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This work proposes a simple and efficient approach for the formation of short carbon nanotubes (CNTs) on
graphene sheets. This paper investigates the effect of heat treatment time on the morphology of CNTs. The
mechanism of the growth and disappearance of CNTs are also investigated. Graphene is added into ferric
trichloride (FeCls)-melamine solution to obtain a suspension. The suspension is dried with stirring, followed
by a carbonization process under N, atmosphere, resulting in the formation of CNTs on graphene sheets.
The thus-prepared carbon material can be used as a kind of durable and efficient non-precious metal
oxygen reduction reaction (ORR) electrocatalyst. The ORR activity of the catalyst with favorable
performance is characterized and compared with a commercial Pt/C catalyst. The results show that the
ORR electron transfer number of Fe—-N/G with CNTs is 3.91 + 0.02. The Fe—N/G-MFC achieves
a maximum power density of 1210 + 23 mW m~2, which is much higher than Pt/C-MFC (1080 + 20 mW
m~2). It demonstrates that Fe—N/G materials with CNTs can be a type of promising highly efficient
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Introduction

A microbial fuel cell (MFC) is a promising technology to convert
organic compounds directly to electricity using bacteria. This
technology can be used in water treatment, environmental
pollution control, biosensing techniques and so forth.* Air-
cathode MFCs with a simple single-chamber are typically
considered as a promising configuration for wastewater treat-
ment applications,”™* since the oxygen as electron acceptor is
constantly replenishment, cost effective and high redox poten-
tial of oxygen reduction.® However, without catalysts the rate of
the oxygen reaction reduction (ORR) is very low resulting in the
poor performance of air-cathode MFCs.® In recent years, Fe-N/C
catalysts have received increasing attention due to their high
activity toward ORR and superior stability and low cost
compared to commercial Pt-based catalysts.”” The electro-
catalytic activity and stability of these Fe-N/C materials are
mainly boosted by the electronic and chemical interactions
between the metal-based nanoparticles and N-doped
carbons.' When nitrogen atoms are doped into carbon
lattices, the electronic and geometric structures of carbon are
significantly modified. This doping process leads to non-
uniform distribution of the spin and atom charge density,
which can catalyse the ORR to water through a four-electron

State Key Laboratory of Chemical Resource Engineering, Beijing Key Laboratory of
Electrochemical Process and Technology for Materials, Beijing University of
Chemical Technology, Beijing 100029, China. E-mail: mazk@mail. buct.edu.cn

This journal is © The Royal Society of Chemistry 2018

process without significant production of peroxide.”*®
Furthermore, it is believed that Fe-N coordination structures
act as the most active catalytic sites.”” Even so, the type of
carbon material also plays an important role.

Carbon materials have been getting increased attention in
recent years, owing to its high conductivity, high surface energy,
and easy to lose electron to show the reducibility. Graphene is
a two-dimensional single atom thick sheet of sp* hybridized
carbon atoms arranged in a honeycomb lattice that exhibits
superior electrical, mechanical, thermal, and chemical proper-
ties.’®?* It has a large surface area to disperse different nano-
particles and clusters. The produced nanocomposites possess
not only both functions of pure graphene and the nanoparticle/
cluster, but also some extraordinary synergetic effects.”*
Although some carbon materials such as carbon black* and
CNTs>* show its excellent properties in MFCs, using graphene,
by contrast, provides significant advantages as a catalyst
support material.’*** The previous studies indicated that
functionalized graphene with iron and nitrogen (Fe-N/G) could
enhance ORR performance of MFCs, which provided another
potential candidate for ORR.>*** However, the power density is
not so high according to the previous studies, so there is still
much room to improve the electrochemical performance of Fe—
N/G catalysts.

Many studies have been reported to improve the perfor-
mance of cathodic catalysts by mixing CNTs with other
substances.?””?® But their electrochemical properties are rela-
tively poor. Besides, Pt was still used in the latter study.”® There
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are also some studies on the growth of carbon nanotubes on
graphene sheets using different methods.”** However, the
preparations of their Fe-N/G materials are relatively complex,
and it has not been applied to MFCs. In addition, Fe-N/C
materials usually form non-uniformly pod-like or bamboo-like
CNTs.?>33

Thus, in the present study, we try to use ferric trichloride
(FeClz)-melamine in combination with graphene (Fe-N/G)
through a simple and efficient carbonization process to form
short rod-like CNTs on graphene sheets. We studied the effect
of the holding time (HT) at 800 °C on the formation and
morphology of CNTs. The mechanism of the growth and
disappearance of CNTs were investigated by structural charac-
terization. The performances of the representative catalysts
were analysed through electrochemical performance tests. Then
electrocatalytic ORR of catalyst with best performance would be
characterization. This study provides a new catalyst to improve
the electrogenesis capacity in MFCs.

Experimental
Catalyst synthesis

This study adopted monolayer reduced graphene oxide (rGO) as
the support of Fe-N compounds. The detailed experimental
procedure for the preparation of the catalyst is described as
follows. First, a water solution containing 20 mM FeCl;-6H,0
and 20 mM melamine were prepared to form a Fe-N solution.
Then, rGO powders were added into Fe-N solution to obtain
suspensions with weight ratio of (Fe-N) to rGO of 4 : 1. These
suspensions were dried with stirring at 80 °C. Second, these
dried powders were carbonized under nitrogen gas at 800 °C
with a heating rate of 5 °C min~ ', and the HT were 60 min,
90 min, 150 min, 180 min, 240 min and 360 min respectively.
After cooled to room temperature, Fe-N/G catalysts were ob-
tained. And they were named as Fe-N/G-60, Fe-N/G-90, Fe-N/G-
150, Fe-N/G-180, Fe-N/G-240 and Fe-N/G-360 respectively.
Despite of HT, the preparation time of Fe-N/G catalysts was
merely 3 h, improving the efficiency of the preparation process
compared with methods described in other work.>*3¢

Cathode electrode preparation

Carbon cloths (HCP330, Heseng Co., Ltd., China) loaded 3.2 mg
cm? catalysts were used as the cathode. The diffusion layer of
carbon cloth was prepared by applying four layers of polytetra-
fluoroethylene (PTFE). The catalyst layer is a paste-like mixture
of 23 mg Fe-N/G catalyst fines, 0.2 mL DI water, 1 mL iso-
propanol, and 0.4 mL Nafion. The catalyst was coated on the
side opposite the diffusion layer followed by drying at room
temperature overnight. The detailed preparation can be found
in ref. 37.

MFC construction and operation

Single chamber, cubic-shaped MFCs (Phychemi Co., Ltd., HK) were
constructed with a 28 mL working volume. Both cathodes had
a projected area of 7 em®. Acid-treated pitch-based carbon fiber
brush (2.5 cm in diameter and around 3 c¢m in length) with
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a titanium wire was used as anode,*** and it was placed hori-
zontally in the cylindrical chamber with the edge of about 1 cm
from the cathode. 1000 Q external resistor was used in MFCs. The
substrate of a MFC was made up of the volume ratio of wastewater
to nutrient solution of 1:1. The composition of the nutrient
solution was described elsewhere.** All these tests were conducted
at 30 °C.

Analysis and calculation

The output voltage of each MFC was measured across an
external resistor (1000 Q) using a data acquisition system
(CT2001A, LANHE Co., Ltd., China) for current-voltage analysis.
4 h were needed to allow MFCs equilibrate at open circuit to get
a stabilized open circuit voltage (OCV). Then the polarization
data and the total (internal) resistance were measured by liner
sweep voltammetry (scan rate 200 pV s~ ') with the potentiostat
from the open circuit potential to 0 V.** Current density was
calculated by I (mA m~?) = U/(RA), and power density was
according to P (mW m?) = UI/A, where U (mV) is the cell
voltage, R (Q) is the external resistance, and 4 (m ?) is the
projected area of the cathode.

The morphology and structural features of Fe-N/G samples
were characterized with a scanning electron microscope (SEM).
The crystal structure of the catalysts were also characterized by
using powder X-ray diffractometer (XRD). The surface func-
tional groups were determined by X-ray photoelectron spec-
troscopy (XPS). To understand the composition of decomposed
outlet gases, this work discusses the analysis of the
thermogravimetry-mass spectrometry (TG-MS), which can help
us to understand the changes of the morphology of CNTs.

The catalytic activity was determined from rotating disk
electrode (RDE) measurements by recording the current-voltage
curves at different electrode rotating rates. The overall electron
transfer number of the ORR was calculated from the slopes of
the Koutecky-Levich (K-L) plots which was described
elsewhere.**

Results and discussion
SEM images of Fe-N/G catalysts

As shown in Fig. 1, there were some short rod-like CNTs were
formed in the catalyst when the HT was 60, 90, 150 and 180 min.
Their diameters were estimated to be in the range of 0.1-1 pm. The
catalyst particles were wrapped in the CNTs. With the increase of
HT from 60 min to 180 min, there was no obvious change in the
morphology of CNTs. But when the HT increased to 240 min, CNTs
disappeared. Some stacked and irregular particles were found in
the catalyst. The exposed molten catalyst particles are easy to
agglomerate due to the high mobility and high reactivity of metal
atoms. In order to explore the causes of morphological differences
of the Fe-N/G catalysts, and the mechanism of formation and
disappearance of CNTs, XRD analysis was carried out.

XRD analysis

When the HT was 60-180 min, there were several significant
diffraction peaks observed at 26 = 26.1°, 37.6°, 42.7°, 43.7°,

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of Fe—N/G catalysts with different HT.

45.0° and 49.1° which represent the crystalline lattice facets of C
(002), FesC (121), Fe,N (121), FezN (111), Fe;C (031), and Fe;C
(221) plane, respectively. It indicated that Fe was associated
with C as well as N, and the crystallized Fe-C and Fe-N,
composites were formed during the carbonization. The broad C
(002) peak indicated the amorphous structure of carbon in the
N-doped graphene lattice.”* From Fig. 2, we can clearly see that
when the HT was 90 min, Fe-C and Fe-N, in graphene were
better crystallized. When the HT was 240 min, the peak of Fe;C
and FeN, disappeared. There were some crystalline peaks of
iron oxides instead. When the HT was 360 min, there was only
the peaks of Fe exists.

The change of the combined state of Fe illustrated how the
CNTs grew and disappeared. The formation of CNTs was mainly
due to that FeCl; was decomposed, reduced and transformed
into molten state of Fe at first during the carbonization. Fe play
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Fig. 2 XRD patterns of Fe—N/G catalysts with different HT.
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a key role in the formation of carbon nanosheets. Then the
carbon was absorbed into the molten metal to form a solid
solution with iron.**** Fe;C particles were trapped by the carbon
shells at 800 °C.

With the catalyst particle continuing to etch the carbon layer
and adsorb as well as dissolve carbon clusters, it made the
carbon concentration of catalyst particles increase. When the
carbon concentration reached the saturation, the graphite layer
would be deposited on the surface of the catalyst, and the
catalyst was elongated and grew under the expansion force
caused by etching carbon substrate continuously. When CNTs
grew to a certain degree, they would stop growing. It could be
caused by following reasons: (1) the longer diffusion path for
the formation of bigger catalyst particles,*** (2) the internal
carbon concentration gradient of catalysts disappear,**° (3) the
catalyst surface was further wrapped by the precipitated
graphite layer,”” (4) the accessible carbon source was exhaus-
ted.*® Finally, such short CNTs were formed (Fig. 1), offering
more graphene edge, increasing in ORR active sites, and
making Fe-N/G possess excellent electrocatalytic activity.

CNTs can be considered as a crimping of graphene sheets, so
the carbon atoms are connected by a 7w bond or ¢ bond. This
bonding mode can reduce the energy of the system (Fig. 3), and
it can be decompose or form an antibonding state by applying
external energy. Then, it is possible for the external atoms to
combine with these carbon atoms to join the system. When the
carbonization was carried out to a certain stage, CO, was
formed by thermal decomposition of oxygen-containing func-
tional groups of graphene (Fig. 4). Then, CO, reacted with the
active carbon atoms on the surface of CNTs, and CO was
produced (Fig. 5). When the CO, contacts with the carbon
atoms of the CNTs, its electronic absorption capability provides
energy to the system. Thus, CNTs disappeared gradually. Then,
carbonyl iron (Fe(CO),) was formed by the reaction of CO and
Fe;C, and it broke down into Fe and FeO, at high tempera-
ture.*** And FeO, was further reduced to Fe by C and CO. Thus,
the pure Fe was formed eventually (HT = 360 min).

In order to explore the effect of so-formed Fe-N/G with CNTs
on the electrochemical performance, the output voltages, mul-
ticycle power densities and polarization curves of some signif-
icant catalysts were measured.

Performance of Fe-N/G-MFC

Fe-N/G-60, Fe-N/G-90 (as the representative of Fe-N/G with
CNTs) and Fe-N/G-240 were applied on the air-cathode of

Energy

Fig. 3 Energy sketch for C atom, different bond and anti-bond.
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MEFCs. All of the MFCs were operated for four weeks at least. The
output voltage profiles are shown in Fig. 6. For each cycle, when
the fresh substrate was added, electricity started to generate and
the output voltage of MFCs rose rapidly until it reached a certain
level and then operated in a stable status. When the amount of
nutrient substance reduced to a certain extent, the output
voltage started to decline. As the voltage dropped to 150 mV, the
substrate was almost exhausted and this cycle was completed.
Repeatable and stable voltage of 571 + 6 mV was obtained in
Fe-N/G-60-MFC with the 1000 Q external resistors, voltage of
610 £ 23 mV in Fe-N/G-90-MFC, voltage of 559 & 11 mV in Fe-
N/G-240-MFC, and voltage of 568 £+ 24 mV in Pt/C-MFC. From
this result, we can see that the oxides of iron also have certain
catalytic activity. During the operation, the stable output
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Fig. 6 Voltage output variation trend of Fe—N/G- and Pt/C-MFC.

voltages of MFCs slightly decreased, and achieved stable state in
the latter several cycles. Compared with Pt/C-MFC, the perfor-
mance of Fe-N/G-90-MFC was in a favorable condition, indi-
cating a higher ORR efficiency at the cathode of MFC.

Fig. 7 exhibited that the Fe-N/G-90-MFC produced
a maximum power density of 1210 + 23 mW m > after four
weeks, which was 23.3% higher than that of Fe-N/G-60-MFC
(981 + 49) mW m™?, 48.6% higher than that of Fe-N/G-240-
MFC (814 + 28) mW m™> and 12% higher than that of Pt/C-
MFC (1080 £ 20) mW m . Obviously, Fe-N/G-90-MFC had
a relatively high electrogenesis capacity.

The internal resistance of Fe-N/G-90-MFC and Pt/C-MFC
were much the same (150 Q), which were obtained by fitting
the polarization curves. But the internal resistance of Fe-N/G-
60-MFC (171 Q) and Fe-N/G-240-MFC (223 Q) were relatively
high. The results indicated that the electricity generation
performance of Fe-N/G-90 with short rod-like CNTs is compa-
rable to that of Pt/C material.

To investigate the reasons why Fe-N/G-90 has better elec-
trochemical performance among the Fe-N/G catalysts, it was
characterized by XPS analysis.

XPS analysis

The full XPS spectrum (Fig. 8a) of Fe-N/G-90 clearly showed the
presence of C, O, N, and Fe elements.
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Fig. 7 The comparison of multicycle power density and polarization
curves among Pt/C-MFC and Fe—N/G-MFCs.
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Fig. 8 XPS spectra of catalysts: (a) is XPS full-scan spectrum, and (b—d)
are N 1s, Fe 2p and C 1s regions of Fe—N/G-90, respectively.

The N 1s spectrum (Fig. 8b) of Fe-N/G-90 consist of
pyridinic-N (398.56 eV), pyrrolic-N (399.98 eV), C-N/pyridinic
N-O (403.20 eV), graphitic-N (401.50 eV) and oxidized-N
(405.60 eV).>**%°%51 Their content are displayed in Table 1.
Pyridinic-N is a nitrogen atom that bonds to two carbon atoms
on the edge of a carbon plane and a carbon vacancy. The
presence of pyridinic-N and graphitic-N species in XPS indi-
cated that nitrogen functional groups were bonded to the
carbon matrix during carbonization. The formation of Fe-N,
bonds in the catalysts is due to the coordination of pyridinic-N
with Fe.”* Many electrocatalytic reactions show an increasing
kinetics on carbon edge planes comparing with basal planes.
This increase in activity is attributed to pyridinic-N of edge
planes to be easy to chemisorb oxygen.** Besides, pyridinic-N
and graphite-N also increase the electron-donating ability of
nitrogen-containing carbon-based catalysts, and transition
metals like Fe can stabilize the incorporation of N within the
carbon matrix, thus promoting the electrocatalysis of ORR.>**>*

The spectra about C 1s of Fe-N/G was exhibited in Fig. 8c.
The peaks at 284.7 eV, 285.6 eV, 286.6 eV and 289.5 eV corre-
spond to the sp>hybridized graphitic carbon, C-O or C-N, C=
O, and O-C=0 configurations, respectively. The large peak at
284.7 eV reveals that sp>C is the dominant configuration in
these Fe-N/G catalysts. Quantificationally, as shown in Table 1,
the contents of C-O, O-C=0 and C=0 in Fe-N/G were 16.8%,
7.3%, 18.4% respectively. It revealed that O-containing func-
tional groups were generated, leading to more negative surface
charges, which are the active sites for Fe loadings including
adsorption, coordination and replacement (Table 1).>>°

The Fe 2p XPS spectra were shown in Fig. 8d. According to
the reports,””*® Fe 2p peaks at 711.3 eV are due to Fe(u) species
coordinating to nitrogen or oxygen. Fe(ur) can be combined with

Table 1 Element percentages of Fe-N/G-90

Element (%) C-O C=0O O-C=O Pyridinic-N  Graphitic-N

Fe-N/G-90 16.8 18.4 7.3 53.3 17.6

This journal is © The Royal Society of Chemistry 2018
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pyridinic-N to form Fe-N, structure, and this is a major factor in
the catalytic activity which we have discussed above.

Indeed, Wen-jie Jiang et al. have discussed the effect of Fe-N
coordination structures on the active catalytic sites of ORR.*
The conclusion are as follows: (1) N-doped carbon substrate, Fe/
Fe;C nanocrystals or Fe-N, themselves did not deliver the high
activity; (2) the catalysts with both Fe/Fe;C nanocrystals and Fe-
N, exhibited the high activity; (3) the higher content of Fe-N,
gave the higher activity; (4) the removal of Fe/Fe;C nanocrystals
severely degraded the activity; (5) the blocking of Fe-N, down-
graded the activity and the recovery of the blocked Fe-N,
recovered the activity. These facts supported that the high ORR
activity of the Fe@C-FeNC electrocatalysts should be ascribed
to that Fe/Fe;C nanocrystals boost the activity of Fe-N,.

Electrocatalytic ORR characterization

RDE test was performed to evaluate the electrocatalytic activity
of Fe-N/G-90 electrocatalyst in PBS solution with 50 mM O,-
saturated and pH-neutral. To prepare the working electrode,
2 mg of as-prepared Fe-N/G-90 electrocatalyst were dispersed in
2 mL deionized (DI) water under sonication for 30 min to
produce homogeneous catalyst ink. Then 429 pL of Nafion
binder solution was added and vortex for 10 min. 30 uL
suspension was dropped onto glass carbon electrode, giving the
loading of 0.1 mg cm 2. The same method was used for Pt/C
electrocatalyst.

Fig. 9 demonstrated the results of linear polarization
sweeping of the electrocatalysts at various rotating rates from
1600 to 400 rpm, and the K-L plots were profiled as insets in the
figures based on K-L equation. The electron transfer number (1)
of Fe-N/G-90 for ORR was 3.91 £ 0.02, indicating that Fe-N/G
catalyst dominantly proceeded through a four-electron reac-
tion pathway. Moreover, under the 1600 rpm rotating speed, the
onset potential for Fe-N/G-90 was determined to be a little more
positive than Pt/C at nearly 0.2 V. This results show that Fe-N/G
with rod-like CNTs displayed excellent ORR catalytic activity.
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Fig. 9 RDE polarization curves and calculated electron transfer
number of Fe—N/G-90 and Pt/C (inset: the K-L plots of catalysts at
various potentials derived from RDE data).
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Based on the structural and compositional characterizations
of Fe-N/G-90, we think that four important aspects should be
responsible for its excellent ORR activity: (1) high percentage of
pyridinic N (53.3%) doped into the CNTs can promote O,
adsorption due to the reduced the local work function of carbon
caused by the increase current density of the C atoms, and also
enhanced hydrophilicity strengthening the electrolyte-elec-
trode interaction. (2) Short rod-like CNTs can offer more gra-
phene edge, thus introducing more ORR active sites for larger
turnover frequency per active site. (3) The Fe;C particles wrap-
ped in the CNTs are electrochemically active for ORR due to
their proper ability to adsorb oxygen. (4) The encapsulated
metal nanoparticles can lead to a unique host-guest electronic
interaction and change the local work function of the CNT
walls, making the outer surface of the graphite layer more active
to ORR.>>%

Conclusions

In this study, a facile method of thermal treatment has been
used for the formation of rod-like CNTs in Fe-N/G catalyst. It
not only improves the electrogenesis capacity but also effec-
tively reduces the cost of the preparation of the high perfor-
mance cathodic catalyst. It is conducive to the expansion of
MFC applications. Furthermore, we found that Fe-N/G-90 has
favorable electrogenesis capacity. Besides, Fe-N/G-90 has an
excellent electro-catalytic activity for ORR in neutral PBS owing
to its high loading of Fe-C, and Fe-N, composites. The electron
transfer numbers (1) of Fe-N/G-90 for ORR was 3.91 + 0.02. The
maximum power density of 1210 + 23 mW m ™~ obtained with
Fe-N/G catalyst in a MFC was higher than that of Pt/C catalyst
(1080 + 20 mW m™?), which means the as-prepared Fe-N/G
catalyst with rod-like CNTs displayed superior ORR activity in
neutral medium to commercial Pt/C, which has a good appli-
cation prospects in MFCs. Besides, the reason for the disap-
pearance of CNTs we investigated in this study may provide
some ideas for the study of loading metal oxide catalysts on
CNTs.
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