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Abstract: The synthesis of colloidal nanocrystals (NCs) of
lithiated group 14 elements (Z=Si, Ge, and Sn) is reported,
which are Li,,Si, Li;»sSi, Li,,Ge, and Li,,Sn. Li,Z com-
pounds are highly reactive and cannot be synthesized by
existing methods. The success relied on separating the surface
protection from the crystal formation and using a unique
passivating ligand. Bare Li.Z crystals were first produced by
milling elemental Li and Z in an argon-filled jar. Then, under
the assistance of additional milling, hexyllithium was added to
passivate the freshly generated Li.Z NCs. This ball-milling-
assisted surface protection method may be generalized to
similar systems, such as Na,Z and K.Z. Moreover, Li,,Si and
Li,,Ge NCs were conformally encapsulated in carbon fibers,
providing great opportunities for studying the potential of
using Li.Z to mitigate the volume-fluctuation-induced poor
cyclability problem confronted by Z anodes in lithium-ion
batteries.

Lithium-ion batteries (LIBs) are widely considered to be
crucial energy conversion and storage devices in the global
pursuit of decreasing the dependence on fossil fuels and
increasing clean energy technologies (such as electric vehi-
cles), in order to build an energy-sustainable future.'* To
realize this potential, one of the requirements is to replace the
conventional graphite anode.[**! Among all candidates, three
group 14 elements (Z = Si, Ge, and Sn) have been regarded as
the most promising ones.*'*! Their theoretical gravimetric
charge capacities are 4200, 1625, and 994 mAhg™', respec-
tively, up to ten times higher than that of graphite
(372 mAhg ™). 10 G ig attractive for large-scale appli-
cations, because of its earth abundance, cost-effectiveness,
and well-established commercial history;*>"%1%%! Ge and Sn
are appealing for high-power LIBs, because of their higher
electrical conductivities and Li-ion diffusivity.'%***] Differ-
ent from graphite, Z anodes store Li ions through the alloy-
ing-based conversion mechanism, in which their crystal
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structures change dramatically with the lithiation/delithiation
cycles.® 2281 Consequently, the repeated volume fluctuations
(up to 400 % ) damage the electrode quickly and result in poor
cyclability.***- To date, fundamental studies on Z electr-
odes have provided a good understanding of the failure
mechanism and many mitigation strategies have been
explored.?* 2= However, practical Z anodes are presently
unrealistic; a deeper fundamental understanding and new
mitigation strategies are required.

One promising approach is to study lithiated Z electrodes
(Li,Z). The reasons are as follows. First, in a practical LIB,
Li,Z is equally important as Z for a Z anode, which can start
with either the non-lithiated or the prelithiated states. Second,
evidence is emerging that the premade Li,Z is different from
the in situ electrochemically made Li,Z.***! While Li,Z has
five thermodynamic states (x =4.4, 3.25, 2.33, 1.71, and 1.0)
and one metastable state (Lis;5Si), only Liy4,Z and Li; ;5Z have
been observed in electrochemical cells.*>*! The electrical and
ionic conductivities of Li,Z are several orders of magnitude
higher than those of Z.**%! Delithiation of Li,Z produces
amorphous Z, a form showing superior cyclability compared
to crystalline Z.1%4¢* Thus, the study of premade Li,Z will
deepen and broaden our fundamental understanding of
Z anodes. Third, Li,Z may provide an unusual approach to
effectively accommodate the volume fluctuation. To date, the
most elegant and effective strategy is to preset void space
contiguous to Z nanoparticles, referred to as void space
manipulation.”**! The main advantage of starting with Li,Z is
the possibility of providing adequate void space for every
Li,Z particle regardless of particle size and shape, since the
necessary void space is created through electrochemical
delithiation. This strategy can be denoted as reverse void
space manipulation. In addition, toward large-scale applica-
tions of LIBs, the remarkable advancements in developing
high-performance sulfur cathodes require prelithiated
anodes,® for which Si is the most attractive, as Si and S
offer the highest charge capacity among all solid anode and
cathode materials, respectively.’"? Therefore, it is of scien-
tific and technological importance to systematically study
Li,Z.

For such a study, colloidal Li,Z nanocrystals (NCs) are
desirable, considering three factors. First, NCs may enable
high charging/discharging rates, because of their large surface
areas and small diffusion dimensions for Liions.*?*%
Second, colloidal NCs are preferred structures for an effective
fabrication of Li,Z@carbon core-shell composites,?** in
order to practice the strategy of reverse void space manip-
ulation. Third, colloidal NCs are suitable for individual
particle characterization with in situ imaging techniques,
preferred for mechanistic studies.®1%27:46-53

However, the synthesis of colloidal Li,Z NCs remains
a challenging task. Li,Z compounds are alloyed Li and Z,
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featured with the chemical properties of individual ele-
ments.”! They, like Li, are highly reactive and incompatible
with all conventional ligands, such as carboxylic acids, thiols,
amines, and polyols.”® Therefore, an unconventional strategy
is imperative for synthesizing colloidal Li.Z NCs. To date,
only three methods have been reported to synthesize Li,Z:
melt quenching,F"*? electrochemical lithiation,*>*! and
mechanical ball milling.**%! For melt quenching, the
method used to establish Li-Z phase diagrams,””*Y a post-
synthesis treatment will be necessary to convert the as-
synthesized bulk materials into NCs. Electrochemical lithia-
tion inevitably introduces surface contamination, making
ligand attachment impossible.**!1 In contrast, mechanical
ball milling directly produces NCs; the remaining challenge is
how to attach an appropriate ligand to accomplish the surface
protection,[+3:63-6¢]

Herein we report the synthesis of colloidal Li,Z (Li,,Si,
Li; ,5Si, Li,4Ge, and Li,,Sn) NCs using a two-step protocol:
1) synthesis of bare Li,Z NCs by ball-milling elemental Li and
Z; and 2) surface protection by attaching the ligand hexyl-
lithium (HL) under the assistance of additional milling.
Moreover, Li,,Si and Li, 4Ge NCs are encapsulated in carbon
fibers, creating the opportunity of studying the effectiveness
of reverse void space manipulation.

Figure 1 shows the synthesis of colloidal Li,Z NCs, using
Li,,Si as the model system. The key step of ball-milling-
assisted surface protection is illustrated in Figure 1a. Li,,Si
powder was premade by milling Li grains and Si powder in an
argon-filled milling jar mounted on a high-energy ball mill.
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Figure 1. Synthesis of colloidal Li,Z NCs using Li,,Si as the model
system. a) Cartoon depicting the ball-milling-assisted surface protec-
tion using HL (Li-CgH,3) as the ligand. b) XRD profile of the synthe-
sized colloidal Li,,Si NCs (black) compared to the standard (JCPDS:
04-007-0820). c) TEM image of agglomerated Li,,Si NCs. d) TEM
image of colloidal Li,,Si NCs, where the inset shows an optical image
of the obtained colloidal solution. e) EDX spectrum of colloidal Li, ,Si
NCs. f) FTIR spectrum of colloidal Li,,Si NCs.
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The protocol modified a literature method,'® using hexane
instead of the typically used dodecane as the lubricant in
order to ease the post-synthesis purification, benefiting from
the decreased viscosity and boiling-point of the lubricant.
Then, the ligand HL was added and the mixture was ball
milled again (Figure 1a). Consequently, ball milling con-
stantly separated the previously made and aggregated NCs;
the presence of HL led to an instant and effective surface
protection of the freshly exposed NC surfaces. The obtained
crystalline product was characterized by X-ray diffraction
(XRD) to be phase-pure Li,,Si (Figure 1b), while an
amorphous phase could not be excluded because of its
insensitivity to XRD. Both ball milling and HL-addition were
critical; otherwise, only micrometer-sized aggregates would
be obtained, as shown in the transmission electron microsco-
py (TEM) image (Figure 1c). The obtained colloidal Li,,Si
NCs were highly dispersed (8.3+2.3 nm in diameter) and
soluble in hexane, as shown by a TEM image and an optical
image in Figure 1d. The corresponding energy-dispersive X-
ray (EDX) spectrum (Figure 1e) showed the expected
results: a strong Sisignal originating from the sample, in
which Li was not detectable by EDX; a Csignal from the
carbon support on the Cu grid and the HL carbon chain; and
an O signal from the surface oxidation of Li,,Si and Cu grid.
Furthermore, the Fourier transform infrared (FTIR) spec-
trum (Figure 1 f) confirmed the presence of HL on the surface
of the obtained colloidal Li4,Si NCs, since the presence of free
HL and residual hexane could be excluded on the bases of
their low boiling points and sufficient purification treatment.
The peaks at 2848 and 2916 cm™! were indexed to the C-H
stretching mode (vc_y); the peaks at 1462 and 1376 cm ! were
assigned to the C-H bending mode (J._y); and the peak at
719 cm™! was from the (CH,), rocking mode.[*”

As aforementioned, the high reactivity of Li,Z made it
impossible to use any conventional ligand.”® Thus, our ligand
selection had to focus on compounds containing only C, H,
and Si or Li, to avoid causing detrimental reactions to Li,Z
and introducing impurities to the system. The use of
triethylsilane (TES, Et;SiH) during the synthesis of Li,,Si
produced an unknown compound with a significant amount of
unreacted Si and no Li,Si, as shown by the XRD data in
Figure 2a. TES failed to serve as a ligand and somehow
prevented the formation of Li,Si. In contrast, the use of HL
turned out to be an exciting success, because of two key
features. First, HL can function as a ligand to passivate the
particle surface through Z-LiCcH; bonds, without breaking
the built-in Li—C bonds. Second, the stabilizing solvent for the
HL reagent, hexane, is the preferred lubricant for producing
Li,Z and causes no harm to the synthesis.

With the success of methodology exploration, we tried to
control the sizes of Li,,Si NCs. Three variables were inves-
tigated: 1) the moment of the ligand addition, 2) the size of
the milling balls, and 3) the milling duration. When HL was
added at the beginning of mixing Li and Si, the obtained
product was a mixture of Li;;sSi and Li,,Si, as shown by the
XRD data in Figure 2b. The existence of Li;-sSi was due to
the decreased availability and reactivity of Li resulting from
clustered Li that was strongly passivated by HL.®l In the
literature, it has been found that the size of the milling balls
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Figure 2. XRD data of the products in the course of synthesizing
colloidal Li,,Si NCs. a) TES was added in the first step. b) HL was
added in the first step. c) The milling duration in the second step was
shortened to 50 minutes and prolonged to 200 minutes, respectively.
The standard patterns are for Si (JCPDS: 04-001-7247), Li,,Si (JCPDS:
04-007-0820), Li; ;5Si (JCPDS: 04-007-0820), and Li (JCPDS: 04-007-
4180). The symbols (*) and (m) are assigned to an unknown product
and a Fe (JCPDS: 04-003-7116) contaminant from the milling jar,
respectively.

can affect particle size and size distribution of the
produced NCs.*7 However, when we decreased the
ball size from 12.7 to 6.35 mm during the second step E
of the synthesis, the particle size remained similar
(7.1 £2.6 nm, Figure S1a). This was likely due to the
dwarfed effect of the ball size in a high-energy ball
mill. When the milling duration in the second step was
decreased from the typical value of 100 to 50 minutes,
no well-dispersed NCs could be observed by TEM
(Figure S1b), while the product was still Li,,Si as
shown by the XRD data in Figure 2c. After prolong-
ing the duration to 200 minutes, the product could
only be index to Li (Figure 2¢). Since the starting
material in the second step was premade Li,,Si, it was
surprising to observe its disappearance and the
appearance of Li without signals of crystalline Si.
Our speculation was that extended milling broke
Li,,Si into Li and amorphous Si because of the
presence of HL;*! the upward shift of the diffraction
peak by 0.37° (the inset in Figure 2¢) versus the
standard peak at 38.11° (JCPDS: 04-007-4180) was
ascribed to decreased lattice constants due to the
stress caused by high-energy ball milling.*” In the
future the challenge of size-control will be tackled
again upon access to a planetary ball mill, which is
gentler than the currently used high-energy ball mill.
The method described above for synthesizing
highly dispersed colloidal Li, ,Si NCs was then applied
to synthesize colloidal Li;;5Si, Lig,Ge, and Li,,Sn
NCs, as shown in Figure 3. For Li; 5551, all XRD peaks
(Figure 3a) shifted to smaller angles versus those in
the standard (stick patterns, JCPDS: 04-007-0820),
despite consistent diffraction patterns and relative
intensities. A comprehensive literature survey
revealed that Li;;sSi crystals synthesized using differ-
ent methods, that is, electrochemical lithiation of
crystalline Si (Lis;5Si-c),”" electrochemical lithiation
of amorphous Si (Li;;sSi-a),"”" planetary ball milling
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Recently, Zeng et al. reported that all XRD peaks of Li; ;5Si-c
continuously shifted to larger angles with increasing exter-
nally applied pressure.*’ According to their results*’ we
inferred that Li;;sSi made by different methods possess
different lattice-constants (internal-pressures), increasing
(decreasing) in the order of Lis;sSi-c, Lis;sSi-a ~ Lis ;5Si-hb,
and Li; ;sSi-pb. The corresponding EDX spectrum of colloidal
Li;;sSi NCs (Figure 3b) showed the expected results, as
discussed for Figure 1e. The TEM measurement (Figure 3¢)
showed that the obtained Li;,sSi NCs were spherical particles
with an average diameter of 7.1 £2.5nm. The success of
synthesizing colloidal Li;;sSi NCs was a result of decreasing
the molar ratio of HL:Li;;5Si to 4.8:1 from the typical value of
8.8:1, at which the product was a mixture of Li, Li;;sSi, and
amorphous Si (Figure S2). The reason Li and amorphous Si
was produced was very likely the same as in Figure 2c.
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Figure 3. Characterization of colloidal Li; ;5Si NCs (a—c), Li,,Ge NCs (d—f), and

. : O 2 .
of Li and Cr).lS'Falllne S.l (L13'7551-pb).,[ ] fmd .hlgh- Li,sSn NCs (g-i), using XRD (a, d, and g), EDX (b, €, and h), and TEM (g, f, and
energy ball milling of Li and crystalline Si (Lis7sSi- ). The XRD standards are for Li, ;5Si (JCPDS: 04-007-0820), Li, ,Ge (JCPDS: 04-

hb),™! presented systematic shifts in all XRD peaks. 003-6445), and Li,,Sn (JCPDS: 04-003-6446).

Angew. Chem. Int. Ed. 2014, 53, 14527 —14532

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org 14529


http://www.angewandte.org

14530 www.angewandte.org

Angewandte

Communications

Following the same protocol, colloidal Li, ,Ge NCs (Fig-
ure 3d-f) and Li, ,Sn NCs (Figure 3 g-i) were also synthesized,
as confirmed by XRD, EDX, and TEM. Both materials were
well-dispersed nanospheres with average diameters of 5.3+
1.4 nm for Li,,Ge and 5.3+ 1.1 nm for Li,,Sn, respectively.
The synthesis of Li, ,Sn in the first step required 300 minutes
of ball milling, three times as long as the 100 minutes needed
for Li,,Si and Liy,Ge. If only 100 minutes of ball milling was
applied, the product was a mixture of elemental Sn and Li, ,Sn
(Figure S3). The need for extra milling time to synthesize
Li,,Sn was ascribed to the malleability and larger diameter
(1.0 mm) of the Sn wires used, different from the brittle Si
powder (325 mesh) and Ge grains.

Toward the goal of studying electrochemical properties of
individual particles, we tried to encapsulate the synthesized
colloidal Li,,Si and Li, ,Ge NCs in electrospun carbon fibers
(CFs), using the technique we previously used to load
colloidal Ag NCs in CFs.™ The first step was to fabricate
Li,Z NC-loaded polyacrylonitrile (PAN) fibers, using the
electrospinning setup depicted in Figure 4a. Then, the

a fibers
pump syri\nge \

|
Figure 4. Synthesis and characterization of Li,,Si- and Li, ,Ge-loaded
CFs. a) Cartoon depicting the electrospinning setup, where a syringe is
loaded with an N,N-dimethylformamide (DMF) solution containing
PAN and Li,Z NCs, a syringe pump is used to control the flow rate of
the solution, a copper foil is the fiber collector, and a power supply is
employed to apply a high voltage between the syringe and the copper
foil. b—d) SEM images with lower magnification insets for b) bare CFs,
c) Li,,Si@CFs, and d) Li, ,Ge@CFs.

Li,Z@PAN fibers were heated at 600°C for one hour to
pyrolyze PAN into carbon, producing Li,Z@CFs. After the
carbonization treatment, the HL ligands on the NC surfaces
were expected to pyrolyze without introducing any impurities
into the system, which is highly desirable. PAN was selected
because its derived carbon is widely used to encapsulate
electrode materials for LIBs.>”"! Bare CFs, as shown by the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SEM images in Figure 4b, are featured with smooth surfaces
and straight edges. In contrast, the SEM images in Figure 4¢
present particulate features throughout the CFs, indicating
the encapsulation of Li, 4Si NCs, which is further corroborated
by the Si signal in the corresponding EDX spectrum (Fig-
ure S4a). In the Raman spectra of Li,,Si@CFs and CFs
(Figure S5), the similar D and G bands indicate the compa-
rable carbon quality.”>™ The SEM images of Li,,Ge@CFs
shown in Figure 4d present clearer features of encapsulated
Li,4Ge NCs. Considering the actual sizes (5.3 +1.4 nm) of
colloidal Li,,Ge NCs, we assigned the smaller spherical
features (33 £ 5 nm) to slightly aggregated NCs and the larger
spherical features (80 £+ 8 nm) to heavily aggregated NCs. The
presence of Liy ;Ge NCs in CFs was also supported by a strong
Ge signal in the corresponding EDX spectrum (Figure S4b).
The success of fabricating Li,Z@CFs will allow us to inves-
tigate the reverse void space manipulation concept in the
future.

In conclusion, we have reported an unconventional
method for synthesizing four types of spherical, colloidal
NCs of lithiated group 14 elements (Z=Si, Ge, and Sn),
specifically, Liy,Si (8.3 +£2.3 nm), Liz;sSi (7.1+2.5), Li,,Ge
(5.3+1.4 nm), and Li ,Sn (5.3 + 1.1 nm). The success results
from overcoming the incompatibility of the Li,Z compounds
with all conventional passivating ligands. The first critical
factor is to separate the surface protection from the crystal
formation, that is, bare Li,Z crystals are first produced by
milling elemental Li and Z in an argon-filled jar. The second
factor is the use of a unique passivating ligand, that is,
hexyllithium was mixed with the previously made bare Li,Z
crystals under the assistance of additional milling to passivate
the freshly generated Li,Z NCs. To the best of our knowledge,
hexyllithium as a passivating ligand has not been demon-
strated in the literature; colloidal NCs of binary compounds
of high reactivity as Li,Z have not been reported either. This
ball-milling-assisted surface protection method may also be
applicable for making similar colloidal NCs, such as Na,Z and
K,Z. Moreover, Li,,Si and Li,,Ge NCs were conformally
encapsulated in carbon fibers; our future work is to test the
promise of using these materials to mitigate the volume-
fluctuation-induced poor cyclability problem confronted by
Z anodes in lithium ion batteries.

Experimental Section

Materials: Lithium metal (Li, granular 4-10 mesh, 99 %), silicon (Si,
325 mesh, 99 %), hexane (anhydrous, 95 %), N,N-dimethylformamide
(DMF, anhydrous, 99.8%), polyacrylonitrile (PAN, M, ~150k),
hexyllithium (HL, 2.3M in hexane), and triethylsilane (TES, 99 %)
were purchased from Aldrich. Germanium (Ge, pieces, 99.999 %) and
tin (Sn, 1.0 mm diameter wires, 99.999 % ) were purchased from ESPI.
All chemicals were used as received.

Methods: Colloidal Li,,Si, Li;4sSi, Li, ,Ge, and Li, ,Sn NCs were
synthesized by using a two-step protocol to separate surface
protection from crystal formation. First, bare Li,Z crystals were
produced by milling lithium metal and Z elements*** Second,
hexyllithium was added to passivate the generated Li,Z NCs under
the assistance of additional milling. All syntheses of Li,4Z (and not
Li;;sSi) required 10% of extra lithium beyond stoichiometry.
Typically, the controlled amounts of Li and Z (for instance, 0.2200 g
of Li and 0.1839 g of Si for making Li,,Si) were mixed in an argon-
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filled milling jar, together with 3 mL of hexane as the lubricant to
prevent the Li from sticking to the jar and the balls. The jar was
mounted on a high-energy ball mill (SPEX Sample Prep, Mixer/Mill
8000M) outside of the glove box (MBraun LABstar) to mill
100 minutes for all Li,Z except for Li,,Sn (300 minutes). Afterward,
a hexane solution of 2.3M HL was added at the molar ratio of 8.8:1 for
HL:Li,,Z (or 4.8:1 for HL:Li;,sSi) and the system was milled for
another 100 minutes. The obtained black solution was centrifuged at
14.6 krpm for 20 minutes to collect the precipitate, which was further
purified to remove the excess HL by repeating the hexane dispersion
and centrifugation 3—4 times. Finally, the obtained colloidal Li,Z NCs
were dispersed in hexane for characterization.

Li,,Si and Li, ;,Ge NC-loaded carbon fibers (CFs) were synthe-
sized by the electronspinning technique. First, two stock solutions of
Li,,Si (or Li; 4Ge) NCs in DMF and PAN in DMF were made. Then,
they were mixed and stirred for 10 minutes to get a homogenous,
viscous solution containing 1 wt% of Li,,Si (or Li,,Ge) NCs and
12 wt % (or 14 wt %) of PAN. This solution was loaded into a luer lock
syringe with a stainless steel needle (14 gauge, ID =1.70 mm). A flow
rate of 1.5 mLh™ was applied using a syringe pump (New Era Pump
Systems, Inc.) to provide a constant flow rate. A direct voltage of
20kV was applied using a Gamma high-voltage research power
supply (model ES40P-20W/DAM, Ormond Beach, FL) between the
needle and the copper foil collector positioned 10 cm away. The
charged solution was sprayed out of the syringe and turned into fibers
on the copper foil, due to the evaporation of DMF during the flight.[!
The synthesized fibers were then heated under argon in a tube
furnace for 30 minutes at 250°C to stabilize PAN and for 60 minutes
at 600°C to carbonize PAN, producing Li,Z@C fibers.

Sample analysis and characterization: X-ray diffraction (XRD)
patterns were collected on a Philips X'Pert X-Ray diffractometer
using Cu K, radiation (4 =0.154054 nm). The samples were prepared
in an argon-filled glove box by drop-casting Li,Z colloidal solutions
onto glass substrates. To prevent detrimental reactions due to the
inevitable air exposure during measurements, the dried samples were
immediately wetted with a few drops of mineral oil in the glove box.
The background contribution from mineral oil was featured with
a broad peak centered at 17.2° with a width from 10 to 25° and
corrected before analysis. Transmission electron microscopy (TEM)
was performed on a Phillips CM200 microscope with a built-in
energy-dispersive X-ray (EDX) spectrometer (Princeton Gamma-
Tech Prism). TEM samples were prepared in an argon glove box, by
dropping Li,Z colloidal solutions onto 400-mesh carbon-coated
copper grids (Electron Microscopy Sciences, CF400-Cu). Fourier
transform infrared (FTIR) spectroscopy was taken on a Thermo
Scientific Nicolet iS50 spectrometer using the attenuated total
reflection (ATR) mode for powder samples at a spectral resolution
of 2 cm™'. Scanning electron microscopy (SEM) images were taken on
a field emission scanning electron microscope (FESEM, JEOL JSM-
7000F). The particle sizes and size distributions of the synthesized
Li,Z NCs in the TEM images were analyzed using ImagelJ software
(National Institute of Heath, version 1.45s). The diameters of the
NCs were calculated from the two-dimensional projections.
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