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In Situ Formation of Aluminum-Silicon-Lithium Active Materials in 
Aluminum Matrices for Lithium-Ion Batteries
Mohammad Hossein Tahmasebi,‡a Dominik Kramer,bc Holger Geßwein,bc Tianye Zheng,a Kwan-Chee 
Leung,d Benedict Tsz Woon Lo,d Reiner Mönig bc and Steven T. Boles*a

Despite the tremendous theoretical capacities of new materials for lithium-ion battery (LIB) anodes (e.g. Si, Sn, etc.), the 
conventional design of these electrodes with binders, current collectors, and conductivity enhancers inhibit the translation 
of performance gains during commercialization. Therefore, consideration should be given to monolithic materials systems 
which can increase performance while simultaneously reducing design complexity. In the present study, aluminum-silicon 
thin-films were synthesized with compositions ranging from 0 to 45 at% Si, and the structure, morphology, and 
electrochemical behavior of the material as an electrode for LIBs were investigated. This analysis confirms that the Li9AlSi3 
phase is formed during initial lithiation, prior to the formation of the β phase, and is recognized as the dominant phase in 
the Al-Si-Li alloy system. These findings also show that by preventing the formation of the β phase during lithiation of the 
electrode results in an excellent cycling life performance of 70 at% Al-30 at% Si electrode over 100 cycles at the rate of C/20 
and a specific capacity of 650 mAh g-1. In situ stress measurements and ex situ SEM analysis performed during cycling confirm 
the reversibility such that no degradation or delamination is observed in the films despite the high capacity and long-term 
cycling.

Introduction
At present, carbon-based materials, in particular graphite, are 

commonly used as anode materials in Li-ion batteries (LIBs). Graphite 
exhibits a highly reversible lithiation/delithiation process, but its 
specific capacity is restricted to 372 Ah kg−1. This is a bottleneck 
which constrains current battery technology, and effectively caps 
improvements in the volumetric energy density of cells. To realize 
batteries with higher energy densities, new electrode materials are 
needed. Efforts to find suitable high capacity anode materials to 
replace graphite has been ongoing for years. Among the possible 
alternative materials, alloying materials such as Si, Sn, Al and Ge are 
promising candidates. Aluminum has advantages due to its low cost, 
good geographic dispersity and high abundancy. Al and LiAl alloys 
have been investigated as an alternative to metallic lithium for 
batteries since the early 1970s.1–3 Based on the Al-Li binary phase 
diagram, three alloys (LiAl, Li3Al2 and Li9Al4) can potentially form. 
Among these alloys, even the one with the lowest lithium content, 

the β-LiAl phase, has a theoretical capacity of 993 mAh g-1 (three 
times higher than that of graphitic carbon). Aluminum is also 
attractive due to its low plateau potential that is ascribed to only one 
phase transformation during electrochemical lithiation (α → β (LiAl)) 
at room temperature.4–6 Despite the attractive advantages of 
aluminum-based electrodes, fast capacity fade and poor cycling life 
of aluminum are the key problems which impede its integration into 
commercial batteries.6–10

The use of alloy electrodes is a promising strategy for improving 
electrode reliability. Accordingly, the addition of electrochemically 
active or inactive components has been shown to improve 
cyclability11–17 and reduce processing complexity.18,19 Among the Al-
based alloys as monolithic anode materials for LIBs, to the best of our 
knowledge, Al-rich Al-Si alloys have not been investigated thoroughly, 
despite promising findings.20–26 Fleischauer et al. investigated the cyclic 
voltammetric behavior and structure of sputtered Al-Si alloys with 
varying composition.23 Al–Si is an immiscible alloy system at room 
temperature. Therefore, different lithiation/delithiation mechanisms 
can be involved in Al-Si as an active/active (toward lithium) system 
compared with other Al-alloys that have been reported.11,14–16,27,28 
Furthermore, several ternary phases has been reported in the Al-Si-
Li system,20,21,25,29–34 some of which have been shown to have 
excellent capacity and cycling performance.20,21 This makes the Al-Si 
alloy system particularly interesting when the Al-Si-Li ternary phases 
can electrochemically form at room temperature and reversibly 
delithiate/lithiate. However, the cycling performance of Al-Si alloy 
electrodes and also the formation of Al-Si-Li ternary phases during 
electrochemical lithiation has yet to be reported. 
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Accordingly, the present work aims to enable the use of monolithic 
aluminum-silicon anodes for LIBs. For this purpose, the sputtered Al-
Si thin-films are evaluated with respect to electrochemical and 
microscopic morphological evolution. The structure and morphology 
of the as-sputtered films were characterized. The effect of alloy 
composition on cyclic voltammetric behavior and cycling 
performance of the electrode were also studied. The possible Al-Si-
Li ternary phase formed during the lithiation process was detected 
by an electrochemical analysis based on comparison of the 
experimental and the theoretical specific capacities of the Al-Si alloy 
electrodes. However, XRD analysis suggests that the newly formed 
ternary phase has an amorphous crystal structure for the 
homogenous films used here, and preliminary findings indicate that 
this may be a non-trivial aspect of enabling the ternary system. 
Finally, with the knowledge obtained from the electrochemical tests 
and ex situ SEM analysis performed during the electrochemical 
lithiation/delithiation, the best electrochemical cycling conditions 
were proposed for the optimized Al-Si alloy electrode for use in LIBs.

Experimental
Aluminum-Silicon Thin-Film Electrodes Preparation

Aluminum and aluminum-silicon alloys thin-films (1 µm-thick) were 
deposited on Cu foil (10 10 cm) substrates by co-sputtering of metallic ×
Al (99.9995%, diameter: 2 inch) and N-type monocrystalline silicon 
(99.999%, diameter: 3 inch) targets in a Denton Magnetron sputtering 
system at room temperature. The sputtering processes were performed 
under a base pressure of 7 10-7 Torr and an Ar work pressure of 3.6 ×
mTorr. Direct current (DC) and radio frequency (RF) power supplies were 
used for co-sputtering of aluminum and silicon, respectively (Fig. 1). The 
Al-Si thin-films composition and sputtering power supplies values are 
presented in Table 1. In order to improve the adhesion between the 
active electrode material and the Cu foil for the long-term cycling 
tests (Al and Cu are known to have imperfect adhesion when put into 
direct contact), a 200 nm-thick titanium nitride (TiN) was sputtered 
as an underlayer on the Cu foil prior to deposition of the 70 at% Al-
30 at% Si thin-film as illustrated in Fig. 1. The TiN film sputtering 
conditions are available elsewhere,35 although for these samples, the 
chamber temperature was fixed at 200 C. 

Table 1 Sputtering Power Values and Compositions of the Al-Si Thin-
Film Electrodes.

Sputtering power 
(W)Notation Al:Si atomic ratio (%) 

Al Si
Al 100:0 300 ---
Al95Si5 95:5 300 72
Al90Si10 90:10 300 119
Al85Si15 85:15 300 170
Al80Si20 80:20 300 227
Al70Si30 70:30 300 366
Al55Si45 55:45 130 300

Fig. 1 Schematic illustration of co-sputtering process for the Al1-xSix 
thin-film electrodes fabrication.

Structural Characterization 

Quantitative structural characterization of thin-film electrodes was 
examined using a grazing incidence X-ray diffractometer (GIXRD) 
technique (Rigaku SmartLab, Japan), equipped with Cu anode tube (the 
scan step was 10° per minute in the 2θ range of 10° to 100° with the 45 
kV maximum voltage and 200 mA maximum current). In some instances 
a high-energy Rigaku SmartLab diffractometer, equipped with Mo anode 
tube, was also employed.

Morphological Characterization

The surface morphology of sputtered thin-film electrodes was 
characterized by scanning electron microscope (SEM), using a Zeiss 
Merlin equipped with energy dispersive X-ray spectroscopy (EDS). 

Ex situ SEM analysis was also carried out to monitor surface 
morphological changes in the Al70Si30 thin-film during the 
electrochemical lithiation-delithitaion processes. Disks with a 
diameter of 11 mm were punched out from the Al70Si30 sputtered 
films on TiN-coated Cu foil and used as working electrodes for the 
Swagelok-type half-cells. Besides the Al70Si30 thin-films which served 
as working electrodes, the Swagelok cells contained a separator 
(Whatman®, diameter: 12 mm), the electrolyte (1 M LiPF6 in 
EC:EMC:DEC (1:1:1 in Vol%)) and lithium (diameter: 10 mm on a 
nickel current collector) as counter electrode. A detailed description 
about carrying out the ex situ SEM analysis can be found in a previous 
publication.6

Electrochemical Characterization 

Aluminum and aluminum-silicon alloy-coated copper foils were 
punched to disks with a diameter of 16 mm. Coin-type half-cells 
containing thin-films sputtered on Cu foil as a working electrode, 
separator (Celgard, diameter: 19 mm), electrolyte and lithium foil 
(diameter: 15 mm) as counter electrode were assembled in an Ar-
filled glove box (mBraun). 1 M LiPF6 in EC:EMC:DEC (1:1:1 in Vol%) 
was used as electrolyte in this study. An electrochemical workstation 
(Bio-Logic, VMP300) was used throughout this work for 
electrochemical characterization. Prior to testing, pristine cells were 
allowed to rest about 12 h to stabilize at room temperature. The 
electrochemical behavior of the thin-film anode electrodes were 
evaluated by cyclic voltammetry (CV) at a scan rate of 0.01 mV s-1 and 
galvanostatic lithiation/delithiation at a rate of C/20, unless 
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otherwise noted, at room temperature. CV curves were recorded in 
the potential range 0 to 1.5 V vs. Li/Li+. Moreover, in the case of 
depth of galvanostatic lithiation test, different cut-off voltages were 
set. The delithiation process was controlled by fixing the final 
potential at 1.5 V vs. Li/Li+. The specific capacities of the electrodes 
were calculated using the area under the CV curves and the total 
weight of the sputtered films (i.e. ). In terms of ∫𝐼𝑑𝑉/(𝑚 × 0.01)
galvanostatic lithiation/delithiation tests, the C-rates and specific 
capacities were calculated with respect to the theoretical specific 
capacity of the Al-Si alloy system (i.e., β-LiAl and Li3.75Si phases 
formation) and the total weight of the sputtered film.

In Situ Stress Measurements During Electrochemical Cycling 

Mechanical stress was measured in situ in the Al70Si30 thin-film 
electrode during CV cycles at scan rate of 0.05 mV s-1 and a potential 
range of 0.1-1.5 V vs. Li/Li+ in LP30 (1 M LiPF6 in EC:DEC (1:1 in Vol%)) 
electrolyte. For this investigation, the thin-film was sputtered onto a 
double-side polished aluminum oxide (5 × 15 mm, thickness: 250 ~
μm) which was used as a cantilever electrode. Prior to the 300 nm 
thick Al70Si30 thin-film, 200 nm TiN (as current collector) and 100 nm 
copper (as underlayer for substrate adhesion) were deposited on the 
substrate. The sample was assembled into the dedicated cell and 
stress measurements were performed using a substrate curvature 
technique described previously. 36,37

Results and Discussion
Microstructure of As-Sputtered Thin-Films

X-Ray Diffraction (XRD) patterns of as-sputtered Al and Al-Si alloys 
thin-films are provided in Fig. 2(a). The XRD pattern of the Al depicted 
two peaks at 2θ values of ca 38.8° and 65.5° which could be assigned 
to the reflections of (111) and (220) planes from a face-centered 
cubic (fcc) structure. The XRD peaks at 43°, 50°, 74°, 89.9° and 95° 
correspond to the copper (Cu) current collector. The intensity of the 
Al (111) and (220) reflections are dramatically decreased by 
exchanging only 5 at% Si for Al in the film. The diffraction lines of fcc-
Al are only faintly present in the XRD pattern of Al70Si30 film which 
suggest a lack of long-range order (and presumably amorphous) 
structure for the co-sputtered Al-Si films. These results are in good 
agreement with the work of Fleischauer et al.23 Beside a quasi-
amorphous structure for co-sputtered films, SEM micrographs of 
surface of Al70Si30 and Al films, as shown in Fig. 2(b and c) reveal a 
different surface morphology of co-sputtered Al-Si alloy films 
compared to the Al film. Accordingly, the co-sputtered Al70Si30 film 
has relatively smooth surface (Fig. 2(b)) while a polycrystalline and 
rough surface is seen for the as-sputtered Al film (Fig. 2(c)). SEM 
imagery and related energy-dispersive X-ray spectroscopy (EDX) 
elemental mapping presented in Fig. 2(d-f), confirms a well-mixed, 
homogenous distribution of Al and Si in the Al70Si30 electrode arising 
from the quasi-amorphous structure of co-sputtered films.

Fig. 2 (a) XRD patterns of copper foil, aluminum and aluminum-silicon 
thin-film alloys-coated copper foil. SEM micrographs of the surface 
of as-sputtered: (b) Al70Si30. (c) Pure Al film. (d)-(f) An SEM image and 
associated EDX mappings of Al and Si on the surface of the Al70Si30 
electrode.

Electrochemical Behavior of Al-Si Thin-Film Electrodes

The electrochemical behavior of sputtered Al-Si thin-films were 
characterized by CV and galvanostatic tests. Fig. 3(a) shows the CV 
curves of the first cycle for the thin-film electrodes. The CV of the Al thin-
film showed sharp peaks at 150 mV (cathodic) and 500 mV vs. Li/Li+ 
(anodic) which are associated with formation/decomposition of the β-
LiAl phase, respectively.4,6,7 The CV curves of Al-Si alloys shows no 
additional lithiation/delithiation peak compared to pure Al, an 
indication that Si does not independently lithiate when it is mixed 
with Al. This was also confirmed by comparing the CV curves (at scan 
rate of 0.01 mV s-1) of the first and the second cycles of sputtered Al 
film with 200 nm sputtered Si-capping layer (Fig. S1(a and b) and 
Al80Si20 alloy electrode. The CV curves of Al film with 200 nm sputtered 
Si-capping layer show additional peaks which are related to 
lithiation/delithiation of 200 nm pure Si-capping layer. In addition, by 
comparing CV curves, it is revealed that the Si addition into the Al-matrix 
delays the α-to-β (LiAl) phase transformation and vice versa by shifting 
the lithiation/delithiation peaks to lower/higher potentials, respectively. 
On the other hand, by increasing the Si content in Al-Si alloys, the 
integrity of the Al-matrix (depending on the amount of Si in the 
electrode) can be preserved and maintained while the electrode 
lithiates. Interestingly, this may be the result of mechanical 
compression of the Al-matrix which makes it more difficult to lithiate 
compared to uncompressed Al. The question arises, if Al is stabilized 
and not reacting with Li, and Si is also not independently involved in 
the lithiation process, which phases are forming upon lithium 
insertion into the electrode?
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Fig. 3 (a) The CV curves of the first cycle for the sputtered thin-film electrodes over the potential range from 0 to 1.5 V, at scan rate of 0.01 
mV s-1 (with zoom-in view in the inset). (b) The first galvanostatic (de-)lithiation cycle curves at a rate of C/20 (zoom-in view of lithiation 
curves in the inset). (c) CV Peak/Plateau potential vs. alloy composition. (d) Theoretical and experimental (obtained from galvanostatic test 
at a rate of C/20) specific capacities of Al1−xSix electrodes as a function of alloy composition.

By looking at the CV curves for Al-Si thin-film electrodes, it can 
be seen that at higher potentials (>200 mV vs. Li/Li+), the current is 
significant (See inset during lithiation in Fig. 3(a)), indicating that the 
addition of Si results in the formation of lithiated Al-Si-Li phases that 
would not otherwise exist in pure Al. The CV curves provided in Fig. 
S1 does not show any significant current at higher potentials during 
lithiation, revealing that the behavior seen in Fig. 3(a) cannot be 
independently related to lithiation of Si atoms. This is also in 
agreement with the work of Fleischauer et al. where it has been 
stated that “simple alloys, like Al–Si, may not react with lithium as a 
simple sum of the Li–Al and Li–Si reactions due to the formation of 
ternary phases”.23 After the β phase formation peak, the current is 
still greater than zero for Al-Si alloy electrodes which suggests that 
additional lithium can be stored at these low voltages in Al-Si-Li 
ternary phases. During delithiation, lithium is extracted from the 
sample at a range of voltages from 0 to 0.5 V vs. Li/Li+, which is then 
followed by a peak, attributed to delithiation of the Al-matrix. The 
potential position of this peak varies with Si content. It has also been 
reported by Sethuraman et al. that a compressive stress of 1 GPa 
decreases the Li/Si half-cell potential by 62 mV and a tensile stress of 

1 GPa increases this potential by the same value.38 Accordingly, it can 
be concluded that compressive stress due to ternary phase 
formation prior to Al lithiation leads to a decrease of the β phase 
formation peak potential. The Al-Si-Li ternary phases are known to 
be thermodynamically stable and they can decompose only at high 
potentials.23,31,34 The increase of current (upon increasing Si content) 
at high potential (> 600 mV vs. Li/Li+) during delithiation scans can be 
ascribed to the ternary phase decomposition (See inset during 
delithiation in Fig. 3(a)). In the same way, the compressive stress 
arising from ternary phase formation during lithiation can also affect 
the removal of Li from the β phase during delithiation process.

The galvanostatic (de-)lithiation profiles for the sputtered film 
electrodes are shown in Fig. 3(b). A similar trend can be seen 
regarding the plateau potential compared to the CV peak potentials 
which are also plotted vs. alloy composition in Fig. 3(c). As it can be 
seen in Fig. 3(b and c), the addition of Si into the Al shifts the plateau 
voltages (i.e. the β phase formation/decomposition to the 
lower/higher potentials), respectively. As a further effect of Si 
addition, the minimum potential in the galvanostatic lithiation curve 
of Al (corresponding to the nucleation of the β phase6,14,39,40) 
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disappeared after 10 at% Si addition (See inset in Fig. 3(b)). A 
comparison between the theoretical and experimental (first lithiation-
delithiation) specific capacities of thin-film electrodes with varying 
composition can be seen in Fig. 3(d). The blue dashed line shown in Fig. 
3(d) depicts the theoretical specific capacity of Al-Si alloy electrodes 
corresponding to β-LiAl and Li3.75Si phases at a fully lithiated state. The 
first lithiation/delithiation capacity does not follow the theoretical 
specific capacity. As it can be seen, the deviation of experimental 
capacity from the theoretical one increased upon increasing Si 
content up to 45 at% in the alloy. The smaller experimental capacities 
than theoretical ones at higher Si content thin-film alloys likely arises 
from Al-Si-Li ternary phase formation during lithiation of Al-Si which 
is consistent with work done by Fleischauer et al.23 Moreover, the 
XRD measurement on an inhomogeneous 88 at% Al-12 at% Si 
(Al88Si12) foil (50 μm-thick) confirms electrochemical formation of 
LiAlSi ternary phase in the Al-Si alloy system by a potentiostatic 
lithation at 5 mV vs. Li/Li+ for 5 days, as presented in Fig. S2.  

The sputtered thin-film electrodes were galvanostatically cycled 
between 10 mV and 1.5 V vs. lithium at a rate of C/20. Despite the high 
capacity, the Al-Si alloy electrodes exhibit a fast capacity fading similar 
to pure Al electrode over 40 cycles, as shown in Fig. 4. This shows that 
addition of Si has no significant effect on cycling performance of Al 
electrodes by considering the electrochemical cycling conditions. The 
Al70Si30 film sputtered on TiN-coated Cu foil showed lower capacity 
fade than the one sputtered on the bare Cu foil which confirms that 
TiN improved the adhesion of active material onto the Cu foil. In fact, 
using TiN as an underlayer can result in reducing the loss of the active 
material upon delamination during cycling.

Al-Si-Li Ternary Phase Type Detection Through Electrochemical 
Data Analysis.

As mentioned in the previous section, the increase in current at high 
potentials in CV curves before/after the β phase 
formation/decomposition, can be attributed to the formation of Al-
Si-Li ternary phases. Using the CV curves of the second cycle of the 
thin-film electrodes provided in Fig. 5(a) and the theoretical 
capacities of ternary phases which can exist in the ternary Al-Si-Li 
system,21,29,31,32,34,41 theoretical and experimental specific capacities 
were plotted vs. Al-Si alloy composition, as shown in Fig. 5(b). 

According to experimental specific capacities of the electrodes 
calculated from CV curves (purple solid circle), the specific capacity 
of each electrode composition increases as the Si content increases, 
although not linearly. The similar trend can be seen for the 
theoretical capacities calculated using contributions of the Li9AlSi3 
(green solid circle) or the Li5.3Al0.7Si2 (blue solid circle) ternary phases.
Here, CV cycles were used for experimental calculations due to the 
fact that this method will fully saturate the respective phases with 
lithium based on the equilibrium potentials. Furthermore, It is worth 
noting that the theoretical capacities presented in Fig. 5(b) were 
calculated using a sum of separate reactions of Li with Al-Si and Al 
corresponding to the formation of Al-Si-Li ternary phase and β-LiAl 
phase, respectively (see Table S1, Equation S1 and Assumption S1 for 
calculations details).

Fig. 4 Specific lithiation capacity vs. cycle number for Al-Si thin-film 
alloys sputtered on Cu foil and Al70Si30 alloy sputtered on TiN-coated 
Cu foil.

As depicted in Fig. 5(b), the experimental capacities match well 
with the theoretical ones for the Li9AlSi3 phase at three compositions 
(5, 10 and 45 at% Si). This can reinforce the idea that the Li9AlSi3 

ternary phase (T1) forms during lithiation. However, there is still a 
small deviation from the theoretical values for the rest of the 
compositions, which may be also explained by the co-existence of a 
Li5.3Al0.7Si2 ternary phase (T2). Accordingly, the T2 phase can 
potentially form simultaneously with the T1 phase over the range 10–
45 at% Si. 

A further electrochemical analysis was done to detect the most 
possible ternary phase between the T1 and the T2 phases which can 
form during lithiation of these Al-Si alloys. Accordingly, the specific 
capacity related to the area under the CV curves of the second cycle 
right before starting the β phase formation, (shown in Fig. 5(c) for 
the Al80Si20 electrode as an example,) were calculated to compare 
with the T1 phase contribution to the theoretical specific capacity of 
the electrodes. The experimental and theoretical specific capacities 
were then plotted vs. alloy composition, as revealed in Fig. 5(d). As it 
can be seen, the experimental specific capacity calculated using the 
area under the CV curve follows the Li9AlSi3 phase contribution to the 
theoretical specific capacity of the Al-Si alloy electrodes which 
strongly confirms this T1 ternary phase formation during 
electrochemical lithiation. These results are also in agreement with 
thermodynamics studies on the Al-Li-Si system. The Li7Al3Si4, Li5AlSi2 
(i.e., Li5.3Al0.7Si2), and AlLi9Si3 ternary phases displayed much higher 
negative formation energies than other phases which confirms that 
these phase are thermodynamically the most possible phases in the 
Al-Si-Li system.31 The AlLi9Si3 phase also displayed an energetic stable 
tetragonal crystal structure  with a high density of states at Fermi 
level featuring good metallic properties.21,42
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Fig. 5 (a) The second CV cycle curves of Al-Si thin-film electrodes at scan rate of 0.01 mV s-1. (b) Specific capacity of Al-Si alloy electrodes 
based on which ternary phase can form along with experimental specific capacity calculated using the CV curves of the second cycle. (c) The 
CV curve of the second cycle of Al80Si20 thin-film electrode along with greyed area under the CV curve (right before starting the β phase 
formation peak). (d) Li9AlSi3 ternary phase capacity contribution to the theoretical specific capacity along with experimental specific 
capacities (related to the area under the CV curve before starting the β phase) as a function of Al-Si alloy composition.

Summarily, by considering the electrochemical analysis discussed 
above and thermodynamics data available in the literature, it can be 
concluded that the Li9AlSi3 phase can most likely form during 
lithiation of Al-Si alloy. However, additional investigations are 
needed to gain more insights into the nature of ternary phase 
formation mechanisms during electrochemical lithiation of the Al-Si 
system.

In order to get more insights into the phase transformation in the Al-
Si alloy electrodes during electrochemical lithiation, the surface 
morphological changes of the Al70Si30 film sputtered on TiN-coated Cu 
foil were observed by carrying out the ex situ SEM analysis during the 
first CV scan. Fig. 6(a-d) show SEM images from the same location of 
the surface of the film obtained at different potential steps during 
lithiation scan. According to SEM images, a very uniform expansion 
can be seen during the lithiation of the film. SEM images captured 
from the same location in 1.5 kV presented in Fig. S3, provide more 
information about surface features of the lithiated film. The surface 
morphology starts to become smoother after lithiation that can be 

attributed to solid electrolyte interphase (SEI) formation. If a linear 
expansion is assumed for the region shown in SEM images, it is 
interesting to note that more than 42% 
( ) of total linear expansion (Fig. 6(b)) (2.47 ― 2.2) × 100 (2.83 ― 2.2)
has occurred by the time the voltage has been lowered to 130 mV 
(i.e., before starting the β phase formation) which is close to the 
expected contribution of the Li9AlSi3 ternary phase in total specific 
capacity of Al70Si30 electrode. Upon further lithiation to 30 mV and 
then 0 V, as shown in Fig. 6(c and d), the film has uniformly expanded 
while no significant degradation was observed in the surface of film. 
However, an island-like feature along with the small cracks was 
formed on the surface, confirming higher volume expansion due to 
AlLi phase formation upon lithiation to 0 V.

Cycling of Al-Si-Li Ternary Phase within Al as a Soft Matrix 

Based on the discussion above, the present work proposes a new 
strategy for making use Al-Si alloys as anode materials for lithium-ion 
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Fig. 6 SEM micrographs (13 kV) of the same region of the surface of 
Al70Si30 thin-film electrode captured by the following steps: (a) Before 
CV test. After CV scan (at 0.01 mV s-1) to: (b) 130 mV. (c) 30 mV. (d) 0 
V vs. Li/Li+.

batteries: If the depth of discharge is limited to a potential above the 
critical potential for lithiation of the Al-matrix, or if there is enough 
excess capacity in the ternary phase (compared to the cathode), then 
only Al-Si-Li will reversibly cycle during the lithiation/delithiation 
process. In particular, in Fig. 7(a) the relationship between depth of 
discharge and specific capacity is explored. The vertical lines indicate 
the approximate formation potential for the β phase, which forms as 
the matrix lithiates. At the potentials to the left of the vertical lines, 
the Al-Si is considered to be active which results in Al-Si-Li ternary 
phase formation. On the contrary, at the potentials to the right of the 
vertical lines, the Al will be also active resulting in the β phase 
formation. Therefore, if the electrodes are cycled to the potentials to 
the left of these vertical lines, i.e. as long as Al matrix is not active 
toward lithium, they may exhibit very good life cycle, consistent with 
cycling of the pure ternary phase20,21 and a preserved Al-matrix. 
Furthermore, it can be seen that it may be possible to achieve a 
specific capacity of 1000 mAh g-1 with some alloy compositions. 
Actually, compared to recent achievements with graphite (400 mAh 
g-1), this is a dramatic performance improvement. Moreover, this can 
be conceivably achieved in a single, monolithic material without the 
need for particles, binders, electrical conductivity enhancers, etc., 
which can also offer much larger volumetric energy density than 
slurry-based electrodes. Enhancement of the long-term cycling 
performance is where these Al-based alloys may show their best 
gains, considering the well-known degradation issues associated 
with Al anodes. Accordingly, the cycling performance of Al70Si30 film 
sputtered on Cu and TiN-coated Cu foil was investigated at different 
potentials based on the strategy discussed above. As depicted in Fig. 
7(b), by fixing the cut-off voltage to an elevated level, it is possible to 
demonstrate stability over 100 cycles and presumably more. 

In the case of Al/Si 70%/30% sputtered onto TiN-coated Cu foil, 
the electrode is totally stable over 100 cycles at the rate of C/20 and 
130 mV (vs. Li/Li+) cut-off voltage where it has a capacity of 650 ~

mAh g-1. This outstanding cycling performance achieved with the 
Al70Si30 electrode exceeds Al-based electrodes reported in the 
literature.12–16,43,44 On the other hand, the excellent cycle stability of 
Al70Si30 electrode is in accordance with the work of Tillard et al. 
where the best electrochemical behavior was found for Li9AlSi3 
ternary phase while LiAlSi, Li7Al3Si4 and Li5AlSi2 phases showed poor 
cycling performance.20,21 It has also been shown by Tillard et al. that 
the most of specific capacity of Li9AlSi3 ternary phase can be obtained 
in a potential range of 0.15-1.2 V vs. Li/Li+20,21 which is in good ~
agreement with the potential window that has been proposed here 
(0.13-1.5 V vs. Li/Li+) for the sputtered Al70Si30 electrode. Moreover, 
the obtained specific capacity of this Al-Si alloy electrode is already a 
factor of two better than the state of the art, setting it as a serious 
monolithic electrode candidate to replace conventional composite 
graphite anodes in LIBs. Additionally, the fading rate here is nearly 
non-existent, so if we extrapolate the degradation rate, it may easily 
last for 104 cycles with minimal loss of capacity. Galvanostatic ~
lithiation/delithiation curves recorded during the life cycle of the 
Al70Si30 film (sputtered on TiN-coated Cu foil) are also shown in Fig. 
7(c), which confirm stability of the Al70Si30 electrode upon long-term 
cycling. As illustrated in Fig. S4, the Al55Si45 films sputtered on Cu and 
TiN-coated Cu foil have shown a fast capacity fade over 35 cycles 
even at higher cut-off voltages (150 mV and 160 mV vs. Li/Li+, 
respectively) compared with Al70Si30 film. This can be ascribed to the 
remaining volume fraction of Al matrix in the electrodes after 
lithiation process. As illustrated in Table S1, the volume fraction of Al 
matrix in Al70Si30 film after lithiation is about 57 Vol% while only 37 
Vol% Al can exist as the matrix in the Al55Si45 film after lithiation. 
Accordingly, an interconnected Al matrix network can accommodate the 
mechanical stresses generated in the Al70Si30 film during ternary phase 
formation/dissociation. On the contrary, 37 Vol% Al matrix is not 
sufficient to avoid the degradation of the electrode during 
lithiation/delithiation process.

The specific lithiation capacity evolution by varying C-rates was 
also investigated for the Al70Si30 thin-film electrode. As illustrated in 
Fig. 7(d), the Al70Si30 film shows an excellent rate capability. The 
sputtered Al70Si30 electrode was first cycled galvanostatically at the 
rate of C/60 for 7 cycles, and then the C-rate was increased up to 10C 
and, ultimately decreased back to C/60. The sputtered Al70Si30 film 
showed a specific capacity of 700 mAh g-1 at the rate of C/60, while ~
more than 50% of it i.e., 400 mAh g-1 has been achieved at the rate ~
of C/5. Additionally, the specific capacity reaches zero in the case of 
C-rates higher than 1C which is in agreement with the fact that the 
ternary phases form slowly during electrochemical cycling.23 
Surprisingly, when the C-rate has been reduced back to C/60, a 
specific capacity of 750 mAh g-1 was obtained which is slightly ~
higher than that obtained during the first few cycles at C/60. 

To identify the Al-Si-Li ternary phases upon lithiation, XRD analysis 
was also carried out on Al70Si30 film sputtered on TiN-coated Cu foil 
after lithiation to 130 mV vs. Li/Li+ at a rate of C/20. As shown in Fig. 
S5(a and c), no new peaks appeared in lithiated Al70Si30 electrode 
compared to pristine film, supporting that no crystalline Li-Al-Si 
ternary phase were formed during the lithiation process within the 
Al70Si30 thin-film electrode. 
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Fig. 7 (a) Specific lithiation capacity at a rate of C/20 vs. depth of discharge for Al-Si thin-film alloy electrodes. (b) Long-term cycling 
performance of the Al70Si30 electrode at a rate of C/20 in different cut-off voltages vs. cycle number. (c) Galvanostatic lithiation/delithiation 
curves (at a rate of C/20 and 130 mV cut-off voltage) recorded during long-term cycling at different cycle number. (d) Rate capability 
performance for the Al70Si30 thin-film electrode. 

This can confirm the formation of an amorphous ternary phase 
rather than a crystalline phase. Presence of the (111) Al peak and 
absence of the β phase in the XRD pattern of the lithiated film reveals 
that most of aluminum has not lithiated upon lithiation to 130 mV 
which is consistent with the strategy proposed in the present work. 
Furthermore, the slight shift in the (111) Al peak position of the 
lithiated electrode with a lower intensity compared to XRD pattern 
of pristine film may be attributed to the fact that part of aluminum is 
involved in the formation of amorphous ternary phase upon 
lithiation process. The detailed information regarding samples 
preparation and XRD measurement can be found in the 
Supplementary Information (Supplemental note 1).

Since the Al70Si30 film sputtered on TiN-coated Cu foil showed the 
best electrochemical performance compared with the other 
sputtered films, it was selected as an optimum composition for 
further analysis in the pursuit of this work. The surface morphology 
evolution of Al70Si30 film was also tracked by ex situ SEM analysis 
during galvanostatic lithiation/delithiation cycling. SEM images taken 
before electrochemical testing and during the first 2 cycles are shown 
in Fig. 8(a-e). Comparing the pristine Al70Si30 film to later cycles, the 

surface morphology evolves to have slightly smoother features after 
repeated lithiation/delithiation. Unlike the sputtered Al film that has 
shown an anisotropic expansion during lithiation (which has been 
associated to α-to-β phase transformation6,8,10), after the first 
lithiation to 130 mV  uniform volume expansion can be seen for the 
sputtered Al70Si30 electrode (Fig. 8(b)). Upon the delithiation to 1.5 V, 
the film contracts in the in-plane directions, leading to tensile stress 
development in the film.37,45,46 This can result in the formation of the 
cracks in the film and, consequently, a discrete island-like 
morphology, as seen in Fig. 8(c). Interestingly, the cracks are 
completely closed after expansion of the thin-film electrode upon 
the second lithiation (Fig. 8(d)), such that the islands are connected 
together and the same surface morphology as the first lithiation was 
achieved, indicating a highly reversible Al-Si-Li ternary phase 
formation-dissociation process in the selected potential window. 

The reversibility of surface morphological changes during 
lithiation/delithiation process strongly supports outstanding long-
term cycling stability seen in Fig. 7(b) for the sputtered Al70Si30 
electrode. This is also in good agreement with the amorphous 
structure observed for the sputtered Al-Si alloys (see Fig. 2(a)). 
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Fig. 8 SEM micrographs (13 kV) of the same region of the surface of Al70Si30 thin-film electrode (sputtered on TiN-coated Cu foil) captured by 
the following steps: (a) Before electrochemical lithiation/delithiation test. (b) After the first lithiation to 130 mV. (c) After the first delithiation 
to 1.5 V. (d) After the second lithiation to 130 mV. (e) After the second delithiation to 1.5 V at a rate of C/20.

The amorphous structures exhibit a more open structure 
compared with those that are crystallized, resulting in many Li 
diffusion paths and, ultimately a homogeneous volume 
expansion/contraction during lithiation/delithiation process.47 After 
the second delithiation, the surface morphology illustrated in Fig. 
8(e), is the same as the first delithiation, which repeatedly confirms 
the reversibility of Li insertion/removal into/from the film. Besides, 
no degradation is seen during the first two galvanostatic 
lithiation/delithiation cycles in the Al70Si30 film, while a significant 
damage and delamination phenomena has been observed in Al thin-
film electrodes.6,8 The homogeneous volume change during 
lithiation/delithiation can be clearly seen in the film created from the SEM 
images shown in Fig. 8 which is provided in the Supplementary Information 
(Video S1). The SEM images of the same location taken at lower 
magnification provided in Fig. S6, also show a similar observation.

In situ mechanical stress measurements in the Al70Si30 thin-film 
electrode during CV cycles also confirms a reversible volume 
expansion/contraction during lithiation/delithiation cycles. As shown in Fig. 
9(a), the Al70Si30 was potentiodynamically cycled between 0.1-1.5 V vs. 
Li/Li+ such that almost no β phase is formed during lithiation. The electrode 
showed good cycling performance in the above potential range upon 20 
CV cycles. The nominal stress vs. time plots are shown in the inset of Fig. 
9(a). The term nominal stress is used since thickness changes are not 
considered in the stress curve. Since higher magnitudes of compressive (~
1.3 GPa) and tensile ( 0.5 GPa) stresses are observed during the first ~
lithiation/delithiation scan, (corresponding to the oxide layer reduction, SEI 
formation, and initial internal stress in the sputtered film,) the first cycle has 

been omitted here. Stable electro-mechanical behavior can be seen after 
the first few cycles which is associated to the formation/dissociation of the 
Al-Si-Li ternary phase within the Al soft matrix. This can be clearly seen in 
Fig. 9(b) where the nominal stress and current changes are plotted vs. time 
during the 14th and 15th cycles. 

Symmetric nominal stress curves obtained during cycling reveals highly 
reversible electrochemical behavior of the Al-Si electrode. Surprisingly, as 
shown in Fig. 9(b), no compressive stress is created in the film upon 
lithiation process which can be ascribed to the key role of the Al matrix. 
Presumably the Al acts as compliant matrix and mechanical buffer which 
can result in lower mechanical stress in the film. This also consistent with 
the surface morphological changes shown in Fig. 8. During the delithiation 
process, tensile stress starts to increase in the film, reaching a maximum of 

0.2 GPa at the end of delithiation. This is significantly lower compared to ~
other anode materials such as germanium or silicon.37,48   

The morphological stability of the sputtered Al70Si30 electrode 
was further investigated by ex situ SEM analysis over 50 cycles of 
lithiation/delithiation. The SEM images shown in Fig. 10, were 
acquired from the same location of the surface of the film before 
electrochemical cycling (pristine electrode) and after 50th 
lithiation/delithiation cycle. Comparison of the SEM images of the 
surface of the pristine and lithiated film confirms an isotropic volume 
expansion occurred in the film after the 50th lithiation cycle. 
Surprisingly, the surface of the cycled film is intact and no damage or 
delamination can be seen in the surface morphology of the cycled 
electrode compared with the pristine one, supporting superior 
cycling life stability of the electrode, as seen in Fig. 7(b). 
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Fig. 9 Substrate curvature measurements performed during electrochemical lithiation/delithiaton of 300 nm thick Al70Si30 thin-film electrode. 
(a) CV curves of the Al70Si30 electrode recorded at scan rate of 0.05 mV s-1 and potential range of 0.1-1.5 V vs. Li/Li+ in LP30 electrolyte (inset: 
nominal stress and potential vs. time) and (b) Nominal stress and current vs. time.

As it was also observed in the SEM images of Fig. 8(c and e), the 
film uniformly contracted without loss of the active material after the 
50th delithiation cycle and, consequently, a network of cracks formed 
in the film. The SEM images captured at lower magnification are also 
provided in the Supplementary Information (Fig. S7) to further 

demonstrate the excellent stability of the Al70Si30 film over long-term 
cycling conditions. EDX elemental mappings of Si for the surface of 
Al70Si30 electrode before (i.e., pristine) and after 50th lithiation cycle 
are also illustrated in Fig. 10. 

Fig. 10 Long-term cycling performance (at a rate of C/20 and 130 mV cut-off voltage) and Coulombic efficiency vs. cycle number (performed 
in Swagelok-type half-cell) along with SEM images and associated EDX mappings of Si from the same region of the surface of the Al70Si30 thin-
film (sputtered on TiN-coated Cu foil) electrode captured by the following steps: before electrochemical lithiation/delithiation test; after 50th 
lithiation and after 50th delithiation.
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Comparison of elemental mappings of Si reveals that the 
homogeneity of Si distribution within the Al70Si30 electrode has not 
changed after 50th lithiation which confirms a homogeneous phase 
transformation has been occurred during lithiation/delithiation cycling. 
The specific capacity vs. cycle number plot is also shown in Fig. 10. As 
can be seen, the specific capacity of the Al70Si30 electrode increases 
with the increase in cycle number, reaching a value of about 1030 
mAh g-1. The increasing specific capacity during cycling suggests an 
incremental increase in ternary phase formation upon relithiation. In 
other words, with each cycle the structure opens (possibly also on/at 
the underlayer interface) and this new material is available for Li ions 
to form more ternary phase upon subsequent lithiation/delithiation. 
In addition, the specific capacity obtained over 50 cycles (1030 mAh 
g-1) is also very close to 1040 mAh g-1 that has been reported by 
Tillard et al. for the Li9AlSi3 ternary phase.20,21 The Coulombic 
efficiency during cycling is also illustrated in Fig. 10. Lower Coulombic 
efficiency for the first cycle (73%) compared with the subsequent 
cycles corresponds to the irreversible capacity due to SEI formation 
and reduction of the oxidized surface layer during the first lithiation.4 
Coulombic efficiency is averagely about 95% from the 2nd to 50th 
cycle which is really on of the best compared to other works that has 
been reported for Al-based electrodes.12,13,15 This is also in 
accordance with the reversible surface morphological observed over 
50 cycles for the sputtered Al70Si30 electrode.

Conclusions
In the present work, aluminum-silicon alloys have been shown to be 
a promising candidate for replacing carbon-based composite anodes 
in lithium-ion batteries. The as-sputtered aluminum-silicon films 
show a uniform, non-crystalline structure. With increasing Si content 
in the film, in the range from 0 to 45 at%, two main effects were 
observed in the CV curves of the electrodes: (1) Shifting of the β 
phase formation/dissociation peaks to lower/higher potential, 
respectively; and (2) an increase in the current at high potentials, 
before starting the β phase formation, which is attributed to the Al-
Si-Li ternary phase formation (since no Si-lithiation peak was 
observed in the CV curves). The ternary phase formation during 
lithiation was further confirmed by analysis of electrochemical data 
obtained for the alloy films. Consequently, Li9AlSi3 was recognized as 
the most probable ternary phase to be formed, compared with the 
other phases reported in the Al-Si-Li system. According to the specific 
capacity of the ternary phase formed during lithiation, which was at 
least a factor of two better than that reported for graphite anodes, a 
new strategy is proposed to only cycle the ternary phase versus 
lithium. Based on this strategy, the operating potential window can 
be limited to potentials above that of β phase formation. In this case, 
the ternary phase formation can be accommodated by an 
interconnected, relatively-soft Al matrix network, which results in an 
outstanding long-term performance of over 100 cycles at the rate of 
C/20 for the optimized electrode (70 at% Al-30 at% Si). Furthermore, 
a highly stable morphology along with a homogenous composition 
and a uniform expansion/contraction were observed for the 70 at% 

Al-30 at% Si film by SEM images captured from the surface over 
extended cycling conditions. This highly reversible volume change 
was also confirmed by in situ mechanical stress measurements 
during cycling.
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