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An ideal flexible conductive material, bacterial cellulose-based antimony tin
oxide-polypyrrole (BC-ATO-PPy), was fabricated in this study. The BC-ATO
film was synthesized in situ along with the growth of the BC film, and then
PPy was coated uniformly onto the as-prepared film. The structural charac-
terization results showed that BC-ATO-PPy was successfully fabricated. The
electrochemical properties of these as-synthesized composites (BC-ATO-PPy,
BC-PPy, BC-ATO) were better than those of pure BC. A cyclic voltammetry
(CV) test showed that the conductivities of BC-ATO, BC-PPy and BC-ATO-
PPy were increased to 10.236 S/cm, 11.636 S/cm and 16.532 S/cm, respectively.
The electrochemical impedance spectra (EIS) test showed that the resistance
values of BC-ATO, BC-PPy and BC-ATO-PPy decreased to 83.6 Q, 63.2 Q and
32.4 Q, respectively. Additionally, the specific capacitance also increased from
7.47 F/g for BC to 681.3 F/g for BC-ATO-PPy, 563.9 F/g for BC-ATO and 302.2
F/g for BC-PPy. The bending test showed that BC-ATO-PPy has stable CV
curves and conductivity, suggesting that it is an excellent flexible conductive
material. These results suggested that these as-synthesized nanomaterials,
especially BC-ATO-PPy, are ideal flexible conductive materials.
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INTRODUCTION

Flexible and stretchable conductive materials
have attracted great attention due to their wide
applications in optoelectronic devices.»? For exam-
ple, lightweight flexible conductive materials have
largely promoted the development of portable elec-
tronic devices, including wearable electronics, touch
screens and liquid crystal displays.>* The growing
demand for these products has resulted in the in-

(Received April 12, 2020; accepted August 20, 2020;
published online September 9, 2020)

6686

tense consumption of nonrenewable natural
resources. Thus, great efforts should be made to
develop renewable, biodegradable and environmen-
tally friendly flexible conductive materials.
Cellulose, a biodegradable polymer, has been
widely used as a support to fabricate flexible con-
ductive nanomaterials that have been applied onto
flexible displays, flexible solar cells and
portable supercapacitors.>® Compared to plant and
animal cellulose, bacterial cellulose (BC) has gained
considerable attention not only because of its
excellent physicochemical properties but also be-
cause it is a sustainable polymer material produced
by several special bacteria. Bacteria, such as Ace-
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tobacter xylinum,” synthesize BC by using pure
sugar as a substrate. This makes the production of
BC low-cost and environmentally friendly. The su-
gar molecules are connected by the bacteria, which
makes BC an ultrafine nano-network structure with
pores ranging from nanometers to micrometers. The
highly porous and reticulate hydrogel structures
make BC an ideal skeleton for the fabrication of
flexible nanomaterials,®® as various materials are
easily coated or functionalized onto BC. In addition,
due to its ultrafine structure and pure content, BC
exhibits many excellent physicochemical properties
such as crystal purity, high tensile strength (200—
300 MPa), high porosity,'® good biocompatibility
and excellent flexibility.'"'?> These desirable prop-
erties make BC attractive for several fields, espe-
cially for flexible electronic devices.'*™*?

However, raw BC exhibits no electrochemical
properties. Materials with excellent conductivity
are necessary when fabricating BC-based nano-
conductive materials.'®'” Electrically conductive
polymers (ECPs), such as polypyrrole (PPy) and
polyaniline (PANI), have been widely coated onto
BC surfaces to synthesize conductive compos-
ites.’®1® Due to their inherent fast redox switching,
high conductivity, low weight and mechanical flex-
ibility, these nonmetal polymers have been widely
introduced for loading onto BC surfaces to synthe-
size ideal conductive composites.’® PPy has been
demonstrated to be well wetted with BC fibers,?°
and PPy/BC nanocomposites have been demon-
strated to have potential applications in superca-
pacitors.®?! Nevertheless, the conductivity of BC-
based ECPs still needs to be improved, as the
porosity of these entirely nonmetal polymers cannot
sufficiently support charge transfer.'61°

In this regard, several metals have been intro-
duced into BC polymers'”?? to fabricate more suit-
able conductive flexible nanocomposites. Tin dioxide
(SnOs) nanoparticles were successfully decorated
onto BC films during BC production by cultivation
of Gluconacetobacter xylinum in Hestrin—Schramn
(HS) medium. However, the as-synthesized BC-
SnO, composites only achieved conductivitgf prop-
erties after pyrolysis at high temperature,? which
makes the fabrication of these composites more
complicated. Antimony tin oxide (ATO), because of
excellent conductivity and transparency, is widely
used in photoelectric displays, solar cells and
transparent electrodes.?*?® ATO is commonly fab-
ricated by combining SnOy and antimony nanopar-
ticles, where Sb replaces Sn during fabrication and
notably increases the conductivity.?® Thus, the
introduction of ATO onto BC may directly increase
the conductivity of the as-synthesized composites
without pyrolysis.

In this study, ATO nanoparticles were first loaded
onto BC films during the production of BC, and a
transparent conductive film was initially fabricated.
Then, the as-prepared BC-ATO films were further
coated by the PPy polymers to fabricate PPy-BC-

ATO. The structure and electrochemical properties
of the as-synthesized conductive materials were also
characterized.

EXPERIMENTAL PROCEDURE
Preparation of BC

Bacterial cellulose was synthesized according to a
previous study.?” Briefly, Acetobacter xylinum was
first cultivated in a preculture medium: glucose
(20.0 g/L)), peptone (5.0 g/L) and yeast extract (5.0 g/
L); initial pH of 6.5 to increase the bacterial popu-
lation. Then, bacteria were transferred into Hes-
trin—-Schramm (HS) medium and cultivated
statically at 30°C for 7 days for BC production. The
BC cellulose pellicles were harvested and washed
with 0.2 M NaOH at 80°C overnight to remove the
residues and then washed with distilled water sev-
eral times to neutralize the pH.

Synthesis of Composites

The ATO nanoparticle (purchased from Jikangxin
Material Company, Hangzhou, China) suspension
was prepared by dissolving the nanoparticles in
distilled water under ultrasound for 15 min, and y-
(2,3-epoxypropoxy) propytrimethoxysilane (KH-
560) was used as the coupling agent. To load as
many ATO nanoparticles as possible onto the three-
dimensional (3D) structure of the BC, three differ-
ent fabrication methods were compared: (1) 100 ml
prepared 2% ATO suspension was added into the
HS medium before cultivation of Acetobacter xyli-
num; (2) 100 ml prepared 2% ATO and 2% KH-560
mixture was added into the HS medium before
cultivation for in situ fabrication; (3) 100 ml 2% KH-
560 suspension was first added to the HS medium
before cultivation, and then 100 ml 2% ATO sus-
pension was added when BC pellicles were grown to
approximately 0.5 cm thick. The loading amount of
ATO nanoparticles was compared, and the method
with the largest loading ratio of ATO nanoparticles
(method 2) was selected for the subsequent experi-
ments.

PPy was coated onto the prepared BC-ATO in situ
by the oxidative polymerization of pyrrole with
FeCl; as the oxidant and HCl as the dopant. The
BC-ATO slices (4 cm x 2 cm) were first mixed with
pyrrole and N,N-dimethylformamide (DMF), and
then FeCl; and 37% HCI were slowly added into the
mixture. The above prepared mixtures were set at
0°C for 6 h to obtain BC-ATO-PPy. The BC-ATO-
PPy was then washed with acetone three times and
washed with distilled water three times again to
remove impurities. Samples were dried at 60°C for
12 h. BC-PPy was also synthesized by using dried
pure BC film by oxidative polymerization as de-
scribed above. The improved electrochemical prop-
erties were compared between BC-PPy and BC-
ATO-PPy. A schematic illustration of these com-
posite preparations is shown in Fig. 1.
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Fig. 1. Schematic illustration of the composite preparation.
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Characterization of Composites

Field emission scanning electron microscopy (FE-
SEM) was carried out to investigate the structure
and morphology of these prepared composites.
Briefly, prepared samples were sputtered with gold
for 120 s using an ion sputter coater (SC-701 Quick
Coater, Japan), and then the in-sections of the
samples were observed at 10,000 x to 30,000 x mag-
nification with a field emission scanning electron
microscope (JSM-7001F, Jeol, Japan) operated at
10.0 kV. The prepared composites were mixed with
spectroscopic-grade potassium bromide powder (1%
w/w), and then the functional structure of the
samples was investigated by Fourier transform in-
frared (FT-IR) spectroscopy in a 400—4000 cm *
wavelength range at a 4 cm™ * resolution by using an
FT-IR spectrometer (Vertex70, Bruker, Germany).
The thermal degradation behavior of all prepared
composites was determined by a thermogravimetric
analyzer (STA 449F3, Netzsch, Germany) between
50°C and 600°C with a heating rate of 10°C/min
under a nitrogen atmosphere with a flow rate of
70 ml/min. x-ray diffraction (XRD) was carried out
to analyze the phase structure of the composites.
Prepared composites were scanned from 5 to 60° (260
range) at a scan speed of 0.5°/min by using a D/max-
RAX x-ray diffractometer (D8 Advance, Bruker,
Germany) with Cu Ko radiation (A=0.154 nm)
operated at 40 kV and 30 mA.

Electrochemical Measurements

The electrochemical measurements of these pre-
pared composites were determined by cyclic
voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Both tests were carried out
using a three-electrode system, including the com-
posite as the working electrode, saturated calomel

as the reference electrode and a platinum wire as
the counter electrode. The capacitance characteris-
tics of the samples were measured by the CV test
using an electrochemical workstation (CHI660C,
Shanghai Chenghua, China), and the shape of the
CV curve was observed by scanning the samples in a
range of different scan rates (10, 20, 30, 50 mV/s).
The charge transfer behavior and supercapacitor
performance were determined by the Voorburg
curve through EIS detection, and the EIS mea-
surements were carried out in a frequency range
from 1 Hz to 100 kHz. The electrical conductivity of
all as-synthesized composites was measured by a
portable four-probe tester (M3, Suzhou Lattice
Electronics Co., Ltd., China) at room temperature.

RESULTS AND DISCUSSION

After adding different amounts of KH-560 (0%,
1% and 2%) into the medium, the production of dry
BC was similar between these groups (Fig. 2a). This
result suggested that adding 2% KH-560 to the
medium had no adverse effect on BC production.
Figure 2b shows the loading amount of ATO onto
the BC by different fabrication methods. Method 2
provided the largest loading amount of ATO
(64.50%), followed by method 3 (57.11%) and
method 1 (49.62%). This result suggested that the
coupling of ATO and KH-56 was beneficial to the
in situ loading of ATO onto BC. The lower loading
amount of ATO from method 1 may be due to the
sinking of ATO during BC production. Thus, meth-
od 2 was used to fabricate BC-ATO films in subse-
quent experiments.

The morphologies and microstructures of the as-
prepared materials are shown in Fig. 3. The
dimensions of raw BC were approximately 34.5—
51.7 nm (Fig. 3a), and the image showed that BC
exhibited an aggregated and entangled fiber matrix
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suspension was added to the HS medium before cultivation; method 2: ATO and KH-560 mixture was added to the HS medium before cultivation;
method 3: KH-560 suspension was first added, and ATO was then added after the BC pellicles were grown to approximately 0.5 cm thick.

and presented an interconnected three-dimensional
porous network structure, which was in agreement
with previous reports.'”?® Although ATO (Fig. 3c) is
composed of tin oxide (Sn02) and antimony, Sb will
be present within the SnO, lattice.?° Thus, no Sb
nanoparticles were observed under 30000 x magni-
fication by FE-SEM (Fig. 3d). Figure 3e shows that
the ATO nanoparticles could be loaded evenly onto
the ultrafine structure of the BC. The diameters of
BC and ATO in the composites were similar to those
of pure materials, and the ATO nanoparticles were
largely adhered to BC fibers. Figure 3b shows that
raw BC fibers were successfully coated by an
irregular PPy, which is similar to previous studies
that demonstrated the nonaggreGgation of PPy dur-
ing the fabrication of BC-PPy.'®%° Then, the PPy
was also homogeneously coated onto the surface of
BC-ATO (Fig. 3f), suggesting the successful fabri-
cation of BC-ATO-PPy.

The structures of the as-prepared materials were
investigated by FT-IR and XRD. The FT-IR results
are shown in Fig. 4. The characteristic peaks of raw
BC, PPy and ATO were all detected by FT-IR
(Table I). Compared to BC, the characteristic peaks
(3448 cm ™', 2925 cm ™!, 1078 cm ™!, 617 cm ') of ATO
were observed for the BC-ATO composites (Table I),
which demonstrated the successful fabrication of
BC-ATO composites. Furthermore, extra charac-
teristic peaks of PPy (1477 cm!, 1314 cm?,
1176 cm %, 918 cm 1) were observed for the BC-
ATO-PPy composites, revealing the successful fab-
rication of BC-ATO-PPy. Thus, the characteristic
peaks of the synthesized materials may well
demonstrate that ATO and PPy can be coated onto
the surface of BC films.

XRD patterns of the as-prepared materials are
shown in Fig. 5. Raw BC samples (line A) exhibited
diffraction peaks at 20 angles of 14.25°, 16.56° and
22.55°, which correspond to the (110), (110) and
(200) crystal planes, respectively, and indicate cel-
lulose I. Compared to pure BC films, BC-ATO dis-
played several other diffraction peaks (26.85°,
34.09°, 38.29°, 52.04°, 54.98°, 57.03°), which may be

attributed to SnOs. However, no diffraction peaks of
antimony oxide were observed, suggesting the dis-
persion of antimony in ATO nanoparticles.®! PPy
displayed diffraction peaks of 16°, 27°, 42° and 53°
(shown in line C). Thus, all the diffraction peaks of
BC, ATO and PPy were observed in the as-synthe-
sized BC-ATO-PPy composite (line B), suggesting
the successful fabrication of this composite.
According to a previous report,®? the crystallinity
index (CI) of various materials was calculated as
97.3% BC, 76.0% PPy, 93.6% BC-ATO and 89.6%
BC-ATO-PPy.

The thermal stabilities of these materials were
compared by TGA curves (Fig. 6). Compared to pure
BC films (line A), the thermal stability of all as-
synthesized nanocomposites was obviously in-
creased. The increase in thermal stability of the
nanocomposites can be attributed to the higher
decomposition temperature of PPy and the non-de-
composition of ATO at high temperature. In a pre-
vious study, the degradation of PPy occurred at 460°
C, which greatly improved the thermal stability of
the composite materials.®® In another report, the
incorporation of ATO nanoparticles within the
polymers improved the thermal stability of the
resulting nanocomposite membranes, which is sim-
ilar to the present results.?* The initial decomposi-
tion of the BC was 195°C, while it was increased to
approximately 266°C for the as-synthesized com-
posites. The first decomposition stage was 266°C to
400°C for the as-synthesized composites, which
could be attributed to the pyrolysis of the BC and
was similar to pure BC. For BC-ATO, the final
weight loss was approximately 29.6%, which may be
due to the pyrolysis of the BC. Compared to pure
BC, the BC-ATO composite had higher thermal
stability resulting from the coating of ATO
nanoparticles. A weight loss of approximately 49.4%
for BC-PPy was observed at 722°C, including a
12.1% weight loss due to the pyrolysis of PPy from
396°C to 722°C. The thermal stability was signifi-
cantly increased compared to pure BC, which may
be attributed to the carboxylate moieties created by
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Fig. 3. FE-SEM images of the as-synthesized materials. BC (a), BC-PPy (b), SnO, under 10,000 x magnification (c), SnO, under 30,000 x

magnification (d), BC-ATO (E), BC-ATO-PPy (f).

Table I. The characteristic peaks of pure materials (BC, PPy, ATO)

Material Characteristic peaks (cm™ )

BC 2910 1637 1066 898

PPy 1552 1477 1314 1176 918

ATO 3448 2925 1423 1034 617

BC-ATO" 3448 2925 1078 617

BC-ATO-PPy" 3448 2925 1078 617 1477 1314 1176 918

*The extra peaks were detected in the composites, but were not detected in the pure BC film

the connection of BC and PPy.'® The final weight 59 wt.% in BC-ATO and 26.7 wt.% in BC-ATO-PPy,
loss of BC-ATO-PPy was approximately 65.3% at which was consistent with the final resting weight
720°C, and 13.0% resulted from the pyrolysis of PPy of these as-synthesized composites and further
from 402°C to 720°C. Thermogravimetry*® calcula- demonstrated the successful fabrication of the
tions show that the weight percentage of ATO was nanocomposites.
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Fig. 6. TGA curve of the as-prepared materials.

The capacitance characteristics of BC and other
as-synthesized composites were evaluated using
cyclic voltammetry (CV) tests. No oxidation peaks or
reductions were observed for pure BC films at dif-
ferent scanning speeds (Fig. 7a), which had been
demonstrated in previous studies.'® The charac-
teristic redox behavior was only observed in the as-
synthesized BC-ATO nanocomposites (Fig. 7b).
Similar results were obtained in previous studies, in
which redox behavior was observed for the BC-SnO,
composite but not for BC-SnO,-PPy or BC-PPy.*®
SnO, and ATO exhibited asymmetric redox peaks,
as demonstrated in a previous study.?® However,
when the PPy coated uniformly outside the films or
composites, the redox behavior may disappear for
BC-ATO-PPy (Fig. 7d). Although no redox behavior
was observed in BC-PPy (Fig. 7c) and BC-ATO-PPy,
the CV shapes were well retained as the scan rate
increased from 10 mV/s to 50 mV/s. This result
suggested that these composites had good capaci-
tance characteristics and charge—discharge rates. A
bending test was carried out to investigate the
flexible and recoverable conductivity properties of
BC-ATO-PPy. No obvious changes in CV curves
were observed at different bending deformations
(Fig. 7e), suggesting negligible changes in capaci-
tance characteristics under various bending tests.
The specific capacitance was increased from 7.47 F/g
for BC to 681.3 F/g for BC-ATO-PPy, 563.9 F/g for
BC-ATO and 302.2 F/g for BC-PPy (Table II). The
capacitance retention of all materials was kept
stable after 100 charge—discharge cycles (Fig. 7f).
These results revealed that BC supplied the neces-
sary flexible and recoverable properties in these as-
synthesized BC-based nanocomposites, while the
ATO and PPy fabricated onto the BC helped to in-
crease the electrochemical performance.

A four-probe test showed that BC-ATO-PPy had
the highest conductivity (16.532 S/cm), followed by
BC-PPy (11.636 S/cm) and BC-ATO (10.236 S/cm)
(Table II). These results indicated that both ATO
and PPy contributed to increasing the conductivity
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of the as-synthesized BC-ATO-PPy nanocomposites.
Similar conductivity for these materials was ob-
served during the bending test (Fig. 8a, Bo), sug-
gesting that BC-based nanocomposites could serve
as excellent flexible conductivity materials. Elec-
trochemical impedance spectroscopy (EIS) was fur-
ther carried out to evaluate the electrochemical
characteristics of these composites. The Warburg
curve of these materials is shown in a Nyquist plot

(Fig. 8b). The resistance values of these materials
were obtained from the intercept of the cure on the
X-axis. The lowest resistance value was observed for
BC-ATO-PPy (32.4 Q), followed by BC-PPy (63.2 Q),
BC-ATO (83.6 Q) and BC (681.5 Q) (Table II), which
was in accordance with the conductivity value ob-
tained by the four-probe test. The lowest resistance
value and highest conductivity of BC-ATO-PPy re-
vealed that the as-synthesized BC-ATO-PPy could
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Table II. The electrochemical properties of the materials (BC, BC-ATO, BC-PPy, BC-ATO-PPy)
Electrochemical properties BC BC-ATO BC-PPy BC-ATO-PPy
Resistance/Q 681.5 83.6 63.2 324
Specific capacitance (F/g) 7.47 563.9 302.2 681.3
Conductivity (S/cm) ND 10.236 11.636 16.532
ND: not detected
@) 1 Ry
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Fig. 8. The resistance value of samples (a) and the EIS curves (b).

Z' (Q cm2)

be used as a highly conductive material. Both PPy
and ATO contributed to the increasing conductivity
of BC-based composites. PPy loaded onto the BC
ultrafine structure created a continuous conduction
pathway on these nanocomposites and increased the
conductivity considerably.® As an excellent conduc-
tive material,>®3" ATO fabricated onto BC-based
composites significantly increased the electrochem-
ical properties of the as-synthesized composites.
Thus, the excellent electrochemical performance
coupled with the flexible properties of BC films
makes BC-ATO-PPy composites highly attractive
for electronic device applications.

CONCLUSIONS

In the present study, a bacterial cellulose-based
ATO-PPy nanocomposite was synthesized, and its
structures were characterized. An electrochemical
characterization demonstrated that BC-ATO-PPy is
an excellent flexible conductive material. As bacte-
rial cellulose is sustainable, biodegradable and ea-
sily obtained, this study offers a promising way to
synthesize low-cost and environmentally friendly
flexible conductive materials.
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