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Physical Chemistry Chemical Physics

Abstract: In this article, the structure and electrochemical performance of sodiated
iron phosphate (FePO4) synthesized by the micro-emulsion technique have been
investigated by X-ray diffraction (XRD), high resolution transmission electron
microscopy (HRTEM) and electrochemical measurement. The results reveal that
amorphous FePO4 could be transformed into crystallite sodium iron phosphate
(NaFePO,) during the electrochemical sodiation. Furthermore, the results of
electrochemical testing show that the initial specific-discharge capacity of FePOy is
142mAh g and it still delivers a reversible capacity of 130.8mAh g after 120 cycles.
The discharge capacities could attain values of 142mAh g ', 119.1mAh g ', 91.5mAh
g ' and 63.5mAh g at 0.1C, 0.2C, 0.5C and 1C, respectively. These findings have
indicated that NaFePO4 has been formed during the electrochemical process and
amorphous structure FePQy is one of the most promising “host” materials.

Keywords: Amorphous iron phosphate; Sodium iron phosphate; Sodium-ion batteries;

X-ray diffraction; high resolution transmission electron microscopy.
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Introduction

Sodium-ion batteries (SIBs) are considered a suitable alternative to current
lithium-ion batteries (LIBs) on account of being potentially much cheaper and
environmentally benign.' Sodium is located below lithium in the periodic table, and
both of them show similar chemical properties in many respects. In theory,
sodium-ions could shuttle between the positive and negative electrodes during
charging and discharging in SIBs.*® However, most of the “host” material of
lithium-ion batteries may be not suitable for SIBs because the size of the sodium-ion
radius is larger than that of the lithium ionic radius.” Hence, there is an important need
to find a suitable electrode material for SIBs.

Since the reported by Padhi ef al.® olivine LiFePO, has been attracting extensive
attention as one of the most promising candidate of cathode material for lithium ion
batteries.” " Compared with olivine LiFePOy, olivine NaFePQy is also feasible as the
cathode material for SIBs.'* However, NaFePO4 has two main structures, namely
maricite (Fig. la) and olivine (Fig. 1b), the olivine structure belongs to the
orthorhombic frameworks (space group No. 62, Pnma). Orthorhombic frameworks are
built from FeOs octahedral and PO, tetrahedral units with corner-sharing and
edge-sharing arrangements."” In maricite, sodium-ions occupy the 4c Wyckoff sites
and the ferrous-ion (Fe*") species are situated in 4a sites, which is the edge-sharing
FeOg octahedra with no sodium-ion diffusion channels.'® This structure of maricite
NaFePOy4 has been shown electrochemically inactive.’

Up to date, using the synthetic method of olivine LiFePO, to synthesize NaFePOy
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mainly obtains NaFePO, with maricite structure 7 The typical NaFePO,4 maricite
phase seems to be the thermodynamically favorable phase because it is obtained at
high temperature or in hydrothermal conditions. Therefore, it is inadvisable to
synthesize olivine NaFePO, through the synthetic method of olivine LiFePO4."® In
previous reports, olivine NaFePO4 was usually obtained by electrochemical Li-Na
exchange of olivine LiFePOs, but this method was very complex."’

The LiFePO, can deintercalate 1 molar lithium ion per formula unit during the
charging process, corresponding to the phase transformation from LiFePO,4 phase to
FePO, phase, which still maintains a similar structure.””*' Therefore, it is possible to
use FePO, as cathode material for rechargeable batteries with several advantages.
Firstly, Fe’* compounds are inexpensive and easily available raw materials. Moreover,
the synthesis process of FePO, is simple, environmentally friendly and without
protective atmosphere. Furthermore, FePO, as cathode material for rechargeable
batteries has high theoretical capacity (178mAh g ').* %>

In previous work, most researchers have focused on choosing the best synthetic
method to get an excellent electrochemical performance for amorphous FePO, as
cathode material. Fang et al® reported that mesoporous amorphous FePO,
nanospheres were synthesized as cathode material for SIBs with high performance
through a chemically induced precipitation method. Xu ez al.*® used a micro-emulsion
technique to fabricate maize-like amorphous FePO4/MCNT core-shell nanowire

composites as the cathode material for SIBs. Liu et al?’ reported that FePOy

nanoparticles were grown on reduced oxide graphene to fabricate FePO./graphene
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composite as cathode material for SIBs.

Recently, much attention has been focused on amorphous FePO,, which is thought
to be potential host material for SIBs.** * Most importantly, amorphous FePOy is
different from other traditional cathode materials which are based on the mechanism
of crystal structure and “guest ion” insertion/extraction during the charge/discharge
process.’” ! Generally, these kinds of “host” material have limited ion channels for
“guest ions”. However, according to reports from some researchers, amorphous
FePO4 possesses unique benefits owing to its non-crystalline structure, such as
short-range structural ordering, improved kinetics, a high surface area and free
volume to accommodate lattice distortions without producing macroscopic phase
transitions, which may ultimately improve the specific capacities and provide stable
electrochemical cycling over a wide potential window.** ** However, there has been
rarely research about the mechanism and structure changes of amorphous FePO4
during the electrochemical process.

In this article, the structural changes of amorphous FePO, during the sodium-ion
insertion/de-insertion have been characterized by means of XRD and HRTEM. The
results show that the sodium-ions are inserted into amorphous FePO, to fabricate
crystallite NaFePO,4. This may be one of the most promising methods to synthesize

the highly electrochemical activity of NaFePO, as cathode material for SIBs.

Experimental

Material preparation

The FePO,4 was synthesized by the micro-emulsion method. Two cyclohexane/Triton
5
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X-100/n-butylalcohol micro-emulsion systems were prepared, labeled A and B, in a
volume ratio of 5:3:1. 0.5mol/L Fe(NO3);*9H,O and NH4H,PO4 were prepared,
respectively. 100mL Fe(NO3);*9H,0 and NH4H,PO4 were added into micro-emulsion
A and micro-emulsion B, and stirred magnetically for an hour. Then, both were
transferred into a glass reaction kettle and ammonia was added dropwise to adjust the
pH value to 2.6. The suspension continued to react at 45°C and pH 2.6 for 3h. After
aging for 3 hours, the solution was centrifuged at 8000 r/min for 15 minutes, and
washed three times with mixed alcohol and acetone (volume ratio of 1:1). Lastly, the
resulting precipitates were dried at 100°C for 12 h, and then calcined in a tube furnace
at 460°C for 3 h under an air atmosphere. In contrast, we obtained the crystal FePO,
with same method, but the heat-treatment temperature is 650°C.

Characterization

Powder XRD patterns were measured using a Bruker D8 Advance X-ray
diffractometer with Cu-Ko radiation, operating at 40kV and 40mA within the
diffraction angle (20) from 20° to 90°, at a rate of 2°/min and step size of 0.02°.
Thermogravimetry analysis and differential scanning calorimetry (TGA-DSC) were
conducted using the STA 409 PC (Netzsch, Germany). The range of temperature
increase was from room temperature to 800°C, at a rate of 10°C/min under air
atmosphere. Scanning electron microscopy (SEM) images were obtained using the
XL-30 FEG model (Philips, Holland). Transmission electron microscopy (TEM,
JEM-2100; 200KeV) was used to study the micro-structure of the amorphous FePOy.

Electrochemical measurement and characterization of structure change
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The cathode electrode material was prepared by ball-milling with the ratio of active
material, conductive material and PTFE (polytetra-fluoroethylene), at 62:30:8 in
weight. The typical electrode mass was 15 mg. Electrochemical performance was
evaluated with a CR-2016 type coin, consisting of the cathode material and a
metallic-sodium anode, with 1 mol/L NaClOs in a mixture of ethylene
carbonate/dimethyl carbonate (EC/DMC, 1:1 by volume), and with electrolyte and
glass-fibre as separators. All coin batteries were assembled in an argon-filled glove
box.

Galvanostatic cycling was tested in the voltage range of 1.5-4.2V, using a Land
CT2001A battery test system (Wuhan Land, China). Cyclic voltammetry (CV) test
was carried out on the electrochemical work station (Chenghua CHI660C, Shanghai,
China) in the voltage window of 1.5-4.2V, at room temperature (25°C). The CV
scanning rate was 0.05 mV s

The XRD measurements of cathodic active materials were performed after
electrochemical testing, when the negative electrodes were taken down from the test
coin cells for XRD measurement. More specifically, the electrodes were taken down
from decomposition of the coin cells, then rinsed with dimethyl carbonate/ethylene
carbonate (DMC/EC, 1:1 by volume), to remove excess electrolyte. The electrode
samples were dried at room temperature in a Mikrouna glove box filled with a highly
purified argon atmosphere (moisture and oxygen contents lower than 1 ppm). The
diffraction data obtained for diffraction angle (20) were from 3° to 90°, at a rate of

2°/min, with step size of 0.01°. HRTEM images with EDS and their corresponding
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select area electron diffraction (SAED) images were obtained using the Tecnai G2 20
TWIN (FEI, America). The samples were ultrasonicated for an hour in ethanol to
decrease agglomeration, then transferred to a porous carbon film-supported Cu mesh

grid.

Result and discussion

Nano-particles of FePO4 were synthesized by the micro-emulsion technique. This
approach was quite different from the usual method, which is shown in Fig. 2. This
unique system of water/oil could cause homogeneous nuclear growth of the FePO,
nanoparticles in the micro-reactor.

Fig. 3 displays the TGA-DSC curves of the FePO, precursor. The weight loss took
place below 250°C and remained stable after 450°C, which corresponded to the
dehydration process of the precursor. The total weight loss was about 25.2%
(2.78H,0), which is close to the theoretical value for FePO4*3H,O (26.35%, 3.00
H,0).** The DSC curve had two peaks located at about 120°C and 560°C, respectively,
which corresponded to the endothermic peak of dehydration and exothermic peak of
the crystal transfer process.”

The resulting precipitates were heat treated at 460°C, and then the nanospheres of
amorphous FePO, were obtained. The XRD profile of as-prepared FePOy is shown in
Fig. 4, which displays no signals of crystalline diffraction peaks. The results
demonstrate an amorphous structure, which are consistent with previously reported.*
The crystal structure FePO4 was obtained through sintering at 650°C. The XRD

pattern of FePOy4 at 650°C heat treatment is shown in Fig. 4. The peaks at 20.3°, 25.8°,
8
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35.6°, 36.5°, 38°, 39.2°, 41.4°, 48.2°, 58.3°, 61.6°, 65.6° can be assigned to the (100),
(102), (110), (104), (112), (200), (203), (106), (212), (116) and (206) facets of FePO,
accordingly, which indicated the formation of hexagonal FePO, (JCPDS file No.
70-1793) %,

The SEM images of as-prepared FePOy, sintered at 460°C and 650°C are shown in
Fig. 5a and Fig. 5b, respectively. The FePO4 nanoparticles sintered at 460°C have a
sphere-like morphology with a diameter of about 20nm. Compared with FePO,
samples at 460°C, the size of the FePO4 nanoparticles sintered at 650°C became much
larger, which is attributed to more serious agglomeration and to crystal growth.The
EDS analysis of FePOy, is shown in Fig. Sc, proving that the ratio of Fe : Pis near to 1 :
1 among the components of FePOj.

The electrochemical performance of the amorphous FePOy as cathode material for
SIBs is shown in Fig. 6. The result of the CV test is displayed in Fig. 6a. There is a
pair of current peaks positioned at 2.53V and 2.09V, respectively, which could be
corresponding to the redox of Fe*'/Fe**?” The broad redox peaks indicate that the
process of sodiation/desodiation is a continuous single-phase redox reaction, which is
quite different from that of crystal electrode material. The discharge/charge curves of
amorphous FePOy, electrode are shown in Fig. 6b at various C-rates within the voltage
window of 1.5-4.2V. The specific-discharge capacities attain values of 142mAh g,
119.ImAh g', 91.5mAh g' and 63.5mAh g' at 0.1C, 0.2C, 0.5C and 1C,
respectively. The initial specific-discharge capacity of FePOy is 142mAh g (Fig. 6c¢),

up to 80% of the theoretical specific capacity (178 mAh g'l). Furthermore, it still
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maintains a reversible specific-discharge capacity of 130.8mAh g™ after 120 cycles.
The coulomb efficiency is near to 100% in all the cycles. The electrochemical
performance of the hexagonal FePO4 was shown in Fig. 6d. The discharge-specific
capacity is 126.4 mAh g ' and maintains at 86 mAh g ' after the 30" cycle. The
results indicated that amorphous FePOs showed outstanding electrochemical
performance compared with hexagonal FePOj.

The amorphous FePOs nanoparticles acted as cathode material for SIBs with
excellent cycle performance and rate capability. However, the phenomenon of
specific-discharge capacity fluctuation during the initial cycles (Fig. 6c, inset) may
connect with the formation of NaFePO,. For further research into the mechanism of
amorphous FePO, as cathode material, XRD patterns of the FePO4 cathode samples
were taken from the separated sodium half cells until the half of discharge/charge and
completed discharge/charge, as shown in Fig. 7. Compared with the XRD pattern of
the amorphous FePO, as mentioned before, the XRD patterns of sodium-ions
insertion show series of diffraction peaks (Fig. 7a). Except the diffraction peaks of
graphite (26.8°) and steel (43.8°), the rest are corresponding to the diffraction peaks of
the olivine structure NaFePO,, which can indicate the formation of crystallite
NaFePO,4. The phase composition of the samples and the lattice parameters of
NaFePO, calculated by the Rietveld refinement method are listed in Table 1.1 This
observation indicates a transformation from amorphous to crystallitic during the
sodium-ion insertion process. According to the diffuse-interface thermodynamic
model,”” the formation of crystallite NaFePO, describes the crystal growth from the

10
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surface to the interior and is driven by the potential. The surficial crystallite films are
formed at the initial stage and there is then gradual formation of crystallite NaFePO,,
which is also depended on the nucleation energy barriers. The XRD patterns of the
FePO, cathode samples until the half of discharge/charge show the only peak at the
scanning angle (20) of 20.21° which corresponds to the (101) diffraction plane of
NaFePO,. The (101) diffraction plane of NaFePOyis formed preferentially owing to
the lowest nucleation energy barriers.” In contrast, we investgated the structure
changes for hexagonal FePOj, after process of sodiation. The XRD patterns hexagonal
FePQ, at the state of completed discharge are shown in Fig.8. The results suggested
that the hexagonal FePO, displayed a diffraction peak of (101) plane of NaFePO4
after the process of sodiation. Compared with the XRD pattern of sodiated NaFePO,
from amorphous FePO,, hexagonal FePO, did not appear the diffraction peak of (201)
and (020) planes after sodiation. As we known, the sodium-ion diffusion takes place
along the b-axis (010 direction) in the crystal structure of olivine NaFePO, (space
group: Pnma) during the sodiation and desodiation process.>’ The results show that
the amorphous FePO, could easier transform into high active NaFePO, compared
with that of hexagonal FePO, in SIBs.

HRTEM images of sodiation/desodiation and EDS are shown in Fig. 9. The
morphology of desodiation/sodiation exhibit in Fig. 9a and Fig. 9b, respectively.
According to Fig. 9a and the SAED image (Fig. 9a, inset), there are no distinguishable
lattice fringes or obvious diffraction rings, which indicates the amorphous structure of
desodiation FePO4. However, observation of the HRTEM image of sodiation FePO4

11
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(Fig. 9b, inset) shows obviously fringe widths with dimensions of 4.4A corresponding
to the (101) diffraction planes, which agrees well with XRD patterns of peaks at the
diffraction angle of 20.21°, as mentioned before. The corresponding SAED pattern of
sodiation of FePO, (Fig. 9b, inset) displays obvious diffraction rings. Therefore, the
results support the existence of the amorphous-to-crystalline transition in nanoscale
amorphous FePO4 cathode material in SIBs during the electrochemical reaction. The
EDS of the completed discharge amorphous FePO,4 is shown in Fig. 9¢, which
exhibits the stoichiometric composition of Na: Fe: P to be near 1:1:1. This result
indicates that the component of the crystallite phase was NaFePO,.

The XRD patterns of FePQO, after many cycles of charging/discharging operation
were shown in Fig.10, which displayed some diffraction peaks. According to the

. 40, 41
previous report

, the series of diffraction peaks were corresponding to the
orthorhombic structure of FePO,. The result indicated that amorphous FePO, had
transformed into orthorhombic FePO, after many cycles of charging/discharging.

Fig. 11 schematically illustrates the amorphous to crystallite transition in
amorphous FePOy as cathode material for SIBs during electrochemical sodium-ion
insertion. The sodium-ions are inserted into the amorphous FePO, in the
electrochemical process, and then crystallite NaFePO, is formed. The process of
amorphous-to-crystalline transition during electrochemical cycling is decided by the
changing potential.** According to the result of the electrochemical test, as mentioned
before, the phenomenon of specific-discharge capacity fluctuation during the initial

cycles corresponds to the process of the formation of crystallite NaFePO, and gradual

12
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stability was resulted from the crystallite NaFePOs participating during the

electrochemical reaction.

Conclusion

Amorphous FePO,4 was synthesized by the micro-emulsion technique, which could act
as cathode material for SIBs with excellent cycle performance and rate capability. The
structure transformation of FePO,4 nanoparticles during sodiation/desodiation has been
investigated by XRD and HRTEM. The results show that the amorphous FePO,
transforms into crystallite NaFePO, during the process of sodiation. These findings
may offer a simple method to synthesize highly active NaFePO,. Furthermore, the
inexpensive and environmentally friendly amorphous FePO, nanoparticles cathode
material may have considerable potential to be used as one of an insertion “host”
material for a variety of ions with various atomic radii/charges, making it useful in

energy-storage and electric vehicle applications.

13
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Table 1. Lattice parameters of NaFePO,.

Sintering  Crystal Space a(Ad) b(A) ¢(A) a p y Density

temp. (°C) structure group ©) © © (gem?)

460 olivine  Pyma 10.4063 6.2187 4.9469 90 90 90 3.71

4
a) o

FeO6 octahedral

PO4 tetrahedral

Fig. 1 Crystal structure of NaFePQy: (a) maricite, (b) olivine.
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Fig. 4 X-ray diffraction characterization results of FePO4 nanoparticles with

sintered at 460°C and 650°C, respectively.
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Fig. 5 SEM and EDS images of as-prepared FePOy: (a) 460°C, (b) 650°C, (c)
EDS.
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Fig. 6 Electrochemical performance of amorphous FePQ, cathode: (a) CV curve
test at scanning rate of 0.05mV 5! (voltage window 1.5-4.2V), (b) rate
performance of amorphous FePOy, (c) galvanostatic discharging/charging
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profiles performed at 0.1C, and specific-discharge capacity during the initial

cycles (c, inset), (d) discharge specific capacity versus cycle numbers of

Intensity

amorphous and hexagonal FePQ, at 0.1 C.
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Fig. 7 The XRD patterns of the FePOy4 cathode samples taken from the separated

sodium half cells at different stages of galvanostatic cycling.
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Fig .8 The XRD patterns of the amorphous and hexagonal FePO, cathode
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samples at the state of complete discharge.
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Fig. 9 HRTEM and EDS studies. The HRTEM images of the (a)
desodiation/(b)sodiation of amorphous FePQ,. The corresponding SAED
patterns of the recovered cathode samples are shown in the insets of (a) and (b).

(¢)The EDS of sodiation amorphous FePQ,.
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Fig. 10 The XRD patterns of FePO4 and NaFePQ, after many cycles of

charging/discharging operation.
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e

NaFePO, micro-crystalline

Amorphous FePO,

Fig. 11 Schematic illustration of the amorphous to micro-crystalline transition in
amorphous FePQy, as cathode material for SIBs during electrochemical

sodium-ion insertion.
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