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ABSTRACT Size-controllable Au nanodot arrays (50, 63, and 83 nm dot size)
with a narrow size distribution (1-5%) were prepared by a direct contact printing
method on an indium tin oxide (ITO) substrate. Titania was added to the Au

nanodots using Ti0, sols of 2—3 nm in size. This created a precisely controlled Au

nanodot with 110 nm of Ti0, overcoats. Using these precisely controlled nanodot k
arrays, the effects of Au nanodot size and Ti0, overcoats were investigated for

photoelectrochemical water splitting using a three-electrode system with a fiber-
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optic visible light source. From UV—vis measurement, the localized surface plasmon resonance (LSPR) peak energy (E, spg) increased and the LSPR line width

(') decreased with decreasing Au nanodot size. The generated plasmonic enhancement for the photoelectrochemical water splitting reaction increased

with decreasing Au particle size. The measured plasmonic enhancement for light on/off experiments was 25 times for the 50 nm Au size and 10 times for

the 83 nm Au nanodot size. The activity of each catalyst increased by a factor of 6 when Ti0, was added to the Au nanodots for all the samples. The activity

of the catalyst was proportional to the quality factor (defined as Q = Fispp/I') of the plasmonic metal nanostructure. The enhanced water splitting

performance with the decreased Au nanodot size is probably due to more generated charge carriers (electron/hole pair) by local field enhancement as the

quality factor increases.

KEYWORDS: plasmonic water splitting - Au nanodot - contact printing method - Au-TiO, catalyst - quality factor

he direct conversion of solar to
Tchemical energy using photocatalysts

in an economical way would allow
society to reduce its dependence on fossil-
based fuels and move toward a more sus-
tainable economy. One option for solar
conversion to chemical energy is the photo-
catalytic splitting of water with semi-
conductor oxides such as TiO,.'~® In TiO,,
an absorbed photon generates an electron/
hole (¢ /h™) pair. In photocatalytic water
splitting, the created holes (h™) drive the
oxygen-evolution reaction (at high pH,
40H™ + 4h*t — 2H,0 + 0,), whereas the
electrons (e”) participate in the hydrogen-
evolution reaction (at high pH, 4H,0 +
4e” — 40H™ + 2H,). While TiO, is both
stable and inexpensive, the main limitation
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of using TiO, is that it does not absorb
visible light.”~'® One approach to increase
the visible light absorption in the TiO,-
based systems is to add plasmonic metal
particles to the TiO,, such as Au, Ag, and Cu.
These metals absorb visible light through
localized surface plasmon resonance (LSPR).
Surface plasmons are collective oscilla-
tions of the free charge confined to the
surfaces of conducting metals that interact
strongly with light”~'® The frequency at
which the conduction electrons oscillate
in a metal nanoparticle is called the LSPR
frequency.®'®' The LSPR frequency de-
pends on the metal's size, shape, and
environment."' %2 Several attempts have
been made to synthesize plasmonic metal—
semiconductor systems such as Au/TiO, for
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the photocatalytic water splitting reaction by control-
ling the structure and concentration of plasmonic
metals®®2® and by modifying the semiconductor
oxides with defects.?” The size of the plasmonic metal
particles can tune the LSPR frequency, which gives rise
to changes of LSPR spectral line shape (i.e., absorption
peak shape in the visible range).'> 19212228730 The
spectral line shape of the LSPR in any metallic nano-
system, as obtained when measuring absorption as
a function of photon energy, can be analyzed by the
LSPR peak energies (spectral peak position) and the
LSPR line widths (full line width at half-maximum
of spectral peak), assuming that the metals are very
similar in size.'?'?22% However, the challenge with
most previous studies is that the plasmonic metals
have a wide range of particle size distribution, making
the analysis of the LSPR complicated.'®3' The changes
of LSPR peak energy and LSPR line width with different
metal size can affect the local field enhancement on
the plasmonic metallic nanosystem.'*?'?® It has
also been demonstrated that the intense local electric
field near the surface of plasmonic nanoparticles can
increase the e /h™ pair generation rate at the metal/
semiconductor interface, improving the water splitting
performance.?>%’ Precise size control of the plasmonic
metal with narrow size distribution is critical to see the
exact size effect for the water splitting performance.
Contact printing is a recently developed method
that has been used to synthesize precisely controlled
metal nanostructures.3?~>° This approach is gaining
attention in the field of nanofabrication because of
its simplicity, versatility, low cost, and high through-
put3%33 Using the printing strategy, a wide range
of nanostructures, such as complicated pattern de-
signs and three-dimensional (3D) stacks, have been
synthesized on various substrates.>* % The printing

technology is based on the transfer of materials loaded
on stamp patterns to substrate surfaces by intimate
contact between the stamp and substrate. This enables
uniform metal nanostructure arrays to be efficiently
synthesized over various substrate substances and
their size, interval, and density to be readily controlled
with a narrow deviation. Using these nanostructure
arrays, a better relationship between the metal nano-
structures and their performance in a reaction can be
developed.

In this article, printable plasmonic metal nanostruc-
tures made by direct contact printing are used to
investigating the size effect of Au on the water splitting
reaction. Size-controllable Au nanodot arrays are di-
rectly printed onto indium tin oxide (ITO) glasses by
stamps of vertically aligned carbon nanopost (CNP)
arrays that are supported within porous channels of
anodic aluminum oxide (AAO) templates. The size
of the printed Au nanodots can be precisely adjusted
by controlling the geometry of the stamp tips. This
method produces Au nanodots with a narrow size
distribution (£5%). Here, we demonstrate that the
quality factor, defined as LSPR peak energy divided
by LSPR line width, increases as contact-printed Au
nanodot size decreases from 83 nm to 50 nm. As we
will demonstrate in this paper, the quality factor is
proportional to the rate enhancement for photo-
electrochemical water splitting.

RESULTS AND DISCUSSION

Figure 1a—d illustrate the fabrication of the Au
nanodot arrays on the ITO substrate. For printing
of the controlled Au nanodots, CNP stamps were
employed in this work (see Figure S1 for the synthesis
of a CNP stamp). These stamping platforms consist of
vertical one-dimensional carbon nanopost arrays with

Figure 1. Schematic illustrations depict the entire fabrication process for TiO,-coated Au nanodot arrays and the plasmonic-
enhanced water splitting reactor: (a) preparation of the carbon nanopost (CNP) stamp, (b) loading of the Au metal and
Ti adhesion layers on the CNP tips, (c) contact printing of the metal-loaded stamp onto ITO glasses, (d) formation of the
Au nanodot arrays and the TiO,-coated Au nanodot arrays, and (e) photoelectrochemical water splitting reactor used in
this work.
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Figure 2. SEM images of prepared Au nanodot arrays. SEM images of (a—c) the CNP stamps with controlled tip diameter and
(d—f) the printed Au nanodot arrays with controlled size. All the insets show magnified SEM images, and all scale bars in the

insets are 100 nm.

circular tips, which are supported by the hexagonally
aligned pore channels of the AAO matrices (Figure 1a).
Also, the tip size and interval of the stamps can be
precisely adjusted by controlling the pore dimensions
of the mother AAO molds. Thus, the diameter of the
printed plasmonic Au nanodot arrays can be system-
atically tuned in tight correspondence with the stamp
geometries. The metallic Au layers to be printed are
then deposited on the tips of the CNP stamps by an
electron-beam (e-beam) or thermal evaporation pro-
cess (Figure 1b). Transfer of the metal layers from the
stamp tips to the substrate surfaces is related to the
different adhesion strengths of the metal between
the stamps and substrate surfaces. For the successful
printing of metal nanodot arrays, the cohesion force of
the metal layers to the substrates should be much
higher than the force of the metals to the stamp tips
when the metal-loaded stamps are brought into con-
tact with the substrates.®® In this study, a thin Ti layer
(ca. 1 nm) was introduced to enhance the adhesion
force of the Au layer to the substrates. Next, the Au
metal-loaded stamps are printed onto the ITO sub-
strate surfaces under a proper pressure (Figure 1c).
After lifting the stamps from the substrates, plasmonic
Au nanodot arrays are formed over the ITO substrates.
A TiO, layer was coated on the printed Au plasmonic
particles by dip-coating the Au nanodot arrays on
the ITO substrate into a TiO, sol solution (Figure 1d).
The electrodes were finally prepared by an annealing
process at 300 °Cin an oven for 1 h. The TiO,-coated Au
nanodot arrays were directly used as working elec-
trodes in the photoelectrochemical water splitting
reactor (Figure 1e). A Pt wire and Ag/AgCl (in sat. KCl)
were used as counter and reference electrodes, respec-
tively. The gas phase was analyzed using a Shimadzu
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GC-2010 Plus system with a barrier ionization dis-
charge detector.

Figure 2a—c exhibit scanning electron microscope
(SEM) images of the CNP stamps used in this work. The
circular CNP tips are hexagonally aligned by alumina
templates. As seen in the inset images of Figure 2a—c,
the size and interval of the CNP stamps can be adjusted
by controlling the pore dimension of the templates.
As the tip size of the nanostamps increased from ca.
47 nmto ca. 82 nm, the distance between the CNPs was
systematically modified from ca. 51 nm to ca. 18 nm.
This results in tuning the diameter and spacing of the
printed Au nanodot arrays. Vertical CNP arrays with
a high tip density (ca. 1 x 10'® cm™?) are also firmly
supported by AAO templates. This can alleviate the
structural deformation of the CNP tip morphologies
when external pressure is applied for conformal con-
tact between the stamp and substrate surfaces during
contact printing, which can permit the CNP stamps
to be reused several times. Figure 2d—f display the
printed Au nanodot array with the controlled diameter
and interval. By controlling the tip dimensions of the
mother stamps, the diameter of the printed Au nano-
dots was tuned from ca. 50 nm to ca. 83 nm, and the
interdistance between the printed dots was also mod-
ified from ca. 47 nm to ca. 16 nm. Some discrepancy
between the sizes of the stamp tips and the printed Au
dots exists, which might be attributed to the increased
size of the metal-loaded stamps after metal layer
deposition (see Figure S2). Nevertheless, the diameter
of the printed Au nanodots shows close correspon-
dence with the size of the CNP tips. In addition, the
printed Au nanodot arrays have narrow size dis-
tributions (£5%), which were not affected by the size
of the nanodots (Figure S3). Figure S4 shows the
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Figure 3. Optical properties of Au nanodot arrays. (a) UV—vis absorption spectra of 50, 63, and 83 nm Au nanodots on ITO
glass. (b) UV—vis absorption spectra of TiO,-coated 50, 63, and 83 nm Au nanodots on ITO glass. The figure shows difference
spectra for Au nanodots (i.e., the spectrum of TiO,-coated Au nanodots on ITO glass minus the spectrum of TiO,-coated ITO
glass). (c) LSPR peak energy (E, spr) and dot size dependence of the LSPR line width (I') for Au nanodots as obtained from the

UV—vis measurements.

representative SEM, X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) data for Au nano-
dots printed on ITO substrates. In Figure S4a, the oblate
spheroidal Au nanodots (height: 12 nm, diameter:
50 nm) are well aligned with the patterns of the CNP
stamps. The height of the printed Au nanodots corre-
sponded almost exactly to the thickness of metal layers
that were loaded on the tips of the CNP stamps before
contact printing. In this work, the height of 63 nm
diameter Au nanodots is approximately 13 nm, while
that of 83 nm diameter nanodots is approximately
15 nm. In Figure S4b, the printed Au nanodots exhibit
a typical (111) face-centered cubic lattice structure. No
extra diffraction peaks, excluding those from the main
lattices of Au metal (26 = 38°) and ITO, were observed,
indicating that the Au dot arrays were success-
fully printed on the ITO glasses without impurities. In
Figure S4c,d, XPS analysis of the Au nanodot arrays
printed on ITO glass clearly confirms that the Au/Ti
interface formed around the perimeter of Au nanodots.
Figure S5a shows a surface SEM image after coating
of a TiO, layer on the printed Au nanodot using the
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sol—gel process. After coating of the TiO, layers, an
embossing-like morphology is produced, which might
be ascribed to the formation of a TiO, layer by the
thermal annealing process.**~*? The thickness of the
coated TiO, layers is ca. 110 nm, which was estimated
by the tilted SEM image in Figure S5b. The XRD
investigation for the TiO, indicates that anatase is
predominant (Figure S5c). The particle size of the
TiO, sol was 2—3 nm in diameter as measured by
XRD (Table S1). As shown in Figure S5d, the Barrett—
Joyner—Halenda pore-size distribution demonstrates
that the TiO, layer is mesoporous with an average pore
size of 3.4 nm.

The optical properties of prepared Au nanodot
arrays are shown in Figure 3. Figure 3a shows the
UV—vis absorption spectra of Au nanodots with diam-
eters of 50, 63, and 83 nm on ITO glass. As shown
in Figure 3a, the plasmon absorption for all the pre-
pared Au nanodots is clearly seen in the visible region.
The plasmon resonance wavelength (Ayax) experi-
ences a red-shift as the Au nanodot size increases
from 50 nm to 83 nm. It is well known that there is

VOL.8 = NO.10 = 10756-10765 = 2014 ACS\[A

J

WL

N

Na

WWwWW.acsnano.org

10759



a red spectral shift with increasing Au nanoparticle
size, 5718212282943 Tha 3\ of the Au nanoparticles
also depends on spacing between the particles.?***
As shown in Figure 2, the interdistance between the
printed dots decreased from 47 nm to 16 nm with an
increase of dot size from 50 nm to 83 nm. The Ayax red-
shifts as the dot size increases and the interdistance
decreases as shown in Figure 3a. This observed beha-
vior can also be explained by the effect of interdot
coupling affecting the LSPR.2>**4° The full wavelength
line width at half-maximum of peak spectra (Adqyhm)
also increases with increasing Au nanodot size (see
inset of Figure 3a). It has been demonstrated that the
AAswhm is affected by both radiative and nonradiative
damping processes in Au nanoparticles larger than
20—30 nm, and their absolute and relative contribu-
tions are both dependent on particle size and
material.”>?°=2228 |n our result, the increase of Adayhm
with increasing Au nanodot size indicates that the
radiative contribution to the total damping processes
is significant for the Au nanodot structure.>'*>?% In the
radiative damping process, the collective electron
motion of the LSPR is lost via radiation from a time-
dependent induced dipole. This radiative damping
process depends on the particle volume and the
electron density in the metal.>'*34%47 Figure 3b shows
the difference in absorption between TiO,-coated 50,
63, and 83 nm Au nanodots on ITO glass and TiO,-
coated ITO glass. For all the TiO,-coated Au nanodot
samples, the Ayax slightly shifts to the red when the
TiO, anatase film is coated on the Au nanodots on ITO
glass. This red-shift is primarily due to an increase in the
dielectric constant of the surrounding medium by
coating of TiO; (air has a dielectric constant of 1, while
the dielectric constant of the TiO, layer ranges from
55 to 130 for polycrystalline anatase TiO,).***® The
Amax red-shifts and the Aldsqnm broadens as the Au
nanodot size increases from 50 nm to 83 nm for the
TiO,-coated Au nanodots, which is the same phenom-
ena that was observed for the uncoated Au nanodots.
Figure 3¢ summarizes the results for the Au nanodots
and reports the LSPR peak energy (E; spr) and the LSPR
line width (I') for Au nanodots. The Ayax and Adsvhm
are converted to E spgr and T" using Planck's relation
(E =hc/A). As shown in Figure 3¢, the E;sprand T" are a
function of the Au nanodot size. These observations
could be understood with the red-shift (decrease
of Eispr) and radiative damping process (increase
of I'), which both increased with the Au nanodot
size.'>212228 |n addition, it is worthwhile to note that
a standard deviation of ca. 5% is found for each
nanodot sample from the statistical size distributions
of Au nanodots (see Figure S3), demonstrating that the
observed size effects from UV—vis measurements are
not obscured by a varying size distribution. Figure S6
shows spectroradiometer measurement of the light
source (Dolan Jenner fiber-optic light source with UV
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and IR filters) used in this study. The light intensity
measured by the spectroradiometer was 122.5 mW/cm?,
which was used for the water splitting reaction.

The TiO,-coated Au nanodot electrodes were
studied for photoelectrochemical water splitting with
visible light (light intensity of 122.5 mW/cm?) in a
reactor having three electrodes at room temperature
in a 0.1 M KOH solution. Figure 4 shows the current
density response of the Au nanodots and the TiO,-
coated Au nanodots with light on/off and an applied
anode potential of 0.397 V (vs SHE). The theoretical
thermodynamic potential for electrochemical water
oxidation (4OH™ — 2H,0 + O, + 4e™) in 0.1 M KOH
(pH = 13) is 0.4597 V (vs SHE). An applied potential is
required for efficient separation of a generated e /h™
pair with light irradiation on the plasmonic catalyst
system for the reaction.>**%” We applied a potential of
0.397 V (vs SHE) to study the effect of the Au nanodot
sizes because electrocatalytic water oxidation does
not occur at this potential, thereby allowing us to study
the effect of surface plasmons on the photoelectro-
chemical water splitting reaction. It should be noted
that we are reporting the stabilized photocurrent
performances with light on/off (see Figure S7). As the
Au nanodot size increases from 50 nm to 83 nm,
the generated photocurrent with light on decreases
(Figure 4a—c). This current increase with light irradia-
tion on the printed Au nanodots may be due to the Ti
adhesion layer at the bottom of the printed Au nano-
dot. A thin Ti layer was introduced to improve the
adhesion force of the Au layer to the ITO substrate. It is
well known that the Ti metal oxidizes immediately
upon exposure to air, and thus the Ti most likely forms
TiO, under our conditions.*? Thus, the Au/TiO, inter-
face formed around the perimeter of Au nanodots
may generate the photocurrent on the Au nanodots.
Figure 4d—f show the current response results with
light on/off for the water splitting on TiO,-coated Au
nanodots. For all the TiO,-coated Au nanodot elec-
trodes, the photocurrent response with light on/off
increased by about 6 times compared to the Au
nanodot alone. This enhancement is probably related
to the increased Au/TiO, interfacial area. This results in
an increased amount of photoinduced charge carriers
(e~/h™ pair) driving the water splitting reaction that are
locally generated at the metal/semiconductor inter-
face due to the local field enhancement near the
surface of plasmonic nanoparticles.>>*” The current
produced with visible light increased from 10 to 25
times that of the current produced without visible light,
as the Au nanodot size decreased from 83 nm to 50 nm,
which is similar to the results for the water splitting
on the Au nanodot electrodes. The photocurrent
is proportional to the light intensity (with ~1 order
dependence) for the TiO,-coated Au nanodot elec-
trodes, as can be seen from Figure S8. In contrast,
the TiO,-coated electrode without Au nanodot arrays
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Figure 4. Plasmonic-enhanced water splitting performance at room temperature and a light intensity of 122.5 mW/cm?.
Current density response of (a—c) Au nanodots with different dot sizes (50, 63, 83 nm) and (d—f) the TiO,-coated Au nanodots
according to light on/off at an anode applied potential of 0.397 V (vs SHE).

exhibited ~1/2 order dependence of photocurrent
with respect to light intensity. It has been demon-
strated that the process of direct e /h* recombination
on TiO; bulk results in a half-order dependence of the
surface concentration of charge carriers on the light
intensity.>° This result indicates that the formation of
plasmonic metal/semiconductor interfaces by using
the well-defined Au nanodot arrays can efficiently
enhance the water splitting performance, preventing
the e"/h" recombination process.

We have plotted the UV—vis results and photocur-
rent performances of the Au nanodot in Figure 5.
Figure 5a shows the dependence of the radiative
damping contribution to the I" on E spr as obtained
from the UV—vis measurements and the same data
plotted as quality factor. As seen in Figure 5a, the £, spg
decreases and the I increases as the Au nanodot size
increases from 50 nm to 83 nm. This is probably due to

KIM ET AL.

radiative damping (the plasmonic energy loss via trans-
formation of particle plasmons into photons).2'2%284647
Another important parameter follows immediately from
the results in Figure 5a, the quality factor of the reso-
nance (Q = E;spr/T). It has been reported that the quality
factor is directly proportional to local field enhance-
ment; large values of quality factor indicate high local
field enhancement, and small values mean low local
field enhancement.'*?® The local field enhancement
represents the enhancement of the oscillation ampli-
tude of driven amplitude in the case of particle
plasmons.'*?"?8 In our results, it is clear that the quality
factor increased as the Au nanodot size decreases,
which means that the local field enhancement increases
with the decreased Au nanodot size from 83 nm
to 50 nm. It is noteworthy that the I" and Q values
calculated in this study agree with the theoretical
and experimental values reported in the literature.>
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Figure 5. Size effect of Au nanodot arrays for plasmonic-
enhanced water splitting. (a) LSPR peak energy (and accord-
ingly nanodot size) dependence of radiative damping con-
tribution to the LSPR line width as obtained from the
UV—vis measurements and the same data plotted as quality
factor (Q = E, spr/T). (b) Relation between generated photo-
current at 0.397 V (vs SHE) and calculated quality factor (Q)
as a function of Au nanodot size.

Figure 5b shows the relation between generated photo-
current for the water splitting and quality factor calcu-
lated from UV—vis measurement as a function of Au
nanodot size in this study. The photocurrent density
increases with decreasing Au nanodot size due to
increased local field enhancement as the quality factor
increases. It has been reported that the local field
enhancement near the surface of plasmonic nanoparti-
cles can increase the e /ht pair generation rate at
the metal/semiconductor interface, increasing the rate
of water splitting.2>*>" As seen in Figure 5b, both the
photocurrent increase (1.8—4.1 uA/cm?) and the quality
factors (3.1—4.5) were systematically changed accord-
ing to the size of the Au nanodot. It has been reported
that spherical Au particles have relatively low quality
factors because of interband damping (e /h* excita-
tions due to transitions between d bands of Au and the
conduction band) for small particle size and radiation
damping for large particle size.'*?'?%%8 |n contrast,
Sonnichsen et al. reported that Au nanorods can have
very high quality factors of up to 23 due to the sup-
pressed interband damping.?® Recently, it has been
also demonstrated by Lee et al. that the TiO,-coated

Au nanorod structure shows a large photocurrent en-
hancement for the photoelectrochemical water splitting
reaction.”* In Figure S9, we have plotted the reported
quality factor and water splitting performance for Au
nanorods from Lee et al. with our results for Au nano-
dots. The photocurrent density for water splitting de-
pends on the quality factor of the plasmonic metal,
which in turn depends on the different size and struc-
ture of plasmonic metal, as shown in Figure S9. This
suggests that the quality factor calculation of the
plasmonic nanostructure from absorption or extinction
spectra is an important indicator in predicting the
performance of plasmonic materials for water splitting
reaction and can guide future research in the design of
efficient plasmonic catalyst systems for photocatalytic
reactions. It has been reported that Ag has higher quality
factors than Au in the visible range because interband
damping takes place at much higher frequencies
than the LSPRs in the case of Ag.'? The other option is
to control the size and structure of the plasmonic metals.
The different structures of a plasmonic metal such
as nanorods, nanocubes, and nanorings change the
LSPR,'>23242838 \yhich can increase the quality factor
with less damping and a stronger plasmon resonance.
However, more theoretical and experimental studies
are required to calculate the quality factor of different
structures.

Figure 6 shows hydrogen and oxygen production
from plasmonic water splitting on 50 nm Au nanodot
arrays at room temperature and a light intensity of
122.5 mW/cm?. The produced hydrogen and oxygen
were found by using gas chromatography with a
barrier ionization discharge (BID) detector. Figure 6a
shows the current density as a function of voltage with
light on/off from 0.3 to 1.1 V (vs SHE) at a scan rate of
5 mV/s for plasmonic-enhanced water splitting with
the TiO,-coated 50 nm Au nanodot. Initially, we tried to
measure the hydrogen production rate at a potential of
0.397 V, where electrocatalytic water oxidation does
not occur. At this potential, 40 h reaction was needed
to detect the produced hydrogen (see Figure S10)
because of the low concentration of hydrogen pro-
duced. We increased the applied potential to 0.897 V
to measure and compare the hydrogen production
rate of the catalyst system for photoelectrochemical
water splitting. The amount of hydrogen and oxygen
produced as a function of reaction time for the TiO,-
coated 50 nm Au nanodot and only 50 nm Au nanodot
with and without light is shown in Figure 6b,c. The
experimentally measured ratio of H, and O, was about
1.6 (£0.2):1, which was close to the stoichiometric ratio
of 2:1. The rate of hydrogen production for the water
splitting at an applied potential of 0.897 V was about
5 times higher for the TiO,-coated 50 nm Au nanodot
array than the uncoated 50 nm Au nanodot array,
as shown in Figure 6d. The 5 times rate enhancement
for hydrogen production at 0.897 V was similar to the
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Figure 6. Hydrogen and oxygen production from plasmonic water splitting on 50 nm Au nanodot arrays at room temperature
and a light intensity of 122.5 mW/cm?. (a) Current vs voltage profile with light and dark condition from 0.3 to 1.1V (vs SHE) ata
scan rate of 5 mV s~ for water splitting. (b) Hydrogen and oxygen production vs reaction time on TiO,-coated 50 nm Au
nanodot arrays for water splitting at an applied potential of 0.897 V (vs SHE). (c) Hydrogen and oxygen production vs reaction
time on 50 nm Au nanodot arrays for water splitting at an applied potential of 0.897 V (vs SHE). (d) Hydrogen production rate
and faradaic efficiency with light irradiation after 1 h time on stream.

6 times photocurrent enhancement at 0.397 V in CONCLUSION

Figure 4. The Faradaic efficiency was calculated using In summary, size-controllable Au nanodot arrays

eq 1. The TiO,-coated 50 nm Au nanodot and 50 nm Au
nanodot array system at 0.897 V had Faradaic efficien-
cies of 94.9% and 92.8%, respectively, with light irra-
diation. This indicates that most of the photoinduced
charge carriers generated by surface plasmons on Au
nanodots with light application participate in the water
splitting reaction.

nF(mol of hydrogen produced)
IAt

Faradaic efficiency =
(M

where | = overall current, At = operational time, n =
number of electrons participating in the reaction, F =
Faraday constant (96 485.34 C/mol), and mol of hydro-
gen produced = number of moles of hydrogen product.

EXPERIMENTAL SECTION

Preparation of the (NP Stamps. Fabrication of the controllable
CNP stamps begins with formation of porous alumina templates

prepared by contact printing technology were used
to study the size effect of Au nanodots on water
photoelectrolysis. UV—vis absorption spectra showed
that the E spgr decreased and the I' increased with
increased Au nanodot size from 50 nm to 83 nm. The
changes of E; spg and I with increasing Au nanodot size
in the absorption spectra were due to radiative damp-
ing contribution. The current produced with visible
light increased from 10 to 25 times that of the current
produced without visible light, as the Au nanodot size
decreased from 83 nm to 50 nm. The addition of a TiO,
coating to the Au nanodot array electrodes increased
the activity of the nanodots by 6 times for all three
nanodot sizes. The activity for water photoelectrolysis
is proportional to the quality factor of the catalyst.

by a general two-step anodization process. First, high-purity
(99.999%) Al plates were electrochemically polished in a mix-
ture solution of HClIO,4 and C,HsOH (1:5, v/v) at 0 °C under 15V
for 30 min. The Al sheets were then anodized in a 0.3 M H,C;0,
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solution at 12 °C under 40 V. After the two-step anodization,
pore-widening processes were carried out in etchant solution of
HsPO,, CrOs, and DI water (6:1.8:92.2 wt %) at 60 °C. By the pore-
widening for 30, 70,and 120 s, AAOs with pore sizes of ca. 47, 62,
and 82 nm were prepared, respectively, and the pore distance
was automatically changed with the pore variation. Next,
carbon layers were deposited on the prepared pore channels
of the AAOs by a thermal chemical vapor deposition (CVD)
method at 600 °C without metal seed layers. A mixed gas flow of
C5H, (20 sccm) and NH3 (80 sccm) was introduced for 6 h as
a feedstock for the formation of the carbon layers. Finally, by Ar
ion milling followed by chemical wet etching in the etching
solution, the vertical CNP arrays were exposed from the AAO
surface. The exposed height of the CNP arrays was controlled by
a 10 min etching.

Printing of the Au Nanodot Arrays and Ti0, Film Coating on the Printed
Au Nanodot Arrays. To print plasmonic metal nanodot arrays, Au
metal layers (ca. 12—15 nm) were first deposited on the tips
of the CNP arrays by the e-beam evaporation process under
a high-vacuum condition of ca. 107° Torr. After loading of the
Au layers, a thin Ti adhesion layer (ca. 1 nm) was consecutively
deposited onto the top of the Au. In this experiment, the
deposition rate of the Au and Ti layer was constantly controlled
at 0.1 A/s. The metal-loaded CNP stamps were directly brought
into contact with ITO substrates under an applied pressure
(0.5—1.0 MPa) for a short time (less than 3 s). After releasing the
CNP stamps from the ITO glasses, the Au metal nanodot arrays
were finally formed on the substrate.

The TiO, layer was coated by dip-coating the Au nanodot
printed ITO glass in the prepared TiO; sol. Then, the TiO,-coated
Au nanodot electrodes were annealed at 300 °Cin an oven for 1 h.
The TiO, sol was synthesized by hydrolysis of isopropoxide
(Ti(OPr"),) under acidic conditions followed by the condensation
of the hydrolysis products, as reported elsewhere 3>

Reactor Setup and Measurement of Photoelectrochemical Water Splitting
Performance. A photoelectrochemical reactor system was de-
signed for studying the plasmonic-enhanced water splitting as
shown in Figure 1. The photoelectrochemical reactor is com-
posed of a three-electrode system. A Pt wire and Ag/AgCl (in sat.
KCl) are used as counter and reference electrodes, respectively.
A metal nanodot-printed transparent ITO glass was used as a
working electrode for the plasmonic experiments with a visible
light source. The photoelectrochemical water splitting was per-
formed at room temperature in a 0.1 M KOH (pH = 13) solution.
Voltage application and current measurements were conducted
with a Metrorhm Autolab potentiostat, PGSTAT302N, coupled
with a 10 amp current booster, BSTR10A.

For experiments of light on/off and light intensity, a Dolan
Jenner fiber-optic light source was used. This source allowed
control over the intensity. An EKE 3600 K lamp with UV and IR
filters was used as the source of light. The intensity and
spectrum of light were measured by a NIST calibrated ILT950
spectroradiometer (see Figure S6). For the accuracy of measure-
ment, the sensor of the spectroradiometer was placed inside
the glass reactor to mimic the intensity at the electrode under
experimental conditions. Also, using this method, the loss of
intensity due to scattering and absorption of the glass reactor
wall was taken into consideration.

A septum on the reactor allowed us to sample the gas
phase during the reaction. The gas phase was analyzed using
a Shimadzu GC-2010 Plus system with the BID detector. Helium
was used as the carrier gas in the GC to increase the sensitivity
toward H, in the BID. A packed RT MS5A column was used to
separate the gases. A 500 uL amount of gas sample was injected
manually into the GC for quantifying the amount of H, and
O, formed. The GC was calibrated for H, and O, by injecting
different amounts of hydrogen and oxygen and analyzing the
peak area.
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