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1. Introduction

Kelvin probe imaging of photo-injected
electrons in metal oxide nanosheets from
metal sulfide quantum dots under remote
photochromic colorationt

A. Kondo,? G. Yin,® N. Srinivasan,® D. Atarashi,? E. Sakai® and M. Miyauchi*®®

Metal oxide and quantum dot (QD) heterostructures have attracted considerable recent attention as
materials for developing efficient solar cells, photocatalysts, and display devices, thus nanoscale imaging
of trapped electrons in these heterostructures provides important insight for developing efficient devices.
In the present study, Kelvin probe force microscopy (KPFM) of CdS quantum dot (QD)-grafted
Cs4W;O3¢°~ nanosheets was performed before and after visible-light irradiation. After visible-light exci-
tation of the CdS QDs, the CssW;;036°~ nanosheet surface exhibited a decreased work function in the
vicinity of the junction with CdS QDs, even though the Cs4W110362‘ nanosheet did not absorb visible
light. X-ray photoelectron spectroscopy revealed that W>* species were formed in the nanosheet after
visible-light irradiation. These results demonstrated that excited electrons in the CdS QDs were injected
and trapped in the Cs4Wy;,03¢°~ nanosheet to form color centers. Further, the CdS QDs and Cs,W;;056>~
nanosheet composite films exhibited efficient remote photochromic coloration, which was attributed to
the quantum nanostructure of the film. Notably, the responsive wavelength of the material is tunable by
adjusting the size of QDs, and the decoloration rate is highly efficient, as the required length for trapped
electrons to diffuse into the nanosheet surface is very short owing to its nanoscale thickness. The unique
properties of this photochromic device make it suitable for display or memory applications. In addition,
the methodology described in the present study for nanoscale imaging is expected to aid in the under-
standing of electron transport and trapping processes in metal oxide and metal chalcogenide hetero-
structure, which are crucial phenomena in QD-based solar cells and/or photocatalytic water-splitting
systems.

TiO,. The solar-cell efficiencies of QDSSCs have recently
exceeded 7%,>” and we had previously reported that the ratio

The interfacial heterostructure between metal oxides and
metal chalcogenides is an essential factor affecting the
efficiency of solar photovoltaic and photocatalytic water-split-
ting systems. Quantum dot (QD)-sensitized solar cells
(QDSSCs) were developed in the 1990s as photoelectrodes with
sunlight-harvesting capacity."” QDSSCs do not require a solid
layered p-n junction film, unlike silicon solar cells, as photo-
generated electrons and holes are efficiently separated at the
interface of the QDs and mesoporous metal oxide, such as
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of incident photons to current efficiency of QDSSCs exceeds
80% under short circuit conditions without the application of
a bias potential.**° The high short circuit photocurrent of this
material indicates the presence of a space charge layer or polar
structure at the interface between the metal chalcogenide QDs
and metal oxide particles. In addition to photovoltaic appli-
cations, metal chalcogenide QDs,"" ™ such as cadmium tellur-
ide (CdTe),"" lead sulfide (PbS),"* cadmium sulfide (Cds),"
and cadmium selenide (CdSe)'* have been applied towards the
sensitization of solar-driven water splitting systems. Such sen-
sitized systems have the potential to generate hydrogen from
water under visible-light irradiation owing to the narrow
bandgap, high visible-light absorption coefficient, and
efficient mobility of charge carriers with small effective mass.
In addition to the use of metal chalcogenide QDs as light-
harvesting materials in devices for solar energy production,
the unique properties of the heterostructure formed by metal
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chalcogenide QDs and metal oxides have been applied towards
the development of display and memory devices. For example,
remote photochromic coloration has recently been reported in
CdS QD-loaded tungsten oxide (WO;) particles.”” In this
system, the photogenerated electrons in CdS are injected and
trapped in WO3;, where they act as blue color centers. Notably,
this photochromic device has a responsive wavelength that is
controllable by adjusting the size of the CdS QDs, and has a
markedly higher decoloration rate than that of conventional
metal-oxide photochromic devices using bandgap excitation
of metal oxide. Injected electrons from QDs are trapped in the
shallow state of the metal oxide and efficiently react with
oxygen molecules in air."”®> However, to better understand elec-
tron transport between QDs and metal oxides, nanoscale
imaging of trapped electrons is essential and is expected to
provide useful insight for developing efficient display and
solar energy conversion devices.

In the present study, Kelvin probe force microscopy
(KPFM), which is a powerful tool to enable high-resolution
surface potential and topography mapping of metal and semi-
conductor surfaces, was used to observe electrons injected into
metal oxide from CdS QDs. For the nanoscale imaging analy-
sis, CdS QDs were grafted onto the surface of atomically flat
cesium tungstate (Cs;W,;;035°") nanosheets. The bandgap of
the Cs,W,,0;¢>~ nanosheet is wider than that of CdS QDs and
optically transparent in the visible light region. Further, its
conduction band is more positive than that of CdS QDs,'° thus
the Cs;W;,056>" nanosheet is the suitable electron acceptor
from QDs. KPFM imaging was used to map the work function
of the CdS/Cs,W,,055>~ nanosheet heterostructure before and
after visible-light irradiation. From the obtained KPFM
images, charge transport and trapping processes between the
two semiconductors were analyzed. In addition to nanoscale
imaging, we investigated the macroscopic coloring phenomena
of the remote photochromic reaction in CdS/Cs;W,;;03¢>~
nanosheet thin films coated on glass substrates. An efficient
photochromic reaction rate can be expected by using a single
crystalline metal oxide nanosheet, owing to its large surface
area, high carriers’ mobility, and efficient diffusion of oxygen
molecules in the decoloration process. Based on the study of
remote photochromism, the decoloration rate of the CdS/
Cs4W,1036°” nanosheet film was found to be markedly higher
than that of the CdS-modified bulk WO; particles due to the
very short diffusion length of trapped electrons in the few
nanometer thick nanosheets.

2. Experimental details
2.1 Synthesis of Cs;W,1036>~ nanosheets

Layered Cs;W;;035>~ nanosheets were exfoliated from bulk
Cs¢W;11036 by a chemical treatment. Powder forms of Cs,COj3;
and WO; were mixed at a molar ratio of 3:11 and then ground
to a fine powder with a mortar and pestle. The mixed powder
was calcined at 1173 K for 6 h. After annealing, the resulting
dark blue solid (CsgW;,03¢) was ground into powder and 0.5 g

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

of the powder was suspended in 50 ml of a 12 M hydrogen
chloride (HCI) solution. After stirring the solution for 24 h at
room temperature, the solution was centrifuged at 3000 rpm
for 10 min and the acidic supernatant was discarded. Fifty
milliliters of a 12 M HCI solution was then added and the sus-
pension was again stirred for 24 h. The solution was centri-
fuged at 3000 rpm for 10 min and the formed yellow
precipitate (protonated cesium tungstate; H,Cs,W,;;03¢) was
washed six times with pure water. The precipitate was dis-
persed in 50 mL of an aqueous tetra(n-butyl)ammonium
hydroxide (TBAOH; Aldrich Ltd) solution to achieve neutral
conditions. This suspension was shaken for 10 days at room
temperature and yielded a colloidal suspension with a milky
appearance.

2.2 Fabrication of the CdS QDs/Cs;W;;03,>~ nanosheet film

Exfoliated Cs,;W;,;035>~ nanosheets were mono-dispersed in
aqueous solution and these nanosheets were coated on a
natural mica substrate (WAKO Ltd). The surface of mica was
treated in poly(diallyldimethylammonium chloride) (PDDA)
for effective adsorption of Cs,W,,056>~ nanosheets. Glass or
mica substrates were alternately dipped into a colloidal solu-
tion of Cs,W;,034>~ nanosheets and a PDDA solution to fabri-
cate multi-layered nanosheet films. After thin film fabrication,
PDDA molecules were removed by UV-ozone treatment
(UV253E, Filgen, Inc.). Next, CdS QDs were grafted onto
Cs;W,,036>~ nanosheets by a successive ionic layer adsorption
and reaction (SILAR) method. A thin film of Cs,W;;056°"
nanosheets was immersed into a 0.5 M Cd(NOj;), aqueous
solution for 5 s, washed with ethanol, and then immersed for
another 5 s into a 0.25 M Na,S aqueous solution and washed
with ethanol. This two-step immersion procedure is termed as
one SILAR cycle, and the crystallite growth of CdS was con-
trolled by repeating the SILAR cycles.

2.3 Measurement and analysis

Cross-sectional images of the thin films were observed using
scanning electron microscopy (SEM; model SU9000, Hitachi
Co., Tokyo, Japan). Absorption spectra for thin films were
recorded using a spectrophotometer (UV-vis, model V-660,
JASCO Instruments Ltd) by a diffuse-reflectance method with
BaSO, as the background. Fluorescence spectra were recorded
using a fluorescent spectrophotometer (F-7000, Hitachi Co.,
Tokyo, Japan). Surface morphologies and potential mapping of
the mono-layered nanosheet film on the mica substrate were
observed by scanning probe microscopy (model SPM-9700,
Shimadzu Instruments, Japan). AFM and KPFM measurements
were performed in the tapping mode under ambient con-
ditions. For KPFM observation, the platinum and iridium
coated cantilevers (PointProbe EFM, tip curvature: 20 nm,
NanoWorld Ltd) were used, while a conventional silicon
cantilever was used for AFM observation. X-ray photoelectron
spectroscopy (XPS; model ESCA-5500MT, Perkin Elmer Instru-
ments, Japan) analysis was conducted to determine the chemi-
cal states of cesium tungstate using standard Mg Ko X-rays.
For visible light irradiation, a 150 W Xe lamp was used as the
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light source. The light was passed through a 430 nm optical
UV cutoff filter (Y-43, Asahi Techno Glass Led), which allows
wavelengths longer than 430 nm to pass. The spectrum of the
light source was recorded by using a spectro-radiometer
(USR-40D, Ushio Ltd).

3. Results and discussion

The layered Cs;W1,036>~ nanosheets were exfoliated from bulk
CsgW11036 by chemical treatment and were then mono-
dispersed into single-crystalline structures. The Cs;W;103¢~
nanosheets were coated on glass or mica substrates in a high
crystallographic c-plane orientation using a layer-by-layer alter-
nate absorption method, and the thickness of the nanosheets
was controlled by the number of dipping cycles (see the ESI,
Fig. S1,T UV-Vis spectra).

Fig. 1 shows atomic force microscopy (AFM) images of CdS
QD-grafted Cs;W,;,03¢>~ nanosheets coated onto a mica sub-
strate. The line profile indicated that the thickness of the
Cs,;W,:056>~ nanosheet was about 2.3-2.6 nm, which is con-
sistent with the reported thickness of a monolayer of a
Cs4W,1036°" nanosheet.'®'” AFM imaging revealed that the
CdS QDs were mono-dispersed and grafted onto the surface of
Cs,W;,036> nanosheets. The CdS QDs were a few nanometers
in size when using one SILAR cycle. The size of the CdS QDs
was controllable by the number of SILAR cycles, as shown in
the UV-Vis spectra (ESI, Fig. S27).

UV-Vis spectra were used to estimate the band-gap values
based on the fact that the optical excitation of Cs;W;;036>~
and CdS proceeds as indirect and direct transitions, respect-
ively. Fig. 2 shows the relationship between the absorption
coefficients and photon energies of the bare Cs;W;,03¢>~
nanosheet and CdS/Cs,W;,0;¢>~ nanosheet films. The bare
Cs4W,103°~ nanosheet was optically transparent in the
visible-light region and had an estimated bandgap of 3.6 eV.
This bandgap was wider than that of bulk tungsten oxide
(2.5-2.8 eV)'®?! due to the quantum confinement effect. In
contrast, the CdS/Cs;W;;05:>~ nanosheet films exhibited
visible-light absorption, which was attributable to the exci-
tation of CdS QDs. In addition, the bandgap of CdS/
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Fig. 1 AFM image (left) of the CdS/Cs;W1;036>~ nanofilm produced
using 1 SILAR cycle, and a line profile (right) of the area in the nanosheet
indicated by the dotted line in the AFM image.
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Fig. 2 Optical absorption coefficient versus photon energy. Bandgap
values were estimated based on the fact that the optical excitation of
Cs4W1,03¢6%~ and CdS proceeds as indirect and direct transitions,
respectively.

Cs,W,1034>~ was controllable by adjusting the number of
SILAR cycles. Fluorescence spectroscopy also revealed that the
emission wavelength from band-to-band recombination in CdS
was red-shifted with increased numbers of SILAR cycles (see
ESI, Fig. S37).

We next performed AFM and KPFM imaging of the CdS QD-
grafted monolayered Cs,W,,056>~ nanosheet film before and
after visible-light irradiation. In the AFM image (Fig. 3(a)), CdS
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Fig. 3 AFM and KPFM images for the CdS/Cs4W1;0362~ nanofilm. (a)
AFM image, (b) KPFM image before visible-light irradiation, and (c) KPFM
image after visible-light irradiation for 5 min. Points (i) and (iii) indicate
the sites of CdS QD deposition, and point (ii) is the exposed surface of
the Cs4W1;036%~ nanosheet. (d) XPS spectra for the W-4f orbital of CdS/
Cs4W1,036%~ after visible-light irradiation. The black line shows the
measured XPS spectrum, and the red and blue lines are fitted curves for
W8 and W>* species, respectively.

This journal is © The Royal Society of Chemistry 2015
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QDs and Cs;W,;035>~ nanosheets were clearly observed on the
mica substrate. Fig. 3(b) shows the KPFM image before visible
light irradiation, which reveals the mapping of work function
on the same area with Fig. 3(a). Work function is the energy of
the Fermi level versus the vacuum level, thus the work function
becomes smaller when electrons are located at negative poten-
tial sites. According to the result in Fig. 3(b), the work function
of CdS QDs was determined to be smaller than that of
Cs4W,1036°7, as the Fermi level of the exposed CdS surface is
more negative than that of Cs,W11056>". These results are
reasonable, because both CdS and Cs;W;;0;5>" are n-type
semiconductors, and the conduction band of the former is
higher than that of the latter. The work function of the mica
substrate is higher than those of CdS and Cs,W;;056>",
because mica is an insulator and has positive Fermi level as
compared to CdS and Cs;W;,054>". Fig. 3(c) shows a KPFM
image after visible-light irradiation of the same area of the
CdS QDs and Cs;W,;034>~ nanosheets shown in Fig. 3(a) and
(b). A Xe lamp with a UV-cutoff filter was used as the light
source to excite only CdS QDs (ESI, Fig. S41 shows the spec-
trum of the Xe light source). Under visible-light irradiation,
the Fermi level of the Cs,W,,05,>~ nanosheet became more
negative in the near regions of CdS QDs (point (i) in Fig. 3(c)),
but did not markedly change in regions where CdS QDs were
not deposited (point (ii) in Fig. 3(c)). These trends were also
observed on a different area, where many QDs were deposited
(point (iii)), and the work function of this area became smaller
after visible light irradiation. These results indicate that visible
light irradiation influences the potential of nanosheets near
the heterojunction region. For comparison, we performed
KPFM imaging of the bare Cs,;W;;,03,>~ nanosheet film, but
the work function of the bare nanosheet did not change after
light irradiation, as the Cs;W,;034>~ nanosheet did not absorb
visible light (see ESI, Fig. S51).

X-ray photoelectron spectroscopy (XPS) spectra for the tung-
sten (W)-4f orbital of the CdS/Cs,W;,036> film prepared on a
glass substrate were also recorded after visible-light irradiation
(Fig. 3(d)). The shape of the XPS curve was deconvoluted into
two doublets: a main doublet at 36.1 eV that could be assigned
to W-4f;,, orbital, and a second doublet at 38.2 eV that was
attributable to W-4f;,, which corresponds to the W®* oxidation
state. In addition to the signals for W®" species, doublet
signals with the same gap (2.1 eV) were overlapped at the lower
binding energy than W°®" signals after visible light irradiation.
These additional signals appeared at 35.1 and 37.2 eV, and
were assigned to W>* oxidation states, which form small polar-
ons. In XPS measurements performed before visible-light
irradiation, no W°" species were detected. Moreover, the
valence states of other elements, including sulfur (S), cesium
(Cs), and cadmium (Cd), did not change after visible-light
irradiation of the CdS/Cs,;W1;03,>~ film (see ESI, Fig. S67).
These results indicate that excited electrons in CdS QDs are
injected into the Cs;W;;03;5>~ nanosheet, resulting in a
reduction of the Fermi level of the Cs,W,;,034>~ nanosheet as
electrons are trapped as W>" species. Electron injection from
QDs to metal oxide in the present study proceeds under the

This journal is © The Royal Society of Chemistry 2015
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same process as that in a quantum dot sensitized solar cell.®°
The potential of excited electrons in the conduction band of
CdsS QD is higher than that of the Cs,;W,;035>~ nanosheet,'®*?
thus the excited electrons in QDs can be injected into
nanosheets. Injected electrons in the conduction band of the
Cs,W,1056>” nanosheet are still in the excited states, thus
these electrons are trapped at more stable sites as color
centers, which have been observed as W’ species in the
nanosheet crystal by XPS analysis. According to the KPFM
image after light irradiation (Fig. 3(c)), electrons were injected
into an area extending several tens of nanometers from the
junction point with QDs, indicating that the electrons were
hopping and diffused into the Cs,;W;,056>~ nanosheet. The
electron diffusion length estimated here is reasonable, as a
previous study reported that the space charge layer of
Cs4W,,03¢>~ without a dopant was several micrometers.'®
When the Cs,W;,03> nanosheet was stored under dark con-
ditions in ambient air for several minutes, the Fermi level of
the nanosheet returned to its initial state, as the trapped elec-
trons rapidly reacted with the oxygen molecules in air.

In addition to the nanoscale imaging, we investigated the
macroscopic color change that occurs in the CdS/Cs;W1,036>~
nanosheet composite film upon light irradiation (SEM images
are shown in Fig. S77). Fig. 4(a) shows optical absorption
spectra of the film before and after visible-light irradiation.
Photos of the CdS/Cs;W;,034>~ composite film before and
after visible-light irradiation are also shown in the inset of
Fig. 4(a). The CdS/Cs;W;,03,>~ composite film turned blue
after the visible-light irradiation, indicating that remote photo-
chromic coloration occurred in the QDs/nanosheet hetero-
structure (Fig. 4(a), inset). Specifically, photogenerated
electrons in the CdS QDs were injected into the Cs;W;;036>~
nanosheet, where they become trapped and generate W°*
species, which form the dark blue color centers in the
nanosheet. The observed color change was reversible and was

Visible light irradiation
N
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Fig. 4 Remote photochromic properties of the CdS/Cs,W;,0362~ film.
(@) UV-Vis spectra for the film in the decoloration state (before light
irradiation) and coloration state (after light irradiation). Inset figures
show photos of the coloration and decoloration states of the CdS/
Cs4W1,036% film. (b) Decay in color (at 850 nm) for thin films under
dark conditions in ambient air. Visible light was irradiated for first
5 hours, and then the samples were stored under the dark conditions.
Data for CdS/WOs were previously reported by Zhao et al.*®
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Fig. 5 Changes in absorbance at 850 nm under various dark conditions
(ambient air at 298 K, ambient air at 373 K, nitrogen at 298 K).

clearly detectable by the naked eye, as shown in the inset
photos of Fig. 4(a).

One of the most unique properties of the CdS QDs/
Cs4W,1036°" nanosheet film is the efficiency of the visible-
light induced color change. We therefore compared the switch-
ing properties of the present CdS/Cs,;W;,055>~ nanosheet with
those previously reported for CdS/WO; particles.'” Fig. 4(b)
shows changes in the absorbance values of the CdS QDs/
Cs4W,1036°" nanosheet film at a wavelength of 850 nm
in ambient air under dark conditions after visible light
irradiation. The absorbance of CdS QDs/Cs;W;,055>" after
visible-light irradiation was larger than that of CdS QDs/bulk
WO;. Furthermore, the decoloration rate of the CdS/
Cs4W,1036> nanosheet under dark conditions was markedly
higher than that of CdS/WO;. Examination of the decoloration
process under various atmospheres, including air and nitrogen
with different temperatures is shown in Fig. 5. Blue color was
retained under a nitrogen atmosphere, while it was converted
into the initial color under the existence of oxygen. Further,
the heat treatment accelerated the decoloration rate, indicating
that decoloration was attributable to the oxidation of trapped
electrons in reduced tungsten species. Our previous spectro-
scopic analysis demonstrated that the trapped state of
Cs,W;1056>~ was shallower than that of bulk WO0,.'° In
addition, the diffusion length of trapped electrons in the
Cs,W;10562” nanosheet is much shorter than that of bulk
WOj; particles, as the thickness of the former (2.3 nm) is mark-
edly smaller than that of the latter. Thus, the high decolora-
tion rate observed for the Cs,W,;0;¢>~ nanosheet is due to
efficient electron transfer within the nanoscale sheet-like
structure.

We also investigated the repeatability of the reversible color
change in the CdS/Cs,;W,,035>~ nanosheet film and the result
is shown in Fig. 6. We confirmed that the coloration and de-
coloration of the film could be repeated several times; however,
the absorbance values in the colored state slightly decreased
with each cycle, indicating that the CdS QDs undergo photo-
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Fig. 6 Repeatability of the reversible color change in the CdS/
Cs4W110362‘ nanosheet film by visible light irradiation and stored under
the dark conditions in air. Initial absorbance of the coloration state was
defined as 100% at a wavelength of 850 nm.

corrosion. We speculate that most of the photogenerated holes
in CdS QDs react with water molecules or contaminants in air
to produce oxygen or carbon dioxide through a photocatalytic
oxidation process,**** since the absorbed photon number was
8000 times larger than the number of created W>" species in
the Cs,W,,035°~ nanosheet film. Notably, when we introduced
a gaseous sacrificial agent, such as methanol, into the atmos-
phere during light irradiation, the stability of the CdS/
CsyW,;1035>" nanosheet was improved (see ESI, Fig. S87).
These results suggest that the long-term stability of QDSSC
systems is improved by the introduction of a sacrificial agent.
In addition, the previous findings from studies on core-shell
QD structures suggest that the use of a surface passivation
coating may lead to higher stabilities.>>"*®

4. Conclusions

We performed nanoscale imaging of trapped electrons in
metal oxide nanosheet and quantum dot heterostructure by
KPFM and revealed that excited electrons in CdS QDs are
injected into Cs,W,1036>~ nanosheets and cause a negative
shift in the work function of the nanosheet near the junction
with CdS QDs. These findings provide insight into the electron
transport and trapping processes that occur in metal oxide
and metal chalcogenide heterostructure, such as that found in
quantum dot-based solar cells and photocatalytic water-split-
ting systems. Further, the present research provides the
unique photochromic device, termed remote photochromism
with multi-color tunability and a rapid color-change response.
As the photochromic device is driven by the visible-light exci-
tation of QDs, the color change is tunable by the quantum size
effect of QDs. In addition, because the diffusion length of
trapped electrons in the nanosheet is very short, the electrons
easily react with oxygen molecules in the decoloration process.

This journal is © The Royal Society of Chemistry 2015
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While the present KPFM imaging has been performed on the
interface between metal sulfide quantum dots and metal oxide
nanosheet, this technique can be useful to discuss the charge
transport phenomena at various interfaces, such as p-n junc-
tion semiconductors, cocatalyst promoter modified metal
oxide photocatalysts, and organic-inorganic hetero-junctions.
The methodology described in the present study for imaging
nanoscale charge carriers is expected to aid in the develop-
ment of solar cells and photocatalysts, as well as unique
display and memory devices.
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