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ABSTRACT: A substantial increase in charging capacity over long cycle
periods was made possible by the formation of a flexible weblike network via
the combination of Al2O3 atomic layer deposition (ALD) and the electrolyte
additive vinylene carbonate (VC). Transmission electron microscopy shows
that a weblike network forms after cycling when ALD and VC were used in
combination that dramatically increases the cycle stability for the Si composite
anode. The ALD−VC combination also showed reduced reactions with the
lithium salt, forming a more stable solid electrolyte interface (SEI) absent of
fluorinated silicon species, as evidenced by X-ray photoelectron spectroscopy.
Although the bare Si composite anode showed only an improvement from a
56% to a 45% loss after 50 cycles, when VC was introduced, the ALD-coated Si
anode showed an improvement from a 73% to a 11% capacity loss.
Furthermore, the anode with the ALD coating and VC had a capacity of 630
mAh g−1 after 200 cycles running at 200 mA g−1, and the bare anode without
VC showed a capacity of 400 mAh g−1 after only 50 cycles. This approach can be extended to other Si systems, and the formation
of this SEI is dependent on the thickness of the ALD that affects both capacity and stability.
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1. INTRODUCTION

Silicon, a naturally abundant element, is one of the more
promising candidates for low-cost, high-theoretical capacity
(4200 mAh/g) Li-ion battery (LIB) electrodes.1 However,
unlike commercial carbon anodes (372 mAh/g), silicon
undergoes huge stress-inducing volume changes (around
300%) that lead to the formation of cracks. These cracks may
electrochemically isolate individual particles, thus facilitating
the formation of a continuous solid electrolyte interface (SEI)
and leading to a diminished capacity with repeated cycling.2

Silicon nanoparticle−carbon composites have been developed
that alleviate these problems by dispersing the silicon
nanoparticles using a mixture of various forms of carbon,
including amorphous carbon, graphene sheets, and carbon
nanotubes.1 The dispersion of silicon within this composite
material provides free space for “cushioning”, thus mitigating
the effects of the nanoparticle expansion while at the same time
allowing for a more homogeneous lithiation−delithiation with
both an improved rate capability and an increased con-
ductivity.3 Although cracks related to volume expansion are
minimized to a great extent when a composite mixture is used,
issues related to SEI cracking are still present.2,4 In an effort to
further improve cycle stability, an artificial SEI was made by the
atomic layer deposition (ALD) of an Al2O3 coating directly

onto the Si composite anode and the subsequent electro-
chemical reaction of this electrode with the electrolyte additive
vinylene carbonate (VC, 2 wt %) during charging and
discharging. This forms a stable weblike SEI matrix that
showed improved stability compared to that of the bare Si
composite anode. Unlike other coating methods,5 ALD
coatings can be directly applied to the electrode, thus obviating
the need to first apply to an anode powder. Furthermore, ALD
coating is a very mild approach that allows the controlling of
coating thicknesses to several angstroms with good uni-
formity.6−8 VC, due to its stability-enhancing capabilities, was
used in conjunction with ALD coating.9−12

Here, we discuss the development of the artificial SEI that
was able to protect the silicon nanoparticle surface from
reaction with the electrolyte and thus maintain the overall
nanoparticle dispersion. Unlike similar coating methods, this
method can be adapted to silicon-containing systems to
improve the capacity retention.
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2. EXPERIMENTAL SECTION

Si/rGO/CNT Composite Synthesis and ALD Coating.
The preparation of nanosized silicon was similar to that in
previous reports.3,13,14 Briefly, nanosized silicon was first
treated in a solution of 5% HF for 1 h to eliminate surface
oxides and then filtered. A total of 300 mg of silicon and 1.64 g
of 4-aminobenzoic acid were then dispersed in 60 mL of
acetonitrile. A total of 5 ml of isoamyl nitrite was then injected
into the solution and continuously stirred and heated at 70 °C
under N2 gas purging for 24 h. The silicon was then filtered,
cleaned with DI water, and dried within a vacuum oven. The
chemical oxidation of carbon nanotubes (CNT) was done by
suspending the CNT in a solution of H2SO4/HNO3 (3:2) and
continuously stirred and heated at 80 °C for 4 h under Ar gas
purging. The solution was centrifuged to concentrate the
solution and then brought to a neutral pH by dialysis.
Graphene oxide (GO) was prepared by the improved
Hummers method.15 Nanosized silicon and CNT was then
added to the GO suspension in H2O with a weight ratio of
2:0.5:0.5 of Si/CNT/GO. The mixture was then freeze-dried
and subsequently reduced for 1 h at 500 °C under 5% H2 and
95% Ar gas in a tubular furnace. Electrode fabrication was done
by first forming a slurry of the Si−C composite (Super P
conductive carbon and poly(acrylic acid) (PAA, average MW of
approximately 10 000 g/mol), weight ratio 80:10:10 in DI
H2O). The slurry was then cast over a Cu foil and dried at 60
°C overnight. The loading of active material was approximately
2 mg/cm2. Al2O3 films were grown directly on the Si−C
electrodes. The precursors used for the Al2O3 ALD were water
and trimethylaluminum [(TMA), Al(CH3)3], with a processing
temperature of 200 °C and Ar purging at 0.5 Torr using the
ALD system implemented by the Kao Duen Technology
Corporation. The thickness of the ALD coating for each ALD
cycle was estimated to be approximately 0.1 nm per cycle using
a silicon substrate in which 5, 10, and 20 ALD cycles
correspond to ∼0.5, 1, and 2 nm, respectively.

Electrochemical Characterization and Material Char-
acterization. Half-cell coin cell batteries were assembled in an
Ar-filled glovebox using Li foil as a counter electrode with 1 M
LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC) 1:1
electrolyte with and without the addition of 2 wt % vinylene
carbonate. The charge−discharge capacity of the assembled
coin cell was recorded with a battery testing system (Maccor
series 4000). The coin cell was charged and discharged
galvanostatically at a rate of 200 mA/g in the potential window
of 1.2−0.005 V corresponding to a deep discharge. For
postcycling analysis, electrodes were prepared by extracting the
electrodes from the coin cell in an Ar-filled glovebox and
washing them gently with DEC. Extracted electrodes were
maintained in an inert atmosphere before transferring; the
transferring time was kept to a minimum. The surface
morphologies of the synthesized powders and electrodes were
examined using scanning electron microscopy (JEOL, JSM
6500). Transmission electron microscopy (TEM) was
performed on a FEI-TEM-2000 microscope operated at an
accelerating voltage of 3800 V on which the extracted electrode
material was dispersed on a copper grid with lacy carbon. X-ray
photoelectron spectroscopy (XPS) was performed at the
BL24A1 Wide Range SGM beamline (with a bending magnet
source that delivers photons over the range of 10 to 1500 eV)
of the National Synchrotron Radiation Research Center
(NSRRC) at Hsinchu, Taiwan. An excitation energy of 800
eV was used.

3. RESULTS AND DISCUSSION
Figure 1 shows the electrochemical charging−discharging curve
(top left and middle) and capacity versus cycle number that
compares electrodes formed with ALD cycling in conjunction
with, and in the absence of, VC. Although the first cycle’s
efficiency shows little to no change with the addition of VC for
each electrode, the charge capacity shows a noticeable increase.
In particular, the bare electrode shows an increase from 1125 to
1350 mAh/g. An even more significant increase can be seen for
the 5 ALD cycle electrode, in which the capacity increases from

Figure 1. Electrochemical charge−discharge curves for the different Al2O3 ALD-coated Si−C anodes with (top center) and without (top left) VC
additive. Capacity versus cycle number for bare (top right), 5 Al2O3−ALD- (bottom left), 10 Al2O3−ALD- (bottom center), and 20 Al2O3−ALD-
coated (bottom right) Si−C anodes with and without VC additive.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01853
ACS Appl. Mater. Interfaces 2015, 7, 13801−13807

13802

http://dx.doi.org/10.1021/acsami.5b01853


1000 to 1600 mAh/g. The difference in charge capacity
between the VC-containing and -noncontaining electrodes
decreases with increasing ALD cycles, with only a difference of
approximately 20 mAh/g when comparing the charge capacities
of the 20 ALD cycle electrodes. This is related to the fast
kinetics that have been previously observed with thinner ALD
coatings on silicon thin film electrodes.16 Interestingly,
although 5 ALD coatings showed improved kinetics, the
electrode’s resulting stability was inferior to that of a bare
electrode. Looking at the capacity versus the cycle number, with
increasing cycle numbers a significant trend can be seen in
stability with the combination of ALD and VC. After 50 cycles,
the bare Si composite showed similar capacity losses of 45%
and 56% for the VC-containing and -noncontaining electrodes,
respectively. For 5 ALD cycles, the capacity loss is even higher
for the VC-containing versus the -noncontaining battery, with
65% and 50% capacity loss, respectively. In comparison, 10 and
20 ALD cycles with VC show only an 18% and an 11% capacity
loss, respectively. This is a significant improvement over the
same electrodes without VC, with which there is a 74% and a
73% capacity loss after 50 cycles for the 10 and 20 ALD cycles,
respectively. The capacity versus cycle number for the batteries
containing only VC was further compared in Figure 2a. A trend
can be observed in which increasing ALD cycles show an
increasingly stable capacity retention (from 55% for the bare
electrode to 89% for the 20 ALD treated electrode) but with a

steady decline in the reversible charging capacity (1350 mAh
g−1 for the bare electrode to 1090 mAh g−1 for first charge
capacity of the 20 ALD treated electrode). The inset shows the
normalized capacity, further illustrating the capacity retention
trend. Figure 2b shows the corresponding Coulombic
efficiencies. Only a slight improvement in the first cycle
efficiency was observed for the ALD-coated electrodes versus
that for the bare electrodes, but an improvement in the
Coulombic efficiency across multiple cycles (a steady 98%) can
be observed for the 10 and 20 ALD coatings compared to that
of the bare electrode. However, the 5 ALD electrode showed
unsteady charging and discharging, leading to inconsistent
efficiencies from cycle to cycle and an average efficiency close
to 95%. This unsteady efficiency could be related to the
electrolyte interaction of the surface of the electrode with the
thin ALD coating, where it is possible for the mechanical
integrity of the thinner ALD coating, unable to withstand the
silicon expansion with the addition of Al2O3, to further promote
the formation of electrolyte reduction products. Another
possibility may be a critical amount or critical thickness
threshold before the interaction between the ALD coating and
VC can take place. Figure 2c shows the rate capability of the
bare, 10 ALD, and 20 ALD variations; no improvement was
observed until higher rates for the 10 ALD variation were
reached (2000 mA g−1 and above), and a drop in rate capability
was noted for the 20 ALD variation (1600 mA g−1 and above).

Figure 2. (a) Charging capacity versus cycle number of the different Al2O3 ALD cycles with VC additive (including an inset of the normalized
capacity), (b) corresponding Coulombic efficiency, (c) charging capacity versus current density in log scale showing rate capability, and (d) the
charging capacity versus cycle number of the bare and 20 ALD cycle electrodes with and without VC additive.

Table 1. Comparison of Other Silicon-Based Anodes Using Either ALD Coating or VC Additives

material electrolytea coating voltage (V) C-rateb cycles capacity retention (%) ref.

Si nanotube 1:1:1 EC/DEC/DMC TiO2 ALD 1.5/1.5 nm 0.01−2 0.20 200 1700 mAh/g 60.2 8
Si@SIO2/C 1:1 EC/DMC 2 wt % VC a-C 0.05−1 0.04 60 1100 mAh/g 100.0 9
Si film 1:1 EC/DMC 1 wt % VC N/A 0−1.5 N/A 500 20 μAh/cm2 50.0 10
Si film 1:1 EC/DMC Al2O3 ALD 20 Å 0.005−2 0.89 100 3000 mAh/g 75.0 17
Si film 1:1: EC/DEC Al2O3 ALD 5 nm 0.001−2.5 10 μA 11 900 mAh/g 100.00 18
Si−graphene 1:1 EC/EMC Al2O3 ALD 10 Å 0.01−1 0.10 400 701 mAh/g 70.95 19
Si−CNT−rGO 1:1 EC/DEC 2 wt % VC Al2O3 ALD 20 Å 0.005−1.2 0.05 200 630 mAh/g 57.7 this work

aAll have 1 M LiPF6.
bC = 4200 mAh/g unless specified.
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This is consistent with the observation of higher kinetics in
Al2O3 ALD-coated Si thin films, in which the values from
samples with up to 10 ALD cycles showed an improvement
over those of the bare Si film and a slight drop in the rate
capability at 20 ALD cycles and above.16 These results show
that the thickness of the ALD coating governs not only the rate
capability but also the stability of the anode, due to the reaction
with the electrolyte and the resulting SEI. The ALD−VC
treatment serves primarily to stabilize the material, but the rate
capability depends predominately on the initial composite
material. Figure 2d shows the results of the electrode with 20
ALD cycles and VC (cycling up to 200 cycles at 200 mA g−1),
as well as those of the bare electrode with and without VC and
of the 20 ALD cycle electrode without VC, enabling a
comparison of cycle stability. Although most of the batteries
showed a dramatic decay at 50 cycles, the 20 ALD cycle
electrode with VC showed a capacity of 630 mAh g−1 even after
200 cycles (57.7% retention at 200 cycles compared to 43% at
50 cycles for the bare Si composite electrode). For comparison,
Table 1 shows the electrochemical performance of several other
silicon-based anode materials that have utilized ALD coating or
VC additive electrolytes.8−10,17−19 The C-rates listed in Table 1
are the rates during cyclability tests. Some works listed rates as
mA g−1, which were converted to C-rates assuming a theoretical
capacity of 4200 mAh g−1 from Li4.2Si; capacities are the
capacity after the specified number of cycles. Although
capacities and retentions are listed, voltage range and C-rate
also have a large impact on the stability of the material; namely,
a voltage-limiting discharge may lower the capacities but
improve overall retention, and faster C-rates also show better
retention compared to that of slower C-rates.20 The silicon
morphology and size also dictate how well the material cycles,
making it difficult for the direct comparison of electrochemical
performance. In any case, ALD coating or the addition of VC
shows cycle retention above 50% for all of the materials after
extended cycling and improvements compared to the retention
for the respective bare electrodes or for the electrolyte without
the addition of VC.
To observe the changes that occurred after electrochemical

cycling, we extracted the bare, bare with VC, and ALD with VC
electrodes from the coin cells for postcycling analysis.
Figure 3 shows images of the electrodes and corresponding

separators after cycling in which the bare electrodes show white
surface formations, and the initially white separator has become
gray and black, due to the loss of anode material from the
electrode to the separator resulting from the Si undergoing
continuous expansion and cracking. The bare electrode with
VC also shows white formations on its surface; however, the
separator shows only slight signs of material loss from the
electrode and has now become yellow due to VC-related
reactions. The 20 ALD with VC electrode shows no white spots
or other color variation, but the separator shows less greying
from electrode material loss in comparison to the bare
electrodes with and without VC. Figure 4 shows SEM (top)
surface morphology images of the electrodes after cycling (an
image of the electrode [Si−C anode] before cycling can be seen
in Figure S2 in the Supporting Information) in which the bare
electrode without VC shows that a SEI layer has formed with
several rough ridges and cracks. The ALD-coated electrode
with VC shows a much smoother and more consistent SEI
form with fewer cracks. TEM images were also taken and can
be seen at the bottom of Figure 4; the bare electrode without
VC shows expanded Si particles, broken isolated pieces, and

some clustering. With VC, the material changes are similar with
the exception of a small weblike formation that can be observed
at the bottom of the image as well as some semitransparent
wormlike growths throughout. The ALD-coated electrode with
VC also showed the weblike SEI formation but with greater
consistency throughout the composite material; this may be
related to the more consistent overall polymerization of VC. It
is believed that this is related to altered interactions of the
electrode’s surface with the VC-containing electrolyte (cata-
lyzed by the Al2O3 ALD coating) that may have effectively
changed the surface of the electrode. The polymerlike species,
observed with VC-containing electrolyte systems, is generally
cohesive and flexible.10,21 EIS measurements were performed to
observe the changes relative to the effect of the combination of
both ALD and VC. Figure 5 shows the impedance of the bare
and 20 ALD electrode with VC after 50 cycles at the discharged
state; both exhibit a high-frequency semicircle representing the
SEI layer and a lower-frequency sloping line. Interestingly, a
third semicircle can be observed between the low- and high-
frequency elements within the bare electrode curve (but which
is not apparent in the 20 ALD electrode curve) that may be
attributed to either CNT or rGO. In any case, differences
between the two impedance curves show that the addition of
both VC and ALD in combination gives different SEI and
charge transfer resistances. Recently, it has been shown that the
interaction of the electrode’s surface with the lithium salt
(generally LiPF6) generally leads to surface reactions that form
species such as SiOxFy that prove to be devastating to the
stability of the material.22 Mitigating the formation of these
species has been shown to significantly improve the stability.23

XPS measurements were performed to look at the surface
formation of the Si 2p of the bare and the ALD-coated
electrodes with and without VC (Figure 6); similar to previous
reports on silicon electrodes with EC/DEC 1:1 LiPF6-based
electrolytes,22,23 the formation of SiOxFy can be observed on
the bare electrode with or without VC, but the ALD-coated
electrode shows only a slight formation of SiOxFy and SiO2 in
the absence of VC. ALD-coated electrodes with VC showed no
clear SiOxFy formation (i.e., only SiO2 formation), demonstrat-
ing its ability to mitigate reactions with LiPF6. Only slight
changes were observed for Al. Scheme 1 summarizes the

Figure 3. Images of the electrodes (top) and corresponding separator
(bottom) of (a) the bare electrode without VC after 50 cycles (X), (b)
the bare electrode with VC after 50 cycles (VC), and (c) the electrode
with 20 ALD cycles and the addition of VC after 50 cycles (ALD−
VC).
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observations found when a combination of ALD Al2O3 coating
and 2 wt % VC is used in the Si composite anode. Before
cycling, the silicon nanoparticles, if not ALD-coated, show
some partial SiOx surface formation that generally is
unavoidable when the electrode is being fabricated or handled
in ambient conditions. Upon cycling, there are three scenarios
that occur depending on the specific ALD and VC
combination. If there is no ALD coating or VC, the silicon
nanoparticles tend to be pulverized due to the repeated
expansion with lithiation, and the nanoparticles also tend to
aggregate. In addition, the SEI also contains SiOxFy that
decreases the stability. In the absence of ALD (but with VC),
the silicon nanoparticles also undergo similar pulverization,
aggregation, and SEI formation. However, a small portion of
the electrode forms a weblike formation that may be initiated
by the SiOx surface formed on different particles. When ALD
coating is applied with the addition of VC, a more stable SEI
has formed that is absent of SiOxFy, with reduced pulverization
of the nanoparticles and a weblike formation that keeps the
particles from agglomerating. These results show the synergistic
nature of the ALD coating and the VC that form a cohesive and
flexible SEI to compensate for volume expansion while also
mitigating side reactions with the lithium salts to substantially
increase capacity retention. This approach could potentially be
further applied to different composites, without altering the

underlying composite morphology or structure, to increase
stability under longer cycling intervals.

4. CONCLUSION
In summary, a highly stable nanosized Si−C composite anode
for Li-ion batteries was fabricated by coupling atomic layer
deposition coating (placed directly on the anode) with the
electrolyte additive VC to form a flexible weblike network and a
sufficiently stable solid electrolyte interface that is absent of the

Figure 4. SEM (top) and TEM (middle) of the Si−C composite (a) without ALD and VC after 50 cycles, (b) with VC after 50 cycles , and (c) with
ALD and VC after 50 cycles.

Figure 5. EIS measurements of the bare and 20 ALD electrodes with
the addition of 2 wt % VC after 50 cycles at the discharged state.

Figure 6. XPS spectra of (top) the Al 2p regions after cycling with and
without VC for Al2O3 ALD-coated Si−C anodes and (bottom) Si 2p
regions after cycling for the different variations.
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fluorinated species; these result in the increase of cycle stability
over long charging−discharging cycles versus that of the bare
electrode without the addition of VC. Although the bare
composite anode showed only an improvement from a 56% to
a 45% loss after 50 cycles, when VC was introduced, the ALD-
coated Si anode showed an improvement from a 73% to an
11% loss. Furthermore, the anode with the ALD coating and
VC had a capacity of 630 mAh g−1 after 200 cycles running at
200 mA g−1, and the bare anode without VC showed a capacity
of 400 mAh g−1 after only 50 cycles. The soft post-treatment
approach of combining ALD with the electrolyte additive VC
can easily be applied to any silicon composite system to
overcome the poor cycle stability that is associated with volume
changes and nanoparticle agglomeration.

■ ASSOCIATED CONTENT
*S Supporting Information
SEM and TEM images of Si@C at the pristine and cycled states
and for nanosized SI with nanotubes; graphs showing the
electrochemical charge−discharge curve for the rGO−CNT
electrode and capacity versus cycle number for rGO and rGO−
CNT electrodes. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
acsami.5b01853.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: bjh@mail.ntust.edu.tw.
Present Address
∥Department of NanoEngineering, University of California San
Diego La Jolla, CA 92037, United States
Author Contributions
The manuscript was written through contributions of all
authors. S.Y. and Y.-H.C. contributed equally. All authors have
given approval to the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We acknowledge the financial support from the Ministry of
Science and Technology (MOST) (103-2221-E-011-156-MY3,
103-3113-E-011−001, 101-3113-E-011-002, 101-2923-E-011-
001-MY3), the Ministry of Economic Affairs (MOEA) (101-
EC-17-A-08-S1-183),and the Top University Projects of
Ministry of Education (MOE) (100H451401) as well as the
facilities support from the National Taiwan University of
Science and Technology (NTUST).

■ REFERENCES
(1) Su, X.; Wu, Q. L.; Li, J. C.; Xiao, X. C.; Lott, A.; Lu, W. Q.;
Sheldon, B. W.; Wu, J. Silicon-Based Nanomaterials for Lithium-Ion
Batteries: A Review. Adv. Energy Mater. 2014, 4, 1300882.
(2) Holzapfel, M.; Buqa, H.; Hardwick, L. J.; Hahn, M.; Würsig, A.;
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