N

N

Nanoscaffold effects on the performance of air-cathodes
for microbial fuel cells: Sustainable Fe/N-carbon
electrocatalysts for the oxygen reduction reaction under
neutral pH conditions
Alessandro Iannaci, Swapnil Ingle, Carlota Dominguez, Mariangela Longhi,
Odile Merdrignac-Conanec, Soraya Ababou-Girard, F Barriere, Paula E

Colavita

» To cite this version:

Alessandro Tannaci, Swapnil Ingle, Carlota Dominguez, Mariangela Longhi, Odile Merdrignac-
Conanec, et al.. Nanoscaffold effects on the performance of air-cathodes for microbial fuel cells:
Sustainable Fe/N-carbon electrocatalysts for the oxygen reduction reaction under neutral pH condi-
tions. Bioelectrochemistry, 2021, 142, pp.107937. 10.1016/j.bioelechem.2021.107937 . hal-03368983

HAL Id: hal-03368983
https://hal.science/hal-03368983
Submitted on 19 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03368983
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Bioelectrochemistry 142 (2021) 107937

Contents lists available at ScienceDirect

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem

Nanoscaffold effects on the performance of air-cathodes for microbial
fuel cells: Sustainable Fe/N-carbon electrocatalysts for the oxygen
reduction reaction under neutral pH conditions

Check for
updates

Alessandro lannaci?, Swapnil Ingle ?, Carlota Dominguez ¢, Mariangela Longhi ®,
Odile Merdrignac-Conanec ¢, Soraya Ababou-Girard ¢, Frédéric Barriére “*, Paula E. Colavita **

2School of Chemistry, CRANN and AMBER Research Centres, Trinity College Dublin, College Green, Dublin 2, Ireland
b Universita degli Studi di Milano, Dipartimento di Chimica, Via Golgi 19, 20133 Milano, Italy

€Univ Rennes, CNRS, Institut des Sciences Chimiques de Rennes - UMR 6226, F-35000 Rennes, France

4 Univ Rennes, CNRS, Institut de Physique de Rennes, UMR 6251, F-35000 Rennes, France

ARTICLE INFO ABSTRACT

Article history:

Received 3 June 2021

Received in revised form 16 August 2021
Accepted 17 August 2021

Available online 21 August 2021

Nanostructured electrocatalysts for microbial fuel cell air-cathodes were obtained via use of conductive
carbon blacks for the synthesis of high performing 3D conductive networks. We used two commercially
available nanocarbons, Black Pearls 2000 and multiwalled carbon nanotubes, as conductive scaffolds for
the synthesis of nanocomposite electrodes by combining: a hydrothermally carbonized resin, a sacrificial
polymeric template, a nitrogenated organic precursor and iron centers. The resulting materials are micro-
mesoporous, possess high specific surface area and display N-sites (N/C of 3-5 at%) and Fe-centers (Fe/
C < 1.5 at.%) at the carbon surface as evidenced from characterization methods. Voltammetry studies
of oxygen reduction reaction activity were carried out at neutral pH, which is relevant to microbial fuel
cell applications, and activity trends are discussed in light of catalyst morphology and composition. Tests
of the electrocatalyst using microbial fuel cell devices indicate that optimization of the nanocarbon scaf-
fold for the Pt-free carbon-based electrocatalysts results in maximum power densities that are 25% better
than those of Pt/C cathodes, at a fraction of the materials costs. Therefore, the proposed Fe/N-carbon cat-
alysts are promising and sustainable high-performance cathodic materials for microbial fuel cells.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction Microbial fuel cells (MFCs) can be considered as an interesting

family of green technologies that allows for power generation from

Air and water pollution caused by combustion of fossil fuels for
human activities is one of the most important problems of this cen-
tury and research on alternative environmentally friendly energy
sources is a paramount scientific, economic and social objective
[1]. By 2100, the energy consumption rate is projected to increase
up to three times the present value [2]; while photovoltaic, wind
and geothermal renewable sources are expected to gradually
replace power from fossil fuels, their availability is skewed and
highly dependent on geographical distribution [3]. Therefore, it
would be desirable to also develop technologies based on renew-
ables with more uniformly distributed or complementary avail-
ability, such as those based on waste valorization or bio-waste
exploitation.

* Corresponding authors.
E-mail addresses: frederic.barriere@univ-rennes1.fr (F. Barriére), colavitp@tcd.ie
(P.E. Colavita).
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anaerobic digestion of organic waste or biomass by exoelectrogen
biofilms developed at the anodic MFC compartment [4-7].
Waste-fuel is processed via electrocatalysis at the bioanode and
much attention has been devoted to the optimization of bioanode
nanostructure, bio-interface and bacterial consortia, including by
our group [8-16]; however, the overall MFC device performance
is strongly dependent also on activity at the cathode. In the catho-
dic compartment, a range of electron acceptors can be used [4];
notably, oxygen is one of the most desirable acceptor species for
MEFC applications because it can be readily available at low cost
and large scale via simple aeration of the catholyte. Use of oxygen
can however result in significant power losses due to the sluggish-
ness of the oxygen reduction reaction (ORR): this is a multi-step,
multi-electron reduction process that requires the use of precious
metal electrocatalysts such as Pt/C to avoid kinetic losses in fuel
cell devices [17-20]. The use of precious metal catalysts for the
ORR at MFC cathodes represents a significant drawback as Pt load-
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ings can account for up to 47% of the overall MFC costs [5,21].
Importantly, typical operational conditions for ORR cathodes in
MFCs, namely ambient temperature, near-neutral pH, and low pur-
ity catholytes, are not ideal for Pt-based catalysis [22-24], further
limiting MFC performance when employing these otherwise high-
performing electrocatalysts [25,26].

The reduction of Pt loadings or the complete replacement of
precious metals with more sustainable catalysts would be there-
fore highly desirable and could enable the implementation of
MFC technologies at greater scale and at lower costs. Recent break-
throughs in the synthesis of non-Pt group catalysts for the ORR in
hydrogen fuel cells suggest this is a realistic goal, and several
examples of advanced electrode materials with high activity in
the ORR in the absence of precious metals have been reported
[27,28]. High activity in the ORR can be achieved using low cost
materials by combining transition metals (e.g. Fe, Co, Mn) with car-
bon materials and nanomaterials. Among the cited transition met-
als iron is particularly interesting for scalable applications in
sustainable technologies due to its low cost and high-abundance.
The carbon support/scaffold plays a crucial role in the design of
MEFC cathodes: in general, it is chosen to display both high specific
surface area and high conductivity, to increase the density of active
sites and minimize ohmic losses, respectively [29-31]. Heteroatom
functionalization, in particular nitrogenation, of the carbon scaffold
is an important strategy for the design of ORR-active materials
[27,28]: functional groups can result in improved wetting, stability,
porosity, conductivity [32-34| and, importantly, regulate ORR
intrinsic activity and selectivity towards the 4-electron reduction
product [35-37].

Several groups have recently demonstrated that the combina-
tion of transition metals and nitrogen-doped carbon materials
offers a successful strategy for the replacement of Pt-group cata-
lysts in MFC air-cathodes [5,38-48]. A variety of iron-containing
organic precursors has been explored for the synthesis of Fe/C elec-
trocatalysts for MFCs, such as ethylenediaminetetraacetic acid, iron
acetate, iron phthalocyanine, and Cl-Fe'! tetramethoxyphenylpor-
phyrin [5,38,42,43,46,49-51]. Nitrogenation of the carbon struc-
ture alone has also been explored with a variety of methods [52-
54]. Carbon nanomaterials such as nanotubes and graphene have
been used as conductive supports in the synthesis of air-cathodes
for MFCs, given that they display excellent conductivity and can
be used to fabricate electrodes with high specific surface area,
complex chemistry and advanced 3D architectures. However, these
nanocarbons are more expensive and difficult to process [4] rela-
tive to low cost carbon conductive fillers currently produced in
large scale. Commercial conductive carbon blacks are nanocarbons
(primary particle size 10-30 nm) that can display excellent proper-
ties as electrode and catalyst support materials; they can be syn-
thesized with high purity and in large scales (megatons/annum)
at modest costs [55] and, hence, are ideal for applications in MFC
devices. In this work, we report on the development of nanostruc-
tured Fe/carbon based electrocatalysts obtained via use of conduc-
tive carbon blacks as the nanomaterial scaffold for the synthesis of
high performing 3D conductive networks.

Commercially available carbon Black Pearls 2000 were used as a
nanocarbon scaffold for the synthesis of nanocomposite electrodes
via a combination of a hydrothermally carbonized resin, a sacrifi-
cial polymeric template and iron centers. The materials were char-
acterized to determine surface composition, pore structure and
specific surface area; their electrocatalytic activity in the ORR
was studied at neutral pH using voltammetry and their perfor-
mance as air-cathodes was assessed in dual-chamber MFC devices.
The properties and activity of the electrode materials were com-
pared to those of analogue electrodes prepared using multiwall
carbon nanotubes, instead, as the nanocarbon scaffold, thus
enabling a direct comparison of performances between a commer-
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cial carbon black and the more expensive highly conductive nano-
material scaffold. Our results show that the low-cost and
environmentally safe carbon blacks offer an excellent platform
for the fabrication of high performing MFC air-cathodes with high
specific surface area and fast kinetics in neutral media.

2. Experimental methods
2.1. Materials

Iron (II) acetate (95%), Nafion® 117 5% solution, resorcinol (99%),
Pluronic F-127, melamine (99%), hydrochloric acid (37%), sulfuric
acid (95-98%), nitric acid (>65%), sodium phosphate monobasic
(ReagentPlus > 99%), sodium phosphate dibasic
(BioReagent > 99%), sodium acetate (BioXtra > 99%), potassium
chloride (BioXtra > 99%), formaldehyde solution (37 wt%, ACS
reagent), hydrogen peroxide (30%), ammonium chloride (min.
99.5%), and multiwalled carbon nanotube (MWCNT) (50-90 nm
diameter, >95% carbon basis) were all purchased from Sigma
Aldrich. Pt/C 10 wt% was purchased from Quintech; potassium
hexacyanoferrate(Ill) (ACS reagent > 99%) was purchased from
Fluka. Black Pearls® (BP, average particle size 15 nm [56]) were
purchased from Cabot, glassy carbon disks (5 mm o.d.) were pur-
chased from HTW GmbH, graphite rods (GR) were purchased from
Morgan Carbon. Fumasep FTAM-E anion exchange membrane PET-
reinforced was purchased from Fumatech BWT and carbon cloth
with deposited microporous layer was purchased from
FuelCellStore.

2.2. Materials synthesis

Prior to modifications, BP and MWCNT were subject to oxida-
tive treatment to remove metal impurities and improve
hydrophilicity [5,57,58]: materials were refluxed in concentrated
HNO3 at 90 °C for 4 h, then filtered and washed with distilled water
until neutral pH was obtained. The resulting carbon paste was
dried overnight at 70 °C and finally ground in an agate mortar
[43]. Porous carbon-based catalysts were prepared as follows:
resorcinol (1.65 g), Pluronic F127 (2.5 g) and melamine (0.84 g)
were dissolved in 40 mL of 1:1 water:ethanol solution by volume,
followed by stirring for 15 min; the procedure for preparation of
Fe-based catalysts also included addition of Fe(CH3COO), (1.5 g)
to this mixture. Subsequently, concentrated HCI (0.2 g) were added
to the above mixture, followed by stirring for 1 h. Formaldehyde
solution (2.5 g) was added drop wise under stirring to the mixture,
which was further stirred vigorously for another 1 h yielding a
homogeneous slurry. The previously purified nanocarbon scaffolds
(BP or MWCNT, 1.5 g) were then added to the dispersion and stir-
red for another 15 min. This mixture was transferred to a Teflon-
lined autoclave that was heated in an oven at 50 °C for 2 days;
the sample was then removed from the autoclave and dried for
2 days at 60 °C. The resulting powder was ground in a mortar
and further dried in a tube furnace (110 °C, 25 min) under nitrogen
flow (200 sccm) and, subsequently annealed (800 °C, 2 h) under
flow using N,:NHs3 1:1 vol (200 sccm) followed by rapid cooling
under N,. Materials resulting from synthesis in the presence and
absence of iron acetate are referred to as FeRPMX and RPMX,
respectively, where X = BP or CNT in the case of BP or MWCNT
being used as nanocarbon scaffolds, respectively and RPM = Resorci-
nol, Pluronic and Melamine.

2.3. Characterization

Brunauer-Emmett-Teller (BET) specific surface areas were
obtained from the N, adsorption isotherms at 77 K measured on
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Table 1
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Summary of bulk atomic %-composition (equivalent to molar-%) resulting from elemental analysis and ICP-OES determinations of metal content; and results from BET

determinations of specific surface area.

Sample Name Atomic-% Specific surface area (m? g~1)
N C H 0] Fe

RPM_CNT 1.48 85.17 8.06 529 - 293

RPM_BP 4.20 78.91 6.26 10.63 - 651

FeRPM_CNT 1.30 81.65 6.34 9.35 1.35 231

FeRPM_BP 2.88 74.94 11.02 10.7 0.45 485

a Gemini VII volumetric adsorption analyzer from Micromeritics
(Norcross, GA, USA). Before measurement, powdered samples were
outgassed at 250 °C overnight in a VacPrep 061 degas system to
remove adsorbed and undesired species from the sample surface.
Specific surface areas were derived from the isotherms using the
BET equation and a set of 9 experimental points of the linear range
of the BET plot (0.05 < P/P° < 0.3). Pore size distributions were
evaluated by Barrett-Joyner-Halenda (BJH) mesopore analysis
method. A JEOL JEM 2100 transmission electron microscope
(TEM) with LaBg gun operated at 200 kV was used for sample mor-
phology evaluation. The fine structures were observed by FEI Titan
80-300 instrument with Schottky field emission electron source
operated at 300 kV equipped with Gatan Tridiem spectrometer
for the electron energy loss spectroscopy (EELS) used for elemental
analysis. Samples for TEM observation were prepared by drop and
dry technique as follows: samples in form of dry powder were dis-
persed in deionized water, sonicated 5 min, then dropped on
carbon-coated copper TEM meshes and dried in air. Images were
analyzed using free software (Image] 1.50b). X-ray photoemission
spectroscopy (XPS) was performed in a ultra-high vacuum cham-
ber with base pressure <10 mbar, equipped with a dual anode
source (Al K, at 1486.6 eV and Mg K, at 1253.6 eV). Spectra were
collected at a 0° take-off angle with 20 eV pass energy; binding
energies are calibrated relative to the C 1s line (284.6 eV). Atomic
%-ratios were obtained from ratios of peak areas in the high reso-
lution spectra, after correction by Scofield relative sensitivity fac-
tors for the relevant photoemission lines (Nlsy, = 1.77,
Olsug = 2.85 and Fe2pszpomg = 10.54; N1sa = 1.8, Olsa = 2.93 and
Fe2ps;2a1 = 10.82). Elemental microanalysis (CHNS) was carried
out on a ThermoFinnigan FlashEA1112Series; oxygen wt.% content
was calculated as the balance of the total. Metal concentrations
were determined via inductively coupled plasma-optical emission
spectroscopy (iCAP 7000 ICP-OES Analyser, Thermo Fisher). Elec-
trochemical characterization was carried out using a potentiostat
(Metrohm Autolab) and a 3-electrode cell with Saturated Calomel
Electrode (IJ Cambria) as reference electrode, a graphite rod as
counter electrode, and a (modified) glassy carbon rotating disk
electrode (RDE, Metrohm RDE2, 0.07065 cm? geometric area) as
working electrode. Catalytic inks were prepared as follows:
10 mg of catalyst was dispersed in 135 pL of ultrapure water,
270 pL of ethanol, 50 pL of Nafion 117 (5% solution) followed by
sonication (20 min). The obtained ink was drop cast (3.55 puL) over
the RDE surface and dried under air, resulting in a catalyst load of
1.10 mg cm~2. Prior to all experiments, the electrochemical cell
was cleaned using piranha solution, washed with ultrapure water
and filled with 0.05 M Na,HPO4/NaH,PO,4 solution (pH 7.2). Prior
to experiments the electrolyte was purged with Ar for 20 min;
10 cyclic voltammograms (CV) were first recorded at 50 mV s!
over the potential window of interest, followed by two CVs at
5 mV s~ '. The solution was then purged with O, (medical grade)
for 20 min and CVs were recorded at 2500, 1600, 900, 400 and
0 rpm at 5 mV s~!; two cycles were collected at each rotation rate,
with the second scan being the one shown in all figures. All data is
shown after subtraction of capacitive contributions determined as
the background CV in Ar-purged electrolyte; measurements were

iR-compensated based on determinations of impedance at open
circuit voltage, using commercial software (NOVA) [59]. Mass
activity calculations were performed following published protocols
[60]. Faradaic current densities (J in mA cm~2) were obtained by
subtracting the capacitive current obtained in Ar-saturated elec-
trolyte from that obtained in O,-saturated electrolyte, at
1600 rpm rotation rate, under identical experimental conditions.
ORR kinetic current densities J, (mA cm~2) were calculated as:

Ju = 42, where Jpy, is the limiting current. Finally, the ORR mass

activity was obtained from Iy = N{—k[ where M is the total catalyst
loading (1.10 mg cm2). Area activities were calculated from the
Faradic currents, I, of each electrode at 1600 rpm; the total surface
area of the loaded catalyst A (m?) was calculated from the catalyst
amount deposited over the disk (7.7 x 107 g), multiplied by the
BET specific surface area. Finally, specific area activities were cal-
culated as: 'XF. Unless otherwise specified, error bars are calculated
on the basis of data from three replicates.

o FeRPM_BP
0
° o
A A & -
FeRPM_CNT
>
=
%)
c | (002 RPM_BP
O
—
=
(100)
(002) RPM_CNT
(100)

20 30 40 50 60 70 80 90
20/°

Fig. 1. XRD patterns of FeRPM_BP, FeRPM_CNT and the corresponding Fe-free
carbon materials RPM_BP and RPM_CNT; (#) graphitic carbon, (@) Fe,N, (<) FesN,
(*) FesC.
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2.4. Microbial Fuel Cells (MFC) characterizations

Double chamber MFC devices were fabricated as previously
reported [8] with ca. 85 mL capacity in each compartment and a
circular membrane 1.8 ¢cm in diameter. Graphite rod (GR) elec-
trodes used in MFC devices were polished with sand paper (1200
grit) and subsequently sonicated in water, acetone and methanol
(5 min in each solvent) prior to use; GRs were suspended in each
compartment using rubber septa. The anodic solution consisted
of 50/50 vol% wastewater (Beaurade Wastewater Treatment Plant,
Rennes, France) and phosphate buffer saline (PBS) solution consist-
ing of 0.032 M Na,HPO,4, 0.018 M NaH,PO,4, 6.0 mM NH,4Cl and
2.0 mM KCl. Sodium acetate was added as a nutrient to the result-
ing mixture of PBS and wastewater, resulting in a final sodium
acetate concentration of 0.012 M [8]. A cathodic solution consisting
of 0.1 M Kz[Fe(CN)s] in 0.032 M Na,HPO, and 0.018 M NaH,PO,
was used during the acclimation process of the biofilm commu-
nity; the hexacyanoferrate (III) served as the electron acceptor
and the 0.1 M concentration was confirmed to ensure a stable
cathodic potential. MFC air-cathodes were prepared following a
previous published procedure [43,61]: briefly, a suspension of
5 mg catalyst in 41.5 pL of H,O with 33.4 pL of Nafion and
16.7 pL of EtOH was sonicated (20 min) and then drop-cast over
1 cm? carbon cloths and dried overnight. Pt/C catalyst (10% w/w
Pt, Quintech) was used as control with loading and deposition pro-
cedure that was identical to that of carbon electrocatalysts
(5 mg cm™2).

The cells were connected to a 1000 Q resistance during acclima-
tion; voltage outputs were acquired each day with a multimeter to
monitor biofilm development. Once a stable MFC voltage was

—~

=
n 700

S 600

T

00 02 04 06 08 10
b Relative Pressure (p/p°)

1 10
Pore Size (D) / nm
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obtained, the cathodic solution was removed and replaced with
0.05 M Na,HPO,4/NaH,PO, solution (pH 7.2) for air-cathode test-
ing. Carbon cloth cathodes were introduced in each MFC chamber
and O, was bubbled (20 min) prior to measurements. Power den-
sity curves were acquired by varying the external resistance
(10,000-10 Q) at 30 min intervals and measuring the cell voltage
at each resistance; the resistances used were: 4 MQ (OCV),
10,000, 5000, 2500, 1000, 500, 250, 100, 50, 25 and 10 Q. All mea-
surements were carried out at room temperature (20 = 1 °C) on
three independent replicates for each cathode. Power density
(mW m~2) and current density (mA m~2) were calculated normal-
izing by the geometric area of the carbon cloth (1 cm?). After each
set of power density measures, MFC were left in thermal bath
(25 +1 °C)with a 0.1 M K3[Fe(CN);s] solution refilled in the cathodic
compartment and again connected to a 1000 Q resistance. In order
to maintain the bioanodes, sodium acetate (0.012 M) was added
when the measured voltage of each cell decreased below 0.05 V.

3. Results and discussion
3.1. Physical characterization of carbon-based electrocatalysts

Carbon materials were synthesized using a protocol that combi-
nes highly conductive carbon scaffolds with functional porous
shells: the presence of a porous shell allows for high specific sur-
face area and incorporation of the metal-centers, while maintain-
ing high conductivity via formation of 3D networks of
interconnected nanocarbon. The synthesis protocol was adapted
from work by Karthik et al. [62] on the synthesis of N-free,
macro-mesoporous monoliths using resorcinol-formaldehyde

N

[9)]

o
L

-

o

o
1

(6}
o
L

0 T T . T T
0.0 0.2 0.4 0.6 0.8 1.0
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Adsorbed Volume

1.6

1 10
Pore Size (D) / nm

Fig. 2. (a) Nitrogen adsorption isotherms and (b) pore distributions obtained for materials prepared using BP as nanocarbon scaffolds; (===) RPM_BP, (==) FeRPM_BP. (c)

Nitrogen adsorption isotherms and (d) pore distributions obtained for materials prepared using MWCNT as nanocarbon scaffolds; (

4

) RPM_CNT, (=) FeRPM_CNT.
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resins on insulating foam supports. In this work, resorcinol-
formaldehyde resins were prepared with inclusion of melamine
and iron acetate, as sources of nitrogen and iron, respectively.
Reactants for the synthesis of the resins were blended with either
carbon blacks (FeRPM_BP) or MWCNT (FeRPM_CNT) to impart high
conductivity, and with a sacrificial polymeric template. These mix-
tures were hydrothermally treated, subsequently annealed, and
the resulting materials were then characterized and investigated
for electrode applications. The Fe-free carbon materials RPM_BP
and RPM_CNT were synthesized by omitting the iron acetate in
the resin/nanocarbon blends; these were also studied to better
understand the effects of Fe-centers on structure and activity.
The bulk composition of the materials was investigated via ele-
mental analysis (CHNS) and ICP-OES to determine the relative
ratios of light atoms and the Fe wt.% content, respectively; Table 1
summarizes the atomic composition of the four materials pre-
pared, calculated by combining the results from both methods
(see Supporting Information, Table S1). Results indicate all four
materials consist mostly of carbon with small amounts of hydro-
genated groups, as expected of materials that undergo graphitiza-
tion under inert atmosphere. The nitrogen content varies in the
range 1.0-4.5 at.%, while the Fe at.% content was found to be
1.35% and 0.45% for FeRPM_CNT and FeRPM_BP, respectively.
XRD was further used to investigate bulk composition; Fig. 1 shows
XRD patterns for FeRPM_BP and FeRPM_CNT, and for the metal-
free RPM_BP and RPM_CNT. Fe-free samples show two broad peaks
at ca. 25° and another at ca. 43° that are assigned to the (002) and
(100) diffractions of carbon, respectively [62], where their peak
width indicates poor crystallinity. This suggests that in the absence
of Fe centers, diffraction patterns are dominated by contributions
from carbonized material with poor crystallinity. Broad contribu-
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tions at the same 26 values are observed in the case of FeRPM_BP,
whereas only sharp peaks are evident in the FeBRPM_CNT sample.
This indicates that under the same annealing conditions, the aver-
age size of graphitic crystallites achieved for FeRPM_CNT is much
larger [31,62,63]. Additional peaks in the patterns of FeRPM_BP
and FeRPM_CNT are observed at 38°, 41°, 54°, 57°, 68° and 76°;
these are assigned to contributions from nitrides and carbides, in
agreement with reference patterns for Fe,N (PDF#73-2102), FesN
(PDF#01-1236) and Fe;C (PDF#89-2005). Formation of nitrides
and carbides is consistent with a process involving carbonization
of the organic resin under the N-rich ammonia atmosphere while
in the presence of iron salts, and is consistent with previously
observed results of pyrolysis reactions under similar conditions
[63,64].

Specific surface area and pore structure were determined by
BET analysis and Barrett-Joyner-Halenda (BJH) analysis methods
of N, sorption isotherms, respectively; a summary of BET areas is
reported in Table 1. Materials prepared with BP scaffolds yielded
higher BET areas (651 and 485 m? g~!) than their CNT-based coun-
terparts (293 and 231 m? g !), which is consistent with BP possess-
ing an area [65,66] >1400 m? g~! compared to <300 m? g~! for
MWCNT [67]. Incorporation of iron in the resin results in specific
surface areas that are 22-25% lower than that of the Fe-free equiv-
alent material; this is in agreement with previous literature reports
that show that, during the pyrolysis of organic precursors, iron cat-
alyzes gasification and graphitization, leading to pore opening and
lower BET areas than in the absence of iron in the carbon structure
[68,69]. Fig. 2 shows isotherms and pore size distributions (PSDs)
of the nitrogen-doped carbon based catalysts: all of the considered
materials exhibit hysteresis loops characteristic of the type IV iso-
therm associated with capillary condensation, typically observed

Fig. 3. TEM micrographs of (a, b) FeRPM_BP and (c, d) FeRPM_CNT materials.
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Fig. 4. (a) XPS survey spectra of carbon materials. (b) Comparison of the Fe 2p photoemission peaks for FERPM_BP and FeRPM_CNT materials. (c) C 1s spectra of all four

materials. (d) N 1s spectra and best-fit for all prepared materials; (

Table 2

XPS analysis of surface atomic %-content (equivalent to molar-%).
Sample Atomic %

N/C 0/C Fe/C

RPM_CNT 3.2 52 -
RPM_BP 4.7 3.9 -
FeRPM_CNT 4.0 7.7 0.4
FeRPM_BP 4.2 7.3 1.3

for mesoporous materials [70]. In addition, all the isotherms pre-
sent an appreciable gas uptake from very low p/p0 which is asso-
ciated with micropore filling. The differences in hysteresis
profiles reveal significant differences in pore structure among the
materials. The isotherm profile of RPM_BP (Fig. 2a) exhibits two
capillary condensation steps, suggesting that at least two types of
pores contribute to the PSD [31]. The PSD of RPM_BP (Fig. 2b)
shows two peaks: one sharp and centered at 3.7 nm and a broad
one at ca. 7 nm. The introduction of Fe into the RPM_BP matrix
changes the curvature of the hysteresis profile, approaching the
expected shape of a type H1 loop [71] typical of mesoporous car-

) Npy, (=) Npyr and (==) N, functionalities.

bons. The PSD profile is consequently modified showing a reduced
amount of pores centered at 3.7 nm and the formation of bigger
pores in the range 10-20 nm. The use of MWCNT results in lower
specific areas, as previously mentioned, as well as changes in the
adsorption isotherms, whose loops approximate the H5 and H4
types for RPM_CNT and FeRPM_CNT respectively (Fig. 2¢) [71].
The type H5 loop observed for RPM_CNT is associated with pore
structures containing both open and partially blocked mesopores
[71]; the H4 loop observed for FeRPM_CNT has already been
reported for micro-/mesoporous carbons [71]. The PSD in Fig. 2d
follows a similar trend to that reported for BP based samples after
addition of Fe, i.e. that the introduction of Fe results in the disap-
pearance of pores >5 nm.

Fig. 3a-d show TEM micrographs of FeRPM_BP (3a and 3b) and
FeRPM_CNT (3c and 3d). CNT agglomerates form an entangled net-
work, whereas BP forms aggregates of spherical nanoparticles as
previously reported [56]. Along the walls of CNT it is possible to
clearly observe aggregates which we attribute to the formation
of Fe particles; this was confirmed via elemental mapping as
shown in Supporting Information (Fig. S1). Micrographs of
FeRPM_CNT at higher magnification (Fig. 3d) clearly show that
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Fig. 5. Cyclic voltammograms obtained in O,- (solid lines) and N,-saturated (dashed lines) 0.05 M Na,HPO,/ NaH,PO, aqueous solutions (pH 7.2) at 5 mV s~ for

electrocatalysts synthesized with (a) BP and (b) CNT as nanocarbon scaffolds; (=) FERPM_BP, (==) RPM_BP, (==) FeERPM_CNT and (

CNT are uniformly coated by a resin layer of thickness in the range
9-24 nm. In the case of FeRPM_BP it was not possible to discern
the presence of well-defined Fe-rich nanoparticles, while micro-
graphs at high magnification do not show a clear discontinuity
between BP scaffold and resin (Fig. 3b). This observation suggests
that the resin is much thinner and finely distributed over the BP
nanoscaffold when compared to CNT. Also, it is consistent with
the resin coating resulting in partial pore occlusion and lower
BET area than for the bare BP nanocarbon material.

The surface composition was characterized using XPS. Fig. 4a
shows survey spectra of the four materials; surface atomic ratios
calculated from high resolution spectra are summarized in Table 2.
Surveys show characteristic peaks associated with C 1s (284 eV), N
1s (400 eV) and O 1s (532 eV). Fe 2p doublets (710 eV) are not dis-
cernible in the surveys of FeRPM_BP or FeRPM_CNT; however, their
presence was evidenced in the high resolution scans, as shown in
Fig. 4b. High resolution spectra of the C 1s region (Fig. 4c) display
a maximum at ca. 284 eV characteristic of graphitic carbon and an
unresolved asymmetric line that indicates the presence of func-
tional C—N, C—0 and C=0 groups [38,59,72]. Fig. 4d shows high
resolution N 1s spectra and their best-fits. Three contributions
assigned to pyridinic-N (Npy, 398.0-398.3 eV), pyrrolic-N (Npyr,
400.0-400.6 eV) and graphitic-N (Ng, 401.8-402.3 eV) were
observed to yield satisfactory fits [59,73,74], thus indicating a mix-
ture of surface N-functionalities with more than 90% of the inten-
sity arising from pyridinic- and pyrrolic-N contributions. High-
resolution spectra in the O 1s region are shown in Supporting
Information (see Fig. S2).

The surface Fe/C atomic ratio values estimated from XPS are
<1.5% and similar to those obtained from bulk characterization
methods (see Table 1). Given that iron acetate is present in the
resorcinol-formadehyde resin component exclusively, this result
indicates that in FeRPM_BP and FeRPM_CNT materials are highly
nanostructured and that the resin is highly dispersed over the sur-
face of the nanocarbon scaffold, in agreement with previous char-
acterization results.

In summary, the characterization of composite materials indi-
cates that nanocarbon scaffolds in combination with resorcinol-
formaldehyde resins results in carbon materials that can incorpo-
rate both N-sites and Fe-sites. Use of Black Pearls results in higher
specific surface areas and greater exposure of Fe-centers at the sur-
face of the carbonized materials. The performance of these materi-
als as cathodes for the ORR is discussed in the following sections.

) RPM_CNT.

3.2. Electrochemical characterization

The materials characterized in the previous section were then
studied as potential electrocatalysts for the oxygen reduction reac-
tion (ORR), with a focus on applications as air-cathodes in MFCs.
High electrocatalyst activity in electrolytes at near physiological
pH is most relevant for MFC applications therefore we tested
ORR activity at pH 7.2. Fig. 5a and b show cyclic voltammograms
for Fe-free and Fe-containing materials, respectively, obtained in
0.05 M Na,HPO4/NaH,PO, aqueous solutions at pH 7.2 in the
potential range —0.6 to +0.5 Vscg at 5mV s~ !, in the presence (solid
lines) and absence (dashed lines) of O, in the electrolyte. Fig. 5a
shows CVs for materials prepared using BP as the nanocarbon scaf-
fold; the CVs show only a capacitive background in Ar-purged solu-
tions, however the presence of O, in the electrolyte results in
cathodic peaks indicative of the ORR. Importantly, the presence
of Fe-centers in FeRPM_BP results in a considerable enhancement
of the cathodic peak current (j.max) relative to RPM_BP, as well
as in a significant positive shift in the peak potential (E,) from
—0.207 £ 0.021 Vscg to +0.104 + 0.013 Vscg (AE, > 300 mV), indica-
tive of a lower overpotential for the ORR. Fig. 5b shows CVs for
materials prepared with MWCNT; as in the previous case, CVs in
Ar-purged solutions result in a capacitive response. In the presence
of O, the CV of RPM_CNT does not yield a resolved redox peak,
however with the addition of Fe-centers in FeRPM_CNT it is possi-
ble to observe a cathodic peak at E,, = 0.070 + 0.026 Vscg that indi-
cates activity in the ORR, albeit with a lower cathodic peak current
relative to FeRPM_BP. Notably, the E, value of ca. 0.100 Vscg
observed for FERPM_BP and FeRPM_CNT is comparable to that of
a commercial Pt/C, observed at +-0.078 * 0.003 Vscg in the same
conditions (see Supporting Information, Fig. S3). The relatively
modest performance of Pt-based catalysts for ORR in phosphate-
rich electrolytes is well reported in the literature [22-24]; results
therefore indicate that in these challenging electrolytes, these Fe-
based electrocatalysts are promising materials for MFC air-
cathodes.

RDE studies were used to further understand activity and selec-
tivity in the ORR. Fig. 6a shows a comparison of linear sweeps
obtained in O,-saturated electrolyte at 5 mV s~! and 1600 rpm.
Trends in onset potentials and limiting currents obtained via RDE
voltammetry are consistent with results from static electrode cyc-
lic voltammetry experiments: Fe-free materials show poor ORR
activity, whereas Fe-containing materials show the best onset
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Fig. 6. (a) Comparison of voltammograms for (==) RPM_BP, (=) RPM_CNT, (=)
FeRPM_BP and (===) FeRPM_CNT in O,-saturated 0.05 M Na,HPO4/NaH,PO4 aqueous
solutions (pH 7.2) at 5 mV s~ ' at 1600 rpm; data are shown after correction for
capacitive contributions. (b) number of electrons calculated at different potentials
from Koutecky-Levich plots for (ll) FeRPM_BP and ( A ) FERPM_CNT. (c) Tafel plot for
(===) FeRPM_BP and (===) FeRPM_CNT materials obtained from the voltammograms
in (a).

potentials. Table 3 reports a summary of onset potential at
0.1 mA cm 2 (Egpser) and half-wave potential (E; ;) values calcu-
lated from RDE voltammetry for FeRPM_BP and FeRPM_CNT. Sig-
nificant differences are observed in J,,, of FeRPM_BP and
FeRPM_CNT: FeRPM_BP shows a J;;, close to that expected for a
4-electron ORR reduction pathway whereas FeRPM_CNT displays

Bioelectrochemistry 142 (2021) 107937

Table 3

Summary of performance indicators obtained for FeRPM_BP and FeRPM_CNT
electrode materials in the ORR. Egnsets are calculated from RDE voltammetry at
1600 rpm.

FeRPM_BP FeRPM_CNT
Cathodic peak potential E, (V vs SCE) 0.104 + 0.013 0.070 £ 0.026
Eonset @ 0.1 mA cm™2 (V vs SCE) 0.153 + 0.014 0.140 + 0.006
E1/, @ 1600 rpm (V vs SCE) —0.076 £ 0.014 —0.08 + 0.06

approximately half the expected value. Interestingly, the ORR per-
formance of FeRPM_BP is superior to that obtained recently using
activated carbon as a scaffold under similar conditions, for which
the value of ], was significantly smaller compared with our cata-
lysts [75]. Koutecky-Levich analysis of RDE voltammetry as a func-
tion of rotation rate, at potentials between 0.0 and —0.6 V vs SCE
(see Supporting Information, Fig. S4), was used to calculate the
average number of electrons, n, involved in the ORR process. Values
of n obtained as a function of potential are shown in Fig. 6b and
indicate that FeRPM_BP displays significantly better selectivity
towards the 4e ORR pathway.

Tafel plots for Fe-containing materials are shown in Fig. 6c;
slope values of (0.13 + 0.04) and (0.18 # 0.05) V dec! were
obtained for FERPM_CNT and FeRPM_BP, respectively. These values
are somewhat larger than the value of ca. 100 mV reported for the
ORR at polycrystalline Pt electrodes in near-neutral phosphate
aqueous solutions [76], but significantly better than those reported
for ORR at Au and pure carbon electrodes at neutral pH [77]. Values
of Tafel slope >120 mV can arise from morphology [78] and site-
blocking effects [79], and neither can be excluded in the case of
the porous FeRPM materials in the presence of phosphate anions.

The mass activity and specific area activities of the FeRPM cat-
alysts were also determined and are shown in Fig. 7a and b,
respectively. In both cases the activity is superior for FeRPM_BP
relative to FeRPM_CNT; this suggests that whether the currents
are normalized by the mass of catalyst or the specific surface area
the FeRPM_BP displays a better intrinsic activity. This is consistent
with the greater surface concentration of Fe-centers observed for
FeRPM_BP via XPS analysis. Mass activity results are also consis-
tent with final MFC device performances reported in the following
section, showing FeRPM_BP as the best cathodic materials and
FeRPM_CNT performances aligned with non Fe based materials.

CV, LSV and Koutecky-Levich analysis all indicate that low-cost
Black Pearls carbon particles result in superior activity in the ORR
when used as nanocarbon scaffolds for the preparation of Fe/N-
doped catalysts, compared to MWCNT. XPS data, as well as TEM
micrography, suggests that this higher intrinsic activity might be
the result of greater dispersion of accessible Fe-sites at the catalyst
surface. Notably, the performance indicators determined for
FeRPM_BP compare very well also to those obtained in previous
work by other groups using other advanced carbon nanomaterials
such as N-doped nanotubes, nanofibers and graphene in ORR at
near-neutral pH [38,80,81]. It is not possible to unequivocally elu-
cidate the nature of the active sites in these heterogeneous mate-
rials, as it is often the case for pyrolyzed Fe-N-C electrocatalysts
in the literature. Nonetheless it is important to note that the syn-
thetic approach in this work yields all of the structural motifs
hypothesized to play a role in the ORR activity of Fe-N-C materials
[82]: carbon encapsulated Fe particles [83,84] and surface pyrrolic-
and pyridinic-N functionalities both of which have been proposed
to form FeN, active centers [82,85,86].

3.3. Microbial fuel cells test

All synthesized catalysts were tested in double chamber micro-
bial fuel cell devices. As described in the experimental section, the
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Fig. 8. Power density (Pp) of MFCs equipped with RPM_BP (a), RPM_CNT (b), FERPM_BP (c) and FeRPM_CNT (d). Curves were obtained with three different acclimated cells to

verify the reproducibility of results.

tests were conducted using three different MFCs. Cells were ini-
tially acclimated using potassium ferricyanide at the cathode as
electron acceptor [4,8] until a stable voltage was obtained. This
procedure was employed to minimize the variations caused by
possible differences in MFC populations at the anode. Once a stable
voltage output was obtained, the cathodic solution was removed
and the cathode compartment washed with plenty of Millipore
water, before replacing the graphite rod cathode with carbon
clothes covered by RPM_BP, RPM_CNT, FeRPM_BP or FeRPM_CNT
electrocatalysts prepared as described in the experimental section.

Fig. 8 shows power density curves of three replicate cells
assembled with RPM_BP (a), RPM_CNT (b), FeRPM_BP (c¢) and
FeRPM_CNT (d) cathodes. The maximum power density reached
by each type of catalyst reflects the results obtained during ex situ
electrochemical characterization: FeRPM_BP shows peak power
densities in the range 250-375 mW m ™2, which compare well to
typical outputs obtained using acetate as biofuel in the anodic
compartment [5,51,87]. Importantly, these outputs were superior
to those obtained using commercial Pt/C cathodes in the same
MEFC devices, under identical conditions as shown in Fig. 9.
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Table 4
Summary of MFC performances reported in literature relative to Pt/C cathodes and
compared with this work.

Sample Name Normalized performance [%] Ref.
FeRPM_BP 139% This work
Fe-N-C/AC 200% [75]
FeE/CNT 54%

FePc 94% [51]

FePc 167% [87]

RPM_BP and RPM_CNT cathodes display similar performances,
with peak power density values in the range 96-131 mW m™2.
FeRPM_CNT cathodes performed marginally better than Fe-free
materials, yielding peak power densities in the range 144-165
mW m~2, i.e. only ca. 21% better than the peak power outputs of
RPM_BP. To better compare the results obtained, the maximum
power densities averages were normalized on Pt/C ones showing
139% for FeRPM_BP, 46% for RPM_BP and RPMCNTs and 63% for
FeRPM_CNTs. A direct comparison with other Fe based catalysts
is reported in Table 4. Importantly, plain carbon cloth cathodes
were also tested, showing negligible MFCs power density outputs
(<5 mW m~2, see Supporting Information, Fig. S5): this indicates
that neither bare carbon cloth nor residual traces of potassium fer-
ricyanide in the cathodic compartment can be at the origin of the
activity observed with synthesized cathodes.

Trends in power outputs observed in MFC experiments reflect
the results obtained via voltammetry characterization. Cathodic
performances were enhanced when Fe-sites were present in the
tested materials. Furthermore, FeRPM_BP cathodes performed sig-
nificantly better than FeERPM_CNT ones and, notably, better than
Pt/C cathodes under identical conditions. The results indicate that
the combination of high number of available surface sites and
increased dispersion of Fe-sites through the introduction of the
BP scaffold translates into enhanced power outputs once the mate-
rials are integrated into MFC devices. Optimisation of the device
design, e.g. by adoption of a single-chamber configuration [75]
should further improve power outputs to fully take advantage of
electrocatalyst performance. This indicates that employment of
the proposed synthesis with a low cost amorphous carbon tem-
plate offers an effective route for the preparation of highly active
cathodic materials for MFCs.

4. Conclusions

We have designed highly mesoporous carbon based catalysts
with high catalytic efficiency towards the oxygen reduction
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reaction in neutral media through a hydrothermal process. The
samples underwent thermal annealing under NHs rich atmo-
sphere to incorporate N defects in the materials synthesized
with two different proposed scaffolds. XPS and elemental analy-
sis results showed that iron and nitrogen contents vary on the
basis of the carbon scaffold used during the synthesis. XPS anal-
ysis also suggests that nitrogen incorporation into the proposed
scaffolds produces high density of pyridinic and graphitic sites.
XRD analysis revealed that multiwalled carbon nanotubes
allowed the production of a highly crystalline structure whereas
a more amorphous phase is observed for the carbon signal
when Black Pearls is employed. N, sorption isotherms revealed
mesoporosity and high surface area values for Black Pearls
based samples. Iron introduction was found to promote graphi-
tization and pore opening, leading to a surface area decrease
and sharper XRD peaks, furthermore iron introduction drasti-
cally changed the catalytic activity towards the ORR as reported
by the electrochemical characterization. Nevertheless, iron incor-
poration using the two different scaffold precursors proposed
led to a different catalytic response, with Black Pearls based
templates providing better dispersion of catalytic centers and a
higher amount of available active sites, thus indicating the
importance of the carbon morphology on the ORR catalysis.
Microbial Fuel Cell tests report maximum power density perfor-
mances more than 3 times higher than non Fe based samples, if
Fe is combined with Black Pearls, thus confirming preliminary
electrochemical ex situ results. The synthesis optimization
allowed the production of an efficient catalyst based on low-
cost black pearls (1/100 than the cost of multiwalled carbon
nanotubes) as the carbon template. The optimized material also
demonstrated performance comparable with that of commercial
platinum on carbon electrodes used as reference. In summary,
we demonstrated, through an efficient and low-cost synthesis,
the development of an ORR Fe-based catalyst efficient in neutral
conditions, of interest for application in microbial bioelectro-
chemical systems. Optimizations and scale up procedures of
the designed cathode will further decrease the price/Watt ratio
and allow the large scale production of non-precious and sus-
tainable catalytic electrodes for abiotic Oxygen Reduction Reac-
tion in Microbial Fuel Cells.
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