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ABSTRACT: We present a study on photon-induced light
emission at room temperature from macroscale foamed gold
with micro/nanoscale hollow spheres synthesized by seed-
mediated growth method. Samples with a fixed sphere
diameter but different Au densities are examined. It is
demonstrated that strong and characteristic light emission
from these samples can be achieved under optical excitation. In
a short excitation wavelength regime (280—470 nm), the peak
position in the photoemission spectrum increases almost
linearly with excitation wavelength. In a relatively long-
wavelength excitation regime (478—520 nm), photolumines-
cence (PL) can be observed where the peak position in the PL
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spectrum depends very little on excitation wavelength and two peaks can be seen in the PL emission spectrum. These effects do
not change significantly with varying sample density, although it is found that the intensity of the light emission increases with
sample density. We find that the features of the PL emission from foamed gold with micro/nanoscale hollow spheres differ
significantly from those observed for Au nanoparticles. This study is relevant to the application of Au micro/nanostructures as

advanced optoelectronic materials and devices.

B INTRODUCTION

At present, foamed metal materials have been widely applied in
aviation, aerospace, automobile, biochemical sensors, and other
related fields owing to their superior features,' such as strong
impact-energy absorption, catalytic activity enhancement,
filtration efficiency improvement, to mention but a few. With
the development of micro/nanoscience and technology,
nowadays, it has become possible to realize macroscale and
monolithic foamed metal materials with micro/nanoscale
structural units. These newly developed foamed metal materials
have some unusual properties, such as large aperture rate, high
porosity, large specific surface area, and so forth. As a result,
they have been proposed as new materials for advanced
electronic and optoelectronic devices,” which can provide more
freedom in the allocation of their electronic and optical
properties. The macroscale foamed metal materials with micro/
nanoscale structural units have shown some unique and
interesting electronic and optoelectronic properties,z’3 which
cannot be observed for the corresponding bulk and thin-film
structures. In particular, for foamed metal materials with micro/
nanoscale structural units realized from noble metals, such as
gold and silver, the increase in the surface area of the metal
structural units can result in an enhanced absorption of the
radiation field due to the surface plasmon (SP) resonance
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effect’ on the surface of the metal units. Thus, markedly
enhanced optoelectronic phenomena, such as optical absorp-
tion, fluorescence, Raman scattering, ultrafast nonlinear optical
response, and so forth, can be expected.

Gold-based micro/nanostructures, such as micro/nano-
particles,” micro/nanosphere arrays,’ micro/nanotubes,” and
so forth, have been considered as advanced optical materials
owing to their excellent plasmonic properties® and strong and
characteristic photoemission” in the presence of an external
excitation fleld, such as optical pumping. The macroscale
foamed Au material with micro/nanoscale structural unit is a
new class of micro/nano-Au structure, which has not yet been
investigated widely and deeply. For the potential application of
macroscale and monolithic foamed Au materials with micro/
nanoscale structural units as optical and optoelectronic
materials and devices, it is of importance and significance to
study the basic optical and optoelectronic properties of the
material systems. From a technical point of view, due to strong
optical absorption of the surface plasmon in the sample
structure, it is rather hard to measure the pronounced light
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Figure 1. (a) Schematic of hollow gold microsphere. (b—e) Images of formed Au samples, obtained by field emission scanning electron microscopy
(FESEM), with different Au hollow sphere diameters d and sample densities p. (b) d = 10 um, p = 0.5 g/cm?; (c) d = 10 um, p = 0.6 g/cm?; (d) d =

10 pum, p = 0.7 g/cm?; and (e) d = § um, p = 0.7 g/cm?.
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Figure 2. Photoluminescence spectrum of the foamed gold with micro/nanoscale hollow spheres for different excitation wavelengths. The sample
density p and the diameter of the Au sphere d are as indicated. The results are shown over the excitation wavelength regime from 280 to 478 nm (a)

and from 478 to 520 nm (b).

transmission signals from the sample. On the other hand, the
foamed Au structure can result in a joint effect of the random
absorption and the diffuse reflections so that the optical
reflection spectrum is heavily damped and broadened. As a
result, the photoinduced light emission experiment becomes an
obvious option for the optical characterization and investigation
of macroscale foamed Au materials with micro/nanoscale
structural units. Moreover, from a viewpoint of physics, in the
presence of excitation radiation field, the strong absorption of
the light field by electrons in the sample system can lead to the
excitation and relaxation of photoexcited electrons in the
foamed Au material. Thus, the photoinduced light emission can
occur especially in a relatively high-frequency or short-
wavelength regime, where the electron—phonon coupling is
not strong enough for the quick relaxation of photoexcited
electrons in the sample structure. Therefore, the results
obtained from photon-induced light emission or photo-
luminescence (PL) measurement can help us to gain some
important information about electronic band structure and
electronic relaxation mechanisms.

The prime motivation of this study is to examine the basic
features of photon-induced light emission from gold-based
foamed metal materials with micro/nanoscale hollow sphere
structure. In such a sample structure, the corresponding
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optoelectronic properties can be tuned by varying sample
parameters, such as the diameter of the hollow Au microsphere,
the nanoscale thickness of the Au shell, and the aperture rate or
density of the sample.

B RESULTS AND DISCUSSION

In this work, the foamed Au samples consisted of uniformly
dispersed hollow gold microspheres with inner diameter d (d =
2r,) and shell thickness t (t = r, — ), as shown in Figure la.
Here, the diameter of the hollow sphere is about d = 10 ym and
the Au shell thickness is in the range of about t = 70—90 nm.
We find from the bare-eye observation that the color of the
samples is nearly black. The diameter of Au hollow sphere can
be tuned by using different sizes of polystyrene (PS)
microspheres and by electroless plating process to grow
different thicknesses of the Au shell. The aperture rate or
density of the sample can be controlled by the seed-mediated
growth process and by the slip-casting procedure, which can
lead to randomly packed Au/PS spheres with void spaces
between individual particle units.'” The details of the sample
fabrication are presented in Methods. Here, we refer the
foamed Au sample to be as a micro/nanoscale hollow sphere
structure because the thickness and diameter of the Au shells
are in the nano- and micrometer spatial scales, respectively.
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We take the foamed Au samples with different sample
densities (p = 0.5, 0.6, and 0.7 g/cm’) and with a fixed Au
sphere diameter d = 10 um for optical measurement. The
porosities of these samples are more than 90%. The images of
the foamed Au with micro/nanoscale hollow spheres, obtained
from field emission scanning electron microscopy (FESEM, S-
4800), are shown in Figure 1b—e for different sphere diameters
d and sample densities p.

The spectrum of photon-induced light emission is shown in
Figure 2a for a sample with a fixed density p = 0.5 g/cm® and a
fixed Au hollow sphere diameter d = 10 pm at different
excitation wavelengths A, = 280, 340, 400, 460, and 478 nm. As
we can see from Figure 2a, the corresponding PL peaks appear
at about A, = 372, 417, 472, 511, and 572 nm. Over this
excitation wavelength regime, the position of the PL peak
depends on pumping wavelength and A, red-shifts with
increasing excitation wavelength (4.,). Meanwhile, the intensity
of the PL spectrum first increases with increasing 4., from 280
to 400 nm and then decreases with increasing A, from 400 to
478 nm. These results shown in Figure 2a indicate that when
the excitation wavelength is below 478 nm, the intensity and
the peak position of the photoemission from foamed Au with
micro/nanoscale hollow spheres depend sensitively on the
pumping wavelength ().

When we gradually increase the excitation wavelength (A.,)
in the range of 478—520 nm, we find that the peak position 4.,
in the PL spectrum for the sample is always at about 572 nm,
which does not alter markedly with varying the pumping
wavelength, as shown in Figure 2b. In this excitation
wavelength regime, the intensity of the PL spectrum of the
sample decreases monotonously with increasing pumping
wavelength. The results shown in Figure 2b indicate that
when the excitation wavelength is above 478 nm, the peak
position of the photoemission from foamed Au with micro/
nanoscale hollow spheres depends very weakly on the pumping
wavelength. This implies that over this excitation wavelength
regime the photoemission is mainly achieved via typical
excitonic light emission mechanism."'

We also carry out measurements for foamed Au with micro/
nanoscale hollow spheres at a fixed diameter of the Au hollow
spheres d = 10 ym but for different sample densities p = 0.5,
0.6, and 0.7 g/cm®. The results are shown in Figure 3, where a
fixed excitation wavelength is applied. As we can see, the basic
features for the obtained results are very similar to those shown
in Figure 2b, except for which we find that the intensity of the
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Figure 3. PL spectrum at a fixed excitation wavelength 1., = 478 nm
for samples with a fixed hollow sphere diameter but with different
densities as indicated.
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photoemission increases markedly with increasing sample
density. This effect is due mainly to the fact that a higher
sample density corresponds to a larger ingredient of Au
material in the sample and, as a result, to a stronger
photoemission from Au shell layers. It is known that the
macroporosity rate and the existence of spherical voids in the
samples are related directly to the sample density. Normally,
the higher the sample density is, the lower the macroporosity
rate is. Therefore, the results shown in Figure 3 also imply that
a sample with a lower macroporosity rate can emit more
strongly the PL. Moreover, we find that the difference between
the pumping wavelength A, and the peak position A, of
photoemission (i.e., Ay, — Ao) is almost independent of the
density of the foamed Au samples. Hence, we are able to plot
the results for the peak position 4,,, of photoemission against
pumping wavelength A, for samples with different densities of
foamed Au, which is shown in Figure 4. Interestingly, from
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Figure 4. Peak wavelength of the photo-induced light emission 4., as
a function of excitation wavelength A, for foamed Au samples with
different densities p as indicated. Here, k is the slope of a roughly
linear dependence in shorter pumping wavelength regime. The
symbols represent experimental data, and the solid black line is
drawn to guide the eye.

Figure 4, we see that over the pumping wavelength regime A,
from 280 to 470 nm, the wavelength position of the PL peak
Aem depends roughly linearly on 4., with a slope of about k =
0.75. Thus, in this excitation wavelength range, the wavelength
of the photoemission peak can be estimated through 4., =~ a +
kA ey with a being about 166 nm, where a and k are obtained by
statistical averaging of the experimental data. Furthermore, A,
remains at about 572 nm for foamed Au samples with different
densities when A, is within the range of 478—520 nm. In this
excitation wavelength regime, the PL emission (PLE) occurs
mainly through the excitonic mechanism for these samples with
different densities, namely, the photoemission is achieved
mainly via the combination and separation of the electron—hole
pairs in the presence of optical excitation.

It is known that the PL emission via excitonic mechanism is
of great importance and significance in understanding the
electronic band structure and the electronic relaxation
mechanism of an electronic system.'' We therefore would
like to focus our attention on the PL emission in the excitation
wavelength (4.,) range of 478—520 nm. Because the peak
position in the PL emission spectrum is at a wavelength A.,, ~
572 nm, which does not vary markedly with altering the
pumping wavelength (see Figure 2b), we can perform the PLE
measurement on these samples for a fixed emission wavelength.
In Figure S, we plot the intensity of the PLE detected at a fixed
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Figure S. Intensity of PLE at a fixed emission wavelength A, = 572
nm as a function of excitation wavelength for samples with different
densities as indicated. Two peak wavelengths are indicated.

light emission wavelength A, = 572 nm against excitation
wavelength for samples with different densities. Again, a sample
with a larger density can lead to a stronger PLE at a wavelength
of about 572 nm for different excitation wavelengths. We notice
that two emission peaks can be observed in the PLE spectrum
by varying the excitation wavelength: one is at 4, ~ 408 nm
and the other is at A, ~ 478 nm. This interesting finding
implies that there are two electronic transition channels or
mechanisms responsible for the emission of the PL at a
wavelength 4., = 572 nm observed experimentally.

Now we discuss the physical mechanism behind the
experimental findings shown in Figures 2—5 for foamed Au
with micro/nanoscale hollow spheres.'” We know that gold is a
monovalent metal, which belongs to the face-centered cubic
lattice structure with a shell structure being as [Au] 5d'°—6sp’.
The atomic structure of Au is quite similar to that of the alkali
metals, but Au has the s-orbit near the d-orbit. It is known'”
that when gold atoms form into the Au solid with a lattice
structure, the s-orbits in Au evolve into a wide s-band due to
large overlap of the electron wave functions, whereas the d-
orbits evolve into a narrow d-band due to the effect of the
localization. For the case of Au-based micro/nanoscale hollow
sphere structures, because the thickness of the Au shell is on
the nanometer scale, the quantum size effect takes place so that
the corresponding energy band can be quantized into the
electronic sub-bands."® As a result, the visible fluorescence from
Au-based micro/nanoparticles is attributed mainly to interband
electronic transitions between the 6sp' conduction-like band
and the 5d' valence-like levels.'* From the results obtained
from this study, we are able to construct an energy-level
diagram and possible electronic transition channels accom-
panied by the absorption and emission of photons for foamed
gold with micro/nanoscale hollow sphere structure, which is
shown in Figure 6. In the presence of excitation light field, the
electrons in the 5d'° valence-like band are pumped into the
6sp' conduction-like band via the optical absorption mecha-
nism (blue lines in Figure 6). There are two major channels or
mechanisms for radiative relaxation of photoexcited electrons in
the 6sp' band as follows.

The first channel or mechanism for photon-induced light
emission is the direct photoemission induced by electronic
transitions from higher energy levels to lower energy states. As
we know, the electrons in the higher energy states have
normally a quicker (shorter) relaxation time than those in the
lower energy states. For the case of relatively short-wavelength
excitation, the photon-induced light emission from foamed Au
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Figure 6. Schematic diagram of the energy states for Au hollow sphere
structure and the corresponding electronic transition channels for
optical excitation (blue lines), nonradiative electronic relaxation (gray
lines), and photo-induced light emission (green lines).

is mainly achieved through this mechanism. The photoexcited
electrons in the higher energy states in the 6sp' band first
quickly relax into the lower energy states via nonradiative
intraband relaxation mechanism, such as electron—phonon
scattering and electron—electron interaction (gray lines in
Figure 6). When the nonradiative electronic relaxation time for
electrons in the 6sp states is longer or larger than the radiative
electronic relaxation time, these electrons can go back to the
5d' band and emit photons (green lines in Figure 6). With
decreasing pumping wavelength, more states in the 5d'° band
and especially in the 6sp' band can take part in these pumping,
relaxation, and emission processes and thus the peak wave-
length in the light emission spectrum decreases with excitation
wavelength. Therefore, the wavelength of the light emission
depends on the excitation light wavelength. The roughly linear
increase in the peak wavelength of light emission with
excitation wavelength implies that the nonradiative electronic
relaxation time increases almost linearly with lowering energy
levels in the 5d'° band for electrons in foamed Au, as observed
in this study.

The second channel or mechanism for photon-induced light
emission from foamed Au is the excitonic mechanism.'’ When
electrons in the 5d'° band are pumped optically into the 6sp’
states, the holes are generated in the 5d'° band and the excitons
or electron—hole pairs induced by electron—hole interaction
due to Coulomb potential can be formed in the sample system.
By this mechanism, the photoexcited electrons in the high
energy states in the 6sp' band are relaxed into the low energy
states via nonradiative intraband electronic transition channels
and these electrons are combined with the holes in the 5d'
band to form the excitons. The separation of the electron—hole
pairs can lead to the emission of light with the peak wavelength
corresponding to the energy gap between the 6sp' and 5d'"°
bands. Because this energy gap does not change with pumping
wavelength, the peak wavelength of the PLE from foamed Au
does not vary with the pumping wavelength. For the case of
relatively long-wavelength excitation, the PLE from foamed Au
is mainly achieved through this mechanism. The result obtained
from this study suggests that the energy gap between the 6sp’
and 5d'° bands in foamed Au with micro/nanoscale hollow
spheres is about 527 nm or 2.35 eV, which is much larger than
1.48 eV measured from the PL for Au nanoparticles” with 488
nm argon-ion laser pumping. The main reason why the foamed
Au with nanoshells has a larger energy gap than that in Au
nanoparticles is that the stronger quantum size effect can be
achieved in the nanoshell structure,'® which can enhance the
energy spacing between the lowest sub-band in the 6sp' band
and the highest sub-band in the 5d'° band. It should be noted

DOI: 10.1021/acsomega.7b00798
ACS Omega 2017, 2, 5759-5765


http://dx.doi.org/10.1021/acsomega.7b00798

ACS Omega

that a relatively sharp PL peak was observed for Au
nanoparticles, whereas the rather broad-band PLE can be
seen for foamed Au with micro/nanoscale hollow spheres.
Therefore, the basic features of PLE from foamed Au materials
differ significantly from those observed for Au nanoparticles.
Moreover, in contrast to single-wavelength optical pumping to
measure the PLE for Au nanoparticles,” here we are able to
conduct the measurements via varying the excitation wave-
length so that the emission via excitonic mechanism can be
confirmed and verified.

It should be noted that the two light emission channels or
mechanisms discussed above for foamed Au are competitive.
When electronic relaxation time for direct light emission is
shorter than excitonic lifetime, wavelength-dependent light
emission can be observed, and vice versa. Because the higher
energy states in the 6sp' band normally have shorter electronic
lifetime, the wavelength-dependent light emission can be
observed with shorter wavelength pumping, whereas the PLE
via excitonic mechanism can be seen with relatively longer-
wavelength pumping. The results obtained from this study
suggest that 478 nm excitation wavelength is a critical point
between two mechanisms. Namely, the electronic relaxation
time for energy states above this level is shorter than excitonic
lifetime so that the direct light emission can be observed,
whereas the excitonic lifetime for energy states below this level
is shorter than nonradiative electronic relaxation time so that
the PLE can be observed."® Furthermore, a larger density of the
sample means more sources of photo-emission. This is the
main reason why the intensity of the PL emission from foamed
Au with micro/nanoscale hollow spheres increases with sample
density, as shown in Figures 3 and S.

It is reported that PL emission in noble-metal-nanoparticles
can enhanced by the presence of the plasmon locla field
effect." However, although the foamed Au samples consist of
micro/nanoscale hollow Au spheres, we have not observed
explicit resonant optical phenomena associated with localized
surface plasmons (LSPs) during the photo-induced light
emission measurements in the visible regime. As we know,
the LSPs supported by metallic nanoshell are usually thought to
arise via the hybridization of the dipolar modes of a metallic
sphere and a corresponding dielectric void in a metal
substrate.'® This kind of hybridization in the nanoshell
geometry can lead to both shifts of the plasmon frequencies
into the long-wavelength region (such as the near-infrared
region) and reduced plasmon linewidth, when both the inner
and outer radii of the shell are in the subwavelength scale. The
scattering from the nanoshells with subwavelength inner and
outer radii can provide light with wave vector components in a
broad range,'® which leads to effective hybridization of the
dipolar plasmon modes of metallic spheres and dielectric inner
voids. However, in the present study, r; and r, of the hollow
spheres are nearly 16—3S times larger than the excitation or
emission wavelength (i.e., ry, 7, > Aoy Aem). Therefore, it is very
difficult to excite dipolar modes in very large spheres and inner
voids to further generate localized plasmonic resonances (such
as LSPs) effectively, even if there may be a few subwavelength
defects and cracks in the Au nanoshells. In other words, the
efficiency of the plasmonic excitations of the hollow spheres is
too low to cause obvious resonant phenomena in the visible
range.

Moreover, due to the casting procedure in the sample
fabrication, the arrangement of the hollow gold microspheres is
disordered, which also means disordered arrangement of the
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voids both inside and outside the nanoshells. It should be noted
that the disordered voids outside the nanoshells can act as
disordered cavities with random sizes, which corresponds to
random resonant wavelengths in a broad range. Thus, the joint
effect of the strong random absorption in these disordered
cavities and the diffuse reflections on the rough sphere surfaces
can give rise to broad-band absorbance. It is responsible for the
weak reflection spectra submerged in background noise when
we performed the conventional light reflection experiment.
Another obvious evidence of this kind of broad-band
absorption in visible bandwidth is that the color of the samples
is nearly black from the bare-eye observation. Moreover, the
number of hollow gold spheres on top of each other may affect
the corresponding optical properties of the samples. At present,
it is difficult to control the stacked number and order of the
disordered hollow spheres in the foamed Au structure via
current sample fabrication technique.

Although we have not prepared flat Au films via electroless
plating, we believe that the basic PLE behavior of the thin Au
film does not depend on the method of fabrication. Thus, the
results of our foamed Au materials can be compared to the
results of Au films obtained in previous works. It should be
noted that in visible bandwidth normally there is only one
typical PL peak to be observed in Au thin films (see, e.g., Figure
2 in ref 17), for which the peak position does not vary with
excitation wavelength. This corresponds to the direct optical
transition between s- and d-bands in Au. As for Au nano/
macrosphere array structures, two PL peaks can be observed:®
one corresponding to the band gap between s- and d-bands and
the other to the pattern of the array structure. The experimental
results shown and discussed in this work indicate that the basic
features of the PLE from foamed Au materials with micro/
nanoscale hollow sphere structures differ significantly from
those in flat Au films and Au nanosphere arrays. Moreover, by
comparing the results measured for Au mirror, Au nano/
macrosphere array structures,’ and foamed Au materials, we
find that generally larger PL intensities can be observed in Au
mirror and Au nano/macrosphere array structures. A relatively
weak PL intensity can be measured for foamed Au materials.
This implies that the quantum yield of the light emission from
foamed Au materials with micro/nanoscale hollow sphere
structures is lower than that from Au mirror and Au nano/
macrosphere array structures.

B CONCLUSIONS

In this study, we have fabricated the macroscale and monolithic
foamed Au materials with micro/nanoscale hollow sphere
structures, which is a new class of Au-based micro/
nanostructure. The basic features of photon-induced light
emission from these samples with different densities have been
examined. The main conclusions obtained from this study can
be summarized as follows.

The strong and characteristic light emission from foamed Au
materials with micro/nanoscale hollow sphere structures can be
observed in the presence of optical excitation. In a relatively
short-wavelength excitation regime (280—470 nm), the peak
position in the photoemission spectrum increases almost
linearly with excitation wavelength. This effect is mainly
induced by direct photon emission when electronic relaxation
time in high energy states in the 6sp' band is shorter than
excitonic lifetime in low energy states. In a relatively long-
wavelength excitation regime (478—520 nm), the PLE can be
observed where the peak position in the PL spectrum depends
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very little on excitation wavelength and two peaks can be seen
in the emission spectrum. In this excitation wavelength regime,
the PLE from foamed Au is achieved mainly via excitonic
mechanism. We have found that the energy gap between the
6sp' and 5d'° bands in our samples is about 527 nm or 2.35 V.
These important features do not change significantly with
varying sample density, although it has been found that the
intensity of the light emission increases with sample density.
The results presented and discussed in this article indicate that
the features of the photo-induced emission from foamed gold
with micro/nanoscale hollow spheres differ significantly from
those observed for Au nanoparticles. For foamed Au with
hollow micro/nanosphere structural units, the corresponding
optoelectronic properties can be tuned by varying sample
parameters, such as the diameter of the hollow Au microsphere,
the nanoscale thickness of the Au shell, and the aperture rate or
density of the sample. We hope the interesting and important
findings from this study can help us to gain an in-depth
understanding of the basic optical properties of the macroscale
and monolithic foamed Au materials with micro/nanoscale
hollow sphere structures and to provide significant information
about the application of Au micro/nanostructures as advanced
optoelectronic materials and devices.

B METHODS

Sample Fabrication. The macroscale and monolithic
foamed Au materials with micro/nanoscale hollow sphere
structure are fabricated through the main process, as shown in
Figure 7. (i) The gold particles with average grain size of about
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Figure 7. Flow chart for the preparation of foamed gold material with
micro/nanoscale hollow spheres. Here, r, is the radius of the PS
sphere, t = r, — r| is the thickness of the Au shell, and d is the diameter
of the hollow sphere. In step (4), the photo of the sample is shown. It
is important to note that it is only a schematic of the sample
fabrication process here. The details of the process are presented in
Methods.

a hollow microsphere

structure

4.6 nm are made in toluene by the electrostatic technique. They
can be adhered and coated on the surface of PS microspheres
with a diameter r,. (ii) The Au particles coated on the surface
of the PS microspheres are taken as seed crystals for electroless
plating to grow the Au shell layers. The deposited gold with
thickness of about 70—90 nm and grain size of about 30—60
nm can be obtained. The diameter of the spheres with Au shell
is r,, and the thickness of the Au shell is t = r, — r,. (iii) The
reducing agent is kept on the surface of the seeds on
deoxidizing HAuCl, to make the gold plating layer continue
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to grow thicker. This step is followed by a casting procedure
analogous to slip casting of ceramic. This procedure can result
in randomly packed PS/Au spheres with void spaces between
individual particles. Thus, the arrangement or pattern of the
hollow gold microspheres obtained in the structure is normally
not ordered in contrast to the usual fabrication of nanoarray
structure based on PS particle templates. (iv) The PS spheres
inside the Au shells are removed by further heat treatment
under nitrogen atmosphere and at a temperature of about 400
°C. After removing the PS microspheres, the Au shells are self-
supported with reasonable mechanical strength. Using this
technique, the monolithic foamed gold with disordered and
self-supported hollow microspheres can be directly obtained in
the macroscale size, in contrast to the conventional layer-by-
layer growth method. The sample obtained in the present study
is a black-looking cylinder with both diameter and height of
about 4 mm. In these samples, the diameter of the hollow
sphere is about d = 10 um, which is decided by the size of the
PS microsphere seed, and the Au shell thickness t can be
controlled in the range of about 70—90 nm corresponding to
different densities (p = 0.5, 0.6, and 0.7 g/cm?). In this study,
the sample density is estimated by p = M/V, with M being the
measured mass and V being the volume calculated by sample
diameter and height. More detailed information about the
synthesis process can be found in ref 10.

PL Emission Measurements. We take a standard
experimental setup to measure the photo-induced light
emission from foamed Au samples with micro/nanoscale
hollow spheres in visible bandwidth. The HORIBA fluores-
cence system is applied for the measurement, where a xenon
lamp is taken as broad-band excitation light source, the
GEMIMI 180 monochromator is used for choosing the
pumping wavelength, and the iHR320 grating spectrometer
together with a photoelectric multiplier tube detector is used
for recording the spectrum of the light emission from samples.
The excitation light beam is applied at an angle of about 45° to
the sample surface, and the detection is undertaken at about
60° to the sample surface. The accuracy of the measurement
system can be up to 0.2 nm in optical wavelength, and the
measurements are carried out at room temperature.
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