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Oxygen Electrocatalysis by a-MnO2/Mn304/CeO>/C: Unravelling the Role
of CeO: in the Stabilization of Multivalent Mn Species on
a-MnO2/Mn304/CeO>/C Surface for Enhanced Electrocatalysis*
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This chapter comprises the study of the effect of CeO; in boosting the bifunctional
ORR and OER activity of a-MnO2/Mn304/C. To investigate the electrocatalytic
properties ~ comprehensively and  systematically = a-MnO2/Mn304/C, a-
MnO2/Mn304/Ce02/C and CeO,/C ECs were synthesized via a facile two-step
solvothermal approach followed by calcination at 450 °C for 4 h. The a-
MnO2/Mn304/CeO,/C demonstrated excellent bifunctional ORR and OER activity
with appreciable durability and stability. The effect of CeO2 concentration (relative to
a-MnO2/Mn304) was further explored with the electrocatalytic activity of a-
MnO2/Mn304/Ce02/C-37 and a-MnO2/Mn304/Ce0/C-73 ECs that was synthesized
by same method. The physicochemical and electrochemical properties of the as-
prepared ECs were evaluated using various analytical techniques which are discussed
in this chapter. The details of the material synthesis and experimental methodologies

are included in the experimental section: Chapter 2.

*The content of this chapter has been published in “Energy & Fuels, 35(13):10756-
10769, 2021~
- Reproduced with permission from the American Chemical Society. Copyright

(2021), American Chemical Society
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6.1.  Introduction

Efficient ORR, as well as the OER process, is crucially significant for new
generation energy storage and conversion devices including fuel cells, metal-air
batteries etc. [1-3]. Since the reduction of O is an uphill process with a high-energy
barrier, appropriate ECs are entailed for this process to occur at a sensible rate. The
sluggish ORR in fuel cells and metal-air batteries is an imminent concern and hinders
the commercial execution of this anticipative technology. Furthermore, cultivating
the efficiency of the ORR and the OER lingers as the major challenge.
Electrochemical conversion between Oz, Hz, H20. and H2O using nano-
electrocatalysts has become apparent as the most viable and attractive way to escalate
the slow Kinetics of electrode reaction. Electrocatalytic reduction of O2 has stood out
as a potential mechanism for enhancing fuel cell performances in recent years [4-7].
ORR and OER proceed through a process with the transfer of electrons establishing
typical reaction intermediates and mechanisms. Consequently, perplexity appears in
designing an effective bifunctional EC for both processes [8-10]. Pt and its
composite materials are recognized to be the best ORR ECs, but they are expensive
and have poor stability caused by intricate degradation processes during long-run
electrochemical operations [11-16]. Ir and Ru oxides, on the other hand, exhibits
astonishing OER activities but are expensive and poor ORR ECs [17]. These
drawbacks critically restrict the unitization of energy conversion systems thereby
hindering product commercialization. Consequently, non-noble metal-based ECs for
the ORR/OER with high efficiency and stability are exceedingly desirable.

A bifunctional oxygen EC that can efficiently catalyze the ORR/OER
processes is of great importance for fuel cells and metal-air batteries. Over the past
decade, various MOs such as MnOy, Fe;Os3, Co304, etc. have been extensively
investigated for ORR and OER processes due to the merit of their low cost and easy
availability [18—-20]. Among them, MnOx with its mixed valence states (Mn?*, Mn®",
Mn*") has received enormous attention in electrocatalysis. Diverse chemical
compositions, crystalline structure and rich oxidation states of MnOx are classes of
inherent properties that make them a group of promising ORR ECs in alkaline
medium [21,22]. Recently, the electrocatalytic performance of a-MnO. nanowire has

been reported in terms of overall ORR activity which is dependent on surface Mn3*
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concentration and the covalent nature of the Mn-O bonds [23]. The intensified
surface Mn®*" concentration and the increased covalent nature of the Mn-O bond
significantly enhance the ORR activity. Ryabova et al. described an inclusive
electrocatalytic study on a set of MnOx comprising MnO2, Mn203, Mn304, MNnOOH
and B-site Mn perovskites and evaluate the impact of surface Mn*/Mn®" redox
transition for specific ORR activity [24]. Nevertheless, MnOy faces few challenges in
the ORR process due to its deficient intrinsic electrical conductivity and ability to
inadequate oxygen adsorption [21,25].

Carbon-based materials, e.g., carbon nanotube, Vulcan XC 72R, ketjenblack,
BP2000, graphene, etc. exhibit unique conductive as well as surface properties that
can enrich the performance of electrocatalytically active materials. They have been
extensively investigated as cathode components for metal-air batteries [26—29].
TMOs, MTMOs and mixed valence transition-inner transition MOs (MTITMOs) are
some important classes of ECs that exhibit better ORR/OER performance in alkaline
electrolytes. Recently, carbon-supported TMOs, MTMOs and MTITMOs-centered
materials are found to be promising alternatives to expensive Pt-based ECs [30-36].

CeO2 has unique characteristics such as high oxygen storage capability, high
reactivity and hardness, high oxygen ionic conductivity, strong ultraviolet radiation
absorption ability as well as high stability at high temperatures. Over the past few
decades, CeO2 has been utilized in different catalytic processes and has attracted
enormous attention as an ‘active EC’ as well as an ‘active supporter/promoter’ [37].
Owing to its fascinating Ce**/Ce** redox couple, CeO; has also been extensively used
as an active catalyst/promoter in several reactions such as CO oxidation, ORR,
elimination of toxic exhaust (SO, CO, and NOy, three-way catalysis), selective
hydrogenation of unsaturated aldehydes and isobutane dehydrogenation and as free
radical scavenger [37-41]. Recently CeO2 promoted TMOs on carbon have been used
as bifunctional ECs for ORR and OER [22,42—44] Scrutinizing the need for high
activity with greater stability for energy storage and conversion technologies, here we
report the electrocatalytic ORR and OER activity of a-MnO2/Mn3O4 doped hybrid

Ce0,/C nanostructure as a non-precious EC.
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6.2.  Results and Discussion
6.2.1. Characterization of the synthesised ECs

The structural changes, crystallinity and phase purity were investigated by
using powder XRD analysis. Figure 6.1. a show the XRD patterns of Vulcan carbon,
a-MnO2/Mn304/C, a-MnO2/Mn304/Ce02/C and CeO,/C. The broad peak with low
intensity at about 24° (20) shown by Vulcan carbon is the characteristic peak of
graphitic sp? carbon structure [45]. The peak vanishes in MnOx/C, MnOx/CeQ2/C and
CeOo/C lattices indicating high dispersion of carbon phases into the MO latices. The
Ce0,/C sample displayed a clear diffraction pattern of pure CeO. (JCPDS No. 81-
0792), while the MnO,/C sample exhibited mixed diffraction peaks of a-MnO>
(JCPDS No. 44-0141) and Mn3O4 (JCPDS No. 89-4837).
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Figure 6.1. a) XRD patterns of Vulcan carbon, o-MnO2/Mn304/C, a-
MnO2/Mn304/Ce02/C and CeO2/C (The symbols o, * and # represent the peaks
corresponding to Mn3Os, a-MnO3, and CeO., respectively), b) Raman spectra of
Ce02/C, a-MnO2/Mn304/C and a-MnO2/Mn304/CeO./C ECs, and c) EDX pattern of
a-MnO2/Mn3z04/CeO,/C.
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Similarly, the diffraction patterns of the MnOx/CeQO>/C sample showed peaks
for all CeO> (JCPDS No. 81-0792), a-MnO. (JCPDS No. 44-0141) and Mn3O4
(JCPDS No. 89-4837) suggesting the coexistence of the mixed hybrid. This
observation establishes that there exists a partial and random interfacial overlapping
phase in between all the CeO2, a-MnO. and Mn3Os phases instead of

dispersion of a-MnO2 and Mn3O4 phases into the CeO: lattice thereby developing
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a-MnO2/Mnz04/Ce0>/C hybrid structure. Moreover, the change in peak intensity of
the parent a-MnO2/Mn30.4/C crystal lattice is likely affected by the addition of CeO;
which endorses the incorporation of overlapping interfaces.

To study the structural changes and the effect of CeO> concentration in the a-
MnO2/Mn304/CeO/C hybrid, Raman spectroscopy analyses has been performed.
Figure 6.1. b shows the Raman spectra of a-MnO2/Mnz04/CeO,/C hybrid along with
a-MnO2/Mn304/C and CeO>/C. The Raman spectrum of CeO>/C show a sharp peak
at about 454 cm™ which is ascribed to the symmetric F2q mode for fcc CeO, due to
the symmetric O—Ce-O stretching over the surrounding oxygen atoms of the fluorite
structured CeO> [40,46]. The observed significant broadening of the Raman F24 peak
with increasing Mn concentration suggests the establishment of more oxygen
vacancy as the Fog mode is highly labile to the disorder in the vicinity of oxygen
sublattice [47]. The a-MnO2/Mn304/CeO,/C exhibit a band at 646 cm™*, which can
be ascribed to the characteristics Mn—O—-Mn peak. It is well established and reported

in the literature that the density of oxygen vacancies in ECs is a significant factor in

the enhancement of the electrocatalytic ORR and OER processes.
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Figure 6.2.: EDX spectra of the ECs. a) o-MnO2/Mn304/C, b) a-
MnQO2/Mn304/Ce0,/C-37, ¢) a-MnO2/Mn304/Ce02/C-73 and d) CeO,/C.
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The elemental analysis and atomic percentages in a-MnO2/Mn304/CeQO,/C
were performed by EDX (Figure 6.1. c). The atomic percentages of Mn, Ce, O and C
in a-MnO2/Mn304/CeO,/C were 1.40, 1.96, 3.11 and 73.88 % respectively. Cu peaks
observed in the EDX spectrum appear due to the sample holder (carbon-coated
copper grid) used during the measurement. EDX spectra and percentage compositions
of the associated investigated ECs are summarized in Figure 6.2 and Table 6.1.,

respectively.

Table 6.1. Wt.% and At.% of the elements present in the ECs.

Elements o-MnQOy/ 0-MnO2/Mn304/ | a-MnO2/Mn3O4/ 0-MnQO2/Mn30.4/ Ce0,/C
Mn30,4/C CeQ,/C-37 Ce0,/C Ce0,/C-73

Wt% [At% [ Wt% |AtL% Wt.% At.% Wt.% At% [(Wt% |At%

Mn 11.6 2.81 0.64 0.15 5.97 1.74 2.19 0.53 - -

Ce - - 4.65 0.44 21.3 24 2.84 0.27 ]10.69 | 1.04
O 18.36 (1590 | 20.38 |16.77 3.86 3.8 21.82 18.15 | 837 |7.13
C 70.48 |81.29 | 7433 |82.43 68.87 91.9 73.15 81.05 ([80.95 ([91.83

The spatial distribution of chemical composition and elements were further
explored through the HAADF-STEM image. Figure 6.3 a, show the mapping
distribution elements of the hybrid structure. The layered HAADF-STEM image of
Mn, Ce and C in the same region is displayed in Figure 6.3 b suggesting
homogeneous overlapping of Mn and Ce particles over the carbon matrix. Figure 6.3
¢, d and e show the HAADF-STEM image of Mn, Ce and C, respectively indicating
that elements Mn, Ce and C are uniformly distributed in the nanohybrid.

To study the morphology of a-MnO2/Mn304 and CeO2 NPs aggregation in the
hybrid EC, TEM analysis has been performed. Figure 6.4 (a-c) display a low-
resolution TEM image of the a-MnO2/Mn304/CeO,/C hybrid revealing the
homogeneous distribution of a-MnO2, Mn3O4 and CeO2 NPs over carbon which also
demarcates interfaces randomly distributed at the microscopic level. The overlying
interfaces between a-MnO2, Mn3O4 and CeO> nanostructures over the carbon matrix
can be seen from the HR-TEM images as presented in Figure 6.4. d and e. Typical
interplanar spacing of about 0.25 nm, 0.24 nm and 0.33 nm is obtained from the
HRTEM image which is assigned to the (211) crystal planes of Mn3Os4, (211) planes
the HRTEM image is assigned to the (211) crystal planes of Mn3O4, (211) planes of
a-MnOz nanostructures and (002) planes of carbon respectively [48-50] Another
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observed typical interplanar spacing of about 0.31 nm can be assigned to the (111)
crystal planes of CeO; [41]. The selected area electron diffraction (SAED) pattern
assessed for a-MnO2/Mn304/CeQO>/C displayed multiple diffraction rings that can be
assigned to the crystalline reflections of (111)-CeO,, (211)-Mn3z0s, (211)-a-MnO2,
(521)-0-MnO2 and (311)-CeO», as shown in Figure 6.4. c. SAED pattern further

reveals a relatively better crystallinity and the presence of different phases in several

Mn Kal Ce Lal CKal_2
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Figure 6.3. High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image and the mapping distribution of a-MnO2/Mn304/CeO,/C
hybrid nanostructure (a), layered image (b), Mn (c), Ce (d) and carbon (e).

orientations for EC a-MnQO2/Mn304/CeO>/C. The distinct lattice fringe in HR-TEM
images and the SAED ring patterns shown in Figure 6.3.4 (c-e) suggest a better
crystallinity of the synthesized nanostructured materials which is well consistent with
the XRD patterns. The average diameter of nanoparticles was determined from the
particle size distribution analysis of the a-MnO2/Mnz04/CeO>/C image, suggesting
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that the sizes are in the range of 3-12 nm where the average particle size is found to
be 6 nm (Figure 6.4. f).

Figure 6.4. a-e) TEM and HRTEM images and SAED pattern (inset of c) of a-
MnQO2/Mn304/CeO>/C hybrid nanostructure, and f) particle size distribution of a-
MnO2/Mn304/CeO,/C evaluated from the TEM image (b).

The surface compositions and the valence states of the a-MnO2/Mnz04/C, a-
MnQO2/Mn304/CeO,/C and CeO2/C nanostructures were further investigated by XPS.
The survey spectrum and core-level XPS spectrum of Mn 2p, O 1s, Ce 3d and C 1s of
the ECs are presented in Figure 6.5. As shown in Figure 6.5b, Mn 2p XPS spectra
were deconvoluted into three peaks in the binding energy (BE) of 636-650 eV,
indicating the presence of variable oxidation states of Mn in the EC. It can be seen
that the Mn 2p3/, peak is rather broad, which could be attributed to the cohabitation of
different Mn 2paz2 levels viz. Mn?*, Mn®*, and Mn*" species at the interfacial EC [51].
The BE at about 645.8, 642.4 and 639.4 eV can be assigned to Mn**, Mn** and Mn?*
respectively [52,53]. In the a-MnO2/Mn304/CeO2/C hybrid EC, a significant shift
appears towards higher BE in all Mn oxidation states which suggests that there exists
a strong interaction between MnOx and CeO> species in the interfacial domain [54].
The percentage composition of Mn** in the a-MnO2/Mn304/CeQ,/C heterostructure
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was calculated from the deconvolution peaks and obtained as 27.9, 49.2 and 22.9%,
respectively for Mn?*, Mn®" and Mn**. The O 1s XPS spectrum is presented in Figure
6.5 ¢ shows typical features that rely on both the chemisorbed oxygen species (Oads)
and the lattice oxygen (Oiat). As a whole, the peak at 532.6 eV corresponds to Oags,
whereas the peak at 531.7 eV can be assigned to Oja [55]. Due to the structural
morphology and difference in electronegativity, a slight shifting of O peaks is
observed in the case of a-MnO2/Mn304/CeO,/C and CeO,/C.
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Figure 6.5. a) XP survey spectrum and core-level XP spectrum of Mn 2p of a-
MnO2/Mn304/C and a-MnO2/Mnz04/Ce02/C (b), O 1Is of a-MnO2/Mn304/C, a-
MnO2/Mn304/CeO2/C and CeO>/C (c), Ce 3d of a-MnO2/Mn304/CeO>/C and CeO,/C
(d) and C 1s of a-MnO2/Mn304/CeO2/C (e).

The surface oxidation states of Ce in a-MnO2/Mn304//C, a-MnQO2/Mn304/CeQ,/C
and CeO./C were also investigated through XPS measurement. The deconvoluted
peaks of the Ce 3d region produce two sets of peaks, which are assigned to 3ds; and
3ds2 as shown in Figure 6.5 d. Usually, Ce in CeO2 populates as Ce** and Ce*'
oxidation states. The peaks at 888.8 and 898.2 eV in the XP spectrum are assigned to
Ce® while the peaks at 883.1, 901.5, 907.8, and 916.9 eV are assigned to the Ce**
state of cerium [56,57]. It is noteworthy that the 3d (Ce** and Ce*') BE of a-
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MnO2/Mn304/CeO,/C are slightly lower than those of pure CeO,/C as appears in the
XPS spectrum. The minor shifts in the Ce 3d BE can be attributed to an increase in
electron density in the vicinity of the Ce cation. The Ce®" concentration is the key
factor that determines the oxygen vacancies assorted in the ECs. The feasibility and
enhancement of the Ce** «» Ce3* redox transition entirely rely on the oxygen vacancy
density. The concentration of Ce® and Ce* was calculated for a-
MnO2/Mn304/CeO,/C heterostructure and was found to be 23.24 and 76.76%
respectively. The result portrays that the a-MnO2/Mnz04/CeQO>/C heterostructure is
incorporated with adequately rich oxygen vacancies that might carry a significant role
in the ORR/OER process. The C 1s spectrum deconvolution peak shows the C state
in the a-MnO2/Mn304/CeQ2/C ECs (Figure 6.5 e). The sp? hybridization states in C
1s spectra specify the graphitic carbon concentration in the EC which is consistent
with the XRD results. The calculated percentages of state composition of all the

investigated ECs are presented in Table 6.2.

Table 6.2. Percentage composition of all states present in the catalysts.

Catalyst ce** | Ce* [ Mn?* | Mn®* [ Mn* | Ot | Ouas C sp? Csp®
) | ) | (%) | ) | (%) | (%) [ (%) (%) (%)

a-MnO2/Mnz0./C - - 275 | 5055 | 219 | 365 | 635 81.8 18.3
a-MnO2/Mn304/Ce0,/C | 234 | 76.76 | 27.9 49.2 229 | 129 | 87.1 63.2 36.7
Ce0s,/C 39.4 60.6 - - - 263 | 73.7 91.6 8.4

To characterize the specific surface area and pore-size distribution of the
series of investigated ECs, N. adsorption-desorption analyses were performed. A
typical type-1V isotherm and H3-type hysteresis loop were observed for all the ECs
(Figure 6.6 a-c). The insets of Figure 6.6. a-c display the respective pore size
distribution curves, obtained by the BJH method, which suggests the characteristics
mesoporous nature of the ECs. The calculated pore diameter was 2.8 nm for a-
MnO2/Mn304/C, 2.7 nm for CeO2/C and 1.5 nm for a-MnO2/Mn304/CeO/C hybrid
heterostructure. The specific surface area was calculated using the multipoint BET
method and it is observed the specific surface area of a-MnO2/Mn304/CeO,/C (38.7
m?gY) is lower than that of CeO./C (86.4 m?g!) and higher than that of a-
MnO2/Mn304/C (19.9 m?g1). However, it is noteworthy that the inclusive ORR/OER
electrocatalytic performance is not predominantly inspired by specific surface area
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Figure 6.6. N> adsorption-desorption isotherms of (a) a-MnO2/Mn304/C, (b) CeO,/C
and (c) a-MnO2/Mn304/CeO>/C hybrid (the inset displays the corresponding pore size
(d) TGA profile of a-MnO2/Mn304/C,
MnO2/Mn304/Ce02/C and CeO2/C in air atmosphere.

distribution  curves), and -

of ECs. The TGA analysis shows the decay of carbon mass from the ECs as a
function of temperature (Figure 6.6. d). It is observed that the TGA curves get stable
after the loss of ~70 wt% which is due to the decomposition of carbon mass into CO;
at higher temperatures. The remaining ~30 wt.% is the MO fraction which

establishes the intended 30 wt% MO mass loading in the ECs systems.

6.2.2. Electrocatalytic Activity

The ORR activities of the synthesized nanostructures were first evaluated by
CV in both N2- and O»-saturated 0.1M KOH solution on a GC electrode (Figure 6.7.
a). The redox peaks observed in the CVs under O saturated environment are
exclusively due to the redox reaction of O, only, as under the Ny-saturated

atmosphere no significant redox peak was observed. All the ECs (i.e., o-
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MnO2/Mn304/C,  a-MnO2/Mn304/Ce02/C and CeO2/C) show significant
electrocatalytic activity towards ORR. It is noteworthy that the incorporation of CeO>
into a-MnO2/Mn304/C made the hybrid EC different in action towards
electrocatalytic activity, CV loop, onset potential as well as peak potential. The ORR
onset potential for a-MnO2/Mn304/C and CeO,/C were found to be —0.15 V and
—0.21 V (vs. Ag/AgCl), respectively while for a-MnO2/Mn304/CeO,/C hybrid, it was
observed to be —0.13 V (vs. Ag/AgCl). The observed positive shift suggests the
overpotential drop for ORR with a-MnO2/Mn304/CeO,/C. Similarly, ORR peak
potential for a-MnO2/Mn304/CeO>/C shows a significant positive shift as compared
to that shown by a-MnO2/Mn304/C and CeO./C. The primary assessment of ORR
activity by CV study shows the significant promotion effect of CeO: in o-
MnO2/Mn304/C.
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Figure 6.7. a) CVs of a-MnO2/Mn304/C, a-MnO2/Mn304/CeO./C and CeO>/C
hybrid in N2 (dash-dotted lines) and O (solid lines) saturated 0.1 M KOH solution at
a scan rate of 50 mV s, b-d) ORR polarization curves of 0-MnO2/Mn304/C, a-
MnO2/Mn304/Ce0O,/C and CeO>/C in O-saturated 0.1 M KOH solution at a sweep
rate of 5 mV s7%; €) ORR polarization curves of different ECs at 1600 rpm, f) K-L
plots of different samples at —0.50 V (vs. Ag/AgCl).
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To further explore the ORR pathways and the kinetics catalyzed by the
prepared ECs, RDE measurements were performed. Figure 6.7. (b-d) presents the
LSV polarization curves measured at different rpm in O, saturated 0.1 M KOH
solution. The trends in the electrocatalytic activity of the ECs are comparable to those
found in the CV study. Figure 6.7.e presents the LSV curves portraying the
comparison of current densities and onset potentials for the investigated samples at
1600rpm. It is observed that Vulcan carbon shows a very weak electrocatalytic ORR
activity, while the incorporation of a-MnO2/Mn304 results in a more positive onset
potential (—0.15 V). Interestingly, the a-MnO2/Mnz04/CeO>/C hybrid shows more
positive onset potential (—=0.13 V) and half-wave potential (—0.24 V) which is
reasonably higher than those of a-MnO2/Mnz04/C and CeO/C indicating a
promotional effect after the addition of CeO. The limiting current density of a-
MnO2/Mnz04/Ce0,/C at 1600 rpm is —6.63 mA cm which is much higher than
those of 0-MnO2/Mn304/C (-5.70 mA cm?), CeO2/C (—4.14 mA cm?) and
commercial Pt/C (—3.82 mA cm).

Notably, the oxygen vacancy density in a-MnO2/Mn304/CeO-/C is lower than
that of CeO,/C because Ce3* content is reduced somewhat in a-MnO2/Mn304/CeO,/C
as suggested by XPS deconvolution analysis. However, mixed a-
MnO2/Mn304/Ce0O,/C with adequate oxygen vacancies exhibits much better
electrocatalytic performance than those of a-MnO2/Mn304/C and CeO>/C indicating
the formation of more active sites in the mixed EC. The higher electrochemically
active surface area (ECSA) of the mixed a-MnQO2/Mn304/CeO2/C (39.4 m?gt) might
be working a significant role in enhanced ORR processes. Thus, the higher number of
electrochemically active sites populated in a-MnO2/Mn304/CeO2/C hybrid may be
readily accessible to O, building a remarkable contribution to boosting catalytic
activities [58]. Moreover, CeO> could assist as a multifunctional component in the
EC. Being an effective ‘oxygen buffer’, CeO> controls the reversible transportation of
adequate O into the active sites [59]. Therefore, the significantly enhanced activity
can be ascribed to the strong synergistic interaction between a-MnO2/Mn3O4 and
CeO: [60].
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Figure 6.8. Electrocatalytic ORR performance of o-MnO2/Mn304/C, a-
MnO2/Mn304/CeO,/C and CeO>/C. a) the number of electrons transferred at various

potentials; b) mass-specific activity and c) specific activity.

The linear fitting lines of the K-L plots at —0.50 V are presented in Figure 6.7.
f. Based on the K-L slope it is found that electrocatalysis over a-MnO2/Mn304/C and
a-MnO2/Mn304/CeO2/C proceeds via 4e” pathway signifying a direct 4e” oxygen
reduction, without the formation of any O2* intermediate. The electron transfer
numbers (n) of Vulcan carbon, a-MnO2/Mnz04/C, CeO./C and Pt/C (20 wt. %) at
—0.50 V are calculated to be 2.8, 4.1, 2.4 and 3.5, respectively. The linearity and
parallel fitting lines of the K-L plots at diffusion-controlled and mixed kinetic
diffusion-controlled potential regions of the LSV curves recommend first-order
kinetics of the studied ORR ECs [61,62]. These observations further suggest a similar
number of electrons transferred at all recorded RDE rotations during the ORR for the
respective ECs. The average numbers of electrons transferred in the ORR process
over a wide potential, ranging from —0.4 to —0.60 V (vs. Ag/AgCl) were also
evaluated from the slopes of K-L plots as shown in Figure 6.8. a. The ECSA of the
samples is evaluated by employing CV derived double layer capacitance (Ca) method
at a non-faradaic potential region (Figure 6.9.). The ECSA of a-MnO2/Mnz04/C, a-
MnO2/Mn304/Ce0,/C and CeO-/C are calculated to be 36.6, 39.4 and 35.8 m?g?
respectively. The intrinsic activity of the ECs was measured based on the specific
activity which is the current per unit ECSA. Mass activity and the over a potential
range of —0.40 to —0.60 V is presented in Figure 6.8. (b and c). The mass activity and
specific activity follow the order a-MnO2/Mnz04/CeQ2/C > a-MnO2/Mnz04/C >
CeO./C over the investigated potential range for the set of ECs. The analogy between

MA and SA concludes a significant mark regarding the intrinsic electrocatalytic
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activity of a-MnO2/Mn3z04/CeO2/C. However, the variable amounts of CeO; in the
mixed EC may decrease the ORR performance due to the lower intrinsic catalytic

activity of CeO: in contrast to a-MnO2/Mn3z0O4 [1].
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Figure 6.9. Ca measurements for determining ECSA in 0.1 M KOH. The left panel
(a, ¢, e) represents CVs of a-MnO2/Mn304/C, a-MnO2/Mn304/CeO,/C and CeO,/C at
various scan rates. The right panel (b, d, f) is the slope obtained from respective CV
data.

Therefore, to study the effect of CeO, on oxygen electrocatalysis, we have
assessed the activity exhibited by o-MnO2/Mn304/Ce0,./C-37 and o-
MnQO2/Mn304/Ce0,/C-73 EC where the mixed hybrid is synthesized by changing the
molar mass ratio of precursor salt. Figure 6.10. (a-e) shows the ORR activities
exhibited by ECs a-MnO2/Mn304/Ce02/C-37 and a-MnO2/Mnz04/CeO,/C-73. Figure
6.10.e portrays the effect of CeO2 on ORR activity in terms of current density. The
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obtained overall ORR performance along with specific activities, current densities
and n values in the reaction process is significantly reduced for both the lower and

higher CeO2 concentration.
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Figure 6.10. a, b) LSV curves of in Oz-saturated 0.1 M KOH @10 mV/s scan rate at
different rpm and K-L plot for a-MnO2/Mn304/CeO2/C-37, respectively, c, d) LSV
curves and K-L plot for a-MnO2/Mn304/Ce0,/C-73, respectively and e) limiting
current densities of the ECs at 1600 rpm.

Thus, the inclusive study suggests that an equilibrium Ce/Mn ratio is
essentially significant for upholding the synergy that can enhance the ORR process
which is exclusively satisfied by a-MnO2/Mn304/CeO>/C EC. The elemental analysis
was further investigated by the EDX technique to confirm the CeO. content (Figure
6.2. and Table 6.1.). The intimate and overlapping interfacial contact between a-
MnO2/Mn304 and CeO; particles as observed from the HR-TEM images would also
be instructive for the process of ORR enhancement. Notably, CeO: particles increase
the degree of dispersion of a-MnO2/Mn30s and simultaneously activate the O>
directly involved in the redox processes. For instance, it is reported that CeO> in
MxOy,—CeO> composite could store and transport electrons to the adsorbed moieties
such as NO, CO, O, etc. employing the resident Ce 4f orbital electrons [63,64]. The
adsorbed moiety over CeO> could be readily activated which might improve the

catalytic activity of the EC. Therefore, the high ECSA, high specific surface area,
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reasonable oxygen vacancies, fascinating interfacial contact and strong synergistic
interaction of Vulcan carbon with the equal molar ratio of a-MnO2/Mn304 and CeO>
could be the key factors that enhance the ORR performance of a-
MnO2/Mn304/Ce0O>/C.

To assess the ORR kinetics, the corresponding Tafel plots are evaluated from
the ORR LSV curves. Figure 6.11. a presents the Tafel slopes for the investigated
ECs calculated at the high overpotential regions. The a-MnO2/Mnz04/CeO,/C
exhibits the lowest Tafel slope (921.9 mV dec™?) at the high overpotential region
suggesting a better kinetic current for ORR at the respective region. In addition, EIS
measurements were performed to further study the Kinetics and to identify the
resistance of EC deposited electrodes performed in 0.1 M KOH solution within the
frequency range from 6.2 MHz to 530 Hz.
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Figure 6.11. ORR Kkinetics, durability, and stability of a-MnO2/Mn304/Ce0Q,/C
hybrid nanostructure. a) Tafel plots, and b) Nyquist plots of a-MnO2/Mn304/C, a-
MnO2/Mn304/Ce02/C and CeO2/C (inset of Figure b shows the equivalent circuit
used for fitting the experimental data), c) chronoamperometric test for a-
MnO2/Mn304/CeO,/C and Pt/C, and d) LSV plots of activity retention test after 1000

redox cycles.
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The EIS profile is fitted according to an equivalent circuit (inset of Figure
6.11b), where Ry, W1, Ret and Cy are the ohmic resistance, Warburg impedance,
charge transfer resistance and double layer capacitance, respectively. The Nyquist
plots show Z' (real part) vs. Z" (imaginary part) of the cell impedance for the
investigated ECs (Figure 6.11.b). A characteristic semi-circle is observed for all the
EC in the high-frequency region. The semicircle radius signifies the charge transfer
resistance (R¢t) of the electrode-electrolyte interface system. It is observed that the
calculated R¢t value of a-MnO2/Mn304/CeO2/C (132 Q) is lower than that of a-
MnO2/Mn304/C (151.6 Q) and CeO2/C (1644 Q). It suggests that the o-
MnO2/Mn304/CeO2/C extends faster charge transfer at the electrode-electrolyte
interface and imparts high electrocatalytic activity toward ORR/OER [65,66]. The
chronoamperometric (CA) test is presented in Figure 6.11. c illustrates the durability
with percentage degradation of current in comparison to that of (20wt %) Pt/C. The
CA test was performed for a-MnO2/Mn304/CeO>/C and Pt/C (20wt %) EC at 1600
rpm in 0.1 M KOH solution for 7000 seconds. CA test of a-MnO2/Mn304/CeO,/C EC
in comparison with Pt/C reveals much better durability of a-MnO2/Mnz04/CeO,/C
EC than that of state-of-the-art Pt/C EC. Thus, the comprehensive evaluation of ORR
activity in this work demonstrates the significant promotion effect of CeO: in the a-
MnO2/Mn304/C EC. Along with electrochemical activity, we comprehensively
compared the durability and stability of a-MnO2/Mnz04/CeQO/C EC with benchmark
Pt/C EC, as these two parameters are vital for practical applications. The stability of
a-MnO2/Mn304/Ce0,/C EC was tested for 1000 redox cycles in O saturated 0.1 M
KOH solution at a scan rate of 100 mV s. The LSV polarization curves were taken
before and after 1000 redox cycles (Figure 6.11. d). The current density difference
was observed to be too less as shown in Figure 6.11. d, and also the difference in
half-wave potential AEi1» is significantly smaller (0.02 V) suggesting superior
stability exhibited by the EC. The LSV curves of the initial sample and that after
1000 redox cycles further signify the better retention of activity throughout the
catalytic process.

We have tested the OER activity to study the water oxidation property over
the EC surface. Figure 6.12. a  shows ORR and OER activities of a-
MnO2/Mn304/CeO,/C, Pd/C and Pt/C ECs investigated through LSV polarography
analysis in 0.1 M KOH at 1600 rpm. An ideal OER EC should possess low
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overpotential with high current densities available at low cost to be practically used in
an industrial process. The OER onset potential for a-MnO2/Mnz04/CeO2/C hybrid is
0.58V (vs. Ag/AgCl) which is lower than Pt/C (0.65V vs. Ag/AgCl) and Pd/C (0.75V
vs. Ag/AgCl). Furthermore, the limiting current density of a-MnO2/Mn304/CeO./C
hybrid at a certain potential of 0.80V is 8.36 mA cm™ which is far better than those of
0-MnO2/Mn304/C (6.77 mA cm?), a-MnO2/Mn304/Ce02/C-37 (2.4 mA cm?), o-
MnO2/Mn304/Ce02/C-73(4.55 mA cm2), CeO2/C (2.5 mA cm?), Pt/C (5.6 mA cm)
and Pd/C (1.2 mA cm™).
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Figure 6.12. a) ORR and OER activities of a-MnO2/Mn304/CeO,/C compared with
Pd/C and Pt/C, b) OER LSV curves of the ECs.

The OER activity for all investigated ECs is presented in Figure 6.12. b. Thus,
EC a-MnO2/Mn304/CeO2/C shows much better OER activity with appreciable onset
potential possessing very lower overpotential as compared to activity shown by all
other investigated ECs. The enhanced OER activity could be attributed to the unique
surface properties, higher oxygen vacancy densities, higher ECSA and the synergistic
action of CeO2, a-MnO2/Mn304 and carbon. The overpotential within the effective
ORR and OER range is a particularly crucial factor for evaluating the electrocatalytic
bifunctionality toward ORR and OER [67,68]. The observed lesser overpotential
between ORR and OER indicates that a-MnO2/Mn304/CeO>/C EC can function as a
suitable reversible oxygen electrode EC.

The comparison of electrocatalytic performance with some previously
reported MO-based materials is presented in Table 6.3. The ORR/OER activities
shown by the a-MnO2/Mn304/CeO,/C hybrid observed to be superior to some
recently reported ECs. For instance, ORR onset potential and Ei.  values
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Table 6.3. Comparison of ORR/OER activity of a-MnQO2/Mnz04/CeO,/C with

analogous reported catalysts*

Catalysts ORR OER AE/V References
[E(j0)-E12)]

EonsetN E1/2N E(_I lO)N Eonset/ \Y

MnOx—CeO2/KB -0.02 -0.15 - —~ - [22]
C030,~Ce02/KB -0.01 -0.13 - —~ - [44]
P-MnO,-20 -0.09 -0.13 - - - [69]
MnOy -0.07 -0.21 - - - [70]
MnO,/NC -0.01 -0.16 0.71 0.45 0.87 [71]
MnO,/C -0.1 -0.32 0.74 0.49 1.06 [71]
MnOy-Red/C -0.20 -0.30 - - - [72]
CuO/graphene -0.20 —0.49 —~ - - [73]

fluorinated copper

manganese oxide
(FCMO) —-0.26 -0.45 0.79 0.57 1.24 [74]

a-MnO2/Mn304/Ce0,/C -0.13 -0.24 0.82 0.58 1.06 This work

* Potential values are calculated as V vs. Ag/AgCI. The reported potentials were
converted to the Ag/AgCl scale according to the Nernst equation: Erne = Eagiagel +
E°agiagel + 0.059 pH, where Erne is the reversible hydrogen electrode potential,

E°agiagel = 0.1976 at 25 °C, and Eagagel is converted potential vs. Ag/AgCI.

of a-MnQO2/Mnz04/CeO2/C hybrid are superior to CuO/graphene and fluorinated
copper manganese oxide (FCMO) [73,74]. In addition, the overall bifunctional
activity of a-MnO2/Mn304/CeO2/C hybrid, which can be evaluated as E(ji0)-E1 are
observed to be close to the reported ECs. Moreover, the electrocatalytic activities in
terms of current density, mass-specific activity, redox stability and durability for -
MnO2/Mn304/CeO,/C hybrid are significant which make the hybrid nanostructure a
potential EC toward ORR/OER.

The typical ORR/OER mechanism in an active site of oa-
MnQO2/Mn304/CeQO>/C is depicted in Scheme 2. Many reports have explained that the
ORR takes place on Mn*" by two different preferential routes: the direct 4e™ route and
the HOZ route. In both cases, the first step associates the transformation of Mn** to
Mn3* followed by the adsorption of molecular oxygen onto the electrochemically
active sites. The electronic transformation on active sites of a-MnQO2/Mn3Os is

described by the following reactions [1,75,76].
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Mn** + e — Mn®*

Mn?* + Mn** — 2Mn®*

2Mn3* + Oz — [Mn*]z...02,ads

[Mn®*],...0z:ds + 2H20 + 46~ — 40H™ + [Mn**]2...020s

It is noteworthy that activation of ORR at a high-current density might be
sometimes controlled by the sluggish diffusion of molecular oxygen into the
electrochemically active surface sites [77]. CeO2 owing to having rich oxygen
vacancies has the exceptional capability of oxygen storage, transport and release [78—
80]. The mechanism can be shown with the following equation [54]:

Ce0z « CeOrx + (X/2) O2 (0<x<0.5)

The equation shows that there exists a unique and delicate balance between
Ce®* and Ce** states and due to which CeO2 can act as an oxygen buffer. It can
reserve Oz in an Ogz-rich atmosphere and release it in Oz-deficiency conditions.
Throughout the Ce**/Ce3* redox process, this unique property of CeO, has great
significance to the enhanced electrocatalytic performance in agreement with the

Mars—Van Krevelen redox mechanism [44].

<—

Scheme 6.1. Schematic illustration of a-MnO2/Mn304/CeQO,/C catalyzed ORR and
OER.

Thus, when the concentration of O2 gets lower in the high-current density
region, the adsorbed O2 on CeO: sites accept electrons and form HO,", followed by
transfer to the proximate Mn3Og active sites. In brief, the transfer of O2 from the bulk

O, to Mn®" active sites via CeO, in the hetero-nanostructure demonstrated the
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effective activation of molecular O as depicted in Scheme 6.1. Furthermore, higher
ECSA of the a-MnO2/Mn304/CeO,/C might exhibit significantly higher reaction sites
of O at a three-phase boundary. Therefore, efficient molecular O, activation due to
the synergy between CeO. and a-MnO2/Mn3O4 and the high ECSA enlighten the
explanations for the enhanced performance of the cathode with the a-MnO2/Mn304

/Ce0,/C EC under high discharge current density.

6.3.  Conclusions

We utilized solvothermal route to fabricate a-MnO2/Mn304/CeQO,/C hybrid
nanostructure as an advanced bifunctional EC for ORR and OER in an alkaline
media. Although a-MnO2/Mn304/C and CeO/C individually exhibit oxygen
electrocatalytic performance to some extent, the hybrid nanostructure (o-
MnO2/Mn304/CeO,/C) displayed remarkable and astonishingly high ORR/OER
performance in terms of current density at low overpotential with high stability and
durability. All the electrocatalytic assessments are compared with the benchmark
Pt/C and that reveals much better performance by the a-MnO2/Mnz04/CeO>/C. This
work introduces a highly promising EC for alkaline fuel cells with high efficiency,
stability and durability as a suitably low-cost material. The promising ORR/OER
activity of a-MnO2/Mn304/CeO-/C is likely due to sensibly originated nanostructure
with synergistically active Mn (II/111/IV) multi-states sites conjugated with Ce
(IN1V). The far-reaching hetero-structure and interfacial electro-conductive
interaction make a-MnO2/Mn304/CeO,/C a potential EC towards ORR/OER. The
strategy further offers an insightful approach to non-noble material design and

advancements to the renewable energy scientific community.
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