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1. Introduction

Microbial fuel cells (MFCs) are emerging biotechnologies for
environmentally sustainable energy.[1] By converting chemical
energy to electricity using microbes, MFCs can be applied to

hydrogen production, wastewater treatment,
biosensors, and other applications.[2,3]

However, its high cost and low power
density are two major bottlenecks that need
to be resolved.[4] Figure 1a shows the basic
MFC working principle. The microbes
adhering to the anode consume nutrients
and produce electrons, protons, and CO2.
After being transported through the external
circuit, the electrons react with protons
and O2 on the cathode, carrying out the
oxidation-reduction reaction (ORR) to
generate water.[5]

Anodes serve as the bacterial habitat and
greatly impact the performance of MFCs.
Researchers attempted to enhance the
performances of MFCs by modifying the
anode materials (Table S1, Supporting
Information).[6–23] Porous carbon is viewed
as a good anodematerial because of its high
surface area for bacterial attachment, better
conductivity for electron transfer, and eas-
ier to be functionalized.[4,24,25] On the other
hand, the cathode ORR catalyst[26] is also a
detrimental factor that limits the power

output of the MFC.[27,28] Platinum-based materials are
commonly used as the cathode catalysts in MFCs; however,
the high cost and low cycle stability need to be addressed.[29,30]

Cost-effective materials with high activity and conductivity, as
listed in Table S2, , Supporting Information, are alternatives
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Microbial fuel cells (MFCs), which convert chemical energy into electricity using
microbes, are an emerging sustainable energy technology. However, high costs
and low power output limit the advanced development of MFCs. This study
utilizes the agricultural waste, Trapa natans husks, to obtain low-cost nanopo-
rous carbons. The Trapa natans husk-derived nanoporous carbons (TNHs) are
used as electrode materials in Escherichia coli system-based MFCs. After opti-
mization of both anode and cathode materials for MFCs, a high average power
density of 5713 mWm�2 is achieved, which is 1.9 times greater than that of
commercial activated carbon. It is shown that TNHs have better bacterial
adhesion and electrochemical activities owing to their favorable pore size dis-
tribution, suitable functional group, high surface area, and excellent biocom-
patibility and conductivity. Furthermore, the supercapacitors (SCs) with TNH-
based electrodes are utilized to store the energy generated from MFCs. The SC
with TNH-600 electrodes exhibits a high specific capacitance of 84 F g�1 at a
current density of 1 A g�1 after 1000 cycles. This study demonstrates that TNH is
a promising electrode material for biofriendly and renewable MFCs, and the MFC-
SC system with TNH electrodes is a high-power sustainable energy generation
and storage device.
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to platinum-based cathodes.[27,31–43] It is worth noting that there
are different methods to measure the power densities of MFCs.
Some researchers have addressed the differences between the
linear sweep voltammetry (LSV) method and the method of vary-
ing the output load constant resistance (CR).[44,45] The power
densities measured by LSV with 1mV s�1 scan rate were about
two times larger than those of CR. To compare our results with
those from other references, we tested both the LSV and CR
methods in this study. And the results are also listed in
Table S1 and S2, Supporting Information.

Desirable properties for anode and cathode are similar. High
surface area is important for bacterial attachment to the anode
and oxygen adsorption on the cathode. A remarkable conductivity
contributes to a better electron transfer efficiency on both the
anode and cathode. The functional groups also play a crucial role
in the hydrophilicity of the anode and serve as active sites that
facilitate the ORR on the cathode. Therefore, in this study, we
attempted to produce an activated carbon-based material that
can be simultaneously applied to both the anode and cathode.

Over 1300 tons of T. natans husks are produced in Taiwan
every year As a result, utilizing the agricultural waste-derived
nanoporous carbon electrodes not only lowers the cost of
MFCs but also reduces the air pollution produced from agricul-
tural combustion. In this study, the nanoporous carbon was suc-
cessfully derived from T. natans husks with a ZnCl2 activation
agent at different carbonization temperatures (600, 800, and
1000 �C). The Escherichia coli system-based MFCs exhibited a
significantly enhanced electrochemical performance after substi-
tuting the CAC materials on the anode and cathode with TNH.
We showed that the MFCs without platinum-based electrodes
still achieve a high average power density of 5713mWm�2, dem-
onstrating that TNH is a promising low-cost electrode material
for MFCs, and warrants further study.

The reaction activities of the ORR on MFC cathode materials
are commonly investigated via rotating disk electrodes (RDEs) or
rotating ring disk electrodes.[34,46–49] However, how the micro-
scale properties of cathode materials affect the electrochemical

reactions and activities of the catalyst is not fully understood.
Scanning electrochemical microscopy (SECM) is a powerful
technique for studying microscale interfacial electrochemical
reactions, including metal ion batteries,[50–54] biochemical,[55–57]

corrosion,[58] and catalyst behaviors.[30,59–63] By scanning the
interface with a microelectrode at a close distance, the local elec-
trochemical reaction activity can be obtained as a current collected
by the microelectrode owing to the variations in the local reaction
rates.[64–66] In this study, SECM experiments were performed
with a four-electrode setup. Two platinum wire electrodes were
used as the counter and reference electrodes. A 10 μmmicroelec-
trode probe with a fused silica insulating sheath was used as the
working electrode, and a catalyst-coated platinum plate was used
as another working electrode. The activities of ORR catalyst were
measured in this study by using the tip generation/substrate
collection (TG/SC) mode. Figure S1, Supporting Information,
shows the principle of the SECM measurement.

Supercapacitors (SCs) are highly efficient energy storage
devices that function in transient energy delivery and energy
recovery.[67,68] To harvest the electrical energy generated from
the MFCs, we used SCs with TNH electrodes as auxiliary power
sources in this study. Our TNH-based SC exhibited a high
capacitance of 84 F g�1 at a current density of 1 A g�1, revealing
a sustainable energy storage characteristic. Furthermore, we
placed a DC–DC power boost converter between SCs and LED
to increase the output power (Pout) of the SCs able to power
the LEDs. This TNH-based MFC-SC system allows successful
incorporation of the energy storage devices into cost-effective
MFCs for sustainable energy generation.

2. Results and Discussion

2.1. Material Characterization of TNHs

The nanoporous TNHs were prepared with a ZnCl2 activator at
different carbonization temperatures (T¼ 600, 800, and 1000 �C;
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Figure 1. a) MFC construction and b) synthesis process of Trapa natans husk-derived nanoporous carbon (TNH).
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labeled as TNH-600, TNH-800, and TNH-1000, respectively).
The scanning electron microscopy (SEM) images in Figure 2
show that the surface morphologies of the CAC and TNHs were
rough. The SEM images of untreated raw TNH (rTNH) and
TNH-600 without the activation process (rTNH-600) are shown
in Figure S2, Supporting Information. Compared with the
smooth surface of rTNH and rTNH-600, TNHs were successfully
activated by ZnCl2. The Brunauer–Emmett–Teller (BET) results
(Figure 3a) reveal that all the TNHs have higher specific surface
areas (TNH-600: 1499.2m2 g�1; TNH-800: 1323.6 m2 g�1; and
TNH-1000: 1374.6 m2 g�1) than the CAC (832.1m2 g�1).
IUPAC-defined pores can be classified into three classes, namely,
macropores (>50 nm), mesopores (2–50 nm), and micropores
(<2 nm).[69] These samples exhibited hysteresis loops classified
as the H4-type (IUPAC classification), implying that the major
pores are micropores and mesopores. These results are also con-
sistent with the BET results (Figure 3b–d). The BET analyses of
rTNH and rTNH-600 are also shown in Figure S3, Supporting
Information. The specific surface areas and the pore volume
of both the rTNH and rTNH-600 are much smaller than that
of the CAC and the TNHs with the activation processes.
Analyses of the BET surface areas and pore parameters of
the samples showed that the TNHs exhibited almost twice the
surface area of the CAC, which is due to the high content of
micropores and mesopores (Table 1). Furthermore, when the
carbonization temperature increased from 600 to 1000 �C, the
micropores decreased, and the mesopores and macropores
increased. This indicates that the higher temperature assisted
the activation process, and thus, the pore size increased. The
mesoporous structure acts as a highway to facilitate the reactions
at the catalytic sites, thus improving the ORR performance.[70]

All the samples in Figure 3e show similar XRD patterns with
the (002) and (100) characteristic peaks of activated carbon.[71]

The broad peaks are not obvious, which indicates that the
TNHs are amorphous carbon because of their porous structure.
CAC was not acid treated, so it still contained impurities (labeled
as *). Figure 3f shows the related Raman spectra. The D-band
and G-band intensity ratios (ID/IG) were calculated by Lorentz
curve fitting. The D-band in the Raman spectra refers to a
disordered graphitic lattice structure with sp3, while the G-band
is recognized as the vibrations of the sp2 bonds in carbon.[72]

The ID/IG ratio represents the degree of carbonization of
TNHs. A higher ID/IG value indicates more defects in the carbon
material. The calculated ID/IG ratios of the TNHs were all smaller
than that of the CAC, which corresponds to the better carboni-
zation structure.

The surface chemical properties, including composition,
bonding characteristics, and chemical state, are vital factors
associated with bacterial attachment on the anodes and catalyst
active sites of the cathode. X-ray photoelectron spectroscopy
(XPS) was used to detect these properties. The C 1s and N 1s
peaks in Figure 4 can be regarded as a combination of several
peaks. The dominant peaks of C 1s at 284.4� 0.1 eV and
285� 0.1 eV are due to the high amount of the graphitic struc-
ture (C═C) and hybridized carbon (C─C), respectively. The
smaller peaks at 286� 0.2, 286.9� 0.2, and 289.0� 0.2 eV were
attributed to the phenolic (C─O), carbonyl (C═O), and carboxyl
groups (O─C═O), respectively.[73] Table 2 lists the percentages of
elements and bonds. The nitrogen content of TNH shows that
our process was successfully doped with nitrogen. When the
anode properties and a higher percentage of O-functional groups
are considered, the nanoporous carbons exhibited a larger polar-
ity as formed by the bonds. However, as the carbonization tem-
perature increased, the number of O-functional groups gradually
decreased. The TNH-600 and TNH-800 contained higher percen-
tages of O-functional groups than the TNH-1000 and CAC,

500 nm

(b) TNH-600

500 nm

500 nm 500 nm

(d) TNH-1000(c) TNH-800

(a) CAC

Figure 2. SEM images of TNH and CAC. a) CAC, b) TNH-600, c) TNH-800, and d) TNH-1000.
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Figure 3. a) BET curves, b) BJH pore size distribution plots, c) magnified BJH pore size distribution plots, and (d) pore size distribution bar graph of CAC,
TNH-600, TNH-800, and TNH-1000. SBET is the specific surface area and Daverage is the pore diameter. e) X-ray diffraction (XRD) patterns and f ) Raman
spectra of CAC, TNH-600, TNH-800, and TNH-1000 (*: impurities).

Table 1. BET surface area and pore parameters of TNH and CAC.

SBET [m2 g�1]a) Daverage pore [nm] Vmicro [cm3 g�1] Vmeso [cm3 g�1] Vmacro [cm3 g�1] Vtotal [cm
3 g�1]

rTNH 1.2 19.31 0 0.002 (40.0%) 0.003 (60.0%) 0.005

rTNH-600 19.8 5.46 0.006 (26.1%) 0.009 (39.1%) 0.008 (34.8%) 0.023

CAC 832.1 2.41 0.276 (58.3%) 0.195 (41.2%) 0.002 (0.5%) 0.473

TNH-600 1499.2 2.22 0.534 (66.9%) 0.263 (33.0%) 0.001 (0.1%) 0.798

TNH-800 1323.6 2.24 0.471 (67.2%) 0.229 (32.6%) 0.002 (0.2%) 0.702

TNH-1000 1374.6 2.33 0.452 (60.2%) 0.29 (38.9%) 0.004 (0.5%) 0.746

a)Vmacro, macropore volume; Vmicro, micropore volume; Vmeso, mesopore volume; and Vtotal, total pore volume.
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which means that the two samples exhibited a more significant
polarity among all the nanoporous carbons. Furthermore, it was

noted that the nanoporous carbon with nitrogen can enhance
hydrophilicity and biocompatibility.[74] The different chemical
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Figure 4. XPS C 1s profiles of a) CAC, b) TNH-600, c) TNH-800, and d) TNH-1000. N 1s profiles of e) CAC, f ) TNH-600, g) TNH-800, and h) TNH-1000.
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states of the N-functional group play different roles in the ORR
on the cathode. For further investigation of the active sites in the
ORR reaction, the different nitrogen groups, namely,
pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic-N-oxide, were
deconvoluted into four peaks at 398.3–398.7 eV, 400.1–400.5 eV,
401.2–401.4 eV, and 402–404 eV, respectively. The pyridinic-N
and pyrrolic-N percentages declined at higher carbonization
temperatures, while the graphitic-N percentage increased.
Because of the increase in carbonization temperatures, the ther-
mally unstable pyridinic-N and pyrrolic-N were transformed to
the graphitic-N. This phenomenon has been reported by previous
studies.[27,75,76] Their results indicated that pyridinic-N was the
active site for facilitating the ORR by conducting electron
transfer;[40] however, the enrichment of graphitic-N was more
crucial to the ORR activity, and the graphitic-N also favored
oxygen adsorption.[77] Our results showed that the TNH-1000
possessed the highest percentage of graphitic N, indicating its
high ORR catalytic ability.

Figure S4, Supporting Information, shows the static contact
angles (SCAs) of water droplets on the TNHs. The SCA is related
to the hydrophilicity of activated carbons and mainly affected
by the number of O-functional groups. The SCAs of CAC,
TNH-600, TNH-800, and TNH-1000 were 117.9�, 99.5�, 84.2�,

and 103.6�, respectively. A higher SCA indicates a lower hydro-
philicity of the carbon materials. TNHs have a lower SCA than
CAC, which can be attributed to their large polarity and high
amounts of N- and O-containing functional groups. These results
also revealed that TNH-1000 exhibited poor hydrophilicity
because the carbonization process removed most of the func-
tional groups.

Figure 5 shows that the sheet resistance of the carbon cloth,
CAC, TNH-600, TNH-800, and TNH-1000 was 1.03, 0.88, 4.19,
1.41, and 0.90Ω, respectively. Compared with the XPS results,
the C═C content increased when the carbonization temperature
increased, leading to better conductivity. This shows that TNH-
1000 exhibited the lowest resistance and the poorest hydrophilic-
ity. Moreover, the sheet resistance of TNH-800 was significantly
lower than that of TNH-600. The higher sheet resistance of
TNH-600 was attributed to a higher number of O-functional
groups, despite the higher hydrophilicity.

2.2. Electrochemical Characterization

The LSV curves of CAC and TNHs in Figure 6 were measured
using RDEs. A higher half-wave potential (Ehalf ) and a larger

Table 2. Surface components of TNHs and CAC.

Elements and functional groups CAC TNH-600 TNH-800 TNH-1000

Element (%) C 76.49 92.45 91.38 92.53

N 1.13 1.29 1.86 1.27

O 22.37 6.26 6.76 6.20

C-containing
groups (%)

sp2 46.85 25.21 38.63 39.17

sp3 carbon/C─N 27.77 38.65 29.39 34.81

C─O 9.85 16.98 12.01 7.98

C═O 8.61 11.43 12.56 12.08

O─C═O 6.92 7.73 7.42 5.95

N-containing
groups (%)

Pyridinic N 38.31 29.26 37.94 23.12

Pyrrolic N 23.62 40.22 24.87 35.48

Graphitic N 19.90 22.64 26.79 35.56

Pyridinic N-oxide 18.17 7.88 10.40 7.85
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limited current indicate a better catalyst activity. Concerning the
material analysis, TNH-1000 presented a high specific surface
area, which provides a larger reaction area and larger amounts
of graphitic-N and pyridinic-N to increase the ORR activity.
Furthermore, it also exhibited the lowest sheet resistance as com-
pared to other TNHs. Therefore, TNH-1000 exhibited the best
ORR catalyst activity among all the nanoporous carbons.

SECM measurements were conducted to further investigate
the ORR catalyst activity sites of the different activated carbons.
The cyclic voltammetry (CV) curves of the probe and substrate
are shown in Figure S5, Supporting Information. According
to the CV curve results, the probe and substrate potentials were
set to �0.4 and �0.02 V (vs Pt), respectively, and formed the
TG/SC mode. The distance between the probe and substrate
was maintained at approximately 40 μm by performing an
approaching curve test, as shown in Figure S5c, Supporting
Information. SECM was conducted in the TG/SC mode. Four
different catalysts were coated on four regions of the platinum
plate substrate so that four catalysts could be measured under
almost the same conditions. This would allow the results to be
compared. The said results are shown in Figure 7, where a warmer
color indicates a higher current. TNH-1000 activated carbon con-
tributed a higher current than the other three catalysts, showing
the highest electrochemical catalyst activity among the four

activated carbons.[30] This result is expected because TNH-1000
provides the highest percentage of graphitic-N as determined
by XPS, the most excellent conductivity from the sheet resistance,
and the highest amount of mesopores, all of which facilitate the
ORR. Moreover, in combination with the RDE results, TNH-1000
exhibited the highest electrochemical capability.

2.3. Electrochemical Performances of TNH Anodes in MFCs

The electrochemical activities of the TNH electrodes in MFC
before and after inoculation with E. coli were investigated with
CV (Figure S6, Supporting Information). The short-dashed line
shows the CV curves before inoculation with E. coli, while the
solid line represents the CV curves after 16 h of inoculation.
The CV curves before inoculation display a rectangular shape,
which represents the double-layer capacitive properties of the car-
bon materials.[78] After 16 h of microbial growth, the oxidation
current increased significantly, indicating that biofilm was suc-
cessfully formed on the anode as electrons were transferred more
efficiently from the bacteria to the anode through the biofilm.
After inoculation, the large oxidation current of TNH-800
resulted in an excellent electron transfer efficiency and electro-
chemical activity, possibly aided by the functional groups, the low
resistivity, and the high bacterial attachment.

(a) (b)

(c) (d)

Figure 7. SECM probe current results of a) CAC, b) TNH-600, c) TNH-800, and d) TNH-1000. The distance between the probe and the catalysts was
�40 μm.
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Figure 8 shows SEM images of the E. coli adhesion to the
anode. The yellow rod-shaped microbes indicate the distribution
of E. coli. The microbes were abundantly attached to the surface
of the TNH-600 and TNH-800 anodes because of their favorable
hydrophilicity and porous structure. The poorer attachment of
microbes to CAC may result from the relatively low surface area
and the low N-functional group. The poor microbe attachment on
TNH-1000may be due to its high degree of carbonization and the
poor hydrophilicity.

2.4. MFC Performance with Various TNH Anodes

Single-chamber MFCs, with CAC as the cathode and CAC,
TNH-600, TNH-800, or TNH-1000 as the anode, were fabricated
to optimize the anode materials. The power density data and

polarization curves for the MFCs were obtained by LSV at a scan
rate of 1 mV s�1 from the open-circuit voltage (OCV) to 0mV.
The average power densities of the MFCs with CAC, TNH-
600, TNH-800, and TNH-1000 anodes were 2998, 3851, 5115,
and 4017mW m�2, respectively (Figure 9). The MFC with the
TNH-800 anode exhibited the highest average power density
of all the modified anodes. Furthermore, these results support
the notion that activated carbons with high porosity are favorable
for bacterial adhesion, as concluded by Ilomuanya et al.[79]

TNHs have a highly porous structure, which enables a higher
surface area. Furthermore, the four-point probe measurements
showed that TNH-800 and TNH-1000 were carbonized to a
higher graphitic level and had a significantly lower resistivity
than TNH-600. However, TNH-800 exhibited better hydrophilic-
ity and a higher number of O-functional group than TNH-1000,

(a) CAC (b) TNH-600

(c) TNH-800 (d) TNH-1000

Figure 8. SEM images of the E. coli adhesion on a) CAC, b) TNH-600, c) TNH-800, and d) TNH-1000.

(a) (b)

Figure 9. MFC performance with a CAC cathode and various anodes. a) Power densities of the different modified anodes (n¼ 3) and b) polarization and
power density curves of the different modified anodes in the MFCs.
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which possessed a higher biocompatibility and thus the highest
power density in the MFCs.

2.5. Performance of MFCs with Various TNH Cathodes

For further investigation of the performance of the different cath-
ode materials, the optimized sample, TNH-800, was fixed as the
anode material and the cathode material was changed from CAC
to the different TNHs. The MFC with the TNH-1000 cathode
exhibited a maximum average power density of 5713mW m�2

(Figure 10a,b). The average power densities for the MFCs with
CAC, TNH-600, TNH-800, and TNH-1000 cathodes were 5115,
4340, 5138, and 5713mW m�2, respectively. Additionally, the
anode potentials in the three-electrode polarization curve
(Figure 10c) were similar during discharging in all MFCs, indi-
cating that the varying cathodes contributed to the different
performances.

Although the specific surface area of the TNHs was promi-
nently larger than CAC, the cathode performance of the
TNHs was not significantly better. However, it corresponded
to the sheet resistance and N functional group analyses that

the lower resistance and higher amount of N functional group
help to increase the power output. As a result, we concluded that
the conductivity and the concentration of the graphitic-N are vital
factors for the performance of MFC cathode, which supports the
notion of TNH-1000 being the best ORR catalyst for MFCs.

Because there are different ways of measuring the power den-
sity applied for MFCs and the outcomes are prominently distinct,
the polarization curves and the power densities were measured
both by LSV and CR. The maximum power densities of the
cathode//anode (i.e., CAC//CAC, CAC//TNH-800, and TNH-
1000//TNH-800) obtained by LSV were 3247, 4970, and
5661mWm�2, respectively, as shown in Figure 11a. On the
other hand, the power densities of CAC//CAC, CAC//TNH-
800, and TNH-1000//TNH-800 measured by CR were 1458,
2169, and 2549mWm�2, respectively (Figure 11b). The CR
results were �2.28-fold smaller than the result obtained by
LSV. The prominent differences were attributed to the small
anodic and cathodic areas, which resulted in the large ohmic
resistance of our MFCs. The maximum power densities of
TNH-1000//TNH-800 obtained from both the LSV and CRmeth-
ods are higher than those from most of the MFCs listed in
Table S1 and Table S2, Supporting Information. These results
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Figure 10. MFC performance with TNH-800 as the anode and various cathodes. a) Power densities of the different modified cathodes (n¼ 3),
b) polarization and power density curves of the different modified cathodes in the MFCs, and c) three-electrode polarization curves.
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demonstrate that the biowaste-derived TNHs exhibited outstand-
ing power generation in MFC systems and can be used as a
promising electrode material for future studies. Moreover, the
reuse of T. natans husks reduces the cost of devices and aligns
with the circular economy for green energy production.

Furthermore, the long-term stability of the MFCs was also
evaluated. The MFC devices were operated for 150 h followed
by 4 h rests without nutrition refreshment. As shown in
Figure 12a, the maximum OCV of (1000-800) and (CAC-CAC)
reached 1060 and 900mV, and stabilized at around 700 and
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Figure 11. Comparison of the polarization and power density curves measured by a) LSV at 1 mV s�1 and by b) CR.
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600mV, respectively. The dividing point was at running for
20–30 h, where the decreasing OCV approached to a steady state.
It is because that the electrolyte could not supply sufficient nutri-
tion to achieve the maximum OCV. The observation was similar
in the tendency of the power density curves (Figure 12b), which
turned to decrease at a much slower rate. The stable phase was
due to bacteria self-feeding with the dead ones and reached
dynamic equilibrium in their chain of survival.[8,11] The outper-
formance of the MFCs of TNHs as both electrode materials still
exhibited in the long-term phase, which represents that the
TNHs are confidently a prospective electrode material for
MFCs self-rechargeable system.

2.6. Performance of SCs with TNH Electrodes

This study also employed TNH as electrodes in symmetric SCs to
store the electricity generated by TNH-based MFCs. Figure 13a
illustrates the galvanostatic charge/discharge (GCD) curves of
various nanoporous carbon-based SCs at a current density
of 1 A g�1. The capacitances of the symmetric SCs with the
CAC, TNH-600, TNH-800, and TNH-1000 electrodes were 34,
84, 82 and 65 F g�1, respectively. All the TNH-based SCs exhib-
ited higher capacitances than the CAC-based SC, which is due to
the TNHs having higher surface areas than the CAC. The long-
term cycle stability test under a current density of 1 A g�1 is
shown in Figure 13b. Both TNH-600 and TNH-800 exhibited

specific capacitances exceeding 80 F g�1 which sustained for
1000 cycles without fading, demonstrating their excellent cycling
stabilities.

Figure 13c depicts the CV curves of the examined electrodes at
a scan rate of 10mV s�1 and in the voltage range of 0 to 1.6 V. All
the SCs exhibited an almost rectangular shape, showing double-
layer capacitance characteristics. The specific capacitances shown
in Figure 13d were calculated based on the CV curves. Although
no obvious distinction was observed between TNH-600 and
TNH-800 at the low scan rate of 2mV s�1, TNH-600 stood
out and achieved almost 30 F g�1 at a high scan rate of
100mV s�1, which is nearly threefold higher than the others.
This indicates that the SCs with TNH-600 electrodes could pro-
vide high capacitance at both low and high rates. Furthermore,
the specific capacitance trends were as follows: TNH-
600> TNH-800> TNH-1000> CAC. The capacitance decreased
with an increasing carbonization temperature, which can be
attributed to the presence of oxygen-containing functional
groups.

The SC with the TNH-600 electrode exhibited the best perfor-
mance among all the nanoporous carbon-based SCs. This may
result from its high surface area and oxygen-containing func-
tional groups, which improves the surface hydrophilicity of nano-
porous carbon, and hence increases the specific capacitance.
As the most optimized SC electrode, TNH-600 was used to
assemble SCs to store the electricity of the TNH-based MFCs.
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Figure 13. Electrochemical performances of the TNH-600, TNH-800, TNH-1000, and CAC electrodes in 1 M Na2SO4 in a two-electrode configuration.
a) GCD curves at a current density of 1 A g�1, b) long-term cycling stability at a current density of 1 A g�1, c) cyclic voltammograms at a scan rate of
10mV s�1, and d) specific capacitances at various scan rates (2, 5, 10, 20, 50, and 100mV s�1).
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2.7. TNH-Based MFC-SC System with DC–DC Converter

A circuit system was designed to store the electricity generated
by the TNH-based MFCs (TNH-1000//TNH-800) to the TNH-
based SCs (TNH-600), which was used to power LEDs.
The MFCs offered a robust power source for the circuit system,
allowing a blue LED to function properly, as shown in Figure 14.
The equation for the conversion efficiency is shown in
Equation (1). The experimental conversion efficiency (η) of the
circuit system was approximately 60%. The Pout was measured
at the output pin of the converter IC, and the input current
(Iin) and voltage (Vin) were measured during the operation of
MFC.

η ¼ Pout=ðV inIinÞ (1)

MFCs and supercapacitors were used as the power source
and energy storage devices, respectively. Two MFCs were
placed in series and were parallel connected to supercapacitors
after achieving a 1.8 V OCV value. Within the 45 s time interval,
two supercapacitors connected in series were changed from
0.46 to 1.2 V. Then, the output of the DC/DC boost converter
boosts the voltage of supercapacitors from 1.2 to 3 V, which is
capable to drive a blue LED. Consequently, the voltage of
supercapacitors dropped from 1.2 to 0.7 V. After the output of
the converter was enabled, the blue LED kept glowing for
15 s as shown in the Supplementary Movie. A number of elec-
trolytic capacitors were placed in the circuit, which was able to
store charge while the output was enabled; hence, the blue
LED was able to glow after the input voltage of the circuit
dropped to 0.7 V.

3. Conclusion

In this study, we successfully synthesized the nanoporous TNHs
and used them as electrodes in MFCs and SCs. The performance
of MFC was optimized by varying the carbonization temperature
for preparation of TNHs. TNH-800 as the anode material exhib-
ited a lower resistivity and better E. coli adhesion than the other
TNHs, whereas TNH-1000 as the cathode material showed a
higher ORR activity. The MFC with the TNH-800 anode and
TNH-1000 cathode exhibited the highest average power density
of 5712.5mWm�2, which is twice as large as the MFC using
CAC electrodes (2998.3mWm�2). Furthermore, the TNHs were
also used as electrode materials for the SCs, with TNH-600 exhib-
iting the highest specific capacitance of up to 84 F g�1 and a good
cycling stability. These results demonstrated that the MFC
assembled with the TNH anodes and cathodes exhibited consid-
erably higher performance than the MFC using CAC electrodes.
As a proof of concept, we additionally assembled a TNH-based
MFC-SC system with a DC–DC converter and succeeded to light
up a LED for 15min. Overall, using T. natans husks as a raw
material for MFC and SC electrodes increases the economic
value of the agricultural waste and reduces CO2 emissions gen-
erated during waste disposal, demonstrating the potential of
TNH in developing MFCs as a sustainable energy source.

4. Experimental Section

Preparation of TNH: The T. natans husks were obtained from Guantian
Black Gold in Tainan City, Taiwan. Figure 1b presents the process flow for
the synthesis of the TNHs. First, the T. natans husks were washed with
deionized water, filtered to remove impurities, and dried. The dried
T. natans husks were activated by a saturated ZnCl2 solution for 24 h at a
weight ratio of 1:1. Next, the T. natans husks were carbonized in a nitrogen

Figure 14. a) Schematic and b) photography of the MFC-SC-LED system; c) schematic of the DC/DC boost converter circuit system.
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atmosphere at 600, 800, and 1000 �C for 2 h. After ball-milling for 24 h, the
powder was washed with 1 M HCl to remove ZnCl2 and other impurities.
Finally, the sample was cleaned with deionized water until a pH of 7 was
reached, followed by drying. The obtained TNHs, including TNH-600
(carbonized at 600 �C), TNH-800 (carbonized at 800 �C), and TNH-1000
(carbonized at 1000 �C), were the experimental groups, while CAC was the
control group.

Material Characterization: The surface areas and pore size distributions
of the TNH samples were determined with a BET analysis by measuring
the N2 adsorption–desorption isotherms at 77 K. The morphologies
of the TNH samples were observed using field-emission SEM (FESEM).
The crystallinity of the TNH powders was characterized by XRD with Cu Kα
radiation, in which the 2θ angle ranged from 10� to 60�, using
0.02�s�1steps. The degree of carbonization of the TNH samples was
detected by Raman spectroscopy using a 532 nm laser excitation source.
XPS using an Al Kα source was used to analyze the elemental components
and bonding on the TNH surface. SCA was used to measure the hydro-
philicity by using a 2 μL drop of deionized water.

MFC Construction: TheMFC was constructed in a 40mL single chamber
with an air-exposed cathode (Figure 1a). The anode was a 1 � 1 cm2

carbon cloth substrate coated with 15 mg of CAC or TNHs. The active
material, carbon black (Super P), and polyvinylidene difluoride (PVDF)
were mixed to a weight ratio of 8:1:1 in n-methyl-2-pyrrolidone (NMP) sol-
vent and stirred for 24 h. After stirring, the slurry was coated onto a carbon
cloth and dried. The cathode was a 2 � 2 cm2 carbon cloth substrate
coated with 40mg CAC or TNHs active material using the same method
as that used for the anode, and the actual working area of the cathode
was 2 cm2. A Nafion 117 membrane was attached to the cathode to sepa-
rate the two electrodes. LB growth medium (5� g L�1 Bacto Peptone,
10� g L�1 yeast extract, and 10� g L�1 NaCl, adjusted to pH¼ 7) was
used as the nutrient solution for the E. coli DH5α growth. A 20 μL aliquot
of the E. coli DH5α preculture was added to a 40mL LB solution, and the
solution concentration was quantified by OD600 ranging from 0.035 to
0.04. Subsequently, it was cultivated for 16 h at 37 �C with shaking at
200 rpm with an anode electrode inside the solution. After cultivation,
the culture solution was transferred to a single-chamber device, as shown
in Figure 1a.

The anodes were immersed in 25% glutaraldehyde for 3 h at 4 �C after
washing with deionized water to observe the distribution of microbes on
the TNHs. Next, the anodes were immersed in increasing concentrations
of ethanol solutions (i.e., 30%, 50%, 70%, 80%, 90%, and 99.5%) for
15min each to dehydrate them.[80] Subsequently, the samples were dried
using a critical point dryer using CO2. Finally, the dried TNH anodes were
coated with platinum, and the E. coli DH5α distribution on the TNH anode
was examined by FESEM.

MFC Performance Measurements: The MFC material optimization was
divided into two parts. The anode was optimized first, and then the cath-
ode performance with different nanoporous carbons was also measured
with the optimized anode. CV was performed using a three-electrode sys-
tem to study the electron transfer ability and redox reactions of the anode.
The CV curves were recorded from �0.8 to 0.8 V at a scan rate of 20mV
s�1. The sheet resistance was detected using four-point probe measure-
ments. LSV was performed in both the anode and cathode tests using a
two-electrode system, and was utilized to investigate the power densities
and polarization curves by scanning from the OCV to 0mV at 1mV s�1.
The power density was calculated by multiplying the cell voltage and cur-
rent density, which were normalized to the working area of the anode.
A three-electrode LSV was constructed with Ag/AgCl (25 �C, saturated with
KCl solution) as the reference electrode to obtain the three-electrode
polarization curves to precisely detect the performance of the cathode.
For comparison with other reported MFCs, a polarization curve was also
obtained by measuring the closed-circuit voltage with external resistances
continuously varying from 5000 to 200 Ω for 20 min for each resistance
measurement. The power and current densities were calculated using
Ohm’s law and were also normalized to the working area of the anode.

RDE Measurement: To measure the ORR activities in RDE, a catalyst-
coated substrate was prepared as the catalyst. Absolute ethanol,
Nafion solution (5%), and DI water were mixed in the ratio of

2 mg:120 μL:40 μL by ultrasonication for 30min to form homogenous
inks. The working area of the glassy carbon electrode was 0.1962 cm2 with
7 μL ink, and the electrolyte was phosphate-buffered saline (PBS) with a
pH of 7.2. When the electrode was well immersed in the oxygen/nitrogen-
saturated PBS solution, it was scanned from 0.6 to �0.6 V at 10mV s�1 at
different rotation speeds.[34,46,48,81,82]

SECM Measurement: To study the microscale electrochemical activity
differences between the TNHs and CAC, SECM experiments were
conducted on a SECM150 (BioLogic) system. A four-electrode setup was
adopted, including two platinum wires as the reference and counter
electrodes, a catalyst-coated platinum plate as the working electrode,
and a 10 μm diameter platinum probe with a fused silica insulating sheath
(U-23/10, BioLogic) as the probe working electrode. To prepare the
catalyst-coated substrate, the catalyst, absolute ethanol, and Nafion solu-
tion (5%) were mixed in the ratio of 2 mg:90 μL:10 μL by ultrasonication for
30min to form homogenous inks. Ten microliter of TNH-600, TNH-800,
TNH-1000, and CAC catalyst inks were drop-cast on each of the four quad-
rant areas of a platinum plate, as shown in Figure S7, Supporting
Information. The electrolyte used for the SECM measurement was a mix-
ture of 0.1 M KCl and 0.1 M K3[Fe(CN)6] aqueous solution. The distance
between the probe tip and sample surface was controlled to approximately
40 μm by the approaching curve test. A 600 � 600 μm2 area was scanned
for each catalyst area. The potentials of the probe and substrate were set at
�0.4 and�0.02 V (vs Pt), respectively. The scanning step sizes of both the
X and Y directions were set to 10 μm.

SC Assembly and Analysis: The electrodes were fabricated by mixing
80 wt% active carbon materials (TNH-600, TNH-800, TNH-1000, or
CAC), 10 wt% carbon black (super P), and 10 wt% binder (PVDF).
Then, several drops of NMP were added to form a homogeneous mixture.
The uniform slurry was coated onto graphite paper, which acted as a cur-
rent collector, and dried overnight at 80 �C to remove the NMP solution.
Two identical disk-shaped electrodes (130mm diameter) were prepared
from the dried coated graphite paper and weighed. Finally, the carbon–
carbon symmetric SC was assembled as a coin cell. CV and GCD were
performed to characterize the electrochemical performance of the SCs
using a Biologic VMP3 potentiostat and a Neware battery testing system.

DC/DC Boost Construction: Owing to the nonlinear output voltage
characteristic of MFCs, an electric actuator (DC/DC boost converter) is
required for further applications. DC/DC boost converters are devices that
step up an unregulated low DC input voltage and generate a relatively
higher and regulated DC output voltage. In this study, a cost-effective
DC/DC boost converter circuit system was constructed, and a schematic
of the circuit is shown in Figure 14. This circuit system was powered by the
MFCs to drive a blue LED. A discrete DC/DC boost converter integrated
circuit (RP402x series, RICOH) was adopted. The input voltage of the cir-
cuit system was designed to be 0.8–2.0 V and the output voltage was fixed
at 3 V. Two MFCs (MFC1 and MFC2) were placed in series to increase the
input voltage of the converter, and further increase the conversion effi-
ciency.[83] To compensate for the nonlinear voltage characteristics of
the MFCs, two SCs (C2 and C5) were placed in parallel with the cells.
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Supporting Information is available from the Wiley Online Library or from
the author.
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