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Nitrogen-doped materials are known to possess unique functional properties, making these materials
potentially useful for environmental applications, heterogeneous catalysis, and electronics. In this paper
we constructed first principles-based models of various polyaromatic structures containing N func-
tionalities to better understand the effect of these functional groups on char Raman spectra. The pres-
ence of N functional groups induces active vibrations in the regions between 1400 and 1550 cm~! and
1605-1650 cm~. We used these insights to inform the deconvolution of N-doped cellulose char pro-
duced between 350 and 700 °C using cellulose/melamine blends 2:1. A consistent increase in the in-
tensity of the D and G bands is observed with temperature, which is related to an increase in size of the
aromatic cluster. A consistent decrease in the A (the valley region) band is related to the loss of het-
eroatoms (mainly N and O) as the carbonization temperature increases from 350 to 700 °C. Although the
modeling results reported in this manuscript are used to inform the deconvolution of N-doped char

Raman spectra, they are also relevant to study other nanocarbon-based materials.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The scientific study of carbonaceous materials derived from
lignocellulosic resources has garnered great interest in recent years
as their physical, chemical, and electronic properties can be finely
tuned through functionalization [1—3]. Such modification is
accomplished by changing the nature of the organic precursors and
the method of activation, which in turn adjusts the surface chem-
istry, through incorporation of heteroatoms (e.g. oxygen, sulfur,
phosphorus, boron and nitrogen) [4—8]. Property alteration by
controlling the surface chemistry of char materials has been shown
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to have advantageous technological implications for electro-
chemical biosensors [9—12], lithium-ion batteries anodes [13,14],
heterogeneous catalysts [15—26], wastewater treatment [27—35],
and trace gas adsorption [35—41]. The carbonaceous nanostructure
such as graphitic, turbostratic as well as amorphous carbon is sig-
nificant because it relates to important properties such as electrical
conductivity, hardness, strength, fine porosity, and material sta-
bility [42—45]. These properties can determine the suitability of a
char for a given application, and they can change greatly based on
carbonization and activation conditions. Nitrogen doping has been
a simple but useful process for graphene and other carbonaceous
materials because N-doping easily manipulates the local electronic
structure [46,47] and thus improves the device performance in
various applications including biosensors [9], fuel cells [48], and
electronic devices [49]. In particular, it is known that the manipu-
lated local electronic structures allows for enhanced binding with
ions in a solution [23]; this exceptional feature can be utilized for
high-capacity energy storage devices. Based on the tremendous
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applications of nitrogen doped carbon materials, it is herein highly
important to understand the nature of nitrogen-doped char.

Raman is one of the most commonly used techniques to study
the chemical structure of carbonaceous materials [50,51]. It is a
promising instrument for probing the configuration of materials
because it is sensitive to defects, excess charge (doping), strain and
to the atomic arrangement of the edges [52—54]. The interpretation
of Raman spectra of nitrogen containing amorphous carbon is
extremely challenging due to the lack of reliable information [55].
The two fundamental peaks usually observed in Raman spectra are
the G-band, attributed to graphitic carbon, and the D-band,
attributed to defects within the graphitic structure. The G-band is
located at approximately 1575 cm™!, with Eyg symmetry as the
primary Raman active mode for highly ordered regions of graphite
crystals [50,56,57]. The second distinct mode, the D-band, near
1350 cm™ !, with Aqg symmetry, is thought to arise from a fairly
disordered structure with defect sites [51,55,58—60]. To further
explain the origin of these bands Smith et al. performed gas phase
calculations on small polyaromatic structures using DFT-based
calculations and attributed the vibrations between D and G bands
and also the shoulder of the D band to 5-membered, heteroatoms
and 7+ membered rings respectively [55]. However, the impact of
nitrogen-containing functionalities on char Raman spectra is still
unknown.

In this paper both experimental and calculated Raman spectra
from small nitrogenated polycyclic aromatic hydrocarbon (PAH)
molecules are used in support of the deconvolution of Raman
spectra from complex nitrogenated carbonaceous materials,
derived from cellulose feedstock processed from 350 to 700 °C. The
molecules studied were chosen to represent the effects of nitrogen
functionalities. The new insights gained with these studies are used
to inform the deconvolution of N-doped chars produced from
cellulose.

2. Materials and methods
2.1. N-doped char production

A series of N-doped chars were produced by carbonization at
temperatures ranging from 350 to 700 °C from cellulose and mel-
amine (cellulose: melamine ratio of 2:1) in a spoon reactor
following the same methods as previously described [55,61,62].
Briefly, the furnace is preheated to a desired temperature while a
pre-weighed sample (4.0 g) is stored in a water-jacketed cooling
zone. The cooling zone and furnace are purged with a N, gas (99%)
stream flowing at approximately 300 mL/min for a minimum of
10 min prior to treatment. At the start of the experiment, the
sample is introduced into the furnace and treated for 30 min and
60 min residence times at the required temperature (350—700 °C)
before withdrawal to the cooling zone. A secondary preheated ni-
trogen sweep gas, flowing at approximately 550 mlL/min, is
employed in the reactor zone to avoid char oxidation. Samples were
allowed to cool to temperatures below 25 °C under N, before
exposure to air and later stored in sealed containers.

2.2. Elemental analysis

Elemental analysis was performed using a TRUSPEC-CHN®
elemental analyzer (LECO, U.S.) [40]. Briefly, 0.15 g of sample was
used to determine total carbon (C), nitrogen (N) and hydrogen (H)
contents. Oxygen (O) mass fraction was determined by subtracting
the ash, C, N, and H contents from the total mass of the sample.

2.3. Experimental Raman analysis

Raman spectra were collected for the N containing standards
(Acridine and Carbazole were purchased from sigma Aldrich) using
a Horiba LabRAM HR 800. A 250-mW, 532-nm wavelength laser
(Ventus LP 532) operated at 90% of maximum intensity with a 1%
transmittance filter was used for visible light analysis at an objec-
tive of 50X. The numerical aperture of the objective is 0.50. The
grating used was 600 gr/mm so scan ranges were taken and
stitched together. We packed the sample in the cell (Linkam
CCR1000) and flowed N, at room temperature for the scans.
Duplicate analysis of the initial spot was performed after a 5 min
cooling period to ensure a consistent signal was obtained. Spectra
were collected using a Synapse CCD (Charge Coupled Device) de-
tector from a minimum of three separate points on each sample
with 3 scans per replicate.

For the char samples, Raman spectra were acquired using a
Confocal Raman — AFM WITEC Alpha 300AR microscope equipped
with a CCD camera detector (175—4000 cm ™ ') at room temperature
in air. Pellets are prepared with 5 wt% of char in KBr (supplied by
Fluka), in order to dissipate heating from the laser beam. Spectra
were recorded using a 50 x lens (Na = 0.75) and an excitation laser
at 532 nm. Each sample was analyzed on at least two zones at the
surface (on a square of 5 x 5 um?). The cluster option of the Raman
software has been applied to each zone to localize similar regions in
spectral data sets. Based on the spectral data, the number of clus-
ters has been kept to 2. Maximum laser power 42 MW, however,
20% of the maximum value was used to acquire spectra from all
samples for consistency across the range of materials analyzed.
Spectra were then compared in each zone and we used the spec-
trum with highest intensity for curve-fitting, in order to reduce the
impact of the noise using the Origin pro software. Based on the
information gathered from the computational calculations, the real
N-doped char was deconvoluted into 9—11 Gaussian peaks. We
highlight that in all the measurements we have consistently used
the same laser excitation frequency (532 nm). Thus, we can exclude
spurious shifts due to changes in the laser frequency. Previous
studies showed that the D band has a dispersive behavior whereby
the D band frequency changes with the energy of the incident laser
[63].

2.4. Computational details

Simulations were conducted on a range of defective structures
with N functionalities based on an initial coronene system. Coro-
nene was selected as the basis for defect studies as it represents the
smallest PAH in which single- and double-point defects can be
easily introduced. All calculations were done based on the same
procedure established my Smith et al. [55]. Briefly, all compounds
have been evaluated using most abundant isotopes in the Gaussian
09 rev. B.01 software package. Geometry optimizations and fre-
quency analyses were completed using the Becke three-parameter
Lee-Yang-Parr (B3LYP) hybrid functional and all systems were
evaluated at the 6-31G* basis set. Input parameters for each com-
pound studied were constructed using the WebMO platform [64].
After optimization of the geometry and force constants at the
desired theory level, frequency calculations were performed at the
static limit. Raman spectra and vibrational modes are visualized
using the WebMO tool [64]. Previous research using PAHs have
demonstrated effective prediction of Raman peak positions with
DFT after appropriate scaling [65]. Hence, all data were corrected by
a scaling factor of 0.9726 which accounts for the approximations
been introduced when using the 6-31G* basis set. Finally, all
spectra were normalized based on the peak of maximum intensity
between 600 and 2000 cm ™' for comparison.
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3. Results and discussions
3.1. Benchmarking DFT-based Raman spectra

Fig. 1 presents the benchmarked results of the Raman spectra of
real model compounds such as anthracene, acridine, amino-
anthracene as well as benzo(h)quinoline and carbazole. These
structures represent the class of smaller systems which might be
found in nitrogenated carbonaceous materials like char. In carba-
zole the lone pair is in pure p orbital, and participates to the elec-
tronic cloud. In acridine the lone pair is in a sp? orbital. In both cases
system are conjugated (6 electrons per ring). The experimental and
theoretical peak positions of acridine and carbazole are shown in
Table 1. The matches look reasonably acceptable. Most/all major to
moderate modes are captured within a reasonable approximation
of their experimental positions.

Fig. 2 shows the Raman spectra of all the model structures. The
results are summarized in Table 2. Anthracene, acridine, and
amino-anthracene present the same type of peak situated at about
1400 cm™ . This peak is associated to breathing type vibrations in
these molecules. However, for large PAHs structures (e.g. coro-
nene), the center breathing mode is located at approximately
1350 cm~ L. The peak at around 1500 cm~! is associated to the
center breathing coupled with a Kekulé mode in peripheral rings of
the structures. For the benzo(h)quinoline, the change in structural
arrangement leads to the splitting of the peak located at about
1400 cm ™! into multiple peaks, but with the Kekulé mode in all the
rings. Interestingly, Carbazole (5-membered ring structure) shows
two peaks at 1287 and 1332 cm~!, which corresponds to the
stretching of the C-N bond and C-C bond in the 5-membered ring
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Table 1
Comparison of experimental and DFT frequencies of acridine and carbazole as
represented in Fig. 1.

Peak Position Experimental DFT
v(em™) u(em™)
Acridine
A 1017 1014
B 1400 1404
C 1483 1498
D 1555 1557
Carbazole
A 1012 1024
B 1286 1287
C 1333 1332
D 1446 1460
E 1472 1499
F 1568 1592
G 1620 1640

respectively; these movements correspond to a frustrated breath-
ing mode of the 5-membered ring. The peaks at 1592 and
1640 cm™! are the intense breathing of the 5-membered ring and
the asymmetric stretching of the C-C bonds respectively. All the
structures show a weak peak at about 1000 cm ! that is attributed
to the breathing mode of individual benzene structures. Also, we
were able to assess that most nitrogen-containing structures show
some vibrations above 1600 cm™ .. These peaks located within this
region are normally referred to as a D’ peak which arise as a result
of defects, such as doping [56,66,67]. Ferrari et al. [60] explained in
his studies that modes above 1600 cm~! are mostly due to the
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Fig. 1. Experimental (solid line) and calculated (dotted line) Raman spectra of model compounds (carbazole upper part of the panel and acridine lower part of the panel). The
dashed vertical red lines denote the position of the fundamental modes in these structures: the fundamental breathing mode of aromatic ring at 1350 cm™! (D mode) and the
stretching mode of C-C bonds at 1600 cm™" (G mode) in the coronene-based structure. The grey, blue and white spheres are carbon, nitrogen and hydrogen atoms, respectively. (A

colour version of this figure can be viewed online.)
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Fig. 2. DFT-calculated vibrational frequencies of different nitrogenated model compounds. Note: Table 2 presents the description of the peaks. The dashed vertical red lines denote
the position of the fundamental modes in these structures: the fundamental breathing mode of aromatic ring at 1350 cm~" (D mode) and the stretching mode of C-C bonds at
1600 cm~! (G mode) in the coronene-based structure. The color coding for the spheres have the same meaning as in Fig. 1. The file of each structure and the procedure to review the
displacement of the atoms for each individual structure can be found in the supplementary data. The displacement vectors for a selected number of vibrational modes are shown in
Figs. S1, S2, S3, S4 and Table S1. (A colour version of this figure can be viewed online.)

presence of doped atoms, which leads to a sp® character in some
carbon atoms. They also observed the G band position of a tetra-
hedral amorphous carbon to decrease from 1690 cm ™!, which had a
88% sp3 content. Further, the sp3 content decreased to zero at
1585 cm ™.

In order to have a broad understanding on the effect of nitrogen
inclusions on moderately large systems, coronene was used as
reference molecule. Fig. 3 shows the theoretically calculated gas
phase Raman spectra using coronene as a base structure with two
of them containing graphitic nitrogen. The results are summarized
in Table 3. It is important to note that the symmetry of coronene is
Dgn, however after the introduction of nitrogen within the struc-
ture, the symmetry breaks down to Cy. The spectra of coronene
highlights two fundamental modes: the center breathing mode of
the ring located at about 1349 cm ™! and the asymmetric stretching
of the C-C bonds located at 1610 and 1621 cm™. These G band
positions are similar to what has been previously reported for
nanocrystalline graphite [68]. The peak at 1349 cm~! (also known
as the D band) is more dominant than the other peaks. This is
because coronene is a finite polycrystalline sheet with edge sites
sufficiently unrestricted to vibrate. The introduction of nitrogen
groups drastically affects the Raman spectra by activating new
peaks that were initially not observed in the spectra of coronene.
Breaking down the symmetry leads to the activation of new modes
[55].

3.2. Simulation of the effect of graphitic nitrogen on Raman spectra

Fig. 4 shows the computational results of the modification of
coronene around a single point defect (SPD-N) and a double point
defect (DPD-N). The introduction of nitrogen in the structure
reduced the symmetry of the structure from Dg, to C; symmetry.
Vibrations seen at 1200 and 1300 cm ™ in the SPD-N-I structure are
related to the breathing mode of the whole structure, as well as
assorted vibrations related to the breathing and Kekulé modes of
different moieties. Vibrations between 1350 and 1400 cm~! are
related to the breathing mode of the center ring and Kekulé mode
in the peripheral rings. The Kekulé mode mixed with either
breathing of different PAHs moieties or stretching of sp? carbons
dominates the 1400 and the 1600 cm™! region. The asymmetric
stretching of sp? carbons are more active for vibrations within the
1600 cm~! and the 1650 cm™! regions. We observe that nitrogen
introduction leads to activation of peaks at about 1650 cm~ . This
area correlates to the D’ region, which in the literature is related to
heteroatom defects [69—71].

The presence of nitrogen in the SPD-N-I structure activated
three different peaks in the region between 1600 and 1670 cm™ .
The first peak represents asymmetric stretching of all sp® carbons,
but it is more intense in the anthracene-like structures. The next
peak is also a stretching mode that is present in two rings isolated
away from the nitrogen (i.e. Naphthalene-like structure). The last
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Table 2

DFT results and corresponding structural vibrations of the model compounds. The file of each structure and the procedure to review the displacement of the atoms for each
individual structure can be found in the supplementary data. The displacement vectors for the vibrational modes are shown in Figs. S1, S2, S3, S4 and Table S1.

Peaks V(cm™1) Normalized Intensity Vibrational Modes

Acridine

A 1014 0.07 Breathing of the 2 external benzenes structures

B 1404 1.00 Center breathing in the rings

C 1498 0.19 Center ring breathing and Kekulé in peripheral rings

D 1557 0.12 Stretching of the C-C bonds

Aminoanthracene

A 1017 0.04 Frustrated breathing mode of the external ring with the amine group

B 1404 1.00 Kekulé in ring with amine group

C 1501 0.10 Center ring breathing and Kekulé in peripheral rings

D 1574 0.17 Stretching of the C-C bonds

Benzo(h)quinoline

A 1040 0.11 Breathing of the 2 external benzenes structures

B 1366 0.40 Kekulé, more intense in the ring not attached to pyridine

C 1413 1.00 Frustrated breathing of the pyridine ring

D 1463 0.26 Kekulé in whole structure

E 1601 0.19 Asymmetric stretching of the C-C bonds, but more intense in the pyridine ring
Carbazole

A 1024 0.22 Breathing of the 2 benzenes structures attached to the 5-membered ring

B 1287 0.76 Stretching of C-N bond in the 5-membered ring

C 1332 0.40 Stretching of C-C bond in the 5-membered ring and hydrogen wagging

D 1460 0.18 Kekulé in the external rings coupled with semi-breathing of 5-membered ring
E 1499 0.17 Kekulé in the external rings coupled with semi-breathing of 5-membered ring
F 1592 0.25 Intense breathing of the of the 5-membered ring combined with Kekulé in the external rings
G 1640 1.00 Asymmetric stretching of the C-C bonds

peak is also due to an asymmetric stretching mode but is more
intense in the rings containing nitrogen.

The presence of nitrogen in the basal plane (SPD-N-II) produces
similar peaks as to the ones shown in SPD-N-I. Nevertheless, a
different behavior is observed when a pyrrolic group (5-membered
ring with nitrogen) is introduced in the structure (see SPD-N-III in
Fig. 4). The first peak from left to right shows the breathing of the
center ring and the Kekulé mode in the peripheral rings; this peak
has been slightly red shifted (1342 cm™) relative to the peak found
in coronene (1349 cm!). The second peak, which is the most
intense peak (1378 cm™!), represents a frustrated breathing mode of
the center of the ring and Kekulé mode in the outer rings. An
intense Kekulé mode coupled with sp? stretching of all rings is
located at approximately 1680 cm™. Finally, based on our previous
work [72], we anticipate that the SPD-N-II structure will be less
favorable thermodynamically. As such, we anticipate that the
Raman spectra with the incorporation of N at the edge of the cor-
onene structure will correlate better with the Raman spectra of
biochar.

Interestingly, the presence of more than one nitrogen group in
the structure depicts very important peaks in between the 1400
cm! to 1550 cm™! region. These peaks represent the asymmetric
stretching of different ring systems. The peak near 1250 cm™! in the
DPD-N-I structure shows the breathing mode of the whole struc-
ture. This might be attributed to the fact that the electrons of the
two nitrogen’s are distributed symmetrically within the structure.
Interestingly, the DPD-N-II structure has the same peaks in the
1000 cm™! to 1300 cm™! frequency range. However, the corre-
sponding intensities for the DPD-N-II structure are very low as
compared to those of the DPD-N-I structure. Putting it simply,
while replacing nitrogen with carbon maintains the planar struc-
ture, it breaks the symmetry. This leads to the activation of new
vibrational modes and splitting of existing modes. New modes at
about 1650—1675 cm™! appear due to the presence of nitrogen.
Other modes between 1400 cm™! and 1550 cm™! are associated with

assorted mixtures of stretching and Kekulé modes. Increasing the
number of nitrogen atoms increases the intensity of vibrations in
the region between 1400 and 1550 cm™. Interestingly, the pyrrolic
structure at the edge increases the intensity in the region between
1350 and 1400 cm™! but suppresses the intensity of sp® stretching
mode.

3.3. Effect of nitrogen functional groups and defects on the Raman
spectra

To get a detailed understanding with regard to the effect of ni-
trogen functionalities on the distribution of the vibrational modes,
more defective structures were created with the functionalities
inserted in these defective regions (See Fig. 5). Our previous work
has shown that the presence of such defects are essential to ensure
the thermodynamic favorability of such structures when N is not at
the edge of the coronene-based compound [72]. The presence of 2
pyridine groups in the coronene structure (as is the case in the
DPD-N-III structure) has an impact on the spectra, where the peak
near 1200 cm~! is due to a frustrated breathing mode of the open
center ring; the mode is hindered by the presence of these nitrogen
groups. The region between 1300 cm~! and 1400 cm™! represents
the assorted vibrations of different moieties within the structure,
principally the breathing mode of rings with defects and a Kekulé
vibrational mode of the intact rings. On the other hand, the prin-
cipal asymmetric stretching is red shifted to 1539 cm™! relative to
coronene. The rest of the peak between 1550 cm~! and 1620 cm™!
is related to a combination of the fundamental stretching of sp?
carbons and a Kekulé vibrational mode in the rings that have ni-
trogen incorporated into them. The peaks observed in the DPD-N-II
structure are similar to those already seen in the DPD-N-III
structure.

The formation of a 5-membered ring in the observed DPD-N-I
structure gives a much more complex spectra but with more of the
intensified peaks located in the G mode (stretching) region. The
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Fig. 3. DFT calculated vibrational modes using coronene as the base structure. The dashed vertical red lines denote the position of the fundamental modes in these structures: the
fundamental breathing mode of aromatic ring at 1350 cm~' (D mode) and the stretching mode of C-C bonds at 1600 cm~! (G mode) in the coronene-based structure. The color
coding for the spheres have the same meaning as in Fig. 1. The file of each structure and the procedure to view the displacement of the atoms for each individual structure can be
found in the supplementary data. The displacement vectors for a selected number of vibrational modes are shown in Figs. S1, S2, S3, S4 and Table S1. (A colour version of this figure

can be viewed online.)

most intense peak is located at 1583 cm™!, corresponding to the

stretching of sp? carbons and semi breathing of the larger ring with
nitrogen. The peaks of higher frequency above 1600 cm™! relates to
the stretching of the C-C bond in the six-membered ring with ni-
trogen. Finally, forming a pyridinic structure at the edge of the
coronene molecule does not activate any new vibrational mode. In
summary, creating vacancies within the coronene structure in-
fluences the Raman spectra by activating new vibrational modes.
However, N groups within the defective regions also contribute to
the splitting of the G band. Pyridine groups at the edge of a non-
defective coronene structure has practically no effect on the vi-
bration modes.

3.4. Effect of nitrogen and oxygen functional groups in both defects
and edge sites

Fig. 6 shows the effect of various point defects of nitrogen and
oxygenated functionalities on the calculated Raman spectra of a

coronene-based molecule. Introduction of heteroatoms reduces the
symmetry of the molecules to a C1 point group. Note that the
Raman spectra of the Pyridine N Oxide (C1) structure and the
Pyridone (C1) structure (groups at the edge of coronene) is prac-
tically similar to the parent molecule (coronene). However, the
Pyridone (C1) structure shows a splitting of the peak located at
1349 cm~! and a higher intensity of the stretching of the C-C bonds
at around 1610 cm™! as compared to coronene. Besides that, the
peak located at 1726 cm ! represents the stretching of the carbonyl
group, consistent with the findings of Smith et al. [55]. Additionally,
a pyridone (DPD-0-N-I) functional group was also introduced in a
vacancy area to evaluate its effect on the Raman spectra. It is
observed that while the G band is split into several peaks which
appear as a broad band, the sharp peak at 1385 cm™! is associated
to a Kekulé vibration of the intact rings. Finally, our previous work
[73] has shown that the Pyridone (C1) structure is more favorable
thermodynamically than the Pyridine N Oxide (C1) structure over
a wide range of temperatures and pressures, which is consistent
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Table 3
Peak position and the corresponding vibrational modes. The file of each structure and the procedure to review the displacement of the atoms for each individual structure can
be found in the supplementary data (Figs. S1, S2, S3, S4 and Table S1).

Peaks v(cm™1) Intensity Vibrational Mode

Coronene (Dgp)

A 1349 1.00 Center breathing periphery Kekulé mode

B 1610 0.19 Center breathing per asymmetric stretch

C 1621 0.36 Asymmetric stretch

SPD-N-I(C,)

A 1291 0.29 Frustrated center breathing periphery Kekulé mode

B 1359 0.4 Center breathing Kekulé per rings

C 1395 0.83 Frustrated center breathing Kekulé PAHs moiety except near N
D 1508 0.28 Kekulé mode

E 1608 1 Asymmetric stretch

F 1623 0.74 Frustrated center breathing asymmetric stretch more intense in rings without N
G 1649 043 Kekulé asymmetric stretch more intense in rings with N

SPD-N-II(C;)

A 1227 0.5 Frustrated breathing Kekulé mode

B 1360 1.0 Center breathing Kekulé mode

C 1395 0.9 Frustrated center breathing per Kekulé mode

D 1511 0.3 Kekulé mode

E 1555 0.21 Kekulé mode

F 1615 0.8 Asymmetric stretch mode

G 1675 0.7 Asymmetric stretch PAHs mode moiety near N (more intense)
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with our results as related to the coronene based structures as
discussed in Section 3.2, where the incorporation of N into the on
the edge of a coronene edge based structure is more favorable
thermodynamically.

When N and O are not at the edge of the coronene based
structure, such as in the DPD-O-N-II structure, the spectra is much
more complex. In the case of the DPD-0-N-II spectrum, most of the
intense peaks are situated in the region between the D and G band,
which normally represent the primary region of uncertainty in
char. These peaks in the region between 1400 and 1550 cm™! and
are linked to the breathing mode of the rings carrying the hetero-
atoms and Kekulé mode in the rest of the rings. Notice that from the
spectra of the DPD-O-N-III structure and the DPD-O-N-II structure,
the principal asymmetric stretching has been red shifted to
1560 cm ™! relative to the parent structure. Finally, as shown in our
previous work, we do note that these structures could become
thermodynamically favorable if the pressure is sufficiently high
[73]. In a partial conclusion, functional groups (pyridine and N-
oxide) at the edge of a coronene structure do not change the Raman
spectra significantly. It can be observed that the Pyridine N Oxide
(C1) structure essentially did not change the spectra but the Pyr-
idone (C1) structure did split the Aj¢ (breathing mode) into two
peaks, which might be due to unequal distribution of electron on
the system. The electronegativity has an influence in the asym-
metrical distribution of the electrons. This limits the vibration of
some rings close to the double bonded oxygen, causing peak
splitting.

3.5. Effect of nitrogen functional groups and non-hexagonal ring
systems

Finally, we have investigated the Raman spectra of a 5-8-5
structure with a nitrogen defect. The optimized 5-8-5 defect does
have a local curvature (See Fig. 7). The curvature would be deter-
mined by the balance of the energy gained due to the 5-8-5 defect
relaxation and the energy loss due to the strain induced on the
nearby graphitic carbons. Overall, the Raman spectra for the 5-8-5
defect structure and the S-Graphitic-N(C1) structure have a lot of
new features. For the 5-8-5 structure, the region between 1000 and
1200 cm ™! represent the breathing of the 8-membered ring, while
between 1450 and 1550 cm~), the vibration is mostly due to the
vibration of the 5-membered ring systems. It is clearly seen that
there are some peaks above 1600 cm™'. Specifically, the 5-8-5
structure has Raman peaks at 1708 cm™~'. Upon examination of the
atoms participating in these normal modes, we find that these vi-
brations derive from the displacements of the carbon atoms in the
8-membered ring. However, the S-Pyridinic-N(C1) practically
maintains the spectra of the parent “coronene” structure. In sum-
mary, it is noted that graphitic nitrogen (nitrogen within the carbon
network) causes a blue shift above 1600 cm ™. However, nitrogen at
the edge, such as for pyridine, did not show any major significant
changes to the spectra. We also remark that these structures are
less favorable thermodynamically as compared to the SPD-N-I
structure and would also anticipate that they would form at suffi-
ciently higher pressures [73].
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3.6. Effect of cluster size on the vibration spectra

Previous NMR studies in the literature have estimated that small
PAHs like coronene are representative of the average molecular
structure of char [74—76]. Based on this, it is important to
computationally evaluate various cluster sizes to better understand
the spectral features. This section evaluates the effect of cluster size
on the distribution of Raman spectra (see Fig. 8). The typical vi-
brations found are summarized in Table 4. The Cgg (C1) structure
has essentially only one main peak around 1350 cm~!, corre-
sponding to the breathing mode of the PAH structure. On the other
hand, the intensities of the A breathing/Kekulé modes and the
E,¢ vibrational modes of the Cgg (C1) structure (around 1600 cm™!)
are significantly smaller as compared to vibrational modes around
1350 cm~ . This is contrast to the smaller PAH structures such as
coronene, where the ratio of the ~1350 cm™! A1c breathing mode to
the Ajg breathing/Kekulé and the E,g vibrational modes at
~1600 cm™! are within a factor of three. As such, the presence of
non-negligible intensities around 1600 cm~! in N-doped biochar
likely correlates with the presence of smaller PAH structures such
coronene, while larger PAHs (Cgg) can also contribute to the Raman
features around ~1350 cm™". Fig. 9 shows the peak position of both
the D and G band with respect to the cluster size. An increase in

cluster size leads to significant shift in the position of the D band
toward lower wavenumbers. Smaller clusters like pyrene and
naphthalene have their D peak located in between 1400 and
1480 cm . These results indicate that smaller clusters can also
contribute significantly to the high intensity between the D and G
band.

3.7. Deconvolution of the Raman spectra of cellulose derived N-
doped char

After carefully analyzing the theoretical Raman spectra, an un-
derstanding of the vibrational features of different nitrogenated
and non-nitrogenated structures is achieved. These structural fea-
tures are summarized in Table 5. These were then used as a
guideline to deconvolute real nitrogen doped char spectra.

3.7.1. Experimental Raman spectra

Fig. 10 below displays the experimental Raman spectra of chars
both with and without N-doping produced at temperatures from
350 to 700 °C. It is important to note that in this manuscript we
used the spectrum with the highest intensity for curve-fitting. It
means that the spectra fitted likely describe the composition of one
of the phases present in the char. The elemental composition of the
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N-doped char is presented as follows; the carbon content increases
from 62 to 82 wt%, nitrogen content decreases from 24 to 11 wt%,
oxygen and hydrogen content decreases from 10 to 6 wt% and 4 wt%
to 1 wt% respectively as the temperature increases from 350 to
700 °C. It is obvious that the spectra of char without nitrogen
doping shows a much lower relative intensity of the D band as
compared to the N-doped char. The incorporation of nitrogen
groups in the char leads to more defects and disorder in the
structure. The transformation of the char from lower to higher
temperatures leaves behind topological defects and vacancies or
non-hexagonal rings systems. Studies show that nitrogen within a
single point defect is capable of healing the structure by forming a
non-hexagonal ring system [77—79].

As the production temperature varies from 350 to 700 °C, there
is a decrease in the intensity in the valley region between the D and
the G band (Valley). This phenomenon is due to the decrease in
both nitrogen and oxygen functional groups in the char, which is
suggestive of an increasing degree of graphitization along the
annealing pathway. This result substantiates previous findings in
the literature [55,59]. N-doping significantly enhances the defect
density of the char as appreciated by the strong D band and high
intensity between the D and G band. Nitrogen functional groups
strongly affect the vibrational modes in the valley region (see
Fig. 10). This region has long been controversial to academic
researchers.

Now, based on the information gathered from the computa-
tional calculation, the N-doped char spectra was deconvoluted into

9—11 peaks. The possible vibrational structures/features are high-
lighted in Table 5. The relative intensities of the vibrational modes
obtained as a result of the deconvolution with respect to the
carbonization temperature is shown in Fig. 12.

D band: It is observed from Fig. 12 that the D band relative in-
tensity increases with increasing carbonization temperature. This
trend observed is consistent with previous studies [55]. This in-
crease in the intensity of the D band is a result of several factors
such as the increase in the size of the polyaromatic cluster. Also, the
D band is affected by edges, curvature and doping that are directly
related to the thermal treatment. A particularly interesting artifact
of the computational spectra is that for larger PAHs systems (see
Fig. 8, Cgg), breathing modes were present not only in the center
ring, but in all coronene-like clusters about it as well. All these vi-
brations contribute to the D band formation and hence, high in-
tensity as compared to smaller clusters.

G band: The fundamental G mode increases in intensity with
respect to the carbonization temperature. It is important to recall
that the G mode is attributed to the stretching of sp®> carbons.
Hence, this behavior is associated to the fact that there is an in-
crease in the clusters size and more sp? carbons are available to
vibrate. These results are consistent with other studies in the
literature [44,80,81]. Additionally, the presence of nitrogen in sin-
gle point defects is determined to be capable of inducing the for-
mation of rings and therefore contributes to the stretching mode
[79]. This formation of rings when nitrogen is present in a single
point defect is also supported by work done by Ayiania et al. [72],
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where they noticed that nitrogen in single point defects in a gra-
phene sheet could induce a ring formation after optimization of the
structure.

A band: Between the D and the G band (the valley) lies the
uncertainty, here referred to as A; and A,. Based on the computa-
tional results, this region of the spectra results from assorted vi-
brations caused by the presence of heteroatoms (oxygen and
nitrogen functional groups) such as graphitic nitrogen and ether
groups within the vacant region, especially Kekulé type vibrations.
Graphitic nitrogen in PAHs system tend to be responsible for these
vibrations (see Figs. 3 and 4). Also, both nitrogen and oxygen groups
within the edges of single point defects (see Fig. 6) lead to a com-
plex spectrum within those regions. These vibrations decrease in

intensity as a result of the loss of both nitrogen and oxygen func-
tional groups as the carbonization temperature increases from 350
to 700 °C (see Fig. 12). When comparing the Raman spectra of N-
doped char to char without N-doping, the valley region of the N-
doped char is much more intense due to the high nitrogen content
(See Fig. 10). Another substantial factor of this region is also char-
acterized by the presence of non-hexagonal rings systems (see
Fig. 7). This study is in agreement with previous findings
[55,59,82,83].

D’ band: The D’ (1605-1680 cm~') peak remains practically
constant over the carbonization temperature range (see Fig. 12).
This peak is normally referred to as the defect induced peak asso-
ciated with disorder in graphene like samples. Our computational
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Table 4

Summary of the vibrational features observed in Fig. 8.
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Table 5
Summary of peak assignment.

studies reveal that incorporation of nitrogen groups result in
assorted vibrations within that region. These vibrations are prac-
tically attributed to the center breathing mode and the stretching of
the C-C bonds as a result of the presence of foreign atoms which
causes a compression stress on the structure [82]. This is particu-
larly significant in the case of graphitic nitrogen and pyrrolic groups
attached to an aromatic cluster (see Figs. 3,4 and 7). Our previous
work on the thermodynamic stability nitrogen functionalities
suggests pyrrolic and graphitic nitrogen to be very stable over a
large range of temperature [72], hence, the presence of these
functional groups might be responsible for the vibrational features
is that region.

C band: The C peaks (1750-1800 cm ™) refers to vibrations of the
carbonyl group (see Fig. 6). This peak decreases as the pyrolysis
temperature increases due to the loss of oxygen functional groups.
In Fig. 11, notice that this peak can be seen at all temperatures
except at 700 °C (this is supported by FTIR results, but not shown
here). Is more prominent at 350 °C due to the fact that the char still
presents most of the components of the raw material and a high
content of oxygen functionalities.

D band: The D, (1250-1320 cm™ 1) region is characterized by the
fundamental breathing of small molecules like pyrene (Cyg) as well
as the assorted frustrated breathing modes of the whole PAHs due
to the presence of heteroatoms, and secondary breathing of larger

Position
(cm™")

Peak Assignment

900-1075 SL
1150-1200 S
1250-1300 Ds

Breathing of pyrene-like moieties within a larger PAHs Csa.

1340-1380 D

1400-1460 A,
Breathing modes of 5 membered ring structures.

1480-1550 A,
1570-1600 G¢
1605-1650 D'

sp> character.
1750-1800 C e Carbonyl stretching mode, weak.

Fundamental breathing mode of smaller PAHs such as Benzene and secondary breathing of Naphthalene. (Cs-Cy0)
Secondary Kekulé mode of larger PAHs cross linked to smaller PAH moieties.

Frustrated breathing of mode of larger PAHs regions contain graphitic nitrogen.

Secondary breathing of seven or more membered ring connected to a graphitic nitrogen.

The fundamental breathing of small molecules like pyrene (C;¢)

Assorted frustrated breathing modes of the whole PAHs due to the presence of heteroatoms.

Secondary breathing of larger non hexagonal rings containing heteroatoms.

This is the fundamental frequency for most PAHs with defects, grain size, vacancies, heteroatoms.

Breathing coronene-like moieties within a larger PAHs (Cgg).

Center breathing modes combined with Kekulé modes found in rings at the peripheral in PAHs.

However, Aj; fundamental breathing mode of smaller system like naphthalene and pyrene (C10-Cy6) is shifted to 1400 cm™".
Ajg fundamental breathing mode of smaller system like naphthalene and pyrene (C;0-Ci6)

1

Secondary Kekulé vibration in PAHs. However, these vibrations are weak for larger systems.

Assorted vibrations can be seen for larger systems. This region only shows strong vibration in the presence of heteroatoms and defects
Combined breathing, Kekulé and stretching of different moieties in PAHs mainly caused by the presence of nitrogen and oxygen functional groups.
Fundamental asymmetric/symmetric stretching mode of PAHs in both small and larger clusters.

Assorted vibrations in this region is a signature of the presence of heteroatoms due to doping or impurities as well as the presence of carbons with
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non-hexagonal rings containing heteroatoms (6+ rings). The
vibrational intensities of the structures decrease as the production
temperatures increases due to the formation of larger clusters and
cross-linked structures of other PAHs. Also, most functional groups
are lost leaving the skeletal carbon structure.

S, band: For S; and S (900—1075 and 1150-1200 cm™ 1), these
regions are mostly characterized by the fundamental breathing of
the smaller PAHs such as benzene and secondary breathing of
naphthalene (Cg-Cq2) (see Figs. 2 and 8). It is logical that the peak
intensity of these structures decreases with respect temperature as
the most of these structures grow into larger clusters.

Peak Position: The increasing carbonization temperature causes
the D band positions for the N-doped chars to redshift over the
range of 350—700 °C (see Fig. 12). This observation has been sug-
gested in the literature as an increase in the aromatic clusters (and/
or graphene-like domains) within carbonized chars. Similar ob-
servations were noticed in others studies [58,81]. These remarks
agree well with our calculations shown in Fig. 8. In contrast, the G-
band positions shifted gradually to higher wavenumbers with
respect to the carbonization temperatures. A similar trend is also
observed for the A band. McDonald-Wharry et al. attributed this
blueshift to be caused by an increasing compressive strain exerted
as the clusters grow large enough to collide or merge with nearby
clusters within a confined volume [82]. This deduction was further
supported by a different study where a compressive strain was
exerted on graphite, a blueshift in the G band was observed after
the experiment [84,85]. The introduction of nitrogen groups also
activate peaks in the region between 1605 and 1650 cm™. This
might be partly the reason behind the broad nature of the G band as
it consists of assorted vibrations which can best be described with
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gaussians functions. More results on the peak positions and the
peak width after the deconvolution are shown in the SI.

4. Conclusion

Gas phase Raman spectra of different nitrogenated structures
were generated via DFT-based calculations, where we evaluated the
effect of heteroatoms (nitrogen and oxygen) on the corresponding
vibrational spectra. Defects have an important effect on the Raman
spectra due to symmetry effect. Heteroatoms contribute or induces
the active vibrations in the region between 1400 and 1550 cm™ .
We also observed from the computational results that both oxygen
and nitrogen within single- and double-point defect are respon-
sible for the intensity in the valley region. Also, the shoulder region
of the D band between 1250 and 1320 cm~! is fundamentally
associated with the breathing mode of defective PAHs. However,
these vibrations are intense in the presence of functional groups
like graphitic nitrogen.

The breathing of an 8-membered ring with nitrogen in the ring
happen on the shoulder of the D band between 1150 and
1200 cm~ L. Furthermore, lower vibrational wavenumbers (800-
1075 cm™1) are attributed to smaller PAHs in the range of Cs-Cig
either individually or cross-linked to larger systems. Higher vibra-
tional wavenumbers from 1600 to 1680 cm™~! are a result of the
assorted breathing mode and stretching of the C-C bond which is
associated to structures containing 5-membered rings with nitro-
gen (a pyrrole group) and the structures containing graphitic ni-
trogen. Nitrogen functional groups at the edge of a PAHs such as
pyridine, amine, and amide do not have significant effect on the

spectra.

The deconvolution of the Raman spectra of chars obtained at
different temperatures shows changes in the position of D band due
to the increase in size of the aromatic cluster. In contrast, the G
band’s peak position slightly increases. The relative intensities of
the most prominent peaks (D and G band) increases with carbon-
ization temperatures also confirming growth of the aromatic
cluster and graphitization. The principal contributors to the A band
region (the valley) are the point vacancies, ring structures with
more than 6 carbons, and heteroatom (O and N) defects.
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