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Silicon  nanowires  grown  on a stainless  steel  current  collector  were  evaluated  as  Li  ion  battery  anodes  in
an ionic  liquid  consisting  of  butyl-trimethyl  ammonium  bis(trifluoromethylsulfonyl)imide  and  lithium
bis(trifluoromethanesulfonyl)imide.  The  electrodes  showed  good  performance  in  the  ionic  liquid  elec-
trolyte  with  a stable  discharge  capacity  of  ∼2000  mAh  g−1 and  coulombic  efficiency  of 97%  after  50  cycles.
However,  the  large  internal  stresses  caused  by  the  volumetric  expansion  of the  Si during  lithiation  limits
the  long-term  cycle  life of the  battery  in both  ionic  and  organic  electrolytes  due  in-part  to  the  repeated
ilicon nanowire
onic liquid electrolyte
uaternary ammonium TFSI
imited capacity discharge

disruption  and reformation  of the  solid  electrolyte  interface  layer  on  the Si.  In contrast,  when  the  same
Si  nanowire  electrode  was cycled  at relatively  shallow  discharges,  similar  to those  of carbon  anodes,
320  mAh  g−1, the  battery  showed  better  performance  with  cycle  life  greater  than  650  cycles  and  coulom-
bic efficiency  close  to  100%  in  the ionic  liquid  electrolyte.  Cycling  at 1000  mAh  g−1 showed  lifetimes  in
excess  of 200  cycles  in  an  organic  electrolyte  without  cell  degradation.  The  effect  of  Si doping,  and  amount
of  electrolyte  in contact  with  the  anode  on  the battery  capacity  and  cycle  life  are  also  presented.
. Introduction

There is currently interest in Si anodes for lithium ion batter-
es due to their high theoretical capacity. However, it is recognized
hat the high capacity of Si also leads to significant mechanical stain
uring lithiation that can cause cracking and deactivation of the
lectrode. Bulk or planar films cannot withstand high strain without
atastrophic degradation of the electrode structure. Importantly,
he use of Si-based anodes comprised of nanostructures such as
anoparticles, nanowires [1,2], and nanotubes [3],  as well as novel
orphological designs [4–6], can limit this damage and electrode

erformance up to few hundred cycles have been reported. How-
ver, a higher number of cycles, e.g. 1000 cycles, are desirable for
econdary batteries, which have not been demonstrated.

Several strategies have been pursued to minimize capacity
ade during cycling, such as mixing Si particles with conduc-
ive agents such as carbon [6–8], metal or metal silicide particles
9–11], carbon nanotubes [12], and graphene [13]. Encapsulation
ithin a rigid outer shell such as Al2O3 [14], SiO2 [15] or multi-
alled carbon nanotubes [16], as well as the use of elastomeric

inders [17], is also documented. Although these approaches do
ot alleviate the fundamental problem of volume expansion, they

onserve electrical connectivity between the particles during struc-
ural degradation and considerable improvements in the cycle life
ave been achieved.
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In situ stress measurement on Si thin films during lithiation
and delithiation by Sethuraman et al. [18] showed that the film
undergoes alternating compressive and tensile plastic deforma-
tion during lithiation and delithiation, respectively. At low state
of charge, lithium incorporation into the Si induces a linear elas-
tic change in mechanical strain. The films show a transition from
elastic to plastic flow when silicon capacity reaches 325 mAh g−1.
Similarly, the films showed elastic to plastic behavior at higher
depth of discharge, with maximum flow stress occurring at a
discharge potential of 1.2 V. Thus, employing voltage cutoff lim-
its during galvanostatic charging and discharging have helped in
preventing the formation of a highly lithiated phase of Si, such
as amorphous Li4.4Si that has the largest lattice constant among
the various lithium–silicon alloys. Thus, it induces the maximum
mechanical stress [19]. However, even with these strategies, bat-
tery life greater than a few hundred cycles without significant
capacity fade is yet to be achieved.

Improvements in the battery life require optimization of the
electrode structure as well as an appropriate choice of electrolyte. In
a recent study, the combination of a quaternary ammonium based
ionic liquid (IL) electrolyte and Si nanowire anode was  reported
[20]. IL electrolytes have several interesting features including
a wide electrochemical potential window, high thermal stability
(boiling point > 450 ◦C), and negligible vapor pressure. Half cell
(Si/Li) and full cell (Si/LiCoO2) measurements of nanowires in IL

electrolyte showed steady discharge capacity of 2000 mAh  g−1 even
up to 50 cycles with columbic efficiencies over 97%. The extent
of capacity fade was  less than that measured for Si nanowires in
commercially used LiPF6 organic electrolyte.

dx.doi.org/10.1016/j.jpowsour.2012.01.061
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kohl@gatech.edu
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Fig. 1. SEM images of Si nanowires grown on stainless steel substrates. (A) Top
down image showing randomly oriented nanowires with diameters in range of
34 V. Chakrapani et al. / Journal o

In this paper, we address the two main failure mechanisms of
i-based anodes: large volumetric expansion during lithiation and
oor electrical conductivity between particles after degradation. A

imited-capacity cycling strategy (shallow depth of discharge) that
nhances the lifetime of a Si nanowire anode in both IL and com-
ercially used organic electrolyte is presented. In this approach,

he battery was completely lithiated during galvanostatic charging;
owever, the depth of discharge was lower than full capacity dur-

ng discharge in order to reduce the fraction of lithium extracted
rom the lattice and to minimize the disruption to the Si and its
olid electrolyte interface (SEI) layer. This technique limits volume
hange during each cycle, therefore retarding mechanical degrada-
ion of the nanowires. Half cells of Si/Li, when cycled at a constant
ischarge capacities of 321 mAh  g−1 (similar to a carbon anode) and
000 mAh  g−1 exhibited a tremendous improvement in the battery
erformance with cycle life (>650 cycles and columbic efficiencies
lose to 100%). Finally, in order to improve the electrical conduc-
ivity, doped nanowires were synthesized and their effect on the
attery capacity and cycle life were measured.

. Experiments

Doped and undoped Si nanowires were grown via chemical
apor deposition with an Au catalyst on stainless steel current col-
ectors (type 304, McMaster Carr). Stainless steel substrates were
nitially cleaned using a standard UHV cleaning procedure, which
s described elsewhere [20]. A 5 nm Au catalyst layer was  subse-
uently deposited by e-beam evaporation at 10−7 torr. Si nanowires
ere grown at 550 ◦C using SiH4 in a H2 carrier gas at a total
ressure of 15 Torr for 20 min. The SiH4 partial pressure during all
rowth runs was maintained at 1.4 Torr. Doped nanowires were
rown at the same conditions as undoped nanowires except for
he co-flow of a dopant-containing precursor gas. Phosphine (PH3)
as used as the precursor for n-doping with the P:Si gas phase

atio set at 0.002:1. Trimethylboron (B(CH3)3) was used for p-type
oping with a B:Si gas phase ratio of 0.002:1. It is important to
ote that the stainless steel substrate reacted with both the dopant
ases and significant conformal deposition of Si was  observed. To
itigate this, a 50 nm doped amorphous Si (a:Si) was deposited

n stainless steel substrate by plasma enhanced chemical vapor
eposition (PECVD) prior to Au evaporation and nanowire growth.
his film was deposited using 500 sccm SiH4 at a total pressure
f 1000 mTorr and a substrate temperature of 200 ◦C for 15 min.
he flow rate of the phosphine (n-dopant) or diborane (p-dopant)
recursor gases was maintained at 50 sccm. The RF power dur-

ng deposition was 50 W.  After deposition of the a:Si, the 5 nm Au
atalyst was evaporated for Si nanowire growth.

Using the same nanowire growth conditions as described
bove, improved nanowire yield was obtained (1.6 mg cm−2) in
he presence of a:Si layer compared to the 0.63 mg  cm−2 weight
f nanowires grown without the a:Si intermediate layer. The a:Si
ayer probably served as a secondary Si source during the nanowire
rowth which resulted in a highly dense nanowire mat. The aver-
ge dopant concentration in the nanowires, was measured by
econdary ion mass spectroscopy (SIMS) for both boron and phos-
horous. Quantitative determination of the dopant concentration

n the nanowires using SIMS is problematic because of the shape of
he nanowire (i.e. non-planar) and inability to obtain reliable depth
rofiles. Hence, the values reported here are semi-quantitative and
re used to confirm the presence dopants in the wires. To minimize
xposure to air and limit oxide formation, the Si nanowires were

ransferred to an Ar filled glove box immediately following growth.

The as-grown nanowires were used as the anode for electro-
hemical testing without the addition of a conductive agent or
inder. Before testing the electrode, its mass was determined using
80–100 nm.  (B) Cross sectional image showing nanowires, which are several 100 �m
in  length.

a Metler microbalance. Electrochemical tests were performed in a
split flat cell (MTI Corp.) using a metallic lithium foil as counter
and reference electrode and Celgard as the separator. 1 M LiPF6
in 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) served as the organic electrolyte. The IL electrolyte was com-
posed of 1.0 M of lithium (trifluoromethanesulfonyl) imide (LiTFSI)
in butyl trimethyl ammonium (trifluoromethanesulfonyl) imide
(QA-TFSI). 10 wt.% propylene carbonate (PC) added to this mixture
to promote the formation of an SEI layer. All chemicals were pur-
chased from Sigma–Aldrich. Galvanostatic cycling of the cells was
performed using an Arbin, Inc., battery tester. All electrochemical
measurements were completed in an Ar filled glove box, whose
H2O concentration was  maintained below 0.1 ppm.

Scanning electron micrographs (SEM) were recorded using a
Zeiss Ultra60 field emission microscope. In order to observe the
morphology and microstructure of the electrode after electrochem-
ical testing, nanowire electrodes were soaked overnight in neat
DMC  to remove excess salt and high boiling solvent. Compositional
analysis of the electrolyte was done by thermal gravimetric analysis
(TGA), which was recorded using TGA-Q50 (TA Instruments-Waters
LLC).

3. Results and discussion

As-prepared electrodes consisted of a mat  of random oriented Si
nanowires, with diameters ranging from 80 to 100 nm and lengths
in excess of several hundred micrometers, on a stainless steel sub-
strate. The doped and undoped nanowires were high crystalline as
evidenced by the high resolution SEM images (Fig. 1A) and XRD

spectra (not shown), which are consistent with previous reports
on nanowires grown under similar conditions. Fig. 1A and B shows
SEM images of a typical electrode. No significant differences in
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Fig. 2. Comparison of the cycling performance of Si nanowire anode in 1 M LiPF6

in 1:1 EC/DMC organic electrolyte and 1 M LiTFSI/QATFSI IL electrolyte containing
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Fig. 3. Effect of limited (0.5 ml)  versus excess IL electrolyte (10 ml)  on the cycling
performance of Si nanowire anode. The composition of the electrolyte in both cases
0 wt.% PC. The electrodes were cycles at a C/20 rate between 0.001 and 2.0 V vs.
i+/Li.

he morphology were observed between the doped and undoped
anowires.

Fig. 2A shows the galvanostatic cycling of nominally undoped
i nanowires in IL electrolyte, consisting of 1 M LiTFSI in QATFSI
nd 10 wt.% propylene carbonate (PC) at a C/20 rate. PC was
dded to decrease the viscosity and ionic resistivity of the elec-
rolyte and promote the formation of a stable SEI layer on silicon
20]. The electrodes showed good chemical and electrochemi-
al stability, with first cycle charge and discharge capacities of
014 mAh  g−1 and 1836 mAh  g−1, respectively. The columbic effi-
iency was 91% for the first cycle indicating modest consumption
f PC to form the SEI and other parasitic reactions, such as co-
ntercalation of TFSI–. The high capacity obtained for nanowires
s partly due to the porous structure of the electrode, which
llows for the volumetric expansion during lithiation. Prelimi-
ary measurements in organic electrolyte indicate that the battery
apacity depends strongly on the packing density of the elec-
rode. To obtain electrodes with different porosity, the growth
ime for the nanowire samples was 10, 20, 40 and 60 min. The

aximum capacity was obtained for nanowires grown for 20 min.
apacity loss was seen for highly dense nanowire mats, which
ay  be partly due to the lack of accessability of the wires to

he electrolyte. All measurements reported here were done with
anowires grown for 20 min. The silicon nanowire half-cells were
ested for long term cycling stability at a C/20 rate and the results
re summarized in Fig. 2B. Also shown are the results of the
anowires tested in LiF6 organic electrolyte. The IL electrolyte
ielded first cycle charge and discharge capacities of 3029 and
641 mAh  g−1, respectively. The change in the capacity of the
anowires in the IL electrolyte during the first 15 cycles is asso-

iated with the formation of the SEI layer on the silicon surface.
he subsequent decay in capacity is associated with irreversible
osses such as mechanical degradation of the electrode and refor-

ation of the SEI. The capacity retention of the nanowires after
was  1 M LiTFSI–QATFSI with 10 wt.% PC. Shown here is the discharge capacity nor-
malized to the value observed for the first cycle.

20 cycles in IL electrolyte was 94.5%. In comparison, the capac-
ity retention of nanowires was 80% when cycled in LiPF6 organic
electrolyte.

Although the nanowire electrode showed good performance up
to 50 cycles in both IL and organic electrolyte, long-term capacity
fade still limits battery performance. The large volumetric change
of the Si nanowires during cycling generates internal stresses that
mechanically degrade the Si nanowire, and is ultimately respon-
sible for loss of electrical connectivity with the current collector.
XRD spectra and high resolution SEM images of the electrode
taken after electrochemical cycling showed that nanowires were
mostly amorphous, as shown in Fig. S6 in Supplementary Infor-
mation. This is consistent with the results of Chan et al. [21] who
showed that the nanowires undergo irreversible crystalline-to-
amorphous transition during lithiation. In addition, the continuous
expansion/contraction of the wire results in cracks and the loss
of structural integrity of the SEI layer. In addition to affecting the
battery performance, it also results in continuous consumption of
electrolyte due to the reformation or repair of the SEI layer during
each cycle. In such cases, the battery life is limited by the availabil-
ity of the electrolyte or SEI forming additive. This is an especially
important concern for batteries employing ionic liquid electrolyte
where external additives, such as PC, are added in small quan-
tities (typically 2–10 wt.%) to promote the formation of the SEI
layer.

To probe the cause of capacity fade seen with IL electrolyte, the
performance of the Si nanowire electrode was measured in both
limited (0.5 ml  of electrolyte) and 20 times excess (10 ml  of elec-
trolyte) ILs containing 10 wt.% PC. The superficial electrode areas
in both runs were approximately 3.2 cm2. The separation distance
between the two  electrodes was  kept nearly constant to avoid
changes in the electrolyte resistivity. Fig. 3 shows the normalized
discharge capacity for a Si nanowire electrode measured for both
of these cases and reveals little difference in capacity fade up to 50
cycles. Thus, we conclude that the observed capacity fade is likely
unrelated to the availability of PC, but rather due to mechanical
disintegration of the Si nanowires.

Although the mechanical strain during lithiation and delithi-
ation cannot be avoided, they can be retarded to a significant
extent by limiting the amount of lithium inserted into the lattice or
removed during discharge. In situ stress measurements studies by
Sethuraman et al. [18] on Si thin-films during lithiation and delithi-
ation show that at low state of charge, the compressive mechanical

stress is mainly elastic with strain, and increases with an increase
in lithium loading. However, the films showed a transition from
elastic to plastic regime when the Si capacity reached 325 mAh g−1.
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Fig. 4. Performance of Si nanowire anode in 1 M LiTFSI/QATFSI electrolyte contain-
ing  10 wt.% PC during limited capacity discharge of 321 mAh  g−1 cycling. (A). Voltage
vs.  time profile of the cell during cycling. The cell was  charged to a potential of 1 mV
vs.  Li+/Li after each discharge cycle. (B). Cycle life of the battery discharged initially
at  C/20 rate and then subsequently at C/10 rate. Data points indicated by star ( )
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Fig. 5. (A) Scanning electron micrograph of Si nanowire anode after 650 discharge
cycles. (B) Thermo gravimetric analysis of the IL electrolyte before and after 300
charge/discharge cycles. The plateau seen at ∼120 C for pristine electrolyte, and

after 650 limited capacity charge–discharge cycles. Thermal gravi-
epresent battery capacity during full discharge.

he films showed a similar behavior, but in opposite direction, dur-
ng discharge with elastic to plastic transition occurring at higher
epth of discharge. They showed that the maximum tensile stress
ccurs at a discharge potential of 1.2 V and the film undergoes alter-
ative compressive and tensile plastic deformation during cycling.
hese data indicate that battery life can be improved by cycling the
lectrode within a limited capacity regime. There are several advan-
ages to this approach. By cycling between a constant state of charge
nd depth of discharge, nanowires undergo a constant volumetric
ariation during each cycle. Further, reducing the total amount of
ischarge reduces the fraction of lithium inserted into the lattice
nd the extent of lattice strain. Secondly, avoiding wide swings in
he potential preserves the SEI layer, which is destroyed during dis-
harge, and reduces unwanted electrolyte consumption for the SEI
ormation during each cycle. While it may  seem counter-productive
o use a high capacity Si anode and then limit its capacity, the capac-
ty of a shallow discharged Si anode can be as high or higher than a
raditional carbon anode with other potential benefits, such as high
urface area (high power) or longer cycle life.

To this end, Si nanowire electrodes were cycled at limited dis-
harge capacity in both IL and organic electrolytes. Fig. 4A shows
he typical voltage vs. time profile of a nanowire anode in the IL
lectrolyte during shallow discharges. The battery was charged to a

+
oltage of 1 mV  vs. Li /Li for all cycles. Discharge cycles were limited
o a capacity of 321 mAh  g−1 of Si mass. The value of 321 mAh  g−1

as selected to enable a comparison of cycling performance for Si
which is notably absent in the spectra taken with electrolyte after battery cycling,
indicate complete loss of PC after 300 discharge cycles.

anodes and commercially used carbon anodes with the same rated
capacity.

Fig. 4B shows the cycle life of the battery during shallow dis-
charges. The cell containing an IL electrolyte was initially charged
and discharged at a C/20 rate until 80 cycles, after which it was
cycled at the higher rate of C/10, and yielded a cycle life greater
than 650 cycles. Compared to full cell discharge experiment shown
in Fig. 2B, it is clear that the battery life can be greatly improved with
this shallow capacity cycling approach. The coulombic efficiency of
the cell during shallow discharging was 99.2%, which indicates lit-
tle capacity loss through SEI formation. To determine the full rated
capacity, the battery was  occasionally allowed to undergo a com-
plete discharge to 2.0 V vs. Li+/Li. The value of the full capacity
is also shown in Fig. 4B. After 600 cycles, the battery exhibited a
capacity of 550 mAh  g−1 on full discharge. However, this value is
probably not representative a battery cycled at 321 mAh  g−1 with-
out undergoing deep discharges to measure the capacity due to
the degradation that occurs upon deep discharge. It is important
to note that the capacity of a battery undergoing only shallow dis-
charges (i.e. 321 mAh  g−1) would most likely be higher than the
one reported here. The silicon nanowire anode in the ionic liq-
uid electrolyte showed a cycle life greater than 650 cycles at C/10
capacity. It should be noted that the cycle life reported here is
higher than that reported for a carbon anode in an IL electrolytes,
so far.

Changes in the morphology of the Si nanowire electrode after
electrochemical testing, was analyzed using SEM. The SEM image
shown in Fig. 5A reveals that nanowires retain their morphology
metric analysis of the IL electrolyte was  completed intermittently
during battery cycling to examine changes to electrolyte compo-
sition. Fig. 5B shows the changes in the weight of the electrolyte
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Fig. 6. (A) Voltage–time profile of the n-doped Si nanowire anode in 1 M
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iPF6/EC/DMC organic electrolyte when discharged at 1000 mAh  g−1 capacity. (B)
ycle life of the battery during limited-capacity discharge at C/10 rate in organic
lectrolyte.

uring an isothermal ramp. The electrolyte was  tested before and
fter undergoing 300 shallow charge–discharge cycles. The TGA
urve for the electrolyte before any electrochemical testing shows
wo plateaus. A gradual loss of weight starts at ∼90 ◦C and reaches

 maximum of 10% change at ∼170 ◦C due to the evaporation of the
rganic additive, propylene carbonate. Complete weight loss for
he ionic liquid (LiTFSI/QATFSI) was seen at ∼400 ◦C. A comparison
f TGA results for IL electrolytes both before and after electro-
hemical testing reveals that most of the PC is consumed within
he first 300 cycles. Interestingly, the absence of PC, which is the
EI forming additive, does not immediately degrade the battery
erformance because the cell underwent an additional 350 cycles.
his is consistent with our hypothesis that the SEI layer is mostly
reserved during the shallow charge/discharge cycling and hence
oesn’t require the presence of significant amounts of PC. The loss
f PC seen during the first 300 cycles probably occurred during the
eep charge–discharge cycles.

Additional limited depth of discharge measurements were made
t a higher discharge capacity corresponding to 1000 mAh  g−1 in
he LiPF6 organic electrolyte. The organic electrolyte was  chosen
ecause silicon nanowires showed higher initial charge capacities

n the organic electrolyte compared to IL electrolyte. The initial

ischarge cycles were performed at C/20, and then increased to
/10, as shown in Fig. 6A. The battery showed the steady cycle

ife for more than 200 cycles without degradation at this higher
ischarge capacity and rating. Fig. 6B shows the voltage profile of
Fig. 7. Effect of doping (n and p type) on the capacity and cycle life of the Si nanowire
anode in organic electrolyte. The performance of the nominally undoped nanowires
is  shown for comparison.

the charge–discharge cycles for the cell during the first 20 cycles
and after 185 cycles. It was  observed that the cell voltage gradu-
ally increased with additional cycles. For example, the cell voltage
on the 20th cycle (1000 mAh  g−1 capacity) was 0.45 V vs. Li+/Li,
which increased to 0.65 V after the 200th cycle. The reason for the
increase in cell voltage could be due to limited degradation of the
nanowire electrode, which lowers the overall electrode area and
volume. Hence, a higher degree of delithiation is needed for the
remaining active Si to provide for the original 1000 mAh  g−1 dis-
charge target capacity. From the values of cell potential measured
at the end of 200th cycle, it appears that cell could have been cycled
many more times, based on similar cycling studies.

Thus, limited-capacity cycling with voltage cut-off limits
improved the battery cycling performance. It should be reem-
phasized that all of the cycling tests were accomplished with Si
nanowires in the absence of binders or conductive agents. The use
of binders and conductive agents, especially with IL electrolytes,
offers a potential opportunity to further extend the battery life of
Si nanowire electrodes.

A series of experiments were performed to explore the effect
of doping on the capacity and cycle life of the nanowire anode.
The SIMS measurement was  done to estimate the concentration
of B and P impurities in the nanowire mat. The details of the
analytical procedure are given in the Supplementary information.
Sample curvature and surface roughness of nanowires resulted in
lower ion yield compared to flat sample probed at same beam
current. To account for this lower yield, and the non-uniform sam-
ple coverage within the beam raster area during measurements,
dopant signals were normalized with respect to the 30Si intensity.
By comparing the normalized dopant signal intensities (B/Si) to
a known standard, the concentration of B in p-doped nanowires
was estimated to be 2 × 1019 atoms cm−3, which was  close to
the gas phase boron concentration of 5 × 1019 atoms cm−3 during
nanowire growth. Some B contamination was seen in undoped
nanowires in range of 5 × 1017–1.4 × 1018 atoms cm−3. The phos-
phorus concentration in n-doped Si nanowires was  calculated to
be 2 × 1020 atoms cm−3.

All measurements with doped nanowires were performed in the
organic electrolyte, 1 M LiPF6/EC/DMC, and the results are sum-
marized in Fig. 7. The results obtained with nominally undoped
nanowires are also shown for comparison. The first cycle charge
and discharge capacities of n, p and undoped nanowires were 3955,

3064, 2696 mAh  g−1 and 3522, 2619, and 2505 mAh  g−1, respec-
tively. The corresponding 1 st cycle coulombic efficiencies were
89.1%, 85.5% and 92.9% for n, p and undoped nanowires, respec-
tively. The n-doped nanowire showed better performance than
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he p-doped nanowires in terms of both discharge capacity values
nd the cycle life. Both types of doping should have higher initial
lectrical conductivity than the undoped nanowire, however, no
irect conductivity measurements were made due to the difficulty
f contacting individual nanowires. Although higher conductivity
s desirable, the loss in capacity with p-doping indicates that other
actors contribute to the capacity. There are several possible effects
n the Si including a higher number of defects and a shift in the
ermi level of the Si with respect to the electrolyte potential. In
articular, the Fermi level of n-doped Si is closer to the redox poten-
ial for lithiation/delithiation, which can affect the charge transfer
esistance for the charging and discharging process. These results
re consistent with the recent theoretical calculations of Peng [22]
n the effect of various doping on the activation energy barrier for
i intercalation. They calculated a high energy barrier (0.88 eV) of
ithium surface intercalation for undoped and boron doped Si that
etards the fast lithium transport. However, this energy barrier was
educed when Si is doped with either phosphorus or aluminum.
lthough the results reported here seem to agree in general with
rior theoretical and experimental results [22,23],  careful investi-
ation to the extent of dopant incorporation and other impurities
uring growth and type of precursor, is needed understand its effect
n electrical and electrochemical properties.

. Conclusion

The performance of Si nanowire electrodes was evaluated in
L and organic electrolyte. Half-cell testing with an IL electrolyte
howed good performance with charge and discharge capacities of
014 and 1836 mAh  g−1. However, the electrode showed capacity
ade of 20–30% both in IL and organic electrolyte after 50 cycles.
n order to extend the battery life, the electrodes were cycled
sing a limited-capacity discharge protocol that reduced the frac-
ion of lithium intercalated/deintercalated from the lattice, and
hus limited the extent of volumetric expansion/contraction. This
pproach yielded improvements in the battery life and greater
han 600 cycles at 321 mAh  g−1 in the IL electrolyte was demon-
trated. At the higher discharge capacity, 1000 mAh  g−1, the battery
ife was also extended. Finally, the effect of different doping

ypes on the battery capacity and cycle life was  evaluated. It
as found that phosphorus doping of the nanowires showed the
ighest capacity in comparison to boron or nominally undoped
anowires.

[

[
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