Downloaded via CARLETON UNIV on July 13, 2020 at 05:42:07 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED MATERIALS

Research Article

INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 42744—42750

www.acsami.org

A Lactate/Oxygen Biofuel Cell: The Coupled Lactate Oxidase Anode

and PGM-Free Fe—N—-C Cathode

Kungqi Wang,_}_’i Lei Du,* Qiliang Wei,* Jihai Zhang,i Gaixia Zhang,i Wei Xing,*’§ and Shuhui Sun**

"Key Laboratory of Urban Sewage Treatment of Jilin Province, Department of Applied Chemistry, Changchun Institute of

Technology, 130021, Changchun, China

“Institut National de la Recherche Scientifique (INRS)—EnergieMatériaux et Telecommunications, Varennes, Québec J3 X 1S2,

Canada

SState Key Laboratory of Electroanalytical Chemistry, Jilin Province Key Laboratory of Low Carbon Chemical Power, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences, 130022 Changchun, China

O Supporting Information

ABSTRACT: The rapid development of both wearable and
implantable biofuel cells has triggered more and more
attention on the lactate biofuel cell. The novel lactate/oxygen
biofuel cell (L/O-BFC) with the direct electron transfer
(DET)-type lactate oxidase (LOx) anode and the platinum
group metal (PGM)-free Fe—N—C cathode is designed and
constructed in this paper. In such a reasonable design, the
surface-controlled direct two-electron electrochemical reac-
tion of the lactate oxidase was determined by cyclic
voltammetry (CV) on the carbon nanotube (CNT) modified
electrode with favorable high electrochemical active surface
area and electronic conductivity. Additionally, the biosensor
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based on DET-type LOx modified electrode impressively presented linear response to lactate with different concentrations from
0.000 mM to 12.300 mM. In particular, the apparent Michealis-constant (Ky**?) calculated as 0.140 mM clearly indicates that
LOx on CNT has strong affinity to the substrate lactate. Meanwhile, 4e~ transfer oxygen reduction reaction (ORR) was proven
to take place on the Fe—N—C catalysts inthe 0.1 M PBS system, indicating the advantage by using the Fe—N—C catalysts at the
cathode of L/O-BFC. Last but not least, the L/O-BFC with the direct electron transfer (DET)-type lactate oxidase(LOx) anode
and the Fe—N—C cathode produced an superior open circuit potential (OCP) of 0.264 V and a maximum output power density
(OPD) of 24.430 yW cm™? in O, saturated 95.020 mM lactate solution. The above results will not only bring about significant
interest in developing a DET-type biofuel cell, but also offer guiding direction to explore novel catalyst materials for the biofuel
cell. This work enriches the research content and may push developments of the implantable and wearable biofuel cell forward.

KEYWORDS: lactate/oxygen biofuel cell, oxygen reduction reaction (ORR), direct electron transfer, lactate oxidase,

Fe—N—C catalyst

1. INTRODUCTION

Biofuel cells (BFCs) consist of two primary types: one is an
enzyme biofuel cell,' and the other one is a microbial fuel
cell,”~* both of which are typical energy conversion devices
that consume renewable biofuels to generate clean electrical
energy. The enzyme biofuel cell has been emerging as a
promising power source for implantable biomedical electronic

5,6

and wearable microelectronic devices.”” Among various
enzyme biofuel cells, that with anodic lactate oxidation
reaction and cathodic oxygen reduction reaction, that is, a
lactate/oxygen biofuel cell (denoted as L/O-BFCs), is
promising and attracts extensive attention due to the high
energy feature and abundant resource of lactate”® For example,
a particular L/O-BFC with 70.000 mW cm™ in output power

density was successfully implanted in the human arm,” and
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wearable L/O-BFCs were integrated into headbands to light a
blue LED."’

At anode of L/O-BEC, the lactate is oxidized to pyruvate,
which is accelerated by lactate oxidase or lactate dehydrogen-
ase catalysis; whereas ORR occurs on the cathode. Based on
such principles, L/O-BFCs are subjected to challenging DET
between lactalase and the electrode, and the sluggish ORR. In
this regard, the L/O-BFCs are require improvement in terms
of efficiency, current and power density, and stability, etc.!
This report strives to achieve high-performance L/O-BFCs by
reasonably coupling DET lactalase, particularly lactate oxidase
anode and efficient cathode.
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So far, DET of lactate dehydrogenase has been achieved on
Au electrode,'" a carbon screen printed electrode,'” a glassy
carbon electrode,”” and polyaniline films electrode, etc.'*
However, DET of lactate oxidase has been rarely touched. The
lactate oxidase extracted from bacteria is usually 5.000 nm
spherical flavoprotein, and the FNM/FNMH, active center is
embedded inside.' "¢

In order to realize the DET between enzyme catalyst and
electrode, one of the most effective methods is to improve the
number of enzyme catalysts at certain geometric surfaces by
building nanometer pores and micrometer holes on the
electrode surface with carbon and gold nanomaterial;'”
another way is to optimize electronic connections between
the enzyme and electrode interface using nanomaterials with
adequate porosity/dimensions by tailoring orientation of an
enzyme catalyst with the help of a chemical force (such as
hydrophobic interactions, electrostatic interactions, and
covalent bonding, etc.)."® In a word, nanomaterial potentially
plays an important role during the DET between enzyme
catalyst and electrode.

Carbon nanotubes (CNTs) are attractive as electrodes due
to their good conductivity, considerable mechanical strength,
high electrochemical active surface area, alleviation of surface
fouling, and capability to be functionalized."”~*" In biofuel cell
and biosensor research, CNTs can potentially promote DET
between the active center of enzyme and electrode surface and
help the enzyme to perform complete direct electrochemical
processes.”” Indeed, scientists have discovered and reported
the DET of multiple enzymes on CNT modified electro-
des.””** Therefore, it is not surprising that lactate oxidase
biosensor with CNT modified electrodes can be constructed
successfully.”>*® In addition, the biocompatibility of electrode
materials is especially important for implantable bioelectronic
devices. It is reported continuously that CNT is an ideal
biocompatible material.”’~* In 2013, the power density of L/
O-BFC based on a CNT modified electrode was reported up
to 70 gW cm™2” Therefore, it will be a very wise choice to
employ CNT modified electrodes in future L/O-BFC.

In addition to the anode, efficient ORR catalysts at the
cathode is urgently needed to get an applicable L/O-BFC
system. Pt-based catalyst”'” and enzyme-based catalysts** ™
have been investigated as cathode catalysts in BFCs. For
example, the maximum OPD of L/O-BFC exceeds 20.000 yW
cm ™2 by employing Pt-based catalysts at the cathode."

However, Pt-based catalyst is too costly to be widely applied
in the L/O-BFCs. To replace Pt-based ORR catalysts in BFCs,
various catalysts have been developed and prepared with three
primary directions: (i) metallic complexes with nitrogen-
containing moieties; (ii) transition metal oxides; and (iii)
biocatalysts.”> Among these, Fe—=N—C catalysts have attracted
much attention due to their excellent activity, low price, and
high durability.**™*® The Fe—N—C catalysts are rarely
employed in enzymatic biofuel cells, in contrast to the
extensive investigations in PEM fuel cell systems.”” >

Herein, a novel and effective L/O-BFC is established by
coupling lactate oxidation and ORR at the anode and cathode
in 0.1 M PBS media, which presents up to 24.430 W cm ™2 in
power output, superior to previous reports, such as ref 12. This
superior performance can be attributed to both the DET
behavior of lactate oxidation on the lactate oxidase-modified-
CNT electrode and the advanced Fe—N—C catalysts with
efficient ORR processes.

2. MATERIALS AND METHODS

2.1. Chemicals. Lactate oxidase (LOx, L9795—50UN, Aerococcus
viridians), Lithium lactate (440469—50g), and S wt % Nafion solution
were obtained from Sigma-Aldrich. CNTs were purchased from
Baytubes MIV-05-182 (Bayer AG). Sodium phosphate (S-373) and
sodium phosphate monobasic (S-369) were obtained from Fisher
Scientific Company. All the chemical reagents were not purified
before using.

2.2. Catalyst and Electrode for Electrochemical Tests. Fe—
N—C catalysts. Fe—=N—C catalyst was prepared according to our
previous report.** The detailed physical characterizations of Fe—N—C
catalyst were provided in ref 40. Figure 1 demonstrates the structure
of catalyst.
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Figure 1. A structure illustration of the Fe—~N—C catalyst.

Electrochemical Characterizations. In a conventional three-
electrode system, all electrochemical tests were completed. The
glassy-carbon rotating disk electrode (5.000 mm in diameter, RDE,
PINE Research Instrumentation) and/or rotating ring-disk electrode
(RRDE) with Pt ring and glassy-carbon disk (5.610 mm in diameter)
were the working electrode, whereas a Ag/AgCl electrode and a Pt
wire were the reference and counter electrode, respectively. Before
use, first, the glassy carbon electrodes in RDE/RRDE were cleaned by
ultrasound in an aqueous solution and subsequently polished. The
electrolyte solution used in this report was phosphate buffer solution
(PBS, 0.1 M). The details for electrode preparation are presented
below.

Fe—N—C/GC Electrode. First, 1.200 mg of Fe—N—C catalyst was
dispersed in a mixed solvent with 20.000 uL of 5.000 wt % Nafion
solution and 70.000 pL of ethanol by alternate sonication and
agitation. Then, 11.000 uL of the Fe—=N—C catalyst dispersion liquid
was dropped onto the GC electrode surface (the loading of catalyst is
about 0.730 mg cm™2), and finally dried in air. The Fe—~N—C/GC
electrodes were used for ORR test in fresh 0.1 M PBS (pH 7.0).

Nafion/LOx/CNT/GC Electrode. A homogeneous CNTs suspension
was prepared by dispersing 2.000 mg CNTs into 1.000 mL of ethanol.
At the same time, 0.130 UN uL™" of LOx solution was obtained by
dissolving 0.66 mg of solid LOx powder into 300.000 yL 0.1 M PBS
(pH7.0). Then, 10 uL of the CNT/ethanol suspension was covered
on the 5.000 mm diameter GC RDE and dried at room temperature
for 20 min to form a CNT thin film. After that, 10.000 uL of the 0.130
UN uL ™! LOx solution was dropped on the CNT thin film to form a
hybrid LOx/CNT film electrode. The LOx/CNT electrode was
protected by dropping 2.000 uL of 5.000 wt % Nafion solution before
testing. Such an electrode was denoted as Nafion/LOx/CNT/GC
electrode. As referential electrodes, CNT/GC and Nafion/GC
electrodes were formed in a similar way. The Nafion/LOx/CNT/
GC electrode was placed in refrigerator to maintain the bioactivity.

2.3. Fabrication of Lactate Biosensor. First, 20.000 uL of
CNT-ethanol solution (2.000 mg mL™'), 10.000 uL of Nafion
solution (5.000 wt %), and 20.000 uL of LOx solution (0.299 UN
uL™! PBS) were mixed in a 0.200 mL centrifuge tube, which was put
in ultrasonic generator for 2 h of continuous ultrasound. Second,
12.000 pL of ultrasound mixed solution was dropped on the surface of
glassy carbon electrode, and dried for 20 min at room temperature.
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Third, the electrode was used as working electrode during the lactate
electrochemical oxidation.

2.4. Assembly of L/O-BFC. A lactate/oxygen biofuel cell coupled
DET lactate oxidase anode and Fe—N—C cathode was assembled in a
50.000 mL beaker loaded with 0.1 M PBS or different concentration
lactate solutions (shown in Figure 2). The anode of the L/O-BFC was
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Figure 2. L/O-BFC structure diagram.

fabricated as following: 10.000 L CNT-ethanol mixture solution
(2.000 mg CNT mL™"), 10.000 4L LOx (0.299 UN uL™") solution,
and 5.000 uL Nafion solution (5.000 wt %) was drop-cast orderly on
a 0.196 cm’ round carbon paper, which was pressed tightly on one
end of a nickel foam (60.000 mm long and 8.000 mm wide), Next,
1.000 mg of Fe—=N—C catalyst was mixed with 70.000 xL of ethanol
solution and 20.000 uL of Nafion solution(5.000 wt %) in a glass vial
under sonication for 1 h. Following similar procedures, 10.000 uL of
mixed solution including Fe—N—C catalyst was drop-cast on a 0.196
cm? round carbon paper surface, which was pressed upon the foamed
nickel, so the cathode of the L/O-BFC based Fe—N—C catalyst was
structured completely. At normal temperatures and pressures, the
performance parameters of the L/O-BFC were read and recorded by
using a BioLogic SP-150 Potentiostat with a VMP3B-20 Booster
driven by an EC-Lab V9.98.

3. RESULTS AND DISCUSSION

3.1. The DET on Nafion/LOXx/CNT/GC Electrode. As
shown in SI Figure S1, the cyclic voltammogram (CV) curve ¢
of the Nafion/LOx/CNT/GC electrode obviously shows
redox peaks in 0.1 M PBS (pH 7.0) with 100 mV s~ scan
rate and potential windows from —0.800 to 0.800 V, in
contrast to the CNT/GC electrode (curve b) and Nafion/GC
electrode (curve a). The anodic and cathodic peak potentials
of the Nafion/LOx/CNT/GC electrode locate at —0.343 V
and —0.358 V, respectively, with a difference AEp of 0.015 V.
The calculation value of formal potential (E”) of the Nafion/
LOx/CNT/GC electrodes is —0.351 V, which is close to the
formal potential of the flavodoxin at pH 7.0.*" Moreover, the
anodic peak current is slightly less than the cathodic peak
current. Therefore, LOx immobilized on Nafion/LOx/CNT/
GC electrodes can give rise to a direct reversible electro-
chemical reaction. The CNTs play a positive role to facilitate
the DET of LOx.>> In order to study the detailed electro-
chemical characteristics, CV curves of the Nafion/LOx/CNT/
GC electrode at various scan rates (20, 40, 60, 80, 100, 120,
140, 160, 180, and 200 mV s™*) were performed in 0.1 M PBS
(Figure 3A). As the scan rate increases, the anodic peak
potential moves to the positive direction while the cathodic
peak potential moves to the negative direction. The cathodic
and anodic peak current is linearly related to scan rate (fitting
results: Pa: Y = —6.579 X 107 + 2.679 X 107*X, R = 0.992;
Pc: Y= —2412 X 1075-2.544 X 107*X, R = —0.991), as shown
in Figure 3B. Such linear relationships indicate that the
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Figure 3. A CVs of the Nafion/LOx/CNT/GC electrode in 0.1 M
pH 7.0 PBS (with different scan rate. The scan rate was 20, 40, 60, 80,
100, 120, 140, 160, 180, and 200 mV s/, respectively, (from inside to
outside). Inset B: plotting peak current vs scan rate.

electrochemical behavior of LOx is a surface-controlled
electrochemical process.42 In this process, the number of
electron transfer of the LOx is calculated as 2 according to

equation FWHM = %.43 Meanwhile, by combining equation

F F
Kgr = a;Tv“ =(1- a)’;;f where @ = 0.5% based on the

information on above cyclic voltammograms, the electron
transfer rate constant (kgy) is calculated as 0.956 s™'. The
surface coverage (I') of LOx on the Nafion/LOx/CNT/GC
electrode is calculated as 2.950 X 107'° mol cm™ by the
n’F*ATy 44
4RT '
magnitude higher than the surface coverage (about 2.200 X
107" mol cm™2) of LOx on both bare-gold or DTSP-gold
electrode.”” The above analysis demonstrates that the surface-
controlled and reversible direct electrochemical process of LOx
immobilized on Nafion/LOx/CNT/GC electrode is accom-
panied by two electrons (2e”) transfer, and CNTs not only
demonstrate huge superficial area but also give a suitable
microenvironment for installing LOx onto glassy carbon
electrode surface.

3.2. Biosensor Response of the LOx Electrode to
Lactate. The relationship between electrochemical responses
current of the LOx electrode and the lactate concentration was
exhibited by cyclic voltammetry under oxygen saturated
condition. In Figure 4A, as lactate concentration is increased
from 0.000 mM to 9.000 mM, the peak current of O,
reduction reaction decreases from 9.399 X 107 A to 8.615
X 1075 A gradually. In other words, with the supply of lactate, a
lactate oxidation reaction happens gradually. The electrons and
protons for FMN reduction are provided by the lactate
oxidation reaction. At the same time, some electrons and
protons consumed in oxygen reduction come from FMNH,
oxidation reaction. Thus, the oxidation peak of the oxidation
reaction of the FMN disappears. The peak current response of
the LOx electrode to different lactate concentration was
displayed in Inset B of Figure 4. When lactate concentration
was gradually increased from 0.000 mM to 12.300 mM, the
peak current of the LOx electrode decreased linearly and its
linear correlation coeflicient is 0.941, its under signal-to-noise
ratio is 3, and the detection limit is 0.376 mM. The responding
sensitivity of LOx electrode is 0.749 mA M™" which is much
higher than 0.537 + 0.007 mA M™' produced by amucin/
albumin hydrogel matrix/Nafion polymer lactate oxidase

following equation IP = which is almost 2 orders of
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Figure 4. Relationship graph between electrochemical response
current of the LOx electrode and different concentration lactate
Figure. 4A, CVs of the LOx electrode in 0.000—9.000 mM lactate
solution (from outer to inner) with 60 mV s! scan rate. Inset B,
plotting response peak current of the LOx electrode to 0.000—20.000
mM lactate.

biosensor.*® In addition, when lactate concentration is
increased from 12.500 mM to 20.000 mM, the variation of
peak current value is not obvious, which is due to the
Michaelis—Menten kinetic reaction mechanism. Thus, based
on Lineweaver—Burk equation,”” the apparent Michealis-
constant (Kp*?) was 0.140 mM, which was lower than
0.270 mM reported on gold electrode modified with LOx and
dithiobis-N-succinimidyl.** Such small Ky value means that
the LOx rooted in CNTs possessed higher enzymatic reaction
activity and stronger affinity to lactate. Therefore, the LOx
immobilized on CNT electrode in our case has presented good
electrocatalytic response to O, and biosensor response to
lactate. The experimental results indicate that CNT is a proper
matrix material to immobilize LOx.

3.3. ORR Performance of the Fe—N—C/GC Electrode.
The Fe—N—C/GC electrode was the working electrode in
following ORR measurements. In 0.1 M pH 7.0 PBS solution
saturated with O,, the CVs under various scan rates are shown
in Figure SA. In Figure 5A, at 10 mV s™', the initial potential
and peak potential of ORR locate at 0.130 V and —0.340 V,
respectively. As the scan rate increased to 100 mV s~', the
ORR peak potential showed nearly no changes, whereas the
ORR peak current increased. From Figure 5B, in 0.1 M pH 7.0
PBS solution, the ORR peak current (I,.) was linear with
respect to scan rate (v) (Y = —37.540—1480.450X, R = 0.999),
which indicates that the electrochemical reduction of oxygen
catalyzed by Fe—N—C catalyst was a surface-controlled
process. On the other hand, for calculating the electron
transfer number and the productivity of peroxide in the above
ORR electrochemical process, a linear sweep voltammograms
(LSV) of the Fe—N—C/GC electrode were conducted in 0.1
M PBS solution saturated with O, (SI Figure S2). By
combining with the equation reported in ref 40., electron
transfer number was 4 and the productivity of peroxide was
calculated as 2.744%. All electrochemical characteristic based
on the Fe—N—C/GC electrode to ORR in 0.1 M PBS buffer
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Figure 5. (A) The CVs of Fe—N—C/GC electrode in 0.1 M PBS (pH
7.0) buffer solution saturated with oxygen scan rate: 10, 20, 40, 60,
80, and 100 mV/s, respectively (from inside to outside). Inset B,
plotting ORR peak current of the Fe—=N—C/GC electrode vs scan
rate.

solution proves that Fe—=N—C is an efficient cathode catalyst in
biofuel cells.

3.4. Evaluation of the L/O-BFC. The anode half reaction,
the cathode half reaction and single cell reaction of the L/O-
BFC based on DET-type LOx anode and Fe—N—C cathode
are displayed in eqs 1-—3. First, electrochemical oxidation
reaction of lactate takes place on the anode: lactate reacts with
oxygen and LOx/(FMNH,) to yield pyruvate, hydrogen
peroxide, and LOx/(FMN), the half-wave potential of which
was —0.081 V vs SHE (as shown in eq 1). Second,
electrochemical reduction reaction of oxygen to water on the
cathode happens at the half-wave potential of 0.140 V vs SHE
(as shown in eq 2). Overall, the single cell reaction is shown as
eq 3, and the open circuit potential of the L/O-BFC on the
basis of DET-type LOx anode and Fe—N—C cathode is about
0.221 V. Subsequently, in the following three cases: (i)
nitrogen saturated 0.1 M PBS buffer solution, (ii) oxygen
saturated 0.1 M PBS buffer solution, and (iii) oxygen saturated
different concentration of lactate solution, the performance of
the L/O-BFC based on DET-type LOx anode and Fe—N—C
cathode was given

Anode
lactate + O, +LOx/(FMNH,) — pyruvate + H,0, + LOx/EMN E', ),
= —0.081V vs. SHE (1)
Cathode
4+ _ Fe-N-C .
0, +4H" +4e” ——— 2H,0 E°| ), = 0.140V vs SHE (2)

Biofuel cell

lactate + 20, + 3LOx/FMN H, — pyruvate + 2H,0 + H,0,
+ 3LOx/EMNE', ,, — E*,, = 0.221vsSHE (3)

The polarization curves and the detailed performance data at
each testing condition are shown in Figure 6 and Table.l,
respectively. In nitrogen saturated 0.1 M PBS buffer solution,
the OCP and the maximum OPD of the L/O-BFC was 0.130
V (dark gray curve a,) and 3.000 zWcem™? (dark gray curve a,),
respectively. In oxygen saturated 0.1 M PBS buffer solution,
the OCP and the maximum OPD of the L/O-BFC increased

DOI: 10.1021/acsami.9b 14486
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Figure 6. Polarization curves of the L/O-BFC in different
concentration lactate solution saturated with N, or O, 0.000 mM
lactate saturated with N,(a,, a, dark gray curve), 0.000 mM (b,,b, red
curve), 4.970 mM (c,, ¢, oxford blue curve), 14.780 mM (fj, f, green
curve), 33.820 mM (d,, d, purple curve), 61.030 mM (e,, e, yellow
curve) and 95.020 mM (g;,g, light blue curve) lactate saturated with
O,, respectively.

Table 1. Performance Parameter of the L/O-BFC

lactate/mM OCP (V) OPD (uW cm™)
0.000 (saturated N,) 0.130 3.000
0.000 (saturated O,) 0.171 8.110
4.970 (saturated O,) 0.207 8.805
14.780 (saturated O,) 0.253 16.275
33.820 (saturated O,) 0.250 12.732
61.030 (saturated O,) 0.262 13.600
95.020 (saturated O,) 0.264 24.430

to 0.171 V (red curve b;) and 8.110 gW cm™> (red curve b,),
respectively. Then, when 4.970 (oxford blue curve), 14.780
(green curve), 33.820 (purple curve), 61.030 (yellow curve),
and 95.020 mM (light blue curve) lactate solutions were
saturated with O,, the OCP and the maximum OPD of the L/
O-BEC also increased gradually to 0.264 V and 24.430 yW
cm™%, respectively. All these results indicated that the L/O-
BFC based on DET-type LOx and Fe—N—C cathode have
been activated successfully. After a month, the OCP and the
OPD of the L/O-BEC were retested in 4.970 mM lactate
solution saturated with O, to evaluate the stability. The value
of the OCP slightly decreased from 0.207 to 0.197 V, while the
OPD decreased from 8.805 yW cm™ to 7.880 yW cm™?
exhibiting the higher stability of the L/O-BFC.

4. CONCLUSION

A direct reversible surface-controlled electrochemical process
with two-electron transfer of the LOx was successfully realized
on a CNT modified electrode. A highly sensitive lactate
electrochemistry biosensor on the basis of the Nafion/LOx/
CNT/GC electrode was constructed, exhibiting typical
Michaelis—Menten kinetic characters. The catalyst Fe—N—C
showed higher ORR performance in 0.1 M PBS buffer system.
Accordingly, a unique L/O-BFC with DET-type LOx anode
and Fe—N—C cathode was assembled When lactate concen-
tration reached 95.020 mM, the OCP and the maximum OPD
of L/O-BFC was 0.264 V and 24.430 yW cm™?, respectively.
This work is important to both (i) the direct electrochemical
reaction of the LOx on modified electrode of carbon
nanomaterials and (ii) the construction of DET-type lactate

biosensor and DET-type lactate biofuel cell. This study also
provides new thoughts and trends to apply Fe—N—C and
nonenzyme catalyst as the air cathode of the biofuel cells. Our
future work will focus on increasing the performances of the
DET-type lactate biofuel cell based on Fe—N—C cathode
catalyst, developing the implantable or wearable biofuel cell on
the basis of the DET-type LOx anode and the Fe—N-C
cathode.
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