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ABSTRACT: Facile synthesis of polyaniline@Ag composite
has been successfully demonstrated by a simple solution-
dipping method using high-aspect-ratio benzene tetracarbox-
ylic acid-doped polyaniline (BDP) fiber as a nontoxic reducing
agent as well as template cum stabilizer. In BDP@Ag
composite, BDP fibers are decorated with spherical Ag
nanoparticles (Ag NPs), and the population of Ag NPs on
BDP fibers is controlled by changing the molar concentration
of AgNO3. Importantly, Ag-NP-decorated BDP fibers (BDP@
Ag composites) have been evolved as a sensitive materials for
the detection of trace amounts of 4-mercaptobenzoic acid and
rhodamine 6G as an analyte of surface-enhanced Raman scattering (SERS), and the detection limit is down to nanomolar
concentrations with excellent recyclability. Furthermore, synthesized BDP@Ag composites are applied simultaneously as an
active SERS substrate and a superior catalyst for reduction of 4-nitrothiophenol.
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■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a powerful and
attractive spectroscopic technique for the detection of ultra-
sensitive and very low concentration analyte (chemical and
biological) molecules at the metal surface because it
demonstrates the single-molecule fingerprint-vibration informa-
tion.1−3 Primarily, SERS is observed for analytes adsorbed onto
a coinage-metal surface (Au, Ag, etc.) with the excitation near
the visible region. Noble-metal nanoparticles (such as Au, Ag,
Pt, and Pd) have attracted importance recently because of their
promising many-field applications like sensing,4,5 medical,6,7

optical,8,9 and electronic devices10,11 as well as catalyst12,13

because their properties greatly depend on their size, surface
structure, and composition.8,9,14 Au and Ag nanoparticles have
unique features of localized surface plasmon resonance,15−17

resulting in excellent activity and good sensitivity as a SERS
substrate. SERS is extremely dependent on the interaction
between adsorbed molecules (analyte) and the surface of
plasmonic nanostructures (substrate such as Au and Ag
nanostructures).17,18 Making of active SERS substrate is an
important job; presently, there are several types of substrate
design being investigated such as porous substrates,19 metal
nanoparticle films,20 and metallic and bimetallic nanostruc-
tures.21,22 Planar metal substrate has lower activity rather than
small nanostructure toward SERS sensitivity/activity because of
its limitation as a “hot spot” in a substrate.23 Cost-effective and
easily reusable substrate preparation is also an important and
challenging task for SERS applications.14,24−29

Although UV−vis absorption spectroscopy for monitoring
the catalytic reduction of 4-nitrophenol (4-NP) is well-
developed,30−35 it does not provide all chemical information
about the molecule during a reaction. So compared to this
technique, SERS is an excellent technique for monitoring such
catalytic reaction because it is surface-selective and can generate
single-molecule information.30−32 The design of a bifunctional
system combining both catalytic and SERS activity provides
new insights into the mechanism, kinetic and structural
evolution of catalytic reactions by Raman spectroscopy. To
apply this technique in monitoring the catalytic activity, the
synthesized composite should act both like a catalyst and also
like a SERS substrate material. There are several reports on
catalytic reaction catalyzed by nanoparticles that are SERS
inactive.12,13,36 Therefore, to overcome this problem, noble-
metal nanoparticles are fabricated on polymer/semiconductor
matrix in such a way that nanocomposites act as a catalyst as
well as as an active SERS substrate.
Nowadays, polymer−noble-metal or semiconductor−noble-

metal nanocomposites have received a great deal of attention
owing to their excellent physical and chemical properties as well
as the possibility of applications in the fields of catalysis,
electronic devices, etc.8−13 Among the conducting polymers,
polyaniline (PANI) is very important for metal-incorporated
nanostructure formation, owing to the presence of many −NH
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groups in the polymer chain.37−41 Another advantage of PANI
lies with its reduction potential, which is relatively higher than
that of the common noble metal, that results the facile
formation of metal nanoparticles at room temperature. PANI
itself plays a dual role during nanoparticle formation as a
binding agent and also as reducing agent. Apart from these,
PANI also offers good thermal and environmental stability,
coupled with excellent electrical, electrochemical, and optical
properties.40,41

In this article, we have reported a simple straightforward
synthesis of Ag nanoparticles (Ag NPs) decorated on PANI
fibers by a solution-dipping technique. Synthesized composites
have been characterized by HRTEM, XPS, XRD, UV−vis,
FTIR, and TGA studies. Morphological changes and the
population of Ag NPs on BDP fiber have been checked.
Synthesized BDP@Ag composites have been used as an active/
sensitive SERS substrate for detection of small molecules like 4-
mercaptobenzoic acid (4-MBA), rhodamine 6G (R6G), and 4-
nitrothiphenol (4-NTP) when they are present below nano-
molar concentration level. Furthermore, BDP@Ag composites
have been tested for dual activity as a catalyst as well as an
active SERS substrate utilizing 4-NTP.

■ EXPERIMENTAL SECTION
Materials. Aniline (Merck Chemicals) was distilled under reduced

pressure and stored at 5 °C in a dark place. Silver nitrate (AgNO3),
1,2,4,5-benzenetetracarboxylic acid (BTCA), and ammonium persul-

fate [(NH4)2S2O8] (APS) were purchased from Sigma-Aldrich and
were used without further purification. 4-MBA, R6G, and 4-NTP were
purchased from TCI Chemicals (India) Pvt. Ltd.

Instruments. Bright-field and high-angle annular dark-field
(HAADF) imaging and mapping of BDP@Ag composites were
carried out on a UHR-FEG-TEM (JEOL, JEM 2100F) instrument at
an accelerating voltage of 200 kV. Samples were spread over a 200
mesh Cu-grid coated with a holey-carbon support film. UV−vis spectra
of composites were recorded by using a UV−vis spectrophotometer
from Agilent (model 8453) in a quartz cell with path length of 1.0 cm.
FTIR spectroscopy of BDP@Ag composites was carried out on a
FTIR-8400S instrument (Shimadzu) using KBr pellets. Powered XRD
analysis were performed by using a Bruker AXS diffractometer (D8
advance) using Cu Kα radiation (λ = 1.542 Å), a generator voltage of
40 kV, and a current of 40 mA. Samples were scanned typically from
10 to 85° at the rate of 0.5 s/step with a step width of 0.02. XPS
analysis of BDP@Ag composite was performed by using a focused
monochromatized Al Kα X-ray source (1486.8 eV) in an Omicron
Nano Technology 0571 XPS instrument. Thermogravimetric analyses
(TGA) were done by a TA thermal analysis system. Samples were
scanned from 25 to 800 °C with a heating rate of 10 °C/min under N2
atmosphere. The amount of Ag present in the BDP@Ag composites
was measured by an Optima 2100 DV (PerkinElmer) inductively
coupled plasma atomic-emission spectroscopy (ICP-AES) instrument.
SERS measurements were performed with a Raman triple
spectrometer (model T-64000, Horiba-Jobin Yvon) fitted with a
synapse detector. The samples were excited with a 514.5 nm laser
(Spectra Physics, model Stabilite 2017). I−V relationship of
synthesized composite was measured by using Keithley 0617
electrometer with two-probe methods at room temperature. EPR

Figure 1. Effect of Ag nanoparticle loading on the BDP matrix: BDP@Ag10 composite, (a) TEM image, (b) bright-field image, and (c) dark-field
image; BDP@Ag1.0 composite, (d and e) bright-field images and (f) dark-field image; BDP@Ag0.1 composite, (g and h) bright-field image and (i)
dark-field image.
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spectra were recorded with a JEOL JES-FA200 spectrometer at room
temperature.
Synthesis of High-Aspect-Ratio PANI Fiber. The synthesis of

high-aspect-ratio PANI fiber was reported in our earlier report.39 In a
typical reaction, BTCA (0.07 g, 0.27 mmol) was dissolved in 15 mL of
water with 10 min continuous stirring. Aniline (100 μL, 1.02 g/cm3,
1.1 mmol) at 25 °C was added and stirred for additional 1h. After
cooling the mixture at 10 °C, an aqueous solution of APS was added
dropwise to the reaction mixture that was allowed to stand at 5 °C
temperature for 18h. The resulting deep-green precipitate was washed
with water followed by methanol several times to remove the
oligomers and excess APS from the reaction mixture. Finally, the
product was dried under vacuum to get high-aspect-ratio BTCA-doped
PANI (BDP) fibers.
Preparation of BDP@Ag Composite. A 100 mg amount of BDP

fiber was dispersed in 10 mL of Mili-Q water in a culture tube
equipped with magnetic stirrer at room temperature (25 °C). A 10 mL
amount of AgNO3 solution (10−2/10−3/10−4 M) was added dropwise,
and the resulting mixture was stirred for 2−3h (Table S1). Finally,
BDP@Ag composites were collected by centrifugation at 10 000 rpm
and washed with water several times to remove unreacted AgNO3
from the surface of BDP fibers.
SERS Measurements. 4-MBA and R6G were each used as an

analyte molecule, and SERS active substrates were prepared from small
amount of BDP@Ag composites (dispersed in ethanol or water)
stirred with different concentrations (∼10−5−10−10 M) of above-
mentioned analyte molecules. The resulting mixture was spotted on a
coverslip and dried under N2 atmosphere prior to SERS measure-
ments. Samples were scanned with 514.5 nm laser, 10 s accumulation
times with two scans by using a 50× microscopic lens with laser
intensity = 7 μW.
Catalytic Reduction of 4-NTP. Reduction of 4-NTP was

monitored by SERS method. Typically, 100 μL of a yellow ethanol
solution of 4-NTP (1 mM) was poured into a quartz cell (1 cm path
length) containing 2 mL of water. Subsequently, BDP@Ag composite
(∼0.3 wt %) and 100 μL of ice-cold NaBH4 solution (3 mM) were
added to the quartz cell that was subjected to SERS measurement at
different times to monitor the reduction process.30−32

■ RESULTS AND DISCUSSION

Morphology of BDP@Ag Composites. TEM micro-
graphs (Figure 1) of the synthesized BDP@Ag composites
show that BDP fibers remain fibrillar in shape after the reaction
with AgNO3 solution and that Ag NPs are homogeneously
dispersed onto the BDP fiber for all compositions. The
population of Ag NPs on BDP fiber is tunable by controlling
AgNO3 concentration, and maximum coverage of Ag NP is
obtained for BDP@Ag1.0. However, the size of Ag NP on BDP
fiber remains unaffected by the concentration. At higher
concentrations of AgNO3 (in BDP@Ag10), dendrite-like Ag
nanostructures (Figure 1b) were seen outside the fiber surface,
along with few spherical Ag NPs on the BDP surface (inset of
Figure 1a). Dendrite shapes are significantly reduced at lower
concentrations of AgNO3 (Figure 1d−i). In high magnification
of TEM images, spherical Ag NPs (∼10 nm diameter) are
clearly visibly and are systematically arranged by an in situ
technique over the surface of BDP fiber. It suggests the
compact contact between the Ag NPs and surface of BDP fiber.
The weight percent of Ag present in the system (on BDP
surface and outside) estimated by ICP-AES measurement is
48.95, 34.6, and 11.8 wt % for BDP@Ag10, BDP@Ag1.0, and
BDP@Ag0.1, respectively. Careful observation of dark-field
images (Figure 1c,f,i) provides interesting information on the
loading density of Ag NPs on BDP fibers, and the higher
density of Ag NPs is observed on BDP@Ag1.0. The loading
density of Ag NPs, the fibrillar morphology of BDP fiber, and

the spherical shape of Ag NPs of BDP@Ag composites are
confirmed by TEM studies.
A typical HRTEM image (Figure 2a) shows the spherical

shape of Ag NPs with diameter ∼10 nm. From FFT images

(Figure 2b), the estimated lattice distance is 0.235 nm, which
exactly matches the (111) plane of Ag NPs in XRD (Figure 3)

and selected-area electron diffraction (SAED; inset, Figure 2b).
Ag NPs are fully decorated on BDP fiber uniformly in BDP@
Ag1.0 composite (Figure 1d−f). The EDX pattern (Figure 2e)
of BDP@Ag1.0 composite indicates the presence of carbon,
oxygen, nitrogen, and silver. Dendrite-like Ag-nano morphology
that was formed at higher concentrations of AgNO3 (in BDP@
Ag10 composite) is further ascertained by mapping images

Figure 2. (a) HRTEM image of BDP@Ag1.0 composite, inset image
represents single spherical-shaped Ag nanoparticle (Ag NP); (b) FFT
image of Ag NPs with SAED pattern (inset image); (c) dark-field
image of BDP@Ag1.0 composite; (d) corresponding mapping image
of BDP@Ag1.0 composite; and (e) EDX pattern of BDP@Ag1.0
composite.

Figure 3. XRD pattern of BDP@Ag composites synthesized at room
temperature.
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(Figure S9). Spherelike Ag NPs were formed in BDP@Ag1.0
and BDP@Ag0.1 composites.
XRD Study. XRD patterns of BDP@Ag composites (Figure

3) reveal the presence of amorphous PANI with crystalline Ag
NPs. A broad peak centered at 2θ = 25° is indicative of the
amorphous nature of PANI, and five sharp peaks at range 2θ ≈
38−82° are for crystalline nature of Ag NPs. The crystalline
peaks centered at 2θ ≈ 38.1, 44.3, 64.5, 77.4, and 82.5°
correspond to the (111), (200), (220), and (311) crystal planes
of the face-centered cubic structure of Ag NPs. This result
indicates that tiny Ag NPs were embedded in PANI matrix.42,43

Layer distance between two similar crystal planes of Ag NP has
been calculated from Bragg’s equations: nλ= 2d sin θ, where λ is
the X-ray wavelength (0.154 nm), d is the separation between

two similar crystal planes, and θ is the Bragg angle (in degree).
Here, the calculated layer distance for the (111) crystal plane
by using Bragg’s equation is 0.235 nm. The peak intensity of
crystalline Ag NP gradually decreases with decreasing the
amount of silver present in the system.44

XPS Study. Furthermore, we explore X-ray photoelectron
spectroscopy (XPS) of BDP@Ag1.0 composite (Figure 4a) in
the region of binding energy (Eb) = 50−700 eV to study the
formation of Ag NP. In the region of Eb = 362−378 eV (Figure
4b), XPS signals at ∼366.8 and 372.8 eV correspond to Ag
3d5/2 and Ag 3d3/2 energy levels, respectively.

45−47 Other strong
XPS signals at 282.5, 397.5, and 530 eV are assigned to C 1s, N
1s, and O 1s, respectively (Figures 2c,d and S2), indicating the
chemical environment of C, N, and O due to PANI.48,49 Peak

Figure 4. XPS spectra of BDP@Ag1.0 composite: (a) full scan and enlarged spectra of (b) Ag, (c) carbon, and (d) nitrogen.

Figure 5. (a) UV−vis spectra of BDP@Ag composites, (b) FTIR spectra of BDP@Ag composites synthesized at room temperature.
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positions of Ag 3d5/2 and 3d3/2 are slightly shifted from
literature values, but peak difference is same (6 eV) as
literature.50

UV−Vis and FTIR Study. UV−vis investigations show
three characteristic absorption peaks centered at 365, 450, and
930 nm (Figure 5a). The peak at 365 nm is ascribed to the
π−π* transition of the benzenoid rings; another two peaks at
450 and 830 nm are attributed to the polaron−π* transition
and the π−polaron transition, respectively.39−41,51 The π−
polaron peak is red-shifted with increasing Ag concentration in
the composite. After addition of Ag ion to BDP fiber, the
radical of polaron form of PANI reduces Ag ions to Ag(0),
leading to the formation of Ag NPs, and the corresponding
band gap of π−polaron state of PANI increases as is reflected
on EPR and I−V data (Figures S2 and S3). Characteristic
absorption of Ag NP at ∼410 nm is not resolved in the spectra
because it is probably overlapped with that of the broad π−π*
and the polaron−π* band of PANI.

The stretching vibrations at 815, 1130, 1297, 1500, 1595, and
3430 cm−1 (Figure 5b) prove the presence of emeraldine salt
state of PANI in our synthesized composites. The characteristic
stretching vibration bands at 815 and 1130 cm−1 are for γC−H
aromatic in-plane and out-of-plane deformation of 1,4-
disubsituted benzene; the stretching vibration band at 1297
cm−1 is for γC−N of the secondary aromatic amine. Another
two stretching vibration bands are at 1500 cm−1 (for γCC for
benzenoid rings) and 1595 cm−1 (for γCC quinoid rings).
The band at ∼3430 cm−1 is for the N−H stretching vibration
for PANI.39−41

The TGA curves of BDP and BDP@Ag composite (Figure
S4) show three-step weight-loss behavior. The weight loss at
∼100 °C indicates some amount of moisture or solvent present
in the samples. Another weight loss at ∼290 °C is for dedoping
and decomposition of BTCA dopant; the last step of
degradation at ∼500 °C is for decomposition of PANI
chain.39,52−54

Figure 6. SERS spectra of 4-MBA and R6G produced by substrates (a) BDP@Ag10 (inset, TEM image), (b) BDP@Ag1.0 (inset, TEM image), and
(c) BDP@Ag0.1 (inset, TEM image).

Figure 7. (a) Concentration-dependent SERS spectra of 4-MBA excited with 514.5 nm laser with BDP@Ag1.0 as an active substrate; inset,
molecular structure of 4-MBA. (b) Changing of SERS intensity vs logarithm of analyte concentration. (c) Raman spectra acquired from BDP@Ag1.0
with three repeated loadings of 4-MBA (1 × 10−5 M) and two repeated washes with ethanol. (d) SERS responses (Raman peak centered at 1586.1
cm−1) of BDP@Ag1.0 with 4-MBA and after ethanol wash.
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BDP@Ag Composite as a Sensitive SERS Substrate. To
evaluate the SERS activity, BDP@Ag composites (substrate)
are dispersed in either an ethanolic solution of 4-MBA or an
aqueous solution of R6G. Depending upon the population
density of Ag NPs on BDP fiber, surface enhancement changes
from BDP@Ag10 to BDP@Ag0.1 (Figure 6). Among three
BDP@Ag composites, BDP@Ag1.0 composite shows excellent
surface enhancement (Figure 6b) that can be attributed to the
higher effective surface area of Ag NPs, which is higher than
that of two other composites. The other two composites
(BDP@Ag10 and BDP@Ag0.1) show nominal surface
enhancement (Figure 6a,c) because of the larger Ag-clusterlike
morphology of BDP@Ag10 that reduces the effective surface
area on the metallic surface. Very low SERS activity is expected
from BDP@Ag0.1 because of the lower percentage of Ag NPs
on BDP fibers, though the particles are the same in size and
spherical in shape. Apart from the three above-mentioned
BDP@Ag composites, four additional composites (BDP@
Ag4.0, BDP@Ag2.0, BDP@Ag0.7, and BDP@Ag0.3) depend-
ing on the molar concentration of AgNO3 have been prepared
(Supporting Information, Figure S10). On the basis of HRTEM
studies and SERS results, BDP@Ag1.0 has been picked up for
the detection of analyte molecules.
SERS Study of 4-MBA. SERS spectra of 4-MBA at different

molar concentrations (10−5−10−9 M, Figure 7) produce two
strong signals at ∼1586.1 and 1078.3 cm−1 that correspond to
characteristic aromatic ring vibrations. Two other weak signals
at ∼1151 and 1182.6 cm−1 are for C−H deformation modes.55

All four peaks (1078.3, 1182.6, 1368.4, and 1586.1 cm−1) have
experienced superior enhancement in the presence of BDP@
Ag1.0 composite compared to those in the normal Raman
spectra (NRS) for 4-MBA (Figure S6), and the analytical

enhancement factor (AEF) for the more-intense peak (1586.1
cm−1) is 1.9 × 108. In the plot of intensity versus −log
(concentration), the peak intensity of 4-MBA is gradually
reduced with lowering of the analyte concentration (Figure 7b).
Well-resolved Raman spectra are limpidly observed at nano-
molar concentration of 4-MBA in the presence of BDP@Ag1.0
composite as a SERS substrate.

SERS Study for R6G. SERS spectra of R6G (10−6−10−10
M, Figure 8) reveal several well-resolved Raman signals at 613.1
cm−1 (C−C−C in-plane bending), 774.2 cm−1 (C−H out-of-
plane bending), 1187.7 cm−1 (C−H in-plane bending), and
1312.4 cm−1 (C−O−C stretching), and C−C stretching modes
for aromatic rings show peaks at 1365.3, 1509.4, 1575.9, and
1652.3 cm−1.56,57 Slight Raman shift that has been shown in
spectra is due to the weak interaction between the analyte
molecule and the BDP@Ag substrate. The plot of intensity
versus −log (concentration) (Figure 8b) shows the gradual
decrease of intensity with lowering of the analyte concentration.
Similarly, here all peaks have experienced surface enhancement
in the presence of BDP@Ag1.0 composite compared to those
of NRS of R6G (Figure S7). Raman spectra are clearly noticed
below nanomolar concentration of R6G in the presence of
BDP@Ag1.0 composite. The calculated analytical enhancement
factor (AEF) is 1.2 × 109.
To demonstrate the recyclability property for the real

application, three cycles were performed by successive SERS
measurement and washing. Raman spectra (Figures 7c and 8c)
of each cycle are similar to each other, and analyte molecules
can be completely removed by rinsing the substrate with
solvent. By considering the intensity of the peak at 1586.1 cm−1

(4-MBA) and 1365.3 cm−1 (R6G), good reproducibility
(Figures 7d and 8d) is achieved with BDP@Ag1.0 composite

Figure 8. (a) Concentration-dependent SERS spectra of R6G with BDP@Ag1.0 as an active SERS substrate; inset, molecular structure for R6G. (b)
Changing of SERS intensity vs log of analyte concentration. (c) Raman spectra recorded from the BDP@Ag1.0 with three repeated loadings of R6G
(1 × 10−6 M) and two repeated washes with water. (d) SERS responses (Raman peak centered at 1365.3 cm−1) of BDP@Ag1.0 with R6G and after
washing with water.
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for each case. These results indicate the suitability as well as
reusability of BDP@Ag1.0 as a recyclable SERS substrate for
the detection of individual analyte molecules down to
nanomolar concentration.
Recyclability of SERS Substrate with a Different

Analyte. Another important issue is the recyclability of
BDP@Ag as SERS substrate with different analyte molecules.
In Figure 9, the strong SERS signals are also observed with
R6G and 4-MBA used consecutively. The recyclable behavior of
BDP@Ag1.0 composite with several analyte molecules is much
more interesting than that with a single molecule over several
times. An important outcome of the observation is that the
recyclability of BDP@Ag1.0 as SERS substrate reproduces
strong signals.
Reduction of 4-Nitrothiophenol Monitored by SERS

Study. Furthermore, catalytic activity of BDP@Ag1.0
composite has been explored by selecting 4-NTP as an analyte
molecule. SERS spectra at different times (Figure 10) reveal the
gradual reduction reaction of 4-NTP by BDP@Ag1.0
composite. A gradual decrease of the NO2 stretching bands at
1573 and 1393 cm−1 have been observed and completely

disappeared after 480 s, implying that the NO2 group of 4-NTP
is fully reduced. A new band emerges at 1599 cm−1, which is
assigned to the amino vibrational mode of 4-aminothiophenol
(4-ATP).58,59 Quantitative calculation of the concentration of
4-NTP and 4-ATP at different times have been performed by
comparing two characteristic peak intensity (1573 and 1599
cm−1) of 4-NTP and 4-ATP, respectively. The plot of ln (Ct/
C0) vs time gives rate of reaction, where Ct and C0 are the
concentration of 4-NTP at time t and 0 s, respectively. The
linear relationship of the plot ln (Ct/C0) versus time implies
that reaction follows pseudo-first-order kinetics, assuming the
concentration of NaBH4 is much higher compared to the
concentration of 4-NTP. The slope of the linear plot provides
the rate of reaction (3.23 × 10−3 s−1, Figure S8). In SERS
spectra, characteristic peaks at 1318 and 1441 cm−1 are assigned
to 4,4′-dimercaptoazobenzene (Ph−NN−Ph), an intermedi-
ate formed during the reduction reaction that is further proved
by UV−vis studies (Figure S4). The peak at 411 nm for the 4-
nitrothiophenolate ion (from treatment of 4-NTP with NaBH4)
is gradually diminished, and subsequently, the 4-ATP peak at
268 nm is enhanced. Assuming pseudo-first-order kinetics, the
estimated rate of the reaction from UV−vis study is 3.88 × 10−3

s−1, which is very near to that obtained by SERS study (Figure
S8).

■ CONCLUSIONS
In the present manuscript, we have successfully decorated
spherical-shaped Ag NPs over a PANI nanofiber by a simple
solution-dipping method at room temperature where BDP fiber
acts both as a reducer and a stabilizer. The shape and loading
density of Ag NPs on the BDP surface depends on AgNO3
molar concentration with respect to PANI. Prepared BDP@Ag
composites behave as very sensitive SERS substrates for
detection of 4-MBA and R6G down to nanomolar concen-
tration with excellent recyclability. An important accomplish-
ment is achieving the function of BDP@Ag composite as a
SERS substrate and reduction catalyst simultaneously.
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