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tis known that electronically excited sil-

ver nanostructures can emit photolumi-

nescence (PL) under visible light
irradiation." 7 Strong fluorescence is from
excited Ag atoms, dimers, trimers, and other
aggregation states of Ag atoms. Near-
infrared® and visible’ PL from silver nano-
wire (NW) arrays show broad emission spec-
trum under visible light excitation. Such in-
teresting PL can be used to develop new
optoelectronic devices and biosensors that
can help unravel many mysteries underly-
ing the complex characteristics of a biologi-
cal system because silver clusters show
strong, size dependent emission and are
easy to make. Fluorescence silver clusters
and nanoparticles have been prepared from
silver oxide by photoactivation,? sputter-
ing,? and encapsulation of silver clusters in
a soft template (e.g., cytosine oligonucle-
otide,® dendrimer,” and poly(acrylic acid))'
by chemical reduction® or photoreduction
methods."

Silver NWs have interesting electrical
and optical properties that can be used in
a variety of applications'? including trans-
parent electrodes,'*'* gas sensors,'> biomo-
lecular sensing,'® photonic structures that
can launch optical signals at a scale with-
out optical refraction limits,'”'® plasmonic
antennae for surface-enhanced Raman scat-
tering (SERS),'®~?? and fluorescence?* 2 of
a dye molecule approximated to a Ag NW
surface. Ag NWs are usually made by using
template methods. The templates used for
nanowire synthesis are usually made of
hard materials, including porous alumina®
and highly ordered pyrolytic graphite
(HOPG)? and soft materials, such as polyvi-
nylpyrrolidone (PVP),%2° cetyltrimethylam-
monium bromide (CTAB),* polysaccha-
ride,’ and DNA oligonucleotide.?? Despite
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ABSTRACT We present strong photoluminescence from single Ag nanowires (NWs), their disordered blinking

behavior, and their dependence on substrate potential. The stochastic bursts (<10 ms) in the photoluminescence

trajectories of single Ag NWs in air are observed and attributed to the photoactivated fluorescence silver clusters.

The dynamic changes in the photoluminescence are analyzed using autocorrelation function, statistical analysis of

the stochastic durations, and probability density function to reveal the disordered nature of the spontaneous

photochemical reaction at each individual Ag NWs under laser irradiation. Stable PL is observed for single Ag NWs

in alkaline electrolyte and is found to be highly dependent on the electrochemical potential. The PL from single

Ag NWs is found to be weakly dependent on polarization direction of the incident light and strongly dependent on

the interactions with adjacent NWs.

KEYWORDS: nanowire - surface plasmon -
autocorrelation function - probability density

intense studies on their plasmonic activi-
ties for spectroscopic enhancement and
synthetic work, there are few reports on the
PL of single Ag NWs and their electrochemi-
cal characteristics. In addition, there are sev-
eral important questions that need to be
addressed to explore new applications of
Ag NWs and understand their photochemi-
cal and electrochemical properties. Is the PL
from a single Ag NW stable and excitation
polarization dependent? How does one dis-
tinguish the PL from SERS of adsorbed spe-
cies involved in the NW synthesis process? Is
the PL dependent on the substrate electro-
chemical potential? Can one study single Ag
electrochemical activities using the PL sig-
nal instead of collecting faradaic current
from it? Furthermore, does the PL of Ag
have uniform distribution along a single Ag
NW?

In this report, we use combined optical
and electrochemical methods®*34 to investi-
gate the PL of single Ag NWs. We present
the PL and spectroelectrochemical activities
of single silver nanowires through dynamic
control of substrate potential in an alkaline
electrolyte. PL from the nanowire is found

SERS - photoluminescence -
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to be highly dependent on excitation intensity and illu-
mination time as well as electrode potential. Further-
more, Raman from adsorbed species on the Ag NWs can
be seen in air but it is relatively weak compared to the
PL from the silver nanowire. Single Ag NWs show sto-
chastic changes in their PL trajectories. The disordered
nature of PL emission due to a spontaneous photo-
chemical reaction is discussed.

RESULTS AND DISCUSSION

Single Nanowire PL Imaging. Figure 1A shows a typical
SEM image of silver nanowires on an ITO glass elec-
trode. Silver nanowires have a diameter of about 90
nm and length of a few micrometers. The wires are well
dispersed after being diluted with isopropanol and
transferring onto ITO substrate. Such a wire-shaped
nanostructure can be easily identified under a fluores-
cence/Raman microscope by simply imaging its one-
dimentional structure. In addition, optical properties
such as Raman enhancement and fluorescence are ex-
pected to be polarization dependent because the wire
has both transverse plasmon bands and longitudinal
plasmon bands at longer wavelengths. Finally, plas-
monic coupling from adjacent sites on a single nano-
wire is expected to create hotspots along a single nano-
wire for surface enhanced photophysics. Figure 1B
shows PL images of some silver nanowires under exci-
tation of 488 nm with an excitation intensity of 50 pW.
All nanowires show about a 500 nm width in the images
instead of 90 nm due to the optical refraction limit.
The dimensions of the wires in the fluorescence im-
ages are analogous to those obtained from the SEM
results.

Time Evolution of PL Spectra of Single Ag NWs. Figure 2A
shows another PL image of several Ag NWs with a bet-
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Figure 1. SEM image (A) of pristine silver nanowires; scanning fluorescence image of silver nanowires (B); 50 uW of 488 nm laser inten-
sity was used; 10 msec collection time for each pixel.

ter resolution than Figure 1B. Interestingly, the PL along
the wire is not uniformly distributed along the wire-
like SEM image shown in Figure 1A. This can be under-
stood by the inhomogeneity in the crystal structure at
different sites on the wire as well as the surface adsorp-
tion of surfactants such as polyvinylpyrrolidone that is
used during the process of nanowire synthesis. In addi-
tion, stronger PL intensity can be observed at the point
where the wires cross due to the coupling between
the surface plasmons of two adjacent nanowires.® A
typical PL spectrum of single Ag NW is shown in Fig-
ure 2B. The spectrum ranges from 595 to 650 nm and
has a very sharp peak near 525 nm. The PL can be eas-
ily visualized under fluorescence microscope and shows
dynamic fluctuation under intense laser irradiation. As
shown in Figure 2C, dynamic changes of the PL can be
revealed by the time evolution of the PL spectrum. Only
1 s per spectrum collection time was used to show the
evolution of the spectrum due to the instrument re-
sponse time limitation of our spectrometer and weak
PL from single Ag NW.

Disordered Dynamic PL Blinking Behaviors of Single Ag NWs
and Laser Intensity Dependences. To obtain a better time
resolution to resolve the dynamic PL fluctuation of
single Ag NW, we used an avalanche photodiode (APD)
to collect PL through a confocal microscope. Figure 3
shows PL trajectory of one site on a single nanowire
and statistic data, showing laser intensity dependent
behavior of the PL of single silver nanowires. There is a
minimum background signal when no silver nanowire is
excited at 50 uW laser intensity. About 5000 photons
per 10 ms are collected from the single site on the
single nanowire with the same laser intensity. The
zoom-in trajectory at this laser intensity is shown in Fig-
ure 4A. One of the interesting features of the data is

www.acsnano.org



PL intensity (A.U.)
b
(==

=N W
(=N-N-N-

20 40

Lo ]
o

(B)

[+
o

N
o

Photoluminescence Intensity
e
o

3560 400 450 500 550 600 650
Wavelength (nm)

60 80 100 &

Time (sec)

Figure 2. (A) Typical PL image of silver nanowires; (B) PL spectrum of a selected single silver, and (C) time evolution of the
spectrum under continuous laser irradiation; 1 s collection time for each spectrum was used.

that there are highly frequent submillisecond bursts su-
perimposed on the fluorescence baseline of the single
silver nanowire. The frequency and height of the burst
are highly dependent on the laser intensity and illumi-
nation time. Higher frequency and intensity bursts are
obtained at longer illumination time and laser intensity.
Such PL blinking behavior can also be observed from

silver nanoparticles and could be attributed to random
surface diffusion and subsequent agglomeration of Ag

atoms leading to the formation of photoactive Ag
nanoclusters.3 Fluorescence of individual silver clus-
ters can also be observed from photoactivated Ag,0
or partially oxidized silver film according to the results
of Dickson and co-workers.2 The photoactivated silver
cluster can be excited by blue or green light sources to
emit a wide range of photoluminescence from green
to red. Similar results can be obtained from silver clus-
ter on an AgBr surface according to Marchetti and co-
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Figure 3. PL collected from a single silver nanowire in air. Laser intensity dependence of the PL collected per 10 ms. The
single Ag NW is excited at 488 nm with laser intensity of 50 pW, 0.23 mW, and 0.5 mW, respectively.
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Figure 4. (A) Zoom-in PL intensity trajectory of a single nanowire under a laser intensity of 50 pW. (B) Statistic results of
burst frequency of the data in B at certain peak height in counts and (C) temporal autocorrelation function G(At).

workers.?” These photoexcited states of silver clusters
can emit light in ranges from 2.0 to 3.2 eV, depending
on the size of the cluster and environment according to
computational and experimental results.' 337 In the
case of photoluminescence blinking of Ag NWs, rela-
tionship between blinking frequency and photolumi-
nescence burst height follows single exponential de-
cay as shown by Figure 4C. The occurrences of weak
blinking peaks dominate the occurrences histogram.
When the single nanowire is excited at 0.5 mW, higher
PL intensity is observed but decays quickly to a low
level. This might be due to photochemical oxidation of
silver and the formation of nonfluorescent large Ag ag-
gregates under intense light irradiation. In addition,
we also observed dramatic changes in emission color
and intensity from individual emissive sites by using a
fluorescence microscope. This can be explained by the
changes in the Ag cluster size and charge that are con-
stantly modified under illumination and chemical
reaction.

It should also be noticed that the blinking behavior
varies from one site to another under the same laser in-

0
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tensity. This can be understood by the nonuniform dis-
tribution of adsorbed organic molecules and silver ox-
ides when the wires are dried and exposed to air. To test
how the dynamic fluorescence activities behavior
memorizes the initial state of light emission activities,
we used the temporal autocorrelation function, G(At),
to estimate how the fluorescence intensity at time t =

TABLE 1. Calculated Decay Time Constant 7, from
Temporal Autocorrelation Function, Power Exponents for
ON States (m,,) and OFF States (m.g), Mean Value of
Photoluminescence Intensity (</>), Threshold Used for
Occurrence Calculation (/hreshola), and the Maximum PL
Intensity (/nax) in One Single Ag NW PL Trajectory

wire # Tacs (5) Mgy Mg <I> s hnreshold Iax
1 0.58 235 1.90 3108 3150 11000
2 0.08 2.20 1.78 4250 5000 36000
3 1.23 232 2.20 1347 1447 2680
4 2.19 2.66 1.60 2937 3070 9280
5 0.27 2.70 1.67 182 250 1616
6 0.53 240 2.08 1201 1245 8178

avg 0.81(0.78)  2.44(0.20) 1.87(0.23)

www.acsnano.org



ON

300+
250
200+
g
H
£ 150
=
g
© 100
50|
ol ... ,
0.01 0.1 1
duration t (s)
(A)
5-
. ON
o
AN m=2.20
= 3 \
= N
27
: "
14 P
g PN
0 ‘\\1\
AN
A : : : —
20 45 40 05 00 05

Log (t,, (5))

(€

a0 OFF
704
60
£ 50-
£ 401
g
S 304
204
104
0-
0.01 0.1 1
duration t(s)
(B)
~._ OFF
44 el
\\l m=1.92
N
= s
»
2 ~
<& 2] }‘.\T; .
o )
= "
S a
1 N
0 T T T T
2.0 -1.5 1.0 0.5
Log (t,.; (5))

(D)

Figure 5. Distributions of occurrences of PL ON state (A) and OFF state (C) and corresponding probability density plots (B
and D). The blinking trajectory used for the calculation is shown in Figure 4A. The solid blue line in Figure 4A indicates the
PL intensity threshold used for the occurrences calculation.
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Figure 6. PL image (a) of single silver nanowire in air and (b) PL trajectories at three different sites on the wire excited with
a laser intensity of 50 uW. Panel c shows typical PL image of two crossed Ag nanowires coated with PMMA. PL trajectories at
three different sites on the wires excited with 50 pW of 532 nm laser intensity of are shown in panel d.
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Figure 7. PL/Raman spectrum collected from a single silver nanowire
in air (A) and time evolution of the spectrum (B) under continuous la-
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ser irradiation at 0.5 mW. 1 s collection time per spectrum is used.

0, /(0), and the intensity at all times, t, later, I(t), are

correlated.

The autocorrelation function can be expressed as*®

M—m
Yt + m)

G(AY = ——
<> (M — m)

M

where m is an integer multiple of a time interval, T,
and At = mT (where 0 = m < M). [(t) is the time-

resolved fluorescence intensity with M + 1 data points
ranging fromt = 0 to t = Mr. </> is the mean PL inten-
sity. As shown in Figure 4C, G(At) shows a fast exponen-
tial decay with a short lifetime of about 80 ms, indicat-
ing that the loss of memory of initial state occurs due to
a spontaneous photochemical reaction activities of Ag
NWs. We collected PL blinking trajectories of several Ag
NWs and analyzed their corresponding autocorrelation
functions. An average decay time of about 0.81 (+0.78)
second was obtained as listed in Table 1. Such sponta-

@WK) VOL. 4 = NO.4 = CLAYTON ET AL.

neous photochemical reaction at single Ag NW site
can also be confirmed by performing statistical analy-
sis on the stochastic durations and analyzing the prob-
ability density distribution of the ON and OFF states of
single Ag NWs.

Figure 5A and B show the duration distributions of
the ON and OFF states, respectively. The duration of
OFF states spans ranges from a few milliseconds to sec-
onds, while the one of ON states is shorter than 50 ms.
The duration distributions of both ON and OFF states
show no-Poisson behaviors because they show nonex-
ponential decay. This phenomenon is similar to dy-
namic disorder fluctuation behavior of single molecule
interfacial charge transfer activities.3**° To analyze such
dynamic disordered blinking behavior, we constructed
probability density distribution, P(t) = occurrence (t)/At,
for both ON and OFF states as shown in Figure 5C (ON)
and D (OFF), respectively. The calculated probability
density distributions show typical power-law
behavior,*'42 which can be mathematically described
as P(t) that is proportional to t™™, m is a constant. We
calculated m by constructing a linear fitting of the
log—log plot of P(t) and t~™, as shown in Figure 5C
and D for both ON and OFF states. The power expo-
nents for six different Ag NWs are shown in Table 1. The
value of m for ON states ranges from 2.20 to 2.70 and
ranges from 1.60 to 2.20 for OFF state. The mean value
<m>is 2.44 (£0.20) for ON states and 1.87 (+0.23) for
OFF states, indicating that the disordered nature of the
PL blinking behavior caused by photochemical reaction
of silver in the presence of oxygen.

We then measured the photoluminescence trajectory
of different sites of single Ag NWs in air and compared
the dynamic PL changes with the PL of single nanowires
coated with poly(methyl methacrylate) (PMMA). As
shown in Figure 6a,b, we observed similar blinking behav-
ior for single wires in air although three different sites of
the wire show different blinking behavior due to the inho-
mogeneities in their crystal structures and surface modifi-
cation. We found no stochastic blinking behavior for
wires coated with PMMA (cf. Figure 6c,d). This indicates
that the photochemical reaction of silver can be elimi-
nated by surface polymer coating. We also tried the ex-
periment in a nitrogen environment by purging the sub-
strate using pure nitrogen. We observed dramatic
decrease in both blinking frequency and fluorescence in-
tensity of silver NWs. This further indicates the dynamic
photochemical process involving oxygen from air.

Raman Spectra of Single Silver NWs. SERS of surfactant
might also contribute to the blinking behavior be-
cause the temporally fluctuating (blinking) of a SERS
signal can originate from several hot spots on a single
Ag nanowire.*** To probe the Raman information on
the above-mentioned stochastic changes in the PL
spectra, we collected the Raman spectrum from the
single silver nanowires (Figure 7A) by using a high reso-
lution grating. The Raman spectrum is found to be su-
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PL of Ag NWs Made by Polyol Reduction Method and
Porous Alumina Template Method. To confirm that the
observed PL and blinking behaviors of single Ag
nanowires are not typical results of Seashell Ag
nanowires, we studied PL and blinking behavior
of single Ag nanowires made by polyol reduction
method and anodized alumina oxide (AAO) tem-
plate methods. Figure 8 shows SEM images (a
and b) and fluorescence spectra (c) of silver
nanowires made by these two kinds of methods.
Similar to Seashell silver nanowires, the PL of both
polyol and AAO Ag nanowires can be easily visu-
alized under a fluorescence microscope and
shows dynamic fluctuation under intense laser ir-
radiation. We then mapped the fluorescence of
these two kinds of single Ag nanowires and stud-
ied their PL trajectories, and similar dynamic
changes in PL intensity can be observed in air
(cf. Figure 9).

Cydlic Voltammetry of Single Ag NWs. To further un-

Wavelength (nm)

Figure 8. SEM images of silver nanowires prepared by polyol re-

550 600 650 700 750

derstand the dynamics in the photophysics of
single Ag NWs, we studied the PL in aqueous
solution and its dependence on the substrate
potential, spectroelectrochemistry of single sil-

duction method (a), AAO template method (b), and corresponding  ver nanowires was measured. Figure 10A

photoluminescence spectra of these two kinds of wires (c). Excita-

tion wavelength: 532 nm.

perimposed onto a strong PL background of Ag. The Ra-
man bands are supposed to come from species
adsorbed by polyvinylpyrrolidone. By recording the
evolution of the PL spectrum for one frame per second
(cf. Figure 7B), we observed stochastic changes in both
Raman and PL of silver under continuous excitation
over 150 s. We expected to observe faster dynamic
changes in the PL/Raman spectra, but our spectrum col-
lection time cannot go down to the submillisecond.
However, one should be convinced by the spectro-
scopic results that the bursts we observed should be
from changes in PL of Ag not from Raman of adsorbed
species as the PL of Ag dominates the spectrum.

o o .
o (] o

Normailized PL intensity
o
'S

0.2

(c)

shows the schematic drawing of the setup for
single Ag NW PL study. Cyclic voltammetry
(CV) was performed while single nanowire PL
intensity was recorded. The CV was run in the range
of —0.15 and 0.45 V (vs Ag/AgCl) starting from 0.15
V in the positive direction to switch oxidation states
of Ag NWs in the NaOH, while not to reduce the
ITO. Figure 10B shows the effect of running the CV
on the PL of a pristine silver nanowire sample. The
current response is from all silver nanowires at-
tached onto the ITO electrode, and includes no
single nanowire information. It normally takes about
twenty complete potential cycles before losing the
oxidation and reduction features in the faradaic cur-
rent peaks as seen around 0.28 V for the oxidation

—— Polyol method
—— AAO template

0 10 20 30 40 50 60 70 80 80 100

Time (Sec)

Figure 9. PL images of single Ag nanowires obtained by polyol reduction method (a), AAO template (b), and corresponding

PL trajectories (c).

www.acsnano.org

VOL. 4 = NO.4 » 2363-2373 = 2010 ACNJANI)

110114

2369



2370

Count\ /

laser

Isueju| 1d

0.70 <

Current (nA)

04 03 02 01 00 -01

Potential vs. Ag/AgCI (V)
(®)

Figure 10. (A) Single nanowire spectroelectrochemistry setup com-
prised of a home-built confocal fluorescence microscope, a poten-
tiostat and ultrasensitive photodetectors. (B) CV of silver nanowires
and PL from single silver nanowires in 0.1 M NaOH. The red curve is
the second complete cycle of the potential and the blue is the third
cycle. The PL spectra of the first cycle are not shown. Scan rate: 0.01
V/sec. Reference electrode: Ag/AgCl.

reaction (Ag — Ag,0) and 0.05 V for the reduction
reaction (Ag,0O — Ag). We randomly selected one
wire and measured its PL intensity while the CV was
conducted, potential modulated PL can be observed
as shown in the figure. The intensity of the PL is
highly dependent on the substrate potential and
also on the exposure time to the laser. We observed
a dramatic increase in the PL intensity during the
first potential cycle (not shown) because the wire
was partially coated with silver oxide at rest poten-
tial in alkaline solution and the wire PL is activated
under laser irradiation and negative overpotential.
Starting from the second cycle of potential scan, the
PL initially decreases when the electrode was
scanned toward 0.45 V from —0.15 V and increases
in the negative scan. The third cycle shows similar
manner but the overall PL intensity decreases when

ACANT AN ] .
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the wire is illuminated using the laser. Compared to
the results in air, no significant PL bursts show up in
the PL trajectory in alkaline solution under poten-
tial control. This could be due to the fact that the
fluorescent Ag clusters are deactivated when silver
oxide overlay is formed in alkaline solution in com-
parison with Ag NWs in air. We then dried the oxi-
dized silver NWs and photoactivated them under vis-
ible light leading to the recovery of the blinking
behavior. This recovery of blinking behavior proves
that the strong fluorescence silver clusters photoac-
tivated are responsible for the blinking behavior of
single Ag NWs in air.

We selected several nanowires and did similar mea-
surements on their PL and dependence on applied po-
tential scans. Some wires show pronounced PL depen-
dence on the potential applied and relatively stable PL
but others show PL decrease while reserving the poten-
tial dependence behavior. The different behavior from
one wire to another might be due to their differences in
their diameter, nature of electrical contact with ITO as
well as charge transfer kinetics between ITO and silver.
Overall, the PL intensity decreased upon surface oxida-
tion but increased when the wire is reduced. This can be
further confirmed by recording single Ag NW PL trajec-
tory by applying a constant potential. As shown in Fig-
ure 11A, we show single Ag NW PL response when the
substrate potential is stepped from 0 to 0.45 V and
then back to 0 V. Similar to the results observed in Fig-
ure 10, PL is decreased when a fresh Ag NW gets oxi-
dized at 0.45 V and increased at 0 V when the wire is re-
duced. We also studied the PL trajectory of oxidized
and pristine silver nanowires under low power laser ir-
radiation at open circuit potential. As shown in Figure
11B, the oxidized wire shows PL increase, indicating its
silver oxide overlay easily decomposes under light and
produces fluorescence silver at open circuit potential.

Polarization Angle Dependence of the PL of Ag NWs. We also in-
vestigated the polarization angle dependence of the PL
of silver nanowires in both air and alkaline solution at
open circuit potential. We first identified two individual
Ag wires that crossed in a fairly perpendicular fashion. The
typical area was then focused in on and scanned under
polarized incident light. It appears that as polarization di-
rection is rotated, that the intensity appears to change,
with the vertical wire losing intensity as the horizontal
wire gained intensity. Thus it can be assumed that silver
nanowires exhibit some form of polarization dependence.
When the wires are oxidized in alkaline solution, only dis-
crete hot spots of PL can be observed and they show
very weak polarization dependence. When the silver ox-
ide layer is photoactivated by laser, silver clusters are
made alongside the single nanowire to emit photolumi-
nescence. In addition, very intense PL can be seen at the
place where the two wires cross, due to the Plasmon cou-
pling between the two wires. One application of this
crossed point is for single molecule Raman when a tar-
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Figure 11. (A) Single Ag nanowire PL trajectories when a square potential wave is applied between 0.45 (vs Ag/AgCl) and
0.00 V in 0.1 M NaOH; (B) The PL trajectories of a fresh Ag nanowire and an oxidized Ag wire at open circuit potential in 0.1

M NaOH.

get molecule is precisely placed in the junction of two
crossed Ag nanowires.

CONCLUSIONS

In summary, the stochastic changes in the PL of
one site on a single nanowire in air can be attrib-
uted to the fluorescence photoactivated silver clus-
ters not from Raman of adsorbed surfactant. This sto-
chastic change in PL intensity of single silver
nanowires can be explained by the disordered na-
ture of a spontaneous photochemical reaction of sil-
ver. The PL of single silver nanowires in alkaline so-
lution is highly dependent on the electrode

MATERIALS AND METHODS
All chemicals were used as received without further purifica-
tion. NaOH and isopropanol were obtained from Fischer Scien-

www.acsnano.org

potential and polarization direction of the incident
light, providing a new way to study single Ag NW
electrochemistry. Strong PL intensity can be ob-
tained when two wires cross and are activated by la-
ser irradiation at an open circuit potential. Our re-
sults can help understand the photoluminescence
mechanism of silver nanostructures. The single Ag
NW spectroelectrochemistry technique can be fur-
ther extended to investigation the electrochemistry
of single silver nanoparticle and other species involving
silver clusters. Our technique can also be applied to study-
ing interfacial charge transfer activities and catalytic reac-
tions at the single nanoparticle level.

tific. Silver nanowires of a mean 89 nm diameter and 7.5 pm in
length were obtained from Seashell Technology. The silver
nanowires were diluted to a concentration of approximately 2
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X 10° nanowires per milliliter in isopropanol prior to use. A JEOL
7000 FE SEM was used to characterize nanowires.

Silver NW Made by Polyol Reduction Method.”*® Ethylene glycol (5
mL) was heated at ~160 °C with stirring in disposable glass vi-
als placed in an oil bath. CuCl, - 2H,0/ethylene glycol solution (4
mM, 40 pL) was added, and the solution was allowed to heat
for 15 min. A total of 1.5 mL of 114 mM (monomer concentra-
tion) polyvinylpyrrolidone (PVP)/ethylene glycol was then added,
followed by 1.5 mL 94 mM AgNOs/ethylene glycol. After about
10 min, the reaction was continued at ~160 °C without stirring
and stopped when the solution became gray and wispy in an
hour. The product was washed with acetone and water and fi-
nally stored in 2-propanol prior to use.

Ag NW Made by Using Alumina Template Method.”” Anodized alumi-
num oxide (AAO; 1 cm (in diameter)) discs with 100 nm pores
were purchased from Whatman. One side of the membrane was
coated with solution-processed graphene oxide by using
vacuum infiltration method to serve conductive substrate on
one side of AAO template. The graphene oxide was synthesized
from purified natural graphite (SP-1, Bay Carbon) by the Hum-
mers method followed by hydrazine reduction.*®° Electrodepo-
sition of silver rods into the pores was carried out by using a CHI
760C biopotentiostat (CHI, Austin, TX) with a platinum wire as
counter electrode and Ag wire as quasi-reference electrode. Sil-
ver nanorods were grown into the oxide pores from 10 mM
Ag,SO,4 in 0.1 M Na,SO, solution with the graphene oxide layer
as working electrode. A 0.5 mA constant cathodic current was
applied to the working electrode for 5 min while stirring the so-
lution to form silver nanowires in the AAO template. After clean-
ing the fabricated template in an ultrasonic bath of DI water for
15 min to remove excess amorphous silver particles deposited
on the surface of the AAO template and the graphene oxide
backelectrode, the Ag infiltrated AAO template was dried and
treated with 3 M NaOH for 5 min while shaking the solution to
dissolve the aluminum oxide template completely. The released
Ag NWs are washed with large amount of water and finally
stored in 2-propanol prior to use.

Scanning Confocal Microscope. A Nano-View 200-2/M nanoposi-
tioner (Mad City Laboratories, Madison, WI) was mounted to
the top of an Olympus IX-71 Inverted Microscope for scanning
the nanowires. The sample was excited using a 488 nm self-
contained argon-ion laser (Edmund Optics Inc.) and imaged with
a X100 numerical aperture oil-immersion objective (NA = 1.3).
The emission was collected with the same objective and passed
through a 488 nm laser filter set with long pass emission
(Z488LP, Chroma Technology, Brattleboro, VT) and a 488 nm Ru-
gate Notch Filter (Edmund Optics Inc.). The PL signal was then
split, sending one part into a spectrometer with a liquid-nitrogen
cooled digital CCD spectroscopy system (Acton Spec-10:1008B,
Princeton instruments, Trenton, NJ) through a monochromator
(Acton SP-2558, Princeton instruments, Trenton, NJ) and the
other to an avalanche photodiode (APD, SPEM-AQRH-15, Perkin-
Elmer). PL from individual silver NWs can be collected at high ef-
ficiency with the laser turned off. A PC 6602 card from National
Instruments Inc. was used for data acquisition. Date collection
and control of the photon counter and nanopositioner were
done using labview 8.5 (National Instruments Inc.). A camera (Q-
Imaging, Olympus) was placed in the beam path after the filter
but before the beam splitter to capture bright field images.

Electrochemical Cell for Spectroelectrochemistry. The electrochemi-
cal cellis placed on the microscope stage. The cell is made of Tef-
lon, the bottom of which is open to accommodate a 0.17 mm
slide (thermal fisher) coated with conductive transparent ITO
layer (~100 nm) with a sheet resistance of 50 Ohms/sq (Meta-
vac). The cell was mounted onto the nanopositioner and immo-
bilized using edge clips. We used a hand-held Potentiostat
(CHI1200A) for controlling the potential of the ITO substrate
and a Pt wire and Ag/AgCl were used for counter and quasi-
reference electrode (QRE), respectively. An ITO slide was glued
to a FastWell (Grace BioLabs) by using 5 min epoxy (Thorlabs)
then dry coated with the silver nanowire solution. After drying,
the slide was rinsed with deionized water. The spacer was at-
tached to the cell by using vacuum grease (Dow Corning) to pre-
vent NaOH leakage. The cell was then with filled sodium hydrox-
ide for in situ electrochemical and optical measurements.
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