F33% %108
2018 4£ 10 H

T MM OB AR

Journal of Inorganic Materials

Vol. 33 No. 10
Oct., 2018

ArticleD: 1000-324X(2018)10-1141-06

DOI: 10.15541/jim20180227

I nfluence of Film Thickness on the Electrochemical
Performance of a-SIO, Thin-film Anodes

MENG Xiang-Lu'**, HUO Han-Yu'?, GUO Xiang-Xin"*, DONG Shao-Ming'

(1. State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese

Academy of Sciences, Shanghai 200050, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China; 3.

College of Material Science and Technology, ShanghaiTech University, Shanghai 201210, China; 4. College of Physics, Qing-

dao University, Qingdao 266071, China)

Abstract: SiO, anodes of lithium ion batteries have attracted considerable attention in recent years, due to their cycle
stability, large capacity, and feasibility on composition manipulation. Many previous works have focused on clarifying
the influences of oxygen contents on SiO, based anodes. However, the size effect is still far from understanding.
Herein, the size effect on electrochemical properties of SiO, with thin-film type anodes in different thickness was
investigated. It is found that the SiO, electrodes prepared by sputtering is of a Si/O ratio of 0.7 and exhibits the highest
initial Coulombic efficiency (ICE) of 71.68% and the highest capacity retention of 92.01% when the film thickness
being 450 nm, compared with those in other thickness. The best performance under such intriguing thick-
ness-performance relationship is attributed to the low charge transfer resistance, formation of the reduced SEI layer
and good electrode integrity upon cycling, as evidenced by SEM images and EIS collected during cycling. These

results indicate that as anodes of LIBs, the SiO, anodes with controlled size can greatly improve the electrochemical

performance.
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Recent years have witnessed the growing demand of
high performance lithium ion batteries (LIBs) from
portable electronics and electric vehicles. The increase in
energy density and safety of LIBs has been the primary
duty of the battery research community. In terms of novel
anode materials, the specific capacity is a critical pa-
rameter to be considered. Si as an anode shows the high-
est theoretical gravimetric capacity of 3579 mAh-g
(L1,5S14), which is approximately one order of magnitude
higher than that of carbonaceous materials (372 mAh-g™),
including graphite, pyrolytic carbon and meso-phase
pitch"). In addition, the electrode potential of Si is be-
low 0.5 V (vs. Li/Li"). As the second abundant element
on earth, Si is likewise of great advantages in cost and
environmental friendliness. However, the application of
Si anodes in LIBs is retarded by the huge volume change
(around 300%) appeared during lithiation and delithia-
tion processes'”. The tremendous volume expansion in-
curs severe internal mechanical stress, which induces
particles fracturing, delamination, and then loss of elec-
trical connection. Consequently, the capacity of Si elec-
trode fades sharply after limited cycles” .
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The silicon suboxides (SiO,) as anodes have received
much attention recently, owing to its high capacities and
enhanced cycle stability™®"*). The improved cyclability of
SiO, is ascribed to that the introduced oxygen can be
lithiated into inert lithium oxide and other lithium silicate
compounds, functioning as the elastic buffers to elimi-
nate the huge structure change upon lithiation and de-
lithiation. In previous study, many works focused
on discovering the influence of oxygen contents on the
electrochemical performance of SiO, based anode mate-
rials®'>!'*15 As proven in previous research, the size of
Si particles plays a critical role in cycle performance and
rate capability. For the SiO, anode, the size effect has
been scarcely discussed, thus calling for the thorough
investigation.

In this study, we investigated the size effect of SiOy;
anodes on the performance by using the thin-film type
electrodes. With changing the film thickness of SiOg;
anodes, the cycle stability, initial Coulombic efficiency
(ICE) and reversible capacity obviously change. The
optimized film thickness for SiO, anode in terms of re-
versible capacity, ICE and cyclability can be determined.
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Such influence is analyzed from the evolution of elec-
trode surface morphology, charge transfer property and
physical structure upon long-term cycling.

1 Experimental

1.1 Synthesisof SiO, film materials

Si0, thin-film electrodes were prepared by direct cur-
rent (DC) reactive magnetron sputtering with a n-type
monocrystalline Si of a high purity of 99.999% as the
target. The samples were deposited simultaneously on
both Si wafer for thickness measurement and rough Cu
foil with a thickness of 14 pm for morphology and elec-
trochemical measurements. The distance between target
and Si/Cu substrates fixed in 10 cm. Both Ar (99.999%)
and O, (99.999%) were introduced into the chamber after
the base pressure below 3.0x10~* Pa. The gas flow rate of
Ar was 20 sccm and and O, flow rate used here was
0.8 sccm for depositing SiOg ;. The SiO, thin-films were
grown at pressure of 0.55 Pa with a constant DC power
supply of 30 W under room temperature. The deposition
rate was approximately 9 nm-min'. Before film depos-
iting, the Si target was cleaned by a pre-sputtering. The
various film thickness was controlled by the deposition
time.
1.2 Materials characterization

The surface morphology and film thickness of the
pristine a-SiO, films were examined by field emission
scanning electron microscopy (FESEM, Magellan 400).
The crystalline phase of a-SiO, was determined by X-ray
diffraction (XRD, Bruker D8 Phaser with Cu K, radia-
tion, A = 0.15406 nm) within the range of 10°-60°. The
structure of a-SiO, films were analyzed by Raman spec-
trum and the chemical state of a-SiO, films were ana-
lyzed using X-ray photoelectron spectroscopy (XPS,
ESCAlab 250).
13 Cells assembly and electrochemical
measurements

The coin cells in type of 2025 were assembled in an
Ar-filled glove box with both the O, and H,O contents
below 0.1x10°°. Each cell consisted of a-SiO, film de-
posited on rough Cu as the working electrode with
0.785 cm? surface area, the separator, the electrolyte and
lithium foil with a diameter of 10 mm as the counter
electrode. The electrolyte was 1 mol/L LiPF dissolved in
a 1:1 (V/V) mixture solvent of ethylene carbonate (EC)
and dimethyl carbonate (DMC) with 1wt% vinylene
carbonate (VC) additive. Galvanostatic charge/discharge
measurements were carried out with a multichannel bat-
tery testing system (LAND CT2001A) in the potential
range from 0.01 to 1.5 V at different current densities.

The cyclic voltammetry (CV) of SiO,/Li was performed
from 0.01 V to 1.5 V at a scan rate of 0.05 mV-s ' by
Arbin BT-2000. Electrochemical impedance spectros-
copy (EIS) tests were conducted with a frequency range
from 0.1 Hz to 10°> Hz by an electrochemical workstation
(Autolab PGSTAT302N). All the electrochemical meas-

urements were performed at 25C.

2 Resultsand discussion

2.1 Characterizations of as-deposited SO,

film electrodes

The morphology and thickness of SiO, thin films were
examined by FESEM. As shown in Fig. 1(a), the surface
of pristine SiO, film appears rough structure with po-
lygonal particles in size of several microns, which de-
pends on the surface morphology of the Cu foil substrate.
This morphology is similarly observed in the MnO
thin-film anodes deposited on Cu foils, exhibiting a co-
lumnar crystal growth mode!'®. Fig. 1(b) shows a
cross-sectional SEM image of SiO, thin film deposited
on a Si wafer, which is used for determining the growth
rate of SiO, thin films!'”". 1t is found that the thickness of
SiO, thin-film deposited for 20 min is 180 nm corre-
sponding to a growth rate of 9 nm-min . Fig. 1(c) shows
the XRD patterns of the as-deposited SiO, thin films de-
posited on rough Cu foil. Two broad peaks centered at 26
values of 18° and 30° were observed. All the diffraction

1161 "and no characteris-

peaks are assigned to the Cu foi
tic peaks of crystalline Si and SiO, appear. This indicates
that the as-deposited SiO, films are amorphous. This
amorphous feature of SiO, films is consistent with that
characterized in previous reports™ ', Fig. 1(d) shows the
Raman spectra of as-prepared SiO, films. In the spectral
region between 100 cm ' and 700 cm', the spectrum
mainly comprises of two broad bands at 160 cm™' and
480 cm™', which corresponds to the characteristic transverse-
acoustic (TA) and transverse-optic (TO) phonon modes
of amorphous silicon respectively!'®'). In addition, no
peaks at 520 cm ' corresponding to the characteristic
crystalline Si are detected in the spectra of a-SiO,
films?”), further confirm the amorphous feature of the
as-prepared SiO, thin films. Fig. 1(e) shows the XPS
Si 2p spectra of the as-deposited SiO, films near-surface
depth profile that was obtained after sputtering with Ar"
ions for 20 s to remove the surface oxygen layer. To de-
termine the precise valance of Si, The peak shape of
Si2ps;, spectra were fitted to a superposition of five
peaks with an energy difference of 1 eV, corresponding
to the different Si oxidation states, namely Sio, Si, Si2+,
Si** and Si*'!"". In the curve-fitting process, the position
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Fig. 1 Characterization of the deposited SiO, film electrodes.

(a) The typical surface morphology of SiOg; thin film depos-
ited on rough Cu foil; (b) Cross section SEM image of the
Si0Oy 7 thin film deposited on Si wafer; (¢) XRD patterns of the
SiOy 7 thin films with a thickness of 450 nm; (d) Raman spectra
of as-deposited SiOj; with a thickness of 450 nm; (e) XPS
Si2p spectral of the SiOg; thin films with a thickness of
450 nm, which is fitted by using five Si peaks

and full width at half maximum (FWHM) of Si’ as free
parameters were used on the basis of earlier literatures,
and the FWHMs of five peaks in each Si2p spectrum
show the same value?'?%. The average valences of Si in
the as-prepared SiO, films can be determined to be 1.4 via
calculating the deconvoluted peak areas of the five com-

ponents, corresponding to the chemical formula of SiOy ;.
2.2 Effect of film thickness on electroche-

mical performance of a-SiO, thin film anodes
It is demonstrated that the SiO; anodes possess good
cycle performance with reduced capability sacrifice, due
to the fact that the moderate oxygen contents enable the
formation of sufficient insulated lithium oxide/silicates.
This not only relieves the large volume change occurred
on in situ formed Si particles, but also shields the elec-
trolytes from further decomposition by suppressing elec-
tron leakages from electrode surfaces. Therefore, SiOy
are selected to study the relationship between the film
thickness and the electrochemical performance of SiO,
anodes. Coin-type cells with SiOy; as anodes were as-
sembled and cycled at the current density of
0.064 mA-cm? (~0.2C). Fig. 2 shows the lst cycle
charge-discharge curves of SiOg; thin-film anodes with
the thickness range of 90 nm-630 nm. It is found that the
discharge plateaus of all the SiOy; electrodes with dif-
ferent thickness lie at around 0.23 V, the electrode with
different thickness delivers a similar discharge capacity.
Upon recharge, the charge plateaus of all the SiOy; an
odes with different thickness lie at the range of 0.2 V-
0.75 V. As for the first cycle, the discharge/charge capa-
cities of SiOg 7 with thickness of 90 nm, 270 nm, 450 nm
and 630 nm are 639.4/410.4, 644.7/443.4, 647.3/464.0
and 641.8/424.9 pAh-cm > pm’', with a corresponding
initial Coulombic efficiencies (ICE) of 64.18%, 68.78%,
71.68% and 66.20%, respectively. It is clear that the
Si0g 7 with a thickness of 450 nm shows the highest ICE.
With increasing of film thickness in SiOg; anodes, the
ICE initially increases and then decreases. Formation of
solid electrolyte interphase (SEI) is beneficial for shield-
ing the further decomposition of electrolytes on the sur-
face of anodes during discharge but gives rise to extra
irreversible capacity, resulting in a low ICE™*". Beyond
the formation of SEI layers, the formation of irreversible
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Fig. 2 The 1st cycle charge-discharge curves of SiO,; film
electrodes with different thickness of 90 nm, 270 nm, 450 nm
and 630 nm
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compounds like Li,O and LisSiO, during the first few
cycles is another important consideration causing the low
ICE in SiO, anodes!'®!%24],

The Li" insertion/extraction reactions between Li and
SiO, film species were studied by cyclic voltammetry
(CV). Fig. 3 shows the initial five CV scans of the SiO,;
film electrodes with a thickness of 90 nm (Fig. 3(a)) and
450 nm (Fig. 3(b)). In the first scanning cycle, there is a
cathodic peak around 0.5 V, which disappears in the follow-
ing cycles, indicating a nonreversible reaction (Fig. S1(b)).
The reduction peak is associated with the formation of a
stable solid electrolyte interphase (SEI) passivation layer
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on the surface of the SiOy ; film'*!, which is the reason for
low initial Coulombic efficiency (Fig. 2). In both 90 nm
and 450 nm electrodes, four redox peaks are observed in
all five cyclic voltammograms, including two cathodic
peaks at 0.21 V and 0.08 V, and two anodic peaks at 0.45
V and 0.29 V. They are attributed to the electrochemical
reaction of lithium ions insertion and extraction in SiQOy 5
films'**!. It is observed that the four redox peaks are al-
most overlapped and little shift in the five cycles, indi-
cating that an excellent cycling performance and a small
polarization of the electrode.

Fig. 4(a) shows the cycle performance of SiOg;
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Fig. 3 Cyclic voltammograms of SiOy ; film electrode with thickness of (a) 90 nm and (b) 450 nm of the 1st, 2nd, 3rd,
4th and 5th cycle at a scan rate of 0.05 mV-s™' in the potential range of 0.01 V-1.5 V
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Fig. 4
(a) Cycle performance of SiOy 7 thin film anodes with different thickness at the current density of 0.2C; (b,c) The Nyquist plots of
the SiOy 7 thin film anodes with different thickness after (b) the 1st cycle and (c¢) the 200th cycle; (d-g) Surface morphologies of
the 200th-cycled SiOy 7 thin film anodes with thickness of 90 nm, 270 nm, 450 nm, and 630 nm

Electrochemical performances of SiOy ; film anodes with different thickness
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anodes with various film thickness. It can be seen that
there exists an optimum thickness in terms of SiO,; an-
odes?”). As the thickness increases from 90 nm to 270 nm,
450 nm and then 630 nm, the SiO, ; based anodes deliver
a discharge/charge capacity of 675.4/433.8, 647.4/445.1,
644.7/462.1 and 648.3/428.8 pAh-cm?pum’, leading
to a corresponding ICE of 64.23%, 68.75%, 71.68% and
06.14%. After 200 cycles, the discharge capacities
for these electrodes are 286.0 pAh-cm*pum’,
321.4 pAh-cm ?-um ', 425.2 and 242.9 pAh-cm ?-pum ',
corresponding to a capacity retention of 64.43%, 72.20%,
92.01% and 56.65%. These results demonstrate that the
SiOg ;7 of a specified thickness of 450 nm shows the ex-
cellent cycle performance with the high capacity. The
good cyclability of SiOj; anode with a thickness of
450 nm is also observed from the overlapped voltage
profiles (Fig. S1).

To understand such a relationship between thickness
and electrochemical performance, the EIS after cycling
for 200 cycles were collected (Fig. 4(b)—(c)). After the
Ist cycle, the charge-transfer resistance (R.) of SiOg-
anodes with the specified thickness of 90 nm, 270 nm,
450 nm and 630 nm are fitted to be 173 Q-cm?
110 Q-cm?, 86 Q-cm? and 141 Q-cm?, respectively. The-
se impedances increase to 322 Q-cm’, 149 Q-cm?,
94 Q-cm?® and 345 Q-cm” after the 200th cycle. The
Si0y 7 anode with a thickness of 450 nm demonstrates the
minimum R as well as the variation during cycling.
Such a low resistance should be a synergy effect between
the rough Cu substrate, the moderate thickness of SEI
layer and the suitable amounts of the inactive lithium
compounds formed during discharge. The surface mor-
phologies of SiO, anodes after the 200th cycle are shown
in Fig. 4(d)-(g). First of all, all the dense SiO, films
change into porous aggregates consisting of intercon-
nected particles in the size of hundred nanometers. The
porosity decreases with increasing film thickness. If
more porous, the contact area between the electrodes and
the electrolytes increases, enhancing formation of the
SEI layers. Between the porosity and the SEI layer
formed on porous electrode surfaces, the SiOy; anode
with a thickness of 450 nm should be the balance that
enables the decreased charge transfer resistance. Second,
many cracks appear in all the SiO, films. The SiO; an-
ode in thickness of 450 nm suffers less than the other
three samples, endowing the interconnected paths for
lithium transport inside the electrodes.

3 Conclusions

By means of thin-film type electrodes, the role of film
thickness playing in the performance of SiO, anodes was

investigated. It is found that changing the film thickness
(90 nm—450 nm) of SiOy; dramatically influences the
cycle stability, initial Coulombic efficiency and reversi-
ble capacity. The SiOp; anode with a thickness of
450 nm exhibits the superior performance in terms of
cyclability, capacity and ICE. The highest initial Cou-
lombic efficiency (ICE) is 71.68% and the highest
capacity retention is 92.01%. This benefits from the low
charge transfer resistance, reduced formation of SEI
layer and improved electrode integrity upon cycling, as
evidenced by SEM images and EIS. All these benefits
should stem from the moderate thickness of SiOg; film
anode, which induces the synergistic effect on formation
of such insulators like lithium oxide/silicates during dis-
charge. Functions such configuration as physical buffers,
which relieve the large volume change of in situ formed
Si particles from the reduction of SiO,, and shield the
electrolytes from further decomposition by suppressing
electron leakage on the electrode surfaces. These results
suggest that the control of the film thickness of SiO, is
the key factor to improve the eletrochemical perform-
ance.
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Fig. S1 (a) The galvanostatic discharge-charge voltage profiles of the SiO, ; anodes with a thickness of 450 nm of 1st, 10th, 100th,
200th and 300th cycle and (b) the dQ/dV differential curve of the first cycle profile of the SiO, ; anodes with a thickness of 450 nm



