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The catalytic cracking of 1,2-dichloroethane (EDC) to obtain vinyl chloride (VCM) monomer is a crucial step
in the production of polyvinyl chloride (PVC). The heteroatom-doped carbon catalysts have exhibited
desired performance; however, the underlying mechanism is still not fully understood. Herein, a series of
B-N co-doped carbon (BNC), N-doped carbon (NC), B-doped carbon (BC) and pure carbon (C) catalysts
were prepared for EDC catalytic cracking, and the synergistic mechanism between B and N was carefully
investigated. The BNC catalyst exhibits prominently higher activities with an EDC conversion of 53.9% at
250 °C. Through a combination of experimental and theoretical analyses, it is rationalized that the
formation of the B-N atomic pair contributes to the enhanced performance and the electronic interaction
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between the B-N atomic pair imparts greater basicity to the N sites, which reduces the activation energy
barrier for C-H bond cleavage by 0.34 eV. The present results provide a theoretical foundation for the
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1. Introduction

Cracking of EDC to obtain VCM, the key monomer for the
production of PVC, plays a significant role in the plastic
manufacturing industry."™ Currently, the primary industrial
route is thermal pyrolysis, which requires a high reaction
temperature (500-550 °C) and pressure (25-35 bar) and
suffers from low efficiency and severe coking in the device.*”
It is thus a highly energy-consuming as well as
environmentally unfriendly process. To this end, the catalytic
cracking of EDC at a mild reaction condition with high
efficiency has been considered the most promising
replacement. Considerable research has been devoted to
various catalyst systems, such as activated carbon (AC),°®
metal oxides,”'° zeolites,"™"* and ionic liquids."*'* Among
them, AC exhibited promising stability and selectivity, as well
as considerably high conversion toward VCM within the
temperature range of 210-300 °C and ambient pressure.'®™”
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precise design of highly efficient non-metallic carbon-based catalysts for EDC cracking.

Activated carbon, which solely contains carbon atoms,
does not demonstrate catalytic activity in the catalytic
cracking reaction of EDC; it requires heteroatom doping to
generate active sites. The most common approach is the
introduction of nitrogen species,>®'”'® which can act as
basic sites that can effectively activate the C-H bond in
EDC,*"? thereby enhancing the catalytic performance. Hence,
nitrogen-doped carbon is the most extensively studied
material, and improving the catalytic activity based on
nitrogen doping has become a central focus of various
studies.”"® Recently, Yu et al.> successfully obtained N, P co-
doped graphene using a two-step pyrolysis method and
demonstrated that the introduction of acidic P species
promoted EDC cracking by altering the distribution of
nitrogen species. Chen et al®>' found that B;Nz-doped
activated carbon, synthesized from arylacetylene compounds
containing B;Nj3, exhibited significantly enhanced catalytic
performance compared to the previously reported N-doped
activated carbon. Compared to carbon's electronegativity
(2.55), boron (2.04) is less electronegative and nitrogen (3.04)
is more electronegative.”>>* These properties would confer
on boron a significantly different catalytic profile compared
to that of nitrogen. Although Chen®" has introduced B into
the EDC cracking reaction, demonstrating the efficacy of B, N
co-doping, the fundamental reasons for the enhanced activity
were not elucidated and it remains unclear whether boron
influences the electronic structure of nitrogen or participates
as an acidic site in the reaction. Understanding the
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structure-activity relationship at the atomic/molecular level
continues to be a complex and enigmatic task. Elucidating
the synergistic effects between different dopants to enhance
their inherent catalytic activity is of significant importance.
To this end, B, N co-doped carbon-based catalysts were
synthesized using a simple hydrothermal method. Through a
combination of experimental analysis and DFT calculations,
we theoretically elucidate for the first time, how doped boron
modulates the electronic structure of active nitrogen, thereby
lowering the activation barrier for C-H bond cleavage. This
study reveals an atomic-level understanding of how the
second heteroatom dopant influences the catalytic activity of
nitrogen-doped carbon materials. It provides a strategy for
the rational development of highly active non-metallic
carbon-based catalysts for EDC catalytic cracking.

2. Experimental
2.1 Synthesis

BNC was prepared by a hydrothermal method. Monohydrate
glucose (6 g, 30.27 mmol), urea (1.8178 g, 30.27 mmol) and
boric acid (5.616 g, 90.83 mmol) were dissolved in deionized
water (130 ml). Then, the mixture was transferred into a
Teflon autoclave and heated at 200 °C for 12 h. After cooling
to room temperature, the solid in the mixture was separated
by centrifugation, washed with deionized water and dried at
80 °C for 12 h. The obtained powder was further calcined in
a tube furnace under N, at a fixed temperature (500-1000 °C)
for 3 h, donated as BNC-T (T = 500-1000 °C).

For comparison, NC, BC and pure C were also prepared by
the same method without boric acid, urea or both of boric
acid and urea.

2.2 Characterization

X-ray diffraction (XRD) patterns were taken using a Malvern
Panalytical Empyrean diffractometer operated at 40 kv, 40
mA with Cu Ka radiation source. The elemental state analysis
was obtained on the ThermoFisher Escalab 250Xi instrument
using the X-ray photoelectron spectroscopy (XPS) method
with C 1s (284.8 eV) of the external polluting carbon as the
reference peak for correction. N, physical adsorption was
conducted on Quantachrome Quadrasorb evo to evaluate the
textual structure of the catalyst. Thermogravimetric and mass
spectrum (TG-MS) was tested on STA449F5-Thermostar. The
catalyst morphology characterization was obtained by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), conducted on the JSM-7800F and
HEM-2100F instruments, respectively, from JEOL Ltd.

2.3 Activity evaluation

The EDC catalytic cracking performance was evaluated in a
continuous-flow fixed-bed reactor under ambient pressure in
a temperature range of 210-280 °C. 50 mg of the catalyst was
packed into a U-shaped quartz reactor and then the reactor
was purged with N, at a rate of 5 ml min™" to remove the air
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from the system. When the temperature was ramped up to
the target reaction temperature, the EDC gas was introduced
into the reactor in a bubbling manner by N,. Product analysis
was performed at the reactor outlet with an Agilent 8890 gas
chromatograph with a DB-624 column and a flame ionization
detector (FID).

2.4 Theoretical calculations

Spin-polarized calculations were performance-based on
density functional theory (DFT) by using the Vienna ab initio
simulation package (VASP5.3.5).>> % The generalized gradient
approximation with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was utilized to describe the
interactions of electrons.”® The projector augmented-wave
(PAW) potentials with scalar relativistic effects were used for
taking into account the interaction between the valence
electrons and ionic core with the nucleus. The valence
electrons were designated by 2s’2p> for C, 2s2p® for N,
2s*2p" for B, and 1s* for H. 400 eV of energy cut-off was used
for the plane wave expansion. Ground-state geometries and
energies were obtained by minimizing the forces on the
atoms below 0.02 eV A™. The transition states were acquired
using the climbing image nudged elastic band (CI-NEB)
method by relaxing the force below 0.05 eV A, which was
further confirmed by the analysis of only one imaginary
frequency.

A hydrogen-terminated graphene nanoribbon with an
armchair edge was used as the initial model of the catalyst. It
is periodic along the g-axis, as shown in Fig. S1.f To avoid
the interactions between different images, a vacuum layer of
20 A along the z direction was placed between the graphene
sheets. Brillouin zone (BZ) integration was sampled over a 2
x 1 x 1 Monkhorst-Pack (MP) k-point grid. The key
parameters, such as the energy cut-off, vacuum layer along
the z-direction as well as the k-point grid are tested, as shown
in Tables S1-S3.f Bader charge analysis was used to evaluate
the electron transfer.

3. Results and discussion
3.1 Textural features

In this work, the BNC was synthesized by a simple
hydrothermal method with glucose, urea, and boric acid as
precursors. For comparison, three different C samples, the
corresponding NC, BC and pure C, were also prepared
through the same method without boric acid, urea or both of
urea and boric acid, respectively. The morphology of the
obtained samples is shown in Fig. 1. All the obtained
materials presented a spherical morphology. Different from
the particle fusion for pure C (C-700), the regularity and the
surface smoothness of the spheres are significantly enhanced
by the addition of boric acid (BC-700), while the surface
roughness is increased in N-doped C (NC-700). Accordingly,
the B and N co-doped C particles (BNC-700) reveal a much
higher dispersion with smaller sizes and rough texture on the
surface. It is indicated that, during the hydrothermal process,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cy00774c

Open Access Article. Published on 09 August 2024. Downloaded on 12/21/2025 8:38:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

Fig. 1

boric acid promotes the conversion of glucose to fructose,
which is conducive to further hydrolysis into furan.>*' The
hydrophobicity of the polymerized product is enhanced,
improving the dispersibility of the sphere. Urea is hydrolyzed
into ammonia and grafted onto the glucose hydrolysis
polymer, increasing the solubility of the product, which is
not conducive to re-precipitation from the solution and
forming a rough surface.**** The elemental distribution
mapping of BNC (Fig. 1c and S6f) shows notably the
overlapping and uniform distribution of B, N, and C,
confirming the effective co-doping of B and N elements with
carbon. The SEM images of the samples calcined at different
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(a) SEM images (b) TEM images of BNC-700, NC-700, BC-700, C-700, and (c) the elemental distribution mapping of C, B, N in BNC-700.

temperatures (Fig. S2-S57) further illustrate that temperature
has no significant effect on the macroscopic morphology of
the catalyst, but has a more pronounced impact on its
microstructure and performance.

The XRD patterns of BNC under different calcination
temperatures are shown in Fig. 2a. The two broad and weak
peaks at ~26.6° and ~44.3° correspond to (002) and (100)
crystal planes of graphite, respectively, indicating that all the
BNC samples are partially graphitized.*”*> With the increase
of the calcination temperature, a peak shift at ~26.6° is
observed. The refined XRD with slow scan in the 15-30°
range was conducted by adding silicon powder as a standard.
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(a) XRD patterns of BNC calcinated at different temperature and (b) N, adsorption and desorption isotherm (for the convenience of

observation, the offset values of the isothermal adsorption are 0 cm® g™* (BNC-500), 80 cm® g™ (BNC-600), 170 cm® g (BNC-700), 270 cm® g*
(BNC-800), 360 cm® g™* (BNC-900) and 440 cm?® g™ (BNC-1000), respectively).
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Table 1 Structural parameters of BNC catalysts
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Sample Sger (m* g™) Vpore (em® g™) Vimeso (cm® g7") Viiero (em® g7) I/l
BNC-500 326 0.40 0.28 0.12 0.91
BNC-600 278 0.37 0.24 0.13 0.95
BNC-700 190 0.37 0.29 0.08 0.97
BNC-800 142 0.33 0.28 0.05 0.98
BNC-900 90 0.31 0.28 0.03 0.99
BNC-1000 94 0.44 0.42 0.02 0.97

As shown in Fig. S7,f with the increase of the calcination
temperatures, a clear position shift towards the high angle
direction exists for BNC compared with NC. Such lattice
contraction indicates the successful introduction of B in
NC,**** and higher calcination temperature is more
conducive to the B doping.*® In the Raman spectrum (Fig.
S8at), the wide bands at around ~1320 and ~1580 cm™*
correspond to the D and G bands of typical carbons,
respectively, representing the vibrations of C atoms within
disordered graphite and the vibration of sp>bonded carbon
atoms within aromatic carbon rings.*”*®* Therefore, the
intensity ratio (Ip/Ig) is commonly used to indicate the degree
of defects in carbon materials.>**° As listed in Table 1 and
Fig. S8,f increasing the calcination temperature results in a
certain degree of defect increase, but there is no significant
difference between BNC, NC, BC and C at the same
temperature.

The N, adsorption-desorption isothermal analysis was
also performed, as shown in Fig. 2(b). BNCs calcined under
different temperatures exhibited similar H4-type isotherms®*
without adsorption saturation in the high-pressure region,
indicating narrow slit-like pores with no irregular structure.
On the other hand, the pore size distribution listed in
Table 1 (also shown in Fig. S91) displays a remarkable
decrease in the micropore volume for BNC with the increase
in the calcination temperature, as well as the specific surface
area. It is suggested that, during the -calcination and
carbonization of the polymer precursor, the carbon
framework contracts and micropores expand, resulting in a
decrease of the micropores and specific surface area. In
comparison, the specific surface area value for the samples
calcined at 700 °C decreased in the following sequence: BC >
C > BNC > NC (Tables S4-S67).

3.2 Catalytic performances

The catalytic performance of EDC catalytic cracking on the
as-prepared BNC, NC, BC and C catalysts was evaluated
under the reaction temperature of 250 °C at the atmospheric
pressure condition, which is presented in Fig. 3 and Table
S7: All the tested catalysts exhibit high selectivity (~99.5%)
toward VCM. However, distinguished from NC, BC and C
which displayed the highest EDC conversion of 16.3%,
0.369% and 0.420%, respectively (Table S7}), BNC showed
considerably high catalytic performance with the highest
EDC conversion reaching ~53.9% for BNC-700, and the
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lowest of ~20.8% for BNC-1000. As illustrated above, there is
no significant difference in the Ip/Ig ratios among C, BC, NC
and BNC, indicating that the defect density is not the critical
factor that determines the EDC cracking activity. Also, there
is no obvious link between the catalyst activity and specific
surface area, as BNC-700 with a moderate specific surface
area (190 m* g*) exhibits the highest EDC conversion. Thus,
it is cautiously speculated that the co-introduction of B and
N primarily accounts for the high EDC catalytic activity in
our system.

In order to confirm the significant contribution of B and
N dopants in the enhancement of EDC conversion, XPS
characterization was conducted. The high-resolution N 1s
and B 1s spectra of the samples are shown in Fig. 4 and S10,f
with the N 1s deconvolution results listed in Tables S8 and
S9.4 Compared with NC (Fig. S10a, Table S97), besides the
conventional N species in the high-resolution N 1s spectrum,
which are pyridinic N (~398.5 eV), pyrrolic N (~400 eV),
graphitic N (~401 eV), and nitrogen oxide species (~402 eV),
a new species assigned to B-N (~398 eV) for BNC was
observed (Fig. 4a, Table S8t).**™*® The lowest binding energy
could be attributed to the largest electron density in N for
B-N species. In addition, in comparison with BC (Fig. S10bt),
the additional signal peak appeared around 191 eV for BNC
(Fig. 4b) further confirmed the formation of B-N bond.***>%®
The content of pyridinic and pyrrolic N species gradually
decrease while the graphitic N presents a growth trend with
the increase of calcination temperature, which is consistent
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Fig. 3 Catalytic performance of BNC for EDC cracking. Reaction
conditions: T = 250 °C, P = 0.1 MPa, m., = 50 mg.
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species before and after the reaction.

with the fact that graphitic nitrogen is the most thermally
stable N species’’ and the pyridinic and pyrrolic N may
transfer to graphitic nitrogen under high temperature.*®*° At
the same time, the content of B-N increases from 6.09% to
15.36% when the calcination temperature increases from 500
°C to 700 °C but decreases to 11.08% when the temperature
further rises to 1000 °C. This trend matches that of their
EDC conversion well. On the other hand, the EDC cracking
process is accompanied by carbon deposition on the active
sites. For the used catalysts, the relative content of pyridinic
N and B-N decreases (Table S8t). On the other hand, the NC
with N species dominated by pyridinic N displays notably
higher EDC conversion (16.3%), compared to pure C
(0.369%) and BC (0.420%) without N species. As previously
reported, the pyridinic N might provide the basicity for the
EDC cracking. It could be inferred that the basicity of the N
sites in the B-N bond with enriched electrons might be
strengthened, promoting the cleavage of the C-H bond.
Therefore, the high conversion rate of EDC over BNC-700
could be rationally attached to the large content of B-N
bonds.

DFT calculations were further performed to investigate the
significant role of the B-N atomic pair on the enhancement
of EDC conversion. Only the pyridinic N and B-N active sites
are considered. The pyridinic N and B-N in the C framework

This journal is © The Royal Society of Chemistry 2024
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were modeled by replacing the C-H atomic pair in the
pristine graphene nanoribbon, as shown in the inset Fig. 5.
Specifically, different doping sites of B were considered, as
shown in Fig. S11,f and the formation of the B-N bond is
determined with the lowest total energy, which consists of
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¢ o'¢
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=4
£
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Fig. 5 Energy profiles of EDC dehydrogenation on pyridinic N (red
line) and B-N atomic pair (blue line). The insets are the models of the
pyridinic N and B-N in the C framework and the EDC dehydrogenation
on B-N in the C framework. The C, N, B, Cl and H atoms are depicted
in gray, blue, pink, green and white, respectively.
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the experimental results. The EDC cracking process on
pyridinic N and B-N site were calculated. The EDC molecules
are firstly adsorbed on the active N site, followed by the
activation of the C-H bond, where the EDC molecules are
directly decomposed into VCM and HCl via an E2-like
mechanism, with the cleaved H atom adsorbed on the N site
and release of VCM and HCI. As can be seen, the breaking of
the C-H bond accounts for the rate-determining step (RDS)
for the cracking of EDC. The activation barrier (E,) of this
step on pyridinic N is 1.53 eV, which is reduced by 0.34 eV to
1.19 eV on the B-N atomic pair, highlighting the higher
activity on the Ilatter. Bader charge analysis further
substantiates larger electron density (0.86 e for pyridinic N
and 0.52 e for N paired with B), i.e., stronger basicity, of N
paired with B, with intimate electronic interaction between B
and N, contributing to the decreased energy barrier. It was
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reported that desorption barriers were, in general, lower than
the absolute value of the adsorption energies of the
adsorbents and the absolute value of adsorption energy can
be used as a measure for the desorption barrier.>® Thus,
according to our results, the calculated desorption barrier of
VCM is 0.24 and 0.18 eV for the pyridinic N and B-N atomic
pair, respectively. While, the desorption energy of HCl is 0.61
and 1.15 eV for the pyridinic N and B-N atomic pair,
indicating the removal of HCI is more difficult and maybe
the main reason for the deactivation of our catalysts, as
discussed in the following part.

3.3 Catalyst deactivation analysis

The stability of different catalysts calcined at different
temperatures is shown in Fig. 6(a). It can be seen that except
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(a) Stability and (b) deactivation rate of BNC-700 at different reaction temperatures.
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for the 900 and 1000 °C calcinated catalysts, almost all the
tested catalysts suffer a decreasing EDC conversion within 20
hours. BNC-700, which initially exhibits the highest activity,
experiences the fastest deactivation. To analyze the reason for
catalyst deactivation, N, physisorption characterization was
first performed (Fig. S12). As can be read from Table 1 and
Table S10,f the used catalysts display a decrease in the
specific surface area and the total pore volume compared to
the fresh ones, which could be indicative of the deposition of
carbon on the catalyst surface during EDC cracking. TG-MS
analysis further reveals that, within the temperature range of
150-500 °C, the used catalysts show higher weight loss
compared to the fresh ones, verifying the coke deposition.

In addition, HCl generated during the EDC
dehydrochlorination could be another toxicant that is prone
to adsorb over the active sites and accounts for deactivation.
Given that the carbon deposition could be accelerated with
the reaction temperature increasing, while the HCI-
adsorption could be mitigated at high temperatures,”"** the
activity of BNC-700 was evaluated at different reaction
temperatures. The variation of the activity in the range of
210-280 °C is shown in Fig. 7(a). The derivative of conversion
with respect to time was plotted to obtain the deactivation
rate, as shown in Fig. 7(b). Within the first 4 hours of the
reaction, a noticeable trend of accelerated deactivation with
increasing reaction temperature is observed, where the
reaction at 280 °C exhibits the highest initial activity with the
fastest deactivation rate. It can be confirmed that the carbon
deposition is primarily ascribed to the deactivation in this
reaction.

4. Conclusions

In summary, a simple hydrothermal method was employed
to successfully prepare B-N co-doped C catalysts for EDC
catalytic cracking. The BNC catalyst calcinated at 700 °C,
achieves a maximum conversion rate of ~53.9% for EDC
conversion, significantly higher than the NC and BC
counterparts prepared through the same method. Structural
characterizations and DFT calculations elucidate that the
B-N atomic pair and pyridinic N are both active sites for EDC
cracking. The electronic interaction between B and N is
identified as the key factor enhancing the activity of N
species, leading to a reduction in the reaction barrier by 0.34
eV. The primary cause of catalyst deactivation is the carbon
deposition covering active sites during the reaction, and
higher initial activity results in faster deactivation. The B-N
co-doping method proposed in this study offers a new
perspective for the design of catalysts in EDC cracking, but
the instability of catalysts should be carefully considered.
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