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ectrocatalytic activity of Pd
nanoparticles through electronic coupling
interaction with a Ni2P–MoS2 hybrid support for
ethanol electro-oxidation in an alkaline medium†
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To improve the performance of direct ethanol fuel cells (DEFCs), which are hindered by traditional catalysts,

having matters pertaining to stability, activity, and selectivity in reaction environments, various

electrocatalysts such as Pd/Ni2P, Pd/MoS2, and Pd/Ni2P–MoS2 were synthesized using the microwave-

assisted NaBH4–ethylene glycol reduction method. The research findings suggest that the Pd/Ni2P–

MoS2 catalyst we developed had the highest activity (1579 mA mgPd
−1), approximately 21 times greater

than that of commercial Pd/C. The stability of the electrocatalysts were examined using

chronoamperometry (CA) and cyclic voltammetry (CV) measurements, which indicated that the Pd/

Ni2P–MoS2 electrocatalyst had good stability towards the ethanol oxidation reaction (EOR) in alkaline

electrolyte. Electrochemical impedance spectroscopy (EIS) analysis showed that the Pd/Ni2P–MoS2
electrocatalyst had lower charge transfer resistance, indicating better electrochemical kinetics.

According to XRD, HR-TEM, XPS, and electrochemical analysis, the enhanced electrocatalytic activity,

long-term stability of the Pd/Ni2P–MoS2 electrocatalyst were attributable to the interface synergism as

well as electronic and strain effects between the Pd, Ni2P, and MoS2 interactions. This resulted in

a downshift in the d-band center of the Pd/Ni2P–MoS2 electrocatalyst, weakening intermediate

adsorption and the adsorbate metal interaction.
1 Introduction

The widespread use of CO2 emitting fossil fuels has made
meeting the world's energy demand a signicant challenge.
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This has put a strain on the planet's natural resources. There-
fore, developing renewable energy resources globally, is essen-
tial to ensure sustainable growth, especially in developing
countries. Direct alcohol fuel cells are promising energy
conversion and storage technologies, suitable for portable and
mobile devices. Both monohydric and polyhydric alcohols have
appreciable high energy densities, high boiling points, and low
volatilities, which makes them easy to store. Direct ethanol fuel
cell (DEFCs have several advantages.1,2 It has an existing infra-
structure for production, high specic energy, and abundance.
However, ethanol usage is limited due to the slow kinetics of the
ethanol oxidation reaction (EOR) and the requirement to cleave
the C–C bond, which has presented signicant challenges.1–5

Electrocatalyst design is essential in developing DEFC elec-
trocatalysts with improved performance. It is possible to modify
electrocatalysts by changing their shape, composition, support
materials, electronic state, structural effects, and preparatory
methods. Various synthesis methods have been used to control
the compositions and structures of bimetallic electrocatalysts,
aiming to enhance the electrocatalyst activity, CO selectivity,
and durability of Pd-based electrocatalysts. For example, in
This journal is © The Royal Society of Chemistry 2025
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their study, Shu et al.6 demonstrated that the PdCuCo electro-
catalyst, showed a signicantly higher peak current density for
the electro-oxidation of fuel under alkaline conditions. The
performance was ten times greater than that of the Pd/C cata-
lyst. It is well known that the use of appropriate metals and
supports can adjust the electronic structure and affect the
intrinsic activity of electrocatalysts. Doping and alloying
protocols have been shown to impact the electronic structure of
Pd and improve the performance of the electro-oxidation reac-
tion. Junfeng Liu et al.7 evaluated these catalyst desgin strate-
gies, reporting that a P-doped PdMo bimetallene exhibits
superior performance in the electro-oxidation of various alco-
hols due to the altered Pd electronic structures.

For enhanced Pd electrocatalytic activity, Wang et al.8

synthesized a Pd–Ni–P ternary catalyst (by introducing Ni and P
into Pd) that showed high EOR electrocatalytic performance. In
another study, Ye et al.9 prepared stable 3D hierarchical
Pd@CoP nanosheets to promote the oxidation or removal of CO
and CH3CO species. Similarly, Chen et al.10 improved the EOR
performance in alkaline media by introducing P into a CuPdNi
alloy, forming a CuPdNiP catalyst. From these studies, we
concluded that P promotes bifunctional effects, shortens the
interatomic distance, and promotes metal support interactions
(MSIs). Improving the activity and stability of Pd, with lower Pd
loading, promotes the prospects for commercialization.

Both experimental and theoretical evaluations have shown
that Ni2P exhibits higher electrocatalytic activity and stability
for various reactions, such as the hydrogen evolution reaction
(HER) and formic acid oxidation reaction (FAOR). These
improved electrocatalytic or photochemical catalytic properties
are due to the electronic charge transfer from the interaction of
Ni and P and active metal site exposure effects. Chang et al.11

synthesized Pt–Ni2P/C electrocatalysts, wherein the 30 wt%
loading of Ni2P exhibited higher performances relative to Pt/C,
Ni-promoted Pt/C, and P-promoted Pt/C catalysts, as assessed
by electrochemical evaluation. On the other hand, metal
dichalcogenides, such as MoS2, WS2, etc., have attracted atten-
tion for catalytic applications due to their plausible electrical
and electrochemical properties. In particular, MoS2 is inter-
esting because it is easy to synthesize and cost-effective and has
longer active edges. All these features make MoS2 an efficient
component for preparing a hybrid electrocatalyst. For example,
Tang et al.12 synthesized Pt-decorated porous coral reef-like
MoS2/nitrogen-doped biocarbon, which showed superior CO
tolerance and was an effective methanol oxidation reaction
(MOR) catalyst. In a different study, Meng Li et al.13 reported the
use of ultrane Pt/MoP-NC for the MOR, and attributed the
improved performance to a strong synergistic interface effect
between platinum (Pt) and molybdenum phosphide (MoP)
which was strengthened by the electronic donation properties
of MoP and in turn enhanced both the catalytic activity and
stability. The same phenomenon was put forward by Yubin K.
et al.14 where they alluded to Pt doping and interfacial engi-
neering with MoSe2 which accelerated MOR kinetics.

In light of the aforementioned efforts and drawing inspira-
tion from previous ndings as the foundation, we report for the
rst time the promotion of Pd by Ni2P–MoS2 for the ethanol
This journal is © The Royal Society of Chemistry 2025
oxidation reaction. We show that the Ni2P–MoS2 promotion
effect on Pd was signicant. In this study, we detail the
synthesis of the Pd/Ni2P–MoS2 electrocatalyst using an ethylene
glycol/NaBH4 microwave-assisted reduction method and its
characterization as well as electrocatalytic properties. Through
the interface of MoS2 with Ni2P and Pd nanoparticles, we ach-
ieved a synergy between Pd and Ni2P–MoS2. The hybrid Pd/
Ni2P–MoS2 electrocatalyst demonstrated superior electro-
catalytic activity with a mass activity of 1579 mA mgPd

−1 and an
onset potential of 0.48 (V vs. RHE) while also exhibiting
remarkable durability aer 500 cycles, retaining 88.5% of the
initial current.

2 Experimental
2.1 Chemicals

The following chemicals were all purchased from Sigma-
Aldrich. Molybdenum(IV) sulphide (MoS2) powder (<2 mm,
99%), nickel chloride hexahydrate, NiCl2$6H2O, red phos-
phorus, ethanol, 99.9%, palladium(II) chloride PdCl2 (98.0%),
Pd/C commercial 10 wt%, dimethyl ether (DME), ethylene glycol
(EG), 99.5.0%, potassium hydroxide (KOH) pellets, ferrocene
C10H10Fe, and hydrogen peroxide H2O2.

2.1.1 Synthesis of nickel phosphide, Ni2P. Pristine Ni2P
was synthesized using a modied solvothermal approach.12 In
brief, 1.0 mmol of NiCl2$6H2O was stirred with 4.0 mmol of red
phosphorus in ethylene glycol for 30minutes. This was followed
by ultrasonic irradiation at ambient temperatures for 30
minutes. The solution was carefully poured into a stainless-steel
Teon-lined autoclave (80 mL) and reacted at 180 °C for 12 h in
a furnace. The product was cooled and washed multiple times
with distilled H2O/CH3CH2OH until a clear ltrate was
observed. A dry sample was obtained by oven drying at 80 °C for
8 h.

2.1.2 Synthesis of the Ni2P–MoS2 hybrid support. A 1 : 1
ratio of Ni2P–MoS2 was used in the experiment. First, 800 mg of
Ni2P and 800 mg of MoS2 were mixed using a pestle and mortar
for 15 minutes. The resulting mixture was then dissolved in
50 mL of a solution containing equal parts of ethanol and
distilled water. This solution was placed in a glass beaker and
stirred continuously for 1 hour while bubbling N2/Ar gas to
prevent oxide formation. The solution was then transferred to
a stainless-steel autoclave and heated to 150 °C for 3 hours. The
contents were then centrifuged and dried at 80 °C for 6 hours.
Finally, the resulting powder was named Ni2P–MoS2.

2.1.3 Synthesis of the Pd/Ni2P–MoS2 nanocomposite. To
prepare a 5 wt% Pd/Ni2P–MoS2 nanocomposite, 83.33 mg of
PdCl2 was dissolved in 40 mL of double distilled water. The Pd
solution was added dropwise to the hybrid support Ni2P–MoS2
while stirring for 3 h. Aerwards, a mixture of ethylene glycol/
NaBH4 (40 mL: 1 g) was added dropwise to the above mixture,
and the pH was increased to between 10 and 12 using a 3 M
NaOH solution. The 5 wt% Pd/Ni2P–MoS2 solution was micro-
wave irradiated for 4 minutes with 1-minute sonication inter-
vals. Aer irradiation, the black suspension was washed
multiple times with a solution of (1 : 1) ethanol and double
distilled water. The black solid was dried in a vacuum oven at
Sustainable Energy Fuels, 2025, 9, 1552–1564 | 1553
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60 °C for 24 h and labeled as Pd/Ni2P–MoS2. The other elec-
trocatalysts were synthesized using the same method with
appropriate chemicals, specically Pd/Ni2P without the addi-
tion of MoS2 and Pd/MoS2 without the addition of Ni2P.

2.2 Physicochemical instrumentation

The samples were analysed for their crystalline nature using an
X'Pert PRO PANalytical diffractometer at room temperature,
with CuKa radiation (l = 1.5406 Å), covering the 2q range of 10–
90°. Other tests performed included FTIR spectroscopy using
a PerkinElmer FTIR spectrophotometer and RAMAN spectros-
copy using a WITec alpha300R confocal Raman spectrometer
with a laser wavelength of 532 nm and 600 grooves per mm,
using a 50X objective and a 100 mm ber. Images were recorded
using scanning transmission electron microscopy (STEM) with
a JEOL JEM-ARM200F at 200 kV. Pd concentrations were
measured using inductively coupled plasma-optical emission
spectrometry (ICP-OES), while X-ray photoemission spectros-
copy (XPS) measurements were performed in an ultra-high
vacuum (UHV) chamber equipped with a SPECS PHOIBOS 150
hemispherical electron energy analyser, with an Al Ka excitation
line (hn = 1486.71 eV).

2.3 Electrochemical characterization

A Dropsens ustat 4000 and a standard three-electrode setup
were used for the electrochemical measurements. The glassy
carbon working electrode (WE) had an area of 0.07065 cm2,
while the counter was made of a Pt sheet and Ag/AgCl (3 M KCl)
was used as the reference electrode. To prepare the electro-
catalyst ink, 10 mg of the electrocatalyst was dispersed in 50/50
(v/v) ultrapure H2O/CH3CH(OH)CH3 solution containing 30 mL
of DME. The catalyst ink was then ultrasonicated at room
temperature for 3 hours. 5 mL of the electrocatalyst ink was
drop-coated on the active area of the GCE and dried at 80 °C in
an oven. A freshly prepared N2 gas-saturated mixture of 0.5 M
CH3CH2OH and 1 M KOH was used as the electrolyte. The CV
measurements were performed between a potential window of
0.0 to 1.1 V (V vs. RHE) at 50 mV s−1 (scan direction from le to
right) at room temperature, and the third scans were recorded.
Electrochemical impedance spectra (EIS) at 0.59 V (vs. RHE) in
the frequency range of 10 Hz to 100 000 kHz were also recorded.
Chronoamperometry measurements were conducted in N2-
saturated 1 M KOH + 0.5 M ethanol at 0.59 (V vs. RHE) using
a Gamry interface 1010E 27143. To convert all potentials to the
RHE scale, the Nernst equation ERHE = EAg/AgCl + 0.059 × pH +
0.197 was used. A 10 wt% commercial Pd/C electrocatalyst was
used as the benchmark for all electrochemical tests under
similar reaction conditions.

3 Results and discussion
3.1 Synthesis chemistry of Pd/Ni2P–MoS2

Initially, Ni2P and MoS2 were mixed in water and ethanol.

Ni2PþMoS2 ����!H2O=EtOH
Ni2P�MoS2 hybrid support system (1)
1554 | Sustainable Energy Fuels, 2025, 9, 1552–1564
For the deposition of Pd nanoparticels (NPs) onto the Ni2P–
MoS2 electrocatalyst (assuming the anchoring of Pd NPs onto
the catalyst surface), we postulate that on anchoring the Pd NPs
they should mostly be in the zero state via the reduction of
PdCl2. This reduction process is carried out in a mixture of
NaHB4/EG and is facilitated by microwave irradiation. We
propose that Na+ from NaBH4/NaOH reacts with Cl from PdCl2
to form NaCl, which is then washed off. The representative
equation is shown below:

Ni2P�MoS2 ����������������������!

PdCl2 ; NaBH4 ; Ethylene gylcol;

NaOH;

Microwave

YPd=Ni2P

�MoS2 þNaClðaqÞ (2)

During our study, we assumed that the precursor reduction
to a metal results in the complete oxidation of EG into CO2 and
H2O, indicating the maximum reducing power of the alcohol.

CH2OH − CH2OH + 3PdCl2 / Y3Pd + [2CO2 + 6HCl (3)
3.2 Physicochemical characterization

The prepared electrocatalysts' arrangement and composition
were determined using XRD, FTIR, and Raman spectroscopy.
Fig. 1(a) presents the XRD patterns for the electrocatalytic
materials. The presence of sharp and intense diffraction peaks
in all samples attests to their high crystallinity. Fig. 1(a) illus-
trates MoS2 characteristic diffraction peaks at 14.1°, 29.0°,
33.68°, 44.0°, 59.56°, and 60.2°, indexed to (002), (004), (100),
(006), (110), and (008) planes, respectively, of the 2H-phase of
MoS2 (JCPDS 37-1492).15 Additionally, there is an extra peak at
around 2q z 28.8° corresponding to the (004) peak of 1T-phase
MoS2, suggesting the presence of a minor amount of 1T-phase
molybdenum disulde (MoS2) alongside the predominant 2H-
phase. Molybdenum disulde has different phases, with the
natural 2H-phase being semiconducting and thermodynami-
cally favored. This phase consists of two S–Mo–S layers formed
from edge-sharing MoS6 trigonal prisms, whereas the metallic
1T phase features a single S–Mo–S layer of edge-sharing MoS6
octahedra. Recent studies show that adding metallic atoms to
MoS2 nanosheets can induce the transformation from the 2H
phase into the 1T phase, leading to lower charge transfer
resistance and improved catalytic performance.16–18

The (002) peak predominance indicates a preferential
orientation along the (001) direction in the prepared materials.
For Ni2P, the diffraction peaks at 40.6°, 44.7°, 47.3°, 54.2°, and
54.7° are indexed to (111), (021), (210), (300), and (002) planes,
respectively, and relate to the hexagonal phase of Ni2P (JCPDS
Card No. 65-1989).19,20 The Pd diffaction lines are invisible on
Pd/MoS2, Pd/Ni2P, and Pd/Ni2P–MoS2 samples due to overlap,
low loading, smaller sizes, and good dispersion of Pd nano-
particles; as seen from the HR-TEM. This is seen by the
broadening of the peak base where Pd appears. Thus, the XRD
pattern of Pd/Ni2P–MoS2 conrms the successful formation of
the hybrid catalyst.
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of the synthesised electrocatalysts.
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The surface chemical states of the samples were analyzed
using Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra of Ni2P, MoS2, Pd/Ni2P, Pd/MoS2, and Pd/Ni2P–MoS2 are
shown in Fig. 1(b). The peak at 3419 cm−1 is a strong signal
from the adsorbed –OH groups. The peaks from 1300 cm−1 to
1700 cm−1 indicate the presence of water and the O–H group
bending vibration.21–24 MoS2 exhibits characteristic Mo–S and
S–S vibrations at 600 and 905 cm−1. The two bands at 1042 cm−1

and 918 cm−1 are attributed to species with phosphorus.21,25

Raman spectra shown in Fig. 1(c) were used to assess the
structural properties of the electrocatalysts. The distinct peaks at
381 and 410 cm−1 in MoS2, Pd/MoS2, and Pd/Ni2P–MoS2 samples
are assigned to the E2g

1 and A1g ofMo–S phononmode belonging
to the 2H crystalline phase of MoS2.26,27 Previous research studies
have shown similar ndings to the ones presented here.28 This
further proves that the composite structure of MoS2 and Ni2P has
successfully formed. The deposition of Pd atoms onto Ni2P,
MoS2, and Ni2P–MoS2 leads to a shi of approximately 2.0 cm−1

in the A1g peak. This indicates that Pd interacts with support
materials and can considerably modify the electronic structure,
as conrmed from XPS analysis in Fig. 3 and 4. Similarly, the E2g

1

and A1g peaks of Ni2P–MoS2 exhibit a slight red shi compared to
MoS2 due to interfacial stress resulting from the interaction
between Ni2P andMoS2. This shi suggests that the formation of
the MoS2–Ni2P heterojunction induces changes in the Raman
spectra of MoS2, conrming the successful preparation of MoS2–
Ni2P. Furthermore, the peak separations (A1g − E12g) in the bare
supports are 29.7, 25.4, and 23.2 cm−1, with Pd-loaded supports
showing a slight decrease in the peak separation attributable to
introducing S vacancies during chemical synthesis; this peak
This journal is © The Royal Society of Chemistry 2025
separation further proves successful Pd anchoring and support
hybridization and that MoS2 is a good candidate for Pd
anchoring.28–30

The morphology of the electrocatalysts was studied using
HR-TEM, as seen in Fig. 2. Ni2P and MoS2 have a sheet-like
morphology, as shown in Fig. 2(a) and (b), respectively, with
SAED pattern insets. Fig. 2(a) shows lattice fringes, conrming
that the desired Ni2P phase was successfully formed. The
distinct lattice fringes with a d-spacing of 0.20 nm were
observed for the Ni2P crystal, corresponding to the (201) lattice
plane of the hexagonal Ni2P phase.31 The SAED pattern of Ni2P
has three diffraction rings representing the (111), (300), and
(321) planes of Ni2P, from the inner to the outer ring. Fig. 2(c)
and (d) show Pd NPs anchored onto the surface of Ni2P and
MoS2, respectively, with 2 and 3.4 nm sizes. The different sizes
of the Pd NPs indicate that the supports interact with the NPs
differently. The HR-TEM image in Fig. 2(e) conrms the
microstructure of the Ni2P–MoS2 nanosheet hybrids with Pd
NPs on the surface, demonstrating the feasibility of achieving
the hybrid electrocatalyst using an NABH4/EG microwave-
assisted reduction method. The Pd NPs' particle size on the
Ni2P–MoS2 is 3.4 nm, as that for Pd/MoS2, which proves that
MoS2 plays a major role in the anchoring of Pd NPs, as
explained based on the shi and separation from Raman
spectra (Fig. 1(c)). The synthesized materials are highly crys-
talline, as seen from the SAED patterns shown in Fig. 2 (a and
b insets) and (b–d) (iii), as well as the XRD patterns.

XPS was used to examine the surface chemical composition of
Pd/MoS2–Ni2P, Pd/MoS2, Pd/Ni2P, Ni2P, and MoS2 hybrid nano-
materials. In comparison, the survey spectra in Fig. 3(a)
Sustainable Energy Fuels, 2025, 9, 1552–1564 | 1555
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Fig. 2 HR-TEM images of (a) Ni2P, (b) MoS2, (c) (i) Pd/Ni2P, (d) (i) Pd/MoS2, and (e) (i) Pd/Ni2P–MoS2, (ii) particle size distributions, and (iii) SAED
patterns.
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demonstrate the presence of C, O, P, Pd, S, Mo, and Ni for the
main composite and subsequent elements for the other nano-
materials. Furthermore, the presence of C and O elements can be
seen in the survey spectra and Fig. S4 in the ESI,† which could be
a result of absorbed gaseous molecules. The deconvoluted
spectra of S 2p exhibit twin peaks of S 2p1/2 and S 2p3/2 at the
corresponding BEs of 163.8 and 162.6 eV, which is attributed to
S2− in MoS2 of Pd/MoS2–Ni2P, Pd/MoS2, and MoS2 nano-
materials, Fig. 3(b). Pd/MoS2–Ni2P and Pd/MoS2 have slightly
different binding energy (BE) values than pure MoS2 (S 2p3/2 =

162.4 eV), indicating charge transfer from Pd to MoS2.32 The
distinctive peak of phosphate species is centered at 133.67 eV for
P 2p, as shown in Fig. 3(c) for the nanocomposites with the nickel
phosphide constituent.33 The P 2p is shied to a higher BE
relative to Ni2P; we postulate that this represents the interaction
of Pd with Ni2P to form species such as Ni–P–Pd or Pd–P.
1556 | Sustainable Energy Fuels, 2025, 9, 1552–1564
Fig. 4(a) shows high-resolution spectra of the Mo 3d for Pd/
MoS2–Ni2P, Pd/MoS2, and MoS2 electrocatalysts. The doublets
of the Mo4+ bands at 229.5 eV and 232.7 eV in the Mo 3d region
are ascribed to Mo 3d5/2 and Mo 3d3/2 orbitals, respectively, and
correspond well with the literature.34 When Pd/MoS2–Ni2P is
formed, the major composite species undergoes changes in
binding energy (BE). The core-level Mo peaks in Pd/MoS2–Ni2P
indicate a shi to lower BEs relative to pristine MoS2 and Pd/
MoS2. This change is attributable to a decrease in the Fermi
level (EF) caused by p-type doping, as previously seen in another
research study. This demonstrates successful Mo substitution
with Pd dopants, and the covalent bonds within the lattice are
reported to be responsible for the stabilization of Pd atoms.35

The high-resolution spectrum's Pd 3d regions display four
peaks, as seen in Fig. 4(b). Pd 3d5/2 peaks at 335.8 eV and
336.8 eV, respectively, correspond to Pd0/2+.36 It is interesting to
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XPS spectra. (a) Survey scans, (b) S 2p and (c) P 2p.
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note that the Pd BEs in Pd/Ni2P and Pd/MoS2 occur at the same
BE, and there is a notable shi in Pd/MoS2–Ni2P, indicating
great electronic coupling interaction. Thus, there is a shi in
BEs for Pd0 of Pd/MoS2–Ni2P compared to metallic Pd (3d5/2 =
335.1 eV) on Pd/Ni2P and Pd/MoS2, which implies charge
transfer from Pd to double support MoS2–Ni2P.37 Therefore,
substantial Pd and MoS2 contacts occur for Pd/MoS2–Ni2P,
implying that Pd catalysts for ethanol electro-oxidation have
enhanced catalytic characteristics. The shi in Pd binding
energy for Pd/MoS2Ni2P indicated that the insertion of Pd
particles resulted in a substantial electronic alteration with Ni2P
due to the strain effect.38

The Ni 2p deconvoluted spectra, Fig. 4(c), contain peaks at
855.15 (Ni 2p3/2) and 872.83 eV (Ni 2p1/2) for Ni2+ presence.
Satellite peaks were seen at 860.57 and 878.57 eV. The change in
the electronic environment of the nickel atoms during composite
creation causes the shi in BE for Ni 2p for Pd/MoS2–Ni2P,
indicating successful hybridization of the nanocomposite, which
had a great effect as seen in the shiing of 3d Pd BE in Fig. 4(b).
This journal is © The Royal Society of Chemistry 2025
3.3 Electrochemical characterization

Cyclic voltammetry was utilized to evaluate the performance of
the synthesized electrocatalysts in an alkaline medium. The
commercial Pd/C, Pd/Ni2P–MoS2, Pd/Ni2P, and Pd/MoS2 elec-
trocatalysts were assessed in 1 M KOH, Fig. 5(a). The PdO
reduction peak in the potential range of 0.6–0.8 (V vs. RHE) for
all catalysts indicates efficient alkaline electrocatalysis, with Pd/
Ni2P–MoS2 having the highest catalytic activity for electro-
chemical reactions in an alkaline medium, as observed in the
negative scan. The current density of the electrocatalysts in the
negative scan is arranged in ascending order as follows: Pd/
MoS2 < Pd/C < Pd/Ni2P < Pd/Ni2P–MoS2.

The electrochemically active surface area (ECSA) (eqn (4)) for
the electrocatalysts was determined using the PdO reduction
peak based on the literature as depicted in Fig. 5(a)

ECSA ¼ Q

SI
(4)
Sustainable Energy Fuels, 2025, 9, 1552–1564 | 1557
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Fig. 4 XPS spectra. (a) Survey, (b) Pd 3d, (c) O 1S, and (d) C 1S for 1% Pd at 10%, 20%, and 30% V2O5–C, 3% Pd at 10%, 20% and 30% V2O5–C, and
5% Pd/at 10%, 20% and 30% V2O5–C.
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where Q is integrated coulombic charge (reduction of PdO (in
mC)), S is a proportionality constant (0.424 mC cm−2), and I is
the loading in mg. The ECSA of Pd/Ni2P/MoS2 is calculated to be
113.38 m2 g−1, which is 1.44, 2.99 and 16.70 times larger than
that of Pd/Ni2P (78.30 m2 g−1), Pd/C (37.88 m2 g−1) and Pd/MoS2
(6.79 m2 g−1) under identical conditions, which indicates that
incorporating Pd nanoparticles with MoS2 and Ni2P inorganic
support materials discloses more catalytically active sites for
electrochemical reactions under alkaline conditions.

The CV cycles of the multi-metallic electrocatalysts Pd/Ni2P–
MoS2, Pd/Ni2P, and Pd/MoS2 and commercial Pd/C were studied
in 0.5 M ethanol and 1 M KOH; their cyclic voltammograms are
displayed in Fig. 5(b). All the corresponding catalysts show
distinct anodic scans, as expected. The observed forward anodic
1558 | Sustainable Energy Fuels, 2025, 9, 1552–1564
scan is ascribed to the electro-oxidation of fresh CH3CH2OHads

on electrocatalyst, whilst the reverse scan is attributed to the
removal of intermediates species such as COad, COHad, HCOad,
and HCOOad that accumulate on the electrocatalyst surface
resulting from the EOR. The ternary metal-based electrocatalyst
Pd/Ni2P–MoS2 recorded the highest current density of 1579 mA
mgPd

−1 with the lowest onset potential, meaning better kinetics
and low activation energy, which appears to be 5, 22, and 23
times more than that of of Pd/Ni2P (314.8 mA mgPd

−1), Pd/C
(71.9 mA mgPd

−1) and Pd/MoS2 (69.2 mA mgPd
−1) respectively.

The current densities are plausible relative to others reported in
the literature, as shown in Table S2.† The onset potential (Eonset)
of the catalysts, as shown in Table 1, followed the descending
order as follows: Pd/MoS2 (0.64 V vs. RHE) > Pd/C (0.54 V vs.
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Cyclic voltammograms in 1 M KOH, (b) ethanol oxidation at a scan rate of 50mV s−1, (c) themaximummass activity and specific activity
for (i) Pd/Ni2P–MoS2, (ii) Pd/Ni2P, (iii) Pd/C and (iv) Pd/MoS2, (d) Nyquist plots at 0.55 V in 1 M KOH + 0.5 M CH3CH2OH, and (e) chro-
noamperometric curves measured at 0.59 (V vs. RHE).
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RHE) > Pd/Ni2P (0.52 V vs. RHE) > Pd/Ni2P–MoS2 (0.48 V vs.
RHE).

Pd/Ni2P–MoS2 recorded the most negative Eonset compared
to the other electrocatalysts; this observation can be due to high
reaction kinetics and low overpotential, hence its high catalytic
activity. Furthermore, the good active characteristics of Pd/
Ni2P–MoS2 may be due to the increased number of active sites
as a result of combining nickel phosphide and molybdenum
disulde. The two inorganic support materials in Pd/Ni2P–MoS2
have demonstrated a remarkable electrocatalytic improvement
for the ethanol electrooxidation reaction, incorporating their
well-reported electrocatalytic characteristics, such as high
conductivity and mass transport of Ni2P, and the unique
This journal is © The Royal Society of Chemistry 2025
properties of MoS2, such as large surface area and high elec-
trochemical accessibility, and, most importantly, their bifunc-
tional effect promotes electron transfer between the electrode
and the reactants, leading to enhanced electrocatalytic
performance.

As shown in Fig. 5(b), Pd/C appears to outperform Pd/MoS2;
this observation might be due to the poor conductivity of MoS2.
Fig. 5(c) shows mass activity and specic activity of (i)-Pd/Ni2P–
MoS2, (ii)-Pd/Ni2P, (iii)-Pd/C, and (iv)-Pd/MoS2. Pd/Ni2P–MoS2
recorded the largest mass activity (1579 mA mgPd

−1) and
specic activity (216.1 mA cm2) when compared to other refer-
ence electrocatalysts; this indicates its improved efficiency for
the EOR under alkaline conditions. The remarkable activity of
Sustainable Energy Fuels, 2025, 9, 1552–1564 | 1559
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Table 1 Electrochemical characterization results of the as-prepared catalysts in 1 M KOH + 0.5 M ethanola

Catalysts ICP-OES
Eonset
(V vs. RHE)

Forward
scan Reverse scan

ECSAb

(m2 g−1)

EISc Chronoamperometry Cycle studies

if Ib
Rct
(U)

Rs
(U)

Retained currentd

(%)

�
I

I0

�
e

Pd/Ni2P–MoS2 5.24 0.480 1579 812 113.4 68.36 5.68 33.19 0.885
Pd/Ni2P 4.98 0.520 314.8 413.2 78.30 86.62 5.79 23.97 0.868
Pd/C 10.00 0.540 71.9 25.7 37.88 125.13 5.98 17.37 0.674
Pd/MoS2 5.77 0.640 69.2 22.2 6.79 174.01 6.04 8.47 0.654

a if and Ib (mA mg−1
Pd).

b Electrochemical surface area (based on the PdO peak). c Electrochemical Impedance parameters: Rct charge transfer

resistance values from EIS tting (Nyquist) and Rs solution resistance values from EIS tting (Nyquist). d @ 1000 s from CA. e

�
I

I0

�
electrocatalyst deactivation rate, from cyclic studies.
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Pd/Ni2P–MoS2 is attributed to interface synergism and elec-
tronic and strain effects among Pd, Ni2P, and MoS2. Also, the
ultimate electron coupling within the nanocomposite boosted
the Pd NPs' electrocatalytic activity. The Pd/Ni2P–MoS2 electro-
catalyst exhibits metal support interactions that enhances its
durability, stability, electrocatalytic activity, and selectivity. The
electronic effect at the interface promotes electron transfer
towards the direct C1-12e-ethanol electro-oxidation route for
DEFCs. The proposed Pd/Ni2P–MoS2 with interface synergism
and overall nano-structural cooperation gives maximum elec-
trocatalytic power and operates for more than 10 000 s,
surpassing the performance of other electrocatalysts.

Electrochemical impedance spectroscopy was used to
further investigate the remarkable reaction kinetics of the
Fig. 6 (a) Line profile of CV cycles and (b–e) the durability tests performe
for 500 cycles of Pd/Ni2P–MoS2, Pd/Ni2P, Pd/MoS2, and Pd/C.

1560 | Sustainable Energy Fuels, 2025, 9, 1552–1564
electrocatalysts by determining their charge transfer (Rct) and
solution resistance (Rs) in relation to their Nyquist arch diam-
eter. The obtained Nyquist plots, together with the corre-
sponding circuit, are shown in Fig. 5(d). The arch diameter of
the Nyquist plots was used to measure electrocatalyst reaction
kinetics by determining their Rct at the electrode–electrolyte
interface. The arch diameter presented decreased as follows:
Pd/MoS2 > Pd/C > Pd/Ni2P > Pd/Ni2P–MoS2. This was due to the
extent of electronic coupling interaction with Ni2P, MoS2, and
Ni2P–MoS2. Thus, Pd/Ni2P–MoS2 has the smallest Rct and Rs, as
indicated in Table 1; this further proves the composite catalyst's
great kinetics reactions due to increased reaction active sites,
leading to exceptional catalyst performance seen in Fig. 5(b).
The excellent catalytic reaction kinetics can further be ascribed
d by CV continuous cyclization in 0.5 M ethanol and 1 M KOH solution

This journal is © The Royal Society of Chemistry 2025
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to the synergistic effect of the Pd–Ni–Mo alloy, that is, there is
easy movement of electrons within the Pd/Ni2P–MoS2 and the
electrode–electrolyte interface. The Pd/MoS2 electrocatalyst
recorded the highest Rct and Rs values with a large Nyquist arch
as demonstrated; this shows sluggish reaction kinetics and high
overpotential, and the least catalytic activity was obtained in CV.
This can be ascribed to the layered structure of MoS2, which
hinders electron transfer between the catalyst surface and
reactants.

The vulnerability of the catalysts to CO poisoning is one of
the few drawbacks limiting fuel cell commercialization. Thus,
potentiostatic chronoamperometry was used to evaluate elec-
trocatalyst stability at a constant potential of 0.59 (V vs. RHE) for
10 000 s in 0.5 M CH3CH2OH and 1 M KOH electrolyte solution
as shown in Fig. 5(e). The inset in Fig. 5(e) shows the CA curve as
a function of current density and time, but for a better
comparison, the CA curve was plotted as a function of % current
loss and time. A high initial current density was observed due to
a transient potential jump that induced a signicant oxidation
current. However, this current density gradually decreased
because of the diffusion of reactants and the accumulation of
poisoning species, such as adsorbed carbon monoxide (COads),
on the electrode surface, which deactivate the active sites of the
electrocatalyst.39,40 The electrocatalysts initially experienced
a sharp decline in current density within the rst 1000 seconds
before stabilizing at a constant current level from 2500 s. The
constant current density region represents the current density
each electrocatalyst retained aer CO poisoning. The retained
current density increased in the order: Pd/MoS2 > Pd/C > Pd/
Ni2P > Pd/Ni2P–MoS2 as shown in Table 1. Pd/Ni2P–MoS2
retained the highest current density and is more stable than
commercial Pd/C. The strong metal–phosphorus interaction
can explain this enhanced anti-poisoning ability, which
prevents leaching and corrosion.41 The modulation of the
electronic structure may also inuence this effect14 from the
Ni2P–MoS2 hybrid substrate. This modulation promotes the
electro-oxidation and removal of adsorbed CO-like species on
the Pd surface. These ndings further suggest that using Ni2P
and MoS2 inorganic materials as hybrid support materials
improves the electrocatalysts' stability for the EOR in alkaline
media. According to a recent argument by Hofstead-Duffy
et al.,42 assessing electrocatalysts using If/Ib is still debatable.
They proposed that If and Ib share the same chemical origin,
which means that the empirical criterion of If/Ib is inadequate
Fig. 7 HR-TEM images after durability and stability testing for (a) Pd/Ni2

This journal is © The Royal Society of Chemistry 2025
for assessing the resistance of electrocatalysts to poisoning. As
we concur with their ndings, we complemented the above
ndings in this study by calculating the poisoning rate, s (%s−1)
(eqn (5)). From CA, the linear decay current density portion was
used to calculate the long-term poisoning rate of adsorbed
species:

s
�
%s�1

� ¼ 100

I0

�
dI

dt

�
t. 2500s

(5)

where
�
dI
dt

�
t. 2500s

¼ linear portion of CA; t = time in seconds

and I0 = extrapolated current density % at the point�
dI
dt

�
t. 2500s

: Jiang et al.43 proposed the procedure for the MOR

on PtRu electrocatalysts. The same procedure was used by Guo
et al.32 for the MOR and Chen et al.10 for glucose oxidation. From
these studies, we have postulated that the slope should be
calculated from t = ts where ts is the time when the CA curve
starts to stabilize. The s (%s−1) values followed the order: Pd/
Ni2P–MoS2 < Pd/Ni2P < Pd/C < Pd/MoS2, as shown in Table 1.
Among the synthesized electrocatalysts and commercial Pd/C,
Pd/Ni2P–MoS2 exhibited the highest tolerance to poisonous
intermediates and the lowest poisoning rate during the EOR.
The s (%s−1) values give a clear view of the contribution of the
hybrid support relative to the reduction in poisoning rates for
the Pd/Ni2P–MoS2 electrocatalyst. The low poisoning rate for
Pd/Ni2P–MoS2 is due to synergistic effects, electronic coupling
between Pd and Ni2P/MoS2, and MSI.44,45 These ndings also
suggest that Pd/Ni2P–MoS2 has high chemical stability despite
the initial drop in current density. Thus, the nanocomposite
utilizes the synergy between Ni2P and MoS2 to slow the decay
and promote active site regeneration by removing poison.
The Pd/MoS2 electrocatalyst has the highest s (%s−1) value,
indicating that it is the most unstable and susceptible
to intermediate poisoning due to a lack of Pd NP protection.
This is evident from the signicant migration and coalescence/
Ostwald ripening shown in Fig. 7(a); this causes a reduction
of the electrochemical active centers, which is also apparent
in Fig. 6(a).

CV was further used to assess the durability of the synthe-
sized electrocatalysts. Fig. 6(a) shows that Pd/Ni2P–MoS2 had
the highest cycle durability relative to other electrocatalysts and
commercial Pd/C. Fig. 6(b–e) show the actual CV cycles with the
respective insets for forward oxidation peaks. The insets clearly
P, (b) Pd/MoS2, and (c) Pd/Ni2P–MoS2.

Sustainable Energy Fuels, 2025, 9, 1552–1564 | 1561
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Fig. 8 Average current density for every three months of storage and
the % retained current from chronoamperometry (*CA) for the Pd/
Ni2P–MoS2 electrocatalysts in 1 M KOH + 0.5 M ethanol.
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show the current decay prole as pseudo-contours. From the
inset of Pd/Ni2P–MoS2 (Fig. 6(b)) we see a gradual drop of the CV
oxidation peak with an increasing cycle number, which we
postulated MSI and better dispersion on the hybrid support
system as compared to randomized and non-uniform for
Fig. 6(c–e) based on the CV cycle proles. From the cycle
studies, we complemented the ndings by calculating the
electrocatalyst deactivation rate, where I (current density) was

normalized by I0 (initial current)46 and the
�
I
I0

�
ratios are

shown in Table 1. For the Pd supported on Ni2P–MoS2 con-

taining the electrocatalyst had a
�
I
I0

�
of 0.885 > Pd/C (0.674)

and all the electrocatalysts indicating excellent cycling dura-
bility, which is summarized in Table S1.† On the other hand,

Pd-supported electrocatalysts onmono-supports had a low
�
I
I0

�

rate, which proves that the synergy and collaboration effect in
a hybrid support system is fundamental in ensuring durability.

The
�
I
I0

�
ratios match CA curve ndings, conrming the

signicance of hybrid support formation.
To further conrm the structural and morphological pres-

ervation of the electrocatalysts. Fig. 7(a and b) show HR-TEM
images aer the 10 000 s CA stability test and 500 CV cycles,
respectively. The Pd NP distribution is not greatly affected, with
minimal morphological changes. Of note is the small increase
in the size of Pd NPs in Pd/MoS2 assumed to be caused by the
coalescence of the Pd NPs as they retained the spherical-like
morphology. The major change seen was a reduction in the
inter Pd NP distance. Thus, there was very little Pd NP
agglomeration aer the CA and cycle test, showing the electro-
catalyst robustness, thus conrming the existence of MSI with
the electrocatalyst matrix.
3.4 Complementary stability test (1 year cycle)

From the above-discussed results, we chose the most active
electrocatalyst, Pd/Ni2P–MoS2, for further electrochemical
evaluation to corroborate stability. The Pd/Ni2P–MoS2 stability
was investigated using a modied GCE termed “GCE_1” that
was kept for a period of one year in an open environment. The
Pd/Ni2P–MoS2 modied GCE was tested using cyclic voltam-
metry and chronoamperometry every 3 months. As seen from
Fig. 8, the current density of GCE_1 uctuates between the
nominal value in Fig. 5(c); we postulate that active site regen-
eration is possible. The presented bars in Fig. 8 are an average
of current density obtained aer every 3 months. The GCE_1
was kept in an open environment, and the results clearly indi-
cated that external weather factors minimally affected the
electrocatalytic activity. This result means that the electro-
catalytically active sites can be maintained over a period of one
year, as per this study. As for the CA current retained, there was
not much loss of current, which supports the results of cycle
studies in Fig. 6(b). As shown in Fig. 8, the %CA current loss was
from ∼45% / ∼38.9%. This plausible minimal current loss
can be explained by MSI as proved by BE shis in XPS,
1562 | Sustainable Energy Fuels, 2025, 9, 1552–1564
conrming the interaction of materials in the catalyst matrix
and probable active site regeneration during the CA run.
4 Conclusion

A structural design has been developed to enhance the effi-
ciency and lifespan of direct ethanol fuel cells (DEFCs) by
engineering the synergistic interface of Pd/Ni2P–MoS2. Initial
ndings indicate that Pd/Ni2P–MoS2 exhibits greater electro-
catalytic activity and improved steady-state performance for the
ethanol oxidation reaction (EOR). The incorporation of the
hybrid Ni2P–MoS2 support signicantly boosts the electro-
catalytic activity of Pd for ethanol electro-oxidation through
interface synergism and electronic coupling interaction. The
Pd/Ni2P–MoS2 electrocatalysts demonstrate the highest elec-
trochemical catalytic activity for the EOR, with a mass activity of
1579 mA mgPd

−1, a more negative onset potential of 0.48 V vs.
RHE, and excellent durability, retaining 89% of the initial
current aer 500 cycles. This study illustrates that the Ni2P–
MoS2 hybrid support enhances electrocatalytic performance in
comparison to the Pd/C electrocatalyst for the EOR in an alka-
line medium. Nevertheless, it is essential to further assess other
binary or ternary Pd-based electrocatalysts supported on Ni2P–
MoS2@carbon to increase the reaction rate and achieve high
selectivity towards CO2 formation while breaking the C–C bond.
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