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Integrating more active components into a catalyst material could facilitate the development of multifunctional electrocatalysts for
energy conversion and storage applications. In this study, we developed a multifunctional electrocatalyst, namely, Pd alloyed with
Co-Fe deposited on N-doped mesoporous carbon derived from tissue paper (Pd@Co-Fe/N-TDC). The synergism in Pd@Co-Fe/
N-TDC, stemming from the interatomic alloy between Pd and Co-Fe, N-doped mesoporous carbon with defective surfaces,
distribution of polyhedral Pd nanoparticles, and strong metal-support interfacial interaction, resulted in significantly high
electrocatalytic performance for both oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). Pd@Co-Fe/N-
TDC was found to be an efficient bifunctional oxygen electrocatalyst, and this was evidenced by a high onset potential (1.01V)
and kinetic current density (2.6mA/cm2) for the ORR and by a low overpotential (296mV) and a low Tafel slope value
(38mV/dec) for the OER, along with a small ΔE of 736mV. The catalyst also exhibited high durability for both ORR and
OER, even after 10000 and 5000 cycles, respectively. Theoretical assessment provides an insight into the synergism of active
metal sites in Pd@Co-Fe/N-TDC, which showed its potential for use as a non-Pt electrocatalyst for energy applications.

1. Introduction

The development of multifunctional electrocatalysts is a
highly anticipated area of research aimed at tackling critical
socioeconomic challenges in the energy and environmental
sectors [1–3]. In the field of green energy technology, oxygen
bifunctional electrocatalysts with multifunctional activity
have tremendous potential to revolutionize sustainable
energy conversion and storage systems [3–5]. These catalysts
can play a pivotal role in the advancement of various electro-
chemical devices such as fuel cells, electrolyzers, and batte-
ries by facilitating efficient energy conversion and the use
of renewable energy sources [6, 7]. The kinetics of the oxy-
gen reduction reaction (ORR) and oxygen evolution reaction
(OER) depend on the electron transfer rate, surface adsorp-
tion of intermediates, and active sites accessibility, which are
influenced by the structure-activity relationship of the cata-
lyst during the electrochemical reactions [3, 8].

Generally, while noble-metal-based electrocatalysts are
excellent for the ORR, they are less favorable for the OER,
and vice versa, owing to the complex reaction mechanism
[9, 10]. Hence, a well-engineered cost-effective multifunc-
tional electrocatalyst with optimized performance is crucial
for practical applications. In alkaline media, Pd-based elec-
trocatalysts are good alternatives to Pt since their electronic
and crystalline properties are comparable to those of Pt
[11, 12]. Despite cost-effective measures, the modification
of Pd’s electronic structure is a critical strategy for achieving
optimized electrocatalytic performance through increased
accessibility of active sites, with strong electronic redistribu-
tion from adjacent secondary active elements [12–14].
Among nonnoble metals, Co has attracted considerable
attention for its versatile electronic properties and efficient
oxygen electrocatalysis when alloyed with Pd, owing to
inherent oxygen defects in its oxide form [13–16]. Further-
more, bimetallic compounds, such as Co-Fe alloyed with
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Pd, have been identified as promising electrocatalysts for the
ORR, OER, and HER. In particular, the use of conventional
carbon as a support for Pd-CoFe has a significant effect on
the long-term electrocatalytic activity of the compound
[17–21]. This finding has encouraged researchers to further
investigate this combination through various strategic
approaches, including enhancing the metal-support interac-
tion for different carbon supports.

Multiple active components can be effectively integrated
using a carbonaceous support, which enhances electron dis-
tribution and increases the surface reactivity of the active
metal components because of its defective surface and highly
accessible catalyst sites [1, 22, 23]. Furthermore, doping the
carbon substrate with heteroatoms (such as N, S, and P)
can significantly improve its electronic conductivity by delo-
calizing the π-electrons, resulting in noteworthy changes in
the electronic and chemical activity of the catalysts [1, 3,
24–26]. In N-doped carbon, the closely matched atomic
radii and significant electronegativity difference between N
and C atoms allow facile heteroatom doping without altering
the carbon skeleton. This facilitates electron redistribution
and creates a favorable band potential for O2 adsorption
[27]. The active role of pyridinic and graphitic N-atoms within
N-doped carbon structures in improving facile electron trans-
fer to adjacent active metal sites has been underscored in the
literature for the identification of active sites during oxygen
electrocatalysis [28, 29]. Biomaterial-derived activated carbon
with heteroatom doping has drawn significant attention
because of its abundance, low cost, and sustainable recyclabil-
ity, and it is a promising alternative to expensive and complex
conventional carbon supports [30–32]. In the case of metal
nanoparticles that adhere strongly to supporting materials,
highly favorable electron transfer occurs between them, which
is induced by a strong metal-support interfacial interaction
[33–35]. Consequently, this phenomenon may enhance the
synergistic effects of the catalysts through inherent electronic
and geometric changes, leading to superior multifunctional
electrocatalytic performance [36, 37].

Considering the aforementioned key aspects of engineer-
ing multifunctional electrocatalysts, we designed and devel-
oped polyhedral Pd nanoparticles alloyed with Co-Fe and
decorated them on an N-doped carbon support (Pd@Co-
Fe/N-TDC) derived from charred laboratory tissue papers.
Pd@Co-Fe/N-TDC was synthesized using a two-stage
method. First, Co-Fe with a bipyridine complex was grown
on pretreated tissue paper, and it was then subjected to car-
bonization. Subsequently, Pd nanoparticles were decorated
onto the substrate by using a chemical reduction method,
and they were activated through pyrolysis. Furthermore,
monometallic Co and Fe and bimetallic Co-Fe on N-TDC
were studied and compared for oxygen electrocatalysis.
Compared with the commercial standard Pt/C used for the
ORR, Pd@Co-Fe/N-TDC exhibited a higher onset potential
(1.01V) and mass activity (2.6mA/cm2 at 0.85V). Addition-
ally, it showed a lower overpotential (296mV) and a higher
current density (0.702mA/μgPd) during the OER compared
with other catalysts, including the standard RuO2. The cata-
lyst had exceptional durability, and it could withstand 10,000
potential cycles during the ORR, with negligible half-wave

potential shift and only a small increase in the overpotential
for the OER after 5000 cycles. Pd@Co-Fe/N-TDC exhibited
enhanced oxygen bifunctional performance that could be
attributed to its high specific surface area, mesoporosity, sur-
face defects, N-C conjugation, uniform distribution of Pd
nanoparticles, strong interatomic alloy formation, and
improved metal-support interfacial interaction, all of which
synergistically contributed to its superior performance.

2. Experimental Section

2.1. Preparation of CoFe Alloy on N-Doped Carbon Derived
from Tissue Paper (Co-Fe/N-TDC). First, 5 g of laboratory
wipe tissue paper (TP) was pretreated by soaking it in an
ethanol/water mixture for 6 h and then in an acetone/water
mixture overnight. The treated solvents were completely
drained, and the soaked TP was dried for 24 h at 90°C. Sec-
ond, Co-Fe alloy crystals were grown by mixing 0.23 g of
cobalt nitrate hexahydrate (Co(NO3)3·6H2O), 0.50 g of iron
nitrate nonahydrate (Fe(NO3)3·9H2O), and 0.39 g of 2,2′
-bipyridine (Bpy) in 25ml of an ethanol/water mixture
(1 : 1). The mixture was left to slowly evaporate, giving rise
to the formation of a needle-shaped crystal complex, as
depicted in Figure S1. The Co-Fe alloy crystals formed
were then redispersed in ethanol and mixed with the
pretreated TPs by soaking them overnight, and this was
followed by drying for 24 h at 90°C. Finally, the dried Co-
Fe alloy-coated TPs were calcinated for 6 h at 550°C and
washed with 0.1M HCl to remove any untreated residues.
They were then washed with water until their pH was
neutral. The final yield was further activated by pyrolysis
treatment for 90min at 850°C in an argon atmosphere. A
similar synthesis method has previously been used to
prepare monometallic catalyst materials, namely, Co/N-
TDC and Fe/N-TDC, with the amounts of metal precursor
used being 0.46 and 1.01 g, respectively. Here, the
abbreviation TDC represents carbon derived from TP.

2.2. Synthesis of Low-Loading Pd on Co-Fe Alloy/N-Doped
Carbon (Pd@Co-Fe/N-TDC). To achieve a low (10%) Pd
loading on CoFe/N-TDC, we dispersed 100mg of CoFe/N-
TDC in 25ml of ethylene glycol (EG) under vigorous stirring
for 30min. Then, 250μl of 1mMKBr in EG/H2O and 4.89mg
of K2PdCl4 were taken in a three-necked round-bottom flask
at room temperature and continuously stirred for 30min.
Finally, 5ml of 0.05M ascorbic acid was injected into the reac-
tion mixture in an inert atmosphere (nitrogen gas) at a tem-
perature of 110°C (achieved using an oil bath) under
continuous stirring for 60min. After the reaction was com-
plete, the resulting mixture was cooled to room temperature,
and the final product was collected through centrifugation.
The collected product was then washed with a copious
amount of water/ethanol mixture and dried at 90°C for 6h.

2.3. Characterization Techniques. The crystallinity of the cat-
alyst materials was investigated using powder X-ray diffrac-
tion (XRD) analysis conducted with an Ultima IV/Rigaku
instrument. A Cu Kα source with a wavelength of 1.5409Å
was used for XRD measurements. The morphology of the
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catalysts was analyzed using high-resolution transmission
electron microscopy (HRTEM), performed with a JEM-
2100 (JEOL, 200 kV) microscope. Elemental distribution
and composition were determined using a combination of
scanning transmission electron microscopy (STEM), high-
angle annular dark field (HAADF) imaging, and energy dis-
persive X-ray spectroscopy (EDX) on an FEI Tecnai G2 F20
(200 kV) instrument. The porosity and specific surface area
of the catalysts were determined using the Brunauer–
Emmett–Teller (BET) analysis method and a Tristar II
3020 instrument. The surface properties of the catalyst mate-
rials were determined using Raman spectroscopy, with a
DXR instrument from Thermo Fisher. The precise atomic
weight percentages of noble and nonnoble elements in the
catalyst materials were estimated using an inductively
coupled plasma-mass spectrometer (ICP-MS) such as the
Agilent 7000 instrument. The electronic properties of the
catalyst materials were investigated through X-ray photo-
electron spectroscopy (XPS) measurements performed on a
Versa Probe II instrument (ULVAC-PHI), with Al Kα
monochromatic rays as the excitation source.

2.4. Electrochemical Measurements. A three-electrode cell
setup comprising a glassy carbon-rotating disc working elec-
trode (GC-RDE, geometric area: 0.196 cm2), a saturated cal-
omel reference electrode (sat. KCl), and a graphite rod as the
counter electrode on an electrochemical workstation (ZIVE
SP1, South Korea) was used along with an RDE rotator
(ALS, Japan). The RDE-GC was polished to mirror finish,
and exactly 10μl of a catalyst ink was drop casted followed
by normal drying at ambient conditions. The catalyst ink
was prepared by ultrasonicating 3.0mg of the catalyst in a
mixture of 1ml absolute ethanol + 20 μl-diluted (5wt%)
Nafion for 10min. For all electrochemical experiments, the
final catalyst loading was maintained at 15μg/cm2

Pd for
Pd@Co-Fe/N-TDC, while the other nonnoble metal-based
catalysts had a loading of approximately 150μg/cm2. Com-
mercial Pt/C and RuO2 catalysts were loaded at around
30μg/cm2 for all electrochemical experiments.

For the ORR measurements, cyclic voltammograms
(CV) were recorded in N2-saturated 0.1M KOH electrolyte
at a scan rate of 50mV/s under ambient conditions. Linear
scan voltammograms (LSV) were obtained in an O2-satu-
rated electrolyte at various rotation rates of the rotating disk
electrode (RDE-GC), ranging from 400 to 2400 rpm, with a
scan rate of 10mV/s. The catalyst’s stability during the
ORR was assessed by subjecting it to continuous potential
cycling (accelerated durability test, ADT) between 0.6 and
1.0V at a scan rate of 100mV/s. To evaluate the OER perfor-
mance of the catalysts, we recorded LSV profiles in an N2-
saturated electrolyte at a scan rate of 10mV/s while main-
taining a rotation rate of 1600 rpm. The stability test for
the OER was conducted under conditions identical to those
employed for the ORR measurements. Furthermore, chron-
oamperometry (CA) analysis was performed at a potential of
1.53V for a duration of 6000 s under N2-saturated electro-
lyte conditions while maintaining a static electrode setup.
All potentials are reported relative to the reversible hydrogen
electrode (RHE).

2.5. Computational Methods. All density functional theory-
(DFT-) based computational calculations were performed
using the Gaussian 09 program package [38] with the aid
of the GaussView visualization program. The ground state
geometries were fully optimized using the hybrid B3LYP
functional methods in combination with the 6-311G (d, p)
basis set for lighter elements and LanL2DZ effective core
potential for metals (Co, Fe, and Pd) [39]. All geometries
were optimized to zero negative vibrational frequency to
ensure the global minima. The fractional contributions of
various fragments to each density of state (DOS) were plot-
ted by using Multiwfn [40], and Chemissian was used for
data interpretation. The electrostatic potential map and spin
density was plotted using GaussView with isovalues of 0.02
and 0.002, respectively.

3. Results and Discussion

Figure 1(a) shows a pictorial representation of the sequential
process used for fabricating the catalyst. It begins with the
formation of the Co-Fe alloy on N-doped pretreated tissue
paper. This is followed by carbonization and activation,
which involve different heat-treatment approaches. Finally,
polyhedral Pd nanoparticles are decorated onto the Co-Fe/
N-TDC substrate through a mild cochemical reduction
method. Figure 1(b) presents stacked XRD patterns of the
catalysts, which were compared with the standard JCPDS
files of potential elemental species. Notably, the Co-Fe/N-
TDC sample showed sharp diffraction peaks at 44.8° and
65.0°, corresponding to the (110) and (200) planes of the
CoFe alloy, respectively. These findings agreed well with
JCPDS #049-1568 [41], distinguishing it from the XRD pat-
terns of pristine Fe/N-TDC and Co/N-TDC.

Well-defined diffraction peaks corresponding to vari-
ous crystallographic planes were observed in the Pd-
decorated Co-Fe/N-TDC sample, as shown in the enlarged
portion. These peaks corresponded to C(002), Pd(111),
Pd(200), Pd(220), and CoFe(110) and occurred at diffrac-
tion angles of 24.4°, 40.3°, 46.7°, 68.4°, and 44.7°, respec-
tively. The observed shift in the diffraction angle toward
higher values for Pd planes (JCPDS #005-0681) [42] and
toward lower values for Co-Fe alloy planes provides valu-
able insights into the atomic-level interactions between Pd
and Co-Fe. An analysis of the XRD data facilitated the
determination of key parameters for the Pd(111) plane,
including the d-spacing value, lattice parameter, and percent-
age of lattice strain. The calculated values were 0.224nm,
0.3871Å, and 0.031%, respectively. These results provide
robust evidence of the formation of a strong interatomic alloy
of Pd and Co-Fe. Additionally, the average crystallite size was
estimated to be 6.6 nm from the Debye–Scherrer equation,
which provided insights into the size of the crystalline
domains in the alloy [41].

The catalytic performance of an electrocatalyst is signif-
icantly influenced by the specific surface area and porosity of
the substrate material, as they determine the accessibility of
active sites. To assess the catalytic performance of Pd@Co-
Fe/N-TDC, we performed the BET analysis. Figure 1(c)
shows the N2 adsorption/desorption profile, which shows a
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characteristic type-IV isotherm with hysteresis loops, indi-
cating the mesoporous nature of the catalyst. The specific
surface area (SSA) was measured to be approximately

410.05m2/g, while the average pore diameter was deter-
mined to be 3.4 nm, as shown in the pore size distribution
plot (inset of Figure 1(c)). In order to evaluate the degree
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Figure 1: (a) Schematic representation of the preparation of the Pd@Co-Fe/N-TDC catalyst; (b) XRD patterns of Fe/N-TDC, Co/N-TDC,
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of graphitization and surface defects in the carbon support
of the Pd@Co-Fe/N-TDC and Co-Fe/N-TDC catalysts, we
performed Raman spectra analysis; the results are presented
in Figure 1(d). A set of well-defined characteristic peaks was
observed at 1330.8 and 1583.1 cm-1, corresponding to the
disorder or defects (D-band) and crystalline nature (G-
band) of the carbon support, respectively. The peak intensity
of the D-band was found to be slightly lower than that of the
G-band, which indicates the presence of sp2-hybridized car-
bon in the catalyst substrate [21, 43]. Additionally, the ID/IG
ratio for Pd@Co-Fe/N-TDC and Co-Fe/N-TDC is below 1,
indicating greater structural order and a more graphitic
nature on the catalysts’ surface. This characteristic has the
potential to enhance the kinetics of oxygen electrocatalysis
[41, 44].

To ascertain the chemical state and atomic composition
of the various elements (such as Pd, Co, Fe, C, N, and O)
present in the catalyst, high-resolution XPS analysis was per-
formed for Pd@Co-Fe/N-TDC. In Figure 2(a), the XPS spec-
trum of Pd 3d is presented, and it shows the deconvolution
of doublets into 3d5/2 and 3d3/2 peaks. These doublets corre-
spond to the metallic state (Pd0) observed at 335.2 eV and
340.6 eV, and to the oxide state (Pd2+) observed at
335.7 eV and 341.4 eV. The presence of distinct valence
states of Pd, with a spin-orbit coupling constant of approxi-
mately 5.3 eV, is clearly evident [45]. In particular, the Pd0/
Pd2+ peak intensity ratio, which ranges from approximately
1.53 to 1.8, indicates the predominance of the metallic state
of Pd in Pd@Co-Fe/N-TDC. The deconvoluted XPS peaks
for both Co 2p and Fe 2p (Figures 3(b) and 3(c)) exhibit a
doublet of doublets, indicating the presence of two distinct

oxidation states: Co3+/Co4+ and Fe2+/Fe3+. Additionally,
the presence of adjacent shake-up satellite peaks suggests
that both elements exist in a metal oxide form [16]. Interest-
ingly, the binding energy of Pd0 in Pd@Co-Fe/N-TDC was
observed to be 0.4 eV lower than the standard Pd-metal
value of 335.6 eV [46]. This negative shift in the binding
energy indicates the possibility of interatomic interaction
through electron coupling between Pd and the Co-Fe/N-
TDC substrate. In Figure 2(d), the N 1s spectra show the
presence of pyridinic-N, pyrrolic-N, and graphitic-N, which
are distinct nitrogen species. Pyridinic-N and graphitic-N
serve as recognized active sites, facilitating facile electron
transfer with active metal sites in oxygen electrocatalysis,
as documented in the literature [28, 29]. Furthermore, the
XPS of O 1s (Figure 2(e)) and C 1s (Figure 2(f)) reveals
strong elemental interactions among metal, carbon, and oxy-
gen atoms, highlighting the presence of versatile active com-
ponents in the catalyst.

The FE-SEM images in Figure S2a and S2b reveal a
sheet-like morphology for the carbon derived from the
tissue paper, with embedded metal nanoparticles, and TEM
and HRTEM images (Figures 3(a) and 3(b)) showed a
well-distributed arrangement of polyhedral Pd
nanoparticles on the Co-Fe/N-TDC catalyst substrate. The
Pd nanoparticles exhibited clear crystalline boundaries and
were embedded within multiple layers of the Pd@Co-Fe/N-
TDC catalyst. The average particle size distribution of the
Pd nanoparticles was estimated to be 5 64 ± 0 9nm from a
histogram profile (inset of Figure 3(a)). Additionally, the
interplanar distance (d-spacing) of the Pd(111) and
Pd(200) planes was measured to be 0.224 nm and
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0.195 nm, respectively, as indicated in Figure 3(b). In
particular, the measured d-spacing value for Pd(111) was
consistent with the XRD data, and it was noticeably
smaller than that of the pristine Pd(111) plane (0.227 nm)
[14]. This suggests the formation of a strong alloy of Pd
and the other metals present in the catalyst. Figure 3(c)
depicts SAED patterns with distinct diffraction rings
corresponding to various crystalline planes, providing
strong evidence for the existence of multiple crystalline
domains in the Pd nanoparticles.

Figures 3(d)–3(j) show HAADF-STEM images along
with the corresponding elemental mappings of Pd, Co, Fe,
N, C, and O atoms. These elements were apparently uni-
formly distributed in the Pd@Co-Fe/N-TDC catalyst. The
images in Figures 3(e)–3(g) show a significant overlap in
the distributions of Pd, Co, and Fe atoms, indicating that
strong interatomic interaction led to the formation of the
alloy. Furthermore, the homogeneous distributions of N
and C elements in the images (Figures 3(h) and 3(j)) indicate
effective N-doping of the carbon support derived from tissue
paper. EDX-line scan profiles of Pd, Co, and Fe metal atoms
showed that the Pd@Co-Fe/N-TDC catalyst had a Pd-rich
surface (Figure 3(k)). The higher concentration of Pd at
the top layer enhanced the accessibility of active catalyst sites
for oxygen electrocatalysis. The elemental composition of

the Pd@Co-Fe/N-TDC catalyst was determined from its
EDX profile (Figure S3), and the atomic weight percentage
of each element is presented in the inset of Figure 3(k).
Additionally, the percentage atomic composition of Pd, Co,
and Fe was determined using ICP-MS analysis, and values
of 9.8%, 45.6%, and 32.6% were obtained, respectively.

To assess the electrocatalytic behavior of the catalysts, we
recorded their cyclic voltammogram profiles inN2 andO2-sat-
urated 0.1M KOH solutions under static conditions and com-
pared the profiles (Figure S4). Under O2-saturated conditions,
all four electrocatalysts exhibited a distinct oxide-reduction
peak during the cathodic sweep of the CVs. By contrast,
there was no such peak in the N2-saturated electrolyte,
highlighting their capability for oxygen electrocatalysis. The
Pd@Co-Fe/N-TDC catalyst outperformed other catalysts,
with a higher oxide-reduction potential (0.71V) and current
density (1.12mA/cm2) than Co-Fe/N-TDC (0.46V and
0.74mA/cm2), Co/N-TDC (0.46V and 0.72mA/cm2), and
Fe/N-TDC (0.57V and 0.70mA/cm2). The higher values
show the superior oxygen electrocatalysis in the case of
Pd@Co-Fe/N-TDC compared with the other catalysts.

The ORR performance of all four catalysts, along with
standard Pt/C, was studied by recording the polarization
curves (LSV) in O2-saturated 0.1M KOH at 1600 rpm and
a scan rate of 0.01V/s; the curves are shown in Figure 4(a).
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Notably, the improved ORR activity of Pd@Co-Fe/N-TDC
was evident from its onset potential (Eonset, 1.01V) and
half-wave potential (E1/2, 0.79V), which were higher than
(by 70mV) and comparable to the values for commercial
Pt/C (0.94V and 0.80V), respectively. These values were
also significantly higher than those of the Co-Fe/N-TDC
(0.96V and 0.66V), Co/N-TDC (0.78V and 0.42V), and
Fe/N-TDC (0.87V and 0.54V) catalysts, indicating the
lower overpotential of Pd@Co-Fe/N-TDC that signified
enhanced ORR kinetics. The kinetics of the ORR is related
to the adsorption/dissociation of O2 molecules at the catalyst
site, with the metal-metal bond distance being the main fac-
tor determining the ORR performance [14, 47]. Notably, the
formation of a strong interatomic alloy of Pd and adjacent
metals (Co and Fe) in Pd@Co-Fe/N-TDC shifts the Pd d-
band to the Fermi level, resulting in improved ORR kinetics,
supported by kinetic parameters and XPS analysis.

The kinetic and diffusion-controlled ORR behavior of
Pd@Co-Fe/N-TDC were evident in the LSVs recorded at dif-
ferent rotation rates (400–2400 rpm); the LSVs are depicted
in Figure 4(b). The number of electrons transferred (n) dur-
ing the ORR was determined from Koutecky–Levich (K-L)
plots at different potentials (inset of Figure 4(b)). The linear
and parallel K-L plots over the potential range for Pd@Co-
Fe/N-TDC yielded an n value of 3.8, signifying the predom-
inance of four-electron transfer during the ORR. Further-
more, the ORR kinetics of all four catalysts were evaluated
by obtaining Tafel slope values from their respective Tafel
plots, which are presented in Figure 4(c). The Tafel slope
value of 120mV/dec for Pd@Co-Fe/N-TDC was close to that
of standard Pt/C and lower than the values of the other
catalysts, indicating a higher rate of ORR kinetics on the cat-
alyst. At 0.85V, Pd@Co-Fe/N-TDC had a competitive
kinetic current density (jk, 2.6mA/cm2) and a competitive
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Figure 4: (a) LSV profiles recorded in O2-saturated 0.1M KOH at 1600 rpm and a scan rate of 0.01V/s for all five catalysts, (b) LSV profiles
at different rpm of the electrodes for Pd@Co-Fe/N-TDC (inset: respective K-L plot), (c) Tafel plots, and ADT-LSV profiles for the (d)
Pd@Co-Fe/N-TDC, (e) Co-Fe/N-TDC, and (f) Pt/C catalysts.
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mass activity (MA, 0.173mA/μgPd) compared with the other
non-Pt catalysts reported for the ORR [17, 47].

The durability of Pd@Co-Fe/N-TDC during the ORR
was examined by subjecting the catalyst to continuous
potential cycling at 0.1V/s under O2-saturated conditions.
Figure 4(d) shows the ORR-LSV, which was recorded to
assess the key parameters at regular intervals of 3000, 5000,
and 10000 cycles. After 3000 cycles, the Eonset and E1/2 values
shifted positively by around 10–20mV, resulting in higher jk
(3.7mA/cm2) and MA (0.25mA/μgPd) values at 0.85V.
These values were mostly retained after 5000 and 10000
cycles, with minimal changes, except for a significant differ-
ence in the diffusion limiting current between 0.8 and 0.1V.
The Co-Fe/N-TDC (Figure 4(e)) and Pt/C (Figure 4(f)) cat-
alysts showed a negative shift of approximately 20–30mV in
Eonset and E1/2 values after 5000 cycles, showing the high
durability and sustained performance of Pd@Co-Fe/N-
TDC during the ORR. A TEM image (Figure 5(a)) showed
the morphological changes in the Pd@Co-Fe/N-TDC cata-
lyst after 10000 cycles in the durability test. The microscopic
images showed slight aggregation that led to particle size
growth, and the average particle size was measured to be
6.84 nm, an increase of about 1 nm compared with its initial
distribution. Figures 5(b) and 5(c) show the polycrystalline
nature of Pd nanoparticles with dominant (111) planes. An
interplanar distance of 0.224 nm was obtained from the
HRTEM image, and various well-defined diffraction rings
were observed in the SAED patterns. Furthermore, EDX
mapping of the respective elements (Figures 5(d)–5(i))
clearly showed a nearly homogeneous distribution in the
Pd@Co-Fe/N-TDC catalyst after durability studies. The
atomic weight percentage of each element in Pd@Co-Fe/N-
TDC showed a small decrease from the initial value obtained
from the corresponding EDX profile (Figure 5(j)).

Apart from the ORR performance, we investigated the
OER activities of all four catalysts by recording their LSV
curves in N2-saturated 0.1M KOH at 1600 rpm and a poten-
tial scan rate of 10mV/s and compared them with that of
commercial RuO2; the OER activities are shown in
Figure 6(a). At an OER current density of 10mA/cm2, the
Pd@Co-Fe/N-TDC catalyst exhibited an overpotential (η10)
of approximately 296mV. This value is lower than those of

the Co-Fe/N-TDC, Co/N-TDC, Fe/N-TDC, and RuO2 cata-
lysts by 7mV, 82mV, 136mV, and 72mV, respectively. Fur-
thermore, the OER current density estimated at 1.53V was
found to be 0.702mA/μgPd, which was nearly 10–15 times
that of the other catalysts, including RuO2 (Figure 6(b)).
To gain insights into the OER kinetics, we determined the
corresponding Tafel slope values for the catalysts. As shown
in Figure 6(c), Pd@Co-Fe/N-TDC exhibited a lower slope
value of 38mV/dec compared with the other catalysts. These
key parameters of OER indicate the fast kinetics on Pd@Co-
Fe/N-TDC because of its superior electrocatalytic perfor-
mance compared with that of the other catalysts.

The OER stability of the catalysts was studied by per-
forming continuous potential sweeping up to 5000 cycles
at a scan rate of 0.1V/s, and also through chronoamperome-
try studies at 1.6V. Figures 6(d) and 6(e) show the LSV-OER
curves for the Pd@Co-Fe/N-TDC and Co-Fe/N-TDC cata-
lysts. These catalysts exhibited negative shifts of nearly 43
and 77mV in the overpotential, respectively, after 5000
cycles. In particular, Pd@Co-Fe/N-TDC retained nearly
70% of its initial OER current density measured at 1.53V,
which was approximately 10–15 times higher than that of
the Co-Fe/N-TDC catalyst (inset of Figure 6(f)). From the
CA studies, it was observed that Pd@Co-Fe/N-TDC showed
better attenuation up to 6000 s compared with the other cat-
alysts (Figure 6(f)). These results collectively imply that
Pd@Co-Fe/N-TDC exhibits high durability for the OER
and competes with the reported Pd-based catalysts [15,
48]. To probe the morphological changes of the Pd@Co-
Fe/N-TDC catalyst, TEM and HRTEM images were
obtained after the OER durability test and illustrated in
Figure S5. The TEM image clearly reveals distinct
morphological changes, including considerable
agglomeration, after the OER durability test. This observed
transformation might contribute to the deviation in the
electrocatalytic performance of Pd@Co-Fe/N-TDC over the
test period. Furthermore, the HRTEM image indicates that
the d-spacing value aligns well with the Pd(111) plane and
remains quite similar to the initial observation [49–51].
The oxygen bifunctional activity of the catalysts was
determined by calculating the potential difference (ΔE)
between E1/2 during the ORR and η10 during the OER
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Figure 6: (a) LSV profiles recorded in N2-saturated 0.1M KOH at 1600 rpm and a scan rate of 0.01V/s, (b) bar charts of the overpotential
and OER mass activity for all five catalysts, (c) Tafel plots, and ADT-LSV profiles for (d) Pd@Co-Fe/N-TDC, (e) Co-Fe/N-TDC, and (f)
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[52, 53]. For Pd@Co-Fe/N-TDC, this potential difference
was found to be 736mV, which is comparatively lower
than that of Co-Fe/N-TDC (836mV) and other Pd-based
electrocatalysts reported in the literature [13, 47, 54]. The
lowest ΔE value indicated that Pd@Co-Fe/N-TDC had
improved oxygen bifunctional activity with extended
durability.

To assess catalyst synergies, DFT calculations were con-
ducted to explore the energetically stable structural forma-
tions and synergistic effects among the active components.
Two energy-optimized structures of the Pd@Co-Fe/N-TDC
catalyst were proposed, showcasing notable distinctions in
the distribution and interaction of active metal components.

The top view of the catalyst sites in both structures, as
depicted in Figures 7(a) and 7(b), reveals a consistent
atomic-level interaction between Co and Fe, along with adja-
cent N-atoms. However, the Pd atom occupies different
sites; in the first structure (Figure 7(a), STR1), it is bound
with the C-N sites, while in the second structure
(Figure 7(b), STR2), it directly interacts with the Co-Fe
metallic sites. The electrostatic potential (ESP) mapping for
both structures is displayed in Figures S6a and S6b,
illustrating the atomic distribution of all elements
including Pd, Co, and Fe metals. Notably, the ESP
mapping reveals significant charge accumulation around
the Pd metal site, especially in STR2. This heightened

(a) (b)

x

(c) (d)

−0.8

−20

D
en

sit
y 

of
 st

at
es

0

20

40

60

Ed-band: −0.1597
80

−0.6 −0.4
Energy (a.u)

−0.2 0.0 0.2

TDOS
OPDOS

CoFe
Pd

C-N O2 ads

(e)

−0.8

−20

D
en

sit
y 

of
 st

at
es

−40

0

20

40

60

Ed-band: −0.154580

−0.6 −0.4
Energy (a.u)

−0.2 0.0 0.2

TDOS
OPDOS

CoFe
Pd

C-N O2 ads

(f)

Figure 7: Top view of (a, b) initial and (c, d) the oxygen molecule adsorbed on different Pd@Co-Fe/N-TDC catalyst structures (STR1 and STR2)
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charge density suggests a stronger interatomic interaction
among Pd, Co, and Fe atoms compared to STR1, where Pd
was isolated.

Furthermore, spin density plots for both STR1 and STR2
are depicted in Figures S6c and S6d, with blue representing
positive and green indicating negative spin population.
Notably, STR2 displays a significantly higher positive spin
population compared to STR1, aligning well with the ESP
mappings. This observation suggests a synergistic
interaction among the three active metals Pd, Co, and Fe,
intensifying surface reactivity with electronegative oxygen
atoms (from O2 or H2O) during both ORR and OER [55].
Following oxygen molecule adsorption on Pd@Co-Fe/N-
TDC catalyst structures (STR1 and STR2) in Figures 7(c)
and 7(d), Pd―O bond length is 2.2469Å, and the surface-
adsorbed oxygen molecule (O―O) is 2.0200Å in STR2,
larger than in STR1. Therefore, the extended O―O bond
length can facilitate efficient bond breaking, advancing to
subsequent electrochemical reaction steps in ORR [56].

Additionally, the elongated metal-oxygen bond length
may enhance the accessibility of active sites for further reac-
tions on STR2 compared to STR1. Furthermore, the adsorp-
tion energy values indicate the interaction of surface oxygen
molecules on active Pd sites in both STR1 and STR2. Addi-
tionally, the d-band shift was observed to be downshifted to
the Fermi level for STR2 compared to STR1 (Table S1),
which correlates well with the physicochemical results,
particularly from XPS analysis. Theoretical calculations
were conducted to illustrate the potential structural
integration of trimetallic alloy formation in Pd@Co-Fe/N-
TDC catalyst. These calculations emphasize the essential
role of metal-metal interactions among Pd, Co, and Fe,
enhancing surface reactivity for both ORR and OER and
corroborating the synergistic effects of the catalysts.

The efficient electrocatalytic oxygen bifunctional activity
and high durability of Pd@Co-Fe/N-TDCmight be supported
by the following crucial factors: (1) the uniform distribution of
polyhedral Pd nanoparticles with distinct crystalline bound-
aries leads to a large number of structural interfaces and inter-
nal electron redistribution, enhancing the catalytic
performance for the ORR and OER, (2) strong interatomic
interaction between Pd and Co-Fe shifts the d-band center
of Pd toward the Fermi level, reducing -OH adsorption at
active sites and increasing the number of reactive sites for
improved oxygen electrocatalysis, (3) the N-doped mesopo-
rous TDC with high SSA improves the accessibility of active
sites during surface reactions, (4) the strong metal-support
interaction is a key factor influencing the electronic conductiv-
ity and structural integrity of the catalyst during electrochem-
ical reactions, and (5) the polycrystalline properties of the
Pd@Co-Fe alloy nanoparticles and the surface defects of the
N-doped carbon substrate collectively contribute to the syner-
gistic enhancement of the catalytic performance, rendering the
catalyst an efficient bifunctional oxygen electrocatalyst.

4. Conclusion

A two-stage preparation process was successfully employed
to synthesize a homogenous distribution of polyhedral Pd

nanoparticles that could be alloyed with Co-Fe, embedded
on a defect-rich and mesoporous N-doped carbon support
derived from tissue papers. Heteroatom doping of TDC sub-
stantiates the electronic conductivity of the carbon support,
facilitating strong interfacial interaction with the metal
nanoparticles on it. This further synergized the electrocata-
lytic ability of Pd@Co-Fe/N-TDC by altering the Pd elec-
tronic structure through a downshift of the d-band center,
thereby boosting the catalyst’s performance for bifunctional
oxygen electrocatalysis. With a high SSA and a defect-rich
surface, the catalyst showed superior ORR performance
(Eonset: 1.01V; E1/2: 0.79V) compared with standard Pt/C.
Furthermore, good OER activity (0.702mA/μgPd) with a
low η10 (approximately 296mV) indicated better perfor-
mance compared with standard RuO2. The durability of
Pd@Co-Fe/N-TDC was studied by ADT, and it showed a
positive shift in E1/2 with increased ORR activity, and
approximately 70% retention of its OER activity with a
~43mV negative shift in η10. The overall performance of
Pd@Co-Fe/N-TDC as an efficient oxygen bifunctional elec-
trocatalyst was estimated with a low ΔE of 736mV, and it
was significantly higher than previously reported Pd-based
catalysts. These findings point to the excellent electrocata-
lytic performance of Pd@Co-Fe/N-TDC over a long lifetime,
highlighting its potential as a multifunctional non-Pt elec-
trocatalyst for energy conversion and storage applications.
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