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ABSTRACT: The real-world application of an enzyme-based biofuel cell (EBFC) requires the desirable immobilization of enzymes
on the electrode surface, offering the feasibility of addressing its short lifetime and low-power density. Nevertheless, an efficient
immobilization of enzymes strongly relies on the preferred scaffolding between the enzyme and the electrode. Accordingly, the
development of a promising route to attain a tunable scaffold structure is urgently required. Herein, we present a facile and
ecofriendly route for efficiently controlling the scaffold structure by investigating the interplay of tripolyphosphate (TPP), chitosan
(CS), and Na. A series of glucose oxidase (GOx)-based anodic electrodes, GOx[CS/TPP]CC, GOx[CS/Na]CC, and GOx[CS/
TPP/Na]CC, are synthesized using CS/TPP, CS/Na, and CS/TPP/Na as the scaffolding on carbon cloth (CC) followed by the
immobilization of GOx for a comparative study of the microstructure, enzyme loading, and electrochemical property. It is revealed
that the self-pumping EBFC, driven by capillary force, utilizing GOx[CS/TPP/Na]CC can deliver a higher peak power density
(1.077 mW cm™?) than that utilizing GOx[CS/TPP]CC (0.776 mW cm™2) and GOx[CS/Na]CC (0.682 mW cm™>). The self-
pumping EBFC utilizing GOx[CS/TPP/Na]CC can retain 89.2% of its beginning performance even after 240 h of testing, as
compared with that utilizing GOx[CS/Na]CC (61.1%). This enhancement can be attributed to the formation of a desirable scaffold
structure via the cross-linked CS/TPP matrices combined with Na polymers for the hybrid enzyme immobilization, simultaneously
offering the capability of improving the enzyme-loading efficiency, facilitating the interaction between the surface electrode and the
enzyme, and preventing the release of the enzyme during the cell operation.
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normal pressure.”® The overpotential for an electrocatalytic
reaction required at the anode or cathode is relatively low.
These inherent advantages have spawned versatile applications

Figure 1. Schematic diagram of a simple EBFC.
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in Figure 1. During the operation, glucose is oxidized into
gluconolactone,'® which is hydrolyzed into gluconic acid'®
through the catalytic activity of a GOx enzyme, as shown in the
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On the other hand, the reduction of oxygen into water,
involving the redox of ferricyanide (Fe[CN]4*")/ferrocyanide
(Fe[CN]4*), happens by receiving the electron and proton at
the cathode, as given by the following reactions.'”"®

2Fe(CN);’~ + 2~ — 2Fe(CN) "™ @)
2Fe(CN)*™ + 2H" 4 1/20, = 2Fe(CN),*~ + H,0
3)
Total
C6H1206 + 1/202 - C6H1207 (4)

Though EBFCs based on concepts similar to those described
above have been demonstrated, pushing them into real
applications remains challenging because of their limited
lifetime and low power density. It is worth noting that the
redox enzymes usually have the natural property of their
catalytic sites being buried in protein shells, making the
enzyme activity vulnerable to their immobilized situation on
the electrode."”*° Accordingly, the enzyme properly immobi-
lized on the surface of the electrode plays a critical part in the
EBFC performance as well as its longevity.

Previous studies of GOx immobilized on a bioelectrode have
proposed various characteristics, such as physical adsorg—
tion,”’ ™ chemical covalence,”””” polymer entrapment,”**’
and cross—linking.‘?’0 Among them, the cross-linking character-
istic, enabling to offer a stable function to prevent the enzymes
from leaching, is particularly a facile and efficacious way for
enzyme immobilization on the electrode surface with high
stability.”’ However, the tendency of poorly controlled
aggregation becomes a hurdle for the diffusion of the substrate
into the cross-linked enzyme structure. The active sites of GOx
can also be covered by the cross-linker, blocking the glucose
from proceeding the reaction.”® In addition, though some
commonly used cross-linkers like the glutaraldehyde (GA) can
bring some advantages such as low cost, high throughput, and
easy treatment,”””” they are toxically strong irritants and
sterilants, potentially unfriendly toward the required biocom-
patible environment of implantable battery-powered and
microscale devices.*

Chitosan (CS) is a functional material that is commonly
used as a supporting scaffold for the immobilization of a GOx
enzyme to apply in biosensors®*** and biofuel cells**~*’ due to
its biocompatible and nontoxic advantages. The immobiliza-
tion of GOx on a CS-coated electrode can also exhibit a speedy
heterogeneity of electron transfer between the oxidation/
reduction center of the GOx enzyme and the electrode.*’
Accordingly, the feasibility of CS cross-linked with other agents
has been explored by numerous studies in various fields. The
CS nanoparticles can be prepared with tripolyphosphate
(TPP) as a cross-linking agent for the encapsulation of
tacrine.’ Liu et al. used TPP cross-linked CS membranes for
the removal of humic acid.** Shrestha et al. presented the
cross-linking of CS with GOx immobilized on a PPy/Nafion/
fMWCNT bionanohybrid film for a high-performance glucose
biosensor.”’ Though the above-mentioned studies demon-
strated several possibilities of CS cross-linking, studies on GOx
immobilized on a CS cross-linking-based scaffold on the
electrode surface remain few. Accordingly, this study aims to
investigate a new design of a biocatalyst that combines TPP
cross-linked CS with a Na polymer to form a tunable scaffold

Na]CC). To understand the effect of TPP, Na, and CS on the
immobilization of GOx on CC, different samples of GOx[CS/
TPP]CC, GOx[CS/Na]CC, and GOx[CS/TPP/Na]CC were
prepared for a comparative study. GOx[CS/TPP/Na]CC
sample shows a high loading of GOx on CC and a great
catalytic property because the porous structure of the scaffold
formed by the combination of cross-linked CS/TPP matrices
with Na polymers can not only help prevent the release of the
enzyme but also facilitate the uniform dispersion of the GOx
enzyme loading during the process of immobilization.

On the other hand, to circumvent the need for the extra
power su4pply and space in the lightweight and portable
cell, >~ a so-called self-pumping design of a flow plate
channel and an end plate that allows the fuels to automatically
flow by capillary force is utilized to evaluate the performance of
a series of synthesized biocatalysts.*”*" Our study result
indicates that the self-pumping EBFC utilizing GOx[CS/TPP/
Na]CC can deliver the highest peak power density (1.077 mW
cm™?) as compared with that utilizing GOx[CS/TPP]CC
(0.776 mW cm ™) and GOx[CS/Na]CC (0.682 mW cm™2). In
addition, the self-pumping EBFC utilizing GOx[CS/TPP/
Na]CC can retain 89.2% of its beginning performance even
after 240 h of stable testing.

2. EXPERIMENTAL SECTION

2.1. Reagents. Chitosan with high molecular weight (MW
140000 dal/mol, 90% deacetylation), which is sieved by a 100
mesh filter, was bought from Shin ERA Tech. Co., Ltd. in Taiwan.
Glucose oxidase from Aspergillus niger (Gluzyme Mono 10 000 BG)
was purchased from Novo Nordisk Bioindustrials Inc. in Denmark.
Carbon cloth (CC) was bought from CETECH Co., Ltd. in Taiwan.
A Nafion perfluorinated solution containing 15—20% water (Na),
sodium tripolyphosphate (TPP), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC), and potassium hexacyanoferrate III (K;[Fe-
(CN)g]) were purchased from Sigma-Aldrich. N-hydroxysuccinimide
(NHS) was obtained from Alfar Aesar. A Nafion 117 membrane
obtained from DuPont was thermally treated with H,0, and H,SO,>"

2.2. Fabrication of Bioanodic Electrodes. 2.2.7. GOx[CS/
TPPICC Electrode. To prepare the GOx[CS/TPP]CC electrode, first
0.5 g of CS was dissolved in 50 mL of deionized water (DI) with 1%
(v/v) acetic acid (CH;COOH) under magnetic stirring to form a CS
solution. Second, 12.5 mg of TPP was dissolved in 12.5 mL of DI
water and then added in the CS solution under magnetic stirring for
30 min at room condition to form the cross-linked [CS/TPP]
scaffold. The formation of the [CS/TPP] scaffold is based on the
physical interaction between the positively charged (NH;") of CS and
negatively charged phosphoric ions (PO;™) of TPP, as shown in
Figure S1. A small piece of CC (3 x 2 cm? 131.5 mg) was soaked into
the mixed solution of [CS/TPP], followed by an ultrasonic agitation
for 30 min. To precipitate CS, the [CS/TPP]CC was transferred into
a 1 M NaOH solution. Afterward, the as-prepared [CS/TPP]CC
electrode was put into DI water for 3 h to wash off the remaining
NaOH solution and this washing step was repeated three times.
Finally, the bioanodic electrode of GOx[CS/TPP]CC was prepared
by placing the [CS/TPP]CC into the activated GOx solution and
agitating for 1 h at 120 rpm. The complete GOx[CS/TPP]CC
electrode was stored in DI water before the assembly of the EBFC.
The activated GOx solution was first prepared for the enzyme
activation by adding 394.5 mg of GOx in S0 mL of phosphate-
buffered saline (PBS) (pH 6) with 25 mg of EDC (2.6 mM) and
agitating for 1 h at 120 rpm. The mixture was then added to 30 mg of
NHS (5.2 mM), followed by agitating for 1 h at 120 rpm to prevent
the enzyme reduction and improve the stability of the active ester.””
More details are shown in Figure S2.

2.2.2. GOx[CS/Na]CC Electrode. To prepare the GOx[CS/Na]CC
electrode, 0.5 g of CS was dissolved in 50 mL of DI water added with
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Figure 2. Schematic depiction of the different bioanodic electrodes of (a) GOx[CS/TPP]CC, (e) GOx[CS/Na]CC, and (i) GOx[CS/TPP/
Na]CC. The corresponding SEM images at various magnifications: (b, c) [CS/TPP]CC scaffold and (d) GOx[CS/TPP]CC; (f, g) [CS/Na]CC
scaffold and (h) GOx[CS/Na]CC]; (j, k) [CS/TPP/Na]CC scaffold, and (1) GOx[CS/TPP/Na]CC. The inset of (d), (h), and (1) shows a high
magnification of GOx[CS/TPP]CC], GOx[CS/Na]CC, and GOx[CS/TPP/Na]CC, respectively.

1% (v/v) CH;COOH under magnetic stirring, followed by addition
of 1.5 mL of Na solution and continuous stirring at room temperature
for 30 min. A small piece of CC (3 x 2 cm?) was immersed into the
mixed solution of [CS/Na], followed by ultrasonic agitation for 30
min. To precipitate CS, the [CS/Na]CC was transferred into a 1 M
NaOH solution. Afterward, the as-prepared [CS/Na]CC electrode
was put into DI water for 3 h to wash off the remaining NaOH
solution and this washing step was repeated three times. The
bioanodic electrode of GOx[CS/Na]CC was prepared by placing the
[CS/Na]CC into the activated GOx solution, followed by agitating
for 1 h at 120 rpm and storing in DI water before the assembly of the
EBFC. The activated GOx solution was prepared in the same way.

2.2.3. GOx[CS/TPP/Na]CC Electrode. To prepare the GOx[CS/
TPP/Na]CC electrode, first the CS solution was prepared by
dissolving 0.5 g of CS in 50 mL of DI water added with 1% (v/v)
CH;COOH under magnetic stirring. TPP (12.5 mg ) was added to
12.5 mL of deionized water (DI) and then mixed with the CS
solution, followed by addition of the Na solution and stirring for 30
min at room temperature. A series of [CS/TPP/Na] solutions with
1—4% Nafion content can be prepared by adding 0.5-2.0 mL of Na
solutions to the mixed solution of CS and TPP.

Next, a small piece of CC (3 x 2 cm?) was soaked in the mixed
solution of [CS/TPP/Na], followed by an ultrasonic agitation for 30
min. To precipitate CS, the [CS/TPP/Na]CC was then transferred
into a 1 M NaOH solution. Afterward, the as-prepared [CS/TPP/
Na]CC electrode was immersed into DI water for 3 h to wash off the
remaining NaOH solution and this washing step was repeated three
times. The bioanodic electrode of GOx[CS/TPP/Na]CC was
prepared by placing the [CS/TPP/Na]CC into the activated GOx
solution, followed by agitating at 120 rpm for 1 h and storing in DI
water before the assembly of the EBFC. The activated GOx solution
was prepared in the same way.

2.3. Design of a Self-Pumping EBFC. The scheme of a single
EBFC system using the GOx[CS/TPP]CC, GOx[CS/Na]CC, and
GOx[CS/TPP/Na]CC is displayed in Figure S3. To circumvent the
typical EBFC system using an external pump for the fuel flow, a self-
pumping EBFC stack (Figure S4), composed of the design of flow
channel plates (Figure S5) and the top/bottom end plates (Figure
S6), to drive the fuel by capillary force was utilized as mentioned in
the refs 49, 53. There were three reservoirs (REs) on the top/bottom
end plates (Figure S6). As the cell was operated, the fuel was manually
supplied to the RE1 while the RE2 and RE3 were filled with cotton as
a self-driven source so that the capillary force is generated. Based on
the capillary effect, the fuel stored in the RE1 automatically flowed
into RE2 and then reached the inlet of the flow channel plates at the

anode/cathode electrode. During the transportation of the fuel to the
flow channel plates, the redox reaction occurred on the anode/
cathode electrode surfaces. As the fuel reached the outlet of the
channel plate, the cotton in RE3 pushed it away from the cell by the
same capillary force. By recording the elapsed time for a determined
amount of the fuel (e.g,, 500 mm?) to flow through the cell, the flow
rate can be calculated. The flow fields of the channel plates designed
as the parallel type consisting of 27 channels, as shown in Table S1,
were fabricated using a lithography technique.*’

2.4. Characterization. To analyze the surface morphology and
the chemical structure of the GOx immobilized on the bioanodic
electrodes, field-emission scanning electron microscopy (FE-SEM)
(JEOL, JSM-7600F) and Fourier-transform infrared spectroscopy
(FTIR) (Bruker, Hyperion 3000/Vertex 70V) were carried out,
respectively. Ultraviolet—visible (UV—vis) spectroscopy was used to
analyze the amount of GOx immobilization on the scaffold electrode.
To study the electrochemical property, cyclic voltammetry (CV) was
conducted at room temperature by a program-controlled computer
connected to the potentiostat (SP-240, Bio Logic). A three-electrode
cell composed of a Pt counter electrode, a Ag/AgCl reference
electrode (soaked in a 3.0 M solution of sodium chloride), and a
working electrode was immersed into an electrolyte of 0.1 M C¢H,;,O¢
in PBS (pH 7). The working electrodes of GOx[CS/TPP], GOx[CS/
Na], and GOx[CS/TPP/Na] were prepared by dropping 20 uL of
their biocatalyst solutions on glassy carbon electrodes (GCE) and
these three biocatalyst electrodes were naturally dried at room
temperature for 1 h. The self-pumping EBFC was examined by a fuel
cell test station (ELSOSR3) for performance and stability tests.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology of Different Bioanodic
Electrodes. The schematic illustrations for formation of the
bioanodic electrodes of GOx[CS/TPP]CC, GOx[CS/Na]CC,
and GOx[CS/TPP/Na]CC by our fabrication processes, as
mentioned in Section 2.2, are displayed in Figure 2a,eji,
respectively. The SEM images of Figure 2b,cf,gjk illustrate
the surface morphologies of [CS/TPP]CC, [CS/Na]CC, and
[CS/TPP/Na]CC scaffolds, respectively. The SEM images of
Figure 2d,h), show the surface morphologies of GOx[CS/
TPP]CC, GOx[CS/Na]CC, and GOx[CS/TPP/Na]CC,
respectively. The result indicates that the immobilization of
GOx strongly relies on the scaffold structures of [CS/TPP],
[CS/Na], and [CS/TPP/Na] on top of CC, suggesting that
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the coated scaffolds can play a crucial part in exhibiting the
catalytic ability of the immobilized GOx. In addition, it is
found that GOx[CS/TPP]CC in Figure 2d (Figure S8a,b)
shows a higher GOx immobilization than that of GOx[CS/
Na]CC in Figure 2h (Figure S8c,d). Such a result can be
ascribed to the formation of a porous microstructure of a cross-
linked [CS/TPP] scaffold on CC, enabling the immobilization
of GOx via the physical adsorption between negative GOx and
positive CS. In contrast, the [CS/Na] without cross-linked
TPP forms a gel embedded with CS, blocking the possibility to
react with GOx, and also presents the tendency of peeling off.
In Figure 21 (Figure S8e,f), however, the scaffold structure of
[CS/TPP/Na], prepared by the combination of cross-linked
[CS/TPP] with the addition of Na, exhibits a higher loading of
GOx uniformly immobilized on CC than that of [CS/TPP].
This result suggests that combining [CS/Na] biopolymers
with cross-linking [CS/TPP] to form a suitable porous scaffold
with robust adhesion on CC can be beneficial for the enzyme
immobilization, thereby prohibiting the release of the enzyme
during the operation of the EBFC.

3.2. Chemical Structure of Bioanodic Electrodes. To
understand the effect of a scaffold structure on the immobilized
GOx, the chemical structures of [CS/TPP]CC, [CS/Na]CC,
and [CS/TPP/Na]CC before and after immobilizing GOx
were analyzed by FTIR, as shown in Figure 3. For the
electrodes before the immobilization of GOx, the broad peaks
at 3432 cm™" and the peaks at around 2900 cm ™" belong to the
O—H bonds and C—H stretching of the CS, respectively.”*>
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Figure 3. FTIR spectra of (a) [CS/TPP]CC (purple line) and
GOx[CS/TPP]CC (blue line), (b) [CS/Na]CC (black line) and
GOx[CS/Na]CC (orange line), and (c) [CS/TPP/Na]CC (green
line) and GOx[CS/TPP/Na]CC (red line).

In addition, the C—O—C asymmetric bond from 1061 to 1107
cm™! and the C=0 double bond at 1643 cm™' were also
observed for the CS. For the electrodes after the immobiliza-
tion of GOx, the FTIR peaks between 860 and 1100 cm™
observed in GOx[CS/TPP]CC (blue line of Figure 3a),
GOx[CS/Na]CC (orange line of Figure 3b), and GOx[CS/
TPP/Na]CC (red line of Figure 3c) can be attributed to the
phosphate buffer in the enzyme solution.”® It can also be
observed in all of the electrodes that the C—H stretching has
disappeared, whereas the intensity of O—H stretching becomes
stronger because of the O—H vibration of GOx. The typical
strong absorption peaks at 1643 and 1655 cm™" correspond to
the C=0 bond (amide I) of GOx due to the overlapping of
the slight peaks of amide I band of CS.°*’ Particularly, the
amide II (N—H of GOx) band of GOx[CS/TPP/Na]CC at
1537 cm™ is clearly observed while there is a weak peak found
in the GOx[CS/TPP]JCC and GOx[CS/Na]CC.>**° This
result could suggest that GOx[CS/TPP/Na]CC has a higher
loading of GOx than GOx[CS/Na]CC and GOx[CS/
TPP]CC.

3.3. Amount of GOx Immobilized on Bioanodic
Electrodes. To further understand the effect of a scaffold
structure on the amount of immobilized GOx, the UV—vis
spectrophotometry was applied to analyze the GOx concen-
tration in the GOx solution before and after conducting the
GOx immobilization process on various scaffolds of [CS/TPP/
Na]CC, [CS/TPP]CC, and [CS/Na]CC. The low absorbance
peak obtained for the GOx solution after the immobilization
process indicates a large amount of GOx immobilized on the
scaffold-decorated CC. To quantify the values of the GOx
immobilized on the scaffold-decorated CC surface, the
equation Cimmobilization = Crotal — Cresidue 18 used) where the
Cimmobilizations Crotay a0 Ciregigque Stand for the amount of GOx
immobilized on the scaffold-decorated CC surface, the total
amount of GOx in the original activated solution before
immobilization, and the amount of GOx left in the solution
after immobilization, respectively.éo’61 The UV—vis absorption
spectra of all of the samples have a peak at around 260 nm,
identified as the polypeptide chains of GOx in the
solution.””%* All of the values of Cipobiimations Crotay and
Cesidue €an be deduced from the calibration curve, as shown in
Figure S7, presenting the absorbance of 260 nm as a function
of the GOx concentration. By comparing the total amount of
GOx in the original activated solution and the residual amount
of GOx in the solution after immobilization as shown in Figure
4, it can be noted that the GOx[CS/TPP/Na]CC sample has a
higher amount of immobilized GOx (23.01 mg/6 cm?®) than

-== GOX[CS/Na®]CC
25 4 -== GOx[CS/TPP]CC
— GOX[CS/TPP/Na®]CC

&)

Absorbance (a.u.)

200 250 300 350 400 450 500
Wavelength (nm)

Figure 4. UV-—vis spectra of the GOx solution after the
immobilization of GOx on [CS/Na]CC, [CS/TPP]CC, and [CS/
TPP/Na]CC.
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that of GOx[CS/TPP]CC (19.53 mg/6 cm?®) and GOx[CS/
Na]CC (17.3 mg/6 cm?). This result confirms that the cross-
linked [CS/TPP] with a Na polymer can provide a high
loading of the enzyme on the conductive CC electrode due to
its desirable scaffold.

3.4. Electrochemical Characterization of Bioanodic
Electrodes. To understand the relationship between GOx and
[CS/TPP/Na], a series of GOx[CS/TPP/Na] biocatalysts,
prepared by adding different amounts of Na solution, on GCE
were examined by the CV measurement under 0.1 M glucose
at a 100 mV s~! scan rate, as seen in Figure Sa, and the
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Figure S. (a) CV of GOx[CS/TPP/Na] with different contents of
Nafion on GCEs operated under a glucose concentration of 0.1 M
PBS (pH 7) at 100 mV s™* and the (b) corresponding plot of the
oxidation current peak vs Nafion content.

corresponding plot of the oxidation current peak vs Nafion
content, as shown in Figure Sb. It can be noted that the
oxidation current peak of the GOx[CS/TPP/Na] catalyst at
around —0.4 V is linearly increased from 624 to 876 pA with
increase in the Nafion content from 0 to 2% and then reduced
to 574 uA (4% of Nafion content). Such a trend suggests that
the proper addition of Nafion content in cross-linked CS/TPP
can help to form a more robust and protected scaffold
structure to provide more sites for the immobilization of GOx,
as well as be beneficial for the interaction between the surface
electrode and GOx. The excess of Nafion content could easily
make the scaffold flake off, as shown in Figure 2f, and
potentially block the immobilized site of GOx on CS/TPP
scaffold, leading to a poor electrochemical property.

The CV measurement of GOx[CS/TPP], GOx[CS/Na],
and GOx[CS/TPP/Na] on GCEs operated under 0.1 M
glucose at changed scan rates of 60, 80, and 100 mV s s
shown in Figure 6a—c, respectively, and their corresponding
plot of oxidation current peaks vs various scan rates is
indicated in Figure 6d. It can be observed that the oxidation
current peak intensity is linearly raised by increasing the scan
rate for all of the three electrodes. These trends can be
attributed to the surface reaction-controlled reaction.’>®°
Moreover, the GOx[CS/TPP/Na] catalyst on GCE at a scan
rate changed from 60 to 100 mV s~' shows a highest redox
current peak of 367—876 uA, as compared with GOx[CS/
TPP] (182—624 pA) and GOx[CS/Na] (129—496 uA),
respectively. This result suggests that a [CS/TPP/Na] scaffold
embedded with a high loading of GOx can also exhibit a better
electrochemical property.

3.5. EBFC Performance Using Different Bioanodic
Electrodes. To further investigate the effect of a series of
bioanodic electrodes on EBFC performance, the polarization
curves of the EBFCs utilizing GOx[CS/TPP]CC, GOx[CS/
Na]CC, and GOx[CS/TPP/Na]CC were obtained, as shown
in Figure 7. The average flow rates of 0.499 uL s™' (0.1 M
C¢H,04) and 0.764 uL s™' (0.1 M K;Fe(CN),) were
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Figure 6. CV of GOx[CS/TPP], GOx[CS/Na], and GOx[CS/TPP/
Na] biocatalysts on GCEs operated under a glucose concentration of
0.1 M PBS (pH 7) at various scan rates of (a) 60 mV s™', (b) 80 mV
s7', and (c) 100 mV s' and (d) their corresponding plot of the
oxidation current peak vs the scan rate.
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Figure 7. Performance of the self-pumping EBFC adopting various
bioanodic electrodes of GOx[CS/TPP/Na]CC, GOx[CS/Na]CC,
and GOx[CS/TPP]CC tested using a 0.1 M C4H,,0O solution (PBS,
pH 7) with 0.499 uL s™' flow rate at the anodic side and a 0.1 M
K;Fe(CN)g solution with 0.764 uL s™' flow rate at the cathodic side.

obtained due to automatic flow through the channel plate to
the anode side and the cathode side, respectively, by the
capillary force during the operation, as displayed in Figure S9.
Our result shows that the maximum power density (MPD) of
the self-pumping EBFC adopting GOx[CS/TPP/Na]CC is
1.077 mW cm™?, which is higher than that of GOx[CS/
TPP]CC (0.776 mW cm ™) and GOx[CS/Na]CC (0.682 mW
cm™?). Such an improvement of around 57% can be mainly
attributed to the capability of cross-linked CS/TPP matrices
combined with Na polymers, providing the combined
advantages of physical adsorption between CS and GOx®"%*
as well as the entrapment of cross-linked CS/TPP matrices®’
and Na polymer for the immobilization of GOx on CC.””’
On the other hand, it can be particularly observed that the
mass transport loss becomes significant at the GOx[CS/TPP/
Na]CC electrode with the high GOx loading when the self-
pumping EBFC is operated at the current density higher than 7
mA cm> This result could be attributed to the finite mass
transport rates of the species to or from the electrode through
the capillary force during the operation. However, the EBFC
developed by us adopting GOx[CS/TPP/Na]CC still shows a
comparable power density to previously reported EBFCs, as
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Table 1. Reported Performance of EBFCs
biofuel cell
ocCp fuel (mM) power density
anode cathode V) (glucose) (mW cm™2) driving force/flow rate  ref
GOx/CNT Laccase/CNT 0.94 S0 1.30 N/A 22
GOx/GO/Co(OH),/CS Lac/GO/Co(OH),/CS 0.46 100 0.52 N/A 23
TPA/[GOx/PEI/CNT] Pt/C 0.46 200 0.98 60 mL/min 26
Pt/C GA/[CNT/Lac/PEl/Lac] 0.40 40 0.20 100 mL/min 27
(GOx-GMC)/Na Pt/C 0.24 10 0.02 peristaltic pump 28
MWCNT-COOH/Ni complex  CC 0.60 200 (sucrose) 0.41 N/A 75
Na/MWCNT/MG CC 0.69 0.21
EGDGE/ PEI/MWCNT BOx/MWCNT /Nafion 0.71 S 0.03 2.55 uL/s 76
GOx[CS/TPP/Na]CC K;Fe(CN), /CC 0.48 100 1.08 self-pumping this work
GOx[CS/Na]CC K;Fe(CN)4 /CC 0.39 100 0.68 self-pumping this work
GOx[CS/TPP]CC K;Fe(CN)4 /CC 0.42 100 0.78 self-pumping this work

summarized in Table 1, suggesting the feasibility of achieving
self-pumping EBFCs with high performance by optimizing the
design of electrodes.

3.6. Stability of Enzymatic Biofuel Cells Using Various
Bioanodic Electrodes. As shown in Figure 8, the stability

m GOx[CS/TPP]CC GOx[CS/Na®]CC  ® GOx[CS/TPP/Na®]CC

0.8 1

0.6 1

0.4 4

Power density (mW cm2)
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Figure 8. Stability performance of the self-pumping EBFC utilizing
GOx[CS/TPP]CC, GOx[CS/Na]CC, and GOx[CS/TPP/Na]CC as
the bioanodic electrodes operated at room temperature after 0, 24, 72,
120, and 240 h.

performance of the self-pumping EBFC adopting GOx[CS/
TPP]CC, GOx[CS/Na]CC, and GOx[CS/TPP/Na]CC elec-
trodes working after 0, 24, 72, 120, and 240 h was evaluated.
The result illustrates that the MPD of a self-pumping EBFC
utilizing GOx[CS/TPP/Na]CC is reduced from 96.6% (24 h)
to 89.2% (240 h) of its beginning value whereas that of the
EBFC utilizing GOx[CS/TPP]CC and GOx[CS/Na]CC is
declined from 97.3% (24 h) to 79.9% (240 h) and from 85.9%
(24 h) to 61.1% (240 h) of their beginning values, respectively.
Such a declining trend could be mostly ascribed to the
exfoliation of GOx'*>~"* and the degradation of the enzyme by
H,0, with time.””” Consequently, our self-pumping EBFC
utilizing GOx[CS/TPP/Na]CC shows the best stability as
compared with that utilizing GOx[CS/TPP]CC and GOx[CS/
Na]CC, indicating that the coated scaffolds composed of
hybrid enzyme immobilization approaches also play a crucial
part in sustaining the GOx catalytic ability during the long-time
operation.

4. CONCLUSIONS

The effect of bioanodic electrodes with different scaffold
structures on the self-pumping EBFC performance has been
investigated systematically. A series of bioanodic electrodes,

such as GOx[CS/TPP]CC, GOx[CS/Na]CC, and GOx[CS/
TPP/Na]CC, were prepared to understand the effect of the
scaffold structure composed of TPP, Na, and CS on the GOx
immobilized on CC. It was found that a preferred scaffold
decorated on the CC can be achieved by a hybrid approach of
cross-linked [CS/TPP] matrices with proper Na polymers, not
only improving the enzyme-loading efficiency but also
facilitating the interaction between the surface electrode and
GOx. The excess of Nafion content could easily make the
scaffold flake off and constrain the immobilized GOx, leading
to a poor electrochemical property. Our result reveals that the
self-pumping EBFC adopting GOx[CS/TPP/Na]CC can
deliver a higher peak power density (1.077 mW cm™2) than
that utilizing GOx[CS/TPP]CC (0.776 mW cm™2) and
GOx[CS/Na]CC (0.682 mW cm™). The self-pumping
EBFC utilizing GOx[CS/TPP/Na]CC can retain 89.2% of
its beginning performance even after 240 h of stable testing, as
compared with that of utilizing GOx[CS/Na]CC (61.1%).
Such an enhancement via the designed scaffold structures on
the electrode can provide insight into the feasibility of high-
performance and long-lifetime self-pumping EBFC.
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