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A
lthough batteries are inherently sim-
ple in concept, surprisingly, their de-
velopment has progressed much

slower than other areas of electronics.1 This
slow progress is due to the lack of suitable
electrode materials and electrolytes, to-
gether with difficulties in mastering the
interfaces between them. Traditional lithium-
ion batteries employ carbonaceous anodes
with a capacity of 372 mAhg�1. To obtain
substantial improvement in the specific capa-
city of Li-ion cells, it is essential to replace
carbonaceous anodes with those of greater
capacity.
An attractive candidate to replace carbo-

naceous anodes is silicon, which has the
highest theoretical capacity, in excess of
4000 mAhg�1 and low discharge potential
upon intercalation of 4.4 Li atoms per Si
atoms.2�4 The fundamental reason behind
such high capacity is that in silicon anodes
each Si atom can accommodate up to 4.4 Li
atoms (Li22Si5),

2 while in graphite, each
carbon atom can accommodate 1/6 Li atom
(LiC6). A major drawback with silicon is that,
upon driving Li into Si, a volume expans-
ion of∼300%5,6 to 400%7 occurs due to the
formation of various phases such as Li12Si7,
Li7Si3, Li13Si4, and Li22Si5.

8 This leads to
induced mechanical stresses large enough
to fracture and pulverize Si into powder
after the first few cycles of charging/dischar-
ging and eventually loss of electrical contact
and capacity fade during cycling.4,9

Recently, Chan et al.7 studied the struc-
tural stability of Si nanowires (NW) under
the lithiation/delithiation process. Despite
the high capacity at the first cycle (∼4277
mAhg�1), the Si NW anodes showed an
irreversible capacity loss (∼1300 mAhg�1)
in the first charge�discharge cycle. Sev-
eral scenarios may have happened, includ-
ing the formation of the solid electrolyte

interface (SEI) and loss of active material,
the difficulty in decomposition of Li�Si
phases that form during the first charging
process, and the exfoliation of the active
material (LixSi) from the electrode due to
the large volume expansion caused by the
alloying of Li with Si.
In theory, the one-dimensional morphol-

ogy of the Si NWs was expected to improve
the capacity retention of anodes due to
better accommodation with lateral strains
generated due to Li intercalation in the
NWs. However, it is now widely known that
the Si NWs have poor cyclability retention
due to the fracture and pulverization of Si
NWs.4 The fracture of nanosized Si wires
contradicts the previous studies that have
suggested a materials-dependent terminal
particle size below which particles do not
fracture further.10,11

To better understand the lithiation/
delithiation process in nanostructured ma-
terials, in situ studies of electrochemical
reactions inside high-resolution electron
microscopes have been proposed. Wang
et al.12 built a miniature prototype battery
using LiCoO2 as the cathode, SnO2 nanowire
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ABSTRACT In situ electrochemical lithiation and delithiation processes inside a nanobattery

consisting of an individual amorphous Si nanorod and ionic liquid were explored. Direct formation of

the crystalline Li22Si5 phase due to the intercalation of Li ions was observed. In addition, the role of

the electrolyte�nanorod interface was examined. It was observed that the lithiation of Si nanorods

is dominated by surface diffusion. Upon the delithiation process, partial decomposition of Li22Si5
particles was observed which can explain the irreversible capacity loss that is generally seen in Si

anodes. This study shows that the radial straining due to lithiation does not cause cracking in

nanorods as small in diameter as 26 nm, whereas cracks were observed during the lithiation of

55 nm Si nanorods.
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as the anode, and an ionic liquid based as the electro-
lyte to study the interface of Li-ion batteries inside a
transmission electron microscope (TEM). Their obser-
vation provided direct imaging of the conversion of
SnO2 to LixSny and LizO during the charging cycle.
However, due to lack of detailed study, the reaction(s)
during the lithiation process, aswell as the formation of
phase(s), was not discussed. Briazer et al.13 reported
the first ex situ TEMobservation of the cross section of a
nanobattery made by stacking layers of anode and
cathode to study the interface behavior, all in the solid
state. Their observation indicates a rapid deterioration
of the interface upon cycling due to chemical elements
immigrating between the stacked layers. Recently,
Huang et al.14 reported the real time formation of the
“Medusa zone”, containing a high density of mobile
dislocations during the lithiation of SnO2 nanowires.
The formation of this zone induced large mechanical
distortion and, consequently, degradation in structural
properties.
Amorphous and crystalline Si have a similar specific

capacity to store Liþ; however, studies15�17 have
shown that homogeneous volume expansion in amor-
phous Si causes less pulverization and better cycling
performance. Very recently, Huang et al.18,19 reported
the anisotropic swelling as a result of lithiation of
crystalline Si NWs using in situ techniques. Formation
of a dumbbell-shaped cross section led to formation
of a crack in the middle of the NW along its axis. One

expects that, since there is no long-range order in the
amorphous structure or preferred diffusion path, the
diffusion of the same amount of Li can occur more
uniformly. Here, we investigated the lithiation of in-
dividual amorphous Si nanorods using an in situ elec-
trochemical setup inside the TEM technique. Two
different diffusion paths, longitudinal and radial, were
examined, and the formation of LixSi phases was
confirmed by diffraction pattern studies that agree
with our ex situ lithiation results.

RESULTS

Selective Lithiation of Si NRs. Figure 1a depicts the
in situ lithiation setup where a drop of IL is placed on
the STM tip and individual Si NRs are placed on the
gold wire. Then by the help of piezo-driven stage, the
gold wire is moved toward the STM tip until an
individual Si NR is in contact with the IL (Figure 1a).
The applied bias voltage, in range of 3�4 V, introduces
surface tension to the IL stream on the NR, which
causes Plateau�Rayleigh instability phenomenon20

and breaks the stream into droplets, as shown in
Figure 1b.

Figure 2 shows still images of an in situ video
showing the effect of lithiation on the geometrical
structure of Si nanorods. The yellow arrows indicate
themain diffusion path for Liþ into theNR, as that is the
contact point between the NR and ILs. The red arrows
in Figure 2 indicate the preferential locations where
significant volume strainingwas observed. In Figure 2a,
the ionic liquids containing Li ions are located on the
far left side of the image, and the Si NR was brought
into contact with ILs. In less than 2 s, the first changes
were observed on the tip of NR (location 1) and an area
very close to the tip (location 2), as shown by the red
arrows. These areas of the NR continued to grow and
became larger in size; however, their growth was al-
most stopped after 14 s and another area (location 3)
started to expand in volume (Figure 2c). This location of
the nanorod continued to grow, as shown by the red
arrows in Figure 2c�f. Also, the radial straining is
marked on Figure 2a,f and measured to be almost
10%. The volume expansion in Si during lithiation is
due to the formation of LixSi phases.

2,7,14

Overall, two important observations can be made
here. First, the lithiation process does not start only at
the contact point where the IL and NR meet. The
process rather starts at selective areas close to the
surface of the NR. This is somewhat in contrast with the
recent observation of the lithiation process in crystal-
line SnO2 nanowires where the lithiation process was
propagated into the nanowire from the interface.14 In
principle, due to surface coverage of ionic liquids on
the nanorod, the surface diffusion, which has lower
activation energy compared to that of bulk, can be a
faster path for the Li ions to be transferred to the

Figure 1. (a) Schematic of STM holder experimental setup.
As the STM tip is positively biased, IL flows on the nanorods
and Li ions diffuse into nanorods. (b) Low-magnification
image during the lithiation experiment. The arrow indicates
a droplet as the IL flows on the Si NR (the other arrow) from
the STM side to the gold wire.

Figure 2. Snapshot series of lithiation process represents
the swelling or radial straining at selective locations
(indicated with red arrows) of a Si NR.
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nanorods. In this scenario, the Li ions will face larger
barrier energy to diffuse into bulk Si in comparison to
the surface channels.21,22 It is shown by Gai et al.23 that,
due to the reduced energy barriers in nanomaterials,
formation of the Li12Si7 phase takes place at lower
temperature and applied voltage compared to that of
the bulk Si structure.

Second, there is selectiveness to the lithiation loca-
tions within the nanorod. Initially, locations 1 and 2
became lithiated and then location 3 grew. While it is
unclear why the lithiation is localized in particular
areas, speculations can be made on the presence of
structural disorder within the Si nanorods. The switch-
ing from locations 1 or 2 to location 3 can be explained
by the fact that, upon lithiation and associated nano-
scale crack formation during volume straining, the
diffusion path for Li ions will be disconnected. The
interruption in Li channels will result in the stoppage of
volume growth and consequently the lithiation of
other locations.

In order to identify if the observed structural fea-
tures are due to the insertion of lithium into the NR, a
number of experimentswere conductedwith the same
IL but with no lithium content. Figure 3a shows an
amorphous Si NR that is in contact with the IL. It can be
seen that, after 60 min of being in contact with ILs with
no Li content (Figure 3e), no detectable deformation
and/or phase formation was observed. The diffraction
pattern shown in the insets of Figure 3a,e also indicates
that the structure of the Si NR remained amorphous
after 60 min. Therefore, the formations of particles
observed in Figure 2 are due to the diffusion of the Li
into the Si NR and consequently the formation of LixSi
phases.

In Situ/Ex Situ Phase Transformation during Lithiation. In
order to understand if the phase transformations
observed during the lithiation of Si NRs were assisted
by the electron beam radiation, the structure of the
in situ lithiated nanorods was compared with the ones
lithiated ex situ. The ex situ experiments were con-
ducted in a half-cell where a beaker cell of Li-ion

battery was constructed in a VAC (vacuum atmosphere
cooperation) glovebox filled with argon gas. Both the
Si NR array sample and a Li foil (Aldrich) were inserted
in the cell as the anode and cathode. The 1 M LiPF6 in
PC/DMC (propylene carbonate and dimethyl carbonate)
was used as the electrolyte. Princeton Applied Physics'
VersaSTAT-3 was used for the measurement of electro-
chemical properties of the anodes. The galvanic charge�
discharge was carried out at 700 mA/g from 0.01
to 3.00 V.

Figure 4 compares the high-resolution TEM images
and diffraction patterns of an in situ lithiated nanorod
and an ex situ lithiated nanorod. In Figure 4a,b, the
bright-field TEM images of in situ and ex situ lithiated
nanorods are shown in lowmagnifications. Both nano-
rods have similar distribution of dark contrast particles.
These particles formed during the charging cycle and
are expected to be various forms of LixSi phases.
Interestingly, these particles are crystalline, which
means that amorphous Si transforms to crystalline LixSi
during lithiation. Figure 4c,d shows HRTEM images of
the Li22Si5 particles. The d spacing was measured to be
0.34 nm in the in situ lithiated sample, which is in good
agreement with that of the ex situ lithiated samples
and other reported results.24 Due to the crystallinity of
these phases and associated strain energy of their
formation, one expects these particles to be darker in
comparison to the surrounding amorphousmatrix. The
analysis of the diffraction patterns shown in the
Figures 4e,f indicates that these LixSi particles are in

Figure 3. Amorphous Si NR in contact with the IL that has
no Li content at (a) 0 min, (b) 10 min, (c) 20 min, (d) 30 min,
(e) 60 min. Insets in (a) and (e) show the diffraction pattern
of the Si NR initially and after 1 h of experiment.

Figure 4. (a) In situ charged Si NR contains several particles
of Li22Si5 phase marked by white arrows. Similar particle
morphologywas observed in the ex situ fully charged Si NRs
as shown in (b). (c,d) HRTEM images of the Li22Si5 particles
indicating the crystalline nature of the lithiated phase. The d
spacing as shown in (d) measured to be 0.34 nm. (e,f)
Electron diffraction patterns of the lithiated NRs in in situ
and ex situ experiments, respectively.
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fact Li22Si5 phases. This study indicates that the in situ

lithiation experiments in TEM are in complete agree-
ment with the ex situ charging tests, and therefore, the
electron-beam-assistedmodification of Li-ion diffusion
can be ruled out. In addition, one should note that the
phase identification in this study has been mainly
based on HRTEM and diffraction analysis. In future
research, it will be interesting to study the possibility
for the existence of any LixSi amorphous phases using
electron energy loss spectroscopy (EELS).

According to the Li�Si phase diagram,25 various
forms of Li�Si alloys can form including LiSi, Li12Si7,
and Li22Si5. One expects the formation of a series of the
LixSiy phases as the concentration of Li increases in the
Si structure. However, in this study, we only observed
the direct formation of the Li22Si5 phase inside the
amorphous Si. This is in contrast with the X-ray diffrac-
tion (XRD) results of Obrovac et al.26 and Hatchard
et al.,27 where Li15Si4 was identified to be the fully
lithiated phase during the lithiation of Si at room
temperature.

This apparent discrepancy can be explained from
both thermodynamic and kinetic points of view. The
standard Gibbs free energy for Li22Si5 is calculated to
be �273 kcal/mol as opposed to that of Li12Si7 which
is �199 kcal/mol.28 Hence, from the thermodynamic
point of view, the direct formation of crystalline Li22Si5
is expected to be more favorable than amorphous
silicon. One should also note that the structure of Si
nanorods is amorphous, meaning that no long-range
order in atomic arrangements exists. This disordering
in the structure of amorphous Si can act as diffusion

channels for the Li ions to transport faster the crystal-
line Si.29 Therefore, from the kinetic point of view, there
is higher tendency to form the fully lithiated (and the
most stable) form of Li�Si alloy. Measurements by
Wilkening et al.29 also indicated that activation energy
of amorphous LiNbO3 is less than 1/3 of the micro-
crystalline one. Therefore, diffusivity of elements such
as Li in amorphous structures is much higher than that
of the nanocrystal andmicrocrystal ones. The last point
is that the results from both Obrovac et al.26 and
Hatchard et al.27 showed that there was a critical
thickness of 2 μm above which the crystalline Li15Si4
could form. In the case of NRs, since the diffusion path
for the Li atoms is significantly lower than that of the
above-mentioned thick layers of a-Si, each Si atom can
be surrounded by higher number of Li, resulting in the
formation of Li22Si5. Experimental results from another
group also confirmed the formation of Li22Si5 phase,
and 4200 mAhg�1 storage capacity was reported.7

Effect of Contact Area in Ionic Liquid�Nanorod Interfaces.
Figure 5 depicts the in situ lithiation process for the two
different cases where Si NRs and ILs are in contact with
each other. In Figure 5a, the tip of a Si NR is in contact
with IL (the Liþ path is shown schematically), and the
lithiated Si NR is shown in Figure 5b. As discussed
before, the formation of Li22Si5 phases was observed
(marked by arrows). The overall radial straining of this
NR was measured to be ∼10%. Figure 5c shows an
individual NR where the sides of the NR are in contact
with IL. In order to better show the structural changes,
three TEM images were overlaid. The sides of the NR (1)
are in contact with IL, and the NR (2) and NR (3) were

Figure 5. (a) Individual Si NR that is in contactwith the IL before lithiation. The Li-ion diffusion is along the axis of the nanorod.
Image in (b) shows the NR after lithiation process with straining of ∼10% in diameter. (c) Individual Si NR in contact with IL
from the side surface. The thickness of the NR was measured to be 26 nm before the lithiation and high-resolution image
(inset) shows the amorphous structure of NR before lithiation. (d) After the lithiation process, the diameter of NR expanded to
70 nm. Inset shows a high-resolution image of Li22Si5 particles formed as a result of lithiation.
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used to designate the region where the radial straining
was observed (Figure 5c). The initial diameter of NR (1)
was measured to be ∼26 nm, and its amorphous
structure is shown in the inset of Figure 6c. Similar to
the case in Figure 5b, the formation of Li22Si5 phase
was observed as indicated by arrows in the inset of
Figure 5d. The NR (1) expanded from 26 to 70 nm as a
result of Li insertion that can be estimated to be close
to 270% straining in a radial direction. Note, our
intention is mainly to capture the swelling of the NRs
rather than the total volume straining. Therefore, we
did not keep track of the longitudinal straining of the
NRs as they perhaps elongate into the ILs.

Inside a conventional Li-ion battery, anodes and
cathodes are actually immersed into the electrolyte.
However, in the case where only the tip of NRs was in
contact with the ILs (Figure 6a), the regions of the NR
close to the IL source were exposed to a higher Li

density compared to the areas away from the NR. This
can also explain why the majority of lithiation activities
in Figure 2 were observed in areas close to ILs. In the
case where the side of Si NRs is immersed into ILs
(Figure 6b), Li ions have a larger surface area to diffuse
into the NR. Therefore, one expects the NR to expand
more in order to accommodate the volumetric strains.
Therefore, increasing the surface area with an electro-
lyte in Si NRs in ILs can better mimic the real condition
of battery charging.

In Situ Delithiation Process. By reversing the applied
bias on the lithiated NR, the discharging process can be
studied. A nanorod was lithiated inside TEM, as shown
in Figure 7I-a�I-c, and 15% straining in diameter was
measured. By comparing Figure 7II-a�II-c, one can see
that the density of small particles was increased as a
result of decomposition of larger particles upon de-
lithiation. Also, the in situ delithiated NRs show 10%
shrinkage in overall diameter as a result of Li deinter-
calation. The shrinkage in diameter is due to the
decomposition of Li22Si5 to the structures with smaller
unit cell volume (for instance Li12Si7 in ref 30) or full
extraction of Li ions from Li22Si5 phase. In fact, the
white arrows in Figure 7II-a and II-c point out a particle
that is completely vanished during delithiation. In addi-
tion, in comparison to the initial diameter (Figure 7I-a),
the delithiated NR (Figure 7II-c) has a larger diameter by
5%. This residual straining means that some of the Li
ions that intercalated into Si did not leave the Si struc-
ture upon delithiation. This conclusion also explains the
irreversible capacity loss that has been observed in Si
structures.4,7

Figure 6. Schematics of two cases of interactions at
IL�NR interfaces are shown. Schematic (a) illustrates the
case where IL is in contact with the tip of a Si NR. Schematic
(b) represents a case where the sides of NR are dipped
into the IL.

Figure 7. (I-a�I-c) In situ lithiation of an individual Si nanorod. Images on (I-b) and (I-c) represent the formation of Li22Si5 after
20 and 30 min, respectively. The arrow in image I-c indicates a crack formed on the surface of Si NR during lithiation process.
(II-a�II-c) Delithiation process is shown. The white arrow in image II-a points to a Li22Si5 particle that disappears during the
delithiation process, as shown in II-b and II-c. In addition, a crack closure can be seen by comparing the images II-a and II-c and
tracking the black arrow.
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It is generally speculated that the reduction of size
in silicon to nanometer range should improve its
fracture toughness during lithiation.10,31,32 However,
mechanical failure in the form of crack formation was
observed in our lithiated NRs. This means that the
induced mechanical stresses due to lithiation can be
large enough to initiate cracks and eventually to
pulverize nanoscale silicon into particles. Huggins and
Nix10 calculated the critical size for fracture of a particle
subjected to lithiation as below:

hc ¼ 23
π

3kIc
BεT

� �2

where hc is the critical size, KIc is the fracture roughness
in MPa

√
m, B is the biaxial Young's modulus of the

material, and εT is the total strain. For silicon, the
fracture toughness is 10 MPa

√
m, and the strain due

to formation of Li22Si5 is≈400%.7 Therefore, the critical
size under which the fracture does not happen can be
estimated to be 75 nm. Here, the cracks were detected
in the 55 nm Si NRs (marked by a dark arrow in
Figure 7II-a),which contradicts the theoretical predictions
given in ref 10. In our case, Si NRswith diameters less than
26 nm did not show crack formation upon lithiation
(Figure5d). Thismeans that the theoreticalmodels should

be corrected in order to predict the true critical size scale
below which one should not expect cracking in Si upon
lithiation. However, it should be kept in mind that
deterministic conclusion on an exact size scale will be
too speculative at this stage due to lack of statistical
analysis.

CONCLUSION

In summary, one life cycle of the lithiation/delithia-
tion process on a nanobattery was performed using an
in situ electrochemical setup inside a transmission
electron microscope. Direct formations of Li22Si5 parti-
cles were recorded. Our results show that the NRs are
subjected to higher radial strainingwhen there is larger
surface area for the diffusion of Li ions into the Si
nanorods. The results suggest that there is a size-scale
regime beyond which the fracture toughness of Si
nanorods is larger than the strain energy required to
induce cracking in Si nanorods. The Si nanorods with
diameters of 26 nm did not fracture upon lithiation,
while nanorods with 55 nm were cracked. In addition,
Li22Si5 particles were not fully decomposed when
subjected to delithiation. This observation can explain
the irreversible capacity loss in Si structures used in Li-
ion battery technologies.

EXPERIMENTAL PROCEDURE
The pure Si nanorods were fabricated by an oblique angle

(co)deposition technique in a custom-designed two-source
electron-beam deposition system, where two quartz crystal
microbalances (QCMs) were installed to monitor the near-
normal deposition thickness and rate of each source
independently.33

Individual Si NRs were then attached to a gold wire by light
mechanical scratching on the as-grown samples. As a result
of van der Waals forces, individual NRs stick to the wire in
different directions. The piezo-driven holder allows nano-
meter motion of the sample toward the AFM tip. Sample
position can be adjusted with a precision of 1 nm in X, Y, and Z
directions. High-resolution TEM images and electron diffrac-
tion patterns were collected to characterize the formation of
different phases during the lithiation of different individual
Si NRs.
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