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1 | INTRODUCTION

Batteries are utilized in a multitude of devices encountered in our daily lives.
Here we describe a comparative study of Magnesium-air and Zinc-air primary
batteries using silk fibroin-ionic liquid polymer electrolytes (composed of Bom-
byx mori silk fibroin and choline nitrate). The ionic conductivity of the films was
of the order of mS cm~! which is sufficient to satisfy the conductivity require-
ments for many battery applications, the open circuit voltages (V) for the Mg 1:1
SF:IL and 1:3 SF:IL batteries just after fabrication were ca. 1.8 and 1.7 V, respec-
tively; the 1:1 SF:IL battery had a capacity of 0.84 mAh cm~2, whereas the 1:3
SF:IL battery had a capacity of 0.68 mAh cm~2. The open circuit voltages (V) for
the Zn 1:1 SF:IL and 1:3 SF:IL batteries were in the range of 1.3 and 1.2 V just after
fabrication; the 1:3 SF:IL battery displayed a capacity of 0.96 mAh cm~2 and the
1:3 SF:IL battery displayed a capacity of 0.72 mAh cm~2. Integration of the PE
and substitution of the carbon cloth electrodes with degradable materials would
offer routes to production of transient primary batteries helping to address the
global issue of electronic waste (e-waste).
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increasing use of electronic devices in our lives. The poten-
tial hazards associated with some of the components of

Electronic devices are ubiquitous in our lives, as is the
generation of waste (in this case electronics waste, e-
waste) resulting from the production and eventual disposal
after the product has reached the end of its useful life-
time. There are more than 50 million tonnes of e-waste
discarded annually (worth in excess of $60B),I'>l which
increases annually in accordance with global population
growth, global efforts to reduce poverty (e.g., via the 17
United Nations Sustainable Development Goals),!%! and

e-waste (e.g., ecological concerns include air/soil/water
pollution) make it an issue of global importance.l”] Con-
sequently, the development of electronics employing a
circular economy perspective is important, involving: nat-
ural/materials scientists/engineers involved in the design
and manufacture of electronics, and people involved in the
primary/secondary/tertiary/quaternary/quinary industry
sectors.[51!l While there are initiatives to develop products
within a circular economy, reusing items where possible,
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reducing the amounts of waste produced, and recycling
waste streams across the world, the world’s complex
geopolitics make e-waste a global challenge.

Batteries are used to store energy for use on demand by
technologies that we use on a daily basis across the world.
Primary batteries (e.g., those used for low-drain appli-
cations including electronic keys, pacemakers, remote
controls, sensors, etc.) cannot be recharged, whereas sec-
ondary batteries (e.g., those used for cars, laptops, phones,
etc.) are rechargeable.l'>*] Their importance in our lives
underpins the reason they are the focus of significant
research and development in academic and industry set-
tings worldwide, to address issues including cost, charging
speeds, safety, supply chain issues, etc.!®]

Metal-air batteries have received much attention
recently because of their properties.'®! For instance,
Mg-air batteries possess a high theoretical volumetric
capacity of 3833 mAh cm ™ and low reduction potential of
—2.37 V versus the standard hydrogen electrode (SHE)!'];
a theoretical energy density of 6.80 kW h kg~',[181%]
and Mg?* ions are abundant in the body.[*] However,
Mg-air batteries can suffer from high polarization and
low coulombic efficiency, typically caused by corrosion
arising from the reaction of Mg and the electrolyte and the
sluggish kinetics of the oxygen reduction reaction (ORR)
on the cathode (often Pt)l'l; and Mg deposition and
dissolution processes in polar organic electrolytes may
lead to the formation of a passivation film with an insu-
lating effect towards Mg?* ions.'”] Like Mg-air batteries,
Zn-air batteries have received much attention recently,!*!/]
because Zn possess a high theoretical volumetric capacity
of 5855 mAh cm~3 and low reduction potential of —0.76 V
versus the SHE,!??!l a theoretical energy density of 1.65 kW
h kg1,[?2l and Zn is an essential nutrient,[?'! suggest it
may prove useful as a biocompatible and biodegradable
metal alongside Mg.!'”! However, Zn-air batteries can also
suffer from issues such as, passivation, dendrite growth,
and hydrogen evolution from the hydrogen evolution
reaction (HER) during the use of the battery, limiting
the practical applications by weakening the discharge
performance of Zn-air batteries.[?>2*]

Degradable/transient electronics that could be dis-
posed of safely in the environment after use, or
indeed inside a body if used for medical purposes for
human/veterinary applications, are an exciting class
of electronic materials,!>*!l and degradable polymers
can be useful components in the development of such
degradable/transient electronics.l*>*%] Degradable bat-
teries/capacitors are an area of current research interest
for their potential economic, environmental, and health
impacts.[?73940-42] By comparison with the vast litera-
ture on traditional batteries,[’2! there are relatively few
examples of transient batteries in the literature due to

challenges related to the fact that they must fulfill very
different requirements than for traditional batteries (e.g.,
solid-state electrolytes such as polymer electrolytes, PEs,
may not be conductive enough)!“***’]; and this exciting
area of science and engineering has attracted the attention
of researchers from various disciplines investigating vari-
ous feedstocks for components of degradable batteries (i.e.,
anodes, cathodes, electrolytes, and containers) including:
peptides,[*°! polysaccharides,!*’~*°] synthetic polymers
(e.g., polycaprolactone, ! poly(glycerol sebacate),*!!
jonic liquids,®>>3! with examples of batteries that are
metal containing!>*%! or indeed metal free.l*"]

Natural/engineered silk proteins (such as Bombyx mori
silk fibroin) are a class of degradable polymers that have
potential for application in electronics.[>*0-%7] SF from
the B. mori silkworm is a protein that has been investigated
for various technical and biomedical applications (includ-
ing textiles, sutures, drug delivery devices, tissue scaffolds,
etc.), and SF-based materials have potential for use as com-
ponents of transient electronic devices (e.g., encapsulants,
PEs, substrates, etc.).l% 7! Jonic liquids are appealing
when developing safe (i.e., non-flammable) energy storage
devices (e.g., batteries and capacitors) due to their tunable
properties (e.g., acidity/basicity, electrochemical windows,
polarity) combined with generally high thermal stability,
low volatility/flammability, high ionic conductivity.[70-8!]
Tonic liquids have been used as solvents for proteins for
fundamental and applied research,®>°°! including vari-
ous silk proteins.[??-°] Pioneering work has employed
the combination of ionic liquids and silk proteins to gen-
erate materials for energy storage applications, including
batteries!*>1°°l and capacitors.['0-103]

This study builds upon the exciting examples of com-
bining silks and ionic liquids for energy storage,*>1°°! by
comparing metal-air primary batteries employing Mg/Zn,
B. mori SF, and a choline-based ionic liquid (choline
nitrate).[”*] Mg-air (employing the alloy Mg AZ31) or Zn-
airl>*194] batteries, utilizing a PE composite consisting of B.
mori SF and an ionic liquid (IL), [Ch][NO;],['*] wherein
the SF immobilizes the IL creating an ion conducting sep-
arator between the electrodes. The efficiency of the PEs
was demonstrated when deployed in the batteries and their
discharge profiles were evaluated.

2 | RESULTS AND DISCUSSION

2.1 | Polymer electrolyte and battery
preparation

The PE films that serve as the ion conducting separator
between the two electrode terminals for the primary bat-
teries have previously been reported in the literature (and
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are composed of a combination of the polymer SF and IL
electrolyte, at either a 1:1 or 1:3 wt. ratio of SF:IL [chosen as
they are functional and handleable], as previously reported
in the literature).l**>647] The ionic liquid (IL, choline
nitrate, [Ch][NO;]) was prepared via the neutralization
of nitric acid with choline hydroxide, in accordance with
the literature.[25374105] Fourier-transform infrared (FTIR)
spectroscopy and X-ray diffraction (XRD) were used to
analyze the components of the PE in their aqueous solu-
tion state and solid (film) state. FTIR data (IL Figure S1,
SF Figure S2, PE with a 1:1 wt. ratio of SF:IL Figure S3 and
PE with a 1:3 wt. ratio of SF:IL Figure S4) was in line with
that reported in the literature: peaks at 1330 cm™! from
the NO5;~ and 954 cm~! from the C-C-OH, were charac-
teristic of the IL[*]; and peaks observed at ca. 1690 cm™!
amide I (characteristic of 8-turns), 1625 cm ™! amide I (char-
acteristic of B-sheets), ca. 1550 cm~! amide II (unordered),
1520 cm™! Tyr-OH, ca. 1510 cm~! amide II (B-sheets), ca.
1313 cm~! amide III (8-turns), ca. 1219 cm™' amide III (-
sheets), were characteristic of B. mori SFI'%°]; interestingly,
the FTIR data for the B. mori SF is indicative of the pres-
ence of both silk I (a B-turn type II conformation-rich
structure) and silk II (silk II is an antiparallel $-sheet-rich
structure) structures in the silk and PE films.!'7198] XRD
data (Figure S5) of the solution state PE with a 1:1 wt. ratio
of SF:IL, solid state PE with a 1:1 wt. ratio of SF:IL, solu-
tion state PE with a 1:3 wt. ratio of SF:IL, and solid state PE
with a 1:3 wt. ratio of SF:IL) are all very broad indicative
of amorphous unordered structures. Untreated SF films
exhibit a broad peak at 20° 2-6 which is a typical charac-
teristic pattern of an amorphous silk materiall'%-"l; for
samples with a 1:1 wt. ratio of SF:IL the diffractograms have
a broad peak at ca. 8° 2-0 (amorphous, silk I) and a peak at
ca.13° 2-6 (B-turn, silk I), whereas the diffractograms of the
samples with a 1:3 wt. ratio of SF:IL only have a broad peak
at ca. 8° 2-6 (amorphous, silk I) indicative of the role of
the IL in dissolving the SF.[”""2] The presence of water in
the films is important because of its role as a proton source
to support the ORR at the cathode,*! and thermogravi-
metric analysis (TGA, Figure S6) was used to determine
the residual water content of the PE films (6% by weight
for the 1:1 PE film and 7% by weight for the 1:3 PE film),
which was similar to previously reported values for analo-
gous PE films (mass loss below 100°C was ascribed to bulk
water, whereas mass loss at ca. 125°C was ascribed to water
molecules interacting with the SF, and mass loss above
200°C was due to degradation of the SF).[°! The PE films
were used as ion conducting separators between the two
electrode terminals for primary Mg-air or Zn-air batteries;
the cathode for the ORR was a Pt black carbon cloth elec-
trode, and the anodes were either Mg AZ31 alloy foil or Zn
foil to facilitate a comparative study of the effect of chang-
ing the anode material. The battery construction/design
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FIGURE 1 PEIS spectra. A, 1:1 PE assembled in the primary

Mg-air battery. B, 1:3 PE assembled in the primary Mg-air battery. C,
1:1 PE assembled in the primary Zn-air battery. D, 1:3 PE assembled
in the primary Zn-air battery

is shown in Figures S7-S9; the 1 mm drilled air holes in
Figures S7 and S8 were not initially incorporated within
the battery design, Figure S9, but were included to increase
the amount of oxygen reaching the working components
within the battery once assembled. PEIS of the systems
studied resulted in the Nyquist plots (Figure 1, Figure S10)
used to calculate the ionic conductivity of the films. For the
1:1 PE films this was 3.74 mS cm™! for the Mg anode bat-
tery and 3.35 mS cm ™! for the Zn anode battery, and for the
1:3 PE films it was 4.90 mS cm™ for the Mg anode battery
and 7.96 mS cm™! for the Zn anode battery in agreement
with the literature and sufficient to satisfy the conductivity
requirements for many battery applications.[>%114-116]

2.2 | Primary Mg-air batteries

The open circuit voltages (V) for the Mg 1:1 SF:IL and
1:3 SF:IL batteries just after fabrication were ca. 1.8 and
1.7 V, respectively (Figure 2, Figure S11). The cell voltage
decreased immediately when a discharge current was
applied, likely due to the high overpotential of ORR on
the cathode side, and soon reached a plateau. At a current
density of 25 uA cm™2 the 1:1 SF:IL battery had a capacity
of 0.84 mAh cm~2, whereas the 1:3 SF:IL battery had a
capacity of 0.68 mAh cm~2. The plateau voltages (approx-
imately the middle point of the discharge curve) were ca.
0.9 V and ca. 0.7 V for the 1:1 SF:IL and 1:3 SF:IL batteries,
respectively. The specific volumetric power density P of
the batteries was calculated from the discharge curves in
Figure 2A; the 1:1 SF:IL battery could deliver a volumetric
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FIGURE 2 A, Discharge performance of the primary Mg-air
battery using the 1:1 SF:IL PE (blue line) and the 1:3 SF:IL PE (red
line) at a current density of 25 uA cm~2. B, Discharge performance
of the primary Mg-air battery using the 1:1 SF:IL PE (blue line) and
the 1:3 SF:IL PE (red line) at varying current (green line) applied. C,
PEIS spectra of the 1:1 PE assembled in the primary Mg-air battery
post-discharge (black squares) and of the 1:3 PE assembled in the
primary Mg-air battery post-discharge (red circles)

power density of 0.17 W L™ and an energy density of
7.18 Wh L1, whereas 1:3 SF:IL battery could deliver a vol-
umetric power density of 0.14 W L~! and an energy density
of 4.66 Wh L~!. When compared to the literature, these
batteries demonstrated similar capacities but at higher
current densities. For instance, an unsealed primary
Mg-air battery using nanoparticles of gold as the cathode
instead of platinum and with similar electrolyte, reported
a capacity of 1.43 mAh cm™2 at a current density of 10 pA
cm~2.15°1 The 1:1 SFIIL and 1:3 SF:IL batteries reported
here demonstrated capacities of 0.84 and 0.68 mAh cm—2,
respectively, at a current density of 25 pA cm~2. Impor-
tantly, the power offered from the 1:1 SF:IL PE battery at
23.33 uW cm~2 and from the 1:3 SF:IL PE battery at 18.72
uW cm~2 may fulfill the requirements for the average
consumption of some published implantable biomedical
devices (e.g., wireless implantable sensing systems).!"'>11¢]

To further investigate and evaluate the performance of
the 1:1 and 1:3 SF:IL PEs utilized in these batteries, the
averaged (from three repeated experiments) discharge per-
formance of the batteries with varying current applied
was conducted, with results displayed in Figure 2B. From
Figure 2B the performance of each battery with 1:1 SF:IL or
1:3 SF:IL as electrolyte is similar within the current range
of 0 to 100 pA over the timeframe of ca. 11 hours. The data
in Figure 2A and 2B highlights that the main difference
between 1:1 SF:IL and 1:3 SF:IL as a PE in these batter-
ies is the capacity, with the 1:1 SF:IL PE battery possessing
a slightly higher capacity. In addition, the ionic conduc-
tivity of the 1:3 SF:IL PE is greater than that of the 1:1
SF:IL PE just after battery assembly, as previously men-
tioned. We observed that with a higher concentration of
the choline nitrate IL in the PE film, the materials are more
ionically conductive (however, higher concentrations of
choline nitrate IL could result in the IL separating from
the PE that would impact the PEs performance within the
battery).!*"] The electrolyte must be able to solvate Mg/Zn
ions and facilitate their transport diminishing likelihood
of accumulation in the proximity of the electrode surface
and precipitation as Mg/Zn salts/oxides. The ionic conduc-
tivity of the PE films post-discharge was investigated in
order to compare them with the initial PEIS spectra and
examine the stability of the PE films. The averaged Nyquist
plot for the batteries utilizing the 1:1 SF:IL and 1:3 SF:IL
composite films post-discharge are displayed in Figure 2C.
The ionic conductivity of the PE composites was estimated
using Equation (1) and the data from Figure 2C, finding
the average ionic conductivity post-discharge for the 1:1 PE
film was 3.18 mS cm™, and for the 1:3 PE film was 3.54 mS
cm~!. Comparing the ionic conductivity of the PE compos-
ite films before and after electrochemical experimentation,
the 1:1 SF:IL PE ionic conductivity is less by a factor of
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1.18, whereas the 1:3 SF:IL PE ionic conductivity is less by a
factor of 1.38. Consequently, with the ionic conductivity of
the 1:3 SF:IL PE decreasing more than the 1:1 SF:IL PE, it
appears that the 1:3 SF:IL PE composite is less stable under
the same experimental conditions (potentially because the
IL from the 1:3 SF:IL PE is prone to separating due to the
lower concentration of SF present and decreased capacity
within the battery, as demonstrated in Figure 2A), high-
lighting the importance of understanding the chemistry
underpinning the interactions between SF and the IL in
the function of the PE composite films used in materials
for energy storage.

2.3 | Primary Zn-air batteries

The assembly of the Zn-air battery was the same as
that of the Mg-air battery (shown in Figure S7 and S8),
with the only difference being the materials used in the
anode. Before experimental measurements with the bat-
teries (Figure 3 and Figure S12), areas of the anode foil
around the PE film were secured using clear Sellotape,
preventing the two terminals (anode and cathode) from
contacting one another. The averaged (from three repeated
experiments) discharge performance of the primary Zn-air
battery, utilizing the choline nitrate IL immobilized by SF
as electrolyte, is displayed in Figure 3A.

The open circuit voltages (V) for the Zn 1:1 SF:IL and 1:3
SF:IL batteries were in the range of 1.3 and 1.2 V just after
fabrication. The cell voltage again decreased immediately
when a discharge current was applied, likely due to the
battery’s internal resistance, and soon reached a plateau.
The large voltage drop observed for the batteries at the start
of discharge is probably due to the ORR overpotential on
the Pt black carbon cloth cathode. Therefore, fabrication
of future batteries could be optimized to mitigate this volt-
age drop from ca. 0.8 V to ca. 0.4V, for instance, using Au
nanoparticles deposited onto a SF film as the cathode.!*"!

At a current density of 25 pA cm~? the 1:1 SF:IL battery
displayed a capacity of 0.96 mAh cm~2. For the 1:3 SF:IL
batteries, each discharge experiment conducted showed
oscillating signals ca. 131,000 seconds or 35 hours into the
experiment which were observed for varying durations,
some seemingly indefinite (e.g., over 360,000 seconds or
100 hours) and others only for a couple hours after first
observation. The average of the discharge experiments
showing the oscillating signals are shown in Figure 3A;
the capacity for the 1:3 SF:IL battery (0.72 mAh cm™2) was
determined using data prior to any oscillating signals are
observed.

It is unclear what causes these oscillating signals in
Figure 3A for the 1:3 SF:IL PE battery, because these
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FIGURE 3 A, Discharge performance of the primary Zn-air
battery using the 1:1 SF:IL PE (blue line) and the 1:3 SF:IL PE (red
line) at a current density of 25 uA cm~2. B, Discharge performance
of the primary Zn-air battery using the 1:1 SF:IL PE (blue line) and
the 1:3 SF:IL PE (red line) at varying current (green line) applied. C,
PEIS spectra of the 1:1 PE assembled in the primary Zn-air battery
post-discharge (black squares) and of the 1:3 PE assembled in the
primary Zn-air battery post-discharge (red circles)
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signals were not observed for the 1:1 SF:IL battery. How-
ever, it is plausible that this phenomenon is due to the
Zn reacting with the water within the PE to form excess
hydrogen which may disrupt the battery’s discharge
performance. The excess hydrogen potentially formed
after Zn reacts with the water within the PE and its ability
to escape, could explain the oscillating signals and with
various time lengths observed. As aforementioned it is
possible that the IL in the 1:3 SF:IL PE separates, and it has
a higher water content (as observed from data displayed
in Figure S6), support this prediction; future experiments
to elucidate this could utilize differential electrochemical
mass spectroscopy (DEMS) setup with the 1:3 SF:IL PE
Zn-air battery to assess if excess hydrogen is being formed
ca. 35 hours into the discharge experiment.

The specific volumetric power density (P) of the batter-
ies were calculated following the same method first used
for the Mg-air batteries, using Equation (2). The V of the
SF:IL Zn-air battery is 8.697 X 10> L. The 1:1 SF:IL bat-
tery could deliver a volumetric power density of 0.08 W
L~! and an energy density of 3.86 Wh L™!. As for the 1:3
SF:IL battery, it could deliver a volumetric power den-
sity of 0.11 W L™! and an energy density of 3.89 Wh L.
The 1:1 SF:IL and 1:3 SF:IL batteries demonstrated capac-
ities of 0.96 and 0.72 mAh cm™2, respectively, at a current
density of 25 uA cm™2. The power delivered by the 1:1
SF:IL PE battery at 8.97 uW cm~2 and the 1:3 SF:IL PE
battery at 12.05 uW cm™2 fulfill the requirements for the
average consumption of published implantable biomedical
devices.!'5110]

Comparing the results of experiments with the Mg-air
batteries and Zn-air batteries, the effects the SF:IL PE can
be observed for each of the batteries. For the Mg-air bat-
teries, the 1:1 SF:IL PE battery provided greater power and
energy density when compared to the 1:3 SF:IL PE bat-
tery. However, the opposite is true when the Mg AZ31
anode material is swapped for Zn. Furthermore, the 1:3
SF:IL from the Zn-air battery displayed a different dis-
charge profile to that of the 1:3 SF:IL Mg-air battery which
suggests that the ionic liquid content of the materials
impacts the discharge performance for each battery subtly
differently (likely also water), implying the choline nitrate
IL increases the rate of discharge and/or corrosion rate
of the Mg anode material for Mg-air batteries, which is
less apparent for the Zn-air batteries. To further investi-
gate and evaluate the performance of the 1:1 and 1:3 SF:IL
PEs utilized in the Zn-air batteries, the averaged (from
three repeated experiments) discharge performance of the
batteries with varying current applied was recorded and
reported in Figure 3B. From Figure 3B the performance
of each battery with 1:1 SF:IL or 1:3 SF:IL as electrolyte
was observed to be similar within the current range of

20 to 100 pA in the timeframe of ca. 11 hours. However,
when each battery experiences a low current of 5 and
10 pA, the 1:3 SF:IL PE battery retains a noticeably higher
potential versus the 1:1 SF:IL PE battery. This observation
was less pronounced when the anode material was Mg
AZ31. In addition, after the batteries experienced 100 pA
and then had the current reduced back to 5 uA, both
the 1:1 SF:IL and 1:3 SF:IL batteries demonstrated these
oscillating signals which persisted for ca. 1 hour, the full
duration of the final current application step. This was
the first time we observed the 1:1 SF:IL PE battery with
Zn anode displaying these oscillating signals, therefore,
we conclude it may be possible for the current applica-
tion to affect the discharge performance of the primary
Zn-air battery. As a result, from the experiments using Mg
AZ31 and Zn foil as an anode material we can conclude
Mg AZ31 would likely be most suitable over the current
range of 5 to 100 pA due to its apparent stability and supe-
rior power offered. However, the Zn batteries did possess
higher capacities, although, this did not seem to provide
many benefits, possibly due to the interfering chemistries
(e.g., HER) impacting the primary Zn-air batteries more
than the Mg AZ31. However, the appearance of the Mg
AZ31 anode after experimentation was considerably black-
ened (Figure S13), likely caused by corrosion of the Mg
material which could suggest why the Mg batteries pos-
sessed lower capacities during the discharge performance
experiments.

Finally, the ionic conductivity of the PE films post-
discharge was investigated in order to compare them with
the initial PEIS spectra to further showcase the stability
of the PE films assembled within the batteries. The aver-
aged Nyquist plot for the batteries utilizing the 1:1 SF:IL
and 1:3 SF:IL composite films post-discharge are shown
in Figure 3C. The ionic conductivity of the PE compos-
ites was estimated using Equation (1) and the data from
Figure 3C, the average ionic conductivity post-discharge
for the 1:1 PE film is 3.03 mS cm™! and for the 1:3 PE
film it is 4.55 mS cm~!. Comparing the ionic conductivity
of the PE composite films before and after electrochem-
ical experimentation, the 1:1 SF:IL PE ionic conductivity
is less by a factor of 1.11, whereas the 1:3 SF:IL PE ionic
conductivity is less by a factor of 1.75. As a result, with
the ionic conductivity of the 1:3 SF:IL PE decreasing more
than the 1:1 SF:IL PE, supports the previous statement that
the 1:3 SF:IL PE composite is less stable under the same
experimental conditions and that with higher ionic liquid
content present, the discharge performance of each battery
(Mg and Zn) is impacted differently. For instance, the ionic
conductivity of the 1:3 SF:IL PE assembled in the Zn anode
battery decreased by more than that of the 1:3 SF:IL PE
assembled in the Mg anode battery, reduction factor of 1.75
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compared to pre-discharge for Zn batteries and 1.38 com-
pared to pre-discharge for the Mg batteries. In addition,
the anion (the nitrate) from the PE may also participate
in the reaction with the anodes forming Mg nitrate or Zn
nitrate, respectively, resulting in decreased conductivity
after discharge.

The electrochemical tests using different anode mate-
rials and electrolytes highlight that when using 1:1 SF:IL
PE, the performance of the batteries and stability of the
films (retention of ionic conductivity after discharging)
are similar with respect to their outcomes. Interestingly,
when the IL content is increased in the SF films, we see
the performance of the Mg and Zn batteries impacted and
how exactly this is impacted seems more determined by
the anode material specifically and its interactions with
the constituents of the PE throughout the experiment
(e.g., solvating ability of the Mg or Zn ions). Therefore, SFs
role of immobilizing the IL seems vital and demonstrated
to maintain the functional lifetime of the battery. As
seen from Figure 3A, oscillating signals are observed ca.
35 hours. into the 1:3 SF:IL discharge experiment when
using Zn as the anode. However, this was not observed
for the Mg anode battery experiments (Figure 2A,B) and
only observed for the 1:1 SF:IL Zn anode batteries after
100 pA current was applied (Figure 3B). Therefore, it is
anticipated that the tailoring of silk composites utilized for
energy storage devices can further modulate the discharge
performance of batteries and lead to enhanced TIMB
applications.

2.4 | Sustainability

The safety data sheets for the starting materials show
nitric acid to be a corrosive oxidizer and that is toxic by
inhalation, and choline hydroxide is corrosive, the corro-
sive nature of the two substances will be mitigated upon
neutralization. In silico toxicity screening studies of the
ionic components of the product ([Ch]*[NO;z]~) using
Derek Nexus (Derek Nexus: 6.0.1, Nexus: 2.2.2)[117-120]
indicate that choline is a plausible irritant for eyes and
skin for humans/mammals, whereas nitrate is a plausi-
ble carcinogen in mammals (particularly when converted
to nitrosamines) and plausibly toxic to the thyroid of
humans/mammals, supported by the literature. In sil-
ico mutagenicity screening studies using Derek Nexus
and Sarah Nexus (Sarah Nexus: 3.0.0, Sarah Model: 2.0)
indicate both [Ch]t and [NO;]~ are non-mutagenic.
With a view to the end of life of the batteries, there
are dietary sources of both species ([Ch]*[NO;]7) in
human/mammalian diets,!'?'"'>*] Mg/Zn are earth abun-
dant, and silk is a biodegradable protein, ®! consequently

we expect these would be safe (within reasonable limits)
for environmental/medical applications.

3 | CONCLUSION

Primary Mg-air and Zn-air batteries utilizing a SF:IL-based
film as PE were studied. A variety of techniques were
used to study the systems, including: Fourier-transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), potentiostatic elec-
trical impedance spectroscopy (PEIS), and galvanostatic
discharge performances. The experiments undertaken
showcase the batteries’ performance capabilities, observ-
ing ionic conductivity of the films sufficient to satisfy
the requirements for many battery applications, open cir-
cuit voltages of 1.2-1.8 V, and capacities of ca. 0.6-1 mAh
cm~2, dependent on the chemistry of the battery (the Mg-
air batteries appeared more reliable). Future iterations of
the batteries substitution of the carbon cloth, and use
of degradable polymer-based cases housing the electro-
chemical components would result in completely transient
devices. Nevertheless, more research and development
in the materials science and engineering of such com-
plex multi-component interfaces will underpin their suc-
cessful translation to real-world applications, particularly
electronics,!*3*125-31] wherein there are significant oppor-
tunities employing computational approaches to advance
the pace of development.[132-135]

4 | EXPERIMENTAL SECTION

Unless otherwise noted, all consumables were purchased
from Sigma-Aldrich, Gillingham, UK.

4.1 | Preparation of solutions of Bombyx
mori silk fibroin

The preparation of an aqueous solution of Bombyx mori
silk fibroin was adapted from the literature.!*! Silk fibroin
(degummed fibers, throwsters waste from Etsy) was dis-
solved in a calcium chloride, ethanol, and water mixture
(1:2:8 molar ratio). The ratio of the silk fibers and solution
was 1:20 w/v. The mixture was heated using a thermal bath
at 65°C while being stirred and the silk fibers completely
dissolved within 1 hour. The solution was then passed
through a glass frit to remove any particulates. The filtered
mixture was dialyzed for 5 days against deionized water
using Pur-A-Lyzer Mega dialysis tubes 3.5 kDa molecular
weight cut-off (MWCO), purchased and used as received
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from Sigma-Aldrich. The solution was centrifuged at 4°C
at 5000 RPM for 27.5 minutes, twice. The aqueous silk
fibroin solution underwent up-concentration via dialysis
(3.5 kDa MWCO) against a solution of 10% w/v PEG 10k
Mw in deionized water for 48 hours. Dry weight analy-
sis using 500 uL samples of the up-concentrated aqueous
silk fibroin solution was undertaken (ca. 7 wt.% silk fibroin
content), agreeing with literature values.!”*!

4.2 | Preparation of the ionic liquid
choline nitrate

The preparation of the ionic liquid (choline nitrate,
[Ch][NO;]) was adapted from the literature.!”*! Choline-
based ILs are generally prepared by the neutralization reac-
tion of the corresponding acid with choline hydroxide.!”!
[Ch][NO;] was prepared by the neutralization reaction of
nitric acid (70%) with choline hydroxide (46% wt. in water):
25 mL of choline hydroxide (46% wt. in water) was added
dropwise into 6.5 mL of nitric acid (70%) in an ice bath.
The reaction solution was stirred at room temperature for
24 hours. The solvent was removed by distillation and
the product was vacuum dried at room temperature for
24 hours. A deep yellow-orange solution of [Ch][NOs] was
obtained with ca. 98% yield.

4.3 | Preparation of polymer electrolyte
films based on silk fibroin and an ionic
liquid

The preparation of the polymer electrolyte film based on
silk fibroin and an ionic liquid was adapted from the
literature.[*! The polymer electrolyte films were prepared
by adding the [Ch][NO;] IL into the ca. 7% SF solution with
weight ratios of 1:1 and 1:3 (SF to IL). The mixtures were
stirred continuously for 4 hours and 0.1 mL samples were
drop cast onto a Teflon mold, followed by drying in air for
24 hours. The films had an average film thickness of ca.
0.05 cm and surface area of ca. 0.79 cm?.

4.4 | Fourier-transform infrared (FTIR)
spectroscopy

Fourier-transform infrared (FTIR) spectra were recorded
in attenuate total reflectance mode on an Agilent Tech-
nologies Cary 630 FTIR from 500 to 4000 cm™!, at a res-
olution of 4 cm™!. Lint free tissue was wet with methanol
and used to clean the crystal lens before each test. Data are
presented in Figures S1-S4.

4.5 | X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of samples loaded onto an
off-cut piece of Si(911) single crystal wafer were recorded.
The samples were mounted on a Rigaku SmartLab 9 kW
diffractometer equipped with a germanium (Ge) (220) 2-
bounce monochromator using a parallel beam geometry,
and a D/teX 250 Ultra 1D detector. The samples were ana-
lyzed by a 6/2-6 scan with a step size of 0.01°, and a
scanning rate of 3° min~!. Data are presented in Figure S5.

4.6 | Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was carried out using a
NETZSCH STA 449 F3 TGA under a nitrogen atmosphere
within the temperature range of 20 to 400°C at a heating
rate of 5°C min~!. Data are presented in Figure S6.

4.7 | Preparation of the Mg-air and Zn-air
primary batteries

The preparation of the primary batteries was adapted from
the literature.[**! The battery construction/design used in
this study is shown in Figures S7-S9. The batteries uti-
lize a 3-D printed casing, generated from a computer aided
design (CAD) package (CAD Fusion 360), and printed via
stereolithography (SLA). SLA of the casing was conducted
using the SLA-type 3-D printer from FormLabs with the
clear resin V2 at a print layer resolution of 50 um. This
casing was employed to mechanically stabilize and pro-
tect the battery and ensure there was appropriate contact
between the working components within the battery cas-
ing. A Mg alloy foil, 96% Mg (Mg), 3% aluminum (Al), and
1% Zn (Zn) (AZ31) was purchased from GoodFellow with a
foil thickness of 0.05 cm. The alloy’s surface was polished
before application by using a coarse (50) grit sandpaper
followed by a fine (120) grit sandpaper and subsequently
used as the anode. The geometric contact surface area of
the anode assembled within the Mg air battery was calcu-
lated to be 0.79 cm?. A Zn (Zn) 99.994% foil was purchased
from Alfa Aesar with a foil thickness of 0.025 cm and was
polished, as mentioned previously, before application and
subsequently used as an alternative anode. The geomet-
ric contact surface area of the alternative anode assembled
within the Zn air battery was also calculated to be 0.79 cm?.
A 2 mg cm~2 platinum (Pt) black carbon cloth electrode
was purchased from FuelCellStore with a cloth thickness
of 0.0365 cm and used as the cathode for the ORR and the
geometric contact surface area of the cathode assembled
within the batteries was calculated to be 0.79 cm?. The PEs
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1:1 and 1:3 SF:IL composite films were assembled inside
independent batteries using Mg AZ31 alloy foil or Zn foil
as the anode.

4.8 | Potentiostatic electrical impedance
spectroscopy (PEIS)

The pre-discharge ionic conductivity of the PE 1:1 and
1:3 composite films assembled in the final batteries (two-
electrode electrochemical cell) were deduced by conduct-
ing PEIS using a Biologic SP-300 potentiostat, with an
alternating current (AC) with an amplitude of 10 mV with
the frequency range set at 100,000 to 0.1 Hz, open circuit
potential (OCP). The ionic conductivity of the films was
estimated using Equation (1):

o =d/RA @

where ¢ is the conductivity (S cm™), d the thickness of the
film (cm), R is the bulk resistance (Q) obtained from the
first intercept on the x-axis of the complex plane, and A is
the contact area (cm?).[7+104106] Where the measurements
never intercepts the x-axis, the R values were approximated
via extrapolation as they are not likely to deviate much
from a linear slope for the missing datapoints.

4.9 | Battery performances

The galvanostatic discharge performance of the batteries
(two-electrode electrochemical cell) was evaluated using
a Biologic SP-300 potentiostat. The experiments involved
two different techniques while the open circuit potential
(OCP) was measured for the first 10 minutes beforehand to
ensure that the batteries were operating as expected. The
first technique utilized was a continuous discharge with
a constant current of 20 pA being applied and proceeded
until the minimum voltage cut-off (0 V) was reached.
The second technique utilized was an increasing current
discharge with each new current applied persisting for 1
hour before the next. The experiment began with 5 pA
current being applied, then increased to 10 pA after 1
hour, then 20 pA, then increments of 10 pA until 80 pA
was reached, then 100 pA and finally having the current
applied reduced back to 5 pA for the final 1 hour. The
post-discharge ionic conductivity of the PE 1:1 and 1:3
composite films assembled in the batteries (two-electrode
electrochemical cell) were deduced by conducting PEIS
using Biologic SP-300 potentiostat, with an amplitude of
10 mV with the frequency range set at 100,000 to 0.1 Hz,
OCP. The specific volumetric power density (P) of the bat-

teries was calculated from the discharge curves using the
Equation (2):

P=UI/V 2)

where P is the volumetric power density (W L), U is the
plateau voltage (V) of the discharge curve, I'is the discharge
current (A), and V'is the working device volume (L).["I The
V of the SF:IL Mg-air battery is 1.065 x 10~* L, whereas the
V of the SF:IL Zn-air battery is 8.697 X 107> L.

4.10 | Insilico toxicity screening

In silico toxicity, screening was carried out using
Derek Nexus (v. 6.0.1, Nexus: 2.2.2) and Sarah Nexus
(Sarah Nexus: 3.0.0, Sarah Model: 2.0) supplied
by Lhasa Ltd., Leeds, UK.I"7'20] The simplified
molecular-input line-entry system (SMILES) notation
for choline is: C[N+](C)(C)CCO, and for nitrate is:
[N+]([O-D([0-D=0.
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