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Abstract: Nitrogen-doped carbon materials demonstrate high performance as electrodes in fuel cells
and higher oxygen reduction reactivity than traditional Pt-based electrodes. However, the formation
process of nitrogen-doped carbon materials has long been a mystery. In this study, the formation
mechanism of nitrogen-doped carbon materials from polyaniline (PANI) pyrolysis was studied by the
combination of in situ pyrolysis vacuum ultraviolet photoionization time-of-flight mass spectrometry
(Py-VUVPI-TOF MS) and substrate-enhanced, laser-induced acoustic desorption source time-of-flight
mass spectrometry (SE-LIAD-TOF MS). The initial pyrolysis species, including free radicals and
intermediates, were investigated via in situ Py-VUVPI-TOF MS during the temperature-programmed
desorption process (within tens of microseconds). The pyrolysis residues were collected and further
investigated via SE-LIAD-TOF MS, revealing the product information of the initial pyrolysis products.
The results show that the edge doping of carbon materials depends on free radical reactions rather
than the direct substitution of carbon atoms by nitrogen atoms. Meanwhile, pyrrole nitrogen and
pyridine nitrogen are formed by the free radical cyclization reaction and the amino aromatization
reaction at the initial stage of pyrolysis, while the formation of graphitic nitrogen depends on the
further polymerization reaction of pyrrole nitrogen and pyridine nitrogen.

Keywords: nitrogen-doped carbon materials; polyaniline; in situ pyrolysis; vacuum ultraviolet
photoionization; laser-induced acoustic desorption

1. Introduction

Precious metals (Au, Ag, Pt, etc.) are widely used in catalysis, hydrogen fuel cells,
lithium batteries, and other fields due to their unique physical and chemical properties [1-3].
However, the high cost and low reserves of precious metals act as barriers to them being
used more commonly. Heteroatom-doped carbon materials (graphene, graphite, porous
carbon, etc.) have the dual advantages of excellent physical and chemical properties, and
low cost, making them ideal substitutes for precious metals. N-doped carbon graphene
has an even better redox performance than traditional Pt-based electrodes when used as
fuel cell electrodes [4]. Among the many types of heteroatom-doped (sulfur, nitrogen,
boron etc.) carbon materials, nitrogen (N)-doped carbon materials are the ideal candidates
to replace precious metals. The atomic radius of nitrogen (0.74 A) is very close to that
of carbon (0.77 A), and the electronegativity of nitrogen (3.04) is much higher than that
of carbon (2.55). Therefore, nitrogen is more easily incorporated into carbon materials
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than other heteroatoms, and can significantly optimize the electron distribution of carbon
materials [5,6]. In recent years, nitrogen-doped carbon materials have been used in many
fields, such as fuel cells, lithium-sulfur batteries, catalysts for oxygen reduction, and
electronic devices [7-9]. Unfortunately, the inability to control nitrogen doping and low
doping doses is still the main obstacle to further enhancing its performance [5,10].

The nitrogen in N-doped carbon materials mainly exists in the form of pyridine
nitrogen, pyrrole nitrogen, graphitic nitrogen, and amino (Figure 1) [11]. The existence,
form, and content of doped nitrogen determine the reactivity of nitrogen-doped carbon
materials [12,13]. For example, the pseudocapacitance in N-doped carbon materials has
been attributed to negatively charged groups at the edge of graphene, such as pyridine,
while positively charged groups, such as quaternary N and oxidized N, have no effect
on the pseudocapacitance [12,14]. However, there is still no clear explanation of the
functional characteristics of nitrogen functional groups in N-doped carbon materials. In
the application of N-doped carbon materials for fuel batteries, the functional characteristics
of doped nitrogen have been controversial. The functional groups that play a leading role
in the redox performance of nitrogen-doped carbon materials (pyridine nitrogen, graphitic
nitrogen, synergistic effect of pyridine nitrogen, and graphitic nitrogen) have not yet been
determined [6,15-18]. The diversity of nitrogen-containing functional groups in N-doped
carbon materials makes it difficult for researchers to accurately determine the properties
of different nitrogen-containing functional groups. The controllable synthesis of nitrogen
functional groups is the ultimate path to research N-doped carbon materials [10,19]. In
principle, it is very difficult to directly replace carbon atoms with nitrogen atoms and the
doping process should mainly occur at the edge. However, in the XPS characterization of
nitrogen-doped carbon materials, it was found that the content of graphitic nitrogen is not
lower than that of pyridine nitrogen and pyrrole nitrogen (at the edge position) [20-23].
Therefore, there are still complex problems and a lack of corresponding mechanisms in the
nitrogen doping process.

pyridine nitrogen

graphitic nitrogen

o Carbon ° Nitrogen » Hydrogen
Figure 1. Nitrogen-containing functional groups in N-doped carbon materials.

Because the XPS characteristic peaks corresponding to different nitrogen functional
groups are too close, the XPS diagram of N-doped carbon materials often shows a wide
peak, which greatly limits the accurate characterization of nitrogen-containing functional
groups [16,22,23]. The combination of temperature-programmed desorption and mass
spectrometry is an effective means to obtain information of nitrogen atoms located at the
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edge in the nitrogen doping process [6,24]. Mass spectrometry technology can provide
intuitive feedback on the chemical composition and structural characteristics of compounds
through m/z information. Py-VUVPI-TOF MS is an in situ mass spectrometry analysis
method developed by the research team, which can obtain initial pyrolysis product infor-
mation, including information on free radicals. The traditional GC-MS method extensively
suppresses the subsequent reactions of the initial pyrolysis products, so Py-VUVPI-TOF MS
has great advantages in detecting pyrolysis reactions. Due to its low cost, easy synthesis,
and definite structure, polyaniline (PANI) has become one of the precursors which is most
commonly used for the synthesis of nitrogen-containing carbon materials [25-27]. In this
work, PANI was used as a model compound for the nitrogen-doping process (as both the
nitrogen source and the carbon source). The nitrogen in PANI is in the form of a C-N bond,
which avoids the misjudgment of the source of the pyrrole nitrogen, pyridine nitrogen,
and graphitic nitrogen in the reaction. The pyrolysis process of polyaniline is an ideal
model reaction for studying the nitrogen doping process in the pyrolysis process. In situ
Py-VUVPI-TOF MS was used to investigate the initial process of nitrogen doping (carried
out under vacuum to avoid a secondary reaction) [28,29]. At the same time, SE-LIAD-TOF
MS and in situ Py-VUVPI-TOF MS were combined to investigate the intermediate state
between the initial reaction products and the final products [30]. Because there was still
a small amount of secondary reactions during the Py-VUVPI-TOF MS experiment and
the products remained in the instrument, it was necessary to use SE-LIAD-TOF MS to
analyze pyrolysis residues without selectivity or fragmentation, and with a high sensitivity
to the test substance. By combining two mass spectrometry techniques, the complete
conversion process, from the formation of initial pyrolysis products to the final products
during the PANI pyrolysis, was comprehensively studied at a molecular level. The result-
ing information can help researchers better understand the thermal conversion chemical
process of nitrogen-containing functional groups, something which has not been reported
in previous studies.

2. Results

The initial pyrolysis product information of PANI is shown in Figure S1. The initial
products of polyaniline are distributed in the range of m/z 17-600 and contain hundreds
of characteristic peaks. Although the PANI pyrolysis mass spectrometry information
is relatively complicated, it still follows certain rules. The pyrolysis products of PANI
can be roughly divided into three categories: 1. The main pyrolysis products can be
classified into seven categories, being three types of polymers (Cgni6Hsn+6Nn (polymer-
I), Cont6Hsn+7Nn+1 (polymer-1I), and Cegni6Hsni8Nni2 (polymer-III)), and four types of
nitrogen heteroatom cyclization products (Cen+8Hsn19Np+1 (N-cycle-I), CenigHsn9Np42
(N-cycle-II), Con+9Hsn+8Nn12 (N-cycle-1II), and Cgni9Hsn18Nn+2 (N-cycle-1V)). The n in
the general chemical formula refers to the number of the aniline monomer structure, so
the mass spectrum information in the range of n = 0 can completely reflect the pyrolysis
reactions of PANI (Figure 2); 2. Small molecule products (m/z = 0-78); and 3. free radi-
cals produced during pyrolysis, where the main products are classified according to the
structural characteristics in Table S1. Based on pyrolysis product characteristics, the main
pyrolysis reactions of PANI can be classified as three basic types: 1. C-N bond cleavage;
2. aromatic ring cleavage (C—C bond cleavage); and 3. an amino-based aromatization
reaction. The initial process of the PANI pyrolysis reaction is described in detail, based on
the basic reaction type.

The cleavage of the C-N bond in PANI initiates the chain dissociation reaction in
the pyrolysis reaction. The spectrum of the related products generated by breaking the
C-N bond is shown in Figure S1. The monomers and polymers of aniline are the main
products of the destruction of the C-N bonds, and their general chemical formulas are
polymer-I, polymer-II, and polymer-III, and the main difference between them is only
the number of terminal amino groups. Additionally, PANI mainly forms NH radicals by
breaking the C-N bonds on both sides of N. NH radicals (IE = 12.8 eV) and NH, radicals
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(IE = 11.14 eV) are limited by the ionization energy of the vacuum ultraviolet lamp, which
cannot be directly detected [31,32]. Fortunately, NoH, was detected in the in situ pyrolysis
experiment (as shown in Figure S2), as it is mainly generated by the NH radical reaction. It
has been reported in the literature that the collision reaction of the NH radical to produce
N,H, is a barrier-free process [33], so it can be used as an indicator of the generation
of NH during the pyrolysis of polyaniline. As an active free radical, NH radicals will
react quickly with other molecule pyrolysis products (C3Hs, C3Hg, C4Hsg, etc.) to form
nitrogen-containing compounds (C3HyN, C4HsN, C4HsN, C3HyNp, C4Hi3N3, etc.) [34,35].
In addition, compounds with high ionization energy (IE), such as HCN (IE = 13.6 eV),
should also be generated at the same time [36].
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Figure 2. The in situ pyrolysis mass spectrum of PANI, and the dissociation reaction of the C-N bond

and benzene ring when n = 0 (m/z = 75-170).

Thermal volatilization, covalent bond breakage, and other thermal behaviors during
pyrolysis, as well as their rates, are directly affected by the pyrolysis temperature. In exper-
imental in situ Py-VUVPI-TOF MS, the pyrolysis behavior can be accurately described by
establishing the functional relationship between ionic strength and temperature. The total
ion current (TIC) of PANI is shown in Figure 3a. Similar to derivative thermogravimetric
analysis (DTG), the ion current curve of pyrolysis products should conform to normal
distribution. The TIC curve of PANI is mainly composed of five characteristic peaks after
the peak fitting processing: 1. aniline polymers with a low degree of polymerization in the
sample (214 °C and 268 °C); and 2. the main pyrolysis products of PANI (389 °C, 493 °C,
and 585 °C).



Catalysts 2023, 13, 830

50f 15

Total ion current

—m/z119
493 a —miz210 3 e
= m/z 301
— m/z 392
= m/z 483

——m/z78

— m/z 169
= m/z 260
= m/z 351
— m/z442

=——m/z 134
b ——m/z 225
=———m/z 316
m/z 407
=——m/z 498

T T T T T T v v Ty T LA LA A v L v

= m/z 93

— m/z 184
= m/z 275
— m/z 366
= m/z 457

=—m/z 144
501 C o 111/2 235 g
522 /2 326

[—m/z 417

m/z 508

—m/z 108
—mrz 199
—m/z 290
—m/z 381
—/Z 472

= m/z 154
d — m/z 245 h
= m/z 336
—— m/z 427 494
— m/z 518

HZNRQ};{

— Y—

0 100 200 300 400 500 600 700 800 O 100 200 300 400 500 600 700 800

TrC T°C

Figure 3. Total ion current (a), ion current of polymer-I (b), polymer-II (c), polymer-III (d), N-cycle-I
(e), N-cycle-II (f), N-cycle-1II (g), N-cycle-IV (h) (the R group represents n aniline units, 7 in the R
group is 0 to 4).

By comparing the ion current of polymer-I (Figure 3b), polymer-II (Figure 3c), and
polymer-III (Figure 3d), it is obvious that the C-N bond can be divided into the C-N bond at
the end of the polymer and the C-N bond inside the polymer. According to the bond order
information of the aniline tetramer (Figure 4), the theoretical calculations show that the
C-N bond order at the end of the polymer is stronger than the C-N bond order inside the
polymer, indicating that the C-N bond inside the polymer is easier to break. The cleavage
of the C-N bond began at about 260 °C and the initial pyrolysis mainly occurred on the
weaker C-N bond in the PANI center. Therefore, the pyrolysis products in the temperature
range of 260400 °C are mainly monomer compounds, such as benzene (/z 78), aniline
(m/z 93), and phenylenediamine (m1/z 108). When the temperature is higher than 350 °C,
the C-N bond near the end of PANI gradually reaches the breaking condition and begins
to form polymers of aniline.
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Figure 4. Bond order information of PANI (aniline tetramer): blue represents N, gray represents C,
and white represents H.

The cleavage of aromatic bonds In the benzene ring can form C3Hg, C4Hg, and other
molecular hydrocarbons and free radicals. These small molecular products can form C3HyN,
C4HyN, C3H;5N, and other nitrogen-containing compounds by containing free radicals such
as NH and HCN (Table S1). However, from the bond order information of the benzene ring
in PANI (Figure S3) and the small molecule products (m/z = 0-78) with low-intensity peaks
in mass spectrometry (Figures S1 and S2), it can be seen that due to the stable structure of
the benzene ring, the complete dissociation products of the aromatic ring only account for
a small portion of the initial pyrolysis products. The dissociation reactions of the aromatic
rings are mainly partial-cracking. When the delocalized 7 bond of the benzene rings is
pyrolyzed, the remaining carbon-nitrogen branches form nitrogen-containing heterocyclic
compounds through free radical cyclization reactions (Figure 2). The source of the branched
carbon nitrides may be derived from the inherent structure of PANI or the addition reaction
of the free radicals. The process of the free radical cyclization reaction is represented by
the nitrogen-containing cyclization products at n = 0 (N-cycle-I, N-cycle-II, N-cycle-III,
and N-cycle-1V, Figure 2). The free radicals and intermediates in the reaction process
can be detected in the mass spectrum. The reaction process should be the conversion of
the marginal amino functional groups to pyridine nitrogen and pyrrole nitrogen in the
nitrogen doping reaction. Four types of compounds containing the nitrogen heterocyclic
structures N-cycle-I, N-cycle-1I, N-cycle-1II, and N-cycle-1V, are regularly distributed in the
initial pyrolysis products of PANI (Figure 2). The ion current information of the N-cycle-
I, N-cycle-II, N-cycle-III, and N-cycle-IV (Figure 3e-h), is represented by the monomer
(n = 0). For example, according to the peak fitting analysis, all compounds belonging to
the N-cycle-I have consistent characteristic pyrolysis peaks (Figure S4). The ion current
characteristics of N-cycle-I, N-cycle-II, N-cycle-III, and N-cycle-IV, show that it not only
represents some types of compounds, but also contains complex isomers (Figure S5).
The possible isomer structures of heterocyclic compounds were optimized by theoretical
calculations (Figure S7). It is worth noting that except for a few structures (such as the
structural formula given in Table S1), most isomers have the phenomenon of benzene
ring distortion. This means that except for a few more stable structures, most of them are
unstable and will be further transformed into pyridine, pyrazine, and carbon—nitrogen
chain compounds. The formation pathways of the N-cycle-III and N-cycle-IV are more
complicated. In addition to the free radical cyclization reactions similar to N-cycle-I and N-
cycle-1l, they can also be formed by thermochemical conversion of N-cycle-I and N-cycle-II
containing pyrrole structures [37]. According to the ion current information of N-cycle-III
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and N-cycle-1V, it has at least three isomers, except pyridine compounds, which are easily
deduced. The temperature of the characteristic peaks of ion current in N-cycle-III and
N-cycle-1V is higher than that in N-cycle-I and N-cycle-II. This phenomenon proves that
there is a conversion reaction from pyrrole to pyridine during pyrolysis. And the formation
of pyridine nitrogen and pyrrole nitrogen depends on the free radical cyclization reaction
of the branched carbon nitrogen functional groups. This means that high temperature
conditions provide enough carbon and nitrogen radicals for the subsequent cyclization
reactions in the nitrogen doping reactions.

During the pyrolysis process, the combination of free radical rings is not the only
way to form nitrogen-containing heterocycles with pyrrole structures. Amino-based
aromatization reaction does not involve the cleavage of a C-N bond and a C—C bond
(Figure 5). Through the unique mass spectrometry information of aniline polymers
(polymer-I, polymer-1II, polymer-III), the cyclization phenomenon in the pyrolysis process
of PANI can be determined. As shown in Figure 5, with the increase in the polymerization
degree () of aniline, the degree of unsaturation of the polymer can continue to increase.
All the carbons in these polymers are in the aromatic ring, and the cyclization process, as
shown by Figure 5, is the only way to increase the degree of unsaturation. The presence
of an amino particle is the key to cyclization. We used the B3LYP function and a 6-31G(d)
basis set to calculate the enthalpy change of the amino aromatization reaction in Figure 5.
At this time, considering the influence of the zero-point energy and temperature effect, we
calculated that AH = —1.49 Kcal/mol, indicating that this reaction is thermodynamically
feasible, which further confirmed the possibility of the amino aromatization reaction. In
addition, there were mass spectra peaks with a molecular mass minus one in front of the
spectral peaks of all cyclization products. These peaks represent free radicals formed by
removing hydrogen atoms from the compound product. Most of the undetermined mass
peaks in the pyrolysis products come from the dehydrogenation reaction. The existence
of such abundant free radicals in the pyrolysis process of PANI means that the addition
reaction of free radicals is inevitable. Since the carbon located at the center of the carbon
material has no basis to form free radicals, the nitrogen-containing functional groups can
only undergo an addition reaction at the edge of the carbon material. Therefore, the reaction
of nitrogen atoms into the structure of the carbon material can only occur at the edges and
defects. Alongside that, the sp® hybrid orbital of the C-N bond gives the potential to form
various spatial structures. With the increase in polymerization, the cyclization of aniline
polymers is not only limited to the formation of carbazole-like planar structures, but may
also form more complex spatial configurations. In addition, when the polymer terminal
contains an amino group (-NHy), it will increase by a degree of cyclization. The increase in
the degree of cyclization can be attributed to the fact that the additional amino groups may
not be the residues of the original PANI after pyrolysis, but of the free addition reaction
of the benzene ring and the NH radical during the pyrolysis process. Additional amino
groups may replace any hydrogen atom in the polymer, resulting in new cyclization meth-
ods, such as a phenazine structure. By comparing the ion currents of different cyclization
degrees of polymer-I, it was concluded that the cyclization reaction began at about 500 °C,
and the cyclization degree of aniline polymer was positively correlated with temperature
(Figure S6).
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(k—0). The star on the figure marks the process that the pyrolysis oligomer of polyaniline lasts
for—2 Da.

The molecular mass information of the pyrolysis residue is shown in Figure 6. The
molecular mass distribution of the pyrolysis residue is m/z 80-600. In the range of m/z
80-300, the species contained in the pyrolysis residue are almost completely different from
the initial pyrolysis products. This phenomenon proves that the cyclic compounds in the
initial pyrolysis products do not maintain a stable structure. In the range of m/z 300-600,
aniline polymers and their derivatives with higher degrees of polymerization were retained.
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In addition, compounds with a molecular mass interval of 1 appear continuously at m/z
300-600. This phenomenon indicates that the dearomatization reaction occurs during the
pyrolysis process. Due to the complexity of polymer molecules, it is currently impossible
to accurately determine the structural information of macromolecules. It is easier to infer
accurate structures from mass spectrum peaks with a low mass distribution. Based on the
general chemical formula and cyclization characteristics of the initial pyrolysis products,
the structure of unique species (m/z = 80-300) in SE-LIAD-TOF MS characterization was
speculated (Table SZ) C12H10N2, C12H18N2, C14H10N2, C15H11N3, and C16H22N2 can be
derived from the initial pyrolysis products, which are mainly derived from the reaction be-
tween the initial pyrolysis products, H and NH radicals. The nitrogen in these compounds
mainly exists in the form of pyrrole. The pyridine and pyrazine compounds were also
detected in the pyrolysis residues, including monomers (CsH;1N, CoH;1N) and dimers
(C10H10N2, C9HyN3). The six-membered heterocyclic structure of N is derived from the
conversion of unstable intermediates in the initial products of pyrolysis. It is worth noting
that a fused ring structure containing graphitic nitrogen functional groups (CoHgN and
Cy9HgNy) appeared in the pyrolysis residue. However, no compounds containing graphitic
nitrogen structures were detected in the initial pyrolysis products.

20

156
154 142 457

100 200 300 400 500 600
m/z

Figure 6. SE-LIAD-TOF MS spectra of pyrolysis residues on the focusing electrode (red mark:
pyrolysis residues and initial co-owned products; black mark: unique products of pyrolysis residues).

The formation of graphitic nitrogen may come from the polymerization and con-
version of precursors such as pyridine nitrogen and pyrrole nitrogen (carbazole) at high
temperatures. This phenomenon is consistent with the conversion of nitrogen functional
groups characterized by XPS [37]. The pyrolysis residues were analyzed by XPS, as shown
in Figure 7, which proved the existence of graphitic nitrogen (blue line), pyrrole nitrogen
(pink line), and pyridine nitrogen (green line). The generation of graphitic nitrogen at
the edge is much easier than the replacement of carbon by nitrogen inside the carbon
material, but this characteristic will also lead to an uneven distribution of nitrogen during
the nitrogen doping process, and nitrogen functional groups are mainly abundant at the
edge of the carbon material. An excessive local nitrogen doping concentration will lead to
an unstable structure of carbon materials, which may be the main reason why the actual ni-
trogen doping amount of nitrogen-doped carbon materials is far lower than the theoretical
doping amount [10]. The formation of graphitic nitrogen will inevitably cause the loss of
the pyrrole nitrogen and pyridine nitrogen, resulting in the inability to obtain more edge
pyridine nitrogen functional groups by simply controlling the temperature conditions.



Catalysts 2023, 13, 830

10 of 15

N1s
= pyrrole N
=
S
P pyridine N
8 graphitic N
9
L
| L D DA AL L R DA
394 396 398 400 402 404 406 408 410

Binding Energy(eV)

Figure 7. N1 XPS spectrum of the pyrolysis residue (black line). Blue line represents graphitic nitrogen
(400.6 eV), pink line represents pyrrole nitrogen (399.5 eV), and green line represents pyridine nitrogen
(398.6 V).

3. Discussion

In previous reports, the process of nitrogen doping always occurred at the edges
and the defects of carbon materials [5,16,38]. Both amino aromatization and free radical
cyclization can realize the formation of pyrrole nitrogen and pyridine nitrogen at the edge.
Compared with the free radical cyclization reaction, the amino-based aromatization reaction
is more mild, which cannot be ignored in the formation of nitrogen-doped carbon materials.
It is worth noting that the graphitic nitrogen functional groups cannot be detected in the
initial pyrolysis products of PANL. In the XPS characterization of nitrogen-doped carbon
materials, the content of graphitic nitrogen is similar to that of pyridine nitrogen and
pyrrole nitrogen. The formation of graphitic nitrogen is probably not in the initial process
of the nitrogen doping reaction.

Since the pyrolysis zone in in situ Py-VUVPI-TOF MS is under high vacuum (~10~* Pa),
the secondary reaction and condensation reaction are suppressed compared to the real
situation. In addition, the distance between the pyrolysis product outlet and the ionization
position is only ~10 mm, free radicals and intermediate products can be quickly ionized
and detected (the process of pyrolysis parameters from desorption to ionization takes
about tens to hundreds of microseconds). However, in situ pyrolysis provides the initial
pyrolysis products, which are far from the final products. The process between the initial
products and the final products is indispensable for understanding the pyrolysis reaction
mechanism. In this work, SE-LIAD/TOF MS was used to detect pyrolysis residues as
important supplements to pyrolysis information. The pyrolysis residues remain in the ion
transmission system of the mass spectrometer through adsorption. In addition to the initial
pyrolysis products, the pyrolysis residues also include the transitional pyrolysis products
between the initial products and the final products. The pyrolysis residues represent the
state of the initial pyrolysis products after a few microseconds. Since the temperature of
the collecting electrode continues to remain below 100 °C, when the pyrolysis residue is
adsorbed on the electrode, the thermal reaction of the pyrolysis residue will terminate and
the pyrolysis product will evolve into a stable structure. In addition, this is the first report
of SE-LIAD-TOF MS combined with in situ Py-VUVPI-TOF MS.

The formation of the nitrogen functional groups and intermolecular polymerization
in the doping reaction mainly depends on free radical reactions (Figure 8). In the actual
preparation process, the reaction conditions are in an inert atmosphere, and the collision
probability between the molecules increases exponentially compared with that in vacuum.
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Therefore, the process of preparing N-doped carbon materials (PANI, pyrrole, and NHjz
as nitrogen sources) generally requires a temperature of about 1000 °C. While achieving
nitrogen doping, the high temperature treatment process will inevitably lead to the conver-
sion of the existing form of nitrogen, such as the conversion of pyrrole nitrogen to pyridine
nitrogen and graphitic nitrogen, and the conversion of pyridine nitrogen to graphitic nitro-
gen (Figure S8). During the pyrolysis process of PANI, the formation of almost all types
of nitrogen-containing functional groups can be determined when the reaction tempera-
ture is below 500 °C. The path to form a nitrogen-containing heterocyclic ring by directly
substituting a nitrogen atom for a carbon atom has not been detected. The formation of
nitrogen-containing heterocycles mainly depends on the following paths: 1: Free radical cy-
clization reaction caused by aromatic ring cleavage; 2: amino-based aromatization reaction.
Moreover, the path 2 reaction process does not involve the cleavage of C—-C and C-N bonds.
This is of great significance for the controllable synthesis of nitrogen functional groups
in N-doped carbon materials. The nitrogen doping reaction occurring at the edge of the
carbon materials can be achieved at a lower temperature, and it should also account for the
majority of the nitrogen doping reaction. In the future design of nitrogen-doped catalysts,
the way to provide more edge positions, such as surface defects and nitrogen sources,
with suitable structures is the key to achieve increased nitrogen doping and controllable
synthesis of nitrogen functional groups.

Initial stage 3 Intermediate stage>> Final stage

Edge

Figure 8. Nitrogen doping reaction process. The conversion process of pyrrole nitrogen to pyri-
dine nitrogen and graphitic nitrogen, as well as the conversion of pyridine nitrogen to graphitic

nitrogen, etc.

4. Materials and Methods

The experimental materials was PANI, with a purity > 98%, which was purchased
from China Energy Chemical Co., Ltd. The structural formula of PANI is shown in Figure 9.
The R group is mentioned above.

N

r\J 1
H

- -n

Figure 9. Polyaniline (PANI) structure.
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The in situ pyrolysis process of polyaniline was investigated by in situ Py-VUVPI-TOF
MS. The basic structure of in situ Py-VUVPI-TOF MS consists of two parts: a micro-
heated pyrolyzer and a compact time-of-flight mass spectrometer (R~1500). The scheme
of in situ Py-VUVPI-TOF MS is shown in Figure 10. Since the micro-heated pyrolyzer
is under high vacuum, the secondary reaction of the initial pyrolysis products will be
suppressed. At the same time, pyrolysis products only need to travel a distance of less than
10 mm, from the pyrolysis desorption to the complete ionization. Therefore, the secondary
reaction in the pyrolysis process is effectively suppressed, and in situ Py-VUVPI-TOF MS
can truly reflect the information of the initial pyrolysis products, such as free radicals
and intermediates [29,39-44]. A vacuum ultraviolet light source generated by a vacuum
ultraviolet lamp (Hamamatsu, L13301, with a light energy up to 10.78 eV, 8.5 W) was
selected as the PI ionization source to achieve fragment-free detection [30]. In the pyrolysis
experiment, 5-10 mg PANI was placed in a micro-heated pyrolyzer and heated from room
temperature to 800 °C, at a heating rate of 10 °C/min. The detailed information of in situ
Py-VUVPI-TOF MS has been described in previous works [28,29,39].

vacuum ultraviolet lamp

. (10.78 eV)
micro heated pyrolyzer . - leading-out electrode
_____: sample - r____
thermocouple 1 =T =" hv 1
1 I hv h
= =" 1 I¥ il hv
! ! =
i TOF-MS
! Q—I—U
: H focusing electrode
— o — — I — o — —
ionization chamber :
1000 —=—===
8004 ---- 800
o 600

micro pyrolyzer heated

0 750 1500 2250 3000 3750 4500
t/s

Figure 10. Schematic diagram of the in situ pyrolysis ion source, and the heating curve of the
micro-heated pyrolyzer and focusing electrode.

Although in situ Py-VUVPI-TOF MS can obtain the initial pyrolysis products, it will
inevitably ignore the subsequent reaction information of the initial pyrolysis products. It is
worth noting that in the in situ pyrolysis experiment of in situ Py-VUVPI-TOF MS, the tem-
perature of the focusing electrode is continuously kept below 80 °C due to the temperature
isolation effect of the ceramic spacer (Figure 10). Thus, the low volatile substances in the
pyrolysis products can be adsorbed on the focusing electrode. These pyrolysis residues can
be regarded as the subsequent reaction products of the initial pyrolysis products, and their
structure and composition information can reflect the intermediate process information
between the initial pyrolysis products and the final pyrolysis products. However, the
content of pyrolysis residues is extremely low. As an unknown complex analyte, its thermal
stability and polarity are unknown. Traditional analytical methods, such as MALDI-MS
and GC-MS, cannot fully reflect the composition information of the pyrolysis residues.
Compared with traditional mass spectrometry methods, SE-LIAD-TOF MS has the charac-
teristics of high sensitivity, mild desorption, and single-photon ionization, without polarity
discrimination, making it suitable for the analysis of pyrolysis residues. LIAD can mildly
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desorb the analyte loaded on the other side into the gas phase through the ultrasound
generated by the laser irradiation on the metal foil. By combining this with single-photon
ionization, a high sensitivity and fragment-free detection of analytes can be achieved. In
the experiment, acetone was used as a solvent to dissolve the pyrolysis residues attached to
the focusing electrode after in situ pyrolysis of polyaniline, which was evenly coated on the
surface of titanium foil and then placed in an oven for evaporation and drying. Finally, the
analyte on the surface of the titanium foil was detected by SE-LIAD-TOF MS. The detailed
information and analysis process of SE-LIAD-TOF MS have been described in a previous
work [30].

All quantum chemical calculations were implemented with a Gaussian 16 program [45].
The density functional theory method, B3LYP and 6-31G(d) basis set, were used to calculate
the bond order information of PANI and the spatial structure of pyrolysis product isomers.

5. Conclusions

In this work, the pyrolysis process (10 °C/min, room temperature —800 °C) of PANI,
as a model reaction of N-doped carbon materials, was investigated at a molecular level
through in situ Py-VUVPI-TOF MS and SE-LIAD-TOF MS. The initial pyrolysis process
of PANI is mainly composed of three basic reactions: 1. the cleavage of C-N bond mainly
produces aniline monomer and its polymers; 2. the cleavage of the aromatic ring (C-C
bond cleavage) mainly produces small molecule hydrocarbons and nitrogen-containing
heterocycles; 3. the amino-based aromatization reaction mainly produces carbazole struc-
ture. Nitrogen-containing heterocyclic compounds mainly appear in the form of pyrrole
nitrogen and pyridine nitrogen in the initial pyrolysis products. Graphitic nitrogen does
not appear in the initial stage of the pyrolysis reaction, it is mainly formed by the addition
reaction of the initial pyrolysis reaction products. The nitrogen doping reaction at the edge
is the main reaction in the nitrogen doping process. It is necessary to design carbon sources
with more reaction sites (such as vacancy) to achieve a higher doping amount. Moreover,
because of the complexity of the nitrogen doping reaction at high temperatures, obtaining
the required free radicals at low temperatures is an ideal approach to control the synthesis
of nitrogen functional groups. Since the amino aromatization reaction does not involve
the dissociation of the aromatic ring, it may be an effective idea for the design of N-doped
carbon materials in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13050830/s1, Figure S1: In situ Py-PI-TOF MS spectra of
the in situ pyrolysis of PANI (a) x1, (b) x100. Figure S2: In situ Py-PI-TOF MS spectra of the in
situ pyrolysis of PANI (partial enlarged detail). Figure S3: Bond order information of PANI (aniline
tetramer): blue represents N, gray represents C, and white represents H. Figure S4: Ton current of
N-cycle-In =0 (a), n=1 (b), n =2 (c), n = 3 (d). Figure S5: Ion current of N-cycle-I (a), N-cycle-II
(b), N-cycle-III (c), and N-cycle-IV (d) (1 = 0). Figure S6: Ion current of polymer-I and its cyclization
products, (a) n =1, (b) n =2, (c) n =3, (d) n = 4. Figure S7: Possible isomers of nitrogen-containing
heterocyclic compounds (N-cycle-I, N-cycle-II, N-cycle-III, and N-cycle-1V). Figure S8: Visualization
of the evolution of nitrogen functionalities in carbonaceous materials during pyrolysis; Table S1: The
main initial pyrolysis products of PANI (by in situ Py-PI-TOF MS). Table S2: Unique products of the
pyrolysis residue in m/z 0-300.
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