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Gold, silver, and other precious metals are very important nonferrous metals and have been widely applied in fields such as
electronics, medicine, metallurgy, pharmaceuticals, and transportation. Adjustable properties of precious metals are mainly
attributed to controlled synthesis of precious metals by structure, size, composition, and morphology. Synthesis of binary metals
focuses on coordination of physical and chemical properties of metal elements in components, with the aim to give full play to the
advantages of the two metals. Gold (Au) and silver (Ag) have similar lattice constants, which provide important theoretical basis
for obtaining the binary bimetallic nanostructure of the two metals by coreduction at room temperature. Ag–Au alloy was
prepared at different molar ratios of Ag+/AuIII, and the bimetallic nanomaterials obtained had similar Ag/Au ratios to the molar
ratio at reaction. (is suggested that the bimetallic nanomaterials reacted completely, with the maximum average size in
Ag90.1–Au9.9 and the minimum average size in Ag83.2–Au16.8 and Ag66.9–Au33.1. Due to the deficiency of conventional etching
agents, the “regrowth etching” method was proposed in this study. Specifically, with AuI as the etching agent, the porous gold
nanomaterials with the size of more than 300 nm were successfully prepared, achieving the regrowth etching effect and a good
structural stability. According to the analysis based on the catalytic reduction reaction with p-nitrophenol, the properties of the
large-size porous gold nanomaterials were related to the quantity and size of pores.

1. Introduction

1.1. Overview of Nanomaterial and Nanotechnology.
Nanostructured material, “nanomaterial” for short, is a
generic term for superfine granular materials with at least
one dimension in the nanoscale. According to the definition
adopted by the European Commission on October 18, 2011,
“nanomaterial” means a natural, incidental, or manufac-
turedmaterial containing particles, in an unbound state or as
an aggregate or as an agglomerate , where, for 50% or more
of the particles in the number size distribution, one or more
external dimensions is in the size range 1 nm–100 nm. (e
European Commission suggests that basic particles of most
nanomaterials are within this range, though materials be-
yond this range may also have the characteristics of
nanomaterials. (e definition aims to make the standard
clear: a low threshold of nanoparticles will cover up the

nanoproperties of the whole material, and 50% is an ap-
propriate threshold. In addition, using the quantity ratio of
nanoparticles instead of mass ratio as the measurement
standard of nanomaterials can reflect the characteristics of
nanomaterials better, because some nanomaterials have a
very low density but still can show obvious characteristics of
nanomaterials in the case of low mass ratio. Nanomaterials
can be roughly divided into four categories: nanopowder,
nanofiber, nanofilm, and nanoblock. Among them, the
nanopowder features the longest development history and
most mature technology and is the basis for the production
of the other three.

Nanotechnology is a technology to study the properties
and applications of materials with structural sizes ranging
from 1nm to 100 nm. With the invention of scanning
tunneling microscope in 1981, a new science with length
1 nm–100 nm as the research object was born, whose
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ultimate goal is to construct products with specific functions
directly from atoms or molecules. (erefore, nanotech-
nology is actually a kind of science and technology that uses
single atoms or molecules to make matters.

1.2. Precious Metal Nanomaterials and $eir Properties.
Precious metals generally refer to eight nonferrous metal
elements, including gold, silver, and platinum group (in-
cluding ruthenium, rhodium, palladium, osmium, iridium,
and platinum). (ey are used in optoelectronics, energy,
chemical, biomedical, and ceramic fields because of their
unique optical, electrical, catalytic, and physicochemical
properties. By adjusting the physical parameters and
properties such as structure, morphology, size, and com-
position of precious metal nanocrystals, specific properties
can be effectively obtained, realizing the application of
precious metal nanomaterials. Precious metal nanomaterials
refer to the new materials containing precious metals, whose
size is less than 100 nm (or containing corresponding size of
nanophase) obtained from precious metal products devel-
oped and produced by using nanotechnology.

Nanomaterials are powders, fibers, films, or blocks in the
nanoscale. Scientific experiments have proved that when
normal matter is processed to an extremely fine nanoscale,
there will be specific surface effect, volume effect and
quantum effect, and its optical, thermal, electrical, magnetic,
mechanical, and even chemical properties will change sig-
nificantly accordingly. Because of their small size, nano-
materials have very high surface energy and chemical
activity and many special functions. (erefore, nano-
materials have superior properties that ordinarymaterials do
not have.

Like nanomaterials, precious metal nanomaterials also
have a series of special physical and chemical properties. (e
melting point of precious metal nanomaterials is obviously
lower than that of conventional precious metal materials,
which is due to the large specific surface area, high surface
energy and interfacial energy, and less internal energy
needed for melting of nanoparticles. (e same is true of
silver, gold, and platinum group metal nanoparticles. Pre-
cious metal nanoparticles have excellent catalytic activity
and selectivity because of their larger specific surface area,
higher surface energy, and surface crystal defects.

1.3. Preparation and Application of Precious Metal
Nanomaterials. With the gradual weakening of the mone-
tary function of precious metals such as gold, silver, plati-
num, and palladium, the industrial application of precious
metals has increased rapidly. One of the reasons is that high
and new technologies such as nanotechnology are constantly
combined with traditional deep processing technology of
precious metals, which has greatly expanded the application
scope and quantity of precious metals in industry.

(e preparation methods of precious metal nano-
materials can be divided into two categories: one is top-
down, using macro- to submicroscopic methods, such as
grinding, peeling, and etching; the other is bottom-up,
using microscopic to submicroscopic methods, such as

chemical synthesis, polymerization, and self-assembly. (e
former method mostly involves physical operations, while
the latter involves chemical reactions. As there are many
preparation methods of precious metal nanoparticles, and
the preparation is easy, it has become one of the many
advantages for precious metal nanoparticles to be widely
studied and used.

At present, the research and application of nanotech-
nology mainly focus on materials and preparation, micro-
electronics and computer technology, medicine and health,
aerospace and aviation, environment and energy, biotech-
nology, and agricultural products. Nanotechnology occupies
a core position in the research and application of new
materials. (e equipment made of nanomaterials boasts of
lighter weight, stronger hardness, longer life, lower main-
tenance cost, and more convenient design. Nanomaterials
can also be used to producematerials with specific properties
or materials that do not exist in nature, and to produce
biomaterials and biomimetic materials.

Along with the constant development of modern science
and technology, nanomaterials have played an increasingly
important role in many fields. In particular, precious metal
nanomaterials have attracted much attention because of
their excellent physical and chemical properties [1]. (e size
and morphology of nanomaterials mainly depend on
preparation methods. According to some study reports,
synthesis of precious metallic nanocrystallines was con-
trollable, and small-size monometallic nanomaterials had a
high activity and excellent properties, but a poor stability,
whereas large-size nanomaterials featured a stable structure,
but their internal components were hard to interact [2–5].
(erefore, the regrowth etching technique was adopted in
this study to etch Au/Ag bimetallic nanomaterials, in the
expectation of obtaining porous gold nanomaterials with a
stable structure and large size. (e specific study is as
follows.

2. Materials and Methods

2.1. Instruments and Reagents

(1) (e used instruments were as follows: ultrasonic
apparatus, electronic scale, scanning electron mi-
croscope, beaker, stirrer, liquid ultraviolet spectro-
photometer, centrifuge, transmission electron
microscope, and cuvette

(2) (e used reagents were as follows: silver nitrate,
ammonium hydroxide, anhydrous ethanol, chloride
acid (all were analytically pure), sodium borohy-
dride, ascorbic acid, polyvinylpyrrolidone (PVP),
p-nitrophenol, and deionized water

3. Methods

3.1. Preparation of Bimetallic Nanoparticles. After 4mL of
silver nitrate solution was mixed with 0.4 g of poly-
vinylpyrrolidone, the solution was dissolved in 5mL of
deionized water and stirred for 10min. After the solution
was confirmed to be clear, 2mL of ammonium hydroxide
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was added and stirred for 2min.(en, 2mL of auric chloride
solution was added to the mixture, and the total amount of
Ag and Au must be 3 μmol. After 1mL of vitamin C was
added and reacted for 15min, the sample was cleaned with
deionized water and then dispersed into 3mL of deionized
water for later use.

3.2. Synthesis of Au Nanoparticles. 4mL of chloroauric acid
solution and 0.4 g polyvinylpyrrolidone were added into
5mL of deionized water and then fully stirred. After 1mL
vitamin C was added, the color of the solution changed
accordingly. After reaction for 15min, the solution was
cleaned with deionized water and then dispersed into
deionized water for later use.

3.3. Preparation of Porous Nano-Au

(1) Appropriate amount of the vitamin C solution was
added into the chloroauric acid solution. After the
solution became transparent and colorless, the AuI
solution was obtained. After the prepared Ag-Au
bimetallic nanoparticles were mixed with the AuI
solution, the color would gradually change. Samples
were collected at room temperature and cleaned and
centrifuged with ammonium hydroxide and ionized
water. (e product obtained was dispersed into
deionized water for later use.

(2) By Fe3+ etching approach, the prepared Ag-Au bi-
metallic nanoparticles were mixed with 20mM of
ferric nitrate, and the color of the solution gradually
faded. After reaction for half an hour, the samples
were collected, cleaned with deionized water, and
centrifuged.(e product obtained was dispersed into
deionized water for later use.

(3) By ammonium hydroxide erosion approach, the
prepared Ag-Au bimetallic nanoparticles were mixed
with appropriate amount of ammonium hydroxide.
After reaction for 12 h, the samples were collected,
cleaned, and centrifuged. (e final product was
dispersed into deionized water for later use.

(4) By catalytic reduction with nitrophenol, 1mL of
p-nitrophenol and 1mL of sodium borohydride were
mixed. (en, the prepared Au-based nanoreactor
was injected into the reaction system to obtain 3mL
of mixed solution. Finally, the mixed solution was
placed in a quartz cuvette for an absorbance test,
until the solution became colorless.

4. Results

4.1. Preparation of Bimetallic Precursor. Based on the closely
matched lattice constants of Ag and Au, nucleation and
growth rates of Ag and Au were adjusted to reduce Ag-Au
alloy. (e morphology of bimetallic nanomaterials obtained
at different molar ratios (10 :1, 5 : 1, and 2 :1) of Ag+/AuIII
was observed by scanning electron microscope (SEM) as
shown in Figure 1. In the chemical element components, the
corresponding ratios of Ag to Au were 90.1 : 9.9, 83.2 :16.8,

and 66.9 : 33.1, respectively, which were close to the molar
ratios at the reaction, indicating that the bimetallic nano-
materials obtained reacted completely.

After the average particle size of bimetallic nano-
materials above was determined, it was found that bi-
metallic nanomaterials synthesized at different molar
ratios had certain differences. (e average size of
Ag90.1–Au9.9, Ag83.2–Au16.8, and Ag66.9–Au33.1 is as shown
in Figure 2, with the maximum average size in Ag90.1–Au9.9
and the minimum average size in Ag83.2–Au16.8 and
Ag66.9–Au33.1.

According to the analysis of SEM images and electron
diffraction images of Ag66.9–Au33.1, the particles were
polycrystalline, as shown in Figure 3(a). Based on dark-field
transmission electron microscope images and bimetallic
element distribution mapping images of Ag66.9–Au33.1, Ag
and Au elements were widely distributed, as shown in
Figures 3(b) and 3(c).

5. Analysis of Etching Results

5.1. Conventional Etching Agent. Conventionally, ammo-
nium hydroxide, nitric acid, ferric nitrate, and other oxi-
dizing agents were adopted for etching. For example,
ammonium hydroxide and ferric nitrate were adopted for
etching for Ag–Au bimetal generally. However, in the
process of operation, Fe3+ and ammonium hydroxide were
difficult to etch Ag in Ag–Au bimetal as expected. (rough
reaction between ferric nitrate and Ag66.9–Au33.1, the SEM
image of the final product is shown in Figure 4(a). (e
analysis suggested that the whole structure of the product
was collapsed and deformed, which was difficult to better
maintain the porous gold structure. According to
Figure 4(b) EDX image, the product had a significant Ag
signal. (e product featured a hollow structure, but with Ag
uncleaned completely, which might be related to Au’s in-
volvement in Fe3+ reaction. With ammonium hydroxide as
the etching agent, SEM and EDX images of the final product
are shown in Figures 4(c) and 4(d). In the aerobic envi-
ronment, ammonium hydroxide as a corrosive agent could
react with Ag atoms to form [Ag(NH3)2]+, making an
etching effect. However, this study found that the product
obtained after reaction with Ag66.9–Au33.1 did not achieve a
good etching effect. (e reason might be related to the slow
reaction, and there was still as significant Ag signal.

5.2. Special Etching Agent: AuI. It is difficult for the con-
ventional etching agent to have a stable structure, and Au in
residual components is not enough to maintain the large-
size porous structure and results in obvious collapse and
deformation. (erefore, a new-type etching agent that
could obtain porous structures while providing complete
etching is urgently needed, which is also an important way
to obtain porous Au. Based on this, AuIII was first adopted
as the etching agent in this study for the purpose of sta-
bilizing the product structure. However, the following
chemical reactions occurred simultaneously during the
experiment:
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3Ag + Au
III

� 3Ag
+

+ Au, (1)

2Au + Au
III

� 3Au
I
, (2)

Ag + Au
I

� Au
+

+ Au. (3)

(ese reactions will inevitably lead to failure obtaining a
good structure. Different oxidized states of Au have dis-
tinctive electrode potentials. Compared with AuIII, AuI has a
lower valence state but a higher oxidizability and could avoid
reactions (1) and (2). (erefore, AuI is more suitable than
AuIII as the etching agent for preparing porous gold
nanostructures.

After Ag90.1–Au9.9, Ag83.2–Au16.8, and Ag66.9–Au33.1 were
etched with AuI, the three porous gold nanomaterials were
identified as sample 1, sample 2, and sample 3, respectively, as
shown in SEM images in Figure 5. (ere were significant
differences in morphology, quantity, and pore diameter of the
porous materials with different bimetallic compositions.

After the average size of the previously mentioned three
etched porous nanostructures was determined, it was found that
the average particle sizes of sample 1 (Ag90.1–Au9.9), sample 2
(Ag83.2–Au16.8), and sample 3 (Ag66.9–Au33.1) were 500nm,
400nm, and 300nm, respectively. (is suggested that the
materials obtained by AuI etching had a larger size, which
accorded with the effect of regrowth etching, as shown in
Figure 6.

(a) (b) (c)

Figure 1: Low-power SEM images of product of Ag+/AuIII at different molar ratios (a) 10 :1; (b) 5 :1; (c) 2 :1.
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Figure 2: Average size of products of Ag+/AuIII at different molar ratios.

(a) (b) (c)

Figure 3: HADDF-STEM images and bimetallic element distraction mapping images of Ag66.9–Au33.1: (a) HADDF-STEM image; (b) Ag;
(c) Au.
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TEM images of the products of the three samples after
etching showed they all had the single-particle porosity.
SAED images of Ag66.9–Au33.1 showed the particle was
polycrystalline. Precursor Ag90.1–Au9.9 contained the highest
property of Ag. Among the new samples obtained after
etching, there were about 6 and 50 nm diameter pores in a
single particle. Among precursor Ag83.2–Au16.8 samples,
there were about 22 and 16 nm diameter pores in a single
particle. Among Ag66.9–Au33.1 samples with less Ag, there
were about 35 and 11 nm diameter pores in a single particle.
(is indicated the different appearances of the final porous
materials due to the difference in structural sites of Ag el-
ement in bimetallic components. Dark-field TEM images of
porous materials obtained from Ag66.9–Au33.1 showed no Ag
residue in porous gold nanomaterials, as shown in Figure 7.

(e specific process of regrowth etching may be analyzed
as follows. (e replacement reaction between Ag atoms and
AuI occurred on the P surface. With the disappearance of Ag,
Au grew on the bimetallic surface, and pores occurred on the
surface. As the pores on the surface were diffused into the
inner layer, their concentration increased, which led to the
formation of a cavity. When Ag atoms and Au atoms in the
inner layer were diffused to the surface layer, they reached a
stable structure with the lowest energy, which improved the
contact rate between Ag and AuI in the reaction liquid.
(erefore, the original bimetallic structure disappeared, and
the porous gold nanostructure was obtained finally.

6. Catalytic Property of p-Nitrophenol

Metal-based nanomaterials as a catalyst could promote
p-nitrophenol reduction at the room temperature to a
certain extent. (erefore, a typical catalytic reduction was

also adopted in this study to verify the properties of the Au-
based nanomaterials obtained. In general, p-nitrophenol will
not be reduced without a catalyst, even if a large amount of
sodium borohydride is adopted. Nitrophenyl nitrate ions
were formed in the solution, and their characteristic main
peak was at about 400 nm. However, after the effective
catalyst was added, the main peak decreased, and the
characteristic peak of p-nitrophenol was observed at about
292 nm.

6.1. Catalysis with p-Nitrophenol. With sample 3 as the
catalyst and porous nanoreactor as the reaction site, the UV
absorbance spectrum after catalytic reduction with
p-nitrophenol is shown in Figure 8(a). (e whole process of
p-nitrophenol reduction and aminophenol generation was
complete in the porous reactor. During the 4min of com-
plete reaction, the main peak in the UV spectrum decreased
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Figure 4: SEM and EDX images of product obtained with conventional etching agent: (a) SEM image; (b) EDX image; (c) SEM image;
(d) EDX image.

(a) (b) (c)

Figure 5: Porous nanostructures obtained by AuI etching: (a) Ag90.1–Au9.9; (b) Ag83.2–Au16.8; (c) Ag66.9–Au33.1.
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Figure 6: Average size of products obtained from three samples by
AuI etching.
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significantly, p-nitrophenols were all reduced, and the color
of the solution became colorless and transparent. Figure 8(b)
shows the kinetic process of sample 3. (e results showed
that ln[C(t)/C(0)] was positively correlated with time, which
accorded with the first-order reaction.

6.2. Comparison of Catalytic Results. In order to understand
the catalytic property of porous gold nanomaterials prepared
in this study, nitrophenol catalytic reduction tests were
conducted for Au particles, three bimetals, and the first two
corresponding products, respectively. (e results showed
that, with the increase of Au content in the components, the
bimetallic materials showed a more significant catalytic
effect, with a significantly shorter time required. Among the
porous samples, the large-pore-diameter sample 1 had a
worse catalytic effect, whereas small-pore-diameter samples
2 and 3 had a better catalytic effect, as shown in Figure 9.

(e catalytic time of Au was more than 2 h, while the
catalytic times required by Ag90.1–Au9.9; Ag83.2–Au16.8;
Ag66.9–Au33.1 were 31min, 18min, and 16min, respectively.
(erefore, the time required by porous materials was sig-
nificantly shorter. Specifically, the times required by samples
1 and 2 were 10min and 6min, respectively. (is suggested

that the properties of porous gold nanomaterials were re-
lated to the quantity and size of pores.

7. Discussion

Energy, materials, and information are important pillars of
modern science and technology, among which material
technology is the key to solve energy and environment
problems [6]. Nanotechnology plays a very important role
in such fields as medicine, optics, and catalysis. Gold and
silver are the most common precious metals. New precious
metal materials prepared by nanotechnology have special
physical and chemical properties and become an important
part of nanotechnology studies [7]. Some studies reported
that hollow, porous, or framed precious metal nano-
materials differed greatly from solid nanoparticles in terms
of structure, with a larger effective contact area, lower
overall density, and better liquid fluidity [8–10]. (erefore,
in the actual synthesis process, these nanomaterials as the
catalytic reaction reactor can effectively increase the con-
tact area and involve gas and liquid more easily, so as to
promote the reaction [11]. Due to their excellent properties,
porous materials are widely used in various fields. In

(a) (b)

Figure 7: Dark-field TEM image of sample 3 and EDX mapping image of element Au: (a) TEM image; (b) EDX mapping image.
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appropriate solutions, metal salt can be reduced to obtain
monometal nanostructures. Accordingly, two different
metals can be reduced to get bimetallic nanostructures.
However, because of the differences between the two metals
in chemical properties and reduction potential, it is difficult
to control their reduction and nucleation processes si-
multaneously [12]. Coreduction synthesis, replacement
synthesis, and thermal decomposition synthesis are the
most commonly used methods for preparing bimetallic
nanomaterials.

Etching bimetallic materials by replacement reaction is a
widely used and effective approach to obtain monometallic
porous nanostructures at present. During the whole process
of operation, metal A with the reduction property is adopted
as the template, and metal B ion with the oxidization
property is adopted as the etching agent in general. While B
grows towards the outer layer, A atom in the inner layer is
also diffused outward. Finally, B deposits on the surface of A
and forms a shell [13]. In this way, the alloy of hollow spheres
is obtained. During this process, the etching agent not only
adjusts the inner cavity but also modifies the outer shell [14].
According to the application advantages of replacement

reaction, during the specific process of operation, bimetallic
materials can be etched to prepare large-size monometallic
nanomaterials, such as Au nanotubes, Au nanocages, and
Au/Pt. (ese etched precursors all have a frame-like
structure [15]. In brief, hollow Ag/Au nanoshells are
transformed into porous nanocages. In practice, it is difficult
to prepare large-size spherical porous nanostructures (with a
diameter of more than 100 nm). For instance, monometallic
M template is generally adopted for Au nanomaterials, and
the Au-M nanoshell structure is formed after displacement
reaction. (en, residual metal A is cleaned by etching.
However, it is difficult to obtain large-size spherical porous
materials by this operation [16]. (e challenges mainly exist
in the following aspects. First, although the size increases
after replacement reaction, it cannot be further increased.
Second, the increase in the size of the selected etching
templates causes the decrease in the composition etched
materials and structural stability and the possibility of
collapse. (ird, the porous gold structures obtained by bi-
metallic etching are prone to have silver residues, and the
reactants may cause blocking when passing through pores
[17].
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Figure 9: UV absorbance spectrum of catalytic reduction with different Au-based catalysts: (a) Au particle; (b) Ag90.1–Au9.9;
(c) Ag83.2–Au16.8; (d) Ag66.9–Au33.1; (e) sample 1; (f ) sample 2.
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Based on this, the “regrowth etching” method was pro-
posed in this study, with the aim to reduce collapse caused by
structural instability. First, Ag-Au bimetallic materials were
prepared through adjustment of the nucleation and growth
rates of Ag and Au. Although all of the prepared Ag90.1–Au9.9,
Ag83.2–Au16.8, and Ag66.9–Au33.1 bimetallic nanomaterials
reacted completely, Ag was high in the precursor and oc-
cupied more sites.(en, AuI was adopted as the etching agent
to further trigger the replacement reaction with Ag, which not
only obtained large-size porous gold nanomaterials with a
better stability but also effectively avoided collapse and de-
formation. (e catalytic reduction reaction with p-nitro-
phenol confirmed that hollow porous materials have a more
advantageous catalytic activity. (e enhanced diffusion effect
of porous structure is mainly manifested as follows. First, the
large-volume-fraction interface in the structure provides an
important way for short-cycle diffusion. Second, the particle
interfaces and cavities after the replacement reaction have
high-density defects. (ird, due to the driving force, the stress
and deformation in the crystals enhance the diffusion effect.
Fourth, pores in materials lead to capillary phenomenon,
which is more significant in materials with small-diameter
pores in general. Because porous nanomaterials are a reaction
site, the fluid transfer process is mainly completed through the
pores. Small-size pores are easy to be blocked by reactants or
products, while a large number of pores can provide multiple
channels to transfer these substances, so as to effectively
reduce pore blocking. At present, it is generally believed that
nanomaterials with a large number of 10 nm-diameter pores
have a good catalytic effect and are excellent catalytic ma-
terials [18].

In conclusion, the regrowth etchingmethod was adopted
in this study to successfully prepare large-size porous gold
nanomaterials with a good structural stability. (e prop-
erties of porous gold nanomaterials were improved through
adjustment of the size and quantity of pores to a certain
degree. Applied as a catalytic reaction site, these materials
have more outstanding properties than solid particles and
are expected to play important roles in disease detection,
catalysis, and biomedicine.

8. Conclusion

Ag–Au alloy was prepared at different molar ratios of Ag+/
AuIII, and the bimetallic nanomaterials obtained had similar
Ag/Au ratios to the molar ratio at reaction. (is suggested
that the bimetallic nanomaterials reacted completely, with
themaximum average size in Ag90.1–Au9.9 and theminimum
average size in Ag83.2–Au16.8 and Ag66.9–Au33.1.

Due to the deficiency of conventional etching agents, the
“regrowth etching” method was proposed in this study.
Specifically, with AuI as the etching agent, the porous gold
nanomaterials with the size of more than 300 nm were
successfully prepared, achieving the regrowth etching effect
and a good structural stability.

According to the analysis based on the catalytic re-
duction reaction with p-nitrophenol, the properties of the
large-size porous gold nanomaterials were related to the
quantity and size of pores.
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