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Abstract: Pt supported on carbon (Pt/C) is deemed as the state-of-the-art catalyst towards oxygen
reduction reactions (ORRs) in chemical and biological fuel cells. However, due to the high cost and
scarcity of Pt, researchers have focused on the development of Earth-abundant non-precious metal
catalysts, hoping to replace the traditional Pt/C catalyst and successfully commercialize the chemical
and biological fuel cells. In this regard, electrocatalysts made of transition metals emerged as excellent
candidates for ORRSs, especially the electrocatalysts made of Fe and Co in combination with N-doped
carbons, which produce potentially active M-Ny-C (M=Co, Fe) ORR sites. At present, however, the
transition metal-based catalysts are popular; recently, electrocatalysts made of rare earth metals are
emerging as efficient catalysts, due to the fact that rare earth metals also have the potential to form
rare earth metal-Ny-C active sites, just like transition metal Fe-N4-C/Co-Ny4-C. In addition, mixed
valance states and uniqueness of f-orbitals of the rare earth metals are believed to improve the redox
properties of the catalyst that helps in enhancing ORR activity. Among the rare earth metals, Ce is
the most interesting element that can be explored as an ORR electrocatalyst in combination with the
N-doped carbon. Unique f-orbitals of Ce can induce distinctive electronic behavior to the catalyst
that helps to form stable coordination structures with N-doped carbons, in addition to its excellent
ability to scavenge the OH® produced during ORRs, therefore helping in catalyst stability. In this
study, we have synthesized Ce/N-C catalysts by a metal-organic framework and pyrolysis strategy.
The ORR activity of Ce/N-C catalysts has been optimized by systematically increasing the Ce content
and performing RDE studies in 0.1 M HCIOy electrolyte. The Ce/N-C catalyst has been characterized
systematically by both physicochemical and electrochemical characterizations. The optimized Ce/N-
C-3 catalyst exhibited a half-wave potential of 0.68 V vs. RHE. In addition, the Ce/N-C-3 catalyst
also delivered acceptable stability with a loss of 70 mV in its half-wave potential when compared
to 110 mV loss for Pt/C (10 wt.%) catalyst, after 5000 potential cycles. When Ce/N-C-3 is used
as a cathode catalyst in dual-chamber microbial fuel cells, it delivered a volumetric power density
of ~300 mW m~3, along with an organic matter degradation of 74% after continuous operation of
DCMECs for 30 days.

Keywords: oxygen reduction reaction (ORR); microbial fuel cells (MFCs); rare earth metal catalyst;
Ce-Ny-C active sites; TOC; organic pollutant degradation; volumetric power density

1. Introduction

Water pollution has become a serious threat to the growing human population and
high demand for fresh water further worsens the situation [1]. In order to meet the de-
mands for the fresh water to the human community, polluted water is recycled through an
extensive process at wastewater treatment plants, which could play a key role in maintain-
ing water quality by removing pathogens and toxic substances, which also include organic
contaminants [2]. The secondary treatment, also known as biological wastewater treatment,
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especially, helps in degrading the dissolved and suspended organic matter in which mi-
croorganisms such as bacteria oxidize the organic matter by biological aerobic oxidation
into CO, and H;O [3,4]. The secondary treatment thus involves intensive aeration of the
wastewater to promote the growth and oxidation of organic matter from the wastewater.
Though biological oxidation is a commonly applied process, it requires high energy input,
produces large amounts of sludge, and most importantly, the energy trapped in the organic
matter is simply lost during the oxidation of the organic matter [5]. Concerning this pro-
cess, the application of microbial fuel cells (MFCs) has been attracting significant interest
as a simultaneous technology for treating wastewater and generating useful amount of
electricity [6,7]. MFCs generate electricity by combined biological and electrochemical
reactions that occur in the anodes and cathodes. In the anode, the electrogenic bacteria
oxidize the organic matter; as a result, it generates the electrons and protons; the electrons
travel through the external electrical circuit, whereas the protons travel through the proton
exchange membrane and reach the cathode [8,9]. In the cathode, the electrocatalyst is typi-
cally made of metal nanoparticles supported on the carbon, which combines the protons
and electrons with the O, present in the atmosphere into H,O, as shown in Equation [10].
The following equations are shown with glucose as a simple organic compound and O, as
the oxidant.

Anodic reaction: CgH12O04 + 6H,O — 6CO, + 24H* + 24e~ E°=0.014 Vvs. RHE (1)
Cathode reaction: O, +4H* + 4e~ — 2H,O E°=123Vvs. RHE (2)

The efficiency of microbial fuel cells depends on various factors such as indigenous
microbial species in the wastewater and the effective formation of biofilm on the anode
surface, which strongly influence the electron transfer from the bacterial surface to the
anode-conductive electrode. This creates a synergistic microbial community that increases
organic matter degradation, depending on the types of organic matter present in the
wastewater and their concentrations [11]. In addition to these, electrode materials also play
an important role in determining the efficiency of MFCs, both in power output and organic
matter degradation [12]. The anode electrode acts as a substrate for the biofilm formation
on which bacteria grow. The anode electrode should have the following features: sufficient
conductivity to extract electrons from the bacterial surface and transport these electrons to
the anode, possess a large surface area, exhibit biocompatibility for the bacterial cells to
adhere and form a biofilm, and resist corrosion [13]. The most common types of anodes
used in MFCs are carbon cloth/felt/paper/brush type. On the other hand, the cathode
electrode on which the oxygen reduction reactor (ORR) occurs contributes to the overall
efficiency of the MFCs. The cathode electrode functions by combining the protons and
electrons with O, in the air to form H,O, which facilitates in maintaining the electron flow
continuously through the external circuit, thus generating the power [14].

The cathode electrode is an essential part of the MFCs which enhances the sluggish
ORR with the help of electrocatalysts, which function in reducing the activation energy
required for the ORR, thus improving the MFC performance. In general, platinum sup-
ported on carbon (Pt/C) is considered as the state-of-the-art catalyst due to the fact that Pt
nanoparticles reduce the activation energy required for the ORR, and due to high exchange
current density, lower the overpotential for the ORR, thus enhancing the ORR kinetics, in
addition to the Pt nanoparticle’s ability to reduce the O, by a direct 4-electron reduction
pathway [15]. Despite the advantages, the commercial applicability of MFCs is hindered by
the high cost, scarcity, and poor stability of the Pt/C catalysts. In addition, the Pt/C cata-
lysts also suffer from poisoning in the presence of sulfur, chlorine, and CO compounds [16].
Consequently, scientists are looking for catalysts that are abundant on Earth, exhibit a high
ORR activity level, and are inexpensive.

Recently, transition metal-based catalysts of Co and Fe, especially, in combination with
N-doped carbons, have attracted considerable interest, as a promising alternative catalyst
to the traditional Pt/C catalyst [17]. These transition metal-based catalysts possess several
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advantages, such as high catalytic activity toward ORRs, low cost, and superior stability.
It is well documented that the transition metal catalysts, Fe and Co, possess active sites
composed of Fe-Ny-C/Co-Ny-C, which mimic the active sites of Pt/C catalyst in reducing
the O, to H,O with a dominant, direct 4-electron reduction pathway [18]. In addition,
the strong coordination bonding between N and transition metals such as Fe and Co
also imparts greater chemical stabilities and corrosion resistance for the typical operating
potentials and pH of the MFCs [19]. Further, N-doping of the carbon guarantees the high
electronic conductivity of the carbon support, which helps in efficient supply of electrons to
the Fe-N4-C/Co-Ny-C active sites. The synergistic effects of N-doped carbons, which also
assist in ORRs, and Fe-N4-C/Co-Ny-C active sites in the catalysts, provide the maximum
positive effect on the overall ORR kinetics and are thus classified currently as the best
alternative ORR catalyst to the traditional Pt/C catalyst [20]. Several researchers identified
Fe-N4-C/Co-Ny4-C catalyst synthesized by a variety of chemical strategies and evaluated
their ORR kinetics in acidic/alkaline electrodes, finding that the Fe-N4-C/Co-Ny4-C catalyst
delivered similar or even higher ORR activity and stabilities [21,22]. Though transition
metal-based catalysts are popular, electrocatalysts made of rare earth metals have recently
emerged as efficient catalysts, due to the fact that rare earth metals also have the potential
to form rare earth metal-Ny-C active sites, just like transition metal Fe-N4-C/Co-Ny-C [23].
In addition, the mixed valence states of the rare earth metals could enhance the redox
properties that augment ORR activity. In addition, rare earth metal-based catalysts have
tremendous electrocatalytic potential due to the localization and incomplete filling of 4f
electrons [24]. Rare earth metals also form strong bonds with the N and carbon matrix, and
this enhances the stability of the electrocatalysts. Moreover, the term rare earth metal often
leads to misconceptions. In contrast, rare earth metals are abundant in the Earth’s crust
when compared to transition and noble metals, particularly metals such as La, Nd, and Ce,
which are the most abundant elements of the rare earth metals category [25]. Among these
metals, Ce is the most interesting element that can be explored as an ORR electrocatalyst in
combination with the N-doped carbon.

Cerium (Ce) is exceptionally interesting due to the fact that Ce exhibits excellent redox
properties with its unique shifting in oxidation state from Ce®* to Ce**, which helps in
electron transfer to the adsorbed oxygen to reduce to HyO [26]. In addition, the participation
of f-orbitals of Ce can induce unique electronic behavior to the catalyst that helps to form
stable coordination structures with N-doped carbons. The Ce-based catalyst is known for
its resistance to Fenton-type reactions, in which Cerium atoms deactivate the H,O, that is
formed due to a 2 + 2 electron reduction process. Especially, the Fe-N-C catalysts produce
OH?* by the Fenton reaction [27]. The produced OH?® species are harmful to the catalyst and
nafion membrane, and aggravates corrosion of the carbon, therefore drastically reducing
the catalyst stability. Unlike the Fe-N4-C catalyst, the Ce-N4-C catalysts, due to their oxygen
storage and easier release properties, help in effectively deactivating the OH® [28].

Considering these advantages, in this work, we attempted to understand the effect
of Ce atoms on the ORR in acidic electrolyte of 0.1 M HCIO,4 aqueous solution. The Ce-
N-C catalyst was synthesized by a traditional ZIF-based metal-organic framework and a
pyrolysis approach. The synthesized catalysts were systematically characterized by both
physiochemical and electrochemical methods. SEM images show the dodecahedron-shaped
Ce-ZIFs, and the TEM images show the porous carbon with atomically dispersed Ce and N
atoms, which are revealed by the elemental mapping. The XRD analysis shows no evidence
of Ce in any of the nanoparticles formed, and thus we believe that the Ce atoms are well
incorporated into the carbon matrix, in the form of atomic dispersions. The XPS analysis
shows clearly the redox states of the Ce in the form of its Ce** and Ce** oxidation states.
The ORR analysis indicates that the Ce/N-C-3 catalyst shows superior ORR activity in
relation to the Pt/C catalyst, both in terms of kinetic activity and stability. When used as an
ORR catalyst in dual-chamber microbial fuel cells (DCMFCs), the Ce/N-C-3 catalyst shows
appreciable amounts of organic matter degradation, as evaluated by total organic carbon
(TOC) analysis.
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2. Results

The Ce-N-C catalyst is synthesized from a traditional metal-organic framework-
derived ZIF, from Zn?* and Ce®* as metal ions and 2-methyl imidazole (2-MIM) as organic
ligand, in a methanolic solution. The optimum content of Ce is optimized by varying the
Ce3* precursor amount introduced during the ZIF formation. The synthesized Ce-ZIF is
then pyrolyzed in N, atmosphere at 950 °C to obtain the Ce-N-C catalysts (Scheme 1).
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Scheme 1. Schematic representation of the Ce/ZIF and Ce/N-C- catalyst synthesis and their ORR
and MFC performance analysis.

Figure 1a shows the XRD patterns for N/C and Ce/N-C-3 catalysts, which indicate
typical diffraction patterns of carbon materials with a diffraction peak centered around ~25°
and ~44°, corresponding to the C (0 0 2) and C (1 0 1) planes, respectively. No visible peaks
of any metallic components of Ce, either in the form of metallic/oxide/hydroxide/nitrides
have been observed, indicating that the catalysts are purely composed of N-doped carbon
and atomic dispersion of Ce atoms incorporated in the N-doped carbon matrix. Figure 1b-d
show the Ce-ZIF-8 nanoparticles, which show a typical cubical dodecahedron structure
of agglomerated Ce-ZIF-8 nanoparticles with an almost uniform size, indicating that
insertion Ce did not typically alter the native ZIF-8 morphological structure [29]. The
elemental mapping from the SEM-EDS analysis clearly indicates a dense distribution of
Ce, suggesting a sufficient amount of Ce in the catalysts (Figure S1). We have now added
fresh images to the supporting information of the article. It can be seen that the Ce/N-C
sample contains a sufficient amount of Ce atoms. The BET analysis of the Ce/N-C-3 catalyst
(Figures S2 and S3) and found that it has a surface area of ~899 m? g~! and BJH pore size
distribution analysis reveals most of the pores in the catalyst are in the range of 3-5 nm,
with an average pore diameter of 3.8 nm which is within mesoporous range. Therefore, it
confirms that the Ce/N-C-3 catalyst has mesoporous range. Figure 2a—d show the TEM
images of the Ce/N-C-3 catalyst. TEM images confirm the porous nature of the carbon
derived from the pyrolysis of the Ce-ZIF MOFs. Furthermore, no visible agglomeration
of Ce nanoparticles in any of the metallic/oxide/hydroxide/nitrides is apparent, which
gives clear evidence that the metallic Ce is possibly atomically dispersed in the carbon
matrix [30]. The HAADF images and corresponding elemental mapping of C, O, N, and Ce
for the Ce/N-C-3 indicates that the catalyst contains the C and N and dispersed Ce atoms
(Figure 2e—j). Furthermore, line mapping of the Ce/N-C-3 catalyst in a particular region
reveals that the catalyst contains the N and Ce atoms, which exist together in the observed
region. Figure 2k,1 further reveals that there is a possibility of the formation of Ce-Ny-C
structures similar to the M-Ny4-C structure that is observed in the case of Fe and Co catalysts,
which are believed to be the actual ORR active sites in the metal-N-doped carbons.
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Figure 1. (a) X-ray diffraction images of the N/C and Ce/N-C-3 catalysts. (b—d) SEM images of the
Ce/ZIF precursor.
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Figure 2. (a—d) TEM images of the Ce/N-C-3 catalysts. (e) HAADF image and corresponding
elemental mapping of (f) carbon, (g) oxygen, (h) nitrogen, (i) cerium, (j) overall mapping of all the
elements in the Ce/N-C-3 catalysts, and (k) line-mapping image and (I) corresponding line mapping
of the elements in a particular region of the Ce/N-C-3 catalyst.

XPS analysis of the Ce/N-C-3 catalyst provides insights into the oxidation states of the
elements such as C, N, and Ce. Figure 3a shows the XPS spectra for Cls in the Ce/N-C-3
catalyst, which can be deconvoluted into four major peaks at the binding energies of 284.84,
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285.44, 286.44, and 288.64 eV, for C-C, C=0, O-C=0, and -C-N bonding states in the catalyst,
respectively. The presence of C-C and C=C indicates that the catalyst contains both sp3 and
sp2 carbon, respectively [31]. This indicates that the carbon contains both graphitized and
defective carbon, arising from the presence of O and N in the catalysts. In addition, the
appearance of C-N confirms the presence of N in the catalysts that is derived from the N
atoms in 2-MIM, incorporated into the carbon matrix during pyrolysis. Figure 3b shows
the XPS spectra for N1s in the Ce/N-C-3 catalyst, which can be deconvoluted into four
major peaks at the binding energies 397.58, 398.18, 398.88, and 400.68 eV for pyridinic-N,
possible pyridinic-N-Ce, pyrrolic-N, and graphitic-N electronic states in the Ce/N-C-3
catalyst, respectively [32]. Each of these electronic states of N significantly contributes to
the intrinsic ORR activity, which comes exclusively from the N doping. Generally, the
pyridinic-N can be found at the carbon plane edges, which also contributes its lone pair
of electrons to the carbon, thus enhancing the electronic conductivity. In addition, the
pyridinic-N also helps in the adsorption of O, and donation of its unpaired electrons
to the O,, thus weakening the O=0 bond and subsequently reducing it into H,O [33].
Generally, the pyrrolic-N is situated in the defect sites of the carbon and is incorporated
into the five-member ring of the carbon matrix, contributing its unshared electron pair
to the carbon 7t electron density, thereby increasing the electronic conductivity of the
carbon support and consequently enhancing the activity of the ORR [34]. Graphitic-N,
on the other hand, is situated in the basal plane of the carbon matrix, which alters the
electronic charge density/spin density around the carbon atoms, and hence acts as a
potential ORR active site [35]. Interestingly, the appearance of the peak at the binding
energy of 398.88 eV is possibly due to the formation of pyridinic-N-Ce bonding structures,
similar to the Fe-Ny-C [36]. It is well known that pyridinic-N, compared to pyrrolic-N and
graphitic-N, has a higher chemical reactivity for trapping metal atoms like Ca, Al, Mg, Fe,
Co, Mn, La, Ce, Y, etc., to defect sites due to the distinct local charge distribution in the
presence of lone pair electrons. Besides stabilizing metal atoms, pyridinic-N-Ce bonding
structures boost carbon-based catalyst ORR activity. The metal atom anchored on three
or four pyridinic-N doped graphene vacancy sites, MN3C and MN4C, are studied mostly
for their low formation energies and superior electronic properties. According to studies,
MN,C is more stable than MN3C due to more M-N bond formations, but highly reactive
for ORR [37-40]. The presence of pyridinic-N on the edges has been extensively recorded
as potential sites for the coordination of metallic ions, resulting in the formation of Ce-N4-C
structures [41]. This facilitates optimal adsorption and efficient reduction of O, due to the
synergistic effect of both N- and Ce. From the XPS analysis, its clearly visible that Ce is
bonding with N, therefore it is reasonable to assume that there are high possibilities for
the formation of the Ce-Ny-C structure; it is very common and usually interpreted from
the XPS analysis, and the primary evidence for Ce-Ny4-C structures in the catalysts; this is
consistent with the literature [37-41]. Therefore, the formation of potential Ce-N4-C could
be possible active sites in the Ce/N-C-3 catalyst; however, further detailed studies with
sophisticated analytical instruments such as X-ray absorption near-edge structure (XANES)
and Fourier transform-extended X-ray absorption fine structure (FI-EXAFS) spectra are
required to confirm the Ce-Ny-C structures. The N atoms in the carbon matrix contribute
electrons to the Ce atoms, resulting in an increased electron density around the Ce atom.
This electron density can then be transferred to the adsorbed O,, causing a weakening of
the O=0 bond and subsequent reduction to water, H,O. In particular, bonding between
carbon and cerium C-Ny.Ce is observed at the edges of the pores when four nitrogen atoms
from four different pyridinic-N groups come together to form Ce-Ny-C structures. These
Ce-Ny-C structures are believed to be the active sites for the ORR in several single-atom
catalysts such as Fe-N4-C and Co-Ny-C, including Ce-Ny-C [42,43]. Figure 3c shows the
XPS spectra for Ce 3d spectra in the Ce/N-C-3 catalyst, which can be deconvoluted into six
peaks resulting from the triplet peaks, one each for the Ce 3d3,, and Ce 3ds,; electronic
states. The Ce 3d3,, peak exhibits additional splitting into three distinct peaks at 906.38,
904.18, and 901.18 eV, which correspond to the presence of Ce**, Ce3*, and Ce3* ions,
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respectively. Similarly, the Ce 3ds5,, peak can be separated into distinct peaks at 886.78,
884.68, and 882.28 eV, which are associated with Ce**, Ce3*, and Ce** ions, respectively.
The XPS spectra verifies the simultaneous presence of Ce** and Ce®*, facilitating efficient
charge transfer during ORR by means of the continuous interconversion between Ce** and
Ce3*. In addition, the interconversion between Ce** and Ce3* helps to deactivate the OH®
during the ORR [44].
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Figure 3. Deconvoluted spectra of (a) Cls, (b) N 1s, and (c) Ce 3d elements in the CE/N-C-3 catalysts.

After analyzing the Ce/N-C catalysts for their physicochemical characterization, the
catalysts are then assessed for ORR in 0.1 M HCIO; electrolyte. The optimum content
of the Ce in the N-doped carbon matrix has been evaluated by varying the Ce precursor
concentration during the ZIF synthesis. The assumption is that the Ce loading in the
catalysts would linearly increase with the amount of Ce precursor used. This assumption
is based on the expectation that a higher concentration of Ce precursor would result in
a greater incorporation of Ce3* ions into the ZIFs, which would then be retained in the
carbon matrix after pyrolysis. This linear relationship is also reflected in the observed
increase in half-wave potentials with higher Ce concentrations, as shown in Figure 4. The
optimum content of Ce is then assessed through the ORR activity. Figure 4a shows the
LSV curves of the Ce/N-C catalyst in O, saturated 0.1 M HCIOy electrolyte at 1600 rpm.
All the catalysts show a typical ORR characteristic with kinetic, mixed kinetic diffusion-
controlled, and limiting currents. We derived the half-wave potential (E; /;) values for all
the catalysts to assess the catalysts” ORR activity. Interestingly, the N-C catalyst shows an
E;/; of 0.53 V, therefore confirming the intrinsic ORR activity of the carbon matrix due
to N dopants. It is well known that N dopants alters the change and spin density of the
nearby carbons atoms and thus helps to absorb the O, [45]. N-doping also increases the
electronic conductivity of the carbon, therefore collectively helping in the reduction of O, to
H,O. Further, when Ce atoms are introduced into the carbon N-doped carbon matrix, it is
observed that the ORR activity increased, possibly due to the formation of Ce-Ny-C active
sites. The obtained E; /, potentials are 0.62, 0.67, 0.68, and 0.65 V for the Ce/N-C-1, 2, 3,
and 4 catalysts, corresponding to 24/48/72/96 mg of the Ce(NOs), precursor, respectively.
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It can be clearly seen that the E; /; steadily increases with the increase in Ce content, due
to increased Ce atom concentration in the catalyst. With the incorporation of Ce atoms, a
total gain of 150 mV in the E; /, potentials (Ce/N-C-3) is observed, in comparison to the
N-C catalyst. These results clearly suggest that the incorporation of Ce has a definite role in
enhancing the O; adsorption and reducing the O, to H,O, due to its unique f-orbital Ce
that can induce unique electronic behavior to the catalyst, which then helps to form stable
coordination structures with N-doped carbons (Ce-N4-C active sites) and its unique redox
switching ability (Ce3* /Ce**) [46].
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Figure 4. (a) LSV curves of the Ce/N-C-1,2,3 and four catalysts along with N-C catalyst. (b) LSV
comparison of Ce/N-C-3 and Pt/C (10 wt.%) catalyst. (c) Tafel slopes of the Ce/N-C-3 and Pt/C
(10 wt.%) catalyst. Electrolyte: O,-saturated 0.1 M HCIOy, scan rate 10 mV sec !, 1600 rpm.

The optimized Ce/N-C-3 is then compared with the state-of-the-art ORR catalyst,
Pt/C (10 wt.%) as shown in Figure 4b. The Pt/C (10 wt.%) catalyst shows a half-wave
potential of 0.74 V. However, the ORR activity of Ce/N-C-3 catalyst is still inferior to Pt/C
(10 wt.%) by 60 mV. The Ce/N-C-3 catalyst being non-precious, however, indicates that
the ORR activity obtained is still considered as appreciable, with further opportunities
to increase the ORR activity by incorporating additional metal active sites composed of
other rare earth metals/transition metals. The dual metal atom catalysts have recently
been shown to enhance the ORR kinetics more than the single metal catalysts, due to
synergistic effect by different metal active sites and unique electronic states offered by dual
metals. Therefore, we believe the ORR activity of the Ce/N-C-3 catalyst can be further
enhanced by incorporation of a second metal. Figure 4c shows the Tafel analysis of the Pt/C
(10 wt.%) and Ce/N-C-3 catalysts. The obtained Tafel values were 94 and 97 mV dec™!
for Pt/C (10 wt.%) and Ce/N-C-3 catalyst, suggesting that ORR proceeds by a similar
mechanism on Ce/N-C-3 catalyst, just like Pt/C, in which adsorption of O, along with
the first electron/proton transfer is a rate-determining step. The Tafel values indicate that
the ORR proceeds through similar ORR kinetics, with the first electron transfer being the
rate-determining step for both catalysts; however, the overpotential for Ce/N-C-3 catalysts
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is observed to be still higher than the Pt/C, possibly due to lower ORR activity of the
Ce/N-C-3 catalyst when compared to the Pt/C (10 wt.%) catalyst, as seen in Figure 4b.

The optimized catalysts are further evaluated for the ORR mechanistic pathway by
recording LSVs at different rpms and deriving their K-L plots for calculating the number
of electrons transferred per O, molecule. Figure 5a—c show the LSV recorded at different
rotations per minute. It is seen that for all three catalysts, limiting current steadily increases
with an increase in the rotations per minute, whereas there is hardly any difference in
the kinetic regions of the LSV curves. This clearly suggests that the ORR is a diffusion-
controlled reaction, which requires gaseous O, reactant to diffuse from the bulk solution
to the catalyst surface to become adsorbed, in order to be reduced on the electrocatalyst
surface. The K-L plots were derived from the LSVs recorded from different rpms by plotting
the inverse of the current density and the inverse square root of the rotation speed, as
shown in Figure 5d—f. The derived K-L plots are found to be almost linear at different
potentials for all the Ce/N-C-3 and Pt/C catalysts, whereas slightly scattered plots for the
N-C catalyst. This indicates that all the catalysts follow a similar reaction mechanism which
remains almost constant across the potential ranges. The linear K-L plots also indicate
that the overall ORR is influenced by both kinetic and diffusion-controlled processes. The
average number of electrons transferred per O, molecule is found to be 3.64, 3.91, and
3.98 for the N-C, Ce/N-C-3 and Pt/C (10 wt.%) catalysts. This indicates that the ORR
proceeds through a dominant direct 4-electron O, reduction reaction, which results in the
formation of HyO. The direct 4-electron reduction is a desired reaction pathway for any
catalyst to be used in fuel cells. Other reaction pathways result in a 2 + 2-electron reduction,
which forms H,O, as an undesired product of O, reduction. Concerning this observation,
it is noted that the Ce-N-C catalyst comes with the additional advantage of deactivating
any negligible amount of H,O, due to its redox ability. This property of scavenging of the
H,0O,/0OH?* by Ce/N-C is especially helpful to maintain the stability of the catalysts and
electrolyte membrane [47,48].

Figure 6 shows the stability results, assessed by potential cycling of the catalysts in
acidic electrolytes in the potential range of 0.0 to 1.23 V vs. RHE. Figure 6a shows the cyclic
voltammogram of the Pt/C catalyst, presenting a typical voltammogram of the hydrogen
adsorption/desorption region and capacitive regions. The potential cycling of the catalysts
were carried out for 5000 cycles. It is observed that the integrated area under the hydrogen
adsorption/desorption region linearly decreases with increase in the potential cycling,
representing the decreased electrochemically available surface area of the Pt nanoparticles,
in the Pt/C catalyst. It is well known that poor stability of the Pt/C catalyst in acidic
electrolyte is due to Pt nanoparticle dissolution, re-deposition, and agglomeration of the P
nanoparticles that leads to decreased electrochemically active surface area (ECSA) [49]. The
degradation is further quantified for Pt/C catalyst ECSA measurements before and after
cycling. Initially, ECSA was 60.9 m?/g Pt. After cycling, ECSA dropped to 50.2 m?/g Pt
and then to 41.5 m? /g Pt. This significant ECSA reduction is due to active Pt surface area
loss and the degradation mechanisms such as coalescence, Pt nanoparticle dissolution, re-
deposition, and agglomeration. The decreased ECSA indicates decreased catalytic activity
and shows the effect of potential cycling that affects the Pt/C catalyst performance. The
corresponding LSV curves, recorded after 2500 and 5000 cycles, show clear evidence of
poor stability of the Pt/C catalyst, due to the reduction in the ORR activity in terms of
the loss in the half-wave potential. The Pt/C catalyst lost 60 and 110 mV from its initial
ORR activity, after 2500 and 5000 cycles, respectively (Figure 6b). In addition, one can
see that after 5000 potential cycles, the Pt/C LSV curves show the typical two plateaus
after cycling, representing a shift in the reaction pathway from a direct 4-electron O,
reduction to an indirect 2 + 2-electron and 4-electron mixed O, reduction pathway. We
believe that poor stability of the Pt/C catalysts leads to the LSV curves having two plateaus
after cycling. During the stability test, by losing Pt nanoparticles during cycling, more
carbon surface is exposed. The carbon matrix is known to perform the ORR through a less
efficient 2 + 2-electron reduction pathway than Pt nanoparticles’ direct 4-electron process.
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Increased H,O, production may result from this change in reaction mechanism. Thus,
the two LSV plateaus may represent the ORR activities of the remaining Pt nanoparticles
and the exposed carbon surface. The initial plateau indicates ORR on remaining Pt sites,
while the second plateau is caused by ORR on the carbon surface, producing H,O, [50]. In
contrast, under similar experimental conditions, the Ce/N-C-3 catalyst shows improved
catalyst stability, as shown in Figure 6¢,d. The Ce/N-C-3 catalyst shows excellent ORR
characteristics even after 5000 potential cycles. The Ce/N-C-3 catalyst shows the loss of
30 and 70 mV from its initial ORR activity after 2500 and 5000 cycles, respectively. Overall,
after 5000 potential cycles, the Ce/N-C-3 catalyst lost 70 mV, whereas Pt/C lost 110 mV, in
the half-wave potential values. These results indicate that the Ce/N-C-3 catalyst shows
better stability than the Pt/C catalyst. In contrast to Pt/C catalyst morphology, where Pt
nanoparticles are on the carbon support, mostly by weak metal-support interaction, in
Ce/N-C-3 catalyst the Ce atoms are tightly bonded to the N-atoms of the carbon support
(Ce-Ny-C structures). Therefore, the mechanism associated with the metal nanoparticle
coalescence, dissolution, detachment, and re-deposition are expected to occur very slowly.
Therefore, Ce atom leaching or detachment is prevented; thus, the Ce/N-C-3 catalyst
performs better in the stability test when compared to Pt/C catalysts. However, the other
mechanisms of degradation, such as carbon corrosion, still occur in Ce/N-C-3, and that
might be the reason that the Ce/N-C-3 catalyst CVs are more resistive after cycling and
also the reason for reduction in the half-wave potentials.
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the N-C (a,d), Ce/N-C-3 (b,e), and Pt/C (cf) catalysts.



Catalysts 2024, 14, 506

11 of 17

— — D
"-‘E 64(a) PHC (10 wt.%) '*.'E (b)  PUC (10 wt.%)
Oy G -14— Initial
< < After 2500 cycles
§.2- £-21—— After 5000 cycles
— Initial =
%‘ﬂ- —— 2500 cycles 2301 MHCIo,
—— 5000 cycl @ !
o2 vees € 4] FeE, =074
o o P
E‘4‘ E_s_ ; . E,=0.68
Ol g PiE E,_=0.63
5 0.1 MHcIo,| 5] = E, %0
Q.54 y T T T . T 0 . : ALY
00 02 04 06 08 10 12 14 0.2 0.4 0.6 0.8 1.0
Potential (V vs RHE) Potential (V vs RHE)
6 —~ 0
(c) Ce/N-C-3 o (d) Ce/N-C-3
41 14 Initial
—— after 2500 cycles
21 -2+ after 5000 cycles
Initial 3] 0.1 MHCIO,
—— after 2500 cycles )

R

—— after 5000 cycles

b
&

&

0.1 M HCIO,

Current density (mA cm'z)
(=]

&

Current density (mA cm
A

00 02 04 06 08 10 12 1.4 0.0 02 04 0.6 08 1.0
Potential (V vs RHE) Potential (V vs RHE)

Figure 6. Stability analysis of the Pt/C and Ce/N-C-3 catalysts. Cyclic voltammograms of the (a) Pt/C
and (c) Ce/N-C-3 catalysts. (b) Linear sweep voltammetry curves of the (b) Pt/C and (d) Ce/N-C-3
catalysts. The stability conditions are 0.1 M HCIO4 aqueous solution as the electrolyte. Scan rate for
CV cycling test 50 mV sec™!; LSV: scan rate 10 mV sec™!; 1600 rpm in O,-saturated 0.1 M HCIO,_ All
the tests were conducted at 25 °C.

After a detailed electrochemical analysis of the catalysts for ORR activity and stability,
we finally evaluated the microbial fuel cell performance for the Ce/N-C-3 catalyst. A
catalyst loading of about 2.5 mg cm 2 was achieved by brush coating on commercial gas
diffusion layers with a catalyst ink made of the Ce/N-C-3 catalyst. The performance of
the MFC was evaluated in a brush anode and a previously activated DCMFC cell that
had been inoculated with bacteria derived from local drainage sewage water sludge and
a carbon source mixture of sodium acetate and glucose. Once the cathode catalyst was
added to the phosphate buffer solution (PBS), we filled the cathode compartment, which
was continuously purged with atmospheric air (Figure 7a). OCV was then generated
and gradually increased over time and stabilized after a while. The i—v curves were only
recorded after the voltage had stabilized. Another experiment was conducted to assess the
performance of the MFC using a gas diffusion layer coated with Pt/C. This was carried out
compare the performance of the Ce/N-C-3 catalyst with the state-of-the-art Pt/C catalyst.
Figure 7b shows the OCV values of the Ce/N-C-3 and the Pt/C catalyst, which indicate
that initial OCV values were around ~0.4 V and ~0.52 V for the Pt/C and Ce/N-C-3
catalysts, which were steadily increased to final and stabilized OCV values of ~0.69 and
~0.63 V for the Pt/C and Ce/N-C-3 catalysts, respectively. Figure 7c shows the i-v curve
for the Pt/C catalyst, which delivered a volumetric power density of 638 mW m~3, with
an acetate+glucose mixture as the carbon source and atmospheric air saturated in PBS
buffer as the oxidant. Under similar operating conditions, the Ce/N-C-3 catalyst delivered
a volumetric power density of 306 mW m~3, approximately half the power density of the
Pt/C catalyst (Figure 7d).
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Figure 7. (a) Schematic operation of the dual-chamber microbial fuel cells set up and used in this
study: (b) OCV values of Pt/C and Ce/N-C-3 catalysts; (c,d) i-v curves for Pt/C and Ce/N-C-3
catalysts; (e) TOC analysis of the anolyte of the microbial fuel cells with Pt/C and Ce/N-C-3 as the
cathode catalysts.

The low MFC performance could be attributed to various mixed and complex pro-
cesses and phenomenon both from anodes and cathodes. Concerning the anodes, MFC
performance can be affected by the type and density of the bacterial electroactive species
that are capable of efficiently transferring electrons from the bacterial cell to the anodes. In
this case, the inoculum of the bacterial culture is very important. Here, we used drainage
water collected from the local underwater pipeline as the inoculum (to mimic the actual
case of wastewater characteristics), although it might not contain an optimal concentra-
tion of the electroactive bacteria. In addition, the bacterial species in the local drainage
wastewater might have a low metabolic rate or might not be well adapted to the substrate
(in this case glucose and acetate), as each bacterial species is substrate specific. There
could also be a high chance of bacterial competition, which would result in the overgrowth
of some species of bacteria compared to others. In addition to these factors, the type of
anode and its electrical conductivity, the geometrical area of the anode, the reactor design,
and the membrane fouling/clogging also affect the MFC performance. Concerning the
cathode side, the conductivity of the substrate, the ORR activity of the cathode catalysts,
the loading of the cathode catalysts, and the geometrical area of the cathode electrode,
along with the type of oxidant (O, vs. air) and their flow rates could affect the overall
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MEC performance. Though the performance of the MFC with the Ce/N-C-3 catalyst is
just half of the performance of the Pt/C catalyst, we believe that further enhancement in
the performance of the Ce/N-C-3 catalyst could be realized with either optimizing the
MEC performance with further increase in the catalyst loading, optimizing the ionomer
ratio, or by exploring the alternative substance to the traditional carbon paper with carbon
brush, carbon cloth, and carbon felt. Enhancing the performance can also be achieved by
introducing a secondary rare earth metal or transition metal along with the Ce, to obtain an
advantage in the synergistic effect in improving the overall ORR performance. In addition
to the MFC performance, we also evaluated the ability of the MFC in degrading organic
matter in wastewater streams by analyzing the total organic carbon (TOC) of the anolyte
in the anode compartment. For this, an ample anolyte was collected for an interval of
3 days, with the MFC being operated continuously with placement of a 100 () resistor.
The collected anolyte was immediately analyzed by the TOC instrument; the results are
shown in Figure 7d. It is seen that TOC values gradually decreased with time, both for
the Ce/N-C-3 and Pt/C (10 wt.%) catalysts. After 30 days continuous operation of the
MEFCs, the MFC with the Pt/C catalyst could degrade ~89% of the organic matter, whereas
the MFC operated with the Ce/N-C-3 catalyst could degrade ~74% of the organic matter.
This proves that the study’s MFC with the Ce/N-C-3 catalyst developed in this study
can efficiently break down organic materials while simultaneously producing an ample
power density.

3. Materials and Methods
3.1. Synthesis of ZIF-8 Nanoparticles

The ZIF-8 nanoparticles were synthesized by the traditional methanol-solution-mediated
synthesis approach; 5.3 g of Zn(NOs); and 6.4 g of 2-methyl imidazole (2-MIM) were
dissolved in 20 mL of methanol solvent in separate beakers. The 2-MIM solution was
added dropwise from the burette to the solution of Zn(NOj3), under continuous magnetic
stirring. The solution was then allowed to be magnetically stirred for about 6 h and a white
precipitate formed, which was then collected by centrifugation and after repeated washing
with methanol. The precipitate was then dried in a hot-air oven at 75 °C for about 10 h. The
dried precipitate was then ground into a fine powder using a mortar and pestle, and then
processed further for pyrolysis.

3.2. Synthesis of Ce-Incorporated Ce-ZIF-8 Nanoparticles

In this procedure, 5.3 g of Zn(NO3),, 24/48/72/96 mg of Ce(NOs),, and 6.4 g of 2-
methyl imidazole (2-MIM) were dissolved in 20 ml of methanol solvent in separate beakers.
The 2-MIM solution was added dropwise from the burette to the solution of Zn(NOs3),
and Ce(NOj3); under continuous magnetic stirring. The solution was then allowed to be
magnetically stirred for about 6 h and a white precipitate formed, which was then collected
by centrifugation and after repeated washing with methanol. The precipitate was then
dried in a hot-air oven at 75 °C for about 10 h. The dried precipitate was then ground into
a fine powder using a mortar and pestle, and then processed further for pyrolysis.

3.3. Synthesis of the N-Doped Carbon and Ce-N-C Catalysts

The ZIF-8 and Ce-ZIF-8 powders were transferred to a graphite crucible and placed
inside a tubular furnace. The furnace temperature was raised to 950 °C with a ramping of
5 °C/min increase in the temperature. Once the final temperature of 950 °C was achieved,
it was maintained for about 1 h in the presence of continuous flow of N; inert gas. After
pyrolysis, the black powdered catalyst was collected and then ground into fine powder and
designated as ZIF-8 — N/C and Ce-ZIF-8 — Ce/N-C catalysts. In the Ce/N-C catalysts,
the catalysts were further designed as Ce/N-C-1, 2, 3, and 4, corresponding to Ce loading
of 24/48/72/96 mg of Ce(NO3),.
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3.4. Physicochemical and Electrochemical Characterization of the N/C and Ce/N-C Catalysts

The N/C and Ce/N-C catalysts were characterized by XRD studies for obtaining
the defects and crystallinity of the catalysts, morphological analysis by SEM and TEM
measurements, and oxidation states by XPS studies. The electrocatalytic ORR activity was
assessed through a traditional three-electrode system using a glassy carbon electrode, a
graphite rod, and a saturated calomel electrode as the working, counter, and reference
electrodes respectively, in 0.1 M HCIO4 by using cyclic voltammetry, liner sweep voltam-
metry, and rotating disk electrode measurements. Justification for using a graphite rod
as the counter electrode is given in the Supplementary Materials included with this arti-
cle, Section S5. The organic matter degradation studies were then assessed for the final
optimized catalysts in dual-chamber microbial fuel cells (DCMFCs) with the anode as
a carbon brush and cathode made of carbon paper with the Ce-N-C and Pt/C catalysts.
The organic matter degradation was then monitored by collecting an ample of anolyte
made of a glucose+acetate mixture and analyzed by using the total organic carbon (TOC)
technique (Scheme 1). The detailed experimental procedures for the physicochemical and
electrochemical characterization of the N/C and Ce/N-C catalysts microbial fuel cell oper-
ation, instrumentation used for RDE/MFC studies, justification for using graphite rod as
counter electrode, biofilm monitoring via OCV measurement over time are, given in the
Supplementary Materials (S1-56).

4. Conclusions

The Ce-incorporated dodecahedron-shaped ZIF particles were synthesized by a tradi-
tional methanolic solvent-mediated metal-organic framework strategy. The pyrolysis of the
Ce-ZIF yields the atomically dispersed Ce atoms on the N-doped carbon support matrix.
X-ray diffraction and transmission electron microscopic studies revealed no evidence for
Ce atomic clusters/oxides/nanoparticles of the Ce; therefore, we assumed the Ce atoms
were atomically dispersed. The XPS analysis revealed the possible formation of Ce-Ny-C
structures due to the observed bonding between pyridinic-N and Ce atoms. The ORR activ-
ity of the Ce/N-C-3 catalysts was optimized by systematically increasing the Ce content
and performing RDE studies in 0.1 M HClOj electrolyte. The optimized Ce/N-C-3 catalyst
exhibited a half-wave potential of 0.68 V vs. RHE, equal to the ORR activity of Pt (10 wt.%).
In addition, the Ce/N-C-3 catalyst also delivered acceptable stability with a loss of 70 mV
in its half-wave potential when compared to 110 mV loss for Pt/C (10 wt.%) catalyst, after
5000 potential cycles. When Ce/N-C-3 is used as the cathode catalyst in dual-chamber
microbial fuel cells, it delivered a volumetric power density of ~300 mW m~3, along with
an organic matter degradation of 74% after continuous operation of DCMFCs for 30 days.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14080506/s1, S1: Physical and electrochemical characterizations;
S2: Electrochemical Characterizations characterization of the Ce/N-C and NC catalysts; S3. Microbial
fuel cell operation; S4. Instrumentation used for RDE/MFC studies; S5. Justification for using
Graphite rod as the counter electrode; S6. Biofilm monitoring via OCV measurement over time;
Figure S1: SEM images of Ce/N-C catalyst and the EDS elemental mapping, along with the tabular
column reporting the atomic %t collected for each element in the catalyst, including Ce; Figure S2:
N, adsorption/desorption isotherms of the Ce/N-C-3 catalyst; Figure S3: BJH desorption summary
and the pore size distribution analysis of the Ce/N-C-3 catalyst. The RDE experimental procedures,
including the catalyst ink preparation, loading, electrodes used, equations to calculate the number of
electrons, the dual-chamber microbial fuel cell set up and procedures, analysis, and sample collection
for TOC are given in this section.
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