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1 | INTRODUCTION

Transparent electronics is an evolving technology that
replaces traditional opaque semiconductor materials
Efficient,

with transparent materials.'

Michael N. Pillay"'
Werner E. van Zyl'

| Vashen Moodley' © |

Abstract

This work reports on the engineering and fabrication of transparent, conduc-
tive, and flexible films made as a composite of bacterial cellulose microfibers
(BMF), a polymer (either PVA or PEO), and silver nanowires (AgNWs) as via-
ble and cost-effective replacements to commercial indium-tin oxide (ITO) and
fluorine-doped tin oxide (FTO) transparent conductors. The studies conducted
indicate that the optical and mechanical properties of BMF-polymer substrates
are tuneable by varying the ratio of BMF to polymer. An optimized ratio of
70:30 of BMF to polymer was established for BMF-PVA and BMF-PEO com-
posites. The optimized composite films were coated with varying amounts of
AgNWs. As the AgNW loading increased, the deposition density of AgNW net-
works increased, while the sheet resistance and optical transmittance
decreased. The optimum AgNW loading was determined at 0.20 mg for both
composite films. The BMF-PVA-AgNW film displayed transmittance between
81% and 71% and an average resistivity of 9.462 + 0.588 Q/sq while the BMF-
PEO-AgNW films showed transmittance between 73% and 65% and an average
resistivity of 9.388 + 0.1.375 Q/sq. These properties compared well to that of
commercial ITO and FTO glass substrates. The findings promote cellulose-
based composites as low-cost, lightweight, and durable substrates for optoelec-
tronic applications.

KEYWORDS

bacterial cellulose, conductive, optoelectronics, poly(vinylalcohol), silver nanowires,
transparent

conductors (TCs) should compromise between sufficient
transparency within the visible spectral region and mod-
erate electrical conductivity, as they are neither 100%
optically transparent nor metallically conductive,” in

transparent theory, TCs are thus considered a contradictory
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combination when assessing their electronic bands.
Transparent materials are often classed as insulators,
but in contrast to conductor and semiconductor mate-
rials, the energy gap between the valence and conduc-
tion band of an insulator is large. Transparent organic
conductors such as poly(3,4-ethylenedioxythiophene)
(PEDOT) and poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonate) PEDOT:PSS are examples of materials that can
bridge the gap between transparency and conductivity.>*

Metal oxide TCs such as ITO currently dominate the
thin-film photovoltaic (PV) market as electrode materials
due to their superior conductivity and high transpar-
ency.’ Despite its excellent transparency and conductiv-
ity, this metal oxide is expensive, scarce, brittle, and
requires costly deposition techniques, often onto rigid
substrates.”” These expenses and intrinsic properties pre-
vent ITO from being amenable to low-cost, roll-to-roll
manufacturing, and applicability toward flexible PV
devices.*® A feasible alternative to common metal oxide
and polymer TCs is cellulose materials that can be fabri-
cated into transparent and flexible films.'® As one of the
most ubiquitous and abundant polymers on Earth, cellu-
lose is cheaper and more sustainable than its metal oxide
counterparts and exhibits properties such as low thermal
expansion and mechanical flexibility.'"'* Cellulose can
be extracted and isolated from various sources, including
algae, tunicate, trees, and bacteria.'? Although cellulose
is the primary structural component of most plants, it is
also secreted by certain aerobic bacteria, most often from
the Acetobacter genera, via a biotechnological mechanism
originating from carbon sources."* Bacterial cellulose
(BC) is biosynthesized into a polymer by assembling p-
glucose monomers only and has greater purity and crys-
tallinity.'>'® Although these properties highlight cellu-
lose as a potential replacement to conventional TC
substrates or use in other optoelectronic applications, one
drawback of cellulose is its non-conductive nature.

It has been widely demonstrated that conductivity
can be achieved by coating materials with metallic nano-
particles such as gold (Au), silver (Ag), or platinum
(Pt).'”"*! Studies commonly use Ag as reports have
shown that it is the most conductive and cheapest among
these metals. The conductivity of metallic nano-spheres
is reportedly low as their small size results in numerous
inter-particle junctions.** Unlike nano-spheres, a nano-
wire's elongated shape (high aspect ratio) allows for a
conductive film to be achieved at a far lower particle den-
sity, resulting in fewer inter-particle junctions.*®

This work describes the fabrication of transparent,
conductive, and flexible alternatives to ITO and FTO
glass substrates for optoelectronic applications such as
PV. A composite comprising of BC and binding agents
(PVA or PEO) formed the transparent and flexible

substrate. An optimized AgNW coating provided a con-
ductive network to the flexible film that was able to pre-
serve the transparency of the cellulose-based film.

2 | RESULTS AND DISCUSSION

2.1 | Biosynthesis of BC and BC
microfibers

BC producing bacteria was cultivated from commercially
available Kombucha tea. Kombucha tea is an age-old,
slightly acidic health beverage, globally consumed for its
richness in probiotics and nutrients.>* When supplemen-
ted with black or green tea and sufficient amounts of
sugar, the Kombucha tea transforms into a medium that
feeds and produces a symbiotic culture of bacteria and
yeast (SCOBY).? The bacteria and fungus in the Kombu-
cha present a powerful symbiosis that can inhibit the
growth of potentially contaminating bacteria.”® In this
study, the SCOBY was responsible for BC growth
(Figure 1).

Once the SCOBY developed (at least 1 cm thick), it
was introduced into a modified Hestrin and Schramm
(HS) medium that contained macro and micronutrients
that assist in the growth of the microorganisms. A static
growth approach was adopted to cultivate the BC. After
3 days, a thin, clear, gelatinous layer (i.e., the cellulose)
was observed at the surface of the HS medium, sprouting
from the SCOBY. The biosynthesis of BC is a multistep
process that relies on several key enzymes that control
cellulose synthesis.>” During the biosynthesis, cellulose
building blocks are secreted through the pores in the bac-
teria's cell wall and aggregate into pure, organized, 3D

— SCOBY

Supplemented Kombucha Tea

FIGURE 1 Supplemented Kombucha tea with grown
symbiotic culture of bacteria and yeast (SCOBY); (inset) SCOBY
used in the biological growth of bacterial cellulose (BC). [Color
figure can be viewed at wileyonlinelibrary.com]
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cellulose fibers that are stabilized by inter-and intra-
molecular hydrogen bonds.*”*°

The BC growth was monitored daily and grew into a
pellicle that conformed to the container's shape. After a
2-3 week growth period, the BC pellicle appeared as a
thicker, translucent, cream-yellow colored gelatinous
substance (Figure 2). The yellow color of the BC pellicle
is due to surface impurities and bacterial cellular residues
and was removed using alkaline treatment with NaOH.*
Bleaching with NaClO was done after alkaline treatment
to remove chromophores and phenolic compounds. The
bleaching processes improved the appearance and trans-
parency of the resultant films.*'

Figure 3a shows the scanning electron microscopy
(SEM) micrograph of the BC. The BC accumulated as a

BC pellicle HS medium
| |

FIGURE 2 Bacterial cellulose (BC) biosynthesized from the
symbiotic culture of bacteria and yeast (SCOBY) in the Hestrin and
Schramm (HS) medium. [Color figure can be viewed at
wileyonlinelibrary.com]

gelatinous membrane at the interface between the cul-
ture medium and air. The micrograph shows that the sur-
face of the BC film appears as a randomly assembled 3D
network of entangled fibers. The individual cellulose
fibrils were visible and had an average diameter of
61.73 nm + 10.39 nm (Figure 3b).

The BC pellicle was liquidized into a pulp, which was
subjected to acid hydrolysis to obtain micro-sized BC
fibers (BMF). Acid hydrolysis typically leads to the diffu-
sion of hydronium ions (H;O") into cellulose fibrils
(Figure S1), causing the hydrolytic cleaving of glycosidic
linkages within cellulose molecular chains. This hydroly-
sis breaks down the hierarchical structure of the cellulose
into microfibers and induces repulsive electrostatic forces
between negatively charged microfibers allowing for col-
loidal stability and dispersion in water.>*>> Transmission
electron microscope (TEM) micrographs and size distri-
bution curves of the BMF confirmed that the long BC
fibers were indeed hydrolyzed to a measurable microme-
ter scale, with an average length of 1.35 uym + 0.2 pm
(Figure S2). The average width of the BMF was
60.37 nm = 11.24 nm. In comparison to the BC, the dif-
ferences in the measured widths are negligible and indi-
cate that the hydrolysis only reduced the length of the
fibers and not the width.

2.2 | BMF-polymer film fabrication

Two outcomes were identified when processing films

consisting of 100% BMF, (i) at low BMF concentrations,
the BMF films were unable to retain their shape and

50

Average: 61.73 nm +10.39 nm
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FIGURE 3 (a) Scanning electron microscope (SEM) micrograph of bacterial cellulose (BC) film and (b) size distribution curve of the
bacterial cellulose (BC) fiber diameters. [Color figure can be viewed at wileyonlinelibrary.com]
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readily disintegrated, and (ii) at high BMF concentra-
tions, the films formed were brittle and unsuitable for the
applications mentioned above. Therefore, PVA and PEO
were selected as reinforcing and binding agents to
improve the mechanical properties and processing capac-
ity of BMF films.

In addition, the PVA and PEO polymers assist in
maintaining the original character of cellulose films con-
cerning transparency, biodegradability, and economic
feasibility. As an additive to BMF, the amount of PVA
and PEO used to fabricate the films did not exceed that of
BMF. Ultrasonication was used to physically crosslink
the BMF to the respective polymer to form the composite
film. The crosslinking takes place via intermolecular
interactions between the hydroxyl groups on the cellulose
and the hydroxyl groups on PVA or the ether groups on
PEO.34'35

The composite nature of the BMF-polymer films was
characterized by X-ray diffraction (XRD) analysis as
shown in Figure 4. Three broad peaks were identified at
20 = 14.4°, 16.8°, and 22.9° for BMF, and were assigned
to the (1 0 1), (1 0 1) and (0 0 2) planes. Like cellulose,
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PVA is semi-crystalline and shows a single broad peak at
20=19.48° and a shoulder at 20 =20.84°. The intense
peak at 19.48° was assigned to a mixture of 101 and 101
reflections,*® and the shoulder at 20.84° was assigned
to the (2 0 0) plane from a monoclinic unit cell.*

According to the 20 values (Table S1), films A-E
exhibit similar diffraction peaks corresponding to the (2 0
0) plane of cellulose and the (1 01) and (101) planes for
PVA. These PVA peaks become prominent with increas-
ing PVA ratios. The appearance of peaks characteristic to
BMF and PVA in the diffractograms for films A-E con-
firm their presence in the composite. Furthermore, subtle
shifts in 20 values in the XRD spectra can be tentatively
assigned to a possible interaction between the BMF
and PVA.

The diffractogram for the pure PEO film (Figure 4b)
demonstrates two crystalline peaks at 20 = 19.35° and
23.59° (Table S2), which are attributed to the (1 2 0) and
(11 1) planes of a PEO monoclinic crystal structure.***
These diffraction peaks were generated by combining the
polyether side chains and intermolecular interactions
between PEO chains via H-bonding.**** The sharpness

100
75
50
25

100
75
50
25

1003

A1 (90:10)

LI

B1 (80:20)

L L

N O~
aoun

c1 (70 30)

o

D1 (60:40)

L

AN
e
NS
A
N/L

E1 (50 50)

Normaised Intensity (counts)
-
NOaNO
aouo
. |

100
75 —=111
120-—

1&0 —002
25 BMF

— 1

0 5 10 15 20 25 30 35 40 45 50
2 Theta (degrees)

o

FIGURE 4 X-ray diffraction (XRD) analysis diffractograms of (a) pure bacterial cellulose (BC) film, pure PVA film and composite films

A-E and (b) pure BC film, pure PEO film and composite films A1-E1. [Color figure can be viewed at wileyonlinelibrary.com]

85UB017 SUOWIWIOD dA 8.0 3(deol dde 8Ly Aq peusenoh a2 ool O ‘8sN JO S9InJ 10} AeiqiT8UlUO A8]IAA U (SUOIPUOD-pUE-SWLBHW00 A8 1M AReq | Ul |Uo//Sciy) SUORIPUOD pue SWLe | 8u18eS ' [£202/0T/TT] Uo Alqiauluo Ao]IM ‘Yosessay [eIIPIN UedLY YInos Ag 060vS dde/z00T 0T/I0p/wod A8 i Ake.d1jpuluo//sdny Wwoij pepeoiumod ‘0g ‘€202 ‘829t.60T


http://wileyonlinelibrary.com

GOUNDEN ET AL.

uuuuuuuuu

Applied Polymer_wiLEY-L s

of these peaks signifies the relatively high degree of crys-
tallinity of the PEO, but the simultaneous presence of a
halo region between 15° and 30° indicates a semi-
crystalline nature of PEO.*>*® The PEO diffractogram
also shows less intense peaks at 260 = 36.24° and 39.93°
that have been reported in other studies.*” Peaks associ-
ated with the (1 0 1) and (1 0 1) planes of BMF can be
seen in films A1-E1, but have experienced reduced inten-
sities and shifting to higher 20 values. Due to the (2 0 0)
plane associated with BMF at 26 = 22.94° and the (11 1)
plane associated with PEO at 20=23.59°, the Al-E1l
films have an ambiguous peak ranging between 22.8°
and 23.2° that cannot be precisely distinguished to BMF
or PEO, even if deconvoluted. Film A5, containing the
highest amount of PEO, did produce a diffraction peak at
20=19.66°, which can be associated with the (1 2 0)
plane of PEO. The shift in 26 values, change in peak
intensity, and shape confirm the composite nature of the
films and possible interactions between BMF and PEO.

2.2.1 | Mechanical properties

Dynamic mechanical analysis (DMA) studies were car-
ried out to evaluate mechanical properties of the films.
As separate entities, BC is characterized by high tensile
strength and has reported Young's Modulus (E) ranging
from 1 MPa to over 100 GPa while PVA and PEO have
elastic properties which are expected to improve the elas-
ticity and flexibility of the composite films.*® Considering
the purpose and function of the composite films, E was
deduced from stress-strain curves to evaluate the elastic
effect imparted by PVA and PEO toward the BMF-based
films (Figures S3-S7).

A high E value represents a stiff material, while a
comparatively lower E value represents a more elastic
material. The E values (Table S4) were extracted from the
linear region (R* values of >0.998) of the respective
stress—strain curves. The BMF film produced the highest
E value of 74.13 MPa, while PVA and PEO films pro-
duced the lowest E values of 2.155 MPa and 4.303 MPa
respectively, as expected. The BMF and film A generated
stress—strain curves with a shape that describes brittle
materials, while the PVA and the B-E films generated
stress—strain curves that identify with ductile materials.
The increasing amounts of PVA in films A to E gradually
lowered E and appeared to have improved the elasticity
and, by extension, the flexibility of the films. This is a
direct result of the crosslinking between the BMF and
PVA, without PVA being the major contributing
material.

Although all the BMF-PEO based films (A1-E1) dis-
played brittle behavior when assessing the shape of the

stress—strain curves, it is noticed that increasing amounts
of PEO reduces E in the films. This confirms interactions
between BMF and PEO, where PEO imparts elastic
behavior to the films.

To compare, the BMF-PEO films at any given ratio
yielded slightly higher E values than their BMF-PVA
counterparts, suggesting that although PEO plays a role
in providing flexibility to the films, it does not contribute
as much as PVA. This is reaffirmed by the higher E value
obtained by pure PEO than pure PVA. The molecular
weights of the respective polymers may have influenced
the flexibility of the BMF-polymer composite films. The
molecular weight of the PEO used was greater than that
of the PVA, therefore, may not have contributed to the
flexibility of the films to the same extent as the lower
molecular weight PVA polymer. The percentage change
(%) in E between the pure BMF film and the A-E and
A1-El1 films is shown in Figure 5.

The graph established that the change observed in the
A-E films is much greater than the change recorded for
the A1-E1 films. Also noticeable is a sharp increase
(>21%) in the % change from 80:20 to 70:30, followed by
relatively smaller % changes between 70:30, 60:40 and
50:50 for both sets of films. Considering mechanical prop-
erties only, Figure 5 indicates that the optimum ratio for
fabricating the composites is a mixture comprising 70%
BMF and 30% polymer.

A closely related term to E is “yield strength” (¢Y).
Yield strength is the point on the curve at which the
applied stress induces plastic deformation in the films. A
standard practice referred to as the “0.2% method” was
implemented to quantify the stress needed to cause
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FIGURE 5 Percentage change in Young's Modulus (E) at

different polymer ratios present in A-E and A1-E1 composite films.
[Color figure can be viewed at wileyonlinelibrary.com]
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permanent strain. As seen in all the stress-strain curves
(Figures S3-S7), a brown dashed line was constructed
perpendicular to the linear region and the point of inter-
ception at the original curve is called the “0.2% offset
yield strength.” It is estimated that before the oY, the lin-
ear behavior of the films is quite predictable, but after the
oY, the films start to deviate from linearity and their
behavior becomes variable. Further evaluation of the
stress—strain curves indicates that as the amount of PVA
increases in the films, the lower the ¢Y value. This indi-
cates that as a consequence of improving the flexibility of
the film, the presence of PVA and PEO also lowers the
amount the stress needed to cause permanent strain
deformation and is an important consideration when
determining the optimum ratio for the composite film.
Additionally, soda-lime glass is used to manufacture
commercially available ITO and FTO glass substrates.
Soda-lime glass has an E ranging between 68 and 72 GPa
and oY of ranging between 35 and 60 MPa.*’ One of the
key features required from alternative TCs is flexibility.
When compared to soda-lime glass, the A-E and A1-E1
composite films show superior flexibility and can main-
tain similar oY values at appropriate composition ratios.

222 | Thermal properties
Thermogravimetric analysis (TGA) was used to investi-
gate the thermal performance of pure BMF, PVA, PEO
and the physically crosslinked composite films A-E and
A1-E1. The thermograms (Figures S8 and S9) for the A-
E and A1-E1 films reveal three main weight-loss regions.
An overview of the thermograms show that the thermal
stability of the composites films is a product of the indi-
vidual components in the respective films, that is, BMF,
PVA, or PEO. This suggests that the BMF and the poly-
mers were blended homogenously, thus both contribut-
ing to the overall thermal stability of the films. When
comparing blends, the thermograms indicates that the
A1-E1 films have better thermal stability throughout the
first and second weight-loss regions and display higher
decomposition temperatures (Table S5). A possible expla-
nation for this is that PEO improves thermal properties
between 30 and 230°C, whereas PVA improves thermal
properties in the third region at higher temperatures.
Despite both sets of composite films displaying good
thermal stability between the 0 and 180°C region, the
thermograms indicate that the composite films are unsui-
table for applications or processing techniques requiring
temperatures exceeding ~180°C. The films experienced
major decomposition between 187 and 216°C (Table S5).
This drawback limits the use of the films in heat-
intensive applications (e.g., lasers), processing at high

annealing temperatures, and using heat-intensive coating
methods such as sputtering and thermal evaporation.
The glass counterparts, however, are advantageous in this
regard as they can withstand comparatively higher
temperatures.

2.2.3 | Optical properties and film
optimization parameters

Glass is the traditional substrate used for ITO and FTO
deposition, and the most inherent property of glass is
transparency. The transparency of a material indicates
the amount of electromagnetic radiation that can trans-
mit through the material and is an important property to
be considered when fabricating materials for optoelec-
tronic devices. The fabricated composite films, A-E and
A1-El, are visually transparent and smooth, Figure S10.
The optical transmittance spectra obtained from UV-vis
spectroscopy for the pure BMF, PVA, and PEO films and
respective composite films are shown in Figure S11. The
transmission spectroscopy measurements were per-
formed between 300 and 800 nm to capture light trans-
mission largely within the visible spectrum and a portion
of the UV spectrum.

Pristine BMF films displayed excellent transmittance
by maintaining ~99% transmission of light between
800 and 560 nm, thereafter, it plateaus at 92% between
400 and 300 nm. These transmission results are better
than commercial soda-lime glass which has been
reported between 70% and 85% within the visible
region.®>> In comparison to the pure BMF film, pure
PVA and PEO films showed noticeably lower transmis-
sions. All the composite films (A-E and A1-E1) showed
decreasing light transmissions as the amount of polymer
in the films increased. For example, film A has a compo-
sition of 90% BMF and 10% PVA and maintained ~95%
of transmission between 800 and 500 nm. In contrast,
film D has a composition of 60% BMF and 40% PVA and
showed reduced transmission, maintaining ~89% trans-
mission in the same region. Therefore, the greater the
amount of polymer present in the composite, the lower
the transmission of light by the film. This further vali-
dates the interaction between the BMF and the polymers
in the composite films.

A balance between durability (physical and thermal)
and transparency needs to be considered to determine
the films' optimum composition for the respective
optoelectronic-based applications. The ratio of BMF to
polymer strongly influences both properties. Increasing
the amount of polymer improves flexibility and reduces
film deformation but it also lowers light transmission.
The optimum ratio of BMF to polymer with regards to
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E is 70:30 (Figure 5). At this ratio, films C and C1 show
transparency in the 800-400 nm region at ~91%-90%
and ~87%-81%. These are favorable transmission ranges
in comparison to pure BMF and commercial glass.

Despite showing the same decreasing light transmis-
sion trends, the A-E films proved to be better at transmit-
ting light at varying ratios than the A1-El films. The
composites exhibit their suitability as materials capable
of replacing common, transparent, and brittle materials
such as glass.

2.3 | Synthesis of AgNWs

A polyol reduction was used to synthesize the conductive
AgNWs. During this process, the Ag" precursor was
reduced by a polyol at elevated temperatures. A capping
agent was also used to control the shape and stability of the
final nanowire product.>® The polyol reduction was supple-
mented with self-seeding additives to promote the selective
formation of AgNWs during the nucleation process.

The surface morphology of the AgNWs was studied
using SEM which confirmed the nanowire morphology
of the AgNWs. The images showed uniform wire-like
structures with high aspect ratios (Figure 6a,b). From
TEM images (Figure S12), it is noticed that the nucle-
ation growth process formed other morphologies as well.
Although several washing and centrifugation steps were
undertaken, there remained a relatively low percentage
of other nanoparticles. Dimension distribution curves
reflect the high aspect ratio of the nanowires, as the aver-
age width and length of the nanowires were calculated to
be 64.17 + 10.63 nm and 2.09 + 0.97 pm.

10 pm EHT = 20.00 kV
WD = 8.1mm

Applied Polymer_wiLEy-L 70

To characterize and compare the conductive proper-
ties of AgNWs to ITO and FTO, the energy bandgap (E;)
of the AgNWs was calculated directly from the UV-vis
spectra using Tauc's equation.>**> Using n = 2, the E, of
the AgNWs was observed at 2.01 eV. Electrical conduc-
tion in any material relies on the electron population and
movement between the valence and conduction bands.
Therefore, the size of the E, is an important parameter
when characterizing the conductive properties of a mate-
rial. In comparison to the E, of ITO (i.e., 3.50-
4.35eV)**® and FTO (i.e., 3.14-4.25eV),®" the syn-
thesized AgNWs are better conducting materials as the
energy required to excite an electron from the valence
band to the conduction band and create charge carriers
for current generation is lower than required for ITO
and FTO.

24 | BMF-polymer-AgNW film
fabrication

To preserve film transparency while achieving competi-
tive electrical resistance to commercial TCs, it was neces-
sary to optimize the AgNW coating. The coating was
performed using a two-step transfer method as described
in Figure 7.

The first transfer of the AgNW coating occurred
between the mixed cellulose ester (MCE) membrane and
printed circuit board (PCB) heat transfer paper
(Figure S13). The second transfer occurred between the
PCB heat transfer paper (Figure S14) and the BMF-
polymer films (Figure S15). The AgNW mass range
(0.10-0.50 mg) was selected by performing preliminary

(a)

FIGURE 6

Scanning electron microscope (SEM) micrographs of AgNWs at a magnification of (a) 1.00 K X and (b) 20.00 K X.
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X-ray diffraction (XRD) analysis diffractograms of AgNWs, bacterial cellulose microfiber (BMF)-polymer films (C and C1)

and, BMF-polymer-AgNWs films (C + 0.20 AgNWs, C + 0.40 AgNWs, C1 + 0.20 AgNWs and C1 + 0.40 AgNWs). [Color figure can be

viewed at wileyonlinelibrary.com]

resistance measurements with a standard multi-meter,
directly on AgNW coated MCE membrane filters.

XRD was used to confirm the transfer of the AgNWs
onto the BMF-polymer films (Figure 8). The diffracto-
gram of AgNWs showed five diffraction peaks at
26 = 38.29°, 44.50°, 64.60°, 77.56°, and 81.65° which
were indexed to the (111),(200),(220),(311), and

(2 2 2) reflections of face-centered cubic structure of sil-
ver.®® For comparative purposes, C and C1 films with
low (0.20 mg) and high (0.40 mg) AgNW loading were
characterized. The AgNW-coated C and C1 films dis-
played peaks characteristic of their original BMF-
polymer compositions and new peaks associated with
AgNWs. The AgNW-coated C and C1 films showed
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peaks associated with the (11 1) and (2 0 0) Ag planes at
the low and high AgNW loadings establishing the BMF-
polymer-AgNW composition of the films. There are
minor 20 shifts between the original C and C1 films,
and the AgNW-coated films, typically observed for com-
posite materials (Table S6).

The SEM micrographs of the BMF-PVA-AgNWs and
BMF-PEO-AgNWs are displayed in Figure 9a-d. The C
and C1 films with a low (0.20 mg) and high (0.40 mg) Ag
loading were imaged. The micrographs confirm the trans-
fer of the AgNW network onto the surface of C and C1
films. The AgNWs maintained their nanowire morphol-
ogy upon transfer; however, the micrographs revealed
some areas of uneven AgNW distribution across the sur-
face of the film (Figure 9b,d). From SEM micrographs,
areas of poor AgNW distribution is observed, which
directly impact resistivity measurements (Section 2.4.1).

‘ 3‘7‘.3‘3’%:;’3"‘}‘9’5

\

=
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241 | Electrical resistivity properties
The electrical resistivities of the respective AgNW-coated
films were recorded using an in-house constructed appa-
ratus (Figure S16) over a surface area of 1cm>°® The
resistivities of ITO and FTO measured with the self-
designed apparatus compare well to their reported values
of ~15 Q/sq and ~7 Q/sq, as specified in Section 5.1 and
those reported in literature.>**°

This indicates the measurement protocol gives reli-
able data to compare with the AgNW-coated films. As
shown in Table 1, the resistivities measured for the BMF-
PVA-AgNW and BMF-PEO-AgNW films increase as the
Ag loading decreases. This was expected, as lower Ag
loadings hinder current flow due to decreased physical
contact of the AgNWs that are dispersed across the sur-
face of the films.

Mag= 5.00KX O 7Ok Signal A= SE2

~ (b)

FIGURE 9

Scanning electron microscope (SEM) micrographs of (a) bacterial cellulose microfiber (BMF)-PVA-AgNW (0.40 mg AgNW5s)

at 5.00 K X, (b) BMF-PVA-AgNW (0.20 mg AgNW) at 5.00 K X, and BMF-PEO-AgNW (0.40 mg AgNW) at (c) 10.00 K X and (d) 1.00 K X.
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NUF

Electrical resistivity and non-uniformity factor (NUF) values for BMF-PVA-AgNW and BMF-PEO-AgNW films.

BMF-PVA-AgNW
0.2146 -+ 0.00605
0.1899 -+ 0.0160
0.1844 -+ 0.0133
0.1779 + 0.0142
0.1586 -+ 0.0121
0.1101 + 0.0148

BMF-PEO-AgNW
0.1879 =+ 0.0299
0.1569 + 0.0244
0.1218 + 0.0166
0.1174 + 0.0127
0.1116 + 0.0103
0.1102 + 0.0115

TABLE 1
Resistivity (Q/sq)

AgNW (mg) BMF-PVA-AgNW BMF-PEO-AgNW
0.10 40.69 + 2.48 41.55 +3.32
0.15 21.07 £ 1.35 22.44 4+ 3.03
0.20 9.462 £+ 0.588 9.388 £+ 1.37
0.30 8.955 £+ 0.878 8.848 £+ 0.976
0.40 3.248 £ 0.451 3.588 £+ 0.571
0.50 2.633 £ 0.270 2.848 £+ 0.468
ITO 11.14 £ 0.775
FTO 8.037 £+ 0.467

0.06598 £ 0.0112
0.05395 £ 0.0118

Abbreviations: BMF, bacterial cellulose microfiber; FTO, fluorine-doped tin oxide; ITO, indium-tin oxide.
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Average resistivity versus optical transmittance at 800 nm at different AgNW loadings for (a) bacterial cellulose microfiber

(BMF)-PVA-AgNW and (b) BMF-PEO-AgNW films. [Color figure can be viewed at wileyonlinelibrary.com]

In comparison, the BMF-PVA-AgNW and BMF-PEO-
AgNW films produced similar resistivity values at the
varying AgNW loadings. Films coated with higher
amounts of Ag (0.50 and 0.40 mg), produced low resistivi-
ties between 2.633 and 3.588 Q/sq while films coated
with lower amounts of Ag (0.15 and 0.10 mg), produced
significantly higher resistivities between 21.07 and
41.55 Q/sq, respectively.

Figure 10 is a graphical comparison between the aver-
age resistivity of the AgNW-coated films to the optical
transmission at 800 nm at varying AgNW loadings.
Between the BMF-PVA-AgNW and BMF-PEO-AgNW
films, it was expected that the latter set of films would
show slightly lower percentages of light transmission as
initial transmission investigations (See Section 2.2.3) indi-
cated that the BMF-PVA films display better light-
transmitting properties.

Both graphs highlight the compromise between the
transparency and conductivity of the films. Although the
AgNWs are responsible for the film's conductive proper-
ties, higher Ag loadings on the films result in decreased
transparency.

The BMF-PVA-AgNW and BMF-PEO-AgNW films
coated with 0.50, 0.40, 0.30, and 0.20 mg of Ag can com-
pete with the resistivities of commercial ITO and FTO
substrates, which measured 10.14 + 0.7751 Q/sq and
8.037 + 0.4667 Q/sq, respectively. The 0.15 and 0.10 mg
AgNW coated films display resistivities that are ~4 times
and ~5 times greater than ITO and FTO resistivities.

When considering the optical transmittance of the
BMF-PVA-AgNW and BMF-PEO-AgNW films, films
loaded with 0.20 and 0.30 mg of Ag can compete with the
optical transmittance displayed by ITO and FTO. The
optical transmittance data combined with the resistivity
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data indicate that the optimum Ag loading for BMF-
PVA-AgNW and BMF-PEO-AgNW films is 0.20 mg. The
BMF-PVA-AgNW films loaded with 0.20 mg of Ag show
optical transmittance ranging from 81% to 71% between
the 800 and 350 nm region while maintaining an average
resistivity of 9.462 + 0.588 Q/sq. The BMF-PEO-AgNW
films loaded with 0.20 mg of Ag show optical transmit-
tance ranging from 73% to 65% between the 800 and
350 nm region and recorded average resistivity values of
9.388 + 1.375 Q/sq.

Under ambient coating conditions, the deposition of
nanoparticles onto a substrate is influenced by mass
transport under a concentration gradient commonly
referred to as the “coffee ring effect.”®>®” The nanoparti-
cles tend to aggregate at the peripheral area of the sub-
strate, where the colloidal nanoparticle solution
evaporates faster due to temperature variations.’®*”’° The
varying evaporation rates cause an inhomogeneous coat-
ing on the surface of the substrate. The deposition
method described in this work may have been subjected
to the coffee ring effect during the filtration of the
AgNWs onto the membrane filters. Although steps were
taken to prevent inhomogeneous coatings, the sensitive
nature of the membrane filter allowed only for natural
drying after filtration. This may have introduced inhomo-
geneous or uneven AgNW coatings transferred to the
BMF-polymer films during the transfer method.

Ideally, the Ag coating onto the BMF-polymer films is
expected to be random and even, with a narrow size dis-
tribution (SD) for optimum uniformity. Jia and co-
workers derived a non-uniformity factor (NUF) to evalu-
ate the SD of the sheet resistance of the films in cases
such as this, rather than using typical SD statistics. The
NUF equation is seen in Equation (1)°°:
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where n is the number of measurements obtained from
the film at different sites, R; is the measurement resis-
tance and R is the average resistance of all the measure-
ments. The smaller the calculated NUF, the more
uniform the film is. The NUF values were calculated
(Table 1) and are graphically represented in Figure 11.

The NUF values for the BMF-PVA-AgNW and
BMF-PEO-AgNW films are <0.22 with negligible devia-
tion (<0.03). This indicates that the described transfer
method produces reproducible and uniform AgNW coat-
ings on BMF-PVA and BMF-PEO films. It is noticeable
that like the resistivity measurements, the NUF values
increase as the amount of Ag decreases, indicating that
the films become relatively less uniform with reduced
amounts of Ag. When the distribution uniformity
decreases, it is difficult for the AgNWs to form continu-
ous and effective conductive pathways across the surface
of the BMF-polymer substrates. The NUF values in
Table 1 are comparable to the NUF values of ITO
(0.06598 + 0.02287) and FTO (0.05395 + 0.01278) sub-
strates measured in this work.

3 | COMPARATIVE OVERVIEW
BETWEEN BMF-PVA-AgNW AND
BMF-PEO-AgNWs FILMS

The primary use of PVA and PEO additives was to bind
the BMF and provide structural support via crosslinking
to the resultant films without being the major contributor
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Average resistivity versus non-uniformity factor (NUF) of the (a) bacterial cellulose microfiber (BMF)-PVA-AgNW and

(b) BMF-PEO-AgNW films at different Ag loadings. [Color figure can be viewed at wileyonlinelibrary.com]
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to the films. The BMF-PVA and BMF-PEO films inter-
acted well, forming smooth, visually transparent, and
flexible self-assembled films. According to measured
E values, the addition of PEO to the BMF created films
that displayed flexibility but appeared more ductile than
BMF-PVA films. Regarding optical transmittance, the
BMF-PVA films displayed better optical transmittance
than the BMF-PEO films within the 800-350 nm region.
The final films, BMF-PVA-AgNW and BMF-PEO-AgNW
showed marginal differences in the measured resistivities
and AgNW loading uniformity. The differences observed
between the films are based on structural and optical
properties and can be applied to applications accordingly
for their strengths. The fabrication of the BMF-PVA-
AgNW and BMF-PEO-AgNW films is reproducible and
can be considered useful polymer-based TCs prototypes
for optoelectronic applications.

4 | CONCLUSION

This study reports on the fabrication of conductive, trans-
parent, and flexible films as a composite of BMF, a poly-
mer (PVA or PEO) as a binding and reinforcing agent,
and AgNWs as the conductive material. The PVA and
PEO polymers contribute toward improved flexibility of
the films although they reduce the optical transmittance
of natural BMF films. The optical transmittance, in con-
junction with Young's modulus, was used to determine
the optimum BMF to polymer (either PVA or PEO) ratio,
that is, 70:30. The AgNWs were deposited onto the sur-
face of the respective BMF-PVA and BMF-PEO films
using a creative transfer method. An optimum AgNW
loading of 0.20 mg was determined based on optical
transmittance and resistivity data, in comparison to com-
mercial ITO and FTO substrates. Overall, the films are
relatively uniform and are comparable to high-quality
ITO and FTO products. The flexibility of the films shows
potential for industrial roll-to-roll manufacturing and
good thermal stability during subsequent AgNW deposi-
tion steps that require moderate to high temperatures.
The ability to fabricate BMF-polymer-AgNW films that
are reproducible, displays good uniformity, and have
good mechanical stability makes it a practical material to
utilize for next-generation flexible optoelectronics.

5 | EXPERIMENTAL SECTION
5.1 | Materials

Absolute ethanol (C,Hs;OH), acetone (C;H¢O), ammo-
nium sulfate (NH,),SO,), hydrochloric acid (HCI, 32%),

nitric acid (HNO3, 55%), potassium phosphate (KH,PO,),
magnesium sulfate hexahydrate (MgSO,.7H,0), sodium
hydroxide (NaOH), sodium hypochlorite (NaClO),
sucrose (C1,H»,0;:;) and sulfuric acid (98%, H,SO,) were
obtained from Sigma Aldrich (South Africa). Ethylene
glycol, polyethylene oxide ((C,,H4,,20,.1), average My,
of 200,000), polyvinyl alcohol ((C,H40),, average M,, of
22,000), polyvinylpyrrolidone (average M,, of 45,000), sil-
ver nitrate (AgNO3) and cellulose membrane dialysis tub-
ing (flat width 43 mm) were purchased from Merck and
used as received. Mixed cellulose ester (MCE) membrane
filters (47 mm @ x 0.4 pm pore size) were purchased
from DLD Scientific. Indium tin oxide (ITO) glass sub-
strates (56 x 56 x 1.1 mm; transparency >84%; resis-
tance 15 Q/sq) were purchased from Luminescence Tech.
Corp and fluorine-doped tin oxide (FTO) glass substrates
(50 x 50 x 2.2 mm; transparency 80%-82%; resistance
7 Q/sq) were purchased from Sigma Aldrich. Ultrapure
water (5.5 pSm ') was obtained from a Milli-Q water
purification system and used during the silver nanowires
synthesis. Kombucha tea (Patricia's Organic Kombucha
Tea), green tea (Five Roses), brown sugar (Huletts), sili-
con molds and PCB heat transfer paper were purchased
from South African commercial retailers. The API 20E
test kit and additional reagents (TDA, James', VP1 and
VP2 solutions) were obtained from bioMérieux
(South Africa) for the microbial identification studies.

5.2 | Instrumentation

For film fabrication, an overhead IKA digital stirrer
(Thomas Scientific, United States) and pneumatic,
12 x 12 cm heat press FL-HP 1015 (M.C Thompson (Pty)
Ltd, South Africa) were used. Ultraviolet/visible (UV/vis)
absorption and transmission spectra were recorded on a
Perkin Elmer Lambda 35 spectrophotometer (Japan)
equipped with an integrating sphere. UV/vis spectra were
collected in the range between 300 and 900 nm and col-
lated on UV Win Lab software. Fourier transform infra-
red (FT-IR) spectra were obtained using a Perkin-Elmer
Spectrum 100 FT-IR Spectrometer (United States) with a
diamond crystal ATR accessory within the 4000-
400 cm~' range. TEM images were obtained using a
JEOL JEM 1010 microscope (Japan) designed with an
objective lens pole piece. Digital images were captured
using a 2k x 2k AMT CCD camera at an acceleration
voltage of 100 kV, and images were processed using
Olympus Soft Imaging Solutions. The BC microfibers
were dispersed in ddH,O and subjected to sonication and
negative staining using uranyl acetate before TEM imag-
ing. Particle and fiber dimensions were determined using
Image] Software by the National Institute of Health.
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Field emission gun scanning electron microscope (FEG-
SEM) images and energy-dispersive X-ray (EDX) graphs
were obtained using a Zeiss Ultra Plus scanning electron
microscope equipped with a field emission gun
(Germany). All samples were triple gold coated and fixed
onto aluminum stubs using carbon tape adhesive. SEM
images were taken under high-vacuum conditions at an
acceleration voltage of 20.00 kV. Due to the sensitive
nature of the BC film toward the field emission gun, SEM
images for the BC films were captured at an acceleration
voltage of 5.00 kV. EDX measurements and element
mapping were acquired through the linked Oxford X-
Max detector with an 18-mm spare window and pro-
cessed using AZtec Software by Oxford Instruments.
XRD was carried out using a Bruker, AXS D8 Advance X-
ray diffractometer (Germany), using a copper (Cu) source
with K,; = 0.154 nm operating at 40 kV and 40 mA. The
BC composite films were fixed flush onto the metal
holder while the AgNWs were compacted into the central
cavity of the metal holder. The diffractograms were pro-
cessed using Origin software. A DMA Q-800 analyzer
(TA Instruments, United States) was used to obtain
stress—strain curves for the films. Thermogravimetric
analysis of the films was measured using a Perkin Elmer
Simultaneous  Thermal  Analyzer (STA  6000)
(United States) under N, conditions, heating to a maxi-
mum of 850°C at a rate of 10°C min~'. The conductive
films' sheet resistance was measured using an in-house
designed apparatus that measures the films' resistance
over a surface area of 1 cm?® at 25°C. The apparatus is fur-
ther described in Figure S16.°> Ultrapure water was
obtained from a Milli-Q water purification system
(France).

5.3 | Experimental details
5.3.1 | Biosynthesis of BC
Cultivating SCOBY

Kombucha tea (1000 mL) with small amounts of SCOBY
visibly present was purchased from a local health shop
and was transferred into a large, sterilized glass con-
tainer. Green tea brewed in boiling water (1000 mL) was
cooled to room temperature before adding to the Kombu-
cha tea. Commercial brown sugar (~80 g) was added to
the tea mixture and stirred until complete dissolution.
The mixture was then equally divided into four 500 mL
sterilized, wide neck glass jars. The jars were sealed using
semi-permeable cloths and incubated in a darkened room
at room temperature. After 3 days, visible growth of the
SCOBY as a thin, gelatinous layer was observed at the lig-
uid and air interface. After 2 weeks, the SCOBY was
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removed from the Kombucha tea medium and used for
the biological growth of BC.

Biological growth of BC

A HS medium for BC growth was prepared from litera-
ture procedures.”’ Briefly, sucrose (50.0 g), ammonium
sulfate (5.0 g), yeast extract (5.0 g), potassium phosphate
(3.0 g), and magnesium sulfate heptahydrate (0.05 g) was
dissolved in boiling water (1000 mL). Once cooled to
room temperature, the HS medium was transferred with
the SCOBY to a sterilized plastic tray. It was covered with
a semi-permeable material and incubated in a darkened
room at room temperature (aerobic conditions). After 2—-
3 weeks, the BC pellicle was removed and washed thor-
oughly with water. The BC pellicle was treated with
0.25 M NaOH solution for 24 h and then bleached for
24 h with a NaClO solution (15 wt%). The bleached BC
pellicle was washed with water and stored in double dis-
tilled water with a maintained pH of ~7.

Hydprolysis of BC to BMF

The BC pellicle was cut into smaller pieces and liquidized
using a commercial household blender. The liquidized
BC was vacuum-filtered overnight to remove excess
water and retained a pulp-like consistency. The BC pulp
was added to a beaker and hydrolyzed with stirring at
55°C using 60 wt% H,SO, (in a ratio of 0.5 g BC pulp to
1 mL H,SO,). After 5h, the hydrolysis reaction was
stopped by diluting the reaction 10-fold of cold deionized
water (diH,0) to the acid mixture. The hydrolyzed BC
was centrifuged numerous times to reduce the H,SO,
content before dialysis treatment. The acid-BC mixture
was poured and secured into MCE dialysis socks and left
to dialyze in a reservoir of diH,O with stirring. The pH of
the diH,O was frequently monitored and replenished
accordingly until a pH of 6 was obtained. The dialyzed
BC was stored in glass jars until confirmed as microfibers
(BMF) using electron microscopy analysis.

5.3.2 | Fabrication of BMF-polymer
composite films

A PVA solution (5 wt%) was prepared by dissolving PVA
(2.5 g) in ddH,0 (50 mL), and stirring under reflux condi-
tions. The dialyzed BMF was concentrated into a
10 mg mL " stock solution and stirred continuously using
an overhead stirrer to create a well-dispersed BMF suspen-
sion. Composition optimization studies were conducted by
varying the BMF to polymer ratios to create the films. The
appropriate volumes of BMF and PVA were combined into
centrifuge tubes that were submerged in a beaker of water
and exposed to ultrasonication for 10 min to obtain a
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homogenous mixture of the BMF and PVA. The homog-
enous mixtures were then set into molds and left to
air-dry overnight. The same procedure was followed to
prepare the BMF-PEO composite films. The ratios used
to prepare the BMF-polymer composite films are shown
in Table S7.

5.3.3 | Synthesis of silver nanowires and
conductive film fabrication

Silver nanowires

The AgN'Ws were synthesized via a polyol method, based
on literature.”> An AgNO; solution (0.1 m, 50 mL) and
PVP solution (0.54 M, 50 mL) with trace amounts of HCl
(1.8 wt%) and HNO; (3.2 wt%) were made up in EG. The
AgNO; solution was preheated to 110°C with stirring for
30 min. The PVP solution was then injected dropwise into
the preheated solution using an automated syringe pump.
A temperature of 140°C was maintained with stirring for
1 h, eventually forming a wispy gray solution. The solu-
tion was left to reach room temperature, and an excess of
acetone and ethanol was added. The AgNW solution was
subsequently sonicated and centrifuged several times to
remove the viscous PVP and ethylene glycol remnants.
The AgNWs were dispersed and stored in absolute EtOH.

Conductive BMF-polymer composite films

An AgNW stock solution of ~1 mg mL™' in EtOH was
prepared. The stock solution was sonicated in a water
bath at a low frequency for 30 min to obtain a well-
dispersed suspension. The suspension was then diluted
with ddH,0, according to Table S8, to obtain well-
dispersed AgN'W suspensions.

Using a membrane filtration system, the respective
dispersed AgN'W solutions were passed through an MCE
membrane filter (0.4 pm pore size). The AgNWs were col-
lected on the surface of the MCE membrane filter. Once
air-dried, the MCE membrane filter was placed AgNW
side down onto a piece of PCB heat transfer paper. The
MCE membrane filter and PCB heat transfer paper were
mechanically pressed using a pneumatic heat press for
60 s at 90°C. The MCE membrane filter was gently peeled
off, leaving behind the conductive network AgNWs on
the surface of the PCB heat transfer paper.

The PCB heat transfer paper was then placed with the
AgNW side down onto the respective optimized BMF-
polymer film (i.e., films C or C1) and was mechanically
pressed with the pneumatic heat press for 15 s at 150°C.
The PCB heat transfer paper was gently peeled off, leaving
behind the transferred conductive network AgNWs on the
surface of the composite film. This process was repeated
for all the AgN'Ws loadings, see Table S9.
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