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etry, impedance, and performance tests.
Such superior performance of the cell
with spider silk binder might be attrib-
uted by the unique properties of silk.

Spider web Silk Fibrils

4000t —a-Discharge (SWs) l

—+—Charge (SWS)
Chad v Discherge (SPVOF)
;
4
A

g o0 “+— Charge (SPVDF)
% ol

£ 200

S o
£ 1000
3

NMP+
Spider Silk

ARTICLE INFO

ABSTRACT

Article history:

Received 6 August 2019

Received in revised form 20 March 2020
Accepted 20 March 2020

Available online 21 March 2020

Keywords:
Spider silk
Silicon
Binder
Anode
Batteries
Lithium

Silicon (Si) has attracted attention for use in lithium ion batteries due to its high theoretical capacity and its nat-
ural abundance. However, significant change in the volume of Si electrodes during repeated cycles causes dra-
matic capacity degradation and reduces the benefits of its attractive qualities. Here, it is reported for the first
time that a derivative of natural spider silk is effective for retaining the capacity and decreasing the volume ex-
pansion of Si for use in Li-ion batteries as electrodes. Relative to the Si-electrode with polyvinylidene fluoride
(SPVDF), the Si-electrode containing binder with the dissolved spider silk (SWS) cells achieved significant en-
hanced capacities with cycling stability during repeated cycles. The SWS electrode at 250 mA g ~! showed the
discharge/charge capacities of 3642/1938 mAh g~ at 1st cycle, 1789/1541 mAh g~ at 2nd cycle and then re-
duced to 1142/1054 mAh g~ ! at the 5th cycle. However, the capacities of the SPVDF electrode were 3903/
2694 mAh g—', 1455/1211 mAh g, and 458/435 mAh g~ . Furthermore, the discharge capacity of SWS was
333 mAh g~ at the 38th cycle, but that of SPVDF showed 323 mAh g~ at the 7th cycle. Such superior perfor-
mance with good cycling ability may be attributed to the unique properties of spider silk: the folded crystal
layer with semi-amorphous structure, the superior properties of viscosity and adhesion, and the close stacking
by the protein blocks as well as the side chain R-group of crystal 3-sheet. The combination of these characteristics
was able to restrain the deleterious change in the volume of Si materials substantially, and to provide superior

electrochemical characteristics of lithium ions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Recently, there is a rapid development of battery technology with in-
creased capacity, power, and life span. However, commercial lithium
ion batteries exhibit a number of limitations. In particularly, the use of
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graphite anode has low capacity. Among the candidate materials to re-
place graphite, silicon (Si) has attracted great attention as a promising
anode material that might overcome the limitation. One of the reasons
is that the theoretical capacity of Si is over ten times greater than that
of graphite materials. In addition, Si is both cheap and abundant
which provides potential significant cost-savings for mass production.
Despite these advantages, the use of Si has a number of drawbacks:
large volume change of Si during repeated cycles [1], low electrical con-
ductivity (1000 S/m) [2,3], and the formation of unstable solid electro-
lyte interphase (SEI) layers [4]. Among these issues, the biggest barrier
to commercial application is the drastic volume expansion (3-4
times). This pulverizes the electrode material, leading to increased im-
pedance from the loss of contact between electrode and electrolyte,
and a rapid decrease in capacity [5]. Several studies have been
attempted to address this through the modification of Si-embedded
electrode structure to produce various morphologies. These include Si
sponges [6], amorphous and crystalline Si structures [7], nanowires
[8], shells [9], and hierarchical Si morphologies [10]. However, there
are relatively limited studies on binder materials to reduce the dramatic
volume change of Si, and investigation on the role of adhesion between
active materials and conducting carbon materials.

Binders play an important role in the electrochemical performance
of the electrodes. They can mechanically stabilize the electrodes during
repeated cycles [11]. When lithium ions are inserted and extracted, the
active material expands and contracts, respectively in the (001) direc-
tion. This weakens the interfacial contact between active and conduc-
tive materials, and causes an increase in the resistivity. Eventually, the
active and conductive materials peel off from the electrode surface,
which leads to a dramatic performance degradation. Therefore, the effi-
cient use of binder and the development of better binder materials to
improve mechanical stability will greatly improve battery performance
and lifetime. The instability-to-weight ratio of Si is much higher than
that of graphite, thus, the role of binders in Si-battery research is
much more important than for graphite. The adhesive property of a
binder directly affects the mechanical stabilization [12,13]. Recent
binder research has focused on four main targets: adhesion strength,
elasticity, cost, and environmental consideration [14]. Increasing adhe-
sion between binders, conductive materials, and active materials [15]
leads to a reduction in resistance and enhanced capacity retention.
High elasticity enables large volume change of active materials during
the intercalation and deintercalation of lithium-ions without perfor-
mance degradation [16]. Low cost and eco-friendly materials provide a
competitive edge for lithium-ions batteries (LIBs) as compared to
other battery types [17].

There are various polymers that can be used as binders, such as
polyvinylidene fluoride (PVDF) [14], styrene butadiene rubber (SBR)/
carboxymethyl cellulose (CMC) [18], and polytetrafluoro ethylene
(PTFE) [19], however, these binders have limited capability for reducing
the volume change of Si electrode materials. Furthermore, by compari-
son to the research on many materials for use as negative and positive
electrodes, only a few novel materials have been studied so far for use
of binders. These include polyacrylic acid (PAA) [18], chitosan [20],
and sodium-alginate [21]. For these reasons, this work focuses on the
development of novel binder materials, and in particularly, nature in-
spired spider silk. Among these binder materials, the PVDF binder was
chosen to compare with our proposed novel silk binder in this paper.

Spider silk is produced by spiders to construct webs, capture prey, to
fly, and to provide protective cover [22], and its structure and function
have been explained in reference [23]. The spider silk is 5 times stronger
than the steel and 1000 times thinner than a human hair [24]. The silk
morphology, and its chemical structure are presented in Fig. 2. The silk
consists of a core of silk fibrils composed of nanocrystal sheets and
semi-amorphous regions inside a silk skin. The nanocrystal sheets are
crystalline p-sheets and contribute to the high tensile strength of the fi-
bers [25]. A fiber forms cross-linked amino acid sequences, with repeti-
tion of mainly alanine or glycine. The abundant amino acids are closely

packed together, providing the high strength of spider silk. The semi-
amorphous regions are composed of 3-spirals, and resulted in high elas-
ticity, which enables the retention of struggling prey [25]. Each nano-
crystal beta-sheet is connected with the strands by many hydrogen
bonds. The hydrogen bond is known as the strongest type of intermo-
lecular bond [26], and is usually formed in organic materials such as
DNA and proteins. Along chains or sheets of proteins, there may be mil-
lions of hydrogen bonds binding each protein to its neighbour, hereby
dramatically increasing the strength of the overall structure [27].

Given these unique properties of spider silk, it is hypothesized that
its use as a binder may increase the packing density of active materials
in battery anode; and significantly reduce the volume cyclical change
associated with Si anode materials, thereby dramatically improving bat-
tery life. The aim of this article is to evaluate and establish the possibility
of using spider silk solution as the binder material. This is the first study
to explore the use of nature inspired spider silks as a novel binder for
metal anode materials. This novel approach using spider silk provides
new insights for the development advanced LIB-materials using such
new binder based on spider silk to overcome the limitations of commer-
cial binder PVDF, thus enabling a fresh assessment of volume-change is-
sues. The design and use of spider silk will also be relevant to other
energy storage applications such as supercapacitors and renewable en-
ergy devices like thermoelectrics.

2. Experimental

Natural spider silk was harvested, and immersed in n-
methylpyrrolidone (NMP) solvent to dissolve it. The resultant solution
was mixed for two weeks, and the color of the solution was observed
to change from light green to dark brown during this period. Powder
X-ray diffraction (XRD) was performed using a STOE STADI-P device
with a Mo-Ka1 (Fig. 1) and Cu-Ka1 (Fig. 2) X-ray sources. Scanning
electron microscopy (SEM, Zeiss EVO MA) was used to characterize
the nanostructure and morphology. Fourier Transform Infrared Spec-
troscopy (FTIR) was performed using a Spectra Two (Perkin Elmer)
over a wave number range of 4000 to 400 cm ™!, and attenuated total
reflectance mode was applied in order to examine the bonding struc-
ture of each sample. The viscosity of the polyvinylidene fluoride
(PVDF), and spider silk solution samples were measured using a
Viscolite 700 Portable Viscometer. Each sample was measured three
times and the averaged value was recorded. Contact angle analysis
(Theta Auto One Attension) was performed in order to characterize
the surface energy characteristics of each electrode with a different
binder material. Atomic force microscopy (AFM) with an indentation
tip was used to probe the physical surface. A Dimension Edge (Bruker)
was used for the dimensional analysis of the silk fibers. The electro-
chemical performance of the Si powders (Sigma-Aldrich) was measured
using a CR2032 half-cell. The negative-electrode slurries were made
using a mixture of materials consisting of carbon black (super P,
TIMCAL), Si, carbon black, and binder (PVDF or spider silk) with n-
methyl pyrrolidone (NMP) as the solvent. The weight ratios of Si, carbon
black, and binder material were 8:1.5:0.5 and 4.5:4.5:1, respectively.
These viscous slurries were cast using an automatic casting coater on
the current collectors (Cu-foil) and were dried in a vacuum oven at
80 °C for 12 h. The mass loading of Si in each electrode was provided
in the Fig. 10. Li foil was used as the counter and reference electrodes.
The electrolyte was a solution of 1 M LiPFg in a 1:1 volume ratio of
ethyl carbonate and dimethylcarbonate, and a glass fiber separator
was applied. Cells were fabricated in a glove box filled with argon gas
where moisture and O, levels were controlled to below 0.5 ppm. Galva-
nostatic charge/discharge tests were performed using a Maccor system
within the potential range 0.005-2.0 V (vs. Li/Li*) at a high current den-
sity of 250 mA- g~ L. Cyclic voltammetry (CV) and electrochemical im-
pedance spectra (EIS) were performed using an Autolab system. The
CV was tested in the voltage range of 0.005-2.0 V at a scan rate of
0.1 mV-s~!, and the impedance tests were carried out by applying AC
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Fig. 1. (a) XRD and (inset) SEM image (the enlarged SEM image is presented in the SIFig. 1) of Si; (b) ATR-FTIR spectra of PVDF and spider silk; (c) ATR-FTIR spectra of the liquid samples of

NMP, NMP + PVDF and NMP + Spider Silk.

voltage of 10 mV over a frequency range from 10~ to 10° Hz. The Si-LIB
with PVDF or spider silk binder was denoted as SPVDF or SWS,
respectively.

3. Results and discussions

XRD (Mo-Ka1 radiation) and SEM were used to analyze the crys-
tal structure and morphology of the Si-materials. The results are
shown in Fig. 1(a). XRD confirms the powders are Si with quartz
crystal structure with no apparent impurity (PDF #27-1402) pres-
ent. The scanning electron micrograph in Fig. 1(a) reveals the pow-
ders to be mostly nanoparticulates (see the inset image in Fig. 1
(a) and SI-Fig. 1). Fig. 1(b) shows ATR-FTIR results in order to estab-
lish the bonding in PVDF and spider silk. (b). The absorption bands of
PVDF are observed between 1402 and 486 cm~! [28] with the ab-
sorption peaks at 486, 614, and 762 attributed to the CF, bending
mode, and the peak at 872 cm ™! assigned to the CH out-of-plane de-
formation band. The bands at 974 and 1182 cm ™' indicated a CH,
twisting mode and CF, symmetric stretching mode, respectively,
and these presented in the polymer phase [28,29]. In the spider silk

curve, bands between 3500 and 3200 cm ™! are originated from the
NH- [30] and OH- stretching vibrations [31]. The band at
2920 cm~ ! indicating the presence of CH stretching bond [32], and
the bands at 1520 and 1318 cm™! correspond to amide II and
amide III groups, respectively. The band at 1628 cm™! is related to
amide I, and also attributed to the hydrogen bonding to the conform
backbone, to connect the main chain and subgroups, and to enable
longer bonds [31]. This band region indicates the L-alanylglycine, L-
alanine, and glycine-rich regions [33]. Such strong hydrogen bond-
ing interactions at high wave numbers and in the amide band regions
in the ATR-FTIR spectrum of SWS are not observed in the spectrum of
anode using PVDF binder, which might contribute to the use of spi-
der silk to hinder the volume change of Si-based electrodes, thus en-
hancing their stability. The ATR-FTIR spectrum was also performed
in order to compare each peak of three liquid samples (NMP, PVDF
dissolved by NMP, spider silk dissolved by NMP). These results
were presented in Fig. 1(c). The unique NMP band was observed at
1673 cm~ ', and this band was not moved when the PVDF was
added. However, when the silk was dissolved by NMP, the band
was shifted to the left at 1645 cm™'. This shifting could be explained
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Fig. 2. (a) X-ray powder diffraction patterns of the NMP casted Cu-foil, the SWS electrode, the SPVDF electrode and the ICDD databases of Si, C, and Cu; (b-e) the unique peaks of the SWS

electrode.

by the effect of crystal-beta sheet of which band is normally detected
at circa. 1625-1640 cm ™! between 1600 and 1700 cm ™! of amide I
band [22,34]. This could be analyzed as the structure has little
changed, however, the crystal beta sheet is still in the spider silk so-
lution (spider silk dissolved by NMP).

X-ray diffraction characterization (XRD, Cu-Ka1 radiation) was per-
formed on three samples (i.e. NMP cast Cu-foil, the SPVDF electrode (on
Cu-foil), and the SWS electrode (on Cu-foil)) in order to verify the
unique crystal structure of SWS as compared to other samples. Fig. 2
(a) shows the XRD patterns of these three samples as compared with

the International Centre for Diffraction Data (ICDD) databases of copper,
carbon, and silicon. Fig. 2(b, ¢, d, e) confirmed the presence of the
unique peaks of the SWS electrode. The NMP cast on Cu-foil sample
was used as the control group to compare the experimental groups of
SWS and SPVDF. The SWS and SPVDF samples exhibited all peaks for
the silicon of the active material, the super P carbon of conductive
agent, and the copper foil of current collector based on the ICDD data-
bases. Five peaks at ‘2 Theta = 12.8, 26.5, 29.5, 36.4, and 61.3’ were ob-
served for the SWS. Except five unique peaks of the SWS, the others
were matched well with all peaks of the SPVDF. It indicated that the
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unique peaks presence in SWS were not observed in SPVDF. The five
unique peaks of the SWS may be related to the unique material proper-
ties of spider silk, including the crystal beta sheet structures. The XRD
results provided the direct evidence that the special structure of the spi-
der silk in the SWS electrode, resulting enhancing electrochemical
properties.

Fig. 3(a) and (b) shows SEM images of pristine spider silk exhibiting
directional silk strand structure, and more images of spider silks are pro-
vided in SI-Fig. 2. Fig. 3(b) is the enlarged image of the red square area in
Fig. 3(a). Fig. 3(c) is the schematic structure of a spider silk web. One silk
strand consists of many silk fibrils consisting of long sequences of a pro-
tein (with glycine, one type of amino acid), and has the unique “flexible
spring” structure, attached to alanine-blocks on both sides [35]. The pro-
tein of alanine has the structure of corrugated sheets, enabling them to
pack closely together to form rigid blocks [27]. When a force is applied,
the glycine enables stretching of the silk fibers due to its elastic and ten-
sile behaviors, and the firm alanine blocks play the role of molecular an-
choring. The optimal combination of these unique properties enables
silk fibers to be both stretchable and strong, leading to ultra-tough
materials.

In order to examine the surface, quantify stiffness, and adhesive
strength of the spider silk, AFM was performed with the results shown
in Fig. 4. Spider silk fibers were imaged on a substrate, and indicate
the 3-dimensional topographical fiber pattern (a) and sample of spider
silk (inset), the 2-densional fiber pattern (b), and DMT (Derjaguin-
Muller-Toporov) modulus (c), adhesive strength (d) respectively.
From images (a) and (b), the height of a bundle silk fiber is determined
to be circa. 360 nm. The DMT image (c) is used to establish the Young's
modulus. The values of Young's modulus are within the range

2um EHT =20.00 kV/

—25.5-59.5 GPa (Note: negative and positive symbols indicate when
it is compressed and stretched, respectively). As compared to the values
(between 0.2 and 1.4 GPa) of Young's modulus for PVDF these values in-
dicated much greater stiffness [21]. The images (d) presented the adhe-
sive strength of the spider silk fiber which is within the range from 10.5
to 94.3 nN as compared to PVDF which has a typical value of circa. 5 nN
[37]. The high stiffness and adhesive characteristics of spider silk would
suggest that as a binder it may be able to embrace the volume expansion
of the active materials while retaining rigid as compared to the conven-
tional PVDF binder. Additional mechanical tests (e.g. peel force test and
tensile test) could be performed in order to discuss and elucidate further
the mechanism performance.

The samples were immersed in NMP solution in order to investigate
and compare the viscosity of the binders. Fig. 5(b) showed the viscosity
of these samples. The values of Viscosity per weight of PVDF and spider
silk were measured to be 1303.3 and 425 cP/g, respectively, indicating
that spider silk has viscosity circa. three times higher than PVDF and ap-
peared to have a darker color as shown in Fig. 5(a). The result might be
related to the higher viscosity in SWS based Si-electrode as compared to
those using PVDF as the binder, which provided a good electronic con-
tact and conduction, thus enhanced the diffusion rates of lithium ions
in the electrolyte, and helped to maintain a shorter Li-insertion
distances.

In order to investigate the surface properties of the binders, the con-
tact angle was measured (see Fig. 6). The water contact angle is signifi-
cantly lower for the SWS electrode (35-36°) as compared to the SPVDF
electrode (75-76°). This implied that SWS is much more hydrophilic
than SPVDF, and thus would have a better wetting ability with the elec-
trolyte solvent.
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N
S

Hydrogen Bonded Strand

Fig. 3. SEM images; (a) a major silk holding a web; (b) the enlargement of image (a); (c) schematic structure of spider silk (adapted from the reference) [36].
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360.5 nm

-760.8 nm

10.5nN

Fig. 4. (a) AFM topographical image of a 3-dimensional silk fiber and (inset) an optical image of a bundle silk fiber; (b) fiber diameter; (c) DMT modulus; and (d) adhesive strength.

The characteristics of SWS and SPVDF electrodes when exposed to
fluorescent lamp was captured using a camera in order to analyze the
physical and surface characteristics of each electrode. The materials in
these electrodes were the same, except that the binder materials were
different (spider silk solution or PVDF solution). The camera images
were recorded as a short video file, and a schematic representation is
shown in Fig. 7. Electrodes of SPVDF or SWS are placed on the left- or

NMP+
PVDF

NMP +
LSpider Silk

the right- hand side in Fig. 7(a), respectively. When the camera was
moved across the electrodes under a fluorescent lamp, the SWS surface
twinkled while those on the SPVDF did not. The reason for the twinkling
of the SWS surface is that structural components in the spider silk fibrils
(crystal p-sheet)would reflect the light. This result may indicates the
existence of crystal B-sheet on the SWS surface in addition to the
semi-amorphous domain in Fig. 3(c).

1600 : . 1600
1400 1400
1200 1200
1000 1000

800 800

600 600

400 -— 400

Viscosity per weight (cP/g)

200 200

Fig. 5. (a) Color comparison of the color between the samples of NMP + PVDF and NMP + spider silk; (b) comparison of the viscosity per weight of PVDF and spider silk based binders. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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(b)

Fig. 6. Contact angle measurements of (a) SPVDF and (b) SWS based electrodes.

(b)

N N e

SPVDF

Fig. 7. (a) Comparison of surfaces of the SPVDF and the SWS electrodes with different binder materials; (b) A schematic diagram of the comparison of electrodes. (Note: A short movie file

was also presented about this.)

Cyclic voltammetry (CV) was carried out in order to investigate
the electrochemical behavior of the test electrodes. CV curves of
the SWS and SPVDF based electrodes are shown in Fig. 8. The
SPVDF curves are fairly similar to curves reported for crystalline Si
electrodes with PVDF binder [38], and in the first cycle shows two
broad cathodic (Li-insertion) peaks at 1.36 and 0.61 V, and two an-
odic (Li-extraction) peaks at 0.33 and 0.61 V. In the scan of Li-
insertion, a less discernable peak at 1.36 V can be associated with

0.0004

0.0002

0.0000

—_

-0.0002

-0.0004

Current (A

-0.0006
-0.0008

-0.0010

-025 000 025 050 0.75 1.00 1.25 1.50
Potential (V)

175 200

the onset of solid electrolyte interface (SEI) layer formation [39],
and the peak at 0.61 V attributed to the formation of the main SEI
phase and electrolyte decomposition. These SEI peaks became indis-
cernible in the second cycle, which means that those reactions are ir-
reversible. The current increase between 0.25 and 0.005 V for the
cathodic peak is related to the conversion of Si to Li,Si. In the scan
of Li-extraction, two peaks at 0.33 and 0.61 V could be related to lith-
ium de-alloying from Si.
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Fig. 8. Cyclic voltammograms between 0.005 and 2.0 V vs. Li/Li* at the scan rate of 0.1mVs ! for silicon electrodes using: (a) SPVDF; (b) SWS binders.
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These peaks gradually shifted to lower voltages and decreased in
subsequent cycles, and finally disappeared in the 10th cycle. This im-
plies that the kinetic process of Li-extraction no longer occurred. In
the case of the SWS curves, cathodic peaks related to SEI formation
and electrolyte decomposition are also observed at 1.36 and 0.64 V,
respectively as shown in Fig. 8(b). Current peaks between 0.005
and 0.26 V, indicating the conversion of Si to Li,Si phase, retained
in subsequent cycles. Another peak at 0.05 V was displayed in the
10th cycle, and demonstrated the enhancement of the kinetic reac-
tion in subsequent cycles. These results are different from those of
SPVDF, and demonstrated the better cycling ability of SWS compared
to SPVDF. In the anodic scan, peaks at 0.37 and 0.54 V are displayed in
Fig. 8(b), and these would grow and finally converged at 0.41 V in
subsequent cycles. This indicated that the reaction of Li-extraction
changed. The cathodic peak at 0.05 V and the anodic peaks at 0.37
and 0.54 V are characteristic of amorphous Si [40]. The peak at
0.005 V indicates the reactions of crystalline or amorphous silicon,
or both. In the first cathodic scan, only the crystalline Si reacted.
Then, this structure would become amorphous during Li-insertion
and two anodic peaks of amorphous Si are observed upon subse-
quent scans as shown in Fig. 8(b). The overall number of SPVDF
peaks decreased in subsequent cycles, however, the number of
SWS peaks would rise in cathodic scans and converged in anodic
scans. This means that the Si electrode in SPVDF had separated
from the electrode surface, and thus, the peaks are reduced with
less reaction. However, the SWS electrode would continue to react
with lithium ions due to the support provided by the stronger binder.
Therefore, more varied curves are displayed in the repeated SWS cy-
cles. These results indicated the positive effect of spider silk binder,
which, in this respect, is superior to the commercial PVDF.

Electrochemical impedance spectroscopy (EIS) was carried out to
analyze further the electrochemical behavior (i.e. charge transfer and
ionic diffusion kinetics) of the electrodes. Fig. 9(a) shows the Nyquist
plots and fitted curves of pristine SWS and SPVDF electrodes measured
at open circuit voltage. Each plot exhibited a depressed semi-circle in
the high frequency and a straight line in the low frequency range. This
semi-circle is proportional to the charge transfer resistance (Rct). The
slope of the line (Z’ against &~ '/?) is the Warburg factor of a Randles cir-
cuit, and it indicates the solid state diffusion of Li-ions inside the elec-
trode [41,42]. The diffusion curves of SWS and SPVDF electrodes are
clearly different as shown in Fig. 9(b). The lower slope of SWS indicates
the reduced impedance of solid-state diffusion of Li-ions, and the Li-ion
diffusion in SWS is much faster than in SPVDF. The SWS binder, which
has much higher viscosity, may lead to a more cohesive particle
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network between the conductive agent and Si on the Cu-foil substrate.
These results clearly support the improved performance and cyclic abil-
ity of SWS electrodes.

In order to further investigate the effect of spider silk as a binder,
the electrochemical performance of Si-electrodes with SWS and
SPVDF binders was measured. Fig. 10 presents the galvanostatic
charge/discharge profiles of Si-electrodes a high current density of
250 mA g~ !. The SWS and SPVDF electrodes with weight ratio of
8:1.5:0.5 show the 1st discharge and charge capacities as 3061/820
and 3089/348 mAh g~ . Then, their capacities were shown as 698/
536 and 168/138 mAh g~ ! at the 2nd cycle in Fig. 10(a) and (b). In
the case of the weight ratio for 4.5:4.5:1, the SWS electrode showed
the initial discharge/charge capacities of 3642/1938 mAh g~ ! at 1st
cycle, 1789/1541 mAh g~ ! at 2nd cycle and then reduced to 1142/
1054 mAh g~ ! at the 5th cycle. However, the capacities of the
SPVDF electrode were 3903/2694 mAh g~ !, 1455/1211 mAh g~ !,
and 458/435 mAh g~ ' (Fig. 10(c, d)). Fig. 10(e) shows the curve of
cyclic performances of batteries with anodes using SWS and SPVDF
binders, based on the results of figure (c, d).

The electrode with SWS exhibited superior cyclic performance, de-
livering a high reversible capacity. After the 1st cycle, the loss of large
capacity is shown in SPVDF, and the capacity was almost lost within
seven cycles. The discharge capacity exhibited 323 mAh g™ at the 7th
cycle. When compared to the cycling curve of SPVDF, that of SWS rela-
tively retain its capacity. The capacity of SWS at the 38th cycle showed
333 mAh g~ !, which is still a higher number as compared with SPVDF.
It indicated that the spider silk-based binder more efficiently suppress
the volume expansion of Si than the PVDF binder. When all these results
from the comparison between SWS and SPVDF were studied, it was
clear that spider silk could contribute to enhanced cyclic ability of Si
electrodes. Therefore, the unequivocal conclusion is that SWS is much
more suitable as the binder for Li-ions batteries than SPVDF.

The SWS batteries exhibited better cycling performance and stability
than the SPVDF based batteries. The results could be explained with the
following possible reasons. One reason is the unique structure of the
silks, consisting of crystal 3-sheets and semi-amorphous structures.
These structures are connected by covalent bonds, which ensure both
strength and ductility.

Such bonds may support good electron-transport pathways and
maintening the lattice constant, decreasing the ratio of the structural
distortion, and leading to minimal pulverization of the Si-electrodes.
Furthermore, the spread of crystal 3-sheets could make folding-layer
structures as shown in Fig. 11(b, c). The layered structure may provide
fast and efficient intercalation and deintercalation of lithium (Li) ions,
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Fig. 9. Electrochemical impedance spectroscopy (EIS) spectra of SWS and SPVDF electrodes: (a) Nyquist plots (inset: equivalent circuit model); (b) relationship between Z’ and @~/ in

the low frequency region.
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Fig. 10. Galvanostatic charge/discharge profiles of: (a) SPVDF and (b) SWS with the ratio of 8:1.5:0.5, and (c) SPVDF and (SWS) with the ratio of 4.5:4.5:1; (e)Cyclic performance for the
SPVDF and SWS samples with the ratio of 4.5:4.5:1 at a high current density of 250 mA g~ (the mass loading of Si in each electrode is (a) 2.12, (b) 3.74, (c) 0.32, and (d) 1.02 mg-cm~2).

and thus provide facile accessibility of Li-ions during charge and dis-
charge processes. This may cause an increased in the rate of Li-ion diffu-
sion. The components in the silk, glycine and alanine can interact to
allow a close packed stacking. The attractive forces between the glycine
blocks and alanine blocks make it strong [43], and these may be related
to the features of high viscosity and adhesion. From this interactive
force, the B-sheets form tightly packed layers. These stacked sheets
are linked with various bonds that add extra strength and this packing
may minimize the volume expansion rate of the active materials.
These bonds may play a role in restraining the volume change in the
structure in the way that a spring may be compressed and stretched.
The side chain R-groups of a crystal 3-sheet (see Fig. 11) might change
the properties of active materials to increase ion adsorption and hydro-
philicity, which facilitate ion-transport into pores. These groups acted to
provide enlarged surface area for promoting the electrochemical redox
reactions, which might increase the amount of Li-ions stored in a

battery. All the characteristics are advantageous in providing its supe-
rior performance and cycling stability.

4. Conclusions

This paper reported the novel approach of using natural spider silk
as the effective binder material. The SWS based Li-ion cells showed su-
perior capacities and cycling stability. The SWS electrode at 250 mA g !
showed the discharge/charge capacities of 3642/1938 mAh g~ ! at 1st
cycle, 1789/1541 mAh g~ ! at 2nd cycle and then reduced to 1142/
1054 mAh g~ ! at the 5th cycle. However, the capacities of the SPVDF
electrode were 3903/2694 mAh g~ !, 1455/1211 mAh g !, and 458/
435 mAh g~ . Furthermore, the discharge capacity of SWS was 333
mAh/g at the 38th cycle, but that of SPVDF showed 323 mAh/g at only
the 7th cycle, respectively. Such superior performance of SWS may be
due to the unique properties of spider silk: the folded crystal layer
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sheets.

with semi-amorphous structure, high viscosity and adhesion of the
binder, and the close stacking by the proteins blocks, and the side
chain R-group of crystal 3-sheet. The combination of these characteris-
tics may lead to the ability to significantly restrain the undesirable
change in the volume of Si materials, and to provide superior electro-
chemical characteristics and performance of lithium ion batteries. The
property of enhanced capacity with increased cycling stability in the
SWS electrodes was demonstrated through cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic
charge/discharge tests. These experimental results indicated that the
use of spider silk inspired binder in Si electrode is a promising and
novel approach to overcome the current severe problem of Si-volume
expansion, thus enabling the practical application of Si-based anodes
in Li-ion batteries. We expect that this study would also be helpful to
understand the properties of spider silk materials and their potential
usage as binders for supercapacitors and thermaelectrics.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108669.
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