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A simple sonochemical route was developed for the preparation of gold nanoparticles/boron nitride
sheets (AuNPs/BNS) nanocomposites without using reducing or stabilizing agents. Transmission electron
microscopy, scanning electron microscopy, X-ray diffraction, and UV–vis absorption spectra were used to
characterize the structure and morphology of the nanocomposites. The experimental results showed that
AuNPs with approximately 20 nm were uniformly attached onto the BNS surface. It was found that the
AuNPs/BNS nanocomposites exhibited good catalytic activity for the reduction of H2O2. The modified
electrochemical sensor showed a linear range from 0.04 to 50 mM with a detection limit of 8.3 lM at
a signal-to-noise ratio of 3. The findings provide a low-cost approach to the production of stable aqueous
dispersions of nanoparticles/BNS nanocomposites.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, a monolayer of carbon atoms closely packed into hon-
eycomb two-dimensional (2D) carbon material, has attracted enor-
mous interest from both the experimental and theoretical science
communities [1–3]. Due to their 2D layer structure analogous to
graphene, boron nitride sheets (BNS) have received a great deal of
attention for potential applications [4–6], because of their many
attractive properties, such as high mechanical strength, high tem-
perature stability, large thermal conductivity, and large surface area
[7–9]. In addition, the impact of BNS in association with other
nanomaterials to produce nanocomposites with promising poten-
tial applications such as sensors, energy storage, and catalysis has
captured the interest of some researchers [10–13]. However, most
of the reported work on the preparation of BNS-based nanocompos-
ites required a surfactant or reductant [10,12,14]. Surfactants were
commonly used for the exfoliation and dispersion of BNS; while
reductants were used to reduce metal ions to nanoparticles. Thus,
it is crucial to explore alternative environmentally sustainable
and rapid methods for the synthesis of BNS-based nanocompsites.

Sonication is a simple, multi-purpose technique used in the
preparation of nanomaterials, which is based on acoustic cavita-
tion, namely the formation, growth and implosive collapse of bub-
bles in a liquid. It permits access to a range of chemical reactions
which are normally inaccessible [15,16]. Therefore it is worth not-
ing that the sonochemical method embodies the principles of
green chemistry [17].

As one of the most extensively studied nanomaterials, gold
nanoparticles (AuNPs) have received increasing attention due to
their distinctive physical and chemical properties and their wide
application in optics, electronics, catalysis, biology and sensors
[18–20]. It is expected that a hybrid composed of BNS and AuNPs
can be a novel functional material for application in electrochem-
istry. What is more, to the best of our knowledge, no report ad-
dressed the synthesis of AuNPs/BNS nanocomposites using a
sonochemical strategy.

Herein, we report the simple sonochemical fabrication of AuN-
Ps/BNS nanocomposites without using reducing or stabilizing
agents. The as-prepared AuNPs/BNS nanocomposites were found
to be well-dispersed with AuNPs uniformly distributed on BNS.
The possible growth and formation mechanism are discussed. We
also demonstrate the fabrication of a nonenzymatic H2O2 sensor
using the resulting nanocomposites. The electrochemical sensor
showed high stability and excellent electrocatalytic activity toward
H2O2 with a linear range from 0.04 to 50 mM and a detection limit
of 8.3 lM.
2. Experimental

2.1. Materials

BN powder (size 1–2 lm, 99.99%), NaH2PO4, Na2HPO4, and H2O2

(30 wt%) were purchased from Aladdin Chemistry Co. Ltd.
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Chloroauric acid (HAuCl4�4H2O) was from Shanghai Chemical Re-
agent Co. (China). Phosphate buffer saline (PBS, 0.01 M, pH 7.4)
contained 136.7 mM NaCl, 2.7 mM KCl, 8.7 mM Na2HPO4 and
1.4 mM KH2PO4. All other reagents were of analytical grade. All
aqueous solutions were prepared using ultra-pure water (Milli-Q,
Millipore).

2.2. Apparatus

Atomic force microscopy (AFM) image was obtained in tapping
mode on an Agilent 5500 (Agilent Technologies, Inc., USA). Scan-
ning electron microscopy (SEM) images were obtained on a Hitachi
S4800 scanning electron microscope at an accelerating voltage of
5 kV. Transmission electron microscopy (TEM) images and High-
resolution TEM images were taken using a JEOL JEM-2010 trans-
mission electron microscope at an accelerating voltage of 200 kV.
X-ray diffraction (XRD) measurements were performed on a Japan
Shimadzu XRD-6000 diffractometer (Cu-Ka, k = 1.5418 Å) at a
scanning rate of 5�/min in the 2h range from 10� to 80�. UV–vis
absorption spectra of the samples were taken periodically on a Shi-
madzu UV-3600 spectrophotometer. Raman spectra were recorded
on a Renishaw RM-1000 with excitation from the 514 nm line of an
Ar-ion laser with a power of approximately 5 mW. Electrochemical
measurements were performed on a CHI 660D workstation
(Shanghai Chenhua, China) electrode system comprised of a plati-
num wire auxiliary, a saturated calomel reference and the modified
glass carbon (GCE) working electrode.

2.3. Synthesis of the AuNPs/BNS nanocomposites

BNS were exfoliated according to the literature with minor
modification [21]. Briefly, 100 mg BN powder was dispersed in
50 ml deionized water using a bath sonicator (Branson 2510,
40 kHz) for 8 h. The dispersion was then allowed for 24 h. Then
the dispersion was centrifuged at 2000 rpm for 20 min, after which
decantation was carried out by pippetting off the top half of the
dispersion into a glass pot. The concentration of the obtained
BNS in water was 0.05 mg mL�1. To obtain AuNPs/BNS, an aliquot
of a HAuCl4 aqueous solution (10 mM, 2.5 mL) was then added to
Fig. 1. (A) SEM image of BNS, (B) TEM image of BNS, inset: a HRTEM
the as-prepared BNS dispersion (0.05 mg mL�1, 10 mL). Afterward,
the reaction system in a beaker of 25 mL was exposed to high-
intensity ultrasonic irradiation (Sonics VCX-750 ultrasonic proces-
sor with flat head tip, 750 W at 30% amplitude, 20 kHz) for 30 min
at 25 �C. After centrifugation, the nanocomposites were obtained,
and further washed with deionized water three times. For compar-
ison, the AuNPs/BNS sample was also prepared under the same
conditions by a mild stirring method instead of ultrasonic irradia-
tion at 25 �C.

2.4. Preparation of the modified electrode

Glassy carbon electrode (GCE) was polished with 1.0 and 0.3 lm
alumina powders, respectively, and then ultrasonically cleaned in
ethanol and double-distilled water for about 1 min, respectively.
The suspension of AuNPs/BNS nanocomposite (0.5 mg mL�1, 5 lL)
was dropped onto the GCE. Finally the modified AuNPs/BNS/GCE
was used to follow the electrochemical experiments. For compari-
son, the other modified electrodes were prepared with the similar
procedure. The electrolyte solutions were deoxygenated with N2

for 30 min and kept under N2 atmosphere during electrochemical
examinations.

3. Results and discussion

3.1. Characterization of AuNPs/BNS nanocomposites

The aqueous BNS dispersions were obtained using a previously
described procedure. Decoration of BNS with AuNPs was achieved
by a simple sonochemical method without reducing or stabilizing
agents. In the reaction, 0.025 mmol HAuCl4 was used, and the gold
content in the product was determined to be 0.017 mmol, using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). Finally, the product yield was about 68.0% (HAuCl4 as refer-
ence). Fig. 1A and B show the SEM and TEM images of as-prepared
BNS with the size of hundreds of nanometers. The sheets were
well-ordered 2D shaped. A HRTEM image (inset of Fig. 1B) shows
that the BNS have a few layers. The structure of BNS was also re-
vealed using typical AFM images. Fig. 1C shows that the thickness
image of BNS, (C) AFM image and (D) Raman spectrum of BNS.



Fig. 2. (A) SEM image of AuNPs/BNS nanocomposites. (B) TEM image of AuNPs/BNS nanocomposites, inset: a HRTEM image of one single nanoparticle on BNS. (C) EDX
spectrum of AuNPs/BNS nanocomposites. (D) Histogram of AuNPs size distribution.
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of the BNS was approximately 1.2–1.4 nm, corresponding to
around 3–4 layers [22]. The micrograph also reveals that the BNS
seems to be exfoliated into homogeneous sheets. Fig. 1D displays
the typical Raman spectra for BNS. The peaks at around
1365 cm�1 corresponded to the high-frequency E2g vibrating mode
of BN [14,23]. The as-prepared BNS with high surface area can be
used as efficient templates for loading various nanoparticles. In
the case of AuNPs/BNS nanocomposites, it was found that AuNPs
with high-density were attached to the BNS surface and scattered
well on the sheets (Fig. 2A and B). The inset of Fig. 2B shows a
HRTEM image of a boron nitride sheet in the vicinity of a gold
nanoparticle, which revealed well-defined nanocrystalline gold
on BNS. The chemical composition of the obtained AuNPs/BNS
nanocomposites was determined by EDX analysis. The results
showed the presence of Au besides B and N, with the existence
of a Cu signal due to the TEM sample grid (Fig. 2C). The average size
of AuNPs was approximately 20 nm (Fig. 2D). The relative standard
deviation (RSD) for the content of Au in the AuNPs/BNS nanocom-
posites was 3.56%.
Fig. 3. UV–vis spectra of BNS and AuNPs/BNS nanocomposites. Inset: photographs
of aqueous dispersions of BNS (a) and AuNPs/BNS nanocomposites (b).
Fig. 3 shows the UV–vis spectra of the aqueous dispersion of
BNS and the resulting AuNPs/BNS nanocomposites. BNS exhibited
a strong band centered at 203.5 nm, which was consistent with
previous observations [24]. The UV–vis absorption peak of
AuNPs/BNS nanocomposites at 523 nm showed that the AuNPs
had been formed on the surface of BNS. The inset of Fig. 3 shows
photographs of the aqueous dispersion of BNS (left) and AuNPs/
BNS (right), revealing a distinct color change from white to pink
after sonochemical treatment. Such an observation provides an-
other piece of evidence to support the formation of AuNPs [25].

The formation of products was also showed by the correspond-
ing XRD patterns. As shown in Fig. 4, the strong diffraction peaks at
the Bragg angles of 26.2� and 54.8� corresponded to the (002) and
(004) planes of the BNS, respectively [26]. With regard to the
AuNPs/BNS nanocomposites, Bragg angles of 38.0�, 44.2�, 64.5�
and 77.4� were clearly observed, which corresponded to the
(111), (200), (220) and (311) planes of the AuNPs [27]. The typ-
ical diffraction peaks for BNS were also observed. These results
confirmed that the AuNPs anchored on BNS were well crystallized.
The AuNPs/BNS nanocomposites were successfully prepared.
Fig. 4. XRD spectrum of BNS and AuNPs/BNS nanocomposites.



Fig. 5. Illustration of the synthesis of AuNPs/BNS nanocomposites via sonication.

Fig. 6. TEM image of the sample prepared using a conventional stirring method.

Fig. 7. CVs of a bare GCE (a), BNS/GCE (b), and AuNPs/BNS/GCE (c), in N2 saturated
0.1 MPBS at pH 7.4 in the presence of 10.0 mM H2O2 (scan rate: 0.05 V s�1). Inset:
the CV of AuNPs/BNS/GCE E in 0.1 MPBS (pH 7.4) without H2O2.

Fig. 8. Typical steady-state response of the AuNPs/BNS/GCE to successive injection
of H2O2 into the N2 saturated PBS under stirring. The inset was the calibration curve.
Applied potential: �0.40 V; supporting electrolyte: 0.1 MPBS of pH 7.4.
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It was demonstrated that clean and well-dispersed AuNPs could
be prepared by strongly anchoring the AuNPs on BNS surface. Fig. 5
illustrates the uniform distribution of AuNPs on BNS achieved using
the sonochemical method. A possible mechanism for the formation
of AuNPs/BNS nanocomposites is as follows: hydroxyl groups and
defect sites were generated on the sheet surface during the synthe-
sis of BNS from BN powder, and the in situ formed BNS had a
negative zeta potential [28]. X-ray photoelectron spectroscopy
confirmed the existence of O and H. When metal ions are added
to the BNS solution, the BNS exhibit high absorption capacity
toward positively-charged Au(III) ions through physisorption,
electrostatic binding, or charge-transfer interaction, which act as
the initial nucleation site for AuNPs [29]. The reduction of gold
metal ions was realized under the combined effect of BNS and
sonication. With increasing reaction time, the gold seeds grew to
approximately 20 nm. Moreover, the homogenous AuNPs should
be attached onto the surface of BNS without aggregation under son-
ication. Previous reports have explored that both MoS2 and graph-
ene oxide sheets could, respectively, reduce AuCl4

3� and PdCl4
2� to

generate AuNPs and PdNPs without any additional reductant
[30,31], and the underlying mechanism was likely due to the redox
reaction between supports and metal ions. Control experiments
showed that AuNPs could not grow well on BNS using a conven-
tional stirring method (Fig. 6). In addition, the uniform dispersion
of the AuNPs takes place in situ without any surface functionaliza-
tion. We considered that the sonolysis of water at ambient
atmosphere led to the generation of various radicals, such as �H,
�O2
� and OH� radicals, and the formed reducing species such as H�,

H2 and H2O2 played an important role in the synthesis of the
AuNPs/BNS nanocomposites [16]. It was proposed that the follow-
ing possible sequence of reactions occurred:

H2O! H� þ OH� ð1Þ

BNSþ OH� ðH�Þ !MþH2O ð2Þ

AuCl�4 þM! AuNPs=BNSþ 4Cl� ð3Þ

where M corresponded to reducing species and pyrolysis radicals.
Moreover, the physical effect of the extreme temperature, pressure
and high cooling rates of ultrasonication may promote the reduc-
tion reaction in a shorter time. Furthermore, the presence of AuNPs
on exfoliated BNS not only improved their dispersion, but also
would modify charge transport between the sheets and enhance
their catalytic efficiency.

3.2. Electrochemical performance of the AuNPs/BNS/GCE towards H2O2

As a demonstration of the application of such nanocomposites,
we constructed an enzymeless H2O2 sensor by direct deposition of
the aqueous dispersion of AuNPs/BNS nanocomposites on a GCE
surface. Fig. 7 shows cyclic voltammetric (CV) responses of
5.0 mM H2O2 in 0.1 M N2-saturated PBS (pH = 7.4) at different elec-
trodes. No redox peaks were observed in the absence of H2O2 for
AuNPs/BNS/GCE (inset of Fig. 7), indicating that the modified elec-
trode was non-electroactive in the selected potential region. When
5.0 mM of H2O2 was added into the N2-saturated PBS, no reduction
peak was observed on the bare GCE (curve a) and BNS/GCE (curve
b), which indicated that H2O2 reduction was not achieved at the
bare GCE and BNS/GCE. In contrast, AuNPs/BNS/GCE exhibited a
marked catalytic current peak about 28 lA in intensity at
�0.53 V (curve c). This improved electrocatalytic ability was



Table 1
Summary of the analytical performances of reported H2O2 detection systems.

Electrode materials Detection limit (lM) Linear range (mM) Reference

AgNP/rGO 28 0.1–40 38
HRP–Au–chitosan–clay 9 0.039–31 39
Nafion/HRP/GNSs–TiO2 5.9 0.041–0.63 40
Poly-brilliant cresyl blue/AuNPs 23 0.06–10 41
Cyt�c/Nanoporous Au 6.3 0.01–12 42
AuNPs/BNS 8.3 0.04–50 This work

1962 G.-H. Yang et al. / Ultrasonics Sonochemistry 21 (2014) 1958–1963
attributed to the synergistic effect of AuNPs and BNS, in which
AuNPs had electrocatalytic ability towards H2O2 and the BNS pro-
vided a large specific surface area to increase the loading amount
of H2O2. Importantly, by altering the band structure, AuNPS/BNS
nanocomposites promoted the efficient interfacial charge transfer
for electrochemical sensing [26,32].
3.3. Amperometric response and calibration curve for H2O2 detection

Fig. 8 shows the typical amperometric response of the AuNPs/
BNS/GCE with successive additions of different concentrations of
H2O2 into 0.1 M N2-saturated PBS (pH 7.4) at an applied potential
of �0.4 V. It can be seen that AuNPs/BNS/GCE responded quickly
to the change in H2O2 concentration and achieved 95% of the max-
imum steady-state current within 2 s after the addition of H2O2,
indicating a fast diffusion of the substrate in the hybrid film mod-
ified electrode. The inset shows the calibration curve of the sensor.
The linear detection range was estimated to be from 0.04 to 50 mM
(r = 0.997), and the detection limit was estimated to be 8.3 lM at a
signal-to-noise ratio of 3. A comparison of the linear range and
detection limit of the sensor with other previously reported H2O2

sensors is shown in Table 1 [33–37]. It can be seen that the perfor-
mance of the sensor was comparable and even better than those
obtained with several recently reported electrodes.

To evaluate the selectivity of the AuNPs/BNS/GCE, the effects of
some possible interferents on the amperometric detection of H2O2

were investigated. Fig. 9 shows the amperometric response ob-
tained following successive additions of 1.0 mM H2O2 and possible
interferents in 0.1 M N2�saturated PBS (pH 7.4) at an applied po-
tential of �0.4 V. As shown in Fig. 9, the response current of ascor-
bic acid (AA), dopamine (DA), and glucose did not cause any
observable interference in the detection of H2O2. This suggested
that these species had no obvious interference in the reduction
of H2O2. The selectivity for H2O2 amperometric detection was very
good on the AuNPs/BNS modified GCE.
Fig. 9. Current–time curves for the AuNPs/BNS/GCE exposed to DA (1.0 mM), AA
(1.0 mM), glucose (1.0 mM) and H2O2 (1.0 mM) each.
Furthermore, the reproducibility of the AuNPs/BNS/GCE fabrica-
tion was also investigated. The RSD of the current signal for
0.5 mM H2O2 at six modified electrodes prepared under the same
conditions was 4.56%, suggesting good reproducibility and preci-
sion. After the modified electrode was stored in the refrigerator
at 4 �C for 2 weeks, the current response to 0.5 mM H2O2 remained
94.37% of its original response. These results demonstrate that the
sensor exhibited excellent long-term stability.

4. Conclusion

AuNPs/BNS nanocomposites were successfully synthesized
using a simple sonochemical route without reducing or stabilizing
agents. It was shown that AuNPs of approximately 20 nm were
uniformly attached to BNS. The detection of H2O2 without an en-
zyme in the electrode modified by AuNPs/BNS nanocomposites
was also demonstrated and revealed that the nanocomposites
showed excellent catalytic activity for the reduction of H2O2. This
work could open the door for the fabrication of various types of
metal BNS-based nanocomposites which will have wide applica-
tion in the fields of catalysis, the environment, and new energy.
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