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Design of Iron(ll) Phthalocyanine-Derived Oxygen
Reduction Electrocatalysts for High-Power-Density

Microbial Fuel Cells

Carlo Santoro,*™ Rohan Gokhale, Barbara Mecheri,*® Alessandra D’Epifanio,®’
Silvia Licoccia,”™ Alexey Serov,” Kateryna Artyushkova,” and Plamen Atanassov®

Iron(ll) phthalocyanine (FePc) deposited onto two different car-
bonaceous supports was synthesized through an unconven-
tional pyrolysis-free method. The obtained materials were stud-
ied in the oxygen reduction reaction (ORR) in neutral media
through incorporation in an air-breathing cathode structure
and tested in an operating microbial fuel cell (MFC) configura-
tion. Rotating ring disk electrode (RRDE) analysis revealed high
performances of the Fe-based catalysts compared with that of
activated carbon (AC). The FePc supported on Black-Pearl
carbon black [Fe-BP(N)] exhibits the highest performance in

Introduction

Microbial fuel cells (MFCs) are very attractive bioelectrochemi-
cal systems capable of degrading and removing organic pollu-
tants and generating electricity."* To be competitive with ex-
isting wastewater-treatment approaches, the pollutant-removal
efficiency has to be increased considerably; therefore, the ki-
netics of water purification should be accelerated. In general,
the power/current produced in MFCs is quite low, the electro-
chemical processes require substantial optimization, and, in
parallel, the losses associated with these processes have to be
reduced.”” To date, several successful prototypes and scaled-
up systems have been presented to demonstrate the potential
of MFC technology for both wastewater treatment and clean-
energy generation.[>%7
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terms of its more positive onset potential, positive shift of the
half-wave potential, and higher limiting current as well as the
highest power density in the operating MFC of (243+
7) uWcm 2, which was 33% higher than that of FePc support-
ed on nitrogen-doped carbon nanotubes (Fe-CNT(N); 182+
5 uWcm ?. The power density generated by Fe-BP(N) was
92% higher than that of the MFC utilizing AC; therefore, the
utilization of platinum group metal-free catalysts can boost the
performances of MFCs significantly.

It also should be mentioned that major problems associated
with the performances of MFC systems originate from the
poor kinetics for the oxygen reduction reaction (ORR) and the
high overpotentials of the cathode operating in neutral
media.”** Oxygen is primarily used as an electron acceptor in
the majority of fuel cells as it is naturally available in the at-
mosphere (and, consequently, has a low cost) and has a high
redox potential. An additional performance drop of MFCs is re-
lated to the fact that oxygen electroreduction requires H* or
OH™ ions as reagents (depending on the mechanism of
the ORR), and their concentration is lowest at neutral pH
(~1077m). Therefore, the ORR is severely hampered, which
negatively affects the overall MFC performance. The general
practice to reduce the overpotentials and accelerate the kinet-
ics is utilization of electrocatalysts on the cathode.!"

A literature review indicates three main types of catalysts
that can be integrated into the cathodic structures of MFCs:
() platinum-group metals (PGMs),"®"? (ii) carbonaceous metal-
free catalysts,"°'? and (i) PGM-free materials.">'? The first
type of catalyst utilizes platinum/PGM nanoparticles dispersed
on carbonaceous supports and can be used conventionally as
anode and cathode catalysts in hydrogen-air or direct-alcohol
fuel cells."*™'% Several issues are related to the employment of
Pt as a cathode catalyst in MFCs. First, Pt is a rare and very ex-
pensive metal, and large-scale deployment for practical appli-
cations seems unviable and cost-prohibitive owing to the low
power produced by the MFCs.”” Second, MFCs work in harsh
and polluted environments in which platinum will interact
with strongly adsorbed charged or neutral species, which will
lead to a decrease in ORR catalytic activity.”'** For example,
CI~ and S*” ions are such species, and small concentrations of
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them can poison the platinum surface and decrease its ORR
activity.”' ¥ Despite the fact that Pt is the most common cata-
lyst for MFCs, it has unavoidable issues with durability, and al-
ternative electrocatalysts should be deployed."**

Carbonaceous materials can be considered as a suitable re-
placement for Pt catalysts'®'? because they possess unique
characteristics such as their high mechanical strengths, resist-
ance to corrosion, high conductivities, and high surface areas
together with moderately good ORR activity in neutral
media."®'? Their low cost and broad commercial availability
are also important factors that make them appropriate for
large-scale applications. In 2009, it was shown that activated
carbon integrated into an MFC cathode can achieve a substan-
tially high electrochemical performance.”® Since this pioneer-
ing study, activated carbon has been used frequently as a cath-
ode catalyst in different types of MFCs.””2*" It should be noted
that other carbonaceous materials such as carbon nano-
tubes,®? activated carbon fibers,®® modified carbon black,”
and graphene®™3¥ were also studied as cathode catalysts in
MFCs. On the other hand, systematic research into carbon-
derived cathodes revealed intrinsic low ORR activities, high
overpotentials, and low power generation.

Recently, PGM-free materials have been studied comprehen-
sively as electrocatalysts for oxygen reduction in different
types of fuel cells. Among these PGM-free catalysts, M—N—C
(M =transition metal) materials are most active in oxygen elec-
troreduction in acidic and alkaline media. For M—N—C catalysts,
there are several synthesis methods, which can be divided into
two categories. The first and most common method is based
on the high-temperature treatment (pyrolysis) of a metal salt
and organic precursors rich in nitrogen and carbon (N-C pre-
cursors).®® For the last ten years, earth-abundant transition
metals such as Co, Mn, Ni, and Fe were used for the prepara-
tion of M—N—C-type catalysts.*>*" Catalysts containing the
same organic precursors and different metals have been fabri-
cated and tested using rotating ring disk electrodes (RRDEs) in
neutral media. Several research groups found that Fe-based
catalysts outperformed Co-, Mn-, and Ni- based catalysts and
also showed high durability over 10000 cycles.”” The majority
of the studied M—N—C electrocatalysts can reduce oxygen
through a 2x2e" transfer mechanism.*? The catalysts were in-
corporated into air-breathing cathodes and tested in MFCs,
and Fe—N—C catalysts were superior to those containing other
metals.**! Multiple Fe—N—C catalysts were synthesized from
different N—C precursors; their ORR performances were corre-
lated with the density of the different active sites formed on
the surface of the carbon matrix.“? In general, the performan-
ces increased linearly with the metal-coordinated, pyridinic,
and pyrrolic nitrogen content.”® The reverse relationship was
identified between performance and graphitic nitrogen
atoms.”@ Several examples of M—N—C catalysts with M as
Co,[47‘49] Ni’[50,51] Mn’[52—54] Fe,[22'23'43‘46'55'57] and other metals!%85%
were reported.

The second method for the preparation of PGM-free cata-
lysts is based on the modification of carbonaceous supports
such as carbon black (CB), carbon nanotubes (CNTs), or gra-
phene with metal complexes such as Fe or Co porphyrins and
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phthalocyanines with preformed Fe—N, centers.%445257.60-63]

This method of ORR catalyst design has been discussed in sev-
eral articles®™*; the metal centers bound to the nitrogen
atoms in the complex act as the active sites, whereas the con-
ductive carbonaceous support improves the electron trans-
fer.2%*Y These materials are very active towards the ORR but
do not show high stability under different pH conditions. To in-
crease their stabilities, these hybrids can be pyrolyzed, and this
approach is close to the first method described above.

In this study, Fe-based catalysts were fabricated from com-
mercially available iron(ll) phthalocyanine, which was tethered
to the surfaces of two different carbonaceous supports, that is,
(i) nitrogen-doped multi-walled carbon nanotubes and (ii) nitro-
gen-doped carbon black (Black Pearls) to produce Fe-CNT(N)
and Fe-BP(N), respectively. The surface chemistry and morphol-
ogy of the obtained materials was studied comprehensively.
The electrocatalytic activities of these materials in the ORR
were studied by employing the RRDE method. Finally, the cata-
lysts were incorporated into air-breathing cathodes and tested
in operating MFCs. The performances of the new catalysts
were compared to that of activated carbon (AC) as a carbona-
ceous benchmark.

Results and Discussion
Surface morphologies of the catalysts

The morphological features of the two catalysts used in this
work were studied by electron microscopy (Figures 1 and 2).
The SEM image (Figure 1a) of the Fe-BP(N) catalyst shows the

&
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Figure 1. SEM images of a) Fe-BP(N) and b) Fe-CNT(N).
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Figure 2. TEM images of a) Fe-BP(N) and b) Fe-CNT(N).

presence of micrometer-sized agglomerated Black-Pearl parti-
cles (carbon spheres). The higher-magnification TEM image
(Figure 2a) of the Fe-BP(N) catalyst demonstrates the agglom-
eration of the carbon spheres (with a primary carbon particle
size of 10-50 nm).

The multi-walled carbon nanotube-based catalyst [Fe-
CNT(N)] exhibits a clearly different morphology compared with
that of the Fe-BP(N). The SEM image of the Fe-CNT(N) catalyst
(Figure 1b) reveals the presence of large individual, microme-
ter-sized crystallites. However, resolution imaging further re-
veals the presence of a large number of carbon nanotubes in
the nanostructure of the crystallites. The outer coating of this
structure appears to be graphitic in nature. Thus, the entire
morphology of the material appears to be an outer graphitic
carbon coating supported on a carbon nanotube assembly.
The TEM images (Figure 2b) of the Fe-CNT(N) catalyst further
confirm the presence of the carbon nanotube assembly in the
structure.

Surface chemistry of the catalysts

The surface chemistry of the two catalysts was investigated
through X-ray photoelectron spectroscopy (XPS). The elemen-
tal compositions and chemical speciations are shown in
Table 1. The catalysts mainly consist of carbon, the concentra-
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tion of which varies from 79.1% to 81.9%. The oxygen content
was noticeably high, with total percentage varying from 9.3%
to 11%. The nitrogen content varies from 5.8% for Fe-BP(N) to
10.0% for Fe-CNT(N).

Nitrogen has been identified to have a positive effect on the
ORR owing to its ability to improve the electronic proper-
ties.*" %" However, excess nitrogen concentrations may be
harmful to the overall performance, as it decreases the conduc-
tivity of the material. Very high Fe contents between 1.3% and
1.5% were also identified.

In a previous study, pyridinic nitrogen and transition-metal-
coordinated nitrogen atoms showed a positive relationship
with performance.®” The high-resolution N1s spectra for the
two catalysts are shown in Figure 3 and were fitted with four
peaks, namely, pyridinic nitrogen atoms (N,,) at a binding
energy of 398.5 eV, Fe-coordinated nitrogen atoms (N—Fe) at
399.5 eV, hydrogenated nitrogen atoms (N—H, pyrrolic nitrogen
and hydrogenated pyridine) at 401 eV, and graphitic nitrogen
atoms (Ng,) at 402.3 eV. For the two materials tested, the rela-
tive percentage of pyridinic nitrogen atoms was the highest of
all types of nitrogen atoms and varied from 47.4% to 62.2%,
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Figure 3. High-resolution N 1s spectra of a) Fe-BP(N) and b) Fe-CNT(N).

Table 1. Elemental compositions and chemical speciations of the two catalysts of interest.

Sample Peak C species™ [%] Peak Peak N species [%] Peak Fe species®™ [%)]
C150%  Cymmue C-CC* GO, O1s®%  Nis[% N, N-Fe N-H N Fe2p[%] FeN Fe,0,

Fe-BP(N) 81.9 8.1 46.7 44.6 n 5.8 62.2 26.7 10.7 0.4 1.3 8.2 91.8

Fe-CNT(N) 79.1 9.8 24.8 61.9 9.3 10.0 47.4 283 18.0 6.2 1.5 6.8 93.2
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and the Fe-BP(N) sample contained the largest amount. Impor-
tantly, pyridinic nitrogen atoms represent an edge defect
within the carbon matrix, and edge sites are more favorable
for oxygen reduction. The Fe-CNT(N) catalyst had the larger rel-
ative percentages of hydrogenated nitrogen and Fe-coordinat-
ed N atoms of 18.0% and 28.3%, respectively. The peak at
399.5 eV is assigned to Fe-coordinated nitrogen atoms and
may also have a contribution from amines. The analysis of the
high-resolution Fe2p spectra reveals that the well-resolved
peak for the Fe—N active centers is larger for the Fe-BP(N)
sample. The Fe-CNT(N) samples has a substantially larger
amount of hydrogenated nitrogen atoms. The negative effect
of hydrogenated nitrogen atoms on the ORR due to its signifi-
cant contribution to the reduction of oxygen to hydrogen per-
oxide was shown previously.®” The Fe-BP(N) catalyst also has
the smallest amount of graphitic carbon atoms with the major-
ity being amorphous with surface oxides, which are an impor-
tant marker for a large number of defect sites within the
carbon network, and this is related to a higher density of
active ORR sites.™ The combination of higher amounts of
nitrogen edge defects, higher amount of iron-coordinated
nitrogen atoms, and higher amount of aliphatic carbon atoms
and surface oxides should make the Fe-BP(N) sample more ef-
fective in the ORR.

Electrocatalytic activities of the catalysts in neutral media

RRDE measurements were performed using the three catalysts
in an O,-saturated electrolyte to evaluate the oxygen reduction
activity as well as the total number of electrons transferred in
the electrocatalytic process [Eq. (1)] and the hydrogen peroxide
generated [Eq. (2)]. Two different catalyst loadings (0.1 and
0.6 mgcm™?) were used for the experiments. It was shown pre-
viously that an increase in loading could hinder the catalyst
kinetics. %686

A thick catalytic layer of porous carbonaceous material can
trap the intermediate peroxide inside the pores, where the
H,O, is consumed (either by chemical decomposition or by
electrochemical reduction to water) without being detected on
the ring.F%%%%) As the material loading on the disk increased,
the peroxide detected decreased significantly.®*®*® Therefore,
two extreme loadings, one low (0.1 mgcm™2) and one high
(0.6 mgcm™?), were selected to obtain reasonable data for the
ORR with these catalysts. The Fe-BP(N) catalyst exhibits a
better performance than Fe-CNT(N) as it has a higher onset po-
tential, more positive half-wave potential, and higher limiting
current (Figure 4a and b). Both of the Fe-based catalysts exhib-
ited a performance superior to that of AC. A similar trend was
observed for both catalyst loadings. The peroxide percentage
generated in the ORR with the three catalysts is consistent
with the findings of the disk-current measurements (Figure 5a
and b). The Fe-BP(N) catalyst produced the least peroxide
(~1%, Figure 5a), and the Fe-CNT(N) catalyst produced slight-
ly more peroxide (~1-2%, Figure 5a and b). Interestingly, the
overall peroxide production is quite low for the FePc-derived
catalysts. The AC produced a much higher peroxide yield, in
agreement with previously reported data (Figure 5a and b). It
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Figure 4. RRDE data for catalysts with different loadings of a) 0.1 and
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b) 0.6 mgcm™.

was proven in this study that an increased loading leads to a
significant decrease in detected peroxide (Figure 5a and b).
The Fe-based catalysts exhibit a four-electron reduction pro-
cess independent of the loading (Figure 5c and d). On the con-
trary, AC followed a two-electron-transfer mechanism at a low
loading of 0.1 mgcm™ (Figure 5¢). The thick layer at
0.6 mgcm™? loading masked the AC behavior, and the electron
transfer could be considered to be closer to a four-electron
process. It is important to mention here that the FePc catalysts
greatly outperform commercial activated carbon in terms of
ORR activity and, therefore, are suitable substitutes for AC for
the ORR in neutral media.

Power generation of operating MFCs

Polarization curves were recorded for the different Fe-based
catalysts incorporated into an air-breathing cathode composed
of a carbonaceous matrix made of AC, CB, and polytetrafluoro-
ethylene (PTFE) as the binder (Figure 6a). The open-circuit vol-
tages (OCVs) measured at the beginning of the polarization
curves were different for the materials investigated. The AC
had the lowest OCV of (635+42) mV. The Fe-BP(N) and Fe-
CNT(N) had higher OCV values of (688+12) and (684 +8) mV,
respectively (Figure 6a). In the polarization curves, three dis-
tinctive trends can be noticed: AC has the poorest per-
formance, Fe-CNT(N) performs better than AC but worse than
Fe-BP(N), and Fe-BP(N) has the best performance of the cata-
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Figure 5. H,0, yields at loadings of a) 0.1 and b) 0.6 mgcm™2; electron transfer numbers at loadings of c) 0.1 and d) 0.6 mgcm 2
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lysts investigated (Figure 6a). The highest power density mea-
sured in this investigation was that produced by Fe-BP(N) of
(2434+7) yWem™2 (Figure 6b). Fe-CNT(N) produced a lower
power density of (182 =+5) uWcm ™2 (Figure 6b). The AC sample
had the lowest power density of (127 £ 1) pWcm 2 (Figure 6b).
The Fe-BP(N) performed 33% better than Fe-CNT(N) and 92%
better than AC. The separate anode (Figure 6¢) and cathode
(Figure 6d) profiles show similar anodic performances, which
underlines that the difference in the overall polarization curve
was caused substantially by the cathode behavior.

Outlook and comparison with existing literature

In MFC systems, the ORR is often identified as the most prob-
lematic aspect; and therefore solutions have to be investigated
and considered.*®? PGM-free catalysts seem to be interesting
and appropriate for further investigations. Once again, in this
study, the utilization of PGM-free catalysts resulted in a sub-
stantial increase in the power produced compared with that
for AC. Among the earth-abundant metals, Fe was selected for
the catalyst because it was previously identified to be more
active than other earth-abundant metals such as Mn, Cu, Co,
and Ni."" This work confirms that PGM-free catalysts based
on iron can boost the performance considerably. The power
density was doubled for Fe-BP(N) compared with that of bare
AC [(24347) and (1274 1) pWem ™2, respectively]. The results
were consistent for the data obtained during the RRDE tests
and the data acquired during the MFCs tests. Therefore, it is
demonstrated once more that RRDE data can be used to pre-
dict the performance of a catalyst incorporated into an air-
breathing cathode, in agreement with previously reported
data.”d

Different PGM-free catalysts incorporated into air-breathing
cathodes were reported previously.”>”°"® Yang et al. integrat-
ed Co/N—C nanoparticles in an air-breathing cathode and ob-
tained a maximum power density of 251 pWcm 2" The same
research group also utilized a NiCo,0,-modified activated-
carbon cathode and obtained a lower maximum power density
of 173 uWcem 2" Fu etal,”” Pan etal.,” and Yang and
Logan®™ decorated activated-carbon-based cathodes with Fe-
based catalysts and obtained maximum power densities of
143, 244, and 260 pWcm™2, respectively, with an electrolyte
containing 50 mm phosphate buffer, acetate as bacterial food,
and MFCs operating at 30°C.

Compared to previously reported studies, the main feature
of this work is the utilization of Fe-based catalysts that are fab-
ricated through the attachment of commercially available
iron(ll) phthalocyanine onto high-surface-area carbon-nitro-
gen-doped supports instead of a high-temperature pyrolysis
approach. The two carbonaceous supports selected were nitro-
gen-doped carbon nanotubes [CNT(N)] and nitrogen-doped
Black Pearls [BP(N)]. The positive effect of nitrogen on the ORR
performances was elucidated previously.?>%*? BP(N) was the
support with the highest BET surface area among the materials
used in this study; the previously quantified BET surface area
of 1317 m?>g ™" is almost four times higher than that for CNT(N)
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of 359 m?g '.®” The BP(N) also showed the best performances
in the RRDE and MFC tests [(24347) uWcm™2.

To be suitable for large-scale applications, Fe-based catalysts
must also be cheap and durable. Many parameters will affect
the final price of PGM-free electrocatalysts, and economical
price analysis is generally quite complicated. In a previous
study, the cost of the catalyst produced through the sacrificial-
support method and fabricated through a pyrolysis technique
was quantified as approximately 3.5 US$g~'.** The estimation
only considered the materials utilized; unfortunately, the gas
utilized during pyrolysis was not included and, most impor-
tantly, the cost of the electricity utilized during the heat treat-
ment was not considered. High-temperature processes are
very energy consuming as electricity is used to keep the tem-
perature within the furnace constant during the pyrolysis pro-
cess. The costs of the catalysts on the basis of the lab-scale
procedure utilized were estimated to be 8 and 5US$g~' for
Fe-CNT(N) and Fe-BP(N), respectively. This estimation seems to
be more realistic, as the procedure presented in this manu-
script does not have high-temperature processes, and this
leads to an overall reduction of the preparation costs that
should be taken into serious consideration. Moreover, as the
heat treatment is avoided, the fabrication of the catalysts is
simpler and more affordable.

The maximum power density obtained in this work was
(243 +£7) pWcem 2 for the BP(N) support. A direct comparison
with previously reported materials is difficult owing to the dif-
ferent operating conditions utilized. The performance is effect-
ed dramatically by the MFC design," operating temperature,”
altitude above sea level, electrolyte utilized (different solution
conductivity),”” bacteria utilized (e.g., single or mixed cul-
ture),!" organic compounds utilized (e.g., lactate, acetate, fu-
marate, etc.),®”® organics concentration,”¥ and the presence
or absence of membranes. Several other studies demonstrat-
ed the utilization of Fe-based catalysts with excellent perform-
ances and superiority over platinum-based cathodes®***’ or
AC-based cathodes.

The power densities usually vary between approximately
100 and 600 pWcm 2747 The highest values were obtained
with an electrolyte with a high solution conductivity and large
anodes.****787 Eyen higher power densities of up to
600 uW cm 2 were reported for Pt-based cathodes but for very
short times.®”

A direct comparison can instead be made with previously
presented work in which an identical () MFC configuration
(single-chamber MFC), (i) operating temperature [(22+2)°C],
(i) altitude above sea level [experiments conducted in Albu-
querque, New Mexico, at 1500 m above mean sea level
(AMSL)], (iv) electrolyte (50% activated sludge, 50% 0.1 m K-PB
(potassium phosphate buffer), and 0.1 m KCl (potassium chlo-
ride)), (v) mixed-culture bacteria, (vi) organic compound
(sodium acetate), and (vi) membrane-less configuration were
utilized.?> #3844 The obtained maximum power density ach-
ieved [(243+7) uWcm 2 is one of the highest power densities
recorded under the same operating conditions and is second
only to that of (251 +2) uWcm 2 for Fe-AAPyr (AAPyr =amino-
antipyrine).¥ The difference was just 3% and, therefore, the
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results can be considered to be comparable. This result is inter-
esting because it indicates that Fe-BP(N) has a high activity to-
wards the ORR that is comparable with those of catalysts fabri-
cated through high-temperature pyrolysis. Further investiga-
tions should focus on the stabilities and durabilities of these
catalysts under long-term operation. This will certainly be an
aspect that will be considered in future studies.

Conclusions

New Fe—N—C catalysts were obtained through the deposition
of iron(ll) phthalocyanine on two different high-surface-area
carbonaceous materials. These catalysts were fabricated with-
out the utilization of high-temperature pyrolysis methods and
deposited on (i) carbon black (Black Pearls) doped with nitro-
gen [Fe-BP(N)] and (i) multi-walled carbon nanotubes doped
with nitrogen [Fe-CNT(N)]. The catalyst kinetics was studied
using a rotating ring disk electrode (RRDE), and the results
showed the superiority of Fe-BP(N) in terms of its onset poten-
tial, half-wave potential, and limiting current. Fe-CNT(N)
showed much higher performances compared with that of ac-
tivated carbon (AC), which was used as a control. The catalysts
were then integrated into air-breathing cathodes and tested in
microbial fuel cells. Fe-BP(N) had the highest power density
output of (2434 7) uWcm 2, which was over 90% higher than
that of AC [(127 1) yWem ™.

Experimental Section
Preparation of N-doped carbonaceous supports

Multi-walled carbon nanotubes (CNTs) were purchased from
Sigma-Aldrich, and Black Pearls 2000 (BP) were purchased from
Cabot Corporation. The CNTs and BP were modified by a two-step
treatment with nitric acid and ammonia gas. In the first treatment,
the materials were heated in concentrated HNO, (65 wt%) under
reflux at 90°C for 16 h. Then, the materials were collected by filtra-
tion and washed with distilled water until neutral pH was obtained.
The materials were then dried in an oven at 70°C overnight and
ground with an agate mortar and pestle. In the second treatment,
a flow of anhydrous ammonia was fed into in a tubular oven at
T=400°C (heating rate 5°Cmin~") for 4 h. The obtained products
were labeled as CNT(N) and BP(N).

Deposition of the Fe catalyst on the carbonaceous supports

Iron(ll) phthalocyanine (FePc, Aldrich; 0.5 g) was dispersed in meth-
anol (30 mL), and CNT(N) or BP(N) (0.5 g) was added. The mixture
was stirred for 30 min in a water bath at 70°C to evaporate the
methanol, and the resulting powder was dried completely in a
vacuum oven at 70°C for 3 h to obtain samples labeled as Fe-
CNT(N) and Fe-BP(N).

Catalysts surface chemistry and morphology

The surface chemistry of the catalyst was identified through high-
resolution XPS with a Kratos Axis Ultra DLD spectrometer. Three
separate areas of the same sample were analyzed, and the average
values are presented. The average values have an error of less than
0.1%. The high-resolution O1s, N1s, C1s, and Fe2p spectra were
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obtained without the need for charge neutralization with a 225 W
AIK, monochromatic X-ray source. The acquired spectra were then
processed with the CASAxps software.

The surface morphologies of the catalysts were investigated
through SEM and TEM. The SEM images were recorded using a Hi-
tachi S-800 instrument at different magnifications. The TEM imag-
ing was performed with a JEOL 2010 instrument with samples on a
copper grid. For simplicity, an image for each sample at one mag-
nification was shown as representative of the sample.

Cathode preparation

An air-breathing cathode configuration was adopted in this study.
A mixture of activated AC, CB, and PTFE was blended in a grinder
in a weight ratio of 70:20:10%, respectively. The mixture was
placed in a die pellet and pressed over a stainless-steel mesh
(McMaster, USA), which was used as the current collector. The load-
ing of the mixture was 40 mgcm 2 A pure AC cathode was fabri-
cated by the above method and used as a control. The cathodes
containing Fe-BP(N) and Fe-CNT(N) were prepared by the same

method with a catalyst loading of 2 mgcm ™2,

RRDE analysis

The RRDE technique was used to study the catalyst kinetics of Fe-
BP(N), Fe-CNT(N), and AC. The catalyst (5 mg) was mixed with
0.5 wt% Nafion solution (FuelCellStore, USA; 150 uL) and deionized
water/isopropy! alcohol (DI/IPA) in a 1:1 ratio (850 uL). The ob-
tained suspension was sonicated at least three times to obtain a
uniform dispersion. The obtained ink was drop cast on the disk of
a glassy carbon working electrode. Two loadings (0.1 and
0.6 mgcm~?) were used for each catalyst. The tests were performed
in a solution containing 0.1 M potassium phosphate and 0.1 m KCl.
The solution simulates an electrolyte with circumneutral pH value.
Before the experiments, the electrolyte was saturated with oxygen
for at least 30 min. Linear sweep voltammetry was then run from
+0.5 to —0.7 V (vs. Ag/AgCl) at a scan rate of 5mVs . The RRDE
setup guarantees the possibility of measuring the current density
produced by the disk (j5) but also the current density of the ring
(ja) to quantify the intermediate (H,0,) produced during the ORR.
From j, and ji, the number of electrons transferred (n) during the
ORR can be calculated with Equation (1):

4 X jp
o —Jr

M

Therefore, the percentage of H,0, produced during the ORR can
be calculated using Equation (2):

4
H,0,(%] = " 100 ()

MFC construction and operation

After the catalyst had been incorporated into the air-breathing
cathode, the cathode was screwed on a lateral hole of a modified
Pyrex bottle with a volume of 125 mL.”*?* The cathode part con-
taining the AC, CB, and PTFE pellet faced the liquid, and the cur-
rent collector faced the air side. The geometric area of the cathode
was 2.85 cm?. The chamber was filled with a solution containing
50 vol% 0.1m K-PB and 50 vol% activated sludge from the Albu-
querque Southeast Water Reclamation Facility located in Albuquer-
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que, New Mexico, USA. Precolonized and well-working anodes
were moved from existing and running MFCs into MFCs with new
and fresh cathodes. The anodes consisted of two carbon brushes
with titanium cores (Millirose, USA) and a diameter and height of
3 cm each. The anode area was decided to be much higher than
the cathode area as the latter was the subject of the study. The
MFCs were left at the OCV for at least 3 h until the output stabi-
lized. Polarization curves were then recorded using two potentio-
stats (Biologic-USA, USA). The first potentiostat was connected in a
two-electrode mode with the anode as the working electrode and
the cathode as the counter electrode short-circuited with the refer-
ence channel. The second potentiostat was set up just to read the
potentials of the anode and cathode versus the reference elec-
trode (Ag/AgCl 3m KCl). The polarization curves gave voltage-
current curves as output. The power was calculated as the product
of voltage and current. The current and power densities were
shown as a function of the geometric area of the cathode, which
was 2.85 cm?.
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