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ABSTRACT: In the present study, a configuration of three-
dimensional Ni core/sputtered Si shell nanocable arrays is proposed
to alleviate the severe volumetric change of Si during lithiation/
delithiation. In particular, the effects of N doping in the Si shell on
the electrochemical performance of the nanocable array electrodes
have been investigated. It has been found that reduced interfacial
resistance, enhanced effective Li ion diffusion coefficient in the
active material, and more stable surface passivating layer are likely to
be achieved by N doping, leading to an improvement of the rate
performance and cyclability when compared to the undoped

nanocable array counterpart.
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B INTRODUCTION

The commercial use of Si in lithium cells has been limited by
the low cycling stability of bulk Si due to severe volume change
during the discharging/charging process and low electrical
conductivity of intrinsic Si. To overcome the former problem,
nanostructured conﬁgurations of Si, e.g, nanoparticles,1 thin
films,>> nanowires,”> and nanotubes,®’ are employed to
alleviate the volumetric expansion by employing small size to
release stress and/or incorporating pores or voids into the
corresponding materials. On the other hand, the electrical
conductivity of Si is low. Several methods have been explored
to enhance the electrical conductivity of Si, such as mixed Si
particles with conductive carbon,® surface coating with carbon’
or metal,'® and doping with other elements.”"'™"* Among
those methods, only doping serves as an intrinsic solution. The
doped Si electrode may no longer suffer from detachment
between the Si and its surrounding electrical connections.'® In
doping carried out in Si thin films, n-type Si shows better
electrochemical performance than that of p-type or intrinsic
ones.”'! However, most of the reported works about doped Si
electrodes were carried out in thin film or particle
systems, " "'>'* and limited works focused on three-dimen-
sional (3D) configurations of the nanostructured Si electrode.”
One work of B-doped porous Si nanowires as a lithium ion
battery (LIB) anode exhibited high capacity (~2000 mA h g™*
at the rate of ~0.5 C) and high structural stability due to the
high porosity and the improved electron conductivity of the
doped porous Si nanowires. However, the performance of this
kind of anode greatly depends on the proper selection of
binders or additives."> As the introduction of binders and
additives generates undesired interfaces between the active
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materials and the additives, their presence increases the
complexity of the charge transfer process.'® In the present
work, the effect of N doping on the electrochemical
performance of Ni core/sputtered Si shell nanocable arrays
directly grown on the conductive substrate was investigated as a
LIB anode, avoiding the use of binders or additives. In this
composited configuration, the metallic Ni nanowire arrays (Ni
metal selected due to the %ood adhesion strength between the
Ni metal and sputtering Si'’) act as both a mechanical support
and a nanostructural current collector for the active material Si.
In addition, the internal pore of the nanocable array electrode
helps to accommodate the large volumetric change during the
lithiation/delithiation process, thus mitigating the internal
stress built up. Most importantly, N doping is easily realized
during the magnetron sputtering process of Si by the
introduction of N, gas into the sputtering chamber. The N-
doped nanocable array electrode exhibits considerable improve-
ment in electrochemical performance when compared to
undoped nanocable arrays or a thin film counterpart of the
same Si mass.

B EXPERIMENT SECTION

Metallic Ni/Si Nanocable Array Growth on a Conductive
Substrate. Firstly, the Ni nanowire arrays were directly grown on a
Ni foil substrate by electrodeposition with the aid of an anodic alumina
oxide (AAO) template, which was described previously.'® To increase
the separation distance between individual Ni nanowires, the sample
was electropolished in an acid solution.'® Then a thin Si layer was
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Figure 1. Planview SEM images of the (a) as-depositied and (b) electropolished Ni nanowire arrays. (c) EDX spectrum of the electropolished
sample. (d) XRD 6—20 scan of the electropolished Ni nanowire arrays on a copper substrate.
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Figure 2. (a) Schematic of resistance measurement of the sputtered Si thin film on ITO. (b) Cross-section SEM image of the sputtered Si on ITO
substrate. (c) Relationship between the resistivity of this sample and amount of N, gas introduced (in terms of volumetric percentage of the N, in

the gas mixture).

deposited on the Ni nanowire arrays through radio frequency (RF)
magnetron sputtering with a Si target at 100 W. During this process, a
chamber pressure kept at 5 X 107> Torr with a N,/Ar mixed gas
(volumetric percentage of N, in the mixture adjusted from 0% to 3%)
flow of 50 standard cubic centimeters per minute (sccm), and the
substrate was rotated at 20 rpm to achieve better uniformity.

Characterizations. The crystallinity of the samples was examined
by X-ray diffraction (XRD, SmartLab, Rigaku) with a Cu Ka radiation
source (d = 0.1541 nm). The morphologies and the chemical
composition were characterized by a field emission scanning electron
microscope (FESEM, Quanta 200, FEI), equipped with an energy-
dispersive 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.
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Electrochemical Properties of the Metallic Ni/Si Nanocable
Array Electrode. The electrochemical properties of the samples were
examined using CR2032 coin-type cells with Li foil as counter
electrode. No binder or conducting carbon was used during the cell
assembly. The liquid electrolyte was 1.0 M LiPF¢ in ethylene
carbonate/diethyl carbonate solvent (1:1 v/v, Novolyte Co.). All
coin cells were cycled between 0.02 and 2.0 V at different rates on a
multichannel battery test system (CT2001A, LAND batteries testing
system, Wuhan Kingnuo Electronic Co., Ltd.). The electrochemical
impedance spectroscopy (EIS) of the batteries was collected in the
frequency range from 100 kHz to 1 Hz under an alternating current
(AC) stimulus with 10 mV of amplitude (CHI 660C, Shanghai
Chenhua Instrument Co., Ltd.). The obtained impedance data were
fitted by ZView software. After a cycling test, the coin-cells were
disassembled to characterize the morphology change of the electrode.
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Figure 3. (a) Planveiw SEM images of the sample 0.5% N,-NC30 min. Typical TEM images taken from the sample 0.5% N,-NC30 min (b) at low
magnification and (c) at higher magnification. (d) EDX line scan taken along the yellow line (in b) from the same nanocable sample. (e) Electron
energy loss spectra taken from the Si shell of the sample pristine-NC30 min, sample 0.5% N,-NC30 min, and sample 3.0% N,-NC30 min. Electron
energy loss spectrum of the N K-edge taken from the Si shell of the sample 0.5% N,-NC30 min is shown in the inset.

The solid—electrolyte interphase (SEI) layer on the electrode surface
was removed by dilute acetic acid.

B RESULTS AND DISCUSSION

Figure la shows the planview SEM images of as-deposited Ni
nanowire arrays. The average diameter and separation distance
between individual nanowires are ~200 nm and ~130 nm,
respectively. They are inherited from the AAO template. The
length of the Ni nanowire can be easily controlled in the range
of several hundreds of nanometers to several tens of
micrometers by changing the electrodeposition duration. In
the present work, the Ni nanowire arrays with a length of ~3
um have been used as the current collector. To create more
space to accommodate active material on the Ni nanowires, the
separation distance between the individual nanowires has been
increased using electropolishing, the result of which can be seen
in Figure 1b. The average diameter of the Ni nanowires is
reduced to ~100 nm, while their separation distance is
increased to ~230 nm. The length of the nanowire is less
affected by electropolishing; that is, it remains as ~3 ym. After
removing the AAO template, only the Ni signal is detected in
the EDX spectrum (Figure 1c). To determine the crystallinity
of the Ni nanowires, a specific sample was grown using Cu foil
as the substrate. All XRD peaks come from the Cu (substrate)
and Ni (JCPDS No. 4-850) only (Figure 1d).
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To find out the correlation between the resistivity of Si and
the amount of N dopant, a Si thin film layer was first deposited
on an indium tin oxide (ITO) conductive substrate (~10 €/
1), before an Al thin layer was sputtered on the surface. This
conductive metal electrode also acts as a protective layer to
prevent the formation of an insulating SiO, layer on the surface
of the Si thin film when the sample is exposed to air. The
schematic of the Si thin film resistance measurement is shown
in Figure 2a. The thickness of Si thin film is ~280 nm (Figure
2b). The resistivities p of the Si thin film can be obtained via
the following equation: p = RS/l, where p is the resistivity, R
the measurment resistance, S the surface area of the Si thin film,
and [ the thickness of the Si thin film. Figure 2b shows the
relationship between the resistivity of Si thin film and different
amounts of N, gas introduced (in terms of volumetric
percentage of the N, in mixed gas). It shows clearly that the
resistivity of the Si thin film first decreases (at low level N,
content doping (0.25—1% in the gas mixture)) then increases
when the percentage of N, in mixed gas increases from 0% to
~3%. The Si thin film sample doped in the presence of a 0.5%
N,/gas mixture exhibits the lowest resistivity, showing a 94%
reduction when compared to that without doping. Therefore, a
0.5% N,/gas mixture was used for the doping of Ni/Si
nanocable arrays in the later discussions.
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Figure 4. Voltage profiles of the Ni/Si nanocable array electrodes at the first and second cycles under 0.05 C rate. (a) Sample pristine-NC30 min and
(b) sample 0.5% N,-NC30 min. The inset shows their differential capacity—voltage curves. (c) Comparison of charging capacities between the
sample pristine-NC30 min, sample 0.5% N,-NC30 min, and sample pristine-TF30 min at various rates. (d) Capacity of the corresponding samples

cycled at a 0.5 C rate.

Figure 3a shows the planview SEM images of the doped Ni/
Si nanocable array samples under 0.5% N,/mixture gas with 30
min sputtering duration (sample 0.5% N,-NC30 min). The
average thickness of the Si shell is estimated at ~58 + 8 nm.
More detailed structural and compositional characterizations of
individual nanowires were carried out by TEM related
techniques. Figure 3b shows the low-magnified TEM image
of a typical individual Ni/Si nanocable taken from the sample
0.5% N,-NC30 min. The light/dark contrast of the individual
wire reveals the core/shell nanocable configuration, although
the Si shell on the top of the Ni nanowire is much thicker than
that at the side. The formation of the nonconformal Si shell
likely results from the shadow effect of the sputtering
technique.”® The shell region appears amorphous in the high-
resolution TEM image (Figure 3c), which is consistent with
XRD results (not shown). The spatial distribution of the
compositional elements of this individual nanocable is disclosed
by the EDX line scan (Figure 3d), in which one can see that the
Ni and Si locate in the core and shell regions, respectively. The
electron energy loss spectra (EELS) taken from sample
pristine-NC30 min (undoped nanocable sample with 30 min
sputtering duration), sample 0.5% N,-NC30 min, and sample
3.0% N,-NC30 min disclose the subtle difference in their
electronic structures. Figure 3e shows that the plasmon peak of
the Si shell doped under low level N, content (e.g, 0.5 % N,/
mixture) is similar to that of pristine Si. The only difference
might be the detectable N signal in the 0.5% N,-NC30 min
sample but not in the pristine one (inset of Figure 3e). For a
sample doped at higher N, level, a shift of the plasmon peak to
~22.7 eV is observed (sample 3.0% N,-NC30 min), and it is
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characteristic of SisN,. This result suggests the formation of
SizN, at high N, level and is consistent with the increased
resistivity of the Si doped at high N, level (Figure 2c).

The performance of the sample pristine-NC30 min and
sample 0.5% N,-NC30 min as anode was tested by
galvanostatic discharge and charge. The first and second
discharging and charging voltage profiles of the two samples
under the rate of 0.05 C are shown in Figure 4a and 4b,
respectively. Both of them exhibit similar discharging and
charging behavior. The differential capacity—voltage curves of
those two samples derived from their voltage profiles show a
typical discharging and charging behavior of amorphous Si
(inset of Figure 4a and 4b). For the sample pristine-NC30 min
(inset of Figure 4a), two peaks at ~0.22 and ~0.08 V (vs Li*/
Li) during lithiation and two peaks at ~0.28 and ~0.46 V (vs
Li*/Li) during delithiation are consistent with those of the
reported amorphous $i.2%% In addition, a peak around 0.50 V
in the first discharge relates to the formation of the SEI layer
(decomposition of liquid electrolyte). This peak disappears in
the second discharging process, indicating most SEI layer is
formed at the first discharging process. The differential
capacity—voltage curves of the sample 0.5% N,-NC30 min
are similar to those of the sample pristine-NC30 min. However,
the lithiation voltage (~0.19 V vs Li*/Li) is lower than that of
the sample pristine-NC30 min, indicating a smaller thermody-
namic driving force for lithiation in the N-doped sample. A
similar phenomenon also has been observed in the n-type
doped crystalline Si anode.'” In addition, the first discharging
and charging capacities of the sample pristine-NC30 min are
2280 and 1826 mA h g™, slightly higher than that of the sample
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Figure S. (a) Nyquist plots of the sample pristine-NC30 min, sample 0.5% N,-NC30 min, and sample pristine-TF30 min at the potential of 2 V vs
Li*/Li during the charging process. (b) The equivalent circuit model for the two electrodes. Ry, stands for series ohmic resistance. Ry, and CPE
represent interfacial reaction resistance and capacitance, respectively. Z,, represents Warburg impedance. The solid lines in (a) are the fitted curves
by using this model. (c) Comparison of the individual real impedances, R, R, and the effective Li diffusion coefficient Dy; between those two
nanocable electrodes. Planview SEM images of the (d) sample pristine-TF30 min; (e) sample pristine-NC30 min; and (f) sample 0.5% N,-NC30

min electrodes taken at delithiated states after 30 cycles.

0.5% N,-NC30 min (2138 and 1731 mA h g™'). Both of the
irreversible capacities in the first cycle are around 20%,
contributed by the irreversible reaction during the formation
of the SEI layer, which is commonly observed on the LIB
anode.***

Figure 4c shows the comparison of charging (delithiation)
capacities among the sample pristine-NC30 min, sample 0.5%
N,-NC30 min, and sample pristine-TF30 min (undoped Si thin
film (TF) with 30 min sputtering duration, thickness ~140 nm)
at various rates. At low rate of 0.05 C, the sample pristine-
NC30 min and sample 0.5% N,-NC30 min exhibit similar
charging capacity of ~1750 mA h g~', while the sample
pristine-TF30 min delivers slightly higher capacities of ~1950
mA h g7'. However, the sample 0.5% N,-NC30 min shows
improved capacity retention ability compared to those of the
other two, especially at higher charging rate. For example, at
high rate of 4 C (~17 A/g), the sample pristine-TF30 min
electrode only exhibits charging capacities of ~542 mA h g™/,
whereas the sample pristine-NC30 min shows ~766 mA h g™".
Sample 0.5% N,-NC30 min achieves the highest charging
capacity of ~976 mA h g™'. Those results indicate that the rate
performance of the sputtered Si electrode can be improved not
only by employing a 3D Ni/Si nanocable array configuration
but also by N doping. In addition, the cycling stability of the N-
doped nanocable array electrode is also increased when
compared to those of the other two electrodes. For example,
the sample 0.5% N,-NC30 min cycled at a 0.5 C rate exhibits
~72% charging capacity retention after 50 cycles, which is
higher than those of the sample pristine-NC30 min (~65%
after 45 cycles) and the sample pristine-TF30 min (~62% after
50 cycles), as shown in Figure 4d.

Figure Sa shows the electrochemical impedance spectra
(EIS) of the sample pristine-NC30 min, sample 0.5% N,-NC30

min, and sample pristine-TF30 min at the potential of 2 V vs
Li*/Li during the charging process. All the spectra have similar
features: a depressed semicircle at the high-to-medium
frequency region, which represents the interfacial resistance,
and a following inclined line at the low frequency region which
relates to the diffusion of Li in the solid electrode. The
interfacial resistance, which originates from the charge transfer
resistance at the interface and the presence of the passivating
SEI layer, can be directly determined from the semicircle
diameter in the Nyquist plot.>® An appropriate equivalent
circuit model (Figure Sb) is established to fit the Nyquist
curves. The fitted results suggest that the interfacial resistances
of the sample 0.5% N,-NC30 min, sample pristine-NC30 min,
and sample pristine-TF30 min are 72, 143, and 352 Q (Table
S1, Supporting Information). The smaller interfacial resistance
of the nanocable samples (compared to the thin film sample)
benefits from its nanostructured configuration, which has
higher surface area-to-volume ratio, allowing more absorption
and insertion sites for Li ions.”® Moreover, the carrier transport
pathways are also shorter in the nanocable configuration,
improving the rate capabilities of the material during the
charging/discharging process. On the other hand, the interfacial
reaction resistance is further reduced in the sample 0.5% N,-
NC30 min due to the improved electrical conductivity of Si
upon doping (Figure Sc). To inspect whether the behavior of
Li ion diffusion in the nanocable electrode is affected by
doping, the effective Li ion diffusion coefficients are estimated
from EIS,” according to the equation Dy = 1/2{[V,/
(SFo)][—(dE/dx)]}*, where V,_ is the mole volume of Si, S is
the surface area of the electrode (estimated from the
geometrical configuration of the nanocable electrode), F is
the Faraday constant, ¢ is the Warburg factor which can be
obtained from the fitting at low frequency in EIS, and dE/dx

dx.doi.org/10.1021/am404258n | ACS Appl. Mater. Interfaces 2013, 5, 12190—12196
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can be estimated from the slope of galvanostatic charge—
discharge profiles. The results of o, dE/dx, and Dy; are
summarized in Table S1 (Supporting Information). The
effective Li-ion diffusion coefficient of the doped nanocable
electrode is three times larger than that of the undoped
nanocable electrode. It has been reported that the n-type
doping for Si can decrease the energy barrier of Li surface
intercalation, making the rate of Li transport increase to
compare with the undoped sample.'>'* Therefore, the
improved effective Li-ion diffusion coefficient as well as the
decreased lithiation voltage (inset of Figure 4a and 4b) of the
N-doped nanocable electrode likely result from the decrease of
the energy barrier of Li surface intercalation, leading to its
better rate capabilities when compared to that of the undoped
nanocable sample.

To further understand the cycling stabilities of the three
electrodes, the morphological changes of the three electrodes
were characterized at the delithiated state after the 30th cycle of
the electrochemical test. Before the disassembling, the cells
were held at 2 V vs Li*/Li for 20 h to extract Li from Si as much
as possible. Figure Sd—5f shows the morphologies of the
sample pristine-TF30 min, sample pristine-NC30 min, and
sample 0.5% N,-NC30 min at the delithiated state (the SEI
layer was already removed by dilute acetic acid). After cycling,
the originally intact Si thin film breaks up into patches
separated by interconnected cracks (Figure Sd). Although these
patches of thin film fragments are not connected to each other,
most of the pieces adhere to the substrate without
delamination. For the sample pristine-NC30 min, the nano-
cable arrays fuse together after cycling (Figure Se). In contrast,
the well-separated nanocable array configuration is largely
preserved in the sample 0.5% N,-NC30 min (Figure Sf). It is
known that Si suffers from large volume changes during the
discharging/charging process, which can produce severe stress
and even pulverize the Si anode.”®* Using nanocable arrays
electrodes can alleviate the volume changes during cycling due
to the porous nature of the electrode, leading to stress release.
Nevertheless, in the presence of the same nanocable
configuration, the morphology changes of the sample
pristine-NC30 min and sample 0.5%-NC30 min are quite
different after cycling (Figure Se and 5f). As discussed before,
the dopants can change the properties of Si in processes such as
214 or electrochemical etching® or charge
transfer in the electrode/electrolyte interface.>" From this point
of view, the processes of the SEI passivating layer formation on
the active material surface are likely different in the doped and
undoped Si. For example, the SEI passivating layer consists of a
more stable LiF layer on the interface as has been observed in
the n-doped Si electrode.'' That probably explains the better
preserved nanocable configuration of the sample 0.5% N,-
NC30 min after the cycling (Figure Sf). On the other hand, a
fresh Si surface is exposed to electrolyte during the volumetric
expansion to encourage continual growth of the SEI layer,
resulting in continual irreversible capacity loss of the Si
electrodes.* The formation of a more stable SEI layer in the N-
doped nanocable sample consequently leads to its better
cycling performance when compared to that of the undoped Si
nanocable electrode (Figure 4d). A detailed understanding of
the possible interfacial reactions and the SEI layer formation
requires more work and is currently under investigation.

Li surface insertion

Bl CONCLUSION

In summary, the effects of N doping on the electrochemical
performance of Ni core/sputtered Si shell nanocable arrays
were investigated as a LIB anode. In this composite electrode,
not only the rate capabilities but also the cycling stabilities are
improved through N doping. On the one hand, the interfacial
resistance is reduced due to the improved electrical
conductivity of Si upon doping. On the other hand, the
effective Li ion diffusion coefficient of the doped nanocable
array electrode is increased due to the decreased energy barrier
of Li surface intercalation. Those features make the rate
capabilities of the doped nanocable array electrodes increased.
Moreover, a more stable SEI passivating layer is likely formed
on the surface of the N-doped nanocable array electrode,
resulting in its better cycling stability.
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Ropmy Ry 0, |dE/dxl, and Dy; of the Ni/Si nanocable array
electrodes. R, and Ry, of the Si thin film electrode are also
given. This material is available free of charge via the Internet at
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