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Abstract

The continuing demand for wearable electronics requires the development of lightweight and
low-volume energy storage systems as the source of power. We consider the integration of a
solar cell and a battery as a continuous power source for wearables. This thesis focuses only on
the battery. The current collector of batteries currently used in wearables are heavy and bulky;
thus, a metalized nanofibrous network is proposed to retain functionality (high electrical
conductivity and support) of the current collector, while possessing lower weight and volume.
Furthermore, compared to state-of-the-art lithium-ion batteries, zinc – manganese dioxide (ZnMnO2) batteries are of interest due to their lower cost, environmentally-friendliness, and
abundance of materials.

To fabricate the metalized nanofibrous network, lignin, a natural polymer, is used as the
precursor for electrospinning. The produced fibers are thermally stabilized and electroless plated
with copper to meet the conductivity requirements. Finally, a layer of MnO2 paste is brushcoated on the copper plated fibers and the electrochemical performance of the assembled ZnMnO2 battery is analyzed.

This work harnesses the optimization of the electrospinning solution, thermal stabilization, and
electroless copper plating solution. The electrospinning solution is optimized by varying its
viscosity. In general, higher viscosity results in larger diameters and fewer beads. Thermal
stabilization optimization involves changing the final temperature of the process. Higher final
temperature allows for more cross-linking and cleavage of bonds; however, above thermal
iii

degradation, fiber fusion is observed. These two optimizations allow for achievement of smallest
fiber diameter for lightweight and low-volume applications. The plating solution is optimized for

attainment of highest conductivity, by adjusting the reducing agent amount, sonication time, and
plating time. Generally, conductivity increases by increasing these parameters. However, above a
certain threshold, higher formaldehyde amount reduces the reaction rate and longer sonication can
break down the sample.

This lignin current collector is assessed with respect to the currently used carbon paper current
collector. It is evident that lignin current collector has a higher conductivity and longer cycle life,
while possessing smaller initial capacity. For wearable batteries, lifespan (cycle life) is a
significant factor. Hence, the lignin current collector shows promise for wearable batteries.
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Lay Summary

The power requirements of wearable electronic devices can be met by reducing the size of their
battery. Here, we investigate the reduction of size of current collectors of batteries, which are the
interface between the active material – material that participates in the reactions within the
battery – and the external circuit. As one can expect, current collectors need to be conductive.
Therefore, we designed a conductive (> 575 S/cm) nanofibrous mat from a natural material
called lignin. Nanotechnology can help with the size reduction. The conductivity is achieved by
coating the lignin fibers with copper. Finally, a layer of active material is added to the copper
coated lignin and the assembled battery is tested against the currently used current collectors.
The results show the superior lifespan of lignin fibers, despite their lower initial capacity (due to
higher loss). Thus, lignin current collector shows promise for wearable batteries, which require
long lifespan.
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Chapter 1: Motivation and Literature Review

1.1

Motivation

With the advancement of treatments for acute illnesses, individuals are more likely to live longer,
which in turn increases the possibility of developing chronic illnesses [1]. Chronic illnesses are
one of the most common and costly of all health problems; however, they are the most
preventable [2]. In Canada, two-thirds of all deaths are due to one of the following major chronic
diseases: cardiovascular diseases, cancer, chronic respiratory diseases, and diabetes [3].
Moreover, the World Health Organization (WHO) reported that 60 – 70% of all global deaths are
due to these chronic diseases (Figure 1.1) [4], [5]. Thus, chronic disease prevention and
management have become important challenges.

Figure 1.1. In 2005, 61% of deaths were due to chronic diseases [6]. This amount has increased to above 70%
in more recent years (2019 and 2020) [4], [5]. Image from the World Health Organization – licensed under
CC BY-NC-SA 3.0 IGO.
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Wearables with real-time and continuous monitoring can help prevent, delay, or reduce the
aggravation of chronic diseases [1], [6]. Moreover, having a smart energy system which includes
both energy harvesting and energy storage is essential for these continuously monitoring
wearables [7]. Solar energy can be a no-cost source for the harvesting system (see section 1.1.1).
For energy storage systems, because of the proposed structure in section 1.5 and the continuity
requirement for power, batteries are chosen (see sections 1.1.2 and 1.1.2.1). As for choices of
batteries, one can start by looking at the state-of-the-art lithium-ion (Li-ion) batteries. Li-ion
batteries, unfortunately, use organic electrolytes, which are flammable and can cause safety
issues. Aqueous batteries, on the other hand, are free of such safety issues. However, a new
problem arises when considering aqueous batteries. Present aqueous batteries use current
collectors that are heavy and bulky [8], [9]. More specifically, the batteries in wearables have
two main issues: (a). limited lifespan due to quick drainage of their energy, and (b). lack of
lightweight solutions [10]. Thus, to overcome these issues and create a continuous monitoring
system, we need to reduce the size of the current collector, while maintaining its functionality
(high electrical conductivity and support for active material [11]), as well as integrating with
energy harvesting systems. In this thesis, we aim to develop a conductive (> 575 S/cm – section
1.1.2.2), lightweight, and low-volume (through nanofibrous structure – sections 1.4) current
collector from natural sources (i.e., lignin – section 1.4.1.1). Furthermore, since the largest
percentage of deaths due to chronic disease (~ 30%) is caused by cardiovascular diseases (Figure
1.1), wearable electrocardiogram is chosen as a potential application.

2

1.1.1

Energy Harvesting Systems

Several energy sources can be considered for powering wearable devices, such as solar,
mechanical (triboelectric, piezoelectric, and electromagnetic sources), thermal (e.g., temperature
of body), chemical (e.g., biofuel cells), and radio frequency energy [12], [13].

Solar energy in particular is interesting, because it is said that “the amount of energy supplied to
the Earth in one day by the sun is sufficient to power the total energy needs of the Earth for one
year” [14]. However, solar energy is intermittent, unreliable, and depends on weather conditions.
For these reasons, solar energy needs to be stored in an energy storage system [15].

1.1.2

Energy Storage Systems

One can start narrowing down the specific energy storage system, given that a suitable,
lightweight, and low-volume energy storage system is vital to advancement of wearables [8], [9],
[16]. For wearable/electronic textile applications, it seems reasonable to look at small-scale
electrical energy storage systems. Such energy storage systems include batteries,
supercapacitors, and hydrogen fuel cells [17]. Fuel cells require continuous flow of fuel [17],
which is challenging to employ, considering the proposed structure in section 1.5; thus not valid
for this wearable application. The following section further analyzes the choice between batteries
and supercapacitors.

1.1.2.1

Battery vs. Supercapacitor

Supercapacitors and batteries are both dependent on electrochemical processes; however, the
mechanisms in each result in different power/energy densities. Batteries provide long-term
3

power to devices (i.e., high energy density), as opposed to supercapacitors, where short-term
power is delivered (i.e., high power density) [18], [19]. Figure 1.2 is a Ragone plot (specific
energy vs. specific power plot) illustrating the difference in energy and power densities of
batteries and supercapacitors. For this research, where continuous power is to be delivered to the
wearable system, batteries are the obvious choice. The ideal case is to charge the system while
the sun is shining and discharge the battery between sunset and sunrise. The time between sunset
and sunrise varies depending on location; for instance, in Vancouver, BC, Canada, the longest
night took about 16 hours during the winter solstices of 2020 [20].

Figure 1.2 Ragone Plot [21]. Reprinted from Supercapacitors, Chapter 2, Pandolfo et al., General Properties
of Electrochemical Capacitors, 72, Copyright (2013), with permission from John Wiley and Sons. Added ZnMnO2 range based on ref. [22]–[24].
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Batteries generally consist of anode, cathode, electrolyte, separator, and current collectors, where
anode and cathode are supported [25]. The anode is oxidized and loses electrons, while the
cathode is reduced and gains electrons (during discharge). The electrolyte is the ionic conductor,
which allows the ions to move between the two electrodes. The separator prevents internal shortcircuiting by separating the anode and cathode electrodes [26] (see section 1.1.2.2 for more
information on current collectors).

1.1.2.2

Current Collectors

Current collectors’ main roles are: (a) to support the active materials, and (b) to electrically
connect the electrodes to the external circuit (i.e. gather/supply electrons from/to electrodes)
[27]–[29]. Traditionally, current collectors have been viewed as dead weight (i.e., limited
power/energy density) and only recently research has grown to explore performance
improvement through current collectors [29]–[31]. According to the role of current collector,
high conductivity (low sheet resistance; see section 2.6.7 for calculation of the two parameters)
and efficient electron transport of current collectors can improve the batteries’ performance [29].
Table 1.1 includes a list of current collector materials and their sheet resistance.

Table 1.1 Sheet resistance/conductivity of some current collectors in literature. * Calculated from given
thickness values in accordance to Equation 2.3 and Equation 2.4 presented in section 2.6.7.

Current Collector Material

Sheet resistance
𝛺
◻

Conformal coating of CNT and Ag nanowire on
paper

1

Reduced graphene oxide film on polyethylene
naphthalate substrate

1.28

𝛺
◻

Ref
[32]

[33]

5

Indium tin oxide (ITO) nanowires array

0.34

Double-walled carbon nanotube on polyethylene
naphthalate paper

5

Ag microflakes on CNT/carbon black/poly(styrene)block-poly(ethylene-ran-butylene)-blockpoly(styrene) composite

𝛺
◻

𝛺
◻
𝛺
◻

2.7

[34]

[35]

[36]

CNT film

5

𝛺
◻

[37]

100 layers of superaligned carbon nanotube

11

𝛺
◻

[38]

Al coated on CNT film by electron-beam evaporation

0.33

𝛺
◻

[39]

Reduced graphene oxide nanosheets

0.8

𝛺
◻

[9]

𝛺
𝑆
(13.75
)
◻
𝑐𝑚

[40]

𝛺
𝑆
(575
)
◻
𝑐𝑚

[8]

Ultrathick 3D carbon framework

Carbon nanotube/cellulose nanofiber composite

1.1∗

0.575 ∗

To the best of our knowledge, no literature focuses on developing current collectors produced
from environmentally friendly and sustainable materials, while having low-volume and
lightweight. We propose a nanofibrous lignin-based (see section 1.4) current collector to fill this
knowledge gap.

1.2

Electrocardiograms (ECGs)

ECG is a test, which measures the electrical activity of the heartbeat. With each heartbeat, an
electrical impulse travels through the heart causing the heart to squeeze and inject blood. ECGs
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can help detect abnormalities and monitor heart-related recovery [41], [42]. To the best of our
knowledge, wearable ECGs use Li-ion batteries [43]–[45]. Li-ion batteries have an energy
density of 100 – 265 Wh/kg (per mass of cell) and cycle life of around 300-500 cycles [46], [47].
In addition, commercial Li-ion batteries have a capacity of around 310 mAh/g (per mass of
lithium anode at C/5 rate [48]). To be able to develop more environmentally cautious solutions
for batteries, which also satisfy power requirements of ECGs, we considered Zn-MnO2 batteries
in this work (see section 1.3). Here, wearable ECGs are a potential application for the continuous
energy harvesting/storage integrated system.

1.3

Zinc – Manganese Dioxide (Zn-MnO2) Batteries

As previously mentioned, Li-ion batteries can be flammable and unsafe. Table 1.2 further
illustrates the disadvantages of lithium (i.e., high cost and low abundance). Moreover, for
extraction of every tonne of lithium from underground reservoirs, 469 m3 of drinking water is
needed. Toxic chemicals are also required in lithium production. Hence, lithium is considered
environmentally costly [49]–[51]. In this research, to fabricate a safer, more abundant, less
costly, and more environmentally friendly battery, Zn-MnO2 battery is chosen [23], [26], [52].
Primary and rechargeable alkaline Zn-MnO2 batteries have been developed commercially. For
purposes of this thesis, primary batteries (non-rechargeable [26]) are avoided, since the solar cell
is to charge the battery for a continuous source of power. The rechargeable alkaline Zn-MnO2
battery suffers from zinc corrosion in the alkaline electrolyte, irreversible reduction of MnO2,
and environmentally unfriendliness of the alkaline electrolyte [23], [53]. Neutral/mild(ly acidic)
aqueous Zn-MnO2 batteries are considered here due to their safe nature and inexpensiveness
[23], [54].
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Table 1.2 Comparison of lithium, zinc, and manganese. Note that abundance is given as a rank – the higher
the number, the less abundant the element. Cost values are from 2018.

Element

Abundance

Lithium

33

Zinc

25

Manganese

12

Cost
$16,500.00
/ 𝑚𝑒𝑡𝑟𝑖𝑐 𝑡𝑜𝑛
$2,573.40
/ 𝑚𝑒𝑡𝑟𝑖𝑐 𝑡𝑜𝑛
$2,060.00
/ 𝑚𝑒𝑡𝑟𝑖𝑐 𝑡𝑜𝑛

Ref
[55]–[58]
[55]–[57], [59]
[55]–[57], [60]

Zn-MnO2 battery uses zinc as anode and MnO2 as cathode during discharge. These batteries have
been shown to have high enough energy density and capacity that meets the ECGs requirements.
For instance, Zhang et al. [24] reports a Zn-β-MnO2 with 158.5 Wh/kg energy density (225 mAh
g-1 capacity at 0.2 A g-1). Chao et al. [52], more recently, has been able to achieve an energy
density of 409 Wh/kg (capacity of 570 mAh g-1 at ~0.6 A g−1) for high voltage (1.7 – 2 V
Zn+2/Zn) region Zn-MnO2 (energy densities are based on active material of anode and cathode
and capacities are based on active MnO2).

1.4

Metalized (Nano)fibers

To address the roles of current collectors (i.e., high conductivity and supportive structure), we
consider metalized nanofibers. Metalized nanofibers provide a way towards hybrid
nanomaterials, which allows one to combine properties of organic polymers, which are one of
the most frequently utilized materials in nanofibers [61], with inorganic metals [62]. This
combination can benefit from the high surface-to-volume ratio of nanofibers [63], [64] as well as
the high conductivity of metals [63]. Nanofibers – defined as fibers (aspect ratio > 1000:1) with
diameter below 1 µm [65] – serve as a supportive network for active material of the battery. To
understand the high surface-to-volume ratio associated with nanofibers, consider transitioning
8

from a cube with 1 cm sides to 1021 cubes with 1 nm sides (same volume). The surface area of
the second cube would increase by a factor of 107 (see Appendix A for derivation) [66]. With
high surface-to-volume ratio, low-volume applications are possible. In addition, nanomaterials
can produce lightweight structures to replace the traditional heavy ones [67]–[69]. Another
advantage of nanofibers with high surface-to-volume ratio is their enhanced reactivity [65],
which would help with electroless plating. Hence, metalized nanofibers have the potential to
provide a conductive, low-volume, and lightweight structure as the current collector providing
support for the active material of batteries.

Metalized nanofibers have vast applications, such as transparent conducting electrodes, filtration,
artificial muscles, antibacterial and antimicrobial coatings, electromagnetic interference
shielding, endovascular coil material, active material or current collector in energy storage
systems, anti-static agent, etc. [63], [70]–[78]. Transparent conducting electrodes have been
produced from copper electroplated polyacrylonitrile nanofibers with improved performance due
to removal of junction resistance at the intersection of wires [75]. Zeolite/palladium coated on
polyacrylonitrile-co-methyl-acrylate nanofibers have been shown to function as an ammonia
filter [76]. In a recent study by Ebadi et al. [63], polyurethane nanofibers electroplated with
copper were used to enhance the actuation performance of artificial muscles. Phan et al. [73]
studied the antibacterial influence of silver-polyacrylonitrile nanofiber composites against
Escherichia coli and Bacillus subtilis. Ji et al. [71] investigated the high-performance
electromagnetic interference shielding effect of electroless plated and crosslinked
polyacrylonitrile, where the metalized nanofiber outperformed the pure metal foil and most
synthesized shielding materials. Platinum coated polyacrylonitrile nanofibers have shown great
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promise as endovascular coil material for preventing extravasation of blood after aneurysmal
subarachnoid hemorrhage [74]. Studies have illustrated that nickel/carbon composite (from
carbonized polyacrylonitrile or polyacrylonitrile/polyvinyl pyrrolidone) can be used as the active
material in supercapacitors [77], [78]. Lastly, nickel coated polyacrylonitrile-co-methyl-acrylate
nanofibers have been studied as current collectors for pseudocapacitors [72].

Furthermore, metalized fibers are also commercially available. For instance, X-STATIC® yarns
and threads benefit from anti-static property of silver bonded nylon fibers [79]. AgFlex, an
Indian company focused on developing silver-based solutions, produces fine chopped silvercoated nylon fibers for antibacterial protection [80]. Ionic+TM combines the antibacterial effect of
silver ions with nylon, cotton, wool, polyester, acrylic, and other fibers [81]. ARACON® fibers
are silver- or nickel-plated KEVLAR® used as electromagnetic and radio frequency interference
shields [82].

In this work, metalized fibers are used as the current collector of batteries to replace the heavy
and bulky current collectors currently employed in wearables. Electrospinning and electroless
plating methods for fabrication of these metalized fibers are discussed in sections 1.4.1 and 1.4.2.

1.4.1

Electrospinning

There are several techniques that can produce nanofibers, such as chemical vapor deposition
(reaction/decomposition of volatile precursor on a substrate), self-assembly (self-arrangement of
pre-existing components into desired patterns and functions), template synthesis (use of
nanoporous membrane as template), and electrospinning [83]. Electrospinning is chosen in this
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research due to its wide range of benefits, including: large scale nanofiber production [84], [85],
simplicity [72], robustness [86], and low-cost [87], [88]. Electrospinning can produce fibers that
are a few nanometers (2 nm) to several microns (10 µm) in diameter [83], [86], [89].

A typical electrospinning setup involves: a syringe with a metallic needle filled with polymer
solution, syringe pump, high voltage supply, and a grounded metallic target/collector (Figure
1.3) [72]. An electric field forms between the high voltage supply connected to the needle and
the grounded target. Once the electrospinning process starts, a droplet of polymer solution at the
tip of the needle transforms to a hemispherical shape. If one applies a high voltage such that the
intensity of the electric field overcomes the influence of surface tension of the polymer solution,
the hemispherical shape turns into a cone-shape (Taylor cone) and a uniform jet of solution is
ejected towards the target. The cone-shaped jet is stretched and elongated by electrically induced
bending instabilities [90]. Solvent quickly evaporates during elongation, thus reducing the fiber
diameter, and the nonwoven fiber mat can be collected on the target [83], [87], [91].

Figure 1.3. Electrospinning setup.
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Multifunctional composite nanofibers can be derived from mixing functional compounds into the
polymer/electrospinning solution [72], [92]. For instance, carbon nanotubes have been shown to
enhance mechanical [87], [91] and electrical [93] performance of lignin and polyacrylonitrile
nanofibers. TiO2 can be added to polyacrylonitrile nanofibers to improve the photocatalytic
behavior [94], [95]. In bone tissue engineering applications, hydrophilicity of poly(vinyl alcohol)
nanofibers can be improved by adding nanohydroxy apatite and cellulose nanofibers [96].
Palladium (II) acetylacetonate added to polyacrylonitrile-co-methyl-acrylate can act as a catalyst
for electroless plating [72]. In this thesis, the latter method is used for lignin to improve the
catalytic behavior while plating (see section 1.4.2 for more information on plating).

1.4.1.1

Lignin

Lignin is the second most abundant natural polymer, surpassed only by cellulose; however,
unlike cellulose, lignin has not been adapted in large-scale value-added products. It is considered
to be the major biorenewable source of aromatic functionality [97]–[99]. Lignin facilitates water
and solute transfer by providing hydrophobicity to the plant vascular system [100], [101].
Furthermore, lignin gives rigidity to the cell wall, ensures resistance to bending, compression,
and impact, and provides resistance against chemical and biological degradation by
microorganisms [101]–[104].

Lignin is an attractive precursor for carbonous structure due to its low cost, abundance, high
carbon content (around 60 wt%, as opposed to 44% for cellulose [105]), and lack of toxic
byproducts during heat treatment [98], [99]. Additionally, much of the extracted lignin during
production of cellulose for the paper industry is regarded as waste or burnt as low-value-added
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fuel. Less than 2% of the 70 million ton of extracted lignin is used as concrete additives,
stabilizing agents or dispersants, surfactants, and adhesives [98], [100], [104].

Lignin is an amorphous, heterogenous, and aromatic biopolymer. It is created from
polymerization of three phenylpropane monomers: coniferyl, sinapyl, and p-coumaryl alcohols;
where in the lignin structure, these are termed as guaiacyl (G), syringyl (S), and phydroxyphenyl (H) units, respectively (Figure 1.4) [87], [98], [100], [101], [104], [106]. The
configuration of these units within lignin depends on plant species and environment [98].
Softwood lignin comprises of G units and low levels of H units, while hardwood lignin consists
of equal amounts of G and S units, and small amounts of H units [98]–[100], [106]. In this thesis,
hardwood lignin is used (see section 3.3.3 for FTIR peaks of G, S, and H units).

Figure 1.4 Three monomer structure within lignin [107]. Reprinted from Reactive & Functional Polymers,
85, Duval and Lawoko, A Review on Lignin-based Polymeric, Micro-and Nano-structured Materials, 79,
Copyright (2014), with permission from Elsevier.

Compared to the highly condensed softwood lignin structure, hardwood lignin is considered to
possess higher spinnability [108], [109]. In addition, several techniques can be employed to
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extract lignin from various biomass feedstock, such as kraft, organosolv, lignosulfonate, alkali
(soda), etc. Organosolv process is considered the most straightforward, economically promising,
and eco-friendly [98], [100], [106], [110], [111]. Compared to the kraft process – which is
dominant in pulp and paper processes due to high yield of pulp (90 kt per year), pulp strength,
and chemical recovery [107], [112] – organosolv lignin, with its high purity and low sulfur
content [100], [106], allows for better spinnability [113]–[115]. Therefore, for this thesis,
hardwood organosolv lignin is studied as the current collector precursor.

1.4.2

Electroless Plating

Electroless plating or autocatalytic metal plating is a method for deposition from solution
without a need for power supply [116], [117]. The minimum requirements for such solutions are
a metal salt and a suitable reducing agent [116], [118]. The history behind electroless plating is
not clear. Some argue that the first electroless solution was used for silvering glass mirrors [118],
while others believe that such homogeneous chemical reduction is not considered electroless
plating [116]. If we add the requirement of a suitable catalyzed surface to our definition, the
former argument is no longer valid. In such cases, plating is initiated by the catalyst and
sustained by the plated metal itself [116]. Therefore, spontaneous plating on all surfaces (e.g.,
silver mirroring) is not electroless plating. In any case, the first commercial electroless copper
plating was used for printed circuits in the 1950s [116], [118]. For the purposes of this research,
having a catalyst is a requirement.

One should note that electroless plating is slower and more expensive than electroplating; hence,
it is only used when unique properties are required, such as even thickness on complex surfaces
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and deposition on non-conductors [116], [119]. Here, electroless plating is chosen due to its
ability to evenly coat complex (non-woven) and non-conductive lignin fibers.

Van Den Meerakker [117], [120] proposed the universal electrochemical mechanism for any
reducing agent, R, as illustrated in Table 1.3.

Table 1.3 Universal electrochemical mechanism. M is the metal to be plated and n is the number of charges of
metal M.

1. Dehydrogenation:
Anodic reactions in alkaline
solution

2. Oxidation:
3. Recombination:
4. Oxidation:

Cathodic reactions in alkaline
solution

5. Metal deposition:
6. Hydrogen evolution:

𝑅𝐻 → 𝑅̇ + 𝐻̇
𝑅̇ + 𝑂𝐻 − → 𝑅𝑂𝐻 + 𝑒
𝐻̇ + 𝐻̇ → 𝐻2
𝐻̇ + 𝑂𝐻 − → 𝐻2 𝑂 + 𝑒
𝑀𝑛+ + 𝑛𝑒 → 𝑀
2𝐻2 𝑂 + 2𝑒 → 𝐻2 + 2𝑂𝐻 −

For this research, we will narrow the abovementioned generalization to the specific case for
copper.

1.4.2.1

Electroless Copper Plating

Copper is the second most conductive metal (5.96 x 105 S/cm at 20 °C); surpassed only by silver
(6.3 x 105 S/cm) [121], [122]. Compared to silver, copper is less expensive [123]. Due to its high
conductivity and reasonable price, copper is the material of choice for electroless plating in this
research.
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For electroless copper plating, a copper salt (e.g. copper sulfate) and a reducing agent (e.g.
formaldehyde, dimethylamine borane, borohydride, glyoxylic acid, etc.) are needed [116], [120],
[124]. Despite the environmental issues of formaldehyde, it is the chosen material in commercial
settings due to its effectiveness and low cost [116]. Glyoxylic acid has been shown to serve as a
more environmentally friendly reducing agent [124]. In this research, we follow the commercial
standard of using formaldehyde. One can re-write the reactions in Table 1.3 for the specific case
of formaldehyde and copper, as shown in Table 1.4. Note that Eq. 3 and 4 in Table 1.3 are
competing reactions. The pH and type of metal determine which reaction proceeds [120]. For the
case of copper, desorption of adsorbed hydrogen occurs on deposited copper surface [117].

Table 1.4 Mechanism for electroless copper plating with formaldehyde as the reducing agent. Subscription
“ads” denotes adsorption of species. Adapted from reactions in ref. [117], [120]. Note that the overall reaction
is achieved from (𝟐 × 𝐄𝐪. 𝟎𝟎. ) + (𝟐 × 𝐄𝐪. 𝟎. ) + (𝟐 × 𝐄𝐪. 𝟏. ) + (𝟐 × 𝐄𝐪. 𝟐. ) + (𝟐 × 𝐄𝐪. 𝟒. ) + 𝐄𝐪. 𝟓. + 𝐄𝐪. 𝟔..

00. Hydrolysis of formaldehyde:
0. Dissociation of methylene
glycol:
Anodic
1. Dissociative adsorption:
reactions
2. Oxidation:
4. Desorption of adsorbed
hydrogen on copper surface:
Cathode
reaction
Overall

5. Metal deposition:
6. Hydrogen evolution:

𝐻2 𝐶𝑂 + 𝐻2 𝑂 → 𝐻2 𝐶(𝑂𝐻)2
𝐻2 𝐶(𝑂𝐻)2 + 𝑂𝐻 − → 𝐻2 𝐶(𝑂𝐻)𝑂− + 𝐻2 𝑂
𝐻2 𝐶(𝑂𝐻)𝑂− → [𝐻𝐶(𝑂𝐻)𝑂− ]𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠
[𝐻𝐶(𝑂𝐻)𝑂− ]𝑎𝑑𝑠 + 𝑂𝐻 − → 𝐻𝐶𝑂𝑂− + 𝐻2 𝑂 + 𝑒
𝐻𝑎𝑑𝑠 + 𝑂𝐻 − → 𝐻2 𝑂 + 𝑒
𝐶𝑢2+ + 2𝑒 → 𝐶𝑢
2𝐻2 𝑂 + 2𝑒 → 𝐻2 + 2𝑂𝐻 −

𝐶𝑢2+ + 2𝐻2 𝐶𝑂 + 4𝑂𝐻 − → 𝐶𝑢 + 2𝐻𝐶𝑂𝑂− + 2𝐻2 𝑂 + 𝐻2

When considering formaldehyde as the reducing agent, higher pH results in higher reduction
potential [117] (Table 1.5).
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Table 1.5 Influence of pH on formaldehyde reactions [125].

Reaction

pH

Standard half-cell potential

𝐻𝐶𝑂𝑂𝐻 + 2𝐻 + + 2𝑒 ↔ 𝐻𝐶𝐻𝑂 + 𝐻2 𝑂

0

+ 0.056 𝑉 𝑣𝑠. 𝑆𝐻𝐸

𝐻𝐶𝑂𝑂− + 2𝐻2 𝑂 + 2𝑒 ↔ 𝐻𝐶𝐻𝑂 + 3𝑂𝐻 −
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− 1.070 𝑉 𝑣𝑠. 𝑆𝐻𝐸

Given that the standard half-cell potential of the cathodic reaction 𝐶𝑢2+ + 2𝑒 → 𝐶𝑢 is + 0.340 V
vs. SHE [125], to have a more spontaneous and more thermodynamically favorable
electrochemical reaction (∆𝑐𝑒𝑙𝑙 𝐺 0 < 0 𝑜𝑟 ∆𝑐𝑒𝑙𝑙 𝐸 0 > 0), higher pH levels are desirable
0
0
(∆𝑐𝑒𝑙𝑙 𝐸 0 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
− 𝐸𝑎𝑛𝑜𝑑𝑒
= 0.34 − (−1.07) = 1.41 𝑉). To achieve a higher pH, one can

add an alkali salt, such as sodium hydroxide. However, in high pH levels, copper precipitates;
thus complexants (e.g. sodium potassium tartrate, ethylenediamine tetraacetic acid, etc.) are
added [125]. Complexants lower the free metal ion concentration [125], [126]. Nonetheless, the
concentration of complexant should be carefully determined, otherwise, there will not be
0.5𝜇𝑚

sufficient metal ions for deposition [125]. Tartrate salts are used for low-plating rate (≤ 20 min)
and near room temperature settings. Tartrates allow for easier waste treatment as well [116]. For
this application, sodium potassium tartrate is chosen as the complexant.

1.4.2.1.1

Catalyst for Electroless Plating

Electroless plating only initiates in presentence of hydrogenation-dehydrogenation catalysts (as
per the definition in section 1.4.2) [118], [120]. Earlier reports believe that palladium metal is the
most efficient dehydrogenation catalyst [118], [120]. However, more recent papers (for copper
plating, specifically) [124], [127] state that less expensive options (e.g., silver) are available. For
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purposes of this research, palladium is chosen as the catalyst, since it has been the traditional
catalyst of choice and has been shown to work with nanofibrous structures [72].

Traditionally, catalysts are introduced to the surface in 2 steps: (1) applying a stannous
chloride/hydrochloric acid solution to the surface and then (2) immersion in palladium
chloride/hydrochloric acid solution. These two steps result in the following reaction (Equation
1.1), which produces palladium metal.

𝑆𝑛2+ + 𝑃𝑑2+ → 𝑆𝑛4+ + 𝑃𝑑 0

Equation 1.1

More recently, the 2 steps are combined, and a solution of stannous chloride, palladium chloride,
and hydrochloric acid is used [128]. In this research, however, the immersion method in colloidal
particle solution may result in uneven and non-uniform plating [72]. Therefore, less expensive
palladium (II) acetylacetonate (compared to palladium chloride) is added to the electrospinning
solution directly to create a multifunctional metal fiber (see section 2.2 for the method).

1.5

Objectives

This research is part of a series of projects involving integration of an energy harvesting system
(i.e., perovskite solar cell) and an energy storage system (i.e., Zn-MnO2 battery) assembled on
top of a button, with a wearable electrocardiogram (Figure 1.5). With a focus on batteries as the
energy storage system, the goal of this thesis is to develop a lightweight, low-volume, and
conductive current collector from copper plated lignin fibers.
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Figure 1.5 Proposed button structure for a wearable energy harvesting/energy storage system integrated with
an electrocardiogram.

The nanofibrous structure of lignin serves as the support of the current collector with high
surface-to-volume ratio, which helps with reduction of volume and weight. In addition, the
copper coating allows for a conductive surface. Specifically, as shown in Figure 1.6, the
objectives of this work are:

1. To investigate and optimize the electrospinning process of hardwood organosolv lignin
using factorial design of experiments (DoE) for three electrospinning parameters:
plasticizer molecular weight, lignin: plasticizer ratio, and solid content to fabricate fibers
with smallest diameter, which result in the highest surface-to-volume ratio. These
parameters influence the viscosity of the polymer solution. Viscosity is one of the main
factors of influence on fiber diameter during electrospinning [83], [87].

2. To optimize the thermal stabilization process after the integration of palladium (II)
acetylacetonate – the catalyst precursor for electroless copper plating – into the fibers
during electrospinning. This diameter optimization is done by characterization using
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scanning electron microscopy (SEM) and visually inspecting the chemical stability in the
plating solution.

3. To evaluate whether lignin can be plated and optimize the electroless plating solution
using a factorial experimental design of two parameters: sonication time and amount of
formaldehyde (i.e., reducing agent). The solution is optimized by measuring the sheet
resistance/conductivity. Plating time also plays a role in conductivity; thus, it is lastly
optimized.

4. To deposit MnO2 on the plated lignin by brush-coating, and

5. To assess the current collector’s electrochemical performance within a Zn-MnO2 battery.

The chemical/crystal structure and morphology of lignin samples are studied and characterized
after thermal stabilization, copper plating, and deposition of MnO2 using scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
The electrochemical performance of the assembled battery is studied using cyclic voltammetry
(CV), galvanostatic charge discharge curves (GCD), and electrochemical impedance
spectroscopy (EIS).
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Chapter 3

Chapter 4

Chapter 5

Figure 1.6 Research plan.

21

Chapter 2: Materials and Experimental Methods

2.1
2.1.1

Materials
Electrospinning Solution

Hardwood organosolv lignin was supplied by the sponsor of this thesis, Advanced BioCarbon 3D
(ABC3D). The received lignin was dried at 50 °C overnight to remove moisture. Poly (ethylene
oxide) (PEO) with approximate molecular weights of 900 k and 4 M g/mol were purchased from
Scientific Polymer Products Inc., used as received, and served as plasticizer. N.Ndimethylformamide (DMF) was obtained from Sigma-Aldrich. Palladium (II) acetylacetonate
(Pd(C5H7O2)2 or Pd(acac)2) was obtained from Aladdin.

2.1.2

Copper Plating Solution

Copper (II) sulfate pentahydrate (CuSO4·5H2O) was bought from VWR International. Potassium
sodium tartrate tetrahydrate (C4H4KNaO6·4H2O) and sodium hydroxide (NaOH) were purchased
from Sigma-Aldrich. Formaldehyde was supplied from Fisher Scientific. All reagents were used
as received.

2.1.3

MnO2 Paste

Manganese (IV) oxide (MnO2), 1-Methyl-2-pyrrolidinone (NMP), and poly (vinylidene fluoride)
(PVDF – 534 k g/mol) were purchased from Sigma-Aldrich. Carbon black was bought from
Fisher Scientific. All reagents were used as received.
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2.1.4

Other Battery Components

Manganese (II) sulfate monohydrate (MnSO4·H2O) and zinc sulfate heptahydrate (ZnSO4·7H2O)
were used as the electrolyte and purchased from Sigma-Aldrich and Fisher Scientific,
respectively. The anode, zinc foil, was also obtained from Fisher Scientific. All reagents were
used as received.

2.1.5

Control Samples

Carbon paper was purchased from Fuel Cell Store. Carbon cloth was from Rock West
Composites. Polyacrylonitrile-co-methyl-acrylate (PAN-co-MA) was obtained from Scientific
Polymer Products Inc, with an approximate molecular weight of 100 k g/mol.

2.2

Electrospinning Process

Electrospinning solution is prepared by mixing Pd(acac)2 with DMF in an oil bath at 90 °C until
fully dissolved. Then, PEO is added and blended into the solution while heated in the oil bath
until fully dissolved. Lastly, lignin is added and stirred in the DMF/PEO/Pd(acac)2 solution in
the oil bath for 2.5 hrs, during which the solution is vortexed for a minute every 30 minutes [87].
The first step is clearly ignored for samples without Pd(acac)2. Sections 3.2.1 and 3.2.2 provide
design of experiments for solution optimization to achieve the smallest diameter. During
optimization, molecular weight of PEO, lignin: PEO ratio, and solid content (PEO + lignin /
DMF) are chosen to be 900 k or 4 M g/mol, 99:1 or 95:5, and 30 or 40%, respectively [87],
[101], [129]–[132]. In section 3.2.3, the solid content (Pd(acac)2 + PEO + lignin / DMF) and
lignin: PEO ratio are 40% and 99:1, respectively, while Pd(acac)2: lignin ratio is kept at 0.057,

23

similar to Pd(acac)2: PAN-co-MA ratio (control sample in accordance to ref. [72] – no PEO,
PAN-co-MA: DMF ratio of 0.11).

Once blended, the solution is taken off the heat and cooled to room temperature before
electrospinning with Nanofiber Electrospinning Unit (NEU – Kato Tech Co., Ltd.). For
electrospinning, needle to target distance of 15 cm, voltage of 17 kV, pump rate of 0.1 mm/min
(0.03 mL/min), and relative humidity < 30% are selected [87], [101], [130]. The collected fibers
are placed in a vacuum oven at 100 °C overnight to remove residual DMF.

2.3

Thermal Stabilization Process

Thermal stabilization process involves heating up the dried fibers at 1 °C/min from room
temperature to 3 different final temperatures of 150, 175, and 200 °C. This final temperature is
kept constant for 2 hrs in a tube furnace (79400 – Thermolyne) under argon gas [72], [87], [98],
[133]. For PAN-co-MA, thermal stabilization occurs at around 250 °C and other parameters are
the same as for lignin [72].

2.4

Electroless Copper Plating Process

To produce the electroless plating solution, 5 g/L of CuSO4·5H2O is first dissolved in deionized
water (laboratory reagent). Then 28.57 g/L of C4H4KNaO6·4H2O is added to the mixture and
stirred until dissolved. Finally, 7 g/L of NaOH is added and blended until dissolved. Plating will
not start until formaldehyde is added. For optimization of electrical conductivity, 0.005, 0.025,
and 0.05 mL formaldehyde per mL of solution are added to the plating solution under the fume
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hood. The solution is at room temperature and plated for up to 2.5 hrs. Lastly, the plated samples
are rinsed with deionized water and dried at room temperature overnight [72], [117].

2.5

Deposition of MnO2

MnO2, PVDF, and carbon black with a mass ratio of 80:10:10, respectively, are mixed with an
appropriate amount of NMP to form a paste. The paste is coated on the fibers and allowed to dry
at 60 °C overnight [134], [135].

2.6

2.6.1

Characterization Techniques

Scanning Electron Microscope (SEM)

The morphology of the electrospun fibers can be examined with SEM (FEI Quanta 650). SEM
operates under high vacuum with 20 kV acceleration voltage and 10 mm working distance.
Average fiber diameter and standard deviation are determined by taking 100 measurements
across the samples using ImageJ software (U.S. National Institutes of Health).

2.6.2

Thermogravimetric Analysis (TGA)

To confirm the suitability of the chosen thermal stabilization temperature, TGA (NETZSCH
TGA) is performed. The dried fibers are heated from room temperature to about 600 °C, while
the mass is accurately measured. The flow rate is set to be 10 °C/min under nitrogen inert
atmosphere [72], [133], [136].
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2.6.3

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis can convey the type of bonds within the sample as well as the intensity of the
species [136]. In this work, FTIR (PerkinElmer Frontier FT-IR) is performed using 4 scans over
4000 – 650 cm-1, with a resolution of 4 cm-1 [87].

2.6.4

Energy Dispersive Spectroscopy (EDS or EDX)

EDS can identify and quantify the elements present within a sample. It can also generate
elemental distribution maps. SEM instruments are often equipped with EDS detectors (FEI
Quanta 650 with large area EDX) with 0 – 10 keV range [137], [138] and an acceleration voltage
of 20 kV.

2.6.5

X-ray Diffraction (XRD)

Crystal structure of samples is characterized by XRD (Malvern-Panalytical Empyrean 3) within
5 – 80° (2θ) range using a Cu Kα (λ = 1.54 Å) incident beam. The incident beam is diffracted in
accordance to Bragg’s law (Equation 2.1).

𝜆 = 2𝑑 𝑠𝑖𝑛𝜃

Equation 2.1

In Bragg’s law, 𝑑 is the spacing between atomic planes, 𝜆 is the incident X-ray wavelength, and
2𝜃 is the diffraction angle [72], [136].
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2.6.6

X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-specific (penetration depth of 5 – 20 Å) chemical analysis method. Binding
energy of excited electrons is calculated from Equation 2.2.

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜑

Equation 2.2

𝐵𝐸 is the excited electron’s binding energy, ℎ𝜈 is the energy of incident beam (ℎ is Planck’s
constant and 𝜈 = 𝑐/𝜆 is frequency, 𝑐 is the velocity of light, 𝜆 is the wavelength of the incident
beam), 𝐾𝐸 is the kinetic energy of excited electrons, and 𝜑 is the work function of the
spectrometer [139], [140]. XPS (Kratos Analytical Axis ULTRA spectrometer) is performed
with an aluminum source (Al Kα, hν = 1486.6 eV) over 0.7 x 0.3 mm2 area of samples, with a
pass energy of 160 eV for survey and 20 eV for narrow scan, averaged over 2 scans.

2.6.7

4-Point Probe Sheet Resistance and Conductivity Measurement

Electrical resistivity is measured using a 4-point probe system, where the current is supplied
(KEITHLEY 2400 SourceMeter) to the outer two probes and voltage is measured (Tektronix
DMM 4050 6-1/2 Digital Precision Multimeter) from the inner 2 probes. The distance between
probes (probe spacing, s) is 1 mm. The sheet resistance (in ohms per square) and conductivity (in
siemens per cm) can be calculated from Equation 2.3 and Equation 2.4, respectively.

𝛺
𝜌
𝑉
𝑅𝑠 ( ) = = 𝑘
◻
𝑡
𝐼

Equation 2.3
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𝑆
1
𝜎 ( )=
𝑐𝑚
𝜌

Equation 2.4

𝑅𝑠 is sheet resistance, 𝜌 is resistivity, 𝑡 is thickness in cm, 𝑘 is a geometric factor based on
width, length, and probe spacing, 𝑉 is the measured voltage, 𝐼 is supplied current, 𝜎 is
conductivity [136], [141]–[143].

2.6.8

Electrochemical Performance Measurement

The following preliminary electrochemical tests are performed after connecting the battery to
BioLogic VMP-300 testing station. The working electrode is the lignin-based MnO2 electrode or
carbon paper brush-coated with MnO2 electrode. The counter electrode is zinc foil. The
electrolyte consists of 2 M ZnSO4 and 0.2 M MnSO4 [144].

2.6.8.1

Cyclic Voltammetry (CV)

CV allows for the study of reduction and oxidation processes of species by plotting measured
current at the working electrode as a function of applied voltage [136], [145]. CV is conducted at
a scan rate of 0.1 mV/s over 1 – 1.8 V vs. Zn2+/Zn range [24], [135], [146], [147].

2.6.8.2

Galvanostatic Charge/Discharge (GCD)

GCD curves are produced as a result of application of a constant current, then charging to 1.8 V
followed by a discharge to 1 V (vs. Zn2+/Zn) [87]. The constant current density for GCD is 0.1
mA/g (per mass of active MnO2) [54], [146]. If GCD is run at varying current densities, rate
capability can be ascertained. Here, varying current densities of 0.1, 0.2, 0.5, 1 A/g are used to
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develop the rate capability plot [148]. Furthermore, running GCD over many cycles creates cycle
life plots. For cycle life, current density of 0.2 A/g is chosen [149], [150].

2.6.8.3

Electrochemical Impedance Spectroscopy (EIS)

EIS applies an AC voltage signal to the cell at different frequencies and measures the resulting
current. One can use EIS to determine the impedance of the battery, where different components,
processes, and interfaces operate at their own unique time constants (time constants can be
separated in frequency domain) [151]. The frequency for the Zn-MnO2 battery is within 1 MHz –
10 mHz range with a small voltage amplitude of 5 mV [149], [150], [152].
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Chapter 3: Preparation of Lignin-Based Fibers for Electroless Copper Plating

3.1

Introduction

This chapter investigates the fiber formation of hardwood organosolv lignin. Due to the limited
supply of lignin, we start by optimizing batch named 69 BCP; then move on to batch 157 BCP
for next steps (i.e., thermal stabilization and electroless plating). The initial optimization of 69
BCP is to generate fibers with the smallest diameters/highest surface-to-volume ratio. After
optimization of fiber diameter, palladium (II) acetylacetonate is added to the electrospinning
solution. Recall that palladium metal is the catalyst for electroless copper plating (see section
1.4.2.1.1). Following the addition of palladium (II) acetylacetonate, fibers are thermally
stabilized. Fibers are analyzed and characterized with various techniques, such as SEM, TGA,
EDS, FTIR, XRD, and XPS.

3.2

3.2.1

Lignin Fiber Diameter Optimization

Design of Experiments (DoE) for Diameter Optimization of 69 BCP

One of the most significant factors in fiber formation and diameter is viscosity of the polymer
solution [133]. Viscosity is directly proportional to polymer concentration and molecular weight
(MW) of the polymer [83], [87]. Here, the influence of the following three parameters is studied
for the case of hardwood organosolv lignin: (a) MW of plasticizer (poly (ethylene oxide) - PEO),
(b) lignin: plasticizer ratio, and (c) solid content. Table 3.1 illustrates the design of experiments
(DoE) for the study on the 69 BCP batch.
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Table 3.1 DoE for optimization of 69 BCP lignin. * The references had MW close to either 900 k or 4 M and
same lignin: PEO ratio and solid content. The MW values in this thesis were chosen due to their availability
in our lab. The control samples, denoted by C, provide a systematic approach to optimization.

𝐷𝑀𝐹

Solvent
900 𝑘

MW of PEO (g/mol)

4𝑀

95 ∶ 5

Lignin: PEO

99 ∶ 1

95 ∶ 5

99 ∶ 1

Solid content (wt%)

30

40

30

40

30

40

30

40

Experiment

1

2

3

4

5

6

7

8

Inspired by ref*

[129],
[130]
600 k

C

[101]
900 k

[129],
[130]
600 k

[131]
2M

C

[87],
[132]
1M

C

Figure 3.1 shows the morphology of each experiment under scanning electron microscope
(SEM). From the morphology, we can see that experiments 2, 5, 6, and 8 do not produce fibers.
Recall that fibers have an aspect ratio of 1000:1 (see section 1.4). In experiment 7, fibers are
fused together, reducing the surface-to-volume ratio. Thus, experiments 1, 3, and 4 are top
choices for further experimentation with the 157 BCP batch of lignin.

None of the top choices form bead-less fibers. In electrospinning, complete stretch of
macromolecular chains is induced by a strong elongational flow, which produces bead-less
fibers. Therefore, beads-on-a-string is a result of impaired coil-stretch transition of the
macromolecules. The string between the beads is still stabilized (and stretched) by the
elongational flow [153]–[155].
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Figure 3.1 69 BCP optimization. (a) 30-95-5-900k. (b) 40-95-5-900k. (c) 30-99-1-900k. (d) 40-99-1-900k. (e) 3095-5-4M. (f) 40-95-5-4M. (g) 30-99-1-4M. (h) 40-99-1-4M.
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As expected, higher concentration (40 wt% - experiment 4) results in larger average diameter
(2.77 ± 1.81 µm) [83], [87], [130]. Experiment 1, 30-95-5-900k, has the smallest diameter (1.24
± 0.46 µm). Experiment 3, 30-99-1-900k, lands in the middle with a diameter of 1.29 ± 0.69 µm.
In bead-less fibers, larger PEO amounts has been shown to produce larger diameters [130],
[154]. However, in beads-on-a-string cases, larger PEO amounts can result in reduction of
average diameter (not just string/fiber diameter), which is similar to our observations [154],
[156].

3.2.2

Diameter Optimization of 157 BCP

Now, we can move on to the 157 BCP batch given the top 3 choices of 69 BCP. Figure 3.2
demonstrates that 30-95-5-900k and 30-99-1-900k samples have enormous droplets, which
influence the diameter size significantly. Hence, the only choice left is 40-99-1-900k.

40-99-1-900k has an average diameter of 2.29 ± 1.12 µm. It is evident that the high
concentration solution works best for 157 BCP. Since every parameter besides the lignin batch is
the same between 69 and 157 BCP samples, the need for higher concentration in 157 BCP’s case
is likely due to its lower MW. Polymer chain entanglement occurs above a certain threshold
concentration. This entanglement is required for fiber formation. Furthermore, MW is
proportional to polymer chain entanglement [83]. Therefore, for low MW polymers,
entanglement formation, and thus fiber formation is difficult. If concentration is increased,
entanglement increases, and fibers form, as is the case for the 157 BCP lignin [130], [157].
ABC3D has kindly confirmed that 157 BCP has lower MW compared to 69 BCP.
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Figure 3.2 157 BCP optimization. (a) 30-95-5-900k. (b) 30-99-1-900k. (c) 40-99-1-900k.

3.2.3

Addition of Palladium (II) Acetylacetonate (Pd(acac)2)

Given the optimized fibers of the 157 BCP batch, palladium (II) acetylacetonate (Pd(acac)2) can
be added to the electrospinning solution to form multifunctional fibers. Recall that Pd(acac)2 is
used as a catalyst precursor (see section 1.4.2.1.1); with palladium (Pd) metal – Pd (0) – being
the actual catalyst for the electroless copper plating.

Figure 3.3 shows the optimized 157 BCP after the addition of Pd(acac)2. The average diameter of
the 40-99-1-900k-Pd(acac)2 sample is 1.24 ± 1.59 µm, which is less than the case without
Pd(acac)2. This is likely due to the added conductivity of Pd, since the concentration is the same
as before [83].
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Figure 3.3 157BCP-40-99-1-900k after addition of Pd(acac)2.

3.3

Thermal Stabilization (Thermostabilization) of Lignin Fibers

The guaiacyl structure (G unit) in lignin, with open positions on the aromatic ring, allows for
cross-linking during thermal stabilization [158]. Cross-linked polymers have a wide range of
properties, most importantly for this work are resistances to electroless plating solution and
solvent in the MnO2 paste (see sections 4.2 and 5.2) [159], [160]. As shown in Figure 4.1, when
157 BCP lignin is not cross-linked properly, it will dissolve in the plating solution. Thermal
stabilization helps prevent this effect. Another important influence of thermal stabilization
(temperatures as low as 180 °C for ~ 2 hours) is the conversion/decomposition of Pd(acac)2 to Pd
metal to act as plating catalyst [161], [162] (confirmed with XPS in section 3.3.5).
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3.3.1

Thermogravimetric Analysis of Lignin

For thermal stabilization, 3 parameters are usually studied: heating rate, hold time, and final
temperature; with final temperature having the most significant influence [158]. For this thesis,
only the final temperature is investigated. For lignin, thermal stabilization is usually between 200
– 280 °C [98]. The decomposition temperature of Pd(acac)2 is 300 °C [163]; with the lowest
temperature at which decomposition can be observed being 180 °C [162]. Therefore, from
literature, 200 °C seems to be a suitable starting temperature [98], [162], [163]. Furthermore,
thermogravimetric analysis (TGA) is performed to confirm that 200 °C is below the degradation
temperature of lignin samples (Figure 3.4). The extrapolated onset temperatures – temperature at
which thermal degradation, decomposition, and mass loss begins [136], [164], [165] – for
without and with Pd(acac)2 samples are 228.4 and 232.8 °C, respectively. In addition, a mass
drop is observed between 100 – 220 °C for the sample with Pd(acac)2, which is due to the
conversion of Pd(acac)2 to Pd metal [72]. It should be noted that TGA was performed at 10
K/min, while thermal stabilization is to be performed at 1 K/min. We expect the degradation
temperature to be lower for 1 K/min case [166] (possibly below 200 °C); but based on initial
TGA results, 200 °C is selected as the starting point.
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Figure 3.4 TGA of 157BCP-40-99-1 with and without Pd(acac)2 at 10 K/min. Inset is zoomed in between 210 –
260 °C.

SEM results (Figure 3.5) show that at 200 °C, fibers fuse together and the surface-to-volume
ratio is consequently reduced. Therefore, temperature is lowered to 175 °C, where fiber fusion is
still evident. The temperature is then lowered to 150 °C, where no fiber fusion is observed;
however, cross-linking needs to be confirmed. The easiest method of examining cross-linking is
by putting the lignin samples in the electroless plating solution, which is an alkaline solution (see
section 1.4.2.1). As illustrated in Figure 4.1, the 150 °C sample dissolves in the solution within a
few minutes; thus, it was not properly stabilized. Due to the low surface-to-volume ratio of 200
°C sample, 175 °C is chosen for electroless plating. Following sections further examine the
thermostability of 150, 175, and 200 °C samples and emergence of Pd metal.
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Figure 3.5 Thermal stabilization of 157BCP-40-99-1-with-Pd(acac)2 at (a) 200 °C. (b) 175 °C. (c) 150 °C.

3.3.2

Energy Dispersive Spectroscopy of Thermostabilized Lignin

Figure 3.6 shows the energy dispersive spectroscopy (EDS) analysis of the 175 and 200 °C
samples. Palladium can be detected by spot analysis (~ 0.02 wt% of Pd in fibers is just above
EDS’s detection limit of 0.01 wt% [137]). Spot analysis (Table 3.2) demonstrates that more Pd is
detected at higher temperature (XPS also confirms this; see section 3.3.5) [161]. In the EDS
spectrum, carbon content is higher for 175 compared to 200 °C. This is likely due to cleavage of
bonds at higher temperature (see section 3.3.3 for FTIR analysis with similar conclusion) [87].
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Figure 3.6 EDS of 175 and 200 °C thermostabilized lignin. (a) spectrum. (b) elemental mapping of 175 °C
cross section. (c) elemental mapping of 200 °C cross section. C_Kα and O_Kα values are from ref. [167], [168].
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Table 3.2 EDS elemental mass % of 175 and 200 °C thermostabilized lignin.

3.3.3

Element

175 °C Mass %

200 °C Mass %

Carbon

56.33

56.03

Oxygen

32.42

26.82

Palladium

11.25

17.16

Fourier Transform Infrared Spectroscopy of Thermostabilized Lignin

Fourier transform infrared spectroscopy (FTIR) uncovers the changes in chemical structure of
lignin stabilized at different temperatures. The band assignments are numbered in Figure 3.7 and
listed in Table 3.3. A reduction in absorbance for the 200 °C sample is seen between 1000 –
1600 cm-1 (see Appendix B for normalized values and overlaid plot of the 3 different
temperatures). In this range, peaks at 1030, 1217, and 1265 cm-1 indicate C‒O stretch and
deformation of methoxyl group; hence, cleavage of methoxyl group at C3 position is probable
for the 200 °C sample [87]. The reduction of carbonyl groups – 1593 cm-1 peak for 200 °C and
1659, 1700, and 1711 cm-1 peaks for both 175 and 200 °C samples – is also an indication of
stabilization. The change in aromatic C‒H stretch (854 cm-1 peak) is indicative of cross-linking at
C5 position of G units [169]. Removal of phenolic or alcoholic groups is shown by reduction of
absorbance at 3411 cm-1 for both 175 and 200 °C samples. Methyl groups (2920 and 2852 cm-1
peaks) are likely cleaved in the 175 °C sample [170]. In general, the peaks in region between
1000 – 1600 cm-1 are larger for 175 °C, compared to the 200 °C sample. Considering the 150 °C
sample as the baseline, the change in carbon content at different temperatures implies that the
bands are probably first stretched (larger peaks at 175 °C compared to 150 °C); followed by
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Figure 3.7 FTIR spectrum of thermostabilized lignin at different temperatures. (a) full spectrum. (b) 1800 –
800 cm-1 range, normalized based on peak 6 (the first aromatic vibration peak) – see Appendix B for exact
normalized values.
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Table 3.3 FTIR band assignments for organosolv lignin [100], [111], [171].

Band/signal assignment

Peak
Num
Wavenumber on
(cm-1)
plot

O‒H stretch

3411

1

C‒H stretch in ‒CH3 and ‒CH2‒

2920

2

C‒H vibration of methyl group of methoxyl

2852

3

1700, 1711

4

1659

5

1593

6

Aromatic skeletal vibrations (G > S)

1508

7

C‒H deformation; asymmetric in ‒CH3 and ‒CH2‒

1456

8

Aromatic ring vibrations of phenyl-propane (C9) skeletal combined
with C‒H in-plane deformation

1421

9

Aliphatic C‒H stretch in CH3, not in OCH3; phenolic OH

1369

10

S ring plus condensed G ring

1327

11

C=O stretch; C‒O stretch in G aromatic methoxyl groups

1265

12

C‒C stretch; C‒O stretch; C=O stretch; G condensed > G etherified

1217

13

Aromatic C‒H in plane deformation (typical for S units); secondary
alcohols; C=O stretch
Aromatic C‒H in plane deformation; C‒O deformation in primary
alcohols; C=O stretch (unconjugated)

1122

14

1030

15

C‒H out-of-plane deformation in G units

~ 854

16

C‒H out-of-plane deformation in S and H units

~ 829

17

C=O stretch in unconjugated ketones, carbonyls and in ester groups;
conjugated aldehydes and carboxylic acids
C=O stretch; in conjugated p-substituent aryl ketones; conjugated
carbonyl and carboxyl; absorbed OH
Aromatic skeletal vibrations (S > G); C=O stretch; G condensed > G
etherified

cleavage and rearrangement of structure (smaller peaks at 200 °C compared to 175 °C) [87],
[170]. Note that the 150 °C sample does not show stretching or cleavage of bands, as seen for the
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175 and 200 °C samples, respectively. This further confirms that the 150 °C sample is not
stabilized.

3.3.4

X-ray Diffraction of Thermostabilized Lignin

X-ray diffraction (XRD) characterizes the micro and crystal structure of thermostabilized lignin
(Figure 3.8 and Table 3.4). A broad peak at around 22° (related to the (002) crystallographic
plane of disordered carbon [87]) is observed for all 3 temperatures. The lack of well-defined
(sharp) peaks indicates an amorphous structure; however, the slight sharpening of the peak as
well as reduction in interplanar spacing at higher temperatures show rearrangement of structure
[87], [170], [172]. Additionally, a small peak is visible at around 40° for the 200 °C sample,
which can be from Pd metal [161]. XPS characterization further confirms the existence of Pd
metal (section 3.3.5).

Table 3.4 Interplanar parameters of XRD plots of thermostabilized lignin at different temperatures.

Temperature

2 θ (°)

d-spacing (nm)

150 °C

21.0265

0.4222

175 °C

21.2816

0.4172

200 °C

21.3665

0.4155
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Figure 3.8 XRD of thermostabilized lignin at different temperatures.

3.3.5

X-ray Photoelectron Spectroscopy of Thermostabilized Lignin

X-ray photoelectron spectroscopy (XPS) can illustrate whether Pd metal has formed during the
thermostabilization process. The dominant peak around 334.1 eV – assigned to Pd (0) [173]–
[175] – shows that the reduction from Pd (II) to Pd (0) has occurred (Figure 3.9) [161].
Therefore, the catalyst for electroless plating is produced. Interestingly, XPS results agree with
the FTIR observation of an increase in carbon content at 175 °C and a decrease at 200 °C [87].
Additionally, XPS confirms the EDS result of higher Pd at higher temperatures [161]. In general,
Pd (0) has been created and the fibers are ready to be plated.
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Figure 3.9 XPS of thermostabilized lignin at different temperatures. (a) survey scan. (b) Pd 3d narrow scan.
O 1s, C 1s, Pd 3d values were provided by 4D LABS and confirmed through ref. [173]–[175].
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3.4

Concluding Remarks

In this chapter, the preparation of lignin samples for electroless plating has been described.
Hardwood organosolv lignin is specifically chosen due to its preferred spinnability. Electrospun
lignin fiber diameter is initially optimized by varying MW of plasticizer, lignin: plasticizer ratio,
and solid content. Once an optimized recipe is identified, Pd(acac)2 is added to the
electrospinning solution as the catalyst precursor.

The samples are then thermostabilized to ensure (1) cross-linking, and (2) conversion of Pd (II)
to Pd (0) have occurred. A series of characterization methods (e.g., EDS, FTIR, XRD, and XPS)
are used to access the thermostability of the lignin fibers. Through characterization similar
conclusions can be drawn that (1) more Pd (0) is generated at higher temperatures, and (2)
carbon content initially increases then reduces due to stretching and cleavage, as temperature is
raised. The 175 °C sample is chosen as the substrate for electroless plating and MnO2 deposition
in the following chapters due to its high surface-to-volume ratio. From FTIR results and the
behavior of samples in the plating solution, one can conclude that the 200 °C sample is the most
stabilized, while the 150 °C sample is not stabilized. The 175 °C sample is somewhat more
stabilized than the 150 °C sample; however, further investigation into its stability in the plating
solution is required.
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Chapter 4: Electroless Copper Plating Optimization Based on Electrical
Conductivity Measurements

4.1

Introduction

In Chapter 4, stability of lignin electrospun fibers is first examined in the plating solution. As
discussed in Chapter 3, the 175 °C lignin sample may not be chemically stable, thus the
electroless copper plating solution is designed to accommodate any instabilities by varying the
reducing agent (i.e., formaldehyde) amounts, sonication time, and plating time. The optimization
ensures that the 175 °C lignin does not dissolve in solution and meets the target values of
electrical conductivity (denoted as conductivity henceforth) and sheet resistance. The copper
plated fibers are characterized using SEM, EDS, XRD, and XPS to provide insight into the
existence of copper.

4.2

Examining Thermostability of Lignin Fibers in Electroless Plating Solution

The 150 and 175 °C samples are put in separate vials, plating solution with the recipe in section
2.4 is poured over each sample, and 0.075 mL of formaldehyde per 15 mL of solution (0.005
mL/mL solution) – as suggested by ref. [72] – is lastly added to each vial. Figure 4.1 shows that
the 150 °C sample starts to dissolve in the plating solution within only 3 minutes, confirming its
instability, as discussed in section 3.3.3. The 175 °C sample, on the other hand, does not dissolve
or change the colour of the solution, unless left in solution for a while (e.g., 2.5 hrs). Therefore,
the plating solution is modified to certify that 175 °C lignin does not dissolve and is plated.
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Figure 4.1 Stability of thermostabilized samples with 0.005 mL formaldehyde per mL of solution. (a) 150 °C.
(b) 175 °C (after only 3 minutes in the solution).

4.3

Electroless Plating Solution Optimization of Conductivity

As discussed in section 1.1.2.2, for current collectors, high conductivity is a prerequisite. For this
thesis, we will target conductivity of at least 575 S/cm and sheet resistance below 0.33 Ω/◻, as
described in Table 1.1.

In general, longer plating time increases the thickness of the deposited metal and decreases the
sheet resistance. Additionally, higher rate of deposition has been shown to decrease the sheet
resistance [176]. In the following sections, the influence of deposition rate and plating time are
further discussed.
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4.3.1

Formaldehyde Amount and Ultrasonication

The recipe of the bath is described in section 2.4. The formaldehyde amount of 0.005 mL/mL of
solution is suggested by ref. [72]. However, such bath solution results in undetectable (very high)
sheet resistance and dissolves the 175 °C lignin after 2.5 hrs. Therefore, the experiments in Table
4.1 are designed to help achieve detectable and high conductivity, while avoiding the dissolution
of samples. This optimization is achieved by varying the formaldehyde amounts and sonication
time.

From Table 4.1, one can notice that higher amounts of formaldehyde greatly enhance the
conductivity. Higher formaldehyde amounts have been shown to increase the speed of the
reaction [177]. However, beyond a certain point (0.03 mL/mL of solution) – given an initial pH
and CuSO4·5H2O amount – an increase in formaldehyde amount, decreases the rate due to lower
spontaneity [178]. Recall, from section 1.4.2.1, that higher pH is desirable for more
thermodynamically favorable (spontaneous) plating. Therefore, the lower pH and spontaneity
lower the rate of reaction [117], [178], while providing a pH that does not dissolve the 175 °C
sample. The pH of 0.05 mL formaldehyde per mL of solution and 5-min sonicated sample drops
from 13.2 to 13.0 after the addition of formaldehyde (lignin completely dissolves in solutions
with pH > 13 [156]) .

Ultrasonication is performed to increase the number of anchor sites and improve adhesion of
copper [179], [180], resulting in lower resistivity [181]. This effect can be seen from Table 4.1,
for 0.05 mL of formaldehyde per mL of solution, where higher sonication time results in higher
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conductivity. However, at 10 minutes of sonication, the instability of 175 °C starts to cause
issues (visible change in solution colour – from dark blue to brown).

Table 4.1 Electroless plating optimization based on formaldehyde amount and sonication time. Total plating
time is 2.5 hours for all samples. The units are in Ω/◻ (S/cm). The control samples, denoted by C, provide a
systematic approach to conductivity optimization.

Formaldehyde
0.005 mL/mL
solution
0.025 mL/mL
solution
0.05 mL/mL
solution
Ref supporting
sonication time

No
sonication

5 – min
sonication

10 – min
sonication

Ref supporting
formaldehyde
amounts

-

-

14.41 ± 0.002
(3.30 ± 0.43)

[72]

-

[182] 0.02 mL/
mL of solution

-

C

0.30 ± 8.65E −5
(203.17 ± 0.19)

11281.5 ± 0.02
(0.01 ± 0.17)
0.10 ± 0.05
(596.34 ± 0.69)

[72]

[179]

-

[180]

From Table 4.1, one can choose 0.05 mL of formaldehyde per mL of solution and 5-minute
sonication as the optimal case. This combination meets both target values (above 575 S/cm and
below 0.33 Ω/◻).

4.3.2

Plating Time

As mentioned earlier, longer plating time decreases resistivity (and increases the conductivity),
due to the added thickness of deposited copper [176]. Table 4.2 and Figure 4.2 illustrate the
pattern of higher conductivity for longer plating time. Electroless plating of copper with a similar
recipe as this thesis (but with lower formaldehyde amounts) can take up to 2 hrs [182], [183].
However, due to the lower rate of reaction, we are not able to meet the target values after 2 hrs of
plating; thus, the plating process is continued for another 30 minutes for a total of 2.5 hrs.
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Table 4.2 Conductivity and sheet resistance of optimized sample (5-min sonication and 0.05 mL/mL solution
of formaldehyde) for different plating times.
𝑆

Ω

Plating Time

Conductivity (𝑐𝑚)

Sheet Resistance (◻)

30 mins

-

-

1 hr

-

-

1.5 hrs

34.61 ± 0.29

2.21 ± 0.06

2 hrs

187.77 ± 0.12

0.39 ± 0.003

2.5 hrs

596.34 ± 0.69

0.10 ± 0.05

Figure 4.2 Conductivity of lignin samples over time in optimized plating solution (5-min sonication and 0.05
mL/mL solution of formaldehyde).
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The SEM (BSE) images can help with understanding the sharp increase in conductivity with
respect to plating time. As seen in Figure 4.3, after 2.5 hrs, the sample is fully covered with
copper. However, at 30 mins, there is barely any copper detected; thus, zero conductivity. At 1.5
hrs, there are portions of the samples that are not fully covered, resulting in low conductivity. As
one can expect, the discontinuity in samples results in electrons having to travel a longer distance
through the portions that are covered by copper, hence the lower conductivity [184], [185] (see
section 4.4.1 for confirmation of existence of copper).

Figure 4.3 SEM (BSE) images of copper plated 175 °C lignin after different plating times (5-min sonication
and 0.05 mL/mL solution of formaldehyde): (a) 30 mins. (b) 1.5 hrs. (c) 2.5 hrs.
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4.4

Confirmation of Copper Deposition

The following sections provide insight into the existence of copper on plated samples. EDS,
XRD, and XPS all confirm the existence of copper metal. XRD and XPS distinguish different
oxidized copper types as well.

4.4.1

Energy Dispersive Spectroscopy of Plated 175 °C Lignin

Figure 4.4 indicates the EDS copper mapping on the plated 175 °C lignin fibers, confirming that
not much copper is visible on the 30 mins sample, 1.5 hrs sample is not fully plated, and 2.5 hrs
sample is fully covered with copper.

Figure 4.4 EDS mapping of copper plated on 175 °C lignin after different plating times (5-min sonication and
0.05 mL/mL solution of formaldehyde): (a) 30 mins. (b) 1.5 hrs. (c) 2.5 hrs.
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As for cross-section of plated fibers, Figure 4.5 demonstrates that the surface of the sample is
plated with copper; but copper is detected throughout the thickness of the plated lignin as well
(about 34.11 mass % in the middle). Table 4.3 shows the mass percentage of each element,
excluding the gold coating.

Figure 4.5 EDS of copper plated 175 °C lignin. (a) spectrum on the surface. (b) elemental mapping of the
cross section. C_Kα, O_Kα, Cu_Lα, Au_M, Cu_Kα, Cu_Kβ, Au_Lα values are from ref. [167], [168], [186].
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Table 4.3 EDS elemental mass % on the surface of copper plated 175 °C lignin.

Element

4.4.2

Carbon

Plated lignin (2.5 hrs, 5 min sonication, 0.05
mL/mL solution of formaldehyde) Mass %
6.41

Oxygen

0.91

Copper

92.69

X-ray Diffraction of Plated 175 °C Lignin

Figure 4.6 validates the copper deposition by XRD peaks at 43.4, 50.5, and 74.2° [187]. The first
peak at around 22° corresponds to (002) plane of disordered carbon and is the same peak as seen
in section 3.3.4 for 175 °C lignin [87]. The other peaks are from copper (I) oxide at 36.6 and
61.8° [188].

Figure 4.6 XRD of plated 175 °C lignin.
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4.4.3

X-ray Photoelectron Spectroscopy of Plated 175 °C Lignin

XPS is a complementary characterization method to XRD [189]. Together, we can see how and
if copper has oxidized. In XRD, CuO peaks are not detected, possibly due to their low
concentration. In XPS, however, Cu, CuO, and Cu2O peaks are visible (Figure 4.7).

The Cu-2p narrow scan illustrates that Cu (0) and Cu (I) lie on top of each other, with peaks at
931.3 and 951.2 eV [188], [190], [191]. The O-1s narrow scan helps confirm that Cu (I) is, in
fact, present on the sample (peak at 530.3 eV [192]). The Cu-2p peaks of Cu (II) are located at
933.6 and 953.5 eV with weak satellite peaks around 941.6 (doublet) and 961.5 eV [188], [193],
[194]. Finally, the O-1s peak of Cu (II) is at 529.6 eV [193].
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Figure 4.7 XPS of plated 175 °C lignin. (a) Cu 2p narrow scan. (b) O 1s narrow scan. Cu 2p, and O 1s values
were provided by 4D LABS and confirmed through ref. [188], [190]–[194].

4.5

Concluding Remarks

In this chapter, an electroless plating solution optimization is presented to complement the
unstable nature of the 175 °C lignin sample. The key to such solution is to lower pH to around 13
to avoid dissolution of lignin fibers. The deposition of copper is confirmed through conductivity
measurements, EDS, XRD, and XPS. XRD can distinguish between Cu metal and Cu2O, while
XPS differentiates Cu2O and CuO.

In the next chapter, the plated lignin will be brush-coated with an MnO2 paste to create the
working electrode. Table 4.4 shows how the lignin-based current collector compares to carbon
paper and carbon cloth current collectors, which are commonly used in Zn-MnO2 batteries [22],
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[23], [52], [134], [135], [146], [195], [196]. Additionally, as a control sample for the plating
process, the same process (5 min sonication, 0.05 mL/mL solution of formaldehyde, and 2.5 hrs)
was repeated for PAN-co-MA [72]. Note that plating process as described by ref. [72] (no
sonication, 0.005 mL/mL solution of formaldehyde, and 8 minutes of plating time) resulted in
non-conductive PAN-co-MA samples.

Table 4.4 Comparison of conductivity/sheet resistance of current collectors.

Sample

Conductivity (

𝑆

𝑐𝑚

)

𝛺

Sheet resistance ( )
◻

Carbon paper

193.85 ± 0.05

0.12 ± 0.05

Carbon cloth

25.50 ± 0.49

1.55 ± 0.24

Copper plated lignin

596.34 ± 0.69

0.10 ± 0.05

Copper plated PAN-co-MA

263.57 ± 0.39

0.23 ± 0.15
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Chapter 5: Deposition of MnO2 on Copper Plated Lignin and Electrochemical
Performance of the Lignin-based Zn-MnO2 Battery

5.1

Introduction

In this chapter, morphology, chemical composition, and crystal structure of the deposited MnO2
on copper plated lignin is analyzed through SEM, EDS, XRD, and XPS. Then, the lignin-based
MnO2 electrode is assembled within a Zn-MnO2 battery, and the electrochemical performance is
analyzed and compared to carbon paper.

5.2

Deposited MnO2 on Plated 175 °C Lignin

Before the MnO2 electrode can be electrochemically analyzed, one needs to ensure that MnO2 is
successfully deposited on the plated lignin. Furthermore, the crystal structure of MnO2 influences
its electrochemical performance; for example, β-MnO2’s specific capacity is lowest compared to
α, γ, and δ-MnO2 [197]. The smaller capacity is due to β-MnO2’s inability to incorporate zinc
ions well, because of its narrow tunnels [24]. In this work, however, the objective is to analyze
the current collector. Thus, the electrochemical performance of lignin-based current collector is
to be compared to the currently used carbon paper (lower sheet resistance compared to carbon
cloth, see Table 4.4) [22], [135], [196], given the same MnO2 paste (recipe in section 2.5).

Figure 5.1 shows the morphology of the deposited MnO2 under SEM. The cross section shows
that the lignin fibers have collapsed onto each other (see Figure 5.2 for elemental EDS mapping),
confirming again that the 175 °C sample is not structurally stable.
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Figure 5.1 SEM of deposited MnO2 on plated 175 °C lignin. (a) surface. (b) cross section.
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5.2.1

Energy Dispersive Spectroscopy of the Deposited MnO2 on Plated 175 °C Lignin

Figure 5.2 reveals the different layers of the MnO2 electrode, consisting of lignin, the copper
plating, and the active material (MnO2). Given the carbon black content in the MnO2 paste, one
can expect to have carbon mapping throughout the sample. Table 5.1 demonstrates the mass
percentage of each element, excluding the gold coating. Small amounts of fluorine is from
PVDF, which acts as a binder in MnO2 paste [134], [135].

Table 5.1 EDS elemental mass % on the surface of deposited MnO2 on copper plated 175 °C lignin.

Element

Deposited MnO2 Mass %

Carbon

14.76

Oxygen

10.64

Manganese

68.99

Fluorine

5.60
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Figure 5.2 EDS of deposited MnO2 on copper plated 175 °C lignin. (a) elemental mapping of the cross section.
(b) spectrum on the MnO2 surface. C_Kα, O_Kα, Au_M, Mn_Kα, Mn_Kβ, Au_Lα values are from ref. [167],
[168], [186].

5.2.2

X-ray Diffraction of the Deposited MnO2 on Plated 175 °C Lignin

Figure 5.3 confirms the crystal structure of the deposited MnO2. With peaks at around 28.9, 37.5,
56.8, and 72.4°, one can conclude that the crystal structure is β-MnO2 [197], [198]. The other
peaks belong to carbon black at around 24.2 and 42.6°, corresponding to (002) and (100)
graphitic planes, respectively [199], [200].
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Figure 5.3 XRD of deposited MnO2 on plated 175 °C lignin.

5.2.3

X-ray Photoelectron Spectroscopy of the Deposited MnO2 on Plated 175 °C Lignin

Manganese has six stable oxidation states (0, II, III, IV, VI, and VIII); three of which have
multiplet splitting (II, III, and IV) and overlapping binding energies. As one can imagine, these
properties of Mn make it difficult to perform XPS analysis [201]. Here, we start by comparing
the XPS result to β-MnO2, as suggested by XRD. The peaks at 642 and 653.8 eV are ascribed to
Mn+4 [202]–[204] and the unsmooth curvature is due to the multiplet splitting (642.7 eV) [201].

The O-1s peaks are from O-2 (529.5 eV), OH- (531.2 eV), and H2O (532.8 eV) bonds,
corresponding to lattice, adsorbed, and hydrated/carbonated oxygen species, respectively [148],
[205]–[208] (Figure 5.4). Hence, MnO2 is present on the sample.
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Figure 5.4 XPS of deposited MnO2 on copper plated 175 °C lignin. (a) Mn 2p narrow scan. (b) O 1s narrow
scan. Mn 2p, and O 1s values were provided by 4D LABS and confirmed through ref. [148], [202]–[206].
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5.3

Electrochemical Performance of the Lignin-based Zn-MnO2 Battery

In this section, the electrochemical performance of the battery is tested. Zinc foil is used as the
counter electrode. Lignin current collector or carbon paper (control sample) brush-coated with βMnO2 are used as the working electrode. The electrolyte is made from 2 M ZnSO4 and 0.2 M
MnSO4 [144]. The cell is assembled in a beaker to perform the following preliminary tests. This
2-electrode setup will allow for the study of capacity, Coulombic efficiency, cycling
performance, and rate capability [209].

Lignin-based and carbon paper-based electrodes have a mass loading of about 2.39 ± 0.06 and
2.21 ± 0.19 mg/cm2, respectively (MnO2 mass per surface area of the current collector).
Thickness and density of the MnO2 layer on the lignin-based current collector are about 36.53 ±
8.78 µm and 0.31 ± 0.06 g/cm3, respectively. The thickness and density of the MnO2 layer on the
carbon paper are 28.72 ± 2.54 µm and 0.05 ± 0.19 g/cm3, respectively. The density is calculated
based on the mass of active material, the surface area and thickness of the entire current
collector. Compared to literature, the mass loading is slightly higher [22], [24], [149], [150],
[210] and density is lower [8], [211]. For the following sections, battery with lignin-based
current collector is simply denoted as lignin battery and the battery with carbon paper current
collector is denoted as carbon paper battery.

5.3.1

Cyclic Voltammetry (CV)

Figure 5.5 presents the cyclic voltammograms (CV) of the assembled batteries at 0.1 mV/s scan
rate within 1 – 1.8 V range [24], [146], [147], [212]. Two pairs of redox peaks are visible around
1.58/1.38 V and 1.56/1.20 V for the lignin battery, and 1.60/1.36 V and 1.56/1.25 V for the
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carbon paper one. The two-step reduction peaks (1.38 and 1.2 V) correspond to insertion of H+
and Zn+2 into the MnO2 host, respectively, causing the reduction of Mn+4 to Mn+3. The oxidation
peaks (1.58 and 1.56 V) correspond to extraction of the H+ and Zn+2 species [144], [147], [213].
The polarization – ΔV or loss or peak separation – of the two current collector indicates better
kinetics/reversibility for H+ insertion/extraction in lignin and better reversibility for Zn+2
insertion/extraction in the carbon paper current collector [22], [146], [214].

Figure 5.5 CV curves of lignin and carbon paper batteries at scan rate of 0.1 mV/s.

The difference between peak currents can be ascribed to the slower transfer of electrons in the
lignin battery [215]. This slower electron transfer can be linked to electrode surface kinetics (i.e.,
charge transfer) (See section 5.3.6 for further information on polarization).
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5.3.2

Galvanostatic Charge – Discharge (GCD)

Figure 5.6 presents the relationship between voltage and specific capacity at current density of
0.1 A/g (per mass of active MnO2) [54], [146], [216]. There are two tilting discharge plateaus at
around ~ 1.2 and 1.38 V; consistent with the CV results [22], [24], [149].

Figure 5.6 GCD curves of lignin and carbon paper batteries at current density of 0.1 A/g (per active MnO2).

The smaller specific capacity of the lignin battery can be related to its higher polarization [217],
[218], consistent with the CV results (see section 5.3.6 for more information). Despite the higher
polarization, the lignin current collector still has a capacity (18.17 mAh/g - per mass of active
MnO2) very close to the carbon paper (25.19 mAh/g - per mass of active MnO2).
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5.3.3

Rate Capability

Figure 5.7 Rate capabilities of (a) lignin battery. (b) carbon paper battery. Current densities are chosen based
on ref. [149], [212] and are based on mass of active MnO2.

68

Rate capability is an indication of battery polarization at high current. Higher loss and
polarization corresponds to lower capacity [217], [218]. In literature, rate capability is presented
in terms of capacity [22], [24], [135], [144], [204], [212], [219].

Figure 5.7 illustrates the rate capabilities of lignin and carbon paper batteries. Due to the higher
polarization (smaller capacity) of the lignin current collector, its rate capability is lower than the
carbon paper [218] (taking specific capacities at 1 A/g as the baseline).

5.3.4

Cycle Life

Cycle life (cycling performance/stability) is the number of charge/discharge cycles before the
battery’s capacity drops to about 80% of its initial value [220]–[222]. In literature, cycling
performance is reported as the specific capacity vs. cycles [24], [144], [149], [150].

Cycling performance for the two current collectors is depicted in Figure 5.8 at 200 mA/g (per
mass of active MnO2) [144], [149], [150]. As described before in section 5.3.2, the initial
capacity of the lignin current collector is lower due to its higher polarization; however, it
manages to retain 94.4% of its initial capacity (14.27 mAh/g - per mass of active MnO2) over
1400 cycles.
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Figure 5.8 Cycling performance of (a) lignin battery. (b) carbon paper battery. at 200 mA/g (per active
MnO2).
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Interestingly, the carbon paper battery loses its capacity rapidly, with about 39.9% capacity
retention over 1400 cycles. Carbon paper battery reaches 80% retention in only 60 cycles. The
cycling stability of carbon paper is, therefore, far lower than the lignin battery.

5.3.5

Electrochemical Impedance Spectroscopy (EIS)

Figure 5.9 depicts the EIS results of the two batteries. Figure 5.10 shows the equivalent circuit
chosen to fit the data in Figure 5.9 [151], [152], [197]. Rb is the bulk resistance – resistance from
current collector, electrolyte solution, electrode active materials, and the binder. The two parallel
RQ components are illustrated by the two semi-circles. R1 and R2 are related to electrode/
electrolyte interface and charge transfer; however, their exact origin is under investigation [151].
Q1 and Q2, named constant phase element, are associated with non-ideal double-layer capacitors
(i.e., surface roughness, leaky capacitors, and non-uniform current distribution [223]). W, slope
of the diagonal line, is known as the Warburg impedance; indicating mass transfer and ion
diffusion rate [144], [149], [151], [152].

From fitting the equivalent circuit in Figure 5.10 to Figure 5.9’s data, one can obtain the
equivalent circuit parameters, as indicated in Table 5.2. The results in Table 5.2 confirm the
larger polarization of the lignin battery (see section 5.3.6 for more information). The EIS
difference between the two current collectors is mostly due to the interfacial, charge transfer, and
Warburg impedances [152].
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Figure 5.9 EIS of lignin and carbon paper batteries. Inset is zoomed in to about 500 Ω on the real axis.

Figure 5.10 Equivalent circuit for fitting to EIS data.
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Table 5.2 Equivalent circuit parameters.

Equivalent Circuit Parameter

Lignin

Carbon Paper

Rb [Ω]

39.65

44.28

R1 [Ω]

1000

114.4

Q1 [S·sn]

0.99 𝐸 − 6

2.07 𝐸 − 6

R2 [Ω]

3.66 𝐸 + 4

1.36 𝐸 + 3

Q2 [S·sn]

5.63 𝐸 − 6

27.31 𝐸 − 6

W [Ω·s0.5]

4.2 𝐸 + 4

2.4 𝐸 + 3

5.3.6

Source of Loss

To understand the source of the losses within the battery, one can consider the voltage measured
across a battery, which can be expressed by:

𝐸 = 𝐸𝑂𝐶 − [𝜂𝑑,𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑑,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 ] − 𝑖𝑅𝑏 − [𝜂𝑐𝑡,𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 ]

Equation 5.1

In Equation 5.1, 𝐸𝑂𝐶 is the open circuit potential, 𝜂𝑑 is the concentration (mass
transfer/diffusion) polarization, 𝑖 is the operating current, 𝑅𝑏 is the bulk/internal resistance of the
battery, and 𝜂𝑐𝑡 is the charge-transfer polarization. Thus, the three sources of loss become
concentration, ohmic (𝑖𝑅), and charge-transfer polarizations [26].

Concentration polarization is related to the mass transfer and diffusion of ions [26]. From the
dissimilar values of Warburg impedance (section 5.3.5, Table 5.2), one can conclude that the
concentration polarization is higher for the lignin battery. Additionally, 𝑅𝑏 values are very
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similar between the two batteries from the EIS results, thus a similar ohmic drop can be realized
between the batteries. The other difference between the lignin and carbon paper battery comes
from the charge-transfer polarization. Charge-transfer polarization is associated with the reaction
rate [26]. At first glance, one may think that charge-transfer polarizations should be the same
between the two batteries, due to the similar active material participating in similar reactions.
However, this first glance approach ignores the side reactions between the current collector and
the electrolyte.

A closer look at the system reveals that the lignin current collector holds copper on its back side
(side that is not brush-coated with MnO2 - Figure 5.11 and Table 5.3).

Table 5.3 EDS elemental mass % on the back of deposited MnO2 on copper plated 175 °C lignin.

Elements
Carbon

Mass % on the back of plated 175 °C lignin
brush-coated with MnO2
15.82

Copper

52.10

Manganese

19.72

Oxygen

8.18

Palladium

4.18
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Figure 5.11 EDS elemental mapping of the back side of deposited MnO2 on copper plated 175 °C lignin.

Copper can participate in side reactions with the mild aqueous electrolyte and produce H2 [224].
These corrosion and side reactions are the causes for increased polarization, lower reversibility
(of Zn+2), and smaller capacity of the lignin battery [225], [226]. In addition, Figure 5.1 and
Figure 5.2 illustrate the deposition of MnO2 only on one side of the lignin current collector;
however, MnO2 paste can penetrate between the fibers of the carbon paper (see Fig C.2);
therefore, increasing the contact surface area and reducing the bulk resistance [227]. Contrary to
the smaller expected bulk resistance for carbon paper, lignin possesses smaller bulk resistance.
This can be due to the corroded copper in the electrolyte. It should be noted that copper does not
participate in the battery reactions (no peak in CV around 1.1 V Zn2+/Zn); however, its diffusion
and charge-transfer polarizations, as well as H2 production can explain the lower reversibility
and capacity of the lignin battery.
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5.4

Concluding Remarks

This chapter covers the morphology, crystal structure, and electrochemical performance of the
MnO2 deposited on copper plated lignin. XRD and XPS confirm that the crystal structure is βMnO2.

The electrochemical tests show a larger polarization for the lignin battery as compared to the
carbon paper battery. Despite the large polarization, the lignin battery has a capacity close to
carbon paper and an excellent cycling performance. This is in agreement with the literature that
polarization does not significantly influence the cycling performance [228]. As mentioned in
section 1.1, cycle life is one of the most important factors for wearable batteries. Therefore, the
lignin current collector is a promising candidate for such wearable batteries. It should be noticed
that the performance of both batteries is far below literature (e.g., specific capacity is at least 75
mAh/g at 0.2 A/g (based on cathode) [149], [210]). Additionally, the energy density and power
density of the lignin battery are about 25.77 Wh/kg and 372.27 W/kg, respectively (per active
MnO2). For carbon paper, energy and power density are 31.08 Wh/kg and 366.19 W/kg,
respectively (per active MnO2). Thus, further improvement of batteries (e.g., bringing the two
electrodes closer [145] or changing the morphology of the current collector to allow for faster
electron transfer of the active MnO2 [134]) is crucial. However, such improvements are beyond
the scope of this thesis. Finally, the lignin current collector which was thermostabilized at 200 °C
has lower capacity and cycle life compared to both carbon paper and 175 °C lignin batteries.
This is likely due to higher copper content on the back of the 200 °C lignin current collector
(Appendix D ).

76

Chapter 6: Conclusion and Future Work

6.1

Conclusion

This research investigates the feasibility of developing a conductive current collector from lignin
for use in Zn-MnO2 wearable batteries. In particular, hardwood organosolv lignin is used as a
precursor for fabricating fibers that are later thermostabilized. Thermostabilization helps lignin to
crosslink and converts palladium (II) acetylacetonate (Pd(acac)2) to Pd metal. Pd metal is used as
a catalyst for electroless copper plating on the thermostabilized lignin fibers. The copper plated
lignin fibers are brush-coated with MnO2 paste to create the working electrode for the Zn-MnO2
battery. Finally, the electrochemical performance of the assembled battery is analyzed. The
findings of this work are summarized as follows:

The first step in this investigation is to electrospin lignin into fibers. Two different batches (69
and 157 BCP) of lignin are used. The initial optimization of 69 BCP based on molecular weight
of plasticizer, lignin: plasticizer ratio, and solid content show that 30-99-1-900k, 30-95-5-900k,
and 40-99-1-900k produce fibers with the smallest diameter (1.29 ± 0.69 µm, 1.24 ± 0.46 µm,
and 2.77 ± 1.81 µm, respectively). The switch to 157 BCP lignin refines the optimization choice
to only 40-99-1-900k, as the other two produce droplets. With the optimized recipe in hand,
Pd(acac)2 can be added to the electrospinning solution. The fibers containing Pd(acac)2 have
smaller diameters due to the added conductivity of Pd.

The second step of the investigation is thermal stabilization (thermostabilization). The results
indicate that the sample thermostabilized at 175 °C is not chemically stabilized in the electroless
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plating solution or when coated with MnO2. However, due to the higher surface-to-volume ratio
(smaller diameter and higher reactivity) of the 175 °C sample (compared to the most stabilized
sample, which is thermostabilized at 200 °C), it is chosen for electroless copper plating and
MnO2 deposition. The X-ray photoelectron spectroscopy results illustrate that Pd metal is present
on the 175 °C sample to serve as the catalyst for plating.

The third step is electroless copper plating. First, a plating solution is developed that
accommodates the unstable nature of the 175 °C sample, then, the existence of copper is
confirmed. The results demonstrate that a solution with 0.05 mL of formaldehyde per mL of
solution with 5-minute sonication time over plating time of 2.5 hrs produces fibers with the
highest conductivity (and lowest sheet resistance), which meet target value of 575 S/cm (and
0.33 Ω/◻ [39]) [8]. Furthermore, copper, copper (I) oxide, and copper (II) oxide are confirmed to
be present on the plated sample.

The fourth step is the deposition of MnO2 on the samples, confirmation of the existence of
MnO2, and its crystal structure. The results reveal that samples have β-MnO2 crystal structure.

The fifth and final step of this investigation is the analysis of the electrochemical performance of
the assembled Zn-MnO2 battery. The results illustrate the superiority of the lignin current
collector compared to the control sample, carbon paper, because of the lignin current collector’s
longer cycle life. It should be noted that the lignin current collector possesses higher polarization
due to the diffusion and side reactions of copper in the electrolyte. Despite the higher
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polarization (and the resulting smaller capacity), the lignin current collector shows promise for
wearable applications, where longer cycle life is needed.

6.2

Future Work

This thesis is a study on conductive current collectors made from lignin for wearable batteries.
However, as with every research, there is room for improvement, which are discussed below:

6.2.1

N.N-dimethylformamide (DMF) Alternatives

N.N-dimethylformamide (DMF), the solvent used in electrospinning solution, is a strong liver
toxin, which can be absorbed through skin, inhalation, or ingestion [229]. Therefore, alternatives
are highly recommended to be considered. Ethanol has previously been shown to work as solvent
for organosolv lignin [98].

6.2.2

Further Weight Reduction of the Zn-MnO2 Battery

To reduce the weight of the battery, (1) instead of zinc foil, copper plated lignin coated with zinc
paste can be used, and/or (2) the back of the lignin current collector can be etched away after
deposition of MnO2. Caution is advised for the etchant in the latter, as the etchant should not etch
away the lignin fibers that are plated. Plasma treatment, for example, can be used for surface
etching of lignin [230]. After removal of lignin, MnO2 can be deposited on the back to reduce the
side reactions of copper.
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6.2.3

Solid-State Electrolyte

Use of solution-based electrolytes can cause leakage in the wearable system. Solid-state
electrolytes can prevent leakage as well as dendrite formation on the zinc anode [23], [147].
Thus, their employment within the battery is encouraged. Polyvinyl alcohol (PVA)/LiCl-ZnCl2MnSO4 gel, PVA-ZnCl2, and PVA-ZnSO4-based gel have been used as solid-state electrolytes
[23], [146], [147].

6.2.4

Higher Viscosity of Electrospinning Solution

As mentioned in section 3.2.2, higher concentration and viscosity are shown to work better for
157 BCP samples. To produce even and bead-less fibers, higher molecular weight (MW) of
electrospinning solution can be considered. This higher MW can be from the lignin and/or the
plasticizer. A MW of poly (ethylene oxide) (PEO) between 900 k and 4 M may work well.

6.2.5

Flexibility

Lignin fibers are brittle and hard to handle. Polyacrylonitrile-co-methyl-acrylate (PAN-co-MA)
fibers are much more flexible (Fig E.1). We recommend combining lignin and PAN-co-MA to
fabricate composite fibers with higher flexibility.
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Appendices

Appendix A Calculation of Surface-to-Volume Ratio
These calculations demonstrate the increase of surface area when a cube with 1 cm sides is
broken down to 1021 cubes with 1 nm sides (same volume as cube with 1 cm sides) – see section
1.4 for the application of such property in our work.

𝑠𝑎𝑚𝑒 𝑣𝑜𝑙𝑢𝑚𝑒: 1 𝑐𝑚3 = 1 𝑐𝑚3 ×

1 𝑚3
1 𝑛𝑚3
×
= 1021 𝑛𝑚3
(100)3 𝑐𝑚3 (10−9 )3 𝑚3

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓𝑜𝑛𝑒 𝑛𝑚 𝑐𝑢𝑏𝑒: 6 × 1 𝑛𝑚2 = 6 𝑛𝑚2
= 6 𝑛𝑚2 ×

(10−9 )2 𝑚2 (100)2 𝑐𝑚2
×
= 10−14 𝑐𝑚2
1 𝑛𝑚2
1 𝑚2

𝑓𝑜𝑟 1021 𝑐𝑢𝑏𝑒𝑠, 𝑤𝑒 ℎ𝑎𝑣𝑒: 1021 × 10−14 = 107 𝑐𝑚2
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Appendix B Normalized FTIR Peak Values
To observe the peak variation more clearly, FTIR plots of different temperatures are overlaid in
Fig B.1. Furthermore, the normalized values in Tab B.1 support the observation in Fig B.1.
These normalized values are calculated based on the ratio of each peak with respect to peak 6 in
Figure 3.7.

Fig B.1 Overlaid FTIR plots of 150, 175, and 200 °C samples.
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Tab B.1 Normalized FTIR peak values

1

Peak
Wavenumber
(cm-1)
3411

2

2920

0.71

0.56

0.76

3

2852

0.58

0.48

0.68

4

1700, 1711

0.56

0.58

0.67

5

1659

0.61

0.56

0.66

6

1593

1

1

1

7

1508

1.19

1.19

1.16

8

1456

1.25

1.26

1.25

9

1421

1.15

1.16

1.15

10

1369

0.95

0. 93

0.98

11

1327

1.17

1.19

1.17

12

1265

1.41

1.45

1.37

13

1217

1.78

1.86

1.76

14

1122

2.23

2.33

2.08

15

1030

1.98

2.07

1.94

16

~ 854

1.01

1.02

1.19

17

~ 829

1.08

1.09

1.25

Num in Figure
3.7

150 °C

175 °C

200 °C

0.6

0.52

0.56
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Appendix C Cross Section of Carbon Paper Coated with MnO2
Fig C.1, as discussed in section 5.3.6, demonstrates that the MnO2 penetrates through the carbon
paper, since the carbon fibers are surrounded by the active MnO2.

Fig C.2 Cross section of the carbon paper with MnO2
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Appendix D 200 °C Cycle Life
Capacity retention is 8.9 % over 1400 cycles for the 200 °C lignin battery. This battery reaches
80% of its initial capacity in only 13 cycles (Fig D.1), performing worse compared to 175 °C and
carbon paper current collectors (see section 5.4 and 5.3.4). This is likely due to the high content
of copper on its back (Tab D.1 and Fig D.2).

Fig D.1 Cycling performance of 200 °C lignin at 200 mA/g.

Tab D.1 EDS elemental mass % on the back of deposited MnO2 on copper plated 200 °C lignin.

Elements
Carbon

Mass % on the back of plated 200 °C lignin
brush-coated with MnO2
0.96

Copper

89.87
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Manganese

2.42

Oxygen

5.70

Palladium

1.06

Fig D.2 EDS elemental mapping of deposited MnO2 on copper plated 200 °C lignin on the back.
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Appendix E Control Sample: PAN-co-MA
As a control sample for electroless copper plating solution (see Table 4.4) and the resulting
conductivity comparison, polyacrylonitrile-co-methyl-acrylate (PAN-co-MA) is chosen in
accordance with ref. [72]. PAN-co-MA is far more flexible than lignin (Fig E.1).

Fig E.1 Flexibility of (a) thermostabilized lignin at 175 °C, and (b) thermostabilized PAN-co-MA at 250 °C.
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E.1

Morphology of Copper Plated PAN-co-MA

Fig E.2 SEM images of copper plated 250 °C PAN-co-MA (5-min sonication and 0.05 mL/mL solution of
formaldehyde after 2.5 hrs).

E.2

Energy Dispersive Spectroscopy of Copper Plated PAN-co-MA

Tab E.1 EDS elemental mass % on the surface of copper plated 250 °C PAN-co-MA.

Element
Carbon

PAN-co-MA-Pd Plated (2.5 hrs, 5 min sonication, 0.05
mL/mL solution of formaldehyde) Mass %
12.08

Oxygen

1.11

Copper

86.81
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Fig E.3 EDS of copper plated 250 °C PAN-co-MA cross section. (a) spectrum on the surface. (b) elemental
mapping. C_Kα, O_Kα, Cu_Lα, Au_M, Cu_Kα, Cu_Kβ, Au_Lα values are from ref. [167], [168], [186]
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E.3

X-Ray Diffraction of Copper Plated PAN-co-MA

First peak is from (101) plane of PAN-co-MA [231].

Fig E.4 XRD of plated 250 °C PAN-co-MA.
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