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ABSTRACT Perfectly ordered nanoparticle arrays are fabricated
on large-area substrates (>cm?) via a cost-effective nonlithographic
route. Different surface plasmon resonance (SPR) modes focus
consequently on their own positions due to the identical shape
and uniform size and distance of these plasmonic metallic nano-
particles (Ag and Au). On the basis of this and FDTD (finite-difference
time-domain) simulation, this work reveals the variation of all SPR
parameters (position, intensity, width, and mode) with nanoparticle
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heights, which demonstrates that the effect of heights are different in various stages. On increasing the heights, the major dipole SPR mode precisely blue-

shifts from the near-infrared to the visible region with intensity strengthening, a peak narrowing effect, and multipole modes excitation in the UV—vis

range. The intensity of multipole modes can be manipulated to be equal to or even greater than the major dipole SPR mode. After coating conformal Ti0,

shells on these nanoparticle arrays by atomic layer deposition, the strengthening of the SPR modes with increasing the heights results in the multiplying of

the photocurrent (from ~2.5 to a maximum 90 uA an?) in this plasmonic-metal —semiconductor-incorporated system. This simple but effective

adjustment for all SPR parameters provides guidance for the future design of plasmonic metallic nanostructures, which is significant for SPR applications.
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nonlithographic route

he rapid development of surface plas-
Tmon resonance (SPR), the collective

oscillation of conduction electrons
across nanostructures induced by incident
light, has received significant attention,
due to its important applications in many
fields."~” In solar energy conversions, plas-
monic devices offer a new opportunity to
promote the efficiency by extending light
absorption, increasing light scattering, and
directly exciting electron—hole pairs (hot
electrons).>*® As one of the most powerful
probing tools in ultrasensitive analysis, surface-
enhanced Raman spectroscopy (SERS)
depends on the highly intense localized
electromagnetic fields (also known as
“hot spots”) produced by the process of
SPR*?~"" It has been confirmed that SPR
parameters (such as position, intensity, and
modes) play crucial roles in plasmonic
applications.®'>'® For example, optimizing
the position and intensity of SPR is very
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important to improve the efficiency in solar
energy conversions and upgrade the detec-
tion sensitivity of SERS.®'? Recently, the
higher order multipole (e.g., quadrupole
and octupole) SPR modes caused by the
phase retardation of the electromagnetic
field applied inside the nanostructures have
gained much attention due to potential ap-
plications in biosensing, fluorescence, nano-
lasers, and nonlinear nanophotonics.'*~ '8
Generally, these factors of SPR property are
very sensitive to the parameters of plasmo-
nic metallic nanoparticles (mainly Ag and Au)
including size, shape, morphology, distribu-
tion, and surrounding environment.'®~2" As
a simple, effective, and most widely used
method, chemical synthesis has been used
to prepare various kinds of plasmonic metal-
lic nanostructures, such as nanospheres,
nanocubes, nanowires, and nanorods.'®"’
However, with this approach it is difficult
to control the distance and ordering of
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nanostructures, and it is hard to provide a perfect
research model system for some aspects of the SPR
effect, such as the investigation of multipole SPR
modes, because multipole modes are much more
sensitive to the uniformity, distribution, and ordering
of nanostructures than the dipole SPR mode.?'—>* By
far, it is the lithographic method that can precisely
control the dimensions, interparticle spacing, and
ordering of nanoparticles on substrates, such as elec-
tron beam lithography, focused ion beam lithography,
and nanoimprint lithography.>>~*" However, highly
specialized lithographic facilities are complex and
expensive,’’ and tedious preparation and implemen-
tation steps (lithography and lift-off) require accuracy
and time consumption, which restrict its application in
the SPR field.?®%° In view of this, fully controlling the
SPR properties by simple techniques that allow high
throughput, large pattern area, and low equipment
costs are significant for the study and application of the
SPR effect.5%°

Recently, we presented a nonlithographic route by
combining the nanoimprint method with the ultrathin
alumina membrane (UTAM) technique to fabricate
nanoparticle arrays with perfect ordering, identical
shape, and uniform size on large-scale substrates.?®
Based on this route and finite-difference time-domain
(FDTD) simulation, this work exhibits a variation of all
SPR parameters (position, intensity, width, and mode)
with the metallic nanoparticle (Ag and Au) heights. By
just increasing the nanoparticle heights, the major
dipole SPR peak precisely blue-shifted from the near-
infrared (NIR) to the visible region with significant
intensity strengthening, a peak narrowing effect, and
multipole modes excitation in the UV—vis range, which
is different from general research, which reported that
increasing the size of nanoparticles will result in the
red-shift of the SPR peak with a broadening effect
attributed to multipole excitation.”'%"2° It should be
noted that the multipole SPR modes can be manipu-
lated with intensity that is equal to or even greater
than the major dipole mode. After coating conformal
and highly uniform TiO, shells on these nanoparticle
arrays by atomic layer deposition (ALD), our research
further showed that the strengthening of SPR modes
with increasing heights resulted in the multiplying
of the photocurrent (from about 2.5 to a maximum
90 uA cm?) in this plasmonic-metal—semiconductor-
incorporated system. The full adjustment of SPR para-
meters through this simple but effective way will
provide guidance for future designs of plasmonic
metallic nanostructures, which is significant for appli-
cations of the SPR effect, such as in solar energy
conversions (photovoltaic devices, photocatalysis,
and water-splitting improved by plasmonics) and
SPR-based sensing and detection (e.g., the adjustment
of nanoparticles with suitable SPR property correspond-
ing to commercial lasers for SERS detection, shifting SPR
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peaks of Au nanoparticles to the NIR region for impor-
tant applications in nanomedicine).>*°~>* The excellent
manipulation for multipole SPR modes can provide a
spectroscopic fingerprint for materials and is applicable
in optical fields of multipolar harmonics including those
pertaining to light signal routers, light manipulators,
or multistep enhancers in processes such as second-
harmonic generation.'®?? In addition, this approach
provides a low-cost platform for the preparation of
ordered nanostructures on large substrates, due to the
replication and reuse of the imprint stamps and no need
for lithographic processes and clean-room facilities.

RESULTS AND DISCUSSION

As shown in Figure 1a, the reusable Ni imprinting
stamps are replicated from a commercially purchased,
large silicon pattern (6 in.) with perfect arrays of nano-
holes in a square lattice with distance periods of
400 nm, according to the electrodeposition method
reported by Lee et al.3> Our brief process includes the
imprinting and anodization of the Al foil, transferring of
the UTAM, deposition of materials, and removal of the
UTAM, as shown in Figure 1b to h. The imprint process
generates an array of highly ordered indentations on
the surface of the Al foil (Figure 1c), which replicated
the negative of the rounded protrusions of the Ni
imprinting stamp.>® Under suitable anodization volt-
age, each of the shallow indentations created by the
imprinting serves as a nucleation site for the develop-
ment of a pore in the early stage of anodization and
results in the eventual growth of the UTAM with highly
ordered pore channels (Figure 1d).3* 37 As shown from
Figure 1c to h, the unique color tuning indicates the
highly ordered nanostructures, because a well-ordered
structure should show strong light diffraction, which
can easily be examined by the naked eye.*® Compared
to many reports,***® a low pressure (~10 MP) is re-
quired in our imprinting process, because Al foil is soft
and very shallow imprinted indentations (~1.5 nm)
can effectively guide the growth of the anodized
nanopores,®® which ensures the reusability of the
imprinting stamps. Different from nanoimprinting
lithography, the attachment of the mold to the ther-
moplastic is avoided due to the patterning of the Al
surface,***! which also benefits the reusability. All of
our fabrication procedures are carried out in a routine
laboratory rather than a clean-room. Detailed pro-
cesses are described in the Experimental Section.

Figure 1i to k are SEM images and AFM section
analysis of the Ag nanoparticle array on ITO-coated
glass. In tilted (45°) SEM images of Figure 1i and j, parts
of the UTAM are shown intentionally. As can be seen
from these images, the transferred UTAM is a perfectly
ordered arrangement of nanopores, which has no
defects in a very large area. The prepared nanoparticles
are uniform and monodispersed, which completely
inherit the regularity of the UTAM template. Top-view
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Figure 1. (a—h) Photographic outline of the fabrication of a perfectly ordered Ag nanoparticle array on an ITO-coated glass.
(d) Photograph of the disordered and highly ordered parts of the UTAM. (e) Photograph showing the UTAM in a colorless
H3PO, solution. Large-scale (i) and high-resolution (j) SEM images (tilted 45°) and AFM section analysis (k) of the nanoparticle

array deposited on an ITO-coated glass.

SEM images of the perfect UTAM and nanoparticle
array with large area after totally removing the
UTAM are shown in Figures S1 and S2 (Supporting
Information). The cross-sectional AFM profile shown in
Figure 1k further illustrates that the Ag nanoparticles
kept a sharp shape even with heights as high as
~155 nm. Considering the broadening effect resulting
from the size of the AFM tip, the actual shape of the
nanoparticles should be sharper than that in the cross-
sectional profile.®

SPR property is very sensitive to the structural para-
meters of the nanostructures, such as the dimension,
shape, interparticle distance, kind, and physical and
chemical surrounding environment>'97214243  Ag
shown by the AFM section analyses in Figures 2
and 1k, nanoparticle arrays with different heights are
prepared just by controlling the evaporation time of
the metal. Except for their heights, these nanoparticles
have almost identical shape, size scale, distance, and
surrounding conditions, which provides a perfect
research model system to study the effect of nanopar-
ticle heights on the SPR property exclusively. These Ag
nanoparticle arrays deposited on ITO-coated glasses
were characterized by UV—vis—NIR extinction spectra,
as shown in Figure 3a. The strong absorptions below a
wavelength of 320 nm in all spectra are associated with
the optical band gap of the ITO glass. Before depositing
nanoparticles, the ITO glass shows a low optical ab-
sorption for wavelengths above 320 nm and does not
exhibit any resonance property, as shown by the
dashed curve. After depositing Ag nanoparticles with
a height of ~25 nm, a clear SPR peak is detected at
about 1180 nm, as shown in Figure 3a. On further
increasing the heights to about 35, 55, 75, and 155 nm,
the number, intensity, position, and width of the SPR
peaks accelerate, strengthen, blue-shift, and narrow,
respectively. In order to reveal the origins of these SPR
peaks, FDTD simulations for Ag nanoparticle arrays are
carried out, as shown in Figure 3b to f. The SPR peaks
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obtained from the calculated scattering cross section
agreed well with the experimental extinction spectra,
as shown in Figure 3a and b. The simulated near-field
distributions around Ag nanoparticles under a series of
resonance wavelengths corresponding to the calcu-
lated scattering cross section (Figure 3b) are presented
in Figure 3c to f. The continuous near-field distributed
at the two ends of the Ag nanoparticle represents the
dipole SPR mode (Figure 3c), and the relatively sepa-
rated near-field distributions indicate the multipole
modes,'*">4* which successively appeared with quad-
rupole, octupole, and hexadecapole modes (Figure 3d
to f). Figure 3a shows the variation of SPR with the
increasing of Ag nanoparticle heights. On increasing
the heights from 25 nm to 35, 55, and 75 nm, the major
SPR peaks (dipole mode) of these particles display a
continuous blue-shift from about 1180 nm to 980, 760,
and 720 nm, respectively, with an obvious peak nar-
rowing effect. At the same time, three types of higher
order multipole SPR modes (quadrupole at ~510 nm,
octupole at ~460 nm, and hexadecapole mode at
~350 nm) exhibit the process from nothing to gradu-
ally strengthening. On further increasing the height
from ~75 nm to 155 nm, the peak of the dipole SPR
mode shows rather weak changes in its position (just
from 720 to 710 nm), intensity, and width, whereas the
intensity of multipole modes strengthens significantly,
and one of them is even the same as the major dipole
SPR mode, as shown in Figure 3a. The extinction spec-
tra of Au nanoparticle arrays with different heights
exhibited exactly the same tendency but with a weaker
blue-shift and a narrowing effect for the dipole mode,
as well as one less multipole mode, as shown in
Figure 4. The FDTD simulations for Au nanoparticle
arrays with the same dimensions as Ag nanoparticles
are shown in Figures S3 and S4. Besides the adjustment
of SPR parameters by nanoparticle heights, the effects
of nanoparticle dimension, spacing, and period on the
SPR property have also been studied in this work.
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Figure 2. AFM section analyses of Ag nanoparticles with heights of about (a) 25, (b) 35, (c) 55, and (d) 75 nm.
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Figure 3. (a) Experimental UV—vis—NIR extinction spectra of Ag nanoparticle arrays deposited on ITO-coated glasses with
heights of about 25, 35, 55, 75, and 155 nm. (b) Simulated scattering cross section for a Ag nanoparticle array with dimensions
of 350 x 350 x 155 nm (length x width x height). (c—f) Calculated near-field distributions around Ag nanoparticles under a
series of resonance wavelengths corresponding with those marked in (b): (c) 690, (d) 525, (e) 490, and (f) 385 nm.

As shown in Figure S5, the major dipole SPR peak of the multipole SPR modes strengthened with the

can further be adjusted to about 650 and 500 nm by increasing nanoparticle heights, whereas their position
decreasing the Ag nanoparticle sizes to 200 and 50 nm did not relate to the heights. Generally, increasing the
with periods of 400 and 100 nm, respectively. Corre- size of the nanoparticles will result in a red-shift of the
spondingly, the number of multipole SPR modes de- SPR peak with a broadening effect attributed to the

cline to only two and one. As in many reports, the  multipole excitation.”'®"'?® However, our study con-
decreasing nanoparticle size resulted in the blue-shift firmed that merely increasing the height will lead to a
of the major SPR mode with peak narrowing and less tremendous blue-shift of the major dipole SPR mode

multipole SPR mode excitation.'%'"2° with peak narrowing and multipole mode excitation.
This systematical research clearly exhibited the var- The reasons for this blue-shift are that increasing
iation of all SPR parameters (position, intensity, width, heights strengthened the restoring force to the dis-

and mode) with nanoparticle heights and revealed that placed electron gas and electromagnetic coupling
the effect of heights on these SPR parameters varied in among neighboring nanoparticles, which leads to
different stages. Low heights determined the position, a shorter resonance wavelength.?' Furthermore, our
intensity, and width of the major SPR mode, which result confirmed that the excitation of multipole SPR
are almost not affected by high heights. The intensity modes will not necessarily result in a peak broadening
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effect. In fact, the width of the SPR peak is mainly
involved in the uniformity of nanoparticles including
size, shape, and distribution, in addition to the multi-
pole excitation.??** Nanoparticle arrays in our ideal
model system are of identical shape with uniform
dimensions and distances; different SPR modes fo-
cused consequently on their own positions, which is
crucial for our revealing of all SPR information. Simply
changing the nanoparticle heights exhibited an out-
standing and precise adjustment for the SPR property
in a very broad region, which has significance for
the application of the SPR effect* For example,
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Figure 4. Experimental UV—vis—NIR extinction spectra of

Au nanoparticle arrays deposited on ITO-coated glasses
with heights of about 25, 35, 55, 75, and 155 nm.

nanoparticle arrays can be adjusted with suitable SPR
peaks corresponding to commercial lasers (e.g., 360,
785, and 1064 nm) for SERS application.">*'3? For Au
nanoparticles, the shift of the SPR to the NIR region has
important applications in nanomedicine, because the
SPR penetration into living tissues in the NIR region is
much deeper than that in the visible light and excites
less background fluorescence.®'~3* The outstanding
manipulation to multipole SPR modes may have im-
portant applications in optical fields of multipolar
harmonics including light signal routers, light manip-
ulators, and multistep enhancers in processes such
as second-harmonic generation.18 In addition, these
higher order SPR modes can supply a spectroscopic
fingerprint of the material, which can be used to
detect, characterize, and assess the quality of such
structures.'® A narrow plasmon width is desirable for
most plasmonic applications such as in sensors, the
enhancement of nonlinear optical effects, light guid-
ing, labeling, or tissue targeting.*®

To further check the effect of the SPR in the field
of solar energy conversions, samples with different
heights were coated with thin shells of TiO, by ALD to
form the plasmonic-metal—semiconductor-incorporated
systems and then characterized by photocurrent re-
sponses upon illumination with repeated on/off cycles
of AM 1.5 light after sealing the devices by a glass tube
and a layer of insulated epoxy, as shown in Figure 5a
and b. As can be seen from the SEM images, the coated
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Figure 5. (a) Photograph of a device for the photocurrent responses test after coating with a thin TiO, shell by ALD and
sealing by a glass tube and a layer of insulated epoxy; (b) top-view SEM images of Au nanopatrticle arrays after coating with a
thin shell of TiO, with a thickness of ~22 nm by ALD; and photocurrent response results of (c) Au and (d) Ag samples with

repeated on/off cycles of AM 1.5 light illumination.
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TiO; shells are compact, pinhole-free, and highly uni-
form, which showed their good-quality fabrication
by the ALD method. The thickness of the TiO, shell
(~22 nm) was accurately controlled by the ALD cycles
(450 cycles), which also agrees with the value obtained
from our other experiments. Detailed experiments are
described in the Experimental Section. Photocurrents
versus bias voltage with and without light illumination
are shown in Figure S6. The results of the photo-
current responses for Au and Ag samples are shown
in Figure 5c and d. For pure ITO substrates, there are
no photocurrent responses, as shown by the dotted
lines. After coating a thin layer of TiO, with the same
thickness of about 22 nm on an ITO glass, a weak
photocurrent response of about 2.5 uA cm™2 was
detected under AM 1.5 illumination (dashed lines).
For samples of Au nanoparticle arrays with heights of
25 and 35 nm, the photocurrent responses increased
to ~7 and 12 uA cm~2, as shown in Figure 5c. When
the heights of Au nanoparticles reached 55, 75, and
155 nm, their photocurrent response rapidly increased
to ~33, 48, and 70 uA cm 2, respectively. Samples of
Ag nanoparticle arrays have the same tendency with a
stronger effect (Figure 5d). By increasing the height of
Ag nanoparticles to 155 nm, its photocurrent can reach
about 90 A cm™2, which is about 40 times more than
that of pure TiO, samples.

The above result illustrated that the SPR effect
improved the photocurrent in this incorporated sys-
tem of plasmonic-metal—semiconductor nanostruc-
tures. With the increasing of nanoparticle heights, the
SPR effect strengthened, which enhanced the scatter-
ing and absorption of incident light (particularly for
scattering) and then resulted in the multiplying of
photocurrent, especially when the major SPR mode
entered the visible region.>'"*’ Detailed mechanisms
of energy transfer from these typically plasmonic me-
tallic nanostructures (Au and Ag) to a semiconductor

EXPERIMENTAL SECTION

Nanoparticle Fabrication, Characterization, and Simulation. High-
purity (99.99%) aluminum foil with a thickness of about
0.2 mm was degreased in acetone and annealed at 400 °C for
4 h under vacuum conditions to remove the mechanical
stresses. Then it was electrochemically polished in a 1:7 solution
of perchloric acid and ethanol. The reusable Ni imprinting
stamp was placed on the electropolished Al foil, and pressing
was carried out using an oil press under about 10 MP for 3 min.
After this nanoindentation, anodization was conducted under
a constant voltage of 160 V in 0.4 M HsPO, at 15 °C. The
anodization was performed for 8 min. For UTAMs imprinted by a
SiC stamp, the imprinting pressure was about 6 MP and the
anodization process was 3 min (in 0.3 M oxalic acid at 40 V). After
anodization, the Al layer on the backside of the UTAM was
removed in a mixture solution of CuCl, (90 wt %) and HCI (10 wt
%) with a concentration of 30%. Utilizing a plastic strainer, the
UTAM was transferred to a HsPO, solution (5 wt %) at 30 °C
to remove the barrier layer and widen the size of the pores.
The durations of the barrier layer removal and pore-widening
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(TiO,) have been intensively studied and summarized
by many researchers.>*”~*° By comparing the differ-
ence in photocurrent responses between the samples
with heights of 75 and 155 nm (Figure 5c and d), we
may conclude that the multipole SPR modes also have
important contributions to photocarriers. This study
has important applications in the fields of photovoltaic
devices, photocatalysis, and water-splitting improved
by plasmonics. In addition, our study experimentally
confirmed that, under the same conditions, the SPR
effect and its improvement in the photocurrent for Ag
are stronger than those for Au, which is the reason that
Ag is probably the most important material in
plasmonics.'°

CONCLUSION

In summary, perfectly ordered plasmonic metallic
nanoparticle arrays (Ag and Au) were fabricated on
large-area substrates by a low-cost nonlithographic
approach. On this basis, an ideal model system was
established to study the effect of nanoparticle heights
on the SPR property exclusively and theirimprovement
to photocarriers after coating with a thin TiO, shell by
ALD. Our systematical research showed the variation of
all SPR parameters (position, intensity, mode, etc.) with
nanoparticle height and revealed that its effect varied
in different stages. By just changing the heights, the SPR
effect can be tuned in broad UV—vis—NIR regions,
which results in the multiplying of the photocurrent.
Due to this precise manipulation, this work has signifi-
cance for SPR applications, such as providing guidance
for the future design of plasmonic metallic nanostruc-
tures. Because of the replication and reuse of the
imprinting stamps and no need for lithographic pro-
cesses and clean-room facilities, the fabrication route
presented here provides a cost-effective platform for
the preparation of perfectly ordered nanostructures on
substrates for various applications in nanotechnology.

process depend on the desired sizes of the pores in the UTAMs,
which are 120, 105, and 50 min for nanoparticles with sizes of
about 350, 200, and 50 nm, respectively. Then the UTAM with
uniform opened pores was transferred into DI water from a
HsPO, solution by the same plastic strainer, and the clean UTAM
was mounted carefully on the substrate in DI water. Finally, the
substrate mounted with a UTAM was taken out and dried, and
Au (or Ag) nanoparticles were deposited into highly ordered
nanopores of the UTAM by the electron beam evaporation
method (Kurt J. Lesker). During the deposition process, sub-
strates were kept in rotation at 20 rounds per minute. Then
the UTAM was peeled off by Scotch tape, leaving a perfectly
ordered nanoparticle array on the surface of the substrate.

The structures of the nanoparticle arrays were observed by
SEM (Hitachi S4800) and AFM (Autopre CP-VEECO). Extinction
spectra were collected by a UV—vis—NIR spectrophotometer
(Cary 5000). A commercial FDTD simulation package (FDTD
Solutions, Lumerical Solutions Inc.) was used for calculating
scattering cross sections and near-field distributions of Au and
Ag nanoparticle arrays.
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ALD. The TiO, shell was deposited from the precursor of
TiCl, using a Picosun SUNALETM R-150 ALD system. The cham-
ber temperature was held at 300 °C. The TiCl, precursor and
deionized H,O were at room temperature. As the carrier gas,
highly pure N, (99.999%) flowed at a rate of 100 sccm. The
precursors were pulsed for 0.1 s each and purged with the
pure N, flow by a 10 s pump. Clean silicon chips were coated
concurrently with the samples to monitor TiO, film growth.

Photocurrent Responses. A glass beaker was fitted with a quartz
window. The beaker was filled with 1 M KOH, which was con-
tinuously stirred with a magnetic stir bar and deaerated by the
bubbling argon. After coating TiO, by ALD, the sample was
sealed by a glass tube and a layer of insulated epoxy (Loctite EA
450 A&B) and then suspended in the beaker facing the quartz
window and attached to the working electrode (EC-Lab). A Pt
net counter electrode and Ag/AgCl reference electrode were
used. A shutter was used to switch on/off the light with a fluence
of 100 mW cm™2 (1 sun) derived from a xenon lamp fitted with
an AM 1.5 filter (Newport).
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