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Designing nanoscaled hybrids from atomic layered
boron nitride with silver nanoparticle deposition†

Guanhui Gao,ab Akshay Mathkar,b Eric Perim Martins,c Douglas S. Galvão,c

Duyang Gao,a Pedro Alves da Silva Autreto,c Chengjun Sun,*d Lintao Cai*a

and Pulickel M. Ajayan*b

We have developed a microwave assisted one-pot approach to fabricate a novel hybrid nano-composite

composed of two-dimensional chemically exfoliated layered hexagonal boron nitride (h-BN) and

embedded silver nanoparticles (SNP). Atomic layered h-BN exfoliated using chemical liquid showed

strong in-plane bonding and weak van der Waals interplanar interactions, which is utilized for chemically

interfacing SNP, indicating their ability to act as excellent nano-scaffolds. The SNP/h-BN optical

response, in particular band gap, is strongly dependent on the concentration of the metallic particles. In

order to gain further insight into this behavior we have also carried out ab initio density functional theory

(DFT) calculations on modeled structures, demonstrating that the bandgap value of SNP/h-BN hybrids

could be significantly altered by a small percentage of OH� groups located at dangling B and N atoms.

Our results showed that these novel SNP/h-BN nanohybrid structures exhibited excellent thermal

stability and they are expected to be applied as devices for thermal oxidation-resistant surface enhanced

Raman spectroscopy (SERS). The SNP/h-BN membrane showed remarkable antibacterial activity,

suggesting their potential use in water disinfection and food packaging.
Introduction

Silver nanoparticles (SNP) and silver-based compounds have
received an enormous amount of attention due to their unique
optical, electrochemical, catalytical, and bactericidal proper-
ties;1–4 moreover, their highly antiseptic property is especially
attractive because of the low toxicity of active silver ions to
human cells.5,6 Various techniques have been developed to
synthesize SNP containing composite materials, such as carbon
nanotubes (CNTs), silicon dioxide, titanium dioxide, and gra-
phene oxide (GO).7–10 The general strategy for fabricating these
“nanohybrids” involves chemical reduction of the silver
precursors, followed by either reaction or adsorption inside the
desired scaffold to form a stable composite. Recent efforts have
focused on loading SNP onto two-dimensional materials to
increase the accessible surface area. For instance, efficient
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synthesis strategies of SNP/GO nanohybrids have been reported
by a number of studies ranging in applications from hydrogen
peroxide (H2O2) detection to efficient bactericidal agents.11–13

Isostructural to graphene, hexagonal boron nitride (h-BN)
sheet is another atomic-thick two dimensional material pos-
sessing a highly diverse set of properties inconceivable from
graphene: such as large bandgap and outstanding chemical and
thermal stability. Its pronounced thermal oxidation-resistant
property makes it a superior scaffolding candidate for certain
chemically hazardous applications.14–16 However, h-BN has been
challenging due to its exceptional intersheet-bonding and
chemical inertness. To develop applications of the h-BN
monolayer, our previous report demonstrated layer-by-layer
exfoliation of h-BN nanosheet based chemical liquid treatment
with high yields.17 This also led to the transformation of the
chemically passive BN lattice to its chemically active form
enabling its interfacing with noble metal nanoparticles.

In this study, we report a novel, microwave assisted one-pot
approach to synthesize hybrid composites consisting of SNP
deposited onto exfoliated h-BN sheets in dimethylformamide
(DMF), with the solvent DMF acting as both the reducing agent18

and the chemical liquid for exfoliation of layered h-BN nano-
sheets, because DMF is known to be a good dispersant for h-BN
and graphene exfoliation.17 Loading of SNP on h-BN nanosheets
was found to affect the optical band gap (Eg), which can be easily
tuned by controlling the SNP concentration. This suggests a
strong interaction between SNP and the layered h-BN
This journal is © The Royal Society of Chemistry 2014
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nanosheets. Simulations via the Dmol3 method were conducted
in order to further investigate the van der Waals interactions
between the faceted shape of SNP deposited onto layered h-BN
nanosheets, and the reason leading to the bandgap of SNP/h-BN
hybrids varied with different amounts of the aqueous silver
nitrate precursor.

Experimental section
Materials

Boron nitride powder (�1 mm, 98%), silver nitrate (AgNO3,
$99.8%), and DMF were all purchased from Sigma Aldrich and
used as supplied.

Preparation of exfoliated h-BN nanosheets and SNP/h-BN
composites

We sonicated boron nitride powder (100 ml cylindrical vial,
starting concentration 1.0 mg ml�1) in a low power sonic bath
for 2 hours. This resulted in milky white dispersions of h-BN.
The resultant dispersion was centrifuged at 1500–4000 rpm for
30 minutes. The supernatant (top two thirds of the centrifuged
dispersion) was collected by pipetting. We adopted the proto-
cols from our previous work on graphene exfoliation.15 Aer
centrifugation, the exfoliated h-BN supernatant was ltered
using a polytetrauoroethylene (PTFE) membrane (0.2 mm pore
size, 47 diameter, Millipore) and dried in order to calculate the
yield of h-BN exfoliation (ESI, Fig. S1†).

Different volumes of 10�2 M AgNO3 (in order to investigate
the loading capacity of SNP to h-BN layers) aqueous solutions
were added into the exfoliated h-BN/DMF (5 mg/5 ml) mixture
respectively and sonicated for 15 minutes, followed by micro-
wave assisted irradiation for 2–10 seconds to accelerate the
growth of metallic nanoparticles. The grown silver nano-
particles embedded in atomic layered h-BN nanosheets forming
SNP/h-BN hybrid composites. The color of the solution changed
from colorless to light yellow, red and brownish with different
amounts of AgNO3 added, indicating the nucleation of the silver
particles at their infancy (ESI, Fig. S2†).

Analysis and instruments

Transmission electron microscopy (TEM) analyses were carried
out with a JEOL-2010, LaB6 operated at 100 kV. High-resolution
TEM images were taken with the JEOL-2100F, operated at
Fig. 1 Schematic synthesis process of SNP/h-BN nanohybrids via a mic
nitrate solution results in the fabrication of SNP/h-BN nanohybrid suspe

This journal is © The Royal Society of Chemistry 2014
200 kV. Electron energy-loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDS) measurements were carried
out on the JEOL-2100 eld emission HRTEM operated at 200 kV.
XPS (PHI Quantera XPS) was carried out using monochromatic
aluminium Ka X-rays. XPS data were analyzed with theMultiPak
soware. Raman spectroscopy was used to characterize the
structure of the lm at 514 nm laser excitation. Optical-
absorptance measurements (Shimadzu ultraviolet-3600) were
performed using 1 cm quartz. X-ray diffraction (XRD) with
Rigaku D/Max Ultima II Powder XRD congured with a vertical
theta/theta goniometer, Cu Ka radiation, graphite mono-
chromator, and scintillation counter. The microwave reaction
was conducted with WF-4000 (heat temperature: 0–250 �C,
stirring speed: 1000 rpm). The thermal stability of SNP and SNP/
h-BN hybrid dispersed in water was measured by dynamic light
scattering (DLS), using a Malvern ZetaSizer (NanoZS).
Results and discussion

We successfully created a one-pot approach to synthesize SNP/
h-BN nanohybrids in which DMF played dual roles as both the
exfoliation solvent and reducing agent (Fig. 1). Exfoliated h-BN
dissolved in a solution of DMF and silver nitrate was added
dropwise. The synthesis of SNP/h-BN nanohybrid suspension
without any aggregation was achieved through microwave
assisted treatment which played a role in accelerating the
uniform growth of silver nanoparticles 5–10 nm in diameter
without any surfactants. Seconds aer microwave irradiation,
the solution changed frommilky to dark brown color indicating
the formation of silver nanoparticles (ESI, Fig. S2†). The
advantage of the microwave-assisted reduction is that it
requires much less time due to localized heat at reaction sites.
This makes our facile method a better candidate toward large-
scale processing.

The morphology of the synthesized nanohybrids was
analyzed using low-resolution TEM (Fig. 2a and b and ESI,
Fig. S3†). The images showed even dispersion of SNP
throughout the h-BN sheets, with no signs of aggregation. The
h-BN nanosheets served as templates for subsequent growth of
silver nanoparticles on their surface. In particular, a large
number of SNP seemed to embed in the edges of the h-BN
sheets. This could be attributed to the sp2 hybridization of h-
BN, which made the edges more chemically active to attract
rowave-assisted method. Exfoliated h-BN dissolved in DMF with silver
nsion without any aggregation phenomenon.

J. Mater. Chem. A, 2014, 2, 3148–3154 | 3149
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Fig. 2 Typical TEM images of SNP/h-BN hybrid composites: (a and b) low-resolution TEM; (c) high-resolution TEM polycrystalline silver
nanoparticles, the FFT in the inset reveals the edge of silver nanoparticles stacked onto h-BN with a relative rotational angle of 14� (red line area);
(d) high-resolution TEM polycrystalline silver nanoparticles, the FFT in the inset of a single layered hexagonal lattice of boron nitride nanosheets
(red line area); (e) single crystalline structural silver nanoparticles; and (f) multi-crystalline structural silver nanoparticles.
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molecules or atoms. Specically, the binding energy decreased
around the edge area, which was available for coalescing silver
nanoparticles maintaining chemical stability. High-resolution
TEM (HRTEM) analysis conrmed that the size distribution of
SNP was between 5 and 10 nm. Fast Fourier transform (FFT)
spectrum of the zoom area in a red line displayed a relative
rotational angle of 14� (the inset of Fig. 2c). This indicated a
hexagonal structure between crystalline SNP and h-BN, while
the inset of Fig. 2d showed a FFT pattern conrming the clear
hexagonal lattice structure of layered h-BN. A closer look at the
silver nanoparticles revealed their existence in both single
crystalline lattice and twinned polyhedral states, as seen in
Fig. 2e and f. Obviously, the dened morphology of the nano-
hybrids conrmed that microwave radiation did not have
adverse effects on the chemical structure such as sheet crum-
pling and dissociation, which tended to be issues during
reduction involving other scaffolding materials.13

Electron energy loss spectroscopy (EELS) and energy
dispersive X-ray spectroscopy (EDS) were used to identify the
atomic composition. The dark-eld image from EELS (Fig. 3a)
and the corresponding K-shell edge (Fig. 3d) depicted the
characteristic K-shell ionized edges of B and N with a typical
peak of valence band edge p* and conduction band s* at
190.5 eV and 407.6 eV (ref. 18–20) respectively. A weak peak of
metallic Ag 3d, a value of 369.3 eV,21 was also present. The
visible edges of B, N and Ag 3d revealed the existence of single or
multi-layered h-BN and metallic Ag. Since the energy loss of Ag
3150 | J. Mater. Chem. A, 2014, 2, 3148–3154
was not sensitive under EELS measurement, we further inves-
tigated the atomic composition by EDS (Fig. 3b and c). The Ag
peaks were apparent from Fig. 3c, corresponding to Ag 3d3/2 and
Ag 3d5/2, indicating the presence of Ag.

In order to probe the formation mechanism of SNP/h-BN
nanohybrids, we investigated the interaction between Ag atoms
and B, N atoms using XPS. XPS spectra of SNP/h-BN composites
showed the B 1s, N 1s core levels, and Ag 3d (Fig. 4(a–c) and ESI,
Fig. S4†). The elemental scan of Ag 3d5/2 and Ag 3d3/2 core level
peaks was centered at 367.1 eV and 373.0 eV respectively
(Fig. 4c). This can be attributed to the valence state of Ag0

species suggesting that Ag+ ions from the solution have been
reduced by DMF. Compared with the reported values of Ag 3d5/2
(367.9 eV) and Ag 3d3/2 (373.9 eV),22 both peaks observed shied
to lower binding energies by 0.8 eV and 0.9 eV respectively,
indicating that the silver nanoparticles were loaded mainly on
the surface of the h-BN substrate by either physical adsorption
or electrostatic adsorption.23,24 The probable reaction mecha-
nism for the synthesis of SNP/h-BN nanohybrids was that when
dropping aqueous silver nitrate solution into the h-BN/DMF
mixture, and assisted by microwave irradiation, hydrolysis was
triggered and the amount of hydroxyl groups located at
dangling B, N atoms increased. This resulted in the adsorption
of positive charges present on the surface of the silver nano-
particles as reported.18

Raman spectroscopy was performed with 514.5 nm laser
excitation. A pristine h-BN signal peak is shown in Fig. 4d,
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 The characterization for SNP/h-BN composites: (a) dark-field image from electron energy loss spectroscopy; (b) dark-field image from
energy-dispersive X-ray spectrum; (c) energy-dispersive X-ray spectrum (EDX); (d) electron energy loss spectroscopy (EELS).
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exhibiting the high-frequency E2g intralayer phonon mode; the
Raman line was located at 1365 cm�1, and is consistent with
values reported by other literature.15 However, there were
several peaks besides the original h-BN peak in the SNP/h-BN
composites, while the intensity decreased correspondingly. The
Raman line has been shown to vary probably due to silver
nanoparticle intercalation. When silver atoms occupied the
random defect sites within the h-BN lattice, the van der Waals
interactions and bandgap would change, resulting in the
Raman lattice mode for in-plane motion (basal-plane dimen-
sion) reecting the response of the interfaces between the B–N
bond and atomic silver.25–27 More evidence of their binding
mechanisms needs to be further exploited.

The XRD spectra indicated that the sharp and highest peak
at 26.76� was from pure h-BN corresponding to (002) in SNP/h-
BN composites (Fig. 4e). The facets of Ag crystal peaks were
indexed as the (101), (111), (200), (220), (311), and (222) planes
of cubic silver, which indicated the incorporation of Ag atoms.

The ultraviolet-visible absorption spectrum showed that the
absorption peaks varied with different concentrations of silver
nanoparticles deposited on layered h-BN leading to tunable band
gap values. We estimated these values using Tauc's formula15,28

shown in Fig. 5b and S2† for the detailed calculations. We esti-
mated the value for pure exfoliated h-BN nanosheets by
measuring the UV-vis-IR absorption spectrum (Fig. 5a). The
This journal is © The Royal Society of Chemistry 2014
absorption edge of exfoliated h-BN was located at 236 nm, which
corresponded to an optical bandgap of 5.26 eV. Comparably, the
absorption peaks of SNP/h-BN nanohybrids were located at
283 nm and 410 nm corresponding to pure h-BN and Ag inter-
actions respectively by varying the volume ratio (ESI, Fig. S5†).
This phenomenon proved that the band gap of h-BN could be
varied with the number of silver nanoparticles deposited.29,30

We subsequently addressed the bandgap behavior as a
function of the amount of SNP. All bandgap calculations were
carried out via the Dmol3 method as implemented on the
Accelrys Materials Studio suite, using GGA functions under the
PBE approximation. One possible explanation was that these
changes were due to interlayer spacing changes induced by the
presence of intercalated SNP. In Fig. 6 we showed the bandgap
values as a function of the supercell interlayer distances. There
was a small variation of less than 1 eV, which was too small to
explain the bandgap change observed. So the bandgap changes
must be attributed to another reason. Another possibility was
related to OH and/or OH� groups bonded to h-BN structures.
We have considered a BN supercell containing 4 B and 4 N
atoms. When one OH was added to the structure, if it is bonded
to the B atom, the bandgap value would change from 4.7 eV to
4.9 eV, while no chemical bond was formed between OH and the
N atom (basically only physisorption occurred) and the bandgap
remained almost the same (from 4.71 eV to 4.73 eV).
J. Mater. Chem. A, 2014, 2, 3148–3154 | 3151
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Fig. 4 (a–c) XPS spectra of B 1s, N 1s core levels and Ag 3d5/2, Ag 3d3/2 in SNP/h-BN composites; (d) Raman spectra of exfoliated hexagonal
boron nitride nanosheets and SNP/h-BN composites; (e) X-ray diffraction pattern of hexagonal BN nanosheets and SNP/h-BN composites.
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These small changes were not consistent with the experi-
mental data. However, when the presence of OH� groups was
considered, signicant changes in the bandgap values were
observed. When one OH� group was bonded to a B atom, the
bandgap value decreased from 4.7 eV to 4.2 eV. When the OH�

was brought close to a N atom, a chemical bond was now
formed and the bandgap value went to 3.2 eV. Doubling the
number of OH� groups led to the bandgap value of 2.8 eV.
When the OH� groups were bonded only to N atoms, the
Fig. 5 (a) Ultraviolet-visible absorption spectrum of pure exfoliated h-BN
formula calculation; (b) ultraviolet and visible spectroscopy of SNP/h-BN
2.55/5); sample 3: SNP/h-BN (wt 3.4/1); sample 4: SNP/h-BN (wt 4.25/5

3152 | J. Mater. Chem. A, 2014, 2, 3148–3154
bandgap values were observed as small as 2.3 eV. Therefore, the
observed behavior of the bandgap was considered to be a
consequence of the presence of OH� groups stabilized by the
SNP and not the result of a direct interaction between the SNP
and h-BN layers. Further studies are necessary to conrm this
hypothesis.

The antibacterial activity of SNP/h-BN composites was inves-
tigated by plate counting and the inhibition zone method31–34

(ESI, Fig. S3† for the details on antibacterial measurement). A
, the inset shows the corresponding plot of 31/2/l versus 1/l by Tauc's
composites; sample 1: SNP/h-BN (wt 1.7/5); sample 2: SNP/h-BN (wt

).

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Simulation of bandgap variation as a function of the supercell
interlayer distances.
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small inhibition zone was observed in the pure exfoliated h-BN
membrane which provided evidence that h-BN had bactericidal
properties (Fig. 7a). The antibacterial effect of SNP/h-BN
composites was seen easily by adding different quantities of silver
nanoparticles. The results illustrated that the diameter of the
inhibition zone was enlarged by increasing the concentration of
silver nanoparticles (Fig. 7b–f), which demonstrated that SNP/h-
BN composites possessed a more pronounced antibacterial
property. For comparison, the same volume of a pure silver
nanoparticle sample was investigated; we obtained similar
phenomena of inhibition, but the antibacterial durability effect of
SNP/h-BN hybrids was much better than pure SNP due to oxi-
dization. Furthermore, thermal stability tests indicated that the
SNP/h-BN hybrid was stable up to 85 �C, which was superior to
Fig. 7 The antibacterial effects of SNP/h-BN composites by inhibition zo
(C.A) bacteria growing on the pure h-BNmembrane; (b) SNP/h-BN comp
composites (1.7/5, wt); (e) SNP/h-BN composites (2.55/5, wt); (f) SNP/h-

This journal is © The Royal Society of Chemistry 2014
that of pure SNP (ESI, Fig. S7†). Notably, the SNP/h-BN composite
membranes prepared aer ltration possessed an interesting
hydrophobic property for promising water disinfection lms. The
excellent antimicrobial effect of the SNP/h-BN nanohybrid lm
was preserved at room temperature under ambient conditions for
6 months, which exhibited its long-term stability.
Conclusion

In conclusion, we reported the synthesis of new hybrid nano-
composites composed of silver nanoparticles deposited onto
hexagonal boron nitride layers by a one-pot microwave assisted
procedure. The chemical exfoliation technique used here resul-
ted in random single or double layer nanosheets serving as
substrates for SNP. The fabrication mechanism of SNP/h-BN
nanohybrids occurred mainly by physical adsorption and elec-
trostatic interaction. Simulation results illustrated that faceted
shape SNP affected the van der Waals interactions of layered h-
BN nanosheets. The interplanar spacing of layered h-BN changed
due to embedded SNP, but the reason that led to the variation of
the bandgap of SNP/h-BN hybrids should be attributed to a small
amount of hydroxyl groups located at dangling B and N atoms.
Notably, these hybrid nano-composites show excellent thermal
stability, and remarkable antibacterial activity, suggesting their
potential use in water disinfection and purication.
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