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Abstract
As the world faces an energy crunch, finding low-cost materials for electrocatalysis
is becoming ever desirable. Traditional electrocatalysts are produced using scarce
and precious metals such as palladium and platinum. For this, we propose a green
chemistry mechanism to produce a novel bio-organized metal-carbon composite to
alternate the traditional electrocatalysts. The composite is synthesizable from earth
abundant metals such as nickel and iron. The starting point featured a low-cost com-
merical silk, Bombyx Mori, cocoon. This silk exhibits exciting properties for a wide
range of applications. It can provide a platform, a matrix if you will, to bind metal
ions from aqueous solutions. The binding reaction was done in ambient conditions per
green chemistry. Degumming, the removal of the sericin protein, from the silk matrix
is a common step when it comes to production of silk-based materials. The sericin is
removed in alkaline conditions under constant heating. The intact silk cocoon and
degummed silk were compared as the starting material: their ability to bind metal
ions from aqueous solutions. The absence of the degumming processing step provides
more sustainable approach to the synthesis by minimizing energy consumption and
removing the need for harsh chemicals. The silk acts as a low-cost precursor for inor-
ganic carbon matrix. The silk protein matrix was pyrolyzed at 800 oC under an argon
atmosphere in order to produce a carbon composite. Raman spectroscopy signaled a
graphitic carbon structure of the composite. The metal-polymer interaction prior to
the pyrolysis was analyzed with Fourier transform infrared spectroscopy (FTIR) and
X-ray diffraction (XRD). The carbon structure, post-pyrolysis, and its morphologies
were examined with Scanning electron microscopy (SEM) and Raman spectroscopy.
While the functionalization of the carbon matrix with the metals was analyzed with
FTIR, XRD, and Energy-dispersive X-ray spectroscopy (EDS). In order to synthesize
a composite with the electrocatalytic activity, three sets of samples were produced:
monovalent nickel metal-carbon composite, divalent iron-nickel metal-carbon system,
and multivalent perovskite oxide-carbon composite. The target catalytic reaction was
oxygen evolution reaction (OER). The results suggest that a low-cost carbon matrix
OER electrocatalyst can be synthesized utilizing green chemistry. Nickel-carbon
composite demonstrated a high catalytic activity.
Keywords Carbon, metal, composite, catalyst, biological, silk, green synthesis,

amino acid, OER
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Tiivistelmä
Energia tarpeen kasvaessa ympäri maailmaa on yhä tärkeämpää kehittää matalahin-
taisia elektrokatalyyttisia materiaaleja. Perinteisesti elektrokatalyyttejä valmistet-
taan käyttämällä kailliita ja vaikeasti saatavilla olevia metalleja kuten palladiumia
ja platinaa. Esitämme vihreän kemian menetelmän valmistaa uusi bio-organisoitu
metalli-hiilikomposiitti materiaali elektrokatalyysiä varten. Komposiitti on synte-
tisoitavissa käyttäen runsaasti saatavilla olevia metalleja kuten nikkeliä ja rautaa.
Lähtömateriaalina toimi edullinen Bombyx mori silkki. Tällä silkillä on erinomai-
sia ominaisuuksia, jotka ovat hyöydyllisiä moniin käyttötarkoituksiin. Silkki voi
tarjota alustan, matriisin, metalli-ionien sitomiseen vesiliuoksista. Tämä sitomisreak-
tio suoritettiin ympäristöolosuhteissa vihreän kemian mukaisesti. Serisiini-proteiini
poistaminen silkkimatriisista on yleinen käsittelymenetelmä silkkimateriaalien tuo-
tantoketjussa. Serisiini poistetaan emäksisissä olosuhteissa käyttäen jatkuvaa lämmi-
tystä. Tämän menetelmän poistaminen tekesi prosessista ympäristöystävällisemmän
minimoimalla energiakulutuksen ja poistamalla tarpeen ankarille kemikaaleille. Silk-
kimatriisia ja puhdistettua silkkiä verrattiin lähtömateriaaleina: niiden kykyä sitoa
metalli-ioneja vesiliuoksista. Silkkiä käytettiin epäorgaanisen hiilimatriisin lähtömate-
riaalina. Silkki proteiinimatriisi pyrolisoitiin 800 asteen lämpötilassa argon kaasussa
tuottaaksemme hiili-komposiitin. Raman spektrosopia osoitti, että tuotteena saatiin
grafiittista hiiltä sisältävä komposiitti. Metalli-polymeeri vuorovaikutusta ennen
pyrolyysia analysoitiin käyttäen Fourier transform infrared spectroscopy (FTIR) ja
X-ray diffraction (XRD) –menetelmiä. Hiilirakenneta pyrolyysin jalkeen analysoitiin
käyttäen Scanning electron microscopy (SEM) ja Raman spectroscopy -menetelmiä.
Raskasmetallien tarjomia toiminnallisuuksia analysoitiin käyttäen FTIR, XRD ja
Energy-dispersive X-ray spectroscopy (EDS) -menetelmiä. Kolme eri näyte-erää val-
mistettiin: monovalenssinen nikkeli-hiili komposiitti, bivalenssinen rauta-nikkeli-hiili
komposiitti ja monovalenssinen perovskiitti oksidi-hiili komposiitti. Kohdereaktio-
na toimi oxygen evolution -reaktio (OER). Tuloksien perusteella voidaan todeta,
että vihreän kemian keinoin on mahdollista syntesisoida edullinen hiilimatriisiin
perustuva OER katalyytti. Nikkeli-hiili komposiitilla esiintyi korkeaa aktiviteettia
katalyysireaktiossa.
Avainsanat Hiili, metalli, komposiitti, katalyytti, biologinen, silkki, vihreä kemia,

aminohappo, OER
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1 Introduction
In modern society where energy is becoming ever-scarce, more efficient technological
solutions are required. This means both the synthesis and utilization of novel materials.
Electrocatalysts have gathered a great deal of interest.1,2,3 Electrocatalysts can make
critical processes in batteries more efficient all-the-while lowering the costs and
increasing life-times of the devices.4 Batteries are a crucial part of green energy
revolution. The green energy solutions, such as solar energy, are rendered impractical
without proper energy storage.

Another aspect of energy efficient solutions is green synthesis of materials. Not
only are green synthesis methods energy-efficient and low-cost, they are environmen-
tally friendly.5 The pursuit of these factors in science is ever-increasing.6 There are
escalating issues around the globe when it comes to energy needs and energy usage.
These factors along with climate change is driving towards green chemistry.

Energy savings need to come from many sources. The current energy applications
need to be more efficient and environmental friendly. However, the benefits are
not fully realized if the manufacturing process is not environmentally friendly and
the energy requirements are through the roof. Combining green chemistry with
low-cost electrocatalyst application provides intriguing opportunities. Commercial
silk delivers a low-cost template for possible electrocalytic materials. Managing
costs is a key-ingredient when developing new materials. It is plausible to introduce
a new low-cost green synthesis pathway in order to develop various metal-carbon
composites.

Finding novel low-cost pathways for producing efficient electrocatalysts is an
important task. This research studies a way to incorporate metal ions into a biological
silk matrix. Moreover, utilizing earth abundant metals such instead of costly precious
metals such as platinum. The first step includes a green synthesis of a metal ion-
polymer composite. Graphitization of the ion-polymer composite gives a rise to a
possible metal-carbon composite. Graphitic carbon structures are widely utilized in
efficient electrochemical applications.7 The metal-carbon composite could provide
beneficial properties for an electrocatalytic application.8 The efficiency and the
application of the composite will vary depending on the metals in question. A
combination of several metal ions are utilized for the composites: Ni2+, Fe3+, Ba2+,
and Sr2+.

The low-cost component and the sustainable approach of the study is due to the
utilization of Bombyx mori silk. The silk is utilized often in its degummed form, as
silk fibroin.9 The protein sericin covering the fibroin is more often than not removed
altogether. Essentially wasting approximately 20 to 30 % of the starting material.
Moreover, the degumming process requires constant heating and alkaline conditions.
In this research we try to utilize the silk cocoon as a whole. The capability to
synthesize a composite material when using intact silk versus using degummed silk
fibroin is compared. If degumming is not needed, energy and resources could be
saved by eliminating this step. This will in turn create a more sustainable approach
in the process. The aim is to able to manufacture an efficient low-cost electrocatalyst
with a green chemistry approach.
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2 Background theory

2.1 Bombyx mori silk
Bombyx mori, known as the the commercial silkworm, silk has received extensive
attention over the years. Duly because of its economical importance. The silk is
made out of two proteins: fibroin and sericin.10 These two proteins carry a wide
range of polypeptides.10 Table 1 below demonstrates the myriad of amino acids found
in the Bombyx mori silk fibroin and sericin. The amino acid content of the fibroin
and sericin can be seen varying to a large degree. Sericin does not feature as wide
range of amino acids as fibroin does. Moreover, the fractions of the various amino
acids differ in between the two proteins.

Table 1: Amino acid composition of fractionated fibroin and sericin of Bombyx mori
silk. The amino acid content of fibroin and sericin can be seen to differ from each
other to a certain degree. The table lists percent of totals of amino acid residues.
Reprinted with permission from K.U. Sprague, Biochemistry (N.Y.), 1975, Vol. 14,
925-931 (DOI:10.1021/bi00676a008). Copyright 1975 American Chemical Society.
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Cao et al. stated that the Bombyx mori silk is composed of 65 to 75% fibroin,
20 to 30% sericin and the remainder (approx. 5%) is composed of wax, pigments,
sugars, and other impurities.11 Fibroin and sericin, the main constituents of the silk
polymer, differ in their amino acid content as seen above in table 1. Fibroin is the
main constituent of the silk fiber and sericin is known to act as a glue-like coating of
the fibroin.12 The fibroin filaments are sealed inside the sericin. This structure is
called bave. Whereas fibroin is called brin as described by Pérez-Rigueiro et al.13

The figure below demonstrates the cross section into the silk fiber structure provided
by Ude et al.14

Figure 1: Cross section of a Bombyx mori silk fiber which highlights the different
parts of the fiber. The main areas of interest in this research are the sericin and
fibroin. The sericin is seen as glue-like casing covering the fibroin. Bombyx mori silk
fibre and its composite: a review of contemporary developments. Reprinted from
Materials & Design, Volume 57, A.U. Ude, R.A. Eshkoor, R. Zulkifili, A.K. Ariffin,
A.W. Dzuraidah, C.H. Azhari, Bombyx mori silk fibre and its composite: A review
of contemporary developments, pages 298-305, 2014 with permission from Wiley.

The fibroin and sericin is separated by their solubility among other properties.
While sericin is water soluble, fibroin is not. Fibroin boast a 62 to 65 % crystallinity
while sericin is amorphous.15 The fibroin comprises of two phases: β-sheets with
a high-degree crystallinity and amorphous phase incorporating microvoids.15 The
Bombyx mori silk is widely used in industry such as medicine, food, chemical,
cosmetics, and clothing.15 The Bombyx mori silk is the most prevalent silk in the
world comprising of 95 % of all silk products.15
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The silk fibroin can be thought to be made out of three distinctive parts:15

• heavy chain (390 kDa)

• light chain (26 kDa)

• glycoprotein P25 (30 kDa).

The figure below displays the primary structure of a Bombyx mori silk fibroin heavy
chain provided by Asakura et al.16

Figure 2: A Schematic representation of a silk fibroin heavy chain. The chain
is composed of crystalline, semi-crystalline, and amorphous regions. The differ-
ent regions are composed of different arrangements of amino acids. T. Asakura,
K. Okushita and M. P. Williamson, Macromolecules, 2015, 48, 2345-2357
(DOI:10.1021/acs.macromol.5b00160). Copyright 2015 American Chemical Soci-
ety.

Silk fibroin offers favorable biocompatible and biodegradable properties. Sprague
detailed 18 different amino acid residues in the fibroin and sericin.10 Bombyx mori
silk offer several possibilities ionic interaction. Moreover, there are a possibility
for reduction of ions. Ions require an electron donating group from the reducing
agent. One of the reported amino acids with reducing capabilities is tyrosine, Tyr.17

Kharlampieva et al. expressed silk fibroin to be highly attractive template for the
synthesis of nano- and micro-inorganic structures due to a unique combination of
biocompatibility, biodegradability, and excellent mechanical properties such as high
tensile strength, high elasticity, and exceptional toughness.18

The polypeptides found in the cocoon of Bombyx mori, seen on table 1 above,
provide functional groups that enable bioconjugation of the metallic ions. Bioconju-
gation with proteins was reported by Wangoo et al.19 They proposed conjugation
with functional groups of glutamic acid.19 Which consequently is one of the amino
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acids available in the silk cocoon matrix. Sericin is reported by Sprague to feature
relatively large quantities of glutamic acid.10 Playing a role in the differences in
between the amino acid content of silk fibroin and sericin.

2.1.1 Degumming

The Bombyx mori cocoons comprise of a dense silk fiber matrix. Degumming process
allows the fibers to be separated from the matrix. Luong et al. stated that the
degumming is an important process that must be performed before any medical and
clinical application.12 Processing the silk for medical and clinical applications begins
with a removal of sericin. Song et al. found that sericin causes in vivo inflammation.20

Sericin, the glue in between the fibroin, is in place to reinforce the cocoon structure.11

During the degumming process the sericin is essentially released from the cocoon.
Hydrophilicity of sericin requires strong bases for the removal of sericin from the
matrix.

While silk fibroin is insufficiently soluble in water, sericin will swell and dissolve
in hot aqueoes solution and especially in alkaline aqueoes solution.11 Degumming
process of the cocoon will hydrolyze sericin into peptides and free amino acids. Some
degumming methods such as a use of high pressure and high temperature will only
remove an outer layer of sericin.11 Cao et al. reported that either acidic or alkaline
solutions can be used for degumming. Moreover, higher the pH of the degumming
solution higher the degumming rate.11 Higher degumming rate results in more sericin
to be released from the cocoon. With low rate only the outer layer of sericin will be
released. Cao et al. also found out that maximum degumming rate was reached with
10 minutes boiling time. No effect on the rate can be found beyond 10 minutes.11

Sericin in the silk is surrounding the fibroin. Thus degumming, removal of sericin,
can be considered as a surface modification process.12 Degumming of the silk cocoon
has an effect on the mechanical and chemical properties of the silk. Degumming can
be considered a critical process step preparing some applications of silk. Removal of
sericin drastically changes the amino acid construct of the silk.

Sericin is water soluble amorphous protein. The degumming of the cocoon can
be performed just in plain water. The solubility could be increased by raising the
temperature of the water. Moreover, with a combination of thermal and chemical
methods.15 The degumming is a sensitive process. The degumming process might alter
the microstructure and thus the mechanical properties of the silk fibroin. The physical
interactions in the fibroin core can be weakened even by the mildest degumming
process.15
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2.2 Green synthesis
Green synthesis is becoming ever-more desirable in the modern world. The energy
requirements for synthesis processes of materials are under considerations ever-so-
often. Not only for their economic impact, but also for their environmental significance.
Green chemistry principles drive toward synthesis methods conducted in ambient
conditions. For example, several pathways for synthesizing metallic gold. These
include sol gel method,21 citrate reduction,22 and Leidenfrost reaction.23 Out of these
methods, only Leidenfrost reaction represents a green synthesis pathway for nano
and microrange colloidal gold. There are several novel methods being developed for
green synthesis of nanorange metallic gold, for example, utilizing plant extracts.24,25

Moreover, silk provides an unique in situ synthesis pathway for metallic colloidal
gold. Providing a possibility to synthesize composite gold-silk fibers. The surface of
the silk fibers could thus be functionalized with metallic particles.

Green synthesis for crystalline gold have been reported utilizing different amino
acids and proteins.26 Annadhasan et al. synthesized nanorange gold colloids using
L-tyrosine and ambient sunlight irradiation in aqueous medium. Both ambient
conditions and aqueous medium are important parameters for green synthesis pathway.
Thus, the silk fibroin and sericin are able to reduce gold (Au3+) ions into metallic
gold (Au0).27 Similar pathway utilizing silk is also possible for other noble metallic
ions such as silver, (Ag+).17 Silk with its readily available amino acid groups provide
an exciting opportunity for novel green chemistry processes.

Green synthesis can be utilized to synthesize metal-carbon composites. Prabhu
et al. used synthesized reduced graphene oxide-WO3 composite.28 The composite
was synthesized by refluxing a mixture in ethanol under stirring. The ethanol was
distilled to be re-used ensuring the green approach.28 Carbon materials provide
exciting opportunities for electrochemical applications. Moreover, they offer a possi-
bility for green synthesis methods to be utilized. Han et al. demonstrated a facile
green synthesis of 3D porous glucose-based carbon aerogels for high-performance
supercapacitors.29 Glucose and polyvinylpyrrolidone were mixed and stirred in doubly
distilled water. The resultant solution was carbonized in 200 oC.29 Carbon aerogel
was obtained by freeze drying the carbonization product. Final activated product
was achieved by mixing with sodium hydroxide, NaOH, and heating to 900 oC under
nitrogen atmosphere.29 This method provides a template to produce mesoporous
carbon structure from different biological sources.

Utilizing biological matter is at the heart of green synthesis. Euphorbia peplus
linn leaf extract has been utilized by Sajjadi et al. for the green synthesis of
Ag/Fe3O4 nanocomposite.30 The leaf extract provided natural antioxidants that
acted as reducing and capping agents in the synthesis. The precursors, Fe3O4 and
AgNO3, were added to aqueous extract of the Euphorbia peplus.30 The reaction
required mild heating and stirring of 5 hours. According to Sajjadi et al. the Ag NPs
attached on the surface of Fe3O4 NPs. This synthesis provides an environmental
friendly pathway to produce nanocomposites.
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2.3 Metal-polymer composites
Metal-polymer composites are widely studied materials where the polymer acts as
an matrix. Metals are deposited as filler particles in order to change the properties
of the matrix. There are several methods in order to prepare the composite material.
For example, a metal powder and liquid monomers can be infused in order to create
a mixture.31 Moreover, nickel has been utilized as the metal component in order to
adjust the electrical properties of the composite.31 The filler metals are utilized in
order to drastically alter the properties of the polymer matrix. Insulating polymer
matrix can, for instance, be made conductive utilizing filler metals such as Ni, Cu,
Fe, Al, and Ag. Polymers can offer several functional groups such as amines and
amides for conjugating the metals into the matrix.

2.3.1 Bombyx mori silk fibroin biocomposites

The unique properties of Bombyx Mori silk have sprouted novel research on the
potential applications. The common biocomposites are composed mianly of silk
fibroin.15 Thus, the cocoon has been degummed and the sericin is removed in the
process. The sericin is removed in order to increase the biocompatibility of the silk.20

The biocompatibility of the bombyx mori silk fibroin provides exciting opportunities
in the field of medical engineering. The silk fibroin, SF, biocomposites15 have
been utilized in sutures,32 wound dressing,33 scaffolds for tissue engineering,34 and
biosensors.35

The strength of the silk fibroin biocomposites is the multiple forms it can be
processed into. For example films, hydrogels, and solids have been utilized in the field
of biomedical engineering. The biocomposites films have been utilized as artificial
skin.15 In the field of biomedical engineering the silk biocomposites could benefit from
electrospinning processing method in order to produce biocompatible scaffolding.

The polymer SF matrix reinforced via inorganic nanoparticles has received a
plethora of research.15 A wide variety of techniques have been studied in order to
create Ag-SF and Au-SF composites.17,26,27 These methods propose reduction of
metal ions into metallic nanoparticles via electrons provided by the amino acids of
the silk fibroin.
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2.4 Pyrolysis
Pyrolysis is a thermal treatment in an inert atmosphere. Thus in the absence
of oxygen.36 Pyrolysis is always characterized by heating rate and final heating
temperature. Organic matter decomposes through pyrolysis. Three classes of products
will be produced depending on the heating parameters.36 These are as follows:

• solid

• gas

• liquid.

Solid product for biological matter is usually char which is primarily inorganic
carbon.36 Other constituents are oxygen and hydrogen. In pyrolysis the liquid product
is most often water and depending on the precursor heavier hydrocarbons. Gasses
on the other hand can range from water and carbon dioxide to carboxylic acids
depending on the matter being pyrolyzed.

Pyrolysis reaction can be divided into two distinctive categories: slow & fast
pyrolysis. If the time that it takes to reach the pyrolysis temperature is longer than
the actual reaction time; slow pyrolysis.36 This can be visualized using variables
theating and treaction. Thus,

• theating >> treaction: slow pyrolysis

• theating << treaction: fast pyrolysis.

Pyrolysis is conducted utilizing closed thermal oven. The lack of air in the oven
restricts the combustion of the matter. Thermal energy is transported into the matter
breaking it down into smaller compounds. Energy is needed in order to break the
bonds of the molecules. Pyrolysis may be divided into four process stages:36

• drying ( 100 oC)

• initial stage (100-300 oC)

• intermediate stage (>200 oC)

• final stage (300-900 oC).

The pyrolysis starts by drying of the sample. This is the initial low-temperature
stage. Moisture and water will be released from the material during this stage. The
second stage, 100-300 oC, sees the release of water and low-molecular-weight gases
such as carbon monoxide and dioxide.36 The principal pyrolysis is said to take place
in the temperature range of 200 to 600 oC. The large molecules will be decomposed
during this step.36 The final stage, and higher pyrolysis temperatures, will prefer
the production of hydrogen.36 Carbonization is a pyrolysis process where an organic
polymer is broken down into inorganic carbon material.
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Carbonization can be utilized for silk cocoons. Sahu et al. utilized carbonization
of silk cocoons through pyrolysis to synthesize nitrogen doped graphene.37 The
carbonization was achieved pyrolysing crushed silk cocoons under argon atmosphere
in 400 oC for two hours. The applied heating rate was 10 oC/min.37 After two
hours of heating the sample was cooled to room temperature under the same argon
atmosphere. Similarly, nitrogen doped carbon nanosheets can be synthesized from
silk through pyrolysis. Hou et al. achieved the graphitization of silk by pyrolysing it
in 900 oC for one hour under a nitrogen atmosphere.38 The applied heating rate was
10 oC/min.38 However, Hou et al. did not carbonize the silk as such but pre-treated
the silk through wet chemistry and heating into a carbon precursor.

Carbonization of silk cocoon has also been used to synthesize nitrogen-doped
porous activated carbon electrocatalyst.39 Fu et al. utilized pre-treatment of silk
cocoon prior to the graphitization. That included heat treatment of the silk at 300
oC with a heating rate of 5 oC/min under nitrogen atmosphere for one hour.39 After
which the product was activated utilizing ZnCl2. The final carbonization was achieved
with pyrolysis at 800 oC with heating rate of 5 oC/min under nitrogen atmosphere
for one hour.39 Cho et al. described that the pyrolysis of silk will decompose the
crystalline β-sheet structure of the proteins.40 They showed that by heating the silk
to 350 oC it could be transformed into sp2-hybridized carbon hexagonal structure.40

The thermal degration of silk was described to begin at T>250 oC.40

Cho et al. stated that critical chemical changes takes place in the Bombyx mori
silk proteins at temperature range of 300-350 oC. This can been as the disappearance
of characteristic Amide band peaks in FTIR spectra.40 Cho et al. found that by
pyrolyzing silk with the temperature of 800 oC in inert argon atmosphere the fibers
retain their fibrous morphologies following pyrolysis. They concluded that the the
silk protein is affiliated with a char-type polymeric precursor without melting.40

Further heat treatment, up to 2,800 oC saw the structure transforming into a
highly developed graphitic structure.40 However, as in many cases the silk cocoons
were degummed prior to pyrolysis. Heating rate utilized by Cho et al. was 5
oC/min. The pyrolysis of Bombyx mori silk will get rid of the amide bonded protein
backbone.40 Cho et al. suggested that if the β-sheet structure of the precursor silk
fibers can be controlled, the carbon morphology and dimensions are controllable,
and one-dimensional nanofibres, two-dimensional nanosheets and three-dimensional
nanospheres can be formed through pyrolysis.40
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2.5 Carbon materials
Carbon atoms have the possibility to form three different hybrid orbitals:

• sp3

• sp2

• sp

The sp2 hybridization is important in the case of modern carbon materials.
Graphite and graphene are constructed of SP2 hybridized carbons.41 Graphene
features sp2 hybridized carbons bonded to each other in a honeycomb lattice. Graphite
has several of these lattices bonded to each other via π-bonding. When these planes are
stacked in a regular ABAB manner it gives rise to hexagonal graphite. Rhombohedral
graphite is constructed with ABCABC stacking.41 Graphitic carbon structures can
contain functional groups as impurities. Moreover, these could functionalities can be
provided via doping. These type of materials are highly tunable.

Since the isolation of graphene in 2004 it has been regarded as a truly remarkable
material.42 Ever since then researchers have jumped on the material to discover an
impressive list of properties. These include high thermal and electrical conductivity,
ballistic transport of electrons, and an extremely high Young’s modulus.43,44 The
commercial availability is still in its early stages for graphene.

Graphene is a coveted material for various applications. However, it requires
a viable mass production method. Two feasible methods for mass production of
graphene are large-scale growth and large-scale exfoliation.45 Growth via chemical
vapor deposition is rather complex and expensive process according to Wei et al.46

Exfoliation of graphite from a liquid phase is seen as the more promising manufac-
turing process. This process is low-cost and abundant graphite is used as the source
material.46,47

Carbon nanotubes (CNTs) are an extension of graphene. These can be regarded
as one or more graphene layers rolled into seamless cylinders.48 Giving rise to either
singlewalled (SWNTs) or multiwalled CNTs (MWNTs). SWNTs are customarily from
0.8 to 2 nm and MWNTs from 5 up to 20 nm.48 The interest in CNTs lie in the orga-
nized architectures where morphology can give a rise to useful properties. Volder et al.
listed the following possible applications for organized CNTs: shape recovery49, dry
adhesion50, high damping51,52, terahertz polarization53, large-stroke actuation54,55,
near-ideal black-body absorption,56 and thermoacoustic sound emission57.48

Organic materials are a common source for carbon materials.41 For example,
benzene and molecules with aromatic rings can be used as a starting point for
graphite. In graphitic carbon materials the carbons in the hexagonal lattice share
electrons via covalent bonds. While the layers are bound to each other with forces
that resemble Van der Waals forces.41

One of the modern carbon materials are carbon nanofibers. One of the common
precursors for these fibers is poly(acrylonitrile) (PAN).41 The spun PAN fibers are
first stabilized by partial oxidization with gasses such as air, oxygen, chlorine, and
hydrochloric acid vapor.41 In order to achieve carbon fibers the stabilized PAN is
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pyrolyzed in inert atmosphere such as argon. If other polymers are used as carbon
fiber precursor, such as cellulose, stablization step is not needed.41

Carbon nanofibers are part of the sp2 hybridized carbon family. Carbon nanofibers
have collected interest thanks to their theoretical potential as superior functional
additives and reinforcements.58 Exciting potential has given rise to hunt for alternative,
less expensive, processing methods. Hammel et al. demonstrated bulk production
method for CNFs utilizing catalytic chemical vapour deposition.58

Several carbon materials such as pyrolytic carbon is made out of polycrystalline
graphite.59 The crystals can vary in size from 1 nm up to 100 nm. Crystals can be
found in random order.59 Graphite provides sought-after electrical properties in the
a and b crystal direction. However, in the c direction graphite acts as an insulator.59

Thus, graphite can be considered as semimetal. Graphite without any impurities
provides excellent resistance to acids and bases and is chemically inert.59 Impurities,
however, add functional groups such as oxygen atoms that are readily reactive.

2.5.1 Metal-carbon composites

Carbon composites material are widely used in devices such as batteries60 and
electrodes61. Alizedah et al. demonstrated the synthesis of carbon composite electrode
(CCE) impregnated with nano-structured Cr(III)-imprinted polymer (IP-CCE).61

The electrode was designed for the sensing of chromium, Cr(III). The sensor is
synthesized in the mind of high usage of chromium in industries such as, described
by Alizedah et al., plating, metallurgy, wood preservation, paint manufacturing, and
pigments.61 The carbon-Cr(III)-imprinted polymer(IP) composite was prepared by
mixing graphite with IP in a mortar. After which the mix was added to a melted
binder creating a paste.61 The paste form of the electrode aids when it needs to be
reused.

Kim et al. synthesized SiO2–carbon composite to be used as the anode material in
lithium ion battery.60 The composite was synthesized by mixing silicon tetrachloride
and citric acid in 1,2-dimethoxyethane.60 The solution was dried in order to evaporate
the solvent. The final composite structure is achieved by pyrolyzing the mixture
in 900 oC for 1 h in 4.0% H2/Ar atmosphere.60 Kim et al. succesfully synthesized
the composite and found that it demonstrates exciting capacity of retention and
delivered 662–601 mAh/g with the coulombic efficiency of 99.8%.60

The properties of a metal-carbon composite material can be highly tunable
depending on the chosen metal compound in the carbon matrix. Sarkar et al.
demonstrated hydrophilic, fluorescent, and superparamagnetic iron oxide-carbon
composite nanoparticles.62 The carbon matrix was achieved by pyrolysing Eucalyptys
tree leaves. A mixture of Eucalyptys leaves and iron oxide colloidal particles were
pyrolysed in order to achieve the colloidal structure. The pyrolysis temperature
was varied by Sakar et al. from 500 oC in increments of 100 degrees. The pyrolysis
was conducted in air for 2 hours.62 The pyrolysis temperature had an affect on the
stoichiometry and crystal structure of the iron oxide. Thus, effecting the properties
of the composite. The conjugation in the carbon matrix resulted in a iron oxide
sheet morphology.62 Sakar et al. concluded that “resence of carbon not only made



12

the carbon composite NPs biocompatible but also added fluorescent characteristic
into it".62

The modern world faces an energy-crunch. Therefore, it is not surprising that
vast amount of metal-carbon composite research is towards energy applications. Koh
et al. studied the role of the carbon framework in sulfur-carbon composite cathodes
in Li-S batteries.63 Koh et al. synthesized disordered mesoporous carbon network
(DMC) utilizing a method demonstrated by Park et al.64 In this method sucrose was
utilized as the pre-cursor for carbon. Colloidal silica particles were used as the pore
templates. Carbonization was done at 900 oC for 3 h under an Ar atmosphere.64

Silica templates were removed by etching.
Koh et al. synthesized two cathodes:63

• cathode I with DMC nano-sized sulfur composite

• cathode II with DMC micro-sized sulfur mixture.
The XRD diffractogram of the mixture demonstrated sulfur peaks while the composite
exhibited broad carbon peaks at approximately 23 degrees and 43 degrees (2-theta).63

These correspond to diffraction angles of 002 and 100/101 planes of carbon. The
X-ray diffraction indicates that the pores of the DMC were permeated with sulfur.63

The two cathodes were compared used electrochemistry. Koh et al. highlighted that
“the cathode with micron-sized sulfur particles exhibited a slightly better capacity
retention (89%) after 50 cycles than the cathode with the DMC/S composite (86%)".63

2.6 Electrocatalysts
Electrocatalysts are commonly used in fuel cells and other electrochemical reactions.2,3

Metal atoms can be utilized as an electrocatalyst as demonstrated Koshikawa et al.65

The oxygen reduction reaction (ORR) using the material was illustrated with a fuel
cell in mind. Koshikawa et al. heated a mixture of graphene and a copper complex
of 3,5-diamino-1,2,4-triazole at 900 oC. The treatment provided a structure where
nitrogen atoms were coordinated to a copper are doped into graphene.65 Koshikawa
et al. demonstrated the electrochemical activity of the material and suggested that
the oxygen reduction reaction takes place at the copper sites.

Biological material provides a low-cost precursor for synthesizing carbon materials
for electrocatalysis.66 Wu et al. synthesized low-cost graphitic carbon material from
chitosan whiskers extracted from crab shells.67 The chitosan whiskers were processed
into microspheres. The spheres were reacted with ferric acetylacetonate and pyrolyzed
in 900 oC. Thus, creating a a cementite (Fe3C) nanocrystal@N-doped graphitic
carbon (Fe3C@NGC) nanocomposite.67 This composite demonstrated suitable ORR
properties towards being utilized as an electrocatalyst.

Liu et al. utilized soybean biomass to synthesize a high-performance doped
carbon electrocatalyst.66 Soybeans were ground into a powder which was treated
with ZnCl2 solution. The treated soybean powder was vacuum dried.66 Pyrolysis
of the sample was done in two phases. First the powder was pyrolyzed at 900 oC
under argon atmosphere. Followed by treating with 0.5 M H2SO4 at 80 oC for 12 h.
Further graphitization was done at 900 oC in air.66
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XRD diffractogram data displayed carbon 002 and 100 peaks at approximately
24o and 43o degreees (2-theta), respectively. Scanning electron microscope revealed a
porous carbon structure. Liu et al. proposed the structure is due to ZnCl2 activation.
Elemental analysis displayed that the sample had nitrogen content around 3.0 wt%,
and the sulfur content is in the range of 0.5–0.8 wt%.66 Liu et al. found through
electrochemical analysis that the catalyst demonstrate superb ORR activity.

Electrocatalysts are also utilized in dye-sensitized solar cells (DSSC).68 Ramasamy
et al. utilized mesoporous carbon electrocatalyst as the counter electrode in DSSC
structure. The I3− ion is reduced at the counter electrode to I−. Mesocellular silica
was utilized as the template while furfuryl alcohol was the carbon source.68 The
furfuryl alcohol was mixed into the aluminosilicate cellular foam. The structure was
carbonized under inert argon atmosphere.

Ramasamy et al. demonstrated that obtained structure was large-pore sized
mesoporous carbon material with an interconnected pore structure.68 The silica had
dissolved leaving the carbon virtually silica free.68 The electrocatalytical activity was
investigated by Ramasamy et al. with electrochemical impedance spectroscopy.68

The measurement produced a low RCT value. Ramasamy et al. stated that “therefore
devices show comparable fill factor and energy conversion efficiency, to that of
conventional Pt counter-electrode DSSCs".68

Oxygen evolution reaction (OER) is known for its sluggish reaction kinetics.
Oxygen evolution reaction is utilized in fuel cells and as water oxidation electrocata-
lysts. An effective electrocatalyst in water oxidation would be beneficial for storing
renewable energy, such as sunlight, in a form of chemical fuel.69 Gerken et al. found
that high oxygen evolution reaction (OER) activity was found for multi-metallic com-
pounds containing nickel or cobalt. Moreover, Gerken et al. concluded that Ni-based
oxides are significantly more active than Co-based oxides.69 It was recognized that
Ni–Fe compounds with ratios 80:20 and 60:40 were the most active Ni–Fe binary
oxides.

Gerken et al. suggested that incorporating other metal oxides beside nickel
and cobalt oxides could improve the OER performance of the catalyst. Suggesting
structural stoichiometries similar to perovskite oxides, ABO43 and AB2O4, could be
beneficial for oxygen evolution reactions.69 It was further concluded that compositions
containing a third metal with nickel and iron such as molybdenum would outperform
bimetallic nickel-iron compounds in terms of OER electrocatalytic activity.69 This is
highly suggestive that multimetallic oxides containing nickel and iron could perform
well as a catalyst when it comes to usually sluggish oxygen evolution reaction. Gerken
et al. reported that there have been recent observations of high apparent activities
of Ba- and Sr-containing perovskite oxide catalysts.69 Suggesting that multimetallic
perovskite oxide containing barium, strontium, nickel, and iron could perform well
as a OER electrocatalyst.

Suntivich et al. talked about the slow kinetics of the oxygen evolution reaction
(OER) and importance of finding an effective catalyst for this reaction. A catalyst
could improve the effeciency of energy storage technologies, such as, rechargeable
metal-air batteries and hydrogen production from water splitting.70 Suntivich et al.
found high electrocatalytic OER activity for Ba0.5Sr0.5Co0.8Fe0.2O3˘δ perovskite oxide.
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Suntivich et al. reported that “intrinsic OER activity exhibits a volcano-shaped
dependence on the occupancy of the 3d electron with an eg symmetry of surface
transition metal cations in an oxide".70 Taken the findings from Suntivich et al. and
Gerken et al. replacing cobalt with nickel in the transition metal perovskite oxide
could provide to be beneficial for OER electrocatalytic activity.

Nickel based OER catalysts could provide cost-effective solutions over traditional
precious metal catalysts such as iridium, platinium, and palladium. Kauffman et
al. studied organometallic nickel complex to be utilized as a catalyst for OER. The
complex in question was Ni6(PET)12.71 The structure was characterized utilizing
XPS, mass spectrometry, and UV-Vis. The benefit of this type of catalyst is that the
crystal structure can be fully known. Moreover, the catalyst was found to outperform
NiO and Pt catalysts when it comes to OER.71

2.7 Research aim
The validity of utilizing Bombyx mori silk as a starting material for an electrocatalytic
composite will be investigated. Moreover, the differences of a silk cocoon and
degummed silk will be compared. The ability to capture ions from aqueous solution
plays a vital role. This in turn will be examined. The possibility of utilizing metal
ions is a key aspect in this study. Whether the silk matrix provided could be
functionalized via pyrolysis. Also if the metal-carbon composite can be processed
without the removal of sericin from the silk martix. Moreover, further development
of the composite material with high electrocatalytic activity will be researched.
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3 Experimental

3.1 Chemicals & Materials
All the chemicals were obtained from Sigma-Aldrich/Merck. The chemicals used
were crystalline solids ≥ 99.9 % trace-metal basis:

• Gold(III) chloride trihydrate, HAuCl4 · 3H2O, CAS 16961-25-4

• Zinc nitrate hydrate, Zn(NO3)2 · xH2O, CAS 13778-30-8

• Copper(II) nitrate hydrate, Cu(NO3)2 · xH2O, CAS 13778-31-9

• Lead(II) nitrate, Pb(NO3)2, CAS 10099-74-8

• Magnesium nitrate hexahydrate, Mg(NO3)2 ·6H2O, CAS 13446-18-9

• Nickel (II) chloride anhydrous, NiCl2, CAS 7718-54-9

• Iron (III) chloride anhydrous, FeCl3, CAS 7705-08-0

• Barium chloride, BaCl2, CAS 10361-37-2

• Strontium chloride anhydrous, SrCl2, CAS 10476-85-4

• Ethylenediaminetetraacetic acid, (HO2CCH2)2NCH2CH2N(CH2CO2H)2, CAS
60-00-4

• Sodium citrate dihydrate, HOC(COONa)(CH2COONa)2 ·2H2O, CAS 6132-04-3

Silk cocoons spun by Bombyx mori silkworm were utilized as the organic matrix to
capture ions and as the precursor for graphitic carbon throughout the experiment.
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3.2 Methods
3.2.1 Experiment A - Ion capturing & reductive properties

Aqueous solutions of the heavy metal ions were produced. Pre-calculated amount
of the solid salts were dissolved into 100 ml of de-ionized water to give 10 mMol/L
concentration. The mixing was done in ambient conditions. The salts utilized in
the experiment were soluble in cold water. Bombyx mori cocoons and degummed
cocoons were immersed into their respective heavy metal ion solutions. The table 2
below lists the samples for experiment A and their respective parameters.

Table 2: Experiment A and the respective parameters. The important parameters
featured here are the metal ions utilized in the solution and the concentration of
the ions. The ion capturing and reductive properties of the Bombyx mori silk were
studied with these samples.

Sample Silk type Ions Concentration
A1a Fibroin and sericin Au 50 mM
A10a Fibroin and sericin Zn 10 mM
A10b Fibroin and sericin Cu 10 mM
A10c Fibroin and sericin Pb 10 mM
A10d Fibroin and sericin Mg 10 mM
A2a Fibroin Au 50 mM

The Cocoons were kept fully immersed in the solution throughout the process by
pressing with a plastic pipette. Moreover, the beakers were sealed with parafilm to
ensure that no solution is lost due to evaporation during the reaction. Keeping the
concentration constant. The cocoons were kept fully immersed for a period of one
month. The reaction setup can be seen in the figure below.



17

Figure 3: A demonstration of the reaction conditions. The clean cocoon is immersed
into a solution containing divalent metal ions. The cocoon was kept fully immersed
into the aqueous solution for period of one month in order to ensure full coverage of
the silk matrix by the ions. The reaction is sealed to prevent evaporation and thus
keeping the concentration approximately constant throughout the reaction.

After the extraction from the solution the cocoons were air dried inside a ventila-
tion hood. The success of the reaction was visible either from a color of the cocoon
or from the apparent modification of the mechanical properties. The treated cocoons
were characterized as such utilizing PAS-FTIR and XRD.

3.2.2 Experiment B - Metal-carbon composite synthesis

The experiment B followed closely to that of experiment A. However, a higher
concentration of metal ions in the aqueous solutions were utilized. Initially the
concentration (solutions a and b) was set as 0.1 Mol/L. The concentration was
later increased (solutions d and e) to 1 Mol/L. Pre-calculated amount of salts were
dissolved into 100 mL of de-ionized, DI, water. The mixing was performed in ambient
conditions. All the salts were fully soluble in room temperature. The table 3 below
lists the samples for experiment B and their respective parameters.
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Table 3: Experiment B and the respective parameters. Important parameters featured
here are the metal ions utilized in the solution and the concentration of the ions.
These samples were used for the synthesis of metal-carbon composites. Two type of
samples were produced: silk cocoon (prefix 1 ) and degummed silk cocoon (prefix 2 ).
Therefore, observing the difference in between silk fibroin and sericin.

Sample Silk fiber Ions Concentration
B1a Fibroin and sericin Ni 0.1 M
B1c Fibroin and sericin N/A N/A
B1d Fibroin and sericin Fe/Ni 1 M
B2a Fibroin Ni 0.1 M
B2c Fibroin N/A N/A
B2d Fibroin Fe/Ni 1 M

Experiment B also saw the degumming of the silk cocoons. Degumming was
performed in alkaline solution: 0.05 mol/L concentration of NaOH. The cocoons
were heated and stirred in the solution. The heating temperature was set at 100 oC.
The degumming rate was >10 minutes. Rate beyond 10 minutes does not have an
effect on the end product. The treatment effectively separated the silk fibers from
the matrix. Thus, removing a large portion of the sericin in between the fibroin. The
alkaline solution was seen turning from colorless to yellow upon degumming of the
cocoon. This is due to the release of sericin into the solution. The degummed silk
fibroin were treated with the ion solutions in the same manner as the intact cocoons.
The figure below represents end-product of the degumming process.

Figure 4: A degummed Bombyx mori silk cocoon. The glue-like sericin has been
stripped away by heating in basic conditions. Thus, de-constructing the cocoon
matrix. What is seen is separated silk fibroin. The fibers could be pulled apart and
arranged into forms of different kinds. Indicating that the silk fibroin do not form a
matrix of fibers in a similar manner as the silk cocoon does.
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The silk cocoons and degummed silk were treated with the solutions for 24 hours.
The samples were kept fully immersed and the beaker was sealed with parafilm
during the reaction. This ensured uniform coating and that the concentration of the
solution would remain constant throughout the reaction. After treating the samples
with the respective aqueous ion solutions they were pyrolyzed using a furnace. The
pyrolysis parameters were chosen based on the values found in the literature in order
to ensure the carbonization of the silk fibers.37,39,72,73,74,38,75 The heating rate was set
as 3.33 oC/min. This was the maximum rate allowed by the furnace. The pyrolysis
temperature was set as 800 oC. The samples were pyrolyzed for 3 hours. The
pyrolysis was conducted under inert Argon atmosphere. Minimizing the formation
of oxide impurities. The cooling rate after pyrolysis was not controlled. The figure
below displays the pyrolyzed cocoon matrix.

Figure 5: A demonstration of carbonized silk matrix cocoon. The tough organic
cocoon matrix has turned into brittle graphitic carbon. The organic matrix was
pyrolyzed under inert argon atmosphere diminishing the amount of oxygen impurities
in the sample. The pyrolyzed sample seen here was further analyzed in order to
determine the carbonized structure formed under pyrolysis.

The probable composite samples were extensively characterized utilizing FTIR,
Raman spectroscopy, SEM, EDS, and XRD. Furthermore, the samples were analyzed
for their catalytic electrochemical activity utilizing cyclic voltammetry, CV.
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3.3 Instrumentation
Fourier Transform Infrared Spectroscopy (FTIR). Infrared spectroscopy
utilizes molecular vibrations upon absorption electromagnetic radition in the infrared
region. When the frequency of an incoming electromagnetic radiation matches
the vibrational frequency of a molecule the photon energy will be absorbed by the
molecule. The energy is transferred to excite molecular vibrations. These absorbed
frequencies will be detected by the spectrometer.76,77

One milligram of each sample were ground up along 200 mg of KBr (Merck).
These were pressed to form pellets. Pellets were characterized in transmission mode
utilizing Thermo Nicolet Protege 460 FTIR Spectrometer ESP. The spectrometer
features a deuterated triglycine sulfate (DTGS) detector with a resolution of 0.5 - 1
cm−1. The detector is sensitive from 400 cm−1 to beyond 4000 cm−1. The spectra
were acquired from 400 cm−1 to 4000 cm−1. Manual baseline correction was applied
to the spectra.

Photoacoustic Fourier Transform Infrared Spectroscopy (FTIR-PAS).
The samples are irradiated with infrared electromagnetic radiation. The frequency of
this radiation is modulated in the acoustic range. Certain frequencies of the radiation
are absorbed depending on the chemical bonding on the sample. In FTIR-PAS
the absorbed energy will heat up the sample. The heat is transferred to the gas
surrounding the sample in the chamber. Pressure fluctuations in the gas can be
regarded as sound which are detected with a microphone. The modulation frequencies
will correspond to the absorbed energies of the chemical bonds.78,76,77

All cocoon samples were dried prior to FTIR-PAS analysis. The FTIR spectra were
obtained in the mid-infrared region (MIR). Spectrometer utilized was Bio-Rad FTS
6000 (Digilab, Randolph, MA, USA) fitted with a MTEC PAC300 photoacoustic
detector. Carbon black was used as an standard for background measurements.
Baseline correction and 5 point smooth was applied to the FTIR spectra utilizing
Win-IR Pro V3.4 software (Digilab, Randolph, MA, USA).

Scanning Electron Microscopy (SEM). In SEM a beam of electrons is
swept over the surface of the sample. The surface of the specimen will emit scattered
secondary electrons which will be detected electronically by the microscope. When the
electron beam from the SEM strikes onto the conducting electrons on the surface of
the metal secondary electrons are produced. This is in analogy with the photoelectric
effect. In the lack of conducting surface electrons, the samples are usually coated
by evaporation with a thin film of a conducting material, such as gold or carbon.
Making the sample conductive and thus visible for the microscope.79,80

All cocoon samples were dried prior to SEM analysis. A small part of the samples
were cut out and taped using carbon tape onto the sample holder. Micrographs
were obtained with Tescan MIRA3 Field emission SEM fitted with Schottky emitter.
In-beam secondary electron detector was utilized to produce the SEM micrographs.
ATLAS software (TESCAN, Kohoutovice, Czech Republic) was used to capture the
micrographs. Acceleration voltage of 20 kV were used for the pyrolyzed silk samples.
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Energy-dispersive X-ray spectroscopy (EDS). Energy dispersive spec-
troscopy, EDS, is used for a rapid multi-element analysis. The method is effective for
heavier elements Z>11. The detection limit for elements is approximately 200 ppm.
The characteristic X-rays are created when the excited atom relaxes. The energy is
released in a form of a photon. The electrons that are scanned through the surface of
the sample generate X-ray fluorescence from the atoms on the sample. These X-ray
energies are characteristic for the element in question. Qualitative chemical analysis
is most common with EDS. However, semi-quantitative analysis is also possible.81

A Tescan scanning electron microscope equipped with Thermo Scientific energy
dispersive spectrometer was used for the analysis. The EDS apparatus featured a
Silicon drift detector. 20 and 30 kV acceleration voltages were used. This ensured
high enough energy of electrons in orderd to produce X-rays from the samples in
question. Beryllium error peak was filtered out by setting cut off energy level at 100
ev. The beam intensity was set at 10. A 9.5 mm working distance was utilized in
order to collect suitable amount of X-rays into the detector. The measurements were
run in spectral mapping mode.

X-Ray Diffraction (XRD). In X-ray diffraction a target is hit with high energy
electrons in order to produce X-rays. These generated X-rays are aimed at the sample.
The crystal structure of the sample determines how the X-rays are diffracted. The
diffraction follows Bragg’s law:

nλ = 2dsinθ (1)
The intensity of the diffracted X-rays are detected. Diffraction angles of the

X-rays are recorded. These are matched for known angles on a database in order to
identify the material in question.80,41

Pre-pyrolysis and pyrolyzed samples were investigated utilizing x-ray diffraction
(XRD) in transmission mode with Rigaku SmartLab X-ray diffractometer. The
x-rays from a line focus source were monochomatized using a multilayer mirror to
get a parallel x-ray beam of wavelength 0.154 nm (Cu Kα) and the scattered x-rays
were detected using a single-photon counting HyPix-3000 2D detector. A parallel
x-ray beam of size 10 mm x 0.5 mm was used in case of ion-treated samples. For
pyrolyzed samples, the beam was further focused using focusing optics to size 0.5
mm x 0.5 mm on the sample due to small amount of sample. The sample thickness
in each case was < 5 mm.

Raman spectroscopy. Raman spectroscopy has its basis on raman scattering.
This is inelastic scattering phenomenom. The frequency of the light will undergo
a change upon interaction with the sample. There has been exchange in energy
in between the light and the matter. The energy difference is called Raman shift.
This is being detected and measured in wavenumbers. The spectroscopy requires
polarizable chemical bonds.80,77

Nano-raman fitted with several different laser options was utilized. Argon laser
with a wavelength of 488 nm was utilized for pyrolyzed samples. The laser output
power was 40 mW. The apparatus supplies a laser spot diameter of < 1 µm. The
apparatus was fitted with the following attenuation filters: 0 dB, -3 dB, -6 dB, -10
dB, -20 dB, -30 dB, -40 dB. Filters that were utilized in the measurements were -6
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dB, -10 dB, and -40 dB. The apparatus featured a spectral range of 220 to 1600 nm
for optics and 200 to 1050 nm for the CCD detector. Objectives used were 50x with
NA = 0.75, WD = 0.37 mm and 100x with NA = 0.9, WD = 0.21 mm.

Cyclic voltammetry. In cyclic voltammetry potential is applied to a working
electrode. The potential change is applied with a steady scan rate. The potential
is applied from negative to positive and then on reverse. Current is measured at
the electrode at each voltage. The voltage is swept from negative to positive. The
resulting IV-curves provide information on the chemical reactions taking place. These
feature redox and catalytic reactions.82,83,84

Samples were mixed with DI-water. The samples were dispersed into the solution
utilizing IKA T25 ULTRA-TURRAX at 22000 RPM in order to ensure fine particle
size. 10 µL 5% w/v nafion solution was used as a binder. After ultrasonication
when the samples were finely dispersed in the solution, 10 µL was drop-casted onto
a 0.07 cm2 glassy carbon electrode. The ink was air-dried prior to electrochemical
measurements. The electrode was polished, prior to measurements, utilizing 0.3
µm Al2O3 slurry. After the polishing the electrode was rinsed with DI-water and
ultrasonicated for 10 mins in DI-water and ethyl alcohol. The counter-electrode
utilized was platinum wire electrode. The measurements were recorded against
saturated Ag|AgCl reference electrode. 6 mg of samples were dissolved in 500 µL
mixture of DI-water and isopropanol in order to create catalyst ink. The ratio of
the solvents used were 2:3, respectively. The catalytic activity of the samples were
measured utilizing Dr. Bob’s Cell kit provided by Gamry instruments, USA and
with 1000-E Gamry electrochemical workstation. The electrochemical activity of the
samples were observed by oxygen evolution reaction. The measurements were done
from -1 V to 1 V with a scan rate of 100 mV.s−1 in a freshly prepared 1M KOH.
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4 Results & Discussion

4.1 Bombyx mori silk
4.1.1 Reductive properties

Crystalline gold could be synthesized utilizing gold salt precursor and silk fibroin
amino acids as reducing agents. The silk cocoon acts as an organic matrix for
organic-inorganic composite that can be produced in the process. Amino acid called
tyrosine have been thought to act as the reducing agent for the crystalline synthesis.27

The figure below demonstrates a possible pathway way for gold ion reduction by
tyrosine.27

O

NH2

HO

OH

Tyr
2 Au3+

H

O

NH2

O

OH

Tyr

2 Au6 H+ + +

Figure 6: A possible tyrosine mediated mechanism for gold ion reduction as proposed
by Chen at al. The electron movement in the tyrosine amino acid is modeled here
with a skeleton structure of amino acid tyrosine. The gold ions act as electrophile
in the reaction while the amino acid assumes the role of a nucleophile. Electrons
donated by the amino acid reduces the gold ion into metallic gold: Au(III) + 2e- →
Au(0).
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In the reaction seen above the gold ions act as electrophiles while the tyrosine
has the role of a nucleophile. Tyrosine is seen as viable option for the reduction
due to the availability of electrons. It is known that Bombyx mori cocoons carry
18 different amino acids (table 1). Thus, reduction is possible via other routes as
well. Tyrosine and other amino acids also feature functional groups such as amino
groups with readily available electron pairs. These electron pairs could be part of the
reduction mechanism. The figure below displays the XRD diffractogram for cocoon
sample A1b treated with gold(III) ions.

Figure 7: XRD diffractogram displaying reduced crystalline metallic gold found in
the cocoon silk matrix. The spectrum was obtained for 2-theta angles from 10 to 90
degrees. The reaction can be considered as green chemistry. Five different crystalline
phases of gold can be matched by the bragg diffraction angles found in the spectrum.
The spectrum is plotted Intensity vs 2-theta. The top window displays gold reference
peaks.

The XRD diffraction data above suggests that the silk fiber matrix is able to
reduce the gold ions into crystalline metallic gold. The amino acids in Bombyx mori
silk fibers have been able to provide electrons to the gold ions in order to reduce
them. The proposed mechanism above for gold ion reduction utilizing silk could have
been in effect.27 Crystalline gold was found with the following miller indices:

• 111

• 200
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• 202

• 311

• 222

The figure below demonstrates the XRD diffractogram for silk fibroin (degummed
cocoon) A2b treated with gold(III) ions.

Figure 8: XRD diffractogram for crystalline metallic gold found in silk fibroin. The
spectrum was obtained for 2-theta angles from 10 to 90 degrees. Four different
crystalline phases of gold can be matched by the bragg diffraction angles found
in the spectrum. The spectrum is plotted Intensity vs 2-theta. The top window
displays gold reference peaks. There appears to be a difference in comparison to the
crystalline gold phases found in the cocoon silk matrix of sample A1b.

With sericin removed from the matrix the silk fibroin has still the ability to reduce
the Au3+ ions into crystalline gold. This has been reported as Chen et al.27 With
the removal of sericin the formed crystalline gold does not feature the 222 miller
index as the crystalline gold reduced utilized Bombyx mori cocoon matrix did. The
figure below exhibits the differences between the amino acid content of silk fibroin
and sericin.
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Figure 9: Bombyx mori silk fibroin and sericin amino acid content. The graph
displays the apparent differences in the amino acid composition in between the two
different proteins. The dissimilarities in the amino acid content could account for the
variation in the interaction with metal ions. Reproduced with permission from K.U.
Sprague, Biochemistry (N.Y.), 1975, Vol. 14, 925-931 (DOI:10.1021/bi00676a008).
Copyright 1975 American Chemical Society.

It is evident from the figure above how the amino acid content differs in between
the silk fibroin and sericin. Both intact Bombyx mori cocoon fibers and the degummed
silk contain amino acid tyrosine. Which could be why both are able to reduce the
gold ions into crystalline gold. Sericin however features a high content of certain
amino acids in comparison to the fibroin. Sericin appears to play a role in the
reductive properties of the Bombyx mori silk. Sans sericin the gold is lacking the
highest plane in the crystal lattice. The sericin contains larger amounts of aspartic
and glutamic acids in comparison to fibroin. These could act a role in the reductive
properties of Bombyx mori silk. Glutamic acid is known for its ability to interact
with metals.19 The high content of glutamic acid in sericin could provide to be the
difference maker in the reduction process.
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4.1.2 Ionic interaction

This experiment suggest that silk cocoons are able to absorb ions from an aqueous
solution and bind them into the matrix via coulombic interaction. The amino acids
provide amine groups with a free electron pairs. The figure below demonstrates the
available functional groups in the amino acids present in silk fibroin and sericin.
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Figure 10: A skeleton representation of common amino acids found in both Bombyx
mori silk fibroin & sericin. The functional amino and carboxylic groups are circled.
These functional groups a vital role in the ionic interaction. Each of the amino group
could potentially interact with their lone electron pair. While the carboxylic groups
feature negative charge in their deprotonated forms.
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The figure above illustrates how the amino acids found in silk feature primary
amine and carboxylic groups. These functional groups provide prime candidates for
coloumbic interaction with the metal ions. It is evident from the experiments that
the cocoons could be loaded up with the metal ions from aqueous solutions. The
cocoons treated with a solution of gold(III) ions are expected to feature ionic gold
per the yellow color and lack of electrical conduction (per SEM analysis). Moreover,
the cocoons treated with copper ions display similar effects (cocoon turning blue).
The yellow and blue cocoons are highlighted in the figure below. The synthesized
composites display evident changes on the silk cocoon; e.g. coloring of the silk fibers.
This coloring of the cocoon is provided by the ions in the silk matrix.

Figure 11: The coloration of the silk cocoons is an indication of the absorption of
ions into the polymer matrix. Yellow color is due to gold ions while blue color is due
to copper ions absorbed onto the silk cocoon matrix from the aqueous solution. The
ions interact with the amino acids of the silk proteins via coloumbic interaction.

The cocoon treated with copper ions demonstrate some black color indicating the
cocoon includes more than just copper ions. Perhaps copper oxide has been formed
on the cocoon. The silk fibroin matrix and the covering sericin feature a myriad of
amino acids. Which in turn have their share of amino and carboxylic. The figure
below exhibits the lone electron pair of an amino group and the deprotonated form
of a carboxylic group found in glycine amino acid. Either of these groups could,
potentially, interact with the positively charged metal ions.
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Figure 12: Glycine amino acid functional amino and carboxylic groups. The free
electron pair in the primary amine is vital in regards of electrostatic interaction with
the heavy metal ions from an aqueous solution. The heavy metal salt dissociates
in a solution into cations and anions. The nickel ion, for example, is looking for an
energy minimum. Interaction with the lone electron pair from the amino acid could
provide this. The carboxylic group in its deprotonated form has a negative charge.
This could interact with a positively charged metal ion.

The figure below exhibits the full silk cocoon FTIR spectra found for Bombyx
mori silk cocoon and the degummed cocoon. The silk cocoon and degummed silk
spectra provides rather similar results. Ling et al. demonstrated amide I and II band
peaks for silk fibroin.85 Amide I was found at 1700, 1655, 1630, and amide II at 1540
and 1530 cm-1.85 Swinerd et al. on the other hand found silk amide I (C=O str)
and II (N–H bend) absorbance peaks at 1628 and 1526 cm-1, respectively, and the
presence of amide III (C–N str) peaks at 1233 cm-1 and 1260 cm-1.86 Morikawa et
al. defined amide A peak at 3290 cm-1 arising from N–H stretching.87 Muller et al.
demonstrated bombyx mori silk fibroin amide V band at 700.8 cm-1.88
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Figure 13: FTIR spectra of a plain Bombyx mori silk cocoon and degummed cocoon.
The vibrations are plotted as Intensity vs Wavenumber. The graph highlights the
peaks arising from the cocoon and degummed cocoon amide bands. The difference is
marked on the graph at around 1000 cm-1. The difference can be seen on the amide
III band while other bands provide rather similar peaks.

The FTIR spectra for the cocoon and degummed cocoon resemble closely each
other. The degumming process has not disrupted the basic structure of the silk. The
sericin makes up for 20 to 30 % of the silk fiber matrix. The removal of these amino
acids surrounding the silk fibroin has only affected one the amide band peaks in the
1000 cm−1 wavenumber region. The silk fibroin sans sericin provides difference in
peaks for the Amide III band region.

Degumming did not have a major effect on the amide bands seen with FTIR.
The main difference that can be seen with intact silk fibers and degummed is in
the Amide III band region of the spectrum. Cai et al. stated that the Amide III
bands are due to in-phase combination of N-H in-plane bending and C-N stretching
vibration.89 Indicating that there is a difference in between the amino groups of the
Bombyx mori silk fiber and degummed silk fibroin. The table 4 below lists the main
amide band peaks found for the two spectra displayed on the figure above.
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Table 4: Amide band peak list for plain cocoon and degummed cocoon samples.
The peaks display the similarities between the structures for the intact silk and
silk fibroin. The removal of sericin from the silk matrix does have an effect on the
primary structure of the fibers.

Amide band A1c B2c
Amide I 1655 cm−1 1663 cm−1

Amide II 1535 cm−1 1543 cm−1

Amide III 1234 cm−1 1231 cm−1

Amide V 690 cm−1 690 cm−1

The figure below demonstrate how the differences on the spectrum are found
in the Amide V and VI region for the pre-pyrolyzed samples. These samples were
treated with the solutions of heavy metal ions. The FTIR data suggests that the
interaction takes place in between molecules/functional groups found in the Amide
V & VI bands. Similarly Chen et al. found that there was a difference in the
peaks in the amide V band when silk fibroin was treated with gold(III) ions.27 They
demonstrated a peak for silk fibroin, SF, at 650 cm-1 and for gold colloid-SF peaks
were found at 697 and 615 cm-1.27 In this experiment peak for silk was found at
approximately 637 cm-1 and peaks for gold-silk at approximately 700 and 643 cm-1.
The table 5 and consequently the figure below display the differences on the amide
V and VI on samples from experiment A.

Table 5: Amide V and VI band peaks found for samples in experiment A. The peaks
display the differences found in between the samples treated with different metallic
ions. The differences are subtle and found only in amide V and VI band regions.

Peak list
Amide band A1b A1c A10e A10f A10g A10h
Amide V N/A 721

cm−1
N/A 706

cm−1
710
cm−1

N/A

Amide V 698
cm−1

690
cm−1

710
cm−1

664
cm−1

675
cm−1

713
cm−1

Amide VI 640
cm−1

636
cm−1

660
cm−1

650
cm−1

648
cm−1

663
cm−1

Amide VI 563
cm−1

552
cm−1

545
cm−1

585
cm−1

552
cm−1

544
cm−1
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Figure 14: Experiment A amide V and VI band regions of the FTIR spectrum. The
molecular vibrations are plotted as Intensity vs Wavenumber. The graph zooms on
the wavenumber range from 500 to 800 cm-1. Four regions are marked on the graph
where differences in peaks can be observed due to the absorption of metal ions from
the aqueous solution. These variations are subtle yet noticeable.

The silk fibers and degummed silk fibers provide slight differences in the Amide
V & VI regions of absorption spectra when treated with metal ions. All the them
display differences in comparison to their untreated counterparts. These include:

• shifts in peaks

• the lack of certain peaks.

The figure below highlights the amide V and VI band regions for Experiment B,
pre-pyrolysis.
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Figure 15: Experiment B amide V and VI band regions of the FTIR spectrum.
The vibrations are plotted Intensity vs Wavenumber. The graph zooms on the
wavenumber range from 500 to 800 cm-1. The graph highlights the amide peaks of
silk fiber and silk fibroin treated with divalent metal ions. Four regions are marked
on the graph where differences in peaks can be observed due to the absorption of
metal ions from the aqueous solution. These variations are subtle yet noticeable.

Ahmed et al. conducted self-assembly of nanogold for ingrain pigmentation of
silk fabrics utilizing gold chloride and hydrogen peroxide.90 They found no apparent
peak shifts in amide I, II, and III bands. Thus, Ahmed et al. concluded that the
treatment with Au did not have an observable effect on the intensities or the positions
of the absoption peaks of silk. Ahmed et al continued with “this means that the
treatment processing including hydrogen peroxides activation and Au interaction
was not affected on the genuine structure of silk macromolecules".90 Similarly no
peak shifts were observed for amide A, B, I, II, and III bands in this experiment.
Indicating that the process does not alter the primary structure of the silk fibers.
The table 6 below gathers together the amide V and VI band peaks found for the
samples in the spectra seen above.
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Table 6: Amide V and VI band peaks found for samples in experiment B. The peaks
display the differences found in between the samples treated with different metallic
ions. The differences are subtle and found only in amide V and VI band regions.

Peak list
Amide band B2c B1a B2a B1d B2d B1e B2e
Amide V 721

cm−1
N/A
cm−1

717
cm−1

725
cm−1

725
cm−1

725
cm−1

725
cm−1

Amide V 691
cm−1

687
cm−1

675
cm−1

690
cm−1

667
cm−1

675
cm−1

671
cm−1

Amide VI 640
cm−1

640
cm−1

640
cm−1

648
cm−1

637
cm−1

617
cm−1

637
cm−1

Amide VI 552
cm−1

552
cm−1

552
cm−1

555
cm−1

552
cm−1

540
cm−1

552
cm−1

FTIR data exhibits that either the treatment with the ions do not have an impact
on the elemental structure of the silk matrix. However, the reactions appear to have
an effect on the more complex amide bands, namely V and VI. These bands are
dependent on the hydrogen bond environments. According to Miyaza et al. the amide
V band at approximately 700 cm-1 is due to N-H out-of-plane bending mode.91 While
amide VI around 620 cm-1 is due to C=O out-of-plane bending mode.91 Therefore,
the treatment with metal ions appear to have an impact on the out-of-plane bending
modes. The FTIR data suggests that the interaction with ions take place with
the amine groups of the silk proteins. Upon absorption the silk protein retains it
structure. XRD could provide information on the form of metal ions found in the
silk matrix. The figure below displays the XRD diffractogram for sample B1a. The
cocoon matrix has been treated with nickel(II) ions. This demonstrates the case for
pre-pyrolysis.
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Figure 16: XRD diffractogram of a silk cocoon treated with divalent nickel ions
demonstrating carbon and Ni(OH)2 diffraction angles (2-theta). A measured nickel
hydroxide spectra is featured on top for reference. The spectrum is plotted Intensity
vs 2-theta. The bragg diffraction angles for the reacted Bombyx mori silk matrix
suggest that ions have been absorbed onto the silk matrix. Moreover, the ions could
be found in the form of nickel hydroxide, Ni(OH)2.

The FTIR can not determine whether interaction of the amino groups in the
cocoon matrix is with metallic or ionic metals. However, the XRD diffractogram
above demonstrates that the cocoon matrix has not been able to reduce the ions
into a form of crystalline metals. The nickel is thus found in its ionic form. The
spectra displays two peaks that could match nickel hydroxide 100 and 101 lattice
planes. The other samples demonstrated similar results. The silk and silk fibroin
matrix samples have not been able to reduce the ions in question.

Utilizing energy-dispersive spectrometry, EDS, could help visualize which samples
were able to retain the ions. The cocoon matrix and degummed cocoon samples are
inherently different in their basic structures. EDS spectral mapping was utilized
in ordered to visualize the elements found in a relatively large area of a sample.
The figure below display the spectral maps found for samples B1a and B2a. These
samples were treated with divalent nickel(II), Ni(2+), ions.
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(a) The EDS spectral elemental maps acquired for sample B1a.

(b) The EDS spectral elemental maps acquired for sample B2a.

Figure 17: EDS spectral maps for pyrolyzed silk samples treated with divalent nickel
ions. The maps highlight the differences with the intact silk matrix a) B1a and
degummed silk b) B2a. The differences in the amino acid content might not be
higher than 20 %, but they appear to be vitally different when it comes to ionic
interaction. The intact silk fibers feature 100 % nickel while the degummed fibers
were mainly carbon. The scale bar on the maps are 100 /mum.

Both samples were able to retain at least some portion of the nickel ions. The
carbon that was found for the degummed sample B2a is not surprising because
the majority of the sample is carbon. However, it is not accurate. EDS method is
effective only for heavier elements, Z>11. Therefore, it is not accurate for elements
sodium, NA, and below. The samples under question are made out of mainly of
Carbon, C. However, EDS is not accurate for any carbon signals arising from the
sample. Moreover, Carbon can not be effectively assessed as it can arise from carbon
tape used. With EDS there is a possibility of errors from sum and escape peaks.
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There appears to be several elements found on the samples B1a and B2a that are due
to sum and escape peaks; namely molybdenum, tantalum, aluminum, and calcium.
Thus, these signals are ignored in this experiment. The figure below display the
spectral maps found for samples B1d and B2d. These samples were treated with a
mixture of nickel(II), Ni2+, and iron (III), Fe3+, ions.

(a) The EDS spectral elemental maps acquired for sample B1d.

(b) The EDS spectral elemental maps acquired for sample B2d.

Figure 18: EDS spectral maps for pyrolyzed silk samples treated with a mixture of
trivalent iron and divalent nickel ions. The maps highlight the differences with the
intact silk matrix a) B1d and degummed silk b) B2d. The silk fibroin sample has
not been able to retain the metal ions. All the while the retention on the cocoon
sample has been successful. The scale bar on the maps are 100 µm.

The spectral maps above demonstrate how the cocoon matrix sample has retained
both of the ions it was treated with. The degummed cocoon sample does not appear
to have retained neither of the ions: nickel nor iron. There appears to be leftover
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sodium, Na, on the silk fibroin strand from the degumming process. However, sodium
signals can not be accurately assessed when it comes to EDS. Moreover, Several
elements on both samples appear to be from EDS errors such as sum and escape
peaks. These elements include calcium, aluminum, potassium, and chlorine. However,
chlorine could also be impurity gathered from the surroundings. On the cocoon
matrix sample the iron can be clearly seen covering the carbon fibers. While the
nickel is more spread out on the matrix. The degummed sample promotes areas
with a high concentration of calcium. These could be artifacts, but there is also a
chance calcium is an impurity from the surroundings. The figure below takes a more
quantitative look on the EDS mapping results.
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Figure 19: Collective EDS spectral mapping results plotted as a bar diagram. Atom
percentage represented per sample. The graph highlights the differences in between
the samples that feature pyrolysis products of intact silk fibers versus degummed
fibers. The pyrolyzed intact cocoon samples have been able to retain the ions used
in the chemical treatment. While the degummed samples have not shared the same
ability. The graph displays all the elements found including errors such as sum and
escape peaks.

The EDS is not accurate quantitative analysis tool. The overall accuracy of the
EDS in wt% can be many cases considered to be approximately 2%. While the EDS
has sensitivity of 0.1 wt%. There is a possibility of errors from sum and escape peaks.
The figure above allows to visualize the EDS elemental mapping results. Only on
two occasions the ions used in the chemical treatment were found on the silk fibroin
samples where sericin has been removed. Indicating that the silk fibers sans sericin
do not retain the ions at the same rate as the intact silk matrix.

While the intact silk fiber sample B1a contained approximately 100% of nickel,
only a fraction was retained on degummed sample B2a. Majority of the sample was
determined to be carbon. Carbon, however, can not be accurately assessed utilizing
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EDS. Sodium was not found on degummed cocoon sample B2a, but was found on
the other degummed cocoon samples. However, just like carbon sodium can not be
accurately assessed utilizing EDS.

The EDS data suggests that silk fibroin has the ability to bind some of the ions
but not nearly with the same affinity as the intact silk fiber. On two occasions the
silk sans sericin has been able to retain some of the nickel ions. Most of the silk
applications, such as biomedical scaffolds,92 utilizes degummed silk. It is reported
that there is an increase in biocompatibility when the sericin has been removed.93

The EDS data, however, suggests that in this application the sericin plays a vital role
in retaining the ions throughout the process. The qualitative EDS results, yet not
accurate, follow closely to the ratios of ions used in the chemical treatments. What
the data does not tell, however, is the form of the elements found in the samples.
Are they metallic compounds, or still in their ionic forms?
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4.2 Graphitized carbon
4.2.1 Carbonization & Crystal structure

The success of carbonization or the lack-thereof was analyzed utilizing Raman
spectroscopy. The figure below displays Raman spectrum for the pyrolyzed cocoon
sample B1a.
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Figure 20: Raman spectrum of pyrolyzed cocoon matrix sample treated with divalent
nickel ions, B1a. The spectrum are plotted Intensity vs Raman shift. Other pyrolyzed
cocoon matrix samples provided similar spectra. There are minor variations on the
peak positions and in the intensities of D and G bands. The spectra highlights a
broad D (approx. 1350 cm−1) and G (approx. 1580 cm−1) carbon peaks arising from
vibrations of sp2-bonded carbon atoms. The intensity of the G band can be seen to
be higher in each of the cases.

The Raman spectra of all the cocoon samples display the D and G carbon peaks
arising from vibrations of sp2-bonded carbon atoms. The obtained carbon product
via pyrolysis can be confirmed to be consistent from sample to sample. The Raman
spectra of the samples confirm successful carbonization in a result of the pyrolysis. A
very broad 2D band is also present on each sample. Three out of four samples exhibit
consistent peak at approximately 345 cm−1. The peak is present also on the plain
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cocoon sample. The measurements are iterated twice in order to remove error peaks.
Thus, the consistent peak is unlikely to be an error. The samples were drop-casted on
a silica glass. The silica glass is the most likely culprit of this obtained Raman shift.
The figure below displays Raman spectrum for the pyrolyzed degummed cocoon
sample B2a.
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Figure 21: Raman spectrum of pyrolyzed silk fibroin sample treated with divalent
nickel ions, B2a. The spectrum are plotted Intensity vs Raman shift. Other pyrolyzed
SF samples provided similar spectra. There are minor variations on the peak positions
and in the intensities of D and G bands. The spectra highlights a broad D (approx.
1350 cm−1) and G (approx. 1580 cm−1) carbon peaks arising from vibrations of
sp2-bonded carbon atoms. The intensity of the G band can be seen to be higher in
each of the cases.

The obtained Raman spectra for the pyrolyzed degummed cocoon samples display
similar spectra that was obtained for the cocoon matrix samples. All the samples
demonstrate similar D, G, and 2D bands. Thus based on the carbonization product
the removal of sericin has not made a departure to the spectra obtained from the
cocoon samples. There is little to no variation in the D and G bands seen for
the pyrolyzed silk fibroin samples. There also appears to be little variation in the
intensity of the 2D band. Sample B1d, on the other hand, demonstrates a splitting
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of the 2D band. Bokobza et al. showed that the 2D band exhibited double structure
with graphite while graphene only had one peak.94 Wall demonstrated that the shape
of 2D band is in direct relationship with the geometry of the material in question.95

The broad shape of the 2D seen on the Raman spectra suggests overlapping modes.95

In contrast single layer of graphene would feature a sharp 2D peak. The 2D band
corresponds to the sample materials as they are products of carbonization of silk
matrix and silk fibroin. The graphitic material would thus feature a multitude of
layers. The figure below compares the D and G band intensity (I(D)/I(G)) ratios
found for the spectra of the samples.
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Figure 22: The Raman measurement produced D and G bands on the respective
spectra. The ratio of the intensities of these bands are compared here from sample
to sample basis. The small variations in between the intensities ratios suggests that
samples share similar graphitic carbon structures. The data suggests a disordered
graphitic carbon structure.

All the samples demonstrated higher G than D band. Above graph demonstrate
that there is little to no variation in between the ratios of G and D bands. The
variation in the respective intensities appears to be random. The fibroin & sericin
content of the starting material appears to play no role in the matter. The limitation
of Raman spectroscopy is that it is a surface technique. Similar results were obtained
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utilizing different lasing wavelengths: namely 488 nm, 514 nm, and 633 nm.
Graphene is known to feature higher 2D band than G band.96 A pure graphite

on the other hand does not feature D band. While it is found in graphene structures
such as carbon nanotubes.96 The D band seen on these samples is very prominent.
The D/G ratio ranges from 0.9 to 0.95. The D band can be considered as a disorder
band.96 Seen from the D/G ratio, the samples treated with nickel ions (B1a & B2a)
are different in relation to the other samples. These two samples feature the lowest
ratios.

More prominent D band is due to more disordered structure.96 Thus, the presence
of D band can be directly correlated to amount of defects in the graphitic material.
Shift of the G band towards the higher wavenumbers can be correlated to the increase
in graphitic layers of the material.95 This is explained by Wall that when there is an
increase in the layer thickness the band will shift towards lower energies.95 Hence this
depicts a slight softening of bonds.95 Doping could thus affect the G band position.
The degummed cocoon samples appear to have slight softer carbon bonds than the
silk matrix samples.

All of the samples feature a pronounced D band. The D band could arise mainly
from sp3 bonded carbons. Thus bands presence tells a story of defects. Thus
functionality and doping can bring forth this band. All of the samples feature over
0.9 D/G intensities ratio. Therefore, the samples have high amount defects in their
graphitic structures. There appears to be no visible difference in the ratio in between
the plain (B1c & B2c) and doped samples. The D band could then be thought to
arise primarily from the defects.

Lazzarini et al. found D/G intensities ratio to be higher for graphitized activated
carbon pyrolyzed at 750 oC.97 Higher intensities ratio indicates more regular structure
in the carbon. Lazzarini et al. stated that D band is forbidden for non-defective
graphite.97 This band becomes Raman active only with structural disorder.97 Higher
the D/G ratio the more ordered sp2 domains the sample has.98 Sahu et al. carbonized
silk in 400oC in inert argon atmosphere. The carbon structure featured higher G
than D band in a similar manner as found in this research.37 Hou et al. demonstrated
similar D and G bands for graphitized silk cocoon.38

Comparable Raman spectra was obtained by Khan et al. This type of broad peaks
are similar to diamond-like carbon.99 Therefore, the samples display low crystallinity
and mixture of sp2 and sp3 carbons.99 Khan et al. carbonized Bombyx mori SF
fibers under argon atmosphere. The pyrolysis was done at 800 oC with heating rate
of 5 oC per min.99 Similar intensities of D and G band were found through Raman
analysis by Khan et al. Cho et al. pyrolyzed silk worm fibers at 2800 oC under an
inert atmosphere.40 The obtained Raman spectra was comparable with broad D and
G peaks.40 The bands provide information that transition from biological proteins
to graphitic carbon material has taken place. The possible crystalline phases of the
samples were studied utilizing X-ray diffraction. The figure below display diffraction
pattern found for the plain cocoon sample. Thus providing the diffraction angles for
the carbon matrix.
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Figure 23: X-ray diffractogram of non-treated carbon matrix sample B1c. The
spectrum displays broad bragg diffraction angles matching carbon on the sample.
The spectrum was plotted as Relative intensity vs 2-theta. The spectrum was
obtained for 2-theta angles from 10 to 90 degrees. Two prominent carbon peaks are
found at approximately 24 degrees and 44 degrees. Broad peaks indicate mainly
amorphous graphitic carbon.

The diffractogram above highlights the carbon peaks for the pyrolyzed plain
cocoon sample. The plain degummed cocoon sample B2c produced identical spectrum.
These three angles are seen for the pyrolyzed carbon corresponding to the following
miller indices:

• 002

• 100

• 111

The XRD spectrum found for the graphitized degummed silk fibroin samples
are almost identical to the spectrum featured above. The three broad graphitized
carbon peaks are present. The samples feature some minor crystalline graphite peaks
but three major peaks remain. As was the case with Raman spectroscopy, there is
not a difference in between the carbonization products when it comes to the intact
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silk cocoon and silk fibroin. The XRD diffraction data tells a story that coincides
with the EDS elemental mapping results. No crystalline elements beyond carbon
were found on the silk fibroin samples. The nickel ions that the degummed silk
samples B2a and B2e have retained are just that: ions. The EDS data suggested that
the ion retention abilities of the silk is diminished when sericin is removed through
degumming process.

These diffraction angles indicate that the samples are made out of small sp2
platelets.97,98 Lazzarini et al. utilized the graphization under inert atmosphere,
described by Asaka et al., to produce Pd/C catalyst with similar XRD diffraction
pattern as demonstrated by sample above.98,100 Lazzarini et al. described that these
three broad peaks seen in XRD spectra are reflections of graphite.97,98 Similar peaks
are found on samples in this experiment. Thus, they can be thought of consisting of
sp2 hybridized carbon platelets. Sahu et al. and Hou et al. demonstrated similar
carbon peaks for carbonized silk.37,38 The diffractogram indicates that little to no
crystalline carbon is present on the carbonized silk samples. Khan et al. found
corresponding diffraction peaks and concluded that the broad peaks indicate a lack
of crystalline structure.99 The data thus indicate that the carbon matrix structure
obtained through pyrolysis of Bombyx mori silk and silk fibroin is amorphous in
nature. Similar broad peaks were found by cho et al.40 Cho et al. described the
broad peak at approximately 24 degrees 2-theta as graphitic plane (002). This bragg
diffraction angle is said to arise due to a conjugated carbon structure.40 The figure
below displays micrographs of the carbonized Bombyx mori silk obtained via scanning
electron microscopy (SEM).
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Figure 24: SEM micrographs of samples a) & b) B1c and c) & d) B2c. These
micrographs display the pyrolysed silk matrix that was treated only with DI-water.
The micrographs were obtained utilizing 20.0 kV acceleration voltage with In-Beam
SE detector. Various magnifications were utilized to obtained overall view of the
pyrolysis product. The scale of the micrographs varies from left to right and top to
bottom as follows: 100 µm, 20 µm, 10 µm, and 5 µm. The silk fiber morphology is
retained by the carbon through pyrolysis.
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The scanning electron microscope micrographs demonstrate intact silk matrix
post-pyrolysis. The sample depicted above is a plain pyrolyzed silk matrix. There
has been no chemical modifications prior pyrolysis. The pyrolyzed silk strand appears
to be approximately 10 µm in width. Micrograph b above demonstrates a fiber
where the outer sericin layer is being stripped away revealing two silk fibroin strands
running parallel to each other. Revealing that silk fiber consist of two silk fibroin
strands inside a sericin casing. Some surface features can be seen on the fibers. As
these are the unmodified fibers thus these could be features due to sericin. The
width of SF strand appears to be approximately 5 µm which is approximately half of
the intact silk strand. There also appears to be some features on the surface of the
silk fibroin. Similar features are seen on the intact silk strands on the micrograph
b above prior to the chemical degumming. These are inherently on the surface as
these are unmodified silk fibroin strands. They have only been chemically modified
through degumming with sodium hydroxide and heat. The degumming process has
not only removed the sericin but separated the fibers from the interwoven matrix.

The pyrolysis process is seen to keep the silk fiber morphology intact. Khan et al.
arrived to a similar conclusion through their pyrolysis of Bombyx mori silk fibroin.99

But unlike with the samples produced by Khan et al. there appears to be no swelling,
melting or dispersion in thickness of the fibers. These type of defects did not take
place during the pyrolysis. However, there appears to be some defects on the surface
on the fibers. These could be from the high temperature during the pyrolysis process
as suggested by Khan et al.99 However, they do not appear on the silk fibroin. Thus,
the surface features could be from the sericin.

Cho et al. demonstrated that pyrolysing silk worm fibers at 800 oC allows the
fibers to retain their morphologies. However, a reduction in the length and diameter
of the fibers was found.40 Cho et al. suggested that “the silk protein is affiliated
with a char-type polymeric precursor without melting."40 There is some form of
reconstructing of the protein molecules to form a conjugated system taking place via
pyrolysis of the beta-sheet rich silk fibers.40 The silk cocoons treated with metallic ions
prior to pyrolysis demonstrate different results in comparison to the plain samples
when characterized with XRD. The figure below demonstrates the diffraction angles
found for the silk matrix sample B1a treated with divalent nickel ions.
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Figure 25: X-ray diffractogram for pyrolyzed carbon matrix sample B1a treated with
divalent nickel ions. The carbon background seen on the previous diffractogram is
subtracted from the spectrum. The spectrum was plotted as Relative intensity vs
2-theta. The spectrum was obtained for 2-theta angles from 10 to 90 degrees. Three
main diffraction peaks are seen that correspond to the bragg angles of crystalline
nickel phases.

The figure above highlights the XRD bragg diffraction pattern found for the
pyrolyzed cocoon matrix chemically treated divalent nickel ions, B1a. EDS mapping
results suggested that the intact Bombyx mori silk matrix was able to successfully
retain the nickel(II) ions. The presumed coloumbic binding was strong enough to
retain the nickel throughout the process. The diffractogram demonstrates that the
nickel is found in its crystalline form in the matrix. These three angles seen for the
nickel correspond to the following miller indices:

• 111

• 200

• 202

It is plausible that the Ni2+ ions have been reduced through the pyrolysis of the
cocoon matrix creating Ni/C composite material. The thermal energy brought
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into material during pyrolysis has aided in the reduction of the ions. The nickel
in the matrix have been reduced during the pyrolysis of the surrounding matrix.
The graphitization of the organic matrix has provided electrons to the ions to form
crystalline metal. The figure below demonstrates the XRD diffractogram for the
degummed cocoon sample treated with divalent nickel ions.

Figure 26: X-ray diffractogram for pyrolyzed degummed cocoon sample B2a treated
with divalent nickel ions. The spectrum was plotted as Relative intensity vs 2-
theta. The spectrum was obtained for 2-theta angles from 10 to 90 degrees. Two
prominent carbon peaks are found at approximately 24 degrees and 44 degrees. While
a third peak can be seen at approximately 80 degrees. Broad peaks indicate mainly
amorphous graphitic carbon. Some minor crystalline graphite peaks are also visible
on the spectrum. The spectrum is almost identical to that of a plain sample. Thus,
no nickel peaks are present.

The figure above demonstrates the absence of crystalline nickel phases on the
degummed cocoon sample. Highlighting the differences in between the intact and
degummed cocoon samples. EDS spectral mapping already demonstrated that the ion
retention is exceedingly higher on the intact cocoon samples. The XRD diffractograms
further highlight that the cocoon sample could be functionalized with crystalline
nickel phases while there is no functionalization present on the degummed sample.
All of the degummed samples demonstrated similar spectra. Thus, only the carbon
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peaks are present. No crystalline metal phases are found in the degummed samples
throughout this experiment.

Richards & Zheng prepared ion-exchanged wood samples for pyrolysis.101 The
preperation began by removing all indigenous metal ions and salts with a room
temperature mild acid wash.101 After which acetate salts of metals were used to for a
chemical treatment of the wood by Richards & Zheng. They suggested that the metal
ions are bound to ionized uronic acid groups in the wood hemicellulose matrix.101

Similar ionic interaction is presented in this study. Richards & Zheng. pyrolyzed their
metal ion treated biological matrix in a similar manner as demonstrated here. They
have stated that the uronic acid groups will undergo a decomposition during pyrolysis.
This will force the metal ions in the matrix to undergo a change as well. Richards
& Zheng stated that depending on the pyrolysis temperature the metal ions might
convert into to carbonate, hydroxide, oxide, or elemental metal.101 The transition
metals will most likely undergo reduction in the char. Devi et al. have demonstrated
that during pyrolysis the cupric salt of carboxymethyl cellulose, cuprous ion, and then
elemental copper are formed at temperatures of 350-400 oC.101,102 Similarly the XRD
data above sugggests that elemental nickel is formed in the sample during pyrolysis.
The presence of elemental copper was demonstarted, by Devi et al., utilizing XRD.
The pyrolysis temperature used in this experiment was considerably higher than
demonstrated by Devi et al.102 Supporting the hypothesis of formation of elemental
nickel in the char.

The figure below display the SEM micrographs of nickel treated samples B1a and
B2a. Similar SEM results were found for samples B1d and B2d. The fibers on these
samples demonstrate similar surface features as the plain samples. The degummed
SF fibers feature a “stained" surface that can not be seen on the intact fibers for
sample B1a. These surface characteristics could be accounted for left-over sericin.
There are no apparent nickel particles seen on the fibers utilizing scanning electron
microscopy. These are similar results that are found for the samples treated with a
mixture of nickel (20%) and iron (80%) ions: samples B1d and B2d.



51

Figure 27: SEM micrographs of samples a) & b) B1a and c) & d) B2a. These
micrographs display the pyrolysed samples treated with divalent nickel ions. The
micrographs were obtained utilizing 20.0 kV acceleration voltage with In-Beam SE
detector. Various magnifications were utilized to obtained overall view of the pyrolysis
products. No apparent metal phases could be found on the fibers utilizing SEM.
Instead SF fibers feature some left over sericin. The scale of the micrographs varies
from left to right and top to bottom as follows: 20 µm, 10 µm, 10 µm, and 20 µm.
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Successful degumming of the cocoons can be seen on the micrographs; SF strands
are seen to be approximately half of the width of the intact silk fiber. There are
no visible modifications seen from the chemical treatment with the metal ions. The
chemical treatment with either nickel or iron have not brought upon any changes to
the silk fibers or silk fibroin that could be visualized with SEM. A vast difference
can be seen on the SEM micrographs in between the pyrolyzed cocoon samples and
the pyrolyzed degummed cocoons. The SEM microraphs confirm that the fibroin
strands are released from the sericin casing due to the degumming process. The
chemical treatment has not visibly modified the silk fibroin; in a sense that it could be
visualized utilizing scanning electron microscopy. The SEM micrographs demonstrate
random carbon structure throughout the samples. This random structure will provide
a random binding of the ions into the matrix. Thus, giving little to no control over
the conjugation of the metals. The figure below displays the X-ray diffractogram for
sample B1d. This sample was treated with a mixture of 80% Fe(III) and 20% Ni(II)
ions.

Figure 28: X-ray diffractogram for pyrolyzed carbon matrix sample B1d treated
chemically with divalent nickel and trivalent iron ions. The carbon background is
subtracted from the spectrum. The spectrum was plotted as Relative intensity vs
2-theta. The spectrum was obtained for 2-theta angles from 10 to 90 degrees. No
apparent Fe/Ni crystalline compound or elemental metals are found in the sample.
According to the bragg diffraction angles a possible Fe/Fe3C crystalline form is found
on the sample.
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The XRD spectra highlights that three main peaks with relatively bragg diffraction
low angles are present in the sample. It is evident that no crystalline Fe/Ni compound
has formed throughout the process. The EDS mapping results demonstrated that
both iron and nickel ions have been retained by the silk matrix. However, it appears
that neither of the ions have been reduced during the pyrolysis. The diffraction
pattern suggests that some form of Fe3C complex could have been formed in the
sample. The aim to synthesize Fe/Ni-carbon composite has thus not been successful.
Lee et al. demonstrated a n-Doped ketjenblack (a highly conductive carbon black)
incorporated into Fe/Fe3C-functionalized melamine foam.74 The XRD diffractogram
of the Fe/Fe3C foam demonstrated similar peaks around the 44 degrees as the sample
B1d above. The data suggests that it would be beneficial for a synthesis of an
electrocatalyst to use reverse ratio of the two ions. It has been proven to be favorable
to use 80:20 Ni:Fe ratio.69

Zhang et al. synthesized Ni-Fe/nanocarbon material to be utilized as an OER
electrocatalyst. The difference in this material was that the ratio was 90:10 for Ni:Fe
ions used in the synthesis. XRD spectra found by Zhang et al. featured only the three
nickel peaks seen earlier.103 The peak seen on the XRD above could account for bragg
diffraction angle for elemental nickel which occurs at approximately 44 degrees. With
higher nickel content the peaks could be more dominant: demonstrated by Zhang
et al.103 Gong et al. synthesized Ni-Fe layered double hydroxide-carbon nanotube
complex to be utilized as an OER catalyst. The molar ratio of Ni:Fe ions used in
the synthesis was 5:1.104 The XRD diffractogram acquired by Gong et al. for their
NiFe layered double hydroxide-carbon nanotube does not feature similar peaks found
in this experiment. Gong et al. concluded that “the XRD pattern was consistent
with a crystalline NiFe layered double hydroxide phase".104 Indicating that using
higher iron(III) ion concentration in comparison to nickel ion concentration does not
prove beneficial in the formation of FeNi-carbon composite. In this experiment the
nickel and iron ions might compete for the same binding sites instead of acting in
cooperation.
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4.2.2 Functional groups

The metal ions are bonded onto the biological matrix through Coulombic interaction.
There needs to be an availability of functional groups with free electrons even post-
pyrolysis. The figure below displays the FTIR spectra for pyrolyzed silk matrix
sample B1a. The sample was treated with nickel (II) ions.
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Figure 29: The sample B1a was treated with divalent nickel ions. The spectrum was
obtained from 400 cm-1 to 4000 cm-1. The spectrum is plotted as Absorbance vs
Wavenumber. It is evident that functional amino and carboxylic groups are preserved
in the samples post-pyrolysis. These groups are thought to play the primary role in
the ion retention. The functional group peaks marked on the spectra are as follows:
C=O stretching 1677 cm−1, N-H bending 1548 cm−1, N-H bending 1500 cm−1, C-O
stretching 1288 cm−1, C-N stretching 1208 cm−1. The peaks indicate that the nickel
ions are retained in the pyrolyzed cocoon matrix.
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The table 7 below lists the functional groups and their respective wavelengths
found for the samples.

Table 7: The functional groups related to the interaction of carbonized silk with the
metal ions are listed for each sample.

Peak list
Functional group B1a B1c B1d B2a B2c B2d
C=O stretching 1677

cm−1
1675
cm−1

1682
cm−1

1679
cm−1

1676
cm−1

1687
cm−1

N-H bending 1548
cm−1

1554
cm−1

1541
cm−1

1561
cm−1

1560
cm−1

1556
cm−1

N-H bending 1500
cm−1

1508
cm−1

1510
cm−1

1531
cm−1

1489
cm−1

1513
cm−1

C-O stretching 1288
cm−1

1272
cm−1

1286
cm−1

1255
cm−1

1251
cm−1

1269
cm−1

C-N stretching 1208
cm−1

1193
cm−1

1205
cm−1

1195
cm−1

1195
cm−1

1204
cm−1

The pyrolyzed silk samples feature prominent peaks for amino and carboxylic
groups. Indicating that the metal ions have been retained throughout the process
with the vast amounts of available amino groups. Both intact Bombyx mori silk and
silk fibroin feature a wide array of amino acids. Some of the amino groups have
been retained through the pyrolysis process. Thus both have been able to retain the
ions throughout the process as well. The samples do not demonstrate an N-H amide
stretch around 3300 to 3500 cm−1. The pyrolyzed silk fibroin sample b1a, however,
displays a broad OH peak around 3000 cm−1. This could indicate the nickel is found
in the form of nickel hydroxide ions. It is probable that some of the nickel have been
reduced to metallic nickel. The samples treated with nickel ions demonstrate a C=O
stretching bending, C-O stretching, C-N stretching, and N-H bending. Indicating
that the nickel ion can be thought to be bound in the carbon matrix through these
functional groups-

The C=N stretching is found to be stronger on the plain samples in comparison
to the nickel treated samples. In comparison the N-H bending is found to be stronger
on the samples bonded to metals and metal ions. The absorption wavenumbers
demonstrate the readily available functional amino groups in the pyrolyzed silk
samples for chemical bonding. The sample with the probable crystalline nickel B1a
demonstrate the most prominent absorption peaks for N-H bending for amides. Even
the degummed samples that did not retain the ions with the same rate display amide
and secondary amide absorption peaks. This could indicate that the crystalline
metals interact with the amide group and thus creating secondary amide groups.

Richards & Zheng and Devi et al. demonstrated that metals would be bound onto
the hemicellulose of wood through carboxylic groups of uronic acid.101,102 Similar
effect could be with silk. The reactions with the metal ions are done in slightly acidic
conditions, pH approximately 4, due to the hydrolysis of the metal ions. The pKa
of the carboxylic groups in amino acids is < 3 across the board. While the pKa
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value for the alpha-amino group is in general > 9. Thus in mildly acidic conditions
the amino group would be in its protonated form all the while the carboxylic group
would be found in its deprotonated form. Indicating that interaction with a positive
metal ion could take place through the deprotonated carboxylic group.

Sahu et al. demonstrated FTIR spectra for carbonized silk (400oC in argon) to
feature R-NO2 and R-O-NO2 groups. Suggesting that amide groups undergo change
during the carbonization.37 Furthermore, Sahu et al. has identified the following
functional groups: 1288 cm−1 (R—O—NO2), 1316 cm−1 (—C—N aryl), 1400–1500
cm−1(—NO2 aromatic), and 1526–1632 cm−1(—NO2 aliphatic).37 All of the FTIR
spectra obtained from the samples in this experiment demonstrate similar broad
peak in the 3300–3500 cm−1 region as demonstrated by Sahu et al., which indicates
N—H stretching.37 However, Sahu et al. utilized Antheraea mylitta silk matrix
rather than Bombyx mori and different carbonization conditions. The obtained FTIR
spectrum is different than the one found in this experiment. The FTIR data provides
indication about metal-carbon composite formation. There a plethora of functional
groups availabe for binding of metals. All of the samples feature prominent peaks
in the range of 450–640 cm−1 indicating a presences of metal ions similar to what
was found by Sahu et al.37 This would suggest that not all the ions have been into
elemental metals. Richards & Zheng said that metal ions, depending on the pyrolysis
temperature, could undergo a change to carbonate, hydroxide, oxide, or elemental
metal.101

Cho et al. demonstrated the carbonization of silk fibroin. They proposed that
at pyrolysis temperatures of 300-350 oC there would be critical chemical changes in
the silk proteins.40 Thus the amide bands characteristic to the silk, as demonstrated
earlier, would disappear. This is also apparent from the results of this experiment.
The carbonized silk does not feature the intrinsic amide bands as seen prior to the
pyrolysis. Cho et al. demonstrated that beta-sheet crystals on the silk proteins
are destroyed at 350 oC.40 Thus eliminating the characteristic infrared vibrations.
However, the data above indicates that some amino and carboxylic groups are
preserved on the graphitic structure of the pyrolyzed silk samples. Retaining the
metallic ions throughout the process might not be possible without the preservation
of these functional groups in the graphitic structure. The amino acids does not
appear to be decomposed in a similar fashion as the uronic acid in the case of
hemicellulose.101
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4.2.3 Catalytic activity

The electrochemical catalytic activity of the samples were observed through oxygen
evolution reaction (OER). The pyrolyzed degummed samples did not present any
catalytic activity on the OER cyclic voltametry. The measurements thus focused
on the pyrolyzed silk matrix samples. Moreover, no OER data was obtained for the
BSNF sample. Thus, the figure below demonstrates the cyclic voltammetry results
for samples B1a, B1c, and B1d.
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Figure 30: Cyclic voltammogram OER measurements for samples B1a, B1c, and B1d.
These samples were treated with nickel(II) ions, DI-water, and iron(III)/nickel(II)
ions respectively. The graph is plotted current (I) vs voltage (V). The sample
B1a, treated with divalent nickel ions, display high electrochemical catalytic activity.
While the other samples do not demonstrate OER catalytic activity.

There is a clear indication from the CV OER data that the Fe0.80Ni0.20 sample,
B1d, does not provide catalytic activity. The activity seen on the cyclic voltammetry
is even lower than that of the plain graphitized carbon sample, B1c. It is possible
that in the carbon matrix the Fe3+ and Ni2+ compete to occupy the same sides thus
nullifying the effect of each other. Resulting into decreased catalytic activity of the
carbon matrix.
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The oxygen evolution reactions in basic conditions as described by Vij et al. are
as follows:105

∗ + OH− ⇐⇒ OH∗ + e− (2)

OH∗ + OH− ⇐⇒ O∗ + H2O + e− (3)

O∗ + OH− ⇐⇒ OOH∗ + e− (4)

OOH∗ + OH− ⇐⇒ ∗ + O2 + H2O + e− (5)

where * indicates the active site of catalyst, and OH∗, O∗, and OOH∗ represent
adsorbed intermediates species.105 OER can be considered important reaction when
it comes to water splitting.106 Moreover, it is crucial in rechargeable batteries and
fuel cells.107 OER is a known bottleneck in these systems. Hence, it is important to
develop new catalysts to combat these inefficiencies.105

Noble metals are highly utilized as the top-OER catalysts.108 Noble metals are
however scarce and expensive. Thus this experiment explores the usage of low-cost
earth abundant metals. Nickel being the fort-runner for a low-cost effective OER
catalyst. Nickel can be found in the periodic table in the same group as platinum.
Element which is highly used as catalytic material.

Candelaria et al. explored the idea of bimetallic Ni-Fe nanoparticles. The iron
was found in the form of iron oxide and iron hydroxide.109 While nickel was found
in the forms α-Ni(OH)2 and β-NiOOH. It was evident that this bivalent system
displayed higher electrochemical activity in comparison to utilizing only nickel.109

This is different than what was found in this experiment. Where nickel performed
vastly better in comparison to Fe-Ni system. It should be noted that Candelaria
et al. compared the activity of the bivalent system to monovalent nickel system
where nickel was in the form of β-Ni(OH)2 and α-Ni(OH)2 with significant amount
of metallic Ni.109

The XRD results shown earlier display metallic nickel phases in the carbon matrix.
Factors such as morphology and porosity play a role in the catalytic activity. The
sample provides 3D carbon matrix with apparent active sites provided by nickel.
The plain 3D carbon matrix is seen to provide poor electrochemical activity. Vast
array of electrocatalysts have been developed utilizing different nickel species such as
oxides, hydroxides, and sulfides.105 Nickel electrodes are utilized, for example, as in
the form of nickel foil. Moreover, nickel oxide/hydroxide species could also be present
in the sample along with the metallic nickel. Candelaria et al. demonstrated OER
metallic nickel oxidation peak in the cyclic voltammogram.109 However, the electrical
activity arising from metallic nickel was deemed to much lower in comparison to the
Ni(OH)2/NiOOH species.109

Gong et al. compared the OER properties of the NiFe carbon nanotube sample
to that of nickel hydroxide seeing a vast increase in the activity.104 In their case
the nickel and iron are able to form a layered double hydroxide. The formation of
any sort of nickel iron compound was not achieved with the sample B1d. Inversing
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the ratio of the respective metal ions appear to play a role in this. Utilizing higher
concentration of nickel ions over iron ions provides a pathway for the formation of
NiFe compounds that have beneficial catalytic characteristics.103,104 The figure below
highlights the nickel hydroxide redox region found for sample B1a.
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Figure 31: Cyclic voltammogram OER measurements for samples B1a, B1c, and B1d.
These samples were treated with nickel(II) ions, DI-water, and iron(III)/nickel(II)
ions respectively. The graph is plotted as Current (I) vs Voltage (V). The figure
provides a close-up on the Ni(OH)2 redox region. The redox peak potential at
approximately 0.42 volts found for sample B1a is highlighted on the graph.

Nguyen et al. prepared layered Ni(OH)2-Co(OH)2 films prepared via electrodeposition.110

The films were deposited on steel for the purpose of utilizing as electrodes for hybrid
supercapacitors. Nguyen et al. found redox potential for the hybrid to be at 0.38
V.110 Which is at similar region to the 0.42 V what was found the for sample B1a
above. This is accounted for the Ni(II)/Ni(III) redox process. This confirms that the
nickel atoms in this composite are electrochemically accessible. The nickel hydroxide
redox reaction that takes places in the OER is as follows:

Ni(OH)2 + OH− ⇐⇒ NiOOH + H2O + e− (6)
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Morales et al. demonstrated Ni(OH)2/NiOOH (Ni(II)/Ni(III)) redox transition in
the potential region 1.3-1.5 V vs. RHE.111 While liu et al. demonstrated redox region
at 1.2-1.6 V corresponding to he Ni(II)/Ni(III/IV) redox process (Ni(OH)2 + OH-
→ NiOOH + H2O + e-).112 Kauffman et al. demonstrated the redox region of their
atomically precise nickel catalyst to be between 1.4 and 1.5 V.71 Similar redox peak
region is not found for the Fe/Ni sample B1d. Therefore, the reaction highlighted
above does not take place for the sample treated with iron(III) and nickel(II) ions.
Either of the atoms present do not appear to be electrochemically available in the
composite.
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5 Outlook: Perovskite oxide-carbon composite

5.1 Background theory
Perovskites oxides have gathered an increasing interest due to the expanding solar
cell industry.113 Furthermore, some perovskite oxides such as PbTiO3 are able
display multiferrocity.114,115 Accodring to Liu et al. multiferroics are single phase
materials with two or more primary ferroic order parameters, such as ferromagnetism,
ferroelectricity, and ferroelasticity.115 Perovksite oxides share a crystal structure
where oxygen atoms are at the face centers. The structure is demonstrated in the
figure below.

Figure 32: Octahedral framework of ideal cubic perovskite oxide structure. The
red ball indicates A2+ ion, blue balls represents B4+ ions, and oxygen ions are
represented by green balls. The dashed lines indicate a cubic cell. Reprinted
with permission from H. Liu and X. Yang, Ferroelectrics, 2017, 507, 69-85
(DOI:10.1080/00150193.2017.1283171). Copyright 2017 Taylor & Francis.

In a simplistic manner perovskite oxide chemical formula can be expressed as
ABO3.115 Cations are denoted as A and B. These cations can feature very different
oxidation states and sizes.115 Where as O is and oxygen anion that is bonded to both
of the cations.115 Perovskite structure can feature multiple cations with different
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valances and sizes with a complementary oxygen anions. These type of structures
are denoted as perovskite oxides.114

Yuan et al. demonstrated organometallic halide perovskite material to be utilized
in light-emitting diodes (LEDs).116 These materials have favorable properties such
as carrier mobilities and carriers that are free at room temperature to be used in
devices such solar cells and LEDs.116 Yuan et al. researched CH3NH3PbI3 perovskites
and their excitation properties. It was demonstrated that the most efficient and
brightest solution-processed NIR LED could be processed utilizing CH3NH3PbI3
perovskites.116 This could be achieved with multicomponent multilayered perovskite
solids.116

Metal halide perovskites have been utilized in photovoltaic (PV) devices.117 The
structure is denoted as ABX3, where X is either I, Br, or Cl. Intriguing solar cell
design can be created when two perovskites are combined in tandem. Eperon et al.
combined FA0.75Cs0.25Sn0.5Pb0.5I3 with a wider band-gap FA0.83Cs0.17Pb(I0.5Br0.5)3
perovskite material.117 Efficiency achieved with this configuration was 17.0% while
four perovskite stacking gave a rise to an efficiency of 20.3%.117

Yang et al. demonstrated a high-performance formamidinium lead iodide (FAPbI3)
perovskite PV device. Intramolecular exchange process (IEP) was used in order
to create a high-quality film. Yang et al. stated that “optoelectronic properties
of perovskite films are closely related to film quality".118 The process includes the
following intermolecular exchange:

PbI2 − DMSO + FAI → PbI2 − FAI + DMSO (7)
The process enabled thickness of approximately of 500 nm of FAPbI3 film to

be deposited. The film exhibits denser and more well-defined grain structure in
comparison to one derived from PbI2.118 The final film structure was a double
perovskite of (FAPbI3)0.95(MAPbBr3)0.05 with pseudocubic lattice parameter of 6.348
Å.118

Perovskite oxides are utilized also widely as a capacitor material.119 Takei et al.
created fluorinated layered perovskite oxide nanosheets for electrochemical capacitor.
The design utilized was a layered perovskite oxide design with RbLaNb2O7 and
KCa2Nb3O10.119 These perovskite oxides were prepared with solid state reactions
by mixing powders and pyrolyzing them. Fluorination was achieved by mixing
samples with polytetrafluoroethylene (PTFE) powder and pressing them into pellets.
Heating was provided in order to reduce pentavalent niobium, Nb.119 The process
was repeated. The heat treatment was carried out three times.119 Takei et al. found
that flourine substituted approximately 12% of the oxygen atoms in the perovskite
oxides.119 It was apparent that the flourination provided extreme improvement on the
electrochemical capacitance of the the layered-perovskite oxide–polyaniline hybrid
film.119 Takei et al. proposed that the improvement could be from the improved
electron carry ability provided by the fluorination. Kweon et al. demonstrated
layered perovskite oxide structure with a dense KCa2Nb3O10 (KCN) oxide.120 Solid
state processing was utilized as similar to previous. Increasing pyrolysis temperature
increased the KCN content.120 Kweon et al. demonstrated dielectric constant of this
KCN oxide at 46.120
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Perovskite oxides play a crucical role in solid-oxide fuel cells.121 These fuel cells
will use chemical energy and convert it into electrical energy. Ba0.5Sr0.5Co0.8Fe0.2O3−δ

(BSCF) perovskite oxide can be utilized in solid-oxide fuel cells due to their high
electrocatalytic activity. Such cathode material was first introduced by Zhao et
al.122 These type of materials can be described as mixed ionic-electronic conducting
perovskite oxides ABO3−δ.123 McIntosh et al. described that for such materials “the
crystal structure and composition are important parameters that influence ion and
electron transport, surface kinetics, and mechanical properties".123

On mixed ionic-electronic conducting perovskite oxides the interesting feature
is the oxygen (3-δ) stoichiometry. This stoichiometry decreases with increasing
temperature and decreasing oxygen partial pressure.123 The oxygen stoichiometry
can be tuned by the choice of the cations in sites A and B. This is important in
regards of oxygen flux. Which in turn is an important parameter when it comes
to electrocatalytic activity. McIntosh et al. reported that utilizing BSCF cubic
structure for perovskite oxide helps to increase the oxygen flux and stability.123 Thus,
BSCF could be utilized as an high-performance cathode material for solid-oxide fuel
cells. McIntosh et al. determined the oxygen stoichimetry of Ba0.5Sr0.5Co0.8Fe0.2O3−δ

perovskite oxide material utilizing thermogravimetry. The oxygen was found to
be ranging from 2.165(7) to 2.3294(7). McIntosh et al. concluded that all oxygen
contents are well below the Brownmillerite stoichiometry.123 McIntosh et al. stated
that “The large concentration of oxygen vacancies and cubic perovskite structure are
concordant with the high oxygen fluxes reported for BSCF membranes and the low
polarization resistance of BSCF solid-oxide fuel-cell cathodes".123

Perovskite oxides are promising materials when it comes to the sluggish oxygen
evolution reaction (OER). This is a limiting reaction in rechargeable energy storage
technologies and hydrogen production from water.124 The oxygen vacancies of per-
ovskite oxides could be thought to be beneficial when it comes to oxygen evolution
reaction.124 Zhu et al. designed a Sr2Fe1.3Ni0.2Mo0.5O6−δ perovskite oxide with oxy-
gen vacancies and Fe–Ni alloy nanoparticles.124 These modifications were aimed to
increase the active sites and thus the electrocatalytic activity in the perovskite oxide.
Zhu et al. concluded that the oxygen vacancies on the surface are beneficial for the
electrocatalytic performance of the material.

There are several possible cations that can be used in a perovskite oxide material
as the structure can deal with a considerable lattice mismatch between the A-O
and B-O bonds.125 Perovskite oxide material to be used as an electrode, however,
requires a certain level of stability and electronic conductivity.125 Utilizing nickel in
perovskite oxide structure could prove to be beneficial in terms of electrochemical
activity. Hua et al. reported La1−xSrxCr0.9Ni0.1O3−δ perovskite oxides precipitates
Ni under reductive conditions. The activity of such material is increased due to the
exsolution of nickel nanoparticles.125

Perovskite oxide containing nickel such as Ba2−xSrxNi2Fe12O22 is shown by Hiraoka
et al. to contain magnetic and magnetoelectric properties.126 The composition range
of these crystals are (0≤x≤1.5). A ferrimagnetic order was found at around 660
K.126 While a transition from the ferrimagnetic into a screw magnetic ordered state
for these crystals were found at temperatures below 300 K.126
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5.2 Experimental
Sample solution e contained very specific fraction of barium, strontium, nickel, and
iron ions. The concentrations of the ions were made out to the following stoichiometric
ratio: Ba0.25Sr0.25Ni0.4Fe0.1O3. The BSNF solution was synthesized with a process
demonstrated in the figure below (adapted from Shao et al.):127
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Figure 33: The solution e was synthesized utilizing combined citrate and EDTA
complexing method. Suitable amount of EDTA was dissolved in DI-water utilizing
NH3H2O. The ammonia, NH3H2O, (25%) was added by drops in order to properly
dissolve the EDTA. Pre-calculated amount of BaCl2 was dissolved in EDTA-NH3H2O
solution. The dissolving was done under constant heating and stirring. Pre-calculated
amounts of SrCl2, NiCl2, and FeCl2 were dissolved in DI-water and the solutions
were mixed together. The mixed solution was added to the BaCl2-EDTA-NH3H2O
solution with continuing stirring and heating. The heating and stirring was continued
while solution with pre-calculated amount of sodium citrate was added to the mix.
The solution stayed transparent upon the addition of citrate. Buffer solution was
created. Few drops of NH3H2O were added, but the pH remained the same. Further
highlighting the buffer solution.
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5.3 Results
The BSNF potential perovskite oxide offers an interesting sample in this experiment
but it properties require a deeper electrochemical inspection. Such perovskite ox-
ide could provide beneficial electrocatalytical properties for sluggish OER.70 The
figure below display the SEM micrographs of samples B1e (intact cocoon) and B2e
(degummed cocoon). These are the silk cocoon and degummed cocoon samples
treated with with a mixture of 25% Ba(II), 25% Sr(II), 10% Fe(III), and 40% Ni(II)
ions.

Figure 34: SEM micrographs of samples a) B1e and b) B2e. These micrographs
display the pyrolysed samples treated with the BSNF mixture. The micrographs were
obtained utilizing 20.0 kV acceleration voltage with In-Beam SE detector. Various
magnifications were utilized to obtained overall view of the pyrolysis products. The
degummed SF does not display any modifications on the fiber. The intact silk fiber
however indicate chemical modifications inside the carbon matrix. The scale of the
micrographs varies from left to right as follows: 20 µm and 10 µm.

The figure paints a familiar picture in regards the degummed sample. There
appears to be surface features on the silk fibroin but no real modification can be
seen due to the chemical treatment on the micrograph. However, the cocoon silk
matrix treated with the BSNF solution displays modifications surrounding the fibers
This is drastic difference in comparison to the degummed sample. Moreover, the
SEM micrograph highlights a dramatic difference to those previously demonstrated
cocoon matrix samples.The figure below demonstrates the EDS spectral elemental
maps acquired for the silk fibroin sample B2e.
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Figure 35: The EDS spectral elemental map acquired for sample B2e treated with
the BSNF mixture. A relative large area of the sample was scanned featuring several
degummed fibers. The scale bar on the map is 100 µm. The main element found
trough the analysis was nickel. The mapping results indicate that only a small
portion of the ions have been retained by the pyrolyzed silk fibroin.

The EDS spectral maps above indicate that silk fibroin have only managed to
retain the nickel ions. However, this accounts only for a small portion of the nickel
ions available in the solution. This leaves out the other metal ions the degummed
cocoon sample was treated with. Moreover, other elemental signals beyond error
peaks were not found. The figure below, on the other hand, highlights the elements
found with EDS on carbon matrix sample B1e. This sample was treated with
the same mixture of nickel(II), barium(II), strontium(II), and iron(III) ions as the
degummed sample above. However, the intact cocoon and the degummed samples
have a large percentile difference when it comes to the amino acid content.
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(a) The EDS spectral elemental maps acquired for sample B1e.

(b) Close up EDS scan on the fibers on sample B1e.

Figure 36: The EDS spectral elemental map acquired for sample B1e treated with
the BSNF mixture. A wide area scan of several fibers were obtained in a) with scale
bar of 100 µm. Close up scan of fibers are seen on b) with scale bar of 20 µm. The
same four main elements are found on both cases. All of the four metal ions used in
the mixture were retained. The formation of possible perovskite oxide requires the
correct ratios of such elements. The strontium can be clearly seen to occupy only
the fibers. While other elements are found throughout the matrix.

The above figure highlights the EDS spectral mapping of two different sections of
the pyrolyzed carbon matrix sample B1e. Both of the EDS spectral mapping results
indicate that all the ions used in the chemical treatment were retained by the silk
matrix and are still present in the carbon matrix post-pyrolysis. The elemental maps
indicate how strontium is only found on the carbon fibers. The strontium can be
distinctively seen appear on the fibers. While other elements are more evenly spread
out on the matrix. The figure b feature a spike morphology seen on the surface of
the carbon fibers. These spikes appear to be made out of all the elements in the
chemical treatment of the sample; indicating a possible formation of perovskite oxide.
The figure below displays the X-ray diffractogram for pyrolyzed cocoon sample B1e.
Further indicating whether crystalline metals could be found on the sample.
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Figure 37: The carbon background is subtracted from the spectrum. The spectrum
was plotted as Relative intensity vs 2-theta. The spectrum was obtained for 2-theta
angles from 10 to 90 degrees. The diffraction angles indicate probably formation
of crystalline metals barium, strontium, nickel and iron. Indicating a formation of
perovskite oxide. The diffraction angles for barium, strontium, nickel, and iron are
featured above as a reference.

The XRD diffraction pattern indicates that ions conjugated in the silk matrix
have been reduced into crystalline elemental metals. Similar to what was proposed by
Richards & Zheng.101 The data suggests that possible perovskite has been formed in
the carbon matrix. The software could not provide pattern for Ba0.25Sr0.25Ni0.4Fe0.1O3
compound. However, it is probable from the diffraction pattern that that the
perovskite-carbon composite has been formed through the process. This diffraction
pattern is the most complex out of the three samples synthesized. The bragg
diffraction angles indicate that the crystalline metallic form of the elements conjugated
into silk matrix are found in formed graphitized matrix. The pyrolysis process has
been able to provide electrons to the ions in order to reduce them into their metallic
forms. The XRD spectra in indicate that Ba0.25Sr0.25Ni0.4Fe0.1O3-Carbon composite
could have been synthesized. The figure below further demonstrates the modifications
seen on the carbon fibers with SEM.
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Figure 38: SEM micrographs that further highlight the features found in the sample
B1e. A wide array of surface modifications surrounding the fibers can be observed.
The scale of the micrographs varies from 100 µm to 5 µm. The lower magnifications
highlights how the modifications are not just localized on certain fibers or sections.
The matrix appears to be undergone a modification throughout its volume.

The SEM micrographs for sample B1e indicate that the fibers have been modified
by the chemical treatment. It is apparent that the silk cocoon matrix have been
able to retain the metal ions. Moreover, that the ions have undergone a change
during pyrolysis to form a probable perovskite oxide.101 This can be compared to the
degummed silk fibroin that have not been able to retain the ions. Apparent spheres
are seen across the matrix. The SEM micrographs indicate that BSFN perovskite
structure might have formed surrounding the carbon matrix. Some structures are
soon to be as wide as 20 µm. In comparison, plain Bombyx mori silk fiber is
approximately 10 µm. There appears to be spheres around the fiber and integrated
in the structure. Beyond the spheres a coating can be seen covering the the carbon
matrix. Figure below further exhibits the structures found in this sample utilizing
scanning electron microscopy.
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Figure 39: The surface modifications on the fibers were not excluded to sphere-like
shapes as can be seen here. The two micrographs highlight spike-like structures seen
on the surface of the pyrolyzed silk fiber. The scale bar from the left to right is 10
µm and 2 µm.

The micrographs above display how the spheres and bloated fiber structures
were not the only morphologies found in the sample. The fibers seen above are
approximately 10 µm in diameter. Similar to the plain pyrolyzed silk fiber. A type
of surface coating is visible on the fibers that are not seen with other samples. Spikes
can be seen covering a part of the fiber surface. Further demonstrating that chemical
treatment of the fibers have been successful. Similar surface features can not be seen
covering any other samples. The spikes can be seen to be approximately quarter of a
micrometer in diameter. They also appear to be rather thin. The cross section of
spikes is in micrometer range. The figure below displays the FTIR spectrum for the
pyrolyzed silk sample B1e.
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Figure 40: The sample B1e was treated with the BSNF mixture. The spectrum
was obtained from 400 cm-1 to 4000 cm-1. The spectrum is plotted Absorbance vs
Wavenumber. It is evident that functional amino and carboxylic groups are retained
in the samples post-pyrolysis. These groups are thought to play the primary role in
the ion retention. The functional group peaks marked on the spectra are as follows:
C=O stretching 1676 cm−1, N-H bending 1560 cm−1, N-H bending 1450 cm−1, C-O
stretching 1288 cm−1, C-N stretching 1207 cm−1. The peaks indicate that the ions
in the BSNF mixture are retained by the cocoon matrix.

In turn the spectrum for the pyrolyzed silk sample B1e gives the following
absorption peak:

• 1676 cm−1 C=O stretching

• 1560 cm−1 N-H bending

• 1450 cm−1 N-H bending

• 1338 cm−1 C-O stretching

• 1207 cm−1 C-N bending
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The FTIR display similar results to previous samples. The functional amino and
carboxylic groups are preserved in the sample through the pyrolysis. The beta sheet
crystal structures are destroyed during the pyrolysis eliminating the amide bands
seen for the samples previously. However, it appears that the crucial functional amino
and carboxylic groups are still apparent on the sample. There is a differenc in the
wavenumber of the vibrations for N-H bending and C-O stretching in comparison to
other samples. Indicating that a modification has taken place in these groups. The
sample feature prominent peaks in the range of 450–640 cm−1 indicating a presences
of metal ions.37 Cyclic voltammetry would provide information whether the atoms in
the matrix are accessible for catalytic purposes.110

6 Conclusions
This study provides a new pathway for utilizing Bombyx mori silk through green
synthesis in energy storage devices and micro- and nanoelectronics. Thus, a brand
new usage for silk fibers is proposed. There are countless of different silk varieties
and sources available which could revolutionize the electrical industries. Traditionally
sericin is removed from a silk prior to processing the fibers into an industrial material.
This eliminates approximately 20% of the silk structure while releasing the fibers
from an interwoven matrix. Hence, adding an extra processing step requiring alkaline
conditions alongside a high temperature. The dismissal of this step is proposed here.

In this experiment both, silk cocoons and degummed silk fibroin, were treated
with aqueous solutions of heavy metal ions. The interaction between the proteins
from the silk and the ions were studied with FTIR. The interactions with ions had
an effect on the higher amide bands, namely amide V and VI bands. The silk cocoon
samples demonstrated different amide V band peaks in comparison to the degummed
silk fibroin. Providing information on apparent differences between silk and silk
fibroin. The interaction with ions affected only the out of the plane C-N and N-H
vibrations. Thus, the primary protein structure of silk and silk fibroin will remain
intact.

It is apparent that the protein fiber structure was able to retain heavy metal
ions from aqueous solutions. With a right choice of ions suitable metal-carbon
composite can be synthesized. It should be noted that the coverage and absorption
of the ions onto the silk matrix could not be controlled. The ions could end up
being highly localized in the matrix. Different areas of the cocoon could feature
different concentrations of the ions. Analysis methods utilized were also highly local
as only small portions of the cocoons could be analyzed. The amino acids in the silk
fibers feature both amino and carboxylic functional groups capable to electrostatic
interaction with the metals. It is not certain via which group the interaction takes
place. However, the chemical treatments were done in slightly acidic conditions
which suggests that the deprotonated form of the carboxylic group could be the main
point of interaction with the ions.
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The biological silk matrix samples can be functionalized to provide electrochemical
activity through pyrolysis. This procedure can be utilized to synthesis low-cost
electrocatalysts utilized in, for example, fuel cells. The high temperature during the
pyrolysis is able to carbonize the silk fibers by decomposing the elemental protein
structures while retaining the fiber morphology and functional amino and carboxylic
groups. The graphitic matrix of the composite provides certain durability. Amorphous
carbon structure was achieved through pyrolysis. These type of composites could be
beneficial to the kinetically slow OER on energy applications.

The ions readily undergo a change during the decomposition of the primary
protein structure. XRD has provided information suggesting that some of the metal
ions have been reduced into elemental metals during pyrolysis. Moreover, no chlorine
was found through analysis of the graphitic carbon structure indicating that it was
not bound to the carbon matrix in the char. It can be thought that the metal ions
are first oxidized during the lower temperatures of the pyrolysis. The pyrolysis is
done under argon atmosphere. However, this does not completely eliminate the
oxygen in the furnace chamber. As the thermal treatment proceeds, the metal oxides
are reduced into elemental metals producing carbon monoxide gasses:

NiO + C → Ni + CO (8)
The degummed samples behaved differently in comparison to the silk cocoon

samples. EDS results indicate that the metal ions were not retained on these samples
post-pyrolysis. EDS analysis data is in agreement with the XRD data: metals were
observed in the SF samples. Indicating that the ions were not retained with the same
efficacy as with the silk cocoon matrix. Sodium hydroxide used for degumming was
washed away three times. Sodium hydroxide can precipitate metals from solution.
No precipitates were observed in the experiments. However, some sodium could have
stayed on the fibers and thus altering the pH of the solutions during the chemical
treatments. This in turn would change the protonation of the functional groups
affecting the ability to interact with the ions.

The degumming not only removes the sericin surrounding the fibers but also
releases the fibers from the matrix. The loose fiber configuration could account for
the lack of ion retention. The pyrolyzed degummed SF samples did not provide
any electrochemical activity during CV measurements. This is in line with the
characterization data of the samples. The degummed samples were not functionalized
in a same manner as the silk matrix samples. Removal of the sericin surrounding
the silk fibroin will alter the amino acid content of the fibers. Amino acids and
their functional amino and carboxylic groups can be thought to be the electrostatic
functional groups that can bind the ions from the aqueous solution. Due to the high
amino acid content of silk, it is not evident which of the amino acids play the crucial
role in this interaction.

Nickel-carbon composite is a promising candidate for OER catalyst in alkaline
conditions. Cyclic voltammmetry data suggests Ni(II)/Ni(III) redox transition in the
reaction. Elemental crystalline metal found post-pyrolysis appeared to be accessible
in the char for the catalytic reaction. The characterization data can not provide
conclusive information on the species of nickel present in the composite. Although,
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the data suggests that the nickel species present are able to catalyze the oxygen
evolution reaction. However, the actual mechanism for binding the metallic species
is not known. Further development of such catalysts would greatly benefit from the
knowledge of the mechanism and the metal species present.

The results suggest that at least the monometallic composite as electrocatalyst
can be manufactured with the proposed green synthesis pathway. Bimetallic FeNi
could not able to provide OER catalytic activity during the measurements. Both of
the ions were retained, with right portions, in the process. However, crystalline metal
species were not found in the carbon matrix. Synthesis of the multimetallic perovskite
oxide was deemed successful. The ions were retained in the process and XRD data
suggests crystalline forms of the metals are found in the composite. The possibility
to synthesize perovskite oxide composite catalyst is an exciting one. However, the
process requires more research. It is not known whether the elements found in the
carbon matrix are in a perovskite oxide type of formation or if the elements are
scattered throughout the matrix. Moreover, the cyclic voltammetry measurements
were inconclusive.

The results emphasize an uncertainty regarding the process. Elemental nickel
was found in the sample B1a and elemental metals were found in the sample B1e.
However, the electrochemical results were not successful in both cases. The retention
of ions play the most crucial role in the process. This is apparent with the lack
of electrochemical activity found for pyrolyzed silk fibroin. Moreover, the basic
properties of the sample synthesis require further research. This includes the ion
binding mechanism of the biological matrix. Similarly, the engineering of the samples
require optimization as the ion binding was not controlled. The samples would require
more extensive characterization, mainly with XPS and ICP. More information is
needed on the nickel species present in the sample.

The research suggests that a composite material to be utilized as an electrocatalyst
can be synthesized using an intact silk cocoon. These findings allow to eliminate the
degumming step from the process. The lack of success with the degummed cocoons
can be seen in three ways:

• Lack of ion retention

• no crystalline metal phases present

• lack of electrocatalytic activity.

Not only is degumming conducted under constant heating but also in alkaline
conditions. A more sustainable and environmentally friendly approach can thus be
achieved. The synthesis procedure utilizing low-cost silk cocoons can be realized
in ambient conditions sans harsh chemicals. Moreover, it was shown that effective
catalysts can be processed utilizing economical earth abundant metals instead of
scarce precious metals. The research have been a success: a green chemistry pathway
was found to synthesize a novel low-cost bio-organized metal-carbon composite for
OER electrocatalysis. The results give rise to the possibility to utilize other bioshells
with similar functional groups.
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