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The Power of Silk Technology for Energy Applications

Stephen Strassburg, Shakir Zainuddin, and Thomas Scheibel*

Silk fibers are a remarkable material made of proteins possessing excellent
mechanical properties that match or even outperform, in some aspects, high
performance fibers such as Kevlar and steel. Silk proteins can be further
produced recombinantly, allowing the possibility for genetic modification,
enhancing silks’ already impressive range of benefits. Thus far, little research
has explored the possibility of incorporating silk-based materials in electronic
or energy systems. With an increasing global concern for climate change and
the dwindling reserves of fossil fuels, silk (or silk-derived) hybrid materials are
a promising avenue of scientific exploration in energy storage and conver-
sion devices, flexible and wearable electronics and even as photovoltaic
devices, which will be reviewed here within. Despite this, silk has seen only
little interest for applications in hybrid energy devices in the recent years.
Here within, some of the applications and benefits of silk-based materials in
several systems including: flexible electronics, thermal and thermoelectric

1. Introduction

The energy demands that support modern
industries and lifestyles are largely fulfilled
by the burning of fossil fuels, whose
greenhouse gas by-products are a major
contributing cause of global warming.! It
has become clear that the combustion of
fossil fuels at the current scale is unsus-
tainable and more sustainable alternative
energy sources must be explored to offset
the contribution of fossil fuels.’! Solar
energy has an important role to play in
this transition. Solar irradiation available
on Earth’s surface per hour far exceeds the
annual global energy demand. However,
adaptation to solar energy has been slow
due to a number of factors, such as rare or

devices, mechanical energy devices, sensors, and photovoltaic solar cells
are examined. In addition to biocompatibility, high tensile strength, and
renewability, silk also adds many benefits to hybrid energy systems such as
tunability, multifunctionality, and versatility, making silk one of the most all-

encompassing materials for use in hybrid devices.
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hazardous raw materials, high sensitivity
to water, and short life spans.P’) Compared
to the fossil fuel, which can be burned
on demand, solar irradiation is subject to
fluctuations caused by many factors such
as weather conditions, time of the day,
time of the year, and latitude.[®

Because storing solar radiation in its original form, that is,
electromagnetic waves, is prohibitively difficult, its conversion
prior to storage is necessary. Biological systems developed 3.5
billion years agol”l as a process to use sunlight to drive chemical
reactions through photosynthesis. Specifically, oxygenic photo-
synthesis, which occurs in most plants, algae, and cyanobac-
teria, converts carbon dioxide from the atmosphere into carbo-
hydrates. These carbohydrates form dense and portable packets
of chemical energy that can be released through cellular respi-
ration whenever needed.

The first step in following nature’s example in turning light
energy to chemical energy was enabled with the discovery
of the photovoltaic effect by Edmond Becquerel in 1839,
in which the current generated by an electrochemical cell
increased upon exposure to light. The first photovoltaic cells in
the 19th century were based on pure metal species and exhib-
ited low efficiencies.”) Major efficiency improvements came
in the 20th century with the incorporation of semiconductor
materials into photovoltaic cells but they remained bulky and
difficult to manufacture.’! A breakthrough came in the 1980s
with the advent of thin film solar cells which largely solved this
problem.’l Despite many advances, solar cells have a limited
lifetime, and once their efficiencies have dropped to a no longer
useful level, disposal becomes an issue due to the difficulty of
recycling component materials. In addition, energy storage is
often a major concern due to the limited number of hours per
day photovoltaic devices are exposed to solar irradiation. Thus,
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in addition to solar energy, the development of new energy
storage methods as well as alternative energy sources is vital in
replacing fossil fuels.

Alternative energy sources can be broken down into roughly
three categories, mechanical, thermal, and chemical energy con-
version. For each of the above sources, there is a myriad of dif-
ferent material properties necessary, ranging from anisotropic
crystalline materials for piezoelectric devices!'% or highly light-
absorbent materials for light-to-heat conversion™ to binding
specificity for chemical conversions.'”! More recently, conju-
gated polymers, macromolecules which behave as semicon-
ductors, are most commonly used to produce organic energy
devices. These conjugated polymers are lightweight and flex-
ible and can be easily processed into various shapes including
thin films (in the um range)® but often lack the versatility—
a material that is good for one particular energy conversion
application is likely to be ill-suited for another. While providing
a good starting point for polymer-based energy conversion sys-
tems, most of these conjugated polymers are derived from oil.
With fossil fuels projected to deplete within the coming decades,
including an estimated end of oil and gas production by 2066
and 2068, respectively, and of coal by 2126, it is imperative
that alternative, renewable, robust material sources are found.

The long-term development of organic energy conversion
and storage devices must rely on biopolymers, whose raw mate-
rials can be produced in a sustainable manner. “Green” biopol-
ymers are showing much potential in replacing at least some
of the roles that fossil fuel-based polymers have dominated for
the past sixty years. Nature-derived biopolymers fall into three
categories: proteins/polypeptides, polysaccharides, and nucleic
acids. Among these three, polysaccharides are the most abun-
dant. For example, chitin, the primary component of exoskel-
etons of arthropods, crustaceans and insects, and cellulose,
the primary component of algae, green plants and wood are
the most abundant organic polymers on Earth.®! Both mate-
rials have seen a plethora of recent literature on their use in
thin films and energy storage devices.'l However, despite their
abundance, both polysaccharides are difficult to process, often
requiring harsh chemical solvents for dissolution and they lack
many of the motifs and secondary structures that can be found
in proteins which limits their versatility.

Proteins/polypeptides are arguably the most diverse class
of biopolymers, varying in size and function. Smaller sized
proteins/polypeptides play a large role as, for example, hor-
mones and signaling molecules, while larger proteins form,
for example, enzymes, transport or structural elements.l”l They
can be harvested from plants and/or animals, produced recom-
binantly and offer many tunable/variable amino acid sequences
and motifs

One well-known protein-based material is silk. While silk
fibers have long been associated with luxury textiles, silk-based
materials are now being researched intensively for applica-
tions in various technical and medical fields. Silk fibers can be
dissolved, and the solvated proteins processed into many dif-
ferent morphologies such as films, foams, gels, particles, cap-
sules, and nanofibers.!® Such silk morphologies can play a
role as scaffolds in tissue engineering,'% drug delivery systems
in medicine,?” and particle filter enhancer in air filtration.[?!
Apart from being functionally diverse, silk also possesses good
mechanical properties,??l is biodegradablel?’l and biocompat-
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ible,?¥ and some species even produce bacterial repellent
strains.®! Even though it lacks inherent photocatalytic or
photovoltaic activity, silk is a material that can be easily modi-
fied or blended in composites or even carbonized into con-
ductive materials. It is then no surprise that more and more
literature is appearing examining silk for use in a wide range of
photovoltaic and green energy devices.

Here within, we review the literature on silk processing, the
applications of silk in the rising field of flexible electronics, and
the application of silk in several green energy conversion sys-
tems, which points to the potential of silk being incorporated
into solar energy conversion devices.

2. Silk and Processing of Silk Proteins

Much of the knowledge pertaining to silk processing developed
from the textiles industry. Though certain cultures developed
their own unique uses of silk from various wild species, 2628
their scale of production remained small and never came close
to that of the domesticated silk moth, Bombyx mori, which for
millennia centered in China.?”l The high availability of B. mori
silk is the result of the evolutionary luck (or misfortune) of wild
moths, which happened to be the species whose larvae spun
cocoons that humans thousands of years ago found useful and
ended up being domesticated and shaped into the modern B.
mori strain.

However, more recent examinations have looked at the silk
from other, hitherto less generous sources such as spiders,3%
lacewings,B3! and beesl3? (Figure 1a). At a macromolecular level
there are similarities and differences between the silks from
various arthropods.?*®l For example, spider dragline silk and silk-
worm silk differ in their hierarchical organization as illustrated
in Figure 1b. The spider fibroin (also called spidroin) fibrils are
packed into a single core sheathed in layers of glycoprotein and
lipids, while the silkworm fibroin fibrils are packed into two
parallel cores, sheathed by another protein called sericin. At a
molecular level, silk fibroins from differing species are all made
of long chains of similar amino acid sequences (though the
exact sequence likely is different). Due to specific interactions
between their amino acid side-chains, various secondary struc-
tures such as random coils, crhelices, and fB-sheets are formed
which are responsible for silk’s high degree of crystallinity
(Figure 1c). For more in-depth understanding of the secondary
structure variations between different silk proteins produced by
various species, we refer to a review paper by Aigner et al.l3’!

The high degree of crystallinity that is found in the silk of
silk-producing species is necessary for the continuous spin-
ning of solid silk fibers out of aqueous silk solutions contained
in silk glands.?¥ Various silk types have therefore evolved to
converge upon high crystallinity, even though their secondary
structure (and amino acid sequence) differ from each other.
For example, silks from certain insect species such as bees,
ants, and hornets achieve high crystallinity using a high per-
centage of crhelices that coil around each other to form coiled
coil confomations,*” while silks from other species such as
the silkworm and spiders achieve this using a high percentage
of B-sheets that pack together into crystallite units.??l In addi-
tion, the spinning processes for many silk spinning species are
often similar. This is likely another evolutionary convergence
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Figure 1. a) Pictures of natural sources of silk. b) Cross section illustration comparing the different hierarchical structures of fibers from the spider
Araneus diadematus and the silkworm B. mori. c¢) Schematics of the secondary structures of silk which are responsible for silk’s excellent mechanical
properties. Silk’s elasticity is attributed to the amorphous regions (ca-helices and random coils), whereas its rigidity is attributed to the crystallinity

(B-sheets).

because during the spinning process, the fibroin molecules
are subjected to shear along the direction of spinning, causing
molecular alignment lengthwise and allowing overlapping crys-
talline regions to join together to form crosslink points, thus
forming fibrils. The fibrils can in turn be packed together in
a parallel fashion to form bundles. This hierarchical organiza-
tion enables the formation of continuous strands much longer
and thicker than the constituent molecules This high degree of
crystallinity, derived from secondary structures as well as spin-
ning conditions which are similar between the different silk
spinning organisms, largely accounts for the mechanical and
chemical stability of silk.l*”!

The dissolution of silk is a redispersion of individual silk
fibrils. By using solvents that effectively denature protein,
the physical crosslink points found in the crystalline region
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of silk can be unmade and the continuous fiber is unfolded
to its individual fibroin molecules. The dissolved protein can
then be processed using techniques such as wet spinning,®!
electrospinning,3® gelation,*! film casting,***l or particle
formation?” (Figure 2). Each of these techniques allows for
the silk fibroins to be processed into new solid morphologies
depending on the process used.

The morphologies of processed silk can differ in size,
ranging from a few nanometers to several meters, and also
in dimension, with particles, fibers, films, and gels being
examples of 0, 1-, 2-, and 3D silk-based objects, respectively.
For example, submicro- and nanoparticles that can be used
in drug delivery systems have been processed using precipi-
tation yielding a range of 80-600 nm particles.?%) Spinning
methods, such as electrospinning and wet spinning, enable
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Figure 2. Schematic “tree” of silk processing. Silk can be obtained directly
from animals, for example through harvesting of silkworm cocoons
or silking of spiders. Alternatively, silk can be produced recombinantly
through biotechnological techniques, for example using bacteria as host.
Once the silk proteins have been obtained, they can then be solvated,
which then leads to a myriad of ways of processing the silk proteins into
gels, films, fibers, particles, etc.

the production of silk fibers with a wide range of diameters
in the nanometers® and hundreds of micrometerst*! range,
whereas natural silk fibers typically show a single digit to
tens of micrometers diameter range.*’! Film casting methods
such as spin coating and drop casting produce silk films
with thickness in the nanometers to micrometers range.[0-*!
Porous scaffolds of sizes ranging between 15 to 200 um can
be produced using salt leaching!*l Under the influence of
environmental factors such as temperature, pH, and salt
concentration, aqueous silk solutions exhibit self-assembling
behavior which can lead to the formation of hydrogels®" and
particle formation used for drug encapsulation and delivery.l%!
These are but a few of the many ways for different morpholo-
gies of silk to be produced and many more examples are cov-
ered more exhaustively in other reviews.*!
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Millennia of sericulture driven by consumer demand
ensured the abundance of silkworm silk. However, advances
in genetic engineering have enabled the decoupling of silk
production from their original animal sources, allowing silk
to be produced recombinantly in a more controlled, compact,
and sterile manner in simple host organisms such as bacteria
or fungi. Recombinantly produced silk additionally avoids
one of the major draw backs of silk as a material, namely har-
vesting. Spider silk for example is quite difficult to harvest due
to how territorial spiders tend to behave.®l Of course, the use
of genetic engineering also adds many benefits to protein pro-
duction, most notably a means to modify the silk according
to the requirement of the application. Many variations of silk
fibroins based on the blueprints from several spider species,
such as Nephila clavipes or Araneus diadematus, have been cre-
ated. This includes the changing of the residual electric charge
of the protein,*¥ the introduction of protein sequences that
fluoresce, ! show affinity for specific cells types,*! and bind
specific chemical species.’>*3 The introduction of artificial
binding sites on the proteins permits the formation of compos-
ites and hybrids which change the property of silk well beyond
mere aesthetics as had been done with dyes for millennia.>*>!
This is highly relevant as an interest in organic—inorganic
hybrids is growing in recent years due to the potential of com-
bining the various functionalities of inorganic materials with
the useful properties of silk such as good processability, excel-
lent mechanical properties, being light weight, and biocompat-
ibility. This opens up the possibility for novel energy conversion
devices that are easy to manufacture, are durable and can be
applied in new ways such as in an aquatic environment or in-
vivo. As will be shown in various examples in the coming chap-
ters, silk is in a good position to place itself as a key polymer in
bridging the gap between sustainable materials and sustainable
energy conversion.

3. Applications of Silk-Based Materials for Flexible
and Wearable Electronics

Silk’s use in the textile industry makes it a promising fibrous
material for wearable or flexible electronic materials, and
several studies exist on silks as a material for flexible elec-
tronics,%% electronic textiles,°*® and wearable sensors.[6203]
Below are a few of the more interesting applications of fibrous
as well as other morphologies of silk in electronic materials.

3.1. Silk Materials in Flexible Electronics

Most of literature that focuses on deformable electronics is
based on synthetic polymers such as polydimethylsiloxane
(PDMS), polyurethane (PU), or polymerized ionic liquids.[*+’]
While these studies show promising results for flexible elec-
tronics, they often do not consider the environmental impact
of using oil-based materials. For greener, biocompatible flexible
electronics, silk remains a promising, but as of yet, not suffi-
ciently examined material.

Perhaps one of the earliest studies, a study by Kang et al. in
2007, successfully obtained electrically conducting silk-carbon
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nanotube hybrid non-woven membranes via electrospinning.
B. mori silk nanofibers were first dissolved in an aqueous poly-
ethylene oxide solution and then electrospun. The resulting
nonwoven mesh was post-treated by submersion in methanol
to induce fB-sheet formation. After the conformational change,
the nonwoven mesh was submerged in an aqueous multiwalled
carbon nanotube (MWCNT) dispersion. The MWCNT showed
strong adhesion to the highly porous silk nonwoven, and after
subsequent post-treatment with deionized water a conductivity
of 2.4 x 107 Scm™ was achieved.[®! The combination of high
conductivity and strong adhesion between the MWCNT and
nonwoven silk mesh offered the first significant advancement
in the development of silk-based flexible materials.

Following initial work with silk-hybrid flexible electronics,
other studies looked at ZnO nanorod arrays arranged on silk
protein substrates,l’”) CdS nanostructures embedded in a silk
matrix,® and Ag nanowires embedded in silk fibroin films.>"!
Each of these studies illustrated a different methodology for
using silk as a material for flexible electronics.

Gogurla et al. produced photodetectors by aligning ZnO
nanorod arrays on B. mori silk fibroin films doped with Au
nanoparticles. The Au-silk substrate was then seeded with
a layer of ZnO by magnetron sputtering at 100 °C, a process
that had a low enough temperature to not denature or destroy
the silk substrate. After sputter coating, growth of the ZnO
nanorods was induced using zinc nitrate hexahydrate and hexa-
methylenetetramine at a temperature of 90 °C. The resulting
device was flexible and showed a high photoresponse for both
ultraviolet (UV) and visible wavelengths. In addition, the flex-
ible photodetectors showed no change in performance even at
different bending angles suggesting good long-term mechan-
ical stability. The photoresponses of the devices also showed
similar responses on the Au-silk substrates as it did for glass,
making the silk-hybrid device a promising candidate for self-
powered bio-photonic devices.”)

Bera et al. used a similar strategy of embedding nanostruc-
tures (in this case CdS nanocrystals) in a B. mori silk matrix.
The authors successfully demonstrated that MWCNT with
added CdS nanostructures could be mixed with a silk protein
solution. The MWCNT-CdS/silk solution could then be cast on
chemically etched indium titanium oxide (ITO) glass and a pol-
yethylene terephthalate (PET) substrate. The device, however,
exhibited properties of a semiconductor only with the addi-
tion of CdS nanoparticles together with the MWCNT acting as
an enhancement material for conductivity.”® The silk hybrid
device was successfully used as a flexible floating gate memory
showing that B. mori silk based materials might be an attractive
material for biocompatible flexible flash memory devices.

Qi et al. embedded Ag nanowires in a B. mori silk film for
use as wearable flexible conductive textiles. The Ag nanowire
solution was spin-coated on a silicon wafer and then sputtered
with platinum. After sputter coating, a silk fibroin solution was
drop cast on the coated Ag nanowire wafer. The Ag-nanowire
silk film was then removed after drying. The resulting substrate
demonstrated excellent transmittance and conductivity com-
pared to both hard and flexible substrate controls. Furthermore,
the desired transmittance and conductivity properties were
retained even after prolonged stress making indicating a flex-
ible stable device even after repeated stress cycles.>!

Adv. Energy Mater. 2021, 11, 2100519 2100519 (5 of 19)

www.advenergymat.de

A more recent paper by Shi et al. used Ag nanoparticles
and bovine serum albumin (BSA) solvated in aqueous solu-
tions with the addition of NaBH, to form Ag nanocluster-BSA
complexes (AgNCs@BSA). The AgNCs@BSA were then mixed
with a B. mori silkworm silk solution after which an ITO sub-
strate was immersed into the blended solution allowing for the
AgNCs@BSA-silk solution to adhere to the surface and act as a
switching layer for a flexible bio-memristor (Figure 3a).®) The
device showed the overall best switching performance among
several organic materials with a fast switching speed of 10 ns,
low-power switching voltages (Vi; =0.3 V, Vg =0.18 V) and
high switching resistance ratio. Perhaps most interesting of
the authors’ results is that the memristor can act as a synoptic
synaptic emulator. When the AgNCs@BSA-silk-ITO device
was modeled similar to that of a neuron (pulses of £ 1.5 V and
50 ns switching) the behavior mimics the characteristics of a
biological synapse. After 800 continuous pulses (a series of
10 negative pulses followed by 10 positive pulses) or 40 cycles,
the memristor performance remained unchanged indicating a
good stability and reliable emulation with potential applications
with synthetic synapses (Figure 3b-d)."!

Each of the above examples uses a similar methodology for
production of different silk-hybrid energy devices and high-
lights the versatility of silk as a substrate, matrix, film, etc.
for embedding electronically conductive materials for flexible
devices. All of the above examples use fillers, such as nano-
particles or MWCNT, as the conductive material which silk is
uniquely adept at binding without the need of a bonding agent.
In addition, as demonstrated by Shi et al, combining these con-
ductive fillers with other proteins only enhances their compat-
ibility with silk. With recent advances in fabrication of conduc-
tive nanocomposite silk films,”" the specificity of silk binding
motifsP? and myriad of different types of spider silks, insect
silks, and crustacean silks to choose from, there is a large
number of untapped potential of silk materials for future flex-
ible electronics.

3.2. Silk Textiles with Integrated Electronics

Concerning textile electronics, an early study demonstrated
that B. mori silk fibers can be incorporated into integrated elec-
tronics as the active component of electrochemical transitions
(in addition to their role as a structural component).”! The silk
fibers were stained with poly(4-(2,3-dihydrothien[3,4-b]-[1,4]
dioxin-2-yl-methoxy)-1-butanesulfonic acid (PEDOT-S), a con-
ductive conjugated polymer. The staining process was rapid,
requiring only 1 h of soaking in 10 gL' PEDOT-S solution at
pH 2 and 90 °C. The dyed silk fibers could then be arranged
into flexible electronic transitions with the addition of the ionic
liquid 1-butyl-3-methylimidazolium bis(trifluoromethane sulfon-
imide), [BMIM][TE;N], and polymerized ionic liquid poly(1-vinyl-
3-methlimidazlium) bis(trifluoromethane sulfonimide),
poly[ViEtIm|[TE,N]. Fibers could then be manually woven into
non-conductive silk threads while still retaining similar young’s
moduli to undyed silk fibers. The resistances along the threads
were high, a problem the authors admitted must be addressed,
but this study marks an important first step towards the realiza-
tion of silk-based electronic textiles and flexible organics./!
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Figure 3. a) Schematic of the device fabrication process of a silk hybrid memristor. BSA is mixed with Ag nanoparticles to form Ag-BSA complexes which
eventually form nanoclusters (AgNCs@BSA). The AgNCs@BSA nanoclusters were added to a silk solution creating a blend followed by the submersion
of an ITO substrate. The blended silk-AgNCs@BSA solution was then deposited on the ITO substrate and could then be used as a switching layer of the
memristor. b) Schematic representation of a neuron and structure diagram of a chemical synapse. c) A single cycle of test pulses with 10 pulses consisting
of +1.5 V followed by 10 pulses of —1.5 V. d) Repeated potentiation and suppression of a silk hybrid memristor. Each cycle (10 positive, 10 negative pulses)
mimics that of biological synapse with no response degradation indicating good synaptic stability. Adapted with permission.%® Copyright 2019, Wiley.

Follow up research has seen the advent of silk composite
fibers with PEDOT:PSS,/®) CNTV? and carbon nanofillers-
polyurethane matrices.” In each of the above cases, silk was
used in conjunction with an electrically conductive material.
Each study successfully showed novel ways to produce silk tex-
tiles that were electrically conductive. Perhaps the study that
best summarized the robust nature of silk is the 2015 paper by
Narayanan et al. The authors successfully used carbon nano-
fillers such as graphite, nanographite, carbon nanotubes, and
carbon nanofibers dispersed in thermoplastic polyurethane,
which could then be used as coatings of commercial cotton and
silk textiles.”?l The silk-coated fibers were over six times more
conductive than the cotton fibers; a result the authors attrib-
uted to the large void fraction present (=12%) in pure cotton
yarn.”l This success of fabrication and higher conductivity of
silk coated fibers begins to outline the benefits of silk hybrid
materials for wearable electronic applications.

The benefits of silk textiles over other biopolymer fibers also
extend to processing conditions. Preparation of conductive silk
fibers often only requires water, dimethyl sulfoxide, or alcohol
resulting in conditions that are relatively safe or have low environ-
mental impact.[®"7#73] Silk, also has a high degradation tempera-
turel’*78 and can be pyrolyzed above temperatures of 800 °C.""!
In fact, the only property silk lacks for use in electronic yarns is
intrinsic electrical conductivity.

Thus far, literature has examined additives to silk allowing
conductive silk composite fibers to be woven into textiles. A
recent study by Nat et al. used heat and microwave radiation
to make pyroprotein-based electronic yarns derived from com-
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mercial silks.” Through a process of heating to 650 °C and
microwave irradiation, commercial silk textiles were converted
to electrically conductive pyroproteins without the need for
extremely high temperatures or harsh chemical treatments.’!
Effectively, by inducing conductivity in silk fibers, Nat et al. has
designed a method to remove one of the few demerits of silk as
a hybrid material for electronic devices.

Taken together, through the addition of conductive fillers,
pre- or post-treatment and through the pyrolysis of silk, silk-
based electronic textiles have been made available. Still, there
is plenty of room for improvement. In all of the examples
above, B. mori silkworm silk was used as a starting material.
This makes sense of course, as most silk-textiles are made of
silkworm silk, but there are other alternatives that are ripe for
study as well. Spider silk fibers offer many benefits including
higher tensile strength and young’s modulus compared to silk-
worm silk and may offer a viable alternative for woven conduc-
tive fibers.'#3% Recombinantly produced silk proteins also offer
potential functionality and tunability. These tailorable protein
sequences could add specific binding motifs,? or add antibac-
terial properties®! to name a couple of examples. Regardless
of which direction electronic textiles develop in the future, silk
will play a role in its development.

3.3. Sensors Made of Silk-Based Materials

Devices for recording biomedical signals such as in electro-
cardiography (ECG), electroencephalography (EEG), and to
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collect evoked potentials data, are made of materials which
are expected to be soft, hydrophilic, and electroconductive and
are designed to minimize the stress imposed on living tissue
during monitoring.®? Silk is an ideal candidate to fulfill these
requirements and offers many advantages including biocom-
patibility, biodegradability, and low cellular toxicity over tradi-
tional materials for use in medical applications.

Similar to work presented in the previous subsection, the
first silk-based biological sensors involved a conductive polymer
dope, specifically PEDOT:PSS.® Tsukada et al. successfully
developed conductive silkworm silk-PEDOT:PSS threads. The
initial conductivity was low (0.00117 Scm™) but the addition
of glycerol increased the conductivity by two orders of magni-
tude (0.102 Scm™). Additionally, the silk-glycerol-PEDOT:PSS
fibers showed improved durability and wettability of the com-
posite threads allowing for repeated washing cycles while still
retaining conductivity.®? The threads were also successfully
used for in situ ECG and EEG readings in rats providing not
only a seminal first study with silk-based biological sensors but
demonstrated practical use.l®?

Work by Zhang took a similar approach, using conductive
graphene embedded into electrospun regenerated silk fibroin
mats. The B. mori silk mats acted as a scaffold that trapped the
graphene in the matrix. The trapped graphene could then act
as a conductive material, while the scaffold retained the bio-
compatibility and mechanical properties of the silk matrix.®*!
Similarly, Reizabal et al. used carbon nanotubes (CNTs) as their
conductive material. The CNTs were dissolved with B. mori
silk fibers in formic acid and then solvent cast to make thin
films. The CNT fillers were found to be well dispersed in the
polymer matrix and exhibited electrical conductivity and elec-
tromechanical responses. Interestingly, the authors found that
the mechanical and thermal properties were independent of the
quantity of CNT filler present in the silk matrix but the CNT
did reduce -sheet formation, and the electrical properties of
the composite strongly correlated with the amount of CNT
filler. Unique to this study, the CNT-silk composite films also
exhibited a piezoresistive behavior opening a potentially prom-
ising new way to produce biocompatible stress sensors.[84

Another particularly promising as well as surprising applica-
tion for silk hybrid materials with conductivity are for sutures.®’!
A recent, study by Liu et al. produced biomimetic antibacterial
opto-electro sensing sutures made from regenerated B. mori
proteins. The core of the fibrous sutures was produced using
wet spun using silk proteins dissolved in 99.5% 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP). Silk fibers were then coated with
silk-SWCNT, silk-GMCST (granulocyte macrophage colony
stimulating factor), which is clinically used to improve cell
growth and healing, and silk-GQD (graphene quantum dots)
which simultaneously improves conductivity, increases anti-
bacterial activity and allows for optical monitoring (Figure 4a).
The resulting core-shell silk fiber was then tested in both cell
and animal studies (Figure 4b-h). The results from cell studies
indicated a strong antibacterial effect to S. aureus and E. coli
when the suture was treated with small quantities of H,0,
(Figure 4b). In addition, the GQDs were released to simulated
body fluid indicating the potential of the fiber to act as a depot
for delivery. (Figure 4c) Similarly, in vivo experiments with
rabbits demonstrated that the silk sutures enhanced wound
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healing, prevented growth of harmful bacteria, and through
resistance testing the suture acted as a strain sensor for moni-
toring wound stress (Figure 4d—f).Y The versatility exhibited
by the silk suture hybrid materials is one of the many reasons
why silk will play a pivotal role in shaping the future of renew-
able hybrid electronic devices.

4. Silk Composites and Hybrid Materials
for Energy Conversion

As was shown in the previous section, silks can be incorpo-
rated as components in flexible electronic devices. Unsurpris-
ingly, there is a wealth of new research showing that silk has
the potential to produce the energy needed for said devices by
means of conversion. Explored in this section are silk-based
systems that show the potential of converting mechanical,
thermal, chemical, and solar energy into electrical energy, as
well as the role silk materials play in energy storage devices.

4.1. Mechanical Energy Conversion

Mechanical energy from the motion of wind and water has
already been harnessed for human use for millennia to propel
ships, windmills, and watermills. Following the industrial
revolution, generators were coupled to wind- or water-driven
turbines to convert the kinetic energy to electrical energy.
Hydroelectric dams and windmill farms have since contrib-
uted significant amounts of energy in the global energy mix.[%¢!
While these major sources of mechanical energy have been
tapped extensively, other forms of exploitable mechanical
energy have received less attention.

4.1.1. Silk as a Material in Triboelectric Generators

People in modern societies regularly wear biopolymer-based
clothing, and friction between the skin and clothing or between
clothing and the surroundings inevitably occurs, especially in
dry conditions. If two dissimilar materials come into contact
with each other, the material with a higher surface electron
affinity will attract electrons to its surface, resulting in it being
negatively charged and leaving the other material positively
charged. The basis of this phenomenon is called the triboelec-
tric effect.¥”] Rubbing two sufficiently triboelectrically-dissimilar
materials together can potentially create a high enough voltage
to power electrical devices.

This was demonstrated by Fan et al. in a seminal work.
In their study, they constructed a triboelectric nanogenerator by
taping together a 4.5 cm x 1.2 cm rectangular PET (220 pum)
film and a Kapton (125 pum thick) film on the 1.2 cm edges. The
upper and bottom parts were then sputter-coated with 100 nm
of gold which served as electrode layers. Bending the films
caused a rubbing together of the inner surface, which led to
charge separation. They measured an output voltage of up to
3.3V at a power density of =10.4 mWcm™ (other works typically
report power density using the unit Wm™2), which was enough
to light up an LED. The nanogenerator was also used to charge

88]

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

a) b)
" CNT

~ Core % GM-CSF ' GQDs

www.advenergymat.de

< Normal/H,0, lBSS MBSS/H,0,| 100
& S
e =100 ‘I‘ » 80+ !
= Wl Triggered o 8 : ol
} Releasing G 75 ® 60f Oh 2h 4h 8h &
; iv opticai @ ° : o
Monitoring S 50 2 40 : §
ke L] H
V Oxidizing § 25[ & & ¢
. Sterilization € 0
" .on Ot
Pa S.aureus E.coli 0 20 40 60
Time (min)
d)
100 {100
_— | P
£ 80 o—* {80 2
3 g o
c 60 ¢ 60 &
3 | b o
@ 40 I~ 40 g
3 20 s {205
(TN o~

o
é =

0 20 40 60 80
Time (h)

Figure 4. a) Schematic of the layered composition of the silk hybrid suture. The core consists of wet spun silk with outer layers of carbon nanotubes
(CNT), silk treated with granulocyte macrophage colony stimulating factor (GM-CSF), and finally silk treated with graphite quantum dots (GQDs).
b) In vitro characterization of the broad-spectrum antibacterial capability against S. aureus and E. coli on the normal suture with H,0O,, the silk hybrid
suture with (BSS/ H,0,) and without H,0, (BSS). c) Percentage of both released GQDs (red line) and released attached drug, Penicillin G, (blue line)
of silk hybrid suture immersed in simulated body fluid with protease. Inset are photos of silk hybrid suture with GQDs replaced with Penicillin G under
325 nm UV light after 0, 2, 4, and 8 h. Penicillin G was used instead of GM-CSF to facilitate quantitative spectroscopy measurements in protease solu-
tions. Scale bar: 0.5 cm. d) Fluorescence intensity (red line) and GM-CSF release degree (blue line) in percentages of silk hybrid suture, stitched on
mouse’s back wound under 325 nm UV light. e) Silk hybrid suture (labeled as BSS) images under UV light at 325 nm over 0, 12, and 48 h. The reference
silk GQD composite was only placed around the wound during fluorescence measurements to be used as a reference initial intensity calibration. Scale
bar: 0.5 cm. f) Photograph of the rabbit back wound stitched with silk hybrid suture (BSS, top) and normal sutures (bottom) after 11 days. Scale bar:

0.5 cm. Adapted with permission.l Copyright 2020, Wiley.

10 capacitors (22 uF), charging them to 0.2 V in 450 deforma-
tion cycles. The durability of the nanogenerator was demon-
strated by the steady voltage output even after =10° cycles of
deformation (spanning about 30 days). This work is highly rele-
vant because it demonstrated that such a simple, polymer-based
nanogenerator could power a commercially available device. It
also defined many of the routines such as the measurement of
voltage and maximum power density, capacitor charging, and
long-term deformation test as we will see in some of the works
that we will describe below.

Silk is also a material that is suitable for constructing a tribo-
electric nanogenerator because it exhibits a strong triboelectric
behavior, being placed only below wool in terms of the ease of
electron loss in the triboelectric series.®” Incorporating silk’s
intrinsic triboelectric property, Kim et al. investigated the effect
of surface area morphology on the amount of voltage gener-
ated between the two contacting surfaces.”®l They used a setup,
illustrated in Figure 5, which is similar to the setup described
earlier by Fan et al with only minor changes. One half of the
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triboelectric nanogenerator was created by attaching either an
electrospun nonwoven mesh or a cast film of B. mori silk to
an aluminum foil. The other half was created using attaching
a polyimide film to an aluminum foil. The nanogenerator
prepared with an electrospun nonwoven mat observed a peak
voltage of about 16 V, about 1.5 times higher than the nanogen-
erator that used a cast silk film. Like Fan et al.’s device, the silk-
based nanogenerator was able to light LEDs, and when loaded
with a resistance of 5 MQ, a peak power density of 4.3 mWm2
was measured. The nanogenerator was able to charge a 10 puF
capacitor to 2 V within 5 min, and also showed good durability,
delivering steady voltage over 25 000 deformation cycles. This
work is one of the earliest demonstrations of the possibility
of incorporating silk into a triboelectric nanogenerator and
achieving functioning performance by lighting up LEDs.

In a similar way a subsequent study by Liu et al.’! explored
the possibility of mass-producing silk film-based triboelectric
generators by use of spray coating to replace the less scalable
electrospinning used previously by Kim et al. In the study,
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Figure 5. Schematics of the working principles of a silk-based triboelectric
generator by Kim et al.’ Step 1: By pressing the different electro-affine
layers together, electrons can be transferred to the more electro-affine
side. Step 2: Upon releasing the pressure, electrons begin to flow through
the circuit to the oppositely charged side. Step 3: Upon full release, an
electric field is created between the two sides as a result of the opposite
charge difference on either side. Step 4: Reapplying pressure causes the
electrons to flow in the reverse direction. Once the two sides are recon-
nected (Step 1), the process can be repeated. Reproduced with permis-
sion.l® Copyright 2016, Wiley.

15 wt% aqueous silk solutions were spray coated between 5-15 s
on 30 cm x 36 cm PET-ITO films. The nanogenerators showed
Vup to 218 V, and at a load resistance of 55 MQ showed a peak
power density of 68 Wm™. The triboelectric generators also
showed high durability, delivering consistent output voltage
after 7 days with 300 cycles per minute.

These works have shown the potential of silk’s triboelectric
property in generating sufficient electricity to power existing
electronic devices. From a seminal work that did not involve
silk, a slight adjustment in the setup allowed the incorpora-
tion of silk in a triboelectric nanogenerator owing to silk’s high
processability. From that point on, the silk-based system could
be optimized to show massive performance improvements and
even upscaled for potential mass production.

4.1.2. Silk as a Material in Piezoelectric Generators

Piezoelectricity is the generation of electrical potential dif-
ference due to the displacement of atoms in crystals with
asymmetries in their lattice structure.®? As silk is a semicrys-
talline material based on [B-sheets, it is potentially capable of
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piezoelectricity, which was demonstrated early on in 1939 by
Harvey®! who documented luminescence of silk when struck
by a metal ball in a glass tube filled with neon gas. It wasn't
until the 2010s that significant work examining the use of silk-
based piezoelectric materials was conducted.

One recent example is a 2018 work of Karan et al.'% They
quantified the structure-dependent piezoelectric response of
silk from the spider species Nephila pilipes, measuring out-of-
plane piezoelectric coefficients up to =0.36 pmV~". They then
constructed a piezoelectric nanogenerator by embedding silk
fibers, oriented in one direction, in a PDMS film and sand-
wiching the composite film between two electrodes, which
could be connected to electronic devices. The nanogenerator
was then subjected to various loads and deformation such
as tapping with a finger, impact with a falling metal block,
stretching, and twisting. The maximum output voltage, cur-
rent, and power density were measured at =21.3 V, =0.68 LA,
and =3.23 uWcm™ respectively. The voltage in particular proved
superior compared to several other piezoelectric nanogenera-
tors based on fish scale,® fish bladder,/ and viral protein.°¢!
Similarly to the works described in the triboelectric section, the
nanogenerator could power LEDs. Additionally, the nanogen-
erator could also power calculators, mobile screens, speakers,
and wrist watches. They further examined the nanogenerator’s
potential of acting as a biosensor which requires high sensi-
tivity to detect minute movements. To demonstrate this, they
wrapped the nanogenerator around the experimenter’s wrist
and throat. The nanogenerator was able to detect arterial pulses
and also generated distinct signals in terms of pattern and
voltage for speech, swallowing, coughing, and gargling. To test
the device stability, they activated the device using 1550 cycles
of manual tapping and 30 000 cycles of sewing machine vibra-
tion, measuring in both cases a steady output voltage.

A more recent work by Huang et al.l’”’l also explored the pos-
sibility of energy conversion using a silk-based nanogenerator,
but here combining both the piezo- and triboelectric phe-
nomena. The nanogenerator used had a similar design to the
one described in Figure 5. One half of the generator consisted
of a poly(vinylidene fluoride) (PVDF) spin-coated onto a PET
substrate. The other half consisted of a recombinant MaSp1 silk
inkjet-printed onto a PET/ITO substrate. They tested the per-
formance of a generator with a contact area of 6.25 cm? under
a load resistance ranging between 1 and 100 MQ. The nanogen-
erator showed peak performance with a loading of 8 MQ, with
a corresponding voltage, current, and power density of =200 V,
12 pA, and 4016 mWm™2. This power density was higher com-
pared to other nanogenerators based on other materials, notably
PVDF+paper,’® PVDF+silk,*! and porous PDMS,!1%) which
showed power densities of 3700, 3100, and 2330, respectively.
For testing the long-term stability of the device, they performed
18 000 deformation cycles and recorded no significant change
in the output current. The authors additionally conducted
experimental controls using nanogenerators based either
purely on PVDF/PET or silk/PET, which showed a voltage of
6 and 95 V respectively when connected to a load resistance
of 10 MQ. They argued that the much higher voltage (200 V)
recorded in a piezo-triboelectric system cannot be explained
by the simple addition of the voltages produced by the purely
piezoelectric and purely triboelectric system, therefore the two
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phenomena must have overlapped in a synergistic way. More-
over, the authors also conducted an in-vivo experiment, using a
smaller version of the nanogenerator to monitor the heartbeat
of rats. It has to be noted that in this work, PVDF is the source
of the piezoelectricity, however as has been shown by Karan
et al.,l'% oriented silk fibers can act as a piezoelectric material.
The tribo- and piezoelectric effects observed in silk-based
nanogenerators are revealing the astounding potential of silk as
a mechanical energy converter. These two effects observed in
silk-based devices are sufficiently strong to power small devices,
all with the help of an energy input normally regarded as neg-
ligible. They show high durability and simplicity in design, as
well as the potential of being self-powered when combined with
a capacitor. With further optimization, future small electronic
devices may well run solely on silk-based nanogenerators.

4.1.3. Silk as a Material in Osmotic Energy Devices

Osmosis describes the tendency of solvents to equalize con-
centration gradients of a solute across a semipermeable
membrane. However, by limiting the movement of water and
instead promoting the passage of ions through the membrane,
a current can be generated across the membrane due to the
net movement of charges. This is the basic principle of reverse
electrodialysis, which has the potential to generate large
amounts of energy, if there are systems in which two great
bodies of liquid with a salt concentration gradient meet. Such
systems occur quite commonly in nature. Estuaries, where
river water meets seawater, can be found in all countries with
rivers that flow into the ocean, giving great potential for use
around the world.

Membranes with nanofluidic channels (channel diameter
<100 nm) are suitable for generating electricity from solute
concentration gradients. The surface charge of the channels
acts as a filter, repelling ions with like charges and allowing
the passage of ions with opposite charges through the
channels.!% Silk is an ideal material for such membranes
because of its tunable surface chargel¥*® and processability
into membranes.

Xin et al.l%? used B. mori silk fibroin as a component in a
bicomponent membrane for osmotic energy conversion. The
membrane was produced by filtering a 0.05 wt% aqueous silk
solution through an anodic aluminum oxide (AAO) membrane
(pore size between 80-100 nm, 60 pum thick), thereby creating
a porous layer of deposited silk fibroin (pore size =20 nm,
5 um thick). The deposited layer showed neither dissolution
nor delamination from the AAO membrane after having been
soaked in deionized water for 93 days. This stability was attrib-
uted to the strong hydrogen bonds formed between fibroin/
fibroin and fibroin/AAO membrane. For testing its perfor-
mance, the membrane was placed in a slot in the wall that sep-
arated the two compartments of an electrochemical cell. One
compartment contained a 0.01 M NaCl solution while the other
a 0.5 m NaCl solution, whereby the 50-fold concentration gra-
dient corresponds to that between river- and seawater. When
connected to an external load of about 23 k€, the observed peak
power density was =2.86 Wm™2, which indicates that silk can be
used for osmotic energy conversion.
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Chen et al'% conducted a similar study a year later, using
only B. mori silk to produce an ultrathin, single-component mem-
brane by spin coating. Each spin coating cycle produced single
silk film layers of 10 nm, thus a membrane of variable thick-
ness could be created by repeatedly casting subsequent layers
on top of the preceding ones. The membranes were 3% porous
with pores of sizes about 75 nm. They were robust enough for
handling and were insensitive to changes in the pH of the elec-
trolyte, which was varied in between 3 and 11. Not only did the
membranes remain intact, the current across the membranes
did not vary significantly with pH, showing the wide range of
pH in which the membranes can operate while still delivering
a steady current. In testing the performance of the membrane,
they used a 50-fold salinity gradient and measured a power den-
sity of 4.06 Wm~ which not only surpassed that of Xin et al., but
of an MXene/Kevlar membrane reported by another group a year
earlier'* which they claimed to be the state of the art.

These studies showed the potential of silk and silk-based
membranes in osmotic energy conversion. Silk is easily pro-
cessed into membranes with nanofluidic pores, whose charge
and thickness can be tuned. These membranes demonstrated
long-term stability in water and are insensitive to pH changes
in terms of integrity and performance. They also deliver power
densities on par with comparable materials.

4.2. Thermal and Thermoelectric Energy Conversion

Heat is usually an undesired byproduct of processes such as exo-
thermic chemical reactions, Ohmic heating of electrical compo-
nents, and friction between mechanical parts. Typically, heat is
treated as a waste produce to be removed. However, in doing so,
a significant amount of energy is wasted during the removal pro-
cess and more recently, efforts to reduce energy consumption and
increase process efficiency have led to heat recovery measures
being implemented.'”! This includes using the otherwise wasted
energy from various processes to, for example, pre-heat materials
in pre-processing, heating/cooling ambient air in buildings, and
heating tap water for toilets and showers to name a few.[1%°)

The potential heat-related applications of silk are being discov-
ered by two separate veins of research. The first seeks to under-
stand the biological role that silk plays in the development of
arthropod pupae and embryos. Here research is beginning to
reveal that silk forms more than a passive, isolating shell that
protects developing arthropods from predators!'”! and extreme
weather conditions."%®! Even prior to any human intervention, silk
possesses remarkable thermoregulatory properties. A 1995 study
by Ishay et al. examined the electrical response of the silken nest
caps towards changes in the heat. Sealed wasp nests of the species
Vespa orientalis that contain pupae exhibit the ability to maintain
a temperature between 28-30 °C even in the absence of adults
that usually aid in thermoregulation. To investigate the role of the
silk nest caps in thermoregulation, the authors collected the nest
caps and subjected them to differing temperatures while meas-
uring the current generated across the caps, revealing a depend-
ence between current and temperature with a peak current of
several hundred nanoamperes measured between 28-31 °C.
In discussing the observation, the authors postulated that this
indicates the electric charge storage capability of silk.[’]
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In the context of pupae, the generated current might be suf-
ficient as a backup heating mechanism in the event that adult
wasps are absent for extended periods of time. However, the gen-
erated nanoampere current is barely useful for any human appli-
cation. A later work in 2014 by Tulachan et al., ™ which was based
on the earlier works of Ishay,1%1112 showed in a clearer dem-
onstration the potential of natural silk cocoons in human appli-
cation. In the initial setup of their experiment, they used empty
B. mori cocoons and attached aluminum foil inside the cocoons as
an electrode. They then spooled copper wire around the outer sur-
face of the cocoons, which served as the counter electrode. Three
of the cocoons were then connected in series with a red LED that
required a minimum voltage and current of 1.6 V and 18 UA,
respectively. Upon exposing the cocoons to hot water vapor, the
LED lit up, demonstrating that silk cocoons in their natural form
can already function as a sort of moisture-triggered battery.

For making standardized devices, they replaced whole
cocoons with smaller units made of rectangular, 2.5 cm x 1 cm
sections of the cocoons. Each device consisted of four units con-
nected in series. These were used in further testing, including
measuring voltage and current as a function of time. When
the devices were exposed to water vapor, they measured steady
values for voltage (=0.5 V) and current (=1 nA) for up to 200 min,
at which point both values started to drop. This drop however
was shown to be reversible. After letting them dry for 1 h, they
were exposed again to water vapor, which again showed steady
voltage and current reading for another 200 min. These works
revealed the remarkable untapped potential of naturally occur-
ring cocoons in powering small electronics.

The second vein of research examines silk’s potential in
composites, with silk playing a role as a template for thermally-
active species. Anticipating the widespread use of silk-based
electric devices in the future, Tsao et al. 2015 examined the phe-
nomenon of white-light-induced heating in B. mori silk films
embedded with Au nanoparticles. Composite films were pre-
pared by a facile method of casting a mixture of silk solution
and Au nanoparticles (of various sizes and at various Au-to-silk
weight ratios) onto a fused silica plate or a Si device measuring
1.5 cm X 1.5 cm, with the optimal composite film containing
25 wt% Au, and the Au nanoparticles being 13+2 nm in size.
When subjected to multiple 5 min cycles of exposure to white
LED light of 200 mW cm™2 followed by 5 min of non-exposure,
the film showed rapid heating up to 100 °C and cooling to room
temperature without any reduction in performance.!!"

Using a different silk morphology, Zhang et al.'} examined
the potential of silk cloth as a substrate for reduced graphene
oxide in steam generation applications, citing silk’s mechanical
properties, thermal stability, permeability in air, and hygrosco-
picity as the motivation of using silk as a material. They dyed the
silk cloth with graphene oxide, which was subsequently reduced
by microwaving at 95 °C for 10 min with 300 W power input.
The dyed silk cloth was used to cover the upper surface of a poly-
ethylene foam that floats on top of a water surface, with the outer
parts of the silk cloth dipping into the water. The capillary effect
of the cloth ensures that water is continuously wicked towards
the upper surface of the foam while water evaporates at the top
due to heating. This setup exhibited high efficiency, generating
steam at 1.48 kg m™ h™! under one solar irradiance (power per
unit area of electromagnetic radiation received from the sun for
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a specific wavelength range) after 30 min of exposure, which is
about 5.7 times more efficient compared to water evaporating on
its own under the same irradiance. In addition, the dyed silk fab-
rics were stable and able to withstand up to 30 washing cycles
without any significant loss in conversion efficiency. Such a
simple system may be upscaled for practical applications such as
large-scale water sterilization and desalination.

These studies point out that silk has a great potential for
application in thermal energy conversion. Naturally occurring
V. orientalis nest silk caps and B. mori cocoons showed an inter-
esting electrical response to heat and humidity, which in the
latter case was even sufficient to power an LED. For compos-
ites, silk can be easily processed into flexible and durable tem-
plates which immobilize various thermally active species for
thermal energy conversion devices.

4.3. Chemical Energy Conversion

Much of the modern world is built upon generation of energy
from chemical reactions. From rocketry to combustion engines
to batteries, chemical reactions, specifically the breaking of
chemical bonds, are the main source of energy production in
the world today." This energy production comes at significant
cost to the environment, and with ever more increasing demand
for green energies to curb the rising threat of climate change,
scientists have turned to nature for solutions. A more environ-
mentally friendly approach to the increasing energy demand
has seen a decrease in coal and oil use for energy production
in the western world"™>"8 but with energy consumption esti-
mated to double by 2050, and with mounting pressure to move
away from fossil fuels, renewable energy sources require ever
more creative solutions to keep up with demand.["%-121]

Changing how energy is produced is one of many steps that
must be undertaken to curb the environmental impact of man-
kind. New renewable, biocompatible, and degradable materials
are also highly sought after with the ultimate goal to have a net
neutral environmental impact.'82% One such energy source
that is often studied in literature is the oxygen reduction reaction,
which is the primary driving force for fuel cells.l'?2 While fuel
cells can be built from a myriad of different reduction reactions to
produce energy, the two main reasons as to why oxygen remains
the preferred cathodic fuel are its abundance in the earth’s atmos-
phere and the fact that its fully reduced form, water, is non-toxic.
The main limitation to performance of fuel cells is the slow reac-
tion kinetics of oxygen reduction. Platinum is commonly used as
a cathode catalyst to speed up the reaction kinetics, but due to the
expense and scarcity of platinum it limits widespread use in fuel
cells.' Therefore, it is important to find an alternative catalyst
that is readily available and cost effective.

4.3.1. Oxygen Reduction Catalysis

Proteins and their subsequent nanostructures have become
increasingly sought after for their promising materials design
potential, in particular, to develop protein inspired structures
to harness ion transport for bioelectric generation.'23-12%]
Of particular note, silk nanofibrils, derived from cocoons of
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B. mori silkworms, can be produced with very high aspect ratios
leading to high surface areas for potential use in oxygen reduc-
tion catalysis!'?®l Given that silk nanofibrils are easy to produce,
naturally abundant, and both biocompatible and biodegradable,
it is no surprise that silk stands as one key material for use in
green energy production.l1’]

Zhou et al. used naturally collected spider silk samples pro-
duced by Pholcus opilionoides as the base material for carbon
nanofiber scaffolds to be used as oxygen reducing catalysts.l'8l
While not directly using spider silk for scaffolds but its carbon-
ized imprint, this seminal work demonstrates that spider silk
materials could be converted into usable materials through a
facile method of heating and acid treatment. Furthermore, the
resulting scaffolds exhibited high catalytic activity for oxygen
reduction, which the authors attribute to the large number of
activation sites present on the scaffold.'?8] Interestingly, the large
surface area found on the carbon nanofiber scaffolds was attrib-
uted to small mesopores that formed on the surface during silk to
carbon nanofiber conversion. Thus, this methodology of carboni-
zation may be used for increasing or tuning the surface area of
other carbonized silk fibers and carbon nanofibers.!'28l

In a similar study, Rapson et al., used a hybrid heme-
honeybee silk protein recombinantly produced using E. coli to
generate films useful for oxygen reduction materials.'” Rapson
et al. had previously designed a process to immobilize the active
heme porphyrin ring of myoglobin onto the silk backbone via
direct coordination of a histidine residue.?13% This process
was also performed with recombinant honeybee silk, and the
gained hybrid material was then processed into films. These
films were shown to efficiently reduce oxygen functioning as an
electrocatalyst. Additionally, the heme-silk films produced neg-
ligible amounts of hydrogen peroxide, a side reaction that can
occur during the reduction of oxygen using metallic catalysts
which causes corrosion and eventual failure of the cathodes.
Not only did the introduction of the heme-silk films increase
stability of the fuel cells tested, the heme-silk films were capable
of reducing oxygen efficiently in neutral buffers, which opens
opportunities for design of enzymatic or microbial fuel cells.!

4.4. Energy Storage Using Silk-Based Materials

In addition to developing new renewable materials for solar and
alternative energy devices, there is an increasing demand for
energy storage devices with high energy density, long life times,
and low material costs.3!l Currently, battery and capacitors are
dominated by alkali metals, specifically Lithium. The demand
for lithium, primarily used in lithium-ion batteries, has more
than tripled between 2015 and 2020 and is expected to grow by
more than 500% to reach 2.2 million tons by 2030.132133] This
increase will only add to the growing mineral crisis as the world
moves to more environmentally friendly technologies.

4.4.1. Carbonized Silk for Batteries and Super Capacitors
More renewable and recyclable materials are already being

developed for use in the battery market to combat the looming
mineral crisis. In particular, a recent study by Wu et al. used
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a nanofiber film of regenerated silk, harvested from B. mori
cocoons, as an interlayer of Li—S batteries.!3l The silk fibroins
were electrospun and carbonized and sandwiched as a double
layer between the S-cathode and Li-anode (Figure 6).134 The
carbonized silk fibers (SCNFs) were successfully woven into
a continuous conductive network, which provided fast elec-
tron pathways and acted as a cathode and anode interlayer
delivering a high discharge capacity and remaining stable for
200 cycles.® The enhancement effect seen by the interlayers
greatly increased the columbic efficiency and charge retention
life of the battery, opening potentials for significantly increasing
Li—S battery stability.

Similarly, an earlier study by Hou et al. demonstrated that
porous nitrogen-doped carbon nanosheets derived from
B. mori silk can be produced for high capacity battery anodes
and supercapacitors. The silk was treated with metal salts, FeCl;
and ZnCl, which were not only effective at dissolution and
regeneration of natural silk, but the metal salts could simulta-
neously act as activation sites for carbonization agents.3* The
resulting nanosheets assembled in lamellar-like layered struc-
tures as is expected from silk materials. Unique to this system,
the lamellar-layered structures contained both micro- and
mesopores giving them an extremely high surface area. This
lamellar-layered structures showed a high storage capacity of
1865 mA h g! and only a 9% stability loss after 10 000 cycles
(traditional rechargeable batteries show complete stability loss
at around 10 000 cycles) thus paving the way for organic silk-
based batteries for potential commercial use.!'3’!

Carbonization of natural silk for anode/cathode interlayers
is not the only useful route towards applications. Integration
of flexibility, biocompatibility, and degradability for energy
storage/delivery devices for epidermal and implantable bioelec-
tronics are a particular topic that Pal et al. has recently explored.
The authors demonstrated that B. mori silk in conjunction
with conducting polymers, such as poly(3,4-ethylenedioxy-
thiophene), polystyrene sulfonate, or graphene could be used

0% 8
)

%

%
L

e )
2o

e
)

-
IR
"‘e:l n.’.:‘ £ ‘-‘ .

8.
S

{0 sulfur @ Polysulfide fi;;\ SCNFs \/ Separator \/ Lithium
Figure 6. Schematic of assembled Li—S cell featuring sulfur cathode,
cathode interlayer, separator, anode interlayer, and lithium metal. Smaller
impedance was achieved for the cathode interlayer (left half) but at cost
of polysulfides damaging the Li-metal after long cycling times. Addition
of the carbonized silk layers in between the cathode (left half) and anode
(right half) not only provided fast electron transport but also captured
polysulfides during charging, preventing corrosion of the Lithium inter-
layer. Reproduced with permission.[* Copyright 2019, Elsevier.
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in photo-patternable biocomposite inks. Uniquely, these inks
could be fabricated into active electrodes and printed on flexible
protein sheets using photolithography under benign conditions
with only water as solvent, thus, eliminating many of the harsh
metal ion solvents necessary in the aforementioned studies.®!
These patterned thin films showed high capacitance, power
density, and cycling stability over 500 cycles. Furthermore, the
thin films were shown to be cytocompatible and completely
degraded over a period of 1 month which may indicate an appli-
cation as biodegradable batteries.>®l

Unlike traditional lithium ion batteries, supercapacitors
have much faster charge rates, can store more energy and have
longer lifespans (100 000 to 1 000 000 million cycles compared
to 500 to 10 000 of lithium ion batteries).'*l These benefits are
offset by a slow self-discharge rate which causes the superca-
pacitor to be poorly suited for long term energy storage. In addi-
tion, supercapacitors suffer from gradual voltage loss, which
causes the voltage output of capacitors to decline linearly with
their stored charge (lithium ion batteries have near-constant
voltage output regardless of charge). Still due to the wide range
of operating temperatures, supercapacitors have seen use in
hybrid vehicles, use in conjunctions with batteries for hybrid or
quick charging energy storage devices, and as backup systems
and power buffers.'3¢13] It should come then as no surprise
that supercapacitors have become a promising field of study for
silk-based power sources and energy storage devices.

One early work examined the preparation of nitrogen
enriched carbon materials from B. mori silk fibers.*8 Using
heat treatment, the authors converted the silk fibroin to
nitrogen-containing activated carbon, which they then success-
fully used for applications in electric double layers for superca-
pacitors.®® Building upon this work, in a more recent study
porous nitrogen-doped carbon-derived films were designed
from B. mori silk for use in potassium-ion hybrid capacitors.!!
The resulting nitrogen rich, porous carbonized silk anode
exhibited a power density of 112.6 W kg~!, and could be fully
charged in just 7 min with a discharge time of 2.5 h.

4.4.2. Silk-Graphene Self-Assembly for Energy Storage

Work discussed thus far in energy storage has focused on the
conversion of silk to carbonized silk for use as anodes in bat-
teries or super capacitors. While this certainly shows the flex-
ibility and usefulness of silk from a materials perspective,
silk also has many other properties that are useful for energy
exploitation.

One such example is the natural ability of silk proteins to
self-assemble. Wang et al. demonstrated that a mixture of gra-
phene and B. mori silk fibroin dissolved in KOH yielded self-
assembled structures that could then be freeze-dried to form
aerogels, and through a carbonization process graphene-silk
composite materials could be obtained.*! The harvested
graphene-silk nanofibril composite material exhibited remark-
able electrochemical stability with a capacitance retention ratio
of 96%.10 In addition, the composite material achieved high
energy density paving the way forward for use as a material for
the manufacturing of supercapacitors with both high perfor-
mance and low cost.
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Building upon similar work, Yun et al. produced carbon
aerogels based on regenerated silk proteins and graphene
oxide. The aerogels were prepared using a flash freezing/
lyophilization process."!] The hydrophilic blocks of the silk
proteins showed strong interactions with the oxygen functional
groups of graphene oxide resulting in silk-graphene composite
nanoplates assembling into 3D cryogels during a lyophilization
process. These cryogels could then be converted to aerogels via
treatment using methanol. The resulting materials exhibited a
high capacitance of 298 Fg™! and stability over 5000 repeated
cycles.*1]

4.5. Solar Energy Conversion

One of the more promising future directions is the use of
recombinant spider silk for example as a fibrous scaffold for
Au and TiO, nanoparticles for use in photocatalytic water split-
ting yielding hydrogen. In a paper by Herold et al. recombinant
spider silk was successfully modified with respective binding
motifs to selectively interact with Au and TiO, nanoparticles,
designated ntag®*eADF4(k16) and eADF4(C16)-TiO,-bp, respec-
tively.??l Using a facile technique of film casting and capillary
force-based patterning, the proteins were processed into pat-
terned films with a base of Au-binding ntag”¥*eADF4(x16) and
stripes of TiO,-binding eADF4(C16)-TiO,-bp (Figure 7). Upon
particle immobilization, Au and TiO, nanoparticles were per-
fectly aligned along the stripes, and the interface in between
was found to successfully be able to catalyze the photoiniti-
ated splitting of water producing hydrogen under the exposure
of light at the visible wavelength providing a basis for further
development of recyclable hybrid materials for water splitting
photocatalysis.[>?

The result of Herold et al. is of particular interest for several
reasons. First, the specific binding of nanoparticles was accom-
plished through explicit genetic modification of the protein,
that is, protein engineering. Thus, various nanoparticles can
be attached upon sequence variation of the underlying spider
silk protein, making a robust, tunable material for hybrid
energy needs. Second, spider silk proteins can be processed
into not only 2D structured films but also into fibers and fiber
meshes. No processability problems arise after modification
and binding. Lastly, the nanoparticles show specific binding to
the specifically modified proteins allowing for patterning and a
myriad of new possible spider silk-nanoparticle hybrid energy
materials. Additionally, with the ability to recombinantly pro-
duce silk proteins with selective binding motifs, there is a vast
potential for scalability.

The work by Ma et al. provides another very promising future
direction for silk hybrid materials for solar energy conversion.
Their work focuses on producing deformable, malleable silk-based
perovskite solar cells using B. mori silk.'*] Combining silk fibroin
and silver nanowires, the films were capable of deforming into
a diverse range of structures from simple (bending, folding, and
stretching) to complex origami (flower, bowknot, and paper crane)
(Figure 8a). The malleable films could be deformed and subse-
quently recovered to their original shape through the exposure to
water (Figure 8b,c). SEM images of the recovered films showed
no signs of grain boundaries or crack formations and only minor
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Figure 7. a)Schematic top and side view of a patterned film based on recombinant spider silk proteins for use in photocatalytic water splitting. The
Au-binding ntag”*eADF (x16) forms the base while the TiO,-binding eADF4(C16)-TiO,-bp forms stripes on the base layer. Au and TiO, nanoparticles
bind selectively to the respective proteins, creating Au-TiO, interfaces at the edge of the stripes. b) Schematic of the photocatalytic water splitting reac-
tion occurring when Au and TiO, are hybridized. c) Photograph of the patterned film after Au coupling and TiO, toning and a light microscopy image
of the patterned Au doped silk film. (c) Adapted with permission.l2l Copyright 2018, ICE Publishing.

deformations in the films (Figure 8d,e). The films showed similar
sheet resistances in the undeformed and deformed state, indi-
cating no significant loss of electrical conductivity during defor-
mation.'? These sheets could then be employed in photovoltaic
cells using layers of PEDOT:PSS, perovskite (CH3NH;Pbls),
phenyl-C61-butyric acid methyl ester (PCBM), and Ag. These
sandwiches were capable of simple bending and stretching
without significant loss of function. In addition, the photovoltaic
cell obtained a respectable power conversion efficiency of 10.4%
and there was no decrease in efficiency after stretching the device
10 times (with strains of 50%) with the device showing little deteri-
oration of the perovskite layer in SEM images.*?) However, when
the device was stretched with 50 stretching cycles, the power con-
version efficiency was reduced by up to 60% with the perovskite
layer showing significant deterioration in SEM images."?! Still,
the work here marks an important seminal step in malleable, flex-
ible silk-based solar energy research.

Adv. Energy Mater. 2021, 11, 2100519 2100519 (14 of 19)

Much like the water splitting result, there are several prom-
ising results from the Ma paper. The most obvious result is the
ability to make both, simple and complex shapes which may
lead to unique ways to increase surface areas of future solar
cells. While the solar device did lose efficiency after repeated
stretching cycles, combining silk’s flexibility with perovskite’s
excellent photoelectric and ferroelectric properties is something
that should not be ignored. Deformable devices may still have
a way to go, but the ability to make malleable perovskite solar
devices using a biocompatible, environmentally friendly mate-
rial like silk is supremely promising.[3-14]

5. Conclusions and Future Outlook

Considering the sheer number of diverse topics covered in this
review one can begin to see the versatility of silk as a material.
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Figure 8. a) Photographs of silkworm cocoons and the silk-perovskite films showing the malleability and pliability of the films folded into different
origami shapes. b) Photograph of silk-perovskite composite film to be used as a flexible solar energy device after random crumpling. c) Photograph
of silk-perovskite after exposure to water vapor resulting in crumple recovery and reversible wrinkling. d) SEM image of recovered silk-perovskite film.
e) Magnification of the crumpled region. Red circles denote localized wrinkle deformations but no cracks or grain boundaries are present. Reproduced

with permission.¥2 Copyright 2020, Wiley.

As a summary, Figure 9 illustrates the multifunctionality and
many applications for silk in protein-based hybrids for energy
systems. From simple to complex materials, one only has to
look at several examples from the above to see how silk will
be used in the future. Carbonization of silk to replace fossil
fuel derived conductive graphene 3% biocompatible, thermally
resistant, flexible fabrics,[8¢379%] scaffolds for biocatalytic reac-
tions, /121281 gpecific binding motifs for nanoparticle binding,*?
flexible triboelectric generators and photovoltaic devices,**1142
and sutures that offer antibacterial activity, controlled drug
release and active conductivity and monitoring®! are but a
few of the many examples of the future of silk based hybrid
materials.

Still, silk-hybrid materials are not without their fair share
of issues and there are some problems that must be overcome
in the future if silk is to find common use in hybrid energy
materials. First, mass production of silk is a major drawback
at the moment. Harvesting, for example, spider silk is by far
not as efficient as producing synthetic polymers or even har-
vesting polysaccharides such as cellulose. This has led to an
increase in the production of recombinant silk proteins. Our
problem is long term stability. Degradation is a problem that all
organic materials face, and though silk is particularly resistant
to thermal and environmental degradation compared to most
polymers, biopolymers, and proteins, it still degrades in
UV-light, undergoing photo-oxidation and eventual damage/
loss of crystallinity.¥! Much like many other synthetic poly-
mers that have similar issues, this limits silk’s long term use
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in many devices that are constantly exposed to light irradiation.
Finally, silk is not conductive without pre- or post-treatment.['3]
This often means conductive fillers are added to devices,
which lack the mechanical properties of silk. The mismatch
in mechanical properties can lead to breakage and degradation
of the conductive layers or delamination of the silk, a problem
that needs to be considered when making hybrid devices, as
this often significantly affects device efficiency and function.

Despite some drawbacks, it's silk’s flexibility and multifunc-
tionality that will define its legacy moving forward. Consider
that the versatility and multifunctionality of silk is not mutu-
ally exclusive to its application. No better example of this is the
multifunctional uses of silk-based sutures that encompass both
conductive fibers for wound stress monitoring, drug encapsula-
tion and release, and antibacterial activity.®!! Any one of these
properties would be beneficial in a material but there are few
materials other than silk that could produce all three in a single
fiber.

But the versatility and multifunctionality of silk goes
deeper than just mixing and matching the different proper-
ties of silk desired for a specific application. Consider, that
with a facile genetic modification to a silk protein, a specific
binding motif can be inserted that selectively binds nanoparti-
cles, completely changing the role silk plays in a solar conver-
sion device.’?l There are few, if any, materials that could offer
all of the benefits (i.e., mechanical strength, biocompatibility,
renewability, etc.) of natural silk and still be tunable molecu-
larly. And that tunability is the true value of silk as part of a
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Figure 9. Silk proteins can be processed into various structures. These structures, once combined with other materials (e.g., inorganics, polymers,
or carbon nanotubes) either as composites or hybrids, have demonstrated a wide range of energy conversion and storage potential. The triboelectric
nanogenerator image is adapted with permission.l®¥ Copyright 2016, Wiley. The capacitor image is reproduced with permission.* Copyright 2019,

Elsevier.

hybrid material. How many other polymers, polysaccharides,
or proteins can offer so many material merits and then also
the ability to fundamentally change their function with simple
chemistry?

As a final thought, with energy consumption estimated to
double by 2050,19712U there is a looming energy and climate
crisis on the horizon. As demands for “greener” materials
for alternative energy sources rise, silk-based materials have
already shown versatility and tunability as the material of choice
for many of the energy needs moving forward.
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