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ARTICLE INFO ABSTRACT

Keywords: In this study, a novel carbon tube was prepared by carbonizing a rectangular polypyrrole (RPPy) tube at a high
Rectangular carbon tube temperature for the construction of enzymatic biofuel cells with high performance. SEM and TEM images clearly
Polypyrrole showed that the initial PPy presented a rectangular tube shape, while the carbonized PPy became a shriveled
Carbonization

rectangular tube with a concave surface, which might be beneficial for enzyme immobilization and electro-
chemical applications. The glucose oxidase (GOx)- or laccase (Lac)-modified electrodes based on carbonized
RPPy exhibited excellent bioelectrochemical performance. In addition, a biofuel cell (GOx, glucose/O,, Lac) was
assembled, and the open-circuit voltage reached 1.16 V. The maximum power density was measured to
0.350 mW cm ™2, which correlated to the gravimetric power density of 0.265mW mg~' (per mg of GOx) at
0.85V. The constant-current discharge method was used to further evaluate the continuous discharge capacity.
The discharge time reached 49.9h at a discharge current of 0.2 mA before the voltage was lower than 0.8 V.
Furthermore, three of the fabricated biofuel cells in series were able to continually light up a white light-emitting
diode (LED) whose turn-on voltage was ca. 2.4 V for more than 48 h. This study suggests that carbonized con-

Enzymatic biofuel cell
Constant-current discharge

ducting polymers may become a useful electrode material for the development of enzymatic biofuel cells.

1. Introduction

Enzymatic biofuel cells (EBFCs) consisting of two enzyme-modified
electrodes can yield electrical energy from green and renewable fuels
(Abdelkader et al., 2011; Abreu et al., 2018; Giroud et al., 2017; Liu
et al., 2018; Zhang et al., 2015; Zhu et al., 2014). Numerous studies on
this new type of fuel cell have obtained great success (Agnés et al.,
2013; Blaik et al., 2016; Bollella et al., 2017; Kang et al., 2017a, 2017b;
Lalaoui et al., 2016; Prasad et al., 2014; Qian and Lu, 2014). However,
certain aspects of performance (open-circuit voltage, output power
density and lifespan) of the current EBFCs could still be improved.
These shortcomings can be attributed to the following: i) low enzyme
loading on the surface of electrodes, ii) inefficient electron transfer
across enzyme-electrode interfaces, iii) inferior stability of enzymatic
electrodes (Hui et al., 2017; Zhang et al., 2017). To address these
drawbacks, exploring novel electrode materials with excellent physical
and chemical properties, especially the highly enzyme-accessible sur-
face area and good electrical conductivity, has been suggested as an
effective strategy. In recent years, a plethora of carbon materials, such
as carbon nanotube (CNTs) (Eguilaz et al., 2016; Tominaga et al., 2015;
Zhang et al., 2017), graphene (Gr) (Guo et al., 2015; Liang et al., 2015;
Navaee and Salimi, 2015; Qiu et al., 2017), carbonized polymers (Kang
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et al., 2017a, 2017c) and three-dimensional (3D) carbon composites
(Prasad et al., 2014; Wu et al., 2014; Zhang et al., 2014), have attracted
strong interest and been widely applied in the field of EBFCs due to
their many advantages, i.e., high specific surface area, excellent elec-
trical conductivity, good biocompatibility and special porous network
structures (Kang et al., 2017a; Prasad et al., 2014; Qian and Lu, 2014;
Zhang et al., 2017). Conventionally, mingling such kinds of typical
carbon nanomaterials, conducting polymers and metal nanomaterials
together through chemical bonding or physical absorption has been
suggested as an effective method to develop new carbon composites for
EBFCs (Fu et al., 2016; Ji et al., 2017; Zhang et al., 2017).
Alternatively, carbonizing the conducting polymers that contain
abundant carbon atoms is also effective to explore novel carbon na-
nomaterials because the morphologies of polymers are diversification
and controllability. In the application of storage batteries or super-
capacitors, there are abundant reports on carbonized conducting
polymers (Zhang et al., 2016; Zhu et al., 2016). Generally, their car-
bonization temperature was lower than 1000 °C, and the carbonized
products were mainly amorphous carbon, which contains many defects,
such as a low degree of intralayer binding and high disorder degree.
Increasing the carbonization temperature is well known for improving
the performance of the products, albeit possibly leading to the collapse
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of the initial morphology. Although such high-temperature carbonized
materials own some weakness, they are still promising materials for
bioelectrochemical application if their preparation method can be well
optimized. For example, Kang et al. first confirmed that the nanofiber-
like polyaniline (PANI) would be pyrolyzed to a granular or globular
shape when the carbonization temperature was higher than 1000 °C. To
maintain its initial morphology, they fabricated a 3D composite of
PANI@Gr relying on the strong covalent bonds and carbonized at
1600 °C. As expect, the carbonized PANI still presented the nanofiber-
like structure on the surface of Gr. The assembled glucose/O, biofuel
cell based on PANI,; ¢00@Gr could output a maximum power density of
0.756 mW cm ™~ 2 at 0.42V (Kang et al., 2017c). Later, they prepared a
3D carbon composite of PANI;0o@CNT for another glucose/O- biofuel
cell and the maximum power density reached 1.12mW cm ™2 at 0.45V
(Kang et al., 2017a). However, there is no study on carbonizing con-
ducting polymer directly without the help of other carbon nanomater-
ials, nor its use in the EBFCs field.

Beyond the above-mentioned technical problems in exploring novel
carbonized conducting polymer-based electrodes, there are still other
problems in the study of EBFCs. Generally, the performance of EBFCs is
mainly expressed by two characteristics: open-circuit voltage (OCV)
and output power density. The output power density is usually mea-
sured by linear sweep voltammetry (LSV) (Ji et al., 2017; Xiao et al.,
2018; Zhang et al., 2017). Actually, the value obtained from LSV is
instantaneous data which varies with the scan rate, so it cannot com-
pletely represent the actual performance, such as the continuous dis-
charge capacity. Unfortunately, to our knowledge, there are few reports
on the continuous discharge of EBFCs. Furthermore, the unit of power
density, mW cm ™2, is deficient for meaningful comparison between
various reports because the electrode area is usually the geometric area,
yet this is not the same as the actual effective surface area or electro-
active surface area. Moreover, the actual enzyme loadings applied on
the electrodes differ depending on the enzyme immobilization ap-
proaches. Therefore, further investigation on continuous discharge ca-
pacity and data standardization are desired now.

Herein, a novel shriveled rectangular carbon tube with a concave
surface was prepared by carbonizing a rectangular polypyrrole (RPPy)
tube at a high temperature under laboratory conditions for the im-
mobilization of GOx and Lac. The direct electron transfer property and
direct electro-oxidation of glucose were studied based on the fabricated
GOx-modified electrode. In addition, a biofuel cell (GOx, glucose/O,,
Lac) was assembled and the unit of power density mW mg ™" (per mg of
enzyme) was adopted to characterize its performance. The constant
current discharge method was used to further characterize its con-
tinuous discharge capacity.

2. Experimental section
2.1. Materials and reagents

GOx (EC 1.1.3.4, from Aspergillus niger, = 180 Umg™ "), 2,2’-azi-
nobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) and Nafion solution (5wt%) were purchased from Sigma-
Aldrich and used as received. Lac (EC 1.10.3.2, from Polyporus brumalis
= 30 Umg ') was a kind gift from Professor Wenxia Jiang's group at
Tianjin Institute of Industrial Biotechnology, Chinese Academy of
Sciences. Pyrrole (99%), FeCl36H,0 (99%), methyl orange (96%),
polyvinylpyrrolidone (K29-32, PVP) and B-p-Glucose (99%) were pur-
chased from Aladdin. Conventional reagents were obtained from
Sinopharm Chemical Reagent Co., Ltd. All reagents were of analytical
grade and used without further purification. Nafion 211 membranes
were purchased from DuPont China Holding Co., Ltd. The nickel foam
(NiF, 0.5 mm thickness) was purchased from Yiyang Foammetal New
Material Co., Ltd. The phosphate buffer solution (PBS, 0.1 M, pH 7.2),
Tris-HCI buffer (0.05 M, pH 8.5), Britton-Robison buffer (B-R, 0.1 M, pH
5.0) and sodium acetate buffer (SDA, 0.1 M, pH 5.0, 7.0) were the

77

Biosensors and Bioelectronics 132 (2019) 76-83

frequently-used buffers in the experiment. The 0.05M glucose stock
solutions were in PBS and mutarotated at least 24 h before use. All
solutions were prepared with the deionized water which was purified
with a Millipore-Q purification system (specific resistance > 18.0
MQ cm).

2.2. Instruments

Scanning electron microscopy (SEM) was carried out by using a
JSM-6701 field emission SEM instrument (JEOL, Japan) at an accel-
erating voltage of 10 kV with a Phoenix energy-dispersive X-ray ana-
lyzer (NS7, Thermo, USA). Transmission electron microscopy (TEM)
images were recorded on a JEOL JEM-2100 microscope, which was
operated at an acceleration voltage of 200kV. The electrochemical
performance was measured by an electrochemical workstation CHI
660E (Shanghai Chenhua Instrument Co. Ltd, China). The constant
current discharge was conducted by a charge-discharge tester (Wuhan
LAND CT2001A Electronics, China).

2.3. Synthesis of rectangular tube PPy and carbonization

The rectangular tube PPy (RPPy) was synthesized by the soft-tem-
plate method according to a previous report (Kopecka et al., 2014). In
brief, 300 mL 40 mM FeCl-6H,O aqueous solution was added slowly
into 600 mL 5mM methyl orange aqueous solution under magnetic
stirring and maintained for 10 min. Then, 2.05 mL pyrrole was dropped
in the above mixed solution under the magnetic stirring. Lastly, the
mixture was placed quietly for 24 h at room temperature. For com-
parison, a type of circular tube PPy (CPPy) was also synthesized with a
different ratio of reagents. Briefly, we only changed the molarity of the
methyl orange to 4 mM, and the others remained unchanged.

Carbonization was carried out in a high-temperature tube furnace
by gradually heating (at 2°C min~') the RPPy and CPPy to each target
temperatures of 800, 1000, 1200, 1400, and 1600 °C with the protec-
tion of an argon atmosphere. Then, the target temperature was main-
tained for 3 h. After cooling, the products were abbreviated to RPPy,
and the CPPy,, where x represents the target carbonization tempera-
ture. The schematic diagram of the synthetic procedures is shown in
Scheme 1.

2.4. Enzyme-modified electrode preparation and electrochemical
measurements

A three-electrode system, including a working electrode, an Ag/
AgCl reference electrode, and a 1 X 1 cm? platinum counter electrode,
was used to perform cyclic voltammetry (CV) experiments and enzyme-
modified electrode characterization. Beforehand, a glassy carbon elec-
trode (¢ 3 mm) was polished according to previous reports (Kang et al.,
2017a, 2017c). For the bioanode, first, 6 uL 5mg mL~! carbonized
RPPy, suspension (prepared by 1mgmL~! PVP aqueous solution,
where the PVP was used as the surfactant) was dropped onto the surface
of a cleaned GCE and air-dried. The obtained electrode was designated
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Scheme 1. Schematic diagram of the preparation of carbonized PPy.
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as PVP-RPPy,/GCE. Then, 4 uL 20 mg mL~ ! GOx solution (prepared by
the Tris-HCI buffer, pH 8.5) was spread onto the surface of PVP-RPPy,/
GCE and placed at 4 °C for 12 h. The obtained electrode was designated
as GOx/PVP-RPPy,/GCE. Lastly, 5 pL Nafion solution (1 wt% in 99.99%
ethyl alcohol) was spread on the surface of GOx/PVP-RPPy,/GCE and
the electrode was placed at 4°C for 6 h. The final electrode was de-
signated Nafion/GOx/PVP-RPPy,/GCE. The Nafion/GCE, Nafion/GOx/
GCE, Nafion/PVP-RPPy,/GCE and Nafion/GOx/PVP-CPPy,/GCE were
prepared for control experiments.

A 0.5 x 0.5 cm? nickel foam (NiF) was also utilized as the substrate
electrode. Before being used, the NiF slices were successively cleaned
with the 1M H,SO,4 aqueous solution, deionized water, ethyl alcohol
and deionized water by the ultrasonic method for 10 min. Then, 50 pL
5mgmL ™! carbonized RPPy, suspension was dropped on the surface of
a cleaned NiF and air-dried. The obtained electrode was designated
PVP-RPPy,/NiF. Then, 10 uL 20 mg mL ™! Lac solution (prepared by the
SDA buffer, pH 5.0) was spread on the surface of PVP-RPPy,/NiF, and
the electrode was placed at 4 °C for 12h. The obtained electrode was
designated Lac/PVP-RPPy,/NiF. A bioanode of GOx/PVP-RPPy,/NiF
was also fabricated through the same processes. All the prepared en-
zyme modified electrodes were stored at 4 °C when not in use.

The Nyquist plot was obtained by performing electrochemical im-
pedance spectroscopy at open circuit potential over an AC frequency
range of 100 kHz to 100 mHz, with a sinusoidal perturbation of 5mV.
The equivalent circuit consisted of a parallel resistor—capacitor element
with a Warburg element. ZView (version 3.1c, Scribner Associates, Inc.
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USA) was employed for equivalent circuit model fittings.

2.5. EBFCs assembled and performance measurements

An EBFC (GOx, glucose/O,, Lac) was constructed with two com-
partments by using the acrylic glass and separated by the Nafion 211
membrane. For the bioanode, a piece of 2 X 2cm? NiF was as the
substrate electrode, and 500 uL. 5mgmL ™" carbonized RPPy, suspen-
sion was dropped onto the surface of the NiF electrode and air-dried.
Then, 150 uL. 20 mg mL ™" GOx solution was spread on the surface of
the electrode and placed at 4 °C for 24 h. The biocathode was made in a
similar way, but using Lac instead. The electrolyte of the anodic com-
partment was 50 mL Ar-saturated 0.1 M SDA (pH 5.0) with 0.05M
glucose. The cathodic compartment was filled with 50 mL 0.1 M B-R
buffer (pH 5.0) with 0.5mM ABTS and continuously bubbled with
oxygen. The performance of the glucose EBFC was measured through
the manual variation of circuit resistance while measuring output vol-
tage (Scheme S1) and a charge-discharge tester.

3. Results and discussion
3.1. Microscopic and spectroscopic characterization
Fig. 1 shows the SEM and TEM images of the PPy before and after

carbonization. As seen in Fig. 1A and A;, the RPPy presented a distinct
rectangular tube with four planar surfaces, while the CPPy was a typical
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Fig. 1. Characterization of the RPPy and CPPy before and after carbonized at 1600 °C. SEM images of (A) RPPy, (B) RPPy;400, (C) CPPy and (D) CPPy;600; TEM
images of (A;) RPPy, (B1) RPPy;¢00, (C1) CPPy and (D;) CPPyj600. (E) XRD pattern and (F) Raman spectra of (a) RPPygoo, (b) RPPy1000, (¢) RPPy1200, (d) RPPY1400
and (e) RPPy;600. (G) N5 adsorption—desorption isotherms for the obtained samples of RPPy;600 and CPPy;600.
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circular tube with an arched surface (Fig. 1C and C;). The RPPy had a
rectangular cavity and was very similar to the schematic diagram,
which corresponded to a previous report (Kopeckd et al., 2014). In-
terestingly, the RPPy in Fig. 1B shows a shriveled rectangular tube
structure with a concave surface after carbonization at 1600 °C, which
might be caused by gas emission, such as CO, CH,, etc., during the
calcination process (Kang et al., 2017¢; Zhu et al., 2016). The schematic
diagram in Fig. 1B can exhibit a visual reified morphology for under-
standing. The SEM images of other products, RPPygoo, RPPy;000,
RPPy;200, and RPPy; 490, are shown in Fig. S1, and all of them presented
the same morphologies. These results demonstrated that the RPPy had
the inferior thermostability at the high temperature. In Fig. 1B;, the
corner angles and the concave surfaces can be clearly seen, which might
benefit the immobilization of enzyme. In the control experiment, the
CPPy;600 in Fig. 1D and D; still presented the typical circular tube,
which was attributed to the more stable structure of arched surface.

Fig. 1E shows the XRD results of the chemical structure and com-
position of the RPPy,. Two broad peaks were observed at 26.0° and
43.0° in each curve, which can be attributed to the (002) and (101)
planes of the hexagonal graphite structure, respectively (Kang et al.,
2017c; Zhu et al., 2016). The peaks presented broad features, indicating
that the RPPy, had the amorphous carbon feature with a low degree of
graphitization crystallinity. The peak at approximately 26.0° became
more incisive and narrow with the increasing carbonization tempera-
ture, suggesting that the degree of graphitization crystallinity became
better. The peaks at approximately 43.0° also became more distinct
with increasing carbonization temperature, indicating a higher degree
of intralayer binding at the high temperatures, which can improve the
electronic conductivity of carbide materials (Zhu et al., 2016). The
improvement of graphitization was further demonstrated by Raman
spectra (Fig. 1F). Two obvious peaks were observed at each curve a ~ e
and their full width at half maximum decreased with increasing car-
bonization temperature. The peak at 1350 cm ™' (D-band) was attrib-
uted to the vibration of sp*-hybridized carbon atoms, and the peak at
1580 cm ! (G-band) was attributed to the vibration of sp3-hybridized
carbon atoms (Kang et al., 2017b; Zhang et al., 2014). Usually, the D-
band characterizes the disorder degree and the integral area ratio of D-
band and G-band (Ip/Ig) can be used to evaluate the defect degree (Zhu
et al., 2016). The full width at half maximum of the D-band decreased
more obvious than the G-band, and the integral area ratio of I/Ig de-
creased from 2.32 to 1.06 as the carbonization temperature increased
from 800 °C to 1600 °C, demonstrating that the degree of graphitization
crystallinity increased and there was less disorder in the products car-
bonized at the higher temperature. In addition, the specific surface
areas of the RPPy;699 and CPPy;490 Were characterized by using N,
adsorption-desorption isotherms and shown in Fig. 1G. The specific
surface areas of RPPy;eqp and CPPyigo0 were 88.315 m? g_l and
64.767m> g~ ', respectively, which were very close to the CNTs
(Peigney et al., 2001), indicating that the RPPy;600 had similar prop-
erties to CNTs. The specific surface area of RPPy;499 was larger than
CPPy; 600, possibly because of the special concave surface. The average
pore diameter of RPPy and CPPy were 5.187 nm and 1.356 nm, re-
spectively. The cumulative pore volume of RPPy and CPPy were 1.615
and 1.2cm® g=' (Fig. S2). All these results demonstrate that the
RPPy;600 and CPPy;e00 might be promising supporting materials for
fabricating enzymatic electrodes.

3.2. The electrochemical properties of GOx base on RPPy,

Next, the cyclic voltammograms (CVs) of Nafion/GOx/PVP-RPPy,/
GCE electrodes, where x represents the carbonization temperature (°C),
which were (curve a) x = 800, (curve b) x = 1000, (curve c) x = 1200,
(curve d) x = 1400, (curve e) x = 1600, in 0.1 M Ny-saturated PBS (pH
7.2) at a scan rate of 50 mV s~ were conducted (Fig. 2A). Obviously, a
pair of well-defined redox peaks was displayed in each curve, sug-
gesting that all the GOx-modified electrode had an electroactive
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substance. A larger leveled current separation of the CV of Nafion/GOx/
PVP-RPPygo/GCE was observed and it should be ascribed to the
pseudocapacitive current because of the impurities, such as N atom,
contained in the RPPygq. The capacitance current decreased first and
then became barely unchanged with increasing carbonization tem-
perature, indicating that the conductivity of RPPy, was improved,
especially at the higher carbonization temperature. The redox peak
separation (/\Ep) of the curve e was the minimum value of ca. 53 mV,
indicating a highly-efficient electron transfer rate.(Zhao et al., 2015)
Fig. 2B shows the Nyquist plot of Nafion/GOx/PVP-RPPy,/GCE elec-
trodes in 0.1 M N, saturated PBS (pH 7.2). Distinctly, a semicircle in the
high-frequency region and a straight line in the low-frequency region
were observed in each electrochemical impedance spectroscopy curve.
Generally, the semicircle diameter is used to estimate the interfacial
electron transfer resistance (R.) between the GOx and the electrode
(Kang et al., 2009). As shown in Fig. 2B, with increasing carbonization
temperature, R tended to get smaller, indicating the conductivity of
RPPy, became better, which was in accordance with the results of
Fig. 2A. Hence, the Nafion/GOx/PVP-RPPy;40/GCE electrode was used
as the model electrode in the subsequent experiments. Fig. 2C shows
the CVs of (curve a) Nafion/GCE, (curve b) Nafion/GOx/GCE, (curve c)
Nafion/PVP-RPPy;600/GCE, (curve d) Nafion/GOx/PVP-CPPy;00/GCE
and (curve e) Nafion/GOx/PVP-RPPy400/GCE electrodes in 0.1 M N,
saturated PBS (pH 7.2) at a scan rate of 50 mVs™ 1 Obviously, no redox
peaks were observed in curve a, b or ¢, while there was a pair of clear
redox peaks in both curves d and e, indicating that the redox peaks were
attributed to the GOx(FAD/FADH,) (Liu et al., 2007). The reaction
mechanism of GOx without the interference of O, was reported pre-
viously and is shown below (Kang et al., 2017b; Tasviri et al., 2011):

@

In addition, the peak current of curve d was slightly larger than
curve e, indicating there was slightly more active GOx on the surface of
Nafion/GOx/PVP-RPPy;400/GCE, which was ascribed to the concave
surface of RPPy;¢00. This result further suggested that RPPy;¢00 could
be a better electrode material for the immobilization of electroactive
GOx than CPPy;4¢0. Based on this result, we speculated that the direct
electron transfer (DET) between the GOx and the electrode may pos-
sibly occur. However, several reports put forth opposite views (Philip
and Bartletta, 2018; Wooten et al., 2014). They considered that the
observed redox peaks of CV resulted from the free FAD that usually
exists in the majority of commercial GOx. Supporting evidence was that
their GOx-modified electrode did not respond to the glucose in the O»-
free electrolyte.

To gain better evidence that the immobilized GOx based on
RPPy; 400 can undergo DET, we conducted an experiment for the direct
electrocatalytic oxidation of glucose in O,-free electrolyte based on a
new GOx-modified electrode. Here, the GOx-modified electrode was
changed by the GOx/PVP-RPPy;¢00/NiF to exclude the influence of the
Nafion membrane on the mass transfer between the bioanode and the
electrolyte because the Nafion membrane only permits the H* to cross
itself. The incubation pH of GOx was also different from that in (Wooten
et al.,, 2014). As shown in Fig. 2D, the oxidation current of curve a
increased obviously compared with curve b, while no current changes
were observed in curves a or b in Fig. 2E, suggesting that the GOx/PVP-
RPPy;600/NiF might directly respond to the glucose. The electro-
chemical reaction mechanism is as follows (Prasad et al., 2014):

GOx(FAD) +2H" + 2e <> GOx(FADH,)

GOx(FAD) + glucose — GOx(FADH,) + gluconolactone 2

GOx(FADH,) —GOx(FAD) +2H™* + 2e 3)

The increase of oxidation current of curve a in Fig. 2D was attrib-
uted to reaction 2, which produced more GOx(FADH,) and resulted in
reaction 3. In addition, the more positive the potential the more ob-
vious the oxidation current (Fig. 2F). This result demonstrate that im-
mobilized GOx can undergo DET because the free FAD can not oxidize
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Fig. 2. (A) CVs and (B) Nyquist plot of Nafion/GOx/PVP-RPPy,/GCE, (a) x = 800, (b) x = 1000, (b) x = 1200, (d) x = 1400, (e) x = 1600 °C; (C) CVs of (a) Nafion/
GCE, (b) Nafion/GOx/GCE, (c) Nafion/PVP-RPPy;¢00/GCE, (d) Nafion/GOx/PVP-CPPy;¢00/GCE and (e) Nafion/GOx/PVP-RPPy;¢00/GCE electrodes; All experiments
were conducted in 0.1 M N,-saturated PBS (pH 7.2); scan rate: 50 mVs ™. CVs of (D and F) GOx/PVP-RPPy; 600/NiF and (E) PVP-RPPy;00/NiF in 0.1 M Ny-saturated

the glucose. It is well known that the testing conditions, such as the
incubation pH of GOx, the immobilization methods, the property of the
carrier materials and the electrolyte pH, can influence the electro-
chemical performance of the final GOx-modified electrode. At present,
what factor plays the decisive role is not clear and should be further
synthetically studied. Based on the DET theory, the onset oxidation
potential of glucose was ca. —0.5V which was very near the redox-
active potential of GOx (Prasad et al., 2014). This result is desired for
increasing the open circuit voltage of a whole glucose/O, biofuel cell
consisting of a bioanode and a biocathode.

3.3. The electrochemical properties of Lac based on RPPy1400

As for the biocathode, Lac was selected because it is a typical en-
zyme for oxygen reduction and the catalytic mechanism is well known
(Kang et al., 2017a; Prasad et al., 2014). In our system, ABTS was in-
troduced to promote the electron transfer between the Lac and the
electrode to exclude the influence of the biocathode on the performance
of the whole glucose/O biofuel cell later. Fig. 3 shows the CVs of Lac/
PVP-RPPy400/NiF in (curve a) 0.1 M Ny-saturated B-R buffer (pH 5.0),
(curve b) 0.1 M O,-saturated B-R buffer (pH 5.0), (curve c) 0.1 M N»-
saturated B-R buffer containing 0.5 mM ABTS (pH 5.0) and (curve d)
0.1 M O,-saturated B-R buffer containing 0.5 mM ABTS (pH 5.0) at a
scan rate of 10 mV s~ '. Few variations were observed in curves a and b,
indicating that this Lac modified electrode had no electrocatalytic re-
duction ability of oxygen. However, the reduction current of curve d
sharply increased compared with curve ¢ and the electrocatalytic re-
duction potential of oxygen started from ca. 0.65V which was very
close to the theoretical value (Prasad et al., 2014). These results in-
dicate that the Lac modified electrode based on RPPy;40¢ had excellent
bioelectrocatalytic activity for oxygen reduction with the help of ABTS.

3.4. The performance of the assembled EBFCs

A glucose/O, biofuel cell consisting of the GOx/PVP-RPPy;¢q0/NiF
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Fig. 3. CVs of Lac/PVP-RPPy;400/NiF in (a) 0.1 M Ny-saturated B-R buffer (pH
5.0), (b) 0.1 M O,-saturated B-R buffer (pH 5.0), (c) 0.1 M Ny-saturated B-R
buffer containing 0.5mM ABTS (pH 5.0), (d) 0.1 M Oj-saturated B-R buffer
containing 0.5mM ABTS (pH 5.0). Scan rate: 10mVs ™',

as the bioanode and the Lac/PVP-RPPy;40/NiF as the biocathode was
assembled and its performance was evaluated through the manual
variation of the circuit resistance while measuring output voltage for
power density and a charge-discharge tester for continuous discharge
capacity. As shown in Fig. 4A, the open-circuit voltage (Uocy) reached
~1.16V, corresponding to the sum of open-circuit potentials of the
bioanode and the biocathode (Fig. S3). This value was very close to the
theoretical potential difference between the O,/H,O couple and the
gluconolactone/glucose couple at thermodynamic equilibrium, sug-
gesting the efficient electrocatalytic activity of GOx and Lac based on
RPPy; 600 (Prasad et al., 2014). The conventional maximum power
density was calculated to be 0.350 mW cm ™2 (per geometric area of
bioanode), which correlated to the gravimetric power density of
0.265mWmg ™! (per mg of GOx) at 0.85V. Here, the weight of GOx
was the apparent mass, i.e., the actual usage amount in the preparation
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Fig. 4. (A) The power output characteristics of EBFCs (GOx, glucose/O,, Lac) obtained by the external resistance method. (B) Stability test of the biofuel cell. The
value of power density control (100%) corresponds to initial value. (C) Discharge curves of EBFCs (GOx, glucose/O,, Lac) at a constant current of 0.2 mA, 0.5 mA,
1 mA and 1.5mA in a voltage range of 1.2-0.8 V. (D) A white light emitting diode (LED) powered by three EBFCs in series.

process of GOx/PVP-RPPy400/NiF. To highlight the high performance
of this biofuel cell, a comparison of several relevant studies on glucose/
O, biofuel cell is listed in Table 1. The OCV was much larger than the
others and the reasons are provided in the Section 3.2. For the com-
parison of the maximum power density, however, there was no uniform
evaluation criterion for meaningful comparison of these reports because
the actual effective areas of the various electrodes were different, while
the power density was usually obtained by using the geometric area. As
early as 2015, Campbell et al. reported a unit of power density, mW
mg~?, to characterize their EBFCs in terms of gravimetric power den-
sity by per mass of catalyst and they considered that this was important
for meaningful comparison between studies (Campbell et al., 2015). In
addition, the testing method also played a critical role in the mea-
surement of power density, especially for that using the LSV method,
which obtained data that varied with the scan rate. Therefore, it is
necessary to normalize the evaluation system of EBFCs not only in
evaluation criteria but also in the testing method.

The storage stability was evaluated by recording the power density
once a day and the glucose/O, biofuel cell was placed at 4 °C when not
in use (Fig. 4B). After 14 days, the power density was still 82.02%,
corresponding to the initial values, indicating the high stability of this
glucose/0, biofuel cell. However, this result does not truly reflects its
continuous discharge capacity. Very recently, Abreu et al. used an ex-
ternal resistor to test the continuous discharge capacity of their EBFCs
and the EBFCs could discharge 90 min at a resistance of 3kQ2 (Abreu
et al., 2018). On the basis of that study, the constant-current discharge
method was used to further evaluate the continuous discharge capacity
in this work. As shown in Fig. 4C, the continuous discharge time was
nearly 49.9 h at a discharge current of 0.2 mA (0.1 mA mg ™, per mg of
GOx) in a voltage range of 1.2-0.8 V. The fluctuation of U was likely
to be the rolling mass transfer caused by bubbling the N, or O, and the
smooth drop might be ascribed to the decrease in glucose concentra-
tion. After that, the EBFC was refueled three times and discharged at
three currents of 0.5mA, 1.0 mA and 1.5 mA, respectively. Obviously,
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the discharge time decreased gradually with increasing discharge cur-
rent and all the curves presented a dramatic drop after a period of time,
which might be because the inherent catalytic efficiency could not sa-
tisfy the power output at a larger discharge current. These results in-
dicate that this glucose/O, biofuel cell would revive when glucose was
refueled.

The real power capacity of the glucose/O, biofuel cell was also
demonstrated by powering a light-emitting diode (LED) and the prac-
tical application was recorded. Fig. 4D shows that three glucose/O,
biofuel cells in series were able to light up a white LED whose turn-on
voltage was ca. 2.4V for more than 48 h and the momentary pictures
are shown in Fig. S4. The initial open-circuit voltage was high to 3.56 V
and the starting output power was 3.4 mW. Subsequently, the working
voltage was maintained at ~2.66 V and the discharge current decreased
gradually with time. The raised discharge current at 12h was due to
refilling glucose solution and the open-circuit voltage still reached
3.29V after 48 h, suggesting that this glucose/O, biofuel cell had ex-
cellent long power supply ability and repeatability.

4. Conclusion

The present study developed a shriveled rectangular carbon tube
with the concave surface by carbonizing a rectangular tube polypyrrole
(RPPy) at a high temperature. GOx- and Lac-modified electrodes were
fabricated based on RPPy;4¢ and their electrochemical properties were
studied. Both the GOx- and the Lac-modified electrode exhibited the
excellent electrocatalytic properties for glucose oxidation and oxygen
reduction, respectively, which may be ascribed to the unique mor-
phological and physical features of RPPyjgp0. A biofuel cell (GOx,
glucose/0,, Lac) was assembled and the open-circuit voltage reached
1.16 V. Consequently, the maximum power density was measured to
0.350 mW cm ~ 2, which correlated with the gravimetric power density
of 0.265 mW mg ! (per mg of GOx) at 0.85 V. The gravimetric power
density by per mass of catalyst will be important for meaningful
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External resistance

0.265

0.350

1.16

Anode: DET

Lac/PVP-RPPy1400/NiF +ABTS

GOxX/PVP-RPPy, 00/NiF

Cathode: MET
Anode: DET

External resistance (Campbell et al., 2015)

0.140

0.190

0.61

BOD/Gr/MWCNTs cogel

GOx/Gr/MWCNTs cogel

Cathode: DET
Anode: MET

(Zhang et al., 2014)

External resistance

0.112

0.40

Nafion/Lac/3D-GNs-PTCA-DA/GCE

Nafion/GOx/Fc/3D-GN/GCE

Cathode: MET
Anode: MET

(Crepaldi et al., 2014)

LSV

0.13

0.416

Pt/C

GOx/PPy/Fc

Scan rate: 1mVs ™!

LSV

Cathode: DET
Anode: MET

(Liu et al., 2012)

0.051

0.48

Pt/C

CNTs-Fc/SF-GOx/GCE

Scan rate: 1mVs ™!

LSV

Cathode: DET
Anode: DET

(Ji et al., 2017)

0.126

0.68

BOD/Fe30,4/CNF

GOx/Fe30,4/CNF

Scan rate: 1mVs ™!

LSV

Cathode: DET
Anode: MET

(Hui et al., 2017)

2.84

0.64

Lac/Gr/AuNPs/NiF

GOx/Gr/AuNPs/NiF + FcCA

Scan rate: 10mVs~!

LSV

Cathode: DET
Anode: DET

(Kang et al., 2017a)

1.12

0.78

Nafion/Lac/PANI, 60o@CNTs/GCE + ABTS

Nafion/GOx/PANI, 500@CNTs/GCE

Scan rate: 20mV s~ !

Cathode: DET

DET: direct electron transfer; MET: mediated electron transfer; MWCNTSs: multiwalled carbon nanotube; Fc: ferrocene; GN: graphene network; PTCA: perylene tetracarboxylic acid; DA: dopamine; SF: silk film; CNF:

carbon nanofiber; AuNPs: gold nanoparticle.
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comparison between studies. In addition, the constant-current dis-
charge method was used to further evaluate the continuous discharge
capacity, and the discharge time reached up to 49.9h at a discharge
current of 0.2mA before the voltage dropped to 0.8 V. Three of the
fabricated biofuel cells in series were able to continually light up a
white light-emitting diode (LED) whose turn on voltage was ca. 2.4V
for more than 48 h. This study demonstrated the potential of carbonized
conducting polymers without the aid of other carbon nanomaterials to
immobilize electroactive enzymes and discussed some problems ex-
isting in the evaluation system of EBFCs. Future work should be focused
on the standardization of the evaluation system and the practical ap-
plication of high-performance EBFCs.
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