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Effect of Pore Size and Pore Wall Thickness
of Mesoporous Phase in Tin Phosphate Composite

on Electrochemical Cycling
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We synthesized mesoporous/crystalline composite with a mass ratio of 1:2 (mesoporous: crystalline), and the resulting mesoporous
tin phosphate has different pore size depending on the alkyl chain length (n =11, 13, 15, and 17) of the surfactant
CH;(CH,),N(CHj;);Br. Because the crystalline phase (Sn,P,0;) to mesoporous phase mass ratio is fixed, a decrease in the
capacity retention is mainly attributed to the deterioration of the mesophase. The mesoporous phase with smaller pore size causes
higher capacity retention, with n = 11 showing the highest capacity retention corresponding to 82%. This decreased to 67, 63, and

59% with increasing pore size, n = 13, 15, and 17, respectively.
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Since the discovery of M41S silica molecular sieves in 1992,
mesoporous materials, possessing remarkably large internal surface
area and narrow pore size distribution, have attracted considerable
attention for their great potential application as catalysts, absorbents,
and host materials. This approach to mesostructured materials has
been extended to Al, Sn, and titanium phosphates and other oxides,
which may lead to applications involving electron transfer or mag-
netic interactions.”

Synthesis of mesoporous materials is influenced by factors such
as surfactant property, precursor/surfactant molar ratio, temperature,
pressure, pH, and aging time. Cabrera et al. studied the control of
pore size by varying P/Al ratio and water content in mesoporous
aluminophosphate.5 In addition, they reported the change in d spac-
ing value of the mesoporous alumina upon changing
TEA (triethanolamine)/water molar ratio.® Katou et al. reported that
pore size, pore volume, and wall thickness of mesoporous NbTa
oxide were found to be strongly affected by amounts of water and
metal source in a starting ethanol solution involving nonionic sur-
factant P123.” Similar result was reported by Tanaka et al. and
Kimura et al. by using amorphous aluminum phosphate with differ-
ent alkyl group lengths. They showed that d spacing value increased
in proportion to alkyl group length.g’9 Serre et al. synthesized tita-
nium fluorophosphates with hexagonal and lamellar structure by us-
ing alkyltrimethylammonium bromide [CH3(CH,),N(CHj3);Br with
n=9-17] or alkylamine.lo However, they only studied titanium
fluorophosphates prepared using cetyltrimethylammonium bromide
(CTAB), and did not observe the effect of varying the alkyl chain
length on the physical properties. In addition, Mal et al. prepared
alkyltrimethylammoniumbromide (n = 7-17), but reported the d
spacing value only depending on the alkyl chain 1ength.11 In sum-
mary, these studies did not further report the changes in pore size,
Brunauer-Emmett-Teller (BET), and pore wall thickness with vary-
ing surfactant alkyl groups.

Contrary to conventional applications of mesoporous materials,
its possible use as anode material in lithium secondary battery was
reported by several groups.lz'14 In particular, Kim et al. reported the
superior capacity retention of the mesoporous/crystalline composite
consisting of tin phosphate as compared to bulk material." They
suggested that this excellent capacity retention is due to the revers-
ibly contracting and expanding mesopores in the Li alloy/dealloy
process. However, pure bulk crystalline tin phosphate (Sn,P,07)
showed quick decaying capacity even at a low C rate (20 mA/g). In
general, decomposition reactions of tin phosphate were as follows'
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12.8Li + Sn2P207 — 2Li4'4Sn + L13PO4 + LIPO3

«8.8Li + 2Sn + L13P04 + LIPO3

Control of volume expansion of lithium alloying materials is a
very critical issue, as smaller volume changes induce smaller capac-
ity decay. The reason for this is believed to be pulverization of the
particles due to differences in volume (>300%) caused by the com-
positional changes occurring during cycling. As the particles frag-
ment, they become electrically isolated, which reduces the cell ca-
pacity.

In this study, different cationic surfactants
CH;(CH,),N(CH;3)3Br (n = 11, 13, 15, and 17) were used to syn-
thesize mesoporous/crystalline tin composites with a constant mass
ratio. Subsequently, we observed the effects of the different pore
sizes and pore wall thicknesses of the mesoporous phase on the
electrochemical cycling.

Experimental

In a typical synthesis, the mesoporous tin phosphate-SnHPO,
composite was prepared by mixing 3 g of SnF, and 8.8 g of H;PO,,
followed by dissolving in 10 mL of distilled-deionized water
(DDW). Then, 0.0095 mol of alkyltrimethylammoniumbromide sur-
factant was dissolved in 10 mL of DDW, and this solution was
added to the mixture solution of SnF, and H3;PO,. The resulting
mixture was stirred at 40°C for 1 h, then loaded in an autoclave kept
at 90°C for 20 h. After cooling to room temperature, the precipitate
was recovered by filtration, washed with distilled water, and
vacuum-dried at 100°C for 10 h. The as-prepared powders (meso-
porous tin phosphate-SnHPO, composite) were then annealed at
400°C for 5 h, yielding mesoporous tin phosphate-Sn,P,O5 compos-
ite. The electrolyte for the coin-type half cells (2016 type)
was 1 M LiPFg with ethylene carbonate/diethylene carbonate/
ethyl-methyl carbonate (EC/DEC/EMC) (30: 30: 40 vol %).
The coin-type half cells were cycled at a rate of 0.2 C
(1 C=700 mA/g) for the first cycle, then at a rate
of 0.2 C rate for the subsequent 30 cycles between 0 and 1.5 V.
The electrode was composed of 80 wt % active material, 10 wt %
poly(vinylidene fluoride) binder, and 10 wt % Super P carbon black.

Results and Discussion

Figures la-d exhibit small angle X-ray scattering (SAXS) pat-
terns of the mesoporous tin phosphate prepared using dodecyl
(n=11), myristyl (n=13), cetyl (n=15), and octadecyl (n
= 17) trimethylammoniumbromide before and after annealing at
400°C. As-prepared tin phosphate prepared using n = 11, 13, and 15
can be indexed to hexagonal cubic structure with a space group of
Pb3/mmc except for n = 17. a value is identical to d spacing value
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Figure 1. SAXS patterns of mesoporous tin phosphate/crystalline composite
before and after annealing using (a) n = 11, (b) n = 13, (¢) n = 15, and (d)
n = 17. High angle diffraction patterns of mesoporous/crystalline composites
before annealing (e), and after annealing (f) (¢ = 4= sin 6/)\).

in the hexagonal cubic structure, showing 3.82, 4.23, and 4.55 nm
for n = 11, 13, and 15, respectively. SAXS pattern of n = 17 before
annealing shows the presence of body-centered cubic (B.C.C.) me-
sophase with a space group of Im3m, and a value is estimated as
7.68 nm and d value (13a/2) as 6.64 nm. In particular, XRD pattern
of n =17 shows well-ordered mesophase characteristics where ¢
spacings (meaning inverse d spacing) are 1.19, 1.72, 2.07, and
2.34 nm~! obtained through peak fitting process with Lorentzian
profile function. Relative ¢ spacing is ~ 1:12:13:2. All XRD peaks
could be indexed with body-centered cubic phase. Corresponding
miller indexes (hkl) are (110), (200), (211), and (220), respectively.
Cell parameter a could be estimated with least square method along
q =[2 11 /a]\(h* + k* + [2). This result indicates that pore size in-
creases with increasing alkyl group chain length, concomitant with
changing the pore structure from hexagonal cubic to body-centered
cubic. a values for the annealed samples are 3.74, 4.05, 4.39, and
491 nm for n = 11, 13, 15, and 17, respectively. B.C.C structure of
n = 17 was changed to hexagonal cubic structure after annealing,
and therefore d spacing value is identical to a value.

Although peaks shift to the higher angles and decreased intensity
after annealing indicates formation of disordered and shrunken me-
sopores, we can observe the effect of the surfactant alkyl group
chain length on the pore size.

High angle X-ray diffraction (XRD) patterns (Fig. le and f) of
the sample (n = 11) confirm the formation of crystalline SnHPO,
and Sn,P,0; phases before and after annealing, respectively (any
impurity phases were not detected). These patterns are quite similar
to those observed in n = 13, 15, and 17. This indicates two possi-
bilities; one is the formation of pure mesoporous tin phosphate with
pore wall structure consisting of those two crystalline phases, and
the other is the formation of a composite consisting of mesoporous
and crystalline tin phosphate. The crystalline size of both before and
after annealed samples using Scherrer formula was estimated to be
~50 nm, which is one order of magnitude larger than the wall thick-
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Figure 2. Nitrogen adsorption and desorption isotherms of the annealed
mesoporous/crystalline tin phosphate prepared using different alkyl chain
lengths (n = 11, 13, 15, and 17). The corresponding BJH distributions are
shown in the inset.

ness of pure mesoporous phase (~2 nm). These results indicate the
formation of a mesoporous tin phosphate mixed with a crystalline
phase. Thermogravimetric analysis of the as-synthesized samples
under N, flow showed that most of the weight loss occurred at
400°C, and no weight loss was detected above this temperature,
implying that the surfactant could be removed from the mesoporous
tin phosphates upon heating at 400°C for 5 h.

N, adsorption-desorption isotherms of the annealed samples in
Fig. 2 show the typical curves observed in mesoporous materials.
The BET values of n =11, 13, 15, and 17 are 136, 109, 104, and
101 m?/g, respectively, and these tend to decrease with increasing
alkyl chain length. The mass ratio for mesoporous tin phosphates vs
crystalline Sn,P,0O5 is ~1:2. This ratio was estimated as follows.
First, BET surface area of the crystalline Sn,P,O; was estimated as
10 m?/g. Then, BET surface area of the pure mesoporous tin phos-
phate was estimated from surface area of pore wall/mass of pore
wall, and set pore wall size as difference between nearest neighbor
distance a and pore diameter."” From these relationships, rough
mass ratio of the mesoporous tin phosphate and crystalline Sn,P,0,
can be estimated.

The insets in Fig. 2 show Barrett-Joyner-Halenda (BJH) plots of
the annealed samples. The average pore size increased from 1.4, 1.7,
1.9, and 2.2 nm with increasing alkyl chain length, consistent with
the SAXS result. More importantly, it should be noted that the trend
of pore wall size is coincident with that of pore wall thickness. Pore
wall thickness of n = 11, 13, 15, and 17 was estimated to be 2.3, 2.4,
2.5, and 2.7 nm, respectively. Figure 3 exhibits the transmission
electron microscopy (TEM) image of the annealed mesoporous tin
phosphate prepared using n = 17. The observed d spacing value,
showing 4.9 nm is similar to the calculated values using SAXS. Pore
wall thickness was 2.8 nm.

Figure 4 exhibits voltage profiles of the annealed mesoporous/
crystalline composites prepared by surfactant with different alkyl
chain lengths, between O and 2 V at a rate of 0.2 C
(1 C =700 mA/g). Initial capacities of the samples are similar to
each other, showing ~620 to 650 mAh/g, but capacity retention
tends to decrease with increasing pore size and increasing pore wall
thickness, as shown in Fig. 5. Accordingly, the sample prepared
using n = 11 showed the highest retention value of 82% after 30
cycles. Capacity values of the composite materials are a little higher
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Figure 3. TEM of the annealed mesoporous tin phosphate prepared using
n =17 at 400°C for 3 h.

than theoretical value (~590 mAh/g). This may be due to larger
BET surface area, which facilitates increased lithium reaction sites.
Samples prepared using n = 13, 15, and 17 show 67, 63, 59%, re-
spectively (Fig. 6). This trend is expected because shorter chain
length induces smaller pore size and pore wall thickness, which in
turn, induce smaller expansion/contraction volume of the pore wall
from phase transitions between Sn and Li,Sn,. Hence, thick pore
size with n = 17 showed the worst capacity retention. It was impos-
sible to observe the pore structure of electrodes after 30 cycles due
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Figure 4. Voltage profiles of the annealed mesoporous/crystalline compos-

ites prepared by surfactant with different alkyl chain lengths, between 0 and
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Figure 5. Plots of pore size and pore wall thickness in the mesoporous phase
with different alkyl chain lengths.

to severe coverage of the binder and carbon blacks on the mesopo-
rous phases. However, trend of capacity decay clearly shows that
smaller pore size/ and thinner pore wall thickness plays a dominant
role in deciding capacity retention. One of the critical problems for
the mesoporous materials for use in a practical Li-ion cell is rela-
tively large irreversible capacity corresponding to ~900 mAh/g
during the first cycle. This is believed to be mainly from side reac-
tions with the electrolyte at the interface and may be reduced by
coating amorphous carbon on the composite.18

Conclusion

We prepared the mesoporous/crystalline composite containing tin
phosphates with different pore sizes and pore wall thickness. Upon
decreasing surfactant alkyl chain length, the mesoporous tin phos-
phate with smaller pore wall size could be obtained. Since smaller
pore size and thinner pore wall thickness causes smaller volume
change during lithium alloying/dealloying, the composite electrode
containing n = 11 showed the highest capacity retention.
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Figure 6. Capacity retention of mesoporous tin phosphate/crystalline
Sn,P,0; composite anode in a coin-type half-cell at a rate of 0.2 C (1 C
=700 mA/g) during 30 cycles.
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