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1. Introduction

A boron nitride—carbon composite derived from
ammonia borane and ZIF-8 with promises for the
adsorption of carbon dioxidef

Carlos A. Castilla-Martinez,
Umit B. Demirci

* Christophe Charmette, Jim Cartier and

In the present study, we report the synthesis, characterization and assessment of the carbon dioxide
adsorption capacity of a composite made of boron nitride and carbon. The material is obtained through
a two-step process. In the initial step, ammonia borane is introduced into the pores of a zeolitic
imidazolate framework (ZIF-8) using a novel one-pot synthesis method. The ZIF-8 is formed in situ
around the ammonia borane molecules, eliminating the need for an infiltration step. The successful
confinement of ammonia borane within the ZIF-8 structure is verified through different characterization
techniques (IR, XRD, TGA-DSC, and B MAS NMR). In the second step, ZIF-8 containing confined
ammonia borane is pyrolyzed. Ammonia borane acts as a precursor of boron nitride and the process
results in a composite comprising carbon, boron and nitrogen. The composite was subsequently
characterized and evaluated as a potential adsorbent for carbon dioxide. With a specific surface area of
56 m? g~%, the composite demonstrates a CO, uptake of 1.94 mmol g~* (or 85.4 mg g~%) when exposed
to 1.5 bar of CO, at 30 °C. This value surpasses reported capacities of other boron nitride-based
materials as CO, adsorbents. When comparing the CO, adsorption capacity in terms of the specific
surface area, a significant enhancement is observed (34 x 10~° mmol m~2). This suggests that the
material provides more active sites for CO, adsorption, such as polarized B-C, B—N, and C-N bonds.
This key factor may be even more important than having a large specific surface area. Therefore, the
potential for developing new boron-based materials with enhanced CO, adsorption capacities lies in
increasing both specific surface area and active sites.

release and then store it in a secure location to minimize its
environmental impact.> According to the International Energy

Climate change is acknowledged as an anthropogenic pheno-
menon that has various impacts on the planet, including the
increase of the sea level, ocean acidification, and increased
water and air temperatures. All these effects have adverse
consequences on ecosystems and humanity. The emission of
greenhouse gases into the atmosphere, particularly carbon
dioxide (CO,), is the primary cause of anthropogenic climate
change. Thus, one of the humanity’s significant challenges is to
control CO, emissions and mitigate global warming. Carbon
capture and storage technologies (CCS) emerge as potential
solutions to reduce the concentration of CO, in the atmo-
sphere. The fundamental idea is to capture CO, before its
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Agency, the anticipated CO, capture capacity in the energy
sector is 0.8 Gt by 2030, 5.6 Gt by 2050 and 10.4 Gt by 2070.
Additionally, achieving a net zero-emission of CO, by 2070 is a
goal.’

Different approaches exist for capturing CO,. For instance,
amine scrubbing is one of the most developed technologies for
the chemical capture of post-combustion CO,. However, it
poses challenges in terms of the overall cost and energy
efficiency.* Another promising approach is the capture of CO,
by porous solids using physical interactions. Various porous
materials, such as carbon, silica, metal organic frame-
works (MOFs), and polymers, have been considered for physi-
sorption of CO,.>° Carbon-based materials have shown pro-
mising CO, adsorption capacities. For example, a carbon doped
with sulfur is able to adsorb 3.64 mmol CO, g ' (160 mg
CO, g7') at 25 °C and 1 bar of CO,; nitrogen-rich carbon
polymers have exhibited an adsorption capacity of 4 mmol
CO, g ' (180 mg CO, g 1"
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Boron nitride (BN) is a material that has recently gained
attention as a potential adsorbent for CO,. BN, analogous to
graphite, possesses properties like high mechanical resistance,
chemical and thermal stability, and electrical insulation.'?
Experimental studies indicate that BN can adsorb CO, under
room conditions. Marchesini et al obtained porous BN
(1016 m*> g~ ') from urea and boric acid, which was exposed
to a CO, atmosphere (1 bar, 25 °C) and it showed an adsorption
of about 0.6 mmol CO, g~' (26 mg CO, g )." Jiang et al.
prepared porous BN foam (130 m* g~ ') starting from ammonia
borane and thiourea at 1200 °C. The foam was able to uptake
about 0.36 mmol CO, g~ " (15 mg CO, g ') under 10 bar CO,
and at 24 °C." While BN exhibits the capability to adsorb CO,
under room conditions, these values are not particularly note-
worthy when compared to other materials. For instance,
reported values for polymer-derived carbons fall in the range
of 2.9-3.3 mmol CO, g~" (127-145 mg CO, g~ ') at 1 bar CO,
and 25 °C."> To enhance the performance of BN-based CO,
adsorbents, various approaches have been explored. For exam-
ple, it seems that a high density of ultra-micropores can favor
the adsorption and selectivity of CO,. Gou et al. produced
porous BN fibers in pellet form (1098 m> g™ ") from boric acid
and melamine.'® This material, rich in ultra-micropores, was
able to adsorb 2.26 mmol CO, g~ (99 mg CO, g~ ') under 1 bar
CO, and at 25 °C, with a selectivity of 20.6 with respect to Nj.
Another method to improve the CO, adsorption capacity is to
functionalize the BN structure with different elements. Liang
et al introduced Cu into the structure of porous BN
nanofibers.”” The undoped BN nanofibers (715 m* g~') were
capable of adsorbing 1.34 mmol CO, g (59 mg CO, g 1),
whereas the Cu-loaded BN nanofibers (653 m* g~ ') adsorbed
2.77 mmol CO, g~ ' (122 mg CO, g '). This improvement was
attributed to the incorporation of Cu, which altered the elec-
tron transfer between the BN nanofibers and CO,, favoring gas
adsorption. Another example was reported by Chen et al., who
doped a BN structure with carbon.'® The porous BCN material
(727 m? g ") exhibited CO, adsorption values comparable to
carbon structures, surpassing those of BN-based materials.
Under 1 bar CO, and at 25 °C, the BCN material was capable
of taking up 3.91 mmol CO, g~ * (or 172 mg CO, g '). The
incorporation of C atoms into the BN structure increased ultra-
microporosity and defects in the material, promoting CO,
adsorption.

The objective of this study was to synthesize and character-
ize a material based on carbon, boron and nitrogen with the
capacity to adsorb CO, under room conditions. By combining
BN with carbon, we aimed to improve the adsorption capacity
of the material. Ammonia borane (AB) was selected as
a precursor for BN, and zeolitic imidazolate framework 8
(ZIF-8), a highly stable material, was chosen as the carbon
source. We developed a novel and original synthetic approach
to confine AB inside ZIF-8 through a one-step method to obtain
the AB@ZIF-8 composite: ZIF-8 was constructed in situ around
the AB molecules, trapping them inside the ZIF-8 framework.
The resulting material was then transformed into a BN/carbon
composite (BN@C) through pyrolysis at 800 °C. The material

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

View Article Online

NJC

was characterized, and its CO, adsorption capacity was evaluated.
BN@C exhibited a notable CO, capture capacity per specific
surface area (1.52 mg CO, m~ > or 3.4 x 10> mmol CO, m?)
likely due to the presence of a high number of active sites, such as
the presence of polarized B-C/B-N bonds. The results are pre-
sented and discussed in the following sections.

2. Experimental

2.1 Reagents

Zinc nitrate hexahydrate ZnN (Zn(NOs),-6H,0, Alfa Aesar, 98%),
2-methylimidazole mIM (C,HgN,, Sigma-Aldrich, 99%) and
methanol MeOH (CH;3;OH, Sigma-Aldrich, anhydrous, 99.8%)
were used for the synthesis of the zeolitic imidazolate framework
ZIF-8. Commercial ammonia borane AB (NH3;BHj3, Sigma-Aldrich,
97%) was used as received.

2.2 Synthesis of AB@ZIF-8

All syntheses were conducted within an argon-filled glovebox
(MBraun M200B; H,O < 0.1 ppm, O, < 0.1 ppm; temperature
26 °C). A novel one-pot synthesis was developed, starting with
the synthesis of ZIF-8 using a reported route.'® The ZnN:mIM:-
MeOH ratio was kept at 1:4:20 (mmol:mmol: mL). The
concentration of AB in the solution was set at 0.5 mol L7,
following the infiltration routes of AB in MOFs as previously
reported.>* > The objective was to form ZIF-8 around the
AB molecules, thereby confining them within the pores of
the MOF.

Inside the glovebox, 0.3 g of ZnN was added to 10 mL of
MeOH and stirred for 30 min until a clear solution was
obtained (designated as solution A). Concurrently, 0.33 g of
mIM and 0.32 g of AB were dissolved in 10 mL of MeOH and
stirred for 30 min (designated as solution B). Solution B was
then slowly poured into solution A, and the mixture was stirred
for 24 h. A white suspension was obtained, which was subse-
quently centrifuged at 6000 rpm for 20 min. The solid was
separated from the liquid and dried for 24 h under dynamic
vacuum without further washing, and the resulting white
powder, denoted as AB@ZIF-8, was recovered and stored in
the glovebox for further characterization. For comparison, the
synthesis of ZIF-8 was carried out without the presence of AB,
following the same procedure.

2.3 The composite BN@C

AB®@ZIF-8 underwent pyrolysis in a Vectar Ltd VIF7 tubular
furnace at 800 °C, a temperature choice based on a previous
study which revealed that bulk BN obtained from AB could
adsorb CO, when pyrolyzed between 600 and 800 °C.*?

Prior to the pyrolysis process, the furnace underwent a
30 min vacuum and was then filled with N,. The sample,
AB®@ZIF-8, was transferred under an Ar atmosphere to the
furnace, and introduced under a flow of N, (100 mL min %)
The AB@ZIF-8 composite was heated with a ramp of 1 °C min™",
maintained at 800 °C for 2 h, and then cooled down to room
temperature. Subsequently, the resulting composite BN@C was
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recovered and stored inside the glovebox. For comparison of CO,
adsorption properties, a similar heat treatment was applied to
pristine ZIF-8, resulting in a carbon-derived from the MOF
(referred to as C800 henceforth).

2.3 Characterization

The samples were characterized by different techniques,
including N, sorption using a Micromeritics TriFlex apparatus
(the specific surface area, pore volume, and average pore width
were calculated by the Brunauer-Emmett-Teller BET and the
Barrett, Joyner and Halenda BJH methods), scanning electron
microscopy (SEM) (Hitachi S4800, 15 kV), transmission electron
microscopy (TEM) (JEOL 2200 FS microscope, 200 kV, equipped
with a STEM-EDX module), Fourier transformed infrared (FTIR)
spectroscopy (NEXUS instrument, Thermo Fisher equipped
with an attenuated total reflection accessory from 600 to
4000 cm ™' wavenumber), magic angle spinning nuclear mag-
netic resonance (MAS NMR) ("'B nucleus, Varian VNMR400,
128.3 MHz), powder X-ray diffraction (PXRD) (PANalytical
X’Pert Pro Multipurpose, Cu-K,i/,» radiation A = 1.5418 A,
45 kv, 30 mA), thermogravimetric analysis (TGA) (SDT Q600,
TA Instruments, under a N, flow of 100 mL min~'), and X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250 instrument,
Thermo Fisher, Al-K, monochromatized source of 1486.6 eV).
The density of the samples was estimated using a Micromeri-
tics AccuPyc II 1345 helium pycnometer at 25 °C. Elemental
quantification analyses were carried out to determine the
composition of the material. The C, N and H elements were
quantified using an Elementar Vario MICRO Cube and the B
and Zn elements were quantified by the ICP-OES technique
with a PerkinElmer 7000DV instrument. BN@C was digested in
a mixture of sulfuric and nitric acids to perform the ICP-OES
analysis.

The CO, adsorption capacity of the materials was measured
in a laboratory-made Sievert device at 30 °C and under 1.5 bar
of CO,. To calculate the isosteric enthalpy of adsorption of
BN®@C, experiments were carried out under different condi-
tions (temperatures of 10 °C and 45 °C exposed to 1.5 bar and
2.5 bar CO,). The enthalpy was determined by the Clausius-
Clapeyron equation. Prior to the measurements, the samples
were degassed at 150 °C under vacuum overnight. Throughout
the measurements, the pressure and temperature were mon-
itored with the assistance of a laboratory-made software. The
samples were exposed to the CO, atmosphere until equilibrium
was reached (within 180 min in all cases), and the experiments
were conducted two times for reproducibility. The quantity
adsorbed by the samples was calculated, considering CO, as
an ideal gas.

3. Results and discussion
3.1 Textural properties and morphology

The textural properties of the materials are presented in
Table 1. Due to the reported dehydrogenation of confined AB
at room temperature,* specific surface area (SSA) measurements
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Table 1 Textural properties of the samples (SSA is the specific surface
area and p is the density)

Sample SSA (m* g™ 1) p(gmL™
ZIF-8 1281 0.661
C800 658 0.420
BN@C 56 0.511

for the AB@ZIF-8 composite were not feasible, as preparing the
sample for analysis involves degassing under heating. This would
lead to the dehydrogenation of AB. Pristine ZIF-8 exhibited the
highest SSA at 1281 m> g, followed by C800 with 658 m* g™/,
and finally, the BN@C composite with 56 m? g~ ". All materials
showed a type IV N, adsorption isotherm with a hysteresis loop
H,, the characteristic of mesoporous materials (Fig. S1, ESIt). The
heat treatment at 800 °C resulted in a reduction in the SSA for the
C800 material, suggesting partial shrinking and deformation due
to the elevated temperature.”” The SSA of BN@C was significantly
reduced, indicating successful filling of ZIF-8 pores by AB, which
then transformed into bulk BN during pyrolysis within the
framework.

SEM analysis was conducted on all samples, while BN@C
underwent additional TEM analysis (Fig. 1). All samples present
a uniform hexagonal-shaped structure. Based on SEM images,
the average particle size values of ZIF-8, AB@ZIF-8 and BN@C
were estimated to be 108, 188 and 156 nm, respectively. The
incorporation of AB into the solution of ZnN and mIm has no
discernible effect on the morphology of the MOF particles
(Fig. 1b). Even after the 800 °C heat treatment, the BN@C
composite retained a well-defined structure, similar to pristine
ZIF-8. This is supported by TEM images (Fig. 1e and f). The
STEM-EDX analysis of the BN@C composite confirmed the
homogeneous presence of B, C, N, and Zn elements (Fig. S2,
ESIt).

3.2 AB@ZIF-8

AB®@ZIF-8 was characterized by different techniques. For pur-
poses of comparison, the pristine ZIF-8 was also compared
when relevant. IR analyses were carried out, and the spectra of
the pristine ZIF-8, AB@ZIF-8 and commercial AB are presented
in Fig. 2a. ZIF-8 presents the characteristic bands that are
consistent with other studies.”®*” The bands observed between
2900 and 3100 cm ' are attributed to the C-H stretching
vibrational mode, while the bending C-H mode is present
between 1200 and 1500 cm™*. Both regions correspond to the
aromatic and aliphatic C-H of the imidazole.”® The band
centered at 1580 cm ' corresponds to the stretching mode of
the C—=N bond in the ZIF-8 structure.

The spectrum of AB shows all the expected vibrational
modes.* The stretching modes of the N-H and B-H bonds
are present at 3100-3500 cm™ ' and 2100-2500 cm ', respec-
tively. The N-H bending bands can be seen between 1300 and
1700 cm™ . In the case of the ZIF-8@AB composite, the spec-
trum is comparable to that of pure ZIF-8. However, a small
band appeared at ca. 3300 cm ™', indicating the presence of the
N-H bonds of AB. In a similar way, low intense bands can be

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 1 SEM images of (a) ZIF-8, (b) AB@ZIF-8, and (c) BN@C. TEM images of the BN@C composite with scales of (d) 200 nm and (e) 100 nm.

seen between 2100 and 2500 cm™ ', which belong to the B-H
bonds. These bands are not present in the pristine ZIF-8, which
indicates the presence of AB within the ZIF-8 structure.

The AB@ZIF-8 composite was analyzed by ''B MAS NMR
(Fig. 2b). Typically, AB presents a double horn-shaped signal
centered at —26 ppm (Fig. S3, ESIf). AB@ZIF-8 presents two
signals in the tetra-coordinated boron zone of the spectrum
(ppm < 0). The signal at —25 ppm is assigned to the NBH;
environment of AB. This signal has lost the double horned
shape of pristine AB, and other signals have appeared, likely
due to the effect of the nanoconfinement.** The signal at
—17 ppm is attributed to a N,BH, environment, suggesting
that borane has undergone dehydrocoupling and it formed
polyaminoborane (-[H,N-BH,],-). The absence of a signal
between —35 and —45 ppm (typical of BH4 environments)
allows us to exclude the presence of the diammoniate of
diborane [(NH3)2BH2]+[BH4] ", an ionic dimer formed during
the thermolysis of AB.*" In the tri-coordinated boron region
(ppm > 0), two signals are observed, one at 0.7 ppm and
another low-intense broad signal between 5 and 15 ppm. These
signals are assigned to borate compounds with BO, and BO;
environments. The formation of B-O bonds has been reported
when a metal organic framework is used as the scaffold for
AB.?>3% Besides, the use of a solvent like methanol, and the
presence of water molecules in the precursors of ZIF-8
(Zn(NO3),-6H,0, for instance) may favor the formation of these
kinds of bonds (by the occurrence of methanolysis or hydrolysis).

Depending on the scaffold, confined AB behaves in different
ways. For example, nanoconfined AB in an activated carbon is
not stable over time and it slowly releases H,, leading to the
formation of PAB and other polymeric compounds.** To study
the stability of the AB@ZIF-8 composite, we stored one sample
for 7 months inside the glovebox and after this time, it was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

analyzed by FTIR spectroscopy and ''B MAS NMR (Fig. S4a,
ESIt). On the one hand, the IR spectra showed a slight
change in the B-H stretching mode of the compound, where
the bands of the aged sample are broader and more pro-
nounced. On the other hand, more pronounced changes were
observed by "B MAS NMR. The signals assigned to the NBH;
environment nearly disappeared, while the intensity of the
signals of the N,BH, environment increased. The presence
of a new signal centered at —8 ppm, which is assigned to a
N;BH environment, suggests the evolution of the sample and
the formation of dehydrogenated polymeric residues of AB,
such as a branched polyaminoborane. The other signals at
positive chemical shifts have broadened and increased in
intensity, indicating the formation of N,BH environments,
implying the dehydrocoupling of the confined AB. Thus, the
confined AB is slowly dehydrogenated over time in ZIF-8
(Fig. S4b, ESIY).

ZIF-8, AB@ZIF-8 and pristine AB were also analyzed by
PXRD. The patterns of these materials and a reference one of
ZIF-8 are presented in Fig. 3.>* ZIF-8 crystallizes in a body
centered cubic unit cell with an I-43m space group, and our
pristine ZIF-8 exhibits good agreement with the pattern
reported in the literature. The diffraction pattern of AB@ZIF-8
is also similar to the reference one. The peaks belonging to AB
are not observed and this indicates that AB was successfully
trapped inside the MOF structure.”” The diffraction peaks of
the composite have broadened compared to those of pristine
ZIF-8, indicating a smaller crystallite size of the particles. The
crystallite size was calculated from the XRD patterns by the
Scherrer equation, obtaining values of 44.5 nm for ZIF-8 and
28.5 nm for the AB@ZIF-8 composite. The reduction of the
crystallite size occurs due to the effect of the borane present
during the formation of ZIF-8. This might be explained by the

New J. Chem., 2024, 48, 8534-8544 | 8537
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Fig. 2 (a) IR spectra of ZIF-8, AB@ZIF-8 and AB. The relevant vibrational
modes are indicated in the coloured rectangles. (b) *'B MAS NMR spectrum
of AB@ZIF-8. The chemical shifts in ppm and the relevant chemical
environments in the coloured rectangles are indicated.

Reference ZIF-8

Counts (a.u.)
E

ZIF-8
A A
AB@ZIF-8
’\1 AB
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26 (°)

Fig. 3 PXRD patterns of the synthesized ZIF-8 and the AB@ZIF-8 com-
posite. For comparison, the patterns of AB and reported ZIF-8 are also
presented.

interactions of the AB molecules with the precursors, which
would limit the growth of the ZIF-8 crystals.
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Thermal analyses were carried out for pristine ZIF-8 and
AB@ZIF-8. Pristine ZIF-8 shows stability up to 220 °C, beyond
which decomposition initiates. At 400 °C, approximately 2 wt%
of the original weight is lost (Fig. 4).

In the case of AB@ZIF-8, a distinct behavior is observed:
decomposition starts at 40 °C, with approximately 1.5 wt% loss
at 200 °C and about 4 wt% 400 °C. The DSC curve of the
AB®@ZIF-8 composite presents an exothermic event at 92 °C,
which indicates the release of H, from AB (Fig. S5, ESIT). It is
known that under constant heating, bulk AB melts before
releasing H,, and then it starts to decompose at around
100 °C so the first dehydrogenation event takes place at 110-
120 °C.* With respect to AB@ZIF-8, there is no melting of AB
(evidenced by the lack of an endothermic event); AB decom-
poses from 40 °C, and the main release of H, occurs at 92 °C.
All of these characteristics are typical of nanoconfined AB,
and it has been observed in similar systems (AB confined in
ZIF-8).>

AB®@ZIF-8 was analyzed by XPS, and the resulting spectra are
shown in Fig. 5 (the survey scan is shown in Fig. S6, ESIt). The B
1s spectrum was deconvoluted into two signals. The first one is
centered at 189.1 eV, and it corresponds to the B-H bond of AB.
We do not discard the possible contribution of a boride species
(B-Zn) to this signal, as metal borides appear between 187 and
189 eV.*° The second peak at 191.4 eV is related to B-N and B-O
bonds.?””® This is in good agreement with the ''B MAS NMR
spectrum of the sample, where the borate environment was
detected. The N 1s spectrum was deconvoluted in three peaks
centered at 400.0, 398.7 and 397.9 eV. The first one corresponds
to the nitrogen in the imidazole group N—C, the second to the
N-B bond of AB, and the third one corresponds to the N-H
bond.**?°*! In the case of the C 1s spectrum, the signal at
286.1 eV indicates the carbon linked to the imidazole nitrogen,
and the one at 287.3 eV is due to carbonyl groups or carbonates
that can accumulate on the surface of the material when it is
put in air.>**° Regarding the Zn 2p spectrum, it shows the two
characteristic peaks observed in pristine ZIF-8 centered at
1021.2 and 1044.3 eV, which correspond to Zn 2p;,, and Zn

100

——2ZIF-8
—— AB@ZIF-8

99
L
£ 984
S
()
=

97

96

T T T T T
50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 4 Thermogravimetric analyses of pristine ZIF-8 and AB@ZIF-8.
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Fig. 5 XPS spectra of ABQZIF-8 for (a) B 1s, (b) N 1s, (c) C 1s, and (d) Zn 2p. The deconvolution was made with a Gaussian fit. The binding energies in eV

and the associated bonds are indicated.

2Py, respectively.*>** The binding energy distance between these
peaks is 23.1 eV, indicating a 2+ state of the zinc atom.**

3.3 BN@C

The AB@ZIF-8 sample was pyrolyzed under N, at 800 °C, in
order to obtain a structure composed of B, N and C (BN@C).
ICP-MS and elemental analyses were performed to provide a
better overview of the sample composition, obtaining the
following results: B (9.5 wt%), N (21.2 wt%) C (50.8 wt%), Zn
(11.8 wt%) and H (2.9 wt%). The presence of B-O bonds was
detected by ''B MAS NMR and XPS in the AB@ZIF-8 composite,
and some oxygen atoms might have been present during
pyrolysis. Therefore, the rest of this compound is attributed
to oxygen (3.8% wt). Taking into account the atomic fractions of

each element, the formula of BN@C is thus C; ¢Bg.20No.35-
Hy.6500.05ZN 04. For comparison, the weight percentages calcu-
lated by XPS are 3.8 wt% (B), 20.5 wt% (N), 51.1 wt% (C), and
15.9 wt% (Zn). The results are consistent, except for the boron,
which presents a lower value by XPS. This can be explained by
the possible migration of boron atoms during the analyses due
to the X-ray beam.*® Another plausible reason to explain this is
that XPS only analyzes the surface of the material and it does
not takes into account the bulk material.

The BN@C composite was analyzed by Raman spectroscopy
(Fig. 6a). Two bands can be observed in the spectrum at 1340
and 1585 cm ' (bands D and G, respectively). The G band
originates from the E,; vibrational mode and is related to the
motion between sp> carbon atoms.*® The D band, which stands

a) D b) BN, N,BH BO, BC
1340
G
3 1585 =
) S
= =
Z z
s 5
£ =
0.2
500 1000 1500 2000 2500 3000 3500 50 40 30 20 10 0 -10 -20 -30

Raman Shift (cm™)

Fig. 6

8 (ppm)

(a) Raman spectrum and (b) 11B MAS NMR spectrum of the BN@C composite. The Raman shift in cm™ and the chemical shifts in ppm are

indicated. The chemical environments are highlighted by the coloured rectangles.
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for the “defect”, is originated from the A, breathing mode of
the carbon rings.*” This band also increases and broadens
with the presence of defects. The intensity of the D band in
the sample is greater than that of the G band, indicating a
disordered sample with defects.

BN@C is amorphous (Fig. S7, ESIt). It exhibits two broad
bands between 25-30° and 40-45°. The presence of these
signals is the characteristic from amorphous carbon, but also
from amorphous BN with a weak stacking of the layers.*®

BN@C was analyzed by "'B MAS NMR (Fig. 6b). In compar-
ison with AB@ZIF-8, all the tetracoordinated boron environ-
ments have disappeared. A double-horned broad band has
appeared between 0 and 30 ppm. The environments between
20 and 30 ppm are typical of BN; and N,BH environments,
indicating the formation of BN.* It is likely that other signals
are contributing to the intensity of the band, such as the
BO; environments (around 15 ppm) present in the AB@ZIF-8
sample before pyrolysis. A new band centered at —0.2 ppm
appeared and it indicates the presence of a BC environment."®
This is a first indication that B-C bonds have been formed
during the pyrolysis of the sample.

BN@C was analyzed by XPS (Fig. 7 and Fig. S8, ESI{). The
B 1s spectrum consists of two signals centered at 190.3 and
191.5 €V. The first one is assigned to the B-N bond of BN.”® The
second one is typically from B-O bonds. However, in this case,
it is likely that the B atom is also bonded either to a N atom or
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to a C atom (N-B-O or C-B-O). The N 1s spectrum was
deconvoluted into four signals and they were assigned based
on the literature of similar materials.”*™® The first one, cen-
tered at 398.1 eV, is assigned to the N-B bond of BN, but also to
pyridinic N (a nitrogen on the edge of the carbon structure
linking two carbon atoms). The signals at 399.3, 400.1 and
402 eV are assigned to pyrrolic N (a nitrogen on the edge of the
graphitic structure linking two carbon atoms and a hydrogen
atom), graphitic N (a N atom in the middle of the graphitic
structure linked to three C atoms), and oxidized N (a N atom on
the edge of the carbon structure linking two carbon atoms and
an oxygen atom), respectively. The C 1s spectrum was deconvo-
luted into several signals, and they were assigned.’*® The
peak at 284.4 eV is originated by the C-C bond. The peaks at
285.2 and 286.6 eV are related to C-N and C—N bonds,
respectively. The signal present at 285.7 eV has been ascribed
to the C-B bond, which is in agreement with the B 1s XPS and
the "B MAS NMR spectra of the material. This suggests that
during the pyrolysis process, bonds between C and B are
formed. Finally, the Zn 2p spectrum does not present changes
with respect to AB@ZIF-8, which indicates that Zn is still in a 2+
state (most likely as ZnO, but we do not discard the possibility
that Zn is stabilized within the structure).

With the preceding results, we can now analyse the nature of
the BN@C composite. AB was entrapped within the porosity
of ZIF-8 and subsequently underwent pyrolysis. TEM images
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Fig. 7 XPS spectra of BN@C for (a) B 1s, (b) N 1s, (c) C 1s, and (d) Zn 2p. The deconvolution was made with a Gaussian fit. The binding energies in eV and

the associated bonds are indicated.
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Table 2 CO; uptake capacity of the samples under 1.5 bar and at 30 °C

CO, uptake per specific

CO, uptake per mass unit  surface area unit

Sample cm® g™ mgg ' mmol g’ ecm®m > mg m > mmol m>
ZIF-8 16.1 32 0.7 0.01 0.02 0.56 x 10~°
C800 42.3 83.2 1.9 0.06 0.12 2.7 x 1073
BN@C 43.4 85.5 1.9 0.77 1.52 34 x 1073

revealed that BN@C retained the structure of ZIF-8, suggesting
that BN was formed within the material. This observation may
account for the discrepancy in elemental boron quantification
between XPS and ICP-OES analyses. As XPS analyses a few
nanometers of the surface, it is possible that a significant
portion of boron resides within the structure.

Analyses of Raman spectroscopy, elemental composition,
and XPS C 1s all indicated a substantial amount of carbon with
various bonding types (C-C, C-B, and C=N). Both "'B MAS
NMR and XPS B 1s analyses confirmed the formation of boron
nitride and the existence of B-C bonds. XPS N 1s analysis
corroborates the formation of BN and shows diverse environ-
ments within the carbon structure (pyrrolic, graphitic or oxidized
nitrogen). In summatry, it is plausible that BN@C is a composite
comprising graphite/graphene (doped with nitrogen), boron
nitride and regions of boron carbon nitride.

3.4 CO, adsorption experiments

The CO, sorption capacity of the BN@C composite was eval-
uated under nearly room conditions. For comparison, we also
assessed the sorption capacity of pristine ZIF-8 and C800.

As shown in Table 1, the SSAs of ZIF-8, C800 and BN@C are
1281, 658 and 56 m> g ', respectively. The samples were
degassed before the analysis and then they were exposed to a
CO, atmosphere at a constant temperature. The estimated
adsorption capacity is presented in Table 2. The pristine ZIF-
8 was able to capture 0.72 mmol CO, g ' at 1.5 bar CO, and
30 °C. This value is in line with the ones reported in the
literature. For example, one study reported an adsorption of
0.65 mmol CO, g~ ' at 1 bar and 30 °C by ZIF-8,%” whereas
another one reported a value of 0.8 mmol CO, g’1 at 1 bar CO,
and 25 °C.*®

Table 3 CO, uptake by different BN- and ZIF-8-based materials

View Article Online
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C800 and BN@C exhibited enhanced CO, adsorption. Under
the same conditions, C800 adsorbed 1.89 mmol CO, gfi, and
BN@C at 1.94 mmol g~ *. At 0 °C and 45 °C, BN@C exhibited
CO, adsorption capacities of 2.26 mmol CO, g~ * and 1.48 mmol
CO, g, respectively (Table S1, ESIt). Using these data, we
calculated the isosteric enthalpy of adsorption of BN@C using
the Clausius-Clapeyron equation resulting in a value of —12 +
4 kJ mol ' This suggests that the adsorption mechanism
involves only physical interactions, as values of AH,qs >
—50 kJ mol " are typical for physisorption (Fig. S9, ESIY).

Although the CO, uptake per mass unit of BN@C is similar
to that of C800, the scenario changes when considering the
specific surface area. Compared to ZIF-8, the CO, uptake per
surface area unit of BN@C is more than 60 times higher (0.56 x
10> mmol m 2 vs. 34 x 10" mmol m ?), and compared to
C800, it is more than 10 times higher (2.7 x 10~ mmol m ™2 vs.
34 x 107> mmol m~?). The specific surface areas of ZIF-8 and
C800 are 22 times and 10 times higher, respectively, than that
of BN@C. Despite this, BN@C adsorbs more CO, per area unit,
suggesting that the presence of active sites for CO, adsorption has
a strong impact on the adsorption properties of the material.

Given the nature of BN@C, different active sites may exist
within the composite structure. Theoretical calculations have
identified strong adsorption sites in boron carbon nitride
materials:®® (i) weakly negative charged nitrogen atoms bonded
with at least one carbon atom; (ii) boron atoms bonded with
three nitrogen atoms, attracting the negatively charged oxygen
of the CO, molecules; and (iii) carbon bonded with two nitro-
gen atoms, exhibiting a slightly positive charge that can attract
CO, molecules. Another theoretical study suggests that CO,
molecules tend to adsorb on B-C sites, although they also
adsorb on other sites (C-C, B-N, and C-N).®® Yet, another study
proposes that boron vacancies within the boron nitride struc-
ture can enhance CO, sorption.®” Experimental observations
support some of these points. It has been reported that N-
doped graphene enhances CO, adsorption capacity at different
temperatures compared to pristine graphene, due to the
presence of local Lewis basic sites, such as the different
nitrogen species present in the structure (e.g. pyridinic and
pyrrolic).®®*®® The nitrogen atom bonded to a boron atom was
also found to be an active site for CO, adsorption.”®

CO, uptake

Material T (°C) P (bar) SSA (m* g™") mmol g~ " mmol m > Ref.
AB pyrolyzed at 800 °C 30 1.5 — 1.46 — 23
BN@C 30 1.5 56 1.94 34 x 107° This work
Porous h-BN 25 1 212 0.86 4x107° 59
Porous h-BN doped with carbon 25 1 727 3.91 5x10° 18
NH;-treated carbon derived from ZIF-8 20 1 805 1.49 81 x 10 60
ZIF-8 modified with NH; 25 1 972 0.56 0.5 x 1073 61
Flower-like BN nanosheets 25 1 1114 0.85 0.7 x 107 62
Ordered mesoporous BCN 25 1 1166 1.64 1.4 x 1073 63
ZIF-8 modified with PEI 30 1 1312 0.92 0.7 x 1073 57
Porous BN 25 1 1585 1.22 0.7 x 1073 64
BCN conjugated nanoporous carbon 25 1 2108 2.38 1.1 x 1073 65

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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As evidenced by the characterization results, our BN@C
likely contains numerous active sites for CO, adsorption (as
those mentioned above). This may thus explain the high
capture capacity in terms of the specific surface area.

When compared to similar materials under similar condi-
tions, the BN@C composite shows an improvement in CO,
capture capacity (Table 3). Porous materials based on B, N and
C have a superior adsorption capacity per mass unit, but when
it is compared in terms of the SSA, our material presents a
higher capacity. It is thus clear that to improve the overall CO,
adsorption, the synthesis of porous boron-, carbon-, and
nitrogen-based materials is desirable.

4. Conclusions

In this study, a composite made of carbon and boron nitride
was obtained via the confinement of AB into a MOF, ZIF-8.
In the first step, we trapped AB inside the structure of ZIF-8
through a novel one-pot synthesis method that we developed.
Through different characterization techniques, the successful
infiltration of AB was demonstrated. In the second step, the
material was pyrolyzed at 800 °C. The pure ZIF-8 showed a BET
specific surface area of 1281 m* g ', whereas for BN@C, it
measured 56 m> g~ '. The decrease in the specific surface area
can be attributed to the inclusion of BN within the pores. The
pyrolysis process led to a composite made of graphene/
graphite, boron nitride and boron carbon nitride.

The CO, adsorption capacity of the composite was assessed.
When considering the uptake per mass unit, the BN@C com-
posite exhibited more than double the CO, adsorption of
pristine ZIF-8 (1.94 vs. 0.72 mmol g~ '). In comparison to ZIF-8
treated at 800 °C, the improvement was minimal. However,
when evaluating the uptake per specific surface area unit,
BN@C demonstrated a CO, adsorption approximately 60 times
greater than that of ZIF-8 (34 x 102 vs. 0.56 x 10> mmol m2).
Compared to ZIF-8 treated at 800 °C, the uptake was increased
by over 10 times (34 x 1072 vs. 2.7 x 107** mmol m™?).

Despite the lower specific surface area of BN@C, the com-
posite displayed a higher capacity for CO, per specific surface
area unit compared to similar materials. This suggests the
presence of various defects and other active sites for CO,
adsorption (e.g. polarized B-C, B-N and C-N bonds), enhancing
gas capture. We conclude that a high density of active sites is
more important than a large specific surface area, at least
under the conditions applied in this study. Additionally, it is
plausible that by controlling the B/C ratio, and thus the number
of active sites, one can tailor the adsorption properties of the
structures. Experiments are currently underway to investigate
these points.

Our primary goal was to enhance the adsorption capacity of
BN structures by incorporating carbon, and we successfully
achieved this objective. It is much likely that the design of
porous materials based on boron, nitrogen and carbon might
improve the CO, adsorption, which open new perspectives for
boron-based materials.
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