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Mn oxide spinel on reduced
graphene oxide and carbon black as ethanol
tolerant oxygen reduction electrocatalyst in
alkaline media†

Sigrid Wolf, *a Michaela Roschger, a Boštjan Genorio, b Daniel Garstenauer, a

Josip Radić c and Viktor Hacker a

Electrocatalyst development for alkaline direct ethanol fuel cells is of great importance. In this context we

have designed and synthesized cerium-modified cobalt manganese oxide (Ce-CMO) spinels on Vulcan

XC72R (VC) and on its mixture with reduced graphene oxide (rGO). The influence of Ce modification on

the activity and stability of the oxygen reduction reaction (ORR) in absence and presence of ethanol was

investigated. The physicochemical characterization of Ce-CMO/VC and Ce-CMO/rGO–VC reveals CeO2

deposition and Ce doping of the CMO for both samples and a dissimilar morphology with respect to the

nature of the carbon material. The electrochemical results display an enhanced ORR performance

caused by Ce modification of CMO resulting in highly stable active sites. The Ce-CMO composites

outperformed the CMO/VC catalyst with an onset potential of 0.89 V vs. RHE, a limiting current density

of approx. −3 mA cm−2 and a remaining current density of 91% after 3600 s at 0.4 V vs. RHE. In addition,

remarkable ethanol tolerance and stability in ethanol containing electrolyte compared to the commercial

Pt/C catalyst was evaluated. These outstanding properties highlight Ce-CMO/VC and Ce-CMO/rGO–VC

as promising, selective and ethanol tolerant ORR catalysts in alkaline media.
1. Introduction

Fuel cells have gained importance as a green, cost-efficient
energy conversion device in response to rising energy
demand. Alkaline direct ethanol fuel cells (ADEFCs) offer great
potential for portable and off-grid applications, as they feature
high energy densities and display great advantages over H2-
fueled polymer electrolyte membrane fuel cells, especially in
terms of fuel storage and transport.1,2 Although the ethanol
oxidation reaction (EOR) is kinetically slow due to the strong
C–C bonding, ethanol has gained acceptance over methanol for
environmental and safety reasons. However, an additional
drawback with ADEFCs is the ethanol crossover from the anode
to the cathode, as the presence of ethanol on the cathode side
can lead to mixed potentials and consequent loss of cell
performance.3,4 The decrease of the ethanol crossover, andmore
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importantly the development of ethanol tolerant cathode cata-
lysts is therefore essential to mitigate these losses.

The shi to alkaline media has gained great importance in
recent years. In addition to providing better kinetics for the EOR,
the ethanol crossover rate is reduced because the use of anion
exchange membranes provides a reversed ion current compared
to the crossover of ethanol. More importantly, the alkaline envi-
ronment allows the use of non-noble metal cathode (NNM)
catalysts, which are not only less expensive, more environmen-
tally friendly and have oxygen reduction reaction (ORR) kinetics
as good as or even better than the existing state-of-the art Pt/C
catalyst, but more importantly, they are inert to EOR.2–5

Among NNM, transition metal oxide catalysts have gained
enormous attention as efficient ORR catalyst. Especially, spinel-
typed (AB2O4) cobalt manganese oxide (CMO)materials with the
general formula of Co3−xMnxO4 have been extensively investi-
gated for many years.6–13 Li et al.8 have shown, that CMO pres-
ents higher ORR activity than the individual Mn3O4 or Co3O4

spinels and even prevails over the commercial Pt/C.
To further enhance the ORR performance of CMO, cerium

modication has recently been explored to be a promising
approach. Numerous studies in which cobalt or manganese
oxides were either doped with cerium in the crystal and/or CeO2

was generated for synergistic effects reveal an improvement in
electrocatalytic activity.14–29 For example, Wang et al.22 found
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
that Ce doping and CeO2 decoration of Co3O4 results in a higher
ORR activity attributed to decreased particle size, enhanced
conductivity, a higher Co3+/Co2+ ratio and the synergetic inter-
action between CeO2 and Co3O4. These effects can be related to
the exible transition in the Ce3+/Ce4+ redox couple and the
existing 4f orbital of Ce facilitates electron transfer and provides
active sites.22 In another study, Sun et al.15 describe how rich
redox reactions between Ce3+/Ce4+ and Co3+/Co2+ can tune the
electronic structure of Co, resulting in superior electrocatalytic
performance. In addition, Zhong et al.19 report that due to the
Ce3+/Ce4+ redox coupling accompanied by oxygen vacancy
generation, CeO2 acts as a so-called “oxygen buffer” ensuring
oxygen activation and oxygen enrichment and enhances the
binding energy for intermediate oxygenated adsorbates.
However, studies of the effect of cerium modications speci-
cally on the ORR performance of CMO have rarely been re-
ported. In a recent study by Chen et al.30 it was shown that Ce
doping improves the ORR activity of CMO through changes in
the geometrical and electronic structure, but the synergistic
effects between CeO2 and CMO are not described at all.

CMOs in combination with CeO2 already have high ORR
performance in principle, but their application is limited by
poor electrical conductivity and the tendency to particle aggre-
gation. Therefore, supporting the nanocatalysts on a conductive
carbon material (carbon black, carbon nanobers, graphene
derivatives, etc.) is an efficient strategy to ensure conductivity
and dispersibility.31,32 Carbon supports like Vulcan XC72R (VC)
or reduced graphene oxide (rGO) show properties such as
a large specic surface area or excellent electronic conductivity
and strong C–O–metal interactions ensure a good distribution
and prevent agglomeration of the nanoparticles and therefore,
highly stable abundant active catalytic sites are provided.31–37

In this work, Ce-CMO nanoparticles were deposited on VC
and a mixture of rGO/VC. The effects of synergy between CeO2

and CMO in combination with Ce doping, as well as the inu-
ence of the different carbon support materials on ORR perfor-
mance and ethanol tolerance were investigated for the rst
time. Ce-CMO/VC and Ce-CMO/rGO–VC were synthesized by
a simple and inexpensive synthesis method and comprehensive
physicochemical characterization was performed to evaluate
crystal structure, chemical composition, morphology and
specic surface area of the materials. The electrochemical
properties in alkaline electrolyte in the absence and presence of
ethanol were analyzed by rotating disk electrode (RDE)
measurements. The Ce modication and the use of effective
carbon support material offer a promising strategy for the
development of a low-cost, high-performance and ethanol
tolerant ORR catalyst.

2. Experimental
2.1. Materials

Graphite (Timrex KS44), as the precursor for graphene oxide (GO)
synthesis, was obtained from Imerys and carbon black (Vulcan
XC72R) from Cabot Corp. was used. Hydrazine hydrate
(N2H4$H2O, reagent grade), potassium hydroxide (KOH, 1.0 M
Fixanal 1 L Ampoule) and cobalt(II) nitrate hexahydrate
© 2022 The Author(s). Published by the Royal Society of Chemistry
(Co(NO3)2$6H2O, 99.999% trace metals basis) were supplied by
Sigma Aldrich. Cerium(III) nitrate hexahydrate (Ce(NO3)3$6H2O,
99.5%) and manganese(II) nitrate tetrahydrate (Mn(NO3)2$4H2O,
98%) were delivered by Alfa Aesar. Ammonium hydroxide solu-
tion (30–33% NH3 in H2O) from Honeywell was used. Isopropyl
alcohol (2-propanol, $99.9%, UV/IR-grade) and ethanol (EtOH,
99.9% p.a.) were purchased from Carl Roth. Naon® solution
(5 wt% in H2O) and a commercial carbon black supported plat-
inum catalyst (Pt/C, 20 wt% on Vulcan) were supplied by Quin-
tech. An alumina suspension (Al2O3, 0.05 mm particle size) from
MasterPrep® Bühler served as RDE polishing agent. The ultra-
pure water used throughout all experiments was puried with
a Barnstead NANOpureWater Purication system to the desired
resistivity of approx. 18 MU cm.
2.2. Synthesis of composite catalysts

The initial step for the synthesis of the cerium-modied
composite catalysts was the rGO preparation, as pure commer-
cial VC and a mixture of rGO/VC (80/20 wt%) served as carbon
support material. rGO was obtained on the basis of a readily
modied chemical reduction process of graphene oxide33 already
described in a previous report.34 In brief, GO gained via
Hummers method38 was dissolved in ultrapure water, slowly
heated to 100 °C and stirred at 550 rpm in a round bottom ask
with reux condenser using an oil bath and a PTFEmagnetic stir
bar. To perform chemical reduction, hydrazine hydrate was then
added dropwise via the condenser and the reaction was carried
out at 105 °C (under reux) for 24 h. The color change from
brown to black indicated the successful reduction of thematerial.
The precipitate was then obtained by ltration (0.2 mm PTFE
membrane lter) of the hot reaction mixture and washed thor-
oughly with hot ultrapure water and ethanol. The material was
nally dried under ambient conditions for 24 hours and aer-
wards in vacuum at 80 °C overnight. The resulting rGO was
utilized further as efficient support material.

In the next step, composite catalysts were prepared accord-
ing to a facile, previously published method6,32 that was adapted
for the use in this work. To an aqueous mixture of 240 mg VC or
rGO/VC in ultrapure water and isopropanol (5 mL/1 mL), tran-
sition metal nitrate hexahydrates of Co (60 mg) and Ce (60 mg)
in 15 mL ultrapure water were added and the dispersion was
ultrasonicated for 30 min. Thereaer, 4 mL of an aqueous
ammonium hydroxide solution were added dropwise and
ultrasonication was continued for another 30 min. A solution of
manganese nitrate tetrahydrate (273 mg) in 5 mL ultrapure
water was then slowly added to the reaction mixture and
ultrasonicated for 60 min. Finally, the dispersion was heated to
180 °C overnight to evaporate the solvent and fully decompose
the nitrates and a ne, black catalyst powder is obtained. The
prepared catalysts were designated accordingly as Ce-CMO/VC
and Ce-CMO/rGO–VC.

Catalysts separately containing cobalt manganese oxide spinel
(CMO/VC) and cerium oxide (CeO2/VC) were prepared on VC for
the purpose of comparison. The CMO/VC composite was ob-
tained via the same synthesis route as described above except for
the addition of cerium nitrate. For the preparation of CeO2/VC,
RSC Adv., 2022, 12, 35966–35976 | 35967
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a method from literature was utilized31 where VC was dispersed
in ultrapure water by ultrasonication for 2 h. Subsequently,
Ce(NO3)3$6H2O was added, the reaction mixture was sonicated
for another 3 h and le to stand overnight. The mixture was
ltered, washedwith deionized water and dried in a vacuum oven
at 40 °C for 24 h andnally calcinated at 400 °C. A commercial Pt/
C (20 wt% on VC) was additionally used as a reference.

2.3. Characterizations

X-ray diffractometry (XRD) analysis on a PANalytical X'Pert PRO
MPD diffractometer equipped with a 1.5406 Å Cu Ka1 radiation
source was performed to determine the crystalline structure of
the prepared catalysts. A fully opened X'Celerator detector was
used to scan the samples from 10° to 60° (2q) with a 0.02° min−1

2q step size. Morphology characterization was conducted on
a Zeiss ULTRA plus scanning eld emission electron micro-
scope (SEM). The SEM images of the samples placed on an Al
holder with a conductive carbon tape were acquired at 2 kV (WD
= 6 mm) using a secondary electron detector (SE2 or inlens).
Elemental composition analysis was performed by means of
energy dispersive X-ray spectroscopy (EDS) and inductively
coupled plasma-mass spectrometry (ICP-MS). An Oxford X-Max
SDD detector calibrated with a Co-standard was utilized to
record the EDS-spectra by point analysis within the SEM at 20
kV. The total concentration of the metals was determined using
an ICP-MS Agilent Technologies 7900 with a Micromist nebu-
lizer, quartz spray chamber and quadrupole mass analyzer at
a high-purity Ar-gas (5.0) ow rate of 15 L min−1. The samples
were prepared by boiling a mixture of approx. 50 mg of the
catalyst powder in 25 mL HNO3 and 2 mL H2O2 until it was
reduced to half volume. For the measurement, the sample was
rst diluted to 50 mL with ultrapure water and then diluted 100
times again aer ltration at 0.45 mm. MassHunter 4.4 soware
was used to acquire and analyze the data. To investigate the
specic surface area (SSA) of the catalysts, nitrogen adsorption/
desorption isotherms were obtained in a relative pressure range
of 0.01 to 0.99 using a ASAP 2020 Micromeritics instrument
and evaluated by means of Brunauer–Emmett–Teller (BET)
method with N2 adsorption at 77 K. The samples were out-
gassed at 200 °C for 4 h, before the main analysis. Thermog-
ravimetric analysis coupled with mass spectroscopy (TGA-MS)
was carried out on a Netzsch 449 F3 Jupiter instrument and MS
403C Aëolos with an SEM Chenneltron detector. For the
measurement, approx. 15 mg of the samples was placed in an
alumina (0.3 mL Al2O3) crucible. TGA was performed under
dynamic O2/Ar (20 vol%) ow of 50 mL min−1 from 30 °C to
900 °C at a heating rate of 10 K min−1 to investigate the mass
variation dependent on temperature. The evolved gases were
simultaneously transferred to the mass spectrometer (upper
limit: 100 AMU) through a quartz transfer capillary (ID 75 mm)
which was heated up to 220 °C andMS analysis was processed at
a system pressure of 2 × 10−5 mbar.

2.4. Electrochemical measurements

Electrochemical tests of the electrocatalysts were carried out by
using a glass cell (Metrohm) with a typical three-electrode
35968 | RSC Adv., 2022, 12, 35966–35976
conguration.34,39 A platinized titanium rod (Bank Elektronik-
Intelligent controls GmbH) and a reversible hydrogen elec-
trode (RHE, HydroFlex®, Gaskatel) were utilized as the counter
and the reference electrode, respectively. A glassy carbon (GC)
RDE with a xed diameter of 5 mm (0.19635 cm2) from PINE
Research Instrumentation (AFE5T0GC) covered with a thin lm
catalyst layer served as the working electrode (WE).

The WE preparation was performed according to the
following procedure: a homogeneous ink was obtained by
dispersing the catalyst samples in a mixture of ultrapure water,
2-propanol and Naon (5 wt%) with a volume ratio of 49 : 49 : 2
via ultrasonication for 30 min. Prior to electrode preparation,
the glassy carbon disk was buff-polished using an Al2O3

suspension and thoroughly rinsed with ultrapure water.
Thereaer, 10 mL of the ink was carefully transferred to the GC
disk and rotated at 700 rpm to evaporate the solvent and form
a thin catalyst lm with a nal loading of 210 mg cm−2.

The measurements were conducted on a Reference 600™
Potentiostat/Galvanostat/ZRA and a soware from GAMRY
Instruments was used to process the data. The experiments
were carried out in 1 M KOH electrolyte solution and the
temperature was stabilized at 30 °C. To evaluate the ethanol
tolerance of the catalysts, all ORR tests were repeated under the
same conditions and parameters in an electrolyte mixture of
1 M KOH/1 M EtOH. The electrolyte solution was purged for
30 min with N2 for the cyclic voltammetry (CV) tests and with O2

for all experiments concerning ORR. During the measurements,
N2 (CV) was constantly ushed over and O2 (ORR) into the
solution. Initially, cleaning and base CVs in a potential range
of 0.02 V to 1.00 V vs. RHE were recorded at a scan rate of
100 mV s−1 and 10 mV s−1, respectively. Linear sweep voltam-
metry (LSV) at a scan rate of 10 mV s−1 in a potential range of
0.1 V to 1.0 V vs. RHE was carried out to evaluate the ORR
performance of the catalysts. LSVs were recorded at different
rotation speeds (u) of 400, 600, 900, 1200, 1600 and 2000 rpm.
Three scans per rotation rate were performed and the second
sweep, which was corrected by subtracting the base CV, was
used for the interpretation.

The limiting current at different rpm was used to construct
Koutecky–Levich plots. The electron transfer numbers (n) were
calculated from the Koutecky–Levich equation:31,40

1

i
¼ 1

ik
þ 1

iD
(1)

where i, ik and iD are the measured, kinetic and diffusion-
limited current (A), respectively. The terms for ik and iD can
be further dened as given in eqn (2) and (3).19

ik ¼ i � iD

i � iD
(2)

iD = Bu1/2 (3)

where u is the rotation rate (rad s−1) and B can be evaluated
from the Koutecky–Levich plot and refers to the slope derived by
plotting the reciprocal current versus the reciprocal of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns for CMO/VC, Ce-CMO/VC and Ce-CMO/rGO–
VC with CMO, CeO2 and graphite standard patterns (ICSD).
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square root of the rotational rate (i−1 vs. u−1/2). B can be further
dened according to the following equation:

B = 0.62nFADr
2/3v−1/6Cr (4)

where n represents the electron transfer number, F is the
Faraday constant (96 485 C mol−1), A is the geometric electrode
area (0.196 cm2) and Dr, v and Cr are the diffusion coefficient
(1.8× 10−5 cm2 s−1), kinematic viscosity (0.01 cm2 s−1) and bulk
concentration (7.8× 10−7 mol cm−3) of O2 in 1 M KOH solution,
respectively.41

In addition, chronoamperometry (CA) technique was used to
perform durability tests and to further examine the suscepti-
bility to ethanol crossover. CA was conducted by measuring the
current at a constant potential of 0.4 V vs. RHE for 3600 s in O2-
saturated 1 M KOH electrolyte solution at 1000 rpm. At this
time, EtOH (99.9%) was rapidly injected into the solution to
achieve a nal concentration of 1 mol L−1 and the test was
continued for further 1000 s.
Table 1 ICP-MS and EDS results of the Ce-CMO/C composites (wt%)

Catalysts

ICP-MS EDS

Mn Co Ce Mn Co Ce O C

Ce-CMO/VC 13.3 2.6 4.4 12.3 2.6 6.5 6.9 71.0
Ce-CMO/rGO–VC 14.4 2.6 4.4 12.2 2.5 7.3 17.7 60.3
3. Results and discussion
3.1. Physicochemical properties of CMO/VC and Ce-CMO/C

Ce-CMO/VC and Ce-CMO/rGO–VC composite catalysts were
prepared by anchoring of Ce-modied Co–Mn oxide spinel
nanoparticles on the respective carbon material via a simple
and cost-effective synthesis procedure. Oxidative precipitation
of the metal salts with ammonium hydroxide under ambient
conditions and a subsequent crystallization process at mild
temperatures of 180 °C were performed. Since the physico-
chemical properties of the materials have a direct impact on the
activity and stability of the catalysts towards ORR, a compre-
hensive material characterization was accomplished.

The crystalline nature of Ce-CMO/VC and Ce-CMO/rGO–VC
was examined by XRD and compared with CMO/VC. The XRD
patterns of the synthesized catalysts and the diffraction peak
positions with relative intensities of the CMO (ICSD #39197),
CeO2 (ICSD #24887) and graphite (ICSD #18838) standard
patterns are displayed in Fig. 1. The broad peaks indicate
a nanocrystalline nature of the materials and the coexistence of
carbon support and metal oxide particles.32,42 The broad peak at
approx. 25° (2q) is associated with the (002) facet of the graphite
sp2 carbon structure.16,29,43 At 2q of 43°, the Ce-CMO/rGO–VC
pattern reveals an additional peak assigned to the graphite
crystal facet (101).19,44 The diffraction peaks of CMO/VC, Ce-
CMO/VC and Ce-CMO/rGO–VC at 2q values of 18.1°, 29.2°,
31.1°, 32.8°, 36.2°, 39.0°, 44.5°, 50.3°, 51.4°, 54,1°, 56.4° and
58.6° indexed to the (101), (112), (200), (103), (211), (202), (220),
(204), (105), (312), (303) and (321) planes, respectively, can be
assigned to the formation of the body-centered tetragonal
cobalt manganese oxide spinel phase with the I41/amd space
group.6,9,10 The ratio of Mn : Co plays a major role in the
formation of the spinel crystal phase and the tetragonal phase is
favored at a high Mn (1 # x # 3) content in Co3−xMnxO4,
attributed to the Jahn–Teller effect of Mn3+.6,9 In addition, the
slightly shied diffraction peaks of Ce-CMO samples compared
to pure CMO can indicate the substitution of Co ions with larger
© 2022 The Author(s). Published by the Royal Society of Chemistry
ions (Mn and Ce ions) on the octahedral/tetrahedral sites,
implying a high Mn content and Ce incorporation into the
spinel structure.6,22 According to the literature,22,42,45 it is
presumed that the Ce ions with large ionic radii are preferably
placed on the larger octahedral interstices, and thus cause an
increase in the lattice parameters and d-spacing. The XRD
patterns of Ce-CMO/VC and Ce-CMO/rGO–VC further conrm
the presence of the CeO2 crystal structure in addition to the
spinel phase. Stronger peaks at the 2q values of 29.2°, 32.8° and
56.4° compared to CMO and an additional one at 47.5° are
observed.22,42,44 As a result, the CMO spinel was modied not
only by Ce doping, but also by the formation of CeO2. Both
modications are important to tune the properties of the cata-
lyst to achieve the best possible activity and stability in terms of
ORR. In fact, the doped Ce can regulate the geometrical and
electronic structure and thus improve the ability to adsorb
oxygen and provide more active sites and, at the same time, the
synergistic effects between CMO and CeO2, which acts as an
“oxygen buffer”, have a positive effect.17,18,22,30

The crystallite size of Ce-CMO/VC and Ce-CMO/rGO–VC was
estimated via the Scherrer equation (D = 0.9l/b cos q). D is the
crystallite size, 0.9 is the shape factor for spherical particles, l is
the X-ray wavelength, b is the full width at half maximum and q

is the half angle.44,46 The results in the case of a mixture of rGO/
VC, reveal that smaller particles of approx. 15 nm were formed,
whereas the VC supported particles were in the range of 27 nm.

The elemental composition of the catalysts was determined
by ICP-MS and EDS to conrm the presence and ratios of the
various metals, carbon and oxygen. The results are summarized
in Table 1. As can be seen from the values of the ICP-MS
RSC Adv., 2022, 12, 35966–35976 | 35969
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measurements, a Ce content of 4.4 wt% and a Co content of
2.6 wt% are detected in both Ce-CMO/C catalysts. The Mn
content for the Ce-CMO/rGO–VC sample is slightly higher at
14.4 wt% than that of the Ce-CMO/VC sample (13.3 wt%), which
could be attributable to residues from the GO synthesis by the
Hummers method, since KMnO4 is used as reagent.34,38

Consequently, a Ce : Co : Mn molar ratio of 0.3 : 0.4 : 2.3 is
observed. These values are in good agreement with the theo-
retical values based on the feed ratio of 15 wt%, 5 wt% and
3 wt% for Mn, Ce and Co, respectively, conrming the
successful deposition of the metals. EDS analysis (Fig. S1 and
S2†) was employed to examine in addition to the metal
contents, also the carbon and oxygen contents. Ce-CMO/VC
Fig. 2 SEM images of CMO/VC (a) Ce-CMO/VC (b) and Ce-CMO/
rGO–VC (c).
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shows a carbon content of 71.0 wt%, which is in good agree-
ment with the expected values. A lower C content is found in the
Ce-CMO/rGO–VC sample (60.3 wt%). This indicates the pres-
ence of oxygen functionalities in the rGOmaterial. In the case of
Ce-CMO/rGO–VC, 17.7 wt% oxygen was detected, whereas the
oxygen content of 6.9 wt% for the Ce-CMO/VC catalyst is
consistent with the theoretically calculated value in the spinel.

Apart from the structure and elemental composition of the
catalysts, the morphology can have a great inuence on the ORR
activity and is therefore an important factor to consider. The
SEM images of CMO/VC, Ce-CMO/VC and Ce-CMO/rGO–VC are
shown in Fig. 2. The samples display a completely different
morphology, which was expected due to the nature of the
different carbon materials. VC (Fig. 2a and b) shows spherical
particles in a size range of approx. 50–100 nm which is well
known from the literature.47 The sample containing rGO
(Fig. 2c) demonstrates a morphologically heterogeneous struc-
ture composed of the typical graphene-like structure mixed with
spherical particles. First was assigned to the rGO material
comparable to other studies31,34,35,38,46,48 while second, to VC
particles. The main role of added VC (20 wt%) to rGO, is to
prevent the graphene sheets from restacking and thus to enable
a high surface area.49

Spherical metal oxide particles (brighter spots), which are
evenly distributed, can be detected on the carbon support
materials.11 The very bright particles present on the metal
particles of the Ce-CMO samples could indicate CeO2

deposits.22

BET analysis was performed to determine the SSA of the
prepared catalysts. The N2 adsorption–desorption isotherms
(Fig. 3) display a typical IUPAC IV sorption behavior with
a hysteresis loop, which indicates the mesoporous structure of
the electrocatalyst composites.29,32,50,51 The CMO/VC andCe-CMO/
VC sample show a SSA of 147.1 m2 g−1 and 160.2 m2 g−1,
respectively. In comparison, the SSA for Ce-CMO/rGO–VC is
higher at 230.8 m2 g−1. A similar pore size of approx. 11–12 nm
(Table 2) is observed for all samples. A large SSA provides the best
conditions to create a large contact area between the electrolyte
Fig. 3 Adsorption/desorption isotherms of CMO/VC, Ce-CMO/VC
and Ce-CMO/rGO–VC catalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 BET results of the CMO/VC and Ce-CMO/C composites

Catalysts SSA/m2 g−1 External area/m2 g−1 Micro pore/m2 g−1 Pore size/nm

CMO/VC 147.1 114.4 32.8 12.4
Ce-CMO/VC 160.2 118.4 41.8 10.7
Ce-CMO/rGO–VC 230.8 150.0 80.8 11.0

Fig. 4 Thermogravimetric behavior and mass spectrometry results of Ce-CMO/VC (a) and Ce-CMO/rGO–VC (b) in O2/Ar atmosphere.
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and the electrode surface, thus providing easier access to the
active sites. In addition, the porous structure offers efficient
transport pathways for oxygen and thus improving the overall
electrocatalytic activity.50

The thermogravimetric behavior of the spinel composites
was analyzed under O2/Ar atmosphere. The TGA-MS curves are
shown in Fig. 4 and S3.† The catalysts show negligible change in
mass up to 100 °C. At this point, a minor weight loss is
observed, attributed to the evaporation of a small proportion of
water absorbed from the atmosphere. This is indicated by the
m/z 18 signal for H2O

+ evolution (blue line) detected byMS.52,53 A
rapid decrease in weight is recorded from 300 °C up to 600 °C,
which is due to the decomposition of the carbon material, as
reected by the m/z 44 signal for CO2 evolution (green
line).29,34,53 The residual mass is therefore directly related to the
metal oxide content, which is between 32–35 wt%. According to
the literature, this is the optimal loading that performs best due
to a balance between surface area, electron conductivity and
particle density.51

3.2. Electrochemical performance of the ORR composite
catalysts

Cyclic voltammetry experiments were conducted in N2-purged
1 M KOH and a mixture of 1 M KOH/1 M EtOH electrolyte
solution at a scan rate of 10 mV s−1 from 0.02 V to 1.00 V vs.
RHE. Reduction and oxidation processes of the prepared Ce-
CMO/VC and Ce-CMO/rGO–VC catalysts were investigated,
since these inuence the ORR behavior, and the inuence of
ethanol was also evaluated. The CVs are presented in Fig. 5 and
were compared between CeO2/VC and CMO/VC as well as
a commercial Pt/C (only in EtOH containing solution). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
redox reactions observed in the CVs of the catalysts (Fig. 5a) are
primarily associated with the transitions of manganese and
cobalt. Reduction and oxidation of cerium does not proceed in
this potential range,31,54 as can be noted in the CV of CeO2/VC.
However, measurements were not performed up to higher
potential, since degradation of the catalyst and the carbon
material would have occurred.34 Ce-CMO/VC and Ce-CMO/rGO–
VC exhibit very similar CVs, which indicates, as already
concluded from the physicochemical analysis, that both present
the same structure and therefore undergo the same redox
processes. The CV proles are comparable to proles found in
literature for Co–Mn containing spinels.55–57 Therefore, the
peaks between 0.02 V and 1.00 V vs. RHE can be basically
attributed to two redox couples of manganese and to one of
cobalt. In the positive scan direction, the catalysts reveal two
peaks at approx. 0.68 V and 0.91 V vs. RHE, due to the oxidation
of Mn(II) species to Mn(III) and Mn(IV). In the negative scan
direction, the corresponding reduction peaks are detected at
0.65 V and 0.50 V vs. RHE, indicating reconversion toMn(II). The
peaks for the Co(III)/Co(II) redox couple, however, overlap with
the much more intense manganese peaks and reactions take
place in a slightly more positive potential region. The redox-
peaks of the Ce-containing samples are as a consequence shif-
ted slightly in the negative direction compared to the CV of
CMO/VC catalyst, since the general Co content is lower.55–57 The
modication of Ce obviously inuences the redox processes in
the materials, which in turn can affect the ORR properties.

On considering the CVs in the presence of EtOH (Fig. 5b), it
can be observed that the redox reactions for the Ce-CMO/VC, Ce-
CMO/rGO–VC, CMO/VC and CeO2/VC catalysts are barely
affected and occur at the same potentials as without EtOH. The
RSC Adv., 2022, 12, 35966–35976 | 35971
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Fig. 5 CVs of Ce-CMO/VC and Ce-CMO/rGO–VC catalysts at 10 mV
s−1 compared between CeO2/VC and CMO/VC in de-aerated 1 M KOH
(a) and de-aerated 1 M KOH/1 M EtOH (b).
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slightly lower current densities are probably attributable to the
minimal poisoning of the active sites by EtOH.58 In contrast to
the commercial Pt/C catalyst (Fig. S4†), however, themetal oxide
Fig. 6 LSV curves of Ce-CMO/VC and Ce-CMO/rGO–VC catalysts
compared with CeO2/VC, CMO/VC and a comm. Pt/C reference in
O2-saturated 1 M KOH at 10 mV s−1 at 1600 rpm.

35972 | RSC Adv., 2022, 12, 35966–35976
composites exhibit no response to the EOR, which is important
for fuel cell application to avoid the formation of a mixed
potential in the case of a possible ethanol crossover.

Linear sweep voltammetry measurements of Ce-CMO/VC
and Ce-CMO/rGO–VC are carried out to investigate the cata-
lytic activity towards ORR. The experiments are conducted in
O2-saturated 1 M KOH and a mixture of 1 M KOH/1 M EtOH
electrolyte solution at a scan rate of 10 mV s−1 from 0.1 V to
1.0 V vs. RHE. The voltammograms are presented in Fig. 6, 7
and S5† and are compared with CeO2/VC, CMO/VC and
a commercial Pt/C reference. The most important parameters,
such as the onset potential (Eonset), half-wave potential (E1/2)
and diffusion limited current density (jD), are provided in
Table 3 and a comparison with literature is given in Table S1.†

As observed from the potentiodynamic ORR curves in 1 M
KOH at 1600 rpm (Fig. 6), both Ce-CMO composite catalysts
exhibit good activity in terms of ORR, but the addition of rGO to
VC has a minor role for catalysis. Similar values for jD are ach-
ieved and the Eonset and E1/2 are for both materials at about
0.89 V and 0.82 V vs. RHE, respectively. The Tafel plots (Fig. S6†)
also show comparable characteristics. This can be explained by
the fact that, as a result of the physicochemical characteriza-
tions, both materials reveal the same crystal structure and
morphology and also undergo the same redox processes, as
shown with the CV measurements. The same observations were
made by Ma et al.,32 where CMO was anchored on different
support materials. However, the Ce-CMO/C catalysts exhibit
a much higher activity than the individual CeO2/VC and CMO/
VC materials. The Eonset becomes more positive by 20 mV and
even 70 mV compared to the CMO/VC and CeO2/VC, respec-
tively. In addition, a signicantly more negative jD is exhibited
for Ce-CMO/VC (−2.84 mA cm−2) and Ce-CMO/rGO–VC (−2.93
mA cm−2), which is close to that of the commercial Pt/C catalyst
(−3.04 mA cm−2). The higher activity can be explained by
a series of phenomena. It has become more and more evident
recently that the combination of CeO2 and Co/Mn spinels can
have a positive effect on the ORR activity.15–17,19,22,24–26,29,30 The
exible transition in the Ce3+/Ce4+ redox couple (eqn (5)) and
the existing 4f orbital of Ce together with the unique properties
like structural stability and rich redox reactions of the spinel
make this obvious.15,17,30,31

CeO2%CeO2�x þ x

2
O2 ð0# x# 0:5Þ (5)

As described in the literature,15,22,30 the geometrical and surface
electronic structure can be changed or tuned by doping spinels
(Co3O4, Mn3O4, CMO) with Ce. Besides the rich redox reactions
between Ce3+/Ce4+, Ce doping causes higher ratios of Co3+/Co2+

and Mn4+/Mn3+ redox couples as well as more defects and oxygen
vacancies due to the difference in coordination number, which is
benecial for the ORR.14,15,22,30 In addition, the synergistic effects of
CeO2 and CMO contribute positively to ORR performance, because
Ce acts as a so-called “oxygen buffer” ensuring oxygen activation
and oxygen enrichment, while also enhancing the binding energy
for intermediate oxygenated adsorbates.15–18,22,29
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Potentiodynamic ORR curves of Ce-CMO/VC (a) and Ce-CMO/rGO–VC (b) catalysts in O2-saturated 1 M KOH or 1 M KOH/1 M EtOH at
10 mV s−1 at different rotation rates.

Table 3 Electrochemical results of the Ce-CMO/C catalysts, CMO/VC
and CeO2/VC

a

Catalysts Eonset
b,c/V vs. RHE E1/2

c/V vs. RHE jD
c,d/mA cm−2

CeO2/VC 0.829/0.817 0.760/0.739 −2.12/−1.58
CMO/VC 0.871/0.867 0.820/0.789 −2.44/−1.78
Ce-CMO/VC 0.891/0.871 0.828/0.808 −2.84/−2.28
Ce-CMO/rGO–VC 0.894/0.889 0.822/0.808 −2.93/−2.46

a Eonset = onset potential; E1/2 = half-wave potential; jD = diffusion
limited current density. b j = −0.1 mA cm−2. c Without EtOH/with
EtOH. d E = 0.4 V vs. RHE.

Fig. 8 Koutecky–Levich plot of Ce-CMO/VC, Ce-CMO/rGO–VC,
CMO/VC, CeO2/VC and Pt/C reference compared with the theoretical
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The ORR curves at different rotation speeds (400–2000 rpm)
in 1 M KOH and a mixture of 1 M KOH/1 M EtOH are shown in
Fig. 7 and S5.† The curves indicate that in both the absence and
in the presence of 1 M EtOH the current in the higher potential
region is controlled only by the electron-transfer kinetics inde-
pendent of the rotational speed. In the lower potential region,
the current gradually increases with the increase of the rotation
speed attributed to an improved mass transfer of O2 from the
bulk solution to the electrode surface.59,60 The ORR polarization
responses of Ce-CMO/VC, Ce-CMO/rGO–VC, CMO/VC and
CeO2/VC also reveal that the addition of EtOH results only in
a slight shi of the Eonset and E1/2 (Table 3) to more negative
values and a slight decrease of jD (Table S2†). However,
compared to the Pt/C catalyst, which exhibits a large EOR peak
suppressing the ORR reactions, the ORR of the metal oxide
composites is affected far less by EtOH presence. As was
observed in the CV measurements, the Pt/C catalyst reveals
a high EOR activity and thus in the case of a possible ethanol
crossover, a mixed potential is generated that rapidly changes
the catalytic activity.61 In contrast, the small ORR activity drop
for Ce-CMO/VC, Ce-CMO/rGO–VC, CMO/VC and CeO2/VC is
probably attributed to minimal blocking of the active sites by
EtOH, as they reveal no EOR activity.58 A high selectivity and
a high affinity to oxygen are two very important features of
© 2022 The Author(s). Published by the Royal Society of Chemistry
a catalyst and its further application in the fuel cell. Ce-CMO/
rGO–VC can prevail over the other materials with an Eonset, E1/2
and jD of 0.89 V vs. RHE, 0.81 V vs. RHE and −2.46 mA cm−2 in
ethanol-containing media due to its special properties.

The voltammograms in 1 M KOH at different rotation can be
further used to construct Koutecky–Levich plots (Fig. 8). The
reciprocal limiting current is plotted against the reciprocal
square root of the rotation speed and based on the Koutecky–
Levich eqn (1), the electron transfer number (n) can be calcu-
lated from the slope. It can be determined whether the reaction
proceeds via the preferred direct 4-electron pathway (eqn (6)) or
via the more inhibited 2-electron pathway (eqn (7) and (8)).62

O2 + 2H2O + 4e− % 4OH− (6)

O2 + H2O + 2e− % HO2
− + OH− (7)
lines for the 4-electron and 2-electron pathway.

RSC Adv., 2022, 12, 35966–35976 | 35973
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HO2 + H2O + 2e− % 3OH− (8)

Ideally, the catalysts should perform ORR over the 4-electron
rather than the 2-electron pathway. In the 4-electron pathway,
oxygen is reduced directly to OH−, whereas in the 2-electron
pathway, HO2

− is rst produced as an intermediate product and
thereaer converted to OH−. This latter process can lead to
a high overpotential as well as a limited electrode efficiency and
thus lower the overall ORR performance.63 It can be observed
from the Koutecky–Levich analysis that the reaction of CeO2/VC
tends to proceed via the 2-electron pathway, whereas the spinels
favor the direct 4-electron pathway. The modication with Ce
increases the n from 3.00 to 3.27 and 3.48 for Ce-CMO/VC and
Ce-CMO/rGO, being close to the commercial Pt/C (3.71).

Another important aspect for the application of an ORR
catalyst in a fuel cell is not only the activity and tolerance to
a possible ethanol crossover (selectivity), but also the stability.
Chronoamperometry tests in the diffusion-controlled region at
0.4 V vs. RHE at 1600 rpm in O2-saturated solution were per-
formed to determine the decrease of the current density over
time. As can be seen in Fig. 9, the CMO/VC, Ce-CMO/VC and Ce-
Fig. 9 Chronoamperometry test of Ce-CMO/VC, Ce-CMO/rGO–VC,
CMO/VC and Pt/C without (a) and with (b) EtOH addition.

35974 | RSC Adv., 2022, 12, 35966–35976
CMO/rGO–VC catalysts exhibit a much better stability than the
commercial Pt/C catalyst, which indicates highly stable active
sites.48 The spinel composites display a remaining current
density between 87–91% aer 3600 s, whereas that of Pt/C is
only 75% (Fig. 9a). The decrease in current density aer this
timemay be related to possible agglomeration andmodication
of themetal particles or degradation of the carbonmaterial. The
synergistic effects between the Ce-CMO and carbon support due
to strong interaction via C–O–metal bridges permit the
prevention of these phenomena.15,31,64 A comparison of the two
support materials shows that the Ce-CMO/rGO–VC catalyst
slightly prevails over the Ce-CMO/VC. An improved carbon
support stability of rGO compared to carbon black materials,
inuenced by the sp2 carbon content and the quantity of
structural defects may have enhanced the catalyst stability.37

The ethanol tolerance is additionally evaluated during the
CA measurement by spontaneously adding EtOH aer 3600 s.
As can be seen in Fig. 9b, it is clearly apparent that the current of
Pt/C decreases rapidly, whereas the inuence of EtOH is much
smaller for the spinel composites. The Ce-CMO/rGO–VC catalyst
with a total current drop of 19% prevails over Ce-CMO/VC (26%)
and CMO/VC (27%). In summary, the results obtained in these
fundamental studies reveal the apparent suitability of Ce-CMO/
VC and Ce-CMO/rGO–VC as active, stable and ethanol tolerant
ORR catalyst.

4. Conclusions

Ce-CMO/VC and Ce-CMO/rGO–VC composite electrocatalysts
for improved ORR performance were synthesized using a simple
and scalable method. Structural and elemental analysis shows
successful Ce modication by synergistic CeO2 deposition and
Ce doping of the tetragonal cobalt manganese oxide spinel
crystal structure for both samples. Compared to pure CeO2/VC
and CMO/VC, the modied Ce-CMO/VC and Ce-CMO/rGO–VC
catalysts exhibit a considerably higher onset potential of 0.89 V
vs. RHE and higher limiting current density of −2.84 and −2.93
mA cm−2, respectively. In addition, a remarkable ethanol
tolerance is observed as well as a high stability of about 90%
compared to the commercial Pt/C (75%). The enhanced ORR
activity, even in the presence of ethanol, is primarily attributed
to the tuning of the geometric and electronic surface structure
of the spinels by Ce doping and to the synergistic interactions
between CeO2 and CMO leading to oxygenation and high
selectivity.

In summary, a highly effective active material prepared by
the Cemodication of CMO on carbon support has proven to be
an optimal combination for the development of a low-cost,
high-performance, and ethanol tolerant ORR catalyst. The
present results pave the way to commercially viable, efficient
and selective electrocatalyst composites for alkaline direct
ethanol fuel cells.
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S. Specchia, Appl. Catal., B, 2017, 205, 637–653.

3 C.-Y. Huang, J.-S. Lin, W.-H. Pan, C.-M. Shih, Y.-L. Liu and
S. J. Lue, J. Power Sources, 2016, 303, 267–277.

4 M. Z. F. Kamarudin, S. K. Kamarudin, M. S. Masdar and
W. R. W. Daud, Int. J. Hydrogen Energy, 2013, 38, 9438–9453.

5 M. Roschger, S. Wolf, K. Mayer, M. Singer and V. Hacker,
Energies, 2022, 15, 7234.

6 C. Li, X. Han, F. Cheng, Y. Hu, C. Chen and J. Chen, Nat.
Commun., 2015, 6, 7345.

7 H. Yang, F. Hu, Y. Zhang, L. Shi and Q. Wang, Nano Res.,
2016, 9, 207–213.

8 K. Li, R. Zhang, R. Gao, G. Q. Shen, L. Pan, Y. Yao, K. Yu,
X. Zhang and J. J. Zou, Appl. Catal., B, 2019, 244, 536–545.

9 N. Garg, M. Mishra, Govind and A. K. Ganguli, RSC Adv.,
2015, 5, 84988–84998.

10 Y. Liu, Y. Wang, X. Xu, P. Sun and T. Chen, RSC Adv., 2014, 4,
4727–4731.

11 L. Zou, J. Cheng, Y. Jiang, Y. Gong, B. Chi, J. Pu and L. Jian,
RSC Adv., 2016, 6, 31248–31255.

12 F. Cheng, J. Shen, B. Peng, Y. Pan, Z. Tao and J. Chen, Nat.
Chem., 2011, 3, 79–84.

13 X. Long, P. Yu, N. Zhang, C. Li, X. Feng, G. Ren, S. Zheng,
J. Fu, F. Cheng and X. Liu, Nanomaterials, 2019, 9, 577.
© 2022 The Author(s). Published by the Royal Society of Chemistry
14 J. Li, C. Shu, A. Hu, Z. Ran, M. Li, R. Zheng and J. Long,
Chem. Eng. J., 2020, 381, 122678.

15 X. Sun, T. Xu, W. Sun, J. Bai and C. Li, J. Alloys Compd., 2022,
898, 162778.

16 K. Liu, X. Huang, H. Wang, F. Li, Y. Tang, J. Li and M. Shao,
ACS Appl. Mater. Interfaces, 2016, 8, 34422–34430.

17 X. Li, S. You, J. Du, Y. Dai, H. Chen, Z. Cai, N. Ren and J. Zou,
J. Mater. Chem. A, 2019, 7, 25853–25864.

18 D. Liu, J. Tian, Y. Tang, J. Li, S. Wu, S. Yi, X. Huang, D. Sun
and H. Wang, Chem. Eng. J., 2021, 406, 126772.

19 H. Zhong, L. Alberto Estudillo-Wong, Y. Gao, Y. Feng and
N. Alonso-Vante, J. Energy Chem., 2021, 59, 615–625.

20 J. Chen, N. Zhou, H. Wang, Z. Peng, H. Li, Y. Tang and K. Liu,
Chem. Commun., 2015, 51, 10123–10126.

21 S. Sun, Y. Xue, Q. Wang, H. Huang, H. Miao and Z. Liu,
Electrochim. Acta, 2018, 263, 544–554.

22 L. Wang, Q. Liu, N. Ta, H. Fan and E. Wang, ChemistrySelect,
2021, 6, 3512–3518.
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