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ABSTRACT 
[bookmark: _GoBack]Production of biocompatible and stable porous materials, e.g. boron nitride, exhibiting tunable and enhanced porosity is a prerequisite if they are to be employed to address challenges such as drug delivery, molecular separations or catalysis. However, there is currently very limited understanding of the formation mechanisms of porous boron nitride and the parameters controlling its porosity, which ultimately prevents exploiting the materials’ full potential. Herein, we produce boron nitride with high and tunable surface area and micro/mesoporosity via a facile template-free method using multiple readily available N-containing precursors with different thermal decomposition patterns. The gases are gradually released, creating hierarchical pores, high surface areas (> 1900 m2/g) and micropore volumes. We use 3D tomography techniques to reconstruct the pore structure, allowing direct visualization of the mesopore network. Additional imaging and analytical tools are employed to characterize the materials from the micro- down to the nano-scale. The CO2 uptake of the materials rivals or surpasses those of commercial benchmarks or other boron nitride materials reported to date (up to four times higher), even after pelletizing. Overall, the approach provides a scalable route to porous boron nitride production as well as fundamental insights into the material’s formation, which can be used to design a variety of boron nitride structures.

KEYWORDS: boron nitride, adsorption, porosity, CO2 capture, activation, TEM tomography, template-free synthesis.


Tunable porosity and chemistry, as well as robustness, are key features of porous materials, as they are employed in a wide range of applications including gas storage, water and air treatment, industrial gas and liquid separation, drug delivery and catalysis.1-4 Researchers have developed numerous porous materials including, but not limited to, activated carbons, zeolites, metal-organic frameworks (MOFs) and covalent organic frameworks (COFs).5-10 A relatively recent addition to the class of porous materials is porous boron nitride (BN).11-19 BN exhibits attractive properties such as: high chemical resistance, good thermal stability (up to 800-1000 °C in air and over 2000 °C in inert atmosphere), high thermal conductivity and mechanical resistance as well as catalytic properties.20-26 Different allotropic forms of BN can be produced, 27 of which t-BN (turbostratic) and a-BN (amorphous) can provide the porosity desired for molecular separation and storage. Henceforth, t-BN and a-BN is referred to as porous BN. Porous BN can be obtained via a high-temperature reaction between a nitrogen (N)- and a boron (B)-containing precursor. This can be produced with or without the use of a solid template.28-35 Templating also occurs as reagents release gases during their decomposition, thereby creating porosity. Such compounds are known as activating agents or structure-directing agents (e.g. cetyl-trimethylammonium bromide,36 triblock copolymer P123).37 Template-free syntheses are often preferred over template-based methods as fewer reagents and synthesis steps are required. In template-free syntheses, porous BN is typically produced from the reaction between B- and N-containing precursors at high temperatures (~1000 ºC) under an inert or ammonia atmosphere.11,12, 14-16, 38
The stability and potentially high porosity of BN have prompted several studies on its synthesis and subsequent application in molecular separation processes. Despite these current research efforts, our ability to tune the material’s porosity and chemistry is limited, particularly via a cost-effective and straightforward approach. This aspect is important for ensuring the versatility of porous BN and its relevance to the industrial sector. Among the few studies on the topic, the work of Nag and coworkers12 is significant, indicating that the surface area of boron nitride nanosheets (BNNSs) can be increased by increasing the molar ratio of urea to boric acid. However, the porosity reported remained limited (SBET < 1000 m2/g). Wu et al.39 recently obtained BNNSs with varying surface areas depending on the solvents used during the dissolution step of the precursors, prior to the synthesis of BN. Large surface areas were obtained but required a large excess of the N-containing precursor. The importance of the preparation of the intermediates of reaction was also demonstrated but the approach required long drying times. 40
Herein, we have developed a template-free method to produce BN with tunable surface area and micro/mesoporosity using readily available chemicals. This approach relies on the use of multiple N-containing precursors and does not require any washing step (Scheme 1). With this method, a greater understanding of the formation of porous boron nitride is reached. During decomposition, the various N-containing precursors release gases, i.e. porogens, over a wide range of temperatures. Since the precursors only contain N, C, O and H atoms, which are either released in the form of gases or become part of the BN structure, there is no need for an extra cleaning/washing step. Depending on the conditions used, BN with very high surface area and pore volume can be produced. All samples were characterized extensively to provide insight into the chemistry, structure, porosity and morphology of BN. Scanning transmission electron microscopy (STEM) tomography was employed to directly visualize the structure of porous BN. Additional analytical tools were used to investigate the macro- to nanoporosity (i.e. pore location, shape, connectivity) and to understand the mechanisms of BN formation. Owing to their large micropore volume, the samples were tested for gas adsorption (CO2, CH4) at low (<1 bar) and high pressures (up to 20 bar). The tested BN rivals common adsorbents performance while exhibiting greater resistance to oxidation and moisture. Finally, BN pellets were produced by compression of powder samples.  Minimal decreases in porosity and gas uptake were observed, which demonstrate the robustness and processability of the material, two of the requirements for application at scale. Overall, we claim that the current study brings practical insights on the synthesis of porous BN, while providing fundamental knowledge on its formation that will serve as a basis for the design of other BN structures.
RESULTS and DISCUSSION
The porous BN samples were fabricated via two non-templating methods (Scheme 1). Depending on the method, boric acid was mixed with either a single N-containing precursor or two N-containing precursors. In the former case, the samples are called “single N-precursor BN”, and in the latter “multiple N-precursor BN” (Details on the naming system for the various samples can be found in Scheme 1).
In-depth characterisation of the morphology, as well as the textural features (including the pore structure and connectivity) of the synthesised samples, was performed from the micro- down to the nano-scale. XRD confirms the formation of a-BN and/or t-BN (Fig. 1d, Fig. S1).  For all samples, two very broad peaks are observed at 2Theta 26° and 41° corresponding to the (002) and (100) planes of h-BN, respectively.41 A typical spectrum for h-BN is also included for comparison (Fig. 1b). It is concluded that either BNNSs or a mixture of t-BN and a-BN are formed. The formation of multi-layer h-BN is excluded due to the broadness of the peaks and the absence of reflections other than (002) and (100). TEM along with fast Fourier tranform (FFT) patterns were used to determine whether BNNSs or t-BN/a-BN was formed. The sample exhibits a disordered structure with no visible diffraction pattern (though some crystalline regions are visible, Fig. 1c). This is in contrast with the TEM image of BNNSs for which strong diffraction spots are observed (see Fig. 1a, commercial h-BN exfoliated via a 6-hour sonication in water). These analyses indicate the formation of amorphous porous BN.
Imaging techniques were further employed to directly visualise the morphology and pore network of the BN samples. Samples prepared using urea or biuret exhibit a flake-like morphology, similar to what would be expected for 2D nanosheets, while those prepared using melamine exhibit whisker-like morphology, with no visible macropores (Fig. 1e-i, Fig. S2). With increasing amounts of biuret to the urea/boric acid mixture, a transition from a flake-like morphology to a more disordered 3D network of fibers is observed (Fig. 1i). A disordered structure is also visible when melamine was added to a urea and boric acid mixture (Fig. 1h). The different features observed for the various single N-precursor samples may originate from the distinct chemical structures (Scheme 1) and morphologies of the precursors.42 The larger N-precursor to B-precursor ratio used for some of the samples may have an effect as well. It is hypothesized that the addition of a second N-precursor creates ‘turbulences’ during the formation of BN, with more gases released over a wider temperature range. This may lead to a more disordered structure in the resulting materials. 
To provide a more comprehensive view of the materials microscale features, we conducted electron tomography analyses. A single N-precursor BN was compared with a multiple N-precursor BN (Fig. S3). The two materials exhibit distinct morphologies, however the particles within the same material are relatively homogeneous. The single N-precursor BN has a microsponge-like structure with the presence of regular mesopores ranging from 10 to 30 nm (Fig. 2a-c, Movie 1). The pores appear spheric and their volume percentage is calculated to be around 45 vol.%. from the 3D reconstuction. The multiple N-precursor BN exhibits smaller and inhomogeneous mesopores and appears like a crumpled nanosheet (Fig. 2d-f, Movie 2). The resolution of this technique does not allow micropores and small mesopores to be displayed.
In order to study smaller features (i.e. micro- and lower range mesoporosity), N2 sorption analyses at -196 ºC were conducted (Fig. 3, Fig. S4, Table S1). Type IV isotherms are observed for all samples, indicating the presence of both micro- and mesopores (Fig. 3a, c). The surface area of biuret- and melamine-based samples steadily increases as more of the additional N-containing precursors is added to the system. A maximum value of 1900 m2/g was measured, which is among the highest surface areas reported for boron nitride. For comparison, the theoretical surface area for a single atom thick sheet is ~2630 m2/g 43. The highest surface area for BN (2078 m2/g) was observed by Li et al. for a material produced using the block copolymer P123 as a structure-directing agent.44 However, the BN obtained in that study exhibited a large amount of impurities deriving from P123. Comparable surface area was reported by Weng et al.18 using dicyanamide and boric acid precursors, which required the use of ammonia, a toxic gas, at 800 °C. The tuning of the micro/mesoporosity was not achieved in these earlier studies. A similar surface area was also measured by Wu et al. when using urea and boric acid in a molar ratio of 30, which were first dissolved in a methanol/water mixture.39 The approach included an additional synthesis step as well as the use of methanol and a considerable waste of urea (which was used in large excess). In the present study, for melamine-based samples, we observe an increase in the surface area, volume of micropores and total pore volume with increasing amounts of melamine, while the mesopore volume decreases slightly. This trend suggests that increasing the amount of melamine leads to an increase in the amount of gas being released, thereby enhancing the formation of micropores. In the case of biuret-based samples, the trends appears to be more complex than those for the melamine-based samples. Indeed, while the surface area and the micropore volume increase with increasing amount of biuret, the volume of mesopores and hence the total pore volume exhibit more uneven patterns. Adding biuret in small quantities has a detrimental effect on the mesopores. However, when the quantity of biuret is further increased, the mesopore volume increases again. This observation may be due to a combination of factors, such as the change in the morphology of the samples and the release of gases over a wider temperature range, which can lead to the preferential formation of micropores over mesopores when low quantities of biuret are added. 
It is hypothesised that the porosity of the samples is created through the release of gases during the decomposition of the chemicals. Therefore, the variation in porosity is assigned to the differences in decomposition temperatures and pathways of the various precursors. Biuret decomposes at a slighly higher temperature than urea (190 °C versus 150 °C), and exhibits a similar two-step decomposition pattern to that of urea (Fig. S5a). On the other hand, melamine decomposes in a single step (~260 °C). To understand the formation of porous BN using different precursors, mixtures of boric acid and urea, as well as boric acid, urea and biuret were analysed via thermogravimetry (Fig. S5b). The decomposition profile varies significantly between the different mixtures, with a wider range of decomposition temperature for the multiple N-precursor mixture (Fig. S5b). Hence, it is envisioned that for the multiple N-precursor BN samples, urea starts decomposing at a lower temperature, thereby releasing gases, such as ammonia, that react with boric acid/boron oxide to form BN. Both biuret and melamine decompose at higher temperatures, meaning gases are released over a wider range of temperatures compared to the use of a single N-precursor. These gases act as porogens for boron nitride. While this hypothesis is proposed, one could argue that the increase in surface area observed derives from the increase in N/B molar ratio, as previously reported from Nag et al. 12 for urea and boric acid precursors. However, the highest surface area samples exhibit N:B molar ratios of 16 and 22. When similar ratios were used to produce single N-precursor BN samples, surface areas of ~900 m2/g were measured, compared to more than 1500 m2/g for multiple N-precursor BN samples. This points to the fact that the use of multiple N-precursors with a wide thermal decomposition range is indeed fundamental in enhancing the surface area of the material.
As surface chemistry is also critically important when gas sorption applications are considered, the chemical features of the materials were analysed. All samples exhibit the two characteristic IR bands of h-BN (1350 cm-1: B-N in-plane stretching mode; 800 cm-1: B-N-B out-of-plane bending; Fig. S6).45 The samples were further analyzed using XPS (Fig. S7). The analysis of the core level spectra for B 1s and N 1s confirms the formation of BN from the peaks at 191.0 eV and 398.6 eV, respectively. The presence of satellite peaks, which are typical for the hexagonal form of BN, are observed at higher binding energies.46-48 The presence of such peaks suggests that the samples contain some hexagonal phase, despite them being almost entirely amorphous. This supports the observations made earlier based on TEM analysis (Fig. 1). The samples exhibit oxygen, as observed in other studies,40 attributed to a boronoxynitride compound. The variation in oxygen content is likely associated with the preparation of the samples, such as time between the degas and the start of the XPS analysis. Hence, the oxygen species must have been primarily located at the surface of the samples. The amount of carbon impurities is low. Carbon species are mostly belonging to adventitious carbon.
Owing to their high porosity and due to the presence of N atoms, the materials were studied for CO2/N2 separation (at both low and high pressures) and CO2/CH4 separation, two separations that are directly relevant to the energy sector in the context of carbon capture and natural gas processing, respectively. As expected, the results point to the positive impact of the (micro)porosity enhancement on the CO2 sorption capacity (Fig. S8, Fig. S9). At 1 bar, porous BN adsorbs up to 1.6 mmol/g of CO2, which is approximately four times higher than the best performing porous BN material tested thus far under the same conditions (Fig. S8a).13 Nevetherless, it is noted that the sorption capacity of BN remains limited if compared to other classes of porous materials.49,50 This is due to the fact that at low pressure, chemisorption is the key mechanism. Considering the high micropore volume of the porous BN samples, it was hypothesised that these could be better suited for high pressure applications. For this reason, the highest surface area BN sample was tested for CO2 sorption at high pressure (up to 20 bar) and various temperatures (10, 25 and 40 °C, Fig. S8b). The CO2 sorption capacity measured at 25 °C and 20 bar (8.3 mmol/g) is higher than that reported for commerial zeolites and comparable to that reported for commercial activated carbon under similar conditions.51 When considering CO2 capture, BN has the advantage of not being affected by the presence of moisture as opposed to zeolites and certain types of MOFs, and it is more chemically resistant than activated carbon. The heat of adsorption for CO2 is approximately 19 kJ/mol (Fig. S8). This value is aligned with theoretical calculation  for CO2 physisorption on a BN sheet.52
Powders are not suitable for use at an industrial scale and eventually adsorbents must be structured in order to minimise pressure drop. Pelletizing is commonly conducted to address this aspect but is also known to lower the porosity and, therefore, the overall capacity. This loss in porosity is due to either the ‘collapse’ of pores due to the formation of pellets and/or the addition of a binder (i.e. an ‘inactive’ component), reducing the gravimetric and volumetric uptakes. Porous BN pellets obtained from BN-MU1:5 samples (sample derived from melamine and urea) were prepared (Fig. 4a) and their porosity was analysed using N2 sorption isotherms (Fig. 4a). The isotherms exhibit a similar shape to that of the non-pelletized BN and a limited decrease in the surface area and volume of pores is observed (average decrease over four repeats: 16 % for surface area, 19 % for total pore volume and 17 % for micropore volume). This shows that most of the original pore structure is maintained after compression and highlights the great mechanical stability and processability of porous BN powder. Interestingly, CO2 sorption capacity of a BN pellet at 25 °C is 1.1 mmol/g at 1 bar (1.6 mmol/g for non-pelletized sample) and roughly 8.4 mmol/g ± 2 % at 20 bar (8.3 mmol/g ± 2 % for non-pelletized sample) (Fig. 4b). A hypothesis  - not confirmed at this stage - for the absence of a decreased CO2 capacity is the fact that pelletizing introduces defects in the material structure (e.g. dangling bonds), which subsequently favour adsorption. 
CONCLUSIONS
A facile template-free synthesis is formulated for the production of highly porous BN, whose pore network is directly visualized using tomography and fully characterized from the nano- to the macro-scale using a range of analytical tools. The synthesis involves fewer steps and cheaper chemicals when compared to other methods, while maintaining, and in some cases surpassing, the porosity of the materials reported to date. A key aspect of our approach is that it enables the tunability of not only the total porosity, but also the microporosity. The method relies on the use of multiple N-containing precursors, whose thermal decompositions span a large temperature range and enables the progressive release of porogens as BN formation takes place. The most porous samples exhibit enhanced CO2 capture capacity compared to commercial zeolites at high pressure and can be shaped as pellets with little or no reduction in porosity and gas uptake.

METHODS
Material synthesis
Porous BN was synthesized starting from different nitrogen-containing precursors and boric acid. The N-precursors used were urea (molecular biology grade, Sigma-Aldrich), melamine (melamine 99 %, Sigma-Aldrich) and biuret (biuret, Sigma-Aldrich). The B-precursor used was boric acid (ACS reagent, Sigma-Aldrich). In the following, when only one N-precursor was used, the samples are called “single N-precursor BN”, while when two different N-precursors were used the samples are referred to as “multiple N-precursors BN”.
Preparation of the reaction intermediates for the synthesis of single N-precursor BN
The intermediates consisted of either a mixture of urea and boric acid, a mixture of biuret and boric acid, or a mixture of melamine and boric acid. In the first two cases, the chemicals were physically mixed and ground. In the latter case, boric acid was first dissolved in an aqueous melamine solution before the water was completely evaporated to obtain a white precipitate, which was further dried overnight at 85 ºC.  The molecular ratios urea:boric acid, biuret:boric acid and melamine:boric acid were equal to 5, 2 and 0.5, respectively. These were selected as they enabled the production of porous BN while obtaining a good product yield and/or minimizing the amount of impurities.12, 14, 53,54 
Preparation of the reaction intermediates for the synthesis of multiple N-precursors BN
Here, biuret or melamine was used as N-precursor together with urea. Biuret and melamine acted as secondary N-precursors and were selected because they are relatively cheap, readily available, they decompose at higher temperatures compared to urea and they do not call for a post-synthesis cleaning step (i.e. precursors decompose in the form of gases and the remaining solids are part of the BN structure).  In a typical synthesis, varying amounts of either biuret or melamine were added to a urea- and boric acid mixture. The molar ratio of urea to boric acid was kept constant at 5, while the biuret to boric acid molar ratio ranged from 0.5 to 8 and that of melamine to boric acid ranged from 0.25 to 1. Prior to the synthesis of BN, all the precursors were physically mixed and ground. It must be noted that the molar ratio of melamine to boric acid was not increased over 1 as an excess of melamine leads to the formation of a sample with a large amount of carbon impurities.
Synthesis of porous BN using single or multiple N-precursors 
The intermediates were placed in an alumina boat crucible and heated up to 1050 °C (10 °C/min ramp rate) under nitrogen gas flow (0.05 L/min during analysis, 2 h at 0.25 L/min to purge). The temperature was held at 1050 °C for 3.5 hours and the furnace was then allowed to cool naturally under a nitrogen atmosphere. A white powder was collected after the synthesis. Two different naming systems were used, depending on whether one or two N-precursor/s was/were used. The generic names are BN-A-X and BN-AC-X:Y, respectively. A and AC correspond to the N-precursors used: urea, biuret or melamine (A or C = U, B, M). X and Y correspond to the molar ratios of N-precursor to boric acid. For instance, BN-U5 indicates a sample prepared from a single N-precursor using a mixture of urea and boric acid in molar ratio of 5. BN-BU0.5:5 indicates a sample prepared from multiple N-precursors using a mixture of biuret:urea:boric acid in molar ratios 0.5:5:1.
Formation of pellets
Porous BN powder (BN-MU1:5, ~ 200 mg) was coarsely ground with an agate pestle and mortar and was placed into a pellet die (Specac, 13 mm evacuable stainless steel). The die was positioned into a manual press and 5 tonnes of load were applied to form a pellet. The pellet was carefully removed from the pelletizer through inverting the die and gradually applying a small load on its base. 

Materials characterization
Structural properties and morphology: Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (PANalytical X’Pert PRO) in reflection mode. The operating conditions included an anode voltage of 40 kV and an emission current of 40 mA using monochromatic Cu Kα radiation (λ = 1.54178 Å). Nitrogen isotherms were measured using a porosity analyser (Micromeritics 3Flex) at -196 °C. Prior to the measurement, the samples were degassed overnight at 120 °C at roughly 0.2 mbar pressure. They were finally degassed in-situ on the porosity analyser for 4 hours down to around 0.0030 mbar. It must be noted that when BN was produced in the form of a pellet, this had to be fragmented in order to fit into the tubes used for nitrogen sorption analysis. The surface areas of the samples were calculated using the Brunauer-Emmett-Teller (BET) method.55The total volume of pores was calculated from the volume of N2 adsorbed at P/P0 = 0.97. The micropore volume was determined using the Dubinin Radushkevich method.56 The pore size distribution was derived from the isotherms by using an in-built software from Micromeritics and selecting the DFT model for carbon slit shape pores (N2@77 on Carbon Slit Pores by NLDFT). The morphology of the samples was evaluated 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 (TEM) imaging and FFT’s diffraction patterns (for Figure 1) were collected on a JEOL 2100FX microscope. TEM and Scanning TEM (STEM) imaging were carried out on an FEI Titan 80-300 Cs image-corrected microscope, operated at 80kV and 300kV. Sample preparation was performed by dispersing porous BN powder in ethanol and drop-depositing the supernatant on a holey carbon copper grid. STEM images were acquired using a convergence semi-angle of 10 mrad and an inner and outer collection angle to the high angle annular dark field (HAADF) detector of 40 and 196 mrad respectively.  The bright contrast in the STEM images is from regions containing higher atomic number and/or density.  For the tomograms, STEM images were acquired every 2° from -54 and +74° (for Figure 3E) and between -70 and +74° (for Figure 3B). The images were aligned and reconstructed using Inspect3D (FEI Visualization Group). A total of 64 and 62 images were used in each of the final reconstructions, respectively.  The initial reconstruction was carried out using a weighted back projection (WBP) algorithm and then reconstructed using 25 iterations of a simultaneous iterative reconstruction technique (SIRT) algorithm. The reconstructed 3D TEM tomography data set was imported into Avizo (FEI Visualization Group, France) as a .rec file and more details on the steps of the reconstruction are provided in the Supporting Information. 
Chemical properties: The thermal stability of the precursors was analyzed using a thermogravimetrical analyzer (TGA) Netzsch TG209 F1 Libra from ambient temperature to 900 °C (10 °C/min ramp rate) under nitrogen gas flow (0.1 L/min). The porous BN samples were characterized by Fourier Transform Infrared (FT-IR) spectroscopy. The samples were first ground in an agate mortar and spectra were collected in the range of 600-4000 cm-1 using a Perkin-Elmer Spectrum 100 Spectrometer equipped with an attenuated total reflectance (ATR) accessory. X-Ray Photoelectron Spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha+ X-ray Photoelectron Spectrometer equipped with a MXR3 Al Kα monochromated X-ray source (h = 1486.6 eV). X-ray gun power was set to 72 W (6 mA and 12 kV). All high resolution spectra (B 1s, N 1s, C 1s, and O 1s) were acquired using 20 eV pass energy and 0.1 eV step size. The samples were ground and mounted on the XPS sample holder using conductive carbon tape. Thermo Avantage software (ThermoFisher Scientific) was used to analyse the data. The XPS spectra were shifted to align the peak for adventitious carbon (C-C) at 285.0 eV. 
Gas sorption
Low pressure: 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 hours down to around 0.0030 mbar, before the start of the analysis. The gases were tested in the following order: nitrogen, methane, carbon dioxide; and the in-situ degas step was repeated between each measurement.
High pressure: Gas sorption tests at high pressures (up to 20 bar) were performed gravimetrically on an Intelligent Gas Analyzer IGA-200 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 ºC, using a furnace attachment, for 4 hours before the start of the analysis. Ultra-high vacuum of up to 10-6 mbar can be created inside the chamber. Nitrogen and carbon dioxide sorption were performed at 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. 
Calculation of the heat of adsorption and entropy for CO2 
The heat of adsorption (Qst) and entropy (for CO2 were calculated  by fitting the gas sorption isotherms, collected at 3 different temperatures, with a Langmuir-Freudlich equation57 (1):

The fitting was used to calculate the pressures (P) at desired CO2 loadings (0.1-5). ln(P) was then plotted against   for each selected loading and fitted with a linear fit. Based on the Van’t Hoff equation58 the heat of adsorption and entropy were finally calculated from equations (2,3). 


Where m is the slope, c is the intercept and R is the universal gas constant.
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Scheme 1. Template-free synthesis methods for porous boron nitride using: (a) a single N-containing precursor route; (b) a two N-containing precursors route. All samples have been prepared via a gas-solid reaction under a flow of N2. The generic names for the samples are BN-A-X and BN-AC-X:Y, respectively. A and AC correspond to the N-precursors used: urea, biuret or melamine (A or C = U, B, M). X and Y correspond to the molar ratios of N-containing precursor to boric acid.
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Figure 1. Morphology of the synthesized porous boron nitride. (a, c) Typical high resolution TEM images with FFT’s diffraction patterns for: (a), exfoliated h-BN exhibiting the expected crystalline pattern and c, porous BN (BN-U5 sample) exhibiting a disordered structure with some crystalline regions. Scale bars in Figures (a) and (c) are 10 nm. (b, d) Typical XRD patterns for: (b), h-BN commercial powder confirming the crystalline nature of the material and (d), porous BN  (BN-U5 sample) pointing to the presence of a combined turbostratic and amorphous material. (e-g), SEM images for single N-precursor BN ((e) BN-MU0.5, (f) BN-U5 and (g) BN-B2) showing different morphologies – from fibres to flakes – depending on the precursors. (h, i) SEM images of multiple N-precursor BN ((h) BN-MU1:5, (i) BN-BU4:5) indicating a greater disorder/finer structure compared to single N-precursor BN. Scale bars in Figures (e-i) are 800 nm. 
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Figure 2. Mesoporosity of boron nitride. (a, d) Dark field STEM images of porous boron nitride samples synthized using: (a) a single N-precursor (i.e. urea, BN-U5 sample); (d) multiple N-precursor (i.e. urea and melamine, BN-MU1:5 sample). (b, e) 3D tomography reconstructions of the 2 samples; (c, f) 3D reconstructions of the pores. The scale bars represent 100 nm. These images reveal the distinct mesoporous networks of the two types of porous BN samples. The single N-precursor BN appears as a micro-sponge while the multiple N-precursor BN exhibits finer and more inhomogeneous features.
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Figure 3. Tunable micro- and mesoporosity of boron nitride. (a, c) N2 sorption isotherms measured at -196 °C for the BN samples synthesised from: (a)  urea, biuret and boric acid mixtures and (c) urea, melamine and boric acid mixtures, all showing a gradual increase in the gas uptake and therefore porosity as more of the additional N-precursor is added. (b, d) Bar plots showing the BET equivalent surface areas, total volume of pores, micropore and mesopore volume for samples synthesised from: (b) urea, biuret and boric acid mixtures as well as (d) urea, melamine and boric acid mixtures, exhibiting a gradual microporosity enhancement as more of the additional N-precursor is added. 


[image: ]
Figure 4. Gas uptake properties of the synthesised porous boron nitride. (a) N2 sorption isotherms at -196 °C of porous BN before and after pelletizing (performed using a manual press and a 5 tonnes load) with the corresponding photographs of the materials in powder and pellet forms. (b) CO2 and N2 sorption isotherms for a porous boron nitride (BN-MU1:5 sample) and the corresponding pellet at 25 °C and up to 20 bar, as measured using a gravimetric system. Minimal reduction in porosity and gas uptake is observed after pelletizing. 
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