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ABSTRACT

Red phosphorus (RP) has attracted considerable attention as the anode for
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specific capacity of ~ 2,600 mAh/g. In this study, a facile single-step flash-heat

© stz Wity Pisse treatment was developed to achieve the reduction of graphene oxide (GO) and

a0l Spribngs Ve g Gz the simultaneous deposition of RP onto the reduced graphene oxide (rGO) sheets.
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The resulting RP/rGO composite was shown to be a promising candidate for
overcoming the issues associated with the poor electronic conductivity and

large volume variation of RP during cycling. The RP/rGO flexible film anode
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sodium-ion batteries,

delivered an average capacity of 1,625 mAh/g during 200 cycles at a charge/
discharge current density of 1 A/g. Average charge capacities of 1,786, 1,597,
1,324, and 679 mAh/g at 1, 2, 4, and 6 A/g current densities were obtained in the
rate capability tests. Moreover, owing to the RP component, the RP/rGO film

red phosphorus,
facile synthesis,
flexible,
flame-retardant,

presented superior flame retardancy compared to an rGO film. This work thus

introduces a highly accessible synthesis method to prepare flexible and safe RP

reduced graphene oxide anodes with superior electrochemical performance toward Na-ion storage.

1 Introduction

Li-ion batteries have achieved considerable success
as power sources of portable devices and electrical
vehicles because of their superior specific energy
density, Coulombic efficiency, and cycling stability
[1, 2]. Na-ion batteries represent one of the main
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alternatives to the Li-ion ones, and have attracted
increasing attention because of the abundance of
sodium in both the earth’s crust and the oceans [3-6].
Phosphorus plays a major role among various anode
materials for Na-ion batteries, owing to its high
theoretical specific capacity of ~2,600 mAh/g [7].
Despite the excellent performance of black P toward



Na-ion storage [8-10], red P (RP) is the most cost-
effective allotrope among phosphorus forms with
adequate chemical stability for battery applications.
Moreover, the incorporation of RP can potentially
enhance the flame retardancy of the electrodes, because
this material has been widely used as an effective
flame retardant additive for decades [11]. However,
micron-sized RP particles have been proven unsui-
table for stable Na-ion storage, owing to their poor
electronic conductivity and huge volume expansion
during the sodiation process [12]. To produce nano-
sized RP, several studies utilizing the ball-milling
technique with conductive materials such as carbon
nanotubes, carbon nanofibers and graphene stacks
have been reported [13-15]. Despite the encouraging
improvements achieved in these studies, various
complex issues ascribed to the simple mechanical
mixing, such as the non-uniform particle size and the
poor contact between the RP active material and the
conductive platforms, still hamper the optimization
of the electrochemical performance of RP anodes.
Traditional vaporization—condensation methods, recently
employed to prepare RP anodes, led to impressive
performance enhancements relative to the micron-
sized RP particles, owing to the uniform size of the
RP particles and the good contact between the active
material and the conductive scaffold [16-19]. However,
the sophisticated synthetic processes involved in such
methods, which involve sealing in quartz ampoules,
introduce significant challenges associated with their
productivity and scalability.

Herein, we report a facile flash-heat treatment to
grow nanosized RP on the surface of reduced graphene
oxide (rGO) sheets and in the void spaces between
rGO layers; in particular, the RP deposition and
GO reduction were completed simultaneously in a
single-step heat treatment. The synthesis method of
the RP/rGO composite is described schematically in
Fig. 1. As shown in Fig. 1(a), the RP and GO precursors
were arranged in a RP/GO/RP three-layer structure
inside a ceramic boat with a ceramic cover, and then
loaded in a tube furnace under Ar/H, atmosphere.
The boat was initially placed on the side of the
heating zone; after heating the furnace to 500 °C, the
boat was moved into the heating zone, as shown in
Fig. 1(b). As soon as P condensation was observed on

a quartz tube placed downstream of the gas flow, the
boat was immediately moved back to the original
position, as illustrated in Fig. 1(c). Then, the boat was
maintained at 300 °C for 6 h to convert white P to red
P through a cooling-down process. The structure of
the resulting RP/rGO composite, schematically shown
in Fig. 1(d), combines several advantages: 1) Nanosized
RP can shorten the ion diffusion length and thus
enhance both ionic and electronic kinetics in the
anode; 2) the RP particles occupy the gaps between
the rGO sheets conformally, which protect them against
volume variations during intercalation and extraction
of Na ions; 3) the rGO network can provide an electron
pathway and thus increase the electronic conductivity
of the RP anode. Furthermore, the flash-heat treatment
process reported here is simpler and more cost-effective
than the traditional ball-milling and vaporization-
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Figure 1 Schematic diagrams of the synthesis process of the
RP/rGO composite: (a) pre-heat treatment; (b) flash-heat treatment;
(c) cooling-down stage. (d) Schematic illustration of the nano-
structure of the resulting RP/rGO composite.
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condensation methods, and thus enables the large-
throughput manufacturing of RP anodes [20, 21].

2 Experimental
2.1 Materials preparation

To synthesize the RP/rGO composite, the RP precursor
was initially dried at 90 °C to remove moisture and
then filtered with a 30 um mesh. The RP and GO
powder precursors were arranged in a RP/GO/RP
three-layer structure inside a ceramic boat with a
ceramic cover. The boat was loaded into a tube furnace
under Ar/H, flow (5% H,), and initially placed on the
side of the heating zone. After heating the furnace
to 500 °C, the boat was moved into the heating zone;
as soon as P condensation was observed on the inner
surface of a quartz tube located downstream of the
gas flow (~ 1 min), the boat was immediately moved
back to the original position. Then, the temperature
of the boat was maintained at 300 °C for 6 h, to convert
white P to red P. After a cooling-down process, the
resulting RP/rGO composite was transferred into an
Ar-filled glovebox, washed with methanol, and dried.
The preparation of the rGO and P-treated rGO control
samples and the fabrication of the flexible film
electrode are described in the Electronic Supplementary
Material (ESM).

2.2 Materials characterization

Surface morphology and energy-dispersive X-ray
spectroscopy (EDS) measurements were performed
with a JEOL JSM-7001 microscope operating at 15 kV,
the samples were assembled onto the specimen by
carbon tapes. Field-emission transmission electron
microscopy (TEM, JEOL JEM 2100F, 200 kV) was
employed to obtain TEM and scanning transmission
electron microscopy (STEM) images, along with EDS
profiles. The samples were first dispersed in ethanol
through ultrasonication and then collected using
carbon film-covered copper grids for the analysis.
Thermogravimetric analysis (TGA) measurements were
carried out using a Netzsch STA instrument at a heating
rate of 1 °C/min under N, atmosphere, in a temperature
range from room temperature to 800 “C. Raman spectra
were recorded using a Renishaw InVia spectrometer

with a 532 nm laser (10 uW) focused through a 100x
objective lens. Raman spectra were collected at room
temperature under ambient conditions, using glass
slides as substrates to carry the powder samples.

2.3 Electrochemical measurements

Electrochemical tests were conducted in CR2032 coin
cells, with Na metal as counter electrode and 1M
NaClO, in dimethyl carbonate (DMC) electrolyte with
10% (v/v) fluoroethylene carbonate (FEC) as additive,
to form a strong and stable solid electrolyte interface
(SEI) film in the first cycle. A RP/rGO film with a
thickness of ~ 110 um was cut into electrodes with a
diameter of 16 mm for the electrochemical tests, and
the mass of each electrode was ~ 1.2 mg. All batteries
were assembled inside an argon-filled glovebox with
water and oxygen contents below 0.1 ppm. To prepare
commercial RP control anodes mixed with rGO
and carbon black (CB), RP powder was mixed with
polyvinylidene fluoride (PVDF) in 1-methyl-2-
pyrrolidinone (NMP) and rGO or CB in a weight
ratio of 50:10:40, using high energy ball milling for 1 h
in an argon-filled ball-mill jar. The resulting slurry
was cast onto an Al foil, dried at 90 °C in air overnight,
and then punched into electrodes with the size of
CR2032-type cells. The mass loading of active material
on the Al foil current collector was ~ 1.5 mg/cm?. In
the cycling stability and rate capability tests, batteries
were cycled in the voltage range from 0.01 to 1.75V
vs. Na/Na" at room temperature. All capacities and
current densities were calculated based on the mass
of RP only, unless noted otherwise.

3 Results and discussion

The scanning electron microscopy (SEM), TEM, and
STEM images of the as-produced RP/rGO composite,
discussed below, show the presence of RP nanodots
deposited on the rGO surface and of aggregates of
nanosized RP in the void spaces between rGO layers.
The SEM images of the RP/rGO composite at different
magnifications, shown in Figs. 2(a) and 2(b), highlight
the dense and uniform distribution of the nanosized
P particles grown on the rGO sheets. Figures 2(c) and
2(d) show the TEM and STEM images, respectively,
of a portion of RP/rGO flake, confirming the presence
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Figure 2 (a) and (b) SEM images of the RP/rGO composite at (a) 1,500x and (b) 4,000x magnification. (c) and (d) TEM and STEM
images of a single piece of RP/rGO flake. (e) Enlarged STEM image of the RP/rGO composite, with corresponding EDS mapping
profile of P element shown in (f). The RP particles occupying the void spaces between the rGO layers are marked by blue lines in (e).

of P nanoparticles of morphology consistent with
the SEM images. Dense growth of RP particles can be
easily observed in the dark-field STEM image shown
in Fig. 2(d), based on the sharp contrast difference
between P and rGO. To further confirm the uniformity
of the present samples, additional SEM and TEM
images are displayed in Figs. S1 and S2 in the ESM.
Figure S2(c) in the ESM shows a high-resolution TEM
image taken at the edge of a single piece of RP/rGO
sheet, with blue dashed lines indicating multilayered
rGO. Further details of the architectural structure
of the RP/rGO composite can be obtained from the
enlarged STEM image shown in Fig. 2(e), whereas the
corresponding EDS mapping of P element is displayed
in Fig. 2(f): Besides the nanosized P particles deposited
on the surface, considerable amounts of P occupy
the void spaces between rGO layers through gaps
and wrinkle tunnels (marked by blue dashed lines
in Fig. 2(e)), indicating conformal protection of the P
particles by the strong rGO layers. The TGA profiles
of the RP/rGO composite and of an rGO control
sample in nitrogen atmosphere are shown in Fig. S3 in
the ESM. The synthesized RP/rGO composite exhibits a
sharp weight loss between 400 and 450 °C due to the
vaporization of RP, and the weight percentage of RP
in the composite was calculated as 57.9%.

The Raman spectra of the RP/rGO composite and
of commercial RP powder are displayed in Fig. 3(a).
Besides the D and G bands peaking at 1,331 and
1,577 cm™, the spectrum of the RP/rGO composite

contains a small broad 2D band, indicating the
multilayered nature of the rGO sheets. Compared
to the commercial RP sample, the RP signal was also
detected between 300 and 500 cm™ in the Raman
spectrum of the synthesized RP/rGO composite,
indicating that the P domains observed in Fig.2
correspond to the RP form. The XRD patterns of the
GO, RP, and RP/rGO samples are shown in Fig. 54 in
the ESM. The GO precursor shows a major (002) peak
at ~ 10°, which disappears after the flash-heat treatment,
indicating the successful reduction of GO. Figure 3(b)
displays the X-ray photoelectron spectroscopy (XPS)
spectrum of the RP/rGO composite and of the pristine
GO used as precursor in the RP/rGO synthesis. Both
2p and 2s peaks of phosphorus are detected in the
spectrum of the RP/rGO composite, while the intensity
of the O 1s peak is considerable reduced compared to
the GO sample, indicating that most of the oxygen-
containing functional groups were eliminated during
the heat-treatment process. Further details on the
reduction of GO can be obtained from Fig. 3(c), which
shows the C 1s high-resolution XPS spectrum of the
two samples. The spectrum of the pristine GO sample
can be fitted with three Gaussian-Lorentzian peaks at
284.6, 286.3, and 287.2 eV, corresponding to C=C/C-C,
C-O, and O-C=0 bonds, respectively. The spectrum
of the RP/rGO composite shows peaks at 284.5 and
285.6 eV, corresponding to C=C/C-C and C-O bonds,
respectively. Compared with the GO sample, the
intensity of the C-O peak of the RP/rGO composite
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Figure 3 (a) Raman spectra of RP/rGO composite and commercial RP powder. (b) XPS spectrum of synthesized RP/rGO composite
and pristine GO powder. (c) High-resolution C 1s XPS spectrum of synthesized RP/rGO composite and pristine GO powder. (d) Optical
images of a flexible RP/rGO film wrapped on a glass rod with a diameter of 5 mm, and of a punched electrode bent with a pair of tweezers.

is markedly reduced and the O-C=O peak almost
vanishes, indicating that GO was thermally reduced
during the heattreatment used to synthesize the
RP/rGO composite in Ar/H, atmosphere [22-24]. No
obvious C-P bond signal was detected in the Raman
and XPS spectra of the RP/rGO composite, implying
that the heating temperature might be too low and/or
the heating time might be too short to achieve a
relatively high P-doping concentration in graphene
during the synthesis process [25]. The O 1s high-
resolution spectra of the two samples shown in Fig. S5
in the ESM also confirm the thermal reduction of GO,
as the 531.7 eV signal corresponding to the O=C bond
of the GO sample disappeared after the heat treatment,
and only the peak of the O-C bond at 533.1 eV was
observed for the RP/rGO composite. The synthesized
RP/rGO composite can be easily fabricated into
highly flexible free-standing films through a filtration
method, as shown in the optical images of Fig. 3(d),
with additional details reported in the ESM. No visible
fractures were detected in the film during bending on
a glass rod with a diameter of 5 mm. The film was

then punched into electrodes with a diameter of 17 mm
for the electrochemical performance tests described
below.

The electrochemical performances of the RP/rGO
composite and the commercial RP control sample
were first investigated by galvanostatic charge/
discharge cycling experiments between 0.01 and 1.75 V
at a current density of 1 A/g and with Na metal as
counter electrode, as shown in Fig. 4(a). As no obvious
doping by P heteroatoms was detected in rGO, and
the rGO network worked as current collector in the
RP/rGO free-standing electrode, all current densities
and capacities were calculated based on the mass
of RP only, unless noted otherwise. Specific charge
capacities of 2,197 and 1,883 mAh/g were observed in
the first and second cycle, respectively. Afterward,
the capacity showed a slight increase from 1,705 to
1,823 mAh/g from the 3rd to the 50th cycle, and then
became stabilized at ~ 1,550 mAh/g between the 50th
and the 200th cycle. In contrast, commercial RP mixed
with rGO and CB delivered similar initial capacities,
but suffered from a rapid capacity fading during the
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Figure 4 (a) Cycling performance of fabricated RP/rGO flexible film anode, commercial RP mixed with rGO, and commercial RP mixed

with CB at a charge/discharge current density of 1 A/g, with corresponding potential profiles shown in (b). Rate performance of the

RP/rGO anode, with potential profiles shown in (d).

first 30 and 120 cycles. Thus, the cycling stability of
the RP/rGO anode was significantly enhanced by the
deposition of nanosized RP particles on the surface of
rGO sheets and within the void spaces between rtGO
layers; in addition, the architectural rGO structure
provided a conductive supporting network with
superior mechanical properties.

The RP/rGO film electrode exhibited a 73.2%
efficiency at the first cycle, which rapidly increased
to ~ 98% after five cycles. Similar to silicon anodes for
lithium-ion batteries, the relatively low initial efficiency
may derive from Na consumption during SEI for-
mation on the surface of RP particles deposited on
graphene sheets without the conformal coating pro-
tection from graphene. The low initial Coulombic
efficiency can represent a problem for practical
applications of the RP anodes. However, methods
such as pre-sodiation and artificial SEI film coating
can be adopted to overcome this issue [26, 27].

In order to determine the capacity contribution from
the rGO with P heteroatom-doping, the cycling perfor-
mance of the untreated rGO and P-treated rGO control
samples are presented in Fig. S6(a) in the ESM, while

TSINGHUA
UNIVERSITY PRESS

representative charge/discharge curves are shown in
Fig. S6(b) in the ESM, and the details on the synthesis
of the two control samples are reported in the ESM.
The untreated and P-treated rGO samples deliver
average specific charge capacities of 47 and 67 mAh/g,
respectively, during 50 cycles at a 100 mA/g current
density. The limited capacity increase of the P-treated
rGO sample relative to the untreated rGO sample
indicates that the P dopant concentration in graphene is
relatively low, in good agreement with the XPS data
presented in Fig. 3(d). This finding also implies that the
P-doped rGO gives only a minor contribution to the
capacity of the synthesized RP/rGO composite [28, 29].
Figure 4(a) shows that the RP/rGO flexible film anode
achieved an average capacity of 1,625 mAh/g during
200 cycles at 1 A/g charge/discharge current density,
which would decrease to 941 mAh/g if calculated
based on the total mass of the free-standing electrode.
The capacity of the present free-standing RP/rGO
film electrode during long cycling tests is comparable
to that of silicon anodes employed in lithium-ion
batteries containing conductive carbon and binder
additives in 15%-20% weight ratio, and becomes

@ Springer | www.editorialmanager.com/nare/default.asp



actually higher if we take into account the weight of
the copper foil used as anode current collector in
traditional battery cells [30-32].

In addition to the capacity, the voltage profiles
provide further details about the electrochemical
sodiation/de-sodiation process in the present anodes.
The voltage profiles corresponding to the cycling per-
formance test of the RP/rGO anode are shown in
Fig. 4(b), with cycle numbers labeled on the side. A
small potential plateau at 0.7 V and the main sodiation
plateau between 0.5 and 0.1 V were observed during
the first sodiation process. The minor plateau at 0.7 V
is due to the formation of the SEI film caused by the
decomposition of the electrolyte, which contributes
to the irreversible capacity in the first cycle. The
disappearance of this plateau in the following cycles
indicates that a stable SEI film was formed. The
discharge curves at the 2nd, 50th, and 200th cycle
consistently present a main plateau at 0.4-0.1 V. All
charge curves exhibit a main de-sodiation plateau at
0.2-0.7 V.

Figure 4(c) shows the results of the rate capability
tests performed with charge/discharge current densities
ranging from 1 to 8 A/g. The anode delivered average
capacities of 1,786, 1,597, 1,324, and 679 mAh/g at
current densities of 1, 2, 4, and 6 A/g, respectively,
while a capacity of ~10 mAh/g was observed at the
current density of 8 A/g. The anode retained a capacity
of ~ 1,640 mAh/g upon switching the current density
back to 1 A/g after 90 cycles. Representative charge/
discharge curves at different current densities are
shown in Fig. 4(d). The enlarged hysteresis between
the charge and discharge curves was attributed to
the higher current densities, and the main sodiation
and de-sodiation plateaus were located at 0.1-0.4
and 0.2-0.7V for all curves. The superior rate
performance discussed above can be attributed to
the significant enhancement in the sodium ion
transport kinetics due to the nanosized RP, and to
the improved rate capability of the whole electrode
associated with the excellent electronic conductance
of the architectural rGO network serving as electron
pathway.

To gain insight into the structural changes in the
RP/rGO anode during long-term cycling, TEM images
and the corresponding EDS elemental mappings of

the electrode were collected after 200 cycles in a fully
sodiated status, as shown in Fig. 5. Before the analysis,
the post-cycling electrode was immersed in electrolyte
solvent overnight to remove the Na salt. The use of
NaClO, as the sodium conducting salt in this study
rules out P signals originating from the electrolyte
salt, as in the case of NaPFs. The post-cycling TEM
and STEM images of a single piece of the RP/rGO
composite are shown in Figs. 5(a) and 5(b). The
corresponding EDS spectrum is presented in Fig. 5(c),
while the elemental mappings are presented in
Figs. 5(d)-5(f) for carbon, sodium, and phosphorus,
respectively. The elemental mapping profile of
phosphorus shows the presence of an RP flake of
micrometer size attached to the graphene sheet,
indicating that agglomeration of RP nanosized particles
took place on the surface of rGO sheets during cycling.
The mapping profiles of three elements reached a
good coincidence, which implies that most of the
active RP material survived during the 200 cycles
performed, and that the architectural structure of
RP/rGO is suitable for long-term cycling.

Although the batteries have achieved considerable
success in both academic and industrial fields, safety
risks associated with the use of highly flammable
liquid organic electrolytes remain a critical issue [33-35].
Many strategies have been explored to overcome this
problem, such as the development of non-flammable
electrolytes [36-39], the addition of flame-retardant
additives to the electrolyte [40—43], and separator
engineering approaches [44—46]. The flame retardancy
of the electrodes is one of the key factors for the design
of safer batteries, as it may prevent flame spreading
after ignition of the electrolyte. Since RP has been one
of the most widely used fire retardants over the past
several decades [11], the flame retardancy of the
RP/rGO composite was investigated by combustion
tests comparing the performance of the RP/rGO film
and a control rGO film. Both films were immersed
in the electrolyte solvent for 3 h before the tests. The
optical images corresponding to the tests at t =0, 0.5,
2, 5, and 10 s are presented in Figs. 6(a) and 6(b) for
the RP/rGO and rGO films, respectively; t = Os is
defined as the time when the flame can be clearly
observed on the films. The flame was fully developed
at 0.5 s, with red-hot edges formed on both films due
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Figure S (a) and (b) TEM and STEM images of the flexible RP/rGO anode after 200 cycles, with corresponding EDS spectrum (c) and
elemental mapping profiles of phosphorus (d), sodium (e), and carbon (f).
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to the combustion of the electrolyte. Afterward, the
flame was attenuated due to exhaustion of the
electrolyte on the surface of (and absorbed by) the
films. Most of the rGO film was burned out from 5 to
10 s, with the red-hot edge moving inward. On the
other hand, the red-hot edge of the RP/rGO film
vanished at ~ 5 s, and only a small portion of the film
was burned out between 5 and 10s. Videos of the
combustion tests can be found in the ESM. The RP/rGO
film achieved excellent flame retardancy because of

v " . .
Figure 6 Combustion tests of RP/rGO flexible film (a) and rGO film (b) at =0, 0.5, 2, 5, and 10 s; # =0 s is defined as the time when
the flame can be clearly observed on the films.

the formation of a phosphoric acid derivative, which
can isolate the burning material from oxygen and
catalyze char layer formation on the material surface,
further preventing flame formation [47, 48].

4 Conclusions

In summary, we have developed a single-step flash-
heat treatment to deposit nanosized RP on the
surface of rGO sheets and in the void spaces between
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rGO layers. Both the RP growth and GO reduction
were completed within the single-step flash-heat
treatment. The nanosized RP not only reduced the
internal stress during sodiation/de-sodiation, leading
to long cycle life, but also decreased the sodium ion
diffusion length, enhancing the transport kinetics.
The RP anode exhibited improved electrochemical
performance, owing to the rGO network that served as
electron pathway and provided excellent mechanical
support to the RP particles in the void spaces between
rGO layers against volume variations during cycling.
The resulting RP/rGO flexible anode delivered specific
charge capacities of 1,786, 1,597, 1,324, and 679 mAh/g
at charge/discharge current densities of 1, 2, 4, and
6 A/g, and an average capacity of 1,625 mAh/g during
200 deep cycles at 1 A/g, which would convert to
941 mAh/g if it was calculated based on the total mass
of the free-standing RP/rGO film electrode. Moreover,
the RP/rGO film also obtained excellent flame retar-
dancy by taking advantage of the RP ingredient. The
superior electrochemical performances of the RP/rGO
flexible film electrode, combined with its improved
flame retardancy, highlight the considerable potential
of these systems for the development of inexpensive,
safe, and wearable Na-based energy storage devices.
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