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The present work investigated the structural and morphological properties of nanoporous carbon mate-
rials obtained from biomass, specifically waste coffee grounds, through thermochemical alkaline activation
at various temperatures (400-900 °C). The influence of the temperature of chemical activation of plant raw
materials on the porosity and structure of the obtained carbon materials was investigated. It is shown that
the obtained carbon materials have a specific surface area of 400-1050 m2?/g and a pore volume of
0.23-0.51 cm?/g, depending on the activation temperature. The study revealed that micropores with sizes
ranging from 0.65 to 1.25 nm dominated the porous structure, particularly at higher activation tempera-
tures.It was established that an increase in the obtaining temperature to 600 °C leads to a decrease in the
size of carbon particles, which was attributed to the partial combustion of smaller fragments. In contrast,
at temperatures between 700-900 °C, the size of carbon fragments increased from 6.5 nm to 8.5 nm, likely
due to the thermal decomposition of lignin and hemicellulose components in the biomass. Furthermore, at
temperatures above 800 °C, an increase in the content of sp3 carbon was noted, indicating the transfor-
mation of the carbon structure. The results demonstrated that the optimal activation temperature range
for obtaining highly porous carbon materials with well-developed surface areas was 800-900 °C. This tem-
perature range facilitated the formation of a microporous structure with a significant fraction of pores be-
low 1.25 nm in diameter. By adjusting the activation temperature, it is possible to obtain carbon materials
with controlled morphology and optimized porosity, making them suitable for energy storage applications.

Keywords: Nanoporous carbon material, Thermochemical activation, Specific surface area, Pore size

S.A. Lisovskal, N.Ya. Ivanichok?, S.M. Klymkovych!, R.P. Lisovskyy?3+4, R.I. Merena#, T.O. Lysivl,

3 Joint Educational and Scientific Laboratory of Gamma Resonance Spectroscopy G.V. Kurdyumov Institute for
Metal Physics, N.A.S. of Ukraine and Vasyl Stefanyk Precarpathian National University, Ivano-Frankivsk, Ukraine

distribution.

DOL: 10.21272/inep.17(1).01025

1. INTRODUCTION

The depletion of traditional energy sources and the
growing electricity demand are pushing scientists to
develop new energy storage technologies. Electrochemi-
cal capacitors (EC), as one of the advanced energy stor-
age technologies, promise to solve the problem of insta-
bility of renewable energy sources and provide high power
density for modern electronic devices [1]. Carbon materi-
als such as graphene, activated carbon, and carbon nano-
tubes are widely used to make EC electrodes. Nanoporous
carbon materials (NCM) obtained from biomass are of
particular interest due to the availability and environ-
mental friendliness of the raw materials. The process of
chemical activation using active agents that increase
porosity allows the creation of materials with a developed
porous structure that provides high capacity and effective
adsorption of electrolyte ions [2-5]. Pore structure [4-7],
electrical conductivity [7], electrolyte wettability [8], elec-
trode material mass [9], binder amount [10], and electro-
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Iyte amount [6] are important factors for improving the
electrochemical performance of carbon electrodes and ECs
in general. Given this, systematic studies of the relation-
ship between the properties mentioned above of the car-
bon material and the electrochemical characteristics of
ECs made on their basis are important.

This work aims to develop a technology for obtain-
ing nanoporous carbon materials from coffee waste and
to study the effect of the synthesis conditions on its
structural properties.

2. MATERIALS AND METHODS OF RESEARCH

A series of nanoporous carbon materials with differ-
ent structural and morphological characteristics were
obtained from waste coffee grounds by thermochemical
activation. The process of obtaining NCM included
several stages [11]: 1) drying of raw materials at a
temperature of 65-85 °C for 48 hours; 2) mixing dried
bio-raw material with an activating agent (potassium
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hydroxide) and distilled water in a ratio of 1:0.5:1; 3)
heating and heat treatment for 30 minutes at tempera-
tures of 400-900 °C (in steps of 100 °C); 4) washing to
neutral pH and drying. Materials with different porosi-
ty characteristics were obtained by changing the acti-
vation temperature. The obtained NCM samples were
conventionally designated as S400 -+ S900 (for example,
S500 is NCM activated at 500 °C).

The specific surface area of NCM was determined
by the Brunauer-Emmet-Teller (BET) method from the
analysis of N2 adsorption isotherms obtained using the
Quantachrome Autosorb system (version 2200e) at a
temperature of — 196 °C. The ¢-method (proposed by de
Boer and Lippens) was used to estimate micropores'
specific surface area and volume. All samples were
degassed in a vacuum at a temperature of 180 °C for
18 h before measurement. In addition, the distribution
of pores by size was analyzed using the density func-
tional theory (DFT) method.

Raman spectra of NCM were obtained on a Horiba
Jobin-Yvon T-64000 triple spectrometer. The studied
carbon materials were irradiated with a laser (Ar*/Kr*)
with a wavelength of 488 nm. The power of the laser
beam varied from 0.25 to 25 mW. The radiation was
recorded in the backscattering geometry. The accuracy of
determining the frequency position of the phonon line
was less than 0.15 cm~-!. Radiation focusing was per-
formed using an Olympus BX41 confocal microscope
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material, the temperature of thermochemical activation
is an important factor that affects the morphology and
porous structure of the obtained material.

Nitrogen adsorption/desorption isotherms made it
possible to calculate the parameters of the porous
structure of carbon materials: the specific surface area
according to the BET (Sper) and DFT (Sprr) methods,
the specific surface area of meso- (Smeso) and micropores
(Smicro), the total volume of pores (Viotal) and the volume
of micropores (Vmicro) (Table 1). It can be seen from the
table that the activation temperature in the range of
800-900 °C is optimal for obtaining a carbon material
with a highly developed surface area. The change in the
microporous structure of NCM due to thermochemical
activation at different temperatures was studied using
the DFT method (Fig. 1).

In the DFT method, fundamental molecular parame-
ters characterizing the gas-gas (gas-liquid) and gas-solid
interaction in the adsorption system are used for calcula-
tion, assuming that all pores have a slit-like shape.

Following the genesis of the porous structure of car-
bon materials as a result of different activation tem-
peratures, it can be noted that the microporous struc-
ture begins to form at temperatures of 500°C (Fig. 1,
S500) since the material obtained at 400 °C (Fig. 1, S400)

Table 1 — Parameters of the porous structure of nanoporous
carbon materials

using a 100x objective lens with a numerical aperture of S 1 SBET, | SDFT, | Smeso, | Smicro, | Viotal, | Vimicro,
0.09. AMPIC | 2o | m%g | m%g | m¥g | ecm¥lg | cmdlg
S400 31 23 30 - 0.092 —
3. RESULTS AND DISCUSSION S500 | 172 | 193 | 44 80 [ 0.161] 0.038
The electrochemical characteristics of ECs largely S600 874 | 309 27 819 |0.228 | 0.132
depend on the structural and morphological parame- S700 446 | 478 27 402 | 0.237 | 0.162
ters of the electrode materials used in their manufac- 5800 703 | 632 22 671 | 0.331 | 0.272
ture [12]. With an unchanged ratio of potassium hy- 5900 | 1056 | 1170 45 996 | 0.507 | 0.398
droxide and raw materials in the production of carbon
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Fig. 1 — The distribution of the pore volume by size is simulated by the DFT method for NCM obtained at different temperatures

of thermochemical activation
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has a mesoporous structure with a surface area of 23
m?2/g (Table 1, DFT method). The mesopore volume is
also minimal (Fig. 1, S400). In materials obtained at
temperatures of 500-700 °C, micropores with a size of
0.65-1.45 nm are formed (Fig. 1). At higher tempera-
tures, there is an increase in the number of pores with
a range of 0.65-1.25 nm, which make up to 80 % of the
total volume of pores.

Establishing the nature of the carbon material and
studying the intramolecular interaction was carried out by
the Raman spectroscopy method. This method makes it
possible to detect minimal changes in the structure of the
material caused by different activation temperatures, as it
is highly sensitive to symmetric non-covalent bonds with
no or small dipole moment. This criterion is for C-C bonds.
First-order Raman spectra for thermochemically activated
carbon materials in the frequency range 500-1900 cm! are
presented in Fig. 2.
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Fig. 2 — Raman spectra for NCM obtained at different tempera-
tures of thermochemical activation

The Raman spectra (Fig. 2) are typical for disor-
dered graphite and they contain two rather sharp
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modes. G peak is for graphite domains, doubly degen-
erate deformation vibration of the hexagonal ring
around 1580-1600 cm~1, and D peak is for disordered
carbon (due to the final crystal size, the A1z mode of the
lattice becomes Raman active) around 1350 cm —1. The
phonon modes present in the spectra are usually at-
tributed to phonons of the Ez; symmetry zone center
and A1z symmetry phonons, respectively. There is no D
peak in ideal highly ordered graphite. This peak begins
to appear in the presence of a disordered structure.

When studying the effect of grinding on the change
in the crystal structure of natural graphite, additional
bands appear on the Raman spectra. As a result of
grinding natural graphite, in addition to a single band
at 1580 cm~1, two more signals appear on the Raman
spectra centered around 1360 and 1620 cm—!, which
are responsible for the presence of disordered carbon
with structural defects [14].

Possessing high sensitivity to changes in
transsymmetry, this method can distinguish several
types of carbon (graphite, glassy carbon, diamond), as
well as the ratio of these components in the carbon
material. Information on the change in the crystal
structure and average crystallite sizes of graphite (La)
of nanoporous carbon materials depending on the tem-
perature of thermochemical activation was obtained
from Raman spectra (Fig. 2) by approximating the D
and G bands with Lorentzians (Fig. 3) and numerical
values are given in Table 2. When modeling Raman
spectra with Lorentzians, the coefficient of determina-
tion was R2 = 0.99.

Information about these characteristics was ob-
tained by analyzing the position of the maximum of the
G and D bands, the full width of the band at half height
(w), and the integrated intensity of the Ig and Ip bands
of the combination scattering. Analyzing the Raman
spectra (Fig. 3), it is possible to distinguish groups of
materials with almost the same intensity (S500-S600
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Fig. 3 — Approximation of Raman spectra of NCM obtained at different temperatures of thermochemical activation
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Table 2 — Parameters of modeled curves obtained for approximation of Raman spectra of NCM

Sample S400 S500 S600 S700 S800 S900
D,ecm-! 1366.58 1363.56 1360.45 1364.37 1368.74 1370.90
AD,cm~! 0.91 1.06 1.29 1.11 0.87

D), cm 1 235.75 241.22 251.72 223.19 206.80 167.78

Aaw(D), cm 1 2.83 3.29 4.04 3.47 2.78
I(D) 1408000 1379932 1381811 561238 554456 295608
AI(D) 13431 15070 12943 8285 7547 3751

G,ecm-! 1590.85 1587.72 1584.96 1583.59 1584.10 1585.60

AG, cm ! 0.25 0.32 0.54 0.54 0.42

G), cm -1 76.13 76.04 83.24 84.58 85.58 79.55

Ai(G), cm—1 0.86 1.10 1.85 1.85 1.41
1(G) 810737 696830 634569 273157 265894 182936

A I(G) 7967 8857 7844 5334 5043 2622

and S700-S800). An increase in the activation tempera-
ture leads to a decrease in the intensity of the spectra
and blurring of the G and D peaks. The G and D peaks
of different intensities, positions, and widths continue
to dominate the Raman scattering spectra of nanocrys-
talline and amorphous carbon [13].

Analyzing the data in Table 2, it is possible to trace
the shift of the D and G peaks towards lower frequen-
cies by 8-10 cm~! with an increase in the obtaining
temperature to 600-700 °C. A further increase in the
temperature over 700 °C leads to a shift of these peaks
in the opposite direction (Fig. 4).
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Fig. 4 — The positions of the G and D bands of the Raman
spectra of NCM
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Fig. 5 — The value of the full width of the G and D bands at
half-height

An increase in the obtaining temperature of NCM
above 700 °C leads to a decrease in the value of the full
line width at half height for G and D bands, which
indicates an increase in the ordering of graphite crys-
tallites during heat treatment at high temperatures
(Fig. 5, Table 2).

At temperatures higher than 800 °C, there is an in-
crease in the position of the G peak (Fig. 4), a decrease
in the intensity ratio of Ip/lc combination scattering
(Fig. 7), as well as a decrease in the value of the full
width at half the height of the G band (Fig. 6), which
indicates on the growth of the sp3 carbon content [13].
An increase in the obtaining temperature to 600 °C
leads to a decrease in the size of the NCM graphite
crystallites (Fig. 6), which is probably related to their
burning. It is assumed that these carbon fragments are
formed from cellulose and to some extent from hemicel-
lulose, which has a lower destruction temperature
compared to lignin [16, 17].

La, nm

T T ¥ T M T T v T T T T
S400 S500 Se00  S700  S800  S900
Fig. 6 — Average sizes of graphite crystallites in NCM

Hemicellulose has the lowest decomposition tem-
perature of 220-320°C, and cellulose has a slightly
higher decomposition temperature of about 320 °C [17].
The next temperature ranges of NCM obtaining (700-
900 °C) is characterized by an increase in the size of
carbon fragments from 6.5 nm to 8.5 nm, probably
related to the thermal decomposition of lignin and
hemicellulose. An increase in the obtaining tempera-
ture leads to the formation of primary agglomerated
spherical particles with an average size of 10 to 100
nm, depending on the formation mechanism. Spherical
carbon particles contain graphite and amorphous parts.

01025-4




STRUCTURAL AND MORPHOLOGICAL PROPERTIES OF NANOPOROUS...

Graphite-like domains usually consist of 3-4 turbostrat-
ically stacked carbon polyaromatic layers with average
lateral dimensions up to 3 nm and interlayer distances
of approximately 0.35 nm [18].

The formed domains are often called "Basic Struc-
tural Units", which are more or less concentrically
oriented around an amorphous core, this arrangement of
carbon layers is responsible for the "onion-like" nanostruc-
ture. Amorphous particles dominate the core and some-
times form the shell of the primary particle [18].

2,251

2,10

1.65

1.50

S400  S500  S600  S700  S800  S900

Fig. 7 — Ip/Ig ratio for NCM

Using the obtained data, it is possible to describe to
some extent the genesis of the porous structure of the
carbon material obtained with thermochemical activa-
tion of waste coffee grounds with potassium hydroxide
at different final temperatures.
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4. CONCLUSIONS

The method of obtaining nanoporous carbon material
from biomass using thermochemical alkaline activation
to form an optimal pore size ratio is described. It re-
vealed a clear correlation between the pore volume, the
specific surface pore area, and the temperature of ther-
mochemical activation. It was established that changing
the temperature of thermochemical activation of carbon
materials is an effective tool for regulating their porous
structure, which makes it possible to obtain samples
with a predetermined morphology.

It is shown that the obtained carbon materials have
a specific surface area of 400-1050 m?2/g and a pore
volume of 0.23-0.51 cm?/g, depending on the activation
temperature. Most pores have sizes of 0.65-1.25 nm in
the obtained nanoporous carbon materials.

The analysis of the experimental Raman spectra of
NCM showed that an increase in the obtaining temper-
ature up to 600 °C leads to a decrease in the size of
carbon particles, which is probably related to their
burning. The temperature ranges of 700-900 °C 1is
characterized by an increase in the size of carbon frag-
ments from 6.5 nm to 8.5 nm, which is probably related
to the thermal decomposition of the raw material, and
at temperatures higher than 800 °C, an increase in the
sp? carbon content is observed.
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CTpyKTypHO-MOPGdOJIOTriUHi BJIACTUBOCTI HAHOIOPHUCTHUX BYIJIELEBUX MAaTepiaJis,
oTpuMaHuX 3 0iomacu

C.A. JlicoBerkal, H.{. Isamiuox?, C.M. Knumrosuu!, P.I1. JlicoBecbruit34, P.I. Mepena?,
T.O. JIucis!, B.I. Magnswxk!, B.I. Pauiii!

I IIpukapnamcevkuil HaylonaabHuil yrigepcumem imerni Bacuns Cmegpanura, Isano-Opankiscor, Yipaina
2 Inemumym memanogpizuxu im. I. B. Kypowmosea HAH Ykpainu, Kuis, Ykpaina
3 CnintoHa HABUANILHO-HAYK08a 1A60PAMOPIsL 2AMMA-PEe30HAHCHOL cnekxmpockonii Incmumymy memanio@isuru
im. I'B. Kypoomosa HAH Ykpainu ma Ipukapnamcvko2o HAUIOHAIbHO20 YHI8epcUmemy
imeni Bacusnss Cmegparnura, Ieano-@parnkiscvk, Ypaina
4 Isano-@parnKiscbKull HAUIOHAILHUL Meduunull yrisepcumem, lsano-@Ppankiscvk, Yrpaina

¥V maniit poGOTi JOCTIIKEHO CTPYKTYPHO-MOP(QOJIOTIUHI BJIACTHBOCTI HAHOIIOPUCTUX BYIJIEIIEBUX MAaTepi-
aJiB, OTPUMAHUX 3 0loMacH, 30KpeMa BIIXOIB KaBOBOI T'YII, IMIJITXOM TEPMOXIMIYHOI JIysKHOI aKTHBAII] B
miamasoni Temmeparyp (400-900 °C). JlocimimpkeHo BIUIME TEMIIEPATYPH XIMIYHOI AaKTUBAILIl POCIMHHOL CUPO-
BUHU HA MOPUCTICTH 1 CTPYKTYPY OTPUMAHHUX ByTJIeleBux marepiasis. [lokasamo, 1mo oTpuMani ByTJIeIeBl
MaTepianau MaTh muromy moBepxHio 400-1050 M2/r Ta 06’em 1op 0,23-0,51 cM3/T 3asIesKHO Bij TeMIlepaTrypu
axtuBaiiii. Bcranossiero, 1o Mikpomopu po3mipom Bix 0,65 go 1,25 HM mepeBaskaoTh y IIOPUCTIH CTPYKTYDI,
0CO0JIMBO TIpM BUIUX TeMIlepatypax axkTuBarii. [lokasaHo, 10 MIBHUINEHHSA TEMIIEPATyPH OTPUMAHHS JI0
600 °C mpu3BOIUTH [0 3MEHIEHHS PO3MIpy YACTHHOK BYIJIEINIO, III0 IIOSCHIOETHCS YACTKOBUM 3TOPSHHSIM
Oipmr apioHuxX pparmentis. HaBmaku, mpu Temmeparypax mizk 700-900 °C poamip ¢dpparMeHTIB BYTJIEIO
30LbIIyeThes 3 6,5 HM 10 8,5 HM, IMOBIPHO, BHACIIIOK TEPMIYHOIO PO3KJIATAHHA KOMIIOHEHTIB JITHIHY Ta
remireniono3u B 6iomaci. Kpim Toro, mpu temmepatypax Bumie 800 °C crocrepiraerbest 301/IBIIEHHS BMICTY
Sp3 BYIJIEII0, 110 CBIIYMTH IIPO TPAHC(OPMAIIi0 MOro CTPYKTYpHU. Pe3ybraTu T0CIiaKeHb [IOKa3aJIHn, 10 OIl-
TUMAJIBHUM J1Aa30H TeMIepaTyp aKTHBAIL JJIs OTPUMAHHS HAHOIOPHCTUX BYIJVIEIIEBUX MAaTepiaJiiB 3 BU-
COKOPO3BHHEHOI0 IoBepxHe cTaHoBUTH 800-900 °C. Jlauwii TeMmepaTypHHUHI OIalla3oH CIIPHUSAE YTBOPEHHIO
MIKPOIIOPUCTOI CTPYKTYPHU 31 3HAYHOK YACTKOIO IOp JiameTpoM Menire 1,25 um. Perymooun temmeparypy
aKTHBAIlll, MOJKHA OTPUMATH BYIJIEIIEBl MaTepiaan 3 KOHTPOJIbOBAHOK MOP(OJIOTIE Ta ONTUMI30BAHOIKO II0-
PHCTICTIO, 110 POOUTH IX IPUAATHUMU JIJIsI 3aCTOCYBAHHS B CCTeMax 30epiraHHs eHepril.

Knrouori cnosa: Hamomopucrmit ByrsereBuii matepiasn, Tepmoximiuma axrumsaiis, [lutoma morna
moBepxHi, Po3moii mop 3a po3amipom.
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