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Naj s[Jo.sMn; sFe; s(PO4); (where O denotes vacancies) microrods were obtained through a solvothermal
synthesis in ethylene glycol. The combination of the XRD, Mossbauer and magnetic analyses confirm that the
sodium vacancies in the Na; 5[]y sMn; sFe; 5(PO,4)3 structure are linked to the oxidation of Mn and Fe transition
metals. The electrochemical tests have shown that Na; s[Jo.sMn; sFe; 5(PO,4)3 is a dual electrode material for Li-
ion batteries. The electrochemical study in the potential range of 1.5-4.5V indicate that such material can be
used as 3V cathode with specific capacities of 109, 97, and 80 mAh~g’1 at current densities of 5, 10, and
20 mA-g !, respectively. When it is tested in the potential range of 0.03-3.0 V as negative electrode material, it

delivers a reversible capacity of about 170 mAh-g~' at 200 mA-g ™' current density during > 100 cycles.

1. Introduction

Iron phosphate-based alluaudite materials have recently attracted
increasing attention as promising cathode materials for next-generation
lithium-ion batteries (LIBs) and sodium-ion batteries (NIBs), or in hy-
brid-ion batteries (HIBs) where a sodium-containing pristine cathode
material is cycled with a Li-based electrolyte [1-4]. The importance
given to this alluaudite group is due to their stability at high tem-
perature, the presence of vacancies allowing easy intercalation of many
Na™/Li*-ions in their crystal structures, excellent cyclability as well as
their environmental friendliness and low cost [3,5,6]. Due to their high
molecular weight, phosphate based alluaudites have generally rather
low theoretical capacities. However, the existence of vacancies owing
to their complementarily and synergetic effect in the insertion/extrac-
tion process may enhance their specific capacities and ensures good
cycling performances as cathode materials for HIBs, LIBs and NIBs. Due
to the low conductivity of iron based phosphate materials, various
techniques have been used such as coatings, formation of composites
with conducting materials to enhance their conductivity and improve
electrochemical performances of these materials in LIBs and NIBs
[7-10].

The Naj s[Jo.sMn; sFe; 5(PO4)3 compound (where O denotes va-
cancies) was previously obtained by F. Hatert et al. by solid state
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synthesis route to investigate its crystallographic structure [11,12]. In
addition, they proposed this material may be among the promising
electrodes for LIBs and NIBs due to the interesting properties presented
by the iron phosphate-based alluaudite materials as detailed above.
However, the solid state synthesis offers less morphology and compo-
sition control than wet chemistry approaches [13-15].

In the recent years, a large number of solvothermal syntheses have
emerged for iron-phosphate materials [16-20] that offer many ad-
vantages such as low temperature processes, fast reaction kinetics, short
processing times, phase purity, high crystallinity, high yield, homo-
geneous particle products, composite formation, narrow particle-size
distributions, low temperature post-calcinations, and they are cost ef-
fective, environmentally benign, and easily scalable [2]. Herein, a facile
approach for the synthesis of Na; 5[Jo sMn; sFe; 5(PO4)3 microrods was
designed using a solvothermal route in ethylene glycol. Due to the in-
teresting properties of iron phosphate-based alluaudite phases from
their vacancy rich crystal structure, Na; s[Jo.sMn; sFe; 5(PO4)3 has at-
tracted our attention and we report in the present work this phase
obtained by solvothermal synthesis route to meet the morphology and
size requirements for the fabrication of cathode materials with excellent
electrochemical performance [1,21,22]. The solvothermal synthesis of
Naj s[Jo.sMn; sFe; 5(PO4); was followed by heat treatment to obtain
samples with high crystallinity and small particle size. This may
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facilitate the penetration of electrolyte and lithium ions in electrode
material, and could provide much more active sites. This may enhance
the electrochemical performances of active material and, therefore can
provide fast transport channels and reduce diffusion paths of lithium
ions [23,24].

The aim of this work is to synthesize Naj s[]op sMn; sFe; 5(PO4)3 as
new electrode material for lithium-ion batteries through wet chemical
synthesis in ethylene glycol (EG). EG as a reaction medium, plays an
important role in both reducing the particle size and product defects
[25]. The high thermal stability of iron phosphate-based alluaudite
compounds and the vacancies in Naj s[]o sMn; sFe; 5(PO4)3 structure
are the main reasons for this material to deliver excellent electro-
chemical performance (cycling stability and rate capability). Ad-
ditionally, the strong inductive effect of the (PO4)®~ polyanion group
moderates the energetics of the transition metal redox couple to gen-
erate their relatively high operating potentials as positive electrode.
Recently R. Essehli et al. showed that iron phosphate-based materials
also possess low active voltage for negative electrode application and
these characteristics qualify Na; s[JosMn; sFe; s(PO4); as dual elec-
trode materials [26,27]. All above described properties make this ma-
terial an attracting candidate electrode with promising electrochemical
properties.

2. Experimental
2.1. Chemicals

Ammonium dihydrogen phosphate (NH4H,PO,4, = 99%, Acros),
manganese nitrate (Mn(NO3),, 99.98%, Alfa Aesar), hydrated iron(III)
nitrate (Fe(NO3).9H,0, 96%, Riedel-de Haén), sodium nitrate (NaNOs,
=>90.0%, Sigma- Aldrich) and ethylene glycol as the solvent were used
as received without further purification.

2.2. Material synthesis

Uniform Na; s[Jo.sMn; sFe; 5(PO4)3 microrods were successfully
obtained by a solvothermal method in ethylene glycol. In this synthesis,
NH4H,PO,4, Mn(NOs3),, Fe(NO3)3.9H,O and Na(NOs) solutions in
ethylene glycol were mixed in a molar ratio of 3:2:2:4. The solution of
6 mmol NH4H,PO,4, 4 mmol Mn(NOs),, 4 mmol Fe(NOs3);.6H,0 and
8 mmol NaNO; dissolved in 60 ml of ethylene glycol was mixed vigor-
ously for about 20 min. The reaction mixture was then sealed into a
125ml teflon-lined stainless steel autoclave, sealed and heated at
180 °C for 6h in oven. After cooling down to the room temperature,-
apple green precipitate was obtained and washed three times with
ethanol and water respectively. The powder product was dried in oven
under vacuum for two hours at 80 °C and post calcined at 700 °C for
48h under air to remove remaining ethylene glycol and achieve a
highly crystallized and pure phase of Na; 5[ Jo.sMn; sFe; 5(PO4)s.

Fig. 1 shows the low temperature solvothermal synthesis approach
of Naj s5[JosMn; sFe; 5(PO4)s. We have used ethylene glycol (EG) to
decrease the solubility of the precursors, increase the number of nu-
cleation sites, and thereby achieve smaller particle dimensions [21].

leq Fe(NO,;).9H,0
2eq Mn(NO,),
3eq NH,H,PO,
4eq Na(NO;)

‘Nal.SMnl.SFeLS(POzt)S ‘
700°C/Air
\ 4

OH
HO/\/
Ethylene glycol (EG) ’ Na, sMn, sFe, s(PO,); ‘

Fig. 1. Schematic representation of the solvothermal synthesis process of
Nay s[Jo.sMny sFeq 5(PO4)s.
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2.3. Characterizations

The synthesized samples were characterized by powder X-ray dif-
fraction (XRD) using a Bruker D8 diffractometer (Cu Ka radiation). 57Fe
transmission Mossbauer spectroscopy data were recorded by using a
constant-acceleration spectrometer with a 57Co (Rh) source at room
temperature. The Mossbauer spectral absorbers were prepared with
30 mg of Na; s[Jo.sMn; sFe; 5s(PO4); materials mixed with boron ni-
tride. The spectrometer was calibrated at room temperature with the
magnetically split sextet spectrum of a high-purity a-Fe foil as the re-
ference absorber. The measurements were carried out in the velocity
ranges a ( + 4 mm/s) with optimal energy resolution. The Mossbauer
spectra were fitted using one or two Lorentzian doublets using Fullham
program. In this way, spectral parameters such as quadrupole splitting
(A), isomer shift (8), linewidth (I') and relative resonance areas of the
different spectral components were determined. The validity of fits was
judged on the basis of minimizing the number of parameters and >
values.

The morphology and particle size of Na; s[]osMn; sFe; s(PO4)3
samples were investigated by scanning electron microscopy. The SEM
analysis of the Naj s[]o sMn; sFe; 5(PO4)3 samples was performed on a
FEG-ESEM XL30 (FEI) with an accelerating voltage of 15 kV under high
vacuum. Na; s[Jo.sMn; sFe; 5(PO4); powder samples were deposited on
carbon tapes. Sputtering deposition was done with gold target under
argon atmosphere (Balzers, SCD004, Sputter coater).

Electrochemical measurements were performed using coin cells as-
sembled in an argon-filled glovebox. For preparing working electrodes,
a mixture of Na;s[JosMn; sFe; s(PO4); nanostructures, acetylene
black, and polyvinylidene fluoride (PVDF) at a weight ratio of 60:20:20
was pasted on stainless steel grids. The average mass loading was
around 1.8mgem™ 2 In a typical cell, pure lithium foil served as
counter electrode, and microporous polypropylene, 25 mm monolayer
films served as separator between electrodes. The electrolyte consisted
of a solution of 1 M LiPFg in ethylene carbonate (EC)/dimethyl carbo-
nate (DMC)/diethyl carbonate (DEC) (1:1:1, in wt%). Galvanostatic
cycling tests of the assembled cells were carried out on Neware (China)
system in the voltage ranges of 1.5-4.5V and 0.03-3.0 V (vs Li " /Li) for
positive and negative electrode, respectively.

3. Results and discussions
3.1. Material structure analysis

X-ray powder diffraction was used to investigate the structural
properties and to check the phase purity. The crystal structure of
Naj s[]o.sMn; sFe; 5(PO4); was characterized by X-ray diffraction and
the corresponding XRD pattern is shown in Fig. 2. All the diffraction
peaks can be well indexed according to an alluaudite structure and C2/c
space group. No impurities such as FePO4 and others, which often ap-
pear in the iron phosphate based phases synthesized by traditional
routes at high temperature, are detected; there is no observable evi-
dence of secondary phases. The Na; 5[ Jo.sMn; sFe; 5(PO4)3 sample ob-
tained after calcination at 700 °C (NMFP-700 °C) shows sharp peaks
indicating high crystallinity [28].

The Rietveld refinement of the XRD pattern of
Na; s[Jo.sMn; sFe; 5(PO4)s was realized, and the experimental details
are given in Table 1. Atomic coordinates and temperature factors are
given in Table 2; they are in good agreement with those previously
reported by Hatert et al. [11,12]. Site occupancy factors indicate that
vacancies occur on the A(2)' site (Table 2), in good agreement with the
ideal formula of the compound. The A(1) site is filled by Na, the M(1)
site is filled by Mn, while the M(2) site contains 0.75 Fe3* and 0.21 Mn.
The structural formula of the compound, calculated from the refined
site occupancies (Table 2), corresponds to (Nag g4[]0.36)(Nag.99[lo.01)
(Mno.93[10.07)(Fe3 56Mng 42[10.08) (PO4)3.
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Fig. 2. Final observed, calculated, and difference plots for XRD (CuKa radiation) Rietveld refinement of Na; s[JosMn; sFe; s(PO4); obtained by solvothermal

synthesis.

Table 1

Experimental details for the Rietveld refinement of Na; s[Jo sMn; sFe; 5(PO4)s.
Number of reflexions 198
Refined parameters 57
Positional 27
Population 4
Thermal 2
Cell parameters 4
Profile 4
Background 7
Crystallite size, zero point, sample displacement, LP factor, 9

roughness, absorption, thickness, scale factor

Space group C2/c
a ) 12.070(1)
b (A) 12.641(1)
¢ (A) 6.480(6)
B 114.391(2)
R, (%) 7.54
Rwp ) 9.67
Rexp. (%) 8.12
S (GooF) 1.19
Rpragg (%) 1.61

3.2. Mossbauer spectroscopy

The oxidation state, the local environment of Fe and the relative
amounts of Fe containing phases were studied by ’Fe Mossbauer
spectroscopy. The 57Fe Mossbauer spectrum of
Naj s[Jo.sMn; sFe; 5(PO4); sample, measured at room temperature, is
shown in Fig. 3. The values of the hyperfine Mdssbauer parameters:
isomer shift §, full width at half-maximum I', and quadrupole splitting
A, are reported in Table 3. The Mossbauer spectrum of
Na; 509 sMn; sFe; s(PO4); material shows a symmetric doublet. The
spectrum is consistent with the presence of paramagnetic iron, con-
firming the paramagnetic behavior of the material at room tempera-
ture, the lack of magnetic ordering proves also the absence of magnetic
iron oxides based impurities at the 1 Fe-at.% level, in good agreement

20

Table 2
Positional (x,y,2), isotropic thermal (B) and site occupancy (N) parameters for
Naj s80.5Mny sFe; 5(PO4)3.

Atom Wyckoff X Y z B(AY) N
Na (A2") 4e 0 —0.010(2) 1/4 1.0 0.64(2)
Na (A1)  4b Y 0 0 1.0 0.99(2)
Mn (M1) 4e 0 0.2660(5) 1/4 1.0 0.93(1)
Fe/Mn 8f 0.2778(4) 0.6545(3) 0.3637(8) 1.0 0.75/
M2) 0.21(1)
P1 de 0 —0.2825(8) % 1.93) 1.0
P2 8f 0 Ya 0.069(1) 1.93) 1.0
o1 8f 0.453(1) 0.712(1) 0.534(2) 1.13) 1.0
02 8f 0.099(1)  0.6407(9)  0.241(2) 1.1(3) 1.0
03 8f 0.334(1) 0.667(1) 0.109(2) 1.113) 1.0
04 8f 0.129(1) 0.4006(9) 0.328(2) 1.1(3) 1.0
05 8f 0.225(1)  0.822(1) 0.317(2) 1.1(3) 1.0
06 8f 0.3230(9) 0.505(1) 0.379(2) 1.1(3) 1.0
100.0 p» =

X R s+ :Data

c . Fit
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Fig. 3. >Fe Mossbauer spectrum of Naj s[JosMn; sFe; 5(PO4); recorded at
room temperature.
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Table 3
Fitted Mossbauer parameters® of Na; s[Jo sMn; sFe; 5(PO4); recorded at room
temperature.

NMFP compound 8§ (mm/s) A (mm/s) T (mm/s) Area (%)
NMEFP-700 °C a-Fe(III) 0.43 (1) 0.60 (2) 0.30 (2) 74 (1)
b-Fe(II) 0.42 (1) 0.86 (4) 0.28 (4 26 (1)

@ 8-Isomer shift, referred to a-iron at 295K, A-quadrupole splitting, I'-line
width.

with XRD results, which confirms the high purity of the sample.

Good quality fit of the Na; s[Jo.sMn; sFe; 5(PO4)3 spectrum has been
obtained by using only two doublets; however, the XRD results of the
Naj s[Jo.sMn; sFe; 5(PO,); material shows that Fe® " only occurs on the
M(2) site. The presence of two doublets reflects the distribution of next-
nearest-neighbor interactions due to chemical disorder on adjacent M
(2) octahedral sites occupied by Mn, Fe and vacancies. Such interac-
tions were previously reported in alluaudite-type phosphates; the
isomer shift and quadrupole splitting values observed here are in good
agreement with those from the literature [29-31]. The obtained values
of the isomer shift are similar for the two doublets: § ~ 0.42mms !,
which is characteristic of high spin Fe** in FeOg-type octahedral sites
in agreement with both XRD and magnetic measurements (Table 1).
Even if iron occurs only on the M(2) site, two pronouncedly in-
equivalent surroundings of iron sites can be distinguished, induced by a
random distribution of Fe>™ and Mn2™" at the M(2) sites while the M(1)
sites are filled with only Mn®*. Indeed, the two sub-spectra clearly
differ by the values of the quadrupole splitting, A(a-Fe
(1) = 0.60 mm-s~ ' and A(b-Fe(Ill)) = 0.68 mm-s . The calculation
of distribution probabilities indicates that the Fe®>*-Fe>* configuration
should involve 75% of Fe>*, while the Fe>*-Mn configuration should
involve 25% of Fe**. Consequently, doublet a, with 74% area, corre-
sponds to the Fe®*-Fe3™* configuration, while doublet b, with 26% area,
corresponds to the Fe**-Mn configuration.

3.3. Magnetic measurements

The inverse magnetic susceptibility of Na; s[Jo.sMn; sFe; 5(PO4)3
measured in ZFC and FC are very close, showing paramagnetic behavior
in a large temperature range and no magnetic impurities (Fig. 4). These
results are consistent with XRD and Mdssbauer spectroscopy. The va-
lues of the Curie temperature obtained from the linear fitting to the data

¥C
15 4

10 4

%! (mol.emul)

5 74

A

-50 0 50

100 150 200 250 300

T®

Fig. 4. Temperature dependence of the inverse magnetic susceptibility of
Nay s[Jo.sMn; sFe; 5(PO4); measured in ZFC (blue circles) and FC (red squares).
The blue and red lines are extrapolation lines obtained from ZFC and FC data,
respectively, in the temperature range 150-300 K. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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in the temperature range 150-300K are —59 and —53K for ZFC and
FC measurements, respectively, indicating antiferromagnetic order at
low temperature. The values of the Curie constant are C = 13.40 and
13.20emuKmol ™! for ZFC and FC measurements, respectively. The
effective magnetic moment obtained from these values is pleg = 10.3 g
per formula unit (f.u.). The Mossbauer spectroscopy revealed the ex-
istence of only high spin Fe>* that has a spin-only moment of 5.92 yg.
By assuming the existence of only high spin Mn®* ions that have the
same spin-only moment, we obtain for the nominal composition
Naj s5[Jo.sMn; sFe; 5(PO4); the theoretical effective spin-only moment
of 10.3 pg per fu. and for the structural composition
Naj g3[Jo.52Mn; 3s5Fe; 5(PO4)3 the value of 10.0 g per f.u. that are both
in excellent agreement with the experimental value. Thus, the magnetic
measurements are consistent with the existence of only Fe** and Mn?™*
oxidation states and confirm the absence of Fe?* in agreement with
Mossbauer measurements.

3.4. Morphological analyses

To clarify the microstructure, scanning electron microscopy (SEM)
images of the Naj s[]o sMn; sFe; s(PO4)3 microrods were taken (Fig. 5)
and further investigated. The SEM images (Fig. 5a and b) reveal that all
particles are constituted of uniform Na; s[Jo.sMn; sFe; 5(PO4)3 micro-
rods characterized by homogeneously distributed sizes with an average
length of about 3-6 um. The high magnification image (Fig. 5c¢) shows
that the single microrods are formed by nanoparticles of about
200-500 nm. This particle morphology is a consequence of the specific
nucleation and crystal growth conditions in the solvothermal bomb
[32]. The samples show low agglomeration of the particles, this in-
creases the contact area between grains and electrolyte, which im-
proves the electrochemical performances [33]. The synthesis in ethy-
lene glycol prevented the Na; s[Jo.sMn; sFe; 5(PO4)3 particles growth.

In order to clarify the effect of annealing process, the changes in
structure and morphology of the samples were studied before and after
the annealing process. Fig. 6 shows the comparison of XRD patterns and
SEM images before and after the annealing process. The comparison
between XRD patterns shows peaks at close positions for both samples,
however it is clear that the annealed sample shows narrower XRD peaks
than the as-prepared sample. This justifies the highly crystallinity
achieved during the annealing process. The particles morphology
measurements characterized by SEM suggest that heat treatment step at
700 °C removes the solvent incorporated in the crystal and increases the
crystallinity of the Na; s[Jo.sMn; sFe; 5(PO,4); sample, but does not af-
fect the particle crystal structure or the particle morphology.

3.5. Electrochemical measurements

Electrochemical measurements were carried out in lithium half-cell
configuration. In the following sections, Na; s[Jo.sMn; sFe; 5(PO4)3
material is evaluated as dual electrode material for Li-ion batteries. The
evaluation of the electrochemical applicability of the
Naj s[Jo.sMn; sFe; 5(PO4)3 particles in Li-ion batteries was investigated
using a Swagelok cell configuration. The theoretical capacity of
Naj s[Jo.sMn; sFe; 5(PO4); used as positive electrode is 110 rnAh~g_1
for 2 e reaction [6,34,35]. When Na; s[Jo.sMn; sFe; 5(PO4)s is used as
negative electrode, the theoretical capacity is 414 mAh-g~?, by con-
sidering 7.5 e” reaction.

3.5.1. Naj 509 sMn; sFe; 5(PO4)3 as cathode material

The electrochemical performances of Naj 5[Jo.sMn; sFe; 5(PO4)3 as
cathode material for Li-ion batteries were evaluated in a half-cell with
lithium metal as counter electrode in the potential window: 1.5-4.5V
vs. Li/Li*. Cyclic voltammograms (CV) were obtained at a scan rate of
0.5mV.s~'. As shown in Fig. 7a, during the first charge, there is a peak
at about 3.3V at the CV curve, which may correspond to the de-inter-
calation of Na™ and the oxidation of Mn?" in the structure [36]. The
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Fig. 6.XRD patterns and SEM images of a) as prepared

Na; s5[Jo.sMn; sFe; 5(PO4)s and b) calcined Na; 5[]y sMn; sFe; 5(PO4); material
at 700 °C.

galvanostatic voltage profiles were measured at the different current
densities of 5, 20, 50 and 100 mA-g~* (Fig. 7b). The charge/discharge
curves (Fig. 7b) show that a high reversible capacity of about
107 mAh-g ™! at 5mA-g~! was achieved, which corresponds to dein-
tercaltion/intercalation of about 1.94 Li* ions per formula unit.

The capacity drops upon increasing the applied current density that
is accompanied by decrease of the working voltage. Indeed, the cell
shows continuous voltage and polarization changes upon cycling
especially at high current densities. The shape of the voltage curves is
similar for all current densities, showing good reversible Li-insertion/
deinsertion processes in the electrode materials with relatively good
specific capacities at different current densities.

The rate capability helps to examine whether or not a kinetic lim-
itation of lithium-ion transfer in the solid is present. Fig. 8a shows the
rate charge/discharge performances of Najs[Jo.sMn;sFe; s(PO4)3
electrode material under different current densities from 5 to
100mA g~ *. The cathode material delivers specific capacities of 107,
65, 48, and 35mAh-g™! at the current densities of 5, 20, 50, and
100 mA-g ™7, respectively. When the current density is changed back to

0.03

4.5
(a)
0.021 40
0.014 35
— >
E 0.00 i’ g
=B Scan speed: 0.5mVs 53.0_
S
-0.014 st
E— 1"dcurve 25
—2" curve
-0.02 —3" curve
2.0
-0.034
T T T T T T T 1-5— T T T T T
15 20 25 30 35 40 45 0 20 40 60 80 100
Voltage (V) Specific capacity (mAh g™)

Fig. 7. a) Cyclic voltammetry (CV) profiles Na; s Jo.sMn; sFe; 5(PO4)s between 1.5 and 4.5V (vs. Li/Li*). b) Charge/discharge curves of Na; 5[ Jo.sMn; sFe; 5(PO4)s

between 1.5 and 4.5V (vs. Li/Li*) at different current densities.
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Fig. 8. Electrochemical performances of Na; s[]osMn; sFe; 5(PO4)3 as cathode material for lithium-ion batteries: (a) rate capability, (b) evolution of discharge

capacity as a function of current density; c) evolution of discharge/charge capacity vs. cycle number at current density of 20 mA-g

5mA-g~ ' after 25cycles at various current densities, the reversible
capacity resumes to 92 mAh-g~ 1. The capacity fade may be due to the
large particle size and low electronic and ionic conductivity.

The specific capacity decreases with increasing discharge current
density (Fig. 8b) but this may be resolved by increasing particle surface
area through reduction of particle size or by carbon coating to enhance
ionic and electronic conductivities of the cathode material [7,37,38].

In Fig. 8c, the evolution of discharge and charge capacities vs. cycle
number at 20mA.g~! charge/discharge rates is presented. After con-
tinuous cycling for about 115 cycles at a current density of 20mA-g ™', a
reversible discharge capacity of about 65 mAh-g~? is retained, corre-
sponding to 99.1% of the initial cycle discharge capacity. This shows
that Na; s[Jo.sMn; sFe; 5(PO4)3 is characterized by an excellent cycling
performance.

3.5.2. Na; 559 sMn; sFe; 5(PO4)3 as anode material
Fig. 9a shows cyclic voltammograms (cVv) of
Naj s[]o.sMn; sFe; 5(PO4); as anode material in the voltage range of

0.1
(@
0.0+
<-01- —— First discharge
13 ——First charge
= —— Second discharge
-0.21
-0.3+
'0.4 T T T T T T
00 05 10 15 20 25 30
Voltage (V)

-1

0.03-3.0V at 0.5mV-s ', The first discharge curve is different than the
other cycles and shows a pronounced peak at 0.3V that could corre-
spond to the Fe**/°, Mn?*/° redox couples, respectively. This indicates
that the reaction occurring at the first discharge is irreversible which
corresponds to the transformation of phosphate upon initial reaction
with lithium. During the first charge, two small peaks around 1.1 and
1.85V were detected, that may correspond to the partial oxidation of
Fe® and Mn®. The second discharge shows a principal peak at around
1.0V. The typical galvanostatic profiles for lithium intercalation/ex-
traction in Na; s[Jo.sMn; sFe; 5(PO4)3 in the voltage window 0.03-3V
at 50mAg~' current density are shown in Fig. 9b. The theoretical
capacity (~414 mAh~g_1) value of the Naj s[Jo.sMn; sFe; 5(POy4)s as
negative electrode is equivalent to the intercalation of 7.5 Li* ions,
expected for the reduction of Fe** to Fe® and Mn?* to Mn° per formula
unit. The sample delivers an irreversible capacity of 675mAh-g~!
during the first discharge, which is higher than the theoretical capacity.
The origin of the additional contribution is still unclear although one
can suspect that the presence of vacancies in the material structure, the
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Fig. 9. a) Cyclic voltammetry (CV) profiles of Na; s[Jo sMn; sFe; 5(PO4)s between 0.03 and 3.0 V (vs. Li/Li*). b) Charge-discharge curves and at 50 mA g’1 current
density for [Jo.sNa; sMn; sFe; 5(PO,)3 as anode material in the voltage window of 0.03-3.0V vs. Li* /Li.
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Fig. 10. Electrochemical evaluation of Na; s[Jo sMn; sFe; s(PO4)3 as anode material for lithium-ion batteries: (a) rate capability; (b) evolution of discharge capacity

as a function of current density; c) evolution of discharge/charge capacity vs. cycle number at current density of 200 mA-g~ .

reduction of the electrolyte over the material-carbon interface, the
electrolyte decomposition and the formation of the SEI at the electrode
interface may contribute to the extra capacity at the initial cycle as
possible mechanisms [26,27]. Dual electrode materials are interesting
in rechargeable battery field because a single-batch preparation can be
used for the two electrodes (positive and negative). The reversible
discharge capacity of about 390 mAh-g~* was obtained at second cycle
at 50mA-g~'. This large irreversible capacity loss and the differences
between the potential profiles of the first and following discharges
suggest intercalation/conversion reaction mechanism during the first
discharge. The analysis of the potential curve of the first discharge
signals an intriguing behavior corresponding to the appearance of three
pseudo-plateaus. The small plateau in first discharge curve, observed at
about 0.75V may correspond to the reduction of Fe** to Fe?". The
plateau observed between 0.5 and 0.6 V voltage could be due to the
reduction of the electrolyte leading to the SEI formation [39]. This could
also be due to the reduction of Fe**/° and Mn®*’° as previously observed
for iron in oxyphosphates My sTiOPO, (M: Ni, Co and Fe) [40-44] and for
the reduction action of Mn2™" to metallic Mn that occurs near 0.2V [45].
Fig. 10a shows that Na; s[Jo.sMn; sFe; 5(PO4)3 as negative electrode
delivers an average reversible specific capacity of 340, 240, 174 and
110 mAh-g~ ! in 0.03-3.0 V voltage window at current densities of 50,

Table 4

1

100, 200, and 400 mA-g ™~ ?, respectively.

The obtained specific capacity as a function of the discharge current
density is plotted in Fig. 10b. After continuous cycling for 100 cycles at
200mA.g~ !, an average reversible discharge capacity as high as
170 mAh'g’1 is retained (Fig. 10c). This shows that
Naj s[Jo.sMn; sFe; 5(PO4)3 electrode possesses excellent cycling stabi-
lity even for high current density. This results suggests that
Naj 500 sMn; sFe; s(PO4); as negative electrode material has good
capability in hybrid battery.

These preliminary results show that Na; 50 sMn; sFe; 5(PO4)3 syn-
thesized by an original solvothermal procedure exhibited good elec-
trochemical properties (good rate capability and cycling stability),
suggesting that, after optimizing the synthesis conditions for a better
morphology and suitable size, Na; 55y sMn; sFe; 5(PO4); may be con-
sidered as a promising electrode material due to its excellent inter-
calation/deintercation of lithium especially as negative electrode. In
the latter case, Na; 599 sMn; sFe; s(PO4)3 could be also a good candi-
date for sodium-ion batteries since graphite does not intercalate sodium
to any appreciable extent as reported in the literature [46].

Finally, the electrochemical performances of
Naj s[]o.sMn; sFe; 5(PO4)3 based electrode material are compared with
some recent results obtained for alluaudites used as electrode materials

Comparison between the electrochemical performances of Na; 5[ Jo.sMn; sFe; 5(PO,4); and some recent results obtained for alluaudite materials used as electrode

material for Li/Na-ion batteries.

References  Alluaudite material Voltage Maximum specific Cycle QRt-N Comments
Range capacity (mAhg~') and number (%)
W) C-rate
This work  Naj s[JosMn; sFe; 5(PO4)3  1.5-4.5 ~107(C/20) 115 99.1% (C/4) Cathode material for Na-ion batteries
This work  Na; 5[Jo.sMn; sFe; 5(PO4)s  0.03-3.0 350 (~C/10) 100 ~99% Anode material for Na-ion batteries
(20mAg™")
[36] Lig.7sMn; soFe; 75(PO4)3 1.5-4.5 30 (C/50) - - Cathode material for Li-ion batteries
[471 NaMnFe,(PO,)3 1.5-4.5 ~60(C/20) 25 ~100% (C/20) Cathode material for Na-ion batteries
[48] Nay  oxFes_x(S04)3 2.0-4.5V 90 (50) 500 ~89% Reduced graphene oxide was added to enhance the
electrochemical performance of the cathode material for
Na-ion batteries
[49] Nay 4Fe; g(SO4)3 2.0-4.8 110 (C/10) - - Cathode material for Li-ion batteries
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for Li/Na-ion Dbatteries [36,47-49]. Table 4 shows that
Naj s[Jo.sMn; sFe; 5(PO4); delivers the highest specific capacity as
cathode material of 107 mAh.g~! at 5mA.g~! with a very good ca-
pacity retention after 115cycles at 20mA-g~'. As anode material,
Naj s[Jo.sMn; sFe; s(PO4); shows excellent capacity retention during
100 cycles at 200 mA-g . It should be noticed these performances were
obtained without any optimization of the material (carbon addition,
grinding, etc.) or of the electrolyte.

4. Conclusions

We have successfully synthesize Na,; s[Jo.sMn; sFe; 5(PO4)3 by sol-
vothermal method, a new dual electrode material tested in lithium-ion
battery. We have shown that the solvothermal synthesis is an appro-
priate method to prepare particles with suitable size and morphology
for application as electrode materials for lithium-ion batteries. The
composition and the structure were accurately determined by using
57Fe Mossbauer spectroscopy, XRD Rietveld refinements and magnetic
measurements. Rietveld refinements shows that vacancies occur on the
A(2) sites and Mossbauer spectroscopy shows the presence only of
Fe>* in the materials with two inequivalent surroundings. Magnetic
measurements confirm the existence only of Fe*>* and Mn>*. We have
found that Na; s[Jo.sMn; sFe; 5(PO4)3 has high capacities of ~110 and
390 mAh.g ™! as cathode and anode materials, respectively, good cy-
clability and rate capability. In brief, Na; s[Jo.sMn; sFe; s(PO4)3 is a
very interesting material due to its dual electrode performance prop-
erties, especially its high capacity retention when it is cycled as anode
material. It exhibits good lithium intercalation/extraction behavior
even though no optimizations of particle size, morphology and/or
carbon coating were performed. Because of its interesting properties, a
structure including vacancies for insertion, dual electrochemical prop-
erties and high specific capacity Naj s[Jo.sMn; sFe; 5(PO4)3 could be
further developed and used as electrode material for sodium-ion bat-
teries.
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