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ABSTRACT

Bacterial cellulose was investigated regarding its suitability as a carbon fiber precursor

as well as its potential in energy harvesting applications due to its inherent piezoelectric

properties.

Graphitization of bacterial cellulose was found to be insufficient up to treatment tem-

peratures of 2200 ◦C. The resulting structure without hot-stretching during the process is

amorphous.

Piezoelectricity was confirmed in bacterial cellulose. BC cantilevers were induced to

oscillate via an electrical field applied across the thickness of the cantilever.

Due to the random network structure of BC, methods for aligned growth were tested.

Spatially confined growth on a patterned PDMS substrate resulted in aligned fiber threads.
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1 Bacterial cellulose

Cellulose is said to be the most abundant natural material on earth [1] or at least the most

common polymer [2]. A major structural component of the cell walls in trees, plants and

algae, it is also found in animals and synthesized by a variety of bacteria and fungi. In

light of the ongoing efforts to decrease humanity’s footprint on earth cellulose offers to be a

readily available natural material that is fully sustainable and has excellent properties. The

breadth of cellulose sources combined with a highly versatile hierarchical structure leads

to a multitude of different microstructures and morphologies. In spite of being available

from the beginning of mankind, to this day cellulose has not been fully understood in

all its forms. The most common forms, however, show exceptional mechanical properties,

high elasticity and good thermal stability. Moreover, the adaptable morphology and the

possibility of chemical alterations allow tailoring its behavior to specific requirements and

needs. Furthermore it is non-toxic, bio- and blood-compatible. It is no wonder then that

cellulose is at the forefront in research of natural and sustainable materials to replace

conventional ones, where possible and particular so as a natural replacement for petroleum

based materials. Having been used as paper and clothing in various forms for several

millennia it is now used and investigated to be used in a wide range of applications ranging

from composites [3] to biomedical devices [4].

The specific form of cellulose of interest in this thesis is bacterial cellulose (BC), also
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known as microbial cellulose or biocellulose. As the name suggests BC is a secretion

product of some bacteria cultures. It was first reported in 1886 by Brown [5]. While

investigating acid fermenting bacteria Brown noticed what was back then commonly known

as the "vinegar plant" growing as a product of some of his bacteria cultures. Other

researchers had encountered and investigated this "plant" before but were not able to draw

convincing conclusions about its nature [6, 7, 8]. Due to its distinct form from other acetic

bacteria, he isolated and specifically cultivated the plant producing bacteria. After chemical

investigations he found the so called plant consisted of cellulose. Brown proposed to name

this ferment Bacterium xylinum, a name which has basically been kept to this date. The

bacterium is commonly known as Acetobacter xylinum these days, though the name was

recently corrected to Gluconacetobacter xylinus [9, 10]. However, A. xylinum is also widely

used in the literature. Probably the widest known application of bacterial cellulose is nata

de coco, a dessert from the Philippines and many other Southeast Asian countries, which is

gelled fermented coconut juice along with some sweetener. The gelling happens through the

fermentation activities by Acetobacter xylinum resulting in BC growth [11]. Properties and

potential applications of BC have only been researched extensively in the last two decades.

Citations of papers about bacterial cellulose have been steadily increasing with a surge in

recent years jumping from 327 between 2002 and 2007 to 1013 from 2007 to 2012 [12].

In this chapter the structure and synthesis of bacterial cellulose will be discussed followed

by an investigation of its properties and concluded with an overview over existing and

promising applications in today’s world.

1.1 Structure

Even though, cellulose has been used for millennia and is known since nearly two centuries,

it’s structure is still not fully understood. Cellulose is employed in a multitude of natural
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Figure 1.1: Cellulose structure as presented by Haworth [15] in 1928 on the left and a more
contemporary representation of the repeating cellobiose unit. The degree of
polymerisation (DP) of a cellulose chain is 2n.

applications and, thus, its structure is highly adaptable showing alterations from source to

source and even within one source. Pinpointing the exact nature of cellulose is, therefore, a

difficult task and to this date refinements to the standard model are being made. Presented

here is the most recent insight into cellulose structure.

Cellulose as a distinct material was first discovered in 1838 by Payen [13]. He extracted

the major structural material from plants and woody matter and determined its chemical

composition to be C6H10O5. This material was then coined as cellulose in a review of

Payen’s publication in 1839 [14]. The chemical structure was first correctly predicted by

Haworth [15] in 1928. It was known that cellulose consisted of cellobiose units, a dimer of

β-d-glucopyranose monomers, that were linked together to form a longer molecule. Previous

predictions had the correct ring structure based on the repeating glucose units but failed

to link the individual components correctly. Figure 1.1 shows Haworth’s correct proposal

for the cellulose structure. The β-d-glucopyranose units are linked together with (1 −→ 4)

glycosidic bonds.

Advocating the idea of cellulose as a linear long-chain molecule of the newly discovered

polymer materials since the early 1920s, Staudinger and Feuerstein [16] was able to prove

his predictions in 1936 showing that it was indeed a linear macromolecule with degrees of

polymerization of more than 2000. He also found that the length of the chain and with

that the physical properties were highly dependent on the source and the extraction process
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of the cellulose. Today it is known that the degree of polymerisation (DP) of cellulose

molecules can reach up to 15 000 in cotton [17] and 16 000 in bacterial cellulose [18, 19].

However, it can also exist as shorter variants in wood, for example, having up to only 2000

units [2].

Cellulose exhibits a hierarchical morphology. About 30 cellulose macromolecules, in an

oriented form, aggregate into elementary fibrils, several of which together form a so called

microfibril. These are then arranged into the usually observed fibers [20].

In the elementary fibril configuration the chains have the ability to organise into a

crystalline structure because of their highly oriented nature. In 1928, on the basis of

Haworth’s chemical structure, Meyer and Mark [21] proposed a corresponding crystal

structure as shown in figure 1.3. Expanding on this proposal Peirce [22] suggested, in 1930,

that cellulose is semicrystalline. In the microfibrils crystalline sections are broken up by

amorphous regions. The degree of crystallinity, i.e. the volume fraction of crystalline parts, is

highly dependent on the source and treatment process and like the degree of polymerization

affects the properties [23]. The surface chains in the microfibrils are predicted to be in an

unordered state whereas the inner chains are in crystalline form [1]. Thus, if more chains are

bundled in a microfibril a higher degree of crystallinity in the overall structure is expected.

Crystallinity differs from 40% for plant cellulose up to 90% for some algae variants [24].

The crystallinity of cellulose fiber is closely related to its mechanical properties and, hence,

carries a significant importance. Bacterial cellulose has relatively high crystallinity which

varies with environmental conditions but is generally determined to be around 75% [25].

In addition to the hierarchical structure of the fibers, there is not one distinct crystal

structure of cellulose but several polymorphs have been observed. Up to this point seven

polymorphs are known. They are named cellulose Iα, Iβ, II, IIII, IIIII, IVI and IVII [1]. The

principal polymorphs, i.e. cellulose I, II, III and IV, don’t normally exist concurrently but
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Figure 1.2: Cellulose polymorphs transforma-
tion diagram [1].

Figure 1.3: Cellulose crystal structure
according to Meyer and
Mark [21] in 1928.

can be transformed into each other as shown in figure 1.2.

Cellulose I and II are by far the most studied polymorphs and are usually employed

in industrial applications such as apparel, composites, medical wound dressing and food

packaging. Cellulose I, often referred to as native cellulose, is the polymorph that is found in

plants and algae. Bacterial cellulose is of cellulose I type as well. Cellulose II, or regenerated

and mercerized cellulose after the processes that yield this polymorph from cellulose I,

is the thermodynamically stable form of cellulose. Regeneration and mercerization are

irreversible processes during which the cellulose I material is dissolved and reprecipitated

or swelled with sodium hydroxide, respectively, to form cellulose II. Due to the processes

involved in cellulose extraction from plant matter, cellulose II generally has a lower degree

of polymerization and crystallinity than native cellulose. The DP is usually around 250

to 500 and crystallinity is about 50% [2]. The crystal structures of both allomorphs of

cellulose I and cellulose II are compared in figure 1.4. The crystal structure of cellulose
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II remains the same, no matter the original cellulose I type. Cellulose III is reversibly

converted from either cellulose I or II via an ammonia treatment and with subsequent

heating cellulose IV is formed. Cellulose III and IV are much less extensively studied than

both I and II and thus there is much ambiguity about their structure and properties. They

are not used in real world applications due to a decrease in mechanical properties [26]. A

discussion of their structure will be omitted for these reasons.

The crystal structure proposed by Meyer and Mark [21] in 1928 for native cellulose was

only deprecated by the findings of Atalla and Vanderhart [28] in 1984 using 13C NMR. They

originally found evidence that there exist two forms of cellulose I, termed cellulose Iα and Iβ.

Both allomorphs can coexist within the same microfibril, where the specific ratio usually

depends on the source [26]. Plant cellulose mostly consists of Iβ where Iα is more prevalent

in cellulose produced by algae and bacteria. Cellulose Iα has a triclinic one chain unit cell

whereas Iβ has a P21 monoclinic two chain unit cell as shown in figure 1.4. Meyer’s original

crystal structure is similar to Iβ which is consistent with the source used, ramie, which is

rich in cellulose Iβ . Bacterial cellulose has a high fraction of Iα estimated to be around

70% [29].

Extraction and purification of cellulose from plant and wood matter is difficult without

dissolving it to separate the cellulose from other components and subsequent regeneration.

This is one of the main reasons why cellulose II is more widely spread in applications as

compared to cellulose I. Cellulose II has a P21 monoclinic two-chain unit cell as shown

in figure 1.4 The dimensions slightly depend on the conversion process, regeneration or

mercerization, but a good approximation is given by a = 8.10Å, b = 9.04Å, c = 10.36Å and

γ = 117.1°. One distinguishing feature between cellulose I and II besides the different unit

cell parameters is the configuration of the chains. Whereas in cellulose I the molecular chains

lie in a parallel configuration [30], they are antiparallel in cellulose II [31]. The direction
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Figure 1.4: Schematic comparison of cellulose Iα , Iβ and II unit cells including the chain
stacking with parallel alignment for cellulose I and anti-parallel for celluose II.
A schematic of the simultaneous existence of both cellulose Iα and Iβ structures
in a single fibril is shown at the bottom (adapted from [26]).
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Figure 1.5: Graphical crystal structure comparison between cellulose Iβ and cellulose II [27].
Compared to figure 1.4, here β = 180°− γ and #„

b is along the chain direction
instead of #„c .

for the chains for these definitions is set to be positive in the direction of the (1 −→ 4)

glycosidic bond. The chain configuration results in differences in the hydrogen-bonding

between the chains.

Bacterial cellulose is highly crystalline cellulose I with a high Iα content and is very low

in impurities [32]. The bacteria secrete cellulose nanofibers with width of smaller than

100nm. Thus it provides several advantages compared to the cellulose fibers retrieved from

wood or plant matter. Being pure cellulose, the purification and isolation processes are

not required. It can be used as-grown, thus retaining all property advantages that native

cellulose has over processed cellulose, among them the high degrees of crystallinity and

polymerisation. The possibilities to tailor the structure and properties of the fibers during

synthesis are discussed in the next section.

8



Figure 1.6: A thick cellulose pellicle being removed from the culture medium [35] (left) and
an SEM image of fiber mesh that makes up a pellicle.

1.2 Synthesis

Bacterial cellulose is, as the name suggests, produced by bacteria. There are several species

of cellulose synthesizing bacteria reported [33], but Acetobacter xylinum is the species that

is almost exclusively used for producing BC. This was the first bacterium to be discovered

to synthesize cellulose by Brown [5] in 1886. The genus Acetobacter is generally known

for the ability to ferment ethanol into acetic acid and are ubiquitous in the production of

vinegar [34]. However, some species in the genus have the ability to synthesize cellulose. A.

xylinum is the most efficient cellulose producing bacterium known. It is a rod-like, aerobic

bacterium with length of up to 4 µm and diameter smaller than 1 µm. The fermentation of

sugars in an A. xylinum culture results in a mat like structure called a pellicle shown on

the left in figure 1.6. The biological function of this pellicle is said to protect the bacteria

from drying out due to the water holding capability and help to keep the bacteria in the

oxygen-rich surface region of the medium [2]. This pellicle is also sometimes referred to

as a biofilm or membrane. The pellicles can get several cm in thickness depending on the

growth time. Laterally it is only confined by the expansion of the growth vessel.
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Figure 1.7: Schematic of cellulose nanoribbon forming outside the bacterial cell. Each
strand is an elementary fibril that aggregate to form a microfibril and then a
nanoribbon [32].

The pellicle is an interwoven mesh of nanofibers as shown on the right of figure 1.6. The

cellulose molecules are synthesized inside the cell wall and then extruded and assembled

into elementary fibrils first. These fibrils are combined to form microfibrils. Microfibrils

are composed of 10 to 250 polymer chains that have been arranged in a parallel array [32].

Those fibrils are then put together to form a nanofiber. The hierarchical assembly is shown

in figure 1.7. As investigations have shown the width of the fibers is up to ten times the

height [36]. As a result, the nanofibers are also referred to as nanoribbons. Generally the

dimensions of these ribbons are 50 nm to 150nm in width and 5 nm to 10 nm in height.

The yield of cellulose, rate of growth and degree of crystallinity among other properties,

depend on a multitude of variables among which are the medium composition, the content

and form of the carbon and nitrogen sources, the pH, temperature and time of incubation,

the air-liquid surface to medium volume ratio, the specific strain of Acetobacter and culture

agitation [37]. The complexity of the process forbids any kind of best configuration but

depending on which material property is supposed to be optimized determines what the

parameters of the growth process should be. To optimize the process some trials are

necessary since all the variables are inter-dependent. For example not every strain will
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give the best yields for the same carbon source as various publications have indicated [37].

Even though, the pioneering work of Hestrin and Schramm [38] led to a defacto standard

culture medium for the cultivation of A. xylinum. The so called Hestrin-Schramm medium

consisting of 2%w/v of glucose and 0.5%w/v of both Bactopeptone and yeast extract at

slightly acidic conditions (pH 6) yielded exceptional amounts of cellulose in static cultures.

Only since the early 1990 were efforts being made to investigate the variables in cellulose

production with the proposal of different medium compositions. Embuscado et al. [39] tried

with some success to computationally optimize the cellulose yield for one A. xylinum strain

through response surface methodology which tries to predict optimal conditions for a given

set of variables via experimentally determined data. While they were able to optimize the

cellulose yield for their cultivation environment, the specificity of the results to the strain

and the amount of effort prohibited this method to be more widely used.

Even though yield in an agitated culture can be higher than in a static culture [40,

41] and the ability to adjust the conditions during cultivation like aeration and medium

concentrations [42, 43] are beneficial for BC growth, the properties of the resulting cellulose

do suffer. A comprehensive investigation of a wide variety of strains of A. xylinum to

find the one that produces the most cellulose under agitated conditions was conducted by

Toyosaki et al. [44]. They tested several thousand strains. The most productive strain,

named BPR-2001, is now mostly used for agitated culture experiments. However, crystallite

and microfibril size decrease in an agitated culture and the cellulose Iα⁄Iβ ratio is shifted

towards the more stable cellulose Iβ [45]. Furthermore agitation of the culture medium

leads to lower Young’s moduli of the pellicles [18], if a pellicle can be produced at all [45].

These detrimental effects as well as the costs involved in keeping the culture continuously

agitated are the reasons that BC production in research environments is overwhelmingly

done in static cultures. Though, commercial viability of BC mass production is most likely
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only achieved with complex bioreactors [46, 47]. This is why there’s an ongoing effort to

optimize BC cultivation in agitated conditions. Further discussions in this subsection about

BC production and its variables refer only to static cultures.

The carbon source plays a major role in the biosynthesis of BC and is thus a crucial

factor affecting the yield. Even though there have been several investigations, the results

are not definite. Embuscado et al. [48] found that in their investigation fructose and sucrose

produced the largest amount of cellulose and that glucose yielded less than a fifth. However,

in another study Masaoka et al. [49] concluded that glucose was the best source closely

followed by fructose and glycerol. Sucrose only produced a third of the amount of glucose

in their study. Oikawa et al. [50, 51], on the other hand, found that arabitol and mannitol

yielded more than six and three times as much as glucose, respectively. A general concern

with refined sugar sources is the associated cost. Exploration of other low-cost sources

which take advantage of the fact that cellulose production is not tied to a specific source

have resulted in a number of alternatives. Hong and Qiu [52] used konjac powder as their

precursor and found depending on the pretreatment of the powder that it yields up to

three times the amount of glucose as a source. Qiu and Netravali [53] investigated soy flour

extract (SFE) which is a waste product of soy bean processing. It contains a variety of

sugars among them glucose, fructose and sucrose. They found that A. xylinum prefers

glucose and fructose and only utilizing higher order sugars at low concentrations of the

former two. The BC yield in a SFE medium was found to be comparable or better than

that obtained with pure sugars. The differences in cellulose yield in each study clearly

indicate that this is not a simple relationship but highly dependent on various other factors

as mentioned above. An advantage of the multiple usable carbon sources is the possibility

to easily use waste products from the agriculture industry to produce cellulose [54, 55].

This would improve commercial viability of BC since these by-products of agricultural and
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food industry can be inexpensive compared to refined sugars.

Temperature and pH of the culture medium also have an effect on BC productivity. Being

an acetic acid bacteria, it was earlier concluded that an acidic pH was beneficial to the

survival of the Acetobacter. That, however, is not necessarily indicative of the optimum pH

for cellulose production. The investigations performed [49, 48, 37] concluded that a pH of 4

to 6 is preferable for BC production. Most often a pH of 5 is chosen. Cellulose production

is generally reported to stop after around 14 days. The rate of production is highest during

the first seven days and then tapers off, often stopping after around two weeks [56].

Some other investigations of various other variables showed lesser effects. An analysis

of the effect of the nitrogen source on yield revealed that peptone, tryptone and yeast

extract were the most favorable sources resulting in increased production compared to

inorganic sources [48]. Corn steep liquor (CSL) has also been proposed as a low cost

alternative to conventional nitrogen sources [44]. While static cultures didn’t show any

difference between a CSL-fructose and a conventional medium, CSL-fructose improved yield

in agitated cultures. Watanabe and Yamanaka [57] found that a 10% to 15% lower oxygen

content in the cultivation environment compared to regular atmosphere were beneficial for

cellulose production. The surface to volume ratio of the incubation medium can also affect

the overall yield but there is no clear relationship known and reports have varied greatly on

this [58, 56].

Investigations on the crystallinity of the cellulose fibers depending on the medium

composition were performed by several researchers. Ruka et al. [56] reported significant

differences in degree of crystallinity ranging from 50% to 95% in different media. Cellulose
Iα⁄Iβ ratio also differed but the change was not consistent with degree of crystallinity. On

the other hand, Mikkelsen et al. [59] didn’t see big changes in crystallinity and polymorph

ratio with different carbon sources. Molasses and corn steep liquor were proposed to yield
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cellulose with higher crystallinity than conventional sources [60].

At the end of the incubation period the bacteria have to be deactivated to prevent further

growth of cellulose at unfavorable conditions. In effect, this is a sterilization step to ensure

biocompatibility. This is commonly done by boiling the pellicle in 1% (w/v) solution of

NaOH. While NaOH degrades cellulose at high concentrations, at 1%w/v it has little effect

on the mechanical properties [61].

Bacterial cellulose for the experiments performed in the present research was produced in

a medium of 2.5% d-Mannitol, 0.5% tryptone and 0.5% yeast extract in deionized water.

This is basically the original Hestrin-Schramm medium with a different carbon source and

tryptone instead of peptone [38]. The pH of the solution was lowered to 4.9pH to 5.0pH

using 10% acetic acid. The medium was sterilized in an autoclave for 20min at 15psi and

121 ◦C. Bacteria inoculation was done in a sterile bio safety cabinet. A. xylinum from a

seed liquid was used to inoculate the medium. The incubation temperature was set to

29.5 ◦C and left to grow for 1 to 7 days. The bacterial cellulose was grown in conical beakers

forming round pellicles and in tubes in tape form.

1.2.1 Directed growth

The mechanism of movement for A. xylinum bacteria is propulsion via the extrusion of

cellulose fibers [62]. The movement speed was determined to be around 2 µmmin−1 to

4 µmmin−1 [36, 63]. This propulsion results in random movement depending on the place

of extrusion on the cell wall and the environmental obstacles. Thus the natural form of

bacterial cellulose is an interwoven mesh or network with randomly oriented fibers as seen in

figure 1.7. Thus, the pellicles nominally have isotropic properties in the plane of expansion.

If this is not desirable it is possible to some degree to force the bacteria to move in a more

directional manner by a variety of methods.
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Kondo et al. [64] used a "nematically ordered" cellulose template to make the bacterium

move unidirectionally caused by the interaction of the extruded cellulose microfibrils with

the template. Their approach resulted in the bacterium moving in a straight line for

about 100 µm before leaving the template direction. The template consisted of parallely

ordered glucan chains which the extruded cellulose microfibrils adhere to and thus forces

the bacterium to move along the molecular chain direction. An effect of this template is

that the microfibrils never assemble into a cellulose nanofiber but stay somewhat separated

on top of the template.

Another approach has been to electromagnetically control the movement of the bacteria.

Sano et al. [65] found that A. xylinum can be directed by applying an electrical field during

cellulose production. The bacteria preferentially move along the electric field thus creating

a relatively unidirectional pellicle. Further evidence of this phenomenon was shown by

providing a fixed starting point for the bacteria. A BC overgrown string was placed in

between two electrodes and the resulting growth of the pellicle was preferably towards the

anode [66].

Putra et al. [67, 68, 69] did a series of experiments of growing BC at the interface to

another oxygen-permeable liquid or even a solid. They used highly viscous silicone oil,

a silicone tube and a ridged PDMS structure. Under certain conditions this resulted in

an increase in directionality of the BC fibrils. While it is not clear why BC grown at the

interface with silicone oil or the curved silcone surface shows improved orientation, the

ridges in the PDMS surface provide a constraint for the bacteria which forces them to move

along the ridge direction.

Expanding on these results a series of own experiments were launched to further investigate

the possibility of directing the bacteria along a given path. A series of small culture chambers

were built as seen in figure 1.8. The chambers were filled with inoculated culture medium
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Figure 1.8: Schematics of the culture chamber with PDMS seal (left) and the patterned
PDMS substrate (right).

Figure 1.9: Directional strands of bacterial cellulose with at trench depth of 6 µm (left) and
11 µm (right). The width was 10 µm for both.

and then sealed with a thin layer of PDMS that would allow diffusion of oxygen. The

PDMS layer was patterned using lithography with ridges or channels of variable width,

depth and pitch (see figure 1.8) and functioned as the only oxygen supply route for the

bacteria.

While the pitch didn’t seem to affect the movement of the bacteria, width and depth

could be set to produce highly directional lines of bacterial cellulose. For width and depth

of greater than 5 µm the bacteria that found themselves in the trenches were forced to stay

there and move along the provided channel. The resulting directional strands of BC can be

seen in figure 1.9.
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Sakairi et al. developed a direct harvesting method for bacterial cellulose to spin filaments

at a continuous rate from the cultural medium [70, 71]. They were able to spin continuous

filaments with diameters of about 50 µm to 100 µm with Young’s moduli of up to 14GPa at

a wind-up rate of about 16mmh−1. This is considerably faster than reported production

rates of single bacteria, which are reported to be around 2 µmmin−1 [72, 36]. There was no

investigation about this discrepancy.

1.2.2 Drying

The as-produced pellicles are highly porous and due to the hydrophilicity and large surface

area of the BC nanofibers have a very high water holding capacity. They are hydrogels

incorporating about 99% water into their structure [73]. For some applications, the pellicles

have to be dried, however. Drying of BC pellicles can be done in a few different ways. Most

commonly done are evaporation drying at elevated temperatures or freeze-drying.

While oven-drying is less complex it results in a change of morphology of the pellicle.

During evaporation of water the porosity of the pellicle is steadily reduced. The surface

tension of the evaporating water forces the nanofibers to come closer thus greatly reducing

pore size. The porosity is reduced from over 90% to below 70% [74] during evaporation

drying.

Freeze-drying mostly prevents the reduction in porosity resulting in what is sometimes

called an aerogel [75]. In this process, the never-dried pellicle is frozen and then put in

a vacuum at very low temperature. Under these conditions sublimation of the water is

achieved avoiding the liquid gas transition. This retains the morphology of the pellicle

due to the reduction of surface tension and hence the movement of the nanofibers. For

even better results a solvent exchange is often done. The pellicle is first immersed in

ethanol and then in tertiary butyl (t-butyl) alcohol [76, 77]. T-butyl alcohol has a much
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Figure 1.10: Morphology of freeze-dried BC in H2O (left) and in t-butyl alcohol after solvent
exchange (right).

higher vapor pressure and lower surface tension than water rendering it better suited to

freeze-drying. Porosities of freeze-dried aerogels can be as high as 98% [75]. Figure 1.10

shows comparative images showing the morphologies of freeze-dried BC in water on the left

and in t-butyl alcohol after solvent exchange.

Supercritical carbon dioxide drying is another alternative method that results in similar

structures as freeze-drying. After a solvent exchange of water to ethanol to liquid CO2, the

CO2 is evaporated beyond the critical point. The resultant aerogels have very low densities

due to their high porosity and only exhibit very little shrinkage during drying [78].

1.3 Properties

The mechanical properties of cellulose are dependent on a variety of factors, the source

and treatment during production being the main. Every cellulose structure is a mixture of

amorphous and crystalline regions as explained above. This ratio along with the specific

polymorph of the cellulose play a crucial role in the final properties of the product, i.e. the

fiber. Furthermore the DP and impurities present exert an influence on the properties as
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well [19, 79, 80]. Environmental conditions also affect the properties of the fiber. Cellulose,

with six hydroxyl (OH) groups per cellobiose unit, is sensitive to humidity as the amorphous

regions readily absorb water that alters the modulus and strength. In an extensive study of

the crystalline regions, Takashi Nishino et al. [81] found that the elastic modulus of cellulose

I crystals to be 138GPa. Crystals of cellulose II, on the other hand, showed a significantly

lower modulus in the same study. The authors calculated it to be 88GPa. Bacterial

cellulose is pure cellulose I with high crystallinity and high degree of polymerization. For

single bacterial cellulose nanoribbons a Young’s modulus of 78± 17GPa was calculated

with three-point bending tests using an AFM in force mode [82]. A doubly-clamped fiber

suspended over a trench was depressed with an AFM cantilever with known spring constant

at different positions along the fiber. The crystallinity of the fibers was estimated to be 60%

using X-ray diffraction. Raman spectroscopy techniques were also used to determine the

Young’s modulus of single filaments [83]. The estimate of 114GPa was obtained by relating

the shift of the 1095 cm−1 Raman band associated with the glycosidic linkage in cellulosic

materials to different strain states of the fibers. Fiber crystallinity wasn’t investigated.

In comparison, the 1095 cm−1 band shift was used to investigate the Young’s modulus of

microcrystalline cellulose (MCC), which consists of polymorph II [84]. The result was

an estimated modulus of 25± 4GPa. The crystallinity of the cellulose was reported to

be about 48%. These are promising results for a high modulus, high strength polymeric

material based on cellulose I. However, unlike the methods used above which estimate

the modulus of single fibers, the pellicles obtained when growing BC in a flask exhibit

a random network of nanoribbons that are generated by the random movement of the

bacteria. The pellicles have also been investigated as a whole. For example, Yamanaka et al.

[85] found that after air-drying or hot-pressing the pellicles the Young’s modulus of these

was consistently over 15GPa and when treated with NaOH it increased to 25GPa [86].
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Combining NaOH and NaClO yielded a further increase to nearly 30GPa. In as-produced,

wet form, the BC pellicles have a drastically lower modulus in the range of 1MPa to 3MPa

[87, 88, 89]. This is mainly due to extensive swelling in the wet state [87, 90] which results

in a reduced number of load bearing fibers per unit area. Furthermore, slippage of fibers

is greatly enhanced leading to a higher strain at fracture as well as lower strength and

modulus. The fibers themselves are experiencing only little change in strength and strain

in either condition [91].

Since cellulose is often used in medical applications, which will be discussed in more detail

in subsection 1.4, the in vivo biocompatibility is a crucial factor. In 1989 Miyamoto et al.

[92] investigated the foreign body reaction and adsorption of cellulose inside a living body

for regenerated cellulose and its derivatives. While the biodegradability was dependent

on the crystallinity and morphology with highly crystalline cellulose basically not being

adsorbed at all after the test period, the foreign body reaction was consistently low no

matter what variant was used. Studies of bacterial cellulose biocompatibility mirrored

the initial findings. No inflammatory reaction was seen at BC implantation sides and

the high crystallinity hindered any kind of degradation in vivo [93]. This was expected

because of the high purity of the BC. Further, due to the porous structure of the BC sheets,

cells migrated into the structure essentially incorporating the BC filaments into the body

seemingly without any negative effects.

1.4 BC applications

While cellulosic material is widely used in paper and textile products, BC is still a niche

material which is rarely used in commercial products. This is mainly because of the

associated production costs which is due to immature mass production technologies and a

general unfamiliarity with it considering its relatively obscure nature compared to other
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products. As mentioned above BC finds its biggest use in food products, most notably nata

de coco where A. xylinum is the cause of the fermentation of coconut water [11]. Apart

from nata de coco, A. xylinum is an essential ingredient in Kombucha where it again helps

with fermenting of the tea medium [94]. Additionally BC can be added to food products

as a low-fat dietary supplement and to improve the texture [95]. Similarly it is added to

cosmetics as a stabilizer [37]. Aside from these low-tech uses, BC is also commercially used

in medical, acoustical and composite applications.

In 1988, Sony patented the use of bacterial cellulose as a molding material [96] which

was subsequently used in several high-end headphones [97, 98]. Diaphragms made out

of BC were used due to their high dynamic strength combined with excellent flexibility

which results in high fidelity sound. These properties allowed for sonic velocities of metal

diaphragms but with the dynamic range of regular paper diaphragms. New headphones

with a bacterial cellulose based diaphragm have been produced as recently as 2011. Initial

costs for headphones utilizing BC diaphragms were as high as $3000 in early 1990. Recent

models by Vsonic Electronic Company are available for below $200 incorporating more than

100 cellulose layers fused together by in one of there high end products [99].

Its biggest area of commercial deployment, however, is in the medical industry as a

wound dressing material and as artificial blood vessels. Klemm et al. investigated the

possibility of tubes of bacterial cellulose as artificial blood vessels [4]. Materials that are

used during operation as prosthesis have to fulfill numerous requirements. As mentioned

above, biocompatibility is crucial and studies of long-term biocompatibility have shown no

adverse effects in mice [100]. Further, when used as blood vessels, blood compatibility and

impermeability as well as withstanding the blood pressure are required. In a series of tests

on rats, as-grown and never-dried bacterial cellulose tubes were used in microsurgery to

close arteries and protect repaired nerve strands [4]. The authors showed that in both cases
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the BC tubes were incorporated into the organic structure. Regular blood vessel tissue

covered the inner wall of the tube without causing any inflammation or immune reaction.

The results were identical when protecting a nerve strand. Additionally, it was successfully

tested that the BC tube was able to function as a drug delivery system enhancing the

recovery rate.

BC films for skin wound healing have been commercially available for more than two

decades [101]. They show advantages over other commercial products due to immediate

pain relief, transparency for wound inspection bacterial barrier and good adhesion to the

wound bed among others [102].

Further investigations have targeted BC films as a scaffold for tissue engineering and

growth. As a scaffold for skin engineering, BC has all the advantageous it has as a wound

dressing application and additionally is easy to produce very cost-efficiently and doesn’t

require any involved processes to be applicable [103]. As the porous structure of a BC

film can be penetrated by human tissue, it can be permanently implanted without toxicity

or inflammatory issues for the human body [88]. Promising results were obtained when

investigating the potential for cartilage growth [104] and for BC-hydroxyapatite composites

to guide bone regeneration [105]. An advantage of BC in scaffold applications is its

malleability. Temporary paraffin wax microspheres were used to increase pore size of BC

pellicles which improves cell penetration and mineral deposition inside the scaffold [106].

BC nanofibers have been investigated as a reinforcement material in green composites [55].

It meets all the requirements to be used as a reinforcement in composites and especially for

green composites where matrix and reinforcement are entirely made from sustainable and

biodegradable materials. Conventional composites often consist of an epoxy matrix and

fiber reinforcements such as Kevlar®, glass fibers or carbon fibers. These materials are all

extremely competent reinforcements but with increasing use of composites in technological
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applications, the problem of waste cannot be ignored as these materials basically do not

degrade under natural conditions Dumped in landfills at the end of their life, the synthetic

fibers and resins in conventional composites can stay as is without degrading for several

decades, if not centuries.

Investigations of cellulosic materials with high aspect ratio in composites began nearly

two decades ago with first successes reported by Favier et al. in 1995 with tunicate cellulose

in the form of rods with lengths in the micrometer range and widths of about 10nm to

20 nm [107]. From there all kinds of cellulosic precursors were investigated. Bacterial

cellulose was part of that investigation in various ways.

BC was used to create hierarchical reinforcement materials. BC was grown in the presence

of sisal and hemp fibers [108]. After cultivation the fibers were "coated" with BC. This

actually decreased the fiber properties but increased the interfacial shear strength of matrix

and reinforcement thus resulting in a higher pull-out force. This was shown to improve

mechanical properties of composites with PLLA [109].

Bacterial cellulose has also been used as a standalone reinforcement material [55]. Naka-

gaito et al. have found that bacterial cellulose has an advantage over other forms of cellulose

when used in composite materials [110]. This is due to the unique structure of BC which

features high aspect ratio fibers in a non-woven structure. They found that BC reinforced

composites have generally higher tensile strength and modulus than equivalent composites

with microfibrillated cellulose. Another advantage of the nanofiber structure of cellulose

is the optical transparency. Yano et al. combined impregnated bacterial cellulose sheets

with epoxy resin and were able to produce highly flexible transparent composite films. The

reduction in transmission in the BC impregnated film compared to only epoxy was less than

10% [111]. Additionally, they claimed that these films were five times as strong as other

engineering plastics in terms of Young’s modulus. Other transparent composite films were
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engineered using chitosan as the matrix [112]. Chitosan is a derivative of chitin and thus

very similar in structure to cellulose as well as renewable, biodegradable and biocompatible.

The composite was made using green processes. The results were similar to composites with

epoxy where the incorporation of BC resulted in an increase in the mechanical properties

while maintaining most of the transmittance dropping from 90% to 70% at 30% fiber

loading. Other investigations into BC reinforced biodegradable composites focusing on

mechanical properties showed similar increases and additionally the ability to control the

properties based on the cross-linking of the matrix and reinforcements [3]. Fully sustainable

composites using thermoplastic starch as the matrix are also under investigation [113, 114].

Again bacterial cellulose delivers the best results in comparison to other cellulose forms in

terms of strength and modulus. A problem that arises with these fully green composites,

however, is their high water absorption. Since both matrix and cellulose are hydrophilic,

high humidity results in swelling of the composites and associated decrease of mechanical

properties. While most researchers utilized solution based processes to impregnate the

cellulose sheets with starch, Grande et al. incorporated the starch during the A. xylinum

cultivation and thus bacterial cellulose growth [115]. BC is still produced in the presence

of gelatinized starches while preserving morphology and properties of the cellulose fibers.

Another step further is the design of an all-cellulosic composite where cellulose is both

the matrix and the reinforcements. After first reports with plant-based cellulose [116].

Soykeabkaew et al. used BC to create such a composite [117]. They used a surface selective

dissolution method where a suitable solvent dissolved the surface of the cellulose fibers to

form the matrix material. The immersion time determines how much of the fiber surface

layer is dissolved. They were able to produce composites that improved the properties

of the original BC sheets in strength, strain and toughness. These composites compared

favorably to other all-cellulose composites from different sources.

24



Other emerging applications include BC based carbon fibers which is discussed in detail

in chapter 2 as well as harvesting energy using a BC cantilever. This is examined in chapter

3.
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2 Cellulose based carbon fibers

In 1879, Thomas Edison while working on the first incandescent light bulb was the first

man to purposefully use a carbon fiber [118]. As a filament for the light bulb he baked

cotton or bamboo threads, which carbonized the cellulose in the threads. While an electrical

current was applied the carbonized threads would heat up and glow. In the 1950s then, the

first commercial carbon fibers were manufactured from cellulose, specifically rayon which

is a type of regenerated cellulose. However, these suffered from poor properties. First

evidence of high strength fibers was published in 1960 when Bacon [119] grew graphite

whiskers of several centimeter in length in an arc discharge process. He reported tensile

strengths of up to 20GPa and Young’s moduli reaching 700GPa. This sparked renewed

interest in carbon fibers mainly focused on viscose rayon as a precursor and eventually led

to the entry into the composite market in the early 1960s [118]. At the same time, the

first successful demonstrations of carbon fibers from polyacrylonitrile (PAN) precursor were

reported [120, 121]. This led to the replacement of most rayon based fibers due to better

properties and lower manufacturing costs for PAN based fibers which dominate the market

to this day [118]. Rayon based fibers on the other hand make up only a tiny amount of

carbon fibers produced today [122]. In the late 1970s, so called mesophase pitch, a kind of

liquid crystalline phase of carbonaceous pitch, was discovered to be suitable for spinning

fibers and being graphitized to yield high modulus fibers [123, 124]. Mesophase pitch and
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PAN are the two precursors that are most widely used, especially in high performance

applications like composites. Rayon is mainly used for activated carbon applications where

strengths isn’t a crucial factor. Other precursors have been investigated but nothing has

provided the same properties-cost package that PAN delivers [125].

Carbon fibers are the most widely used fiber reinforcements in advanced composites.

Carbon fiber reinforced polymers/plastics (CFRP) are deployed especially in high perfor-

mance applications like the aerospace sector with new models from Airbus and Boeing now

employing more than 50% of composites in weight, mostly CFRP, in their structure [126,

127, 128]. But demand also comes from more general applications like automobiles, sports

gear and in civil engineering [125]. With ever increasing utilization of CFRPs, the carbon

fiber market is expected to continue to grow in the coming years [129, 99]. However, a

challenge for the industry is still the high cost of production, the dependence on fossil fuels

for the precursors and the waste accumulation as commercial CFRPs are non-biodegradable.

Part of the problem of biodegradability is the epoxy matrix used in most composites. There

is an ongoing effort to come up with new and environmentally friendly matrix materials as

discussed in the last chapter. The carbon fibers themselves are also non-biodegradable which

is an inherent problem for high performance composites. Since biodegradable fibers don’t

have the required properties to replace carbon fibers, green precursors would be a means

to reduce the dependence on fossil fuels and the cost of production and provide a carbon

dioxide neutral way to carbon fiber manufacturing. There have been few efforts based on

lignin, cellulosic and recycled materials [130, 131]. While these have shown potential and

some progress has already been made, they cannot yet compete with commercially available

PAN based fibers. Apart from the properties the cost factor for these new precursors is

important since both PAN and pitch are expensive making up more than half the cost of

manufacturing [132]. There’s potential for a low cost renewable precursor to disrupt the
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Figure 2.1: Number of research publications on carbonization of cellulosic precursors [132].

status quo.

Rayon based fibers are only utilized in niche applications these days. However, cellulose

research hasn’t stopped in the last half century. Since it is ubiquitous, costs for cellulose

precursors can be reduced. Further, due to its variety in structure and morphology as well

as its malleability there may be potential to optimize it to offer a good balance between

cost and properties to become commercially viable. This is reflected in a rapid increase in

publications about carbonization of cellulosic precursors in the last decade as seen in figure

2.1.

2.1 Precursor-structure relationship

The structure of the precursor is fundamental in determining the resulting structure and

properties of the carbon fiber. Carbon fibers are basically 100% carbon in the form of

graphene sheets, which are one atomic layers of carbon in a hexagonal crystal structure

[133]. Depending on whether the precursor is graphitizing or non-graphitizing the carbon

fiber can have either graphitic, turbostratic or a hybrid structure [134, 135].

In graphite the sheets are planar in a three dimensionally stacked order. The d-spacing

is 0.335nm, the in-plane Young’s modulus for a perfect single crystal has been calculated
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to be around 1060GPa. If a material produces a carbon fiber with a similar structure it is

called a graphitizing precursor. One example would be mesophase pitch. The graphitizing

nature of pitch is the reason for the high moduli achievable from this precursor [136]. The

polycrystallinity of the fibers leads to a lowered modulus but can still surpass 900GPa

[137].

Non-graphitizing precursors result in a turbostratic structure in which, unlike graphite,

the graphene layers are not necessarily planar. They can be bent, folded or crumpled and

exhibit rotational disorder from one layer to the next resulting in only two dimensional order

as shown in figure 2.3. This results in a lower modulus but comparably higher strength.

PAN is the prime example for this behavior [138]. High strength PAN fibers reach more

than 6GPa tensile strength [139].

Cellulose has been considered as a non-graphitizing precursor [140]. However, most of

the studies on cellulosic precursors have focused on low crystallinity regenerated cellulose.

The few reports on graphitization of highly crystalline cellulose like tunicate or bacterial

cellulose have not investigated the resulting structure of the carbon fibers in depth [77].

Investing PAN and mesophase pitch derived carbon fibers is useful to gain further inside

into the precursor-structure relationship.

2.1.1 PAN derived carbon fibers

PAN is a linear polymer with a pure carbon backbone and nitrile groups periodically

branching off. The chemical structure of PAN is shown in figure 2.2. Its nitrile groups are

highly polar [142]. Therefore it has a high glass transition and melting temperature. In

fact it usually decomposes before melting. Commercially a copolymer of PAN and other

additives such as methyl acrylate and vinyl acetate are used in manufacturing. This is to

tailor the properties of the resulting carbon fiber by altering the ordering in the initial fiber.
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Figure 2.2: Polyacrylonitrile (PAN) chemical
structure

Figure 2.3: Layered stacking in PAN as pro-
posed by Johnson [141].

Additionally they affect other properties including melting point, solubility and oxygen

permeation [142]. Since the amount of the copolymer is rather small, the carbon fibers are

generally referred to as PAN-based. PAN is spun into a fiber through one of three spinning

processes: melt, dry and wet spinning, melt spinning being the preferred method since it

doesn’t involve solvents [143].

Carbon fiber production can be divided into three stages, which are similar for all

precursors: stabilization, carbonization and graphitization [144]. The stages differ to a

varying degree between precursors with stabilization differing the most and graphitization

being very similar. In the case of PAN, during stabilization, the fiber is heated to 200 ◦C

to 300 ◦C in air. At these temperatures the fiber undergoes three closely linked reactions

[143]. Since stabilization is done in air the PAN molecules are at least partially oxidized.

Dehydrogenation follows the oxidation process, removing hydrogen atoms in the form of

water from the carbon back bone. The resulting double bonds improve stability of the

polymer. Following that cyclization is the final step towards obtaining the so called ladder

structure. As seen in figure 2.4, the steps can also happen in reverse with cyclization

before oxidation and dehydrogenation. The ladder structure is a stable polymer suitable
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Figure 2.4: Intermediate structures in the two step process of stabilizing PAN at low
temperatures (oxidation not shown) [145].

for crosslinking.

The second stage is carbonization. Increasing the temperature in an inert atmosphere,

usually N2, up to 1500 ◦C removes the majority of non-carbon atoms and leads to crosslinking

of the hexagonal polymers into the two dimensional layer structure typical for graphene

[144]. If the fiber is being stretched during the process the preferential orientation of the

sheets is more aligned with the fiber axis which yields a higher modulus and strength.

Graphitization at temperatures exceeding 2000 ◦C improves the size of the graphite sheets

and further removes impurities and defects in the structure resulting in high modulus fibers.

At this stage the mass decreases to 55% to 60% of its original value, more than 99% of it

being carbon. The rest of the atoms have been released in gaseous form [143]. Depending

on the heat treatment and the initial PAN structure three different fiber morphologies have

been proposed. While the preferred orientation of the layers is always along the fiber axis
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Transverse texture of PAN-based carbon fibers
[148].

Mesophase pitch-based fiber transversal textures
[143].

Figure 2.5: The transverse textures for PAN and mesophase pitch based carbon fibers.
Three distinct textures were found for PAN and six for pitch.

there are differences in the radial texture. PAN-based carbon fibers generally develop a

skin-core structure [146]. Three different textures have been proposed [143]. In the skin

region, the crystallites are well aligned, but considerable differences are apparent in the

core texture. An overview of the different textures is shown in figure 2.5. The resulting

structure depends on the precursor structure and process parameters. Generally there’s

a negative modulus gradient from the skin to the core due to larger and better aligned

crystallites in the skin region [147].

PAN based fibers have a tensile strength of up to 6GPa and moduli of 600GPa for high

strength (HTS) and high modulus fibers (HM), respectively [132]. The major difference in

the structure of these two types of carbon fibers is the crystallite size La. HTS fibers have

crystallite sizes of 10 nm to 20nm and HM fibers up to 70 nm [149].
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2.2 Mesophase pitch based carbon fibers

Pitch is a high viscosity liquid made up of about two thirds aromatic planar oligomers

[150]. Originally derived from petroleum or coal, it is nowadays synthesized from suitable

monomers like naphthalene and its derivatives to optimize its properties [133]. Pitch is

an isotropic material under normal conditions [151]. Upon heat treatment polymerization

and condensation reactions lead to an increase in the molecular weight of the oligomers

and phase separation occurs in the form of spheres. These spheres exhibit a so called

mesophase which is highly anisotropic. The planar oligomers arrange into a stacked order.

This mesophase behaves similar to a liquid crystal phase. Depending on the heat treatment

all or only a fraction of the pitch is transformed into the mesophase. Unlike PAN based

fibers there’s not one monomer that is most suitable for producing carbon fibers. Rather it

is a mixture of different oligomers with average molecular weight between 300 to 400 [152].

Mesophase pitch can be melt-spun into fibers. The spinning aligns the mesophase domains

along the fiber direction. One problem during spinning is the high viscosity of the mesophase

compared to the isotropic fraction versus the improved properties with a large amount

of mesophase. Optimization of the various parameters is crucial to obtain the desired

properties. Singer reported an optimum mesophase fraction of 55% to 65% [124].

Carbon fiber manufacturing from pitch follows a similar pattern as PAN. However,

the oxidation and stabilization phase at temperatures around 250 ◦C to 350 ◦C in air

results in the crosslinking of the various aromatic hydrocarbons as well as introducing

oxygen containing groups which form strong hydrogen bonds thus strengthening the three

dimensional structure [153]. Carbonization is done at elevated temperatures in an inert

atmosphere followed by graphitization at up to 3000 ◦C. Due to the well-aligned precursor

structure, pitch is considered a graphitizing material. Unlike PAN, pitch carbon fibers

exhibit a three dimensional graphite-like structure after graphitization. This is the main
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reason for the improved modulus over PAN CF [154]. Another advantage of mesophase

pitch CF is that 80% to 85% carbon yield can be achieved.

The spinning process is the most crucial factor to determine the tensile properties of

carbon fibers due to the dependence of the resulting structure on the original one [152]. The

layers present in the non-carbonized fibers are retained in the final state. Pitch based fibers

have several transverse textures, among them radial, random, onionskin and a mixture of

these are shown in figure 2.5. The properties of these fibers are dependent on the transverse

structure but there is no clear relationship [133]. However Bright and Singer reported that

radial structures are more readily graphitizable than random structures [154]. The strong

alignment and large crystallite sizes allow pitch based fibers to have a very high modulus

exceeding those of PAN carbon fibers. Young’s moduli of pitch based fibers can exceed

800GPa [152]. However the graphite structure apparently limits the tensile strengths to

about 3GPa, only half of what PAN CF reach [132].

2.3 Cellulose based fibers

Cellulose albeit having only 44.4% carbon content compared to 67% for PAN and close to

100% in case of pitch is still a promising precursor for carbon fibers. Due to its ubiquity it is

very cheap and depending on the source very pure cellulose can be obtained. While cost and

chemical residues is a problem in PAN based fibers, which limits the application potential in

some areas [132]. Even though viscose rayon (VR) based carbon fibers hardly play a role in

commercial applications due to inferior mechanical properties they are heavily relied upon in

military and space vehicles [155]. Applications like heat shields, where VR CF are preferred,

depend on good thermal performance and fiber-matrix adhesion more than mechanical

properties. These are areas where VR shines. Rayon carbon fibers have a crenulated fiber

shape which improves adhesion with the matrix and feature low thermal conductivity as
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well as good durability [156]. Rayon is called the first man-made, semi-synthetic fiber [157].

It’s semi-synthetic since it is a direct product of a natural material, cellulose. Rayon is

a generic name for regenerated cellulose fibers first produced in the middle of the 19th

century. Producing rayon via the viscose process results in viscose rayon. The viscose

process is complex requiring multiple steps and chemicals. Wood pulp is treated with

sodium hydroxide and carbon disulfide to form cellulose xanthate. Cellulose xanthate is

soluble in an appropriate solvent and yields a highly viscous solution that can be spun into

fibers using wet spinning process. After the spinning the cellulose is regenerated in a bath

containing sulfuric acid and other chemicals. After the spinning the fibers are stretched to

improve the alignment of the molecules that result in better mechanical properties.

Cellulose undergoes various stages during pyrolysis. Especially in the low temperature

region up to 700 ◦C a high number of processes occur [158]. Similar to the other mentioned

CF, it is possible to roughly divide the process into three distinct stages: stabilization,

carbonization and graphitization. Stabilization in the case of cellulose is a complex process.

Cellulose as the other precursors does not melt before degradation which is important to

keep the fiber structure intact. However unlike PAN cellulose suffers from chain scission.

The glycosidic bond has to be broken in order to remove the oxygen connecting the

glucopyranose units. Tang and Bacon [158] identified four stages during low temperature

pyrolysis namely physical desorption of water, dehydration from the cellulose unit, thermal

cleavage of the glycosidic linkage and scission of other C−O bonds and lastly aromatization.

This general hypothesis of the thermal degradation of cellulose remains largely intact to this

day. Due to the inherent hydrophilicity of cellulose, water is stored to some extent inside

the structure [132]. This water is removed during the initial heating up to 150 ◦C. With

increasing temperature dehydration from the glucopyranose units follows. The hydroxyl

groups from the ring structure are removed, the remaining carbons forming double bonds.
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Figure 2.6: Chemical processes during pyrolysis of cellulose as proposed by Tang and Bacon
[158].
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Thermal scission requires even more energy. The glycosidic linkage is broken up leaving two

products. One is similar to levoglucosan which is a precursor for tar. This transformation

is undesirable. Further scissions take place breaking C−−O and C−O bonds. This is the

phase that results in the biggest loss of carbon material due to the formation of volatile

compounds. At temperatures above 700 ◦C repolymerization of the carbon residues begins

and aromatization into the hexagonal graphene structure follows. Graphitization leads

to the growth of the crystallites and if done under stress leads to good orientation of the

stacked layers along the fiber. Graphite layers are formed from the (101) planes of cellulose

I [27]. Due to the differing crystal structure of cellulose II there’s a 90° rotation necessary

in this case. Depending on the molecular orientation along the fiber, the graphite layers

are oriented which affects longitudinal shrinkage during pyrolysis.

A crucial step in the manufacturing of high performance carbon fibers from rayon is

hot-stretching during carbonization and graphitization [159]. The orientation of the cellulose

chains is almost completely lost without an applied load to stretch the fibers and thus

improve orientation of the graphite layers along the axis [160]. Thus stress-free graphitized

fibers will have vastly inferior properties to stress-annealed ones. The hot-stretching is

especially important during carbonization above 900 ◦C to negate longitudinal shrinkage

and yield highly oriented carbon fibers. It is a costly endeavor which was one of the

reasons that PAN quickly supplanted rayon as the preferred precursor. Tensile strengths

of hot-stretched graphitized rayon fibers achieve up to 2.5GPa and moduli of more than

500GPa [152]. This, as seen in the pitch and PAN CF sections, can’t compete in terms of

modulus or strength, respectively.

Important properties for cellulose fibers to be used as precursors are low defect density

like voids and de-bonding, high degree of polymerization, high aspect ratio and preferred

orientation of cellulose microfibrils.
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Apart from viscose rayon, there are a few other cellulose fibers that have been developed

more recently. Of note are liquid crystalline cellulose (LCC) fibers. These fibers are drawn

from a solution in which the cellulose forms a liquid crystal phase [161]. Lyocell is a

commercial example of a regenerated cellulose fiber that is spun from a solution of cellulose

in a tertiary amine N-oxide and water mixture [162] and which has drawn some interest in

its suitability as a precursor. This process is environmentally friendlier than the viscose

process since the solution can be recovered for reuse. Cellulose can also form a liquid

crystalline phase when dissolved in phosphoric acid [163]. The advantage of fibers spun

from an anisotropic solution is better orientation and higher crystallinity than comparable

viscose rayon fibers resulting in better tenacity and modulus. [164, 165]. Carbon fibers

made from Lyocell show promise. For the same process parameters they retain their

strength and modulus advantage over rayon [166]. This is attributed to the higher degree of

polymerization and a lower defect density of the precursor material. Pyrolyzed LCC fibers

show core-skin structure where the skin is graphitic after heat treatment at 2500 ◦C [167].

The core shows smaller crystallite sizes and reduced properties. This core skin structure

remains even at temperatures of 3200 ◦C [168].

In graphitization experiments done at Cornell University, Alfred University and at

Corning Inc. up to 2200 ◦C in various furnaces under vacuum or in an inert atmosphere, the

incomplete graphitization of LCC fibers was confirmed as is shown in the Raman spectra

and XRD patterns in figures 2.8 and 2.7.

At 2200 ◦C the degree to which graphitization can be achieved is limited especially

without stress applied to the fibers [169]. Hot stretching has a significant effect on cellulose

based fibers increasing degree of orientation, crystallite size and mechanical properties.

Without stress-annealing the crystallites are turbostratically ordered and poorly oriented.

Hot stretching especially increase Lc giving rise to a more three dimensionally ordered
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structure [170].

Viscose rayon and liquid crystalline cellulose are both a form of regenerated cellulose.

This type of cellulose suffers from low DP [132].

Native plant based celluloses are also non-graphitizing polymers. They suffer from the

same shortcomings as viscose rayon in that the yield is low in untreated condition. The

graphite crystallite size supposedly is directly correlated to the original crystallite size of

the cellulose. Kim et al. [171] shows evidence of graphitization of BC at 2000 ◦C.

2.3.1 Characterization of cellulose based carbon fibers

Characterization methods to determine the degree of graphitization usually involve X-ray

diffraction (XRD) and Raman spectroscopy, the latter of which also provides an opportunity

to non-destructively measure the mechanical properties [172].

XRD gives an estimation of the in-plane size La of the graphitic crystallites and out-

of-plane dimension Lc, the crystallite height. Furthermore the interlayer spacing d002 can

be calculated. The pattern is also indicative of the type of microstructure the fiber has,

graphitic or turbostratic [173]. To determine the crystallite size, the Scherrer equation is

used utilizing the 002 reflection which also corresponds to the interlayer spacing of the

crystallites. Crystallite sizes are usually less than 100nm so Scherrer’s equation is applicable.

The Scherrer equation is given by [174]

L = Kλ

β cos Θ , (2.1)

where K is a factor that incorporates the shape of the crystallites and is usually around

1.84, λ is the X-ray wavelength, β is full width at half maximum (FWHM) and Θ is the
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XRD results of a non-graphitized BC-based car-
bon fiber pyrolysed at 2100 ◦C in vacuum.

X-ray diffraction scan of commercial grade PAN
fibers heat treated to 2800 ◦C [175].

Figure 2.7: The 002 peak at 2θ = 26° which indicates graphitic structure is missing from the
BC-based carbon fiber prepared in the lab compared to commercially available
carbon fibers.

Bragg angle. d002 is determined via Bragg’s law:

d = nλ

2 sin Θ . (2.2)

For d002, Θ equals around 26°. An appearance of the 112 diffraction peak indicates a

three-dimensional ordering which suggest a graphitic crystal structure. If it is missing, a

turbostratic structure is present. XRD experiments for this thesis were done in air in a

Scintag Theta-Theta X-ray diffractometer utilizing Cu Ka radiation.

Even though evidence of graphitization has been reported for temperatures as low

as 2000 ◦C for bacterial cellulose [171], in experiments up to 2300 ◦C the strength of

the produced carbon fibers was low indicating incomplete graphitization up to these

temperatures. This was confirmed via XRD measurements as shown in figure 2.7.

This figure shows the results of an XRD scan from 15° to 35° to check for the existence

of the 002 peak of the graphite structure in a heat treated bacterial cellulose fiber. The BC
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fiber was pyrolyzed up to 2100°. In comparison, the presence of this peak in a commercial

PAN based carbon fiber shows the extent to which intensities the 002 peak is missing in

the BC based fiber.

Another technique regularly used for characterizing CF properties is Raman spectroscopy.

Tuinstra and Koenig [176] showed that there is an inverse linear relationship between

the two primary Raman bands at 1355 cm−1 and 1575 cm−1 and the crystallite size of a

graphitic material. These bands are called the D and G bands, respectively. The G band

is present in single crystal graphite whereas the D band is missing. The ID/IG ratio is

inversely proportional to La. For the single crystal the crystallite size can be thought of as

infinite. Carbon fibers show both bands indicating a finite crystallite size. Even though it is

not quite clear if this analysis should be done with the height or the area of the bands [177],

a general trend is noticeable with both measures. Raman measurements can be utilized

to determine local stress states in carbon fibers due to a linear shift of the G band with

increasing uniaxial stress [172]. This allows for the determination of the Young’s modulus

in a non-destructive manner. Raman experiments were done locally with a Renishaw InVia

Confocal Raman microscope using a 488 nm laser.

To double check liquid crystalline cellulose fibers were also pyrolyzed to compare them to

BC based fibers. The examination showed identical results to bacterial cellulose fibers. The

findings also concur with reports from Kong et al. [167] who found incomplete graphitization

in LCC fibers.

As mentioned earlier, yield is one of the major drawbacks to using cellulose as a carbon

fiber precursor. The theoretical yield of 44.4% is hardly achieved due to carbon being

removed as volatile carbon compounds. So in inert atmosphere the yield for bacterial

cellulose in TGA experiments was below 20% as shown in figure 2.9.

However there are ways to increase the yield. Bacterial cellulose treated with sulfuric acid

41



Raman spectrum for BC-based carbon fiber py-
rolysed at 2200 ◦C in vacuum.

Raman spectra of PAN-based CF pyrolysed at
different temperatures [175].

Figure 2.8: The intensities of the Raman shifts at 1580 cm−1 (G band) and 1360 cm−1 (D
band) indicate the degree of graphitization. The higher the G band the farther
has the graphitization progressed.
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Figure 2.9: TGA plots for freeze-dried BC at a heating rate of 10 ◦Cmin−1 in an inert
atmosphere. Solvent exchange from water to tertiary butyl was done for one of
the samples resulting in an earlier degradation onset temperature and better
yield.
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under various conditions shows a moderate increase in char yield at 350 ◦C increasing from

below 12% to 22% [178]. Immersion of cellulose in low concentrated sulfuric acid shows

no evidence of chain scission. Sulfate groups are incorporated into the cellulose structure

thereby reducing the thermal stability. However the acid environment leads to a reduction

in reactive oxygen during pyrolysis increasing the yield. Even more successful results were

reported by Kim et al. [179]. They reached yields as high as 38% after impregnation of

cotton in sulfuric acid. They determined the best concentration to be about 6% H2SO4

per dry cellulose. This reduced the shrinkage as well.

Hydrochloric acid was shown to have a similar effect and pyrolysis in an HCl atmosphere

also results in a significant increase in carbon residue [140]. Analogous to sulfuric acid,

hydrochloric acid dehydrates the cellulose thus reducing the forming of volatile compounds.

Residual weight increased from below 10% to about 25%.

Increases in carbon yield are also observed by impregnation with ammonium phosphates

and sulfates nearly doubling yield compared to untreated material [180].

To try some form of hot-stretching a device made out of graphite was used. It is pictured

in figure 2.10. The device head consists of two parts, which are held together via tape. The

fibers are loosely wound around the head. During the pyrolysis the tape burns, releasing the

lower half of the head which exerts a force on the fibers. However, the tape is incinerated

early in the process due to the low thermal stability resulting at least partially in fracture

of the fibers during their weakest period, most likely carbonization. If it didn’t rip the

fibers the weight of the piece proved insufficient to effectively stretch the fibers, at least

in the tested conditions. Since no substantial amount of graphitization was reached, the

applied force might have just been in vain.

The mechanical properties were not examined in a scientific manner. The poor results of

Raman spectroscopy and XRD coupled with the mere fact that a bundle of fibers had a
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Figure 2.10: The device that was used to put a load on the fibers during HTT. In this
configuration, a dried BC pellicle in tape form and a bundle of LCC fibers
were used with the device.

lower strength after pyrolysis discouraged further investigations. Whereas the untreated

BC and LCC fibers showed some resistance to being torn apart, the pyrolyzed fibers from

either precursor was severely weakened so that handling proved difficult to not crumble the

material. This is an indication that the cellulose fibers didn’t transform past an amorphous

carbon structure during the heat treatment Examination of the pyrolyzed carbon fibers

under the SEM didn’t reveal any substantial information besides a slight decrease in width.

Figure 2.11 shows pyrolyzed BC fibers after HTT of 2200 ◦C.

2.4 Future research suggestions

With the increasing demand for carbon fibers, there is a possibility of a market for carbon

fibers based on sustainable materials. Some of the less explored cellulose materials show
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Figure 2.11: Pyrolyzed BC fibers after HTT
up to 2200 ◦C.

Figure 2.12: Pyrolyzed LCC fibers after HTT
up to 2200 ◦C.

promise to fill that market. Due to their unique structure they might have a different

property profile than viscose rayon based CF but share a very similar base structure which

provides a good foundation for progress in transforming these materials into carbon fibers.

Technical limitations didn’t allow for investigations at temperatures above 2300 ◦C in

the present research. Only at about 2500 ◦C does graphitization happen much more readily

and completely. Generally the higher the heat treatment temperature the larger the degree

of graphitization. Cellulose is non-graphitizing, so a turbostratic structure is expected to

form at those temperatures. A furnace that at least is able to reach 2800 ◦C is needed to

study the graphitization behavior of BC in a meaningful manner.

An equally important limitation was the inability to do hot-stretching. A large degree of

graphitization is only as good as the orientation of the graphitic crystals inside the fibers.

This is directly related to the mechanical properties the CF will exhibit. The solution

used during the experiments was insufficient to stress the fibers enough especially at high

temperatures whereas it tended to break the fibers during the carbonization phase. A

system which is able to apply an increased amount of force during the high temperature

treatment is adamant to improve the properties of the pyrolyzed BC fibers.
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A better carbon yield should also prove to be beneficial to the properties. Maximizing

the yield via one of the methods described above would keep the cross-sectional area closer

to the untreated fiber and thus reduce the stress on the fibers.

A different approach to heat treating bacterial cellulose in a lab setting which would be

interesting to investigate is via electrical current or laser treatment. Both techniques would

reduce the need for massively expensive furnaces while allowing for easier stretching during

the process.
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3 Energy harvesting based on the

inherent piezoelectricity of bacterial

cellulose

3.1 Introduction

Recent technological developments are rapidly changing the energy landscape in today’s

world. On one hand, the rapid advancements in miniaturization of individual electronic

components bringing with it a decrease in power requirements. The miniaturization

promotes an increased deployment of portable systems for personal computing, health and

environment monitoring to name a few. These devices pack a lot of capabilities into small

packages enabling them to operate autonomously and, in many cases, remotely. Figure 3.1

shows the correlation between the size factor and the diversification of applications and

usage scenarios. These so called "smart" systems typically rely on a battery as their power

source at the moment.

On the other hand, the realization of the impact of mankind’s reliance on fossil fuels

on our environment has led to a surge in significantly increased research into sustainable

energy sources in the past two decades. Besides the major technologies like photovoltaics,
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Figure 3.1: The diversification of applications and usage scenarios of portable electronic de-
vices and the increasing miniaturization accompanied by increase in capabilities
promotes the developments of smart and self-powered systems [181].

wind turbines and biomass plants, the exploration of other environmental sources has shown

a slew of possibilities. While a lot of effort has gone into replacing the primary sources of

power on a large scale, the increase in low-power devices mentioned earlier has opened the

door for sources to be tapped that seemed insufficient and impractical before.

The prospect of extracting power from abundant chemical and physical sources in the

environment has sparked a widespread research effort. A sensor which could draw power from

its environment allowing it to operate basically indefinitely without a change of batteries or

other human interaction would reduce operational costs and potentially alleviate challenges

in waste recycling, pollution and depletion of resources. This trend could lead to the

development of small-form factor devices that are self-sustaining and at the same time

environmentally friendly. The term energy harvesting is mainly used in this context. In its
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most general form it refers to the generation of energy from ambient environmental sources

that don’t need any form of extraction or generation like coal, gas, oil and nuclear fuel.

This includes, among others, solar energy, wind, temperature and concentration gradients,

geothermal, kinetic energy and friction. More commonly, however, energy harvesting is

used for materials and devices that can harvest energy on a micro-scale. The power output

might only be in the milliwatt range, but that would be enough to provide continuous

power for a low-power sensor or actuator enabling it to operate independently. This is very

critical when such devices are positioned at remote locations that are hard to reach. Most

of the mentioned sources are barely exploited as of yet, but they are seemingly infinitely

available.

In the same vein an effort to include environmentally sustainable and non-toxic, biocom-

patible materials into standard devices is taking place. The ongoing depletion of resources

increasingly shines a light on the necessity to employ natural materials to replace synthetic

ones.

In this section energy harvesting will be explained in more detail as well as some current

research examples presented. After that bacterial cellulose and its potential to be used for

energy harvesting purposes will be investigated.

3.2 Energy harvesting

Research has looked at multiple different ways to harvest energy, particularly freely available

energy. Solar power is extensively researched and is becoming more and more popular in the

form of photovoltaics [182, 183, 184] and solar thermal plants [185, 186, 187]. Wind [188] and

bio-waste [189] are other commonly used sources with wind parks being set-up which consist

of hundreds of wind turbines [190]. Bio-waste plants are also heavily investigated to regain

some of the energy used in farming [191]. Further projects look at waves and tidal energy
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[192, 193], even though those technologies still have to mature before being commercially

viable. All these commonly known "green" sources provide energy at a reasonably large

scale and are therefore being developed to provide an alternative to conventional sources

and in the future to eventually replace them. What indeed is not often found in the news is

the effort to tap microscopic sources that may not produce enough energy to meaningfully

contribute to the power grid but may be able to recharge a phone or power a wireless

sensor. With the trend and opportunities to provide more and more sensing wirelessly, the

question of energy supply is frequently asked. Conventionally, batteries would provide the

needed power until they are depleted at which point a replacement or recharging has to

happen. This obviously is a disadvantage for devices at remote or hard to reach locations.

If a sensor was placed inside the human body during surgery to monitor the healing process

the battery basically has to provide enough charge to last the full healing period since a

second surgery to replace the battery is not desirable. In any case continuous operation is

preferable so that if something unexpected happens the device is still being able to function.

Another aspect is size. As devices and sensors get smaller and smaller a battery proves

to be a rather bulky add-on due to the size being dependent on the charge density. If the

device would integrate sensor, wireless transmitter and energy harvester in one package to

allow for continuous operation, a huge step could be taken in the right direction.

Research into the possibility of energy scavenging devices is happening in a multitude of

areas. As shown above, of greater interest are thermoelectric materials to exploit thermal

gradients [194, 195], microbial fuel cells to exploit the degradation activities of bacteria [196,

197, 198] and pyroelectric materials to benefit from temperature changes [199, 200]. One of

the most readily available forms of energy, however, is kinetic energy. Thus harvesting of

this kind of energy has enjoyed special attention in recent years. One of the advantages

of mechanical energy harvesting is its potential to be applicable on a large scale with
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products already available for pavements [201] and ambitious ideas to relieve power crises

in third world countries [202]. One possible way to harvest mechanical energy is to use

triboelectricity which utilizes charge separation when materials with different chemical

potential come in contact [203, 204]. Another method with great potential is piezoelectricity.

The piezoelectric effect is well understood and is being used in various applications ranging

from automotive injection systems to speakers to cigarette lighters, to name but a few.

It compares favorably to other power sources, potentially delivering up to a few hundred

milliwatts per cubic centimeter [205].

There are a few examples of the integration energy harvesting techniques into devices.

Ramadass and Chandrakasan [206] have fabricated a CMOS circuit to maximize the power

extraction from a thermoelectric generator to be worn on the human body. Where previously

a battery was needed to start the power extraction, they managed to harvest the energy

produced by a thermocouple without any assistance. They are taking advantage of motion

by the human body to trigger the charging of the necessary capacitors to jump start the

circuit and optimize the power extraction. A typical thermoelectric voltage output is too

low to operate CMOS switches to operate a control circuit to enhance the energy stored

in a capacitor when being worn. However, Ramadass and Chandrakasan have exploited

the fact that their circuit was meant to be wearable and thus subject to constant tiny

vibrations due to movement and incorporated a sensitive switch that mechanically triggered

the energy storage. With that they were able to create a device that is able to store 58%

of the energy created by the thermoelectric harvester.

Tender et al. [207] used a microbial fuel cell (MFC) to operate a measuring buoy. The bouy

transmitted data about water temperature, air pressure, temperature and relative humidity

wirelessly. The electronics were powered by the MFC which, in its second generation,

produced 36mW continuously. This is one of the first practical employments of an MFC
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showing that the technology is able to reliably produce energy over a long time span. The

buoy is a macroscopic tool and the MFC employed by Tender was quite large at a volume

of 0.03m3. But MFCs have also been demonstrated for use in microscopic applications.

Wang [208] presented a nanowire generator using ZnO. ZnO exhibits piezoelectric prop-

erties when shear deformed and is a promising material due to its relative biosafety and

availability in several nanostructures like belts, springs and helices, among others. Wang

used an AFM tiphead to bend vertically grown nanowires and transduce mechanical energy

to electrical energy. Figure 3.2 shows the vertically grown ZnO nanowires and the schematic

of the experiment performed. The bending of the nanowire resulted in charge separation

across the nanowire. The initial power output of a single wire at resonance was estimated

to be around 0.5pW. Embedding those nanowires into a matrix and optimizing the config-

uration they were able to create nanogenerators with power output of up to 11mW/cm3

and a voltage output of around 2V [209].

Figure 3.2: An SEM and TEM image of the vertically grown ZnO nanowires are shown in
A and B. C shows a schematic of the AFM experiment with a conducting tip
[208].
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Figure 3.3: Applied shear stress and resulting polarization of rectangular pieces of wood.
Grains are aligned in the z-direction and therefore also cellulose crystals [213].

Lead zirconate titanate (PZT) is the best known and most widely used piezoelectric

material. However, due to it containing lead, concerns over its effect on health and the

environment have been raised and an initiative by the European Union was started to

replace it with more environmentally friendly materials where possible [210]. Efforts to

find equally suitable materials have not been successful at the time of writing, even though

there was a strong push. Alternatives are ZnO, BaTiO3 and electro-active polymers like

PVDF. Even though piezoelectricity is a naturally occurring phenomenon there has not

been much investigation into natural materials exhibiting piezoelectricity.

3.3 Energy harvesting based on cellulose

3.3.1 Piezoelectricity in cellulosic materials

Cellulose was shown to be piezoelectric in 1955 by Fukada [211]. After Bazhenov and

Konstantinova [212] discovered piezoelectricity in wood in 1950, Fukada [211] found that

this effect comes from the crystalline parts of cellulose inside the wood macrostructure.
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The symmetry of natural cellulose allows for the following piezoelectric tensor [214]:


0 0 0 d14 d15 0

0 0 0 d24 d25 0

d31 d32 d33 0 0 d36



The piezoelectric constant d relates the induced polarization D to the stresses T applied

to the material, so that D = dT in its simplest form. Fukada [213] theorized that due to

the parallel orientation of the cellulose crystals along the grain direction and his findings

of polarization only with shear strain applied in the grain direction that cellulose is shear

piezoelectric where every constant is zero except d14 and d25 which are equal in value but

opposite as seen in figure 3.3. The piezoelectric tensor of cellulose thus looks as follows:


0 0 0 d14 0 0

0 0 0 0 −d14 0

0 0 0 0 0 0

 .

This results from the monoclinic unit cell structure of the investigated samples as well as

the specific configuration of the cellulose. For triclinic unit cell as in the case of cellulose

Iβ , none of the constants have to be zero [215]. No further investigations into the matter

have been reported. As expected piezoelectricity strongly depends on the crystallinity of

the materials. A ramie bundle which generally shows high crystallinity of up to 90% [216]

and a rayon bundle with low crystallinity have piezoelectric moduli of about one tenth and

one hundredth of quartz, respectively [213]. d14 = 0.2 pCN−1 for ramie[217].
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Figure 3.4: Morphology of regenerated cellulose used in EAPap as well as schematic of
EAPap cantilever.

3.3.2 Previous research

After the initial discovery the interest in cellulose and its piezoelectricity waned. Few

studies were performed, mostly concentrating on wood as a whole [218, 219]. Only in 2006,

Kim et al. [220] rediscovered the potential to use cellulose’s piezoelectricity in what they

called electro-active paper (EAPap). Kim et al. [220] used regenerated cellulose coated

with gold to produce what is essentially paper that bends when an electric field is applied

across both sides. Similar to piezoelectricity in wood, the preferential alignment of the

cellulose molecules along the sheet gives rise to polarization when an electric field is applied

orthogonal to the sheet plain resulting in a bending motion. This is the reverse effect of

what Bazhenov and Konstantinova [212] and Fukada [211] experienced. Dipole orientation

of the hydroxyl groups and incorporated water as well as ion migration are attributed with

creating the polarization. The non-centrosymmetric structure of cellulose is inherently

piezoelectric and a high concentration of sodium ions is present due to the regeneration of

native cellulose in sodium hydroxide.
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This EAPap exhibited an activation voltage of around 250Vmm−1 and a tip displacement

of 4.3mm was achieved for cantilevers of length of 40mm [221]. The activation energy is

comparable to other electro-active polymers. Kim et al. [222] reported that the piezoelectric

charge constant for EAPap is 28.2pCN−1.

This is higher than some of the more widely investigated electro-active polymers such

as PVDF. Studying environmental effects on the activation of EAPap, the same group

found that with increasing humidity the activation increases [221]. Since cellulose readily

absorbs water and the proposed effect of water on the polarization, this isn’t too surprising.

They also suggest ion migration is considerably easier through water which would explain

further increase in displacement. Another factor is the decreasing mechanical properties.

In the wet state, the Young’s modulus of cellulose decreases [223]. The overall conversion

of electrical to mechanical power was not very efficient, being in the range of 0.2%.

EAPap also constrains in-plane when a voltage is applied, even though this strain is

small. With a preferred orientation of 45 degrees of the fibers with respect to the long axis

of the cantilever the strain under a constant voltage of 7V was recorded to be 0.0428%.

Under an alternating voltage of 0.5Hz the strain reached 0.0373%. In both cases under a

continuous load the contraction reduced gradually over time, i. e. creep under constant

conditions causes the cantilevers to elongate again over time.

Thickness as a factor was also investigated [224]. Three different samples with different

thicknesses were bent. It was found that the displacement of the cantilever decreased

with increasing thickness which can be explained by an increase in bending stiffness. Yun

et al. [224] proposed an optimum thickness to achieve the highest efficiency of electrical to

mechanical power conversion. According to their data this optimum thickness lies around

30 µm.

In another experiment Yun and Kim [225] mixed 0.1% multi-walled carbon nanotubes

56



(MWCNT) into the EAPap to increase the mechanical properties. The cellulose and

CNT are dispersed in a solution and then spin cast and pressed on a silicon wafer. The

incorporation of nanotubes increases the Young’s modulus from 1.02GPa to 1.80GPa. As

expected, the deflection of the cantilever reduces but the resonance frequency increases so

that the mechanical power output rises which means more work can be done.

Wood cellulose was also used in experiments to create electro-active paper [226]. Barium

titanate nanoparticles were coated onto the wood fibers. Unlike other paper variants

investigated, this resulted in a piezoelectric response when the paper was stretched, not

when bent.

Apart from these efforts, actuators on bacterial cellulose were investigated. Kim et al. [227]

incorporated different ionic liquids into freeze-dried bacterial cellulose pellicles and coated

these with PEDOT:PSS conductive polymer electrodes. The so prepared cantilevers showed

displacements at a resonance frequency of 0.1Hz. The polarization was mainly attributed to

ion migration. Similar efforts were done with covalently grafting the carbon nanotubes onto

the cellulose fibers [228]. This resulted in an increase in the piezoelectric charge constant.

Jeon et al. [229] fabricated a bacterial cellulose actuator that was driven submerged in DI

water. The dried BC pellicles were infused with LiCl solution and then electrodes were

sputtered onto both sides. The tip displacement improved compared to untreated BC and

increased with increasing driving voltage. However, the plant cellulose sample didn’t show

any bending which was attributed to high water absorption. A comparison of the water

uptake of the two celluloses wasn’t reported.

In an effort to investigate the energy harvesting potential of EAPap, Zhai et al. [230]

investigated the output voltage. They found a response of the EAPap to be from around

50mV to 150mV depending on the size and material used. An aluminum electrode resulted

in the highest voltage. No explanation for the unusual size dependence was given.
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3.4 Bacterial cellulose energy harvesting

Most of the above described investigations looked at either regenerated cellulose or incor-

porated a different charge carrier into native cellulose, essentially using the cellulose as a

very porous and flexible substrate. Furthermore, insight into the direct piezoelectric effect

has been basically non-existent except for the very recent one by Zhai et al. [230]. With

the increased emphasis on energy related technology the goal for the project resulting in

this Master’s thesis was to investigate the feasibility and performance of a nanogenerator

based on micro-sized bacterial cellulose nanofiber bundles. The reports of the inherent

piezoelectricity of native as well as regenerated cellulose showed promise that this could be

done. The high crystallinity of bacterial cellulose were thought to be advantageous to the

piezoelectric properties.

However, there are mixed results in regards to the piezoelectricity of bacterial cellulose.

Kim and Seo [231] didn’t see any evidence for piezoelectricity in bacterial cellulose samples

during a preliminary investigation into what would eventually become their electro-active

paper EAPap. On the other hand, Jeon et al. [229] and Kim et al. [227] saw bending under

an electric field to varying degree. Apart from these few reports, there are no publications

on the piezoelectricity of bacterial cellulose to the author’s knowledge.

Even though, there are unfortunately no quantitative results, the experiments performed

in this study confirmed that BC is piezoelectric, as was expected. Unfortunately there’s

no data to the extent of the piezoelectric constants. The experiment followed those set up

by previous publications [231]: a BC rectangular cantilever of dimensions 10mm x 50mm

coated on both sides with gold electrodes was put under an electric field as seen in figure

3.4. The BC production mirrored the procedure outlined in chapter 1. The thickness of the

pellicles was dependent on the days of incubation and the drying method. Profilometry

revealed the thickness for oven-dried pellicles to be in the range of a few micrometers and
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Figure 3.5: Cross-sectional view of a gold coated BC pellicle. On top is a thin gold layer
(30nm). In this image there is no indication that the gold penetrated through
the pellicle to connect with the backside.

for freeze-dried BC up to several tenths of micrometers. In general oven-dried samples were

used due to large thickness variations across freeze-dried ones. The gold coating was done

in a CVC SC4500 evaporator. Gold was chosen because of its environmental stability. Due

to the lack of oxidation, there were no problems connecting to the electrodes. The goal for

the coating was to affect the stiffness of the BC as little as possible while still providing a

continuous layer to allow for uninterrupted current flow.

A good compromise was found at a thickness of 20nm to 30nm. The coating was found

to be challenging. Even with no apparent cracks or holes, the front and back side of the BC

were consistently shorted. Scanning electron microscopy gave no indication that the metal

was penetrating all the way through the pores as shown in figure 3.5. Due to the extensive

volume loss during drying, micro-fractures are hypothesized to exist in the pellicle allowing

the metal coatings to connect. To alleviate that problem micro transfer printing (MTP)
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Figure 3.6: Micro transfer printing technique for depositing gold onto cellulose films accord-
ing to Kim et al. [232].

was tried but was unsuccessful. MTP was previously done on a regenerated cellulose film

by Kim et al. [232] as shown in figure 3.6.

Following the reported procedure of using a gold coated PDMS stamp didn’t result in a

continuous layer. The inherent roughness of the BC pellicle hindered a proper release of

the gold layer from the PDMS. As an initial solution a separation layer was put between

two BC pellicles.

Figure 3.7: A thin LDPE film was sandwiched between two BC pellicles and hot-pressed to
prevent shorting of both gold coatings.

The separation layer was very thin LDPE foil that was physically connected to the BC by

hot pressing the BC-LDPE-sandwich at around 120 ◦C, close to the melting temperature of

LDPE. The resulting triple-layer, as shown in figure 3.7, could be coated in the evaporator

without shorting. Two qualitative observations about the piezoelectric behavior of these
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cantilevers were made: the displacement of the tip increased with the applied electric field

and was dependent on the frequency of the voltage. The resonant frequency was around

4Hz to 5Hz at the given sample size. These observations concur with previously reported

behavior of cellulose actuators [220]. As a control sample cellophane was used. Cellophane

is a cellulose derivative and was previously used in the actuator experiments [231]. Since it

is a cast film, it didn’t suffer from the shorting experienced with BC and thus could be

coated without any separation layer. The response, however, to an applied electric field was

very similar to the BC samples. Even the resonant frequency was in the same range. Frame

by frame analysis of videos taken during the experiments revealed a linear relationship

between the applied and observed frequencies. This behavior rules out electrostriction as

the cause of the oscillations.

The ultimate goal being the investigation of the energy harvesting capabilities of BC on

a microscale, membrane like test samples were designed. The vibrations of a membrane,

with circular cross-section, are well known and such membranes are regularly used in

MEMS characterization [233, 234]. A taut membrane also offers the benefit of increasing

the resonant frequency towards regions which can be measured with standard electronic

equipment. For preliminary tests, metal washers with inner diameters of a few millimeters

were used as substrates. These allowed easy contact to the back side of the membrane. Tests

under optical microscopy revealed vibration response for at least one of the membranes

under alternating voltage. These membranes, however, suffered from poor handling and

they were usually slumping instead of being taut. For further experiments, thin cover glass

pieces were utilized. The BC was oven-dried directly on the glass substrate. This had two

benefits: excellent adhesion between the substrate and BC and shrinkage during drying

ensured that the membrane would be taut. As glass substrates 150 µm thin microscope

cover slips were used. Holes of various sizes were laser-drilled into the substrate with a
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Versalaser CO2 laser cutter. The nominal diameter ranged from 1000 µm down to 25 µm.

Gold was then evaporated on both sides of the membrane-glass package. The samples were

tilted and rotated during processing of the backside to get a uniform coating of the sidewalls

of the hole. Electrical connections were put on the system, two in front, two in back, to test

the electrical impedance of frontside and backside and ensure that the membrane wasn’t

shorted from front to back. The package was then glued to a piezoelectric PZT element

which worked as the driving actuator. The membrane was suspended over the edge of the

PZT to reinforce vibrations. The whole fabrication process is shown in figure 3.8.

The measurements were done using a spectrum analyzer driving the PZT element at

1mW and sweeping through a range of frequencies. The output signal from the membrane

was recorded with the same tool in dB gain. The input and output impedance of the tool

was 1MW. Since the impendances of the samples were comparably small, only a couple

hundred W, this meant that the output power could easily be calculated through the input

power and the gain as seen follows:

Gain = 10 log
(
Pout

Pin

)
dB

Pout = Pin exp
(
Gain

10

)

Knowing the impedances, it would have been possible to calculate the output voltage.

Problems executing the measurement successfully were met, however. There was no clear

output signal above the background noise in the measurable range of frequencies detected.

A variety of issues might have been the cause of this. For some samples it was discovered

that the electrical connection across the sidewall was poor or broken. Even the tilting

and rotating of the samples during evaporation wasn’t enough to get uniform coverage

of the sidewalls. The resonant frequency of the membrane might still have been too low
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Figure 3.8: The membrane sample fabrication process. A, B Laser cutting of the substrate;
C Depositing and drying of BC; D Gold evaporation on front and backside; E
Packages is glued onto PZT with Nickel electrodes; F Assembly of package onto
a copper-clad PCB board; G Soldering of wires to connect to network analyzer.
H Resulting output. For more detail, see paragraph on page 62.
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and therefore outside of the measured range. The utilized PZT elements had a resonant

frequency of about 7 kHz. Furthermore the spectrum analyzer had a lower limit of 1 kHz.

Given that the pellicle as a whole is not very stiff, the tension in the membrane might not

have been enough to elevate the resonant frequency above the lower threshold. On the

other hand, the amplitude of a very stiff membrane is small. The expected low piezoelectric

response in addition to a low amplitude might have resulted in a very low signal which

could not have been detected above the background noise.

3.5 Future research

Quantitative analysis is necessary to judge the feasibility of a bacterial cellulose based

nanogenerator. This should be the primary focus of any future research in this area. There

is no clear indication of any potential without quantitative results.

Meant as a temporary solution, the BC-LDPE sandwich unnecessarily increases the

stiffness of the cantilever. The removal of the LDPE separation layer can be achieved

by successfully applying the proposed micro transfer printing method. Another solution

might be to increase the thickness of the BC pellicles, even though this approach has its

limitations.

A very important aspect to the piezoelectric performance of cellulose is the alignment

of the fibers. Generally BC is randomly oriented in the plane of the pellicle. Thus only a

fraction of the fibers actually contribute towards the piezoresponse. However, implementing

the methods outlined in chapter 1 to force a more uniform alignment could potentially

lead to a vast improvement in the piezoelectric performance. It should also be possible to

stretch, possibly in wet condition, the BC yarn to improve the orientation. It has been

reported that a 45° angle of the fibers to the bending motion results in the biggest response.

In the end, most importantly, a different approach to measuring the power output of a
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BC device needs to be chosen. A system with more known parameters would be a good first

start. An idea was to use an AFM tip as a substrate which can be chosen and characterized

as to its deflection and frequency. This would have the benefit of a simplified fabrication

and less problems connecting to the device.

In terms of fabricating a cantilever, the problems lie in the target size. A cantilever on

the microscale is difficult to produce due to handling and coating issues. A cantilever of

that size is very fragile and depositing electrodes on either side is going to be a challenge.
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