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orous metals with sponge-like nano-

structures, for their high surface area,

low density, high gas permeability,
and thermal conductivity, find immense ap-
plications in catalysis,’ fuel cells,>®> mem-
branes,* sensors,>® electrodes,” and
actuators.®® Though significant progress
has been made in making and manipulat-
ing many porous, high surface area metal
oxides,'®" "2 the same is not true for the met-
als. The most versatile template-based ap-
proach used for the synthesis of porous,
high surface area metal oxides does not
give the desired results with metals, in par-
ticular, noble metals such as Ag, Au, Cu, Pt,
and Pd, which are industrially more valuable
considering their use in the production of
hydrogen from methane, reduction of pol-
lutants from automobiles,'* CO
oxidation,”>~ "7 and in fuel cells.>* Neverthe-
less, template-based methods employing
both soft and hard templates were routinely
used to make porous noble metals with
very low surface area (<2 m?/g).'®"22 Other
methods such as selective dissolution of a
metal from an alloy,?* pH-controlled re-
duction by glucose,? fusion of nanoparti-
cles at the interface of a biphasic oil—water
mixture,? reaction-limited aggregation,?’
and emulsion-based synthesis in presence
of a surfactant? were also used to make po-
rous noble metal nanostructures. In a differ-
ent approach, fusion of preformed noble
metal nanoparticles into network structures
was also being explored recently. For ex-
ample, Nadja et al. have reported the forma-
tion of porous noble metal network struc-
tures (aerogel) by treating the preformed
citrate-stabilized nanoparticles with hydro-
gen peroxide? for a week or two followed
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ABSTRACT Here we report an instantaneous formation of high surface area metal nanosponges through a

one-step inexpensive method in a completely green solvent, water. Merely by optimizing the concentration of

the precursors and the reducing agent, we were able to generate a three-dimensional porous structure made up

of nanowire networks. This is a general process, involves a simple, room temperature reduction of metal salts with

sodium borohydride, and is therefore scalable to any amount. Further, these nanoporous metals because of their

network structures show optical limiting behavior of a true broadband nature that would find applications in

optoelectronic nanodevices.
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by super critical CO, drying to remove the
solvent. Grzybowski and co-workers re-
ported the self-assembly of long-chain
dithiol-connected, deformable, spherical
aggregates into macroscopic nanostruc-
tured materials which, on thermal harden-
ing, yields polycrystalline monolith with
controlled porosity.3® All of these processes
reported so far are either multistep, non-
scalable processes and/or restricted to one
or two metals or yield only a very low sur-
face area. Here we are reporting for the first
time a remarkably simple, kinetically con-
trolled sodium borohydride reduction pro-
cess (without any capping agent) to obtain
high surface area nanostructured networks
of noble metals. Sodium borohydride re-
duction is an age-old method to obtain
metal nanoparticles from their precursors
in the presence of a capping agent but sel-
dom used to obtain porous noble metal
nanostructures. By carefully controlling the
concentration of metal precursors and the
sodium borohydride, the fusion of bare
metal nuclei formed during the reduction
process can be induced to form a three-
dimensional sponge-like network of
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Figure 1. (a) Low-magnification FESEM image of a gold nanosponge in a monolithic form. (b) Cross-sectional view of the
gold nanosponge. (c) Higher magnification FESEM image of the gold nanosponge showing porous interconnected networks
with ligaments of size 20—50 nm. Inset shows the TEM image of the gold nanosponge.

noble metals instantaneously. The process involves a
simple, room temperature reduction of metal salts in
water and is, therefore, scalable to any amount. Further,
these nanoporous metals for the first time show a true
broadband optical limiting behavior' 32 owing to their
network structures which would find applications in op-
toelectronic nanodevices.

Figure 1a shows the low-magnifigation FESEM im-
age of a gold nanosponge of about 200 pm size ob-
tained by adding 0.1 M auric chloride solution to 0.1 M
sodium borohydride solution (1:5 v/v). The cross-
sectional image of the nanosponge with 12 um thick-
ness is shown in Figure 1b. Higher magnification image
shows that the nanosponge is made up of porous, inter-
connected networks (Figure 1¢). The sizes of the liga-
ments creating the nanoporous network are in the
range of 20 to 50 nm (Supporting Information 1). Close
observation of these networks shows that the liga-
ments are not of uniform size and often figured with
many branches of similar size suggesting their forma-
tion through the fusion of nanoparticles. The TEM im-
age (inset of Figure 1c) further confirms that the pores
created by the interconnected ligaments are in the or-
der of 50— 150 nm. The polycrystalline nature of the
sponge observed from the ED pattern also suggests

that the nanonetworks were originated from the fu-
sion of nanoparticles (inset of Supporting Information
1). The porous, spongy morphology of gold nanostruc-
ture is retained even when the reduction of gold chlo-
ride (0.1 M) was carried out with higher concentration
of sodium borohydride (2 M) (Figure 2a). Higher magni-
fication FESEM image further shows that the porous
networks are made up of nanoligaments of size around
20—50 nm (Figure 2b).

Similar type of spongy network was obtained with sil-
ver when silver nitrate (0.1 M) was mixed with sodium
borohydride of equimolar concentration in 1:5 volume ra-
tio (Figure 3a). The sizes of ligaments obtained in this
case are in the range of 50—80 nm and are well-
connected three dimensionally. TEM image (Figure 3b)
shows that the sizes of pores are between 50 and 100 nm
and are formed by the extended network of fused nano-
structure. ED pattern (Figure 3c) further confirms the poly-
crystalline nature of the silver nanosponge.

Figure 4a shows the spongy structure of Pd made
up of thread-like nanoligaments. The network is formed
by the fusion of nanoparticles of size around 5 nm (Fig-
ure 4b). The interconnected ligaments are significantly
smaller in size when compared to Ag and Au ligaments,
probably due to the variation in growth kinetics of dif-

Figure 2. (a) Low-magnification FESEM image of gold nanosponge prepared using 2 M NaBH, solution showing the spongy
networks. (b) Higher magnification FESEM image of the gold nanosponge.
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Figure 3. (a) FESEM image of silver nanosponge showing the highly interconnected ligaments. (b) TEM image of the silver
nanosponge showing a network of ligaments of size 50—60 nm. (c) ED pattern showing the polycrystallinity of the silver

nanosponge.

ferent metal nanoparticles. In a similar way, platinum
also forms a three-dimensional network nanostructure
shown in Figure 4c. TEM image (Figure 4d) shows that
these networks are of the size around 30 nm and are
composed of very fine particles of size less than 5 nm.
The particles are fused in such a way that even after
sonication they stand together and retain the network
morphology.

The powder X-ray diffraction pattern (PXRD) shows
the peaks corresponding to the cubic phase for all of
the metal nanosponges (Figure 5). The peak broaden-
ing observed in the XRD patterns is associated with
the nanostructured ligaments present in the metal
sponges. The nitrogen adsorption—desorption iso-
therms obtained at liquid nitrogen temperature (77 K)
show type Il behavior for all of the metal nanosponges.
The specific surface area measured using the BET
method shows 41, 16, 81, and 51 m?%g, respectively,
for Au, Ag, Pd, and Pt nanosponges (Figure 6). To the
best of our knowledge, these are the highest surface ar-

eas reported so far for any self-supported Au, Ag, Pd,
and Pt nanostructures in one simple, template-free
method. Since the networks were formed through the
fusion of metal nanoparticles/clusters (of size 5 nm or
less in the case of Pd and Pt) emerged during the nucle-
ation step, they were expected to have surface rough-
ness at the nanoscale which would contribute to their
high BET surface area.

The UV—vis absorption spectra show near flat ab-
sorption for all of the samples for the entire visible re-
gion as well as in the IR region associated with the sur-
face plasmon resonance for the extended network
nanostructures (Figure 7a). Size- and shape-dependent
surface plasmon resonances in Ag and Au nanoparti-
cles were well studied. For example, spherical Ag and
Au nanoparticles were known to show one principal
plasmon band around 420 and 520 nm, respectively.
However, rod-like nanoparticles, depending on the as-
pect ratio, will show an additional band at higher wave-
length associated with the longitudinal plasmon

Figure 4. (a) Low-magnification FESEM image of palladium nanosponge. (b) TEM image showing palladium nanoparticles
of 5—10 nm size fused to form a network structure. Inset shows its ED pattern. (c) Low-magnification FESEM image show-
ing the platinum nanosponge. (d) TEM image showing the platinum networks made up of nanoparticles of size 5—10 nm. In-

set shows its ED pattern.
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Figure 5. X-ray diffraction pattern of the metal nanosponges.
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absorption.3*~3¢ Since the nanoligaments that consti-
tute the network structures produced in our method
have all the length scales, it shows surface plasmon
resonance (a convolution of plasmon absorption bands)
over the entire visible region as well as in the IR region
of the spectrum. This will also explain the near black
color observed for the as-prepared materials. Further,
these nanosponge powders (Figure 7b) can be pressed
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into pellet shape without compromising much of its
surface area and porosity (Figure 7c). The specific sur-
face areas of porous discs of Au, Ag, Pd, and Pt nano-
sponges are measured after applying a mechanical
pressure of 10 kN (Supporting Information 2), and ex-
cept for the Ag disk, all of the porous discs retain more
or less the same surface area. In the case of Ag, nearly
40% reduction in the surface area was observed at 10
kN pressure. However, the Ag discs made by applying 1
kN pressure show only 25% reduction in surface area
(12 m?/g). Further, the effect of temperature on the
nanosponge was studied for silver, which shows a dras-
tic decrease in the surface area with an increase in tem-
perature. This significant reduction in surface area at
500 °C is attributed to the formation of micrometer-
sized ligaments due to the sintering of the nanostruc-
ture (Supporting Information 3).

The effect of precursor concentration and the reduc-
ing agent, NaBH,, on the formation of a porous net-
work was studied using silver nitrate as the model sys-
tem. Silver nanosponge with high surface area can be
readily formed by mixing the solutions of silver nitrate
and borohydride of optimum concentration and
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Figure 6. Nitrogen adsorption/desorption isotherms (at 77 K) of the metal nanosponges.
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Figure 7. (a) UV—vis spectra of the nanosponges. Photograph of the nanosponges in (b) powder form and (c) pellet forms

(applied pressure 10 kN).

amount. If the concentration of silver nitrate is low,
around 1.0 mM, the porous silver network does not
form, no matter how much sodium borohydride is
added (Supporting Information 4). If the concentration
of silver nitrate is 0.1 M, addition of an equal volume of
0.1 M sodium borohydride resulted in micrometer-
sized ligament silver networks. However, mixing
equimolar concentrations (0.1 M and above) of AgNOs
and NaBH, solutions in a 1:2 v/v ratio gives a very po-
rous network made up of nanosized ligaments. Further,
mixing of equal volumes of 0.2 M AgNOs and 0.1 M
NaBH, solution resulted in micrometer-sized silver par-
ticles, and mixing equal volumes of 0.1 M AgNO; and
0.2 M NaBH, solution resulted in a spongy nanostruc-
ture (Supporting Information 5). It is clear from our
studies that the formation of a silver nanosponge de-
pends not only on the initial concentration of silver ni-
trate and sodium borohydride solution but also on the
amount of borohydride ions present in the solution in
relation to metal ions. If the concentration of metal ions
is below the critical level (i.e., below 0.1 M), it favors
the formation of colloidal nanoparticles stabilized in so-
lution. For example, 1.0 mM colorless silver nitrate solu-

www.acsnano.org

tion gives yellow to dark green color solution on reduc-
tion with sodium borohydride solution of 1 mM or 0.1
M concentration (1:5 v/v ratio).

Addition of sodium borohydride solution to the sil-
ver nitrate solution creates many silver nuclei (clusters)
which act as the nucleation centers for further growth.
The number of nucleation sites (reduced silver sites)
formed is directly proportional to the amount of boro-
hydride added. Rapid fusion and growth of the bare
nanoparticles leads to interconnected networks of sil-
ver (if the concentration of silver nitrate is around 0.1 M
and above), which then transforms to a black spongy
solid that floats on the solution. It is important to note
that these three-dimensional networks are not loosely
aggregated nanoparticle structures but are fused archi-
tects, as can be seen from the TEM and FESEM images
(Figures 2 and 3b) and are stable even after sonication.
Drying of the uncapped Ag nanoparticle solution (ob-
tained by mixing T mM AgNO; and 1 mM NaBH, solu-
tion), however, did not give any network structure (Sup-
porting Information 6).

Unlike for metals in the bulk and nanoparticle form,
a broad optical absorption is observed for the metal
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Figure 8. Input laser fluence vs normalized transmittance curve for the gold nanosponge sample when excited with (A) 532 nm, 5
ns and (B) 1064 nm, 8 ns laser pulses. Open squares show experimental data, and the solid curve shows the best fit to the data as-
suming a 3PA process. The insets show the corresponding open-aperture z-scan curves.

nanosponges over the entire visible region, which
prompted us to study their broadband optical limiting
behavior. In a passive optical limiter, the optical trans-
mittance is progressively reduced when the input light
intensity increases, which can be used for safeguarding
sensitive optical detectors and eyes from accidental ex-
posure to intense laser beams. For instance, an optical
limiter based on heavy-metal-substituted naphthalocy-
anine has been used to protect a silicon CCD array.”’
Some of the optical limiters are referred to as “broad-
band” devices in literature, 3 but to our knowledge,
there is no report yet on a nanomaterial-based optical
limiter which is truly broadband, that is, capable of lim-
iting laser beams of well-separated wavelengths with
similar efficiencies for the same range of input intensi-
ties. We observed an optical limiting behavior of nearly
the same efficiency in the present nanosponges at 532
and 1064 nm, showing that these are true broadband
devices (Supporting Information 7a). This is attributed
to the almost flat absorption spectra of the metal nano-
sponges in the visible and near-IR spectral regions.
The strong optical limiting behavior in gold nano-
sponge is shown in Figure 8A,B. A three-photon absorp-
tion (3PA)-type process gives the best fit to the experi-
mental data (Supporting Information 7b), and the
effective three-photon absorption coefficients calcu-
lated from the numerical fits are 1.3 X 10722 m3/W? for
532 nm excitation and 1 X 10722 m3/W?2 for 1064 nm.
Considering the absorption spectra of the nanosponges
and recalling that pure three-photon absorption cross
sections are generally very low, it appears that the ob-
served nonlinearity arises from sequential three-photon
absorption involving real excited states, rather than
from a pure three-photon absorption process. Two-
photon absorption followed by excited state absorp-
tion is another possibility. Therefore, the nonlinearity
can be considered as an “effective” three-photon ab-
sorption process. Such absorptive nonlinearities involv-
ing real excited states have been reported earlier in
Csor carbon nanotube hybrid structures,* semiconduc-
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tors, metal nanoclusters,#! etc. To estimate the contri-
bution of nonlinear scattering to the observed optical
limiting, we did z-scan experiments at relatively lower
energies, where nonlinear scattering was negligible
(Supporting Information 7c). The gold nanosponge still
showed significant optical limiting, confirming that the
optical limiting primarily arises from absorptive nonlin-
earities in the system, though it may be augmented by
nonlinear scattering at the higher intensities used.

The nanosponges of gold and silver were also tested
for surface-enhanced Raman scattering (SERS) activity
and were found to enhance the Raman signals of a
known dye, Rhodamine 6G, even at lower concentra-
tion (107% M) (Supporting Information 8a and 8b). Since
these nanosponges show broad surface plasmon ab-
sorption in the visible and IR regions, the SERS shown
by these substrates is not restricted to only one excita-
tion wavelength, as is the case for Au or Ag nanoparti-
cles of particular size. Besides, these porous nanostruc-
tures can be easily deposited onto micrometer-sized
porous substrates (e.g., ordinary filter papers) and can
be used in biofiltration to sieve, identify, and destroy
the harmful bacteria and viruses. The antibacterial activ-
ity of a silver spongy network deposited on a What-
man filter paper was studied with Escherichia coli bacte-
ria (see Experimental Section). The nanosilver-
deposited Whatman filter paper shows a significant an-
tibacterial effect, as seen from the inhibition zone it
created around the silver nanosponge-embedded filter
paper in a bacterial growth medium (Supporting Infor-
mation 9a and 9b).

In summary, we have synthesized high surface
area noble metal nanosponges of Au, Ag, Pd, and
Pt by kinetically controlling the simple borohydride
reduction process. These 3-D porous nanostructures
exhibit efficient broadband optical limiting behav-
ior. Nanosponges of Ag and Au were shown as good
substrates for SERS activity. Additionally, the antimi-
crobial activity of the self-supported nanoporous sil-
ver discs or nanoporous silver network incorporated
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filter papers could be utilized for water purification,
particularly to screen and destroy the harmful patho-
gens. The synthesis strategy in principle could be ex-
tended to obtain nanosponges of other metals (for

EXPERIMENTAL SECTION

Gold nanosponge was synthesized by adding 10 mL of an
aqueous solution of 0.1 M HAuCl, (Aldrich) to 50 mL of an aque-
ous solution of 0.1 M NaBH, (1:5 v/v ratio of HAuCl,/NaBH, solu-
tion) with stirring. Addition of auric chloride solution to the boro-
hydride solution resulted in the formation of effervescence (due
to the release of hydrogen) with a black spongy solid floating
on the reaction medium. The stirring was continued for about 5
min until the entire solution became colorless. The floating solid
was filtered and washed with distilled water and dried at room
temperature.

In a similar method, Ag, Pd, and Pt nanosponges were syn-
thesized by adding 50 mL of 0.1 M NaBH, solution with 10 mL
of 0.1 M metal precursor solution with stirring. AQNOs, PdCl,, and
H,PtCls were used as the precursors for synthesis of Ag, Pd, and
Pt nanosponges, respectively.

z-Scan Experiment. We have carried out the experiments on
nonlinear optical properties of the nanosponges using the
well-known z-scan method (a schematic of the z-scan experi-
ment is given in Supporting Information 7d). The z-scan is a
widely used technique developed by Sheik Bahae et al.* to
measure the nonlinear absorption coefficient and nonlinear
refractive index of materials. In the “open-aperture” z-scan, a
Gaussian laser beam is focused using a convex lens, and its
propagation direction is taken as the z-axis. The focal point
is taken as z = 0. This focused beam will have maximum en-
ergy density at the focus, which will symmetrically reduce to-
ward either side of it, for the positive and negative values
of z. The experiment is done by placing the sample in the
beam at different positions with respect to the focus (differ-
ent values of z) and measuring the corresponding transmis-
sion. The position versus transmission curve is known as the
open-aperture z-scan curve. The sample sees different laser
intensity at each position, and hence, the position-
dependent transmission data can be converted to the
intensity-dependent transmission data. From the z-scan
curve, the nonlinear absorption coefficient of the sample
can be calculated.

In our z-scan setup, we used a stepper-motor-controlled lin-
ear translation stage to move the sample through the beam in
precise steps. The samples were taken in 1 mm glass cuvette
(Hellma GMBH). The transmission of the sample at each point
was measured by means of two pyroelectric energy probes
(RjP7620, Laser Probe Inc.). One energy probe monitored the in-
put energy, while the other monitored the transmitted energy
through the sample. The second harmonic output (532 nm) of a
Q-switched Nd:YAG laser (Minilite, Continuum) was used for ex-
citing the samples. The nominal pulse width of the laser was 5 ns.
For 1064 nm excitation, we used the fundamental output from
another Q-switched Nd:YAG laser (Quanta Ray, Spectra Physics).
The nominal pulse width at 1064 nm was 8 ns. The pulses were
fired in the “single shot” mode, allowing sufficient time between
successive pulses to avoid accumulative thermal effects in the
sample.

The equation for nonlinear transmission due to a three-
photon type absorption is given by*

— p)? _ oo —
(= Rrexp(~al) f+ In[\/1 + pgexp(—th) +

T= —
\/npo e

poexp(—)dt (1)

where T is the transmission of the sample, R is the Fresnel reflec-
tion coefficient at the sample—air interface, « is the absorption
coefficient, and L is the sample length; py is given by [2y(1 —
R)I*Ler]'"2, where vy is the three-photon absorption coefficient,
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example, Ru nanostructures prepared by this
method were 110 m?/g), metal oxides, and alloys
which could find applications as advanced optical
sensors and ultrasensitive detectors.

and Iy is the incident intensity. Leg is given by [1 — exp(—2al)l/
2a.. By numerically fitting the experimental data to eq 1, the ef-
fective three-photon absorption coefficient could be calculated.

Surface-Enhanced Raman Spectroscopy (SERS). The as-prepared
nanosponges of silver and gold nanosponges were tested for
SERS activity. For this purpose, 20 uL of Rhodamine 6G (both
10~*and 10~° M) was drop casted onto a glass slide containing
10 mg of the nanosponge sample. Raman spectra were recorded
at room temperature using a 632 nm HeNe laser as a source.
The characteristic signals for Rhodamine 6G were enhanced mul-
tifold when observed over the Ag and Au substrates, whereas
the Rhodamine 6G dye of 10~* M concentration over the glass
slide without the nanosponge could not be detected (Support-
ing Information 8).

Antibacterial Studies. To study the antibacterial activity of the
silver, a silver nanosponge—Whatman composite membrane
was prepared by dipping a Whatman filter paper (125 mm ash-
less circles obtained from Whatman Schleicher & Schuell) in 10
mL of 0.1 M AgNO; solution for 30 min and followed by dipping
itin a 50 mL 0.1 M NaBH, solution. Immediate reaction resulted
in a dark gray colored membrane. The membrane was washed
several times with Millipore water and dried at room tempera-
ture prior to the study of antibacterial activity.

Antibacterial study was done using E. coli (DH5a). The bacte-
ria were inoculated in LB (Luria—Bertani) broth and grown over-
night at 37 °C in a shaker incubator. The bacterial cells were
plated on an agar medium (1.5% agar plates were made for this
purpose). The composite membranes were placed on these
plates and incubated overnight at 37 °C. The bacterial growth
was observed over the entire plates, except for the zone where
the composite membranes were placed. An inhibition zone was
clearly seen surrounding the region of the membranes (Support-
ing Information 9).

Sample Characterization. The morphologies of the samples ob-
tained in all of the experiments were examined with a field-
emission scanning electron microscope (FESEM, FEI Nova-Nano
SEM-600, The Netherlands) and TEM (JEOL JEM-3010 with an ac-
celerating voltage at 300 kV). Powder X-ray diffraction (XRD) pat-
terns were measured using a RICH-SIEFERT 3000-TT diffractome-
ter employing Cu Ka radiation. N, adsorption—desorption
isotherms were measured (using nearly 1 g of sample) with a
QUANTACHROME AUTOSORB-1C surface-area analyzer at liquid
nitrogen temperature (77 K). Absorption studies were carried out
using Perkin-Elmer instruments Lambda 900 UV/vis/NIR spec-
trometer. Raman spectra were recorded with LabRAM HR Ra-
man spectrometer at an excitation wavelength of 632 nm
(HeNe laser as source).
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