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This paper proposes a simplified process that immobilizes enzymes onto carbon cloth electrodes to increase biofuel cell
functionality. Polyethyleneimine (PEI) is used to modify carbon cloth electrodes to reduce the processing time and increase self-
pumping enzymatic glucose biofuel cell (self-pumping EGBC) electricity. PEI is usually used in biochemical engineering gene
transfection as GOx support to enhance enzyme immobilization. PEI is a good candidate for increasing enzymatic biofuel cell
(EBC) redox current. PEI and GOx have been successfully immobilized onto carbon cloth electrodes through FT-IR analysis. A
UV/Vis spectrophotometer was used to investigate the best PEI support concentration. PEI was proven to improve redox current
by cyclic voltammetry analysis.The results show that the GOx/PEI electrode has excellent hydrophilicity on the GOx/PEI electrode
surface using contact angle measurement. The optical and electrochemical analysis result shows that GOx/PEI was successfully
immobilized onto carbon cloth electrodes. Experimental analysis showed that self-pumping EGBC achieved a power output of
0.609mW/cm2 (126.9mW/cm3). PEI contributes to the shortening of the process from a few hours to 5–10 minutes and enhances
GOx fuel cell performance.

1. Introduction

Science and technology continuously change and rapidly
improve. Rawmaterials are the fundamental source of human
civilization; however, now people face energy depletion and
environmental pollution problems. To protect the natural
environment for sustainable continuity, a variety of energy
regeneration, durability, and green energy technologies have
been developed. Fuel cells use a chemical system to convert
chemical energy into electrical energy. The proton exchange
membrane and methanol fuel cells are new generations
of high conversion efficiency green energy power systems.
However, fuel cell catalysts generally require platinum and
other precious metals to function, greatly increasing the
manufacturing cost. Another type of fuel cell is a biofuel cell
derived from biofuel chemical reactivity. Biofuel cells have
traditionally been classified intomicrobial fuel cells and enzy-
matic biofuel cells based on the type of catalyst.Themicrobial
fuel cell uses complete organisms for the catalytic reaction
and the cell system structure is relatively large. Enzymatic

biofuel cells use glucose as fuel, generating electrical power by
oxidation-reduction. Although microbial biofuel cells have
the advantage of long lifetime [1, 2], the power densities of
these devices are typically lower owing to the mass transfer
resistance across cellular membranes. Moreover, enzymatic
biofuel cells have the problem of reduced stability due to
the limited lifetime of extracellular enzymes. However, they
can provide higher power densities (although still lower than
conventional fuel cells) because of the lack of mass transfer
barriers. The enzymatic fuel cell is used in medical implants,
remote sensors, and low-power electrical devices [3]. In a bid
to improve power density and lifetime, establishing enzyme
immobilization is important.

In the past few years enzyme immobilization strate-
gies have included adsorption, covalent binding, and cross-
linking [4–6]. In 1999, Anderson and Kaul investigated
the PEI effect on protein stability. Lactic dehydrogenase
experiments were conducted which used different additives
and concentrations for comparison [7]. The shelf stability
at 36∘C was distinctly improved in the presence of 0.01–1%
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(w/v) polymer. This result proved that PEI could effectively
improve the protein shelf life [7]. PEI is a conductive polymer
and serves as a pathway for electron transfer from the flavin
adenine dinucleotide (FAD) of GOx to the carbon material
substrate [8]. In 2014, Xu et al. performed research fabricating
a Pd-PEI/GO/GC electrode using a layer-by-layer method.
The results demonstrated that the Pd-PEI/GO/GC elec-
trode exhibited high electrocatalytic activity toward H

2
O
2

reduction [9]. PEI is a positively charged polyamine that
contains abundant amine groups andhas been used tomodify
metallic nanoparticles due to the interaction between the
amine groups and metal atoms [9]. Deng and coworkers
[10] presented a sensitive and stable biosensor that employed
GOx immobilized on the negatively charged CNT surface
by alternatively assembling a cationic (PEI) layer and a GOx
layer.Their results indicated that the GOx/PEI film played an
important role in retaining the bioactivity of the immobilized
GOx. Also, the PEI layer which was used as an out-layer
adsorbed on the top of the GOx/PEI film improved the
stability of the enzyme electrode [10]. The EBC performance
is strongly dependent on not only the enzymes used and
how they are immobilized on the electrode, but also several
other conditions such as pH and temperature. Vogt et al. [11]
determined that the development of the EBC anodes working
at the pH 7.4 and pH7was ofmain interest. In 2016, Yang et al.
[12] improved the GOx retained activity in the optimum pH
7.0–7.2 range.Moreover,most EBCperformance testswith the
glucose solution pH 7 as the anode inlet fuel supplied have
been studied [2, 10, 13–16].

This study utilizes PEI to enhance GOx enzyme immobi-
lization. A passive system is used in these experiments which
drives fuel by itself through the capillary effect. Compared to
active systems the fuel cell scale is much smaller and works
without needing an extra pump. PEI is applied to modify
the carbon cloth electrode to reduce the processing time and
increase self-pumping EGBC electricity. Cyclic voltammetry
curves are measured to determine the electron transfer rate
constant, while FTIR measurement is carried out to inspect
whether PEI and GOx are properly incorporated onto the
carbon cloth. The electrode surface is observed using SEM.
Self-pumping EGBC polarization curves are measured to
obtain the maximum power density.

2. Experiments

2.1. Materials. Glucose oxidase from Aspergillus niger (type
Lyophilized powder, 128200 units/g solid) was obtained from
Novo Nordisk Bioindustrial Inc. (Copenhagen, Denmark).
Carbon cloth was obtained from CeTech Co. (domestic
company). Polyethyleneimine was purchased from Sigma-
Aldrich. N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC, 98%) and N-Hydroxysuccinimide
(NHS, 98%) were obtained from Sigma-Aldrich. Nafion� 117
membranes (DuPont) were pretreated before being applied to
the electrode.

2.2. Preparation of Enzyme Electrode. PEI was applied to
carbon cloth as an enzyme carrier to modify the electrode.
The enzyme was then immobilized onto the carrier. This

Table 1: The anode and cathode solution composition.

Electrolyte Components

Anode solution
0.1 M pH 7 PBS
0.1 M C

6
H
12
O
6

0.1 M NaCl

Cathode solution 0.1 M pH 7 PBS
0.1 M K

3
Fe(CN)

6

study used 3 × 3 cm2 carbon cloth as the immobilization
substrate. The immobilization process is divided into two
parts. First is the immobilization onto PEI. PEI is adsorbed
onto the carbon cloth by adding 3× 3 cm2 of carbon cloth into
a PEI solution (4wt%) and mixing thoroughly. The carbon
cloth was dried for 5–10minutes. A phosphate buffer solution
(PBS) (pH 6, 50mM) is prepared next.Then 0.039 g of GOx is
added to the PBS (pH 6, 50mM) and stirred until completely
dissolved. Fourmg/ml of EDC (N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide) is then added and shaken for 1 hour,
activating the enzyme. This is followed by adding 2.4mg/ml
of NHS (N-hydroxysuccinimide). The mixture is shaken
again for one hour. This step transforms the enzyme into
a stable state to avoid reduction. Finally, PEI/carbon cloth
is placed into the active GOx solution and shaken for
50 minutes, producing a completed GOx/PEI/carbon cloth
enzyme electrode.

2.3. Self-Pumping Enzymatic Glucose Biofuel Cells. Thewhole
EBC stack and its components are shown in Figure 1 which
consists of top and bottom end plates, PDMS gasket, cathode
and anode flow field plate, current collectors, rubber gasket,
the modified cathode, and anode electrodes. The Nafion 117
membrane is located between the two electrodes composed
as a sandwich structure. The elements are stacked in layers
and then stabilized using screw locks. Fuel is driven into the
fuel cell using capillary force without any extra pump. The
cathode electrode is carbon paper-coated Pt while the anode
electrode is covered by GOx/PEI/carbon cloth. The fuel used
as the anolyte is a mixed 0.1M glucose, 0.1MNaCl, and 0.1M
PBS pH 7 solution.

2.4. Electrochemical Analysis. The working electrode is a
test piece that was measured. The reference electrode was
used to measure the test piece potential in the current
environment. Pt was used as a counter electrode andAg/AgCl
was used as the reference electrode. The auxiliary electrode
supports current and remains electrically neutral by forming
a loop with the test piece. Throughout the experiment, the
magnitude of the output current and voltage were controlled
using a potentiostat. The self-pumping EGBC anode and
cathode compositions are shown in Table 1, in which the PBS
pH 7 solution is used.

3. Results and Discussion

3.1. FTIR Analysis. The chemical structures of PEI, PEI/
carbon cloth, GOx, and GOx/PEI/carbon cloth were charac-
terized using FTIR spectroscopy as shown in Figures 2 and 3,
respectively.
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Figure 1: Schematic diagram of the self-pumping enzymatic glucose biofuel cell.
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Figure 2: The FTIR analysis of monomer and carbon cloth immo-
bilized. (a) PEI. (b) PEI/carbon cloth.

The molecular structure of PEI is N-H (3272 cm−1), C-H
(2940 cm−1–2830 cm−1), N-H (1576 cm−1), C-H (1465 cm−1),
C-N (1350–1000 cm−1), and so on. After comparing the FTIR
analysis results against the PEI functional group literature, we
found that the PEI spectral waveform structure was similar
to that in the literature. The analysis results showed that
PEI was immobilized onto the carbon cloth electrode, as
shown in Figure 2.Themain GOx absorption peak was in the
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Figure 3:The FTIR analysis of carbon cloth electrode immobilized.
(a) GOx. (b) PEI/carbon cloth. (c) GOx/PEI/carbon cloth.

1400–1800 cm−1 range, caused by the NH
2
(1644 cm−1) and

N-H (1541 cm−1) bending vibration. As shown in Figure 3, the
curve (a) was theGOx spectrum, (b) the PEI carbon electrode
spectra immobilized on carbon cloth, and (c) the enzyme
immobilized on the PEI carbon cloth electrode. The GOx
characteristic peaks were on the enzyme electrode and we
can distinguish that the enzymewas successfully immobilized
onto the carbon cloth.
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Figure 4: The contact angle measurement of carbon cloth electrode surface. (a) Before modification. (b) After modification.
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Figure 5: Enzyme adsorption analysis at different PEI concentra-
tions.

3.2. Electrode Contact Angle Measurement. The capillary
force pumping fluid for self-pumping EGBC requires higher
hydrophilic properties at the anode and cathode electrodes.
Using the Optical Contact Angle Meter Model 100SB, the
original carbon cloth used as the anode and cathode sides
of the self-pumping EBC are hydrophobic with a surface
contact angle of 138.80∘ (Figure 4(a)). To modify the carbon
cloth electrode surface into hydrophilic, the carbon cloth was
immersed into a mixture of acids (H

2
SO
4
: HNO

3
= 3 : 1) and

then sonicated for 5min to produce hydrophilic carboxyl
functional groups (COOH) [18]. The surface is therefore
hydrophilic with no contact angle, so the contact angle is
defined as 0∘, as shown in Figure 4(b).

3.3. UV/Vis Spectrophotometer. PEI/carbon cloth with differ-
ent PEI concentrations was added to the enzyme solution to
remove the enzyme. We then measured the remaining GOx
protein concentration in each tube. If the tube absorption
value was lower, it means the PEI/carbon cloth adsorbed
more enzymes. After immobilization at 4wt% PEI/carbon
cloth, the lowest absorbance was 0.16 at the wavelength of
595 nm.This means the PEI/carbon cloth electrode adsorbed
more enzyme in 4wt% PEI, as shown in Figure 5. Excessive
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Figure 6: Cyclic voltammetry of GOx/PEI/carbon cloth and
GOx/carbon cloth.

PEI concentration may block carbon cloth pores, causing
lower specific surface area, making themechanical properties
not enough to affect the enzyme adsorption rate.

3.4. Electrochemical Analysis. The CVs of the catalysts were
performed using a 3-electrode system (Zennium E Electro-
chemical Workstation) with an Ag/AgCl reference electrode,
a Pt wire counter electrode, and the working electrode of the
GOx/carbon cloth and GOx/PEI/carbon cloth submerged in
the solution of 0.1M glucose and 0.1M NaCl at the potential
range of +1.0 V∼−1.0 V and the scan rate of 0.1 V⋅s−1. Enzyme
electrodes with PEI were compared with enzyme electrodes
without PEI.The analysis results showed that the former had a
higher cyclic voltammetry value and the overall reaction area
was larger. The redox current peak was at maximum while
the later without PEI obtained a slightly small peak. That
showed us that PEI substrate enzyme electrode addition had
a higher biocompatibility andmaintained enzyme activity, so
it produced a better redox reaction, as shown in Figure 6.
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Figure 7: SEMmicrographs of the electrode surface: (a) and (b) unmodified carbon cloth; (c) and (d) PEI modified carbon cloth; (e) and (f)
GOx/PEI modified carbon cloth.

3.5. SEM Surface Observation. SEM observation was used
to observe the enzyme immobilized on the electrode sur-
face. Before the carbon cloth electrode modification, the
electrode surface was clearly rough and had longitudinal
fiber morphology, as shown in Figures 7(a) and 7(b). To
further examine the enzymeGOx immobilized on the carbon
cloth electrode, the PEI and GOx/PEI coated carbon cloth
electrode surface was observed, Figures 7(c), 7(d), 7(e), and
7(f), respectively. The PEI modified carbon cloth electrode
surface was slightly smoother than the unmodified carbon
cloth because there was PEI covered on the fiber surface.
However, the GOx/PEI catalyst-coated carbon cloth had a
plain surface, as shown in Figures 7(e) and 7(f). This proves

that the PEI carrier and the GOx loading successfully covered
the carbon cloth fiber.

3.6. Self-Pumping EGBC Test Analysis. To realize the GOx/
PEI effect on self-pumping EGBC performance, polariza-
tion curves were measured with the results shown in Fig-
ure 8. Comparing the electrical performance of the modified
chitosan (CS) GOx/CS self-pumping EGBC [17] with the
GOx/PEI EGBC, the GOx/PEI modified anode electrode
demonstrated better function than the GOx/CS electrode
while the experimental conditions andparameters performed
the same. The maximum power density was 0.609mW/cm2
and optimum volume power density was 126.9mW/cm3
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Figure 8: Polarization curves of self-pumping EGBC adopting the GOx/PEI as an enzymatic anodic catalyst and carbon paper-coated Pt
catalyst as the cathode electrode. (a) Area power density. (b) Volume power density.

Table 2: Comparison of system characteristics between GOx/PEI
and GOx/CS self-pumping EGBC.

This work
(GOx/PEI)

Previous work
(GOx/CS) [17]

Area power density
(mW/cm2) 0.609 ± 0.015 0.534 ± 0.016

Volume power density
(mW/cm3) 126.9 ± 3.2 111.2 ± 3.3

when the voltage was 0.48V, as shown in Figure 8. System
characteristics and performance comparison between the
GOx/PEI and GOx/CS self-pumping EGBC is shown in
Table 2.

4. Conclusions

The GOx/PEI carbon cloth electrode was used in self-
pumpingEGBC. Liquid fuel was driven into the fuel cell using
capillary force without any extra pump.The results show that
the GOx/PEI electrode has excellent hydrophilicity on the
GOx/PEI electrode surface by contact angle measurement. In
the optical and electrochemical analysis results, GOx/PEIwas
successfully immobilized onto the carbon cloth electrode.
According to the experimental analysis for self-pumping
EGBC showing 0.609mW/cm2 (126.9mW/cm3) maximum
power output was achieved.The PEI contributes to the short-
ening of the process from a few hours to within 10 minutes,
thereby enhancing self-pumping EGBC performance.
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