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Raman spectroscopy was employed to investigate the structural evolution of porous carbon materials derived
from hemp fibers through steam-assisted carbonization at temperatures of 400, 500, 600, 700, 800, and 900°C (K
series), followed by nitric acid activation (KN series) and additional annealing in air (KNO series). The study is
based on a comparison of the efficiency of two-component and five-component approximations for analyzing the
800-2000 cm™! spectral range in the Raman spectra of porous carbon. The two-component model, which describes
only the D and G bands, provides a simplified assessment of graphitization and defect concentration, allowing for
a quick evaluation of structural disorder by analyzing the ratio of the integrated intensities of the Ip and I spectral
bands. The five-component approximation, incorporating the D4, D,, D3, Dy, and G bands, offers a more detailed
analysis of structural defects, significantly improving spectral fitting consistency (R? = 0.95-0.99) compared to the
two-band model (R = 0.80-0.88). A comparison of lateral crystallite size estimations using both approaches
revealed a strong correlation between the obtained data (Pearson’s r = 0.83-0.87) across all material series,
confirming the reliability of the applied analytical methods. Additionally, the five-component model identified a
correlation between the D3 band position and crystallite size, a relationship that was not evident in the two-
component approximation. These findings emphasize the effectiveness of the five-component deconvolution of
Raman spectra for tracking structural transformations in carbon materials, providing additional insights crucial for

material selection in energy storage, catalysis, and sorption applications.
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Introduction

Porous carbon materials with a controllable structure
are highly significant due to their unique physicochemical
properties, including a tunable pore size, high surface area,
and excellent electrical, thermal, and chemical stability
[1,2,3]. These characteristics make them invaluable in
applications such as energy storage, environmental
remediation, catalysis, and biomedicine. The ability to
tailor pore structures ranging from micropores (< 2 nm)
for gas adsorption and molecular sieving, mesopores
(2-50 nm) for improved mass transport, and macropores
(>50 nm) for facilitating fast fluid flow —allows for
optimization in various technological fields. Furthermore,
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their synthesis from renewable sources, such as biomass,
contributes to their sustainability, while scalable
fabrication techniques, including templating, activation,
and pyrolysis, facilitate industrial production [4,5]. The
study of disordered porous carbons relies on a
combination of experimental techniques to analyze their
structural, textural, chemical, and electrochemical
properties. Gas adsorption methods, such as nitrogen
adsorption-desorption are employed to determine the
specific surface area and pore size distribution. Electron
microscopy techniques, including SEM and TEM, allow
for direct visualization of the morphology and porosity of
carbon materials. X-ray diffraction (XRD) is crucial for
determining the degree of structural order in porous
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carbons, differentiating between graphitic and amorphous
carbon phases based on peak broadening. Small-angle X-
ray scattering (SAXS) provide information on pore
connectivity, fractal nature, and overall porosity. Each
method provides complementary information, allowing
for a comprehensive understanding of the material's
porosity, structure, chemical composition, and functional
performance in various applications. Spectroscopic
methods offer valuable chemical and structural insights.
Raman spectroscopy is a powerful technique for
investigating porous carbon materials due to its ability to
provide rapid, non-destructive, and detailed structural
insights [6]. One of its primary advantages is its sensitivity
to the degree of disorder and graphitization in carbon
materials. Another key advantage of Raman spectroscopy
is its ability to analyze porous carbon materials without
requiring extensive sample preparation or complex
vacuum environments [7]. Unlike techniques such XRD,
Raman spectroscopy can probe both crystalline and
amorphous phases, making it particularly useful for
characterizing disordered carbons. This is particularly
valuable for applications in supercapacitors, batteries, and
electrocatalysis, where structural evolution plays a crucial
role in performance. Additionally, Raman spectroscopy is
highly sensitive to functionalization and heteroatom
doping (e.g., nitrogen, oxygen, or sulfur-doped carbons),
which can modify electronic properties and catalytic
activity.

I. Experimental details

Steam-assisted carbonization approach was used for
obtaining of K- series of carbon materials [8]. Dry hemp
fiber was mechanically ground and placed into a reactor,
which was then filled with distilled water and placed in a
furnace. The carbonization of the material was carried out
in a water vapor atmosphere under a pressure of 8-10° Pa
(pressure in the reaction medium was controlled through a
regulated valve). Heating to the target temperature (400,
500, 600, 700, 800, 900 and 1000°C) was performed at a
rate of 10°C/min. Once the desired temperature was
reached, the material was held for 3 hours, after which the
reactor was cooled down together with the heating system.
Depending on the carbonization temperature, the resulting
K-series samples were labeled as KX, where X represents
the temperature at which carbonization was performed
(e.g., K400 — material obtained by carbonizing hemp
fibers at 400°C). Activation of the previously carbonized
samples was carried out with nitric acid. The carbon
materials were mixed with a 65% aqueous solution of
HNOj3 in an 1:1 volume ratio. The mixture was kept for
3 hours under continuous stirring at the boiling
temperature of the acid, after which the precipitate was
washed with distilled water until the pH exceeded 5.0,
followed by air drying at 65°C. The resulted samples were
labeled as KNX (where X represents the temperature at
which carbonization of origin material was performed)
and formed KN series. Thermal treatment of previously
nitric acid-activated samples was carried out in a vertical
tubular furnace at 400°C in an air atmosphere for one hour.
Obtained samples of KNO series were marked as KNOX,
were where X represents the carbonization temperature of
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initial samples.

The study was conducted using a Horiba Jobin Yvon
T-64000 Raman spectrometer, combined with an
Olympus BX41 confocal microscope. A x100 objective
with a numerical aperture of 0.09 was used, allowing for
local beam focusing with a diameter of less than 1 pm, at
a power of <10 mW. The Raman scattering was excited by
Art/Kr* laser radiation with a wavelength of 488 nm at
room temperature in a backscattering geometry. The error
in determining the position of the mode lines did not
exceed 0.15 cm™.

I1. Results and Discussion

The experimental spectra for the carbons obtained
from hemp fibers after carbonization (K-series), after
carbonization followed by nitric acid treatment (KN-
series), and after carbonization, nitric acid treatment, and
additional annealing at 400-1000°C (KNO-series) are
presented in Fig. 1. The Raman spectra obtained for all
studied carbon materials contain two peaks around
1580 cm™ (G-mode) and 1350-1360 cm™ (D-mode). The
formation of the G-band results from the Raman scattering
of light on doubly degenerate E,g-symmetric vibrations of
C-C bonds in sp*>-hybridized carbon atoms. The presence
of this band is a clear indication of carbon atoms forming
graphitic fragments. Specifically, for pyrolytic graphite,
the Raman spectrum consists of an intense G-band at
1580 cm™! [9]. However, an increase in structural disorder
leads to the appearance and increased relative intensity of
the D-band. The D-band generally has a complex structure
and is associated with m—r* transitions, corresponding to
the presence of sp*-hybridized carbon atoms. The relative
intensity of the D-band increases with increasing
structural disorder, [10]. The KNO-series materials,
annealed at 700 and 800°C, exhibit a lack of structural
ordering, as evidenced by the broadening of both the D
and G bands, indicating that the material is in a state close
to amorphous carbon. As a result of annealing at 900 and
1000°C, the material acquires a Raman spectrum typical
for porous carbon. The complex composition of the
Raman spectra of KNO-700 and KNO-800 samples is due
to additional diffuse scattering of the optical signal in
systems with a minimal size of scattering centers.

The ratio of the integrated intensities of the D and G
peaks (Ip and Ig) can be used for assessing the degree of
disorder of carbon material-higher values indicate a
greater number of structural defects. According to the of
[10], the average size Lr (nm) of graphite crystallites in
the direction parallel to the (002) basal plane can be
empirically related to Ip/le through the following
equation:

Lyp(nm) = (2.4 x 10~10)A*(I; /1)

where A (nm) is the wavelength of the excitation laser
radiation. There are two main approaches for analyzing
the Raman spectra of carbon materials. In several studies,
[11,12,13] the analysis of Raman spectra of carbon
materials considers only two components: the G and D
bands. This approach provides a simplified yet effective
way to assess structural disorder and graphitization by
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Fig. 1. Raman spectra of carbon materials of the K, KN, and KNO series.
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Fig. 2. (a) Lateral crystallite sizes of graphite as a function of the carbonization temperature of the raw material;
the position of the D and G bands in the Raman spectra of carbon materials of the (b) K-, (¢) KN-, and (d) KNO-
series (calculation based on the two-component approximation).

focusing on the main vibrational modes of sp?-hybridized
carbon (G-band) and defect-induced scattering (D-band).
Other researchers, including [14,15,16], adopt a more
detailed approach by wusing a five-component
approximation. This method accounts for the complexity
of disordered carbon structures and provides a more
accurate descripttion of different defect types and local
structural variations. The five-band model typically
includes: D; (~1350 cm™) - associated with disordered
graphitic structures and sp* carbon defects; D,
(~1620 cm™)- related to disordered graphitic edges or
amorphous carbon; D; (~1500 cm™) -attributed to
amorphous carbon contributions; D, (~1200 cm™)-
related to sp?-sp* hybridized structures; G (~1580 cm™)-
corresponding to graphitic domains.

The choice between two-band and five-band
approximation depends on the level of structural
complexity and the research objectives. While the simpler
two-band model is useful for a quick assessment of

graphitization and defect concentration, the five-band
model provides deeper insight into defect types,
amorphous  contributions, and different bonding
environments, making it particularly useful for highly
disordered porous carbons. To identify general trends and
correlations between spectral parameters and the
structural characteristics of the materials, both spectral
fitting approaches were tested: two-component
approximation and five-component approximation using
Lorentzian functions. The coefficient of determination
(R?), which quantifies the proportion of experimental data
that aligns with the applied model, ranged from 0.80 to
0.88 when using the two-component model. In contrast,
when the five-component model was applied, R? increased
to 0.95-0.99, indicating a significantly better fit. For the
five-component approximation the calculation of the
lateral crystallite sizes Lgrs was performed using the
following relationship:

Lsp(nm) = (2.4 x 107244 (U + Ip2)/Upy + Ips + Ipg))

This approach provides a more precise assessment of
crystallite size variations in highly disordered carbon
structures by accounting for multiple defect-related
components in the Raman spectrum.

The calculation based on two-component
approximation (Fig.2a) show that lateral crystallite size
for K-series carbons decreases in a range of 11.5-6.3 nm
with carbonization temperature growth indicating material
fragmentation. The similar behavior is observed for KN-

series samples only changes occur in the range of 8.5-
5.5 nm. The smallest change in Lg; in the range of about
7-6 nm was observed for the KNO system. As the
carbonization temperature increased the D-band shifted
toward lower frequencies, which is associated with
dispersion-related vibrations in the defective graphite
lattice (Fig.2b). This shift can be interpreted as a reduction
in local structural stresses that influence C-C bond
vibration energies. After thermal treatment, as the
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structure of carbon fragments recovers, the D-band shifts
further to lower frequencies, indicating a decrease in
defect density. The G-band also exhibited a slight shift
from ~1600 cm™ to ~1595 cm™!, which can be attributed
to the relaxation of micro-stresses in the graphite-like
structure. For the KN-series, the D-band reached a
minimum position for the sample carbonized at 800°C,
followed by a reverse shift at higher temperatures
(Fig. 2c). The G-band shifted from 1595 cm™ to
1590 cm™, showing a trend similar to that observed for the
K-series. This suggests that acid treatment is most
effective for materials obtained by carbonization in the
700-800°C range. Similar trends were observed for the
KNO-series (Fig. 2d). A correlation between the D-mode
position and the lateral crystallite size was observed
(Fig. 2e) for all series. In the K- and KN-series, a linear
relationship was observed between the D-band position
and lateral crystallite size (Lr2) with Pearson correlation
coefficients of 0.94 and 0.95, respectively. The variation
in parameters for KNO series can be explained by both the
smaller number of experimental values and the narrower
range of D-mode position variation due to only minor
changes in graphite crystallite sizes. This is the first time
that a correlation between the D-band position and
structural characteristics of carbon materials has been
observed and documented.

The dependence of lateral crystallite sizes of graphite
(Lrs) on carbonization temperature for the K-, KN-, and
KNO-series materials, calculated using the five-
component approximation, is highly similar to the results
obtained using the two-component approximation. Across
all systems, a general trend of decreasing lateral crystallite
sizes is observed within the carbonization temperature
range of 400-900°C (Fig. 3a). The smallest variation of

Lgs in the range of 9-6 nm was recorded for the KNO
system. Three characteristic temperature regions can be
distinguished, corresponding to structural transitions: 400-
500°C (I), 600-800°C (II) and 800-900°C (III)
corresponding to different rates of crystallite size change.
For the K-series samples, regions | and Il merge into one,
showing a rapid decrease in crystallite sizes from 14.0 nm
to 5.3 nm for samples thermally treated within 400-800°C.
Beyond this range, the crystallite size begins to increase,
reaching 6.5 nm for K1000. In K900, the graphite
crystallite size reduces to 6 nm, followed by growth to
7nm at 1000°C, which is attributed to the onset of
graphitization processes. For KN400, the average lateral
crystallite size is approximately 11 nm, which can be
explained by material fragmentation due to acid treatment.
However, for other KN-series samples, the crystallite sizes
are 5-10% larger compared to the K-series materials,
likely due to the "washing out" of smaller particles during
HNO; treatment. The crystallite size variations in the
KNO-series follow a similar trend as the K and KN-series,
but with generally smaller lateral crystallite sizes,
particularly at 400°C, where the size is 8.8 nm. A
correlation was observed between the lateral crystallite
sizes and the inverse ratio of the integrated intensity of the
D; mode to the sum of the intensities of the G and D,
modes.

The changes in the integrated intensity of spectral
components for all systems exhibit a complex pattern.
There is a clear trend of increasing relative intensity of the
D, component up to 800-900°C, followed by a decline at
higher temperatures (Fig. 3b). This behavior can be
explained by the decrease in the relative content of the
disordered graphite lattice fraction at 900°C, due to
particle sintering and growth.
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Conversely, the change in the integrated intensity of
the G-mode follows a mirrored trend (Fig. 3c).
As the relative intensity of the D; band increases,
indicating a higher degree of disorder, the G-mode
intensity decreases, reflecting a reduction in graphitic
ordering. At higher temperatures the trend reverses,
suggesting an improvement in structural ordering due to
graphitization and particle coalescence.

A positive shift in the D, mode position in the Raman
spectra of K and KN carbons is observed simultaneously
with a negative shift in the G-mode position in these
systems (Fig. 3d). However, for the KNO-series materials,
which underwent additional annealing in air, no such
trends were detected. In the KN-series, the Raman shift of
the D; mode reaches a maximum at 900°C, corresponding
to the minimum position of the G-mode (Fig. 3d-3f). The
D, band in Raman spectra of carbon materials results from
a two-phonon process in defective structures formed by
sp2-hybridized carbon atoms. This band is associated with
localized defects, such as dislocations, vacancies,
functional groups, or edge regions of graphene sheets. The
observed behavior of the D, mode- an initial negative shift
followed by a positive shift- corresponds to an increase in
material disorder. The D5 band, which is associated with
the amorphous fraction of carbon materials, represents
regions without a clearly defined graphitic or ordered sp?
structure and is linked to C-C bond vibrations in
disordered environments (Fig. 3e). The shift of the Dj
band in Raman spectra serves as an indicator of structural
and chemical changes in amorphous carbon materials.
Experimentally, the positive shift in the D3 band, with
saturation at 800-900°C, is associated with increased
vibrational dispersion in chaotically ordered regions,
indicating  increased amorphization.  Additionally,
mechanical stress in the structure can cause a D5 shift to
higher frequencies, as it alters the local vibrational energy
of sp? bonds. The D, band arises from a dispersion process
similar to the main D, band but differs in its generation
mechanism, appearing as a shoulder on the G-band. In
graphite-like materials, the presence of the D, band is
linked to smaller lateral crystallite sizes. In samples with
larger crystallites, the intensity of the D, band decreases.
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Across all material systems, a consistent shift in the
positions of the G and D, bands is observed, showing a
typical trend toward a negative shift.

A positive correlation between the G- and D,-mode
positions was found for all materials, with Pearson
correlation coefficients of 0.95, 0.99, and 0.74 for the K-,
KN-, and KNO-series, respectively. This correlation
confirms the validity of the spectral deconvolution into
individual components. Analyzing the dynamics of
spectral component shifts with increasing carbonization
temperature, it can be noted that D3 and D, positions are
the most sensitive parameters. This reflects changes in the
relative content of surface functional groups (D3) and the
degree of lattice disorder and/or the presence of sp-
hybridized carbon atoms (D). A similar conclusion can
be drawn from the analysis of line width variations, where
the maximum variation is observed for the D; and D,
components, further emphasizing their sensitivity to
processing conditions.

A strong positive correlation was observed between
Lro and Lgs, with Pearson correlation coefficients of 0.87,
0.83, and 0.83 for the K, KN, and KNO systems,
respectively (Fig.4a). However, the expected relationship
between Lgs and the position of the D; mode was not
detected. Instead, a linear correlation was found between
Lrs for all three material systems and the position of the
Dz mode (Fig. 4b). This correlation can be explained as
follows: the shift of the D; band to higher frequencies
occurs when the content of amorphous carbon increases,
which in turn corresponds to a decrease in crystallite size.
This is the first experimental confirmation of a
relationship between lateral crystallite sizes of graphitic
domains in plant-derived porous carbon and the position
of the D3 mode in the Raman spectrum.

Conclusions

This study is based on the Raman investigation of
hemp fiber-derived porous carbon materials synthesized
using steam-assisted carbonization (K series) ,nitric acid
activation (KN series) and additional annealing (KNO
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series). The comparison between the two-component and
five-component approximations in the analysis of
characteristic region (800-2000 cm*) of Raman spectra of
porous carbons. The two-component model, which
considers only the D and G bands, provides a simplified
but effective method for assessing graphitization and
defect concentration. It allows for a quick estimation of
the degree of disorder through the Ip/lg ratio and offers a
straightforward approach to evaluating the structural
properties of carbons. However, this method lacks the
resolution needed to fully capture complex defect
structures, amorphous contributions, and variations in
local bonding environments. In contrast, the five-
component approximation, which includes Dy, D,, Dg,
D,, and G bands, provides a more detailed and accurate
description of the disorder within carbon materials. The
five-band model demonstrated a significantly improved fit

r=0.87-0.83) was observed between Lg, (two-band
model) and Lgs (five-band model) across the K-, KN-, and
KNO-series, confirming that both methods are consistent
in detecting crystallite size trends. However, the five-band
model provided a more refined differentiation between
graphitic, amorphous, and defective carbon regions,
making it particularly useful for studying highly
disordered porous carbons. Additionally, the five-
component model revealed new correlations between
Raman spectral features and structural parameters, such as
the relationship between D3 band position and crystallite
size, which was not apparent in the two-component
approximation.
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to the experimental data, with R? values increasing from
0.80-0.88 (two-band model) to 0.95-0.99 (five-band
model), confirming its ability to describe structural
heterogeneity. The comparison of lateral crystallite size
estimations (Lr2 Vvs. Lgs) highlights the differences
between the two models. A strong correlation (Pearson’s
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CTpyKTYypHi BJIACTHBOCTI MOPHUCTOI0 BYIJIEHI0, OTPUMAHOIO 3 BOJIOKOH
KOHOILIi: MOPIBHAJIbHE JOCTIPKEHHSI ANPOKCUMANIl paMaHiBCbKUX CIIEKTPIB
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PamaniBcpka CIIEKTPOCKOMIS 3aCTOCOBAaHA Sl TOCTIHKEHHS €BOJIONII CTPYKTYPHU MOPHCTHX BYTJICLIEBHX
MaTepialiiB OTPIMaHMX 3 BOJIOKOH KOHOIUTI METOJIOM CTHMYJILOBAHOI Maporo KapOoHizamii nmpu temmnepatypax 400,
500, 600, 700, 800, ta 900 (cepis K) 3 HacTymHOIO akTHBali€lo a30THOIO kuciotoro (cepist KN) ta 3a ymoBn
nonatkoBoro Bimmany Ha mosiTpi (cepiss KNO). HocnmifkeHHsS TPYHTYEThCS Ha MOpPIBHSHHI e(EKTHBHOCTI
3aCTOCYBaHHs JBOKOMITOHEHTHOI Ta IT'SITHKOMITOHEHTHOI alpOKCHMAIii JUIsl aHajli3y CIIEKTPaJbHOTO Jiana3oHy
800-2000 cm™! y criekTpax Pamana mopuctoro Byriieio. J[BOKOMIIOHEHTHA MOEINb, 10 onucye mumie D- ta G-
CMYTH, JI0O3BOJISIE CIIPOIIECHO OIIHFOBATH CTYIiHb IpadiTH3allil Ta KOHIICHTPAIIiF0 Ne(eKTiB, Haal0YH MOXKITUBOCTI
MBUAKOI OWIHKY pIBHA CTPYKTYpHOTO PpO3BIOPAJKYBaHHS 4Yepe3 aHali3 BiIHOIICHHS IHTErpajbHOI
IHTEHCHBHOCTEH CrieKTpaibHUX cMYT Ip Ta le. [1’ATHKOMIIOHEHTHA anpoKCHMaIlis, sika Bkitodae D4, Dy, D3, Dy Ta
G-cmyru, 3abesmnedye AeTanbHIMIAN aHA3 CTPYKTYPHHX Ae(eKTiB, MOKPAILIyIOYH MOKPAIIMIA Y3TOMKEHICTh
cnekrpanbHoro mindopy (R?* = 0.95-0.99) mopisusHO 3 gBOocMyroBoio Monemmo (R? = 0.80-0.88). [TopiBHAHHS
OIIHOK JIATepPaJbHUX PO3MIPiB KPUCTATITIB 3 BUKOPUCTAHHIM 000X MiIXOMiB BHSBUIIO CHJIBHY KOPEJALII0 MK
orpuMaHuMu gaHUMH (koedimieHnT Ilipcona 1=0.83-0.87) mms Bcix cepilf MarepiamiB, MmO MiATBEPAKYE
JOCTOBIPHICTh 3aCTOCOBAHUX IiIXOMIB JI0 aHAJi3y eKCHepHMEHTaJIbHHUX JaHuX. BojHowac, Im’sITHKOMIIOHEHTHA
MOJIENTb BHSBMJIA KOPEJAIII0 MK MOJOKEHHSIM D3-CMyru Ta po3MipoM KPHCTAIITIB, sSika He Oyla OYeBHIHOIO B
JIBOKOMITOHEHTHIH anpokcumanii. Lli pe3ynpratd migkpecmolTh e(EeKTUBHICTH I’ STHKOMIIOSHHTHOT
JICKOHBOJIIOLIT crieKkTpiB PamaHa Juist BiCTeXEHHs CTPYKTYPHUX TpaHcoOpMaliil y ByIJIelleBUX Marepiaiax, o
HaJla€ OAATKOBI pe3ybTaTh, BXKIIUBI IIPH MiA00Pi MaTepiaiiB Ul 3aCTOCYBaHb y Taly3sX HAKONUYEHHS eHepril,
KaTajizy Ta copOuii.

KiouoBi ciioBa: nopucTuii ByrieneBuil Marepiai, KapOOHi3allis, aKTUBAIlisl, paMaHiBChbKa CIIEKTPOCKOTIIs,
BTOPHHHA CHPOBHHA.
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