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ABSTRACT 

 

In the past decade, porous boron nitride (BN) has proven promising as a novel class of 

inorganic materials in the field of separations and particularly adsorption. Owing to its high 

surface area and thermal stability, porous BN has been researched for CO2 capture and water 

cleaning, for instance. However, most research remains at laboratory scale due to a lack of 

understanding of the formation mechanism of porous BN, which is still largely a ‘black box’ 

and prevents scale-up. Partial reaction pathways have been unveiled, but they omit critical steps 

in the formation, including the porosity development, which is key to adsorption. To unlock 

the potential of porous BN at a larger scale, we have investigated its formation from the 

perspective of both chemical formation and porosity development. We have characterised 

reaction intermediates obtained at different temperatures with a range of analytical and 

spectroscopic tools. Using these analyses, we propose a mechanism that highlights the key 

stages of BN formation and its porosity, including the intermediates and gaseous species 

formed in the process. We identified that the formation of non-porous carbon nitride is crucial 

to form porous BN with release of porogens, such as HCN and CO2. This work paves the way 

for scaled-up processes to use porous BN to its full potential at industrial level for gas and 

liquid separations. 
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1. Introduction 

Porous boron nitride (BN) has attracted wide attention in the past decade due to its promising 

properties for molecular separations1-8 and more recently for photocatalysis.9, 10 In the field of 

separation, porous BN benefits from high surface area up to 1900 m2 g–1, tuneable porosity,11 

and greater oxidative and thermal stability than common carbonaceous adsorbents.12 Examples 

of gas sorption applications tested using porous BN include CO2 capture,1, 5 CO2/CH4 

separation,8 paraffin/olefin separation7 and H2 storage.3, 6 Liquid separations tested using 

porous BN include water cleaning through removal of inorganic pollutants3 and organic 

pollutants, such as solvents, dyes and oils.2, 13 

The above-mentioned studies provide preliminary insights into the potential of porous BN. 

To ensure the deployment of the material at larger scale, one must be able to tune its properties 

for a given application, which clearly necessitates an understanding of its formation process. 

Few studies investigated the mechanism of porous BN formation via bottom-up synthesis.1, 14-

17 Most report the formation of hexagonal boron nitride (h-BN), a non-carbonaceous analogue 

of graphene with relatively low surface area (typically < 200 m2 g–1) and porosity compared to 

porous BN.18, 19 In all the studies of porous BN, a few reactions have been suggested that 

account for the formation from boron- and nitrogen-containing precursors, but there is no 

consensus to date for a comprehensive reaction scheme with respect to the thermal treatment. 

In addition, reported syntheses use different reagents, gas atmospheres and reaction conditions, 

which impact the formation process and resulting product. Finally, different levels of purity 

are required, depending on the industrial application. Therefore, understanding how inherent 

oxygen and carbon impurities can be eliminated from the BN structure is critical.  

Although no detailed formation mechanism has been confirmed and the synthesis parameter 

space (i.e., precursors, atmosphere, temperature) varies from study to study, two possible 

mechanisms to form porous or non-porous BN seem to emerge and were reported in a previous 
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study by O’Connor20: (i) nitridation of boron oxide with ammonia either from the reaction 

atmosphere or from decomposition of N-containing precursors and (ii) annealing of carbon 

nitride with boron from boron oxide. The two mechanisms may not be mutually exclusive and 

may also depend on the synthesis parameter space. Under the former mechanism fall, for 

instance, the studies by Brožek and Hubáček,14 Ramirez Leyva et al.,15 Wu et al.,16 Tian et al. 

17 and Hoffendahl et al.21 The second category includes the work by Gong et al.,22 who used 

graphene as a precursor. Hoffendahl et al.21 indicated the formation of carbon nitride from 

melamine but referred to the reaction of boron oxide with ammonia to eventually form BN. 

Among all the above studies, only those of Ramirez Leyva et al.15 and Tian et al.17 cover the 

formation of porous BN and they link the porosity to gases released during the reaction, as also 

suggested by our earlier study.1 A recent study by Höppe and Gross reports ammonium 

bis(biureto)borate as an intermediate in boron nitride formation using boric acid and urea under 

N2.23 In short, the formation mechanism of porous BN remains largely a ‘black box’. Herein, 

we aim to address this knowledge gap by answering the following questions: What is the 

minimal temperature required to form porous BN? Which chemical intermediates are formed 

before obtaining porous BN? What is the influence of the precursors on the chemical and 

structural features of porous BN? We will also consider whether the two mechanisms 

mentioned earlier could take place concurrently in the reaction medium. To answer these 

questions, we focus on the formation mechanism based on the reaction of boric acid, melamine 

and urea heated up to 1050 °C under N2 atmosphere, which consistently yields porous BN with 

high surface area, high pore volume and promising sorption performance.11 To this end, we 

synthesised reaction intermediates at different temperatures up to 1050 °C. We investigated 

these intermediates with a variety of analytical and spectroscopic tools to propose a 

comprehensive formation mechanism of porous BN, paving the way for scale-up towards 

industrial applications. 
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2. Experimental Section 

2.1. Synthesis of porous boron nitride and its reaction intermediates 

The reagents boric acid (Sigma Aldrich, ACS reagent), melamine (Sigma Aldrich, 99%) and 

urea (Sigma Aldrich, molecular biology grade) were used with molar ratios of 1:1:5 following 

the multiple N-containing precursor synthesis previously developed in our group.11 The three 

precursors were physically ground and mixed homogeneously for 3 min before being placed in 

an alumina crucible with the lid partially open to allow for any gas flow. The crucible was 

placed inside a horizontal tubular furnace in N2 flow (BOC, zero grade, 99.998%). Each 

synthesis started with a 2 h purge at room temperature under N2 with a flow rate of 250 cm3 

min–1. After this step, the flow rate was lowered to 50 cm3 min–1 and the temperature ramped 

up to 1050 °C at a rate of 10 °C min–1. The complete synthesis of the porous BN material was 

obtained after a dwell time of 3.5 h at 1050 °C before cooling down, still under flowing N2. 

To investigate the nature of the reaction intermediates in the formation of porous BN, we 

carried out multiple syntheses based on the same initial mixture by programming the final 

temperature at: 100, 200, 300, 400, 600, 700, 800 and 900 °C. In the case of the intermediates, 

the furnace was allowed to cool down naturally as soon as the final temperature was reached 

to analyse the compounds present at this exact temperature during porous BN synthesis - 

neglecting any effect of the cooling down step. As a reference, the initial mixture was also 

analysed and referred to as the room temperature (RT) intermediate. Intermediate samples are 

referred to as “INT-X” where X corresponds to RT or the final temperature reached for each 

intermediate between 100 and 900 °C. Finally, we evaluated the impact of the 3.5-h dwell time 

at 1050 °C and synthesised an intermediate at 1050 °C with no dwell time before cooling. This 

sample is referred to as “BN-1050-t0” as opposed to “BN-1050-t3.5”, which corresponds to our 

final product, porous BN. Note that when 1050 °C is mentioned in results without time 
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indication, this corresponds to the sample “BN-1050-t3.5”. After synthesis, all samples were 

stored in a desiccator at room temperature to enhance shelf-life and prevent any degradation 

from moisture.24 

To compare the composition of relevant intermediates, carbon nitride (C3N4) was synthesised 

from melamine powder. Melamine was placed in an alumina crucible with the lid on, which 

was then placed inside a muffle furnace heated up to 560 °C with a heating rate of 5 °C min–1. 

The final temperature was maintained for 4 h before the furnace was allowed to cool down 

naturally. 

 

2.2 Characterisation 

2.2.1 Chemical features of porous BN and its reaction intermediates 

The samples were analysed using Fourier transform infrared (FTIR) spectroscopy. Each 

sample was ground in an agate mortar and spectra were collected using an Agilent Cary 630 

FTIR spectrometer equipped with an attenuated total reflectance (ATR) accessory. Sixteen 

spectra were collected per sample to obtain an averaged spectrum over the frequency range of 

450 – 4000 cm–1 with a resolution of 2 cm–1. 

X-ray photoelectron spectroscopy (XPS) analyses were performed using a Thermo Scientific 

K-Alpha X-ray photoelectron spectrometer equipped with an MXR3 Al Kα monochromatic X-

ray source (hν = 1486.6 eV) and an X-ray gun set to 72 W (6 mA and 12 kV). All samples were 

ground in an agate mortar prior to analysis and individually mounted onto carbon tape. Thermo 

Avantage software allowed processing the data for B 1s, N 1s, O 1s and C 1s spectra. The 

adventitious carbon (C-C) peak set at 284.8 eV was used for binding energy calibration. 

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy experiments were carried 

out at the B07 beam line of Diamond Light Source, UK.25 Samples were ground as powders 

and were mounted onto carbon tape. We used 400 lines per mm Pt gratings of the beamline’s 
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plane grating monochromator with an exit slit width of 50 μm, which leads to an energy 

resolution of 50 meV and 200 meV at the B and O K-edge, respectively. B K-edge and O K-

edge spectra were recorded at room temperature under ultra-high vacuum (UHV, typically 10–

8 mbar) on INT-600, INT-800 and final porous BN referenced as BN-1050-t3.5. 

Solid-state 11B nuclear magnetic resonance (NMR) spectra were recorded using a Bruker 

Avance III spectrometer equipped with a wide-bore 14.1 T superconducting magnet (11B 

Larmor frequency of 192.6 MHz) and a Bruker 4-mm BN-free magic angle spinning (MAS) 

probehead. Samples were ground and packed into zirconia rotors, which were rotated about an 

axis inclined at the magic angle at a rate of 10 kHz. Spectra were acquired using a single soft 

pulse (1 ≈ 20 kHz) of short flip angle ( ≈ 7°) to enable quantitation of signals with widely 

different magnitudes of the quadrupolar coupling constant (CQ). For the INT-RT and INT-100 

samples, signal averaging was carried out for 128 transients with a recycle interval of 2 s, 

whereas T1 relaxation was observed to be slower for all other samples and signal averaging for 

those was carried out for 64 transients with a recycle interval of 30 s. All spectra were recorded 

with high-power (1 ≈ 90 kHz) continuous wave decoupling of 1H during acquisition, to 

improve the resolution of signals for any protonated species. Chemical shifts are reported 

relative to BF3.Et2O using BPO4 ( = –3.3 ppm) as a secondary solid reference. The 11B 

multiple-quantum (MQ) MAS spectra of selected samples were recorded using a z-filtered 

amplitude-modulated pulse sequence, with signal averaging for 24 or 120 transients for each 

of 90 t1 increments of 50 s. Spectra are shown after shearing and referencing in 1 according 

to the formalism of Pike et al.26  

Density functional theory (DFT) calculations were carried out at the B3LYP/6-311+G(2d,p) 

theory level using GAUSSIAN 09 revision D.01.27 Calculations were performed on an 

individual 32-core Intel Broadwell nodes of the University of St Andrews computing cluster. 

Computed magnetic shieldings (iso) were converted to computed chemical shifts (iso) using 
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iso = ref – iso, with a value of ref = 100.0038 ppm determined using BF3.Et2O (calculated at 

the same theory level). 

Solid-state 13C NMR spectra were recorded using a Bruker Avance III spectrometer equipped 

with a wide-bore 9.4 T superconducting magnet (13C Larmor frequency of 100.9 MHz). 

Samples were packed into standard 4 mm ZrO2 rotors and rotated about an axis inclined at the 

magic angle at a rate of 12.5 kHz. Spectra were recorded with direct polarisation using a rotor-

synchronised spin-echo pulse sequence ( = 80 s) to eliminate the probe background. Signal 

averaging was carried out for either 640 transients (INT-600, C3N4) or 1024 transients (INT-

RT, INT-200) with a recycle interval of 90 s. Spectra were processed with 20 Hz exponential 

broadening. Chemical shifts are reported in ppm relative to TMS using the CH3 signal of L-

alanine ( = 20.5 ppm) as a secondary solid reference. 

 

2.2.2 Structural features of porous BN and its reaction intermediates 

Powder X-ray diffraction (XRD) in reflection mode was carried out using a PANalytical 

X’Pert Pro X-ray diffractometer with an anode voltage of 40 kV and an emission current of 20 

mA using a monochromatic Cu Kα radiation (λ = 1.54178 Å). The XRD detector was a silicon 

strip detector X’Celerator. All samples were ground prior to measurement. 

Nitrogen sorption isotherms were collected with a Micromeritics 3Flex porosity analyser at 

–196 °C. All samples were first degassed overnight at 140 °C and 0.2 mbar and then degassed 

in-situ at 120 °C for 4 h at 0.0030 mbar. Specific surface area was evaluated with the Brunauer-

Emmett-Teller (BET) method.28 The total pore volume was estimated from the volume of N2 

adsorbed at a relative pressure P/P0 of 0.97. The micropore volume was determined using the 

Dubinin-Radushkevich method.29 
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2.2.3 Thermal decomposition pathways of the precursors and reaction intermediates  

Thermogravimetric analysis coupled with mass spectrometry (TGA: Netzsch TG 209 F1 

Libra; MS: Netzsch QMS 403 D Aëolos) was used for the initial mixtures of reagents with one 

or two N-precursors: boric acid and melamine (BA:M; molar ratio 1:1); boric acid and urea 

(BA:U; molar ratio 1:5) and the three precursors combined (BA:M:U; molar ratios 1:1:5). Prior 

to measurement, the mixtures were finely ground in an agate mortar for 3 min to mimic the 

preparation process used before synthesis in the furnace. This technique enabled study of the 

mass loss during synthesis and the corresponding gases released during heating up to 1050 °C 

with a ramp of 10 °C min–1. To investigate the individual roles of urea and melamine as N-

precursors, porous BN obtained after TG analysis was collected for further characterisation. 

 

 

3. Results & Discussion 

3.1 Chemical aspects of the formation of porous BN 

We obtained consistent results for the final porous BN product in terms of macroscopic 

appearance (Figure 1a) and chemical composition (Figures 2, 3) compared to porous BN 

synthesised following the same methodology.11, 24 All the intermediates were collected after 

synthesis in the furnace and were analysed to investigate their composition and understand the 

chemical formation of porous BN. INT-RT and INT-100 were powders whereas the samples 

prepared at 200 °C and above appeared as flakes (Figure 1a). Two intermediates were distinct 

by their yellow colour: INT-600 and INT-700 (Figure 1a). This unique characteristic suggests 

important implications and will be discussed later alongside the characterisation results. 
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Figure 1. (a) Macroscopic aspect of the reaction intermediates and final product porous BN. 

(b) Chemical structure of the adduct M.BA formed by melamine and boric acid via hydrogen 

bonding. 

 

Starting intermediate, room temperature – We now focus on the chemical features of the 

intermediates. We first recorded the FTIR spectra for each reagent individually (Figure S1a) to 

calculate the expected spectrum of the mixture without any interaction by considering the 

relative amounts of reagents. To identify IR bands and assess the interaction between the initial 

reagents upon mixing, we compared the calculated FTIR spectrum with the experimental 

spectrum of INT-RT (Figure S1b and Figure 2a). Boric acid was not traced at RT due to its low 

quantity in the initial mixture compared to the N-containing precursors. This was confirmed by 

the calculated FTIR spectrum based on the initial composition. However, we observed 

differences between the expected FTIR spectrum and the one obtained, especially in the 3100 

– 3470 cm–1 region corresponding to OH and NH2 groups. INT-RT exhibited bands at 3469, 

3426, 3326 cm–1 accounting for NH2 groups of melamine and urea, whereas the calculated 

spectrum only showed bands at 3418 and 3323 cm–1 (Figure S1b). The presence of an 

additional band at higher frequency, 3469 cm–1, and the redshift of the two other bands could 

be linked to hydrogen bonding (H bonding) between melamine and boric acid.30 We attributed 

the 3256 cm–1 band observed in both INT-RT and the calculated spectrum to NH2 groups from 

urea, which appeared unaffected by hydrogen bonding. From this observation, we hypothesised 

that boric acid and melamine formed a melamine-boric acid adduct (M.BA) via H bonding after 

a b 
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mechanical mixing at RT (Figure 1b). The proportion of this adduct in the sample is not known 

and pristine reagents are likely to still be present in significant quantity, which might be the 

reason why no signs of this intermediate are observed on the XRD patterns. Previous studies 

showed that M.BA adducts adopt a specific configuration with only two amino groups from 

melamine involved in H bonding with three to four boric acid molecules.30, 31 This adduct 

explains the additional IR band observed at 3469 cm–1 in INT-RT corresponding to the different 

N-H bond length when NH2 groups from melamine molecules are involved in H bonding. The 

two red-shifted bands at 3418 and 3323 cm–1 correspond to NH2 groups not contributing to H 

bonding but affected by a different chemical environment. 
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Figure 2. (a) FTIR spectra for all the intermediates. (b) Estimated atomic composition derived 

from XPS. The data were normalised based on the constant boron content. (c) XRD profiles 

for the intermediates obtained between 100 and 400 °C. (d) XRD profiles for the intermediates 

obtained between 600 and 1050 °C (note: a different vertical scale is used for clarity). 

 

Between room temperature and 100 °C – Here, we observed a minor change in 

composition based on the FTIR and XPS analyses (Figures 2a, 2b, 3). We note that the atomic 

composition derived from XPS measurementsin Figure 2b is normalised to the boron content, 

which remains constant during the synthesis due to its thermal stability (boron’s melting point 

is 2077 oC). The initial composition exhibited lower %N and higher %O than expected from a 

theoretical calculation based on the amounts of precursors (Table S1). This variation appears 

as XPS, a surface-sensitive technique, provided only the surface composition. The formation 

of the M.BA adduct can likely modify the surface composition after grinding at RT. In the XRD 

patterns, we observed the three precursors at RT (Figure 2c, see reagents XRD patterns in 

Figure S1c). INT-100 exhibited the same XRD peaks as INT-RT corresponding to urea (e.g., 

22, 25, 29, 32 and 36°) and melamine (e.g., 18, 22, 26, 29 and 30°), but with lower intensities, 

and the boric acid peaks were not present (Figure 2c). These changes could indicate the 

conversion of boric acid into boron oxide (B2O3) with the release of water,32 and/or the 

formation of another B-containing species. Indeed, quantitative 11B NMR spectra confirm that 

a large portion (~72%) of the B is trigonal in INT-100, as expected for either B(OH)3 or B2O3 

(Figure 4a). However, the remaining 28% of the B spectral intensity corresponds to tetrahedral 

species with isotropic shifts of 1.5 and 0.5 ppm. We hypothesise that these tetrahedral species 

correspond to adducts formed between boric acid and the amine groups present in urea and 

melamine. This is supported by the Lewis acid nature of boron and the Lewis basic nature of 

the amines. 

Between 100 and 200 °C – The B 1s XPS peak corresponding to B-O bonds (192.9 eV) was 

replaced by a peak corresponding to B=O bonds (191.6 eV), showing that a significant quantity 
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of boric acid disappeared as it formed boron oxide (Figure 3a). Urea was mostly degraded at 

200 °C, as shown by the disappearance of the corresponding signals in FTIR (e.g., C=O, 1677 

cm–1 and C-N, 1457 cm–1 in Figure 2a) and XRD (e.g., 22, 29, 36° in Figure 2c). Urea 

decomposed into sub-products such as biuret, cyanuric acid and ammelide, which can coexist 

over a wide range of temperatures.33, 34 

Between 200 and 400 °C – At 200 °C, a new FTIR band was observed at 1311 cm–1, which 

shifted towards higher wavenumbers at 300 °C and 400 °C. We identified this band as melam, 

which is one of the condensates of melamine with two bonded triazine rings.35 We attributed 

the gradual shift to 1343 cm–1 at 400 °C to a further condensation into melem, containing a tri-

s-triazine ring.35, 36 Additionally, the band at 809 cm–1 in INT-200 is characteristic of the 

triazine ring of melamine and melam whereas the band at 798 cm–1 in INT-300 and INT-400 

is characteristic of the tri-s-triazine ring of melem.37-39 The sharp band appearing at 874 cm–1 

in INT-300 and INT-400 is also characteristic of the tri-s-triazine ring of melem.38 In XRD, we 

observed peaks at 10°, 17°, 27° and 31° in INT-200 (Figure 2c). These four peaks remained at 

300 °C with equal intensities but were not observed at 400 °C, which suggests the condensation 

of melamine and melam into melem at 400 °C. We attributed the new peaks at 12° and 28° in 

INT-400 to melem.36 This was consistent with the XPS of INT-400 showing a new C 1s peak 

at a binding energy of 288.3 eV, corresponding to CN3 environments present in melem. In 

parallel, the evolution of boric acid and urea likely contributed to an amorphous transition of 

the mixture, and no clear peaks were observed in XRD beyond 400 °C. 

Over the 200-400 °C temperature range, the quantitative 11B NMR spectra show that the vast 

majority of B is present in tetrahedral environments, giving rise to isotropic shifts of 0, –1.9 

and –4.5 ppm (Figure 4a). Around 11-23% of B is trigonal, with peak positions consistent with 

BO3 and, at 400 °C, BN2O local environments (Figure S4). The tetrahedral species could 
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correspond to B atoms being coordinated to carbon/nitrogen-based structures evolving in the 

reaction medium. 

Between 400 and 700 °C – 600 °C marked a crucial transition in the synthesis process: the 

product appeared yellow to the naked eye and was completely amorphous based on the broad 

XRD features (Figures 1a, 2d). INT-700 was also yellow and amorphous. The yellow colour 

of these samples suggested the presence of carbon nitride. 21, 36 We note that some IR bands of 

carbon nitride and BN compounds can overlap, e.g., bands at 812 cm–1, 891 cm–1 and between 

1200 and 1600 cm–1.40 This effect complicates the interpretation of the FTIR spectra for INT-

600 and INT-700 (Figure 2a). Bearing that in mind, we did not clearly see the characteristic IR 

band for B-N bonds (~1354 cm–1) in INT-600 and INT-700 (Figure 2a), suggesting that 

significant porous BN did not form at 600 °C nor 700 °C. The XRD patterns of INT-600 and 

INT-700 showed broad humps around 24° and 44°, which typically correspond to the (002) 

and (100) planes in graphitic-like structures, such as BN and C3N4.37, 38, 40 Although matching 

with the profile of porous BN, the hump around 44° could also correspond to the tri-s-triazine 

ring observed in melem and carbon nitride.38, 41 This suggestion is further supported for INT-

600 by the rest of the pattern below 24° that differed from BN (Figure 2d). However, the XRD 

profile of INT-700 seemed to be intermediate between those of INT-600 and INT-800. We did 

not observe the characteristic B 1s peak for B-N bonds (191.2 eV) in the XPS of INT-600 

whereas it started appearing in INT-700 (Figure 3a). The carbon content was still high in INT-

700 but decreased significantly in INT-800, as observed in the estimated composition in XPS 

(Figure 2b). Based on the yellow colour of both INT-600 and INT-700 and the previous 

analyses, we propose the formation of carbon nitride prior to the formation of porous BN. INT-

600 and INT-700 appeared amorphous and non-porous as discussed below. These observations 

supported the hypothesis that carbon nitride formed, since this material has low porosity.42 

Some BN was observed in INT-700, but in too little proportion to observe porosity. We discuss 
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this aspect further in section 3.2. 13C NMR confirmed further the formation of carbon nitride 

in INT-600 (Figure S6). Condensation towards carbon nitride-like species, such as melam and 

melem, starts at relatively low temperature (~200 °C) but is not complete even by 600 °C 

(Figure S6). 

The quantitative 11B MAS NMR spectra of INT-600 and INT-700 (Figure 4a) show that the 

majority of B remains tetrahedral at this stage in the reaction (80% for INT-600, 75% for INT-

700). However, in contrast to the sharp signals for the samples formed at 200-400 °C, the 

resonances at 600 and 700 °C are much broader, indicative of a loss of longer-range order 

(consistent with the XRD data, Figures 2c and 2d). While the signal for the tetrahedral B is 

essentially unchanged between 600 and 700 °C, what little trigonal B is present does change in 

environment, with the peak positions consistent with predominantly BO3 and a smaller amount 

of BN2O at 600 °C and almost exclusively BN2O at 700 °C. 

Between 700 and 1050 °C – BN formed between 700 and 800 °C, as supported by the B-N 

bonds identified in FTIR (1354 cm–1 for B-N and 812 cm–1 for B-N-B; Figure 2a)43, in XPS 

(191.2 eV for B 1s and 398.6 eV for N 1s; Figures 3a and 3b)44 and 11B MAS NMR (for BN3 

environments; Figures 4a and c), as well as the (002) and (100) XRD humps (respectively 24° 

and 44°; Figure 2d) expected for amorphous BN.18 On the FTIR spectra, B-O bands (~1120 

cm–1) gradually disappeared between 800 °C and 1050 °C (Figure 2a). In parallel, the content 

of carbon decreased as seen in XPS (Figure 2b). The dwell time of 3.5 h at 1050 °C did not 

significantly change the structure of porous BN as we obtained identical results for BN-1050-

t0 and BN-1050-t3.5, but it contributed to further overall conversion into porous BN with a 

decrease in O and C impurities (Figures S2a and c). The 11B MAS NMR spectra of the samples 

formed above 700 °C show a loss of tetrahedral B, with only ~1% B in a tetrahedral 

environment by 1050 °C (Figures 4a, 4b). For INT-800 and INT-900, some BO3 signals are 

observed, although by 1050 °C, the trigonal B is almost exclusively in a BN3 environment, as 
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would be expected in hexagonal BN, and only a trace (~7%) of BN2O is observed for this 

sample. 

 

 

Figure 3. XPS peaks of (a) B 1s (b) N 1s (c) O 1s and (d) C 1s of all the intermediates. 
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Figure 4. (a) 11B{1H} (14.1 T, 10 kHz MAS) NMR spectra of all of the intermediates. The 

dotted line at 6 ppm shows the border between trigonal (> 6 ppm) and tetrahedral (< 6 ppm) B 

signals. (b) The proportion of trigonal B signal determined from integrated intensities from the 

spectra in (a). (c) 1 projections of the trigonal B signals observed in 11B MQMAS spectra for 

selected intermediates. Spinning sidebands are marked * (see Figure S3). 

 

We then used NEXAFS to complement XPS and NMR and help identify varying chemical 

states and environments for B atoms. NEXAFS detects signals from π and σ* orbitals in the 

samples, where π bonding involving B atoms would indicate the presence of compounds 

containing B-O-N or B-N environments. The absence of π bonding would point towards boron 

oxide only, prior to the formation of porous BN. In the case of π bonding, the identification of 

B-O or B-N bonds would indicate the chemical environments of B atoms, shedding light on 

the advancement of the formation of porous BN. We tested three samples with B K-edge 

measurements to follow the formation of porous BN: INT-600, INT-800 and BN-1050-t3.5 

(Figure 5). Based on our previous results, we did not expect to observe BN patterns below 700 
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°C (Figures 2, 3, 4). Indeed, no π signal was observed for boron in INT-600, which confirmed 

that BN had not formed at 600 °C as carbon nitride would still be predominant (Figure 5). INT-

800 exhibited four peaks, each corresponding to a different atomic environment for B atoms: 

BN3, BN2O, BNO2 and BO3 (see Figure 5 for visualisation). The BN3 peak at 191.3 eV 

corresponds to the only peak that would be observed in pure hexagonal BN.45 The doublet peak 

(198; 199 eV) is linked to the corresponding σ* transition.46, 47 The three other π peaks represent 

defects where B atoms are bonded to one, two or three O atoms, confirming that the formation 

of porous BN is still ongoing at 800 °C. INT-1050-t3.5 exhibited the same four π peaks but in 

different proportions: BN3 was predominant compared to BN2O, BNO2 and BO3, which we 

expect in porous BN where a lower content of O was measured in XPS (Figure 2b). The XPS 

results are corroborated by the 11B MQMAS spectra of INT-600, INT-700, INT-800 and BN-

1050-t3.5 (1 projections shown in Figure 4c, full spectra shown in the Supporting Information, 

Figure S3), which show that the majority of trigonal B is present in BN3 environments (1 = 

69-79 ppm), but some BN2O and BNO2 (1 = 60-65 ppm), and BO3 (1 = 44-46 ppm) are also 

present (see Supporting Information and Figure S4 for further details of the assignments). 
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Figure 5. B K-edge NEXAFS for the intermediates at 600 °C, 800 °C and the final product 

BN-1050-t3.5, with schematics of the different chemical environments for B atoms. 

 

3.2 Porosity development during the formation of porous BN 

Alongside the chemical formation of porous BN, we investigated its porosity development 

to understand how to tune the porosity depending on the targeted application. The final product, 

porous BN, typically shows a type IV isotherm with a type H3/H4 hysteresis loop, indicating 

the presence of slit-shaped micropores and mesopores. 48 

Based on the XRD patterns, we observed that the amorphous transition started from around 

400 °C, with INT-600 and INT-700 being completely amorphous (Figure 2d). However, 

neither INT-600 nor INT-700 exhibited surface area or porosity using N2 sorption at –196 °C 

(Figure 6). This aligns with the hypothesis that INT-600 and INT-700, despite being 

amorphous, were composed of carbon nitride whose porosity is typically under 100 m2 g–1.42 

At 800 °C, the surface area dramatically increased to 1539 m2 g–1 and the total pore volume 

reached 0.869 cm3 g–1 with both micropores and mesopores derived from the type IV isotherm 

(Figure 6). The intermediate at 900 °C exhibited a slight decrease in surface area and micropore 
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volume, whereas the total pore volume slightly increased, implying higher macropore and 

mesopore volumes. The final temperature 1050 °C with dwell time (BN-1050-t3.5) led to a 

surface area of 1616 m2 g–1 and a total pore volume of 1.066 cm3 g–1. This 3.5 h dwell period 

did not significantly change the surface area nor the pore volume as BN-1050-t0 had a surface 

area of 1664 m2 g–1 and a total pore volume of 1.066 cm3 g–1 (Figure S2e). However, XPS data 

suggests that the dwell period allowed further conversion into BN with a decrease in C and O 

content (Figure S2c). Choosing between a slightly higher purity or higher surface area would 

depend on the specific application that is required. 

 

 

Figure 6. (a) N2 sorption isotherms at –196 °C (full symbols = adsorption; open symbols = 

desorption) and (b) associated textural parameters for the intermediates synthesised at 600 °C 

and above. 
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species. This was corroborated by the significant decrease in C observed in XPS analyses 

(Figure 2b). Therefore, CO2 and HCN are the main porogens in the formation of porous BN.  

Below 700-800 °C, we identified four steps of significant weight loss that echoed results 

obtained in 3.1. After moisture removal and NH3 release (60-140 °C), we observed NH3 and 

CO2 release from urea degradation (160-230 °C) as well as N2H4 and HCN. Subsequently, 

NH3, CH2N2, HCNO and CO2 release (250-400 °C) occurred due to the decomposition of the 

urea sub-products, such as biuret, cyanuric acid, ammeline and ammelide,34 and the 

condensation of melamine into melam and melem.35, 36 Finally, we observed further release of 

NH3 and CO2 (450 °C to 625 °C) owing to similar decomposition and condensation reactions 

that lead to non-porous carbon nitride formation.40 Above 800 °C, a quasi-plateau was observed 

in TGA, corresponding to the condensation of BN with minor release of O as shown in FTIR 

(Figure 2a), XPS (Figures 2b, 3c) and NEXAFS analyses (Figure 5). 

 

 

Figure 7. TG-MS in N2 for the initial mixture of boric acid, melamine and urea. MS signals 

include: NH3 (m/z = 17), H2O (m/z = 18), HCN (m/z = 27), N2H4 (m/z = 32), CH2N2 (m/z = 

42), HCNO (m/z = 43) and CO2 (m/z = 44). 
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3.3 Formation mechanism of porous BN 

Based on our interpretation of the characterisation analyses, we propose a formation 

mechanism of porous BN with boric acid, melamine and urea reacting under N2 atmosphere up 

to 1050 °C (Figure 8). From RT to around 500 °C, the degradation of urea into biuret, cyanuric 

acid, ammelide, ammeline and eventually melamine took place. These decompositions led to 

significant weight loss and gas release (e.g., water and ammonia). Concurrently, we observed 

the condensation of melamine into melam and melem with the formation of tri-s-triazine rings. 

In parallel, boric acid was converted into B-containing species displaying either trigonal B (i.e., 

B2O3, B(OH)3) or tetrahedral B (adducts formed between boric acid and the amine groups). 

Around 500 °C, melem evolved further to form carbon nitride clearly identified in the two 

yellow intermediates INT-600 and INT-700. Although the samples were amorphous at these 

temperatures, no porosity had developed. Thanks to the reaction of carbon nitride with boron-

containing species, such as B2O3, X2B-OH, X2B=O, X2B=N (where X = C or N) depending on 

the temperature, boron oxynitride BON was formed via the release of HCN and CO2, identified 

as porogens in the synthesis. Porosity then developed between 700 and 800 °C via further 

release of HCN and CO2 forming pores in the BON structure. As the temperature increased 

over 800 °C, O and C atoms evolved as CO2 and H2O to form porous BN. Some O impurities 

remained even at 1050 °C but in small quantities. 

The mechanism above relates to the synthesis conditions we have explored in this study. Yet, 

we speculate that if using melamine and urea, a similar carbon nitride intermediate would form 

since heating melamine or urea eventually leads to carbon nitride. Overall, we assume the type 

of chemistry involved in the reactions would not change significantly, but the temperatures at 

which intermediates form could vary depending on the precursors (e.g., temperature at which 

NH3 is generated, formation of carbon nitride etc.,). 
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Figure 8. Proposed species evolution during the formation of porous BN from boric acid, 

melamine and urea under N2 atmosphere up to 1050 °C. 

 

 

4. Conclusions 

We investigated the chemical formation and the porosity development of porous BN under 

a N2 atmosphere with analytical and spectroscopic techniques. This allowed us to propose a 

formation mechanism highlighting the most critical stages of the synthesis for this specific 

synthesis parameter space. In particular, we found that porous BN formed only above 700 °C, 

with a dramatic increase in surface area between 700 and 800 °C. Up to 700 °C, various reaction 

intermediates were identified, including non-porous carbon nitride, which eventually reacted 

with a tetrahedral form of boron to form boron nitride. This study also showed that both urea 

and melamine, which act as chemical precursors and porogens, are crucial in the formation of 
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porous BN. These results bring further understanding on how porous BN is formed and shed 

light on how and when porosity develops, which is critical for industrial scale-up towards 

adsorption applications. 

 

SUPPORTING INFORMATION 

Additional chemical aspects of the reaction precursors (boric acid, melamine and urea) and 

carbon nitride. Comparison of porous BN obtained with and without final dwell time at 1050 

°C. Additional 11B solid-state NMR spectra and associated Density Functional Theory (DFT) 

calculations. 13C solid-state NMR spectra from some intermediates and carbon nitride. 

Additional O-K edge NEXAFS results. FTIR and TG-MS results highlighting the roles of 

melamine and urea as N-precursors in the synthesis of porous BN. 
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