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ABSTRACT: We developed a HNOj-assisted polyol reduction 334 et

method to synthesize ultralarge single-crystalline Ag microplates
routinely. The edge length of the synthesized Ag microplates reaches
SO pim, and their top facets are (111). The mechanism for dramatically
enlarging single-crystalline Ag structure stems from a series of
competitive anisotropic growths, primarily governed by -carefully
tuning the adsorption of Ag® by ethylene glycol and the desorption
of Ag” by a cyanide ion on Ag(100). Finally, we measured the
propagation length of surface plasmon polaritons along the air/Ag
interface under 534 nm laser excitation. Our single-crystalline Ag
microplate exhibited a propagation length (11.22 um) considerably
greater than that of the conventional E-gun deposited Ag thin film

(5.27 ym).
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B INTRODUCTION

Morphology control of metal structures in nano and micro scales
is an essential factor to intensify their plasmonic responses, such
as surface enhanced Raman scattering (SERS),' molecular
photoacoustic bioimaging,” enzyme-free H,O, sensing,” plas-
monic nanopixels,” nanoantennas,” and even logic nano-
circuitry.® In particular for the applications in near-infrared and
visible regions, Ag structures appear to be an outstanding
plasmonic material because of their low internal loss’ and low
plasma frequency.® To fabricate a variety of Ag structures,
recently there was reported a kind of economic chemical method,
facile synthesis,”'" in which the growth direction and the shape
of Ag nanocubes, nanowires, and nanoplates can be manipulated
by an aging process,'> by CuCl,-assisted heterogeneous
nucleation,"® by employing different stabilizers," and by light
irradiation and heat agitation,'* respectively.

More recently, several 2D single-crystalline Ag nanoplates
have been demonstrated by such a facile synthesis, mainly for the
plasmonic/optoelectronic applications;'® nevertheless, most of
those synthesized single-crystalline Ag nanoplates are within a
submicron scale,"*'” still too small to replace the thin film
fabricated by conventional physical depositions. Therefore, to
accommodate more nanopatterned structures on a continuous
plasmonic/optoelectronic platform,'® herein we developed a
HNOj;-assisted polyol reduction method to successfully fabricate
ultralarge single-crystalline Ag microplates, whose lateral size is
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up to 50 ym, a maximum value so far based on the best of our
knowledge. By introducing HNO;, it activates the desorbed
cyanide ions (CN™) for ethylene glycol (EG) to reduce Ag on the
(100) facets of the single-crystalline Ag plate to enhance its
lateral size."” Furthermore, single-crystalline Ag microplates
present the outstanding plasmonic property of the synthesized
Ag microplates by demonstrating a far propagation length of
surface plasmon polaritons (SPPs) of 11.22 um at 534 nm
excitation. The approach gives rise to the construction of a large-
area 2D Ag plasmonic platform with high single crystallinity,
buffer layer free, and versatile use on arbitrary substrates.

B EXPERIMENTAL SECTION

Silver nitrate (AgNOj), polyvinylpyrrolidone (PVP, M,, = 55 000 Da),
nitric acid (HNO;, 65 wt %), and ethylene glycol (EG) were purchased
from Sigma-Aldrich and were not subjected to further purification. In
the typical process, 1 mL HNO; was added to the 250 mg/75 mL of
PVP/EG mixture with magnetic stirring. Subsequently, 150 mL of a 0.03
M aqueous AgNOj; solution was added. The mixture was aged in a sealed
glass bottle at 152 °C for 2, 4, 12, and 36 h. To control the
concentrations of HNO; and EG, we only changed HNO; and EG to the
total concentrations of 6.89 X 1075, 3.37 X 10™* and 4.67 X 10™* M and
1.06 X 1072, 8.88 X 1073, 7.62 X 1073, and 5.93 X 10~° M in an ambient
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Figure 1. (a) Dark-field OM image and (b) SEM image of Ag microplate show that the lateral size is 47.5 ym. (c) XRD patterns of Ag microplates on
glass substrate show the strong peak at Ag(111) and the reflectance at Ag(222), respectively. (d) 52° tilted SEM image of a magnified side view shows
that the truncated edge possesses the flat top surface with a thickness of 290.3 nm.

atmosphere, respectively. (Caution: The dose of HNOj; (,) should be
controlled carefully. An excessive dose can cause a severe explosion.)
Note that the color changes rapidly from red, through muddy dark blue,
to gray color as shown in Figure Sla—c in the Supporting Information.
Finally, Ag microplates were washed with isopropanol and deionized
water by using an ultrasonication and centrifugation sequence at least 4
times. Scanning electron microscopy (SEM; Jeol JSM-7000F), dual-
beam focused ion beam (DB—FIB; FEI Nova-200 NanoLab
Compatible), and X-ray diffraction (XRD; Shimadsu XRD 6000) were
conducted to analyze the morphology and crystallinity of the as-
synthesized Ag microplates. Linear sweep voltammetry (LSV) scanning
measurement was conducted as described in previous studies,***" and
Ag microplates were replaced. High-resolution transmission electron
microscopy (HRTEM,; Jeol JEM-2100, Cs-corrected) was conducted to
examine the single crystallinity at the atomic scale.

B RESULTS AND DISCUSSION

In a typical polyol reduction process, an EG solvent serves as a
reductant that reduces the Ag" to Ago,22 thus forming trimeric
nanoclusters.”® Through the coalescence of Ago, the nucleated
trimers grow to form Ag nanoplates with a twinned plane farallel
to the (111) facets and PVP provides steric stabilization,** which
involves the lateral growth of (100) facets in the presence of Ag"
absorption and CN~ desorption."” However, using the rivalrous
growth method limits the lateral size of the Ag nanoplates at the
edge length of 3—5 um."” We optimized the parameters to
generate ultralarge Ag microplates, as shown in Figure 1. The
dark-field optical microscopy image in Figure la shows a
synthesized triangular Ag microplate with an edge length of
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nearly 46.8 ym; at this size, the microplate is visible to the naked
eye. The triangular edge length was 47.5 ym, as shown in Figure
1b. The crystal orientation of the entire substrate was observed,
and the XRD patterns in Figure 1c show high orientation at
(111) facets and reflection at (222).>° The tilted SEM image
shown in Figure 1d illustrates that the thickness of the microplate
was 290.3 nm and that the top surface was flat. These depictions
show that the lateral size of Ag microplates can be increased by
optimizing the reaction time (12 h), temperature (152 °C), and
reagent dose (EG = 5.93 mM and HNO, = 4.67 X 107* M)
compared with other chemical routes.'®"”

Figure 2 shows an HRTEM image of the edges and corners of a
triangular Ag microplate. We selected the Ag microplate shown
in the center; this microplate exhibited an edge length of 30 ym.
The trio of corners and edges shown in Figure 2a—f reveals that a
d-spacing of 0.14 nm corresponded with {220} and the top and
bottom facets were (111). The face-centered cubic (fcc)
forbidden d /3(455) = 2.50 nm reflection”®?” is not observable in
the HRTEM images but is observable in the diffraction patterns
(DPs) shown in Figure S2 (in the Supporting Information). It is
reasonable to conclude that using the HNO;-assisted polyol
method enlarges the lateral size of Ag microplates to nearly 50
um and enables high single crystallinity to be maintained with the
anisotropic growth of top and bottom (111) facets.

To evaluate the evolution on the lateral size of Ag microplates,
reaction periods of 2, 4, 12, and 36 h were used. A histogram of
each period in Figure S3 in the Supporting Information was
plotted by statistically calculating at least 500 pieces, and
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Figure 2. (a—e) HRTEM images of the single-crystalline Ag microplate show the d;50) = 0.14 nm at the trio of corners and edges with the top (111)
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Figure 3. (a) Stacked Gaussian fitting curves from the histograms of Ag microplates (also see Figure S3 in the Supporting Information) and (b) linear
sweep voltammetry (LSV) scanning measurement (Ag/AgCl and Pt act as the reference and counterelectrode in 0.1 M H,SO, (sq) electrolyze) in the

various reaction periods.

histograms were fitted according to a Gaussian distribution (¢
test p values < 0.05). Note that the thickness of Ag microplates in
different reaction periods was also calculated (Figure S4 in the
Supporting Information). Figure 3a shows overlapped Gaussian
fitting curves of the lateral size versus the periods of reaction
time, indicating shifts for 6.53, 8.36, and 10.22 ym at 2, 4, and 12
h, respectively. The average edge lengths increased as the
reaction time increased and reached a maximum of 10.22 ym at
36 h. Figure 3b shows the results of the LSV scanning
measurement, revealing that the voltages exhibited a trend of
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increased shifting for 0.47, 0.48, 0.50, and 0.50 V at 2, 4, 12, and
36 h, respectively. Since the chemical potential energy decreases
when the electrochemical oxidation potential increases with the
surface-to-volume ratio,”’ the reaction becomes relatively stable,
and the maximal lateral size is reached during periods of 12—36 h.

According to the foregoing discussion, the growth of a single-
crystalline Ag microplate strongly depends on solvent reduction
and surfactant stabilization.”® Therefore, EG plays a crucial role
in the nucleation and growth of large Ag microplates. Parts a—d
of Figure 4show SEM images of EG in various concentrations.

dx.doi.org/10.1021/am502549d | ACS Appl. Mater. Interfaces 2014, 6, 11791-11798
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Figure 4. Various concentrations of solvent EG, (a) 1.06 X 1072, (b) 8.88 X 1073, (c) 7.62 X 107, and (d) 5.93 X 10> M, show that the lateral sizes of Ag
microplates are corresponding to 6, 13, 15, and 23 pm, respectively.

(2)

Figure 5. SEM images of Ag microplates with various concentrations of HNOj, (a) without HNOj, (b) 6.89 X 1073, (c) 3.37 X 107, (d) 4.67 X 10™* M,
and (e) without polyvinylpyrrolidone (PVP) polymer, show that the lateral size of Ag microplates increased with the relative high concentrations of
HNO; and stops increasing at the concentration of 4.67 X 10™* M.

Note that the lateral size distribution and thickness in various M, numerous Ag’ are reduced by EG; hence, nucleation is faster
concentrations of EG are shown in Figures S5 and S6 in the than the growth, so supersaturated precipitates in the mixture
Supporting Information. At a high concentration of 1.06 X 107> form a small Ag microplate at a lateral size of up to 6 ym. The
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Scheme 1. Growth Mechanism of Ultralarge Ag Microplates by Using HNO;-Assisted Polyol Method”
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“Polyvinylpyrrolidone (PVP) polymer acts as a steric stabilizer on the top and bottom (111) facets, and the cyanide ions (CN~) desorb the occupied
Ag" at the (100) facets. CN~ desorption forms the open vacancies and induces the absorption of newly formed Ag’ on the sites; it is noted that CN~

are formed by the ethylene glycol (EG), AgNO;, and HNO;.

results obtained in the initial stage of edge length distribution
(Figure 3a) after 2 h of reaction time indicated that the high
percentage of the small lateral size of Ag microplates can be
attributed to similar supersaturated precipitates. As the
concentration decreased, the growth process gradually domi-
nated the reaction at the lateral size of 13, 15, and 23 um, as
shown in parts b, ¢, and d of Figure 4, respectively.

On the other hand, to make sure of the importance of
desorption, we used another factor of HNO; when the
concentration of EG was fixed at 5.93 X 107> M and the reaction
time was fixed at 12 h. Figure Sa shows a mixture without HNO;,
which yielded Ag microplates with a lateral size of only 6—8 ym.
However, the lateral size substantially increased to 24 ym when
6.89 X 107> M HNO, was used, as shown in Figure Sb, indicating
that HNOj increases the lateral size of Ag microplates. Note that
the lateral size distribution in various concentrations of HNOj; is
shown in Figure S7 in the Supporting Information. When the
concentration of HNO; was increased to 3.37 X 10™*and 4.67 X
107*M, the lateral size did not change substantially; however, the
top facets became flat and smooth, as shown in Figures Sc and d
and S8 in the Supporting Information. Figure Se shows that PVP
was absent and only nanoparticles were observed because PVP
can serve as a steric stabilizer™* and reduces Ag" to Ag’>
indicating the importance of the surfactant in forming Ag
microplates.

To clarify the lateral size increase of ultralarge Ag microplates
fabricated using the HNO;-assisted polyol method, we suggest a
possible growth mechanism, as shown in Scheme 1. Nucleated
fec triangular Ag plate-like nanoseeds are bounded with three
(100) side facets and two (111) top facets”>® where the twinned
plane is parallel to the (111) facets so that the lateral size can be
increased by extending the [100] directions.”® EG plays a role in
the reduction of Ag’ according to the following reaction
equations:

2HOCH,CH,O0H — 2CH,CHO + 2H,0 1)

2AgNO, + 2CH,CHO
— CH,COCOCH, + 2Ag + 2HNO, @)

4HNO; + 3Ag — 3AgNO, + NO + 2H,0 (3)
Equations 1 and 2 represent the formation of EG-reduced Ag®,*'
providing the nucleation and growth processes. The reaction rate
can be controlled by tuning the EG concentrations. The reaction
among AgNOs, HNO;, and EG produces an etching (CN™),**
which is prone to react with Ag" and H' from the dissolved
AgNO;(,q) and HNOj(,,). Parts a—c of Figure S9 in the
Supporting Information show an SEM image with an energy-
dispersive spectroscopy (EDS) spectrum indicating that spike-
like AgCN wires were present, which was confirmed according to
the corresponding XRD pattern. Luo et al. reported that PVP
does not need to be considered in the reaction because
precipitated AgCN mres still existed in the absence of PVP
during the reaction."” Because of the strong binding force of C=
N~ > C=0 and the surface energy of Ag (100) > (111),®*aCN"
serves as the etching reagent. Desorption occurs on (100)-
dominated rather than on (111), which is stabilized by PVP.
Furthermore, as illustrated in eq 3, HNOj;(,q) induces CN~
formation, thus opening additional vacant sites for Ag
adsorption, and directly etches Ag, thus tailoring the newly
formed edge of Ag microplates.'” The top and bottom facets
become flat and smooth when concentrations of HNO;,y) are
increased, as shown in Figure Sb—d. Therefore, the key factors
for increasing the lateral growth of Ag microplates are the
concentrations of EG and HNOj(,y), which influence the
reduction of Ag’ absorption and the formation of CN~
desorption.

The remarkably large area and reliable thickness of the
fabricated single-crystalline Ag microplates is suitable for
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optoelectronic applications.'™® The applications strongly
depend on SPPs because the electron oscillations are plasmoni-
cally collected, the electromagnetic waves are concentrated, and
the electric fields propagate on the metal—dielectric interface.*®
However, regarding propagation length, loss from material
surface roughness and grain boundaries®* dominates the quality
of optoelectronic devices (Figure S10 in the Supporting
Information). To determine the value of propagation length,
we employed FIB patterning on the Ag microplate and assumed
that SPPs traveled from the input to output silts on various paths,
as shown in Figure 6a. Figure 6b shows an SEM image of a
geometric configuration with a maximal distance of 20 pm. A
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Figure 6. (a) Schematic for the Ag microplate with the input and output
silts shows that a polarized 534 nm laser source (normal to the input slit)
excites the surface plasmon polaritons (SPPs) propagation with an
evanescent field on air/Ag interface. (b) SEM images of focused ion
beam (FIB) milled silts with various distances between the input and
output positions. (c) Optical image of polarized 534 nm laser source
focused on the input position, coupling the transmitted radiation to the
output silts. (d) Plots of normalized intensity versus the length of input—
output silts, showing that the calculated SPPs propagation lengths of Ag
microplate and E-gun-evaporated Ag thin film are 11.22 and 5.27 pum,
respectively.

focused 534 nm laser with 90° polarized incidence, perpendicular
to the input silt, excited in-coupling SPP propagation at the air/
Ag interface through the output of transmitted radiation, as
shown in Figure 6c. The dielectric function of metallic Ag (¢,,)
can be expressed as

En = € + i€y (4)

According to the Drude model, the wave vector (k,) propagating
along the direction of the air/Ag interface can be expressed

34,35
£.l a) e/ 3/2 8”
g, +1 clg, +1 2¢

as
’
m m

! 1. a)
k=K +ik =2
c

©)
, where the wave vector can be expressed in terms of its real and
imaginary parts (k. and k}). The terms @ and c represent the
angular momentum and light speed, respectively; thus, the SPP
propagation length (Lgpp,) is given by
1

L = —
SPPs Zk;/ (6)

The intensity at the output silts can be quantitatively measured
using a charge-coupled device (CCD) camera (MD-130 digital
microscope camera). The following ﬁttin§ eguation is used after
calculating the SPP propagation length:** >

In(1(d)) 14 —d
In I, LgppIn I (7)

, where I(d) and I, are intensities at different distances (d)
between the input and output and at the input position. Figure 6d
shows a comparison of fitting curves for the single-crystalline Ag
microplate and the E-gun-evaporated multicrystalline Ag thin
film. The propagation lengths (Lgpp,) of the single crystal and
multicrystal shows 11.22 and 5.27 pm, respectively, confirming
that ultralarge single-crystalline Ag microplates are suitable for a
2D plasmonic platform.

B CONCLUSIONS

In this paper, we report the facile synthesis of ultralarge single-
crystalline Ag microplates fabricated using the HNOj;-assisted
polyol reduction method. First, a high-resolution TEM analysis
revealed that the fcc lattice structure of the fabricated Ag
microplates consisted of dg;,0 = 0.14 nm and the forbidden
d, /3(422) = 2.50 nm, corresponding to the top (111) facets and the
twinned plane parallel to the (111). The high-quality crystallinity
of the Ag microplates, which featured an edge size reaching 50
um, is the maximal value obtained according to our extensive
review of relevant research. Furthermore, the size distribution
with respect to various reaction times ranging from 2 to 36 h
showed that the optimal trend occurred at 12 h, which is
consistent with the results of LSV scanning measurements.
These measurements indicated that the electrochemical
oxidation potential exhibited a relatively stable state at the
reaction time of 12 h. Second, when the HNOj-assisted polyol
reduction method is applied, solvent EG functions as a reduction
agent of Ag*, which grows on uncapped Ag (100) facets. In
addition, HNO; plays a crucial role in dissolving Ag, providing
open sites for Ag® adsorption to enhance growth on (100).
Therefore, when the cyclic reaction among the solvent EG,
AgNO;, and HNO; is controlled carefully, the adsorption of Ag’
and desorption of HNO; (CN™) collectively react to increase the

dx.doi.org/10.1021/am502549d | ACS Appl. Mater. Interfaces 2014, 6, 11791-11798
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lateral size and to maintain the flat top and bottom facets
simultaneously. Finally, the ultralarge single-crystalline Ag
microplates exhibited an excellent plasmonic property of reduced
loss absorption. Under 534 nm laser excitation, the measured
propagation length of SPPs was 11.22 ym, which is much greater
than that of E-gun-evaporated Ag thin films (5.27 pm). We
expect that further improving this HNO;-assisted polyol
reduction method will increase the lateral size of Ag microplates
to submillimeter scale, providing an outstanding plasmonic
platform that benefits integrated optoelectronic applications.

B ASSOCIATED CONTENT

© Supporting Information

Supplementary figures of the results including experimental
setup, TEM diffraction patterns at the trio of corners and edges,
lateral size and thickness of Ag microplates in various reaction
periods, lateral size and thickness distribution in various
concentrations of EG and concentrations of HNOQOj, character-
izations of AgCN wires, and a comparison between single crystals
and multicrystals focused ion beam (FIB) patterning. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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