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In this paper proposes the development of a reproducible technique for obtaining nanoporous carbon material
(NCM) based on waste coffee grounds. Therefore, the processes of carbonization of raw materials from waste
coffee grounds were studied using differential thermal and thermogravimetric analyses. It has been established that
the mass loss mainly occurs in the temperature range of 250-500 °C. The characteristics of the porous structure of
the obtained carbon materials were determined based on the low-temperature porometry adsorption/desorption
isotherms, and it was shown that the carbonization temperature has a significant effect on the specific surface area
and pore volume of the NCM. It has been shown that the proposed technique allows obtaining carbon materials
with a specific surface area of up to 1050 m?/g. Moreover, the structural parameters of the NCM are determined,
namely, the interplanar distance dooz, the crystallites size Dooz, and the number of layers in the crystallite N, which
determine the structure of the obtained material by X-ray diffractometer.
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Introduction

One of the most priority directions of modern
scientific research in the field of energy storage is the
development and manufacture of electrochemical charge
storage systems with high specific capacity and energy.
Consequently, a supercapacitor (SC) is stores an electric
charge due to the formation of an electrical double layer
(EDL) at the NCM/electrolyte interface. Furthermore, in
SC systems, the accumulation of electric charge occurs
due to the physical adsorption of electrolyte ions on the
surface of the NCM and does not take into account
diffusion into the structure of the material, which ensures
the high power of these devices. The electrochemical
characteristics of SC are depending on the structural and
morphological parameters of the electrode materials [1].
Basically, a carbon materials are used for the preparation
of SC electrodes, since they have a high specific surface
area, a developed porous structure, sufficient electrical
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conductivity, and a low-cost production technology [2].
Thus, an increase in the specific energy characteristics of
SC is possible only as a result of the creation of new or
improvement of existing electrode materials with optimal
structural, morphological and electrochemical properties.

A waste of coffee is an excellent precursor for
obtaining activated carbon material, which consists

mainly of lignocellulose. The composition of
lignocellulose includes: lignin, hemicellulose and
cellulose [3,4]. The percentage composition of

lignocellulose components depends on the type of raw
material, which leads to differences in the behavior of
biomass during carbonization [5].

I. Experimental

The study of the carbonization process of waste coffee
grounds was carried out on a STA 449 F3 Jupiter
synchronous thermal analyzer using differential thermal
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(DTG) and thermogravimetric (TG) analyzes. The studies
were carried out in the temperature range up to 500 °C at
five different heating rates from 5 to 100 °C/min.

To obtain NCM waste coffee grounds were dried for
48 hours at a temperature of 65-85 °C. Then, the dried
material was mixed in a ratio of 1:0.5:1 with KOH and
distilled water. The resulting mixture was placed in a
mixer and stirred for 2 hours. The accurately mixed
mixture was dried in a thermostat at 90°C to constant
weight. After complete drying, the resulting material was
placed in an autoclave and heated at a rate of 10 °C/min to
a predetermined temperature and kept at this temperature
for 30 min. After isothermal exposure, the furnace was
turned off and the activated material was cooled in the off-
furnace mode. Finally, the obtained cooled material was
washed with distilled water and 5% aqueous HCI solution
until neutral pH and then dried at 90° C for 48 hours.
According to the final temperature of thermochemical
activation, a series of samples was numbered
(S400 + S900), for example, S600 is a nanoporous carbon
material obtained at a thermochemical activation
temperature of 600 °C.

The surface morphology and porous structure of the
obtained NCM were studied based on the analysis of
nitrogen adsorption/desorption isotherms obtained on a
Quantachrome AutosorbNova 2200e instrument at a
temperature of —196 °C. All samples were degassed in a
vacuum at 180 °C for 18 hours before to measurement.

To analyze the structural parameters of the NCM, an
X-ray diffractometer (XRD, Shimadzu 7000, Japan) was
used with an X-ray generator with a power of 1.2 kW. The
XRD diffraction peaks were obtained in the 6-20
continuous scan mode over a diffraction angle range of 10-
60° at a scan rate of 1°/min. The wavelength of the X-ray
source (Cu-Kay) was 1.5406 A.

Il. Results and discussion

Investigating the processes of carbonization of waste
coffee grounds, it was determined that the
thermogravimetric curves look similar. However, an
increase in the heating rate leads to a shift in the TG curve
towards higher temperatures, which indicates an increase
in the initial temperature of biomass decomposition [6].
From thermogravimetric curves obtained at different
heating rates, it was found that the mass loss mainly occurs
in the temperature range of 250-500 °C. Based on the
analysis of literature data, we carried out
thermogravimetric studies in the temperature range of
20 — 1000°C and in the linear heating mode at a rate of
10°C/min. The inert gas was argon fed into the chamber at
a flow rate of 30 ml/min. Figure 1 shows TG and DTG
curves obtained by heating waste coffee grounds to
1000°C. The measurement accuracy of mass change
(TG curve) is 1078 kg.

The analysis of the obtained thermogravimetric
curves (Fig. 1) indicates that the loss of mass due to the
heating of waste coffee grounds in the specified
temperature range is 78-80 % of the initial mass of the
material. At the first stage, in the temperature range from
room temperature to 150 °C, a slight decrease in the mass
of the sample is observed up to 8% due to the release of
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moisture and volatile materials contained in the original
material. The following temperature range (150-240 °C)
is characterized by a horizontal plate on the TG curve,
which indicates the absence of any significant chemical
reactions and the stability of this material in this
temperature range. In this range, the DTG curve exhibits
three peaks, indicating the thermal decomposition of
hemicellulose, cellulose, and lignin [3, 7]. With the staged
pyrolysis of the feedstock to a given temperature, it is
possible to obtain a carbonate with a different content of
individual biomass components, which makes it possible
to study the effect of the composition of the feedstock on
the physicochemical properties of the resulting carbon
material, as well as to purposefully use various chemical
activators to obtain nanoporous carbonaceous porosity
structure. In this temperature range, water vapor, carbon
dioxide, and carbon monoxide are released [8]. Water
vapor arises as a result of dehydration reactions of the
original biopolymers present in coffee grounds and/or
dehydration of vapors from primary and secondary
pyrolysis. Other evolved gases (CO and CO,) are formed
as a result of decarbonylation and decarboxylation
reactions of the main biopolymers [8]. In general, the
increase in carbon content in the resulting material is due
to thermal decomposition of organic matter. The carbon
material obtained in this temperature range is
characterized by a carbon content of up to 85% of the total
mass of the material. The subsequent decomposition of
existing glucose residues occurs in the temperature range
of 500-1000 °C and is accompanied by polycondensation
processes with the loss of oxygen, hydrogen, nitrogen and
sulfur. In this temperature range, an insignificant weight
loss is observed due to the consolidation of carbon
structures and the transformation of the semi-coke
structure into coke [9].
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Fig. 1. Thermogram of the raw material.
Nitrogen adsorption/desorption  isotherms  for

materials S400 - S700 look similar (Fig. 2). The isotherms
show a hysteresis in the range of low relative pressures,
which is probably due to the irreversible content of
nitrogen molecules in the pores of the carbon material, the
size of which is close to the size of the adsorbate
molecules [10]. The resulting isotherms can be classified
as type Il according to the IUPAC classification [11].
Adsorption isotherms for S400 and S500 materials
start from zero. For the S400 material, the completion of
the monolayer coating with nitrogen molecules stops
already at relative pressures P/Po = 0.05, which manifests



S-V.S. Sklepova, .M. Gasyuk, N.Ya. lvanichok, P.I. Kolkovskyi, V.O. Kotsyubynsky, B.l. Rachiy

120
B/u
100 4 _n;g(
D_D.D‘gu
80 " o Un_u.n’
ot .0
«79 goB oot o =
£ 60 oof gaf
5} / ]
£ o of
> 404 f
20 |
o
o
04
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
P/P0
a)

340

Fig. 2. Nitrogen adsorption/desorption isotherm for samples: a) S500; b) S800 and S900.

itself in the value of the specific area of the calculated
surface for this material Sget = 31 m?g (Table 1). For the
S500 material (Fig. 2a), the inflection of the adsorption
branch is flatter, which indicates the beginning of
multilayer adsorption with incomplete filling of the
monolayer. The completion of a monolayer coating can be
considered at pressures of 0.12 < P/Py< 0.19, which makes
it possible to determine the specific surface area of Sger,
which has a value of = 170 m?/g. A further increase in
relative pressures for both materials leads to an increase in
the thickness of the adsorbed layer of nitrogen molecules,
as indicated by the shape of the isotherms and an increase
in the volume of adsorbed nitrogen. As for the S600 and
S700 materials, their difference lies in the amount of
sorbed nitrogen required to fill the monolayer, which
manifests itself in an increase in the surface area of
micropores in the S700 material (Table 1). Following the
subsequent changes in the porous structure of carbon
materials, one can point to the development of a

microporous structure in materials obtained at
temperatures of 800 °C and 900 °C (Table 1).

Table 1.
Parameters of the porous structure of carbon materials.
Sample S400 | S500 | S600 | S700 | S800 | S900
Seer, M9 | 31 | 172 | 374 | 446 | 703 |1056
Soer, M9 | 23 | 193 | 309 | 478 | 632 |1170
Smeso M9 | 30 | 44 | 27 | 27 | 22 | 45
Smico, Mg |~ | 80 | 319 | 402 | 671 | 996
Viotal, cm®/g 0.092 |0.161 |0.228 {0.237 |0.331 |0.507
Vnicro, cm®/g - 10.0380.132 |0.162 (0.272|0.398

The isotherms obtained for the S800 and S900
materials (Fig. 2b) show a high-pressure hysteresis of the
H4 type according to the IUPAC classification [11], which
is associated with the capillary condensation of the
adsorbate in the mesopores of the carbon material. Near
relative pressures P/Pq ~ 1, the adsorption branch of the
isotherm grows, caused by multiple processes of
evaporation and condensation of nitrogen in the meso- and
macropores of the materials under study.

A more detailed analysis of the development of the
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porous structure of a carbon material due to
thermochemical activation is made using the

complementary BJH and DFT methods. Modeling the
desorption isotherms by the BJH method, in the range of
relative pressures 0.35 < P/Pg < 1, the size distribution of
the surface area of meso- and macropores was obtained
(Fig. 3). It is can be noted that, during the change of the
surface area of mesopores, with an increase in the
temperature of thermochemical activation from 400 to 500
°C, their area increases by 50%. For the S400 material,
pores of 3 and 4 nm in size make the main contribution to
the surface area, an increase in temperature to 500 °C leads
to a redistribution of pores, namely, a more clearly
pronounced peak for pores of 3.5 nm in size, and there is
also a transition of 4 nm pores to pores 5 nm for the S500
material (Fig. 3a).

The subsequent increase in the temperature of
thermochemical activation from 500 °C to 800 °C leads to
a decrease in the area of pores with a size of 4 nm by 30%,
as well as an increase in the pore size from 5 nm to 6.5 nm
(Fig. 3b). Moreover, the development of the porous
structure is probably due to the burnout of carbon particles
along their contour surface, which leads to a decrease in
pores with a size of 4 nm, as well as burnout of the inner
surface of the pores, which initiates an increase in the pore
size to 6.5 nm and burnout of the pore walls and the
merging of several micropores into mesopores, which
leads to a sharp increase in the area (Fig. 3b).

The change in the microporous structure of carbon
materials due to thermochemical activation at different
temperatures was studied using the density functional
theory (DFT  method) to simulate nitrogen
adsorption/desorption isotherms. In this method, the
fundamental molecular parameters characterizing the
interaction of gas-gas (gas-liquid) and gas-solid body in
the adsorption system are used to calculate, under the
assumption that all pores have a slit-like shape. Tracing
the genesis of the porous structure of carbon materials due
to different activation temperatures, one can notice that the
microporous structure begins to form at temperatures of
500 °C (Fig. 4 a), since the material obtained at 400 °C has
a mesoporous structure with a surface area of 23 m?/g
(Table 1, DFT method). In materials obtained at
temperatures of 500-700 °C, micropores 0.65-1.45 nm in
size are formed. At higher temperatures, there is an
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increase in the number of pores with a size of 0.65-
1.25 nm (Fig. 4, b), which make up almost 90% of the
specific surface area.
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Fig. 3. Distribution of the pore surface area by size for
carbon materials.

The developed surface area of the NCM and the
controlled porous structure are important factors for the
optimal choice of the electrolyte that will be used in the
formation of electrochemical charge storage systems. On
the other hand the another important factor affecting the
power and energy-intensive characteristics of these
systems is the electrical conductivity of the electrode and
electrolyte materials, as well as the design of the
electrochemical cell itself. The electrical conductivity of a
carbon material depends on many factors, in particular, on
the degree of its graphitization, the presence of surface
functional groups, porous structure, etc. [12]. The degree
of NCM graphitization depends on the production
conditions and the activation temperature. At low
activation temperatures, the resulting NCMs are X-ray
amorphous with a low degree of graphitization and consist
of disordered packets containing several hexagonal carbon
networks [13]. The size of the formed carbon crystallites
depends on the type of feedstock for obtaining NCM, the
method of obtaining and subsequent thermal or chemical
activation.

Investigation of the structural ordering of nanoporous
carbon materials with a structure close to X-ray
amorphous wiring using X-ray diffractometry and Raman
spectroscopy. The X-ray diffractometry method makes it
possible to determine the structural parameters
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(interplanar distance dooz, crystallite size Dog2, and the
number of layers in a crystallite N) of carbon materials
directly from the obtained X-ray diffraction patterns,
which primarily determine their structure. The interplanar
spacing was calculated from the angles of the diffraction
peaks, and the crystallite sizes were determined using the
angular position of the peak and the full width at half
height of the diffraction peaks (FWHP).
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Fig. 4. The distribution of the specific surface area of the
NCM pores from their diameter was obtained by the DFT
method.

Diffraction patterns of NCM obtained at different
activation temperatures are shown in Fig. 5. On the
diffraction patterns for all materials there are wide
diffraction peaks in the range of angles of 12-30°. It is
known that the diffraction angle (20) of the 002 peak of
crystalline graphite is 26.56°. However, the 002 peak in
Fig. 5 is somewhat offset from this angle. This is indicates
that the interplanar spacing in NCM microcrystallites
differs from the interplanar spacing in graphite
microcrystals. The broad 101 peak is the only peak because
the 100 and 101 peaks that make up the 10l peak cannot be
clearly separated, which means that each layer of carbon
atoms in the structure is incomplete. These results confirm
that NCM is mainly composed of turbostratically ordered
carbon [14].

The expanded of the reflections is the result of the
high structural disorder of carbon materials. The influence
of the activation process on the change in the NCM
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Fig. 5. Diffractograms of NCM obtained at different
temperatures of thermochemical activation.

structure can be confirmed by analyzing changes in the
width and position of the 002 reflection. An increase in the
activation temperature leads to a shift of the 002 peak
towards smaller angles, as well as an increase in the
asymmetry of the left part of the peak, which probably
indicates that the microcrystallites of NCM increasingly
differed from the microcrystallites of graphite. With an
increase in the activation temperature, a 10l peak appears
on the diffraction patterns and becomes most pronounced
at a temperature of 800 °C; a subsequent increase in
temperature leads to a decrease in the intensity of this
peak.

To determine the change in the structural parameters
of the NCM during the thermochemical activation, we
analyzed the 002 reflections (Fig. 6) from the
diffractograms (Fig. 5). Structural parameters such as
interplanar spacing dooz and microcrystallite thickness
Doo2 for materials S400 (Fig. 6a) and S500 were calculated
by deconvolution, two Gaussian functions, asymmetric
002 peak at around 20° and peak at around 26° (Fig. 5)
[15].

The diffraction patterns obtained for S600-S900
materials (Fig. 6b) are modeled with only one Gaussian
function. For all materials, when calculating doo2 and Doy,
the background of the 002 peak was removed and
asymmetric and symmetric diffraction peaks were
obtained (Fig. 6). The obtained diffraction peaks,
according to the theory of X-ray diffraction, indicate that
this material contains defects [14].

The formation of the 002 peak occurred due to X-ray
diffraction on the crystalline part of the NCM, which is a
combination of crystalline phases with a large number and
a smaller number of defects a combination of soft
turbostatic carbon (STC) and hard turbostatic carbon
(HTC) [16]. To determine the content of each of the
phases, it was assumed that these phases have the same
chemical composition and the ratio of the integral
diffraction intensities is proportional to the corresponding
ratios of their masses (Fig. 6). The relative particles of soft
and hard forms of turbostatic carbon (Fig. 7) were
calculated based on the integral intensity of the 002 peak
(Fig. 6). As can be seen from fig. 7, for carbon materials
obtained in the temperature range of 400-550 °C, there are
two fractions of graphite crystallites.
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An increase in the activation temperature to 550 °C
leads to a decrease in the amorphous part of carbon almost
to zero. Increasing the temperature above 550 °C leads to
the formation of NCM with a more ordered fraction of
NCM (Fig.7). The interplanar distance for STC increases
from 0.398 to 0.495 nm with an increase in the activation
temperature (Fig. 8, a), while for HTC, an increase in the
activation temperature to 550 °C contributes to an increase
in the interplanar distance, indicating the destruction of
plant biomass and the formation of primary carbon, an
insignificant part of pore. For the solid phase, the
interplanar distance practically does not change at
temperatures above 600 °C (Table 2, Fig. 8, b). The
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Table 2
Structural parameters of NCM obtained by X-ray diffractometry.

Sample 20002,° 20002,° doo2, M doo2, Nm | Dooz, NM | Dooz, M N,un. N,un.

STC HTC STC HTC STC HTC STC HTC
S400 22,33 25,42 0,398 0,350 2,81 2,10 8 7
S500 21,55 25,19 0,412 0,353 3,71 1,97 10 7
S550 17,90 24,15 0,495 0,368 2,13 1,26 5 5
S600 - 23,19 - 0,383 - 1,03 - 4
S700 - 23,75 - 0,375 - 1,05 - 4
S800 - 23,66 - 0,376 - 0,95 - 4
S900 - 23,42 - 0,375 - 1,02 - 4
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Fig. 8. Dependence of the interplanar spacing for (a) soft
and (b) hard forms of turbostatic carbon.

interplanar distances for both phases are greater than for
graphite crystals dooz = 0.3354 nm.

An increase in the annealing temperature causes a
gradual decrease in the average size of crystallites
normally to the (002) basal plane (Doo2), which for NCM
obtained at temperatures above 600 °C are close to 1 nm.
A certain average number of graphite layers in carbon
particles that form the framework of porous materials is
about 4 (Table 2). The increase in the intensity of the 10l
peak at a temperature of 800 °C is probably due to the
development of a porous volume inside the NCM
particles.

Conclusions

It is shown that with linear heating of waste coffee
grounds to a temperature of 1000 °C, the mass loss is 78-
80% of the initial material mass. By controlling the
carbonization temperature in the range of 240-500 °C, it is
possible to obtain a carbonized carbon material with a
different content of individual biomass components,
which will make it possible to purposefully influence the
chemical activator on them when obtaining an activated
porous carbon material.

The method of thermochemical activation of waste

coffee grounds with potassium hydroxide to obtain
nanoporous carbon materials was tested. It is shown that
the obtained carbon materials have a specific surface area
of 400-1050 m?%g and a pore volume of 0.23-0.51 cm?®g
depending on the activation temperature. In the obtained
nanoporous carbon materials, the vast majority of pores
have sizes of 0.65-1.25 nm.

Consequently, analyzing the configuration of the
structural characteristics of carbon materials in the process
of obtaining, it is shown that the activation process can be
divided into two stages. At the first stage, at temperatures
below 550 °C, the surface amorphous region of carbon
particles is preferably activated, which is associated with
a decrease in the number of layers in carbon packages.
This activation leads to a decrease in the mesopore and the
formation of primary microporosity, due to which gases
can diffuse into the NCM particles. Micropores probably
form at the edges of NCM microcrystallites. The next
stage of activation at temperatures above 550 °C is
characterized by a constant number of graphite layers in
carbon particles. The increase in the specific surface area
occurs due to the burnout of the internal volume of the
particle, causing the formation of large pores inside the
particles of the NCM. This assumption can be associated
with the appearance of a high pressure in the
adsorption/desorption isotherms and an increase in the
intensity of the 101 peak in the diffraction patterns.
Subsequently, the formed micropores grow in volume and
unite into even larger pores.
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B.O. Komtobuncwkuiil, B.1. Pauiiil

Iopucra cTPpyKTypa aKTHBOBAHOI0 BYIJIEHI0 HA OCHOBI BiIX0iB KAaBOBOI IyIli

Ulpuxapnamcviuil nayionanouuii ynieepcumem imeni Bacuns Cmeganuxa,
eyn. lllesuenxa 57, leano-@pankiscok, 76018, Yrpaina, sonja93sklepova@gmail.com
2[ucmumym 3azanvHoi ma neopeaniunoi ximii imeni B.1. Bepnaocvkozo HAH Yrpainu,
Kuis, Ykpaina

B naniit po6OTi NPOMOHYETHCSI pO3pOOKa BiATBOPIOBAHO! METOJIWKHM OTPHMAHHsS HaHOIIOPHCTOTO BYTJIEIIEBOTO
matepianmy (HBM) i3 BigxomiB kaBoBoi Tymi. BukopucToByrouM HOuUQEpeHLIaNbHO TEPMIYHMI — Ta
TEPMOTPaBIMETPUYHHUN aHANI3W, BUBYEHO MpoIecH KapOOHi3alii BHUXiTHOI CHPOBHHH i3 BIIXOIIB KaBOBOi TYIIi.
BcranoneHo, 1mo BTpaTta Macu B OCHOBHOMY BiOyBaeThCs B Aianma3oHi TemrepaTyp 250-500 °C. Ha ocHOBI i30Tepm
HU3BKOTEMITEpaTypHOI ancopOmii/necopOuii a30Ty BH3HAUEHO XapaKTEPUCTHUKH ITOPUCTOI CTPYKTYPH OTPHUMAaHHUX
BYTJICLIEBUX MaTepiajliB Ta MoKa3aHo, 10 TeMIepaTypa kapOoHi3amii iCTOTHO BIUIMBA€E HA TUTOMY TIOBEPXHIO Ta 00’ €M
nop HBM. Iloka3aHo, 110 3anpornoHoBaHa METOMKA J03BOJISIE OTPUMATH BYTJIEIIEBI MaTepialn 3 MUTOMOIO IUIOIIEO
nosepxHi 10 1050 M%/r. Metogom X-npomeneBoi AudpakToMeTpii BU3HAUEHO CTPYKTYpHi mapametpu HBM, a came
MIKIUIOIMHHY BificTaHb dooz, po3Mip kpucTamiTiB Dooz2 Ta KiNbKiCTh mIapiB y Kpuctaniti N, siki BU3HAYaI0Th CTPYKTYPY
OTPHMAaHOTO Marepiaiy.

Kuio4oBi ciioBa: HAHOMOPUCTHI BYTJICLIEBHI MaTepiai, MOpUCTa CTPYKTypa, HU3bKOTEMITepaTypHa IIOpOMeTpis,
X-poMeHeBa TP PaKTOMETPIs.
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