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ABSTRACT: Dependences of water-photoelectrolysis efficiency on heights and packing
densities of vertically arrayed ZnO nanorods (NRs) and ZnO microrods (MRs) were
systematically studied for the first time over a wide range of light incidence angles, under
the direction of nanooptics simulation. In the photoelectrolysis, dense NRs of 1.8 ym in
height afforded the highest photocatalytic efficiencies, and further increases of the height
kept lowering down the photocatalytic efficiencies, while sparse MRs taller in height
consistently afforded better electrolyte penetration and higher photocurrent densities
especially at higher angles of incident light. The experimental results are in line with the
nanooptics simulation. This new finding is generally applicable to advancing solar-energy
conversions, optics, and optoelectronics using oriented one-dimensional micro/nano-
crystallites.
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B INTRODUCTION

Oriented arrays of semiconducting microrods (MRs) and
nanorods (NRs) are among the most promising photo-
electrodes for water photoelectrolysis in a photoelectrochemical

Scheme 1. Schematic Representation of the Setup of
Photoelectrochemical (PEC) Cell: WE, ZnO Working
Electrode; RE, Ag/AgCl Reference Electrode; CE, Counter
Electrode; 0, Angle of Incident Light

(PEC) cell, in comparison with planar films of the same Smelg%‘g i
semiconductors.' > This is because the oriented arrays provide |
. . —

not only a direct path for photogenerated charge carriers to be —
more efficiently collected,” but also a short transport distance’ . > 8 @R
(ie,, the radius of a rod) for minority charge carriers to reach hy—— o y

» . . —_— -+ Ywe
the rod’s surface for performing the redox reactions. Therefore, — -
enormous efforts have been put on maximizing the solar energy — % I' @ce
conversion efficiencies over a broad range of wavelengths and qi‘r',?“zw

light incidence angles using the MRs and NRs. To improve the
light absorption over wide angles of incidence, coatings of

photovoltaic materials’ and antireflection layers’ have been
employed.

Herein we demonstrate that, without the help of above-
mentioned coatings, semiconductor nano- and microrods in
vertically oriented arrays with optimized heights and packing
densities can afford optimal water photoelectrolysis over wide
angles of incident light. To mimic the field photocatalysis under
natural sunlight, the PEC cell setup employed simulated
sunlight whose beam spot covered each photoanode’s entire
surface (Scheme 1), which is different from those in literature
with the beam diameters smaller than the photoelectrodes.”®
The angles of incidence (6) are defined as the angles between
the light and the normal direction of rods’ top surfaces and
equivalent to the angle shown in the Scheme 1. For the first
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time, our results disclosed that the surface areas, absorption
volumes, and packing densities need to be balanced in order for
the arrayed photocatalytic NRs and MRs to achieve efficient
photocatalysis over wide angles of incident light, which may
shed new light on conversions of solar energy using photoactive
micro/nanomaterials in general.

B EXPERIMENTAL METHODS

Syntheses of Densely Arrayed ZnO-NRs of Different
Heights. Densely arrayed ZnO-NRs of different heights were
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grown sequentially on a same substrate. First, ZnO nanoseeds
were deposited onto an F-doped SnO, (FTO) glass (1.8 X 1.0
cm) substrate by two cycles of deposition and decomposition of
zinc acetate.” Thereafter, the substrate was immersed into an
aqueous solution containing 25 mM Zn(NO,), and 25 mM
hexamethylenetetramine (HMTA) at 92 °C for 2.5 h. Then the
substrate was washed clean with double deionized (DDI) water,
annealed at 400 °C in air for 0.5 h, and subject to a PEC
measurement. The substrate was then washed clean using DDI
water and immersed into a fresh solution containing 25 mM
Zn(NOs;),, 25 mM HMTA, and 6 mM polyethylenimine (PEI)
at 92 °C for 2.5 h for a second crystal growth. Thereafter, the
substrate was likewise cleaned, annealed, and subject to a
second PEC measurement under the same experimental
conditions and settings. Then the substrate was subject to the
third, fourth, and fifth growths and measurements. These
experiments were repeated on four substrates to obtain an
average.

Syntheses of Sparsely Arrayed ZnO-MRs of Different
Heights. Sparsely arrayed ZnO-MRs of different heights were
grown sequentially on the same substrate following a modified
procedure.’® An FTO glass (2.4 X 1.0) substrate was
ultrasonicated consecutively in acetone, ethanol, isopropyl
alcohol, and DDI water each for 10 min, then blown dry
with N, gas, and heated at 200 °C for 5 min for further dryness.
Then a 50-nm-thick layer of Au was deposited onto the
substrate by a SC7620 sputter coater (Quorum Technologies)
and the substrate was annealed at 300 °C for 1 h. Thereafter,
the substrate was immersed into an aqueous solution
containing 2.0 mM Zn(NO;), and 2.0 mM HMTA at 70 °C
for 6 h. Then the substrate was washed clean with DDI water,
annealed at 400 °C in air for 0.5 h, and subject to a PEC
measurement. The substrate was then washed clean using DDI
water and immersed into a fresh solution containing 25 mM
Zn(NO,),, 25 mM HMTA, and 6 mM PEI at 92 °C for 1 h for
a second crystal growth. Thereafter, the substrate was cleaned
likewise, annealed, and subject to a second PEC measurement
under the same experimental conditions and settings. Then the
substrate was subject to third and fourth growths and
measurements. These experiments were repeated on four
substrates to obtain the average.

Characterizations. The phase purity and spatial organ-
ization of ZnO NRs and MRs were characterized by a Rigaku
MiniFlex II Desktop X-ray diffractometer using monochrom-
atized Cu Ka radiation (1 = 1.5418 A) at 30 kV and 15 mA. A
continuous scan mode was used to collect the diffraction data
from 30 to 60° at a speed of 0.2°/min. The morphologies of
arrayed rods were investigated under a scanning electron
microscope (SEM, e.g., Tescan VEGA II SBH or Philips ESEM
XL30 equipped with a field emission gun) operated at 10 kV.
To minimize charging problems, samples for SEM were coated
with thin Au layers. For PL measurements, the samples were
excited by a pulsed Nd:Yag laser with the wavelength at 355 nm
and the PL spectra were collected by iHRS50 Horiba Jobin
Yvon spectrometer at room temperature.

PEC Measurements. The setup of a PEC cell includes a
150 mL glass bottle with a fused quartz window of 2.0 cm in
diameter. The cell contains an electrolyte solution of 50 mL 0.5
M Na,SO, in double-deionized (DDI) water (pH ~S.7), a
substrate with arrayed MRs or NRs as the photoanode, a Pt
counter electrode (18 X S X 1 mm?), a KCl-saturated Ag/AgCl
reference electrode, and a Solar Simulator (ABET Technolo-
gies, LS-150-Xe) as the light source. The 150 W xenon lamp

was coupled with an AM 1.5G filter (Newport) to simulate the
sunlight source, the incident light intensity was set up to 33
mW/cm® (ie, 33% of AM 1.5 G) using with a calibrated Si
photodiode, and the beam size was about 5.7 cm. Before the
measurement, the electrolyte solution was purged with N, for
15 min and then the cell was sealed with parafilm to minimize
the interference of O, from air. The linear sweep voltamma-
grams were obtained by scanning the bias potential (vs Ag/
AgCl) from —0.6 to 1.0 V for densely arrayed ZnO-NRs and
from —0.6 to 0.4 V for sparsely arrayed ZnO-MRs at the rate of
25 mV/s consistently under dark, full-spectrum, and visible/
infrared light illuminations. The scanning voltage window in
the latter was narrower in order not to destroy the Au films.
During the PEC measurements under full-spectrum light
illumination, linear sweep voltammagrams of the photoanodes
were recorded with 6 being tuned from 0° to 60° with 15°
interval. Dark currents were deducted from currents under full-
spectrum light illumination and the resultant photocurrents
were normalized by substrate areas to calculate the photo-
current densities. Visible/infrared light illumination was
obtained when an additional filter (Andover Corporation,
GG420) was used to cover the fused quartz window to block
UV light during the full-spectrum light illumination.

B RESULTS/DISCUSSION

The average heights of densely arrayed NRs from one- to five-
growths were ~0.9 (Figure 1a), ~1.8 (Figure 1b), ~2.7 (Figure
Ic), ~3.6 (Figure Sla), and ~4.5 um (Figure S1b),
respectively, and their corresponding average diameters were
~70, 80, 90, 100, and 110 nm, respectively. Compared to
significant increases in height, the slight increases in diameter
proved that the cationic PEI successfully hindered the lateral
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Figure 1. (a—c) Cross-sectional SEM images of densely arrayed ZnO-
NRs of ~0.9 (a), ~1.8 (b), and ~2.7 ym (c) in height. The inset in (c)
is the corresponding optical micrograph of the photoanode. (d) Ratios
of photocurrent densities of arrayed NRs of different heights at V;;,, =
1.0 V to that of the ~0.9 um tall NRs at normal incidence (6 = 0°). (e)
Correlation between the photocurrent densities of all arrayed NRs at
Viias = 1.0 V and angles of incidence.

dx.doi.org/10.1021/jp407317k | J. Phys. Chem. C 2013, 117, 20778—20783


http://pubs.acs.org/action/showImage?doi=10.1021/jp407317k&iName=master.img-002.jpg&w=239&h=237

The Journal of Physical Chemistry C

growth of NRs.* The inset in Figure 1c is a photograph of a 1.8
X 1.0 cm FTO glass substrate with the corresponding arrayed
NRs, depicting the uniformity of the NRs across the whole
substrate area (the bare top was for clamping the alligator
electrode). The dominant (002) peaks in the powder X-ray
diffraction (PXRD) patterns of all arrayed NRs (Figure S2a)
confirm that all vertical NRs were well aligned along the [001]
direction. The peak positions of the photoluminescence (PL)
spectra of all arrayed NRs are almost the same (Figure S2b),
suggesting their similar surface states and band gaps.

Photocurrents at Vi, = 1.0 V from visible light (Figure S3)
were negligible for all arrayed NRs, proving negligible changes
in band gaps due to limited nitrogen-doping from HMTA and
PEI during the repeated growths. The onset potentials of
photocurrents of all NRs were close to each other (ranging
from —0.4 to —0.3 V). Reproducibly, as the heights of NRs
increased from ~0.9 to ~4.5 um, the photocurrent densities
(Vs > —0.20 V) of arrayed NRs at normal incidence (6 = 0°)
reached maximum for ~1.8 um tall NRs and then kept
decreasing (Figure S4). On this basis, the photocurrent
densities of all arrayed NRs at Vi, = 1.0 V were compared
with that of the ~0.9 ym tall NRs and the ratios were averaged
for four samples (Figure 1d). Importantly, the increased surface
areas (Figure SSa) did not necessarily improve photocatalytic
efficiencies, which differs from the intuition in surface area
dominated heterogeneous photocatalysis. Unanimously, the
photocurrent densities of all arrayed NRs decreased as 6
increased from 0 to 60° (Figure le), which reflects the
correlation between photocatalytic efficiencies and the light
beam’s cross-section areas on tilted substrates.

To understand the height- and angle-of-incidence-dependent
PEC performances of arrayed NRs, 3D (vector) rigorous
coupled wave analysis (RCWA)"" was conducted on the optical
absorption and optical mode distributions over the densely
arrayed NRs. Figure 2a shows the distributions of the
normalized electric field intensity IEI* and the absorption
power density P (P = (w/2)Im[e(w)]elEI*)"* for a 0.9 ym tall
NR at 4 = 300 nm and @ = 0°. Because the NRs are densely
packed, most of the incident light can be absorbed at the top
region up to several hundreds of nanometers for each NR
(Figure 2a). For this reason, as the heights of NRs increase
from 0.9 to 4.5 um, the integrated absorption over the
wavelength range of 200—400 nm slightly increase from 90.4%
for 0.9 um tall NRs to 93.8% for 1.8 ym tall NRs and then
increase even more slowly (Figure SSb) thereafter. On this
basis, the ratios of simulated absorption of all arrayed NRs to
that of 0.9 pm tall NRs were plotted against the heights (Figure
2b), and the trend is clearly different from that of photocurrent
densities. Thus, neither surface areas nor light absorption
accounted for the trend in Figure 1d. Because surface states of
all samples were preunified from the same annealing process
before PEC measurements, no significant band gap shifts were
observed, and little to no grain boundary would form from the
repeatedly epitaxial growths.,13 implying that other factors
governed the trend in Figure 1d.

Intuitively, charge-transport properties might play different
roles for arrayed NRs of different heights. However, Law et al.
reported that the electron transport in electrolyte-bathed ~5.0
pm tall ZnO-NR arrays was fast,* indicating charge transport
should not be an issue. In literature, photocurrent densities in
dye-sensitized solar cells (DSSCs) built of arrayed ZnO-NRs
were reported to repeatedly increase as the heights increased up
to 18—24 um,*"® which is different from the trend in Figure 1d.
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Figure 2. Optics simulation for densely arrayed NRs. (a, c) The
distributions of the normalized electric field intensity |EI* and the
absorption power density P for 0.9 um tall NR at 4 = 300 nm and 6 =
0° (a) and 0 = 60° (c). (b) Ratios of simulated absorption integrated
over 1 = 200—400 nm at 8 = 0° of all arrayed NRs to that of the 0.9
um tall NRs. (d) Correlation between simulated (absorption X cos 6)
of all arrayed NRs and 6.

The difference could be due to different electrolyte penetration
kinetics that were associated with inter-NRs spacing and
pretreatments before measurements. Kim et al. showed that it
took 1 h for an aqueous electrolyte to completely fill the TiO,
nanotubes (~100 nm in inner diameter and ~1.8 ym in depth)
under the illumination of 350 nm light with the intensity being
2.84 mW/cm>'* The electrolyte penetration in the densely
arrayed NRs should also be slow because the inter-NRs spacing
among most NRs in ~0.9 ym tall NRs was about 40—50 nm
(Figure S6) though the stronger hght intensities here should
help enhance electrolyte penetration.'* This was evidenced by
the fact that photocurrent densities always became stable
during and after the second scan (Figure S7) with each scan
taking 64 s. As the heights of NRs increased from ~0.9 ym to
~1.8 um, the surface areas increased (more than 100%, Figure
SSa) and so did the light absorption (~3.4%, Figure SSb),
resulting in an increase in photocurrent densities. Hence, the
electrolyte-penetration kinetics in the solutions might only
change slightly due to slightly increased NR diameters and thus
slightly decreased inter-NRs spacing (30—40 nm). However, as
the heights continued to increase to ~2.7, 3.6, and 4.5 ym, the
light absorption increased in slower rates (Figure SSb), while
the inter-NRs spacing among most NRs were 20—30 nm, 10—
20 nm, and then a few nm, respectively, resulting in much
slower electrolyte penetration and much decreased electrolyte-
accessible surface areas for redox reactions and, thus, decreased
photocurrent densities. As the heights of NRs kept increasing
from ~4.5 to ~13 um, more NRs tended to merge and, thus,
surface areas kept decreasing,'® while electrolyte penetration
became slower and slower, which led to continually decreased
photocurrent densities.

Figure 2c¢ shows the distributions of the normalized electric
field intensity and the absorption power density for a 0.9 ym
tall NR at A = 300 nm and @ = 60°. The optical absorption at
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= 60° was found to be slightly smaller than that at & = 0°, due
to the fact that the optical reflection at the interface between
the NR and the solution slightly increased thus the absorption
decreased. On this basis, the light absorption of densely arrayed
NRs of 0.9 to 4.5 um in height at @ = 0°, 15°, 30°, 45°, and 60°
were integrated over 4 = 200—400 nm. For each NR array, as 6
increases from 0° to 15° and 30°, the optical absorption are
almost the same but then slightly decrease as € reaches 45° and
60° (Figure S8). Because in our experimental setup the
projected photon flux upon electrode substrates was propor-
tional to cos 6, on this basis (absorption X cos ) of all arrayed
NRs was plotted against 6 (Figure 2d). We found that the
(absorption X cos 0) of all NRs keeps decreasing as € increases,
which matches the trends of photocurrent densities of all
arrayed NRs as a function of 6 (Figure le).

To improve the electrolyte penetration, we prepared sparsely
arrayed MRs of different heights by modifying a published
procedure,’® and investigated their height- and angle-of-
incidence-dependent PEC performances. Each FTO glass
substrate was coated with a SO nm thick Au (111) film to
help grow the vertically aligned MRs,'® which was confirmed by
the dominant (002) peaks in the PXRD patterns (Figure S9a).
The heights and diameters of MRs from one to four growths
are ~1.6 ym/0.35 um (Figure 3a), ~2.6 ym/0.4S um (Figure
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Figure 3. (a—c) View of SEM images (30° tilt) of sparsely arrayed
ZnO-MRs of ~1.6 (a), ~2.6 (b), and ~4.6 ym (c) in height obtained
after Ist, 2nd, and 4th growths, respectively. The inset in (c) is the
optical photograph of the photoanode. (d) Ratios of photocurrent
densities at V;;,; = 0.4 V of all arrayed MRs at normal incidence (0 =
0°) to that of ~1.6 um tall MR array. (e) Correlation between
photocurrent densities of all arrayed MRs at Vi, = 0.4 V and 6.

3b), ~3.6 ym/0.60 um (Figure S10), and ~4.6 ym/0.75 ym
(Figure 3d), respectively. The average spacing (~1.8 ym) and
packing densities of all arrayed MRs are the same and the
heights of MRs in each array are quite uniform, indicating the
sequential growths occur on MRs rather than at new spots on
the substrates. The heights of MRs increased ~1.0 um after

each growth while their diameters slightly increased (~0.1 ym),
indicating PEI effectively suppressed the lateral growths of
MRs. The peak positions of their PL spectra are very similar
(Figure S9b), suggesting their similar surface states and band
gaps.

The potential windows of the linear sweep voltammagrams
of the Au-coated FTO glasses with sparsely arrayed MRs are
from —0.6 to 0.4 V, which are narrower than those of FTO
glasses with densely arrayed NRs due to the presence of Au
film. For all arrayed MRs, the dark currents and currents
generated under visible-light illumination at Vi, = 0-04 V
were almost identical (Figure S11), indicating the photo-
currents contributing from visible light were negligible. This
result further suggests that the band gap shifts from possible
nitrogen doping from HMTA and PEI during the repeated
growths were negligible, and so was the possible photocatalytic
activities from Au films via surface plasmon resonance (SPR)"”
in water photoelectrolysis under visible-light illumination. The
dark current densities of all arrayed MRs at V},,, = 0—0.4 V
were almost identical and deducted from the current densities
obtained under full-spectrum light illumination (Figure S12)
and the resultant photocurrent densities of all arrayed MRs at
Viias = 0.4 V were compared to those of ~1.6 pm tall MRs and
the ratios from four substrates were averaged. We found that as
the heights increased, the photocurrent densities of arrayed
MRs keep increasing in a much more drastic fashion and their
ratios are 1.0:10.0:16.1:20.4 (Figure 3d). This trend is different
from that for densely arrayed NRs, which is interesting when
considering their similar surface area increases as a function of
height increase (Figure S13a). More interestingly, the photo-
current densities did not necessarily decrease as the angles of
incidence increased (Figure 3e). The angles of incidence at
which arrayed MRs afforded the highest photocurrent densities
were 30° for arrayed MRs of ~1.6 and ~2.6 pm in height and
15° for arrayed MRs of ~3.6 and ~4.6 ym in height, indicating
the best angles of incidence for trapping light as a function of
the heights.

To understand the height- and angles-of-incidence-depend-
ent PEC performances of sparsely arrayed MRs, we performed
optics simulations of the light absorption for them. Figure 4a
shows the distributions of the normalized electric field intensity
and the absorption power density for a 1.6 ym tall MR at A =
300 nm and 8 = 0°. A large portion of the incident light tends
to transmit through the MR-array due to the large inter-MRs
spacing, and light absorption is taken place within the entire
arrayed MRs. Then the light absorption for all arrayed MRs was
integrated over the wavelength range of 200—400 nm, and on
that basis we found light absorption for arrayed MRs of 1.6, 2.6,
3.6, and 4.6 pym are 21.5, 30.1, 39.1, and 46.3%, respectively
(Figure S13b), and the ratios of light absorption are
1:1.40:1.82:2.15 (Figure 4b). Thus, as the heights of sparsely
arrayed MRs increased, both light absorption and surface areas
almost linearly increased while the electrolyte penetrations
remained rapid due to the large inter-MRs spacing (~1.8 ym),
resulting in consistent increases of the photocurrent densities
(Figure 3d).

Figure 4c shows the distributions of the normalized electric
field intensity and the absorption power density for a 1.6 ym
tall MR at A = 300 nm and € = 60°. The optical absorption at
= 60° was found to be larger than that at 8 = 0° due to
increased photon scattering cross-section areas. On this basis,
the light absorption of arrayed MRs of 1.6 to 4.6 um in height
were integrated over the wavelengths of 200—400 nm at angles-
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Figure 4. Optics simulation for sparsely arrayed MRs. (a, c) The distributions of the normalized electric field intensity |EI* and the absorption power
density P for a ~1.6 ym tall MR at 4 = 300 nm at 6 = 0° (a) and 6 = 60° (c). (b) Ratios of simulated absorption at normal incidence (6 = 0°) of all
arrayed MRs to that of ~1.6 ym tall MR array. (d) Correlation between simulated (absorption X cos ) of all arrayed MRs and 6.

of-incidence from 0° to 60°. We found that as € increases, the
light absorption unanimously increases for all arrayed MRs
(Figure S14). After the absorption was normalized by the
incoming light flux, the normalized absorption (i.e., absorption
X cos 0) of all arrayed MRs was plotted against 6 (Figure 4d)
and found to demonstrate the same trends as those of the
photocurrent densities. It is worthy to note that despite the low
areal fraction (~12.7%), sparsely arrayed MRs of 4.6 ym in
height afforded 83.0% light absorption that is very close to that
(86.1%) of densely arrayed NRs of 4.5 ym in height even
though the latter has a much higher areal fraction (~63.0%). In
a same substrate area, the ratios of the numbers of NRs and
MRs, their total surface areas, and their photocurrents
generated at Vi, = 04 V of these two arrays are ~230:1,
~334:1, and ~4.5:1, respectively. Thus, the ratio of photo-
currents generated by one NR and one MR is ~1:50, which is
substantial if considering that the corresponding surface area
ratio is ~1:6.8. In other words, increasing the packing densities
and heights while maintaining quick electrolyte penetration
should further enhance the photocurrent densities of sparsely
arrayed rods over wide angles of incidence.

B CONCLUSIONS

In short, densely arrayed ZnO-NRs and sparsely arrayed ZnO-
MRs of systematically varied heights were fabricated in facile
and scalable fashions, and their height- and angle-of-incidence-
dependent PEC performances in water photoelectrolysis were
studied via both benchtop measurements and theoretical
simulations. For densely arrayed NRs, the electrolyte
penetration depth has a limit (~1.8 ym), the light absorption
only happens at the top regions of NRs up to several hundreds
of nanometers, and the reflection is high at all studied angles of
incidence (0—60°). In contrast, for sparsely arrayed MRs, the
electrolyte penetration is fast and can go at least ~4.6 ym or
even deeper, the light absorption happens on the entire MR
arrays, and the reflection is low at all angles of incidence. These
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new discoveries should shed new light on the designs and
fabrications of arrayed semiconductor rods for both photo-
voltaic and PEC applications.'®
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PXRD patterns and PL spectra of densely arrayed NRs and
sparsely arrayed MRs and their linear sweep voltammagrams
under dark and different light illumination, surface areas
calculations, and simulated light absorption. SEM images of
densely arrayed NRs of ~0.9, ~3.6, and ~4.5 ym in height and
sparsely arrayed MRs of ~3.6 ym in height. This material is
available free of charge via the Internet at http://pubs.acs.org.
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