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ABSTRACT We report that established simple lithium (Li) ion battery cycles can be used to produce nanopores inside various useful
one-dimensional (1D) nanostructures such as zinc oxide, silicon, and silver nanowires. Moreover, porosities of these 1D nanomaterials
can be controlled in a stepwise manner by the number of Li-battery cycles. Subsequent pore characterization at the end of each cycle
allows us to obtain detailed snapshots of the distinct pore evolution properties in each material due to their different atomic diffusion
rates and types of chemical bonds. Also, this stepwise characterization led us to the first observation of pore size increases during
cycling, which can be interpreted as a similar phenomenon to Ostwald ripening in analogous nanoparticle cases. Finally, we take
advantage of the unique combination of nanoporosity and 1D materials and demonstrate nanoporous silicon nanowires (poSiNWs)
as excellent supercapacitor (SC) electrodes in high power operations compared to existing devices with activated carbon.
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P

orous materials have been utilized in numerous applications including catalysts,1,2 molecular sieves,3
chemical and biological sensors,4 low k dielectric
layers in microelectronic devices,5 hydrogen storage materials,6 supercapacitor electrodes,7 contrast agents for magnetic resonance imaging (MRI),8 and zeolite-dye microlasers.9 While template-based syntheses10,11 have been major
methods in producing porous materials with highly ordered
pore structures and large surface areas (>1000 m2/g), the
dealloying process has also been utilized to produce a variety
of porous materials and expand the materials pool.12–14 The
dealloying process provides unique, complementary advantages to the template-based process; the dealloying process
is compatible with various nanomaterials, especially those
grown directly on substrates. Therefore, various electrochemical devices whose efficiencies are directly correlated
to the yields of surface reactions should benefit substantially
from these porous nanostructures. Also, the procedure is
simpler because it can be done at room temperature and
requires only a couple of reaction steps. Despite these
advantages, pore size control in the dealloying methods has
been limited to bulk-scale metal alloys focusing on thermal
annealing13 and alloying with additional elements.15 Hence,
it must be meaningful to understand pore evolution in
various materials beyond metals and thus develop the
capability of controlling the porosities of those materials. In
particular, nanopore generation and their size control in

nanomaterials should prove to be very useful in diverse
applications.
In this study, established Li-battery cycles are used to
generate porous, one-dimensional (1D) nanostructures such
as porous zinc oxide nanorods (ZnONRs), silicon nanowires
(SiNWs), and silver nanowires (AgNWs). We chose these
materials because their bonding characteristics are completely different such that the dealloying process is expected
to produce nanopores in distinct ways. Because of the small
dimensions of the nanowires and nanorods, the pore formation can be observed clearly using electron microscopes.
Moreover, the pore evolution can be monitored quantitatively at its various stages of pore growth. Among many
potential applications that can take advantage of these wellbound nanostructures with increased surface areas, supercapacitors are demonstrated here as a useful example.
Detailed descriptions for nanostructure growth processes,
battery sample preparation, and potential profiles for the
battery cycles are presented in the Supporting Information
(Figures S1 and S2).
In the anode during a Li-battery cycle, Li is inserted during
the charging process and is extracted during the discharging
process. During the charging process, ZnO goes through the
following conversion reaction followed by an alloying reaction

2Li + ZnO T Li2O + Zn

(1)
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Zn + Li T LiZn
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Once zinc oxide is lithiated in reaction 1, zinc nanograins
are formed in a lithium oxide matrix.16 If the lithiation
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for both materials. This observation is consistent with the
significant pore size increases in the pore size distribution
(PSD) data during the same Li-battery cycling period. The
stepwise pore size increase can be interpreted as a surface
energy reduction brought about by larger pore sizes. Similarly to Ostwald ripening19 in analogous nanoparticle cases20
in which nanoparticles are likely to agglomerate in order to
minimize surface energy, pores are also likely to increase
their widths or merge together to form bigger ones, resulting
in a reduction of the surface energy. This is not only the first
observation directly related to Ostwald ripening-like phenomena in pore evolution but also provides a clear indication
that nanopores can be generated inside diverse 1D nanomaterials and their pore sizes are tunable by the number of
electrochemical cycles. A similar method of producing
porous metal oxides by using Li-battery cycles has been
reported.21 However, their materials were limited to metal
oxides, and adjustable electrochemical parameters to control
the porosities were not explored.
Second, pores evolve in different fashions depending on
the structural properties of lithiated active materials. While
ZnONRs show dramatic increases in pore volumes and BET
surface areas after just one Li-battery cycle, SiNWs show
gradual increases throughout Li-battery cycling. In the case
of ZnONRs, the most feasible mechanism is that a Kirkendall-like effect between the fast-diffusing Zn in the Zn
nanograins and the relatively slowly diffusing O2- ions in the
Li2O matrix leads to a nanograin-to-pore transition. Hollow
structures in nanoparticles driven by a similar Kirkendall
effect between fast-diffusing cobalt ions and slowly diffusing
oxide or sulfide have been reported.22 Our study here is
similar to that case. The zinc nanograins function as templates, directing the pore formation. This hypothesis is
further supported by the similar size (1-8 nm) between the
nanograins and the pore widths and the narrower PSD. On
the other hand, in the case of SiNWs, unstable Si dangling
bonds surrounding vacancy sites that could appear in the
discharging process might preclude efficient pore formation
during their initial cycles. However, the poor diffusivities of
Si atoms lead to pore formation on the NW surfaces in the
early cycles and eventually further penetration toward the
core in the later cycles, as indicated by TEM (Figure 3B) and
SEM (Figure 4A) images. Therefore, this template-free mechanism results in a gradual increase in pore volume and a
broader PSD. We also tested silver nanowires (AgNWs) to
see how atomic diffusion affects the pore evolution. Because
of the soft nature of silver, pore formation in the nanostructures is not as efficient as in SiNWs and a pore size decrease
during 5 to 10 Li-battery cycles was observed, a trend
opposite to those of ZnONRs and SiNWs (see Supporting
Information Figures S4 and S5 for detailed data and descriptions). Because each porosity data point shown in Figure 2
and Supporting Information S4 is produced from more than
20 Li-battery cells, all of the porosity data should be highly
representative.

FIGURE 1. Schematic illustration of pore generation by the alloying/
dealloying process. As-grown single-crystalline zinc oxide nanorods
or silicon nanowires expand upon electrochemical Li ion insertion.
As Li ions are extracted from these 1D nanomaterials, the nanostructures shrink but to volumes larger than the original. The
increased volumes suggest pore formation inside the nanostructures.

proceeds further, the zinc nanograins become lithiated
(reaction 2). The conversion reaction (reaction 1) is confirmed by potential profiles (the plateau at ∼0.5 V, Supporting Information Figure S2) consistent with previously reported data17,18 as well as high resolution transmission
electron microscopy (HRTEM) data (Supporting Information
Figure S3). On the other hand, Li-battery cycles in silicon are
based solely on an alloy-dealloy reaction

Si + 4.4Li T Li4.4Si

In the charging process (lithium insertion), the active
electrode materials, ZnONRs and SiNWs in our case, undergo volume expansion. Theoretically, ZnO can take 3.0
Li per ZnO, and the volume upon full lithiation is about 163%
of the original.17 Si can take up about 4.4 Li per Si, and its
volume upon the full lithiation is even larger, up to 400% of
the original. As Li is extracted in the discharging process,
the expanded active materials shrink, but the final volume
at the end of the discharging is still larger than the original,
which indicates formation of void space inside the active
materials (Figure 1). Thus, the pore formation depends
directly on the volumetric expansion of the active materials
in the charging process and the atomic diffusion of the active
materials in the discharging process. When the atomic
diffusion of active materials is slow during the discharging
process, the active materials tend to form pores more
efficiently because the slow diffusion prohibits the active
materials from returning to their original structures. Instead,
thermodynamically metastable structures with pores generated inside are preferred.
Several interesting features in the pore evolution are
noteworthy. First, we demonstrate that pore sizes are tunable by the number of Li-battery cycles. As shown in Figure
2, after every Li-battery cycle, pore sizes increase in a
stepwise manner for both ZnONRs and SiNWs. The pore size
increases are indicated by faster increases of pore volumes
compared to those of BET (Brunauer-Emmett-Teller) surface areas (Figure 2B) as well as pore size distributions
(Figure 2C). In fact, as the number of Li-battery cycles
increase from 5 to 10 cycles, the BET surface areas decreases
© 2010 American Chemical Society
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FIGURE 2. Pore size increases with Li-battery cycles. (A) The nitrogen adsorption and desorption isotherms measured at 77 K as a function of
the number of Li battery cycles. Increased pore volumes at larger numbers of Li battery cycles are observed for both ZnONRs and SiNWs. (B)
The BET surface area and pore volume changes for different numbers of Li-battery cycles. The increase in pore volume is more abrupt
than the increase in BET surface area for both materials. Very small pore volumes at 0 Li-battery cycles indicate that interwire spacing is
negligible in our measurement range (<300 nm) for both materials. (C) Pore size distributions (PSDs) for different numbers of Li-battery cycles.
The pore volume in (B) and the PSD in (C) are obtained from desorption branches using the BJH method.

FIGURE 3. TEM images of porous ZnONRs and SiNWs. (A) TEM images for different numbers of Li-battery cycles showing overall morphologies
and light/dark contrast in ZnONRs. Light contrast inside the NRs indicates pore formation in the cores of the NRs at larger numbers of Libattery cycles. Crystal structures indicated by SAED patterns (insets) show a transition from single-crystalline to crystal mosaic to poly crystalline
to one close to amorphous as Li-battery cycles go from 0 to 1 to 5 to 10 cycles. In high magnification images, pores formed between grains
on the very edges are visible for the ZnONRs at 5 and 10 Li-battery cycles (red dotted circles). These pore widths are consistent with the pore
size distribution data in Figure 2C. (B) TEM images of SiNWs for different numbers of Li-battery cycles. During the first cycle, the crystal
structure changes from single-crystalline to amorphous, as indicated by SAED patterns (insets). Also, as the number of Li-battery cycles
increases, the surface morphologies of SiNWs gets rougher, and light contrast in the middle of NWs increases.

Because pores are formed within the nanomaterials,
some pores can be visualized by TEM (Figure 3). Light
contrast, indicating void space, is observed in the middle of
both nanostructures after 5 and 10 Li-battery cycles. Although 2D imaging by TEM might not be a comprehensive
tool for quantitatively analyzing pore sizes for nanopores
embedded deep within the 3D structures, pores on the
nanostructure edges can be visualized clearly in a high
resolution (red dotted circles in HRTEM in Figure 3A). In
Figure 3A, the HRTEM image of ZnONRs after 5 Li-battery
© 2010 American Chemical Society

cycles shows a pore whose width is consistent with the peak
around 3.5 nm in the PSD data (Figure 2C). Also, the HRTEM
image of ZnONRs after 10 Li-battery cycles shows expanded
ink-bottle type pores23 that again match well with the PSD
data in width and distribution. This ink-bottle type pore is
not observed in other samples with a smaller number of Li
cycles. In addition, crystal structures indicated by selected
area electron diffraction (SAED) patterns (insets in Figure
3A,B) also show a clear difference between ZnONRs and
SiNWs. ZnONRs show a stepwise transition. Their crystal
1411
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FIGURE 4. Porous SiNWs as supercapacitor electrodes. (A) SEM images of SiNWs after 0, 1, 5, and 10 Li-battery cycles. All the scale bars are
200 nm. (B) A galvanostatic charging/discharging curve taken from a 2.5 V test with LiPF6 in propylene carbonate. The IR drop from the top
cutoff potential is also denoted. (C) Gravimetric capacitances and BET surface areas as a function of the number of Li-battery cycles. (D)
Gravimetric capacitances for SiNWs after 5 Li-battery cycles and activated carbon are plotted at various charging/discharging currents. Data
for SiNWs after 5 Li-battery cycles measured in tetraethylammonium tetrafluoroborate (Et4NBF4) are also plotted. The larger capacitances at
higher currents suggest that 1D porous nanostructures are more suitable for high power operations than activated carbon, which has much
longer, tortuous pore structures and thus inefficient ion diffusion pathways.

structures change from a so-called crystal mosaic (1 cycle)
to polycrystalline (5 cycles), then eventually approach an
amorphous structure (10 cycles). The crystal mosaic is a
transition state between single- and polycrystalline. In this
structure, lattice planes in each domain are slightly misaligned with those in the neighboring domains, which result
in streaky SAED patterns. In contrast, SiNWs show an abrupt
transition such that the crystal structure changes from singlecrystalline to an amorphous structure in the first cycle, and
the amorphous structure remains persistent in the subsequent cycles (SAEDs in Figure 3B insets). This amorphous
character also confirms slow atomic diffusion of Si.
The 1D poSiNWs were tested as supercapacitor (SC)
electrodes in order to evaluate how the increased surface
areas affect performance. Note that these poSiNWs are
intrinsically well-bound to the substrates as a result of the
vapor-liquid-solid growth process, a property that should
positively affect their performance as SC electrodes. Detailed
procedures for cell preparation and data analyses are presented in the Supporting Information. A typical charging/
discharging plot during the galvanostatic measurements is
presented in Figure 4B. Similar plots were obtained for a
series of current values as well as after each Li-battery cycle
up to ten cycles. The specific capacitances match well with
the BET surface areas over the entire Li-battery cycle range
(Figure 4C). Both values increase up to 5 Li-battery cycles
then decrease from 5 to 10 Li-battery cycles. The series of
current values enables us to see how quickly specific capacitance decreases while the charging/discharging rate increases (Figure 4D). Also, the specific capacitances of
poSiNWs are compared with those of activated carbon
devices with a similar mass loadings that are the most
© 2010 American Chemical Society

established among other SC devices. The activated carbon
whose capacitance data are plotted in Figure 4D has a BET
surface area of ∼1070 m2/g. Nonetheless, its pore structure
is completely random, and porous materials of this type only
utilize a small fraction of the whole surface area for charge
storage. Moreover, their charge storing capabilities become
impaired more seriously at higher rates of charging and
discharging, which results in specific capacitances that decay
very sharply. The superior capacitances of poSiNWs at
higher current operations are possible mainly because the
organized 1D porous nanostructures are inherently firmly
bound to the substrates, eliminating the need for adhesion
agents, and allow for far more efficient ion diffusion. For the
poSiNWs, the small pore depths, mostly less than tens of
nanometers, allows the electrolyte ions to gain access to the
electrode surface more efficiently within a given amount of
time. Specific capacitances have been measured in different
electrolytes as well. The specific capacitances measured
from a single device show higher values in lithium hexafluorophosphate (LiPF6) than those in tetraethylammonium
tetrafluoroborate (Et4NBF4). The electrolyte dependence suggests that electrolyte ions with smaller cross sections exhibit
larger specific capacitances when dissolved in the same
solvent, propylene carbonate in our case. Although the
solvated nature of these electrolyte ions in propylene carbonate may not be completely identical, the specific capacitance trend is reflective of the size effect of the electrolyte
ions. The 1D porous nanostructures studied here suggest one
of the most ideal structures for SC electrodes. The poSiNWbased SC devices show energy and power densities of ∼20
Wh/kg and ∼22 kW/kg, respectively, thus exhibiting better
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performance than most previously reported data (see a
Ragone plot in Supporting Information Figure S6).
Various nanomaterials that can be alloyed with Li are
expected to hold nanopores in their nanostructures and also
exhibit highly tunable porosities by adjusting electrochemical parameters similar to those discussed here. These wellbound porous nanostructures could continue to find many
useful applications beyond supercapacitors. For example,
porous ZnONRs presented here (∼23 times larger surface
area compared to nonporous ones might be used as electrodes in dye-sensitized solar cells and yield higher shortcircuit currents, currently one of the limiting factors in the
area.
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