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ABSTRACT: We developed a single-step thermal method that
enables successful inclusion of ZnO components in the porous
boron—carbon—nitrogen (BCN) framework to form a new class of
functional hybrid. ZnO-containing BCN hybrids were prepared by
treating a mixture of B,O;, glycine, and zinc nitrate at 500 °C.
Glycine—nitrate decomposition along with B,O; acts as a source
for ZnO-BCN formation. The incorporation of ZnO onto BCN
has extended the photoresponse of ZnO in the visible region,
which makes ZnO-BCN a preferable photocatalyst relative to ZnO
upon sunlight exposure. It is interesting to note that as-prepared
2D ZnO-BCN sheets dispersed in PDMS form a stable coating
over aluminum alloys. The surface exhibited a water contact angle
(CA) of 157.6° with 66.6 wt % ZnO-BCN in polydimethylsiloxane

'
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(PDMS) and a water droplet (7 uL) roll-off angle of <6° and also demonstrates oil fouling resistant superhydrophobicity. In
brief, the present study focuses on the gram scale synthesis of a new class of sunlight-driven photocatalyst and also its application

toward the development of superhydrophobic and oleophobic coating.
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1. INTRODUCTION

Progress in materials science is strongly associated with the
development of materials by energy-saving, environmentally
friendly, and low-cost methods. Graphene and other two-
dimensional materials such as boron nitride and boron carbon
nitride have attracted more interest in the field of materials
research because of many exceptional properties.' " Similarly,
metallic nanoparticles and oxides have attracted much attention
due to their unique size-dependent properties.”® The develop-
ment of novel hybrid structures involving them is of significant
interest. Such hybrid structures, which encompass the benefits
of both host material and nanoparticles, can be of immense use
for various potential applications. Although the synthesis and
application of hybrid structures involving nanoparticles,
graphene, and carbon nitride have been widely reported and
well established,”™® there is much less discussion in the
literature on the synthesis of hybrids involving boron carbon
nitride (BCN) compounds. The applications of hybrid
materials are essentially driven by progress in their production,
and there are different methods to prepare hybrid nanomateri-
als. However, a search for new synthesis routes is still a field of
immense research activity with focus on inexpensive, environ-
mentally friendly, and scalable methods to produce novel
nanohybrid materials.
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Solution combustion synthesis (SCS) is an effective method
for the synthesis of nanoscale hybrid materials and has been
used in the synthesis of heterostructured nanocomposites for
advanced applications.'°~'> Herein, we report for the first time
an easy route for the synthesis of zinc oxide-containing porous
boron—carbon—nitrogen hybrid sheets (ZnO-BCN) in a single-
step process and the first investigation for self-cleaning and
sunlight-driven photocatalytic properties. The synthesis is based
on glycine—nitrate combustion, in combination with boron
oxide at elevated temperature (see Materials and Methods).
Our method enables the inclusion of metal oxide (zinc oxide
(ZnO)) components in the BCN matrix toward formation of a
new class of functional hybrids: metal oxide (ZnO)-containing
boron carbon nitride compounds (ZnO-BCN). The as-
prepared ZnO-BCN powder in water showed enhanced activity
for bacteria degradation relative to pure ZnO upon direct
sunlight exposure. It is interesting to note that as-prepared 2D
ZnO-BCN sheets dispersed in PDMS form a stable coating
over aluminum alloys. The coated films were investigated for
their surface topography. The surface exhibited a water contact
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angle (CA) of 157.6° and is achieved with 66.6 wt % ZnO-BCN
in PDMS and an extremely low water adhesion with low
contact angle hysteresis (6°). It is further interesting to note
that superhydrophobic wetting behavior returns within minutes
when a low surface tension liquid such as isooctane (y = 18.77
mN/m) is added to surface. This synthesis has several
advantages, such as availability of precursor materials, single-
step process, no requirement of expensive or sophisticated
instruments, gram scale yield, and, more importantly, scalability
of the entire process.

2. MATERIALS AND METHODS

2.1. Materials. Boron oxide (B,0;), glycine (Gly), zinc nitrate
(ZnNO,), tetraethoxysilicate (TEOS), and polydimethylsiloxane
(PDMS) silanol terminated (number-average molecular right (M, =
110000), viscosity (~S50000 cSt)) were procured from Sigma-Aldrich.
Dibutyltin dilaureate was purchased from Alfa Aesar (Ward Hill, MA,
USA).

2.2. Synthesis. Calculated quantities of B,Os, Gly, and ZnNO;
were taken at a weight ratio of 1:2:2 (B,0;/Gly/ZnNO;) and
sonicated (in water) to form a homogeneous solution. The
homogeneous solution was thermally treated at S00 °C for 2 h at 2
°C min™' under an argon atmosphere to form ZnO-BCN sheets.

2.3. ZnO-BCN/PDMS Composite Films. The exfoliated ZnO-
BCN was added to a mixture of 2.5 wt % PDMS (dissolved in
toluene), TEOS (cross-linking agent for PDMS system), and
dibutyltin dilaureate (catalyst for cross-linking) and magnetically
stirred for 30 min. The resulting mixture was spray coated over
aluminum and glass substrates at 20—25 psi with a film thickness of 10
pm.
2.4. Instrumentation. X-ray diffraction (XRD) data were
measured on a Bruker D8 Advance X-ray diffractometer. FT-IR
spectra were measured using a Nicolet 380 FTIR instrument with
ATR. X-ray photoelectron spectroscopy (XPS) spectra were measured
using a Sigma X-ray Photoelectron Spectrometer with an Al Ka X-ray
source. Scanning electron microscope (SEM) images and energy-
dispersive X-ray (EDX) spectra were taken on Carl Zeiss Supra SSVP/
41/46 with an accelerating voltage of 15 kV using an SE detector. The
UV—visible (UV—vis) absorption spectra and photoluminescence
spectra (PL) were measured on a UV—vis-NIR spectrophotometer
(Hitachi model U-4100) and a UVS80C spectrophotometer,
respectively. Surface area was studied using Autosorb iQ2
Quantachrome India. TEM images were recorded on Tecnai F20
(200 kV) field-emission transmission electron microscopy (FE-TEM).
The production of OH radicals in ZnO-BCN suspensions under
sunlight and dark conditions was analyzed by electron paramagnetic
resonance (EPR) spectrometer (Bruker EMX Plus). The water contact
angles (WCA) were measured by goniometer (OCA 35 Data Physics)
in static mode employing Laplace—Young calculation. The observed
WCA is the average of 10 measurements taken on different locations,
and standard deviation was found to be ~+0.5°. The size of a water
droplet in the wetting experiment is 7 uL. Both contact angle
hysteresis (CAH) and roll-off angle were measured using standard
methods reported earlier."

2.5. Sunlight-Driven Antibacterial Activity. The strain of
Escherichia coli used in this study was grown in nutrient broth (Hi-
media, Mumbai, India) overnight at 37 °C. Interaction between ZnO-
BCN and bacterial cell surface and photokilling efficiency were
investigated by solution suspension under direct sunlight illumination.
A 10 mL suspension of ZnO-BCN (10 ppm) and bacterial culture
(105 CFU/mL) in phosphate buffer solution (pH 7.0) was prepared
and incubated in darkness for 15 min. After the 15 min incubation
period, the media were exposed to dark and illuminated conditions for
30 min. Each sample was then subjected to total viable bacterial count
by standard pour plate technique to calculate antibacterial activity (in
percentage) using eq 1, where A is the viable count at 0 min and B is
the viable count at 15, 30, 45, 60, or 75 min.
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((A = B)/A) x 100% (1)

Epi-fluorescence microscopy (E200 Coolpix -Nikon, Tokyo, Japan)
was used to visualize the disruption of bacterial cell membrane as a
function of incubation time. Dual stains of fluorescein isothiocyanate
(FITC) and propidium iodide (PI) were used to identify living/dead
bacterial cells. PI and FITC are selective to damaged cells and
undamaged cell walls, which give rise to red and green emission,
respectively. Bacterial samples were added to 0.5 uL of dual stain (1:1)
and incubated for 15 min; excess stain was removed by rinsing with
sterile distilled water.

Sunlight Source. Direct sunlight irradiation (of samples) was
carried out in March 2015 in Karaikudi (CSIR-CECRI campus) in the
afternoon between 1:00 and 3.0 p.m., and the temperature was around
29-31 °C.

3. RESULTS AND DISCUSSION

3.1. Characterization of ZnO-BCN. The XRD pattern of
as-prepared ZnO-BCN (Figure 1) exhibits peaks at around 26°
and 42°, which is similar to (002) and (100) lattice planes of
BCNss reported previously with h-BN structures.'*
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Figure 1. XRD patterns of ZnO (ZnNOj; heated at 500 °C), B,O,,
B,0;—glycine, and ZnO-BCN.

Interestingly, the XRD pattern of ZnO-BCN does not show
any peak originating from zinc species, such as zinc oxide, zinc,
zinc nitride, and zinc carbides. However, ZnNO; heated under
similar conditions shows characteristic ZnO crystallite peaks.
The nonobservance of Zn peaks for as-prepared samples
indicates the presence of zinc species within BCN structures.
Similar types of coordinated structures were reported by Wang
et al.”® and Liu et al.'® in iron- and cobalt-containing carbon
nitride compounds. In both cases peaks relating to iron and
cobalt were not observed in XRD, but clear peaks were
observed in XPS (as observed for our sample).'' However, the
exact nature of bonding/coordination is not known, and further
characterization is essential to determine the local structure of
zinc species. To better understand the role of ZnNO;, the
diffraction patterns of (BG) Gly-B,0; (without ZnNO; and
annealed at 500 °C) and B,0; were analyzed. Almost all of the
diffraction peaks of B,O; are evident in BG, but after the
addition of ZnNOj; to BG (as in the case of prepared hybrid),
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the B,O; crystalline peaks disappeared completely and a broad
diffraction peak at around 26° and 42° showed up. This
indicates that ZnNO, addition is essential for B,O; to react (or
get consumed) via Gly—nitrate combustion.

Figure 2 shows the IR spectrum of as-prepared ZnO-BCN
and B,0;. There is a broad peak around 1632 cm™" indicating

ZnO-BCN
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Figure 2. FTIR spectrum of ZnO-BCN.

C—N bond vibration. The peak at 1393 cm™" corresponds to
the B—N stretching mode of BCN."” The peak at 1064 cm™
originates from the c-BN phase of boron carbon nitride.'” The
peaks at 492 and 702 cm ™' correspond to the stretching mode
of Zn—0."” On the basis of the above FTIR result it may be
said that ZnO-BCN hybrid structures are achieved. Raman
spectra of ZnNO; heated at 500 °C (without glycine and B,0O5)
show first-order (fundamental) and second-order optical modes
of ZnO (Figure 3a). Raman spectra of ZnO-BCN exhibit two
broad amorphous peaks, corresponding to D (at 1355 cm™")
and G (at 1581 cm™') bands of BCN structures along ZnO
Raman modes. Raman spectra for ZnO and ZnO-BCN from
300 to S00 cm ™" are shown in Figure 3b. For ZnO, we observed
wurtzite modes at 334, 386, 417, 439, and 584 cm™! with an
intense E2 (H) mode associated with the motion of oxygen
atoms in ZnO at 439 cm™'. High intense E2 (H) mode
indicates its crystallinity.'® The as-prepared ZnO-BCN also
shows typical ZnO Raman modes, but the E2 (high) mode
intensity of ZnO-BCN is significantly reduced (almost
disappeared) relative to that of ZnO, indicating the lower or
poor degree of crystallization.'® The near disappearance or
suppression of E2 (high) mode may be due to disorder induced
by doping or substitution of B, N, or C in ZnO structure (or
co-ordination of ZnO within the BCN matrix). The additional
Raman modes at 640 and 743 cm™' were observed in ZnO-

BCN, which can be attributed to the formation of ZnO phases
involving B, C, or N (ZnO-BCN structures). Such additional
Raman modes are a common feature for doped ZnO structures.
Sudakar et al."” observed additional Raman modes for cobalt-
doped ZnO between 600 and 800 cm™'. Jothilakshmi et al.*’
observed additional Raman modes for lithium-doped ZnO
associated with multiphonon processes at 651 and 737 cm™.
Manjon et al*' reported anomalous bands in ZnO due to
nitrogen local defects.

XPS characterizations were done to understand the bonding
configurations in as-prepared hybrids. XPS survey scan (Figure
4a) of as-prepared ZnO-BCN revealed peaks due to boron,
nitrogen, carbon, zinc, and considerable oxygen. The C 1s
spectra (Figure 4b) of the as-prepared sample showed evidence
of three chemical states, namely, C—C bond (major
component), B—C bond, and C—O bond located at 284.8,
282.8, and 286.5 €V, respectively.””** The N 1s spectra (Figure
4c) show a major single peak at 399.5 eV, which corresponds to
the B—N bond.”> The B 1s spectrum is shown in Figure 4 d.
Many researchers”** have reported that B—B bond at 188 eV
as pure boron, the B—C bond at 190 eV as boron carbide, and
the B—O bond at 190 eV as boron oxide. The B—O bond can
be finely divided into BC,0/BCO, and B,0O; bonds at 192.0
and 193.3 eV, respectively. The as-prepared sample C—O
shows a major single peak at 192.3 eV, which indicates the
presence of boron in the form of a B complex (BCO, or BC,0
bond).”® The O 1s spectrum (Figure 4e) of the sample
indicates the presence of three chemical states at 532.3 (major
component), $30.8, and 528.4 eV, which correspond to the B—
O bond, the Zn—0 bond, O, in ZnO, respectively.’® Figure 4f
shows the Zn 2p spin—orbit split at 1022.45 eV (Zn 2p3/2)
and 1045.7 eV (Zn 2p1/2) with an energy difference of 23.2
eV, which corresponds to Zn** in ZnO.”” The presence of
boron in the as-prepared sample was further confirmed by 11B
solid state NMR spectroscopy. The peak at —3.48 ppm with
equally spaced bands coincides with the results for doped boron
(Figure Sl).28

3.2. Morphology of ZnO-BCN. The SEM image (Figure
Sa) reveals that the as-prepared structure is composed of a large
number of fragmented nanosheets on a large sheet like
structure with holes. EDS mapping was done to analyze the
spatial distribution of elements in the as-prepared ZnO-BCN.
The elemental mapping (Figure Sb—f) indicates homogeneous
distribution of B, C, N, Zn, and O species, consistent with
reported B—C—N structures.”” The presence of B, C, N, O, and
Zn species in ZnO-BCN was already confirmed by XPS (Figure
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Figure 3. Raman spectra of (a) ZnO and ZnO-BCN and (b) ZnO and ZnO-BCN within the 300—500 cm ™" range.
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Figure 4. XPS spectra of ZnO-BCN: (a) survey scan; (b) C 1s; (c) B 1s; (d) N 1s; (e) O 1s; (f) Zn 2P.

Figure 5. FE-SEM image of (a) ZnO-BCN hybrid and the corresponding EDX (b—f) maps of C, B, O, N, and Zn.
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4a). Sonication was used as a top-down method to exfoliate
stacked ZnO-BCN sheets. The exfoliation process involves
cutting or direct peeling off from the as-prepared product. TEM
was used to characterize the morphology of sonicated sample.
TEM (Figure 6a,b) indicates the presence of porous BCN

Figure 6. TEM images of ZnO-BCN sheets at different magnifications.

nanosheets (with pores ranging from 20 to 100 nm in
diameter); the pores may be formed due to gas evolution upon
thermal decomposition (formation mechanism in Scheme S1).
Representative images (Figure 6¢,d) show that the exfoliated
ZnO-BCN sheet morphology resembles that of highly
crumbled and randomly aggregated graphene-like sheets.*’
SAED pattern (Figure S2(a)) indicates the amorphous nature
of the as-prepared ZnO-BCN hybrid. EDX spectra (Figure
S2(b)) confirm the presence of B, C, N, O, and Zn species.
3.3. Optical Properties. The optical properties of the
ZnO-BCN sheets annealed at 300 and 500 °C were evaluated
by UV-visible absorption spectroscopy (Figure 7). Both
samples were dispersed in water. It is seen that upon dispersion
of ZnO-BCN prepared at 300 °C the solution turned yellow
(inset of Figure 7). The yellow coloration indicates the

—— At 300 degree
— At 500 degree

Abs. (a.u)

275 425 575 725 875
wavelength (nm)

Figure 7. UV-—visible absorption spectra of Gly—ZnNO;—B,0;
annealed at 300 and 500 °C.

formation of ZnO as evidenced by distinctive absorption of
ZnO with oxy-surface defects between 380 and 450 nm.
However, the as-prepared sample (prepared at S00 °C) does
not show any peak between 380 and 450 nm, and no yellow
coloration is observed even after sonication for 2—3 h. This is
an indication that in the as-prepared sample the zinc species
(ZnO) are chemically coordinated to BCN (consistent with
XRD data). It is interesting to note that the as-prepared ZnO-
BCN hybrid (formed at S00 °C) exhibits excellent visible light
absorption properties (Figure 7). This indicates that incorpo-
ration of ZnO onto the BCN extends the photoresponse of
ZnO in the visible region due to strong interaction between
BCN and ZnO.

3.4. Possible Formation Mechanism of ZnO-BCN. To
ascertain the source of C and N, a control experiment was done
by heating the mixture of Gly and B,0; (without ZnNO;) at
500 °C. The color of the resultant sample is dirty white (with
B,0j;-like crystalline XRD peaks), but the color was red-shifted
(to black) when ZnNO; was included in the synthesis. XRD
patterns typical of BCN structure (around 26°) are then
obtained. Usually the presence of nanostructured carbons
results in black composites and the colorful product obtained
here provides an additional hint for atomic scale incorporation
of carbon in the as-prepared compound.’’ These results clearly
suggest that glycine and zinc nitrate combustion act as sources
for C and N. The schematic illustration for the formation of
ZnO-BCN sheets is shown in Scheme 1. The decomposition of
Gly—nitrate occurred near 200 °C (Figure S3, TGA data). The
decomposition results in the evolution of gases such as NO,,
NH;, and CO,, which may reduce B,O; (as shown by XRD).
The newly formed B species along with evolving gas may act as
precursors for the bottom-up fabrication of porous/amorphous
BCN sheets (as shown by TEM data). Simultaneously, ZnO
species thermally diffuse into the BCN sheets to form ZnO-
containing BCN sheets.

3.5. Sunlight-Driven Photocatalysis (Antibacterial
Activity). With the confirmation of visible light absorbance,
the as-prepared ZnO-BCN sample was tested for antibacterial
activity at room temperature under direct sunlight. Figure 8a
shows antibacterial activity in the presence of ZnO-BCN and
ZnO at different intervals of time. Blank experiment (not
shown here) was performed with bacteria in water under the
same conditions without any catalyst (ZnO and ZnO-BCN) to
exclude a possible photolysis of the bacteria under sunlight
irradiation. No or very little bacterial degradation was observed
in the absence of catalyst. The inhibition of bacterial growth
with ZnO-BCN in sunlight is higher than with ZnO. In the case
of ZnO-BCN, within 60 min of irradiation almost all bacteria
were killed (Figure 8b,c). The production of OH radicals in
ZnO-BCN suspensions under sunlight and dark conditions was
analyzed by using an EPR method. It shows the presence of
four distinct peaks, corresponding to hydroxyl radical
generation, that are seen to be absent for ZnO-BCN under
dark conditions (Figure S4). This observation offers a clear
indication that the as-prepared ZnO-BCN is effective for the
generation of hydroxyl radicals under direct sunlight illumina-
tion. The radicals generated are instrumental in facilitating the
degradation of bacterial species. Many studies have indicated
that the generation of reactive oxygen species (ROS) is the
crucial factor influencing the activity of ZnO nanoparticles with
respect to controlling bacterial growth. In the present study,
light irradiation on ZnO-BCN leads to the generation of ROS
at the particle surface, which attack E. coli bacterial cells in the
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Scheme 1. Illustration of the Synthesis Procedure of ZnO-BCN Sheets
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Figure 8. (2) Photoinactivation of E. coli under sunlight; epi-fluorescent microscopic images of E. coli (b) before light illumination and (c) after light

illumination with ZnO-BCN.

vicinity and create micropits on the cell surface. This is
expected to proceed through lipid peroxidation on bacterial cell
membrane, resulting in cell membrane rugture, leakage of
internal cellular contents, and cell death.**™° Because the
extent of lipid peroxidation depends upon the production of
ROS and its exposure to the bacterial cell membrane, greater
radical generation upon sunlight results in enhanced anti-
bacterial activity. Hence, in the present study, we conclude that
ZnO-BCN-based material exhibits good antibacterial activity in
the presence of sunlight by generation of ROS.

3.6. Photolumiscence Analysis. The photocatalytic
efficiency of the catalyst is determined by electron—hole pair
recombination kinetics, which can be experimentally deter-
mined by PL emission spectra. PL emission results from the
recombination of free carriers, and hence PL with lower
emission intensity indicates a lower recombination rate with
higher separation efficiency. Figure 9 shows the PL spectra of
ZnO and ZnO-BCN. A strong peak at ca. 400 nm was observed
for ZnO alone due to local defect states.*® For the as-prepared
ZnO-BCN hybrid, the PL intensity (at ca. 400 nm) decreased
greatly as compared to ZnO alone, indicating that the ZnO
fluorescence could be quenched to a greater extent via bonding
with BCN. Similar quenching behaviors have been observed in
the past.’’ Therefore, attaching ZnO onto BCN (host)

—1In0
Zn0O-BCN

P. L. Intensity (a.u)

350 400 450 500

Wavelength (nm)

550 600

Figure 9. Photoluminescence (PL) spectra of ZnO and ZnO-BCN.

enhances the photocatalytic activity of ZnO in terms of
inhibiting the recombination of photogenerated electron—hole
pairs and accelerates the interfacial charge transfer process.”’
Hence, ZnO-BCN shows enhanced photocatalytic activity
relative to ZnO alone. The surface area (SA) of ZnO and
ZnO-BCN was measured using the BET isotherm. The SA of
ZnO-BCN (24.17 m”? g7') is almost three times that of ZnO
(8.1 m* g™"). The superior physicochemical properties of ZnO-
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Figure 10. (A, B) Illustration of structural transition of hybrid films with respect to chemical composition of the as-prepared porous ZnO-BCN, as
shown in SEM images. (C) Macroscopic images of water droplets (with contact angle) placed on ZnO-BCN, PDMS, and ZnO-BCN/PDMS coated
surface. (D) Images of water droplet on ZnO-BCN/PDMS surface and a surface tilted by ~6°, which induced drop rolling.

BCN nanosheets including larger SA and lower recombination
kinetics (evidenced by PL data) contribute to its enhanced
activity relative to ZnO for bacterial degradation.

3.7. Superhydrophobicity of ZnO-BCN/PDMS Poly-
meric Films. A general strategy for tuning the structure and
surface morphology of PDMS toward achieving desired
wettability is schematically represented in Figure 10a,b. Figure
10c shows the image of a water droplet placed on ZnO-BCN,
PDMS, and ZnO-BCN/PDMS coated surfaces: WCAs as high
as 157.6° were measured for the ZnO-BCN/PDMS hybrid (as
compared to 17.6° and 110° for ZnO-BCN and PDMS,
respectively). After incorporation of the optimum amount of
ZnO-BCN in PDMS polymer matrix, the composite films
exhibit the lesser wettability over the surface with CA of 157.6°
and tilting angle of 6° (Figure 10d). Thus, by tuning the surface
morphology of PDMS (by ZnO-BCN inclusion) the hydro-
phobicity of the films can be controlled. As shown in the SEM
images of Figure 11, PDMS films with 66.6 wt % ZnO-BCN
displayed a rough surface (Figure 11B—D). In contrast, the
pristine PDMS film shows a smooth and flat surface (Figure
11A). The surface roughness of ZnO-BCN/PDMS hybrid films
was analyzed by AFM. Hybrid films with 66.6 wt % ZnO-BCN
revealed dual surface roughness pattern involving micro- and
nanostructures with a thickness of 442 nm (Figure 11F). The
effect of concentration (wt %) of ZnO-BCN on the wettability
of the composite film is shown in Figure 12a. The Wenzel
equation®® (cos @r = r cos s) has been used extensively to
understand the WCA dynamics at a rough solid interface. (In
the equation, r, Or, and s correspond to roughness factor and
WCA values on a rough surface and a smooth surface,
respectively). Water drops on blank PDMS and PDMS with
33% BCN are in the Wenzel state. In this regime, water drops
are assumed to pin on the air pockets and solid—liquid
interaction is particularly strong in their contact line. With an
increase in ZnO-BCN concentration to 50%, the surface
exhibited a WCA of 152.5° and a sliding angle of 11°.

Figure 11. Field-emission scanning electron microscopy (FE-SEM)
images of (A) pristine PDMS, (B—D) ZnO-BCN/PDMS coated on Al
substrate; AFM images of (E) PDMS and (F) ZnO-BCN/PDMS
coated on an Al substrate.

Furthermore, at 66.6 wt % ZnO-BCN concentration the surface
exhibited a WCA of 157.6° and a sliding angle of about 6°,
indicating perfect nonwetting behavior. The roughness created
on the surface with increased ZnO-BCN might be sufficient to
trap air inside the voids of the surface. This causes a
heterogeneous surface composed of both air and solid, which
reduces the adhesive force between the water and solid surface;
for this case the contact angle is described in terms of the
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Figure 12. (a) Variation of contact and tilting angle (blue line) with different concentrations of ZnO-BCN (wt %); (b) solid fraction value (f) on

films.

Cassie—Baxter equation.”” cos Or = fl (cos s + 1) — 1
describes the behavior of a water drop on a heterogeneous
rough surface, where f1 is the surface area fraction of the solid,
and 6r and Os are the CA on rough and smooth surfaces,
respectively. Hence, at high ZnO-BCN concentration the
Cassie state dominates over the Wenzel state. The increase in
ZnO-BCN concentration created a rough surface and a dual
roughness pattern (as evidenced by AFM and SEM data; Figure
11), which is sufficient enough to trap a lot of air, resulting in a
large water—air interface-like surface that offers high resistance
against wetting, leading to superhydrophobicity.*”"!

In addition, the superhydrophobicity was also explained by
solid fraction and work of adhesion relation. The solid surface
fraction (f) value derived from Cassie’s equation is found to be
1.00, 0.3, 0.2, 0.18 and 0.12 for 0, 33.3, 50, 60, and 66.6 wt %
respectively, as shown in Figure 12b. A low solid fraction value
(with increase in ZnO-BCN concentration) ensures that water
droplets are being exposed to a large portion of air that wards
off water from wetting the surface and water maneuvers with a
low sliding angle. Young-Dupre’s equation® (cos @ = (ySA —
ySL)/yLA = (W/yLA) — 1) was used to calculate the work of
adhesion (adhesion strength between water droplet and
surface). The work of adhesion and WCA are vice versa. In
Figure SS the work of adhesion and contact angles for water (y
— 72.9 mN/m) is plotted versus BCN concentration. The work
of adhesion is found to be 44.90, 13.6, 8.23, 8.16, and 5.45 mN/
m for 0, 33.3, 50, 60, and 66.6 wt % respectively, resulting in
extremely low WSA.

In general, hydrophobic surfaces (which tend to repel water)
have a strong affinity toward nonpolar or oily liquids that can
even negate the superhydrophobic behavior of the surface.
Hence, developing surfaces with both superhydrophobic and
superoleophobic properties is essential. The antifouling
performance was analyzed by placing drops of low surface
tension liquids (such as cyclohexane, methyl ethyl ketone, and
isooctane) on the ZnO-BCN/PDMS-coated samples; they wet
the surface instantly, but superhydrophobicity was restored
within 60 s (Figure 13). Antifouling performance is due to the
PDMS matrix, which is capable of absorbing a range of organic
liquids as discussed in the literature,”**

In general, highly expensive and toxic fluoro polymers were
used to generate superamphiphobic behavior, but our approach
is distinct as we could achieve superamphiphobic behavior with
an inexpensive non-fluoro approach. By using our approach it is
possible to prepare metal-decorated hybrids by selecting a
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o

Figure 13. Anti-oil-fouling performance of ZnO-BCN/PDMS-coated
surface.

suitable metal nitrate. As a proof of concept, silver nitrate was
used as a metal source to synthesize silver nanoparticle (ca. 10—
15 nm) decorated BCN nanosheets (Ag-BCN) (Figure 14).
Through our work, we have demonstrated that Gly—nitrate
combustion can be used as a precursor toward the synthesis of
nanoparticles or semiconductors containing porous BCN
sheets.

59 nin
—
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| ——— )

Figure 14. TEM images of Ag nanoparticle decorated BCN sheets.
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4. CONCLUSIONS

We have demonstrated (with mechanism) that metal oxide,
here represented by ZnO, can be incorporated into the BCN
matrix by a one-step process involving glycine—nitrate
combustion. The as-prepared material absorbs visible light
and is capable of degrading bacteria under direct sunlight
irradiation. BCN sheets have been used for the first time to
prepare a stable coating over aluminum substrates. The
substrates (with 66.6 wt % ZnO-BCN) showed a WCA of
157.6° and a WSA of 6° and are oleophobic. Through our
approach it is possible to create a range of metal or metal oxide
containing BCN hybrids for a variety of applications.
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