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We present a study of direct styrene hydrogenation to ethylbenzene by a metal-free catalyst. The catalyst is a
nanohybrid made up of ultra-dispersed diamond (UDD) and graphitic sheets. The method to prepare the

Received 17th December 2024,
Accepted 3rd April 2025

DOI: 10.1039/d4gm01107d

catalyst introduces the key active site (bearing B and N atoms) into the sp? rich layer over the surface of
UDD. The results show excellent catalytic activity for the direct hydrogenation of styrene to ethylbenzene in
the presence of isopropyl alcohol, where hydrogen comes directly from the oxidation of the alcohol to

acetone. The combination of experimental characterization and quantum chemical simulation indicates that a
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1. Introduction

Catalytic hydrogenation of organic compounds containing unsatu-
rated bonds has drawn comprehensive attention since the early
20th century. The hydrogenation of unsaturated bonds is very
crucial due to their atom economy, the cleanliness of the transfor-
mation and its ubiquitous presence in industrial processes.’
Alkenes serve as a valuable feedstock and central intermediates in
chemical, pharmaceutical, petrochemical and material industries.
Indeed, a variety of bulk and fine chemicals as well as chemicals
derived from renewable sources contain C—=C bonds.> The catalyst-
based olefin hydrogenation typically relies on precious metals like
palladium,? platinum,* ruthenium,’ rhodium® and iridium.” Two
major disadvantages associated with the use of these metals include
their high cost and risk of leaching into the products.® Despite the
variety of hydrogenation methods, a greener and sustainable metal-
free catalytic system to achieve efficient hydrogenation using safe
and straightforward reaction conditions is highly desirable.’ Various
metal-free catalysts, including frustrated Lewis pairs (FLPs),'’
organocatalysts'”'> and carbon-based catalysts'*™® have been
employed for the hydrogenation of olefins, offering eco-friendly
and versatile alternatives to traditional metal catalysts.
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key role is played by direct B=N bonds and pyrrolic-N is the most probable active site in the reaction.

The carbon materials like carbon nanotubes,'® graphene,'*'?

graphitic carbon nitrides,'® activated carbon'” and carbon-
supported metal catalysts'®'® provide diverse choices for catalyz-
ing olefin hydrogenation reactions. The FLPs contain Lewis acids
(B compounds) and Lewis bases (P/N compounds) that cannot
combine to form a classical adduct due to steric hindrance,
offering a way to activate H, and other small molecules (e.g
alkenes and alkynes; CO, and other oxides of p-block; acidic and
hydridic N-H/H-H bonds).?*** The traditional FLPs are effective
in hydrogenation and the bulky substituents are crucial to prevent
the formation of Lewis acid-base adducts.>* Direct hydrogenation
with H, gas and a transfer hydrogenation process are the two
strategies commonly employed for the hydrogenation process.
The transfer hydrogenation refers to the addition of hydrogen to a
molecule using a hydrogen source other than H, gas. It is an
attractive alternative to direct hydrogenation, and it has recently
become the center of research in hydrogenation science.>*

Deng Sheng Su et al. carried out the hydrogenation of olefins
by using electron-rich nitrogen and electron-deficient boron-
doped ultra-dispersed diamond (UDD) in the presence of H,
gas.”® We have previously achieved the catalytic hydrogenation of
styrene by using a carbon-based catalyst rich in -B=N- moieties,
in the presence of H, gas.'® The UDDs are known for their
exceptional properties, like good thermal conductivity, non-
toxicity, tunable surface structure and chemical stability.>*>”
UDDs contain a carbon matrix with sp® rich carbon atoms that
is responsible for good thermal conduction, but poor electron
conductivity. Until now, onion-like carbons have been fabricated
from UDD at very high temperatures to introduce sp> hybridized
sites.”® Moreover, improved metal free catalysts that can be
employed for transfer hydrogenation reactions are still desired.

A main point is that a catalyst capable of performing hydrogena-
tion without the use of metals and hydrogen gas is highly desirable.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Herein, a new catalytic method is presented to replace the
use of costly and highly flammable hydrogen gas for styrene
hydrogenation that shows good activity for transfer hydrogena-
tion reaction. The three different catalysts BN-UDD-550, BN-
UDD-675 and BN-UDD-800 were fabricated using precursors
UDD and BN-polymeric membrane at different temperatures.
The present method provides a novel material, in which a sp>
hybridized conducting layer (derived from BN-polymeric
membrane) was introduced on the surface of UDD without
any exfoliation of its structure. The prepared catalysts were
employed for the hydrogenation of styrene by adopting two
strategies. The hydrogenation was carried out with isopropanol
and also with the help of hydrogen gas, where the former is
crucial to enhance safety control in the hydrogenation process.

2. Experimental

The details of chemicals and materials used along with char-
acterization details are given in the ESL.

2.1. Synthesis of BN-polymeric membrane

BN-polymeric membrane was manufactured using a laboratory-
scale electrospinning machine. The polyaniline (PAN) powder
(1.5 g) was dissolved in 20 mL of DMF at 80 °C and kept under
constant stirring for 12 h until a clear polymer solution was
obtained. After the preparation of the PAN solution, 0.5 g of boric
acid was added under vigorous stirring for 4 hours. The PAN-boric
acid solution was loaded into a 5 mL syringe with a metallic needle
for electrospinning. The metallic needle of the syringe was clipped
to the positive terminal of a high-voltage power supply at 15 kV at
a flow rate of 1 mL h™". The other terminal was connected to the
rotating drum collector (150 rpm), and the aluminium foil was
fixed on the collector approximately 15 cm away from the tip of
the metallic needle. The polymer solution was transformed into
a nanofiber sheet on the collector and the obtained material was
designated as BN-polymeric membrane (300 mg).

2.2. Fabrication of the catalyst

Ultra-dispersed diamond (UDD) (250 mg) was covered with BN
polymeric membrane (250 mg). The contents were heated
under an inert atmosphere (nitrogen gas) by raising the tem-
perature at a rate of 10 °C min~" to 550 °C. It was held at 550 °C
for 5 min followed by cooling to room temperature under
nitrogen gas. The material was taken out and labelled as
BN-UDD-550 (264 mg). Other materials were prepared similarly
but with the temperature raised to 675 °C and 800 °C to get BN-
UDD-675 (140 mg) and BN-UDD-800 (102 mg), respectively.

2.3. Styrene hydrogenation

Styrene hydrogenation was performed in a stainless steel reactor
(with a capacity of 30 mL) equipped with a gas supply system, a
glass inlet, a mechanical stirrer, a heater and a thermometer.
Styrene solution in 2-propanol (10 mL, 0.05 M) was added into the
reactor and the desired amount of the catalyst (styrene : catalyst =
10:1 wt/wt) was suspended in the solution. The pressure of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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hydrogen was 5 bar. The mixture was heated at 120 and 150 °C
and mechanically stirred (1250 rpm) for 6 hours. At the end of the
reaction, the autoclave was cooled down to room temperature, the
hydrogen flow stopped and the autoclave was purged with flowing
nitrogen. The hydrogen transfer reaction was performed under
N, (5 bar). The samples were periodically collected (0.2 mL)
and analysed using gas chromatography. The external standard
(n-octanol) method was used to quantify the products and reagents.

2.4. Computational details

Spin polarized DFT calculations were performed with the VASP
code*" using the generalized gradient approximation, as
implemented in the PBE functional.®® The valence electrons
were expanded on a set of plane waves with a kinetic energy
cutoff of 400 eV, whereas the core electrons were treated with
the projector augmented wave approach (PAW).**** The thresh-
old criteria for electronic and ionic loops were set to 107> eV
and 1072 eV A™?, respectively.

The sampling of the reciprocal space was adapted to provide
converged results. Dispersion forces have been included according
to the Grimme’s D3 parametrization.* Single point PBE0**? calcul-
ations have been performed to refine the electronic structure.®® This
is typically a reasonable choice to provide accurate results without the
need for performing computationally demanding geometry optimi-
zations with hybrid functionals.

The catalyst was modelled as a single graphene nanosheet.
The catalyst was obtained upon full optimization of the unit cell
and generation of a supercell. The working lattice vectors are
(a=9.870 A, b =9.870 A, y = 120°),>**° considering the presence
of a vacuum layer of 15 A to avoid spurious effects due to
interaction between periodic replica of the system along the
nonperiodic direction. We then created different nitrogen and
boron-doped graphene models following experimental insights.
In each case, the atomic coordinates were fully relaxed.

The Gibbs energies were evaluated by adopting the ab initio
thermodynamic approach,*"** by adding to the DFT energy the
contribution of zero-point energy correction and entropy terms
(Table S1, ESIt). We neglected any reaction barriers different
from those arising from thermochemistry to construct free
energy profiles.**** Zero-point energies were calculated in a
harmonic fashion. Entropies of gas phase species were taken
from the international tables, and the entropy of solid-state
species was determined through the formalism of the partition
function. The Gibbs free energy profiles were determined,
assuming them to work at 7= 150 °C and P = 5 atm.

3. Results and discussion

3.1. Catalytic tests

Three catalysts were prepared by thermal annealing BN poly-
meric membrane with ultra-dispersed diamond (UDD) at 550 °C,
675 °C and 800 °C. The covering of a polymeric membrane on
the surface of UDD during the annealing process ensures that a
graphitic layer is formed on its surface. We initially reported the
activity of BN-UDD-550, BN-UDD-675 and BN-UDD-800, in the
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hydrogenation reaction of styrene into ethylbenzene. Afterwards,
to understand the influence of material chemistry on the catalyst
properties, a detailed characterization of the surface properties
was reported.

Table 1 Catalytic results for styrene hydrogenation under a hydrogen or
nitrogen atmosphere

H
H
X Catalyst
Isopropanol, Hy/N,
150 °C
Reaction Conversion Selectivity
S.no.  Catalyst environment (%) after6 h (%)
1 None H, or N, — —
2 BN-UDD-550 H, 33.0 99
N, 18.2 99
3 BN-UDD-675 H, 65.3 99
N, 30.2 99
4 BN-UDD-800 H, 28.4 99
N, 13.4 99

Reaction conditions: 10 mL styrene solution in isopropanol (0.05 M)
and catalyst (10 mg) were stirred for 6 hours under H, or N, (5 bar)
at 150 °C.
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The reaction was performed in a stainless steel autoclave at
150 °C in the presence of hydrogen (5 bar H,) using isopropanol
as the solvent. The catalyst amount and the stirring rate and
reaction temperature were chosen to perform the reaction
under a kinetic regime and to obtain a good activity without
influencing the stability of the catalysts.'"® The product for-
mation was monitored by gas chromatography sampling the
solution every 2 hours. The reaction was also performed in the
absence of catalyst and no conversion was observed. Compar-
ing the activity after 6 h of reaction (Table 1), we observed that
the most active catalyst was BN-UDD-675 with a conversion of
65.5%, followed by BN-UDD-550 (33.0%) and BN-UDD-800
(28.4%). Plotting the conversion versus time (Fig. 1) it is
possible to observe that the reaction proceeds without evident
deactivation phenomena regardless of the catalytic material
tested. All the catalysts showed almost total selectivity to
ethylbenzene (>99%). The catalysts were also tested in the
catalytic transfer hydrogenation of styrene in the absence of H,
using 2-propanol as the H-donor (Table 1). When H, is replaced
by N,, a lower conversion is observed. However, the catalysts
showed the same trend in the activity, BN-UDD-675 (30.2%) >
BN-UDD-550 (18.2%) > BN-UDD-800 (13.4%).

The effect of the temperature was evaluated by testing the
catalysts at 120-150 °C in the presence of H, or N, (Fig. 1) to

80
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Fig. 1 Conversion vs. time graphs of different catalysts at (a) 120 °C under H; gas, (b) 120 °C under N, gas, (c) 150 °C under H, gas, and (d) 150 °C

under N, gas.
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check for the presence of trends. As expected, an increase of the
reaction temperature is beneficial for the activity, maintaining
the selectivity >99% (Fig. S1, ESIf). There is no effect on the
selectivity that was found >99% for all the temperatures con-
sidered. The turnover frequency (TOF) of all the catalysts for
styrene hydrogenation was calculated and reported in Table S2
(ESIt). The catalysts BN-UDD-550, BN-UDD-675 and BN-UDD-800
show the TOF of 1.76, 2.71 and 1.68 h™ ' respectively, in the
presence of hydrogen gas. A comparison of the TOF of the
prepared catalysts with metalfree catalysts is presented in
Table S2 (ESIT). The TOF of the synthesized catalysts is comparable
to that of other metalfree catalysts used in similar reactions.
The stability of the most active catalyst, BN-UDD-675, was inves-
tigated at 150 °C in the presence of H,, by recycling the catalyst for
8 runs, without any pretreatment between each cycle (Fig. S2,
ESIt). The catalyst showed a slight decrease in the conversion
between the first and the second run, becoming stable for the
successive cycles.

The nature of the hydrogenation catalysts is further revealed
thoroughly by characterizing BN-UDD-675. Initially the crystal-
linity, structural configuration and phase formation of the
catalyst were observed by X-ray diffraction (XRD) analysis. The
XRD pattern (Fig. 2a) indicates the broader and high intensity
peaks centered at 20 values of 14.8°, 25.5°, 28°, 42.8° and 57.6°.
A minor peak at 42.8° is characteristic of the (111) hk/ plane
reflection®” in the lattice of UDD. However, there is a distinct
difference in the peak intensity, which indicates a change in
their nature. The broader peak observed at 25.5° corresponds to

Intensity (a.u.)

20 30 40 50 60 70 80,
20 (Degrees)

Fig. 2
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an experimental d-spacing of 3.48 A, indicating the existence of
graphite-like carbon (d(oo2), JCPDS: 41-1487),*® which is most
likely due to the graphitization of the BN-polymeric membrane
at high temperature.”” Moreover, two peaks are observed at
14.8° and 28° (intense peak) corresponding to crystallographic
planes denoted as (100) and (002), respectively, corresponding to
graphitic carbon nitride (g-C;N,).*® The peaks at 28° (002)
combined with the one at 57.6° (004) correspond to the hexago-
nal boron nitride (h-BN).*>*° These peaks signify the successful
incorporation of B into the graphitic sheets along with the
presence of UDD in the prepared catalyst. The presence of boron
nitride also indicates that key active sites bearing a -B—N-
moiety are also present in it. The high intensity peak at 28.07°
strongly implies the crystalline nature of the synthesized carbon
structure. The structural parameters, micro-crystallite width (L,)
and stack height of the micro crystallites (L) are calculated to be
2.17 and 1.05 nm, respectively.

The morphology of the BN-UDD-675 catalyst was investi-
gated through FESEM (Fig. 2) and HRTEM analysis (Fig. 3). The
FESEM images (Fig. 2b and c) illustrate the irregular oval-
shaped structures forming the sheets that are stacked above
one another. It is a tapered oval stack, where the constituting
units are cross-linked with pores in between them with definite
grain boundaries. The random distribution of grains also
indicates that the BN-polymeric membrane can function as a
good precursor to generate large surface area and pore struc-
tures on the UDD surface. The histogram (Fig. 2d) shows that
the average size of these oval structures is 121 nm.

Average size ~ 121.6+6.4 nm

40 280

80__ 120, 160 , 200 24
Particle size (nm

(a) XRD spectrum of the BN-UDD-675 catalyst, showing a broader peak at 25.5° indicating the existence of graphite-like carbon. (b) and (c) FESEM

images of the BN-UDD-675 catalyst, showing the irregular oval-shaped structures and (d) particle size histogram (Fig. 2b was used to calculate the

particle size).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

Mater. Chem. Front., 2025, 9,1690-1701 | 1693


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qm01107d

Open Access Article. Published on 07 April 2025. Downloaded on 1/23/2026 10:08:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

7!

o

{ Average size ~ 116.8+1.9 nm

Counts

40 120 160 20 240 280

80 0
Particle size (nm)
Fig. 3

View Article Online

Research Article

00nm

(a) HRTEM image of the BN-UDD-675 catalyst; (b) and (c) individual constituents of the tapered oval stack structure showing the presence of

small rounded particles in between them that are highlighted by the yellow color; (d) SAED pattern, (e) interplanar spacing, (f) particle size histogram
(particle size was calculated using Fig. 3a), and (g)—(j) elemental mapping images of the BN-UDD-675 catalyst.

The surface structures observed in these cases are comple-
tely different from the ingredient UDD used in catalyst pre-
paration. Therefore, HRTEM analysis was further carried out to
provide more insight into the structure (Fig. 3). These images
also show oval structures with well-defined dark boundaries
connected. Specifically, these are polygonal structures linked to
each other that are found to encapsulate small spherical
structures in between them (Fig. 3b). The approximate particle
size of these spherical structures present inside is 15 nm, which
is most probably due to the UDD used as a precursor. These
images confirm that the UDD is covered with many layers of
graphitic sheets generated by thermal annealing of the BN-
polymeric membrane. The linkage between these polygonal struc-
tures might be possible due to n—r stacking between the graphitic
layers. Additionally, Fig. 3e shows the well crystalline interplanar
spacing in the regular arrangement of the atoms. The narrow ring
with a 3.63 A d-spacing and (002) diffraction facet in the selected
area electron diffraction (SAED) pattern (Fig. 3d) suggests that the

1694 | Mater. Chem. Front., 2025, 9, 1690-1701

material has successfully attained a graphite-like crystalline
structure.”® The element mapping (Fig. 3g—j and Fig. S2, S3, ESIt)
reveals the presence of nitrogen, boron, carbon and oxygen within
the material confirming that both nitrogen and boron have been
incorporated into the catalyst. The average particle size deter-
mined from the HRTEM images is approximately 116 nm, which
is almost the same as those shown by the FESEM images.

The surface nature and chemical composition of all three
catalysts were probed through XPS analysis (Fig. 4) to under-
stand the difference in their activity. The survey spectra (Fig. 4a)
of BN-UDD-675, which has performed best in these catalytic
tests, shows the presence of carbon, nitrogen, oxygen and boron
(Table 2). The atomic percentage composition of the elements in
the BN-UDD-675 catalyst, as determined by XPS analysis, reveals
58.1% C 1s, 23% O 1s, 8.6% N 1s, and 10.3% B 1s.

The boron and nitrogen spectra were further deconvoluted to
identify the BN bond and other surface nitrogen-containing func-
tional groups. The boron spectrum was deconvoluted into two

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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(a) XPS survey spectrum of BN-UDD-675; deconvoluted high-resolution XPS spectra of (b) B 1s, (c) N 1s and (d) C 1s regions for BN-UDD-675.

The peak at 192.1 eV in the B 1s spectrum can be assigned to the B—N bond indicating a direct interaction between the two dopant atoms.

Table 2 Comparison of the XPS results of different catalysts

Catalyst Pyridinic-N Pyrrolic-N Graphitic-N Pyridinic-N-oxide B-N H;3BO;/B,0; O-C-N-B (%)

BN-UDD-550 BE (eV) 398.2 399.7 401.8 404.8 191.9 194.6 19-67.5-3.9-9.6
% 46.1 31.5 16.3 6.1 55 45

BN-UDD-675 BE (eV) 398.2 399.7 401.9 404.8 192.1 194.3 23-58.1-8.6-10.3
% 46.6 42.6 6.6 4.2 79.5 20.5

BN-UDD-800 BE (eV) 398.3 399.8 401.7 404.6 191.8 194.2 20.8-66.1-3.8-9.3
% 52.7 26.9 13.7 6.7 48.3 51.7

peaks at 192.1 eV and 194.3 eV. The peak at 192.1 eV is assigned to
the B-N bond> incorporated into the carbon matrix (Fig. 4b),
indicating a direct interaction between the two dopant atoms.
Another peak at 194.3 eV is assigned to oxides of boron® (B,O; or
H;BO;) and its presence on the catalyst surface may be due to the
oxidation of elemental boron. The N 1s deconvoluted spectrum
(Fig. 4c) exhibits four peaks at 398.2 eV, 399.7 eV, 401.9 eV and
404.8 eV due to the presence of pyridinic-N, pyrrolic-N, graphitic-N
and pyridinic-N-oxide, respectively,> with a main predominance of
pyridinic-N and pyrrolic-N, Fig. 4c. Finally, the carbon spectrum
was deconvoluted (Fig. 4d) to see the nature of the carbon atoms,
which was found to be rich in sp* C content (peak at 284 eV).>* The
peak at 285.3 eV corresponds to the presence of sp* C-C bonds,”
while the peak at 287.6 eV indicates the presence of C—=0 bonds.>®
This shows that the carbon matrix is rich in sp® hybridised carbon

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

atoms containing pyridinic C=N bonds, and there is the presence
of B=N bonds as well.

3.2. Identification of active sites

The surface functional groups of all three catalysts BN-UDD-550,
BN-UDD-675 and BN-UDD-800 were identified through XPS spec-
tra (Fig. S6, ESIT) and carbon, nitrogen, oxygen and boron were
present on their surface (Fig. S4 and S5, ESIt). The BN-UDD-675
exhibits a higher percentage composition of nitrogen (8.6%) and
boron (10.3%) as compared to the other catalysts. The B 1s and N
1s spectra of all three catalysts were deconvoluted into respective
nitrogen and boron-containing functional groups and their per-
centage composition is given in Table 2. The catalyst BN-UDD-675
displays a high percentage composition of B-N bonds (79.5%) in
comparison to the other two catalysts (Fig. S6, ESIT).

Mater. Chem. Front., 2025, 9,1690-1701 | 1695
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The active site was identified by plotting the catalytic con-
version against the percentage composition of surface func-
tional groups. All the nitrogen containing functional groups
such as pyrrolic-N, pyridinic-N and graphitic-N along with the
BN bond were chosen for the correlation. The conversion does
not show a linear relationship with the overall percentage of
nitrogen (Fig. S7, ESI{). Contrary to this, a linear relationship is
observed between overall boron percentages with conversion.
The combination of these observations may suggest that boron
has a direct implication in the catalyst process and the different
nitrogen containing groups are probably not associated with
the hydrogenation process. The nature of the boron function-
ality was further confirmed by plotting the B-N bond with the
conversion that displays a linear correlation confirming its role
in the catalytic process. Finally, the pyrrolic-N group among the
nitrogen-containing functional groups also displays a linear
relationship with the conversion, confirming that this might
also be involved in this conversion. Therefore, it is confirmed
that a B-N bond most probably in pyrrolic form is involved in
the metal-free hydrogenation of styrene.

3.3. DFT analysis

Our evidence indicates that B—=N bonds are involved in this
reaction The XAS analysis shows that pyrrolic-N and pyridinic-N
are predominant followed by a small amount of graphitic-N. We
took insight from the experimental evidence and considered six
different models all having a B-N bond in the structure (Fig. 5).
The first one is a graphitic N configuration with a neighboring
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B atom and labeled as N-B (Fig. 5a). Three different pyridinic
configurations were considered; where the first case involves
three substitutional N atoms (3N-B) surrounding a carbon
vacancy and one N directly bonded to B (Fig. 5b). The remain-
ing two cases are based on pyridinic-N (4N-B and 4N-B_2).
These three structures differ in the positioning of the boron
atom (Fig. 5b-d). Finally, two pyrrolic structures (N-Bpyr_1 and
N-Bpyr_2) are also considered (Fig. 5e and f), where the first
structure involved a direct B-N bond in the five membered ring.
Fig. S8 (ESIt) shows that a fraction of surface B atoms can be
saturated by O species, forming borate residues, explaining
the possible presence of oxygen atoms on the surface. These
saturated species are, however, not able to bind isopropanol,
and therefore can be considered not active during the reaction.

The reaction was modelled by considering the oxidation of
isopropanol to acetone, where hydrogen species are chemically
adsorbed to the catalyst, eqn (1).

CH;CHOHCH; — CH;COCH; + 2H* 1)

Then, if the catalyst can adsorb styrene the reaction can
proceed forming ethylbenzene (eqn (2)), or the system can
release molecular hydrogen (eqn (3)). The reaction scheme is
sketched in Fig. 6.

CH,;CHOHCH, + PhCHCH, — CH,COCH, + PhCH,CH,
2)

CH;CHOHCH; — CH;COCH; + H, (3)

Fig. 5 Structures of different catalytic sites investigated with heteroatom B and N doped in the carbon matrix. The brown, grey and green balls
correspond to C, N and B atoms, respectively. In particular, six models are reported: graphitic N configuration with a neighboring B atom (a); three
different pyridinic configurations labelled 4N-B (b), 4N-B_2 (c) and 3N-B (d); and finally, two cases based on pyridinic-N (e and f).
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The analysis of the Gibbs free energy profiles of the
graphitic catalyst (Fig. S9, ESIt) indicates that the system is
not able to catalyze the reaction, as the intermediates are very
unstable. Conversely, in the pyridinic-N cases, Fig. S10-S12
(ESIY), very stable adducts are always formed with barriers
reaching up to 1.9 eV for desorption of the products (acetone
and H,). Also, styrene does not bind the catalyst, and therefore
the reaction would proceed by releasing molecular hydrogen
and acetone.

More interesting is the case of the pyrrolic-N catalyst, as in
this case, the activation of isopropanol leads to three possible
adsorption configurations that are nearly isoenergetic, as
shown in Fig. 7a. More specifically, the hydrogen atom can
bind a N-species or a carbon atom next to the boron dopant.
Moving to the second reaction step, two hydrogen adducts
adsorbed on N-species lead to a structure which is very stable
and poisons the catalyst, as the system is not able to bind
styrene, leading to the formation of acetone and molecular H,,
with a very large barrier to release the products (Fig. 7b). In the
other two cases, where one hydrogen atom is bound to a carbon
and the second atom binds a nitrogen atom, the reaction can
proceed via the release of acetone and the adsorption of
hydrogen species (H*) that can interact with styrene when it
is adsorbed. The two situations reported in Fig. 7c and d differ
by the relative positioning of the H* species, where the two H*
adsorbed to the catalyst are far apart (Fig. 7c), or are adsorbed to
the nearest neighboring atoms (Fig. 7d). In both cases the
maximum reaction barrier is 0.98 eV, which is compatible with
other organic reactions conducted on carbon-based catalysts.>”

The remaining pyrrolic catalyst is less interesting, as the
catalyst is too reactive leading to very stable reaction

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

intermediates, without adsorbing styrene (Fig. S13, ESIY).
Among the models considered, the only phase that can
catalyze the reduction of styrene to ethylbenzene is made by
the pyrrolic-N model where boron occupies a five-membered
ring. Table S3 (ESIf) summarizes the reaction barriers for
the different catalysts. Only N_Bpyrl is able to promote the
reaction towards ethylbenzene. The remaining systems are not
able to bind styrene and should stop the reaction to acetone
and H,.

Solvation is an important ingredient in computational
catalysis.’>®° This can be achieved by explicitly simulating the
material/solvent interface, with a sufficiently thick model for the
solvent, to reproduce a bulk-like behavior.®"** This is typically
computationally hard to address, especially when trying to include
dynamics effects, due to the need of with ab initio molecular
dynamics. An alternative way is implicit solvation.>** Here, the
action of the solvent is replaced by a continuum dielectric. We
refined our results by recalculating the reaction profiles with the
lowest barriers. The effect of the solvent is rather small as can be
evinced by looking at Fig. S14 (ESIT), and the maximum barrier,
which changes by 0.02 eV only.

Therefore, based on these calculations, the nature of the
defects having B-N species determines the reactivity. The
reaction starts from the adsorption of isopropanol and
the abstraction of hydrogen to form the isopropoxide ion,
which gets stabilized by the B atom. There are two possible
reaction routes. In one case, the catalyst is able to bind styrene,
promoting its reduction to ethylbenzene with the release of acet-
one. Alternatively, if styrene adsorption is not favorable, one more
H atom is abstracted from isopropoxide, released from the surface
acetone and H,. Among all catalytic models, the pyrrolic structure

Mater. Chem. Front., 2025, 9, 1690-1701 | 1697
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atoms, respectively.

involving a direct B-N bond in the five membered ring can promote
styrene hydrogenation to ethylbenzene.

4. Conclusions

Metal-free catalysts were synthesized utilizing UDD and BN-
polymeric membrane and successfully applied for the direct
hydrogenation of styrene to ethyl benzene. The incorporation
of B and N species in the matrix was confirmed by combining
XRD, EDS and XPS analysis. We provide evidence of direct B-N
interactions. Electron microscopy revealed the presence of meso-
crystal porous structures formed by the stacking of polygonal
structures. The catalysts were successfully used for the hydro-
genation of styrene both in the presence and absence of hydro-
gen gas. Importantly, the catalysts were active in the absence of
hydrogen gas using isopropanol. Quantum chemical simulations
provided an atomistic description of the catalytic process, where
the reaction is likely to occur on pyrrolic-N defects where B
occupies a five-membered ring. This finding provides new
insights into understanding the role of B and N functionalities
in hydrogenation reaction when integrated into a carbon matrix
and a promising direction for the application of carbon materi-
als. In particular, it might be possible to enhance the activity by
tuning the B-N/N ratio. Future work will be dedicated to the
characterization of the active phase by combining XPS and other
techniques like electron energy loss spectroscopy (EELS), to

1698 | Mater. Chem. Front., 2025, 9, 1690-1701

determine the nature of the light elements. Moreover, the impact
of different hydrogen donors, such as methanol and formic acid,
on the final reactivity of the metal free carbons in hydrogenation
reactions will be considered.
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