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Investigating the effect of CeO, on the radical
scavenging activity of Pt@CoO,/NC@CeO, during
the electrocatalytic oxygen reduction reaction in
acidic and alkaline environmentsf
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Researchers have concentrated on developing electrocatalysts that are especially designed to minimise
oxygenated radicals generated in partial oxygen reduction reactions (ORRs). Herein, we report Pt@CoO,/
NC@CeO,1 as a cost-effective, stable, and highly durable electrocatalyst in both 0.1 M KOH and 0.1 M
HClO, electrocatalytic environments with low platinum loading (ca. 5% only). Outstanding results are
delivered by the Pt@CoO,/NC@CeO,1 with half-wave potential (Ey;2) ~ 0.89 Vgye in 0.1 M KOH. The
optimized electrocatalyst, i.e., Pt@CoO,/NC@CeOs,], is also found to be efficient for the ORR in 0.1 M
HCLO4 with Ey, ~ 0.89 Vgye compared to 20 wt% Pt/C. The innovative support (CoO,/NC) obtained
through facile calcination of ZIF-12 has been deposited over porous ceria nanorods (CeO,). The
platinum nanoparticles are then decorated over CoO,/NC@CeO,. To investigate the influence of cobalt
on the electrocatalytic ORR process, platinum-decorated commercial multiwalled carbon nanotubes
(Pt@MWCNTs1) were synthesized using the same synthetic methodology. The as-synthesized
electrocatalyst (Pt@CoO,/NC@CeO,1) demonstrates enhanced mass activity (MA) of ~263 mA mgp:t in
0.1 M KOH and 231 mA mgp(1 in 0.1 M HCLO,4 at their Eq;», and an enhanced electrochemical active
surface area (ECSA) of ~261 m? g%, The material also demonstrates radical scavenging activity resulting
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in enhanced durability with a significant amount of current retention for 30 h in both alkaline (99.8%)
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Introduction

The development of sustainable and green energy technology to
meet the ever-increasing demands of the growing world is a hot
topic under immense debate. Among the various technologies,
proton exchange membrane fuel cells (PEMFCs) have drawn
substantial consideration during the past several years due to
their renewable, clean and efficient nature." PEMCs offer high
conversion efficiency and low operating temperature, but still
their widespread application is limited by the slow chemical
steps of the ORR and deteriorating performance over time due
to chemical, mechanical and electrochemical degradation of
cell components, i.e., the polymeric membrane, support, and
catalyst.>™ The ORR generally proceeds via four electron and
two electron reduction pathways.” The reactive oxygen species
(ROS) including singlet oxygen (*O), hydroxyl radicals (*OH),
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and hydroperoxide radicals (*OOH) are derived from molecular
oxygen during the insufficient ORR process.”® These species
containing unpaired electrons are highly reactive and signifi-
cantly hamper the durability of the PEMFCs by the degradation
of the membrane over time and poisoning of the catalyst.
Generally, platinum deposited carbon has been reported as
an effective catalyst to increase the sluggish kinetics of the
ORR.” However, the aggregation of platinum nanoparticles
leading to reduction in the preliminary ECSA and degradation
of the carbon support during the operating conditions of
PEMFCs is yet a challenge that has to be resolved.® Alloying
Pt NPs with other transition metals and chemical doping are
the most widely used methods to enhance the catalytic activity
and efficiency of the synthesized catalysts. However, despite the
extensive research in this field, the stability of platinum-
transition metal-based alloys remains a great challenge due to
the speedy discharge of transition metals in the acidic environ-
ment of PEMFCs.* Nadeem and co-workers synthesized Pt-Ni/
PC 950 with enhanced catalytic activity, minimizing the usage
of Pt. However, the catalyst retained only 25% of the initial
current density in the acidic environment after 500 cycles.’
Several reports suggest that metal oxides as additives or an
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alternative support can enhance the catalytic activity of the
cathode material for the ORR as well as provide mechanical
strength, corrosion resistance and high stability under harsh
operating conditions of PEMFCs.'®*? The strong interaction
of the loaded metal and support material, also called strong
metal support interaction (SMSI), modulates the electronic
properties of the material, which has a direct influence on the
Fermi level of the material.’® The surface energy of the loaded
nanoparticles is reduced, which leads to increased electroca-
talytic activity."> The electric potential of the materials
containing carbon effectively overcomes the challenges
linked with the use of transition metal oxides such as sinter-
ing, dissolution, agglomeration and poor electrochemical
properties.’®** Recently, transition metal nanoparticles stabi-
lized by quantum dots have been shown to be an electroche-
mically active catalyst for the evolution reaction of hydrogen
(HER) by Weifeng et al.*® Similarly, an electrocatalyst (a-Fe, O3/
GO) synthesized by Xiangqian et al. has shown superior ORR
activity than «-FeOOH, and o/y-FeOOH supported over gra-
phene oxide (GO)."” Dena et al. have shown that mixed
transition metal oxides (MTMOs) supported over activated
carbon (MnO,-CuO/AC, and CoO-CuO/AC) more efficiently
catalyse the ORR compared to the same metal oxides sup-
ported over graphene.’® Among several transition metal oxi-
des, ceria (CeO,) has been proven to be an effective candidate
for enhancing the overall performance of PEMFCs. The vary-
ing oxidation states of CeO, enable it to transition between
Ce*" and Ce*", facilitating its involvement in scavenging ROS
generated during suboptimal ORR electrocatalysis. This char-
acteristic of CeO, alleviates the deterioration rate of the
proton exchange membrane (PEM) by capturing radicals such
as "OH, *0, *O0H, and °*H."™>? For example, Ki Ro et al.
reported interfacial doping of CeO, into a Pt/C electrocatalyst
for increasing the overall functioning of the PEMFC.* Similarly
D'Urso et al. synthesized a silica-supported cerium-oxide-
based radical scavenger bearing sulfonic acid functionalities.
The synthesized material improved the life time of PEMFCs.>!
Recent research suggests that carbon nanomaterials such as
MWCNTs, graphene, functionalized quantum dots and full-
erenes could participate in scavenging activity and removing
the ROS from the fuel cells by forming adducts, hydrogen
donation and electron transfer.®**>* Lifeng et al. reported
chlorine doped quantum dots exhibiting scavenging activity
towards ROS.® Similarly Ana et al. reported the scavenging
activity of CNTs and found that zigzag CNTs are
better electron donors and acceptors.”® Besides scavenging
activity, MWCNTs also provide high surface area and excellent
mechanical and electrical properties and can be used as an
alternative carbonaceous support.”*>*” The unique one-
dimensional shape of CNTs allows for excellent ionic trans-
port resulting in fascinating activity in the electrochemical
field.”® In view of the above considerations, modifying the
outer surface of cobalt oxide incorporated nitrogen-doped
tubular carbon (NC) with CeO, having Pt NP deposition on
the surface can be a good choice for scavenging ROS along
with the increased catalytic activity and efficiency towards the
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ORR. The scavenging ability of NC and CeO, enhances the
durability of the catalyst and in turn improves the lifetime of
PEMFCs.

Experimental
Synthesis of ceria nanorods (CeO,)

4 mmol of cerium nitrate hexahydrate (Ce(NO;);-6H,0) and
0.5 mmol of sodium hydroxide (NaOH) were dissolved in 30 ml
of distilled water and stirred for 30 minutes. The resulting
blend was moved to an autoclave. The temperature of the
autoclave was then gradually raised to 140 °C and maintained
at that temperature for 14 h. The synthesized material was
cooled to ambient temperature and separated through filtra-
tion. The obtained product was washed with distilled water to
eliminate impurities and then dried out in an oven at 60 °C.
Subsequently, the dried sample underwent annealing at 400 °C
for 1 h to yield CeO, nanorods.

Synthesis of ZIF-12@CeO,

400 mg of CeO, was disseminated in 20 mL distilled water for
1 h. 1.318 mmol of cobalt nitrate hexahydrate (Co (NO;),. 6H,0)
and 6.09 mmol of benzimidazole (C;H¢N,) were liquefied in
20 mL N,N-dimethylformamide (DMF) and added to the dis-
persed CeO,. An autoclave with Teflon lining was used to heat
the prepared mixture at 150 °C in an oven for two days. The
autoclave was then allowed to cool to ambient temperature,
yielding the crystalline product. The obtained product was
washed many times with distilled water and DMF to eliminate
any contaminants or unreacted components. Upon drying, the
material was ready for subsequent procedures.

Synthesis of CoO,/NC@CeO, (calcination of ZIF-12@Ce0,)

The synthesised material (ZIF-12@CeO,) was calcined using
heating equipment. The reaction occurred at elevated tempera-
tures in an inert atmosphere. 200 mg of ZIF-12@CeO, was
heated to 850 °C for 8 h in a tube furnace. After cooling to room
environment, the product was used as a support material in the
manufacture of ORR electrocatalysts.

Synthesis of catalysts (Pt@Co0O,/NC@CeO,)

The catalyst was obtained by the polyol reduction method.
20 mg of chloroplatinic acid (H,PtCls-H,0) was dissolved and
stirred in 10 mL ethylene glycol at 70 °C for 30 min. After that,
70 mg of CoO,/NC@CeO, dispersed in 20 mL ethylene glycol
was added dropwise. The temperature of the mixture was
gradually raised to 180 °C and refluxed for 4 h until the
formation of Pt nanoparticles. Upon the completion of the
reaction, the whole system was permitted to cool down. After-
wards, the material was collected and rinsed many times with
distilled water and methanol to eliminate any contamination.
Different materials having various amounts of precursor metal
salt (H,PtCls-H,O) were synthesised by employing the same
methodology. The electrocatalytic activities of these materials
towards the ORR were determined to find out the effect of the
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Scheme 1 Synthetic procedure of Pt@CoO,/NC@CeO,s.

concentration of platinum metal. 20 wt% Pt/C was synthesized
for comparison by the polyol reduction method using Vulcan
XC-72. The synthetic methodology for the fabrication of
Pt@Co0,/NC@CeO,s is given in Scheme 1.

Electrochemical investigations

To electrocatalytic ability of the materials was estimated using a
three-electrode system. A rotating disc electrode (RDE) with a
carbon disc functioned as the working electrode, while Hg/HgO
and a graphite rod were employed as reference and counter
electrodes, respectively. The working electrode was manufac-
tured by drop-casting 2.5 pL of the synthesized ink carefully on
the RDE to fabricate the working electrode, which was obtained
by the sonication of 2 mg of the catalyst in a combination of 100
uL isopropanol and 5% Nafion. The linear sweep voltammetry
(LSV) technique was utilized to assess the materials’ capacity to
reduce oxygen in both 0.1 M HCIO, and 0.1 M KOH in an O,-
saturated atmosphere, at 10 mV s . The current provided was
normalised by the RDE’s area (0.19625 cm?®). The ECSA was
determined using the Pt-O layer reduction method, where a
complete monolayer of Pt-O was formed at 1.4 Viyg through
cyclic voltammetry (CV) at 50 mV s~ in 0.1 M HCIO,. Catalyst
stability was assessed through an accelerated durability test (ADT)
conducted over 10000 CV cycles, while long-term durability was
determined via chronoamperometric measurements over a 30 h
period. All experiments were conducted at room temperature with
a catalyst loading of 2.5 pL. The scavenging potential was eval-
uated by measuring its absorption using a UV-visible spectro-
photometer. Antioxidant activity was determined by employing a
DPPH*-ethanol solution (2 mg/25 mL ethanol).

Results and discussion

The powder X-ray diffraction (PXRD) of the synthesized materi-
als was used to determine the purity of the sample. The PXRD

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) X-ray diffraction pattern of CeO,, CoO,/NC and CoO,/
NC@CeO,. (b) X-ray diffraction pattern of Pt@CoO,/NC1 and Pt@CoO,/
NC@CeOss. (c) TEM analysis of Pt@CoO,/NC@CeO,1 at 200 nm. (d) TEM
analysis of Pt@CoO,/NC@CeO,1 at 100 nm.

of all the synthesized materials has been shown in Fig. 1a and
b. Figure a shows the X-ray diffraction analysis of CeO,, CoO,/
NC and CoO,/NC@CeO,. The diffraction peaks of CeO, match
well with the standard reference card of CeO, (JCPDS card no.
00-001-0800), which confirms the successful formation of ceria
nanorods. The peaks at 25.8° and 44.37° in the diffractogram of
(Co0,/NC) correspond to the (002) and (101) plane of graphitic
carbon (JCPDS card no. 00-013-0148). The peaks for cobalt
oxides (CoO,) are not noticeable in the diffraction patterns
due to the very low quantity of cobalt. The diffraction peaks of
CeO, at 20 ~ 28.4° 33.28° and 47.6° are not visible in the
PXRD result of CoO,/NC@CeO, owing to overlap of CeO, by
Co0O,/NC. The PXRD analysis of all the materials revealed that a
graphitic carbon network has been retained throughout the
synthetic procedure (Fig. 1b). The PXRD of Pt@CoO,/NC1
shows the formation of platinum nanoparticles by the emer-
gence of peaks at 39.98°, 46° and 68° (JCPDS card no. 01-089-
7382). In Pt@Co0,/NC@CeO,1, the peaks at 28.80°, 47.7° and
56.56° correspond to the (111), (220) and (311) planes of
CeO,. The remaining peaks correspond to graphitic carbon
and platinum nanoparticles. In Pt@CoO,/NC@CeO,2 and
Pt@Co0,/NC@CeO,3, the peaks corresponding to CeO, are
not visible due to the greater concentration of platinum nano-
particles, which covers the surface of the CeO, (Fig. 1b). The
PXRD patterns of all the synthesized materials match well with
their corresponding reference patterns, indicating the phase
purity and homogeneity of the samples. Fig. S1 (ESIt) shows the
PXRD pattern of the MWCNTs and Pt@MWCNTSs1.

Scanning transmission electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to deter-
mine the morphology of Pt@CoO,/NC@CeO,1. SEM findings
noticeably depict the presence of CeO, masked by CoO,/NC

Mater. Adv,, 2024, 5, 2545-2555 | 2547
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Fig. 2 SEM analysis of Pt@CoO,/NC@CeO,1: (a) 20 um, (b) 3 um and
(c) 5 um; (d) elemental mapping of Pt@CoO,/NC@CeO,1: (e) carbon,
(f) platinum, (g) oxygen, (h) cobalt and (i) cerium.

(Fig. 2a and b). Elemental mapping further validates the occurrence
of cerium, cobalt, platinum, oxygen, carbon, and nitrogen (Fig. 2e-
i). SEM analysis reveals a significant overlap between CeO, and
Co0,/NC, contributing to the intensified activity towards the ORR.
The detectible portion of CeO, contributes to the scavenging
potential of the material, expected to intercept ROS produced
during incomplete ORR, thereby improving the material’s endur-
ance in challenging electrocatalytic environments.

TEM analysis of Pt@CoO,/NC@CeO,1 supports the findings
of SEM. The appearance of tubular carbon can be clearly seen
in the TEM analysis (Fig. 1c and d). The ends of the tubular
carbon are encapsulated by CoO, nanoparticles. Ceria nanor-
ods can also be present but as the CoO,/NC surrounds the CeO,
(supported by SEM analysis) they are seldom found in the TEM
analysis of Pt@Co0,/NC@CeO,1. The interconnected nodes in
tubular carbon provide anchoring sites for the successful
deposition of platinum nanoparticles. The porous nature of
CeO, supports the adsorption of oxygenated radicles, thus
inhibiting the deterioration of the catalyst during the inade-
quate ORR. Fig. S2 (ESIf) shows the HRTEM exploration of
CoO,/NC at a resolution of 10 nm.

To find the surface elemental composition of Pt@CoO,/
NC@CeO,1, X-ray photoelectron spectroscopy (XPS) analysis
was performed (Fig. 3). The XPS clearly indicates the presence
of all constituents in the optimized electrocatalyst (Pt@CoO,/
NC@CeO0,1). The deconvolution of the 2p core level of cobalt
specifies the presence of metallic cobalt species at a binding
energy (B.E) value ~779.5 eV corresponding to the 2p;, region.
The peak at B.E value ~781.6 eV confirms the formation of
Co>" species in the Pt@CoO,/NC@CeO,1. The fitted region of
Co 2py), also reveals the peaks at B.E value ~796.7 eV. The
peaks at 786.1 eV and 802.6 eV represent the shaking fragments
of the Co 2p region (Fig. 3a). The XPS spectrum of platinum gives
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Fig. 3 XPS of Pt@CoO,/NC@CeO,1: (a) Co 2p, (b) Pt 4f, (c) Ce 3d, (d) N 1s,
(e) C 1s and (f) O 1s.

two peaks in the fitted region at 70.9 eV and 74.9 eV corres-
ponding to Pt 4f,;, and Pt 4f;,, respectively (Fig. 3b). These values
suggest that platinum exists purely in metallic form (standard B.E
of Pt nanoparticles ~71.0 eV) as no peaks for platinum oxide have
been observed in the fitted envelop of Pt 4f. Fig. 3c reveals the
multiplet spectrum of Ce 3d. The deconvoluted Ce 3d core level
consists of six peaks giving three peaks in each spin orbit state (Ce
3ds/, and Ce 3d3),). The peaks at B.E values ~400 eV and 404.1 eV
correspond to graphitic nitrogen and oxidized nitrogen, respec-
tively, in the nitrogen 1s core level (Fig. 3d). The fitted envelop of
the C 1s core level has four peaks at 284.1 eV, 285.2 eV, 286.1 eV
and 287.2 eV, which correspond to C=C (sp> carbon) and C-C
(sp® carbon) and carbon bonded to oxygen (Fig. 3e). The XPS
spectrum of oxygen shows the bonding of oxygen to metals, ie.,
cerium and cobalt. The peaks at B.E of 533.1 eV are due to the
surface oxygen bonded to the carbon network (Fig. 3f).

The XPS analysis of CoO,/NC has been shown in Fig. S4
(ESIt). The percentage of platinum metal determined from the
atomic absorption spectroscopy (AAS) is 5.3%, 7.1% and 9.2%
for Pt@Co0,/NC@CeO0,1, Pt@Co0,/NC@Ce0,2, and Pt@CoO,/
NC@CeO,3, respectively. The EDX analysis of Pt@CoO,/
NC@CeO,1 has been shown in Fig. S3 (ESIY).

Electrochemical investigations

Cyclic voltammetry and linear sweep voltammetry techniques
were used to evaluate the ORR electrocatalytic activity of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesized materials in O, and Ar saturated 0.1 M KOH and
0.1 M HCIO,. The SMSI of the platinum nanoparticles, CeO,
and support material (CoO,/NC) greatly enhanced the catalytic
activity of the synthesized material. Among all the synthesized
materials, the material with minimal amount of Pt (Pt@CoO,/
NC@CeO0,1) revealed surprisingly efficient activity compared to
the electrocatalysts having greater concentration of platinum.
The percentages of cobalt and platinum determined from AAS
and XPS were found to be 2.2% and 5.3%, respectively, in
Pt@Co0O,/NC@CeO,1. The investigation of the mechanism of
ORR on catalysts based on transition metal oxides is still
ongoing and requires further exploration. The ideal concen-
tration of cobalt and platinum in Pt@CoO,/NC@CeO,1 results
in increased ORR activity due to the electronic interaction of
cobalt and platinum. The increased concentration of platinum
has a negative influence on the ORR electrocatalytic activity of
Pt@Co00,/NC@Ce0,2 and Pt@Co0,/NC@CeO,1. From this it
can be inferred that the optimum ratio of platinum and cobalt
at which the material exhibits the highest electrocatalytic
activity is 2:5. The binding energies of the oxygenated inter-
mediates produced during the reaction were modulated by the
re-distribution of charge densities via SMSI, which results in
significant variation in the electronic environment around the
metal cores, thus facilitating the ORR kinetics.**?° All the
electrochemical outcomes were related to the reference and
benchmark catalysts (Pt/C) under the same environment to
govern the effectiveness of the catalysts.

The ORR is a slow reaction which generally proceeds via two
pathways. The four-electron process (direct pathway) is gener-
ally favoured over the two electron process (indirect pathway)
due to low overpotential of the reaction steps involved. The
effectiveness of the electrocatalysts is determined from the
binding strength of the reaction intermediates and the electro-
catalyst’s surface; a major contributing factor in the efficiency
of the catalyst.>** Numerous researchers have reported the
significant electrocatalytic role of the Pt-based bimetallic
components.**** However, the synthesis of Pt@Co0,@CeO,1
in this work is noteworthy because of the negligible amount of
platinum, which overcomes the cost problem accompanied
with the use of noble-metals. RDE was employed to record
the ORR activity by performing LSV at various rotations in both
acidic and alkaline environments. Fig. 4 and 5 reflect the ORR
activity of the as synthesized electrocatalysts in 0.1 M KOH and
0.1 M HCIO, respectively. Fig. 4(b) and 5(b) compare the LSV
curves of Pt@Co0,/NC1 with CeO,, CoO, and Pt@Co0O,/NC1 in
basic and acidic media, respectively. In terms of MA, the
Pt@CoO,/NC@CeO,1 demonstrated superior ORR catalytic
activity among all the presented electrocatalysts in both basic
and acidic media, which is higher than 20 wt% Pt/C (Fig. 6b
and c respectively). The ECSA of Pt@CoO,/NC@CeO,1 was
found to be 261 m? g~ *, which is high among all the presented
catalysts (Fig. 6e). The reduction of oxide coverage on the
surface of the fabricated materials enhanced the ORR activity.
To investigate the effect of cobalt in the synthesized materials,
platinum nanoparticles were also observed on MWCNTs for
comparison (Fig. 4a and 5a).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical behaviour of the synthesized materials in 0.1 M
KOH at 10 mV s~ (a) influence of CoO, on the ORR activity of Pt@CoO,/
NC@CeO,1, (b) comparison of the ORR performance of the optimized
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catalytic ORR performance of Pt@CoO,/NC@CeO,1, (e) durability test of
Pt@CoO,/NC@CeO,1 over 10 000 cycles and (f) comparison of Ey,, of the
fabricated materials.

Among all the synthesized materials, Pt@CoO,/NC@CeO,1
exhibited the highest electrochemical activity towards the ORR
in both alkaline and acidic environments. The electrocatalyst
demonstrated an onset potential (Eopget) Of 1.11 Vgyg, which
is very close to the thermodynamic potential (1.23 Vgyg) in
0.1 M KOH (Fig. 4 and Fig. S5b, ESIt). The material also
exhibited outstanding E;,, ~ 0.89 Vgug and a current density
of 6.96 mA cm > in 0.1 M KOH, which is superior to Pt/C
(0.86 Vg, 6.08 mA cm™?), a benchmark and reference catalyst
(Fig. 4f and Fig. S5c, ESIT). The accelerated durability test (ADT)
and chronoamperometry were executed to explore the durabil-
ity of the catalysts. The material exhibited no loss in E;,, after
10000 cycles demonstrating the high stability of the synthe-
sized material (Fig. 4e). Fig. S7 (ESIt) reflects the extended
stability of the material over a period of 30 h. The pre- and post-
XPS of Pt@Co0,/NC@CeO,1 in Fig. S9 (ESIt) further confirms
the stability of the material. The material Pt@CoO,/NC@CeO,1
retained 99.8% and 99.9% of its initial current in 0.1 M KOH
and 0.1 M HCIO,, respectively, after a period of 30 h demon-
strating the high stability of the material in harsh electrocata-
Iytic environments on comparison to Pt@CoO,/NC1, which
retained 95% of its initial current in basic environment and
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Fig. 5 Electrochemical behaviour of the synthesized materials in 0.1 M
HClO,4 at 10 mV s~ (a) effect of CoO, on the ORR activity of Pt@CoO,/
NC@CeO,l, (b) comparison of the ORR performance of the optimized
electrocatalyst with CeO,, CoO,/NC and Pt@CoO,/NC1, (c) concentration
effect of Pt@CoO,/NC@CeOss, (d) influence of rotation on the electro-
catalytic ORR performance of Pt@CoO,/NC@CeO,1, (e) durability test of
Pt@CoO,/NC@CeO,1 over 10 000 cycles and (f) comparison of Ey, of the
fabricated materials.

Catalyst type

76% in acidic media (Fig. S7a and b, ESIt). The high durability
of the material is attributed to the decrease in coverage of
intermediates formed during the reaction on the surface of
platinum, which poison the catalysts. In strongly acidic condi-
tions, the hydrogen ions can react with platinum to form
soluble platinum ions. The increased acidity of the solution
can enhance the leaching process. Generally, platinum sup-
ported on carbon experiences this problem. It has been
reported in various literature studies that the incorporation of
transition metal oxide in carbon increases the stability of the
carbon materials and solves the corrosion problem in harsh
electrocatalytic environments. The B.E of Co is shifted from
779.0 eV in CoO,/NC to 779.5 eV, which is an indication of the
electronic interaction of cobalt and platinum. The interaction
of platinum with the cobalt and the proper encapsulation of
platinum nanoparticles within the support material, i.e., CoO,/
NC@CeO,, prevents the leaching of platinum in harsh acidic
conditions employed during the electrochemical ORR, which
has been depicted in the enhanced durability revealed by
chronoamperometric measurements over 30 h.

Platinum is renowned as the most efficient metal for cata-
lysing the ORR. However, its prohibitively high cost, coupled
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Fig. 6 (a) Tafel slopes of all the materials in 0.1 M KOH, (b) MA of the

synthesized electrocatalysts in 0.1 M KOH, (c) MA of the synthesized

electrocatalysts in 0.1 M HCIO,4, (d) CV curves of the Pt-decorated
electrocatalysts at the upper potential limit of 1.4 Vgye at 50 mV st in

an Ar saturated environment, (e) bar graph representing comparison of
ECSA of the synthesized electrocatalysts and (f) decrease in the absorption
of DPPH*-ethanol solution encompassing various amounts of Pt@aCoO,/
NC@CeO,1.

with issues related to the adsorption and challenging
desorption of oxygenated intermediates, often leads to catalyst
poisoning, rendering Pt/C impractical for widespread commer-
cialization. The inclusion of CeO, in Pt@Co0,/NC@CeO,, as
opposed to Pt/C, serves the crucial role of efficiently scavenging
harmful radicals, thereby enhancing the stability of our mate-
rial. CeO, is well-known for its porous structure and its ability
to scavenge radicals. The presence of CeO, effectively trans-
forms the catalyst into an antioxidant, adept at scavenging
DPPH radicals, which further contributes to its scavenging
capability, ultimately resulting in the material’s exceptional
durability.

The scavenging activity of the CeO, nanostructures is
responsible for the enhanced durability of the material in
corrosive environments, which engulf the ROS produced during
partial ORR, leading to the poisoning of the catalyst. As a
control, platinum nanoparticles were also deposited over
MWCNTs. The material (Pt@MWCNTs1) demonstrated E,, of
0.78 Vgrug, which is inferior to the E;,, of Pt@CoO,NC1 in 0.1 M
KOH (0.82 Vgyg), confirming the role of cobalt in the ORR
electrocatalysis (Fig. 4a and f).

To find whether the reaction proceeds via a four-electron
or two-electron route, the electron transfer number (n) was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculated. Koutecky-Levich (K-L) plots were drawn by plotting
1/j vs. . From the slope, the value of n was found to be 3.9
in 0.1 M KOH, which is very near to 4, implying the preferable
four electron reduction pathway (Fig. S5a, ESIT). The value of n
was found to vary with potential and hence the average number
of n was calculated in the potential region studied. The kinetics
of the reaction were determined by measuring the Tafel slopes.
Among all the synthesized materials, Pt@CoO,/NC@CeO,1
exhibited the lowest Tafel slope ~70 mV dec ', which is
inferior to Pt/C (73 mV dec™ '), exhibiting fast reaction kinetics
on the surface of Pt@Co0,/NC@CeO,1 (Fig. 6a).

The ability of the material to reduce oxygen molecules was
also investigated in 0.1 M HClO,. Similar to the alkaline
environment, the Pt@CoO,/NC@CeO,1 also delivered out-
standing electrocatalytic activity in acidic electrolyte (Fig. 5).
The Eonset and Eyj, of Pt@C00,/NC@CeO,1 are superior among
all the synthesized electrocatalysts (Fig. S6b and Fig. 5f, respec-
tively, ESIt). Fig. 5 represents the comparison of the LSV curves
of all the fabricated materials in 0.1 M HCIO,. The electron
transfer n was calculated to be 4.2, which suggests four electron
pathways (Fig. S6a, ESIT). The MA of Pt@CoO,/NC@CeO,1 is
also very high in acidic environments. Fig. 6b and c represent
the comparison of MA of all synthesized electrocatalysts in
0.1 M KOH and 0.1 M HCIO,, respectively. The ECSA deter-
mines the ability of the material to catalyse the electrochemical
reaction. Materials having a larger surface area demonstrate
better electrocatalytic activity. The ECSA of all the materials was
determined from the Pt-O layer reduction method by recording
CV curves in 0.1 M HClO, (Fig. 6d). The ECSA of all the
synthesized materials is in the following order.

Pt@MWCNTs1 < Pt@Co0O,/NC1 < Pt@Co0O,/NC@Ce0,3 <
Pt@C00,/NC@Ce0,2 < Pt@C00,/NC@CeO,1.

The high ECSA of Pt@Co0,/NC@CeO,1 is attributed to the
uniform dispersion of platinum nanoparticles (Fig. 6e). The
interconnected nodes of tubular carbon provide appropriate
adsorption positions for the dispersion of platinum nano-
particles leading to facile electrochemical reaction. Fig. S7c
(ESIT) represents the CV curve for the determination of ECSA
of Pt/C.

It is important to mention that the shape of the ORR
polarization is typically square shaped or S shaped. This curve
is often associated with the four-electron reduction pathway,
where oxygen is reduced to water via a sequence of four
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electron-transfer steps. However, in some cases, the polariza-
tion curve may deviate from this typical square shape, and
several factors can contribute to this behaviour: the competing
two electron pathway leads to variation in the ORR polarization
curve. The kinetics of the ORR on the surface of Pt@CoO,/
Nc@CeO, are indeed diffusion controlled with no decomposi-
tion of the reaction sample occurring during the ORR process.
This can be confirmed from the post-XPS analysis, post-SEM,
and post-TEM analysis after 30 h of chronoamperometric
measurements (Fig. S9-S11 respectively, ESIt). The difference
in the ORR polarization curve in 0.1 M KOH and 0.1 M HCIO, is
due to the formation of different reaction intermediates in both
media, which leads to a different ORR curve. Moreover,
changes in electrolyte conditions can influence the kinetics of
the ORR. Understanding the specific conditions and factors
influencing the ORR in a particular system is essential for
interpreting the shape of the polarization curve.

The antioxidant ability of the material was assessed by
employing DPPH® as a representative radical (Fig. 6f). The
electrocatalyst formed a bond with DPPH®, which was dis-
persed in a DPPH*/ethanol solution followed by incubation in
the absence of light. UV-visible spectrophotometry was
employed to determine the radical scavenging activity of
Pt@CoO,/NC@CeO,1. The DPPH radical exhibited a prominent
absorption peak at 518 nm within the 400-700 nm range when
no scavenging material was present. Upon the addition of the
Pt@Co0,/NC@CeO,1, a substantial reduction in the absor-
bance of the DPPH*® occurred, indicating effective scavenging
by Pt@Co0O,/NC@CeO,1. The results showed that an increased
amount of Pt@Co0O,/NC@CeO,1 led to a notable reduction in
the absorbance of DPPH". Fig. S8 (ESI}) illustrates the residual
ratio of DPPH radical following incubation with different con-
centrations of Pt@Co0,/NC@CeO,1. The radical scavenging
ability of Pt@Co0,/NC@CeO,1 facilitates strong adsorption of
ROS generated in partial ORR catalysis onto the porous struc-
ture of CeO,. This prevents catalyst poisoning and significantly
enhances material durability in challenging electrocatalytic
environments. The comparison of the synthesized materials
in terms of durability with recently reported Pt-based electro-
catalysts has been shown in Table 1. Our synthesized material
is cost-effective and highly durable compared to the reported
literature and commercial 20 wt% Pt/C, which costs approxi-
mately half (56%) of the proton exchange membrane fuel cell

Table 1 Comparison of the durability of recent Pt-based electrocatalysts with the present work

Catalyst Durability (E;,) Electrolyte Ref.
Pt@Co0,@Ce0,/NC1 Does not change (10 000 cycles) 0.1 M KOH This work
Pt@Co0,@Ce0,/NC1 Does not change (10 000 cycles) 0.1 M HCIO, This work
Ptg:Niy, BNCs AG/C 6.1 mV (20000 cycles) 0.1 M HCIO, 46
Pt/W-doped TiO, 89 mV (10000 cycles) 0.1 M HCIO, 47
PtFe@Gr/CB 10 mV (10000 cycles) 0.1 M HCIO, 48
Pt/Z7438 Changes slightly (10 000 cycles) 0.1 M HCIO, 49
MP-PtPb NWs 700 mV (10000 cycles) 0.1 M HCIO, 50
Pty.23CU.64C0¢.13/C 400 mV (5000 cycles) 0.1 M KOH 51
Pt;5YsAlg, Changes slightly (10 000 cycles) 0.1 M HCIO, 52
Pt@C/C700 Changes slightly (10 000 cycles) 0.1 M HCIO, 53

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stacks.’® The overall cost of our synthesized catalysts is low
compared to Pt/C because of the very low loading of Pt and Ce.
Moreover, the commercial Pt/C experiences leaching problems
in acidic conditions, which leads to the corrosion and ineffec-
tive performance of Pt/C. The commercial Pt/C needs replace-
ment with time, posing hurdles to its commercialization. Our
synthesized material is highly durable in both acidic and basic
conditions with a retention of nearly 100% current over 30 h of
chronoamperometric measurement, which makes it a cost-
effective and efficient catalyst to be employed in fuel cell
technology.

Role of CeO, during the ORR on the surface of
Pt@Co00,@Ce0,1

The primary function of CeO, in the context of this study is to
remove ROS formed in partial reduction of oxygen. This scaven-
ging capability was assessed using UV-visible spectroscopy with
DPPH as a model radical. The addition of varying concentra-
tions of the optimized catalyst led to a decrease in DPPH
absorbance, confirming the material’s scavenging ability. Addi-
tionally, the literature extensively supports the co-catalytic role
of CeO,. Its inclusion prevents the formation of the harmful
species H,0,, which can degrade both the catalyst performance
and the proton exchange membrane in fuel cells over time.
CeO, facilitates the conversion of H,O, to water, mitigating its
formation during the ORR, a crucial side reaction in fuel cells.

Additionally, beyond serving as a co-catalyst, CeO, offers
appropriate sites for the adsorption of oxygen molecules and
intermediates produced during the ORR. The envisioned
mechanism for ORR on the Pt@Co0,/NC@CeO, surface entails
a bidentate mode of adsorption. Although the intricate details
of the ORR mechanism on catalysts based on transition metals
are still being explored, current research indicates that metal
sites supported on nitrogen-doped carbon likely act as active
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electronic surroundings of Pt, optimizing the binding strength
for adsorbed oxygenated intermediates and augmenting the
activity of the ORR.***?

The variance in electronegativity between platinum and
cobalt, coupled with charge redistribution, plays a role in
enhancing the activity and durability of the ORR. The enriched
electrons from Pt species safeguard carbon nanotubes against
erosion and oxidation, thereby improving the stability of
Pt@Co00,/NC@Ce0,.">"* The adsorption of O, on the surface
of Pt nanoparticles stretches the O—O0O bond, facilitating the
easy separation of the O, molecule, ultimately leading to the
production of ORR products.**

The chemisorbed O, undergoes protonation to generate
*OOH, followed by the separation of the O-OH bond to
produce water molecules (see Fig. 7). This implies that
CeO, offers appropriate adsorption positions for the chemi-
sorption of O, and oxygenated intermediates, facilitating the
transfer of charge between Ce®*" and Ce*" species. This high-
lights the efficient performance of Pt@CoO,/NC@CeO, in
the ORR.

Furthermore, the co-catalytic behaviour of CeO, has been
extensively explained in the literature.*> CeO, confines toxic
radicals generated during the partial reduction of O, (produc-
tion of H,0,) and transforms them into water, thereby drop-
ping the possibility of catalyst poisoning. The breakdown of
H,0, produces the potent hydroxyl free radical (*OH), which, if
left unchecked, can attack the proton exchange membrane
(PEM) and consequently diminish the material’s resilience.*’
The proven scavenging capability of CeO, demonstrated
through UV-visible spectroscopy addresses this concern. There-
fore, incorporating CeO, emerges as an effective strategy to
enhance the resilience of PEMFCs. The co-catalytic behaviour
of CeO, is illustrated in the provided equations.

sites.>*?” The electronic surroundings of Pt are tailored by its 0, + 2H" + 2~ — H,0, (1)
interaction with cobalt, optimizing the binding strength for N _
) . . 2Ce0, + 2H' + 2e~ — Ce,0; + H,0 (2)
adsorbed oxygenated intermediates and enhancing the ORR
activity.>”° The interaction of cobalt with platinum alters the Ce,0; + H,0, — 2CeO, + H,0 (3)
*02
L™ '*j*;'('\«'\g
‘ f\"\i{:‘bx&*
s \:“{\"\
v
Pores of CeO, Pt *H,0 *OH H, e
&),1) .x)
LS L ~’*~‘~'\ < -
X ¢ - 1 5 - S < Flha. i
SRR G SRR O
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Fig. 7 Mechanism of ORR on the surface of Pt@CoO,/NC@CeO,1.
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Conclusions

A series of economical, applicable, and durable Pt-based elec-
trocatalysts (Pt@CoO,/NC@CeO,1, Pt@Co0,/NC@CeO,2, and
Pt@Co0,/NC@Ce0,3) with striking ORR behaviour were suc-
cessfully synthesized via the polyol reduction method. All the
synthesized electrocatalysts have been investigated for ORR
electrocatalytic activity in both alkaline and acidic environ-
ments. The optimized electrocatalysts (Pt@Co0O,/NC@CeO,1)
exhibited superior activity in terms of E;, in both alkaline
(0.89 Vi) and acidic environments (0.86 Vgy) with a minimal
amount of platinum loading. The as-synthesized electrocatalyst
(Pt@C00,/NC@Ce0,1) also demonstrated increased MA in
both 0.1 M KOH and acidic 0.1 M HCIO,. The high ORR
electrocatalytic activity of Pt@CoO,/NC@CeO,1 is attributed
to its larger ECSA (261 m® g '). The Pt@Co0,/NC@CeO,1
material actively engages in radical scavenging during the
ORR electrocatalytic process, leading to improved durability
with a retention of 99.8% and 99.9% current in both alkaline
and acidic environments, respectively, over an extended period.
The radical scavenging capability of Pt@CoO,/NC@CeO,1 is
endorsed to the porous nature of CeO,, capturing ROS pro-
duced in the partial ORR process, thereby enhancing the
catalyst’s durability. This study introduces a straightforward,
cost-effective, and environmentally friendly method for synthe-
sizing highly efficient electrocatalysts with antioxidant activity,
resulting in increased durability in challenging electrocatalytic
environments.
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