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ABSTRACT: AgCl nanomaterials recently attracted scientific
interest as useful structural building blocks for producing metallic
nanomaterials owing to their facile synthesis, controllable
morphology, and ease of removal under ambient conditions.
However, their complex chemical reactivity has primarily been
studied in association with water solubility or reducibility. This
study investigates the pivotal role of precursor ligands in the
photochemical synthesis of metallic cubic mesh nanostructures on
the AgCl templates. The side reactions between AgCl and Au
precursors with different ligands are thoroughly discussed along
with their influence on the byproduct formation and the structural
stability of the resulting metallic nanostructures. Importantly, we
introduce for the first time the partial destruction of AgCl and the
formation of undesirable byproducts caused by the presence of highly oxidizing and Cl-containing AuCl4−. In addition, a synthetic
route for producing highly pure and stable metallic nanostructures using a halogen-free Au precursor or Pt-priming is proposed.
Further, the photothermal properties of these replicated metallic nanostructures are presented as a new evaluation tool for analyzing
their overall structural stability. Discovering the role of precursor ligands in the reaction system will prove useful as a guide for the
synthesis of functional noble metal nanomaterials using silver halide templates.

■ INTRODUCTION
Recently, AgCl nanoparticles (AgCl NPs) have received
increased interest as efficient structural building blocks for
the synthesis of nanomaterials with controlled shapes and
sizes.1−8 Many multimetallic nanomaterials are currently
synthesized by constructing three-dimensional cubic and
spherical mesh nanostructures using AgCl NPs as templates
due to the excellent chemical and physical properties of AgCl,
such as rapid and facile synthesis at room temperature,
controllable shapes and sizes, and cost-effectiveness.9,10 Easy
removal of the AgCl template with a dilute NH3 solution is a
significant advantage in a sacrificial template compared to
other inorganic and organic nano-templates. Moreover, AgCl
itself can play a role as a reactive Ag precursor under precise
chemical control, which significantly increases interfacial
fabrication between the template and metallic replica.
However, the high reactivity of AgCl can be a double-edged
sword. For example, the undesired reduction of AgCl in the
presence of reductants or under light irradiation may result in
the self-nucleation and growth of byproduct Ag NPs, which
deteriorate the homogeneity of the final products.11,12

Moreover, the dissolution of AgCl can be easily induced by
inorganic ligands other than NH3.

13 Therefore, there is a need

to develop a precise chemical control of the metallic replication
without the deformation of AgCl templates.
Ligand is one of the most powerful tools to control the

reduction chemistry of metallic precursors as their chemical
properties, such as standard reduction potentials, solubility,
and stability, are governed by coordinated ligands. Reduction
pathways and resultant nanostructures are often controlled by
ligand exchange.14,15 For gold precursors, tetrachloroauric acid
(HAuCl4) is widely considered as the exclusive precursor for
the synthesis of Au-based nanostructures, as demonstrated as
early as the 1950s.16 Based on its high standard reduction
potential and good solubility in various solvents, HAuCl4 is
conventionally favored with incorporation into various
synthetic methods. However, HAuCl4 may be problematic
during the synthesis as its high reducibility offers potential as a
strong oxidizing agent, which may result in the oxidative
destruction of preceding metallic nanostructures during the
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synthesis through a galvanic replacement reaction. Addition-
ally, the Cl− ligands are released in the aqueous reaction media
through ligand exchange with hydroxide ions, which is
uncontrollable during the synthesis.17 The released Cl− ions
can form undesirable byproducts that significantly degrade the
purity of resultant nanomaterials and disturb the application of
synthesized nanomaterials by blocking their surfaces.18 Cl−
ions also reverse the electrostatic charge of Au3+ ions from
positive to negative, thereby limiting the electrostatic
interaction-based utilization of Au3+ ions. As an alternative,
the halogen-free positive Au precursor, Au(NH3)4(NO3)3, was
recently adopted for the synthesis of Au-DNA nanoparticles
based on their electrostatic interactions.19 The usage of the
halogen-free precursor may improve the structures and expand
applications of Au-based nanostructures by suppressing side
reactions and the formation of byproducts. Therefore, the
choice of suitable Au precursors is essential for expanding the
usage of Au-based nanomaterials with desired functions.
In this study, the photochemical replication of metallic cubic

mesh nanostructures (CMNs) on AgCl templates (AgCl@
CMN) using two types of Au precursors (HAuCl4 and
Au(NH3)4(NO3)3) is demonstrated. To date, such CMNs
have demonstrated themselves as efficient photocatalysts and
SERS probes.2,5,6 Further, this study also reports that the use of
the halogen-free Au precursor fundamentally prevents the
chemical formation of undesired and unremovable AgCl debris
and consequent byproduct NPs caused by using HAuCl4
precursor. To protect the AgCl surface, another bypass
method, Pt-priming, is also proposed to effectively prevent
undesired reactions with HAuCl4. Additionally, the photo-
thermal properties of the CMNs are demonstrated as a useful
measure for evaluating the structural stability of the replicated
nanostructures.

■ EXPERIMENTAL SECTION
Materials and Instruments. Silver nitrate (cat. No.

204390), gold(III) chloride trihydrate (cat. No. 520918),
potassium tetrachloroplatinate(II) (cat. No. 323411), sodium
citrate tribasic dihydrate (cat. No. S4641), polyvinylpyrroli-
done (PVP, cat. No. 856568; Mw 10 000), L-ascorbic acid (cat.
No. A5960), ammonium hydroxide solution (cat. No.
221228), and Tween 20 (cat. No. P9416) were purchased
from Sigma-Aldrich (St. Louis, Missouri). Tetramine gold
nitrate (Au(NH3)4(NO3)3) was synthesized according to a
published method.20 Ultrapure water obtained from a
Millipore Direct-Q3 system (18.2 MΩ·cm; Millipore, Billerica,
Massachusetts) was used for all experiments. A metal halide
lamp was purchased from Koryo Industry (400 W; Seoul,
Republic of Korea). An 808 nm laser was purchased from
Changchun New Industries Optoelectronics Tech. Co., Ltd.
(MDL-III-808 nm-1W; Changchun, China). The structural,
surface, and optical properties were observed using scanning
electron microscopy (SEM; Quanta 250 FEG, FEI), trans-
mission electron microscopy (TEM; Talos F200X (FEI)
operated at 200 kV, and Titan Themis 3 (FEI) operated at 300
kV), X-ray photoelectron spectroscopy (XPS; K-Alpha X-ray
Photoelectron Spectrometer System, Thermo Fisher Scientific,
Waltham, Massachusetts), UV−vis spectroscopy (UV−vis;
Agilent 8453, Agilent Technologies, Santa Clara, California),
dynamic light scattering (DLS) and zeta potential measure-
ment (Zetasizer Nano ZS90, Malvern Panalytical, Malvern,
UK), and inductively coupled plasma mass spectrometry (ICP-

MS; Agilent 7700, Agilent Technologies, Santa Clara,
California).
Synthesis of AgCl Nanocubes (NCs) and AgCl

Nanospheres (NSs). An aqueous HAuCl4 solution (5 mM,
100 μL) and PVP (5.59 g/L, 15 μL) were added to 7.5 mL of
ultrapure water. An AgNO3 solution (5 mM, 190 μL) was
introduced into the mixture (7.805 mL in total; final
[HAuCl4], [PVP], and [AgNO3] = 64 μM, 0.0107 g/L, and
0.122 mM, respectively) after 5 min, followed by incubation of
the solution for 30 min at 25 °C under dark conditions with
vigorous stirring. The resultant mixture solution appeared
white opaque owing to the presence of synthesized AgCl NCs
and was centrifuged at a speed of 5000 rpm (2348 rcf) for 5
min. The supernatant was removed, and the AgCl NCs were
redispersed in a 0.01% Tween 20 solution. Assuming complete
conversion of the given number of Ag+ ions (9.5 × 10−7 mol),
the calculated mole number of the AgCl NCs was 5.08 fmol
(edge length and density of the AgCl NCs are 200 nm and
5.56 g/cm3, respectively). The AgCl NSs were synthesized
following the same procedure, except for a higher final PVP
concentration (1.611 g/L).
Photochemical Synthesis of Metallic Cubic Mesh

Nanostructures (CMNs) and Spherical Mesh Nanostruc-
tures (SMNs) without Pt-Priming. The AgCl NCs (5.08
fmol) were dispersed in 6.79 mL of ultrapure water and
combined with aqueous PVP (5.59 g/L, 15 μL), trisodium
citrate (5 mM, 500 μL), and one of the Au precursors
(HAuCl4 or Au(NH3)4(NO3)3; 1 mM, 500 μL). A 400 W
metal halide lamp was placed 25 cm away from the reaction
vessel, which underwent light irradiation for 30 min along with
vigorous stirring at 25 °C. The resultant nanomaterials solution
was centrifuged at a speed of 5000 rpm (2348 rcf) for 5 min.
The supernatant was removed and the AgCl@CMNs were
redispersed in a 0.01% Tween 20 solution. The SMNs were
synthesized using the AgCl NSs instead of the AgCl NCs. To
remove the AgCl core, the AgCl@CMNs (or AgCl@SMNs)
were incubated in a 3 wt % NH3 solution for 30 min and
vigorously stirred. For further purification, the products were
centrifuged at a speed of 5000 rpm (2348 rcf) for 5 min, the
supernatant was removed, and the products were redispersed
in a 0.01% Tween 20 solution.
Photochemical Synthesis of Metallic CMNs and SMNs

with Pt-Priming. The photochemical synthesis of the Pt-
primed CMNs was performed with the two-step photo-
chemical reduction. For the Pt-priming on the AgCl NCs, the
synthesized AgCl NCs (5.08 fmol) were dispersed in 7.19 mL
of ultrapure water, followed by the addition of PVP (5.59 g/L,
15 μL), trisodium citrate (5 mM, 500 μL), and K2PtCl4 (5
mM, 100 μL). The photochemical reduction and purification
were conducted as described above. For the synthesis of the
AgCl@CMNs, the Pt-primed AgCl NCs were dispersed in 7.04
mL of ultrapure water, followed by the addition of PVP (5.59
g/L, 15 μL), trisodium citrate (5 mM, 250 μL), and HAuCl4
(1 mM, 500 μL). The photochemical reduction and
purification were repeated to produce AgCl@CMNs. The
SMNs were synthesized using the Pt-primed AgCl NSs instead
of Pt-primed AgCl NCs. The removal of AgCl and the product
purification were conducted as described above.
Measurement of Photothermal Properties. To mon-

itor the photothermal properties, the AgCl@CMNs and
CMNs (each synthesized from 10.16 fmol of AgCl NCs)
were dispersed in 2 mL of ultrapure water. The resultant
mixture was vigorously stirred to prevent sedimentation, and
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the temperature was measured under irradiation of near-
infrared light using an 808 nm laser at 1 W/cm2.

■ RESULTS AND DISCUSSION
The chemistry of AgCl is complicated; it is associated with the
coordination and redox reactions of Ag+, both of which are
affected by the type of precursor ligands and reductants. Owing
to AgCl’s high reducibility (E° = 0.222 V), it can be deformed
during the reduction reaction, resulting in a failed replication
for the synthesis of metallic nanostructures. In fact, when we
attempted to reduce Au3+ on AgCl NC templates using
ascorbic acid for the metallic replication, they significantly
destructed into smaller particles, which occurred regardless of
the types of Au3+ precursors (see the Supporting Information,
Figure S1). To mitigate this issue, a photochemical synthetic
route was designed with light-intensity-dependent milder
reductive conditions that favor the preservation of the AgCl
NCs and the reduction of Au precursors. Before light
irradiation, the as-synthesized AgCl NCs were combined
with HAuCl4 and examined using SEM (Figure 1a). As
expected, the AgCl NCs exhibited negligible structural changes
after the mixing, as both Ag+ and Au3+ ions are in their highest
oxidation states and will not react with each other. Surprisingly,
the DLS analysis of the AgCl NCs combined with AuCl4−

revealed the presence of a certain proportion of tiny debris (∼5

nm in diameter), which was not observed with the as-
synthesized AgCl NCs (Figure 1b). The supernatant from the
mixture of AgCl NCs and HAuCl4 containing debris was
elementally analyzed using ICP-MS, and it was compared with
the supernatant from a pure AgCl NC solution. Interestingly,
the debris solution contained 17 times as many Ag+ ions as the
supernatant from the pure AgCl NC solution. The hypothesis
is that the debris was composed of AgCl, which was formed
from Cl− released from AuCl4− and Ag+ obtained from the
oxidation of Ag0 on the AgCl NCs by AuCl4− (E° of AuCl4− =
1.005 V and E° of Ag+ = 0.800 V) via the following chemical
reactions (stoichiometric coefficients are omitted for sim-
plicity).21

+ +hAgCl(s) Ag (s) Cl (g)0
2 (1)

+ + ++Ag (s) AuCl (aq) Ag (aq) Cl (aq) Au (s)0
4

0

(2)

++Ag (aq) Cl (aq) AgCl(s) (3)

To investigate this hypothesis, XPS was used to examine the
presence of Ag0 on the AgCl NCs, which is widely known to be
formed due to the reduction of photosensitive AgCl to Ag
(Figure 1c).22,23 Despite the synthesis under dark conditions,
Ag0 coexisting with Ag+ on the AgCl NCs was observed as

Figure 1. (a) SEM image of AgCl NCs after reaction with HAuCl4 under dark conditions. (b) Size distributions of as-synthesized AgCl NCs and
the isolated supernatants after the addition of HAuCl4. The tiny debris was observed separately due to their significantly weak scattering. (c) XPS
fine scan of Ag 3d of as-synthesized AgCl NCs. (d) SEM image of AgCl@CMNs synthesized by photochemical reduction of HAuCl4 on AgCl NCs.
(Inset) Single AgCl@CMN observed using TEM. The scale bar of the inset is 30 nm. (e) TEM image of AgCl@CMNs observed in a large area,
showing a significant number of byproduct NPs. (f) Size distribution of the AgCl@CMNs. (Inset) Magnified TEM image of the byproduct NPs in
the red box of Figure 1e. All of the scale bars are 200 nm except that of the inset which is 30 nm.
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confirmed by the binding energy of Ag 3d5/2 at 367.1 eV.24

The subsequent photochemical reduction of AuCl4− on the
AgCl NC templates resulted in the formation of uniform three-
dimensional (3D) AgCl@CMNs as observed using both SEM
and TEM, demonstrating the selective and preferential
reduction of AuCl4− on the AgCl NCs via photochemical
control (Figure 1d,e). The formation of a significant number of
smaller NPs (∼10 nm in diameter) as byproducts along with
the AgCl@CMNs on the AgCl NCs was observed in the TEM
image (Figure 1e). Although the irregularly shaped byproduct
NPs appeared to be connected in the high-resolution TEM
image (Figure 1f, inset), their individual particulate morphol-
ogy and uniform size distribution were identified with the DLS
analysis (Figure 1f). These byproduct NPs were further
analyzed using the energy-dispersive X-ray spectroscopy and
elemental distributions and determined to contain not only Au
(62 atom %) but also Ag (38 atom %) with a negligible portion
of Cl (<1 atom %), indicating that their formation involves the

reduction of the AgCl debris and HAuCl4 (Figure S2). For
further clarification οf the origin of byproduct NPs under
similar experimental conditions, we isolated the AgCl debris
solution by centrifugation and photochemically reduced them,
finally obtaining similar structures and compositions to the
Au/Ag alloy byproduct NPs (Figure S3).
The formation of undesired byproducts is a significant

obstacle to replication in terms of purity. Therefore, a halogen-
free Au precursor Au(NH3)4(NO3)3 was employed as an
alternative for the synthesis of CMNs. Due to its moderate
standard reduction potential (E° = 0.325 V), it is unlikely that
Au(NH3)43+ oxidizes Ag to Ag+ on the AgCl surfaces.25

Moreover, Au(NH3)4(NO3)3 does not provide Cl−, eliminat-
ing the possibility of the AgCl debris precipitation. The AgCl
NCs combined with Au(NH3)43+ (64 μM) and a maximum
equivalent concentration of NH3 (256 μM) did not exhibit any
noticeable morphological changes (Figure 2a,b). The structural
stability of the AgCl NCs in the presence of Au(NH3)43+ was

Figure 2. SEM images of AgCl NCs after reaction with (a) Au(NH3)4(NO3)3 and (b) NH3. The concentration of NH3 in (b) was four times
higher than that of Au(NH3)43+ in (a). (c) UV−vis spectra of as-synthesized AgCl NCs and the resultant mixture after reaction with
Au(NH3)4(NO3)3 and NH3. (d) Time-dependent size distributions of AgCl NCs after their reaction with Au(NH3)4(NO3)3. (e) SEM image of
AgCl@CMNs synthesized by photochemical reduction. (Inset) Single AgCl@CMN observed using TEM. The scale bar of the inset is 50 nm. (f)
Size distributions of the AgCl@CMNs. (Inset) TEM image of AgCl@CMNs observed in a large area. The scale bar of the inset is 250 nm. (g)
High-angle annular dark-field scanning TEM image and elemental maps of CMN after AgCl removal.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03096
ACS Omega 2023, 8, 25506−25514

25509

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03096/suppl_file/ao3c03096_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03096/suppl_file/ao3c03096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


demonstrated spectroscopically by obtaining the UV−vis
spectra and DLS measurement with negligible changes,
which further confirmed the consistent optical properties and
size distributions after the mixture formation (Figure 2c,d). As
expected, the combination of the AgCl NCs with Au(NH3)43+
did not produce any AgCl debris, proving that the mechanistic
study of the AgCl debris formation with AuCl4− was valid. The
photochemical reduction of Au(NH3)43+ resulted in the
formation of structurally controlled CMNs (edge length =
∼200 nm) with high uniformity (Figure 2e). The DLS
measurement as well as the TEM observation of the CMNs did
not indicate the presence of the byproduct particles, proofing
the validity of a new synthetic route with the least possibility of
byproduct formation by using Au(NH3)43+ (Figure 2f and
inset). The obtained elemental distribution of the CMNs
confirmed their bimetallic nature (Au/Ag) with porosity
(Figures 2g and S4). In addition to the photochemical
reduction of Au(NH3)43+, the presence of Ag as a component
in the CMN indicates that AgCl templates were partially
reduced under synthetic conditions.3,26 The influence of the
selection of the Au precursor on the CMNs after the removal
of the AgCl NC templates was investigated (Figure S5). From
monitoring the synthesis of the CMNs, uneven growth and
consequent bumpy surfaces of the mesh structures on the AgCl
NCs were observed with AuCl4− that caused poor connectivity
and consequent collapse without the support of the AgCl NCs.
However, for Au(NH3)43+, the mesh grew evenly all over the
surface of the AgCl NCs, producing free-standing CMNs after
the removal of the AgCl NCs.
Even though the halogen-free Au(NH3)43+ as a precursor is

attractive due to the purity and free-standing structure of its
product CMNs, it is useful to develop an alternative synthetic
route for producing free-standing CMNs using conventional
AuCl4− precursor. The best approach is to prevent the
formation of Ag0 or to completely eliminate it before using
AuCl4−, neither of which is practically possible. So, we
hypothesized that coating the AgCl NCs with a layer of

another metal would block the AuCl4−-induced oxidation of
Ag0 on the AgCl NC surfaces. Pt was chosen as a suitable
coating material because reduced Pt0 is expected to be stable in
the presence of AuCl4− (E° of Pt2+ = 1.18 V and E° of AuCl4−

= 1.002 V). PtCl42− is the precursor of our choice as it is not
expected to oxidize Ag0 on the AgCl NCs due to its insufficient
reduction potential (E° of PtCl42− = 0.755 and E° of Ag+ =
0.800 V). Unlike AuCl4−, even if any Cl− is released from
PtCl42−, there will be no AgCl debris because Ag0 will not be
oxidized. To validate this hypothesis, PtCl42− was combined
with the AgCl NCs, and it was observed that no debris was
produced, indicating that PtCl42− did not react with Ag0 on the
AgCl NCs as expected (Figure S6). For the protection of the
AgCl NCs, PtCl42− underwent further photochemical reduc-
tion on the AgCl NCs to wrap them (Pt-primed AgCl NCs).
While the AgCl NCs maintained their shape and size, several
bumps were observed on the AgCl surfaces after the reduction
(Figure 3a). The photochemical reduction of Pt was
investigated by analyzing the chemical states of Pt using XPS
(Figure 3b). The XPS spectrum of Pt 4f of the photochemi-
cally reduced Pt shows the metallic nature of Pt (Pt 4f5/2 at
75.4 and Pt 4f7/2 at 72.1 eV), confirming the complete
reduction of the PtCl42−.27 Removing the AgCl NCs from the
Pt-primed AgCl NCs leads to the collapse of the structures
composed of thin layers, implying that the Pt0 coverage on the
AgCl NCs was not sufficient enough for mechanical support
(Figure S7). The influence of light irradiation on photo-
chemical reduction was evaluated by conducting the reduction
reaction under dark conditions. The surface composition of Pt
dramatically decreased from 24 to 6 atom %, indicating the
reduction was induced by light irradiation. Moreover, the XPS
spectrum of the Pt 4f subshell of the Pt-primed AgCl NCs
synthesized under dark conditions exhibited an additional
higher binding energy at 77.7 eV, implying the presence of Pt
cations that are not completely reduced due to the lack of light.
The Pt-primed AgCl NCs were combined with AuCl4− and
examined by DLS, where both Pt-primed AgCl NCs and their

Figure 3. (a) SEM image of Pt-primed AgCl NCs. (b) Pt 4f fine scan spectra of the Pt-primed AgCl NCs synthesized using photochemical reaction
(black curve) and reaction with trisodium citrate under dark conditions (red curve). (c) Size distributions of the Pt-primed AgCl NCs before and
after the reaction with HAuCl4, and the supernatant solution after the reaction. SEM images of photochemically synthesized (d) AgCl@CMNs and
(e) CMNs after the removal of AgCl NCs. (Inset) Magnified TEM image of a single CMN. All of the scale bars are 200 nm except that of the inset
which is 50 nm.
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mixture with AuCl4− showed uniform size distribution (Figure
3c). The supernatant of the mixture did not contain any AgCl
debris, successfully proving the protective function of Pt for
Ag0 on the AgCl NCs from AuCl4−. The subsequent reduction
of AuCl4− on the Pt-primed AgCl NCs resulted in the CMNs
around the AgCl NCs (Figure 3d). Despite their uneven
surface morphologies, the AgCl@CMNs maintained their
cubic structures even after the removal of the AgCl NC
templates (Figure 3e). This result proposes that the surface
protection of the AgCl NCs by wrapping inert metallic layers is
a solution for synthesizing the CMNs without any impurity
issues caused by conventional AuCl4−.
The investigated synthetic routes for the CMNs are

illustrated in Figure 4. In Figure 4a, it is noteworthy that the
metallic silver (Ag0) on the photosensitive AgCl NCs causes
the production of undesired impurities when used with AuCl4−

precursor because it is highly oxidative and releases Cl− ions.
Unless the AgCl NCs are synthesized in a dark room without
any light source, which is impossible, the formation of the solid
AgCl debris and its subsequent conversion to the Au/Ag alloy
byproduct NPs is inevitable. Although there are several reports
on AgCl nanostructures with AuCl4−, to the best of our

knowledge, this is the first report associated with the undesired
formation of AgCl debris from a mixture of the AgCl NCs and
AuCl4−, as the tiny size and small quantity of debris make its
identification highly challenging.1,6,10 The CMNs collapse after
the removal of the template possibly due to a deficiency of Au
that was partially consumed during the formation of byproduct
NPs. In Figure 4b, we propose a fundamental solution to this
issue using a new ligand-exchanged Au precursor, Au(NH3)43+,
which is less oxidative and contains no halogen element. As
expected, no side reactions were observed, resulting in the
formation of free-standing CMNs. In Figure 4c, an alternative
route is developed to protect the AgCl NCs, including Ag0 on
the surface, which allows the use of conventional AuCl4− for
the synthesis of free-standing CMNs. PtCl42− is chosen as a
protector because of its suitable reduction potential that is not
high enough for oxidizing Ag0 but still sufficient for
photochemical reduction. As Ag0 is not oxidized, the AgCl
debris was not formed despite the Cl− ions released from
PtCl42−. Eventually, this last method demonstrates the
successful formation of free-standing CMNs using the
conventional Au precursor by taking advantage of the Pt-
priming. The two successful routes for the formation of free-

Figure 4. Schematic illustrations of various synthetic routes for CMNs. Synthetic route of CMNs using (a) conventional AuCl4− and (b) ligand-
exchanged Au(NH3)43+ as Au precursors. (c) Alternative synthetic route for replication using Pt-priming and AuCl4−.

Figure 5. (a) UV−vis absorption spectra of the CMNs before (dot line) and after (solid line) the removal of AgCl NCs. (b) Concentration-
dependent temperature changes induced by the Au(NH3)43+-based AgCl@CMNs under 808 nm laser irradiation. (c) Temperature increases from
25 °C induced by the three types of the CMNs before (dot line) and after (solid line) the removal of the AgCl NCs. (d) Relative decreases of
ΔT30s induced by the CMNs after the removal of the AgCl NCs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03096
ACS Omega 2023, 8, 25506−25514

25511

https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03096?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


standing CMNs (Figure 4b,c) are also applicable to the
photochemical replication of the AgCl nanospheres (AgCl
NSs) for synthesizing spherical mesh nanostructures (SMNs)
(Figure S8).
Lastly, the structural stability of the synthesized CMNs was

investigated comparatively with three chemical approaches
(AuCl4−, Au(NH3)43+, and AuCl4−/Pt-priming). As typical
electron microscopic methods provide only local observation
of a few CMNs, an additional evaluation is required for the
global examination of the entire CMNs. Although X-ray
diffraction and light-scattering-based methods evaluate the
overall properties of the products, they only verify the atomic
crystallinity and size distribution and do not provide a
sufficient understanding of the structural properties on the
tens of nanometer scale. Based on this reasoning, we decided
to take advantage of spectroscopic approaches that directly
correlate with localized surface plasmon resonance (LSPR)
and the photothermal properties of the hollow Au/Ag
nanomaterials such as CMNs, both of which strongly depend
on the structures.28,29 The analysis of the temperature increase
induced by the CMNs would be a precise and convenient
measure for evaluating the structural stability of CMNs before
and after the removal of the AgCl NC templates. We first
observed the UV−vis spectra of the three types of AgCl@
CMNs to determine the wavelength of the light irradiation
(Figure 5a). Since the core AgCl NCs exhibited strong
absorption bands around 300 nm (Figure 2c), the optical
properties of the AgCl@CMNs were determined mainly based
on the AgCl NC templates before their removal. Due to the
presence of the CMNs, broad plasmonic absorption bands
were also observed in the visible and near-infrared (NIR)
regions. These LSPR-based optical properties were more
pronounced for the Au(NH3)43+-based and AuCl4−/Pt-
priming-based CMNs after the removal of the AgCl templates.
Unlike the other two, the AuCl4−-based CMNs exhibited
almost a flat spectrum, probably due to structural collapse after
the removal of AgCl NCs as shown in Figure S5. The
photothermal properties of the three AgCl@CMNs were
investigated by observing temperature changes under 808 nm
laser irradiation (1 W/cm2) (Figure S9). The three types of
CMNs exhibited maximum temperatures in 30 min, among
which the Au(NH3)43+-based AgCl@CMNs were observed to
be the most photothermally efficient. Subsequently, we
confirmed the concentration-dependent photothermal proper-
ties of the Au(NH3)43+-based AgCl@CMNs (Figure 5b).
Lastly, to analyze the overall structural stability of the CMNs,
we compared the photothermal properties of the CMNs before
and after the removal of the AgCl NCs. As the temperature
stopped increasing at 30 min with all of the CMNs, the
temperature increase from 25 °C at 30 min (ΔT30) was used as
a measure to evaluate the type- and time-dependent structural
stability of the CMNs (Figure 5c). Regardless of the type of
the AgCl@CMNs, the ΔT30’s dropped after the removal of the
AgCl NCs (dot line → solid line), indicating that the partial
collapse of the CMN structures occurred in common.
Specifically, the photothermal properties of the Au(NH3)43+-
based and AuCl4−/Pt-priming-based CMNs were still
pronounced even after the AgCl removal, exhibiting ΔT30s of
25 and 20 °C, respectively. In contrast, the AuCl4−-based
CMNs only showed a ΔT30 of 7.5 °C. For the relative
comparison of these ΔT30’s, the percentage decrease of the
ΔT30 was calculated and is shown in Figure 5d. Since the
AuCl4−-based CMNs rarely maintained the structures after the

AgCl template removal, the ΔT30 largely decreased by 68%.
However, the other two stable CMNs resulted in only a 23 and
32% decrease of the ΔT30, respectively. Based on the
photothermal activities, the Au(NH3)43+-based CMNs ap-
peared to exhibit the highest structural stability, which was
additionally proved by their plasmon-enhanced photocatalytic
properties for the degradation of harmful Cr6+ (Figure S10).
This investigation demonstrates that the photothermal proper-
ties can be a suitable analytical tool that supports microscopic
methods such as TEM, for evaluating the overall structural
properties of hollow Au/Ag nanostructures, particularly with
an emphasis on stability.

■ CONCLUSIONS
AgCl has been used as a nanostructured template for the
convenient synthesis of complicated multimetallic nanomateri-
als in aqueous media. However, it is still unclear how its
replication is impacted by its complex chemistry, such as its
photosensitivity, redox reactions, and water solubility. This
study demonstrated the precursor-dependent synthesis of the
bimetallic CMNs using three distinctive but related methods,
verifying that the type of precursor ligands significantly affects
the structural stability and purity of the resultant CMNs. By
unveiling that AuCl4− induces the formation of undesirable
byproducts owing to its high oxidizing power and presence of
Cl− ion, we were able to synthesize pure and structurally stable
CMNs using a halogen-free Au precursor. Moreover, we
proposed an alternative method by taking advantage of Pt-
priming, which is based on the electrochemical potential of Pt
as a key to the reliable use of conventional AuCl4− for the
synthesis of the CMNs. Lastly, photothermal properties were
suggested as a new measure for evaluating the overall structural
stability of the replicated CMNs. Considering other water-
insoluble silver halides as potential nano-templates, our new
discovery of the purity and stability issues of the AgCl
replication is a solid and general reference for the synthesis of
functional noble metal nanomaterials for photocatalysis,
biological probes, and photothermal therapy.30−32
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