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Photochemical synthesis of metal nanostructures through photosensitized reduction of metal
sources is a powerful method in a wide variety of environments, because light can selectively
promote the desired reaction without damaging the surrounding environment. A drawback of the
method is that most organic photosensitizers are disposable and consumed during the
photochemical reactions and as a consequence a much larger amount of photosensitizer than that

of the metal source is usually required, and therefore, the photosensitized reduction method is
wasteful in terms of the sensitizer. In the present work, we propose a new photochemical
synthetic method using a recyclable photosensitizer and applied it to fabricate Ag nanostructures
at the solid-liquid interface. The photosensitized reduction of Ag ion at the solid—liquid interface
resulted in the formation of unique Ag nanostructures (nanowires or plates) without the use of

templates or stabilizing agents. The relation between the morphology and several external
contributing factors, such as solvent polarity and interaction between the substrate and crystal

phase, was discussed.

Introduction

Numerous researches have been conducted on noble-metal
nanostructures due to their excellent optical, electronic and
chemical properties, as well as their promising applications in
the fields of nanoelectronics and sensing, and in the manufacture
of optical devices and fluorescent probes.'™ During the past
decades, various synthetic strategies have been developed to
control the sizes, shapes and topology of the nanostructures.®
Among them, photochemical synthesis of metal nanostructures
through the photosensitized reduction of metal sources is a
powerful method in a wide variety of environments, because
the light can selectively promote the desired reaction without
damaging the surrounding environment.!'>°

A drawback of the method is that most organic photo-
sensitizers are consumed during the photochemical reactions.
Due to this drawback a larger amount of photosensitizer than
that of the metal source is usually required. Therefore, the
photosensitized reduction method is wasteful.

Previously, we developed a recyclable photosensitization
system driven by the two-colour two-photon excitation, which
can overcome the drawback of use of organic photosensitizers
(see Experimental section and Scheme 1 for the mechanism).>!
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In the present study, we applied the recyclable photosensitization
system to fabricate metal nanostructures at the solid-liquid
interface and investigated the morphologies of the generated
nanostructures.

Crystal growth at the solid-liquid interface is an interesting
process that helps us to understand the effect of external
environmental factors (especially the type of interfaces) on
the nanostructures. Solid—liquid interfaces are used for
the fabrication of nanostructures in various crystal growth
processes under natural as well as laboratory conditions.?*°
Furthermore, the structure and crystallographic orientation of
inorganic crystals on a self-assembled monolayer are reported
to reflect the interaction between the crystal phases and an
organic monolayer.> ¢ A prevalent method to aid inorganic
crystal growth at the solid-liquid interface is the gentle
chemical reduction of inorganic ions or electrochemical
deposition; however, the photosensitized reduction method is
also favorable owing to the reaction selectivity. The combination
of photosensitization and nanostructure formation at the
solid-liquid interface would expand the possibility of photo-
chemical approaches for constructing a wide variety of metal
nanostructures.

In this work Ag nanostructures were successfully fabricated
using the recyclable photosensitization at the interface
between an aqueous—alcoholic solution and an Si wafer covered
with coordinated organic molecules. The morphologies of
these nanostructures were characterized using transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). By fabricating the nanostructures at the solid—liquid
interface, unique structures (nanowires or plates) can be obtained
without using templates or stabilizing agents. Interestingly,
depending on the solvent polarity and surface-modified sub-
strate, dramatic changes were observed in the morphology of
the nanostructures. The relationship between the external
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Scheme 1 Mechanism of recyclable photosensitization.

environmental factors (i.e., solvent polarity and interaction
between the substrate and Ag crystal phase) and the nano-
structure formation were discussed.

Experimental
Mechanism of recyclable photosensitizer

The recyclable photosensitizer (RP) was designed for the
photosensitized reduction of Ag ion at the solid-liquid
interface. The mechanism of recyclable photosensitization is
illustrated in Scheme 1.2! In the first step, the 4-methoxy-
benzophenone (MeOBP) chromophore of the RP is excited by
UV light to generate MeOBP in the triplet excited state
(MeOBP(T))) (state b). MecOBP(T;) abstracts the hydrogen
from the coexisting hydrogen donors (2-propanol in the
present study) to form the ketyl radical (MeOBPH?®)
(state ¢).2"*'733 Although MeOBPH?* cannot reduce N-methyl-
phthalimide (MePI), the excited MeOBPH* (MeOBPH*(D,))
can reduce MePI. The MeOBPH*(D,) (state d) generated by
excitation by the VIS laser reduces the MePI moiety to form
the diphenylmethanol cation and MePI radical anion
(MePI*™) (state e). The diphenylmethanol cation quickly
deprotonates to regenerate MeOBP (state f). In the presence
of an appropriate electron acceptor, the formed MePI*~
reduces the acceptors to regenerate the initial state a. As a
result, a circular reaction is completed. The formed MePI*™
showed long lifetime (ca. 60 ps in acetonitrile) in the absence of
acceptors, inferring that there is no serious consuming process
of MePI*~ inhibiting the photosensitized reduction of acceptors.!

A crucial process of the cycle is the formation of byproduct
through the coupling of radicals. However, the fixing of RP on
the substrate limits the diffusion of radicals, resulting in the
suppression of the formation of photochemical byproducts.
When the RP is coordinated on the Si wafer and irradiated
with UV and VIS light in the presence of hydrogen donor, the
RP repeatedly sensitizes to reduce Ag ion to generate Ag® at
the solid—liquid interface.

Materials

4,4'-Dihydroxybenzophenone (1), allyl bromide, 1,5-dibromo-
pentane, potassium carbonate, (3-mercaptopropyl)trimethoxy-
silane (MPTMS) and sulfuric acid were purchased from
Sigma-Aldrich and used without purification. Acetone,
N,N-dimethylformamide (DMF), dichloromethane, hexane,
n-octane, chloroform, sodium sulfate and potassium phthalimide
were purchased from Wako and used as received. Dithiothreitol
(DTT), and hydrogen peroxide was purchased from Nacalai.
2,2'-Azobis(isobutyronitrile) (AIBN) was purchased from TCI.
Si wafers were purchased from SUMCO.

Synthesis of organic compound 4

The overall synthesis leading to compound 4 is shown in
Scheme 2.

Compound 2. Compound 1 (18.7 mmol) and allyl bromide
(18.7 mmol) were dissolved in acetone (50 ml) and stirred for
10 min at room temperature. K,COj3 (20.2 mmol) was added
to the solution and refluxed for 16 h.*® The reaction mixture
was diluted with water (100 ml), extracted with CH,Cl,, dried
with anhydrous Na,SO,, filtered, concentrated in vacuo, and
separated by column chromatography (silica gel, 230400
mesh) using CH,Cl, and CH,Cl,—acetone (15:1, v/v) to give
2 in 26% yield. "H NMR spectra (CDCl3),  7.78 (4H), 6.97
(4H), 6.07 (1H), 5.44 (1H), 5.33 (1H), 4.62 (2H). FAB mass,
m/z: calc. 254.285, found 255.

Compound 3. Compound 2 (6.66 mmol) and 1,5-dibromo-
pentane (66.6 mmol) were dissolved in acetone (60 ml) and
stirred for 10 min at room temperature. K,CO5 (7.19 mmol)
was added to the solution with stirring at room temperature
and refluxed for 8 h. Water (100 ml) was added to the
reaction mixture which was then extracted with CH,Cl,. The
organic phase was dried over anhydrous Na,SO,, filtered,
evaporated in vacuo and separated by column chromato-
graphy using hexane, hexane-CH,Cl, (3:1, v/v), CH,Cl,
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Scheme 2 Overall synthesis of compound 4.

and CHj,Cly—acetone (15:1, v/v) to give 3 in 87% yield.
'"H NMR spectra (CDCl3), & 7.56 (4H), 6.96 (4H), 6.06
(1H), 5.44 (1H), 5.31 (1H), 4.61 (2H), 4.05 (2H), 3.46 (2H),
1.94 (2H), 1.83 (2H), 1.65 (2H). FAB mass, m/z: calc. 403.315,
found 404.

Compound 4. To a solution of 3 (2.48 mmol) in DMF
(50 ml), potassium phthalimide (2.69 mmol) was added in
portions with stirring at room temperature and the reaction
mixture was refluxed for 8 h. This was poured into water
(100 ml), extracted with CH,Cl,, dried over anhydrous
Na,S0,, filtered, evaporated in vacuo, and separated by
column chromatography (hexane and CH,Cl,) to give 4 in
79% yield. '"NMR (CDCly), & 7.82 (2H), 7.74 (6H), 6.96 (4H),
6.06 (1H), 5.44 (1H), 5.32 (1H), 4.62 (2H), 4.04 (2H), 3.73
(2H), 1.87 (2H), 1.78 (2H), 1.56 (2H). FAB mass, m/z: calc.
469.536, found 470.

Preparation of RP-coordinated Si wafers

The preparation of RP-coordinated Si wafers is schematically
shown in Scheme 3.

(1) Si wafers were placed in Piranha solution (H,SO4~H-0, =
1:3, v/v, 200 ml) and heated at 90 °C for 30 min and then
cooled to room temperature. The cleaned Si wafers were then
immediately rinsed by Milli-Q water and stored in Milli-Q
water until use.’’

(ii) To form the MPTMS monosurface on the Si wafer, the
cleaned Si wafers were placed in an n-octane solution of
MPTMS (5 mM) and allowed to stand at room temperature
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Scheme 3 Preparation of RP-coordinated Si wafers.

for 24 h under Ar atmosphere.”” For the fabrication of a
surface composed of mixed organic molecules (MPTMS—
trimethoxy(propyl)silane (TMPS) = 1:10, v/v) , the cleaned
Si wafers were placed in an n-octane solution of a mixture of
MPTMS (0.5 mM) and TMPS (5§ mM) and allowed to stand at
room temperature for 24 h under Ar atmosphere. The formation
of a planar organic surface on the Si wafer was confirmed by
atomic force microscopy (AFM) (see ESI¥).

(iii) The Si wafers were washed by Milli-Q water and then
heated at 90 °C under Ar atmosphere. Samples were placed in
a vial containing Ar-purged dithiothreitol (DTT) aqueous
solution for 30 min. In a flask, 4 (205 mM) and 2,2’-azobis-
(isobutyronitrile) (AIBN) (10 mg) were added to CHCl;
(200 ml) and stirred for 10 min. The MPTMS modified Si
wafer was then placed into this solution and refluxed (65 °C)
for 14 h. After cooling to room temperature, the RP-coordinated
Si wafers (substrate I) were rinsed with CHCIl3 and acetone.
We confirmed that the coupling reaction proceeds in high yield
(80%) in solution (see ESIf). The formation of a planar
organic surface on the Si wafer was confirmed by AFM
(see ESIY).

Two-colour two-laser irradiation set-up

The two-colour two-laser irradiation was carried out using
an Ar ion laser operating at 363.8 nm (Spectra Physics,
BeamLok®™2065) as the UV laser and an Ar ion laser operating
at 514.5 nm (Spectra Physics, BeamLok®2060-4S) as the
VIS laser.

Set-up for the photosensitized reduction of Ag ions on the
substrate

The set-up for the photosensitized reduction of Ag ions on the
substrate is shown in Scheme 4. The substrate was set in a
quartz cuvette filled with an aqueous alcoholic solution of
AgNO;. The AgNO; solution in the cuvette was replaced
slowly using the pump. The UV and VIS lasers having
wavelengths of 363.8 and 514.5 nm, respectively, were
operated simultaneously to overlap the two laser beams on
the substrate.

Scanning electron microscopy

SEM imaging was carried out on a Hitachi S-5200 type SEM
equipped with a field emission gun at an acceleration voltage
of 5kV. EDS mapping and elemental analysis were carried out
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using an EDAX Genesis XM2 EDS analysis system at an
acceleration voltage of 5 kV.

Transmission electron microscopy

A poly(vinyl acetate) (PVAc) film was fabricated on the
double laser beam-irradiated organic surface by casting an
acetonitrile solution of PVAc (10 wt%) on the surface. The
PVAc film on the organic surface was then carefully peeled off
and dissolved in acetone and the solution was cast on the
carbon coated TEM grid. During the processes, the Ag
nanostructures on the organic surface were moved to the
TEM grid. TEM images were obtained using a Hitachi
H-9000 TEM equipped with a tilting device and operated at
300 kV. The images were recorded under axial illumination by
a CCD camera (model XR-100 by AMT).

Results

The Si wafer containing attached coordinated recyclable
photosensitizer (RP) (substrate I) was placed in an aqueous
2-propanol solution (ratio of 2-propanol to water, Ro_pro/water =
1:4, v/v, dielectric constant, ¢,;, = 68; 2-propanol acts as a
hydrogen donor)*® of AgNO5 (1 mM), and then, UV and VIS
lasers having wavelengths of 363.8 and 514.5 nm, respectively,
were irradiated to overlap the two laser beams on the substrate
I (Scheme 4). Due to the concomitant irradiation of the
two-colour laser beams, the RP reduces the Ag ions to
generate Ag atoms (the mechanism is described in the
Experimental section).?! After the irradiation by the lasers
for 2 h, the substrate I was removed from the solution and
carefully washed using Milli-Q water. Since the absorption of
solution after the photoirradiation does not shows the surface
plasmon band of the Ag nanostructure, most Ag atoms would
be generated in the neighborhood of the substrate and form
nanostructures at the interface.

Fig. 1 (a) SEM image of Ag nanostructures fabricated on substrate I
during irradiation by two-colour laser beams (2 h) in aqueous
alcoholic solution (gnix = 68) of AgNO; (1 mM). (b) Entangled Ag
nanowire. Scale bar is 1 um. (c) Straight nanowire. Scale bar is 1 pm.

Fig. 1 shows SEM images of substrate I after irradiation by
the lasers. Two types of nanostructures were observed on the
substrate. One type was nanoparticles having diameters of
several tens of nanometers, while the other type was in the
form of sparsely distributed nanowires having diameters of
30-100 nm. The Ag nanowires consisted of entangled and
straight regions. The elemental map indicated that the
nanowires were composed of Ag (see ESL T Fig. S1). The
TEM images and electron diffraction (ED) pattern of a typical
Ag nanowire are shown in Fig. 2. A selected area ED pattern
indicated that the straight region consisted of a single crystal
having fee Ag structure grown along the (111) direction.

When a (3-mercaptopropyl)trimethoxysilane (MPTMS)-
coordinated Si wafer (i.e., a substrate without RP) was treated
under the similar conditions, no nanostructures were formed
while when a single UV laser was used for the irradiation, the
nanowires formed were much shorter than those formed when
two-colour laser beams were used (see ESL, T Fig. $3).*° These
facts indicate that the Ag nanostructures on the substrate I
were generated due to the photosensitization by the RP.
Although the ketyl radical generated by the single UV laser
would also reduce the Ag ions, this process is ineffective. %3742

One of the important factors that determines the crystal
morphology at the solid-liquid interface is the interactions
between the substrate, solution and crystal phases. When
crystals are completely wetted on the substrate, the crystals

Fig. 2 (a) TEM image of an entire Ag nanowire. (b) Enlarged image
of straight part and corresponding selected area ED pattern.
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form a film on the substrate because the surface free energy
decreases due to the direct bonding of the crystal on the
substrate. On the contrary, when the substrate is incompletely
wetted, crystals form three-dimensional (3-D) islands. In the
case of incomplete wetting, heterogeneous nucleation is not
observed on the substrate.

To investigate the effect of the interactions between the
substrate, solution and crystal phases, we attempted to
fabricate a Ag nanostructure in a less-polar solution (ratio
of 2-propanol to water, Rs.projwater = 4:1, v/v, dielectric
constant (eynix = 32)). The contact angles (0) of the polar
(emix = 68) and less polar (en;x = 32) solutions on substrate
I were estimated to be 30° and <5°, respectively (see ESIT).
The less polar solvent showed much better affinity for the
substrate I.

A change in the solvent polarity resulted in a dramatic
change in the morphology of the nanostructure. While
nanowires were formed in the polar solution, nanoplates were
formed in the less polar solution (Fig. 3 and ESI, Fig. S5). Ag
nanoparticles with diameters of several tens of nanometers
were also observed. The width of the nanoplates were
50-100 nm and heights were 30-50 nm. Elemental analysis
confirmed that the nanoplates were composed of Ag (see ESL, ¥
Fig. S2). TEM images and selected area ED pattern of a
nanoplate are shown in Fig. 4. The ED pattern indicated that
the primary face of the Ag nanoplate was of (111)-type. The
faint spots of ED patterns within the (220) spots are assigned
to be the 1/3 (422) spots. These spots are not observed in the
single-crystal fcc metal; however, these spots can appear when
the twin planes are parallel to each other.*** A similar
ED pattern was observed in Ag nanotriangles and plates in
previous reports.* %3

Discussion
Formation mechanisms of nanowires

In this section, we discuss the formation mechanism of nano-
structures and the role of the solid-liquid interface during the
formation. In order to further investigate the formation
mechanism of nanostructures, we observed the growth process
of nanowires at different laser irradiation times (Fig. 5). After
10-min laser irradiation in the polar solution, Ag nanoparticles
having diameters of 6 & 3 nm were formed, and no anisotropic
structures were observed. Larger nanoparticles having diameters

Fig. 3 SEM image of Ag nanoplates fabricated on substrate I during
irradiation by two-colour laser beams (2 h) in aqueous alcoholic
solution (gnix = 32) of AgNO3 (1 mM).

Fig. 4 (a) TEM image of Ag nanoplates. (b) Enlarged image of Ag
nanoplates and corresponding selected area ED pattern.

of approximately 100 nm were also observed as a minor
component. Anisotropic structures (i.e., nanorod-like structures
and short nanowires) were observed after 30-min laser irradiation.
The nanowires grew larger and longer with further irradiation.
With regard to the surface of the nanowires, it was observed
that a number of small nanoparticles were attached to the
surface. This observation suggested that the attachments and
fusion of small nanoparticles on the nanowire’s surface is a
process of nanowire growth. Nanowires, like those shown in
Fig. 1, were formed after laser irradiation for 2 h.

Next, we tried to investigate the effect of interaction between
the Ag crystal phase and different substrates. A mixed
substrate was prepared from trimethoxy(propyl)silane
(TMPS) and RP (TMPS:RP = 10:1, v/v) (substrate II) and
Ag nanostructures were fabricated on this surface (Fig. 6(a)).
Interestingly, only polygonal structures were observed on
substrate II. This result implies that the interaction between
solvent molecules and the crystal phase was not responsible for
the nanowire formation. In addition, since the 6 value of the
polar solution (en;x = 68) on substrate II (30°) was close to
that on substrate I (32°), it was assumed that the interaction
between the organic surface and the solution was also not
responsible for the change in morphology of the nano-
structure. The carbonyl group of the RP was assumed to
interact with the Ag clusters.*® The concentration of the
carbonyl group on substrate II was smaller than that on
substrate I; therefore, the interaction of substrate II with the
Ag crystal phase should be weak. These facts imply that the
interaction of the Ag crystal phase with the surface organic
molecules were responsible for the growth of anisotropic
structures.

Taking the above results into account, there would be two
growing processes of Ag nanowires. The first is the anisotropic
growth of single crystal. Since the interfacial free energy of
(111) is smaller than that of (100) and (110) for fcc structures,
the growth rate along the closed-packed (I111) direction is
faster than that along other directions.*” ™ The difference of
the crystal growth rate would be a reason for the formation of
Ag nanowire grown along the (111) direction.

It is assumed that slow reduction rate is an important factor
for the nanowire formation because the high concentration of
Ag nuclei is unfavorable for the anisotropic crystal
growth.>®3! In the polar solution, the concentration of the
hydrogen donor (2-propanol) is one-quarter of that in the less
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Fig.5 Typical Ag nanostructures on substrate I after irradiation by two-colour laser beams for 10, 30 and 60 min in polar solution (¢y,;x = 68) of
AgNO; (1 mM). (a) Nanoparticles having diameter of 6 &+ 3 nm, (b) nanorod-like structure and (c) short nanowire. For the nanowire in (c) it was
observed that a number of small nanoparticles were attached to the surface.

Fig. 6 SEM image of Ag nanostructures fabricated on substrate I in (a) polar and (b) less polar solution during irradiation by two-colour laser

beams (2 h).

polar solution. In addition, the hydrogen abstraction ability of
benzophenone decreases with increasing solvent polarity.>>
Theses facts infer that the rate of photochemical reduction
of Ag ions in the polar solvent is sufficiently slow to allow the
anisotropic crystal growth.

The attachment and fusion of small nanoparticles on the
surface of the nanowires are alternative processes of nanowire
growth. The change in the morphology of the nanostructure
depending on the substrate used indicates that the interaction
between Ag crystals and the surface organic molecule (i.e. RP)
supports anisotropic growth. The anisotropic crystal growth
and nanoparticle attachment assisted by the RP promote the
formation of nanowires.

Formation mechanisms of nanoplates

Fig. 7 shows the growth process of Ag nanoplates in the less
polar (e¢n;x = 32) solution. After 10-min laser irradiation,
nanotriangles and nanoparticles with broad size distributions
were formed. Further irradiation reduced the number of
nanoparticles formed; in addition, the nanotriangles evolved
into short nanoplates.

These observations indicate that nanoplates are formed by a
two-step process: (i) the formation of nanotriangles and (ii)
the evolution of nanotriangles into nanoplates. The VIS
light-induced conversion of nanoparticles to nanotriangles is
a well-known process.***> To analyze the effect of a VIS laser,
we fabricated Ag nanostructures using a single UV laser.
When a single UV laser was used for the irradiation, few
nanoparticles and aggregates were formed (see ESL, 1 Fig. S4).
This fact indicates that the VIS laser is required for the

generation of nanoplates. The VIS laser irradiation digests
the nanoparticles into smaller seeds to form the nanotriangles,
which then grew into the nanotriangles.*>**

The temporal transition of the size distribution of nano-
structures on the substrate (i.e., decrease in the number of
smaller nanostructures and increase in the number of larger
ones) is typical in the Ostwald ripening process (Fig. 8). Thus
the Ag nanotriangles formed evolved into nanoplates through
the Ostwald ripening process. Taking the result of ED analysis
of Ag nanoplates into account, it is assumed that the twin
planes of the Ag nanotriangles play an important role in the
formation of plate-like nanostructures. The re-entrant grooves
of the faces of the twin planes cause the rapid growth of the
nanostructures leading to the formation of larger triangles or
anisotropic structures (i.e. Ag plates).*’

Although a change of the substrate from I to II caused a
dramatic change in the morphology of the nanostructure in a
polar (emix 68) solution, no significant morphological
change was observed when the substrate was changed in the
less polar (emix 32) solution (Fig. 6(b)). As shown in
Fig. 6(b), premature nanoplate structures were observed on
substrate I1. These structures had a similar ED pattern to that
of the nanoplates (data not shown). The ineffective growth of
the nanostructures on substrate II compared with that on
substrate I can be attributed to the lower concentration of
RP. It seems that the important factor responsible for the
nanoplate formation is the formation process itself rather than
the interaction between the crystal phase and the substrate.

In the case of aqueous alcoholic solutions of Ag’, the
decrease of solvent polarity would decrease the degree of
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Fig. 7 Ag nanocrystals generated on substrate I after irradiation by two-color laser beams for 10 and 60 min in less polar solution (¢,;x = 32) of
AgNO;. (a) Nanoparticle having a diameter smaller than 10 nm (the average diameter is 5 + 4 nm), (b) larger nanoparticle having a diameter of

approximately 100 nm, (c) nanotriangle and (d) short nanoplate.

I irradiation for 10 min.
I irradiation for 60 min.

0A
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Area of Ag structure (um?)

Fig. 8 The temporal evolution of size distribution of Ag nano-
structures in less polar solution. Since the shape of structures is
complicated, the size was expressed by the area. As laser irradiation
progressed, the number of small nanostructures (< 0.03 pm? in area)
decreased, while the number of large nanostructures (0.2-0.3 pm? in
area) increased.

supersaturation and the critical nucleus size increases with
decreasing the degree of supersaturation. Since the nuclei
having sizes smaller than the critical nucleus size are unstable
and spontaneously dissolve in the solution, nanostructure
growth by the Ostwald ripening process is preferable in a
solution with a low degree of supersaturation (i.e., less polar
solution). Furthermore, the formation of Ag nanotriangles
in the less polar solution implies that the irradiation of
the VIS laser digests the Ag nanoparticles to smaller Ag
clusters.**** This digestion of Ag nanoparticles would enhance
the Ostwald-ripening-like process.

Conclusions

In this study, we successfully fabricated Ag nanostructures at
the solid-liquid interface using a recyclable photosensitization
system and investigated the morphology of the formed nano-
structures. It was demonstrated that the recyclable photo-
sensitization is a useful method to fabricate various metal
nanostructures at the solid—liquid interfaces.

The morphology of the generated Ag nanostructures was
dependent on the type of substrate used and the solvent
polarity. The formation of Ag nanowires in a polar solvent
is assisted by the interactions between the Ag crystal phase
and organic molecules on the substrate. On the other hand,

light-induced shape variation and the crystal growth by the
Ostwald ripening process become pronounced in a less polar
solvent leading to the formation of Ag nanotriangles, which
ultimately evolve into nanoplates.

The present photochemical approach can apply various
solvents and surface-modified substrates. A better understanding
of the factors that determine the morphology of nanostructures
would enable us to develop better means to control the
morphology of nanostructures at the solid—liquid interface.
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