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Synthesis and porous h-BN 3D architectures for
effective humidity and gas sensorsf

Chandkiram Gautam,*?® Chandra Sekhar Tiwary,*® Leonardo D. Machado,®
Sujin Jose,®® Sehmus Ozden,? Santoshkumar Biradar,? Douglas S. Galvao,©
Rakesh K. Sonker,© B. C. Yadav,® Robert Vajtai® and P. M. Ajayan™®

3D (three dimensional) architectures synthesised using an easily scalable solid state method which results in
an interconnected network of porous h-BN sheets with boron trioxide are reported in this study. The boron
trioxide acts as a nucleating agent for the formation of laterally large nanosheets of h-BN with a low density
and increases the specific surface area. The stable form shows improved mechanical properties
(experimentally and using MD simulation) and serves as a suitable material for humidity and liquefied
petroleum gas (LPG) sensor applications. The sensor shows stability for up to several months without

www.rsc.org/advances losing its sensitivity.

1. Introduction

Three-dimensional (3D) graphene architecture have been
synthesized using different novel approaches.'® Therefore, it is
anticipated that developing 3D h-BN architectures will increase
their significance in various applications.*® Hexagonal boron
nitride (h-BN) nanosheets (also known as white graphene),
possess a number of significant properties such as high
oxidation resistance, good chemical stability, optical lumines-
cence, thermal conductivity and electrical insulating proper-
ties.”*® Previously, it has been reported that graphene and
monolayer boron nitride were used as strain tunable nano-
sensors.”** Recently, Mulpur et al. reported sensing applica-
tions on MoS,/WS,/BN-silver thin-film hybrid architectures.™
More recently, Liu et al. reported highly porous BN nanosheets
for superior adsorption of pharmaceutical molecules.”
However, they also reported unique synthesis and applications
of highly crumpled and porous h-BN nanosheet membranes for
adsorbents and superior trapping emulsified oils and organic
molecules.'” Humidity sensors are being extensively studied
in recent times as they find applications in biomedical,
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meteorological studies, food quality control and storage,
domestic electric appliances (such as drying machines and
microwave ovens), air conditioning systems and several other
feedback control systems.®?* Aoki et al. have worked on the
characterization of boron carbon nitride film and its applica-
tion as humidity sensor which works at high temperature at
730 °C.** Yu et al. has developed a humidity sensor using
a single Au-decorated boron nitride nanotube; the humidity
sensing response was found as 85% at room temperature.””
Soltani et al. worked on the hexagonal boron nitride thin films
and reported the influence of humidity on its electrical
properties.?®

Apart from these applications, researchers are working
towards the fabrication of gas sensors of portable size for
practical applications ranging from identification of toxic
gasses to monitoring of manufacturing process.*”*° As the
liquefied petroleum gas (LPG) and other high-risk gasses are
widely being used in several industrial and domestic appli-
cations,*** the need for high performance and effective gas
sensors with suitable sensing materials has increased. 2D
(two-dimensional) materials have long been of interest in the
perspectives due to their distinct optical, electrical and
catalytic properties.®® The two elements contain materials
(e.g. A and B in AB sheet) are an attractive subject for the
study and their sensing properties are superior to those of
single phase materials.** Porous nanostructures of 2-D
materials can be used as building blocks for the construction
of highly sensitive sensing nano-devices.*® Mesoporous
materials increase the impingement rate of molecules, i.e.,
the adsorption rate of gasses on the surface of the sensing
materials. The decrease in the response and recovery times of
the sensor due to high adsorption and desorption rates of the
target gasses and hence the fast sensing device may be

This journal is © The Royal Society of Chemistry 2016
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constructed using the porous nonmaterial. BN/Pd composite
films were chosen by Ghosh et al. to build a reliable liquid
petroleum gas sensor with the sensitivity of 13.2%, sensing
response 1.15 and operable at 187 °C.*® However, the sensing
properties of 3D h-BN nanostructures are yet to be reported.
Therefore, in this current study, we are focusing on the
synthesis of low-density porous 3D h-BN using a simple
bottom-up approach of the solid-state method. The synthe-
sized porous structures demonstrated to be structurally
stable, with low density, and controllable porosity. Besides
the mechanical stability, they showed excellent humidity and
LPG gas sensing capabilities.

2. Experimental methods

The synthesis process of 3D porous h-BN architecture is
described as below: 7.372 g of B,0; and 2.628 g of h-BN (molar
ratio of 50:50) were mixed in acetone media for 6 h. The
thoroughly mixed powder was dried and transferred into
a porcelain crucible and kept into a programmable electric
furnace to sinter at 1000 °C with heating rate of 5°Cm ™" for 3 h
soaking time in Ar gas atmosphere. Eventually, white porous
h-BN powder was produced. Pellets of the sintered powders
were prepared using a pressure load of 3.5 ton for further
measurements. X-ray diffraction (XRD) patterns of the samples
were collected using a Rigaku D/Max Ultima II. The elemental
analysis of different chemical compositions were investigated
with the help of X-ray photoelectron spectroscopy (XPS, PHI
Quantera XPS) on a PHI-5000C ESCA system with Al KR X-ray
as an excitation source. Thermogravimetry (TGA) and differ-
ential thermal analysis (DTA) were carried out on a SDTQ-600
thermal analyzer from room temperature to 400 °C at a heat-
ing rate of 5 °C m™" under Ar flow. The surface areas and
average pore diameter distribution of the samples were
measured using a Quantachrome Autosorb-3b Brunauer—
Emmett-Teller (BET) surface analyzer. The morphology of the
samples was observed using FEI Quanta 400 scanning electron
microscope. The transmission electron microscope (TEM)
images and diffraction patterns were taken using JEOL 2100
field emission gun transmission electron microscope. Instron
universal testing machine was employed to obtain the
compressive stress versus strain curve from the samples at
room temperature. For humidity and LPG sensing measure-
ments, the synthesized porous h-BN films having thickness
~9 pm were deposited on corning glass substrate. The details
of experimental setup and measurement methods were
described in previous reports.*”

3. Results and discussion
3.1. XRD analysis

The X-ray powder diffraction (XRD) was used to study the
structure of the final product. The XRD pattern (Fig. 1a) indi-
cates that the sample has the h-BN hexagonal structure. There
are two major broad diffraction peaks at 26.36° and 41.26°
corresponding to planes (002) and (100). Further, as we
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increased the concentration of B,O;, the peak broadening
occurs (Fig. S1-ESIT).

3.2. FTIR analysis

In order to understand the bond formation, FTIR analysis was
performed. FTIR spectrum (Fig. 1b) shows the peak at wave
number 1410 cm ™" associated with the stretching vibration of
B-N.% The peak located at 1190 cm ™" could be assigned to the
bending vibration of B-O-H. The strong IR absorption peak at
3180 cm ! attributed to the stretching vibration of O-H.
The FTIR pattern for the higher concentration of B,O;
(90B,0; : 10BN) is shown in Fig. S2-ESI.T The B-N bands were
found to be slightly shifted towards the lower wave number
side that is at 1370 cm !, while the bending vibration of
B-O-H remains nearly unaltered.

3.3. X-ray photoelectron spectroscopic and BET analysis

The X-ray photoelectron spectroscopy (XPS) was used to
investigate the chemical states of B and N elements. Fig. S3
(ESIt) shows the typical Bls and N1s spectra. Their corre-
sponding binding energies were observed at 194.21 and 398.4
eV respectively.®>*® In the inset of the Fig. S3,1 right side, the
shoulder peak at 190.5 eV in the B1s spectrum is attributed to
B-0O bond, which could have resulted from the precursor.****
The surface area is increasing with increasing the concen-
tration of h-BN with boron trioxide (Fig. 1d). The values of the
BET surface area and BET pore size of the synthesized h-BN
doped samples lie in the range from 0.92-2.5 m”> g~ ' and
0.189 to 3.25 nm, respectively (Table 1). Only the evaporation
process is responsible for the generation of porous structure
and the enhancement of surface area during the sintering
processes at elevated temperature.*>** Further, a graph has
been plotted on the basis of BET results between the volume
absorbed and relative pressure for different samples which
are sintered at 1000 °C for 3 h soaking time (Fig. 1e). From the
graph it is observed that the maximum volume has been
absorbed for the sample 50B,0;: 50BN due to its highly
porous nature. The percentage of porosity of the sample was
calculated using the density results and was found to be
~36.4%.

3.4. Scanning and transmission electron microscopic
analysis

The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to study the morphology
of the samples. Typical 3D morphology of the prepared BN
sample was shown by the SEM image (Fig. 2a). Fig. 2b-d,
enlarged view of the images, clearly reveal the porous BN 3D
architecture with interconnected network. Fig. 2d shows the
well interconnected BN sheets of the order of submicron
(0.98 pm). A schematic of the interconnect structure of BN
sheets is shown in Fig. 2e. For better understanding, the pores
are marked by the red colored arrows while the BN sheets are
marked by yellow colored arrows as shown in these images. The
TEM images shown in Fig. 2f-i are in agreement with the
observations from SEM (Fig. 2a-d). Both SEM and TEM images

RSC Adv., 2016, 6, 87888-87896 | 87889
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Fig.1 Characterizations of porous h-BN architecture of (a) XRD showing the formation of h-BN phase (b) FTIR spectra of showing different types
of the bonds as marked by their corresponding wave numbers (c) variation of average pore diameter vs. h-BN content (d) the bar graphs of
surface area with increasing % of h-BN and (e) variation of volume absorbed with relative pressure of different samples sintered at 1000 °C.

Table 1 Compositions, contact angle, BET surface area and BET average pore size diameter and grain size sintered at 1000 °C

Contact angle

BET surface area

BET average pore

Calculated grain

Compositions (°) at RT °C (m?>g 'm™) size diameter (nm) size (nm)
h-BN 69 — — 638
10BN-90B,0; 28.98 1.084 0.325 —
10BN-90B,03 — 0.922 0.298 789
50BN-50B,03 52 2.500 0.259 1100
90BN-10B,03 45 — 0.189 1125

87890 | RSC Adv., 2016, 6, 87888-87896
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Fig. 2 Surface morphology of porous h-BN and grain size distribu-
tions (a) h-BN SEM image revealing the tiny sheets of h-BN and are
interconnected to each other. (b and c¢) Low — magnification SEM
image of showing more interconnected h-BN big sheets (d) high —
magnification SEM image of 50BN-50B,03 shows the fully developed
pores with h-BN interconnected stacked sheets. Nanostructures of
porous h-BN (e) schematic of 3D architecture of hBN (f) low
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confirm that 3D BN architecture includes the hierarchical
porous structure in comparison to BN nanosheets. It also
includes macroporosity between the sheets (100-200 nm
diameter) and microporosity (1-2 nm) within the single nano-
sheet. The energy filter composition map shows the chemical
composition of the 2D sheets which are made of B, O and N
(Fig. 2f). The insert SAED pattern shows four characteristics
diffraction rings that correspond to (002), (101), (004) and (110)
lattice planes of h-BN respectively. These observations are well
consistent with the XRD results (Fig. 2g). Besides the SAED
pattern, HRTEM image (Fig. 2h) reveals a layered h-BN structure
with an interlayer distance of 0.34 nm (Fig. 2i) corresponding to
the inter-plane distance (002) in agreement with reported
values. High-resolution HRTEM image shows that the atoms are
uniformly arranged in a hexagonal symmetry.* It is well known
that if grain size is increasing then the voids among them will
also be increases and therefore the pore size is also increasing
with increasing h-BN concentration. The calculated values of
grain size from the SEM images lies in the range from 789-1125
nm. It is observed form the plot of grain size vs. BN mol% that
the grain size increases with increasing the doping concentra-
tion of h-BN (Fig. 2j).

3.5. Mechanical behaviour

For the mechanical test of the porous 3D architecture, the
sample was compressed by Instron universal testing machine.
The compressive load-displacement curve exhibited a high
load bearing capacity of the order of ~2.9 kN (Fig. 3a). The
calculated values of ultimate stress are found to be ~37 £ 5
MPa which is higher than previously reported values.*® The
high load bearing capacity of the 3D structure is shown in
Fig. 3a inset (under the curve). The standard densities of
boron nitride and boron trioxide are 2.1 and 2.4 g cm™®
respectively. However, the value of the density of synthesized
porous h-BN was 1.3 g cm > (Fig. 3b). The SEM images of the
compressed samples were also examined to verify the 3D
porous structure behaviour after the loading procedure. The
images revealed that the h-BN sheets arrest the crack propa-
gations. The yellow colour arrows in Fig. 3c and d highlighted
the interlocking of h-BN sheets in the formed cracks. Fig. 3c
displayed how the h-BN sheets are distributed and the
cracked area has been covered by them. These sheets prevent
the crack propagation as well as divert the path of the crack
propagation, which is represented by the yellow color lines
(Fig. 3d). To understand the porosity of the synthesized h-BN,
contact angle measurements were also carried out. It was
observed that porous h-BN samples show hydrophilicity
(contact angle range from 52-75°) (Fig. S4 ESIT). This study

magnification bright field TEM image showing large h-BN sheet with
porosity. Inset showing EELS map of B and N of the sheet (g) the
selected area electron diffraction (SAED) showing hexagonal pattern of
h-BN (h) high magnification image at the edge of the sheet showing
the number of layers of BN across to the (002) plane in these large size
sheets (i) typical TEM image of the synthesized h-BN nanosheets,
resulting in geometrically defined edges (j) variation of grain size vs. BN
content.
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Fig. 3 Mechanical characterizations of the porous h-BN. (a) Variation of load vs. displacement. The inset shows the pellet samples view before

the test and after fracture test. (b) Comparison of density with standard
density reveal that h-BN density was low 1.33 gm cm~>3(c) low magni
interlocking the crack propagation, (d) at high magnification SEM imag

confirms the porous nature of the samples on the surface as
well as inside of the samples.

3.6. Molecular dynamics simulations analysis

To investigate whether humidity affects the h-BN sheet
network, mechanical properties, we carried out molecular
dynamics (MD) simulations. We employed the Reactive Force
Field (ReaxFF)* in the LAMMPS MD package*® implementa-
tion,” which is capable of describing bond breakage/
formation. We used a chain of three Nosé-Hoover thermo-
stats to carry out simulations in the NVT ensemble, and the
resulting equations of motion were subject to integration with
a time-step of 0.1 femto seconds. The structures we tested are
presented in Fig. 4a and b. The system is periodic in the plane
of the 8.57 nm per 8.54 nm h-BN tri-layers, and non-periodic
in the other direction. The four layered sheet is 7.8 nm high.
In our tests we: (a) minimized the structure; (b) generated an
ensemble of velocities corresponding to a temperature of 300
K; (c) increased the downward stress on the top trilayer by 0.48
MPa per picoseconds (ps); (d) performed an equilibration for
120 000 time-steps once pressure reached 2.4 MPa; (e)
resumed the 0.48 MPa ps~ " stress increase until failure. The
edges of the bottom trilayer were also kept fixed, except
during minimization. Fig. 4e presents results for tests with an
absolute humidity of 0 and 2.9 g L™'. For the case without
humidity, failure started when the applied stress reached 48

87892 | RSC Adv., 2016, 6, 87888-87896

density of boron nitride, boron trioxide, porous h-BN. The bar graphs of
fication SEM image of fractured sample revealing the h-BN sheets are
e showing the crack divergence due to h-BN sheets.

MPa. This is rather low, considering the in-plane Young's
modulus of monolayer h-BN is greater than 1 TPa.** However,
h-BN resistance to out-of-plane deformations is not as high.
For instance, the stiffness tensor component C33 of a bulk
sample is only 32 GPa.*”* In our tests, failure was due to out-of-
plane bending of the vertical h-BN sheet, see Fig. 4c. The yield
strength observed in simulation closely matches with our
experimental observations. For the case with humidity, failure
started when the compressive stress reached a slightly lower
value, 36 MPa. The failure here was again related to bending
of the vertical h-BN sheet, see Fig. 4d. While humidity greatly
changed resistance, it influences on failure stress was not as
large. Our MD simulations indicate that the h-BN sheet
network would retain good mechanical properties if used in
humidity sensors. Note also that the considered humidity
value is rather high; typical absolute humidity values fall in
the 0.01 g L™ " range.

3.7. LPG and humidity sensing behaviour

The LPG and humidity sensing investigations of the 3D
architecture were also carried out using their thin film
samples. The variations in electrical resistance as a functional
of time for different concentrations of LPG are shown in
Fig. 5a. It is observed from the both curves that the resistance
of the film sample increases with increasing time and there-
after it becomes saturated. Further, the resistance diminishes

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Structures used to perform molecular dynamics compression
tests. (a) and (c) Present snapshots before and after failure for the case
without humidity, while (b) and (d) present snapshots for the case with
humidity. Increasing stress was applied to the top horizontal trilayer,
and the resulting strain was measured. The results, presented in (e),
show a small decrease in the 3D architecture strength due to humidity
presence, the yield strength matches with experimental observations.

drastically in opened outlet condition and attains the stabi-
lized resistance value. The calculated values of the sensitivity
and sensor response were found 0.14 and 6.17 along with
a response and recovery times of ~55 and 40 s respectively.
These measurements were again repeated after two months
which are plotted and showed in the inset of Fig. 5a. No
significant changes were observed which confirmed the
stability of the sensor. Fig. 5b shows that the humidity
sensing characteristics of the porous h-BN film with change in
% RH. In the lower humidity range (10-40%RH) the resis-
tance decreases whereas at higher humidity range (40-90%
RH) shows a decrement. The calculated sensitivity of the
sensor is 1.47 MQ/% RH and 0.29 MQ/%RH for low and high
humidity range respectively. Fig. 5b inset shows the repro-
ducibility the same variation after two months which repre-
sent the stability of the sensor. The sensing properties of the
h-BN nanosheets gas sensor upon exposure to air, chemi-
sorptions of the oxygen and also captured the electron from
the adsorption sites on the surface. The electron extracted

This journal is © The Royal Society of Chemistry 2016
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from the conduction band increases the resistance. The
interaction of oxygen ions on the surface of h-BN modified the
electron transport in the film. The details of such sensing
properties were reported in the literature.*>* Similarly, the
h-BN sensor upon exposure to LPG, reaction due to the ejec-
tion of the electrons (charge carriers), the resistance of the
film. A schematic explaining the mechanism is illustrated
through Fig. 5c. The process of chemisorptions occurs at very
low humidity level and remains unaltered by further changes
in humidity.

A schematic diagram shows the whole mechanism and is
shown in Fig. 5d. When the h-BN nanosheets gas sensor is
exposed to air, oxygen gets chemisorbed on the surface of the
sample and arrest electron from the adsorption sites on the
surface which depends on the temperature forms either, O,™,
O or O®. For a sensor operating at room temperature,
formation of O°  is favoured. The associated reaction kine-
matics were represented as:*

Ox(gas) < O(ads)

Os(ads) + e~ — O,

This electron extraction from the conduction band tends to
increase the resistance R, of the sensor. The adsorption of O,
ions of the nanostructured h-BN surface is necessary to
increase the receptor activity of the sensor and also its sensing
response. Oxygen vacancies may be the good position for the
adsorption of oxygen on the surface of the sample and the
subsequent formation of O,  depletion layer. Electron
transfer from conduction band to the chemisorbed oxygen
attributed to decrease of electron concentration on the film
surface of the sample. Therefore, an increase in the value of R
of h-BN film was observed. After a while, R, of the h-BN
nanosheets got stabilized by the above chemisorption reac-
tions mechanisms and was represented as stabilized resis-
tance in the presence of air (R,). When the h-BN sensor is
introduce to LPG then it reacts with the chemisorbed oxygen
and a surface charge layer was formed according to the
reaction.>®

C,Hy42 + 07 — C,H,,0 + HO + ¢

where, C,H,,., represent hydrocarbons. Due to the ejection
of the electrons as charge carriers, the resistance of the film
decreases after its contact with the LPG. The depiction of the
water adsorption process on the BN surface is illustrated in
Fig. 5d. The hydroxyl groups, generated by the self-ionization
of water molecules adsorbed on the activated surface of
crystalline grain covers the surface area of h-BN through the
chemisorption of water in moist surroundings. The process
of chemisorption occurs at very low humidity level and
remains unaltered by further changes in humidity. Humidity
gets adsorbed throughout the open pores leading to
condensation within the capillary pores that are distributed
among the grains of h-BN.*” Therefore, the high porosity and

RSC Aadv., 2016, 6, 87888-87896 | 87893
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Fig. 5 LPG and humidity sensing characterization of the porous h-BN sensors. (a) Dynamic LPG sensing curves of 3D porous h-BN and inset
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Schematic diagram of (a) LPG sensing and (b) humidity sensing mechanism.

surface area are responsible to enhanced the sensitivity of the
Sensor.

4. Conclusions

In summary, we have demonstrated the synthesis of porous h-
BN based nanosensors which can be used for the selective
detection of humidity and LPG. This novel porous h-BN shows
a very high sensitivity of the sensor is 1.47 MQ/%RH and 0.29
MQ/%RH for low (10-40% RH) and for high (40-90%RH)
humidity respectively. The sensitivity of sensor retains till two
months. The detecting method of humidity and LPG, this
study is the first to integrate the h-BN performance in the
form of nanosensor. The experimental and simulation study
clearly reveals the porous high surface area 3D architecture
retains its mechanical properties in humid environments as
well. Considering its high selectivity, sensitivity, and
simplicity, we believe that the innovative mechanism of

87894 | RSC Aadv., 2016, 6, 87888-87896

porous h-BN will serve as the mile-stone for related studies
and contribute to the future development in sensors
technology.
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