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Abstract—N/S dual-doped carbon materials were synthesized from coffee waste and cysteine for use as porous car-
bon electrode materials for electric double layer capacitors. The capacitance of the carbon materials was calculated
from the experimental results of cyclic voltammetry and galvanostatic charge-discharge tests. The N/S-doped carbon
materials obtained from heat-treatment with cysteine exhibited a higher discharge capacitance, 71.3 F/g, than that of
the carbon without the cysteine treatment, 43.8 F/g, at 1 A/g. This is because the N/S dual-doped carbons possess a
higher wettability than that of the other carbon material, even though the N/S doping with cysteine destroys the porous
carbon structure, which reduces the BET surface area of the carbon samples. Elemental analysis was performed to
determine the portions of nitrogen and sulfur elements doped into the carbon. From the XPS results, various states of
nitrogen and sulfur elements were identified, and SEM/TEM images were obtained to observe their morphologies and

porous structures.
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INTRODUCTION

Supercapacitors are energy storage devices that have received
much interest due to their intrinsic advantages compared with other
electrochemical systems. They are characterized by having a higher
power density, higher charging/discharging efficiency, and longer
life cycle time than most batteries [1-3]. There are various types of
capacitors, such as dielectric, double-layer, and oxide/polymer redox
films, and their mechanisms of energy storage are non-Faradaic
electrostatic or Faradaic charge transfer [1,4]. The electrostatic energy
storage of the supercapacitor is achieved by the formation of an
electric double layer (EDL), which is an array of electrolyte charge
accumulation on the electrode, and thus, the electric double layer
capacitors (EDLCs) are the representative type of supercapacitors
adapting that mechanism [1,4]. The high specific capacitance of
the EDLCs originates from the EDL formed in the porous elec-
trodes with a large surface area [1,2,5]. Various carbon materials,
such as activated carbons [6-8] and carbon aerogels [7,9,10], are
widely used in EDLC electrodes due to their high conductivity and
highly porous structure [1,3]. Faradaic charge transfer can also be
another electrical energy storage principle, and the supercapacitors
adapting this mechanism are called pseudocapacitors [1,4]. Unlike
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EDLCs, various metal oxides [11-13] and conducting polymers
[14,15] are used for the electrode materials for pseudocapacitors.

Recently, heteroatom-doped carbons have been investigated as
another potential candidate of electrode materials for various elec-
trochemical applications [16-20]. The change in the charge density
of a carbon material is induced by the doping of heteroatoms, such
as nitrogen (N), boron (B), sulfur (S), and phosphorus (P), into the
carbon structure [16]. Additionally, some researchers have tried to
obtain carbon materials from the pyrolysis of a biomass to utilize
them as electrode materials [6,21-26]. Among them, coffee waste
is the most discarded biomass, and it was reported that the car-
bon materials from coffee waste can be used for electrochemical
applications [21-23,25]. Coffee waste contains nitrogen because it
consists of polysaccharides, proteins, non-protein nitrogenous com-
pounds, lipids, minerals, and phenolic compounds [27]. The exis-
tence of nitrogen in coffee waste induces self-nitrogen-doping into
the carbon structure after pyrolysis [21-23,25]. Recently, many stud-
ies have investigated the doping of multiple elements into the car-
bon structure to improve the electrochemical performance of the
carbon materials [16,18,28].

In this study, N/S dual-doped carbon materials derived from cof-
fee waste and cysteine were created and utilized as electrode mate-
rials for an EDLC application. Because cysteine contains both ni-
trogen and sulfur atoms in its molecular structure, it can provide
these elements into carbon for doping [29,30]. Cyclic voltammo-
grams were obtained to calculate the specific capacitance of the
resultant carbon materials. Galvanostatic charge-discharge tests were
also performed to cross-check their capacitance. The BET surface
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area of the N/S dual-doped carbon materials was measured. Scan-
ning electron microscopy (SEM) and transmission electron micros-
copy (TEM) images were acquired to observe their surface morph-
ology. The X-ray diffraction (XRD) patterns were measured, and
X-ray photoelectron spectroscopy (XPS) data were also obtained
to determine the types of bonds for the nitrogen and sulfur ele-
ments doped into the carbon. A cycle stability test was performed
as well using the N/S-doped carbon material which showed the
highest performance.

EXPERIMENTAL

1. Materials

Coffee waste was obtained from commercially available coffee
beans after brewing. Zinc chloride (ZnCl,, 98%), polytetrafluoro-
ethylene (PTFE) preparation (60 wt% dispersion in H,0O), and hy-
drogen chloric acid (HCI, 37 wt% in water) were supplied by Sigma-
Aldrich. Potassium hydroxide (KOH, 95%) was obtained from
Unid (Korea), and ethanol (EtOH, 99.9%) was acquired from Duk-
san Reagents. Argon (Ar, 99.999%) was supplied by Special Gas
(Korea). Deionized water (DI water) was acquired by a water puri-
fication system (Zeneer Power II, Human Corporation).

2. Synthesis of the Porous Carbon Doped by Nitrogen and Sulfur

First, coffee waste was dried in a vacuum oven at 80 °C over three
days, and the dried coffee waste was ground with pestle in a mor-
tar The coffee waste powder was heat-treated under 100 cm’/min
of an Ar flow in a horizontal tube furnace at 800 °C for 3h (5 °C/min
of heating rate). The resultant product was washed using EtOH,
5M HCI solution (from 37 wt% of HCl solution by adding a stoi-
chiometric amount of DI water) and DI water several times until
the pH reached 7. After drying in a vacuum oven at 80 °C, the coffee
waste product and ZnCl, were mixed with a weight ratio of 1:3
and ground. DI water was added to the coftee waste-ZnCl, mixture
to dissolve the ZnCl, to be well dispersed into the coffee waste.
After sonication and drying in the vacuum oven to remove the
water, the coffee waste-ZnCl, mixture was ground. Then, the sam-
ple was activated by heat-treatment under 100 cm’/min of an Ar
flow at 800 °C for 3 h (5 °C/min of heating rate). Some of this sample
was washed with EtOH, 5M HCI solution and DI water. After
drying, it was tested as an electrode material for EDLC (sample
name: CW).

The rest of the sample was used for the N/S dual doping to car-
bon with cysteine. CW and cysteine were mixed with a weight ratio
of 1:0.3 and 1:1. DI water was added to dissolve the cysteine
completely, and the samples were sonicated for 20 min. After dry-
ing and grinding, they were heat-treated under 100 cm’/min of an
Ar flow at 800°C for 3h (5°C/min of heating rate). Finally, the
samples were washed with FtOH, 5 M HCl solution, and DI water,
dried in the vacuum oven, and used for the other electrode mate-
rials for EDLC (sample names: CWCy30, CWCy100).

3. Electrochemical Analysis

Every electrochemical measurement involved using a three-elec-
trode system and potentiostat/galvanostat/EIS system (SP-300, Bio-
logic). The carbon samples (CW, CWCy30, and CWCy100; active
materijals) were mixed with PTEE (60% dispersed in water, a binder)
in water (95:5 weight ratio). These carbon slurries were depos-

ited on nickel foams (1 cmx1 cmy; current collector), pressed and
dried at 80 °C overnight to prepare working electrodes. 4 mg of
the carbon active materials was loaded on the working electrodes
(4 mg of a carbon active material/cm’). A platinum wire was used
as a counter electrode and Ag/AgCl as a reference electrode. Cyclic
voltammetry and galvanostatic charge/discharge measurements were
performed depending on the scan rate and current density in a
6 M KOH solution. The specific capacitance was calculated by the
following equations:

C= L for cyclic voltammogram
Zm(d—v)

dt

1At

C=mav

for galvanostatic charge/discharge

where C, I, dV/dt, AV, m, and At indicate the specific capacitance,
current, scan rate, potential window excluding IR drop, mass of the
active material, and discharging time, respectively. The cycle stabil-
ity test was performed using CWCy30 at a current density of 1 A/g.
4. Characterization

The surface area of the coffee waste-derived carbon samples
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Fig. 1. (a) Cydlic voltammograms of the carbon samples derived
from the coffee waste at 30 mV/sec and (b) specific capaci-
tance calculated from the CV depending on the scan rate.
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was measured using a BET & pore size analyzer (TriStar II 3020,
Micromeritics) by the Brunauer-Emmett-Teller (BET) method from
the N, adsorption-desorption isotherms at 77 K. The elemental
compositions of the samples were determined by an elemental
analyzer (FLASH 2000 series, Thermo Scientific). XPS data were
obtained by a multipurpose X-ray photoelectron spectrometer (with
UPS, Sigma Probe, Thermo VG Scientific). The XRD patterns of
the carbon materials were measured by high resolution powder X-
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Fig. 2. (a) Cyclic voltammograms of (a) CW, (b) CWCy30, and (c)
CWCy100 depending on the scan rate.
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ray diffractometer (SmartLab, Rigaku) with a Cu Ke (1=0.15418
nm) source. SEM images were obtained using a field emission SEM
(SU8230, Hitachi) to observe the morphology of the carbon mate-
rials. TEM images were acquired using a field emission TEM at an
operation voltage of 300 kV (Tecnai G2 F30 S-Twin, FEI company).

RESULTS AND DISCUSSION

Fig. 1(a) and (b) show the cyclic voltammograms of the carbon
materials derived from the coffee waste at 30 mV/sec, and the spe-
cific capacitances of the materials depending on the scan rate cal-
culated from the cyclic voltammograms, respectively. No Faradaic
redox peaks are observed in these cyclic voltammograms, and thus,
the capacitance mainly originates from the formation of the EDL
rather than the Faradaic charge transfer. The specific capacitance of
the carbon samples, CW, CWCy30 and CWCy100, was 42.7, 71.3,
and 59.6 F/g at 10 mV/sec and 24.3, 53.5, and 45.3 F/g at 100 mV/
sec. The capacitance decreased with the increase in the scan rate,
which is the general trend of the specific capacitance variation as a
function of the scan rate. All cyclic voltammograms of the three
carbon samples at different scan rates are shown in Fig. 2. Fig. 3(a)
and (b) show the galvanostatic charge-discharge curves of the same
carbon materials at 1 A/g and the discharge capacitance as a func-

0.2

(a) —ow
—— CWCy30

0.0 1 —— CWCy100

Potential (V vs. Ag/AgCl)

T T T T

0 20 40 60 80

Time (s)

100 120 140 160

80

(b)

60
N .\-\-\‘\<

20

Capacitance (F/g)

——Ccw
—— CWCy30
—s— CWCy100

0 T
0 2 4 6 8 10

Current density (A/g)

Fig. 3. (a) Galvanostatic charge/discharge profiles at a current den-
sity of 1 A/g and (b) discharge capacitance of the carbon sam-
ples derived from the coffee waste.
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tion of the current density, respectively. The discharge capacitance
of CW, CWCy30 and CWCy100 was 43.8, 71.3, and 57.9 F/g at
1 A/g and 162, 53.2, and 41.3 F/g at 10 A/g. The capacitance de-
creased with the increase in the current density, which is the gen-
eral trend of the discharge capacitance depending on the current
density. All galvanostatic charge-discharge curves of the three car-
bon samples at different scan rates are shown in Fig. 4. Regardless
of the scan rate for the CV and the current density for galvanos-
tatic charge-discharge tests, the capacitance of the carbon electrodes
increased by the following order: CW<CWCy100<CWCy30.

0.2
(a) CW — 1A
—_ _ — 2A/
o 0.0 — 3A/g
g) — 5Ag
—— 10 AV
> -0.2 { 9
<
g 04
2
s -0.6
-
c
g 08
o
-1.0 1
0 20 40 60 80 100
Time (s)
0.2
(b) CWCy30 — 1A
0.0 1 — 2Ag
— 3Ag
— 5Ag
0.2 { — 10A/g

Potential (V vs. Ag/AgCl)
< o
H

0.6 1
-0.8
-1.0 1
0 20 40 60 80 100 120 140 160
Time (s)
0.2
(c) CWCy100 1A
—_— J — 2A/
o 0.0 — 3A/§
gj — 5AQg
— 10A/g
S -0.2 |
<
g 04
2
E -0.6
=
c
«g 0.8
o
-1.0 1

60 80 100 120 140

o
LS
o
N
o

Time (s)

Fig. 4. Galvanostatic charge/discharge profiles of (a) CW, (b) CWCy30,
and (c) CWCy100 depending on the current density.

After the activation with ZnCl, for all the samples, CW was not
further heat-treated with cysteine, but the other samples were N/S
dual-doped by the heat-treatment using cysteine with different
ratios. Due to the different procedures for the heat-treatment, the
BET surface areas of the carbon materials were measured, and ele-
mental analysis was performed for the coffee waste-derived car-
bons because this data profoundly affects the specific capacitance
of the carbon materials. Table 1 lists the BET surface areas of the
CW, CWCy30 and CWCy100 which were 893, 743, and 630 m’/g,
respectively. The interesting point is that even though the N/S dual-
doped carbon samples, CWCy30 and CWCy100, have a lower BET
surface area, their capacitances are higher than that of CW. This
implies that N/S dual doping to carbon can be an important treat-
ment for the enhanced capacitance.

From the N, adsorption/desorption measurements, type IV iso-
therms were observed for all the carbon samples shown in Fig. 5.
This implies that all the samples derived from the coffee waste
possess some portion of mesopores. Thus, all the carbon samples
exhibit a hierarchically porous structure. Table 1 also includes the
surface areas of the micropores (<2nm) and the summation of
mesopore (2nm<mesopore<50nm) and macropore (>50nm).
CW has a microporous and meso and macroporous area of 416
and 477 m’/g, respectively. CWCy30 and CWCy100 have a micro-
porous and meso and macroporous area of 289 and 454 m’/g and
236 and 394 m’/g, respectively. Fig. 6. shows the incremental pore
area of the carbon samples depending on the average pore diame-
ter, respectively. It does not exhibit the surface area of average pore
diameter smaller than 1.7 nm (mainly meso- and macropore regions
shown). Even though the surface area distribution depending on
the pore size is quite similar, regardless of the sample, more micro-

Table 1. Pore textural properties of the carbon samples derived from

the coffee waste
Data CW  CWCy30 CWCy100
Sper (m’/g) 893 743 630
Spicro (M’/g, <2 NM) 416 289 236
Spesosmacro (M/g, >20m) 477 454 394
500 -
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Fig. 5.N, adsorption-desorption isotherms of the carbon samples
derived from the coffee waste.
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porous area was reduced in the N/S-doped carbon derived from
the heat treatment with more cysteine. This result implies that fur-
ther heat-treatment using cysteine sacrificed the surface area of the
carbon to dope the heteroatoms, nitrogen and sulfur, into the car-
bon structure. In addition, the utilization of more cysteine induced
more carbon destruction. The post-treatment strategy, which is
the modification of the carbon nanomaterials already created with
various N sources, [31,32] generally might destroy the carbon lat-
tice, influencing the morphology and pore size [33]. Furthermore,
surface sulfurization is also known to reduce the surface area of
carbon materials significantly and to distort the porous structure
leading to micropore blockage [34]. The porous structure of the
carbon samples in this study seemed to undergo distortion and
destruction by the N/S dual-doping due to the reduction of the
surface area, especially for the micropores.

Table 2 lists the results of the elemental analysis to confirm the
portion of N and S doped into the carbon structures by the heat-
treatment using cysteine. CW has 2.07 wt% of N and 0.14 wt% of
S in its structure. Even though CW was not further heat-treated
with cysteine, 2.07 wt% of N was self-doped into CW because the
coffee waste contained the N element in itself [27]. In comparison
with the CW, CWCy30 and CWCy100 contain 2.54 wt% of N for
both samples, and 3.68 wt% and 3.31 wt% of S that were doped
into their carbon structures. The increased portion of N and S
originated from the heat-treatment with cysteine as an N/S source.
Even though the surface area of CW is higher than the others, the
specific capacitance of CW is much lower than that of CWCy30
and CWCy100. The higher capacitance of the N/S dual-doped car-
bons appears to originate from the enhancement of wettability aris-
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Fig. 6. Incremental pore area of the carbon samples depending on
the average pore diameter.

Table 2. Elemental analysis results (wt%) of the carbon samples de-
rived from the coffee waste

Elements CW CWCy30 CWCy100
C 89.00 86.38 85.45
H 1.23 0.73 0.88
N 2.07 2.54 2.54
S 0.14 3.68 3.31

July, 2020

ing from the existence of the N/S atoms in the carbon structure,
which improves the contact of the ions in the electrolyte on the
carbon electrodes [35]. By the way, the discharge capacitance of
CWCy100 is lower than that of CWCy30. This is because the lower
BET surface area of CWCy100, which arose from the heat-treat-
ment using more cysteine severely destroying the carbon structure,
despite the similar amount of N/S doped into the carbon materi-
als derived from the coffee waste.
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Fig. 7. XPS N1s spectra of (a) CW, (b) CWCy30, and (c) CWCy100.
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Fig. 8. XPS S2p spectra of (a) CWCy30 and (b) CWCy100.

Figs. 7 and 8 show the XPS N1 s and S2 p spectra of the carbon
materials investigated using the coffee waste in this study. For all
the carbon samples, the N1 s peaks at 398.5 €V, 4004 eV, 401.2 eV,
and 402.9 eV, which are pyridinic N, pyrrolic N, graphitic N, and
oxidized N, respectively, [36,37] were observed. Additionally, the
S2 p peaks at 163.9 eV, 165.1 eV, and 168.5 eV, which are 2p,,, 2p),
» and oxidized S [38], respectively, were observed. Due to these
chemical bonds by the B/N doping, the wettability of the carbon
materials heat-treated with cysteine seems to increase, which induces
their specific capacitance.

Fig. 9 shows the XRD patterns of the three coffee waste-derived
carbon materials studied in this paper. All the carbon samples ex-
hibited two diffraction peaks at 26=24.9° and 43.5°. These are the
XRD peaks of graphite carbon that are slightly shifted from those
of previous studies, and their crystal planes are (002) and (101),
respectively [39,40]. In addition, the position and broadness of the
diffraction peaks were almost unchanged, and the peak height was
slightly increased for CWCy30 and CWCy100, which are the cys-
teine-treated samples. This indicates that the heat-treatment using
cysteine reduced the surface area of the carbon from the coffee
waste, but their crystallinity was not significantly affected despite
the structure distortion and destruction by the N/S doping.

The surface morphology of the carbon materials derived from

—cw
—— CWCy30
—— CWCy100

CWCy100

Intensity (A. U.)

CWCy30

10 20 30 40 50 60 70
20
Fig. 9. XRD patterns of the carbon samples derived from the cof-
fee waste.

coffee waste was investigated by SEM images shown in Fig. 10.
Regardless of the N/S doping, all the carbon samples had a similar
morphology. Above all, the SEM images show the interconnected
spherical carbon particles that are around tens of nanometers in
size. In addition, there are irregular voids that are tens or hundreds
of nanometers in size between the interconnected carbon net-
work. These voids and mesopores from the BET data would act as
a passage for the electrolyte to penetrate inside the carbon materials.

Fig. 11 shows the TEM images of the heat-treated carbon mate-
rials with and without cysteine. TEM images of the carbon materi-
als derived from the coffee waste revealed that all the samples had
similar morphologies with mesoporous structures regardless of the
different amount of the doping elements. This result indicates that
there is no clear difference in the morphological feature of the car-
bon materials by the cysteine treatment effect and the morphol-
ogy shown in the TEM images of the carbon samples originated
from the ZnCl, activation.

A cyde stability test was performed at the galvanostatic charge-
discharge mode at a current density of 1 A/g. CWCy30 was selected
as an electrode material because it exhibited the highest capacitance
among the carbon materials investigated in this study. After 1000
cycles of the stability test, CWCy30 maintained 91.3% of the initial
discharge capacitance, shown in Fig. 12, which indicates a good
repeated charge-discharge pattern.

CONCLUSIONS

The present work reports the synthesis of an N/S dual-doped
carbon derived from coffee waste and cysteine for supercapacitor
applications. The heteroatoms doped into the carbon originated
from the cysteine that has both nitrogen and sulfur elements in its
structure. The specific and discharge capacitances of the N/S-doped
carbons were determined by cyclic voltammetry and galvanostatic
charge-discharge tests, respectively. Among the carbon samples,
CWCy30, which is the N/S-doped carbon synthesized by heat-
treatment with the carbon from the coffee waste (CW) and cyste-
ine with a weight ratio of 1:0.3, exhibited the highest discharge

Korean J. Chem. Eng.(Vol. 37, No. 7)
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Fig. 10. SEM images of (a)-(c) CW, (d)-(f) CWCy30, and (g)-(i) CWCy100.

Fig. 11. TEM images (a)-(b) CW, (c)-(d) CWCy30, and (e)-(f) CWCy100.

July, 2020
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Fig. 12. The cycle stability test of CWCy30 at a current density of
1A/g.

capacitance of 71.3 F/g. This originated from the improved wetta-
bility of the carbon material by the N/S dual-doping. Because the
doping of the heteroatoms led to the destruction of the porous
carbon structure, which induced the reduction of the BET surface
area, the doping of too much of them reduced the capacitance.
The XPS data showed the various states of the heteroatoms that
enhance the wettability, and the SEM/TEM images also showed
their morphologies and porous structures.
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