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ABSTRACT: Metal fluorides (MFx) are one of the most
attractive cathode candidates for Li ion batteries (LIBs) due to
their high conversion potentials with large capacities. However,
only a limited number of synthetic methods, generally
involving highly toxic or inaccessible reagents, currently exist,
which has made it difficult to produce well-designed
nanostructures suitable for cathodes; consequently, harnessing
their potential cathodic properties has been a challenge.
Herein, we report a new bottom-up synthetic method utilizing
ammonium fluoride (NH4F) for the preparation of anhydrous
MFx (CuF2, FeF3, and CoF2)/mesoporous carbon (MSU−F−
C) nanocomposites, whereby a series of metal precursor
nanoparticles preconfined in mesoporous carbon were readily
converted to anhydrous MFx through simple heat treatment with NH4F under solventless conditions. We demonstrate the
versatility, lower toxicity, and efficiency of this synthetic method and, using XRD analysis, propose a mechanism for the reaction.
All MFx/MSU−F−C prepared in this study exhibited superior electrochemical performances, through conversion reactions, as
the cathode for LIBs. In particular, FeF3/MSU−F−C maintained a capacity of 650 mAh g−1FeF3 across 50 cycles, which is ∼90%
of its initial capacity. We expect that this facile synthesis method will trigger further research into the development of various
nanostructured MFx for use in energy storage and other applications.
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1. INTRODUCTION

The development of high-capacity electrode materials for Li ion
batteries (LIBs) is essential to meeting the increased energy
consumption of portable devices, the rapid growth of electrical
vehicles, and the demand for advanced energy storage
systems.1,2 To replace the existing Li ion intercalation materials
that have intrinsic capacity limitations, many researchers have
focused on new electrode materials reacting through conversion
or alloying reactions, which are able to take up multiple Li ions
per unit formula.3,4 Various materials, such as metal oxides,5−7

metal sulfides,8−10 metal nitrides,8,11,12 and group 14 elements
(Si, Ge, and Sn),13−18 have been studied repeatedly in recent
years. However, because the average operating voltages of these
materials are generally low (vs Li/Li+), most studies
concentrated on anode materials. Therefore, exploitation of
new conversion or alloying reaction-based cathode materials
that exhibit high operating voltage with large capacity is one of
the most urgent challenges we face today.

Among various metal compounds, metal fluorides (MFx) are
promising cathode candidates for LIBs as they exhibit high
operating voltages as well as large specific capacities (Figure
1).3,19 The high ionicity of the metal−fluoride (M−F) bond
results in it displaying higher reaction potentials than other
metal compounds, with two to three Li ions per formula unit
participating in the electrochemical processes through con-
version reactions.20−22 Specifically, CuF2 has the highest
theoretical voltage (3.55 V vs Li/Li+) among binary MFx as
well as a large specific capacity (528 mAh g−1; CuF2 + 2 Li+ + 2
e− ↔ Cu + 2 LiF). FeF3 has one of the largest theoretical
energy densities (1951 Wh kg−1; FeF3 + xLi+ + xe− ↔ LixFeF3
// LixFeF3 + 3−x Li+ + 3−x e− ↔ Fe + 3 LiF) among the MFx
family. Some different kinds of metal fluorides, such as CoF2,
also have large specific capacities (>500 mAh g−1; CoF2 + 2 Li+
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+ 2 e− ↔ Co + 2 LiF) with high theoretical operating voltages
(>2.5 V vs Li/Li+).23

However, the low electronic conductivity and poor kinetics
of the conversion reactions are critical shortcomings of MFx as
cathodes for LIBs.3,24 Thus, the nanostructuring of MFx with
conducting materials is considered a prerequisite for their
application.20,25 However, compared to other metal com-
pounds, there are few established methods for preparing MFx
nanocomposites. For example, in the case of CuF2, only top-

down approaches (e.g., ball milling of bulk materials) have been
reported for the preparation of nanocomposites;26−30 this
method can neither control the morphology of the particles nor
fabricate designed nanostructures.31 CoF2 could be obtained via
synthetic methods other than the aforementioned top-down
approach; however, established coprecipitation or supercritical
fluid method resulted primarily in aggregated or large-sized
CoF2 nanoparticles.32−34 Although many studies related to
FeF3 have been reported,35−48 highly toxic materials,35−40

expensive precursors,41−46 and complicated processes47,48 were
required for its synthesis, and the obtained nanostructures were
also limited. Moreover, MFx could be easily defluorinated
during the heat treatment process for post carbon coating;
which may be one of the main obstacles for preparing MFx
electrodes. For these reasons, the synthesis of MFx nano-
composites suitable for use as cathodes for LIBs has been
difficult over the past several decades. Consequently, most
studies have focused on a limited material (FeF3) within the
range of intercalation reactions,35,40,44−49 and inferior electro-
chemical performances were inevitable when conversion
reactions progressed.36,38,39,50 Few reports have evaluated
CuF2 and CoF2 for LIBs and have presented only the first
discharging step at very slow current rates26−29 or have shown
that the capacity decreases abruptly in subsequent
cycles.30,32−34 In this sense, to fully utilize the advantages of
MFx cathode materials, a facile and general synthetic method
for various anhydrous MFx needs to be developed; furthermore,
the resulting MFx must exhibit not only high capacities based
on conversion reactions but also stable cycling properties.

Figure 1. Voltage vs capacity of main intercalation materials and metal
compounds. The represented points for metal fluorides,23 metal
sulfides,23 metal nitrides,24 metal oxides,23,24 alloying materials,13 and
main intercalation materials2 are based on theoretical capacities and
average operating voltages (Adapted from refs 2 and 24 with
permission from Royal Society of Chemistry and refs 13 and 23
with permission from Elsevier).

Figure 2. (a) Synthetic procedures for MFx−mesoporous carbon nanocomposites (MFx/MSU−F−C). (b) XRD patterns of CuF2/MSU−F−C and
bulk−CuF2. (c) XRD patterns of FeF3/MSU−F−C and bulk FeF3. Asterisks indicate peaks from (NH4)0.18FeF3. (d) XRD patterns of CoF2/MSU−
F−C and bulk−CoF2. Asterisk indicates a peak from Co3O4. MFx synthesized using only metal precursors and NH4F (without MSU−F−C) are
designated as bulk−MFx. Information about standard patterns of copper compounds was obtained from CuF2 (JCPDS no. 81-0486), FeF3 (JCPDS
no. 88-2023), and CoF2 (JCPDS no. 81-2033).
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In this study, to address these critical issues and realize
potential cathodic performance of MFx in LIBs, we have
developed a new bottom-up approach using ammonium
fluoride (NH4F) to synthesize anhydrous MFx(CuF2, FeF3,
and CoF2)/mesoporous carbon(MSU−F−C) nanocomposites.
We discovered that various metal precursor nanoparticles
preconfined in mesoporous carbon can be directly converted to
anhydrous MFx by simple heat treatment with NH4F under
solventless conditions. XRD analysis showed that, upon
reaction with NH4F, metal precursors were converted to the
corresponding ammonium metal fluorides, (NH4)xMFy,
followed by decomposition to the desired anhydrous MFx
during further heat treatment. In this approach, the versatility
of the synthetic method, mild toxicity of the process, and
negligible product loss are considered distinctive advantages.
Furthermore, when employed as the cathodes of LIBs, these
well-dispersed MFx nanoparticles in MSU−F−C exhibited not
only large discharge capacities through conversion reactions but
also superior cycle performances and rate capabilities, all of
which are electrochemical properties that have not been seen
previously in these materials. Especially, FeF3/MSU−F−C
maintained a capacity of 650 mAh g−1FeF3 across 50 cycles,
which is ∼90% of its initial capacity. We expect that this facile
synthetic method will initiate further research into the
development of various nanostructured metal fluorides for
use in energy storage and other applications.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Metal Fluoride/Mesoporous Carbon

Nanocomposites (MFx/MSU−F−C). To confine nanosized
active materials into the pores with high dispersibility and to
provide an electron-conducting pathway, mesoporous carbon
(mesocellular carbon foam, MSU−F−C)51,52 was used as a
support for the MFx. The procedure developed for MFx/
MSU−F−C synthesis is depicted in Figure 2a. The metal
precursors were incorporated into the pores of MSU−F−C by
impregnation of the ethanolic metal nitrate solution. The
precursor solution was easily diffused into the pores of MSU−
F−C by capillary forces. The target MFx loading was 55 wt %,
and the number of moles of metal precursor used was equal to
the desired number of moles of MFx. After the evaporation of
solvent followed by further drying at 80 °C (designated as
metal precursor/MSU−F−C), the metal precursors were
incorporated into the pores of MSU−F−C. The resultant
materials were mechanically ground with excess NH4F to
ensure complete reaction between the metal precursors and
NH4F. This mixture was heated at 200−270 °C under an inert
atmosphere to convert the metal precursors to the desired MFx
(detailed procedures are described in Methods). Analysis of the
obtained X-ray diffraction (XRD) patterns (Figure 2b−d)
shows the formation of the desired MFx/MSU−F−C nano-
composites containing CuF2, FeF3, and CoF2, whereby the
collected diffraction patterns match the standard patterns of
monoclinic CuF2 (JCPDS no. 81-0486), rhombohedral FeF3
(JCPDS no. 88-2023), and tetragonal CoF2 (JCPDS no. 81-
2033), respectively. A small and broad peak at around 25° due
to the amorphous carbon supports indicates that metal
precursors introduced into the MSU−F−C were well-
converted to their MFx counterparts during heat treatment
with NH4F.
The loading of MFx into the MSU−F−C was further

confirmed by various analytical techniques. As shown in the
scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) images (Figure 3a), MSU−F−C has
uniform mesocellular pores with diameters in the 30−40 nm

range. Nitrogen (N2) physisorption isotherms (Figure 3b) and
pore-size distribution (Figure 3c) indicate the existence of two
kinds of mesopores: ∼5 nm sized mesopores generated by the
dissolution of the template walls and 30−40 nm sized
mesopores originating from the main pores of the template,51,52

having a large surface area (∼800 m2 g−1) and pore volume
(1.9 cm3 g−1). These pore structures and surface properties
enable the loading nanoparticles larger than 10 nm into the
pores without severe aggregation and provide extensive
interconnected electron pathways.53 Upon inclusion of the
MFx into MSU−F−C, the presence of the nanoparticles could
be clearly observed, and the overall morphology of MSU−F−C
was not changed significantly. In the case of CuF2, SEM images
(Figure 4a,b) show that most of the CuF2 nanoparticles were
located in the pores of MSU−F−C, and a portion of these
nanoparticles became overgrown and protruded from the
MSU−F−C pores (Figure 4b). Bulk-sized CuF2 particles
(bulk−CuF2, Figure S1a,b) synthesized using only Cu
precursors and NH4F, without impregnation in MSU−F−C,
are not observed. The morphologies of CuF2/MSU−F−C were

Figure 3. (a) SEM and TEM (inset) images of MSU−F−C. (b) N2
physisorption isotherms and (c) pore-size distribution of MSU−F−C,
Cu precursor/MSU−F−C, and CuF2/MSU−F−C.
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also confirmed by TEM (Figure 4c−e). Elemental mapping
results corresponding to TEM images demonstrate the
existence of CuF2 nanoparticles (Figures 4f−h and S2). As
shown in TEM images, CuF2 particles were loaded in the form
of tiny dispersed nanoparticles or over 10 nm-sized particles
(Figure S2 and section S2 in the Supporting Information).
Similar features were also observed in the SEM and TEM
images of FeF3/MSU−F−C and CoF2/MSU−F−C (Figures
S3 and S4). Analysis of the N2 physisorption isotherms
provides further evidence of MFx loading in the MSU−F−C,
whereby the surface areas and pore volumes of MFx/MSU−F−
C not only decreased significantly compared to those of MSU−
F−C but also were smaller than those of simple mixtures of
bulk−MFx and MSU−F−C (Table S1); these results indicate
that the MFx nanoparticles grew inside the pores, which
affected the surface properties of MSU−F−C. The pore-size
distributions shown in Figure 3c (CuF2) and Figure S5b,d
(FeF3 and CoF2) also show the facile infiltration of the metal
precursor and growth of the various MFx nanoparticles in the
pores of MSU−F−C. Because small-sized pores are preferen-
tially filled with precursor solution during the impregnation
step by strong capillary forces, the pore volume of the small
pores is expected to decrease much more than that of the large
pores in MSU−F−C. A monomodal-shaped curve of metal

precursor/MSU−F−C with a peak at 30−40 nm coincides with
this expectation. After heat treatment with NH4F, precursor
decomposition and subsequent particle growth led to re-
exposure of the small-sized pores, and thus a bimodal-shaped
curve with reduced peak intensity is observed.

2.2. Ammonium Fluoride Mediated Synthesis of MFx.
The main strategy of this synthetic method involves the
reaction of metal precursors with decomposition products of
NH4F under solventless conditions (Figure 5a). NH4F sublimes
at 100 °C and decomposes to ammonia and hydrogen fluoride.
Therefore, we expected that some anhydrous fluoride
compounds could be obtained from reactions with decom-
position products of NH4F under an inert atmosphere. After
the formation of fluoride compounds, the absence of ions or
molecules (e.g., −OH and H2O), which could result in
unwanted defluorination at the reaction temperature (>100
°C), is considered the crucial factor for successful synthesis of
anhydrous MFx in this method. The XRD patterns in Figure
5b−d present the changes in the crystalline phase during heat
treatment with NH4F, and these results support our prediction.
Specifically, metal precursors converted to ammonium metal
fluorides, (NH4)xMFy, through reaction with decomposition
products of NH4F at 100 °C. (NH4)xMFy slowly decomposed
to NH4MFx+1 during the intermediate stage, and further heat

Figure 4. (a,b) SEM images of CuF2/MSU−F−C. (c) TEM image of microtomed CuF2/MSU−F−C. (d,e) TEM images of CuF2/MSU−F−C. (f)
Carbon, (g) copper, and (h) fluorine mapping corresponding to a TEM image shown in panel e.
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treatment led to the formation of anhydrous MFx. From the

reaction mechanism proposed, we also found that various metal

compounds, which are converted to (NH4)xMFy without side

products, could be used as precursors for the synthesis of

anhydrous MFx (Figure S6 and section S5 in the Supporting
Information).
In addition to being versatile, this synthesis approach to

preparing MFx has several further advantages to the methods
reported previously (Figure 6). First of all, compared to

Figure 5. (a) Reaction mechanism of NH4F-mediated synthesis of MFx. (b−d) Crystalline phase change of (b) CuF2/MSU−F−C, (c) FeF3/MSU−
F−C, and (d) CoF2/MSU−F−C during heat treatment with NH4F. Information about standard patterns of compounds was obtained from
(NH4)2CuF4 (JCPDS no. 49-0103), NH4CuF3 (JCPDS no. 77-0955), (NH4)3FeF6 (JCPDS no. 22-1040), NH4FeF4 (JCPDS no. 20-0094),
(NH4)0.18FeF3 (JCPDS no. 47-0646), (NH4)2CoF4 (JCPDS no. 18-0132), and NH4CoF3 (JCPDS no. 21-0699). Black dots in panel d indicate peaks
from NH4HF2.

Figure 6. Advantages of NH4F-mediated synthesis method (this study) and a comparison with general solution-based methods.
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established methods, the procedure is very simple and relatively
safe. Although the generation of small amount of toxic
byproducts is possible and unavoidable, highly toxic com-
pounds (e.g., fluorine gas or HF solution) are not required as a
reactant (further discussion on the safety of the synthetic

method is discussed in Figure S7 section S6 in the Supporting
Information). Second, the direct synthesis of moisture sensitive
and easily defluorinated MFx, such as CuF2, avoids the
formation of undesirable hydration products (Figure S8).
Lastly, because the reactions progresses under solventless

Figure 7. (a−c) Voltage profiles of (a) FeF3/MSU−F−C nanocomposites, (b) bulk−FeF3/MSU−F−C mixture, and (c) comm−FeF3/MSU−F−C
mixture at 0.2 C. (d−f) Voltage profiles of (d) FeF3/MSU−F−C nanocomposite, (e) bulk−FeF3/MSU−F−C mixture, and (f) comm−FeF3/MSU−
F−C mixture at the first cycle with various current densities. (g) Cycle properties of FeF3/MSU−F−C nanocomposites, bulk−FeF3/MSU−F−C
mixture, and comm−FeF3/MSU−F−C mixture at 0.2 C. Black dots indicate discharge capacities originating from MSU−F−C.
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conditions, the loss of products and subsequent decreases in
yield through the partial dissolution of fluoride compounds is
prevented; thermogravimetric analysis (TGA) results show that
the MFx contents in the MFx/MSU−F−C nanocomposites (55
wt %) were almost consistent with the target value (Figure S9).
2.3. Electrochemical Properties of MFx/MSU−F−C. The

electrochemical properties of MFx/MSU−F−C nanocompo-
sites as the cathodes of LIBs were evaluated by galvanostatic
measurements. Focusing on the properties of MFx, the specific
capacities and current rates were calculated based on the mass
of MFx (55 wt %). Among three kinds of MFx/MSU−F−C,
Figure 7 shows the results of electrochemical measurements of
FeF3/MSU−F−C first. Voltage profiles of FeF3/MSU−F−C in
Figure 7a present the characteristics of FeF3, where an abrupt
change in profile around 2.0 V indicates the progress of
intercalation reaction (above 2.0 V) followed by conversion
reactions (below 2.0 V).54 The discharge capacity at the first
cycle was 724 mAh g−1FeF3, and, even when the capacity
contribution by MSU−F−C (∼85 mAh g−1 at the first

discharge; Figure S10) is excluded, almost 640 mAh g−1FeF3
of capacity originated from FeF3 component of the nano-
composites (theoretical capacity of FeF3: 712 mAh g−1). In
contrast, the specific capacities of bulk-FeF3/MSU−F−C,
which is a physical mixture of bulk−FeF3 (Figure S1c,d) and
MSU−F−C, were significantly lower than those of its
nanocomposites analog (Figure 7b), and a physical mixture
of commercial FeF3 and MSU−F−C (designated as comm−-
FeF3/MSU−F−C) also showed low specific capacities
compared to FeF3/MSU−F−C (Figure 7c). More impressively,
FeF3/MSU−F−C maintained a capacity of 650 mAh g−1FeF3
across 50 cycles (Figure 7g), which is ∼90% of its initial
capacity, such that, even if the mass of all of the active materials
(FeF3 and MSU−F−C) is considered, more than 350 mAh
g−1total of capacity was maintained over 50 cycles. This result
indicates that FeF3/MSU−F−C exhibited excellent cycle
performance, even as the conversion reactions progressed
(Table S2 compares the electrochemical performance of FeF3
in the representative papers).36,38,39,42,50,54−56 It is considered

Figure 8. (a,b) Voltage profiles of (a) CuF2/MSU−F−C and (b) CoF2/MSU−F−C nanocomposites at 0.2 C. (c,d) Cycle properties of (c) CuF2/
MSU−F−C nanocomposites, bulk−CuF2/MSU−F−C mixture, and comm−CuF2/MSU−F−C mixture, and (d) CoF2/MSU−F−C nano-
composites, bulk−CoF2/MSU−F−C mixture, and comm−CoF2/MSU−F−C mixture at 0.2 C. Black dots indicate discharge capacities originating
from MSU−F−C. (e,f) Voltage profiles of (e) CuF2/MSU−F−C nanocomposites at the first discharge and (f) CoF2/MSU−F−C nanocomposites
at the first cycle with various current densities. The rechargeability of CuF2/MSU−F−C was tested using a solid-electrolyte-incorporated cell,
whereas other results were obtained using normal coin-type cells.
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that gradual increase of capacity up to 30th cycle and decrease
of capacity in the following cycles originated from the
combination of positive electrode activation and stabilization
effect57−59 and negative electrode degradation36,60 (e.g.,
irreversible conversion reaction or other side reactions). Similar
phenomenon was also observed in the previous papers, in
which iron oxyfluoride61 or iron−LiF nanocomposites62,63 were
studied as conversion reaction-based cathodes for LIBs. FeF3/
MSU−F−C also exhibited good rate capability (Figure 7d),
where, even at a high current rate of 2 C, more than 470 mAh
g−1FeF3 of capacity was retained, this value corresponding to
∼57% of capacity at 0.05 C. Although bulk−FeF3/MSU−F−C
and comm−FeF3/MSU−F−C showed relatively high discharge
capacity (544 mAh g−1FeF3 and 662 mAh g−1FeF3, respectively)
at a very slow current rate (0.05 C), abrupt decreases in
capacity were observed at high current rates (panels e and f of
Figure 7, respectively).
Voltage profiles of CuF2/MSU−F−C and CoF2/MSU−F−C

at 0.2 C are shown in panels a and b of Figure 8, respectively.
CuF2/MSU−F−C began to react with Li ions at slightly below
3.0 V, while CoF2/MSU−F−C reacted at around 1.5 V; each
electrode presented characteristics of CuF2 and CoF2.

26,32

Excluding the contribution by MSU−F−C (Figure S10b),
CuF2/MSU−F−C exhibited 489 mAh g−1CuF2 of discharge
capacity at the first cycle, a value that is close to the theoretical
capacity of CuF2 (528 mAh g−1). CoF2/MSU−F−C also
showed superior discharge capacity at the first cycle (623 mAh
g−1CoF2, excluding contribution by MSU−F−C in Figure S9a),
which is larger than the theoretical capacity of CoF2 (553 mAh
g−1); it is inferred that additional capacity observed originates
from interfacial Li storage by CoF2 at low voltages.33

Meanwhile, in contrast to FeF3/MSU−F−C, discharge
capacities of CuF2/MSU−F−C and CoF2/MSU−F−C de-
creased rapidly during subsequent cycles (panels c and d of
Figure 8), degradation that is proposed to be a result of
dissolution of the metals in the active materials at high voltages
(Figure S11 and section S10 of the Supporting Information). In
the case of CuF2/MSU−F−C, cell failure occurred during the
first charging step when a normal coin-type cell was employed
(Figure S11d), so to overcome this problem, recharging was
tested using a solid-electrolyte-incorporated cell (Figure S12).
In both of the nanocomposites, a decrease in capacity was
observed, however: 209 mAh g−1CuF2 (at the 20th cycle) and
400 mAh g−1CoF2 (at the 30th cycle) of discharge capacities
were retained in the CuF2/MSU−F−C and CoF2/MSU−F−C
cells, respectively. These results show improved performance in
comparison to previous studies;26−28,30,32−34 in particular, this
is the first result that shows promising cycle properties of CuF2.
Panels e and f of Figure 8 present rate capability of CuF2/

MSU−F−C and CoF2/MSU−F−C, respectively. To eliminate
large polarization by internal resistances of the solid-electrolyte-
incorporated cell as well as cell failure, the rate properties of
CuF2/MSU−F−C were tested using a normal coin-type cell at
the first discharging step only. In the case of CuF2/MSU−F−C,
even at a high current rate of 2 C, almost 80% of the discharge
capacity at 0.05 C was retained (455 mAh g−1CuF2). CoF2/
MSU−F−C also exhibited 523 mAh g−1CoF2 of discharge
capacity at 2 C, which corresponds to ∼62% of discharge
capacity at 0.05 C. Similar to that observed for FeF3/MSU−F−
C, both CuF2/MSU−F−C and CoF2/MSU−F−C presented
excellent rate capability. In contrast, bulk−MFx (CuF2 or
CoF2)/MSU−F−C and comm−MFx (CuF2 or CoF2)/MSU−
F−C showed poor performance in its discharge capacity and

rate capability (Figures S13 and S14, respectively). Interest-
ingly, the specific capacities of bulk−CoF2/MSU−F−C and
comm−CoF2/MSU−F−C at low current rates were relatively
large (Figures S13d and S14d, respectively), which we propose
is a result of the small size of the bulk−CoF2 and comm−CoF2
particles in comparison to other bulk−MFx particles (Figures
S1 and S15, respectively), thereby allowing the conversion
reactions to progress actively at low current rates.
The electrochemical results presented in the Figure 7 and 8

reveal the superior performances of the MFx/MSU−F−C
nanocomposites. It is proposed that these well-dispersed MFx
nanoparticles within a mesoporous conducting matrix led to
facile conversion reactions because of (i) the effective electron
transport, (ii) the short diffusion length of Li ions, and (iii) the
relatively fast kinetics of well-dispersed nanoparticles.64−67

These results are of high significance in the potential
application of MFx as high-capacity cathodic materials in
LIBs, as the limitation of MFx that have been identified in
previous studies are overcome. However, for the practical use of
MFx as a cathode, further improvement to electrochemical
performance and elucidation of the reaction mechanism are
required. First, rational electrode design or electrolyte develop-
ment for effective prevention of active material dissolution is
necessary to improve cycle properties.68−70 Increasing the ratio
of active materials (MFx) in the electrode without sacrificing
performance is also an important issue.14,58,71 In addition, in-
depth research into conversion reactions of MFx should be
accompanied by various in situ and ex situ analyses.17,72 These
issues will be addressed in a forthcoming paper.

3. CONCLUSIONS
In summary, we report a new bottom-up approach to the
synthesis of anhydrous metal fluoride/mesoporous carbon
(MFx/MSU−F−C) nanocomposites using NH4F, and, fur-
thermore, we demonstrate their superior electrochemical
performance when used as the cathodes of LIBs. We found
that various MFx could be obtained from the metal compounds
dispersed in MSU−F−C using a method of simple heat
treatment under solventless conditions. This relatively facile,
safe, and versatile method enabled the synthesis of various
MFx(CuF2, FeF3, and CoF2)/MSU−F−C nanocomposites. As
the cathodes of LIBs, these well-dispersed MFx nanoparticles in
MSU−F-C exhibited superior electrochemical performance
even as the conversion reactions progressed. FeF3/MSU−F−C
maintained a capacity of 650 mAh g−1FeF3 across 50 cycles, and
CuF2/MSU−F−C and CoF2/MSU−F−C also retained 209
mAh g−1CuF2 (at the 20th cycle) and 400 mAh g−1CoF2 (at the
30th cycle) of capacities, respectively, all of which were
improved cycle properties that have not been seen previously in
these materials.

4. EXPERIMENTAL SECTION
4.1. Synthesis of MFx/Mesoporous Carbon Nanocomposites

(MFx/MSU−F−C). Mesoporous carbon (mesocellular carbon foam,
MSU−F−C) was synthesized by a hard template method using
mesocelluar aluminosilicate foam and furfuryl alcohol as silica template
and carbon precursor, respectively, following the previously reported
procedures.52 For the synthesis of MFx/MSU−F−C, metal precursors
were loaded on the MSU−F−C by a wet impregnation method first.
The desired amount of metal nitrate dissolved ethanolic solution was
impregnated into the MSU−F−C at room temperature. For example,
to load 55 wt % CuF2 on MSU−F−C (e.g., 0.12 g of CuF2 plus 0.1 g
of MSU−F−C), 0.28 g of Cu(NO3)2·2.5H2O dissolved ethanolic
solution was impregnated into 0.1 g of MSU−F−C. After the
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evaporation of ethanol under stirring, they were further dried in
vacuum oven at 80 °C. The resultant materials were mechanically
ground with excess amount of NH4F (more than two times higher
than minimum amounts needed for conversion to CuF2) in a fume
hood. The mixture was heated at 210 °C during 1−3 h under argon
atmosphere. FeF3/MSU−F−C and CoF2/MSU−F−C were synthe-
sized by the same procedure except that final mixtures (metal
precursor/MSU−F−C mixed with NH4F) were heated at 270 and 250
°C during 1.5 h, respectively. For the complete conversion of metal
precursors to MFx, heat treatment with NH4F progressed two or three
times. After heat treatment, the obtained materials were kept in an
argon-filled glovebox. Bulk−MFx was synthesized by the same
procedure except that MSU−F−C was not used. Bulk−MFx/MSU−
F−C mixtures were prepared by the physical mixing of bulk−MFx and
MSU−F−C in an argon-filled glovebox. Commercial CuF2 (anhy-
drous, 99.5%), FeF3 (anhydrous, 97% min), and CoF2 (anhydrous,
98%) were obtained from Alfa Aesar. Commercial MFx/MSU−F−C
mixtures (designated as comm−MFx/MSU−F-C) were also prepared
by physical mixing of commercial MFx and MSU−F−C in an argon-
filled glovebox.
4.2. Materials Characterizations. Powder X-ray diffraction

(XRD) patterns were obtained with a Rigaku D/max-2500
diffractometer using Cu Kα radiation (λ = 1.5418 Å) at a scanning
rate of 6.00° min−1. The morphology was investigated using a
transmission electron microscope (TEM, Hitachi H-7600) and a
scanning electron microscope (SEM, Hitachi S-4800). Other TEM
images and elemental mapping results were obtained using a JEOL
JEM-2010. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed on a JEOL JSM-7401F. The nitrogen physisorption isotherms
were measured at 77 K using a Tristar II 3020 system (Micromeritics
Instrument Corporation). The samples were degassed overnight at
80−150 °C before measurements. The surface area of the samples
were calculated from the isotherms according to the Brunauer−
Emmett−Teller (BET) method, and pore volumes were taken at a
single point, P/Po = 0.995. The pore-size distributions were obtained
from the adsorption branch using the Barett−Joyner−Halenda (BJH)
method. Thermogravimetric analysis (TGA) was performed using a
STA7300 thermal analysis system (Hitachi) under air atmosphere with
a heating rate of 5 °C min−1.
4.3. Electrochemical Characterizations. To prepare the electro-

des, the active materials (MFx/MSU−F−C) were mixed with
polyvinylidene difluoride (PVDF) binder and conducting carbon
(Super P) to a ratio of 7:2:1 by weight using N-methyl-2-pyrrolidone
(NMP). The resulting slurries were coated onto a carbon-coated
aluminum foil (Wellcos Co., Korea) and then dried in a vacuum
condition. The average mass loading of MFx/MSU−F−C was 0.5 mg
cm−2. Electrodes made of bulk−MFx/MSU−F−C or comm−MFx/
MSU−F−C mixture were prepared by the same procedure, and their
average mass loading (bulk−MFx/MSU−F−C or comm−MFx/
MSU−F−C mixture) was also 0.5 mg cm−2. Coin-type cells
(CR2032) and solid-electrolyte-incorporated cells were assembled in
an argon-filled glovebox, in which Li foil was used as the reference and
counter electrode, and 1.0 M LiPF6 in ethylene carbonate/dimethyl
carbonate (EC/DMC, 1:1 volume ratio, PANAX E-TEC Co., Korea)
was used as the electrolyte. The fabrication method of solid-
electrolyte-incorporated cells was described elsewhere.73 In the case
of this study, 1.0 M LiPF6 in EC/DMC was used as an electrolyte in
both anode and cathode parts, and nickel mesh was used as current
collector in the cathode side. Using a WBCS-3000 battery cycler
(WonATech Co., Korea), the galvanostatic charge−discharge analyses
were conducted in the potential range of 1.1−4.5 V (FeF3 and CoF2)
or 2.0−4.5 V (CuF2) vs Li/Li

+ at different current rates. The specific
capacities and current rates were calculated based on the mass of MFx.
To characterize components of cell after measurements, cells were
disassembled in an argon-filled glovebox, and the Li foils and
separators were washed with dimethyl carbonate (DMC) several
times.
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