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ABSTRACT: Rational nanostructure design has been a promising
route to address critical materials issues for enabling next-generation
high capacity lithium ion batteries for portable electronics, vehicle
electrification, and grid-scale storage. However, synthesis of functional
nanostructures often involves expensive starting materials and
elaborate processing, both of which present a challenge for successful
implementation in low-cost applications. In seeking a sustainable and
cost-effective route to prepare nanostructured battery electrode

materials, we are inspired by the diversity of natural materials. Here,

we show that crab shells with the unique Bouligand structure consisting of highly mineralized chitin-protein fibers can be used as
biotemplates to fabricate hollow carbon nanofibers; these fibers can then be used to encapsulate sulfur and silicon to form
cathodes and anodes for Li-ion batteries. The resulting nanostructured electrodes show high specific capacities (1230 mAh/g for
sulfur and 3060 mAh/g for silicon) and excellent cycling performance (up to 200 cycles with 60% and 95% capacity retention,
respectively). Since crab shells are readily available due to the 0.5 million tons produced annually as a byproduct of crab
consumption, their use as a sustainable and low-cost nanotemplate represents an exciting direction for nanostructured battery

materials.
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igh capacity Li-ion battery electrode materials such as Si,

Sn, SnO,, S, and O, have attracted great attention due
their potential to increase Li-ion battery energy density. For
example, silicon anodes' and sulfur cathodes” offer the very
high theoretical specific capacity values of 4200 and 1673 mAh/
g, respectively. The theoretical specific energy of full cells
consisting of silicon and sulfur electrodes is four times that of
existing LiCoO,/graphite batteries.” > However, lithium reacts
with these materials through different mechanisms than
traditional intercalation-based chemistries, resulting in many
new fundamental and applied challenges,® including significant
morphological/structural changes during battery cycling,>”~"°
mechanical stress evolution and fracture,"”'" and instability of
the solid electrolyte interface (SEI) on the anode.'” In the case
of lithium—sulfur batteries, additional challenges include the
insulating nature of sulfur and lithium sulfide,"” the dissolution
of intermediate lithium polysulfide species,'*™"” and the
internal redox shuttle of polysulfide."*

Nanoscale materials design for advanced battery electrodes
has been shown to be one of the most effective ways to address
these issues.”'>'¥'®7° Many advanced nanosynthesis meth-
ods'>!#?#252728 have been developed to fabricate rationally
designed nanostructures, among which nanotemplating is a
powerful technique. For instance, electrospun polymer nano-
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fibers were used as a sacrificial template to fabricate double-
walled silicon nanotubes that could accommodate lithiation-
induced volume changes while maintaining a stable SEI during
cycling."> In another example, silica coatings on silicon
nanoparticles were used as a sacrificial layer for synthesizing
silicon/carbon yolk-shell nanostructures to promote stable and
self-limiting SEI growth.”' For sulfur batteries, mesoporous
carbon has been used to overcome the insulating nature of
sulfur and to trap polysulfides in the cathode architecture; these
mesoporous carbon particles are synthesized from mesoporous
silica sacrificial templates.">*® Anodized aluminum oxide
(AAO) templates have been used to fabricate silicon nanotubes
for direct use as anodes®® and also hollow carbon nanofiber/
sulfur composites for a cathode material.*> Finally, hollow SnO,
spheres were used as a hard template to synthesize double-
shelled hollow carbon spheres for sulfur cathode applications.”*
While all of these demonstrations have shown the advantages of
nanostructuring the electrode for better battery perform-
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Figure 1. Structural model and SEM images of crab shell templates. (a) Structural model of twisted plywood nanochannel arrays in crab shell
templates showing the hollow channels created by removing organic nanofibers in crab shells. The hollow channels are arranged parallel to each
other to form horizontal planes stacked in a helicoid fashion, creating a twisted plywood structure. (b—e) SEM images of the biotemplates from a
Chinese hairy crab shell, a blue crab, a stone crab, and a Dungeness crab, respectively, demonstrating the universal nature of the nanochannel arrays

in crab shell templates.

4,12,15,22,25 :
ance,” low-cost, scalable, and sustainable nanostruc-

tured templates are highly desirable.

Diverse biomaterials with hierarchical structures created
by nature have provided a number of sustainable templates for
synthesizing functional nanostructured materials for various
applications such as photonic crystals, magnets, and
sensors.”">*~37 However, it is not yet clear whether sustainable
biotemplates exist for high-performance battery applications.
Herein, we show that crab shells are excellent biotemplates for
the fabrication of nanostructured electrode materials with
excellent performance.

Crab shells are a sustainable natural resource since 1.5
million tons of crabs are consumed every year, generating about
0.5 million tons of crab shells as waste. This is much more than
current Li-ion battery electrode material production (tens of
thousands of tons including both anodes and cathodes). Crab
exoskeletons are natural composites consisting of highly
mineralized chitin—protein nanofibers with an average diameter
of 60 nm arranged in a twisted plywood or Bouligand pattern
with bioceramic CaCO,.**™*' Using simple thermal calcination
in air, the chitin-protein organic components in the
exoskeletons can be removed to form pure CaCOj; frameworks
containing twisted hollow channels with ~60 nm inner
diameter, which is similar to the diameter found in commonly
used AAO templates. As illustrated in Figure la, the hollow
nanochannels created by removing the organic nanofibers are
arranged parallel to each other, forming horizontal planes.
These planes are stacked in a helicoid fashion, creating a
twisted plywood structure. A stack of layers completing a 180°
rotation is referred to as a Bouligand structure; this structure is
repeated in the z-direction, forming the whole crab shell
template.

To demonstrate the universal presence of these nanochannel
array structures in crab shells, we used scanning electron
microscopy (SEM) to study the microstructures of the
templates from four different common crab varieties (Chinese
hairy crab, blue crab, stone crab, and Dungeness crab). As
shown in Figure 1b—e, all of these crab shell templates contain
nanochannel arrays with uniform diameters. The statistical
distribution of nanochannel diameter in the four crab shell
templates is shown in Supporting Information, Figures S1—4.
There is very little difference in the channel diameter for
different types of crabs; they all have diameters in the range of

30-33

40—70 nm. The nanochannels are arranged hexagonally with
significant disorder, and the center-to-center spacing of the
nanochannels is 90—150 nm. It is difficult to determine the
length of the individual channels but it is most likely tens of
micrometers. Based on understanding from previous nano-
structure desi%n for advanced lithium ion rechargeable
batteries,">">***° we believed that the crab shell nanotemplates
present the following interesting features: (1) The high surface
area of the inner surface is important for depositing active
materials to retain high activity of electrode; (2) The empty
space inside the nanochannel arrays can accommodate the
volume change of the active materials during charge/discharge
processes; (3) One-dimensional hollow structures are efficient
in confining active materials to reduce their contact with the
electrolyte or their diffusion into the electrolyte; (4) Nanowire-
like materials templated from nanochannel arrays can facilitate
fast lithium ion transport through the side wall between the
active material and the electrolyte to achieve high capacity at a
high power rate; and finally, () The crab shell template is only
composed of CaCO;, which can easily be etched using dilute
HCI solution, a relatively environmentally benign route as
compared to the HF acid used for silica template etching.'>***!

Given the similarity of the nanochannels in the four different
types of crab shells, we chose the stone crab shells as the main
biotemplates for our work due to their wide availability. As
shown in Figure 2a, the thickness and horizontal width of a
stone crab shell can reach 0.5 mm and 10.8 cm, respectively,
and the whole crab shell is composed of layers of packed
chitin—protein nanofibers parallel to the horizontal plane of
shell. Through simple thermal decomposition of the chitin—
protein nanofibers in the stone crab shell, a CaCO; template
consisting of nanoscale channels with a twisted plywood
arrangement was obtained (Figure 2b). Usually, one piece of
crab shell (15 g) can yield about 8 g of nanostructured CaCO,
(inset in Figure 2b). The nanoscale channels in the CaCO,
templates obtained from the stone crab shells have high packing
density and uniform pore sizes, as shown in Figure 2c. The
diameter distribution of these nanoscale channels (Figure 2d)
indicates an average diameter of about 70 nm.

The procedure for fabricating sulfur and silicon battery
electrodes from these templates is shown in Figure 2e (see
Supporting Information for more experimental details). First, a
thin layer of carbon was coated on the whole surface of the
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Figure 2. Nanostructure of stone crab shell template and schematic
illustration of the fabrication procedure of electrode materials. (a—c)
SEM images of the cross section of a stone crab shell, a stone crab shell
template, and the powder of the stone crab shell template, respectively.
The inset in a shows that the length of the stone crab shell is 10.8 cm,
and the inset in ¢ shows that about 8 g of powder was produced from
one piece of stone crab shell. (d) Statistics of the diameter distribution
of the nanoscale channels in stone crab shell biotemplates. (e)
Schematic illustration of the fabrication procedure for hollow carbon
nanofiber arrays encapsulating sulfur or silicon electrode materials
based on stone crab shell templates.

CaCO; framework. Next, the battery active electrode materials
were loaded into the nanochannels: sulfur was introduced by
thermal infusion, while silicon was deposited by chemical vapor
deposition (CVD). After dissolving away the CaCOj frame-
work in 2 M HCI solution, hollow carbon nanofiber arrays
encapsulating either sulfur or silicon were obtained. As a result
of this preparation process, the sulfur and silicon active
materials are only coated on the interior of the hollow carbon
fiber arrays. As shown in previous studies,”*"** coating
materials onto interior walls of hollow structures is important
for reducing deleterious interactions of the active material with
the electrolyte. The hollow carbon nanofiber inner diameter is
about 65 nm, while the length is up to tens of micrometers. The
active battery material (sulfur or silicon) is effectively confined
in these high aspect-ratio hollow carbon nanofibers to limit its
contact with the electrolyte. The hollow nanostructures will
also provide sufficient space for the volume expansion of sulfur/
silicon during the discharge/charge processes. In addition, the
thin walls of the hollow carbon nanofibers allow rapid lithium
ion transport from the electrolyte to sulfur/silicon, and the one-

dimensional structure of the carbon wall can enable fast
electron transfer from the current collector to the active
materials.

During the synthesis process shown in Figure 2e, it is
important that the coating method produces a conformal and
uniform carbon layer onto the CaCOj; without destroying the
nanostructured template. We have tried three methods and
have identified that a dopamine self-polymerization method
works the best. A dopamine aqueous solution at pH 8.5 in the
presence of oxygen was used to coat CaCOj;, where the
dopamine self-polymerized and formed a uniform polymer
coating on the surface of the CaCOj; framework. As shown in
Figure 3a, after dopamine self-polymerization, the surface of the

Figure 3. SEM and TEM characterization to show the preservation of
nanochannel arrays during the carbon coating process. (a—c) SEM
images of polydopamine-coated crab shell template, carbon-coated
crab shell template, and carbon nanochannel arrays after removing the
CaCO; framework, respectively. (d) TEM image of carbon nano-
channel arrays after removing the CaCOj; framework.

CaCO; template became smooth with decreased inner
diameter of the nanochannels, but the hollow nanochannel
structures still remained. The polydopamine coating was easily
transformed into a carbon coating on the surface of the CaCOj;
template via an annealing process at 800 °C under N,
atmosphere.”** Figure 3b shows an SEM image of the
carbon-coated CaCO;, revealing that the carbon layer was
uniformly coated on the template and that the nanostructure of
the crab shell template was preserved after carbonization. After
dissolving the CaCO; framework, both SEM and TEM images
(Figure 3c and d) confirmed that well-defined hollow carbon
nanofiber arrays were obtained. Therefore, the hollow nano-
channels in crab shell biotemplates were transformed into
conductive hollow carbon nanofibers. The polydopamine
coating method is more effective for obtaining the desired
structure from crab shell templates than previously reported
chemical vapor deposition (CVD) carbon coating® or polymer
solution infusion methods.* In our tests, CVD carbon coating
produced collapsed carbon nanocages, resulted from the
instability of CaCO; under CVD conditions (see Figure SS,
SI). Although the regular polymer solution infusion did not
destroy the nanochannel structures in CaCOj; templates, the
random shrinkage of polymer during drying and carbonization
processes led to the formation of porous carbon nanofibers
with fractured walls (see Figure S6, SI).
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The carbon-coated hollow nanofibers are a good host for
sulfur or silicon loading. To demonstrate the usefulness of the
biotemplated hollow carbon fibers, we first study sulfur
cathodes. The SEM image in Figure 4a clearly shows the
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Figure 4. Nanostructures and electrochemical performance of sulfur
encapsulated by crab shell-templated carbon as Li-ion battery
electrode. (a and b) SEM and TEM images of sulfur encapsulated
by crab shell-templated carbon showing nanochannel array structures.
(c) EDX spectrum indicating the presence of sulfur and carbon
without other impurities. (d) Typical discharge/charge voltage profiles
of the sulfur electrode at C/10, C/S, and C/2 rates. (e) Capacity and
Coulombic efficiency at C/S and C/2 versus cycle number. (f) Rate
capabilities on discharge of the crab shell-templated sulfur electrode.

uniform nanochannel array structures of the as-prepared
carbon/sulfur composite in which no bulk sulfur particles
were observed, indicating the full incorporation of sulfur into
the hollow carbon nanofibers. Further evidence of the filling of
carbon nanochannels with sulfur was provided by TEM. As
shown in Figure 4b, the sulfur was loaded into hollow carbon
nanofibers. The darker area in the TEM image denotes the
location of sulfur, as it is heavier and thicker than carbon.
Energy dispersive X-ray spectroscopy (EDX) analysis (Figure

4c) demonstrated the presence of sulfur in the carbon
nanochannels without other impurities. Thermogravimetric
analysis (TGA) of the carbon/sulfur composite under argon
flow showed a weight loss of about 65% from 200 to 300 °C
(see Figure S7, SI), which corresponds to the weight percent of
sulfur loading in the composite.

Coin cells with Li metal as the counter/reference electrode
were fabricated to test the battery performance. The typical
mass loading of sulfur in the electrode was 0.8 mg/ cm?, and the
specific capacities were calculated based on the sulfur mass
only. Typical discharge/charge voltage profiles of the carbon/
sulfur composites at different current rates (C/10, C/S, and C/
2, where 1C = 1673 mA/g) are shown in Figure 4d. All
discharge voltage profiles at C/10, C/S, and C/2 rates display
the typical two-plateau behavior of S cathodes. The first plateau
corresponds to the formation of long chain polysulfides (Li,S,,
4 < x £ 8) from element sulfur at 2.0—2.4 V. The second
plateau around 2.0 V is attributed to the conversion of
polysulfides to Li,S, and then to Li,S. The flat second plateau
suggests a uniform deposition of solid Li,S, or Li,S on carbon
surface with little kinetic barrier. The cycling performance is
shown in Figure 4e. At a C/S rate, an initial capacity of 1230
mAh/g was obtained, indicating 73% sulfur utilization during
the first discharge process. After 100 cycles of reversible
discharge/charge at a C/S rate, the capacity of the cell was 880
mAh/g; this results in capacity retention of 71% after 100
cycles, which is better than that of our previously reported
graphene-wrapped sulfur and AAO template-fabricated hollow
carbon nanofiber encapsulated sulfur cathodes.”>** A reversible
capacity of around 810 mAh/g was still retained after 200
cycles, corresponding to a capacity retention of 65%. The
average Coulombic efficiency of the cell at C/S is around
99.2%. The cell also exhibits good cycling performance at a C/2
discharge/charge rate with a reversible capacity of around 610
mAh/g and average Coulombic efficiency of 99.5% for 200
cycles. Cycling rates up to 1C are shown in Figure 4f
demonstrating a good rate capability. The discharge capacity
steadily changed as the current rate increased from C/10 to 1C,
with reversible capacities of 1050, 920, 786, and 690 mAh/g at
C/10, C/S, C/2, and 1C, respectively. When the current rate
was reduced back to C/S, the cell recovered to nearly the
original C/5 capacity level, indicating robustness and stability of
the cathode structure. These results show that the performance
of crab shell-templated carbon-encapsulated sulfur is com-
parable to or even better than that of previously reported
carbon/sulfur composite cathodes derived from AAO templat-
ing carbon,”> mesoporous carbon,'® porous carbon spheres,”
and double-shell hollow carbon spheres.**

To extend the biotemplated hollow carbon nanofiber
architecture to other battery materials, we have developed Si
anodes based on this structure. Figure Sa shows an SEM image
of the as-synthesized crab shell-templated carbon/silicon
composite, demonstrating that the silicon was deposited on
the surface of the hollow carbon nanofibers. The TEM image in
Figure Sb further shows the nanochannel array structures of our
synthesized carbon/silicon composites. EDX (Figure Sc)
confirms that the obtained composite contains carbon and
silicon. TGA (Figure S8) carried out under mixed atmosphere
of Ar and O, (Vu:Vp, = 4:1) indicates that the content of

silicon in the as-synthesized composite is around 92 wt %. In
the TGA curve, the first weight loss before 500 °C is caused by
the oxidation of carbon to become gaseous CO,, and the later
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Figure S. Nanostructures and electrochemical performance of silicon
encapsulated in crab shell-templated carbon for Li-ion battery
electrodes. (a and b) SEM and TEM images showing the nanochannel
array structure. (c) EDX spectrum indicating the presence of carbon
and silicon. (d) Typical discharge/charge voltage profiles at C/10, C/
5, C/2, and 1C rates. (e) Reversible capacity and Coulombic efficiency
at C/2 and 1C versus cycle number. The cells were activated with a
slower rate on the first cycle (C/10). (f) Rate capabilities of the
electrode.

weight increase after 500 °C is attributed to the oxidation of
silicon.

The electrochemical performance of the crab shell-templated
carbon/silicon composite was evaluated in coin cells with a
metallic Li counter/reference electrode. The specific capacities
were calculated based on the silicon mass only, and the mass
loading of silicon on the electrode was around 0.1 mg/cm?.
Typical discharge/charge voltage profiles are shown in Figure
5d, indicating that the specific capacities of cells at C/10, C/S,
C/2, and 1C are 3060, 2620, 2210, and 1580 mAh/g,
respectively. These specific capacities at different current rates
are comparable to that of silicon anodes generated from AAO
and electrospun nanofiber templates."”** The crab shell-
templated carbon/silicon composite anodes also displayed

excellent cycling performance. As shown in Figure Se, the
reversible specific capacity of our fabricated cells can be
maintained around 2010 mAh/g and 1690 mAh/g without any
capacity decay after 200 cycles at C/2 and 1C, respectively. The
capacity increase during the first part of cycling is due to a
delayed activation process resulting from the insufficient
lithiation during the initial cycle at C/10. This is related to
electrolyte wetting and an increase in electrical and ionic
conductivity after lithium insertion. The excellent cycling
performance of the cells based on crab shell-templated
carbon/silicon composites is attributed to the void space in
the carbon nanochannels that can accommodate the volume
change of silicon during discharge/charge processes and also
the efficient encapsulation of silicon in the hollow carbon
nanofiber arrays to avoid continual formation of SEL The
Coulombic efficiencies of our cells over 200 cycles are ~98.6%
at C/2 and ~98.9% at 1C. The cell also demonstrates good rate
capability. As shown in Figure Sf, the capacity of the cell
steadily varied with the increase of current rate from C/10 to
1C, and a stable reversible capacity of 1520 mAh/g is obtained
at a 1C rate. The capacity of the cell recovered well when the
current rate increased back to C/S, indicating the stability of
crab shell-templated carbon/silicon anode materials.

Compared to previously reported nanostructured carbon
materials, our crab shell-templated hollow carbon nanofiber
arrays show high performance (high capacity and good cycling
stability) for both sulfur cathodes and silicon anodes. The
electrochemical performance is comparable to or even better
than that of previously reported nanostructured electrodes such
as AAO-templated carbon/sulfur cathodes®* and silicon
anodes,>® mesoporous carbon/sulfur cathodes,"® porous carbon
sphere/sulfur cathodes,” double-walled silicon nanotube
anodes,'” and yolk-shell nanostructured silicon anodes.”’ The
high performance of crab shell-templated carbon is enabled by
the mitigation of polysulfide dissolution and the avoidance of
continual growth of SEI on silicon. Most importantly, the
natural and sustainable crab shells provide a cost-effective and
environmentally friendly source of nanostructured electrode
material.

In summary, we have demonstrated the successful use of crab
shell nanochannel templates to construct hollow nanofiber
electrodes for advanced rechargeable lithium ion batteries with
high specific capacity and long cycle life. This biotemplating
concept will open a new avenue for producing nanostructured
electrode materials from low-cost sustainable sources.
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