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ABSTRACT Layered boron nitrides (BNs) are usually viewed as excellent protective coatings and
reinforcing materials due to their chemical inertness and high mechanical strength. However, the
attention paid to their potential applications in gas sorption, especially in case of hydrogen, has
obviously been insufficient. Herein, a novel BN material (i.e., porous microbelts), with the highest

specific surface area ever reported for any BN system, up to 1488 m? g~

, is obtained through one-
step template-free reaction of a boron acid—melamine precursor with ammonia. Comprehensive
high-resolution transmission electron microscopy, X-ray diffraction, and Raman characterizations all

confirm that the obtained BN phase is partially disordered, shows an enlarged average spacing

between adjacent (0002) layers (dgg, = 0.38 nm, compared to normal 0.33 nm for a bulk layered
BN), and belongs to an intermediate state between hexagonal (h-BN) and amorphous (a-BN) phases. By changing the synthesis temperatures, the textures
of obtained porous microbelts are adjustable. H, sorption evaluations demonstrate that the materials exhibit high and reversible H, uptake from 1.6 to
2.3 wt % at 77 K and at a relatively low pressure of 1 MPa.
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anotubes (NTs) and nanosheets (NSs)
N are two representative low-dimen-

sional nanomorphologies. Both car-
bon (C) and boron nitride (BN) phases can
exist in such forms. Low-dimensional BN
nanomaterials are well-known for their ex-
cellent chemical inertness and thermal sta-
bilities."” They provide excellent mechanical
reinforcements and enhancement of thermal
conductivity in diverse materials, such as poly-
mers, ceramics, and metals>~> In the case
of electrically insulating substances, low-
dimensional BN nanophases are the better
choice than their C counterparts due to their
wide energy band gaps (~5—6 eV)*” As a
hydrogen adsorbent, both experimental and
theoretical studies have demonstrated that BN
exhibits a higher H, uptake capacity due to its
stronger interactions with the heteropolar B—N
bonds and partial H, chemisorption®~"" For
example, multiwalled (MW) BNNTs with differ-
ent morphologies can irreversibly adsorb 09—
42 wt % of H, at 10 MPa at room tempera-
ture®'2 far better than MWCNTSs (<1 wt %) at
the same testing conditions."® However, ~50—
70% of the absorbed H, was found to be
retained when H, pressure had been removed.
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The dominating H, adsorbing mecha-
nism on C and BN surfaces at a low pressure
range is physisorption, which is believed to
be greatly affected by the specific surface
area (SSA) and pore width of an adsor-
bent.'® For typical MWBNNTSs with an aver-
age external diameter of ~50 nm, the re-
ported SSA was 254 m? g~ ' with an esti-
mated pore size, i.e., tube inner diameter of
~20 nm2 In order to obtain porous BN with
an increased SSA and reduced pore size, the
hard-template-based synthesis was the
commonly adopted strategy. For example,
when silica was used as a template, the re-
ported SSAs of obtained BNs were 140—
327 m? g~ '.">~"7 Mesoporous BN materials
with the SSAs ranging from 168 to 565 m? g™~
and having ~3 nm pores were prepared by
using activated carbon as the template.'>'®1°
Further increase of SSAs in mesoporous BN
materials was achieved when some other
templates, such as cationic surfactant
(820 m? g~ ") and zeolite (570 m* g~ "), had
been utilized.?®?" However, the SSAs and
pore widths of these template-derived por-
ous BN materials were still not satisfactory
for commercial hydrogen storage. Besides,
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Figure 1. (a) Low-magnification SEM image of BN porous microbelts obtained at 1100 °C (BNPB-1100). (b,c) Tilted and top
views of isolated porous structures, revealing a clear belt-shaped morphology. (d) TEM image of a belt section at a low
magnification. (e,f) HRTEM images taken at the belt edge. Three typical dislocation structures are labeled by yellow dashed
frames. (g) TEM contrast intensity profile recorded along the yellow dashed arrow marked in (f). (h) EELS profile taken from a
typical BN porous microbelt. The EEL spectrum of h-BN is also shown for comparison. Scale bars in (a) and (b) are 1 um.

this method also suffers from other drawbacks, such as
inefficient filling of the mesopores by precursors and
harmful reagents needed for template removal. Thus,
there is an increased demand for development of
nontemplate methods and design of user-friendly
porous BN hydrogen accumulators. It would also be
important to clarify the relationship between the BN
material morphology/texture and its hydrogen uptake
once the simpler methods become available for the
porous BN material synthesis. To the best of our knowl-
edge, the few-layered h-BN sheets prepared from boric
acid and urea have indeed been reported, and those
exhibit the highest SSA among all non-template-
derived BNs (927 m? g~ ").%2

In the present study, we develop an easily operable
method for preparing novel BN porous microbelts with
the highest reported SSAs ranging from 1144 to
1488 m? g~ . The synthesis process was completed
via a one-step, ambient pressure, template-free reaction
between boric acid—melamine (2B - M) precursors and
ammonia at 900—1100 °C corresponding to BNPB-900,
BNPB-1000, and BNPB-1100 sample notations used

WENG ET AL.

throughout the paper. The sample morphology and
elemental compositions were comprehensively char-
acterized by using scanning electron microscopy
(SEM), X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDS), high-resolution transmission elec-
tron microscopy (HRTEM), and electron energy loss
spectroscopy (EELS). N, physisorption isotherms re-
corded at 77 K were used to calculate the material
pore size distributions and SSAs based on the Brunauer—
Emmett—Teller (BET) equation, while H, uptake was
measured by analyzing H; isotherms recorded at 77 K
and at a relatively low pressure of 1 MPa. It was
demonstrated that the present high-surface-area BN
porous microbelts exhibit decent and reversible hydro-
gen uptake, from 1.6 to 2.3 wt %. Among all samples,
BNPB-1100 had the highest hydrogen uptake capacity.

RESULTS AND DISCUSSION

The BNPB-1100 shows a belt-like structure, a typical
BN morphology derived from 2B-M precursors at a
high temperature. The SEM images verify that the belt
width and thickness are commonly in the range of
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Figure 2. XRD patterns (a) and Raman spectra (b) of BN porous microbelts prepared at different temperatures (BNPB-900,

BNPB-1000, and BNPB-1100).

0.3—1.0 and 0.2—0.5 um, respectively, with the length
varying from ~10 um to hundreds of micrometers
(Figure 1a). Ultrashort and ultralong belts were also
occasionally found. Unlike the smooth appearances of
multiwalled CNT and BNNT surfaces, many sheet-like
portions protrude from the belts and structural voids/
breakages are easily observed on their surfaces (Figure 1b).
Fine structural SEM and TEM analyses further indicate
that there are many pores randomly distributed on the
belt surfaces, leading to an overall featured perforated
appearance (Figure 1¢,d). A high porosity of the struc-
tures is indeed apparent. HRTEM characterizations
(Figure 1f) on many belt edges reveal that the average
spacing between adjacent (0002) fringes is 0.38 nm, far
larger than the (0002) interplanar distance in bulk h-BN
and MWBNNTSs (0.33—0.34 nm).?® Such enlarged spac-
ing was further confirmed by X-ray diffraction (XRD)
patterns which revealed a deduced lattice parameter
doooz = 0.376 nm based on the corresponding (0002)
peak position, as shown in Figure 2a. The obtained in-
plane lattice spacing is 0.21 nm; this is in close accor-
dance with the HRTEM observations (~0.22 nm,
Figure 1f,g). It is noteworthy that the ordering type
observed for this novel porous BN material is an
intermediate between classical hexagonal (h-BN) and
amorphous (a-BN) phases and seems to be closer to
that in the well-known turbostratic BN materials (t-BN,
doooz = 0.356 nm).2*72% |t is noted that dislocation
structures are common in the present BN phases. Three
representative dislocation structures, radical-rich edge
dislocation (1), helical screw dislocations (2), and
Y-form dislocations (3), are shown in Figure 1f. These
dislocation types are similar to the observations in
anthracites reported recently.?” Other BN porous mi-
crobelt samples that were obtained at different tem-
peratures also showed similar structural features (see
Figure S2, Supporting Information).

Both amorphous-like and crystalline phases (Figure 1e)
coexist in the product. The most characteristic change
in XRD patterns caused by a partial disorder of BN
phase is seen as broadened and less intense (0002) and
(1010) peaks at 20 = 23.22—24.31 and 42.89—43.13°,
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respectively. With an increase in the synthesis tem-
perature, the (0002) patterns of the products slightly
downshift as the derived dygg, values increase from
0.366 nm (BNPB-900) to ~0.38 nm (BNPB-1000 and
BNPB-1100). See Figure 2a.

The Raman shift and fwhm of the E,q vibration were
commonly used to evaluate the crystalline structure
and ordering of hexagonal and other layered BN
structures. It is well-known that high-quality h-BN
single crystals show an intrinsic E,q vibration peak at
1367 cm ™" with the fwhm of 9.1 cm ™28 For polycrys-
talline BN, its E;g mode is shifting to a higher frequency
from 1367 to 1374 cm ™', as the crystal domain size
decreases, with the fwhm increasing from 11 to
42 cm™", respectively.?® Raman shift and fwhm are
also sensitive to the number of layers in h-BN. With a
decrease in this number, to a monolayer, the E;; mode
shifts to a higher frequency (~1369 cm™ ") with a slight
increase of fwhm to 10—12 cm ™' .3° Figure 2b shows
the sharp E,4 peaks at 1376, 1373, and 1373 cm ! of
the as-prepared BN porous microbelts obtained at 900,
1000, and 1100 °C; these have fwhm values of ~56, 43,
and 38 cm ', respectively. An upshift of E,q vibration
mode to the higher frequency compared to the bulk
h-BN indicates a weaker interaction between interlayers
in BN porous microbelts, whereas the obvious broad-
ening of the E;4 peak reflects clear size shrinking of
the ordered BN phase. Further annealing of the BNPB-
1100 sample at 1500 °C for 5 h could not remarkably
improve its ordering. In Figure S3 of the Supporting
Information, the resultant dygg, is seen to decrease
from 0.376 to 0.364 nm after annealing, while the
resultant E,g vibration mode in Raman spectra
(Figure S3b) shifts to 1370 cm™' without obvious
change of the fwhm value. The observed dislocation
structures that exist in the present BN porous mi-
crobelts provide a reasonable explanation for such
high thermal stability. They not only widen the
average BN (0002) layer distances but also “screw”
neighboring layers together, and thus provide consider-
able strength to avoid further ordering of BN (0002)
layers at a high temperature (e.g., 1500 °C, similar to
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Figure 3. SEM image (a) and corresponding B, N, C, and O maps (b—e) of BNPB-1100. (f) Accumulated energy-dispersive X-ray

spectrum (EDS), confirming decently pure BN composition.

providing strength to suppress the solubility in case of
anthracite®”).

The chemical composition of the samples was ver-
ified by EELS and EDS. An EEL spectrum of BNPB-1100
reveals distinct B and N core loss K-edges at 188 and
401 eV, respectively, as shown in Figure 1h. A trace of
the C K-edge at 284 eV is also detected. The * and o*
peak shapes on the left- and right-hand sides of B and
N K-edges are not as sharp as in a standard h-BN, also
suggesting that the as-prepared BN porous belts
belong to an intermediate state between a-BN and
h-BN.?™ This observation is in accordance with our dis-
cussions for the HRTEM, XRD, and Raman result sec-
tions. Figure 3a depicts a typical morphology of the
BNPB-1100 sample. Figure 3b,c shows corresponding
spatially resolved B and N maps. Figure 3d isa Cmap, in
which C signals are randomly distributed over the
whole investigated area. The accumulated EDS spec-
trum measured over the sample area of 0.01 mm? is
displayed in Figure 3f, suggesting that the sample
mainly consists of B and N with a trace amount of
oxygen. A quantitative analysis based on the EDS
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results gave a (B + N) sum of 97 atom %. The EDS
spectra of BNPB-900 and BNPB-1000 samples are shown
in Figure S4, Supporting Information. These also con-
firm decently pure BN compositions. It should be noted
that the oxygen content within the samples increased
quickly if the synthesis temperatures were lower than
900 °C; for example, the oxygen content could reach
~6 atom % for a porous microbelt sample synthesized
at 700 °C.

Compared with organic ammonia borane or bora-
zine precursors, the advantage of using 2B-M precur-
sors is the ease in their production and their low cost.
However, in addition to providing N source, melamine
also contains C atoms. The key challenge for the
utilization of 2B-M precursors is to eliminate C atoms
in the resultant products.3? Before this report, a lot of
BN nanomaterials, including BNNTSs, nanofibers, nano-
cable coatings, etc., have been prepared based on the
2B-M precursors.3>~3 |n order to avoid C contamina-
tion, an extra high temperature was usually implemen-
ted to obtain pure BN compositions; for example,
heating in an induction furnace was carried out at
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1700—2000 °C.333¢ At such high temperature, it was
difficult to maintain the original BN nanomorphology,
and this unavoidably led to the recrystallization of a BN
phase. By contrast, our results provide a facile route to
fabricate highly pure BN materials during the reaction
of 2B-M precursors with ammonia at the ambient
pressure and a relatively low temperature, P = 1 atm,
T = 900 °C. The product yield was as high as 20 wt %
with respect to the raw 2B-M precursor and can be
easily scaled up. The product morphology is control-
lable because the appearance of precursors can be
diversified by different crystallization conditions. Be-
sides O,, it is also known that carbonaceous composi-
tion can be removed from BN via the reaction with
ammonia at 1000 °C along with the following reaction:*'

C+NHz — CHs +N; (1)

Experimentally, providing excess ammonia would fa-
vor the complete conversion of B,O5 to BN and offset
the loss of ammonia due to the decomposition of
melamine.

To determine the BET SSA of the samples, we
measured their N, adsorption and desorption iso-
therms at 77 K. For mesoporous and macroporous
materials, the standard BET analysis is performed at a
pressure range of 0.05 < P/P, < 0.353 In general,
without micropores or any other type of strongly
adsorbing sites, this range can be linearly fitted. How-
ever, for microporous materials, this selection criterion
is no longer applicable because all pores would be
completely filled with N, molecules at pressures below
the standard BET range. Thus, the respective pressure
range chosen for the multipoint BET analysis of the
present microporous BN samples was from 0.02 to 0.12
based on the criteria proposed elsewhere.*® For the
detailed selection procedure, see Supporting Informa-
tion. The resultant BET SSAs were 1161, 1488, and
1144 m? g~ for BNPB-900, BNPB-1000, and BNPB-1100,
respectively, and these figures are the largest SSAs
reported to date for any BN material system.

The isotherms and hysteresis loops of all BN porous
microbelt samples obtained at different temperatures
belong to the typical type | isotherm and type H4 loop
(based on the IUPAC classification), indicating micro-
porosity and containing slit-shaped mesopores that
are associated with capillary condensation. Nonlocal
density functional theory®® (NLDFT) was implemented
to calculate the pore widths and pore size distributions
for the samples. As illustrated in Figure 4b and Table S2,
all BN porous microbelt samples display high micro-
porosity (0.350—0.502 cm® g~ ') as well as meso- and
macroporosities (0.348—0.530 cm® g~ ") with an aver-
age micropore width of 1.1 nm. The total pore volume
determined at P/P, = 0.99 reaches 0.880 cm® g~ for
BNPB-1100. Although the total pore volumes increase
with an increase of the synthesis temperature, the
BNPB-1000 sample has the largest micropore volume
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Figure 4. (a) Nitrogen adsorption—desorption isotherms of
BN porous microbelts prepared at different temperatures
(BNPB-900, BNPB-1000, and BNPB-1100). The inset in (a) is
the summary of BET surface areas (a;) and total pore
volumes (V,) measurements for the obtained samples. (b)
Pore size distribution profiles of microbelts derived by
using nonlocal density functional theory.

of 0.502 cm® g~ . Such high microporosity and SSAs of
these novel BN porous microbelts may also result from
the dislocation structures that are discussed above.
The number of slit-shaped pores with a large enough
width to adsorb N, molecules increases simultaneously
with the expansion of average BN (0002) layer dis-
tances (their pore widths obey statistical distributions,
as predicted by the interlayer distance statistics and
XRD patterns). As a result, the micropore volume and
SSA values that can be probed by the N, adsorp-
tion—desorption method for these BN porous materi-
als increase accordingly.

The H, adsorption and desorption isotherms of BN
porous belts, measured by the volumetric method at
77 Kand 1 MPa, are shown in Figure 5. With an increase
in the synthesis temperature from 900 to 1100 °C, the
samples exhibit enhanced H, uptake, from 1.6 to 2.3 wt %,
which obviously do not follow their textural proper-
ties, such as SSAs or micropore volumes. BNPB-1100
shows the highest H, uptake of 2.3 wt %. For compar-
ison, the H, uptake of bulk h-BN measured at the same
conditions shows a negligible adsorption, much less
than 0.1 wt %. However, further increase of the synthe-
sis temperature was not able to improve the H, uptake.
Although all sorption isotherms are fully reversible, the
larger steady slope of BNPB-1100 indicates that, com-
pared to other samples, even higher H, uptake can be
expected at a higher pressure.
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Figure 5. Hydrogen adsorption—desorption isotherms at
77 K and 1 MPa of BN porous microbelts. For comparison,
the hydrogen uptake of bulk h-BN is also shown.

Hydrogen can be stored or retained along with
chemisorption or physisorption mechanisms. H, up-
take in metal hydrides and organic BN compounds is
typically based on chemisorption, while H, adsorptions
in metal—organic frameworks (MOFs), porous carbons,
and polymers belong to the physorption category.'?
The threshold condition (estimated by U.S. Depart-
ment of Energy) for application as an economically
feasible hydrogen storage material requires 6.5 wt %
uptake of H, at 2 MPa and room temperature.*
Usually, for chemisorption-based materials, reaching
this absolute uptake value is not difficult. The main
challenge is how to satisfy the required low pressure
and room temperature conditions simultaneously. On
the contrary, the used H, pressures in physorption-
based materials are much lower, typically from 0.1 MPa
to several MPa. Their H, uptake and storage tempera-
ture (usually 77 K) become a concern instead. As a

METHODS

Synthesis of BN Porous Microbelts. First, 0.03 mol boric acid and
0.015 mol melanine (2B-M) were dissolved in ~70 mL of 90 °C
deionized (DI) water. The solution was then heated and keptata
slightly boiling state to completely evaporate of the water, thus
2B-M adducts were obtained. Then, the dried 2B-M precursors
were loaded into a horizontal quartz tube and heated in an
ammonia atmosphere at preset temperatures for 3 h, yielding
the mixture of BN microrods (bundles composed of aligned
porous microbelts, Figure S1, Supporting Information) and BN
porous microbelts. The received mixtures containing BN micro-
rods were dispersed in isopropyl alcohol and exfoliated by
supersonication for 30 min to obtain isolated belts and loos-
ened belt bundles. Prolonged sonication time increases the
content of the isolated belts.

Structure and Composition Characterization. The morphology and
structure observations were carried out by using a Hitachi
S-4800 SEM and JEM-3000F HRTEM operated at 300 kV. Chemi-
cal compositions were determined by an EMAX EDS and Gatan
766 EELS 2D-DigiPEELS. XRD data were collected on a Rigaku
Ultima IIl (Cu Ka); Raman data were recorded on a Horiba Jobin-
Yvon T6400 Raman system with a 514.5 nm excitation laser. The
laser intensity exposed to the samples was estimated to be
around 10 mW (50x optical lens) with an accumulation time of
20 s for each spectrum.

WENG ET AL.

representative storage material that relies on physi-
sorption, more and more proof predicts that H, uptake
capacities in microporous carbons are proportional to
their SSAs and micropore volumes.*'#? However, this
conclusion is not totally applicable to pure BN or BCN
systems.** Such peculiar H, adsorption behavior may
be caused by the intrinsic heterogeneous adsorption
property of H, molecules on BN surfaces. Some H,
adsorbing sites with higher H, affinity are more “active”
to adsorb H, molecules. Further clarifying of these
active adsorbing sites and synthesis of porous BN
materials with controlled densities of such sites would
be definitely helpful to find more effective and com-
mercially applicable H, storage materials based on a
nano- and/or micro-BN system.

SUMMARY

In summary, the present study enlightens a simple
route to prepare highly porous BN materials (i.e., BN
porous microbelts) using a one-step, template-free
reaction of a boron acid—melamine precursor with
ammonia under moderate conditions. The obtained
porous belts are partially disordered and show an
enlarged spacing between adjacent (0002) layers, thus
belonging to an intermediate state between hexago-
nal and amorphous BN phases. The sample prepared at
1000 °C shows the largest SSA and micropore volume,
reaching 1488 m? g~' (ie., the highest value ever
reported for any BN material) and 0.502 cm® g™, re-
spectively, whereas the 1100 °C-derived BN porous
belt sample exhibits the largest total pore volume of
0.880 cm? g’1. H, uptake measurements performed at
77 Kand 1 MPa in fact confirm that the latter sample pos-
sesses the largest reversible H, uptake capacity of 2.3 wt %.

Specific Surface Area Measurements and H, Uptake Capacity Evalua-
tions. The nitrogen physisorption isotherms were recorded at
77 K on a Quantachrome Autosorb-1 system after outgassing of
samples at 150 °C for 24 h. Specific surface areas were calculated
by the Brunauer—Emmett—Teller (BET) equation using the
relative pressure range from 0.02 to 0.12 (see Supporting
Information for more details). The pore size distribution, com-
bining respective pore volume, and average pore size were
calculated based on the NLDFT theory. The hydrogen adsorp-
tion and desorption isotherms were taken on a BELSORP-HP-30
hydrogen adsorption system (BEL Japan, Inc.) at 77 K and a
0—1 MPa pressure range. Before the measurements, all samples
were outgassed at 150 °C for 24 h.
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