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ARTICLE INFO ABSTRACT

As the cathode material of Na-ion batteries based on conversion reaction, the iron-based fluorides have attracted
ever-increasing attentions. Nevertheless, its poor electronic conductivity and side reactions usually lead to
sluggish reaction kinetics and rapid capacity decay during cycling process, and thus limiting its practical ap-
plication. Herein, a hollow porous FeF30.33H,O microsphere is successfully prepared via a solvothermal route
and further modified with AIPO,. The results show that appropriate modification treatment can satisfactorily
decrease charge-transfer resistance and enhance sodium diffusion rate. Compared with the pristine
FeF3:0.33H,0, 4 wt.% AlPO,-coated sample shows a noticeable initial discharge capacity of 290 mAh g~ ! in the
range of 1.2-4.0'V, outstanding cycling stability (211 mAhg~! after 80 cycles) and excellent rate capability
(167 mAh g~ ! at 2.0 C). The excellent electrochemical properties can be ascribed to the distinctively hierarchical
mesoporous hollow structure of FeF30.33H,0, which facilitates electrolyte permeation and rapid ionic as well as
electronic transmission. Besides, the multifunctional AIPO4 modification layer can improve the electronic con-
ductivity, suppress the surface side reaction and buffer the volume changes during cycling processes, thus
boosting the enhancement of the electrochemical performance. Therefore, this study offers a new strategy for
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improving and modifying the electrochemical performances of cathode materials for sodium-ion batteries.

1. Introduction

Energy production and storage technology is increasingly concerned
by all over the world. As the large-scale application of lithium-ion
batteries (LIBs) in many fields, a number of defects (such as its lack of
resources, high cost and safety problem, etc.) are gradually revealed,
which thus prompts the exploration for sustainable alternatives to sa-
tisfy demands of energy storage [1,2]. Na-ion batteries (NIBs) have
remerged as an ideal candidate for large-scale energy storage systems
(ESSs), because of its low cost and natural abundance as well as the
similar storage mechanism to LIBs [3,4]. However, since ion radius
(0.102nm) of Na* is 34% larger than that (0.076 nm) of Li*, and the
ionization potential of Na is higher than that of Li, resulting in a lower
energy and power density for NIBs [5] Therefore, for the practical ap-
plication of NIBs, exploring the new cathode materials with much
higher capacity and power density as well as excellent electrochemical
performance to meet the requirement of energy storage devices is ur-
gently needed. In contrast to intercalation cathode materials like
layered oxides, polyanionic compounds, pyrophosphates, and so on, the
transition metal fluorides based on multi-electron conversion reactions
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have attracted more and more interest owing to its great specific ca-
pacity and energy density [6-12]. Among all metal fluorides, iron-based
fluorides are the most competitive and attractive alternatives owing to
its high theoretical specific capacity, relatively bargain price and low
toxicity [13-17].

Serving as a polymorph of iron-based fluoride, open framework
FeF30.33H,0 possesses unique tunnel structure, which is greatly ben-
eficial for improving Na™ storage performance and enhancing Na*
transport kinetics [18]. Nevertheless, in terms of practical application
of iron-based fluoride as NIBs cathode material, it has been restricted
due to its sluggish kinetics and low electronic conductivity resulted
from the high ionicity of Fe-F bonds [19]. In addition, another limita-
tion that affects the cycle and rate property of FeF3:0.33H,0 is large
volume change during cycling process stemed from the conversion re-
action [20]. To overcome above obstacles, various efforts have been
made, such as controlling the size of particles to shorten the transmis-
sion pathways of electrons and ions [21-28], doping with other metal
cation (Co®*, Cr** or Ti**) to decrease band gap [29-31], and mixing
with conductive carbon-based materials (conductive carbon, acetylene
black, graphene or carbon nanotubes) to increase electronic
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conductivity [32-38]. Although the electrochemical performance of the
material, to a certain extent, has been improved by the above strategies,
there are still plenty of shortcomings. For instance, since the carbon-
based material as part of the cathode is electrochemically inert in NIBs,
it will reduce the energy density of NIBs [39]. And doping with other
metal cation still does not effectively restrict large volume changes.
While another potential method to overcome the above barriers is the
surface modification with ultrathin coating layer like MoS, [40], V505
[41], and TiO, [42], which is an effective approach to enhance the
electrochemical performance of materials. Lately, Cho et al. [43] has
reported that, in contrast to other surface modification materials,
coating with AIPO, can remarkably enhance the cycling performance of
material through suppressing the structural changes and surface ero-
sion.

AlIPO,4 has the framework structures like zeolites and is used as
catalysts or molecular sieves. Owing to lower cost, environmentally
friendly as well as excellent electron and ion conductivities, it has also
become a popular coating material in the cathode materials of LIBs
[44,45]. Furthermore, the strong P-O bond and the high electro-
negativity of PO4>~ polyanions with AI** can prevent side reactions by
limiting direct contact of electrolyte as well as electrode. Therefore, it
has been coated on a variety of cathode materials like BiF3 [46], LiCoO,
[471, Li[Lig5Feq.1Nig15Mng 55105 [44], et al. Nevertheless, to the best
of our knowledge, it has rarely been reported for coating AIPO,4 on the
surface of iron fluorides.

Herein, the hollow porous FeF30.33H,O microspheres fabricated
through a solvothermal method are further coated with various
amounts of AIPO,. The physicochemical and electrochemical perfor-
mances of all the samples are systematically investigated by XRD, SEM,
TEM, EDX, SAED, BET, XPS and electrochemical test. It has been found
that 4 wt.% AIPO, coated FeF30.33H,O exhibits the optimal perfor-
mance in contrast to other surface modification materials.

2. Experimental section
2.1. Material preparation

All chemicals were directly used without further purification. The
hollow porous FeF30.33H,0 was synthesized via a solvothermal ap-
proach. Firstly, 2.02g iron nitrate nonahydrate (Fe(NO3)39H,O,
Aldrich) was dissolved in 50 mL ethanol severed as the solvent and
agitated for 30 min. Then, 1 mL hydrogen fluoride (HF) (40 wt.%) was
dropwise added into the above mixed solution accompanying by agi-
tated stirring. After stirring for 60 min, the mixed solution was trans-
ferred to the steel autoclave, and further heated at 120 °C for 10 h. After
cooling to room temperature naturally, the product was washed for six
times with anhydrous ethanol to remove residual HF, then dried at
80 °C in vacuum atmosphere for 24 h.

To fabricate AIPO, modified FeF30.33H,O materials, 0.3g Al
(NO3)3'9H,0 (Aldrich) and 0.1 g (NH4),HPO,4 (Aldrich) were added
respectively to anhydrous ethanol and deionized water under vigorous
stirring, until both forming the uniform colorless solution. Then, a de-
sired amount of as-prepared FeFs;0.33H,O powder was slowly dis-
persed into AI(NOs3)3 ethanol solution with stirring and followed by an
ultrasound process for 30 min. Subsequently, (NH4),HPO, solution was
dropwise added into the above mixed solution under vigorous stirring.
The weight ratio of AIPO, and FeF30.33H,0O was 2:98. Samples of
FeF3:0.33H,0 modified with AIPO, were synthesized using different
ratios of AIPO4:FeF5-0.33H,0 (0, 2, 4 and 6 wt.%). Then, the resulting
mixture was obtained by centrifugal separation, then dried in vacuum
at 80 °C for 24 h. At last, the obtained product was transferred into a
tube furnace to be calcinated in Ar gas at 230 °C in for 5h and then
cooled to obtain the FeF3:0.33H,0/AlPO, composites. The schematic
diagram of the fabrication process for FeF3:0.33H,O/AlPO,4 cathode
material was displayed in Scheme 1. In addition, the FeF3-0.33H,0 with
various AIPO, coating amounts of 0, 2, 4, and 6 wt.% were marked as
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AF-0, AF-2, AF-4, and AF-6, respectively.
2.2. Material characterizations

Crystal structures of materials were tested over the 20 range of
10°—80° by Rigaku D/MAX-2500 X-ray diffraction (XRD) techniques
with Cu-Ka radiation at a speed of 10° min~ . The morphologies of
materials were determined via JEOL JSM-6610LV scanning electron
microscope (SEM), Quanta FEG250 field emission scanning electron
microscopy (FE-SEM) and JEOL JSM-2100F High-resolution transmis-
sion electron microscopy (HRTEM). The atomic concentration and
elemental mappings of the materials were carried out by using an JEOL
Quanta FEG250 energy-dispersive X-ray spectroscope (EDXS). The dif-
fraction patterns were checked by employing the selected area electron
diffraction (SAED, JEOL JSM-2100F) mode. The
Brunauer-Emmett-Teller (BET) method was utilized to measure the
specific surface area and pore size distribution of the samples via Ny
adsorption-desorption employing a BET instrument (Micromeritics
TriStar II 3020, USA). The element analyses presenting in composites
were investigated using K-Alpha 1063 X-ray photoelectron spectro-
scopy (XPS) with the Al Ka X-ray source. Before ex situ XRD or TEM
test, the cycled electrodes were washed with dimethyl carbonate (DMC)
to get rid of the residual sodium salt derived from electrolyte.

2.3. Electrochemical tests

The electrochemical properties of the FeF5-0.33H,0/AIPO, compo-
sites were tested in the CR2025 coin cells using metallic sodium as the
counter and reference electrode. Active materials, acetylene black (EC)
and polyvinylidene fluoride (PVDF) binder with a weight ratio of 8:1:1
in N-methyl-2-pyrrolidone (NMP), with aluminum foil current col-
lector, were mixed to prepare the working electrodes. Glass microfiber
filter from Whatman was utilized as the separator. The electrolyte
employed involves a mixed solvent of 1 M NaClO, in diethyl carbonate
(DEQ), EC and propylene carbonate (PC) at a volume ratio of 1:1:1. The
average loading mass of active material is approximately 1.5 mg cm ™2
The cycling performances of the FeF30.33H,0/AIPO, electrodes were
measured by charge-discharge tests at different current densities be-
tween 1.2 and 4.0V on Neware battery tester (Shenzhen, China).
Electrochemical impedance spectroscopy (EIS) and Cyclic voltammetry
(CV) curves were obtained through an electrochemical workstation
(VersaSTAT?3, Princeton Applied Research). The frequency range of EIS
was from 0.01 Hz to 100 kHz with the amplitudes of 5 mV. The CV tests
were conducted at a scanning speed of 0.2mVs~! between 1.2 and
4.0V. All the tests were measured at room temperature.

3. Results and discussion

Fig. 1la depicts the XRD patterns of FeF30.33H,0/AIPO,4 compo-
sites. It can be clearly seen that all diffraction peaks are indexed to
hexagonal tungsten bronze (HTB) structure FeF3:0.33H,O (PDF No. 76-
1262) with a space group of Cmcm, indicating the introduction of
AlIPO, and heat treatment at 230 °C will not cause the change of
FeF3'0.33H,0 crystal structure. The main peaks of all the samples are
sharp, which indicate that the samples are well-crystallized. For the X-
ray diffraction patterns of the coated samples, no any diffraction peaks
corresponding to AIPO, have been observed, which is probably because
the AIPO, coating layer on the surface of material is only a thin layer.
To understanding the HTB structure FeF5-0.33H,0 with unique tunnel,
its crystal structure is shown in Fig. 1b. The FeFg octahedral chain is
linked by the corner-sharing fluorine atom to form a huge hexagonal
tunnel along the [001] direction, which is more beneficial for the
transport and storage of Na™, compared with the traditional ReO3 type
FeFs. The local structures of water molecules in the tunnel act as a
stabilizing frame skeleton, which is directly related to the migration
path of Na® as well as insertion sites [48], while conductive AIPO,
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Scheme 1. Schematic diagram of the fabrication process for FeF3:0.33H,0/AIPO, cathode materials.

coating layer can effectively increase the conductivity of FeF3:0.33H,0.

The size and morphology of the pure FeF5-0.33H,0 and surface-
modified materials are analyzed by SEM in Fig. 2. As being seen from
Fig. 2a, the pristine FeF3-0.33H,0 presents approximately 1 um hollow
microsphere morphology with uniform size. After coating AIPO,4 in
Fig. 2b-d, the basic morphology of FeF30.33H,O is not evidently
changed. Nevertheless, the original pores basically disappeared due to
the penetration of amorphous AIPO,, and the size of the microspheres
increased slightly as the coating amount increased. To further distin-
guish the effect of AIPO, coating layer on the appearance and mor-
phology of FeF30.33H,0, the bare FeF30.33H,0 (AF-0) and the mod-
ified sample with 4 wt.% AIPO,4 coating (AF-4) are compared. It can be
clearly observed that the hollow microsphere with hierarchical struc-
ture has the porous shell and inner void as shown in Fig. 2e—f. More-
over, the HRTEM images of AF-0 displayed in Fig. 2g-h reveal that the
hollow microspheres are composed of primal nanoparticles with a size
of about 10 nm, which can attribute to the mechanism of Ostwald ri-
pening and crystal growth [28]. The hierarchical and hollow porous
structure possesses two outstanding merits: on the one hand, the dense
pores in shell facilitate electrolyte infiltration into the inside electrode
and make closely contact with the inner and outer surface, which leads
to a higher surface area and a shorter transport length for Na*; on the
other hand, the hollow core can accommodate the volume changes and
improve cycle stability during Na™* insertion/extraction [49,50]. Fur-
thermore, from the HRTEM image in Fig. 2i, apparent interplanar
spacings can be indexed as 0.64, 0.37 and 0.32 nm correspond to (110),
(220) and (002) planes of FeF3-0.33H,0, respectively. Meanwhile, the
corresponding SAED pattern (inset of Fig. 2i) further verifies that the
prepared product is FeF3:0.33H,0. After coated AlIPO, thin layer, the
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surface of FeF3:0.33H,0 becomes more homogeneous than the pristine
since small size AIPO, particles attached to the surface of porous mi-
crospheres. The FE-SEM images of AF-4 reveal that the pores or gaps of
microsphere are mainly filled with AIPO,4 showed in Fig. 2j-k. The TEM
(Fig. 2l-m) and HRTEM (Fig. 2n) images further confirm that the sur-
face of the pristine particle is covered with an amorphous AIPO, coating
layer of about 5 nm thickness, which will help to stabilize its structure,
reduce side reaction and increase cycling stability [43,44]. As shown in
Fig. 2n, in the central region of the particle marked by the red circle,
there are still many small domains of amorphous phase, indicating that
the amorphous phase was infiltrated into the inner shell of hollow
microspheres. The double-layer coating on the shell inside and outside
surface of hollow microsphere can significantly improve the electronic
conductivity of material and decrease side reactions, thereby enhancing
the electrochemical properties of batteries.

To further inquire into the element composition and its distribution
of material, the AF-4 composite was detected by EDXS, and the results
are shown in Fig. 20. The molar ratio of Al, Fe and P is close to 1:29:1,
which is in good agreement with the initial experimental data. The
dense accumulation of Fe spots corresponds to the active material of
FeF3:0.33H,0. The elemental mapping of Al dispalys a similar intensity
distribution to that of P, suggesting that Al and P distribute evenly in/
on the FeF30.33H,0 particles without phase separation as well as sig-
nificant element enrichment.

The nitrogen adsorption/desorption isotherm was employed to
measure the BET surface areas and the porous structure of
FeF3'0.33H,0 hollow microspheres, and the results are presented in
Fig. 3a. According to the N, adsorption/desorption isotherms and the
corresponding Barrett-Joyner-Halenda plots (inset of Fig. 3a), the

Fig. 1. (a) XRD patterns of the FeF30.33H,0/AIPO,4 composites. (b) Crystal structure of FeF5-0.33H,0.
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Fig. 2. SEM images of (a) AF-0, (b) AF-2, (c) AF-4 and (d) AF-6. (e-f) FE-SEM, (g-h) TEM and (i) HRTEM images of AF-0 sample; inset: the corresponding SAED
pattern. (j-k) FE-SEM, (I-m) TEM and (n) HRTEM images of AF-4 sample. (0) EDX spectrum of (k) and corresponding EDX elemental distribution mapping; inset table
exhibits the molar ratios of the Fe, Al and F elements.

specific surface areas and the average pore size of FeF5-0.33H,0 sam- AlPO, coating on the porous structure of the pristine, the BET specific
ples are approximately 24.8m?g~' and 20nm, respectively, which surface area of AF-4 is calculated to be 18.6 m?g~ ! according to the
further confirms that the FeF3:0.33H,0 sample possesses porous struc- nitrogen adsorption/desorption isotherm (Fig. 3b), and the corre-
ture characteristics. Meanwhile, in order to compare the influence of sponding average pore size of the AF-4 is about 12 nm (inset of Fig. 3b).
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Above results show that the sample coated with 4 wt.% AlPO, still
possesses a hollow porous structure, which can both accommodate the
volume variation and facilitate electrolyte penetration and rapid ionic
as well as electronic transmission during charge/discharge processes,
thus resulting in the enhanced electrochemical performances [28].

XPS was used to verify the chemical composition and valence state
of element. As being seen from the XPS spectrum of the AF-4 sample
shown in Fig. 3c, the photoemission peaks of Fe, Al, P, F and O emerge.
Fig. 3d exhibits the Fe 2p high resolution XPS spectrum, where the
binding energy peaks position at 711.3 and 725.07 eV, which should be
respectively attributed to Fe 2p3,, and Fe 2p;,» of the + 3-oxidation
state of iron [51,52]. The XPS spectrum of Al 2p exhibits a lower
binding energy peak at 74.5 eV in Fig. 3e, which corresponds to AI** in
AlPO, compounds and is consistent with the date of the Al 2p5, in the
AlPOQy, thin film [53]. In Fig. 3f, the binding energy of 134.1 eV is as-
signed to P 2p peak of PO,>~, which is a good match with the previous
reported value of AIPO,4 [54]. Therefore, the researches of Al 2p and P
2p spectrum verify further the existence of AIPO,4 phase on the surface
of FeF3-0.33H,0. Furthermore, the binding energy of F 1 s is centered at
about 685eV (Fig. 3g), which well corresponds to the Fe-F bonding
[18].

To explore the mechanisms of storing Na ions, cyclic voltammogram
(CV) experiments are carried out between 1.2 and 4.0 V. Fig. 4a pre-
sents the CV curves of AF-0 and AF-4 at a scan rate of 0.2mV s~ ', The
oxidation and reduction peaks stand for the sodium extraction and in-
sertion processes, respectively. Meanwhile, the larger peak area in the
CV usually corresponds to the higher capacity of the sample, and thus
AF-4 provides a larger capacity compared to AF-0. It can be clearly seen
that the CV profile of AF-0 shows one apparent reduction peak posi-
tioned at 2.0V, corresponding to the intercalation of Na™ into
FeF3:0.33H,0 crystal structures in Eq. (1). As the cathode material of
sodium ion battery, Li et al. considered that during the discharging
process, the electrochemical reaction involved at least two different
reaction processes: intercalation in the high-voltage region of 1.2-4.0 V
and a conversion reaction in the low-voltage region of 0.8-1.2V
[16,18]. The mechanism of Na™ storage of FeFs0.33H,0 can be re-
flected as follows [35,55,56]:

Na™ + e~ + FeF50.33H,0 = NaFeF50.33H,0 (4.0 — 1.2V) (€D)]

Journal of Energy Storage 18 (2018) 103-111

2Na* + 2e” + NaFeF30.33H,0 = 3NaF + Fe + 0.33H,0

(1.2 -0.8V) (2)

Besides, the oxidation peak detected at 2.8 V can be seen. Based on
the CV curve of AF-4 sample, it can be observed that redox peaks are
generally in accord with that of AF-0. Nevertheless, the reduction peak
appeared at 2.2 V and oxidation peak located at 2.7 V both have a small
shift relative to that of AF-0, which implies the potential interval (AEp)
of the redox peaks of AF-4 is much smaller than that of AF-0, suggesting
that AF-4 has a smaller electrochemical polarization as well as a su-
perior cycle stability. Apparently, the enhanced cycle performance
benefits from the introduction of the AIPO, protective layer in the
sample.

The electrochemical properties of the pristine and AIPO4-coated
FeF3:0.33H,0 are further investigated between 1.2 and 4.0V by gal-
vanotactic charge/discharge tests. Fig. 4b shows the initial discharge/
charge curves of all samples at 0.1 C, where the distinct voltage hys-
teresis during the initial cycle could be related to reaction overpotential
and diverse spatial distributions of electrochemically active phases
[57]. There are few distinctions for the voltage plateaus of the AF-2, AF-
4 and AF-6 with that of AF-0, illustrating that the AIPO, modification
has little effect on electrochemical behaviors of FeF30.33H,0. For the
curves of the AF-0, one voltage plateau appeared at about 2.3 V during
the discharge process, which can be associated with the Na™ inter-
calation into FeF3:0.33H,0 structure. Additionally, the sample AF-4
displays the highest discharge voltage plateau and lowest charge vol-
tage plateau, suggesting the smallest electrochemical polarization and
outstanding reversibility, which consists with the results based on CV
shown in Fig. 4a.

To study the impact of coating layer on the electrochemical beha-
viors of FeF3-0.33H,0, the cycling performances of the pristine and
AlPOy-coated FeF30.33H,0 as the cathode for NIBs are tested at the
current density of 0.1 C (1 C = 200 mAh g_l) between 1.2 and 4.0V, as
displayed in Fig. 4c. The first charge and discharge capacities of AF-0
are 267 and 225 mAh g~ ! respectively, and the initial coulombic effi-
ciency is only 84.26%; while AF-4 exhibits the initial discharge capa-
cities of 290 mAh g~ ! with a coulombic efficiency of 91.39%. The en-
hanced coulombic efficiency of the AlPO4-modified sample can be
ascribed to the fact which the AIPO, coated layer can effectively lower
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the side reactions between electrolyte and electrode and prevent un-
desirable solid electrolyte interphase (SEI) from forming to some extent
[23,39]. After 80th cycles, AF-0 can merely deliver the reversible ca-
pacity of 117 mAh g~?, while AF-4 sample displays the highest dis-
charge capacities of 211 mAh g~ !, which indicates that the cycleability
and reversible capacity are enhanced considerably. The cycling per-
formances of FeF30.33H,O coated with 4 wt.% AIPO4AF-4) is ob-
viously superior to that of the previously reported other iron fluoride
cathodes in NIBs [13,15,16,18,32]. In addition, it is worth nothing that
the AF-6 sample only maintains 119 mAhg~' after 80 cycles, being
lower than that of the AF-2 and AF-4, which is related to an unduly
thick protective layer that may impede the transport of electrons and
Na*, leading to poor electrochemical performances and increasing the
mass of the inactive material. Therefore, the above results suggest that
appropriate AIPO, modification (AF-4) may be beneficial to improve
conductivities and increase discharge capacities of FeF3:0.33H,0, while
deficient (AF-0 and AF-2) or excess AIPO, modification (AF-6) fail to
improve electrochemical performances.

The rate performances of all the electrodes at various current den-
sities (0.1-2.0 C) are shown in Fig. 4d. AF-2 and AF-4 samples exhibit
better rate performance than that of AF-0 and AF-6, especially AF-4
presents the best rate property with discharge capacities of 285, 230,
204 and 167 mAhg~! when the current density increase from 0.1 to
2.0 C. After the current densities return to 0.1 C, the corresponding
capacity of AF-4 can keep 220 mAh g~ !, which is far over that of AF-0
of 117 mAh g~ . Similarly, above results indicate that the rate perfor-
mances of samples are remarkedly improved by introducing AIPO,4
protective layer with suitable thickness.

To explore electrochemical kinetics of sample, EIS measurements
are carried out on all electrodes operated for 5 cycles. The EIS profiles
of all samples as well as the corresponding equivalent circuit for fitting
are presented in Fig. 5a. It can be observed that the EIS pattern of four
samples possess the similar features and consist of one high-frequency
semicircle as well as an inclined line at low-frequency region. The
semicircle is related to the charge transfer resistance (R.), reflecting the
charge transfer kinetics. And the sloping line represents the Warburg
resistance (Z,) of Na' diffusion into the active material. In the
equivalent circuit model, the electrolyte impedance (R,) corresponds to
the total resistance of the electrolyte and electrode material. As we all
know, the smaller radius of high-frequency semicircle demonstrates the
lower value of Rct. Obviously, AF-4 electrode has the smallest semi-
circle diameter contrast to that of AF-0, AF-2 and AF-6 after the 57
cycle, thus it has the lowest Rct. These phenomenon is probably be-
cause the application of the AIPO, protective layer is beneficial to
transport of electrons, the increase of material conductivity and the
diminution of the charge transfer resistance. Furthermore, the inclined
lines of AF-2 and AF-4 are steeper than that of AF-0, which indicates
that the AIPO, coating layer is in favor of the transport of Na™. The
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semicircle diameter of AF-6 is bigger than that of AF-4, whereas the
inclined lines of AF-6 is flatter compared with that of AF-0, which re-
veals that too thick protective layer not only enhances the charge
transfer resistance but also hinders sodium ions diffusion, resulting in
poor electrochemical performances.

The sodium ions diffusion coefficient (Dy, "), one of the key para-
meters as electrode active material of NIBs, revealed the tendency to be
inversely proportional to the Rect. The Dy,* can be obtained by the
following equation [58]:

R2T?
Dnat = - paipicio? ©)]
_E_m/M_pV/M_ﬁ
R v =~V M 4

Where R is the ideal gas constant, A is the surface area of electrode, T is
the absolute temperature, F is Faraday’s constant, n is the number of
electron, C is the molar concentration of Na* and can be calculated
from Eq. (3). m is the mass of the material, M is the molecular mass and
p is the density of the materials. ¢ is the Warburg impedance coefficient
related to Z"

7/ =R+ Ry + 000~ 12 6]

Where o is the angular frequency. The linear relationships between Z'
and ™2 of all the electrodes in the low frequency are exhibited in
Fig. 5b. As can be known from calculation, the Na* diffusion coefficient
of AF-0 after the 5™ cycle is 3.34 x 1072 cm?s™! (Table 1), which
demonstrates that the AF-O possesses a relatively lower diffusivity,
probably due to structural changes and serious polarization. However,
the corresponding Na* diffusion coefficient of AF-4 after the 5" cycle is
9.05 x 10~ '?cm?s~'. Apparently, the Na* diffusion coefficient of AF-
4 is obviously higher than one of the AF-0. Therefore, above results
indicate further that appropriate thickness AIPO, protective layer can
effectively promote the insertion/deintercalation process of Na* and
improve Na storage kinetics, thus enhancing its electrochemical prop-
erties.

Generally, the convictive mechanism of AlPO,4-modified
FeF5'0.33H,0 can be inferred as following. The unobstructed insertion/
extraction in NIBs is closely related to the transmission speed of both
electrons and sodium ions between electrolyte and active materials. For
the pristine FeF3-0.33H,0 in Fig. 6a, the active materials are encircled
by Na™ from electrolyte, thus guaranteeing the formation of “Na*-
bridge” around them. However, due to the low conductivity of
FeF3'0.33H,0, only partial regions of the surface of the FeF3:0.33H,0
are linked with electron through the material interface, which results in
a low discharge specific capacity, low coulombic efficiency and poor
electrode process kinetics. In terms of AIPO4-modified FeF30.33H,0
cathode shown in Fig. 6b, the AIPO, coating layer is evenly dispersed

1200 700
1 (a) 600} (b) L 2
000} Rs CPE o AFd
Ret Zw ? AF-2 P
sool s S00r o ars S M
— & P ® AF-6
E foc E 400} Fitting curves .4 ?
O 600 Fitting curves & ol pe .
= & AF0 = . .
N AF-2 & & 300F > B @
400 o AF4 % . > >
® AF-6 % | .
s y =, 200F ¢ .
200} i P Pt N ?
r e 106l A o
oﬂg/ = R i
0 50 100 150 200 250 300 350 400 450 2.0 2.5 3.5 4.0 4.5

Z'(Ohm)

Fig. 5. (a) Nyquist plots of all the electrodes after the 5th cycle at 0.1C; inset: the corresponding equivalent circuit model. (b) The Z’ vs. @

frequency region.

108

@

~12 plots in the low-



M. Liu et al.

Table 1
R, and R,, values of all the electrodes after the 5™ cycle.
Samples AF-0 AF-2 AF-4 AF-6
R, (Q) 13.02 11.47 9.70 16.91
R () 104.61 81.86 61.36 126.47
Dna" (em®s™!) 334 x107%° 559x107'° 9.05x107' 7.06 x 107%°

on the FeF30.33H,0 surface, constructing an immaculate “e-bridge”
linking solid/liquid interface and a good conductive net. Since appro-
priate amount of AIPO4-modified layer cannot densely adhere to active
material, there are still reliable “Na* bridges” retained for Na* diffu-
sion. Above “Na ™" -bridge” and “e-bridge” provide more active sites for
intercalation/deintercalation, which thus increase the electro-
chemically active surface area of electrode as well as enhance the in-
sertion/extraction kinetics.

To further study the mechanism of FeF30.33H,0 upon sodiation/
desodiation, ex-situ XRD is used to observe the phase transformation
and structure changes of the cycled AF-4 electrodes at different cycling
stages. The electrodes (AF-0 and AF-4) that were not subjected to the
charge/discharge cycle were named the Pre-cycled. (AF-0) and Pre-
cycled. (AF-4). In Fig. 7a, three diffraction peaks marked with gray
dotted line belong to that of the aluminum current collector. During the
discharging process, the intensity of typical FeF5-0.33H,O diffraction
peaks gradually diminishes with the Na insertion proceeding and with a
shift towards lower 26 angles upon discharging to 2V and 1.2V, sug-
gesting that a solid-solution behavior has generated due to the Na™
insertion into large-size tunnels based on Eq. (1) [48,57]. The decreased
intensity of peaks is presumably associated to the stress and disorder
because of the Na' intercalation into FeF30.33H,O cavities [33].
During the recharging process, the diffraction peaks centered at 23.62°
and 27.80° can be obviously observed, implying the re-formation of
FeF30.33H,0. Consequently, the XRD patterns of FeF30.33H,O col-
lected for AF-4 are almost the same as the pre-cycled sample when
recharged to 4.0V, suggesting the high reversibility of AF-4 during the
Na ion intercalation/deintercalation process as shown Eq. (1). How-
ever, the intensities of the peaks originated from FeF3-0.33H,O in AF-0
is much weaker than that of AF-4 at 4.0V due to the inadequate des-
oliation of the soliation products. The irreversibility of pure

FeF,:0.33H,0
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FeF3'0.33H,0 can be attributed to the structural change of the solia-
tion/desoliation reaction. Above discussion of ex-XRD patterns for AF-4
and AF-0 during the charge/discharge process disclose that the appro-
priate AIPO, modification is beneficial for alleviating the crystal
structure change of FeF30.33H,O and further enhance the cycling
stability.

To determine the valence state of iron during the charge-discharge
process, the ex-situ XPS of the cycled AF-4 electrodes at different cy-
cling stages was tested, and the results were shown in Fig. 7b. During
the discharging process, the Fe 2p XPS peaks of the AF-4 electrode shift
to lower binding energy positions due to the reduction reaction of Fe>*
actuated by Na. Comparing to the pre-cycled sample, all satellite peaks
of Fe** almost disappeared and the intensities of Fe>* binding energy
peaks increase, revealing the Fe*>* reducing to Fe>*. When the AF-4
electrode further discharged to 1.2V, binding energy peaks of Fe 2p3 >
and Fe 2p; /» further shift to lower binding energy positions, which are
in accordance with ex-situ XRD results. During the following charge
process for 4.0V, a reversed tendency of the shift in the XPS spectra is
observed and the intensities of all peaks are similar to the pre-cycled
sample, which reveals the oxidation of Fe?* upon the extraction of

a™. Above results indicate that AF-4 has good reversibility during the
Na ion intercalation/deintercalation process. Moreover, the SEM
images of AF-4 electrodes before cycling and after cycling were shown
in Fig. 7a and b, respectively. SEM images of AF-4 electrode before the
cycling show the spherical morphology, and it still maintains the si-
milar morphology after 80 cycles, thus the morphology and structure of
AF-4 sample keep excellent stability due to the existence of the ap-
propriate amount of AIPO,4 coating.

4. Conclusions

The hollow porous FeF3-0.33H,0O microspheres have been success-
fully prepared via a solvothermal way through self-assembly as well as
further modified with various amounts of AIPO,. The unique hollow
FeF30.33H,0 microspherical structures can shorten the path of Na*
diffusion and buffer the volume changes during cycling processes.
Besides, with the appropriate amount of multifunctional AIPO,4 coating
layer, the charge transfer resistance of cell was decreased greatly and
the Na™ diffusion coefficient was accelerated obviously. Compared to

FeF;-0.33H,0/AIPO,

Fig. 6. Schematic illustration of reaction mechanism of (a) the pristine and (b) AIPO4-coated FeF5-0.33H,0 cathodes.

109



M. Liu et al.
(a) v FeF3:0.33H20
")‘:"" e X X A A
.y - Disch. t02.0 V (AF4
;T /)} v v i Disch. to 1.2 V (AF-4)
© A
I
o tech. to
Hi vy i oy I R hlioV[AF-‘)
.E | 4 I I Rech. to 4.0 V (AF-0)
I M K 3 A A A
1 1 Pre-cycled.(AF-4)|
———tee X O A
Al o
R T PP I
10 20 30 40 50 60 70 80 90
20(degree)

(©)

Journal of Energy Storage 18 (2018) 103-111

(b)

Intensity (a.u.)

zp"z Fe 2p

Rech.to 4.0V

N~ T~

Fe** satellite

/]

N i
—-_—/: Disch.to 20V
W_,..//

\'W

Fe*' satellite

G

700 705 710 715 720 725 730 735 740
Binding Energy (eV)

Fig. 7. (a) Ex-situ XRD patterns of AF-0 and AF-4 samples at different reaction stages of the first cycle. (b) The ex-situ XPS of the cycled AF-4 electrodes at different
cycling stages. The SEM images of AF-4 electrode (c) before cycling and (d) after cycling.

the pristine FeF3:0.33H,0 (AF-0), 4 wt.% AIPO4-coated FeFs:0.33H,0

-1

(AF-4) exhibits a prominent initial discharge capacity of 290 mAh g™ -,
outstanding cycle stability and excellent rate performance
(167 mAh g~ ! at 2.0C). The excellent electrochemical performances are
ascribed to the prominent “e-bridge” constructed by the appropriate
AlPO4-modification, enhancing electronic conductivity, reducing the
side reaction between the electrode and electrolyte as well as un-
obstructed Na* diffusion, which thus enhances the rate and cycling
performances. Therefore, this work provides a significant exploration
for designing and modifying low conductivity iron-based fluorides to
apply as high-performance cathode materials of NIBs.
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