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Nanoporous silicon networks as anodes for lithium

ion batteries

Jia Zhu,wa Christopher Gladden,wa Nian Liu,b Yi Cuib and Xiang Zhang*a

Nanoporous silicon (Si) networks with controllable porosity and

thickness are fabricated by a simple and scalable electrochemical

process, and then released from Si wafers and transferred to

flexible and conductive substrates. These nanoporous Si networks

serve as high performance Li-ion battery electrodes, with an initial

discharge capacity of 2570 mA h g�1, above 1000 mA h g�1 after

200 cycles without any electrolyte additives.

Rechargeable lithium-ion batteries hold great promise as

energy storage devices to solve the temporal and geographical

mismatch between the supply and demand of electricity, and

are therefore critical for many applications such as portable

electronics and electric vehicles. Electrodes in these batteries

are based on intercalation reactions in which Li+ ions are

inserted (extracted) from an open host structure with electron

injection (removal).1–4 However, the current electrode materials

have limited specific charge storage capacity and cannot

achieve the higher energy density, higher power density, and

longer lifespan that all these important applications require.3

Si as an alloying electrode material is attracting much attention

because it has the highest known theoretical charge capacity

(4200 mA h g�1). However, it is challenging to overcome the

issues associated with alloying and conversion reactions, which

involve large structure and volume changes (400% volume

expansion for Si) during Li+ ion insertion and extraction. These

issues can cause large hysteresis in the charge and discharge

potentials, low power rate, and short cycle life, due to material

instability, and poor electron and ion conduction.5

Recently, Si nanostructures have been intensively explored

to attack the volume expansion and fracture problem.6–16 For

example, many Si nanostructures, such as Si nanowires,6 carbon/Si

spheres,9 Si nanotubes,17,18 core–shell crystalline/amorphous

Si nanowires,19 Si nanotubes, have also shown initial capacity

close to the theoretical limit, good (>90%) capacity retention

over a large number of cycles.20 However, low cost and fast

throughput processes with great mass and morphology control

are still desirable to reach the full potential for commercializa-

tion. Here we developed a simple and scalable electrochemical

process to fabricate nanoporous Si networks with controllable

porosity, which demonstrated a high initial discharge capacity of

2570 mA h g�1 and 200 cycles in electrochemical tests. Even after

200 cycles, this nanoporous Si network shows a capacity of above

1000 mA h g�1. Good rate capability is demonstrated as well.

The nanoporous Si networks can be fabricated using a simple

and scalable process (Fig. 1). Silicon wafer chips (0.01–0.02 O cm

p-type) are secured in a Teflon etch cell filled with a 1 : 3

hydrofluoric acid and ethanol mixture. A nanoporous Si thin

Fig. 1 (a) Schematics of fabrication process flow. The nanoporous film is first

etched in 3 : 1 HF : EtOH under illumination, then undercut in 20 : 1 HF : EtOH.

After being rinsed in EtOH it can be transferred to Cu foil and the substrate is

reused. (b) Nanoporous Si film on a Si substrate. (c) Nanoporous Si film

transferred to a Cu film.
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film is etched under constant current and light illumination. Sub-

sequently the solution is exchanged for 1 : 20HF : EtOH and etched

at 30 V to undercut the porous network and release it from the

silicon substrate.21 Finally the etch cell is flushed with pure ethanol,

and then the thin layer of nanoporous Si is transferred to the Cu foil

by slowly flowing ethanol over the chip while holding it in contact

with the foil. The porous layer on the Cu foil is then rinsed with

hexane and allowed to air dry. The silicon substrate can be reused

many times, ensuring efficient use of the Si source material.

The porosity of these nanoporous Si networks can be con-

trolled by adjusting the etching current and illumination

intensity (Fig. 2). Increasing etching current uniformly

increases the porosity of the network, while increasing illumi-

nation intensity decreases the porosity of the network.22 The

porosity is measured using FTIR reflectance spectroscopy

which is then fitted using the dispersion of silicon and effective

medium theory to calculate the refractive index and corre-

sponding porosity23 (Fig. 2, inset). We assume that the porosity

is uniform along the thickness direction, which can be seen in

Fig. 3b and e. To increase the accuracy of the model, the layer

thickness is measured using SEM cross-section and compared

to the model fitting.

To investigate the electrochemical performance of these

nanoporous Si networks, two-electrode 2032 coin cells with

these nanoporous Si networks (B20 nm pore size) on the

Cu substrate were fabricated with Li metal as the counter

electrode. As the volume of Si will expand upon the full

lithiation to 400% of the original, it has been predicted

and generally accepted that Si can only take around 20% in

volume in order to have a good cyclability.9 Therefore samples

with 80% porosity, i.e. Si takes 20% of volume, were used in

this study. To understand the intrinsic properties of these

nanoporous Si networks, galvanostatic cycling was used with

voltage cutoffs of 0.01 and 1 V vs. Li/Li+. The charge capacity

referred to here is the total charge inserted per unit mass of

the nanoporous Si networks during Li insertion, whereas the

discharge capacity is the total charge removed during Li

extraction.

The structural changes of the nanoporous Si networks

before and after lithiation were studied using scanning electron

microscopy (SEM), and transmission electron microscopy (TEM).

Fig. 2 The dependence of porosity on illumination intensity. Inset: Fourier

transform infrared spectroscopy for porosity characterization.

Fig. 3 Nanoporous Si networks before cycling (a) top view SEM image, (b) cross section SEM image, (c) TEM image, inset: SAD pattern. Nanoporous Si networks

(SEI has been removed) after cycling (d) top view SEM image, (e) cross section SEM image, (f) TEM image, inset: SAD pattern.
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The as-fabricated nanoporous Si networks have an average pore

size of 20 nm and 1 mm thickness as revealed in the SEM image

(Fig. 3a). Cross-section SEM showed that the whole porous Si

networks are in good contact with the Cu substrate (Fig. 3b),

which is crucial for battery performance. The as-fabricated

nanoporous Si networks were single crystalline, as confirmed

by TEM (Fig. 3c). As shown in Fig. 3f, the nanoporous Si

becomes predominately amorphous during electrochemical

cycling, similar to what has been observed in SiNWs. SEM

(Fig. 3e) studies found that the networks remained adhered

to the substrate. The pore size of the networks also appears

to have decreased after lithiation, as expected from the pre-

dicted volume change. It is important to note that the networks

do not pulverize after cycling because of the large porosity

which can accommodate the volume change, as shown in

Fig. 3d and e.

The first discharge capacity was 2570 mA h g�1 at the C/10

rate, or 10 h per half-cycle (Fig. 2). The irreversible capacity loss

is likely due to reactions at the surface of these nanoporous

structures. One possibility is the formation of a surface–electrolyte

interphase (SEI) film due to electrolyte decomposition.20,24,25

This has been well studied in both carbonaceous and Si

electrodes. The second possibility is the decomposition of the

native oxide that forms on the Si. The low Coulombic efficiency

is limited to the first cycle, suggesting that any surface reac-

tions occur only during the initial cycling. More studies will be

done to determine the exact processes and the origin of the

large initial irreversible capacity loss. The Coulombic efficiency

starting from for the 2nd cycle is above 97%, showing good

reversible cycling after the surface reactions are completed.

The discharge capacity remains stable at 1800 mA h g�1 over

20 cycles (Fig. 4a), indicating that the nanoporous Si networks

remain in contact with the current collector and do not

undergo pulverization.

The voltage profiles of the different cycles are shown in

Fig. 4b. The lithiation potential shows a sloping profile between

0.1 and 0.01 V, consistent with the behaviour of amorphous

silicon. No obvious change in the charge–discharge profile can

be found after 200 cycles, indicating good cycling performance.

This long cycle life without any electrolyte additive can be

attributed to the stable SEI and the nanoporous Si materials.

High rate capabilities were also observed in the nanoporous

Si networks (Fig. 4c). Charging–discharging at C/20, C/10, C/5,

C/2, 1 C and 2 C revealed good cyclability. The Coulombic

efficiency of 99.7% was also quite high, indicating good rever-

sibility. The capacity was very stable at the high rates, indi-

cating good Li diffusivity in the Si. Although the capacity

dropped at the 1 C rate to 1200 mA h g�1, it was still much

higher than the theoretical capacity of graphite (372 mA h g�1).

Also it is found that addition of a binder (CMC binder) can

improve the performance, which has been reported before.16

In the case of the Si–C composite, it is reported that the

addition of a binder can improve the performance by holding

the active materials together.7 However, in this study, since the

nanoporous Si networks did not pulverize after electrochemical

cycling, it is believed that the binder improves the performance

by improving the electrical contact between active materials

and current collectors.

Fig. 4 Electrochemical characteristics of nanoporous Si networks tested between 1 V and 0.01 V. (a) Delithiation capacity and CE of nanoporous Si networks at

the charge–discharge rate of C/10 for the first 15 cycles, then at the charge–discharge rate of 1 C until 200 cycles. (b) Voltage profiles plotted for the 1st, 10th,

20th, 100th and 200th cycles. (c) Capacity of nanoporous Si networks cycled at various rates from C/20 to 2 C. All the specific capacities of DWSiNTs are reported

based on the total weight of Si–SiOx.
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Conclusion

In conclusion, we have shown that nanoporous Si network

anodes with 80% porosity have a high specific capacity

(2570 mA h g�1) and good cycling performance (>200 cycles)

without any electrolyte additives. Our nanoporous Si anode

design is easy to fabricate and has good electronic contact

between the network and the current collector. Thus, nano-

porous Si networks can be a promising, higher-capacity alter-

native for the existing graphite anode in Li ion batteries.
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