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Preparation of silver nanocubes (Ag NCs) with low temperature and controlled shapes is challenging in an aqueous solution because of its
anticipated low embodied energy and experiment controllability. In this work, Ag NCs have been successfully synthesised under facile
reaction conditions (at 30°C oil bath and under daylight illumination) by coordination effects of thermal reduction and photoinduced
reduction. The obtained Ag NCs were characterised by transmission electron microscopy, UV–visible spectrophotometer and X-ray
diffractometer. It turned out that, Ag NCs were prepared by using trifluoroacetic acid silver, cetyltrimethyl ammonium chloride, ascorbic
acid, ferric chloride and sodium hydrosulphide as raw materials, and their sizes around 35 nm. Besides, as-synthesised Ag NCs with
uniform size and high yield would serve as outstanding substrates for surface-enhanced Raman scattering detection, and as sacrificial
templates to fabricate Au nanocages.
1. Introduction: Noble metal nanostructures have been the focus
of research due to their unique properties useful in numerous appli-
cations [1]. Especially, silver nanoparticles (Ag NPs) have many
potential applications in optical switches, molecular identification,
catalysis and medical treatment [2–5]. Over the past decade, Ag
NPs have been successfully synthesised with a large number of
diversified shapes, such as spheres [6–8], cubes [9–14], bars [15]
and so on. It is worth mentioning that silver nanocubes (Ag NCs)
have been attracted much attention owing to its perfect surface-
enhanced Raman scattering (SERS) performance and being used
as a sacrificial template to generate gold, platinum and palladium
nanocages. As a result, great efforts must be given to prepare
Ag NCs with high quality and relatively large quantity [16]. In
order to achieve the target, researchers have developed a number
of methods to produce Ag NCs, with notable examples including
polyol reduction [11], hydrothermal process [17, 18], epitaxial
growth on Au octahedronal seeds [19] and ATP-mediated reduction
in a polymer matrix [20]. However, most of these protocols have
shortcomings in terms of size control, yield, quantity, as well as
reproducibility [21].

In 2002, Xia’s group prepared Ag NCs for the first time by polyol
reduction [10]. In 2016, Ag NCs with small size of 15 nm were
prepared by optimising the experimental conditions [14]. It is uni-
versally acknowledged that polyol reduction method has quite a
few shortcomings, for example, large energy consumption, poor
experimental controllability and so on. In the same year, Ag NCs
were prepared based on previous aqueous phase methods, and the
exciting breakthrough is the reaction temperature could be as low
as 60°C at present. In this Letter, Ag NCs have been successfully
synthesised under facile optimisation of reaction conditions (at
30°C oil bath and under daylight illumination) by coordination
effects of thermal reduction and photoinduced reduction, which is
according to a previously reported approach of Xia [22]. As tri-
fluoroacetic acid silver (CF3COOAg), cetyltrimethyl ammonium
chloride (CTAC), ascorbic acid (AA) and ferric chloride (FeCl3)
were used as precursor, protective agent, reducing agent and oxida-
tion etching agent, respectively, Ag NCs were prepared with their
sizes about 35 nm using sodium hydrosulphide (NaHS) as nucleat-
ing auxiliary agent at 30°C under light irradiation. The target of
synthesising Ag NCs with uniform size and high yield at low reac-
tion temperature was achieved. Furthermore, a water-based synthe-
sis was anticipated to be greener and more environment-friendly,
offering more flexibility and convenience for execution [22].
Besides, as-synthesised Ag NCs with uniform size and high yield
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would serve as outstanding substrates for SERS detection of chemi-
cals [23, 24], biological species [25], for molecular imaging, and for
monitoring microorganisms [26] and cells [27].

2. Experiments
2.1. Materials: CF3COOAg and CTAC were purchased from
Alfa Aesar. AA, hydrochloric acid (HCl) and NaHS were ob-
tained from Sigma-Aldrich. FeCl3 was purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used as received
without further treatment. Ultrapure deionised water (18.2 MΩ cm)
was used throughout the experiments.

2.2. Synthesis of Ag NCs: Ag NCs with an edge length of about
35 nm were prepared according to Xia’s group with a simple
change [22]. Typically, a 50 ml round bottom flask containing
30 ml of 20 mM CTAC, 3 ml of 100 mM AA and 180 μl of
2.66 × 10−3 mM NaHS was placed in an oil bath set to 60°C and
allowed to heat for 10 min, then 480 μl of 4.29 × 10−3 mM FeCl3
and 300 μl of 10 mM CF3COOAg were rapidly injected into the
above solution which was allowed to proceed for 6 h under daylight
illumination, finally, the reaction mixture was yellow-green. The
flask was capped with a glass stopper except during the addition
of reagents. In order to investigate the effects of reaction tempera-
tures on preparing Ag NCs, the other parallel experiments were con-
ducted following the same process as that of 60°C, except that the
reaction temperature was set at 50, 40 and 30°C, respectively.
As-synthesised Ag NCs in aqueous solution were cooled to room
temperature and stored at 4°C for subsequent uses. Except that
NaHS was freshly prepared, the remaining solution was incubated
for 24 h before use.

2.3. Synthesis of further optimised Ag NCs: The synthesis of Ag
NCs was carried out by following the procedure described in
Section 2.2, except that the reducing agent was increased by two
times. The sample collection was same as described in Section 2.2.

2.4. Characterisation: The morphologies of Ag NCs were charac-
terised by Hitachi H-7650 transmission electron microscopy
(TEM), with an accelerating voltage of 80 kV. First, irregular nano-
particles, nanowires and nanorods were removed by centrifugation
at 2500 rpm for 10 min. Then Ag NCs in above suspension were
collected by centrifugation at 10000 rpm for 10 min. After that,
Ag NCs were ultrasonically treated for 90 s before 50 μl of the
suspension were transformed onto a 3 mm diameter holey
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carbon-coated copper grid. The UV–visible (UV–Vis) spectra were
taken using a Shimadzu 2700 spectrophotometer. The X-ray dif-
fractometer (XRD, Bruke D8) equipped was used to identify rele-
vant phases and preferred orientation.
3. Results and discussion
3.1. Effects of reaction temperatures: As shown by TEM images in
Figs. 1a–d), the morphologies of the obtained Ag NCs are uniform
under different reaction temperatures. The Ag NCs have an edge
length of 80, 60, 45, 35 nm, respectively. The particle size and
shape of Ag NCs were determined by electron microscopy. The con-
trollable cubic shape develops due to using chloride ion (Cl−) instead
of polyvinyl pyrolidone (PVP) as a capping agent for the Ag {100}
facets. Cl− has a much smaller size than the long polymer chain of
PVP. Thus, it can better cover the side faces to make the edges
and corners sharp [22]. The synthesis was further optimised by
adjusting volume of the reducing agent. In Figs. 1e and f, the
yields of Ag NCs were obviously increased at the optimised condi-
tions. As shown in Fig. 2a, the major localised surface plasmon res-
onance (LSPR) peaks of the Ag NCs display a continuous blue-shift
along with the decrease of reaction temperatures. As the edge length
of the Ag NCs was decreased from 80 to 60, 45 and 35 nm, the posi-
tions of the major LSPR peaks were located from 508 to 486, 466
and 458 nm, respectively. The plot in Fig. 2b suggests that there
was a more or less linear relationship between the LSPR peak pos-
ition and the edge length of the Ag NCs. The equation for describing
the calibration curve was λmax = 1.1739L+414.4348 (R2 = 0.9970),
where λmax and L are the peak position and edge length, respectively.
In practice, this calibration curve should allow one to obtain Ag NCs
of a specific edge length by monitoring the UV–Vis spectra of the
reaction solution [21]. To validate the Miller indices for the
exposed planes and their relative abundance, the XRD patterns
were obtained and the diffraction intensity of selected planes to
Fig. 1 TEM images of Ag NCs prepared under different reaction
temperatures
a 60°C, the Ag NCs have an edge length of 80 nm
b 50°C, the Ag NCs have an edge length of 60 nm
c 40°C, the Ag NCs have an edge length of 45 nm
d 30°C, the Ag NCs have an edge length of 35 nm
e, f Synthesis of Ag NCs were further optimised at 30°C, at different
magnifications
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that of standard fcc Ag (JCPDF: 65-2871) is compared. In ideal iso-
tropic fcc Ag, the (111) plane is the strongest peak and the intensity
ratio of (111)/(200) is expected to be 2.5 [28]. According to the
results reported by Sun and Xia [10], after the Miller indices for
the six facets have been determined as {200} planes, edges are
{110} planes and that the truncated corners crystallographic orienta-
tion suggests that the rounded become {111} planes. Notably, the
atomic arrangement for the (200) planes in a fcc lattice is identical
to that of (100) planes. As shown in Fig. 2c, Ag NCs were prepared
under different reaction temperatures, which adopted a perfect cubic
shape (Fig. 1), the (111) peak was negligible, whereas the predomin-
ant signal was due to the (200) plane. This result confirmed that the
six facets were indeed {100} planes. Moreover, the ordered two-
dimensional packing of NCs was presumed to strengthen the (200)
signal considerably [28]. Therefore, we have successful synthesised
Ag NCs with uniform size and high yields at 30°C.

3.2. Effects of NaHS: In order to synthesise Ag NCs with high
yield, we optimised the experimental conditions by adjusting the
concentration of NaHS while the other parameters were kept the
same. As shown in Fig. 3, when the concentration of NaHS was
0 mM (without using), Ag NCs (Fig. 3a) were in lower yield.
However, it is clear that the yield of Ag NCs was increased as
the concentration of NaHS was 2.66 × 10−3 mM (Fig. 3b). The
Fig. 2 UV–Vis adsorption spectra, calibration curve and XRD patterns
of Ag NCs
a UV–Vis adsorption spectra of Ag NCs at 60, 50, 40, 30°C, respectively.
The inset shows the photographs of the colloids obtained at different
reaction temperatures
b Calibration curve showing the linear dependence between the major LSPR
peak position and the edge length of Ag NCs
c XRD patterns of Ag NCs at 60, 50, 40, 30°C, and that of standard JCPDF
65-2871 (Ag)

Fig. 3 TEM images of Ag NCs as the concentration of NaHS was varied
a 0 mM
b 2.66 × 10−3 mM
Reaction temperature was 60°C
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Fig. 6 XRD patterns of Ag NCs at 60, 50, 40, 30°C in the dark (from the top
to bottom), and the red curve corresponding to standard JCPDF 65-2871
(Ag), the black curve corresponding to JCPDF 31-1238 (AgCl)
concentration of the Ag NCs colloid was estimated according to
the Beer–Lambert law to analyse the absorbance spectra [29].
Absorbance ∞ concentration (A ∞ C) under weak colloid, the
red curve was higher than the black curve in Fig. 4a, which
agreed with the TEM results in Fig. 3. Without using NaHS,
AgCl of early-stage formation was dissolved and reduced to form
Ag NCs [22] (Fig. 4b (a1–a3)). After using NaHS, it could help
homogeneous nucleation at a suitable concentration, which
might block the production of twinned seeds and polydispersed
samples. As shown in Fig. 4b (b1–b3), NaHS as nucleating
auxiliary agent involved in the formation of Ag NCs. As a result,
Ag NCs with high yield were obtained. Effects of SH− on Ag
nucleation and the yield of Ag NCs have been systematically
reported by Xia’s group [14, 21].

3.3. Effects of daylight illumination: In order to investigate the
roles of daylight illumination played in the preparation of Ag
NCs, the experiments were conducted in the dark. As shown in
Figs. 5c and d, the number of Ag NCs was relatively small, and
they were mainly spherical and irregular in shape. The XRD
patterns (Fig. 6) indicated the coexistence of AgCl and Ag NPs
throughout the synthesis. Meanwhile, it demonstrated that AgCl
Fig. 4 UV–Vis adsorption spectra of Ag NCs
a UV–Vis adsorption spectra of Ag NCs under different concentration of
NaHS. The red curve and black curve recorded from an aqueous
suspension of the sample shown in Figs. 3a and b, respectively.
b Schematic diagram of the mechanism involved in the two kinds of
formation of Ag NCs. On the one way: (a1) formation of AgCl and
reduction of Ag+ to Ag0; (a2) dissolved and reduced of AgCl and growth
of Ag0; (a3) formation of Ag NC. On the other way: (b1) formation of
Ag2S and reduction of Ag+ to Ag0; (b2) nucleation and growth of Ag0 on
Ag2S nucleus; (b3) formation of Ag NC

Fig. 5 TEM images of Ag NCs prepared in the dark with different reaction
temperatures
a 60°C
b 50°C
c 40°C
d 30°C
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was reduced at relatively low temperature and in the dark. As the
reaction temperatures were increased to 50 and 60°C, Ag NCs
were prepared. These results corresponded with the XRD patterns
(Fig. 6). However, their sizes were not uniform (Figs. 5a and b),
compared with Figs. 1a and b. Therefore, daylight illumination is
an indispensable condition for formation of Ag NCs with uniform
size, especially at low reaction temperature. As a result, Ag NCs
can be successfully prepared at 30°C under light irradiation
owing to the coordination effects of thermal reduction and
photoinduced reduction [30].

4. Conclusions: In summary, Ag NCs with uniform size and high
yield were obtained under 30°C oil bath and 6 h irradiated with a
daylight. It is worth emphasising that it was the coordination
effects of thermal reduction and photoinduced reduction to promote
the synthesis of Ag NCs at low reaction temperature. At present, the
experiments of preparing Ag NCs at room temperature are under-
going in our laboratory. Further experimental study to apply these
Ag NCs as outstanding substrates for SERS detection also needs
to be carried out in the future.
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