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We demonstrate a facile route to synthesize silver chloride nanocubes and derivative nanomaterials. For the synthesis
of'silver chloride nanocubes, silver nitrate and hydrochloric acid were used as precursors in ethylene glycol, and poly
(vinyl pyrrolidone) as a surfactant. Molar ratio of the two precursors greatly influenced the morphology and composition
of the final products. As-synthesized silver chloride nanocubes showed size-dependent optical properties in the visible
region of light, which is likely due to a small amount of silver clusters formed on the surface of silver chloride nano-
cubes. Moreover, we show for the first time that simple reduction of silver chloride nanocubes with different reducing
reagents leads to the formation of delicate nanostructures such as cube-shaped silver-nanoparticle aggregates, and silver
chloride nanocubes with truncated corners and with silver-nanograin decorated corners. Additionally, we quantitatively
investigated for the first time the evolution of silver chloride nanocubes to silver chloride nanocubes decorated with
silver nanoparticles upon exposure to e-beam. Our novel and facile synthesis of silver chloride related nanoparticles
with delicately controlled morphologies could be an important basis for fabricating efficient photocatalysts and anti-
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bacterial materials.
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Introduction

Silver chloride (AgCl) related materials such as AgCl nano-
particles, silver (Ag) nanograin decorated AgCl nanoparticles,
and aggregated Ag nanoparticles have a variety of photo-
chemical and biomedical applications. It is well known that
AgCl can be used for the fabrication of photographic paper and
photochromic lenses. " It also has photocatalytic activities that
are useful for water splitting and decomposition of organic
pollutants.3'6 It has been demonstrated that decoration of AgCl
with Ag nanoparticles can greatly improve the light absorption
property and photostability of the AgCl nanoparticles.7'9 In
addition, AgCl can be used in fabricating antiseptic catheters,
bone cements, and fabrics owing to its antibacterial property.'*"
Moreover, aggregated silver nanoparticles can be employed
as substrates for surface enhanced Raman spectroscopy
(SERS)."”

Despite the wide range of application of AgCl-related ma-
terials, there have been only a few methods available for the
synthesis of AgCl nanoparticles such as microemulsion techni-
que or matrix based technique.3’14’15 Moreover, AgCl nano-
particles with controlled size and shape were produced only
under particular conditions. For example, AgCl nanocubes
which are surrounded by six (100) facets can be prepared using
gelatin matrix." Only very recently, much facile synthesis of
AgCl nanocubes without using gelatin matrix has been demon-
strated via a simple reaction between silver nitrate (AgNO3)
and sodium chloride (NaCl) in ethylene glycol.9 Fine control
of'the size and shape of the AgCl-related materials may further
enhance their catalytic, optical, and electronic properties as
demonstrated with various metallic, semiconducting, and metal
oxide materials.'*" Therefore, it is important to develop facile
methods to synthesize size- and shape-controlled AgCl-related

nanomaterials.

In this paper, we demonstrate that AgCl nanocubes can be
readily synthesized, and that various nanoparticles with deli-
cately controlled morphologies can be derived from the AgCl
nanocubes. The AgCl nanocubes can be synthesized by simply
mixing two precursors, AgNO3 and hydrochloric acid (HCI)
with poly(vinyl pyrrolidone) (PVP) capping agent in ethylene
glycol. Depending on the concentration ratio of the two pre-
cursors, various final products such as AgCl nanocubes, Ag-
grain decorated AgCl nanoparticles, and Ag nanowires can be
produced. Size-dependent optical properties of as-synthesiz-
ed AgCl nanocubes were observed, and they were attributed
to small Ag nanoclusters formed on the surface of AgClI nano-
cubes. Moreover, we demonstrate that simple reductions of AgCl
nanocubes with various reducing agents lead to the production
of diverse derivatives such as cubic shaped Ag nanoparticle
aggregates, AgCl nanocubes with eight corners selectively trun-
cated, and AgCl nanocubes decorated with Ag nanoparticles
selectively at eight corners. Additionally, formation of Ag
nanoparticles on the AgCl nanocubes under electron beam
(e-beam) irradiation was studied. The morphologies, compo-
sitions, and structures of the various nanoparticles were charac-
terized by scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy (EDX) and X-ray diffraction (XRD).

Experimental Section

Anhydrous ethylene glycol (99.8%), AgNO;3 (99+%), PVP
(M.W. = 55,000), HCI (37%), sodium borohydride (NaBHa,
99%), citric acid (CA, 99%), and L-ascorbic acid (LAA, 99%)
were purchased from Sigma-Aldrich. Acetone (99.8%) and
HNO; (60%) were purchased from J.T.Baker and Samchun
Chemical, respectively.
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AgCl nanocubes were synthesized via the reaction of AgNO;
and HCl in ethylene glycol in the presence of a capping agent,
PVP. 425 mg of AgNO3 (~ 50 mM) and 415 mg of PVP (~ 75
mM) were dissolved in 50 mL of ethylene glycol. After mixing
the solution with a magnetic stirrer for 5 min, a small amount
of HCI was added to the solution. Final concentration of HCI
was adjusted to the range of 2.5 mM to 300 mM. The solution
was then heated to 150 °C. The reaction lasted at this temperature
for 20 min unless specified. After the solution was cooled down
to room temperature, 100 mL of acetone and 150 mL of de-
ionized (DI) water were added and centrifuged at 2000 rpm
for 20 min. The resulting precipitates were white powder. This
rinsing process was repeated three times. Weight of the AgCl
nanocubes was 300 mg, which indicates that 85% of AgNO;
was converted to AgCl nanocubes. For size-selective separation
of nanoparticles, spin speed was adjusted in the range of 1000
to 4000 rpm.

To reduce AgCl nanocubes with NaBH4, 0.6 mL of ice-cold
10 mM of NaBH4 was added to 19.4 mL of DI water contain-
ing 15 mg of AgCl nanocubes. The color of the solution changed
from white to yellow within 5 min. For the reduction of AgCl
nanocubes by relatively mild reducing reagents such as CA
and LAA, 1 mL of 10 mM reducing reagents was added to 9 mL
of DI water containing 15 mg of AgCl nanoparticles. The solu-
tion was stirred with a magnetic bar for 30 minutes. The pro-
ducts were collected by centrifugation and re-dispersed in DI
water.

Absorption spectra of the nanoparticles dispersed in DI wa-
ter were measured using a UV-vis spectrophotometer (CARY
50, Varian, USA). Morphologies of nanoparticles were investi-
gated with a field emission scanning electron microscope
(FESEM, S-4300, Hitachi, Japan) operated at an acceleration
voltage of 15 kV. To minimize any reduction of AgCl into Ag
during SEM imaging, the samples were coated with a thin pla-
tinum (Pt) layer (12 ~ 18 nm) and imaged only for a short period
of time (~ 10 sec). EDX (EX-200, Horiba, Japan) was carried
out for composition analysis of nanoparticles at relatively low
magnification such as 10,000, and higher magnification was
avoided to minimize e-beam exposure to the samples. We have
not observed any morphological or compositional change during
our SEM and EDX analyses on the Pt coated samples under
the above-described conditions. The XRD patterns were obtain-
ed using X-ray diffractometer (Rigaku D/MAX 2500V/PC,
Japan) with the Cu Ka radiation (A= 0.154 nm) at a scan rate
of 5 degree per minute in the 20 range from 20 ° to 80 °.

The morphology evolution of AgCl nanocubes upon exposure
to e-beam was carried out without any Pt coating in SEM under
the following conditions; the emission current, acceleration
voltage, working distance, and magnification were 10 pA, 15kV,
13.5 mm, and 10,000, respectively. SEM images of the AgCl
nanocubes were taken after 0,4, 10, and 18 minutes of exposure.

Results and Discussion

AgClnanocubes, Ag-nanograin decorated AgCl nanoparti-
cles, and Ag nanowires were synthesized by simply reacting
AgNO; with HCl in ethylene glycol in the presence of a capping
agent, PVP. Morphologies of the final products were greatly
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Figure 1. Morphologies of Ag and AgCl based products synthesized
with different molar ratio of AgNO; and HCI; (a) 1:6, (b) 1:4, (¢) 1:2,
(d) 1:0.67 (inset scale bar = 300 nm), (e) 1:0.33, and (f) 1:0.05.

affected by the molar ratio of AgNO; and HCI (Figure 1a~f).
Uniform nanocubes with an edge length (/) of 516 + 67 nm
(mean + one standard deviation) were obtained when the AgNO;:
HCl ratio was 1:6 (Figure 1a). At the ratio of 1:4, nanocubes
with smaller size (/ = 342 = 56 nm) were observed together
with small portion of microscale particles as shown in Figure
1b. When the ratio was further reduced to 1:2, the shape of the
AgCl nanoparticles was not uniform any longer and various
forms with a wide size distribution appeared (Figure 1c¢). When
the ratio of AgNO;:HCI was 1:0.67, where there was excess
amount of Ag' ions compared to Cl  ions, AgCl nanoparticles
decorated with smaller Ag nanoparticles (AgCl:Ag) were pro-
duced (Figure 1d). Inset of Figure 1d clearly shows the mor-
phology of these AgCl:Ag nanoparticles. When the relative
amount of HCI was further decreased, Ag nanowires started to
appear in addition to the AgCl:Ag nanoparticles (Figure le).
Eventually, at the ratio of 1:0.05, Ag nanowires were domi-
nantly found (Figure 1f).

The composition and the structure of the products were cha-
racterized with EDX and XRD. The samples presented in Figure
la~c showed an atomic ratio of 50:50. This indicates that most
of Ag" ions reacted with CI” ions to form AgCl nanoparticles,
and surplus Cl ions remained in solution. XRD patterns shown
in Figure 2a confirm that these nanoparticles are crystalline
AgCl (PDF# 85-1355). When the molar concentration of AgNOs
was greater than that of HCI, atomic Ag:Cl ratio of the nano-
materials also increased accordingly. Atomic ratio of the sam-
ples presented in Figure 1d~f was 65:35, 81:19, and 98:2, res-
pectively. This implies that surplus Ag" ions were reduced to
form Ag nanoparticles or Ag nanowires. AgCl:Ag nanoparticles
that correspond to those shown in Figure 1d had both AgCl
and Ag peaks in their XRD patterns (Figure 2b). The XRD
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Figure 2. XRD patterns of the samples prepared with AgNO; and HCI
mixed to the ratio of (a) 1:6, (b) 1:0.67, and (c) 1:0.05. Filled square
boxes and empty circles indicate XRD peaks of AgCl and Ag, respec-
tively.

patterns of the nanowires shown in Figure 1f match with PDF
# 87-0720, which indicates that the nanowires are crystalline
Ag (Figure 2c).

To study how precursor molar ratio affects the growth pro-
cess of AgCl nanocrystals, we observed the change in the mor-
phologies of the nanocrystals over reaction time. The AgCl
nanocrystals were collected at two time points; as soon as the
solution temperature reached 150 °C (0 min) and after the reac-
tion preceeded for 20 min. At the precursor ratio (AgNO;:HCI)
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Figure 3. SEM images AgCl nanoparticles produced with the precur-
sor ratio (AgNOs:HCI) of 1:6 at different reaction times; (a) 0 and (b)
20 min. AgCl nanoparticles produced with the ratio of 1:2 at (¢) 0 and
(d) 20 min. / is the edge length or the size of the nanoparticles.

of 1:6, nanoparticles with cubic shape were already formed at
0 min. The cubic shape and size were maintained over time
and the size distribution of the nanoparticles became slightly
narrower as the reaction proceeded (Figure 3a and b). Edge
length of the AgCl nanocubes at 0 and 20 min were 521 + 98
nm and 537 + 78 nm, respectively. Narrow size distribution im-
plies that nucleation and growth processes occur homogenously
throughout the whole solution. When the precursor ratio was
1:2, Oswald ripening was clearly observed as shown in Figure
3cand d. Edge length of AgCl nanoparticles at 0 min was 283 +
234 nm. The sample included a number of small nanoparticles
with an edge length of 212 + 48 nm as well as a few percent of
large particles. At 20 min, size of the nanoparticles increased
in general (/ = 657 + 225 nm), and especially the portion of
small nanoparticles was significantly reduced. These results
indicate that large nanoparticles grow at the expense of small
ones. When the ratio of Ag' ions to CI ions is above a certain
level, small Ag atom clusters may form locally in the solution
and act as nucleation seeds, of which nucleation kinetics could
be different from that of silver chloride seeds. Therefore, the
presence of different nucleation seeds under high Ag:Cl ratio
may explain the wide size distribution of the AgCl particles at
the initial stage of growth.

Investigation of optical properties of the AgCl nanocubes
showed that as-synthesized AgCl nanocubes absorb light not
only in the UV but also in visible region (Figure 4). In addition,
the absorption peak in the visible region was red-shifted as the
size of nanocubes increased. This visible light absorption may
be mainly due to thin Ag clusters formed on the AgCl nanocube
surfaces. AgCl has direct and indirect band gap of 5.15 eV
(~ 240 nm) and 3.25 eV (~ 380 nm), respectively.”’ Therefore,
absorption of light above 380 nm is not possible by AgCl alone.
On the other hand, it has been shown that Ag nanoparticles
deposited on AgCl show the plasmonic absorption of visible
light.*>"* To test our hypothesis that visible light absorption
may be due to the Ag atom clusters on the AgCl surface, we
treated as-synthesized AgCl nanocubes with HNO; (30 wt %)
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for 30 min to selectively remove any Ag clusters from the AgCl
surface. The absorption profile was significantly modified after
the etching process. There was no absorption in the visible
region and only strong absorption at A < 240 nm was observed,
which corresponds to the direct band gap of AgCl (Figure 4f).
Our results support the hypothesis that visible light absorption
can be attributed to the presence of Ag clusters. On the other
hand, size-dependent absorption profile of the AgCl nanocubes
is difficult to explain at this point because any close investiga-
tion using strong electron or light source instantly changes their

1= 189 + 31.nm (b)

Absorbance (a. u.)

200 300 400 500 600 700 800
Wavelength (nm)

(d)

Absorbance (a. u.)

200 300 400 500 600 700 800
Wavelength (nm)

(f) — as-synthesized
---- after HNOj3 etching

200 300 400 500 600 700 800

Absorbance (a. u.)

Wavelength (nm)

Figure 4. SEM images of AgCl nanocubes with different sizes and their
corresponding UV-vis absorption spectra. The edge length of the nano-
cubes is 189 +31 nm for (a) and (b), 331 30 nm for (c) and (d), and 561
+ 67 nm for (e) and (f).
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composition and morphology by reducing the AgCl into Ag.
We conjecture that the size of Ag clusters could be dependent
on the size of AgCl nanocubes, and this might have led to size-
dependent absorption profile. More detailed experiments and
simulations would be necessary to verify this in the future.

Delicate nanostructures were produced by simply treating
the AgCl nanocubes with chemical reagents with different re-
ducing power for the first time (Figure 5). When NaBH4which
is a strong reducing agent was used, the AgCl nanocubes were
fully reduced to Ag as confirmed by EDX and XRD analyses.
Upon the reduction, the nanocube structure was generally main-
tained but the formation of small Ag grains in the nanocubes
was observed as shown in Figure 5a. These aggregated forms
of nanoparticles that have a well-defined shape might be useful
for SERS applications. Selective modification of the cubic struc-
ture was possible when mild reducing agents such as LAAs
and CAs were used. Reduction of AgCl nanocubes with LAAs
led to the formation of Ag nanoparticles only at the eight corners
of the nanocubes (Figure 5b). When treated with CAs, the
AgCl nanocubes were selectively etched. The eight corners of
the nanocubes were truncated and small pits were observed
dominantly at the corners as shown in Figure 5c. The results
indicate that LAAs and CAs can selectively reduce oretch {111}
against {100} planes. This can be attributed to the higher sur-
face energy of {111} facets of silver halides compared to that
of {100} facets.”’

Additionally, we directly observed e-beam dependent evolu-
tion of AgCl nanocubes into AgCl nanocubes decorated with
Ag-nanoparticles for the first time (Figure 6). To study the effect
of e-beam exposure on the morphology, the samples were ex-
posed to mild e-beam used for SEM imaging. Emission current
(~ 10 pA) and exposed area (~ 120 um®) were adjusted so that
the reduction process is slow enough for the observation. It
should be noted that the samples were not coated with Pt layer
in this case unlike other SEM samples shown earlier. Figure
6a~d show the SEM images taken after 0, 4, 10, 18 minutes of
exposure time, which correspond to the dose of 0, 20, 50, 90
pC/um’, respectively. As the e-beam dose was increased, the
number of Ag nanoparticles formed on the AgCl nanocubes
increased accordingly. Atlow dose, the Ag nanoparticles tended
to form at the corners and edges of the AgCl nanocubes where
the surface energy is higher than that of faces (Figure 6b). At
higher doses, Ag nanoparticles were found on the faces of the
nanocubes as well (Figure 6¢c and d). EDX data consistently
show that the ratio of silver to chlorine increases over ex-

Figure 5. SEM images of (a) cube-shaped Ag-grain aggregates, (b) AgCl nanocubes with Ag nanoparticles at corners, and (¢) AgCl nanocubes with
truncated corners obtained by reducing AgCl nanocubes with NaBH,, LAA, and CA, respectively.
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20 pC/um?

Figure 6. SEM images of AgCl nanocubes exposed to electron beam
for various exposure time; (a) 0, (b) 4, (c) 10, and (d) 18 min. Each corre-
sponds to a dose of 0, 20, 50, 90 uC/ umz, respectively.

posure time; the initial ratio of 51:49 becomes 54:45, 63:37,
and 75:25 after 4, 10, 18 min of exposure, respectively.

Conclusions

We have demonstrated a facile synthesis of AgCl nanocubes
and their derivatives. AgCl nanocubes were prepared by the
reaction between AgNO; and HCI as precursors in ethylene
glycol at 150 °C with PVP capping agent. A plasmonic photo-
catalyst AgCl:Ag were produced in three different ways; 1) by
optimizing precursor concentration ratio, 2) by reducing AgCl
nanocubes with LAAs, and 3) e-beam exposure. Especially,
the LAA treatment led to the formation of Ag nanoparticles
selectively at eight corners of the AgCl nanocubes. Cube-shaped
Ag nanoparticle aggregates were produced by reducing AgCl
nanocubes with a strong reducing agent, NaBH4. Our AgCl-
based nanoparticles with delicately controlled morphologies
may play an important role in various applications such as
photocatalyst, SERS, and antiseptic biomedical devices.
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