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properties of CuCrO, nanoparticles
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Herein, delafossite CuCrO, nanoparticles were synthesized through a polymeric citrate precursor method,
followed by heating at 900 °C in air. The BET surface area of the CuCrO, nanoparticles was found to be 235
m? g%, which was more than 500 times that of bulk CuCrO, (0.47 m? g% and 2-4 times that of the
reported CuCrO, nanoparticles (50-100 m? g~ (Y.-T. Nien et al., Mater. Chem. Phys., 2016, 179, 182-
188 and D. Xiong et al., J. Mater. Chem., 2012, 22, 24760-24768). In the photoluminescence spectra of
the CuCrO, nanoparticles, a strong luminescent emission peak was observed at ~460 nm in the blue
light region. The resulting transmittance value of the CuCrO, nanoparticles was found to be 77% in the
visible region, and the direct band gap energy was determined to be 3.09 eV via UV-vis spectroscopy.
The dielectric properties as a function of frequency and temperature and photocatalytic degradation of
the organic pollutants in an aqueous solution were also investigated. CuCrO, nanoparticles also showed
remarkable enhancement in the catalytic degradation of methylene blue in H,O under sunlight
irradiation. The plausible fragmentation and the structural changes in the methylene blue molecule were
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1. Introduction

Nanotechnology has attracted significant interest from many
researchers; this is due to the fundamental scientific signifi-
cance, various applications, and the peculiar and fascinating
properties of the nanoparticles, superior to those of the bulk
materials.* Nanoparticles of transparent conducting oxides
have shown a wide range of applications in optoelectronics,*
photovoltaics,® gas sensors,® batteries,” solar cells, and electro-
chromic mirrors and windows.? Generally, transparent con-
ducting oxides (such as ZnO, SnO,, TiO, etc.)*™ are n-type
materials, but some of them, such as NiO and ABO,, are p-
type delafossite materials, which show significant electrical
conductivity due to hole mobility and an optical direct band gap
in the visible region.>">**

Dye-sensitized solar cells (DSSCs) are third-generation
photovoltaic devices and have recently gained attention due to
their eco-friendly and economical production as compared to
conventional photovoltaic devices. The DSSCs fabricated from
p-type oxide materials have high surface chemical affinity, large
surface area, a wide band gap, desirable valence band potential,
and sufficiently high hole mobility.” ABO, oxides (A = Cu and B
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further demonstrated via mass spectrometry.

= Al, Ga, In, Sc, Y, Cr, rare earths, etc.) having delafossite
structures with a band gap more than 3.1 eV have been studied
as a triangular lattice antiferromagnet prototype with inter-
esting properties, such as transparent conductivity and multi-
ferroicity, and are mostly used in the formation of p-type
DSSCs.?*** Recently, delafossite CuCrO, has been investigated
due to its higher carrier mobility and positive flat band. In the
bulk shape, the direct band gap value of CuCrO, is found to be
2.95-3.30 eV at room temperature.”® The nanosized CuCrO,
particles have been used for constructing UV light-emitting
diodes,* transparent p-n junctions,” and photocatalysts for
hydrogen evolution,”® NO,~ and NO;~ removal,””*® removal of
M** (M = Ni, Cu, Zn, Cd, and Hg),*® combustion of methane.*
Recently, delafossite ABO, (A = Cu and B = Al, Ga, Fe) nano-
particles were also used as catalysts in H,-O, fuel cell applica-
tions*~* and in the degradation of bisphenol.** Present studies
reveal that CuCrO, nanoparticles could be used as effective
photocatalysts in the degradation of organic contaminants in
water. A large number of chemical and biological pollutants
could be expected in groundwater. Therefore, treatment of
polluted water (caused by use or disposal of waste materials in
various forms including chemical, agricultural, animal prod-
ucts, industrial waste etc.) is the current challenge for scientists
to globally control the environmental and unwanted human
disease problems.

Delafossite and other nanostructured materials were also
synthesized using the acid-catalyzed sol-gel method, ultrasonic
process, and hydrothermal and solid state methods.>?°-3*35-38
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Herein, we report the polymeric citrate precursor synthesis of
CuCrO, nanoparticles (~40 nm) at 900 °C in 12 h in air. Various
analytical techniques such as powder X-ray diffraction (XRD),
BET surface area analysis, fluorescence spectroscopy, UV-vis
spectrophotometry, and transmission electron microscopy
(TEM) were used to characterize the CuCrO, nanoparticles.
Dielectric, optoelectronic, and photocatalytic properties of the
CuCrO, nanoparticles were also investigated. Enhanced pho-
tocatalytic efficiencies in the degradation of an organic dye
(methylene blue) in an aqueous solution were examined for over
150 minutes.

2. Experimental

Ethylene glycol (Spectrochem), citric acid monohydrate (Merck;
99.0%), CuSO,-5H,0 (Merck; >98%), and Cr(NO;);-9H,0
(Thomas Baker) were used as received without further purifi-
cation. All the glassware was thoroughly washed with nitric acid
followed by rinsing with deionized water several times before
use. Deionized water was used throughout the experiments and
in the preparation of stock solutions.

The synthesis of nanoparticles via the polymeric citrate
precursor route has already been reported in the literature.®**
In the present protocol, ethylene glycol (1.4 mL) was mixed with
0.1 M Cr(NO3)3-9H,0 (25 mL) in a beaker under constant stir-
ring for about 10 minutes at room temperature to obtain
a transparent solution. Dried citric acid (21 g) was added to the
above mentioned solution in the molar ratio of ethylene glyco-
1 : chromium ion : citric acid = 10 : 1 : 40. For the clear solu-
tion, the mixture was continuously stirred for about 2 h at room
temperature followed by the addition of 0.1 M CuSO,-5H,0 (25
mL) and subsequent stirring for 2 h. The temperature of the
above mentioned system was maintained at 55 + 5 °C for
further 2 h to eliminate excess of water and increase the rate of
the polyesterification reaction between citric acid and ethylene
glycol to obtain the viscous solution. This viscous solution was
kept at 135 °C for 20 h in a furnace to vaporize the solvent. A
semi-solid product was recovered after polymerization, which
was charred for 2 h at 300 °C followed by further heating at
500 °C for 20 h. A black-coloured precursor was obtained, which
was used in the synthesis of the CuCrO, nanoparticles. The
synthesized precursor materials were heated at 900 °C for 12 h
in an automatic high temperature furnace to obtain nearly
green-coloured powder of the CuCrO, nanoparticles.

The phase analysis and crystallinity of the as-synthesized
nanoparticles were determined via XRD studies using
a Rigaku Ultima IV diffractometer with nickel-filtered Cu-K,
radiation of wavelength 1.5416 A, and diffraction patterns were
obtained in the 26 range from 20° to 80° with a step size of 0.05°
and step time of 1 s. Fourier transform infrared spectra (FT-IR)
were obtained via an IT Affinity-1, Shimadzu spectrophotometer
using KBr discs as a reference. The surface area of the sample
was determined via a BET (Brunauer-Emmett-Teller) surface
area analyser (Quantachrome Instruments Limited, USA, Model
Nova 2000e) at liquid nitrogen temperature (77 K) using the
multipoint BET method. To remove the water vapour and
adsorbed gases from the sample, approximately 0.06 gram of
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the sample was placed in the sample cell and degassed for 2 h at
200 °C in the vacuum degassing mode. The grain size and
morphology of the synthesized nanoparticles were estimated
using an FEI Technai G* 20 transmission electron microscope.
The specimens for TEM studies were prepared by deploying
a drop of sonicated nanopowder [suspension of powder sample
in absolute ethanol for about 15 min using an ultrasonicator
(Ultrasonic Processor Model: UP-500)] onto the TEM grid
(carbon-coated copper) and drying at 45 °C in an oven for 1 h.
Dielectric measurements were carried out via a Wayne Kerr high
frequency LCR meter (Model: 6505P). Then, 2-3 drops of 5%
PVA solution were placed on the fine powder as a fixer agent and
dried at 90 °C for 1 h. Finely ground powder was transformed
into pellets at a pressure of 3-4 tons, followed by heating of the
pellets at 1000 °C for 12 h. Before carrying out the dielectric
measurements, the pellets were coated by a silver paste (Ted
Pella, Inc.) and dried at 90 °C for 1.5 h to make the surface
conducting. Fluorescence studies were carried out using a Per-
kin-Elmer LS-55 spectrofluorophotometer after dissolving the
powders in ethanol. The excitation source was a xenon lamp,
and the baseline was corrected before the measurements.

The photocatalytic efficiency of the prepared CuCrO, nano-
particles was measured against the degradation of methylene
blue (MB) under sunlight irradiation. The degradation process
was investigated by UV-vis spectrophotometry (Shimadzu, UV-
1650) at the maximum absorption wavelength (Ana) of
662.5 nm of MB. Herein, 1 mg of catalyst was dispersed in 50 mL
MB (10 mg L") and placed in the dark under constant magnetic
stirring to obtain the suspension with an adsorption/desorption
equilibrium. The degradation process was carried out at room
temperature at pH 7. Thereafter, the suspension was subjected
to visible light. At 15 min intervals, the sample was obtained
and centrifuged at 8000 rpm for 10 min to separate the CuCrO,
nanoparticles, and the transparent solutions were obtained to
study the absorption spectra. All the experiments were repeated
three times, and the results showed excellent agreement. The
degradation rate constants of degraded MB, using the CuCrO,
nanoparticles were calculated using the first-order kinetic

reaction as below:
C
In{—) =
n( C0> —kt

where C is the concentration after irradiation, C, is the initial
concentration, k is the degradation rate constant, and ¢ is time.
Mass spectrometry data of the degraded samples was obtained
using an AccuTOF LC-plus (JEOL, JMS - T100 LP).

3. Results and discussion

Fig. 1a shows the powder X-ray diffraction (XRD) patterns of the
black-coloured precursor and pure CuCrO, nanoparticles. The
black-coloured precursor materials contain a mixture of CuO
and Cr,0; at 500 °C (black-coloured line), whereas the pure
phase of the CuCrO, nanoparticles (red-coloured line) was ob-
tained at 900 °C in air (Fig. 1a). The reflections appeared at the
20 values of 31.43°, 35.22°, 36.42°, 40.90°, 47.95°, 55.90°, 62.41°,
65.60°, 71.56°, and 74.50°, assigned to (006), (101), (012), (104),

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) XRD patterns of the precursor heated at 500 °C in air (black-
coloured line) and pure phase of the CuCrO, nanoparticles obtained at
900 °C and 12 h in air (red-coloured line). (b) FT-IR spectrum and (c)
TEM image of the CuCrO, nanoparticles obtained at 900 °C.

(009), (018), (110), (0012), (116), and (202), in accordance with
the JCPDS no. 740983 for the hexagonal crystal structure of
CuCrO,. FT-IR spectrum of the CuCrO, nanoparticles is shown
in Fig. 1b. Herein, one weak (~941 cm ™) and two strong bands

This journal is © The Royal Society of Chemistry 2017
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(~743 and 536 cm™ ') could be assigned to the Cr'"™'-0 and M-O
bond stretching frequencies of the CuCrO, nanoparticles,
respectively.>** The TEM image shows the formation of
spherical-shaped CuCrO, nanoparticles with the average
diameter of ~40 nm (Fig. 1c). The agglomerations of the
CuCrO, nanoparticles were also observed to a small extent,
which could be due to high temperature (i.e. 900 °C) employed
in the reactions of the precursors in the synthesis of the CuCrO,
nanoparticles.

The specific surface area of the nanocrystalline CuCrO,
particles was examined through the multipoint BET equation
with the relative pressure (P/P,) in the range from 0.05 to 0.35.
The surface area of the CuCrO, nanoparticles was found to be
235 m”> g~', as shown in Fig. 2a. Note that the present surface
area of the CuCrO, nanoparticles is >500 times the surface area
of bulk CuCrO, (0.5 m> g~ ").* Moreover, the surface area of the
as-prepared CuCrO, nanoparticles is 2-4 times that of the
previously studied CuCrO, nanoparticles."” From the DA plot
(Fig. 2b), the pore radius of the CuCrO, nanoparticles was found
to be ~15 nm, which also supported the electron microscopy
images. From the TEM data, it is very clear that the particles are
spherical in shape with a radius of ~20 nm, which closely
matches the particle size obtained from the Dubinin-Astakhov
(DA) model.*>
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Fig. 2 (a) BET and (b) DA plots of the CuCrO, nanoparticles.
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The dielectric properties of the CuCrO, nanoparticles were
determined as a function of temperature and frequency. Prior to
the measurements, the thickness and diameter were calculated
to measure the dielectric constant from the measured value of
the capacitance. Fig. 3a shows the dependence of the dielectric
constant on frequency for the CuCrO, nanoparticles at different
temperatures. The dielectric constant decreases with the
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Fig. 3 (a) Dielectric constant and (b) dielectric loss of the CuCrO,
nanoparticles at different temperatures. (c) Variation in the dielectric
constant and loss of the CuCrO, nanoparticles at room temperature as
a function of frequency.
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increase in frequency due to the inability of the electric dipoles
to align with the fast variation of the alternating applied electric
field.**** In the low-frequency region, the dielectric constant
showed dispersion and achieved a saturation limit at high
frequencies. This could be due to the Maxwell-Wagner type
interfacial polarization that is in excellent agreement with the
Koop's model.* Fig. 3b shows the variation of the dielectric loss
as a function of frequency at different temperatures. The
measurement was carried out in the frequency range from 10
kHz to 1 MHz. The dielectric loss constantly decreases as the
frequency increases. Temperature-dependant studies showed
that the dielectric constant was maximum at 100 °C, whereas
some fluctuations in the dielectric loss were observed at this
temperature. The dielectric constant and loss remained nearly
stable at 200 °C. Frequency-dependant dielectric loss and
dielectric constants of the CuCrO, nanoparticles are shown in
Fig. 3c, which clearly shows that the dielectric properties of the
CuCrO, nanoparticles decrease with the increase in frequency.
The decrease in the dielectric constant with the increase in
frequency may be associated with the fact that any species
contributing to polarization was found to lag behind the
applied field at high frequency and hence decreased both
properties i.e. dielectric constant and dielectric loss.
Photoluminescence (PL) is a significant technique to study
the optical properties of the delafossite materials. Fig. 4 shows
the photoluminescence spectra of the CuCrO, nanoparticles.
These nanoparticles show a strong luminescent emission peak
at 460 nm in the blue region, and a weak emission peak at
386 nm for an excitation wavelength of 310 nm at room
temperature. These transitions could be attributed to the intra-
band transitions, implying 3d°4s" and 3d"° in Cu" ions, as also
reported for other Cu-based delafossite oxide insulators (such
as CuYO, and CuLa0,).***” On comparing CuCrO, with CuLaO,,
it was observed that the luminescence peaks of CuCrO, shifted
towards low energy. This may be a consequence of the inter-
action of Cu-O with the Cr atom*® since Cr ion exerts an influ-
ence on the Cu-O-Cr-O-Cu linkage owing to more favourable
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Fig. 4 Photoluminescence (PL) spectra of the CuCrO, nanoparticles,
excited at 300 and 310 nm.
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integration of the 3d state on Cr ion, affecting the Cu-O bond
length and the Cu-Cu interaction.*®

Fig. 5 shows the UV-visible spectrum of the CuCrO, nano-
particles in the range from 200 to 800 nm. The wavelength-
light

dependent transmittance results reveal that the

View Article Online
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transmittance value of the CuCrO, nanoparticles is ~74-80% in
the wavelength range from 600 to 800 nm, as shown in Fig. 5a,
and the resulting values are found to be higher that the reported
values for CuCrO,.***> The photon energy (or band gap energy)
of the CuCrO, nanoparticles was determined using the UV-
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Fig. 5 (a) UV-visible spectrum (wavelength vs. percent transmittance) and (b) plot of (ahr)? versus photon energy (eV) for the direct band gap

determination of the CuCrO, nanoparticles.
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(@) Schematic of the photocatalytic degradation of MB using CuCrO, nanoparticles. (b) UV-visible spectra and (c and d) photocatalytic
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visible absorption spectrum of the CuCrO, nanoparticles.
Fig. 5b shows the plot of (a/v)* against photon energy for the
CuCrO, nanoparticles, where «, s, and v are the absorbance
(obtained from UV), Planck’s constant, and frequency of the
incident beam, respectively. Direct and indirect band gap
energies of the solids could be calculated through the Tauc's
model.**** Photon energy (intercept of the straight line on the x-
axis) demonstrates the direct band gap of the CuCrO, nano-
particles to be 3.10 eV, which closely matches the reported
direct band gap (3.09 eV) of the CuCrO, thin films.** The band
gap energies of the materials usually refer to the energy differ-
ence between the valence and conduction bands.

The photocatalytic activity of the CuCrO, nanoparticles was
tested in the degradation of MB under irradiation from sunlight
for over 150 minutes. The degradation of MB over the CuCrO,
nanoparticles could be explained on the basis of the generation
of hydroxyl free radicals (OH"), i.e. highly oxidizing agents. When
the CuCrO, nanoparticles were irradiated in sunlight, holes (h")
were formed in the valence band of the CuCrO, materials after
the excitation of the electrons (e™) to the conduction band. This
could be possible due to the larger energy of sunlight compared
to the band gap energy of CuCrO, (3.1 eV). In an aqueous
medium with the presence of oxygen, the holes and electrons
produced hydroxyl radicals (OH") and superoxide radical anions
(0y77), respectively. The hydroxyl radicals (OH") are strong
oxidizing agents and attack the dye molecule to provide the
oxidized product, as shown in Fig. 6a and also summarized in
the photochemical reactions given below:

CuCrO, + hv — CuCrO, (e~ + h")
CuCrO, (h*) + H,0 — CuCrO, + OH" + H*
CuCrO, (h*) + HO~ — CuCrO, + OH"

In the conduction band, the electrons (e~) of CuCrO, reduce
molecular oxygen (O,) to hydroperoxyl radicals (i.e. a protonated
form of superoxide):

CHCFOZ + 02 +e — CUCI'OZ + 02'7
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19213 205.05 228 12
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The degradation of the adsorbed compounds (i.e. MB) is
likely to occur either by the direct oxidation on the surface of the
photocatalysts or by hydroxyl radicals:

OH" + MB — CO, + H,O (oxidized products)

The UV-visible spectra of MB in an aqueous solution are
presented in Fig. 6b. The distinct characteristic was detected at
662.5 nm, and the absorption band intensity decreased with
time under the irradiation of sunlight. The reduction in the
intensity of the absorption band of aqueous MB indicates the
degradation of dye by UV irradiation over the surface of the
CuCrO, nanoparticles. The degradation efficiencies of MB are
shown in Fig. 6c. Note that 79% degradation of MB was
observed after 1 h in sunlight, whereas ~16.5% adsorption of
MB was observed in the dark for 1 h. Photocatalytic degradation
of MB over the surface of pure CuCrO, nanoparticles (after 1 h)
was found to be higher (two to three times) compared to that of
the CuCrO,/TiO, heterostructures and pure TiO,, respectively.>®
In parallel, we also performed the experiments in the absence of
photocatalysts and found that no degradation of MB occurred
in the same time. Fig. 6d shows the linear plots of In(C/C,) vs.
irradiation time, which support the kinetic data for the degra-
dation of MB. Previously, photocatalytic degradation efficien-
cies of ~85% and 75% of MB were reported for CuCrO,/TiO,
heterostructures and pure TiO, nanoparticles, respectively,
using the comparatively very long irradiation time of 8 h.*® Note

Table 1 Fragmentations of the MB dye molecule with m/z values
(error £ 0.2)

S. no. Molecule Observed m/z
1 Cy6H;sN5S 284.54
2 C,6H,50N;S 300.54
3 Cy6H,50,N,S 316.28
4 C1,H;oN5S 228.12
5 Cy3H,5N,0,S 279.16
6 C,H,,NSO, 205.05
7 C¢HgNSO, 192.13
8 CgHoNO, 167.13
9 C¢H,,NO, 161.09
28454
279.16
316.28

300.80

Fig. 7 Mass spectrum of MB dye after 60 minutes of photodegradation reaction.
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Fig. 8 Projected route for the photodegradation of the MB dye.

that the degradation efficiency of MB was ~88% after just 1.5 h
over the surface of the CuCrO, nanoparticles in the presence of
sunlight irradiation. This was found to be a significant
enhancement in the photocatalytic efficiency of the CuCrO,
nanoparticles compared to previous reports.*>*® The kinetic plot
was fitted by the pseudo-first-order rate equation using the rate
constants of 0.0246 min~?, and the R? value was found to be
~0.9830.

Fig. 7 shows the mass spectrum for the formation of the OH
radical and the subsequent oxidation of MB dye after 60
minutes of sunlight irradiation. The signals at m/z = ~284,
~300, and ~316 of MB could be recognized on the basis of
sequential hydroxylation of the molecule by the attack of the OH
radical. However, other signals (m/z) could be due to the frag-
mentation of the dye molecule. The results are in good agree-
ment with previous reports on the mineralization of the MB dye
by the attack of free radicals.’”*® Table 1 compiles the resulted
fragmentations of the dye molecule with the m/z values after 60
minutes of irradiation. The reaction mechanism of the pro-
jected route for the photodegradation of the MB dye molecule
over the surface of nanoparticles is shown in Fig. 8.7 The
most active bonds of the MB dye molecule are C-N and C-S,
which can be easily broken by the attack of hydroxyl and
superoxide free radicals to generate various fragments (oxidized
organic molecules), followed by their transformation into
inorganic substances such as CO,, H,0, SO,>~, NO; ™ etc.

4. Conclusions

The wide band gap CuCrO, nanoparticles with a delafossite
structure were successfully synthesized by the polymeric citrate
precursor method followed by heating at 900 °C in air. Phase
purity, size, and shape of the CuCrO, nanoparticles were

This journal is © The Royal Society of Chemistry 2017

investigated by XRD and electron microscopy studies. The BET
surface area of the CuCrO, nanoparticles (235 m> g~ ") was found
to be more than 500 times that of bulk CuCrO,. The dielectric
loss and dielectric constant of the CuCrO, nanoparticles
decreases with the increase in the frequency. CuCrO, nano-
particles possess optical transparency and a direct band gap
energy of 77% and 3.09 eV, respectively, in the visible region. The
CuCrO, nanoparticles also exhibit photoluminescence property
at room temperature like other p-type TCOs, which can be
utilized for practical applications such as in light-emitting
diodes. A significant enhancement of the photocatalytic degra-
dation of the organic pollutants (methylene blue) was studied
over the surface of the CuCrO, nanoparticles for over 150
minutes. The photocatalytic degradation of the MB dye using the
CuCrO, nanoparticles was further confirmed via mass spec-
trometry. The results suggested that the CuCrO, nanoparticles
can be considered as one of the effective photocatalysts for the
degradation of organic contaminants from water.
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