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ABSTRACT: We present a facile method for fabricating spongelike Au
structures by halide-induced aggregation and fusion of gold nanoparticles
(AuNPs). Halide ions (F−, Cl−, Br−, and I−) showed distinctly different
effects on the synthesized AuNPs, which were characterized by localized
surface plasmon resonance (LSPR) and dynamic light scattering measure-
ments. A noticeable red-shift in the LSPR peak was found after Br− and I−

ion treatment, which indicates the adsorption of halide atoms or ions on
the AuNPs. The surface potential of AuNPs varied by treatment with
different types of halides; this finding indicates that different halide ions
have different effects on the AuNPs. Br− and I− ions showed strong affinity
toward the AuNPs. The different affinities of halide ions toward the AuNPs
play an important role in controlling the formation process of spongelike
gold. Citrate ions adsorbed on AuNPs were displaced by halide ions to
different extents. Such displacement determined the aggregation and fusion
behaviors of the AuNPs and eventually the formation of different spongelike structures.

■ INTRODUCTION

Nanoporous gold (spongelike gold) with three-dimensional
networked porous architectures has attracted considerable
attention in recent years.1−4 Spongelike gold has a wide
range of applications in catalysis,5−7 fuel cells,8−10 electro-
chemistry,11,12 biosensors,13,14 and actuators.15,16 The general
approaches to fabricate such a functional nanomaterial include
dealloying of Au−M alloy (M = Ag,17−19 Cu,20,21 and Al22),
templating methods using soft and hard materials,23−26 and
electro-polymerization of Au nanoparticles.27−30 In these
methods, some procedures such as strong acid or high-
temperature treatment are required to remove the sacrificial
metal or organic templates. These processes may raising
environmental problems, and the final compositions of formed
gold sponge cannot be well-controlled, which plays an
important role in their applications such as catalysis or
biosensing.31 Therefore, some new approaches have been
developed to fabricate such gold porous nanostructures.32,33

Self-assembly is a facile route to form spongelike nanostructures
from single gold nanoparticles.31,34 By this approach, however,
it still remains a challenge to control the size of the ligaments
and pores of the gold sponge through a one-step process under
moderate manners.
Previous studies have confirmed that halide ions have

different affinity for metal surfaces.35 The degree of specific
adsorption on a metal surface increases in the order F− < Cl− <
Br− < I−, indicating the decreasing energy of solvation of these

species. Specially, F− has the lowest affinity and only
nonspecifically or weakly specifically adsorbs on metal surface.
Cl−, Br−, and I− can chemisorb on the gold surface to form a
Au−X bond with an increasingly covalent character in the order
Cl < Br < I.36−38 The halide ions have been used as additives
that greatly affect the size and shape of synthesized gold
nanoparticles.39−41 Many investigations have shown that the
addition of Br− or I− will displace the stabilizer on gold
nanoparticles (AuNPs) and result in aggregation and fusion of
the AuNPs to form anisotropic nanocrystals.42,43 For example,
the addition of KI into colloidal AuNPs leads to the effect of
electron donation, which results in fusion/fragmentation of
AuNPs.42 Also, spongelike gold nanocomposites formed after
addition of NaBr into an amino acid stabilized AuNPs sol.44

However, other types of halide ions are seldom reported to
have the ability to generate spongelike structures, and the effect
of halide ions on the aggregation of colloidal AuNPs is also not
well-known.
Here, we studied the effect of four types of halide ions on the

aggregation of the citrate-capped AuNPs and demonstrated that
Au spongelike architectures were obtained after addition of
halides into AuNPs of three different sizes. The halide ions with
different affinities toward the AuNPs resulted in spongelike
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gold with different morphologies. The localized surface
plasmon resonance (LSPR) change of AuNPs showed that
addition of NaBr and NaI induced a red-shift in the resonance
peak, indicating the adsorption of the halide atoms. The
dynamic light scattering (DLS) measurements showed that the
surface potential of AuNPs varied by treating with different
types of halides, indicating the different effects of halide ions on
the AuNPs. The NaX-induced formation of spongelike gold has
potential applications in catalysis and surface-enhanced Raman
scattering (SERS) as well as biological detection.

■ EXPERIMENTAL METHODS
Materials. Hydrogen tetrachloroaurate (HAuCl4·4H2O, >99.9%),

NaF, NaCl, NaBr, NaI, NaOH, and trisodium citrate (C6H5O7Na3·
2H2O) were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China) and used without further purification. Milli-Q H2O
(18.2 MΩ·cm−1) was used for all experiments. All other reagents were
of analytical grade.
Synthesis of Citrate-Capped AuNPs. Aqueous suspensions of

citrate-stabilized 18,, 35, and 65 nm AuNPs were prepared using the
Frens method.45,46 Briefly, 200 mL of 0.01% (w/v) HAuCl4 solution
was heated to boiling under vigorous stirring with refluxing. After 1
min, 8, 3, and 2.4 mL of 1% (w/v) sodium citrate, respectively, was
rapidly added to the boiling solution, and the mixture was allowed to
boil for 20 min. The prepared gold colloids were then cooled to room
temperature with constant stirring and stored at 4 °C in a dark bottle.
To avoid any possible effect of residual ions in the as-prepared AuNPs
solution on the halide-induced aggregation of AuNPs, a certain volume
of AuNPs was concentrated by centrifugation at 9000 rpm for 15 min

and redispersed in the same volume pure water. Care was taken to
ensure that the supernatants were completely removed without
disturbing the concentrated AuNPs. All glassware was rigorously
cleaned in aqua regia (3:1 HCl:HNO3) and rinsed thoroughly with
Milli-Q H2O before use.

The Au molar concentration in the18, 35, and 65 nm AuNPs was
0.24 mM. The concentration of gold NPs was calculated to be 1.3 nM
(7.6 × 1011 NPs/mL) for the 18 nm AuNPs, 0.17 nM (1.0 × 1011

NPs/mL) for the 35 nm AuNPs, and 0.027 nM (1.6 × 1010 NPs/mL)
for the 65 nm AuNPs by assuming that all added Au3+ ions were
reduced to Au0 atoms by citrate in solution and formed spherical
AuNPs. The citrate concentrations in the synthesized AuNPs solutions
were 1.3 mM for the 18 nm AuNPs, 0.5 mM for the 35 nm AuNPs,
and 0.4 mM for the 65 nm AuNPs.

Gold Sponge Formation. The spongelike gold formed in a
standard quartz cuvette with a 1 cm optical path length. After added 2
mL of AuNPs solution into the cuvtte, 0.2 mL of 2 M NaF, NaCl,
NaBr, and NaI solution were added. Afterward, the (3-aminopropyl)-
triethoxysilane (APTES) functionalized silicon substrates (APTES-Si)
with a 6 mm2 size were immersed into the mixture, and they were left
without any disturbance to allow the spongelike gold to deposit on the
APTES-Si substrates. After various times, the APTES-Si substrates
were taken out and were rinsed with pure water and ethanol several
times and dried in air. These samples were stored in N2 atmosphere
for catalytic reaction and SERS measurement.

Preparation of APTES-Derivatized Substrates. The glass or
silicon (Si) slides were cleaned in piranha solution (7:3 H2SO4:H2O2)
at 120 °C for 20 min, rinsed thoroughly with distilled water, and dried
using pure N2 flow, in accordance with a previous method.47 Caution!
Piranha solution is very corrosive and must be handled with extreme care.

Figure 1. Induced aggregation of colloidal gold nanoparticles by 0.18 M NaCl. (A) UV−vis extinction spectrum of the AuNPs sols after addition of
0.18 M NaCl within 6 h. (B) Color changes in the AuNPs sols after addition of 0.18 M NaCl within 6 h. SEM images of NaCl-induced aggregated
AuNPs obtained after (C) 10 min, (D) 30 min, (E) 1 h, and (F) 6 h. The inset in part C shows a high-magnification image of the AuNPs. The scale
bars in parts C−F indicate 400 nm, and the scale bar in the inset in C indicates 100 nm.
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After rinsing with methanol for 5 min, the substrates were immersed in
5% (v/v) APTES in methanol for 1 h and rinsed five times in
methanol for 10 min, followed by deionized water to hydrolyze the
residual ethoxy functionalities for 30 min. The slides were then dried
using pure N2 flow at 120 °C for 1 h to promote silane cross-linkage.
The APTES-derivatized glass or Si slides (designated as NH2/SiO2)
were stored in a desiccator for further use.
NaX Treatment of AuNPs in Solution and Immobilized

AuNPs Submonolayer. NaX (12 mM) was added to the AuNPs
solutions, and UV−vis spectra were obtained after 5 min. The NH2/
SiO2 substrates were immersed in AuNPs solutions for 12 h to form
the AuNP submonolayer and then rinsed with Milli-Q H2O to remove
the unbound AuNPs. The AuNP monolayer was then immersed in
0.18 M NaX solution for 20 min, followed by rinsing with Milli-Q
water, and the UV−vis spectra of the AuNPs in water were measured.
The calculated values of used halide ions to the total surface areas of
the AuNPs were 1.4 × 105 ions/nm2 for the 18 nm AuNPs, 2.7 × 105

ions/nm2 for the 35 nm AuNPs, and 5.0 × 105 ions/nm2 for the 65 nm
AuNPs.
Characterization Methods. All UV−vis extinction spectra were

measured using a Perkin-Elmer Lambda 950 UV/vis/NIR spectropho-
tometer. The morphologies of the NP assemblies formed were
characterized using a Hitachi S-4800 field-emission scanning electron
microscope (FE-SEM) at 10 kV. Zeta potential and size of the AuNPs
were measured by a Malvern Zetasizer Nano-ZS90 at 25.0 ± 0.1 °C,
and the surface potential fitting model was the Smoluchowski model.

■ RESULTS AND DISCUSSION

NaCl-Induced Aggregation of 18 nm AuNPs. Colloidal
gold nanoparticles are stable in solution because the citrate
capping layer of the AuNPs provides an electrostatic repulsion
force resulting from the electric double layer.48,49 Moreover, the
force of the electric double layer (EDL) greatly depends on the
ionic strength of the solution, which is closely related to the
Debye length of the EDL.50,51 It is well-known that the addition
of excessive salt into the gold sol could cause the aggregation of
the AuNPs, with the color changing from ruby red to blue. The
NaCl-induced aggregation of colloidal AuNPs has been used as
an analytic tool for detection of DNA, thrombin, melamine, and

heavy metal ions.52−54 Therefore, NaCl was first chosen for the
study of halide-induced aggregation of AuNPs.
After addition of 0.18 M NaCl, the color of the AuNP sol

turns from ruby red to blue immediately. By further extending
the aging time to 6 h, the solution became colorless,
accompanied with sedimentation at the bottom of cuvette
(Figure 1A). The color change of the AuNP solution was
monitored by UV−vis extinction spectra (Figure 1B). The
extinction maximum peak (λmax) showed a red-shift from 518
to 540 nm after addition of 0.18 M NaCl and became broad
during the reaction. The intensity of the λmax at about 518 nm
decreased while the absorption in the near-IR region increased
with the time. The flattened shape of the optical spectrum
above 600 nm indicates the formation of network aggrega-
tion.55 As shown in the SEM images of aggregation at different
aging times (Figure 1C−F), the 3D spongelike structures
consist of fused interconnected nanowires with the mean
diameter of 100 nm that formed after the addition of 0.18 M
NaCl. The elemental analysis shows that the composition of the
formed spongelike structures is gold (Supporting Information,
Figure S1). The formation of spongelike structures starts to
take place at about 10 min, and stable gold sponge is formed
within 6 h, which can be indirectly traced by the decreased level
of the optical spectrum of the solution during the reaction. As
shown in the inset image in Figure 1C, the boundaries can be
clearly indentified in the nanowires formed after the aging time
of 10 min, and these boundaries were still shown in the final
gold sponge (Supporting Information, Figure S2). It is clear
that the final gold sponge results from the gradually further
aggregation and fusion of the smaller spongelike structures
formed at 10 min.
To know the size effect of the AuNPs on the dynamics of

formation of gold sponge, 0.18 M NaCl was added in the 35
and 65 nm AuNPs solution. The extinction spectrum and the
SEM images of three differently sized AuNPs used in this study
are shown in Figure S3 (Supporting Information). For the 35
nm AuNPs, the position of λmax at about 528 nm just red-shift

Figure 2. UV−vis extinction spectrum and the SEM images of 0.18 M NaCl-induced aggregation of 35 and 65 nm gold nanoparticles: (A−C) 30 nm
AuNPs, (D−F) 60 nm AuNPs, (B, E) aging time of 1 h, and (C, F) aging time of 6 h. The scale bars indicate 500 nm, and the scale bar in the inset
indicates 100 nm.
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about two nanometer after addition of 0.18 M NaCl (Figure
2A), which is much smaller than the 18 nm AuNPs at the same
salt concentration. Meanwhile, a new extinction peak at about
820 nm appeared and it became broad and disappeared at
longer aging time. For the 65 nm AuNPs, the same trend was
found in its optical spectrum after 0.18 M NaCl treatment. The
position of the extinction peak showed a red-shift from 540 to
554 nm after addition of 0.18 M NaCl. Also, a second
extinction peak at about 810 nm appeared after addition of
NaCl and became broad as the aging time increases. The
difference in optical extinction under the same condition
between the two large AuNPs and the 18 nm AuNPs indicates
the different dynamics of aggregation of the AuNPs. This
prediction was verified by the SEM images of formed gold
sponge (Figure 2B,C,E,F). As shown, the speed of formation of
gold sponge for the 35 nm AuNPs is slower than that for the 18
nm AuNPs, and that of the 65 nm AuNPs is slower than that of
the 35 nm AuNPs. This can be judged from the morphologies
of the formed gold sponge after the same aging time. That is,
the size of nanowires at the aging time of 1 h in the 35 nm
AuNPs system is smaller than that at the aging time of 6 h. For
the 65 nm AuNPs system, AuNPs formed 3D network
aggregation without fusion at the aging time of 1 h; however,
gold sponge formed after 6 h of aging time. There is another
difference in the formation of gold sponge between small

AuNPs and large ones, that is, the large-sized AuNPs tended to
form much compacted gold sponge but with a slower formation
speed. These different behaviors in the formation of gold
sponge for differently sized AuNPs may contribute to the lower
diffusion rate of large nanoparticles in solution and lower
reactivity of the naonparticle due to the size effect.

NaF-, NaBr-, and NaI-Induced Aggregation of 18 nm
AuNPs. AuNPs solution was treated with three different halide
ions and one non-halide ion (OH−), as shown in Figure.3. For
NaF (Figure 3A−D), the shape of the optical spectra at above
600 nm after addition of the salt became flattened, which is
similar to the NaCl case. At the aging time of 10 min, the
nanowires in formed spongelike structure have the diameter
from 20 to 60 nm, and it clearly shows that there are many
nodes in the nanowires. The spongelike structures became
more compact with the aging time increases. For NaBr (Figure
3E−H), AuNPs tend to form a close, compact structure, which
is similar to the aggregation induced by 36 mM NaCl. For NaI
(Figure 3J−L), a spongelike structure with the nodes’ size
greater than 100 nm formed, and the average feature size
increased to 200 nm with the aging time of 6 h. The different
formation of spongelike structures between NaI and other
halide salts was also shown in its optical spectra after addition
of NaI salt (Figure 3I). NaOH was used for comparing the
different response of AuNPs between the halide salts and non-

Figure 3. Gold sponge induced by addition of 0.18 M (A−D) NaF, (E−H) NaBr, (I−L) NaI, and (M−P) NaOH. The aging time: (B, F, J, N) 10
min, (C, G, K, O) 1 h, and (D, H, L, P) 6 h. All scale bars indicate 100 nm.
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halide salt. As shown in Figure 3M−P, the formation process of
spongelike structures induced by NaOH is between those of
NaF and NaBr.
NaX-Induced Spongelike Gold for 35 and 65 nm

AuNPs. To explore the size effect of AuNPs on the NaX-
induced spongelike aggregation, citrate-capped AuNPs with the
diameter of 35 and 65 nm were treated with halide salts, as
shown in Figures 4 and 5, respectively. For the 35 nm AuNPs
(Figure 4), the formation of spongelike structures is slower
than that of the 18 nm AuNPs. It clearly shows that the
coalescence of nanowires in spongelike structures is greatly
reduced for all NaX, salts except for NaCl. The similar trend
was also shown for 65 nm AuNPs (Figure 5). Specially, the
treatment of NaI just resulted in a few submicrometer particles
after the 6 h aging time. However, the production of
submicrometer particles induced by NaI was found in the 10-
fold concentrated 65 nm AuNPs solution, as shown in Figure
S4 (Supporting Information). The effect of concentration of
AuNPs on the formation of spongelike structures was not
shown for other NaX salts (data not shown).
Effect of F−, Cl−, Br−, and I− on AuNPs. The localized

surface plasmon resonance (LSPR)56 of the AuNPs was used to
study the effect of halide ions on the AuNPs because the LSPR
is very sensitive to the size, shape, interparticle distance, free
electron density, and surrounding medium.57 The LSPR peak is
described58 by λsp = 2πc[(ε0me(ε∞ + κnm

2))/(Ne2)]1/2, where
ε∞ is the high-frequency contribution to the dielectric function,

ε0 is the permittivity of free space, me is the effective electron
mass, N is the electron density of the metal, nm is the medium
refractive index, and κ is the nanoparticle geometry-dependent
factor (κ = 2 for a sphere).
According to the theory of stability of colloidal nano-

particles,48,49 the ionic strength of 12 mM cannot induce
aggregation of the AuNPs,59 and the AuNPs tend to aggregate
at the ionic strength above 24 mM (Supporting Information,
Figure S5). Therefore, the 12 mM halide salts were choose for
LSPR peak monitoring first. For 18 nm AuNPs, the LSPR peak
showed noticeable red-shift after treatment with 12 mM NaBr
and a blue-shift upon treatment with 12 mM NaOH, as shown
in Figure 6A, while the extinction band around 600 nm rose up
after Br− and I− treatment. These trends in spectrum change
induced by halide ions decreased as the size of AuNPs
increases, as shown in Figure 6B and 6C for 35 and 65 nm
AuNPs, respectively. The LSPR peak shift of the AuNPs after
12 mM NaX salts treatment are summarized in Figure 6D.
Previous studies have shown that iodine atoms will form a
monolayer spontaneously on a bulk gold surface in dilute
iodide solution.60 Additionally, the extra electrons could inject
into the AuNPs generated by the reductive chemisorption of
iodine ions in the form of I−−e− → I(adsorbed) + e−.61 The
electron injection into AuNPs will result in a blue-shift of the
LSPR peak.62 The red-shift of the LSPR peak induced by Br−

and I− for all AuNPs could be attributed to the formation of Br
and I atoms on the surface of AuNPs,42 in which the change of

Figure 4. NaX-induced gold sponge for 35 nm AuNPs. (A−C) NaF, (D−F) NaBr, (G−I) NaI, and (J−L) NaOH. The aging time: (A, D, G, J) 10
min, (B, E, H, K) 1 h, and (C, F, I, L) 6 h. All scale bars indicate 100 nm.
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nm of the AuNPs is greater than the N by electron injection.
The blue-shift of the LSPR peak induced by NaOH for all

AuNPs may contribute to the increase of electron density of the
AuNPs,59 which were injected from the excess electrons

Figure 5. NaX-induced gold sponge for 65 nm AuNPs. (A−C) NaF, (D−F) NaBr, (G−I) NaI, and (J−L) NaOH. The aging time:( A, D, G, J) 10
min, (B, E, H, K) 1 h, and (C, F, I, L) 6 h. All scale bars are 100 nm.

Figure 6. The effect of 12 mM NaX salts on the UV−vis spectrum of AuNPs solution samples: (A) 18 nm AuNPs, (B) 35 nm AuNPs, and (C) 65
nm AuNPs. (D) The LSPR peak shift of three kinds of AuNPs upon treating with NaX salts. The insets in parts A−C indicate the amplified
spectrum at the LSPR peak.
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resulting from further ionization of COOH groups on AuNPs
in higher pH suspension.
To study the effect of NaX salts with 0.18 M on the AuNPs

and to confirm the NaOH-induced blue-shift of AuNPs, the
immobilized AuNPs on the glass substrate (AuNPs/NH2/glass)
were used. For the 18 nm AuNPs, the LSPR peak (λmax)
showed noticeable red-shift after treatment with 0.18 M NaBr
and NaI, as shown in Figure 7A. Also, the extinction band
around 600 nm rose up after Br− and I− treatment. Similar to
treatment with 12 mM NaX salts, the trends in spectrum
change induced by 0.18 M halide salts decreased as the size of
the AuNPs increases, as shown in Figure 7B,C. The LSPR peak
shifts of the AuNPs after treatment with 0.18 M NaX salts are

summarized in Figure 7D. The red-shift of the LSPR peak for
18 nm AuNPs can reach up to 4.3 nm for NaI and 1.8 nm for
NaBr, which are larger than that of the 12 mM NaX salt
treatment (3.4 nm for NaI and 0.4 nm for NaBr). The
nonlinear increase of the red-shift of the LSPR peak induced by
15 times higher salt concentrations indicates that the Br and I
atoms adsorbed on AuNPs saturated at a concentration lower
than 0.18 M.

Dynamic Light Scattering (DLS) Measurements. To
further understand the effect of halide ions on the AuNPs,
dynamic light scattering was used to measure the surface
potential of AuNPs (Figure 8) and size monitoring (Figure 9).
For citrate-capped colloidal gold, the surface charge depends on

Figure 7. The effect of 0.18 M NaX salts on the UV−vis spectrum of immobilized AuNPs samples: (A) 18 nm AuNPs, (B) 35 nm AuNPs, and (C)
65 nm AuNPs. (D) the LSPR peak shift of three kinds of AuNPs by treating with NaX salts. The insets in parts A−C indicate the amplified spectrum
at the LSPR peak.

Figure 8. Surface potentials of AuNPs solutions before and after treated with 12 mM NaX salts: (A) 18 nm AuNPs, (B) 35 nm AuNPs, and (C) 65
nm AuNPs. (D) Zeta-potential shift in three different-sized AuNPs after treated with 12 mM NaX salts.
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the degree of ionization of COOH groups of citrates on AuNPs
and, hence, the pH of the suspension. As shown in Figure 8A−
C, the zeta-potential after addition of 12 mM NaX decreased
for 18 nm AuNPs and increased for 35 and 65 nm AuNPs. The
change in surface potential after NaX salt treatment for three
different-sized AuNPs showed similar trends, as shown in
Figure 8D. For 35 and 65 nm AuNPs, 12 mM NaI and NaOH
resulted in the largest increase in surface potential among all
the NaX salts. The increase of surface potential by NaOH could
contribute to the further ionization of the carboxylic groups,
which generates more negative charge on AuNPs. For the NaI-
induced increase of surface potential, the extra electrons
injected in AuNPs may increase the negative charges
surrounding the AuNPs. However, for 18 nm AuNPs, addition
of NaI and NaOH just led to a little decrease in surface
potential. According to the LSPR shift in Figure 6D, the NaI
resulted in a 3.4 nm red-shift of the LSPR peak. The differences
in surface potential changes of AuNPs with different size under
the same treatment condition could attribute to the size effect
of nanoparticles, which means that it is related to the ratio of
adsorbed iodine atoms to the surface area of AuNPs.
According to the recipe for synthesis of AuNPs, the citrate

concentration in synthesized AuNPs solutions are 1.3 mM for
the 18 nm AuNPs, 0.5 mM for the 35 nm AuNPs, and 0.4 mM
for the 65 nm AuNPs. However, the citrate concentrations in
the AuNPs solution decreased because of its consumption in
the reduction of Au ions to Au atoms and its role as capping
molecules on the AuNPs. Even so, the residual citrate ions in
the solutions are adequate to stabilize the AuNPs. In this case,
the surface coverage of citrate in different-sized AuNPs varied
because of the well-known Langmuir adsorption isotherm. The
difference in surface coverage of citrate on different-sized
AuNPs was also verified by the zeta-potentials of different-sized
AuNPs in Figure 8. The zeta-potentials of larger-sized AuNPs
with lower citrate concentrations were lower than those of
smaller-sized AuNPs, which is attributed to the lower surface
coverage of citrate ions on larger-sized AuNPs.

The size changes measured by DLS showed that the effect of
12 mM NaX salts on 18 nm AuNPs is more significant than for
larger AuNPs, as shown in Figure 9. From another point of
view, similar trends were found in the measurements of both
LSPR (Figure 6A−C) and DLS data for different-sized AuNPs
under NaX salt treatment, which indicates the complementary
role of LSPR and DLS in monitoring the effect of halide ions.
The DLS measured size change induced by halide salts may
also be seen from the slight increase in extinction band around
600 nm.
The zeta-potential and size data of the AuNPs obtained by

DLS measurements did not show significant trends induced by
12 mM halide ions. To investigate the influence of low ionic
strength halide salts on the AuNPs further, we inspected the
morphologies of the AuNPs after addition of 12 mM halide
salts, as shown in Figure 10. The APTES-functionalized silicon
slides (NH2/Si) were immersed in the AuNP solutions after
addition of NaX salts. The AuNPs immobilized on the NH2/Si

Figure 9. DLS sizes of AuNPs solution before and after treatment with 12 mM NaX salts: (A) 18 nm AuNPs, (B) 35 nm AuNPs, and (C) 65 nm
AuNPs. (D) Measured DLS size shifts of three different-sized AuNPs after treated with 12 mM NaX salts.

Figure 10. SEM images of 18 nm AuNPs after addition of 12 mM
halide salts within 1 h: (A) NaF, (B) NaCl, (C) NaBr, and (D) NaI.
All scale bars indicate 100 nm.
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substrates because of electrostatic attractive forces between
negatively charged AuNPs and positively charged APTES on
the silicon substrates. In the 18 nm AuNPs, for example,
aggregates consisting of several AuNPs formed by addition of
NaF and NaCl at the ionic strength of 12 mM. The AuNPs in
aggregates induced by NaF and NaCl clearly showed close
contact between NPs. By contrast, AuNPs in aggregates
induced by NaBr showed some fusion between NPs. After
NaI treatment, both small- and large-sized AuNPs formed on
the silicon substrate. The increase and decrease in size of the
AuNPs induced by NaI can be attributed to the aggregation/
fragmentation/fusion effect of iodine.42 The distinct effect of
iodide ions is significant for 18 nm AuNP under low NaI
concentrations. However, this effect is weak in the 35 and 65
nm AuNPs, as shown in Figure S6 (Supporting Information).
Therefore, the different effects of halide ions on DLS zeta-
potential and size measurements may be attributed to the size
effects of the NPs.
Halide-Induced Formation of Spongelike Gold. Some

earlier studies have shown that halide ions have different affinity
for metal surfaces, with the degree of specific adsorption on the
metal surface increasing in the order F− < Cl− < Br− < I−.35 Cl−,
Br−, and I− can chemisorb on a gold surface to form a Au−X
bond with an increasingly covalent character in the order Cl <
Br < I.36−38 The above LSPR and DLS data also have clearly
shown that the Br− and I− ions have stronger affinity to citrate-
capped AuNPs than other types of X− ions. The difference in
morphologies of spongelike structures induced by four types of
halide ions and one non-halide ion indicates the different effects
of five types of X− ions on AuNPs.

On the basis of these experimental results and the previous
studies, the mechanism of halide-induced aggregation of AuNPs
into spongelike gold structures is given in Figure 11. One effect
of addition of 0.18 M NaX salts is to greatly screen the electric
double layer of colloidal AuNPs due to the salt effects according
to the DLVO theory.48−51 The effective diameter of unhydrated
and hydrated X− ions defined by a previous study63 are listed in
Figure 11. Besides the effect described above, halide ions also
displace the citrate ions adsorbed on the AuNPs. The degree of
adsorption of halide ions on AuNPs depends on its affinity for
gold. For F− ions, they cannot replace the citrate ions because
of their weak affinity for gold and just provide a salts effect on
aggregation of AuNPs. In this case, the electrostatic repulsion
between AuNPs is totally screened, and the AuNPs aggregate
into three-dimensional networked structures by the driving
force of van der Waals attraction. By aging, the nanowires in
aggregated networked structures undergo fusion by salt effects,
and finally, the spongelike structures formed. Similarly, for Cl−

ions, they may replace some few citrate ions and finally produce
spongelike structures with larger-sized nanowires. For Br− and
I− ions, they will replace much more citrate ions than Cl− ions.
The Br− ions partially coated AuNPs, forming close-packed
aggregation with little fusion, which indicates that the layer of
adsorbed Br atoms or Br− ions prevents the fusion of
aggregated structure. The I− ions have the most distinct effect
on aggregation of AuNPs, by which the larger-sized AuNPs
with irregular shape are produced. The drastic effect of iodide
ions on reshaping the aggregates of AuNPs can be attributed to
the well-known etching effect of iodide on gold.41,64 The
specific adsorption of iodine on the surface of AuNPs increases
with increasing van der Waals attractive forces,42 leading to

Figure 11. Effects of halide ions on the AuNPs and formation of spongelike gold nanostructures. The two numbers shown under each X− ion
represent the effective diameter of unhydrated (first value) and hydrated (second value) ions extracted from Kielland,63 and the size of hydrated
citrate ion is 0.5 nm.

Langmuir Article

dx.doi.org/10.1021/la4046447 | Langmuir 2014, 30, 2648−26592656



increases in the surface stress of aggregated AuNP structures
due to the mismatch between iodine and Au(111).65 These
changes in turn result in reshaping of the AuNP aggregates into
larger- or smaller-sized irregular nanoparticles, such as quasi-
spherical particles and plates, due to Ostwald ripening.42 For
OH− ions, it has another effect on AuNPs, which increases the
pH of the suspension. This difference induces a little difference
in the formation process of spongelike structures. Therefore,
the different effects of X− ions on AuNPs influence the
aggregation and fusion of AuNPs and eventually the formation
of different spongelike structures.
Mechanism of NaX-Induced Spongelike Aggregation.

The colloidal nanoparticles are stable under low ionic strength
because of the electrostatic repulsion force between NPs. For
monodispersed spherical NPs, the total interaction potential,
VT, is sum of the electrostatic repulsive potential (Velec) and van
der Waals attractive potential (VvdW) according to DLVO
theory.48−51
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where r is the center-to-center distance of neighboring NPs of
radius a (R = r/a), H is the distance of closet approach (r = H +
2a), εs is the relative dielectric constant of the solvent (about 80
for water), ε0 is the dielectric constant of vacuum, Ψ0 is the
surface potential of NPs, κ is the inverse Debye length (κ−1 =
0.304/[ionic strength]1/2 nm for 1:1 electrolytes), and AH is the
Hamaker constant of the particles (2.5 × 10−19 J). The value of
surface potential is related the amount of surface charges which
could be obtained by several ways, preferential adsorption of
ions, dissociation of surface groups, isomorphic substitution,
adsorption of polyelectrolytes, and accumulation of electrons.
For citrated-stabilized NPs, the surface negative charges are
generated from deprotonated −COOH groups in citrate ions.
The formation of spongelike aggregations of AuNPs can be

described by the diffusion-limited cluster aggregation model.66

The surface potential of AuNPs greatly decreased after addition
of 0.18 M NaX salts because of the high ionic strength of the
solution. Therefore, the van der Waals attractive potential

dominates the total interaction potential between NPs. As
shown as in Figure 12, when two NPs collide, they are
permanently bound together and thereafter diffuse as a cluster.
Similarly, when two clusters collide, they bond and
subsequently diffuse as a larger cluster. By this model, a fractal
aggregation forms and different spongelike structures are
produced after aging under the different effects of halide ions.
Two parameters affect the kinetics of formation of spongelike

aggregations. The NP concentration in the solution represents
the spacing-filling factor contributing to the morphology of
fractal aggregates. Lower NP concentrations mean a lower
spacing-filling factor and formation of smaller-sized and less-
compact spongelike aggregates formed. The effect of NP size is
mainly reflected by the diffusion rate in solution and surface
reactivity. Therefore, the kinetics of formation of spongelike
structures can be tuned by controlling the concentration and
size of the NPs.

■ CONCLUSIONS
In summary, we have demonstrated a facile approach for
template-free and environmentally friendly synthesis of sponge-
like gold structures by halide-induced aggregation of AuNPs.
The different effects of halide ions on AuNPs determined the
different aggregation and fusion of AuNPs and eventually the
formation of different spongelike structures. The different
affinity of halide ions for AuNPs plays an important role in
controlling the formation process of spongelike gold. A
noticeable red-shift in the LSPR peak was found after Br−

and I− ion treatment of AuNPs, which indicates the adsorption
of the halide atoms or ions on the AuNPs. The dynamic light
scattering measurements showed that the surface potentials of
AuNPs varied by treatment with different types of halide, which
indicates that different halide ions have different effects on the
AuNPs. The halide-induced formation of spongelike gold has
potential applications in catalysis and surface-enhanced Raman
scattering, as well as biological detection.
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