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Anisotropic Volume Expansion and Ultrafast Lithiation of Si Nanowires
Revealed by In-Situ Transmission Electron Microscopy

l. Introduction & Method lll. Phase Transformation from Si to Li,;Si, during Lithiation
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was consistent in our in situ experiments conducted at room temperature, for various samples and conditions (Fig. 5). e ea—— charging the first two cycles. (a-
In situ transmission electron microscopy (TEM) enables real-time observations of microstructural evolution of the D=170mm e . . e 2nd discharging ' ?n)]agl'ezw S?fﬁ;'gcat{ﬂg
electrode materials during battery operation, providing important insight about the electrochemical reactions T, g ' . ‘ overall morphology
[Huang, et al., Science, 330, 1515 (2010); Chiang, Science 330, 1485 (2010)]. We have constructed two types of nano-batteries Ll G R (. @0 " changes. (f) Morphology
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Fig. 1. Experimental setup. The solid cell consisted of a Si nanowire el NN o1
electrode, a solid-state Li,O electrolyte, and a Li metal electrode, i NP gy 220 _ o . - - SR : ;
while the liquid cell used an ionic liquid electrolyte (ILE) and a bulk TN N o from Si to Li;sSi,. (a-b) Pristine Initial C-coated 1 discharging 2™ charging 2™ discharging
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orermatve LiCoO, cathode. The growth substrate for the Si nanowires, i.e., the wne  Single-crystalline Si-nanowire.

Si wafer, was cleaved and glued to an Al rod with conducting epoxy, g | (c) Half -~ of the nanowire Statistics of many nanowires showed a clear link between the conductivity and the lithiation speed (Fig. 9). The

e . L : . immersed in the ionic liquid ) ) : : : . :
which insured good electrical contact between individual Si nanowires q carbon coating and phosphorus doping each resulted in a 2 to 3 orders of magnitude increase in electrical

- - electrolyte. (d-e) Fully lithiated - _ _ ) _ ) ) _
spigftgi? :i;l)lj)sAllj:gccjilumg lt_hlfaoslaarzzlr;c?rrar?;?ecr)grtgc?elélsmetal nascue o nanowire before (c) and after conductivity of the nanowires that, in turn, resulted in a 1 order of magnitude increase in charging rate.

being pulled out (d). (f) Electron
diffraction patterns (EDPs) from It is worth noting that the existence of the carbon coating may also influence the lithiation kinetics, solid-

: : : : : : T SRR .. | = N | a. e different sites showing the same electrolyte-interface (SEl) formation, etc., as evidenced by the big chunk materials formed (Fig. 8f) in contrast to
Il. Anisotropic Swelling of Si Nanowires during Lithiation . DT AR -EY VNEE . N\ B CLySta"i”e S'Li15|SE[4d |5(([:)-||5i15f8i4) the clean surface of the P-doped nanowire (Fig. 5e). These observed effects guarantee further mechanistic
When lithiated, instant volume expansion was seen (Fig. 2). When tilted, a lithiated Si nanowire showed different B Wl . ™ TR O . _a Eh?ga (9) Simulate ore studies for a deeper understanding of the electrochemical reactions on the atomic scale.

thicknesses at different angles, often with a crack in the center (Fig. 3), indicating anisotropic radial swelling.
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intrinsic WMP-doped MC-coated  WC-coated & P-doped In a real battery, the electrode
Li,O / Li The growth direction of the pristine Si nanowires was FERCRE _ ) : : 10— T 7T T1° *¢C 1" ' ' material is immersed in the
0s <112> of the cubic diamond structure. Crystallographic IV. Ultrafast Lithiation of Phosphorous Doped and Carbon-Coated Si Nanowires electrolyte and the lithium

analyses based on electron diffraction showed that S _ _ _ . _ _ 102 insertion route is  short.
larger swelling occurred along the <110> directions Intrinsic Si is a semiconductor with low electrical conductivity. In real batteries, conducting agents are usually added to Consider the P-doped and C-

than along <111>. improve the rate and overall performance. We compared the lithiation speeds of four different types of Si nanowires, i.e.,
This anisotropic swelling was constantly observed in (1) intrinsic (Fig. 6); (2) phosphorous-doped (P-doped, Fig. 5); (3) carbon-coated (C-coated, Fig. 8); and (4) P-doped and 101

various samples (e.g., nanowire or nanoparticle) and C-coated (Fig. 7).
under various conditions (e.g., in a solid cell or liquid
cell, Fig. 4) believed to be intrinsic to the Li-Si alloying
process.

coated Si nanowire in Fig. 7, if
immersed in electrolyte and
with the same high lithiation
speed of 213 nm/s, it takes only
0.343 s to fully lithiation the
nanowire, corresponding to the
record high C rate (Fig. 10).
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<« Fig. 6. Slow lithiation of
an intrinsic Si nanowire. The
average migration speed of the
reaction front (marked by the
red arrows) was 1.7 nm/s. ; ) 102

10"

Rate (nm/s)

Conductivity (S/m)

in flooded electrolyte

* 10° - 213 nm/s . .
% = .ff ‘I' g
: | | 5 =
> Fig. 7. Ultrafast ] Y 3
| > | ¥

lithiation of an intrinsic Si | 12 15 18 21 24 27 30 _ 0.343 s _
nanowire. The average ‘ Nanowire S 37600 Alg (10500C) ~ LitsSis
migration speed of the -

reaction front (marked by Fig. 9. Statistics of the lithiation speed and conductivity of the four types of Fig. 10. Record-high charging rate could be

Fig. 2. Instant volume expansion during lithiation of a Si Fig. 3. Tilted images showing different thicknesses viewed at different - S - the red arrows) was 213 : Si nanowires. achieved in a flooding geometry for Si
nanowire. The red arrows mark the reaction fronts. angles. The radial swelling was anisotropic and there as a crack in the £ il BN e nm/s. nanowires.
center.
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V. Conclusions

ot cel d o In summary, we conducted in situ electrochemical lithiation tests of Si nanowires and got the following results:

o _ _ _ . (1) The swelling of Si crystals during lithiation is highly anisotropic and the preferential swelling directions are

Table 1 compares the lithiation behavior of the four types of Si nanowires. 3 : <110>;

' | - At fast lithiation speeds, nanowires was twisting during the charging (2) A crack may form in the center of a <112>-oriented Si nanowire after lithiation due to the anisotropic swelling;

| \ | | process (Fig. 7), but neither cracks were seen nor the integrity of the (3) Carbon-coating and phosphorous-doping can enhance the charging rate of Si nanowires by one order of

BN ¢ | d 1B = nanowires was degraded. . magnitude in the first cycle; A record-high charging rate was achieved by combining carbon-coating and P-
doping.

(4) Li,sSiy is the fully lithiated phase for Si at room temperature, corresponding to a capacity of 3579 mAh/g.
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Fig. 4. Anisotropic swelling of Table 1. Comparison of lithiation behavior of four types of Si nanowires.

: - Si nanowires during lithiation.
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