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Photonic nanofabrication based on optical near-field generation around nanostructures is a powerful
technique for shaping materials at the nanoscale beyond the diffraction limit of light. Recently, we
reported that not only localized surface plasmon resonance of metal nanoparticles but also the Mie
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resonance of photocatalytic semiconductor nanoparticles enables nanofabrication through site-selective
excitation via an optical near field and reductive metal deposition at resonance sites. In the present
study, we describe the self-etching of ZnO nanoplates in a site-selective manner using holes generated
at resonance sites under linearly polarized UV light. This allowed the nanoplates to be shaped into
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Introduction

Nanofabrication is a technology that controls the morphology,
orientation and configuration of materials at the nanoscale and
has been applied to the assembly and development of func-
tional materials and devices." Among the various nanofabrica-
tion methods,”™ photonic nanofabrication based on an optical
near field localized in the vicinity of nanopores and nano-
particles (NPs)>° shapes materials at the nanoscale via site-
selective melting, etching and deposition through local heating
or chemical reactions.””® Since photonic nanofabrication allows
processing beyond the diffraction limit of light, it has been
applied to anisotropic growth of metal NPs,” selective introduc-
tion of cocatalysts to a photocatalyst,'® and fabrication of chiral
NPs"! using localized surface plasmon resonance (LSPR).

We recently reported that such photonic nanofabrication is
possible not only using the LSPR of metal NPs but also using
other optical resonance such as the Mie resonance of semi-
conductor NPs."” Specifically, by irradiating semiconducting
ZnO nanoplates with linearly polarized UV light, Ag* ions were
reduced to metallic Ag, which was deposited on ZnO nano-
plates in a site-selective manner at sites where optical near
fields are localized. This near-field photocatalysis occurs as
follows: A semiconductor NP is irradiated with linearly polar-
ized light, and the optical near field is localized at certain sites
due to optical resonance. Then, electrons in the valence band of
the semiconductor NP are excited to the conduction band, and
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nanorings and exhibit optical anisotropy corresponding to light polarization.

the excited electrons cause reduction reactions. If the reaction
occurs at resonance sites before delocalization, site-selective
reduction occurs. Similarly, it is possible that the holes gener-
ated in the valence band drive site-selective oxidation. If the
holes can also be utilized for site-selective reactions and
photonic nanofabrication, it would open up opportunities for
the development of novel nanomaterials and devices.

We therefore employed ZnO, which is commonly used as a
photocatalyst, to assess the possibility of achieving site-selective
oxidation through local etching of ZnO. In fact, it is known that
ZnO undergoes self-oxidative photocatalytic dissolution under
specific conditions.”*™® In the present study, we chemically
synthesized ZnO nanoplates and performed partial etching of
the nanoplates under linearly polarized UV light to shape them
into ZnO nanorings that exhibit linear dichroism (LD) corres-
ponding to light polarization.

Experimental
Synthesis of ZnO nanoplates

ZnO nanoplates were synthesized using a previously reported
method."® Zinc(n) acetate dihydrate (37.4 mg), indium(m)
acetate (3.8 mg) and octanoic acid (61.3 pL) were dissolved in
1-octadecene (ODE, 2.5 mL) at 150 °C for 1 h under N, flow. The
gas phase of the reaction vessel was filled with N, after degas-
sing (at 110 °C for 30 min). Next, the temperature of the
reaction vessel was raised to 300 °C. After a mixture of ODE
and oleylamine (50:50 vol%, 447.4 pL) was injected into the
vessel, the temperature was lowered to 280 °C and maintained
for 1 h. The synthesized ZnO nanoplates were centrifuged
(2 min at 5500g) twice using a mixture of toluene and ethanol
(1:10).
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Site-selective etching of the ZnO nanoplates

The synthesized ZnO nanoplates were redispersed in toluene
(1 mL) and spin-coated (2000 rpm, 30 s) onto a glass substrate
or a substrate coated with tin-doped indium oxide (ITO) for
SEM observation, followed by annealing at 500 °C for 2 h to
remove the organic species present on the ZnO nanoplates. The
substrate with the ZnO nanoplates was immersed in an aqu-
eous solution containing 1 mM benzoquinone and irradiated
with vertically polarized UV light (365 nm, 25 mW cm™?) for
30 min for photocatalytic self-etching of the ZnO nanoplates.

Analysis

The nanoplates on the glass plate before and after light
irradiation were subjected to X-ray diffraction (XRD) analysis
(SmartLab, Rigaku), atomic force microscopy (AFM) (NanoNavi/
SPA400, Hitachi High-Tech), UV-visible-NIR absorption spectro-
scopy (V-670, Jasco) and X-ray photoelectron spectroscopy (XPS)
(Phi Quantera SXM, Ulvac-Phi). Scanning electron microscopy
(SEM) images were recorded using a field emission scanning
electron microscope (JSM-7500FA, JEOL) equipped with an
energy dispersive X-ray spectroscopy (EDS) probe. LD spectra
were collected using a CD spectrophotometer (J-1700, Jasco).
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Results and discussion
Oxidative dissolution of the ZnO nanoplates

Waurtzite ZnO nanoplates were synthesized and loaded onto a
solid substrate. It was confirmed from the SEM images (Fig. 1a)
and AFM images (Fig. Sla) that the synthesized ZnO had a
hexagonal shape with a width of 112 £+ 19 nm (n = 100, the size
distribution is shown in Fig. S1b, ESI{) and a thickness of 25 +
5 nm (n = 30, Fig. Slc, ESIt). Nanoplates of this size were
selected because if smaller, no significant resonance is
obtained in the appropriate wavelength range, and if larger,
the electric field distribution becomes too complex to analyse
(Fig. S2, ESIt). For photoelectrochemical reactions, the sub-
strate with ZnO nanoplates was immersed in a solution con-
taining 1 mM benzoquinone and irradiated from the backside
with vertically polarized UV light (365 nm, 25 mW cm™?) for 30
min, as illustrated in Fig. 1b. Difference spectrum for nonpo-
larized light absorption after the light irradiation was measured
using an integrating sphere (Fig. 1c). The decrease in the UV
absorption, which is assigned to the interband excitation of
ZnO, reflects the partial dissolution of ZnO.

Under UV irradiation, electrons are excited from the ZnO
valence band to the conductive band, and the holes thus
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(a) Typical SEM image of the ZnO nanoplates on an ITO-coated glass substrate. (b) Illustration of the experimental setup for photoelectrochemical reactions.

(c) Difference absorption spectrum of the ZnO nanoplates after irradiation with linearly polarized UV light. Inset shows a spectrum of the nanoplates before
irradiation. Typical (d) and (e) SEM image of the ZnO nanoplates on a glass substrate, and (f) SEM-EDS image of the ZnO nanoplates on an ITO-coated glass
substrate after polarized UV light irradiation. (g) In-plane XRD pattern and (h) XPS spectrum of the ZnO nanoplates before and after polarized UV light irradiation.
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generated in the valence band (h") are used for the following
reaction, resulting in the dissolution of ZnO."”

27Zn0 + 4h* — 27Zn** + 0, 1)

The excited electrons in the conduction band (e”) are
consumed by reduction of benzoquinone in the solution to
hydroquinone as follows:

CeH,0, + 2H,0 + 2¢~ — CgHO, + 20H~ ()

As shown in the SEM and SEM-EDS images (Fig. 1d-f), nano-
holes were formed after the irradiation in most of the ZnO
nanoplates, resulting in the formation of nanorings. In some
cases, the nanoholes reached the edge of each ZnO nanoplate
and split nanorings were formed. No significant change such as
segregation of In,O; was seen in the XRD pattern (Fig. 1g) or XPS
survey scan spectrum (Fig. 1h) after UV light irradiation. Although
the XPS narrow scan spectra for Zn 2p, In 3d and O 1s (Fig. S3a-c,
ESIT) showed a slight shift in the Zn 2p peak to lower binding
energy, broadening of the In 3d peak and an increase in the OH-
based O 1s signal at ~533 eV, these changes are reasonably
attributed to surface modifications due to ZnO dissolution rather
than to changes in bulk composition. We therefore conclude that
the nanorings almost completely retained their crystal structure
and compositions during the photocatalytic process.

Optical anisotropy of the ZnO nanoplates

Since the self-oxidative dissolution of the ZnO nanoplates was
caused by linearly polarized UV light, it is possible that the NPs
gain optical anisotropy as a result of the dissolution. We there-
fore examined the LD properties of the ZnO nanoplates (Fig. 2a).
Before UV light irradiation, the sample showed no significant
LD signals. However, a positive LD signal was observed in the
UV range after irradiation with vertically polarized UV light in
the benzoquinone solution for 15 or 30 min. A positive signal
indicates that extinction of horizontally polarized light is stron-
ger than that of the vertically polarized light. This wavelength
region matches the region where the ZnO nanoplates show
optical absorption (Fig. 1c, inset). Therefore, the LD signal
stems from the dissolution of the ZnO nanoplates.

As the irradiation time was extended from 15 to 30 min,
LD signal intensity increased. The LD signal was inverted to
negative when the ZnO nanoplates were irradiated with
horizontally polarized UV light instead of vertically polarized
light (Fig. 2b). The LD signal was almost negligible when non-
polarized light was used. In addition, the LD signal was
negligible when a substrate without the ZnO nanoplates was
irradiated with vertically polarized UV light. Further irradiation
for 60 min or longer resulted in a decrease in the LD signal
because of over-dissolution of the nanoplates, as reflected by
the significantly decreased extinction (Fig. S4, ESIf). From
these results, it was confirmed that the LD signals originated
from the linearly polarized UV light irradiation of the ZnO
nanoplates.
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Fig. 2 (a) LD spectra of the ZnO nanoplates on a glass plate after
irradiation with vertically polarized UV light (0-90 min) in a 1 mM
benzoquinone solution. (b) LD spectra of the ZnO nanoplates after
irradiation with vertically polarized, horizontally polarized and non-
polarized UV light (30 min), and LD spectrum of the substrate without
ZnO after irradiation with vertically polarized UV light.

Statistical analysis of nanohole geometry

Next, we studied the statistics of the geometry of the nanoholes
formed by irradiating with vertically polarized light for 30 min.
The distance d between the ZnO nanoplate and nanohole
centres, the angle 0 between the vertical line indicating the
polarization direction and a line connecting the nanoplate and
nanohole centres and the horizontal and vertical lengths of the
nanohole a and b, respectively, were evaluated for 100 randomly
picked nanoplates containing a nanohole, as described in the
ESIt (page 3 and Fig. S5). Nanoholes formed by nonpolarized
light were also subjected to analysis (75 nanoplates). SEM
images used for the analysis are shown in Fig. S6 and S7 (ESIt).

The data are summarized in Fig. 3 and Fig. S8 (ESIt). The
polar histograms in Fig. 3a and Fig. S8a (ESIt) show that the
nanoholes formed by the vertically polarized light tend to be
distributed vertically. The trend for the nanoholes formed by
the polarized light is similar to the distribution of the optical
near field around the nanoplate shown in Fig. 3b. The reasons
why the nanoholes are preferentially formed on the (002) facets
while the near field is localized at the edges are addressed in
the section discussing the mechanism (see below).

The data for d are summarized in Fig. 3c. In addition, the a, b,
0.25mab and log(a/b) values are summarized in Fig. 3d and Fig. S6b,
c (ESIY). The averaged aspect ratio a/b was 1.11 and 1.00 for samples
prepared with vertically polarized and nonpolarized light, respec-
tively. Horizontal ellipses predominate over vertical ones for the
nanoholes prepared via vertically polarized light irradiation.
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Fig. 3 Statistical data for ZnO nanorings prepared through vertically
polarized UV light irradiation. (a) Polar histogram for the angle 6 of the
nanohole position. (b) Polar diagram for the intensity of the optical near
field around the nanoplate under vertically polarized light. Histograms of
geometric parameters (c) d and (d) log(a/b).

Simulation of the LD spectra

On the basis of the statistical data, we simulated the LD spectra
of the ZnO nanorings using the FDTD method. The simulation
model, shown in Fig. 4a, is based on round disks instead of
hexagonal nanoplates with different orientations to eliminate
possible influences of the orientation.'* The nanoholes are also
approximated with elliptical ones, although the experimentally
obtained nanoholes are not perfectly elliptical. Elliptic and
rhombus nanoholes with the same area and aspect ratio lead
to quite similar LD spectra, as shown in Fig. S9 (ESIt), indicating
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Fig. 4 (a) Model of a ZnO nanoring for FDTD calculations. Calculated LD
spectra with varied (b) d, (c) a/b and (d) 0.25rab. Parameter d = 15.0 nm,
a=291nmandb =26.1nm.

that it is a good approximation. The diameter of the nanodisk is
91 nm, which is the diameter of the disk with an area equal to
that of a 100 nm wide hexagon. The thickness of the model is
19 nm, which is the value obtained through AFM analysis. We
selected the dielectric function for ZnO reported by Stelling
et al.,'® which gives the best-fit spectra. The values of parameters
d, a and b are 15.0, 29.1 and 26.1, respectively, which are the
average values obtained by the experiments with 30-min UV
irradiation. The simulated LD spectrum is shown in Fig. 4b
(red) and is in good agreement with the experimentally obtained
spectrum shown in Fig. 2a.

Next, the influence of each parameter of the calculation
model on the LD spectrum was examined. Either d, a/b (nano-
hole ellipticity) and 0.25nab (nanohole area) was changed, and
the other parameters were kept unchanged. When the d value
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Fig. 5 Mechanisms of the localized and anisotropic etching of ZnO nano-
plates. (a) Reaction sites under linearly polarized UV light. (b) Band structure of
ZnO and migration of carriers. (c) Formation of an elliptic nanohole.

was 0, the nanoring with an elliptic nanohole (i.e., a/b = 1.11) at
the nanoplate center exhibited a positive LD signal (Fig. 4b). As
the d value increased to 31.95 nm, at which point the nanohole
edge was in contact with the ZnO edge, the LD signal weakened
gradually. Alternatively, when the nanohole was not elliptical but
perfectly circular (i.e., a/b = 1, log(a/b) = 0), the nanoring showed
negligible LD signal, even if the nanohole was off the centre of the
disk (d = 15.0). As the a/b value increased, the nanoring exhibited a
positive LD signal, and it increased gradually (Fig. 4c). Conversely,
a negative LD signal increased with a decreasing a/b value.

These simulation results lead to the conclusion that the
anisotropy of the nanohole primarily governs the LD signal and
its sign, and the position of the nanohole mainly affects the
signal intensity. The area of the nanohole (0.257ab) also affects
the signal intensity: the signal is enhanced as the nanohole
area increases from 298 to 2386 nm?” (Fig. 4d).

Mechanism of the near-field oxidation reaction

As illustrated in Fig. 5a, when a ZnO nanoplate is irradiated
with linearly polarized UV light, the optical near field is
localized according to the polarization direction. Under verti-
cally polarized light, the near field is localized around the top
and bottom edges, and under horizontally polarized light, the
near field is localized around the left and right edges. The
optical near field excites electrons in the ZnO valence band to

1516 | Phys. Chem. Chem. Phys., 2025, 27, 11512-11517

View Article Online

Paper

the conduction band, and holes are generated in the valence
band accordingly around the edges.

However, corrosion occurred preferentially at the ZnO (002)
facets rather than at the ZnO (100) facets at nanoplate edges.
This trend can be explained if the (002) facets have a tendency to
attract holes or to be more easily oxidized compared with the
(100) facets. In actuality, it is known that the band levels of the
(002) facets are higher or more negative in potential than those
of the (100) facets, as shown in Fig. 5b."° If this trend holds also
for the present In-doped ZnO, electrons excited at the (100)
facets at the edges would stay there and drive reduction reac-
tions at the (100) facets, and the holes would tend to migrate
from the (100) to the (002) facets and drive oxidation reactions
there. Indeed, reductive deposition of Ag was observed mainly at
the edges for the In-doped ZnO." In addition, because the (002)
facet has a higher polarity than the (100) facet, the corrosion is
more likely to occur at the (002) facet.”>*' Distribution of
defects might also contribute to these trends.>* Thus, although
the optical near field is stronger at the edges, the oxidation of
ZnO (eqn (1)) occurs at sites on the (002) facets, close to the
edges. This also explains why the nanoholes are off-centre.

Since the holes migrate from the top or bottom edge under
vertically polarized light, horizontal growth is dominant for a
nanohole, as shown in Fig. 5c. In addition, the optical near field
around the nanohole in the horizontal direction is stronger
than that in the vertical direction for circular and elliptical
nanoholes (a/b = 0.8, 1.0 and 1.25), as shown in Fig. S10 (ESIT).
This may also contribute to horizontal growth, although the
near field intensity was much lower than that around the
nanoplate edges. In either event, horizontal growth makes the
nanoring exhibit a positive LD signal, as mentioned above.

Conclusions

The ZnO nanoplates were shaped into nanorings through self-
oxidative dissolution by irradiating with linearly polarized UV light.
After irradiation with vertically polarized UV light, the ZnO nano-
plates showed a positive LD signal in the UV range, whereas
irradiation with horizontally polarized UV light resulted in a
negative LD signal. In the case of vertical polarization, the optical
near field was localized in the vicinity of the upper and lower edges
of the ZnO nanoplate. Excited electron-hole pairs were generated
as a result of local excitation of ZnO by the optical near field; the
holes then migrated from the (100) facets at the nanoplate edge to
the (002) facets, and ZnO was etched by the holes to form nano-
holes. The localized and anisotropic growth of the nanoholes led
to optical anisotropy. Thus, it was demonstrated that not only
reduction but also oxidation can be driven in a site-selective
manner through near-field photoelectrochemistry of semiconduc-
tor NPs. This technique can be applied to sophisticated and
convenient shaping of semiconductor NPs.
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