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ABSTRACT: Aiming at improving the volumetric capacity of
nanostructured Li-ion battery anode, an electrodeposited Sion-Ni inverse opal structure has been proposed in the present
work. This type of electrode provides three-dimensional bicontinuous pathways for ion/electron transport and high
surface area-to-volume ratios, and thus exhibits lower
interfacial resistance, but higher eﬀective Li ions diﬀusion
coeﬃcients, when compared to the Si-on-Ni nanocable array
electrode of the same active material mass. As a result,
improved volumetric capacities and rate capabilities have been
demonstrated in the Si-on-Ni inverse opal anode. We also
show that optimization of the volumetric capacities and the rate performance of the inverse opal electrode can be realized by
manipulating the pore size of the Ni scaﬀold and the thickness of the Si deposit.
KEYWORDS: Si anode, inverse opal, electrodeposition, 3D current collector, Li-ion battery, volumetric capacity

■

INTRODUCTION
Integrated microelectronics devices such as microsensors,1
biological micromonitors,2 or microelectronic pills3 have been
widely used for ambient sensors, smart medicines, etc. To meet
the size requirement of the microelectronics devices, the
integrated power sources must have a small footprint area (e.g.,
<1 cm2)4 and volume but relatively high energy density to
supply a desirable electric power. Traditional thin ﬁlm
microbatteries with two-dimensional (2D) geometries cannot
satisfy both size and energy requirements simultaneously.5
Compared to 2D conﬁgurations, three-dimensionally (3D)
nanostructured conﬁgurations exhibits several unique advantages for the application in the microelectronics devices, due to
their (1) higher surface area-to-volume ratios, which can
increase the mass loading of active materials per unit footprint
area and (2) abundant interspaces, which help to accommodate
the volumetric change of active materials during the lithiation/
delithiation process.5,6
In fact, a 3D Si-on-Ni nanocable array has been
demonstrated as a Li-ion battery (LIB) anode, which shows
high speciﬁc capacities and good cycling retention abilities.7
However, the volumetric capacities of the nanocable
composited electrodes were low due to the relatively low
mass loading of the active material on the metallic nanowire
current collector. Exploring possible improvements on the
volumetric capacity by designing suitable nanostructured
electrodes, we investigated a diﬀerent type of 3D nanostructured conﬁguration, a Si-on-Ni inverse opal structure,
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which can supply a 3D bi-continuous current collector and
higher surface area-to-volume ratios as compared to the
nanocable counterpart (see Table S1 in the Supporting
Information). Several Si-based inverse opal electrodes with or
without a metal scaﬀold current collector have been
reported.8−10 They show high speciﬁc capacities (>2500 mA
h g−1 at low charging/discharging current densities). Nevertheless, all of these Si inverse opal electrodes were realized
using a chemical vapor deposition method, which involves not
only expensive equipment but also toxic and ﬂammable gases,
e.g., silane. On the other hand, electrodeposition of Si has been
demonstrated as a simple and low cost deposition method.7,11,12 More importantly, electrodeposition of Si on
topographic substrate results in conformal coating formation,
which is critical in achieving a good electrode cycling retention
ability.7 Thus, in the present work, a thin layer of Si was
electrodeposited onto the metallic Ni inverse opal scaﬀold
surface to form a composite electrode. The beneﬁt of
employing the inverse opal architecture becomes obvious
when one compares its electrochemical performance to that of
the nanocable array counterpart of the same active material
mass. It reveals that the inverse opal electrode shows
considerable improvement in both the volumetric capacities
and the rate capabilities. We also show that the rate
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Figure 1. (a) Schematics of the synthetic process of the Si-on-Ni inverse opal electrode. Top view SEM images of the (b) as-deposited (side-view
shown in the inset); (c) electropolished Ni inverse opal (EDX of the sample shown in the inset); (d) Si deposited on Ni inverse opal scaﬀold (EDX
of the sample shown in the inset). (e) XRD θ-2θ scan of the electropolished Ni inverse opal scaﬀold on Cu substrate. (f) XRD θ-2θ scan of the Si
deposited on Ni inverse opal scaﬀold (Ni substrate). The magniﬁed 2θ region from 16° to 32° is shown in the inset.

Information) with a 1.0 A·s electrical charge passed through the
electrode (to diﬀerentiate the electric charge unit “C” from the
charging/discharging rate “C”, here we adopted “A·s” for the
former. This electrode is named Sample 410 nm-1.0 A·s). The
Si shell thickness is ∼31 ± 4 nm with a mass of ∼42 μg (the Si
thickness was statistically estimated by counting at least 50
diﬀerent sample regions in highly magniﬁed SEM images, and
then taking their average). The EDX spectrum (inset of Figure
1d) indicates that the shell is mainly composed of Si with
impurities of O and Cl (the Ni signal comes from the Ni
inverse opal scaﬀold). The crystallinity of both Ni scaﬀold and
the Si-on-Ni inverse opal was examined using X-ray diﬀraction
(XRD). It should be noted that the Ni scaﬀold sample was
grown on Cu instead of Ni foil as the substrate. The XRD taken
from such a sample is shown in Figure 1e, which discloses
diﬀraction peaks from the Ni (JCPDS No. 4-850) and Cu
(substrate) only. The XRD taken from the Si-on-Ni inverse

performance and volumetric capacities can be engineered by
controlling the pore sizes of metallic Ni scaﬀolds and the
thickness of the Si deposit.

■

RESULTS AND DISCUSSION

Figure 1a illustrates the synthetic process of the Si-on-Ni
inverse opal electrode. The morphology of the as-synthesized
Ni inverse opal structure is shown in Figure 1b. The thickness
of the inverse opal can be easily controlled by the electrodeposition duration (kept at ∼3 μm in the present study). The
interconnected pores among the spherical voids in the Ni
inverse opal are shown in Figure 1c. The pore size is enlarged
from ∼70 to ∼150 nm. Only the Ni signal is detected in the
energy-dispersive X-ray spectroscopy (EDX) spectrum (inset of
Figure 1c). A thin Si layer is uniformly electrodeposited on the
surface of the Ni inverse opal scaﬀold from the top to the
bottom of the sample (see Figure S1 in the Supporting
9843
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Figure 2. (a) Voltage proﬁles of Sample 410 nm-1.0 A·s during the ﬁrst and second cycles under a 0.03 C rate. The inset shows the diﬀerential
capacity−voltage curves. (b) Comparison of the volumetric capacities between Sample nanocable-4.5 μm, and inverse opal-3 μm at various rates. (c)
Nyquist plots of these two electrodes at 2 V vs Li+/Li potential during charging process. The inset shows the equivalent circuit model for the two
electrodes. Rohm stands for series ohmic resistance. Rint and CPE represent interfacial resistance and capacitance, respectively. Zw represents Warburg
impedance. The lines in panel c are the ﬁtted curves by using this model. (d) Comparison of the individual real impedances, Rohm, Rint, and the
eﬀective Li ion diﬀusion coeﬃcient DLi between these two electrodes.

from a-Si to a-LixSi and a-LixSi to a-Li∼2.8Si, respectively.20,21 An
additional wide hump is observed between ∼1.5 and 0.8 V vs
Li+/Li, contributed by the decomposition of the electrolyte to
form the SEI layer.22,23 During the charging process, Li is
extracted from Si at ∼0.32 and ∼0.46 V vs Li+/Li through the
phase transition from a-Li∼2.8Si to a-LixSi then to a-Si. However,
the lithiation behavior in the second cycle is diﬀerent from that
in the ﬁrst cycle. In the second cycle, the wide hump between
∼1.5 and 0.7 V vs Li+/Li disappears, indicating less SEI layer
formation during the second discharging process. In addition,
the reduction peaks are found to move to ∼0.38 and ∼0.07 V
vs Li+/Li due to diﬀerent kinetics of a-Si lithiation in the
corresponding cycles. In the ﬁrst cycle, a-Si lithiation is
controlled by the breakup of the strong Si−Si bonds, while the
following lithiation is dominated by the Li diﬀusion.21
Nevertheless, the following cycles show fairly similar characteristics to the second cycle, indicating the relatively good
reversibility of the Si-on-Ni inverse opal electrode.24
The volumetric capacities of Sample 410 nm-1.0 A·s decrease
progressively with increased rates from 0.03 to 5.2 C (1 C =
4200 mA g−1, see Figure S3a in the Supporting Information).
At low rate of 0.03 and 0.13 C, this electrode exhibits a
volumetric capacity of ∼420 and ∼330 mA h cm−3, respectively.
At a high rate of 5.2 C, the charging volumetric capacity
remains at ∼150 mA h cm−3. The decayed capacity is recovered

opal sample shows no additional diﬀraction peaks. Only a weak
and broad bump is observed in the 2θ range of 16°−32°
(Figure 1f). This broad bump corresponds to the amorphous
SiO2, which froms due to the easy oxidation of the
electrodeposited Si being exposed to air (during XRD
measurement).7
Figure 2 shows the voltage proﬁles of Sample 410 nm-1.0 A·s
during the ﬁrst and second cycles under a 0.03 C rate. The
sloping voltage proﬁles during lithiation (discharge) are
consistent with the lithiation behavior of amorphous Si.13,14
In the ﬁrst cycle, discharging and charging volumetric capacities
of ∼860 and ∼448 mA h cm−3 are obtained, respectively, with a
low coulombic eﬃciency (∼52%). The ﬁrst large irreversible
loss is likely contributed by surface ﬁlm formation, such as the
formation of the SEI layer (decomposition of electrolyte)15,16
and surface SiOx (reaction with trace water in the electrolyte).17,18 In the subsequence cycling, the coulombic eﬃciencies
are increased to ∼89% and further improved to >97% after a
few more cycles. To better understand the lithiation and
delithiation behavior of the Si-on-Ni inverse opal electrode, the
diﬀerential capacity−voltage curves (inset of Figure 2a) are
derived from the voltage proﬁles. In the discharging process,
the peaks around 0.54 V relate to the reaction between Li and
SiOx at the electrode surface.19 The other two peaks around
0.19 and 0.09 V vs Li+/Li correspond to the phase transition
9844
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Figure 3. Top-view SEM images of Sample (a) 410 nm-1.0 A·s; (b) 410 nm-1.5 A·s; (c) 410 nm-2.0 A·s. (d) Comparison of the volumetric
capacities of Sample 410 nm-1.0, 1.5, and 2.0 A·s. (e) The corresponding capacity retention of the three inverse opal electrodes. Top-view SEM
images of Sample (f) 410 nm-1.0 A·s; (g) 410 nm-1.5 A·s; (h) 410 nm-2.0 A·s taken after discharge at 0.65 C rate.

to ∼254 mA h cm−3 when the rate goes back to 0.13 C,
indicating its good capacity retention ability. Meanwhile, this
electrode also delivers high speciﬁc capacities at various rates,
e.g., ∼3150 mA h g−1 (in terms of the mass of the Si deposit) at
rate of 0.03 C (Figure S3b, Supporting Information).
We compared the electrochemical performance of this Si-onNi inverse opal electrode to another representative 3D
nanostructured system, i.e., the Si-on-Ni nanocable electrode
(see Figure S2 in the Supporting Information) with same Si
mass. The substrate foot area of the nanocable and the inverse
opal samples were kept the same. We named the two samples
using their morphology and total thickness (substrate excluded)
characteristics, i.e., nanocable-4.5 μm and inverse opal-3 μm.
The total surface area in Sample nanocable-4.5 μm is ∼20 cm2,
which is comparable to that of Sample inverse opal-3 μm
(surface area ∼21 cm2, see Table S1 in the Supporting
Information). As a result, the two samples have similar
thicknesses of the Si deposit layer, i.e., ∼28 nm in Sample
nanocable-4.5 μm and ∼31 nm in Sample inverse opal-3 μm.
Nevertheless, one should note that the volume of Sample
nanocable-4.5 μm is larger than that of Sample inverse opal-3

μm, and this should be normalized when comparing their
volumetric capacity.
The ﬁrst charging volumetric capacities are plotted at
diﬀerent rates for these two samples (Figure 2b). It is found
that the inverse opal electrode exhibits much higher volumetric
capacities than those of the nanocable array electrode at all
rates, as well as better rate capability. For example, at a high rate
of 4 C, the inverse opal electrode retains at ∼150 mA h cm−3,
showing a ∼117% improvement when compared to that of
Sample nanocable-4.5 μm (∼69 mA h cm−3). Nevertheless, the
cyclabilities of these two electrodes are comparable (see Figure
S3d in the Supporting Information). It should be noted that
both electrodes show continuous capacity fading, which
probably results from the continuous growth of the SEI layer
on the Si surface, the SEI layer takes forever to stabilize when
new surfaces keep on forming as Si undergoes volume
change.25 Nevertheless, the formation of the SEI layer would
be mitigated if an appropriate electrolyte, e.g., ionic liquid type
of electrolyte, and/or proper surface coating are chosen.
Generally speaking, the potential and current distributions in
an electrochemical cell greatly depend on the geometries, e.g.,
9845
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Figure 4. Top-view SEM images of (a) electropolished Ni inverse opal derived from 1μm PS template; (b) Si-on-Ni (thickness 50 nm) inverse opal
(Sample 1 μm-1.3 A·s). (c) Comparison of volumetric capacity retention of Sample 410 nm-2.0 A·s and Sample 1 μm-1.3 A·s. (d) Nyquist plots of
these two corresponding inverse opal electrodes at the potential 2 V vs Li+/Li during charge. The lines are the ﬁtted curves by using the previous
equivalent circuit model. (e) Comparison of the individual real impedance, Rohm, Rint, and the eﬀective DLi between those two inverse opal electrodes.
Top-view SEM images of Sample (f) 410 nm-2.0 A·s; (g) 1 μm-1.3 A·s taken after discharging for 12 h.

be reduced in the inverse opal electrode, allowing higher
capacities to be realized.
To better understand the Li ion diﬀusion characteristics of
the inverse opal electrode and the nanocable electrode, the
eﬀective Li ion diﬀusion coeﬃcient DLi are estimated from
EIS,30 according to the equation

porosity and surface roughness, of the electrodes. If the
electrodes are rough and/or the bulk properties of the material
are inhomogeneous, both the potential and current distributions will be diﬀerent in the respective electrodes, leading to
diﬀerent charge transport properties such as diﬀerent interfacial
charge transfer and ion diﬀusion processes.26,27 To gain a better
understanding on the diﬀerence between the inverse opal and
the nanocable electrodes, electrochemical impedance spectroscopy (EIS) measurements were carried out at the potential of 2
V vs Li+/Li and the Nyquist plots are shown in Figure 2c. The
intercept of the real axis at high frequency is dominated by
series ohmic resistance, which contributed by external cell
connections and ionic conduction through the electrolyte and
separator. A semicircle at the high-to-medium frequency region
represents interfacial resistance resulting from charge transfer
resistance on the electrode interface and the presence of a
passivating SEI layer. The followed inclined line at the low
frequency region relates to Li ion diﬀusion in the solid-state
electrode.28 An appropriate equivalent circuit model (inset of
Figure 2c) was established to ﬁt the Nyquist curves. The
electrical parameters, e.g., Rohm and Rint, in this model can be
calculated (see Table S2 in the Supporting Information), as
shown in Figure 2d. The interfacial resistance of Sample inverse
opal-3 μm is smaller than that of Sample nanocable-4.5 μm,
although their surface areas are similar. This is ascribed to the
diﬀerent conﬁgurations of these two types of nanostructured
electrodes. In the nanocable conﬁguration, each individual
nanowire provides only 1D charge transport pathways. In
contrast, the bi-continuous 3D inverse opal conﬁguration can
supply more ionic/electrical transport pathways, which will
facilitate the charge transport.29 Therefore, the polarization can

DLi =

2
1 ⎡ Vm ⎜⎛ dE ⎟⎞⎤
−
⎢
⎥
2 ⎣ SFσ ⎝ dx ⎠⎦

in which Vm is the mole volume of Si; S is the surface area of
electrode (calculated based on face-center cubic structure of
inverse opal electrode); F is the Faraday constant; σ is the
Warburg factor, which can be obtained from the ﬁtting at low
frequency in EIS; dE/dx can be estimated from the slope of
galvanostatic charge−discharge proﬁles. The results of σ, |dE/
dx|, and DLi are summarized in Table S2 (Supporting
Information). The eﬀective Li ion diﬀusion coeﬃcient of the
inverse opal electrode is considerably larger than that of the
nanocable electrode (Figure 2d) due to their diﬀerent
conﬁgurations (as discussed earlier). It is well-known that the
rate capability of LIB is mainly determined by the Li ion
diﬀusion ability of in the active materials.31 Therefore, the
inverse opal electrode shows better rate performance due to its
higher eﬀective Li ion diﬀusion coeﬃcient.
To increase the volumetric capacities of the Si-on-Ni inverse
opal electrode, more active material (Si in the present case) was
deposited onto the Ni inverse opal current collector. The
quantities of charge passed through the electrodes during the
electrodeposition were 1.5 A·s and 2.0 A·s (Sample 410 nm-1.5
and 410 nm-2.0 A·s), corresponding to ∼40 ± 5 and ∼50 ± 6
nm Si shell thicknesses (Figure 3b,c), respectively. Figure 3d
9846
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these two corresponding inverse opal electrodes are shown in
Figure 4d. Using the previous equivalent circuit model, the
individual resistances Rohm, Rint, and eﬀective diﬀusion
coeﬃcient DLi of these two inverse opal electrodes can be
obtained, as shown in Figure 4e (or see Table S2 in the
Supporting Information). These results indicate that the series
ohmic resistance and the interfacial resistance of these two
electrodes are quite similar. In contrast, the eﬀective Li ion
diﬀusion coeﬃcient of Sample 1 μm-1.3 A·s is nearly 6 times
higher than that of Sample 410 nm-2.0 A·s. Because the Si layer
thicknesses of these two inverse opal electrodes are similar
during the cycling (both initial Si shell thickness ∼50 nm;
lithiated shell thickness ∼78 nm for Sample 410 nm-2.0 A·s and
∼70 nm for Sample 1 μm-1.3 A·s), the pore size in the inverse
opal structure is suggested to serve as the major reason for the
observed diﬀerence in the two electrodes. The open pores serve
as the liquid electrolyte channels, resulting in low Li ion
transport resistance. To conﬁrm this hypothesis, the two
electrodes were discharged at 0.01 V vs Li+/Li for 12 h. In this
process, as much as possible, Li ions are inserted into the
electrode. As a result, almost all interspaces are ﬁlled by the
lithiated Si alloy in Sample 410 nm-2.0 A·s due to the
volumetric expansion during discharge (Figure 4f). In contrast,
the interconnected pores are still open after lithiation in Sample
1 μm-1.3 A·s (Figure 4g), providing adequate channels for the
ﬂow of liquid electrolyte. These results indicate that the main
limitation for the volumetric capacity retention of Sample 410
nm-2.0 A·s is the relatively small interconnected pore size
rather than the thicker Si shell. Further increase of the Si shell
thickness to 65 ± 6 nm on the 1 μm pore size Ni scaﬀold
(Sample 1 μm-2.0 A·s, see Figure S4a in the Supporting
Information) leads to an improved volumetric capacity at low
cycling rates but a decreased volumetric retention ability as
compared to Sample 1 μm-1.3 A·s (see Figure S4c and S4d in
the Supporting Information). As the interconnected pores are
still open in Sample 1 μm-2.0 A·s (see Figure S4b in the
Supporting Information), the worsened rate performance is
likely due to the longer ionic/electric transport pathways in
thicker Si shells. The results also suggest that the volumetric
capacity retention ability can be manipulated by adjusting the
pore size of the Ni inverse opal scaﬀold and the thickness of the
Si deposit.

shows the comparison of the volumetric capacities of the three
inverse opal electrodes (Sample 410 nm-1.0 A·s, 410 nm-1.5 A·
s, and 410 nm-2.0 A·s). When the Si shell thickness increased
from ∼31 nm (Sample 410 nm-1.0 A·s) to ∼40 nm (Sample
410 nm-1.5 A·s), the volumetric capacities are improved at all
rates (corresponding speciﬁc capacities are shown in Figure S3c
in the Supporting Information). When the Si shell thickness
further increased to ∼50 nm (Sample 410 nm-2.0 A·s), the
volumetric capacity is further increased at relatively low rates
(<0.65 C). For example, the volumetric capacity of Sample 410
nm-2.0 A·s exhibits ∼700 mA h cm−3 at a rate of 0.07 C (294
mA g−1), which is ∼1.6 to ∼6 times higher than that of other
typical binder-free Si-based electrodes.32,33 On the other hand,
the volumetric capacities of Sample 410 nm-2.0 A·s rapidly
decrease with the rate increase and become even lower than
those of ∼40 nm Si shell samples at ∼0.65 to 5 C (Figure 3d).
This is to say, Sample 410 nm-2.0 A·s with ∼50 nm Si shell
exhibits the worst capacity retention ability (Figure 3e).
To identify the cause of the decreased capacity retention
when the deposited Si thickness increases to ∼50 nm (in
Sample 410 nm-2.0 A·s), the corresponding coin-cells were
disassembled and characterized after discharge (lithiation) at a
0.65 C rate. After lithiation, the Si layer thicknesses expanded to
39 ± 7, 52 ± 6, and 78 ± 12 nm (Figure 3f−h), corresponding
to Sample 410 nm-1.0, 1.5, and 2.0 A·s. On the one hand, the Li
ion diﬀusion becomes more diﬃcult due to the Si layer
thickness increase from Sample 410 nm-1.0 to Sample 410 nm2.0 A·s. On the other hand, the volume fraction of the liquid
electrolyte in the inside pores of the inverse opal electrodes
drops due to the expansion of lithiated Si layer, causing less
adequate contact between the electrode material and the
electrolyte. In particular, when the thickness of the Si layer
expands to ∼78 nm, most pores are found to be ﬁlled by a solid
substance and only very limited interspaces are left to
accommodate the liquid electrolyte. Because the Li ion
transport in liquid electrolyte is faster than that in solid-state
Si or Si−Li alloy, blocking the electrolyte ﬂow slows down Li
transport during the cycling process. Both factors can be
responsible for the worst capacity retention observed in Sample
410 nm-2.0 A·s.
To ﬁnd out which one of them serves as the limiting factor,
another Si-on-Ni inverse opal electrode was designed. In this
sample, the deposited Si layer thickness (∼50 nm) was kept the
same as that of Sample 410 nm-2.0 A·s. Nevertheless, the pore
sizes of the Ni inverse opal scaﬀold were increased by
employing 1 μm PS template (Sample 1 μm-1.3 A·s) during
the Ni scaﬀold fabrication. As shown in Figure 4a, the
interconnected pore size of the Ni inverse opal scaﬀold is
enlarged to ∼300 nm. It should be noted that the mass of the
active material is diﬀerent in these two inverse opal electrodes
(Sample 410 nm-2.0 A·s, ∼66 μg; Sample 1 μm-1.3 A·s, ∼43
μg). Therefore, the lower capacity of Sample 1 μm-1.3 A·s is
due to its smaller surface area to accommodate the Si deposit.
Nevertheless, in this set of experiments, we only need to
compare the charging volumetric capacity retention of Sample
410 nm-2.0 A·s and Sample 1 μm-1.3 A·s, which is evaluated
from the decaying trend of the electrode volumetric capacity
when the charging rate is increased. It clearly shows that
Sample 1 μm-1.3 A·s exhibits better rate performance (Figure
4c). For example, it delivers ∼60% of its initial volumetric
capacity at rate of 1.3 C, while at the same rate, only ∼44% of
initial volumetric capacity is retained for Sample 410 nm-2.0 A·
s. The Nyquist plots (potential 2 V vs Li+/Li during charge) of

■

CONCLUSIONS

In summary, the 3D metallic Si-on-Ni inverse opal anode was
fabricated by electrodeposition. When compared to the
nanocable array electrode counterpart of the same active
material mass, the composite inverse opal electrode demonstrated considerable improvement in the volumetric capacities
and rate capabilities. This is ascribed to the 3D bi-continuous
transport pathways provided by the inverse opal nanoarchitecture for ion/electron transport and high surface areato-volume ratio, resulting in lower interfacial resistance but a
higher eﬀective Li ion diﬀusion coeﬃcient during the
discharging/charging process. Optimization of the rate
performance and volumetric capacities of the inverse opal
electrode can be realized by manipulating the pore size of the
Ni inverse opal scaﬀold and the thickness of the Si deposit. The
Si-on-Ni inverse opal electrode derived from 410 nm PS
template with ∼40 nm Si deposit was identiﬁed to have the best
performance, i.e., highest rate capabilities and high volumetric
capacities are simultaneously achieved.
9847
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Electrodeposition of the Si-on-Ni Inverse Opal Electrode.
The synthetic process of the Si-on-Ni inverse opal electrode is
summarized in Figure 1a. First, a 3D colloidal crystal template was
grown on a Ni foil substrate by electrophoretic deposition.34 A mixture
containing 0.5 mL aqueous suspension of colloidal polystyrene
microsphere (PS, diameter 410 nm or 1 μm, 4% w/v, life technologies
Co.), 73 μL aqueous ammonium (30%), and 2.5 mL of ethanol was
used as an electrolyte. During the deposition, a Pt foil was used as the
cathode and a constant voltage of 3 V was applied to the Ni foil anode.
After deposition, the coated Ni foil was dried in air.
Secondly, Ni metal was electrodeposited into the interspace of that
PS template. In this step, the coated Ni foil was immersed into a
water−ethanol mixture (4:1, v/v) solution containing 1 M NiSO4·
6H2O and 0.3 M H3BO3. A constant cathodic current (−2 mA cm−2)
was used for Ni electrodeposition. After that, the PS template was
burnt out in air (300 °C for 1 h), and then the inverse opal scaﬀold
was reduced in 10% H2/Ar gas (400 °C for 1 h). To increase the
internal pore size of the Ni inverse opal, the sample was
electropolished at room temperature.
Finally, a Si layer was deposited on the Ni inverse opal through
electrodeposition as described previously.7 After Si deposition, a
brownish yellow deposited layer was observed. The mass of the Si was
indirectly determined after its being completely oxidized to SiO2.
Characterizations. The crystallinity of the samples was examined
by X-ray diﬀraction (XRD, SmartLab, Rigaku) with Cu Kα radiation
source (d = 0.1541 nm). The morphologies and the chemical
composition were characterized by a ﬁeld emission scan electron
microscope (FESEM, Quanta 200, FEI), equipped with an energydispersive X-ray detector (EDX, Oxford). Transmission electron
microscopy (TEM) was also carried out for the microstructural
investigation of the samples using a Tecnai F20 microscope operating
at 200 kV.
Electrochemical Properties of the Si-on-Ni Inverse Opal
Electrode. The electrochemical properties of the samples were
examined using CR2032 coin-type cells with Li foil as counter
electrode. The liquid electrolyte was 1.0 M LiPF6 in ethylene
carbonate/diethyl carbonate solvent (1:1 v/v, Novolyte Co.). After the
cells assembled in an argon-ﬁlled glove box (H2O<0.1 ppm, O2<0.1
ppm, M. Braun Inertgas Systems Co., Ltd.), the electrochemical testing
was performed between 0.02 and 2.0 V using LAND batteries testing
system (CT2001A, Wuhan Kingnuo Electronic Co., Ltd.). The
electrochemical impedance spectroscopy (EIS) of the batteries was
tested in the frequency range from 100 kHz to 1 Hz under an
alternating current (AC) stimulus with a 10 mV of amplitude (CHI
660C, Shanghai Chenhua Instrument Co., Ltd.). After cycling test, the
coin-cells were disassembled to characterize the morphologies change
of the electrode. The solid-electrolyte interphase (SEI) layer on the
electrode surface was removed by dilute acetic acid.35
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A·s, morphology of the Si-on-Ni nanocable array, volumetric
and speciﬁc capacities of Sample 410 nm-1.0 A·s and 410 nm1.5 A·s at various rates, comparison of cycling performance of
the inverse opal and nanocable electrodes, and the summarized
Rohm, Rint, σ, |dE/dx|, and DLi of the inverse opal and nanocable
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