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ARTICLE INFO ABSTRACT

Na,Mn; sFe; 5(PO4)3 (NMFP) dandelion sphere-like particles were successfully synthesized via a hydrothermal
route without addition of any templates or surfactants (laboratory and pilot scales). The hydrothermal reactor
(pilot scale) is equipped with stirrer for continuous agitation of reagents during the reaction. The obtained
materials were characterized by X-ray diffraction, Mossbauer spectroscopy and Scanning electron microscopy.
Results show that Na,Mn; sFe; 5(PO4); samples obtained from the reaction performed at laboratory scale have
hierarchical dandelion sphere-like morphology and the dandelions consist of micro-/nano-rods. On the other
hand, we obtained the self-assembly nano-rods morphology for the particles prepared using hydrothermal re-
actor. On the basis of the experimental results, a growth mechanism of Na,Mn; sFe; 5(PO,); self-assembly and
dandelion sphere-like particles was proposed. Temperature and time of hydrothermal reaction are found to be
crucial parameters in controlling the growth of Na,Mn, sFe; 5(PO4); particles. In addition, investigation of the
effect of continuous stirring during the hydrothermal reaction shows that the reaction time can be optimized to
obtain Na,Mn; sFe; 5(PO4); with small particles size. The influence of stirring on the NMFP morphology has
been clearly evidenced. Indeed, the stirring leads to homogeneous particles. Cycling studies have shown that the
synthesized Na,Mn; sFe; s(PO4); dandelions materials exhibit specific discharge capacities of about 62 and
57 mAh g~ ! equivalent to about 1.2 and 1.05 lithium ions de-intercalated at C/15 and G/10 current density
respectively.

Keywords:
NayMn; sFe; 5(PO4)3
Alluaudite structure type
Hydrothermal synthesis
Crystal growth mechanism
Mossbauer spectroscopy
Lithium-ion battery

formation and narrow particle-size distributions [14].
During the last decades, the design and the tailoring of the particles

1. Introduction

The synthesis of particles with 3D structures has attracted more
attention due to their interesting properties and potential technical
applications [1-6]. 3D compound architectures are built from one di-
mensional (e.g. nanowires, nanotubes and nanorods) or two dimen-
sional (e.g. nanoplates) nano/micro-particles which are spontaneously
organized in a particular way [7]. These materials have shown pro-
mising properties in various fields, especially in energy storage and
conversion as electrode materials and in biomedical applications
[8-11]. 3D materials have been mainly obtained by soft chemistry
synthesis methods and among others solvothermal and hydrothermal
methods have been extensively used [12,13]. Hydrothermal and sol-
vothermal syntheses are more effective and convenient in achieving a
variety of hierarchical architectures due to their various advantages
such as fast reaction kinetics, short processing times, phase purity, high
crystallinity, high yield, homogeneous particle products, composite
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with controlled morphology architectures under mild and at low-cost
conditions has been an intensive research field. Nevertheless, this issue
still remains a great challenge for chemists and material scientists [1].
Here we discuss the synthesis of alluaudite-type sodium manganese iron
phosphate (Na,Mn; sFe; 5(PO4)3), which was obtained by hydro-
thermal synthesis route, and crystallized in 3D dandelion morphology
structure via self-assembly. Alluaudite materials have recently attracted
increasing attention as promising cathode materials for next-generation
sodium and lithium-ion batteries (NIBs and LIBs) [13-15]. The im-
portance given to iron phosphate-based alluaudite group is due to their
stability at high temperature, the presence of vacancies that allow easy
intercalation of Na/Li-ions in their crystal structures as well as their
environmental friendliness and low cost [16]. They theoretically ex-
hibit low capacities due to their high molecular weight, but the al-
luaudite structure vacancies owing to their complementarities and
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synergetic effect in the insertion/extraction process enhances their ca-
pacities and shows good cycling performances as cathode materials for
LIBs and NIBs [17-19].

Na,Mn; sFe; 5(PO4); has not been studied as electrode material
elsewhere. In this work, it has been well established that a strong cor-
relation exists between the electrochemical properties and the mor-
phology, size, and structure of the inorganic materials. The dandelion
nano-/micro architecture may facilitate the entering of electrolyte, so-
dium or lithium-ions and could provide much more active specific
surface. These can lead to fast transport, reduce diffusion paths of Li
ions and good cycling performance. 3D dandelion architecture of
Na,Mn; sFe; 5(PO,4); phase has attracted our attention thanks to the
interesting properties doted to alluaudite materials and 3D architecture.
The objective of this work is the investigation and optimization of the
synthesis  conditions used in hydrothermal synthesis of
Na,Mn, sFe; 5(PO,4)s phase. Relationship between structural, morpho-
logical characteristic and electrochemical properties will be presented.

2. Experimental
2.1. Synthesis of Na ;Mn; sFe; s(PO4)3 with 3D dandelion architecture

2.1.1. Synthesis in Teflon-lined stainless steel autoclave

The hydrothermal typical synthesis of Na,Mn; sFe; 5(PO4); material
consists on mixing precursors solutions and suspensions and treating
the mixture at moderate temperature. In this process, 4 mmol sodium
dihydrogen phosphate (NaH,PO4H,0 = 99.0%, Aldrich) and 8 mmol
sodium nitrate (NaNOs, = 99.0%, Aldrich) solutions were mixed with
2 mmol manganese carbonate (MnCOs3, = 99.9%, Aldrich) and 2 mmol
iron oxalate (FeCy042H50, 99.0%, Aldrich) suspensions in 60 mL of
milli-Q water. The mixture was stirred for 0.5 h under argon at room
temperature. Then, the mixture was sealed into a 125 mL Teflon-lined
stainless steel autoclave and heated in oven at various temperatures
(180-220 °C) and during different durations (2-6 h). The final products
were collected by gravimetric filtration, washed with water and ethyl
alcohol several times for each one respectively, and then dried in
electric oven under vacuum at 80 °C for 2 h.

2.1.2. Synthesis in hydrothermal reactor equipped with a stirrer

In similar way as the above synthesis reaction in teflon-lined
stainless steel autoclave, the mixture of Na,Mn; sFe; 5(PO4)3 precursors
was transferred in a hydrothermal reactor (Parr 4580, 5.5L, up to
200 bar, 500 °C), then heated at 220 °C for 6 h. During this synthesis,
the reaction undergoes a continuous agitation and sampling has been
done every 0.5 h on the stirred hydrothermal reaction. Collected sam-
ples were washed and dried in similar conditions as the samples ob-
tained using teflon-lined stainless steel autoclave.

2.2. Characterization

Powder X-ray diffraction (XRD) data was collected on a Panalytical
PW-3710 powder diffractometer using FeK, radiation (A = 1.9373 108),
operating from 20 = 10 to 100°. The crystal structure was refined by
the Rietveld method, starting from the observed powder diffraction
pattern and using the DBWS-9807 software [20].

The morphology and particles size of the prepared samples were
observed by scanning electron microscopy (XL 30FEG-ESEM, FEI).

57Fe transmission Mossbauer spectroscopy data were recorded by
using a constant-acceleration spectrometer with a 5’Co (Rh) source at
room temperature. The spectrometer was calibrated at room tempera-
ture 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 ranges of = 4 mm s~ ! with optimal energy resolution. The
Mossbauer spectra were fitted with three Lorentzian doublets using
Fullham program. In this way, spectral parameters such as quadrupole
splitting (A), isomer shift (8), linewidth (r) and relative resonance areas
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of the different spectral components were determined for the pure
sample obtained in laboratory scale way (in Teflon cup without stir-
ring). The validity of fits was judged on the basis of minimizing the
number of parameters and 7 values.

Electrochemical measurements were performed using coin cells as-
sembled in an argon-filled glovebox. For preparing working electrodes,
a mixture of Na; sMn, sFe; 5(PO4)3; dandelion structure, carbon black
and polyvinylidene fluoride (PVDF) at a weight ratio of 60:20:20 was
pasted on a stainless steel grid. The separator was a 25 mm monolayer
polypropylene membrane (Celgard). Lithium foil was used as counter
and reference electrodes. The electrolyte consisted of a solution of 1 M
LiPF¢ in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v).
Galvanostatic cycling tests of the assembled cells were carried out on
Neware Electrochemical Test System (China) in the voltage range of
4.5-2.0 V (vs. Li* /Li).

3. Results and discussions
3.1. Preparation of Na,Mn; sFe; 5(PO4)3 material

To study and design the hydrothermal synthesis mechanism of 3D
Na,Mn; sFe; 5(PO4); dandelion particle formation, reactions with var-
ious synthesis conditions were performed. The preparation of
Na,Mn; sFe; 5(PO4); crystallized in 3D dandelion morphology was
achieved with an interesting architecture that can be applied as elec-
trode material for LIBs and NIBs. The experimental flowchart process of
hydrothermal synthesis evolution of this phase in teflon-lined stainless
steel autoclave (laboratory scale) and hydrothermal reactor (pilot scale)
is illustrated in Fig. 1. The Na,Mn; sFe; 5(PO4); particles prepared
through a laboratory scale synthesis will be so called later LS-NMFP
while the particles obtained by a pilot scale synthesis will be denoted
PS-NMFP.

3.2. Structure characterizations

The X-ray diffraction patterns of the two samples (LS-NMFP and PS-
NMFP) do not show any difference. Fig. 2 displays the powder X-ray
diffraction pattern of Na,Mn; sFe; s(PO4)3 sample prepared by labora-
tory scale hydrothermal synthesis route at 220 °C for 6 h. All Bragg
peaks can be attributed to the pure and well crystallized
Na,Mn, sFe; 5(PO,); alluaudite [PDF 04-012-077]. Experimental

NaH,(P0,);

FeC,0,.2H,0

Mill Q water

Pilot scale

Teflon -cup
at180-220°C
for2-6h

Hydrothermal reactor
at220°Cfor2-6h
Sampling after each 0.5 h

Washed with DW
and Ethanol
Vacuum drying
80°C,2h
Fig. 1. The process flowchart for synthesis of Na,Mn; sFe; s(PO,4); particles self-as-

sembled in dandelion-like morphologies prepared via hydrothermal synthesis route in
stainless steel autoclave and hydrothermal reactor.

DW: distilled water
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Fig. 2. XRD pattern of Na,Mn; sFe; 5(PO4)3 sample prepared by la-
boratory scale hydrothermal synthesis route.

10

2 Theta (deg)

details of the Na,Mn; sFe; 5(PO4)3 refinement: atomic coordinates, sites
occupancies, interatomic distances and angles O-P-O were reported in
our recent publication [21] and they are in good agreement with the
reported crystal parameters of sodium-manganese-iron-phosphate al-
luaudite-type phosphate compounds [22-24]. The lattice parameters of
dandelion NMFP crystal cell were found to be a = 11.992(1) 10\,
b = 12.624(1) A and ¢ = 6.513(1) A. By comparison with that of
standard Na,Mn, sFe; 5(PO,)s [PDF 04-012-077]: a = 11.995 A,
b =12596 A and ¢ = 6.495 A, the lattice parameters show that the
crystalline growth of NMFP dandelion particles are in good agreement
with experimental crystal data.

3.3. Mdssbauer spectroscopy

57Fe Mossbauer spectroscopy was used to study the valence state,
local environment and the relative amounts of iron in the
Na,Mn, sFe; 5(PO4); samples. The Fig. 3 shows the room temperature
57Fe Mossbauer spectra of the pure Na,Mn, sFe; 5(PO4); samples ob-
tained at 220 °C via laboratory scale (Fig. 3a) and pilot scale (Fig. 3b)
syntheses. The corresponding hyperfine parameters are presented in
Table 1. The spectra are consistent with the presence of paramagnetic
iron, confirming the absence of any magnetic ordering at room tem-
perature. Good quality fits of the data have been obtained using only
three doublets.

The isomer shift and quadrupole splitting values for both samples
are in good agreement with the existence of one iron site occupied by
high-spin Fe(IlI) and two iron sites occupied by high spin Fe(Il) [21].
Indeed, three pronouncedly separated surroundings of Fe ions can be
distinguished, which is in good agreement with the XRD results in-
dicating a random distribution of Fe®>*, Fe**, and Mn®* at the M2 site
while the M1 site is filled with Mn®* [21].

In both samples (LS-NMFP-6 h and PS-NMFP-0.5 h), the alluaudite
structure of Na,Mn; sFe; 5(PO4); compound is preserved. The two
compounds exhibit approximately the same isomer shift and quadru-
pole splitting parameters confirming that the stirring does not sig-
nificantly modify the s-electron density and the local environment of
iron ions in the Na,Mn; sFe; 5(PO,4)3 alluaudite structure. However the
Fe®*-content of alluaudites increases in the PS-NMFP-0.5h sample
obtained through the pilot scale route. The oxidation mechanism,
which explains these chemical variations, is Na* + Fe?* = [] + Fe3*.
This mechanism is well known as the classical oxidation mechanism
affecting natural and synthetic alluaudites [21,25]. Since the oxidation
conditions were identical in both experiments, the increase of Fe** in
PS-NMFP-0.5 h could be attributed to the better ordering of cations on
their respective sites, favored by a continuous stirring and the higher
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Fig. 3. Room temperature Mossbauer spectra of Na,Mn; sFe; 5(PO4)3 powder synthesized
by hydrothermal method at 220 °C via laboratory scale (6 h) and pilot scale (0.5h)
syntheses.

Table 1
Hyperfine parameters” of the room temperature Mossbauer spectra of LS-NMFP (6H) and
PS-NMFP (0.5H) samples.

S(mms Y A@mms ) T (mms ) Area (%)
LS-NMFP-6H Fe(Il)  0.37 (4) 0.70 (1) 0.33 (1) 44 (1)
Fe(1D) 1.28 (1) 2.15 (2) 0.38 (1) 46 (1)
Fe(1D) 1.26 (2) 1.48 (5) 0.35 (1) 10 (1)
PS-NMFP-0.5H  Fe(IIl)  0.39 (1) 0.65 (1) 0.36 (1) 53 (2)
Fe(I) 1.29 (1) 2.17 (2) 0.42 (1) 40 (1)
Fe(I) 1.35 (5) 1.37 (1) 0.37 (1) 7 (1)

@ 8-Isomer shift, referred to a-iron at 295 K, A-quadrupole splitting, I-line width.
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volume (5.5 L) of the autoclave.

3.4. 3D-Na,Mn; sFe; 5(PO4)3; dandelion morphology and growth
mechanism

Fig. 4 shows the general morphology of the as-prepared 3D
Na,Mn; sFe; 5(PO,4); phase sample obtained at 220 °C for 6 h in a te-
flon-lined stainless steel autoclave. Interestingly, the
NayMn; sFe; 5(PO,4); particles can self-organize into spherical assem-
blies of “dandelions”. The 3D dandelions microspheres are in fact built
from small crystal strips of one-dimensional (1D) smaller nanofibers.
These crystal strips in dandelion sphere-like structure are aligned ra-
dially to the spherical surface, pointing toward a common center. In this
sample we observed that during 1D nanoparticles growth to form
dandelion sphere-like particles, some nanofibers grow with the same
speed to form sphere like particles (Fig. 4a) or with different speeds and
extra growth of nanofibers were observed (Fig. 4b) or a combination of
the two mechanisms (Fig. 4c and d).

To investigate the growth mechanism of the Na;Mn; sFe; 5(PO4)3
dandelion sphere-like particles, the influence of the annealing time and
temperature on the phase purity and particles morphology was in-
vestigated throughout this study. On one hand by fixing the tempera-
ture of the reaction at 220 °C and varying the time of reaction (2,3,4
and 6 h), on another hand the reaction temperature was varied from
180 °C to 220 °C by maintaining the reaction time at 6 h. In addition the
effect of stirring during the hydrothermal reaction was also studied.

3.4.1. Reaction time effect

The formation process of dandelion sphere-like structure, samples
obtained at 220 °C at different reaction times of 2, 4 and 6 h have been
investigated by XRD and SEM techniques (Fig. 5). X-ray powder dif-
fraction was used to check the phase purity and to confirm the crystal
structure of the pure material. The evolution of XRD patterns and
particles morphology with hydrothermal reaction time is shown in the
Fig. 5. After 2 h of reaction (Fig. 5a and a’), the XRD pattern shows a
mixture of several compounds, the sample is composed predominantly
by FePO,H,O (PDF 04-017-2782) and Na,Fe4(PO.)s (PDF 04-011-
1178), as intermediate reaction compounds with the formation of small
quantity of Na,Mn; sFe; 5(PO4)3 material The corresponding particles
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Fig. 4. SEM micrographs of Na,Mn; sFe; 5(PO,4); particles
prepared by hydrothermal synthesis at 220 °C for 6 h in a
teflon-lined stainless steel autoclave.

morphology shows rough surface sphere-like particles. This corre-
sponds to the nucleation step in which precursors self-organize to form
the particles growth sites. By extending the reaction time to 4 h, X-ray
diffraction shows the main peaks of Na,Mn; sFe; 5(PO4)3 and few peaks
with low intensity (Fig. 5b) that correspond to FePO4H,0. The SEM
analysis of this sample phase shows microsphere core formation, and
dandelion-like particles start growing from sphere center (Fig. 5b’).
When the reaction time was extended to 6 h, the 3D-dandelions archi-
tecture was formed (Fig. 5¢”), and the corresponding XRD patterns
(Fig. 5¢) shows that pure phase of Na,Mn; sFe; 5(PO4)3; was obtained
exempt of any impurity. The narrowness of the X-ray diffraction lines
indicates a crystallinity of this material even when it is prepared at
relatively low temperature.

3.4.2. Reaction temperature effect

After optimization of the synthesis time, and concluding that the
pure NMFP material was obtained at 220 °C during 6 h, we undertook a
second research focused on the effect of another key parameter which is
the effect of hydrothermal temperature on the compositional, struc-
tural, morphological and electrochemical properties of NMFP sample.
NFMP material was prepared at different hydrothermal reaction tem-
peratures of 180 °C, 200 °C and 220 °C during 6 h.

The comparison of the XRD patterns and micrographs clearly evi-
denced that the composition and the morphology of the particles are
strongly affected by the hydrothermal reaction temperature. XRD pat-
tern of sample obtained at 180 °C for 6 h (Fig. 6a) shows that there are
few peaks corresponding to Na,Mn; sFe; 5(PO4)3 phase and the mixture
is mostly composed of intermediate compounds of FePO4,H,O (PDF 04-
017-2782) and NayFe,(PO,)s (PDF 04-011-1178). The corresponding
particles morphology (Fig. 6a’) shows agglomeration of particles. This
corresponds to the nucleation step, the characteristic SEM micrographs
are almost equal to the particle morphology for the sample synthesized
at 220 °C for 2 h. When the reaction temperature was increased to
200 °C (Fig. 6b and b’), the corresponding XRD pattern of this sample
(Fig. 6b) shows that the main peaks correspond to Na,Mn; sFe; 5(PO4)s.
Indeed, at 200 °C, the intensity of the peaks assigned to the impurities
have significantly decreased indicating that at this temperature the
impurity percentage is substantially lower and only very small quantity
of FePO4H,O0 is detected. The particles were grown enough to form 3D-
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Fig. 5. Na,Mn; sFe; 5(PO,4); time-dependent dandelions microspheres formation. XRD patterns (a, b and ¢) and corresponding morphologies (a’, b’ and ¢’) of Na,Mn; sFe; 5(PO4)3 powder
synthesized by hydrothermal method at 220 °C after 2, 4 and 6 h reaction time respectively.

dandelion sphere-like particles with various diameter sizes. This shows
that some reactants have not reacted at this temperature to form pure
Na,Mn; sFe; 5(PO4); phase. This confirms that the phases obtained at
200 °C (Fig. 6b) and below (Fig. 6a) show the presence of impurity
phases, even when other conditions were unaltered. The
Na,Mn; sFe; 5(PO,); phase exempt of any impurity was obtained when
the reaction temperature was fixed at 220 °C for 6 h (Fig. 6¢) with
particles self-assembled in 3D-dandelion morphology (Fig. 6¢’). This

result confirms that 220 °C is high enough to obtain high purity NMFP-
sample.

3.4.3. Effect of stirring on the Na,Mn; sFe; 5s(PO4)3 morphology

In addition to the reaction temperature and time, we investigated
also the influence of stirring during hydrothermal reaction on the
morphological properties of NMFP-material. In this study, we found
that continuous stirring is another added influencing parameter among
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Fig. 6. XRD patterns (a, b and ¢) and corresponding SEM images (a’, b’ and ¢’s) of Na,Mn; sFe; 5(PO4); powder synthesized by hydrothermal method after 6 h of reaction time at 180 °C

(a’), 200 °C (b") and 220 °C (c¢’) respectively.
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Fig. 7. SEM micrographs of PS-NMFP samples obtained at
220 °C for (a, b) 0.5h and (c, b) 6 h in a hydrothermal re-
actor (with stirring).

—> With stirring (reaction in hydrothermal reactor)

Fig. 8. Schematic representation of Na,Mn; sFe; 5(PO4); morphological growth process during laboratory scale and pilot scale hydrothermal syntheses.

others such as reaction time, reaction temperature and type of additive
on the morphology of the prepared materials. In this study, we found
that the reaction time and particles morphology are strongly dependent
on continuous stirring effect during hydrothermal reaction. The reac-
tion time was reduced from 6 h to 0.5 h (Fig. 7a and b) and the particles
morphology is more homogeneous compared to the hydrothermal re-
action in a teflon cup (Fig. 4). This shows that the continuous stirring
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leads to the formation of many homogeneous nuclei and increases
particles contact which results in rapid reaction. The uniform dande-
lions-like particle morphology were the exclusive products (Fig. 7). It
was very interesting to observe that the pure Na,Mn; sFe; 5(PO4)3
phase was obtained with self-assembled particles in dandelion only
after 0.5 h of reaction (Fig. 7a and b). The increase of reaction duration
from 0.5h to 6 h (Fig. 7c and d) in pilot scale synthesis did not show
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syntheses. Specific discharge capacity vs. voltage at various current rates of (a) LS-NMFP and (b) PS-NMFP samples in 2.0-4.5 V.

any clear effect on size and morphology of Na,Mn; sFe; 5(PO4); parti-
cles. On the contrary, the hydrothermal reaction without continuous
stirring in teflon cup, uniform and non-uniform dandelions were ob-
served and some of them show extra particles growth from sphere-like
particles (Fig. 4b and d). Therefore the formation of
Na,Mn, sFe; 5(PO4); dandelions sphere-like particles depends on the
temperature and time of reaction but also the continuous stirring of the
reaction mixture.

According to the experimental results above, we proposed a possible
growth mechanism of Na,Mn; sFe; 5(PO4); sample with dandelion
morphology in Fig. 8. Concerning two reactions carried out in the ab-
sence of stirring (teflon-lined stainless steel autoclave) and in hydro-
thermal reactor equipped with the stirrer respectively. Obviously the
two systems experienced similar reaction processes. However the stir-
ring effect leads to the reduction of steps.

In the teflon-lined stainless steel autoclave process, the morpholo-
gical evolution process involves a change from 0D aggregates of tiny
particles to 3D dandelion architectures by means of self-assembly. In
the first step, the initially formed suspension particles are aggregated,
with a spherical morphology, indicating a nucleation-aggregation me-
chanism. By approaching the reaction ideal synthesis conditions, the
concentration of reactants decreases, the reaction rate slows down, the
crystal growth rate gradually becomes dominant, and the prickly
Na,Mn; sFe; 5(PO4); crystals appear in dandelion sphere-like ag-
gregates at the end of synthesis process. By controlling the temperature
and the time of reaction, samples have a tendency to gradually form the
single pure phase from the mixed intermediate phases (Figs. 5 and 6).
Meanwhile, it can be seen that the morphology of particles of the initial,
intermediate, and final stages of samples preparation are progressively
enhanced to the benefits of dandelion sphere-like particles formation.
The obtained results indicate that our hydrothermal synthesis protocol
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provides an appropriate crystal growth environment for the formation
of such an interesting 3D architecture.

However, using hydrothermal reactor equipped with the stirrer, the
morphology transformation process was similar to the reaction process
observed in the absence of continuous stirring (teflon-lined stainless
steel autoclave) but the number of steps and reaction time is extensively
reduced. In this process, only two steps were identified: nucleation and
agglomeration of nanoparticles and finally to the 3D-dandelions ap-
pearance. The  possible formation mechanisms of 3D
Na,Mn; sFe; 5(PO4); hierarchical architectures with dandelion shapes
under studied experimental conditions are schematically proposed in
Fig. 8.

3.5. Electrochemical properties of Na,Mn; sFe; 5(PO4)3

Fig. 9 shows the electrochemical properties of LS-NMFP and PS-
NMFP cathode materials obtained through laboratory scale (LS-NMFP)
and pilot scale (PS-NMFP) syntheses, respectively (procedure shown
Fig. 1). For both samples LS-NMFP and PS-NMFP the cyclic voltam-
mograms of Na,Mn; sFe; 5(PO4); cathode material was carried at scan
rate of 0.5 mV s~ ! in 2.0-4.5 V voltage range vs. Li* /Li. A peak in the
cathodic response is observed at about 2.7 V, which could be attributed
to the reduction of Fe*>* and Mn®* and in the reverse voltage scan the
anodic peak at 3.3 V corresponds to the reversible oxidation of Fe**
and Mn?* (Fig. 9a and c).

Fig. 9b and d show the discharge voltage profiles of LS-NMFP and
PS-NMFP samples respectively in 2.0-4.5 V voltage range under various
current densities (C/15, C/10, C/10, 1C, 4C and 10C). The increase of
discharge rate does not noticeably alter the representative discharge
curve of NMFP electrode material. However the discharge curves de-
creases with increasing of the current density which leads to the
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Fig. 10. (a) Rate capability at various current rates, (b) Evolution of discharge capacity as a function of discharge rate and (c) cycling stability at C/5 in 2.0-4.5 V voltage range.

increases of the polarization of the electrode material which decreases
the discharge capacity [26].

Indeed, as expected, the discharge capacity decreases for both
electrodes with an increase of the discharge current density due to the
limited lithium diffusion at high rates. In both samples (LS-NMFP and
PS-NMFP) the discharge curves shape illustrate a good Na/Li-extrac-
tion/insertion in the Na,Mn; sFe; 5(PO4)3 cathode material at different
current densities. However, It is observed that for all rates, the capacity
of the PS-NMFP sample is the highest, suggesting that this sample has
the best rate capability and cycling behavior.

In the cyclic voltammetry, the redox peaks can give information
about the relative rates of reactions in the electrochemical system [27].
The electrochemical properties of the two samples (LS-NMFP and PS-
NMFP) cannot be clearly distinguished in the voltammogram cycles and
discharging voltage curves because of their equal operation voltages.
However the height of redox peaks for PS-NMFP sample is slightly
higher than in LS-NMFP. This justifies the better intercalation/dein-
tercalation of Li-ion in PS-NMFP and leads to slightly better capacities
compared to LS-NMFP samples.

The rate performances are shown in Fig. 10a, the electrode presents
stable cycling behavior at various applied current densities of C/15, C/
10, C/4, 1C, 4C, 10C and C/4. Although the reversible capacity de-
creases slightly with the increase of discharge rate, the obtained dis-
charge capacities are relatively good at all regimes. At C/15, C/10, C/4,
1C, 4C and 10C current densities, LS-NMFP dandelion sphere-like
particles delivers discharge capacities of about 62, 56, 44, 33, 23 and
16 mAh g~ ! respectively. The Peukert plot (Fig. 10b) shows that the
two samples show similar curves evolution. However the discharge
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capacity values of LS-NMFP are smaller than those of the PS-NMFP
sample. This is due to the effect of particles size on electrochemical
performances of the NMFP-based cathode materials [28] as we found
that PS-NMFP particles are smaller than LS-NMFP particles (Figs. 4 and
7). As we restored to cycling rate to C/4 after 27 cycles, the PS-NMFP
sample delivers the discharge capacity of 44 mAh g~ ! with excellent
recovery of 100%. This result demonstrated that the alluaudite struc-
ture of the NMFP material is not destroyed during the rate capability
studies.

Na,Mn; sFe; 5(PO4); should exhibit a maximum theoretical capa-
city (3 eq. * 53.8 = 161 mAh g~ 1) if it cycled between the end mem-
bers Mn}’sFel’s(PO,); and Nay(Na,Li)Mn} sFe! s(PO4); by exchanging
three Li* /Na* equivalents [17]. However the previous studies on the
Na-Mn-Fe-Phosphate-based alluaudites have shown that this class of
materials can only transfer 2 e~ [18,29]. Hence, the
Na,Mn; sFe; 5(PO4);  corresponding  theoretical  capacity s
108 mAh g~ .

Even though the theoretical capacity of Na,Mn; sFe; 5(PO4)3
(~108 mAh g~ 1) is low, this material shows the high cycling reversi-
bility (Fig. 10c) with a capacity retention of > 99% at 100th cycle for
both samples PS-NMFP and LS-NMFP. This shows that the 3D-
Na,Mn; sFe; 5(PO4); material is identified as a promising electrode
material thanks to its alluaudite structure properties and 3D- dandelion
architecture.

4. Conclusions

The 3D-dandelion Na,Mn; sFe; 5(PO4); architectures morphologies
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have been successfully synthesized by a hydrothermal method in la-
boratory scale and pilot scale processes, respectively. The morphology
and the dimensions of the product change remarkably with the reaction
conditions such as reaction time, temperature and stirring effect. The
possible formation mechanisms for 3D Na,Mn; sFe; 5(PO4)3 archi-
tecture are proposed based on time, temperature and stirring-depen-
dent experiments.

The nucleation and growth conditions are well controlled in our
synthesis protocol based on temperature and time-dependent experi-
ments. The continuous stirring during hydrothermal reaction was
identified as another crucial hydrothermal reaction parameter which
influences the reaction and particles morphology. This parameter may
be extended to the fabrication of other inorganic materials in order to
get uniform particles morphology and reduce hydrothermal reaction
time. The 3D-dandelion architecture leads to particles with small size
which leads to large surface area. The analysis and measurements of
electrochemical properties of 3D Na,Mn; sFe; 5(PO4); material shows
good reversible electrochemical properties. This justifies the good
performance of Na,Mn; sFe; 5(PO4); dandelion morphology which de-
liver 62 mAh g~ ! and 57 mAh g~ ! capacity equivalent to about 1.2
and 1.05 lithium ions intercalated at C/15 and C/10 respectively. In
addition the material stability, structural vacancies, availability and
low cost of precursors used during synthesis make Na,Mn; sFe; 5(PO4)3
a promising electrode material. 3D-dandelion sphere-like morphology
enhances its electrochemical performance as cathode material for Li-ion
batteries. This confirms that the morphology is an important parameter
that affects electrochemical properties. We recommend that the
synthesis protocol used here may be used in production of other in-
teresting electrode materials in 3D-architecture in order to improve
their electrochemical properties.
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