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a b s t r a c t

The sphere-like Fe(2-x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) composites with open framework structure are
prepared via an IL based assisted approach, and served as the cathode material for Na-ion batteries
(NIBs). The physicochemical and electrochemical properties of the Cr-doped Fe2F5$H2O cathode materials
are systematically characterized. The results indicate that the Cr-doped materials not only reduce the
crystalline size, but also remarkably enhance electronic conductivity. Meanwhile, the electrochemical
tests further show that Fe1.95Cr0.05F5$H2O as the cathode active material of NIBs exhibits a high initial
discharge capacity of 357mAh g�1 and retains a discharge capacity of 171mAh g�1 after 100 cycles at
0.1 C (1 C¼ 200mAh g�1). Moreover, even at high rate of 1 C, it can still deliver a high discharge capacity
of 147mAh g�1. Compared with the Fe2F5$H2O, the Fe1.95Cr0.05F5$H2O shows higher discharge capacity,
excellent cycle stability and better rate capability, which can be attributed to the improvement of
structure stability and electronic conductivity due to the appropriate amount (5%) of Cr3þ doping.
Therefore, the preparation of Cr-doped Fe2F5$H2O sample provides a unique perspective to enhance the
electrochemical performance of Fe2F5$H2O, which is an essential step for the development of high
specific energy sodium-ion batteries.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Na-ion batteries (NIBs) are receiving the increasing attentions in
electric vehicle, smart grid as well as other grid-scale energy stor-
age systems (ESSs), due to its cost advantage, resource abundance
and potentially better rate performance than lithium-ion batteries
(LIBs) [1,2]. Besides, since the “rocking-chair” mechanism of the
NIBs is similar to the LIBs, the accumulated knowledge and tech-
nology of LIBs promote the rapid development of NIBs. Until
recently the layered transition metal oxide compounds, polyanion
frameworks and prussian blue analogues (PBAs) have been exten-
sively researched as NIBs cathode material candidates [3e6].
However, these cathode materials still expose some shortcomings,
e.g., high hygroscopicity, narrow ionic channel and undesired phase
transformation [7,8]. Fortunately, iron-based fluorides are
competitive alternatives as sodium ion battery cathode materials
owing to the large theoretical capacity and high operating voltage
[9e11]. Among all fluorides, Fe2F5$H2O is the only case where the
neutral and anionic clusters have a similar structure, and it can be
classified as super halogens because of its high electron affinities
(EAs) [12]. The Ferey group's study indicated that the Fe2F5$H2O
pyrochlore is different from the normal hydrated pyrochlore where
the H2O molecules reside in the M2X6 network and can't be
removed without damaging the open framework structure [13]. In
addition, unlike the HTB phase, the Fe2F5$H2O pyrochlore phase
does not exist Fe-F octahedral chains, and the corner-sharing of
FeF6 octahedral units are linked in a more random way to form a
meandering ion channel, which provides enough space for elec-
trolyte access and alleviates the volume expansion and multiphase
interface generation during cycling process [14]. In our previous
studies, since the unique open tunnel structure of the pyrochlore
phase is more favorable for the transmission and storage of Naþ, a
high discharge capacity has been obtained [15,16].

Despite its remarkable features as a promising candidate for
NIBs, the wide band gap of Fe-F bonds leads a poor electronic
conductivity, which leads to the low experimental capacity and fast
capacity deterioration. Especially, it will produce multi-phase re-
action in the electrochemical process (even in the insertion
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reaction phase), thus affecting its rate performance [17]. In order to
address this limitation, most of the strategies have focused on the
coating or modifying conductive layer on the surface of the mate-
rials and reducing size of particles. Chung's group [18,19] pyro-
chlore nano-particles inserted into the reduced grained graphene
layer to form a FeF3,0.5H2O-rGO composite electrode, and obtained
a sodium storage capacity of 266mAh g�1 at 0.05 C. Li's group [20]
reported the single-wall carbon nanotube (SWNT) wiring of
FeF3,0.5H2O as a cathode material for LIBs, which exhibited
remarkable rate performance (220mAh g�1 at 0.1 C and 80mAh
g�1 at 10 C). In addition, Jiang et al. [15,16] reported Fe2F5$H2O with
reduced graphene oxide and the multi-wall carbon nanotubes
wired Fe2F5$H2O particles as cathode materials of SIBs, which
showed high initial discharge capacities of 251mAh g�1 and
249mAh g�1, respectively. To a certain degree, the surface coating
layer can reduce aggressive reaction between cathode electrode
and organic electrolytes, and suppress the formation of a thick solid
electrolyte interface (SEI). Nevertheless, the surface coating layer is
usually too thin to provide a persistent protection against acidic
species attack, leading to a slow capacity attenuation during
charge/discharge process [21,22]. Accordingly, although the surface
coating or modification can improve the surface electron conduc-
tion and Na ion migration rate, the Na ion mobility in bulk phase is
still low. Recently, to improve the intrinsic electronic conductivity
and electrochemical performance of iron fluoride, a small amount
of high valence transition metal ions doping is considered as the
significant route [23e25]. Among the various metals, Cr stands out
as a promising candidate for effective doping element owing to its
polyvalence and strong bond with nonmetalloid [26e28]. In addi-
tion, Cr3þ-doped metal fluorides have also been revealed good
electrochemical performance [29], but it has never been studied in
Fe2F5$H2O.

In this work, the sphere-like Fe(2-x)CrxF5$H2O (x¼ 0, 0.03, 0.05,
0.07) composites with open framework structure are fabricated by
an ionic liquid (IL) based assisted route. Since the doped Cr3þ ion
(0.0615 nm) has a smaller ionic radius in octahedral coordination
than that (0.078 nm) of Fe3þ and therefore its appropriate substi-
tution of Fe sites can result in lattice defects, which not only reduces
the particle size but also facilitates increased Na-storage activity,
enhancing its discharge capacity and rate performance.
2. Experimental section

2.1. Preparation of Fe(2-x)CrxF5·H2O nanocomposites

All chemicals (analytically pure) were used without further
purification. Fe(2-x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) composites
with open-structure are prepared by ionic liquid (IL) 1-butyl-3-
methylimidazolium tetrafluoroborate (BmimBF4), Fe(NO3)3$9H2O
and Cr(NO3)3$9H2O. The preparations of Cr-doped Fe2F5$H2O
nanocomposites are schematically shown in Scheme 1. Firstly, 5 g
BmimBF4, used as a co-solvent, fluorine source and soft template,
was dissolved in a round bottom flask in a 60 �C oil bath to obtain a
uniform colorless solution. Then, Fe(NO3)3$9H2Owhich provides an
iron source and hydration water for BmimBF4 hydrolysis, and
Cr(NO3)3$9H2O that severs as a Cr source, in molar ratios of 1.00:0,
0.97:0.03, 0.95:0.05 and 0.93:0.07 were gradually added in IL sol-
vent, respectively, followed by continuous stirring at 60 �C for 12 h
until the composite was completely precipitated. After cooling to
room temperature naturally, in order to remove residual BmimBF4,
all products were washed with acetone and centrifuged at
8000 rpm five times. Finally, the prepared Fe(2-x)CrxF5$H2O com-
posites were dried under at 90 �C for 36 h.
2.2. Materials characterization

The crystal structures of samples were characterized by X-ray
diffraction (XRD, Rigaku D/MAX-2500 X-ray diffractometer) with
Cu-Ka radiation. The material morphologies were investigated by
scanning electron microscope (SEM, Nova NanoSEM230). Selected
area electron diffraction (SAED) and transmission electron micro-
scopy (TEM) measurements were carried out utilizing a trans-
mission electron microscope (JEOL JSM-2100F). The atomic
concentration and elemental distribution of the samples were
verified by energy-dispersive X-ray spectroscopy (EDX JEOL JSM-
6100LV). The oxidation state of elements in iron-based fluoride
were checked by X-ray photoelectron spectroscopy (XPS, K-Alpha
1063) with an Al anode source.

2.3. Electrochemical measurements

The electrochemical performances of the Fe(2-x)CrxF5$H2O
nanocomposites were measured in the CR 2025-type coin cells
utilizing sodium metal as the counter electrode. The composite
electrodes were prepared bymixing polyvinylidene fluoride (PVDF)
binder, acetylene black (EC) and active material at a weight ratio of
1:1:8 in N-methyl pyrrolidione (NMP), with aluminum foil current
collector, which were dried in vacuum at 110 �C for 24 h. The cells
were assembled in an Ar-filled glove box. The cycling performances
of the Fe(2-x)CrxF5$H2O nanocomposites were tested by charge-
discharge measurement, where galvanostatic charge-discharge
process was performed at various current densities in the voltage
ranged from 1.0 to 4.0 V. Cyclic voltammograms (CV) and electro-
chemical impedance spectroscopy (EIS) were finished by a
CHI604D electrochemical workstation. The CV tests weremeasured
in the voltage ranged from 1.0 to 4.0 V at a scan rate of 0.2mV s�1.
The frequency range of EIS was from 10�2e105 Hz at potentiostatic
signal amplitudes of 5mV.

3. Results and discussion

In order to avoid the use of unsafe precursors such as HF and F2,
the synthesis of Cr-doped Fe2F5$H2O was performed by using a
mildly hydrolyzable ionic liquid (IL) fluorination as the structure
orientation and soft template function. The XRD patterns of Fe(2-
x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) nanocomposites are depicted in
Fig. 1a. It can be observed that all characteristic diffraction peaks
exhibit similarities, which match well with the standard peaks of
Fe2F5$H2O (pyrochlore structure, Fd-3m-cubic space group, PDF No.
28e0483). Notably, no extra reflections were observed in the Cr-
doped samples, which indicates that Cr element enters to the
crystal structure of Fe2F5$H2O rather than forming impurities and
does not vary its intrinsic crystal structure fundamentally. By the
comparison of the (311) and (222) diffraction peaks, the diffraction
peaks of Cr-doped Fe2F5$H2O nanocomposites shift slightly towards
high degrees, which can be clearly observed in Fig. 1b. This is
further proved that Cr is effectively doped in Fe2F5$H2O. Addi-
tionally, the XRD patterns of Fe2F5$H2O and Fe1.95Cr0.05F5$H2Owere
further analyzed by rietveld refinements, and the detailed results
are presented in Fig. 1ced. The lattice constants of the corre-
sponding two materials are tabulated in Table 1. The reliability
factor Rwp and c2 of the refinement are approximately 6.5% and 2.0,
suggesting that the results are reliable. As being seen from Table 1,
the lattice parameter (1.03986 nm) and unit cell volume
(1.1244 nm3) of Fe1.95Cr0.05F5$H2O sample decrease slightly after Cr
doping comparing with undoped Fe2F5$H2O (a¼ 1.04064 nm, Vol-
ume¼ 1.1269 nm3) because the ionic radius of Cr3þ is slightly less
than that of Fe3þ. Meanwhile, the atoms occupancy of the
Fe2F5$H2O and Fe1.95Cr0.05F5$H2O are given in Table 2. It can be



Scheme 1. Schematic diagram for the synthetic process of Cr-doped Fe2F5$H2O cathode materials.
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found that Cr partially occupies the Fe (16c) site. Hence, the above
results indicate that Cr-doping leads to a little crystal lattice
contraction of Fe2F5$H2O but main crystal structure is not changed.
In order to understanding the open framework structure in the
crystal lattice, the crystal structure of Fe2F5$H2O is shown in Fig. 1e.
In this typical face-centered cubic structure, six FeF6 octahedra are
connected one by one via sharing of vertex F atoms, resulting in the
formation of a huge hexagonal cavity favorable for the storage of Na
and electron transport, which are beneficial to achieve high
discharge capacity [30]. The H2O molecules reside within the cage
made of the FeF6 octahedra, stabilizing the frame skeleton. And the
framework of the ligand can form a strong bond (such as hydrogen
bonds), so that it is not easy to release from the skeleton and
damage the pyrochlore structure.

The particle size and morphology of Fe(2-x)CrxF5$H2O nano-
particles can clearly be seen from the SEM images where all the
samples have a sphere-like shape. Compared with the pure
Fe2F5$H2O samples (Fig. 2a), a smaller particle size and pore size
can be found after Cr-doping, as shown in Fig. 2bed. As we all
know, the smaller particle sizes of Fe(2-x)CrxF5$H2O samples will
increase the specific surface areas and reduce efficiently the ion
diffusion distances [25]. Furthermore, the particle surfaces of Cr-
doped Fe2F5$H2O gradually become rough as the increasing Cr
dopant amount, and some tiny particles adhere to the surface of the
spherical particles, which is favorable for the electrolyte perme-
ation and the enhancement of the electrochemical performances
[24,31]. However, the size of sphere-like particle is not always
reduced with the further increase of the amount of Cr doping. For
example, when the Cr amount is higher than 5%, the particle size
inversely increases. Notably, the Fe1.95Cr0.05F5$H2O composite
(Fig. 2c) with the appropriate amount of Cr-doping possesses the
most uniform particle distribution size among all Cr-doped sam-
ples. The even distribution with the appropriate size of particles is
beneficial for enhancing the electronic conductivity of Fe2F5$H2O,
which confers Fe1.95Cr0.05F5$H2O better electrochemical perfor-
mance than other materials [24].

As shown in Fig. 2eef, the transmission electron microscopy
(TEM) images of Fe1.95Cr0.05F5$H2O sample reveals that the sphere-
like particles (about 600 nm) consist of many primal grains
approximately 10 nm in diameters that have the tendency to grow
into much larger size particles with some large voids or tunnels.
This structure allows the collection of free nanoparticles not only to
increase the volumetric energy density of sodium batteries, but also
to reduce the material damage resulting from volume expansion or
structure collapses during cycling process. High-resolution trans-
mission electron microscopy (HRTEM) image of the
Fe1.95Cr0.05F5$H2O nanocomposite is displayed in Fig. 2g. The
measured lattice space of 0.31 nm can be well matched to (311)
planes of the Fe2F5$H2O. Meanwhile, the HRTEM image further
confirms that a thin and amorphous protective layer approximately
2.96 nm is coated on the surface of the particle, which maybe helps
to stabilize its structure and improve cycle stability [32]. Thus, Cr-
doped Fe2F5$H2O with open framework structure can be signifi-
cantly improved in terms of its performances.

To further investigate the element composition and distribution
of the Cr-doped sample, in Fig. 2h the atomic ratios of Cr and Fe
detected from the EDX spectrum are close to 1:19, which match
well with the initial experimental data. In addition, the element
mapping for the Fe1.95Cr0.05F5$H2O sample for the two elements are
presented in Fig. 2i, which suggest that Fe and Cr disperse evenly in
the materials without phase separation. This indicates that
Fe1.95Cr0.05F5$H2O compound is well formed by the IL-based pre-
cipitation method.

The X-ray photoelectron spectroscopy (XPS) spectrum is illus-
trated in Fig. 3aef to estimate the surface component and the
elemental valence states of Fe1.95Cr0.05F5$H2O. The fitting lines are
in different colors. It can be clearly seen from Fig. 3a that the peaks
of C, O, F and Fe appear on the image while Cr is not observed
obviously. It is probably because the Cr binding energy peak is
disturbed and concealed by noise. As displayed in Fig. 3b, the
spectrum of C 1s with a peak at 288.58 eV stems from the C-N
bonding of the imidazolium ring of IL in Fig. 2g, which further
confirms the presence of IL layer [32]. The binding energy at
~531.93 eV corresponds to the O1s peak (Fig. 3c), which may result
from the H2O molecules in the tunnel. On the other hand, a weak
peak located at about 532.69 eV can be attributed to the hydration
water that participate in the formation of the crystal structure
[33,34]. As shown in Fig. 3d, the XPS spectrum of F 1s exhibits four
peaks at 684.80, 685.0, and 685.99 eV, which can be assigned to
FeF2, FeF3, and BF4þ, respectively [32]. In addition, in Fig. 3e the Fe 2p
spectrum of the Fe1.95Cr0.05F5$H2O sample exhibits two contribu-
tions (2p3/2 and 2p1/2), observed at respectively 713.98 and
727.44 eV, which can be corresponds to Fe3þ, while the obvious
peaks located at 713.12 and 723.23 eV are ascribed to Fe2þ [35].
Thus, the above results suggest coexistence of Fe2þ and Fe3þ in the
Fe1.95Cr0.05F5$H2O material. In Fig. 3f, the binding energy values
located at 578.49 and 588.27 eV demonstrate Cr ion in the þ3
oxidation state [36,37], which further confirms that Cr has been



Fig. 1. (a) XRD patterns of Fe(2-x)CrxF5$H2O (x¼ 0.00, 0.03, 0.05, 0.07) nanocomposites. (b) Magnification of the (311) and (222) XRD peak. Rietveld refinement results of the X-ray
diffraction patterns of (c) Fe2F5$H2O and (d) Fe1.95Cr0.05F5$H2O. (e) The crystal structure of Fe2F5$H2O.

Table 2
Structural parameters obtained from rietveld refinement of the XRD data for
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successfully doped into the lattice without changing the valence of
Fe3þ and is in agreement with Rietveld refinement results of the
XRD patterns.

To investigate the electrochemical performance of Fe(2-
x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) as the cathode for SIBs, the
charge-discharge profiles of different cycles are recorded at 0.1 C, as
presented in Fig. 4aed. It can be clearly seen that all electrodes have
Table 1
Lattice parameters for Fe2F5$H2O and Fe1.95Cr0.05F5$H2O crystals.

Sample a (nm) Volume (nm3) Rwp Rp c2

Fe2F5$H2O 1.04064 1.1269 6.46% 4.83% 1.98
Fe1.95Cr0.05F5$H2O 1.03986 1.1244 6.71% 5.13% 2.21
two voltage plateaus in the first discharge curve of about 1.2 V and
2.5 V, whereas only one voltage plateau appears in the subsequent
charge process and keeps about 2.5 V. In addition,
Fe2F5$H2O and Fe1.95Cr0.05F5$H2O.

Atom Site Occupancy

Fe2F5$H2O Fe1.95Cr0.05F5$H2O

Fe 16c 1.000 0.950
F 48f 1.000 1.000
O 8b 1.000 1.000
Cr 16c 1.000 0.050



Fig. 2. SEM image of Fe(2-x)CrxF5$H2O (x¼(a) 0.00, (b) 0.03, (c) 0.05, (d) 0.07) nanocomposites. ((e) and (f)) TEM and (g) HRTEM images of Fe1.95Cr0.05F5$H2O nanocomposite. (h) The
EDX spectrum of Fe1.95Cr0.05F5$H2O nanocomposite. (i) SEM image and element mapping (Fe, Cr) of the Fe1.95Cr0.05F5$H2O.

Fig. 3. XPS spectra of Fe1.95Cr0.05F5$H2O nanocomposite: (a) survey spectrum and core-level spectra of (b) C1s, (c) O1s, (d) F1s, (e) Fe2p and (f) Cr2p.

M. Liu et al. / Electrochimica Acta 269 (2018) 479e489 483



Fig. 4. Discharge and charge profiles of (a) Fe2F5$H2O, (b) Fe1.97Cr0.03F5$H2O, (c) Fe1.95Cr0.05F5$H2O and (d) Fe1.93Cr0.07F5$H2O composite at 0.1C at different cycles (1st, 20th, 40th,
60th, 80th, and 100th).
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Fe1.93Co0.07F5$H2O electrode exhibits the highest discharge voltage
plateau and lowest charge voltage plateau from the first to the
100th cycles, which suggests that it has the smallest electro-
chemical polarization and thus can mitigate the voltage hysteresis.
Compared to the bare Fe2F5$H2O with a low initial discharge ca-
pacity of 247mAh g�1, the Cr-doped samples exhibit relatively
higher discharge capacity, which can be assigned to the increase of
the electronic conductivity after Cr doping. The initial discharge
capacities when x¼ 3%, 5%, 7% are 316, 357, and 338mAh g�1,
respectively. Obviously, the appropriate amount of Cr-doping will
be favorable for increasing specific capacity, but the 7% Cr-doping
shows an opposite result.

However, at second cycle, the discharge capacities of Fe(2-
x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) materials decreased to 205, 250,
299 and 272mAh g�1 (Fig. 5a), respectively. This phenomenon is
related to the irreversible formation of solid electrolyte interphase
(SEI) [38e42]. And it is interesting to note that, within a certain
range, the initial capacity loss decreases as the Cr dopant concen-
tration increases. Until the 100th cycle, the discharge capacity of
bare Fe2F5$H2O rapidly reduces to 73mAh g�1, which is merely
29.6% of the first discharge capacity. The discharge capacities of
Fe(2-x)CrxF5$H2O (x¼ 0.03, 0.05, 0.07) samples at 100 cycles main-
tains 127, 171, and 155mAh g�1, respectively. Apparently, the
cycling stability is significantly improved after Cr-doping and the
capacity retentions increase along with the increasing Cr dopant
concentration. Besides, it can be clearly seen that the Coulombic
Efficiencies (CEs) of Cr-doped materials are as high as 98% and
obviously higher than pure Fe2F5$H2O at the beginning. As previ-
ously mentioned, the crystalline size increases as the doping
amount of Cr increases (still smaller than the size of pure
Fe2F5$H2O), resulting in the reduced specific surface area. In gen-
eral, the smaller the specific surface area is, the less favorable the
specific capacity is, which has been proved by the low specific ca-
pacity of Fe1.93Cr0.07F5$H2O nanocomposite. However, a smaller
specific surface can help suppress side effects and inhibit SEI for-
mation, which produces good reversible capacity in the second
cycles and high CE. In short, although the Fe1.93Co0.07F5$H2O ex-
hibits the best cycling performance, its specific capacity is much
lower than that of Fe1.95Co0.05F5$H2O, which is caused by the
overgrowth of the microcrystal as mentioned above. Compared
with other two composites, Fe1.95Co0.05F5$H2O shows an excellent
cycling performance and delivers the highest specific capacity,
which is attributed to the increased electronic conductivity owing
to proper Cr-doping as well as to the favorable porous morphology
with nano-sized grains of the active material [27].

To further illustrate the effects of Cr-doping on the rate capac-
ities of Fe(2-x)CrxF5$H2O (x¼ 0, 0.03, 0.05, 0.07) compounds, Fig. 5b
gives the discharge performances at various current densities (0.1,
0.2, 0.4 and 1 C) for 5 cycles. As being seen, all materials display a
relatively low specific capacity due to the increase of current



Fig. 5. (a) Cycling performances of Fe(2-x)CrxF5$H2O nanocomposites (x¼ 0%, 3%, 5%, 7%) electrodes at 0.1 C rate within the voltage range of 1.0e4.0 V. (b) Rate capabilities of Fe(2-
x)CrxF5$H2O (x¼ 0%, 3%, 5%, 7%) cells.
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densities. The undoped Fe2F5$H2O shows an initial discharge ca-
pacity of 236mAh g�1 at 0.1C. As the current density increased to
1C, the specific capacity decreases rapidly to 60mAh g�1, which is
because of the serious electrochemical polarization of Fe2F5$H2O.
Although a similar phenomenon can also be found for Cr-doped
materials, the electrochemical polarization is smaller than undo-
ped Fe2F5$H2O. For instance, the reversible capacities of
Fe1.95Cr0.05F5$H2O remain as high as 328, 212, 166 and 141mAh g�1

at 0.1, 0.2, 0.4 and 1 C, respectively, suggesting good rate capability
of Cr-doped particles. Besides, When the current rate returns to
0.1 C after 20 cycles, the Fe(2-x)CrxF5$H2O samples obtains the
discharge capacity of about 135,183, 232 and 204mAh g�1 with the
capacity retention of 57.0%, 65.2%, 65.7% and 70.6% respectively,
indicating that the Cr-doped cathode material can still retain its
structural integrity even at a high rate. The improved rate capability
is usually believed to be associated with the introduction of Cr-
doping and its unique open structure, which can be beneficial to
transport of the electrolyte sodium ion, thus resulting in facilitating
the intercalation process of sodium ions, enhancing sodium storage
kinetics and shortening diffusion distance of Naþ ions.

Fig. 6a shows the first three cyclic voltammogram (CV) curves of
Fe1.95Cr0.05F5$H2O cathode at a scan rate of 0.2mV s�1. It can be
seen that all redox peaks are consistent with the charge-discharge
profiles (Fig. 4c) at 0.1C. In the first cathodic scan, two obvious
reduction peaks at 2.5 and 1.2 V correspond to the two discharge
plateaus respectively, and the low voltage peak positioned at 1.2 V
may correspond to the chemical conversion reaction of fluoride
cathodematerial. However, it is different from the next three cycles,
where because of the rich surface defects of particles a high initial
discharge capacity can be obtained (357mAh g�1). Moreover,
starting from the second cycles, a pair of oxidation and reduction
peaks located at 2.6 and 2.0 V can be observed, which are ascribed
to the intercalation of Naþ into the Fe1.95Cr0.05F5$H2O. In addition,
as being clearly observed in Fig. 6b, the CV curves of Fe2F5$H2O and
Fe1.95Cr0.05F5$H2O in second cycle dispaly the similar shape with a
pair of redox peaks, which indicate that they have similar electro-
chemical reaction process. The oxidation and reduction peaks
correspond to the Naþ extraction and insertion processes. The
larger peak area in the CV is in accord with the higher capacity of
the respective samples, therefore Fe1.95Co0.05F5$H2O can provide a
larger capacity. Besides, the redox peaks of Fe2F5$H2O are detected
at 2.66 V and 1.88 V, and the potential interval (DEp) is 0.78 V,
suggesting an acute polarization behavior. By comparison, the
oxidation and reduction peaks of Fe1.95Cr0.05F5$H2O are positioned
at 2.58 V and 1.97 V, and the DEp is only 0.61 V, which is much
smaller than that of Fe2F5$H2O. Usually, the smaller DEp implies a
smaller electrochemical polarization and a better cycling stability
[25]. This is a good match with the charge-discharge and cycling
curves, as shown in Fig. 4a, c.

As we all known, the mechanism of sodium storage of FeF3 can
be expressed as follows:

Naþ þ e� þ FeF3¼NaFeF3 (4.0e2.0 V) (1)

2Naþ þ 2e� þ NaFeF3 ¼ 3NaF þ Fe (2.0e1.0 V) (2)

During the discharge process, Naþ is inserted into the crystal
structure and Fe3þ was reduced to Fe2þ in the voltage range of
4.0e2.0 V, occurring the intercalation reactions as shown in Equa-
tion (1). In the next voltage range of 2.0e1.0 V, Fe2þ was reduced to
Fe0, occurring the conversion reactions as shown in Equation (2)
[43]. Similarly, Fe2F5$H2O also involves two kinds mechanism of
intercalation and conversion according to the charge/discharge
curves shown in Fig. 4. To study the phase transformation upon
sodiation/desodiation, the HRTEM and SAED images were shown in
Fig. 6cef and the insert of Fig. 6e. Fig. 6c shows the HRTEM images
of Fe1.95Cr0.05F5$H2O discharged to 1.0 V. The nanodomains with
the lattice stripe corresponding to (111) and (002) are assigned to
NaF and Fe respectively, indicating the presence of the conversion
reaction [44]. When the Fe1.95Cr0.05F5$H2O electrode is recharged to
4.0 V, NaF and Fe were still detected and the lattice stripes of FeF3
can also be found, as shown in Fig. 6d. Therefore, it can be inferred
that Naþ are extracted successfully from the material, and the
conversion reaction is not completely reversible, which thus in-
fluences the cycle stability of electrode. The HRTEM images of the
fully charged Fe1.95Cr0.05F5$H2O electrode after 100 cycles are
shown in Fig. 6e. The crystalline phase and the amorphous phase
coexist in the material. Furthermore, it can be clearly seen from the
regional magnified image shown in Fig. 6f that the core region is
remained the crystal phase while the edge region is converted to
amorphous phase, indicating that the reaction upon sodiation/
desodiation involves two kinds mechanism of intercalation and
conversion.

To further determine structural changes during sodiation/
desodiation, the XRD patterns of Fe1.95Cr0.05F5$H2O electrodes at
different potential during the first cycle process are shown in



Fig. 6. (a) Cyclic voltammograms of Fe1.95Cr0.05F5$H2O composite during the first 4 cycles at a scan rate of 0.2mV s�1 within the voltage range of 1.0e4.0 V, (b) Cyclic voltam-
mograms of Fe2F5$H2O and Fe1.95Cr0.05F5$H2O at a scan rate of 0.2mV s�1. The HRTEM images of Fe1.95Cr0.05F5$H2O (c) discharged to 1.0 V and (d) recharged to 4.0 V. (e) The HRTEM
image of the fully charged Fe1.95Cr0.05F5$H2O electrode after 100 cycles and (f) its regional magnified image. (g) XRD patterns and (h) XPS spectra of Fe1.95Cr0.05F5$H2O electrodes at
various reaction stages of the first cycle.
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Fig. 6g. During the discharge process to 2.0 V, the intensity of
typical diffraction peaks (marked with the plum-flower-type
black symbol) are gradually decreased owing to the stress and
disorder of crystal structures caused by the Naþ intercalation into
Fe2F5$H2O cavities. It is noteworthy that some new peaks at 37.60,
44.35 and 64.53� can also be observed, which can be well-indexed
to NaF (marked with the peach-type green symbol) and Fe metal
(marked with the peach-type olive symbol), suggesting the onset
of the conversion reaction from Fe2þ to Fe0. Furthermore, as the
Na insertion proceeds, a continuous shift towards lower 2q angles
indicates a solid-solution behavior of the Naþ insertion into large-
size tunnels. When the Fe1.95Cr0.05F5$H2O electrode is discharged
to 1.0 V, the typical diffraction peaks almost disappeared, sug-
gesting the transformation of Fe1.95Cr0.05F5$H2O towards amor-
phous phase. Meanwhile, the intensity of diffraction peaks of NaF
and Fe are increased since the NaF and Fe products are continu-
ously produced. Once sodium is removed from the tunnels during
the recharge process to 4.0 V, most diffraction peaks of the
Fe1.95Cr0.05F5$H2O are almost restored as the pre-cycled electrode.
However, weak diffraction peaks attributing to NaF and Fe still



Fig. 7. Three-dimensional Nyquist plots measured for (a) Fe2F5$H2O and (b) Fe1.95Cr0.05F5$H2O after cycling for different cycles at 0.1 C. (c) the equivalent circuit model. (d) The Z0 vs.
u�1/2 plots at low frequency region.
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exist, demonstrating small irreversible capacity of
Fe1.95Cr0.05F5$H2O. In addition, XPS spectra obtained from
different voltage during charge/discharge process are used to
detect the chemical state variation of Fe1.95Cr0.05F5$H2O elec-
trodes, as shown in Fig. 6h. During the discharging process, the Fe
2p XPS peaks of the Fe1.95Cr0.05F5$H2O electrode systematically
shift to lower energy during the discharge process because of the
reduce reaction of Fe3þ actuated by Na. Comparing to the pre-
cycled sample, all satellite peaks of Fe3þ almost disappeared and
the intensity of Fe2þ peaks increase, revealing the Fe3þ reducing to
Fe2þ. When the Fe1.95Cr0.05F5$H2O electrode further discharged to
1.0 V, binding energy peaks of Fe 2p3/2 and Fe 2p1/2 locating at
710.40 and 719.41 can be ascribed to formation of Fe metal, which
accords well with ex-situ XRD results. During the following charge
process to 4.0 V, a reversed tendency of the shift in the XPS spectra
is observed and the intensity of the peaks is similar to the pre-
cycled sample, which reveals the oxidation of Fe upon the
extraction of Naþ. All above results indicate the considerable
reversibility of the Fe1.95Cr0.05F5$H2O during the Na ion interca-
lation/de intercalation process.

Furthermore, the electrochemical impedance spectroscopy (EIS)
measurements for Fe2F5$H2O and Fe1.95Cr0.05F5$H2O were per-
formed for different cycles as shown Fig. 7. The EIS pattern is
composed of one high-frequency semicircle and a sloping line in
low-frequency region. The semicircle is associated with the charge
transfer resistance (Rct) reflecting the reaction kinetics of the
electrode reaction and the sloping line represents the diffusion
impedance (Zw), which is attributed to the diffusion of Naþ into the
solid matrix. The equivalent circuit model in Fig. 7c the electrolyte
resistance Rs represents the total impedance of the electrode ma-
terial and electrolyte. The fitting results are listed in Table 3, which
are well matched to the experimental data described in Fig. 7a and
b. It can be known from Table 3 that the Rs values of
Fe1.95Cr0.05F5$H2O at different cycles are apparently less than that of
Fe2F5$H2O, suggesting the conductivity of Fe1.95Cr0.05F5$H2O after
Cr-doping has well improved. In addition, the Rct value of
Fe2F5$H2O is 104U after first cycle, but this value increases to 305U
after 100 cycles. On the contrary, the Rct of Fe1.95Cr0.05F5$H2O are
62U, and 168U after 1 and 100 cycles. The Rct of Fe1.95Cr0.05F5$H2O
is less than that of Fe2F5$H2O, indicating that the Fe1.95Cr0.05F5$H2O
composite has a higher electrochemical activity, less polarization
and better electrochemical performance than Fe2F5$H2O. In order
to evaluate the influence of Cr-doping on the diffusion of Naþ, the
diffusion coefficient of sodium ion (DNa

þ ) are calculated as follows
[45]:



Table 3
Rs and Rct values of Fe2F5$H2O and Fe1.95Cr0.05F5$H2O after different cycles.

Samples Fe2F5$H2O Fe1.95Cr0.05F5$H2O

1st 20th 40th 60th 80th 100th 1st 20th 40th 60th 80th 100th

Rs (U) 13.0 18.0 14.5 15.3 21.8 22.5 9.7 12.1 13.0 16.9 19.3 24.3
Rct (U) 104 156 198 241 284 305 62 81 105 127 155 160
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DNaþ ¼ R2T2

2A2n4F4C2s2
(3)

C ¼ n
V
¼ m=M

V
¼ rV=M

V
¼ r

M
(4)

A is the surface area of electrode, C is the molar concentration of
Naþ in the electrode and can be calculated from the molecular
weight (M) and the density (r) of the materials [46]. F is Faraday
constant, T is the absolute temperature, R is the ideal gas constant,
n is the number of electron per molecule in the reaction and s is the
Warburg coefficient related to Z':

Z0¼ RsþRct þ su�1=2 (5)

where u is the angular frequency in the low frequency region. The
linear relationship between Z0 and u�1/2 of Fe2F5$H2O and
Fe1.95Cr0.05F5$H2O in the low-frequency region is shown in Fig. 7d.
It can be known from calculation that the Naþ diffusion coefficients
of Fe2F5$H2O after 100 cycles is 9.57� 10�17m2 s�1, which
demonstrated that the Fe2F5$H2O electrode has a relatively lower
diffusivity, presumably owing to serious polarization and structural
changes. Nevertheless, the corresponding Naþ diffusion coefficients
of Fe1.95Co0.05F5$H2O after 100 cycles is 7.21� 10�15m2 s�1. Obvi-
ously, the Naþ diffusion coefficients of Fe1.95Co0.05F5$H2O is clearly
higher than one of the Fe2F5$H2O. Therefore, above results indicate
that Cr-doping can effectively facilitate the insertion/dein-
tercalation process of sodium ions and enhance sodium storage
kinetics, and thus improving its electrochemical performances.

4. Conclusions

The Cr-doped Fe2F5$H2O cathode materials for NIBs with open
framework structure were successfully prepared by an IL based
assisted method. The effects of Cr3þ doping on the structure,
morphology, and electrochemical characteristics of Fe2F5$H2Owere
investigated. Cr is successfully doped into Fe2F5$H2O crystal
structure without varying its structure fundamentally, but Cr
doping can cause a slight decrease in crystalline size. Among all of
the samples, the Fe1.95Cr0.05F5$H2O sample exhibited excellent
electrochemical property, delivering maximum discharge capac-
ities of 328, 212,166 and 147mAh g�1 at rates of 0.1, 0.3, 0.5 and 1 C.
Meanwhile, the discharge capacity of Fe1.95Cr0.05F5$H2O retains
171mAh g�1 after 100 cycles at 0.1 C. Especially, even at high rate of
1 C, it can still exhibit a high discharge capacity of 147mAh g�1. The
lower electrode polarization and the improvement of dynamic
behavior can usually be ascribed to the introduction of the high
oxygen affinity Cr element, which leads to an increase in electronic
conductivity of material. Therefore, Cr dopingmay be a feasible and
effective methodology to overcome the intrinsic drawbacks of iron
fluoride as a high performance cathode material of NIBs.
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