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CoF,, with a relatively high theoretical capacity (553 mA h g™3), has been attracting increasing attention in
the energy storage field. However, a facile and controllable synthesis of monodispersed CoF, and CoF,-
based nano-heterostructures have been rarely reported. In this direction, an eco-friendly and precisely
controlled colloidal synthesis strategy to grow uniformly sized CoF, nanorods and LiF-tipped CoF,-
nanorod heterostructures based on a seeded-growth method is established. The unveiled selective
growth of LiF nanoparticles onto the two end tips of the CoF, nanorods is associated with the higher

energy of tips, which favors the nucleation of LiF nanocrystals. Notably, it was found that LiF could

Received 19th July 2022 ) . - )
Accepted 25th September 2022 protect CoF, from corrosion even after 9 months of aging. In addition, the as-obtained heterostructures

were employed in supercapacitors and lithium sulfur batteries as cathode materials. The heterostructures
DOI: 10.1035/d2sc04008e consistently exhibited higher specific capacities than the corresponding two single components in both

rsc.li/chemical-science types of energy storage devices, making it a potential electrode material for energy storage applications.
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Introduction

Heterostructures with two or more components, which possess
synergistic chemical and physical properties than individual
components, have always been attracting the interest of
researchers."™ Heterojunctions within these structures may
endow better electrical conductivity® and faster ionic transport,
benefiting advanced applications in catalysis®® and electro-
chemistry.>*® Although many studies have been conducted on
the construction of heterostructures, the controlled synthesis of
high-quality heterostructures through colloidal chemistry has
always been challenging."*"*

It is known that the oxides, sulfides, and phosphides of
cobalt have been widely used in energy storage devices and
researchers have designed some efficient strategies for boosting
their performance. Therefore, the development of synthesis
strategies for heterostructures was taken widely as a feasible
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and efficient method, including Co;0,/CoMo0O, for lithium-ion
batteries,** CoO/Co-Cu-S for hybrid supercapacitors,” CogSg/
CoO for lithium sulfur batteries,*® CoP/Co,P for magnesium/
seawater batteries,"”” to name a few, and the hybrid compo-
nents mentioned above exhibited better performance than their
single components.

In addition to the cobalt compounds mentioned above,
CoF,, which was used for Li(Na)-ion batteries as a cathode
material because of its relatively high theoretical capacity (553
mA h g"), has attracted the attention of researchers
recently.’®**" However, the poor conductivity and short-term
cycles limit its further applications. In order to improve the
performance of CoF, as an electrode material, some strategies
have been reported.***>** Evidently, it has been challenging to
obtain monodispersed CoF, nanostructures according to the
previously reported synthetic methods. Additionally, in these
wet chemical synthesis methods, environmentally unfriendly
HF and NH,F were always used as fluoride sources or TOPO
(trioctyl phosphorus oxide) solvents. On the other hand, CoF,
prepared through annealing encounters the size uniformity
issue and cannot provide an ideal building block for further
nanoarchitecturing (Table S1f). To sum up, a precise green
synthesis of CoF, with functional nano-heterostructures has
been rarely reported to date, which is probably associated with
its strong ionic bonds, unconducive to the construction of
heterostructures.>

In this study, monodispersed CoF, nanorods were synthe-
sized by developing a facile colloidal synthesis strategy using
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trifluoroacetates as precursors. Then, the CoF, nanorods were
used as the template for constructing the CoF,-LiF rod-like
heterostructure by injecting a lithium trifluoroacetate solu-
tion. The heterostructure was composed of CoF, nanorods and
LiF nanoparticles growing at the two end tips of the rod.
Importantly, the morphology of heterostructures could be
controlled via adjusting the amount and timing of the injected
lithium trifluoroacetate solution. The formation mechanism of
heterostructures was investigated in detail, and it was found
that the LiF particles preferentially grew at the tips of CoF,
nanorods because of the higher energy compared with that of
the body. Furthermore, the heterostructure was applied in
supercapacitors and lithium sulfur batteries and consistently
manifested a higher specific capacity than the two single
components, making it a potential electrode material for energy
storage devices.

Results and discussion

The synthesis process of rod-like CoF, and CoF,-LiF hetero-
structures is shown in Scheme 1. 1 mmol of Co(TFA), (cobalt
trifluoroacetat) was dissolved in 3 mL of OA (oleic acid), 3 mL of
OM (oleylamine) and 6 mL of ODE (1-octadecene) with vigorous
stirring at room temperature to form a homogeneous solution.
Then, the purple solution was heated to 120 °C and kept for
0.5 h under vacuum to remove dissolved water and oxygen from
the solvents. Next, nitrogen was introduced and the solution
was heated rapidly to 320 °C and maintained for 1 h to harvest
CoF, nanorods (Scheme 1a). At this moment, 2 mL (OA/OM/
ODE = 0.5/0.5/1 mL) of solution B (lithium trifluoroacetate
solution) was injected rapidly and reacted for 5 min to obtain
CoF,-LiF heterostructures (Scheme 1b). Scheme 1c and 1d show
the TEM (transmission electron microscope) images of prod-
ucts obtained before and after the injection of solution B. It
could be seen that particles grew at both the tips of nanorods

a b

1 & Li(TFA)

100 nm

Scheme1l Schematic of the synthesis of CoF, nanorods and CoF,—LiF
heterostructures.
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after injecting 2 mL of solution B with a well retained rod-like
morphology for heterostructures.

The magnified TEM image of CoF, (Fig. 1a) shows a uniform
rod-like morphology with length and diameter around 180 nm
and 10 nm, respectively (ESI, Fig. S1f). The self-assembly
behavior of the nanorods indicates their high uniformity.
Fig. 1b shows the TEM image of the products after solution B
0.05 (details shown in the Experimental section) was injected. It
is evident that the products still present the rod-like
morphology without other byproducts. Fig. 1c indicates that
the products consist of two parts: body and tips. The dark field
TEM image (Fig. 1d) further verifies the formation of hetero-
structures. Elemental mapping results confirm that F and Co
elements co-exist at the body parts (note that Li element cannot
be detected by EDS (energy-dispersive X-ray spectroscopy)). The
lattice fringes were obtained from HR-TEM (high-resolution
TEM) (ESI, Fig. S27), and the interplanar distance of 0.20 nm
could be ascribed to the (200) facet of LiF and 0.33 nm attrib-
utable to the (110) facet of CoF,. Furthermore, the signal of Li
could be detected through XPS (X-ray photoelectron spectros-
copy), indicating the presence of Li (ESI, Fig. S31). XRD (X-ray
diffraction) patterns of samples corresponded well to the stan-
dard cards of CoF, (JCPDS# 24-03289) and LiF (JCPDS # 04-
0857), indicating that tetragonal CoF, (a = b = 4.695 A, ¢ = 3.179
A,a=f=y=090°and cubicLiF (a=bh=c=4.027 A, a ==y
= 90°) have been synthesized (Fig. 1e).

A series of condition dependent experiments were designed
to uncover the growth mechanism and simultaneously optimize
the synthesis process for the monodispersed CoF, nanorods.
TEM images of products obtained under different temperatures
are shown in Fig. S4 (ESIT). When the reaction temperature was
260 °C, the products had no clear-defined shapes (ESI,
Fig. S4at). When the temperature increased to 300 °C, it could
be observed that most of the products were nanorods but were
accompanied by some small particles (ESI, Fig. S4b¥). Besides,
the concentration of precursors played an important role in the
formation of high-quality CoF, nanorods. When solvent

-
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Fig. 1 TEM images of (a) CoF, nanorods and (b and c) CoF,-LiF
heterostructures. (d) Dark field TEM images and the corresponding
element mapping spectra of CoF,-LiF heterostructures. (e) XRD
patterns of CoF, nanorods and CoF,—LiF heterostructures.
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components (OA/OM/ODE = 10/10/20 mmol) and temperature
(320 °C) were fixed, using 0.5 mmol of Co(TFA), for the reaction,
irregular nanoparticles were obtained (ESI, Fig. S5at). When
2 mmol of Co(TFA), was added, nanorods and nanoparticles
coexisted in the products (ESI, Fig. S5bt). Therefore, 1 mmol of
Co(TFA), was the optimized concentration for the preparation
of uniform CoF, nanorods in this synthesis.

Time-dependent experiments were further carried out to
study the formation process of CoF, nanorods (Fig. 2). At the
beginning of the reaction (0 min), no precipitation was obtained
after centrifugation, which could be due to the size of the
products being too small to separate from dispersion. When the
reaction time was extended to 20 min, nanorods started to
appear (Fig. 2a). However, the morphology and size of products
were not uniform at this stage. When solution A (details shown
in the Experimental section) was kept at 320 °C for 40 min,
nanorods in the products and a few irregular byproducts were
obtained (Fig. 2b). Till the reaction was carried out for 60 min,
the products consisted of uniform CoF, nanorods (Fig. 2c),
hinting that Ostwald ripening was well controlled.”® Further,
solution B 0.05 was injected into solution A rapidly and kept for
5 min, and the LiF nanoparticles grew at both the tips of CoF,
nanorods (Fig. 2d). Further, the growth time for the reaction
with the injected solution B 0.05 was extended to 1 h, and there
was no particle growth around the sides of CoF, nanorods (ESI,
Fig. S671). Therefore, the amount of Li(TFA) injected had
a distinct effect on the morphology of products. When solution
B 0.01 was injected, no LiF particles were observed on CoF,
nanorods (Fig. 2e). When solution B 0.1 (details shown in the
Experimental section) was injected into solution A, LiF particles
grew around CoF, nanorods as well as at both the tips (Fig. 2f).
Notably, the LiF particles were not observed growing at just one
tip, indicating that the two tips possess equal opportunity to
allow the nucleation-to-growth of LiF particles on the top.

What products would be obtained by injecting Li(TFA)
solution before the formation of CoF, nanorods? Uniform
sphere-like heterostructures were synthesized as shown in
Fig. S7 (ESIt). In addition, with the increase in the concentra-
tions of precursors, the amounts of corresponding components
in heterostructures also increased (ESI, Fig. S87). In order to

Fig. 2 TEM images of CoF, nanorods: (a) 20 min, (b) 40 min, and (c)
60 min. TEM images of products obtained by injecting solution B
(containing different amounts of Li(TFA)) into solution A: (d)
0.05 mmol, (e) 0.01 mmol, and (f) 0.1 mmol.
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verify the good affinity between CoF, and LiF, the Co(TFA),
solution was injected into the Li(TFA) solution and kept for
30 min. In addition, the TEM image shows that the sphere-like
heterostructures were still obtained (ESI, Fig. S91). Further-
more, CoF,-LiF heterostructures were synthesized by a one-pot
method instead of the hot injection method. Further, the TEM
image shows that the morphology and size of products are less
uniform (ESI, Fig. S10at), which could be due to the interfer-
ence of nucleation and growth between the products. Interest-
ingly, when the given molar ratio of Co(TFA),/Li(TFA) was set at
2/1, bamboo-like heterostructures could be obtained (ESI,
Fig. S10b and ct). It could be seen that the products consisted of
CoF, and LiF alternately, and the connecting part was LiF,
which further indicated that the tips of CoF, were easier to
combine with LiF. Finally, the role of temperature and solvents
was studied. In order to avoid the irregular nanoparticle growth
at lower temperatures, the temperature was kept at 320 °C (ESI,
Fig. S117), where the heterostructure formation was dominated
by thermodynamics. As observed, when the amount of either OA
or OM increased, irregular heterostructures and particles were
obtained. (ESI, Fig. S12a and bt). Additionally, there were
nanosheets and tiny particles obtained without ODE (ESI,
Fig. S12ct). To sum up, the optimized solvent components of
OA/OM/ODE = 10/10/20 mmol are responsible for the mono-
dispersed CoF, nanorod growth below 320 °C.

Impressively, the morphology of heterostructures was intact
even after more than 9 months of storage (Fig. 3a). In contrast,
both the ends of pure CoF, nanorods were corroded (Fig. 3b).
This result strongly proved that LiF could effectively protect
CoF,. On the other hand, the two ends of pure CoF, rods were
more active than the main body because either the formation of
heterostructures or the corrosion started from the two tips of
nanorods. Although LiF could not be found at the tips of CoF,
nanorods from the TEM image (Fig. 3c) when solution B 0.01
was injected into solution A, the two tips of this sample were not
corroded after 9 months, implying that both the tips of CoF,
nanorods were covered by LiF actually. The lattice fringes of

AA
e AAy

) Li(TFA) il &
g — CoF, '

‘:AAA :

LiF i

S ) A monomers !

1

N LiF

Fig. 3 TEM images of samples after 9 months: (a) CoF,—LiF hetero-
structures (0.05 mmol), (b) CoF, nanorods, (c) CoF,-LiF hetero-
structures (0.01 mmol), (d) HR-TEM image of CoF,-LiF
heterostructures (0.05 mmol), and (e) schematic of the formation of
CoF,—-LiF heterostructures.
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0.33 nm correspond to that of the (110) facet of CoF, (Fig. 3d).
Based on the above mentioned results, a mechanism for the
CoF,-LiF heterostructure formation is described (Fig. 3e): the
tips of CoF, nanorods have higher energy, even when a little
amount of Li(TFA) solution (0.01 mmol) is injected, and LiF
particles would grow at the two tips of CoF, nanorods. This may
result from the decomposition products of Li(TFA) attacking the
tips of CoF, nanorods preferentially, forming nucleation sites
for the LiF growth.***” Further, the LiF nanoparticles continued
to grow when there were excess amounts of Li(TFA) (0.05 mmol)
in the reaction system. Furthermore, the LiF particles would
nucleate and grow at the body of CoF, nanorods under the
supply of more Li(TFA) (increased to 0.1 mmol) after the two tip
ends were covered by LiF.

The electrochemical performances of samples (LiF (details
shown in the ESI, Fig. S131), CoF,, and CoF,-LiF) as electrode
materials were investigated using cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) characterizations. The CV curves
of samples measured at a scan rate of 5 mV s~ ' are shown in
Fig. 4a. Apparently, the rod-like CoF,-LiF heterostructure elec-
trode exhibits larger CV areas than other electrodes, indicating
that the heterostructures lead to a higher capacitance.®*® The
three distinct redox peaks of CoF, nanorods and CoF,-LiF
heterostructures indicate that CoF, undergoes two sequential
electron transfer steps (from Co** to Co®* to Co*"), and they

possess faradaic battery-type redox capacitive
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Fig. 4 (a) CV curves of LiF, CoF,, and CoF,-LiF at a scan rate of 5 mV

s7% (b) CV curves of CoF,—-LiF heterostructures at different scan rates,
(c) GCD curves of LiF, CoF,, and CoF,—-LiF at a current density of 1 A
g%, (d) GCD curves of CoF,—LiF heterostructures at different current
densities, (e) the specific capacities of CoF, and CoF,—-LiF at different
current densities, and (f) equivalent circuit diagram and Nyquist plots of
LiF, CoF,, and CoF,-LiF.
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characteristics.”?*?*° Fig. 4b shows the CV curves of the CoF,-LiF
heterostructure electrode at scan rates from 5 to 30 mv s~ . All
CV curves present a similar profile indicating good circulation
reversibility.> Moreover, the peak currents gradually improve
with the increased scan rates, which are mainly related to the
polarization of electrodes.**** The GCD curves of samples
measured at 1 A g~ ' quantify their specific capacities as shown
in Fig. 4c. The nonlinear GCD curves further confirm the fara-
daic battery-type redox capacitive behavior, which agrees with
CV curves. The CoF,-LiF heterostructure electrode enables
longer discharge time than other electrodes, corresponding to
a higher capacitance. Fig. 4d demonstrates the GCD curves of
CoF,-LiF heterostructures at different current densities. The
approximately symmetric charge-discharge curves verify elec-
trochemical reversibility and good rate performance. The
specific capacities calculated from the GCD curves are plotted in
Fig. 4e. Notably, the CoF,-LiF heterostructure electrode
consistently exhibits higher specific capacity than the CoF,
electrode at the same current density. The specific capacity of
the CoF,-LiF heterostructures is 32 mA h g~ (specific capaci-
tance is 200 F g~ ') at a current density of 1 A g, which is
comparable to that has been reported (Table S2t). The cycling
stability of CoF,-LiF and CoF, was also evaluated as shown in
Fig. S14 (ESIf), and it can be seen that at both the initial
discharge time and the discharge time after 50 cycles, the het-
erostructure is longer than CoF,, indicating a higher specific
capacitance. By calculating the discharge time of CoF,-LiF and
CoF,, the specific capacitance after 50 cycles was obtained as
88% and 90%, respectively. Therefore, the cycling stability of
the two samples is subequal, and the heterostructures just
improve the specific capacitance of CoF,. Fig. 4f shows the EIS
spectra in the Nyquist plot, which consists of a semicircle and
an inclined line. The semicircle at high frequency reflects
internal resistance related to the charge transfer (R.) between
the electrode surface and electrolyte.**** The smaller semicircle
indicates better electrical conductivity. According to the fitting
results (Table S31), the CoF,-LiF heterostructure electrode has
a smaller equivalent series resistance, which means that it had
a higher current density at the same voltage. Combined with the
reported studies, we suggest that the reason for the better
performance of the heterostructures is that the unique hetero-
geneous architecture could enhance the charge transfer
efficiency,**® resulting in a higher specific capacity.

According to the obtained results (the CoF,-LiF hetero-
structures exhibited higher specific capacity than CoF,), the CoF,-
LiF sample with higher electrochemical activity was further
studied in the Li-S battery. To date, CoF,, as an electrode material
for fluoride-lithium and lithium-ion batteries,'®2°?*32 has been
rarely reported for Li-S batteries. In this study, the synthesized
rod-like CoF, and heterostructured CoF,-LiF samples were used
as additives in sulfur cathode materials for Li-S batteries, and the
corresponding discharge-charge tests were performed at room
temperature. Fig. 5 shows the galvanostatic discharge-charge
curves of Li-S batteries using sulfur cathodes with CoF,-LiF and
CoF, samples, respectively, at 0.1 C. The discharge-charge curves
of the two materials are of similar trend, and the specific capacity
increases gradually from the first cycle to the third cycle, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Galvanostatic charge/discharge curves at 0.1 C rate of (a)
CoF,-LiF and (b) CoF,.

may be attributed to the activation process of the sulfur cathode.
Fig. 5a shows the specific capacity of CoF,-LiF increasing from
585 mA h ¢! to 716 mA h g™, which is superior to the specific
capacity of CoF, (i.e., from 445 mAh g~ ' to 506 mA h g~ as shown
in Fig. 5b), indicating that the CoF,-LiF heterostructure also
improves the electrochemical performance of the Li-S battery.
The cycle performance and rate of Li-S battery were evaluated
(ESI, Fig. S157), and the results indicate that the specific capaci-
tance of heterostructures is higher than that of CoF, at 0.1 C. At
different rates, the heterostructures show higher discharge
capacity, which may be due to the CoF,-LiF heterostructures
accelerating the electron transport and benefiting the electro-
chemical reaction kinetics of Li-S cells.**** Therefore, CoF,-LiF
heterostructures could realize better electrochemical activity.
Consequently, this method is expected to expand the application
of transition metal fluorides to other energy storage devices.

Experimental

Chemicals

Oleic acid (OA) (90%, Sigma-Aldrich), oleylamine (OM) (70%,
Sigma-Aldrich), 1-octadecene (ODE) (90%, Aladdin), Co(OH),
(98%, Meryer), trifluoroacetic acid (TFA) (99%, Macklin),
lithium trifluoroacetate (Li(TFA)) (97%, Macklin) n-hexane (AR,
Aladdin), deionized water, ethanol (95%, Tianjin Concord
Technology Co. Ltd), polytetrafluoroethylene (PTFE) (60%, Xiya
Reagent), carbon papers (TGP-H-0600, Toray Industries, Inc.),
Ketjen black (ECP 200L), and KOH (95%, Macklin) chemicals
were used in for the experiments. All the reagents and solvents
were used directly without further purification.

Preparation of cobalt trifluoroacetate (Co(TFA),)

10 mmol of Co(OH), and 10 mL of deionized water were weighed
and transferred to a 100 mL beaker. Then, the mixture was
heated to 50 °C with magnetic stirring. Next, 10 mL of tri-
fluoroacetic acid was dropped and kept for 10 min to form
a homogeneous dark red solution. The hot solution was filtered
three times to remove impurities and dried to a pink solid at 140
°C. The solid was transferred to a mortar and ground to powder.
The final product was stored in a glass bottle and kept in a dryer.

Synthesis of CoF, nanorods

1 mmol of Co(TFA), was dissolved in OA/OM/ODE (10/10/20
mmol) in a 50 mL three-neck flask at room temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Then, the mixture was heated to 120 °C to remove water and
oxygen under vacuum with vigorous magnetic stirring (800 rpm)
for 30 min to form a dark purple homogeneous solution. The
solution was heated to 320 °C at a heating rate of 20 °C min "
and kept for 1 h under N, atmosphere (noted as solution A).
After cooling to room temperature, the products were washed
with n-hexane/ethanol and centrifuged at 6000 rpm. Further,
the precipitate was dispersed in n-hexane by ultrasonication.
One drop of this dispersion was taken on a copper grid for
morphology characterization.

Synthesis of LiF nanoparticles

The synthetic procedure was similar to that for CoF, nanorods
except that the precursor was 1 mmol of Li(TFA) and main-
tained at 320 °C for 10 min.

Synthesis of CoF,-LiF heterostructures

The synthetic procedure was similar to that of CoF, nanorods
except that the solution consisting of 0.01/0.05/0.1 mmol of
Li(TFA) and OA/OM/ODE (1.5/1.5/3 mmol) (noted as solution B
0.01/0.05/0.1, respectively) was injected to solution A and kept
for 5 min.

Electrochemical measurements

The electrochemical characterization of samples was performed
in a three-electrode system with 1 M KOH as the electrolyte. A
Hg/HgO electrode and platinum plate were used as the refer-
ence and counter electrodes, respectively. The working elec-
trode was prepared by mixing samples, ketjen black, and 5%
PTFE with a weight ratio of 7:2:1. The mixture was pressed
onto a carbon paper (0.5 cm x 1 cm). The cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) measurements were
performed on an electrochemical workstation (CHI 660E) at
room temperature.

Characterization

The morphology and energy-dispersive X-ray spectroscopy (EDS)
results of the samples were investigated using transmission
electron microscopy (TEM) and high-resolution TEM (HR-TEM)
on a HT-7800 (Hitachi, Japan) and JEM-2800 microscope (JEOL,
Japan), operating at an acceleration voltage of 200 kv. The
crystalline structures of the obtained samples were tested by X-
ray diffraction (XRD) on a Rigaku Smart-lab X-ray diffractometer
(Rigaku, Japan) with Cu Ka. radiation (1 = 1.5406 A, 20 mA, and
40 kV). X-Ray photoelectron spectroscopy (XPS) was performed
using an ESCALAB 250Xi spectrometer using a monochromatic
Al Ko X-ray source (hv = 1486.6 eV) as the excitation source
(Thermal Scientific, USA).

Conclusions

In conclusion, we developed a facile but robust method to
precisely synthesize well-defined LiF-tipped CoF,-nanorod het-
erostructures. The formation mechanism of heterostructures
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was unveiled, showing that the selective growth of LiF nano-
particles onto the two tips of CoF, nanorods is associated with
the higher energy of the tips, favoring the nucleation-to-growth
of LiF nanocrystals. Unexpectedly, LiF was observed to be able
to obviously protect CoF, nanorods from corrosion after long
time aging. After the heterostructures were applied as super-
capacitor and cathode materials for lithium sulfur batteries,
they exhibited higher specific capacity than the corresponding
single components, making them a potential electrode material
for the next-generation energy storage. This study opens the
avenue to construct advanced well-defined heterostructures and
extends to various potential applications.
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