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Abstract

Tin fluorophosphate (Sn;F;PO,) powder was synthesized via a microemulsion route. Physical properties of the synthesized material were
investigated by means of X-ray powder diffractometry (XRD) and field emission scanning electron microscopy (FE-SEM). The investigation
showed that the synthesized powder was crystalline Sn;F;PO, with needle-like morphology with a thickness of 300-500 nm and length of 5—
10 pm. The electrochemical performance of the synthesized powder as a negative electrode for Li-ion batteries was studied. The results showed
that the synthesized Sm;F;PO, possessed an initial discharge capacity of 1370 mAh g~' and charge capacity of 968 mAh g~ in a potential range

of 0.005-3 V. In addition, the material showed capacity retention of 70.8% after 30 cycles at a constant current density of 100 mA g
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1. Introduction

The energy density and performance of lithium-ion batteries
depend highly on the physical and chemical properties of the
cathode and anode materials. Although commercially used
graphite anodes have good electrochemical properties, their
low theoretical capacity (372 mAh g™ ') is insufficient to satisfy
the market requirements. To achieve batteries with higher
energy density, silicon (4200mAhg™") [1] and tin
(992 mAh g~ ") [2], which alloy reversibly with lithium, have
been considered as a replacement for graphite [3-5]. However,
the large volume change upon lithiation is the main drawback of
these metal elements [6,7]. Several approaches have been
proposed to deal with the problem of volume expansion. One of
the most effective ways is to fabricate an electrode based on
nanostructures such as nanoparticles, nanowires, nanotubes or
porous nanostructures [8§—10]. Owing to its small size, the
nanosized Sn-based anode can reduce the volume change and
restrain stress; moreover, the high surface/volume ratio
increases the electrode—electrolyte interface and promotes
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faster diffusion of Li* ions into the material so that a higher
charging rate is possible [11,12].

Another approach is to integrate host (Si or Sn) with an
intermetallic phase and/or to make composite based on active-
and less active materials (alloying the active metal with less
active or even electrochemically inactive matrix) to limit the
overall volume expansion of the reactant and improve
cyclability of the electrode [2,6,13,14]. As a step forward,
development of inactive matrix during the first lithiation has
been suggested. For example in the case of tin based electrodes,
tin oxide, phosphate, and fluoride were applied [15-19]. The
authors have synthesized and characterized SnF, as a negative
electrode for lithium-ion batteries [16]. The investigations on
tin oxide showed an irreversible conversion of SnO, to tin
according to (R.1) in the first cycle. Subsequently, the in situ
formed metallic tin phase can store and release Li ions
according to the Li—Sn alloying and de-alloying reactions
R.2):

Sn0, +4Li" +4e~ — Sn + 2Li,O R.1)

Sn+aLit +xe” < Li,Sn (0 <x< 4.4) (R.2)

The promising results obtained by applying tin fluoride and
tin phosphates instead of metallic tin as negative electrode in
lithium ion batteries have drawn the authors’ attention to
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synthesize and characterize a tin-containing phase in the
ternary system of Sn(II)-F-PO, for the same application.

Metal fluorophosphates like titanium (IV) fluorophosphates
[20], zirconium phosphate fluorides [21], gallium phosphate
fluorides [22] and tin fluorophosphate [23] have been mainly
synthesized using organic template molecules under hydro-
thermal conditions. To the best of authors’ knowledge, the more
stable phase in this ternary system is Sn3;F;PO, with a
rhombohedral structure. The most of studies on Sn;F;PO, were
mainly done for dentistry in 70s, where the rate of SnyF;PO,
formation subsequent to in vitro SnF, interaction with human
dental mineral (R.3) was the point of interest. The formed
Sn3F3PO, showed more resistance to decay than the dental
enamel [24,25].

ISSHFQ + Cam(PO4)(,(OH)2 — 6SH3F3PO4+ 9CaF2+ Ca(OH)2
(R.3)

Salami et al. [23] were the only group which have
synthesized Sn3;F3PO, powder for another application. They
have synthesized Sn;F;PO, with needle-like morphology using
hydrothermal reaction between hydrofluoric acid, tin (II)
fluoride, boric acid, and a phosphate source such as
hexafluorophosphoric acid (HPF¢) or tetra-n-butylammonium
hexafluorophosphate ((C4Ho)4NPFy) in a mixture of distilled
water and pyridine in an autoclave at 150 °C for 5 days. They
claimed the synthesized powder has potential to be used as
molecular sieve because it possesses an open framework.

The aim of this study was the synthesis of Sn;F3PO, fine
powder via the reaction of tin (II) fluoride and phosphoric acid
in inverse micelles (water-in-oil inverse microemulsion) at low
temperatures and subsequently evaluating its electrochemical
performance as anode material for lithium-ion batteries using
galvanostatic cycling and cyclic voltammetry (CV).

2. Experimental procedure
2.1. Synthesis of Sn3F3P0O4 powder

All reagents were commercially available products and used
without further purification. Tin fluoride (99%, SnF,), Igepal
CO-520 (polyoxyethylene (5) nonylphenylether, M, ~ 441),
cyclohexane (>99%, C¢H,,), 1-hexanol (>99%, CcH;4,0), and
phosphoric acid (85 wt.% in H,O, H3PO,4) were purchased from
Sigma—Aldrich Chemical Co. In a typical synthesis, 34 mmol
of Igepal CO-520 and 48 mmol of 1-hexanol were added into a
reaction vessel, a 250 ml PTFE round bottom flask, containing
1.8 mol of cyclohexane. The mixture was stirred at 40 °C for
30 min. Igepal CO-520 and 1-hexanol were respectively chosen
as the surfactant and co-surfactant. The basic concept of the
microemulsion process is dispersion of the aqueous phase as
tiny drops into the oil phase using a surfactant and co-surfactant
in order to confine the growth of particles precipitating within
[26,27]. Subsequently, 3.94 mmol of phosphoric acid was drop-
wise introduced into the respective solution. After 5 min
mixing, 11.8 mmol of SnF, which was separately dissolved in
0.25 mol of distilled water was added to the previous solution
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while stirring. The resulting microemulsion solution was stirred
vigorously at 40 °C under reflux for 30 min on a magnetic hot
plate stirrer. The resulting suspension was allowed to cool down
to room temperature and the precipitated particles were
collected by centrifugation and washed several times with
plenty of methanol to remove the non-polar solvent and
surfactants. Afterward the obtained powder was dried at 60 °C
for 6 h.

2.2. Characterization

The synthesized powder was characterized with a Philips
(PW-3040) X-ray diffractometer (XRD) with Cu-K, radiation.
The JCPDF card No. 01-076-2280 was used for the
identification of Sn3;F3PO,. The apparent crystallite size of
the synthesized tin fluorophosphate was determined using the
Scherrer equation (Eq. (1)):

k-
BRo) = (1)

L - cos6y
where A is the wavelength (=0.15406 nm), 6, the Bragg angle, k
aconstant (=0.9), and L is the apparent crystallite size. The half-
width of the diffraction line B(26) (in rad) was taken as the
experimental half-width (Bep) and corrected for experimental
broading (B;,s) according to Eq. (2) [28]:
1/2

B(20) = (Bop — Biastr) )

Binsee Was measured experimentally with a silicon sample as
standard. For this purpose three diffraction peaks (1 10),
(101), and (13 1), which have the advantage of being well
separated from other peaks, were chosen for the calculation.

A field emission scanning electron microscope (LEO®
1530, FE-SEM) was utilized to determine the particle
morphology and to assess the size of synthesized particles.
To prepare the sample for microscopic investigation, the
powders were dispersed in ethanol by ultrasonication for
10 min, and the resultant suspension was spread on the surface
of an aluminum plate and subsequently coated with a 2 nm
thick platinum layer to prevent electron charge on the surface of
particles during electron microscopy.

The electrochemical characterization of synthesized
SnzF;PO, was measured using two electrodes in a Swage-
lok-type cell assembled under argon atmosphere. The working
electrode consisted of Sn3F;PO, (60 wt.%), carbon black
(28 wt.%) and polyacrylonitrile (PAN) (12%) dissolved in
dimethyl sulfoxide (DMSO). The slurry was cast on a copper
foil with a doctor blade apparatus, the coated copper foil was
dried at 80 °C for 6 h to remove the residual solvent, and
subsequently was heat treated at 300 °C for 3 h. Glass-fiber
filter paper (GF/D) from Whatman®™ was used as separator.
Lithium foil was used as the counter and the reference
electrodes. A solution of 1 M LiPFg in a 1:1 volume ratio
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) was used as electrolyte. Cyclic voltammetry and
charge/discharge cycling were carried out between 0.005 and
3 V using a Basytec cell test system.
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Fig. 1. XRD pattern of the synthesized tin fluorophosphate powder.

3. Results and discussion

Fig. 1 illustrates X-ray diffraction pattern of the synthesized
powder. The synthesized powder was a poly crystalline
Sn3F;PO, formed via (R.4) in the reaction vessel. The pattern
corresponds to the reported XRD pattern by Jordan et al. [25].
According to the Scherrer equation, the crystallite size of
synthesized Sn;F;PO, powder was in the range of 50-55 nm.

3SHF2 + H3PO4 — SH3F3PO4 + 3HF (R4)

The FE-SEM micrograph indicates that the synthesized
powder had a needle-like morphology with a thickness of 300-
500 nm and length of 5-10 wm (Fig. 2). The powder had the
same morphology as Sn3F;PO, powder synthesized by Salami
et al. [23], needle like particles with a thickness of few microns
and length of 300-500 wm. Due to the considerably lower
reaction temperature (40 °C) and dwell time (30 min) applied

Fig. 2. FE-SEM micrograph of synthesized Sn3F;PO,.

in the current study in comparison with those of applied by
Salami et al. (150 °C, 120 h), the needles were at least 30 times
shorter.

The Li* insertion/extraction reactions of the Sn;F;PO,
electrode were studied by cyclic voltammetry (Fig. 3). A
substantial difference between the first and all subsequent
cycles was observed. Two reduction peaks at 1.64 Vand 1.46 V
during the first cycle might correspond to the decomposition of
Sn3F;PO, into Sn and formation of Li;PO,4 and LiF according
to reaction (R.5). When the electrode was completely activated,
the mentioned peaks were not observed any more in subsequent
cycles but instead a low intensity redox pair was identified at
1.88 and 2.10 V. It means that (R.5) is partially reversible
during the second and third cycles.

SnsF3PO, 4 6LiT +6e~ — 3Sn + 3LiF + LizPO, (R.3)

The disappearance of third cathodic peak at 0.71 V on the
second cathodic sweep could be attributed to solid-electrolyte
interface (SEI) formation [29]. The other redox pairs during
discharge (at 0.5, 015 V) and charge cycles (at 0.58, 1.06 V)
were related to the reversible Li,Sn formation [30] given by
reaction (R.6).

Sn+aLit +xe” & Li,Sn (0 <x< 4.4) (R.6)

Therefore Li* storage capacity can be mainly attributed to
alloying/de-alloying of metallic tin with partial contribution of
redox system (R.6) at high potentials.

The electrochemical performance of Sn3FzPO, as an anode
material for lithium ion-batteries was tested in the potential
range 0.05-3 V (versus Li/Li"). The initial open circuit voltage
(OCV) of the SnzF;PO4/Li half cell was 2.8 V. Fig. 4a shows
the typical galvanostatic cycling profiles of the tin fluoropho-
sphate electrode at a specific current of 100 mA g~'. The
potential dropped rapidly to 1.7 Vand demonstrated a discharge
plateau between 1.65 and 1.4 V. As reported for tin-based
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Fig. 3. Cyclic voltammograms of tin fluorophosphate electrode at a scan rate of 0.05 mV s
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Fig. 4. First charge/discharge profile (a) and cyclic performance of SnsF5PO, anode at a current density of 100 mA g~ (b).

anodes [18] the first plateau at high voltages was assigned to the
decomposition of the tin-based anode into metallic tin (R.5).
During the following reaction stage, the potential drops slowly
from 0.5 to 0.05V, this corresponded to the alloying/de-
alloying of Li and Sn. As it can be seen from the charge/
discharge profile, the Sn;F;PO, electrode delivered an initial
discharge capacity of 1370 mAh g~' and charge capacity of
972 mAh g, showing a superior lithium storage capacity.
Such a large irreversible capacity loss could be assigned to the
consumption of Li* ions during the reduction of Sn3;F;PO, to
metallic Sn (R.5) and also to the formation of a solid-electrolyte
interface (SEI) during the first charge/discharge process. After
30 cycles (Fig. 4b), the material (Sn;F3PO,4) showed a stable
reversible capacity of 688 mAh g~ 'which corresponds to
70.8% retention of its initial capacity.

4. Conclusions

In summary, tin fluorophosphate (Sn;F;PO,4) was success-
fully synthesized via a microemulsion route at 40 °C. The
synthesized powder had a needle-like morphology with a
thickness of 300-500 nm and length of 5-10 pm. Electro-
chemical measurements indicated that the anode material based
on crystalline Sn3;F;PO, displayed a highly reversible capacity
with the initial discharge and charge capacity of 1370 and
972 mAh g ', respectively. The cyclic voltammetry study
revealed that the electrochemical process in tin fluoropho-
sphates is similar to Sn-oxide and Sn-phosphate systems.
Furthermore, high capacity of 688 mAh g~ after 30 cycles at a
current density of 100 mAh g~' made this material a good
candidate as a negative electrode for lithium-ion batteries.
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