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Abstract

This study introduces a two-step method for the deposition of branched silver nanowires (AgNWs) on fluorine-doped tin oxide
(FTO) glass. This material serves as both an active surface-enhanced Raman-scattering (SERS) substrate and as an enzyme-free
electrochemical sensor for H,O,. This dual functionality is systematically studied. The AgNWs as the main trunk were first
deposited on FTO by spray-coating. Silver branches were then electrochemically produced on the preformed NWs. Scanning
electron microscopy, X-ray diffraction and X-ray photoelectron spectrometry were employed to characterize morphology,
composition and microstructure. SERS experiments show that the branched AgNW/FTO substrate exhibits excellent perfor-
mance in detecting 4-aminothiophenol at an ultra-low concentration of 0.1 fM. Simultaneously, this material displays an excellent
electrocatalytic response to H>O, reduction at a concentration as low as 1 uM. The sensor has a rapid response and two linear
analytical ranges that extend from 0.25 to 300 uM, and from 0.3 to 2.6 mM of H,O,, respectively. The ultrahigh sensitivity and
satisfactory reproducibility highlights the merit of this hierarchical AgNW dendritic structure for sensing applications.

Keywords Plasmonic metal - Nanowire - Enzyme-free detection - Surface-enhanced Raman scattering - Hierarchical
nanodendrites - Template-free synthesis - Polyol synthesis - Electrochemical deposition

Introduction enhanced Raman scattering (SERS) detection, catalysis, super-
hydrophobic surface, electrochemical electrode as well as bio-

Fabrication of precious metal nanostructures in one-  chemical sensor [1, 2]. However, only one-dimensionally

dimensional shape has attracted tremendous attentions over
nearly several decades owing to large surface to volume ratio
and the size confinement effect that resulted in unique optical,
magnetic and electronic properties. These novel features en-
dow those nanoscale devices with the multi-functionality,
which are appealing for various applications, such as surface-
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nanostructured materials failed to exhibit satisfactory perfor-
mance in these fields to date. To address this issue, our group
has demonstrated that conductive silver nanowires (Ag NWs)
on the coffee filter exhibited two sensing functionalities includ-
ing serving as a SERS substrate and an electrochemical elec-
trode to detect hydrogen peroxide (H,O,) [3]. Our work further
suggests that nanostructures in fractal and dendritic form are
highly promising to satisfy the critical demands of the sensing
fields [4, 5]. Notably, several approaches, e.g. template-
assisted and template-free direct growth including electro-
chemical deposition, photo-reduction and microwave process,
were proposed to fabricate nano-sized metal in dendritic form
[6-9]. Among them, the electrochemical route grabs more at-
tention because simple configuration allows this method read-
ily scale-up for massive production. However, most reported
methods used corrosive electrolyte, such as NH; and HF,
which highly likely restricted the utilization of the final
product for further applications [10, 11]. To tackle such issue,
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this study puts forward an environmentally benign two-step
route to synthesize branched Ag NWs on FTO substrate. The
Ag NW was first fabricated in the colloid form by the polyol
method, which was then spray-coated on FTO surface.
Subsequently, the electrochemical deposition was carried out
to transform the Ag NWs into hierarchically branched struc-
ture using the environmentally friendly aqueous electrolyte
containing ethylene glycol and AgNO;. To the best of our
knowledge, this cost-effective two-step process is introduced
for the first time to prepare highly branched Ag NWs on FTO
substrate for sensor applications. Moreover, this novel
dendrite-like Ag nanostructure served not only as effective
SERS substrate but also electrochemical electrode for the
enzyme-free detection of H,O,. More importantly, excellent
performance is manifested in dual application. Altogether, the
present work opens the door to the fabrication of bio-related
sensing devices based on 3D hierarchical materials.

Experiment section
Chemicals and reagents

Ethylene glycol (EG), copper chloride (CuCly), silver nitrate
(AgNO3), poly(N-vinyl-2-pyrrolidone) (PVP, molar mass
58,000 g-molfl), hydrogen peroxide (H,0O,), ascorbic
acid (AA), 4-aminothiophenol (4-ATP), ethanol, and
uric acid (UA) were purchased from Sigma-Aldrich
(www.sigmaaldrich.com). Glucose, fructose, urea, ascorbic
acid, and D-mannose were purchased from Aladdin
(www.aladdin-e.com). All reagents were analytical reagent
grade and used without any further purification.

Synthesis and measurements of branched silver
nanowires (Ag NWs)

Highly branched Ag NWs were deposited on FTO via a two-
step process, wherein the polyol method was first employed to
grow the Ag NW as the main trunk and the Ag nanorod (NR)
as the short branch was then built on the Ag NWs via
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Scheme 1 Schematic diagram of synthesis of branched AgNW/FTO sample
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electrochemical method, as shown in Scheme 1. The polyol
synthesis began with refluxing 50 mL EG in a three-necked
flask at 170 °C for 1 h. Then, 0.5 mM CuCl, in 6 mL EG
solution was rapidly added and reacted for 5 min. Afterwards,
a mixture of 0.05 M AgNO; and 0.15 M PVP in 44 mL EG
solution was added to the solution and heated for additional
2 h. During the reaction, the color of the solution turned from
yellow to grey. After the reaction, the precipitates were
cleaned by de-ionized water for several times and glass filtra-
tion followed up to remove excess PVP. Silver nanowires
were collected and dispersed in methanol at the concentration
of 5 mg'mL™". The Ag NW was then coated on FTO substrate
through spray-coating process for several times, which was
subsequently dried under ambient conditions. For the devel-
opment of branched Ag NRs on skeleton Ag NWs, electro-
chemical deposition in two electrode configuration was uti-
lized. In this scheme, squared platinum sheet and preformed
AgNW/FTO specimen were employed as the anode and cath-
ode, respectively. Reaction was carried out with a potential
difference of 1.75 V in an electrolyte (200 mL) containing
AgNO; (1 mM) and EG (125 mL) for 80 min at room tem-
perature. For the SERS measurement, the samples were im-
mersed in a solution inclusive of 4-aminothiophenol (4-ATP)
at various concentrations for 1 h. Then, the samples were
removed from the solution and rinsed with distilled water for
several times. For the electrochemical detection of H,O,, the
branched samples as working electrode were measured in a
phosphate buffer (0.1 M, pH 7.4) using a potentiostat/
galvanostat (CHI 6273D). The buffer was purged with nitro-
gen gas to get rid of oxygen. A conventional three-electrode
system consisting of a square platinum sheet as auxiliary elec-
trode and a Ag/AgCl reference electrode in KCI solution
(3 M) were implemented. All potentials reported in this article
were relative to Ag/AgCl (3 M KCI, 0.207 V vs. SHE).

The morphology of branched AgNW/FTO sample was an-
alyzed by a scanning electron microscope (SEM, JEM-
4000EX). The crystal structure of the samples was examined
by X-ray diffraction (XRD, Rigaku D/Max-2500 V X-ray
Diffractometer) and the chemical states of the elements were
determined by the X-ray photoelectron spectra (XPS). A
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spectrophotometer (Perkin-Elmer Lambda 35) was employed
to record UV—vis absorption spectra of the samples. Raman
spectroscopic measurements were performed with a system
(LabRAM HR 550) equipped with a thermoelectrically cooled
multi-channel detector (CCD) with an accuracy of 1 cm ' and
a 100x objective. A He-Ne laser with light power of 5 mW and
wavelength of 632.8 nm served as the excitation source. SERS
data were acquired with accumulation for only 30 s for 4-ATP
on branched Ag NW/FTO substrate.

Results and discussion
Choice of materials and characterizations

Figure la and b display the morphologies of the Ag NWs
prepared in the initial polyol synthesis. The Ag NWs densely
and uniformly distribute over the surface of the FTO substrate
via simple spray-coating. SEM image at high magnification
demonstrates that every wire exhibits a typical diameter of
about 150 nm and length of 13 um, as shown in Fig. 1b.
Notably, the subsequent electrochemical process transforms
these Ag NWs into leaf-like nanostructure, wherein numerous
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Ag NRs building on the surface of preformed Ag NWs was
observed in Fig. 1c. Herein, each Ag NR displays relatively
low aspect ratio with the diameter of approximate 100 nm and
the length of 500 nm, as shown in Fig. 1d. Altogether, one-
dimensionally dendritic and branched Ag nanostructure is
successfully fabricated on the FTO substrate in a stepwise
manner.

To reveal the crystal structure of branched Ag NWs, infor-
mative XRD analysis is carried out, as shown in Fig. 2a. For
comparison, preliminary AgNW/FTO sample and bare FTO
substrate are also included. All diffraction signals including
(111), (200), (220) and (311) peaks in the XRD patterns of
branched and preliminary AgNW/FTO samples are readily
indexed to the face-centered cubic (fcc) Ag (JCPDS card
No. 04-0783) except those from underlying FTO (marked
with diamonds). The formation of silver oxide impurity is
excluded due to the absence of associated diffraction features
from the XRD patterns. In addition, the intensity ratio of (111)
to (200) peak (/(111y/1200) of preliminary AgNW/FTO sample
is around 8.3 that is higher than that (about 2.5) of standard Ag
powders [10]. This suggests that the side surface of elongated
Ag NW is most likely enclosed by thermodynamically most
stable (111) facet. However, /(111y//(200y of the branched
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Fig. 1 FESEM images of the AgNW/FTO sample at (a) small and (b) large magnification; FESEM images of the branched AgNW/FTO sample at (c)

small and (d) large magnification
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Fig. 2 a X-ray diffraction pattern; b Normalized absorption spectra of
branched and preliminary Ag NWs samples

AgNW/FTO sample is only 4.7. This is presumably ascribed
to the minor side surface content due to the presence of short
Ag NRs that were characterized by the low aspect ratio.
Figure 2b shows the normalized absorption spectra of
branched and preliminary AgNW/FTO samples to illustrate
the characteristic of surface plasmon resonance (SPR).
Obviously, branched AgNW/FTO sample demonstrates much
broadband SPR absorption from visible up to near-infrared
regions in comparison with that of other noble metals and
preliminary AgNW/FTO specimen, which is consistent with
the results in the literature [9]. This broadband absorption
results highly likely from the hybridization of multipole reso-
nance and longitudinal plasmon resonance due to the presence
of branched Ag NRs characterized by low aspect ratio [9].

SERS performances

Figure 3 displays characteristic Raman signals of 4-ATP mol-
ecule adsorbed on the surface of preliminary and branched
AgNW/FTO substrates at the concentration of 10 uM. The
Raman signals at 1579, 1191, 1076 cm ! are assigned to the
a; vibration mode of 4-ATP molecule, which correspond to

@ Springer

Branched Ag NW

Intensity (a.u.)

X Ag NW,

. AT
1200 1400 1600

1800
Raman Shift (cm™)

Fig. 3 Raman spectra of 4-ATP adsorbed on branched AgNW/CF struc-
tures (top) and on Ag NWs sample (bottom)

1000

vee 8a (ap), dcrr 9a (ap), and veg 7a (a;) and veee 7a (ay),
respectively. Besides the a; mode, the vibration modes of
19b,, 3b, and 9b, of 4-ATP molecule are of relevance to the
Raman signals at 1447, 1395 and 1146 cm ', respectively.
Both the a; and b, vibration modes are apparently enhanced
due to the presence of the AgNW/FTO substrates, which are
otherwise inconspicuous in normal Raman spectra [3, 12].
Furthermore, the enhancement reaches the maximum in
the presence of branched AgNW/FTO substrate, which
is attributed to its high surface area and strong SPR
absorption at excitation wavelength due to the dendritic
nanostructure.

In view of the superior sensitivity of branched AgNW/FTO
sample over that of preliminary AgNW/FTO specimen,
branched AgNW/FTO substrate is preferentially employed
in the following SERS detections of 4-ATP molecule at di-
verse concentrations. Figure 4a summarizes the Raman spec-
tra of 4-ATP at concentrations ranged from 1x107> to 1 x
107 M. Evidently, the Raman signals gradually decrease
with reducing concentration of 4-ATP, which are yet clearly
dissernable when the 4-ATP solution is significantly diluted to
concentration of only 0.1 fM. This ultra-low detection limit of
the hierarchically nanodendritic AgNW/FTO substrate well
surpasses those of other Ag-based SERS substrates reported
in the literature, as detailed in Table 1. Furthermore, the de-
pendency of the signal intensity in SERS spectra, which are
collected in the presence of branched AgNW/FTO substrate,
on the concentration of 4-ATP is also investigated and the
results are summarized in Fig. 4b, with a relative standard
deviation (RSD) of 4.3% (n=3). A linear relationship be-
tween the logarithmic concentration (log C) of 4-ATP solution
and the intensity (/) of characteristic Raman vibration mode at
1579 em ™' of 4-ATP molecule is successfully demonstrated,
as shown in Eq. 1 below.

logl/ = 4.775 + 0.128 x logC (1)
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Fig. 4 a Raman spectra of 4-ATP with varied concentration adsorbed on
branched AgNW/FTO; b linear relation between the logarithmic intensity
at 1579 cm™' and concentration of 4-ATP

Detection of H,0, by electrochemical route

To determine the electrocatalytic behavior of branched
AgNW/FTO sensor, the cyclic voltammogram (CV) is record-
ed to investigate H,O, reduction and oxidation within the po-
tential window of —0.8 ~ 0.1 V at a scan rate of 50 mV-s .
Figure 5a displays the CV curves of branched AgNW/FTO
electrode in the presence of H,O, in the phosphate buffer at
various concentrations (from 0 up to 8 mM). No redox signal

Table 1 Comparison with literature regarding the detection of 4-ATP
on Ag-based SERS substrates

SERS substrate Detection limit (M) Ref.

Au@Ag core/shell cuboids 1x10°® [13]

Ag NW LB films 8 x 10° [14]

3-D Ag NPs/plasmonic paper strip 1x10" [15]
Floating Ag film 1x 101 [16]

Ag NW/CF 1x 101 [3]
Astronomical liquid mirrors (Ag NP) 1 x 1071 [17]
Branch silver nanowires 1x 1071 This study
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Fig.5 a CV curves of branched AgNW/FTO electrode for H,0, at varied
concentration. b CV curves of branched and preliminary Ag NWs; inset is
the Nyquist plots

is observed in the CV curve when H,0, is absent from the
phosphate buffer. The measured current flow is most likely the
electric double-layer current due to the ion adsorption at the
electrode/electrolyte interface. In the presence of 1 mM H,0,,
the reduction current at approximate —0.6 V (vs. Ag/AgCl) is
significantly enhanced owing to the strong electrocatalytic re-
action of H,O,. The possible mechanism of H,O, reduction on
enzyme-free silver cathode follows [18]:

H,0; + ¢ —OHyqs + OH™ 2)
OHygs +¢ —OH™ (3)

Notably, branched AgNW/FTO electrode exhibits a re-
markably enhanced current density when the concentration
ofH,0, slightly increases to 8 mM. This excellent sensitivity
allows convenient H,O, detection in aamperometric mode at
low-potential. Moreover, branched AgNW/FTO sample
again surpasses preliminary AgNW/FTO specimen in the
enzyme-free H,O, detection. Figure 5b shows the CV curves
collected for branched and preliminary AgNW/FTO elec-
trodes in the presence of 5 mM H,0,. Branched AgNW/

@ Springer
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FTO electrode exhibits a reduction current density nearly 1.5
times that of preliminary AgNW/FTO electrode, which re-
sults presumably from the higher surface area of branched
AgNW/FTO sample than that of preliminary AgNW/FTO
specimen. Electrochemical impedance spectroscopy is car-
ried out at potential of —0.6 V to study the kinetics of charge
transfer processes. As shown in the inset of Fig. 5b, Nyquist
plot of the branched AgNW/FTO sample has a much smaller
impedance arc radius than that of preliminary AgNW/FTO
specimen, indicating smaller charge transfer resistance and
faster interfacial charge transport in the branched sample.
Altogether, those results demonstrate that branched
AgNW/FTO electrode has excellent electrocatalytic activity,
good availability of branched Ag NWs to the analytes, and
enhanced electron transfer from the branched Ag NWs to
H202.

The electrocatalytic activity of branched AgNW/FTO sen-
sors for H,O, electrochemical detection was evaluated via the
most commonly used method of amperometric i—¢ curve. The
preceding CV results suggest the employment of a reduction
potential of around —0.6 V in this amperometric detection
mode. However, other electroactive compounds, such as
ascorbic acid, uric acid and acetaminophen, can likewise be
oxidized at this potential, leading to the detection of H,O,
highly likely interfered by their concurrent presences in real
application [19]. To circumvent those conceivable perturba-
tions, a slightly anodic potential of —0.3 V is employed in the
amperometric method. Figure 6 displays the amperometric
response of branched AgNW/FTO electrode under an external
bias of —0.3 V to successive injections of H,O, at various

Fig. 6 a Amperometric response

at —0.3 V with increasing H,O, (\llh
concentration per 100 s for the g
branched AgNW/FTO electrode; o
b relation between the ampero-
metric response and H,O, <C _0 05
concentration e ’
~
2
yo—
o v—
=
8 -0.10
>
c
D)
S
=
O -0.15
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concentrations, and the corresponding calibration curve is
shown in Fig. S2, with a RSD 0f 5.2% (n = 3). In each addition
of H,0,, the electrocatalytic reduction of H,O, at the surface
of branched AgNW/FTO electrode rapidly reaches a dynamic
equilibrium, generating a steady-state current flow within
100 s. This result illustrates a stable and efficient electrocata-
lytic property of branched AgNW/FTO sample. Moreover, the
current response displays a two-phase linear dependence on
the concentration of H,O,, wherein the first stage begins at
0.25 to 300 uM with a correlation coefficient of 0.990 and the
sensitivity of 560 pA-mM '-cm 2. The second stage starts at
0.3 to 2.6 mM with a correlation coefficient of 0.991 and the
sensitivity of 160 pA-mM '-cm 2. This novel dendrite-like
Ag NWs nanostructure demonstrates outstanding perfor-
mance in enzyme-free H,O, electrochemical detection in
comparison with other Ag-based sensors reported in the liter-
ature, as detailed in Table S1. This superiority is most likely
attributed to its high surface to volume ratio and a large num-
ber of fine NRs uniformly building on the surface of the NWs,
which facilitates the electron transfer.

Moreover, the detection selectivity of branched AgNW/
FTO electrodeis also studied. The investigation begins with
the addition of 1.5 mM H, O, to the pristine phosphate buff-
er and then successive injections of conceivable inter-
rupters including glucose, fructose, urea, ascorbic acid,
and D-mannose at constant concentration of 1.5 mM follow
up (Fig. S3). Notably, the fluctuation of current response
turns out to be significant only if H,O, is added. By con-
trast, the current feedbacks are trivial when aforementioned
interrupters are subsequently injected into phosphate
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buffer. Such excellent selectivity of branched Ag NW/FTO
electrode is most likely ascribed to the oxidation potential
of'these common interrupters present at anodic potential of
0.2~0.6 V[20, 21]. Last but not least, the long-term stabil-
ity of branched Ag NW/FTO electrode is also explored via
consecutively repeating the enzyme-free H,O, electro-
chemical detection for more than 15 days (Fig. S4). The
final current response is up to 90% of the initial feedback,
reinforcing the strength of employing branched Ag NW/
FTO electrode for practical application [22].

Conclusion

A novel sensing device based on hierarchical Ag nanodendrites
is successfully fabricated on the FTO substrate via a two-step
process that begins with the skeleton Ag NWs prepared in the
context of a polyol synthesis. Spray-coating approach is then
applied to densely deposit these preformed Ag NWs onto the
FTO substrate. The only physical absorption between Ag NWs
and FTO restricts the deposited amount of Ag NWs. An elec-
trochemical route follows up to transform the elongated Ag
NWs into biomimetic leaf-like nanostructure. Moreover, the
highly branched Ag dendrites exhibit a dual sensing functional-
ity of serving as a highly active SERS substrate and an enzyme-
free electrochemical sensor for H,O, detection. The presence of
dense but discrete Ag NRs endows branched AgNW/FTO sub-
strate with numerous /ot spots that greatly enhance electromag-
netic field and are responsible for the ultrasensitive SERS de-
tection of 4-ATP molecule at an extremely low concentration of
0.1 fM. In addition, the hierarchical leaf-like nanostructure ren-
ders branched AgNW/FTO electrochemical sensor high surface
area and facile charge transfer pathway that account for the
excellent sensitivity of 560 HA-mM ' ¢cm 2 in enzyme-free
H,0, detection. More importantly, the detection signal in both
applications shows a linear dependence on the analyte
concertation. Altogether, the present work not only corroborates
the dual sensing power of highly branched Ag nanodendrites
but also paves avenues to the design of multifunctional bio-
related sensors based on 3D hierarchical materials.
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