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The silicon based composite Si/Cu-Zn(ox)/C was prepared by ball milling from Si microparticles, Cu—Zn
nanopowder heated at air and carbon black. The composite is formed by Si submicrometer particles, Cu-rich
CuyZn, CuO, ZnO and C nanoparticles. The two oxides are electrochemically active during the first discharge, im-
proving the nanostructuration of the composite and providing Cu nanoparticles that enhance the electronic con-
ductivity with Cu,Zn and C. The nanostructuration helps to buffer the volume variations due to Li—Si alloying

reactions during cycling. The composite is further nanostructured during the first cycles as shown by XRD and
electrochemical measurements. The material was tested as anode material for Li-ion batteries, providing a re-
versible capacity of 800 mAh.g~! during 100 cycles at current of 300 mA.g~! and a good rate capability. The re-
versible capacity is mainly due to Li—Si alloying reactions and is stable after few cycles while the solid elec-
trolyte interphase is stabilized after about ten cycles as shown by electrochemical impedance spectroscopy.

1. Introduction

Silicon is regarded as a promising anode material for the next gener-
ation of Li-ion batteries owing to its high theoretical specific capacity of
3580 mAh g~! and its low potential vs. Li/Li*. However, this material
suffers from severe issues as its low intrinsic conductivity and large vol-
ume variations arising from Li—Si alloying reactions during the
charge/discharge cycles (~300%). Such huge volume changes often
lead to the pulverization and dispersion of the Si particles, the instabil-
ity of the solid electrolyte interphase (SEI), the loss of electronic perco-
lation and the electrode film delamination, which strongly reduces the
electrochemical performance [1-4]. Different strategies have been pro-
posed to address these issues, including the use of Si nanostructures
[5-8], coatings and composites with carbon [9-12] and/or other mate-
rials [13-17]. Such composites generally consist of Si particles dis-
persed into a host matrix formed by electrochemically inactive and/or
active particles. The role of the matrix is to accommodate the volume
changes of the Si particles on cycling, to ensure the electronic percola-
tion while allowing the electrolyte impregnation.

Intermetallic compounds or alloys combined with carbon as basic
matrix components of Si based composite electrode materials for Li-ion
batteries were recently proposed to improve the electrochemical perfor-
mance. This includes Cu3Si/Si/C [15], Ni3Sns/Si/C [16] and NisSn,-
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Ni3Sny/Si/C [17] that can be considered as three typical composites
due to their electrochemically inactive (CusSi), active (Ni3Sng) and
mixed inactive-active (Ni3Sn,-Ni3Sny) intermetallic matrix components.
The electrochemical activity of alloying or conversion materials as ma-
trix components increases the electrode capacity but also, and above
all, improves the composite microstructure for buffering the volume
variations of the Si particles during the first cycles. However, such ma-
terials also suffer from volume variations and the stability of a fully ac-
tive matrix is questionable. Recently, it was shown that a mixed active-
inactive Ni—Sn based matrix provides interesting electrochemical per-
formance but it was pointed out that Sn should be partially or fully re-
placed by another element because of its high atomic weight and in-
creasing price [17].

Due to its higher abundance and lower atomic weight, Zn can be
considered as an interesting alternative to Sn. Zn electrochemically re-
acts with Li at low potential to form Li,Zn phases ending with LiZn
[18]. Although Zn has a rather low specific capacity (410 mAh g~!) as
anode material for Li-ion batteries, it could be used as an active matrix
component. Among the electrochemically inactive transition metals, Cu
is a better matrix constituent than Ni to increase the electronic conduc-
tivity of the electrode material. Cu can be introduced during the synthe-
sis of the composite material as metallic particles [19,20] or from Cu-
based intermetallics such as CugSns [21,22]. In the latter case, the Cu
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atoms are extruded during the first lithiation to form metallic nanopar-
ticles. Both Cu and Zn can be found in different Cu,Zn phases as re-
ported in the Cu—Zn binary diagram [23]. Although Zn-rich Cu—7Zn
alloys are electrochemically active [24], the Cu-rich compositions are
not expected to react with lithium, as shown in the present paper, but
provide higher electronic conductivity. In contrast, the lithiation of
copper and zinc oxides, as CuO and ZnO, produces Cu and Zn nanopar-
ticles, respectively, embedded in a Li,O matrix [25]. Thus, combining
Cu,Zn and these oxides is expected to improve the electrode nanostruc-
turation and the conductivity during the first cycles. Such a multicom-
ponent matrix, called here Cu-Zn(ox), is easily obtained from commer-
cial Cu-rich CuyZn alloy nanopowder.

In the present work, the Si/Cu-Zn(ox)/C composite was prepared by
ball-milling, that can be easily scaled up for large production of elec-
trode materials. In addition, Si micropowder was considered to avoid
the use of expensive nanoparticles that are often encountered in the
preparation of Si based anode materials. Finally, carbon was added not
only to enhance the electronic conductivity of the composite and the
dispersion of the particles, but also to mitigate the formation of Cu,Si
phases that are electrochemically inactive [15,26]. The electrochemical
mechanism of Si/Cu-Zn(ox)/C composite was investigated by combin-
ing cyclic voltammetry, galvanostatic measurements, X-ray diffraction
and electrochemical impedance spectroscopy in order to determine the
electrochemical behavior of the different constituents of the composite.
The electrochemical performance were evaluated, showing a rather
high specific capacity of 800 mAh g~! at C/5 and a good rate capability
with a capacity retention better than that of Si/Cu-Zn/C composites,
confirming the interest of mixed intermetallic/oxide matrices.

2. Experimental

The Si/Cu-Zn/C composite was produced by ball milling of a mix-
ture of Si microparticles (2-5 pm, 99.9% purity, Aladdin Co., Ltd),
Cu—7Zn alloy nanopowder (70 nm, HongWu international Co., Ltd)
and carbon black (Super P, 99%, Gelon Co., Ltd). The Si/Cu-Zn(ox)/C
composite was prepared in the same way except that the Cu—72n alloy
nanoparticles were replaced by Cu-Zn(ox) prepared by heating the
Cu—Zn alloy nanopowder in an alumina crucible at 300 °C under at-
mospheric air. The 3 reactants: Cu-Zn(ox) (or Cu—27Zn) (63 wt%), sili-
con (27 wt%) and carbon black (10 wt%) were first mixed for 5 min in
an agate mortar inside a glove box. This composition was selected for a
contribution of Si to the theoretical capacity of the composite of
1 Ah g~!. The mixtures were transferred into a 50 mL WC pot with 8
metal balls of 1 cm diameter and a ball to mixture mass ratio of 15:1 un-
der argon protection. They were ball milled for 48 h at 600 rpm (5 min
at rest after each 10 min milling) with a planetary ball mill (TENCAN
Powder Tech. Co., Ltd., XQMO0.4A, rotational speed ratio of 1/2), and
then stored in an Ar-filled glove box.

The crystal structure of the composites was examined by X-ray dif-
fraction (XRD) with a X-Pert PRO MPD diffractometer by using the
CuK, radiation (A = 0.154056 nm) and a scanning speed of 0.45°
min~!. The samples were protected by a Kapton film. The morphology
of the particles was characterized with a field emission scanning elec-
tron microscope (SEM) FEI Inspect F50 equipped with an energy disper-
sive X-ray (EDX) technique for chemical analyses. The elemental analy-
sis of the composite was also performed with focused ion beam scan-
ning electrode microscopy (FIB-SEM) Zeiss crossbeam 540. High spatial
resolution images were obtained by transmission electron microscopy
(TEM) using a FEI Tecnai G2 F30 and an accelerating voltage of 300 kV.
The surface of the particles was investigated by X-ray photoelectron
spectroscopy (XPS) with a Thermo Fisher Scientific K-Alpha system
equipped with an Al K, X-ray source (1487 eV) under the voltage of
15 kV and a current of 10 mA. The binding energy scale was calibrated
from carbon contamination by using the C 1 s peak at 284.7 eV.
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The electrode material consisted of 70 wt% composite, 13 wt%
sodium carboxymethyl cellulose (CMC—Na, M,, = 250,000, Aladdin
Co., Ltd) and 17 wt% carbon black super P. The slurry was cast onto a
Cu foil (Gelon Co., Ltd) by using a doctor blade (Gelon Co., Ltd), dried
at 120 °C for 4 h under vacuum and cut into 12.7 mm diameter discs.
The electrodes were incorporated into a steel coin cell (Gelon Co., Ltd.,
CR 2032) in Ar-filled glove box with a Li metal counter electrode and a
Celgard separator (Gelon Co., Ltd., Celgard 2400). The electrolyte was
prepared by dissolving 1 M LiPFg in 1:1 v/v ethylene carbonate (EC)
and dimethyl carbonate (DMC) with 10 v.% fluoroethylene carbonate
(FEC) and 2 v.% vinylene carbonate (VC) as additives. The galvanosta-
tic charge-discharge cycles were performed at 23 °C in the range
0.05-1.2 V at different C rates (1C = 1 A g~) with a Neware BTS4000
testing system. The specific capacity is referred to the mass of the com-
posite, which represents 70 wt% of the electrode film. The cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were carried out on a SP-150 electrochemical station
(Biologic Ins.) with three-electrode cells as described in previous works
[27,28].

3. Results and discussion

The XRD patterns of the Cu—2n alloy nanopowder, Cu-Zn(ox) ob-
tained after heat treatment of Cu—Zn nanopowder in air, and Si/Cu-Zn
(0x)/C composite are shown in Fig. 1. The main peaks of the Cu—2n
alloy nanopowder can be assigned to body-centered cubic (BCC-B2)
CuZn phase (Pm-3 m) and face-centered cubic (FCC-A1) CuggsZng 34
phase (Fm-3 m) [29,30]. Some small peaks can be attributed to Cu
metal and traces of hexagonal (P63mc) ZnO. The existence of CuZn and
Cug 6Zng 34 Was expected from the product details of the supplier and
confirms that Cu=—2n alloy nanopowder is a Cu-rich material. The av-
erage sizes of the Cug g¢Zng 34 and CuZn crystalline phases, evaluated by
the Scherrer's equation, are about 20 nm and 50 nm, respectively. The
XRD pattern of Cu-Zn(ox) shows more peaks than Cu—Zn alloy
nanopowder. Some of them can also be assigned to BCC-B2 CuZn and
FCC CuyZn; x phases although the observed upward shift of the Bragg
peaks in the latter case (~0.4°) suggests that x ~ 0.75 instead of 0.66
[31]. The intensity of the peak at 42.7° is higher than that at 43.2°,
which indicates that the Cu-rich CugysZng 35 phase is more abundant
than CuZn. The other peaks can be attributed to Cu metal and to large
amounts of CuO and ZnO crystalline phases resulting from the partial
oxidation of Cu—Z2n nanowpowder. The average size of the particles,
evaluated by the Scherrer's equation, is about 20 nm. The XRD pattern
of the Si/Cu-Zn(ox)/C composite clearly shows that the ball-milling

eCuZn WCu 7Zn,, ACu #CuO OZnO *Si
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Fig. 1. XRD patterns of Cu—Zn alloy nanopowder, Cu-Zn(ox) obtained after
heat treatment of Cu—Zn nanopowder in air, and Si/Cu-Zn(ox)/C composite.
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process modified Cu-Zn(ox). The peaks can be assigned to Si, ZnO and
CuyZn; 4 crystalline phases. The positions of the Bragg peaks of CuyZn;
(43.1°, 50.1°, 73.9°) are typical of FCC-Al Cug 75Zng o5, as observed for
Cu-Zn(ox), but the observed broadening of the peaks reflects the de-
crease of the particle size or variations of x around 0.75. The peaks of
ZnO are rather small compared to those observed for Cu-Zn(ox), which
suggests the possible amorphization or transformation of these oxides
due to ball milling. The average particle sizes of the Cuy,Zn; x and ZnO
crystalline phases, evaluated by the Scherrer's equation, are in the
range 10-15 nm. The [Cu]/[Zn] atomic ratio of the composite was eval-
uated to 1.9(1) by SEM-EDX and SEM-FIB. This value should be close to
the [Cu]/[Zn] ratio of Cu—Zn and Cu-Zn(ox) nanopowders used for
the synthesis of the composite, in line with XRD showing the existence
of Cu-rich CuyZn phases. Only some traces of ZnO were detected in
Cu—Zn pristine nanopowder, while the amounts of Cu and Zn oxides
strongly increase with heat treatment in air as shown by XRD. The [0]/
[Cu + Zn] atomic ratio in the composite was evaluated to 0.4(1) by
SEM-EDX and SEM-FIB. This confirms the rather large amount of metal
oxides in the composite formed by the oxidation of Cu=—Zn nanopow-
der. The existence of Cu-rich Cu,Zn and Cu small particles enhances the
electronic conductivity while the oxides react with lithium and change
the microstructure of the composite during the first cycles.

The SEM images of the three raw materials used for the
mechanosynthesis of the Si/Cu-Zn(ox)/C composite show flat plated
microparticles for Si (Fig. 2a), nanoparticles of ~70 nm for carbon SP
(Fig. 2b) and aggregation of nanoparticles for Cu-Zn(ox) with sizes in
the range 20-100 nm (Fig. 2c). The SEM image of Si/Cu-Zn(ox)/C com-
posite shows particle size in the range 0.1-1 pm and the size reduction
of the Si particles (Fig. 2d). The SEM-EDX maps indicate that Si, Cu and
Zn elements are rather homogeneously distributed among the different
particles with possible particle agglomerations and decoration of the Si
particles by CuyZn, CuO and ZnO nanoparticles (Fig. S1). The TEM im-
ages of the small particles confirm the rather good crystallinity of the
CuyZn; 4 phases in contact with amorphous carbon SP (Fig. S2).

The Si 2p XPS spectrum (Fig. S3a) consists of a broad peak at
102.5 eV that can be assigned to SiO silicon oxides at the surface of the
Si particles [32]. The Cu 2p (Fig. S3b) and Zn 2p (Fig. S3c) spectra are
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both formed by two peaks arising from the 1/2-3/2 spin-orbit splitting.
The Cu 2p3,» peak was fitted with two components at 932.5 eV (main
contribution) and 934.2 eV that can be assigned to Cu® in Cu or Cu,Zn
and to Cu?* in CuO, respectively [22,32,33]. The binding energies of
Zn0 in Zn and Zn?* in ZnO are very close and cannot be distinguished
from the Zn 2p3,» peak (1021.7 eV) [32-34]. The C 1 s peak at 284.7 eV
(Fig. S3d) can be due to carbon black and hydrocarbon contamination
[35].

CV measurements were performed at a sweep rate of 0.3 mV s~! in
the range 0.01-1.2 V (0.01-2 V for the first lithiation) to identify the
electrochemical reactions in the Si/Cu-Zn(ox)/C composite (Fig. 3a).
The same experiment was performed for a Si/C composite obtained
with the same raw materials for comparison (Fig. 3b). The first cathodic
curve of Si/Cu-Zn(ox)/C shows four reduction peaks at 1.43 V (A),
0.75V (B), 0.3 V (C) and 0.01 V (D). The two broad structures A and B
can be attributed to the degradation products of the FEC-containing
electrolyte forming the solid electrolyte interphase (SEI) at the surface
of the particles [36,37], as also observed for Si/C. The multistep lithia-
tion of CuO, ending with Cu and Li,O, could also contribute to these
peaks since the proposed three-step mechanism for CuO was found in
the voltage range 0.7-2 V [38,39]. The reduction peak C, not observed
for Si/C, can be assigned to the transformation of ZnO into Zn and Li,O
as previously reported [40]. The lithiation of Zn is a multistep and re-
versible process involving different Li,Zn phases (x < 1) that are ex-
pected to contribute to the cathodic peak C [18,40,41]. The peaks A, B
and C disappear in the subsequent cycles. The peak D is typical of the
lithiation of crystalline Si, as observed for Si/C (Fig. 3b), and corre-
sponds to the formation of Li,Si amorphous phases that are progres-
sively enriched in lithium until the formation of the Li;sSi4 crystalline
phase [42-44].There is no indication in the CV cathodic curve of the
lithiation of the CuyxZn crystalline phases detected by XRD, which sug-
gests they are electrochemically inactive. The first anodic curve of the
Si/Cu-O(0x)/C composite shows two main oxidation peaks E; (0.32 V)
and F; (0.52 V) corresponding to the delithiation of Li,Si ending with
amorphous Si, as observed for the Si/C composite and reported previ-
ously [43,44]. The F,/E; intensity ratio is similar for both Si/Cu-Zn
(0x)/C and Si/C composites. The oxidation peaks due to the multistep

Fig. 2. SEM images of Si (a), carbon SP (b) and Cu-Zn(ox) (c) used for the ball-milling synthesis of the Si/Cu-Zn(ox)/C composite (d).
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Fig. 3. CV curves for the cycles 1, 2 and 5 at a scan rate of 0.3 mV s~! in the
range 0.01-2 V for the composites Si/Cu-Zn(ox)/C (a) and Si/C (b).

delithiation of LiZn are expected in the 0.2-0.7 V range [18,40,41]. The
decomposition of Li,O occurs at voltages higher than the cutoff voltage
of 1.2 V used in this work, preventing back-reactions of Zn and Cu with
O and stabilizing the matrix nanostructuration [38-40,45,46]. The ca-
thodic curves of the Si/Cu-Zn(ox)/C composite for the following cycles
show two reduction peaks G (0.2 V) and D (~0 V) that are characteris-
tic of the lithiation of amorphous Si as pristine material or occurring af-
ter the first cycle of crystalline Si [43,44,47-50]. The anodic curve of
the n cycle shows two peaks E,, F, (n > 2) at the same positions as E;
and F;, respectively (Fig. 3a). They are also found in the anodic curves
of Si/C (Fig. 3b) and can be attributed to the delithiation of Li,Si. How-
ever, both peaks grow during cycling for Si/C while only the peak F, in-
creases significantly with n for Si/Cu-O(ox)/C. Such increase of the an-
odic peak during cycling reflects the gradual electrode nanostructura-
tion as previously reported for Si [48-51]. The observed different be-
havior for the composite indicates that the delithiation mechanism is
different, probably due to the amorphization of the Si particles or the
effect of the matrix constituents as previously observed for amorphous
Si and SiyZn, 4 films [41,52].

The galvanostatic voltage profiles of C super P, Cu-Zn(ox) and Si/
Cu-Zn(0x)/C, obtained at C/20 (50 mA g~!) are compared in order to
further investigate the reaction mechanisms in the composite (Fig. 4a
and b). The voltage curve for the first discharge of Cu-Zn(ox) decreases
from 2 to 0.05 V, showing shoulders at about 1.5 and 1.2 V, and two
well-defined plateaus at 0.9 V and 0.46 V. As proposed above from the
analysis of the CV measurements, the reactions above 1 V should be re-
lated to the SEI formation and the lithiation of CuO. The plateau at

Solid State Ionics xxx (xxxx) 115774

W
=]

st -
| @1 discharge 3
2.5+ &g 038y
~ i
S 20 g
;" 1.5 : [l 0s vnhnlim 15 2
¥ 10 —— CuZn(ox
= ] —— Si/Cu-Zn(ox)/C
= —0cC
0.5- ‘
Region 1 Region 2
00 T T T u T T
0 400 800 1200 1600
Specific capacity (mAh g")
12

(b) 1* charge - 2™ discharge

——— Cu-Zn(ox)
—— Si/Cu-Zn(ox)/C
—_—C

Voltage (V vs. Li/Li')
(=1
(=23

0 200 400 600 800
Specific capacity (mAh g”)
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(ox)/C: 1st discharge (a) and reversible cycle formed by the 1st charge and
2nd discharge (b). The measurements were performed in the range 0.05-1.2 V
with a current density of 50 mAh g~1.

0.9 V could be assigned to the reduction of Cu,O as intermediate phase
arising from the lithiation of CuO [38,39,45,53,54]. The plateau at
0.46 V is due to the transformation of ZnO into Zn and Li,O nanoparti-
cles [40,55,56]. The voltage curve of the Si/Cu-Zn(ox)/C composite
shows a smooth decrease from 1.5 to 0.2 V for a capacity of about
800 mA g~! (Region 1) and a sloping plateau until the end of discharge
for an additional capacity of 800 mA g~! (Region 2). The observed total
capacity of the first discharge (~1600 mAh g~!) is lower than the theo-
retical capacity of the composite (~1300 mAh g~1) estimated by assum-
ing there is no change in the relative amounts of Cu, Zn and Si due to
ball milling and that about 40 at.% of Cu/Zn were transformed in CuO/
ZnO during the oxidation of the Cu—Zn nanopowder. The derivative
capacity vs. voltage clearly shows three peaks at about 1.4, 0.84 and
0.38 V corresponding to the CV peaks A, B and C, respectively (inset in
Fig. 4a). Thus, the peaks at 0.84 and 1.4 V can be assigned to the elec-
trolyte degradation, i.e., the reduction of EC and VC [36,37,57], or to
the reduction of copper oxide. In line with the observed plateau at
0.46 V for Cu-Zn(ox), the peak at 0.38 V can be attributed to the trans-
formation of ZnO into Zn and Li,O. This is confirmed by the XRD pat-
tern of the composite obtained at 0.23 V that shows small peaks at 36.2°
and 38.3° attributed to hcp Zn while the peaks of ZnO, observed in the
pristine material, disappeared at this voltage (Fig. 5). There are no sig-
nificant changes in the XRD peaks of Si and CusZn crystalline phases,
confirming their electrochemical inactivity in region 1. In region 2, the
voltage of Si/Cu-Zn(ox)/C is lower than 0.2 V as expected for the lithia-
tion of Si [43,44]. This is confirmed by XRD that shows a strong de-
crease of the Si peak intensity from the pattern at 0.23 V to that at
0.05 V (Fig. 5). The low potential of Si in the composite during dis-
charges could lead to the formation of lithium dendrites, which deterio-
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Fig. 5. XRD patterns of Si/Cu-Zn(ox)/C pristine material and lithiated electrode
materials obtained at 0.2 V and 0.05 V.

rates the battery performance and could be critical for safety [58]. To
overcome this problem, it was suggested to use polymer coating [59],
electrolyte additives [60], polydopamide-treated [61] or metal-coated
separators [62].

The experimental value of the capacity for R2 (~800 mAh-g1) is
lower than the expected contribution of the 27 wt% Si to the theoretical
capacity of Si/Cu-Zn(ox)/C corresponding to the formation of Li;sSis
(966 mAh-g~1). This could be due to the voltage cutoff of 0.05 V used in
the galvanostatic tests to avoid the formation of crystalline Li;5sSi4 at the
end of discharge and/or the partial lithiation of Si particles. It is worth
to note that the XRD peaks of the CuyZn crystalline phases are similar in
the patterns of the pristine material, at 0.23 V and at 0.05 V, which is
clear evidence of their electrochemical inactivity in the nanostructured
matrix (Fig. 5).

The voltage profile of the first charge of the Si/Cu-Zn(ox)/C com-
posite is similar to that usually reported for Si, except for a smoother in-
crease above 0.5 V (Fig. 4b). The total capacity of the first charge is 790
mAh g1, which reflects a deep delithiation of the Li,Si particles. The
voltage profile of the second discharge differs from the first discharge
and consists of a steep decrease until 0.3 V for a capacity of 180 mAh
g1, followed by two pseudo-plateaus around 0.2 and 0.07 V that are
typical of the two-step mechanism generally observed for the second
and subsequent discharges of Si [43,44]. The voltage curves of the fol-
lowing charge-discharge cycles are similar to those of the first charge
and second discharge, respectively. The observed capacity loss at the
first cycle is mainly due to the electrolyte degradation but also to the re-
duction of copper and zinc oxides. In the latter case, the two conversion
reactions are irreversible since the low voltage cutoff at the end of
charge (1.2 V) prevents possible back reactions of Cu and Zn with O as
discussed above for CV measurements.

Galvanostatic cycling performance were evaluated in the voltage
range 0.05-1.2 V by considering current rates of C/20 for the first dis-
charge and C/5 for the following charge-discharge cycles (Fig. 6a). The
voltage cutoff of 0.05 V was used to avoid the formation of crystalline
Li;5Si4 at the end of discharge. The initial coulombic efficiency (ICE) of
Si/Cu-Zn(ox)/C composite is of about 50% due to the SEI formation and
the reduction of copper and zinc oxides. A higher ICE is obtained for Si/
Cu-Zn/C (65%) that does not contain these oxides. This suggests that
the SEI formation strongly contributes to the irreversible capacity loss
of the first cycle. Capacity loss during the first cycles is often encoun-
tered in Si based anode materials and should be compensated by a pre-
lithiation technique for practical applications [63]. Then, the reversible
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Fig. 6. Specific capacity obtained for galvanostatic discharges (open symbols)
and charges (filled symbols) and coulombic efficiency (open triangles) of Si/
Cu-Zn/C (red) and Si/Cu-Zn(ox)/C (blue) composites at C/5 rate (200 mAh
g~1) (a). Rate capability of the Si/Cu-Zn(ox)/C composite (b). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

capacity slightly increases from 810 to 850 mAh-g~! during the ten first
cycles, which reflects the progressive activation of the electrode. Then,
the capacity is rather stable, ending at 820 mAh g~! for the 100th cycle.
The coulombic efficiency of the reversible cycles increases from 94 to
98% during the ten first cycles and then keeps this value until the 100th
cycle. The cycling performance of the Si/Cu-Zn/C composite is also
shown for comparison. The capacity is close to that of Si/Cu-Zn(ox)/C
for the first cycles and then progressively decreases until 730 mAh g!
at the 100th cycle The capacity loss of more than 10% is significantly
higher than that of Si/Cu-Zn(ox)/C, showing the superiority of the
nanostructured Cu-Zn(ox) matrix. A comparison with previously pub-
lished results on Si based anode materials is given in Table S1. The spe-
cific capacities of Si/Cu-Zn(ox)/C are 840, 830, 800 and 670 mAh g~! at
C/10 (100 mA g~1), C/5 (200 mAh g1), C/3 (333 mAh g ) and C (1 A
g~1) rates, respectively, showing the good rate capability of this com-
posite (Fig. 6b).

The evolution of the SEI layer during the first discharge-charge cycle
of the Si/Cu-Zn(ox)/C composite was studied by EIS with a three-
electrode Swagelok cell. The EIS measurements were performed in gal-
vanostatic regime (C/20) at different stages of the discharge labeled D;,
where i = 1-8, and of the charge labeled C;, where i = 1-6 (Fig. S4a).
The spectra were recorded after a relaxation of 1 h at each point of mea-
surement. Fig. S4b and S4c show the Nyquist plots of the impedance
spectra during the first discharge and the first charge, respectively. The
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Fig. 7. EIS measurements at the end of discharges for selected cycles of Si/Cu-Zn(ox)/C: Nyquist plots (a) and variations of electrolyte resistance (Rg), solid elec-

trolyte interphase resistance (Rsg;) and charge transfer resistance (Rcr) (b).

spectra consist of a semi-circle for both high and medium frequencies
and a sloping line in the range of low frequencies. They were analyzed
by the equivalent circuit Rg(RseiQsen) (RcrQa)Q, where Rs, Rggr and Rer
are the resistances of the electrolyte solution, SEI layer and charge
transfer, respectively, while Qggj, Qq and Q are the constant phase ele-
ments of the SEI, double layer and cell geometry, respectively. The vari-
ations of Rs, Rgg; and Rer are shown in Fig. S4d for the first cycle. The
resistance of the electrolyte is constant (~7 Q) as usually observed. Dur-
ing the first discharge, the value of Rgg; increases from about 60 Q (D1)
to 90 Q (D6) and is still around 80 Q at the end of discharge (D8). This
can be related to the progressive formation of the SEI due to the elec-
trolyte degradation at the surface of the different types of particles in
the composite in line with CV and galvanostatic measurements, and
usually observed for Si [64]. During the charge (C;-Cg), Rsgr is almost
constant, suggesting there is no significant change in the thickness and
the composition of the SEI, as previously reported for Si [28,64]. Dur-
ing the whole lithiation-delithiation process, the charge transfer resis-
tance is almost constant, the SEI resistance shows rather small changes
and the values of these two resistances are rather low, although the ICE
is of about 50%. We tentatively explain such a behavior by the effect of
electrolyte additives, especially FEC that has a strong effect on the prop-
erties of the SEI as discussed below, and to the enhanced conductivity
of the electrode due to conductive C, Cu and Cu-rich Cu,Zn nanoparti-
cles in the composite.

The EIS spectra were also recorded for 60 galvanostatic cycles at C/
5 cycling rate (end of discharge) and fitted with the same equivalent
circuit above-mentioned. The Nyquist curves show a decrease of the
electrode impedance during cycling (Fig. 7a). The SEI and charge trans-
fer resistances decrease from Rgg; ~ 70 Q and Rer &~ 30 Q, respectively,
to about 10 Q after 10 cycles and then both remain constant until the
end of cycling (Fig. 7b). The decrease and stabilization of the resis-
tances with the number of cycles were previously observed for Si-based
anodes and FEC-containing electrolytes in contrast to FEC-free elec-
trolytes [65,66]. Not only the thickness, but also the composition and
the morphology of the SEI are important to explain changes in EIS spec-
tra and electrochemical performance. The SEI formed with FEC-
containing electrolytes contains more inorganic species, such as Li;CO3
and LiF [65-67] close to the surface particles due to the degradation of
FEC before that of EC and DMC with voltage decrease [68]. The SEI also
contains other organic species, such as oxygen-free polymeric species
[69] and polycarbonates [66,70] that stabilize the SEI and prevent the
continuous degradation of the electrolyte [68]. This gives more stable,
homogeneous and conductive SEI, which explains the rather low and al-
most constant values of the resistances after the formation process and
the good capacity retention [67,68,71-73]. The SEI formation process
during the ten first cycles is due to the gradual nanostructuration of
electrode material. Thus, we propose that the observed trends in elec-
trode impedance during cycling and the good capacity retention of the

Si/Cu-Zn(ox)/C composite can be related to the stability of the SEI re-
sulting from the FEC-containing electrolyte degradation, but also to the
existence of conductive Cu, Cu-rich CuyZn and C nanoparticles.

4. Conclusion

The Si/Cu-Zn(ox)/C composite, as anode material for Li-ion batter-
ies, was obtained by ball milling of Si microparticles, oxidized Cu—Zn
nanoalloys and carbon SP. The composite consists of Si particles and a
multicomponent matrix formed by Cu-rich CuyZn, CuO, ZnO and C
nanoparticles. The nanostructured morphology of the matrix improves
the electrolyte impregnation and buffers volume variations due to
Li—Si alloying-dealloying reactions, while the existence of Cu-rich
CuyZn and C nanoparticles enhances the electronic conductivity. These
properties are further improved at the end of the first discharge due to
the irreversible transformation of metal oxides into Li;O and metallic
nanoparticles (Cu, Zn). The electrode activation operates during several
galvanostatic cycles, which improves the composite nanostructuration
but also stabilizes the SEI resulting from the degradation of the FEC-
containing electrolyte as shown by EIS. The Si/Cu-Zn(ox)/C composite
delivers a stable specific capacity of 800 mAh g-! after 100 cycles as
well as good rate capability with only 20% capacity loss from 0.1 to 1 A
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