on the AC characteristics
and supercapacitor performance will be assessed here by comparison with the literature
electrodes in Section 3.

This comprehensive study approach to CW carbon materials was not reported, to our
knowledge. The present study thus aims to produce an AC electrode from CW with higher
Cs, higher Ps and lower ESR than earlier described systems.
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2. Experimental
2.1. Materials

Organic solvents, such as acetone, bases and acids, were purchased from Sigma-Al-
drich (St. Louis, MO, USA) in pure forms. The glass fiber separator (-M 5V5) was pur-
chased from Alter-Lab. Coffee waste was taken from freshly used Turkish coffee drinks
(Arabica type). The coffee beans were brown roasted at ~240 °C for ~20 min. The roasted
beans were then ground on a Ditting shop grinder at super-grade 0.1 mm in diameter. The
coffee drink was then processed according to Turkish coffee drink protocols and boiled
for a few minutes. The resulting CW was isolated and stored in a refrigerator for pro-
cessing.

2.2. Equipment

A hydraulic press (Shimadzu), equipped with a pressure gauge, was used to make
AC disks. The sample was pressed at 7 tons. The value was based on earlier recommen-
dations [37].

A standard Teflon Swagelok cell, 10 mm in diameter with stainless steel electrodes,
was used for supercapacitor testing. The cell was connected to the potentiostat/gal-
vanostat (VoltaLabPGZ402). The working electrode was connected to one side, while the
counter and the reference electrodes were together connected to the other side. The inter-
nal reference cell was used as a reference. The VoltaMaster 4 software was used for elec-
trochemical measurements. Solid-state Fourier transform infra-red spectra were meas-
ured on a Thermo Fisher (Waltham, MA, USA) machine (ASB1200315-Nicolet 5 FT-IR
Spectrometer).

AC morphology and surface structure were examined by scanning electron micros-
copy (SEM) on a (Hitachi-S-4800 Field-Emission machine). Transmission Electron Micros-
copy (TEM) was measured on a JEM-ARM200F system. Brunauer-Emmett-Teller (BET)
was measured on Micromeritics-3Flex 3500 equipment. X-ray diffraction patterns were
measured on a PAN-alyticalX'Pert-PRO X-ray diffractometer, using Cu Ka as a source.
Raman spectra were measured on OlympusBX41M equipment. SEM, XRD, TEM, BET,
XPS and Raman spectra were all measured in the labs of the KIER, Daejeon, Korea.

2.3. Carbon Material Preparation

The CW material described above was treated by two methods, namely pyrolysis
only and chemical activation.

o Thermal (pyrolytic) treatment (Cryro1)

Pre-dried Arabic coffee waste (200 g) was soaked in distilled water (800 mL) for 24 h
and rinsed. The solid was again soaked in hot distilled water (800 mL) for 24 h, filtered,
rinsed with ethanol, spread on a tray and dried in an oven at 200 °C for 3 h, then left at 50
°C for 24 h. The remaining solid waste was left to dry at room temperature for 24 h, then
heated in an oven at 70 °C for 12 h. The extra steps were performed to remove all soluble
coffee ingredients, including any possible organic oils or residues.

The resulting solid was then heated at 800 °C for 2 h under a flow of inert ultrapure
Nz. The solid was kept to cool in the oven for 24 under Na. The resulting Cryrol was stored
inside a desiccator. The net mass for the Ceyrol was ~154 g, with a yield percent of 77%.

. Chemical activation (ACchem)

A Cryrol sample (100 g) was taken and magnetically stirred with ZnClx(s) (in a 1:1 mass
ratio) for 24 h at 60 °C. The solid mixture was left at room temperature for 24 h and then
oven-dried for 7 h at 70 °C. The solid mixture was heated at 800 °C for 2 h. The resulting
solid was cooled and soaked again in water for 24 h to remove any floating materials. The
solid was then filtered, rinsed with water and dried at room temperature for 48 h. The
resulting ACchem was stored in a desiccator for further use. The net mass for ACchem was
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~78 g, with a yield of 78%. In both cases, no ash was observed, indicating that gasification
was the main reason for the loss.

2.4. Carbon Disc Electrode Preparation

A sample from each carbon was ball-milled to fine powder with Agat mortar for 10
min. The carbon material was mixed with PVDF polymer in a 93:7% ratio and was mag-
netically stirred with acetone (15 mL) to allow polymer diffusion inside the carbon. The
mixture, which became fluidic muddy, was then sonicated at 35 °C for 20 min inside a
bath and then left at room temperature for 24 h to evaporate off the acetone. The resulting
solid/polymer cake (with polymer in and out) was milled with a mortar to a fine powder.
The excessive polymer tissue, which resulted on the sides, was peeled off with a tongue.
The remaining solid was collected and oven-dried at 70 °C for 2 h. The carbon powder
(0.03 g) was then used to make electrode discs, which were pressed in a mold under hy-
draulic pressure of 7 tons. The carbon disc diameter was 10 mm, and the disc thickness
was ~0.19 mm.

2.5. Electrochemical Methods

Electrochemical characteristics for both carbon materials were examined by various
methods, namely galvanostatic charge—discharge (GCD), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). A Swagelok cell, described above, was
used in the electrochemical studies. One disc was loaded as a coating layer on one stainless
steel electrode. A fiberglass disk separator (with a diameter of 10 mm) was immersed in
KOH electrolytic solution (6 M) for 5 min and was then carefully taken by tongues and
firmly stacked on the carbon electrode as a coating. The other carbon disc was stacked
onto the separator. Then, the cell was firmly assembled to prevent gaps and bubbles be-
tween electrodes and to disallow any cell component movements. The assembled
Swagelok cell electrodes were connected with the PGZ 402 Potentiostat/Galvanostat in the
two-terminal mode, as described above. The VoltaMaster 4 software was utilized in data
collection. The CV measurements were performed for each electrode in the potential range
of 0.0-1.0 V at various scan rates.

The GCD data were measured at various current densities. The current density was
switched between positive values (for charging) and negative values (for discharging).
The results were acquired and analyzed using Origin software (Version 4.0.9.0 — Novem-
ber 13th, 2023) or Excel (2010).

3. Results
3.1. Carbon Disc Characterization
- Carbon Morphology

Figure 1 shows SEM micrographs for both carbon materials in pressed disc forms.
The Cpyrot and ACcren materials exhibited different surface morphologies. The ACcren is
more porous than the Cpyror. This is due to the chemical activation, which further affects
the carbon surface, in addition to heating, as reported earlier [40,41]. As stated above, the
acidic ZnClzactivating agent interacts with the carbon matrix and makes it more porous.

In Figure 2, TEM micrographs for both carbon materials are shown. In each case,
white dots can be observed, indicating pores. The ACchem was more porous, with higher
homogeneity, than Cryrni. A closer look at Figure 2¢ shows that the ACchem involves planes
similar to graphene, which are normally planes present in graphite. The interplanar dis-
tances are ~0.334 nm, which resembles the earlier literature [42]. This indicates that ACchem
has high graphitization and carbon purity, as confirmed by other methods as described
below.

- Carbon material porosity
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The porosity for the two carbon materials was measured using the BET method. Po-
rosity involves SSAs, pore size distributions (PSDs) and total specific pore volumes. Ad-
sorption/desorption isotherms were measured for both carbon materials in pressed disc
forms. The results are summarized in Figure 3a. The figure indicates that at higher relative
pressure, the amount of gas that entered the pores increased until all pores were occupied
at equilibrium. Naturally, the equilibrium position was pushed to higher adsorption at
higher relative pressures.

5.0kV 8.8mm x500 SE(M)

Figure 1. SEM micrographs measured for coffee waste-based carbons as pressed discs. (a,b) For
Cryral; (¢,d) for ACcrem.
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Figure 2. TEM micrographs measured coffee waste-based carbons as pressed discs. (a,b) For Cpyroy;
(c,d) for ACchem.

To understand the effect of electrode material pore size distribution on the Cs, BET
analyses were performed (Figure 3a). The isotherms involved small hysteresis loops from
high to low pressure ranges. This indicated that the electrodes had both meso- and macro-
porosities. Based on IUPAC, the present isotherms are type I [43]. This indicates highly
microporous materials. ACchem exhibited higher nitrogen adsorption, even at very low rel-
ative pressures (P/P° <0.01), compared to Cryrol. This indicated the existence of micropores,
more profoundly in the former than in the latter. The ACchem is superior to Ceyol in terms
of SSA, in addition to micro-porosity, as described in Table 2. As the minimal pore sizes
for ACchem (0.8 nm) and Cryrol (1.8 nm) are larger than the ionic sizes for both electrolyte
ions (K*(hydrated) 0.4 nm, OH (nydrated) 0.38 nm), both activated carbons readily adsorb the ions
and may behave as supercapacitors. Since the ACchem had more total micropores than Cey-
rol, with higher SSA (vide infra), the former carbon should have higher Cs.

The SSA was determined by multiple point BET approach within regions of iso-
therms, limited by the P/P* range of 0.0-0.3. Figure 3b summarizes the results. The adsorp-
tion volume showed that BET surface areas for Cryrol and ACchem were 458 and 830 m?/g,
respectively. The total volume of pores (Viotal, cm?/g) was calculated by the amount of ad-
sorbed nitrogen at P/P° = 0.9932. All results are summarized in Table 2.

Table 2. BET data measured for Cryroland ACchem.

BET-Based Data

Vos5-2¢ mic Vast
Material S Vb ("zg 2 (cm¥/g) V>50 Smic Smeso APS
(m?g)  (cm/g) 8 BJH (cm¥g)  (mYg)  (mYg) (nm)
t-plot
Meso
Cryrol 458 0.2114 0.153 0.23 0.0084 385 73 1.8-3.3
ACChem 830 0.41 0.19 0.072 0.148 755 75 1.0-4.0

Seer = BET-based SSA, Smic = micropore surface area, Smeso =mesopore surface area, Vi = total pore
volumes, Vmic=micropore volume, Vmeso=mesopore volume, APS is pore size (nm).
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Figure 3. BET results for ACchem and Cryrol. (a) Adsorption isotherms and (b) 1/[Q(P°/P - 1)] vs. P/P°
plots.

All the above results confirmed the ACcrem high porosity and suitability for superca-
pacitor applications. The increased porosity is due to using the activating agent.

- Pore size distribution by the BJH method

The method of Brunauer—Joyner-Halenda (BJH) method was used to analyze meso-
and macro-pores in a wide diameter range of 17-3000 A. Figure 4a summarizes the pore
size distributions in both carbons. The pore size distributions were in the micro-, meso-
and macropore scales. The figure shows that for the present electrodes, the domain of pore
sizes was centered in the ranges of (1.8-3.3 nm) for Cpyrot and (0.8-2.7 nm) for ACchem.
Equation (1) describes the relation between BET surface area and pore size with Cs.

Cs=eAld (1)

where ¢ is electrolyte dielectric constant, A is SSA accessible to ions and d is spacing be-
tween ions and electrode-pore surface (in nm).

Based on this equation, two methods can be followed to increase supercapacitor
charge storage:

- Improving SSA;
- Decreasing spacing between electrode surface and ions.

Therefore, higher SSAs and higher meso- and micropores numbers, together, yield
higher transport of charges. This consequently leads to higher C-.

The results showed that, for both present carbons, higher adsorbed gas occurred in
the smaller pore size. Small pore sizes were more dominant in the ACcrem, as observed
from pore size distributions (differential pore volumes) (Figure 4a). The observed ACchem
material peaks were distributed within the pore size range of 1.0-4.0 nm. Thus, mi-
cropores were dominant in the ACchem, with higher adsorption at smaller diameter mi-
cropores. The results justified the high Cs for ACchem, as summarized in Table 2.

As per Cryrol, the plot showed a single peak at 3.7 nm. At smaller pore sizes, Cryrol has
lower adsorption than the ACchem. The results clearly indicated that the ACchem was more
microporous than the other counterpart.

- Pore size distribution by the (HJ]) t-plot

The micropore volume and surface area (Smico, m?/g) were investigated by the
Harkins—Jurat plot. The amount of adsorbed N: for a given P/P° range was plotted against
pore thickness (t). The results are summarized in Figure 4b,c and Table 2. From the figures,
the present electrodes involved high micro-surface areas of 557 and 385 m?/g for ACchem
and Cryrol electrodes, respectively. This justified the high Cs for ACchem, as described below.

- X-ray patterns

The XRD pattern is presented in Figure 5a. Both Cryrol and ACcrem exhibited a peak at
20 =~24°. This is consistent with the earlier literature [41]. However, as both materials are
amorphous, broad and low diffraction peaks for the (002) signals were observed. The peak
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for ACchem was sharper than for Cryrol, which indicated that the former was more crystal-
line. This means that the former had more carbon content than the latter, as described
below. The especially broad peak for the Cryrol is a result of the presence of additional
phases, as described in the literature [42]. The XRD pattern occurred at a slightly lower
20 value by adding KOH to activated carbon from oil palm fruits [43]. In the present
study, no clear shifting is observed due to overlap.

Another broad peak in the range of 20 = 40-50° can also be observed more obviously
for ACchem than for Cpyrol. The ACchem thus showed more resemblance to earlier chemically
activated carbons [44]. The XRD patterns indicated that the ACcrem had higher graphitiza-
tion, crystallinity and porosity.

- Elemental analysis

For both Cryrol and ACcrem, elemental analyses were performed by the EDS, as de-
scribed in Supplementary Figures Sla,b. Table 3 summarizes the results.

Table 3. Summary of elemental analysis results for (a) ACchem and (b) for Cryrot.

Element C N ®) S Cl Fe
a Atom% 93.3 2.3 3.9 0.1 0.2 1x102
Mass% 96.6 0.3 0.1 0.2 2 x1072
Element C N O S Cl Fe
b Atom% 63.2 1.9 23.7 0.04 1.1 0.04
Mass% 83.3 4.0 0.1 1.5 0.1
For ACchem, the atom percentage for carbon was 93%, while for Ceyro, it was only
63.20%. So, more carbon appears in ACchem, which is a virtue for this material. The results
are also consistent with TEM results where the ACchem involves graphene planes in the
graphite. The EDS results were also consistent with the XRD results, in the sense that AC-
chem material had higher graphitization; vide infra.
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o
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Figure 4. Pore size distribution based on BJH method. For Cpyrot and ACchem activated carbons. (a)
Plots of pore volume vs. pore size. Plots of quantity adsorbed vs. thickness for (b) Cpyrol and (c)
ACCchem.

- FT-IR spectra:

Solid-state FT-IR spectra were measured for both carbon materials, as described in
Figure 5b. Both carbon materials are free of significant water amounts, as both did not
show strong characteristic bands at ~3500 cm™. This also indicated the absence of the O-
H bonds that exhibit a broad band due to H-bonding when the groups are in close prox-
imity. Cryrot showed a clear band at ~2900 cm™ due to C-H bond stretching in (-CHz) and
in (-CHs) groups [44,45]. The same band was not clearly observed in ACchem, which indi-
cated low H-content in the solid, as earlier reported for dry graphite [46,47]. The results
indicated that the ACchem had less hydrogen and more carbon than Cpyro. Naturally, AC-
chem had higher graphization and carbon purity with a higher chance of C=C formation
than its counterpart. This was further evidenced by the -C=C- band at ~1600 cm™, typical
for aromatic systems [48], being clearer and stronger in ACchem. Moreover, the ~1700 cm™!
band, associated with the C=O bond in ketones, aldehydes and carboxylic acids [45], was
clearly observed in Cryrol but not in ACcnem.

The FT-IR spectra therefore confirmed the higher graphitization and carbon purity
in ACchem compared to the Cpyrol counterpart. With higher graphitization, the carbon ma-
terial was able to assume a more aromatic structure, carbon purity and higher conductiv-
ity, in congruence with the elemental analysis in Table 3. These results were further cor-
roborated by the Raman spectra described below.

- Raman spectra

Figure 5c below summarizes the Raman spectra for Cpyrol and ACchem. The ACchem ex-
hibited higher homogeneity than Ceyro. Each carbon material exhibited two sharp peaks
at 1360 cm™ (for the D peak) and 1590 (for the G peak). Comparison between the two
spectra indicated that the ratio between the D-peak intensity (Ip) and the G-peak intensity
(Ic) was 0.7 for ACchem compared to 0.8 for Cryrol. A lower Ip/Ic ratio means higher graphi-
tization in carbon materials, as described earlier [49,50]. Therefore, the ACchem here had
more graphitization and carbon purity than the Cryrol. This result corroborated the XRD
and EDS results discussed above in the sense that the former has more C content than the
latter. The Raman spectra also corroborated the FT-IR spectral findings discussed above.

It should be noted that higher graphitization is a favored feature in ACs. Researchers
tend to increase graphitization by increasing temperature [51]. To increase carbon content
with higher SSA, porosity and larger total pore volume, chemical activators are needed
[52,53].
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Figure 5. Characterization results for ACchem and Cryrot by (a) XRD, (b) FT-IR spectra and (c) Raman
spectra.

3.2. Supercapacitor Testing

As described above, the ACchem electrode was singled out for further in-depth elec-
trochemical study unless otherwise stated. It is customary to single out ACs produced
with activating agents in electrochemical studies [30,54]. However, for the Cryrol, the elec-
trochemical results are displayed in the Supplementary Data, Figures S2-54, for compar-
ison purposes. Electrochemical results for ACchem, including CV, GCD and EIS, are de-
scribed here, using KOH (6.0 M) as an electrolyte.

- cv

CV is a major tool for studying Cs. Cyclic voltammograms were measured in the
range (0.0 to 1.0 V) at various scan rates (5, 10, 20, 50 and 100 mV/s) for the ACchem electrode
(Figure 6). Figure 6a displays CVs measured at different scan rates, while Figure 6b dis-
plays CVs at one low scan rate (5 mV/s) only. Each CV plot exhibited a semi-rectangular
shape, with no peaks and with a highly reversible charge—-discharge process. The electrode
thus behaved as an electronic double-layer capacitor [4,8,55-57]. The Cs values (in F/g)
were calculated from CV plots using Equation (2).

_2x(qq + lacD
s mAV

where m is the electrode-active material (g) and AV is the voltage window (V), while g is
the anodic charge and g¢ is the cathodic charge (in C).

High reversibility for ACcrem electrodes at different scan rates and high response (in
charging/discharging) were due to high conductivity, as described in other systems [58—
60]. Based on Figure 6a,b, the Cs values for ACchem were plotted vs. scan rates. Figure 6¢
indicated that Cs decreased at higher scan rates. Table 4 summarizes the results. The table
shows that the present ACchem electrode was superior to earlier coffee waste-based elec-
trodes in terms of Cs value.

2)
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Current density (A/g)

Typically, high C; is associated with lower scan rates. In ACchem, the same behavior
was observed due to enough time available for ions to penetrate through micropores (of
less than 2 nm). At higher scan rate settings, only larger pores (2-50 nm) can uptake ions
and contribute to capacitance. That is due to electrolyte diffusion rate differences in the
pores with various sizes. It may also result from network connections between smaller
and larger pores [60-62].

The high Cs of ACchem was partly due to its high SSA and microporous surface. This
increased the number of areas available for electrolyte-ion storage within the numerous
small pores. Other factors, such as conductivity, may also have had an influence, as de-
scribed below. Compared with the Cryrl electrode in Figure S2, the ACchem electrode ex-
hibited a much higher value.

The increased current density peak with a higher scan rate was due to higher ion
mobility. This was associated with high concentrations that diffuse in close proximity to
electrode surfaces [63,64].

Table 4. Summary of Cs values obtained at various scan rates for ACchem electrode compared to lit-
erature CW-based electrodes.

Scan Rate Setting This Work Literature
(mV/s) Cs Values (F/g) Cs Values (F/g)
1 _ 150 [65]
250 [39]
109 [32]
> 261 195 [39]
10 220 101 [32]
130 [65]
20 174 90 [32]
50 110 100 [65]
100 69 47 [32]
200 45 -
= = = Scan rate 200 mV/s Scan rate 100 mV/s Scan rate 50 mV/s

« =Scanrate 20 mV/s =  ===== Scan rate 10 mV/s

02 0.4 0.6 0.8 1
Potential (V)

@)
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Figure 6. CV studies on ACcrem electrode. (a) At various scan rates; (b) at low scan rate (5 mV/s); (c)
scan rate effect on Cs.

-  GCD

The supercapacitor performance can be further tested and verified by the GCD
method (Figure 7). The ACchem electrode was charged and discharged galvostatically here,
within a potential range of 0.0-1.0 V, at various constant discharge current density values
(0.33,0.67,1.67,3.3 and 5.0 A g'). These current density values were not arbitrarily chosen.
Firstly, they spanned a variety of high and low values. At much higher values, the Cs nor-
mally become too small, while at much lower current density values, the Cs will increase
unrealistically. Secondly, the chosen current density range was based on the current den-
sity values observed in CV plots of Figure 6, as extracted from Equation (2).

Figure 7a summarizes the potential (V) vs. time (s) plots, showing the charge and
discharge processes. A potential drop (Vir) was observed in the discharge after the maxi-
mum potential value was reached. From Figure 7a, the potential drops occurred in the
discharge processes. The potential drop values were 0.064, 0.134, 0.297, 0.66 and 0.76 V at
the above current density values, respectively. The Cs values from the GCD curves were
estimated using Equation (3) [12], as summarized in Table 5.

c - ExD _@xI

s [(d_V ) « M] [(dV/dt) x M] ©)
dt

where dv/dt is the slope for the linear-discharge curve, [ is the discharge current (A) and

M is the total mass (g) for the electrode.

The values for equivalent series resistance (ESR) from the GCD method, described in
Table 5, can be evaluated by Equation (4). The ESR values were within a narrow domain,
which confirmed the electrode stability at different densities. This is another superior fea-
ture of the present electrode.

ESR = Vir/2I (4)

Table 5. Characteristics for ACchem electrode measured at various discharge current values from

GCD.

Discharge Current (A/g) 0.33 0.66 1.66 3.3 5.0
Vir (V) 0.064 0.134 0.297 0.660 0.760
ESR () 3.20 3.35 3.00 3.30 2.53
Cs (F/g) 150 141 92 50 39

Charge and discharge processes were nearly symmetric, indicating high electro-
chemical reversibility for the electrode. The small Viz drop in the discharging curves of
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ACchem implied a small ESR value, which is an essential feature in supercapacitors with
favorable power characteristics. The low Vir drop in ACchen is due to its high conductivity,
as achieved by ZnCl: activation. The Cs of ACchem decreased from 150 F/g (0.33 A/g) to 39
F/g (at 5 A/g), as shown in Figure 7b. This is a common supercapacitor behavior that is
mainly due to electrolyte-ion diffusion limitations.

At higher currents, the time available for charging/discharging processes decreased
due to higher ion mobility. This caused lower Cs, as expected, in congruence with the lit-
erature [8,55,66]. Figure 7a shows that at higher current density, a shorter time for charg-
ing and discharging was available. Thus, the voltage drop increased at a higher current
density, corresponding to the resistance exhibited by the supercapacitor [12,67].

The specific energy and specific power values were calculated using Equations (5)
and (6) [68,69].

E= [cs X (AVOP)Z] /(2 % 3.6) (5)

P =E x3600/At (6)

where Cs value (F/g) is extracted from the discharge curve, AV is the operating voltage
range (V) defined as AVop = AVuppi —Vir and AVappi (=1 V) is the applied voltage used during
the charge—discharge process. At denotes discharge time (in s), and Vir describes the volt-
age drop observed in the discharge plot caused by the immediate impact of the charge-to-
discharge process transition.

Figure 7c displays the Ragone plot for the electrode. The maximum specific energy
was (18.3 Wh/kg) at specific power (360 W/kg) at current density (0.33 A/g). At maximum
specific power (1444 W/kg), the specific energy was (6.4 Wh/kg) at current density (1.66
A/g). These values are higher than the literature results for coffee waste electrodes. A re-
cent report [32] showed a specific energy of 4.78 Wh/kg and a specific power of 137 W/kg
at 1-5 A/g current densities. The present results confirmed the potential value of the AC-
chem electrode in future applications, as it combined high specific energy with high specific
power together. Again, The ACchem electrode showed higher performance than the Cpyrol
(Figure S3).

The electrode stability on recycling is depicted in Figure 7d. The plot was constructed
at a current density of 0.33 A/g for 5000 cycles and showed only a slight Cs lowering from
149 to 148 F/g. The results depicted the high electrode stability upon charge—discharge
cycling, which is an important feature in supercapacitor technology.
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......... 33 Alg 5.0 Alg 180 A
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Figure 7. GCD data for ACchem electrode. (a) Charge—discharge plots vs. time at different current
density values. (b) Plots of Cs vs. current density. (c) The Ragone plot of specific power vs. specific
energy. (d) Electrode stability with cycling (at 0.33 A/g).

- EIS

To further confirm the above results, EIS was studied (Figure 8). Nyquist plots were
constructed for the electrode within the frequency range (0.01-10 x 10® Hz) (Figure 8a).
The ESR values indicated looseness inside the supercapacitor. The intercept with the x-
axis, at a higher frequency, represented the combined resistance (Rs = 0.48 () value in-
volving electrode material inherent resistance, electrolyte solution ionic resistance and
contact resistance at the current collector/electrode interface. The semicircle loop de-
scribed electrode conductivity, together with its charge transfer resistance (Re) [70]. The
measured R« here was 0.2 Q. Higher electrode conductivity normally indicates a smaller
semicircle loop. For ACchem, the calculated ESR (Rs + Rcr) here was 0.6 ). At low frequen-
cies, the vertical line describes the electrode capacitive behaviors. In the present electrode,
the Nyquist plot showed a nearly linear behavior, in parallel with the imaginary y-axis,
indicating polarized systems. At low frequencies, deviation from vertical behavior to
smaller slopes corresponded to higher ionic-diffusion resistance. ACchem EIS results were
superior to the Cryrol electrode depicted in Supplementary Figure 54.

Time constants normally divide between the electrode capacitive and resistive re-
gions. This can be determined from the reciprocal of maximum frequency (fo) as to = 1/fo.
Generally, a low time constant value indicates higher performance, i.e., a supercapacitor
that yields a higher power in a shorter time. For the electrode, the knee frequency was 0.08
Hz, and the time constant was 12.5 s. Normally, the time constant value is affected by
different factors, such as electrode material conductivity and thickness, together with elec-
trolyte thickness [71]. When the electrode and electrolyte thicknesses are kept the same in
the supercapacitors, then the time constant is influenced only by the electrode material
conductivity.

Supercapacitor Cs values were calculated from EIS using the impedance imaginary
component in Equation (7) [67,72].

C, = 4 x (= 1/2nfz" M) 7)

where f denotes frequency (Hz), z” is the impedance imaginary component (in Q) and M
is the mass of the electrode (in g).

Figure 8b shows how Cs varied with frequency. For the ACchrem electrode, the Cs was
179 F/g at a frequency of 0.01 Hz.
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Figure 8. EIS data measured for ACchem electrode. (a) Nyquist plot constructed. (b) Cs vs. frequency
plot.

As described above, the Cs for the ACchem electrode was calculated by three methods.
The CV study yielded a value of 261 F/g (at a scan rate of 5 mV/s), which is higher than
the literature values for coffee waste electrodes. The GCD study yielded a value of 150 F/g
at a discharge current of 0.01 A and ESR values in the range of 2.53-3.2 Q at discharge
currents in the range of 0.15-0.01 A. The EIS study showed a value of 179 F/g (at a fre-
quency of 0.01 Hz) with low resistance. All values are superior to earlier reported values,
as described above.

Allin all, the results indicated that the ACchem electrode exhibited favorable physical
characteristics, leading to improved supercapacitor performance. As described above, the
chemical activating agent improved all characteristics of the activated carbon in many
ways. The solid porosity was improved and yielded higher ion uptake. Graphitization and
carbon purity were all improved. The relative crystallinity was improved, along with the
electrical conductivity of AC. All these characteristics enabled the present ACchemelectrode
to exhibit high Cs and Ps at the same time. The present electrode here also exceeded earlier
coffee waste-based electrodes, both in Cs and in Ps. One main factor was the careful proto-
col followed when preparing the ACchem electrode here. Material purity in terms of carbon
content allowed the pores to uptake more ions with increased Cs. The carbon purity also
allowed higher interparticle charge transfer in the electrode bulk, yielding lower re-
sistance (~0.6 Q here compared to ~10 Q elsewhere), which was responsible for higher
specific power. By combining high Cs and Ps together, the present electrode was also su-
perior to many electrodes prepared from other biowastes and commercial carbons. This
feature makes the electrode a potential candidate for future commercial supercapacitors.
Therefore, it is necessary to examine new chemically activating agents that produce acti-
vated carbons from coffee and other biowastes. Research is active in these laboratories to
further improve coffee waste-based ACs by other methods. Using natural electrolytes is
being studied here to minimize environmental impact.

4. Conclusions

Two potentially useful carbon powders were produced from coffee wastes, one by
pyrolysis under an inert atmosphere (Cryro1) with no added activators and the other with
a ZnClz activator (ACchem). The latter exhibited superior characteristics in terms of specific
surface area, porosity, carbon content, graphitization and surface morphology. For these
reasons, the ACcrem electrode was given special attention in assessment as an electrode for
supercapacitor purposes. Careful preparation procedures were followed to yield a high-
purity carbon electrode that exhibited higher performance than earlier coffee waste-based
electrodes in terms of specific capacitance and specific power. The electrode also exhibited
low electrochemical series resistance with high stability. With these combined features,
the new electrode competes with electrodes produced from other biowastes that showed
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high performance in the literature. Using new types of chemical activators for coffee
waste-based electrodes and using other preparation routes is recommended in future re-
search.
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