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Rare-Earth (RE) elements offer unique opportunities for nanoscale property modulation in electrocatal-
ysis due to their distinctive electronic structures and strong oxophilic nature. This work investigates na-
noscale electronic and surface property engineering of Pt nanomaterials through RE praseodymium incor-
poration for energy electrocatalytic applications, focusing on the ethanol oxidation reaction (EOR). Praseo-
dymium incorporation alters the electronic structure, surface chemistry, and metal-support interactions of
Pt nanocatalysts, resulting in improved CO tolerance and enhanced reaction kinetics. The effects of compo-
sition, nanostructure, morphology, and interfacial bonding on electrocatalytic performance were systemati-
cally examined. Structural and surface characteristics were analyzed using X-ray diffraction (XRD) and Fou-
rier transform infrared (FTIR) spectroscopy. Electrochemical behavior and charge-transfer kinetics were
evaluated by cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical impedance spec-
troscopy (EIS), and chronoamperometry (CA). The results demonstrate that Pt-Pr nanocomposites exhibit
enhanced charge-transfer efficiency and stability, highlighting rare-earth-driven nanoscale property engi-
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neering as an effective strategy for advanced energy conversion systems.
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1. INTRODUCTION

Conventional thermal power generation poses sub-
stantial environmental challenges due to the emission of
greenhouse gases and harmful air pollutants, including
carbon dioxide, sulfur oxides, nitrogen oxides, and fine
particulate matter. These harmful emissions perturb the
Earth's radiative energy balance, thereby intensifying
global warming and accelerating climate change. Coal-
fired power plants are the dominant contributors, re-
leasing large quantities of carbon dioxide and sulfur ox-
ides that deteriorate ambient air quality and promote
acid rain formation, leading to adverse respiratory and
cardiovascular health outcomes. Conventional thermal
power plants also require extensive use of water for
steam generation and cooling processes, which generate
thermal and chemical contaminated effluents that com-
promise water quality and disrupt the aquatic life [1-6].

In contrast, electrochemical energy conversion sys-
tems represent a sustainable alternative to conventional
combustion-based power generation. Among these, Di-
rect Alcohol Fuel Cells (DAFCs) utilize liquid fuels such
as methanol and ethanol, which offer distinct ad-
vantages, including high volumetric energy density, fac-
ile storage and transportation and enhanced operational
safety relative to hydrogen-based systems. Despite these
benefits, the practical deployment of DAFCs remains
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constrained by sluggish reaction kinetics, catalyst deg-
radation and limited control over product selectivity.
Fuel cells convert chemical energy directly into electrical
energy through electrochemical reactions, which avoids
combustion and achieves efficiencies with less pollutant
emissions, making them attractive for portable energy
applications [7-12].

In this aspect, the ethanol oxidation reaction (EOR)
is a crucial anodic process that significantly influences
the power density and overall efficiency of direct ethanol
fuel cells (DEFCs). Achieving high performance requires
the development of a stable and highly active electrocat-
alyst that is capable of facilitating efficient electron
transfer and the activation of reactants at the electrode-
electrolyte interface. Furthermore, both structural char-
acteristics and compositional design of the catalyst play
a critical role in governing reaction pathways, interme-
diate adsorption behaviour, and long-term resistance to
catalyst deactivation [13-15].

Platinum based catalyst our widely employed for eth-
anol oxidation due to their low onset potential and favour-
able reaction kinetics. However, their white spread appli-
cation is hindered by costly material, limited durability,
and susceptibility to poisoning by strongly adsorbed car-
bonaceous species such as CO and CHx species. To over-
come these limitations, bimetallic and multimetallic cata-
lyst systems — including PtRh, PtSn, and PtRu have been
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extensively studied. These systems reduce the platinum
usage and increase the activity and stability through syn-
ergistic effects. Nevertheless, incomplete C-C bond cleav-
age and inherently slow EOR kinetics remain the primary
rate-limiting challenges in the development of high-per-
formance direct ethanol fuel cells.

In recent years, Rare Elements (RE), when alloyed
with platinum, have emerged as an effective strategy for
enhancing electrocatalytic performance. The low alloy-
ing energy of RE metals promotes better atomic mixing
and structural stability. Lanthanides, with their unique
4f orbital properties, strengthen metal interactions, sta-
bilize reaction intermediates, and optimize charge trans-
fer in electrooxidation. Their relative abundance and the
lanthanide contraction enable tailored physicochemical
properties. Such rare alloy catalysts significantly im-
prove selectivity, activity, and durability in advanced
fuel cell electrocatalysts by modifying electronic charac-
teristics and enhancing reaction processes [16-25].

Previous studies indicate that rare earth metals im-
prove the ethanol electrooxidation activity of platinum-
based catalysts. Neto et al. were the first to show that in-
corporating these elements enhances performance via a bi-
functional mechanism, where rare earth species supply ox-
ygen-containing groups that aid in the oxidation of carbo-
naceous intermediates adsorbed on platinum sites.

Among the rare elements, the one most extensively in-
vestigated is Cerium oxide (CeOg), a rare element signifi-
cant for low-temperature fuel cell applications, character-
ized by its fluorite crystal structure, high oxygen vacancy
concentration, and reversible Ce redox couple, which allows
it to enhance the oxidation process at the interface effec-
tively. Eu20s also helps ethanol oxidation. However, these
catalysts show limiting current density. To address these
issues, this study investigated MWCNT-supported bime-
tallic PtPr electrocatalysts with various molar ratios that
were synthesized via an impregnation-reduction approach.
Pr is used to show how the electronic or ligand effect en-
hances catalytic activity. Pr2Os alters the Pr 5d band struc-
ture, leading to improved catalytic activity and resistance
to poisoning effects. Multi-walled carbon nanotubes
(MWCNTSs) enhance ethanol electrooxidation (EEO) by act-
ing as efficient catalytic supports due to their high surface
area and brilliant electrical conductivity, which promotes
uniform metal dispersion, strong metal support interac-
tion, as well as improved CO-tolerance. Detailed structural,
composition and electrochemical characterization were
conducted to coordinate the catalyst morphology and the
bonding with ethanol oxidation reaction kinetics.

2. MATERIALS AND METHODS
2.1 Materials

Praseodymium (I1I) nitrate hexahydrate
Pr(NOs)3 -6H20 (Sisco Research Laboratories Pvt. Ltd.),
Chloroplatinic acid (H2PtCle.6H20) (Arora Matthey
Ltd.), NaBH4 (Merck), H2SO4, Ethanol (Merck) were the
chemicals used.

2.2 Synthesis Procedure

The electrocatalysts C/PtPr (50:50, 84:16, 91:9) were
synthesized by the metal impregnation and followed by
reduction, Filtration, and drying method. For the
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synthesis procedure, the required amount of MWCNT
was dispersed in 200 ml of double distilled water and
sonicated for approximately 15 minutes using a digital
sonicator. Thereafter, appropriate amounts of metal
salts solution were added to the suspension, and the re-
sulting mixture was kept in a magnetic stirrer for 2
hours to ensure uniform dispersion of the metal precur-
sors. Lastly, an appropriate amount of sodium borohy-
dride was added in drop-wise fashion under continuous
stirring to achieve complete reduction of the metal ions
to their metallic States. The resulting catalyst was then
filtered, thoroughly washed and dried overnight in a vac-
uum oven at 80 °C.

2.3 Physical and Electrochemical Characteriza-
tion of Catalyst

XRD were recorded in BRUKER AXS with Model D8,
where Cu Ka radiation (1= 1.5405 A) and the 26 were in
range of 10°-90°. 26 step size is 0.02°. Fourier Transform
Infrared (FTIR) spectroscopy analysis was carried out on
a PerkinElmer FT-IR/FIR spectrophotometer. To make
the working electrode, the catalyst was sonicated in eth-
anol for 180 seconds, creating a uniform electrocatalyst
ink that was drop-cast onto a Teflon-wrapped carbon
block, resulting in a catalyst loading of about 1.5
mg cm -2, In the three-electrode system, the carbon
block served as the working electrode, with Ag/AgCl as
the reference and a Pt wire as the counter electrode.
Electrochemical measurements, like cyclic voltammetry
(CV), linear sweep voltammetry (LSV), EIS, and chron-
oamperometry (CA), were performed using a 0.5 M
H2SO4 and 1 M ethanol solution in a 20 mL electrolyte
with an EmStat4 potentiostat. CA data were collected
over 640 seconds, while CV and LSV were evaluated
across multiple scan rates within a potential range of
—0.5Vto+1.5V. CA was recorded at 0.6 V. EIS analysis
were carried out at 0.55 V in the frequency range of 0.1
Hz-35000 Hz.

3. RESULT AND DISCUSSION
3.1 X-ray Diffraction (XRD) Analysis

The bulk structural information of the catalysts is
determined by XRD analysis. The XRD patterns of the
C/PtPr (50:50, 84:16) and C/Pt catalysts are illustrated
in Fig. 1. In all the catalysts, the (002) plane shown for
the Carbon phase, and (111), (200), and (220) planes
shown for Pt phase. Incorporation of Pr in PtPr, dis-
placement of peaks is observed. Both show a typical face-
centered cubic (fcc) pattern. The peaks at 39.62, 46.24,
and 67.45 can be assigned to the (111), (200), and (220)
planes of the crystal structure of Pt. The 26 value corre-
sponds to the (111) plan for Pt and C/PtsoPrs0 C/PtssPris
are exhibited at 39-829, 39.99, and 40-17, respectively.
The shift of 26 values in Pt, compared to those PtPr,
caused the right sides to shift, which indicates lattice
contraction in binary catalysts. This lattice contraction
weakens the binding energy of adsorbed poisoning spe-
cies and improves the anti-poisoning competence during
the EOR.
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Fig. 1 — XRD patterns of the C/Pt, and C/PtPr binary electro-
catalysts

3.2 FTIR Analysis

Fig 2 shows the FTIR spectra of C/PtPr catalysts.
Two metal oxide bonds are found at 559 cm-! and at
1963 cm~! for Pr-O and Pt-O bonds in electrocatalysts.
Also, a peak is assigned to the vibration of O-H stretch-
ing at 3678 cm — . Decrease of Pr content, peak intensi-
ties are broader, which indicates an increase in metal
support interaction (MSI) in the catalyst. These bonds
formation and MSI in catalysts are crucial for EOR.
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Fig. 2 — FTIR spectra of C/PtPr binary electrocatalysts

3.3 Cyclic Voltammetry (CV) Analysis

Fig. 3 displays the cyclic voltammograms of C/PtPr
electrocatalyst at 0.02 V/s. Onset potential is the im-
portant variable, which evaluates the kinetics of EOR. It
was observed that the onset potential of 16 % Pr contain-
ing electrocatalyst is very low compared to other cata-
lysts. The onset potential of C/PtssPrie is 0.496 V. 50 %
and 91 % Pt containing surface is poisoned by carbona-
ceous species, which hinders oxidation, and the onset po-
tential is much higher than C/PtssPrie. The enhanced
ethanol oxidation activity of the C/PtssPriscatalyst is at-
tributed to a bifunctional mechanism, wherein after ad-
sorption on 84 % content Pt surface, Ethanol is oxidized
to CO. 16 % content Pr oxidatively splitting water and
adsorbed OH on the Pr surface which provides oxygen-
ated species (OHaas) at very low potential and removes
adsorbed CO from Pt surface and enhances oxidation ki-
netics, and following reaction occurred:
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Pr+ H20 — Pr-OHaa + H* + €, 1)
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Fig. 3 — Cyclic voltammograms of C/PtPr catalysts in 1 M
EtOH and 0.5 M H2SO4at optimum scan rate

3.4 Linear Sweep Voltammetry

Evaluating potentiodynamic polarization behaviour
and kinetics of the reaction, LSV techniques were used
in this study, where Tafel slope values were calculated.
Fig. 4 displays the LSV plots of electrocatalysts. The op-
timal Tafel slope values correspond to the 84:16 ratio of
PtPr, which shows the highest catalytic activity with
ethanol adsorption on surface.
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Fig. 4 — LSV curves of C/PtPr catalysts in 1 M EtOH and 0.5 M
H3S04 at optimum scan rate

3.5 Chronoamperometry Analysis

To investigate surface deactivation in acid environ-
ment, chronoamperometric technique was carried out,
which is shown in Fig 5. A starting current density is
dropped sharply in accordance with a gradual decline.
As seen, the Time vs current density plot for the
C/PtssPrie generates the highest oxidation current than
other binary and single metal catalysts. It is observed
that 16 % of Pr enhanced charge transfer, which contrib-
utes to higher current retention capacity throughout the
analysis. Also, it (C/PtssPris) shows maximum stability
and minimum poisoning. C/Pr catalyst shows the lowest
stability due to high solution resistance and high CO poi-
soning on the electrode surface.
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Fig. 5 — Chronoamperograms of C/PtPr, C/Pt and C/Pr electro-
catalysts at 0.6 V

3.6 Electrochemical Impedance Spectroscopy
(EIS)

Nyquist plots of C/PtPr, C/Pt, and C/Pr have been
shown in Fig. 6a. The arc in the complex-plane plots ex-
plained the presence of charge transfer resistance (Rct) and
double layer capacitance (Ca)) which reveal the reaction dy-
namics of electrocatalysts in acidic medium for EOR. A
prominent small semicircular arc is shown for (84:16) ratio
for C/PtPr catalyst, which indicates the lowest charge
transfer resistance with high efficiency of the catalyst.
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Fig. 6a — Impedance spectroscopy of C/PtPr catalysts in 1 M
EtOH and 0.5 M H2SO4 at 0.55 V
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The shift of charge transfer resistance is descending order:
C/Pr > C/Pt > C/Pts0Prs0 > C/Pto1Pro > C/PtssPrie.

From the Bode plot of the negative phase angle versus
log(f) (Fig. 6b), shows the phase shifts with frequency dur-
ing EOR, which reveals pseudocapacitive behaviour and
inductive behaviour representing the charge transfer and
intermediates adsorption of catalysts.

4. CONCLUSION

In brief, the findings demonstrated the role of Pr
with Pt in electrocatalysts for the EOR. All the analyses
confirmed that PtPr(84:16) is a highly promising and du-
rable candidate for direct ethanol fuel cell (DEFC) appli-
cations with the highest peak current density and a fa-
vorable negative shift in the potential, indicative of su-
perior reaction kinetics.
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InskeHepis eJIEKTPOHHUX BJIIACTHBOCTEH i BJIACTUBOCTE MOBEPXHI INIATHHOBUX HAHOMAaTepia-
JIiB HA HAHOPIBHI 34 JOIIOMOI0OK0 PiAKiICHO3€MEeJILHOIO €JIEMEHTA IPA3€0aUMYy IAJII 3aCTOCY-
BaHHA B €eHepreTuili

Prantica Sahal, Anushna Duttal, Sunanda Saha2, Susmita Singh!

L Department of Chemistry, Amity Institute of Applied Sciences, Amity University Kolkata, Major Arterial Road
(South-East), A. A. II, Rajarhat, 700135 Kolkata, West Bengal, India

2 Department of Biotechnology, Amity School of Biotechnology, Amity University Kolkata, Major Arterial Road
(South-East), A.A. II, Rajarhat, 700135 Kolkata, West Bengal, India

Pinxicuosemesnnni (P3) eeMenTr BiqKpUBAKOTD YHIKAIBHI MOMKJIMBOCTI A1 MOAUQIKAII] BJIaCTUBOCTEH
HAHOPO3MIPHUX MaTePlaiB B eJIeKTPOKATAII3] 3aBASIKY CBOIY crieludivHii eJIeKTPOHHIH CTPYKTYpi Ta BUpa-
sKeHIN OKcHlIbHOCTL. ¥ I1iif po0OT1 JOCTITKYEThCS KePYBAHHS €JIEKTPOHHIMHE Ta [I0BEPXHEBUMU BJIACTUBOC-
TSIMU HaHOMAaTepiaiB HA ocHOBI iatuau (Pt) muIsxom BBeIEHHS PiIKICHO3eMeJIHbHOI0 eJIeMEeHTa — IIpa3eo-
numy (Pr) — nuist 3acTocyBaHHS B €HEPreTHYHUX €JIEKTPOKATATITHYHIX CUCTEMAax, 30KpeMa B peakrIiil oKwuc-
"euns eranosy (EOR). Brenenns npaseonumy 3MiHIOE €JIEKTPOHHY CTPYKTYPY, XIMIiI0 IIOBEPXHI TA B3AEMOJIII0
MIK METaJIOM 1 HOCieM y HaHOKaTasIidaTopax Ha ocHOBI Pt, 110 mpua3BOaMTE 10 MIIBHUITIEHHS CTIHKOCTI JI0 OT-
pyerus dagaum rasom (CO) Ta moxpallleHHS KiHeTHMKH Peakiii. ByJo mpoBemeHO CHCTeMATHYHMI aHAJII3
BILIUBY CKJIAy, HAHOCTPYKTYPH, MOPQOJIOorii Ta Mimk(asHUX 3B'A3KIB HA €JIEKTPOKATAJITUYHI XapaKTepHuc-
Tukn. CTPYKTYPHI XapaKTePUCTUKH Ta BJIACTUBOCTI IMOBEPXHI JOCIIIIKYBAIN METOJAMA PEHTTeHIBCHKOI ard-
paxirii (XRD) ta indpadepsonoi cnexrpockormrii 3 mepersoperaaMm Oyp’e (FTIR). EnexrpoxiMiudy moBegiHKY
Ta KIHETHUKY TIePeHeCeHHs 3apsAay OMIHIOBAJIN 34 JOIIOMOIOI0 IIUKJIIYHOI BosrbTammepoMerpil (CV), minitiHOI
BostbTamirepometpii (LSV), emexrpoximiunoi iMmemancHoi crmekrpockorii (EIS) Ta xporoammepomerpii (CA).
OTpumaHni pe3yabTaT JeMOHCTPYIOTh, 1[0 HAHOKOMIIO3UTH Pt-Pr xapakTepusyorses miIBUIEHOI0 eheKTrB-
HICTIO TIepeHeCeHHs 3apsay Ta crablipHicTo. [le miarBepmkye, o MoaudiKaIis BJIaCTHBOCTEH HaAHOMATEPI-
aJIiB 3a JOIOMOIO0 PIIKICHO3eMeIbHUX €JIEMEHTIB € e()eKTHBHOI CTPATETIE IS CTBOPEHHS IIePEJOBUX CHU-

CTeM IIePEeTBOPEHHS eHeprii.

Knrouori cnopa: Hanomarepias, Cunepriunnii eperr, Kopessiiis «crpyrrypa — dpyHukiis», Erepreruanmit

€JIEKTPOKATAJITI3.
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