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Abstract

Vibrational spectroscopies represent a powerful tool to investigate the structural properties at an atomic
level. In particular, the analysis of the spectra allows to have detailed information on both structure and
chemical environment of different sites. Therefore, the spectroscopic characterization can usefully assist in
the comprehension of the parameters ruling the unique catalytic properties of metal-free carbon materials,
as well as to implement the knowledge in the design of new C-containing systems. Keeping in mind these
purposes, the present Chapter tries to provide some insights on the information obtained by using
vibrational spectroscopies to characterize carbonaceous materials. Intriguing and quite recently investigated
systems will be illustrated as "case histories” to show what can be learned from the analysis of the spectra
collected in different experimental conditions.

The results concerning activated carbons, carbon nanotubes, graphene oxide as well as carbon nitrides or
fullerenes will be discussed in order to investigate the effect of the pretreatment and of the

functionalization/doping on the catalytic activity in different applications.
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4.1 Raman spectroscopy applied to carbons

Raman spectroscopy is based on the inelastic light scattering of a laser source in the near IR — UV range.
Backscattered photons come out with a lower (vo—wipr) or higher (vgt+vvibr) energy with respect to the
incoming laser photons (vg). The energy difference (wyipr) corresponds to the vibrational mode. A Raman
active vibrational mode should involve a change in the electric polarizability. This powerful technique is
widely adopted in the characterization of carbon derived materials, both crystalline [e.g. HOPG (highly
oriented pyrolytic graphite), nano-graphite] or amorphous (e.g. turbostratic carbon, carbon fibers etc.).

4.1.1 Raman spectroscopy of perfect and defective graphite

The Raman spectrum of perfect graphite (e.g. HOPG) with large crystalline domains is dominated by a sharp
peak centred at 1580 cm™ (historically indicated as G peak, first order, see Figure 1a, top), which is
attributed to a Exy mode (Figure 1c, part A). In addition, a complex envelope of bands appears in the 2800-
2600 cm™ region (second order), mostly due to combination modes. In particular, two main peaks are

observed in the spectrum of perfect graphite, originally indicated as G, (high frequency side, sharp) and G";
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Figure 1. Part a) First- (right side) and second-order (left side) Raman spectra of different forms of graphite,
from perfect (top) to very defective up to glassy carbon (bottom). Reprinted (figure 8) with permission from
R. J. Nemanich, S. A. Solin, Phys. Rev. B, 20, 392, 1979. Copyright (1979) by the American Physical
Society. Part b) Raman spectra of graphite excited by different laser lines. Reprinted from J. Non. Cryst.
Solids, 227-230, I. Pécsik, M. Hundhausen, M. Kods, L. Ley, Origin of the D peak in the Raman spectrum
of microcrystalline graphite, 1083-1086, Copyright (1998) with permission from Elsevier. Part ¢) Pictorial
representation of the G and D vibrational modes. Reprinted (figure 4) with permission from A. C. Ferrari, J.
Robertson, Phys. Rev. B, 61, 14095, 2000. Copyright (2000) by the American Physical Society.
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Moving to less perfect systems (Figure 1a, from top to bottom), a new peak (historically indicated as D
peak, Aig symmetry) located around 1350 cm™ starts to appear. This band is usually assigned to a lattice
breathing mode that is forbidden in graphite, but becomes active in the presence of structural disorder
(Figure 1c, part B). Since long time, the intensity ratio between the D and G bands (Ip/lg) has been inversely
correlated with carbon cluster dimension according to the Tuinstra-Koenig correlation (TK) and considered
as an indicator of the size of the graphitic domains in sp? carbonaceous materials (see Figure 2b, right part).
Therefore the Ip/lg ratio can be usefully employed to classify the carbon materials in terms of crystallinity
and/or domains dimension. Due to the fact that G", and G"; falls quite near to overtone region of the D peak,
they are now re-classified as second order D peak and typically indicated as 2D, instead of the original
nomenclature. Another interesting aspect characterizing the D peak is the strong dependence of its position
(and of its intensity too) with respect to the exciting laser line adopted to collect the Raman spectrum.* Such
effect is clearly shown in Figure 1b, that reports the Raman spectra of a defective graphite collected by
adopting different exciting laser lines falling in the 1.16-4.13 eV (1069-300 nm). This behaviour suggests a
strong coupling between the phonon dispersion and the electronic structure of carbon derived materials.

4.1.2 Raman spectroscopy of activated carbons

Raman spectroscopy is among the most powerful technique to study the structure of activated carbons.
These materials are entirely composed by aromatic C-C bonds without any dipole moment, but with a good
polarizability. Typically the laser lines at 514 nm and 244 nm are adopted as exciting sources. The former
gives information mainly on the sp? domains, while the latter conveys information on both sp® and sp®
carbon species. However, the A=514 nm laser line is the most adopted in this type of study as it is the most
available in Raman laboratories.

Figure 2a displays a typical Raman spectrum of an activated carbon. It is dominated by two intense bands,
attributed to the vibrational modes involving sp® carbon species belonging to disordered microcrystalline
domains.> The signal around 1600 cm ™' is the G band: the +20 cm™" shift respect to the G band of graphite is
typical of disordered graphitic systems and due the overlap of a second band (D2, around 1620 cm™"), which
involves surface “graphene-like” layers or sp® nanostructures with a strained geometry. Furthermore, the
position of the G band indicates that the graphene stacking order is very low in activated carbons and that
graphite-like platelets are also partially defective. The second dominant feature around 1350 cm ™' is the D
band. Recently, it has been proposed that the TK correlation is applicable only to graphitic domains having a
lateral dimension larger than about 2 nm (Figure 2b, right side).” In contrast, for sp® platelets having
dimensions below 2 nm the development of a D band in the Raman spectrum indicates ordering (Figure 2b,
left side).
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Figure 2. Part a) Typical Raman spectrum (collected with an excitation A = 514 nm) of a chemically
activated carbon and assignment of the main absorption bands. Rend. Lincei, Activated carbons for
applications in catalysis: the point of view of a physical-chemist, 28, 2017, 29, A. Lazzarini, (Copyright
Accademia Nazionale dei Linceioriginal 2017). With permission of Springer. Part b) Dependence of the
I(D)/1(G) ratio as a function of the lateral size (L,) of the sp? domains. Reprinted (figure 5) with permission
from A. C. Ferrari, J. Robertson, Phys. Rev. B, 61, 14095, 2000. Copyright (2000) by the American Physical
Society.

Two additional bands are observed in the Raman spectrum shown in Figure 2a: 1) the D3 band, observed
between the G and the D bands around 1450 cm™' and ascribed to randomly distributed amorphous carbon
on the interstitial position of the graphitic islands; and 2) the | band around 1150 cm™', originated from the
coexistence of sp® phase and conjugated non-aromatic polyenes, present as pending groups of graphitic
platelets. Besides, the very weak feature present around 1700 cm™' is due to the v(C=0) vibrations of
oxygenated groups at the activated carbon surface. As expected, its intensity is very weak as it is due to
slightly active Raman vibrational mode and to surface species, hardly detectable by means of this

spectroscopy, which is essentially devoted to bulk investigation.

4.1.3 Raman spectroscopy of graphene, graphene oxide and reduced graphene oxide

Raman spectroscopy is largely employed to characterize graphene in terms of number of layers, defect

density, edge chirality, strain, thermal properties, and amount of doping.®® Indeed, the G band at around

1580 cm ! is doubly-degenerate: the degeneration is lost when graphene is rolled to give a carbon nanotube.

The second order 2D or G” band at around 2700 cm™* (assigned to the in-plane breathing-like mode of the

carbon rings) is double resonant, and splits in four peaks in bilayer graphene. If defects are present in
5
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graphene, several additional symmetry-breaking features are found. In these cases, the band with the highest
intensity is usually the D one. Also the D" band is influenced by symmetry-breaking. Symmetry breaking is
commonly due to the presence of vacancies, interstitial and substitutional atoms or to the introduction of
interfaces at the borders of crystalline areas.

Concerning graphene oxide (GO, Figure 3a)° a typical Raman spectrum is shown in Figure 3b, compared to
that of reduced GO (RGO) and graphene. With respect to graphene, the spectrum of GO shows both the D
and G peaks (much broader) and a very broad 2D peak. It is well known in the literature’®** that RGO has a
Raman spectrum very similar to that of GO. Only a small increase of the 1o/l ratio is observed.***® Finally,
the Raman spectra of G1 (1-layer graphene) with a degree of functionalization of about 4 and 50%,
respectively display no significant differences (data not shown), indicating that Raman spectroscopy is

scarcely sensitive to the surface functionalization.**
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Figure 3. Part a) Structural models of GO. Reproduced from Ref. ? with permission from The Royal Society
of Chemistry. Part b) Raman spectra collected from: single sheet of graphene oxide deposited from water
solution (GO), thermally reduced single sheet of graphene oxide (R-GO), and single sheet of pristine
graphene. Reprinted (adapted) with permission from (I. Jung, D. A. Dikin, R. D. Piner and R. S. Ruoff,
Nano Lett., 2008, 8, 4283-4287). Copyright (2008) American Chemical Society.

Graphene oxide can also be intentionally doped by means of several methods (e.g. electrostatic, contact
doping, chemical, substitution - mainly nitrogen or boron - and optical doping). Nitrogen-doped graphene
shows better catalytic properties than the intrinsic graphene, which can be exploited in nano-devices and fuel
cells. Since also amino-functionalized carbon materials display good catalytic activity, it becomes
interesting to combine the amino-modification and N-doping in graphene. In this frame, Zhang et al.®

proposed a simple and effective solvo-thermal method to synthesize amino-functionalized graphene, as
6
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schematically shown in Figure 4a, from graphite oxide only in the presence of ammonia solution. The
resultant material is an efficient metal-free catalyst, exhibiting enhanced electro-catalytic properties for
Oxygen Reduction Reactions.
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Figure 4. Part a) Schematic representation of amino-functionalized graphene. Part b) Raman spectra of
amino-functionalized graphene (bottom) and graphite oxide (top). Reprinted from Nano Energy, 2, C.
Zhang, R. Hao, H. Liao, Y. Hou, Synthesis of amino-functionalized graphene as metal-free catalyst and
exploration of the roles of various nitrogen states in oxygen reduction reaction, 88-97, Copyright (2013)

with permission from Elsevier.

Figure 4b shows the Raman spectrum (collected with an excitation A= 632.8 nm) of the amino-
functionalised graphene prepared by Zhang et al.?, compared to that of GO. The two spectra are very

similar, proving once again the insensitivity of Raman spectroscopy to the surface functionalization.

4.1.4 Raman spectroscopy of carbon nanotubes (CNTSs)

Single walled carbon nanotubes (SWCNTSs), discovered in 1993,* can be considered as nanoscale graphene
cylinders that are closed at each end by half a fullerene. Multi-walled carbon nanotubes (MWCNTS)
contain two or more concentric graphene cylinders.®> Depending on the arrangement along the tube of the
hexagon rings, SWCNTSs can be metallic or semiconducting,™® while MWCNTSs are expected to be metallic.
Raman spectroscopy is one of the most extensively employed tool to characterize CNTs. The tangential
modes are the most intense high frequency modes of SWCNTSs and give rise to the G band (always around
1600 cm™). When SWCNTs are functionalized, the defect-induced D band in the 1400-1300 cm™ range
becomes more prominent. A dependence on the diameter of the SWCNTSs is frequently observed.
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The most characteristic features in the Raman spectrum of SWCNTs are the low frequency ‘radial breathing
modes’ (RBMs) in the 350-150 cm™ range, which is observed when all the carbon atoms of the tube vibrate
radially in phase. The frequency of these vibrational modes depends inversely on the diameter d of the
SWCNTSs, and not on the way the SWCNT is rolled up to form a cylinder. In the case of functionalization,
the RBMs undergo to a frequency shift. Figure 5 shows typical Raman spectra of SWCNTSs collected with
two different laser lines, in both the RBMs range (parts a and c¢) and G and D range (parts ¢ and d).
Comparison is set to ozonized SWCNTs. Small nanotubes are preferentially ozonized. Hence, the
differences observed between the two spectra can be ascribed to the functionalization of smaller

nanotubes.’
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Figure 5. Raman spectra of as such (black) and ozonized (blue) SWCNTSs collected with excitation A= 633
nm (parts a and b), and A=514 nm (parts ¢ and d) in the RBMs range (parts a and ¢) and G and D bands
range (parts b and d). Reprinted (adapted) with permission from (S. Banerjee, S. S. Wong, Nano Lett., 2004,
4, 1445-1450). Copyright (2004) American Chemical Society.

4.1.5 Raman spectroscopy of other C-containing materials
Graphitic carbon nitride (g-C3N4) composed by C and N elements demonstrated great potential in
sustainable processes employing solar energy; furthermore, showing great stability in both very acidic and

basic conditions, it could be a good candidate for a wide variety of applications in metal-free catalysis.’® g-
8
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&
Cs3Ny4 can be obtained by step process starting from dicyandiammide and heating: during such process NH3
molecules are released and condensation occurs forming melamine->melem->melon and finally porous g-

C3Ny, according to Figure 6a.
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Figure 6. Part a) Reaction processes of porous g-C3N,4 during the thermal treatment of dicyandiamide.
Reproduced from Ref. *® with permission from The Royal Society of Chemistry. Part b) Raman spectra of
melamine products obtained at different temperatures. Reprinted from Mater. Chem. Phys., 193, P. Praus, L.
Svoboda, M. Ritz, I. Troppova, M. Sihor, K. Ko¢i, Graphitic carbon nitride: Synthesis, characterization and

photocatalytic decomposition of nitrous oxide, 438446, Copyright (2017) with permission from Elsevier.

Interestingly, Raman spectroscopy can be employed to follow the g-C3N, formation process, as shown in
Figure 6b (exciting laser line 780 nm)'® The spectral region of 1250-400 cm™ is typical for skeletal
vibrations of nitrogen containing aromatic rings.”> Triazine group® is present at all temperatures as

demonstrated by the presence of a band falling at 980 cm™, even if starting from 550 °C it becomes broader
9
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and finally hardly recognizable from the background at 700 °C. Melem bands, situated respectively at 1153
cm™ and 548 cm™, are both well visible in the 400-500 °C temperature range, the second one disappearing at
higher temperature. Peak attributable to melon product (located at 1233 cm™) starts to appear at 500 °C,
becoming even more visible and well defined as temperature increases up to 600 °C. Typical peak of g-

CsN,, located at 708 cm™ % is well visible in the 550-700 °C temperature range.

4.2 IR spectroscopy applied to carbons: principles, problems and solutions

IR spectroscopy relies on the use of photons in the IR region (usually in the Mid-IR interval, i.e. 400 —
4000 cm™) to excite atomic vibrations. In order for a vibrational mode in a molecule (or a molecular
fragment) to be IR active, it must be associated with changes in the dipole moment. It derives that not all
the vibrational modes of a molecule are IR active, but only those that satisfy the dipole selection rule.
Moreover, according to the Lambert-Beer law, the intensity of an IR absorption band generally depends on
the concentration of the corresponding species, but also on the molar extinction coefficient, which is not
constant along the energy interval and is a function of the type of vibration. Hence, IR spectroscopy can be
used for quantitative evaluation of the absorbing species only when the extinction coefficient has been
previously determined.

As far as carbonaceous materials are concerned, the v(C-C) vibrational modes of conjugated double bonds
in graphitic sp’ domains are usually very weak in IR (opposite to what observed in Raman), because they
are not associated with a change in the dipole moment. These vibrations can be clearly observed in the IR
spectrum of a carbon only in the presence of defects (surface terminations, heteroatoms, functional groups,
radical carbon species and others), which are responsible for an increase in the dipole moment associated
with the ring vibrations.*?® This is well exemplified by looking at the Fourier transform (FT)-IR spectrum
of graphite and grounded graphite, reported in the early 1970s (Figure 7a).% The FTIR spectrum of pristine
graphite is completely flat, although weak bands may appear that can be assigned to adsorbed water
molecules.® The FT-IR spectrum of graphite could be observed only by means of an exhaustive and
efficient grinding, i.e. when graphite loses the long-range structure. The v(C=C) vibrations of the sp?
domains are observed around ~1587 cm™ and ~1362 cm™, very close to the Raman fingerprints for the
crystalline graphite.

Two important consequences derive from the above mentioned statements:

1) IR spectroscopy brings only indirect information on the bulk properties of carbon-based materials, while
it conveys direct information on the surface species, including the C—H groups at the periphery of the sp?
clusters (usually characterized by weak absorptions) and the functional groups containing heteroatoms
(such as oxygen, nitrogen, etc.). The vibrational modes associated with the functional groups are usually

characterized by very intense extinction coefficients. This is the reason why IR spectroscopy has been

10
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extensively used to investigate the surface species in different carbon-based materials, including activated

27,28,31,32 34,35

carbons, carbon blacks,*® char,®* coal,*® graphite,?® carbon fibres,®" carbons films,*® nano-carbons
and other systems.*® In this respect, IR spectroscopy is perfectly complementary to Raman spectroscopy.

2) The quantitative determination of the surface species on carbons is not trivial, since the overall intensity
of the IR spectrum is greatly affected by the presence of both chemical and physical defects, which enhance

the dipole moment associated with the rings vibrations.
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Figure 7. Part a) IR spectrum (collected in transmission mode) of ball-milled graphite. The ball-milling
time is reported for each spectrum. Reprinted (adapted) with permission from (R. A. Friedel, G. L. Carlson,
J. Phys. Chem., 1971, 75, 1149-1151). Copyright (1971) American Chemical Society. Part b) IR spectrum
(collected in DRIFT mode and reported in Kubelka-Munk units) of a chemically activated carbon and

assignment of the main absorption bands. Unpublished spectrum.

Despite the large literature in this field, very often the IR spectra of carbon-based materials are
characterized by undesirable spectral artefacts or distortions which complicate the data interpretation,
especially when collected in the conventional transmission mode. This is mainly due to the fact that the
electronic structure of foremost carbon materials results in a wide absorption through the visible and the

infrared regions. As a consequence, “dark carbons” generally have a poor transmission and uneven light

11
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scattering. Dilution in KBr does not help so much, since the sample preparation is time-consuming and the
grinding conditions affect the IR spectrum. Moreover, it has been demonstrated that KBr may alter the
surface properties of carbon-based materials. At least part of the problem can be avoided by performing the
measurements in diffuse reflectance mode (DRIFT), whereby the scattered (rather than transmitted) light is

collected. Figure 8 shows the two most employed methods for collecting the IR spectrum of a carbon-based

material.
a) Transmission FT-IR spectroscopy b) DRIFT spectroscopy
Mirror Mirror
AN AR
IR Source Detector
. IR Source ‘ Detector

=)

_ _ IR beam
KBr pellet containing sample Sample powder within KBr

Figure 8. Schematic representation of the most common instrumental set-ups available for the
characterization of carbon-based materials by IR spectroscopy. Part a) Transmission mode; Part b) DRIFT

mode.

4.2.1 FT-IR spectroscopy of activated carbons

A typical DRIFT spectrum of a carbon of wood origin chemically activated is shown in Figure 7b, along
with the assignment of the main absorption bands. The spectrum is dominated by a narrow band around
1600 cm™, which is due to the v(C=C) vibrational modes of conjugated sp® bonds belonging to graphitic

26-2839 and by a very broad absorption in the 1300 — 1000 cm™ region due to the overlapped

islands
contribution of in-plane 8(C—H) modes and of the collective skeletal C-C vibrational modes.?*?® These two
bands are very similar to those observed in the spectrum of intensively grinded graphite (Figure 7Two
important consequences derive from the above mentioned statements:

1) IR spectroscopy brings only indirect information on the bulk properties of carbon-based materials, while
it conveys direct information on the surface species, including the C—H groups at the periphery of the sp?
clusters (usually characterized by weak absorptions) and the functional groups containing heteroatoms
(such as oxygen, nitrogen, etc.). The vibrational modes associated with the functional groups are usually
characterized by very intense extinction coefficients. This is the reason why IR spectroscopy has been
extensively used to investigate the surface species in different carbon-based materials, including activated

27,28,31,32 34,35 | 36
i)

carbons, carbon blacks,*® char,3** coal,*® graphite,? carbon fibres,®" carbons films,*® nano-carbons

12
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and other systems.*® In this respect, IR spectroscopy is perfectly complementary to Raman spectroscopy.
2) The quantitative determination of the surface species on carbons is not trivial, since the overall intensity
of the IR spectrum is greatly affected by the presence of both chemical and physical defects, which enhance

the dipole moment associated with the rings vibrations.
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Figure 7. Part a) IR spectrum (collected in transmission mode) of ball-milled graphite. The ball-milling
time is reported for each spectrum. Reprinted (adapted) with permission from (R. A. Friedel, G. L. Carlson,
J. Phys. Chem., 1971, 75, 1149-1151). Copyright (1971) American Chemical Society. Part b) IR spectrum
(collected in DRIFT mode and reported in Kubelka-Munk units) of a chemically activated carbon and

assignment of the main absorption bands. Unpublished spectrum.

a).% Differently from graphite, the spectrum of the chemically activated carbon shows also a weak band
around 1710 cm™ (*Figure 7b), assigned to v(C=0) vibrations of carboxyl and carbonyl groups, and a
series of bands in the 900 - 750 cm™ range, which are assigned to the out-of-plane vibrations of C-H
species at the borders of the sp® domains, differing in the number of adjacent H atoms.?”?® A more

extended discussion on this spectral region will be done in Section 4.4

13



l ROYAL SOCIETY
OF CHEMISTRY

a) EFFECT OF THE NATURAL SOURCE AND ACTIVATION

200 l-y—r—v—v—l—rv—v—v—v—y—v—v—v—rr—v—v—ﬂ—v—v—v—j

1740-1700cm”  1270-1250 cm”’
c=0 co
I " 1 1]
150 - 36003200 em’ -.‘155(3:0_ch !
I -OH .

nerma

s I . o
g [ | v D]
% i ! N
| = L] i
o 100 t i
%) - "
W '
s ! Pica Wood HsPO.
% L '
50 :
- Morit Wood HsPO.
I ]

NP B NN B I T
3000 2500 2000 1500 1000

Wavenumber (cm’ ")

0hle
3500

(o)

EFFECT OF THE POST-ACTIVATION TREATMENT

Reflectance (%)

5.0[ ,
1 o

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm”)

Figure 9. Part a) DRIFT spectra of several carbons having a different origin (wood or peat) and activated
either in phosphoric acid (chemical activation) or in steam (physical activation). The assignment of the
main absorption bands is also reported. Reprinted from Fuel, 163, M. T. Timko, J. A. Wang, J. Burgess, P.
Kracke, L. Gonzalez, C. Jaye, D. A. Fischer, Roles of surface chemistry and structural defects of activated
carbons in the oxidative desulfurization of benzothiophenes, 223-231, Copyright (2016) with permission
from Elsevier. Part b) DRIFT spectrum of a chemically activated carbon (wood origin, spectrum 1)
compared to that of the same sample subjected to an oxidative treatment (conc. HNO3, room temperature,

spectrum 2). Unpublished spectra.

Not all the activated carbons display a DRIFT spectrum so rich of details as that reported in Figure 7b. The

natural raw material (e.g. wood, coconut shell, peat), the type of activation (physical or chemical) and the

27,28,40

eventual post-activation treatments are all factors affecting the intensity of the DRIFT spectrum, as

14
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illustrated in Figure 9a
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Figure 9. Part a) DRIFT spectra of several carbons having a different origin (wood or peat) and activated
either in phosphoric acid (chemical activation) or in steam (physical activation). The assignment of the
main absorption bands is also reported. Reprinted from Fuel, 163, M. T. Timko, J. A. Wang, J. Burgess, P.
Kracke, L. Gonzalez, C. Jaye, D. A. Fischer, Roles of surface chemistry and structural defects of activated
carbons in the oxidative desulfurization of benzothiophenes, 223-231, Copyright (2016) with permission
from Elsevier. Part b) DRIFT spectrum of a chemically activated carbon (wood origin, spectrum 1)
compared to that of the same sample subjected to an oxidative treatment (conc. HNO3, room temperature,

spectrum 2). Unpublished spectra.

. Generally speaking, carbons of peat origin and physically activated (i.e. by steam) display a very weak
DRIFT spectrum where the absorption bands are hardly recognizable. Carbons of wood origin chemically
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activated usually show an intense DRIFT spectrum, indicating less regular sp? domains, with several bands

ascribable to oxygen-containing functional groups.
The DRIFT spectrum of an activated carbon greatly changes as a consequence of post-activation

treatments. Figure 9
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Figure 9. Part a) DRIFT spectra of several carbons having a different origin (wood or peat) and activated
either in phosphoric acid (chemical activation) or in steam (physical activation). The assignment of the
main absorption bands is also reported. Reprinted from Fuel, 163, M. T. Timko, J. A. Wang, J. Burgess, P.
Kracke, L. Gonzalez, C. Jaye, D. A. Fischer, Roles of surface chemistry and structural defects of activated
carbons in the oxidative desulfurization of benzothiophenes, 223-231, Copyright (2016) with permission
from Elsevier. Part b) DRIFT spectrum of a chemically activated carbon (wood origin, spectrum 1)
compared to that of the same sample subjected to an oxidative treatment (conc. HNO3, room temperature,

spectrum 2). Unpublished spectra.
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b shows the effect of an oxidative treatment (room temperature, concentrated HNO3) on the DRIFT
spectrum of a chemically activated carbon of wood origin. The whole spectrum is almost doubled in
intensity, which is a direct consequence of the increased dipole moment associated with the sp? ring
vibrations, as expected in the presence of oxygenated electron-withdrawing groups. In addition, new
absorption bands are observed, denoting the formation of new functional groups:

1) A first group of bands appears in the v(C=0) vibrational region, with absorption maxima at 1766 and
1726 cm™, due to acidic functionalities. A precise assignment of these bands is not straightforward since
the v(C=0) vibrations of acid groups in an aromatic ring structure are affected by the presence of different
peripheral groups in close proximity. Hence, the same band can be potentially ascribed to two different
groups, or to the same one but in two different environments.?"?84142

2) A second group of bands appears at 1550 cm™ and 1350 cm™, which are assigned to the asymmetric and
symmetric stretching modes of carboxylate groups.?” The formation of carboxylates in acidic conditions is
made possible because of the extended conjugation of the m electrons, which allows a redistribution of the
electron density within the graphene layers. It has been demonstrated that for aromatic acids both inductive
effects (i.e. the influence of neighbours on the acidic strength of carboxylic groups) and resonance effects
contribute to enhancing the stability of carboxylate anions.** This phenomenon has been recently

discussed**

as responsible for the partial graphitization of activated carbons by HNO3 treatments.

3) Finally, also the 900 - 750 cm™ region, due to terminal C-H groups is affected (see Section 4.3 for
further discussion).

In this context, it is relevant to notice the role played by the activating agents (ZnCl,, HsPO,, etc.),* which
are often responsible for the formation of defective regions characterized by the presence of heteroatoms
and dopants (B, N, O, P, S).**" The presence of dangling groups, hydrogen saturation and polar groups has
been widely demonstrated to alter the local density of the =m-electrons, thus increasing the chemical
reactivity. For carbons activated with H3PO,, ; absorption bands in the 1300-1000 cm™ range have been
sometimes attributed to phosphorous containing groups (P=0, P-O-P, P=00H, P-O-C and ionized P*—O"
).*® Nitrogen-doped porous carbons, which have been demonstrated very effective in environmental issues
(fuel cells, CO, capture and segregation), have been reported to show absorption bands at 1263 cm™ and at

3300 cm™ associated with v(C-N) and v(NH), respectively.*

4.2.2 FT-IR spectroscopy of GO, RGO, and doped GO
The exfoliation process on graphite gives graphene, which is a flat crystalline single-atomic-layer of sp?
carbon atoms within a two-dimensional hexagonal honeycomb lattice. As for graphite, no significant

absorption bands are observed in the FTIR spectrum of graphene.’®*? In the graphene technology,

17



f"‘? ,. —
= ROYAL SOCIETY
OF CHEMISTRY

graphite is employed to synthesise GO, which is a chemically functionalized material consisting of oxygen-
rich carbonaceous layers, where the graphite structure is maintained. On the contrary, the interlayer
distance is increased due to the presence of oxygen-containing functional groups. GO is composed by both
sp®- sp>-hybridized carbons, with hydroxyl and ether/epoxy groups arranged on the top and bottom of the
surfaces, and with carbonyl and carboxyl groups in the sheet and on the edges, respectively. Such
functional groups can be detected by FT-IR spectroscopy. Typical absorption bands are observed at 1230—
1215 cm™ (C-O bonds), at 1120-1110 cm™ (epoxy species), at 1415 cm™, 1160 cm™ (carbonyl or carboxyl
groups) and at 1080-1040 cm™ (alkoxy or epoxy moieties). These spectroscopic features indicates that the
extended conjugated m-orbital system of the pristine graphite is destroyed and that C=0O groups, with
stretching mode appearing at 1740-1720 cm™, are introduced into the graphite pristine framework.

The GO oxidation degree can be evaluated by the increase in intensity of the v(C=0) band along with the
decrease in intensity of other C-O peaks due to C-OH and/or O-O-C bonds. Adsorbed water can be
detected by checking the presence of an absorption band around 3450 cm™ due to the interaction with OH
groups, which renders hydrophilic the GO. Generally, the band at 1640-1620 cm™, due to the presence of
OH groups is overlapped with the in-plane vibrations of the skeletal C=C band related to the hexagonal
aromatic rings of graphene sheet or to the residual sp® character after oxidation of the graphitic network.
The vibrational stretching mode of aryl C=C is observed at 1420 cm™ >33

GO is used to prepare either chemically modified graphene or reduced graphene oxide (RGO) by simply
heating or by chemical reduction. These processes lead to the decrease in intensity of the absorption bands
associated to C=0, C-O and C-H groups, which are totally depleted upon deoxygenation.*? Therefore,
differently from what happens for Raman spectroscopy (see paragraph 4.1.3), the presence of a band
centred in the 1585-1565 cm™ range and related to the C=C aromatic group of graphene sheet is expected
when GO is completely reduced at temperature below 1100 °C. On the contrary, an increase in intensity of
the bands observed at 2950-2850 cm™ and related to C-H bonds stretching is observed when chemical
reduction is performed.>*

N-doped GO can be obtained by heating GO in the presence of different amounts of N-containing
molecules, such as ammonium nitrate,”® urea,* thiourea, ammonium dicynamide, cynamide, melamine,’
as well aminopropyltrimethoxysilane.”®® Among these, melamine gives interesting results, due to the
uniform distribution of N.>° With this in mind, N-doped graphene can be effectively characterised by FT-IR
spectroscopy, which reveals the presence of bands at 1244, 1321 and 1427 cm™ due to aromatic C=N
stretching mode and of one band centred at 807 cm™, due to the triazine ring mode. These absorption bands
increase in intensity and blue shift with increasing the N content.>” It is worth of note that FT-IR
spectroscopy can be helpful to investigate simultaneously the effectiveness of the N doping into the

graphene framework and the reduction of the O-containing species in GO.**°® After reduction, the band at
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3411 cm™ attributed to the stretching vibration of hydroxyl groups decreases in intensity and a weak band
at 1732 cm™, assigned to the C=0 stretching vibration in conjugated graphene, indicates the presence of
residual C=0 groups surviving after the reduction process. Most important is the red shift of the band
corresponding to the in-plane vibration of C=C (from 1624 to 1556 cm™), as a consequence of the
superposition of the absorptions related to C=C and C=N, giving evidence of effective embedding of N-
containing groups.®*®*

Beside nitrogen, also boron and fluorine can be used to dope graphene. Boron-doped 2D carbons with
photoluminescence properties, obtained by hot-filament CVD technique, have been recently reported by
Wang et al. °2. An absorption band at about 790 cm™ in the IR spectrum, associated with the C—B bonds,
provides evidence of the boron incorporation in the material. Halogenated graphenes, such as
fluorographene and chlorographene, usually exhibit much stronger IR bands owing to a higher transparency
and show prominent absorption features at ~1260 cm™ or at ~1110 cm™, corresponding to v(C-F) or v(C-
Cl), respectively. FT-IR studies conducted at increasing fluorination time have revealed an absorption band
at 1112 cm™ assigned to “semi-ionic” C-F, which gradually disappears, giving rise to a strong band at 1211
cm™ due ti the covalent C-F bonding. Features at 600 cm™ or at 745 cm™ are representative of the v(C-Br)

and v(C-1) bonds.®®

4.2.3 FT-IR spectroscopy of CNTs

Both SWCNTs and MWCNTSs have been extensively investigated by IR spectroscopy. In this regard, IR
active modes of CNTs can be found in the 1580-1530 cm™ range (sp? carbon) and 1200-1100 cm™ interval
(more disordered sp® carbon). These skeletal vibrational modes depend on the CNT symmetry and their
expected wavenumbers in the IR spectrum are influenced by the nanotube diameters (~0.4-2.0 nm for
SWNTs and ~5-1000 nm for MWNTSs). This explains why the corresponding absorption bands are quite
broad. For MWCNTSs the broadness is the result of the presence of multiple concentric tubes having a
different diameter, while for SWCNTSs the broadness of the v(C=C) absorption band can be explained by
the polydispersity of the nanotubes.*® Additional IR bands around 2800-3000 cm™are due to the v(CHy)
modes.*

The purification, functionalization and doping of CNTs require a strong chemistry, involving the use of
mineral acids, oxidizing agents,® cavitation and microwave treatments®® or high temperature conditions.
These treatments are often required for doping or co-doping CNTs with heteroatoms (i.e. B, N, O, S, I). in
this way the catalytic activity of CNTs can be enhanced, for a wide range of reactions including ORR
(oxygen reduction reaction), OER (oxygen evolution reaction) and HER (hydrogen evolution reaction).*’ It
is believed that the doping-induced electron modulation at defective edges is responsible for the high

catalytic activity of doped CNTs.*® Generally speaking, the effects of the doping on a single nanotube are
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qualitatively and quantitatively very difficult to be determined. These difficulties mainly arise from the
intrinsic properties of nanotubes (i.e. sample heterogeneity, bundling), impurities and dopant
concentrations (even low). The FT-IR spectra of functionalized/doped CNTs may show new absorption
bands due to the presence of oxygen rich functional groups formed during the oxidation processes, such as
C=0 or -OH (absorption bands located at about 1800-1700 cm™ and at 3200-3600 cm™, respectively),
which are attached to the tube outer-wall or to their open endings.®” Furthermore, a presence of a band
located at about 1560—1630 cm™ may be attributed to the interaction of C=C conjugation with C=0 groups
at the surface. Nitrogen-doped CNTSs can show bands at 1375 cm™ (N-N), 2200 cm™ (N-C) bonds,®® while
for I- or Br-doped CNTSs a band around 600-650 cm™ or at 580-590 cm™ can be associated with C-1 and C-
Br bonds, respectively.®®”® As for doping of CNTs with boron species, Preston et al.”* report the FT-IR
spectra of B-(0)-doped few walled CNTs, showing characteristic bands at 1024 cm™ (B-O-C bend.), 1196
cm™ (B-O bend.) and 1407 cm™ (B-O stretch.).

4.2.4 FT-IR spectroscopy of fullerenes

Fullerenes are molecules having a closed cage structure exclusively formed by sp?-hybridized C atoms.
Each carbon is bonded by van der Waals interaction to 3 neighbours, having 12 pentagons and a variable
number of hexagons, which leads to the existence of molecules with different shapes, such as spheres,
ellipsoids, tubes, etc., and with different sizes, depending on the number of C atoms, going from buckyballs
to giant fullerenes. The most popular and the most symmetric molecules are the spherical C60 fullerenes
with the most stable molecular structure composed of 60 carbon atoms, 12 pentagons and 20 hexagons,
with an icosahedral symmetry where all the rings are fused and all the double bonds are conjugated in a
soccer-ball type arrangement. The C60 molecule acts as a deficient electron alkene and readily reacts with
electron rich species. Theoretically, the C60 fullerene molecule has 3N-6 = 174 vibrational degrees of
freedom but, due to the high symmetry of the molecules, only 4 modes are IR-active.* Indeed, C60
molecule shows a very simple FT-IR spectrum with only four characteristic peaks at about 1428 cm™, 1182
cm™ associated with a tangential motion of the carbon atoms, 576 cm™ and 527 cm™ from a primarily
radial motion of the carbon atoms."

For fullerene C60 nanotubes and fullerene dimers, the FT-IR spectra are the same as for the pristine C60,
confirming that the FNTs or dimers are composed of C60 molecules. Modification of the surface in order to
add epoxides groups to the fullerene cage, for example for obtaining fullerene epoxides, leads to a shift of
the main absorption bands to lower wavenumbers and to the appearance of a new band assigned to epoxy
groups (1140 cm™). The C60 characteristic bands are maintained also for fullerene dimers oxides,
indicating that the fullerene cages are intact in these dimers. In addition, new bands appear that may be

assigned to various intra-cage vibrations due to dimerisation and epoxy groups.” In the presence of free
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chlorine and UVA irradiation, extensive oxidation of nC60 clusters occurs,’ as indicated by the relevant
increase in intensity of the bands at about 1700 cm™' (due to the presence of carbonyl groups), at 1400 cm ™
(assigned to C—OH in-plane bending), and at 1100 cm™' (C-O stretching mode).”*® Besides oxygen-based

' which are

functional groups, additional bands are also observed in the range from 500 to 900 cm™
assigned to C—CI stretching modes.”” It is likely that reactive chlorine radicals produced via chlorine
decomposition under photo-irradiation can bond with nucleophilic C60 via a free radical addition reaction.
Such a reaction has also been demonstrated to be the primary mechanism during the photo-chlorination of

graphene.’

4.2.5 FT-IR spectroscopy of other carbon-based materials

As anticipated in section 4.1.5, graphitic carbon nitride (g-CsN4) can be synthetized by condensation of
low-cost melamine at different temperatures (from 400 °C up to 700 °C)."#8%8:22 |R spectroscopy provides
a fast technique to obtain information on the chemical structures obtained at different temperatures.'® The
FT-IR spectra of g-CsN4 display the typical C-N and C=N stretching vibrations of N-containing
heterocycles in the 1640-1240 cm™ range. A typical sequence of FT-IR spectra collected at increasing
temperature is shown in Figure 10a. The spectrum related to the material synthesised at 400 °C shows two
intense bands at 1608 and 1471 cm™ and two bands at 1307 and 1100 cm™ with lower intensity due to
melem.? At 500°C, new bands at 1331 and 1255 cm™, assigned to melon and g-C3N,.?>%? Melon and g-
C3N, are also characterized by bands at 1635, 1458, 1410, 1540, 1570, 1320 and 1242 cm™, observed in the
spectra related to the samples prepared at higher temperature. The band centred at 806 cm™ is related to the
out-of-plane bending of triazine rings and is observed in all the spectra without particular modification
despite the increase of temperature.®® At higher frequencies, above 3000 cm™, the N-H stretching vibrations
of primary and secondary amines are detected.? In particular, bands at 3487 cm™, 3427 and 3315 cm™, due
to the asymmetric and symmetric -NH, stretching, and 3150 cm™, attributed to the -NH stretching mode,
are observed for the materials obtained at 400 and 500 °C. Secondary amines are still present at 700 °C as
revealed by the bands at 3252, 3160 and 3091 cm™. These features indicate that the melem present at 400
°C condenses forming melon at 500 °C, which further produces g-C3Njy rigid planes. In the rigid planes the
dipole moments decrease and therefore the intensity of the absorption bands diminishes. Moreover, the
bands observed in the 1640-1240 cm™ interval increase in intensity up to 700 °C, indicating the

fragmentation of the g-C3N, planes into nanosheets.*
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Figure 10. a) FT-IR spectra of melamine g-C3N, obtained at different temperatures. Reprinted from Mater.
Chem. Phys., 193, P. Praus, L. Svoboda, M. Ritz, 1. Troppova, M. Sihor, K. Ko¢&i, Graphitic carbon nitride:
Synthesis, characterization and photocatalytic decomposition of nitrous oxide, 438-446, Copyright (2017)
with permission from Elsevier. b) g-C3N,4 via MCI (M = Na, K, Rb, Cs) modification. Results of pristine g-
CsN, are plotted together for comparison. Reproduced from Ref. * with permission from The Royal
Society of Chemistry. ¢) FT-IR spectra of the studied materials. Reprinted from Carbon, 107, M. Seredych,
T. J. Bandosz, Nitrogen enrichment of S-doped nanoporous carbon by g-CsNg: Insight into photosensitivity
enhancement, 895-906, Copyright (2016) with permission from Elsevier.
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FT-IR spectroscopy can be employed to investigate the effect of the addition of different atoms or pre-

treatments on the final structure of g-C3N4. Indeed, the photocatalytic activity of g-CsN4 can be effectively

84,85,86 89-93

enhanced for example by adding chlorine phosphorus,®” sulfur,?® alkali metal halides, or by
hydrochloric acid treatment.®® In this frame, due to its high sensitivity to the local structure, FT-IR
spectroscopy can be employed to study the framework of melon strands of g-C3N4 by monitoring in-plane
long-range periodic ordering.”® Figure 10b shows the FT-IR spectra of several graphitic carbon nitride
(GCN) samples doped with different alkali halides. All the spectra display the typical bands at 808 cm™ and
in the 1200-1900 cm™ spectroscopic range, which are ascribed to the breathing mode of triazine units and

to the stretching vibration modes of aromatic CN heterocycles, %

indicating that the effect of alkali
halides is to interrupt the intra-layer long-range periodic arrangement without modifying the basic atomic
building blocks. Moreover, new components at 1000, 1155, 2147 and 2180 cm™ are observed for GCN-Na,
GCN-K, GCN-Rb and GCN-Cs, which can be assigned to -OH groups located at the surface of g-
C3sN4. %% These features are due to the presence of alkali ions preventing the formation of hydrogen
bonds. The hydroxyls could be bonded to the amino groups of g-CsN4.”® The broad absorption bands in the
3000-3600 cm™ region are due to the terminal amino groups.*® No vibration related to alkali-related groups
is detected, indicating that the melon strands structure of carbon nitride is not modified upon the salt
treatment.

To further distinguish the changes in the surface chemistry of the pristine mixture of g-C3sN4 and a sulfur
containing polymer and the final S-doped nanoporous carbon/g-C3N4 composite, FT-IR spectra can be
collected and the results are shown in Figure 11c. The bands at 1578 and 1230 cm™ assigned to the
aromatic ring stretching mode vibrations of C=C, related to the carbons, and of C=N (for the CN and CN-
O) conjugated with carbonyl/carboxylate groups and nitroso (N-O) configurations’® indicate the
occurrence of CN oxidation. In addition, the band at 1230 cm™ can be also attributed to aromatic C-N, C-O
and might be related to the S-O stretching vibrations. ®*°* The two bands are increased in intensity after
air oxidation, due to the formation of carbonyl/carboxylate groups or N-O configurations.’® The weak peak
at 1035 cm™, is assigned to the C-O stretching mode and can be related either to the presence of phenol,
ether and ester groups in the carbon structure. The band at 1170 cm™ is related to the stretching vibration of
the C-O bond. However, the former band can also be due to N-O stretching vibrations *® and both
absorption bands overlap with those due to nitrogen groups originating from graphitic carbon nitride used

for the synthesis of the sample %

, putting in evidence the complexity of the spectra for a correct analysis.
FT-IR spectroscopy can be employed to define the chemical structure of complex systems, such as g-
CsN./acidified g-CsN4 composites used in photocatalysis.'® In this case, the intensity of the bands at 1318

103-105

and 1240 cm™', due to the stretching modes of C-NH-C connected units gradually decreases with the

increase of acidified g-C3N4 content. Moreover, with increasing amounts of acidified g-C3sN4 in the
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composite, a red shift of the bands at 1640 cm ™', related to C-N stretching, and at 1405 cm ™', due to C-N
stretching vibrations of heterocycles, is observed. The breathing mode of tri-s-triazine rings at 795 cm™'
follows the same trend, suggesting an electrostatic interaction among tri-s-triazine units of acidified g-C3N4
and those of g-C3Ns.

The FT-IR spectra of a ternary metal-free hetero-structure made by sheet-on-sheet graphene/C3sNy/carbon
dots for the pollutant abatement under visible-light photo-catalysis maintain the bands at 1241, 1323, 1411,
1573, and 1644 cm™ ascribed to the C—N stretching of heterocycles'® and at 806 cm™ assigned to the
breathing mode of triazine units.®* This result demonstrates that the solvent-assisted exfoliation and the
subsequent loading of carbon dots do not destroy the lattice structure of C3Nj.

g-CsN,4 can be modified with graphene oxide and reduced graphene oxide nanosheets with different lateral
sizes to obtain a hybrid composed of RGO nanoparticles with size in the 4-135 nm range with enhanced
photoactivity with respect to similar size RGO- and GO-containing systems.'®” The influence of GO and
RGO lateral sizes can be investigated by FT-IR spectroscopy, which reveals the depletion of the bands of
the oxygen-functional groups for the nanocomposites, indicating that GO underwent to reduction. At the
same time, it is possible to observe the appearance of new peaks corresponding to the chemical bonding
between C and N of g-C3N, carbon nitride: band at 807 cm™' due to the breathing mode of triazine units as
well as bands at 1245, 1320, 1420 and 1560 cm ' related to C-N stretching, peak at 1640 cm™' of the C=N
stretching mode and finally a broad band at 3160 cm™' assigned to the stretching modes of secondary and
primary amines, %1%

Finally, B4C merits to be mentioned. Despite it does not find application in catalysis, it is an advanced
material with excellent properties, such as low density, high hardness and high corrosion resistance.
Moreover, due to the huge thermal neutron-absorbing cross section B4C is capable of capturing thermal
neutrons and it finds application in the nuclear shielding field.'*® The FT-IR spectrum of B,C shows the
bands related to the C—C stretching at 11501450 cm™, the B—C stretching at about 1200 cm™ and the B-O

at 1450 cm™, respectively.™°

4.3 Neutrons properties, and Inelastic Neutron Scattering applied to carbons

Inelastic neutron scattering (INS) technique probes the motion of atoms and molecules within a material.
The technique relies on the use of neutrons, which are uncharged particles having a mass very similar to
that of a hydrogen atom and a negligible electric dipole moment. For this reason, neutrons interact only
with the nucleus of atoms — which is typically only ~0.1% of the diameter of the atom and 10° times
smaller than the distance between two atoms — and can penetrate the matter for large distances before being
scattered or absorbed.*** ™ This means that the INS spectra are representative of the entire sample,

although large amount of samples (grams) are necessary for the measurements.
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Opposite to Raman and FT-IR spectroscopy, INS has no symmetry selection rules, that means that all the
vibrational modes are allowed.***** The intensity of a band at the characteristic vibrational frequency of a
certain chemical species is proportional to: 1) the amount of the species under the neutron beam; 2) the
incoherent cross section of the involved species (which is element- and isotope-dependent); and 3) the
amplitude of motion of the atoms in the vibrational mode (i.e. how much they displace with respect to
equilibrium position), which is larger for light atoms. For most of the elements both the incoherent cross
section and the amplitude of motion are very small, except for hydrogen *H, which has an incoherent
scattering cross section more than one order of magnitude larger than that of all the other elements, and the
smallest mass of any element. This is the reason why INS is extremely powerful in detecting vibrations
involving the hydrogenous species, and explains also why an INS spectrum is usually accessible in the
whole 0-4000 cm™ range without exhibiting the cut-off due to the lattice absorption, typically observed in
the FT-IR spectra of most of the materials.***

In carbon-based materials hydrogen atoms are present mainly at the edges of the sp? graphitic domains
constituting the basic structural units, and in less extent in functional groups containing other heteroatoms
(such as carboxylic groups, -COOH, or hydroxyl groups, -OH). The type and relative amount of these
species influence the surface properties of all the carbon-based materials, are responsible for the catalytic
activity of metal-free carbons as well as for the adsorption of organic reactants during the catalysis, and
influence also the deposition of metal nanoparticles during the preparation of carbon-supported
catalysts."™> " Albeit not diffuse as IR and Raman spectroscopies, INS has been widely applied to the

118-127 128-135

investigation of carbon-based materials and carbon-supported catalysts, offering unprecedented

details on the surface properties at the atomic level. Most of the works are related to activated carbons or
coal 18122135137 \while there are very few reports on INS applied to other carbonaceous materials such as
graphite, graphene and carbon nanotubes, the latter motivated mainly by their potential in H;
absorption.’?%1" The most prolific research groups in this field are those of Albers and

Parker,111,113,118,122,129—131,133,136

who published the first INS spectra of activated carbons in the late 1990s.
Although the performances of the neutron facilities have been largely improved in the last decade with the
consequent progress in the overall quality of the INS spectra, these are still the reference papers in the field

of INS spectroscopy applied to carbonaceous materials.

4.3.1 INS spectra of activated carbons

A typical INS spectrum of an activated carbon is shown in Figure 11a. The absorption band centred around
3060 cm™, 1200 cm™ and in the 800 — 1000 cm™ region are assigned respectively to the stretching, in-plane
and out-of-plane bending modes of the hydrogen species belonging to the condensed rings edges.?®?® The

weak bands in the 700 - 400 cm™ region are assigned to the so called riding vibrations, which are
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substantial movements of the hydrogen atoms indirectly induced by C-C torsion modes of the carbon atoms

at the edges of the graphitic fragments. In other words, the H atoms move in phase with the vibrations of
28,138

the surface C atoms, as a rider moves with their horse.
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Figure 11. Part a) INS spectrum of an activated carbon of wood origin and assignment of the main
absorption bands. Part b) Magnification of the 1000 -700 cm™ region, containing the characteristic out-of-
plane §(C-H) vibrational modes. Reproduced from Ref. % with permission from The Royal Society of
Chemistry. Part ¢) Description of solo, duo, and trio structures and corresponding vibrational modes.
Reprinted from Carbon, 43, A. Centrone, L. Brambilla, T. Renouard, L. Gherghel, C. Mathis, K. Mullen,
G. Zerbi, Structure of new carbonaceous materials: The role of vibrational spectroscopy, 1593-1609,
Copyright (2005) with permission from Elsevier.

Part d) Schematic representation of the out-of-plane &(C-H) vibrational modes for regular and irregular
borders. Carbon atoms are shown in grey, hydrogen belonging to regular borders in white, and hydrogen
belonging to irregular borders in yellow. The contribution at 880 cm™ is connected to an in-phase
oscillation of solo species on well-extended borders, while the intense mode at 958 cm™ is connected to
out-of-phase modes at duo and trio sites that characterize a defective and not extended border. Reprinted
from A. Piovano, A. Lazzarini, R. Pellegrini, G. Leofanti, G. Agostini, S. Rudi¢, A. L. Bugaev, C.
Lamberti and E. Groppo, Adv. Condens. Matter Phys., 2015, 2015, Article ID 803267, 8 pages.
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It has been demonstrated that the relative intensity of the above mentioned bands depends on the origin of

18 on the activation procedure,”® and on the eventual

the activated carbon (e.g. wood, peat or coconut),
post-treatment. The most characteristic region is that of the out-of-plane C-H bending modes (Figure 11b),
where well-defined bands are observed at 956, 880, 830, 800 and 760 cm™. Most of these bands are also
observed in the DRIFT spectra of the same carbons (Figure 7), and can be assigned to specific structures at
the “borders” of the sp” domains, which are defined as solo, duo and trio referring to the number of
adjacent aromatic C—H groups which vibrate out-of-plane in the fused rings (Figure 11c). In particular,

26,28,118

according to literature and to recent calculations,™ the band at 880 cm™ is associated to solo species

belonging to regular borders at extended sp? domains, which vibrate in phase (Figure 11d). The band at 956

cm, which is usually absent in the DRIFT spectra, was assigned only recently®®*%°

to duo and trio species
belonging to irregular borders of the sp? domains, which vibrate not in phase (Figure 11d). Hence, the
relative intensity of the two bands at 880 and 956 cm™ indicates the degree of regularity of the sp? domains.
It is worth noticing here that a full assignment of the bands observed by INS is possible only by employing
quantum chemistry methods to calculate vibrational frequencies of a suitable model. While for IR
spectroscopy the quantitative evaluation of the band intensities is not an easy task (because they depend on

the vibration polarization), for INS a quantitative analysis is usually easy and robust,***

since the intensity
of an INS spectrum depends on the nucleus incoherent cross section and to the square of the normal mode
displacements. The limiting step in the accuracy of calculation for carbonaceous material is the choice of
the model, which should be big enough to be representative of the system, but sufficiently small to be
computable in a reasonable time scale.

The potential of INS spectroscopy in the analysis of activated carbons is illustrated in Figure 12, which
reports a few INS spectra of activated carbons differing in the origin of the natural raw material™*® (part a),
in the activation procedure?® (part b), or in the post-activation treatment?®’ (part c). Figure 12a compares the
INS spectra of three activated carbons derived from different natural sources (namely, beech, coconut shell
and peat).™® The three spectra show a different absolute intensity (that scales with the amount of hydrogen)
and distinct differences in the out-of-plane C—H bending region and in particular in the relative intensity of
the band at 880 cm™, suggesting that the raw material affects the extension and regularity of the graphitic
domains in the corresponding activated carbon. It is worth to notice that discrepancies between the
intensity of the INS spectra and the hydrogen content in carbon materials have been also reported. In

particular, Fillaux et al.**

suggested that a part of the hydrogen species in graphitic carbons behave like
free protons and therefore they respond in a different way.
Figure 12b shows the INS spectra of two carbons having the same origin (wood) but a different activation

treatment (in steam or in the presence of phosphoric acid).
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Figure 12. INS spectra of activated carbons differing in the origin of the natural raw material (part a,
reproduced from Ref. ™8 with permission from The Royal Society of Chemistry), in the activation
procedure (part b, reproduced from Ref. 2 with permission from PCCP Owner Societies) or in the post-

activation treatment (part c, reproduced from Ref. 2’ with permission from The Royal Society of
Chemistry).
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They differ again in the absolute intensity — the chemically activated carbon contains more hydrogen — and
in the relative abundance of the hydrogen termination — the chemically activated carbon presents less
extended and more irregular borders.?

Figure 12c shows the INS spectra of a chemically activated carbon of wood origin and of the same carbon
subjected to a post-activation treatment in HNOs,2" which is known to introduce oxidized functional

groups.43'44'141‘143 The

latter has a lower intensity, which indicates that a fraction of the hydrogen
terminations has been consumed in favour of new oxygenated functional groups. In addition, the absorption
bands at 956, 830 and 760 cm™ significantly decrease in intensity, while that at 880 cm™ upward shift to
912 cm™. These results indicate that the treatment in HNO; affects mainly the irregular borders of the
graphitic layers, which are likely attacked by oxygenated functional groups. The presence of these electron-
withdrawing species at the irregular borders has indirect consequences also on the regular extended edges,
as reflected by the substantial shift of the band associated to the vibrations of the corresponding C-H

terminations.

4.3.2 INS spectroscopy of other carbonaceous materials
Also other carbon-based materials (diamond, various forms of graphite, fullerenes, nanotubes and so on)
have been extensively studied by INS spectroscopy, when readily available. The INS spectra of highly

oriented pyrolytic graphite and C70 fullerene®****°

are shown in Figure 13a, as examples of carbon-based
materials having formally no hydrogen termination and characterized by a completely different vibrational
behaviour. The vibrational bands in the spectrum of graphite (spectrum al in Figure 13a) are very broad
and separated into four main groups, which can be approximately described as:***** |ocal in-plane
stretches at 1400-1600 cm™, local in-plane bends at 600-900 cm™, sheet deformations at 400-500 cm™ and
the rigid sheet modes below 100 cm™ (the latter not shown in Figure 13). Opposite to graphite, the INS
spectrum of the C70 fullerene (spectrum a2 in Figure 13a) has a molecular-like character, and contains a
multitude of narrow vibrational bands having similar intensities. Such a rich spectrum is in contrast to both
Raman and IR spectra, that contain a limited number of vibrational bands with substantially different
intensities. This is a consequence of the fact that all the modes are allowed in INS spectroscopy, and that all
the atoms in the mode have the same scattering cross section and consequently similar amplitudes of
vibration. All the bands have been recently re-assigned based on periodic density functional theory
calculations.**

The INS spectrum of graphite progressively broadens upon reducing the size of the sp? domains (e.g by
ball-milling). For example, the INS spectrum of graphene (obtained by thermal exfoliation of graphite
oxide) does not contain any distinguishable feature, but only an increasing background in the low

frequency part (not shown). Things drastically change upon hydrogenation.

29



' ROYAL SOCIETY
OF CHEMISTRY

=

Energy transfer (cm'l)
450 600 750 900 1050 1200 1350 1500

g ]
= s a2)c70
£ As ‘».M‘J\r"\
2 &* u\j W
é‘ al)graphlte Jf%’;&c%gf
=44 P -
— ,...,.......,...,...‘
b 60 80 100 120 140 160 180 200
7 f b)
s 1
3 - —~
g =" b2) H-graphene ?
g ,~
O

1 A ) 3 b1) H-BM graphite
WYAW \ 4

G(E) (arb. units)
= ﬁr’
7
}
T -

60 80 100 120 140 160 180 200
E (meV)

Figure 13. Part a) INS spectra of highly oriented pyrolytic graphite (spectrum al, reprinted from J. K.
Walters, R. J. Newport, S. F. Parker and W. S. J. Phys. Condens. Matter, 1995, 7, 10059-10073.
Acknowledgements for reproduction of I0OP Publishing material in RSC publications) and C70 fullerene
(spectrum a2, reprinted from K. Refson and S. F. Parker, Chem. Open, 2015, 4, 620-625.
Acknowledgements for reproduction of Wiley-VCH Verlag GmbH & Co. KGaA material in RSC
publications) as examples of carbon-based materials having formally no hydrogen termination. Part b)
Experimental INS spectra of hydrogenated nano-graphite (obtained by mechanical ball-milling of graphite,
spectrum bl) and hydrogenated graphene (spectrum b2), the latter satisfactorily reproduced by a large PAH
molecule (inset and red line in part b), with all the edges terminated with hydrogen. Part ¢) Difference
between the spectra b2 and bl (spectrum c1) and simulated spectrum for H chemisorbed inside small voids

f 146

(inset and full line in c). Parts b and ¢ have been reproduced from Ref. ™ with permission from PCCP

Owner Societies.

Figure 13b compares the experimental INS spectra of hydrogenated nano-graphite (obtained by mechanical

ball-milling of graphite) and hydrogenated graphene.'?***® The INS spectrum of H-nanographite (spectrum
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bl in Figure 13b) is quite similar to those of activated carbons (Figure 11), especially concerning the
position in frequency of the bands, which can be attributed to common dynamical features. The spectrum is
satisfactorily reproduced by a large PAH molecule (inset and full line in Figure 13b), with all the edges
terminated with hydrogen. This means that the ball-milling and successive hydrogenation procedures cause
a disruption of the regular graphitic domains and that single hydrogen saturation per edge carbon atoms
applies. This demonstrates the effectiveness of defects in dissociating the molecule of hydrogen and
trapping atomic hydrogen in covalent bonds, a phenomenon of potential interest in catalysis.

By contrast, the spectrum of H-graphene (spectrum b2 in Figure 13b) is different, and dominated by a peak
at 108 meV (870 cm™), with a broad tail around 118 meV (950 cm™). This band has been indicated as the
spectroscopic fingerprint for H atoms chemisorbed at sites specific for H-graphene sample, as clearly
indicated by subtracting the spectrum of H-nanographite to that of H-graphene (spectrum c1 in Figure 13c).
This extra dynamical features in H-graphene has been attributed to H covalently bonded to in-plane defects
(e.g. small voids), which are produced during the synthesis process. Indeed, the experimental INS spectrum
of the H-graphene has been reproduced satisfactorily by accounting for a proportion of H chemisorbed in
equal proportions, at the edges and inside small voids (inset and full line in Figure 13c).

4.4 Conclusions (and future perspectives)

Vibrational spectroscopies are among the most powerful techniques applied to the characterisation of
metal-free carbon materials. However, carbon-based materials usually show very complex spectra that can
generate a lot of problems as for the interpretation, especially when considering new composite/hybrid C-
containing systems.

In the present Chapter, different types of materials have been examined in order to correlate the
spectroscopic features with the modification produced by treating the materials with opportune molecules
or upon addition of dopants. The goal was to unravel the changes occurring on the materials during the
synthesis and to establish structure-activity relationships. Efforts have been made to provide different case
studies by which it is possible to have a panorama on the kind of information provided by Raman, IR and
INS spectroscopies. It is shown that these techniques give complementary insights at atomic scale on the
examined samples.

In the next future, to improve atom and energy efficiency for industrial applications, catalyst design will
further gain strategic importance. In this frame, intense efforts are dedicated to the possibility to obtain
green metal-free materials required in the area of scaling up carbonaceous catalysts. Therefore, the results
here presented highlight the pivotal significance of spectroscopic characterisation of metal-free
carbonaceous nanomaterials. Indeed, the deep understanding of the structure at a nanometric level, which

can be gained by performing an extended characterisation, will help in unravelling the nature of the active
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