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Si is a promising anode candidate of lithium ion batteries with exceptionally high theoretical capacity, however, has fatal issues
including large volume expansion-induced instability and poor electrical conduction during the charging/discharging process. The
stabilization of the Si anode through buffering its volume expansion meanwhile maintaining its structure/morphology integrity is
currently the major strategy to overcome the issues. In this work, commercially available Si nanoparticles were confined within
the network of thin graphitized carbon layer (from carbonized polydopamine, named as C-PDA) through a straightforward route,
forming freestanding flexible and robust mat that can be used as anode directly. Excellent electrochemical performance, i.e., high
cycled capacity (about 1750 mAh g~ after 100 cycles at 100 mA g~') and rate capacity (around 1600 ~ 1700, 1200 ~ 1300,
800 ~ 900 and 600 ~ 700 mAh g~! at 200, 500, 1000 and 2000 mA g~!, respectively), was achieved after optimization due to the
C-PDA thin layer that creates electron conduction pathway and the interconnected channels within the C-PDA network that offers
free diffusion of electrolyte solution thus smooth transportation of Li ions. Unlike the common sense of accommodating/buffering
the volume expansion of Si by carbon phase, the Si NPs collapse into smaller ones upon lithiation at the initial stage and are still
trapped within the respective C-PDA frames. The C-PDA network acts as interlock to stabilize the collapsed Si, leading to good
electrochemical properties. Recyclability of the used anode was also investigated in this work, implying that taking the advantage of
its freestanding nature with no binder and conductive agent used, the used Si NPs with smaller size and maintained crystallinity can
be easily recycled through simple solvent soaking after discharge/charge cycling. This work offers a unique and useful strategy of
utilizing Si materials in an environment friendly and cost-effective way for energy storage application.
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As the one with exceptionally high gravimetric and volumetric
capacity, low discharge voltage as well as abundant resource, silicon
(Si) is a promising anode candidate as potential alternative to current
commercial graphite in lithium ion batteries (LIBs). The exploration
of Si-based anodes has been extensively carried out, as evidenced
by hundreds of scientific papers published in the last 15 years and
having been reviewed from varied perspectives.'”” Despite the great
potential, several issues of Si as anode severely hinder its practical
use, including large volume expansion (more than 300% upon full
lithiation) that irreversibly breaks the structural integrity, poor intrinsic
electrical conductivity that causes sluggish electrochemical kinetics,
as well as gradual pulverization of the anode along with lithiation/de-
lithiation cycles.

Typical strategies to tackle the above issues mainly rely on stabiliz-
ing the Si nanostructure while maintaining its morphology/structure
integrity during lithiation/de-lithiation. Firstly, introducing “nano-
effect” by reducing at least one dimension of Si to normally less
than 100 nm, such as Si nanoparticles/nanospheres/nanoflowers,5!°
nanocubes,!! mesoporous Si,'>'* Si nanowires,.'>"'® The nanoscale
dimension of the Si realizes faster and more complete alloying and
de-alloying with lithium ions, and meanwhile suppresses the volume
expansion during the process. Secondly, combining with structurally
stable and electrically conductive components to produce Si-based
composites. Among all the candidates (metals, polymers, etc.),'*
carbon is the most promising one, acting as host/support of Si, that is
capable of buffering/accommodating the volume change of Si during
charging/discharging, as well as providing good electrical conduction
to the composites. In addition, the carbon phase is also electrochem-
ically active and contributes to the overall battery performance. So
far, carbon nanofibers/carbon nanotubes,?>*>> graphene/graphite,’*=!
amorphous/doped carbon®*-¢ have been synergistically introduced
into Si nanostructures. The ratio of Si/carbon in the composites and the
effectiveness of the interaction between Si and carbon are the critical
factors that determine the properties. Last but not the least, improv-
ing the fabrication/assembling process through, for instance, optimiz-
ing the binders,>” inkjet-printing of the anode,* etc. Overall, the
design/development of proper Si nanocomposites that could efficiently
utilize the electrochemical activity of Si is still highly desired.
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Nowadays, the recyclability of the used materials has been becom-
ing a more and more important consideration in industry that favors
the utilization efficiency of the materials and the environment pro-
tection. Yet this has rarely been investigated in the area of batteries,
which the authors think it is worthwhile to unveil to add additional
value to the good energy storage performance. In this work, we pro-
posed a straightforward strategy to utilize Si via binding commercially
available Si nanoparticles (NPs) within fibrous thin carbon network,
achieving freestanding anode without the usage of any binder and car-
bon black. Interestingly, the Si NPs collapse into smaller ones instead
of expanding in volume upon lithiation, leading to excellent electro-
chemical properties. Moreover, the used collapsed Si NPs can be easily
recycled from the anode after battery test, offering opportunity for the
further reuse of the Si material.

Experimental

Materials.—Si nanoparticles (Si NPs, APS < 100 nm) were
obtained from Alfa Aesar (USA). Dimethylformamide (DMF),
polystyrene (PS, M,, = 350 000), dopamine hydrochloride (DOPA)
and tris(hydroxymethyl)aminomethane (Tris) were purchased from
Sigma-Aldrich (USA). The electrolyte solution, 1 M lithium hex-
afluorophosphate (LiPFg) in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) with volume ratio of 1:1, and the
lithium foil were purchased from Charslton Technologies, Pte., Ltd.
(Singapore). All chemicals were used without further purification.

Preparation of porous PS/Si fibers.—Si NPs were homogeneously
dispersed in DMF (10 wt%) through vigorous probe ultrasonication.
PS was then dissolved in above Si/DMF suspension with concentration
of 15 wt% through stirring at 60°C. The viscous PS/Si/DMF suspen-
sion was electrospun into PS/Si nanofibers, which were collected in
ethanol to form a loose lump from 2 hrs electrospinning, under the
applied voltage of 13 kV, feeding rate of 0.5 mL/hr and environmental
humidity of around 60 H%. It is highlighted here that the ethanol acts
as the collection medium for PS/Si fibers due to that PS is not soluble
in ethanol yes has good compatibility and wettability in this solvent.
The timely precipitation of the electrospun PS/Si fibers into ethanol
forms loose lump of the fibers with large inter-fiber spaces.*!
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Preparation of Si encapsulated in thin carbon.—The electrospun
PS/Si nanofibers that suspended in ethanol were washed with DI H,O
several times to fully replace ethanol, and then transferred into 300 mL
DOPA aqueous solution with concentration of 0.5 mg/mL. 0.363 g
Tris powder was then added and dissolved in above solution under
shaking to initiate the in-situ polymerization of DOPA on the surface of
the nanofibers for polydopamine (PDA) coating. The polymerization
was running for 2 hrs before the coated nanofibers were washed by
DI H,0. Multiple in-situ polymerization using the fresh DOPA/Tris
solution was conducted following the above procedure. After coating
and drying under vacuum at 60°C, the samples were thermally treated
in Ar atmosphere under the following condition: heating to 700°C at a
heating rate of 3°C/min, and keeping at 700°C for 3 hrs. Corresponding
to the coating times of 2, 4 and 6, the thermally treated samples are
denoted as C-PDA/Si-2t, C-PDA/Si-4t and C-PDA/Si-6t, respectively.

Structural, morphological and electrochemical
characterization.—A field-emission scanning electron micro-
scope (FESEM, JEOL-7600F) and a high-resolution transmission
electron microscope (HRTEM, JEOL-2100F) was used to study
the morphologies and structures of the samples. Energy dispersive
X-ray-scanning transmission electron microscope (EDX-STEM) ele-
mental mapping was conducted to identify the element distribution.
An X-ray diffractometer (XRD, Bruker D8 Discover GADDS), a
thermogravimetric analyzer (TGA, Q500), an X-ray photoelectron
spectroscopy (XPS, Theta-probe, Thermo Scientific) and a Fourier
transform infrared spectroscope (FTIR, Shimadzu) was used to
characterize the structures and composition. For the electrochemical
properties evaluation, the thermally treated freestanding samples
were cut into round shape with diameter of 10 mm and used as
anodes of LIBs directly without using any binder and electrically
conductive agent. To assemble the batteries, the anode, mesoporous
monolayer membrane (Celgard 2500, USA, pre-wetting by soaking
in electrolyte solution for a short term), the lithium foil and the
electrolyte solution was put into CR2032 coin cell in an argon-filled
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glove box with moisture and oxygen level of less than 0.1 ppm.
The assembled coin cell was connected to a battery test system
(4200, MACCOR, for cycled and rate capacity measurement) or
an electrochemical workstation (PGSTAT 302, Autolab, for cyclic
voltammetric (CV) and electrochemical impedance spectroscopy
(EIS) test) for electrochemical properties evaluation.

Results and Discussion

Morphologies and structures of Si NPs in C-PDA network.—Si in
powder form is normally blended with carbon black to achieve elec-
trical conduction, and bound by polymeric binder in order to paste
the formed slurry onto the current collector. While from our strat-
egy as shown schematically in Scheme 1, the commercially avail-
able Si NPs with average size of less than 100 nm are trapped within
thin carbon network that is in freestanding form. Si NPs were firstly
homogeneously dispersed in PS/DMF solution. After electrospin-
ning, PS fibers with Si NPs embedded were produced. As shown in
Figure 1a, bead-less fibers with diameter of 1~3 wm were obtained.
Under the high environmental humidity of above 50 H% during elec-
trospinning, porous fibers were obtained as reported previously,*? with
large quantity of mesopores and some macropores located on the sur-
face (Figure 1b). A SEM cross sectional view of a single PS/Si fiber,
as shown in Figure Ic, confirms that within the fiber, interconnected
nanochannels with size of tens of nanometers are created. The formed
highly porous PS network in the fiber, confines the Si NPs through
fully encapsulating them as typically indicated by the red arrows in
Figure 1c. The inset TEM image of Figure 1c shows the edge area of
a PS/Si fiber, further confirming that individual Si NPs are embedded
within PS without aggregation.

PDA thin layer, acting as carbon source, was then deposited onto
the surface of PS network. The open pores on the surface of fibers as
well as the large interconnected nanochannels within the fibers allow
facile diffusion of monomer aqueous solution thus even and complete
PDA coating.**** The thickness of the PDA thin layer varies and is

PS matrix
PDA coating

N
LAy

PS/Si PFs
’

PS/DMF + Si NPs

PDA coating

- S
o~

Si NPs
SiOx layer
\ ¢ Thin C-PDA \ ;
\‘ '
\ :
2
v
4
Annealing

Q)
&6
D/
o

PDA-PS/Si PFs /

/

4 Siiin C-PDA’
network ,

Scheme 1. The strategy to confine Si nanoparticles within thin carbon fibrous network (from SEM cross sectional view of the corresponding samples).
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Figure 1. (a) and (b) SEM images of the PS/Si fibers, (c) SEM cross sectional
view of a single fiber, showing the high porosity as well as the embedded Si
NPs that pointed by red arrows. The inset of (c) shows the TEM image of the
edge area of a single PS/Si fiber.

controlled by the coating times, which in turn brings different carbon
contents for the final hybrids. After thermal treatment in argon, PDA
was converted into graphitized carbon named as C-PDA,* while PS
is totally removed via full degradation. Taking the one from 4 times
PDA coating as an example (C-PDA/Si-4t), the fibrous morphology
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remains after thermal treatment (Figure 2a). The long fibers entangle
with each other, forming non-woven mat which is flexible and strong
enough to sustain battery assembling due to the robust thin C-PDA
network (inset of Figure 2a). The diameter of the fibers is reduced to
around 1 pm since the C-PDA thin layer shrinks upon the removal
of PS matrix, and the surface of the fibers wrinkles into rough one
with some Si NPs clearly observable as highlighted in those dash
circles (Figure 2b). The SEM cross sectional view, as shown in Fig-
ure 2c, verifies that it is constructed by highly porous thin C-PDA
network inside the fibers. The Si NPs are uniformly and fully trapped
in the network, as confirmed by the TEM image (Figure 2d) and the
corresponding EDX-STEM elemental mapping (Figures 2g~21i), and
the individual Si nanoparticles are covered by C-PDA thin layer with
some voids created in-between (Figure 2¢). The coverage ensures ef-
ficient contact between Si and C-PDA for smooth electron conduction
due to the high electrical conductivity of C-PDA with multilayered
graphene structure,® while the voids allows electrolyte diffusion for
ion transportation. The high-resolution TEM image, as shown in Fig-
ure 2f, further confirms the C-PDA coverage and the voids. In addi-
tion to the C-PDA thin layer, an extra layer with thickness of several
nanometers is attached tightly onto the surface of Si NPs (Figure 3a).
The XPS Si scanning of the sample, as shown in Figure 3b, verifies
that this extra layer is silicon oxide (SiOy), which is the native oxi-
dized layer on the commercial Si NPs (Figure S1). The native SiOy
thin layer is beneficial for suppressing the volume expansion of the
Si NPs during discharge/charge process.*®*’ Despite the formation
of the SiOy layer and that elemental Si is not detected in XPS pat-
tern, which is probably due to the detection depth of XPS technique
(< 10 nm) as well as the fact that the Si NPs are trapped within C-PDA
network and covered by SiOy layer, the majority is still elemental Si
as confirmed by the XRD result (Figure 3c) which verifies the only
face-centered cubic crystalline phase of Si.* The crystalline lattice
of [111] with inter-spacing of about 0.31 nm is directly observed in
Figure 3a. As mentioned above, the C-PDA/Si hybrids with different
C-PDA thickness were prepared via varying the coating times, 2, 4 and
6. For the other two samples, C-PDA/Si-2t and C-PDA/Si-6t, similar
morphologies and structures were observed (Figure S2 ~ S4), while
the larger C-PDA thin layer thickness gives rise to smoother surface
of the fibers as well as lower Si content. As indicated in Figure 3d, the

Figure 2. (a~c)SEMand (d ~ f) TEM images of Si
NPs encapsulated in thin C-PDA network, taking C-
PDA/Si-4t as a typical example. (g ~ i) EDX-STEM
elemental mapping of C and Si on a single C-PDA/Si
fiber, showing the distribution.
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Figure 3. (a) TEM image of a single trapped Si nanoparticle, showing the crystalline structure as well as the formed SiOx layer, (b) XPS pattern and (c) XRD
result of C-PDA/Si-4t, and (d) TGA curves of the samples with different C-PDA thin layer thickness.

Si content in C-PDA/Si-2t, C-PDA/Si-4t and C-PDA/Si-6t is around
81.2, 66.3 and 38.3 wt%, respectively.

Electrochemical properties evaluation.—Herein, the strategy of
confining Si NPs within a porous C-PDA thin layer network has been
successfully verified as discussed above. The C-PDA/Si network is in
freestanding form with high flexibility and good mechanical strength
to sustain the cutting and battery assembling without using any binder
and conductive agent. As anode of LIBs, the C-PDA/Si networks with
different C-PDA thin layer thicknesses, i.e., varied Si contents, exhibit
typical Si lithium/de-lithium behavior as confirmed by the CV results
of C-PDA/Si-4t (Figure 4) within the voltage window of 1.5 ~ 0 V
and scanning rate of 0.5 mV/S. The broad peak at around 0.5 V at
the 1% lithiation curve, which disappears in the following lithiation
curves, indicates the irreversible formation of solid electrolyte inter-
phase (SEI) layer on the surface of anode. The shoulder at the lower
voltage range of 1* lithiation curve, is attributed to the reversible al-
loying of lithium ions with Si. Two peaks located at about 0.37 and
0.58 V of the de-lithiation curves confirm the decomposition of the
Li-Si alloy.*>>° It is worth noting that the intensity of the reversible
peaks on both cathodic and anodic curves increases along with the
cycles, indicating that the lithium ions insertion into the anode may
be a gradual process, and the activation of the Si takes place at the
initial cycles. The charge/discharge capacity of the samples under the
current density of 100 mA g~! and voltage window of 1.5 ~ 0.005 V
further verifies this. The charge-discharge curves for the 1t ~ 10
cycle, taking C-PDA/Si-4t as a typical example, as well as the cycled
capacity of the samples are shown in Figures 5a and 5b. The charge-
discharge behavior of the C-PDA/Si network is consistent with the
CV results as analyzed above. It is clear that for all the three samples,
the charge/discharge capacities keep increasing at the first 15 cycles,
indicating that the Si is gradually activated during these cycles. Com-

paring the three, the one from 4 times PDA coating (C-PDA/Si-4t), i.e.
with Si content of about 66.3 wt%, exhibits the best cycled capacity.
The capacity remains at about 1750 mAh g~! after 100 cycles under
the testing condition. At higher current density of 200, 500, 1000 and
2000 mA g~!, the C-PDA/Si-4t possesses capacity of around 1600
~ 1700, 1200 ~ 1300, 800 ~ 900 and 600 ~ 700 mAh g~!, respec-
tively, and its capacity rebounds back to 1300 ~ 1500 mAh g~! when
the current density of 200 mA g~! is applied again (Figure 5c). This
indicates the good electrochemical performance, including stable cy-
cled capacity and high rate capacity, of C-PDA/Si-4t. The much better
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Figure 4. Cyclic voltammetric (CV) curves of C-PDA/Si-4t at the first 5
cycles.
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Figure 5. (a) Charge-discharge profiles of the samples under current density of 100 mA g~ taking the one with 4 times PDA coating as an example (C-PDA/Si-4t),

and (b) cycled capacity of the samples under current density of 100 mA g~!

varied current density.

electrochemical property of C-PDA/Si-4t than that of the other two,
C-PDA/Si-2t and C-PDA/Si-6t, is mainly ascribed to that the C-PDA
network in C-PDA/Si-2tis too thin and brittle to accommodate the vol-
ume expansion of Si during lithiation/de-lithiation, resulting in carbon
network cracking after cycling as confirmed in Figures 6a; and 6a,,
while the Si content in C-PDA/Si-6t is too low (38.3 wt%) to favor
high electrochemical activity for Li ion alloying/de-alloying, despite
that the structural integrity remains after cycling for both C-PDA/Si-
4t and C-PDA/Si-6t (Figures 6b;, 6b,, 6¢; and 6c¢,). Furthermore,
the thickness of the electrically conductive C-PDA thin layer may
affect the ions insertion and transportation on the electrolyte solution-
anode interface and within the anode, for which the thin layer with
too small thickness conducts ions in a discontinuous manner during
discharge/charge cycles, while that with too large thickness (normally
> 15 nm) hinders the transportation of ions. Therefore an appropri-
ate thickness is required to conduct ions at low resistance. As clearly
confirmed by the EIS results of the three anodes (Figure 7), the one
from C-PDA/Si-4t possesses the lowest interfacial and ion diffusion
resistance, leading to best electrochemical performance among all as
presented above.

Morphological evolution upon lithiation and recyclability
investigation.—Despite that the C-PDA is also electrochemically ac-
tive and may alloy/de-alloy with Li ions during charging/discharging

, and (c) rate capacity of the sample with 4 times PDA coating (C-PDA/Si-4t) under

process,®’ the porous network contributes in a limited extent to the
overall capacity due to the relatively low capacity as well as the low
content. Nevertheless, the excellent electrical conductivity of C-PDA,
which is intrinsically nitrogen-doped multilayered graphene,*® creates
continuous pathway for electron conduction. And the interconnected
nanochannels within the C-PDA network allows free diffusion of elec-
trolyte therefore the smooth transportation of Li ions into/from anode.
This is schematically demonstrated in Scheme 2. Regarding the Li
insertion/extraction of Si, it has been well known that a volume ex-
pansion of 300 ~ 400% occurs upon Li-Si alloying, and the proper
introduction of “breathable” carbon is to accommodate/buffer such
volume change of Si for stable reversible cycling. Interestingly in this
design, the expanded volume of Li-Si alloy is not simply buffered by
the C-PDA thin layer. Instead, as can be seen from the TEM images
(aj, a3, by and b,) after 1% charging in Scheme 2, the Si NPs collapsed
into much smaller ones after lithiation. This is probably due to that the
C-PDA thin layer constrains the volume expansion of the Si NPs in
their respective frames during alloying with Li ions, and the stable C-
PDA network acts as interlock to prevent the Li-Si alloy from further
“growing” once the limited interspace of the C-PDA frame is fully
filled, leading to the collapse of the Si due to the induced “expansion
force” by the C-PDA network, as shown schematically in Scheme 2.
The maintaining of the interspace size after 1% charging as in the TEM
images (a; and b, ) further confirms that there is no volume change for
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Figure 6. Morphology of the sample of (a; and ap) C-PDA/Si-2t, (b; and b,)
C-PDA/Si-4t and (c; and cp) C-PDA/Si-6t after cycling, showing the structure
collapse in C-PDA/Si-2t and the structure integrity of the other two.
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Figure 7. The electrochemical impedance spectroscopy (EIS) results of the
batteries using C-PDA/Si-2t, C-PDA/Si-4t and C-PDA/Si-6t as anode.

the C-PDA frames, and the STEM-EDX elemental mapping results
(Figures 8a, ~ 8as) indicate the uniform distribution of Si within the
network. Despite the collapse, the collapsed smaller Si is still com-
pletely trapped within the C-PDA frames since the outer surface of the
C-PDA fibers is mostly enclosed without open pores (Figure 2b), and
therefore stabilized by the C-PDA network, leading to good electro-
chemical performance in the following charging/discharging cycles.
It is worth noting that the collapse of the Si NPs may not be finished
within the 1% cycle but the initial few cycles. This explains why the
capacity at the initial stage of until about 15" cycle keeps increasing
along the cycles.
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Scheme 2. Schematic demonstration of the lithiation/de-lithiation process of the C-PDA/Si network as well as the functionality of each component, and the
corresponding TEM images of the C-PDA/Si network (C-PDA/Si-4t) after charging/discharging.
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Figure 8. STEM-EDX elemental mapping (C, Si) of the C-PDA/Si-4t after (a; ~ a3) 1% charging and (b; ~ b3) 100 cycles.

The recyclability of the used anode was further investigated after
100 cycles. After cycling, the freestanding anode mat remains and can
be easily peeled off from the current collector after disassembling the
battery cell. The mat is mechanically strong enough to go with sol-
vent washing and soaking process in order to remove the electrolyte,
lithium compounds and other possible impurities, as shown in the in-
set of TEM image c; in Scheme 2. After purification through simple
ethanol soaking for several times, the C-PDA network still maintains
its fibrous integrity, and the Si NPs with much smaller size remain
within the network (TEM image ¢, and c,, Scheme 2), which is con-
firmed by the STEM-EDX elemental mapping results (Figures 8b,
~ 8b3). The TGA curve and XRD pattern of the sample (Figures 9a
and 9b), C-PDA/Si-4t, after 100 cycle test and purification verifies the
remained crystalline Si phase with high content of 59.5 wt%, close
to the one before cycling (66.3 wt%). Comparing with the conven-
tional paste-based anode made from powder, from which it is difficult
and very troublesome to separate the active material from the binder,
conductive agent and lithium compounds while maintaining the struc-
tural/morphological integrity of the material, the designed hybrid in
this work can easily “recover” to almost original status through simple
soaking and washing process. The recycled Si/C-PDA hybrid can be
further used in other proper applications, or to retrieve Si compound
upon burning C-PDA out.

Conclusions

A straightforward strategy has been designed in this work to utilize
commercially available Si NPs as anode of LIBs directly by forming
freestanding flexible and robust mat. The Si NPs were confined within
the network of thin graphitized carbon (C-PDA) layer with significant
interconnected nanochannels. The morphologies and structures of the
C-PDA/Si network have been well studied, and the composition has
been optimized based on electrochemical properties. Excellent elec-
trochemical performance, including high cycled capacity and high rate
capacity, has been achieved. This is due to the formation of highly elec-
trically conductive C-PDA pathway for electron conduction and the
interconnected nanochannels for Li ions transportation. A different
phenomenon for the lithiation/de-lithiation of the Si compound was
observed. Upon repeated lithiation/de-lithiation, the Si NPs collapse
into smaller ones and are still trapped within the C-PDA frames. The
smaller Si is further stabilized by the C-PDA network which acts as
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Figure 9. The (a) TGA curve and (b) XRD pattern of the C-PDA/Si-4t after
100 cycles test and purification, confirming the remained crystalline Si phase
with relatively high content after cycling.
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terlock, leading to good electrochemical performance. The recycla-
lity of the obtained Si/C-PDA hybrid was further investigated after

cycling test, suggesting that the designed hybrid can be easily recy-
cled and reused due to its robust freestanding nature which requires
no binder and conductive agent.
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