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Abstract: The electrochemical behavior of mesoporous tin phate (SnpO;) was
studied for possible application as the anode makén lithium-ion batteries. This tin
phosphate material which was prepared via a sudactemplating method and calcined
at 400°C, showed an average pore size distributibh8 nm. Cyclic voltammogram and
differential capacity plot analyses indicated ireggible reduction of tin phosphate to
lithium phosphate and tin upon initial reaction lwiithium and subsequently followed by
the reversible alloying and de-alloying reactionlitium with tin. The mesoporous tin
phosphate exhibited initial reversible capacity266 mAh/g and good capacity retention
of 188 mAh/g upon reaching the 10th cycle.

Keywords: mesoporous tin phosphate, anode material, chasghalige, capacity,
lithium-ion battery

1. INTRODUCTION

Much attention has been given to the potentialubfsttuting tin-based
materials for carbon negative electrodes in lithiom batteries. However, there
are a few drawbacks that hinder the practical apptin of tin-based anode
materials. The major deficiencies of this mateaia their significant irreversible
capacity loss in the first cycle, poor cyclabilapd volume changes effects that
lead to disintegration and loss of electronic aouid contact. The cause of
capacity fading of tin oxide anode was elaboratgdburtney and Dalr in a
two-step reaction, as follows:

4ALi* + 4€ + SnQ - 2Li,0 + Sn (1)

Sn +xLi+xe o Li,Sn (0x<4.4) )
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In the first step, tin oxide (SnPreacts with lithium (Li) to form lithium
oxide (LLO) and metallic tin (Sn) particles which are diseerin the LiO oxide
matrix. Although the formation of LD in the first step is irreversible, it
contributes to the mechanical integrity of the afotFurther reaction of Sn with
Li leads to the formation of Li-Sn alloy up to teemposition of Snlkis; The
second step involves the reversible Li-Sn alloyang de-alloying process. Upon
prolonged cycling Sn atoms aggregate and form feBgeclusters which generate
huge volume changes in the material that eventladiyto the disintegration of
this anode materidl> Dahn’s group* showed that the rate of tin aggregation and
capacity fade can be decreased by incorporatingtaspe atoms such as boron
(B) and phosphorus (P) in the,O matrix. This can be explained based on the
active-inactive mixed conductor matrix concept msgd by Huggin3.The
active component in the electrochemical reactiothwii is Sn whereas the
spectator atoms which create a matrix that holds dispersed Sn particles,
remains inactive. The inactive matrix holds theparticles together and retards
its aggregation during the reversible reaction Whin turn buffers volume
expansion effects of the reactahts.The inactive matrix phase not only
determines and maintains the structural integritthe anode but also acts as a
current collector and a medium that allows rapahsport of Li ions. The use
of a composite tin-based anode with an active arattive phase has been
reported to exhibit considerable improvement in ¢ieling performance of Li-
ion cells®*”

Mesoporous materials has been extensively invastigior application
in catalysts, absorbents, sensors and optoelectramid it is possible to extend
its potential application as host material for auricells. Kim et al. first reported
that mesoporous/crystalline tin phosphate ¢©aP composite exhibited
reversible pore changes during reaction witf Mesoporous materials have
uniform pore structures, high specific surface aned specific pore volume. It is
suggested that the interspaces in the mesoponaguse can accommodate the
volume variations during cycling thus preserving #mode integrity.Phosphate-
based materials show promising potential as alteea@anode host material as
their layered structure provide sites that enal@eensible Li insertion and
extraction to take place at relatively low potelntid®

In this study, a mesoporous tin phosphate was egigbdd via a
surfactant templating method with the expectatlwat the mesoporous structure
can buffer the volume changes to some extent asdltran better capacity
retention ability.
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2. EXPERIMENTAL
2.1 Synthesis and Characterisation of MesostructuceTin Phosphate

An anionic surfactant, sodium dodecyl sulphate, SDNAC,H.:SO,,
Fluka, Switzerland) was used as a templating stafacand tin (IV) chloride
(SnCl,, 99%, Aldrich, USA) was selected as the startingsburce. An aqueous
solution of SnCJ was added to 1M of SDS aqueous solution with ooiotils
stirring at room temperature. Phosphoric acigP®, 86%, J. T. Baker, USA)
was then slowly added into this mixture. The mixedlution gradually
transformed into a block of whitish and very viss@el. The gel was then loaded
into a Teflon lined stainless steel vial which wasn placed into a vacuum oven
and aged at 10C for 5 days. The resulting product was filtereéshed with
purified water and dried at ambient temperaturectsors were preheated at
200°C for 2 hours in air and then calcined at 300400C and 500C for 4
hours.

Thermogravimetric analysis (TGA) was conducted wéhNetzsch
Simultaneous Thermal Analyser (STA409C) in arganasphere. Powder x-ray
diffraction (XRD, BRUKER Advance D-8 X-Ray Diffragineter, Germany)
measurements using Cuy, iKadiation were used to characterise the structofres
the synthesised powders. Elemental compositiong waalysed by inductively
coupled plasma spectroscopy ICPS (Inductively GadipPlasma Optical
Emission Spectrometer, ICP-OES, Perkin Elmer Opt©@0DV, USA) using
acid digestions of the tin phosphate powder. Ththgsised powder calcined at
400°C was degassed overnight at “IDOor nitrogen adsorption-desorption
isotherm measurement which was recorded with aonrptisn apparatus from
Quantachrome (Autosorb 1-C, Germany).

2.2 Electrochemical Characterisation

For electrochemical measurements, the electroderegsred by mixing
the tin phosphate powder (70% in weight) with antl®f acetylene black and
polyvinylidene fluoride (PVDF) (30% in weight) imaagate mortar. Acetylene
black was added to provide additional conductitgythe tin phosphate anode
during electrochemical tests whereas PVDF merdly as a binder in the anode
preparation. This mixture was spread and pressedaostainless steel mesh. The
electrode was then dried at ~220in an oven. Electrochemical test cell are
assembled in an argon-filled glove box where 1Midin hexafluorophosphate
(LiPFg) in a 1:2 mixture of ethylene carbonate:dimethgtbonate (EC:DMC)
was used as the electrolyte. Cyclic voltammetry suesmment was carried out
with the WonATech Battery Cycler System (WBCS30K6rea), where Li foils
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were used as reference and counter electrodes.téBtecell was potentially
scanned between 0-2V versus/Li at a rate of 0.100 mV/s. Charge and
discharge performance tests was carried out atnataot current of 0.5 mA
within the potential range of 0-1.5 V versu$/Li with the WonATech Battery
Cycler System.

3. RESULTS AND DISCUSSION
3.1 Structural Characterisation

The surfactant species is removed by calcinatioggss. TGA of the as-
synthesized tin phosphate sample revealed neafly #@al weight loss upon
heating to 400°C. These losses are attributedgetaporation of moisture and
decomposition of organic matter. Above 400the weight of the sample hardly
changes which indicates that the surfactant is tetely removed from the tin
phosphate around 4%0.

The XRD patterns of the tin phosphate powders wmattiat 200C,
300°C, 400C and 500C are shown in Figure 1. The diffraction pattern in
20=20°-80° region for all the calcined tin phosphate dasyshown in Figure
1(a), revealed no characteristics peaks. The iniesiobserved are generally
weak suggesting that these materials are largebr@mus even when heated to
500°C. Mesostructure characteristics were analysedg the low angle XRD
pattern at 2°=1°-10°, as shown in Figure 1(b). The presencdoaf angle
reflections at around 1.5° for samples calcined2@d°, 300C and 400C
indicates mesostructured material characteristassoscopic order of this tin
phosphate powder was preserved upon removal dutiactant by calcination at
400°C but when further calcined to 5D, the mesoporous structure had
collapsed. Mesoporous structure has been reportedcollapse at high
temperaturé? It is therefore crucial to determine the apprdpriaalcination
temperature that just removes the surfactant spetie form a stable
mesostructuré’ In this work, the mesoporous tin phosphate isntiadly stable at
400°C as indicated by TGA and XRD findings.

Due to the amorphous nature of the sample, it viffisudt to determine
the identity of the compound using the XRD techeigdlemental analysis was
conducted using the ICPS. Measurements on thehtisghate powder calcined
at 400C indicated molecular formulae of SP;.d0;06 The oOxygen contents
were calculated from the difference between samplights and the sum of the P
and tin (Sn) contributions.



Journal of Engineering Science, Vol. 7, 15-25, 2011 19

@)

g s00°C |

= o |

" e soo°c

B : w A

§ 300°C \"-,_\W\H L 100°C

El | T T e
MM'MH‘" A\ :nn"(‘\ "LN 200°C

20 30 40 50 60 70 ¢ 1 2z 3 4 s & 7 8 9 10

2 0 (degree) 2 0 (degree)

(@) (b)

Figure 1: XRD pattern of: a) tin phosphates calciaedifferent temperature within diffraction
range of B°=20°-8C° and (b) tin phosphate calcined at different terappee within
diffraction range of 8=1°-1C°.

Nitrogen adsorption-desorption isotherm for the osésictured tin
phosphate calcined at 4 is shown in Figure 2. The shape of this hysterissi
indicative of a mesoporous material with openstiiéped poreS:* The specific
Brunauer-Emmett-Teller (BET) surface area of theiiglas is 110.13 Afg. Inset
in Figure 2 shows an average pore size distribuifdt8 nm as determined using
the Barrett-Joyner-Halenda (BJH) model based on dkesorption branch
isotherm.
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Figure 2: Nitrogen sorption isotherm of tin phosjghealcined at 40C. Inset figure shows pore
size distribution.

3.2 Electrochemical Characterisation
3.2.1 Cyclic voltammetry
Figure 3 shows the cyclic voltammogram of the mesops tin

phosphate. The first scan begins cathodically fopn circuit potential at 2.6 V
down to 0 V. The voltammetric response of the fingtle is noticeably different
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from the subsequent cycles. One large cathodic péa&round 1.2 V only
appeared in the first scan cycle indicating thatrémaction occurring at this point
is irreversible. According to Courtney and D&fnthis large first cycle
irreversible cathodic peak can be assigned to deosition of tin phosphate
upon initial reaction with Li. The decompositionoducts would be Sn particles
dispersed in a lithium phosphate £2O;) matrix. The next cathodic peak was
found at around 0.18 V whereas upon the reversdiaiscan, a small peak was
detected around 0.54 V. These peaks are visibteersecond and third cycles.
This pair of redox peaks is attributed to the reN#e reaction of Li alloying and
de-alloying with Sn.
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Figure 3: Cyclic voltammogram of mesoporous tin [inade.

3.2.2 Charge and discharge profiles

Initial discharge (Li insertion) and charge (Liextraction) capacity
profile for mesoporous tin phosphate is shown guFé 4. Upon discharging to 0
V, a capacity of 1236 mAh/g was obtained. Subseakarging up to 1.5 V,
returned a reversible capacity of 265 mAh/g indimgata loss of 78% in
irreversible capacity. This loss is caused by theversible reaction between Li
and tin phosphate to form irreversible lithium phloste phases and metallic Sn,
which could then be used to store and releaserdversibly. It has been
suggested that electrolyte species decompositioth@anode surface may also
add to the first cycle capacity 1055°

Figure 5 shows the differential capacity plot camsted from the initial
charge discharge curve of mesoporous tin phospHAdte. cathodic spike at
potential around 1.19 V agrees well with the ficgtle cathodic peak in the
cyclic voltammogram in Figure 3, indicating the deposition of mesoporous
tin phosphate and formation of metallic Sn. Thecexdentity of the cathodic
peak at around 0.7 V has yet to be confirmed bigt $peculated to be attributed
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to the formation of the irreversible lithium phospé phasé’® These two

voltage [ vs Li)

Capadty (mah’g)
Figure 4: Initial charge discharge curve of mesopsrtin phosphate.

reactions are irreversible as the peaks are noetouigible in the differential
capacity plot based of the second charge disclange as represented in Figure
6. Corresponding peaks at around 0.18 V and 0.58hh could be detected
from both Figures 5 and 6, represent Li insertiod axtraction process which
are responsible for the reversible reaction inftilewing cycles. This pair of
peaks also corresponds well with the result obthind-igure 3.
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Figure 5: Differential capacity plot from initialharge discharge curve of mesoporous tin
phosphate.

Capacity obtained from cycling mesoporous tin phaspanode for 10 cycles is
shown in Figure 7. From the second cycle, only \&ensble capacity of 265
mAh/g was recovered from the initial discharge cageof 1236 mAh/g. Upon
reaching the 1Dcycle, a reversible charge capacity of 188 mAh&s wetained.
It is believed that huge volume expansion occurindguthe initial discharging to
form the irreversible phase that caused about T8i¥bdversible capacity losses.
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Figure 6: Differential capacity plot from secondaoie discharge curve of mesoporous tin
phosphate.

Subsequent charging and discharging process rasutinly small volume
changes effects. This may be attributed to the pwsas framework which was
able to dissipate most of the mechanical stresscedi by volume changes during
the Li-Sn alloying and de-alloying reactions thrbugversible pore expansion
and contraction mechanisih.Capacity losses of 29% were observed upon
reaching the 10 cycle. This is probably due to inevitable aggremanf Sn or
Li-Sn clusters. As these phases have different unit cell volurtiesy repetitive
expansion and contraction during charging and digghg process increases
mechanical stresses which eventually lead to thetreinic connectivity losses
and capacity fading.

3.2.3 Mechanism of lithium reaction with mesoporousin phosphate

Attidekou et al’ have proposed a three step mechanism explainang th
electrochemical reaction of Li with tin phosphaléhe first reaction with Li
results in the formation of lithium phosphate andtallic Sn. Further reaction
with Li leads to the irreversible reduction of thieP,O; matrix to LgP,O; and
the reversible Li alloying with Sn to form L5n;. These reactions are expressed
as below;

1400

200

Capacity (mah/g)
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Figure 7: Capacity vs. cycle number plot of mesopstin phosphate.
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4Li* + 4€ + SnRO; — Li,P,0; + Sn ©)
2Li* + 26 + LisP,0; - LigP,0; (4)
XLi* +x€ + Sn~ Li,Sn (0<x< 4.4) (5)

Experimental capacity loss of up to 971 mAh/g isintyadue to the
reactions (3) and (4). Another possible cause @ldds to the loss value is the
reduction of electrolyte species to form passildion the anode surfate?®
Reaction (5) which involves the alloying and dexgilhg of Li-Sn is responsible
for the rechargeability of the mesoporous tin phasg anode.

This mesoporous tin phosphate has performed ketterms of capacity
retention when compared to that of the non-poremsorphous tin phosphate
prepared by Lee et &.Upon cycling to the 1Dcycle, Lee’s material retained a
reversible capacity of 48% with 52% losses in cidp&avhereas the mesoporous
tin phosphate in this work retained a reversiblpacity of 71% with 29% in
capacity loss. The lower losses in capacity up@eated cycling is attributed to
the mesoporous structure. The mesopores providgerlasurface area that
permits better flooding of the electrolyte with tive phosphate particles and this
results in better transferring of ‘Liand electrons and enhance the cycling
performance. The capacity loss from volume changem repeated cycling is
also minimised as the mesopores provide spacesuipatresses volume expansion
during Li" insertion thus avoiding the cracking of the anaodaterial and
maint%ining better conduction pathway for the etmdiemical reaction to
occur.

4. CONCLUSION

Amorphous tin phosphate was synthesized using SBf&csant and tin
(IV) chloride and was further calcined to 400°Crémove residual surfactant in
order to obtain the mesoporous structure. Initedction of mesoporous tin
phosphate anode with Li results in the reductiotirophosphate to Sn, lithium
phosphate and §P,O; matrixes. This initial reaction which is irrevergbis
responsible for the huge capacity losses of ab8&b ™ the first cycle. The
reversible reaction of alloying and de-alloyinglafSn (0< x < 4.4) compound
upon further charging and discharging cycles ishihsis of rechargeability for
mesoporous tin phosphate anodes. The mesoporopisagphate anode was able
to retain a reversible capacity of 188 mAh/g upeaching the 10cycle with a
capacity loss of 29%. The mesoporous structureirofphosphate provides
channels that facilitates the "Liinsertion and extraction and contributes
significantly to the improved capacity retention #gcommodating the volume
changes during cycling.
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