Journal of Alloys and Compounds 723 (2017) 317—326

Journal of Alloys and Compounds

Contents lists available at ScienceDirect

journal homepage: http://www.elsevier.com/locate/jalcom

Enhancing cycling performance of FeF3 cathode by introducing a
lightweight high conductive adsorbable interlayer

@ CrossMark

Xiangyang Zhou ¢, Hongxu Sun ¢, Haochen Zhou °, Zhanglin Xu ?, Juan Yang "

@ School of Metallurgy and Environment, Central South University, Changsha, 410083, China
b Department of Aerospace, Tsinghua University, Beijing, 100084, China

ARTICLE INFO

ABSTRACT

Article history:

Received 15 February 2017
Received in revised form

18 June 2017

Accepted 24 June 2017
Available online 27 June 2017

Keywords:

Iron fluoride

Porous hollow carbon nanofiber
Interlayer

Electrode pulverization

Iron fluorides, as a kind of high specific capacity conversion-type cathode materials for lithium
rechargeable batteries, are attracting an increasing number of researchers. However, their practical ap-
plications are hindered by the poor electrical conductivity and the volume effect during cycling. In this
work, a lightweight porous hollow carbon nanofiber (PHCNF) interlayer is proposed to coat on the
original FeF; cathode to solve these problems. This interlayer is synthesized through a facile carbonizing-
activating process using polypyrrole (PPy) as raw material, and plays a difunctional role in trapping the
escaped FeFs particles and improving the electrical conductivity of electrode. By introducing the high
conductive coating layer, an extremely high specific capacity of 217 mAh g~ for 40 cycles in the 2—4.5 V
region is achieved, which is close to the theoretical specific capacity of 237 mAh g~ for FeFs. Also, a
superior power capability is retained delivering a reversible specific capacity of 193 mAh g~! at
200 mA g~! and 101 mAh g~! even at 1000 mA g

Cathodes
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1. Introduction

Recently, with the vigorous development of portable electronic
devices, lithium rechargeable batteries are now considered as one
of the dominant power sources for a variety of electric storage
applications due to their high storage capacity, and long cycle life
[1-3]. However, current state-of-the-art Li-ion batteries could not
satisfy the fast-growing demand for higher specific capacity, power
density and safety. To further improve the performance of lithium
ion batteries, the research for new type electrode material, espe-
cially cathode materials, for Li-ion batteries has been highlighted.
The theoretical capacity of traditional cathode materials (such as
LiFePOy, LiCo0,) is often low (140—170 mAh g~ 1), because of the
intercalation reactions based on single or less electron reaction
[4,5]. Accordingly, an effective strategy for high capacity electrodes
is to utilize conversion reaction with multi-electron transfer
[6—15]. during the conversion reactions, phase transitions occur
with the general equation as follows: MXp, + nLi < M + nLiXpn,
where M is transition metal, X is anion.

Among kinds of the conversion-type compounds, metal
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fluorides such as NiF, with an average discharge charge voltage of
2.96 V and a theoretical specific capacity of 554 mAh g~! [16], CoF,
(2.85V, 553 mAh g 1)[17], CuF, (3.55 V, 528 mAh g 1) [18,19], FeF,
(2.66 V, 571 mAh g~1) [20,21], FeF3 (2.74 V, 712 mAh g~ 1) [22,23],
etc have been investigated as cathode materials for Li-ion batteries,
owing to their high operating voltages and high theoretical specific
capacities. A representative example is iron trifluoride (FeFs), the
electrochemical reaction mechanism of which was proposed by
Badway [24—26], which can be described as a two-step reaction.
With the initial insertion of Li*, the intercalated “LiFeFs” is formed.
A first voltage plateau is around 3.4 V, and then the second plateau
of around 2.1 V appears with the conversion reaction producing Fe
and LiF. These two step reactions involve three-electron transfer, so
itis generally acknowledged that FeFs has a high theoretical specific
capacity of 237 mAh g~! (one-electron transfer) testing between
2.0 and 4.5 V, this voltage range is similar to some other high ca-
pacity conversion-type cathode materials, such as vanadium oxides
[27,28]. Furthermore, a larger theoretical specific capacity of
712 mAh g~ (three-electron transfer) can be achieved testing be-
tween 1.5V and 4.5 V region [29—32]. Moreover, the peculiarities of
low toxicity, low cost and better cyclability than other metal fluo-
rides, make FeFs3 a very promising candidate of the cathode mate-
rials for Li-ion batteries.

Nevertheless, several drawbacks, such as high ionicity and poor
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structural stability, prevent FeFs from its practical application as a
cathode material. The high ionicity of FeF3 induces a large band gap,
thus FeFs, like most metal fluorides, invariably exhibits insulating
behavior, giving rise to large hysteresis voltage, poor cycling and
rate capability. What is worse, the pulverization of electrodes,
resulting from the large volume effect accompany with the struc-
tural changes during battery operation, severely degrades the
cyclability of the conversion-type FeF3 cathode [20]. To address the
above-mentioned issues, various measures were taken, which
could be mainly summed up in three aspects: i) Rational mor-
phologies designing and nanocrystallization of FeFs;. Rational
designed morphologies could alleviate the volume effect and
shorten the ion transport path, while nanoscaled crystallite
dimension could significantly improve the reaction activity of the
FeF; particles. For example, Ma et al. prepared a three-
dimensionally ordered macroporous FeFs hybrid structure which
delivered a reversible capacity of 190 mAh g~! for 30 cycles at
20 mA g!' [22]. ii) Fabrication of FeF; based composite with
conductive carbonaceous materials [23,33]. The building of the
carbonaceous conductive framework could effectively improve the
cyclability and rate performance of the composite materials. Kim
et al. fabricated FeF; nanoflowers on CNT branches, sustained a
reversible capacity of nearly 200 mA g~ for 30 cycles at 20 mA g~
[23]; Liu et al. synthesized uniform iron fluoride nanocrystals on
reduced graphene oxide sheets, a capacity of 205 mA g~ for 30
cycles at 45 mA g~ ! was achieved [33]. iii) Element doping. Smaller
band gap can improve the electronic conductivity of FeFs itself and
alleviate the sluggish kinetics of FeFs, in addition, doping element
can effect microcrystal growth. For example, Bai et al. prepared Fe(q-
x)TixF3 by a hydrothermal method, which retained the specific ca-
pacity of 174 mAh g1 at 23.7 mA g~' [34]. Overall, a majority of
research focus on the fabrication of FeF3/C composite to modify the
cyclability and rate performance of FeFs, and some good results are
achieved. But the current resulting reversible capacities are not
satisfactorily high, and the cycle performance still need to be
improved, which may be partially responsible for the pulverization
phenomenon of FeF; based composite cathodes, since it still exists
in the case of low carbon content.

Considering that the electrode pulverization is difficult to avoid
for conversion-type cathode materials. A macroscopic electrode
structure was designed by introducing an interlayer inserted be-
tween electrode and separator by our group [35], and an excellent
performance was achieved which retained an ultrahigh capacity of
600 mAh g~! at 100 mA g~ ! for 60 cycles. Unfortunately, the pro-
portion of interlayer in electrode remains to be further reduced. In
this work, a lightweight conductive interlayer between active ma-
terial and separator is designed to apply to conversion-type cath-
ode materials, simply by coating the surface of FeF; cathode with a
porous hollow carbon nanofiber (PHCNF) film directly. The coating
film is thick in order to ensure a high proportion of active material,
which accounted for only 27.9 wt% of the whole cathode (cathode
layer and interlayer). A schematic illustration of the designed cell
configuration and the preparation process of PHCNF are shown in
Scheme 1. The PHCNF can be synthesized through a facile
carbonizing-activating process using PPy as raw material. The as-
synthesized PHCNF possesses a three dimensional cross-linked
network structure with a large specific surface area, which comes
from the porous hollow structure of every carbon fiber. The hollow
structure can reduce the weight of the interlayer, and the highly
porous structure can provide abundant accommodate space for the
escaped FeF3 nanoparticles also benefit the electrolyte permeation.
The cross-linked conductive carbon network plays a key role in
stabilizing the electrode structure and reducing the internal resis-
tance of the battery simultaneously. Thus the “double-layer” elec-
trode configuration provides an effective way to resolve the

problems of volume effect and electrode pulverization, from which
most conversion-type electrodes are suffering [36].

The application of the carbon nanofiber interlayer enables the
pure FeFs cathode to retain an extremely high reversible specific
capacity of 217 mAh g~ ! after 40 cycles at 20 mA g~ !, which is close
to the theoretical specific capacity of 237 mAh g~! of FeFs. The
specific energy is also retained at more than 612 Wh kg~ ! under
these conditions. To the best of our knowledge, this is the highest
specific capacity and energy among the ever published results
under the same test conditions. Interestingly, the composite cath-
ode also deliver an excellent rate performance, reversible capacities
of 193 mAh g~ !, 174 mAh g~ ! and 101 mAh g~ ! are achieved at
200 mA g~ !, 400 mA g~ ! and 1000 mA g, respectively. It should be
noted that the outstanding performance of the novel design of
electrode configuration may well prove the possibility of
conversion-type compounds being used as commercial electrode
materials for Li rechargeable batteries.

2. Experimental
2.1. Synthesis of iron fluoride (FeF3)

FeFs; powders were synthesized by a facile liquid-phase method.
Firstly, 70 mL FeCl3 (0.02 M) ethanol solution was prepared in
Teflon-lined autoclave, then, 30 mL HF solution (40%) was added
into FeCls ethanol solution dropwise, after stirring, the bright yel-
low solution gradually became colorless. After another stirring for
0.5 h, the Teflon-lined autoclave was sealed and heated in an oven
at 60 °C for 10 h. The generated pink precipitate was collected and
washed with absolute ethanol for several times, following by dry-
ing at 80 °C for 8 h to get FeF3-3H,0 powders as precursor. After
another drying at 120 °C for 48 h, the FeF3 light green powders were
obtained.

2.2. Synthesis of the PHCNF

The porous hollow carbon nanofiber was prepared from poly-
pyrrole nanofiber. The polypyrrole nanofiber was synthesized by
our previous work [37,38]. Briefly, 7.3 g CTAB and 13.7 g ammonium
persulfate was dissolved in 120 mL HCI solution (1 M), respectively.
After stirring in ice bath for 0.5 h, a white reactive template was
achieved. Then, 8.3 mL pyrrole monomer was added slowly, the
black precipitate was obtained after 24 h stirring at 0—5 °C. After
collecting and washing for several times with deionized water and
absolute ethanol, the black precipitate was during at 80 °C in an
oven for 12 h. Then, the as-synthesized polypyrrole nanofiber was
heated at 700 °C for 2 h under a N, atmosphere for carbonization.
The as-obtained carbon nanofiber and KOH were mixed with a
mass ratio of 3:1 in ethanol and deionized water mixed solution.
After drying, the mixture was heated at 700 °C for 1 h in N at-
mosphere for activation, and then the product was washed to
ensure that the chloride ions was removed completely. Finally, the
porous hollow carbon nanofiber (PHCNF) doped with nitrogen
were obtained after drying in an oven overnight at 80 °C.

2.3. Materials characterization

The phases of the synthesized materials were characterized by
transmission electron microscopy (TEM, JEM-2100F, Japan), scan-
ning electron microscope (SEM, Nova NanoSEM230, USA), and X-
ray diffraction (XRD, Rigaku-TTRIII, Japan). Elemental analysis was
made by an energy dispersive spectrometer (EDS). The pore
diameter distribution, total pore volume and specific surface area
were identified through a Surface Area and Porosity Analyzer (ASAP
2020HD88, USA). Digital photos were taken with a digital camera
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Scheme 1. A schematic of electrode configuration and the preparation process of porous hollow carbon nanofiber (PHCNF).

(CASIO EX-ZR400, Japan). Surface elemental analysis was carried
out by using an X-ray photoelectron spectrometer (XPS, K-Alpha
1063, USA).

2.4. Electrode preparation and electrochemical measurements

The iron fluoride cathode was made by mixing 20% acetylene
black, 10% polyvinylidene fluoride (PVDF) and 70% pure FeFs3 in N-
methyl-2-pyrrolidinone (NMP). The well mixed slurry was coated
on aluminum foil and dried at 120 °C overnight in a vacuum oven.
As for the preparation of the “double-layer” cathode, the slurry of
carbon nanofiber was produced by mixing 95% PHCNF and 5%
polyvinylidene fluoride (PVDF), followed by coating onto as-dried
iron fluoride cathode with a scraper blade and drying at 120 °C
for another 12 h. The electrodes were cut into pellets of 1.0 cm in
diameter, and the coin cells were assembled with Li metal foil as the
anode in an argonfilled glove box (Super 1220/750, Shanghai
Mikrouna Co. Ltd.). A Celgard 2400 polypropylene membrane was
served as the separator. LiPFg (1 M) in ethylene carbonate (EC) and
diethyl carbonate (DEC) with a volume ratio of 1: 1 as the elec-
trolyte. The cells were tested in voltage ranges of 4.5—2.0 V and
45-15 V (~vs. Li/Lit) at different current densities of
20—1000 mA g~ ! on a LAND CT-2001A (Wuhan, China). Cyclic
voltammograms (CV) were measured by an electrochemical
workstation (PARSTAT 4000, USA) at a scanning rate of 0.1 mV s~!
in voltage ranges of 4.5—2.0 V and 4.5—1.5 V. Also, electrochemical
impedance spectra (EIS) were obtained by PARSTAT 4000 electro-
chemical workstation from 100 kHz to 10 mHz with an automatic
scanning mode.

3. Results and discussion

Anhydrous FeF; possesses a hexagonal lattice belonging to the
R-3c space group, which is described to have a ReOs type structure
with the lattice parameter values of a (5.20 A), b (5.20 A), c (13.32 A)
and V (311.99 A%), and this structure is larger than other similar
type structure, such as TiOF, and Nb,OF [6]. FeF3 has a number of
hydrated structures, and kinds of them have been studied as
cathode materials by researchers, such as FeFs;-3H,0, FeFs-0.5H,0

and FeF3-0.33H,0 [39—41]. Water molecules act as structural sta-
bilizers during the electrochemical reaction, but limit the theoret-
ical capacity partly and are likely to bring about the side reaction
with LiPFg in the electrolyte. Usually, it is difficult to obtain the
anhydrous FeFs, because Fe,03 is often detected while removing
the water of crystallization from hydrated ones through the high
temperature heat treatment. In this study, anhydrous FeF; were
synthesized through a facile liquid-phase method and subsequent
mild heat treatment. The X-ray diffraction (XRD) pattern of the as-
synthesized FeF; powders is clearly represented in Fig. 1a. As is
shown, all XRD peaks of the as-synthesized powders are identified
as FeFs (JCPDS 33-0647), crystallizing in a ReO3-type structure with
a space group of R-3¢, no other impurity signal is detected in XRD
pattern. The widened peaks are mainly associated with the removal
of crystal water under heat treatment, which leads to an amor-
phous characteristic of the corresponding XRD peaks.

The morphology of FeFs is shown in Fig. 1b—d, a regular spindle-
shaped morphology of FeF3 particles is observed with an average
length of 10—50 pm. Interestingly, it can be found that a few
spindle-shaped FeF3 particles agglomerate into a radiated aggre-
gate. As shown from the TEM image of FeFs in Fig. 1d. The as-
synthesized FeFs; is a kind of typical micro-nano structure.
Although the grain size of the FeFs3 particles observed from SEM
image is relatively huge, the spindle-shaped particles are composed
of primary nanoparticles with diameter of only about 20 nm. The
primary nanoparticles can improve the reaction activity of FeFs,
and the gaps between them are expected to increase the contact
area with the electrolyte.

However, for pure FeF; electrode, the structural collapse of the
FeF3 particles is difficult to avoid in subsequent cycling. The high
conductive cross-linked carbon network interlayer composing of
PHCNF can solve this issue well. Typical SEM and TEM images of
PHCNF are shown in Fig. 2a - b, the as-obtained PHCNF shows
clearly homogeneous morphology of cross-linked hollow nano-
fibers with external diameter of about 100 nm and internal diam-
eter of about 30—40 nm (they can be seen clearly in Fig. S1a), the
lightweight hollow structure of PHCNF make itself more applicable
for being an interlayer material. The hollow structure of PHCNF
forms in the preparation process of polypyrrole (PPy) nanofibers
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Fig. 1. X-ray diffraction (XRD) pattern (a), SEM images (b, c) and TEM image (d) of as-synthesized FeF; powders.

[42]. After carbonization, the hollow carbon nanofibers are ach-
ieved. In order to promote the adsorption capacity of the hollow
carbon nanofibers, the subsequent activation of KOH makes the
polypyrrole pyrolysis carbon nanofibers a unique porous one-
dimensional nanostructure. The porous characteristics of PHCNF
can be observed from the typical HRTEM image of PHCNF in
Fig. S1b. Nitrogen adsorption desorption isotherms and pore size
distribution patterns of PHCNF are shown in Fig. 2c, the nitrogen
adsorption desorption isotherms depicts a typical type IV iso-
therms. The hysteresis loop indicates the existence of a micro-
mesoporous hybrid structure [20]. The pore size distribution
pattern, fitting from the corresponding absorption curve by BJH
mode, suggests that most pores are smaller than 1.1 nm in diam-
eter, and the average pore diameter is estimated to be 2.05 nm. The
BET surface area of PHCNF is calculated to be 1404.38 m? g~ ! with a
total pore volume of 0.72 cm® g~ . The large specific surface area
and porous structure are expected to strengthen the adsorption
capacity and the electrolyte permeation of PHCNF.

It is reported that the presence of heteroatom at the carbon
surface has a strong interatomic attraction, which can not only
enhance electrical conductivity but also improve the adsorption
ability of the carbons [43,44]. Fig. 2d shows the X-ray photoelectron
spectroscopy spectra of PHCNF. It can be observed that three peaks
centering at about 400.0, 285.0 and 532.0 eV corresponding to N1s,
Cl1s and Of1s, respectively, in the XPS survey spectrum of PHCNF
[45]. The tests show the proportion of N in PHCNF is 2.24 wt %, the
high-resolution N 1s spectrum of PHCNF is presented in Fig. 2d. The
N 1s spectrum of PHCNF indicates that four different peaks, pyrrolic
N located in a five-membered ring, pyridinic N located in a six-

membered ring, quaternary N, and other N, which are referred to
asN-5,N-6,N-Q,and N - X. The four peaks can be identified at
400.36, 398.74, 401.45, and 403.20 eV, respectively. Thus the in-situ
N-doped PHCNF is expected to be able to have certain adsorption
ability, with its large specific surface area and good electrical con-
ductivity [38,46].

Photographs illustrating the preparation process of FeFs cathode
with PHNCF coating film are shown in Fig. 3a - b, PHCNF is uni-
formly coated onto the as-dried iron fluoride cathode with a
scraper blade, a smooth surface is observed. Fig. 3c shows the cross-
sectional image of electrode with PHCNF coating film, the thickness
of the PHCNF film (PHCNF + PVDF) and the FeFs; layer
(FeFs3 + carbon black + PVDF) are about 3.5 um and 26 pm,
respectively. The weight of the PHCNF film and the FeFs layer is
about 0.40 and 1.03 mg, which are determined by weighing the
electrode before and after the coating process. That is, the PHCNF
coating film accounted for about 27.9 wt% of the whole cathode (the
PHCNF film and the FeF3 layer). During the charge/discharge test,
the mass of active material is calculated by the mass of FeF3 in FeF3
layer to be 0.72 mg. Fig. 3d shows the front-view image of PHCNF
coating film, the porous and cross-linked network can be observed
obviously.

Electrochemical performances of FeFs cathode materials with
PHCNF coating film interlayer were investigated. It is widely
considered that FeF; has high theoretical specific capacities of
237 mAh g ! (2.0-4.5 V) and 712 mAh g ! (1.5-4.5 V) by the
following reactions [29—32]:

FeF; + Li* + e = LiFeF3 (4.5V — 2 V) 1)
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Fig. 2. Typical SEM (a) and TEM (b) images of PHCNF; Nitrogen adsorption desorption isotherms and pore size distribution patterns of PHCNF (c); XPS spectrum for PHCNF with

high-resolution spectrum for the N1s peaks (d).

LiFeF; + 2Li* + 2e~ = Fe + 3LIF(2V — 15 V) 2)
Normally, Eq. (1) is ascribed to an intercalation reaction, FeFs
maintain its original structure with the Li ion insertion during the
reaction, and Equ. (2) represent a conversion reaction, which in-
volves a structural change while cycling with the formation of zero-
valent iron and LiF [19]. It is worth mentioning that LiF has the same
insulating properties with FeFs, resulting in an obstacle for using
the complete three-electron energy storage reaction. Fig. 4a - b
show the cyclic voltammograms of FeFs cathode with PHCNF
coating film and pure FeF; cathode without PHCNF coating film
measured between 2.0 V and 4.5 V. As shown in Fig. 4a, there are
two peaks in each reaction, and the cathodic and the anodic peak
appear near 2.8 V and 3.2 V. In contrast, the cathodic and the anodic
peaks appear near 2.1 V and 3.5 V in Fig. 4b. Their voltage differ-
ences are around 0.4 V and 1.4 V for the two samples, respectively,
which indicates that the PHCNF coating film strengthen the kinetics
of the electrochemical reaction obviously, and the large voltage
hysteresis can be suppressed effectively. As shown in Figs. S2a—b,
the similar results from CV tests can be observed while measuring
in the 1.5—4.5 V region, further proving that the PHCNF coating film
improve the reaction activity of the FeF3 cathode obviously.

The cyclability and rate performance of the batteries were tested
in various conditions to obtain a comprehensive evaluation for the
role of PHCNF interlayer in improving electrochemical perfor-
mance. Galvanostatic discharge-charge profiles were first per-
formed in the 1.5—4.5 V region at 20 mA g~ . The first charge and
discharge capacities are about 594 and 536 mAh g~! as shown in

Fig. S2c (corresponding voltage-capacity curves from the 1st to 3rd
cycle can be seen in Fig. S2d), which do not measure up to the
theoretical specific capacity of 712 mAh g, this is likely due to that
partial FeFs, with the poor electrical conductivity, was not involved
in the electrode reaction. The pulverization of the FeF; cathode
materials took place in the subsequent cycles, the discharge ca-
pacities are down to about 452 and 412 mAh g, and after 20 cy-
cles, the discharge capacity of 277 mAh g~! is retained. The test
results for the rate performance of the cells measured at
20—400 mA g~ ! are demonstrated in Fig. S2e, a reversible capacity
of about 196 and 134 mAh g~ ! are achieved at 200 and 400 mA g,
respectively. After 35 cycles, the discharge capacity returns to
301 mAh g~ ! at 20 mA g~ . The relatively good test results of FeF3
cathodes with the PHCNF coating film compared with pure FeF3
cathodes benefits from the difunctional interlayer. Nevertheless, in
the 1.5—4.5 V region, the voltage hysteresis is still serious and the
capacity fades obviously in subsequent cycles, which result in
serious energy loss.

Therefore, the same galvanostatic discharge-charge test was
performed in the 2—4.5 V region. As shown in Fig. 4c, during the
fore several cycles, a specific capacity of about 254 mAh g~! was
achieved at a current rate of 20 mA g~ . This higher specific capacity
than the theoretical specific capacity of 237 mAh g~ is likely due to
that partial FeFs participated in the reaction of Eq. (2). In the sub-
sequent cycles, the interlayer enabled the FeFs cathode to retain an
extremely high reversible specific capacity of about 217 mAh g~!
for 40 cycles, which is close to the theoretical specific capacity of
237 mAh g~ L. Fig. 4c also shows the corresponding specific energy
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with PHCNF coating film (c) and a typical front-view SEM image of PHCNF coating film (d).

of FeF3 cathode materials with interlayer of PHCNF coating film, the
specific energy retained more than 612 Wh kg, which is much
higher than conventional cathode materials. Remarkably, the
excellent specific capacity and energy are unprecedented, which
are higher than the reported capacity under the same test condi-
tions [22,23]. The parameters of electrochemical performance
comparison with other studies are listed in Table S1. Fig. 4d shows
the corresponding charge and discharge voltage-capacity curves
from the 5th to 40th cycle at 20 mA g~ !, the coincident curves
certified the outstanding cyclability of FeFs with the interlayer.
Notably, the interlayer obviously improved the rate performance of
FeF3 cathode as well. As shown in Fig. 4e—f, the rate performance
was measured at 20—1000 mA g, under the high current rate
condition, it can deliver close to 193 mAh g ' at 200 mA g .
Meanwhile, superior capacities of 174, 123 and 101 mAh g~ ! were
obtained at 400, 700 and 1000 mA g™, respectively. Fig. 4f shows
the corresponding discharge curves at different current densities.
Obviously, the difunctional interlayer can obviously enhance elec-
trochemical activity of FeFs3 cathode materials, which is widely
considered as an insulating unsuitable material for cathode.

To further investigate the interfacial charge transfer in the
“double-layer” electrode, electrochemical impedance spectra (EIS)
were carried out at room temperature. Fig. 5a shows the typical
Nyquist plots of FeFs cathode with interlayer before cycling and
after cycling for 30 cycles, and pure FeFs cathode in Fig. 5b for
comparison. It can be found that all Nyquist plots for these two
types of electrodes consist of a single depressed semicircle in the
high-to-medium frequency region relating to surface-film and

charge-transfer resistance (Rsf.t), and an inclined line at low fre-
quency relating to the ion transfer process [28,47]. An equivalent
electrical circuit is used to fit the experimental impedance spectra
as shown in Fig. 5c. Impedance parameters of FeF3 cathode with
PHCNF coating film and pure FeF3; cathode without PHCNF coating
film measured before cycling and after 30 cycles at different voltage
are listed in Table 1. Impedance spectra of electrodes after 30 cycles
are tested with a relaxation time of 30 min, and impedance spectra
of lithium inserted electrodes are tested after another half cycle,
when the voltage discharge to 2.0 V. Before cycling, the value of
Rsr.ct for FeFs cathode with interlayer is calculated to 28.8 Q. This
value increases to 51.3 Q after 30 cycles at 4.5 V, which is mainly
due to the structural change of the active material. Ry, (¢ testing at
2.0 V is lower than at 4.5 V, indicating that lithium-inserted FeFs
has a better electronic conductivity. Also, it clearly shows that the
values of Rgf ¢ for FeFs cathode with interlayer are much lower
than that of pure FeFs under the same condition, which can prove
that the one-dimensional N-doped PHCNF conductive interlayer
significantly enhance the charge transfer rate of the electrode. After
30 cycles, the constant phase element capacitance values (CPEg¢, )
at 2.0 Vand 4.5V of “double-layer” electrode are lower than that of
pure FeF; electrode, also indicating an excellent charge transfer
capacity of “double-layer” electrode. Therefore, the EIS data show
that the strong interaction between the PHCNF and FeF3; improves
its own electrical conductivity and the “double-layer” electrode
presents a superior charge transfer process enabling pure FeFs
cathode to deliver extremely high specific capacity and excellent
rate capability.
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Fig. 4. Cyclic voltammograms of FeF; cathode with PHCNF coating film (a) and pure FeF; cathode without PHCNF coating film (b) measured at a voltage range of 2.0—4.5 V;
Electrochemical performances of FeF; cathode materials with PHCNF coating film measured in the 2.0—4.5 V region: cycling performance at a current rate of 20 mA g~ ! and
corresponding specific energy (c); voltage-capacity curves at 20 mA g~ for 35 cycles from the 5th to 40th cycle (d); Specific capacity at different current rates from 20 mA g~ ! to

1000 mA g~ (e); corresponding discharge profiles at different rates (f).

During the redox reaction of active materials, there is a large
volume effect accompanying the structural changes, the bulk FeF;
pulverizes into small particles, resulting in poor electrical conduc-
tivity and cyclability of FeFs. In order to investigate the function of
the N-doped PHCNF coating film, Fig. 6a - ¢ show the front-view
images of the cathode with PHCNF coating film before cycling, af-
ter 45 and 100 cycles. Obvious changes occur on the surface of the
electrode, a large number of nano-sized particles embedded on the
surface of PHCNF with the increase of cycles as shown in Fig. 6b—c,
it strongly indicates that the serious pulverization of electrodes
exist indeed. After coated by PHCNF, by feat of the adsorption
ability of the N-doped PHCNF, the escaped FeF; particles from the
electrode are adsorbed in PHCNF surface. To reveal the element
composition of the adsorbed particles, an energy dispersive spec-
trometer (EDS) analysis was performed on the surface of the PHCNF
coating film. Fe and F signals are detected in the EDS result shown
in Fig. 6d. Fig. 6e shows the elemental mapping of PHCNF coating

film cycled for 100 cycles. C, Fe and F signals are detected in the
selected area. It implies that FeF3 particles were evenly distributed
on the surface of PHCNF after cycles. The SEM images, coupled with
the EDS and elemental mapping results indicate that the interlayer
of PHCNF coating film can effectively relieve the decay of the
cyclability resulted from the pulverization of the FeF; cathode
materials. The function of the interlayer can be ascribed into two
points: On one hand, the trapped FeFs particles, adsorbed by the
PHCNEF, can be reactivated and continue to participate in reversible
electrode reaction, on the other hand, the interconnected conduc-
tive network of PHCNF provides rapid electron transfer path to both
the active materials left on the electrode and the trapped active
materials particles.

4. Conclusions

In summary, an approach to enhance cycling performance of
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Table 1
Impedance parameters of FeF; cathode with PHCNF coating film and pure FeF; cathode without PHCNF coating film measured before cycling and after 30 cycles at different

voltage.

Sample State Ro/Q Rsfict/Q CPEst, o/ WF
“double-layer” electrode Before cycling (OCV 3.0 V) 54 28.8 20.9

30 cycles (4.5 V) 43 51.3 7.8

30 cycles (2.0 V) 6.5 38.6 8.6
Pure FeF; electrode Before cycling (OCV 3.0 V) 7.4 79.5 184

30 cycles (4.5 V) 48 166.4 11.8

30 cycles (2.0 V) 54 94.6 145

After 100 cycles

4
Energy-ekV

Fig. 6. Typical front-view SEM images of the cathode with PHCNF coating film: before cycling (a) and post-cycled characterization after 45 cycles (b) and 100 cycles (c) with its EDX
spectrum (d); Elemental mapping of the PHCNF coating film cycled for 100 cycles (e).

pure FeFs cathode has been proposed simply by coating a light- difunctional interlayer composing of high conductive cross-linked
weight N-doped porous hollow carbon nanofiber interlayer. The carbon network not only provides an effective way to resolve the
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problem of electrodes pulverization, but also improves the elec-
trical conductivity of the FeF; cathode. The N-doped PHCNF inter-
layer enables the FeFs cathode achieve a superior electrochemical
performance of enhanced specific capacity of about 217 mAh g~ ! at
20 mA g~ ! and rate performance delivering a high capacity of 193
and 101 mAh g~! at 200 mA g~ ! and 1000 mA g~ ! in the 2—4.5 V
region. It is expected that the presented PHCNF interlayer in this
paper may trigger more exploration in this direction to enhance the
electrochemical performance of the conversion-type electrode
materials for high-power Li rechargeable batteries.
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