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One-dimensional (1-D) nanostructures such as nanowires and
nanotubes have been widely explored for anodes with high speci lc
capacity in Li-ion batteries, which e " ectively release the mechanical
stress to avoid structure pulverization. However, 1-D nanostructures
typically have a high surface area, which leads to a large irreversible
capacity in the ! rst cycle due to a solid electrolyte interface (SEI)
formation. Two dimensional (2-D) nanowalls can address the same
challenges as 1-D nanostructures, with a much lower surface area.
For the ! rst time, we demonstrated a 2-D nanowall structure with
silicon for Li-ion batteries. Excellent performance for the ! rst
Coulombic e # ciency (CE) has been achieved. Such a 2-D nanowall
structure can also be applied in other devices with improved
performance where nanostructures are needed but a high surface
area is problematic.

Introduction

Lithium (Li) ion batteries are one of the most important
electrochemical energy storage devices and are widely used in
portable electronics. For future Li ion battery powered elec-
tronic vehicles, however, electrode materials with higher
energy/power density and longer cycle life are needed*™
Silicon (Si), as a Li ion battery anode material, has a theo-
retical speci! ¢ capacity of 4200 mA h g !, 10 times higher
than the conventional graphite anodes used in commercial
batteries. Additionally, Si is an earth abundant and environ-
mentally friendly material with a mature manufacturing
process in solar cell and semiconductor industries that could
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enable mass production for batteries. Enthusiasm aside,
there are signi! cant challenges to use Si as an anode for Li
ion batteries.” A large volume expansion (up to 400%) and
contraction during lithiation a nd delithiation could result in
pulverization of the Si anode. The cracked Si loses contact
with the current collector, reducing the accessible capacity
over time. The signi! cant volume change also d ects the
stability of the solid electrolyte interphase (SEI). Recently
successful demonstration of using Si nanowires as anodes in
Li ion batteries to mitigate pulverization and enhance the
cycle life’ has led to a surge of interest in developing high
performance Si nanostructures and Si nanocomposite anodes
for Li ion batteries, including Si BC nanocomposites? Si
nanotubes,®** interconnected nanonets*®*® and three
dimensional (3-D) Si nanoparticles®’. In order to understand
the mechanism of Si as an anode material, fundamental
studies on its electrochemical,*®*° nanomechanics,?®®? and
kinetics?> have been reported. The problem of a low ! rst
Coulombic E" ciency (CE), however, still exists in the repor-
ted nanostructures.

The highly irreversible capacity of the !rst cycle in any
nanostructured electrodes is largely attributed to side reactions
and SEI formation, which are directly correlated with the high
surface area of nanostructures.”? This is a fundamental chal-
lenge of using nanostructures for electrochemical storage
applications. On one side, nanostructured materials such as
nanowires and nanoparticles can readily release the mechanical
strain during charging, which reduce the potential for pulveri-
zation during the ! rst cycle. On the other side, the large surface
area of these nanostructures results in a greater amount of side
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formation of the SEI layer consumes Li ions, contributing to
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oxide layers on Si, which are formed when exposing Si anode
in air during sample preparation, also leads to irreversible
consumption of Li. 2° Thus, the large surface area of existing
nanostructures plays a major role in the low ! rst CE of those
nanostructured Si anodes.
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We propose a two-dimensional (2-D) nanowall structure that
can € ectively address the issues associated with lower
dimensional Si nanostructures. Such 2-D nanostructures are
fundamentally better for Li-ion batteries, which have not been
explored before. A schematic image of the nanowalls is shown
in Fig. 1h. Each nanowall possesses a sub-micron scale length
and height, and can be as thin as 50 nanometers. The nanowall
structure maintains the advantages of other one dimensional
(1-D) nanostructures: accommodates large volume expansion
without pulverization, obtains direct electrical contact with the
current collector for fast electron transport, and maintains a
short Li insertion distance. Most importantly, the nanowall
structure has approximately 50% less specl c surface area than
nanowires of similar height and width. Thus, the !rst CE is
expected to be higher for the 2-D nanowall structure than for
1-D nanostructured anodes in Li-ion batteries. Currently, there
are a few reports'>2®#8 that discuss 2-D electrodes including
GhanowallsOfor Li ion batteries, which also provide alternative
methods?® for nanowall fabrication. However, the reported
nanowalls show an inter-connected structure that is easy to
pulverize during volume cycling, thus achieving a low ! rst CE.

Here, for the ! rst time we designed a periodic, amorphous Si
(a-Si) nanowall structure via nanoimprint lithography (NIL) *
and investigated its electrochemical and mechanical properties
as an anode in Li ion batteries. We demonstrate a high CE for
the ! rst cycle due to the low speci ¢ surface area of the nano-
wall electrode. Cycling results show that our Si nanowall anodes
created by NIL achieve a high! rst CE (83.4%), high stability
(40 cycles) and a good rate performance (1000 mAhgat2 C
rate). The electrochemical properties, including the ! rst CE,
can be further improved by optimizing the Si nanowall anode
including its dimensions, surface impurity and large area
uniformity. Si nanowalls are expected to have excellent
mechanical " exibility and are suitable for "exible energy
storage for portable electronics, " exible displays, etc 32 Similar
concepts can be applied to other devices*®® such as solar cells,
where nanostructures are needed for light-trapping and a low
surface area is required to avoid surface recombination.

(aI i (b) (c)

Nanoimprint Shadow Evaporation 02 Plasma Etch

(d) (1soc 500 ps|, 2 mm) I

(e)

Cr Deposition Acetone Liftoff

Cross Imprint (same process)

[ Mold (ssQ)
[l mr-i(Resist)
. Si

Cr Etch (Plasma) and Liftoff

DRIE Si Etch . cr

Fig. 1 Outline of the NIL process for Si nanowall anode on an SS substrate (the
SS substrate is not shown in thisfigure).
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Experimental section
Si nanowall fabrication

Si nanowalls are fabricated in two steps. First, a highly pure Cr
(! Im thickness 20 nm, ESPI metals)/a-Si { Im thickness 900 nm,
Materion corporation, 99.999%) is deposited by electron-beam
deposition (Temescal BJD-1800). The layer of Cr is used to
enhance the binding of the a-Si to the substrate. Energy
dispersive X-ray spectroscopy (EDS) results show that the purity
of a-Si is 97% (Fig. S5). Second, the nanoimprint patterning
process (Fig. 1) begins by spinning the imprint resist (mr-1 8030,
Microchem). The resist is spun onto the sample and imprinted
with a 220 nm period silsesquioxane (SSQ) mold® in a NX2000
Nanoimprinter (Nanonex, NJ) (Fig. 1a). Directional evaporation
of Ti onto the resist is used to increase the e! ective linewidth of
the resist structure, decreasing the width of the opening down
to approximately 50 nm, which is the desired width of the walls
(Fig. 1b). After reactive ion etching (RIE) with oxygen plasma to
remove the residual resist (Fig. 1c), Cr is deposited and a lift o!
process is performed to generate a 220 nm Cr grating with a
50 nm linewidth (Fig. 1d). In order to create a disconnected wall
structure, a subsequent imprint is then performed with a
700 nm period mold perpendicular to the 220 nm period Cr
grating (Fig. 1e). After the residual layer of the resist is removed,
RIE is again used to remove the Cr grating in the portion of area
exposed by the 700 nm resist pattern (approximately 100 nm in
width) (Fig. 1f). The ! nal Cr pattern is then used as a mask for
DRIE to create the nanowalls (Fig. 1g).

Li ion battery fabrication and testing

Coin cells are made of Si nanowalls as the working electrode, a
polymer separator, lithium metal foil as the counter electrode
and 1.0 M LiPF6 in 1:1 w/w ethylene carbonate/diethyl
carbonate (Novolyte technologies). CR2032 half cells were
assembled inside an Ard lled glove box and tested using a
Biologic VMP3 multichannel system. Si nanowall half cells were
cycled between 1.0 V and 0.01 V.

Material characterization

Si thin ! Im and Si nanowalls were characterized with a Hitachi
SU-70 analytical scanning electron microscope with an energy-
dispersive X-ray detector (Bruker's silicon drift detector). After
cycling, coin cells were disassembled inside a glove box, and
nanowall electrodes were washed with acetonitrile and 0.1 M
H,SQ, to remove the residual electrolyte, lithium salts and the
SEI layer. Samples were dried at room temperature before SEM
examination.

Results and discussion
Fabrication and characterization of Si nanowalls

NIL can be used to generate high-resolution feature sizes on a
scale of tens of nanometers over large areas. Recently, struc-
tures have been fabricated for applications in ! elds such as
photonics, 38 transparent metal electrodes,* solar cells,*® and
sensors;* to name a few. To fabricate the nanowall structure, a
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typical thermal imprint process begins by placing a pre-patterned
mold directly in contact with a resist-coated substrate. High
temperature and pressure are then applied to re" ow the resist
into the mold, creating a mirror image of the pre-patterned
features in the resist. Using these features to create a mask, we
can then transfer nano-scale patterns into Si and create high
aspect-ratio Si nanostructures with depths in the micron range.
This is done with deep reactive ion etching (DRIE), speci! cally
utilizing a cycled BoschOprocess, which has been used in the
past to create nanostructures with aspect ratios greater than
50: 12 The NIL process is illustrated in Fig. 1.

As shown in Fig. 1 each Si nanowall is 900 nm high, 600 nm
long and 50 nm thick. Perpendicular to the wall surface, the
structure has a 220 nm period, with a space of 170 nm between
each wall. Lengthwise, the periodicity is 700 nm with 100 nm
spacing between walls. A discontinuous nanowall pattern rather
than a continuous grating is proposed here to allow each
nanowall to (breatheQ relaxing the stress resulting from lith-
iation/delithiation induced volume expansion/contraction.

We characterized the morphology and composition of the
prepared Si nanowall structure with a scanning electron
microscope (SEM) equipped with a Bruker EDS detector. The
highly uniform size and lateral distribution of the Si nanowall
array is shown in Fig. 2a. In Fig. 2b (top view), the length and
thickness of the nanowalls are measured to be about 600 nm
and 50 nm, respectively. The space in between the nanowalls is
designed to accommodate volume expansion during chargeb
discharge. Fig. 2c shows the EDS mapping image of the Si
nanowalls. From Fig. 2b and c we observed some edge rough-
ness associate with nanowalls. This edge roughness is gener-
ated during fabrication due to the roughness of the shadow
evaporation, which masks the Cr deposition. There is also the
so-called Gscalloping® which occurs during the DRIE Bosch
process on the sidewalls of the nanostructure. Fig. 2d shows the

View Article Online

EDS analysis of one prepared Si nanowall sample. We
con! rmed our composition of the whole electrode with the help
of Fig. 2d, showing three elements of Si, Fe and Cr which
correspond to nanowalls, the substrate and binding layer (also
residual Cr mask), respectively.

The top down nanoimprint technique ensures that Si
nanowalls are in direct electronic contact with the current
collector, have a suitable specl ¢ surface area that allows for
fast chargebdischarge, while reduce the amount of SEI forma-
tion thus contributing to a high ! rst CE. The small thickness of
the nanowalls (50 nm in our experiment) allows for a short
di! usion path of Liions, increasing the potential for high power
applications. The spacing between the nanowalls on four sides
helps avoiding the nanowalls from touching each other during
volume expansion, allowing a stable cycling performance of the
nanowall electrodes.

Electrochemical properties of Si nanowalls in Li half cell

After fabrication, the samples were dried in a 100 "C vacuum
oven overnight and then directly assembled into coin cells in an
Ar ! lled glove box. Electrochemical measurements were per-
formed using a Biologic VMP3 electrochemical workstation; the
cycling performance and electrochemical impedance spectros-
copy (EIS) results are presented in Fig. 3. Fig. 3a shows the
cycling performance and Coulombic e" ciency of the Si nano-
walls at the rate of 840 mA ¢ * for 40 cycles. The! rst charge and
discharge capacity of the Si nanowalls are 2350 mA h §* and
1961 mA h d %, respectively, corresponding to a ! rst CE of
83.4%. This initial CE of the Si nanowall anodes still has room
for improvement by optimizing the design and fabrication of
nanowalls or surface modi! cation.*>*®** The Si nanowall anode
demonstrates stable cycling performance, retaining a discharge
capacity of 1801 mA h g * after 40 cycles, which is 90% of the

Fig. 2 (a) SEM images of a large area and uniformly distributed Si nanowall structure, (b) SEM image which shows the dimensions of the Si nanowalls, (¢) SEM EDS
mapping images of Si nanowalls, and (d) energy dispersed X-ray spectroscopy of Si nanowall/substrate, with peaks of Si, Cr and Fe.
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(a). Electrochemical cycling performance of Si nanowall anodes. (b) Voltage profile of 1st, 10th, 20th and 40th cycle of the Si nanowalls. (c) EIS plot of the battery

before cycling (blue) and after 40 cycles (red). (d) The rate performance of the Si nanowall half cell.

initial value. The capacity retention is highlighted in Fig. 3b,
which plots the charge and discharge voltage pro! les of 1st,
10th, 20th and 40th cycles. The capacity su ers almost no loss
during the !rst twenty cycles. The typical voltage prd le of
amorphous Si (a-Si) is seen during lithiation of a-Si at approxi-
mately 0.49 Vvs. Li/Li *.*° Fig. 3c shows the EIS data of the Si
nanowall half cells. Both EIS data before and after cycling were
taken at the fully delithiated state. The EIS results before cycling
and after 40 cycles are shown by the blue and red curves,
respectively. Bulk resistance of the cell is equal to the ! rst
intersection of the EIS curve with the real impedance axis. From
the inset, we observed that the initial high-frequency resistance
of 8 ohms (before the cycling test) increases to 10 ohms dter 40
cycles, indicating the formation of an SEI layer. The diameter of
the semicircle represents the charge transfer resistance K. of
the cell. We observed that the charge transfer resistance of the
Si nanowall half cell decreases dter cycling. Examination of the
nanowall structures after cycling in SEM helps to explain this
phenomenon (Fig. 4). After 40 cycles, the individual nanowalls
have become more porous (Fig. 4b). As the cycling progress, the
increasing porosity of the Si exposes more surface area to the
electrolyte, increasing the charge transfer process and reducing
R.:. This is con! rmed by the rate performance data in Fig. 3d.
To determine the rate performance, the half cells were cycled
at chargeBdischarge rates ranging from C/5 to 2 C. Charging at
higher rates reduces the capacity of batteries as the Li insertion
reaction is limited by di ! usion and reaction at the interface.
The formation of a porous structure during cycling increased
the surface area of the electrode, resulting in an increasing
capacity of the high rate cycles. Comparing the capacity ofa1 C
battery at cycles 125 and 35045 shows an increase of
200 mA h g *for later cycles. The capacity of the battery at 2 C is
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about 1000 mA h g %, 3 times higher than the capacity of
conventional graphite electrodes.

The half cells were disassembled in a glove box in the deli-
thiated state, and the residual electrolyte and SEI were washed
away to expose the Si nanowalls. The morphology of the elec-
trode was examined by SEM as shown in Fig. 4. From Fig. 4a we
see that the Si nanowalls retain their wall structure and remain
attached to the substrate, indicating good structural stability
and binding. The cracked surface on top of the nanowalls is a
residual layer of Cr left over from the nanowall fabrication
(Fig. S6). The cracking and distortion of this layer suggests
large volume changes and stress during cycling. The space
between each nanowall is largely reduced, indicating a signi! -
cant volume change of the Si nanowall structure by lithiation.
Fig. 4b shows the porous structure of the Si nanowalls after
cycling. Both the sides and the top of the nanowalls have
become porous. We also observed slight twisting of the nano-
walls after 40 cycles in both Fig. 4a and b. Overall, Si nanowalls
can withstand signi! cant volume changes associated with
lithiation and delithiation. A higher magni ! cation image of the
porous structure on the Si sidewall is shown in Fig. 4c. It seems
from this image that the porous structure formed many nano-
channels in the Si sidewalls, allowing Li " ions to di! use faster
inside. However, during the formation of the porous structure,
the active material will detach from the walls, resulting in a
slight capacity reduction.

Nanopore formation mechanism by mechanical means

As shown in Fig. 4a and b the nanowall structure thickens and
develops a very rough surface morphology dter 40 cycles,
indicating pore formation at both the surface and the interior of
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Fig. 4 (a) and (b) SEM images at dfferent magnifications of the Si nanowall
anode after cycling. A residual Cr layer from the mask is observed on top of the
nanowalls. (c) High magnification SEM image of Si nanowalls after cycling shows
the porous structure with an average pore size of ( 30 nm.

the nanowalls. The formation of such a porous structure is
attributed to the hydrostatic tensile stress in the nanowalls
induced by lithiation and delithiation, as revealed by the
following mechanics modelling. The size of the nanowalls in
the modelling is 600 nm # 50 nm # 900 nm (L # W # D) for
each. During lithiation and delithiation, Li ions insert into and
extract from the nanowalls, inducing large cyclic deformation of
the Si. As to be shown later, the stress associated with the large
deformation in the nanowalls is highly non-uniform (  e.g, stress
level varies with positions in the nanowalls) and tri-axial. If the
Li concentration is su" ciently large, the associated stress can
be high enough to cause the plastic " ow of the lithiated Si. A
cavity in a solid can unstably grow in size by atom di! usion
away from the cavity surface driven by su' ciently high hydro-
static stress (del ned as the mean stresson, $ 711 0022 72033 %Uéz %033).

This journal is» The Royal Society of Chemistry 2013
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Therefore, if the lithiation/delithiation-induced mean stress in
the Siis high enough, defects in the nanowalls (e.g, voids) could
grow unstably, leading to a porous structure. The underlying
energetics can be explained by a simple model. The free energy
of a lithiated Si with an incipient spherical void of radius R
under a mean stress o, applied to the void is given by

4 .
G&R $ 4nRly! §7cR3<rm, where vy is the surface energy of

lithiated silicon. Under the lithiation/delithiation-induced
stresses, the incipient void tends to grow or shrink to minimize
the free energyG, from which one determines a critical void size
R.$ 2vyloy. Thatis, a void with R<R; shrinks and thus may heal
spontaneously while a void with R > R; unstably grows into a
pore of large size. Next, we calculated the lithiation/delithation-
induced stresses in the Si nanowalls, so that the critical void
size in di! erent regions of the nanowalls can be estimated,
which in turn help decipher the formation of the porous
structure after lithiation/delithiation cycles as observed in the
experiments.

We simulated the concurrent Li di ! usion and mechanical
deformation during the initial lithiation and following deli-
thiation of the amorphous Si nanowalls using ! nite element
package ABAQUS 6.10 (see ESI for model detaily. The extent of
lithiation is described by the average Li/Si atomic ratio Xaverage
de! ned as the ratio of Li atoms in the nanowalls. For example,
Xaverage® 1 Means that on average one Si atom takes one Li atom
in the nanowalls. We assume that the extent of volume expan-
sion has a linear relationship with the lithium contentin Li  ,Si~®
From our experiment, Xaveragef€aches 2 at the end of the lith-
iation cycle, resulting in a 200% volume expansion of the
nanowalls (Fig. S1). Simulation results reveal that the mean
stress level in the nanowalls increases with the extent of lith-
iation and nearly saturates as Xayerage @pproaches 1 (Fig. S4).
The distribution of the mean stress at two representative planes
of the nanowalls, i.e., the mid-plane (z $ 0) and the outer
surface (z$ h/2, whereh is the nanowall thickness), is shown in
Fig. 5b and c, respectively. HereXayerage$ 1. The regions labelled
by A through G undergo a signi! cant tensile mean stress
ranging from 150 to 600 MPa. As mentioned above, the tensile
mean stress state acts as the driving force for the nucleation and
growth of nano-pores. For example, during lithiation nano-pore
formation is likely to occur in the middle part of nanowalls
(regions A, B and E) and near the bottom corners (regions C, D,
F and G).

Moreover, simulation results show that during lithiation the
area under signi! cant tensile mean stress at the mid-plane of
the nanowalls (regions A to D shown in Fig. 5b) is much larger
than that at the outer surface (regions E to G shown in Fig. 5c).
The mean stress level at the mid-plane is also even higher than
that at the outer surface, indicating that the interior of nano-
walls is more susceptible to pore formation during lithiation.

In the following delithiation half cycle shown in Fig. 5d and
e, the regions experiencing a signil cant tensile mean stress of
150 MPa to 1 GPa are labelled by a through k. Comparison
between the mean stress distributions at the mid-plane and
outer surface reveals that, during delithiation, pores are more
likely to nucleate and grow near the nanowall outer surface,

J. Mater. Chem. A
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Fig. 5 Lithiation/delithiation-induced mean stresses in the nanowalls. (a) Schematic of the simulation model. The origin of the coordinate system is de fined with the

origin at the centroid of the bottom surface. (b) and (c) show the mean stress distribution within the mid-plane of the nanowalls (
nanowalls (z $ h/2) during the lithiation half cycle, respectively, with the extent of lithiation described by

during the delithiation half cycle, respectively.

opposite to the trend during the lithiation half cycle. It is
interesting to note that the associated mean stress distribution
is reversed with the transition from lithiation to delithiation:
those regions initially under tensile mean stress are now mainly
under compression and vice versaThis trend is clearly shown in
Fig. 5d and e. The regions labelled by a through k are geomet-
rically complementary to those hydrostatically tensile regions
denoted by A through G in Fig. 5b and c. Therefore, nearly all of
the nanowalls experience a signil cant tensile mean stress at a
certain stage during a lithiation/delithiation cycle. As a result,
pores are likely to form throughout the entire nanowalls a fter
many cycles. This prediction is con! rmed by the experimentally
observed homogeneous pore distribution in the nanowall
structures observed in experiments (Fig. 4).

The simulation results of signi ! cant tensile mean stress in
the nanowalls can be used to derive the critical void size R. for
pore formation. For simplicity, we assume that the surface
energy vy of lithiated silicon is independent of lithium concen-
tration with a value of 1J m' 2.2 The values of R, corresponding
to the region under tensile stress during lithiation and deli-
thiation are summarized in Table S1(a) and (b), respectively.
The critical radii in all regions range from 2 £13.3 nm. Such an
estimate agrees with experimental observation: the radii of the
pores in the nanowalls after 40 lithiation/delithiation cycles are
much greater than 13.3 nm (Fig. 4c), indicating that voids
greater than the critical size grow into larger pores under
signi! cant tensile mean stress.

Conclusion

In summary, we designed a novel 2-D a-Si nanowall structure as
an anode for Li ion batteries that exhibits excellent electro-

chemical properties. The lower speci! ¢ surface area of the
nanowall structure compared to 1-D/0-D nanostructures leads
to a relatively high ! rst CE. A high speci ¢ capacity of ( 2100 mA
h g' ! is obtained at C/5 and remains stable for over 40 cycles.
Porous structures form throughout the nanowalls a fter cycles,
which is attributed to the complementary distributions of the

J. Mater. Chem. A

z $ 0) and the outer surface of the
Xaverage $ 1. (d) and (e) are the counterparts of (b) and (c)

tensile mean stress in the nanowalls induced by lithiation and
delithiation. The cycling performance of proof-of-concept
devices can be further improved with improving the uniformity
and bonding between the Si nanowalls and the substrate. It is
anticipated based on the mechanical modelling that the nano-
wall anodes can be excellent candidates for " exible energy
devices. Such nanostructures can potentially lead to many other
applications including solar, water splitting and others, where
both a nanoscale structure to manipulate electrons and photons
and a low surface area to avoid side reaction and recombination
are needed.
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1. Modeling details
To gain insights on the nano-pore formation and stress generation during lithiation and
delithiation, we have simulated the concurrent diffusion and mechanical deformation during

initial lithiation and following delithiation of the amorphous silicon nanowall using finite
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HOHPHQW SDFNDJH $%$486 DQG 7HBOIDVMAWDLIRSODVWLF PRGHC
DQG WKH PDWHULDO XQGHUJRHY HODVWLF DQG RU SODVWLF
GHWHUPLQHV SODVWLF \LHOGLQJ 7KH SODYORZF GHORU P7IX\M
QRUPDOL]HGRQEWRMKPD WLRQUDQEG VWWOBVVDUH QXPHULFDOO!
FRXSOHG LPSOLFGWYV SAOIDFHPHIMWX BHJRFHGXUH LQ $%$486 6
JRYHUQLQJ HTXDWLRQV RI GLIIXVLRQ LV HVVHQWLDOO\ HTXL
QRUPDOL]JHG OLWKLXP FRQFHQWYVBWDRQ B®GRWPDARIERQ WD
LQFUHPHQWDOO\ 7KH QRUPDOL]JHG OLWKLXP FRQFHQWUDWLF
TLQES5E GLYLGHG E\ WKH FRQEMWXWDWWERONDGHLXWO OV HTXLYDC
WKH SWHPSHUDWKQMWLRQHERKHPHULFDO SURGMBXG HY RTK4P I\
VWUDLQ LV HTXLYDOHQWO\ WR WKH 3WKHUPDO VWUDLQ  EDX
WKHUPDO H[SDQVLRQ DWQGKRKKQ WRHEBIFFRUGLQJO\ YROXPH
ZKHQ WKH *WHPSHUDWXUH  LQ VLPXODWLRQ L H QRUPDOL]H

7KH GLPHQVLRQ Rl WKH QOBREPODDNY.QJ@®GYDQWDJIH RI |
RQO\ 6 RI WKH QPRQ®RZWEG L® RUGHU WR UHGXFH WKH QXPH!
ERXQGDU\ FRQGLWLRQ-SODRQBSDORTHG DWHPERBXQJTV PRGXOX)\
3RLVVRQYV UDWLR Rl OLWKLDWHG VLOLFRQ DUH ERWK DVVXF

WR*3D DQG IURP WR > QIHWSHFAWIGLHA\VWUHVV Rl OLV
FKRVHQ WR EH *3D 'LIIXVLYLW\ RI OLWKLXP LQ WRUL¥RQ LV
7KH DPRUSKRXV -YDODFR® QODWLDOO\ SULVWLQH DQG VXE
FKDUJLQJ GLVFKDUJLQJ UDWH DW WKH RXWHU VXUIDFH ,Q

WHUPLQDWH &z o IHDF KH V DQRG GHOLWHLOWILARWKDOHHFIEQDB C

FRQFHQWUDWVRQ DIQE | VWG WDW WKH HQG RI OLWKLDWLRQ K
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ERWWRP VXUIDFH RI QDQRZDOO DUH DOO IL[HG WR JHUR DQG

$GGLWLRQDO VOWXODWLRQ UHVX

Lithiation state:

Xaverage = 2

displacement
magnitude U (nm)

lzso

JLIXUH9ROXPH H[SDQVLRQ EHIRUH SULVWLQH QDQRZD&GQ DQG DIWHU O

UHDFKHYV DW WKH HQG RI WKH OLWKLDWLRQ F\FOH UHVXOWLQJ LQ D a
SULVWR@BOIDRY DOVR VKRZQ 1RWH WKH WULDG LV RQO\ XVHG WR VKRZ
UHSUHVHQW WKH UHDO FRRUGLQDWH V\VWHP RI ZKLFK WKHIJRUHIBQ LV D\

6 DQG 6
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(a) lithiation half cycle delithiation half cycle

Xaverage = Xaverage = 1

(b) lithiation half cycle delithiation half cycle

Xaverage = Xaverage = 1

normalized
concentration C

-0.24

-0.21

JLIXUH B 1RWIABG /L FRQFHQWUDWLRQ GLVWULEXWLRQ DW WKH RXWHU
GHOLWKLDWLRQ KD Qg FE@H | URR KOWS HEWSHFWLYH YLHZ &RQFHQWUDWLRG
RQ WKH VLGH RI @QRDDEOH VUR®VWKLY SHUVSHFWLYH 5RWDWLQJ WKH
UHVSHFW WR \ D[LV JLYHV E WKH SHUVSHEWDRQHWDREE RI WKHQILPLOD
OLWKLDWLRQ FRQFHQWUDWLRQ LVZKUJKE&UWGHDIQW KH LRXIWRIUQDXQR DB & OE

FRQFHQWUDWLRQ LV KLIKHU LQ WKH LQWHULRU RI QDQRZDOO EXW ORZHU
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(a) lithiation half cycle delithiation half cycle (b) lithiation half cycle delithiation half cycle

- Xaverage = 1

Xaverage = Xaverage = 1 Xaverage

mean stress o,
(GPa)
0.40

0.00
outer surface
(z=h/2)

JLIXUH B'LVWULEXWLRQ & DMHIWBEH WYWWY VXUIDFH RI WKH QDQRZDOO GXI
DQG GHOLWKLDWLRQ KDQuyF)EIWHRP UL JEMU VBHHW@WLYH YLHZ E 7KH SHUYV

VLPLODU SORSNODLODWYWIRYE P LG

mid-plane of nanowall  mid-plane of nanowall
(z=0) (x=0)

mean stress g,
(GPa)
0.40

0.00

Xaverage = 0.25 Xaverage = 0.5 Xaverage = 1 Xaverage = 1.5 Xaverage = 2



Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A
This journal is © The Royal Society of Chemistry 2013

JLIXUHO6DQ VAVHMROXWLRQ GXULQJ OLWKLDWLRQ KDOI F\FOH 1RWH WKL

LQFUHDVHV ZLWK WKH H[WHQW RI ORWKE/AMHRBEY DQG QHDUO\ VDWXUDWHYV

7DEOH 6OHDQ VWUHVYV UDQJHs D@ & LHKIOW 1RO W WEHULRQV LQ )LIXUH L

F\FOH TaLN KL 5

5HIJLRQ $ % & ) T ox (

PHDQ VWU a a a a a
*3D

FULWLFRO a a a a a
QP

7TDEOH 6PHEQ VWUHVV UDQJI&AHLEOKLEKOWIKWBGUDBILILRQV LQ )LIXUH G

F\FOH TaLN KL s

5HIJLRQ D EFHJK G L I M
PHDQ VW a a a a
UDQJH
*3D
FULWLFRBL a a a a
QP

ODWNGHWDLOV

7KH 6L WKLQ ILOP 1BHBSP HZHDSRML AL RHY RKUUG HIKH GHSRVL
FKDPEHU LV SXPSHG GRZQ RYHUQLJKW WR DFKLHYH WKH D
SXULW\ 6L ('6 GDWD RI 6L WKLQ ILOP RQ VWDLQOHVV VWHHC
RI 6L ZLWK LPSXULWLHV RI &W2 $OARW UHWSHFWLYHO\ 7KH
PD\ EH D UHVLGXDO LEBRBLMMYDEREPDWKRH HHUXFLEOH & DQG =

VXEVWUDWH DQG VXUIDFH RI[ILGDWLRQ RI WKH WKLQ ILOP
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KeV

JLIXUH (66 UHVXOWYV REIHPWPHG D 8 BIGIWKHD® D

7TDEOHo6 WKLQ ILOP FRPSRVLWLRQ E\ ('6

(O $Q HULHV | &aRQFHQWUD| & DWRP O (UU
& -VHULH\
2 ~VHULH\
$0 ~VHULH\
6L ~VHULH\

JLIXUWKRZV WKH ('6 PDSSLQJ WRS YLHZ RI WKH QDQRZDOO
JURPLIXUIB® ®®6 ZH FDQ FOHDUO\ VHH WKH QDQRLPISIXHN QD¢
6 E VKRZV WKH ZKROH DUHD LV FRGLWHGHEKRQFEQIPONW D QC

WKHUH DUH UHVLGXDO &U PDVN RQ WRS RI 6L QDQRZDOO
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600 nm

600 nm

JLIXUH('® PDSSLQJ UHVXOW RI 6L QDQRZDOO VWUXFWXUH EHIRUH F\FOLQ

PDSSLQJ F )H PDSSLQJ

SHIHUHM@EFG VML RWHYV

=KDR . 3KDUU 0 :DQ 4 :DQJ : [/ .D[LUDV ( 90
&RQFXUUHQW 5HDFWLRQ DQG 30DVWLFLW\ GXULQJ-,RQWLDO .
%DWWRYXUKNDO Rl 7KH (OHFWURFKHBLFDO 6RFLHW\

2ZEURYDF 0 1 &KULVWHQVHQ [/ /H ' % '‘DK®RQ- 5 $
%DWWHU\-RRBGBY RI 7TKH (OHFWURFKHBLEFDO 6RFLHW\
+DIWEDUDGDUDQ + *DR + &XUWLQ : $ $ VXUIDFH
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