
Highly Reflective Liquid Mirrors: Exploring the Effects of Localized
Surface Plasmon Resonance and the Arrangement of Nanoparticles
on Metal Liquid-like Films
Yu-Ting Yen,† Tai-Yen Lu,† Yang-Chun Lee,† Chen-Chieh Yu,† Yin-Chih Tsai,‡ Yi-Chuan Tseng,†

and Hsuen-Li Chen*,†

†Department of Materials Science and Engineering, National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei 10617, Taiwan
‡Institute of Astronomy and Astrophysics, Academia Sinica, No. 1, Sec. 4, Roosevelt Road, Taipei 10617, Taiwan

ABSTRACT: In this paper, we describe a high-reflectance liquid mirror
prepared from densely packed silver nanoparticles (AgNPs) of two different
sizes. We controlled the particle size during the synthetic process by controlling
the temperature. Varying the concentration of the ligand also allowed us to
optimize the arrangement of the AgNPs to achieve liquid mirrors exhibiting
high specular reflectance. Scanning electron microscopy and atomic force
microscopy confirmed that the particles of the liquid mirror were well-packed
with an interparticle distance of merely 2 nm; thus, the interstices and surface
roughness of the NPs were effectively minimized. As a result of decreased
scattering loss, the reflectance in the shorter wavelength regime was increased
effectively. The AgNP film was also sufficiently thick to reflect the light in the
longer wavelength regime. In addition, we used three-dimensional finite-
difference time domain simulations and experimental measurements to investigate the relationship between the localized surface
plasmon resonance (LSPR) and the specular reflection of the liquid mirrors. By changing the packing density of the AgNPs, we
found that the LSPR effect could yield either a specular reflection peak or dip at the LSPR wavelengths in the reflection spectra of
the liquid mirrors. Relative to previously reported liquid mirrors, the reflectance of our system is obviously much greater,
especially in the shorter wavelength regime. The average reflectance in the range from 400 to 1000 nm could reach 77%,
comparable with that of mercury-based liquid mirrors.
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■ INTRODUCTION

Mankind has been interested in astronomy for a long time. To
meet the needs of more accurate observations and increased
measurement of incident light, the apertures of mirrors used in
telescopes must be extremely large. Traditionally, astronomical
optical devices are made from glass, which can be difficult and
expensive to polish and difficult to fabricate into optical surfaces
with parabolic shapes.
Mercury (Hg) is the first material used for the preparation of

liquid mirrors because of its high reflectivity and low melting
point. Being a liquid at room temperature, Hg can be used to
fabricate rotating liquids that satisfy the requirements of
surfaces with deformability and high reflectivity. Since first
being mentioned by Capocci, liquid Hg has been used in the
primary mirrors of telescopes. There are, however, some
inevitable shortcomings that limit the use of Hg as a liquid
mirror for astronomy.1,2 The high density of Hg hinders its
storage stability within telescopes, where it might penetrate to
the bottom of the mirror base. Its toxicity is also a serious
problem.3 Furthermore, Hg cannot be used as the mirror of a
telescope on the Moon because it would evaporate quickly
when exposed to the lunar vacuum.4

To overcome these problems, metal liquid-like films
(MELLFs) were introduced by Yogev and Efrima for use in
astronomical optics.5−9 When they added a reducing agent into
a chloroform or dichloroethane solution containing silver
nitrate and anisic acid, they observed a reflective metallic
particle film forming at the water−organic solvent interface.
Subsequently, Gordon et al. prepared MELLFs through an
alternate synthetic route;10 adding some ligands to a silver (Ag)
colloid, they found that silver nanoparticles (AgNPs) could be
extracted at the water−organic solvent interface to form a
reflective MELLF. Although these two methods are similar,
they differ in that the AgNPs are extracted by the ligand in the
latter method, such that the MELLF is not only defined at the
liquid phase interface but also readily transferred to the surface
of an aqueous or other solution for a specific application.
Accordingly, most practitioners prefer preparing MELLFs using
Gordon’s method.10

Unlike other self-assembled NP films formed at liquid
interfaces,11−13 MELLFs display relatively high reflectance.
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Accordingly, Borra et al. applied MELLFs as the mirrors in
astronomical optics.14 Because they are inexpensive, easy to
produce, flexible on nonplanar bases, and can be prepared on
large scales, MELLFs appear to be suitable replacements for
Hg-based liquid mirrors. Furthermore, the liquid-like properties
of MELLFs allow their optical mirrors to be formed with any
particular surface profile while retaining high reflectivity. Thus,
Borra et al. suggested that MELLFs could be called “liquid
mirrors.” They also demonstrated that MELLFs retained their
high reflectivity after being transferred onto paraffin oil surfaces,
and that they can be transferred onto some ferrofluids with
characteristics necessary for the stability of telescopes on the
Moon.15,16

If we are to use such liquid mirrors as astronomical optics, it
will be necessary to enhance their reflectance. A major
parameter that influences the reflectance of a liquid mirror is
the MELLF’s surface morphology, which depends on the size
and arrangement of the NPs. Therefore, to increase the
reflectance of liquid mirrors, we must develop methods for
controlling the particle size and optimizing their assembly. In
past studies, several methods have been employed to control
the sizes of AgNPs, including changing the concentration of
sodium citrate and the reaction temperature.17−21 By varying
the synthetic temperature, Borra et al. controlled the sizes of
NPs and studied their influence on the reflectance of liquid
mirrors.3,14 In the short wavelength regime, the reflectance of a
liquid mirror comprising stacks of larger NPs was lower than
that of stacks of smaller particles, due to the scattering effect
and dissipative absorption. Notably, however, the limitations of
the ligand have made it difficult to fabricate continuous,
interstitial-free, multilayered NP films.22 Liquid mirrors
consisting of continuous NP films have almost always been
monolayers; therefore, the thickness of the liquid mirror has
merely been equal to the NP size. As a result, the reflectance of
a liquid mirror comprising small NPs will be lower than that of
one comprising large NPs. Therefore, to increase the
reflectance of liquid mirrors over a broad wavelength regime,
it will be necessary to decrease scattering effects while
increasing the effective thickness. Another parameter that
might influence the reflectance of liquid mirrors is the
arrangement of the AgNPs. Generally, increasing the ligand
concentration will increase the reflectance of a liquid mirror,
because the ligand would also adjust the arrangement of the
AgNPs. Although optimizing the ligand concentration can help
to bring the AgNPs close enough together to increase the
degree of packing, the highest average reflectance previously
reported for liquid mirrors at wavelengths in the range from
400 to 1000 nm has been only 69%; that is, approximately 92%
of the reflectance of Hg.23

Recently, the reflectance of gold (Au) liquid mirror has been
discussed by Girault et al.24 They injected 60 nm gold
nanoparticles (AuNPs) onto oil/water interface and studied the
reflectance and conductance of AuNP films. However, due to
the inherent characteristic of metals, the reflection of Au in the
visible regime is lower than that of Ag. Moreover, the AuNPs in
the mirror were not captured by chemical ligands; there were
many vacancies between AuNPs. As a result, even though the
AuNPs already formed a near monolayer of NP film, the
average reflectance on the AuNP mirror system was only ca.
10%. In this study, to improve the quality and reflectance of
liquid mirrors, we developed a convenient and practical
approach to prepare liquid mirror films stacked with NPs of
various sizes. We found that when the liquid mirror comprised

merely large particles, the surface would be relatively rough,
with many interstices between each pair of NPs. Therefore, we
introduced small NPs into the synthetic procedure. That is, we
mixed solutions of large and small NPs, letting the smaller
particles fill the interstices.
In addition to the reflection behavior of AgNPs on liquid

mirrors, the localized surface plasmon resonance (LSPR) effect
of the NPs at liquid−liquid interfaces has been explored.25−28

But the simulations in these studies did not considered the
condition of the most closely packed NP films. Here, we
discussed the relationship between the LSPR effect of the NPs
and the specular reflection of the closely packed liquid mirrors.
LSPR properties make these self-assembled NP films capable of
being plasmonic devices. Some applications have been
investigated for photocatalysis29 and use as surface enhanced
Raman scattering (SERS) substrates.30−32 Besides, we opti-
mized the ligand concentration to ensure that the NPs were
packed densely. By minimizing the interstices, the surfaces of
the AgNP-based liquid mirrors became flatter, which helped to
increase the specular reflectance, especially in the shorter
wavelength regime. Moreover, a liquid mirror comprising large
and small AgNPs could be sufficiently thick to reflect light at
longer wavelengths. Therefore, the reflectances of the liquid
mirrors prepared in this study were significantly greater than
those reported previously.23

■ RESULTS AND DISCUSSION

Figure 1 displays a schematic representation of the procedures
used for the preparation of the liquid mirrors. To prepare the
self-assembled AgNP-based liquid mirror, a chemical reduction
method was adapted, with the volume ratio of the AgNO3
solution to the sodium citrate solution selected at 20:1.10 A

Figure 1. Schematic representations of (a) the synthesis of AgNPs of
different sizes by heating the reaction solution at different temper-
atures and (b) the mixing of colloidal solutions of large and small
AgNPs to form a liquid mirror.
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mixture of 100 mM aqueous AgNO3 (20 mL) and 1% aqueous
sodium citrate (5 mL) was heated for 30 min while stirring.
Among the several means of controlling the AgNP diameters
during the reduction procedure, in this study it was controlled
by varying the reaction temperature. Reaction temperatures of
110 and 80 °C provided the large and small AgNPs,
respectively. When the reaction temperature was 110 °C, the
nucleation rate of the reduced particles was fast, resulting in a
high density of small AgNPs. In contrast, synthesis at a lower
temperature of 80 °C resulted in large AgNPs. During the
synthesis process, the color of the solution changed gradually
from transparent and light yellow to pale brown as a result of
the LSPR effect of the AgNPs.
After preparing colloidal solutions containing AgNPs of

different sizes, 1 mM 2,9-dimethyl-1,10-phenanthroline (dmp)
in 1,2-dichloroethane was mixed with each colloidal solution
with intense shaking to ensure that dmp monolayers uniformly
covered the surfaces of the AgNPs. Different ligand
concentrations were tested to explore the influence of the
ligand density on the arrangement of the particles. According to
the principle of “like dissolves like,” the ligand-covered AgNPs
resided at the water−dichloroethane interface to form highly
reflective AgNP films (Figure 1). After removing the water and
the organic layer, the liquid mirror layer could be readily
poured onto a water or alcohol solution, a glass or silicon wafer,
or even a flexible substrate (e.g., filter paper) to form flat, highly
reflective plates.
According to previous studies, liquid mirrors prepared from

monodisperse AgNPs face the problem that they cannot satisfy
the requirement of high reflection over a broad bandwidth.14

Using larger AgNPs to prepare liquid mirrors can increase the
reflection at longer wavelengths, but the greater surface
roughness of these AgNPs would seriously decrease the
specular reflection in the shorter wavelength regime.14 Light
scattering and reflective behavior are highly relative to the
wavelength of the incident light and the size of the particles.
The scattering cross-section of a particle is proportional to its
radius.33,34 If liquid mirror composes of only large NPs, the
surface roughness would be higher than that composed of small
NPs. The incident light in longer wavelength region would be
reflected by the NPs film, but strong scattering would happen
in the shorter wavelength region. Moreover, liquid mirrors
consisting of continuous NP films are almost always
monolayers, meaning that the thickness of the liquid mirror
is merely equal to the dimensions of the NPs.22 When liquid
mirrors composed of only small NPs, the scattering effect could
be effectively decreased as surface roughness decreased. But the
film thickness would be insufficient to reflect the light in longer
wavelength region. If we wish to increase the reflectance of
liquid mirrors over the whole spectral range and thereby
improve their applicability, we would have to find a way to stack
NPs into liquid mirrors having relatively flat surfaces and
sufficient thickness, while decreased scattering effects. First, we
tested the effect of mixing AgNPs of various sizes, prepared by
varying the synthetic temperature. Our strategy was to mix the
large and small AgNPs, such that the smaller particles would fill
the interstices between the larger ones, providing flatter liquid
mirror films that would retain the thickness of a monolayer
comprising the larger particles.
Figure 2 displays the normalized absorption spectrum of a

colloidal solution synthesized at 80 °C. The spectrum features
an absorption peak at 480 nm, representing the LSPR of the
AgNPs. This absorption peak blue-shifted to 414 nm for the

AgNPs synthesized at 110 °C. According to previous reports,
the absorption peaks of larger NPs are red-shifted relative to
those of smaller NPs. Therefore, the NPs synthesized at 80 °C
were larger than those prepared at 110 °C. Next, we directly
mixed the colloid solutions containing each type of AgNPs to
obtain a mixture of large and small particles. As displayed in
Figure 2, a 3:1 volume ratio of the colloidal solutions of the
larger and smaller NPs provided a normalized absorption peak
for the mixed suspension that was between those of the original
two solutions; it appeared at 430 nm and was broader than
either of the individual signals. This phenomenon arose from
the absorption peak of the smaller NPs being at a shorter
wavelength with respect to that of the larger particles, meaning
that the absorption peak of the NP mixture would exhibit the
LSPR phenomena of the different sized NPs, resulting in a
broader absorption band.
To investigate the surface morphologies of liquid mirrors, we

transferred the AgNP-based liquid mirrors onto silicon wafer
substrates. Images a and b in Figure 3 display SEM images of
liquid mirrors assembled from the AgNPs that had been formed
at 80 and 110 °C, respectively; corresponding particle-size
distributions are displayed at the bottom of each image. In
Figure 3a, we found that the liquid mirror comprised AgNPs
having a diameter of approximately 100 nm; they were not
closely packed, resulting in many spaces between the individual
AgNPs. In Figure 3b, the AgNPs synthesized at higher
temperature possessed a particle size of approximately 50
nm; the surface of this liquid mirror was relatively densely
packed. Moreover, Figure 3c displays an SEM image of the
liquid mirror prepared from the mixture of AgNPs of various
sizes; it comprised both the larger (diameter: ca. 100 nm) and
smaller (diameter: ca. 50 nm) AgNPs, with two primary peaks
in the size distribution. The gaps between the large AgNPs
were minimized because the small NPs were situated within
these gaps. From these images, the mixing of the large and
small AgNPs appeared to decrease the surface roughness while
increasing the effective thickness of the AgNP-based liquid
mirror, suggesting that it might exhibit high specular reflectance
over a broad bandwidth.
Next, we used AFM to investigate the relationship between

the surface roughness and the reflectance of the liquid mirror.
We transferred the liquid mirror from the water−air interface
onto a glass substrate to perform these observations. Images a
and b in Figure 4 display AFM images of the liquid mirrors
comprising the large AgNPs and the mixed AgNPs,
respectively. The AFM image in Figure 4a revealed that the

Figure 2. Absorption spectra of the AgNP colloids synthesized at 80
°C (black line) and 110 °C (red line) and of a mixture of these colloid
solutions at a volume ratio of 3:1 (blue line).
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surface was relatively rough when the liquid mirror comprised
AgNPs having a diameter of approximately 100 nm. The cross-
sectional analysis provided a root-mean-square surface rough-
ness of approximately 16 nm, suggesting that this mirror might
exhibit low reflectance. On the other hand, the root-mean-
square roughness of the surface of the mixed AgNPs (Figure

4b) was less than 10 nm, because the small AgNPs filled the
gaps between the large particles, suggesting that the reflectance
would be enhanced effectively. The smaller NPs would also
assist in decreasing the interparticle spacing further if the
arrangement of AgNPs were to be improved by varying the
concentration of the ligand.

Figure 3. SEM images and particle size distribution diagrams of (a) the large AgNPs (ca. 100 nm), (b) the small AgNPs (ca. 50 nm), and (c) the
mixture of the large and small AgNPs.

Figure 4. AFM images and cross-sectional analyses of liquid mirrors comprising (a) the large AgNPs and (b) the mixture of large and small AgNPs,
prepared at a dmp concentration of 0.005 M.
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To examine the quality of our various liquid mirrors, we
measured their reflectance using a reflectometry system. The
reflectometry provided a white light source through an optical
fiber. The fiber was set to be vertically above on liquid mirrors
at an incident angle of 0° and the reflection light was collected
at the same time. In addition, we also measured the reflectance
of the preknown reflectance substrates, such as silicon wafer or
glass, under the same optical setup to examine the absolute
reflectance of our liquid mirrors. The reflectance spectra were
all derived in liquid state of AgNP films, without transferred
onto solid substrates. As displayed in Figure 5a, the reflectance

of the liquid mirror comprising the larger AgNPs was lower
than that of the liquid mirror comprising the smaller AgNPs.
The lowest reflectance of the mirror comprising the large
AgNPs was 43% at a wavelength of 550 nm; the reflectance in
the longer wavelength region was approximately 60%. On the
other hand, the reflectance dip of the smaller AgNP-based

liquid mirror was 45% at a wavelength of 525 nm, reaching
approximately 70% in the longer wavelength region. We
attribute the lower reflectance of the liquid mirror prepared
from the larger AgNPs over the whole wavelength range to the
lower density of the packing of these large NPs, as observed in
Figure 3a. To optimize the surface roughness of the liquid
mirror, we mixed the colloidal solutions of the large and small
AgNPs at a volume ratio of 3:1, such that the smaller AgNPs
would fill the interstices to form a liquid mirror having a flatter,
more-continuous surface. As displayed in Figure 5a, the
reflectance dip of the mixed liquid mirror increased significantly
to approximately 55% at a wavelength of 530 nm. The average
reflectance in the longer wavelength region was approximately
68%, slightly lower than that of the liquid mirror comprising
only smaller AgNPs. We suspect that although the smaller
AgNPs filled the gaps between the pairs of individual larger
AgNPs, the arrangement of the mixed AgNPs would require
further optimization to obtain a liquid mirror exhibiting higher
reflectance.
Because we formed the liquid mirrors after extracting the

AgNPs from a colloidal solution of the ligand dmp, we
suspected that the concentration of dmp would certainly
influence the arrangement of the particles during the process.
Indeed, a previous study revealed that the reflectance could be
improved by varying the concentration of dmp.22 To further
increase the reflectance of our liquid mirror comprising a
mixture of both large and small AgNPs, we tested the effects of
dmp concentrations from 0.001 to 0.05 M on the reflectance of
the resulting liquid mirrors; Figure 5(b) presents the
corresponding reflectance spectra. We observe that the
reflectance of the liquid mirror increased upon increasing the
dmp concentration from 1 × 10−3 to 5 × 10−3 M; the measured
reflectance increased from 55 to 60% at 550 nm and from 69 to
84% in the longer wavelength regime, with the average
reflectance increasing from 65 to 77%. Any further increase
in the dmp concentration caused the reflectance to decrease.
We attribute this phenomenon to the aggregation of the ligand,
such that it could not effectively cover the surfaces of the
AgNPs, resulting in a gradual greater difficulty in the formation
of the liquid mirrors. In other words, when the ligand
concentration was greater than 5 × 10−3 M, increasing the
concentration of ligand did not improve the reflectance of the
liquid mirror.
Next, we compared the reflectance of our liquid mirror

prepared using the mixed AgNPs with that of the best result
reported by Borra et al.23 Figure 5c displays the absolute
reflectance and relative reflectance, normalized to Hg, for both
liquid mirrors. Gratifying, the average reflectance at wave-
lengths ranging from 550 to 1000 nm increased from 74 to 80%
(from 96 to 104%, normalized to Hg); in the shorter
wavelength regime (from 400 to 550 nm), it increased
significantly from 56 to 68% (from 73 to 88%, normalized to
Hg). Most of the increase in reflectance was contributed from
the short wavelength regime (blue light) because the lower
surface roughness of the liquid mirror film greatly decreased the
associated scattering loss.
The reflectance spectra in Figures 4 and 5 feature obvious

reflection dips. To investigate their origin, we considered the
relationships between the arrangement of the AgNPs and the
resulting specular reflection of the liquid mirrors. In the LSPR
phenomenon, the conduction electron cloud of the metal NPs
will oscillate with the electric field of the incident light. As a
result, the electric field between pairs of NPs at specific spots

Figure 5. (a, b) Reflectance spectra of liquid mirrors comprising (a)
large (black line), small (red line), and mixed (blue line) AgNPs and
(b) mixed AgNPs prepared at different dmp ligand concentrations. (c)
Reflectance spectra of the liquid mirrors in this study compared with
the best results from a previous report, both normalized to Hg.
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would be enhanced. This phenomenon is called the particle
plasmon or localized surface plasmon.35 Thus, the particle sizes,
densities, and shapes influenced the resonance wavelengths in
the spectra. We performed 3D-FDTD simulations to
investigate the relationships between the specular reflection of
the liquid mirrors and the arrangements of their AgNPs. Panel a
and b in Figure 6 reveal the simulation setups for NPs having a
diameter of 100 nm in various arrangements: a single AgNP, a
few AgNPs, and closely packed AgNPs on the water surface.
The detector was set over 4 μm above the water surface to
better represent the specular reflection. Figure 6c displays the
simulation data. For a single AgNP, the reflection peak
appeared near 500 nm, which is the LSPR wavelength of a
single AgNP. As the number of AgNPs increased, a coupling
effect occurred between the NPs, causing the peak to red-shift
slightly to 520 nm and the reflective power to increase in the
longer wavelength region. Finally, when numerous closely
packed AgNPs were present, almost forming a continuous NP
film, the reflective power increased further in the longer
wavelength region; we found, however, that a reflection dip
appeared at a wavelength of approximately 520 nm. We suspect
that these phenomena originated from the extinction
phenomenon of the LSPR on the AgNPs. The extinction
from the LSPR effect contained both absorption and scattering

effects. Because the extinction was quite strong at the
wavelength of the LSPR, the scattering that occurred in all
directions was strong as well. This strong scattering presumably
contributed to the specular reflection because it occurred in the
direction that agreed with reflection. Thus, the resulting
increased specular reflection would be improved if only a
single AgNP or a few AgNPs existed on the water surface. In
contrast, the reflectance away from the characteristic LSPR
wavelength was caused merely by common surface reflection;
therefore, it would not be enhanced. If there were abundant
AgNPs that formed a continuous film, however, the NP film
would be quite flat. The specular reflection itself was sufficiently
high when the contribution from the backscattering of the
LSPR effect was not evident. Here, the absorption term of the
LSPR effect was dominant over the specular reflection at the
resonating wavelength that caused the dip in the reflectance
spectrum. As a result, except at the LSPR wavelength, the
reflectance was rather high over a broad wavelength regime, as
the measured data confirmed in Figure 5.
To further investigate the relationship between the

reflectance and the surface roughness of the liquid mirror, we
also used the 3D-FDTD method to simulate the reflectance of
liquid mirrors possessing different surface morphologies. Figure
7 displays schematic representations of the simulation setup. In

Figure 6. (a, b) Schematic representations of the setups for 3D-FDTD simulations of (from left to right) a single AgNP, a few AgNPs, and many
AgNPs, each positioned on a water surface. These simulations were conducted using randomly distributed AgNPs having a diameter of 100 nm. (c)
FDTD-simulated specular reflection power of the liquid mirrors.
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panels a and c in Figure 7, we used a model of a liquid mirror
comprising only 100 nm AgNPs distributed randomly at the
air−water interface. In panels b and d in Figure 7, the
simulation model featured many 100 nm AgNPs surrounded by
50 nm AgNPs in their interparticle spaces; in accord with the
SEM image, we set the gaps between each pair of NPs to be 2
nm. We measured the simulated reflectance electric field
distributions of a plane wave featuring a wavelength of 400 nm
propagating into these two kinds of liquid mirrors. From Figure
7e, we calculated the reflectance of the liquid mirror based on
randomly distributed large AgNPs to be approximately 30% at
400 nm. After the 50 nm AgNPs had been introduced into the
system, Figure 7f reveals that the reflectance in shorter
wavelength region had been increased effectively. It was
evident that the simulated reflectance at 400 nm rose to
approximately 55%, due to the improvement in average surface
flatness after filling the smaller particles into the interstices
between the larger particles. Although we could set up our
simulations with only spherical AgNPs, because of the inherent
limitations of FDTD simulation settings, not all of the particles
in the liquid mirror were sphericalthere were also some
polygonal AgNPs, as revealed in the SEM images in Figure 5a.
It was evident in the SEM images that the non-spherical

particles filled the interstices better than the spherical ones did,
forming a much more continuous and flatter liquid mirror
surface. The measured reflectance of the liquid mirror was
slightly better than the conditions we used in our simulations.
According to the simulation data, we conclude that the
reflectance of a liquid mirror in the shorter wavelength regime
is influenced largely by its surface roughness.
Figure 8 displays photographic images of the liquid mirrors

prepared in this study. In Figure 8a, a specular reflecting image

is clearly evident in the liquid mirror, which was highly
reflective because of its relatively flat surface. Moreover, Figure
8b demonstrates one of the most important qualities of a liquid
mirror: its deformability. In this case, we used a glass rod to tilt
the Petri dish, so that the liquid mirror was nearly overflowing.
Because of the surface tension of the water, the liquid mirror
acted like a curved reflection surface. In this photograph, we
observe the distorted image of a straight ball point pen,
reflected by the liquid mirror. This picture reveals that the
liquid mirror was readily deformed as a result of its liquid
nature.

■ CONCLUSIONS
We have prepared a densely packed liquid mirror, exhibiting
high specular reflectance, from a mixture of AgNPs having two
different diameters. We controlled the particle sizes of these
AgNPs by varying the temperature during the synthetic process.
We also optimized the ligand concentration, which influenced
the arrangement of the AgNPs, to optimize the high reflectance
of the liquid mirrors. We mixed colloidal solutions of the large
and small AgNPs at a volume ratio of 3:1, with the
concentration of ligand optimized at 0.005 M. SEM images

Figure 7. (a−d) Schematic representations of the setups of 3D-FDTD
simulations and (e, f) FDTD simulations of the electric field
distributions of a plane waves (wavelength: 400 nm) propagating
onto liquid mirrors comprising (a, c, e) randomly distributed AgNPs
(diameter: 100 nm) and (b, d, f) a randomly distributed mixture of
large and small AgNPs (diameters: 100 and 50 nm, respectively). Figure 8. Photographic images of (a) the highly reflective liquid mirror

and (b) the deformability of the liquid mirror.
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confirmed that the particles in the liquid mirror were well
packed as a result of the mixing of the large and small AgNPs.
The interparticle distance in the liquid mirror was merely 2 nm
as a result of the interstices having been effectively minimized.
AFM images revealed that the surface roughness also decreased
when combining the large and small AgNPs and optimizing the
concentration of the ligand. A decrease in the scattering loss
caused the reflectance in the shorter wavelength regime to
increase effectively. In addition, the AgNP film was sufficiently
thick to reflect light in the longer wavelength regime. Thus, our
liquid mirror satisfied both of the requirementsa thick film
and a flat surfacefor highly reflective properties over a broad
wavelength regime. In addition, we used 3D-FDTD simulations
and experimental measurements to investigate the relationships
between LSPR effects of the AgNPs and the specular reflection
of the liquid mirrors. By changing the packing density of the
AgNPs, we found that the LSPR effect could yield a specular
reflection peak or reflection dip at the LSPR wavelength in the
reflection spectra of the liquid mirrors. Comparing our liquid
mirror in this study with the best results reported previously,
we increased the average reflectance at wavelengths in the range
550−1000 nm from 74 to 80% and that in the range 400−550
nm greatly from 56 to 68%. The average reflectance in the
range from 400 to 1000 nm reached 77%, comparable with that
of Hg-based liquid mirrors. Its liquidlike properties suggest that
this liquid mirror will be suitable for fabricating large-scale
mirrors with desired shapes. The deformability of this liquid
mirror allows it to be readily transferred onto different kinds of
substrates for applications in various devices.

■ METHODS
Chemicals. Silver nitrite (AgNO3, 99.9999%), neocuproine free

base (2,9-dimethyl-1,10-phenanthroline, dmp, ≥98%) and 1,2-
dichloroethane (DCE, ≥99.0%) were purchased from Aldrich.
Trisodium citrate dihydrate (Na3C6H5O7·2H2O) was purchased
from SHOWA. All the chemicals were used as received without
further purification. Deionized water (18.2MΩ·cm) was used in all
synthesis processes.
Preparation of AgNPs. We prepared the AgNPs via a chemical

reduction method. A mixture of 100 mM aqueous AgNO3 (20 mL)
and 1% aqueous sodium citrate (5 mL) was heated for 30 min while
stirring. The AgNP diameters were controlled by varying the reaction
temperature. Reaction temperatures of 80 and 110 °C provided the
large and small AgNPs. Throughout the synthesis process, the color of
the solution changed gradually from transparent and light yellow to
pale brown as a result of the LSPR effect of the AgNPs. After the color
became totally pale brown, the AgNPs colloid were kept heating at 110
and 80 °C for 30 min to make the NPs stable.
Preparation of Liquid Mirrors. To explore the relationship

between the 2,9-dimethyl-1,10-phenanthroline (dmp) ligand density
and the arrangement of the self-assembled AgNPs film, the
concentrations of dmp in 1,2-dichloroethane were varied from 1 ×
10−3 to 5 × 10−3 M. These dmp solutions (10 mL) were mixed with
each AgNPs colloidal solution (10 mL) at equal volume ratio (1:1) in
a separatory funnel. After 5 min of intensely shaking, the ligand-
covered AgNPs would form highly reflective AgNP films resided at the
water−dichloroethane interface. After removing the water and the
organic layer, the liquid mirror layer could be readily poured onto
various substrates.
Characterization. Absorbance spectra of AgNPs colloids were

measured by UV−vis spectrophotometer (U-4100, Hitachi). Specular
reflectance spectra of the self-assembled AgNPs films were measured
in solution using thin film reflectometry (NanoCal-2000). To
investigate the surface morphology and quality of the AgNP films,
each liquid mirror was transferred onto a glass or silicon substrate.
After dried at room temperature, these samples were subjected to field

emission gun scanning electron microscopy (FEG SEM-NOVA
NANO SEM 450) and scanning probe microscope as atomic force
microscopy (Veeco Innova SPM).

Optical Simulations. To explore the relationship between the
specular reflection of a liquid mirror and the arrangement of its
AgNPs, we used the three-dimensional finite-difference time domain
(3D-FDTD) method to simulate the conditions of the specular
reflection. The simulation setup was depicted in panels a and b in
Figure 6. Three types of AgNPs arrangements were used. First, a single
AgNP was placed on the water surface, and then a few more AgNPs
were introduced into the system. Finally, AgNPs were numerous
enough to form a continuous NPs film on the water surface. Each
AgNP had the diameter of 100 nm and was semi-immersed into the
water layer. The minimum distance between AgNPs was set to be 2
nm. A plane wave as the light source was placed to be 500 nm above
the water surface. The detector was set to be 4.3μm far above the
water surface to ensure the detector collected the specular reflection
light. The perfectly matched layer (PML) boundary conditions were
used to assure only the specular reflection light could be collected by
the detector.

To investigate the relationship between the specular reflectance and
the surface roughness of liquid mirror, we also used the FDTD
method to simulate the reflectance of liquid mirrors possessed two
different surface morphologies. The first model liquid mirror in the
simulation consisted of AgNPs having diameters of 100 nm that
randomly distributed at the water surface. Part of these AgNPs were
semi-immersed into the water layer, the center of these NPs was set to
be at the water surface. Next, 50 nm AgNPs were introduced into the
system. The center of these small AgNPs was set to be 25 nm above
the water surface so as to reduce the surface roughness of liquid
mirror. The gaps between adjacent AgNPs were set at 2 nm according
to the SEM images. The light source was set to be a plane wave which
resided 100 nm above water surface. The PML boundary conditions
were also used in these calculations.
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