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In this paper, the bacterial celluloses (BCs) were pyrolysed in nitrogen and then activated by KOH to form a porous three-
dimension-network electrode material for supercapacitor applications. Activated pyrolysed bacterial cellulose (APBC) samples
with enlarged specific surface area and enhanced specific capacitances were obtained. In order to optimize electrochemical
properties, APBC samples with different alkali-to-carbon ratios of 1, 2 and 3 were tested in two electrodes symmetrical capac-
itors. The optimized APBC sample holds the highest specific capacitance of 241.8 F/g, and the energy density of which is 5
times higher than that of PBC even at a current density of 5 A/g. This work presents a successful practice of preparing elec-
trode material from environment-friendly biomass, bacterial cellulose.
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1 Introduction

The tremendous growth of portable electronic devices and
electric vehicles has highly promoted the demand for high-
power energy storage devices. Supercapacitors are consid-
ered as promising high power and long-life devices. Carbon,
especially with high surface area and high electro conduc-
tivity, is one kind of important electrode materials for super-
capacitors, because of their electrical conductivity, chemical
stability and low cost. However, the sources of carbon ma-
terials usually come from non-renewable fossil fuel. Thus,
for the sustainable development, some renewable bio-
material has emerged as the replacement of the fossil fuel as
the sources of carbon electrode materials, such as crab shell
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[1,2], chicken eggshell membranes [3], egg white [4],
chicken feather [5] and silk [6,7]. But, this kind of animal
biomaterial is either expensive, or hard to pretreat. Besides
the animal material, some relatively low-cost plants, such as
leaves [8—10], nuts shells [11-16], stem [17,18] and various
pollens [19], are also attractive, whereas their yields are
seasonal and some of them are inconvenient to collect. For-
tunately, bacterial celluloses (BCs), the specific product of
primary metabolism of plant biomass, could be produced
easily and massively by the bacteria of genera Acetobacter
[20]. Moreover, BCs happen to have ultrafine reticulated
structure formed with ribbon-shaped nanofibers naturally.
The net-like structure allows BCs with sufficient porosity
and high specific surface area, which corresponds to the
properties of carbon electrode materials mentioned above.
Accordingly, BCs and their derivatives have attracted great
scientific interest as the alternatives to replace the previ-
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ously existing carbon source of the supercapacitors elec-
trode materials.

Recently, pyrolysed bacterial cellulose (PBC), pyrolysed
BCs, began to be studied as the electrode material of the
supercapacitors due to its high electro-conductivity and
nano-porous architecture [21-23]. Unfortunately, the spe-
cific surface area of PBC physically activated with CO, is
only 166 m*/g, much lower than commercial activated car-
bon, and the electrochemical capacitance is as low as 42 F/g
[23]. Tt is well known that the specific surface area as well
as the pore size distribution of carbon electrodes affects the
performance of the resulting capacitance. Consequently, the
specific surface area and pore structure of PBC is highly
required to be improved for the enhancement of the elec-
trochemical capacitance. Chemical activation with alkali
compounds such as KOH and NaOH is a well-known
method to activate carbon materials with a high surface area
and controllable pore size [24,25].

Herein, we activated PBC with potassium hydroxide
(KOH), and the mass ratios of KOH and PBC (alkali-to-
carbon ratios) ranged from 1 to 3, which were denoted as
APBC-1, APBC-2, and APBC-3, respectively. The electro-
chemical properties of PBC and activated pyrolysed bacte-
rial cellulose (APBC) samples were tested in coin-type su-
percapacitors with 6 M KOH aqueous as electrolyte. The
structure characteristics demonstrated that the activation
degrees were amplified with the increase of the alkali-
to-carbon ratios. Electrochemical properties show that
APBC-1 has the highest specific capacitance and power
densities.

2 Experimental

Bacterial cellulose (BC) pellicles were friendly supplied by
Hainan Nanye Industry Company (China). The purification
was carried out to remove the bacteria and their residues.
The obtained BC pellicles were first washed by distilled
water at 70 °C for 3 h, then washed in 0.1 M aqueous NaOH
at 70 °C for 90 min, and thoroughly washed in distilled wa-
ter until neutral pH was reached.

To maintain the morphology and the three-dimensional
structure of BC, the freeze drying technology was em-
ployed. The BC pellicles were frozen in liquid nitrogen,
followed by vacuum dying at —54 °C for 48 h. Then the
obtained freeze-dried BC aerogel was pyrolysed under
flowing argon to get pyrolysed BC (namely, PBC). Briefly,
there were four temperature stages at 180, 230, 520, 900 °C
respectively and 1 h at each stage. The APBC was obtained
by activating with KOH as an activation agent during the
following carbonization process. After sufficient mixing,
the KOH/PBC slurry was prepared at 120 °C for 48 h in air,
and then heated in tubular resistance furnace at a heating
rate of 5 °C/min from room temperature to 900 °C. Finally,
the etched products were washed, and dried in vacuum at
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60 °C for 24 h.

The scanning electron microscopy (SEM) micrographs
were obtained using a Hitachi S4800 instrument (Japan).
The transmission electron microscopy (TEM) micrographs
were obtained using an FEI Tecnai F20 instrument (USA)
operating at 200 kV. Raman spectra were collected using an
inVia Raman microscope (Renishaw, UK) with a laser
wavelength of 514.5 nm. X-ray photoelectron spectroscopy
(XPS) measurement was carried out on an ESCALAB250Xi
apparatus at base pressure of 1x10™° mbar, and X-ray source
of Al Ko.. The nitrogen adsorption was measured using a
Micromeritics accelerated surface area porosimetry (ASAP
2020, USA) auto adsorption analyzer to obtain N, adsorp-
tion isotherms at 77 K, and the specific surface area (SSA)
was obtained by Brunauer-Emmett-Teller (BET) analyses of
the adsorption isotherms.

The electrochemical comparison of PBC and APBC were
carried out by the two-electrode symmetric supercapacitor
systems, where two electrodes with exactly the same com-
position and mass were separated by glass fiber soaked with
6 M KOH aqueous solutions, and then assembled into
coin-type cells. All of the cyclic voltammetry (CV) meas-
urements were performed using a CHI660D electrochemical
station (CH Instrument, Shanghai, China). The galvanostat-
ic charge/discharge measurements were made using a
CT2001A Battery Program Controlling Test System (China-
Land Com. Ltd.) within the voltage range from O to 1 V.

The specific capacitance (C;) was calculated according to
the equation:

C =2x 1At
’ mAU

where I (A) is the discharge current, Az (s) is the discharge
time, m (g) is the weight of the active material in an indi-
vidual electrode, and AU (V) is the discharge voltage.

3 Results and discussion

Purification by aqueous sodium hydroxide was employed to
remove the bacteria residue. Freeze-drying worked by
freezing water-saturated BCs and then reducing the sur-
rounding pressure around the nanoribbons to allow the fro-
zen water to sublimate directly from the solid phase to the
gas phase. Then the three-dimensional structure of BCs
were maintained effectively by the freeze drying (Scheme
1). As shown in Figure 1, the dehydrated BCs nanoribbons
naturally form a net structure with various pores and linkage
between the adjacent parts, which provide possibilities for
the ion transportation, while another basic requirement of
the electrode materials of supercapacitors is electrical con-
ductivity. Accordingly, BCs were pyrolysed at 900 °C in the
absence of oxygen to improve the electronic conductivity.
Activation by KOH was employed to increase the specific
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Scheme 1 Scheme of the preparation of APBC (color online).

surface area and optimize the pore structure.

3.1 Morphology characterization

Figure 1(a) depicted the scanning electron microscope
(SEM) image of BCs after freeze-drying. The porous net-
works consisted of straight nanoribbons. The process of
pyrolysis not only decreased the width of the nanoribbons,
but maintained the three-dimensional porous architectures
of PBC (Figure 1(b)). It is obvious that the diameter of PBC
nanoribbons is approximately 20 nm according to transmis-
sion electron microscope (TEM) images of PBC (Figure
1(c)). The inset of Figure 1(c) depicted the concentric dif-
fraction rings of PBC indicating the graphite-like structure.
Moreover, the specific surface area and the pore distribu-
tions are the key factors to the electrochemical properties.
The activation, especially by potassium hydroxide (KOH),
is an effective way to increase the surface area and porosity
for carbon materials [26,27]. Activation partially destroyed
the original three-dimensional structure of the PBC, which
shortened the distance of the nanoribbons and reduced the
number of the macrospores (Figure 1(d, €)). In addition, the
activation formed micropores under 10 nm on the nanorib-
bons of APBC (Figure 1(f)), while the graphite degree of
APBC was weaker compared with that of PBC (the inset of
Figure 1(c)).

The Fourier transform infrared spectroscopy (FTIR)
analysis was performed to determine the functional groups,
especially the oxygen-containing groups. The FTIR spectra
of the materials before and after activation are shown in
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Figure 2(a). The FTIR image showed the similar peak posi-
tions and shapes among PBC, APBC-1, APBC-2 and
APBC-3 samples. The peak positions of IR images (Figure
2(a)) showed the functional groups of PBC and APBC sam-
ples. As the activation degree increased, the FTIR intensity
of APBC samples showed gradual increases at characteristic
peaks of the oxygen-containing groups, especially at the
wavenumbers of 1604 and 1158 cm™. Accordingly, the
activation increased the surface oxygen-containing groups,
such as C—O and C=0. The results of the XPS Cls tests are
shown in Figure 2(b). The deconvolution of PBC Cls spec-
trum yields two peaks. The main peak at 284.8 eV is
somewhat associated to sp> C in the PBC nanofibrils con-
sidering the presence of graphitic layers [28]. The relatively
weak peak at 285.6 is assignable to carbon atoms in C=0,
suggesting that there exist a small portion of oxygen-
containing functional groups in the thus-prepared PBC nan-
ofibrils. The Cls spectra of APBC-1, APBC-2 and APBC-3
show nearly the same figures as that of PBC. The original
sp® characteristic peaks and C=O peaks at 284.8 and 285.6
eV are retained for APBC samples, whereas the half peak
widths narrowed in small increments as the activation.
Table S1 (Supporting Information online) summarizes the
elemental compositions (at%) on the surface of PBC and
APBC samples or over the sampling depth of several atomic
layers from the surface. The oxygen content increased with
the increase of the activation, which agreed with the FTIR
intensity increasing.

KOH activation was effective to improve the porosity of
PBC while its original fibrous form was sustained. Figure 3
depicts BET nitrogen adsorption-desorption isotherm of the
PBC and APBC samples at 77 K. In the low pressure re-
gion, the adsorption quantities of the APBC samples were
much higher than that of PBC, indicating that the activation
formed more micropores. It can be seen that the PBC and
APBC-1 isotherms represented a type IV isotherm with H4

Figure 1 Morphologies and characteristics of BC, PBC and APBC. (a) SEM image of BC; (b) SEM image of PBC; (c) TEM image of PBC; (d, e) SEM

images of APBC; (f) TEM image of APBC.
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Figure 2 FTIR spectra (a) and XPS Cls spectra (b) of PBC and APBC (color online).
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Figure 3 Nitrogen adsorption-desorption isotherm of PBC, APBC-I,
APBC-2 and APBC-3 (color online).

type hysteresis loop, which were bimodal distributions of
micropores and mesopores [29,30]. The high pressure hys-
teresis and the loop of APBC-2 and APBC-3 samples
showed H3 type hysteresis loop, indicating the similar pore
structures, but larger sizes than that of PBC and APBC-1.
The BET specific surface area and pore-structure parame-
ters of PBC and APBC samples are illustrated in Table S2.
The specific surface areas measured in accordance with the
standard BET method were 337, 491, 829 and 892 m2/g
respectively for PBC, APBC-1, APBC-2 and APBC-3. It
can be seen that the effect of KOH dosage on the specific
surface area of APBC samples is apparent. However,
APBC-1, with the alkali and carbon ratio of 1, has the
minimum values of Sy;/S. (the ratio of the microspores sur-
face area and the external surface area) and the average pore
diameter.

3.2 Electrochemical performance

Figure 4(a) exhibits the cyclic voltammetry (CV) curves of
PBC, APBC-1, APBC-2, and APBC-3 electrodes between O
and 1 V at the scan rate of 100 mV/s. The CV curves
showed typical rectangular shapes, indicating highly capaci-

tive nature with very rapid charge/discharge characteristics
[31,32]. The APBC-1 electrode provides the supercapacitor
with an energy density of 38 W h/kg at a current density of
0.1 A/g and improves the rate performance as well. At a
current density of 5 A/g, it can still deliver an energy densi-
ty of 15 W h/kg, which is nearly 5 times higher than that of
PBC-based supercapacitors. APBC-1 electrodes showed
superior specific capacitances at current densities ranging
from 0.1 to 5 A/g, compared with the other electrodes (Fig-
ure 4(b)). Specially, the specific capacitance of the APBC-1
electrode reached 241.8 F/g at a current density of 0.1 and
167.4 F/g at a current density of 1 A/g, respectively. Ac-
cordingly, the proportion and the size of the mesopores are
the keys to the performance of the capacitance, but not the
functional group. Therefore, the electrode material in the
supercapacitor works as a double layer capacitor electrode
rather than a pseudocapacitor electrode. The APBC-1 elec-
trode provided the supercapacitor with an energy density of
38 W h/kg at a current density of 0.1 A/g and 15 W h/kg at
5 Alg, which is nearly 5 times higher than that of PBC-
based supercapacitors (Figure 4(c)). Moreover, with the
increase of the power densities, the descending slope of
APBC-1 is the smallest, indicating the fast charge and dis-
charge properties. Additionally, all the four kinds of super-
capacitors showed over 90% capacitance retention even
after 10000 charge-discharge cycles (Figure 4(d)). Thus,
APBC-1 served as an excellent electrode material for higher
specific capacitance and high-power supercapacitors with
long-life.

4 Conclusions

Activation by KOH was employed to prepare activated
three-dimensional network carbons originating from bacte-
rial cellulose. APBCs with enlarged specific surface area
and enhanced specific capacitances were obtained. Among
the APBC samples, APBC-1, with alkali-to-carbon ratio of
1, has the highest specific capacitance of 241.8 F/g. More im-
portantly, APBC-1 maintains 15 W h/kg at a current density
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Figure 4 Electrochemical performances of supercapacitors. (a) Cyclic voltammetry curves; (b) specific capacities at various current densities; (c) Ragone
plots; (d) cycling capabilities of PBC, APBC-1, APBC-2 and APBC-3 (color online).

of 5 A/g which is nearly 5 times higher than that of PBC,
highlighting the promise of this novel material for high
power supercapacitor applications. This work presents a
successful practice of preparing electrode material from
environment-friendly biomass, bacterial cellulose.
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