
Citation: Hao, W.; Lee, S.-H.; Peera,

S.G. Xerogel-Derived Manganese

Oxide/N-Doped Carbon as a

Non-Precious Metal-Based Oxygen

Reduction Reaction Catalyst in

Microbial Fuel Cells for Energy

Conversion Applications.

Nanomaterials 2023, 13, 2949.

https://doi.org/10.3390/

nano13222949

Academic Editor: Gengtao Fu

Received: 12 July 2023

Revised: 11 September 2023

Accepted: 18 September 2023

Published: 15 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Xerogel-Derived Manganese Oxide/N-Doped Carbon as a
Non-Precious Metal-Based Oxygen Reduction Reaction Catalyst
in Microbial Fuel Cells for Energy Conversion Applications
Wu Hao, Sang-Hun Lee * and Shaik Gouse Peera *

Department of Environmental Science, Keimyung University, Daegu 42601, Republic of Korea
* Correspondence: shlee73@kmu.ac.kr (S.-H.L.); gouse@kmu.ac.kr (S.G.P.)

Abstract: Current study provides a novel strategy to synthesize the nano-sized MnO nanoparticles
from the quick, ascendable, sol-gel synthesis strategy. The MnO nanoparticles are supported on
nitrogen-doped carbon derived from the cheap sustainable source. The resulting MnO/N-doped
carbon catalysts developed in this study are systematically evaluated via several physicochemical and
electrochemical characterizations. The physicochemical characterizations confirms that the crystalline
MnO nanoparticles are successfully synthesized and are supported on N-doped carbons, ascertained
from the X-ray diffraction and transmission electron microscopic studies. In addition, the developed
MnO/N-doped carbon catalyst was also found to have adequate surface area and porosity, similar
to the traditional Pt/C catalyst. Detailed investigations on the effect of the nitrogen precursor, heat
treatment temperature, and N-doped carbon support on the ORR activity is established in 0.1 M of
HClO4. It was found that the MnO/N-doped carbon catalysts showed enhanced ORR activity with a
half-wave potential of 0.69 V vs. RHE, with nearly four electron transfers and excellent stability with
just a loss of 10 mV after 20,000 potential cycles. When analyzed as an ORR catalyst in dual-chamber
microbial fuel cells (DCMFC) with Nafion 117 membrane as the electrolyte, the MnO/N-doped
carbon catalyst exhibited a volumetric power density of ~45 mW m2 and a 60% degradation of
organic matter in 30 days of continuous operation.

Keywords: xerogel; MnO2; coffee carbon; N-doped carbon; ORR; cathode catalyst; microbial fuel
cells (MFCs)

1. Introduction

Microbial fuel cells (MFC) are considered futuristic energy generation technology that
simultaneously treat wastewater and produce useful energy via combined biochemical
and electro-chemical processes. MFC uses the biological and catalytic process to extract
energy and degrade the organic pollutants from wastewater [1,2]. MFC has been widely
investigated to treat wastewater from various sources [2]. Despite significant developments
in the MFC technology, the commercialization of the MFC is stalled by several factors
such as the slow anodic bacterial catabolism of organic pollutants [3], slow kinetics of the
cathodic ORR catalysts [4], high cost of the Pt-based catalysts used in cathodes [5], high
cost of the Nafion membrane [6], low power output [7], low treatment efficiency [8], and
practical difficulties in implementing the MFCs in real wastewater treatment plants [9].
Among these problems, the cathodic ORR is considered as one of the major obstacles both in
terms of its slow, sluggish kinetics and poor stability of the cathode catalyst [10]. In general,
Pt/C has been used as an ORR catalyst; however, due to its high cost, limited reserves,
and its weakness towards poisoning and deactivation in the presence of typical MFC
metabolites, it led us to search for alternative catalysts that are cost effective and, at the same
time, as efficient as the Pt/C catalyst [11]. Several researchers explored various transition
metal-based catalysts composed of Co and Fe [12,13]. Several excellent catalysts of the
Fe-N-C/Co-N-C catalysts have been proposed in the past literature [14–17]. For instance,
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the atomically dispersed Fe-N-C catalysts by the metal–organic framework catalysts [18,19].
Though excellent catalysts have been proposed, the synthesis of such catalysts would
require specific organic precursors such as 2-methyl imidazole and many other organic
ligands such as terephthalic acid and isophthalic acid, trimesic acid, 4,4′-bipyridine and
pyrazine, 1,2,3-triazole derivatives, 1,3,5-benzenetriamine, etc. All of these are required in
their purest form, which would increase the catalyst cost from the precursor’s perspectives,
in addition to the requirement of the Zn metal nodes [20,21]. Despite the admirable
ORR activity, the Fe-N-C type of catalysts suffer from the poor durability, due to the fact
that the Fe-based catalysts catalyzes the Fenton type reactions that produce H2O2 as a
byproduct that could degrade the catalyst and the Nafion membrane, whereas the Co-based
catalyst also produces a considerable 2 + 2 O2 reduction pathway together with low ORR
kinetics [22,23]. In this regard, exploring non-Fenton reactive metals, such as Mn and Cu,
is considered as the best choice to mitigate the catalyst degradation via Fenton-associated
reactions; therefore, to increase the overall catalyst stability [14].

Among the non-Pt metal-based catalysts, the transition metal–oxides as the ORR
catalysts in MFCs, in particular manganese oxides (MnO2), have been widely investi-
gated, majorly due to the low cost and high chemical and electrochemical stability [24].
Several researchers explored various methods to synthesize MnO2 such as the chemical
oxidation of MnSO4, hydrothermal methods, electrochemical deposition of MnO2, thermal
decomposition of KMnO4, and co-precipitation, microwave heating, and electrodeposition
methods [17,18,24–26]. In this study, we synthesized the MnO2 via a simple sol-gel method,
where the obtained gel is dried in a hot-air oven to form a manganese oxide xerogel, which
was further pyrolyzed to obtain the MnO nanoparticles [27–29]. Although promising as the
ORR catalysts, MnOx’s intrinsic electrocatalytic ORR activity is limited by its low electrical
conductivity, ease of agglomeration, and low chemical stability under electrochemical
operational conditions [29]. To resolve these issues, it is common practice to use highly
conductive materials as a support for MnO2, such as graphene, graphene-oxide, carbon
black, single/multiwalled carbon nanotubes, and activated carbons [30]. Conducting car-
bon supports have been known to provide sufficient surface area to anchor the metal–oxide
nanoparticles. The carbon support helps in effective electron transport from the support
to the ORR active sites and enhances the stability of the metal–oxide particles via strong
metal–support interactions [31]. Furthermore, doping/chemical functionalization of the
carbon supports, especially via nitrogen doping, is found to improve the adsorption of
oxygen and the decomposition of peroxide intermediates during the ORR [32]. Finally, the
N-doped carbons itself has proved to be a catalytic material for ORR [33]. Therefore, the
use of N-doped carbons as a support for the MnOx nanoparticles could bring several advan-
tages such as (i) a synergistic co-catalyst for ORR serving as ORR catalytic centers (ii) acting
as a stable catalyst support for anchoring and dispersing the MnO2 evenly without agglom-
erations, which (iii) improves the strength of MnO2 and the carbon support by acting as
the N-doped locations’ tapping sites, which could prevent the dissolution/agglomeration
of MnO2 under acidic electrolytic conditions, thus improving the overall durability of the
catalyst [34].

In this regard, several carbon materials such as carbon black, activated carbons, carbon
nanotubes, carbon nanofibers, graphene, etc., have been used as a substrate for the N
doping [35–38]. Recently, exploring the renewable, low cost, wasted biomass as a substrate
to synthesize the catalyst materials is gaining tremendous interest, due to the fact that
the accumulation of biomass waste on the planet earth is increasingly becoming a serious
problem [37,38]. Therefore, several researchers examined the possibility of using low-cost
biomass waste from different sources to make carbon materials for several applications
including the catalyst support for electrochemical reactions such as ORR and several
other electrochemical applications [39–45]. Often, the carbon resulting from the pyrolysis
of the biomass shows a high surface area, porosity, good graphitization, and balanced
hydrophilic/hydrophobicity and electronic conductivity similar to the traditional carbons,
which makes it a good place to add heteroatoms to boost the activity of the catalyst [43].
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Among various types of biomasses, coffee waste is particularly interesting. When used
in the beverage industry, about 0.9 kg of coffee waste is produced for every 1 kg of raw
coffee ground used. This led to millions of tons of coffee waste being generated and thrown
away annually. When this coffee waste are put in landfill or remained in environment, it
undergoes natural decomposition and releases methane (CH4) gas, which has GWP (Global
Warming Potential) of 20 times higher than CO2 [44]. Moreover, the coffee carbon-derived
ORR catalysts have also been reported in the literature [45–51] Therefore, it is very much
convincing that waste coffee grounds could be a best choice to use as raw materials for the
synthesis of porous carbon nanomaterials.

In this work, we used coffee waste collected from the local coffee vending machine,
washed, purified, and then used as raw material for the synthesis of the porous carbon to be
used as a catalyst support for the MnO nanoparticles. Further, a systematic relationship on
the effect of N-doping to the coffee ground and the ORR activity in acidic electrolytes was
established by varying the mass ratio of the waste coffee-derived carbons and the melamine
as nitrogen precursors. The optimum content of N in the doped carbon was systematically
investigated by rotating disk electrode (RDE) studies and the effect of N doping on the
carbon structures was established via X-ray diffraction (XRD) analysis. The morphological
observation of the optimized N-doped carbons was obtained via the scanning electron
microscope (SEM) analysis. The optimized N-doped carbon was then used as a support to
deposit the MnO nanoparticles via a simple sol-gel synthesis, followed via pyrolysis at a
defined temperature of 900 ◦C. A systematic investigation on the effect of N-doped carbon
and the loading of MnO was established via RDE studies in 0.1 M of HClO4 electrolyte.
The optimized catalyst MnO/N-doped carbon was analyzed using various physiochemical
characterizations such as X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) (X-ray
photoelectron spectroscopy), Brunauer–Emmett–Teller (BET) analysis, and electrochemical
characterization such as CV (cyclic voltammetry), and the LSV (linear sweep voltammetry)
stability test in 0.1 M of HClO4 electrolyte. Furthermore, the optimized MnO/N-doped
carbon catalyst has been used as a cathode catalyst and its performance was evaluated in
dual-chamber microbial fuel cells, both in terms of volumetric power density as a function
of cathodic ORR activity and the degradation of organic matter in the anodic chamber by
measuring the TOC at specified intervals of times. After a detailed investigation, it was
found that the MnO/N-doped carbon catalyst showed excellent ORR activity similar to the
traditional, benchmark Pt/C catalyst in RDE studies and in MFC performance, together
with the excellent stability of over 20,000 potential cycles in acidic electrolytes.

2. Materials and Methods
2.1. Carbon Synthesis Using Coffee Waste

After being used, waste coffee power was collected from the local coffee vending
machine shop, which was then washed several times with the distilled water to remove
any dissolvable impurities, and the resulting material was then dried in a hot-air oven at
80 ◦C and for 12 h. The resulting dried powder was then ground using a mortar and pestle
and a defined mass was then subjected to pyrolysis in a tubular furnace at the temperature
of 900 ◦C for 1 h at the heating rate of 5 ◦C/min, under a continuous flow of inert N2 gas.
After the pyrolysis, a black carbon powder was obtained, which was ground again into fine
power using a mortar and pestle and was used for further studies. The catalyst obtained
in this way was designated as pyrolyzed carbon derived from the waste coffee grounds
(P-CC).

2.2. N-Doped Carbon Synthesis Using Coffee Waste and Melamine

Melamine (C3H6N6) was used as an N precursor to synthesize N-doped carbon. The
N-doping was performed both for raw-CC (without pyrolysis) and P-CC carbon materials.
In a typical synthesis, 100 mg of the raw-CC and P-CC was dispersed in 50 mL of water
and ultrasonicated for 60 min to uniformly disperse the carbon. Melamine, with various
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mass ratios (1:0.5; 1:1; 1:2.5; 1:5; and 1:10), with respect to the amount of carbon taken
(carbon: melamine), was added into the carbon suspension, which was then ultrasonicated
and then magnetically stirred overnight. Next, the add-mixture of carbon and melamine
was then dried in a hot-air oven completely in order to produce dried power, which was
then collected and ground into a fine powder using a motor and pestle. The fine powder
was then transferred to a graphite boat and placed in the center of the tubular furnace
and pyrolyzed at 900 ◦C for 1 h at the heating ramp rate of 5 ◦C/min, under a continuous
flow of inert N2 gas. The resulting black powder collected from the graphite boat was
then finely ground using a mortar and pestle. The finally obtained N-doped catalysts were
designated as N-CC-1, 2, 3, 4, and 5, corresponding to the mass ratios (1:0.5; 1:1; 1:2.5; 1:5;
and 1:10) of melamine with respect to the amount of carbon taken (carbon: melamine).
We observed that the N doping performed to the raw-CC (without pyrolysis) exhibited
enhanced ORR activity than the N-doping performed to the P-CC. Therefore, the N-CC-1,
2, 3, 4, and 5 catalysts correspond to the N-doped carbon synthetized from the raw-CC
(without pyrolysis). The details of this will be discussed in the results and discussion
section (Section 3).

2.3. Synthesis of Mn-Xerogel via Sol-Gel Synthesis and the MnO/N-CC Catalyst

Mn-Xerogel was synthesized via a sol-gel synthesis process by using potassium per-
manganate (KMNO4) as the Mn precursor and glucose as the reducing agent. Thus, 1.0 g of
KMNO4 was dissolved in 30 mL of the distilled water and 4.78 g of glucose was dissolved
in 30 mL of the distilled water in separate beakers. Then, the glucose solution was added
to the KMNO4 solution; the mixture was quickly stirred with the glass rod. As a result,
a dark black gel was formed after 2–3 min. After the gel formed, the supernatant water
was removed periodically and then the gel-containing beaker was transferred into a hot-air
oven to dry overnight at 60–70 ◦C slowly [28]. Then, the dried gel was ground into a fine
powder and then pyrolyzed at the temperatures of 700, 800, and 900 ◦C (MnO/N-CC-2-700,
800, and 900 respectively) in a tubular furnace at the heating rate of 5 ◦C/min in an N2
atmosphere. The resulting powder after the pyrolysis was designated as MnO. For the
synthesis of the MnO/N-doped carbon catalyst, the aforementioned process was repeated
except that the glucose solution was also mixed with the N-CC carbons at different mass
contents (50, 100, 200, 300, and 400 mg). Adding N-CC carbon did not have any significant
change in the gelation time, where the xerogel formed within 2–3 min. The obtained gel
was further processed in the gel preparation procedure discussed above. The MnO/N-CC
catalysts obtained this way was designated as MnO/N-CC-2 900-1, 2, 3, 4, and 5.

All the N-CC and MnO/N-CC catalysts was subjected to various physicochemical
characterizations such as XRD, BET, SEM, TEM, and XPS to observe the phase of the MnO
graphitization of the N-CC carbons, to measure the surface area and pore size distribution,
to understand the morphology of the N-CC and the MnO nanoparticles’ distribution on
the N-CC support, and to assess the valance states of MnO and the various N-bonding
configurations in the N-CC catalysts. To estimate the ORR kinetics, all the catalysts were
systematically evaluated for ORR in a traditional three electrode system with the glassy
carbon as the substrate, in a 0.1 M HClO4 solution via CV, LSV, and RDE techniques. The
ORR activity of the N-CC and MnO/N-CC catalysts were finally compared with the Pt/C
(10 wt.%) as the standard. In addition, the final MnO/N-CC catalyst was also utilized
as a cathode catalyst in dual-chamber MFC. The MFC polarization and TOC analysis
were performed to assess the ability of the MFC to degrade the organic pollutants from
the wastewater. Detailed information on these procedures is given in the Supplementary
Materials section of this article.

3. Results

The coffee waste obtained from the local wending machine is added to the ample of
distilled water and magnetically stirred for 1 h, and then the solution is allowed to settle
down. When the coffee waste was mixed with water and allowed to settle down, the
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supernatant water was initially found to be a dark brown color, which is believed to be
the soluble organic compounds from the crushed and steamed coffee beans. This washing
process is repeated several times until the supernatant water becomes clear, assuming that
all the soluble impurities and organic compounds are eliminated. The resulting suspension
is then dried and finely ground and used as a substrate for the N-doping. The N doping
is performed with the melamine as the N precursor. When melamine is mixed with the
waste coffee carbon, melamine is adsorbed on the carbon via π-π interactions and hydrogen
bonding with the carbon functionalities [52]. When subjected to pyrolysis, the melamine
undergoes decomposition into g-C3N4 at temperatures above 350 ◦C, and further increases
in temperature leads to the formation of NH3 gas, which acts as a source of the N dopant. In
parallel, the waste coffee carbon also undergoes graphitization at the higher temperatures
and carbonizes into the carbon framework. During the graphitization, unstable oxygen
functionalities undergo decomposition, which provides active sites for the doping of N into
the carbon framework [53]. Therefore, during pyrolysis, carbon undergoes both N doping
and graphitization at the same time. The optimum N content in the resultant carbon is
adjusted by simply varying the melamine mass with respect to the carbon, and the pyrolysis
process is repeated to obtain the N-doped carbon. The N-doped carbon with optimum
ORR activity is established via RDE studies (as discussed in later sections). The optimized
N-doped carbon is then used as a carbon support to deposit the MnO nanoparticles via a
sol-gel synthesis route. In this study the manganese oxide is synthesized via the reduction
of KMnO4 with organic reducing agents; in this case, the glucose sugar [27]. A sol-gel
process involves the use of inorganic salts as precursors to achieve gelation via continuous
hydrolysis and polycondensation processes [54]. The gel is formed within 2–3 min after
adding the aqueous glucose solution to the aqueous KMnO4, which are stirred quickly
together, and then the gel is left to stand. After occasionally pouring off water liberated
during gel syneresis, a dark monolith gel is formed [55]. The resulting material is then
dried at the temperature of 60–70 ◦C with slow heating until the gel completely dried. The
resulting material is then used as an electrocatalyst for ORR (Figure 1).

Figure 2a shows the XRD patterns of the N-doped carbons synthesized from the differ-
ent mass ratios of melamine:carbon. It is observed that the raw coffee carbon in this study
contained an amorphous structure, as it can be seen from the lower 2 theta angles of the
diffraction peaks associated with the graphitized carbons at ~26◦, corresponding to C (002)
plane. In contrast, the pyrolyzed carbon and N-doped carbons show better graphitization
as the diffraction peaks shifts towards the 2 theta angles of ~26◦, corresponding to C (002)
plane. This indicates that the heat treatment at 900 ◦C helps to improve the graphitization
of the carbon, which could expect better electronic conductivity and improved carbon
corrosion resistance under electrochemical conditions. Figure 2b shows the XRD patterns
of manganese oxide, supported on the N-CC catalyst, being heat treated at different tem-
peratures. It is seen that all the catalysts showed typical diffraction patterns associated
with the Mn in the form of MnO, as can be seen from how their diffraction patterns are
positioned at 35.0, 40.5, 58.7, 70.0, and 73.9◦, corresponding to the (1 1 1), (2 0 0), (2 2 0),
(3 1 1), and (2 2 2) planes, respectively (PDF #01-075-6876). The formation of the MnO phase
at temperatures higher than 800 ◦C is consistent with the literature reports [55,56]. It is
well known that the phases of MnxOy are dependent on synthesis technique and the heat
treatment temperatures (calcination temperature). When the MnxOy are heat treated at
temperatures lower than 700 ◦C, the MnxOy exists in the form of MnO2/Mn2O3. However,
with the increasing temperatures, a phase transformation is seen to occur from MnO2 →
Mn2O3 →Mn3O4 →MnO. It is to be noted that MnO/MnO2/Mn2O3/Mn3O4, all of the
forms of MnxOy, are active towards the ORR. The similar type of temperature-dependent
phase transformation of MnO2→MnO has experimentally been observed and validated in
several reports [56–59].
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Figure 1. (a) Schematic of the synthesis of N-doped carbon from waste coffee ground. (b) Schematic
of the synthesis of MnO/N-CC-2-900-2 catalyst via sol-gel synthesis with heat treatment.

From Figure 2b, we can also observe that with the increasing heat treatment, the
diffraction peaks’ intensity also increases, due to the increased crystallization degree and
crystallite size of the MnO nanoparticles. The crystallite size of the MnO/N-CC catalysts are
calculated considering the high intensity peak at 40.5◦ which corresponds to the (200) plane
by using Scherrer equation. The MnO crystallite sizes of 25, 28, and 33 nm are obtained for
the MnO/N-CC-700, 800, and 900 catalysts, respectively. From the detailed RDE studies
(discussed in the later sections), it was found that the N-CC-2 and MnO/N-CC-2-900-2
catalyst showed best ORR activity; hence, the other physicochemical characterization such
as BET, SEM, TEM, and XPS are only limited to the final optimized catalyst, i.e., MnO-N-CC-
900. Figure 2c shows the N2 adsorption and desorption isotherms and the associated pore
size distribution analysis using the BET method. The MnO/N-CC-900-2 catalyst showed a
typical type IV isotherm with a hysteresis loop ranging from a relative pressure of 0.40 to
1.0 (P/Po), indicating a typical porous structure of the catalysts. Further, the surface area of
259 m2/g is obtained from the BET isotherm and this value is approximated to that of the
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traditional Vulcan carbon support used in the Pt/C catalyst [60]. Furthermore, the pore
size distribution of the MnO/N-CC-900-2 catalyst is shown in Figure 2d, which appears
to have predominant pores in the mesopore range around 3.28 nm, i.e., the mesopore
range. The presence of mesopores is very essential to deliver the gaseous oxidant O2 to the
MnO active sites and, at the same time, help in quickly removing the product water out
from the catalytic active site, mitigating the mass transfer limitation issues, and therefore,
contributing to the enhanced ORR kinetics [61].
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Figure 2. (a) XRD patterns to support the effect of heat treatment at 900 ◦C improving the graphiti-
zation and properties of N-doped carbons. (b) XRD patters to exhibit that MnO phase is formed in
Mn-oxide and supported on N-CC catalysts at different temperatures, with increasing crystallization
and size of MnO nanoparticles. (c) BET data to prove that the MnO/N-CC-900-2 catalyst exhibits a
porous nature, similar to traditional Vulcan carbon support, enhancing oxygen reduction reaction
(ORR) kinetics. (d) Pore size distribution data to support that the MnO/N-CC-900-2 catalyst contains
predominant mesopores, facilitating efficient oxygen delivery and water removal, contributing to
improved ORR kinetics.

Figure 3a,b shows the SEM images of the N-CC-2 and MnO/N-CC-2-900-2 cata-
lysts. It is seen that the N-CC-2 catalyst showed as crumpled carbon sheets, whereas the
MnO/N-CC-2-900-2 catalyst showed as the MnO nanoparticles supported on the N-CC-2
carbon sheets derived from the coffee waste. It is seen that MnO are well supported and
covepotentialCC-2 carbon nanosheets, which guarantees the effective interfacial electron
transfer during the ORR and also helps in mitigating the dissolution of the MnO nanopar-
ticles in the acidic electrolytes under the potential cycling conditions, which therefore
enhances the overall stability of the catalyst. The well-integrated MnO into the crum-
pled carbon sheets is possible due to the fact that the N-CC-2 is added to during the gel
formation, as described in the experimental section (Section 2.2). This also ensures that
the N-CC-2 carbon with sufficient surface area is available during the gel formation and
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the gel is directly formed on the N-CC-2 support, rather than adding the pre-formed
MnO nanoparticles to the carbon sheets separately, as described in the study by Chander
et al. [56].
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The SEM images of the MnO nanoparticles synthesized via the sol-gel method in this
work can be comparable to that of M. Minakshi et al. [62] for electrolytic manganese dioxide
(EMD). The EMD grade MnO2 shows high crystallinity with large particle size, whereas the
sol-gel-derived MnO nanoparticles in this study show similar crystallinity but with smaller
particle size. Adding N-CC-2 during the gelation also helps in alleviating the agglomeration
of the MnO nanoparticles during the drying of the gel, ensuring the nanoparticles are
well separated from each other. In addition, the MnO/N-CC-2-900-2 catalysts’ elemental
mapping and the energy-dispersive X-ray analysis (EDAX) analysis show the presence of
C, N, O, and Mn in the catalyst (Figure 3c–h). To further understand the morphology of
the catalyst in deep, HR-TEM, and high-angle annular dark-field (HAADF) imaging of the
elements in the MnO/N-CC-2-900-2 catalysts is analyzed. Figure 4a shows the HR-TEM
image of the MnO/N-CC-2-900-2 catalysts. It is clearly visible that the MnO nanoparticles
are evenly distributed on the porous carbon support. No visible agglomeration of the
nanoparticles was detected. The TEM morphology of the MnO/N-CC-2-900-2 catalysts
are well supported via the SEM observations. Further, HAADF imaging clearly shows that
the catalyst contains a thick sheet of carbon, nitrogen, oxygen, and the nanoparticles of
manganese (Figure 4b–e). Further, the oxygen elemental mapping clearly distinguishes
between the functionalized oxygen species on the carbon support and the oxygen atoms
within the lattice of MnO. The oxygen atoms clustered consist of MnO nanoparticles
(Figure 4e), whereas the scattered yellow colored oxygen atoms belong to the carbon
support (Figure 4d). This observation clearly indicates that MnO nanoparticles are obtained
from the xerogel obtained from the sol-gel synthesis process. Further, the identification and
quantification of the elements in the MnO/N-CC-2-900-2 catalyst are obtained by recording
the EDAX spectrum, which clearly shows the presence of carbon, nitrogen, oxygen, and
manganese (Figure 4f–h).
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To obtain further insights into the chemical states of the elements present in the
MnO/N-CC-2-900-2 catalyst, XPS analysis was carried out, and all the elements’ spectra
were further deconvoluted. Figure S1 shows the XPS survey spectra of the MnO/N-
CC-2-900-2 catalyst, which confirms the existence of the C, N, O, and Mn species. The
C1s deconvoluted spectra (Figure 5a) show the peaks associated with the -C-C-, -C-N-,
and -C=O- chemical bonding in the catalysts, which resulted from the hexagonal carbon
framework, the N-doped into the carbon matrix, and the surface oxygen functionalities
of the carbon at the binding energies of 284.2, 284.6, and 285.7 eV, respectively. The
appearance of -C-N bonding clearly confirms that the N doping into the carbon matrix has
been accomplished. Further, it is well known that the N doping into the carbon matrix
results in a different bonding environment with carbon, namely, pyridinic-N, graphitic-N,
and pyrrolic-N, which appears at different binding energy levels that could be identified
from the high resolution deconvoluted spectra of N [31]. Figure 5b shows three different
peaks at the binding energies of 398.6, 399.5, and 400.4 eV, corresponding to the pyridinic-
N, pyrrolic-N, and graphitic-N species, respectively. It is well known that all of these
forms are active for ORR, though there is ambiguity around which one of these bonding
environments is truly active. However, there are enough evidence that the order of activity
follows pyridinic-N > graphitic-N > pyrrolic-N. The doping of N is known to break the
electroneutrality-induced electronic charge density and spin density of the carbon atoms,
which serves as active catalytic centers for the ORR reaction [63,64]. In addition, N-doping
helps in increasing the electronic conductivity of the catalysts and increasing the electronic
density around the Mn catalytic active sites, resulting in enhanced ORR activity. Figure 5c
shows the deconvoluted O1s spectra which shows three deconvoluted peaks at the binding
energies of 529.9, 531.3, and 532.7 eV, corresponding to the O atom bonding in Mn-O-Mn,
Mn-O-H, and C-OH [65,66]. Figure 5d shows the Mn2p spectra of the MnO/N-CC-2-900-2
catalyst, which showed a typical peak around 641.98 and 653.48 eV, which is attributed to
the binding energy of the Mn 2p3/2 and Mn 2p1/2 states, respectively. The binding energy
separation between c is found to be 11.50 eV, which is consistent with the literature reports
on the MnO nanoparticles [67–69]. The XPS analysis prove the presence of C-N bonding,
which implies the successful doping of N atoms into the carbon matrix. In addition, the
existence of pyridinic-N, graphitic-N, and pyrrolic-N proves that the N-doped carbon
support can perform the ORR both independently and together with assisting the MnO in
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enhancing the overall ORR activity by supplying electrons to the active sites. The existence
of Mn-O-Mn and the typical charge separation between the binding energy of the Mn
2p3/2 and Mn 2p1/2 states clearly prove that the MnO nanoparticles are deposited on the
N-doped carbon support; hence, any outstanding ORR activity can be expected to be shown
in half-cell and the MFCs’ set up.
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Figure 5. Deconvoluted XPS peaks for (a) C1s, (b) N1s, (c) O1s, and (d) Mn2p of MnO/N-CC-2-900-
2 catalyst.

To understand the ORR kinetics, all the N-CC and Mn/N-CC catalysts have been
subjected to the RDE studies in 0.1 M of the HClO4 electrolyte. Traditionally, those (RDE
studies) incorporate three electrode systems with a graphite rod as the counter electron,
saturated calomel as the reference electrode, and the catalyst ink composed of the N-CC and
Mn/N-CC catalysts are deposited on the glassy carbon electrode as the working electrode.
All the experiments are conducted around 25 ◦C. First, N doping is provided onto raw CC
(without pyrolysis) and after pyrolysis (CC-P), to understand the effect of surface defects
and to conclude as to which of the carbons would be desirable to start the experiments
with. Figure 6a shows the linear sweep voltametric (LSV) curves of the raw CC, CCP,
raw-CC + melamine (raw-CC-N), and CCP + melamine (CCP-N) samples. It is clearly seen
that the raw CC showed poor ORR characteristics (inset of Figure 6a), in contrast to the
CCP, raw-CC-N, CCP-N catalysts which exhibited typical ORR characteristics with half-cell
potentials of 0.63, 0.67, and 0.64 V respectively, confirming that CCP and N-doping to the
raw CC (raw-CC-N) result in higher ORR activity than the CCP and CCP-N. It is quite
obvious that trying to dope N into the previously pyrolyzed carbon would hardly result
in the incorporation of nitrogen into the carbon matrix, given that during the pyrolysis,
the carbon has already graphitized with fewer to no defects/oxygen-containing surface
functional groups to assist in N doping. In contrast, raw-CC is found to have surface defects
and an amorphous structure with insufficient oxygen-containing surface functional groups,
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which would provide sites for nitrogen doping, and hence, results in higher half-wave
potentials. With this preliminary conclusion, all further experiments were conducted with
raw-CC with different contents of melamine to understand the effect of the melamine
precursor concentration on the ORR activity.
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Figure 6. LSV curves of (a) CCP, CCP + melamine, raw-CC + melamine catalysts, (b) N-CC catalysts
with different melamine contents, (c) MnO/N-CC-2 catalyst with heat treatment at different tempera-
tures, (d) MnO/N-CC-2-900-2 catalysts synthesized with different contents of N-CC-2 carbon, and
(e) LSV comparison of MnO/N-CC-2-900-2 catalysts with Pt/C (5 wt.%). All the LSV curves were
recorded in O2 saturated with 0.1 M of HClO4 electrolyte, with a scan rate of 10 mV/s, and the room
temperature condition.

Figure 6b shows the linear sweep voltammetry curves recorded for the catalyst syn-
thesized with different mass ratios of melamine relative to raw-CC. It is seen that all the
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catalysts showed typical ORR characteristics with a half-wave potential of 0.67, 0.68, 0.67,
0.66, and 0.57 V for the N-CC-1, 2, 3, 4, and 5 catalysts, respectively. It is seen that, with
the increasing melamine concentration, the half-wave potentials gradually increased from
0.67 to 0.68 V for the N-CC-1, 2 catalysts, due to the higher proportion of nitrogen species
generated from the melamine decomposition, generation of ammonia, and incorporation
of N into the carbon matrix. However, the further increase in the mass ratio of melamine
resulted in the decreased half-wave potential attributing to the decrease in ORR activity,
indicating that the optimum ratio of nitrogen doping has surpassed despite the possible
high percentage of nitrogen doping. Among all the catalysts, N-CC-2, corresponding to
the raw-CC:melamine ratio of (1:1), was found to have a maximum half- wave potential of
0.68 V; therefore, all the subsequent experiments were conducted with the N-CC-2 catalyst.
Figure 6c shows the LSVs for the MnO nanoparticles deposited on the N-CC2 support
that undergoes the heat treatment at 700, 800, and 900 ◦C. Among those, the MnO/NCC-2
900 ◦C catalyst showed the best ORR activity with a half-wave potential of 0.690 V. The
higher ORR activity of the MnO/NCC-2 900 catalyst could be attributed to higher crys-
tallinity and the even distribution of the MnO nanoparticles on the nitrogen-doped carbon
support. Further, to understand the optimum nitrogen-doped carbon support needed for
the best ORR activity, we proportionately increased the N-CC carbon support that was
added during the generation of the manganese oxide xerogel. Figure 6d shows the ORR
polarization curves for various catalysts with increasing N-CC content. Among all the cata-
lysts, the catalyst synthesized with 100 mg of the N-CC MnO/N-CC-2-900-2 showed better
ORR half-wave potentials of 0.69 V. Finally, the optimized MnO/N-CC-2-900-2 catalyst
ORR activity is compared with the commercial Pt/C catalyst (5 wt.%), as shown in Figure 6e.
The Pt/C catalyst showed a half-wave potential of 0.73 V, whereas the MnO/N-CC-2-900-2
catalyst was 0.69 V. The MnO/N-CC-2-900-2 catalyst is still interior to the Pt/C catalyst by
40 mV. Although the MnO/N-CC-2-900-2 catalysts with improved ORR activity did not
meet the commercial standard, they are still promising because the Mn-based catalysts are
less expensive than the noble metal Pt-based catalysts.

Taking readings of the LSV of the N-CC-2, MnO/N-CC-2-900-2, and Pt/C catalysts at
various rotations (Figure 7a–c) and then constructing the K-L plots (Figure 7d–f) provide
insight on the ORR pathway. It is well known that ORR occurs in either a direct 4-electron
reduction or a 2 + 2 electron reduction [31]. A direct 4-electron reduction pathway results
in the formation of H2O as a final product, whereas a 2 + 2 reduction pathway results in
the formation of undesirable H2O2, which further undergoes decomposition and reduction
to H2O. The former pathway leads to higher efficiency, whereas the latter one leads to less
efficiency of the ORR process. Moreover, the formation of H2O2 causes the degradation
of the catalyst support and the membrane; hence, a direct 4-electron pathway or near to
the 4-electron pathway is essential for the ORR catalyst. In order to estimate the ORR
process’ efficiency, the K-L plots (i.e., the plots of inverse of the square root of rotation speed
versus the inverse of the current density) are utilized to determine the number of electrons
involved in the ORR process. Figure 7a–c exhibits the ORR curves recorded at different
rotations which show that ORR is O2 diffusion-controlled reactions, with the limiting
current increasing as the rpm for all the three catalysts increases, without any noticeable
change at the onset potential. This indicates that the ORR kinetics are similar at all rpms
and the only change observed in the mixed kinetics-diffusion controlled and diffusion-
controlled regions of the LSV curves. In addition, the linear K-L plots (Figure 7d–f) for
all the three catalysts also suggest that an almost similar electron transfer number can be
predicted at all the potentials. The calculated number of electrons were found to be an
average of 3.91, 3.94, and 3.98 electrons for the N-CC-2, MnO/N-CC-2-900-2 and Pt/C
catalysts. Although some 2 + 2 electron reduction is still possible, the obtained ‘n’ close to
4 indicates that the catalyst primarily uses a direct 4-electron pathway to perform ORR.
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In addition to the ORR activity, the stability of the catalyst is one of the major concerns
in the cathode of MFC and other energy conversion devices such as fuel cells and metal–air
batteries. It is well known that the traditional Pt/C catalyst undergoes degradation by
several mechanisms such as carbon corrosion, Pt nanoparticle dissolution, agglomeration
and sintering, and the Ostwald ripening phenomenon [31]. This results from the fact that
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the traditional Pt/C catalyst uses Vulcan carbon as a support which is known to have less
graphitization and sensitivity to carbon conversion. To understand the stability of the Pt/C
and MnO/N-CC-2-900-2 catalyst, we performed a repeated potential cycling test via the
repetitive recording of cyclic voltammetry curves in O2 saturated with the 0.1 M HClO4
electrolyte. It is well known that the potential cycling test promotes carbon corrosion and
metal dissolution during the oxidative and reductive scan by using cyclic voltammetry.
This repetitive cycling test is performed for 20,000 potential cycles with LSVs recorded at
specific intervals and the stability of the catalyst wear is assessed by calculating loss in the
half-wave potentials.

Figure 8a shows the CV curves of the Pt/C catalyst in the 0.1 M HClO4 electrolyte. The
CV curve show typical H2 adsorption/desorption characteristics between the potentials
of 0–0.4 V and Pt-oxide and Pt-OH at the potentials between 0.6–1.2 V. In general, the
integrated area under the H2 adsorption/desorption region represents the electrochemical
surface area (ECSA) of the platinum nanoparticles available for ORR. Higher ECSA leads to
a higher surface area of platinum available for ORR. It is well known that under potential
cycling conditions, the carbon corrosion, platinum dissolution, redeposition, and agglomer-
ations speeds up, and those lead to a decreased area under the H2 adsorption/desorption
region, in turn leading to a loss of ECSA and ORR activity. In line with this, one can
observe the drastic reduction in the H2 adsorption/desorption regions in the CV curves.
In addition, the peak potential for Pt-OH are also shifted towards the lower potentials
after cycling the catalyst for 20,000 potential cycles. Figure 8b shows the LSV curves for
the Pt/C catalyst recorded after 10, 15, and 20,000 potential cycles. It is clearly seen that
the Pt/C catalyst’s onset and half-wave potentials shifts negatively with increasing po-
tential cycles. The half-wave potential shifts from 0.73 V to 0.58 V, with an overall loss of
150 mV after 20,000 potential cycles. This is because of the loss of ECSA resulting from the
carbon corrosion, Pt nanoparticle dissolution, re-deposition, and agglomeration, as can
be seen from the CV curves. This result indicates that, despite initial better ORR kinetics,
the Pt/C catalyst lose its electrocatalytic ORR kinetics gradually with potential cycles,
which proves its poor stability over longer periods of time. In contrast, the CV curves
of the MnO/N-CC-2-900-2 catalyst did not show any signs of loss in ECSA; in fact, the
capacitance region was still enhanced after potential cycling, which could be attributed
to the increased exposure of the MnO nanoparticles due to the porous carbon support
(Figure 8c). The LSV curves recorded after 10, 15, and 20,000 potential cycles indicate that
the onset and half-wave potentials were nearly unchanged after 20,000 potential cycles,
where a calculated loss of just 10 mV of the half-wave potential is observed (Figure 8d).
This clearly indicates that the MnO/N-CC-2-900-2 catalyst is highly stable under potential
conditions, which is far better than the commercial Pt/C standards. The better stability
of the MnO/N-CC-2-900-2 catalyst over traditional Vulcan carbon in the Pt/C catalyst
could be attributed to several factors: (i) the increased corrosion resistance of N-doped
carbon, (ii) the enhanced electronic conductivity of the N-doped carbon due to the presence
of pyridinic-N and graphitic-N species, (iii) the intrinsic ORR ability of N-doped carbon
which has the ability to perform ORR independently and also assists in the ORR kinetics of
the supported MnO nanoparticles, (iv) the strong metal–support interaction between the
N-doped carbon support and the MnO nanoparticles, exclusively due to the N doping’s
(v) high crystallinity of the MnO nanoparticles, which mitigates the dissolution during
the potential cycling conditions [31]. In short, the stability test clearly indicates that when
MnO/N-CC-2-900-2 is used as the ORR catalyst in MFCs, or in fact, in any other ORR
bearing electrochemical energy conversion devices like fuel cells and metal–air batteries,
the cathodic ORR kinetics could be well retained over a longer period than when the Pt/C
catalyst is used.
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After evaluating the MnO/N-CC-2-900-2 catalyst via various physical chemical charac-
terizations and electrochemical characterizations, we finally tested this catalyst as cathodes
and evaluated its performance in the dual-chamber MFC’s (DCMFC) set up. The catalyst
ink made of the MnO/N-CC-2-900-2 catalyst is brush coated on the commercial gas diffu-
sion layers with a catalyst loading of approximately 2 mg cm−2. The MFC performance was
analyzed in a previously activated DCMFC cell operated with the brush anodes and inocu-
lated with sewage water sludge collected from the local drainage as a source of bacteria and
a mixture of sodium acetate and glucose as the carbon source. After introducing the cathode
catalyst into the cathode compartment containing a phosphate buffer solution (PBS), the
buffer continuously purged with atmospheric air, OCV was generated and continuously
increased over a period of time, and the i–v curves were recorded only after attaining a
stable voltage. For the comparison, a Pt/C-coated gas diffusion layer was also used in a
separate experiment to evaluate the MFC performance.

Figure 9a shows the i–v curve for the Pt/C catalyst which exhibited the OCV of
~0.4 V and a volumetric power density of ~70 mW m−3. Figure 9d,e shows the i–v curves
of the MnO/N-CC-2-900-2 and N-CC-2 catalyst which exhibited the OCV higher than
the Pt/C catalyst, i.e., ~0.55 V and 150 mV higher than the Pt/C catalyst. This further
confirms the better ORR kinetics on the MnO/N-CC-2-900-2 catalyst than on the Pt/C
catalyst. The volumetric power density was measured at ~45 mW m−3, whereas N-CC-5-2
delivered 21 mW m−3. The higher volumetric power density is attributed to the MnO
nanoparticles supported on the N-doped carbon derived from coffee waste. The MFC
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performance obtained in this study is rather low. We believe that high catalyst loading
(4 mg cm−2) might be one of the reasons for the lower performance. High catalyst loading
might decrease the oxygen diffusion rate from the bulk solution to the catalyst surface, in
addition to several other reasons on the catalyst ink formulation, such as the Nafion content.
Therefore, further improvements in the power density is possible with the optimization of
the cathode catalyst loading and Nafion content, improving the porosity (by introducing
pore-forming agents) into the catalyst layer, which would result in improved mass transfer-
related issues and also changes the cathode backing layer from carbon paper to carbon
felt, carbon foam, carbon brush, etc., which would be considered as a continuation of the
present work in the future. In addition to these factors, the electrode surface area to anode
volume ratio also significantly affects the MFC performance. We have a future plan to
improve the MFC performance by changing the catalyst loading, optimizing the Nafion
content, changing the anode and cathode substrate types (carbon brush, carbon felt, carbon
mesh, stainless steel mesh, etc.), and the electrode surface area to anode volume ratio,
aiming to improve the MFC performance and power output.
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In addition to the ORR performance on the cathodes, we also evaluated the MFCs’
ability to degrade the organic pollutants in the anode chamber. In general, the measurement
of the chemical oxygen demand (COD) is applied traditionally to assess the ability of MFC to
degrade organic pollutants [70]. COD is a traditional water quality measurement technique
which is also subjected to various errors. Instead, in the present study, we used the total
organic carbon (TOC) measurement to understand the progress of organic contaminant
degradation [71]. The MFC is operated with a 100 Ω resister and an ample of solution from
the anode chamber is collected at specified intervals and analyzed for TOC measurement.
Figure 9c shows the TOC values obtained, which show that a gradual decrease in the TOC
values is identified, attributing to the oxidation of organic matter by the bacteria, and after
continuous operation of MFC for 30 days, it is observed that 60% of the organic matter is
degraded. This indicates that the MFC developed in this study is effective in degrading
organic matter and, at the same time, generating an ample amount of power density.

4. Conclusions

In this study, we developed the MnO-based ORR catalysts via a one-step sol-gel
synthesis process. The MnO nanoparticles were supported on the carbon support derived
from the cheap sustainable source, i.e., waste coffee carbon. The nitrogen-doped carbon
derived from the waste coffee powder was found to have a sheet-like morphology and the
porosity suitable for the carbon support characteristics. The sol-gel-derived spherical MnO
nanoparticles supported on the N-doped carbon were found to have a particle size of 33 nm
and good crystallinity. The formation of the MnO nanoparticles was clearly identified from
the XRD, TEM, and XPS analyses. The systematic investigation on ORR activity accessed in
the acidic electrolytes shows that the MnO/N-CC-2-900-2 catalyst exhibited a similar ORR
kinetics half-wave potential of 0.69 V and a nearly dominant, direct effect for the electron
reduction process. In addition to the enhanced ORR activity, the MnO/N-CC-2-900-2
catalyst also exhibited excellent stability with just a loss of 10 mV in the half-wave potential
after 20,000 potential cycles, which is much better than the traditional Pt/C catalyst which
lost about 150 mV after 20,000 potential cycles. In DCMFC, the MnO/N-CC-2-900-2 catalyst
exhibited higher open circuit voltage potentials close to 0.55 V when compared to 0.40 V
for the Pt/C catalyst, with a volumetric power density of ~45 mW m2. Further, the TOC
analysis revealed that the MFC constructed in this study could degrade 60% of the organic
matter in a continuous operation of MFC for 30 days. All the above claims confirm that the
developed MnO/N-CC-2-900-2 catalyst could be one of the cheapest alternatives for the
MFC cathodes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13222949/s1, The RDE experimental procedures, the dual-
chamber microbial fuel cell set up and procedures, and the XPS survey spectra are given in the
supporting information.
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