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ABSTRACT: Silicon, an anode material with the highest capacity for lithium-ion
batteries, needs to improve its cyclic performance prior to practical applications.
Here, we report on a novel design of Si/metal composite anode in which Si
nanoparticles are welded onto surfaces of metal particles by forming intermetallic
interphases through a rapid heat treatment. Unlike pure Si materials that gradually
lose electrical contact with conductors and binders upon repeated charging and
discharging cycles, Si in the new Si/metal composite can maintain the electrical
contact with the current collector through the intermetallic interphases, which are
inactive and do not lose physical contact with the conductors and binders, resulting
in significantly improved cyclic performance. Within 100 cycles, only 23.8% of the
capacity of the pure Si anode is left while our Si/Ni anode obtained at 900 °C
maintains 73.7% of its capacity. Therefore, the concept of employing intermetallic
interphases between Si nanoparticles and metal particles provides a new avenue to
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improve the cyclic performance of Si-based anodes.
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B INTRODUCTION
Si has high theoretical capacities of 3579 and 4212 mAh g™ at

room temperature and high temperatures, respectively,
corresponding with the products of Li;sSi, and Li,,Si; observed
experimentally.' ™ Therefore, Si has been investigated exten-
sively as a promising candidate anode for next-generation
lithium-ion batteries (LIBs). The most challenging issue for
practical applications of Si anodes is to improve their cyclic
performance. When Si is charged to LijsSiy, its volume will
expand up to 300%. Thus, with repeated cycling, the stress due
to large volume expansion often leads to cracking of Si particles
and eventually pulverizing of Si, which results in the loss of
electrical contact between Si and binders/carbon conductors
and thus very poor cyclic performance. For example, a 10 ym Si
particle with an initial charge (lithiation) capacity of 3260 mAh
g~" only delivered a discharge capacity of 1170 mAh g~ and
decayed to ca.100 mAh g by the 10th cycle.*

Using thin-film Si anodes may improve the cyclic perform-
ance;” " however, because of the low Si loading on substrates,
it is difficult to use Si thin-film anodes in high-capacity LIBs.
Forming Si/carbon composites is believed to be an effective
approach to enhance the cyclic performance of Si and has been
investigated extensively.” '® Carbon is believed capable of
serving as a buffering matrix for Si upon lithiation, whereas
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carbon on the Si surface may also reduce the consumption of
electrolytes because of the formation of a solid-electrolyte
interphase (SEI) layer on Si. Coating inactive materials on Si
surfaces may also improve the cyclic performance of Si.'’ >
However, the coating layer may break during the initial
lithiation because of the large volume change, like those
observed for SnO, anodes by a high-resolution transmission
electron microscopy technique.”* Forming Si/SiO, composites
is another strategy to obtain better cyclic performance, where
SiO, will be reduced by Li to form Li, O that may act as a matrix
for Si expansion upon lithiation;** > however, because of the
difficulty in converting Li,O to Li over a potential range of 0—2
V (vs. Li*/Li), initial Coulombic efficiencies of Si/SiO,
composites are usually low.

Fabricating Si alloys such as Si—Fe,*' ™% Si—Co,** Si—
Ni,**™ and Si—AI'M (M = Cu, Fe, Mn, Nij, Cr),*™* is
another approach to improve the cyclic performance while
reducing the overall capacity of Si anodes. Basically, forming
alloys can reduce the content of active Si, accompanied by
consumption of metals to form MSi, phases (M = Fe,** Ni,*
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Figure 1. Schematic illustration for fabrication of Si/M composites. Si powders are mixed with metal powders and heat-treated to form intermetallic

interphases between Si and metal particles.

Co,** Mo, ¥ etc.). The decreased total volume change upon
lithiation due to reducing the content of active Si, together with
the inactive intermetallic matrices to absorb the instantaneous
volume change, improves the cyclic performance of Si alloys
upon lithiation and de-lithiation. Unlike those reported Si alloys
in which the intermetallic phases (MSi,) work as inactive
buffering matrices, in this study, we are using intermetallic
phases as a “binder” to weld Si nanoparticles onto surfaces of
metal particles (Figure 1). This new composite anode is better
than those Si alloys reported in the literature with Si dispersed
in inactive MSi, matrices because the interparticle spacing
could effectively accommodate large volume expansion of Si
and thus improve the cyclic performance. The Si alloys in the
literature typically contain over 50 wt % Si. In contrast, in our
design Si/metal (M) composites have a weight ratio of Si/M =
1:3 to obtain a discharge capacity of around 700 mAh g™/,
which is sufficient to double the capacity of existing commercial
graphite anodes (300—330 mAh g™") because the capacity of a
LIB full cell (18650 type) is primarily limited by the cathode
capacity when the anode capacity is beyond 1000 mAh g™'." To
form an ideal composite architecture as shown in Figure 1, we
contro] the heat-treatment time for the mixture of nanosized Si
and micro-sized M (M = Ni, Cu, Fe, etc.) so that appropriate
amount of intermetallic interphases can be produced instead of
converting all metals into MSi,. Details of the experimental
section are given in the Experimental Section (see the
Supporting Information).

In our design, semiconducting intermetallic phases act as
binders to prevent Si from losing electrical contact upon
repeated charge/discharge cycles. Because of the large volume
change upon charging/discharging (up to ~300% in the form
of LijsSiy), for traditional Si anodes, it is inevitable that Si
gradually loses electrical contact with binders (such as
polyvinylidene fluoride, carboxymethyl cellulose, and poly-
(acrylic acid)) and conductors (such as carbon black).
However, in our design, although the nanosized Si particles
may lose their electrical contact with binders and conductors,
the metal particles will not because they are inactive and will
stay attached to binders and conductors. The Si particles are
thus expected to maintain their electrical contact through the
intermetallic phases and metals because the latter will not
expand and shrink upon charging and discharging. Therefore,
such a composite is expected to exhibit good cyclic perform-
ance. The selected Si is of an average particle size of 50 nm
because Si larger than 150 nm will crack easily upon lithiation.*

In addition, metals have better electrical conductivities than Si;
thus the metals in the composites can improve the electrical
conductivity and rate capability of Si anodes.

Figure 2 shows scanning electron microscopy (SEM) images
of Ni particles and Si/Ni composites. The employed Ni powder

Figure 2. SEM images of (a, b) Ni particles and (c, d) Si/Ni
composites obtained at 700 °C; Si particles are seen attached to the
surface of an Ni particle.

is composed of spherical Ni particles with a relatively smooth
surface (Figures 2ab). In contrast, in the Si/Ni composite
obtained at 700 °C, there are many Si nanoparticles on the
surface of Ni particles (Figure 2c). A closer look (Figure 2d)
suggests that these Si particles are welded onto the surface of
the Ni particle instead of simple physical surface contact
between them. Intermetallic phases were detected in this Si/Ni
composite by X-ray diffraction (XRD) (see Figure SI in the
Supporting Information). XRD peaks emerging at ca. 25.4 and
45.8° could be indexed to Ni;Si, Ni,Si, and Ni;;Sij,. The
entropies of formation of these silicides are so close™* that they
are all observed. The content of intermetallic phases increased
along with the increasing heating temperature, as indicated by
the relative intensities of XRD peaks between silicides and Ni.
X-ray photoelectron spectroscopy (XPS) analysis also suggests
the existence of silicides on the surface of the Ni/Si composites.
For example, the broad XPS peak over a binding energy range
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of 850-857 eV for the Si/Ni sample obtained at 900 °C is
attributed to Ni metal and nickel silicides (see Figure S2 in the
Supporting Information; Ni (852.7 eV), Ni3Si (852.8 eV),
Ni,, Si;, (853.0 eV), Ni,Si (853.4 eV), NiSi (853.9 eV), and
NiSi, (854.6 €V)).** The morphologies of the Si/Ni
composites obtained at 700-900 °C are similar. However,
with the sample obtained at 900 °C, we observed much clearer
evidence of Si welding onto the surface of Ni particles by SEM
plus energy dispersive X-ray spectroscopy (EDS) elemental
mapping (Figure 3). When the heating temperature increased

Figure 3. SEM image of the Si/Ni composite synthesized at 900 °C
and its corresponding EDS elemental mapping. Note that the images
were taken by dispersing the sample in ethanol and then drop-casting
onto a 300 mesh copper grid, which helps to eliminate interference
from the free Si particles during the EDS analysis.

to 1,000 °C, some beautiful leaf-like surfaces were observed
(see Figure S3 in the Supporting Information), which should be
silicides. In fact, the content of intermetallic phases in this
sample increased significantly compared with those obtained at
700—900 °C as suggested by their relative XRD peak intensities
of Si and Ni (see Figure S1 in the Supporting Information).
Pure Si usually Jpossesses very poor cyclic performance, even
as nanopowders.'”**~* The nanosized Si powders used in our
control experiments delivered an initial discharge (delithiation)
capacity of 3362 mAh (g Si)™' (Figure 4a); however, the
nanosized Si anode decayed very quickly from 2095 mAh (g
Si)~" at the 3rd cycle to 498 mAh (g Si)™" by the 100th cycle.
Namely, the anode lost an average capacity of about 16.3 mAh
(g Si)™' in each cycle. In contrast, our Si/Ni composites
showed much better cyclic performance. As shown in Figure 4a,
the initial capacities of the Si/Ni composites prepared at 700
and 900 °C are ca. 769 and 626 mAh g~ with initial C.E. of
82.2 and 82.4%, respectively. Note that the specific capacities
and current densities were calculated based on the mass of the
Si/Ni composites, unless otherwise stated. The highest
capacities is 811 and 656 mAh g, corresponding with 3244
and 2624 mAh (g Si)™" at the second cycle for the composites
obtained at 700 and 900 °C, respectively, because the Si
contents in the composites are 25 wt %; when the two
composite anodes were charged and discharged at a current

density of 233 mA g, they delivered ca. 650, 498 mAh g and

maintained at 474 and 367 mAh g~ by the 100th cycle, namely
losing ca. 1.8 and 1.3 mAh g' each cycle, respectively.
Therefore, the cyclic performance of our Si/Ni composites is
much better than that of the pristine Si. The Si/Ni composite
synthesized at 900 °C has a lower capacity than that of the
sample obtained at 700 °C while possessing a better cyclic
performance (Figure 4a). This is consistent with the fact that
higher heating temperature helps to produce more and thicker
intermetallic interphases between Si and Ni.

Considering that Ni has very good electrical conductivity, it
may help to obtain a better rate capability compared with pure
Si anodes. Figures 4b,c exhibit the rate performance of the Si/
Ni composite obtained at 900 °C. At a high current density of
1,400 mA g'1 (ie, 64 A (g Si)™!), its capacity can reach 227
mAh ¢! (ie,, 908 mAh (g Si)™"), 34% of the capacity obtained
at the small current density of 35 mA g'. Figure 4d shows CV
curves of the Si/Ni composite, recorded at a scan rate of 0.1
mV s”! from an open circuit potential of 3.0 V. During the
initial cathodic scan, a current peak emerged at 1.20 V because
of the SEI layer formation, followed by a peak at 0.19 V and
another developmental peak below 10 mV, corresponding with
lithiation of Si to various Li Si phases. When potentials were
swept anodically, there were two peaks at 0.37 and 0.52 V due
to delithiation of Li,Si. The gradual development of cathodic
and anodic peaks is common in CV curves of Si anodes.**°

Figure 4e depicts electrochemical impedance spectra (EIS) of
the Si/Ni composite in fully charged and discharged states. The
Ohmic resistances (including electrolyte and contact resistan-
ces) were measured by the intercepts of the Nyquist plots at
high frequencies; the values are 2.4 and 1.9 Ohm for the
charged and discharged states, respectively. The EIS spectrum
in the fully charged state was recorded at 0.183 V with 1 h rest
after charging; the obtained spectrum consists of two depressed
semi-circles, resulting from the SEI layer and the charge transfer
process. The measured resistances are 60.0 and 139.5 Ohm for
the SEI layer and the charge transfer process, respectively. We
related the depressed semi-circle at high frequencies to the SEI
layer because we can also observe this arc in the fully
discharged state of this anode; its resistance is 55.9 Ohm, very
close to that in the fully charged state. As shown in Figure 4e
inset, the impedances in the charged and discharged states are
almost the same below 63 Hz, which implies that the anode has
a similar SEI layer in the charged and discharged states.
However, the second semicircle disappears, accompanied by the
appearance of an inclined line, which is very common in the
reported literature.’" ~>* The inclined line is related to lithium
ion diffusion, whereas the depressed semicircle is ascribed to
charge transfer resistance®' ™ or combined resistance of SEI
and charge transfer.>* However, we noticed that this Nyquist
plot was measured at 1.687 V after allowing the anode to rest
for 1 h once it was fully charged to 2.0 V. The charge/discharge
curves suggest that the alloying and de-alloying reactions of this
anode are below 1.0 V (Figure 4c). Therefore, at such a high
voltage of 1.687 V, assuming that the SEI layer is stable, there is
no significant reaction since the applied voltage amplitude is
only 10 mV. The inclined line should be related to the diffusion
of Li ions in the SEI layer instead of in the bulk of Si particles.

The improved cyclic performance is believed to be related to
the unique architecture of our designed composite, where the
intermetallic interphases help to prevent Si from losing
electrical contact with binders and conductors. Figure S
illustrates the mechanism for improving the cyclic performance
of the Si/Ni composite anode. Because of the huge volume
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Figure 4. (a) Cyclic performance of the pristine Si and Si/Ni composites obtained at 700 and 900 °C, where the anodes were activated at C/20 for 2
cycles and then cycled at 3/C; here 1C rates were defined as 700 and 2800 mA g~ for the Si/Ni composite and the pristine Si anodes; the current
densities are equivalent because the Si content in the composites is 25 wt %. (b—e) Electrochemical performance of the Si/Ni composite prepared at
900 °C: (b, c) rate performance, (d) CV curves at a scan rate of 0.1 mV s™', and (e) Nyquist plots at fully charged and discharged states.
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conductors and binders because they are inactive and do not expand and shrink upon repeated electrochemical cycles. Note that the particle sizes

and their volume changes are not to scale.

change upon repeated charging and discharging, Si particles
gradually lose their electrical contact with conductors, binders,
and then current collectors, and finally become inactive (Figure
Sa). Similarly, the Si particles welded onto the Ni particles via
the intermetallic phases lose their physical contact with
conductors and binders on the surface of Si; however, the
intermetallic phases and Ni particles are inactive and maintain
their physical contact with conductors and binders (Figure Sb).
Thus, these Si particles welded on the Ni particles could
maintain their electrical contact with the current collector
through the intermetallic phases and Ni particles. Figure S4 in
the Supporting Information shows clear evidence that Si is still
attached on the Ni surface and maintains the electrical contact
with carbon conductors after 10 cycles of charge and discharge,
which suggests that our design can effectively improve the
cyclic performance of Si anodes.

11968

The concept of using intermetallic interphases to improve
the cyclic performance of Si anodes could be generally
employed to synthesize Si/M (M = Ni, Cu, Fe, Co, etc.)
composites. In addition to Ni, we also demonstrated the
teasibility for Cu and Fe. Figures S5—S7 in the Supporting
Information depict the XRD patterns of Si/Cu and Si/Fe
composites, where the intermetallic phases of Cu;Si and Fe;Si
are observed, respectively. The morphologies of the two
composites are significantly different from those of the pristine
metal particles (see Figures S8 and S9 in the Supporting
Information), which also implies the reactions between Si and
Cu or Fe. The Si/Cu composite delivered an initial capacity of
801 mAh g' (ie, 3,204 mAh (g Si)™') with an initial
Coulombic efficiency of 81.8% at 35 mA g~', and decayed faster
than the Si/Ni composite at the current density of 233 mA g/,
namely, from 702 at the 3rd cycle to 381 mAh g~ by the 100th
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cycle (see Figure S10 in the Supporting Information). For the
Si/Fe composite, its capacity was ca. 487 mAh g_l, and its
decaying rates before and after the 50th cycle are 2.2 and 0.51%
each cycle, respectively (see Figure S11 in the Supporting
Information). Therefore, all the Si/metal composites have
better cyclic performance than the pristine Si.

Up to now, there are several reported Si anode materials
showing excellent cyclic performance;ls’29 for example, a
double-walled Si nanotube consisting of an active silicon
nanotube coated with an ion-permeable silicon oxide shell
cycled over 6000 times and retained more than 85% of its initial
capacity.”® Admittedly, our Si/metal composites do decay
more; for example, the Si/Ni composite retained 73.7% of its
reversible capacity after 100 cycles. However, our method of
producing the composite anode is low-cost and scalable, and
the concept of using intermetallic interphases provides a
radically new avenue to improve the cyclic performance of Si
materials because our Si/metal composites possess much
improved cyclic performance compared with the pure Si
anodes. Optimizing particle sizes of Si and metal to increase the
fraction of welded Si while reducing the amount of free Si
particles is likely a potential strategy to further improve the
cyclic performance of the composite anode.

B CONCLUSION

In conclusion, we have designed and synthesized low-cost Si/M
(M = Ni, Cu, Fe, etc.) composites as anode materials for LIBs,
where intermetallic interphases form between Si nanoparticles
and metal particles. This new composite anode is better than
those Si alloys reported in the literature with Si dispersed in
inactive MSi, matrices; the interparticle spacing could
effectively accommodate volume expansion of Si, leading to
improved cyclic performance. Moreover, the electrochemically
inactive intermetallic interphases in our Si/M (M = Nj, Cu, Fe)
composites serve as a special “glue” to prevent Si from losing
electrical contact with binders and conductors. The Si/M
composites reported here show much better cyclic performance
compared with the pure Si anode. For example, the Si/Ni
composite synthesized at 900 °C delivered a capacity of 498
mAh ¢! at a current density of 233 mA g™' and 73.7% of the
capacity remained by the 100th cycle. In contrast, only 23.8% of
the capacity of the pure nanosized Si remained after 100 cycles.
Therefore, the cyclic performance of Si anodes has been
improved significantly through the intermetallic interphases.
More importantly, this concept can be generally employed to
synthesize various Si/metal composites, where Si could be
powders, wires, or films while the metal could be particles,
wires, or foil-like substrates such as stainless steel.
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