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Tin nanoparticles can be transformed from the metallic B-Sn structure to the semiconducting a.-Sn struc-
ture after electrochemical lithiation and delithiation at room temperature. Here, we studied the influence
of the size of the crystallites on the B- to a-transformation in Sn nanoparticles. Differently sized Sn/SnO,
nanoparticles were synthesized, processed in electrodes and cycled ten times in a lithium-ion cell at room
temperature. X-ray diffraction (XRD) patterns before and after electrochemical lithium insertion/extraction
reveal that samples with small particles contain the a-Sn structure. The critical size for this transformation
is 17(4) nm. Smaller particles were transformed into the a-Sn structure while particles larger than 17 nm
retain the B-Sn structure. Temperature dependent XRD measurements show that this a-Sn structure is sta-
ble up to 220 °C before its reflections disappear. The formation of the a.-Sn structure at room temperature
in small particles and the unexpected high transition point can be explained by the substantial contribution
of the surface energy (facilitating formation of alloys not observed in the bulk), lithium impurities in the
a-Sn structure and the Li,O shell which is formed during lithium insertion.
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Introduction

Fundamental properties and behaviors of nanoparticles are
determined by their size. Lattice parameters’” and even the
crystal structure® itself can change, depending on the size of
the crystallite. Size-induced phase transformation in nano-
particles was investigated for several oxides e.g. TiO,," Y,0;,”
ALO;® and even in metals like Co,” Ag® or Au.’ Tin, and
tin nanoparticles in particular, has been tested as a
high-charge anode material in lithium-ion batteries, because
it provides a three times higher charge density than the com-
monly used graphite.'® The size effect on the cycling stabil-
ity'" as well as different surface modifications'> were tested to
enhance stability and power. In situ XRD measurements of tin
bulk electrodes disclose that the lithiation process of tin fol-
lows defined Li-Sn-phases.’” But detailed studies about the
changes of the nanoparticle crystal structure during lithium
insertion/extraction have not been reported yet.
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The formation of the a-Sn structure in tin nanoparticles
after cycling in a lithium-ion battery anode was reported pre-
viously,">'*"> however, this phenomenon was not investi-
gated further. A lot of research is focusing on the formation
of the semiconducting o-Sn in lead free solders.’®'” This
transformation is also called tin pest. Plumbridge'® reported
the formation of tin pest in several new-generation lead-free
solder alloys when exposed to temperatures below the allo-
tropic transition point for tin (<13 °C). It has been demon-
strated that small amounts (0.5 wt%) of Si'® and Ge®° can sta-
bilize the o-phase, while Cu or Pb*' stabilize the pB-phase. A
phase transformation of the - to a-structure at room temper-
ature was not observed. Fyhn et al.'® reported that small Sn
precipitates in a Si matrix can form stable o-Sn structures
with a melting point at 200 °C.

In this study, we investigate the size-dependent transfor-
mation of the - to a-Sn structure at room-temperature. In
our previous study we found that small (~10 nm) B-Sn nano-
particles can be transformed into the o-Sn structure, while
larger (~80 nm) particles retain the B-phase when cycled in a
lithium-ion cell at room temperature.'> The goal of our pres-
ent study is, to determine the critical size at which Sn nano-
particles undergo this structural change. Therefore, we pre-
pared Sn nanoparticles with different sizes and cycled them
in a lithium-ion cell. These cells were studied by XRD to deter-
mine the weight ratio between the - and o-phase. By
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comparison of these data with the size distribution of the
original particles obtained from TEM we calculated the criti-
cal size for this transformation.

Experimental methods

Different-sized Sn/SnO, core/shell nanoparticles were synthe-
sized via a chemical reduction method from 15 nm to 80 nm.
Detailed synthesis parameters where described in our earlier
work.” These particles were dispersed in water with sodium
carboxymethyl cellulose (CMC, Sigma Aldrich) and conduc-
tive carbon black (Super P 99+% Alfa Aesar) with 80 wt%
active material, 10 wt% binder and 10 wt% carbon. The
slurry was drop-casted on punched (1.2 cm diameter) cupper
foil (2 mg active material) and dried in an oven at 75 °C for 5
hours. The electrodes were stored in a nitrogen glovebox with
water and oxygen vapor contents below 10 ppm.

Electrical measurements were performed in lab-scale
Swagelok cells with two-electrode configurations. Metallic
lithium foil (Alfa Aesar, 0.75 mm thick, 99.9%) was used as a
counter (D = 12 mm) electrode. Battery grade 1 M LiPFs EC/
DMC 50:50 (v/v) solution (Sigma Aldrich) was used as
electrolyte. All cells were assembled in an argon filled
glovebox.

Charge/discharge cycling was performed on a Keithley
SourceMeter 2600 Unit. The cycling procedure for all the Sn-
anodes consisted of constant-current-constant-voltage steps
(10 times), starting with constant current step (0.1 mA cm ).
The operating potential range was set between 2 V and 0.005
V versus Li/Li". At every cut-off potential the voltage was set
constant for 30 min. All experiments were carried out at room
temperature.

XRD measurements on the Sn electrodes were performed
before and after cycling using a PANalytical X'Pert Pro diffrac-
tometer operating with CuKa radiation in Bragg-Brentano 6-
26-geometry, using a goniometer with 240 mm radius and an
automatic divergence slit. A standard reference material
(660b Lag) from the National Institute of Standards and Tech-
nology (NIST) was used to refine the instrumental line broad-
ening parameters. Peak parameters (position, intensity, inte-
gral breath) were collected by fitting two (Ko, and Kay)
pseudo Voigt functions on all reflections from the pattern,
using the High Score Plus (3.0.5.) software. All nanoparticle
electrodes were deposited on low background silicon sample
holders and sealed under Kapton foil to prevent oxidation.

Temperature dependent XRD measurements were carried
out in an argon-flowed heating chamber (HTK1200N/Anton
Paar) using an Al,O; sample holder, a Kanthal APM (72.2%
Fe, 22% Cr, 5.8% Al) heating element and a Pt-10%Rh-Pt sen-
sor (type S) thermocouple. The temperature was stabilized at
each measurement (accuracy + 2 °C) for 15 min. XRD Theta-
2Theta scans were collected every 10° starting at room tem-
perature with measurement duration of 60 min for each scan.

Transmission electron microscopy (TEM) measurements
were carried out using a Zeiss EM 902A microscope with an
acceleration voltage of 80 kV. TEM samples were prepared by
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drop casting diluted solution of nanoparticles on Formvar
coated Cu TEM grids (Plano).

Results and discussion
Peak broadening and crystallite size

The crystal structure of all nanoparticle anodes samples was
investigated with XRD before and after cycling. Charge/dis-
charge curves and cycle versus capacity graphs are added into
the ESL.t The XRD measurements of the cycled electrodes can
be seen in Fig. 1.

All nanoparticle samples show discrete reflections from
the tetragonal -Sn phase and two sharp reflections from the
copper foil. The B-Sn reflections broaden toward smaller crys-
tallite sizes. Electrodes with particles sizes from 23 nm to 15
nm show additionally broader reflections at 24°, 39° and 47°,
which can be attributed to the cubic a-Sn structure. Their rel-
ative intensity (compared to the signals originating from
B-Sn) increases for decreasing size of the particles.

We used the standard Williamson-Hall (W.-H.) analysis
to determine the size of the crystallites and the strain of the
nanoparticles. This analysis presupposes that the line broad-
ening B depends on the size of the crystalline domain L (eqn
(1)) and the inhomogeneous strain ¢ (eqn (2)):

KA
b= Lcos(6) (1)
B. = 4¢tan(6) (2)

K is the Scherrer constant (for Sn 1.07)>*> and 6 the angle
from the 26-scan. The total broadening is the sum of eqn (1)
and (2).
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Fig. 1 XRD measurements of different sized Sn nanoparticle
electrodes on copper foil after 10 cycles in a lithium-ion cell. The
phases, giving rise to the observed reflections, are indicated.

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ce00148j

Open Access Article. Published on 18 March 2015. Downloaded on 12/5/2025 1:53:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

KA

B R
Lcos(0)

tot

=B, +B =4stan(6)+
. ®)
B, cos(0)=4esin(0)+ KT

By transformation of eqn (3) we get an expression, which
allows us to separate the influence of the size of the crystal-
lite L and the strain ¢ by measuring the profile broadening as
a function of 6.

Fig. 2a shows the XRD pattern of the 15 nm sized Sn
nanoparticle electrode, before and after cycling in a lithium-
ion cell, the corresponding Williamson-Hall plot of the pat-
tern is shown in Fig. 2b. A linear fit determines the size of
the crystallites L (intercept) and the inhomogeneous strain ¢
(slope) of the crystallites. The reflections from the o-Sn struc-
ture are broader than the ones from the B-Sn phase. Before
cycling, the Williamson-Hall analysis delivers 11(2) nm for
the B-Sn crystals. After cycling, this analysis delivers 17(6) nm
for the B-Sn structure and 8(1) nm for the new a-Sn structure.

B B-Sn (03-065-7657)
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Fig. 2 a) XRD pattern of a 15 nm sized Sn nanoparticle electrode
before and after cycling in a lithium-ion cell b) corresponding Williamson-Hall
analysis of the integral peak width from Fig. 2a. The size of the B-Sn
crystals from this analysis before cycling is 11(2) nm. After 10 cycles in
the lithium-ion cell, the size of the B-Sn crystals increases to 17(6) nm.
Reflections from a-Sn have a crystallite size of 8(1) nm.
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Therefore, we assume that the smallest particles of the
particle-distribution were transformed into the o-structure
while the larger particles of this distribution retain the
B-structure. The strain (slope) of the crystallites is small in all
Williamson-Hall plots and was therefore not considered
further.

Quantitative analysis

In powder XRD patterns, there is a linear dependency
between the peak intensity ratio I,/I3 and the weight ratio
wofwg (eqn (4).%

I& —
- X (4)

Won
p "
X is a constant and can be calculated (eqn (5)) from the rela-

tive intensity ratio (RIR) values, which are listed in the litera-
ture (ICDD Database).

_RIR, ;
RIR, (5)

For a-Sn (01-071-4637) this value is 16.65 and for B-Sn (03-
065-7657) 10.88. The proportionality constant X is therefore
1.53. With eqn (4) and the ratio of the integrated intensities,
we calculated the weight ratio of o-/f-Sn for all nanoparticle
electrodes, which show reflections from a-Sn structure.
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Fig. 3 a) Volume weighted size-histogram of a nanoparticle sample with
a volume weighted mean diameter of 15 nm b) corresponding TEM image.
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Fig. 3 shows the volume weighted size histogram together
with the cumulative sum and the corresponding TEM image
of the 15 nm particle sample.

The size histograms were determined by measuring one
hundred particles from the as synthesized samples. With eqn
(4) and the XRD measurement, we calculated the amount
(Wt%) of o-Sn structure in this sample to be 50%. Assuming
that only the smallest particles in this distribution were
transformed into a-Sn structure, we can determine a critical
size for the transformation. Therefore, the cumulative sum at
50% delivers a critical particle size of 14(3) nm. That means,
for this particle distribution, particles smaller 14 nm are
transformed in the o-structure and particles larger than 14
nm remain in the f-structure.

We determined this critical size for all Sn electrodes with
o-Sn structure content. Fig. 4 shows the amount of a-Sn with
respect to the volume weighted particle size D, ;. The inset of
Fig. 4 shows the calculated critical size for the B- to
o-transformation for all four nanoparticle samples, which
show a-Sn reflections.

The mean critical size for the transformation from B- to
a-structure is 17(4) nm. All measured and calculated parame-
ters were summarized in Table 1.

Because all the samples were kept at room temperature,
the presence of o-Sn in the nanoparticle electrodes is not
expected.

Generally, the formation of a-Sn is a slow process, starting
below 13.2 °C. The transformation from o-Sn back to B-Sn
usually occurs at 32 °C. Metastability and hysteresis with
respect to temperature and pressure are the result of the
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Fig. 4 Plot of the size of the particles versus the amount of «-Sn
formed during lithium insertion/extraction. The inset shows the critical
sizes for the B-a-transformation (calculated from the four samples
which show «-Sn reflections). The assumption that only the smallest
particles were transformed in the a-Sn structure is supported by differ-
ent observations. First, a-Sn is only present in nanoparticle samples
with mean particles sizes smaller or equal to 23 nm. Secondly, the
Williamson-Hall analysis of the XRD peak broadening indicates, a
change in the size distribution of the nanocrystals after lithium inser-
tion/extraction. Compared with the original size of the crystallites
before lithium insertion/extraction, B-Sn crystals are larger after the
cycling procedure, while the new a-Sn crystals are always smaller than
the original B-Sn crystals. These phenomena can be observed in all
nanoparticle samples which show o-Sn reflections.
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small difference in chemical free energy between the a- and
B phases (at absolute zero temperature 0.022 eV per atom).>’
Nanoparticles can adopt a new structure in order to lower the
total energy.® The dependency of the enthalpy with particle
size was successfully calculated for Al,O;°® and TiO,."
However, phase transformation can be induced by defects
and pressure as well.” Therefore, for the Sn/SnO, core/shell
nanoparticles in this study, the complex interactions between
surface energy, Li impurities and shell material makes an
additional theoretical interpretation of these findings
difficult.

Temperature-dependence of the a-Sn structure

Temperature dependent XRD measurements were performed
to determine the stability of the a-phase. Fig. 5b shows a clip-
ping of the XRD pattern in the 2Theta range between 22° and
420,

The temperature was increased in 10 °C steps per hour.
Surprisingly, reflections originating from the o-phase can be
found in the diffraction patterns measured at temperatures
up to 220 °C. That is 10 °C above the melting point of the
B-Sn nanoparticles. The melting point of nanoparticles is a
function of their size and decreases towards smaller
diameters.>*

Considering the bulk phase diagram of pure tin, we would
not expect such stability of the a-phase and its direct transi-
tion to the liquid phase.

Some reports in literature claim that small amounts of
impurity metals can either stabilize the - or the a-phase. For
example small amounts (0.6 wt%) of Si raise the o- to
B-transformation point to 90 °C.>*> Fyhn et al. reported, that
small (13-21 nm) and stable precipitates of o-Sn with a melt-
ing point of 200 °C were formed in a silicon matrix."’

One explanation for the stability of the o-phase in
electrodes composed of Sn nanoparticles could be the stabili-
zation by lithium impurities. Furthermore, a cubic Li,O shell,
which is probably formed during the first lithiation®® could
act as a stabilizing matrix. The phase diagram of nano-
particles differs from that of the bulk material. Therefore,
phase transitions and alloy formation at the nano-scale can-
not be predicted based on standard phase diagrams. The
larger surface to volume ratio for smaller particles could be
an explanation for the presence of a critical transformation
size. Because of the substantial contribution of the surface
energy, nano-scale alloys form easily, even for materials com-
binations that are immiscible in the bulk, if the diameter of
the particles is small, while phase segregation is observed for
larger sizes.””””® Thus, we expect the incorporation of lithium
impurities into Sn nanoparticles only up to a critical size,
above which phase segregation occurs, which explains the
observed behavior.

Conclusions

In conclusion, Sn nanoparticles can be transformed from the
metallic B-structure to the semiconducting a-structure after

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summarized data for all investigated nanoparticle samples

Particle size from Quantitative analysis Critical size for 3 to a W.-H. analysis (as W.-H. analysis

TEM from XRD transformation prepared) (after 10 cycles)
wafSnb wB*SnC DafSnf DB*Sng
D,;* (nm) (%) (%) Deric? (nm) Dg.sn® (nm) (nm) (nm)
15.1 50(13) 50(13) 14(3) 11(2) 8(1) 17(6)
18.6 10(4) 90(4) 14(10) 14(2) 10(3) 22(3)
19.2 23(9) 77(9) 17(3) 16(5) 10(4) 18(3)
23.3 20(10) 80(10) 21(2) 21(4) 13(4) 23(2)
32.3 0 100 — 25(4) — 26(4)
48.4 0 100 — 42(3) — 45(3)
83.8 0 100 — 73(10) — 53(4)
d4

“ D, 3 denotes the volume-weighted mean particle diameter calculated on the basis of the TEM measurements according to D, ; = ?
% Ww,.sn denotes the amount of o-Sn in the sample. © wy.g, denotes the amount of B-Sn in the sample. 4 Deic denotes the critical size for the o/B-
transformation. ° Dy, denotes the size of the crystallite of B-Sn determined by XRD Williamson-Hall analysis. J Dq.sn denotes the size of the
crystallite of a-Sn determined by XRD Williamson-Hall analysis after lithium insertion/extraction. ¢ Dy.s, denotes the size of the crystallite of

B-Sn determined by XRD Williamson-Hall analysis after lithium insertion/extraction.
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Fig. 5 a) XRD pattern of a 15 nm sample, consisting of 50 wt% «-Sn b) clipping of temperature depending XRD measurement. Small reflections at
33° and 35° 2Theta originate from the sample holder inside of the heating chamber.

lithium insertion and extraction. The critical size for this
transformation is 17(4) nm. Temperature dependent XRD
measurements on this phase yield a melting point of 220 °C.
This phase transition from the a-phase to the liquid phase is
not expected from the bulk phase diagram of pure tin. One
explanation for this behavior could be small amounts of lith-
ium impurities, which are stabilizing the o-phase. Also the
Li,O shell, which is formed during the first lithiation, could
stabilize this phase (matrix-stabilization). Nevertheless, the
larger surface to volume ratio with the substantial contribu-
tion of the surface energy can cause formation of alloys,
which differ from that observed in the bulk materials.

Most likely, the internal electrical resistance of the
electrode will increase, after a metal to semiconductor trans-
formation. Nevertheless, smaller nanoparticle electrodes are
showing the best cycling stabilities. Suitable tin alloys might

This journal is © The Royal Society of Chemistry 2015

prevent this phase transformation and should therefore be
able to generate a high cycling stability in combination with
a low electrical resistance. How these effects are affecting the
electrochemical performance of a tin nanoparticle anode
needs to be investigated in future works.
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