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HIGHLIGHTS

o Inactive CusSi patches act as joints between silicon powders and carbon nanotubes.
e Carbon nanotubes supply a self-adapted and high-efficiency electronic network.

e The conductive network is still active despite mechanical fracture of electrodes.

o Simple synthesis and low cost make it possible for industrial employments.

ARTICLE INFO ABSTRACT

Keywords:
Micrometer-sized silicon anodes

Micrometer-sized silicon powders, due to its high specific capacity, easy accessibility, and low cost, have been
regarded as an attractive anode material for lithium-ion batteries. The severer mechanical instability and high
inter-particle resistance during cycling, however, hinder its further application. In this work, a novel potholed
micrometer-sized silicon powders (PMSi)/carbon nanotubes (CNT)/C electrode is proposed. The resulting three-
dimensional (3D) conductive framework and multi-point contact network exhibit ideal structural stability and
high-rate cycling property. Hence, the volume resistivity of PMSi/CNT/C (157 Q m) is reduced significantly
relative to traditional PMSi/commercial carbon nanotubes (CCT)/C composite (400 Q m). By testing the fabri-
cated half-cell LIB with the PMSi/CNT/C composite anode, high reversible specific capacity of 2533 mAh g~}
with a remarkable high initial coulombic efficiency of 89.07% and over 840 mA h g for 1000 cycles at 2 A g~!
is measured. Even at the rate of 20 A g1, the PMSi/CNT/C electrode shows a capacity of 463 mAh g™?. A full cell
contained the PMSi/CNT/C anode and a LiFePO4/LiMny04 cathode successfully ignites an LED array (~1.5 W),
further demonstrating its outstanding electrical driving property.

Carbon nanotubes
CusSi silicide
High rate
Structural stability

1. Introduction

Increasing the energy density of lithium-ion batteries has always
been a hot research spot to meet the growing demands for digital ter-
minals, electrical vehicles, and energy-storage facilities. Currently the
anode materials for commercial lithium-ion batteries are mostly based
on carbon which is encountering its bottlenecks in specific capacity, e.g.
graphite (372 mAh g™1). Various alternative anode materials, such as
silicon, metallic oxides, and lithium metal have been proposed, among
which silicon is regarded as one of the most promising materials owning
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to its highest theoretical capacity (4200 mAh g~!) and low discharge
potential (0.4 V) [1-3]. However, the huge volume expansion (~300%)
of silicon during charge results in mechanical fracture, loss of
inter-particle electrical contact, and repeated chemical side reactions
with the electrolyte [4-8]. Silicon nanostructures are widely studied and
believed to sustain large volume change without mechanical fracture
due to the small size and the available surrounding void space. To date,
plenty of impressive works based on nano-silicon anodes have been
reported and outstanding electrochemical performance is obtained
[9-15]. As for micrometer-sized silicon (MSi), high compact density, less
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Interfacial side reaction low cost and easy accessibility from industrial
waste makes it more attractive for industrial application. Nevertheless,
MSi exhibits a weaker performance than nano-silicon anode both in
cycle performance and rate capability. Sever pulverization of the MSi
and high resistances between micrometer-sized silicon particles in
electrode reaction process lowered the capacity and restrain the rate
capability [16,17].

Two challenges remain to overcome for MSi anode, 1) Huge bulk
resistance and contact resistance of MSi cause the large polarization
effect and weak rate capability. An elaborate design of effective and
efficient electrical network in MSi anode is necessary. 2) Severer pul-
verization of the MSi will lead to the invalid contact with current col-
lector and electrochemical inactivation. A robust or self-adapted
constraint is required to improve the MSi anode structure. Normally, as
an additive material, carbon nanotubes (CNTs) possess excellent me-
chanical strength and high conductivity due to its special structure of sp
[2] hybridization and half-filled = band for carbon atoms [18]. Though
adding CNTs into the MSi electrode is demonstrated to enhance the total
electrical conductivity [19-22], however, the physical mixing process of
CNTs with MSi leads to serious agglomeration, nonuniform distribution
and easy detachment. That is to say, traditional mixing method fails to
take full advantages of CNTs’ excellent properties.

Herein, a novel electrode structure potholed micrometer-sized sili-
con powders (PMSi)/CNT/C is fabricated and analyzed. 1) To signifi-
cantly reduce the huge bulk resistance and contact resistance of MSi, a
CNT electrical network is introduced. One end of CNT takes root in the
PMSi, while the other end is curved and wound around PMSi evenly and
tightly. The CNTs supply a self-adapted and multi-point contact elec-
tronic network to resist the severe volume changes during cycling. The
one-end-contact mode between CNTs and PMSi makes it easy that
electron transport along the CNT axis, exerting its ability to conduct
electricity at the greatest extent. 2) To increase the content and uni-
formity of carbon nanotubes, high density tiny potholes are etched on
the smooth surface of the micrometer-sized silicon powders. 3) To
improve the mechanical adhesion for CNTs on Si, copper nanoparticles
are adopted to catalyze the growth of CNTs. CusSi patch, which formed
in the following processes, is conductive and chemically inert, so that it
ensures the stability of the contact point. Even if mechanical fracture of
PMSi occurs in the subsequent battery cycle process, CNTs will not
detach from the silicon particles (Fig. 1). 4) To establish a stable inter-
face, a carbon shell is adopted to shield the entire particle. The carbon
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shell provides not only a three-dimensional conductive framework but
also a stable solid electrolyte interface (SEI). As a result, the volume
resistivity of PMSi/CNT/C is reduced significantly relative to traditional
PMSi/commercial carbon nanotubes (CCT)/C composite. By testing the
fabricated half-cell LIB using PMSi/CNT/C structured anode, high
reversible specific capacity of 2533 mAh g~ with a remarkable high
initial coulombic efficiency of 89.07% and over 840 mA h g~! for 1000
cycles at 2 A g~ was measured. Even at the rate of 20 A g1, the PMSi/
CNT/C electrode showed a capacity of 463 mAh g™, which is larger
than the theoretical capacity of graphite. The full cell contained the
PMSi/CNT/C anode and a LiFePO4/LiMny;O4 cathode successfully
ignited an LED array (~1.5 W), further demonstrates its outstanding
electrical driving property.

2. Results and discussion

Fig. 2a shows the synthesis process of PMSi/CNT/C. Low-cost
photovoltaic industry cutting scrap polysilicon powder (1-3 pm) is
introduced as a raw material. After porosity process, the pinecone-like
polysilicon particles were adopted as substrates to vertically grow
CNTs induced by copper particles and then shielded by a carbon shell to
form PMSi/CNT/C composite. The corresponding morphology evolution
of the PMSi/CNT/C material during the synthesizing is shown in
Fig. 2b—f by SEM. Smooth surface of the micrometer-sized silicon pow-
ders (Fig. 2b) become potholed after copper-assisted etching. The pot-
holes, which distributed uniformly over the surfaces with diameters,
ranging from 10 nm to 30 nm, are pitfalls to trap copper catalyst
nanoparticles (Fig. 2c). A high specific surface area is not what we
wanted, as it does not favor for high initial coulomb efficiency or a stable
interface. The Brunauer-Emmett-Teller (BET) surface area of the MSi,
PMSi, and nano silicon powders (30 nm in averaging diameter) were
measured for comparison as 5 m? g~!, 8 m? g7}, and 52.3 m? g!
respectively. The specific surface area of the PMSi is slightly higher than
MSi, but still far less than that of nanometer silicon powders. Copper
nanoparticles with similar scale of the potholes were dispersed and
anchored in the potholes of PMSi by liquid phase method (Fig. 2d). It
was also confirmed through energy-dispersive X-ray spectroscopy (EDS)
analysis that Cu (yellow) elements are extremely well distributed in the
PMSi (blue) secondary structure (Fig. 2g). From the SEM images in
Fig. 2e and TEM images in Fig. 2h, since defects exist and moderate
amounts five-round carbon rings or seven-round carbon rings are
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Fig. 1. Schematic comparison of the lithiation/delithiation processes in two electrode structures, (a) the traditional MSi/CNT shows broken electrical network, and
(b) the novel MSi/CNT/C exhibits robust electrical network, enabled by the CNTs with one end rooted in MSi through CusSi silicide while the other end embedded in

carbon layer.
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Fig. 2. (a) The schematic synthetic process of PMSi/CNT/C. SEM images of the MSi (b), the PMSi (c), the PMSi/Cu (d), the PMSi/CNT (e), and the PMSi/CNT/C
composite electrode (f). (g) EDS elemental mapping of PMSi/Cu. TEM images of the PMSi/CNT/C (h), the CNTs(i), a typical CNT grown from a copper particle (j) and

the contact mode between CNTs and PMSi.

introduced in the structure, CNTs are curved and wound around PMSi
particles evenly and tightly [23,24], with one end stuck tightly to the
surface of PMSi. No agglomeration of CNTs was found. The pipe di-
ameters, ranging from 10 nm to 30 nm, are consistent with the size of the
potholes and Cu particles on PMSi. The contents of C, H, and N for
PMSi/CNT were 0.7 wt%, 0.2 wt%, and 0.2 wt% respectively as esti-
mated by elemental analysis. The low carbon content indicates that the
weight percentage of the CNTs in the PMSi/CNT composite is very tiny
and negligible when evaluating the composite’s total battery capacity.
To further improve the conductivity and provide a passivation layer for
the PMSi/CNT, a carbon layer generated from polyacrylonitrile (PAN)
during carbonization process was coated onto the material’s surface
(Fig. 2f). This carbon layer is substantially uniformly coated on
PMSi/CNT particles except some sharp edges and corners, and the
electrode is relatively smooth (Fig. S1 a-b). From elemental mapping,
carbon is evenly distributed in accord with silicon (Fig. S1 c-f). It can act
as an artificial SEI and binder to improve the cycle stability of the
electrodes, which has been confirmed in our previous works [25-28].
After carbon layer wrapping, contents of C, H, and N were increased to
18.3%, 0.7%, and 3.9%, respectively. The other 77.1% was silicon.
Detailed structure TEM image in Fig. 2i demonstrates that the CNTs
consist of ~15 coaxial cannulas with a interlamellar spacing of 0.38 nm,
while no carbon nanoparticles were observed. Certain bamboo-like
structures were discovered in the hollow core of the CNTs. These
structures are generated in the growing process of CNTs. Carbon atoms
from ethanol dissolve into the high-heat copper catalyst and form a
carbon-copper alloy until saturated. Then the carbon atoms separate
from the alloy to the surface and continues to push up, in which the
bamboo-like structures are introduced in the grown CNTs [29,30]. These
CNTs are mainly formed in base-growth mode due to the strong com-
bination force between catalyst copper and silicon substrate. Fig. 2j
captured a CNT separating out of a copper catalyst particle, which evi-
denced the base-growth mechanism. From Fig. 2k, the key role of the
coper particles can be clearly understood. On one hand, the copper
nanoparticle anchors on PMSi tightly; On the other hand, one end of the

CNT embraces the copper nanoparticle closely. Thus, perfect electrical
and mechanical contact are formed, even high-energy ultrasonic
dispersion cannot separate them.

X-ray diffraction patterns (Fig. 3a) and Raman spectra (Fig. 3b) were
collected. As comparison, a composite that PMSi mixed with commercial
CNTs (CCT) and covered with a carbon layer (PMSi/CCT/C) was pre-
pared and tested. As shown in Fig. 3a, three strong X-ray diffraction
peaks for PMSi are identified to be Si (111), Si (220), and Si (311). After
Cu particles dispersion (PMSi/Cu) by thermal reduction process of Cu
(NO3), in Ar/H, atmosphere at 580 °C, two small peaks at 43.38° and
50.05° appears, which are ascribed to metallic Cu (111) and Cu (220).
Because of the solid-phase reaction between silicon and Cu nano-particle
at high temperature, two weak peaks of CusSi at 44.58° and 44.99° are
also observed. After CNTs growth (PMSi/CNT/C) in 800 °C, the peaks of
Cu and CusSi become clearer and stronger. In addition, a weak peak
ascribed to carbon (002) crystal plane at 25.66 emerges. It’s worth
noting that the formation of CusSi is crucial for the structural stability of
PMSi/CNT/C in battery cycling. The CusSi silicide is inactive towards
lithium so that the CusSi patches bond tightly to PMSi and reinforce the
secondary structure in the following charge and discharge process [31].
The adhesion property of the CusSi is very effective to ensure intimate
mechanical contact between the PMSi particle, unreacted Cu-catalyst,
and the grown CNTs. The conductive CugSi and the residual Cu parti-
cles on the Si surface supply electrical conducting channels and well
distributed electric field, which can depress the cross potential aroused
by polarization [32,33]. In this work, only 0.028 wt%o. Cu nano-particles
are adopted as catalyst in PMSi to grow CNTs. Although the residual Cu
particles are inactive towards lithium, the loss of capacity is very little
and negligible. The XRD curve of PMSi/CNT/C and PMSi/CCT/C didn’t
appear new crystallization peak, demonstrating an amorphous carbon
structure of the carbon layer generated from PAN during carbonization
process. X-ray diffraction patterns of Cu current collector before and
after heating were also collected (Figure S2 a). All peaks become a little
sharper after heating, indicating a better crystallization. Meanwhile,
from I-V test (Figure S2 b), the resistance of heated Cu current collector
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Fig. 3. X-ray diffraction patterns (a) and Raman spectra (b) of the PMSi, PMSi/Cu, PMSi/CNT, PMSi/CCT/C, PMSi/CNT/C.

is less than that before heating. In this sense, the impact of heating Cu
current collector is positive.

In the Raman spectra shown in Fig. 3b, two peaks at 520 cm ™! and
1040 cm ™! are from PMSi, which represents the vibration of crystalline
silicon and the second-order optical phonons vibrations of Si-Si bands,
respectively. No new peaks are observed for PMSi/Cu while four new
peaks from multi-wall CNTs for PMSi/CNT appear. They are assigned to
be the D peak (1342 em™), G peak (1575 ecm™Y), 2D peak (2726 em ™)

and the —CH peak (2913 cm™}). The D peak represents the breathing
vibration mode of sp [2] hybridized carbon atom rings in CNT, which is
activated by the defects and disorder of carbon lattice. The G peak is due
to a bond stretching vibration of a pair of sp [2] sites corresponding to
graphitic cluster lattice vibration mode. The intensity ratio of the D band
to the G band was 0.896, indicating that the obtained CNTs are relatively
pure except several defects formed during the growing process. The peak
at 2913 cm ! was caused by —CH aliphatic stretching [34,35], which is
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probably introduced by pyrolysis product of ethanol. After carbon
coated, the PMSi/CNT/C and PMSi/CCT/C composite reveal similar
peak curves. The D peak of carbon gets stronger, indicating that plenty
of defects consist in the carbon layer, which is in accordance with the
XRD results.

Cycling performance of PMSi/CNT/C, PMSi/CCT/C, and PMSi/C
(without CNTs additive) at 2 A g~! was measured respectively in a coin-
cell configuration with a lithium metal as the counter electrode in
Fig. 4a. The corresponding galvanostatic charge/discharge profile for
the first cycle is exhibited in Fig. 4b. All the electrodes were first tested at
arate of 0.2 A g~ for two cycles and all reported specific capacities are
based on the total mass of the composite electrode material. The PMSi/
CNT/C electrode exhibited an outstanding performance, retaining a
specific capacity of 1803 mAh g_1 after 100 cycles. In contrast, the
PMSi/CCT/C electrode had a marked capacity decay with only 1211
mAh g ! retained, demonstrating a serious electrode polarization and
poor stability. It is indicated that simply mixing CNT into electrode
materials does not obviously improve the electrode stability. An unex-
pected thermostat (30 °C) failure caused some discontinuity for the
cycling curve of PMSi/CCT/C, which did not affect our forecasting and
analysis of the overall trend and we did not retest it. As for the PMSi/C,
polarization and instability of the electrode are even more serious.
Moreover, an extra contrast experiment of PMSi/CNT electrode (CNT
grown on PMSi without C coated; CMC and carbon black were used as
adhesives and conductive agents respectively) was carried out to further
elaborates the role of the carbon layer. It is observed that PMSi/CNT
electrode delivers the worst cycling performance. The specific battery
capacity severely attenuates from 2038 mAh g ! to 866 mAh g~ ! during
the first 10 cycles. We ascribe this capacity attenuation to the direct
contact between silicon anode and electrolyte during repeated lith-
iation/delithiation processes, which led to violent side-effects and
continuous formation of an unstable SEL It appears to us that a carbon
layer is irreplaceable since slight meshy fabric of CNT fails to serve as a
stable cladding.

In Fig. 4b, all the curves in the first charge exhibits a plateau at ~80
mv, indicating an intercalation of lithium into crystalline silicon. The
PMSi/CNT/C composite delivered an initial charge/discharge capacity
of 2256 mAh g~! and 2533 mAh g~! with a high first cycle coulombic
efficiency (CE) of 89.07%. Irreversible capacity loss at first cycle is
related to the formation of SEI and the defects in the carbon layer. The
high CE is attributed to the lower specific surface area and less irre-
versible consumption of Li*. After a few cycles, the CE is measured
exceeding 99%. This indicates that a stable SEI layer has formed outside
the carbon layer during the initial cycles and renders an active surface
substantially inert to further electrolyte decomposition. The total irre-
versible capacity loss ratio at the first 10, 20th and 50th cycles is 2.5%,
3.38% and 7.4%. PMSi/CCT/C shows a similar level as PMSi/CNT/C,
while PMSi/CNT demonstrates the lowest CE and initial charge capacity,
and PMSi/C demonstrates the best. The sacrificed capacity of PMSi/
CNT/C and PMSi/CCT/C relative to PMSi/C is considered to be caused
by the small quantity of CNTs with large specific surface area which
slightly increase the first irreversible capacity [36-38].

Rate capability of the PMSi/CNT/C and the PMSi/CCT/C electrode
were also evaluated in Fig. 4c with a stepwise current density pro-
grammed from 2 to 20 A g~1. The specific capacity decreases with the
increase of the current density along the steps. The discharge capacities
of PMSi/CNT/C for the first cycle at these rates are 2383, 1620, 1243,
949, 668, 463 mAh g~ at 2, 4, 8, 12, 16, and 20 A g~ !, respectively,
which are stable with the minor changes at the same current density.
When the current density is set back, the capacity can recover to a
similar value. Over 840 mA h g~! for 1000 cycles at 2 A g~ was
measured in the end. The electrode remains a stable cycling at different
current densities and long cycle, demonstrating the excellent rate
capability and reversibility of the PMSi/CNT/C electrode. In our case,
PMSi/CCT/C electrode shows a great polarization effect in rate test and
the capacity fades drastically below 200 mAh g~! after the 300th cycle.

Journal of Power Sources 450 (2020) 227593

Additionally, full cells with the PMSi/CNT/C anode and a LiFePO4/
LiMny04 cathode were assembled to test its electrical performance in
practical application. Considering the low initial coulombic efficiency of
about 74.21%, the PMSi/CNT/C electrode was first prelithiated using
half cells at 0.2 A g~! for two cycles to form a stable SEI The full cell
with an N/P ratio of 1.1 was tested at 0.5 A g ! in Fig. 4d. High discharge
specific capacity of 1093.1 mAh g~! with an initial coulombic efficiency
of 81.26% and an 80% capacity retention at the 77th cycle is measured.
The initial thickness of the electrode is measured to be 27 pm while the
electrode expands to 33 pm after the first lithiation process. The volume
expansion ratio is calculated to be 22% (Fig. S3). As is shown in the inset
of Fig. 4d, the full cell successfully ignites a LED array of the logo “XMU”
with 1.5 W rated power, demonstrating the outstanding driving per-
formance in practical application. Detail process can be found in Fig. S4.

To confirm the stable electrode structure and robust CNT networks of
PMSi/CNT/C, the coin half-cells containing PMSi/CNT/C and PMSi/
CCT/C, respectively, cycled between 0.05 and 1.0 V at 2 A g~ ' were
disassembled after 100 cycles. Benefiting from the CNTs that evenly
dispersed and embedded in the carbon layer, the cycled PMSi/CNT/C
electrode remains structurally intact without severe cracks (Fig. 5a).
From the high magnification morphology of crevice in Fig. 5b, though a
SEl layer is generated and covers the electrode, CNTs are vaguely seen to
connect across inter-particles. Nevertheless, cracks were clearly found in
cycled PMSi/CCT/C electrode (Fig. 5 c-d). The ability of easily
agglomerated commercial CNTs to improve electrode structural stability
is limited. Additional evidence for tightly fastened CNT is presented.
Considering the complex characterization of morphology for cycled
silicon powder, a silicon wafer was selected as a substrate to disperse Cu
nano-particles and grow CNTs (Figure S5 a). The silicon wafer was then
cut into small pieces and assembled in a CR2025 coin half-cell with a
lithium foil. SEM images of the wafer after 5 lithiation/delithiation
processes are provided in Fig. S5 b and Fig. S5 c. Despite the drastic
expansion and shrink of silicon wafer, the ends of CNTs are not sepa-
rated from the white dots (Cu particles), which demonstrates the tightly
fastened CNT.

Considering in PMSi/CNT/C composite, the CNTs were grown
directly on the PMSi and the connection type between CNTs and PMSi is
different from the PMSi/CCT/C. In order to investigate the key role of

\ Yy
f
4

4 200 nm

Fig. 5. SEM images of the PMSi/CNT/C (a, b) and PMSi/CCT/C electrodes (c,
d) after 100 cycles between 0.05 V and 2.5 V.
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the two different CNT conductive networks in improving the rate per-
formance, we measured the electrochemical impedance spectroscopy
(EIS) of PMSi/C, MSi/CCT/C, and PMSi/CNT/C at the state of charge
(SOC) of 50% after 5 cycles (Fig. 6a). All the plot of PMSi/C exhibit the
combination of an incomplete semicircle at the medium-high frequency
region (Cut-off frequency at 68.13 Hz) and a slope line at the low fre-
quency, while the plots of PMSi/CCT/C and PMSi/CNT/C exhibit one
more semicircle at the medium frequency region with similar cut-off
frequencies of 0.825 Hz and 1 Hz respectively. Since the CNTs possess
a high specific surface area of 250-270 m? g™}, we attribute the extra
semicircle to the large interface layer introduced by CNTs [39,40]. The
Nyquist plots were fitted with an equivalent circuit (Fig. 6a insets) and
the fitting parameters are list in Fig. 6b. Ry represents the resistance of
the electron transport and the Li* diffusion in electrolyte [41]. As can be
seen, the R; is similarly low for all. However, the PMSi/CNT/C anode
exhibits a much smaller resistances of charge transfer and SEI layer (Ry
= 9.61 Q) as compared to the PMSi/C anode (Ry = 18.42 Q) and the
PMSi/CCT/C anode (Ry = 18.34 Q). In Fig. 6c, by linear fitting of Z;ey
versus @~ /2, the slope values of B can be extracted. B is considered to be
a constant which associates with the diffusion coefficient D of Li™ inside
the electrode materials. The relationship is expressed by formula B =
V(2 F AD) V2.dE/dx, where V,, is molar volume of sample, F is
faraday constant, and dE/dx is slope of coulomb titration curve [42,43].
From Fig. 6¢, the plot slopes of PMSi/C, PMSi/CCT/C, PMSi/CNT/C are
calculated as 31.53, 9.27, and 3.51 respectively, indicating
PMSi/CNT/C possesses a higher Li* diffusion coefficient, which is 7
times of PMSi/CCT/C and 80 times of PMSi/C. For mixed ion and
electron conductors (lithium silicon alloy), strong interaction exists
between Li" ions and electrons. The transport of Li* ions is intimately
linked to the transport of electrons [44,45]. So a high-efficiency electron
transport route may also improve the ionic conductivity.

On the other hand, to further evaluate the separate electronic com-
ponents of the total charge transport in mixed ionic and electronic solids
[46], we carried out IV characterization. The PMSi, PMSi/CCT, and

@ ()
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PMSi/CNT composites were pressed by hydraulic machine into thin
films on which copper pads were sputtered (Fig. 6d). Expectedly, with
the addition of CNTs, bulk resistance of PMSi significantly reduced and
the corresponding current increased by almost three orders of magni-
tude at the same excitation voltage (Fig. 6e). The resistivity of PMSi,
PMSi/CCT, and PMSi/CNT are calculated to be 88136 Q m, 400 Q m,
and 157 Q m, respectively. Owing to the unique contact structure of CNT
network and silicon, the PMSi/CNT exhibits the smallest inter-particle
resistances, which is of great significance to reduce polarization and
improve the rate performance in practical application.

The contact resistance between silicon and copper may further de-
creases after annealing due to formation of CusSi silicide inter-junctions.
To verify this, IV characterization curve (Fig. 6f) of the PMSi thin film
with copper electrodes was examined before and after annealing in an
argon atmosphere at 800 °C. Considering that bulk-resistance of PMSi
thin film may also change during annealing process, a comparison
experiment was added that the PMSi thin film was pre-annealed before
copper electrodes sputtering. With forward bias, the sample annealed
after sputtering showed the highest conductivity. The slight asymmetry
with forward and backward biases of the IV curves is caused by the
metal-semiconductor rectifying contact [47,48].

Overall, we successfully innovated the connection type of PMSi-CNT
instead of simply mixing them. The grown CNTs using CVD method take
root in the surface of the silicon particle through CusSi silicide forma-
tion, exerting its ability to conduct electricity at the greatest extent. The
CusSi silicide, working as a joint, offers excellent mechanical stability as
well as conductivity owing to its chemical inertness during battery
operation. Meanwhile, CNTs give excellent mechanical strength and
suppleness, which supply a self-adapted electronic network to resist the
severe volume changes during cycling. Even if mechanical fracture of
PMSi occurred in the subsequent battery cycle process, CNTs did not
detach from the silicon particles. And by sustaining robust electrical
conductivity in and inter silicon particles through the CNTs, electrons
are capable of migrating to each silicon particle directly and credibly.
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Fig. 6. (a) Electrochemical impedance spectrum with frequency ranging from 100 kHz to 0.01 Hz. Insets: (1) Equivalent circuit of the PMSi/C electrode. (2)
Equivalent circuit of the PMSi/CNT/C and the PMSi/CCT/C electrode. (b) Fitting results of the PMSi, PMSi/CCT/C, and PMSi/CNT/C composite electrodes. (c)
Relationship between Ze, and o /2 with frequency range from 10 Hz to 0.01 Hz. (d) Sketch diagram of IV testing process. PMSi/CNT, PMSi/CCT, and PMSi
composites are pressed into thin films (10 mm in diameter and 1 mm in thickness) with several copper point pads (500 pm in diameter) and a copper back pad. (e) IV
characteristics of PMSi, PMSi/CCT, and PMSi/CNT composites. (f) IV characteristics of copper-silicon contact impedance before and after annealing in 800 °C. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Such a high-efficiency electron conducting network improves Li* ionic
conductivity at the same time. As a result, both Li" and electron ob-
tained high mobility. While for traditional structure the active material
and CNTs are simply physically stacked together. The loose and
vulnerable contacts between CNTs and the particles means that once the
anode structure are deformed or fractured during the charge-discharge
process, electrons have to transfer through numerous particles and led
to large bulk resistance. Additional carbon shielding is also necessary to
enforce the network. As shown by our experiment, anode using MSi
mixed with commercial CNTs suffered from poor structural stability
problem.

3. Conclusion

A novel PMSi/CNT/C composite has been synthesized as LIB anode
taking advantage of the intimate contacts between grown CNTs and
PMSi. This unique structure not only exert mechanical stability, but also
provide high mobility of both Li™ and electron. Therefore, it is attractive
to meet the demand of long life cycles at high rate for practical appli-
cation. Safety, simple synthesis process, and low cost are also important
considerations for industrial employments. In addition, this design idea
can be expanded in other similar areas that suffer from low conductivity
or poor mechanical stability.

4. Experimental section
4.1. Synthesis of PMSi/CNT

Typically, 3 g of MSi were treated by a solution of 20 mM CuSO4 and
2.5 M HF (diluted by 300 ml deionized water and 100 ml ethanol) at 80
°C for 12 h to gain PMSi. The as-obtained PMSi were completely
immersed in concentrated nitric acid at room temperature for 1 h to
remove Cu. The PMSi were then filtered, washed, dipped in a solution of
Cu(NO3), (1 ML*1) for 5 min, filtered again, and dried in vacuum at 80
°C so that Cu(NOs), nano-particles were evenly dispersed in the potholes
of PMSi. Then the PMSi were transported to a quartz-tube furnace and
heated to 580 °C with a ramping rate of 5 °C min ™! in Ar/H, atmosphere
(200 sccm). The annealing treatment lasted 30 min to fully reduce the
Cu(NOs3), to metallic copper nano-particles. Then using Ar/Hj as carrier
gas (200 sccm), ethanol vapor was introduced into the furnace. At the
same time, the furnace was immediately heated to 800 °C and kept for 1
h.

4.2. Fabrication of PMSi/CNT/C electrodes

100 mg of the PMSi/CNT powder was ball milled with 500 mg of a
PAN solution (10 wt% dissolved in DMF) for 1 h at 200 rpm. Following
this, the mixed slurry was spread onto copper foil as a current collector
with a diameter of 14 mm and dried. The as-obtained electrodes were
then heated to 700 °C in Ar/H; atmosphere for 1 h with a ramping rate of
5 °C min~! without use of any binder or conductive agent. The mass
loading per electrode is 1.2-1.5 mg.

4.3. Characterization

The obtained samples were characterized by Scanning electron mi-
croscopy (SEM, Hitachi S4800,15 KV), transmission electron micro-
scopy (TEM, Philips Tecnai F30), X-ray diffraction (Rigaku Ultima IV
with Cu Ka radiation), Raman spectroscopy (WITEC A = 488 nm). A
Vario EL III (Elementar, Germany) was used to analyze the elemental
content. The Brunauer Emmett Teller (BET) specific surface area of the
samples was determined by an ariStar II surface area and porosity sys-
tem using the standard Ny adsorption and desorption isotherm mea-
surements at 77 K. The active mass was weighted by a microbalance
(METTLER TOLEDO XS3DU). IV characteristics are measured by a dig-
ital Source-Meter (Keithley, 2611 B).
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4.4. Electrochemical test

The CR2025 coin half-cell with a lithium foil assembled in an argon-
filled glove box (MBRAUN, LABmaster 100, Germany), were used to test
the electrochemical performance. The electrolyte solution was 1 M LiPFg
in ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl
carbonate (DEC) (1:1:1 in volume) with 10% fluorinated ethylene car-
bonate (FEC) additive. The cells were tested over a voltage range of
0.005-2.5 V (versus Li"/Li) at room temperature using a Land CT2001A
system (Wuhan, China). EIS was performed from 100 kHz to 10 mHz
with 10 mV of amplitude on an electrochemical workstation (Shanghai
Chenhua, CHI 660 E). The full cells designed with an N/P ratio of 1.1
(Anode with area capacity of 2.75 mAh cm™2 and cathode with area
capacity of 2.5 mAh cm™2 were designed), were carried out in the
voltage window between 2.8 V and 3.9 V. The thickness, mass loading
and diameter of the anode electrode is 27 pm, 2.68 mg and 14 mm,
respectively. The PMSi/CNT/C anode was first prelithiated using half
cells at 0.2 Ag™! for two cycles to form a stable SEL The cathode electrode
material consists of LiFePOy4, LiMnyOy, SP, Ls-6, PVDF (70:20:2:2:6) was
purchased from the Fast-Pass company.

Powders of PMSi, PMSi/CCT, PMSi/CNT were pressed into round
thin films (10 mm in diameter and 1 mm in thickness) by hydraulic
machine at the pressure of 25 kg em~2. These films were then sputtered
with several copper point pads (500 pm in diameter) and a copper back
pad using magnetron sputtering equipment (SKY Technology Develop-
ment Co.Ltd Chinese Academy of Sciences) (current 3.0 A, Argon flow
rate 22 sccm).
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