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a b s t r a c t

Iron fluoride (FeF3) is considered as a promising cathode material for Li-ion batteries (LIBs) due to its high

theoretical capacity (712 mAh/g) with a 3e− transfer. Herein, we have designed a strategy of hierarchical

and mesoporous FeF3/rGO hybrids for LIBs, where the hollow FeF3 nanospheres are the main contributor

to the specific capacity and the 2D rGO nanosheets are the matrix elevating the electronic conductivity

and buffering the volume expansion. The unique FeF3/rGO hybrid can be rationally synthesized by a non-

aqueous in-situ precipitation method, offering the merits of large specific surface area with rich active

sites, fast transport channels for lithium ions, effective alleviation of volume expansion during cycles, and

accelerating the electrochemical reaction kinetics. The FeF3/rGO hybrid electrode possesses a high initial

discharge capacity of 553.9 mAh/g at a rate of 0.5 C with 378 mAh/g after 100 cycles, acceptable rate

capability with 168 mAh/g at 2 C, and feasible high-temperature operation (320 mAh/g at 70 °C). The
superior electrochemical behaviors presented here demonstrates that the FeF3/rGO hybrid is a potential

electrode for LIBs, which may open up a new vision to design high-efficiency energy-storage devices such

as LIBs based on transition metal fluorides.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The past decade has seen the rapid development of electric ve-

hicles and portable electronic devices, and the need for energy

storage equipment has become more urgent [1–3]. Lithium-ion

batteries (LIBs) are the popularly used energy storage device in

commercial [4,5]. Co- and Ni- based intercalation-type cathodes

are generally employed in LIBs [6–9], which can ensure the re-

versibility. Ni-rich layered materials (LiNi1−xMxO2, M=Co, Mn and

Al) have the specific capacity higher than 180 mAh/g. Even so, the

capacity of cathodes is still the main obstacle for LIBs [10–12]. Also,

the resources of Co, Ni and Mn are limited. Therefore, researchers

have shown an increased interest to explore new cathode materials

for the breakthrough in performance of LIBs.

More recently, transition metal fluorides (TMFs) have attracted

great attention as a cathode material for LIBs [13–17]. Among

them, iron fluoride (FeF3) is considered as a promising candidate

[18–22], since it has a large theoretical energy density (712 mAh/g,
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3e− transfer) and high electromotive force (EMF) of 2.7V [23], as

well as the abundance in Earth’s crust, low cost, and friendliness to

the environment of Fe [24]. However, FeF3 has its limitations, such

as the poor electronic conductivity derived from the wide-bandgap

of Fe-F bonds, which leads to its low specific capacity far below

the theoretical value and poor rate capability [25–27]. To overcome

the drawbacks of iron fluoride electrodes, two approaches have

been proposed: one is decreasing the size of grains with nanoscale

structures [28–31], and another is compositing with high conduc-

tivity materials [32–36]. Naturally, it is an ideal approach to in-

situ synthesize hybrids consisting of iron-based fluorides and con-

ductive additives with hierarchical and mesoporous nanostructure,

which, however, is still an unresolved issue to be overcome for

practical applications.

In this work, we have elaborately designed a hybrid of hol-

low FeF3 nanospheres and 2D reduced graphene oxide (rGO)

nanosheets, and developed a non-aqueous in-situ precipitation

method to rationally synthesize the FeF3/rGO hybrids. In the

solvothermal process, the Fe3+ of precursor was introduced to a

https://doi.org/10.1016/j.cclet.2021.12.014
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Fig. 1. (a) XRD spectra of FeF3/rGO hybrids. (b) Crystal structure of FeF3 with HTB

phase. (c) SEM images of FeF3/rGO hybrids, where the inset shows the enlarged

image of a single FeF3 nanosphere. (d) Schematic diagram of formation process of

FeF3/rGO hybrids.

GO dispersion. Because the surface of GO contains a large number

of oxygen-containing sites which have a strong affinity with Fe3+

cations, the synthesized FeF3 nanospheres are hierarchical and

mesoporous [37]. The unique FeF3/rGO nano-architectures with a

hollow mesoporous structure is endowed with the large specific

surface area and rich voids, which provides sufficient space to

electrolyte penetration and alleviate the volume variation of ac-

tive materials during the process of lithium intercalation and dein-

tercalation. Consequently, the FeF3/rGO hybrid electrode delivers a

high initial discharge capacity of 553.9 mAh/g at a rate of 0.5 C

with an acceptable cycling stability (378 mAh/g after 100 cycles

at 0.5 C) and rate capability (168 mAh/g at 2 C), and outstand-

ing high-temperature behaviors (320 mAh/g at 70 °C) as well. Our

study presented in this work may open the door to design supe-

rior transition metal fluoride electrodes for advanced LIBs for next-

generation energy storage.

The crystal structures of FeF3 and FeF3/rGO hybrids were char-

acterized by X-ray diffraction (XRD), as shown in Fig. S1 (Support-

ing information) and Fig. 1a, respectively. In both cases, all the

diffraction peaks can be attributed to orthorhombic FeF3·0.33H2O

(JCPDS No. 76–1262). Among them, the diffraction peaks at

2θ =13.8°, 23.6° and 27.8° are matched to the (110), (002) and

(220) planes of FeF3·0.33H2O, respectively. The diffraction peak of

rGO cannot be detected in the XRD spectra, suggesting that the

rGO is of a typical amorphous carbon shape. In the FeF3·0.33H2O

structure (Fig. 1b), six FeF6 octahedrons composing a special large

hexagonal cavity through the corner-sharing, forming a large cell

volume [38]. Although only a small amount of water existing in

the center of the hexagonal cavity, water molecules play a struc-

tural stabilizer role in FeF3·0.33H2O lattice, stabilizing the large

hexagonal cavity and avoiding the structural collapse of iron flu-

oride during lithium ion’s insertion and extraction [39–41]. On the

other hand, water molecules can also increase the tunnel size of

the crystal, which is beneficial in the rapid diffusion of lithium

ions.

The morphologies of FeF3 and FeF3/rGO hybrids were charac-

terized by scanning electron microscopy (SEM). Fig. S2 (Supporting

information) shows the SEM image of FeF3, displaying nanoscale

spherical structure with uniform shape and size. Fig. 1c shows

the SEM image of FeF3/rGO hybrids. Similarly, the FeF3 displays

nanospherical structure with uniform shape and size in hybrids,

and the FeF3 nanospheres are dispersed among three-dimensional

(3D) rGO framework in a relatively homogenous manner. At higher

magnifications (inset of Fig. 1c), it can be observed that the FeF3
nanospheres are quite regular in shape with a diameter of about

500nm, which is further assembled by a mass of primary nanopar-

ticles with variable sizes. The tiny primary nanoparticles are gath-

ered with intermediate pores between them, giving rise to the

mesoporous structure of FeF3 nanospheres. The secondary, meso-

porous, and 3D nanostructures of FeF3/rGO hybrids are in favor of

the access of the electrolyte to the electrode surface.

The formation mechanism of FeF3/rGO hybrids was proposed in

Fig. 1d. The procedure begins with the dispersion of the graphene

via interactions between the imidazolium cation group of the IL

BMIM[BF4] and the π-electrons of graphene after adding extra

graphene. Thus, the FeF3 particles can firmly anchor on the sur-

face of the graphene. Then adding Fe(NO3)3·9H2O powder as the

iron source into the BMIM[BF4] and GO solution, a serious reac-

tion will happen. Firstly, the hydration water is separated from the

Fe(NO3)3·9H2O and enters into the hydrophilic IL medium [42,43].

At the same time, Fe3+ and NO3
− are coordinatedly surrounded

by BF4
− anions and imidazolium cations, respectively. Furthermore,

with the existence of hydration water, some weakly coordinated

BF4
− anions are easy to hydrolyze and release BF3·H2O and F−

under heating condition. Finally, the solvated Fe3+ combines with

the F− to form precipitated iron-based fluorides nanoparticles.

With the increasing reaction time, the growth of well-separated

spherical-like crystals from those of smaller size happens due to

the Ostwald ripening process. Besides, the interior space emerges

within the larger particles and the hollow structure obtained in

apart of FeF3·0.33H2O. It is believed that the formation approach

provided here are universal and promising in the synthesis of iron-

based fluorides, since it is thought to be simple and environmen-

tally friendly.

Fig. 2a shows transmission electron microscopy (TEM) image of

the FeF3/rGO hybrids. The FeF3 nanospheres can be clearly iden-

tified in hybrids, which are hollow with rather rough surface. En-

larged TEM image (Fig. 2b) further displays that the rough surface

of FeF3 nanospheres has a neat morphology, which is assembled

by a mass of tiny nanoparticles with sizes ranging from 10nm to

20nm. The rGO nanosheets can be readily observed, as displayed

in Fig. S3 (Supporting information), which are entangled with FeF3
nanospheres tightly. In what follows we mainly focus on the mi-

crostructures of FeF3 nanospheres. The special structure of FeF3
nanospheres is believed to be the result of Ostwald ripening pro-

cess [44,45]. In brief, this process involves the growth of larger

crystals from those of smaller size which have a higher solubil-

ity than the larger ones, so the inside-out Ostwald ripening in-

duces the transformation of mesoporous structure from the solid

particles and the outward Ostwald ripening results in the forma-

tion of hollow structure from the spheres. The lattice fringes in

the HRTEM image (Fig. 2c) reveals the crystalline nature of FeF3.

The lattice spacing of 0.3664nm is assigned to the (020) plane

of FeF3. The selected area electron diffraction (SAED) pattern is

shown in Fig. 2d. It can be seen that the diffraction spots and

diffraction rings coexist, indicating that the polycrystalline nature

of FeF3 in the hybrids. Fig. 2e shows the EDS elemental mapping

of FeF3 nanospheres. The elements of Fe, F and O exhibit a homo-

geneous distribution, indicating that the product is a pure hydrated
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Fig. 2. (a-c) TEM images of FeF3/rGO hybrids at different magnifications. (d) SAED

patterns of FeF3/rGO hybrids. (e) TEM image of FeF3 nanosphere and the corre-

sponding EDS mapping of Fe, O and C elements.

Fig. 3. (a) Nitrogen adsorption–desorption isotherm and pore size distribution (in-

set) curve of FeF3/rGO hybrids. (b) C 1s, (c) F 1s, and (d) Fe 2p XPS spectra of

FeF3/rGO hybrids.

iron based fluoride without any impurities. The structures of FeF3
nanospheres demonstrated above may play threefold roles at least:

(1) The nanoparticles are cross-linked each other in an irregular

manner leaving plenty of interspaces with mesopores, which can

facilitate the infiltration of electrolyte into the inside of electrode

[46]; (2) The hollow structure provides a thin and porous shell,

large internal void, and double surfaces, which can ensure the high

surface area with short transport length for Li ions; (3) The hollow

core can buffer the volume changes effectively during the inser-

tion/extraction of Li ions. Undoubtedly, based on the SEM and TEM

observations, the FeF3/rGO hybrids are of hierarchical, hollow and

mesoporous nanostructures, which will certainly enhance the elec-

trochemical behaviors for energy storage.

The pore size distribution and specific surface area of hybrids

were analyzed by taking nitrogen adsorption-desorption measure-

ment. As shown in Fig. 3a, according to IUPAC classification, the

nitrogen adsorption-desorption curve of FeF3/rGO hybrid shows

Fig. 4. (a) CV profiles and (b) charge-discharge curves of FeF3/rGO hybrids. (c) Cy-

cle performance of FeF3 and FeF3/rGO at 0.5 C. (d) Rate performance of FeF3 and

FeF3/rGO. (e) Nyquist plots of FeF3 and FeF3/rGO hybrids.

a typical type IV isotherm, with a capillary condensation phe-

nomenon [47]. By Brunauer–Emmett–Teller (BET) method, the spe-

cific surface area is calculated to be 91.92 m2/g for the FeF3/rGO

hybrid (Table S1 in Supporting information). The Barrett–Joyner–

Halenda (BJH) results indicate that most of the pore sizes are fall

into the range of 8–11nm in distribution. As displayed in Fig. S4

(Supporting information), the FeF3 nanospheres have a BET specific

surface area of 55.13 m2/g and an average pore size of 9.57nm. It

is evidently that the specific surface area has been elevated for the

products after compositing rGO to FeF3, which is beneficial to pro-

vide high contact area and a large number of active sites of charge

transfer reaction [48].

In order to gain more insight into the chemical states of ele-

ments in the FeF3/rGO hybrid, XPS measurements are carried out

and the corresponding spectra are shown in Fig. S5 (Supporting

information). There are obvious signals of C, F and Fe elements.

The signal of C 1s (Fig. 3b) with three peaks at 284.8, 285.6 and

286.8 eV are attributed to the benchmark carbon, the C–O and C=O

in rGO, respectively [49]. The binding energy (Fig. 3c) on the basic

of F 1s spectrum is 685.1 eV, which is closely matches with metal

fluorides. For Fe 2p spectrum, there are two obvious peaks (Fig. 3d)

at 715.1 eV and 727.5 eV, arising from Fe 2p3/2 and Fe 2p1/2, respec-

tively, which indicate the Fe3+ oxidation state of iron and are con-

sistent with the characteristic peak of Fe-F.

The cycle voltammetry was measured at a scanning rate of

0.5mV/s in the voltage range 1.5∼4.5V (vs. Li+/Li). The CV curves

for the synthesized FeF3/rGO hybrids are exhibited in Fig. 4a. In

the cathodic process, there are two pairs of redox peaks observed

in the CV curve, one is the reduction peak position at about

2.7V, which may be ascribed to the Li+ insertion process between

phases containing Fe3+ and Fe2+, and another one is the reduc-

tion peak existing at about 1.7V, which can be attributed to the

reversible conversion reaction between phase containing Fe2+ and
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metallic Fe0 [26]. Apparently, Li+ is more likely to insert into FeF3
step by step as described in the following Eqs. 1 and 2.

FeF3 + Li→ LiFeF3 (4.5–1.7V) (1)

LiFeF3 +2Li→ Fe+3LiF (1.7–1.5V) (2)

Fig. S6a (Supporting information) shows the CV curves of the

FeF3 nanospheres. By comparing the CV curves in Fig. 4a and Fig.

S6a, the FeF3/rGO hybrid has a higher capacity clearly. In the sub-

sequent cycles, the CV profiles of the FeF3/rGO hybrid are basically

coincident, revealing the stability of electrode with tiny capacity

attenuation.

Further, the charge-discharge cyclic measurements were car-

ried out in the voltage range of 1.5–4.5V at a current density of

120mA/g (defined as 0.5 C). As shown in Fig. 4b, the voltage profile

of FeF3/rGO has a two-stage electrochemical reaction mechanism

at the first discharge process between 1.5V and 4.5V. The two dis-

charge voltage plateaus appearing at 2.9 and 1.6V are correspond-

ing to intercalation and conversion reactions, respectively, accord-

ing to the CV (Fig. 4a) and Eqs. 1 and 2. From the GCD curves,

it can be seen that the discharge capacity gradually decreases in

the first 10 cycles, and a relatively stable capacity can be main-

tained during the subsequent cycles. As delivered in Fig. 4b, the

FeF3/rGO hybrid demonstrates a discharge capacity of 1158 mAh/g

at the first cycle, which is evidently higher than that of FeF3 (430.9

mAh/g) in Fig. S6b (Supporting information). Note that the 1158

mAh/g is clearly beyond the theoretical value of FeF3 (712 mAh/g),

which may be owing to the low and long plateau observed during

the first discharge and the formation of SEI film.

Fig. 4c shows the long-term cycling stability of both FeF3 and

FeF3/rGO hybrids at 0.5 C. For the FeF3/rGO hybrid, the specific

capacity is around 1158 mAh/g at the first cycle. It is reduced to

553.9 mAh/g at the third cycle, which is a reasonable value, and

for cautiousness, it is considered as the initial specific capacity.

The specific capacity is further reduced to 480 mAh/g after 10 cy-

cles and then keeps stable in the main, with the specific capac-

ity of 380 mAh/g still remained after 100 cycles. In contrast, the

bare FeF3 displays a poor capacity of 45 mAh/g after 100 cycles.

The decrease of specific capacity in the initial cycles is probably

due to the long low-voltage plateau in the initial discharge curves

and the formation of SEI layer related to the adverse reactions be-

tween electrode and electrolyte [48,50,51]. Similarly, the coulombic

efficiency of the FeF3/rGO hybrid electrodes increases immediately

on the second cycle, exceeding 98% within the first 10 cycles, and

remains very close to 100% after that. In general, the coulombic ef-

ficiency of the FeF3/rGO hybrid is significantly higher than that of

pure FeF3 during the electrochemical process, which is ascribed to

the high Li+ and electronic conductivity of hybrids.

Based on the above results, we can now know that the FeF3/rGO

hybrid has an evidently higher specific capacity, higher columbic

efficiency, and longer cycling lifetime. Naturally, it can be at-

tributed to the introduction of rGO in the hybrid. The introduced

rGO layer may play multiple roles, such as increasing the conduc-

tivity, buffering the volume variation, reducing the polarization of

FeF3, providing efficient access for Li+ into the spherical particle,

and facilitating electron transport to the surface of the active mate-

rial [52–54]. In the FeF3/rGO hybrid, the hollow FeF3 nanospheres

are the main contributor to the specific capacity, and the contribu-

tion of rGO to the overall electrode capacity is negligible, as iden-

tified in shown in Fig. S7 (Supporting information). The surface

morphology of the FeF3/rGO hybrid electrode displays no obvious

change before and after cycles, as displayed in Fig. S8 (Supporting

information). The sphere-like particles still maintain a complete

shape and smooth surface, which ensures the structural stability

and that the electrode expansion is not serious.

Fig. 5. Specific capacity of FeF3/rGO hybrids at 0.5 C in a wide temperature range

from −20 °C to 70 °C.

Fig. 4d shows the comparison of the rate capability for the FeF3
nanosphere and FeF3/rGO hybrids. Fig. S9 (Supporting information)

displays the GCD curves at different current densities. Compared

with the FeF3, the rate capability of FeF3/rGO hybrid is apparently

im proved at high rates. In particular, the discharge capacity of

FeF3/rGO hybrid electrode attains around 600 mAh/g at 0.5 C, and

the capacity retentions are about 390 and 168 mAh/g at 1 C and

2 C, respectively. When the current density was reset to its ini-

tial value of 0.5 C after deep cycling, the discharge capacity of 467

mAh/g can still be recovered. In contrast, the FeF3 only provides

a discharge capacity of 340 mAh/g at 0.5 C, which fades gradu-

ally at higher current densities and the recovered value is only 124

mAh/g at 0.5 C. The favorable rate performance is also attributed

to the rGO modification in the FeF3/rGO hybrids.

Fig. 4e displays the electrochemical impedance spectra (EIS) of

FeF3 and FeF3/rGO hybrids. The impedance spectra of two cases

both consist of one semicircle located in the high-frequency re-

gion and a liner trail position at the low-frequency region [55].

Usually, the semicircle is relevant to the charge-transfer diffusion

resistance (RCT) and the sloping line is relevant to the lithium dif-

fusion process within the electrode [56]. Apparently, the FeF3/rGO

hybrid electrode shows a smaller diameter of semicircle than the

FeF3 electrode. The smaller diameter of the semicircle in high fre-

quency implies that the FeF3/rGO electrode possesses a high elec-

tron conductivity and a rapid charge transfer reaction. The EIS pro-

files of FeF3/rGO electrode operated after the 3rd, 50th and 100th

circles are shown in Fig. S10 (Supporting information). The resis-

tance gradually increases with the increase of the number of cy-

cles, indicating that the electrode still suffers from the irreversible

structural degradation. This also explains why the capacity of the

electrode decays with cycles. The result agrees with the electro-

chemical behaviors observed above for the FeF3/rGO hybrid elec-

trodes.

To further explore the electrochemical activity of the FeF3/rGO

hybrid, we carried out the high/low temperature measurements

at 0.5 C for LIBs assembled with FeF3/rGO hybrid electrodes, as

shown in Fig. 5. The FeF3/rGO hybrid electrode shows the capac-

ities of ∼320, 480, 615, 120 and 45 mAh/g at 70, 50, 25, 0 and

−20 °C, respectively. Although the low-temperature operation of

the FeF3/rGO LIBs is not acceptable, it can work well at high tem-

peratures. It is well known that the ionic and electronic conduc-

tivity decreases at low temperatures, which may be vital for the

FeF3 LIB, resulting in the low capacity and poor stability of bat-

tery [57,58]. At high temperatures, the electrode can provide suffi-

cient pathways for achieving fast electron transfer and Li ion dif-

fusion, which offers improved reaction kinetics for electrochemical

performance; at the same time the electrolyte decomposition oc-

curs and the passivation layer is formed on the surface of electrode

as the temperature increases, so the reaction kinetics is restrained

by the size of the active domains [59]. Under the interaction of
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the above two factors, the LIBs generally reach the highest capac-

ity at a certain temperature, which is room temperature (25 °C) for
the FeF3/rGO hybrid LIBs in our cases. As demonstrated above, the

specific capacity is around 320 mAh/g at 70 °C, with a capacity de-

cay of only ∼50% as compared with that at room temperature. The

FeF3/rGO hybrid may be an ideal high-temperature electrode for

LIBs.

In summary, we have proposed a hierarchical and mesoporous

hybrid with hollow FeF3 nanospheres and 2D rGO nanosheets for

LIBs. Also, we have developed a facile, harmless, and environ-

mentally friendly non-aqueous method to rationally synthesize the

FeF3/rGO hybrids. The as-synthesized FeF3/rGO hybrids have a high

specific surface area of 94 m2/g, exhibiting a high initial discharge

capacity (553.9 mAh/g at 0.5 C) with acceptable cycle performance

(residual capacity of 378 mAh/g after 100 cycles). Notedly, the LIBs

assembled with FeF3/rGO hybrid electrodes can work well from

room temperature to high temperatures, with a very high spe-

cific capacity of 320 mAh/g at 70 °C. The electrochemical behaviors

of FeF3/rGO hybrids are improved evidently as compared to pure

FeF3 nanostructures. The superior performance presented here for

the hybrid is attributed to not only the unique hollow mesoporous

FeF3 nanospheres that is beneficial to enhance the structure stabil-

ity and shortening the Li+ transport path, but also the rGO layers

that facilitate electron transport to the surface of FeF3 and provide

Li+ with efficient access into the structure. It is expected that the

FeF3/rGO hybrid will be a promising cathode material for energy

storage devices such as advanced LIB systems.
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