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Abstract: Borocarbonitrides (BCNs), a new class of ternary materials combining boron,
carbon, and nitrogen atoms, have emerged as promising candidates in decarbonization
technologies due to their unique physicochemical properties. BCNs offer an adjustable
atom composition and electronic structure, thermal stability, and potentially a large specific
surface area, which are attractive features for efficient interactions with carbon dioxide.
These make BCNs suitable for carbon dioxide capture, storage, and catalytic conversion ap-
plications. Furthermore, BCNs have the potential to (electro)catalyze the synthesis of green
fuels, such as hydrogen, as well as that of other hydrogen carriers such as ammonia. With
this review, we examine the recent advances in BCN synthesis methods, characterization,
and functional applications while focusing on their role in the decarbonization technolo-
gies mentioned above. We aim to highlight the potential of BCNs to drive innovation in
sustainable carbon management. Additionally, in the last section of this paper, we discuss
the challenges and prospects of BCNs in decarbonization and beyond.

Keywords: borocarbonitride; decarbonization; boron; carbon; nitride; carbon dioxide;
hydrogen; ammonia; catalysis; gas adsorption

1. Introduction
Economic development and societal well-being depend significantly on energy. How-

ever, the methods we use to produce, convert, and consume energy are the largest sources
of greenhouse gas emissions, particularly carbon dioxide (CO2), making them primary
contributors to climate change. The electric power and transportation sectors alone account
for more than 50% of greenhouse gas emissions released into the atmosphere [1].

The primary aim of decarbonization technologies is to reduce greenhouse gas emis-
sions by 80–100% by 2050 [2]. These technologies encompass a broad range of approaches,
including CO2 capture, transformation, and storage, as well as alternative energy sources
that do not emit CO2 during use, such as hydrogen. Hydrogen (H2) is a zero-emission
fuel and energy carrier with considerable potential to contribute to decarbonization [3].
Hydrogen can be used in its pure form or within other carriers, such as ammonia (NH3) or
liquid organic compounds [4,5]. However, current H2 production relies heavily on fossil
fuels, creating a feedback loop between CO2 emissions and energy demand. To break
this cycle, it is essential to develop greener methods to produce H2 and its carriers, such
as electrolysis, photolysis, or the use of biomass [6]. A wide range of materials has been
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investigated for CO2 capture and conversion and for H2 production, including zeolites,
carbon-based materials, metal-organic frameworks (MOFs), and both metal-based and
metal-free semiconductors and catalysts [7,8]. Among these, borocarbonitrides (BCNs)
have recently garnered attention for their potential applications in decarbonization and
related fields.

Figure 1 shows the ternary phase diagram for boron, carbon, and nitrogen, with
each triangle vertex representing a single element [9]. The carbon vertex includes various
allotropes, such as graphene and fullerene. At the boron vertex, materials like boron clusters
and borophene are represented. The nitrogen vertex features nitrogen-based structures,
such as cubic gauche nitrogen, which has been experimentally investigated under extreme
conditions (over 2273 ◦C and 110 GPa) [10]. Binary materials—such as boron carbide,
carbon nitride, and boron nitride—can be found along the edges of the triangle. BCNs are
located at the center of the triangle and have a general stoichiometry of BxCyNz.
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Graphene, the first two-dimensional (2D) material reported in the literature, consists of
a single layer of sp2-hybridized carbon atoms arranged hexagonally and bonded covalently
(Figure 2a) [11]. Boron nitride (BN) is composed of a network of alternating boron and
nitrogen atoms. Four types of BN are known: one is amorphous BN, and three are crys-
talline. The crystalline forms are as follows: cubic BN, which resembles diamond; wurtzite
BN, a metastable phase that forms under high pressure; and hexagonal BN (h-BN) [12].
h-BN consists of a layered structure reminiscent of graphene (Figure 2b), whose layers are
composed of boron and nitrogen atoms linked by strong, polarized covalent bonds and
held together by van der Waals forces.

Borocarbonitrides are characterized by a hexagonal network of covalent bonds, in-
cluding C–C, C–N, C–B, and B–N. While some authors have stated that there are no B–B
or N–N bonds in these structures, experimental studies have detected the presence of
homopolar B–B bonds [13]. Even if the term “borocarbonitride” is often used broadly in
the literature, a clear distinction should be made: phase-separated BCNs, which consist of
distinct, segregated regions of graphene and boron nitride (Figure 2c), and homogeneous
BCNs, where the B, C, and N atoms are uniformly mixed (Figure 2d). Sometimes, the
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borocarbonitride term has been used for B-doped graphitic carbon nitride, C-doped h-BN,
or B- and N-doped carbon. For the purpose of this study, we have considered all of these
materials for the selected applications. However, we suggest that a clear classification
should be considered, which will be further developed in Section 4.
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BCNs have properties that fall between those of graphene and BN. For example,
graphene is a conductor with zero bandgap, and BN is an insulator with a bandgap
of about 6 eV [14]. The bandgap of BCNs can be tuned within this range, based on
the carbon content in the structure, but it is not the only property that can be modified.
Other properties of BCNs, such as optical, thermal, and chemical characteristics, can
also be tuned by adjusting the content of carbon, boron, and nitrogen atoms within their
structure. Although most BCNs reported (see Section 2.2.2) present an amorphous structure,
theoretical calculations have predicted several crystal structures that are dynamically stable
under ambient conditions [15–20]: hexagonal (and trigonal), cubic, orthorhombic, and
monoclinic. Experimentally, a cubic phase of BC2N was obtained under extreme conditions
(2150 ◦C and 7.7 GPa) [21].

Due to their unique tunable physicochemical properties, experimental and theoret-
ical studies have investigated the properties of BCNs for different applications, includ-
ing electrochemical energy storage [22–24], sensors [25], the detection/adsorption of gas
molecules [26–32], catalysis [33–35], optoelectronic devices [36–39], hydrogen peroxide
H2O2 production [40–42], the selective oxidation of hydrogen sulfide [43], Knoevenagel
condensation reactions [44–46], the Groebke–Blackburn–Bienayme reaction [47], wastew-
ater treatment [48–58], super-wear-resistant coatings [59], thermal interface devices [60],
solar cells [61], low-dissipation high-speed nanoelectronics [62], high-temperature lubri-
cants [63–65], and as sorbents for paraben compounds [66].

In particular, and this is the focus of this review article, BCNs exhibit promising fea-
tures for decarbonization technologies, such as gas adsorption and serving as metal-free
catalysts in different reactions for both CO2 utilization and renewable fuel synthesis. Ac-
cordingly, we aim to assess recent advances in the performance of BCNs in decarbonization
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alternatives, with particular emphasis on CO2 conversion processes, and in the synthesis of
value-added fuels, described in Section 3 (including gas adsorption, metal-free catalysis,
photocatalysis, and electrocatalysis). We also analyze some innovative approaches for
the synthesis and fabrication of BCN materials, highlighting the use of different chemical
precursors, and offer a short, comprehensible characterization guide for BCNs with the
most used techniques, as reported in the related literature. Finally, we explore future
perspectives and challenges for advancing BCN applications.

2. Synthesis and Characterization of Borocarbonitrides
2.1. Synthesis

Various methods have been explored for synthesizing BCNs, each employing distinct
precursors. The syntheses can be categorized based on the types of precursors selected
to provide the boron, carbon, and nitrogen elements. Thus, this section presents a clas-
sification of the main types of precursors used in BCN synthesis instead of classifying
the synthesis approach by method. The selection of precursors plays an important role
in determining the properties of BCNs. For instance, the elemental composition of the
precursors—specifically the proportions of boron, carbon, and nitrogen—influences the
properties of the final BCN. Additionally, certain precursors can result in distinct morpho-
logical variations, further impacting the material’s characteristics. These will be discussed
in the following paragraphs.

h-BN and graphite have been used as precursors and targets for fabricating BCN thin
films using physical vapor deposition (PVD) techniques, such as radio frequency magnetron
sputtering or a combination of vacuum arc deposition and magnetron sputtering [59,67].
Otherwise, these precursors can react at high temperatures (annealed between 600 and
1000 ◦C) to produce oxygen-free BCN nanosheets with varying carbon content [39]. Boron
carbide (B4C) was also explored in one study as a potential carbon source for BCN thin-film
growth by PVD, and it allowed for the tuning of the carbon content in the BCN films
produced [68].

Combining three precursors, each one for one element (boron, carbon, and nitrogen),
is one of the most used methods for producing BCN. The most commonly reported carbon
sources include activated carbon [69], dextrose C6H12O6 [70,71], and glucose [72]. Coconut
shells or orange peel extracts have been used as precursors for producing activated carbon,
before its use as a source of BCN [73,74]. To provide the boron and nitrogen atoms, boric
acid (B(OH)3) and urea ((NH2)2CO) are widely used. BCN production typically involves
mixing the three precursors (either in the solid state using a mortar or in water assisted by
sonication), followed by heating the homogeneous mixture at temperatures of 900–1350 ◦C
under a nitrogen (N2) atmosphere or NH3 for 1 to 10 h. For example, an exfoliating process
between h-BN and graphene followed by a heat treatment at 850 ◦C introduces carbon
atoms into the BN lattice (carbon doping), leading to the formation of B–C, N–C, and C–C
bonds, which confirms the successful production of BCN nanosheets [75]. BCN powders
can be obtained by using exfoliated graphene, B(OH)3, and (NH2)2CO as the carbon, boron,
and nitrogen precursors, respectively [76]. A BCN powder synthesized using this method
was subsequently used to deposit thin films onto sapphire substrates kept at 800 ◦C, using
pulsed laser deposition [77].

Additional precursors can be added to the B(OH)3, (NH2)2CO, and carbon source
mixture, for example, melamine (C3H6N6) and sodium hydroxide NaOH (2–3 wt%) [78].
While melamine serves as an additional source of carbon and nitrogen, NaOH has a
dual role, as it catalyzes the decomposition of the precursors to allow the homogeneous
dispersion of carbon, and it acts as a crystallization promoter. Instead of using three
precursors, melamine can be used solely with the boron source B(OH)3. BCN thin films can
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then be prepared by using one equivalent of melamine and two equivalents of B(OH)3 upon
heating at 300 ◦C for 30 min and then 550 ◦C for 4 h under a nitrogen atmosphere; it is worth
mentioning that mixing the two precursors in water at 100 ◦C, in a preliminary step, results
in a cocrystal—where all of the elements are thus homogeneously distributed—which has
a monoclinic structure with a P21/c space group [79].

In many cases, the mixture of melamine and boric acid as precursors is used to obtain
boron-doped graphitic carbon nitride (g-C3N4) [80–82]. Alternatively, a melamine–boric
acid adduct has been proposed as a precursor, and its thermal decomposition products at
550 ◦C can be used to fabricate BCN thin films by chemical vapor deposition (CVD) [83].
The as-produced BCN films showed increased crystallinity and stability to oxidation with
the increase in boron content in the films. Moreover, a melamine phosphate borate adduct
was prepared by mixing melamine, boric acid, and phosphoric acid, which were pyrolyzed
together with glucose and urea, obtaining a BCN with large specific surface area (SSA) [84].

An alternative source of carbon and nitrogen is glycine, NH2CH2COOH; when mixed
with B(OH)3, it produces BCN nanotubes upon heating at 900–1000 ◦C in a nitrogen
atmosphere, with a yield of 75% [85]. Other nitrogen-based compounds have been tested
as sources of this element, such as casein, aminoguanidine, dicyandiamide, ammonium
chloride, or ammonia borane (AB, NH3BH3) [86,87]. Ammonia borane is also a boron
source. One study used the gaseous products released by AB at 160 ◦C to further make them
react with melamine to produce BCN thin films on a sapphire substrate at 650 ◦C [88]. AB
has also been used together with methane (CH4) and nitrogen to produce BCN nanosheets
using radio frequency Inductively Coupled Plasma [89].

AB is a well-known precursor of boron nitride and the simplest representative of
amineboranes, a family of compounds composed of boron, nitrogen, and carbon [90,91].
Using a single amineborane precursor is a promising approach to obtain BCNs. Methy-
lamine borane (CH3NH2BH3) is a typical example, containing one atom of each element
(excluding hydrogen). Its melting point of 55 ◦C and decomposition temperature above
100 ◦C make it a suitable single precursor of BCN thin-film production by CVD and
microwave-assisted plasma-enhanced chemical vapor deposition [92,93].

An alternative to methylamine borane with the same B:C:N atomic ratio is ethane 1,2-
diamine borane (BH3NH2CH2CH2NH2BH3), containing two atoms of each element [94–96].
The synthesis of BCN thin films on a copper foil has been successfully demonstrated from
dimethylamine borane ((CH3)2NH2BH3) [97] and trimethylamine borane
((CH3)3NH2BH3) [98]. A promising amine borane with a cyclic structure is bis-BN cy-
clohexane (C2N2B2H6). BCN films grown by CVD using this precursor showed covalent
B2C2N2 rings, indicating that the precursor molecule remained intact on the substrate
surface [99].

This paves the way for synthesizing structure-controlled BCN materials using specifi-
cally designed cyclic precursors. Alternatively, a single organic-inorganic precursor was
produced by mixing boric acid and ethylenediamine in water, which was further treated
under an ammonia atmosphere at 1200 ◦C to yield a homogeneous BCN (Figure 3a) [100].

Also interesting is the utilization of alternative precursors such as an ionic liq-
uid, a MOF, and elemental boron. Ionic liquids can be used as a single precursor
for BCN production. One example is 1-ethyl-3-methylimidazolium-tetracyanoborate
[CH3(N2C3H3)C2H5

+][B(CN)4
−], which produces a BCN with the composition BC3.1N0.96

when heated at 1400 ◦C under a nitrogen atmosphere [101]. Ionic liquids can also be em-
ployed to incorporate boron atoms into a carbon structure: 1-butyl-3-methylimidazolium
tetrafluoroborate (BmimBF4) was mixed with melamine in water, and through further
pyrolysis at 500 ◦C, B-doped g-C3N4 was obtained [102]. A boron-based MOF, [Zn4(1,4-
ndc)3(bim)2]·2H2O (with bim = tetrakis(1-imidazolyl)borate, and 1,4-ndc = napthalenedi-
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carboxylate), was used as a single precursor to obtain a BCN after pyrolysis at 450 ◦C
under a nitrogen atmosphere [103]. Elemental boron has also been used as a target material,
combined with a mixture of argon, N2, and CH4 gases. BCN films were grown on WC-Co
substrates using a sputtering–PBII hybrid system, a combination of sputtering and pulsed
laser deposition [65].

Original synthesis approaches have been explored to obtain BCNs presenting unique
morphologies. Two-dimensional structures can be obtained through the molten salt method,
which involves adding an ionic salt (sodium or potassium chloride NaCl/KCl or a mixture
of both) to the BCN precursor mixture, which is then annealed under an inert atmo-
sphere [104]. This has been proved successful, as ultrathin BCN nanosheets have been
obtained through this approach [72,105]. Two-dimensional BCN nanosheets were also ob-
tained by pyrolyzing a precursor mixture made of formamide CH3NO and boric acid [106].
A highly mesoporous BCN was obtained through the infiltration of a mixture of AB and
sucrose into a structured template (silica SBA-15) and its further pyrolysis and template re-
moval (Figure 3b) [107]. A mixture of glucose, boric acid, and melamine was freeze-dried at
−53 ◦C and 0.4 mbar and further pyrolyzed at 1000 ◦C for 2 h under a nitrogen atmosphere
to obtain BCN aerogels [108].
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Single aminoborane precursors were used to produce porous BCN foams (Figure 3c) by
CVD using nickel foam as a hard template [109]. A BCN with a coral-like morphology was
obtained through the pyrolysis of a boron-imidazolate MOF (Figure 4a) [103]. A BCN with
a rice-grain morphology was obtained through the pyrolysis of a boric acid and hexamine
mixture (Figure 4b) [110]. Nanostructured BCN spheres were produced by a reverse micelle
approach, in a system using AB and hexadecylamineborane as precursors, and acetonitrile
and cyclohexane were used as the solvent and counter solvent, respectively. The reverse mi-
celles were further polymerized and pyrolyzed to obtain BCN nanospheres (Figure 4c) [111].
A BCN obtained by using NaBH4, NaN3, and alcohol resulted in nanoplates with a triangle
shape (Figure 4d) [112]. From a composite obtained by confining AB molecules inside
the porosity of a ZIF-8 MOF, which was further pyrolyzed at 800 ◦C under a nitrogen
atmosphere, a BCN keeping the hexagonal crystal morphology of the parent ZIF-8 was
produced (Figure 4e) [113]. BCNs with an octahedral morphology were obtained using a
boron-imidazolate framework (BIF-20) as a precursor (Figure 4f) [114].

Figure 4. Borocarbonitrides with (a) coral-like (reprinted with permission from Ref. [103]. Copyright
2013, Wiley); (b) rice-grain (reprinted with permission from Ref. [110]. Copyright 2018, American
Chemical Society); (c) spherical (reprinted with permission from Ref. [111]. Copyright 2023, MDPI);
(d) triangular (reprinted with permission from Ref. [112]. Copyright 2017, Elsevier); (e) hexagonal
crystal [113]; and (f) octahedral morphology (reprinted with permission from Ref. [114]. Copyright
2023, Elsevier).

This section has reviewed the use of different precursors to synthesize BCNs through
various approaches. A wide variety of precursors have been explored, such as melamine,
boric acid, MOFs, and ionic liquids. Notably, single-source precursors like amine boranes
offer a promising route for simplified BCN synthesis. Additionally, precursor choice can
influence BCN morphology, with techniques like molten salt methods, reverse micelles, or
hard templating enabling the creation of 2D structures and nano- and porous structures.
This diverse range of choices emphasizes the potential for tuning BCN materials to meet
specific applications.
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2.2. Characterization
2.2.1. Elemental Analysis

The elemental composition of BCNs can be determined using Energy-Dispersive X-
ray (EDX) spectroscopy. For BCNs produced from h-BN and graphite at temperatures
ranging from 600 to 1000 ◦C, EDX spectra have revealed that the carbon content in the
BCNs increases as the heating temperature increases [39]. For example, the BCN obtained
at 800 ◦C contained approximately 23% of carbon, while the amount of carbon in the
BCN produced at 1000 ◦C was approximately 45%. In a BCN whose crystallinity was
promoted by NaOH, the EDX spectrum did not show the presence of sodium, confirming
that this element was not integrated in the BCN structure [78]. EDX analysis is also
a preliminary method for checking the presence or absence of oxygen, which may be
due to the oxidation of the BCN [39,70]. The elemental composition of BCNs can also
be determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) or Optical
Emission Spectroscopy (ICP-OES) [96,115] and by CHN elemental analysis.

X-ray Photoelectron Spectroscopy (XPS) is a relevant surface technique for analyzing
BCNs, especially those presented in the form of thin films. For example, a BCN thin film
produced from ethane 1,2-diamine borane at 1000 ◦C was found to have a carbon-rich
composition with a B:C:N atomic ratio of 0.11:0.76:0.13 [95]. In a BCN produced by the
dual-target sputtering of B4C and BN, 2–6% of oxygen was detected. The oxygen was
bonded to all of the B, C, and N atoms in the material [68].

Other characterization techniques include Electron Energy Loss Spectroscopy (EELS)
and Thermogravimetric Analysis (TGA). EELS allows for the identification of elements
through the observation of their spectral bands: boron (B) K-edges at approximately 194 eV,
carbon (C) K-edges at approximately 286 eV, nitrogen (N) K-edges at approximately 400 eV,
and oxygen (O) K-edges at approximately 535 eV [83]. TGA performed in an oxygen atmo-
sphere allows for the quantification of carbon content (based on the weight loss associated
with the release of carbon dioxide) and provides an insight into the material’s composition,
such as (BN)0.7C0.3, which was further confirmed by XPS and EDX analyses [69].

2.2.2. Structural Analyses

The X-ray Diffraction (XRD) pattern of BCN typically shows two broad peaks
(Figure 5a). The first peak appears at 24◦–26◦ and is assigned to the (002) reflection plane,
which is typical of the interlayer spacing in graphite-like domains [116]. For example, the
d-spacing calculated for the (002) peak of a BCN produced from a mixture of dextrose, boric
acid, and urea was found to be 0.339 nm, which is slightly higher than the 0.334 nm for h-
BN, which suggests the successful incorporation of carbon atoms into the BN structure [71].
Indeed, the broadening and shift of the (002) peak to slightly lower angles, compared to
the peak for BN, indicate that carbon atoms have been introduced into the boron nitride
lattice, resulting in a BCN [75]. A similar shift is observed with a higher carbon content in
BCNs due to an increase in structural defects [73]. The second diffraction peak is centered
at 42◦–43◦ and is assigned to the (100) reflection plane. It is characteristic of the in-plane
lattice parameter of the six-membered ring [117].

Disordered nanosized domains and crystallite sizes of 9–10 nm have been reported
accordingly [69–71]. Additional diffraction peaks at higher 2θ angles, such as the (101),
(004), and (110) reflection planes, can be observed for a NaOH-promoted highly crystallized
BCN [78]. Similar observations were reported with Wide-Angle X-ray Scattering analysis,
revealing the (002) and (100) reflection planes, as well as the (110) planes, whose presence
indicates high conjugation on the analyzed BCN [101]. Concerning the (002) reflection
plane, a broadening and shifting to lower angles indicated a larger interlayer distance
(0.364 nm) than that of both h-BN (0.333 nm) and graphite (0.335 nm).
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High-Resolution (HR) Transmission Electron Microscopy (TEM) images and Selected-
Area Electron Diffraction (SAED) patterns can also be used to assess the amorphous state
or the low or high crystallinity of a BCN sample (Figure 5b). The hexagonal symmetry
of a BCN is generally evidenced by SAED, with diffraction rings corresponding to the
(002), (100), and (110) reflection planes, which have interplanar distances of 0.34, 0.22, and
0.12 nm, respectively [73,75,92,93]. In a few cases, the polycrystalline nature of a BCN
has also been concluded based on the presence of continuous diffraction rings [92,93].
Additional diffraction rings due to the (101) and (004) reflection planes of a BCN were also
reported [89].

The spectral bands observed on EELS spectra often corroborate the hexagonal structure.
BCNs generally show sharp and intense π* resonances due to sp2 conjugation that is
achieved through the sample [69,79,89,92,93].

2.2.3. Spectroscopic Analyses

Almost all BCNs reported so far have been systematically analyzed using IR, Raman,
and XP spectroscopies to confirm the formation of a BCN through the observation of C–B
and C–N bonds, in addition to the C–C and B–N bonds that are characteristic of graphite
and h-BN, respectively. In a few cases, Magic-Angle Spinning Nuclear Magnetic Resonance
(MAS NMR) has been used to characterize BCN materials.

The IR spectrum of BCNs is generally scrutinized at two different ranges of wavenum-
bers. Between 2500 and 500 cm−1, the vibration modes of the aforementioned bonds can
be visualized: at approximately 760 cm−1, the out-of-plane B–N–B; at 1380 cm−1, the in-
plane B–N; at 1600 and 1020 cm−1, the sp2 C–N bond; at 2170 cm−1, C≡N; and at 661 and
1080 cm−1, the sp2 B–C bonds [118,119]. The second wavenumber range is between 3600
and 3000 cm−1 and is typical of vibrations due to N–H and O–H bonds. Their presence
can be attributed to adsorbed water (H–O–H), the formation of borates (B–O–H bonds),
and terminal bonds (e.g., for N–H) [80,103]. The presence of B–O–H bonds is generally
corroborated by a vibration due to B–O at approximately 1440 cm−1 [59].

Raman spectroscopy is a useful technique to determine if the atoms of BCNs are well
mixed (homogeneous BCNs) or if they are arranged in big, separate domains of graphene
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and h-BN (phase-separated BCNs). Different studies suggest that these different types of
BCNs present different Raman spectra.

On the one hand, the Raman spectrum of phase-separated BCNs shows the typical D
and G bands of graphitic sp2 materials, located at 1340–1360 cm−1 and 1570–1605 cm−1,
respectively [95,97] (Figure 6a). The D band is attributed to in-plane B–N vibrations [120],
while the G band is suggested to arise from the E2g band of graphene-like domains [121].
The spectrum shows additional bands at higher wavenumbers due to combination modes,
such as the 2D band at 2710–2740 cm−1 and the D+G band at 2920–2950 cm−1. Both bands
are characteristic of sp2 conjugation in graphitic materials like BCNs [93]. The D and G
bands can be further analyzed in three ways. Compared to those of h-BN and graphite,
they are generally broader. This broadening is explained by an increase in defect sites due
to the incorporation of boron and nitrogen in the carbon network (or the incorporation of
carbon in the BN network) [89]. In addition, both bands exhibit shifts in comparison with
BN and graphite, suggesting the presence of different boron, carbon, and nitrogen bonds
in the BCN structure [101]. This also indicates an increase in internal stresses induced by
distortions in bond lengths and in defect sites and a decrease in the crystallinity of the
material [89,93]. Finally, the intensity ratio of the D and G bands can be used to confirm
an increase or decrease in defect sites. A higher D-to-G intensity ratio indicates a higher
proportion of BN in BCN, corresponding to more defects and disorders [73,89]. On the other
hand, absorption bands are absent in the Raman spectra of homogeneous separated BCNs
(Figure 6b). This has been attributed to well-mixed boron, carbon, and nitrogen atoms in
the hexagonal network, as this disrupts the symmetry of graphite and h-BN [122], which
leads to the disappearance of the E2g vibration and the G mode due to the in-plane atomic
displacements [100,123]. This also means a lack of ordered graphene or h-BN domains with
a specific size, which prevents their contribution to the Raman spectrum [124].
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XPS allows for a comprehensive analysis of BCN nanosheets (of several layers) and a
surface analysis of bulkier BCNs (with thicknesses greater than a few nanometers). The
B 1s spectrum, after deconvolution, should show the two signals due to B–N and B–C
bonds. In references [75,78,95,97], these signals are reported to peak at 190.5 ± 0.5 eV and
189.6 ± 0.2 eV, respectively. Other studies have reported peak positions of approximately
191.5 and 190.5 eV [85,92]. Even higher binding energies (1 eV higher) have been proposed
for both signals [69]. In all cases, the difference between the two signals is approximately
1 eV. For a BCN monolayer obtained from the single precursor bis-BN cyclohexane, the B
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1s spectrum has shown two deconvoluted signals of equivalent intensity, at approximately
189.6 and 189 eV (Figure 7), which have been attributed to the BN2C and BNC2 binding
motifs, respectively [99]. For the BC3 binding motif, where boron does not bind nitrogen,
the corresponding signal peaks at 189.8 eV [101]. With respect to the BN3 binding motif, the
corresponding binding energy has been reported as approximately 192 eV [79]. The surface
of BCNs is often oxidized, as evidenced by a signal at a higher binding energy (192–193 eV)
and of lower intensity attributed to B–O bonds [68,78,85,93,97,101]. Comparing the intensity
of the signals due to the B–N and B–C bonds provides a qualitative approach to identifying
the dominant bonds. For example, a BCN produced from an amine borane precursor
generally shows a B–N signal of higher intensity, indicating that boron is primarily bonded
to nitrogen [92,95].
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single precursor [99].

The N 1s spectrum, after deconvolution, typically shows two main signals: 398.4 ± 0.5 eV
for N–B and 399.8 ± 0.2 eV for N–C [75,89,92,93,97]. However, similar to the deconvoluted
B 1s spectrum, there is some discrepancy in the reported binding energies. For example, the
signal at 398.8–399 eV has also been ascribed to the N–C bond, while the signal related to the
N–B bond has been reported to peak at lower binding energies (397.7 eV) [78,85]. A closer
examination reveals other signals such as pyridinic nitrogen at 398.2 eV, pyrrolic nitrogen
at 399.2 eV, and graphitic nitrogen at 400.8 eV [69,73,79]. The oxidation of nitrogen in a
BCN leads to N–O bonds, which are observable at higher binding energies. Values between
400.5 and 405 eV have been reported [68,94]. Binding energies a few tenths above 400 eV
have also been attributed to terminal N–H and pyridinic N–C bonds [79,85]. For a BCN
monolayer directly obtained from bis-BN cyclohexane, the N 1s spectrum has shown two
deconvoluted signals of roughly equivalent intensity, at approximately 397.7 and 397 eV
(Figure 7), which are attributed to the BNC2 and B2NC binding motifs, respectively [99].

The deconvoluted C 1s spectrum usually shows signals corresponding to the C–
B, C–N, and C–C bonds. The binding energies evidencing C–B bonds are observed at
283.7 ± 0.6 eV, while the C–N bond is observed at higher binding energies, typically
around 285.7 ± 0.5 eV [68,85,92,93,95]. In some studies, the deconvolution has allowed for
the distinction between sp2 and sp3 C–N bonds, with binding energies of 286.0 ± 0.5 and
287.7 ± 0.4 eV, respectively; additionally, the presence of sp2 C–C bonds at 284.4 ± 0.4 eV
and sp3 C–C bonds at 285.2 eV has been detected. In the BCN monolayer directly obtained
from bis-BN cyclohexane, the C 1s spectrum has shown three deconvoluted signals, at
approximately 285, 284 (most intense), and 283.2 eV (less intense) (Figure 7), which are
attributed to the BCN2, BC2N, and B2NC binding motifs, respectively [99]. The partial
oxidation of carbon (e.g., at defect sites) may occur during synthesis or post synthesis. The
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C–O bonds have been associated with oxidation, with surface functional groups, or with
adsorbed CO2, and they are visible between 287 and 290.5 eV [69,78,89,92].

The O 1s spectrum is also useful for cross-checking the possible oxidation of BCN, as
indicated by the spectra discussed above. The signals due to O–B and O–C bonds are, for
example, visible at 532.5 eV and 531.4 eV, respectively, while the presence of O–H can be
detected at higher binding energies [73].

MAS NMR has been employed to identify the chemical environments within BCN
materials, using 11B, 13C, and 15N nuclei to provide insights into their structural properties.
Different environments have been identified for 11B MAS spectra: between 20 and 30 ppm,
trigonal planar BN3 environments attributed to BN graphitic layers and terminal BN2H
are present; the signals between 0 and 15 ppm are associated with trigonal and tetragonal
BOx environments; and BC environments occur between −7 and 0 ppm [113,125,126].
These assignments were supported by Chen et al., by analyzing commercial h-BN, B2O3,
and B4C, which exhibited single peaks centered at 22 ppm, 12 ppm, and −5 ppm, respec-
tively [127]. This same study employed Cross-Polarized 15N MAS NMR to analyze the
samples, identifying three distinct nitrogen environments: N–B3 at −340 ppm, BNHx at
−308 ppm, and N–C at −275 ppm. 13C MAS NMR spectra of BCNs have shown signals
for C–C environments at 125 ppm, attributed to graphitic carbon as in graphene oxide or
graphite, and C–N environments at 157 ppm, assigned to C3N3 rings [122,125]. Zeng et al.
reported the synthesis of a homogeneous BCN that displayed a signal at 139 ppm, which
was also assigned to sp2-hybridized carbon atoms; however, in this case, it is likely that the
well-mixed B, C, and N atoms in the sample shifted the signal towards a higher chemical
shift [100].

Other techniques, though scarcely used, are X-ray Absorption Near-Edge Structure
(XANES) and fluorescence spectroscopy. The C K-edge XANES spectrum shows a peak
at 288.5 eV, which is characteristic of the chemical state of carbon atoms in BCNs [75].
In fluorescence spectroscopy, the BCN surface is first labeled with fluorescent molecules,
which selectively attach to surface carbonyl, carboxyl, hydroxyl, and amine groups, and
then analyzed. This approach allowed for the observation of all of these groups in BCNs
prepared from exfoliated graphene boric acid and urea [76].

2.2.4. Optic Analyses

BCN thin films obtained by CVD using trimethylamine borane as a precursor absorbed
UV-Vis radiation at about 201 and 205 nm [97]. The former absorption corresponds to h-BN,
while the latter indicates bandgap narrowing due to substitutional doping, as expected for
a BCN. This was further supported by computational prediction using the nearest-neighbor
tight-binding model and quantum confinement [128]. The optical bandgap of BCNs can be
modulated by changing the carbon content. For a BCN obtained by a solid-state reaction
of graphene or charcoal, boric acid, and urea, the bandgap increased from 1.93 eV for the
composition (BN)0.28(C)0.72 to 3.41 eV for (BN)0.7(C)0.2. The increase in the optical bandgap
with a decreasing carbon content has been explained by a decrease in the π states from sp2

carbon [77]. Similar trends in bandgap evolution have been reported elsewhere [39,89].
The target sputtering of B4C and BN under ultra-high vacuum produced BCN films

with different bandgaps, varying from 1.9 to 3.7 eV and depending on the compositions
of the materials [68]. In this case, it was found that the increase in the optical bandgap
was related to the increase in the nitrogen content in the structure. The modulation of the
bandgap is also possible by changing the boron content in BCNs [83,88]. By analyzing
g-C3N4 synthesized from melamine and a BCN obtained from a mixture of melamine
and boric acid, the respective bandgaps were found to be 2.78 eV and 3.41 eV [79]. The
introduction of boron into the structure increases the bandgap and reduces the conduction
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band values compared to g-C3N4. This is explained by charge localization at the BN units
of the BCN, resulting in a redistribution of the π-state charges in the lattice.

The UV-Vis spectrum can also be used to distinguish between phase-separated and
homogeneous BCNs [93]. The graphitic nanodomains doped with nitrogen and boron
absorb at 250 nm, and they present a blue shift of the π-band compared to graphite. The
h-BN-rich region doped with carbon shows an absorption peak at 200 nm and a reduced
bandgap compared to h-BN.

2.2.5. Quantification of Acidic and Basic Sites

Temperature-Programmed Desorption (TPD) is a valuable technique for assessing the
acidity and basicity of materials. TPD with CO2 as a probe molecule (CO2-TPD) can be used
to identify basic sites, while TPD with NH3 as a probe molecule (NH3-TPD) detects acidic
sites. In both methods, a higher desorption temperature of the probe molecule correlates
with stronger basic or acidic sites. For example, in CO2-TPD, basic sites are classified based
on desorption temperature: weak basic sites (30–350 ◦C), medium basic sites (350–600 ◦C),
and strong basic sites (>600 ◦C). BCN materials synthesized using various precursors and
methods display differing acidity and basic levels, influenced by specific B and C doping
levels, functional group presence, and defect formation.

B doping in g-C3N4 increases both acidic and basic sites compared to undoped g-C3N4,
with basic site density rising from 0.137 to 0.675 mmol g−1 and acidic site density from
0.057 to 0.173 mmol g−1 [129]. Similar findings from other studies confirm that boron
incorporation into g-C3N4 enhances both types of active sites [80,130]. Wang et al. observed
that increasing the pyrolysis temperature of a BCN derived from NaBH4, NaN3, and alcohol
decreased the basicity of the material [112]. Additionally, Lei et al. noted an increase in the
CO2 desorption peak intensity with higher carbon content in h-BN [131]. A mesoporous
BCN synthesized by Sathish et al. showed a total basicity of 0.813 mmol g−1, with weak
basic sites contributing 0.111 mmol g−1 and strong basic sites 0.702 mmol g−1, explaining
its high affinity for CO2 capture [107].

Weak basic adsorption sites are associated with −OH and −NH2 functional groups,
while medium basic sites are attributed to defects created by dopant elements [81]. UV
irradiation has been shown to excite negative charges within BCN materials, further
enhancing their basicity and thus increasing their CO2 adsorption capacity [132].

3. Application of Borocarbonitrides in Decarbonization Technologies
3.1. Gas Adsorption

Using porous materials for gas adsorption has attracted significant attention due to
their efficiency and selectivity in capturing and storing gases. These materials must possess
key properties, including a high adsorption capacity, a large specific surface area, adjustable
pore sizes, a high density of adsorption sites, chemical stability, and recyclability. BCNs
exhibit these characteristics, making them promising candidates for applications like CO2

capture and H2 storage—both critical for advancing renewable energy solutions.
Table 1 summarizes the few BCN materials developed for H2 storage at 1 bar of pres-

sure and −196 ◦C. Like most porous materials considered for storing H2, BCNs physically
adsorb H2 under such cryogenic conditions [133–135], allowing a storage capacity of 1 to
about 3 wt%. Based on the data provided, it seems that there is not a clear relationship
between the SSA and the amount of H2 stored at 1 bar, whereas, in general, the H2 up-
take is proportional to the SSA [136]. This non-linear trend can be explained by different
reasons, one important one being related to the discrepancies and errors in the methods
and apparatuses used to measure the amount of adsorbed H2 [137]. It thus appears to be
irrelevant to further discuss the data listed in Table 1. Despite this, these few H2 uptake
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data confirm that porous BCN is able to store H2 under cryogenic conditions. Improved
textural properties and an excellent understanding of the surface properties of BCNs could
open new prospects for BCNs in storing this light gas at temperatures higher than −196 ◦C.

Table 2 presents the BCN materials investigated for CO2 adsorption under near-room
conditions. Some of these materials demonstrate superior CO2 adsorption capacities at
higher pressures, which opens the possibility for high-pressure underground storage. At
1 bar CO2 and 25 ◦C, BCN materials have demonstrated adsorption capacities ranging from
0.67 to 3.91 mmol g−1. When reported, the isosteric heat of adsorption falls between 12 and
72 kJ mol−1, indicating that CO2 molecules undergo physisorption on the material. To date,
there is no experimental evidence of chemisorption for BCN materials. Different features of
BCN materials that enhance adsorption capacity have been experimentally identified.

A clear trend in the reviewed literature suggests that micropores predominantly
control the adsorption capacity at low pressure (e.g., 1 bar). As microporosity increases, so
does the CO2 adsorption capacity [32,106,107,127,138]. At higher pressures (e.g., 30 bar),
the SSA becomes more important, with larger pores being filled. Another feature that
enhances the adsorption is the polar B−C and C−N bonds, along with functional groups
like −NH2 or –OH, which act as adsorption sites for CO2 molecules [103,138]. These
functional groups increase the basic character of the material, enhancing CO2 binding.
Additionally, C and O atoms within the BCN structure generate structural defects, which
also serve as adsorption sites. For CO2 adsorbents, good recyclability is essential. BCNs
have demonstrated this property at the laboratory scale, showing a cyclability of between
96 and 100% after five to nine adsorption/desorption cycles [96,111,127].

Table 1. H2 adsorption capacity (mol number adsorbed per gram, nads, and in wt%) at 1 bar H2 and
−196 ◦C and specific surface area, SSA, of different BCN materials.

Material nads (mmol g−1) wt% SSA (m2 g−1) Ref.

Nanoporous coral-like BCN 16.3 3.26 988 [103]
Two-dimensional porous BCN 14.5 2.91 3310 [106]

Graphene-like BCN 13 2.60 2911 [139]
Nanoporous BCN 5.35 1.07 1560 [125]

Table 2. CO2 adsorption capacity (mol number adsorbed per gram, nads, and in wt%) at 1 bar CO2

and 25 ◦C, isosteric heat of adsorption, −∆H (when available), and specific surface area, SSA, of
different BCN materials.

Material nads (mmol g−1) wt% −∆H (kJ mol−1) SSA (m2 g−1) Ref.

Porous BCN 3.74–3.91 16.5–17.2 33.5 ± 1.5 727 [127]
Microporous BCN 3.23 14.2 33 ± 2 511 [96]

Two-dimensional porous BCN 2.39 10.5 - 3310 [106]
BCN with oxygenated surface 2.38 10.4 23.7 ± 1.4 2991 [32]
C-doped BN–UV irradiation 2.38 10.4 - - [132]

Nanostructured BN/C spheres 1.97 8.6 27.5 ± 2.5 767 [111]
C/BN composite 1.94 a 8.5a 12 ± 4 56 [113]
Mesoporous BCN 1.64 7.2 14.1 ± 7.6 1166 [107]

Nanoporous coral-like BCN 1.36 6 - 988 [103]
Graphene-like BCN 1.16 5.1 - 1991 [140]
Carbon-doped BN 0.73 3.2 72 368 b [138]

Graphene-like BCN 0.67 2.9 - 2911 [139]
a At 1.5 bar CO2 and 30 ◦C; b SSA of micropores.

BCNs exhibit promising properties for CO2 adsorption, with various structural fea-
tures identified as potential adsorption sites. Different density functional theory (DFT)
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studies have been conducted to further explore these features. Rao and colleagues identi-
fied different adsorption sites within BCN structures (Figure 8), including (i) boron atoms
bonded to three nitrogen atoms, (ii) negatively charged nitrogen atoms bonded to at least
one carbon atom, (iii) carbon atoms bonded to two nitrogen atoms, (iv) boron atoms bonded
to both a carbon and a nitrogen atom, and (v) hexagonal rings consisting of four carbon
atoms, one nitrogen atom, and one boron atom [139,140]. Mishra et al. compared the CO2

adsorption energy of BCNs to that of graphene, showing a stronger interaction between CO2

and BCN nanosheets (−18.91 kJ mol−1) compared to graphene (−13.19 kJ mol−1) [141].
The adsorption was particularly strong at boron atoms located near the carbon–boron
nitride interface. They also observed a trend in the adsorption energy for different gas
molecules, ranking CO2 > CH4 > H2.

Further, Ibarra-Rodriguez and Sanchez showed that boron atoms in B-doped carbon
nitride structures can form chemical bonds with various gas species [142], and they found
adsorption energies in the following order: SO2 (−103 kJ mol−1) > NH3 (−101.3 kJ mol−1)
> C2H4 (−67.3 kJ mol−1) > CO2 (−64.6 kJ mol−1) > CH4 (−11.6 kJ mol−1). However, the
calculated CO2 adsorption energy is three times higher than that calculated by Mishra and
collaborators. Sathish et al. determined that CO2 adsorbs on different sites of BCN struc-
tures, with a preference in the order of B–C > C–C > B–N > C–N sites [107]. Furthermore,
Moghaddam et al. suggested that BC2N nanotubes could strongly capture CO2, although
recovering the gas under ambient conditions may be challenging due to the strength of the
interaction [143].
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Some strategies have been proposed to enhance the gas adsorption capacities of BCNs.
Portehault et al. suggested that to improve hydrogen uptake by BCNs, a higher SSA and a
higher C:B ratio are required [125]. To increase CO2 adsorption, creating structural defects
and incorporating functional groups such as –NH2 and –OH has been recommended.
BCNs also exhibit excellent light adsorption in the UV range. Duan et al. irradiated BCN
materials with UV light, improving the CO2 adsorption by up to 28% at 1 bar CO2 and
25 ◦C [132]. The improvement was attributed to two factors: (i) UV irradiation generates
electrons in the BCN structure, increasing its Lewis basicity and thus enhancing attraction
to CO2 (a Lewis acid), and (ii) UV irradiation excites more negative charges within the
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material, strengthening the interaction between CO2 and BCN. Other approaches have
been suggested based on theoretical calculations. One study demonstrated that doping
BCN monolayers with O and Si atoms can increase their attraction to CO2, potentially
inducing chemisorption [144]. Khan et al. proposed a 2D pentagonal BCN structure, where
B, C, and N atoms form five-membered rings instead of the hexagonal arrangement [145].
According to their calculations, this structure is mechanically, thermally, and dynamically
stable, capable of chemisorbing CO2 molecules. In this case, the C and O atoms of CO2

would form chemical bonds with the N and B atoms of the BCN structure, respectively.
However, such pentagonal structures have yet to be demonstrated experimentally.

BCNs have demonstrated a higher CO2 adsorption capacity compared to similar
materials. Pristine g-C3N4 (i.e., non-functionalized) is not an efficient CO2 adsorbent [146],
with reported adsorption capacities ranging from 0.18 to 0.25 mmol g−1 at 25 ◦C [147,148].
Pristine BN structures have shown higher adsorption capacities under ambient conditions
(25 ◦C, 1 bar CO2), with values ranging from 0.08 to 2.25 mmol g−1 [149–151]. As shown
in Table 2, BCNs exhibit even more promising adsorption capacities. This advantage can
be attributed to their higher density of active sites, resulting from the unique chemical
environment created by the presence of boron, carbon, and nitrogen atoms. Therefore,
tuning the BCN composition could potentially enhance its CO2 adsorption capacity. Finally,
there is still room for improving the SSA of BCN materials.

Compared to other materials used for CO2 adsorption, such as MOFs, BCNs also
present some advantages. Although MOFs generally exhibit higher CO2 adsorption capac-
ities (1.3 to 5.5 mmol g−1 at 1 bar and 25 ◦C) [152,153], BCNs offer superior thermal and
chemical stability, as they are synthesized through pyrolysis at temperatures of between
800 and 1200 ◦C, making them promising candidates for applications requiring robust and
durable materials. Moreover, functionalizing BCN structures offers a pathway to enhance
their CO2 adsorption capacity, yet this approach remains relatively unexplored, leaving
room for further improvement.

3.2. Metal-Free Catalysis
3.2.1. CO2 Cycloaddition

Utilizing CO2 as a raw material helps to reduce greenhouse gas emissions and enables
the production of valuable products. One promising route is the conversion of CO2 into
cyclic carbonates (Figure 9), which have a wide range of applications, including electrolytes
or solvents [154]. The success of this process depends on developing effective catalysts that
can activate both CO2 and epoxides for cycloaddition.
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Although CO2 is an ideal C1 source, its strong C=O bonds make it difficult to activate.
Catalysts that donate electrons to the antibonding orbital of CO2 are necessary for overcom-
ing this challenge. Electron-rich catalysts, particularly those with Lewis acidic and basic
properties, can enhance the reaction by facilitating the ring opening of epoxides. Moreover,
hydrogen bond donors can polarize the C−O bonds of epoxides, forming hydrogen bonds
with the O atom of the epoxide, facilitating the opening of the ring. Graphitic carbon nitride
(g-C3N4) has been used as a catalyst for the CO2 cycloaddition of epoxides, as it is rich in
hydrogen bond donors such as -NH2 and -NH groups [155]. By doping CN with boron,
both acidic and basic Lewis sites are created in the structure, and thus, boron-doped g-C3N4

has been reported as a promising catalyst for the CO2 cycloaddition of epoxides.
Su et al. synthesized B-doped g-C3N4 using melamine and the ionic liquid 1-butyl-

3-methylimidazolium tetrafluoroborate (BmimBF4) [102]. They found that adjusting the
BmimBF4 content allowed control over the polymerization degree, crystallinity, and pore
size of B-doped g-C3N4. Lower polymerization and crystallinity resulted in more struc-
tural defects and increased the presence of functional groups like –NH and –NH2, which
enhanced the catalytic activity. A higher ratio of meso- and macropores also contributed
to improved performance. Under reaction conditions of 28 bar CO2, 130 ◦C, and 24 h
of reaction time, they achieved a 31% yield of propylene carbonate from propylene ox-
ide with 99.9% selectivity. For epichlorohydrin, the yield was even higher at 89% with
98% selectivity.

The catalyst remained completely active after five cycles. Zhang et al. prepared
B-doped g-C3N4 by calcining urea and boric acid at 450 ◦C [130]. They identified boron
in two positions within the structure: by replacing C atoms bonding to three N atoms or
forming –NB(OH)2 groups at the edges. This catalyst effectively converted a bisepoxide, the
1,4-butanediol diglycidyl ether, into its respective carbonate at 20 bar CO2 and 130 ◦C over
20 h. Three key factors contributed to the catalytic efficiency of their B-doped g-C3N4: (i) a
large SSA, introduced by boron doping, which provided more active sites and enhanced
reactant adsorption; (ii) a lower crystallinity and polymerization degree, leading to more
edge defects, which were due to the low calcination temperature; and (iii) the formation of
Lewis acid with –NB(OH)2 groups, resulting in an acid–basic catalyst.

Despite these findings, B-doped g-C3N4 alone requires harsh reaction conditions
or additional modifications of the catalyst for optimal performance. Doping with other
elements or using co-catalysts has been necessary to further enhance activity. For instance,
Zhu et al. used silica (SBA-15) to support B-doped g-C3N4 and improve its catalytic
activity [80]. They observed an increase in the conversion of styrene oxide to styrene
carbonate, from less than 5% (without a catalyst) to 20% with CN, 74.2% with B-doped g-
C3N4, and 97.8% with B-doped g-C3N4 supported on SBA-15, with 95% selectivity. Chand
et al. used potassium iodide (KI) as a co-catalyst to improve the catalytic performance of
B-doped g-C3N4 nanosheets synthesized from dicyandiamide and boric acid [129]. This
increased the yield from 56% (without KI) to 73% (with KI). They also observed that
epoxides containing heteroatoms yielded higher conversions, as these atoms exhibited
strong binding affinity to surface groups like –NH2 through hydrogen bonding. Other
studies have shown additional dopants to be effective. Wang et al. enhanced the catalytic
activity of g-C3N4 by doping it with boron and potassium and using tetrabutyl ammonium
bromide as a co-catalyst [81]. The ring opening of the epoxides was facilitated by the
nucleophilic attack of Br−, while K+ stabilized the intermediate oxyanion. Yang et al. doped
g-C3N4 with phosphorus and boron, forming more active sites and achieving improved
yields of propylene carbonate from propylene oxide [82].

A proposed mechanism has been suggested (Figure 10) [80]. The reaction mechanism
starts with the BCN catalyst denoted (1). The epoxide is adsorbed onto acidic –NB(OH)2
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sites through hydrogen bonding, activating the epoxide for the subsequent reaction (2).
Simultaneously, the adsorption of CO2 onto basic NH sites of the catalyst occurs, where it
is activated into a carbamate species through the formation of N–C bonds and the cleavage
of N–H bonds in (2). The hydrogen atom then interacts with an oxygen atom from CO2 and
is stabilized via hydrogen bonding with a neighboring nitrogen atom, leading to (3). The
activation of the ring facilitates a nucleophilic attack by the oxygen anion of the carbamate
species, leading to the ring opening of the epoxide (3). The newly formed intermediate,
with a negatively charged oxygen, then attacks the carbon atom of CO2, resulting in the
formation of the cyclic carbonate, as shown by (4). The final steps involve the cleavage
of the N–C bond and the return of the hydrogen to its original nitrogen site, as in (5).
Finally, the desorption of the cyclic carbonate takes place, and the catalyst (1) is regenerated.
The cooperative actions of –NH, –B(OH)2, and N-containing groups are crucial for this
catalytic process.
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3.2.2. Desulfurization of Fuels

Removing organic sulfides from crude oil is essential for producing high-quality
fuels like diesel and preventing the emission of harmful sulfur oxides (SOx). Oxidative
desulfurization (ODS) is an effective technology for this purpose. This two-step process
involves the catalytic oxidation of sulfides (in the presence of an oxidant), followed by their
extraction in mild conditions. The primary challenge in ODS is developing an effective
catalyst, and BCN has been proposed as a possible, efficient, metal-free catalyst [156]. With
the development of liquid organic hydrogen carriers as possible hydrogen carriers in the
field of hydrogen storage production [157], the extraction of such carriers from crude oil
may require desulfurization, as for diesel, which may make ODS an important catalytic
process in the field of sustainable fuels.
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Lu et al. produced a series of BCN materials through a pyrolysis process involving
boric acid, urea, and 1-hexadecyl-3-methylimidazolium chloride as a carbon source [43].
BCNs with SSAs ranging from 514 to 730 m2 g−1 were obtained by adjusting the carbon
content. They were evaluated as catalysts for the oxidative desulfurization (ODS) of diben-
zothiophene in air at 100 ◦C. Under these conditions, 100% sulfur removal was achieved.
Such catalytic activity has been attributed to the enhanced π-electron delocalization within
the BCN framework, resulting from the incorporation of carbon into the BN lattice. This
delocalization facilitates electron transfer to O2 and promotes the formation of O2

− radicals,
which are essential for the efficient oxidation of sulfur compounds. Similar conclusions
were drawn by Wei et al., as they also show how important π-electron delocalization within
the BCN framework is for the activation of O2, which has been reported to take place on
the zig-N edges of BCN [158].

An alternative desulfurization method involves the adsorption of organic sulfides
onto a sorbent, followed by the separation of the purified fuel from the spent sorbent. Luo
et al. explored this approach using BCN aerogels synthesized from boric acid, melamine,
and glucose [108]. A three-step process, including polymerization at 85 ◦C in water, freeze-
drying, and pyrolysis at 1000 ◦C, yielded BCNs with SSAs as high as 1220 m2 g−1. These
BCNs possess abundant Lewis acid sites (although their exact nature remains unidentified)
that can adsorb organic sulfides through the lone pair electrons on the sulfur atoms. The
adsorption mechanism is driven by π–π interactions between the BCN surface and the
sulfur-containing compounds.

It is worth noting that adsorption is the initial step in catalytic ODS [43]. Therefore,
the metal-free BCN plays a dual role in catalytic ODS: it acts as both a sorbent for organic
sulfides and an activator for O2.

3.2.3. Oxidative Dehydrogenation

The oxidative dehydrogenation (ODH) reaction is commonly employed to convert
light alkanes, like ethane and propane, into olefins (such as ethylene and propylene) by
removing hydrogen atoms and incorporating oxygen. Unlike traditional dehydrogenation,
ODH uses an oxidant as a reactant, such as O2 or SO2, to drive the reaction forward and
minimize unwanted by-products [159]. BCNs have shown promising performance as
catalysts for ODH reactions using this method [119,160–165].

A more environmentally friendly approach involves using CO2 as a mild oxidant for
ODH. CO2 offers several advantages over stronger oxidants [166]: (i) increased selectiv-
ity, as it is less likely to over-oxidize hydrocarbons, which enhances product selectivity;
(ii) improved safety, given that CO2 is easier to handle than other oxidants; (iii) catalytic
benefits, as it can interact with catalyst surfaces to potentially promote dehydrogenation
and suppress coke formation; and (iv) decarbonization potential, as it utilizes a greenhouse
gas as a reactant. Despite these advantages, to the best of our knowledge, only one study
has investigated the ODH transformation of alkenes using BCNs as catalysts and CO2 as an
oxidant. Wang et al. used BCN nanosheets obtained from a mixture of NaBH4, NaN3, and
an alcohol as a catalyst for the conversion of ethylbenzene to styrene using CO2 as a soft
oxidant [112]. Under comparable conditions without a catalyst, the reaction achieved less
than 1% conversion. However, with BCN nanosheets, an 8% ethylbenzene conversion was
observed, with a styrene selectivity exceeding 95%. The conversion rate, however, declined
from 8% to 3% after one hour. Although the initial conversion rate is relatively low, this
study demonstrates the potential of BCN catalysts to perform ODH reactions using CO2 as
an oxidant.

Beyond alkane-to-alkene transformations, ODH can also be applied to convert
methanol into formaldehyde, which is considered a potential hydrogen carrier. Zhang
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et al. developed BCN nanotubes from boric acid, urea, and polyethylene glycol as a cat-
alyst for methanol-to-formaldehyde conversion, achieving a methanol conversion rate
of approximately 29% with a selectivity of 54%, outperforming pure boron nitride and
nanocarbon [167]. The side-products of this reaction included CO2, dimethyl ether, and a
minor quantity of dimethoxyethane. The study highlighted that specific functional groups
facilitated different reactions: carboxylic acid groups promoted acid-catalyzed methanol de-
hydration to dimethyl ether. Ketonic carbonyl and B–OH groups facilitated redox catalysis
for methanol ODH to formic acid. Although BCN nanotubes exhibited lower performance
than conventional industrial catalysts, their activity was comparable to or better than other
metal-based catalysts, underscoring the potential of BCNs as substitutes for metal-based
catalysts in ODH reactions.

3.3. Photocatalysis

Photocatalysis employs semiconductor materials as catalysts to drive chemical reac-
tions. When a semiconductor is exposed to light with a wavelength (λ) that exceeds the
wavelength corresponding to its bandgap energy, electrons in the valence band become
excited and transition to the conduction band, leaving positively charged holes behind
in the valence band [168]. The photogenerated electron–hole pairs in the semiconductor
facilitate different redox reactions.

Two metal-free materials that have garnered interest as photocatalysts due to their
favorable electronic band structure, chemical stability, abundance, and ease of fabrication
are g-C3N4 and h-BN. However, their practical application faces challenges due to limited
solar light absorption, a low SSA, and rapid charge recombination [169,170]. A key aspect
to improve these aspects is to engineer the electronic bands of pristine g-C3N4 and h-BN
through the introduction of doping elements into their structure, such as C atoms in h-BN
or B atoms in g-C3N4 [171]. This is why B-doped g-C3N4, as well as BCNs, has shown an
improvement in photocatalytic performance compared to pristine g-C3N4.

BCNs have shown photocatalytic activity for different reactions such as the amina-
tion of arenes, decarboxylation reactions, the degradation of organic compounds, the
hydroxylation of aromatic compounds, the dehydrogenation of heterocycles, and alco-
hol oxidation [121,162–183]. In this review, and hereafter, we will examine their perfor-
mance in decarbonization approaches, focusing on photocatalytic hydrogen generation
and CO2 transformation.

3.3.1. CO2 Photoreduction

By adjusting the content of carbon, boron, and nitrogen atoms in BCNs, it is possible
to tune the properties of these compounds. This makes BCNs highly suitable for photo-
catalytic applications, particularly due to their potential for bandgap engineering, good
charge transfer capacities, and oxidation stability [34]. Being metal-free and composed of
lightweight, abundant elements, BCNs have advantages over other materials. Additionally,
they contain dual Lewis acid–base sites that interact with both the bonding and antibonding
orbitals of CO2, facilitating its reduction.

Different research teams have investigated BCNs as photocatalysts for CO2 trans-
formation. Wang’s group is one of them. In the first study reported using a BCN as a
catalyst for CO2 photochemical conversion, the group demonstrated CO2 reduction un-
der visible light, producing 9.3 µmol of CO and 2.9 µmol after 2 h of reaction, using a
BCN material with a bandgap of 2.72 eV [122]. To enhance the photocatalytic activity,
the group synthesized BCNs with novel structures, such as a 3D porous BCN aerogel
tested in photoredox catalysis [184]. This structure enabled direct CO2 conversion using
Co(bpy)3Cl2 and triethanolamine (TEOA), yielding 6.8 µmol h−1 of CO, which was three
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times higher than the bulk BCN. In another study, the team incorporated CdS to improve
the photoreduction properties of BCN materials, producing a composite with a bandgap of
2.64 eV (Figure 11) [185].
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Transient photocurrent spectroscopy revealed enhanced charge carrier mobility com-
pared to the pristine BCN, with further improvements in charge transfer due to the for-
mation of a heterojunction between the BCN and CdS, reducing the recombination of
photoinduced electron–hole pairs. The BCN/CdS composite was tested for CO2 reduc-
tion, using TEOA as an electron donor and Co(bpy)3Cl2 as a co-catalyst. While the pris-
tine BCN produced 2 µmol h−1 of CO, the composite achieved a significantly improved
12.5 µmol h−1. Although the catalyst lost 20% of its activity after cycling, this was mainly
due to photocatalyst loss during recovery.

In a further study, the group introduced ZnIn2S4 layers into an ultrathin BCN structure
to further enhance its photoreduction capabilities [72]. This material, with a bandgap
of 2.82 eV and n-type semiconductor behavior, demonstrated a CO production rate of
38.6 µmol h−1 with a selectivity of 81.8%. After five cycles, the catalyst maintained its
activity. The improvement in CO production was attributed to the close interfacial contact
between the two semiconductors, which enhanced charge separation and the migration of
photogenerated carriers. In a recent study, the group examined the photocatalytic activity
of a defect-rich BCN for the hydrocarboxylation of alkenes using CO2 [186]. The defect-rich
BCN exhibited increased catalytic redox activity compared to the non-defective BCN. The
hydrocarboxylation of styrene with CO2 resulted in a 75% yield of the corresponding
carboxylic acid after 20 h of light irradiation. When scaled up to gram quantities, a 69%
conversion of styrene was achieved. A study from a different group tried to, similarly,
enhance the photocatalytic properties of a BCN by constructing a composite of the BCN
and α-Fe2O3 [187]. The composite successfully reduced CO2 into CO, with a 55.1 µmol h−1

rate, without using co-catalysts or sacrificial reagents. This represented an enhancement to
3.9 times higher than pristine BCN.

The group of Chen has also investigated a BCN for CO2 conversion. They synthe-
sized a homogeneous BCN with low fluorescence (compared to boron nitride), which
suggests that photogenerated electrons were effectively captured by active sites on reactant
molecules, thereby enhancing the photocatalytic reaction [100]. In the presence of water and
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without the use of sacrificial agents or co-catalysts, this BCN achieved a CO2 conversion
rate of 13.9 µmol g−1 h−1 and a CH4 production rate of 1.1 µmol g−1 h−1. However, the
photocatalyst’s activity decreased by 35% in the fourth and fifth cycles, likely due to the
accumulation of intermediates, such as COOH−, on the catalyst’s surface, which hindered
CO desorption from the pores of the material. In a subsequent study, they created a hetero-
junction between graphene and a homogeneous BCN [123]. The incorporation of graphene
extended the light absorption range into the visible region, improved electron–hole pair
separation, and reduced the transfer barrier for photo-carriers. This composite achieved a
CO2 reduction rate of 51.1 µmol g−1 h−1 for CO, with good stability over five cycles.

Other studies have investigated the doping of BCN materials to enhance their photocat-
alytic activity. Ri et al. prepared BCN nanosheets from urea, boric acid, and glucose [188].
The nanosheets incorporated various alkaline earth metal compounds to modify their
photocatalytic activity. The BCN modified with Ca atoms was able to photoreduce CO2

under visible light, producing 3 µmol h−1 of CO and 1 µmol h−1 of H2. They suggested
that different boron sites, such as –N=B– and B–O sites, acted as active centers for CO2

reduction. In two separate studies, Zeng et al. synthesized a BCN modified with fluorine
and with yttrium [189,190]. The fluorinated BCN (3.25 wt% F) exhibited photocatalytic
CO2 reduction activity, yielding 25.38 µmol g−1 h−1 of CO and 14.11 µmol g−1 h−1 of CH4,
while the Y-doped BCN (2.5 wt% Y) displayed a yield of 10.07 µmol g−1 h−1 of CO and
2.78 µmol g−1 h−1 of CH4. The better performance of the fluorinated BCN was attributed
to the induced local spatial polarized electric field on the surface generated by F atoms,
which allowed enhanced charge separation and transfer.

3.3.2. Water Splitting

Water splitting refers to the decomposition of H2O into H2 and O2. Various strategies
have been developed to achieve this transformation, including photocatalysis. In photo-
catalytic water splitting, solar light generates the electron–hole pairs at the semiconductor
surface that will drive the reaction: electrons reduce protons via the hydrogen evolution
reaction (HER), while holes facilitate the oxygen evolution reaction (OER) by oxidizing
water. The overall reaction can be represented as follows [191]:

semiconductor + hν → e− + h+ light absorption (1)

2H2O → 2H2 + O2 overall water splitting (2)

2H2O + 4h+ → O2 + 4H+ OER/water oxidation (3)

4H+ + 4e− → 2H2 HER/proton reduction (4)

In 2015, Huang et al. demonstrated the feasibility of producing hydrogen from
water using a BCN as a metal-free photocatalyst. Their findings indicated that increasing
the carbon content in the BCN reduced the size of ordered domains, thereby hindering
some semiconductor properties of the material [122]. Thaweesak et al. investigated the
photocatalytic properties of g-C3N4 by developing boron-doped g-C3N4 in both bulk and
nanosheet forms using AB, NH4Cl, and dicyandiamide as precursors [86]. The bandgap
measurements showed that g-C3N4 has a bandgap of 2.68 eV, while bulk B-doped g-C3N4

exhibited a reduced bandgap of 2.42 eV, and the B-doped nanosheets had a bandgap of
2.55 eV. This reduction in the bandgap facilitated greater visible light absorption and more
efficient charge separation. The photocatalytic activity for the HER was evaluated under
visible light (λ > 400 nm), with g-C3N4 achieving an HER rate of 7.3 µmol h−1, bulk B-
doped g-C3N4 reaching 14.3 µmol h−1, and B-doped nanosheets exhibiting a significantly
higher rate of 94 µmol h−1. Besides boron doping, this improvement in the nanosheet form
was also attributed to its increased SSA. Doping g-C3N4 with other elements alongside



Nanoenergy Adv. 2025, 5, 6 23 of 43

with boron has also shown improvements compared to the pristine carbon nitride: B- and
S-doped g-C3N4 showed a high hydrogen evolution rate of about 53.2 µmol h−1, which is
8 times higher than the parent g-C3N4 [192].

In a different study, Zhang et al. synthesized ultrathin BCN nanosheets from boric
acid, melamine, and glucose, which yielded a hydrogen production rate of 3.9 µmol h−1

under visible light irradiation, using TEOA as a sacrificial agent and platinum (Pt) as a co-
catalyst [105]. In some cases, the redox reaction is not highly efficient, and sacrificial agents,
such as the aforementioned TEOA, are used to accelerate the reaction [193]. They noted
that the thinnest samples demonstrated lower HER activity due to quantum confinement
effects in the BCN, resulting from reduced vertical dimensionality. Additionally, the highly
ordered layers in these thinner samples lacked structural defects, which limited the presence
of catalytic active sites. Luo et al. explored various carbon sources to produce a BCN [194].
They found that using amylum as a carbon precursor, in combination with urea and boric
acid, resulted in BCN nanosheets. Consistent with previous studies, they observed that
the 2D structure promoted effective charge carrier separation and transfer. These amylum-
derived BCN nanosheets achieved a hydrogen production rate of 110 µmol h−1 g−1 under
visible light irradiation, utilizing Pt as a co-catalyst and TEOA as a sacrificial agent. Further
studies have also proposed the involvement of specific functional groups, such as carboxyl
and amino groups, as potential active sites to enhance photocatalytic activity [195].

Chen et al. investigated BCN tubes synthesized from a bio-based source, specifically
Kapok fibers, with a measured bandgap of 2.74 eV [196]. Using TEOA as a sacrificial
reagent and Pt as a co-catalyst, these BCN tubes achieved a hydrogen evolution rate
of 2.8 µmol h−1 under visible light irradiation. They found that the sample with the
highest SSA (151 m2 g−1) was not the most effective for the HER. Interestingly, this was
attributed to the limitations in solid–liquid-phase photocatalysis, where the reaction rate
is more constrained by charge separation efficiency than by mass transfer. However, in
a subsequent study, a BCN derived from melamine phosphate borate was synthesized,
achieving a reduced bandgap of 1.99 eV and an SSA of 160 m2 g−1 [84]. This BCN sample
showed enhanced surface reactivity for photocatalytic reactions compared to bulk BCN.
Under similar conditions, it achieved a hydrogen production rate of 4.1 µmol h−1. These
findings indicate that while SSA is necessary for efficient photocatalytic water splitting,
other factors are equally influential, such as the BCN structural characteristics, shortened
charge migration pathways, effective electron transport capabilities, and efficient separation
of photogenerated charge carriers.

In an initial study, Zhao et al. [197] synthesized B-doped and N-deficient g-C3N4 by
calcining a mixture of NaBH4 and g-C3N4, demonstrating significantly enhanced photocat-
alytic activity for water splitting. This B-doped g-C3N4 exhibited an oxygen generation
rate that was six times higher than that of pristine g-C3N4, achieving 561.2 µmol h−1 g−1

compared to 98.6 µmol h−1 g−1. This improvement was attributed to the synergistic ef-
fect of boron doping and nitrogen deficiencies, which introduced numerous unsaturated
active sites, promoting efficient electron excitation and facilitating charge transfer. In a
further study, the same group developed a Z-scheme photocatalytic system using elec-
trostatic self-assembly to combine g-C3N4 nanosheets with B-doped/N-deficient g-C3N4

nanosheets [198]. A Z-scheme configuration involves two distinct photocatalysts working
in tandem to split water in a two-step process. In this system, photogenerated electrons
at the conduction band of B-doped g-C3N4 nanosheets and holes at the valence band of
g-C3N4 nanosheets recombine at the heterostructure interface. Simultaneously, the remain-
ing photogenerated electrons and holes at the conduction band of g-C3N4 nanosheets and
the valence band of B-doped g-C3N4 nanosheets, respectively, drive water reduction and
oxidation reactions, completing the water-splitting process. The photocatalytic experiments
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were conducted in pure water using Pt and Co(OH)2 as co-catalysts, with TEOA and
AgNO3 as sacrificial agents. This Z-scheme heterostructure achieved H2 and O2 production
rates of 32.94 µmol h−1 and 16.42 µmol h−1, respectively.

3.4. Electrocatalysis

Electrochemical reactions play an important role in energy conversion and storage
technologies. However, certain reactions pose challenges that hinder the efficiency and
commercial viability of these technologies. For instance, the oxygen reduction reaction
(ORR) suffers from inherently slow kinetics, leading to significant energy losses and subop-
timal device performance. Without suitable catalysts, this reaction exhibits low efficiency
and poor performance. Consequently, there is a critical need for stable catalytic materials
with high activity, which has driven interest in BCN materials [33].

BCNs provide excellent chemical stability in reactive and corrosive environments, as
well as resilience under highly reactive or high-current conditions. Their hybrid structure
creates active sites that enhance catalytic performance, lowering overpotentials and improv-
ing reaction efficiencies [199]. Unlike conventional catalysts such as platinum (Pt), BCN
materials are composed of abundant and relatively inexpensive elements. Furthermore,
their properties can be tailored through doping or morphological modifications, making
them versatile and cost-effective candidates for electrochemical applications.

3.4.1. CO2 Reduction

The electrochemical reduction of CO2 has gained significant attention as a promising
strategy for mitigating climate change and producing valuable chemicals and fuels, such as
carbon monoxide, methanol, formic acid, or ethanol. However, complex pathways of CO2

electroreduction limit the selectivity of the products. BCN materials have shown electro-
chemical activity for the transformation of CO2 with good product selectivity, achieving
promising Faraday efficiencies (FEs).

Liu et al. prepared boron- and nitrogen-codoped nanodiamond electrodes via a CVD
method using a CH4/B2H6/N2/H2 gas mixture for the electroreduction of CO2 [200]. For
comparison, they also synthesized nitrogen-doped and boron-doped diamond electrodes.
The boron-doped diamond electrodes primarily produced formaldehyde and formic acid,
with FEs of 53.9% and 26.1%, respectively. The nitrogen-doped diamond electrodes yielded
acetic acid and formic acid with FEs of 62.4% and 24.7%, respectively. Notably, the boron-
and nitrogen-codoped nanodiamond electrodes achieved an FE of 93.2% for ethanol produc-
tion. This superior performance was attributed to the synergistic effect of B and N doping,
the high nitrogen content, and a reduction in the overpotential for hydrogen evolution. A
similar conclusion was made by Cheng et al., where nitrogen- and boron-codoped carbon
spheres demonstrated a high FE of 95.1% for CO due to the unique graphitized structure,
large specific surface area, and high density of N and B active sites [201].

Jia et al. synthesized a 3D porous carbon material doped with boron and nitrogen by
freeze-drying and pyrolyzing a mixture of sodium chloride, ammonium chloride, boric acid,
and glucose [202]. The resulting material contained 10.2 at. % nitrogen and 8.86 at. % boron.
Electrochemical measurements in a 0.5 M KHCO3 solution saturated with CO2 revealed that
the material produced CO with an FE of 83% at −0.4 V vs. the RHE. The 3D porous structure
facilitated the formation of active sites, enhanced ion transfer, and increased electrochemical
double-layer capacitance. They also observed that nitrogen doping promoted H* transfer
and COOH* generation, while boron doping enhanced the formation of CO2* and CO*
intermediates (Figure 12).
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A high nitrogen content was further emphasized as a critical factor for enhancing the
electrocatalytic activity of BCNs [203]. Ayyub et al. identified pyridinic nitrogen sites as
the most active among all nitrogen species in a BCN for CO2 electroreduction, facilitating
H* transfer, while boron sites stabilized the COOH* intermediate [204]. The BCN prepared
by this research group achieved an FE of 98% for CO production at −0.45 V vs. the RHE in
a 0.25 M NaHCO3 solution.

3.4.2. Oxygen Reduction Reaction

The oxygen reduction reaction (ORR) is an electrochemical process in which molecular
oxygen is reduced by gaining electrons. It typically occurs at the cathode of fuel cells or
metal–air batteries. The reaction pathway can proceed via either a direct four-electron
reduction to water (Equation (5)) or a two-step process involving intermediate peroxide
formation (Equations (6) and (7)) [205].

O2 (g) + 4H+
(aq) + 4e− → 2H2O E◦= +1.23 V vs. RHE (5)

O2 (g) + 2H+
(aq) + 2 e− → H2O2 (g) E◦= +0.70 V vs. RHE (6)

H2O2 (g) + 2H+
(aq) + 2e− → 2H2O (l) E◦= +1.76 V vs. RHE (7)

BCN catalysts have garnered significant research interest as they meet the requirements
for efficient catalysts in the ORR. These compounds feature active sites that promote the
adsorption and activation of oxygen species, enabling high electrocatalytic performance
while enhancing efficiency and stability [206]. Another notable characteristic of BCN
catalysts is their excellent electronic conductivity, facilitating charge transfer during the
ORR process. Their unique combination of properties, including high selectivity and
tunability through optimized synthesis methods, positions them as a promising and scalable
alternative for energy storage devices.

Moses et al. reported the synthesis of BCN nanosheets with varying carbon content,
derived from urea and boric acid, as metal-free electrocatalysts for the ORR in alkaline
media [207]. These nanosheets followed the 4 e− pathway (Equation (5)) and exhibited
an Eonset of +0.198 V vs. the Normal Hydrogen Electrode (NHE). The catalyst perfor-
mance strongly correlated with the carbon content, with higher carbon-containing samples
showing superior activity. Compared to BN-doped graphene, the enhanced kinetics were at-
tributed to the increased number of active sites and the nanosheets’ high SSA (2000 m2 g−1).
Marbaniang et al. synthesized a BCN with a rice-grain morphology using boric acid and
hexamethylenetetramine (C6H12N4) as precursors [110]. This BCN demonstrated catalytic
activity for the ORR in alkaline conditions with an Eonset of +0.83 V vs. the RHE and a
current density of 4.6 mA cm−2. The catalysts maintained high stability, enduring up to
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10,000 cycles. In a follow-up study, the same group synthesized BCN materials, which
presented homopolar B–B bonds within the structure, using the same precursors [13]. These
bonds, detected by Raman spectroscopy and XPS, represent an electron-deficient bonding
type, which likely lowers the activation overpotential for the ORR. The resulting BCN
exhibited an Eonset of +1.01 V vs. the RHE and a current density of 5 mA cm−2, following
the mechanism outlined in Equation (5). To our knowledge, this is the only study reporting
such type of bond in BCNs.

Liu et al. explored BCN materials as supports for metallic nanoparticles due to their
high corrosion resistance, which prevents support degradation and nanoparticle aggre-
gation [208]. Pt nanoparticles supported on BCN showed superior half-wave potential
(0.927 V) compared to Pt/XC-72R (0.857 V) and retained better durability after 10,000 cycles,
with mass activity decreasing by 67% versus 75%, respectively. After 50,000 cycles, the
decrease in mass activity was 54%. These experimental results suggested a strong inter-
action between the Pt nanoparticles and the BNC support that were confirmed by DFT
calculations, which showed high binding energies between them. Wang et al. synthesized
BCN nanosheets from a mixture of polyvinyl alcohol, guanidine carbonate, and boric acid
with an SSA of 817 m2 g−1 and compared them to Pt/C catalysts [206]. The BCN nanosheets
exhibited promising ORR performance in acidic and alkaline media, with an Eonset of 0.94 V
(BCN) versus 0.95 V (Pt/C) and a half-wave potential of 0.82 V versus 0.84 V, respectively.
It followed the four-electron pathway (Equations (6) and (7)) and minimal H2O2 generation
(6%), attributed to the high concentration of pyridinic N sites in the BCN structure that
enhance O2 adsorption and catalytic activity.

Some heterostructures made from carbon–boron nitride have been reported, display-
ing promising electrochemical performances for the ORR. Patil et al. obtained a carbon
nanotube/h-BN composite tested as an electrocatalyst for this reaction [209]. The material
showed an improved ORR activity and better stability compared to Pt/C catalysts. This
enhancement in the properties was attributed to a higher density of active sites for O2

adsorption (at the interface between carbon nanotubes and h-BN) This composite exhib-
ited an Eonset of +0.86 V vs. the RHE and a current density of 5.78 mA cm−2 in alkaline
conditions. Weber et al. improved carbon paper by incorporating BN and supporting
Pd nanoparticles (CP-BN-Pd) via atomic layer deposition [210]. The catalyst exhibited
excellent stability, with only 1% electrochemical surface area degradation after 1000 cycles,
compared to 44% for Pd/C. It also achieved an Eonset of near 1 V vs. the RHE, a current
density of 3 mA cm−2, and an electrochemical surface area of 90 m2 g−1, four times higher
than that of Pd/C. In addition, CP-BN-Pd also demonstrated favorable activity for ethanol
and ethylene oxidation. Gu et al. synthesized glycine-functionalized h-BN nanosheets via
ball milling [211].

The functionalization was successful, as the sample presented B–C bonds, confirmed
by XPS. The electrochemical characterization revealed hydrogen adsorption/desorption on
the surface of the material and that the sample followed the four-electron ORR mechanism,
displaying high catalytic activity. After 200 cycles, the catalyst retained 95.8% activity,
demonstrating excellent durability. Theoretical modeling confirmed that glycine function-
alization increases the active site density and adsorption capabilities of h-BN, enhancing
ORR efficiency. Xu et al. developed a porous heterostructure combining carbon and h-BN
as an electrocatalyst for the ORR [212]. The material exhibited a high selectivity of 90–97%
in a potential range of 0.3–0.6 V vs. the RHE. Nazer et al. observed that B- and N-doped
reduced graphene oxide followed the 4 e− mechanism (Equation (5)), while single B-doped
or N-doped reduced graphene oxide followed the 2 e− mechanism [213]. This was ex-
plained by the binding of O2 molecules on the active sites induced by the incorporation of
B and N atoms in the reduced graphene oxide structure. Wu et al. created 3D graphene
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coupled with boron nitride quantum dots (BNQDs), achieving an Eonset of +0.96 V and
outperforming traditional graphene–BN composites [214].

The synergistic effect of BNQDs and graphene improved the charge transfer and
stability, with the catalyst maintaining stable current density under stress tests. Yu et al.
developed Ag-BN/C, a hybrid of carbon nanotubes, h-BN sheets, and Ag nanoparticles,
which achieved an ORR activity comparable to Pt/C and demonstrated high methanol
tolerance and stability in alkaline media [215]. The catalyst exhibited an Eonset of +0.94 V
vs. the RHE, with low overpotential and a durability exceeding 20,000 cycles, comparable
to commercial RuO2.

3.4.3. Hydrogen Evolution Reaction

The HER is an electrochemical process where H2 is produced through the reduction
of protons or water molecules, depending on the medium. It occurs at the cathode of an
electrochemical cell and is a fundamental half-reaction in water splitting, as well as in
various energy conversion and storage technologies like fuel cells and electrolyzers. The
HER typically occurs through a series of steps [216,217]. The initial step (Volmer step) is
then followed by another step that can proceed via two distinct pathways: the Heyrovsky
step or the Tafel step. The specific pathway depends on the catalyst and reaction conditions.

In acidic media:

H+ + e− → Hads (Volmer step) (8)

Hads + H+ + e− → H2 (Heyrovsky step) (9)

2Hads → H2 (Tafel step) (10)

In alkaline media:

H2O + e− → Hads + OH− (Volmer step) (11)

Hads + H2O + e− → H2 + OH− (Heyrovsky step) (12)

2Hads → H2 (Tafel step) (13)

In acidic media, H+ from the solution adsorbs onto the catalyst surface, combining with
an electron from the electrode (Volmer step (Equation (8))), followed by H2 generation either
through the reaction of an adsorbed H atom with a proton from the solution (Equation (9))
or by the combination of two adsorbed hydrogen atoms (Tafel step (Equation (10))). In
alkaline media, the Volmer step (Equation (11)) initiates the process by splitting a water
molecule and adsorbing hydrogen onto the electrode/catalyst surface. Subsequent hydro-
gen production occurs through either an electrochemical (Heyrovsky step (Equation (12)))
or chemical (Tafel step (Equation (3))) pathway. The electron density distribution in BCN
catalysts, arising from the synergy of the B, C, and N atoms within the network, facilitates
electron exchange and, thus, achieves HER efficiencies comparable to those of Pt- or other
noble metal-based systems.

Chhetri et al. reported the synthesis of a BCN from boric acid, urea, and activated
charcoal that exhibited a good catalytic performance for the HER [218]. The BCN catalyst
showed an Eonset of –0.28 V, similar to that of Pt (–0.23 V), and an overpotential of –0.32 V,
producing a current density of 20 mA cm−2. The good catalytic performance was attributed
to the high proportion of pyridinic nitrogen, the high content of B–C bonds, and the low
presence of B–N bonds in the sample. Kaur et al. identified B–C bonds, N–C bonds, and
graphene-like behavior as the factors that enhanced the electrocatalytic properties of a BCN
material obtained from ammonia, acetone, and boric acid precursors [219]. Liu et al. used
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a pyridine borane complex as a precursor of a BCN that was used to decorate graphene
capsules to be used as an electrocatalyst for the HER [220].

The BCN catalyst achieved an overpotential of 333 mV at 10 mA cm−2, and it presented
a Tafel slope of 39 mV dec−1, outperforming the non-supported BCN (42 mV dec−1) and
pristine graphene capsules (142 mV dec−1). Kumar et al. synthesized a composite made
of g-C3N4, BN, and chitosan that displayed a good stability over 20 h, with an HER
overpotential of −0.52 V and a Tafel slope of 150 mV dec−1 [221]. This improvement
was attributed to the formation of new C–N–B bonds within the composite. Yang et al.
designed a hybrid porous material made of single-layer g-C3N4 supported on boron-doped
graphene [222]. This structure presented defect sites that are ideal for proton adsorption
and desorption. The system showed an overpotential of 260 mV at 10 mA cm−2, suggesting
that the Volmer–Heyrosky pathway governs its catalytic mechanism, optimizing both
efficiency and stability. Similarly, Qu et al. synthesized boron-doped g-C3N4 nanosheets
with a high boron and nitrogen content [223].

The coexistence of B and N atoms in the structure improved electronic conductivity
and helped to maintain the aromaticity of the conjugated planes. The BCN nanosheets
followed the Volmer–Heyrovsky mechanism in alkaline media; they presented an Eonset

of −0.43 V vs. the RHE, an overpotential of 590 mV, and a cathodic current density of
10 mA cm−2.

Metal doping has been investigated as a way to improve the electrocatalytic perfor-
mance of BCNs. Zhu et al. synthesized a cobalt phosphide-doped BCN catalyst for the HER
in alkaline and seawater media [224]. The catalyst achieved an overpotential of 154 mV and
545 mV at 10 mA cm−2, in alkaline and seawater media, respectively, demonstrating good
stability and performance under harsh conditions. Salah et al. reported a graphene oxide-
modified h-BN catalyst with ruthenium nanoparticles, exhibiting good HER performance
with overpotential values of 32 mV in alkaline conditions, without a decline in activity after
50 h [225]. The Ru nanoparticles enhanced active sites for H adsorption, enabling efficient
water dissociation and outperforming commercial Pt/C catalysts. Chandrashekharan et al.
used a BCN catalyst with palladium nanoparticles (7.72 wt%) for the HER [226]. The
material showed an improved overpotential of 481 mV at 10 mA cm−2 compared to the
pristine BCN. The HER mechanism follows the Volmer–Heyrovsky pathway, with a Tafel
slope of 144 mV dec−1. These results were associated with the synergistic effects of the
BCN, the high density of active sites, and enhanced electron transfer by the palladium
nanoparticles. Other studies have also investigated the coupling of BCNs with MoS2 to
improve their electrocatalytic activity [227–231].

DFT calculations have predicted efficient BCN catalysts for the HER. For instance, a
boron-doped C2N–C3N structure showed a reduction in the Tafel mechanism barrier from
2.35 to 0.86 V, when compared with pristine C2N C3N [232]. The B doping favored the
occurrence of the Volmer–Heyrovsky and Volmer–Tafel mechanisms at room temperature.
Another example is B-doped C3N5, where the introduction of B atoms into the structure
decreased the energy barrier for the Volmer–Tafel and Volmer–Heyrovsky mechanisms,
and it enhanced the reaction kinetics of the HER in alkaline media [233].

3.4.4. Electrochemical Ammonia Production

NH3 is a crucial industrial chemical with diverse applications, primarily in agriculture
as a key component of fertilizers. Its potential as a hydrogen carrier is gaining significant
attention due to its high hydrogen density and ease of storage [4]. Traditionally produced
via the energy-intensive Haber–Bosch process [234], emerging electrochemical methods
like the nitrogen reduction reaction (NRR; Equation (14)) and the reduction of nitrate
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(Equation (15)) in water offer more sustainable production routes, aligning with the global
shift towards clean energy solutions [235].

N2 (g) + 6H+
(aq) + 6e− → 2NH3 (aq) (14)

NO3
−

(aq) + 6H2O (l) + 8e− → NH3 (aq) + 9OH−
(aq) (15)

BCNs have recently emerged as a promising metal-free electrocatalyst for NH3 produc-
tion via the NRR (Equation (14)). BCN nanomeshes on carbon paper, synthesized by Chang
et al., demonstrated significant activity in 0.05 M Na2SO4 solution using an H-type electro-
chemical cell [236]. Notably, B-enriched BCNs exhibited superior performance, achieving
the highest ammonia formation rate (8.39 µg h−1 cmcat

−2; −41.9 µg h−1 mg−1
cat.) at −0.6 V

and FE (9.87%) at −0.3 V, comparable to state-of-the-art Pt-free HER electrocatalysts. How-
ever, the performance declined at potentials beyond −0.6 V and for N-rich BCNs. DFT
calculations attributed the positive impact of boron to its ability to promote spontaneous
nitrogen adsorption, enhancing the electrocatalytic activity of the BCN. Carbon-doped
BN was synthesized by Ma et al. from boric acid and urea, achieving an NH3 yield of
44.6 µg h−1 mgcat

−1, with an FE of 13.27% [237].
DFT calculations revealed that the enhanced performance of the BCN compared to

h-BN is attributed to its reduced bandgap, calculated at 1.40 eV, in contrast to 2.08 eV for
h-BN. Consistent observations and similar conclusions were reported by Lin et al. and Shi
et al. for BCNs produced from other B, N, and C sources [114,238]. For example, Lin et al.
used a mixture of NaBH4, NaNH2, and mesoporous carbon to produce a defective BCN
by annealing at 580 ◦C under N2 [238]. The optimized BCN material achieved an FE of
18.9% and a high NH3 yield rate of 20.9 µg h−1 mgcat

−1 at −0.105 and −0.405 V vs. the
RHE, respectively, without producing hydrazine (N2H4). Through DFT calculations and
XPS, TPD (CO2 and NH3), and 14N2/15N2 exchange experiments, the authors proposed a
mechanism involving a synergistic effect between electron-deficient B and electron-rich
N sites, transitioning from a single “Lewis acid catalysis” to a more efficient “Frustrated
Lewis Pairs catalysis” model (Figure 13).
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Figure 13. BCN-catalyzed electrochemical nitrogen-to-ammonia conversion: Frustrated Lewis Pairs
catalysis enables the adsorption of N2 molecules into a six-membered ring intermediate; this configu-
ration facilitates the heterolytic cleavage of the N≡N triple bond through a cooperative pull–pull
effect. Reprinted with permission from Ref. [238]. Copyright 2022, Wiley. Frustrated Lewis Pairs
catalysis enables the adsorption of N2 molecules into a six-membered ring intermediate; this configu-
ration facilitates the heterolytic cleavage of the N≡N triple bond through a cooperative pull–pull
effect [238,239]. Yang et al. further highlighted the crucial role of unsaturated boron sites [240]. By an-
nealing a mixture of g-C3N4 and NaBH4, they synthesized a BCN material with up to approximately
25% unsaturated boron sites located at void defects. This material exhibited an impressive NH3 yield
of 29.3 µg h−1 mgcat

−1 and an FE of 39% for NH3 production. Zhang et al. identified the B–C active
sites as highly active centers for N2 reduction to NH3 [241]. The BCN material was synthesized by
mixing melamine and boric acid, followed by freeze-drying and pyrolysis. This BCN achieved an
NH3 yield of 63.02 µg h−1 mgcat

−1 and an FE of 32.28% at −0.5 V (RHE) in 0.1 M KOH. The superior
catalytic activity was attributed to the higher concentration of B–C bonds in this BCN, compared to
other BCN samples with a greater proportion of B–N bonds.
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As an alternate electrochemical path, NH3 can be produced from nitrates, NO3
−, in

water (Equation (15)). This is an elegant approach for removing nitrates from wastewater
while regenerating, i.e., producing, NH3 [242]. The as-produced NH3 can be used either
as a reactant for fertilizers or as a hydrogen/energy carrier, which in both cases allows
for the closing of the nitrogen cycle. As for the NRR, BCNs have a role to play in the
electrochemical reduction of NO3

− in the presence of water at an alkaline pH. For example,
Hu and co-workers showed that dispersing copper as the electrocatalytically active phase,
in a BCN matrix as a support, resulted in high ammonia yields (e.g., 576 µmol h−1 mgcat

−2

at a potential of −0.5 V, with an FE of 88.9%) [243]. The BCN was found to play a dual
role: it assists the dispersion of Cu nanoparticles, which has a highly positive effect in
terms of the electroactive surface area, and the boron in the BCN contributes to increasing
the charge/electron transfer rate of the electrocatalyst. In subsequent works, Hu and co-
workers further confirmed the promotional effect of the BCN in support of the electroactive
phase such as copper, palladium, and nickel [244–247]. Similar observations were reported
by Zhang and co-workers for bimetallic copper–cobalt and the noble metals Pd, Pt, and Ru,
as well as by Lu et al. for an Fe electrocatalyst [248–250]. In this last cited work, the Fe-BCN
electrocatalyst showed an NH3 Faradic efficiency of 97.48% and a production rate of NH3

of 2.17 mg cm−2 h−1 at a potential of −0.3 V. All of these studies agree on the essential role
of boron in the BCN in improving the electrocatalytic performance of the metal dispersed
in the BCN matrix.

4. Concluding Remarks and Perspectives
The development of borocarbonitrides, as emerging materials, remains in its early

stages. Although numerous studies have been published, there is still a significant gap in
the fundamental understanding of BCN properties. A necessary initial step is to establish a
clear and consistent definition of what constitutes a BCN. As discussed earlier, the term
“borocarbonitride” has been used inconsistently, referring to materials such as boron- and
nitrogen-doped carbon, carbon-doped hexagonal boron nitride (h-BN), and boron-doped
carbon nitride. In alignment with the proposition of Wan et al. [35], we believe that a
standardized classification system is essential. Such a system could rely on elemental
analysis to define a minimum ratio of B, C, and N atoms required to classify a material as a
“true” BCN rather than a doped structure.

In terms of composition, it is also important to distinguish between the two main
types of BCNs reported to date: homogeneous BCNs, where B, C, and N atoms are uni-
formly mixed, and phase-separated BCNs, which exhibit segregated graphite-like and h-BN
domains. A critical question arises: how do these structural differences affect their perfor-
mance in specific applications? For instance, in electrocatalysis, would a phase-separated
structure, leveraging carbon’s excellent conductivity, outperform a homogeneous structure?
Alternatively, could a well-mixed BCN demonstrate superior catalytic behavior? What is
the correlation between the structure and composition of BCNs with their performance in a
specific application?

While theoretical studies have predicted various BCN crystal structures under ambient
conditions, no pure crystalline phase of a BCN has yet been experimentally synthesized.
Addressing this challenge could open new avenues for BCN research.

At this stage of BCN development and technology readiness, estimating fabrication
costs remains challenging. However, economic feasibility is a key consideration. The overall
cost of BCN production will depend on factors such as the choice of precursors, synthesis
method, and energy consumption. Different questions remain unanswered: Is large-scale
production economically viable? To enhance affordability, should cost-effective precur-
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sors be prioritized for scalable synthesis? These considerations will become increasingly
important as the technology readiness level of BCNs advances.

Several key questions also emerge regarding BCN synthesis. In most studies, BCNs
are obtained by mixing three precursors, each for one of the elements of the BCN, followed
by pyrolysis. However, are these BCNs consistently reproducible? Do different batches of
BCNs exhibit uniform properties? Could using a single precursor improve reproducibility?
Moreover, what role does residual oxygen play in the structure? Is oxygen incorporation
always advantageous, or does it hinder specific properties? Identifying methods to mini-
mize oxygen content where necessary would be valuable. Additionally, specific precursors,
such as MOFs or ionic liquids, have been observed to yield unique morphologies. This
raises another intriguing question: can tailoring morphology enhance the properties of
BCNs for targeted applications? Further improvements will also involve the provision
of a toolbox, elaborated through systematic and finer characterizations, which allows the
designing of the expected BCN, with, for example, a controlled number of well-identified
defects (electron-deficient and/or electron-excess atoms) or a controlled distribution of
B–N bonds with the surface.

BCNs have demonstrated promising potential in CO2 adsorption. Further exploration,
including a good understanding of the thermodynamics and mechanisms of surface pro-
cesses, is needed to fully capitalize on this capability. For example, advanced structures
such as membranes could be designed for dynamic operational conditions. This could
open prospects for the separation of other gases like hydrogen. Similarly, while theoretical
studies have predicted BCNs’ capacity for NH3 adsorption, experimental validation is
lacking, representing another area ripe for investigation.

Regarding photocatalytic applications, what is the effect of changing the BCNs’
bandgap? Is there an “ideal” bandgap for these materials? As electrocatalysts, BCNs
exhibit several desirable properties, including high electrical conductivity, selectivity, a
large SSA, and a high density of active sites. These characteristics enhance reaction ef-
ficiency by improving charge transport and facilitating the adsorption of oxygen and
hydrogen species. BCNs are emerging as viable alternatives to precious metal-based
catalysts for reactions such as the ORR and HER. For instance, BCNs synthesized from
urea and boric acid have demonstrated performance comparable to platinum, with higher
stability, activity, and selectivity and lower cost [207]. Furthermore, BCNs have shown
exceptional results as supports for metal nanoparticles, enhancing stability and catalytic
performance through strong support–nanoparticle interactions. Despite these advances,
the electrochemical mechanisms underlying key reactions, such as the ORR, the HER, CO2

reduction, and N2 reduction, remain poorly understood. Future research should prioritize
optimizing synthesis methods, elucidating these mechanisms, and addressing scalability
challenges. Beyond electrocatalysis, other potential applications of BCNs remain largely
unexplored, including their use as selective solar absorbers or high-temperature catalysts
(for instance, the reverse water–gas shift reaction). These under-researched areas present
exciting opportunities for future studies.
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Nomenclature

Ammonia NH3

Ammonia borane AB
Boric acid B(OH)3

Borocarbonitride(s) BCN(s)
Boron nitride BN
Carbon dioxide CO2

Chemical vapor deposition CVD
Density functional theory DFT
Electron Energy Loss Spectroscopy EELS
Energy-Dispersive X-ray EDX
Faraday efficiency(ies) FE(s)
Graphitic carbon nitride g-C3N4

Hexagonal boron nitride h-BN
High Resolution HR
Hydrogen evolution reaction HER
Hydrogen peroxide H2O2

Hydrogen H2

Inductively Coupled Plasma ICP
Infrared IR
Isosteric heat of adsorption −∆H
Magic-Angle Spinning Nuclear Magnetic Resonance MAS NMR
Mass Spectrometry MS
Melamine C3H6N6

Metal-organic framework(s) MOF(s)
Methane CH4

Nitrogen N2

Nitrogen reduction reaction NRR
Normal Hydrogen Electrode NHE
Optical Emission Spectroscopy OES
Oxidative dehydrogenation ODH
Oxidative desulfurization ODS
Oxygen evolution reaction OER
Oxygen reduction reaction ORR
Physical vapor deposition PVD
Reversible Hydrogen Electrode RHE
Scanning Electron Microscopy SEM
Selected-Area Electron Diffraction SAED
Specific surface area SSA
Temperature-Programmed Desorption TPD
Thermogravimetric Analysis TGA
Transmission Electron Microscopy TEM
Triethanolamine TEOA
Two-dimensional 2D
Ultraviolet–Visible UV-Vis
Urea (NH2)2CO
Water H2O
Wavelength λ

X-ray Absorption Near-Edge Structure XANES
X-ray Diffraction XRD
X-ray Photoelectron Spectroscopy XPS
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