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Abstract: This work synthesizes a xerogel from a sol-gel synthesis strategy and supports it on
N-doped carbon support from spent coffee biomass (Mn(I[)O/N-CC, hereafter MnO) as an efficient
oxygen reduction reaction (ORR) catalyst in alkaline electrolytes. The effects of N-CC carbon con-
tent on MnO nanoparticle size, dispersion, distribution, morphology, and electrochemistry on ORR
are discussed. The SEM and TEM measurements show that increasing the N-CC content during
the MnO gelation reaction improved MnO dispersion and particle size during thermal treatment,
increasing the ORR's electrochemical active surface area. Several physiochemical and electrochem-
ical characterizations show a clear relationship between N-CC catalysts and ORR activities. The
best catalyst, MnO/N-CC-5, had an even distribution of 27 nm MnO nanoparticles on the N-CC
support. The MnO/N-CC-5 catalyst had almost identical ORR kinetics and stability to those of the
state-of-the-art Pt/C catalyst in 0.1 M KOH electrolytes, losing only 10 mV in half-wave potential
after 5000 potential cycles and retaining 96% of current for over 10 h of continuous chronoampero-
metric stability. By measuring the electrochemical active surface areas of various catalysts by cyclic
voltammetry at different scan rates and measuring the double layer capacitance (Cq;) and ECSA,
MnO/N-CC-5 catalysts were shown to have enhanced ORR activity. The XPS analysis explains the
ORR activity in terms of the Mn3* /Mn** ratio, and a mechanism was proposed. These findings
suggest that the MnO/N-CC-5 catalyst could be a cathode catalyst in fuel cells, biofuel cells, metal-air
batteries, and other energy conversion devices.

Keywords: xerogel; MnO nanoparticles; oxygen reduction reaction; N-doped carbon; biomass; effect
of particle size; effect of carbon support

1. Introduction

There is a growing demand for high energy as a result of the ever-increasing population
and industrialization that is occurring all over the world. It is highly desirable to look for
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sustainable energy sources that have a smaller impact on the carbon footprint [1-3]. Energy
production and conversion through electrochemical reactions have recently gained tremen-
dous interest in forms such as batteries, solar cells, hydrogen production, hydrogen genera-
tion and conversion, etc. [4-8]. Among energy conversion technologies, hydrogen energy
conversion by fuel cells is interesting, particularly for transportation applications [9,10].
For continuous energy production through fuel cells, the kinetics of electrochemical re-
actions such as the hydrogen oxidation reaction (HER) and oxygen reduction reaction
(ORR) by electrocatalysts on anodes and cathodes, respectively, are the important deciding
factors. Between these two reactions, the sluggish, cathodic ORR is a major limiting factor
and therefore requires electrocatalysts with high ORR activity [11,12]. To date, electro-
catalysts have been made using noble metals, especially Pt-nanoparticles supported on
high-surface-area carbon (Pt/C) and their alloyed catalysts with transition metals (Pt-Co,
Pt-Fe), which are considered as the best choice in mediating faster ORR kinetics and there-
fore serve as a standard catalyst for cathodic ORR reactions [13,14]. Despite their superb
ORR activity, the successful commercialization of fuel cells is limited by their high cost,
scarcity, and poor stability in acidic and alkaline conditions [15,16]. Therefore, for the
past two decades, research has been focused on the search for alternative electrocatalysts
from Pt/C that are made of cheap, earth-abundant metals, which has gained tremendous
interest among the materials and electrochemists [17]. In particular, electrocatalysts made
of 3d-transition metals such as Fe, Co, Ni, Cu, and Mn in combination with N-doped carbon
are considered as the most promising electrocatalysts that can serve as alternatives to the
traditional Pt/C catalysts [18,19]. This is due to their efficiency in interacting with adsorbed
oxygen via unoccupied 3d orbitals, assisted by the high electronic conductivity of the
N-doped carbon, which promotes electronic conduction and enhances ORR kinetics [20].
Among the 3d-transition-metal-based catalysts, Fe and Co in combination with N-doped
carbons have been extensively investigated because of their excellent ORR activity in com-
parison with Pt/C in both acidic and alkaline electrolytes [21]. In synthesized catalysts,
Fe and Co metals are either in an atomically dispersed state on the N-doped carbons or
clusters/nanoparticles of carbides/nitrides/oxides, both of which have been proposed as
ORR active sites [22,23]. Though excellent catalysts of Fe and Co have been synthesized,
these catalysts suffer from the limitations of poor stability due to leaching of the active
metals from the catalysts and Fenton-type reactions mediated by Fe-based catalysts, which
produce unwanted H,O; as a byproduct, which further produces *OH [24]. Between these,
Fenton-type reactions possess a particular issue, as the produced H,O, and *OH degrade
the catalyst layer, promote carbon support corrosion, delaminate the Fe from the active
sites, and promote the rapid degradation of the Nafion membrane. Consequently, the
investigation of non-Fenton-reactive metals such as copper, ruthenium, and manganese is
regarded as the most suitable option for reducing the catalyst degradation that occurs as a
result of Fenton-associated reactions and, consequently, for enhancing the overall activity
and stability of the catalyst [25-27].

Among the non-Fenton-reactive metals, Mn- and Mn-oxide-based catalysts are partic-
ularly interesting because of the ability of Mn to interchange among Mn?* +>Mn3* <sMn**
oxidation states, enabling molecular chemisorption of O,, which would facilitate O=O bond
breaking and improve the O, reduction kinetics by reducing the activation energy required
for ORR [28]. However, owing to their abundance, cheap cost, and rich redox chemistry,
materials based on manganese have attracted a lot of attention [29]. In particular, the
H,0,-associated drawbacks are mitigated by Mn-based catalysts, as the Mn3* /Mn** redox
couple is recognized for its effective *OH scavenging capacity, thus enhancing the stability
of Mn-based catalysts [30,31]. Despite fast electrocatalytic ORR activity, Mn-oxide-based
catalysts suffer from poor electronic conductivity [32]. Because there are many possible
Mn valences (ranging from 0 to +7), Mn aggregates form easily during high-temperature
carbonization, even when the Mn content is low. This makes it very important to control the
particle size and sintering during high-temperature treatment to retain a high electrochemi-
cally active surface area available to the ORR reaction [33]. To address these drawbacks,
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in general, Mn-oxide nanoparticles are supported on carbon materials, which provide
sufficient surface area to host nanoparticles and provide them an electronic conduction
pathway [34]. Further, doping the carbon support with heteroatoms such as N further
improves the electronic conductivity of the catalyst, and N-doped carbon provides strong
metal-support interaction between Mn-oxide nanoparticles and N-doped carbon, therefore
enhancing the overall stability of the catalyst [35,36]. In this regard, several types of carbon
nanomaterials have been introduced aiming to improve catalyst ORR activity and stability
such as CNTs, graphene, carbon black, graphitic-carbon nanofibers, etc. [37-39]. Recently,
synthesizing porous carbons from renewable biomass has received special attention for
several reasons, such as their easy availability and cheap cost. In particular, the accumu-
lation of biomass has become a serious threat to the environment’s sustainability [40—42].
In addition, biomass can be obtained from a wide variety of renewable sources as waste
products. The use of biomass reduces the dependence on the traditional methods used for
synthesizing carbon nanomaterials and can reduce landfill waste because of the ecofriendly
nature of the synthesis process, which requires just washing and pyrolysis steps to prepare
porous, high-surface-area carbon for various applications [43]. In this regard, the biomass
derived from spent coffee grounds has attracted immense attention. Approximately 90% of
spent coffee waste is produced for every 1 kg of fresh coffee used, leading to the production
of tons of spent coffee biomass, which eventually goes to landfills [44]. From the land-
fills, it undergoes environmental bacterial degradation, leading to the release of various
greenhouse gases, such as methane and CO,. Therefore, converting the waste biomass into
value-added products such as porous carbon reduces not only greenhouse gas emissions
but dependence on petroleum products to produce carbon nanomaterials [45].

Inspired by the aforementioned and in our prior research [46], we have synthesized
porous N-doped carbon from spent coffee grounds, in which melamine is used as the N
source to produce N functionalities in the derived N-doped carbon. Then, the porous N-
doped carbon is used as support to immobilize MnO nanoparticles. The MnO nanoparticles
are synthesized from the thermal treatment (900 °C) of Mn-Xerogel, which is made from the
gelation reaction between glucose and potassium permanganate aqueous solution in the
presence of porous N-doped carbon (MnO/N-CC-900). The as-obtained MnO/N-CC-900
catalyst is assessed for its ORR in 0.1 M HCIOy solution and the half-wave potential of 0.69 V
is achieved. In contrast to our previous work, in this work, we have investigated the effect of
N-doped carbon content on the morphology and the electrocatalytic ORR activity of xerogel-
derived MnO nanoparticles. The aim of this work is to investigate the effect of varying
N-doped carbon concentration in the catalyst layer on MnO nanoparticle size, dispersion
and distribution, stabilization of MnO nanoparticles, resulting in increased electrochemical
active surface area (ECASA), enhanced electronic conductivity of the catalyst, resulting in
faster electron transfer during the ORR. With this consideration, we have synthesized the
Mn-Xerogel with varying contents of N-doped carbon added in situ during gelation reaction.
The resulting Mn-Xerogel/N-doped carbon mixture is then subjected to thermal treatment
at 900 °C, resulting in the formation of MnO/N-doped carbon catalyst. The obtained
catalysts are then subjected to physicochemical characterization such as XRD, SEM and
TEM studies. Further, the MnO/N-doped carbon catalyst is electrochemically characterized
for the oxygen reduction reaction in alkaline (0.1 M KOH) electrolytes. Cyclic and linear
sweep voltammetry studies were used to investigate the effect of MnO nanoparticle size
and distribution, while a potential cycling test was used to investigate the catalyst’s stability.
It was observed that the nitrogen-doped carbon content significantly influences the size
and dispersion of MnO nanoparticles; as the nitrogen-doped carbon support increases, the
size of the MnO nanoparticles gradually decreases, thereby proportionately enhancing the
electrochemically active surface area and, consequently, the ORR activity.
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2. Results and Discussion
2.1. Crystallographic and Morphological Analysis of N-Doped Carbon-Supported
MnO Nanoparticles

The washed spent coffee waste is mixed with the N-rich organic ligand, i.e., melamine.
During the sonication and magnetic stirring, the melamine adsorbs on the surface of the
carbon. When the mixture is subjected to pyrolysis, the adsorbed melamine decomposes
into g-C3Ny at the temperature of around 350 °C and then with further increase in the
temperature, the g-C3Ny eventually decomposes into NHj species, which acts as source
of N, which then integrates into the carbon matrix. Nitrogen doping occurs in the carbon
framework through active sites created when unstable oxygen functionalities decompose
during graphitization of the carbon. The amount of melamine added to the carbon matrix
can be varied to achieve the best N content that can be incorporated. In our previous studies,
we have optimized the amount of N in the carbon matrix, with the mass ratio of 1:1, i.e.,
carbon—-melamine [46]. Therefore, in this study, we have directly chosen the optimized mass
ratio-derived N-CC and used it as support to deposit the MnO nanoparticles (Figure 1a,b). A
sol-gel synthesis strategy leads to the formation of gel when N-CC and D-Glucose solutions
are added to an aqueous solution of KMnQOj. In this reaction, KMnOy acts as oxidizing
agent, whereas D-glucose acts as a reducing agent, by giving electrons to the MnO,4 ™ ions.
When mixed and agitated with a glass rod, an exothermic reaction takes place (which can
be felt by touching the outer surface of the beaker and feeling the beaker is hot). KMnO,
oxidizes the D-Glucose during this MnO,~ reduction to form MnO,, and eventually, the
D-glucose oxidizes to other forms of oxidized species. When mixed, approximately within
2 to 3 min, the solution instantaneously turns to a gel of MnO,_ The obtained interconnected
MnO; gel from the colloidal system typically entraps a substantial quantity of HyO within
its structure, which is periodically removed from the gel. The gel within the beaker is
transferred into the hot-air oven and the temperature is increased to ~60 °C, facilitating the
gradual, natural evaporation of the water, and resulting in the gel drying and contracting
to form a xerogel. This entire process occurs in the presence of N-doped carbon, which is
already added to the glucose solution; therefore, the N-CC traps in the interconnected gel
in situ, during the formation of the xerogel. And when the N-CC-Mn-xerogel is subjected to
the thermal treatment at 900 °C, the Mn-oxide nanoparticles are deposited on to the N-CC
carbon support (Figure 1c). Furthermore, the N-doped carbon content helps in stabilizing
the MnO nanoparticles during heat treatment at high temperatures. With the increase in the
content of N-doped carbon content, more and more carbon is trapped inside the gel, which
helps in mitigating the coalescence and agglomeration of MnO nanoparticles during the
thermal treatment at high temperatures (Figure 1d). This helps in reducing the particle size
and improving the dispersion of MnO nanoparticles, increasing electrochemically active
surface area and thus enhancing ORR activity, as we noticed in the experimental findings
discussed below.

Figure Sla shows the XRD patterns of washed, spent coffee waste and pyrolyzed coffee
waste compounds. It is seen that the obtained spent coffee waste shows poor graphitization
along with some impurities. In contrast, the pyrolyzed spent coffee waste shows more
graphitic character, as indicated by the shift in the graphitic peak corresponding to C
(00 2) from 20 of 20° — 25°. This indicates that pyrolysis helps structurally transform
amorphous carbon into graphitic carbon. High-temperature pyrolysis helps to decompose
amorphous and unstable carbon phases and helps rearrange the carbon atoms into more
ordered, graphitic carbons. This graphitization also enhances the aromatic nature of
the carbon matrix and thus helps in enhancing the electronic conducting nature of the
carbon. In addition, during pyrolysis, decomposition of the melamine occurs at around
~350 °C, leading to the formation of g-C3Ny. Upon further increase in the temperatures, the
decomposition of the g-C3Ny leads to the formation of N-containing species, which includes
ammonia and other radicals of N, which reacts with the carbon matrix at defect sites or
edge carbons, leading to the doping of N in the carbon matrix in various forms, including
pyridinic-N, pyrrolic-N and graphitic-N species and oxidized-N species, as identified from
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the XPS analysis. Figure 2 shows the XRD patterns of the MnO nanoparticles deposited on
N-CC carbon. All the catalysts showed the patterns associated with the MnO at 35.0, 40.5,
58.7,70.0, and 73.9°, corresponding to the (11 1), (200), (220),(311), and (2 2 2) planes,
respectively. (PDF#07-0230, PDF#04-0326) indicates MnO cubic and orthorhombic phase
structures, respectively [47]. The existence of two phases of MnO may be ascribed to the
capacity of MnOx to generate diverse crystal structures with various phases, influenced
by both thermodynamic and kinetic factors that dictate the formation of cubic versus
orthorhombic phases. The stable form of MnO is typically cubic at lower temperatures;
however, during thermal treatment, the cubic phase may transform into an orthorhombic
phase. The cubic phase is typically thermodynamically stable, while the orthorhombic
phase is kinetically stable. Although cubic MnO is thermodynamically favored, the thermal
treatment conditions (temperature, heating rate, and N, atmosphere) may not allow for
equilibrium. Fast heating or non-equilibrium gel-to-solid conversion stabilizes both phases.
This allows cubic and orthorhombic phases to coexist instead of a stable cubic phase.
Further, in our previous study, we have previously established a temperature-dependent
phase transformation of Mn, Oy that can yield different phases based on the heat treatment
temperatures [46]. From our previous study, we have chosen the temperature of 900 °C,
at which the MnO, transforms into MnO via Mn,O3 and Mn3O;, (temperatures below
700 °C) phases, i.e., MnO; — MnyO3 — Mn3O4 — MnO [48]. Though all the MnO/N-CC
catalysts exhibited similar diffraction patterns, one can notice a significant change in the
intensity of the peaks, following a pattern based on the amount of N-doped carbon added
during the gel formation. It is observed that the intensity of the diffraction peaks steadily
decreases with an increase in the N-carbon content. This clearly indicates that the crystal
size of the MnO nanoparticles consistently decreases with an increase in the N-carbon
content. The crystal sizes of the MnO nanoparticles are calculated based on the Scherrer
equation by considering the high-intensity peak at 40.5°, corresponding to the (2 0 0) phase
of the MnO nanoparticles. The calculated crystal sizes of MnO nanoparticles are ~47, 41,
36, 32, 27, 20 nm for the catalyst corresponding to the N-carbon content of 50, 100, 200, 300,
400, 500 mg, respectively. One can notice that the crystal size of the MnO nanoparticles
consistently decreases with the increase in N-carbon content. These observations are further
corroborated by the examination of the morphology of the MnO/N-CC catalysts by SEM
and TEM measurements.

Figure 3 shows the SEM images of the MnO/N-CC catalysts. The SEM images show a
dense distribution of MnO nanoparticles on the N-CC support. It is seen that in catalysts
with a smaller quantity of N-CC carbon support, MnO nanoparticles are seen to be agglom-
erated into large particles. However, as the N-CC content increases, the MnO nanoparticle
aggregation is found to be decreased and MnO nanoparticles are spatially apart from each
other, leading to an even distribution of MnO nanoparticles with smaller size. Similar obser-
vations are also made from TEM measurements, as shown in Figure 4. Highly agglomerated
MnO nanoparticles have been observed for MnO/N-CC-1 and 2 catalysts. For MnO/N-CC-
3 and 4 catalysts, the agglomeration is lessened and MnO nanoparticles are spatially apart
from each other. Interestingly, for the MnO/N-CC-5 and 6 catalysts, it is seen that MnO
nanoparticle size has been reduced to a significant extent and the MnO nanoparticles are
evenly distributed with nearly no visible agglomerations. This indicates that the N-doped
carbon support plays a significant role in mitigating MnO nanoparticle agglomeration and
helps to reduce the MnO nanoparticle size, thereby enhancing the electrochemically active
surface area of the catalyst, and hence the ORR activity. This observed phenomenon can be
explained as follows. With increasing carbon content, more and more of the carbon sur-
face is available for holding MnO nanoparticles; therefore, the MnO nanoparticles evenly
distribute on the carbon surface, mitigating the agglomeration during high-temperature
treatment, by enhancing the physical space between MnO nanoparticles [49]. In addition,
the -N doping sites act as anchoring sites for metal nanoparticles, therefore promoting
nucleation and stabilization during the thermal treatment [50]. The higher N-CC means
increased available nucleation sites on the large carbon surface, successfully inhibiting the
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coalescence and Ostwald ripening of nanoparticles during high-temperature treatment and
leading to smaller MnO nanoparticles with high N-doped carbon content [51]. The high
electronic density around -N doped functionalities exerts strong metal-support interaction,
which could additionally reduce the surface diffusion of Mn species, limiting the chances
of MnO nanoparticle coalescence during high-temperature treatment [52]. Overall, the
reduction in MnO particle size results in higher electrochemically active surface area avail-
able for reacting with gaseous O, during ORR, thereby improving ORR activity. Higher
content of N-CC also means increased density of -N dopants, which additionally provides
high electronic conductivity to the MnO active sites during ORR, thus facilitating the
enhancement of ORR kinetics [53]. The overall synergistic effect of -N doped carbon and
MnO nanoparticles leads to enhanced dispersion, prevention of coalescence and Ostwald
ripening during the high-temperature treatment of xerogel-N-CC, and improved electronic
transfer and stabilization of MnO nanoparticles on N-doped sites enhances the ORR activity
and stability under electrochemical conditions, as experimentally observed below.

(a) Mixing
Aqueous Aqueous Agitation Hot-sivevan
Glucose L7 KMnO, :
Solution Solution Celation drying
Gel

@70°C Xerogel

O+de +0,

N,gas
N, gas ? a(: 2H
(b) . H,0, ) \ 2
"* Ultrasonication Pyrolysis K g
0 - -/
W Dryings (RSN 900°C 20H-
Melamine s eWE j

-

Powd e N
s ﬂ owder *  Tubular Furnace N-doped carbon
pent coffee waste (N-CC) N doped ORR active sites
N, gas N,gas
: Mixing ~ 2H,0+4e + 0,
[:J ; Aqueous Agitation Drying > Powder 7
Aqueous Solution Gelation lysi .
Glucose : s Pysl':oyosz:ls 208
:  Solution : Gel
N MnO nanoparticles
50 mg 100 mg 200 mg 300 mg 400 mg

Increasing the carbon support content

< Improved dispersion of MnO nanoparticles

«» Reduced particle size of MnO nanoparticles

** Increased Electrochemical active surface are (ECSA)
<+ Improved ORR activity and kinetics

Figure 1. Schematic of (a) Mn-Xerogel synthesis, (b) synthesis of N-doped carbon from spent coffee
waste, (c) synthesis of MnO/N-CC catalyst, (d) dispersion of MnO nanoparticles on the N-CC carbon
support of varying concentrations.
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Figure 2. X-ray diffraction patterns of various MnO/N-CC catalysts.
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Figure 3. SEM images of various MnO/N-CC catalysts.
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Figure 4. TEM images of various MnO/N-CC catalysts.

2.2. XPS Insights into MnO Nanoparticle Deposition on N-Doped Carbon Supports

Figure S1b shows the survey scan of MnO/N-CC-5 catalyst, which shows the peaks
corresponding to C, N, O and Mn elements present in the catalyst. Figure 5a shows the
Cl1s XPS spectra, which can be deconvoluted into four peaks at 283.98, 284.48, 284.88 and
285.78 eV, corresponding to C=C (sp2 carbon), C=C (sp3 carbon), C-N-C (Sp3 carbon),
and C-O-C/-C=0 functionalities in the carbon matrix derived from the spent coffee car-
bon+melamine mixture after pyrolysis. The appearance of C-N-C functionalities indicates
the presence of N atoms in the carbon matrix and thus confirms -N doping. Figure 5b shows
the N1s high-resolution spectra, which can be further deconvoluted into four different N-
doping functionalities that can exist in the carbon matrix. The four different peaks located
at the binding energies of 398.78, 399.58, 400.68 and 405.99 eV, correspond to pyridinic-N,
pyrrolic-N, graphitic-N and pyridinic-Oxidized species, respectively. It is well known that
pyridinic-N, pyrrolic-N and graphitic-N are the major N-functionalities that help in ORR.
Due to the higher electronegativity of N, the nearby carbon around N becomes electroni-
cally deficient, creating partial positive charges on the carbon and partial negative charges
on N atoms, indicating less electro-deficient carbon and high-electron-density N species in
the carbon atoms [54]. This helps in absorbing gaseous O, and its subsequent reduction
to HyO. Therefore, N-doped carbon exhibits high ORR activity in both acidic and alkaline
electrolytes. In addition, the N-doping to the carbon enhances the electronic conductivity
due to the addition of unpaired electrons from the N into the carbon matrix, which can then
be donated to the supported MnO nanoparticles, thus helping in increasing the electron
density around the MnO nanoparticles and, in turn, ORR activity [54]. Figure 5c shows
the Ols spectra, which can be further deconvoluted into three major peaks at the binding
energies of 529.98, 531.38, 532.78 eV, corresponding to Mn-O-Mn, -Mn-O-H/C-O and -C=0
oxygen functionalities in the MnO/N-CC-5 catalyst [55]. The appearance of Mn-O-Mn
chemical bonding clearly indicates the MnO nanoparticles in the catalyst. Figure 5d shows
the Mn2p high-resolution spectra, which is deconvoluted into four major peaks contain-
ing two doublet peaks each for Mn2p3/2 and Mn2p1/2. The peaks are located at 640.94
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and 642.41, respectively, for Mn** and Mn>* species of Mn2p3/2 doublet, and 652.58 and
653.93 eV for Mn** and Mn>" species of Mn2p1/2 doublet [56]. In alkaline electrolytes, the
quick reduction of O, to OH— ions is guaranteed by the coexistence of Mn3* and Mn**,
which is said to enhance the cleavage of O-O bonds. [47].
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Mn4+
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Figure 5. Deconvoluted XPS spectra of (a) Cls, (b) N1s, (c) Ols, and (d) Mn2p spectra of MnO/N-CC-5
catalyst.

2.3. Electrochemical ORR Activity Analysis of MnO/N-CC Catalysts

After analyzing the MnO/N-CC catalysts for various physical properties, the electro-
chemical ORR characterizations of the MnO/N-CC catalyst are performed in 0.1 M KOH
electrolyte. Figure 6a shows the recorded LSV curves of MnO/N-CC catalyst in O, satu-
rated 0.1 M KOH electrolyte at 1600 rpm. It is seen that all the MnO/N-CC catalysts show
typical ORR characteristics with kinetic, a mixed diffusion-kinetic region, and limiting
current regions. The optimized ORR activity is illustrated by the half-wave potential (E; /)
of various MnO/N-CC catalysts. The obtained E; /, values are 0.65, 0.62, 0.67, 0.69, 0.70,
0.78,0.71 and 0.81 V vs. RHE, respectively, for N-CC, MnO/N-CC-1, 2, 3, 4, 5, 6 and Pt/C
(10 wt.%) catalysts. It is seen that the ORR activity progressively increases with the increase
in N-doped carbon content in the catalysts. The optimum ORR activity is obtained for
MnO/N-CC-5 catalyst with the highest E; /, potential of 0.78 V vs. RHE. It is interesting to
note that the MnO/N-CC-5 catalyst ORR activity is close to the commercial Pt/C catalyst,
with just 30 mV lower than Pt/C catalyst (Figure 6b). Further, the Tafel slope values are
found to be 248, 150 and 117 mV dec~! for N-CC, MnO/N-CC-5 and Pt/C catalysts, respec-
tively (Figure 6¢). These values indicate that the ORR on N-CC catalyst is very sluggish,
whereas MnO/N-CC-5 catalyst ORR activity is very much close to the Pt/C catalyst. In
order to demonstrate the reason behind the enhanced ORR activity of MnO/N-CC-5, we
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have calculated the electrochemical surface area (ECSA) of all the MnO/N-CC catalysts.
In order to calculate the ECSA, we have performed CV of the catalysts at various scan
rates in the non-Faradaic region and by creating the plots with capacitive current vs. scan
rates (Figures S2 and S3). The double-layer capacitance (Cgq)) is calculated from the slope
of the capacitive current (obtained by averaging the anodic and cathodic currents at the
selected potential) and then ECSA is calculated by dividing it by the specific capacitance
(F/cm?) of the N-CC carbon [57]. Figure 6d shows the Cgj, obtained ECSA values and their
relationship with the ORR half-wave potentials. It is clearly seen that with the increase
in the N-CC carbon content, the Cq; increases steadily, therefore increasing the ECSA val-
ues. It can be hypothesized that an increase in N-CC carbon content helps in alleviating
the MnO nanoparticle agglomeration, enhances the dispersion and decreases the particle
size of MnO nanoparticles, which helps in enhancing the overall ECSA of the catalysts.
The optimized catalysts are chosen based on the catalyst that exhibited the highest ORR
half-wave potential. According to the table shown in Table S1, MnO/N-CC-5 shows the
highest ORR half-wave potential, with ECSA of 4.07 m?/g. The obtained ECSA values
corroborate the XRD, SEM and TEM observations (Figure 6d). Despite the high ECSA of
MnO/N-CC-6 catalyst, the ORR activity is observed to be lower than the MnO/N-CC-5
catalysts, and this may be attributable to several reasons. (i) Too small particle size leads
to high surface energy and surface defects, which can lead to lower stability, leading to
easier agglomeration. (ii) For this reason, making metal nanoparticles smaller does not
always help because it changes the shape of the particles and makes more of their less
useful surface areas. [58].
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Figure 6. (a) LSV curves of various MnO/N-CC catalysts with different N-doped carbon contents,
(b) comparative LSV curves of MnO, N-CC, MnO-N-CC-5 and Pt/C catalyst, (c) Tafel slopes of N-CC,
MnO/N-CC-5 and Pt/C catalysts, (d) relationships between ECSA and half-wave potentials of the
various MnO/N-CC catalysts. Electrolyte: O, saturated 0.1 M KOH aqueous solution. Scan rate:
10 mV s~ 1, 1600 rpm, room temperature (25 °C).
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Figure 7a—c show the LSV curves recorded at different rotations per minute (rpm) in
Os-saturated 0.1 M KOH electrolyte of N-CC, MnO-N-CC-5 and Pt/C catalysts, respectively.
All the curves show a typical behavior of increased limiting currents with an increase in
the rpm. This indicates that the ORR is a diffusion-controlled reaction, meaning that at
high rotation speed, the diffused double layer thins, and it allows more O, towards the
electrode surface, hence the increase in limiting current. This indicates that ORR is limited
by the rate at which O, diffuses to the electrode surface, rather than the intrinsic kinetic
activity. Figure 7d—f represent the Koutecky-Levich (K-L), i.e., the plots of the inverse
of square roots of the electrode rotations per min vs. the inverse of the obtained current
density. In addition, all the catalysts show linear, straight lines, indicating the possibility of
similar number of electrons transferred per O, molecule at all the potentials. The number of
electrons (n) transferred per O, molecule is calculated from the slopes of the K-L plots and
incorporating the slope values in the K-L equation (shown in Supplementary Materials).
The obtained average ‘n’ values are 3.61, 3.95, and 3.98 electrons per O, molecule, for
N-CC, MnO/N-CC-5 and Pt/C (10 wt.%) catalysts, respectively. These results indicate that
both MnO/N-CC-5 and Pt/C (10 wt.%) catalysts perform a direct O, reduction to HyO;
therefore, they are ideal catalysts for AEM fuel cells.

2.4. Electrochemical Stability Analysis of the Pt/C and MnO/N-CC Catalysts

A catalyst’s stability, along with its ORR activity, is a key indicator of its suitability
for realistic fuel cells. The stability of the MnO/N-CC-5 catalyst is investigated in two
different stability testing conditions: (i) potential cycling and (ii) constant potential condi-
tions. Figure 8 shows the cyclic voltammograms, LSVs and chronoamperometric curves of
MnO/N-CC and Pt/C catalysts. The potential cycling of the working electrode deposition
with Pt/C and MnO/N-CC-5 catalysts is cycled between 0.05 and 1.23 V vs. RHE in 0.1 M
KOH electrolyte for 5000 potential cycles. Figure 8a shows the CV curves of Pt/C catalyst
initially and after 5000 potential cycles, and corresponding LSVs recorded after 5000 poten-
tial cycles are shown in Figure 8b. The CV of Pt/C shows typical H,,q characteristics, and
noticeably, after 5000 potential cycles, the Pt/C catalyst area (corresponding to the charge of
Hypa) under the Hypq decreases, suggesting Pt/C catalyst’s poor stability. It is well known
that Pt/C catalyst undergoes several phenomena, such as carbon corrosion, Pt nanoparticle
agglomeration due to Pt atom dissolution and re-deposition, which are major degradation
pathways [59]. This is also reflected in the LSV curves recorded after 5000 potential cycles,
as shown in Figure 8c. After 5000 potential cycles, the Pt/C catalyst lost 20 mV in its
half-wave potentials. In contrast, the MnO/N-CC-5 catalyst shows barely any change
in the CV after 5000 potential cycles. This is also reflected in the LSV curves recorded
after 5000 potential cycles, as shown in Figure 8d. After 5000 potential cycles, the Pt/C
catalyst lost 10 mV in its half-wave potentials, and this indicates that the MnO/N-CC-5
catalyst performs slightly better in terms of stability to potential cycling conditions. The
better stability of MnO/N-CC-5 is attributed to the presence of N-doping functionalities,
which are known to enhance the stability of the catalyst and help to alleviate the carbon
corrosion mechanism [60]. In addition to the potential cycling conditions, the Pt/C and
MnO/N-CC-5 catalyst’s stability is also evaluated under constant potential conditions by
measuring i vs. t curves in 0.1 M KOH electrolyte by holding the potential of the working
electrode at 0.7 V vs. RHE for about 10 h with continuous O; purging, and the resulting
ivs. t curves are shown in Figure 8e. It is clearly seen that after a 10 h test, the Pt/C
catalyst retains 94% of the relation current, whereas MnO/N-CC-5 retain about 96% of the
relation currents, indicating that both the catalysts show almost similar stability in constant
potential conditions. The stability test for MnO/N-CC-5 catalyst is further extended to 24 h,
as shown in Figure 8f. The chronoamperometric curves show that MnO/N-CC-5 catalyst
proved to have excellent stability, with a current retention of 97.5% after a 24 h test.
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Figure 7. LSV curves recorded at different rpm of (a) N-CC, (b) MnO/N-CC-5 (c¢) Pt/C and their
corresponding K-L plots (d) N-CC (e) MnO/N-CC-5 and (f) Pt/C catalysts. Electrolyte: O, saturated
0.1 M KOH aqueous solution. Scan rate: 10 mV s~!, room temperature (~25 °C).
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Figure 8. Cyclic voltammograms of (a) Pt/C and (c) MnO/N-CC-5 catalysts and their corresponding
LSV curves; (b) Pt/C and (d) MnO/N-CC-5 catalysts; (e) chronoamperometric response of Pt/C
and MnO/N-CC-5 catalysts; (f) extended chronoamperometric response of MnO/N-CC-5 catalyst.
Electrolyte: N, /O,-saturated 0.1 M KOH aqueous solution. Scan rate: 10 mV s~1,1600 rpm, room
temperature (25 °C). Chronoamperometric measurements were conducted in continuous O? purging
at 0.7V (vs. RHE) in O;-saturated 0.1 M KOH electrolyte at a rotating rate of 500 rpm.
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2.5. Mechanism of ORR on MnO/N-CC Catalyst

The enhanced ORR activity of Mn(II)O nanoparticles towards ORR is justified on the
basis on the ratio of Mn®* /Mn** and the density functional theory simulation proposed
by Tian et al. on ORR activity of Mn(I)O catalysts [47,61]. In general, MOx structural and
surface characteristics largely dictate its electrochemical ORR behavior. The fundamental
building block of MOx is [MnOg] octahedrons that are connected in various ways by shar-
ing edges or corners, resulting in structural variations, and the chemical composition of
MOy (more than 20 polymorphs for MO are possible) [62]. Because of the redox couple that
exists in the octahedral sites with the presence of vacancies in the solid phase, manganese
oxides have good electrochemical activity, which can be attributed to Mn3* /Mn** [63]. The
direct four-electron ORR is processed by a chemical oxidation of surface Mn3* generated
from MOy. The ORR activity of MOx-based catalysts primarily involves the Mn3* ions due
to the fact that the Mn®* are unstable due to Jahn-Teller lattice distortions and therefore
convert to Mn** ions, which does not contribute to structural distortion [64]. Therefore, the
electron transfer ability of Mn?* to the adsorbed Oy (ads)-2P orbitals to form Mn4+—02(ads) is
an important characteristic of MOy catalysts. Hence, the quantity of available Mn3* species
on the surface can affect the electro-catalytic activity for ORR of various MOy catalysts.
To gain more insights into the structural composition of Mn3* /Mn**, we have calculated
the area under from the XPS deconvoluted peaks and found that the Mn3* /Mn** ratio is
1.37, meaning that Mn** accounts for 37% more than Mn**. Tian et al. [47] investigated the
ORR activity of Mn(I)O catalyst and found that during electrochemical ORR, the Mn(II)O
catalyst in situ structurally transform into MnsOg, which reveals the generation and coexis-
tence of Mn*" and Mn** in the catalyst. The ORR activity of Mn(IT)O catalyst is explained
on the basis of DFT simulations and the effect of surface Mn>* ions as follows. According
to Jahn-Teller lattice distortion theory, the unstable Mn3* will be disproportionate to Mn?*
and Mn** (2 Mn?* = Mn?* + Mn*") [65]. The antibonding orbitals of Mn* will overlap
directly with that of top-absorbed O species, thus influencing the bonding strength of O,
onto Mn?* via the filling status [66]. After O, absorbs on the surface, sequential electron
transfer occurs, leading to the formation of OH™, as follows (Figure 9).

O, + Mn-OH + e~ — Mn-OO* + OH ™

Mn-OO* + Hb O+ e — Mn-OOH + OH
Mn-OOH + e~ — Mn-O + OH™
Mn-O + HO + e~ =Mn-OH + OH™

Step 1, which involves adsorbing oxygen to replace the OH™ group at the Mn site, is
considered the rate-determining step in the kinetics of ORR on Mn(II)O catalyst. Therefore,
the enhanced ORR activity of Mn(I)O catalyst is due to optimal adsorption energies of
O, on Mn3* favoring the cleavage/desorption of OH™ groups from the Mn sites and
accelerating the ORR kinetics. In addition, the Mn** ions also help in scavenging the
hydroperoxide (HO, ") ions [67]; therefore, a synergistic effect of both Mn?** and Mn**
together with O, vacancies accelerates the ORR kinetics [68].
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molecule adsorptions on the surface and the lattice structure of Mn5Og (yellow: Mn**, blue: Mn3*).
(b) MnO potential four-electron ORR reaction mechanism [concept adopted from Tian et al. [47],
open access].

3. Materials and Methods
3.1. Washing of the Spent Coffee Waste

The N-doped carbon is synthesized from spent coffee waste collected from the local
coffee shop on the campus of Keimyung University, Daegu, Republic of Korea. First, the
collected wet spent coffee grounds (100 g) are dried in the oven at 60 °C, and after its
complete drying, the powder is finely ground in a mortar and pestle to crush any large
particles. The crushed, powdered, spent coffee grounds are then dispersed in 1000 mL of
distilled water and magnetically stirred for about 1 h and the dissolved solids and other
soluble impurities are allowed to phase transfer from solid to liquid phase. The dissolved
solids can be seen as the water turns a dark brown color. After 1 h, the solution is allowed
to stand for the collection of the solid coffee waste at the bottom of the flask and the brown
supernatant at the top of the beaker, which is discarded carefully. This entire washing
process is repeated several times until all the dissolved solids are removed, and this can
be monitored visually when the supernatant water turns clear and colorless. Finally, the
collected solid is dried in the oven at 80 °C overnight. The dried spent coffee waste solid
is then finely ground in a mortar and pestle. The washed powder is then used for the
synthesis of N-doped carbon.

3.2. Synthesis of N-Doped Carbon from the Spent Coffee Waste

The washed spent coffee powder (200 mg) is dispersed in 100 mL of distilled water and
ultrasonicated for about 1 h. To this, an equal amount of melamine (C3HgNg) (obtained from
Sigma—Aldrich®, Seoul, Republic of Korea) powder is added and further ultrasonicated
for 1 h and magnetically stirred overnight and then dried in the hot-air oven at 80 °C to
evaporate the water, which results in the dried powder, which is then grinded in a mortar
and pestle into fine powder. The finely powdered coffee waste and the melamine mixture
are then placed in the graphite boat and placed in the center of the tubular furnace. The
furnace is connected to the N inert gas, and the furnace is flushed with Nj initially for
about 1 h to replace any O; in the tube with Nj. After one hour, the furnace temperature is
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raised to 900 °C with a heating rate of 5 °C/min, and once the furnace temperature reaches
the target value, the target temperature is maintained for about 1 h, under a continuous flow
of N inert gas. The black powder (N-doped carbon, N-CC) resulting from the pyrolysis of
the coffee waste and the melamine mixture is collected and grinded in a mortar and pestle
into fine powder and then used as carbon support for the deposition of MnO nanoparticles.

3.3. Synthesis of Mn-Xerogel and MnO/N-CC Catalysts

The Mn-Xerogel was synthesized via a sol-gel synthesis technique, according to our
previous study [40]. In a typical synthesis, an aqueous solution of potassium permanganate
(KMnOy) (obtained from Sigma-Aldrich®, Republic of Korea) is prepared by dissolving
1.50 g in 20 mL of distilled H,O. In a separate solution, an aqueous solution of D-glucose
(obtained from Sigma-Aldrich®, Republic of Korea) is prepared by dissolving 2.51 g of
glucose in10 mL of distilled H,O, to which N-doped carbon in varying quantities is added
(50, 100, 200, 300, 400 and 500 mg), and the resulting solution is ultrasonically dispersed
for about 1 h and then magnetically stirred for 1 h. In a next step, the D-Glucose + N-CC
mixture is added quickly to the ag. KMnOj solution, and the solution is mixed quickly
with the help of a glass rod. With continuous mixing, after approximately 2-3 min, the
solution quickly and instantaneously turns into a dark black colored gel. Once the gel had
formed, the watery layer on top was formed and it was periodically removed. The beaker
with the gel inside was then put into a hot-air oven to dry slowly overnight at ~60 °C.
Then, the dried gel was collected from the beaker, and it was transferred into a mortar
and pestle and finely grinded into a powder. The powder was then placed into a graphite
boat and placed in the center of the tubular furnace. The furnace is connected to the Ny
inert gas, and the furnace is flushed with Nj initially for about 1 h to replace any O, in the
tube with Nj. After one hour, the furnace temperature was raised to 900 °C with a heating
rate of 5 °C/min, and once the furnace temperature reached the target value, the target
temperature was maintained for about 1 h, under a continuous flow of N, inert gas. The
black powder (MnO/N-CC) resulting from the heat treatment of the MnO-N-CC xerogel
was collected and grinded in a mortar and pestle into fine powder and then used as ORR
catalyst. The MnO-N-CC xerogels formed with different N-CC contents, i.e., 50, 100, 200,
300, 400 and 500 mg, were also processed in a similar way, and after the heat treatment, they
were labelled MnO/N-CC-1, MnO/N-CC-2, MnO/N-CC-3, MnO/N-CC-4, MnO/N-CC-5
and MnO/N-CC-6, respectively.

4. Conclusions

A Xerogel is synthesized using a sol-gel synthesis strategy, and an active and stable
catalyst made of transition metal oxide (Mn) is derived from it. This catalyst is supported
on a N-doped carbon support that is derived from spent coffee biomass (MnO/N-CC).
The purpose of this work is to develop efficient oxygen reduction reaction (ORR) cata-
lysts in alkaline electrolytes. The effects of the carbon content of N-CC on the size of
MnO nanoparticles, as well as their dispersion and distribution on N-CC, as well as the
morphological and electrochemical effects on ORR, are specifically discussed in detail.
Measurements made with a scanning electron microscope and a transmission electron
microscope make it abundantly clear that increasing the amount of N-CC present in the
MnO gelation reaction leads to an improvement in the MnO dispersion and a reduction
in particle size during the thermal treatment process. This, in turn, leads to an increase
in the electrochemical active surface area that is available for ORR operations. Several
physiochemical and electrochemical characterizations were used to investigate the relation-
ship between the catalyst containing various N-CC and their ORR activities. The results of
these investigations revealed a clear relationship between the two. An even distribution
of MnO nanoparticles with a crystal size of 27 nm was observed on the N-CC support
by the optimal catalyst, which was a MnO/N-CC-5 catalyst. In an electrolyte containing
0.1 M KOH, the MnO/N-CC-5 catalyst displayed ORR kinetics and stability that were
almost identical to those of the technologically advanced Pt/C catalyst. Both the half-wave
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potential of the optimized MnO/N-CC-5 catalyst, which was 0.78 V vs. RHE, and the
ECSA, which was 4.07 m?/g, were displayed. There was only a loss of 10 mV in half-wave
potential after 5000 potential cycles, and the MnO/N-CC-5 catalyst retained 96% of its
current for over 18 h of continuous chronoamperometric stability conditions. This is an
indication of the catalyst’s excellent stability. Based on these findings, it can be concluded
that the MnO/N-CC-5 catalyst has the potential to be utilized in energy conversion devices
such as fuel cells, metal-air batteries, and biofuel cells as cathode catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14110792/s1: The Physical and electrochemical characteri-
zations and electrochemical characterizations of N-CC and MnO/N-CC-catalysts, including, three
electrode system measurements, ORR activity analysis in 0.1 M KOH electrolyte, RDE at differ-
ent rotation speeds, K-L plots calculations, ECSA calculations and their relation experimental and
equations are given in the supporting Information of this article. S1. Physical and electrochemical
characterizations, S2. Electrochemical Characterizations of the N-CC and MnO/N-CC catalysts,
Figure S1, (a) XRD patterns of washed spent coffee waste and after pyrolysis (b) XPS survey spectrum
of MnO/N-CC-5 catalysts, Figure S2. CV curves of various MnO/N-CC catalysts in N2 saturated
0.1 M KOH electrolyte with different scan rates. Figure S3. Plots of capacitive currents vs scan rates
of various MnO/N-CC derived from the cyclic voltammograms. Table S1. Relationship between
ECSA and half-wave potential of various MnO/N-CC catalysts.
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