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Pd-Modified CoP and CoFeP Catalysts as Efficient
Bifunctional Catalysts for Water Splitting

Huma Amber *, Aldona Balc¢iunaité, Virginija Kepeniené, Giedrius Stalnionis, Zenius Mockus,
Loreta Tamasauskaité-Tamasitinaité * and Eugenijus Norkus

Department of Catalysis, Center for Physical Sciences and Technology (FTMC), LT-10257 Vilnius, Lithuania
* Correspondence: huma.amber@ftme.lt (H.A.); loreta.tamasauskaite@ftmc.lt (L.T.-T.)

Abstract

Developing highly efficient and stable electrocatalysts from inexpensive and earth-abundant
elements represents a significant advancement in the overall water splitting (OWS) process. This
study focuses on the synthesis and evaluation of palladium-modified cobalt-phosphorus (PdCoP)
and cobalt-iron-phosphorus (PdCoFeP) coatings for use as electrocatalysts in the HER, OER and OWS
in alkaline media. For this purpose, a facile electroless plating method is adopted to deposit the CoP
and CoFeP coatings onto a copper surface (Cu sheet), with sodium hypophosphite (NaH2PO2) acting
as the reducing agent. Incorporating Pd crystallites on the CoP and CoFeP coatings using the galvanic
displacement method has been shown to significantly improve catalytic performance. Accordingly,
Pd modified CoFeP and CoP catalysts exhibited the lower overpotentials of 207 and 227 mV,
respectively, for HER and 396 mV for OER at a current density of 10 mA ¢cm2 compared to the
unmodified CoFeP and CoP catalysts. Simultaneously, the assembled electrolyzer comprising
PdCoFeP as the cathode and the anode demonstrated a cell voltage of 1.69 V to achieve 10 mA cm=2.
This study demonstrates that all the synthesized catalysts (CoP, CoFeP, PdCoP, and PdCoFeP) are
effective and stable electrocatalysts for overall alkaline water splitting.

Keywords: palladium; cobalt; iron; phosphorous; electroless deposition; galvanic displacement;
hydrogen evolution; oxygen evolution; overall water splitting

1. Introduction

The increasing demand for clean and sustainable energy sources has been driven by two key
factors: the overuse of fossil fuels and the rapid growth of environmental problems [1-3]. Hydrogen
has been regarded as a potentially viable alternative fuel, primarily due to its clean and sustainable
characteristics. Currently, the predominant method of producing hydrogen is through fossil fuel
reforming, which results in carbon dioxide emissions. On the other hand, water electrolysis is
regarded as the most environmentally friendly technique for hydrogen production, and it can
address the intermittent nature of renewable electricity [4-6]. Electrochemical water splitting,
comprising a hydrogen evolution reaction (HER) at the cathode and an oxygen evolution reaction
(OER) at the anode, has been identified as a promising technology for large-scale hydrogen
production. This is due to low energy consumption and high hydrogen purity, among other
advantages [7-9]. As Van Troost Wijk and Deiman first reported in 1789, water electrolysis still
required a large overpotential more than 200 years later, due to the relatively sluggish kinetics of both
cathodic HER and anodic OER. It is well established that the thermodynamic potential of water
electrolysis is 1.23 V [10-11]. However, to achieve a practical rate of water dissociation, it is necessary
to apply an overpotential to the water electrolyzer. It has been demonstrated that both HER and OER
demand significant overpotentials to surpass the kinetic barriers that arise from the high activation
energies necessary for the formation of reaction intermediates on the electrode surface [12-14].
Furthermore, these overpotentials are required to drive the reaction at a specific current density,
which is typically a geometric current density of 10 mA cm2. The use of an active catalyst is of great
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importance in reducing the overpotential requirements of these two half-reactions, thereby increasing
the reaction rate. Ideally, a catalyst should exhibit high activity (large current density at low
overpotentials) and durable performance over an extended period [15]. The efficient water splitting
process necessitates using electrocatalysts characterized by high efficiency, stability, and corrosion
resistance. These catalysts must facilitate both the HER at the cathode surface and the OER at the
anode surface, with both reactions occurring simultaneously and exhibiting high rates of reaction
[16,17]. This will enhance efficiency, lower the cost of developing an electrolysis system, and simplify
the system [18-22]. Various catalysts have been synthesized to enhance the reaction rate and reduce
the overpotential for HER and OER. Currently, noble metals and noble metal oxides, including Pt
[23-24], RuO:[25], and IrO2[26], are regarded as the most effective catalysts for both HER and OER.
However, the high cost and scarcity of noble metal catalysts have raised concerns regarding economic
viability. Consequently, a strong research focus has emerged on developing low-cost, high-efficiency,
and non-precious electrocatalysts, which serve as an alternative to precious-based materials and
exhibit high activity towards OER and HER [27-31].

Nowadays, earth-abundant transition metal compounds, principally Co-, Fe-, Mn-, and Ni-
based either as oxides or hydroxides, are utilized for the OER. These metals are often combined with
other non-metallic elements, including C, N, S, P, Se, and B, to form binary or ternary compositions.
These compositions are employed in both the HER and the OER [32-39]. Significant research has been
dedicated to investigating the potential of these compounds as electrocatalysts, owing to their
remarkable durability, particularly cobalt-based compounds such as sulfides [40-42], borides [43],
(oxy)hydroxides [44-46] and phosphides [47,48], which have been evidenced as remarkable
electrolyzed water catalysts. Researchers have highlighted transition-metal phosphides (TMPs) as a
promising class of catalysts for electrolyzing water. TMPs such as Co-P [49-50], Fe-P [51-52], Ni-P
[53-54] and Mo-P [55-56], have been identified as highly attractive catalysts due to the superior
conversion of their oxidation states, cost-effectiveness and high activity. A significant number of
studies have been conducted on the catalytic role of transition metal phosphide in HER. These studies
have resulted in the development of a variety of catalysts that exhibit high activity in hydrogen
evolution. This enhancement in activity has been achieved through the adjustment of catalyst
morphology and surface modification [57]. Following the calculation results of density functional
theory (DFT), it is hypothesized that the P atom in the phosphide catalyst has electronegativity,
facilitating the adsorption and capture of protons, and enabling part of the charge of Co to be
transferred to the P atom. The modification of the electronic structure has been demonstrated to be
an effective strategy for reducing the Gibbs hydrogen adsorption free energy, resulting in enhanced
catalytic activity of the hydrogen evolution [58-59]. A considerable number of monometallic
phosphides are employed in electrolytic water and have demonstrated considerable success,
exhibiting high catalytic activity during the reaction. Among these, cobalt phosphide catalyst has
been shown to exhibit low overpotential, long-term stability, and other advantageous properties, and
is regarded as the most promising catalyst candidate for HER [60-62].

Despite the high catalytic activity of the cobalt phosphide catalyst in hydrogen evolution
reactions, a comparative analysis reveals a performance deficit in terms of comprehensive
performance when benchmarked against precious metal Pt-based catalytic materials. To enhance the
activity of the catalyst, researchers have pursued a multifaceted approach involving the doping of
one or more metal atoms into the single metal phosphating process. This strategy is aimed at
regulating the electronic structure and optimizing surface properties, to achieve enhanced catalytic
functionality. For instance, Yang et al. synthesized Fe-doped three-dimensional Co-based phosphate
FexCosx(PO4)2 on a copper wire using the electrodeposition method as an electrochemical catalyst. In
an alkaline solution, a current density of 10 mA cm- required only 48.9 mV of overpotential for HER,
and the catalytic performance was maintained after 100 hours of operation. This study thus
demonstrates the crucial role of Fe doping in enhancing the catalytic performance of the FexCos
«(PO4)2 catalyst for HER [63]. As research has progressed, it has become evident that transition metal
phosphide exhibits not only exceptional performance for HER but also noteworthy catalytic
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performance for OER. The catalytic effect of cobalt-based phosphide materials on OER is attributable
to the adsorption of OOH species by positively charged cobalt ion centers, whilst negatively charged
P centers facilitate surface oxygen removal. It is therefore anticipated that transition metal
phosphating will function effectively as a bifunctional catalyst for both HER and OER. The
development of bifunctional electrocatalysts within the same electrolyte has attracted significant
attention due to their numerous advantages, including the simplification of the fabrication process,
the reduction in cost, and the enhancement of hydrogen productivity. The majority of catalysts
composed of Co or Ni-based materials are capable of catalyzing a single reaction (OER or HER).
Consequently, it is essential to identify an efficient bifunctional catalyst that exhibits robust stability
for the overall water splitting process in an alkaline environment [64]. The incorporation of transition
metal Fe into cobalt phosphide has been demonstrated to enhance its oxygen evolution activity, while
simultaneously exhibiting an optimizing effect on hydrogen evolution electrocatalysis [65-66]. The
enhanced HER/OER performance of the FeCo-P catalyst is primarily attributable to the synergistic
effect of Fe, Co, and P, as well as the robust interaction between ions [67].

The majority of bimetallic phosphides have been synthesized through the utilization of
hydrothermal, solid-phase, and gas-phase phosphating methodologies [68]. Even though these
methodologies have been employed to prepare transition bimetallic phosphides of various
morphological structures, which have been shown to have superior properties, it is still necessary to
simplify the preparation of bimetallic phosphides further to meet the requirements of their practical
applications [69]. As indicated in the relevant literature, the conventional phosphating reaction still
has many disadvantages, including high reaction temperatures, the requirement for inert gas
protection, and the usage of hazardous phosphorus resources [70]. These methods demand
considerable energy input and rely on complicated apparatus. The use of straightforward,
economical, and effective techniques for catalyst fabrication has the potential to decrease the overall
expense of hydrogen production through the electrolysis of water [71]. Consequently, electroless
deposition has emerged as a highly efficient, cost-effective, eco-friendly, and straightforward catalyst
preparation method. Electroless plating, also referred to as chemical or autocatalytic plating, is a non-
galvanic plating method involving multiple reactions occurring simultaneously in an aquatic
solution [72] and it does not require the use of complex equipment or hazardous power sources [73].

The present study investigates the fabrication and evaluation of palladium-modified cobalt-
phosphorus (PdCoP) and cobalt-iron—phosphorus (PdCoFeP) coatings as electrocatalysts for HER
and OER in alkaline media. The CoP and CoFeP coatings were deposited on the copper surface using
a straightforward and highly efficient electroless metal plating technique, with sodium
hypophosphite (NaH2POz) as the reducing agent. The incorporation of Pd crystallites on the CoP and
CoFeP coatings using the galvanic displacement method has been shown to result in significant
improvements in catalytic performance. Evaluations and characterizations of the PdCoP and Pd-
CoFeP were conducted regarding their chemical state, catalytic activity, and stability during the HER
and OER. In further research, the catalytic mechanisms of PACoP and PdCoFeP catalysts for overall
water splitting were investigated. The findings of this research suggest that the synthesized catalysts
have the potential to be promising candidates for utilization in alkaline media for water splitting,
which could result in a more environmentally sustainable and economical method for hydrogen
production.

2. Results and Discussion
2.1. Coatings, Microstructure and Morphology Studies

The primary objective of the present study was the development of an effective catalyst for HER
and OER in an alkaline medium (1.0 M KOH) employing a straightforward methodology.
Consequently, Co-based coatings containing Co, Fe and P were deposited on Cu substrates via a
facile electroless deposition process, where sodium hypophosphite was utilized as the reducing
agent. The galvanic displacement method was used to incorporate palladium crystallites into the CoP
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and CoFeP coatings, and it was demonstrated that this enhanced the catalytic activity of the resulting
coatings. Scanning electron microscopy (SEM) and energy-dispersive X-ray analysis (EDX) were
employed to investigate the surface morphology and composition of the coatings. Figure 1 illustrates
the SEM images of the fabricated Co-based coatings with different compositions such as CoP (a),
CoFeP (b), PACoP (c), and PdCoFeP (d). The presence of Pd, Co, Fe, and P in the coatings is confirmed
by the corresponding EDX spectra of all the samples. The results of the EDX analysis are outlined in
Table 1, which shows that the fabricated CoP/Cu, CoFeP/Cu, PdCoP/Cu, and PdCoFeP
electrocatalysts demonstrated a Pd content ranging from 3.54 to 8.36 at%, Co content ranging from
64.08 to 90.22 at%, Fe content ranging from 9.96 to 12.49 at%, and a P content ranging from 6.26 to
15.07 at%.

Table 1. Composition of coatings deposited on Cu surface determined by EDX analysis.

Element, at%

Sample

Pd Co Fe P
CoP/Cu - 90.22 - 9.78
CoFeP/Cu - 83.78 9.96 6.26
PdCoP/Cu 3.54 83.72 - 12.74
PdCoFeP/Cu 8.36 64.08 12.49 15.07

The SEM analysis demonstrates distinct morphological variations induced by compositional
modifications in the electrolessly deposited coatings. The CoP coating exhibited a compact and
relatively homogeneous surface composition, characterised by densely packed grains [74,75],
indicative of stable nucleation and uniform growth (Figure 1a). It is noteworthy that the incorporation
of Fe into the CoFeP structure results in a significant structural transformation, giving rise to a porous
and heterogeneous morphology [76]. This substantial modification underscores the considerable
impact of Fe on nucleation kinetics, surface energy, and phosphorus incorporation during electroless
deposition (Figure 1b). The addition of Pd to CoP leads to the surface becoming rougher and more
fragmented. This is characterised by the presence of finer clusters and an increase in grain
boundaries, indicative of an enhanced nucleation density. The PdCoFeP coating exhibits the most
irregular and nanostructured surface, characterised by textured characteristics and fine crystallites
(see Figures 1c and 1d). This observation indicates a synergistic effect of Pd and Fe in inducing high
nucleation rates and complex growth pathways. The obtained results demonstrate the extreme
sensitivity of electroless deposition processes to even minor compositional variations, which can
dramatically alter the resulting microstructure.
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Figure 1. SEM images of CoP (a), CoFeP (b), PACoP (c), and PdCoFeP (d) deposited on the Cu surface. (a’-e’)

The EDX spectra corresponding to the aforementioned SEM images.

2.2. Electrocatalytic Activity Towards HER

The electrocatalytic performance of the prepared catalysts for the hydrogen evolution reaction
(HER) was investigated by recording linear sweep voltammograms (LSVs) in 1.0 M KOH solution at
a potential scan rate of 5 mV-s! at room temperature (Figure 2a). Summarized parameters for HER
on the investigated catalysts in alkaline media at 25 °C are also given in Table 2. The corresponding
overpotential values at 10, 20, 50, and 100 mA c¢cm are given in Figure 2b.
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Figure 2. (a) HER Polarization curves in an N2-saturated 1 M KOH solution at a potential scan rate of 5 mV s!
and 25 °C temperature. (b) Bar columns of the corresponding overpotentials at current densities of 10, 20, 50,
and 100 mA cm™ (c, d) The corresponding Tafel slopes and Arrhenius plots of the current at -0.40 V versus
RHE for each catalyst.

Table 2. Summarized parameters for HER on the investigated catalysts in alkaline media.

N1+, mV Tafel slope, E,,

Sample Eonset®, V mV dect kJ mol-
CoP/Cu 0.166 239 78.1 11.3
CoFeP/Cu 0.188 245 76.4 6.0
PdCoP/Cu 0.171 250 76.3 4.7
PdCoFeP/Cu 0.213 259 82.8 114

" Potential at -1 mA cm™. ** Overpotential at 10 mA cm™.

Among the catalysts investigated, the CoP catalyst exhibited the lowest overpotential value of
239 mV for the HER compared to CoFeP (245 mV), PdCoP (250 mV), and PdCoFeP (259 mV) to attain
a current density of 10 mA cm= at 25 °C (see Figure 2a and Table 2). However, a higher current density
is delivered on PdCoFeP, indicating more efficient hydrogen generation at higher load conditions. In
addition, the incorporation of Fe into the CoP catalyst results in lower overpotential values compared
with pure CoP and that decorated with Pd crystallites to achieve a current density of 10 mA cm at
a temperature of 25 °C (Table 2). The undecorated CoFeP showed a slightly lower overpotential of
232 mV in comparison to CoP, with an observed value of 239 mV, whereas the PdCoFeP catalyst
exhibited the lower overpotential value of 207 mV compared to PdCoP, which showed 227 mV to
attain a current density of 10 mA cm at 25 °C. These improvements are attributed to the synergistic
interactions between Co, Fe, P, and Pd, which enhance electron transfer and facilitate HER kinetics.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Moreover, the overpotential of PdCoFeP at 100 mV cm is 385 mV dec™ which is smaller than that of
PdCoP (420 mV dec), CoFeP (428 mV dec™), and CoP (458 mV dec™) (Figure 2d).

The reaction kinetics and mechanism of the catalysts can be evaluated based on Tafel slopes.
Tafel slopes were determined from the following equation 1 [77]:

n=b-log jljo (1)

where 7 is the overpotential, b is the Tafel slope, j is the experimental current density, and jo is the
exchange current density. The plot of 1 versus log j represents the Tafel slope. In alkaline media, the
HER process involves three main steps, as shown in Equations (2) to (4) [77]:

*+ H20 + e~ <> *Hads + OH- (Volmer step, 120 mV dec™) (2)
*Hads + e~ + H20 <> H2+ OH- +* (Heyrovsky step, 40 mV dec™) 3)

2*Hads <> Ho +* (Tafel step, 30 mV dec™) 4)

Hads denotes the Hz adsorbed to the metal sites, where * represents the metal sites. Figure 2c
displays the plots of n versus log j for each catalyst. The Tafel slopes calculated were found to be
within the range of approximately 76 to 83 mV dec™ (Table 2), whereas the CoFeP/Cu and PdCoP/Cu
catalysts show the lowest Tafel slope (ca. 76 mV dec™) relative to CoP/Cu (78.1 mV dec') and
PdCoFeP/Cu (82.8 mV dec™) (Figure 2c). This finding indicates that the HER may occur through the
Volmer-Heyrovsky mechanism, in which water molecules or H> adsorbs onto an electrode to
generate MHads species.

The activation energy (Ea) is a critical factor in the evaluation of the performance of the catalyst.
This energy can be estimated by employing the LSVs curves at varying temperatures. The obtained
HER LSVs for each catalyst at temperatures from 25 to 55 °C are shown in Figure S1 and Table S1
(Supplementary Material). The results obtained outline that the HER activity of the CoP, CoFeP,
PdCoP, and PdCoFeP catalysts is enhanced as the temperature of electrolyte increases, whereas the
overpotentials to achieve the current density of 10 mA cm decrease with the increase in temperature
for each catalyst (Table S2, Supplementary material). Furthermore, the obtained Tafel slope values
are in the range from approximately 72 to 94 mV dec™. These results indicate that the HER kinetic
process is closely related to temperature according to the following formula (equation 5):

0logi/a(1/T) = -Ea/2.3R )

where i is the current (mA), T - temperature (K), and R is the gas constant (8.314 ] mol* K™ [78].
Figure 2d shows the Arrhenius profiles derived by plotting the current against the measured
temperature for the CoP, CoFeP, PdCoP, and PdCoFeP catalysts. The current value and temperature
value of the catalysts at -0.40 V (vs. RHE) are extracted from the LSV profiles (Figure SI,
Supplementary Material). PdCoP, CoFeP, CoP, and PdCoFeP catalysts have the Ea values of 4.7, 6.0,
11.3, and 11.4 kJ mol, respectively (Figure 2d). The low activation energies implied that the small
reaction kinetic barrier is required.

2.3. Electrocatalytic Activity Towards OER

The activity of the Co-based catalysts in the OER was also evaluated. The obtained data are given
in Figure 3 and Table 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. (a) OER Polarization curves in an Nz-saturated 1 M KOH solution at a potential scan rate of 5 mV s!
and 25 °C temperature. (b) Bar columns of the corresponding overpotentials at 10, 20, 50, and 100 mA cm™. (c,d)

The corresponding Tafel slopes and Arrhenius plots of the current at 1.8 V versus RHE for each catalyst.

Table 3. Electrochemical performance of the investigated catalysts for OER in alkaline media at 25 °C.

Tafel slope, Ea,

Sample Eonset®, V Tonset, mV E*,V o=, mV mV dect  kJ molt
CoP/Cu 1.5205 290 1.6607 431 120.3 20.7
CoFeP/Cu 1.5846 355 1.6650 435 74.5 21.2
PdCoP/Cu 1.5426 313 1.6255 396 77.8 12.2
PdCoFeP/Cu 1.5577 328 1.6256 396 70.5 11.8

* Values at 1 mA cm™2. ** Values at 10 mA cm™2.

As can be seen from the LSVs recorded for the aforementioned catalysts in a 1 M KOH solution,
the lowest OER overpotential of 396 mV was observed for the Pd-modified CoP/Cu and CoFeP/Cu,
achieving a current density of 10 mA cm=, as compared to the unmodified CoP/Cu (431 mV) and
CoFeP/Cu (435 mV) (Table 3). The lower values of Tafel slope in the range of 70.5 to 77.8 mV dec™!
were obtained for PdCoFeP/Cu, CoFeP/Cu, and PdCoP/Cu catalysts compared to the CoP/Cu catalyst
(120.3 mV dec™). These results indicated superior OER kinetics (Table 3). It can be highlighted that
higher current density values for OER are obtained on the Pd-modified CoP and CoFeP catalysts
compared with the unmodified CoP and CoFeP catalysts (Figure 3b). The overpotential of PdCoFeP
at 100 mV cm=2is 549 mV dec! which is smaller than that of PACoP (595 mV dec™), CoFeP (747 mV
dec?), and CoP (778 mV dec?).
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The obtained OER LSVs for each catalyst at temperatures from 25 to 55 °C are shown in Figure
52 and Table S2 (Supplementary Material). The OER activity of the CoP, CoFeP, PdCoP, and PdCoFeP
catalysts is also enhanced as the temperature of electrolyte increases. Increase in the temperature for
each catalyst also results in the decrease of the overpotential values which are required to attain 10
mA cm? (Table S2, Supplementary Material). The obtained Tafel slope values are also decreased with
the increase in temperature for each catalyst are in the range from approximately 120 to 95 mV dec™
for CoP, from 74 to 60 mV dec! for CoFeP, 78 to 77 mV dec! for PACoP, and from 70 to 65 mV dec!
for PdCoFeP at a temperature of 25 and 55 °C, respectively (Table S2, Supplementary Material). For
the determination of Ea for the OER, the current value and temperature value of the catalysts at 1.8 V
(vs. RHE) are extracted from the LSV profiles (Figure S2, Supplementary Material). PdCoFeP, PdCoP,
CoP, and CoFeP catalysts have the Ea values of 11.8, 12.2, 20.7, and 21.2 k] mol-, respectively (Figure
3d). In addition, the PdCoFeP has the lowest activation energy of 11.8 k] mol, implying that it has
the smallest reaction kinetic barrier.

Comparison of OER performance of the investigated catalysts with some previously reported
Co-P-based and most advanced noble - metal catalysts is shown in Table 4. It can be seen that the
obtained overpotential values of 396 mV for the PdCoP/Cu and PdCoFeP/Cu catalysts are lower
compared to CoOx (423 mV) [79], Co2P207 (490 mV) [80], CoP hollow polyhedron (400 mV) [81],
reduced mesoporous Co3Os nanowires (400 mV) [82], but higher compared to overpotential values
for CoP-MNA/Ni foam (390 mV] [83], CoP film (350 mV) [18], CoSi-P (309 mV) [84], CoP (300 mV)
[85], Mn-CoP (288 mV) [86], RuO2/CF catalyst (360 mV) [87], RuO: on NF (290 mV) [88], IrO:
commercial (339 mV) [89], and Ir/C (254 mV) [90].

Table 4. Comparison of OER performance of the investigated catalysts with some previously reported Co-P-

based and most advanced noble — metal catalysts.

Tafel slope,

Catalyst Mor, mV TV dect Electrolyte Ref.
PdCoFeP/Cu 396 70.5 1M KOH This study
PdCoP/Cu 396 77.8 1M KOH This study

CoOx 423 42 1M KOH [79]

Co2P?207 490 86 1M KOH [80]

Co(POs)2 nanosheets 574 106 1M KOH [80]

CoP hollow polyhedron 400 57 1 M KOH [81]

Reduced mesop.orous C0304 400 72 1 M KOH [82]

nanowires

CoP-MNA/Ni foam 390 65 1M KOH [83]

CoP 350 47 1M KOH [18]

CoSi-P 309 121 1M KOH [84]

CoP 300 65 1M KOH [85]

Mn-CoP 288 77.2 1M KOH [86]

RuO»/CF 360 164 1M KOH [87]

RuO:2 on NF 290 81 1M KOH [88]

IrO2 commercial 339 94.5 1 M KOH [89]

Ir/C 254 71.9 1M KOH [90]

* Values at 10 mA cm™

2.4. Determination of Electrochemically Active Surface Areas

The electrochemically active surface areas (ECSAs) of the unmodified and Pd-modified CoP/Cu
and CoFeP/Cu catalysts were determined from measurements of the electrochemical double-layer
capacitance (Ca). The CV curves were recorded at different scan rates under the non-faradaic region
(Figure 4a—d), which was followed by the calculation of the slope of the curve obtained by plotting
the difference in the anodic and cathodic current versus the scan rate (Figure 4e). The Ca was found
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to be 2458.5, 11652.2, 10858.9, and 56291.2 uF for CoP/Cu, CoFeP/Cu, PdCoP/Cu, and PdCoFeP/Cu
(Figure 4e), whereas the calculated ECSA values were 61.5, 291.3, 271.5, and 1407.3 cm? for CoP/Cu,
CoFeP/Cu, PdCoP/Cu and PdCoFeP/Cu, respectively. The high ECSA of PdCoFeP/Cu can be due to
the higher number of active sites, which contributes to the higher OER electrocatalytic activity.
Incorporation of Fe to the CoP coating, followed by its modification with Pd crystallites allow achieve
the lowest OER overpotential, Tafel slope, as well as the Ea and suggests that factors beyond active
site availability are influencing OER performance. Other factors, such as electronic structure and
conductivity, a high ECSA also significantly influence catalyst performance. This catalyst with 8.36
at% of Pd performed the best activity for the OER.
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Figure 4. CVs of (a) CoP, (b) CoFeP, (c¢) PACoP, and (d) PdCoFeP in an N2-saturated 1 M KOH solution in the
non-faradaic potential region at different scan rates (10-50 mV s). (e) Capacitive current as a function of scan

rate.

2.5. Investigation of Stability of Catalysts

Additionally, the stability of the most promising Pd-modified CoP/Cu and CoFeP/Cu catalysts
was investigated using chronoamperometry by recording the chronoamperometric curves at a
constant potential of —0.26 V for 10 hours on the PdCoP/Cu and PdCoFeP/Cu catalysts (Figure 5). The
PdCoFeP/Cu catalyst possessed excellent stability with current retention of 96.02% during 10 h
compared to the PdCoP/Cu catalyst.

20 | (a) @HER e PdCoP
_40 WUt 00000000000 ccccccccccccscscscscscsccccccccccccccccccd

-0.26 V (vs. RHE)

-60 i
80 _ current retention |
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E
)
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-80 | current retention |
J i, =96.02 %

0 2 4 6 8 10
Time, h

Figure 5. CA curves of the investigated PACoP (a) and PdCoFeP (b) catalysts in a 1 M KOH solution at 25 °C at
the potential value of -0.26 V (vs. RHE).

Figure 6 shows the chronopotentiometric curves recorded on the PdCoP (a) and PdCoFeP (b)
catalysts in a 1 M KOH solution at a constant current density of -10 mA cm2 at 25 °C. It is evident
that the potential required to attain —10 mA cm2 slightly increased from -0.1945 V to —0.2131 V for
PdCoP (Figure 6a) and from —0.1551 V to —0.1740 V for PdFeCoP (Figure 6b) over 10 h, demonstrating
the good stability of the both catalysts.
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Figure 6. CP curves of the investigated PACoP (a) and PdCoFeP (b) catalysts in a 1 M KOH solution at a constant
current density of =10 mA cm=2 at 25 °C.

2.6. Investigation of Overall Water Splitting

To confirm the bifunctional activity of the unmodified and modified with Pd the CoP and CoFeP
catalysts, a two-electrode water electrolysis cell was constructed using two of the same investigated
catalysts as the anode and the cathode. Figure 7 shows the overall catalytic performance of a two-
electrode alkaline electrolyzer cell configuration using the same catalysts for both the anode and the
cathode: CoP/CullCoP/Cu, CoFeP/CullCoFeP/Cu, PdCoP/CullPdCoP/Cu,
PdCoFeP/Cu llPdFeCoP/Cu.

and

and

1
250 >
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o 200
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<
g
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50 .
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1.4 1.6 1.8 2.0 22 24
Cell voltage / V

Figure 7. Polarization curves of CoP, CoFeP, PACoP, and PdCoFeP catalysts used as both anode and cathode for
overall water splitting performance in the two-electrode setup at the scan rate of 5 mV s

The developed CoP/Cu, CoFeP/Cu, PdCoP/Cu, and PdFeCoP/Cu electrodes exhibit cell
potentials of 1.86 V, 1.81 V, 1.78 V, and 1.69 V, respectively, at 10 mA cm? (Figure 7), which are
comparable to cell potential values for Pt/CIIrO: (1.71 V), Pt/CIPt/C (1.83 V) [91], CoP/rGO-
4001 CoP/rGO-400 (1.70 V) [91], Co(OH)@NCNTs@NF ICo(OH):@NCNTs@NF (1.72 V) [92], Co-
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P/NC/CCIICo-P/NC/CC (1.77 V) [93], and Co-P/NC-CCIllCo-P/NC-CC (1.95 V) [93] as well as for
others reported in the literature (Table 5).

Table 5. Comparison with various electrocatalysts for overall water splitting.

Anode II Cathode Cell voltage, V Electrolyte Ref.
PdCoFeP/CullPdCoFeP/Cu 1.69 1 M KOH This study
PdCoP/CullPdCoP/Cu 1.78 1 M KOH This study
Pt/CIIrO: 1.71 1 M KOH [91]
Pt/CIIPt/C 1.83 1M KOH [91]
CoP/rGO-400 I CoP/rGO-400 1.70 1M KOH [91]
Co(OH)2@NCNTs@NF 17 1M KOH [92]
Co(OH):@NCNTs@NF
Co-P/NC/CCI Co-P/NC/CC 1.77 1M KOH [93]
Co-P/NC-CCI Co-P/NC-CC 1.95 1M KOH [93]

The energy efficiency of the cell was calculated. The energy efficiencies of the CoP/Cu,
CoFeP/Cu, PdCoP and PdCoFeP/Cu cells were calculated to be 66.13%, 67.96%, 69.10%, and 72.78%,
respectively. These catalysts appear to be promising candidates for practical overall water splitting
applications.

3. Materials and Methods
3.1. Chemical Reagents

Cobalt(Il) sulfate CoSOs+7H0 (99.5%, Chempur, Piekary Slaskie, Poland), sodium
hypophosphite (NaH2PO2, 97%, Alfa Aesar, Kandel, Germany), glycine (NH2CHCOOH, 99%,
Chempur, Piekary Slaskie, Poland), palladium(II) chloride PdCl2 (59.5%, Alfa Aesar, Ward Hill, MA,
USA), hydrochloric acid (HCl, 35-38%, Chempur, Piekary Slaskie, Poland), potassium hydroxide
KOH (98.8%, Chempur, Piekary slqskie, Poland), Cu sheets (99%, Goodfellow Cambridge Limited,
Huntingdon, England), and calcium magnesium oxide, known as “Vienna Lime” (50%-100%,
Kremer Pigments GmbH & Co. KG, Aichstetten, Germany) were used. All the chemicals were
analytical grade and used without any further purification. The electrolytes were prepared using
deionized water from a Millipore Milli-Q Ultra system with a resistivity of 18.2 MW-cm or higher.

3.2. Preparation of Catalysts

In this study, a Cu sheet with an exposed surface area of 1 x 1 cm was utilized as a substrate for
the preparation of the CoP and CoFeP coatings by the electroless plating method. The electroless
plating process for the CoP or CoFeP coatings includes steps such as treating the substrate first,
decapitating it, activating it, and plating it (Figure 8).

Pd2*

CoP w
- Pd  Pd
- ,r-g-_n,l,' ! ?.eEeP_' | “f ‘ %ﬁ

Cu Substrate Electroless Galvanic Pd-decorated CoP
Preparation Deposition of Displacement and Pd-decorated
CoP and CoFeP of Pd Nanoparticles CoFeP

Electrocatalysts

Figure 8. Schematic representation of the synthesis of Co-based coatings via electroless deposition and

modification with Pd by galvanic displacement.
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Briefly, the Cu sheets were pretreated with calcium magnesium oxide, followed by rinsing with
deionized water. Next, the sheet was treated in a solution of HCI: H20 (1: 1 vol) for 1 min at 25°C.
This process was carried out to remove any residual inorganic impurities. It was then rinsed with
distilled water and dried. Subsequently, the pretreated Cu sheet was immersed in a solution of 0.5 g
Lt PAClL for 1 min for activation, following which it was washed with deionized water before the
electroless deposition, dried and placed in a freshly prepared electroless plating solutions (Table 6).

Table 6. The composition of plating baths and the deposition parameters for the deposition of CoP and CoFeP

coatings.
Composition of the plating bath, mol L )

Sampl T,C H
AP TTC0SO:s  FeSO:  Glycine NaH:PO: i P
CoP 0.1 - 0.6 0.75 60 30 11

CoFeP 0.1 0.01 0.6 0.75 60 30 11

The modification of the prepared CoP and CoFeP coatings by Pd crystallites was performed by their immersing
in a 1 mmol L-! PdClz solution for 1 min at 20 °C. Then, the obtained electrodes were taken out, rinsed with

deionized water, air-dried, and used without further treatment.

3.3. Characterization of Catalysts

An FEI Helios Nanolab 650 (Hillsboro, OR, USA) dual beam system with an energy dispersive
X-ray (EDX) spectrometer INCA Energy 350 (Oxford Instruments, Abingdon, Oxfordshire, UK) and
X-Max 20 mm? (Oxford Instruments, Abingdon, Oxfordshire, UK) detector was used to observe the
surface morphology by scanning electron microscopy.

3.4. Evaluation of Catalysts Activity for HER and OER

The electrocatalytic activity of the prepared catalysts towards HER and OER was evaluated by
linear sweep voltammetry (LSV). This was conducted using a PGSTAT100 potentiostat/galvanostat
(Metrohm Autolab B. V., Utrecht, The Netherlands) with a standard three-electrode electrochemical
cell setup. The fabricated catalysts with a geometric area of 2 cm? were employed as working
electrodes. A Pt sheet was used as a counter electrode, and an Ag/AgCl (3 M KCl) electrode was used
as a reference. All reported potential values in this work were converted to the reversible hydrogen
electrode (RHE) scale under the following equation 6:

ERHE = Emeasured + 0.059-pH + Eag/agci 3MKa) (6)
where Eagiagagmkay =0.210 V.

Linear sweep voltammograms (LSVs) were recorded in an Nz-saturated 1 M KOH solution at
room temperature. HER and OER polarization curves were obtained by measuring from the open
circuit potential (OCP) to ca. 0.5 V (vs. RHE) and from the OCP to ca. 2.1 V (vs. RHE), respectively,
at a potential scan rate of 5 mV s1. Additionally, to evaluate the long-term stability of the fabricated
catalysts, chronoamperometric curves were recorded at a constant potential of —-0.26 V in a 1.0 M
KOH solution for 10 hours. Chronopotentiometric curves were also recorded at a constant current
density of 10 mA cm for 10 hours.

The HER and OER current densities presented in this paper have been scaled to the geometric
area of the catalysts.

To evaluate the ECSA of the catalysts, the double layer capacitance (Ca) was determined by
recording the CVs at various scan rates under the non-faradaic region followed by the calculation of
the slope of the curve obtained by plotting the difference in the anodic and cathodic current against
the scan rate [94-96]. From the CVs, the charging current, I, of the electrodes at each scan rate was
determined via Equation (7):

Ic [A] = (Ianodic—Icathodic)ocp. (7)

The Ca values were evaluated by plotting a graph of the charging current vs. the scan rate and

calculating the slope, as shown by Equation (8):
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Slope = Ca [F] = Alc [A]/Av [V s71]. (8)
Then, the ECSA values were calculated using the specific capacitance (Cs) of 40 pF cm2 [94-96]
and Equation (9):
ECSA [em?] = Cai [uF]/Cs [UF cm™]. 9)

A two-electrode water electrolysis cell was constructed using two of the same Co-based catalysts
as the anode and the cathode. The energy efficiency of the cell was calculated using the following
equation 10:

Telectrolyzer = Eth/Veatj, (10)
where Eth = 1.23 V; Veatj is the input voltage required to drive the electrolysis at the current density
of interest. The energy efficiency calculated in this study was obtained at j =10 mA cm=.

5. Conclusions

In summary, Pd-decorated CoP and CoFeP coatings were successfully fabricated on Cu
substrate via a two-step process involving electroless deposition followed by galvanic displacement.
Structural and morphological characterization using techniques such as scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) confirmed the successful
formation of uniform surface coverage. The synthesized catalysts showed significant activity for both
the HER and the OER, which are essential half-reactions in OWS. Specifically, in the context of HER,
the PdCoFeP catalyst exhibited the lowest overpotential value of 207 mV compared to PdCoP, which
showed 227 mV to attain a current density of 10 mA cm2 at 25 °C. However, it delivered a higher
current density, indicating more efficient hydrogen generation at higher load conditions. In addition,
the OER performance of the PdCoFeP and PdCoP catalysts demonstrated a marginally elevated
overpotential value of 396 mV at a current density of 10 mA cm= at 25 °C as compared to the
unmodified CoP and CoFeP catalysts, which exhibited an overpotential of 431 and 435 mV,
respectively. These improvements are attributed to the synergistic interactions between Co, Fe, P,
and Pd, which enhance electron transfer and facilitate HER/OER kinetics. Meanwhile, the assembled
electrolyzer with PdCoFeP as the cathode and anode presented a cell voltage of 1.69 V to achieve 10
mA cm™. This study demonstrates that all synthesized catalysts CoP, CoFeP, PdCoP, and PdCoFeP
are effective and stable electrocatalysts for overall alkaline water splitting. Among these catalysts,
PdCoFeP exhibits particular promise for applications requiring high current densities. Overall, these
materials have significant potential for use in large-scale hydrogen production, renewable energy
storage, and clean fuel cell technologies to support the transition to a sustainable energy future.

Supplementary Material: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org, Figure S1: HER Polarization curves recorded on CoP (a), CoFeP (b), PACoP (c), and
PdCoFeP (d) catalysts in an N2-saturated 1 M KOH solution at a potential scan rate of 5 mV s and a temperature
range from (25-55°C); Figure S2: OER Polarization curves recorded on CoP (a), CoFeP (b), PdCoP (c), and
PdCoFeP (d) catalysts in an N2-saturated 1 M KOH solution at a potential scan rate of 5 mV s and a temperature
range from 25 to 55°C; Table S1: Electrochemical performance of catalysts for the HER in alkaline media; Table

S2: Electrochemical performance of catalysts for OER in alkaline media.
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