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Abstract

Boron nitride (BN) has applications in a numbend#as: it can be used as lubricant, as
insulating thermoconductive filler or UV-light erteét. BN can also capture large amounts
of hydrocarbons and gaseous molecules, providedttiehibits a porous structure. This
porous structure also enables its applicationagsig-delivery nanocarrier. Little if
anything is known on controlling the porosity of B&en though it has tremendous

implications in terms of adsorption performance dney delivery properties. To address
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this aspect, we provide for the first time an impitieinvestigation of the effects of the
synthesis conditions on the formation of porous Bhke material was also tested for £O
capture. We found that the intermediate preparasiaf paramount importance and can in
fact be used to tune the porosity of BN. Owing tmanbination of spectroscopic and
thermal analyses, we attributed this phenomendhe@ariation of the thermal
decomposition pattern of the intermediates. Thetmmsroporous BN produced was able
to capture C@while not retaining M Overall, this study opens the route for the desiy

well-controlled porous BN structures to be applsdadsorbents and drug-delivery carriers.

Keywords: boron nitride, adsorption, X-ray photoelectronapescopy, porosity, CO

capture



1. INTRODUCTION

Hexagonal boron nitride (h-BN) is a 2D-layered miatecomposed of boron and nitrogen
atoms arranged in a honeycomb-like structure. hilats high thermal, chemical and
mechanical stability, and a ‘richer’ chemistry caargd to carbon-based materials, due to
the polarity of B-N bonds. Boron nitride can bealbéd with high surface area either in the
form of an amorphous porous materia@omewhat similar to activated carbeor in the
form of nanosheets, obtained by isolating singidew-layer sheets of h-BN [1-3]. The
former type of BN represents an attractive matéoatrug delivery, especially
considering its non-toxicity. The porous featurddf is also of interest in the field of
adsorption. Porous BN can be seen as a new cldmsghdy robust adsorbents that is
complementary to carbonaceous materials, owingegdiigh thermal and chemical stability
of BN. Recent studies have reported the use ofysoBiN for gas phase and liquid phase
adsorption. The focus has mostly been on C4pture [4-6], H storage [7-10], pollutants
removal from air [11, 12], water pollutants remopgl12-22] and oil adsorption [15, 21,
22]. For instance, recent work by Nag et al. [plared the synthesis of boron nitride with
a CQ adsorption capacity of up to 32 wt. % at 195 K ar&b P/R. Furthermore, it was
demonstrated by Zhao et al. that boron nitride &Mnf could adsorb between 70 and 190

times its weight in organic pollutants and oils][22

Porous BN can be produced in a rather straightfahwaanner via bottom-up synthesis
approaches. A number of these approaches havelegeloped and can be broadly
divided into three classes: “chemical blowing” teicfue, template-based methods and

template-free methods. Chemical blowing consistseaiting ammonia borane up to



1400 °C under an inert atmosphere. While relatiealsy to implement, this technique
relies on the use of an expensive precursor (amartmmane) and results in a low surface
area material (< 150 7ty) [23, 24]. The second class of synthesis methimiinplating
method- uses a sacrificial material to control the posositthe resulting BN. Some
examples of templates employed include mesopoiibaa, £arbonaceous materials and
zeolites [25-27]. Various organic compounds hage dkeen mixed with boron and
nitrogen precursors and used as structure-direajegits to produce porous BN, such as
for instance cetyl-trimethylammonium bromide [284,the triblock copolymer (P123) [12].
In general, it is found that the use of inorgaeimplates leads to materials with lower
surface areas compared to organic ones (300-8@Pws 800-2000 Afg). To avoid the use
of a template, and hence reduce the number of esistteps and associated cost,
template-free methods have been developed. Ovsodll, nitrogen and boron precursors —
typically melamine/urea and boron oxide/boric acigre mixed and heat treated (500-
2000°C) under an inert atmosphere [5, 7-9, 11, 17, 882 In some cases though,
ammonia gas is used as the nitrogen precursoowioll) this approach, materials with
surface areas up to about 1,708gave been obtained [7]. Despite the straightiodw
nature of this method and its potential for scalehttle is known on the effects of the
synthesis parameters (i.e. precursor ratios, tesyoey, atmosphere, etc...) on the physical
and chemical properties of the resulting materidészertheless, if one wants to employ
porous BN for specific adsorption applications sicatalyst support, the properties of the
materials must be carefully controlled as theydiaectly influence the adsorption
performance and the deposition of catalyst pagidlefact, some preliminary studies

indicate that synthesis conditions probably hagegaificant impact on the structural and



chemical properties of porous BN. For instance, Biadj coworkers showed that varying
the initial ratio of precursors prior to heatingdlto a three-fold increase in the surface
areas of the resulting BN [5]. It is also interegtto note that in most studies, the nitrogen
and boron precursors are first mixed in a solveoften methanol or water — prior to the
heat treatment leading to BN formation. While #tisp was employed in most studies, no
justification for it was given until a recent stulbdy Wu and coworkers provided a greater
insight on the impact of this step on BN formatj88]. It was demonstrated that the
specific surface area of BN could be tailored lyystallizing a mixture of urea and boric
acid from solvents with different boiling pointshd different boiling points of the solvents
had an effect on the crystalline structure of titermediates and subsequently on their
decomposition during heat treatment and hence @stthcture of the resulting porous BN.
In summary, the status of research on the formd#od production) of porous BN does
not provide the necessary understanding to tunentterial’s properties for given

applications, particularly adsorption.

In this study, we aim to provide an in-depth inigegion of the synthesis conditions on the
formation of porous BN. This is meant to unlock pgmtential of a new class of robust
adsorbents. To do so, we employed a template-fegbad using urea and boric acid as the
precursors. Before the heat treatment, the chesneate mixed in water and dried for
various durations, resulting in the formation afadid intermediate. This was done to
investigate the impact of the pre-heat treatmesg. 8oth the porous BN samples and the
intermediate samples were characterized by specipas(FTIR, XPS), crystallographic

(XRD), imaging (SEM, TEM) and analytical techniguyék sorption, TGA) in order to



provide a complete picture of the structure, molpépand chemistry of the samples and
relate these to synthesis conditions. Given thk p@osity and particularly high
microporosity of the BN samples obtained, and tgkimo account the presence of N-

groups, preliminary C@adsorption tests were conducted.

2. EXPERIMENTAL

2.1. Material synthesis

In a typical experiment, urea (9 g, molecular bigigrade, Sigma-Aldrich) and boric acid
(1.85 g, ACS reagent, Sigma-Aldrich) were dissolvedeionized water (450 mL) at

65 °C, and the water was then allowed to completedporate at that temperature. The
white powder obtained — referred to as the interated- was further dried in the oven at
65 °C for different lengths of time (0 h, 50 h, 10@®00 h). The resulting intermediate
samples are named: INT- X. “INT” stand for internagd and “X” is the drying time in
hours after the complete evaporation of the watee. intermediates were ground and
loaded in an alumina boat crucible and then heatadubular furnace under nitrogen
atmosphere (flow of 50 mL mi) from room temperature to 1050 °C at a rate of@0
min™. This temperature was maintained for 3.5 h. Thepas were allowed to cool to
ambient temperature (natural cooling rate) whiléntaéning the same nitrogen flow. At
the end of the synthesis, a white powder (porouy\B&$ obtained. The samples are
referred to as BN-X, in the same way as for thermediates, with “BN” referring to

porous BN and “X” to the drying time of the interdigte. For comparison, porous BN was



also synthesized using a physical mixture of urehtaoric acid in the same molar ratio. In
this case, urea and boric acid were physically thixeolar ratio of 5, as for the other
samples), ground together, placed in a ceramicdmwédthen subjected to the same heat
treatment as the intermediate samples. The regBiMisample is referred to as BN-phys

mix. It must be noted that about 300 mg of samps wbtained for each synthesis.
2.2. Materials characterization

2.2.1. Chemical properties. The intermediates and resulting porous BN sampéee
characterized by Fourier Transform Infrared (FT-$Rgctroscopy. The samples were first
ground in an agate mortar and spectra were cotléantthe range of 600-4000 Enusing a
Perkin-Elmer Spectrum 100 Spectrometer equippeld avitattenuated total reflectance
(ATR) accessory. X-Ray Photoelectron Spectrosc®S) was performed using a
Thermo Scientific K-Alph&X-ray Photoelectron Spectrometer equipped withXRg Al

Ko monochromated X-ray sourcev(k 1486.6 eV). X-ray gun power was setto 72 W (6
mA and 12 kV). Survey scans were acquired usinge20fass energy, 0.5 eV step size
and 100 milliseconds (50 ms x 2 scans) dwell tirAdishigh resolution spectra (BsLN 1s,

C 1s, and O %) were acquired using 20 eV pass energy, 0.1 gvsste. The samples were
ground and mounted on the XPS sample holder usinductive carbon tape. Thermo
Avantage was used for analysis of the XPS data XHt& spectra were shifted to align the
peak for adventitious carbon (C-C) at 285.0 eVhé&rmogravimetric analyser coupled with
a mass spectrometer (TGA-MS) was used to studgeghemposition of the intermediates

(TGA: Mettler Toledo LMX 1, MS: Hiden Analaytical PR 20 Evolved). In a typical run,



the samples were placed in an alumina cruciblenaatied from 30 to 1050 °C (10 °C hin

ramp rate), with a 30 minute holding step at 100 °C

2.2.2. Structural properties and morphology: Powder X-ray diffraction (XRD) was
performed using an X-ray diffractometer (PANalyti&@Pert PRO) in reflection mode.

The operating conditions included an anode volt#gt) kV and an emission current of
40 mA using a monochromatic CwKadiation & = 1.54178 A). The XRD detector used
was X'Celerator (silicon strip detector). Nitrogsorption isotherms were measured using a
porosity analyser (Micromeritics 3Flex) at -196 Rior to the measurement, the samples
were degassed overnight at 120 °C at roughly 0.2rptessure. They were finally
degassed in-situ on the porosity analyser for évardto around 0.0030 mbar. The
equivalent surface areas of the samples were eddclilising the Brunauer-Emmett-Teller
(BET) method. The total volume of pores was cakaadrom the volume of Nadsorbed

at P/B = 0.97. The micropore volume was determined uiegOubinin-Radushkevich
method. The morphology of the samples was evaluatied) a Scanning Electron
Microscope (SEM, Leo Gemini 1525) in secondarytetecmode at 5 kV as well as a

high-resolution Transmission Electron Microscop¥ i, Jeol 2100FX).

2.2.3. Gas sorption analyses: CO, sorption was performed on a Micromeritics 3Flex
sorption analyzer at 25 °C, using a waterbath tarobthe temperature. The samples
(~ 100 mg) were degassed overnight at 120 °C ghlgD.2 mbar pressure and further
degasseth-situ for 4 hours down to around 0.0030 mbar, beforesthg of the analysis.

N2 and CQ sorption were also performed on a TGA analys@b4aC after degassing the



sample at 120C in the vacuum oven overnight and additionallyassing the sample-

situat 120°C for 1 h under Matmosphere.

3. RESULTS AND DISCUSSION

First, the chemical features of the porous BN at&difrom the different intermediates
were analyzed using FTIR spectroscopy. As seéiignl, all spectra exhibited the two
main characteristic bands of boron nitride at ~QL86i" (B-N in-plane transverse
stretching mode) and at 800 ¢iB-N-B out-of-plane bending mode) [34]. No major
chemical differences could be observed betweesdah®les. To gain further insight into
the chemistry of the materials, XPS was used aadesbults are reported ng. 2. It must

be noted that only the peak fit spectra of the Bifyspmix sample are shown as all samples
exhibited similar chemical features. However, thlative atomic percentages are reported
for all samples in the same Figure (bar plot). phesence of BN is confirmed by the main
contributions to the Bsland N & core level at binding energies of 191.0 eV ang.3eV,
respectively. These values agreed well with thepented in the literature of 190.5-

191.1 eV for B $and 397.6-398.7 eV for NsTor boron nitride [35, 36]. The Bsland

N 1s spectra of porous BN also exhibited shake-uplgatpkeaks, which confirm the
presence of $phybridised BN in the hexagonal phase, as pretyaeported [37-39]. In
addition to BN, XPS revealed the presence of batvi®eand 13 at.% + 1 at.% of oxygen
impurities Eig. 2). The carbon content was very low (between 2 aati% + 1 at.%) and
can be attributed to adventitious carbon presestigace impurity, it was therefore not
included in the atomic percentage bar pldEig. 2. It is important to note that many prior

studies did not report elemental analysis of potmren nitride, however it is believed that



the samples discussed probably contained oxygemdhe similar synthetic approach. The
presence of O groups modifies the chemistry ancktbiee adsorptive properties of a
material and it is therefore important to takentbiaccount. The elemental ratios remained
relatively stable between the different samples aitigher boron content (~ 52 at.%)
compared to nitrogen (~37 at.%). The higher boxmrtent was probably due to the higher
volatility of the nitrogen precursor. Based on geak fit, the oxygen impurities were
assigned to boronoxynitride R species, with a binding energy of 192.5 eV, which
concurs with the previous findings [40]. The bayrynitride was probably part of the
crystal lattice within the BN layers or at the eslgé these layers. It must be noted that no
contaminants other than C and O were observectisdmples (Supplementdfig. SJ.

The three main conclusions of the XPS analysethate(i) boron nitride was formed, (ii)

O impurities were present in relatively significapiantities, and (iii) the chemical features

of the various samples were very similar, as suppdsy FT-IR spectroscop¥ig. 1).

Taking into account their very similar chemisttye tphysical and structural properties of
the samples were then analysed in order to ideatifypotential differences indicating an
effect of the synthesis parameters on the resuttiatgrials. The crystallinity of the porous
BN samples obtained from various intermediatesavadyzed using XRD. As shown in
Fig. 3, the XRD patterns displayed the (002) and (10@kpe&orresponding to hexagonal
BN (JCPDS card no. 34-0421) [41]. The absencea{@i4) peak is due to its typically
very low intensity compared to the (002) and (1d®e d-spacing for the (002) plane
(Table 1), corresponding to the distance between the éifficlayers, was larger than that

reported in the literature for bulk h-BN (3.3 A)J &nd slightly increased with the
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intermediates’ drying time from 3.51 A for BN-03d50 A for BN-200 and BN phys mix.
The larger d-spacing was probably related to threeplanar texture of the BN layers owing
to the presence of defects (e.g. O groups as itediday XPS study above). The presence of
trapped molecules like water was however ruleddoetto the high temperature used to
produce porous BN and the hydrophobic nature dtbaoitride. The XRD peaks were very
broad and exhibited low intensities, indicating pnesence of a turbostratic structure, a
structure that is half way between hexagonal anorphous [30]. It is interesting to notice
that the crystallinity slightly increased in sangpfgepared with intermediates dried for a

shorter time.

While the chemical features did not visibly chamgéh the change in the intermediate
drying time, the XRD patterns point to some streaituariations. Further analyses were
therefore conducted to get a greater insight. Toatterize the nano/microscale features of
the samples, their porosity was analyzed usinggetn sorption at -196 °C. The resulting
isotherms exhibited a type I/1V isotherm indicatihg presence of both micropores and
mesoporesHig. 5). Type H3/H4 hysteresis were also visible whictygcal for slit shape
pores.Table 1 summarizes the textural parameters of the pordusd@nples synthesized
from various intermediates. It can be observedttt@BET equivalent surface area and
volume of pores noticeably increased for samplepamed from intermediates dried for
longer times going up to 1016°y and 0.869 cifg, respectively. It is also interesting to
notice that the proportion of micropores increas@t the drying time. As seen ifable 1,
the sample prepared from a physical mixture of ymsars exhibited a porosity similar to

that of BN-200.
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Since it was clear from the above measurementghbantermediate drying time had an
effect on the microscale structure of the resulpogous BN, we then investigated whether
this was also the case at the macroscale. The miogphof the porous BN samples was
characterized using high resolution SEM. As shawfig. 5, the samples exhibited two
main features: a flake-like morpholodyig. 5A) and a more porous structufgg. 5B).
These features were visible on all samples. Intexidihigh-resolution TEM was used and
the imagesKig. 6) highlighted the typical disordered turbostratimisture as supported by
the XRD patterns. Again no major differences betwie various samples could be

observed.

In order to understand why the drying time of thieimediate affected the porosity of BN
samples, the chemical and physical features ddifferent intermediates were analyzed.
The FTIR spectra of the intermediates were comptarégose of urea and boric acid
(Supplementar¥ig. S1). No additional bands other than that from ured laoric acid

could be observed, indicating no major change eénctiemical composition and therefore
most probably no chemical reaction between thepweoursors. This is in agreement with
the findings of Wu and coworkers [33]. Only weatenactions might have been present.
To understand whether the intermediates formed amplyysical mixture or involved
interactions between boric acid and urea (as wbaldxpected), XPS analysis was
performed on two intermediates (INT-0 and INT-2G3,well as on the physical mixture of
urea and boric acid (INT-phys mix). The resultsamesented ifrig. 7. The spectra were
normalized to the Oslpeak. As shown, the peaks appeared at similatigposind

exhibited similar shape regardless of the sampticating that there was no significant
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chemical difference between the different interrageli including the physical mixture.
This observation suggested the absence of stromgstdmeing formed between the
precursors which, albeit surprising, is in goodeggnent with the FTIR results
(Supplementar¥ig. S1). The peak-fitted core level XPS spectra for adghintermediate
sample were also reportedhig. S3 Observing the Bdspectra of the intermediates in
Fig. 7andFig. S3 the main peak, (Figure 7, B,Jpeak [2]), at binding energies of 192.7-
192.9 eV, is in good agreement with the literattatie for boric acid [40]. Urea was also
present as indicated by the main pdaly(7, N 1s, peak [2]) at binding energies of 400.0-
400.2 eV, which correspond to the experimentallasueed value for urea (400.0 eV, data
not shown here). The Nshnd B E spectra also exhibited additional peaks (peak [1])
probably belonging to impurities present in theauaed boric acid precursor, respectively.
These impurities have not been identified but apgzkan the physical mixture as well as
the intermediates, indicating that no reaction lesgpol during the dissolution step. The

O 1s spectra showed the presence of two peaks, oneiatesbwith urea (peak [2]) in
agreement with the experimentally measured valaegmown) and the other was assigned
to boric acid (peak [1]). The GsBpectra exhibited 3 peaks, peak [1] corresponidirtge
carbon in urea, in good agreement with the experiatly measured value, some C
impurity not yet identified, peak [2], and adveiatits carbon (C-C) (peak [3]). The
elemental ratios varied between samples, as iretlday differences in peak intensities, but
did not exhibit any trend or at least no justifaliend at this stage of the study (this was

also observed on other intermediate samples).
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XRD was used to characterize the intermediatesqles before any heat treatment at
250 °C, INT-X) Fig. 8). No new peaks other than those from urea ana laaid were
observed ruling out the formation of a new crystallstructure. Owing to the absence of a
dissolution step, the physical mixture exhibitedifeerent crystalline structure compared to
that of the intermediate samples (higher relatntenisity of (110)/(101) reflections for
urea). The peak related to boric acid was visibléhe XRD pattern of the physical mixture
while this was not the case for the intermediateas. This is attributed to the fact that

boric acid molecules were better mixed in the tagtamples.

The visible difference in crystallinity (differenae relative intensities) between the various
intermediates (and the physical mixture) may haa dn impact on the thermal
decomposition profile of the samples[42], whichium could have influenced the
morphology of the resulting materials. To investiggnis aspect, the intermediates as well
as the physical mixture were analyzed using TGA-WI& TG curves are presented in
Fig. 9 while the mass spectra of various species relediseiolg decomposition are plotted
in Fig. 10 The most noticeable feature Big. 9 was the fact that between 160 °C and
250 °C the intermediates dried for longer exhibé@ddwer mass loss. This could be due to
the formation of a larger quantity of a thermostaBN precursor for samples dried for
longer. As seen ifig. 10, two major weight losses were observed that cdenaiith the
release of four different gases, namely ammonidaradioxide, isocyanic acid and water.
Intermediates dried for longer started decompoatrigwer temperatures. Moreover, the
physical mixture, despite showing a similar TGA @®position curve to INT-0, exhibited

an additional peak ikig. 10 (for ammonia and carbon dioxide) at lower tempees (<
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200 °C) compared to the intermediates. Clearlyddgmomposition patterns of the samples
were different. More specifically, the intermedmtiied for longer started decomposing at
lower temperatures and hence it was hypothesizgdtthermostable BN precursor started
forming in larger quantities compared to the intedmates dried for a shorter duration.

This in turn probably led to the formation of BNtlwia higher porosity. This is because in
the temperature range 100 °C — 250 °C, more gasesneleased from the decomposition
of urea and boric acid. These gases acted as pwalgeing the formation of the more
stable BN precursor. This BN precursor exhibitinhanced porosity led to the formation
of BN with enhanced porosity as well. It must béedithat gases were released at
relatively low temperature during the decompositidthe physical mixture. Hence, these
must have acted as porogens as well and explaimghegorosity observed for BN-phys
mix sample despite the different crystalline stuuetof the physical mixture compared to

that of the intermediate samples dried for a lomgt

In order to confirm whether a BN precursor was fednaduring the heat treatment of the
intermediates below 250 °C and to gain insight®structure, INT-0 and INT-100 were
heated in a tubular furnace up to 250 °C (10 °Cymirder nitrogen gas flow, maintaining
the same conditions previously used for the symh&d#BN. Both intermediates, as well as
the products obtained at 250 °C, referred to asON60 and INT-100-250, were analyzed
using XPS. It must be noted that the intermediat® heat-treated up to 250 and then
cooled and analyzed in order to study the formatiom BN precursor. At 25T, the
intermediates are expected to be mostly in the farenmelt, with some amorphous BN

precursor and some boronoxynitriélegure 11 reports INT-0 before heat treatment, when
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heated to 250 °C (INT-0-250) and also to 1050 °@-® in order to form porous BN.
INT-0 contained a mixture of urea and boric acids@ small amount of impurities not yet
identified. One can notice that changes startegppear for INT-0 as the sample was
heated at 250 °C. In particular, there was the agmee of two new peaks related to the
formation of the B-N bond: ~398.5 eV (B)land ~191.0 eV (Ng). The formation of h-

BN was also confirmed by the presence of two bpmeaks at higher binding energies in
the B land N & core level spectra, which are due tothe transition only present in the
hexagonal form of BN [38]. It must be noted tha gresence of h-BN is most probably
localized with islands of h-BN separated by mor@ghous parts (as suggested from the
TEM images). The Bdpeak for boric acid at 192.7 eV in INT-0 shifteddwer binding
energy (192.3 eV) when the sample was heated atQ%MINT-0-250), indicating that
some OH groups were probably substituted by lesgreinegative Nklgroups, as
previously reported by Gouin et al. in a nitridatiaf boric acid under ammonia atmosphere
[40]. Boronoxynitride was still present in the firgN-0 product (B %), heated at 1050 °C,
however it exhibited a lower nitrogen content. Thés peak for urea at 400.1 eV in INT-0
also shifted to lower binding energy (399.5 eV) wheated to 250 °C. This peak was
assigned to a boronoxynitride and Népecies reacting with boric acid. The €£€ahd O ¥
core level spectra for INT-0, INT-0-250 and BN-@ aeported in supporting information
(Supplementaryig. S4. It is worth noting that INT-100 is not reportledre as it exhibited
similar chemical features to INT-0. Overall, XPSttomed that BN (along with
boronoxynitride) started forming at temperaturetasas 250 °C. The presence of BN
was further confirmed by FTIR spectroscopig( S95. The spectrum of INT-0-250 shows

the typical h-BN bands at 775 and 1390°cms previously reported by Gouin et al. [40].
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Owing to its relatively large porosity, and partemly microporosity, porous BN was tested
for CO, capture under ambient conditions. The resultpsreented ifrig. 12 The

capacity measured at 1 bar and 25 °C was aboum@l/g. It is recognized that this value
remains somewhat small when compared to the besa@&drbents like metal-organic
frameworks but it represents a noticeable improvegroempared to the reported data in
previously published work on G@dsorption using BN-based materials. Indeed,atterl
(and few) studies either used different testingdétions that are not relevant to €O

capture (e.g. lower temperaturgs) 5], or reported a lower capacity when tested under the
same conditions [6]. Since; another major component of the flue gas, theeriz was
tested for N adsorption under the same conditions (1 bar, 2u8Mg a gravimetric

technique and no uptake was measured indicatingipiog selectivity.

4. CONCLUSIONS

To conclude, we have performed an in-depth invastg of the effect of synthesis
conditions on the formation of porous boron nitridgng a bottom-up approach. In
particular, it was found that the preparation & itftermediate had a significant impact on
the porosity of the resulting boron nitride. Depeigdon the drying time of that
intermediate, the porosity could be more than dedifrom ~400 to 1,000 tg) with a
similar increase in microporosity. This dramati@acbe was assigned to the variation in the
thermal decomposition patterns of the intermedjatsgch in turn led to the formation of

an amorphous BN precursor at 28 in different quantities. The intermediates dffied
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longer time started decomposing at lower tempegafwhich generated the release of
gases that acted as porogen during the formatiporius boron nitride. Preliminary GO
adsorption tests under ambient condition were nehiadicated noticeable capture and
good selectivity (compared to,N Overall, this study highlights and describes fsow
synthesis parameter - i.e. precursor preparatt@m-be used to carefully tune the porosity
of boron nitride. Doing this, it provides a piedelme puzzle with regards to the formation
of porous boron nitride and offers avenues to aeBgjter adsorbents and drug-delivery

carriers.
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LIST OF TABLES

Table 1.BET equivalent surface area, total volume of povekime of micropores and

volume of mesopores of the different porous borittide samples, as measured using N

sorption at -196 °C. The table also report the atcsm derived from the XRD patterns for

the different BN samples.

Sample me e e gV Ve dom®

BN-0 403 0.625 0.164 0.461 0.262 3.51
BN-50 514 0.654 0.212 0.442 0.324 3.54
BN-100 695 0.719 0.273 0.446 0.380 3.56
BN-200 1016 0.869 0.417 0.452 0.480 3.60
BN-phys mix 945 0.852 0.389 0.463 0.457 3.60
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FIGURES CAPTIONS

Figure 1. FTIR spectra of porous BN samplesThe materials were obtained from
intermediates prepared by recristallyzing urealaoret acid from water and drying them

for varying durations.

Figure 2. XPS core level spectra of the porous BNisiple. The materials was derived
from a physical mixture between urea and boric @8M-phys mix sample), together with
the relative atomic percentages for 8 Nl 1sand O & for the different porous BN samples

derived from XPS analysis.

Figure 3. XRD patterns of porous BN samplesThe materials were synthesized from the

various intermediates. The dotted lines corresgondference values for h-BN from [41].

Figure 4. N, sorption isotherms for the porous BNsamples.The materials were

synthesized from different intermediates and tbéhisrms were measured at -1’96

Figure 5. High-resolution SEM images of porous BNThe sample is BN-0 and exhibits

the two main macroscale features of the matetett) flakes and (right) macropores.

Figure 6. Typical high resolution TEM images of porous BN.The sample is BN-0.
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Figure 7. XPS core level spectra of intermediates used to dyr@size porous BNThese
samples include: he physical mixture of urea anttlawid as well as the intermediate

samples INT-0 and INT-200. The spectra were nomadlto the O 1s peak.

Figure 8. XRD patterns of the precursors and intermediates usd to synthesize porous
BN. The dotted lines represent values from refereatiems for urea [43] and boric acid

[44].

Figure 9. Thermal analyses of the precursors and intermediatused to synthesize
porous BN. The curves represent the thermogravimetric (T@eziand were obtained

under N atmosphere.

Figure 10.Overview of the species released during porous BNrimation. The panels
represent the mass spectra for ammonia, carboiddioxyanic acid and water vapor
released during decomposition underatmosphere of the intermediates and the physical

mixture of boric acid and urea.

Figure 11. XPS spectra before and after heat treatment of amtermediate as well as

porous BN. The intermediate sample is INT-0. The porous Bia is BN-0. INT-0 was

24



analysed before and after heat treatment at 258RIE0 was synthesized using INT-0 and

heating it at 1050 °C under nitrogen gas flow.

Figure 12.CO, capture using porous BN.CO, sorption isotherm measured at 25 °C and

up to the pressure of 1 bar of BN produced fronméermediate dried for 200 h.
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Figure 1. FTIR spectra of porous BN samples.The materials were obtained from
intermediates prepared by recristallyzing urea bodc acid from water and drying them for

varying durations.
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Figure 3. XRD patterns of porous BN samplesThe materials were synthesized from the

various intermediates. The dotted lines corresgondference values for h-BN from [41].
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Figure 4. N, sorption isotherms for the porous BNsamples.The materials were synthesized

from different intermediates and the isotherms weeasured at -19&.
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Figure 5. High-resolution SEM images of porous BNThe sample is BN-O and exhibits the

two main macroscale features of the material:)(fedkes and (right) macropores.
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Figure 6. Typical high resolution TEM images of porous BN.The sample is BN-0.
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Figure 7. XPS core level spectra of intermediates used to dfiesize porous BN.These
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Figure 10. Overview of the species released during porous BNormation. The panels
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Figure 11. XPS spectra before (top) and after (middle) heat gatment of an intermediate as
well as porous BN (bottom).The intermediate sample is INT-0. The porous Bida is BN-
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Highlights

- Theporosity of boron nitride (BN) is tuned by controlling its intermediate formation
- Porosity istailored is viathe intermediates varying thermal decomposition patterns
- Highly porous BN is obtained (>1,000 m?g) with both mesopores and micropores

- Asproduced porous BN exhibit good adsorption selectivity of CO,over N,
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