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ABSTRACT: The impurity-free aqueous dispersions of boron nitride
nanosheets (BNNS) allowed the facile preparation of silver (Ag)
nanoparticle-decorated BNNS by chemical reduction of an Ag salt with
hydrazine in the presence of BNNS. The resultant Ag−BNNS
nanohybrids remained dispersed in water, allowing convenient subsequent
solution processing. By using substrate transfer techniques, Ag−BNNS
nanohybrid thin film coatings on quartz substrates were prepared and
evaluated as reusable surface enhanced Raman spectroscopy (SERS)
sensors that were robust against repeated solvent washing. In addition,
because ofthe unique thermal oxidation-resistant properties of the BNNS,
the sensor devices may be readily recycled by short-duration high
temperature air oxidation to remove residual analyte molecules in
repeated runs. The limiting factor associated with the thermal oxidation
recycling process was the Ostwald ripening effect of Ag nanostructures.
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■ INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) techniques are
based on the Raman signal enhancement due to the surface
plasmon of the noble metal nanoparticles [such as silver (Ag)
and gold (Au)] and have been widely used for detection of
trace organic and biological molecules.1−4 The reproducibility
of SERS results has always been a challenge due to various
reasons such as uneven local hot spots of metal nanostructures.
Reusable SERS devices are also highly desirable to lower the
cost due to the use of noble metals and thus have attracted
increasing attention. A few recycling techniques such as solvent
wash5−11 and UV cleaning12−14 were reported. Thorough
analyte removal is best achieved via thermal treatment in air (or
thermal oxidation), which was only very recently explored on a
SERS-active Au/Ag bilayer film with a protective alumina
coating.15

Nanotubes, nanorods/nanowires, and nanosheets are often
used as supports for nanoparticle decoration, forming
hierarchical nanohybrids.16−19 In these materials, the support-
ing substrates sometimes offer synergistic effects to the intrinsic
properties of the nanoparticles, making the nanohybrids much
more attractive in applications than the nanoparticles alone. For
example, carbon nanotubes and graphene are excellent supports
for palladium (Pd)-based heterogeneous catalysts in Suzuki

reactions, with much improved activity than unsupported Pd
catalysts.20−22 Recently, Kamat and co-workers discussed in
detail how graphene sheets may capture and “shuttle” electrons
to the electrodes, resulting in enhanced photoelectrochemical
and photocatalytic performance of graphene-supported tita-
nium dioxide (TiO2) nanoparticles and TiO2 − noble metal
dual nanoparticle systems.19,23−25 In SERS measurements, the
use of substrate supports (such as graphene26−34) also
improves the local dispersion of the noble metal nanoparticles,
resulting in enhancements of both sensitivity and signal
reproducibility.
The exploration into the preparation and properties of

hexagonal boron nitride nanosheets (BNNS) is in its
infancy.35−49 As the insulating structural analog of graphene,
BNNS have a unique set of properties that have distinct
similarities and differences compared to their carbon counter-
parts. For example, BNNS are similarly thermally conductive as
graphene. While graphene has rich defect and conjugated
carbon chemistry, BNNS are also expected to have rich
chemistry, such as those based on Lewis acid−base interactions

Received: December 9, 2011
Accepted: January 26, 2012
Published: January 26, 2012

Research Article

www.acsami.org

© 2012 American Chemical Society 1110 dx.doi.org/10.1021/am201747d | ACS Appl. Mater. Interfaces 2012, 4, 1110−1117

www.acsami.org


because of the locally highly polarized boron−nitrogen
bonds.40−42 Comparing to graphene, however, BNNS are
expected to be much more inert against oxidation and
withstand thermal treatment in air beyond 700 °C. Also, the
large band-gap of BNNS makes them excellent transparent
materials in the visible and near-IR regions.40−44

Although the decoration of BNNS with metal or metal oxide
nanoparticles is essentially an unexplored area,50 many
strategies developed for the decoration of other nanomaterial
supports, such as carbon nanotubes,16−18 graphene,19 and
boron nitride nanotubes,51−57 may be borrowed. For example,
decorations of carbon nanotubes16,17 and graphene with metal
nanoparticles19 can be achieved by chemically reducing metal
salts in the presence of these carbon nanomaterials.
For potential applications, it is sometimes desirable that the

nanomaterial supports and the resultant nanohybrids are in
homogeneous dispersions for the convenience of solution
processing. We recently reported the convenient preparation of
impurity-free BNNS aqueous dispersions without the use of
any organic functional groups or surfactants.43 This procedure
involved simply sonicating pristine hexagonal boron nitride (h-
BN) powder in water followed by centrifugation to isolate the
exfoliated BNNS with one or multiple atomic layers in the
supernatant. The exfoliation and dispersion of BNNS was due
to the combination of solvent polarity effect and the sonication-
assisted hydrolysis of h-BN. The BNNS surface remained
largely intact, with the presence of a small amount of hydroxyl
groups located at dangling boron atoms as indicated by
spectroscopic investigations. By taking advantage of the
convenience in obtaining such BNNS aqueous dispersions,
here we report a facile method to decorate these nanosheet
surfaces with Ag nanoparticles in homogeneous aqueous
environment at room temperature. The Ag−BNNS nano-
hybrids remained stable in the dispersions without the use of
surfactants or additional functional groups. Subsequently, the
impurity-free nanohybrid dispersions were readily processed,
using simple substrate transfer techniques, into robust and
reusable sensor devices for SERS with highly reproducible
results. In particular, the thermal oxidation-resistant character-
istics of BNNS allowed the fabricated Ag−BNNS SERS sensors
to be recyclable in multiple air oxidation treatments without
any reduced performance, except for the expected intensity
drop during the first cycle.

■ EXPERIMENTAL SECTION
Materials. h-BN powder (size -10P, Lot HZ010PA4.$06) was

provided by UK Abrasives. Silver acetate (99%), hydrazine hydrate
(reagent grade, 50-60%), and rhodamine 6G (R6G, 99%) were
purchased from Aldrich. Methylene chloride (certified ACS grade) was
obtained from Fisher Scientific. All chemicals were used as received.
Measurements. Scanning electron microscopy (SEM) imaging,

low-magnification transmission electron microscopy (TEM) imaging,
and energy-dispersive X-ray (EDAX) mapping were carried out using a
Hitachi S-5200 field-emission SEM system. High resolution TEM
(HR-TEM) experiments were conducted on a JEOL 2100 field-
emission TEM system. Optical absorption spectra were obtained using
a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. SERS spectra
were acquired on a Thermo-Nicolet-Almega Dispersive Raman
Spectrometer with 532 nm excitation. Each spectrum was accumulated
with 16 1 s exposures at 20% laser power through a 25 μm pinhole.
BNNS Aqueous Dispersion. The pristine h-BN powder (200 mg)

was sonicated in deionized water (100 mL) using a bath sonicator
(Branson 2510, 40 kHz) for 16−24 h. The resultant slurry was
centrifuged at ∼3000 × g (IEC Clinical Centrifuge). The supernatant
was passed through a coarse filter paper (Whatman cellulose), and the

filtrate was collected as the aqueous dispersion of BNNS. The
concentration of BNNS in the final dispersion was on the order of 0.05
mg/mL.

Ag−BNNS Nanohybrid Aqueous Dispersions. In a typical
procedure to prepare a type I Ag−BNNS dispersion, an aqueous
solution of hydrazine (2 mM, 1.25 mL) was mixed with a BNNS
aqueous dispersion (∼0.05 mg/mL, 1 mL). An aliquot of a silver
acetate aqueous solution (10 mM, 0.25 mL) was then added to the
mixture. Further aliquots of the salt solution were added at 10-min
intervals until a total of 1 mL to reach completion of the reduction
reaction at room temperature. The preparation of type II Ag−BNNS
dispersions used the same starting solutions and followed the same
procedure except for gradually adding five 0.25 mL aliquots of
hydrazine solution into the BNNS−silver acetate solution mixture at
room temperature.

■ RESULTS AND DISCUSSION
Aqueously Dispersed Ag−BNNS Nanohybrids. The

aqueous BNNS dispersions were obtained in a procedure as
previously described.43 Decoration of BNNS with Ag nano-
particles was achieved by chemically reducing the correspond-
ing metal salt precursor in the presence of BNNS in the
aqueous dispersion. Hydrazine was selected as the reducing
agent since it has been widely used in the preparation of free58

or supported metal nanoparticles.16−19 The room-temperature
reaction started upon adding an aliquot of a silver acetate
solution into the BNNS−hydrazine solution mixture. The
colorless mixture gradually turned into light pink color within
∼10 min, indicating the reduction of Ag+ into metallic Ag
nanoparticles by the hydrazine molecules. The color became
more intense with further addition of aliquots of the salt
solution into the mixture until the theoretically complete
reaction was reached (hydrazine:Ag+ = 1:4 mol/mol). The final
pale pink-colored dispersion containing Ag nanoparticle-
decorated BNNS (Figure 1 inset) appeared transparent and

Figure 1. Optical absorption spectra and the corresponding
photographs of type I (red) and type II (blue) Ag−BNNS
nanohybrids in as-prepared aqueous dispersions. The spectrum of
starting BNNS aqueous dispersion (diluted to the same equivalent
BNNS concentration as in the Ag−BNNS dispersions) is also shown
for comparison. Shown in the inset are the same spectra but subtracted
with those of BNNS−hydrazine (type I) and BNNS−silver acetate
(type II) starting solution mixtures, respectively, before the addition of
the other reagent.
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homogeneous, with no discernible precipitates. The optical
absorption spectrum (Figure 1) exhibited a peak centered at
∼470 nm, which is due to the well-known surface plasmon
absorption of Ag nanoparticles.59−62 The intensity of the
plasmonic peak gradually increased during the course of
reaction and reached a maximum after the addition of the last
silver acetate aliquot (no further increase if more were added),
indicating the completion of the reaction. In comparison, the
spectrum of the essentially colorless BNNS dispersion had very
low absorbance values (with a significant portion attributed to
scattering effect).43 By subtracting the absorption spectrum of
the starting BNNS−hydrazine solution mixture, the plasmon
peak of the BNNS-supported Ag nanostructures formed could
be singled out (now at ∼475 nm), which may provide a better
comparison with data in the literature.59−62 Although the band-
gap peak of BNNS in the starting dispersion (∼204 nm) was
unambiguous, whether the attachment of Ag nanostructures
affected the band-gap of BNNS was difficult to determine
because the Ag nanostructures also exhibited multiple
transitions in the nearby region as found in control experiments
without the use of BNNS. Much detailed spectroscopic
investigations or electronic measurements should provide
further elucidation.
The order of reagent addition had an apparent impact on the

characteristics of the resultant Ag nanostructures. Instead of
adding silver acetate into the BNNS − hydrazine mixture
solution as described above (“type I” Ag−BNNS), the addition
of hydrazine into a BNNS − silver acetate solution mixture
under otherwise the same conditions resulted in a pale blue
solution (Figure 1 inset). The optical spectrum of this solution
(“type II” Ag−BNNS) exhibited a very broad and featureless
band extending across the visible and into the near-IR region
(Figure 1). The spectral feature seemed to be quite similar to
those attributed to the in-plane dipole plasmonic resonance of a
distribution of Ag nanostructures of irregular and/or platelet
shapes with different sizes, in addition to the significant
scattering contribution.59

For TEM studies, a few drops of the two types of as-prepared
Ag−BNNS dispersions were placed separately onto holey
carbon-coated copper grids, followed by solvent evaporation.
As shown in Figure 2, the Ag nanostructures in type I and type
II Ag−BNNS products had different morphologies, which

apparently caused their differences in the dispersion colors and
the spectral shapes of the plasmonic bands. In type I Ag−
BNNS, the BNNS surfaces were decorated with near-spherical
Ag nanoparticles with diameters in the range of ∼20−80 nm
(Figure 2a−c). In contrast, type II Ag−BNNS contained
BNNS-supported Ag nanostructures with rather irregular
shapes in spite of similar dimensions (Figure 2f−h), consistent
with the optical spectroscopy results. Both types of Ag
nanoparticles were similarly polycrystalline in nature, with
randomly orientated Ag0 (111) and (200) phases (inter-lattice
spacings ∼0.24 and ∼0.20 nm, respectively) (Figure 2c,h). In
some cases, the Ag nanoparticles were seen attached to the
folded edges of BNNS (Figure 2j), where the layered structures
of BNNS (layer−layer distance ∼0.33 nm) and the Ag lattices
could be simultaneously identified. Importantly, most of the Ag
nanostructures were found associated with BNNS, strongly
suggesting that they were attached to the nanosheets during
growth.
At high magnification in both samples, many BNNS-

supported sub-5 nm Ag nanoparticles were also observed
(Figure 2b, g). High-resolution imaging showed that these
small Ag clusters were single crystals (Figure 2d, i) in
comparison to the larger polycrystalline particles discussed
above. This indicated that BNNS-supported Ag nanoparticle
formation with either reagent addition sequence followed a
seedling-templated growth process. It is likely that the sub-5
nm Ag nanoparticle “seeds” were formed either in the
dispersion or directly on BNNS support when Ag+ cations
were in contact with hydrazine molecules. The BNNS in the
dispersion then served as templates for the subsequent growth
of the metallic Ag seed nanoparticles on their surfaces. The
templating effect was more obvious for the nanoparticles
formed at the nanosheet edges, where conformal (“flat”)
metal−BN interfaces (such as the example shown in Figure 2b)
could be observed. The formation of Ag nanoparticles had little
effect on the impurity-free BNNS supports, as the nanosheet
surfaces retained the characteristic hexagonal crystalline lattice
structures (Figure 2e, i).43

The different morphologies of Ag−BNNS nanohybrids from
different reagent addition sequences were likely due to the
kinetically controlled nature of the process since the reduction
reaction and subsequent crystal growth occurred within

Figure 2. TEM images of (a−e) type I and (f−j) type II Ag−BNNS nanohybrids. Note that c−e are enlargement areas of the red squares in b, and h
and i are enlargement areas of the red squares in g, respectively. (c, h) Polycrystalline Ag nanostructures. (d, i) sub-5 nm single-crystal Ag
nanoparticles, (e, i) the hexagonal crystalline lattice of BNNS, (j) 6 nm polycrystalline Ag nanoparticle decorating at a folded edge of a 10-layered
BNNS (∼3 nm in thickness). Some Ag (111) and BN (002) lattice fringes (lattice distance ∼0.24 and 0.33 nm, respectively) are highlighted in
yellow and blue colors, respectively.
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minutes. In the preparation of type I Ag−BNNS (adding silver
acetate to BNNS−hydrazine mixture), low local concentrations
of Ag+ near the nanosheet surfaces allowed for slower and thus
more isotropic growth, forming near spherical nanoparticles.
The growth was more anisotropic in the case of type II Ag−
BNNS when more Ag+ cations were available locally in a
premixed BNNS−silver acetate dispersion. It is interesting to
note that the type I Ag−BNNS aqueous dispersion was
comparably much more stable than the type II nanohybrids.
The former had little sediment formation over a 2−3 week
period, whereas the latter exhibited significant precipitation
overnight. This may be due to accelerated aggregation of
BNNS-supported Ag nanostructures with anisotropic morphol-
ogy. Another possible scenario was that the amine-affinitive
nature of BNNS allowed the adsorption of some hydrazine
molecules on the nanosheet surface via Lewis acid−base
interactions40−42 in type I nanohybrid preparation. This might
have helped stronger anchoring of the nanoparticles on the
dispersed nanosheets during seedling and growth and thus
improved the stability of the resultant product in the dispersion.
Nevertheless, the interactions between Ag and BNNS in both
nanohybrid types were likely mostly van der Waals in nature
with some ionic characteristics but with sufficient adhesion to
remain attached after vigorous treatments such as sonication.
Similar behavior has been observed with many metal−carbon
nanotube or metal−graphene systems.16−19

Reusable Ag−BNNS SERS Devices. The relatively large
lateral size of the BNNS supports (typically a few hundred nm
to 1 μm) allowed the convenient and reproducible processing
of the Ag−BNNS nanohybrid dispersions into thin film SERS
devices via simple vacuum filtration and wet transfer techniques
(Figure 3 left) that have been widely adopted in carbon
nanoelectronics research.63,64 In a typical experiment, a freshly
prepared Ag−BNNS dispersion (1.5 mL) was filtered through a
Millipore “Isopore” filter membrane (0.1 μm pore size). During
the vacuum filtration, a PTFE O-ring (inner diameter = 0.9 cm
or inner area = 0.64 cm2) was placed on the filter membrane as
a dispersion reservoir to confine the resultant coating area.
Since the lateral sizes of BNNS were mostly over 100 nm, the
polycarbonate filter membrane retained majority of the Ag−

BNNS nanohybrid species from the dispersion. The collected
thin film coating on the filter membrane was dried in nitrogen
flow and then placed face-down onto a clean quartz substrate.
The transfer of the Ag−BNNS thin film onto quartz was
completed by removal of the polycarbonate-based filter
membrane in a methylene chloride bath followed by repeated
washing using the same solvent. After drying, dark-colored yet
transparent Ag−BNNS nanohybrid thin films on the quartz
substrate were obtained. The thin films from type II
nanohybrids were visually darker in color than those from
type I samples under similar conditions (Figure 3, right). In
comparison, a similarly obtained plain BNNS thin film was of
very low-color (highlighted by a red-colored dashed circle),
consistent with the high optical transmission of BNNS in the
visible region as demonstrated in previous reports.39−45

For SEM and EDAX analyses, the same wet transfer
technique was applied except for using an aluminum SEM
stub as the target substrate. An SEM image and the
corresponding Ag mapping from EDAX of a type II Ag−
BNNS sample are shown as examples in Figure 3. Majority of
the nanosheets settled facially on the target substrate as a result
of vacuum filtration-induced alignment.43 Consistent with the
TEM data in Figure 2, the BNNS-supported Ag nanoparticles
were of rather irregular shapes and mostly tens of nm in
diameter, with also the presence of some sub-5 nm species. At
the given quantity of materials collected (from 1.5 mL of an as-
prepared dispersion), the Ag−BNNS nanohybrids completely
and uniformly covered the deposition area (∼0.6 cm2

considering the voids from air bubbles during transfer) on
the substrate with 1-2 stacked layers of nanosheets. In
comparison, smaller quantities of dispersions gave incomplete
substrate coverage (see Figure S1 in the Supporting
Information). Representative SEM images for a transferred
type I Ag−BNNS sample (see Figure S2 in the Supporting
Information) showed similar characteristics in the substrate
coverage to those of type II samples, with the presence of near-
spherical Ag nanoparticles consistent with the TEM observa-
tions in Figure 2.
R6G was used as the model compound for SERS sensing. In

each experiment, a 10 μL drop of an ethanol solution of R6G

Figure 3. (Left) Cartoon schematic of the fabrication of Ag−BNNS-based SERS devices from straightforward vacuum filtration and wet transfer
techniques: (1) filtration of an Ag−BNNS aqueous dispersion through a 0.1 μm polycarbonate filter membrane; (2) placement of the membrane-
supported Ag−BNNS film face-down on the target substrate; (3) removal of the filter membrane in a methylene chloride bath followed by drying in
nitrogen flow. (Right) Picture of several thin films supported on the same quartz substrate from the filtration-transfer procedure: plain BNNS
(highlighted with a red circle), type I (lower colored film) and type II Ag−BNNS nanohybrids. Also shown on the right are an SEM image and the
corresponding Ag map from EDAX measurement of a type II Ag−BNNS thin film transferred onto an Al SEM stub using the same technique.
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was placed on the thin film area of the sensor device and
allowed to evaporate (typically spreading beyond the sensing
material to reach a circular area with diameter of ∼2 cm).
Multiple SERS spectra (532 nm excitation, 16 1 s scans in each
acquisition) were collected at different spots of the sample and
averaged. As shown in Figure 4, well-resolved Raman signatures

of R6G at 1 × 10−5 M could be readily observed, while the
same experiment with a blank BNNS film on quartz only
yielded a strong yet featureless luminescence background.
Apparently, the adsorption of R6G molecules on the Ag−
BNNS nanohybrids enhanced the Raman response by orders of
magnitude. The SERS enhancement factor (EF), using the
equation EF = ISERSNbulk/IRamanNsurface, was estimated to be on
the order of 1 × 105 by comparing a SERS spectrum to the
regular Raman spectrum of a bulk R6G sample (see Figure S3
in the Supporting Information). This value is comparable to a
graphene-supported Ag system recently reported in the
literature.33

It is worthwhile to mention that the SERS devices from the
type II Ag−BNNS nanohybrids typically provided somewhat
higher signal intensities than the analogous sensor prepared
from the type I nanohybrids. Apparently, the morphological
difference between these two types of nanohybrids with the
same composition played a critical role. The fact that the
nanohybrids with irregular Ag nanoparticle shapes were of
better performance is consistent with the knowledge that
anisotropic Ag structures often exhibit more SERS-active “hot
spots”.59−62 The SERS spectral intensity may also be affected
by the sizes of the BNNS-supported Ag nanoparticles, which
were tuned by varying the concentrations of the starting salt
and the corresponding hydrazine solutions (see Figure S4 in
the Supporting Information). For example, it was found that
the type II devices with larger nanoparticles (average ∼50 nm)
from higher starting reagent concentrations (10 mM silver
acetate and 2 mM hydrazine) exhibited stronger SERS signals
than those with smaller nanoparticle sizes (average <10 nm;
from 1 mM silver acetate and 0.2 mM hydrazine), consistent
with the known SERS-active size range for Ag.1−4,39−42

The Ag−BNNS SERS devices were robust against solvent
washing and could be readily regenerated for repeated tests.
Using a type II device as an example, the microscopic and
nanoscopic morphology of a thin film surface transferred onto
an aluminum stub (for SEM imaging) remained unchanged
after extensive ethanol rinsing (see Figure S5 in the Supporting
Information). As shown in Figure 5, the SERS response (by

tracing the peak intensity at 610 cm−1) of the same type II
quartz device to a 1 × 10−4 M R6G ethanol solution remained
consistent in six repeated measurement−ethanol washing
cycles. It should be cautioned, however, that solvent washing
could never be thorough as it always leaves a small amount of
analyte residue due to physical adsorption. At 1 × 10−4 M R6G,
the baseline intensity of the SERS device after solvent washing
was typically 10−20% of the detected signal intensity (Figure
5), and the percentage may become even higher at lower initial
analyte concentrations.
As previously mentioned, a unique advantage of BNNS as

the supporting substrates for Ag nanoparticles is their resistance
to thermal oxidation at high temperature. Under such
conditions, the residual analyte molecules from previous runs
may be completely removed with the supporting substrates
(BNNS) remaining unaffected. Prolonged heating of the used
Ag−BNNS sensor devices at 400 °C in air was shown to be
sufficient to remove the organic residues as only a rather
featureless and very low intensity spectral background was
obtained in Raman measurement. However, the BNNS-
attached Ag nanoparticles seemed to become “mobile” at or
above this temperature with the formation of much larger
spherical particles with much reduced SERS activity. For
example, 1 h exposure of a SERS sensor in air resulted in large
Ag particles with diameters of over 1 μm, while there was
essentially no nanoparticle deposition on the surrounding intact
BNNS surfaces (Figure 6a). Consequently, as shown in Figure
6d, the SERS signal intensity dropped to only ∼10% of that
observed with the non-treated devices after a mere 3 cycles of
repeated long duration thermal oxidation (1 h in the first run
and 30 min in the second and third runs), with very weak
spectral peaks. Therefore, it was necessary to optimize the
thermal oxidation regeneration by finding a balance between
complete residue removal and retention of the SERS activity of
the Ag nanostructures.

Figure 4. Averaged SERS spectra (532 nm excitation) of a R6G
solution (1 × 10−5 M in ethanol) using devices fabricated from type I
(red) and type II (blue) Ag−BNNS nanohybrid dispersions. The
control spectrum of the same R6G solution deposited onto a blank
BNNS film (black) is also shown for comparison. All spectra were
offset for clarity.

Figure 5. SERS responses (traced by the peak signal at 610 cm−1) of a
type II Ag−BNNS sensor device toward a R6G solution (1 × 10−4 M
in ethanol) during repeated measurement-solvent washing cycles.
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To further investigate this phenomenon, a similarly prepared
Ag−BNNS SERS device (type II) was exposed at 400 °C in air
for 2 min. In contrast to the initially irregular-shaped Ag
nanostructures before thermal oxidation, SEM images (Figure
6b) showed the formation of spherical Ag nanoparticles of
similar dimensions (30−100 nm) within the reported SERS-
active diameter region of Ag.1−4,39−42 It is interesting to
mention that these spherical Ag nanoparticles exhibited
hierarchical nanostructures when closely examined, with
multiple sub-5 nm nanoparticles decorating on the outer
surface of the main metallic body (Figure 6c). This strongly
indicated an ongoing Ostwald ripening process of Ag
nanoparticles on BNNS supports, consistent with the
observation of micrometer-sized particles with prolonged
heating as shown in Figure 6a. However, in repeated 2 min
thermal oxidation cycles, despite continuous morphological
change to somewhat more sintered structures, there was only
slight increase in the average diameter of the BNNS-supported
Ag nanoparticles (Figure 6c). Apparently, both the short
duration of the treatments and the BNNS supporting effect
benefited the size retention of the Ag nanoparticles, with the
intensive metal sintering observed in much longer thermal
treatments kinetically not ready to occur.
The size stability of the Ag nanoparticles afforded the stable

SERS performance of the Ag−BNNS device in such repeated
treatments. As shown in Figure 5d, the SERS device after the

first treatment at 400 °C for 2 min retained a reasonable
response toward R6G with an absolute Raman intensity
reduced to ∼40% as compared to the untreated device. This
reduction was expected as the Ag nanostructure went from
more (irregular/platelet-shaped) to less SERS-active morphol-
ogy (spherical-shaped). Nevertheless, the device thereafter
exhibited consistent performance with additional repeated
thermal treatments under the same conditions. With each
cycle started with a “clean” baseline (no residual analyte from
previous cycle), the SERS signals of R6G molecules showed no
deterioration even after 30 cycles as conducted in the current
report. Although the surfaces of Ag nanoparticles might have
been partially oxidized after thermal oxidation treatments (see
preliminary X-ray photoelectron spectroscopy (XPS) results in
Figure S6 in the Supporting Information), the bulk nano-
particles remained metallic in nature with plasmonic resonance
strong enough for retained SERS enhancement capabilities.
It should be acknowledged that there are other unique

advantageous aspects of using BNNS as support of Ag
nanoparticles for SERS sensors. For example, BNNS are
known to have affinity for Lewis base compounds.40−42 This
characteristic may enable selective sensing of certain organic
and biological molecules. In addition, unlike their carbon
counterparts, the Raman signal of BNNS (E2g peak typically at
∼1365 cm−1)40−43 is very weak and no enhancement by Ag
decoration was observed; the reason for this is not clear.
Nevertheless, BNNS provide low background interference in
the SERS sensing and thus may enable spectral acquisition of
higher resolution than the use of nanocarbon substrates. It is
known that, when using carbon nanomaterials such as graphene
as supports for noble metals, the G- and D-band signals in the
region of 1200−1700 cm−1 are subjected to significant SERS
enhancement and can thus strongly interfere with many analyte
signals.26−34 In a set of comparative experiments, graphene
oxide (GO) in an aqueous dispersion was used as the substrate
instead of BNNS for a similar SERS device by following the
same preparation procedure as the type II Ag−BNNS sensors
discussed above. It is apparent that the SERS spectrum was
overwhelmed by the GO signals at a R6G concentration of 1 ×
10−5 M (Figure S7). Furthermore, the SERS signals
significantly diminished after the short term thermal oxidation
treatments at 400 °C for 2 min, which is in sharp contrast with
observed retention of signals when using Ag−BNNS devices
(Figure 6).

■ CONCLUSIONS
Ag nanoparticle-decorated BNNS were prepared by reducing a
silver salt using hydrazine in the presence of BNNS in aqueous
dispersions at room temperature. It was shown that the reagent
addition sequence affected the morphology and optical
properties of the resultant Ag nanostructures. The Ag−BNNS
nanohybrids in dispersions were conveniently processed into
highly active quartz SERS devices via straightforward wet
transfer techniques. The morphological difference of Ag
nanostructures from the different reagent addition sequences
had a distinguishable effect on the SERS performance of the
resultant devices. Nevertheless, the SERS sensors fabricated
from either addition sequence were robust against solvent
washing. In addition, because of the thermal oxidation-resistant
nature of BNNS substrates, the SERS devices were recyclable
for as many as 30 times upon short-duration thermal treatments
at 400 °C in air with essentially no decrease of performance
despite an expected initial sensitivity drop from Ostwald

Figure 6. (a, b) SEM images of type II Ag−BNNS thin films on Al
SEM stubs but subjected to long- (1 h) and short-duration (2 min)
thermal oxidation treatment at 400 °C in air, respectively. (c)
Morphology of individual Ag nanoparticles supported on BNNS after
various cycles of 2 min treatments at 400 °C in air (the recycle number
is indicated in each panel). (d) SERS responses (traced by the peak
signal at 610 cm−1) of two identical type II Ag−BNNS sensor devices
toward a R6G solution (1 × 10−4 M in ethanol) during repeated
measurement-thermal oxidation cycles. The red-colored symbols and
solid line represent the cycles with each treatment carried out at 400
°C in air for 2 min. The black-colored symbols and dashed lines
represent the cycles run at the same temperature but for much longer
time period (1 h in the first cycle and 30 min in the second and third
cycles).
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ripening of Ag nanostructures. Although further optimization is
needed, the convenient fabrication and reusability of Ag−
BNNS sensor devices may provide novel tools for low cost,
reliable, quantitative, and selective SERS sensing. The reported
methodology in the preparation of Ag−BNNS aqueous
dispersions and the subsequent processing may also provide
guidance to the exploration of other metal−BNNS nanohybrids
systems for applications such as catalysis, sensing, and energy
storage.
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