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ARTICLE INFO ABSTRACT
Keywords: A solvothermal method was used to prepare Na; »5Nij osFe; 75(PO4)3 nanoparticles, a new promising electrode
Na; 25Nij 25Fe; 75(PO4)3 material for lithium-ion batteries. The composition and the crystal structure were determined by >’Fe Mossbauer
IS\Iolvother‘mlal synthesis spectroscopy and powder X-ray diffraction Rietveld refinements and confirmed by magnetic measurements. The
anoparticles

structural formula [Jo 7sNa; 25Ni; 2sFe; 75(PO4)3 was obtained showing a significant amount of Na vacancies,
which enhances Li diffusion. Na; »5Ni; »sFe; 75(PO4)3 was used as negative and positive electrode material and
shows excellent electrochemical performances. As negative electrode in the voltage range 0.03-3.5V vs. Li * /Li,
the first discharge at current density of 40 mA g~ ' delivers a specific capacity of 1186 mAh g~ !, which is almost
three times its theoretical capacity (428 mAh g~ !). Then, reversible capacity of 550 mAh g~ ' was obtained at
50mA g~ ! with high rate capability (150 mAh g~ 'at 500mA g~ ') and capacity retention of 350 cycles. As
positive electrode material, specific capacities of about 145 and 99 mAh g~ ! were delivered at current densities
of 5 and 50 mA g~ 7, respectively, in the voltage range of 1.5-4.5V vs. Li* /Li. In addition, we show that the use
of solvothermal synthesis contributes to the synthesis of small sized particles leading to good electrochemical

Dual electrode material
Insertion and conversion reaction
Lithium-ion battery

performances.
1. Introduction their use as negative electrode materials has also got more attention.
They offer many advantages over other electrode materials due to the
Iron-phosphate-based materials have been largely investigated as fact that they are environmental friendly, non toxic with high rate
positive electrodes of lithium-ion and sodium-ion batteries. Currently capability [1]. Although they are mainly produced by solid-state
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synthesis route, the exploration of various synthesis techniques has
shown that wet chemistry approaches produce suitable powder mor-
phology with smaller particle size [2].

Nanoparticles receive great interest in various applications in-
cluding catalysts, medicine, chemical sensors, energy conversion, en-
ergy storage systems, and many other fields [3-7]. They are mainly
prepared through solution chemistry methods. These routes are known
as efficient methods to produce nanomaterials with excellent properties
that can be obtained by simply optimizing synthetic conditions. The
particle size reduction is one of the main strategies employed to im-
prove the performance of electrode materials, for example during the
hydro/solvothermal process [8]. In this context, researchers have in-
creased their efforts in developing multiple approaches to design and
prepare nanoparticles with various morphologies. This leads to the
nanosized materials with enhanced physical/chemical properties for
specific applications. Among various synthetic methods, the wet che-
mical preparation routes, such as hydrothermal/solvothermal [9-15],
microwave hydrothermal [16], sol-gel [17,18] or co-precipitation
[19,20] methods, offer an indisputable advantage in achieving better
homogeneity and mixing of the precursors material to produce elec-
trode materials with high crystallinity, high purity, and small particle
size distribution [21-23]. For applications as energy storage systems,
nanoparticles are especially attractive due to their high specific area in
boosting the electrochemical performance. In this regard, we report
here a surfactant-free solvothermal preparation followed by heat
treatment to obtain nanoparticles of Naj 55Ni; o5Fe; 75(PO4)3 called
NNFP in the present paper. The study of nickel-iron phosphate-based
compound as dual electrode materials was reported for the first time in
2015 by Essehli et al. [24], who published the crystallographic, mag-
netic and electrochemical characterization of a-Na,Ni,Fe(PO4); mate-
rials obtained by solid state synthesis. The solvothermal method used in
the present work is more suitable to obtain nanostructured material
with expected higher electrochemical performances, especially in terms
of rate capability. In addition, the composition of our isostructural
[o.7sNaj 25Ni; osFeq 75(PO4)3 material provides more vacant sites for
Li* or Na™ insertion. This technique was previously used to prepare
uniform LiFePO, nanoplates in ethylene glycol as solvent and the na-
noparticles obtained through this synthesis method displayed good
electrochemical properties as electrode material for Li-ion batteries
[25,26]. This method was modified here to obtain NNFP nanoparticles
displaying excellent electrochemical performances. The use of ethylene
glycol unexpectedly induced the formation of a gel-like intermediate,
resulting in NNFP nanoparticles formation after heat treatment, which
can be considered as new electrode family for lithium and sodium-ion
batteries.

We report here the first electrochemical tests of NNFP as electrode
material for Li-ion batteries. The main advantages of this material are
dual electrochemical properties (as positive and negative electrodes),
high electrochemical performance, abundant raw material resources,
low cost, environmental compatibility, remarkable thermal stability,
high safety and relatively high theoretical specific capacities.

2. Experimental section
2.1. Synthesis of nanostructured Na; »5Ni; 25Fe; 75(PO4)3

In a typical procedure, 6 mmol NH4H,PO, (=99%, Acros),
2.5mmol Ni(NO3),.6H,0 (99%, Merck), 3.5mmol Fe(NO3)3.6H,O
(96%, Riedel-de Haén), and 8 mmol NaNO3 (99.999%, Sigma Aldrich)
were dissolved in 60 ml of ethylene glycol under vigorous stirring. The
mixture was stirred for 15 min to obtain an homogeneous blue solution
and then transferred into a 125 ml Teflon cup. The teflon-lined stain-
less-steel autoclave was sealed under air and heated at 180 °C for 6 h in
an electric oven. After cooling to room temperature, the precipitate was
collected and washed with absolute ethanol and distilled water several
times. The as-obtained sol-gel product was then dried at 80 °C for 2 h in
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a vacuum oven and finally heated in a furnace at 550 °C for 10 h in air
atmosphere.

2.2. Characterizations

Powder X-ray diffraction (XRD) data were collected with a Bruker
D8 ECO powder diffractometer using Cu Ka radiation (\. = 1.5418 A),
operating from 26 = 2-100°. The crystal structure was refined by the
Rietveld method, starting from the observed powder diffraction pattern
and using the TOPAS software [27]. The morphology and particle size
of NNFP were studied with a scanning electron microscope (XL 30 FEG-
ESEM, FEI). Measurements of specific surface area and texture prop-
erties which includes analysis of porosity for NNFP sample were de-
termined through measuring Nitrogen (N5) sorption isotherms at 77 K
with Micrometric ASAP2020 system.

7Fe transmission Mossbauer spectroscopy data were recorded by
using a constant-acceleration spectrometer with a 57Co(Rh) source at
room temperature. The Mossbauer absorbers were prepared with about
30 mg of NNFP mixed with boron nitride. The spectrometer was cali-
brated at room temperature with the magnetically split sextet spectrum
of a high-purity a-Fe foil as the reference absorber. The measurements
were carried out in the velocity range = 4 mm/s with optimal energy
resolution. The Mdssbauer spectra were fitted using Lorentzian doublets
using the Fullham program [28]. In this way, the isomer shift (), the
quadrupole splitting (A), the linewidth (I') and the relative resonance
areas of the different spectral components were determined.

The magnetic susceptibility of NNFP, y, was measured with a
Superconducting Quantum Interference Design (SQUID) magnetometer
MPMS XL7. The sample was cooled to 2K under a zero magnetic field
(ZFC). Then, a magnetic field of 100 mT was applied, and the sus-
ceptibility was recorded from 2 to 300 K.

Electrochemical measurements were conducted in two-electrode
Swagelok cells, using Li metal (Aldrich) as anode material which also
operated as a reference electrode, and 1 M LiPFg in ethylene carbonate/
dimethylcarbonate (1/1, v/v) as electrolyte solution. NNFP active ma-
terial (60%wt) was mixed with carbon black (CB, 20%wt) and poly-
vinylidene fluoride (PVDF, 20%wt) and then ground together for
30min. Pellets with 13mm diameter were prepared by uniaxial
pressing on a stainless steel grid. The current collectors were stainless
steel and the separator between electrodes was a 25um monolayer
polypropylene membrane. All the assembly processes for the Swagelok
cells were conducted in an argon filled glove box. The charge/discharge
curves were performed in galvanostatic mode with different potential
windows for NNFP as negative electrode: 0.03-3.5V vs. Li* /Li® and as
positive electrode: 1.5-4.5V vs. Li*/Li® using the Neware
Electrochemical Test System. The initial step for NNFP as anode is a
discharge ending at 0.03 V while that of NNFP as cathode is a charge
ending at 4.5V.

For the study of NNFP as electrode material for sodium-ion bat-
teries. the electrode preparation was performed in similar conditions as
for lithium-ion batteries tests using Na as the counter/reference elec-
trode, the Whatman separator soaked in NaPFg in PC with 5% FEC
electrolyte.

3. Results and discussions
3.1. °"Fe Mbssbauer spectroscopy

The >’Fe Méssbauer spectrum of NNFP, measured at room tem-
perature, is formed by two peaks that can be fitted to two doublets
(Fig. 1). The hyperfine Mdssbauer parameters are reported in Table 1
for the two types of iron atoms labelled a-Fe and b-Fe. The small values
of the full width at half-maximum (I') confirm the existence of only two
types of Fe environments. The close values of the isomer shift
(=0.4mms™!) for a-Fe and b-Fe are typical of high spin Fe(IIl) oxi-
dation state in FeOg octahedral environments [25]. The absence of
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Fig. 1.°Fe Mossbauer spectrum recorded at room temperature for
Nay 25Nij as5Fe; 75(PO4)s3,

Table 1
Fitted Mossbauer parameters” of Na; »5Nij osFe; 75(PO4)s sample recorded at
room temperature.

8 (mm s’l) A (mm s’l) T (mm s’l) Area (%)
a-Fe(IID) 0.40 (1) 0.90 (49 0.30 (2) 41 (1)
b-Fe(II) 0.41 (1) 0.56 (3) 0.30 (1) 59 (1)

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

hyperfine magnetic splitting indicates that NNFP is paramagnetic at
room temperature and there are no magnetic impurities such as iron
oxides at the 1 Fe-at% level. The values of the quadrupole splitting A(a-
Fe) = 0.9 mms ™! and A(b-Fe) = 0.56 mms~ ' show that the environ-
ment of a-Fe is more distorted than that of b-Fe. Our values of the
Mossbauer parameters are close to those previously found for a-
Na,NiyFe(PO4)3 [24] but the ratio a-Fe/b-Fe = 0.72, obtained here by
considering the same recoilless fraction f(a-Fe) = f(b-Fe), strongly dif-
fers from that obtained for a-Na,NiFe(PO4); (0.92), indicating a dif-
ferent distribution of the Fe atoms among the crystallographic sites.

3.2. Crystallographic characterization

The crystal structure of NNFP was refined with the Rietveld method
by considering the structure of a-Na,Ni,Fe(PO,); as a starting model
[24]. A good agreement between the experimental data and the Riet-
veld refinement was obtained as shown in Fig. 2a and by the values of
the reliability factors (Table 2). The orthorhombic space group Imma
was confirmed and the lattice parameters reported in Table 2 are close
to those obtained previously [24]. However, there are some differences
in the coordinates and the occupation of the atomic sites (Table 3),
leading to significantly different chemical composition from that ob-
tained by these authors. This aspect is crucial for the electrochemical
mechanism (number of vacant sites and Fe/Ni ratio) and a particular
attention was paid to the accurate determination of the site occupation
by considering the following approach.

There are two possible crystallographic sites with 4a and 8g sym-
metries for the transition metals. In the refinement procedure, the Ni/Fe
ratios were constrained for these two sites because Ni and Fe cannot be
distinguished by XRD due to their similar X-ray scattering factors.
Regardless of the metal occupation, the amount and the repartition of
Na on the 4b and 4e sites were obtained leading to 1.27(4) Na per
formula unit (f.u.) with approximatively the same occupations for these
two sites (Table 3). The relative amounts of Fe and Ni were then
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evaluated by considering the charge neutrality of the compound, giving
1.73 Fe(IlI) + 1.27 Ni(ID) per f.u. For the Fe occupation of the 4e and 8g
sites, we considered the Mossbauer results: b-Fe should occupy the less
distorted sites and represent 59% of the Fe atoms, which corresponds to
1 Fe per f.u. In addition, the effective ionic radius of Fe(IIl) in octa-
hedral coordination (0.645 A) [29] is smaller than that of Ni(II)
(0.690 }o\), which means that the larger Fe (III)-content should be on the
smaller and less distorted site 4e (Table 4). Thus, these sites are fully
occupied by b-Fe. The remaining 0.73 Fe per f.u, that exactly corre-
spond to the 41% of a-Fe evaluated by Mossbauer spectroscopy, occupy
36% of the 8g sites and the Ni atoms occupy the remaining 64% of the
8g sites.

Thus, the structural formula of our compound, obtained by com-
bining Mossbauer and XRD experiments is
(NaO.62D0.38)4e(NaOA66DOA34)4b(FeOA72Nil.28)8g(Fe1400)4a(PO4)3, leading
to the chemical composition [Jo 72Na; 2gNiy ogFeq 72(PO4)s. Finally, the
calculated interatomic distances are consistent with the existence of
high-spin Fe(IlI) and Ni(Il) in oxygen based octahedral environments
and of P(V) in PO, tetrahedra (Table 4).

3.3. Crystal structure

Naj o5Ni; osFeq 75(PO4)s is  isostructural to a-NayNigFe(POy)s,
Na[]V3(PO4)3 and Sr[JFe3(PO4)3 ([J: vacancy), which crystallize with a
stuffed a-CrPO, type structure [24,30-32]. The basic structural unit is a
[M5010] dimer (M = Nil, Fel at 8g) constituted by two edge-sharing
octahedra, connected in the c direction by corner-sharing PO, tetra-
hedra (Fig. 2b). These connected dimers form planes perpendicular to
the a axis, between which occur the FeOg octahedra (Fe2 at 4e) (Fig. 2c
and d). These FeOg octahedra are connected together by corner-sharing
PO, tetrahedra, to form chains parallel to the b axis (Fig. 2b). As shown
in Fig. 2¢, Na atoms occur in large channels, parallel to the b crystal-
lographic axis. Due to the composition Naj >5Ni; >sFe; 75(PO4)5 the sites
are partially occupied within the channels, enhancing ionic diffusion.

3.4. Magnetic measurements

The inverse magnetic susceptibility of NNFP follows a Curie Weiss
law above about 100K (Fig. 3). The experimental data were linearly
fitted in the range 200-300 K. The Curie temperature 6 = —107 K in-
dicates strong antiferromagnetic spin interactions, while the Curie
constant C = 8.64 emu.K.mol ™! per f.u gives the effective magnetic
moment e = 8.3 pp. The latter value is in excellent agreement with
the spin-only value evaluated for 1.25 Ni(II) and 1.75 high-spin Fe(III):
Uefr = 8.4 pp. The magnetic moment of our compound is significantly
higher than the previously obtained one: p¢ = 7.14 pp obtained for a-
NayNiyFe(PO4)3 [24], which confirms the present composition of NNFP
determined by combining Méssbauer spectroscopy and XRD.

3.5. Particle morphology, specific surface area and porosity

The morphology and the nanostructure of NNFP were investigated
by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) as shown in Fig. 4. Fig. 4a and b shows the SEM images
of NNFP under different magnifications. The low magnification SEM
image (Fig. 4a) reveals that NNFP nanoparticles are agglomerated to-
gether with a rather uniform size distribution. The high magnification
image (Fig. 4b) shows that the particle sizes are in the range
200-500 nm. Thus, the NNFP nanoparticles provide a large surface
area, improving the electrolyte impregnation. Such a feature is of high
importance for electrode materials since it facilitates the insertion/
deinsertion of Na*/Li* ions within the material and reduces the elec-
trode polarization. The TEM image (Fig. 4c) confirms the small size of
the NNFP particles.

Nitrogen (N,) adsorption-desorption isotherms were collected to
study the specific surface area and porosity of the studied sample
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Fig. 2. a) Final observed, calculated, and difference plots for XRPD (Cu Ka radiation) refinement of Naj 5sNij asFe; 75(PO4)3. b) The crystal structure of
Naj »5Nij 2sFeq 75(PO4)3, projected along the a axis. NiOg and FeOg (82) octahedra are grey, c¢) The crystal structure of Na; »sNij asFe; 75(PO4)3, projected along the ¢
axis. d) The crystal structure of Na; »5Ni; »sFe; 75(PO4)s, projected along the b axis. NiOg and FeOg (8g) octahedra are grey, FeOg (4€) octahedra are brown NiOg and
FeOg (8g) octahedra are grey, FeOg (4€) octahedra are brown, PO, tetrahedra are violet, and Na atoms are yellow. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Table 2
Experimental details for the Rietveld refinement of NNFP.

Number of reflexions

Refined Parameters

Positional 1
Population 2
Thermal 4
Cell parameters 3
Profile 4
Background 7
Crystallite size, zero point, sample displacement, LP factor, 9
roughness, absorption, thickness, scale factor

Space group Imma (no 74)
ad) 10.473(2)

b (A) 13.176(3)
c(A) 6.473(1)

R, (%) 3.32

Rup ) 4.65

Rexp. (%) 0.53

S (GooF) 8.71

Rpragg (%) 2.64

(Table 5). There is no increase of hysteresis loop during adsorption-
desorption of N, (Fig. S1). This confirms that NNFP particles are uni-
form and non porous, in agreement with the size distribution and the
morphology of the particles observed by SEM and TEM. The rather high
surface area of 14 m?g ! is consistent with the submicrometer size of
the particles.

3.6. Electrochemical properties

3.6.1. Naj 55Nij o5Fe; 75(PO4)3 as anode material
Fig. 5a shows cyclic voltammograms (CV) of the Li//NNFP sample
in the voltage range of 0.03-3.6 Vat 0.5 mV/s. The first scan begins
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Table 3
Positional (x,y,2), isotropic thermal (B) and site occupancy (N) parameters for
NNFP.

site Wyckoff X Y z B(@A%» N
Nal 4e 0 Ya 0.599(2) 1.0 0.61(2)
Na2 4b 0 Yo Ya 1.0 0.66(2)
Nil/Fel 8g Ya 0.6347(3) Va 4.1(4) 0.64/0.36
Fe2 4a Ya Ya Ya 3.8(5) 1.00
P1 8g Va 0.4319(5) Y 2.7(4) 1.0
P2 4e 0 Ya 0.069(1) 2.7(4) 1.0
01 16j 0.2833(6) 0.3659(7) 0.0707(9) 3.2(4) 1.0
02 16j 0.1435(7) 0.5102(5) 0.215(1) 3.2(4) 1.0
03 8h 0 0.6436(9) 0.962(2) 3.2(4) 1.0
04 8i 0.1203(9) % 0.231(2) 3.2(4) 1.0
Table 4
Interatomic distances (A) for NNFP.
Nal-03 (x2) 2.671(19) Nil/Fel-O4 (x2) 2.042(7)
Nal-O1 (x2) 2.742(8) Nil/Fel-02 (x2) 2.095(8)
Nal-04 (x2) 2.695(14) Nil/Fel-O1 (x2) 2.105(13)
Mean 2.703 Mean 2.081
Na2-02 (4) 2.380(13) Fe2-02 (x4) 2.049(11)
Na2-01 (4) 2.913(8) Fe2-03 (x2) 2.039(13)
Mean 2.647 Mean 2.044
P1-01(x2) 1.492(13) P2-03 (x2) 1.447(16)
P1-02(x2) 1.459(10) P2-04 (x2) 1.639(14)
Mean 1.476 Mean 1.543

from open circuit potential at 2.8 V down to 0.01 V. The voltammetric
response of the first cycle is noticeably different from the other cycles.
The first discharge curve show two mean peaks at around 1.4 and 1V,
that could correspond to the Fe*>*/° Ni?*/? redox couples, respectively.
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Fig. 3. Temperature dependence of the inverse magnetic susceptibility of
Nay 25Niy as5Feq 75(PO4)3.

This indicates that the reaction occurring at the first discharge is irre-
versible, which corresponds to the decomposition of phosphate upon
initial reaction with Li. During the first charge, a broad peak around
2.8V and small peak at 3.4V were detected, that could be tentatively
attributed to the partial oxidation to Fe® and Ni’. The second discharge
shows a principal peak at around 1.56 V. The typical voltage profiles for
lithium insertion/deinsertion in NNFP were obtained in galvanostatic
regime with a 40mA g~ ! current density and the potential window
0.03-3.5V vs. Li/Li* (Fig. 5b). The initial step is the discharge of the
battery until 0.03V. At the beginning of the first discharge, there is a
small voltage plateau at about 3 V and then the voltage quickly drops to
about 1.6 V. This potential range corresponds to the reduction of Fe>*
into Fe** in NNFP. Then, there is a small plateau between 1.6 V and
1.4V. A more extended plateau between 1.4V and 1.25V could be at-
tributed to the reduction of Fe** and Ni** into Fe® and Ni°, respec-
tively. Such a reduction of M?* to M° has been already identified in
oxyphosphates M sTiOPO,4 (M: Ni, Co and Fe) [33-37]. The capacity

Journal of Power Sources 388 (2018) 57-64

Table 5
BET (Brunauer-Emmett-Teller) surface area and pore volumes determined by
Nitrogen sorption for NNFP sample.

Sample  BET Surface Area Total pore volume Pore Diameter (nm)
(m*g™" (cm®g ™)
NNFP 13.8 0.022 6.4

(431.2mAh g~ 1) measured at 1.25V represents the total capacities for
these mechanisms and is quite close to the theoretical capacity
(428 mAh g~ ') evaluated by considering the intercalation of 7.5 Li*
ions per f.u., which corresponds to the total reduction of Fe** and Ni**
into Fe® and Ni° respectively. This may suggest a conversion reaction
during the first discharge [38]. However, the material delivers an ad-
ditional capacity of about 755 mAh g~ ! for a total capacity 1186 mAh
g~ ! for the first discharge. There is a strong irreversibility at the first
discharge since the reversible capacity is about 670 mAh g~'. The
origin of this additional capacity is still unclear but should reflect the
combination of different mechanisms. The electrolyte reduction at the
electrode/electrolyte interface could explain the plateau around 0.9 V
while side reactions at the interface between the remaining electrode
particles and the electrolyte could be a possible mechanism at lower
potentials both leading to the formation of surface electrolyte inter-
phases (SEI) [24,38]. Because the first discharge is not fully understood,
it is difficult to propose reaction mechanisms for the following charge/
discharge cycles that clearly differ from the first discharge. A more
detailed analysis requires operando techniques and is out of the scope
of the present work.

Rate capability is another important electrochemical parameter
because it informs about electron and ion conductivity during charge/
discharge processes at different current densities. The rate capability of
the NNFP/Li half-cells has been studied in two potential ranges:
0.03-3.0V and 0.03-3.5V for comparison (Fig. 6a). NNFP anode ma-
terial delivers high specific capacities of 442, 292, 212 and 130 mAh
g~ ! in the 0.03-3.0 V voltage window and 545, 335, 241 and 141 mAh
g~ ! in the 0.03-3.5V voltage window at the current densities of 50,
100, 200, and 500 mA g~ !, respectively. The obtained specific capacity
as a function of the discharge current density is plotted in Fig. 6b.
Furthermore, the NNFP electrode possesses excellent capacity retention
(Fig. 6¢). After continuous cycling for 350 cycles at a current density of

Fig. 4. (a, b) SEM and (c) TEM micrographs of Na; 55Nij asFeq 75(PO4)3.
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current density for Na; »sNi; o5Fe; 75(PO4)s. The potential voltage window is 0.03-3.5V vs. Li* /Li%

50, 200 and 400 mA g~ !, reversible average discharge capacity of about
450, 220 and 138 mAh g~ ! are retained in 0.03-3.0 V voltage window.
Fig. S2 illustrates the good electrochemical performance of NNFP as
anode material for lithium-ion batteries thanks to its good cycling sta-
bility and high coulombic at a current density of 200mAg~'. The
coulombic efficiency varies between 99.6% and 100%, indicating ex-
cellent cycling stability and reversibility of intercalation/deintercala-
tion processes. These results show that the NNFP nanoparticles as ne-
gative electrode exhibit excellent high-rate capability compared to
graphite commonly used in commercial batteries as negative electrode
in lithium.

3.6.2. Naj 45Ni; o5Fe; ,5(PO4)3 as cathode material

The electrochemical properties of the NNFP as cathode material
were evaluated at room temperature in half-cells 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 st
(Fig. 7a) and the galvanostatic voltage profile with a current density of
5mA g~ ! (Fig. 7b). The first step of the galvanostatic test is a charge up
to 4.5V showing an almost negligible capacity (10mAh g~'). The
voltage profile of the first discharge is similar to that obtained at the

beginning of the full discharge shown in Fig. 5b. The plateaus at 3.2V
and 1.6 V are confirmed by CV reduction peaks and mainly reflect the
reduction of Fe** into Fe?* and the beginning of the possible reduction
of Ni**, respectively. The observed discharge capacity of 126 mAh g~ !
corresponds to intercalation of about 2.28 Li* per f.u. in the electrode
material. This capacity is slightly higher than that expected for the
insertion of 1.75 Li* per f.u. corresponding to the only reduction of
Fe** into Fe*' (96.8mAh g~ ') confirming the additional capacity
could be due to the partial reduction of Ni** or to the structural
changes during the first discharge. Indeed, the first discharge voltage
curve is different from the other following cycles showing high polar-
ization, which confirms that the insertion mechanism is complex and
different for the first lithiation. When NNFP is used as anode material in
the voltage range 0.03-3.5 V, the material delivers a specific capacity of
1186 mAh g—1, which is almost three times its theoretical capacity
(428 mAh g-1) expected by the reduction of Fe** and Ni®* into Fe and
Ni° respectively. This is a clear indication of the destruction of the
structure of the pristine material and its transformation to other che-
mical species (alkali phosphates, metal particles, etc.). The possible
active redox couples involved in the electrochemical reactions of NNFP
as anode material with Li are Fe>*/Fe?™, Fe2"/Fe® and Ni%* /Ni’. This
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Fig. 6. (a) rate capability at different current densities in 0.03-3.5 V and 0.03-3.0 V voltage windows, (b) evolution of discharge capacity as a function of discharge

rate; c) cycling performance at a current densities of 50, 200 and 400 mA g~ .
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Fig. 7. Electrochemical evaluation of Naj »sNi; osFeq 75(PO4)3 particles as cathode material for lithium-ion batteries: (a) Cyclic voltammetry analysis and (b) dis-
charge—charge vs voltage profiles of the first 3 cycles at a current density of 5m A.g~ " in 1.5-4.5V voltage range.

can be related to conversion-type reaction mechanism which leads to
the complete transformation of the NNFP pristine material. At low
voltage, the reduction of the electrolyte and the formation of solid
electrolyte interphase (SEI) also occurred, which leads to high irre-
versibility for the first cycle. Indeed, it has been shown that electrolyte
species decomposition on the anode surface contribute to the first cycle
capacity loss [39]. As shown by the voltage profile of the first charge,
the mechanism is not fully reversible but the capacity loss is small
(12%). There is neither low voltage plateau for the first charge nor the
corresponding CV peak, in line with the irreversibility of the reduction
Ni?* to Ni® The shape of the voltage curve below 80 mAh g~ ' shows
some similarities with that of the first discharge. This shows the re-
versibility of the Fe** < Fe?* transformation but the existence of
different oxidation peaks at 2.25, 2.72 and 3.20V suggests a more
complex and multi-step reaction mechanism. The potential profile of
the second discharge differs from that of the first discharge in the
second part of the process, in line with the existence of the CV reduction
peak at 1.6 V. This is also an indication for a multi-step mechanism but
different from the first charge. Then, the following cycles have the same
voltage and CV profiles as the cycle formed by the first charge and the
second discharge showing the mechanism is reversible only after the

first discharge.

Fig. 8a shows the cycling performances of NNFP’ electrode material
in the voltage window of 1.5-4.5V at different current densities from 5
to 300 mA g~ . The material delivers specific capacities of 126, 83, 70,
and 45 mAh g~ ! at the current densities of 5, 50, 100, and 300 mA g~ *,
respectively. Furthermore, it should be also indicated that the capacity
was recovered when the current density is changed back to 5mAg™~*,
the reversible capacity reaches 145mAh g~ !, confirming the good
structural stability of NNFP material. This result demonstrates that the
NNFP structure was not destroyed during the rate capability studies.
Consequently, the drop of charge/discharge capacity on increasing the
discharge rate was due to kinetic limitations of Li*-insertion processes
into the NNFP material. The specific capacity is reported as a function
of the discharge current density in Fig. 8b. On continuous cycling for
100 cycles at a current density of 50mAg~! (Fig. 8c), a reversible
discharge capacity as high as 92 mAh g ! is retained, corresponding to
95% of the initial capacity. This shows that NNFP electrode also pos-
sesses very good rate capability and cyclic stability (Fig. 8a and c) as
cathode materials.

We have summarized the comparison of the electrochemical per-
formance of [Jo7sNaj osNip osFeq 75(PO4) nanoparticles obtained by
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Fig. 8. Electrochemical evaluation of Naj; »sNi; »sFe; 75(PO4)3 particles as cathode material for lithium-ion batteries: (a) rate capability at different current densities

between 1.5 and 4.5 V; (b) evolution of discharge capacity as a function of discharge rate; c) cycling performance at a current densities of 50 mA g
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solvothermal synthesis and other related materials obtained by various
synthesis methods such as solid state synthesis, sol-gel and hydro-
thermal synthesis route in Fig. S3. Fig. S4 shows the electrochemical
performances of NNFP as anode and cathode materials for Na-ion bat-
teries.

4. Conclusions

In this work, we have presented a study of Na; >5Nij »sFe; 75(PO4)3
prepared for the first time by a facile solvothermal synthesis method
that can be scaled up for industrial production. The synthesis strategy
used here allowed us to obtain Naj 55Ni; s5Fe; 75(PO4)3 nanoparticles
with rather optimized morphology for application as electrode mate-
rials. This method first involves the synthesis of an intermediate pre-
cursor by a simple solvothermal method that is then transformed into
Naj »5Ni; »sFe; 75(PO4); nanoparticles by a simple thermal annealing
under air. The composition and the structure were accurately de-
termined by combining 5"Fe Méssbauer spectroscopy, XRD Rietveld
refinements and magnetic measurements. The material showed dual
active voltage and exhibited interesting electrochemical performances
as cathode and anode for Li-ion batteries in terms of specific capacity,
rate capability and capacity retention. The potential profiles reflect
multi-step insertion/deinsertion mechanisms that should be elucidated
by operando characterization tools in order to have a better under-
standing of the synthesis-crystal structure-electrochemical perfor-
mances relationships.
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