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Abstract: The naturally lackadaisical kinetics of oxygen reduction reaction (ORR) in the cathode is one of the important factors
that restrict the development of air-cathode microbial fuel cells (MFCs). In this work, the iron-nitrogen-carbon hierarchically
nanostructured materials had been successfully fabricated by pyrolyzing glucose, iron chloride, and dicyandiamide with the aim
of solving the issue. The obtained catalyst with an ultrathin nanostructure demonstrated an idiosyncratic electrocatalytic
activity caused by the high content introduction of nitrogen and iron atoms, large surface area, which will offer sufficient active
sites for improving the charge/mass transfer and reducing the diffusion resistance. Furthermore, with the increase of N dopant
in the catalyst, better ORR catalytic activity could be achieved. Illustrating the N doping was beneficial to the ORR process.
The high content of N, BET surface area caused by the N increasing could be responsible for the superior performance
according to results of X-Ray photoelectron spectroscopy (XPS), Raman and Brunner-Emmet-Teller (BET) analysis. The
ORR on the Fe-N3/C material follows 4e™ pathway, and MFCs equipped with Fe—N,/C catalyst achieved a maximum power
density (MPD) of 912 mW/m?, which was 1.1 times of the MPD generated by the commercial PtC (830 mW/m?). This
research not only provided a feasible way for the fabrication of Pt-free catalyst towards oxygen reduction but also proposed
potential cathode catalysts for the development of MFCs.
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1 Introduction

Recently, clean energy production, conversion, and storage
have been the research focus owing to the scarcity of fossil fuels
and their associated environmental problem!*®l. As a promising

technology, microbial fuel cells (MFCs) exhibited excellent
performance in both electricity production and wastewater
treatment™®.  In MFCs systems, exoelectrogenic microbes

degrade the substrate in the anode and release electrons. The
protons combined with electrons and electron acceptors (O,) at the
cathode, and thus generate water eventually. Up to now, the low
power and high electrode cost are the main problems that to be
solved for the development of MFC. Thus, the commonly used
Pt/C catalyst accounting for almost half the cost of an MFCs was
hindered by its high cost, rare reservation™*?, poison caused by
the biofilm and pollution due to anions in the medial*®.  Therefore,
the development of an alternative Pt catalyst is significant for the
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large-scale application of MFCs.

The application of Pt-free catalysts offers a practicable
alternative pathway for reducing the electrode costs and
simultaneously enhancing the ORR performance. Among the
variety of Pt-free catalysts, nonprecious metal catalysts**®! and
metal-free catalysts!’® have been the focus of research owing to
their low price, high electrocatalytic performance towards ORR,
and long-term stability™™”, especially the carbon material with the
high quality produced from renewable sourcel*®!.

Carbon-based catalysts are promising Pt substitutes for ORR in
MFC cathodes, and the desirable four-electron pathway can be
achieved along with high current densities and positive onset
potentials*®.  Additionally, their good anti-biofilm growth ability
enhances their feasibility in MFCs by facilitating the use of MFCs
in the presence of contaminants and biofilms2%2.

The ORR property of carbon-based materials will be tuned via
the introduction of heteroatom and nonprecious metals, such as
nitrogen (N) and iron (Fe)?*? and cobalt (C0)®?®.  Notably, even
trace amounts of iron in carbon based materials can lead to high
electrocatalytic performance and long-term durability®? on
account of the combined effect between the doped Fe and N, which
has been proved to be vital in the ORR process®”. In addition,
the nitrogen atoms, especially the pyridinic N, pyrrolic N and
graphitic N, affect the ORR activity by changing the
electronegativity of the carbonaceous framework and promoting
the formation of defects. Besides, the surface area and pore
structure of the carbon material also play important roles in
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promoting its ORR performance. Many studies confirm the
promotion of carbon defects for ORR activity®Y.  Therefore,
fabrication of N and Fe doped carbon-based materials with high
specific surface area is of great importance for the development of
MFCs.

Numerous literatures have demonstrated that the maximum
power density (MPD) generated by using Fe-N/C materials in
MFCs cathodes was significantly higher than the MFCs equipped
with commercial Pt/C under identical conditions. The MFC
equipped with Fe, N decorated carbon material prepared by
pyrolyzing the mixture of aniline, Fe(NO3); 9H,O, ammonium
persulfate and anhydrous lithium chloride showed the MPD of
900 mW/m?, which is almost twice what the MFC equipped with
Pt/C (550 mW/m?)EZ. Ma et al.B¥! constructed a Fe-N-C catalyst
from living Fe mineral@bacteria encrustation with prominent ORR
catalytic property. This performance was similar to the Pt/C
catalyst in a neutral electrolyte. Moreover, Fe-ricobendazole
cathode catalysts were fabricated by using ricobendazole as a
carbon and nitrogen source; these catalysts showed better
performance than commercial Pt/C when used in MFC cathodes™®!.
Considering the great potential application of Fe-N co-doped
materials in MFCs, it is significant to prepare a Fe-N-C material
with plentiful active sites.

Thus, a Fe, N codoped carbon nanosheets with excellent
performance towards ORR was fabricated through one-pot
pyrolysis.  The surface morphology, structure, and chemical
composition of the obtained products were systematically studied.
Additionally, the effect of N content together with the surface area
on the Fe-N/C catalyst with respect to the ORR was also discussed.
Further, the performance was demonstrated by these catalysts as
cathode materials in MFCs. And the results illustrate that the
synthesized catalyst is a promising MFC cathode catalyst.

2 Materials and methods

2.1 Synthesis of catalysts

The Fe-N,/C catalysts were directly synthesized via annealing
a mixture of glucose, dicyandiamide (DICY), and FeCl;-6H,0 at
900<C (Figure 1). Glucose (1 g) and DICY (10 g) were added
into 10 mL deionized water (DI water) and subsequently added
with 8.0 mL 0.0125 mol/L FeCl;6H,0 solution. Then it was
continuously agitated for 8 h at (2542)<C. Next, the precursors
were placed into a drying oven (60 <C) overnight and then annealed
at 900<C for 2 h. The whole pyrolysis process was protected by
continuously N,. The final samples were immersed in 1.0 mol/L
hydrochloride acid, agitated for 24 h, and then washed by DI water
until the pH value of the solution becomes neutral. The obtained
products were marked as Fe-N,/C.

Glucose DICY
© Pyridinic N
_& * vp ) Oxidized N
) ( O Pyrrolic N
) Graphitic N
: ° Fe

Figure 1 Schematic illustration of the preparation process of
Fe-N,/C
Similarly, the Fe-N,/C and Fe-N3/C catalysts were synthesized
under the same condition except for the difference in the mass of

DICY, where, the addition of DICY was 20 g for the Fe-N,/C
catalyst, and 30 g for the Fe-N3/C catalyst, respectively.
2.2 Aircathode MFC construction and operation

A single chamber air cathode-MFC reactor was constructed,
which has a volume of 28 cm?® with a diameter of 3 cm and a length
of 4 cm. The anode of air cathode-MFCs was a carbon fiber brush
(CFB), which was annealed at 350<C for 35 min before use. A
carbon cloth with a gas diffusion layer and catalyst layer served as
the cathode, its projected area is 7 cm?.  Carbon black, DI water,
and PTFE were mixed and then painted onto the carbon cloth as a
gas diffusion layer, as was described in Reference [34]. The
prepared Fe-N/C materials were added into a mixture of ethanol,
Nafion, and DI water with a volume ratio of 6:1:3, subsequently
ultrasonicated for 0.5 h. And then, the ink was painted onto the
opposite side of the gas diffusion layer serving as the catalyst layer.
The air cathode-MFC equipped with commercial Pt/C (20 wt. %)
cathode served as a control sample. The anode microorganism
was inoculated from a stable running MFC in the laboratory, then it
was fed with phosphate-buffer saline (PBS, 50 mmol/L), sodium
acetate (1 g/L), vitamin (5 mL/L), and microelement (12.5 mL/L),
as illustrated in Reference [35]. The air cathode MFCs run
continuously — at  (2940.5)C in an electro-heating
standing-temperature cultivator, which is beneficial for the growth
of microorganisms. In addition, the external resistance was 1000 Q
during the period of MFC running. The power density and
polarization curves were measured using a steady discharging
method by changing the external resistance (99999-80 Q).
2.3 Material characterization and analysis

The X-ray powder diffraction (XRD) patterns were obtained
on an X'Pert Pro MPD X-ray diffractometer (Cu Ka X-ray source).
The Raman spectra were achieved on a Lab RAM HR800 Raman
spectrometer with an excitation wavelength of 785 nm. The
X-ray photoelectron spectroscopy (XPS) was obtained on an
ESCALAB 250Xi spectrometer. XPS-peak was used to fit the
XPS data of each element. N, sorption isotherms were measured
on an 1Q-2 analyzer at 77 K.  Scanning electron microscopy (SEM,
Hitachi s-4800) and transmission electron microscopy (TEM,
Hitachi JEM-2100) were used to investigate the morphologies of
obtained materials.
2.4 Electrochemical measurement

Electrochemical experiments were conducted on the CHIG60E
electrochemical workstation. The working electrode is a glassy
carbon electrode (5 mm diameter, 0.19625 cm?® geometric area)
modified with catalyst, saturated calomel electrode (SCE) was used
as the reference electrode, and Pt wire served as the counter
electrodes. The catalyst mixture was obtained by adding 9.8 mg
of as-prepared catalyst into the mixture of Nafion, ethanol and
DI-water with a volume of 1 mL at a volume ratio of 3:5:2, then
ultrasonicated for 20 min. Rotating disk electrode (RDE) tests
were conducted from the potential of —0.6 V to 0.6 V in a
nitrogen/oxygen-saturated 50 mmol/L PBS solution at various
rotation speeds (400 r/min, 900 r/min, 1600 r/min and 2500 r/min)
with a scan rate of 50 mV/s. All the electrochemical experiments
were repeated three times, the average values of three tests were
used. The electron transfered number (n) was obtained by
Koutecky-Levich (K-L) Equation (1).

1 1 1

37 3¢ 02nFC,DFN Tt @)
where, J and Jx are the measured and Kinetic current density,
mA/cm?, respectively; o represents the rotating speed, r/min; F is
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the Faraday constant; C, is the bulk concentration of oxygen
(Co=1.1x10° mol/L), D, is the O, diffusion coefficient
(De=1.4x10"° mol ¢m?s); v is the kinematic viscosity of the
electrolyte (v=0.01 cm?%s).

3 Results and discussion

3.1 Characterization of catalyst structure and morphology
The morphology and microstructural features of the Fe-N,/C,
Fe-N,/C and Fe-N,/C catalysts which were prepared by pyrolyzing
the mixture of dicyandiamide, FeCl; 6H,0 and glucose at 900<C
under an N, atmosphere were analyzed by SEM, TEM, and element
mapping. Low-resolution SEM images (Figures 2a-2c) show
corrugated carbon sheets. Fe-Ns/C (which had the highest DICY
content among the three catalysts) possesses a more ultra-thin and
hieratical structure than the stacked morphology and thick carbon

d. Fe-N,/C

500 nm

500 nm 500 nm

g. Fe-N,/C

h. Fe-N»/C

nanosheets of Fe-N,/C and Fe-N,/C as shown in Figure 3. The
TEM was conducted to investigate the microstructure of the
products. Figures 2d-2f show the typical microstructure features
of graphene nanosheets with abundant wrinkles present on their
surface.  As reported by Boukhvalov et al.®! O, adsorption on the
catalyst surface can be enhanced by the abundant microstructures
and high surface area, which is beneficial for the ORR process.
Elemental mapping was performed to analyze the elemental
distributions in the obtained catalysts; N and Fe were uniformly
dispersed throughout the graphene nanosheets in all selected
regions (Figures 2g-2i). Thus, the synthetic route produced the
Fe-N,/C catalysts with N and Fe atoms homogeneously embedded
into the carbon matrix. The N content was easily tunable by
adding an appropriate amount of nitrogen precursor in the reaction
system.

500 nm

500 nm 500 nm

i. Fe-N3/C

Figure 2 SEM images of (a) Fe-N,/C, (b) Fe-N,/C and (c) Fe-N3/C, TEM images of (d) Fe-N,/C, (e) Fe-N,/C and (f) Fe-N3/C.

Fim

a. Fe-N,/C

b. Fe-N»/C

Corresponding elemental mapping of atomically dispersed of (g) Fe-N,/C, (h) Fe-N,/C and (i) Fe-N,/C

500 nm
E———

c. Fe-Ns/C

Figure 3 SEM images of Fe-N,/C, Fe-N,/C and Fe-N,/C
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The structures of the prepared catalysts were examined by
XRD. From the XRD patterns of as-prepared catalysts (Figure
4a), it can be seen that the peaks appeared at the neighborhood of
26.5°and 43.7°for the three catalysts corresponded to the (002)
and (101) lattice planes of graphite, respectively®”. The (002)
diffraction peak was caused by the graphitic structure, indicating an
interlayer spacing of 0.34 nm. On the other hand, the (101)
diffraction peak was induced by the fibrous/spherical structures
formed by sp® hybridized carbons in the sample, owing to the low
degree of graphitization®™. The intensity of (101) diffraction
peak decreased with the increasing N content, implying that N
doping and rearrangement of the graphitic structure occurred in the
synthetic procedure, generated a large number of defects, and
promoted the ORR activity; similar results have been reported by
Xia et al.*! No Fe or Fe,O, diffraction peaks were observed for
any of the synthesized catalysts, indicating that the Fe atoms

Fe-N,/C
Fe-N,/C
Fe-Ny/C

C (002)

C(101)

Intensity/a.u.

10 20 30 40 50 60 70 80
2 Theta/(*)
a. XRD pattern

existed in the carbon matrix in a disordered form or the amount of
Fe was too low to be examined by XRD™“Y. Figure 4b displays
the Raman spectra of the Fe-N,/C, Fe-N,/C, and Fe-N,/C catalysts.
G-band originating from the in-plane stretching vibrations of all sp
hybrid atoms, such as C=C and C-N, in the graphitic structure are
located at ~1340 cm™. D-band relating to the defects and
disordered structures that are caused by vacancies and heteroatom
doping are located at 1583 cm*™.  The value of Ip/lg is served as
an indicator to investigate the defects and graphitic degree of the
catalysts. Notably, the Ip/lg ratio for Fe-Ns/C (1.07) was larger
than those for Fe-N,/C (1.06) and Fe-N,/C (1.05); this could be
attributed to the introduction of a large number of N into the
carbonaceous framework, which could generate numerous active
sites in the obtained catalysts™®*®. It is conducive for oxygen
chemisorption, and they subsequently promote the rate of the ORR
process.

D-band G-band

3

:\; Fe-NJ/C I,/1=1.07
z
2

= Ip/15=1.05

Fe-N,/C Ip/1=1.06

1 1 1 1 J
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Raman shift/cm™

b. Raman spectra

Figure 4 (a) XRD pattern, (b) Raman spectra of Fe-N;/C, Fe-N,/C and Fe-N,/C

The XPS analysis was carried out to determine the surface
component and composition of obtained Fe-N/C materials. The
XPS spectrum confirms the existence of C, N, O, and traces of Fe
in Fe-N/C (Figure 5a). The N1s XPS peaks for the as-prepared
products were further decomposed into the peaks of four
N-containing functional groups: pyridinic N (398.1 eV), pyrrolic N
(400.5 eV), graphitic N (401.9 eV), and oxidized N (405.0 eV)"2,
as displayed in Figures 5b-5d. The XPS survey data for Fe-N,/C,
Fe-N,/C, and Fe-N,/C and the percentages of various nitrogen
species are shown in Table 1. Compared with the other two
samples, Fe-N3/C possesses the higher pyridinic N (4.89 at. %) and
pyrrolic N (5.46 at. %) content compared with the other two
catalysts, and the pyridinic N has been proved by Guo et al.”*®! that
it generates active sites via utilizing newly fabricated graphite
model materials. Relevant research also proved that O,
adsorption energy could be reduced by the introduction of pyridinic
N and pyrrolic N4 in addition, the large amount of pyridinic N
facilitates the ORR process via a 4e~ pathway!*®!.

Table 1 XPS parameters from N1s peak fitting of Fe-N,/C,
Fe-N,/C and Fe-N,/C (at. %)

N content  Pyridinic-N  Pyrrolic-N  Graphitic-N  Oxidized N
Fe-N,/C 8.30 4.36 2.92 0.62 0.40
Fe-N,/C  10.85 4.69 5.03 0.90 021
Fe-N3/C  10.96 4.89 5.46 0.45 0.15

The high-resolution Fe2p XPS spectra (Figures 5f and 5g) of
Fe-N,/C and Fe-N,/C were decomposed into two asymmetric
well-resolved doublets, which are corresponding to Fe2p,;, and
Fe2py,. The Fe2ps, and Fe2p,, peaks could be further divided
into two peaks. The peaks located at 713.0 eV and 723.8 eV
corresponded to Fe(l1)2ps;, and Fe(11)2py/,, while the peaks located

at 710.8 eV and 726.1 eV corresponded to Fe(lll)2ps, and
Fe(111)2p,,"*.  This demonstrates that the Fe species has been
successfully introduced.

N, adsorption-desorption tests were executed for Fe-N,/C to
measure their Brunner-Emmet-Teller (BET) surface areas and pore
size distribution (PSD). As shown in Figure 6, all samples
exhibited type 111 isotherms.  The pore size distribution (Figure 6b)
also further proved that the Fe-N,/C materials mainly consist of
mesoporous and microporous structures. The BET surface area of
Fe-N,/C was 1146 mzlg, which is larger than the other two; the
surface areas of Fe-N,/C and Fe-N,/C were 221 m?/g and 453 m?/g,
respectively.  This demonstrates that nitrogen content in the
catalyst could increase the BET surface area. Generally, a large
BET surface is beneficial for the formation of active centers on the
catalyst surface, and abundant pore channels can improve the
efficiency of oxygen transportation.

3.2 Electrochemically catalytic activity

Linear sweep voltammetry (LSV) was used to evaluate the
ORR performance of the obtained catalysts in 50 mmol/L PBS
saturated with O, at 50 mV/s (Figure 7a). The onset potentials for
the prepared catalysts and the commercial Pt/C for ORR are in the
order of Fe-Ns/C, Pt/C, Fe-N,/C, Fe-N,/C, indicating the
distinguished ORR catalytic ability of the Fe-Ns/C material.
Evidently, the Fe-N2/C demonstrated a significant positive shift in
the half-wave potential (—63 mV) relative to that of the Pt/C
catalyst (=77 mV). Moreover, positive shifts of 35 mV and
50 mV can be found for the Fe-N,/C catalyst, compared with those
for the Fe-N,/C (-98 mV) and Fe-Ny/C (=113 mV) catalysts.
This suggested that by increasing the DICY amount in the reaction
system, the electrocatalytic performance of Fe-N,/C catalysts could
be enhanced. This enhancement could be ascribed to 1) increase
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in the introduction of N functional groups, particularly pyridinic
N and pyrrolic N, which have been proved to be vital in the ORR
process; 2) large BET surface area which offers plentiful active
centers during the ORR process. Furthermore, the ORR Kkinetics

in neutral media were evaluated by the Koutecky-Levich equation.

As depicted in Figure 7c, the LSV curves for Fe-N3/C were
obtained from RDE under various electrode rotating speeds
(400-2500 r/min) in the O,-saturated neutral electrolyte. The
electron transfer number for Fe-N3/C is 4.05 at —0.45 V (vs SCE).
This result suggests that the ORR followed an ideal four-electron

NIs Ols
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path on the Fe-N,/C catalyst. The specific kinetic current
density (i) is a typical indicator of the intrinsic catalytic activity
for a catalyst. The plots of E vs. log iy are exhibited in Figure 7b
the i, value for Fe-Ns/C catalyst was greater than that for the
commercial Pt/C under the same potential, thereby demonstrating
predominant catalytic activity of the Fe-N,/C catalyst. A large
BET surface area and meso/macropore hierarchical pore size
distribution together with the high N content of the Fe-N;/C
catalyst could be responsible for its excellent electrocatalytic
performance.
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Figure 7 (a) LSV curves of Fe-N,/C, Fe-N,/C and Fe-N,/C and the commercial Pt/C with the scan rate of 50 mV/s in O, saturated 50 mM
PBS electrolytes (1600 r/min); (b) Tafel plots of Fe-N,/C and the commercial Pt/C; (c) LSV curves of Fe-Ns/C with various rotation rates at
a scan rate of 50 mV/s; (d) Kouteckye-Levich plot of Fe-N3/C in —0.45 V (vs. SCE)

To demonstrate the property of the prepared catalysts in MFCs,
Fe-N,/C catalyst whose loading is 0.5 mg/cm?, was employed in an
MFC cathode, while the commercial Pt/C catalyst served as a
contrast with respect to voltage output and power output.
According to Figure 8, the MPD of the air-cathode MFCs with
Fe-Ny/C catalyst as the cathodic ORR catalyst is 912 mW/m?,
while the MPD is generated by the MFCs assembled with Pt/C
catalyst is 834 mW/m?2  In contrast to the Pt/C catalyst, the MFCs
with Fe-N3/C catalyst exhibited a higher MPD, indicating that
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Fe-N-C shows priority property in the practical operation of MFCs.
The high content of N; hierarchical pore size distribution; and
larger BET surface area could mainly account for the excellent
ORR performance of the MFC assembled with the Fe-N/C catalyst,
compared with that using the Pt/C catalyst. A mass of active
centers could be offered through the Fe-N3/C catalyst for accepting
the electrons transferred from the anode. Moreover, the unique
structure of the Fe-Ns/C material can accelerate the oxygen
diffusion, adsorption, and dissociation process.
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Figure 8 (a) Power density (PD) and (b) polarization curves of MFCs assembled with Fe-N3/C and Pt/C cathodes fed with 1 g/L sodium
acetate in neutral phosphate buffer(PBS)

4 Conclusions

In summary, the Fe-N,/C materials with different contents of
added DICY (added into the reaction system) were successfully

synthesized, and the influence of N content on the ORR
performance was further investigated about onset potential and
half-wave potential. The higher power density and voltage output
of Fe-N,/C catalyst are due to the abundance of active sites, large
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BET surface area, and hierarchical pore size distribution. The
porous structure is conducive to accelerating the oxygen mass
transfer, and the introduction of N in the carbonaceous framework
offers numerous active sites for the decomposition of O, by
weakening the O-O bond. Additionally, the ORR catalytic
performance was enhanced with the increasing amount of N
precursor. The Fe-Ns/C catalyst exhibited an MPD of
912 mW/m? which was 1.1 times that of Pt/C catalyst
(830 mWm?). The higher activity indicated that the Fe-N,/C
catalyst is a potential alternative for Pt/C in MFCs for ORR.
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