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Abstract: This paper summarizes the results of structural investigations of carbon nanomaterials using Raman
spectroscopy. The conducted research revealed that the distances between defects are 26—43 nm in graphites, 12—16 nm in
multi-walled carbon nanotubes (MWCNTSs) and 11-15 nm in carbon black. It is shown that the Raman spectra of high-

quality graphites and graphenes are characterized by a narrow G band (width less than 35 cm_l), intensity ratio
Ipy1(G)<0.3. The Raman spectra of carbon nanotubes are characterized by wide G bands (width > 50 Cmfl), high
IipyIG) ratio (> 0.5) and the presence of 2D bands with a maximum position of about 2670 cm . The Raman spectra of
carbon blacks are characterized by a strongly broadened G band (width > 70 cm_l), the /(py//(G) ratio is close to 1 and
more. The presence, position and width of 2D bands are sensitive to the structures of carbon materials. For ordered
graphites, the position of the 2D band maximum is about 2680 cm ', and their width is <85 cm . For MWCNTs, the
2D band maximum is in the range of 2670-2690 cm ', and the band width is about 90-100 cm . In the Raman spectra of
carbon blacks, the 2D band may be absent; the position of the maximum may be shifted to the long-wave or short-wave
regions, the 2D band is strongly broadened (width > 150 cmﬁl).
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HccnenoBanue CTPYKTYPBI YIJ1€POIHBIX HAHOMATEPHAJIOB
METOJ0M CIEKTPOCKONMUN KOMOMHAIIMOHHOTO pPacCesTHHA:
aHAJN3 CMIEKTPOB KOMMePUYeCKHX 00pa3ioB rpadpuToB, HAHOTPYOOK H CaXK
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AnHoTtanusi: B cratbe cyMMHpOBaHBI pPe3yJibTaThl HCCIIEAOBAHUI CTPYKTYPBI YIJIEPOJHBIX HAHOMATEPHUAIOB METOJIOM
cnekTpockonuu KoMmOmHanmonHoro paccesHus (KP). B pesynbrate mpOBEICHHBIX HCCIEIOBAHWN yCTAHOBJIEHO, YTO
paccTosiHUAs MeXIy AedeKTaMu B rpaduTax HaxXOAATCS B auana3zoHe 26...43 HM, yIJIepOIHBIX MHOTOCTEHHBIX YIJICPOIHBIX
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HaHOTPYOOK (MYHT) — 12...16 HM 1 cax 11...15 am. TTokazano, gto mus KP-criekTpoB BRICOKOKa4eCTBEHHBIX IPpa(uTOB
u rpadeHOB XapakTepHbl y3kas G-moisioca (mmpuHa mMeHee < 35 CMil), COOTHOIIEHKHE MHTeHcUuBHOCTEH I(DyI(G)) <0,3.
Jus KP-criekTpoB  yriiepoIHbIX HAaHOTPYOOK XapakTepHbl Imnupokue G-mosiockl (mmpuHa > 50 CMil), BBICOKOE
cootHommenue /(pyl(G) (> 0,5) 1 Hanmmane 2D-10510C ¢ MOJI0KEHHEM MaKCUMyMa 0KoJ1o 2670 oM Jst KP-ciekTpoB cax
XapaKTepHO CHIbHO ymmpeHHas G-nonoca (mupuna > 70 CMil), cootHomenue /(py//(Gy 6ausko k 1 u Gonee. Hanuuwue,
MOJIO)KEHWE ¥ MMpHuHa 2D-Moioc 4yBCTBHUTENBHBI K CTPYKTypaM YIJIEPOJHBIX MaTepHaioB. [ yHoOpsIOYeHHBIX
rpaduTOB MosokeHne MakcuMyMa 2D-niooc coctaBinseT mopsaaka 2680 cM , a X mMpHHA MeHee < 85 oM His MYHT
MakcumyM 2D-mosockl HaxomuTcss B jauamnaszoHe 2670...2690 CMil, a mupuHa mnosiockl mopsaka 90...100 oM
Ha KP-crektpax cax 2D-monoca MOXKET OTCYTCTBOBaTb;, IIOJIOKEHHE MAaKCHMyMa MOXET OBITh CMEIIEHO
B JUTMHHOBOJIHOBYIO MJIM KOPOTKOBOJIHOBYIO 00nacTH, 2D-mosoca cuibHO yiupena (mmpuHa > 150 CMil).
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1. Introduction

Carbon materials are widely used as components
of electrodes in electrochemical energy storage
devices such as supercapacitors, lithium-ion, and
post-lithium-ion batteries. The properties of carbon
materials strongly depend on their atomic structure,
degree of ordering, type and concentration of defects,
as well as the dimensional characteristics of their
constituent elements [1-4].

Studying the structure of carbon nanomaterials is
important for understanding their properties.
Traditional analytical methods, such as electron
microscopy and X-ray diffraction, provide valuable
information about macrostructure and crystalline
order [5-9]. However, these techniques do not fully
describe the structure, degree of ordering, and defects
of carbon materials. A comprehensive structural
description of carbons requires the use of multiple
complementary methods.

It is well known that Raman spectra (RS) of
carbon materials are sensitive to the structure and
allotropic form of carbon [9-11]. For this reason,
Raman spectroscopy is widely applied to study the
structural organization of carbons [12-20]. Raman
spectra can provide information about the size of
atomically ordered domains in carbon materials, their
structure, type of mutual ordering, atomic geometry
of boundaries, and many other important
characteristics [9, 10, 21-28].

The shape of Raman spectra of carbons depends
on several factors, including the presence of clusters
of spz—hybridized carbon atoms, the degree of
disorder, the presence of rings and chains composed
of spz-hybridized carbon atoms, and the ratio of sp2
to sp3 hybridized carbon atoms [12, 29]. If the carbon
material contains sp” carbon networks, the G band
(~1580 cm_l) appears in the Raman spectrum. In the

presence of sp” and sp carbon networks, characteristic
D (~1330 cm ', diamond) and D’ (1850-2100 cm ',
linear chains of sp carbon atoms) bands are observed
[30]. Structurally ordered 3D graphites also exhibit a
2D (or G') band in the 2500-2800 cm ! region [30].
The 2D band corresponds to the second overtone of
the D band [30].

The D band may show dispersion depending on
the excitation energy [20]. However, the higher the
degree of disorder, the smaller the D band
dispersion — which is opposite to the behavior of the
G band [29]. The full width at half maximum
(hereafter referred to as the width) of the G band
always increases with increasing disorder [31], while
the position of the G band maximum shifts toward
shorter wavelengths [19].

Broadening of the D band may indicate changes
in the size of rings within graphene layers (with 5-
and 7-membered rings appearing instead of
6-membered ones) [17].

In structurally disordered carbons, the maximum
of the G band shifts toward the long-wavelength
region as the excitation wavelength decreases (from
the infrared to the ultraviolet range) [29]. The shift of
the G band maximum position with changing laser
wavelength depends on the degree of disorder in the
carbon structure and on the configuration of the
sp>-hybridized carbon atoms.

Based on the shift of the G band maximum
position with decreasing laser wavelength, carbons
can be classified into two types:

Type 1. In materials containing only sz_
hybridized rings, the G band shift does not exceed
approximately 1600 cm .

Type 2. In materials containing spz-hybridized
chains (such as amorphous carbon and diamond-like
carbon), the G band maximum shifts to the long-
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wavelength region beyond 1600 em ' and may reach
up to 1690 cm ' when excited with radiation at
a wavelength of 229 nm [29, 32, 33].

Thus, the position and shape of the bands in the
Raman spectra of carbon materials can provide
information about their structure. The G band
characterizes the degree of disorder in the carbon
material, and the relative intensity of the G peak
increases with the number of graphene layers.
The D band reflects the degree of structural disorder
near the boundaries of microcrystalline regions,
which reduces their symmetry.

The aim of this work was to study the
microstructure of various commercial nanostructured
allotropic forms of carbon materials using Raman
spectroscopy.

2. Materials and Methods

2.1. Materials under study

The following carbon materials were used in this
study:

(a) Graphites and graphene: Timrex® SLP50
(TIMCAL Graphite & Carbon); synthetic graphite
(Dianshi); natural Korean graphite (NG-10); graphite
(Alpha); multilayer graphene GLNP-0350
(GraphenLab).

(b) Carbon fibers and nanotubes: Nano fiber
ENF 100AA-GFE (carbon nanofibers, Electrovac
AQG); Pyrograf II™ (carbon fiber HT grade, highly
graphitic carbon nanofiber, Pyrograf Products, Inc.);

MWCNT  Graphistrength® U100  (Arkema);
MWCNT  Graphistrength®  C100  (Arkema);
MWCNT BAYTUBES® C70P (Bayer AGQG);
MWCNT LUCANTM CP100IM (LG Chem);

Taunit-MD (NanoTechCenter LLC).

(c) Carbon blacks: Ketjenblack® EC-600JD
(Akzo Nobel Polymer Chemicals LLC); PRINTEX®
XE2 (Degussa AG); Monarch® 1300 (Cabot Corp.);
Monarch® 1400 (Cabot Corp.); Super P™ Li
(TIMCAL Graphite & Carbon); activated carbon
black Bau-MF.

2.2. Characterization methods

Raman spectra of the samples were obtained
using an EnSpectr R532 Raman spectrometer
equipped with a 532 nm laser operating at an optical
power of 30 mW. The laser spot diameter was
0.6 pm. Spectra were recorded in the 150—6000 cm '
range with a spectral resolution of 58 cm .

The carbon materials were used without any
preliminary  treatment. Samples for Raman

measurements were in powder form.

When processing the Raman spectra of the
carbon materials, it was assumed that they belong to
Stage 1 according to the classification proposed by
Ferrari and Robertson, with an average interdefect
distance Lp greater than 10 nm, which can be

calculated using Equation (1) [9, 29, 32, 33]:

-1
43-10°| I
(D)
Ly=—r|—] . (1)

where Lp is the average distance between defects
(nm); Ey is the laser energy eV; /) and /(g are

the intensities of the D and G bands, respectively.

3. Results and Discussion

3.1. Raman spectra of graphites

In the Raman spectra of graphite samples
(Fig. 1), three characteristic bands are observed: D,
G, and 2D. The position of the G band maximum
varies within the frequency range of 1563-1576 cmﬁl,
the D band within 1340-1342 crn_l, and the 2D band
within 2674-2690 c¢m . All bands are relatively
narrow and well defined. A weakly resolved D’ band
can also be observed as a shoulder on the G band at
1620-1650 cm . The intensity ratio /(py//(Gy does not
exceed 0.2 (Table 1).

The relatively narrow width and position of the
2D band correspond to the structure of multilayer
graphene or highly ordered graphite. The shape and
position of the 2D band maximum confirm the
predominance of sp2 structures.

2.7
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Relative intensity
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Raman shift, cm”

Fig. 1. Raman spectra of graphites and graphenes.
Designations of carbon materials on the graph:
1 — Timrex SLP50; 2 — Alpha; 3 — NG-10;

4 — Graphene CLNP_0350; 5 — Dianshi
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Table 1. Parameters of the microstructure of carbon materials calculated from Raman spectra

D band G band 2D band I (D)
Samples ALem!' FWHM,em' A,cm' FWHM,cm' A, cm' FWHM, cm' 6 Lp, nm
Graphite and graphene
Timrex SLP50 1339 45 1563 26 2683 77 0.13 34
Graphene GLNP-0350 1340 45 1564 26 2684 80 0.08 43
Dianshi 1342 50 1571 29 2690 78 0.22 26
Alpha 1341 89 1576 69 2674 83 0.14 32
NG-10 1342 75 1569 33 2687 81 0.16 30
Carbon nanotubes
Taunit-MDTM 1341 68 1580 59 2693 89 0.56 16
Baytubes® C70P 1337 59 1573 69 2674 87 1.06 12
Graphistrength® U100 1335 71 1572 62 2670 94 1.03 12
Graphistrength® C100 1333 64 1569 70 2666 95 1.02 12
LUCAN TM CP1001M 1332 70 1569 77 2670 99 1.05 12
Carbon black
PrintexXE2 1341 64 1576 73 2717 292 1.08 12
Super® Li 1338 81 1561 130 2541 356 0.69 15
Ketjenblack® EC-600JD 1329 85 1576 93 2655 174 1.11 11
Monarch 1300 1347 111 1572 149 n/a n/a 0.77 14
Monarch 1400 1347 112 1575 133 n/a n/a 0.69 15
BAU MF 1341 212 1562 147 n/a n/a 1.03 12

The D band width is about 45 cm_l, except for
the NG-10 and Alpha samples, for which FWHM(D)
values are 75 and 89 cm ', respectively. The G band
width ranges from 26 to 30 cmﬁl, except for the
Alpha sample, which exhibits a width of 69 cm’
(Table 1). The 2D band width for all graphite samples
lies within 77-83 cm .

It is worth noting that the Raman spectrum of the
commercial graphene sample Graphene CLNP 0350
corresponds to that of well-ordered graphite.

3.2. Raman spectra of carbon nanotubes

The Raman spectra of MWCNTs exhibit D, D',
G, and 2D bands (Fig. 2). In addition to the main
bands, broadened asymmetric bands are observed at
approximately 850 and 1050 cmﬁl, which are
associated with defects, and a band at ~2950 cm |
corresponding to a combination mode (D + G)

induced by the presence of defects [30, 34].

The D band maxima of the carbon nanotubes are
in the range 1332-1343 cmﬁl, while the 2D band
maxima are in the range 2666-2693 cm .
The G band maximum in the MWCNT spectra occurs
within 15691586 cmﬁl, which is characteristic for
carbon nanotubes. The G band maximum of
Taunit-MD™ (1580 cmﬁl) is slightly shifted toward
the long-wavelength region, likely due to the
presence of amorphous carbon and/or the nanotube
diameter. The positions of the G, D, and 2D bands are
consistent with those expected for multi-walled
carbon nanotubes.

The G bands are significantly broader than those
of high-quality graphite or graphene (by a factor of
2-3). This is a typical feature of MWCNTs, attributed
to their cylindrical geometry and the possible
presence of defects or amorphous phases.

The intensity ratio /(py//(G) is substantially higher
than that of graphite or graphene (see Table 1).
This is a distinguishing characteristic of MWCNTs
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Fig. 2. Raman spectra of carbon nanotubes.
Designations of carbon materials on the graph:
1 — Graphistrength® U100; 2 — Graphistrength® C100;
3 — Baytubes® C70P; 4 - LUCAN TM CP1001M;
5 — TAUNIT-MD ™™

and is related both to edge effects of the tubes and to
the possible presence of defects or amorphous
carbon. High values (1.02-1.06) for Graphistrength®
and LUCAN™ CP1001M indicate either small
nanotube diameters or a relatively high level of
defects/impurities.

The calculated average interdefect distances Lp
are significantly smaller than those of graphite (see
Table 1), which is consistent with the nanoscale
nature of MWCNTs and their characteristically high

1 (D)/I (G) ratio.

3.3. Raman spectra of carbon blacks

The Raman spectra of carbon blacks are
characterized by intense D and G bands, as well as a
low-intensity, broad 2D band (Fig. 3). The D band
maximum is located in the range of 1330-1347 cm_l,
while the G band maximum falls within
1560-1576 cm'. The 2D band is absent in the
spectra of Monarch 1300, Monarch 1400, and
Bau-MF carbon blacks.

Broadened asymmetric bands are also observed
at approximately 850 and 1050 cmﬁl, which are
associated with defects. Notably, the relative intensity
of these bands is higher than in carbon nanotubes,
indicating a higher defect density in carbon blacks
compared to nanotubes.

The G bands are significantly broadened, with
widths ranging from 70 to 150 cm . The intensity

ratio IipylG) is close to or exceeds 1, except for

Relative intensity

|
|
|
|
|
|
|
|
I
|
|
|
]

T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift, em’”

Fig. 3. Raman spectra of carbon blacks.
Designations of carbon materials on the chart:
1 — Super Li carbon black; 2 — PrintexXE2; 3 — Bau-MF;
4 —Monarch 1300; 5 — Monarch 1400;
6 — Ketjenblack® EC-600JD

Super® Li and Monarch 1400. The 2D bands are also
substantially broadened, with widths in the range of
170-360 cm’.

The calculated interdefect distances Lp are
comparable to the crystallite sizes of MWCNTs and
are significantly smaller than those of graphite (see
Table 1).

The pronounced broadening of the G and 2D

bands, the [(pyl) ratio close to unity, and the
presence of bands at ~850 and 1050 cm ' indicate
high defect density and small crystallite size in these
carbon blacks.

Thus, based on the analysis of the recorded
Raman spectra of commercial carbon material
samples, the following conclusions can be drawn:

— The Raman spectra of high-quality graphite
and graphene are characterized by a narrow G band
(width <35 cmﬁl) and an intensity ratio
[(D)/I(G) <0.3;

—The Raman spectra of carbon nanotubes are
characterized by broad G bands (width > 50 cm_l),

a high Ipy/I) ratio (> 0.5), and the presence of 2D
bands with maxima around 2670 cmﬁl;

— The Raman spectra of carbon blacks exhibit
a significantly broadened G band (width > 70 cmﬁl),
Ipy/1(G) ratio close to or exceeding 1, and a 2D band
that is either absent or strongly broadened (width
>150 cm ).

The presence, position, and width of the 2D bands
are sensitive to the structure of the carbon materials.
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In ordered graphites, the 2D band maximum is around
2680 crn_l, and the width is less than 85 cm .

In MWCNTs, the 2D band maximum lines in the
range 2670-2690 cmﬁl, with a width of approximately
90-100 cm . In carbon blacks, the 2D band may be
absent; its maximum can be shifted toward either the
long- or short-wavelength region, and the band is
strongly broadened (width > 150 cmﬁl).

The [(pyI(G) ratio should only be compared for
carbon materials of the same type. High values in
graphite/graphene  (/ipylG)>0.2) indicate the
presence of defects, whereas for carbon nanotubes
and carbon blacks, Ipyl) values of 0.5-1.0 are
typical.

4. Conclusion

The Raman spectra of various carbon forms —
graphite, nanotubes, and carbon blacks — were
analyzed.

It was found that the average interdefect
distances are:

—26-43 nm for graphite;

— 12-16 nm for multi-walled carbon nanotubes;

— 11-15 nm for carbon blacks.

Carbon nanofibers and nanotubes occupy an
intermediate position in terms of grain size and
interdefect distance, having a less ordered structure
compared to graphite but more ordered than carbon
blacks.

Thus, analysis of the D, G, and 2D band
parameters (position, width, intensity ratio) allows
reliable classification of materials, assessment of
structural perfection, crystallinity, and defect density,
and comparative evaluation of commercial products.
The G band width and 2D band characteristics are
particularly informative.
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