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Abstract 

Amorphous boron nitride doped with oxygen, boron oxynitride, BNO, is a porous material 

stable at high pressures and elevated temperatures with potential uses in adsorption-based 

separation processes at the industrial scale. We present here a molecular model capable of 

accurately predicting gas sorption in porous BNO solely from the knowledge of the basic 

experimental characteristics, i.e. overall chemical composition and porosity. With this 

information, the adsorbent is described atomistically by a complex 3-D pore network built by 

random packing of nanoflakes. The adsorption may then be evaluated by employing Grand 

Canonical Monte Carlo with classical forcefields. We report sorption isotherms for CO2, N2 and 

CH4 on BNO at low (< 1 bar) and high (0 – 20 bar) pressures, across a range of temperatures 

(283 – 313 K), which are well predicted by the molecular model. While the experimental 

measurement of multi-component isotherms under such conditions is a challenging task, 

molecular simulations provide predictions without the need of additional information. As an 

example, CO2/N2 and CO2/CH4 binary mixture isotherms, at conditions relevant to post 

combustion CO2 capture and natural gas sweetening, are computed. Overall, the model 

provides fundamental insight, which is useful in the design and optimization of porous BNO-

based adsorbents for molecular separations.  
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Molecular simulations play a pivotal role in the understanding of processes at the atomistic-

level where fluids and solids coexist.1 These interfacial systems are the basis of separation 

processes aimed at addressing ongoing global challenges including, but not restricted to, 

carbon capture, air pollution, and water purification. Tackling these challenges calls for the 

development of porous materials, exhibiting robustness and tunable physical-chemical 

properties, to facilitate separations at the micro- and mesoscale. For these purposes, a wide 

platform of porous materials are currently under research, which include metal-organic 

frameworks (MOFs),2-4 covalent-organic frameworks (COFs),5-7 activated carbon,8-10 porous 

organic polymers,11-13 and inorganic compounds such as zeolites.14-16 These materials have 

been employed across a range of applications, such as gas storage,17-20, drug delivery,21-24 

water treatment,25 CO2 capture,26-29 and catalysis.30-33  

Porous boron oxynitride (BNO) has recently emerged as a prominent member of this material 

platform.34-40 Often denoted as the inorganic counterpart to activated carbon, this material has 

been employed for facilitating molecular separations, both in gaseous41-43 and liquid media.44-

47 Porous BNO is a disordered 3-D material, in which boron, nitrogen, and oxygen atoms are 

bonded together in sp2-hybridized hexagonal lattices. These lattices, stacked in random 

orientations, lack long-range structural order and possess a considerable number of defects, 

thus giving the material a turbostratic/amorphous morphology. We distinguish porous BNO 

from other BN materials, such as crystalline hexagonal BN (hBN), owing to the significant 

proportion of interior-substituted oxygen and its porous and disordered nature. Template-free 

syntheses, typically involving the reaction of boron- and nitrogen-containing precursors at 

elevated temperatures (>1000 °C) in the presence of an inert (nitrogen or argon) or ammonia 

atmosphere, are commonly employed to synthesize porous BNO.45, 48, 49  

The tunable chemistry and potentially high specific surface area and pore volume are among 

the desirable features of this material that have encouraged several groups to pursue studies 

pertaining to its employment for molecular separations. Marchesini et al. recently developed 

a template-free synthesis route tailored towards the production of porous BNO and tuning of 
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its porosity.34 The authors demonstrated experimental tunability of the pore structure from the 

nano- to the macroscale, which enables the material to be tailored towards a given application. 

The pore network was directly visualised using 3-D tomography, which provided valuable 

insight into the mesopore structure of porous BNO.  

From a computational perspective, there is presently a lack of accurate molecular simulation 

models for gas adsorption in BN-based materials, specifically those exhibiting an amorphous 

morphology. A desirable feature of such models should be the ability to fine-tune the 

morphology at the nanoscale while retaining the ability to accurately predict single or multi-

component adsorption isotherms at high pressures and elevated temperatures. These models 

can also be used to gain molecular level insights into the adsorption processes and guide the 

development of applications. Among the few studies on the topic, the computational work of 

Lu et al.50 is significant. The authors used DFT and grand canonical Monte Carlo simulations 

to investigate the competitive adsorption of a CO2/CH4 mixture in porous BN. The substrate 

size, pore type and electrostatic interactions were found to influence trade-offs between 

adsorption capacity and selectivity. Other relevant studies have focused on studying the 

interactions of single component and/or binary mixtures in hBN channels or slit pores51-53 and 

BN nanotubes54-56 (BNNTs) by molecular dynamics employing either classical or ab-initio 

forcefields. These studies have provided insight into the adsorption mechanism in BN-based 

adsorbents, not least at the advent of widespread interest in the material. However, Kumar et 

al.57, echoed by Di Biase and Sarkisov,58 recognized that the slit pore model yields an 

inaccurate and inadequate description of the complex geometry of porous materials, namely 

activated carbons. Being the inorganic analogue of activated carbon, this notion is likely true 

for porous BNO. Further, the underlying oversight or omission in previous studies pertaining 

to molecular models for BN adsorption has been the lack of synergy with experimental 

isotherm data for model validation and prediction.  

Herein, we present a molecular model to simulate and predict gas sorption in a porous BNO 

adsorbent, exhibiting a 3-D turbostratic/amorphous morphology. The adsorbent structure 
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mimics the complex pore network, previously visualised through scanning transmission 

electron microscopy (STEM) tomography by Marchesini et al.34, in an experimentally 

synthesized porous BNO sample. This approach relies on the random stacking and dispersion 

of BNO nanoflakes to generate a 3-D porous network. A similar approach had been suggested 

by Salih and Müller59 and has been previously employed for activated carbons by Kumar et 

al.57, and later by Di Biase and Sarkisov.58 Through this method, we introduce a random 

porosity, essentially an additional layer of modelling complexity when compared to the slit pore 

model of adjacent nanosheet layers or stacked BN nanosheets with a constant d-spacing (akin 

to crystalline hBN). In addition to the morphology, the chemical composition of the simulated 

adsorbent was tailored and matched to that obtained for the experimental porous BNO sample 

via X-ray photoelectron spectroscopy (XPS). An underlying highlight of our model is that the 

chemical composition of the simulated BNO adsorbent can be easily modified to match 

experimental measurements. The synthesized porous BNO sample was characterized 

extensively to provide insight into the chemistry, structure, porosity and morphology during 

model development. Gas sorption of a range of adsorbates (N2, CO2, and CH4) at both low 

(<1 bar) and high (up to 20 bar) pressures, over a range of temperatures (283 – 313 K), was 

modelled and predicted through Grand Canonical Monte Carlo60 (GCMC) simulations using 

the MedeA®61 software. There was no attempt to force-fit the model predictions (e.g. by 

modifying the solid-fluid potentials). The predictions were validated against experimental gas 

sorption measurements for a porous BNO sample, exhibiting similar structure and chemistry, 

under the same pressure and temperature conditions. The simulation model predicted the 

shape and magnitude of the sorption isotherms for all of the tested adsorbates, under the 

range of conditions investigated, with minimal deviation from experimental measurements. We 

envision such a computational model to be a valuable prediction-based tool to be utilized either 

prior to, or in tandem with, experimental testing of porous BN-based adsorbents. Overall, we 

claim that the current study brings an integrated molecular engineering approach that delivers 

practical insights into the design and optimization of porous BN-based adsorbents.   
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Results and discussion  

We synthesized porous BNO following Marchesini et al.34, whose approach relies on a bottom-

up pyrolytic synthesis at elevated temperatures using a mixture of boric acid, melamine and 

urea. To gain insight into the morphology and structure of the material in comparison to hBN, 

we collected high resolution transmission electron microscopy (HRTEM) and scanning 

electron microscopy (SEM) images, as well as powder X-ray diffraction (XRD) patterns 

(Figures 1 and S1). Both techniques confirm the low degree of crystallinity of porous BNO as 

opposed to hBN. The HRTEM images depict the limited range of stacked 2D layers in porous 

BNO (Figure 1a), which contrasts with the long-range crystalline domains observed in hBN 

(Figure S1a). The XRD patterns confirm the turbostratic nature of the material with only broad 

peaks at 2θ values of 26° and 44°, corresponding to the (002) and (100) planes, respectively 

(Figure 1b).62 This contrasts with the sharp peaks for hBN that indicate long-range 3D/graphitic 

order (Figure S1b). The d-spacing calculated from the TEM images and XRD peak (002) for 

hBN and porous BNO is 3.4 Å and 3.5 Å, respectively. The d-spacing in porous BNO is only 

relevant to the pseudo-crystalline and turbostratic regions of the material. The SEM images 

depict a densely packed pore structure in porous BNO (Figure S2). These analyses indicate 

the formation of an amorphous/turbostratic porous BNO.  

To characterize the structural features of the material at the micro/nano-scale, we analyzed 

the specific surface area and porosity through nitrogen sorption at 77 K (Figures 1c and Figure 

S1c for isotherms, Table S1 for key textural parameters). The porous BNO sample displayed 

a BET equivalent specific surface area of 1924 m2 g-1 and total pore volume of 1.20 cm3 g-1, 

which is considerably larger than those for hBN (3 m2 g-1 and 0.006 cm3 g-1). The type I/IV 

isotherm with a type H3/H4 hysteresis loop observed for porous BNO indicates the presence 

of slit-shaped micro- and mesopores. The high specific surface area and porosity of porous 

BNO plays an essential role in interfacial phenomena, enhancing access to adsorption sites. 

This is particularly important in gas phase molecular separations and storage applications, like 

the one we investigate herein.  
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Figure 1 I Structure and chemistry of the porous BNO sample. (a) HRTEM image of the 

as-synthesized porous BNO sample, highlighting the disordered morphology through the 

absence of large crystalline domains, (b) Powder XRD pattern of porous BNO, (c) N2 sorption 

isotherms for porous BNO measured at - 77 K, (d) Relative atomic composition of porous BNO 

as obtained through XPS analysis.  

 

To gain further insight into the surface chemistry and relative atomic composition of porous 

BNO, we collected survey and high resolution core level spectra through X-ray photoelectron 

spectroscopy (XPS). The relative atomic composition of porous BNO and hBN are shown in 

Figures 1d and S1d, respectively. We note that while XPS is a surface technique and may not 

be representative of the bulk sample, it still provides a good indication of the composition. The 

survey spectrum and peak deconvolution of the B 1s, N 1s and O 1s high resolution core level 
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spectra is presented in Figure S3. The formation of a BN-based material is confirmed through 

the fitted core level spectra of the B 1s and N 1s and show the presence of B-N bonds 

(191.0 eV for B 1s and 398.5 eV for N 1s, Figure S3).63 We also observed shake-up satellite 

peaks in the B 1s and N 1s core level spectra for porous BNO (Figure S3), which points to the 

formation of a sp2-hybridized hexagonal BN phase.64, 65 The analysis indicates a significant 

proportion (10 at.%) of oxygen in porous BNO (Figure 1d) with a peak at 533.1 eV (Figure S3). 

We attribute this peak to boron oxynitride (B-Ox-N3-x) species, which stems from the in-plane 

substitution of nitrogen atoms with oxygen atoms into the BN lattice, as described in prior 

studies.35, 48 Oxygen atoms were observed in hBN and are most likely related to edge hydroxyl 

groups (Figure S1d). The carbon content in the porous BNO sample was comparatively much 

lower (~ 2 at. %). It was excluded from the analysis as it was linked to the presence of 

adventitious carbon impurities. The chemistry and bonding types of porous BNO was further 

characterized through Raman spectroscopy and Fourier transform infrared spectroscopy (FT-

IR) (Figures S4 and S5). Both porous BNO and hBN exhibit a strong Raman peak at ~1370 cm-

1, corresponding to the counter-phase B-N E2g vibration mode within the BN structure (Figure 

S5).66 We observed the two characteristic IR bands of BN at ~1380 cm-1 (in-plane B-N 

transverse stretching) and ~800 cm-1 (out-of-plane B-N-B bending) in both samples,67 while 

no B-O bands, typically observed at ~1000 cm-1, are noted (Figure S6).36, 48  

We developed the computational model of the porous BNO adsorbent within the MedeA®61 

environment using the structural and chemical analyses of the as-synthesized porous BNO 

material in Figure 1. The overall computational strategy is depicted in Figure 2 and can be 

summarized in the following stages (see Computational Model Development section for full 

details). The unit building block is a BNO nanoflake consisting of 24 atoms (Figure 3a). The 

chemical composition of this BNO nanoflake was tailored to match the experimental relative 

atomic composition of the synthesized porous BNO, obtained through XPS. The BNO 

nanoflake building blocks were then inserted into a unit cell with side dimension of 26.343 Å, 

avoiding overlapping of the BNO units.68  
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Figure 2 I Development of the computational porous BNO adsorbent model. Schematic 

depicting the overall computational strategy employed herein. The strategy is based on an 

integrated molecular engineering approach towards porous adsorbent screening for gas 

separation/storage applications. In Stage 1, one tailors the chemistry of the unit building block 

to experimental (XPS) measurements. The amorphous structure of porous BNO is mimicked 

through random packing in Stage 2. The structure, namely the specific surface area and 

porosity, of the porous BNO adsorbent can be tuned to match experimental gas sorption 

measurements in Stage 3. Finally, Stage 4 entails running model simulations of single 

component or multi component gas sorption isotherms and comparing to experimental 

measurements. A circular process is envisaged herein to allow one to further refine the model 

in the event of discrepancies with experimental measurements.  

 

No bridges were added between the structures and they were artificially fixed in space within 

the cell at time t = 0 seconds. A canonical (constant density and temperature) molecular 

dynamics simulation is performed at an arbitrarily high temperature (3000 K) while keeping 

the dispersion interactions between the nanoflakes disabled to achieve a random packing and 

preventing agglomeration. Naturally, a number of realizations of this structure may be obtained 

by different spatial placement of the basic units and/or longer equilibration times. The 

simulated porous BNO adsorbent model is shown in Figure 3b. The nanoflakes were randomly 

packed to mimic the turbostratic/amorphous structure of porous BNO shown in Figure 1. The 

structure and morphology in Figure 3b agree with the 3D tomographic reconstruction of the 
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pore network of porous BNO previously reported by Marchesini et al.34 A key highlight of this 

model is the ability to tune both the structure and chemistry concomitantly to match 

experimental values, as one can vary at will the original packing density and/or the chemical 

composition of the flakes. Further refinement of the model can be made by introducing 

polydispersity in the size shape and/or curvature of the flakes. The textural parameters of the 

simulated adsorbent, namely the accessible surface area and total pore volume, were 

obtained using the Poreblazer software developed by Sarkisov and Harrison using an N2 

probe molecule.69 The accessible surface area and total pore volume for the simulated porous 

BNO adsorbent was determined to be 1427 m2 g-1 and 1.00 cm3 g-1, respectively, which show 

reasonable agreement with the corresponding experimental values (specific surface area of 

1924 m2 g-1 and total pore volume of 1.20 cm3 g-1) (Figure 3c). Surface chemistry is also 

critically important when gas sorption applications are considered. 
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Figure 3 I Characterization of the computational porous BNO adsorbent model in 

comparison to experimental data. (a) Schematic of the BNO nanoflake used as the building 

block to construct the porous BNO adsorbent with an amorphous/turbostratic morphology. The 

relative atomic composition of the nanoflake is tuned to match the experimental values 

obtained through XPS analysis. The yellow, blue, and red atoms denote boron, nitrogen and 

oxygen, respectively, (b) The porous BNO adsorbent unit cell, (c) Comparison of the specific 

surface area and total pore volume of the experimental and simulated porous BNO adsorbent, 

(d) Comparison of the simulated relative atomic composition compared with the experimental 

values obtained through XPS measurements.  

 

Having developed and characterized the porous BNO adsorbent model, we next conducted 

GCMC simulations for N2, CO2 and CH4 at low (< 1 bar) and high pressures (0 – 20 bar) at 



12 
 

room temperature (298 K). Classical force fields were employed to characterize the fluid-fluid 

and fluid-solid interactions (see Computational Model Development). The simulated isotherms 

and adsorption capacities for both low and high pressure gas sorption were compared to the 

experimental results of Marchesini et al.34, obtained for the same material under identical 

conditions. The error between the model predicted and experimental adsorption capacities for 

each isotherm was quantified through the root mean square deviation (RMSD) measure, 

defined as the square root of the mean square error (MSE) (see Tables S2-S8 for error 

analysis). The RMSD and MSE are measures of accuracy between values predicted by a 

model or an estimator to the observed values; the closer the MSE and RMSD to zero, the 

smaller the residuals and stronger the fit to experimental data.70 

We first investigated the model adsorption behaviour in the Henry’s law region at low 

pressures (< 1 bar, 298 K) and loading densities, where adsorbate-adsorbate interactions are 

negligible. The model is capable of accurately modelling the linear adsorption behaviour of 

both N2 and CO2 at 298 K in the Henry’s law region, quantified through a coefficient of 

determination of R2 = 0.9953 and 0.9976, respectively (Figure 4a). The total RMSD for the N2 

and CO2 isotherms over the low pressure range (< 1 bar, 298 K) was 0.03 in both cases, 

indicating a high degree of accuracy in the isotherm predictions. To demonstrate the versatility 

of the model to a range of adsorbates, low pressure CH4 sorption isotherms at 298 K were 

also modelled accurately with an R2 value of 0.99 and RMSD of 0.10 (Figure S5). At 1 bar and 

298 K, the model predicts a CO2 uptake of up to 1.55 mmol g-1, which is in good agreement 

with the experimentally measured value of 1.50 mmol g-1 of CO2 for porous BNO.  

High pressure gas sorption isotherms for N2 and CO2 (0 – 20 bar, 298 K) were modelled and 

compared to the experimental results of Marchesini et al. (Figure 4b).34 The simulations are 

capable of capturing the shape of the N2 and CO2 isotherms and accurately predicting the 

associated sorption capacities at higher pressures beyond the Henry’s law region, as 

illustrated by the close overlap with the experimental data (RMSD = 0.30 and 0.53 for the N2 

and CO2 sorption isotherms, respectively). At 20 bar and 298 K, the model predicts a CO2 and 



13 
 

N2 uptake of 8.03 mmol g-1 and 1.41 mmol g-1, respectively, which aligns well with the 

experimentally measured values of 8.16 mmol g-1 and 1.35 mmol g-1, respectively. The results 

indicate that the model is capable of accounting for the effects of physisorption at higher 

pressures (Figure 4b). 

As a potential adsorbent screening tool, one would expect such a simulation model to deliver 

accurate results across a range of pressures, but also at different adsorption temperatures. 

As such, high pressure CO2 sorption in porous BNO was also simulated at 283 K and 313 K 

and compared to experimental data (Figure 4c). Albeit with slightly larger overpredictions 

compared to the experimental isotherms (RMSD = 1.00 and 1.17 at 283 K and 313 K, 

respectively), the model is able to capture the trends in adsorption capacities. Marchesini et 

al.34 experimentally determined the heat of adsorption for CO2 in porous BNO to be 

approximately 19 kJ mol-1 for high pressure CO2 sorption (0 – 20 bar, 298 K), which aligned 

with the theoretical calculation for CO2 physisorption on a BN sheet.71 The heat of adsorption 

obtained through GCMC for CO2 sorption under the same conditions is presented in Figure 4d 

and aligns with the experimental values of Marchesini et al.34 with a slight overestimation.  

This discrepancy could originate from knock-on effects of the solid-fluid interaction 

assumptions. We have assumed that the adsorbent-adsorbate interactions (e.g. B-CO2 or B-

N2) can be interpolated from the knowledge of the force field parameters for individual atoms 

(e.g. carbon), and the adsorbates (i.e. CO2 and N2). However, this is usually not true as such 

interactions need to be fine-tuned, typically to the low pressure isotherms in the Henry’s law 

region, where only the interactions of a few adsorbates with the surface is present.72 Another 

source of error could stem from inaccuracies in the force-field parameters of the BNO 

adsorbent system itself. For an amorphous/turbostratic morphology, as modelled for the 

porous BNO adsorbent, the finite size of the flakes, the edge effects, the polarizability of the 

atoms and the overall solid morphology cause variations in the solid-solid and solid-fluid 

interactions, which we have not accounted for. There is scope for developing accurate tailored 

forcefields, based on DFT or quantum mechanical methods, for porous BNO and gaseous 
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adsorbates.73-75 To gain insight into the adsorption mechanism, the configurations of the CO2 

adsorbate on porous BNO were mapped and are presented for low and high pressure sorption 

in Figures 4e and 4f, respectively. The configurations of N2 on the BNO adsorbent are 

presented in Figure S6. In all cases, no preferential adsorptions sites were identified for CO2 

or N2 at the oxygen or other atoms.  
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Figure 4 I Model validation against experimental N2 and CO2 adsorption isotherms at 

low and high pressures. Comparison of the experimental and simulated N2 and CO2 

adsorption isotherms at (a) low pressures (< 1 bar) and (b) high pressures (0 – 20 bar) at 

298 K. (c) Investigation of model sensitivity to adsorption temperature - comparison of the 

experimental and predicted high pressure CO2 adsorption isotherms at 283 K and 313 K, (d) 

Model predicted heat of adsorption for high pressure CO2 sorption compared to experimental 

values obtained by Marchesini et al.34. Snapshots of equilibrium configurations of the CO2 

(red-cyan-red) adsorbate in the porous BNO simulation box at (e) low pressure (< 1 bar) and 

(f) high pressure (0 – 20 bar) at 298 K. Solid atoms are shown in grey with the exception of 

oxygen atoms which are highlighted in orange. 

 

As an example of how the model can be further employed, we predicted adsorption isotherms 

and selectivities for binary mixtures of CO2/CH4 and CO2/N2. Both separations are directly 

relevant to the energy sector in the context of natural gas sweetening and post combustion 

carbon capture, respectively. Isotherms were calculated at the typical pressures and 

temperatures in such processes: 0-1 bar and 323 – 398 K for post combustion CO2 capture 

from flue gas76, 77 and 68-75 bar and 283 – 313 K for natural gas sweetening58 (Figure 5). In 

the context of CO2 capture from flue gas, porous BNO exhibited CO2 and N2 adsorption 

capacities of 0.26 – 0.90 mmol g-1 and 0.08 – 0.18 mmol g-1, respectively, with 75 – 83% 

selectivity to CO2 over a temperature range of 323 – 398 K at 1 bar pressure (Figure 5a). The 

CO2 and N2 adsorption capacities decreased by 70% and 55% as the operation temperature 

was increased from 323 K to 398 K. With regards to natural gas sweetening, porous BNO 

exhibited CO2 and CH4 adsorption capacities of 9.10 – 10.63 mmol g-1 and 3.21 – 3.23 mmol  g-

1, respectively, with 74 – 77% selectivity to CO2 over a temperature range of 283 – 313 K at 

75 bar pressure (Figure 5b). Above ~10 bar, the CO2 and CH4 simulated isotherms begin to 

plateau to a constant adsorption capacity that appears to be virtually independent of pressure. 

The adsorption capacities and selectivities predicted by the model for CO2/N2 separation from 

flue gas streams is on par with those reported for activated carbons under similar conditions.78  
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Figure 5 I Model isotherms for binary mixtures of CO2/N2 for post combustion CO2 

capture from flue gas and CO2/CH4 for natural gas sweetening. (a) Predicted adsorption 

isotherms for a binary mixture of CO2/N2 over a pressure range of 0 – 1 bar and a temperature 

range of 323 – 398 K in the context of CO2 from flue gas,  (b) Predicted adsorption isotherms 

for a binary mixture of CO2/CH4 over a pressure range of 0 – 80 bar and a temperature range 

of 283 – 313 K in the context of natural gas sweetening. Note the isotherms for CH4 at 298 K 

and 313 K directly overlaps with that at 283 K.  

 

Conclusions 

We present a molecular model that can be used to predict gas sorption in porous BNO. The 

complex pore geometry and amorphous morphology of porous BNO is modelled through 

random packing of structural nanoflakes within a simulation box, with the textural parameters 

and chemical composition tailored to experimental data. The underlying highlight of this 

approach is the development of the model in tandem with experimental characterization to 

achieve an accurate representation of the synthesised material. Moreover, the model offers 

extensive tunability with regards to the porosity, pore size distribution and chemistry, allowing 

one to tailor the model according to the sample. Model predictions, obtained through Grand 

Canonical Monte Carlo simulations for CO2, N2 and CH4 sorption isotherms, at low (< 1 bar) 

and high (0 – 20 bar) pressures exhibited good agreement with experimentally measured 

isotherms under the same conditions, with minor discrepancy likely resulting from our 
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assumptions with respect to the force fields representing the solid-fluid interactions. The 

chemical heterogeneity of the BN, expressed in terms of the existence of oxygenated sites, 

did not seem to account for preferential adsorptions sites. We envision such a model to be 

employed concurrently with experimental adsorption studies to deliver practical insights into 

the design and optimization of porous BN-based adsorbents for molecular separation.  
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Methods 

Synthesis of porous BNO. In a typical synthesis, boric acid (H3BO3, ACS reagent, 99.0 %, 

Sigma-Aldrich), urea (CH4N2O, molecular biology grade, Sigma-Aldrich), and melamine 

(C3H6N6, ACS reagent, 99.0 %, Sigma-Aldrich), with a 1:1 molar ratio of boric acid to melamine 

and 1:5 molar ratio of boric acid to urea were mechanically mixed together and finely ground 

for 5 minutes in an agate mortar to form a homogeneous powder. The finely ground powder 

was subsequently transferred to an alumina boat crucible, which was placed in a horizontal 

tubular furnace. The sample was initially degassed at ambient temperature for 3 hours under 

an inert nitrogen atmosphere (flow rate of 250 cm3 min-1). Once the degas was complete, the 
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nitrogen flow rate was decreased to 50 cm3 min-1, and the sample was heated from ambient 

temperature to 1050 °C with a ramp rate of 10 °C min-1. This steady-state temperature was 

maintained for 3.5 hours, after which the samples were allowed to naturally cool to room 

temperature, whilst maintaining the same nitrogen flow rate. Upon completion of the synthesis, 

a porous white powder was obtained, which we refer to as porous BNO.  

Materials characterization 

Fourier transform infrared spectroscopy (FT-IR). The samples were first ground to a 

powder using an agate mortar. Subsequently, the spectra were obtained in the range of 500 

– 4000 cm-1 using a Perkin-Elmer Spectrum 100 FT-IR spectrometer equipped with an 

attenuated total reflectance (ATR) accessory.  

X-ray photoelectron spectroscopy (XPS) was employed to determine the relative elemental 

composition of the samples and the chemical states of the elements was conducted using a 

Thermo Scientific K-Alpha+ X-ray Photoelectron Spectrometer equipped with a MXR3 Al K𝛼 

monochromated X-ray source (h𝜈 = 1486.6 eV). The samples were initially ground and 

mounted onto an XPS sample holder using a small rectangular piece of conductive carbon 

tape. The X-ray gun power was set to 72 W (6 mA and 12 kV). Survey scans were acquired 

using 200 eV pass energy, 0.5 eV step size and 100 ms (50 ms x 2 scans) dwell times. All of 

the high resolution core level spectra (B 1s, N 1s, and O 1s) were obtained using a 20 eV pass 

energy and 0.1 eV step size. The results were analysed using the Thermo Avantage data 

analysis program. Any charging effect in the spectra was mitigated by using a dual-beam flood 

gun that uses the combination of low energy electrons and argon ions.  

Powder X-ray diffraction (XRD) was performed using a PANalytical X’Pert Pro X-ray 

diffractometer in reflection-transmission mode with a spinning stage (2 revolutions/second). 

An anode voltage of 40 kV and emission current of 20 mA were chosen as the operating 

conditions using a monochromatic Cu-K𝛼 radiation source (𝜆 = 1.54178 Å). The X’Celerator 

silicon strip detector was used in the diffractometer. The interplanar d(002)-spacing was 

calculated from the powder XRD patterns using Bragg’s law. 
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Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were used to evaluate the morphology of the samples using a scanning electron microscope 

(SEM, Leo Gemini 1525, Zeiss) in secondary electron mode (InLens detector) at 5 kV. The 

samples were ground, deposited on carbon tape, and coated with 20 nm of chromium to 

reduce charging in the microscope. Transmission electron microscopy imaging was collected 

on a JEOL 2100FX microscope. TEM and scanning TEM imaging were carried out on an FEI 

Titan 80-300 Cs image-corrected microscope, operated at 80 and 300 kV. Sample preparation 

was performed by dispersing porous BNO powder in ethanol and drop depositing the 

supernatant on a holey carbon copper grid.  

Nitrogen sorption isotherms were measured using a porosity and surface area analyser 

(Micrometrics 3 Flex) at 77 K. The samples were initially degassed overnight at 140 °C at 

approximately 0.2 mbar pressure. Prior to the sorption isotherm measurement, the samples 

were further degassed in-situ for 4 hours at 120 °C. The equivalent specific surface areas of 

the samples were determined using the Brunauer-Emmett-Teller (BET) method.79 The total 

pore volume was ascertained from the volume of N2 adsorbed at a relative pressure (P/P0) of 

0.97. The micropore volume was determined using the Dubinin-Radushkevich model.80  

Low pressure gas sorption. Gas sorption tests at low pressure (up to 1 bar) were performed 

on a Micromeritics 3Flex sorption analyzer at 25 °C, using a water bath to control the 

temperature. The samples (∼100 mg) were degassed overnight at 120 °C at roughly 0.2 mbar 

pressure and further degassed in situ for 4 h down to around 0.0030 mbar, before the start of 

the analysis. The gases were tested in the following order: nitrogen and carbon dioxide. The 

in situ degas step was repeated between each measurement.  

High pressure gas sorption. Gas sorption tests at high pressures (up to 20 bar) were 

performed gravimetrically on an IGA-200 Intelligent gas analyzer from Hiden Isochema. The 

sample (∼30 mg) was added to a porous sample container, connected to a high-precision 

balance (±0.0001 mg). The sample was degassed in situ at 120 °C, using a furnace 

attachment, for 4 h before the start of the analysis. Ultrahigh vacuum of up to 10−6 mbar can 

be created inside the chamber. Nitrogen and carbon dioxide sorption were performed at 
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different temperatures (10, 25, 40 °C), and the sample was degassed at 60  °C for 3 h between 

each run. The temperature was controlled by using a water/ethylene glycol bath. 

Computational model development 

The Grand Canonical Monte Carlo simulations60 for gas sorption in porous BNO were 

conducted using the MedeA® 2.22 software suite61 developed by Materials Design Inc® and 

visualizations with VMD.81 The polymer consistent force field plus (pcff+) is employed with no 

modification. pcff+ is an all-atom force field based on the COMPASS82 framework which uses 

analytical forms to describe dispersion-repulsion interactions, point charges and classical 

bond stretching, bending and torsion terms. pcff+ is optimized to provide an accurate 

prediction of liquid properties and molecular conformations consistent with ab initio 

simulations. Fluid-fluid and fluid-solid interactions were assumed to be pairwise additive, 

where nonbonded interactions (EvdW) are calculated through a Mie-type term and the 

electrostatic contribution through a Coulombic function (ECoul). For like atoms pairs we have: 

 𝐸𝑣𝑑𝑊 =  𝜖 [2 (
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where 𝜖 is the potential depth in energy units and 𝜎 corresponds to the molecular diameter in 

distance units. The Coulombic functions is defined by: 

 𝐸𝐶𝑜𝑢𝑙 =  
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where 𝐶 is an energy-conversion constant, 𝑞𝑖 and 𝑞𝑗 are the charges on the two atoms 

involved, and 𝜖𝑐 is the dielectric constant. In comparison with the usual Lennard-Jones  12-6 

function, the repulsion region of equation (1) is softer with a higher attraction. For unlike atom 

pairs, a 6th order combination rule is used to calculate the cross parameters between atoms 𝑖 

and 𝑗 (when 𝑖 ≠ 𝑗): 
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The cut-off radius is one half the box length. The electrostatic interactions are handled using 

Ewald summations using 7 vectors, with the same number of vectors in each direction, and a 

value of α = 2.0. The Ewald real space cut-off is applied between charge centres. The pcff+ 

forcefield parameters (σ,ε) for the constituent B, N and O atoms in boron oxynitride are: BN3 

(3.4530 Å, 0.0950 kcal mol-1), NB3 (3.3650 Å, 0.1448  kcal mol-1) and OB3 (3.3100 Å, 0.1554 

kcal mol-1). The partial charges for the atoms are: B (0.1000), N (-0.1000) and O (-0.1000). 

The B-N and B-O bond lengths were 1.44 Å and the bond angle was 120 o. The boron 

oxynitride (BNO) nanoflake consisting of 24 atoms in total (12 boron atoms, 10 nitrogen atoms 

and 2 oxygen atoms) was initially designed as a non-periodic structure with the chemical 

composition tuned to the surface composition obtained through XPS measurements. The 

nanoflakes were subsequently ordered in a cell with a side dimension of 26.343 Å (box volume 

of 18281 Å3), avoiding overlapping of the BNO units. This structural realization was denoted 

as that at time t = 0 seconds in the following molecular dynamics simulations. No bridges were 

added between the structures and they were artificially fixed in space within the cell at time 

t = 0 seconds. The final objective is to have the BNO nanoflakes randomly packed within the 

simulation box as a surrogate of the complex pore network and the amorphous/turbostratic 

morphology of porous BNO, as shown by Marchesini et al.34 through STEM tomography. To 

do so, molecular dynamics simulation in the canonical ensemble was performed employing 

LAMMPS83 at an arbitrary high temperature (3000 K) with a timestep of 0.1 fs over an arbitrary 

time period of 0 – 10000 fs to ensure random placements of the flakes. The initialization step 

was conducted using 3-D periodicity with a non-bonded cutoff of 9.5 Å and a long range 

precision of 0.00001 Å. Minimization was conducted using the conjugated gradient algorithm 

with a fast line search and maximum step of 0.05 Å. The attractive interactions between the 

nanoflakes were disabled to achieve random packing, whilst preventing agglomeration. A 

Nosé–Hoover thermostat84 was used to maintain the constant temperature requirement. The 

structures obtained from the molecular dynamics simulations were frozen in space and used 

as the templates for porous BNO adsorbents to simulate gas adsorption of CO2, N2 and CH4 

at low (< 1 bar) and high pressure (0 – 20 bar) using the MedeA® Grand Canonical Monte 
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Carlo ensemble. The pcff+ (σ,ε) parameters for the adsorbates are: CO2 [C (3.3000 Å, 

0.0600 kcal mol-1), O (3.5258 Å, 0.1040 kcal mol-1)], N2 [N (3.8008 Å, 0.0598 kcal mol-1)] and 

CH4 [C (4.014 Å, 0.0667 kcal mol-1), H (2.878 Å, 0.0230 kcal mol-1)]. The partial charges for 

the atoms are: CO2 [C (0.6650), O (-0.3325)], N2 [N (0.000), N (0.000)] and CH4 [C (-0.212) 

and H (0.053)]. The bond lengths and bond angles in each adsorbate are: CO2 [C=O, 1.16  Å, 

180o], CH4 [C-H, 1.101 Å, 107.66o] and N2 [N≡N, 1.0977 Å, 180o]. The adsorption simulations 

were conducted using a grid LJ cutoff of 20.0 Å. The equilibration run was conducted for 2 x 

106 steps, with the pressure calculated using the virial formula,85 and the production run was 

conducted for 5 x 106 steps. The ratio of probabilities for displacement (rigid translations and 

rotations) moves to insertion moves was 0.3 : 0.7.   
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